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Summary 

Lentiviral vectors (LVs) are potent tools to genetically modify hematopoietic stem cells (HSCs), 

T cells or B cells. Genetic engineering of T cells to express a chimeric antigen receptor (CAR) was 

termed the breakthrough therapy of the year 2013 by the journal Science and ever since numerous 

approaches using CAR T cells for different targets are being investigated. CAR T cell therapy 

celebrated its greatest successes so far in 2018, when two CAR T cell products received marketing 

authorization by the food and drug administration (FDA) and the European commission (EC).  

Despite its promising results, CAR T cell therapy still needs to overcome various hurdles, including 

a complicated and time-consuming manufacturing process. Additionally, a protocol which 

generates high amounts of less differentiated T cells, that were shown to be beneficial in regard of 

CAR T cell persistence, would be of advantage to avoid cumbersome selection of specific CAR T 

cell subsets. In this thesis, a receptor-targeted LV specific for CD62L was established to ease and 

shorten the CAR T cell manufacturing process and obtain higher amounts of preferred CAR T cell 

phenotypes than are derived after transduction with a vesicular stomatitis virus glycoprotein 

(VSV-G) pseudotyped LV. These beneficial T cell subsets are expressing CD62L and this 

circumstance was crucial for producing a CD62L receptor-targeted LV (62L-LV). 

First steps for establishment of 62L-LV included choosing the appropriate LV receptor-targeting 

proteins. Therefore, surface expression of a CD62L specific single chain variable fragment (scFv) 

fused to different envelope proteins was analyzed. Afterwards, vector particles were generated that 

encoded the green fluorescent protein (gfp). As a first proof-of-concept these vector particles were 

tested for their ability to selectivity deliver the transgene to CD62L+ cell lines.  

Besides, an αCD19-CAR was analyzed that later was planned to be packaged into 62L-LV. As a 

start to characterize this CAR, it was packaged into the already established receptor-targeted LVs: 

CD4-LV and CD8-LV. The CAR gene delivery potency of respective LVs to human T cells was 

analyzed in presence and absence of a transduction enhancer. The arising transduced T cells were 

proven for their ability to kill target cells. Moreover it was uncovered that the CAR and the reporter 

protein can be transferred as protein from LV packaging cells to T cells. Notably, this was 

discovered only because of the usage of T cell-targeted LVs. 

After initial testing of CD62L-LV-gfp and the αCD19-CAR both were combined and the resulting 

vector was analyzed for correct vector particle assembly via Western blot. Robustness of LV 

production was analyzed by quantifying particle numbers and gene delivery approaches. In 

addition, specificity of gene transfer was proven on cell lines and primary cells. Furthermore, the 

influence of shed CD62L on vector particle binding was investigated. Additionally, transduction 

efficiency of T cells and phenotypes of transduced T cells were evaluated. Transduction rate using 

a transduction enhancer was reaching levels similar to those obtained with VSV-LV. Interestingly, 

T cells transduced with 62-LV were less differentiated in vitro even after full activation. 

Even more so, the ability to deliver transgenes to minimally activated T cells was investigated in 

vitro and in vivo. While minimally activated T cells were functional in vitro after both transduction 

with VSV-LV and 62L-LV, an initial in vivo study suggested that receptor-targeted LV 



 

 

 

outperformed VSV-LV in an antitumoral mouse model. Fully and minimally activated transduced 

T cells were injected into mice as early as 24 hours after incubation with vector and were 

challenged with antigen by application of CD19 positive tumor cells three days later. Tumor growth 

was followed regularly by in vivo bioluminescence imaging. Indeed, the full activated CAR T cells 

were antitumorally active, however, 62L-LV incubated T cells outperformed T cells that were 

incubated with VSV-LV in the setting with minimally activated T cells. Thus, only 62L-LV 

incubated minimally activated T cells were antitumorally functional in the antitumor mouse model. 

Distribution of transgene expressing T cells in various organs was inspected, as well as their 

phenotypes and exhaustion profiles. In mice that had less tumor load compared to a control group, 

CAR T cells populated various organs. Interestingly, CAR T cells from mice receiving minimally 

activated T cells incubated with 62L-LV had a higher amount of less differentiated cells in 

comparison to fully activated T cells. 

In conclusion, a novel receptor-targeted LV was successfully generated which is specific for 

CD62L. Usage of 62L-LV allowed generation of potent CAR T cells within less than two days and 

did not require full activating stimuli. 62L-LV can be a potent tool in the CAR T cell therapy field 

to generate CAR T cells with beneficial phenotypes very rapidly. 

  



 

 

 

Zusammenfassung 

Zur genetischen Manipulation von hämatopoetischen Stammzellen, T- und B-Zellen werden 

heutzutage meist lentivirale Vektoren (LVs) eingesetzt. T-Zellen können beispielsweise verändert 

werden, sodass sie einen chimären Antigenrezeptor (chimeric antigen receptor, CAR) exprimieren. 

Dieser verleiht den entstehenden CAR-T-Zellen das Vermögen, Tumorzellen, welche das CAR-

Antigen exprimieren, spezifisch zu erkennen und zu eliminieren. Diese Therapie wurde im Jahr 

2013 vom Science Magazin als herausragende Strategie (breakthrough of the year) bezeichnet und 

fand seither in zahlreichen wissenschaftlichen Untersuchungen Anwendung. Den Höhepunkt des 

bisherigen Erfolgs erreichte die CAR-T-Zelltherapie im Jahr 2018, als zwei CAR-T-Zellprodukte 

von der amerikanischen Behörde für Lebens- und Arzneimittel (food and drug administration, 

FDA) und der europäischen Kommission zugelassen wurden. 

Obwohl bereits vielversprechende Erfolge mit CAR-T-Zellen erzielt wurden, gibt es einige 

Einschränkungen, die es noch zu überwinden gilt. Zunächst ist die Produktion von CAR-T-Zellen 

aufwändig und zeitintensiv. Zudem ist es bisher unbekannt, welche Subtypen von CAR-T-Zellen 

die größte Effektivität hervorrufen. Studien zeigten, dass die Zusammensetzung der CAR-T-

Zellsubtypen im finalen Produkt die Effizienz der modifizierten Zellen im Kampf gegen die 

Tumorzellen beeinflusst. Wenig differenzierte CAR-T-Zellen erzielen bessere Erfolge als weit 

oder gar terminal differenzierte CAR-T-Zellen. Derzeit gibt es kein einheitliches Protokoll zur 

Generierung solcher wenig differenzierten CAR-T-Zellen. Es wäre von Vorteil ein Protokoll zu 

etablieren, das einen großen Anteil an wenig differenzierten CAR-T-Zellen im finalen Produkt 

erlaubt. In dieser Dissertation wurde ein Rezeptor-targetierter LV etabliert, der sowohl die 

Produktionszeit verkürzt, als auch einen höheren Anteil der präferierten CAR-T-Zellen generiert, 

als ein herkömmlicher LV, der mit dem Glycoprotein G des Vesikular Stomatitisvirus (VSV) 

pseudotypisiert wurde. Der neue LV ist spezifisch für den CD62L Rezeptor, welcher von wenig 

differenzierten T-Zellen exprimiert wird. 

Zur Etablierung des neuen LVs wurden zunächst geeignete Rezeptor-targetierten Glykoproteine 

getestet. Hierfür wurde die Oberflächenexpression eines CD62L spezifischen 

Einzelkörperkettenfragments (single chain variable fragment, scFv) fusioniert mit entweder dem 

Masernvirus (MV) Glykoprotein H, oder dem Nipahvirus (NiV) Glykoprotein G, untersucht. Im 

Folgenden wurden CD62L spezifische Vektoren hergestellt, welche für das grün fluoreszierende 

Protein (gfp) kodieren und deren Selektivität auf Zelllinien überprüft.  

Zeitgleich wurde ein CD19-spezifischer CAR auf Funktionalität geprüft. Um Variablen möglichst 

gering zu halten, wurde das Transgen zunächst in bereits bekannten Rezeptor-targetierten CD4-

LVs und CD8-LVs verpackt und diese Vektoren wurden genutzt, um T-Zellen zu transduzieren. In 

Experimenten, in welchen ein Transduktionsverstärker zum Einsatz kam, wurde deutlich, dass 

nicht nur die viralen Glykoproteine, sondern auch die vom Transgen kodierten Proteine in die 

Vektoroberfläche eingebaut wurden. Diese Entdeckung wurde möglich, weil T-zellspezifische 

LVs eingesetzt wurden. Des Weiteren konnte die Funktionalität der CD19-spezifischen CAR-T-

Zellen bestätigt werden. 



 

 

 

Nachfolgend wurde der CD62L-spezifische LV hergestellt, diesmal kodierend für den αCD19-

CAR (kurz 62L-LV). Der vollständige Zusammenbau des LVs wurde durch Western Blotting 

bestätigt. Ferner belegte die Analyse mehrerer LV-Produktionen, dass der Vektor erfolgreich 

produziert werden konnte und CD62L-positive Zelllinien, sowie primäre T-Zellen selektiv 

transduziert wurden. Interessanterweise beeinflusste lösliches CD62L, welches während der 

Aktivierung von T-Zellen im Zellkulturüberstand vorliegt, die Transduktionseffizienz nicht. 

Tatsächlich konnte in vitro gezeigt werden, dass die Transduktion mit 62L-LV einen höheren 

Anteil an wenig differenzierten CAR-T-Zellen hervorbringt, als die Transduktion mit VSV-LV. 

Um die Funktionalität von CAR-T-Zellen nach einer minimalen Inkubationszeit mit 62L-LV oder 

VSV-LV von weniger als 24 Stunden zu überprüfen, wurden T-Zellen entweder voll oder nur 

minimal aktiviert nach einer Inkubation von weniger als einem Tag in Mäuse injiziert. Drei Tage 

später wurden die CAR T Zellen in vivo mit Antigen-positiven Tumorzellen angeregt. Durch die 

Luziferaseaktivität der Tumorzellen konnte das Tumorwachstum in den Mäusen mittels eines 

Bildgebungssystems (in vivo imaging) verfolgt werden. Interessanterweise wurde das 

Tumorwachstum in allen Mäusen, welche voll aktivierte CAR-T-Zellen erhielten, verhindert, 

während die minimal stimulierten CAR-T-Zellen nur antitumorale Aktivität aufwiesen, wenn sie 

mit 62L-LV aber nicht VSV-LV inkubiert worden waren. In Mäusen, bei denen eine antitumorale 

Reaktion beobachtet wurde, konnte die Verteilung von CAR-T-Zellen in mehreren Organen 

nachgewiesen werden. Die minimal stimulierten, 62L-LV inkubierten CAR-T-Zellen wiesen nach 

Explantation aus den Mäusen signifikant höhere Anteile an wenig differenzierten CAR-T-Zellen 

auf, als solche die vor Implantation voll aktiviert worden waren.  

Zusammenfassend lässt sich feststellen, dass der neue Rezeptor-targetierte 62L-LV erfolgreich 

reproduzierbar hergestellt wurde. Ferner konnte seine Spezifität bewiesen werden und sein großes 

Potenzial ein CAR-Transgen in primäre T-Zellen zu integrieren. Da er in der Lage war, nach 

weniger als 24 Stunden Inkubation mit nur minimal aktivierten T-Zellen, funktionale CAR-T-

Zellen zu generieren, wird diesem Vektor ein äußerst vielverprechendes Potenzial zugesprochen. 

Durch seine Fähigkeiten CAR-T-Zellen mit einem präferierten Phänotyp in sehr kurzer Zeit 

herzustellen könnte 62L-LV zukünftig in der CAR-T-Zelltherapie eine große Rolle spielen. 
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1. Introduction 

1.1. Chimeric antigen receptor (CAR) T cell immunotherapy 

1.1.1 Overview over cancer immunotherapies 

Cancer is the second leading cause of death globally [1]. Cancer develops by tumor escape from 

the immune system that in healthy individuals eliminates aberrant and malignant cells. Tumor cells 

develop resistance against the antitumor immune response by alteration or loss of tumor antigen, 

manipulation of cytokine expression and upregulation of immune checkpoint proteins [2–4]. 

Reactivating the antitumor immune response and overcoming tumor escape pathways are the 

challenges faced in cancer immunotherapy. Therapeutic approaches such as checkpoint inhibitors, 

adoptive cell transfer (ACT) strategies, oncolytic viruses and cancer vaccines, provide promising 

strategies but have their patient- and cancer-variable limitations and toxicities [5–8]. 

Three different ACT strategies use tumor-specific cells that are expanded ex vivo and infused as 

potent effector cells into patients where they recognize their target antigen and eliminate target 

positive tumor cells (Figure 1). Tumor-infiltrating lymphocytes (TILs) have induced durable 

complete responses in patients with metastatic melanoma yet in other cancers they have been non-

responsive to date [9, 10]. TCR therapy uses the native T cell receptor specific for a tumor antigen. 

TCR T cells were shown to specifically kill cancer cells or inhibit their proliferation. This approach 

achieved clinical success especially by targeting virus-derived antigens. To combat limitations of 

solid cancers, strategies modulating TCR T cell to secrete cytokines within the tumor 

microenvironment were applied [11].  

The most prominent ACT strategy is chimeric antigen receptor (CAR) T cell therapy. As of May 

2019, more than 550 trials were registered using CAR T cells [6] and two products had received 

marketing authorization in Europe, USA and Switzerland. In CAR T cell therapy, patient-derived 

T cells are engineered to effectively recognize a tumor antigen via the artificial receptor. 

Importantly, in contrast to the other two ACT approaches, recognition of tumor antigen is 

independent from peptide-major histocompatibility complex (MHC) presentation that is normally 

required for recognition of tumor antigen by T cells. Thus, CAR therapy is successful in cancers 

that have downmodulated MHC expression to evade the host’s immune system. In addition, CAR 

T cells are not restricted to peptide antigens but can be designed to recognize carbohydrates or 

lipids, thereby broadening the panel of potential targets. Antigen recognition leads to CAR T cell 

activation, their amplification and selective killing of antigen-positive cells. Importantly, some 

CAR T cells with memory phenotypes can persist long-term and be re-stimulated upon antigen 

encounter [12].  
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Prior to providing more insight into CAR design, CAR T cell manufacture and CAR T cell 

phenotypes, an introduction into cells of the immune system that might also play a role in CAR T 

cell therapy and T cells in particular is given in the following.  

1.1.2 Cells of the immune system 

In multicellular organisms, mechanisms for defending the host against microbes and infections are 

present. The phylogenetically oldest mechanisms of host defense are even present in plants and 

insects. These mechanisms are called innate immunity. The more specialized defense mechanisms 

of adaptive immunity are found in vertebrates only [13, 14].  

Figure 1: Adoptive cell transfer strategies. All approaches use tumor-specific T cells that are ex vivo 
expanded and infused into the cancer patient to effectively kill tumor cells. TIL therapy uses T cells that 
were present within the tumor and might express TCRs specific for antigens presented by MHC molecules 
on the tumor cells. TCR therapy uses autologous or allogeneic T cells whose TCR is knocked out. Instead, 
a tumor-antigen-specific TCR is expressed on modified cells rendering them tumor cell-specific. CAR T cell 

therapy takes advantage of T cells modulated to express a tumor-specific CAR. 
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isolation infusion

TCR

expansion killing

transduction infusion

transduction infusion
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Innate immune cells are present prior to an infection and act as the first line of defense against 

infections within hours after infection, while adaptive immune cells respond against distinct 

antigens days after initial infection (Figure 2) [15]. Adaptive immunity is parted in humoral and 

cell-mediated immune response. Humoral immune responses are driven by antibody-secreting B 

cells to prevent infection and eliminate extracellular microbes. In cell-mediated immune reactions 

cytotoxic T cells directly eliminate infected or aberrant cells. 

There are numerous connections between functions of innate and adaptive immune cells. Innate 

immune responses to microbes can stimulate adaptive immune responses and influence their 

nature. Conversely, adaptive immunity often enhances protective mechanisms of innate immunity, 

rendering innate immune cells more capable of effectively combating pathogenic microbes. 

Neutrophils, circulating monocytes and tissue macrophages are phagocytes whose primary 

function is ingestion and elimination of microbes or damaged host cells [16]. During these innate 

immune reactions, they produce cytokines tumor necrosis factor (TNF), interleukin 1 (IL-1) and 

IL-6 [17, 18]. These cytokines influence vascular endothelial cells and leukocytes and initiate 

production of more neutrophils in bone marrow. Consequently, more cells fighting infection and 

repairing tissues are recruited to sites of infection [19]. Importantly, macrophages also act as 

antigen presenting cells (APCs) by displaying antigens of processed cells or microbes to T cells, 

building a bridge between innate and adaptive immunity [20].  

The most prominent APCs are dendritic cells (DCs), which recognize commonly shared structures 

by microbial products, damaged and dying cells. Peptides derived from microbes and apoptotic 

cells are displayed by APCs on class I or class II MHC molecules (MHC-I or MHC-II). Classical 

Figure 2: Innate and adaptive immunity. Innate immunity provides initial defense against microbes and 
infections. Cells of innate immunity are already present at sites of microbe entry or are rapidly recruited 
at the site to clear infection. Adaptive immunity starts several days after innate immunity. Dendritic cells 

and NK cells bridge the response between innate and adaptive immunity. Figure adapted from [15]. 
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DCs are decorated with peptide through MHC complexes which are presented to naive T cells in 

lymphoid organs [20, 21]. A second class of DCs, plasmacytoid DCs recognize viral infected cells 

and produce large amounts of type I interferons that leads to recruitment of cytotoxic natural killer 

(NK) and T cells [22, 23].  

NK cells express a pattern of activating and inhibitory receptors that allow discrimination between 

infected or stressed cells and healthy cells. NK cells kill infected cells by secretion of cytotoxic 

molecules. Besides, they produce effector cytokines that stimulate responses of innate and adaptive 

immunity [24]. 

Additional cells of innate immunity are mast cells, basophils and eosinophils. All contain 

cytoplasmic granules filled with inflammatory and antimicrobial mediators. Mast cells, that are 

highly abundant in the skin, are involved in wound healing and recruitment of neutrophils, DCs 

and T cells to sites of inflammation after tissue damage by wounds and viral or bacterial infections 

[25–28]. Functions of basophils is uncertain but they might be recruited to sites of inflammation. 

Eosinophils can be present in peripheral tissues, especially in the respiratory, gastrointestinal and 

genitourinary tracts and they increase in number due to inflammation. They are able to kill parasites 

that are too large for phagocytosis [29]. 

In contrast to innate immune cells, cells of adaptive immunity specifically respond against distinct 

antigens rather than against a limited set of molecular structures. Parts of antigens recognized by 

T and B lymphocytes are called epitopes including between 1E7 – 1E9 distinct antigenic 

determinants. The ability of one individual’s lymphocyte repertoire to recognize this high number 

of epitopes is called diversity. The receptors that elicit this diversity are B cell receptors (BCR) and 

T cell receptors (TCR). The diverse repertoire of these are created by random combinations of 

germline gene segments being brought together and by random addition or deletion of sequences 

at the junctions between the segments of the receptor before they are united [29–31]. Their structure 

and distinct domains are depicted in Figure 3. 

Besides specificity and diversity, key to adaptive over innate immune responses is their memory 

function. Upon primary response to a foreign antigen, cells of the adaptive immune system are able 

to respond more rapidly and strongly to secondary infection and are qualitatively different from 

the primary immune response. Immunologic memory is mediated by long-lived antigen-specific 

memory cells which are generated after primary immune response [32, 33]. These cells undergo 

slow proliferation and their ability to self-renew may contribute to the long life span of the memory 

pool [34, 35].  

Another cardinal feature of adaptive immunity is clonal expansion, where a large population of a 

reactive cell clone is generated upon antigen encounter. In addition, adaptive immune cells are 

selected to recognize, respond and eliminate foreign antigens while tolerating the individual’s self-

antigens. Notably, regulatory cells eliminate or suppress self-reactive lymphocytes. Together, these 

features render B and T cells excellent drivers of adaptive immunity.  

T and B cells develop from a common progenitor in the bone marrow. B cell maturation takes place 

in the bone marrow whereas early T cell progenitors migrate to and mature within the thymus. 

Lymphocyte development includes antigen receptor gene rearrangement and expression of CD4 or 

CD8 coreceptor molecules in T cells [36, 37]. Further selection of CD4 or CD8 single-positive T 
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cells renders them selective to antigens presented by APCs on class I MHC (in case of CD8+ T 

cells) or class II MHC (in case of CD4+ T cells) molecules [38].  

Mature T cells are released into the blood stream and home to secondary lymphoid organs. There, 

T cell proliferation and differentiation into effector cells is induced upon TCR recognition of its 

cognate antigen presented on MHC molecules of APCs. Upon clearance of infection, effector cell 

numbers decline thereby maintaining homeostasis.  

Mature B cells home to peripheral lymphoid organs, where they might encounter their antigen. 

Antigen binding to membrane immunoglobulin on a mature naive B cell leads to its activation. The 

antigen specific B cell proliferates and differentiates into antibody secreting plasma cells that 

migrate to the bone marrow [39]. Long-lived memory B cells recirculate between peripheral 

lymphoid organs and respond rapidly to subsequent exposures to antigen by differentiating into 

Figure 3: Schematic presentation of TCR and BCR complexes. A) The TCR is a heterodimer of two 
transmembrane polypeptide chains (TCRα and β). These chains consist of one constant (C) and one variable 
(V) domain, a transmembrane region and a short cytoplasmic tail. The V domain contains three short 
stretches of amino acids mediating the variability between different TCRs and the complementary-
determining regions (CDRs). The CDRs of the TCRα and β chain recognize peptides displayed by MHC 
molecules. The CD3 ζ, ε, γ, δ domains are non-covalently associated with the TCR chains and together 
they form the TCR complex. Antigen binding leads to phosphorylation of intracellular immunoreceptor 
tyrosine-based activation motifs (ITAMs) of the CD3 proteins and results into T cell activation. B) The BCR 
complex consists of a membrane bound antibody and the signaling subunits Igα and Igβ. The antibody 
molecule consist of two heavy (H) and two light (L) chains. The H chain contains three or four (as depicted 
here) C domains and one V domain. The L chains consist of one C and one V domain each. The four V 
domains contain CDRs that are responsible for recognition of the antigen. The CDRs are highly variable 
thereby broadening the BCR (and antibody) repertoire. Intracellular ITAMs mediate B cell activation upon 

antigen binding. 
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high-affinity antibody secreting cells [40]. Importantly, both protein and non-protein antigens can 

be recognized by BCRs and antibodies respectively. B cell response against protein antigens 

require contact to activated CD4+ helper T cells to generate strong humoral responses. Antibody 

response against non-protein antigens such as polysaccharides, lipids and nucleic acids do not 

require antigen-specific T cells and these antigens are therefore called T-independent antigens [29]. 

1.1.3 T cell subsets 

Peripheral T cells comprise of different subsets, including naive T (TN) cells which are antigen-

unexperienced, memory T cells and effector cells. In the presence of antigen, TN cells get activated, 

proliferate and differentiate into effector cells that migrate to sites of inflammation and promote 

pathogen clearance. In the contraction phase majority of effector T cells undergo apoptosis, 

however primed memory T cells are formed that persist long-term to protect against subsequent 

infection. The different T cell subsets can be discriminated by expression of various surface 

receptors (Figure 4) [41]. 

TN cells show a CD62L+, CCR7+, CD45RA+ phenotype. In humans, TN cells comprise of 

20 – 50% of total T cells in lymph nodes [42]. Interestingly, TN cells can persist for 5 – 10 years in 

humans patrolling lymph nodes to find their respective antigen [43, 44].  

Memory T cells in humans also represent a major circulating population in blood and lymph nodes. 

Their subdivision is defined as stem cell memory T (TSCM) cells, central memory T (TCM) cells and 

effector memory T (TEM) cells. Of those, TSCM cells, identified as CD62L+, CCR7+, CD45RA+, 

CD45RO+, are a rare subset known for its high proliferative and self-renewal capabilities but minor 

effector functions [45].  

TCM cells are CD62L+, CCR7+, CD45RO+ and CD45RA-. Due to CD62L expression TCM cells 

exhibit lymphoid homing profiles [46–48]. Their self-renewing capacity and potential to proliferate 

into potent effector cells make them a favorable subset in adoptive cell therapies (see chapter 1.1.7) 

[49, 50]. 

Differentiation into TEM cells was shown to involve CD62L shedding and transcriptional shutdown 

of the CD62L gene [51, 52]. TEM cells are furthermore CCR7-, CD45RA- but CD45RO+. They are 

rarely found in lymphoid organs [45, 53, 54] but rather migrate to and are present in non-lymphoid 

tissues and at sites of inflammation [46, 48]. TEM cells produce the most effector cytokines 

compared to other subsets and they fulfill their effector functions by secreting cytotoxic molecules 

which eliminates infected cells at site of inflammation [53, 55–57].  

TEFF cells (CD62L- CCR7- CD45RO- CD45RA+) are mostly present within the CD8+ over the 

CD4+ T cell lineage. Effector functions are aligned with high capacity for IFNγ production. Their 

proliferative rate is low and usually after antigen clearance they undergo apoptosis [58].  
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1.1.4 Role of selectins in immune responses 

Localization and transmigration to sites of inflammation or peripheral lymphoid organs of innate 

and adaptive immune cells involves cell capture, rolling along endothelial cells and migration 

between endothelial junctions. These processes are mediated by three families of adhesion 

receptors: selectins, integrins and the Ig-gene superfamily [59–63]. Migration of neutrophils, 

monocytes and T cells from blood to sites of infection use essentially the same mechanisms (Figure 

5) [29, 64, 65].  

First steps of low-affinity adhesion of circulating leukocytes to endothelial cells is mediated by 

selectins. CD62L (L-Selectin) is expressed on T and B lymphocytes, neutrophils, monocytes, 

eosinophils, haematopoietic progenitor cells, immature thymocytes and a subset of NK cells [66–

70]. CD62L’s ligands sialomucins are expressed on endothelial cells [71].  

The other two types of selectins P-selectin (CD62P) and E-selectin (CD62E) are expressed on 

endothelial cells. P-selectin is rapidly expressed on endothelial cells in response to histamine 

produced by mast cells and thrombin generated during blood coagulation, driving forward wound 

healing processes [72]. E-selectin is expressed on endothelial cells in response to IL-1 and TNF 

produced by tissue macrophages in response to infection. Additionally, microbial products 

stimulate E-selectin expression on endothelial cells [73]. Ligands for E- and P-selectin are 

sialylated carbohydrate groups on granulocytes, monocytes and effector or memory T cells.  

Naive T and B cells recirculate through blood, secondary lymphoid tissues and peripheral non-

lymphoid tissues until they encounter antigen [61, 65]. On average within a day all T cells traffic 

through one lymph node [74]. This highly productive process maximizes the chance to encounter 

their specific antigen. Transmigration into lymphoid organs through high endothelial venules 

(HEVs) follows the process described above involving selectins, adhesins and Ig ligands. Naive B 

cells migrate to B cell follicles where follicular DCs present antigens. Similarly, DCs present 

Figure 4: Overview over various T cell subsets. T cell subsets can be discriminated by expression of 
CD62L, CCR7, CD45RA and CD45RO. While their proliferative potential and memory function from left to 
right is declining, their effector functions increase during differentiation. TN: Naive T cells, TSCM: stem cell 
memory T cells, TCM: central memory T cells, TEM: effector memory T cells, TEFF: effector T cells. Figure is 

modified from [41]. 
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antigens to T cells in T cell zones of secondary lymphoid organs. Upon antigen encounter and 

activation due to costimulatory signals naive T cells rapidly form effector T cells and later memory 

T cells. CD62L is cleaved by the metalloprotease ADAM17 upon T cell activation [75–78]. 

Therefore, activated memory and effector T cells show decreased expression of CD62L. Shedding 

of CD62L allows exit of antigen-activated T cells from the lymph nodes and reentering the 

circulation, where they can exert their functions [51]. Besides CD62L shedding, integrins and E- 

and P-selectin ligands are upregulated on memory and effector T cells. These allow binding and 

migrating into endothelium at sites of inflammation.  

