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Zusammenfassung  

Die Aktivierung von Kostimulationssignalen in zytotoxischen T-Zellen, die mit chimären 

Antigenrezeptoren (CAR) ausgestattet wurden, steigerte deren Effektoraktivität und 

Langzeitpersistenz, und verbesserte die Tumorabstoßung. Effektor-T-Zellen, die 

anstelle von CAR mit T-Zellrezeptoren (TZR) ausgestattet wurden, exprimieren oft keine 

Kostimulationsproteine, so dass sie keine Kostimulation erhalten können. Das Fehlen 

der Kostimulation steht einer robusten antitumoralen Antwort entgegen und schränkt die 

klinische Effektivität des adoptiven T-Zelltransfers mit TZR-transgenen T-Zellen ein. In 

soliden Tumoren stellt das Tumorstroma eine weitere Hürde dar, indem es das 

Eindringen der T-Zellen in den Tumor und die Aktivität der T-Zellen im Tumor vermindert. 

Ziel dieser Dissertation war es, chimäre Kostimulationsproteine (CCPs) herzustellen, die 

eine intrazelluläre signalgebende Domäne (ICD) eines Kostimulationsproteins mit der 

extrazellulären Domäne (ECD) eines anderen Proteins verbinden, für welches im 

Tumormilieu stimulierende Liganden exprimiert werden. Mit solchen CCPs sollen die 

Hürden einer effektiven Antitumorantwort bei soliden Tumoren überwunden werden, 

indem durch die CCPs die T-Zellaktivität verstärkt und gleichzeitig das Tumorstroma 

angegriffen wird.  

In dieser Arbeit wurde die ECD des CD40L Proteins gewählt und mit der ICD von CD28 

in einem chimären Protein vereinigt. Die Erwartung war, dass das CD40L:CD28 CCP 

sowohl die Kostimulationskaskade in T-Zellen initiiert und damit das TZR-Signal 

verstärkt, als auch über die CD40L ECD tumor-residente antigenpräsentierende Zellen 

(APC) aktiviert, das Tumorendothel verändert, so dass verstärkt T-Zellen transmigrieren 

und in den Tumor eindringen können, und TZR-MHC unabhängige Apoptose von 

Tumorzellen auslöst.  

Die Kombination der ECD von CD40L mit der ICD von CD28 in einem Protein gestaltete 

sich schwierig, weil die Donorproteine unterschiedliche Membranorientierung besaßen. 

In dieser Arbeit werden verschiedene Lösungsmöglichkeiten für diese Herausforderung 

vorgestellt. Es wurden verschiedene Domänenverknüpfungen hergestellt und die 

Expression der CCP in T-Zellen gemessen. Es wurde beobachtet, dass das strukturelle 

Design, d.h. die Art und Weise wie die beiden Domänen verknüpft wurden, die Intensität 

der Expression auf der T-Zelloberfläche beeinflusste. Die Oberflächenexpression der 

CD40L:CD28 CCP zeigte weiterhin eine durch Aktivierung und antigenspezifische 

Stimulation regulierbare Dynamik. Die Ligation der CCP im Kontext einer TZR-

Stimulation löste entsprechend der Erwartung den Signalweg des CD28 aus, welcher 

anhand der Phosphorylierung von AKT, mTOR und RPS6 gemessen werden konnte. T-

Zellen, die ein CD40L:CD28 CCP exprimierten, sezernierten bei TZR-Stimulation mit 
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gleichzeitiger CCP-Ligation mehr Zytokin und zeigten verstärkte Zytotoxizität gegenüber 

Tumorzellen. In Kokulturexperimenten von T-Zellen mit APC (B-Zellen, dendritische 

Zellen) induzierten T-Zellen, die CD40L:CD28 CCP exprimierten, die Maturierung der 

dendritischen Zellen und Aktivierung der B-Zellen, womit gezeigt wurde, dass die ECD 

des CD40L in den chimären Proteinen funktionell integriert war. Zum Nachweis, ob CCP 

in vivo Aktivität zeigen, wurde ein anderes CCP verwendet, welches ebenfalls die CD28 

ICD besaß, diese aber mit der ECD von PD-1 verknüpft war. T-Zellen, die PD-1:CD28 

exprimierten, zeigten nach adoptivem Transfer in ein humanes Melanomxenograft 

deutlich stärkere Proliferation, und das Wachstum des Xenografts wurde verzögert. 

Sollten sich in zukünftigen in vivo-Experimenten die positiven Ergebnisse des PD-

1:CD28 CCP auch für das CD40L:CD28 CCP zeigen lassen, so wäre die Inklusion des 

CD40L:CD28 CCP in den T-Zell-Engineeringprozess äußerst vielversprechend, weil es 

die T-Zellen für den adoptiven T-Zelltransfer mit komplementären Eigenschaften 

aufrüsten wird, die sowohl Unterstützung der T-Zellfunktion als auch Angriff auf das 

Tumorstroma in Aussicht stellen. 
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Abstract  
 
Activation of co-stimulatory pathways in cytotoxic T lymphocytes expressing chimeric 

antigen receptors (CARs) have proven to boost effector activity, tumor rejection and long-

term T cell persistence. When using antigen-specific T cell receptors (TCR) instead of 

CARs, the lack of co-stimulatory signals hampers robust antitumoral response, limiting 

clinical efficacy. In solid tumors, tumor stroma poses an additional hurdle through 

hindrance of infiltration and active inhibition. Our project aims at generating chimeric co-

stimulatory proteins (CCPs) consisting of an intracellular co-stimulatory domain (ICD) 

fused to an extracellular protein domain (ECD) for which ligands are expressed in solid 

tumors. These CCPs should help bypass the limited antitumoral response by boosting T 

cell effector functions and stromal attack.  

In this thesis, the ECD of CD40L protein was selected for combination with the ICD from 

CD28 protein in different formats. It was expected that the CD40L:CD28 CCPs will not 

only provide co-stimulation and strengthen the TCR signaling, but also, through the 

CD40L ECD, facilitate the activation of tumor-resident antigen-presenting cells (APCs), 

modulate tumor endothelium for improved T cell transmigration and tumor infiltration and 

induce TCR-MHC independent apoptotic effect on tumor cells.  

It was a challenge to combine the ECD of CD40L with the ICD of CD28 in one chimeric 

protein sequence due to the different membrane orientations of the donor proteins. In 

the thesis, I present solutions to this challenge and describe different CCP formats that 

were successfully expressed in human T cells along with an antigen-specific TCR.  

It was observed that the structural design of the CCP strongly influenced intensity and 

dynamics of surface expression, which showed regulation through activation or antigen-

specific stimulation. Ligation of the CCP in the context of TCR-stimulation modulated 

intracellular signaling cascades along the CD28 pathway including stronger 

phosphorylation of AKT, mTOR and RPS6, and led to improved TCR-induced cytokine 

secretion as well as cytotoxicity. Moreover, the CD40L ECD exhibited activity as 

evidenced by effective maturation and activation of APCs (dendritic cells and B cells).  

Using a PD-1:CD28 CCP, adoptive T cells transfer was performed in a human melanoma 

xenograft mouse model. In the solid tumor environment, T cells expressing the PD-

1:CD28 CCP showed improved persistence and stronger proliferation, which allowed 

better tumor control. Based on these results, CD40L:CD28 CCPs constitute a promising 

tool to be included in the engineering process of T cells to endow them with 

complementary features, i.e. T cell support and stromal attack, for improved performance 

in the tumor microenvironment. 
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List of abbreviations   

 

Abbreviations 

7AAD 7-Aminoactinomycin D 

aa Amino acid 

ACT Adoptive cell therapy 

ADCC Antibody-dependent cell-mediated cytotoxicity 
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1. Introduction 

1.1 Immunity, T cell receptors and co-stimulatory signals 

The defense against different types of pathogens consists of more than just 

structural and chemical barriers. The main line of defense is accomplished by the 

immune system with its two branches, the innate and the adaptive immunity. The 

first response, which develops within minutes or hours after an aggression, 

corresponds to the innate immunity and doesn’t generate immunologic memory. 

The other fundamental axis corresponds to the adaptive immunity, which is 

characterized as being antigen-dependent and specific. This grants the capacity 

to create memory, meaning that the organism will be able to mount a more rapid 

and efficient response upon later encounter with the antigen (1). 

Specificity is the main characteristic of the adaptive immune response, consisting 

mainly of a cellular response guided by T cells and B cells expressing T cell 

(TCRs) and B cell (BCR, or immunoglobulin) receptors, respectively. The TCR is 

a heterodimer, which is for the majority of T cells, formed by an alpha (TCR-α) 

and a beta (TCR-β) chain. The TCR heterodimer interacts with CD3 chains in 

order to assemble the complete TCR structure capable of recognizing specific 

parts of an antigen (peptide) that is presented by a protein of the major 

histocompatibility complex (MHC). The interaction of the TCR-CD3 complex on 

the surface of a T cells with the peptide/MHC on the target cell initiates a complex 

signaling pathway that involves the phosphorylation of the CD3 chains and 

downstream activation of second messengers and kinases. This antigen-specific 

signaling, also described as signal 1, initiates T cell activation, but it is not enough 

for T cells to develop a sustained T cell functionality. For this, complementary 

signaling through other receptors on the cell surface, known as co-stimulatory 

receptors, are required (signal 2). The co-stimulation provides anti-apoptotic 

signals to unlock the proliferation capacity, it activates, amongst others, the 

transcription factor NFkB for cytokine production and the AKT/mTOR pathway for 

effector activity, cell cycle progression and the ability to develop immunological 

memory. If co-stimulatory signals are missing T cells will be unable to respond to 

antigen-specific stimulation properly and become anergic, meaning that the T 

cells will not respond to subsequent antigen encounter. This state of 



INTRODUCTION 15 

unresponsiveness is thought to be a control mechanism to avert T cell activation 

in non-dangerous situations (2). 

Different molecules have been described to participate in this co-stimulatory 

process, like 4-1BB and members of the CD28 T cell co-stimulatory receptor 

family and also cytotoxic T lymphocyte antigen 4 (CTLA-4/CD152), inducible co-

stimulatory (ICOS), OX40 (CD134), CD40 ligand (CD40L/CD154) and 

programmed death 1 (PD-1). Each molecule performs different functions, 

depending on the cellular context of their triggering. For example, 4-1BB activates 

cytokine induction in APCs, it prevents activation-induced cell death (AICD) and 

increases survival and CD8+ cytotoxic T cell (CTL) activity (3). CD28 mediated 

co-stimulation not only increases T cell activity by preventing anergy and 

increasing cytokine secretion, but in addition drives long lasting T cell activity. 

ICOS is known to stimulate IFN-ү production and activate CD4+ T cells. 

OX40/OX40L interaction drives memory development at a late activation point 

and extends the production of IL-2. At late time points after activation, T cells 

express molecules that will decrease effector function as a control mechanism to 

prevent exacerbated responses. Examples of these co-inhibitory molecules are 

CTLA-4 and PD-1 (4,5). CTLA-4 and CD28 bind to the same ligands, B7-1 and 

B7-2, also known as CD80 and CD86. Thereby, they support either inhibition or 

activation, respectively. Since CTLA-4 and CD28 are expressed at different 

activation states of the T cells, interaction with the same ligands has opposing 

outcome depending on the T cell activation stage with the late expressed CTLA-

4/CD80/CD86 interaction causing inhibition and the early expressed 

CD28/CD80/CD86 interaction enabling activation (6). Typically, the strongest 

activation of CD8+ T cells results from stimulation through CD28 (7).  

The basic principle of co-stimulation led to the concept of “checkpoints” for T cells. 

Different targeted approaches have been developed to either block the co-

inhibitory receptors, PD-1 or CTLA-4 (checkpoint inhibitors) or boost co-

stimulatory receptor signals with CD28 agonists. Both strategies aim to generate 

higher antitumor responses by T cells, since poor immunogenicity detected in 

many tumors could be caused by inappropriate delivery of signal 2 and an altered 

balance of T cell co-stimulation versus co-inhibition (Fig. 1) (8). 
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Figure 1. Co-inhibitory and co-stimulatory receptors expressed by T cells and their interaction 
partners expressed by antigen-presenting cells (left) and tumor cells (right). Inhibitory signaling is 
indicated by red symbols, stimulatory signals are displayed by blue symbols. Figure based on 
Zarour H. M., Clin. Cancer Res. 2016 (9). 

1.2 Adoptive cell therapy (ACT) using TCRs for cancer 

treatment 

Adoptive cell therapy (ACT) involves lymphocytes that are isolated from the 

patient. These cells are modified and expanded ex vivo to later be reinfused back 

into the patient. It has developed into a promising immunotherapy approach 

taking advantage of either the already existing antitumoral response of T cells or 

using engineering technology to redirect the T cells specifically against tumor 

cells (10,11). To allow T cell recognition of tumor cells, tumor cells need to 

express antigen that is different from normal cells. Antigenicity does occur since 

individual human tumors arise due to a combination of genetic and epigenetic 

changes that facilitate cell immortality by activation of genes that stimulate 

proliferation and protection against cell death, and inactivation of genes that 

normally inhibit proliferation (tumor suppressor genes) (12,13). As a 

consequence of these changes, these cells produce antigenic epitopes inform 

proteins that are normally expressed by cells of a given cell lineage (tumor-

associated antigens – TAA), or new epitopes arise from proteins that are 
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exclusively expressed by the mutated cells (neo-antigens). These antigens can 

potentially be recognized by the immune system through TCR-MHC interaction 

and can be  targets for cell destruction (14).  

Various treatments exist to fight cancer, including surgery, radiation therapy or 

chemotherapy, monoclonal antibodies, targeted drugs or stem cell 

transplantation. Surgery achieves good results as long as the cancer is detected 

early and has not spread to other sites. Chemo- and radiotherapy lack tissue 

specificity and, therefore, are associated with damages of normal tissue. 

Targeted drugs are highly specific, but the development of drug tolerance is 

commonly observed. Finally, hematopoietic stem cell transplantation is effective, 

but selection of donors is difficult, and the graft has the propensity to be rejected 

(15). 

Cancer treatment experienced an immense advance in the recent years, not only 

due to improved knowledge about the process of cancer development but also 

due to therapeutic progress including immunotherapy. The enormous benefit that 

immunotherapy has provided in cancer patient care was appreciated by awarding 

the 2018 Nobel prize in physiology and medicine to James P. Allison and Tasuku 

Honjo, who discovered the mechanisms how to harness the body´s own immune 

system to fight cancer. Since then, much research has been focused on the field 

of how to improve the recognition and destruction of cancers by the immune 

system. Improvements in engineering technologies allowed the extension of 

using the natural ability of tumor infiltrating lymphocytes (TILs) expressing native 

TCRs to genetically engineered T cells that express transgenic TCRs or chimeric 

antigen receptors (CAR) to recognize and destroy tumor cells (16,17). TCR- and 

CAR-based adoptive cell therapy (ACT) allows the redirection of the T cell 

specificity in a highly specific manner thereby greatly extending the antigen 

range, and hence the cancer cells, that can be therapeutically targeted. While 

genetically engineered T cells produced promising results in hematologic disease 

leading to the FDA approval of two engineered T cell products (18), a wider 

application to solid tumors is still facing hurdles that require creative solutions 

(19). 
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1.3 Immunosuppressive factors and cancer immunoescape 

Several major limitations impede clinical efficacy of ACT in solid tumors. These 

include the difficulty in selecting good target antigens, in isolating antigen-specific 

TCRs, the high diverse HLA restriction regarding antigens and patients, as well 

as diminished infiltration and T cell response in the tumor microenvironment 

(TME). Different mechanisms of immune escape and immunosuppression are 

present within the TME (20). 

Cancer-induced immunosuppression reduces the antitumor effects of 

immunotherapies. The inhibitory microenvironment is the result of a complex 

network of interactions during tumorigenesis involving cancer cells, immune cells 

and other stromal cells, like mesenchymal stem cells (MSCs), cancer-associated 

fibroblasts (CAFs), regulatory T cells (Treg), infiltrating myeloid-derived 

suppressor cells (MDSCs), tumor-associated macrophages (TAMs), regulatory 

dendritic cells (DCregs), together with a variety of immunosuppressive factors 

(21,22). Within a complex stromal environment, cancer cells manage to escape 

immune recognition and subsequent destruction (immunoescape), even though 

the immune system would be capable of recognizing the tumor cell 

(immunosurveillance). The tumor immunoescape allows continuous tumor 

expansion, albeit the composition of the tumor cell population might change over 

time, a process described as immunoediting (23). 

Tumor immunoescape and immunoediting are driven by acquisition of mutations 

and selection of characteristics that help evade the immune system. A tumor cell 

population is sculpted with reduced immunogenicity or increased ability to inhibit 

tumor immune responses. Immunoescape may be the result of diverse 

mechanisms like loss of MHC class I molecules or antigen presentation causing 

evasion of CTL attack. Approaches that target mainly immunodominant epitopes 

of tumor antigens might allow the proliferation of cells with a different phenotype 

in its “shadow”. Furthermore, immunosuppressive cytokines like TGF-β and IL-

10, which are secreted by tumor cells or the tumor stroma, can curb the immune 

response, and a modification of cell death signals may prevent tumor cell from 

undergoing apoptosis (24).  

Co-inhibitory receptors (checkpoints) have been identified as hurdles to effective 

antitumor response. Physiologically, they are expressed in a regulated temporary 

kinetics and, thereby, are crucial to avoid exacerbated immune responses by 
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induction of T cell exhaustion. In situations of chronic exposure to antigen, co-

inhibitory molecules are constantly expressed and causes progressive loss of T 

cell function, including the loss of proinflammatory cytokines like TNF-α and IFN-

γ, the loss of cytotoxic activity, decreased proliferation and increased T cell 

apoptosis. T cells progressively express various co-inhibitory receptors like PD-

1, CTLA-4, LAG-3 and TIM-3, the co-expression of which marks a point of 

terminal exhaustion that ends in deletion of T lymphocytes with high-affinity TCRs 

(25,26). 

The appreciation that co-inhibition is a major impediment to antitumor immunity 

resulted in targeting strategies that counteract inhibitory and suppressive 

mechanisms. They are applied as monotherapy (immune checkpoint blockade) 

or together with therapeutic vaccines and strategies that regulate the tumor 

microenvironment and ACT, providing synergy through synthetic biology (16). 

1.4 Chimeric proteins to improve ACT 

Knowing that tumor cells can induce antigen-specific tolerance or anergy by 

several different mechanisms, T cells used for ACT require support to perform 

effective cytolysis and cytokine secretion and being able to proliferation and be 

protected from apoptosis. All of these support signals can result from specific co-

stimulation. Therefore, T cells for ACT are engineered to receive co-stimulation 

in various ways (27). Synthetic biology combines elements of different disciplines, 

including engineering, chemistry, computer science and molecular biology, to 

gather necessary cellular and biological tools to improve the natural function of 

the infused T cells (28). 

Transgenic TCRs can be engineered to incorporate the transmembrane and 

cytoplasmic domain of the co-stimulatory receptor CD28 linked to the cytoplasmic 

domain of the CD3 chain, allowing TCR signaling together with co-stimulation 

(29). This concept of combining the antigen-recognition with co-stimulation and 

TCR signaling in one protein sequence is realized in the design of chimeric 

antigen receptors (CARs) (Fig. 2). CARs are composed of an extracellular 

antibody binding domain, which allows T cells to recognize cell surface antigens, 

fused to the CD3 zeta signaling sequence (first generation of CAR). Second 

generations of CAR additionally incorporate intracellular co-stimulatory domains 

of CD28 or 4-1BB to facilitate co-stimulation for longer persistence and decreased 
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exhaustion (2nd generation of CAR designs). Meanwhile, further CAR designs are 

being explored, some including the secretion of cytokines to locally modulate the 

immunosuppressive tumor microenvironment, or the disruption of the PD-1 

pathway to overcome inhibitory signals (30,31). 

 

 

 

 

 

 

 

 

 

 

Figure 2. Comparison of T cell receptor (TCR) vs chimeric antigen receptor (CAR). 

A) Schematic presentation of the TCR, showing the α and β chains in association with the 
different CD3 chain subunits. The TCR interacts with an MHC molecule that presents a peptide 
(pMHC) expressed on an antigen presenting cell. Phosphorylation of the CD3 chains upon pMHC 
recognition initiates an intracellular signaling cascade leading to T cell function. B) CAR is an 
engineered molecule designed to recognize surface antigens via a recognition domain derived 
from a specific antibody. The antibody targeting domain is connected through linkers and spacer 
with a signaling domains from co-stimulatory molecules. The main difference between TCR and 
CAR is the type of antigens that they can recognize, which is a surface expressed antigens in the 
case of CAR, while the TCR is able to recognize a wider range of antigens including intracellular 
antigens as long as they are presented by MHC molecules. Figure adaptation from Lee and Kim, 
Arch. Pharm. Res., 2019 (32) 
 
 

Yet other approaches include the design of novel chimeric receptors that utilize 

inhibitory receptors or ligands expressed in the TME to convert them into support 

for T cell function. These types of receptors are commonly known as switch 

receptors (CSRs) or chimeric co-stimulatory proteins (CCPs). Several designs 

are currently explored, using the extracellular domain of an inhibitory receptor 

(CTLA-4, PD-1, TIGIT, CD200R, Fas) and linking it to an intracellular domain of 

a co-stimulatory protein like CD28, 4-1BB or OX40, obtaining activation upon 

engagement with an inhibitory ligand (28,33–39). 
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1.5 Mechanisms of CD40/CD40L action in the immune system 

In addition to counteracting co-inhibition, activation of lymphocytes is also a key 

requirement for productive and effective adaptive immune response. Two 

prominent receptor/ligand pairs are the CD28/B7 (CD80 or CD86) and 

CD40/CD40L (CD154) interactions. In the CD40/CD40L interaction the signaling 

is primarily in the direction of the CD40 bearing cells, which are antigen 

presenting cells like DCs and B cells, leading to their activation. In contrast, the 

CD28/B7 interaction works in the opposite direction delivering positive co-

stimulation signals to the CD28 expressing cells, which are predominantly T cells. 

An important link between these two pathways is that the CD40 ligation on the 

APCs results in upregulation of the B7 proteins, which in turn will interact with 

CD28 on T cells (Fig. 3) (6,40). 

 

 

 

 

 

 

 

 

 

Figure 3. CD40 ligation upregulates B7 proteins (CD80/CD86) on APCs facilitating CD8+ T cell 
activation and co-stimulation by delivering signal 2 through CD28 ligation. 
 
 
 
The CD40/CD40L pathway provoked attention within the immunology field as it 

is associated with both humoral and cellular immunity. The interaction between 

these two surface molecules influences B cell activation and expansion, and their 

differentiation into plasma cells capable of producing immunoglobulins. 

Furthermore, this interaction participates in macrophage activation enhancing 

their response against different types of pathogens. CD40L is known to induce 

strong stimulation of DCs, which allows them to robustly activate T cells and 

modulate T cell tolerance against self-antigens. Therefore, it has been reported 
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that blocking the signals derived from CD40/CD40L ligation will negatively impact 

important immunological responses (41,42). Mice lacking the expression of these 

molecules show an impaired innate and adaptive immunity, mainly manifested 

through poor licensing of APCs. (43). 

CD40L belongs to the family of tumor necrosis factor (TNF) cell surface 

molecules. It is a type II membrane glycoprotein of 261 amino acid (aa), with a 

variable molecular weight between 32 and 39 kilo Daltons (kDa). A soluble form 

has been reported to have similar activities as the transmembrane form. CD40L 

is mainly expressed by CD4+ T cells, although it can also be expressed on 

activated B cells, platelets, and smooth muscle cells. The expression of CD40L 

on CD4+ T cells is tightly regulated with mRNA expression peaking 1 to 2 hours 

after stimulation. Cell surface protein is highest expressed after 4-6 hours and 

starts to decline at 16 hours being barely detectable or significantly reduced by 

24 hours after activation (44–46). Although evidence suggests that the 

CD40/CD40L interaction directs signaling into the CD40 bearing cells, CD40L 

can also mediate co-stimulation via reverse signaling inducing phosphorylation 

of cellular proteins like Lck and phospholipase Cγ (PLCγ), which further activate 

protein kinase C (PKC). Cross-linking with anti-CD40L antibodies was observed 

to trigger JNK and p38 activation, suggesting direct stimulatory function despite 

its short 22 aa cytoplasmatic tail (47,48). 

CD40, the 43-50 kDa membrane receptor of the tumor necrosis factor (TNFR) 

superfamily, is expressed by APCs including DCs, macrophages and B cells, but 

expression can also extend to a variety of other normal cell types including 

neuronal cells, fibroblast, epithelial and endothelial cells, not to mention also 

expression in a wide range of carcinomas (49). Its expression may be induced or 

enhanced by various cytokines, including IFN-γ and TNF-α. The widespread 

expression indicates a broader role in human physiology and disease 

pathogenesis. Structurally, it comprises a 277 aa protein with a cytoplasmic tail 

that lacks intrinsic kinase activity. The signaling involves the ligand-dependent 

recruitment of adaptor proteins of the TNF receptor-associated factor (TRAF) 

family (50). Signaling cascades downstream of TRAFs modulate diverse survival 

and growth-related genes depending on the cell type with which the interaction 

occurs. CD40 signaling exerts profound effects on DCs by promoting their 

cytokine production, the induction of surface co-stimulatory molecules and 
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facilitating antigen presentation. Overall, CD40 signals license DCs to mature and 

be able to trigger T cell activation. In B cells, CD40 signals promote 

immunoglobulin (Ig) isotype switch, and formation of long-lived plasma cells and 

memory B cells (51). 

1.6 Antitumor effect of CD40 ligation as a promising 

therapeutic approach 

Multiple signals that modulate a wide range of immunological responses, 

including survival and cell death, cell maturation and expansion, find a common 

connection with CD40 expression (52,53). 

In epithelia, the outcome of CD40/CD40L signaling depends on the context and 

intensity of the interaction. Strong CD40 signaling has been associated with cell 

death through apoptosis, while weak signals may cause cell growth and 

expansion (54). CD40 ligation has been shown to stimulate a host antitumor 

immune response in numerous tumor models, and CD40 expression was 

detected in several solid tumors including breast cancer, lung cancer, colorectal 

cancer, renal cell carcinoma, melanoma, bladder cancer and B-lineage 

malignancies. Correlations between An association with CD40 expression and 

patient survival has been suggested in the past, and several results obtained from 

lung and esophageal malignancies suggest that CD40 expression correlates with 

a poor prognosis. The observation that tumor tissue tends to overexpress CD40 

compared to the low detection on normal tissue has further triggered interest in 

targeting this receptor therapeutically (55). Different approaches of stimulating 

the CD40/CD40L signaling are tested, including CD40L soluble molecules, 

agonistic monoclonal antibodies, and genetic means aiming to increase CD40L 

expression. Yet, it is not completely understood how CD40 causes cell apoptosis 

in tumor cells, since its intracellular domain is short and substantially different to 

death domains found in other death inducing proteins (Fas, TNFR1 and TNF-

related apoptosis-inducing ligand (TRAIL)). The mechanisms by which CD40 

transduces death signals may occur via autocrine/paracrine induction of death 

ligands such as TNF-α or functional Fas ligand (FasL), or TRAIL in apoptosis 

susceptible carcinoma cells. Another way could be the upregulation of the Fas-

death receptor through the TRAF adaptor proteins (56). Agonistic anti-CD40 

antibodies were shown to mediate antibody-dependent cell-mediated cytotoxicity 
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(ADCC), an activity that was strongly enhanced when the Fc end of the anti-CD40 

antibody was engineered for increased Fcγ receptor (FcγR) binding (57). 

Membrane-presented CD40L (mCD40L) was found to cause extensive apoptosis 

in situations where soluble agonist antibodies caused little apoptosis. However, 

the outcome of mCD40L ligation was cell context dependent and induced 

apoptosis and pro-inflammatory cytokine secretion in CD40 expressing malignant 

renal cell carcinoma while normal renal cells were completely refractory to CD40 

mediated killing although they also expressed CD40 (58). 

The role of CD40L in immune regulation was further explored using CD40L-

modified T cells. Augmented immunogenicity of CD40+ tumor cells was observed 

by the upregulation of surface expression of co-stimulatory molecules (CD80 and 

CD86), adhesion molecules (CD54, CD58 and CD70) and HLA molecules (MHC 

I and MHCII) (59). CD40L expressing CD8+ T cells were able to activate 

tolerogenic DCs in prostate tumor draining lymph nodes leading to increased 

proliferation, IFN-γ secretion and T cell infiltration (60,61). 

Latest advances in  reprogramming T cells for improved tumor targeting in ACT 

led to CARs that constitutively express the immunostimulatory molecule CD40L. 

Results from this type of approach demonstrated that CD40L+ CAR T cells could 

circumvent tumor immune escape due to antigen loss by exerting antigen-

independent CD40/CD40L-mediated cytotoxicity. In addition, induction of a 

sustained, endogenous immune response with superior antitumor efficacy was 

observed that involved licensing of APCs and enhancing recruitment of immune 

effectors (62). The true significance of this approach is that it not only augments 

the effector functions of CAR T cells in ACT, but also affects the tumor 

microenvironment. Thereby it promises a greater therapeutic potential in 

immunotherapy than the activation of the CD40/CD40L pathway alone. 
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2. Objective of the Thesis 
 

Various approaches are being explored in order to prevent TCR-transgenic T 

cells from developing deficits in effector function at the tumor milieu and to 

counteract poor in vivo persistence. The loss of CD28 in effector T cells likely 

represents one of the main problems that deprives adoptively transferred T cells 

of proper supportive co-stimulatory signals. Co-stimulation enhances TCR 

signaling and effector function, but also extends the operative life span of CTLs 

(63). Therefore, the idea of developing a chimeric co-stimulatory protein (CCP) 

consisting of an intracellular co-stimulatory sequence fused with an extracellular 

protein domain for which ligands are expressed in the milieu of solid tumors was 

the aim of this dissertation. CD40L (CD154) was selected as the donor for the 

extracellular domain because its ligand CD40 is aberrantly expressed on many 

carcinoma cells. Additional antitumor benefits are expected as CD40-CD40L 

interactions have functional importance for a number of other cell types, such as 

antigen presenting cells (APCs) and endothelial cells.  

CD40L:CD28-engineered T cells should support the antitumor response on four 

distinctive axes as shown below: 

1) Strengthening the MHC/peptide-triggered TCR signaling through eliciting 

an intracellular co-stimulatory signaling cascade potentially allowing the T cells 

to overcome inhibition of effector function in the tumor milieu. 

 

2) Activation of tumor-resident CD40-expressing DCs. Interaction of CD40 on 

DCs with CD40L expressed on the engineered T cells could induce signals in 

DCs leading to their maturation with gain in de novo priming capability.  

 

3) Modulation of tumor endothelium. CD40 is expressed on neovascular 

endothelium and can be up-regulated by TNF-α and IFN-ү. The stimulation of 

CD40 activates the endothelium and has been shown to induce lymphocyte 

adhesion and transmigration (64–66). Targeting this stromal compartment could 

potentially enhance the immunotherapy effect by increasing the number of tumor-

infiltrating engineered T cells. 
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4) Apoptotic effects on tumor cells. It is reported that tumor cells aberrantly 

express CD40 and that CD40 signals induce apoptotic cell death independent of 

MHC/peptide-specific targeting (67,68). Thus, CD40L:CD28-engineered T cells 

may kill tumor cells expressing CD40 even if they do not present the cognate 

TCR-MHC ligand. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Postulated effector mechanisms for the CD40L:CD28 chimeric co-stimulatory 
protein. 

Depicted are the 4 potential axes of effector mechanisms of T cells engineered with the 
CD40L:CD28 CCP when interacting with different components of the tumor microenvironment as 
described in the text. 

 
 

Procedures of this thesis involved the molecular engineering of the chimeric 

CD40L:CD28 CCP, followed by transgenic expression in human T cells. Co-

culture experiments were used to assess functional activity of the CCPs regarding 

the 4 postulated effector mechanisms outlined in Figure 4.  
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3. Materials 

This thesis is embedded in the larger research topic of the group of E. Nößner. A 

previous doctoral thesis was performed by R. Schlenker, which is available on 

the webpage of the LMU (69). Therefore, overlaps in Material and Methods exist. 

Parts of the original work of this thesis, including the adoptive T cell transfer in 

human xenograft NSG mice, contributed to the publication by R. Schlenker with 

L. Olguin Contreras as second author (70).  

3.1 Equipment 

 

EQUIPMENT COMPANY 

Automatic X-ray Film Processor AGFA 

Balance PC 400 Delta Range Mettler, Giessen Germany 

Centrifuge 4K15 Sigma Laboratory Centrifuges 

Centrifuge 5417 R Eppendorf, Hamburg Germany 

Cover glass for Neubauer counting chambers 

20 x 26 mm, depth 0.4 mm 

Hirschmann Laborgeräte, 
Eberstadt Germany 

Flow Cytometer LSR II 
Becton Dickinson, Heidelberg 
Germany 

Incubator 
Hereaus Instruments, Hanau 
Germany 

Innova 4200 Shaker 
New Brunswick Scientific, 
Edison USA 

Integral water purification system Milli-Q® Millipore, Schwalbach Germany 

Light Cycler® 96 480 Multiwell Plate 96, white 
Roche Diagnostics Deutschland 
GmbH, Mannheim, Germany 

Light Cycler® 96 480 Sealing Foil 
Roche Diagnostics Deutschland 
GmbH, Mannheim, Germany 

Light Cycler® 96 Instrument 
Roche Diagnostics Deutschland 
GmbH, Mannheim, Germany 

Light microscope Leica DMLS 
Leica Microsystems, Heidelberg 
Germany 

Light microscope Zeiss Axioskop 
Carl Zeiss Micro Imaging 
GmbH, Göttingen Germany 

Magnets MACS® 
MiltenyiBiotec,                              
Bergisch Gladbach, Germany 
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Megafuge 2.0 R centrifuge 
Heraeus Instruments, Hanau 
Germany 

Mr FrostyTM Freezing container 
ThermoFischer 
Scientific/Catlag, Waltham 
Massachusetts 

Multistepper Eppendorf, Hamburg Germany 

Nanodrop ND-1000-Spektrophotometer 
Peqlap Biotechnologie GmbH, 
Erlangen 

Neubauer counting chamber depth 0.1 mm 
Gesellschaft für Laborbedarf 
Würzburg, Germany 

Nutating mixer 
VWR International, Ismaning 
Germany 

Pipettes 

Single- and multi-channel 

Eppendorf, Harmburg Germany 

Thermo Scientific, Waltham 
USA 

Pipettor Pipetus® 
Hirschmann Laborgeräte, 
Eberstadt Germany 

Polymax 1040 Shaker Heidolph 

Polymerization chain reaction machine Flex 
cycler 

Analytik, Jena Germany 

PowerPacTM 200 electrophoresis power supply BIO-RAD, Feldkirchen Gemany 

Rotanda 460R centrifuge Hettich, Ebersberg Germany 

Rotator VWR, Darmstadt Germany 

Scintilation counter TopCount NXT 
Canberra-Packard, Dreieich 
Germany 

Scissors and tweezers NeoLab, Heidelberg Germany 

Spectrophotometer 
Tecan Group AG, Männedorf 
Switzerland 

Sterile laminar flow hood 

BDK Luft- und 
Reinraumtechnick GmbH, 
Sonnenbühl-Genkingen 
Germany 

Syringes for multistepper 5ml Eppendorf, Hamburg Germany 

Thermocycler TGradient 48 
Biometra GmbH, Göttingen, 
Germany 

Thermomixer 5436 Eppendorf, Hamburg Germany 

Thermomixer compact Eppendorf, Hamburg, Germany 
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UV light imaging system InGenius 
Syngene Bio Imaging, 
Cambridge UK 

Vortexer MS1 Minishaker  
IKA Werke GmbH & Co KG, 
Staufen Germany 

Water bath 
Köttermann Labortechnik, Uetze 
Germany 

XCell IITM Blot Module 
Thermo Fisher Scientific, 
Schwerte Germany 

XCell SureLock Mini-Cell  

electrophoresis chamber 

Thermo Fisher Scientific, 
Schwerte Germany 

X-ray Film cassette CAWO 24x30 cm 

 

3.2 Consumables 
 

CONSUMABLES COMPANY 

24-well plates 

Tissue culture treated 

Non-tissue culture treated 

Becton Dickinson Falcon, Heidelberg 
Germany 

96-well plates, with filter (LUMA) Canberra Packard, Dreieich Germany 

Amersham PVDF Hybond 
membrane 

GE Healthcare, distributed by Merck 

BoltTM 4 to 12%, Bis-Tris, 1.0 mm, 
mini protein gel 15-well 

Invitrogen, life technologies 

Casted gels for WB Invitrogen 

Cell strainer 40 µm, 100 µm 
Becton Dickinson Falcon Heidelberg 
Germany 

Disposable pipette tips for 
pipettor 

10 ml, 25 ml 

Greiner bio-one, Frickenhausen Germany 

Filter 0.45 µm Millipore, Schwalbach Germany 

Flow cytometry polypropylene 
tubes 

1 ml 

Greiner bio-one, Frickenhausen Germany 

Flow cytometry polypropylene 
tubes 

5 ml 

Becton Kickinson Falcon, Heidelberg 
Germany 
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Freezing vials 1.5 ml Nunc, Wiesbaden Germany 

Glass Pasteur pipettes 
Josef Peske GmbH & Co KG, Munich  

Germany 

Glass pipette tips for pipettor  

2 ml, 5 ml, 10 ml, 20 ml 
Hirschmann Laborgeräte, Eberstadt Germany 

Magnetic cell separation columns 
LS columns, pre-separation 
columns 

MiltenyiBiotec, Bergisch Gladbach Germany 

Needles, 26G NeoLab, Heidelberg Germany 

NunclonTM Delta flasks Thermo Fisher Scientific, Schwerte Germany 

Parafilm®  Pechiney Plastic Packaging, Menasha USA 

Pipette tips with and without filter 

1-10 µl, 10 – 200 µl, 200 – 1000 µl 
Eppendorf, Hamburg Germany 

Polypropylene tubes 

1.5 ml, 2 ml 
Eppendorf, Hamburg Germany 

Polypropylene tubes 

15 ml , 50 ml 

Becton Dickinson Falcon, Heidelberg 
Germany 

Polystyrene petri dishes 100 mm 
Becton Dickinson Falcon, Heidelberg 
Germany 

Scalpels Braun, Tuttlingen Germany 

Sterile filtration tubes (0.2 µm) 50 
ml 

Becton Dickinson Falcon, Heidelberg 
Germany 

Syringes 

1 ml, 10 ml, 50 ml 
Eppendorf, Hamburg Germany 

Winged infusion set Dispomed Witt oHG, Gelnhausen Germany 

X-ray film GE Healthcare, distributed by Merck 

 

 

 

 

 

 



MATERIALS AND METHODS 31 

3.3 Reagents, kits and bacteria 

3.3.1 Reagents 

 

REAGENTS COMPANY 

1-Bromo-3-chloropropane Sigma-Aldrich, Taufkirchen Germany 

4-(2-Hydroxyethyl)-1-piperazine-

ethanesulfonic acid (HEPES) 
Biochrom AG, Berlin Germany 

51Cr Sodium chromate Hartmann Analytic, Braunschweig Germany 

7-Aminoactinomycin D (7-AAD) Sigma-Aldrich, Taufkirchen Germany 

Accutase® PAA Laboratories, Cölbe Germany 

Acetic acid Merck, Darmstadt Germany 

Agarose, Electrophoresis grade 
GIBCO, Thermo Fisher Scientific, Schwerte 

Germany 

Amersham ECL Prime Western 

Blot detection reagent 
GE Healthcare, distributed by Merck 

Ampicillin Sigma-Aldrich, Taufkirchen Germany 

Beads for compensating 

fluorescence activated cell sorting 

(FACS) data 

Becton Dickinson Pharmigen, Heidelberg 

Germany 

Biocoll® separating solution 

(Ficoll®) 
Biochrom AG, Berlin Germany 

Bovine serum albumin (BSA) Sigma-Aldrich, Taufkirchen Germany 

Carboxyfluorescein diacetate 

succinimidyl ester (CFDA-SE) 
Invitrogen, Karlsruhe Germany 

CD40L, soluble (human) 

(recombinant) set 
Enzo Life Sciences, Lausen Switzerland 

CellTrackerTM Deep Red 

fluorescent dye 
Thermo Fisher Scientific, Schwerte Germany 

Collagenase IV Sigma-Aldrich, Taufkirchen Germany 
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cOmpleteTM  EDTA-free protease 

Inhibitor Cocktail 
Roche, Distributed by Sigma-Aldrich 

Diethylpyrocarbonate (DEPC) Sigma-Aldrich, Taufkirchen Germany 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, Taufkirchen Germany 

Disodium hydrogene phosphate Sigma-Aldrich, Taufkirchen Germany 

Dispase 
Corning Life Sciences, Amsterdam 

Netherlands 

DNA Ladder, 1kb Thermo Fisher Scientific, Schwerte Germany 

DNAloading dye 6x Thermo Fisher Scientific, Schwerte Germany 

DNAse I, type IV Sigma-Aldrich, Taufkirchen Germany 

EDTA disodium Roth, Karlsruhe Germany 

Ethanol, 99% Merck, Darmstadt Germany 

Ethidium bromide 10 mg/ml Roth, Karlsruhe Germany 

Ethylenediaminetetraacetic acid 

(EDTA), 0.5 M 
Sigma-Aldrich, Taufkirchen Germany 

Fetal bovine serum (FBS)  
GIBCO, ThermoFisher Scientific, Schwerte 

Germany 

Glycine Sigma-Aldrich, Taufkirchen Germany 

Heparin-sodium B. Braun, Melsungen Germany 

Human Serum (HS) In-house production 

Ionomycin Sigma-Aldrich, Taufkirchen Germany 

Isopropanol Sigma-Aldrich, Taufkirchen Germany 

L-glutamine 
GIBCO, ThermoFisher Scientific, Schwerte 

Germany 

Linear Acrylamide Thermo Fisher Scientific, Vilnius Lithuania 

LIVE/DEADTM Fixable Blue Dead 

Cell Staining Kit 

Thermo Fisher Scientific/Caltag, Waltham 

Massachusetts USA 

Luria Broth and agar powder Roth, Karlsruhe Germany 
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Corning® Matrigel® Basement 

membrane matrix growth factor 

reduced, Phenol red free 

Corning Life Sciences, Amsterdam 

Netherlands 

Methanol Merck, Darmstadt Germany 

Milk powder Roth, Karlsruhe Germany 

Mucocit disinfectant cleaner Mucocit desinfectant cleaner 

Non-essential amino acids 
GIBCO, ThermoFisher Scientific, Schwerte 

Germany 

Paraformaldehyde (PFA) Merck, Darmstadt Germany 

PCR MasterMix, 2x Promega, Mannheim Germany 

Penicillin/Streptomycin 
GIBCO, ThermoFisher Scientific, Schwerte 

Germany 

PGE2 Promokine, PromoCell, Heidelberg, Germany 

Phorbol-12-myristate-13-acetate 

(PMA) 
Sigma-Aldrich, Taufkirchen Germany 

Phosphoric acid, 1M Sigma-Aldrich, Taufkirchen Germany 

PKH26 Red fluorescent linker kit Sigma-Aldrich, Taufkirchen Germany 

Potassium hydrogen carbonate Roth, Karlsruhe Germany 

Precision Plus ProteinTM All blue 

standards 
BIO-RAD, Feldkirchen Gemany 

Recombinant human GM-CSF Promokine, PromoCell, Heidelberg, Germany 

Recombinant human IL-15 Promokine, PromoCell, Heidelberg, Germany 

Recombinant human IL-1β Promokine, PromoCell, Heidelberg, Germany 

Recombinant human IL-2 Cancernova GmbH, Reute, Germany 

Recombinant human IL-4 Promokine, PromoCell, Heidelberg, Germany 

Recombinant human IL-6 Sigma-Aldrich, Taufkirchen Germany 

Recombinant human TNF-α Immunotools, Friesoythe Germany 

Retronectin® Takara Bio Incorporation, Shiga Japan 

RNA ladder Thermo Scientific, Schwerte Germany 
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RNA loading dye, 2x Thermo Scientific, Schwerte Germany 

Roti®-Load 1 western blot loading 

buffer 
Roth, Karlsruhe Germany 

Saponin Merck, Darmstadt Germany 

Sodium Cloride 150mM Sigma-Aldrich, Taufkirchen Germany 

Sodium pyruvate 
GIBCO, ThermoFischer Scientific, Schwerte 

Germany 

TAE, 10x 
GIBCO, ThermoFischer Scientific, Schwerte 

Germany 

TransIT®-LT1 Reagent Mirus Bio LLC, Madison USA 

TRI Reagent® Sigma-Aldrich, Taufkirchen Germany 

Tris 50 mM, pH 8.0 United states Biomedicals 

Triton X-100 MP Biomedicals 

Trypan blue  Sigma-Aldrich, Taufkirchen Germany 

Trypsin-EDTA 
GIBCO, ThermoFischer Scientific, Schwerte 

Germany 

Tween20 Sigma-Aldrich, Taufkirchen Germany 

Water Milli-Q® purified  In house production 

Water Nuclease-free Promega, Mannheim, Germany 

β-Mercaptoethanol 
GIBCO, ThermoFisher Scientific, Schwerte 

Germany 

 

3.3.2 Kits 
 

KIT COMPANY 

AffinityScript qPCR cDNA Synthesis Kit Agilent, Santa Clara, CA, USA 

Gel extraction Kit Quiagen, Hilden Germany 

Human IFN-γ and IL-2 ELISA Kit BD Bioscience, Heidelberg Germany 

JetStar 2.0 preparation kit Genomed GmbH, Löhne Germany 
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MicroBCATM protein assay kit Thermo Scientific, Schwerte Germany 

MinElute® Reaction Cleanup kit Quiagen, Hilden Germany 

mMESSAGE mMACHINE Kit Ambion®, Schwerte Germany 

Naïve B Cell Isolation Kit II, human 
Miltenyi Biotec, Bergisch Gladbach 

Germany 

RNeasy Mini Kit Quiagen, Hilden Germany 

 

3.3.3 Bacteria 
 

BACTERIA USE COMPANY 

TOP10 and MACH1 E. 

coli (+SOC medium) 

Transformation with Geneart, 

pGEM and pMP71 vectors 
Life technologies, 

Schwerte, Germany 

3.4 Media  

3.4.1 Media and buffers 
 

MEDIUM / BUFFER COMPANY 

BD Cytofix/Cytoperm Fixation/Permeabilization 

Kit  
BD Biosciences, Heidelberg 
Germany 

BD PhosflowTM Perm Buffer III  
BD Biosciences, Heidelberg 
Germany 

CytofixTM Fixation Buffer BD Biosciences, Heidelberg 
Germany 

Dulbecco´s modified eagle medium (DMEM) 
Invitrogen, Karlsruhe  

Germany 

Dulbecco´s phosphate buffered saline (PBS)  GIBCO Invitrogen, Darmstadt 
Germany 

Hank´s buffered salt solution (HBSS) w/o and 

with Ca2+ Mg2+  
GIBCO Invitrogen, Darmstadt 
Germany 

MOPS-SDS 20x running buffer 
Invitrogen, Karlsruhe  

Germany  

NuPAGE 20x Transfer buffer 
Invitrogen, Karlsruhe  

Germany 
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Opti-MEM GIBCO Invitrogen, Darmstadt 
Germany 

Roswell Park Memorial Institute 

(RPMI)-1640 medium 

GIBCO Invitrogen, Darmstadt 
Germany 

Tris Buffered Saline (TBS) 10x buffer BIO-RAD, Feldkirchen       
Germany 

Very low endotoxin (VLE) RPMI-1640 Biochrom AG, Berlin Germany 

 
 

3.4.2 Prepared media and buffers 
 
 

MEDIUM / BUFFER COMPOSITION 

Cell freezing medium 

RPMI-1640 

+ 1% L-glutamine 

+ 1% non-essential amino acids 

+ 1% sodium pyruvate 

+ 20% DMSO  

CML medium 

RPMI-1640 

+ 1% L-glutamine 

+ 1% non-essential amino acids 

+ 1% sodium pyruvate 

+ 15% FBS 

DC medium 
VLE RPMI-1640 

+ 1.5% HS 

Digestion buffer for murine tumors 

RPMI-1640 

+ 0.1% BSA 

+ 1% penicillin/streptomycin 

+ 10 mM HEPES 

+ 218 U/ml collagenase IV 

+ 435 U/ml DNAse I, type IV 

ELISA coating Buffer, pH 9.5 

Milli-Q® purified water 

+ 8.4 g sodium hydrogen carbonate 

+ 3.56 g sodium carbonate 

ELISA washing buffer 

PBS 

+ 0.05% Tween20 

 



MATERIALS AND METHODS 37 

FACS fixation buffer  
PBS 

+ 1% PFA 

Fluorescence activated cell sorting 
(FACS) buffer 

PBS 

+ 2mM EDTA 

+ 2% HS 

+ 0.1% sodium azide 

HEK293 cell medium  

DMEM 

+ 1% L-glutamine 

+ 1% non-essential amino acids 

+ 1% sodium pyruvate 

+ 12% FBS 

LB Medium 

500 ml Milli-Q® water 

+ 12.5 g LB powder 

+ 100 µg/ml ampicillin 

Magnetic cell separation buffer (MACS 
buffer 

 

PBS 

+ 0.5% FBS 

+ 2 mM EDTA 

Medium for human T cells (TCM) 

RPMI-1640 

+ 1% L-glutamine 

+ 1% non-essential amino acids 

+ 1% sodium pyruvate 

+ 10% HS 

NP-40 lysis buffer 

150 mM sodium chloride 

1 % Triton X-100 

50 mM Tris, pH 8.0 

RCC medium 

RPMI-1640 

+ 1% L-glutamine 

+ 1% non-essential amino acids 

+ 1% sodium pyruvate 

+ 12% HS 

RPMI 4´ medium 

RPMI-1640 

+ 1% L-glutamine 

+ 1% non-essential amino acids 

+ 1% sodium pyruvate 

+ 10% FBS 

Running Buffer (Western Blot) 
50 ml MOPS-SDS 20x running buffer 

+ 950 ml ultra pure Milli-Q® water 
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TBST (Western Blot) 

100 ml of TBS 10x 

+ 900 ml ultra-pure Milli-Q® water  

+ 1 ml Tween20 

Transfer Buffer (Western Blot) 

100 ml TBS 10x 

+ 900 ml ultra pure Milli-Q® wáter 

+ 1 ml Tween20 
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3.5 Plasmids, primers and restriction enzymes 

3.5.1 Plasmids 

pGEM4Z-A120-EGFP  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Characteristics/Source 

pGEM vector coding for eGFP (Kindly provided by Slavoljub Milosevic, 

Medigene Immunotherapies GmbH, Martinsried, Germany) for in vitro 

transcription and transient cell transfection The vector´s backbone contains a 

T7 polymerase binding site for the generation of in vitro transcribed RNA (ivt-

RNA) and a poly-A-tail of 120 base pairs.  

Sequences cloned into the vector backbone 

Native CD40 ligand (nCD40L), sCD40L:IgGFc:CD28, sCD40L:Fil3:CD28, 

CD28i:CD40L 
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pMP71-eGFP  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Characteristics/Source 

pMP71 coding for eGFP (kindly provided by W. Uckert, Max Delbrück Center 

Berlin, Germany) for retroviral transduction combining the MPSV-LTR 

promoter-enhancer sequences and improved 5’ untranslated sequences 

derived from MESV MPSV: murine myeloproliferative sarcoma virus; LTR: long 

terminal repeats; MESV: murine embryonic stem cell virus 

Sequences cloned into the vector backbone 

Native CD40 ligand (nCD40L), sCD40L:IgGFc:CD28, sCD40L:Fil3:CD28, 

CD28i:CD40L 

 

 

 

 

 



MATERIALS AND METHODS 41 

pMP71-TCR-T58-(b23m-p-a7m)c 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Characteristics/Source 

Kindly provided by Matthias Leisegang from the Max Delbrück Center Berlin, 

Germany. Tyrosinase-specific TCR-T58 (HLA-A2 restricted), cloned into the 

pMP71 vector backbone. 