1.1.5 CAR design 

Since their first description in 1993, CAR designs have changed to improve CAR T cell function 

for the desired application. In total, four generations of CARs were described (Figure 6). Each 

CAR is composed of an extracellular antigen-recognition domain that is connected by a variable 

hinge domain to a transmembrane domain and one or more intracellular domains. Commonly, 

single chain variable fragments (scFvs) derived from antibodies are used as binding domain. The 

binding domain is connected to the transmembrane domain via a linker. The linkers used are 

variable in length and are optimized for each particular CAR. For example, targeting a membrane 

Figure 5: Schematic presentation of leukocyte migration to inflammation sites. Selectins weakly bind 
to their ligands, and the blood flow’s shear force causes leukocyte to roll along endothelial surfaces. 
Chemokines that are produced at inflammatory sites or by the endothelial cells are displayed on the 
endothelial surface to bind chemokine receptors on the rolling leukocytes, which results in activation of 
leukocyte integrins and lead to a high-affinity binding state. Activated integrins bind their Ig superfamily 
ligands on endothelial cells and mediate firm adhesion of leukocytes. The rolling process is stopped and 
the leukocytes then crawl to junctions between endothelial cells and migrate through the venular wall. 
Within the inflamed tissue, leukocytes mediate their effector functions, mainly secreting more 

inflammatory molecules and clearing of infected cells. Figure is adapted from [29].  
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distal epitope on the antigen may require a short spacer while targeting a proximal epitope requires 

a long spacer within the CAR for proper CAR T cell activation and function [79, 80]. 

Intracellularly, the immunoreceptor tyrosine-based activation motif (ITAM) of the TCR complex 

CD3ζ chain is present. Depending on the CAR generation, up to two costimulatory domains are 

fused to the ITAM motif. Engagement of cognate antigen on a tumor cell initiates a cascade of 

signaling events resulting in CAR T cell activation and antigen-specific response towards the target 

cell [81]. 

First generation CARs lack the costimulatory intracellular domain which provides full T cell 

activation. Thus, limited antitumoral function due to reduced T cell proliferation and increased 

CAR T cell apoptosis was observed in vivo [81–83]. Second and third generation CARs harbor one 

or two costimulatory signals that contributes to T cell activation upon tumor antigen recognition. 

Most frequently used are domains of costimulatory receptors CD28 and 4-1BB (CD137) [84]. 

Inclusion of costimulatory domains increases CAR T cell proliferation, secretion of cytokines and 

anti-apoptotic proteins and delays antigen-induced apoptosis [85].  

CAR T cells of the fourth-generation are also called T cells redirected for universal cytokine killing 

(TRUCK). Besides antigen recognition and T cell activation by the CAR, TRUCKs are able to 

modify the tumor microenvironment by releasing biologically active proteins locally and favoring 

immune-activation resulting in tumor lysis [10, 80, 86].  

The two CAR T cell products that have received marketing authorization are axicabtagene 

ciloleucel (Yescarta) for the treatment of adult patients with relapsed or refractory diffuse large B 

cell lymphoma (DLBCL) and mediastinal large B cell lymphoma and tisagenlecleucel (Kymriah) 

for adults with relapsed DLBCL and pediatric patients and young adults with acute lymphoblastic 

leukemia (ALL). Both are second generation CAR constructs with CD19 as target surface antigen.  

Several key features of CD19 render it an ideal therapeutic target. Firstly, it is expressed explicitly 

on cells of the B cell lineage and secondly, it is highly abundant in B cell malignancies. Lastly, it 

is absent on normal hematopoietic stem cells, thus stem cells are not eradicated and can still 

differentiate into cells of the hematopoietic lineage [87, 88]. However, CD19 positive cells are 

ablated upon treatment with αCD19 CARs. The resulting site effect that is called B cell aplasia is 

usually treated with the replacement of gamma globulin [89–93]. Other frequent adverse events of 

CAR T cell therapy are cytokine release syndrome (CRS) and neuroloxic toxicity. Both can result 

into life-threatening outcomes [7, 10, 94]. 

To date, most CAR designs use CD19 as target antigen. Explanations are high levels of CD19 

antigen on tumor cells, their simple physical access through the blood and lymphatics and toleration 

of on-target off-tumor effect of B cell aplasia. However, different CAR designs aim at enhancing 

CAR T cell therapy safety and efficiency for other targets than CD19 in solid tumors [8, 10, 95, 

96]. 
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1.1.6 CAR T cell manufacture 

CAR T cell manufacture is a highly complex and personalized process (Figure 7). Production of 

CAR T cells begins with harvesting patient monocytes and lymphocytes subpopulations by 

leukapheresis. Cells are then generally cryopreserved and shipped to the manufacturing facility. 

There, cells are thawed and activated. Majority of approaches use unselected peripheral blood 

mononuclear cells (PBMC) but T cells can be enriched by depleting other cells such as monocytes 

and B cells [80, 97]. Following enrichment, T cells are activated by α-CD3 and α-CD28 

monoclonal antibodies or coated paramagnetic beads and IL-2. Afterwards, the cells are genetic 

engineered using lentiviral or retroviral vectors (chapter 1.2.1). 

In the following days, CAR T cells are expanded in the presence of IL-2, or preferentially, in the 

presence of IL-7 and IL-15 [98, 99]. CAR T cells are subsequently harvested, washed and again 

cryopreserved. Importantly, cells are analyzed for purity, transgene expression, the ability to 

secrete cytokines, viability and sterility. Eventually, CAR T cells are separated in CD4+ and CD8+ 

T cell subsets or defined phenotypes. Use of specific CAR T cell phenotypes and their benefits will 

be discussed in more detail in chapter 1.1.7.  

The final product is shipped back to the clinical site, where it is applied to the patient, often with a 

pre-conditioning chemotherapy [93]. Chemotherapy is applied to maximize disease control without 

compromising organ function or causing toxicity that might render the recipient ineligible for CAR 

T cell product infusion. In addition, lymphodepletion prior to CAR T cell infusion is generally 

performed to enhance CAR T cell engraftment and persistence [100, 101]. 

Figure 6: Overview of CAR T cell designs. All CARs contain an antigen binding extracellular domain that 
is connected to intracellular domains by a hinge. Intracellularly, up to two costimulatory and one CD3ζ-
ITAM domain exist. First generation CARs contain no costimulatory domains, second generation CARs one 
and third generation CARs two. TRUCKs of the fourth generation incorporate proteins, which modulate the 

tumor microenvironment upon secretion. 
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CAR T cell production in most instances takes 11 - 14 days at the manufacturing site. Due to the 

quality assessment and release controls or logistical reasons the infusion may be four weeks after 

leukapheresis or later [93, 102–104]. Especially for patients with aggressive disease, the time 

period between leukapheresis and infusion might be critical because keeping the disease stable 

over weeks can be challenging. Shortening CAR T cell manufacture might be helpful for those 

patients. 

1.1.7 CAR T cell phenotypes 

Every CAR T cell therapy approach desires generating a product with high safety and efficacy in 

terms of longevity, engraftment and antitumor-effector function. Today it is well known that the 

CAR T cell design and CAR T cell composition are essential parameters defining these key 

therapeutic features. Parameters shaping CAR T cell function are e.g. the choice of costimulation, 

ratio between CD4+ and CD8+ CAR T cells, predominant CAR T cell phenotype and amount of 

exhausted CAR T cells [8, 105].  

The most suitable CAR T cell phenotype is still a matter of debate. In general, naive and early 

memory CAR T cells are favored due their enhanced capacity in cytolysis, amplification and 

persistence [106]. Eventually, defined subsets are used for generation of CAR T cells as starting 

material such as selected naive, TCM or TSCM T cells or all CD62L positive early memory T cells 

[99, 106–112]. 

In addition, choice of costimulatory endodomain is associated with the generation of different CAR 

T cell phenotypes. Use of 4-1BB results into a preferential expansion of TCM CAR T cells and 

enhanced CAR T cell persistence but decreased cytokine production and delayed antitumoral 

Figure 7: CAR T cell manufacturing process. T cells from leukapheresis product of cancer patients are 
activated and genetically modified to express the CAR. CAR T cells are expanded prior to re-infusion into 

the patient. 
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functions in comparison to CAR T cells with CD28 costimulation [113–115]. Whereas, CD28 

costimulation is associated with CAR T cell differentiation to TEM cells that display an exhausted 

phenotype, leading to potent but short-lived effector cells [115]. CAR T cell exhaustion appears in 

response to chronic antigen stimulation and is associated with decreased cytokine production, 

altered effector functions, reduced proliferation, altered transcriptional program and high levels of 

inhibitory receptors like PD1, TIM-3, LAG-3, CTLA-4 and TIGIT [116]. Therefore, depending on 

the individual patient’s needs either CD28 or 4-1BB costimulation might be favorable.  

Recent approaches have used another costimulation signal: ICOS (inducible T cell costimulator). 

Guedan and colleagues have shown that ICOS in combination with other costimulatory domains 

results in CD4+ CAR T cells that promote the persistence of CD8+ CAR T cells [117]. Possibly, a 

third generation CAR harboring ICOS and 4-1BB costimulation might be superior in promoting 

long term CAR T cell persistence and anti-tumor activities [80]. 

Other groups aim at generating better performing CAR T cells by infusing a product with defined 

CD4+ and CD8+ CAR T cell ratios, eventually combining it with selected CAR T cell phenotypes 

[118–121]. Lower side effects have also been demonstrated in products with defined 1:1 

composition of CD4+ and CD8+ CAR T cell with TCM phenotypes [118, 120].  

In summary, choosing amongst different costimulatory endodomains, CAR T cell activation 

protocols, starting material of T cell populations, infused CAR T cell phenotypes and CD4+/CD8+ 

CAR T cell ratios is possible. 

1.2. Gene delivery by lentiviral vectors 

1.2.1 Retro- and lentiviral vectors 

In CAR T cell therapy, T cells are permanently modified to express the artificial receptor. Most 

applications to date use retroviral vectors (RV) and lentiviral vectors (LV) for genetic modification. 

These vectors are suitable gene delivery tools when their genome is replaced with a therapeutic 

gene cassette. As they stably integrate their encoded transgene into the cells’ DNA after cell entry 

a life-long therapeutic function might be achieved. This process, that is called transduction, is 

highly efficient and outperforms non-viral gene delivery methods. LVs are able to transduce non-

dividing growth-arrested cells and therefore have an advantage over RVs in many applications that 

transduce only dividing cells [122–126]. Besides, LVs show higher virion stability and titers and 

lower frequency of insertional mutagenesis. Evolution of LVs and their modification to suit 

specific approaches is described in the following chapters. 

1.2.2 From Lentiviruses to pseudotyped lentiviral vectors 

Viral vectors are derived from wild type viruses whose genes essential for replication and virulence 

are ablated. Moreover, cell entry receptor might be altered upon exchange of the viral glycoprotein. 

Lentiviral vectors are derived from lentiviruses – a subcategory of the retrovirus family. The most 

famous lentivirus is the human immunodeficiency virus type I (HIV-1) [123, 127]. 
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HIV structure and RNA genome arrangement is depicted in Figure 8. Inner and outer viral core 

proteins are encoded by gag. Env encodes the viral envelope glycoproteins and pol encodes 

enzymes necessary for reverse transcription and integration into the target cell genome namely 

reverse transcriptase, integrase and protease. Viral gene expression is mediated by the regulatory 

genes rev and tat. The accessory genes nef, vif, vpu and vpr are important for virus propagation. In 

brief, Tat (transactivator protein) and Rev (RNA splicing-regulator) initiate HIV replication, while 

Nef (negative regulating factor), Vif (virion infectivity factor), Vpr (virus protein r) and Vpu (virus 

protein unique) impact viral replication, budding and pathogenesis [128]. Long terminal repeats 

(LTRs) at the ends of the viral genome enable viral transcription, reverse transcription and 

integration into the target cell genome. The 5’-LTR serves as an enhancer and promoter for 

transcription, while the 3’-LTR plays an important role stabilizing transcripts by polyadenylation 

[128–130]. Both LTRs contain one U3, one R and one U5 region. The ψ-packaging signal upstream 

of the first gene drives encapsidation of genomic RNA into viral particles [125, 131–133].  

Virus life cycle begins by virus entry facilitated by binding of the surface glycoprotein to the 

cognate receptor on the target cell surface. Entry is followed by uncoating of viral proteins from 

the viral core. Viral RNA is further converted in proviral double-stranded DNA by reverse 

transcription. Proviral DNA complexes with viral proteins to facilitate nuclear import and 

integration into the host genome. Integration includes viral proteins such as the integrase and host 

cell transcription factors [134]. Lentiviruses then initiate and complete transcription and translation 

of viral proteins necessary for assembly of infectious viral particles that exit the cell [128]  

Rearranging the viral genome to impede virus replication and spread of infectious particles but 

maintaining the ability for gene delivery has been key in the development of lentiviral vectors. First 

LVs contained the complete HIV genome except the env gene [123]. The resulting vectors were 

able to transduce target cells, integrate and form particles. However, the released particles were not 

able to spread infection because they lacked the envelope protein [135]. Within years, safety of 

LVs was further enhanced by deleting six of nine HIV-1 genes encoding for important virulence 

factors from HIV-derived vector system without altering its gene-transfer ability (Env, Vif, Vpr, 

Vpu, Nef and Tat) [136].  

The remaining three genes are gag, pol and rev. First generation LVs still contained all HIV genes 

except the env gene. Instead, glycoprotein of the vesicular stomatitis virus (VSV) was encoded on 

a second plasmid. Splitting genes onto several distinct plasmids impairs packaging of all viral 

proteins and therefore enhances the safety of the lentiviral vector system. In the second generation 

LVs accessory genes vif, vpr, vpu and nef are deleted. The proteins encoded by these genes provide 

fitness advantages for in vivo replication, but are not essential in the viral vector system. To further 

increase safety of LVs, the U3 region in the 3’ LTR that is essential for the replication of wild-type 

viruses is deleted. The resulting so called self-inactivating (SIN) vectors are unable to reconstitute 

their promoter and importantly so far no replication competent viral vectors of the second 

generation have been detected [127, 136, 137].  
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In the third generation of LVs, the two packaging genes gag and pol are encoded onto different 

plasmids, therefore further minimizing the chance of recombinant virus generation. The SIN 

vectors were furthermore evolved to be Tat-promoter independent by replacing the U3 region of 

the 5’ LTR with the cytomegalovirus (CMV) enhancer or the Rous sarcoma virus (RSV) U3 

sequence. These vectors can be produced at high titers in the absence of the Tat HIV transactivator. 

[138, 139]. In LV generations apart from the first, the woodchuck hepatitis virus posttranscriptional 

regulatory element (WPRE) is introduced in the transgene, to increase the overall levels of 

transcripts in producer as well as target cells, hence increasing titers and transgene expression 

[140]. 

In all LV generations, envelope proteins from other viruses were used. The resulting chimeric 

particles are called pseudotyped LVs. In early approaches, the envelope protein of the murine 

leukemia virus (MLV) was used to pseudotype lentiviral vectors to target hematopoieteic stem 

Figure 8: Schematic representation of a HIV-1 particle and its genome. A) The mature HIV-1 particle 
contains trimers of envelope proteins, namely surface proteins. These are anchored to trimers of the 
transmembrane protein. The viral envelope lipid bilayer is associated with matrix proteins. The inner 
capsid protein p24 assembles the conical capsid. Within the capsid, the two single-strand RNA copies are 
encoded. The viral genome is bound by nucleocapsid proteins and the viral enzymes - reverse transcriptase 
and integrase. Additional proteins in the capsid are protease and precursor proteins, which after HIV 
maturation are cleaved into individual proteins at the end of the budding process and during release of 
virus particles. Besides these, accessory proteins Tat, Rev, Nef, Vif, Vpr and Vpu are present. B) Schematic 

overview over the HIV-1 genome. 
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cells [141]. To obtain specialized vectors for distinct approaches, glycoproteins of other RNA 

viruses such as Ebola virus (for lung and skin epithelial cells [142–144]), rabies virus (for neurons, 

[145–148]), Ross river virus (for glial cells [149]), Sendai virus (for cystic fibrosis [150]), baboon 

endogenous virus (BaEV for resting HSCs [151]) and severe acute respiratory syndrome 

coronavirus glycoproteins (for hepatocytes [152]) are used to generate pseudotyped LVs. 

The most prominent pseudotyped LV to date uses the G glycoprotein of the vesicular stomatitis 

virus (VSV). VSV-LV has a high stability, high titer and a broad tropism because its entry receptor 

low-density lipoprotein receptor (LDL-R) is ubiquitously expressed on activated cells of all kinds 

[123, 153]. Yet, transduction of unstimulated HSCs, T cells and B cells is impossible due to the 

lack of LDL-R expression [154]. Thus in CAR T cell therapy, in which VSV-LV is frequently 

used, T cells are activated prior to transduction.  

In conclusion, pseudotyped LVs are highly potent tools for gene therapy. However, most entry 

receptors are widely expressed and no selective cell type is transduced. To bypass undesired 

transduction of therapy-irrelevant cells receptor-targeted LVs were invented (chapter 1.2.3). 

1.2.3 Receptor-targeted lentiviral vectors 

Receptor-targeted LVs have been invented to specifically transduce defined cell types rather than 

broad range of cells. The principle of receptor-targeted LVs relies on the ablation of natural 

receptor binding and engineering to recognize a cell surface protein of choice. Importantly, entry 

of vector particles into the recognized cell should proceed at unimpaired efficiency. If receptor 

recognition and entry are mediated by two distinct polypeptides, these premises are easier to fulfil. 

Indeed, viruses of the paramyxovirus family have split the recognition and entry onto two separate 

glycoproteins, mediating them suitable for receptor-targeted LVs. This group includes measles 

virus (MV) [155], tupaia paramyxovirus [156] and Nipah virus (NiV) [157]. The two envelope 

proteins are the receptor attachment protein that binds to the cell surface receptor and the fusion 

protein (F), which mediates fusion of vector and cell membranes upon receptor contact.  

MV- and NiV-LVs have been used for receptor-targeting to date. First MV re-targeting steps were 

blinding of the MV hemagglutinin (H) protein for its natural receptor by introducing mutations in 

the receptor contact residues [158]. Moreover, a scFv derived from an antibody was fused to the 

mutated H endodomain [155]. The first receptor-targeted LVs were MV-LVs using the blinded 

MV-H covalently linked to epidermal growth factor or a CD20 scFv, thereby mediating entry into 

EGFR-receptor or CD20 positive cells, respectively [159]. Efficient entry into receptor-positive 

target cells requires truncated cytoplasmic tails of H and F [159, 160]. In 2016, Bender and 

colleagues expanded receptor-targeting to NiV-LVs. The recognition protein NiV-G has been 

blinded for its natural receptor and the cytoplasmic tails of NiV-G and NiV-F truncated. In the 

study they successfully generated receptor-targeted NiV vectors directed to EpCAM receptor, 

CD20+ and CD8+ cells [157]. A structural overview over MV and NiV receptor-targeted LVs is 

provided in Figure 9.  
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Within the years, various receptor-targeted MV-LVs and NiV-LVs have been designed whose 

receptor targeting was achieved using scFvs or designed ankyrin repeat proteins (DARPins). LVs 

specific for various human hematopoietic, pluripotent, endothelial and cells of the central nervous 

system were established [159, 161–165]. In addition, LVs specific for different tumor cell markers 

were invented [157, 166, 167] and LVs targeting different murine cell types were established [161, 

168, 169]. 

Re-targeting of LVs also allowed generation of vectors that specifically transduce subset of T cells. 

Vectors specific for CD8 T cells were invented, first targeted with MV glycoproteins and later with 

NiV glycoproteins [157, 170]. The advantage of NiV over MV targeting was significantly higher 

titers when producing CD8-LV. First in vivo delivery of CAR to human T cells was demonstrated 

in 2018 by Pfeiffer, Thalheimer et al. by application of CD8-LV into mice xenografted with human 

PBMC [171]. Transduction was highly selective towards CD8+ T cells. The antitumoral activity 

of in vivo generated CD8+ CAR T cells was proven one year later by Agarwal and colleagues 

[172]. 

Besides, another T cell specific vector CD4-LV specifically transduced CD4+ T cells in a pool of 

PBMC in vitro and even allowed transduction of unstimulated T cells. Moreover, when applied in 

vivo, CD4-LV selectively transduced CD4+ cells [173]. Only recently, it was shown that in vivo 

generated CD4+ αCD19 CAR T cells were able to rapidly eliminate transgene positive cells [174]. 

Direct comparison of CD4+ in vivo generated CAR T cells versus CD8+ in vivo generated CAR T 

cells or a mix of both revealed, that CD4+ CAR T cells exhibited faster and superior tumor cell 

killing, highlighting their importance in the field of CAR T cell therapy [174]. 

CD4-LV and CD8-LV are highly selective in transducing desired T cell type but their titers and 

transduction rates are generally lower than those of VSV-LV. It remains to be analyzed, whether 

transduction rates can be enhanced using the receptor-targeted LVs. Besides, the established T cell 

scFv

blinded MV-H

MV-F

blinded NiV-G

NiV-F

HIV-1 enzymes

HIV-1 structural

proteins

therapeutic

transgene

MV-LV NiV-LV

Figure 9: Schematic representation of receptor-targeted vectors MV-LV and NiV-LV. LV surface is 
pseudotyped with MV (left) or NiV (right) glycoproteins. MV-H and NiV-G proteins are blinded for natural 
receptor binding. The cytoplasmic tail truncated MV-F and NiV-F proteins are present to facilitate LV entry 
into the recognized target cell. Target recognition is mediated by a scFv of choice covalently linked to MV-
H or NiV-G. Glycoprotein density on the MV particle surface is approximately four times less than on NiV-

LV particles, resulting in lower vector titers but a more steric-flexible binding to targets [157]. 
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specific LVs do not discriminate between T cell differentiation phenotype and exhaustion status. 

It will be interesting to determine whether a vector directed to a phenotypic subset of T cells will 

be able to generate CAR T cells with a preferable phenotype. 

1.3. Objective 

CAR T cells have achieved great clinical outcomes in various cancer diseases. A beneficial 

antitumoral function was associated with a high amount of less differentiated CAR T cells that 

express CD62L [99, 175, 176]. Furthermore, approaches in CAR T cell therapy aim at shortening 

time needed for CAR T cell production which might be especially important for patients with high 

disease-burden. Aim of this thesis was to address both goals by applying T cell-targeted LVs.  

At first, a selective targeting system had to be established for directing LVs to CD62L as target 

receptor. For this purpose, a CD62L-specific scFv had to be fused to MV and NiV attachment 

glycoproteins and surface expression of those was analyzed. Subsequently, the corresponding 62L-

LVs had to be produced and analyzed for their ability to mediate green fluorescent protein (gfp) 

gene transfer into cell lines. The MV targeting system was chosen for further 62L-LV productions. 

Next, a second generation αCD19-CAR had to be packaged into the already established vectors 

CD4-LV, CD8-LV, BaEV-LV and VSV-LV. The ability of Vectofusin-1 to enhance CAR gene 

delivery had to be examined and generated CAR T cells analyzed for their cytotoxic activity against 

tumor cells. Moreover, it was found that transgenic proteins are transiently transferred from the 

packaging cells to host cells by the lentiviral particles. 

In the following, 62L-LV encoding the αCD19-CAR had to be generated and analyzed for correct 

particle assembly and robustness of repeated productions in terms of vector concentration and 

functionality. Additionally, selectivity on cell lines and primary cells had to be proven as well as 

the transgene delivery potential to human T cells. Phenotyping of CAR T cells generated with 62L-

LV had to be performed and compared with CAR T cells that were generated with VSV-LV. A 

protocol for production of CAR T cells within less than 48 hour ex vivo culture had to be set up 

and the corresponding CAR T cells analyzed in vivo for their generation, distribution, phenotypes 

and exhaustion as well as activity against CD19 positive tumor cells.  



Results Selecting a suitable receptor-targeting system 

18 

 

2. Results 

This thesis describes for the first time the generation of a LV that is specific for a T cell marker 

expressed on less differentiated T cells: CD62L. The specificity of this vector was mediated by 

fusing the CD62L scFv to the mutated MV-H protein. The resulting vector was characterized and 

analyzed for its ability to generate potent CAR T cells. 

2.1. Selecting a suitable receptor-targeting system 

In this thesis, a novel LV directed to CD62L was generated. The basis for this was the antibody 

145/15 from which the sequence of a scFv was derived. First steps in generating the CD62L 

specific LV included identifying the best suited envelope: MV or NiV. Therefore, surface 

expression of MV-H and NiV-G fused to CD62L-scFv and ability of unpurified vectors to deliver 

gfp as a transgene to cell lines was analyzed. 

2.1.1 CD62L-scFv surface expression 

To identify which envelope is best suited for targeting CD62L with the 145/15 scFv, respective 

sequence was cloned into MV-H and NiV-G plasmid, the latter in two variations. Usually, a (G4S)3 

linker (L3) is placed between the envelope protein and the targeting moiety to enhance steric 

flexibility of the distant scFv or DARPin. However, NiV-LVs were shown to require a distance 

less than 210 Å between viral and cellular membrane for efficient fusion [157]. To possibly obtain 

a better functional vector by shortening the construct, the L3-linker between NiV-G and scFv was 

ablated, resulting in a plasmid called NiV-G-CD62L.scFv-His. The modified His-tagged MV-H 

and NiV-G proteins can be detected during vector production or at fully assembled vector particles 

via the His-tag. The other plasmids called MV-H-L3-CD62L.scFv-His and NiV-G-L3-

CD62L.scFv-His both contained the L3 linker.  

In order to generate functional vector particles, surface expression of all structural proteins in 

producer cells is crucial. Therefore, it was essential to prove the surface expression of MV-H and 

NiV-G fused to the CD62L-scFv. To analyze this, producer HEK293T cells were transfected with 

the different plasmids. Analysis of surface expression was performed three days later by staining 

for the His-tag with a fluorophore-coupled α-His antibody and detection via flow cytometry. 

Importantly, all the glycoproteins fused to the CD62L-scFv were expressed at the surface of 

transfected HEK293T cells at similar levels (Figure 10). Surface expression as an important first 

step for the production of vector particles with any of these plasmids was thus confirmed. 
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2.1.2 CD62L-LV-gfp transgene delivery 

To identify the best suited vector for CD62L receptor-targeting it was next important to analyze if 

vector particles integrate their transgene into cells. A schematic overview of plasmids required for 

production of a respective MV-targeted LV is illustrated in Figure 11. 

For production of 62L-LVs, transfection of producer cells with two envelope plasmids (one 

encoding MV-H or NiV-G fused to the targeting moiety, the other the fusion protein MV-F or NiV-

F), the packaging plasmid pCMVΔR8.9 encoding HIV-1 structural proteins [140] and the transgene 

was performed. For first proof-of-concept, a transgene encoding gfp [177] was chosen rather than 

a therapeutic transgene that will be used in later chapters. Vectors encoding gfp were harvested 

Figure 11: Schematic representation of transfection plasmids generating a receptor-targeted LV with 
MV glycoproteins. In one envelope plasmid, a His-tag (H6) is fused to the scFv to follow correct vector 
assembly in bioanalytical assays. All plasmids are expressed by a promoter that might be adapted 

depending on target cell or LV construct. 
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Figure 10: Surface expression of glycoproteins fused to the CD62L-scFv. Producer HEK293T cells were 
transiently transfected with either of three plasmids coding for the glycoproteins fused to CD62L-scFv. 
Surface expression of the targeting domain fused to measles receptor (blue) or Nipah receptor with (green) 
or without (purple) linker was analyzed three days later. Untransfected HEK293T cells served as control 
(grey). All cells were stained with a phycoerythrin (PE) labeled α-His antibody. His expression (x-axis) 

directly correlates with glycoprotein surface expression. 
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from the supernatant 48 hours after transfection, sterile filtered and used as unconcentrated 

supernatant for the transduction of target cells (HT1080CD62L and HT1080αHis) or non-target cells 

(HT1080) as described in chapter 4.3.10. HT1080 cells expressing CD62L were produced prior to 

conduction of this thesis in the Buchholz’ lab by transduction of HT1080 cells (data not shown). 

HT1080αHis cells can be bound by vector particles via their His-tag. Four days after transduction, 

gfp transgene expression was analyzed by flow cytometry (chapter 4.3.20). Besides the novel 62L-

LVs, VSV-LV coding for gfp was used for transduction as a control. 

Transgene delivery to target-positive cell lines was observed in considerable amounts for the 

MV-L362L-LV and the control VSV-LV only (Figure 12). As the VSV-LV receptor LDL-R is present 

on all HT1080 cells it was expected that this vector transduces all three HT1080 cell lines. Indeed, 

51% – 80% of the HT1080 cells expressed gfp after incubation with VSV-LV. MV-L362L-LV 

transduced 22% of HT1080CD62L cells and more than 56% of HT1080αHis cells. As only the target-

receptor positive cell lines were transduced, the selectivity of the vector particles was proven. 