TCR-T58 insert length 

1809 bp 
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pMP71-TCR-D115-(b8m-p-a22m)c 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Characteristics/Source 

Kindly provided by Matthias Leisegang from the Max Delbrück Center Berlin, 

Germany. Tyrosinase-specific TCR-D115 (HLA-A2 restricted), cloned into the 

pMP71 vector backbone 

TCR-D115 insert length 

1794 bp 
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pGEM-nCD40L 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Restriction sites used for cloning 

HincII (GTCGAC), EcoRI (GAATTC) 

nCD40L insert length 

786 bp 
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pMP71-nCD40L 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Restriction sites used for cloning 

NotI (GCGGCCGC), EcoRI (GAATTC) 

nCD40L insert length 

786 bp 
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pGEM-sCD40L:IgGFc:CD28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Restriction sites used for cloning 

HincII (GTCGAC), EcoRI (GAATTC) 

sCD40L:IgGFc:CD28 insert length 

1452 bp 
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pMP71-sCD40L:IgGFc:CD28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Restriction sites used for cloning 

NotI (GCGGCCGC), EcoRI (GAATTC) 

sCD40L:IgGFc:CD28 insert length 

1452 bp 

 

 

 

 

 

 

 

 

 



MATERIALS AND METHODS 47 

pGEM-sCD40L:Fil3:CD28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Restriction sites used for cloning 

HincII (GTCGAC), EcoRI (GAATTC) 

sCD40L:Fil3:CD28 insert length 

1047 bp 
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pMP71-sCD40L:Fil3:CD28 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Restriction sites used for cloning 

NotI (GCGGCCGC), EcoRI (GAATTC) 

sCD40L:Fil3:CD28 insert length 

1047 bp 
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pGEM-CD28i:CD40L 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Restriction sites used for cloning 

HincII (GTCGAC), EcoRI (GAATTC) 

CD28i:CD28 insert length 

873 bp 
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pMP71-CD28i:CD40L 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Restriction sites used for cloning 

NotI (GCGGCCGC), EcoRI (GAATTC) 

CD28i:CD40L insert length 

873 bp 
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3.5.2 Primers 
 

For cloning into the pGEM-vector 

CONSTRUCTS SEQUENCE  5´  3´ COMPANY 

nCD40L 

Forward 
ATAGTGTGCATGATCGAAACATACAACCAAAC Metabion, 

Planegg, 
GERMANY Reverse 

ATAGAATTCTCAGAGTTTGAGTAGCCAAAGGACG 

CD40L:IgGFc:CD28 

Forward 

ATAGTCGACACCGGTGCCACC 
Metabion, 
Planegg, 
GERMANY Reverse 

ATAGAATTCGGATCCTCAGCTTC 

CD40L:Fil3:CD28 

Forward 
ATAGTCGACACCGGTGCCACC Metabion, 

Planegg, 
GERMANY Reverse 

ATAGAATTCGGATCCTCAGCTTC 

CD40L:CD28i 

Forward 
ATAGTCGACACCGGTGCCACC Metabion, 

Planegg, 
GERMANY Reverse 

ATAGAATTCGGATCCTCAGAGCT 

For cloning into the pMP71-vector 

CONSTRUCTS SEQUENCE  5´  3´ COMPANY 

nCD40L 

Forward 
ATAGCGGCCGCGCCGCCATGATCGAAACATACA

ACCAAAC 
Metabion, 
Planegg, 
GERMANY Reverse 

ATAGAATTCTCAGAGTTTGAGTAGCCAAAGGACG 

CD40L:IgGFc:CD28 

Forward 
ATAGCGGCCGCGCCGCCATGCAGATTCCTCAGG

C 
Metabion, 
Planegg, 
GERMANY Reverse 

ATAGAATTCGGATCCTCAGCTTC 

CD40L:Fil3:CD28 

Forward 
ATAGCGGCCGCGCCGCCATGCAGATTCCTCAGG

C 
Metabion, 
Planegg, 
GERMANY Reverse 

ATAGAATTCGGATCCTCAGCTTC 

CD40L:CD28i 

Forward 
ATAGCGGCCGCATGCGGAGCAAGAGAAGCAGAC Metabion, 

Planegg, 
GERMANY Reverse 

ATAGAATTCGGATCCTCAGAGCT 
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For qRT-PCR 

CONSTRUCTS SEQUENCE   COMPANY 

nCD40L 

5´primer 

ACCAAACTTCTCCCCGATCT Metabion, 
Planegg, 

GERMANY 3´primer 

TCAGCTGTTTCCCATTTTCC 

CD40L:IgG:CD28 

5´primer 

CCTTGTGGCCAGCAGTCTAT Metabion, 
Planegg, 

GERMANY 3´primer 

GATCATCAGGGTGTCCTTGG 

CD40L:Fil3:CD28 

5´primer 

CCTTGTGGCCAGCAGTCTAT Metabion, 
Planegg, 

GERMANY 3´primer 

CCTTGAAGTCGGCTGTCTCT 

CD40L:CD28i 

5´primer 

AAGCACTACCAGCCTTACGC Metabion, 
Planegg, 

GERMANY 3´primer 

CGAACTGGCTCTTGATTTCC 
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3.5.3 Restriction enzymes 
 

For cloning into the pGEM-vector 

ENZYME BUFFER 
RECOGNITION 

SITES 5´  3´ 
COMPANY 

Hinc II CutSmart GTCGAC 
New England Biolabs 
Frankfurt am Main 
GERMANY 

EcoRI - high fidelity CutSmart GAATTC 
New England Biolabs 
Frankfurt am Main 
GERMANY 

For cloning into the pMP71-vector 

ENZYME BUFFER 
RECOGNITION 

SITES 5´  3´ 
COMPANY 

NotI - high fidelity CutSmart GCGGCCGC 
New England Biolabs 
Frankfurt am Main 
GERMANY 

EcoRI - high fidelity CutSmart GAATTC 
New England Biolabs 
Frankfurt am Main 
GERMANY 

General cloning enzymes 

ENZYME BUFFER 
RECOGNITION 

SITES 5´  3´ 
COMPANY 

Linearization of pGEM plasmids 

SpeI - high fidelity 
CutSmart ACTAGT 

New England Biolabs 
Frankfurt am Main 
GERMANY 

Ligation of inserts and vectors 

T4 Ligase 

T4 Ligase 

Buffer 
Not applicable 

New England Biolabs 
Frankfurt am Main 
GERMANY 
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3.6 Chimeric protein sequences 

Native CD40 ligand (nCD40L) not codon optimized 

5’  3’ 

ATGATCGAAACATACAACCAAACTTCTCCCCGATCTGCGGCCACTGGACTGCCCA
TCAGCATGAAAATTTTTATGTATTTACTTACTGTTTTTCTTATCACCCAGATGATTGG
GTCAGCACTTTTTGCTGTGTATCTTCATAGAAGGTTGGACAAGATAGAAGATGAAA
GGAATCTTCATGAAGATTTTGTATTCATGAAAACGATACAGAGATGCAACACAGGA
GAAAGATCCTTATCCTTACTGAACTGTGAGGAGATTAAAAGCCAGTTTGAAGGCTT
TGTGAAGGATATAATGTTAAACAAAGAGGAGACGAAGAAAGAAAACAGCTTTGAAA
TGCAAAAAGGTGATCAGAATCCTCAAATTGCGGCACATGTCATAAGTGAGGCCAG
CAGTAAAACAACATCTGTGTTACAGTGGGCTGAAAAAGGATACTACACCATGAGCA
ACAACTTGGTAACCCTGGAAAATGGGAAACAGCTGACCGTTAAAAGACAAGGACT
CTATTATATCTATGCCCAAGTCACCTTCTGTTCCAATCGGGAAGCTTCGAGTCAAG
CTCCATTTATAGCCAGCCTCTGCCTAAAGTCCCCCGGTAGATTCGAGAGAATCTTA
CTCAGAGCTGCAAATACCCACAGTTCCGCCAAACCTTGCGGGCAACAATCCATTC
ACTTGGGAGGAGTATTTGAATTGCAACCAGGTGCTTCGGTGTTTGTCAATGTGACT
GATCCAAGCCAAGTGAGCCATGGCACTGGCTTCACGTCCTTTGGCTTACTCAAAC
TCTGA 

 

 

 

 

 

ATG – start codon 

TGA – stop codon  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Native CD40L protein sequence 
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sCD40L:IgGFc:CD28 

5’  3’ (codon-optimized sequence) 

ATGCAGATTCCTCAGGCCCCTTGGCCTGTCGTGTGGGCTGTGCTCCAGCT
GGGATGGCGGATGCAGAAGGGCGACCAGAACCCTCAGATTGCCGCCCAC
GTGATCAGCGAGGCCAGCAGCAAGACCACCAGCGTGCTCCAGTGGGCCG
AGAAGGGCTACTACACCATGAGCAACAACCTCGTGACCCTGGAAAACGGC
AAGCAGCTGACCGTGAAGCGGCAGGGCCTGTACTACATCTACGCCCAAG
TGACCTTCTGCTCCAACAGAGAGGCCAGCTCCCAGGCCCCCTTTATCGCC
AGCCTGTGCCTGAAGTCCCCCGGCAGATTCGAGAGAATCCTGCTGAGAG
CCGCCAACACCCACAGCAGCGCCAAGCCTTGTGGCCAGCAGTCTATCCA
CCTGGGCGGCGTGTTCGAACTCCAGCCTGGCGCCTCCGTGTTCGTGAAC
GTGACCGATCCTAGCCAGGTGTCCCACGGCACCGGCTTCACCAGCTTTG
GCCTGCTGAAACTGGGCGGAGGCGGATCTGGCGGAGGGGGAGATGAGC
CTAAGAGCTGCGACAAGACCCACACCTGTCCCCCTTGTCCTGCCCCTCCA
GTGGCTGGCCCTAGCGTGTTCCTGTTCCCCCCAAAGCCCAAGGACACCC
TGATGATCGCCCGGACCCCTGAAGTGACCTGCGTGGTGGTGGATGTGTC
TCACGAGGACCCAGAAGTGAAGTTCAATTGGTACGTGGACGGCGTGGAA
GTGCACAACGCCAAGACCAAGCCCAGAGAGGAACAGTACAACAGCACCT
ACCGGGTGGTGTCCGTGCTGACAGTGCTGCACCAGGACTGGCTGAACGG
CAAAGAGTACAAGTGCAAGGTGTCCAACAAAGCCCTGCCTGCCCCCATCG
AGAAAACCATCAGCAAAGCCAAGGGACAGCCCCGCGAGCCCCAGGTGTA
CACACTGCCTCCAAGCAGGGACGAGCTGACCAAGAATCAGGTGTCACTG
ACCTGTCTCGTGAAGGGCTTCTACCCCTCCGATATCGCCGTGGAATGGGA
GAGCAACGGCCAGCCCGAGAACAACTACAAGACCACTCCCCCCGTGCTG
GACAGCGACGGCTCATTCTTCCTGTACAGCAAACTGACCGTGGACAAGAG
CCGGTGGCAGCAGGGCAACGTGTTCAGCTGCTCCGTGATGCACGAGGCC
CTGCACAACCACTACACCCAGAAAAGCCTGTCCCTGAGCCCCGGCAAGG
GCCCCAGCAAGCCCTTTTGGGTGCTGGTGGTCGTGGGCGGAGTGCTGGC
CTGTTACAGCCTGCTCGTGACCGTGGCCTTCATCATCTTTTGGGTGCGCA
GCAAGCGGAGCCGGCTGCTGCACTCCGACTACATGAACATGACCCCCAG
ACGGCCTGGCCCCACCAGAAAGCACTACCAGCCTTACGCCCCTCCCAGA
GACTTCGCCGCCTACAGAAGCTGA 

 

 

 

 

 

 

 

 

 

ATG – start codon 

TGA – stop codon  

Signal peptide 

Soluble CD40L extracellular 

domain 

Gly/Ser linker 

IgG1Fc Hinge-CH2-CH3 region 

CD28 short extracellular fragment, 

transmembrane domain (TM) and 

cytoplasmic domain 
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sCD40L:Fil3:CD28 

5’  3’ (codon-optimized sequence) 

ATGCAGATTCCTCAGGCCCCTTGGCCTGTCGTGTGGGCTGTGCTCCAGCT
GGGATGGCGGATGCAGAAGGGCGACCAGAACCCTCAGATTGCCGCCCAC
GTGATCAGCGAGGCCAGCAGCAAGACCACCAGCGTGCTCCAGTGGGCCG
AGAAGGGCTACTACACCATGAGCAACAACCTCGTGACCCTGGAAAACGGC
AAGCAGCTGACCGTGAAGCGGCAGGGCCTGTACTACATCTACGCCCAAGT
GACCTTCTGCTCCAACAGAGAGGCCAGCTCCCAGGCCCCCTTTATCGCCA
GCCTGTGCCTGAAGTCCCCCGGCAGATTCGAGAGAATCCTGCTGAGAGCC
GCCAACACCCACAGCAGCGCCAAGCCTTGTGGCCAGCAGTCTATCCACCT
GGGCGGCGTGTTCGAACTCCAGCCTGGCGCCTCCGTGTTCGTGAACGTG
ACCGATCCTAGCCAGGTGTCCCACGGCACCGGCTTCACCAGCTTTGGCCT
GCTGAAACTGGGCGGAGGCGGATCTGGCGGAGGGGGAGATGGACAGGC
CTGCAATCCTAGCGCCTGTAGAGCCGTGGGCAGAGGCCTCCAGCCTAAG
GGCGTCAGAGTGAAAGAGACAGCCGACTTCAAGGTGTACACAAAGGGCG
CTGGCAGCGGCGAGCTGAAAGTGACAGTGAAGGGCCCCAAGGGCGAGGA
ACGCGTGAAGCAGAAAGATCTGGGCGACGGCGTGTACGGCTTCGAGTACT
ACCCTATGGTGCCCGGCACCTACATCGTGACCATCACCTGGGGCGGACAG
AACATCGGCCGCAGCCCCTTCGAAGTGAAAGTGGGCCCCAGCAAGCCCTT
CTGGGTGCTGGTGGTCGTGGGCGGAGTGCTGGCCTGTTACAGCCTGCTC
GTGACCGTGGCCTTCATCATCTTTTGGGTGCGCAGCAAGCGGAGCCGGCT
GCTGCACAGCGACTACATGAACATGACCCCCAGACGGCCTGGCCCCACCA
GAAAGCACTACCAGCCTTACGCCCCTCCCAGAGACTTCGCCGCCTACAGA
AGCTGA 

 

 

 

 

 

 

 

 

 

ATG – start codon 

TGA – stop codon  

 

 

 

 

 

Signal peptide 

Soluble CD40L 

extracellular 

domain 

Gly/Ser linker 

Filamin immunoglobulin-

like internal homologous 

repeat 3 

CD28 short extracellular 

fragment, TM and cyto-

plasmic domain 
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CD28i:CD40L 

5’  3’ (codon-optimized sequence) 

ATGCGGAGCAAGAGAAGCAGACTGCTGCACAGCGACTACATGAACATGAC
CCCCAGACGGCCTGGCCCCACCAGAAAGCACTACCAGCCTTACGCCCCT
CCCAGAGACTTCGCCGCCTACAGATCTGCCACCGGCCTGCCCATCAGCAT
GAAGATCTTTATGTACCTGCTGACCGTGTTCCTGATCACCCAGATGATCGG
CAGCGCCCTGTTCGCCGTGTACCTGCACAGACGGCTGGACAAGATCGAG
GACGAGCGGAACCTGCACGAGGACTTCGTGTTCATGAAGACCATCCAGC
GGTGCAACACCGGCGAGAGAAGCCTGAGCCTGCTGAACTGCGAGGAAAT
CAAGAGCCAGTTCGAGGGCTTCGTGAAGGACATCATGCTGAACAAAGAGG
AAACTAAGAAAGAAAACAGCTTCGAGATGCAGAAGGGCGACCAGAACCCC
CAGATTGCCGCCCACGTGATCAGCGAGGCCAGCAGCAAGACCACCTCCG
TGCTCCAGTGGGCCGAGAAGGGCTACTACACCATGAGCAACAACCTCGTG
ACCCTGGAAAACGGCAAGCAGCTGACAGTGAAGCGGCAGGGCCTGTACT
ACATCTACGCCCAAGTGACCTTCTGCTCCAACAGAGAGGCCAGCTCCCAG
GCCCCCTTTATCGCCAGCCTGTGCCTGAAGTCCCCCGGCAGATTCGAGAG
AATCCTGCTGAGAGCCGCCAACACCCACAGCAGCGCCAAGCCTTGTGGC
CAGCAGTCTATCCACCTGGGCGGCGTGTTCGAACTCCAGCCTGGCGCCT
CCGTGTTCGTGAACGTGACCGATCCTAGCCAGGTGTCCCACGGCACCGG
CTTCACCAGCTTCGGACTGCTGAAGCTCTGA 

 

 

 

 

 

 

 

ATG – start codon 

TGA – stop codon 

 

 

 

 

 

 

 

 

 

Inverted CD28 cytoplasmic domain CD40L short cytoplasmic fragment, 

transmembrane and extracellular 

domain 
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3.7 Antibodies  
 

3.7.1 Antibodies for cell culture 
 

SPECIFICITY 
SPECIES/ 

ISOTYPE 
CLONE COMPANY CONCENTRATION 

CD3 
Mouse 

IgG2a 
OKT3 

In house 

production 
5 µg/ml (T cell activation) 

CD28 
Mouse 

IgG1 
CD28.2 BD 1 µg/ml (T cell activation) 

CD40 

functional 

grade 

Mouse 

IgG1 
HB14 Miltenyi 1:11 (blocking experiments) 

 

3.7.2 Antibodies for flow cytometry 
 

SPECIFICITY 
FLUOROCH

ROME 

SPECIE
S/ 

ISOTYP
E 

CLONE COMPANY 
CONCENTRATI

ON 

CD40L PE 
Mouse 

IgG1 
89-76 

BD  

Bioscience 
2 µl / 106 cells 

CD40 APC/PE 
Mouse 

IgG1 
HB14 Miltenyi 1:11 

PD-1 APC 
Mouse 

IgG1 
MIH4 eBioscience 1:25 

PD-L1 

(CD274) 
BV421 

Mouse 

IgG1 
MIH1 

BD  

Bioscience 
5 µl / 106 cells 

CD3 PE-Cy7 
Mouse 

IgG1 
SK7 Biolegend 1:20 

CD3 
PerCP-

Cy5.5 

Mouse 

IgG1k 
SK7 eBioscience 1:10 

CD3  
Alexa fluor 

A700 

Mouse 

IgG1k 
UCHT1 Biolegend 1:25 
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CD3  V500 
Mouse 

IgG1 
UCHT1 

BD  

Bioscience 
5 µl / 106 cells 

CD4 
APC-eFluor 

780 

Mouse 

IgG1k 
RPA-T4 eBioscience 1:25 

CD8 V500 IgG1  RPA-T8 
BD  

Bioscience 
1:8 

TCR Pacific Blue 

Armeni

an 

hamster 

IgG 

H57-59 Biolegend 1 µl / 106 cells 

HLA-A2 PE/APC IgG2b BB7.2 
BD  

Bioscience 
2 µl / 106 cells 

Tyrosinase 
Unconjugat

ed 
Rabbit Polyclonal 

NSJ  

Bioreagent/ 

Biomol 

1:20 

Secondary 

antibody 

Alexa Fluor 

A488 

Goat-

anti 

rabbit 

- Invitrogen 1:100 

CD45 PE-Cy7 Mouse 

IgG1 

HI30 Biolegend 1:25 

CD19 
Alexa fluor 

A700 

Mouse 

IgG1 
HIB19 

BD  

Bioscience 
2 µl / 106 cells 

CD86 FITC 
Mouse 

IgG1k 

2331 

(Fun-1) 

BD  

Bioscience 
3 µl / 106 cells 

CD83  PE 
Mouse 

IgG2b 
HB15a Immunotech 5 µl / 106 cells 

Fas PE-Cy7 
Mouse 

IgG1 
DX2 Biolegend 5 µl / 106 cells 

CD14 Pacific Blue 
Mouse 

IgG2a 
M5E2 Biolegend 3 µl / 106 cells 

CD56 APC 
Mouse 

IgG1 

N901 

(NKH-1) 
Beckmann 

Coulter 
4 µl / 106 cells 

HLA-DR APC-Cy7 
Mouse 

IgG2a 
L243 

BD  

Bioscience 
5 µl per test 
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CD80 PE-Cy7 
Mouse 

IgG1 
2D10 Biolegend 2 µl/ 106 cells 

CCR7 Pacific Blue 
Mouse 

IgG2a 
G043H7 Biolegend 2 µl/ 106 cells 

PD-L1  
PerCP-

Cy5.5 

Mouse 

IgG2b 
29E.2A3 Biolegend 2 µl/ 106 cells 

Ki67 
Alexa Fluor 

A700 

Mouse 

IgG1 
Ki-67 Biolegend 5 µl/ 106 cells 

Granzyme B 
PE-Texas 

Red 

Mouse 

IgG1 
GB11 

Thermo 
Fisher  

Scientific 

1:8 

p-AKT 

(S473) 
Pacific Blue 

Mouse 

IgG1 
M89-61 

BD  

Biosciences 
1:10 

p-RPS6 PE 
Mouse 

IgG1 
N5-676 

BD  

Biosciences 
1:8 

p-mTOR 

(S2448) 

Alexa Fluor 

647 

Mouse 

IgG1 
O21-404 

BD 

Biosciences 
1:10 
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3.7.3 Staining combinations 
 

 

Aim of the combination Surface markers Intracellular markers 

TCR staining after 
transduction 

7AAD live/dead staining 
(PerCP) 
CD3 PE-Cy7 
CD4 APC-Cy7 
CD8 V500 
TCR Pacific Blue 

 

CD40L and PD-L1 surface 
expression after CCP 

transduction 

7AAD live/dead staining 
(PerCP) 
CD45 PE-Cy7 
CD4 APC-Cy7 
CD8 V500 
PD-1 APC or CD40L PE 
TCR Pacific Blue 

 

CD40 Blocking co-culture 
assays 

LIVE/DEADTM Fixable Blue 
Dead Cell Stain (indo-1 violet) 
CD45 PE-Cy7 
CD4 APC-Cy7 
CD8 V500 
CD40L PE 

 

B cell activation assay 

7AAD live/dead staining 
(PerCP) 
CD19 Alexa Fluor® A700 
CD83 PE 
CD86 FITC 
Fas PE-Cy7 

 

B cell purity check 

7AAD live/dead staining 
(PerCP) 
CD19 Alexa Fluor® A700 
CD3 V500 
CD14 Pacific Blue 
CD56 APC 

 

DC maturation assay 

LIVE/DEADTM Fixable Blue 
Dead Cell Stain (indo-1 violet) 
CD3 Alexa Fluor® A700 
CD80 PE-Cy7 
CD83 PE 
CCR7 Pacific Blue 
HLA-DR APC-Cy7 
PD-L1 PerCP-Cy5.5 

 

CD28 signaling assay 

 
LIVE/DEADTM Fixable Blue 
Dead Cell Stain (indo-1 violet) 
CD45 PE-Cy7 
CD3 PerCP-Cy5.5 
 
 

p-AKT Pacific Blue 
p-mTOR Alexa Fluor® 647 
p-RPS6 PE 
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NSG xenograft mouse 
model 

LIVE/DEADTM Fixable Blue 
Dead Cell Stain (indo-1 violet) 
CD45 PE-Cy7 
CD4 APC-Cy7 
CD8 V500 
PD-1 APC 
PD-L1 Pacific Blue 
CFDA-SE FITC 

Ki67 Alexa Fluor® A700 
 

Matrigel plug assay 

LIVE/DEADTM Fixable Blue 
Dead Cell Stain (indo-1 violet) 
CD45 PE-Cy7 
Deep Red APC 
CFDA-SE FITC 
PKH26 PE 
PD-L1 Pacific Blue 

 

 

3.7.4 Antibodies for western blot 
 

SPECIFICITY SPECIES 

 

ISOTYPE COMPANY CONCENTRATION 

Monoclonal 

CD40L/CD154 

(C-term) 

Rabbit anti- 

human 
IgG 

Novus 

Biologicals 
1:2000 

Polyclonal 

CD28 (C-term) 

Rabbit anti-

human 
IgG GeneTex 1:1000 

Monoclonal 

GAPDH 

loading control 

Mouse anti-

human 
IgG 

Acris 

antibodies 
1:5000 

Anti-mouse IgG 

HRP-linked 

Horse anti-

mouse 
IgG 

Cell Signaling 

Technology 
1:1000 

Anti-rabbit IgG 

HRP-linked 

Goat anti-

rabbit 
IgG 

Cell Signaling 

Technology 
1:1000 
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3.8 Primary cells and cell lines 
 

CELL LINE CHARACTERISTICS 
CULTURE 

MEDIUM 
SOURCE 

HEK GaLV 

Retroviral packaging 

cell line expressing 

gag, pol and env 

genes 

HEK 
medium 

Kindly provided by 

Wolfgang Uckert, Max 

Delbrück Center Berlin, 

Germany 

HEK293 A2 
Natural endogenous 

expression of HLA-A2 

RPMI 4’ 

medium 

Kindly provided by 

Matthias Leisegang, Max 

Delbrück Center Berlin, 

Germany 

HEK/Tyr 

Transduced to 

express 

tyrosinase 

RPMI 4’ 

medium 

Kindly provided by 

Matthias Leisegang, Max 

Delbrück Center Berlin, 

Germany 

HEK/Tyr/PD-L1 

Transduced to 

express 

tyrosinase 

and PD-L1 

RPMI 4’ 

medium 

Kindly provided by 

Matthias Leisegang, Max 

Delbrück Center Berlin, 

Germany 

HEK/Tyr/CD40 

Transduced to 

express 

tyrosinase 

and CD40 

RPMI 4’ 

medium 

Kindly provided by Anna 

Mendler, Helmholtz 

Zentrum München  

Germany 

SK-Mel23 Melanoma cell line 
RPMI 4’ 

medium 

Monica C. Panelli, NIH, 

Bethesda, USA 

RCC26 
Renal cell carcinoma 

cell line 

RCC  

medium 

In-house generated from 

tumor tissue of patient-

26 

RCC53 
Renal cell carcinoma 

cell line 

RCC  

medium 

In-house generated from 

tumor tissue of patient-

53 

PBLs expressing 

TCR-53 

Transduced to 

express specific RCC 

TCR-53  

(Frozen aliquots) 

TCM 

In house generated by 

Matthias Leisegang and 

Adriana Turqueti-Neves 
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3.9 Blood samples 

Properly trained personnel from the Helmholtz center was in charge of the blood 

collection from healthy donors after their consent. The procedure was approved 

by the local Ethics Committee.  

3.10 Mice 

In agreement with the local authorities, animal experiments were performed 

according to legal regulations. NOD-scid ILRgammanull mice, also referred to as 

NSG mice, express two mutations that lead to a severe combined immune 

deficiency (scid) as well as to the absence of the allele corresponding to the IL2 

receptor common gamma chain (IL2rgnull). The Scid mutation affects the DNA 

repair complex protein Prkdc, which in turn produces a B and T cell deficiency in 

the mice. The IL2rgnull mutation interferes with cytokine signaling via several 

receptors, which leads to a functionally deficient NK cell population. These 

characteristics allow these mice to be humanized by the engraftment of different 

human cell lines including peripheral blood mononuclear cells (PBMC), making it 

a suitable model for the research postulated in this work regarding functionality 

of CCPs in the context of ACT. The mice used in this thesis were supplied by 

Charles River Laboratories. 
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4. Methods 

This thesis is embedded in the larger research topic of the group of E. Nößner. A 

previous doctoral thesis was performed by R. Schlenker, which is available on 

the webpage of the LMU (69). Therefore, overlaps in Material and Methods exist. 

Parts of the original work of this thesis, including the adoptive T cell transfer in 

human xenograft NSG mice, contributed to the publication by R. Schlenker with 

L. Olguin Contreras as second author (70).  

4.1 Density gradient centrifugation for isolation of peripheral 

blood mononuclear cells (PBMC) 

Blood was collected from healthy donors by venous puncture using syringes 

containing 10 IU heparin-sodium/ml. Blood was diluted 1:2 with PBS and aliquots 

of 35 ml were transferred into 50 ml falcon tubes that contained 15 ml Ficoll. The 

blood was pipetted along the tube wall onto the ficoll layer very carefully not to 

mix with the ficoll. The tubes were centrifuged at 840 g for 20 minutes without 

using the centrifuge brake. After centrifugation, an interphase between the 

plasma and the Ficoll is formed while the red blood cells precipitated to the 

bottom. The interphase containing the PBMCs was carefully collected and 

transferred to a fresh tube. After 1:2 dilution with PBS, the cell suspension was 

centrifuged at 758 g for 12 minutes, this time with activated break. After this 

washing step, supernatant was discarded and cell pellet was resuspended in 

TCM. The cells were counted and were then ready to be used for the 

experiments. Leftover cells were frozen. 

4.2 Cell counting, cryopreservation and thawing 

For cell counting, cells were harvested using the individually suitable procedure. 

Once the cell suspension was prepared and knowing the final volume of the 

suspension, cell numbers were calculated by using the Neubauer counting 

chambers. An aliquot of cell suspension was taken and diluted 1:2 with trypan 

blue containing 3% acetic acid (for erythrocyte lysis). Trypan blue helps 

discriminate viable cells from dead cells (the damaged membranes allows trypan 

blue to enter dead cells). Live cells within the 4 quadrants of the chamber were 

counted, and calculation of the total number was done using the formula below: 
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𝐶𝑒𝑙𝑙𝑠 𝑝𝑒𝑟 𝑚𝑙
𝑇𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟

4 𝑡𝑜𝑡𝑎𝑙 𝑜𝑓 𝑞𝑢𝑎𝑑𝑟𝑎𝑛𝑡𝑠
 𝑥 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑥 10 000 𝑐ℎ𝑎𝑚𝑏𝑒𝑟 𝑓𝑎𝑐𝑡𝑜𝑟  

 
For cryopreservation, freezing vials were prepared and pre-cooled on ice. The 

cell suspension was centrifuged at 400 g for 10 minutes, supernatant was 

discarded and the cell pellet was resuspended in ice cold freezing medium 

(volume depended on the amount of cells per vial to freeze in 1 ml). Cell 

suspension was then aliquoted into the freezing vials (1 ml/vial) and stored in Mr. 

Frosty containers at -80°C for up to three weeks. For long time storage, vials were 

transferred to liquid nitrogen tanks. 

For experiments, freezing vials were thawed quickly using a water bath at 37°C. 

Cell suspension was transferred to a tube containing 2 ml prewarmed FBS and 

centrifuged at 400 g for 5 minutes. Supernatant was discarded and pellet was 

resuspended in the corresponding cell medium. Cells were then counted and 

adjusted to be used in the experiments. 

4.3 Cultivation of human cell lines 

All experiments involving cell culture were performed using properly sterilized 

material to avoid contamination with yeast, bacteria or fungi. The work and 

manipulation of all media, buffers and biological material was done inside a 

laminar flow work bench. 

In vitro cultivation of human derived cell lines was performed using the media 

listed in section 3.4 and differently sized culture flasks were used (T25-, T75- or 

T175 cm2).  

The HEK GalLV cell line used for production of viral particles, which were later 

used in transduction experiments, was grown in HEK medium until confluency 

was reached by visualization in the inverted microscope (Zeiss). This cell line had 

low adherence to plastic and cells could be detached by pipetting up and down 

thoroughly. Thereafter, cells were resuspended to a homogeneous suspension 

and passaged 1:8 in fresh medium every 3-4 days. 

HEK/Tyr, HEK/Tyr/PD-L1 and HEK/Tyr/CD40L (human kidney epithelial derived 

cells) and human melanoma cell line SK-Mel 23 were grown in RPMI 4´ medium 

until confluency was reached. Their adherence to plastic was stronger, for which 

an enzymatic process was needed for detachment. Medium in the flask was 
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discarded and 1-2 ml of Trypsin-EDTA were added to the cell monolayer (making 

sure that the cell monolayer was evenly covered), incubated for 5 minutes at RT 

or 37°C until detachment, which was confirmed by microscope visualization. The 

enzymatic reaction was stopped by adding 9 ml of serum supplemented medium 

(RPMI 4´). Cells were resuspended by gently pipetting up and down. This process 

will be referred to trypsinization. Above mentioned cells were passaged 1:10 

every 3 days. The renal cell carcinoma cell lines RCC26 and RCC53 were grown 

in RCC medium and passaged 1:3 by trypsinization every 3-4 days. 

4.4 Transient transfection of human T cells and HEK293 cell 

line using ivt-RNA 

4.4.1 In vitro transcribed RNA (ivt-RNA) generation 

The transcription plasmids (pGEM) containing the sequences corresponding to 

the different CCPs must be linearized for a proper transcription process. 

Linearization was performed using 80 units of the SpeI-HF enzyme mixed with 

40 µg of each pGEM vector using the suitable enzyme CutSmart buffer and 

bringing the samples to a final volume of 100 µl using nuclease-free water. The 

mixture was incubated for 16 hours at 37°C. To stop the digestion, 4 mM EDTA, 

48 mM sodium acetate and 67% ethanol were added to the digestion samples, 

mixed well and chilled at -20°C for at least 15 minutes. Then, DNA was pelleted 

by centrifuging at 4°C for 15 minutes at 17000 g. Supernatant was discarded and 

pellet resuspended in nuclease-free water at a concentration of 0.5-1 µg/µl. 

A sample of 3 µg of each linearized plasmid was used for ivt-RNA production by 

using the mMESSAGE mMACHINE kit (Ambion) following the manufacturer´s 

instructions. Once the ivt-RNA production was ready, the samples were purified 

using the RNeasy Mini Kit (Quiagen) according to the manufacturer´s 

instructions. The ivt-RNA recovered after the last elution step was harvested in a 

1.5 ml Eppendorf tube in a final volume of 40 µl nuclease-free water. The 

concentration of the sample was determined using the NanoDrop 

spectrophotometer, and, as a quality control, the sample was also run on a 1% 

agarose gel prepared with 1x TAE in DEPC water containing ethidium bromide. 

The sample should focus in a neat band on the gel and the size should 

correspond to the base pair number of the corresponding CCP sequence. This 



MATERIALS AND METHODS 68 

can be determined by comparing to the RNA ladder that was run simultaneously 

on the gel. 

4.4.2 Electroporation of cells with ivt-RNA  

For electroporation of ivt-RNA into HEK or T cells, cells were harvested and 

counted according to the corresponding protocols. Final resuspension was done 

in Opti-MEM medium that was kept on ice for the assay. ivt-RNA samples were 

thawed on ice. 

24 well tissue culture treated plates with 1 ml per well TCM + 50 U/ml IL-2 (RPMI 

4’ medium for HEK cells) were prewarmed in the incubator before starting the 

experiment. Cells were aliquoted (2 x 106/200µl) into precooled 0.4 mm 

electroporation cuvettes. Each cuvette was placed individually in the 

electroporator (BIO-RAD) and was electrically pulsed according to the following 

conditions: 

 

 Protocol  Voltage (V) Time 

HEK cells Time constant 400 V 8 ms 

PBMCs Time constant 900 V 2.3 ms 

 

After the pulse, the cuvette was taken from the electroporator and the cells were 

gently transferred to the corresponding prewarmed well plate containing medium. 

The cuvette was rinsed three more times, each time with 200 µl medium. All cell 

suspensions were combined. Plates containing electroporated cells were 

transferred to the incubator for an incubation period of 3-4 hours, after which cells 

were harvested and prepared for flow cytometry analysis. 

4.5 Retroviral transduction of Human T cells  

The transduction of human T cells followed the protocol established by M. 

Leisegang, MDC, Berlin (71), with some modification as detailed in the thesis of 

R. Schlenker (69). Briefly, the protocol of human T cell transduction consisted of 

a 13 day period, days marked with a – symbol (i.e. Day -4) correspond to 

preparation days before the 2nd and final transduction hit, which marks day 0.  
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Day -4 

- HEK GaLV cells were seeded in the late afternoon at a 1.5 x 106 

concentration into a 100 mm Petri dish using a final volume of 10 ml RPMI 4’ 

medium. 

- Plates used to activate the PBMCs were prepared by coating 24-well plates 

with OKT-3 antibody (5 μg/ml) and anti-CD28 antibody (1 μg/ml) in a final 

volume of 500 µl PBS. Plates were sealed with parafilm and stored at 4°C 

overnight. 

 

Day -3 

- Plasmids corresponding to the different transgenes (TCRs or CCPs) were 

thawed on ice. 

- Transfection reagent was prepared by mixing 30 µl of TransIT®-LT1 with 470 

µl of DMEM medium in a 1.5 ml Eppendorf tube for 5 minutes at room 

temperature (RT). 

- 12.5 µg of each plasmid was mixed with the previously prepared transfection 

reagent, gently mixed by snapping the tube with the finger and incubated for 

15 minutes at RT. 

- After the incubation time, the mix was added dropwise to the Petri dish 

containing the HEK GaLV cells. The petri dish was then swirled gently to 

allow the transfection mix to distribute homogeneously. 

- PBS on the activation plates prepared the day before was replaced with 2% 

BSA and incubated for 30 minutes at RT. After washing one time to remove 

the BSA, the well was rinsed with PBS. 

- PBMCs used for the transduction were freshly isolated on this day or thawed 

from a previously prepared aliquot. Cells were resuspended in TCM 

containing 100 U/ml IL-2 and distributed in a concentration of 1 x 106 cells 

per well to the activated plate. 

 

Day -2 

- Plates to be used for viral particle coating are prepared using non-tissue 

culture treated 24 well plates by adding 10 µg/ml RetroNectin in 500 µl final 

volume of PBS. Plates were sealed with parafilm and stored at 4°C until used 

the next day. 
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Day -1 

- PBS on the RetroNectin coated plates was replaced with 2% BSA, incubated 

for 30 minutes at RT and then washed one time by removing the BSA solution 

and rinsing the well with PBS. 

- Medium on the Petri dishes containing the HEK GaLV cells was harvested  

into 50 ml falcon tubes and centrifuged at 200 g for 10 minutes at 32°C 

- After centrifugation, the supernatant was gently decanted into a fresh tube 

and, using this supernatant, aliquots of 1 ml/well were distributed into the 

RetroNectin coated plates. 

- RetroNectin plates were sealed and then centrifuged for 90 minutes at 3200 

g at 32°C. The plates needed for the second transduction hit were also 

prepared at this point. After the centrifugal inoculation (spinoculation), the 

plates were stored at 4°C until their use. 

- PBMCs that were cultured on the activation plate for 3 days, were harvested 

and counted. 0.5 x 106 cells were transferred to the corresponding wells of 

the RetroNectin plate coated with viral particles in TCM containing 100 U/ml 

IL-2. PBMCs cultured in supernatant that didn´t contain viral particles were 

used as MOCK controls (1st transduction hit). 

 

Day 0 

- Each well from the 1st transduction hit coated plates was splitted 1:4 into the 

previously prepared plate for the 2nd hit of transduction plus 750 μl TCM 

containing 100 U/ml IL-2. 

 

Day 3 

-  Cells from the 2nd hit transduction plate were harvested and centrifuged at 

1500 rpm for 5 minutes. Supernatant was carefully discarded into the 

appropriated waste container for S2 biosafety and pellet was washed once 

again with PBS. 

- PBS was discarded and cells were resuspended in fresh TCM containing 100 

U/ml IL-2 and distributed at a concentration of 1.5 x 106 cell/ml in T75 cm2 

culture flasks. 

- 0.3 x 106 cells were harvested and prepared for flow cytometry analysis to 

determine transduction efficacy. 
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Day 6 

- Cells were splitted according to cell density into new flasks with fresh TCM 

supplemented with 100 U/ml IL-2. 

- 0.3 x 106 cells were harvested and prepared for flow cytometry analysis to 

determine transgene expression. 

 

Day 10  

- 0.3 x 106 cells were harvested and prepared for flow cytometry analysis to 

determine transgene expression. 

 

Day 12 

- 1 x 106 cells were harvested and transferred to a 24-well tissue culture treated 

plate with fresh TCM containing 100 U/ml IL-2. 

- 0.3 x 106 cells were harvested and prepared for flow cytometry analysis. 

- The rest of the cells were frozen as 15-20 x 106 cells aliquots per freezing 

vial. 

 

Day 13 

- Cells kept in the 24-well plate were harvested and counted. 

- 0.3 x 106 cells were prepared for flow cytometry analysis. 

 

4.6 Protein detection (Western Blot)  

T cells transduced with the different CD40L:CD28 CCPs were assessed for 

protein presence by western blot. Therefore, samples of 1.5 x 106 cells were 

harvested at each time point of the transduction kinetic (3, 6, 10, 12 and 13 days), 

counted and adjusted. The cell pellet was washed using ice cold PBS, then 

resuspended in ice cold NP-40 lysis buffer containing protease inhibitors (1 ml 

per 107 cells). Samples were incubated at 4°C under constant agitation for 30 

minutes. After incubation, cells were centrifuged at 4°C for 5 minutes at 12000 

rpm, supernatants were then transferred to a precooled 1.5 ml Eppendorf tube 

and cell pellet was discarded. 
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Protein concentration was determined using the microBCATM protein assay kit 

according to the manufacturer instructions. After protein determination, samples 

were stored at -20°C for later use until all time points were collected. 

For western blot (WB) assay, lysates were thawed on ice, samples were prepared 

by adjusting 30 µg of total protein from the lysates in 27 µl of buffer. 10 µl of 

loading buffer were added to the samples before loading the gel for a total volume 

of 37 µl of sample per well. Samples were heated for 5 minutes at 95°C for protein 

denaturalization, and afterwards samples were loaded into the gel (precasted 

gels from Invitrogen) together with the molecular weight ladder. 

The gel was placed on the WB chamber (Invitrogen) that was filled with running 

buffer and the chamber was connected to the power bank to let it run at 100 Volts 

for 30 minutes, then at 200 Volts for another 45-60 minutes. The gel run was 

performed at 4°C in a cool room. 

After the run, the gel was carefully taken out of the casting and soaked in transfer 

buffer to equilibrate it. Meanwhile the PVDF membrane was prepared for the gel 

transfer. Transfer of the proteins  was performed using the XCell IITM blot module, 

this time the chamber was filled with transfer buffer and the run was performed 

at 30 Volts for 60 minutes at 4°C. 

After the run, the membrane was taken out of the blot module and rinsed with 

washing buffer. The membrane then was blocked using 5% non-fat milk blocking 

reagent by incubating it at 4°C under constant gentle agitation. After blocking, 

membrane was rinsed twice with washing buffer without letting the membrane 

dry.  

The membrane was then incubated with the diluted primary antibodies against 

either CD40L, CD28 or GAPDH (loading control). For CD40L antibody, a 1:2000 

dilution was used, for CD28 antibody a 1:1000 dilution and for GAPDH antibody 

a 1:5000 dilution was used. All antibodies were diluted in 5% non-fat milk reagent. 

For membrane incubation, full covering of the membrane with the antibody 

dilution has to be assured and for each antibody an independent membrane was 

used derived from the same initial samples. Incubation with the primary antibody 

was performed at 4°C overnight with constant gentle agitation and protecting the 

incubation container with plastic or a hard lid. 
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After incubation with primary antibody, the membrane was rinsed twice with 

washing buffer, and then washed 5 times with washing buffer by incubating 5 

minutes on a rocking table at room temperature (RT). 

For secondary antibody incubation, HRP labeled antibodies were used according 

to the species specificity of the primary antibody (anti-mouse or anti-rabbit) see 

section 3.7.4. Secondary antibodies were also diluted in blocking reagent at a 

1:1000 dilution. Membrane was then incubated for 1 hour at RT under gentle 

agitation. 

After incubation with the secondary antibody, the membrane was rinsed twice 

with washing buffer, and then washed 5 times with washing buffer by incubating 

5 minutes on a rocking table at RT. 

Development of the membrane was performed using the chemiluminescent 

Amersham ECL prime western blot detection reagent according to the 

manufacturer instructions.  

Final X-ray film exposure and development was performed in a dark room using 

an Automatic X-ray film processor from AGFA. 

4.7 Molecular biology methods 

4.7.1 Cloning CCP sequences into vectors for retroviral transduction and 

in vitro transcription 

Nucleotide sequences from the designed chimeric co-stimulatory proteins were 

codon optimized and ordered using the Geneart project manager from Life 

technologies. At arrival, vectors containing the corresponding sequences were 

dissolved according to the manufacturer´s instructions and used for further 

cloning into the pGEM transcription vector and pMP71 transduction vector. 

Geneart plasmids were used to transform MACH1 E. coli bacteria through a heat 

shock protocol in which 1 µl of plasmid was incubated with the bacteria 

suspension for 30 minutes on ice. Immediately thereafter incubation at 42°C for 

30 seconds followed causing DNA uptake as a consequence of cell membrane 

disruption due to the sudden temperature change. After heat shock, bacteria 

suspension was placed on ice for 2 more minutes to ensure successful DNA 

uptake. A volume of 350 µl of SOC medium provided with the competent MACH1 

bacteria was added to the suspension and incubated at 37°C under gentle 
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agitation for one hour. After this incubation, in which bacteria was allowed to 

recover from the heath shock, 20 µl of the suspension were spread using a sterile 

L-shaped glass Pasteur pipette on prewarmed petri dishes containing agar 

medium supplemented with 100 µg/ml ampicillin as selection antibiotic and 

incubated overnight at 37°C. 

The next day, colonies of transformed bacteria, that grew nicely isolated on the 

agar plate, were selected and transferred with the help of a 100 µl pipette tip to a 

tube containing 4 ml of LB medium also containing ampicillin. Tubes were 

incubated afterwards under constant 200 rpm agitation at 37°C overnight. After 

incubation, a 200 µl sample from the highly dense bacteria culture was 

transferred to an upscaled volume of ampicillin supplemented LB medium (300 

ml) and placed again in the incubator under the same incubation conditions. 

Once a high volume of bacteria suspension was reached, isolation of plasmidic 

DNA was performed using the Jetstar preparation kit according to the 

manufacturer´s instructions. The final pellet containing the isolated plasmids was 

resuspended using nuclease-free water. Purity and concentration values were 

determined using the NanoDrop spectrophotometer and aliquots of each sample 

were sent for sequencing to Eurofins MWG. 

Accuracy of plasmid sequences were corroborated by aligning the original 

sequence provided by Geneart with the sequencing results from Eurofins. When 

sequence corresponded positively to the original, I proceeded to clone the 

chimeric co-stimulatory protein sequences into the vectors for transcription 

(pGEM) and transduction (pMP71). For this process, protein sequences had to 

be amplified by PCR, mixing the purified plasmid DNA (5-9 µg) with the 

corresponding primers (see section 3.5.2), 5% DMSO and 1x PCR master mix, a 

final volume or 100 µl was completed adding nuclease-free water. 
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The program used to amplify the sequences was set as follow: 

 

No. of Cycles Step Temperature Duration 

1 Denaturation 94°C 5 minutes 

35 Denaturation 94°C 5 minutes 

Annealing 62°C 30 seconds 

Polymerization 72°C 2 minutes 

1 Final extension 72°C 5 minutes 

 Hold 4°C Infinite 

 

The apparent molecular weight of the reaction products was determined by 

running the samples alongside a 1kb DNA reference ladder on a 1% agarose gel 

prepared with 1x TAE buffer containing ethidium bromide. Gel was run for 45 

minutes at 130 V. Bands detected on the gel corresponding to the right size of 

the amplified sequence were purified using the Quiagen extraction kit according 

to the manufacturer´s instructions. 

DNA was finally resuspended after purification in 90 µl of nuclease-free water and 

placed on ice for immediate ligation with the corresponding vectors. 

Amplified purified sequences as well as the pGEM and pMP71 vectors were 

digested in preparation for ligation using the corresponding enzymes listed in 

section 3.5.3. After thawing on ice, a 10 µg aliquot of each vector was taken and 

was mixed 1:10 with CutSmart buffer. For pGEM vector, restriction cutting was 

performed using EcoRI-HF and HincII enzymes, while for the pMP71 the used 

enzymes were EcoRI-HF and NotI-HF (60 units of each enzyme was used per 

sample). The final volume was adjusted to 106 µl. The digestion process 

consisted of a one hour incubation time at 37°C, after which time samples were 

run in a 1% agarose gel containing ethidium bromide for 45 minutes at 130 V to 

determine the size of the fragments produced after the plasmid digestion. The 

biggest fragment corresponded to the vector backbone needed for the ligation. 

Thus, this fragment was cut out of the gel and purified following the same steps 

as for the Genart plasmids (see above). Amplified PCR sequences went through 

the same enzymatic digestion process. At the end, bands corresponding to the 
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size of the CCP sequences were purified from the gel using the MinElute reaction 

Cleanup kit (Quiagen) according to the manufacturer’s instructions. 

For the final ligation, purified vectors and PCR products were mixed (7 µl of vector 

+ 1 µl PCR product) together with 400 units of T4 ligase using T4 ligase buffer 

(1:10). Ligation samples were incubated for 4-5 hours at 16°C. After this 

incubation time, MACH1 bacteria were transformed with 1 µl of the ligation 

sample, followed by plasmid purification as described above for the Geneart 

plasmids. 

4.7.2 RNA isolation and quantitative reverse transcription PCR (qRT-PCR) 

Cells used for qPCR analysis were washed one time with PBS and the pellet was 

resuspended with 200 µl of TRI reagent® followed by vortexing. After incubation 

for 10 minutes at room temperature, samples were stored at -20°C until RNA 

isolation. 

4.7.3 RNA isolation 

Samples for RNA isolation were thawed on ice, then 20 µl of Linear Acrylamide 

was added to each of the samples and homogenized by thorough vortexing. Next, 

40 µl of 1-Bromo-3-chloropropane (1/5 Vol) was added, vortexed for 15 seconds 

and incubated for 10 minutes at RT. After incubation, samples were centrifuged 

at 12000 g for 12 minutes at 4 ºC to achieve phase separation. Then, the upper 

transparent phase (containing RNA) was carefully transferred to a new Eppendorf 

tube and placed on ice. For RNA precipitation, 120 µl isopropanol (2-Propanol) 

was added to the samples, mixed by pipetting up and down then vortexed, 

followed by a 10 minutes of incubation on ice. After a centrifugation step at 12000 

g for 12 minutes at 4ºC, the RNA pellet was visible and the supernatant was 

discarded. 75% ethanol was added to the pellet (500 µl/tube) to wash the RNA 

by slowly mixing it with ethanol until the pellet was detached from the surface of 

the tube. The sample was shortly vortexed and centrifuged at 12000g for 8 

minutes at 4ºC. The supernatant was then discarded For RNA solubilization, the 

tube was left open for 3 minutes at RT to evaporate the remaining ethanol (pellet 

should not be dried out completely). 20 µl H2O (PCR grade) was added to the 

RNA pellet and mixed. Samples were then shortly centrifuged and incubated for 

10 minutes at 55ºC to dissolve secondary structures. Following a short vortexing, 
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the OD values were determined using the NanoDrop® ND-1000 

Spectrophotometer. 

4.7.4 cDNA synthesis 

For the cDNA synthesis, AffinityScript qPCR cDNA Synthesis Kit was used 

according to manufacturer’s instructions, using previously isolated RNA and the 

reagents provided in the kit, as follows: 

 

Mix 

10 µl master mix 

2 µl oligo dT 

1 µl Affinity Script (RT) 

Σ 13 µl 

+ RNA 

+ RNase Free Water 

Σ 20 µl end volume 

 

The amount of RNA used for cDNA synthesis was 1 µg in total, the cDNA run 

was performed on a Thermocycler TGradient 48 using the following program: 

 

cDNA synthesis program (26 minutes duration) 

Annealing 25°C 5 minutes 

Reverse Transcription 42°C 15 minutes 

MMLV – Denaturation 96°C 5 minutes 

Cooling 4°C  

 

Short term storage of samples was at -20°C until the qRT-PCR was performed. 
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4.7.5 qRT-PCR analysis 

qRT-PCR assay was performed using the LightCycler® - FastStart DNA Master-
PLUS Kit (Roche) according to the manufacturer´s instruction using the primers 

listed in section 3.5.2. 

 

Mix 

2 µl – 5´ primer (5 pmol/µl) 

2 µl – 3´ primer (5 pmol/µl) 

10 µl - Reaction Mix SYBR Green 

4 µl - H2O (PCR grade) 

2 µl - cDNA sample 

Σ = 20 µl end volume 

 

Samples were run on LightCycler® 96 using the following program: 

 

Preincubation – 1 Cycle 

Description Acquisition mode 

95°C for 600 seconds None 

Amplification – 38 Cycles 

Description Acquisition mode 

95°C for 10 seconds None 

60°C for 25 seconds None 

72°C for 10 seconds Single 

Melting – 1 Cycle 

Description Acquisition mode 

95°C for 10 seconds None 

65°C for 60 seconds None 

97°C for 1 second Continuous (slope 0.1°C/second) 

 
 
As the reference gene, amplification of 18S rRNA was used. The data was ana-

lyzed using LightCycler® 96 SW 1.1 program. 

Normalized fold expression was calculated using the formula: 2^Δct, where Δct 

represents Cq value of 18S reduced by Cq value of the specific probe. 
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4.8 Functional assays 

4.8.1 Activation of antigen-specific T cells  

For artificial stimulation that mimics TCR specific activation, antigen-specific T 

cells transduced with the different CD40L:CD28 CCPs were thawed and seeded 

in a culture plate that had been coated with anti-CD3 and anti-CD28 antibodies.  