HT1080αHis cells expressed the gfp transgene in higher percent and intensity than CD62L positive 

HT1080 cells. Possibly, the αHis molecule is expressed in higher surface density than CD62L on 

the HT1080 cells and vectors might therefore attach to and enter the cells more efficiently.  

Notably, less than 2% of target cells were transduced with both NiV62L-LVs. Therefore, these 

vectors were clearly outperformed by MV62L-LV. Consequently, this experiment suggested that 

62L-scFv targeting more active in the MV-system. Therefore, this system was chosen for further 

experiments.  

Figure 12: Analyzing supernatant containing unconcentrated LV-gfp particles for transduction 
efficiency. 62L-LV-gfp and VSV-LV-gfp stocks were produced on HEK293T producer cells in 12-wells. 100 µL 
supernatant containing vector particles was used for transduction of 62L-LV target cells (HT1080CD62L or 
HT1080αHis) or non-target cells (HT1080) that were seeded in numbers of 8E3 cells one day earlier. Four 
days post transduction, cell supernatant was discarded, cells washed, detached and analyzed by flow 

cytometry for gfp expression (x-axis).  
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2.2. Characterization of a second generation αCD19-CAR using 

established LVs 

The approach of this thesis was to generate potent CAR T cells with the novel 62L-LV. Therefore, 

in parallel the generation of CAR T cells with receptor-targeted LVs had to be established. For this 

purpose, already established vector systems were used to proof whether the transgene is 

consistently expressed after transduction and whether the generated CAR T cells are able to kill 

CD19-positive target cells effectively. The detailed design of the CAR is provided in Figure 13.  

The second generation αCD19-CAR consists of a scFv derived from the murine monoclonal 

antibody FMC63 binding to CD19, a human CD8-derived hinge and transmembrane domain, the 

4-1BB costimulatory domain and the CD3ζ-signaling domain [178]. A truncated LNGFR 

(ΔLNGFR) reporter protein is connected to the CAR by a P2A peptide self-cleavage sequence. 

Transgene expression is under the control of the human phosphoglycerate kinase (hPGK) promoter. 

The woodchuck hepatitis virus posttranscriptional regulatory element (WPRE) is encoded after a 

stop codon to enhance transgene expression in transduced cells. 

2.2.1 CAR transgene delivery by receptor-targeted LVs in presence or 

absence of Vectofusin-1 

Aiming at generating CAR T cells with well-established vectors to characterize the αCD19-CAR 

described in Figure 13, HEK293T cells were transiently transfected with plasmids needed for 

production of CD4-LV, CD8-LV, VSV-LV and BaEV-LV. Vector containing supernatant was 

collected 48 hours after transfection, sterile filtered and LV particles were concentrated over a 20% 

sucrose cushion (chapter 4.3.5). Subsequently, 1 µL BaEV-LV or 5 µL of all other LV concentrated 

vector stock were used to transduce three day α-CD3, α-CD28 and IL-2 activated human T cells 

(chapters 4.3.13). Transgene expression was analyzed 12 days later by staining for the truncated 

ΔLNGFR reporter protein with an α-LNGFR antibody and flow cytometric analysis  

After transduction with CD4-LV 22% of CD4+ T cells were positive for ΔLNGFR (Figure 14, left 

dot blot, upper quadrants) while CD4- cells did not express ΔLNGFR (left dot blot, lower 

quadrants). CD8-LV transduction induced ΔLNGFR expression in 32% of all CD8+ T cells 

(second dot blot from left, upper quadrants) while CD8- were left untransduced (lower quadrants). 

Transduction with the pseudotyped vectors VSV-LV and BaEV-LV transduced both CD4+ and 

CD8+ T cells. 52% of all CD4+ T cells were transduced after VSV-LV addition and 33% of all 

CD8+ T cells. Highest transduced T cell levels determined by LNGFR staining were seen after 

BaEV-LV transduction as 62% of CD4+ T cells and 45% of CD8+ T cells were ΔLNGFR positive. 

T cells left untransduced served as a control in this experiment. To conclude, the transgene can be 

delivered and expressed by activated T cells.  

hPGK αCD19 CD8 TMD 4-1BB CD3ζ P2A ΔLNGFR WPRESTOP

Figure 13: Schematic representation of the αCD19-CAR construct.  
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Transgene delivery to activated T cells was less after transduction with the receptor-targeted 

vectors in comparison to transduction using the two pseudotyped vectors. In order to increase 

transduction rates, transduction enhancers were used. In general, transduction enhancers can be 

used that boost vector entry into a cell. Transduction enhancers can be cationic polymers, lipids, 

peptides (polybrene, protamine sulfate) or small molecules (fibronectin) [179]. The histidine-rich 

cationic amphipathic short peptide Vectofusin-1 was found to promote transduction of human 

CD34 positive hematopoietic stem cells with various pseudotyped LVs [180]. Gibbon ape leukemia 

virus (GALV), but not VSV pseudotyped LVs were previously published to achieve higher 

transduction of T and B cells with Vectofusin-1 [181].  

Influence of Vectofusin-1 on transgene delivery and LV specificity using CD4-LV, CD8-LV, 

VSV-LV and BaEV-LV was analyzed by transducing the cells that were used in parallel in the 

experiment described in Figure 14 in the presence of this transduction enhancer.  

Vectofusin-1 boosted CD4-LV transgene delivery to 57% of CD4+ T cells and CD8-LV transgene 

delivery to 87% of CD8+ cells (Figure 15). Strikingly, transduction with VSV-LV in the presence 

of Vectofusin-1 caused merely 21% ΔLNGFR expression in CD4+ and 13% in CD8+ T cells. 

Transgene delivery to T cells using BaEV-LV was most effective: with Vectofusin-1 79% of CD4+ 

and 66% of CD8+ T cells were transgene positive. 

To make a substantial suggestion whether usage of Vectofusin-1 improves transgene delivery, 

transduction experiments were repeated. Prior to transduction, PBMC of 6 – 8 donors were either 

activated for two days with α-CD3, α-CD28, IL-7 and IL-15 or three days with α-CD3, α-CD28 

and IL-2 (chapter 4.3.12). Transduction was performed using 2.5 or 5 µL CD4-LV or CD8-LV, 

5µL VSV-LV or 1 – 5 µL BaEV-LV. 

Figure 14: CAR reporter protein ΔLNGFR expression on activated T cells after transduction with well-
established vectors. Activated Human T cells were transduced with indicated vectors encoding the second 
generation αCD19-CAR or left untransduced. 12 days later, transgene expression on T cells was analyzed 

by staining for ΔLNGFR, CD4 and CD8 and flow cytometric analysis. Figure is modified from [185]. 
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In comparison to samples without the transduction enhancer all vectors except VSV-LV induced 

higher amounts of transgene positive cells in presence of Vectofusin-1 (Figure 16). In the absence 

of Vectofusin-1, 46% ± 21% transgene positive CD4+ T cells were detected after CD4-LV 

transduction. In the presence of Vectofusin-1, CD4+ T cell transduction was enhanced as 75% ± 

24% of CD4+ T cells expressed ΔLNGFR. Comparable, 47% ± 11% or 80% ± 15% of all CD8+ 

T cells were transgene positive after transduction with CD8-LV in absence or presence of 

Vectofusin-1, respectively. Notably, gene transfer using CD4-LV and CD8-LV was still selective. 

Highest transduction rates were achieved using BaEV-LV. While CD4+ T cells without 

Vectofusin-1 were transgene positive to 59% ± 11% and CD8+ T cells to 46% ± 11%, transduction 

of CD4+ and CD8+ T cells was enhanced to 84% ± 11% and 85% ± 13% in presence of 

Vectofusin-1.  

Contrarily, transduction with VSV-LV was impaired by Vectofusin-1. In detail, transduction rates 

of VSV-LV were significantly higher without Vectofusin-1 (73% ± 12% for CD4+ T cells and 

53% ± 15% for CD8+ T) compared to cells transduced in the absence of Vecotfusin-1 (38% ± 23% 

for CD4+ T cells and 23% ± 16% for CD8+ T cells). These findings align well with results 

published by Majdoul and colleagues [181]. 

In summary, the transgene delivery potential of receptor-targeted LV was enhanced by 

Vectofusin-1 while maintaining vector specificity. Importantly, transduction rates similar to those 

achieved using VSV-LV were reached, thus increasing the attractiveness of receptor-targeted LVs. 

2.2.2 Incorporation of transgene proteins into the vector particle surface 

Key of receptor-targeted LVs is their restriction to receptor-positive cells. Receptor restriction of 

CD4-LV and CD8-LV was repeatedly proven in previous publications [157, 159, 171, 174] and 

also in this thesis as discussed above (Figure 16). It therefore was surprising when transgene signals 

were detected by flow cytometry on cells that were target receptor negative. One example in which 

this effect was especially pronounced is depicted in Figure 17. This phenomenon was less 

pronounced in repeated experiments and restricted to cells that were transduced in the presence of 

Figure 16: Vectofusin-1 increases transduction rates of receptor-targeted and BaEV-LVs. Each dot 
represents an independent transduction experiment. Transduction rates were determined by flow 
cytomety 9 - 13 days post transduction. Individual results as well as mean with standard deviation are 
plotted. Unpaired t-test was performed to determine significance. Green symbols mark data points that 
were evaluated by A. Jamali. +V1 = Vectofusin-1 was present during transduction, -V1 = Vectofusin-1 was 

absent during transduction. Figure is modified from [185]. 
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Vectofusin-1 (data not shown). Thus, with prolonged cultivation of these cells, off-target signals 

disappeared and laid within background. 

In detail, more than 93% of CD4+ T cells on day 5 and 34% on day 13 after transduction with 

CD4-LV were transgene positive. Unexpectedly, in the same sample on day 5 also 50% of CD8+ 

T cells were positive for ΔLNGFR. Strikingly, signal in CD8+ T cells decreased to baseline on day 

13 (0.4%). Comparably, in the presence of Vectofusin-1 18% of non-target CD4+ T cells were 

ΔLNGFR+ at day 5 after transduction with CD8-LV. This signal decreased to baseline on day 13 

(0.4%) while transgene expression in CD8+ T cells remained high after transduction with CD8-LV 

(99% at day 5 and 70% at day 13).  

In conclusion, as off-target signals detected by flow cytometry disappeared with time, no real 

transduction of non-target cells occurred. Rather, ΔLNGFR signals on non-target cells were caused 

by a different mechanism. Possibly, incorporation of transgene proteins CAR and ΔLNGFR into 

the vector particle surface was causative. Of note, usage of Vectofusin-1 during transduction does 

not alter receptor-specificity of receptor-targeted CD4-LV and CD8-LV. 

2.2.3 Functionality of αCD19-CAR T cells generated in the presence or 

absence of Vectofusin-1 

Chapter 2.2.1 revealed that transduction rates increased using receptor-targeted LVs in the presence 

of Vectofusin-1. To further analyze whether CAR T cells generated in the presence of this 

transduction enhancer are functional, killing assays were performed. Transduction of α-CD3, α-

CD28 and IL-2 activated PBMC was performed using CD8-LV in the presence or absence of 

Vectofusin-1. 15 or 16 days later, transgene expression was determined by staining for ΔLNGFR 

(data not shown) and cells were used to kill CD19+ target cells. Therefore, transduced T cells were 

incubated in an effector to target ratio of 2.5:1 with CD19 positive Nalm6-EBFP-luc target cells 

(from now on called Nalm6 cells) that had been labeled with CFSE. Killing of Nalm6 cells was 

observed after four hours by live/dead staining using a fixable viability dye and gating on CFSE 

Figure 17: Off-target signals in the presence of Vectofusin-1 are detected early after transduction with 
receptor-targeted LVs. α-CD3, α-CD28 and IL-2 stimulated PBMC were transduced with 5 µL CD4-LV and 
CD8-LV or as a control left untransduced in the presence of Vectofusin-1. 5 and 13 days after transduction, 
flow cytometry was performed staining for LNGFR, CD4 and CD8. Numbers in the dot plots refer to percent 

LNGFR positive of CD4 or CD8 pre-gated cells. Figure is modified from [185]. 
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positive, live/dead dye positive cells. Nalm6 cells incubated without any T cells served to 

determine baseline dead Nalm6 cells (see also chapter 4.3.17). Amounts of relative dead target are 

depicted in Figure 18. 

Notably, the relative amount of dead Nalm6 cells incubated with transduced T cells were similar 

irrespective of Vectofusin-1. Yet, higher amounts of target cells were killed after incubation with 

either ΔLNGFR+ T cells in comparison to Nalm6 cells incubated with untransduced T cells 

(averages of 25% and 39% compared to 18%). These findings proved that functionality of 

transduced T cells is not altered when generated in presence of Vectofusin-1. In summary, data 

presented here and in previous chapters promote using Vectofusin-1 in the context of receptor-

targeted LVs because Vectofusin-1 was proven to be unproblematic in killing assays and beneficial 

for transduction while maintaining specificity for target cells. 

2.3. Basic characterization of CD62L-LV encoding αCD19-CAR 

Previous chapters described evaluating the appropriate receptor-targeting system for CD62L-scFv 

targeted LV and characterization of the second generation αCD19-CAR. Next step was to combine 

both, CD62L targeting and the CAR transgene. These 62L-LV-CAR vectors (below called 62L-

LV) were analyzed for basic characteristics like assembly, robustness of production regarding 

physical and functional properties and selectivity on cell lines.  

2.3.1 Assembly of 62L-LV particles 

To analyze whether 62L-LV particles are correctly assembled, Western blotting that allows 

detection of proteins incorporated into vector particles, is a standard procedure when generating 
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Figure 18: ΔLNGFR+ T cells generated in the presence and absence of Vectofusin-1 are functional. 
Cytotoxicity of transduced T cells was analyzed in a 4 hour killing assay of CD19+ Nalm6 target cells that 
were labeled with CFSE. Using flow cytometry, percent dead target cells was determined by gating for 
CFSE+ viability dye-double positive population. Relative amount of dead target cells was calculated by 
subtracting the percent dead Nalm6 cells in samples without T cells. Two killing assays were performed 
with three technical replicates each. Individual results and means with standard deviation are plotted. 
Ordinary one-way ANOVA was performed with Sidak‘s multiple comparisons test to determine significance. 

+V1 = with Vectofusin-1, -V1 = without Vectofusin-1, UT = untransduced. Figure is modified from [185]. 
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novel LVs. Several vector batches were produced by transient transfection of adherent HEK293T 

producer cells or suspension HEK293 producer cells (chapters 4.3.5 and 4.3.6). Importantly, one 

62L-LV stock was produced with plasmids needed for particle assembly, but without the CAR 

transfer plasmid. This vector stock is called 62L-LV-empty, since no transgene was encoded.  

All vector stocks were concentrated over sucrose cushion and same volumes were loaded onto 

sodium dodecyl sulfate (SDS) polyacrylamide gels. Proteins were separated and transferred to 

nitrocellulose membranes. Membranes were cut and the three resulting stripes were incubated with 

appropriate primary antibody α-His to detect CD62L-scFv and His-tag fused MV-H protein which 

has a size of 95 kD, α-F to detect MV-F1 protein which has a size of 37 kD and α-p24 to detect 

viral capsid protein p24 which has a size of 24 kD. All primary antibodies were bound by 

appropriate secondary antibodies coupled to horseradish peroxidase (HRP). Secondary antibody-

HRP conjugates were detected by addition of HRP substrate and developing on X-ray films. In 

total, three 62L-LV stocks were analyzed, two of which were produced on standard adherent 293T 

cells and one on suspension HEK293 cells in the LV-MAX production system. In addition, one 

62L-LV-empty stock was analyzed, produced using the LV-MAX production system. As controls 

two VSV-LV stocks were analyzed. Representative vector stocks were analyzed by Western 

blotting in Figure 19. 

The first two lanes loaded with 62L-LV and 62L-LV empty and stained with α-His revealed signals 

slightly above the 95 kD marker band. The VSV-LV and H2O lanes at same height exhibited no 

signal. This proved that the MV-H protein fused to the CD62L-scFv and His-tag was present in the 

two 62L-LV samples. It must thus have been successfully incorporated into the LV particles. In 

addition, signals between the 72 kD and 95 kD marker bands were detectable. These, most likely, 

were caused by unspecific binding of the α-His antibody or degraded target protein. Interestingly, 

more bands were detected in the 62L-LV-empty lane than in the 62L-LV and VSV-LV lanes. Most 

likely, this was due to the difference in production. The empty LV was produced in HEK293 

suspension cells with different cell culture medium than the other stocks. Apparently, a greater 

number of proteins that are unspecifically bound by the α-His antibody are present in the final 

vector stock produced in the suspension producer-cell system. 

The middle part of the blot was incubated with an α-MV-F antibody. The F1 protein has a size of 

37 kD and was detected in the two lanes with 62L-LV while no band was detected at the same 

height in the lane loaded with VSV-LV. Prominent signals were observed between 36 kD and 

55 kD. Possibly, unprocessed F0 protein was bound there. In the lane with empty LV, a signal 

above the 55 kD marker was detected that might be caused by higher amount of proteins that are 

unspecifically bound.  

In the lowest part of the blot staining for the HIV-1 protein p24 was performed. Bands are visible 

in all three lanes loaded with vector particles. This was expected because this protein is present in 

every correctly assembled vector, despite being VSV-pseudotyped or receptor-targeted. In the 

negative control H2O lane no proteins were detected, as expected. The p24 signals differed slightly 

in their intensities across the different samples. Since same vector stock volumes and not particle 

numbers were loaded onto the gel, this was not unexpected.  
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In summary, the three proteins analyzed were present in 62L-LV vector stocks, indicating a correct 

assembly of this novel receptor-targeted vector.  

2.3.2 Particle numbers in 62L-LV stocks 

Besides determining correct vector assembly, basic characterization of novel vectors includes 

determination of particle concentrations from repeatedly produced batches to proof production 

robustness. Vector particle concentration can be determined by p24 specific enzyme-linked 

immunosorbent assay (ELISA) or particle tracking.  

The technology nanoparticle tracking analysis (NTA) uses properties of light and Brownian motion 

in order to obtain the size distribution and concentration measurement of particles in liquid 

suspensions. Therefore, not only LV particle concentration but also the size of particles is 

measured. 

Physical properties of several 62L-LV stocks were analyzed using both techniques. Firstly, particle 

size determined by NanoSight revealed an average size of 142 ± 7 nm (Figure 20A). 

Concentrations determined by NanoSight were 3.9E11 – 7.9E11 particles/mL. The concentrations 

of vector stocks determined by p24-ELISA were similar at 2.6E11 – 5.9E11 particles/mL (Figure 

20B). Notably, independently produced batches all had similar concentrations even when analyzed 

with different techniques. In conclusion, these experiments proved a robust production of the novel 

62L-LV across several independently produced batches.  

Figure 19: Western blot analysis of vector particles. Vector stocks were analyzed by Western blotting for 
incorporation of viral glycoproteins MV-F and CD62L receptor-targeted MV-H that is His tagged and the viral 
protein p24. 20 µL concentrated vector stocks were loaded. VSV-LV and water served as controls. One 
representative out of 1 - 3 independent samples is depicted. Arrows indicate expected band sizes of 

proteins. 
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2.3.3 Gene transfer activity of 62L-LV stocks 

For a robust production not only the analyzed physical properties of independently produced vector 

batches are critical but even more so their gene transfer activities. Determination of functional titers 

of every newly produced vector batch is of highest importance to review its functionality. For 

functionality testing, vectors are added to target cells in serial dilutions and used for transduction 

of a defined number of target cells. Transduction efficiency was analyzed by flow cytometry three 

or four days later and functional titer were calculated based on the number of target cells during 

transduction, percent of transgene-positive cells, dilution factor and volume of vector stock used 

for transduction according to the following formula. 

𝑡𝑖𝑡𝑒𝑟 [𝑡. 𝑢./𝑚𝐿] =  
𝑡𝑎𝑟𝑔𝑒𝑡 𝑐𝑒𝑙𝑙𝑠 𝑑𝑢𝑟𝑖𝑛𝑔 𝑡𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑡𝑖𝑜𝑛 [𝑛𝑢𝑚𝑏𝑒𝑟] ∗ 𝑐𝑒𝑙𝑙𝑠 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑛𝑔 𝑡𝑟𝑎𝑛𝑠𝑔𝑒𝑛𝑒 [%]

𝑚𝐿 𝑣𝑒𝑐𝑡𝑜𝑟 𝑠𝑡𝑜𝑐𝑘 𝑢𝑠𝑒𝑑 𝑓𝑜𝑟 𝑡𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑡𝑖𝑜𝑛[𝑚𝐿]
 

Titers of four to nine 62L-LV stocks by transduction of HT1080α-His target cells or α-CD3, α-CD28 

and IL-2 activated PBMC were determined (Figure 21). A range of titers between 

5.6E5 – 3.1E6 t.u./mL (transducing units per milliliter) on HT1080αHis cells and between 

1.2E6 – 7.7E7 t.u./mL on PBMC was determined. Titers based on transductions of HT1080αHis 

cells were less variable than titers determined on PBMC. This might be caused by the PBMC’s 

nature. PBMC were isolated from various donors and transduction efficiencies from different 

donors or even different donations from the same donors are known to vary in general. This might 

be due to the activation state of PBMC by the time of isolation. Therefore, variable titers of vector 

stocks titrated on PBMC were expected. As every vector stock exhibited a titer higher than 

5.6E5 t.u./mL, a successful and robust production of functional 62L-LV vector batches was 

concluded.  

Figure 20: Physical properties of 62L-LV vector stocks. Three independently produced 62L-LV stocks 
were analyzed A) for size by Nanosight or B) for concentration by NanoSight and p24-ELISA. In Nanosight, 
technical triplicates were measured. For p24-ELISA, samples were pre-diluted to a range of 1E7 to 1E8 

prior testing. Means and standard deviations are depicted.  
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2.3.4  Selectivity of 62L-LV on cell lines 

When generating a novel vector targeted to a specific receptor it is necessary to analyze its 

restriction to this receptor. This can be achieved by incubation of receptor-positive and -negative 

cells with vector particles and analysis of transfer gene protein expression few days later by flow 

cytometry.  

62L-LV was used for transduction of target HT1080αHis and HT1080CD62L cells or incubated with 

non-target HT1080 cells. The representative FACS plots from Figure 22A reveal that 62L-LV 

transduced 15% or 45% of the target cells while non-target cells showed a baseline signal for 

ΔLNGFR. Also repeated transductions gave proof that transgene delivery was restricted to target 

cell lines (Figure 22B). On average, 22% of HT1080CD62L cells and 38% of HT1080αHis cells were 

ΔLNGFR+ after transduction with 62L-LV while baseline levels for ΔLNGFR were detected after 

transduction of non-target HT1080 cells. These findings proved that 62L-LV is highly selective for 

cell lines expressing CD62L. 

As for the experiment in which CD62L-LV-gfp was used for transduction of non-target and target 

HT1080 cells (Figure 12), HT1080αHis cells were transduced to higher extend than HT1080CD62L 

cells. Interestingly, like the results for CD62L-LV-gfp vectors, HT1080αHis cells were higher 

transduced than HT1080CD62L cells. As mentioned before, possibly a higher surface density of 

target molecules might be causative. Transduction of PBMC was even more effective. Possibly, 

even more receptor molecules are present on PBMC than on HT1080aHis cells. 

In conclusion, in this and previous chapters correct assembly of 62L-LV and robust production 

regarding particle size, concentration and functional titers were proven. In addition, selectivity of 

62L-LV on cell lines was confirmed. 

Figure 21: Functional titer of 62L-LV stocks. 62L-LV stocks were titrated on HT1080αHis cells or activated 
PBMC. Flow analysis staining with an α-LNGFR antibody was performed three or four days post transduction. 
Appropriate vector dilutions were used to determine the transducing units (t.u.) per mL of the vector 
stocks. Individual results and means with standard error are plotted. Statistical significance was 

determined using unpaired t-testing. 
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2.4. Advanced 62L-LV characterization  

In this chapter it was examined chapter whether 62L-LV is selective towards primary cells. 

Besides, it was analyzed whether shed CD62L molecules which are present in cell culture 

supernatant sequestrate vector particles and therefore compete with target cells in vitro and repress 

transgene delivery to those. Thus, an assay answering this question was designed.  

2.4.1 Selectivity of 62L-LV on primary cells 

Selectivity of 62L-LV on primary cells could not be analyzed by simple transduction and staining 

for the transgene encoded protein few days later, because CD62L expression is variable. Therefore, 

a blocking assay was established in which PBMC were incubated with 62L-LV overnight only. 

The following day, cells were stained for CD62L expression by the parental 145/15 α-CD62L 

antibody from which the displayed scFv was derived from. Vector particles bound selectively to 

CD62L surface molecules should impair binding of the parental antibody. This would be detectable 

by flow cytometry. 

Before performing this blocking assay, variability of CD62L expression on PBMC within the first 

24 hours after thawing was analyzed without addition of any vector particles (Figure 23). Of note, 

CD62L expression changed dramatically within this short time. Directly after thawing (purple), 

PBMC showed a population that was CD62L negative and one population that was CD62L 

positive. When these cells were incubated without activating stimuli for 24 hours (red), peaks of 

these two populations spread further. Especially, CD62L expression intensity (x-axis) of positive 

cells increased within 24 hours. Contrarily, PBMC stimulated with T cell activating agents (α-CD3, 

Figure 22: 62L-LV is selective on cell lines. Target and non-target HT1080 cells were incubated with 
2.5 µL 62L-LV stock for 4 days. Antibody staining for ΔLNGFR allowed detection of transduced cells by flow 
cytometry. A) Representative FACS plots of one vector stock. B) Percent ΔLNGFR expressing HT1080 cells 
after transduction with seven different vector stocks. Dashed lines indicate average baseline ΔLNGFR levels 
on each individual cell line. Individual results as well as means with standard deviation are plotted. 
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α-CD28, IL-7, IL-15) for 24 hours displayed different CD62L expression pattern (blue). The peak 

of CD62L positive population that was seen initially after thawing disappeared. Instead, a 

continuous decrease in CD62L positive cells was detected and the majority of cells was CD62L 

negative. 

Flow cytometric analysis in Figure 23 demonstrated that CD62L expression on PBMC is indeed 

highly variable within 24 hours already. To analyze 62L-LV specificity on primary cells after all, 

the blocking experiment mentioned above was performed. PBMC were either fully activated with 

T cell stimuli (α-CD3, α-CD28, IL-7, IL-15) or minimally activated with cytokines IL-7 and IL-15 

only and incubated overnight with 62L-LV particles, or VSV-LV or PBS as controls. Subsequent 

staining for CD62L with the parental 145/15 antibody indicated cellular CD62L that was freely 

accessible for the antibody because it was not bound by 62L-LV (Figure 24).  

Results revealed that CD62L is detectable after incubation of fully activated T cells with PBS (dark 

grey) and VSV-LV (deep orange) as well as minimally activated cells incubated with VSV-LV 

(light orange). Similar to the experiment depicted in Figure 23 activation of the PBMC lead to 

continuous decrease of CD62L expression, while minimally activated cells contained two distinct 

populations that were either negative for CD62L or highly expressing CD62L. Incubation with 

62L-LV impaired CD62L staining by the parental antibody, irrespectively of activation (deep and 

light blue). In comparison to the other samples, little signals for CD62L were detectable. These 

results indicate that 62L-LV particles bind specifically to CD62L on cells and therefore no CD62L 

staining was possible using the parental antibody. In summary, it can be concluded that the novel 

62L-LV is not only selective on cell lines but also on primary cells. 

Figure 23: Variations in CD62L expression on PBMC. PBMC were analyzed for CD62L expression by flow 
cytometry. Cells were either stained directly after thawing with isotype control (grey) or fluorophore 
labeled 145/15 antibody (purple) or 24 hours after thawing without (red) or with activating antibodies and 

cytokines IL-7 and IL-15 (blue). One representative sample out of three biological replicates is shown. 
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2.4.2 Influence of shed CD62L on 62L-LV binding to primary cells 

During T cell activation and differentiation, CD62L is shed from the T cell’s surface. Therefore, 

shed CD62L is present at relatively high levels in serum of normal individuals, possibly to direct 

leucocytes to sites of inflammation [47, 182]. In addition, aggregates of shed CD62L are found 

remaining in the endothelium of high endothelial venules (HEVs) upon entry of CD4 T cells into 

lymph nodes [183]. Also in vitro, shed CD62L remains in the cell culture supernatant. Whether 

shed CD62L (sCD62L) hinders in vitro transduction by sequestrating vector particles was analyzed 

subsequently in a binding experiment. 

The basis of this assay was the simultaneous incorporation of ΔLNGFR and the MV glycoproteins 

into the LV particle surface (see chapter 2.2.2). Staining for ΔLNGFR present at vector particles 

allows detection of vector particles bound to cells. Certainly, 62L-LV for binding to CD62L on 

T cells requires available CD62L-scFvs at MV-H proteins. If sCD62L complexes with CD62L-

scFvs at the vector particles, less MV-CD62L-scFv molecules are available for binding to CD62L 

at cellular surfaces. Therefore a sequestration of vector particles by sCD62L in a binding assay 

would lead to less ΔLNGFR detectable by flow cytometry. 

To obtain sCD62L for the binding assay, PBMC were fully activated and cell culture supernatant 

was harvested six days later. Performing ELISA, shed CD62L concentration in the supernatant was 

analyzed. On average 64 ng/mL sCD62L was detected (Figure 25). 

Figure 24: Cell surface CD62L is blocked by 62L-LV. Two days with α-CD3, α-CD28, IL-7 and IL-15 fully 
activated or overnight IL-7 and IL-15 only minimally activated PBMC were incubated with 2.16E4 62L-LV 
particles/cell, 1.73E4 VSV-LV particles/cell or PBS. One day later, CD62L staining was performed using the 
parental antibody (clone 145/15) or the respective isotype control. Data are representative from 1 - 2 

biological experiments 

α-CD3, α-CD28, 

IL-7, IL-15

IL-7, IL-15

62L-LV

VSV-LV

PBS

c
o

u
n

t

CD62L

isotype control

α-CD3, α-CD28, 

IL-7, IL-15

IL-7, IL-15

α-CD3, α-CD28, 

IL-7, IL-15

α-CD3, α-CD28, 

IL-7, IL-15



Results Advanced 62L-LV characterization 

33 

 

Supernatants containing sCD62L were incubated directly or after one freeze-thaw cycle with 62L-

LV particles for 60 minutes at 4°C. Subsequently, vector/sCD62L-mixtures were added to α-CD3, 

α-CD28, IL-7 and IL-15 activated PBMC and binding of vectors to cells was analyzed by flow 

cytometry by detection of vector surface ΔLNGFR. As control, fresh culture medium without 

sCD62L was pre-incubated with the vector particles prior to incubation with PBMC. As a control, 

also VSV-LV particles were incubated with sCD62L containing supernatants or fresh TCM. 

sCD62L should not influence VSV-LV binding to PBMC. Percent of vector bound T cells of 

representative FACS plots is presented in Figure 26 A. Interestingly, pre-incubation of vector 

particles with sCD62L containing supernatants did not change binding to PBMC. 62L-LV particles 

were bound to 68% of T cells after incubation with fresh medium containing sCD62L, 64% after 

incubation with frozen sCD62L containing supernatant and 67% after incubation with fresh T cell 

medium (TCM) without sCD62L. 

Similar results were observed in repeated experiments. ΔLNGFR expression intensities of on T 

cells due to 62L-LV or VSV-LV binding is presented in Figure 26B. Similar mean fluorescence 

intensities (MFIs) were detected regardless whether vector particles were incubated with sCD62L 

containing supernatant before.  

Concluding, sCD62L molecules present in cell culture supernatants did not alter binding of 62L-

LV to T cells. Change of cell culture medium prior to transduction with 62L-LV therefore is not 

absolutely necessary. 

Figure 25: Shed CD62L (sCD62L) detection in PBMC supernatants. PBMC were fully activated and the 
supernatant was harvested six days later. Concentration of sCD62L was analyzed by ELISA. Black symbol 
indicates that data was evaluated by T. Kerzel and reported in his Master thesis. Individual results, means 

and standard deviation are depicted. 
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2.5. CAR transgene delivery using 62L-LV 

In previous chapters, 62L-LV was analyzed for its physical content and selectivity on cell lines and 

primary cells. In the following, its ability to deliver the αCD19-CAR transgene to primary cells is 

observed. As mentioned before in chapter 2.2.1, the transduction enhancer Vectofusin-1 effectively 

increased transgene delivery potential of other receptor-targeted LVs. Therefore, it was of interest 

to analyze its influence on transductions of 62L-LV.  

Furthermore, it was analyzed whether transduction of 62L-LV alters the phenotype of transduced 

cells compared to cells that were transduced by VSV-LV. Also, transduction of minimally 

stimulated T cells was performed using 62L-LV, which generally is a challenging approach 

because VSV-LV need fully activated T cells for proper transduction. 

2.5.1 Transduction of fully activated T cells 

It was important to analyze 62L-LV transgene delivery potential to activated PBMC and the 

influence of Vectofusin-1 during these transductions. PBMC were activated with α-CD3, α-CD28, 

IL7 and IL-15 and transduced with 62L-LV. FACS plots in Figure 27A represent PBMC 

transduced with 10 µL 62L-LV nine days earlier in the presence or absence of Vectofusin-1. In 

samples without Vectofusin-1, 63% of all CD4+ cells were ΔLNGFR transgene positive and 36% 

of all CD8+ cells. Transgene expression was boosted by Vectofusin-1 as 75% of all CD4+ cells 

and 52% of all CD8+ cells were transgene positive.  

Figure 26: Shed CD62L does not influence vector binding. LV particles were incubated with supernatant 
containing sCD62L or fresh T cell medium (TCM). Mixture of vector stock and supernatant was added to 
fully activated PBMC and binding was performed for 30 min at 4°C. Flow cytometry was performed 
analyzing content of vector bound T cells by staining with fluorophore coupled α-CD3 and α-LNGFR 
antibodies. A) Representative FACS plots of vector bound T cells are depicted. B) ΔLNGFR intensity [MFI] 
of vector bound cells in 3 - 14 independent experiments. Individual results and means with standard 
deviation are plotted. Black symbols indicate data that were evaluated by T. Kerzel and reported in his 

Master thesis. Statistical testing was performed using 2way ANOVA. 
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Repeated transduction of T cells from seven different donors revealed transduction rates of 

50% ± 22% for CD4+ T cells and 32% ± 18% for CD8+ T cells without Vectofusin-1 which was 

increased to 72% ± 17% for CD4+ T cells and 56% ± 16% for CD8+ T cells when Vectofusin-1 

was present during transduction (Figure 27 B). 

In summary, Vectofusin-1 repeatedly increased transduction of T cells by 62L-LV. These results 

were consistent to those observed for CD4-LV and CD8-LV (Figure 15). Eventually, a strong 

potential of 62L-LV to transduce high amounts of T cells was proven. 

2.5.2 Phenotyping of 62L-LV transduced fully activated T cells 

In previous chapters, 62L-LV was proven to be selective to CD62L expressing cells and highly 

potent in transducing activated T cells. Consequently, it was important to analyze whether 62L-LV 

influences phenotypes of transduced T cells differently than VSV-LV.  

PBMC were fully activated with the usual T cell stimuli (α-CD3, α-CD28, IL-7, IL-15) and 

transduced with 62L-LV or VSV-LV. 5, 9 and 12 days post transduction cells were analyzed by 

flow cytometry for CD4 and CD8, ΔLNGFR reporter protein and CD62L expression. Figure 28 

displays CD4+ or CD8+ ΔLNGFR+ cells that additionally were positive for CD62L. As mentioned 

previously, CD62L+ is expressed on less differentiated T cells including TN, TSCM and TCM cells 

(chapter 1.1.3).  

At first analysis time point 5 days post transduction, 62L-LV or VSV-LV transduced CD4+ 

ΔLNGFR+ T cells had the same amount of less differentiated CD62L+ T cells (almost 80%). At 

day 9 CD4+ ΔLNGFR+ T cells expressing CD62L remained stable after VSV-LV transduction but 

increased to almost 90% for CD62L-LV transduced cells. Importantly, the ratio of less 

differentiated CD62L+ CD4+ ΔLNGFR+ T cells was significantly higher after transduction with 

62L-LV in comparison to VSV-LV transduced cells. At latest analysis, CD4+ ΔLNGFR+ T cells 

Figure 27: Transgene delivery of 62L-LV to PBMC is highly effective, especially in presence of 
Vectofusin-1. Activated PBMC were transduced in the presence (+V1) or absence (-V1) of Vectofusin-1. 
A) Representative FACS plots of 4E4 PBMC that were transduced with 10 µL 62L-LV. B) Results for 
transduction of 4E4 PBMC from seven different donors in four independent experiments with 5 or 10 µL 
62L-LV stock 9 - 12 days earlier. Green symbols mark datasets that were evaluated by T. Kerzel and 
reported in his Master thesis. Individual results and means with standard deviation are plotted. Statistical 

analysis was performed using paired t-test.  
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were still around 90% CD62L+ when transduced with 62L-LV, while VSV-LV transduced CD4+ 

ΔLNGFR+ T cells were less than 70% CD62L+. 

CD62L+ CD8+ ΔLNGFR+ T cell amounts were generally lower than CD62L+ CD4+ ΔLNGFR+ 

T cells. In detail, at day 5 70% of 62L-LV transduced CD8+ T cells were CD62L+ and 60% of 

VSV-LV transduced cells. At day 9 an increased proportion of transduced CD8+ ΔLNGFR+ T 

cells expressing CD62L was observed. 65% of CD8+ ΔLNGFR+ T cells were CD62L+ after 

transduction with VSV-LV while transduction with 62L-LV caused to significantly higher amounts 

of CD62L+ transduced T cells (85%). At day 12, the amount of CD62L+ transduced cells was 

decreased but was still significantly higher than in VSV-LV treated cultures. 

To conclude, 62L-LV transduces preferentially less differentiated T cells. Possibly, this leads to 

less differentiated and more potent CAR T cells. 

2.5.3 Transduction of minimally stimulated T cells 

In previous chapters 62L-LV was successfully produced and proven to be potent in transducing 

fully activated T cells. In the following, it was analyzed whether also minimally activated T cells 

could be transduced with 62L-LV. Minimal activation of T cells using IL-7 and IL-15 prior, during 

and after transduction might preserve naive and memory T cell ratios. Another advantage of 

minimal stimulated CAR T cells might be a short production process, which might further limit 

T cell differentiation and enhances functionality of CAR T cells. Two different protocols for 

transduction of minimally stimulated T cells were established which are schematically illustrated 

in Figure 29. Both were co-culture experiments in which CAR antigen was repeatedly stimulated 

by addition of CD19+ Nalm6 cells. Notably, no TCR stimulating α-CD3 and costimulating α-CD28 

antibodies were added during the monitoring period. T cells were only stimulated with the two 

cytokines and CAR T cells might get activated by antigen presentation of the Nalm6 cells. 

In total, three successful in vitro co-culture experiments were conducted, one according to the 

procedure displayed in Figure 29A, the other two followed the procedure in Figure 29B. The main 

differences between both were the starting material, time-point of transduction and time-point of 

first antigen challenge. Either, PBMC were incubated directly after isolation from whole blood 

Figure 28: T cell phenotyping after transduction with 62L-LV or VSV-LV. PBMC of three different donors 
were fully activated and 8E4 cells were and transduced with 5 or 10 µL 62L-LV or 0.05 µL or 0.5 µL VSV-
LV. The total percentage of CD4+ (left) and CD8+ (right) ΔLNGFR+ that expressed CD62L is displayed. Cells 
transduced with either vector were tested for significant differences at each analysis time point 
individually. Therefore, Fisher’s least significant difference (LSD) test was performed that does not correct 

for multiple comparisons. Mean with standard error is plotted. 
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with vectors and cytokines to minimally activate the included T cells, or T cells were enriched from 

frozen PBMC and overnight incubated in cytokine containing medium prior to transduction with 

62L-LV or VSV-LV. T cell enrichment increased amount of T cells from 45% to 88% and 49% to 

77% (data not shown). 24 or 48 hours after addition of vector particles, antigen positive Nalm6 

cells were added to stimulate CAR expression and CAR T cell activity as well as proliferation. In 

first co-cultures, irradiated Nalm6 cells were added, in later experiments, Nalm6 cells were not 

irradiated prior to co-culture. Detailed information about co-culture experiments is provided in 

chapter 4.3.15. 

In all co-culture experiments, T cell viability was followed regularly by staining for CD3 and 

viability. Exemplary FACS plots from one experiment are provided in Figure 30A. At day 2 after 

start of co-culture similar amounts of viable CD3+ T cells were present in all samples irrespective 

whether cells were transduced with 62L-LV or VSV-LV or left untransduced (52 – 57%). At 

day 13, T cell viability between the groups was more heterogeneous. Cells that were transduced 

with 62L-LV had 69% viable T cells and 43% of T cells were viable after transduction with VSV-

LV. Smallest amount of viable cells were detected in the untransduced group (25%). At day 19 of 

co-culture similar results were seen (62L-LV transduction: 64% viable T cells; VSV-LV 

transduction: 42% viable T cells; untransduced: 20% viable T cells).  

T cell viabilities of all three co-culture experiments are summarized in Figure 30B. Viability was 

highest in the 62L-LV group. At days 0 to 11 T cell viability lay at 33 – 60%. Strikingly, at later 

analysis time-points, cell viability was even higher with 63 – 71% at days 13 or 14 and 64 – 77% 

at days 18 or 19. In contrast to rising amounts of viable T cells after 62L-LV transduction, VSV-

Figure 29: Schematic overview of in vitro co-culture experiments with minimally activated T cells. 
A) PBMC were isolated from fresh whole blood and incubated with cytokines and vector particles. After 
incubation for 48 hours, Nalm6 tumor cells were added to stimulate CAR T cells. B) Frozen PBMC were 
thawed and T cells were enriched. T cells were incubated for 24 hours with cytokines prior to addition of 

vector particles. CAR T cells were stimulated with Nalm6 cells 24 hours after transduction. 
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LV transduced cells were viable to 33 – 65% regardless of analysis time point. Untransduced T 

cells over time lost viability as 33 – 81% at days 0 to 8 and only 14 – 25% at days 11 to 19 of T 

cells were viable.  

In summary, acceptable amounts of viable T cells were found in the co-culture experiments. Of 

note, during this project further three co-culture experiments were conducted following protocol in 

Figure 29A. However, viability of T cells was poor already 48 hours after transduction. This was 

crucial for changing the protocol and pre-incubate T cells in cytokine containing medium overnight 

before transduction (Figure 29B). In experiments following this procedure, T cell viability was 

high. Detailed troubleshooting establishing the culture of minimally stimulated T cells is described 

in the following chapter. 

Following viability analysis, transgene expression of minimally activated T cells was analyzed by 

antibody staining for the reporter ΔLNGFR protein. Exemplary FACS plots of one experiment are 

presented in Figure 31 . Transduction of minimally activated cells with both vectors resulted in 

high amount of ΔLNGFR+ T cells at start of the co-culture (82% or 85%). This analysis was 

performed only two days after transduction and vector bound to the cell might have caused this 

signal (chapter 2.2.2). However, also at later time-points, ΔLNGFR signals were detected when 

cells were transduced with 62L-LV (day 13 55% and day 19 21%) and VSV-LV (day 13 62% and 

day 19 74%). Importantly, results of all three co-cultures were similar (Figure 31B). Amount of 

ΔLNGFR+ T cells decrease over time when transduced with 62L-LV (75 – 94% at days 2 to 8 

Figure 30: T cell viability during co-culture of minimally activated T cells with CD19+ Nalm6 cells. 
A) Exemplary FACS plots of one co-culture experiment with CD19 positive Nalm6 cells. In this experiment, 
PBMC were thawed, enriched for T cells and incubated for 24 hours with IL-7 and IL-15. Then, transduction 
of 3E5 cells with 20 µL 62L-LV or 10 µL VSV-LV was performed or cells were left untransduced. At indicated 
time points after start of co-culture part of the cells was analyzed by flow cytometry for viable CD3+ 
T cells. Gating on CD3+ cells was performed before. B) T cell viability in three co-culture experiments. In 
two experiments, cells were treated as in A) and analyzed by flow cytometry at days 2, 5, 8, 13 and 19 
after start of co-culture. In the other co-culture experiment, 8E4 PBMC directly after isolation from blood 
were incubated with IL-7 and IL-15 and transduced with 15 µL 62L-LV or left untransduced. 48 hours later, 
co-culture was started. At start of co-culture cells were analyzed by flow for viable CD3+ T cells and at 

days 6, 11, 14 and 18 of co-culture. 
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versus 21 – 55% at days 11 to 19), while VSV-LV transduced T cells had similar amounts of  

ΔLNGFR+ T cells at all days (62 – 82%). 

In conclusion, both 62L-LV and VSV-LV were able to transduce IL-7 and IL-15 minimally 

stimulated T cells. Upon repeated antigen stimulation in vitro, viability and transgene expression 

of T cells was high.  

2.5.4 Methodical troubleshoot for culture of minimally stimulated T cells 

Results of the previous chapter gave proof that IL-7 and IL-15 minimally activated T cells were 

transduced with 62L-LV and VSV-LV. Generated CAR T cells were persisting for more than two 

weeks in vitro when activated by addition of target positive Nalm6 cells (Figure 30, Figure 31). 

Setup of these co-cultures required troubleshooting as cell viability of minimally stimulated T cells 

was low in the first experiments. An overview over experiments in which fully activated or 

minimally activated cells were used is provided in Table 1. 

In total, two protocols for generation of minimally activated CAR T cells were followed 

(chapter 4.3.15). The first included isolation of PBMC from fresh whole blood and direct 

incubation with IL-7, IL-15 and 62L-LV. However, of in total four experiments performed 

accordingly, in only one T cells were viable more than 50% two days later. Thus, culture of 

minimally activated PBMC needed optimization and several influences were considered.  

In general, fully activated PBMC from chapter 2.5.2 were cultured in a density of 1.1E6 cells/cm2 

during activation and 1.3E5 cells/cm2 after transduction with vector particles (Table 1A). In the 

first two minimal co-culture experiments, cells were kept in the same density after transduction. 

However, only 7% and 11% of 62L-LV incubated cells were viable two days later (Table 1B). In 

Figure 31: Amount of transduced minimally activated T cells during co-culture with irradiated Nalm6 
cells. A) Exemplary FACS plots for one co-culture experiment. T cells were treated as described in Figure 
30 A. At indicated time points, part of the cells was analyzed by flow cytometry for CD3+ T cells and their 
expression of ΔLNGFR. B) Summary of ΔLNGFR+ T cells of all three co-culture experiments described in 

Figure 30B.  
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contrast, cell viability of fully activated PBMC five days after transduction was between 66 – 95%. 

Untransduced cells of the two minimal experiments contained only 10% and 18% viable T cells 

after two days while fully activated untransduced T cells were viable to large amounts (86 – 95%).  

Aiming at enhancing viability of minimally stimulated T cells, in the next two in vitro co-culture 

experiments cell density after vector addition was increased to 2.5E5 cells/cm2 (Table 1B; n3 and 

n4). Two days after transduction then 7% and 53% of 62L-LV transduced CD3+ T cells were 

viable, and 10% and 81% of untransduced cells. The experiment with higher cell viability (n4) was 

regarded as a successful experiment and analyzed in chapter 2.5.3. However, protocol needed 

further changes to reliably allow culture of minimally stimulated PBMC. These changes included 

overnight minimal stimulation of enriched T cells with IL-7 and IL-15 prior to transduction (Table 

1C). The mild stimulation prior to vector addition possibly constitutes an environment in which a 

higher amount of T cells survive the harsh transduction process.  

To eventually increase cell viability further, T cell density during the pre-stimulation was enhanced 

to 2.1E6 – 2.6E6 cells/cm2 and during transduction to 9.4E5 cells/cm2 (Table 1C). Indeed, T cell 

viability in the two experiments in which these changes were applied was higher. Three days after 

transduction with 62L-LV, 54% and 56% of T cells were viable. Untransduced cells in the same 

experiments were viable to 35% and 51%. Possibly, letting the cells rest after thawing prior to 

transduction and increasing cell density contributed to the enhanced T cell viability.  

In summary, culture of minimally stimulated T cells in vitro required one day of incubation in 

cytokine containing medium prior to transduction. After vector addition, culture in a cell density 

at least twice higher than culture of fully activated T cells was beneficial for cell viability of 

minimally activated T cells. 
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type of experiment n 

prior vector addition after vector addition 

cells/cm2 cells/cm2 
day of 

analysis 

viable CD3+ [%] 
viable CD3+ of 

respective UT sample 
[%] 

D11 D21 D11 D21 

A) activated PBMC 

1 

1.1E6 1.3E5 

5 90 95 86 95 

5 91 95 86 95 

2 
5 66 94 94 93 

5 96 94 94 93 

B) minimally activated PBMC 

1 

- 

1.3E5 
2 7 20 

2 2 11 18 

3 
2.5E5 

2 7 10 

4 2 53 81 

C) 
minimally activated enriched 

PBMC 

1 2.6E6 
9.4E5 

3 54 35 

2 2.1E6 3 56 51 

1The experiments with fully activated PBMC included PBMC from two different donors (D1 and D2) 

Table 1: Overview over fully and minimally activated PBMC experiments regarding cell culture densities and viability of T cells at first analysis time-point after 
incubation with vector. A) Activated PBMC experiments were performed as described in chapter 4.3.13. In brief, PBMC were incubated for two days in medium containing 
α-CD3, α-CD28, IL-7 and IL-15. In each experiment, two vector amounts were used and PBMC from two different donors. Results were discussed in chapters 2.5.1 and 2.5.2. 
B) Four experiments with minimally stimulated PBMC were performed in which freshly isolated PBMC were directly incubated with cytokines and vectors. Detailed method 
was described in chapter 4.3.15 and results in chapter 2.5.3. C) Two more transductions of minimally activated PBMC were performed for which T cells were enriched and 

pre-incubated in cytokine containing medium for one day prior to transduction with 62L-LV (chapters 4.3.15 and 2.5.3). D = donor 
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2.6. Potency of minimally and fully activated 62L-LV bound T cells in 

vivo 

The previous chapter addressed the generation of minimally stimulated CAR T cells and culture in 

vitro by repeated antigen stimulation. In this chapter, the potency of minimally activated CAR 

T cells was furthermore assessed in vivo. PBMC were minimally activated with IL-7 and IL-15 

overnight and then incubated with 62L-LV or VSV-LV. One day later, cells were intravenously 

(i.v.) injected into NSG mice. Notably, this incubation for less than one day was most likely too 

short for completion of transduction. Whether short-term activated T cells incubated with LVs 

encoding for the αCD19-CAR can give rise to potent CAR T cells and eliminate CD19+ tumor 

cells in vivo was evaluated in the following by analyzing reporter ΔLNGFR protein expression. In 

further groups performance of fully activated PBMC also incubated with vector particles for less 

than 24 hours and transplanted into mice was analyzed.  

Evaluation focused on capability of injected cell-vector grafts to produce stable transduced T cell 

populations in various organs and to eradicate antigen positive tumor cells that were injected three 

days after vector-cell grafts. Additionally, distribution of human CD45+ PBMC populations was 

analyzed in different organs. 

2.6.1 In vivo experiment setup 

To evaluate the functionality of CAR T cells generated under minimally activating conditions 

shortly after exposure to 62L-LV besides in vitro co-cultures (chapter 2.5.3), their cytotoxic 

activity was analyzed in vivo. Additionally, fully activated and early transplanted 62L-LV or VSV-

LV incubated T cells were analyzed for their functionality in vivo. The following chapters evaluate 

the results of the in vivo experiment described in Figure 32. 

Frozen PBMC were activated with IL-7, IL-15, α-CD3 and α-CD28 on day -2 of the experiment. 

One day later, PBMC of the same donor were minimally activated with cytokines only. At day 0 

of the experiment, PBMC were incubated with 62L-LV, VSV-LV or PBS as control. The following 

day, 2E6 fully activated PBMC incubated with 62L-LV or VSV-LV, 3E6 minimally activated 

PBMC incubated with same vectors or 1.4E6 untransduced PBMC were i.v. injected into NSG 

mice. Blood was taken 2 days later retrobulbarily and the isolated cells were analyzed by flow 

cytometry for expression of ΔLNGFR and human markers CD45, CD3, CD4, CD8, CD45RA, 

Figure 32: Experimental setting for the in vivo performance of early transplanted vector mixed T cells. 
PBMC were fully activated two days or minimally activated one day prior to incubation with 62L-LV, VSV-
LV or PBS. After overnight incubation, cells were injected into NSG mice. Blood sampling was performed 
at days 3 and 10. Nalm6 cells were injected at day 4 and their growth was followed by IVIS at days 9, 12 

and 15. At day 17 mice were sacrificed. d = day 
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CD45RO, CD62L, TIM-3 and LAG-3. 5E5 CD19 positive Nalm6-EBFP-luc cells were i.v. injected 

on day 4 to boost CAR T cell proliferation due to antigen activation. Tumor load was analyzed on 

days 9, 12, 15 and at final analysis on day 17 by IVIS as described in chapter 4.5.2. Blood was 

taken at day 10 and cells analyzed by flow cytometry for expression of the markers mentioned 

above. At final analysis, mice were sacrificed and cells from blood, bone marrow, spleen and liver 

harvested and analyzed by flow cytometry. 

Results of this in vivo experiment are described in the following chapters. ΔLNGFR expressing 

T cells were tracked in different organs and analysis of CD4+ and CD8+ ΔLNGFR+ T cells 

indicated different proliferative activities of these cells. Phenotypes and exhaustion status of 

transduced T cells was analyzed. Besides, tumor cell load in various organs was followed. 

2.6.2 Modulation of T cells prior to injection in vivo 

For the in vivo experiment, fully and minimally stimulated PBMC were incubated for less than 

24 hours with 62L-LV, VSV-LV or left untransduced prior to injection into NSG mice. Handling 

of the cells ex vivo included thawing of PBMC and incubation under full or minimal activating 

conditions for 48 or 24 hours. Subsequently, cells were counted and 1.8E6 PBMC mixed with 

30.3 µL 62L-LV, VSV-LV or PBS (see chapter 4.3.16). As for transduction experiments, cells and 

vectors were centrifuged for 90 minutes at 850 g. In experiments described before, cells were then 

cultured for several weeks or co-cultured with target-positive Nalm6 cells (chapters 2.5.1, 2.5.2, 

2.5.2). Conversely in this chapter, as the potency of short-term incubated vector T cells was 

identified, cell-vector mixtures were injected into mice after overnight incubation only.  

Cells were harvested, washed, counted and injected in different numbers into NSG mice. Number 

of cells injected into individual mice are indicated in Figure 33. Besides, flow cytometry was 

performed to identify the amounts of CD4+ or CD8+ T cells or CD4- CD8- double negative 

(CD4,8DN) T cells as well as population of non-T cells. By staining with an α-LNGFR antibody, 

vector bound-cells were identified. Composition of infused grafts is depicted in Figure 33. 

Mice in fully activated (act) 62L-LV and VSV-LV groups received 2E6 cells and those of the act 

untransduced (UT) group 1.4E6 cells. Mice in minimally activated (min) groups received most 

cells namely 3E6 PBMC incubated with 62L-LV or VSV-LV. Remaining cells were analyzed by 

flow cytometry for expression of CD3, CD4, CD8 markers and ΔLNGFR. 

Both 62L-LV groups had approximately 30% CD4+ T cells bound by vector particles, 6% CD8+ 

T cells bound by vector and 7% (act 62L-LV) or 9% (min 62L-LV) CD3+ T cells negative for CD4 

and CD8 bound by vector. In both VSV-LV groups the amount of ΔLNGFR+ T cells was less in 

comparison to the 62L-LV groups. In detail, the graft of PBMC incubated with VSV-LV contained 

approximately 11% CD4+ ΔLNGFR+ cells in both settings, 3% (act VSV-LV) or 7% (min VSV-

LV) CD8+ ΔLNGFR+ cells and 5% (act VSV-LV) or 7% (min VSV-LV) other CD3+ ΔLNGFR+ 

cells. Expectedly, no ΔLNGFR signals were found in the act UT group in which no vector particles 

were present. 
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In conclusion, around half of T cells in both 62L-LV groups were bound by vector particles. In 

both VSV-LV groups vector bound cells were notably fewer at around on fourth of all T cells. 

Noteworthy, binding vector particles cannot directly be transferred to transduction of those cells. 

Analysis of cell graft by flow cytometry does not allow prediction how many T cells were actually 

transduced in each group but provides a rough estimation of cell graft composition. Thus, graft 

profiling in all groups identified similar distribution of CD4+ to CD8+ and CD4,8DN T cells. Also, 

the amount of non-T cells was stable. Nevertheless, only further analyses allowed a statement 

which group generates most potent CAR T cells. 