24-well non-tissue culture treated plates were coated with a PBS solution con-

taining OKT-3 antibody (5 µg/ml) and anti-CD28 (1 µg/ml). The plate was stored 

at 4°C overnight. On the day of the activation, the PBS solution was removed 

from the plate and the wells were rinsed once with PBS. The wells were then filled 

with 500 µl of 2% BSA and incubated at RT for 30 minutes. After incubation time, 

the BSA solution was removed from the wells, each well was rinsed one more 

time with PBS and finally 1 x 106 T cells were added in 1 ml TCM supplemented 

with 100 U/ml IL-2 per well and cultured for 3 days. After the 3-day activation, 

cells were removed from the antibody coated plate and continued to be cultured 

without anti-CD3/CD28 antibodies. For the 6-day restimulation approach, cells 

activated using the antibody coated plate were splitted 1:4 on day 3 and trans-

ferred to a tissue culture treated plate for 3 extra days. On day 6, cells were har-

vested and prepared for flow cytometry analysis and used in further functional 

assays. 

4.8.2 Co-culture set up for analysis of T cell function 

Transduced T cells or PBMCs were thawed or harvested, cells were resuspended 

in the appropriate medium, counted and adjusted. 

Target cells, selected according to the experiment requirements, were harvested 

by trypsinization (HEK/Tyr, HEK/Tyr/CD40, HEK/Tyr/PD-L1, SK-Mel23, RCC26 

and RCC53). Cells were washed once with PBS, resuspended in TCM, counted 

and adjusted. 

Co-cultures were performed in a 1:5 or 1:10 ratio of T cells to target cells (as 

indicated for each experiment) and supernatants were harvested after 16, 24 or 

48 hours and used fresh for ELISA assay or stored at -20°C until use. Effector 

cells and target cells cultured alone were used as reference controls. 
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4.8.3 B cell activation assay 

T cells transduced with the CCPs were thawed and reactivated using anti-CD3 

plus anti-CD28 antibody-coated 24-well plates (1 x 106 cells per well) and TCM 

supplemented with 100 U/ml IL-2 for 3 days. Thereafter, the cells were collected 

and transferred to a new plate without antibodies using fresh medium plus 100 

U/ml IL-2 for 3 additional days to allow downregulation of endogenous CD40L 

expression on Mock T cells. Fresh PBMCs cells were isolated from 150 ml pe-

ripheral blood from HLA-A2 positive healthy donors. From this PBMC fraction, 

fresh B cells were isolated using a CD19 magnetic (negative isolation) Naïve B 

Cell Isolation Kit II, human (Miltenyi) according to the manufacturer´s instruction. 

0.15 x 106 naïve B cells were co-cultured at a 1:1 ratio per triplicate on a 96-well 

u-bottom plate with the previously prepared T cells expressing the CD40L:CD28 

CCPs overnight at 37°C and 5% CO2. Naïve B cells that didn´t receive any stim-

ulation were used as negative control. Two positive controls were included in the 

assay, B cells activated using a soluble CD40L reagent (Enzo) (sCD40L and en-

hancer 1:10 dilution 2 µl of each per well), and B cells activated using HEK cells 

that stably expressed CD40L (kindly provided by Kathrin Gärtner, Helmholtz 

Zentrum München). Cells were harvested from triplicate wells after incubation 

time and analyzed by flow cytometry for B cell specific surface activation markers 

CD83, CD86 and Fas. 

4.8.4 DC maturation assay 

To determine if the T cells transduced with the CD40L:CD28 CCPs can stimulate 

the maturation of DCs through CD40 ligation, a co-culture stimulation assay was 

performed. Therefore, iDCs were generated in vitro using an 8-day protocol and 

the Jonuleit maturation cocktail for maturation (72). Monocytes were derived from 

freshly isolated PBMC by plastic adherence. Hence, PBMC were isolated from a 

healthy HLA-A2-positive donor as previously described (see section 4.1). Subse-

quently, 75 x 106 PBMC were resuspended in 15 ml of DC medium and trans-

ferred into a 75 cm2 Nunclon® Δ surface cell culture flask. After 25 minutes of 

incubation at 37°C, the flask was gently shaken and incubated for additional 25 

minutes at 37°C. Non-adherent cells were carefully washed away by two washing 

steps using 15 ml of fresh DC medium. These non-adherent cells represented 

the ‘PBL fraction’. Adherent monocytes were kept in culture overnight adding 15 
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ml of DC medium into the flask. In order to mature monocytes into DCs, 100 ng/ml 

GM-CSF and 20 ng/ml IL-4 were added to the cells on the following day as well 

as after three days (day 3). At this point day 7 of the maturation process, imma-

ture DCs (iDCs) were harvested to co-culture them with the T cells expressing 

the different CD40L:CD28 CCPs on a 1:1 (0.1 x 106 cells per triplicate) ratio in 

96-well U-bottom plates in a final volume of 200 µl TCM. iDCs that were not fur-

ther stimulated as well as iDCs stimulated with mock T cells were used as a neg-

ative control, iDCs stimulated with the Jonuleit maturation cocktail (20 ng/ml IL-

4, 100 ng/ml GM-CSF, 15 ng/ml IL-6, 10 ng/ml IL-1β, 20 ng/ml TNFα and 1 µg/ml 

PGE2) on day 7 were used as positive controls. All conditions were harvest on 

day 8 and prepared for flow cytometry analysis.  

4.8.5 Enzyme-linked-immunosorbent assays (ELISA) 

Supernatant samples collected from the co-culture assays were analyzed using 

a “sandwich” ELISA for the detection of the secreted cytokines IL-2 and IFN-γ. 

This ELISA method consists of a plate coated with a specific antibody that recog-

nizes the antigen (IL-2 or IFN-γ) to immobilize the cytokines present in the super-

natant to the plate. A second specific biotin-labeled antibody recognizing a differ-

ent epitope of the cytokine is added, which will bind to the previously immobilized 

cytokine. Finally, avidin conjugated to peroxidase is added; this binds the biotin-

labeled secondary antibody converting the substrate into a colored product. Op-

tical density of the different samples reflecting the different cytokine concentra-

tions of the sample or standard was detected at 562 nm using an ELISA reader 

sunshine. The cytokine concentration was calculated by the Tecan software ac-

cording to a titration of the cytokine standard. 

All samples were analyzed in triplicates. The human IFN-γ and IL-2 ELISA kits 

were purchased from BD Bioscience and used according to the manufacturer´s 

instructions. 

4.8.6 Chromium release assay 

For the cell-mediated lysis assay (CML), targets were labeled with radioactive 
51Chromium. When recognized by T cells carrying the antigen-specific TCR , the 
51Chromium is released and the amount of released chromium is detected in the 
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harvested supernatant. The amount of detected radioactive chromium can be 

used to calculated the T cell-induced cell death . 

Target cells were harvested, counted and adjusted. Then, 1 x 106 cells in 100 μl 

FBS were labeled with 50 μCi 51Chromium for 1 hour at 37°C followed by two 

washing steps with CML medium. Effector cells that express the antigen-specific 

TCR with or without the co-expression of the different CCPs were thawed accord-

ing to section 4.2 and resuspended in CML medium. Effectors were plated at 

titrated cell numbers according to T cell to target cell ratios from 20:1 to 1.25:1 in 

a 96 well plate. Targets cells were added at a concentration of 2000 cells per well 

in 50 µl. The final volume of the co-culture was 100 µl and the plate was incubated 

for 4 hours at 37°C. For determining the maximum 51Chromium release, 50 µl of 

the target cell suspension was pipetted directly to the Luma plate. The spontane-

ous release was calculated from supernatants of target cells cultured without ef-

fectors. Each co-culture was set up in triplicates 

After the coculture time, a 50 µl aliquot from each co-culture was transferred to 

the filter plate (Luma) and dried overnight. The dried Luma plate was then placed 

into a TopCount machine that detects the gamma radiation in each well according 

to the released 51Chromium. Specific cell lysis was then calculated by applying 

the following formula: 

 

% 𝑐𝑒𝑙𝑙 𝑙𝑦𝑠𝑖𝑠  
measured 51Cr-release - spontaneous 51Cr-release
𝑚𝑎𝑥.  51Cr-release/2  - spontaneous 51Cr-release

 𝑥 100 

4.9 Flow cytometry 

4.9.1 FACS analysis principle 

Fluorescence-activated cell sorting (FACS) constitutes a flow cytometry tech-

nique which uses highly specific antibodies directed against several different 

markers present on the cell. These antibodies are labeled with different fluores-

cence conjugates. By making a cell suspension of these labeled cells pass 

through a laser beam in a single cell fashion, it is possible to detect the way each 

cell interacts with the light. Data concerning the volume of the cell or forward 

scatter (FSC), cell internal complexity or side scatter (SSC), and specific fluores-

cence signals can be collected and analyzed. These characteristics provide a 
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diversity of parameters which can be used to functionally characterize different 

cell populations present within a biological sample.  

The LSRII flow cytometer (BD) was used to acquire all samples analyzed in this 

thesis using the FlowJo software. 

4.9.2 Cell surface and intracellular markers FACS staining 

All cells used for flow cytometry staining were harvested according to their corre-

sponding cell culture conditions mentioned in section 4.3. 

After cells were collected, counted and adjusted, an aliquot of 0.2-0.5 x 106 was 

taken and transferred to FACS tubes. All samples were washed with 500 µl FACS 

buffer by centrifuging the tubes at 400 g for 5 minutes at RT (all washing steps 

were the same unless other conditions are stated). After washing, supernatant 

was removed from the tubes but 50 µl were left behind. Cell pellet was resus-

pended in the residual volume by vortexing. The antibodies corresponding to the 

specific markers (section 3.7.3) were added to the cell suspension, 7-AAD or Fix-

able blue live dead discriminating reagent was also included for each staining 

followed by a short vortexing step. Samples were incubated for 30 minutes on ice 

and in the dark. After incubation, all samples were washed using 500 µl FACS 

buffer, resuspended in 200 µl of buffer and finally acquired on the LSRII and an-

alyzed using the FlowJo software. 

In case of intracellular marker staining, surface markers were stained first, then 

cells were fixed by incubation in 500 µl 1% paraformaldehyde for 20 minutes and 

washed with FACS buffer. Then, cells were permeabilized using 0.1% saponin 

and incubated for 30 minutes on ice in the dark. Another washing step was per-

formed, followed by incubation with 0.35% saponin for 30 minutes. After another 

centrifugation, the supernatant was removed from the tubes leaving a 50 µl re-

sidual volume, in which the cells were resuspended by vortexing. At this point, 

antibodies for intracellular markers were added at the corresponding concentra-

tions and incubated for 30 minutes on ice in the dark. In case a secondary anti-

body was needed for intracellular staining, the washing with the two different sap-

onin concentrations was performed again before the secondary antibody was 

added. After the final antibody incubation, cells were washed one more time with 

saponin 0.1% and once again with FACS buffer. Cells were finally resuspended 
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in 200 µl of buffer, acquired on the LSRII Cytometer and analyzed using the 

FlowJo software. 

4.9.3 Flow cytometry staining of phosphorylated signaling proteins 

Cells used for this staining were prepared as follows: T cells transduced to ex-

press the Tyrosinase-specific TCR-T58 plus CD40L:CD28 CCPs were thawed 

and activated for 6 days using anti-CD3 and anti-CD28 antibody coated plates 

(see section 4.8.1) to upregulate the surface expression of the CD40L:CD28 

CCPs.  

On the day of the signaling assay (day 6), T cells were harvested and washed 

with PBS, then incubated for 4 hours in RPMI 4´ medium without additional IL-2 

to reduce constitutive background activation signals. After the 4-hour incubation 

time, T cells were harvested, washed with PBS, counted and resuspended in 

RPMI 4´ medium. Washing steps were performed using the indicated buffers, 

cells were centrifugated and supernatant was discarded leaving always a 50 µl 

residual volume in the tubes. 

0.4 x 106 T cells will be used for the co-culture assay, shortly before the activation 

co-culture, T cells were washed with 500 μl PBS/EDTA (2 mM), and fixable Blue 

reagent for viability was added followed by a short vortex mixture. Cell suspen-

sions were incubated at RT in the dark for 10 minutes and then washed with 500 

µl FACS-buffer. 

HEK293/Tyr/CD40 were used to stimulate the T cells through the TCR-Tyr/HLA-

A2 interaction and to trigger the CCPs through CD40. HEK293/Tyr/CD40 were 

harvested and incubated at a 1:2 ratio with the previously prepared CD40L:CD28 

CCP-transduced T cells in 1 ml FACS tubes at a final volume of 100 µl RPMI 

4´medium for 30 minutes at 37°C and 5% CO2, unstimulated T cells were kept in 

culture as a negative control. Detection of phosphorylated proteins was per-

formed using the commercial buffer set (BD PhosflowTM). 

After the co-culture incubation time, cells were immediately fixated using 200 μl 

of Cytofix Fixation Buffer (BD) followed by 15 minutes incubation at 37°C. After 

incubation, cells were centrifuged at 380 g for 8 minutes at RT and supernatant 

was discarded. For permeabilization, 500 μl of ice cold Phosflow Perm Buffer III 

were added and incubated for 30 minutes. Cells were centrifuged again at 380 g 

for 8 minutes at RT, supernatants were discarded and surface markers antibodies 
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were added together with the antibodies for the phosphorylated intracellular pro-

teins. Following a 30 minute incubation time, cells were washed by centrifuging 

at 380 g for 8 minutes at RT with 500 μl of FACS-buffer. Cells were finally resus-

pended in 200 µl of buffer, acquired on the LSRII cytometer and analyzed using 

the FlowJo software. 

4.10 Mouse experiments 

Local authorities approved all animal experiments in accordance with the corre-

sponding legal regulations. The xenograft model performed in this thesis was in-

cluded in the publication by R. Schlenker et al. (70). 

4.10.1 Human melanoma xenograft NSG model 

Human melanoma tumor cell line SK-Mel23 was grown following the correspond-

ing cell culture conditions (see section 4.3). The xenograft was established by 

injecting 5 x 106 SK-Mel23 cells subcutaneously (s.c.) into the left flank of 7-11 

weeks old NSG mice. Tumor growth was monitored daily by the personnel of the 

animal facility. The starting point of adoptive T cell therapy was when the tumor 

achieved a size of 800 mm3, this was determined using a caliper. At this point, 

frozen T cells that were transduced to express the tyrosinase antigen specific 

TCR D115 with and without the PD-1:CD28-CCP were thawed, counted and la-

belled with CFDA-SE tracking reagent according to the manufacturer´s instruc-

tion. Afterwards, labelled T cells (6 x 106 in 100 µl PBS) were injected intratumor-

ally (i.t.). The tumor dimension was measured using a caliper at 4 hours, 1, 2, 4,  

6 and 10 days after i.t. injection of the T cells. The tumor volume was calculated 

using the following formula: 

 

𝑣𝑜𝑙𝑢𝑚𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑥 𝑤𝑖𝑑𝑡ℎ 𝑥 0.52 

 

After being measured live using the caliper, tumors were resected at the 4 hour, 

1, 2, 4 ,6 and 10 days after i.t. injection, weighed and prepared for analysis of the 

infiltrated T cell population. The mechanical and enzymatic process to obtain the 

tumor cell suspension is described in section 4.10.3.  
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4.10.2 Matriplug assay 

The Matriplug assay was developed to assess the specific killing capacity of 

CCP-transduced T cells in a 3D microenvironment created by a Matrigel matrix. 

The Matrigel plug containing the cell mixture (see below) was locally injected in 

the flank of the mice. This allowed me to evaluate the T cell effector function in 

an in vivo system without the need of growing a tumor. For this assay, two differ-

ent HLA-A2 positive cell lines were used, one comprising the human melanoma 

SK-Mel23 cell line positive for the tyrosinase antigen and the other one being the 

HEK293 cell line which does not express tyrosinase. 

Each cell line was labeled with a different cell tracking dye to be able to assess 

specific effects on each population. SK-Mel23 were labeled with a 1.5 µM con-

centration of Deep Red dye while HEK293 cells were labeled with a 1.5 µM con-

centration of CFDA-SE cell tracker. Furthermore, both cell lines were also labeled 

with a 2 µM concentration of the PKH26 dye. Each labeling procedure was done 

according to the manufacturer´s instructions. The cell-type specific labeling al-

lowed subsequent distinguishing of the cell types once the Matrigel plug was har-

vested from the mice. A mixture of both cell lines (2 x 106 each) was combined 

with 4 x 106 transduced T cells (1:1 final ratio) in a final volume of 150 µl PBS. -

This cell mixture was then gently mixed with 200 µl Matrigel on ice so that the 

Matrigel stayed liquid. Final aliquots (350 µl total) were taken up into insulin sy-

ringes on ice and injected s.c. into NSG mice. Cytokine support was given by 

injecting mice with 300 units of IL-15 intraperitoneally (i.p.). Plugs were recovered 

after 2 days and dissolved at 37°C for 30-60 minutes using the Corning Dispase 

according to the manufacturer’s instruction. Dispase yields a single cell suspen-

sion more gently and effectively than other proteolytic enzymes, it doesn´t dam-

age cells nor cleave cell surface proteins. After single cell suspension was ob-

tained, the cells were washed with PBS and prepared for flow cytometry analysis. 

Cells were gated on PKH26+/CD45- cells and from this population, percentages 

were determined for HEK293 cell labeled with CFSE and SK-Mel23 cells labeled 

with Deep Red dye. Using this data, the specific killing was calculated using the 

following formula: 

 

% 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑘𝑖𝑙𝑙𝑖𝑛𝑔 1  𝑠𝑎𝑚𝑝𝑙𝑒 
% 𝑆𝐾-𝑀𝑒𝑙23
% 𝐻𝐸𝐾 293

/ 𝑐𝑡𝑟𝑙 
% 𝑆𝐾-𝑀𝑒𝑙23
% 𝐻𝐸𝐾 293

 𝑥 100 
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whereby ctrl is a cell mixture without T cells and sample is a cell mixture with T 

cells (SK-Mel23 is the T cell target and HEK293 is the non-target). 

4.10.3 Preparation of cell suspensions from NSG mice melanoma 

xenografts 

All tumors were measured using a caliper before sacrificing the mice. After tumor 

resection from NSG mice, tumors were collected in empty 50 ml falcon tubes, 

weighed and immediately submerged in 5 ml RPMI 4´ medium and processed 

within the next hour. The tumor processing was performed inside a laminar flow 

work bench and all material was properly sterilized. Each tumor was transferred 

to a glass 100 mm petri dish and thoroughly sliced into small fractions using a 

scalpel and scissors. The finely disrupted tumor tissue was pipetted back into a 

fresh 50 ml tube using a 25 ml plastic pipette and the dish was rinsed twice using 

5 ml HBSS buffer with Ca and Mg. The volume was completed to 20 ml using the 

same buffer. Samples were then centrifuged at 472 g for 2 minutes at RT. All 

supernatants were transferred individually to a fresh 50 ml falcon tube and kept 

on ice while the cell pellets were resuspended using digestion buffer at a concen-

tration of 1 ml buffer per ml of pellet. The pellet suspension was incubated on a 

roller mixer for 30 minutes at 36°C. After incubation, samples were centrifuged 

again at 472 g this time for 5 minutes at RT, supernatants were individually col-

lected in fresh 50 ml falcon tubes and kept on ice while the pellet was washed 

with HBSS without Ca and Mg by centrifuging at 472 g for 2 minutes. Superna-

tants were again individually transferred to a fresh 50 ml falcon tube and kept on 

ice, while the pellet was resuspended in HBSS without Ca and Mg supplemented 

with 5 mM EDTA at a concentration of 6 ml buffer per ml of tissue pellet and 

incubated for 5 minutes on a rocking table for 5 minutes at RT. Samples were 

centrifuged as described before, supernatants collected and kept on ice. The pel-

let was this time passed through a 40 µm filter with the help of a 10 ml syringe 

plunger and flow through was collected in a fresh 50 ml falcon tube. The filter was 

finally rinsed two times using HBSS containing Ca and Mg. 

All the supernatants that were collected and kept on ice during the whole tumor 

tissue processing were centrifuged at RT for 10 minutes at 472 g, supernatants 

were discarded and all cell pellets were pooled in fresh ice cold PBS, counted 
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and prepared for flow cytometry analysis according to the corresponding staining 

combination (see section 3.7.3). 

4.11 Statistical analyses 

Statistical analysis of the results was performed using the software Graph Pad 

Prism setting the significance level to 0.05. 

Sidak´s multiple comparisons test was used to compare selected pairs of means 

following one-way ANOVA. 
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5. Results 

5.1 CD40L:CD28 CCP design 

According to the topological classification of transmembrane proteins, the CD28 

protein and the CD40L (also known as CD154) protein belong to the type 1 and 

type 2 groups, respectively (73), Type 1 membrane proteins are present within 

the membrane with their N-terminal domain facing the endoplasmic reticulum 

(ER) lumen during synthesis. Therefore, once they are expressed on the cell 

membrane, the N-terminus is located in the extracellular domain, and the C-ter-

minus on the cytoplasmic domain. On the other hand, type 2 membrane proteins 

are anchored with a signal-anchor sequence, being targeted to the ER lumen with 

its C-terminal domain during synthesis. Once transported to the cell membrane, 

the C-terminus will be located in the extracellular domain and the N-terminus on 

the cytoplasmic domain. 

Having different membrane orientation, creating a chimeric protein that combines 

domains of CD40L and CD28, represents a structural and functional challenge 

(Fig. 5A).  

Considering these features, three different constructs were designed for the 

CD40L:CD28 chimeric protein (see Fig. 5B, 5C). Two of them possess a type 1 

membrane protein structure in which the C-terminal part of the soluble CD40L 

fragment (AA 113-261) was linked to the transmembrane (TM) plus cytoplasmic 

domain of CD28. Both domains are connected through a Glycine/Serine linker 

that provides flexibility and allows mobility of the connected functional domains 

(8), and a specific spacer for expression improvement. The first construct, 

CD40L:IgGFc:CD28, used the IgG1Fc domain as a spacer to provide the protein 

with a better membrane stability thanks to its dimerization property, which was 

observed during its previous use in the design of chimeric antigen receptors 

(CAR) for antigen-specific T cell engineering (74). Thanks to the expert insights 

of structural biologist Grzegorz M. Popowicz from the institute of Structural Biol-

ogy of the Helmholtz Zentrum München, the second construct, CD40L:Fil3:CD28, 

exchanged the IgG1Fc spacer for the third Ig-like repetition corresponding to the 

Filamin protein. This is a protein sequence that adopts an immunoglobulin-like 

fold without dimerization properties (75). The reason to opt for this variation 

comes from the concern of linking a primarily trimeric molecule like CD40L with 
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a dimeric region like the IgG1Fc spacer. This potential oligomerization might re-

sult in the formation of clusters in the membrane that might interfere with the 

proper protein function. Finally, the third construct, CD40L:CD28i adopted a type 

2 transmembrane protein structure (like the native CD40L) by linking the CD40L 

extracellular and transmembrane domain with the inverted intracellular domain 

(AA 180-220) of CD28 (CD28i). This particular construct was based on the 

NKG2D chimeric protein design, which linked the type 2 protein NKG2D with the 

type 1 protein CD3 zeta (76). 
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Figure 5. Design of CD40L:CD28 chimeric co-stimulatory proteins (CCPs). 

A) CD28 and CD40L are depicted according to their classification as type 1 and type 2 membrane 
proteins, respectively. C-terminal amino acid (C) and N-terminal amino acid (N) mark the mem-
brane orientation. B) Schematic representation of the three different approaches for the structure 
of the CCPs with different membrane orientation, AA length and origin of protein fragments are 
specified on the right side of each molecule, name and total AA length is specified below each 
CCP. C) Domain representation of the CCPs including the signal peptide (SP) region from the 
PD-1 protein for type 1 membrane protein approaches.  
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5.2 Surface expression capability of the CD40L:CD28 CCPs 

To determine whether the constructs can be successfully expressed on the cell 

membrane, HEK293T cells were electroporated with ivt-RNA coding for the cor-

responding CCPs. Four hours after electroporation, HEK293T cells were ana-

lyzed for CD40L surface expression using an anti-CD40L antibody, which recog-

nizes the extracellular domain of the CD40L protein. Alive, single, CD40L+ cells 

were analyzed and CCP surface presence was assessed. HEK293T cells elec-

troporated with water were used as a negative control. HEK293T cells modified 

to stabily express CD40L using the plasmid pcDNA3.1 (kindly provided by Kathrin 

Gärtner from Dr. Reinhard Zeidler’s group at Helmholtz Zentrum Munich), and 

HEK293T cells electroporated with ivt-RNA for the unmodified native CD40L 

(nCD40L) protein, were used as a positive controls. The intensity of CCP 

expression was deduced from the median fluorescence intensity (medianFI). 

HEK293T cells stabily expressing the native CD40L showed the highest 

percentage of expression and intensity as expected for the positive control. 4 

hours after electroporation, the nCD40L protein was most efficiently expressed in 

terms of both  percentage of positive cells and the medianFI. IgGFc and CD28i 

chimeric proteins followed as the second and third best surface-expressed 

proteins, in terms of percentages as well as intensity, respectively. Last, the Fil3 

CCP was expressed on significantly less cells and with lower intensity compared 

with the nCD40L, IgGFc and CD28i (Fig. 6A, 6B). 

To corroborate the presence of the chimeric proteins in the cells western blot was 

performed. One million cells from each condition were lysed 4 hours after 

electroporation, and the lysates were analyzed for protein expression using 

antibodies that bind specifically to the extracellular domain of CD40L and to the 

intracellular domain of CD28, respectively. 

Since not all CCPs can be differentiated from the nCD40L by their molecular 

weight, using only a CD40L antibody for western blot analysis (Novus Biologicals) 

was not enough to clearly distiguish all three CCPs. For this reason, an antibody 

directed against the C-terminal region of CD28 (GeneTex) was also used to 

analyze the same lysates. This way, as depicted in figure 6C, nCD40L protein 

can only be detected using the anti-CD40L western blot antibody but not with the 

anti-CD28 antibody. On the other side, since the IgGFc, Fil3 and CD28i chimeric 

proteins share the extracellular domain of CD40L and the intracellular domain of 
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CD28, all were detected by both antibodies. Both antibodies identified bands at 

the same molecular weight according to the respective chimeric protein 

(nCD40L/33kDa, IgGFc/52-55kDa, Fil3/35-37kDa and CD28i/33kDa). This way 

the expression and structural conformation of the proteins was confirmed. 

GAPDH antibody (Acris Antibodies) was used as loading control for all lysates. 
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Figure 6. CCP expression in HEK293T cells after ivt-RNA electroporation. 