2.6.3 Control of tumor growth in vivo 

To prove that potent CAR T cells can be generated by short ex vivo exposure to LVs and cytokine 

stimulation, their activity was assayed at day four of the experiment. Possibly, by that time 

transduction had completed and transduced cells expressed the transgene. 

To promote activation and proliferation of CAR T cells, antigen positive target cells – their ultimate 

stimuli – were transplanted into the mice. Sufficient functional CAR T cells would control tumor 

growth, while too few CAR T cell numbers or non-functional CAR T cells would not be able to 

halt tumor progression. Therefore, tumor growth was regularly analyzed by IVIS. 

The Nalm6 tumor cell line expresses the firefly luciferase gene (luc). When exposed to the 

luciferase substrate luciferin, luciferin is converted to emit visual light. With a sensitive detection 

system like IVIS imaging, photon flux from these tumor cells can be detected even when the 

reaction resides in live animals like mice. The photon flux per second (p/s) can be quantified using 

a specific software and allows conclusions about the tumor load within a living animal. Thus, three 

days after graft injection, 5E5 Nalm6 were i.v. injected per animal and growth was followed by 

IVIS on days 9, 12, 15 and 17 of the experiment (Figure 34). 

IVIS imaging revealed clearly, that tumor load was controlled in both act groups (Figure 34A). 

Mice of the act 62L-LV group had visual signals on day 9 and 12 but no tumor signal was detectable 

Figure 33: Composition of infused CAR T cells. Fully (act) or minimally (min) activated cells were 
incubated with 62L-LV, VSV-LV or PBS overnight prior to injection into NSG mice. The composition of the 
infused cell-vector-mixtures were analyzed by flow cytometry. T cells identified being transgene positive 

or negative or non-T cells being CD3 negative are indicated in different colors. DN = double negative 
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at days 15 and 17. Quantification of signals revealed that the tumor load in the act 62L-LV group 

was stable over all days of analysis (Figure 34B). No tumor signals were visible in the act VSV-

LV group at days 12, 15 and 17. Both groups had similar signals on day 17 at 7.7E6 ± 3.7E6 p/s 

(act 62L-LV) and 3.0E6 ± 2.2E6 p/s (act VSV-LV). Contrary results were obtained in the act UT 

and min VSV-LV group as luciferase signals from all mice steadily increased. Thus, tumor growth 

was not prevented in these groups.  

Interesting findings were made in the min groups. IVIS images at day 9 and 12 from mice of the 

min 62L-LV group revealed tumor signals evenly distributed amongst all mice that were similar to 

those of the min VSV-LV and act UT group. However, on day 15 four mice of this group had less 

tumor signals detectable than the fifth mouse M14. Two days later, tumor signal in M14 had further 

increased (Figure 34A). The tumor progression was evaluated by quantification of the 

bioluminescence signals considering the changed scales during acquisition. Absolute tumor load 

in the min 62L-LV group (Figure 34B) was equal for all mice on days 9 and 12, while at day 15 

all except M14 showed tumor regression with an unchanged luciferase signal. On day 17, M14 had 

13 – 66 fold higher tumor flux detectable than the other mice of this group. Further, at day 17 

luciferase signal in M15 was 3 – 5 fold higher than signals from M11, M12 and M13 (3.5E8 p/s 

versus 7.2E7 – 1.1E8 p/s). 

Figure 34: In vivo imaging of Nalm6 bearing mice transplanted with minimally or fully activated T cells 
incubated with 62L-LV or VSV-LV. Nalm6 cell infused mice were monitored for tumor load via in vivo 
bioluminescence imaging at days 9, 12, 15 and 17 of the experiment. 150 mg D-luciferin/kg body weight 
was i.p. injected to each mouse and bioluminescence imaged. Mouse 20 passed away during handling on 
day 15 and therefore was not imaged on days 15 and 17. A) Ventral images of each mouse are depicted. 
B) Total flux at different analysis time points was quantified. Mean with standard error is plotted. 2Way 

ANOVA was used to determine statistics. M = Mouse 
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These results indicate that in both act 62L-LV and act VSV-LV groups injected PBMC-vector 

grafts prevented growth of luciferase positive tumor cells. Additionally, in group min 62L-LV 

tumor growth came to a halt in four out of five mice while in the min VSV-LV group tumor load 

steadily increased in all mice. 

2.6.4 Tumor load on a cellular level 

Next, tumor load in the different mice was analyzed by flow cytometry. At day 17, mice were 

sacrificed and cells from blood, bone marrow, spleen and liver were harvested. In the following, 

M20 is included in all analyses although the samples were collected on day 15 and not like for all 

others on day 17. Blood was not isolated from this mouse. 

Flow cytometric analysis allowed identification of tumor cells by gating on viable human CD45 

negative CD19+ EBFP+ cells. Less than 10 counts of Nalm6 cells within 5E5 cells of bone marrow, 

spleen, liver cells or 1.1E5 blood cells were considered as background signal. Hence, these samples 

were counted as tumor cell-free. FACS plots form all mice of the min 62L-LV group are depicted 

in Figure 35. M11, M12 and M13 had less than 10 count in bone marrow samples analyzed by flow 

cytometry, and are called the full-responders in the following. Contrarily, M14 and M15 had tumor 

cell counts above background, yet M14 had almost 10 fold more Nalm6 cells than M15. 

Counts analyzed by flow cytometry were related on all viable cells and percent tumor cells of viable 

cells is discussed in the following. Of note, Nalm6 cell population found in bone marrow was 

several magnitudes higher than counts from all other organs. Thus, analysis of samples from blood, 

spleen and liver is described in less detail than analysis of Nalm6 cells in bone marrow. 

In bone marrow, all samples from mice of the act 62L-LV and act VSV-LV group were tumor-cell 

free as were those of M11, M12 and M13 of the min 62L-LV group that were mentioned above 

(Figure 36). The other mice had tumor cells detectable in ranges of 0.1 – 4% of all viable cells 

which referred to 460 – 11,000 counts contained in cytometry samples. In the min 62L-LV group 

M14 and M15 had tumor cells of 0.1% to 1.0%. All bone marrow samples of mice of the min VSV-

LV and act UT groups contained Nalm6 tumor cells. Highest tumor load was detected in the min 

VSV-LV group, since an average of 2.8% viable cells were Nalm6 cells. On average 1.3% of all 

viable cells were identified as Nalm6 cells in the act UT group. 

Figure 35: Nalm6 cells in bone marrow samples of the min 62L-LV group. 5E5 bone marrow cells were 
analyzed per mouse by flow cytometry to identify included tumor cells. Tumor cells were classified as 
viable, CD45-, CD19+ and EBFP+ cells. x-axis displays EBFP expression. Numbers indicate absolute counts 

analyzed by flow cytometry. M = Mouse 
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Importantly, all mice defined as full-responders after analysis of bone marrow samples also had no 

or background counts of Nalm6 cells in the other organs. In brief, Nalm6 cell levels of all mice 

from the act 62L-LV group, the act VSV-LV group and three out of five in the min 62L-LV group 

were below 0.001% of all viable. M15 which contained 0.1% Nalm6 cells in bone marrow was 

tumor-cell free in all other organs and is therefore called the late-responder in the following.  

The remaining mouse of the min 62L-LV group (M14) had higher amounts of Nalm6 cells in blood, 

spleen and liver than other mice of this group. Mice from min VSV-LV and act UT groups had 

similar percentage of Nalm6 cells as M14 in blood, except M16 that contained even five times 

more Nalm6 cells. In liver, the only non-responder of the min 62L-LV group, M14, had a Nalm6 

cell level of 0.01%. Similar levels or up to 7-fold higher levels for Nalm6 cells from all mice of 

the min VSV-LV group and the act UT group were detected (0.009 – 0.07%). Overall, lowest 

Nalm6 cell levels were found in spleen. There, only M21, M24 and M25 of the act UT group 

contained more than 10 Nalm6 cell in the sample analyzed by flow cytometry. 

In summary, detection of Nalm6 cells by flow cytometry allows issuing a strong statement as cells 

from four different organs clearly support following findings. All mice from the act 62L-LV and 

Figure 36: Identification of Nalm6 cells at final analysis in bone marrow. Cells isolated from bone marrow 
of each mouse were analyzed by flow cytometry for viable CD45 negative CD19 and EBFP double-positive 
Nalm6 cells. The percentage of Nalm6 positive cells of all viable cells is depicted. Individual results and 

means with standard error are plotted. Two-tailed unpaired t-tests were performed to determine statistics. 
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Figure 37: Identification of Nalm6 cells at final analysis in blood, spleen and liver. Cells isolated from 
depicted organs were analyzed by flow cytometry for viable CD45 negative CD19 and EBFP double-positive 
Nalm6 cells. The percentage of Nalm6 positive cells of all viable cells is shown. Blood sampling of M20 
which died on day 15 was not feasible. Individual results and mean with standard error are shown. Two-

tailed unpaired t-tests were performed to determine statistics. 
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the act VSV-LV group and three out of five mice of the min 62L-LV group were tumor free at date 

of final analysis. One mouse of the min 62L-LV group still had tumor cells in different organs 

detectable, however to considerably lower amounts than the remaining mice. The remaining mice 

had strong tumor burden detectable in all organs in comparison to the responding mice. Tumor 

load peaked in bone marrow, a niche which was previously reported to be preferably populated by 

Nalm6 cells [174].  

Remarkably, analyzing tumor burden with IVIS imaging and flow cytometry demonstrated similar 

results. All mice with low total flux (Figure 34) were identified to contain no or background levels 

of Nalm6 cells in all organs analyzed by flow cytometry (Figure 36 and Figure 37). Non-responding 

mice that had highest total flux were the ones with highest content of Nalm6 cells amongst viable 

cells analyzed by flow cytometry. M15 contained lower levels of Nalm6 cells in all organs than 

non-responding mice and therefore was called the late-responder.  

Analyses of tumor signals proved that in groups with fully activated PBMC shortly exposed to 

62L-LV or VSV-LV or minimally activated PBMC exposed to 62L-LV for less than 24 hours, 

tumor cells can be eliminated in vivo. Whether this was due to transduced T cells that were actually 

present in these mice is described below. 

2.6.5 Quantification of human lymphocytes in the tumor mouse model 

Human lymphocytes distribution in the mice was analyzed in the following. The proliferation of 

human CD45+ cells in vivo was estimated by determining the amount of human CD45+ blood at 

day 3, 10 and 17.  

Blood drawn on day 3 contained human lymphocytes ranging between 0.6 – 5.0% in all mice 

(Figure 38). On day 10, CD45+ cell amounts in the act groups rose to averages of 12 – 14%, 

remained at 1.4% in the min 62L-LV group and stayed at 2.4% in the act UT group, while CD45+ 

cell amount decreased to 0.3% in the min VSV-LV group. Further, the CD45+ cell fraction in the 

act 62L-LV group decreased from day 10 to day 17 to 4.8 ± 2.7%. In the act VSV-LV group the 

amount stayed at 11% and in the min 62L-LV and act UT the CD45 percentages even rose to 

9.9 – 11% ± 8.2 – 4% at this time point. CD45 fraction in the min VSV-LV group remained 

unchanged at 0.5 ± 0.2%. To conclude, in all act groups and the min 62L-LV group CD45 cells 

were able to proliferate in vivo, while minimally stimulated cells incubated with VSV-LV did not 

proliferate in blood. 

Besides blood, amounts of human CD45+ cells were determined in spleen, bone marrow and liver. 

Obviously, only one final analysis date was possible for these organs, therefore proliferation of 

CD45+ cells could not be directly followed. However, a statement can be made whether the 

injected CD45+ cells were able to build stable populations within the different organs. 

In general, highest CD45+ cell percentages were detected in mice of the act PBMC groups, 

although in min groups more cells were injected initially. CD45+ cell amounts in mice were 

significantly higher in act VSV-LV group than in the act 62L-LV group in all analyzed organs 

(Figure 39). Highest amounts were detected in spleen (44% in act VSV-LV group versus 20% in 

the act 62L-LV group) and liver (44% in act VSV-LV group compared to 9% in the act 62L-LV 
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group), while presence of human cells in bone marrow was lowest (6% in act VSV-LV group and 

1% in 62L-LV group). Interestingly, presence of human CD45+ cells in the act UT group was 

similar to the other two act PBMC groups, although less cells were applied into the mice: 41% in 

spleen, 22% in liver and 0.4% in bone marrow. 

Contrarily, in the two minimal groups the percentage of human CD45+ cells was significantly 

higher in mice treated with 62L-LV incubated cells than in mice treated with VSV-LV incubated 

cells in all organs. Highest human CD45 percentages in the min groups were detected in spleen 

with 28% for mice having received min 62L-LV graft and 4% for mice from the min VSV-LV 

group. In liver from all viable cells analyzed, on average 21% were CD45+ in the min 62L-LV 

group and 3.0% in the min VSV-LV group. Lowest amounts of CD45+ cells in the min groups 

were also detected in bone marrow with 0.6% for 62L-LV mice and 0.2% for VSV-LV mice. In 

general, the presence of human cells in the min VSV-LV group was low.  

In summary, regarding human lymphocyte proliferation the act VSV-LV was preferable over the 

act 62L-LV protocol. In contrast, cells of the min 62L-LV group clearly outperformed cells of the 

min VSV-LV group in terms of proliferation. Of note, fully or minimally activation of PBMC and 

Figure 38: Analysis of human CD45 amounts in blood throughout the experiment. Presence of human 
CD45+ cells in blood was determined by flow cytometry on days 3, 10 and 17 of the experiment. Gating on 
CD45+ of all viable cells was performed. In the min VSV-LV group five mice were analyzed on days 3 and 
10 but the number was reduced to four on day 17 because M20 passed away earlier and no blood of this 

mouse was collected. Means with standard error are depicted. 
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short exposure to LVs and injection into NSG mice allowed in vivo proliferation of human 

lymphocytes, although with variable populating capabilities.  

2.6.6 Quantification of CAR T cells in vivo 

In this segment, the transgene expression in human CD4+ and CD8+ T cells isolated from blood, 

bone marrow, spleen and liver was analyzed. Flow cytometric analysis allowed identification of 

CAR T cells by gating on viable human CD45+, CD3+, CD4+ or CD8+ T cells expressing the 

reporter protein ΔLNGFR.  

Blood samples were drawn on days 3, 10 and 17 of the experiment. Gating on ΔLNGFR expressing 

T cells was performed if more than 20 CD4+ or CD8+ T cells were contained in the sample that 

was analyzed by flow cytometry to avoid overestimation of samples with low cell count. 

Interestingly, already at day 3 transgene positive T cells were detected in mice of the act 62L-LV 

and VSV-LV group (Table 2). Besides, M12 of the min 62L-LV group contained CD4+ ΔLNGFR+ 

cells, but none were seen in this mouse on day 10. On day 10, all mice of both act groups contained 

CD4+ and CD8+ ΔLNGFR+ cells and M11 and M14 of the min 62L-LV group showed transgene 

expression in CD4+ T cells. Transgene expression on day 17 was seen in all mice except those of 

the act UT group. Highest ΔLNGFR+ percentages were found in CD4+ T cells and CD8+ T cells 

from the act VSV-LV group and CD8+ T cells from the min 62L-LV group. To conclude, transgene 

positive cells were found earlier in the act groups than in the min groups which correlated to the 

human lymphocyte percentages described before (Figure 38). Possibly, full activation of T cells 

allows a faster cell proliferation in vivo than minimal stimulation. 

 day 
act 62L-LV act VSV-LV min 62L-LV min VSV-LV act UT 

 M1 M2 M5 M6 M7 M8 M10 M11 M12 M13 M14 M15 M16 M17 M18 M19 M20 M21 M22 M23 M24 M25 

CD4+ 
ΔLNGFR+ 

3 2.21 6.41 3.61  3 301  3 401  2 0.61  2  2  2  3  3  2  2  2  2  2  2  2  2 

10 8.91 201 5.41 601 491 471 401 2.41  2  2 5.91  3  3  3  3  3  3  2  2  2  2  2 

17 151 321 291 771 401 751 561 191 5.21 101 1.91 4.31 3.41 151 181 2.71  3  2  2  2  2  2 

CD8+ 
ΔLNGFR+ 

3 4.31 4.81 6.81  3 4.81  3  3  2  2  2  2  2  3 3  2  3  2  3  3  3  3  3 

10 1.61 131 2.91 1.71 7.21 101 191  2  3  3  3  3  3  3  3  3  3  2  2  2  2  2 

17 201 141 151 371 171 371 521 501 161 441 221 171 5.81 3.81 231  2  3  2  2  2  2  2 

1Numbers in green cells indicate amount of CD4+ ∆LNGFR+ or CD8+ ∆LNGFR+ T cells in % 
2Green cells without number indicate that more than 20 human CD4+ or CD8+ T cells were analyzed by flow cytometry 

but amount of ∆LNGFR+ T cells was less than 0.1% 
3Grey cells indicate that less than 20 human CD4+ or CD8+ T cells were analyzed by flow cytometry. 

 

Table 2: Expression of ΔLNGFR+ in human CD4+ or CD8+ T cells from blood at days 3, 10 and 17. M = 

Mouse 
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Further, transgene expression in CD4+ and CD8+ T cells from all organs harvested at final analysis 

was performed. Exemplary plots from one mouse each group are depicted in Figure 40. Percent 

and count of transgene positive cells varied between groups and reached up to 84% and 17,896 

counts in M8. Lowest count in depicted plots was detected for M18 (134 CD4+ ΔLNGFR+ and 35 

CD8+ ΔLNGFR+), yet these were representing almost 32% or 50% of CD4+ or CD8+ T cells of 

this sample.  

An overview over cells isolated from blood, bone marrow, spleen and liver from all mice is 

provided in Figure 41. Less than 10 counts of CD4+ ΔLNGFR+ or CD8+ ΔLNGFR+ cells within 

5E5 cells of bone marrow, spleen, liver cells or 1.1E5 blood cells were considered as background 

signal and these samples are indicated by white symbols. Mice of the act UT group all had counts 

below threshold, as expected. Besides, often mice of the min VSV-LV group had less than 10 

counts detectable. In blood, two or three mice were below threshold, one or two in bone marrow, 

two in spleen and three in liver (Figure 41). As only few mice are remaining, this group is not 

considered in further analyses in which sub-gating on ΔLNGFR+ T cells was performed. 

Within the act 62L-LV group transgene expression of CD4+ and CD8+ T cells was similar. In 

blood, on average 25% of CD4+ T cells were ΔLNGFR+ and 16% of CD8+ T cells (Figure 41A), 

in bone marrow 51% and 49% (Figure 41B), in spleen 23% and 16% (Figure 41C) and in liver 

36% and 31% (Figure 41D).  

Highest ΔLNGFR expression was detected in mice of the act VSV-LV group, with an average of 

62% in human CD4+ and 36% in CD8+ T cells from blood (Figure 41A), 80% and 73% from bone 

marrow (Figure 41B), 55% and 35% from spleen (Figure 41C) and 61% and 45% from liver (Figure 

41D). Interestingly, while expression in CD4+ T cells was significantly higher than in the min 62L-

LV group in every organ, no significant differences between CD8+ ΔLNGFR+ T cells in these 

groups were observed. 

Figure 40: Expression of ΔLNGFR in bone marrow samples. CD4+ (upper row) and CD8+ (lower row) T 
cells were gated on ΔLNGFR expression (x-axis). Upper numbers indicate percent and lower numbers 

absolute counts of gated ΔLNGFR positive cells. M = Mouse 
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Although cells of some mice of the min 62L-LV group were below threshold, the others were 

transgene positive to high amounts. ΔLNGFR+ expression in this group was especially high in 

CD8+ T cells. In blood, on average 30% were positive, in spleen 31% and in bone marrow even 

66%, while CD4+ T cells in the same organs were transgene positive to 8.1%, 6.2% and 16%. In 

liver, transduced CD4+ T cells of on average 22% were identified. In conclusion, transgene positive 

Figure 41: Analysis of ΔLNGFR+ T cells in various organs. Percentage of A) CD4+ or B) CD8+ pre-gated 
cells expressing ΔLNGFR is shown in blood, bone marrow, spleen and liver. White symbols indicate samples 
with less than 10 counts in flow cytometric analysis. Statistical testing was performed using ordinary one-
way ANOVA with Tukey’s multiple comparisons test. Individual results as well as means with standard error 

are plotted. 
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CAR T cells were detected in every mouse that received vector incubated PBMC and these data 

prove that transduced T cells were existing in vivo that were able to home to various organs and 

build stable populations there after full or minimal stimulation of PBMC and short incubation with 

vector. Notably, incubation of minimally activated PBMC with 62L-LV produced higher amounts 

of CAR T cells than incubation with VSV-LV in this in vivo tumor mouse model. 

Further, for correlation of CAR expression with absolute CAR T cell numbers in whole organs, the 

absolute number of ΔLNGFR+ T cells was extrapolated by the counts that were detected in flow 

cytometry and plotted against the percent positive ΔLNGFR+ T cells.  

The low amount of transgene expressing CD4+ and CD8+ T cells of the min VSV-LV group also 

resulted in lowest absolute numbers in all organs (Figure 42). Highest numbers of CD4+ 

ΔLNGFR+ T cells as well as expression levels were present in mice of the act VSV-LV group in 

every organ (Figure 42A). Absolute counts estimated for whole bone marrow revealed more than 

5E5 CD4+ ΔLNGFR+ T cells in this group. Interestingly, absolute CD8+ ΔLNGFR+ T cell counts 

in bone marrow were 10-fold less (Figure 42B). Also in the other organs, more CD4+ than CD8+ 

ΔLNGFR+ T cells were present. Similarly, in the act 62L-LV group more transduced CD4+ T cells 

than transduced CD8+ T cells were detected. In the min 62L-LV group however, more CD8+ 

ΔLNGFR+ T cells than CD4+ ΔLNGFR+ T cells were present in blood (up to 1E4 versus 3E3), 

bone marrow (up to 9E4 versus 5E4) and spleen (up to 2E5 versus 4E4) but not in the liver. 

To conclude, these data demonstrate that absolute CD8+ ΔLNGFR+ T cell numbers from the min 

62L-LV group are equal to or even outnumber total CD8+ ΔLNGFR+ T cell counts in the act 62L-

LV group and are equal to counts in the act VSV-LV group. The CD4+ ΔLNGFR+ T cell numbers 

in contrast were found to be less prominent in the min 62L-LV group in comparison to the act 

groups. Additionally, low absolute counts in the min VSV-LV group might explain absence of 

tumor clearance, although the percentages of ΔLNGFR+ T cells might be high (see Figure 34). 
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2.6.7 Relation of transduced CD4+ to CD8+ cells in vivo 

The min 62L-LV group contained most remarkable differences between the numbers of CD4+ and 

CD8+ CAR T cells. Blood, spleen and bone marrow showed substantially higher numbers of CD8+ 

CAR T cells than CD4+ CAR T cells. This chapter illustrates this further by calculating ratios of 

these cells. If CD4+ ΔLNGFR+ T cells were higher abundant, ratio was shifted to the left x-axis 

Figure 42: Analysis of CAR T cell numbers and expression levels in various organs. Percentage of A) CD4+ 
or B) CD8+ pre-gated ΔLNGFR positive cells is plotted against absolute transduced T cells extrapolated for 
the complete organ. White symbols indicate samples in which less than 10 CD4+ or CD8+ ΔLNGFR+ T cells 

were analyzed by flow cytometry. 

100 101 102 103 104 105 106

0

20

40

60

80

100

blood

absolute # CD4+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

4
+

100 101 102 103 104 105 106

0

20

40

60

80

100

bone marrow

absolute # CD4+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

4
+

100 101 102 103 104 105 106

0

20

40

60

80

100

spleen

absolute # CD4+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

4
+

100 101 102 103 104 105 106

0

20

40

60

80

100

liver

absolute # CD4+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

4
+

day 9 day 12 day 15 day 17

105

106

107

108

109

1010

1011

to
ta

l 
fl

u
x

 [
p

/s
]

act 62L-LV

act VSV-LV

min 62L-LV

min VSV-LV

act UT

p < 0.0001

p > 0.9999

day 9 day 12 day 15 day 17

105

106

107

108

109

1010

1011

to
ta

l 
fl

u
x

 [
p

/s
]

act 62L-LV

act VSV-LV

min 62L-LV

min VSV-LV

act UT

p < 0.0001

p > 0.9999

day 9 day 12 day 15 day 17

105

106

107

108

109

1010

1011

to
ta

l 
fl

u
x

 [
p

/s
]

act 62L-LV

act VSV-LV

min 62L-LV

min VSV-LV

act UT

p < 0.0001

p > 0.9999

day 9 day 12 day 15 day 17

105

106

107

108

109

1010

1011

to
ta

l 
fl

u
x

 [
p

/s
]

act 62L-LV

act VSV-LV

min 62L-LV

min VSV-LV

act UT

p < 0.0001

p > 0.9999

day 9 day 12 day 15 day 17

105

106

107

108

109

1010

1011

to
ta

l 
fl

u
x

 [
p

/s
]

act 62L-LV

act VSV-LV

min 62L-LV

min VSV-LV

act UT

p < 0.0001

p > 0.9999

100 101 102 103 104 105 106

0

20

40

60

80

100

blood

absolute # CD4+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

4
+

100 101 102 103 104 105 106

0

20

40

60

80

100

bone marrow

absolute # CD4+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

4
+

100 101 102 103 104 105 106

0

20

40

60

80

100

spleen

absolute # CD4+ LNGFR+
%


L

N
G

F
R

+
 o

f 
C

D
4

+

100 101 102 103 104 105 106

0

20

40

60

80

100

liver

absolute # CD4+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

4
+

100 101 102 103 104 105 106

0

20

40

60

80

100

blood

absolute # CD8+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

8
+

100 101 102 103 104 105 106

0

20

40

60

80

100

bone marrow

absolute # CD8+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

8
+

100 101 102 103 104 105 106

0

20

40

60

80

100

spleen

absolute # CD8+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

8
+

100 101 102 103 104 105 106

0

20

40

60

80

100

liver

absolute # CD8+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

8
+

100 101 102 103 104 105 106

0

20

40

60

80

100

blood

absolute # CD4+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

4
+

100 101 102 103 104 105 106

0

20

40

60

80

100

bone marrow

absolute # CD4+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

4
+

100 101 102 103 104 105 106

0

20

40

60

80

100

spleen

absolute # CD4+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

4
+

100 101 102 103 104 105 106

0

20

40

60

80

100

liver

absolute # CD4+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

4
+

100 101 102 103 104 105 106

0

20

40

60

80

100

blood

absolute # CD4+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

4
+

100 101 102 103 104 105 106

0

20

40

60

80

100

bone marrow

absolute # CD4+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

4
+

100 101 102 103 104 105 106

0

20

40

60

80

100

spleen

absolute # CD4+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

4
+

100 101 102 103 104 105 106

0

20

40

60

80

100

liver

absolute # CD4+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

4
+

100 101 102 103 104 105 106

0

20

40

60

80

100

blood

absolute # CD8+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

8
+

100 101 102 103 104 105 106

0

20

40

60

80

100

bone marrow

absolute # CD8+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

8
+

100 101 102 103 104 105 106

0

20

40

60

80

100

spleen

absolute # CD8+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

8
+

100 101 102 103 104 105 106

0

20

40

60

80

100

liver

absolute # CD8+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

8
+

100 101 102 103 104 105 106

0

20

40

60

80

100

blood

absolute # CD8+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

8
+

100 101 102 103 104 105 106

0

20

40

60

80

100

bone marrow

absolute # CD8+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

8
+

100 101 102 103 104 105 106

0

20

40

60

80

100

spleen

absolute # CD8+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

8
+

100 101 102 103 104 105 106

0

20

40

60

80

100

liver

absolute # CD8+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

8
+

100 101 102 103 104 105 106

0

20

40

60

80

100

blood

absolute # CD8+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

8
+

100 101 102 103 104 105 106

0

20

40

60

80

100

bone marrow

absolute # CD8+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

8
+

100 101 102 103 104 105 106

0

20

40

60

80

100

spleen

absolute # CD8+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

8
+

100 101 102 103 104 105 106

0

20

40

60

80

100

liver

absolute # CD8+ LNGFR+

%


L
N

G
F

R
+

 o
f 

C
D

8
+

BA



Results Potency of minimally and fully activated 62L-LV bound T cells in vivo  

55 

 

and named CD4+/8+ ΔLNGFR+ T cell ratio (Figure 43). Vice versa, if more CD8+ ΔLNGFR+ T 

cells were present, the ratio was plotted on the right x-axis and called CD8+/4+ ΔLNGFR+ T cell 

ratio. This way differences between transduced CD4+ and CD8+ T cell numbers in individual mice 

became more obvious. 