A) HEK293T cells were transfected with 20 µg of ivt-RNA encoding for the 3 variations of the 
CD40L:CD28 CCPs and the native CD40L and analyzed by flow cytometry 4 hours after electro-
poration using a PE-labeled CD40L specific antibody (clone 89-76, BD bioscience). Percentage 
of cells positive for CD40L membrane expression is shown. B) Histogram representing the CD40L 
surface expression and medianFI of the different CCPs. HEK293T cells electroporated with water 
were used as a negative control (red), HEK293T cells modified to stabily express CD40L (light 
blue) and HEK293T cells electroporated with ivt-RNA for nCD40L were used as a positive control. 
The percentage and median fluorescence intensity (medianFI) of cells expressing the IgGFc CCP 
construct is depicted in orange, that of cells expressing the Fil3 CCP construct is depicted in 
green and cells expressing the CD28i CCP construct is depicted in purple. Mean values of three 
independent experiments are shown with standard deviation. C) Cell lysates were used to analyze 
the protein expression of native CD40L and CCPs through Western Blot. Molecular weights of 
the corresponding molecules and color code can be seen in the table on the left. The left lanes of 
the Western blot gel show the detection using the CD40L antibody, while the right lanes of the 
gel show the detection using the antibody that detects the intracellular domain of CD28. Bands 
corresponding to the chimeric proteins can be located at the corresponding molecular weights. 
Endogenous CD40L protein can only be detected using the CD40L specific antibody (left). Below 
left, GAPDH antibody staining of each sample representing the loading control is shown.  
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To assess if the differences in surface expression seen after electroporation was 

due to the transient expression from ivt-RNA, the pMP71 vector containing the 

different CCPs sequences was used for transduction of T cells. Since transduc-

tion leads to integration of transferred DNA, this process should result in stable 

expression of the transduced sequences. T cells were stained with anti-CD40L 

antibody to detect the CCP surface expression on different time points after trans-

duction (3 days, 6 days, 10 days and 13 days). As depicted in figure 7, the ex-

pression profile of the different chimeric proteins 3 days after transduction corre-

lated to those observed after electroporation, the Fil3 construct still being signifi-

cantly less expressed. Furthermore, the expression kinetic over time showed 

that, regardless the retroviral transduction, expression of all transduced proteins 

decreased over time, with the IgGFc being the most stable one, while the 

nCD40L, Fil3 and CD28i expression decayed dramatically by day 13 after trans-

duction. 
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Figure 7. CCP surface expression kinetic in PBLs after retroviral transduction. 

Human PBMCs were activated using anti-CD3 plus anti-CD28 antibodies and 100 U/ml IL-2 for 2 
days. Thereafter, cells were collected and transduced with the chimeric proteins and expanded 
for 13 days. CD40L expression was measured by flow cytometry at 3, 6, 10 and 13 days after 
transduction. Percentage of CD40L positive cells within gated live, single, CD3+ population are 
shown in the histograms. Mock-transduced PBMCs were used as negative control (red line), cells 
transduced with the native CD40L (nCD40L) protein were used as expression reference and are 
depicted in blue, CD40L:IgGFc:CD28 CCP is depicted in orange, CD40L:Fil3:CD28 CCP is de-
picted in green and CD40L:CD28i CCP is depicted in purple. Shown is one representative exper-
iment of at least 5 repeats. 
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5.3 Culture conditions influence surface expression of the 

CD40L:CD28 CCPs 

In order to determine the impact of the culture conditions on the expression ki-

netic, retroviral transduction was performed again as descripted in figure 8A. The 

aim was to improve the cell expansion conditions by splitting the cells early to 

control cell density, renewing medium (IL-2 addition) and exchanging the culture 

flask every third day. The previously mentioned downregulation of the transduced 

constructs over time was still evident. Additionally, an upregulation of the CD40L 

surface expression was evident at those time points that followed the medium 

and culture flask exchange as depicted in figure 8B, by the increase of CD40L 

positive cells (blue) when superimposed to the CD40L negative cells (red). Given 

the fact that every medium exchange also includes IL-2 addition, the upregulation 

seemed to be linked to the culture condition and stimulation status of the trans-

duced cells. Moreover, the observation that the expression kinetic of the CCPs 

was similar to the native CD40L suggests that the CD40L extracellular domain 

incorporated in the CCP transfers the tightly regulated expression kinetic of the 

native CD40L protein, which is known to wane within 16-24 hours after stimula-

tion. The natural kinetic is presumed to minimize bystander activation of CD40 

positive cells (77). 

In figure 8C a line graph depicts the surface expression kinetic of the 

CD40L:CCPs upon changes in culture conditions on day 6 and day 12. With mock 

transduced T cells and within them the CD4 T cells, which are known to express 

CD40L upon activation (46) an internal reference is provided to observe the ki-

netic of the endogenous CD40L expression in comparison to the kinetics of the 

CCPs. 
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Figure 8. CCP expression kinetic in PBLs after retroviral transduction is modulated by me-
dium replacement. 

Human PBMCs were activated using anti-CD3 plus anti-CD28 antibodies and 100 U/ml IL-2 for 2 
days. Thereafter cells were collected and transduced with the native CD40L sequence or the 
chimeric constructs and expanded for 12 days. Cells got transferred to a new flask or plate with 
fresh medium with 100 U/ml IL-2 on day 6 and 12. A) Timeline describing the transduction steps 
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for Human PBMCs, CCP expression kinetic diagram and medium replacement conditions. Start-
ing point at day -3 using anti-CD3 (OKT-3) plus anti-CD28 antibodies and 100 U/ml IL-2 for 2 
days. Cells were transferred to a new flask or plate with fresh medium with 100 U/ml IL-2 on day 
6 and 12. B) CD40L surface expression was measured by flow cytometry at day 3, 6, 10, 12 and 
13 after transduction. The CD4 and CD8 cells within the live, single, CD3+ population are depicted 
in the dot plots and the CD40L positive (blue dots) and CD40L negative (red dots) are graphically 
superimposed. Mock transduced PBMCs were used as negative control and cells transduced with 
the native CD40L (nCD40L) protein were used as positive reference. C) Percentage of expression 
at the different time points after transduction are depicted in the graphic. Summary of two inde-
pendent experiments. Mock transduced cells (red line) and cells transduced to express the native 
CD40L (blue line) were used as reference. Cells transduced with CD40L:IgGFc:CD28 are de-
picted in orange, those with CD40L:Fil3:CD28 CCP are depicted in green and T cells with 
CD40L:CD28i CCP are depicted in purple. 
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Once observing the loss of CCP from the cell surface, it was assessed if the loss 

of surface detection was a result of protein internalization, lack of transport to the 

surface or loss of transcription. For this, the mRNA level was analyzed by qPCR 

in parallel to measuring surface expression by flow cytometry and total protein 

presence by Western blot during the same kinetic period as before. 

As depicted in figure 9, when analyzing the CD8 T cell population at each given 

time point, loss and reappearance of the CCPs (IgGFc and CD28i) was observed. 

The initial downregulation of the surface protein followed the loss of total protein 

(western blot) and the loss of mRNA level. For the IgGFc CCP, the surface ex-

pression levels stabilized with time, while transcripts and total protein decreased 

and then increased again. The CD28i CCP, on the other side, presented a differ-

ent pattern in which the surface expression followed the mRNA and total protein 

levels. This data combined suggest that the loss of protein from the cell surface 

was likely a result of weaning transcription, and not due to protein internalization 

or poor transport to the cell surface. Differences in expression patterns between 

the CD40L:IgGFc and the CD40L:CD28i CCPs might be explained by their struc-

tural difference due to the different engineering approaches, creating the 

CD40L:IgGFc in a type 1 membrane protein orientation and the CD40L:CD28i in 

a type 2 orientation. 

The mock control CD8 cells showed, as expected, low levels of surface expres-

sion, mRNA and total protein since CD40L is reported not to be typically ex-

pressed on effector CD8 T cells (78). Using this as a reference, it can be con-

cluded that the detected CD40L expression on the CD8 T cells transduced with 

the IgGFc and CD28i constructs corresponds to the transduced chimeric co-stim-

ulatory protein and not to an endogenously expressed CD40L protein.  
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Figure 9. CCP expression kinetic on mRNA and surface protein level and whole protein 
detection by western blot.  

Human PBMCs were activated using anti-CD3 plus anti-CD28 antibodies and 100 U/ml IL-2 for 2 
days. Thereafter, cells were collected and transduced with the native CD40L and CCP constructs 
and expanded during a period of 13 days. Samples were enriched for CD8 T cells before retroviral 
transduction using magnetic beads and were then analyzed for CD40L surface protein by flow 
cytometry, whole protein expression by western blot and RNA level by qPCR at day 3, 6, 10 and 
13 after transduction. Primers were designed to specifically detect the chimeric constructs. Nor-
malized mRNA fold expression is depicted by the colored bars. The percentage of cells positive 
for CD40L on the cell surface was measured by flow cytometry and is depicted by the line dia-
gram, colors correspond to the different chimeric proteins. Below the graphs are the western blots 
with bands corresponding to the molecular weights of the respective proteins. Representative 
results for the Mock transduced T cells and the two higher expressed CCPs are shown. 
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Having noticed that culture conditions had some effect on the surface expression 

of the CCPs, it was speculated whether T cell activation could also play an 

important role.   

To test this hypothesis, CCP-transduced T cells, which had been frozen on day 

12 when CCP expression was only slightly present for the IgGFc construct, were 

thawed. CD40L staining was performed and surface expression of the CCPs was 

analyzed directly after thawing (day 0 status) (Fig. 10A). Then, 1 million of each 

transduced T cell type (mock, nCD40L, CD40L:IgGFc, CD40L:Fil3 and 

CD40L:CD28i) were in vitro activated using 24 well plates coated with anti-CD3 

and anti-CD28 antibodies and fresh medium with IL-2. 

On day 3, cells were transferred to a non-antibody coated 24 well plate and 

cultured with fresh medium for another 3 days. The CCP surface expression was 

monitored on day 0, 3 and 6 (Fig. 10B). 

Results showed that transduced T cells had upregulated the expression of the 

CD40L CCPs upon in vitro activation on day 3. Once the T cells were transferred 

to a new plate without antibody stimulation, the expression started to decline 

again, with considerable expression on day 6 seen for CD40L:IgGFc only (Fig. 

10C, D). This kinetic allowed the CCPs to be expressed on the cell surface on 

day 6 with variable percentage of expression depending on each construct. At 

the same time point the endogenous CD40L expression was no longer 

detectable, as evidenced by the absence of staining of CD4 mock T cells on day 

6. Therefore, CD4 mock transduced T cells was used as a negative control in 

further assays that assessed the CCPs functionality. 

Based on this results, it must be concluded that some regulatory mechanism is 

activated in order to upregulate the expression of the CCPs upon CD3/CD28 

stimulation. 
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Figure 10. CCP surface expression is upregulated upon T cell activation. 

A) Timeline depicting re-activation of human PBMCs, which were frozen on day 12 after CCPs 
transduction. Cells were thawed and reactivated using anti-CD3 plus anti-CD28 antibodies and 
100 U/ml IL-2 for 3 days. Thereafter, cells were collected and transferred to a new plate without 
antibodies in fresh medium plus 100 U/ml IL-2 for 3 additional days to allow downregulation of 
endogenous CD40L expression on Mock T cells. B) Histograms showing CD40L surface expres-
sion by flow cytometry after thawing and every third day after reactivation. C) CD40L positive CD4 
and CD8 cells within the live, single, CD3+ population are shown in the dot plots as the overlayed 
blue population and the CD40L negative cells are shown in red. Mock transduced PBMCs were 
used as negative control and cells transduced with the native CD40L (nCD40L) protein are the 
reference against the CCPs. D) Percentage of live, single, CD3 positive cells are shown in dot 
plots measured 6 days after reactivation of CCP-transduced T cells. 
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5.4 Downregulation of CD40L:CD28 CCPs by CD40 ligation. 

It is well established that CD40L expression on CD4 T cells undergoes a rapid 

downregulation upon contact with its receptor CD40, which can be expressed on 

APCs like B cells and dendritic cells, as well as endothelial cells and a variety of 

tumor cells (79,80). 

After observing that the CD40L-CCPs exhibit similar expression kinetic as the 

endogenous CD40L protein, and that upregulation is possible with CD3/CD28 

activation, it was tested whether antigen-specific activation through MHC-TCR 

interaction can also induce CCP upregulation and whether interaction of the 

CD40L-CCP with its CD40 receptor expressed by target cells can cause its down-

regulation (Fig. 11A, 11B). 

Target cells used in the following experiment were SK-Mel23, which is a mela-

noma cell lines that expresses Tyrosinase antigen in the context of MHC-class I 

HLA-A2 and the CD40 receptor. HEK293 cells stably transduced to express Ty-

rosinase antigen and the CD40 receptor were also used, named 

HEK293/Tyr/CD40 cells (Fig. 11E). To determine the influence of CD40 on the 

CD40L:CD28 CCP expression level after specific activation of the T cell through 

Tyr/HLA-A2 ligands, SK-Mel23 cell lines were treated with a CD40 blocking anti-

body before co-culturing them with the antigen-specific T cells. In the system, 

where HEK293/Tyr/CD40 cells were used for stimulation, control cells were 

HEK293/Tyr cells that were not co-transduced with CD40. The antigen-specific T 

cells in both systems were T cells that expressed the tyrosinase specific, HLA-

A2 restricted TCR-T58 after retroviral transduction (81). The TCR-T58 T cells co-

expressed the different CD40L:CD28 CCPs or without CCPs to be used as mock 

controls. TCR-T58 T cells with or without CCP were frozen on day 12, at the time 

point where the CD40L:CD28 CCPs had the lowest surface expression. They 

were thawed and immediately co-cultured with either SK-Mel23 or 

HEK293/Tyr/CD40 or HEK293/Tyr target cells. CD40L expression on the TCR-

T58 effector T cells was measured before setting up the co-culture (0 hours) and 

at 16, 24 and 48 hours of co-culture.  

Results showed that upregulation of the CCPs on the T cell surface was achieved 

in co-culture with HEK293/Tyr that express the Tyr/HLA-A2 target antigen com-

plex (Figure 11C, left graph). The strongest induction was seen on TCR-T58 T 

cells that expressed the native CD40L (blue line) and the CD40L:IgGFc:CD28 
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(orange line). Less upregulation was seen for the CD40L:CD28i CCP, and very 

low induction was seen for the CD40L:Fil3:CD28 CCP (green line), which was at 

the level of TCR-T58 T cells that were not transduced with any CCP (mock, red 

line). Thus, it was observed that the upregulation of each CD40L-CCP followed 

the same pattern as the one previously observed with the CD3/CD28 unspecific 

activation, with CD40L:IgGFc CCP being the one that reached highest  surface 

expression and CD40L:Fil3:CD28 reaching the lowest. Maximal upregulation was 

achieved at 16 hours of co-culture, reaching a sustained expression until the 48h 

time point. When HEK293/Tyr/CD40 cells were used as targets, upregulation of 

CD40L:28 CCPs was only seen for CD40L:IgGFc:CD28 until 24 h of co-culture. 

At 48 h of co-culture, marginal induction of nCD40L and CD40L:Fil3:CD28 and 

CD40L:CD28i was observed (Figure 11C right graph). Using the SK-Mel23 cells 

as target in the co-culture, a pattern similar to that of HEK293/Tyr/CD40 was seen 

(Figure 11D left graph). Since SK-Mel23 expresses CD40 endogenously, it was 

hypothesized that the CD40 expression on the target cell might disturb CD40L-

CCP surface expression. To test this, SK-Mel23 were pre-treated with anti-CD40 

blocking antibody before setting up the co-culture. Using SK-Mel23 cells with 

“masked” CD40 surface expression, strong induction of all CD40L-CCPs was ob-

served (Figure 11D, right graph). This result allows the interpretation that T cell 

stimulation through physiologic TCR-peptide/MHC interaction indeed induces 

CD40L:CD28 CCP surface expression as does the experimental CD3/CD28 stim-

ulation. Moreover, the dynamics of surface expression is modulated by CD40 

expressed on the target cells, which causes downregulation of the CD40L:CD28 

CCPs as well as the native CD40L from the T cell surface.  
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Figure 11. CD40L:CD28 CCP expression kinetic on T cells after T cells recognizing pep-
tide/MHC ligands in the presence or absence of CD40 receptor. 

Human T cells transduced with the tyrosinase-specific TCR-T58 and CD40L:CD28 CCPs were 
frozen on day 12 after CD40L:CD28 CCPs transduction. After thawing, the TCR-T58 T cells with-
out or with CD40L:CD28 CCP were used in co-cultures at a T cell to target cell ratio of 1:10 with 
tyrosinase-transduced target cells HEK293/Tyr/mock cells that had very low to no endogenous 
CD40 expression or were transduced to strongly express CD40, HEK293/Tyr/CD40, or with the 
melanoma cell line SK-Mel23 that endogenously expresses CD40. A, B) Schematic diagram of 
the co-culture assay. Briefly, by blocking the CD40 receptor, antigen-specific activation produced 
by the TCR/MHC interaction will allow the re-expression of the CCPs on the cell surface (A). If 
CD40/CD40L interaction is not blocked re-expression would still happen, but a downregulation of 
the CCPs will be produced immediately upon interaction with CD40, rendering surface expression 
detection impossible (B). C) depicts the CD40L:CD28 CCP expression on TCR-T58 T cells after 
indicated times of co-culture with either HEK293/Tyr or HEK293/Tyr/CD40 cells; or D) in co-cul-
ture with SK-Mel23 cells or with SK-Mel23 that had been pre-treated with anti-CD40 antibody in 
a 1:11 concentration (clone HB14 pure functional grade - Miltenyi) before setting the co-culture 
to block the endogenous CD40. The percentage of TCR-T58 T cells with CD40L:28 surface ex-
pression was analyzed by flow cytometry. Mock transduced TCR-T58 T cells (red line) and TCR-
T58 T cells transduced to express the native CD40L (blue line) were used as reference. TCR-T58 
T cells transduced with CD40L:IgGFc:CD28 are depicted in orange, those with CD40L:Fil3:CD28 
CCP are depicted in green and T cells with CD40L:CD28i CCP are depicted in purple. E) Histo-
grams of CD40 expression on target cells, whereby the line histogram depicts the specific staining 
for CD40 and the grey filled histogram is the isotype control. Staining was done with an anti-CD40 
PE labeled antibody (clone H-10, Santa Cruz Biotechnology).  
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5.5 Biological functionality of CD40L and CD28 domains in the 

CD40L:CD28 CCPs 
 

5.5.1 Biological activity of the extracellular CD40L domain 

After having determined that the composite proteins can be expressed on the cell 

surface, assessing if the different domains were functionally incorporated into the 

chimeric CD40L:CD28 CCPs was the next step.  

To test the biologic activity of the CD40L extracellular domain, a B cell stimulation 

assay was established. It is well described that B cells express the CD40 recep-

tor. Upon interaction with the CD40 ligand (CD40L) B cells undergo activation 

which can be detected by measuring key surface activation markers on the B 

cells like CD86, Fas and CD83 (Fig. 12A). Upregulation of the three markers, 

CD83, CD86 and Fas, are linked to the CD40/CD40L interaction. CD86 and Fas 

expression might also be influenced by TCR/MHC interaction that occurs be-

tween T cells and B cells when latter serve as antigen presenting cells. CD83 has 

been reported to be induced on B cells via CD40 engagement independent of 

TCR/MHC binding (82).  

In our system, the Tyrosinase-specific TCR-T58 T cells were used transduced 

with the CD40L:CD28 CCPs and B cells were isolated from blood of healthy 

donors. No tyrosinase was present in the system so that B cell activation through 

antigen was excluded. T cells without and with CD40L:CD28 CCPs were thawed 

and reactivated using CD3/CD28 antibody-coated 24 well plate for 6 days (Fig. 

12B) to re-induce CCP expression. T cells were harvested for co-culture on day 

6 when CD40L:CD28 CCP levels were still detectable, but the mock controls were 

CD40L negative (red histograms), indicating endogenous CD40L that would 

conceal effects of the CD40L:CD28 CCPs was no longer expressed (Fig. 12B). 

T cells were co-cultured with freshly isolated B cells overnight (12 h) in a 1:1 ratio 

followed by analysis of surface activation markers on the B cell population by flow 

cytometry (Fig. 12C). It was observed that CD83, CD86 as well as Fas were in-

duced on B cells that were co-cultured with T cells expressing the CD40L:CD28 

CCPs or the native CD40L compared the co-culture with mock T cells that did not 

express any CD40L construct or control B cells without T cell co-culture (control). 

Gradual levels of activation marker expression on B cells was observed depend-

ing on the variant of CD40L:CD28 CCP expressed by the T cells with highest 
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expression of activation markers achieved with T cells expressing 

CD40L:IgGFc:CD28, followed by native CD40L, CD40L:CD28i and lowest 

CD40L:Fil3:CD28. As reference, two different positive controls were included to 

stimulate the B cell population: one control setting used a commercial soluble 

CD40L agonist combined with an enhancer to promote CD40L trimerization and 

hence B cell activation, the other control was a co-culture with the HEK293 cells 

that stably expressed high levels of CD40L. Using the sCD40L/enhancer agonist 

achieved induction of activation markers on B cells similar to the T cell culture 

with CD40L:CD28 CCP engineered T cells. Highest levels of B cell activation 

were achieved with the HEK293/CD40 cells.  

These results show that maturation of B cells can be achieved by the effect of the 

interaction between T cells expressing CD40L:CD28 CCPs and the CD40 recep-

tor expressed on the surface of B cells, providing proof of concept that the CD40L 

extracellular domain within the CCPs is capable of exerting biologic activity. 
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Figure 12. Assessing the biologic activity of the extracellular CD40L domain within the 
chimeric CCPs using a naïve B cell stimulation assay. 

T cells transduced with the CCPs were frozen on day 12 after CCPs transduction. They were 
thawed and reactivated using anti-CD3 plus anti-CD28 antibody-coated 24well plates and 100 
U/ml IL-2 for 3 days. Thereafter, the cells were collected and transferred to a new plate without 
antibodies using fresh medium plus 100 U/ml IL-2 for 3 additional days to allow downregulation 
of endogenous CD40L expression on Mock T cells. Fresh B cells were isolated from 300 ml pe-
ripheral blood using a CD19 magnetic negative isolation kit (Miltenyi). Naïve B cells were co-
cultured at a 1:1 ratio with anti-CD3/CD28-reactivated T cells expressing the CD40L:CD28 CCPs 
overnight at 37°C and 5% CO2 Then, cells were harvested and analyzed by flow cytometry for B 
cell specific surface activation markers CD83, CD86 and Fas. Three control conditions were in-
cluded: i) a negative control consisting of naïve B cells without T cells (unstimulated control), ii) a 
positive control using naïve B cells stimulated with a soluble enhanced trimeric CD40L (Enzo Life 
Science), and iii) naïve B cells co-cultured with CD40L-expressing HEK293 cells. A) Schematic 
diagram of the stimulation assay. B) Histograms depicting the CD40L:CD28 CCP expression on 
the transduced T cells after thawing and anti-CD3/CD28 reactivation and culture for 6 days. C) 
Graphs depicting the mean fluorescence intensity (MFI) of CD83 (purple), CD86 (blue) and Fas 
(green) on the surface of B cells after overnight co-culture with the corresponding stimulation 
conditions. Controls are the first three bars distinguished by light colors, respectively. Bars are 
the mean values of indicated number of independent experiments. The error bars are the stand-
ard deviation of the corresponding number of experiments n.  
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In a next step, experiments were performed to test the hypothesis outlined in 

figure 4, whether T cells expressing CD40L:CD28 CCPs can activate  antigen 

presenting cells. The binding of CD40L extracellular domain to CD40 on antigen-

presenting cells (APCs), such as B cells, dendritic cells (DCs), and monocytes, 

should lead to their maturation and activation (Fig. 13A). In case of DCs, this 

should licenses them to secrete pro-inflamatory cytokines that support CD4+ T 

cells responses and CD8+ cytotoxic T cell priming (83). 

Dendritic cells were generated in vitro following a 7 day protocol (72). Tyrosinase-

specific TCR-T58 T cells transduced with the CD40L:CD28 CCPs were thawed 

and reactivated using using anti-CD3/CD28 antibody coated 24 well plate for 6 

days (see figure 10). 

On day 6, when CD40L levels for the cells transduced with the nCD40L and 

chimeric CD40L:CD28 proteins were still detectable, but the mock control T cells 

were negative for CD40L (avoiding effect of endogenous CD40L expression 

levels) (Fig.13B), T cells were harvested and co-cultured with the in vitro 

generated immature dendritic cells (iDCs) overnight (12 h) in a 1:1 ratio.  

iDCs without T cell co-cultures served as a negative control, while DCs maturated 

with an specific cytokine cocktail (Jonuleit) were used as a positive control. 

After the co-culture, 5 characteristic activation markers (CD80, HLA-DR, PD-L1, 

CCR7 and CD83) were evaluated on the surface of the DCs. 

As depicted in figure 10B, the nCD40L and chimeric CD40L:CD28 proteins were 

nicely detected on the T cells when starting the co-culture with gradual expression 

levels as typically obseved for each variant of CCP. Also, the CD40L level of 

mock transduced T cells was below detection limit, which was a prerequisite to 

avoid that endogenous CD40L might conceal effects of the CD40L:CD28 CCPs. 

In figure 13C, the expression of DC maturation markers after each culture 

condition is depicted as the mean fluorescence intensity. For CD83, CCR7 and 

PD-L1, the expression levels were highest after co-culture with T cells expressing 

the CD40L:IgGFc:CD28 closely followed by the levels observed on mDC. T cells 

expressing CD40L:Fil3:CD28 or CD40L:CD28i still induced levels above those 

achieved with Mock T cells or T cells with native CD40L or iDCs that were not 

stimulated at all. For HLA-DR and CD80 markers, no significant difference was 

seen for any of the culture conditions. 

 



RESULTS 111 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. T cells expressing the CD40L:CD28 CCPs can activate dendritic cells through 
CD40/CD40L interaction. 

T cells transduced to express CD40L:CD28 CCPs were frozen on day 12 after CCP transduction. 
They were thawed and reactivated using anti-CD3 plus anti-CD28 antibody coated 24 well plates 
and 100 U/ml IL-2 for 3 days. Thereafter, T cells were collected and transferred to a new plate 
without antibodies in fresh medium plus 100 U/ml IL-2 for 3 additional days to allow downregula-
tion of endogenous CD40L expression on Mock T cells. Immature dendritic cells (iDCs) were 
generated from CD14+ monocytes isolated from PBMCs using the plastic adherence technique 
by culturing them in medium supplemented with 20 ng/ml IL-4 and 100 ng/ml GM-CSF on day 0 
and day 3. On day 7, the iDCs were harvested and incubated at a 1:1 ratio with the CD40L-CCP-
transduced T cells overnight at 37°C and 5% CO2. The next day, cells were harvested and ana-
lyzed by flow cytometry for surface expression of specific DC maturation markers. Two control 
conditions were used as reference: i) negative control consisting of iDCs that didn´t receive any 
maturation stimuli, ii) a positive maturation control, consisting of iDCs incubated on day 7 with a 
cytokine maturation cocktail consisting of 20 ng/ml IL-4, 100 ng/ml GM-CSF, 15 ng/ml IL-6, 10 
ng/ml IL-1β, 20 ng/ml TNFα and 1 µg/ml PGE2. A) Schematic drawing of the DC maturation assay. 
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B) Density plots depicting the CD40L:CD28 CCP expression on the transduced T cells after thaw-
ing and activation for 3 days plus 3 additional days of culture. C) Graphs depicting the CD83 
(green), CCR7 (orange), PD-L1 (dark pink), HLA-DR (light pink) and CD80 (purple) surface ex-
pression on DCs after overnight co-culture with the corresponding stimulation. Controls corre-
spond to the first two bars distinguished by light colors, respectively. Bars are the mean values of 
the median fluorescence intensity of respective marker from 5 independent experiments. Error 
bars show the standard deviation.  
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5.5.2 Biological activity of the intracellular CD28 signaling domain 

After addressing the biologic activity of the CD40L extracellular domain of the 

different CD40L:CD28 CCPs, it was determined whether the CD28 intracellular 

domain was capable to deliver a proper co-stimulation signal to the T cells that 

were transduced with the different formats of the CD40L:CD28 CCPs. 

CD28 co-stimulation, acting through phosphatidylinositol 3′-kinase (PI3K) and 

phosphorylation of AKT, is required for T cells to increase their glycolytic rate in 

response to activation. CD28 co-stimulation also extends the viability of T cells 

by preventing apoptotic cell death linked to the TCR signaling (84). 

The protein Kinase B, also known as AKT, affects downstream signaling interac-

tions leading to improved cytokine secretion via NF-kB activation. Among these 

interactions is the mammalian target of rapamycin (mTOR) molecule, which in 

turn becomes a key player for metabolism regulation, influencing cell proliferation 

and growth as well as T cell memory generation (85). A downstream product of 

mTOR activation is the ribosomal protein S6 (RPS6), which influences T cell re-

sponse by stimulating IFN-γ secretion and other T cell effector molecules. 

The functionality of the CD28 intracellular domain of our CD40L:CD28 CCPs to 

activate the CD28 signaling cascade was determined by analyzing the phosphor-

ylation of AKT, mTOR and RPS6 in CCP-transduced antigen-specific T cells after 

co-culturing them with antigen positive and CD40 positive target cells.  

T cells with the tyrosinase-specific TCR-T58 and transduced with the different 

CD40L:CD28 CCPs, as well as mock transduced T cells as controls (all T cells 

frozen on day 12 after activation, corresponding to the lowest CD40L surface 

expression) were thawed and reactivated with the described 6 day schedule (see 

description on Fig. 10). CCP expression levels on the T cell surface are depicted 

in figure 14A. For stimulation, the HEK293/Tyr/CD40 cells were used which can 

trigger the T58-TCR through HLA-A2/Tyr ligands and the CD40L:CD28 CCPs 

through CD40 expression. Before setting up the stimulation co-culture, T cells 

were deprived of IL-2 for 4 hours to reduce the level of constitutive AKT activation. 

After the IL-2 starving time, antigen-specific TCR-T58 T cells expressing the dif-

ferent CD40L:CD28 CCPs were co-cultured with HEK293/Tyr/CD40 target cells 

for 30 minutes, which was previously determined as the optimal time for AKT 

activation to reach its peak (86,87). After stimulation, cells were fixed, stained 
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and analyzed for the phosphorylation of the described CD28 signaling cascade 

proteins. 

Results showed that phosphorylation of AKT protein increased after co-culturing 

the CCP-transduced T cells with antigen-specific CD40-positive target cells in 

comparison with the Mock T cells without CCP, the native CD40L-transduced T 

cells that does not contain the CD28 signaling domain and the unstimulated T 

cells (Fig. 14B, left graph). Same results were detected for the phosphorylation 

of the mTOR and RPS6 proteins (Fig. 14B), which is in line with the knowledge 

that phosphorylation of AKT provokes phosphorylation of mTOR, which in turn 

causes the phosphorylation of RPS6.  

Induction of phosphorylation was strongest with T cells that expressed the 

CD40L:Fil3:CD28 or the CD40L:CD28i compared to T cells with the 

CD40L:IgGFc:CD28. The differences between the three CD40L:CD28 CCPs can 

be appreciated better when phosphorylation for the three different proteins is de-

picted using histogram graphs, where an increased MFI of phosphorylated AKT 

and mTOR relative to the unstimulated T cells was present only when the T cells 

expressed the CCPs (colored histogram), while the MFI in Mock and native 

CD40L expressing T cells was similar to unstimulated control (Fig. 14C). For the 

phosphorylation of RPS6, the picture was a bit different: The MFI of phosphory-

lated protein p-RPS6 was lower in stimulated T cells that expressed no CCP or 

the native CD40L protein compared with the unstimulated control, while phos-

phorylation was upregulated in stimulated T cells expressing the 

CD40L:Fil3:CD28 or the CD40L:CD28i CCP, reaching levels of the unstimulated 

T cells.  

Finally, the correlation of phosphorylation of the CD28 downstream signaling pro-

teins was depicted by plotting the p-AKT against p-mTOR and p-mTOR against 

p-RPS6. The percentages of double-positive populations, corresponding to T 

cells that had phosphorylated both the AKT plus mTOR or mTOR plus RPS6, 

was notably higher in T cells that were transduced with the CD40L:CD28 CCPs 

compared to Mock T cells without CCP or T cells transduced with the native 

CD40L that does not contain a CD28 signaling domain (Fig. 14D). 
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Figure 14. Interrogating the biological activity of the CD28 intracellular domain by measur-
ing the phosphorylation of AKT, mTOR and RPS6. 

T cells transduced to express the Tyrosinase-specific TCR-T58 plus CD40L:CD28 CCPs were 
frozen on day 12 after CCP transduction. They were thawed and reactivated using anti-CD3 plus 
anti-CD28 antibody-coated 24 well plates and 100 U/ml IL-2 for 3 days. Thereafter, T cells were 
collected and transferred to a new plate without antibodies in fresh medium plus 100 U/ml IL-2 
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for 3 additional days to allow downregulation of endogenous CD40L expression on Mock T cells. 
Before performing the CD28 signaling assay, T cells were deprived of IL-2 for 4 h to reduce con-
stitutive AKT signaling. HEK293/Tyr/CD40 were used to stimulate the T cells through the TCR-
Tyr/HLA-A2 and trigger the CCPs through CD40. HEK293/Tyr/CD40 were harvested and incu-
bated at a 1:2 ratio with the CD40L:CD28 CCP-transduced T cells for 30 minutes at 37°C and 5% 
CO2, unstimulated T cells were kept in culture as a negative control. After 30 minutes, cells were 
fixed, stained and analyzed by flow cytometry to detect phosphorylated proteins p-Akt, p-mTOR 
and p-RPS6 by flow cytometry using a commercial buffer set (BDPhosflowTM). A) Density plots 
depicting the CD40L:CD28 CCP expression on the T cells at the starting point of the co-culture. 
B) Graphs corresponding to the percentage of phosphorylated intracellular proteins p-AKT, p-
mTOR and p-RPS6 in T cells after 30 minutes co-culture, grey bars corresponding to the unstim-
ulated controls and black bars corresponding to the T cells stimulated with the HEK293/Tyr/CD40 
target cells. Bars are the mean values of the percentages of three independent experiments. The 
error bars are the standard deviation. C) Histograms depicting the fluorescence intensity of each 
phosphorylated protein in T cells expressing the different CCPs unstimulated (grey histogram) 
and after stimulation (colored histogram). D) Density plots showing the correlation between p-
AKT with p-mTOR and p-mTOR with p-RPS6 in T cells expressing the different CCPs. Mock-
transduced T cells (red) and T cells transduced to express the native CD40L (blue) were used as 
references. T cells transduced with CD40L:IgGFc:CD28 are depicted in orange, those with 
CD40L:Fil3:CD28 CCP are depicted in green and T cells with CD40L:CD28i CCP are depicted in 
purple. Unstimulated control is depicted in grey. 
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5.6 CD40L:CD28 CCPs improve T cell function 

Functionality of both domains of the CD40L:CD28 CCPs was demonstrated in 

the previously described experiments. Knowing that human T cells engineered to 

express TCR-ζ and CD28 signaling domains into its cytoplasmic tail demon-

strated enhanced cytokine secretion and antitumor efficacy (34), it was tested if 

the CD28 signaling provided by the CCPs was able to improve T cell effector 

function, namely cytokine secretion and cytotoxicity. 

After a co-culture of tyrosinase antigen-specific TCR-T58 T cells transduced to 

express the different CD40L:CD28 CCPs with SK-Mel23 cells (tyrosinase positive 

and CD40 positive), IFN-γ and IL-2 secretion levels were higher compared to 

TCR-T58 mock T cells without CD40L:CD28 CCP (Fig. 15A, 15C). A similar IFN-

γ secretion result was observed when renal cell carcinoma specific TCR-53 T 

cells transduced with CD40L:IgGFc:CD28 and CD40L:CD28i CCPs were co-cul-

tured with CD40 positive RCC53 and RCC26 cell lines (Fig. 15B, 15C) Due to 

limited numbers of TCR-53 T cells the native CD40L and the CD40L:Fil3 CCP 

could not be tested (Fig. 15B).  

Among the different CCP formats, the CD40L:IgGFc:CD28 (orange) had the low-

est effect on cytokine secretion, while the CD40L:CD28i (purple) enhanced the 

cytokine secretion more strongly. This is of note, since it contrasts with the ex-

pression level of the CCPs on the T cells where the CD40L:IgGFc:CD28 had 

highest level and the CD40L:CD28i the lowest (see for example figure 14A). 
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Figure 15. CD40L:CD28 proteins improve T cell cytokine secretion.  

Human T cells transduced with the RCC-specific TCR-T53 or tyrosinase-specific TCR-T58 to-
gether with CD40L:CD28 CCPs were frozen on day 12 after CD40L:CD28 CCPs transduction. 
After thawing, the TCR-53 and TCR-T58 T cells without or with CD40L:CD28 CCP were used in 
co-cultures at a T cell to target cell ratio of 1:10 with tyrosinase-positive target cells SK-Mel23 for 
TCR-T58 T cells, and RCC26 and RCC53 renal cell carcinoma tumor cell lines for TCR-53 T cells. 
All target cells expressed CD40 endogenously (C). Supernatants were collected at 48 hours for 
the SK-Mel23 co-cultures and 24 hours for the RCC co-cultures. IFN-ү and IL-2 ELISA were per-
formed. A) IFN-ү (top) and IL-2 (bottom) ELISA results for the co-cultures of TCR-T58 cells trans-
duced with the different CD40L:CD28 CCPs and the tumor cell line SK-Mel23. B) IFN-ү ELISA 
results for the co-cultures of TCR-53 cells transduced with two different CD40L:CD28 CCPs and 
the tumor cell lines RCC26 (top) and RCC53 (bottom). Mock transduced TCR-T58 and TCR-53 
T cells (red) and TCR-T58 T cells transduced to express the native CD40L (blue) were used as 
reference. Antigen-specific T cells transduced with CD40L:IgGFc:CD28 are depicted in orange, 
those with CD40L:Fil3:CD28 CCP are depicted in green and T cells with CD40L:CD28i CCP are 
depicted in purple. Shown are mean values of duplicates from one representative experiment. 
The error bars are the standard deviation. C) Histograms of CD40 and HLA-A2 expression on 
target cells, whereby the line histogram depicts the specific staining for CD40 and HLA-A2 and 
the grey filled histogram is the unstained control. 
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Beyond cytokine secretion, tumor cell death through effector T cells plays a major 

role in the antitumor response. Since the CD40L:CD28 CCPs showed indications 

of improved cytokine secretion and activation of key components of the CD28 

signaling cascade such as AKT, mTOR and RPS6, specific lysis of target cells 

was analyzed. Tyrosinase-specific TCR-D115 transduced T cells with the differ-

ent CD40L:CD28 CCPs were co-cultured with 51Cr-labeled SK-Mel23 and 

HEK/Tyr/CD40 target cells at various effector to target cell ratios (Fig. 16A, 16B). 

It was observed that TCR-D115 expressing the CD40L:CD28 CCPs had higher 

lytic activity against both targets at all effector to target ratios compared to the 

mock control (red) and the native CD40L transduced T cells (blue line), which 

lacked the CD28 intracellular domain and is, thus, unable to transmit co-stimula-

tory signal. 

As already noted for the cytokine secretion, the CD40L:IgGFc:CD28 (orange line) 

had the lowest effect among the different CCP formats, while the 

CD40L:Fil3:CD28 (green) and the CD40L:CD28i (purple) enhanced the lytic ac-

tivity more strongly. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Effect of CD40L:CD28 CCPs on the cytolytic activity of antigen-specific T cells.  

Human T cells transduced with the tyrosinase-specific TCR-D115 were frozen on day 12 after 

CD40L:CD28 CCP transduction. Directly after thawing, TCR-D115 T cells with the different 

CD40L:CD28 CCPs were used in co-cultures at five different T cell to target cell ratio (E:T) against 
51Cr-labelled tyrosinase and CD40 positive target cells SK-Mel23 and HEK/Tyr/CD40. Target cell 

lysis was assessed by detecting released 51Cr after 4 hour co-culture. A) SK-Mel23 co-culture. B) 

HEK/Tyr/CD40 co-culture. Mock transduced TCR-D115 T cells (red) and TCR-D115 transduced 
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to express the native CD40L (blue) were used as reference. Antigen-specific T cells transduced 

with CD40L:IgGFc:CD28 are depicted in orange, those with CD40L:Fil3:CD28 CCP are depicted 

in green and T cells with CD40L:CD28i CCP are depicted in purple. Shown are mean values of 

duplicates from one representative experiment. Shown are mean values of duplicates from one 

representative experiment. Error bars show the standard deviation. 

 

The results depicted in figures 15 and 16, are one representatives out of three 

experiments. They suggest a positive effect of the CD40L:CD28 CCPs on two 

central effector functions, cytokine secretion and cytotoxicity. These observations 

need to be further reaffirmed through more repetitions. Since the CD40L:CD28 

CCP have a unique expression dynamic, which was not seen in other chimeric 

constructs such as the PD-1:CD28, different time frames might be necessary for 

the assays to reveal strongest effects. Short term assays, like ELISA for cytokine 

and 51Cr release for cytotoxicity analysis, might not be completely suitable to as-

sess the benefit of the CCPs on the key effector functions of antigen-specific T 

cells. 

5.7 In vivo performance of CCPs composed of PD-1 

extracellular domain and intracellular signaling domain 

CD28 (PD-1:CD28 CCP) 

The results of these experiments are part of the publication by R. Schlenker et al. 

(70). All the experiments corresponding to figure 6 in the publication (figure 17 of 

this thesis) and the interpretation of the results were done as part of this thesis. 

According to the Copyright criteria established by Cancer research, I am as an 

author of the publication authorized to use the figures and text of the publication 

without requiring the journal permission.  

The adoptive T cell experiments using the mouse xenografts were part of this 

thesis and, thus, are presented here briefly. While the CD40L:CD28 CCPs were 

designed and characterized in vitro, another chimeric protein had been already 

functionally evaluated in vitro (Schlenker PhD) (69). This CCP consisted of the 

extracellular domain of PD-1 and the transmembrane domain plus intracellular 

signaling domain of CD28. The PD-1:CD28tm CCP should be triggered by tumor-

expressed PD-L1 and deliver co-stimulation and, thus, functional support to the 

T cells. The functional performance of T cells expressing this PD-1:CD28tm CCP 

was assessed in an in vivo human melanoma xenograft mouse model. The mice 
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were immunocompromised NSG mice that are devoid of endogenous T and B 

cells as well as NK cells. For adoptive T cell transfer (ATT) experiments, mice 

carried established vascularized subcutaneous melanoma tumors formed by the 

SK-Mel23 melanoma cell line, which is HLA-A2 and tyrosinase positive (Fig. 

17A). The two different T effector cells that were injected consisted of T cells 

expressing the TCR-D115 with and without (Mock) the presence of the PD-

1:CD28-CCP (PD-1:28tm). Expression of PD-1 was tracked after i.t. injection ac-

cording to the time points depicted in figure 17A.  

It was observed that the TCR-D115/MOCK T cells stained positive for PD-1 on 

1d, 2d and 4d after ATT. The PD-1 staining decreased thereafter, but never com-

pletely disappeared (Fig. 17B, 17C). This temporary expression of endogenous 

PD-1 is indicative of T-cell activation within the tumor microenvironment, as PD-

1 has been described to be expressed on recently activated T cells (88). Activa-

tion lasted until day 4 after ATT. For TCR-D115/PD-1:28tm-transgenic T cells, a 

transient expression of endogenous PD-1 could not be distinguished from the 

transgenic PD-1:28tm expression. However, a temporary increase in median FI of 

PD-1 was observed with similar kinetics suggesting that here an activation of the 

T cells also occurred. 

T cells were labeled with the CFSE reagent, which allowed to determined their 

proliferation by analyzing the dilution of this dye over time. It was observed that 

T cells containing the PD-1:28tm CCP lost the dye faster, indicating stronger pro-

liferation in comparison to the Mock T cells (Fig. 17D, 17E). It was not possible in 

this model to assess tumor growth control through ATT since tumors were grown 

to large size to ensure that a challenging microenvironment had been established 

before T cells were injected. With tumor being already large at the time T cell 

injection, animal regulatory restrictions did not allow that the observation time was 

extended beyond day 7 after ATT, which would have been required to track a 

possible reduction in tumor size. Nevertheless, when the tumor volumes were 

compared within the 7 day time period, tumors that were injected with TCR-D115 

cells carrying the CCP were smaller compared to the tumors injected with the 

Mock T cells without CCP (Fig. 17F). Moreover, tumors injected with TCR-

D115/PD-1:28tm T cells had higher T cell numbers compared to tumors injected 

with TCR-D115/Mock T cells and TCR-D115/PD-1:28tm T cells had higher per-

centages of cells positive for the proliferation marker Ki-67 and lower frequencies 
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of cells expressing PD-L1 (Fig. 17G). PD-L1 on T cells has been described to 

inhibit T cell expansion and function (89). Therefore, lower PD-L1 positive cells 

and higher T cell numbers might underly the observed better tumor control in ATT 

with TCR-D115/PD-1:28tm-T cells.  

To provide further evidence that TCR-D115/PD-1:28tm T cells are capable to per-

form better tumor control, a Matrigel matrix plug assay was performed. Here, T 

cell/tumor cell mixtures comprising of an antigen-positive (SK-Mel23) and an an-

tigen-negative (HEK/PD-L1) tumor cell line at a 1:1 ratio were embedded in Mat-

rigel and implanted s.c. in NSG mice. T cells were either TCR-D115/PD-1:28tm T 

cells or TCR-D115/Mock T cells. After 2 days, the matriplug was recovered and 

the ratio of antigen-positive and antigen-negative tumor cells was determined by 

flow cytometry. A shift away from the 1:1 ratio is indicative of unequal cell death. 

In the mixture containing the D115/PD-1:28tm T cells, antigen-positive SK-Mel23 

were proportionally more lost compared to the culture with TCR-D115/mock T 

cells indicating a higher specific SK-Mel23 tumor cell killing through T cells ex-

pressing D115/PD-1:28tm than through TCR-D115/Mock T cells (Fig. 17H). 
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Figure 17. PD-1:28tm expression on T cells fosters intratumoral T cell proliferation in a 
human melanoma xenograft model. 

A) Graphical description of the experiment timeline. Briefly, i.t. injection of SK-Mel23 tumor cells 
in NSG mice marked the beginning of the experiment. After 17-20 days average tumor size of 
800 mm3 was achieved and effector T cells were injected i.t., resection of the tumors and FACS 
analysis of the isolated cell suspension took place at 4 hours, 1, 2, 4 , 6 and 10 days after effector 
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cell injection. B) Kinetic of PD-1 surface expression on isolated TCR-D115 Mock effector cells 
and TCR-D115 cells expressing the PD-1:28tm CCP, and the corresponding histograms (C) de-
picting medianFI values through all the experimental time points. D) medianFI values CFSE dye 
dilution representing cell proliferation of the injected effector populations (Mock and PD-1:28tm 
cells). White circles represent TCR-D115 Mock T cells values on defined recovery time points, 
while light grey (10 day time point), dark grey (6 day time point) and black filled circles (4 day time 
point) represent those of the TCR-D115 T cells carrying the PD-1:28tm CCP. Sidak’s multiple 
comparison test was performed and significance was set at a p value < 0.05. E) medianFI histo-
grams showing CFSE intensity values of both injected T effector cell populations through the 
different T cell recovery time points. F) Graph representing tumor size variation before and 7 days 
after effector T cell injection where symbols representing an individual mouse are connected by 
a line. Calculated group median is represented by horizontal lines. G) Representative graph con-
taining absolute cell count of T cells recovered at day 7 after effector cell injection (cells/g values 
defined on the left axis) and percentages of cell markers that define proliferation Ki-67 and the 
inhibitory surface protein PD-L1 (% values defined  on the right axis). Each symbol on top of the 
bars represent an individual mouse, while the columns represent the median of the group. Rep-
resentative dot plots of PD-L1 surface expression on CD8+ T cells isolated from the tumors. H) 
Matrigel plug assay representative dot plots of target and non-target distribution. Reference val-
ues correspond to Matrigel plug without T cells and Matrigel plugs containing TCR-D115 mock T 
cells and TCR-D115 T cells containing the PD-1:28tm CCP. Graph on the right shows the sum-
marized data of the experiment, where each symbol corresponds to an individual mouse (group 
mean value is shown as a horizontal line). 
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6. Discussion  

Adaptive immune response against tumors is mediated by T cells expressing 

TCRs that can recognize peptide antigens presented on the surface of tumor cells 

by the MHC molecules. The proper recognition process that will produce an ap-

propriate T cell activation and function depends on two key signals, the TCR-

MHC interaction, and the engagement of co-stimulatory molecules necessary for 

efficient T cell activation (5,90).  

When the interaction of the TCR with the MHC molecule occurs in the absence 

of co-stimulation it is insufficient to fully activate the T cells, causing unrespon-

siveness to further antigenic stimulation (91). Thus, the two-signal model required 

for a full T cell activation remains to be a key component to carry out an efficient 

response against tumor cells. 

Adoptive cell therapy (ACT) that uses isolated or engineered antigen-specific T 

cells, which later are transferred back to the patients, has achieved clinical ben-

efits for treatment of various hematological malignancies and a few solid tumors. 

But poor functionality and lack of persistence of the transferred cells produce an 

often marginal efficacy of the therapy. Despite the expression of antigens by can-

cer cells that can be recognized by T cells, an immune mediated tumor elimina-

tion can fail based on multiple factors including poor or deficient T cell priming, 

lack of expression of positive co-stimulatory molecules and a tolerogenic tumor 

microenvironment rather than an immunostimulatory one (92). 

Several studies have been aiming to manipulate co-stimulation signals, cytokine 

secretion and blocking inhibitory molecules (PD-1, CTLA-4) to overcome the neg-

ative regulation of the tumor microenvironment. By incorporating them into differ-

ent modalities, an improvement of clinical responses is expected (93). 

One resource that has evolved overcome the tolerance to tumors become the 

use of genetically modified T cells expressing highly specific TCRs or chimeric 

antigen receptors (CAR). CAR consist of antibody-based recognition domains 

linked to different signaling sequences. The use of CARs has been successful in 

hematological malignances (94). However, their use is restricted by the limited 

number of specific surface expressed tumor antigens. On the other side, the use 

of highly specific TCRs, while not limited to surface antigens, is constrained by 

the MHC restriction and the tumor escape through impairments in antigen presen-

tation, HLA expression and lack of co-stimulation signals (28). Nevertheless, the 
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genetic modification of T cells is not only focused on conferring new antigen re-

activity by generating structural modifications of TCRs with improved specificity 

and enhanced affinity, but also includes genes that encode molecules involved in 

co-stimulation, the prevention of apoptosis, remodeling of tumor microenviron-

ment, induction of proliferation, T cell homing and long-term persistence (69).  

Unlike CARs, which carry the recognition and co-stimulatory domains in a single 

receptor (2nd and 3rd generation CARs), T cells modified to express TCRs still 

require independent triggering of a co-stimulatory signal. To achieve this, im-

munomodulatory chimeric proteins, where the extracellular domain from inhibi-

tory molecules (PD-1, FAS, TIGIT or CD200R) is fused with the intracellular co-

stimulatory signaling domain (CD28, 4-1BB, CD27 or ICOS), can be used as a 

TCR complement. Using such chimeric proteins (CCPs), enhanced T cell function 

can be achieved by helping surpassing the hurdles of the immunosuppressive 

tumor microenvironment (35,37,38,95).  

In this thesis, I explored a novel CCP design that should not only provide the 

necessary co-stimulatory signals to the genetically engineered antigen-specific T 

cells, but that could work simultaneously on different axis within the tumor micro-

environment, enhancing tumor targeting by providing means to overcome tumor 

escape mechanisms and T cell inhibitory signals. By combining the extracellular 

domain of the CD40L protein, also known as CD154, with the intracellular domain 

of the CD28 co-stimulatory receptor, a double strike approach against tumor was 

hypothesized consisting of boosting T cell activity against tumor cells and addi-

tionally attacking tumor stroma. The extracellular CD40L domain of the CCP is 

key to this double action approach since its receptor, CD40, is aberrantly ex-

pressed by many tumor cells, including RCC and melanoma, and is also ex-

pressed on tumor stroma, including antigen presenting cells, tumor-associated 

macrophages (96) and tumor endothelial cells. In the tumor milieu, T cells ex-

pressing the CD40L:CD28 CCP are expected to activate the respective CD28 co-

stimulatory cascade when interacting with CD40+ tumor cells thereby enhancing 

the TCR activation cascade leading to stronger tumor cell killing and inducing 

expression of critical survival factors allowing longer persistence in the tumor mi-

lieu and, possibly, the development of memory. Triggering of CD40 on tumor vas-

culature could cause activation of the endothelium and increase expression of 
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adhesion molecules like E-selectin and VCAM-1, which in turn will promote a fa-

cilitated infiltration of antigen-specific T cells (64–66), whereas, triggering CD40 

on macrophages might induce their activation allowing de novo priming of anti-

tumor immune responses. The principles of designing this type of proteins are 

not yet clearly defined (97) and represent a challenge in terms of achieving sur-

face expression and biological function. For that reason, three different protein 

structures were engineered and tested with the aim of elucidating the proposed 

mechanisms of action of a CD40L:CD28 CCP. 