Liver data were not plotted because only few CD4+ or CD8+ T cells were detected in flow 

cytometry and hence no robust analysis was possible. Ratios were calculated when at least more 

than 20 CD4+ ΔLNGFR+ T cells and CD8+ ΔLNGFR+ T cells were analyzed by flow cytometry. 

The min VSV-LV group was excluded from this analysis because most mice had too low counts 

analyzed by flow cytometry to allow a robust statement.  

Interestingly, in the two act groups substantially more CAR T cells in blood, bone marrow and 

spleen were CD4+ T cells, while the opposite was observed in the min 62L-LV group. Highest 

CD4+/8+ ΔLNGFR+ T cell ratios were found in bone marrow (7.6 – 15-fold in act VSV-LV and 

6.9 – 9.0-fold in act 62L-LV group). In blood and spleen CD4+/8+ ΔLNGFR+ T cell ratios were 

ranging from 3.1 – 5.5-fold in the act VSV-LV group to 1.1 – 4.0 in the act 62L-LV group. 

In the min 62L-LV group, the majority of ΔLNGFR+ T cells present in blood, bone marrow and 

spleen however were CD8+ cells. There were up to 11.7- (blood), 10.8- (spleen) and 11.1-fold 

(bone marrow) more CD8+ ΔLNGFR+ T cells than CD4+ ΔLNGFR+ T cells detected. Yet, M11 

had 1.6 fold more CD4+ ΔLNGFR+ T cells in the bone marrow than CD8+ ΔLNGFR+ T cells 

while in blood and spleen more transduced CD8+ T cells than CD4+ T cells were present. 

2.6.8 Relating transgene expressing T cell numbers to tumor load 

Previous chapters analyzed tumor load and distribution of CAR T cells within various organs. To 

possibly relate tumor absence with presence of transduced T cells, and therefore finally prove the 

potency of generated CAR T cells, ΔLNGFR+ T cell to Nalm6 cell ratios (ΔLNGFR+/Nalm6 ratio) 

were calculated and plotted in Figure 44. Ratios were built from counts estimated for the whole 

organ of either cell type. Ratios above 1 indicate that CAR T cells outnumbered Nalm6 cells. 

Most extreme ratios towards both sites were seen in bone marrow. In the act VSV-LV group 

ΔLNGFR+/Nalm6 ratio was on average 7.3E5. Second highest ΔLNGFR+/Nalm6 ratio in bone 

Figure 43: Ratios of CD4+ ΔLNGFR+ T cells to CD8+ ΔLNGFR+ T cells and vice versa derived from various 
organs. Ratios after dividing the number of CD4+ ΔLNGFR+ T cells extrapolated for the whole organ by the 
total number of CD8+ ΔLNGFR+ T cells or vice versa are shown. Data left of the dashed line present fold 
CD4+ ΔLNGFR+ T cells over CD8+ ΔLNGFR+ T cells and right of the dashed line fold CD8+ ΔLNGFR+ T cell 

over CD4+ ΔLNGFR+ T cells. Individual results and means with standard error are depicted.  
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marrow was detected in the act 62L-LV group with an average of 6.4E4. The three full-responder 

of group min 62L-LV had ratios of 49 – 2,200, showing that more CAR T cells than tumor cells 

were present in bone marrow. Similarly, the late responder M15 had a ratio towards the site of 

ΔLNGFR+ T cells: 1.9. The non-responder of the min 62L-LV group had a ratio of 0.09, thus about 

10 tumor cells per ΔLNGFR+ T cell populated the bone marrow. Notably, all mice from the min 

VSV-LV and act UT group had a ΔLNGFR+/Nalm6 ratio below 1. For the min VSV-LV group it 

was 0.03 (indicating around 33 tumor cells per ΔLNGFR+ T cell) and for the act UT group 9.7E-

6 (indicating more than 100,000 tumor cells). These data indicate that in mice without tumor signals 

high ΔLNGFR+ T cell numbers were established and were sparse in tumor progressing mice. 

In blood, all mice of the act 62L-LV group, act VSV-LV group, min 62L-LV group and even two 

of the min VSV-LV group had a ratio above 1. Average ratios of 2,000 in the act 62L-LV, 22,000 

in the act VSV-LV and 4,000 in the min 62L-LV group were calculated. M17 and M18 had ratios 

of 3 and 4, while M16 and M19 had ratios of 0.06 and 0.1 (indicating 16 or 10 tumor cells per 

transduced T cell). In the act UT group a mean ratio of 0.08 was found. Notably, two mice in the 

min VSV-LV group and one in the min 62L-LV group, had more circulating ΔLNGFR+ T cells 

than Nalm6 cells, although their tumor loads were similar to all other non-responders, as described 

above. It might prove, that blood is not the preferred organ to be populated by Nalm6 cells, while 

CAR T cells need to enter circulation in order to find antigen and invade into niches that are filled 

with tumor cells. 

In spleen, average ratios of 2,000 were calculated for the act 62L-LV group, 20,000 for the act 

VSV-LV group and 7,000 for the min 62L-LV group. Also, four mice of the min VSV-LV had 

more CAR T cells than tumor cells, although tumor load in these mice was high. In liver, more 

balanced ΔLNGFR+/Nalm6 ratios were detected in general. In the act 62L-LV group mean ratio 

was 170, in the act VSV-LV group 1,800, in the min 62L-LV group 47 and in the min VSV-LV 

group 0.1 and in the act UT groups 0.05. Importantly, all responder mice had ratios above 1, 

indicating that more ΔLNGFR+ T cells than Nalm6 cells were present. 

In conclusion, building ΔLNGFR+/Nalm6 ratios allowed classifying the mice in responders and 

non-responders that nicely match the categories that were defined previously in chapter 2.6.3 after 

analyzing tumor cell distribution by IVIS and flow cytometry. Indeed, numbers of CAR T cells 

were high in mice that had no tumor signals. This correlation further proved that the generated 

CAR T cells were potent to kill tumor cells in vivo.  
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2.6.9 Minimally stimulated transduced T cells are less differentiated than 

activated transduced T cells  

Previous chapters proved that activated PBMC incubated with 62L-LV or VSV-LV as well as 

minimally stimulated PBMC incubated with 62L-LV were forming highly potent transduced 

T cells in vivo in terms of functionality and proliferative capacity. It remained interesting to 

determine their precise phenotypes to evaluate whether incubation with 62L-LV drives a less-

differentiated ΔLNGFR+ T cell population similar to what observed in vitro (chapter 2.5.2). 

Transduced T cell subsets were identified by analyzing surface expression of CD62L, CD45RA 

and CD45RO of CD4+ or CD8+ ΔLNGFR+ T cells. Gating strategy thereof is depicted in Figure 

45. Generally, cell differentiation was not investigated for the mice from which too few ΔLNGFR+ 

T cells were measured by flow cytometry to allow for a robust FACS analysis. This was the case 

for almost all mice of the min VSV-LV group and therefore this group was not analyzed further. 
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Figure 44: Ratios of transduced ∆LNGFR+ T cells to Nalm6 cells in various organs. Cells isolated from 
blood, bone marrow, spleen and liver were analyzed by flow cytometry for the CD19+ and EBFP+ double-
positive Nalm6 cells as well as CD4+ and CD8+ cells expressing ∆LNGFR. Total cell numbers analyzed by 
flow cytometry were extrapolated for the complete organ. Total CAR T cell numbers in one organ were 
divided by total Nalm6 cell numbers in the same organ and ratio was plotted in log-scales. If no ∆LNGFR+ 
T cells was present in one sample, 1 was divided by the Nalm6 cell number and if no Nalm6 cells were 
present, CAR T cell number was divided by 1 to avoid data loss. Individual results and mean with standard 

error are plotted. 
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Additionally, liver samples were not analyzed, because even in responder mice only few transduced 

T cells had been detected by flow cytometry. 

Of note, ΔLNGFR+ T cells isolated from blood had the highest amount of early differentiated TN 

and TCM ΔLNGFR+ T cells in comparison to other organs (Figure 46). Transduced CD4+ T cells 

of all groups had similar amounts of TEFF cells with averages of 27 – 36% (Figure 46A). TEM cells 

were significantly less in the min 62L-LV group with on average 33% when compared to cells of 

the act VSV-LV group (55%) but significantly higher TCM and TN cells were detected in the min 

62L-LV group. Importantly, cells of the min 62L-LV group had significantly higher amounts of 

TCM cells compared to cells of both act groups with on average 25% CD4+ ΔLNGFR+ TCM cells 

to on average 11% and 9%. Transduced CD8+ T cells from blood of min 62L-LV mice had 

significantly lower amounts of TEM cells compared to cells of the act VSV-LV group with on 

average 17% compared to 42%. The other subsets showed no significant differences. Largest 

proportion of ΔLNGFR+ CD8+ T cells in blood were TEFF cells, followed by TEM and TN cells. 

Least amounts had a TCM phenotype (averages of 6.1 – 10% only). 

Most prominent subset of ΔLNGFR+ CD4+ T cells in bone marrow were TEM cells (Figure 46B). 

Yet, min 62L-LV group contained significant less cells with this phenotype in comparison to the 

other groups with on average 63% TEM cells versus 91% TEM cells in the act 62L-LV group and 

86% in the act VSV-LV group. More TEFF cells in the min 62L-LV group were found in comparison 

to the other groups with 27% to 7.3% in the act 62L-LV and 14% in the act VSV-LV group. 

Interestingly, less differentiated TN and TCM cells were significantly more prominent in the min 

62L-LV group than in the other groups. Transduced CD8+ T cells from bone marrow contained 

low amounts of TCM and TN cells. As for CD4+ ΔLNGFR+ T cells more TEFF cells in the min 62L-

LV group in comparison to the others were found while less TEM cells were present. On average, 

70% of transduced T cells in the min 62L-LV group were TEFF cells and 24% TEM cells. In both act 

Figure 45: Gating scheme for different phenotypes of ΔLNGFR+ T cells. Cells were analyzed by flow 
cytometry for surface expression of CD4, CD8, ΔLNGFR, CD45RO, CD62L and CD45RA. According to their 
combinatorial expression, transduced T cells (CD4+ ΔLNGFR+ or CD8+ ΔLNGFR+) were classified into 
effector memory T cells (TEM: CD45RO+ CD62L-), effector T cells (TEFF: CD45RO- CD62L-), naive T cells (TN: 
CD45RO- CD62L+), central memory T cells (TCM: CD45RO+ CD62L+ CD45RA-) and stem cell memory T cells 

(TSCM: CD45RO+ CD62L+ CD45RA+). 
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groups on average 43 – 45% TEFF cells and 52 – 56% TEM cells comprised the transduced CD8+ T 

cells.  

In general, transduced cells in spleen had similar phenotypes in the two 62L-LV groups while 

differences to the VSV-LV groups were detected (Figure 46C). Most abundant phenotype of 

ΔLNGFR+ T cells in both 62L-LV groups were TEFF cells, while more TEM cells were present in 

Figure 46: Detailed phenotyping of ΔLNGFR+ T cell subsets in blood, bone marrow and spleen. CD4+ 
ΔLNGFR+ (left) and CD8+ ΔLNGFR+ (right) T cells from A) blood, B) bone marrow or C) spleen were analyzed 
for their exact phenotype. TEFF cells were characterized as CD62L-, CD45RO- and TEM as CD62L-, CD45RO+. 
The less differentiated phenotypes TCM and TN were analyzed as CD62L+, CD45RO+, CD45RA- and CD62L+, 
CD45RO-. Analysis was performed when the absolute number of cells analyzed by flow cytometry was above 
50 cells in the parent gate. Mean with standard error is plotted. Statistical testing was performed using 

ordinary one-way ANOVA with Tukey’s multiple comparisons test.  
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the act VSV-LV group. On average, transduced CD4+ T cells of the act and min 62L-LV group 

contained 61% or 53% TEFF cells and only 34% or 37% TEM cells while 19% TEFF and 79% TEM 

cells were present in the act VSV-LV group. CD8+ ΔLNGFR+ T cells of the 62L-LV group 

contained even 73% or 79% TEFF cells, while 25% or 17% of transduced cells were TEM. In the act 

VSV-LV group on average 54% TEFF and 40% TEM cells were identified. Less differentiated TN 

cells were more abundant in the min 62L-LV group in comparison to the others in CD4+ and CD8+ 

T cells. 

In summary, transduced CD4+ and CD8+ T cells of the various groups exhibited different 

phenotypes. Numbers of TCM and TN cells were higher in the min 62L-LV group than in both act 

group although this was not significant for all organs. Furthermore, TEFF cells which are the most 

differentiated T cells were more prominent in the min 62L-LV group. Possibly, this was due to the 

presence of Nalm6 cells in the min 62L-LV group which were either still present at time of final 

analysis or eliminated shortly before (Figure 34). 

2.6.10 Minimally stimulated ΔLNGFR+ T cells express more exhaustion 

markers than activated ΔLNGFR+ T cells 

The previous chapter identified phenotypes of ΔLNGFR+ T cells in detail. Analysis of expression 

of exhaustion markers is presented in the following. Exhaustion of T cells that is associated with 

decreased cytokine production and proliferation appears in response to persistent antigen 

stimulation. T cell immunoglobulin mucin 3 (TIM-3) and lymphocyte-activation gene 3 (LAG-3), 

markers upregulated on exhausted cells, were analyzed separately on CD4+ and CD8+ ΔLNGFR+ 

T cells and on specific T cell subsets. Percent of TIM-3 and LAG-3 double negative (DN) CD4+ 

and CD8+ ΔLNGFR+ T cells are shown in Figure 47. As for the phenotype analysis in chapter 

2.6.9, data from the min VSV-LV group and liver were not included due to low counts of 

transduced T cells.  

For CD4+ T cells the majority of ΔLNGFR+T cells were non-exhausted. The highest amount of 

exhausted transduced CD4+ T cells was detected in bone marrow of mice from the min 62L-LV 

group as only 57% were double-negative for the exhaustion markers (Figure 47). This difference 

to the other groups was significant. Blood and spleen, in contrast, did not show a significant 

difference between the three groups.  

The situation was different for the CD8+ T cells. CD8+ ΔLNGFR+ T cells had overall higher 

amounts of exhausted cells. Interestingly, cells of the act 62L-LV group were least exhausted, since 

88% double-negative TIM-3 and LAG-3 cells were detected in blood, 84% in spleen and 77% in 

bone marrow. These amounts were not significantly different to those of the act VSV-LV group in 

as most diverse expression was found in individual mice of the act VSV-LV group. On average, 

64% double negative cells were detected in blood, 70% in bone marrow and 70% in spleen. CD8+ 

ΔLNGFR+ T cells from mice of the min 62L-LV group were most exhausted. In blood an average 

of only 51%, in spleen 38% and in bone marrow merely 19% double-negative non-exhausted CD8+ 

ΔLNGFR+ T cells were detected. There was a tendency that CD8+ ΔLNGFR+ T cells were more 

exhausted in the min 62L-LV group in comparison to the others, which was statistically significant 
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when compared to the act 62L-LV group in all organs and in bone marrow when compared with 

the act VSV-LV group. 

To summarize, transduced CD8+ T cells were more exhausted than transduced CD4+ T cells. 

CD8+ ΔLNGFR+ T cells from the min 62L-LV group were substantially more exhausted than 

CD8+ ΔLNGFR+ T cells of the other groups with fully activated PBMC. This might be due to 

kinetic reasons of tumor cell elimination. In the min 62L-LV group challenge with Nalm6 cells 

was likely still ongoing or recently completed (Figure 34). 

Next, exhaustion of CD8+ ΔLNGFR+ T cells subsets was analyzed in more detail by characterizing 

the exhaustion marker expression of the different T cell subsets (Figure 48). As CD4+ ΔLNGFR+ 

T cells were mostly non-exhausted for all analyzed samples, this analysis focused on the CD8+ T 

cells. Exhaustion status of CD8+ TEFF and TEM subsets expressing ΔLNGFR were analyzed in 

blood, bone marrow and spleen. Transgene positive CD8+ TCM and TN cells could only be analyzed 

for TIM-3 and LAG-3 expression in blood samples since TCM and TN transduced CD8+ T cell 

counts were too few for a robust analysis in the other organs. 

Figure 47: Exhaustion status of CD4+ and CD8+ ΔLNGFR+ T cells in various organs. Transduced CD4+ 
T cells and CD8+ T cells were analyzed for TIM-3 and LAG-3 co-expression. The percentage of double-
negative cells isolated from blood, bone marrow and spleen are shown. Exhaustion data are only calculated 
for samples in which the absolute number of cells analyzed by flow cytometry was above 50 or 100 (spleen) 
cells in the parent gate. Individual values and means with standard error are plotted. Statistical testing 

was performed using ordinary one-way ANOVA with Tukey’s multiple comparisons test.  
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In blood, within the min 62L-LV group, CD8+ ΔLNGFR+ T cells with a TEFF phenotype were least 

exhausted as 62% of the cells were TIM-3 and LAG-3 double-negative, followed by TEM cells 

(51% non-exhausted), TN cells (41% non-exhausted) and TCM cells (29% non-exhausted) (Figure 

48A). Similar tendencies were seen in the act VSV-LV group, but due to a high diversity between 

individual mice, no significant differences were identified. In the act 62L-LV group TEFF cells were 

significantly less exhausted than TEM cells as 94% double-negative TEFF and 82% double-negative 

TEM cells were identified. In the act 62L-LV group, CD8+ ΔLNGFR+ T cells with a TCM and TN 

phenotype were not further analyzed for exhaustion marker expression because their cell counts 

were not enough for a robust analysis. 

Also in bone marrow TEFF cells in all groups and in spleen in the min 62L-LV group were 

significantly more exhausted than TEM cells (Figure 48B). A tendency of transgene positive CD8+ 

TEM cells being more exhausted than TEFF cells was seen in blood, bone marrow and spleen and 

over all groups although the differences were not always statistically significant. 

Taken together, this and the previous chapter proved that CAR T cells of the min 62L-LV group 

were less differentiated (chapter 2.6.9) but more exhausted than CAR T cells from the full activated 

groups. 

Figure 48: Exhaustion status of CD8+ ΔLNGFR+ T cell subsets in various organs. Transduced CD8+ T cells 
identified as TN, TCM, TEM or TEM cells were analyzed for TIM-3 and LAG-3 expression. The percentage of 
exhaustion marker double-negative cells in A) blood and B) bone marrow or spleen is depicted. Exhaustion 
data are only shown for samples in which the absolute number of cells analyzed by flow cytometry was 
above 50 (blood and bone marrow) or 100 (spleen) cells in the parent gate. Individual values and means 
with standard error are shown. Statistical testing was performed using A) ordinary one-way ANOVA with 
Tukey’s multiple comparisons test or B) paired two-sided t-test. * = p < 0.1; ** = p < 0.01; *** = p < 0.001; 

**** = p < 0.0001. 
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3. Discussion 

This discussion chapter highlights the most important results of this thesis. First, the transient 

transfer of membrane-bound proteins from LV producer cells to target and non-target cells, 

especially in the presence of Vectofusin-1 is discussed. Second, by expanding the family of 

targeted receptors to CD62L the difficulty of utilizing a receptor that is shed upon cell activation 

was faced and overcome. Third, 62L-LV was used to generate minimally manipulated αCD19-

CAR T cells that might be beneficial in future approaches. Finally, the possible use of 62L-LV as 

tool for transduction of other CD62L positive cells is discussed.  

3.1. Transient transfer of membrane-bound proteins from packaging 

cells  

An observation using LVs or RVs is transient transfer of the proteins encoded by the transfer vector 

plasmid to cells, a phenomenon called pseudotransduction [184]. It indicates that cytosolic reporter 

proteins are copurified during vector preparation and transiently transferred to vector-exposed cells 

by the vector. Accordingly, pseudotransduction disappears with continued culture of vector-

incubated cells when the transferred protein present within the lentiviral particle is degraded after 

cell entry. In contrast, transduction leads to transgene integration and constant transgene protein 

expression. This thesis and the resultant publication ([185]) show for the first time that also 

transmembrane proteins can be transiently transferred to cells. In presence of Vectofusin-1 this is 

not only restricted to target cells but also non-target cells can be transiently positive for transgenic 

proteins like ∆LNGFR [185]. 

This discovery was made by chance when target-receptor negative T cells incubated with CD4-LV 

or CD8-LV became positive for the reporter protein ΔLNGFR in flow cytometric analysis for few 

days (Figure 17). Of note, this off-target signal disappeared upon prolonged cultivation of cells, 

proving that no transduction had occurred.  

To explain the pseudotransduction of ∆LNGFR, further experiments were performed. CD4-LV, 

CD8-LV or particles lacking one or both of the envelope proteins were incubated with T cells prior 

to proceeding with staining for ∆LNGFR and flow cytometric analysis. Strikingly, ∆LNGFR was 

detected on target cells and, especially in the presence of Vectofusin-1, also on non-target cells 

([185], Figures 3 and 4). The detection of ∆LNGFR after incubation of T cells with LV particles 

for only a few minutes or with fusion-incompetent particles proved, that ∆LNGFR must have been 

transferred as protein to the T cells by the lentiviral particles. 

It is known that for incorporation of proteins into LV particles short cytoplasmic tails are required. 

For pseudotyping of LVs with envelope proteins derived from viruses such as MV or NiV, the 

cytoplasmic tails of these proteins have been shortened to allow efficient incorporation into LV 

particles [159, 186]. In MV-CD4-LV and NiV-CD8-LV the respective F proteins comprise of 

merely 5 – 6 remaining C-terminal amino acids [157, 159]. In the ∆LNGFR construct the entire 

cytoplasmic tail had been deleted except for 8 amino acids and therefore it is reasonable that also 
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this protein can become incorporated into LV particles. Thus, ∆LNGFR specific ELISA 

experiments were performed to determine the presence of ∆LNGFR in various CD4-LV, CD8-LV, 

VSV-LV and BaEV-LV preparations. Indeed, between 169 and 350 ∆LNGFR molecules per LV 

particle were detected ([185], Table 1).  

Besides analyzing the presence of ∆LNGFR in the LV stocks, the incorporation of the αCD19-

CAR into LV particles was proven. To do so, a Western blot analysis with a CD3ζ specific antibody 

was performed with one CD8-LV, CD4-LV and VSV-LV stock each ([185], Figure S7). The 

experiment revealed, that αCD19-CAR was present within the LV samples. The incorporation rate 

was lower than the one of ∆LNGFR. Given that the αCD19-CAR contains a long cytoplasmic tail 

containing 4-1BB and CD3ζ domains that comprise 154 amino acids, the lower incorporation rate 

is reasonable. 

Based on these results, a model of transient ∆LNGFR and αCD19-CAR protein transfer to target 

and non-target cells in the presence of Vectofusin-1 has been suggested [185]. After transient 

transfection of HEK293T producer cells with the respective envelope, packaging and transfer 

plasmids, the encoded proteins are produced and located to the plasma membrane (Figure 49). 

During budding of vector particles, not only the glycoproteins but also αCD19-CAR and ∆LNGFR 

are becoming incorporated into the particles. When such particles are incubated with target and 

non-target cells, pseudotransduction can be observed: The vector-cell complex bound by an 

α-LNGFR antibody can be detected via flow cytometry. Especially on non-target cells, this effect 

is enhanced by Vectofusin-1 due to the stickiness of the transduction enhancer.  

Importantly, stable gene transfer is restricted to target cells, as binding is most likely followed by 

particle fusion [159], reverse transcription, integration and protein expression [136]. Supposedly, 

another state of transient pseudotransduction can be detected by α-LNGFR staining directly after 

fusion of vector with the cell membrane, when the LV surface proteins are present on the surface 

of the fused cell. This event is vanishing over time, while gene expression is permanent in 

transduced cells. 

Although the scheme is depicted for a respective receptor targeted MV-LV, the process is expected 

to be similar for receptor-targeted NiV-LVs. However, due to the presence of more NiV 

glycoproteins in comparison to MV glycoproteins on LVs [157], space for ∆LNGFR molecules is 

more restricted. Indeed, this was proven in [185], Table 1. 

In conclusion, both proteins encoded by the transfer vector used throughout this thesis were 

incorporated into MV and NiV receptor-targeted as well as other pseudotyped vectors [185], 

explaining the pseudotransduction observed on non-target cells in the presence of Vectofusin-1. 

This finding might be used for different approaches. The presence of ∆LNGFR on the lentiviral 

particles might allow the purification of viral particles by using α-LNGFR specific columns. This 

approach would require extensive testing whether purification of LV stocks might be possible or 

rather producer cell debris containing ∆LNGFR would block the columns. Another approach could 

be to use transiently transferred proteins in two different ways. Vector-surface proteins directly 

after fusion of vector and target cell membrane might allow the sorting or could activate specific 

intracellular processes in target cells. Additionally, cytosolic proteins could be transiently 

transferred to target cells to label them, increase the intracellular concentration of a protein of 



Discussion Transient transfer of membrane-bound proteins from packaging cells  

65 

 

choice or activate gene-editing events by delivering Cas9-RNPs as it is currently performed with 

viral-derived nanoblades [187]. 

Yet, expression and incorporation of proteins encoded on the transfer plasmid might negatively 

influence vector production. Maunder et al. argued that expression of transgenic proteins in the 

producer cells might hamper their viability and influence their metabolism [188]. In addition, 

vector assembly and functionality of LVs might be influenced by transgene proteins on the surface. 

Therefore, they established a production system in which translation of transgenic proteins during 

vector production is selectively repressed, while all other proteins necessary for vector assembly 

get expressed. Possibly, the herein used LVs, when generated with such a production system, might 

be more potent in transducing target cells, as neither ∆LNGFR nor the αCD19-CAR would be 

present at the surface. This remains to be analyzed in the future. 

In summary, usage of receptor-targeted CD4-LV and CD8-LV uncovered the transient transfer of 

∆LNGFR and the αCD19-CAR to target and non-target cells. Notably, this phenomenon would 

have stayed undetected with conventional LVs that do not discriminate between CD4+ and CD8+ 

T cells. Key for this discovery was the high selectivity of receptor-targeted LVs. 

Figure 49: Working model for vector surface ΔLNGFR detection on non-target cell in the presence of 
Vectofusin-1. Transfection of HEK293T producer cells with MV envelope plasmids H and F (orange and 
brown), packaging plasmid plasmid (blue-green) and the transfer plasmid (pink) encoding for αCD19-CAR 
and ∆LNGFR leads to surface protein expression, transgene packaging and budding of vector particles (left). 
Vectofusin-1 nanofibrils stick vector particles to target and non-target cells likewise and in this stage, α-
LNGFR antibodies (pink) bind vector-associated ∆LNGFR (middle). Transduction appears for target-cells 
only, a process that ends with αCD19-CAR and ∆LNGFR protein expression on the target cells’ surface which 
can be detected by the same α-LNGFR antibody used to detect transient protein transfer (right). Figure is 

modified from [185]. 
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3.2. CD62L-targeted LV for selective gene transfer 

3.2.1 A new member in the family of receptor-targeted LVs 

Receptor-targeting of LVs can be realized using modified MV or NiV glycoproteins. Accordingly, 

for generating the CD62L-specific LV in this thesis, both systems were tested. However, functional 

particles were obtained with the MV glycoproteins only (Figure 12), although also the NiV 

glycoproteins were successfully expressed at the surface of producer cells when fused to the 

CD62L-specific scFv (Figure 10). Non-functionality of NiV-62L-LVs might be explained by the 

distinct receptor architecture requirements needed for vector entry by the two types of receptor-

targeted LVs.  

In general, the distance between virus and cell membrane for parainfluenza virus type 3 and 5 and 

most likely for all paramyxoviruses must not exceed a maximal distance of 210 Å to allow efficient 

fusion after binding [189–192]. Bender and colleagues found, that NiV pseudotyped LVs enter 

cells efficiently when they bind to receptor sites not further away from the cell membrane than 

100 Å. They speculated that due to more glycoproteins present in NiV-LV particles than in MV-LV 

particles, binding of NiV-LVs to their target receptor is conformationally more rigid [157]. This 

finding implies that binding of receptor-targeted MV-LV to target cells is more flexible, thus better 

compensating binding to a membrane-distal domain than NiV-LVs.  