6.1 Chimeric protein design 

The advent of genetic engineering that combines synthetic biology in the field of 

adoptive cell therapy has allowed reprogramming of cytotoxic T cells targeting 

tumor cells to improve T cell function through redesigning of systems that are 

already found in nature. That is why this work focused on three different structural 

approaches for developing a CD40L:CD28 CCP that is successfully expressed 

on the cell surface and has biological functionality to enhance tumor targeting.  

The extracellular domain of CD40L was selected because its corresponding re-

ceptor CD40 is expressed on a plethora of different cell types, including B cells, 

macrophages, dendritic cells, endothelial cells and fibroblasts, as well as in sev-

eral hematologic and non-hematologic malignancies, including B-cell acute lym-

phoblastic leukemia, chronic lymphocytic leukemia, non-Hodgkin lymphoma, 

Hodgkin lymphoma, nasopharyngeal carcinoma, osteosarcoma, Ewing sarcoma, 

renal cell carcinoma, melanoma, breast, ovarian and cervical carcinoma (59). 

Moreover, the CD40 receptor is known to convey signals that are able to regulate 

several cellular responses, from proliferation and differentiation to growth sup-

pression and cell death (53). This wide expression fulfilled the criteria we were 

looking for to create a protein that is able to interact with different components of 

the tumor microenvironment besides tumor cells to enhance the overall tumoral 

response in a more complete way. For the intracellular domain, we decided to 

incorporate the CD28 signaling tail since its pathway has been shown to consti-

tute the primary and strongest co-stimulatory signal to amplify T cell activation, 

including increased cytokine gene expression, stabilization of cytokine mRNA, 

augmentation of glucose uptake and utilization, promotion of T cell survival and 

maintenance of T cell responsiveness upon repetitive restimulations (98).          
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The challenge in the CCP design using the previously described domains has to 

do with the different orientations of the domain donor proteins on the cell surface. 

The topology of a cell membrane protein is crucial for its function (99,100), and, 

therefore, the two topologies of the domains had to be considered in the design 

of the CCP to ensure its functionality. 

Most of the chimeric proteins that have been developed to date, use the domains 

of two membrane proteins that both belong to the type 1 group. This simplifies 

the fusion of both domains since the orientation has the same direction on the 

cell membrane. In the case of CD40L, which is a type 2 membrane protein, two 

approaches were selected and compared. For the first two approaches, spacers 

and linkers, which are commonly used in the CAR design in order to stabilize and 

give flexibility to the receptor, were included in the CD40L:CD28 design (101). 

The first design considered the knowledge that the CD40L protein can also exist 

as an active soluble product, generated by proteolytic cleavage at methionine 

113 of the full length molecule by the metalloproteinases ADAM10 and ADAM17 

(102). Hence, the amino acid sequence of the soluble CD40L (sCD40L) was 

linked to the transmembrane and intracellular domain of CD28 by using a gly-

cine/serine linker (103) attached to the carboxyl terminal end of the sCD40L frag-

ment, followed by a IgG1Fc spacer that was then attached to the amino terminal 

end of the 153 amino acid long fragment of CD28 encompassing the transmem-

brane and intracellular domain. Adding the IgG1Fc spacer, I was aiming on sta-

bility of the resulting chimeric protein. The use of this spacer results in dimeriza-

tion and thereby increased surface expression (74). The IgG1Fc spacer was, fur-

thermore, modified to avoid unintended cross-activation of Fcү receptor-positive 

cells. Commonly used glycine/serine linkers vary from 2 to 31 amino acids. They 

are usually used to separate multiple domains within a single protein without in-

terfering with the function of each domain and providing flexibility so that the linker 

does not impose any constraints on the conformation or interactions of the linked 

partners or with their corresponding receptors (104). The second CD40L:CD28 

design followed the same rationale as the one using the Glycine/Serine linker and 

IgG1Fc spacer but addressed the concern of potential high surface polymeriza-

tion that the IgG1Fc spacer might cause and that might also impact the protein 

functionality. Therefore, in the second design, the IgG1Fc spacer was replaced 
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by the third Ig-like repetition of the Filamin protein, which is a cytoskeleton struc-

tural protein. This fragment lacks polymerization domains, tends to be more flex-

ible and is considerably shorter than the IgG1Fc spacer (105), conferring an in-

teresting variation towards the construction of a functional CD40L:CD28 CCP. 

Both approaches, the one using the IgG1Fc spacer and the one using the Filamin 

spacer, generated chimeric proteins with the structure of a type 1 membrane pro-

tein according to their membrane orientation, shown in figure 5. For successful 

intracellular trafficking and surface expression, a signal peptide is typically pre-

sent for type 1 membrane proteins, which destines the nascent peptide for trans-

location into the endoplasmic reticulum and its insertion in the lumen. The pres-

ence and selection of the signal peptide sequence can have dramatic conse-

quences on protein expression with reports of up to fourfold enhanced expression 

levels (106). Therefore, the CD40L:IgC1Fc:CD28 and CD40L:Fil3:CD28 chimeric 

protein sequences were complemented with the addition of a signal peptide se-

quence that belonged to the PD-1 protein, which had been successfully used for 

PD-1 chimeric proteins in our group (PhD thesis of R. Schlenker) (69). 

For the third CD40L:CD28 design, a more straight forward approach was used. 

This time, the CD40L protein extracellular and transmembrane domains were 

kept in the orientation of the native CD40L protein. The protein fragment included 

9 amino acids of the intracellular domain thought to be helpful for the protein 

stability. This protein fragment was directly linked to the intracellular domain of 

the CD28 co-stimulatory protein. Since the orientation of the CD28 protein is dif-

ferent from the one of CD40L, as previously mentioned, the CD28 intracellular 

domain corresponding to the amino acid 140 to 220 was linked to the CD40L 

protein through its carboxyl terminal end, resulting, consequently, in an inverted 

CD28 intracellular domain (CD28i). Although the CD28 intracellular domain had 

an inverted orientation, it kept the signaling interaction motifs needed to make it 

functional. The decision to keep it this way was the previous work reported by 

Zhang et al. in 2006 (76) where a chimeric NK receptor was reported that linked 

the type 2 protein NKG2D with the type 1 protein CD3 zeta chain. In this work, 

the intracellular orientation of CD3 zeta chain was reversed and still kept its func-

tional capacity, suggesting that successful interaction with adaptor proteins is ori-

entation independent.  
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The final structure of the third CCP CD40L:CD28i resembled a type 2 membrane 

protein and had a similar size to the endogenous CD40L protein. This approach 

offered a design that theoretically had less structural modifications and went more 

naturally along with the structure of the CD40L protein, suggesting that it can 

make the interaction with its receptor CD40 easier. It was considered that this 

could be a useful characteristic that might help to fulfill all functional effects that 

were foreseen for the CD40L:CD28 CCP.  

6.2 Impact of chimeric protein design on protein expression 

The designs for the CD40L:CD28 CCP with different structural variations that 

showed a clear impact on the expression. The results observed in the initial eval-

uation using ivt-RNA to produce a transient expression on the cell surface corre-

sponded to the protein detection by western blot. Following the rationale behind 

each structural component as previously described, the endogenous native pro-

tein had the highest expression and was used as a reference for our other CCPs. 

The CCP that included the IgG1Fc spacer followed as the second best expressed 

CCP with a percentage of surface expression ranging between  15 to 20% less 

than the native CD40L. However, total protein detection was lower, which could 

be logical since the size of the CD40L:IgGFc:CD28 receptor is considerably big-

ger (52-55 kDa) compared to the native protein (33 kDa). The CCP of the CD28i 

approach ranged slightly behind the IgGFc CCP in terms of percentage of surface 

expression. Regarding total protein detection, it fell closer to the nCD40L protein 

consistent with being of similar size than the nCD40L (33 kDa). This indicated 

that the molecule size has an impact on surface expression in the context of a 

transient expression system. On last place ranged the construct containing the 

Filamin 3 repetition spacer, with less than 20% of surface expression after ivt-

RNA transfection and a total protein detection closer to the one of the IgG1Fc 

construct. Although the size of the Fil3 protein (35-37 kDa) is closer to the one of 

the nCD40L protein, this was not reflected in the total protein detection and might 

point out a translation deficiency or membrane instability. It is important to re-

member that the Fil3 spacer lacks polymerization domains, which are usually as-

sociated with membrane stabilization. In addition, it was the first time that it was 

included in the backbone of a chimeric protein. Therefore, no other reports are 

available to judge whether the Fil3 spacer might be of benefit in a CCP design. 
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Expression of the three protein constructs was also detected on the surface of 

primary human T cells (i.e. PBLs, data not shown) with a similar expression pat-

tern to that observed with the transiently transfected HEK cells.  

A stable retroviral transduction system was used then to test if the expression 

patterns seen using the transient expression systems were not related to an un-

known poor translation of the ivt-RNA, and to assess a long-term cell surface 

expression kinetic.  

The expression profile that was evaluated 3 days after stable transduction of 

PBLs was highly comparable to that achieved with ivt-RNA transient transfection. 

The CD28i and the IgGFc constructs were the highest expressed ones, with the 

CD28i construct showing a more homogeneous staining intensity compared to 

the IgGFc construct. The nCD40L followed with 39% surface expression, and 

consistently with the ivt-RNA assay, the Fil3 construct was poorly expressed with 

a 25% surface presence with no homogeneous intensity. Analyzing the long-term 

expression over 13 days of culture, a  surprising kinetic was observed. A loss of 

surface expression was detected for all constructs including the nCD40Lprotein, 

with  almost undetectable surface expression of the Fil3 CCP after 6 days, loss 

of the nCD40L at day 10, of CD28i CCP at day 13, and the IgGFc construct re-

maining detectable with 52% expression by day 13. 

From these results it has to be concluded that the retroviral transduction, which 

is known to lead to integration of transferred DNA into the cell´s genome, a pro-

cess that should result in stable expression of transduced sequences, did not 

achieve this in our experiment. It is known that in activated T cells CD40L is ex-

pressed within minutes, peaking within 6 hours, and then declining over the sub-

sequent 12-24 hours (46,59). This is a known dynamic is acknowledged for the 

nCD40L protein, but it shouldn´t be the case for the CCPs, since these lack the 

intracellular sequence of CD40L. This suggested that, for our constructs, a cell 

activation associated factor or a post-translational degradation (60,107) might be 

regulating their expression. 

We tested the impact of the culture conditions on the expression of the CCPs, 

thinking that supplementary stimulation during in vitro culturing together with cul-

ture conditions regarding fresh nutrients and lower cell density could improve the 

long-term surface expression. An interesting information came from this evalua-

tion, showing that culture conditions indeed influenced the CCP expression on T 
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cells. Over a time period of 13 days after PBL transduction, cells received fresh 

medium, density was adjusted by splitting the expanding cells and complemen-

tary IL-2 was given. Notably, when surface expression was evaluated on the time 

points that followed these manipulations, an increment in surface detection was 

seen. The level of surface expression was still lower than the starting levels, but 

notably higher to attribute a clear influence of culture conditions to CCP surface 

expression. When analyzing mRNA levels and total protein presence during this 

time kinetic, we observed that downregulation of surface protein followed the loss 

of total protein and that of mRNA levels. These results suggested that loss of 

surface expression is likely a result of weaning transcription rather than protein 

internalization or poor transport to the cell surface. Surface expression tended to 

stabilize with time at lower levels compared to the initial values, thus, a post-

transcriptional regulation might play an important role in the overall expression, 

similar to what happens with the nCD40L protein (108). This type of regulation 

was not seen in previous work in our lab when using PD-1:CD28 CCPs (70). 

6.3 CCP surface expression is upregulated upon activation 

After observing that there was a correlation between culture conditions and the 

surface expression of the CD40L:CD28 CCPs, our logical next step was to as-

sess if T cell activation could also influence the expression. Cells that were frozen 

after specific TCR and CCPs transduction, specifically at day 12 of the expansion 

kinetic when  cells showed the lowest CCP surface expression. After freezing, 

cells were thawed and immediately activated using anti-CD3 and anti-CD28 an-

tibody coated plates, representing an artificial activation context. To our surprise 

after three days of a standard culture time for this kind of activation, all CCPs 

were upregulated and strong surface detection was possible. For cells that were 

not transduced with any construct a slight upregulation of endogenous CD40L 

protein was detected, allowing to distinguish endogenous levels from CCP levels. 

After 3 days of activation culture, the cells were transferred to a plate without 

activation factors for another 3 days, and, again, downmodulation occurred, sug-

gesting a clear influence of the cell activation status on CCP synthesis and sur-

face expression. This was an unexpected event, since previous transduction of 

antigen-specific TCRs or PD-1:CD28-CCPs never showed these expression 

changes. While making it difficult to experimentally evaluate transduced T cell, 
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such expression kinetic with the upregulation following T cell stimulation might be 

advantageous if it would actually happen under in vivo circumstances, since then 

a beneficial co-stimulatory effect might occur timely coupled with the recognition 

of tumor cells through the TCR-MHC interaction providinghelp for improved T cell 

functionality for as long as the antitumoral response lasts. Furthermore, the 

downregulation after this specific boost could prevent any undesired over 

activation of the immune system. 

We then tested if a specific activation signal produced by TCR-MHC activation 

was able to have the same effect as the anti-CD3/anti-CD28 artificial activation. 

When cells from the same batch were thawed and co-cultured with antigen-

positive cells, upregulation was observed in the same way than it was for the anti-

CD3/anti-CD28 activation setting. Furthermore, co-culture with target cells 

revealed another interesting characteristic of the regulation of CD40L:CD28 CCP 

expression, in that it was dependent on the presence of the CD40 receptor on 

the target cells. If the target cell expressed CD40, an upregulation of 

CD40L:CD28 CCP was barely detectable until later time points of co-culture and 

different expression levels of CD40 on target cells directly corresponded with the 

detection level of the CCPs on the T cells. Johnson-Léger et al. observed that 

endogenous CD40L expression on CD4 T cells exhibit a continuous cycle of 

downregulation and re-expression upon interaction with CD40 expressing B cells, 

with this being dependent on the presence of antigen. At the same time, the re-

expression could be stabilized by provision of CD28 co-stimulation, which might 

become more pronounced with time (77,108). 

The results observed in this dissertation indicate that T cells transduced with an 

antigen-specific TCR and a CD40L:CD28 CCP might follow a similar pattern as 

the one described for endogenous CD40L. When T cells become activated due 

to specific antigen recognition, the CCPs enter a cycle of rapid re-expression 

upon TCR stimulation and downregulation upon interaction with the CD40 recep-

tor. The CD40L:CD28 CCP expression tended to stabilize with time, which related 

directly with antigen presence. Once the tumor cells were eradicated, the CCPs 

underwent downmodulation until T cells are again activated. The CCPs proposed 

in this work should still be able to interact with the tumor stroma and tumor resi-

dent APCs even when target cells do not express CD40, thus still being able to 

offer benefits that might support the overall antitumoral response.  
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6.4 CD40L:CD28 CCPs are biologically active  

6.4.1 B cell activation assay 

After having determined that the designed proteins can be expressed on the cell 

surface, and showed an activation dependent expression pattern, assessing if 

the different domains were functionally incorporated into the chimeric 

CD40L:CD28 CCPs was the next step.  

The CD40 receptor is reported to be expressed on normal B cells and is capable 

to interact with CD40L expressing T cells. Triggering of CD40 on the surface of 

B cells induces proliferation and activation. Furthermore, ligation of CD40 can 

induce class switching and immunoglobulin synthesis suggesting a role of CD40 

in the normal physiology of B cell activation (109). In our experiments, T cells 

expressing our CD40L:CD28 CCPs were able to interact with freshly isolated B 

cells causing upregulation of the activation markers CD83, CD86 and Fas on the 

B cell surface. Each construct achieved B cell activation to the same extent as 

cells expressing the nCD40L protein or as achieved by using a commercial kit 

with soluble trimerized CD40L. Slight differences between the different CCP for-

mats were observed, whereby the IgGFc construct induced activation marker ex-

pression to a slightly higher extent than the other two constructs. This suggests 

that the difference in cell surface expression of the CCPs seems not to have great 

influence on the scope of functionality of the CD40L domain. Cells that didn´t 

carry any CCP nor nCD40L protein, surface expression of the activation markers 

was very low. Thus, the extracellular domain of CD40L in our CCPs apparently 

was biologically functional.  

6.4.2 DC maturation assay 

In addition to influencing B cell physiology, several studies also reported that 

CD40 signaling induces changes in dendritic cells making them more effective 

antigen presenting cells. CD40 licenses DCs to mature and achieve the neces-

sary characteristics to trigger an effective T cell activation and differentiation. 

Changes include the upregulation of MHC class II and co-stimulatory molecules 

CD80/CD86 and activation markers like CD83, CCR7 and PD-L1 (110,111). Our 

experiments clearly demonstrated effects of the CD40L:CD28 CCPs on the mat-

uration and activation of immature DCs, with induced levels of CD83, CCR7 and 

PD-L1 after co-culture with T cells expressing the CD40L:IgGFc:CD28, 
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approximating intensities observed on DC maturated with a standard cytokine 

cocktail. T cells expressing CD40L:Fil3:CD28 or CD40L:CD28i, despite low 

surface expression, still induced levels above those achieved with Mock T cells 

or T cells with native CD40L or iDCs that were not stimulated at all. This not only 

follows our proposed logic where tumor resident APCs can get the benefit of the 

stimulation through the CD40L:CD28 CCPs to rescue their activity in the tumor 

microenvironment (60), but also confirms the functionality of the CD40L 

extracelluar domain. 

6.4.3 CD28 signaling assay 

After addressing the biologic activity of the CD40L extracellular domain (ECD) of 

the different CD40L:CD28 CCPs, it was determined whether the CD28 intracel-

lular domain (ICD) was capable to deliver a proper co-stimulation signal to the T 

cells that were transduced with the different formats of the CD40L:CD28 CCPs. 

T cell co-stimulation plays a major role in the antitumoral response, since it is 

capable of boosting the activation signaling produced after TCR/MHC interaction. 

Acuto and Michel described the involvement of AKT signaling in prolonging T cell 

viability and preventing apoptotic death (112). In addition, AKT signaling activates 

downstream molecules like mTOR and RPS6 (91,113), which support prolifera-

tion and protein synthesis (114).  

The results of this thesis showed that phosphorylation of AKT protein increased 

after co-culturing the CCP-transduced T cells with antigen-specific CD40-positive 

target cells in comparison with the T cells lacking the CCPs. Similar results were 

detected for the phosphorylation of the mTOR and RPS6 proteins, which is in line 

with the knowledge that phosphorylation of AKT provokes phosphorylation of 

mTOR, which in turn causes the phosphorylation of RPS6.  

Notably, T cells expressing the CD40L:CD28i or CD40L:Fil3:CD28 showed a 10-

15% better signaling performance compared with T cells expressing the 

CD40L:IgGFc:CD28 construct, although the CD40L:IgGFc:CD28 CCP showed 

strongest surface expression.  

This might be caused by the structural differences between the different CCPs. 

By using different length linkers, interaction with the receptor on target cells might 

not be optimal when the immunological synapse occurs, not to mention that dif-

ferent linkers might have different efficacy in transferring the signal in between 

the extracellular domain and the intracellular domain of the CCPs. Nevertheless, 
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all three CCPs proved to be able to transfer the CD28 co-stimulatory signal upon 

CD40 engagement.  

The results document that the CD28 signaling domain incorporated in the chi-

meric proteins is functionally active and can facilitated the CD28 signaling cas-

cade upon CD40L triggering as it was predicted from the native CD28 protein. 

This provides support for the hypothesis as outlined in figure 4, which postulates 

that T cells engineered to express the chimeric CD40L:CD28 should receive co-

stimulation when triggered through the extracellular CD40L domain of the chi-

meric protein.  

6.4.4 Cytokine secretion and cytotoxicity 

Provision of additional, non-MHC restricted signals by professional APCs, results 

in the T cell becoming fully activated leading to expansion and development of 

effector function (91). CD28 mediates an important co-stimulatory signaling path-

way in T cells. This stimulation synergizes with TCR stimulation to induce the 

secretion of multiple cytokines including IL-2 and IFN-γ, which are fundamental 

for T cell proliferation and effector functions (115,116).  

Results from this work demonstrated that T cells expressing the CD40L:CD28 

CCPs have improved IFN-γ and IL-2 secretion upon antigen-specific recognition. 

Effects of CD28-triggered enhanced signaling was appreciated when using tyro-

sinase-specific TCR-transduced T cells equipped with CD40L:CD28 CCPs 

against cells expressing the cognate melanoma-associated antigen. Similar ef-

fects were observed when using T cells transduced with a TCR with shared renal 

cell carcinoma specificity (117) complemented with CD40L:CD28 CCPs.  

The improved cytokine secretion was also complemented with enhanced cyto-

toxicity effects observed for tyrosinase-specific TCR transduced T cells express-

ing the three different variants of the CD40L:CD28 CCPs. Killing of cells express-

ing the tyrosinase antigen and the CD40 receptor was significantly better when 

the TCR-transduced T cells additionally expressed the CCPs compared to T cells 

expressing the nCD40L protein without CD28 signaling domain. Similar to the 

effect on cytokine secretion, the T cells expressing the CD40L:CD28i and 

CD40L:Fil3:CD28 constructs had stronger specific lysis compared to T cells with 

the CD40:IgGFc:CD28 construct despite reverse surface expression levels. This 

corresponded also to the observed stronger CD28 signaling activation performed 

in this work. Although the CD40L:IgGFc:CD28 construct was the most strongly  
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expressed one it was not the one with the higher biological performance regard-

ing T cell activation. These results, moreover, corresponded with the results from 

the B cell activation and DC maturation assays, where varied surface expression 

levels were not translating to different activation levels. It appears that the CCP 

design represents a key factor affecting expression and biological activity. Extent 

of expression apparently does not necessary correlate with the functional quality. 

In the case of using the IgGFc spacer, being the longest one of the three 

CD40L:CD28 CCP presented in this dissertation, it might result in  a suboptimal 

interaction with the CD40 receptor due to longer distance of the extracellular do-

main from the membrane surface. This has been shown to impact the signaling 

outcome in CAR designs (118). On the other hand, the CCP with the Fil3 spacer, 

the size of which is close to the one of nCD40L protein, had poor membrane 

stability, but apparently signaling and effector functions in T cells were well sup-

ported in this context. Finally, the construct containing the CD28i domain, also 

lacked membrane stability, but presented the best biological effects of the three 

CD40L:CD28 CCPs. The functional assays regarding cytokine secretion and cy-

totoxicity presented in this thesis can be considered as first evidence, however, 

they require repetitions. Further analysis must be performed to reach a better 

understanding and a final conclusion of how high the benefit from the expression 

of the CD40L:CD28 CCPs in antigen specific T cells really is. Nevertheless, re-

sults presented here project a positive outcome of this specific double strike co-

stimulatory improvement approach. 

6.5 In vivo studies and the role of CCPs for adoptive cell 

therapy 
Design and characterization of the CD40L:CD28 CCPs was a challenging pro-

cess due to the complexity of its expression kinetic and biological behavior when 

expressed on antigen-specific T cells. Therefore, while this characterization pro-

cess was ongoing, it was of strong relevance for the group to find another means 

to assess the concept whether CCP engineered T cells can support antitumoral 

activity in a "hostile" tumor microenvironment. To this extent, a well characterized 

PD-1:CD28 CCP, generated by R. Schlenker (69), was tested in a human xeno-

graft model. Here, an inhibitory micromilieu is established allowing to assess if 

the CCP engineering can help overcome the inhibitory conditions. The results of 
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this study are published in (70) and are only briefly discussed here. It was ob-

served that PD-1:28tm-transduced TCR-D115 T cells proliferated more strongly 

within the tumor microenvironment appreciated by stronger CFSE dye dilution, 

higher amounts of CCP-expressing T cells present in the resected tumor com-

pared with TCR-D115/Mock T cells lacking the CCP. Furthermore, high PD-L1 

expression on TCR-D115 Mock T cells might explain the unresponsiveness of 

this T effector cells. As described by Butte et al. (89), PD-L1 on T cells can inhibit 

T cell expansion and function. TCR-D115 T cells expressing the PD-1:28tm also 

showed improved cytotoxicity. Cytotoxicity and improved cell proliferation consti-

tute important features to achieve tumor size reduction (119–121). Tumors in-

jected with TCR-D115 cells expressing the PD-1:28tm protein grew slower over 

7 days than tumors injected with T cells expressing only the TCR-D115. Testing 

the PD-1:CD28 CCP in the in vivo melanoma xenograft model provides the basis 

for future experiments that need to be done to evaluate the functionality of the 

CD40L:CD28 CCPs in the context of an in vivo established tumor microenviron-

ment. From the ACT experiments with engineered T cells was also learned that 

larger group sizes of mice and longer observation times are required to obtain 

more conclusive results in this type of xenograft animal experiments. 

6.6 Outlook 

Triggering a robust co-stimulation signaling during antigen-specific T cell re-

sponses in the context of ACT has been addressed by many studies identifying 

co-stimulatory signaling as a key point for overall antitumoral improvement. We 

applied and extended this concept by designing and implementing a novel 

CD40L:CD28 chimeric co-stimulatory protein that not only triggers T cell activa-

tion for improved effector function, but also provides an overall boost across dif-

ferent axis of the antitumoral response in the suppressed tumor microenviron-

ment. The observed characteristics of the CD40L:CD28 CCPs include a dynamic 

expression kinetic dependent on specific T cell activation and receptor interaction 

that might activate the co-stimulatory signal and functional support timely when 

the T cells interacts with the tumor cell and for as long as the tumor cell is present. 

CD40L:CD28 CCPs were found to improve CD28 co-stimulatory signaling in T 

cells, they enhanced cytokine secretion as well as cytotoxic effects. Furthermore, 
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efficient activation of B cell as well as DC maturation and activation were exe-

cuted. Future experiments need to address the proposed CD40 MHC independ-

ent cytotoxic effect on tumor cells and the modulation of the tumor endothelium 

to complement the produced data and to re-enforce the biological plasticity that 

these proteins might offer within the tumor microenvironment (122). Building on 

the precedent of our work with CCPs containing the PD-1 extracellular domain in 

an in vivo xenograft model, further analysis of the CD40L:CD28 CCPs within an 

established suppressive tumor microenvironment is of great importance to estab-

lish the proposed additive effects of this type of CCP. Given the complexity behind 

the design of the CD40L:CD28 proteins, modifications in the design might be of 

interest to explore in the future, like using different co-stimulatory tails, the use of 

different signal peptide sequences for surface directed trafficking, and the use of 

linkers that provide better membrane stability. Overall, the concept of comple-

menting the different pathways that the CD40/CD40L interaction offers for im-

mune system stimulation with the means for boosting T cell co-stimulation in a 

chimeric CD40L:CD28 design is a very promising approach to improve T cell 

functionality for adoptive T cell therapy. 
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