CD62L is a type I transmembrane domain that extracellularly harbors a C-type lectin domain 

(CTLD), an epidermal growth factor (EGF)-like domain, two sequence consensus repeat (SCR) 

domains and a cleavage site. Further, it consists of a transmembrane domain and a short 

intracellular cytoplasmic tail of 17 amino acids. To date, crystal structures for CTLD, EGF-like 

domain and the intracellular calmodulin-binding domain have been solved [193–195]. The two 

crystallized extracellular domains cover 118 Å in length. The two SCR domains further enlarge the 

distance between the CTLD and the plasma membrane, effecting that CD62L reaches out beyond 

other cell adhesion molecules on the cell membrane which is crucial for successful tethering and 

rolling behavior [196]. This pronounced protrusion of CD62L might be causative for the inefficient 

entry of NiV-62L-LV into cells. 

Possibly, 62L-scFv fused to MV-H or NiV-G binds to a membrane-distal domain such as the CTLD 

or EGF domain and the maximal distance for fusion of NiV-LV with cell membrane is exceeded 

while, due to its greater flexibility, MV-CD62L-LV can still fuse with the target cell membrane. 

Since CD62Ls’ crystal structure is not yet completely solved, this statement cannot be further 

supported by determining the exact distance of the binding site relative to the cell membrane. 

 

MV-62L-LV was produced, concentrated and analyzed for size, protein assembly, particle 

concentration and functional titer. Sizes of previously published receptor-targeted LVs were 

reported to be between 133 to 144 nm [164, 197]. An average size of 142 nm indicated that the 

62L-LV vector was similar in size (Figure 20). Further characterization demonstrated the 

incorporation of MV glycoproteins into the particles (Figure 19). Concentrations of 62L-LV stocks 

were between 3.9E11 – 7.9E11 particles/mL determined by nanoparticle tracking analysis and 
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2.6E11 – 5.9E11 particles/mL determined by p24-ELISA (Figure 20). In comparison, 

concentration of previously established receptor-targeted LVs analyzed by NanoSight were 

between 8E11 – 6E12 particles/mL, hence higher than the concentration of 62L-LV. 62L-LV 

particle numbers determined by p24 ELISA were similar to other receptor-targeted LVs for which 

concentrations of 5E10 – 8E11 particles/mL were reported [161, 185, 198]. In conclusion, particle 

concentrations of 62L-LV stocks lay in expected ranges.  

Functional titers of concentrated 62L-LV batches encoding the αCD19-CAR were between 

5.6E5 – 3.1E6 t.u./mL on HT1080αHis cells and 1.2E6 – 7.7E7 t.u./mL on PBMC (Figure 21). This 

difference in gene transfer activity illustrates how much t.u. analyses depend on the particular 

experimental conditions, especially the cell type used. Functional titers can therefore not be 

compared to those of other vector types. To sum up, 62L-LV was robustly produced with regard 

to concentration and functionality of particles.  

Additionally, time and effort required for production of 62L-LV compared to those of VSV-LV 

can be examined. In the antitumoral mouse experiment conducted in this thesis, fully or minimally 

activated PBMC were incubated with the same volumes of 62L-LV or VSV-LV, prior to injection 

into the mice. Notably, conditions during vector production regarding plasmid amounts per cm2 

culture area, producer cell density, volume of culture medium and concentration factor were 

identical for 62L-LV and VSV-LV. Thus, 62L-LV can be produced with the same labor and 

expense as VSV-LV. In total, 60 µL concentrated vector stock can be obtained from a single T175 

flask or 15 cm dish (chapter 4.3.5) and this amount is enough for incubation with 3.5E6 PBMC 

when handling them under the same conditions as those applied for the mouse experiment 

(chapter 4.3.16). 2E6 fully or 3E6 minimally activated vector incubated PBMC were injected per 

mouse, demonstrating that the production of 62L-LV and VSV-LV at this scale is adequate for 

such an approach.  

3.2.2 How to target a shed target receptor 

Shedding of ectodomains is typical for proteins such as cytokines, growth factors, cell adhesion 

molecules and enzymes [199]. Cells use shedding mechanisms to actively regulate the expression 

and function of surface molecules to modulate a wide variety of cellular and physiological 

processes. Ectodomain shedding is regulated by various molecular intra- as well as extracellular 

interactions and shed ectodomains may function as soluble effectors such as TNFα. Also, CD62L 

on T cells is shed upon their activation. 

Shedding of CD62L complicates proving the selectivity of 62L-LV, as transduced cells might be 

negative for CD62L at the time of analysis of ∆LNGFR expression but might have expressed the 

receptor at the time of transduction a few days earlier. In addition, shed CD62L present in the cell 

culture supernatant might hamper the gene transfer of 62L-LV. Both aspects have been considered 

and are examined in the work presented here.  

Selectivity of 62L-LV for its target receptor was validated on cell lines (Figure 22). While this was 

a crucial finding, it was further important to prove selectivity on primary cells. After transduction 

of fully activated T cells with 62L-LV, a significantly higher proportion of CAR T cells was 
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CD62L+ when compared to VSV-LV transduced cells (Figure 28). This indicates that CD62L was 

used as entry receptor. Nevertheless, most likely due to the activating conditions used during the 

experiment, up to 50% of transgene expressing cells were CD62L negative. Hence, further analyses 

were required to prove the restriction of 62L-LV to CD62L positive primary cells. 

Two blocking assays were established to confirm selective binding of 62L-LV to primary T cells. 

In both blocking assays, the parental α-CD62L antibody clone 145/15 was used, whose scFv serves 

to direct 62L-LV specific towards CD62L (Figure 50). Detection of cell surface expressed CD62L 

is achieved by incubation with a CD62L specific fluorophore-coupled antibody and flow 

cytometric analysis (Figure 50A, left). In the first blocking assay, T cells were incubated with 

62L-LV prior to addition of the 145/15 antibody. If 62L-LV selectively bound to CD62L on the 

T cells, subsequent binding of the parental CD62L antibody would be blocked (Figure 50A, right). 

Indeed, the blocking assay revealed that binding of 145/15 to T cells was impaired, as CD62L 

detection was diminished when incubating PBMC with 62L-LV but not VSV-LV (Figure 24). This 

result proved the specific binding of 62L-LV to cellular CD62L.  

Moreover, a second blocking assay with opposite strategy was performed to prove that 62L-LV is 

not binding to other T cell surface molecules than CD62L. In general, 62L-LV binding to T cells 

can be determined by staining for ∆LNGFR that is incorporated into the LV surface, as discussed 

above (Figure 50B, left). Upon incubation of the 145/15 antibody with T cells prior to addition of 

62L-LV, the surface CD62L on the T cells should no longer be accessible for 62L-LV binding. 

Subsequently, no ∆LNGFR signals should be determined (Figure 50B, right). In fact, the respective 

assay revealed that 62L-LV did not bind to cells that had been preincubated with the 145/15 

antibody, while surface ΔLNGFR could be detected when cellular CD62L had not been blocked 

[200]. In conclusion, both blocking assays confirm 62L-LVs’ selectivity towards primary CD62L 

positive cells. 

Shedding of CD62L not only complicates confirmation of selectivity of 62L-LV, but shed CD62L 

(sCD62L) molecules may interfere with 62L-LV mediated gene delivery by occupying the 

displayed scFv on the particles. For sCD62L, it is known that its binding capacities to target 

molecules are retained after cleavage. This was determined in an attachment assay in which 

lymphocytes were incubated on endothelial cells in the absence or presence of sCD62L [182]. The 

number of lymphocytes attached to endothelial cells was significantly lower in presence of 

serological sCD62L concentrations and higher. To date, the physiological function of competition 

of soluble with cell-associated CD62L is not yet understood [78].  

It was important to analyze whether sCD62L competes with T cell-associated CD62L about 

binding to 62L-LV in cell culture conditions. If so, sCD62L could sequestrate the vector and lower 

the number of LVs available for T cell binding and transduction. To examine the influence of 

sCD62L on 62L-LV binding to T cells, sCD62L from cell culture supernatant was pre-incubated 

with 62L-LV particles. Subsequently, the mixture was added to T cells and vector-T cell binding 

was analyzed by staining for vector particle-associated ΔLNGFR. Surprisingly, 62L-LV was not 

sequestrated by sCD62L (Figure 26). Since 62L-LV was proven to specifically bind to CD62L, 
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this result was rather unexpected but allowed as a consequence, that vector particles can be added 

to lymphocytes for transduction without repeated washing steps. 

Various reasons might be causative for this finding. Firstly, the concentration of sCD62L in cell 

culture supernatants was rather low (50 ng/mL, Figure 25) in comparison to levels in serum of 

healthy individuals (0.8 – 2.3 µg/mL) [182]. Possibly, higher concentrations of sCD62L could 

sequestrate 62L-LV particles thereby interfering with CD62L binding on target cells. This remains 

to be examined. Secondly, it is known that sCD62L aggregates in vivo [183]. If these aggregates 

also form in vitro, less molecules might be available for binding of sCD62L specific scFvs. 

Interestingly, if this was true, the sCD62L ELISA described above might have underestimated the 

actual sCD62L concentration. 

Thirdly, it has been suggested that sCD62L is conformationally different from the membrane-

associated full-length CD62L. This was found with a monoclonal antibody directed against an 

Figure 50: Blocking assays for verification of selective binding of 62L-LV to primary cells. A) Cell surface 
CD62L is bound by a fluorophore-coupled 145/15 antibody (left) and CD62L expression can be determined 
by flow cytometry. If 62L-LV selectively binds cellular CD62L, the parental 145/15 antibody cannot bind 
(right). B) Cell surface CD62L is bound by 62L-LV that can be detected in flow cytometry by staining for LV 
surface incorporated ΔLNGFR and flow cytometric analysis (left). If cellular CD62L is blocked by the 145/15 

antibody, 62L-LV binding is prevented (right). 
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epitope in the EGF-like domain of CD62L, which was able to bind to the cell-surface associated 

CD62L but not the soluble form [182]. The same may hold true for the 145/15 antibody. As 

consequence, the 62L-LV would be specific for CD62L but not the conformationally different 

sCD62L. This would lead to diminished or impaired binding of 62L-LV to sCD62L while cell-

associated CD62L would still be recognized. Regardless the exact mechanism, this work showed 

that sCD62L did not influence 62L-LV binding to CD62L positive primary cells. 

3.2.3 Minimally manipulated CAR T cells – the future of immunotherapy? 

Aiming at generating CAR T cells that are highly effective and can survive long-term, some current 

studies magnetically separated CAR T cells according to their CD62L expression. CD62L+ CAR 

TN, TSCM and TCM cells were shown to be preferential over more differentiated CD62L- CAR TEM 

and TEFF cells. Despite the selection of specific T cell types, all conventional CAR T cell ex vivo 

production processes require about 11-14 days [93, 102–104], thus too long for some patients who 

succumb their disease within this time. Therefore, a faster production process is of need.  

In the following, the ability of 62L-LV to generate CD62L positive CAR T cells by transducing 

minimally activated T cells is discussed. Furthermore, the possibility of 62L-LV to generate 

functional CAR T cells within only 48 hours is highlighted. Lastly, it is speculated how in vivo 

transduction might revolutionize the field of CAR T cell immunotherapy and the role 62L-LV 

might play in this respect.  

 

Minimally activated CAR T cells 

Instead of selecting CAR T cells with a less differentiated phenotype, the transgene might directly 

be transferred into minimally activated or even quiescent T cells. So far, no CAR transgene but 

reporter proteins, or proteins for identification of signaling pathways, have been delivered to 

minimally stimulated T cells using LVs [201–205]. Since 1999 it is known that cytokine 

stimulation of T cells with IL-2, IL-7 or IL-15 is sufficient to allow transduction of up to 40% with 

VSV-LV and up to 30% after infection with replication competent HIV-1 [201]. Cavalieri and 

colleagues identified that stimulation with either of these cytokines allowed T cell transduction 

with a VSV-LV encoding for ∆LNGFR. Highest transduction rates were obtained after cytokine 

pre-stimulation for at least 96 hours and yielded 30 – 60% transduced cells within minimally 

stimulated PBMC [202]. Neither of these approaches analyzed whether LDL-R expression on T 

cells is upregulated after minimal activation which would explain the efficient transduction with 

VSV-LV. 

In this thesis, IL-7 and IL-15 minimally pre-stimulated T cells were incubated with VSV-LV or 

62L-LV. CAR antigen stimulation in vitro by addition of CD19+ Nalm6 cells as early as 24 or 

48 hours post transduction proved that both vectors efficiently transduced minimally activated 

T cells and their viability and transgene expression remained high over almost three weeks (Figure 

30 and Figure 31). These results confirmed findings from other groups that VSV-LV can transduce 

minimally stimulated T cells. Notably, 62L-LV also genetically modified minimally activated T 

cells, and even yielded in a higher amount of viable T cells than those incubated with VSV-LV. 
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The potency of minimally activated CAR T cells was in the following investigated by a first 

antitumor mouse experiment described in chapter 2.6. Minimally stimulated T cells incubated with 

62L-LV or VSV-LV for less than 24 hours were injected into NSG mice and challenged with 

CD19+ Nalm6 cells three days later. Tumor growth was monitored and CAR T cells identified in 

blood and, at end of the experiment, in various organs. Indeed, high amounts of CAR T cells were 

present in four out of five mice that had received minimally pre-stimulated T cells incubated with 

62L-LV while tumor cells were absent or present in low numbers. In contrast, in mice, transplanted 

with minimally activated, VSV-LV incubated T cells, only low numbers of CAR T cells were 

detected and tumor load increased continuously. Hence, this initial antitumoral experiment 

indicated that minimally activated CAR T cells generated using 62L-LV outperform those 

incubated with VSV-LV. Supposedly, the higher preference of 62L-LV to transduce highly 

proliferative CD62L positive T cells is the cause for this finding, whereas VSV-LV may transduce 

more activated T cells. However, as the experiment included only a small number of mice, final 

conclusions can only be drawn once statistically more robust data sets have been obtained. 

Interestingly, when comparing the phenotypes of minimally activated versus fully activated 

αCD19-CAR T cells generated with 62L-LV respectively, a higher amount of TN and TCM cells 

was detected in all organs (Figure 46). These cells are important for a sustained antitumoral 

response. Thus, this might indicate that transduction of minimally stimulated T cells by 62L-LV 

gives rise to CAR T cells that actually persist longer in vivo than CAR T cells generated from 

activated cells. Importantly, CAR T cells from the min 62L-LV group might perform better upon 

tumor re-challenge, as TN and TCM cells are the ones with highest proliferative potential. To prove 

this hypothesis, further experiments are needed.  

The greater preference of 62L-LV to transduce highly proliferative and less differentiated T cells 

might be the cause for the stable CAR T cell pool in the min 62L-LV group in comparison to the 

min VSV-LV group [111]. Interestingly, when comparing the phenotypes of minimally activated 

62L-LV incubated αCD19-CAR T cells with those of fully activated CAR T cells, a higher amount 

of TN and TCM cells was detected. Re-challenge of tumor-free mice with antigen positive tumor 

cells and analysis of tumor growth and proliferation as well as differentiation of remaining CAR T 

cells would be interesting. Supposedly, as more TN and TCM cells in the min 62L-LV mice were 

detectable, this group would contain most potent CAR T cells upon re-challenge. 

Strikingly, CAR T cells from the min 62L-LV group were significantly more exhausted than CAR 

T cells from both groups having received fully activated vector-incubated T cells (Figure 47). This 

was likely caused by the final analysis time-point, at which tumor clearance was still ongoing in 

the min 62L-LV group while in both groups with fully activated T cells, tumor cells had already 

been killed. This might explain the more pronounced exhaustion of CAR T cells in the min 62L-LV 

group. Supposedly, after clearance of tumor cells, exhaustion of CAR T cells in this group might 

decline as well. An interesting extension to this project would be to explore the exact kinetics of 

CAR T cell exhaustion in this model in vivo.  

In addition to the limited observation period, xenostimulation may affect the experimental outcome 

of the presented experiment. Especially in the minimally activated groups, xenostimulation rather 

than αCD19-CAR stimulation might be causing full activation of previously only minimally 
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activated T cells which in turn drives forward CAR T cell activity. Repetition of the in vivo 

experiment in a MHC-deficient mouse model might reveal the influence of xenoreactivity on 

minimally activated CAR T cells.  

In this thesis, mice of the NSG strain (NOD.Cg.PrkdcscidIL2rgtm1Wjl/SzJ) were used that are 

immunodeficient due to defective macrophages, DCs, NK cells, T cells and B cells. In this model, 

transplanted human T cells are stimulated by xeno-antigens presented by murine MHC and cause 

graft-versus-host-disease (GvHD) within four weeks after injection [206]. In NSG-(KbDb)null(IA)null 

mice murine MHC-I and MHC-II molecules are defective and therefore not recognized by human 

T cells [207]. Conduction of a re-challenge experiment in the latter mouse model without 

development of GvHD might provide greater insight into the T cell subsets required for robust and 

long-term engraftment. 

In addition, further limitations of the experimental design described above have to be considered. 

The experiment was designed as a preventive experiment, as first the effector CAR T cells were 

injected into the mice and tumor cells three days later. It might be interesting to further evaluate 

the potency of short-term fully or minimally activated CAR T cells in a clinically more relevant 

setting.  

 

Minimally cultured CAR T cells 

Currently, research approaches are established to reduce manipulation required for the generation 

of CAR T cells to minimize the time needed for their production. To date, the study requiring the 

least time for production of CAR T cells was recently published by de Macedo Abdo [208]. Here, 

IL-2 minimally stimulated T cells were manipulated by electroporation and proven for their 

antitumoral activity 24 hours later. Yet, in their model, lymphoblastic tumor cells were not 

completely cleared.  

The study requiring the least time generating CAR T cells using a lentiviral vector rather than 

electroporation was published by Ghassemi et al., who proved that not only can functional CAR T 

cells be generated within three days, but also these cells outperform conventionally generated CAR 

T cells in xenogenic mouse tumor models [209]. They concluded that increased efficacy of CAR 

T cells in NSG mice against Nalm6 cells was due to the reduced ex vivo culture that limited 

differentiation of CAR T cells.  

The greatest differences of their approach and the CAR T cell protocol presented in this thesis are 

that they fully activated the CAR T cells prior to transduction with VSV-LV for 24 hours by 

α-CD3/CD28 stimulation and IL-2 supplementation and that the cells were injected into the mice 

48 hours after incubation with vector. In contrast, in this thesis, activation by α-CD3/CD28 

stimulation and IL-7 and IL-15 supplementation was applied for 48 hours but cells were injected 

into the mice less than 24 hours after incubation with vector. Additionally, less differentiated 

T cells were directly targeted by using 62L-LV. It remains to be analyzed whether targeting these 

cells provides a survival-advantage over VSV-LV incubated CAR T cells. Yet, similar to the 

findings of Ghassemi et al., the antitumoral mouse experiment presented here proved that fully 

activated CAR T cells can be generated within three days of ex vivo handling. This was proven for 

the common VSV-LV and the novel 62L-LV. 
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Of importance, no minimal stimulation was tested in the Ghassemi experiments. The minimal 

activation approach implemented in this study indicates that functional CAR T cells can be 

generated even within less than 48 hours of handling, when using 62L-LV for gene transfer. 

Importantly, this protocol takes less than 24 hours, while Ghassemi et al. need 48 hours for 

production. Therefore, the protocol presented here is the one requiring the least time for generation 

of CAR T using LVs until now and needed as little time as the electroporation approach from de 

Macedo Abdo [208]. A side-to-side comparison of the two approaches would allow declaring the 

better suited approach. In summary, the potency of 62L-LV incubated minimally or fully activated 

minimally cultured CAR T cells in the mouse tumor model highlights the extraordinary 

convenience of 62L-LV. 

An important aspect exceeding the studies of this thesis is the safety evaluation of CAR T cells 

generated with 62L-LV according to the minimally cultured protocol. As T cells were injected as 

early as 24 hours after incubation with 62L-LV, it can be assumed that particle uptake and gene 

transfer were not completed to this time point. Possibly, vector particles are still bound to the 

T cells and injected into the mice. It remains to be analyzed whether detaching of LVs in vivo is 

appearing and if the free lentiviral particles could transduce other cells than T cells. In order to 

enhance safety, pharmacokinetic studies could be performed, analyzing the exact time-point of 

completed transduction. In addition, washing steps can be implemented to remove particles from 

T cells prior to adoptive transfer. Moreover, purified T cells rather than PBMC could be used as 

starting material in case 62L-LV is transducing other cells than T cells to avoid injection of CAR 

expressing cells non-T cells. 

 

In vivo generated CAR T cells 

Another novel strategy of CAR T cell generation is the in vivo generation of CAR T cells. It has 

been demonstrated, that injection of T cell-targeted LVs into mice engrafted with human T cells 

allows in vivo transduction and generation of potent CAR T cells [171, 172, 174]. The advantage 

of this approach in comparison to the herein presented protocol is that no ex vivo manipulation of 

T cells is required. Reduced time and costs of CAR T cell generation as well as de-personalizing 

the production process might be beneficial over conventional CAR T cell therapy or the approaches 

presented in this study. 

One disadvantage of in vivo CAR T cell generation is the inability to follow transduction processes 

in an individual. Yet, specificity of the gene delivery tool is of highest importance. This became 

known when Ruella et al. identified a fatal case of a patient treated with αCD19-CAR T cells [210]. 

The patient died from a single CAR transduced leukemic cell that was included in the product he 

had received. The relapsing leukemic cells were αCD19-CAR positive and the CD19-scFv was 

bound in cis to the CD19 epitope on the cell, thereby masking it for recognition by αCD19-CAR T 

cells.  

Therefore, due to its broad tropism, the commonly used VSV-LV might not be a perfect choice for 

generation of CAR T cells. Certainly, this vector is not appropriate for in vivo CAR gene delivery 

approaches. Consequently, researchers are currently using CD4- and CD8-receptor-targeted LVs 

for in vivo CAR delivery approaches [171, 174]. It might be interesting to evaluate whether 62L-LV 
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would be suited for in vivo gene delivery as well. In doing so, it has to be ensured that tumor cells 

are not transduced by 62L-LV. Data not presented in thesis showed that CD19 positive B cells 

from one B-CLL patient were CD62L negative. If in general leukemic B cells are CD62L negative, 

transduction of these cells by 62L-LV would be unlikely and the concern raised by Ruella et al. 

would be neglectable. Yet, it remains to be analyzed how other CD62L expressing cell types would 

behave in vivo if they would be transduced with a LV encoding an αCD19-CAR. If expression of 

a CAR in these cells would not alter their biologic behavior, it might be safe to use 62L-LV for in 

vivo gene delivery as well. This would further increase the importance of 62L-LV.  

3.3. 62L-LV for genetic manipulation of other cells than T cells 

CD62L is not only expressed on T cells but also on other cells that migrate through lymphoid 

organs or endothelial vessels such as B cells, neutrophils, monocytes, eosinophils, hematopoietic 

progenitor cells and some NK cell subsets [66–69]. Genetic modification of most of these cell types 

have been previously reported. 62L-LV might also be used as a gene delivery vehicle for these 

cells. 

To treat genetic blood cell diseases allogeneic HSC transplantation has become gold standard but 

this strategy is limited by availability of HLA-identical healthy donors and potential immunologic 

complications. Therefore, genetic manipulation of autologous HSCs has been exploited as an 

alternative. An attractive feature of modifying autologous HSCs is the potential life-long 

therapeutic effect due to self-renewal capacity and differentiation into blood cells of all lineages 

without the risk of allogenic GvHD. Treatment of primary immune deficiencies (such as adenosine 

deaminase (ADA)-deficient severe combined immune deficiency (SCID), X-linked SCID, 

Wiskott-Aldrich Syndrome and chronic granulomatous disease), hemoglobinopathies (such as 

sickle cell disease and β-thalassemia) and metabolic disorders (such as mucopolysaccharidoses and 

X-linked adrenoleukodystrophy) have already been approved or are in pre-clinical development 

[211]. Genetic manipulation of HSCs for these approaches is performed by using LVs, but for 

efficient transduction of growth-factor stimulated HSCs high MOIs are required. Interestingly, a 

subset of early CD34+ HSC progenitors that have the potential to differentiate into all lymphoid 

(NK, B and T cells) and monocytic cells (DCs, monocytes, macrophages) but not erythroid cells 

were shown to express CD62L+ [70]. Therefore, this subset might be transduced by 62L-LV. 

Hence, the vector might be a novel tool to successfully modify CD62L+ HSCs, potentially even 

in vivo.  

Besides HSC and T cells, B cells have been widely used in gene therapy applications such as 

induction of immune tolerance by delivering genes encoding for antigen-immunoglobulin G (IgG) 

fusion proteins [212, 213]. Further, genetic manipulation of B cells to secrete neutralizing 

antibodies or therapeutic proteins such as FIX and B cell-activating factor have been achieved 

[214–217]. Tools used for genetic modification of B cells encompass viral vectors (MV, BaEV and 

GALV pseudotyped LVs) and non-viral gene editing approaches [217–221]. Similar to antigen-

unexperienced T cells, naive B cells express CD62L. It might be interesting to modify those cells 

using 62L-LV in future approaches.  
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Gene therapeutic approaches furthermore were used to introduce CARs into NK cells by 

transduction with RVs or BaEV-LV. In fact, the first CAR NK cell trial is currently ongoing [222, 

223]. It might be especially interesting to specifically transduce CD62L+ NK cells, as these possess 

polyfunctional capacities because they are able to produce IFN-γ in response to cytokine 

stimulation and kill cells upon engagement of activating receptors [69]. Other NK cell populations 

fulfil only one of these functions: CD56bright CD62L+ NK cells are responding to cytokines only 

while CD56dim CD62L- effector NK cells gained the ability to respond to activating receptor 

stimulation. 

Transduction of neutrophils with a lentiviral vector has been performed to gain more insights into 

neutrophil biology upon microbial stimuli [224]. Similarly, transduction of eosinophils might 

provide more insight into their biologic functions, signal transductions and role in innate immune 

responses. 

Theoretically, 62L-LV might transduce all the different CD62L+ cells, yet their modification by 

62L-LV has not been tested up to now. Transducing these cell types might constitute attractive 

projects exceeding the work presented here. Especially, if transduction of all these cell types in 

vivo might be feasible and proven to be safe, 62L-LV would be beneficial over VSV-LV. In order 

to target specificity, the transgene delivered by 62L-LV might be associated with a cell 

type-specific or inducible promoter [225]. Thus, the risk accompanying the transduction of other 

CD62L+ cell types than the desired one might be neglectable. In summary, it remains to be 

analyzed whether 62L-LV can transduce other CD62L positive cells than T cells, if this can be 

performed by direct in vivo injection of 62L-LV and how all the transduced cells behave upon 

expression of the transferred transgene.  

In conclusion, the great potential of 62L-LV may be demonstrated beyond the scope of this work 

in continuing studies.  
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4. Materials and Methods 

4.1. Material 

4.1.1 Chemicals and Reagents 

Component Supplier 

2-log DNA ladder New England Biolabs 

7-AAD Miltenyi Biotec 

acrylamide bisacrylamide solution Carl Roth 

agarose Biozym 

ammoniumchloride (0.86%) Paul-Ehrlich-Institut 

ampicillin Roche 

APS Carl Roth 

BD Pharm LyseTM lysing solution Becton Dickinson 

CFSE Thermo Fisher Scientific 

Cut Smart buffer New England Biolabs 

DMSO Sigma-Aldrich/Merck 

D-luciferin Perkin Elmer 

DMEM high glucose Biowest 

ECL + Western blotting substrate GE-Healthcare 

FBS Biochome AG, Sigma-Aldrich/Merck 

FcR blocking reagent (human, murine) Miltenyi Biotec 

fixable viability dye eFluor 780 Thermo Fisher Scientific 

GibcoTM Opti-MEM Thermo Fisher Scientific 

HEPES Sigma-Aldrich/Merck 

Histopaque®-1077 Sigma-Aldrich/Merck 

IL-15, human Miltenyi Biotec 

IL-2, human R&D Systems 

IL-7, human Miltenyi Biotec 

LBAMP/Kana-Agar Paul-Ehrlich Institut 

L-glutamine (200 mM) Sigma-Aldrich/Merck 

loading bufer (6X) New England Biolabs 

Midori Green DNA direct Nippon Genetics 

PageRuler Plus protein ladder Thermo Fisher Scientific 

PBS Lonza 

PBS w/o Mg2+/Ca2+ Paul-Ehrlich-Insitut 

PBS/EDTA (2 mM) Paul-Ehrlich-Insitut 

Penicillin/Streptomycin Paul-Ehrlich-Insitut 

RPMI 1640 Biowest 

Sucrose Sigma-Aldrich/Merck 

TAE buffer (10X) Paul-Ehrlich-Institut 

TBS buffer (10X) Paul-Ehrlich-Institut 

TEMED Carl Roth 

Trypan blue Sigma-Aldrich/Merck 

UltraComp eBeadsTM Compensation Beads Thermo Fisher Scientific 

Urea, p.a. Sigma-Aldrich/Merck 
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Vectofusin-1 Miltenyi Biotec 

4.1.2 Kits 

Component Supplier 

GeneJET Gel Extraction Kit Thermo Fisher Scientific 

GeneJET Plasmid Miniprep Kit Thermo Fisher Scientific 

Human L-Selectin/CD62L DuoSet ELISA R&D Systems 

Liver Dissociation Kit, mouse Miltenyi Biotec 

LV-MAXTM lentiviral production system Thermo Fisher Scientific 

PanT cell isolation kit Miltenyi Biotec 

Plasmid Midi Kit Qiagen 

Rapid DNA Ligation Kit Thermo Fisher Scientific 

RETRO-TEK HIV-1 p24 Antigen ELISA ZeptoMetrix 

4.1.3 Buffers and Media 

Name Composition 

blocking solution 
 

2% BSA in PBS 
 DMEM complete DMEM, 10% FBS,2 mM L-glutamine 

FACS fixing buffer 1% Formaldehyde in PBS w/o Mg2+/Ca2+ 

FACS washing buffer 2% FCS (0.45 µm filtered), 0.1% NaN3 in PBS w/o Mg2+/Ca2+ 

freezing medium 90% FBS, 10% DMSO 

LB-medium 1% Tryptone, 0.5% Yeast extract, 1% NaCl in H2O pH 7.2 

PEI transfection reagent 18 mM 25 kDa branched PEI in H2O 

RPMI complete RPMI, 10% FBS, 2 mM L-glutamine 

S.O.C.-Medium 
2% Tryptone, 0.5% Yeast extract, 10 mM NaCl, 25 mM KCl, 10 mM MgCl2, 10 

mM MgSO4, 20 mM Glucose in H2O 

SDS-running buffer 25 mM Tris, 192 mM Glycine, 1% SDS in H2O 

TCM 
RPMI 1640 supplemented with 10% FCS, 2 mM Lglutamine, 25 mM HEPES and 

0.4% Penicillin/Streptomycin for culture of PBMC 

TAE buffer 40 mM Tris, 20 mM Acetic acid, 1 mM EDTA in H2O 

TBS-T buffer 0.05% Tween-20 in TBS-Buffer 

Transfer buffer 48 mM Tris, 39 mM Glycine, 20% Methanol in H2O 

trypsin working solution 2 mM EDTA, 0.25% Trypsin-Melnick in PBS w/o Ca2+/Mg2+ 

urea denaturation buffer 
200 mM Tris-HCl, 8 M Urea, 5% SDS, 100 mM EDTA, 0.03% Bromophenol blue, 

1.5% Dithiothreithol in H2O 

4.1.4 Consumables 

Name Supplier 

bottle 500 mL Thermo Fisher Scientific 

cryo tubes (2mL) Greiner Bio-One 

ELISA Plate Thermo Fisher Scientific 

Falcon (15, 50 mL) Greiner Bio-One 

Microcentrifuge tubes Eppendorf 

microtainer® blood collection tubes Becton Dickinson 

Rapid-Flow bottle top filter, 0.45 µm, SFC membrane Thermo Fisher Scientific 
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Serological pipettes Greiner Bio-One 

Sterile disposable PETG flasks Thermo Fisher Scientific 

Syringe filters (0.2 µm, 0.45 µm) Sartorius 

Tissue culture dish (15 cm) Greiner Bio-One 

Tissue culture flask (T25, T75, T175) Greiner Bio-One 

Tissue culture plates (96-, 24-, 12-, 6-well) Nunc, Thermo Fisher Scientific 

Tubes (0.5 – 2 mL) Micronic, Eppendorf, Axigen 

Vacutainer CPT cell preparation tubes BD Biosciences 

Whatman paper Whatman 

4.1.5 Antibodies 

Name Flurophore Clone 
Isotype/2nd 

antibody 

Isotype 
control 
clone 

Dilution Supplier 

α-CD19 
Alexa 

Fluor700 
HIB19 mouse IgG1,κ P3.6.2.8.1 200 Thermo Fisher 

α-CD19 PerCP Vio700 LT19 mouse IgG1,κ IS5-21F5 100 Miltenyi Biotec 

α-CD271 (LNGFR) PE ME20.4-1.H4 mouse IgG1,κ IS5-21F5 50 Miltenyi Biotec 

α-CD271 (LNGFR) VioBright FITC ME20.4-1.H4 mouse IgG1,κ IS5-21F5 100 Miltenyi Biotec 

α-CD3 BV605 HIT3a mouse IgG2α,κ G155-178 100 BD Biosciences 

α-CD3 FITC BW264/56 mouse IgG1,κ S43.10 200 Miltenyi Biotec 

α-CD4 PE-CF594 RPA-T4 mouse IgG1,κ X40 200 BD Biosciences 

α-CD4 PE-Vio770 VIT4 mouse IgG2α,κ S43.10 200 Miltenyi Biotec 

α-CD4 VioBlue VIT4 mouse IgG2α,κ S43.10 200 Miltenyi Biotec 

α-CD4 VioGreen VIT4 mouse IgG2α,κ S43.10 100 Miltenyi Biotec 

α-CD45 BV510 2D1 mouse IgG1,κ MOPC-21 200 BioLegend 

α-CD45RA VioBlue 5B1 mouse IgG2α,κ S43.10 200 Miltenyi Biotec 

α-CD45RO APC UCHL1 mouse IgG2α,κ S43.10 100 Miltenyi Biotec 

α-CD45RO PerCP UCHL1 mouse IgG2α,κ S43.10 100 Miltenyi Biotec 

α-CD62L PE-Vio770 145/15 mouse IgG1,κ IS5-21F5 100 Miltenyi Biotec 

α-CD62L VioBlue 145/15 mouse IgG1,κ IS5-21F5 100 Miltenyi Biotec 

α-CD8 APC BW135/80 mouse IgG2α,κ S43.10 200 Miltenyi Biotec 

α-CD8 APC-Vio770 REA743 REA 
REA 

Control(S) 
100 Miltenyi Biotec 

α-CD8 BV786 RPA-T8 mouse IgG1,κ X40 200 BD Biosciences 

α-CD8 VioGreen BW135/80 mouse IgG2α,κ S43.10 100 Miltenyi Biotec 

α-F  F431(1034) α-rabbit P0448 2000 
Hybridoma, 

DAKO 

α-His  27E8 α-mouse P0260 1000 Cell Signaling 

α-His PE 
GG11-
8F3.5.1 

mouse IgG1,κ IS5-21F5 100 Miltenyi Biotec 

α-LAG-3 
Alexa 

Fluor647 
T47-530 mouse IgG1,κ MOPC-31C 20 BD Biosciences 

α-p24  38/8.7.47 α-mouse P0260 1000 Gentaur 

α-TIM-3 VioBright FITC F38-2E2 mouse IgG1,κ IS5-21F5 33 Miltenyi Biotec 
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4.1.6 Plasmids 

Name Description Source 

pCAGGS-NiV-F∆22 encodes ∆22 truncated NiV-F [157] 

pCAGGS-NiV-G∆34mut4x-L3-scFvCD8Vh1 
encodes NiV-G ∆34 mutated 

that is fused to the CD8 
specific scFv via a (G4S)3 linker 

[157] 

pCG-Fnse-∆30 encodes MV F mutated ∆30 [159] 

pCG-NiV-Gmut-L3-scFv.CD62L 
encodes NiV-G ∆34 mutated 
that is fused to the CD62L 

specific scFv via a (G4S)3 linker 
this thesis 

pCG-NiV-Gmut-scFv.CD62L 
encodes NiV-G ∆34 mutated 
that is fused to the CD62L 

specific scFv 
this thesis 

pCMV-∆8.91 
encodes HIV-1 genes gag/pol 
necessary for packaging of LV 

particles 
U. Blömer [124] 

pHnse-DARPin.CD4.29.2 

encodes MV H ∆18 mutated 
that is fused to the CD4 

specific DARPin 29.2 via a 
(G4S)3 linker 

[166] 

pHnse-L3-scFv.CD62L 
encodes MV H ∆18 mutated 
that is fused to the CD62L 

specific scFv via a (G4S)3 linker 
this thesis 

pLTG1413 (hCMV-BaEvRlessCL)a 
encodes the BaEV glycoprotein 

in which the R peptide was 
deleted 

CARAT consortium 

pLTG1414 (hCMV-BaEvTR_La_B) 

encodes the BaEV glycoprotein 
in which the cytoplasmic 

domain and R peptide were 
exchanged to those of MLV-A 

CARAT consortium 

pMB-TV-LP-CD19.CAR(4z)-P2A-LNGFR 
encodes the second generation 
αCD19-CAR and the reporter 

protein ∆LNGFR 
CARAT consortium 

pMDG-2 encodes VSV-G protein D. Trono 

pSEW-GFP 
transfer plasmid encoding GFP 

under the control of a SFFV 
promoter 

M. Grez [177] 

4.1.7 Enzymes 

Name Supplier 

NotI-HF New England Biolabs 

PspOMI New England Biolabs 

ScaI New England Biolabs 

SfiI-HF New England Biolabs 

4.1.8 Cell lines and bacteria 

Name Description and source 

E.coli Top10 Transformation competent Escherichia coli bacteria; Life technologies 

HEK 293T 
human fetal kidney epithelial cells expressing adenoviral SV40 T antigen; 

ATCC, CRL-11268 

HT1080 human fibrosarcoma cell line; ATCC, CCL-121 

HT1080αHis HT1080 cells expressing αHis; [Friedel] 

HT1080CD62L HT1080 cells expressing CD62L; Buchholz lab, Paul-Ehrlich-Institut 

Molt 4.8 human T lymphoblast cell line; Buchholz lab, Paul-Ehrlich-Institut 
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Nalm6-EBFP-luc human B lymphoblast cell line; Fielding lab, University College London 

suspension HEK 293 cells Thermo Fisher Scientific 

4.1.9 Instruments 

Name Manufacturer 

cell incubator BBD6220 Heraeus, Thermo Fisher Scientific 

centrifuge multifuge X3 Heraeus, Thermo Fisher Scientific 

Freezer (-20°C, -80°C) New Brenswick, Liebherr, Thermo Fisher Scientific 

Fridge AEG 

Gel documentation imager Intas 

Gel tray Paul-Ehrlich-Institut 

Incubator shaker thermomixer comfort Eppendorf 

IVIS® Imaging System Perkin Elmer 

LSR FortessaTM flow cytometer BD Biosciences 

MACS Quant Analyzer 10 flow cytometer Miltenyi Biotec 

MicroChemi 4.2 DNR 

Micropipets research plus® Eppendorf 

Microwave Sharp 

Mini-Protean® 3 Bio-Rad 

Mr. FrostyTM Freezing container Nalgene 

Multichannel pipets Thermo Fisher Scientific 

NanoSightTM NS500 Malvern Instruments 

Nitrogen tank Chronos, Apollo Messer 

Orbital shaker Celltron 

Pipetbox Accu-jet Brand 

Pump Vacusafe Integra 

Semi-Dry blotting system Trans-Blot® SD Bio-Rad 

Spectrophotometer NanoDrop 2000c Thermo Fisher Scientific 

Table centrifuge Heraeus 

Table-top shaker Biometra® WT12 Biometra 

Vortex Mixer Vortex Genie® 2 Scientific Industries 

XGI-8 Gas Anesthesia system Perkin Elmer 

4.1.10 Software 

Name Manufacturer 

FCS Express 5 and 6 De Novo Software 

FlowJo 10 BD Biosciences 

Living Image Perkin Elmer 

NanoSightTM software NTA2.3 Malvern Instruments 

SnapGene GSL Biotech LLC 

4.1.11 Panels for flow cytometry 

Channel MACSQuant Analyzer10 Filter MACSQuant Analyzer10 Antibody and fluorophore/reagent 

B1 525/50 CD3-FITC 

Table 3: Panel for analysis of transduction of PBMC.  
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B2 585/40 LNGFR-PE 

B4 750 CD4-PEVio770 

R1 655-730 CD8-APC 

R2 750 eFluor780 

 

Channel MACSQuant Analyzer 10 Filter MACSQuant Analyzer 10 Antibody and fluorophore/reagent 

V1 450/50 CD45RA-VioBlue 

V2 525/50 CD4-VioGreen 

B1 525/50 CD3-FITC 

B2 B2585/40 LNGFR-PE 

B3 655-730 7-AAD 

B4 750 CD62L-PEVio770 

R1 655-730 CD45RO-APC 

R2 750 CD8-APCVio770 

 

Filter LSR Fortessa Antibody and fluorophore 

450/50 CD45RA-VioBlue 

525/50 CD45-BV510 

605/20 CD3-BV605 

780/60 CD8-BV786 

530/30 TIM3-VioBrightFITC 

586/15 LNGFR-PE 

695/40 CD45RO-PerCP 

610/20 CD4-PECF594 

670/14 LAG3-Alexa Fluor 647 

735/45 CD19-Alexa Fluor 700 

780/60 eFluor780 

4.2. Molecular biological methods 

4.2.1 Transformation of competent bacteria 

For plasmid amplification, competent E. coli Top 10 were thawed on ice and 50 ng DNA or 5 µL 

ligation reaction mix (chapter 4.2.6) were added. Bacteria-DNA mix was incubated 30 minutes on 

ice and afterwards heat-shocked at 42 °C for 30 sec. Bacteria were placed back on ice, 

supplemented with 200 µL S.O.C. medium and incubated for 30 minutes at 37°C while shaking 

for recovery at 500 rpm in a thermomixer. Transformed bacteria were plated on LB agar plates 

containing ampicillin or kanamycin and overnight incubated at 37°C. 

Table 4: Panel for analysis of transduction and subsets. 

Table 5: In vivo analysis panel. 



Materials and Methods Molecular biological methods  

82 

 

4.2.2 Plasmid preparation 

Plasmid DNA was purified from transformed bacteria using a Mini Kit or a Midi Kit according to 

the manufacturer‘s instructions. In brief, one bacterial clone was picked and overnight incubated 

in 4 mL or 200 mL LB medium supplemented with appropriate antibiotic at 37°C whilst shaking. 

Bacteria were pelleted, lysed and DNA precipitated according protocol’s instructions. Purified 

DNA was analyzed for DNA content and quality photometrically using a NanoDrop. DNA was 

further analyzed by control digest (chapter 4.2.3) or sequencing (chapter 4.2.7).  

4.2.3 DNA restriction digest 

For cloning of the CD62L-scFv into measles and Nipah backbones, DNA restriction digest was 

conducted. Preparative DNA restrictions were performed using the restriction endonucleases SfiI-

HF and NotI-HF according to the manufacturer‘s protocol. Control digestions were performed 

using enzymes ScaI or PspOMI. Each preparative restriction reaction mix contained 4 µg DNA, 

the analytical restriction reaction 500 ng DNA, Cut Smart reaction buffer in appropriate 

concentration, 5 U enzymes and was filled up with water to 25 µL. Incubation for two hours at 

37 °C and when cutting with SfiI-HF for further four hours at 50°C was performed. Restriction 

samples were purified by agarose gel electrophoresis (chapter 4.2.4).  

4.2.4 Agarose gel electrophoresis 

Agarose gel electrophoresis was used for purification of restriction enzyme digested DNA plasmids 

(chapter 4.2.3). For gel preparation, 1 g agarose powder was dissolved in 100 mL TAE buffer by 

heating in a microwave. Once the agarose was solved completely, solution was incubated at room 

temperature to cool down for 10 minutes and then poured into a gel tray. After polymerization, 

DNA mixed with 6x loading buffer and Midori Green was loaded into the gel pockets. Gels were 

run at 100 V in a Wide Mini Sub-Cell® GT chamber. Results were analyzed under LED light in 

the gel documentation imager. DNA fragment size was determined by loading a 2-log DNA ladder 

as control. 

4.2.5 DNA isolation from agarose gels 

Gel slices containing appropriate DNA fragments were excised from agarose gels and transferred 

into 1.5 mL tubes. For DNA purification the GeneJET Gel Extraction Kit was used according to 

the manufacturer‘s instructions. 

4.2.6 DNA Ligation 

Ligation of DNA fragments was performed using the Rapid Ligation Kit according to the 

manufacturer‘s instructions. For ligation, 10 – 100 ng of plasmid backbone was used with a 3:1 

molar excess of insert DNA fragment in Rapid T4 Ligase buffer. After addition of the Rapid T4 



Materials and Methods Cell biological and virological methods  

83 

 

Ligase and incubation for 10 minutes at room temperature, ligation product was used to transform 

competent bacteria (chapter 4.2.1). 

4.2.7 DNA Sequencing 

For sequence analysis of prepped DNA plasmids, 500 ng DNA and 5 µM appropriate sequencing 

primer was sent in a total volume of 10 µL for sequencing by GATC/eurofins genomics. Sequences 

were aligned using SnapGene. 

4.3. Cell biological and virological methods 

4.3.1 Freezing and thawing of cells 

For freezing of cells, adherent cells were detached with trypsin after washing with phosphate-

buffered saline (PBS). Suspension cells just had to be collected. Cell suspensions were pelleted by 

centrifugation for 5 minutes at 300 g and resuspended in appropriate amount of freezing medium. 

Cells in freezing medium were aliquoted a 1 mL in cryo tubes and frozen in Mr. FrostyTM freezing 

container at -80°C. About two days later, aliquot were transferred to nitrogen tanks for long-term 

storage. 

4.3.2 Cultivation of cell lines 

Cell lines were cultivated in incubators under 37°C, 5% CO2 and saturated water atmosphere in 

appropriate cell culture media [chapter 4.1.3]. Suspension human embryonic kidney (HEK) 293 

producer cells were shook in an orbital shaker at 120 rpm. Cells were passaged twice or thrice per 

week. Therefore, adherent cells were washed once with PBS and then incubated with trypsin. They 

were suspended in medium containing FBS to stop the trypsin reaction and then seeded in 

appropriate numbers in new cell culture flasks. Splitting of suspension cells was performed by 

discarding an appropriate volume of cell suspension and addition of new medium. Regularly, cell 

lines were analyzed for mycoplasma contamination.  

4.3.3 Transfection of adherent HEK293T cells 

For surface expression experiments and lentiviral vector production, HEK293T cells were 

transfected with 0.2 µg DNA/cm2 and 0.8 µL polyethylenimine (PEI) transfection reagent/cm2. For 

obtaining appropriate density of producer cells, they were seeded one day earlier a 4E5 cells in 12-

wells or 2E7 cells in T175 flasks and 15 cm dishes. DNA and PEI were diluted separately in 

DMEM without additives and vortexed. Afterwards, solutions were combined, vortexed 

thoroughly and incubated for 20 minutes at room temperature. Meanwhile, medium of producer 

cells was changed to DMEM supplemented with 15% FBS and 3 mM L-glutamine. DNA/PEI mix 

was added to producer cells and incubation was performed. After 6-18 hours medium was changed 



Materials and Methods Cell biological and virological methods  

84 

 

to fresh DMEM complete culture medium to remove PEI/DNA complexes residual in the cell 

culture supernatant. 

4.3.4 Lentiviral vector production encoding gfp 

First production of 62L-LVs was performed in small scale in 12-wells. For production of MV-

CD62L-LV-gfp a DNA mixture of 0.03 µg pHnse-L3-scFv.CD62L, 0.09 µg pCG-Fnse-Δ30, 

0.34 µg pSEW-GFP and 0.32 µg pCMV-∆R8.91 was used. Production of the NiV-CD62L-LVs 

was performed with a DNA mix of 0.02 µg targeting domain DNA (pCG-NiV-Gmut-L3-

scFv.CD62L or pCG-NiV-Gmut-scFv.CD62L), 0.10 µg pCAGGS-NiV-FΔ22, 0.34 µg pSEW-

GFP and 0.32 µg pCMV-ΔR8.91. VSV-LV in was produced by transfection of HEK293T producer 

cells with 0.14 µg pMDG-2, 0.39 µg pSEW-GFP and 0.25 µg pCMV-ΔdR8.91.  

Transfection was performed as described in chapter 4.3.3. Two days after transfection, supernatants 

were harvested and filtered through 0.45 µm filter. Vector particle containing supernatant was 

stored at 4°C overnight and subsequently used to transduce HT1080 cell lines that were seeded in 

96-wells. 

4.3.5 Lentiviral vector production encoding αCD19-CAR with adherent 

producer cells 

For production of established LVs and the MV-62L-LV HEK293T cells in 4 – 40 T175 flasks or 

15 cm dishes were transfected as described in chapter 4.3.3. For production of MV-CD4-LV-

CD19.CAR and MV-L3-62L-LV-CD19.CAR a DNA mixture of 1.35 µg pHnse-

DARPin.CD4.29.2 or pHnse-L3-scFv.CD62L, 4.04 µg pCG-Fnse-Δ30, 15.2 µg pMB-TV-LP-

CD19.CAR(4z)-P2A-LNGFR and 14.4 µg pCMV-ΔR8.91 was used. CD8-LV was produced by 

transfection of HEK293T cells with 0.90 µg pCAGGS-NiV-GΔ34mut4x-L3-scFvCD8Vh1, 

4.49 µg pCAGGS-NiV-FΔ22, 15.2 µg pMB-TV-LP-CD19.CAR(4z)-P2A-LNGFR and 14.4 µg 

pCMV-ΔR8.91. For the production of BaEV-LV, producer cells were transfected with 10.4 µg 

pLTG1413 (hCMV-BaEvRlessCl)a or pLTG1414 (hCMV-BaEvTR_La_B), 17.5 µg pMB-TV-

LP-CD19.CAR(4z)-P2A-LNGFR and 7.11 µg pCMV-ΔR8.91. VSV-LV in was produced by 

transfection of HEK293T producer cells with 6.13 µg pMD2.G, 17.5 µg pMB-TV-LP-

CD19.CAR(4z)-P2A-LNGFR and 11.4 µg pCMV-ΔR8.91.  

Two days after transfection, supernatants were harvested and filtered through 0.45 µm filter. 

Subsequently, vector was concentrated (see 4.3.7).  

4.3.6 Lentiviral vector production with suspension producer cells 

Lentiviral vectors were also produced using the LV-MAXTM lentiviral production system (Thermo 

Fisher Scientific). This kit provides suspension HEK293 cells, production medium and a 

transfection kit including transfection reagent and enhancer. At day of transfection, suspension 

cells were seeded a 4.7E6 c/mL in LV-MAX production medium. 59 µL LV-MAX supplement 

was added per mL cell suspension. During transfection, 2.5 µg DNA/mL cell suspension is 
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suggested by the manufacturer. Accordingly, to maintain plasmid ratios that are commonly used to 

produce VSV pseudotyped and MV-scFv receptor-targeted LVs, 0.438 µg pMD2.G, 1.25 µg pMB-

TV-LP-CD19.CAR(4z)-P2A-LNGFR and 0.813 µg pCMV-ΔR8.91 or 0.096 µg MV-L3-62L-LV-

CD19.CAR, 0.289 µg pCG-Fnse-Δ30, 1.08 µg pMB-TV-LP-CD19.CAR(4z)-P2A-LNGFR and 

1.03 µg pCMV-ΔR8.91 were used per mL cell suspension.  

For transfection, DNA in appropriate amounts was diluted in Opti-MEM and incubated with 

diluted transfection reagent (6 µL/mL cell suspension) for 10 minutes at room temperature. 

Subsequently, DNA-lipid complex was added to the cells. 5 – 14 hours later 40 µL LV-MAX 

enhancer per mL cell suspension was added. Two days post transfection, vectors were harvested 

by pelleting of cells (3 minutes, 300 g) and collection of supernatant which was filtered through 

0.45 µm filter. Concentration of vectors followed (see 4.3.7). 

4.3.7 Concentration of lentiviral vectors  

Lentiviral vectors were produced in either adherent or suspension producer cells (see chapters 4.3.5 

and 4.3.6). To concentrate vector stocks, vector particle containing supernatant was underlaid with 

20% sucrose and concentration of vector particles was performed by centrifugation for 24 hours at 

4,500 rpm and 4°C. Supernatant was discarded, pellet dissolved in 60 µL PBS per 2E7 transfected 

cells and vector particles stored at -80°C in low-binding tubes. 

4.3.8 Nanoparticle tracking analysis of lentiviral vector particles 

Concentration of vectors and their size was followed using NanoSight NS500. To obtain suitable 

concentrations (1E7 – 1E9 particles/mL), vector stocks were diluted 1:3,000 up to 1:10,000 in 

degassed PBS. Measures were conducted for 60 sec and repeated thrice for each stock. NTA2.3 

software was used to set thresholds, identify particles their size and concentration. 

4.3.9 Titration of lentiviral vectors 

For titration of concentrated LVs on cell lines or PBMC, four to eight serial dilutions of vector 

stocks were prepared in fresh medium. Cells were transduced as described in chapter 4.3.10 and 

chapter 4.3.13. Three to four days later, cells were analyzed by flow cytometry for transgene 

expression. For calculation of vector functional titers in transducing units (t.u.) per mL, samples 

whose transduction levels lay in a linear range with more than 5% and less than 25% transduced 

cells were considered. 

4.3.10 Transduction of cell lines  

For transduction of HT1080WT, HT1080αHis and HT1080CD62L cells were seeded at 8E3 cells per 

96-well and incubated overnight. The next day, supernatant was discarded and either 100 µL 

unconcentrated vector stock was added or 100 µL diluted concentrated vector. To cells that were 

transduced with unconcentrated vectors, 150 µL fresh medium was added 2 hours later.  
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4.3.11 Isolation of human PBMC 

PBMC were isolated from healthy in-house donors that had given informed consent or from buffy 

coats purchased form the German blood donation center (DRK-Blutspendedienst Hessen, 

Frankfurt). Blood from in-house donors was collected in Vacutainer tubes and PBMC isolated 

according to the manufacturer’s instructions. Blood from buffy coats was diluted 1:1 in PBS and 

25 mL of this suspension carefully pipetted on top of 15 mL Histophaque®-1077 gradient. 

Separation of PBMC from red blood cells was achieved by centrifugation for 20 minutes at 1,800 

rpm without break. Layer containing mononuclear cells was collected. 

PBMC separated from red blood either in Vacutainer or Histopaque gradients were furthermore 

washed with PBS, first by centrifugation for 10 minutes at 300 g, then 10 minutes 200 g to remove 

platelets. By incubation with pre-warmed 0.86% Ammoniumchloride solution erythrocytes were 

lyzed. Afterwards, PBMC were washed twice more at 300 g and subsequently frozen or directly 

activated. 

4.3.12 Activation of T cells 

Cultivation of human T cells requires activation and cytokine supplementation. For activation, 24- 

or 6-wells were coated with 1 µg/mL α-human CD3 monoclonal antibody (α-CD3) in PBS for 2 h 

at 37°C or overnight at 4°C. Afterwards, antibody was discarded and plate blocked by incubation 

with blocking solution for 30 minutes at 37°C. Washing with PBS was performed and PBMC were 

added in TCM supplemented with 3 µg/mL α-human CD28 monoclonal antibody (α-CD28) and 

100 U/mL IL-2 or 25 mM IL-7 and 50 mM IL-15. Per 24-well 2E6 PBMC in 2 mL TCM and per 

6-well 1E7 cells in 4 mL TCM were seeded. 

Two days post activation with α-CD3, α-CD28, IL-7 and IL-15 or three days after activation with 

α-CD3, α-CD28 and IL-2 cells were transduced (chapter4.3.13). For collection of soluble CD62L, 

no medium or cell passaging change was conducted until day 6. 

4.3.13 Transduction of activated human T cells 

Fully activated PBMC (chapter 4.3.12) were seeded in 4E4 or 8E4 cells per 96-well in 100 µL 

TCM containing 100 U/mL IL-2 or 25 mM IL-7 and 50 mM IL-15 for transduction without 

Vectofusin-1. Subsequently, 0.05 – 10 µL vector stock was added and spinfection was performed 

during which plate was spun for 90 minutes at 32°C and 850 g. In experiments with Vectofusin-1, 

same T cell number was seeded per 96-well in 50 µL TCM. 1 – 10 µL vector stock was diluted in 

RPMI 1640 without additives up to 25 µL, and Vectofusin-1 was diluted in RPMI 1640 without 

additives to the same volume. After brief mixing, Vectofusin-1 and vector dilutions were combined 

and shortly vortexed. Incubation for 5 – 10 minutes followed and then vector-Vectofusin-1 mixture 

was added to cells. Spinfection was performed at same conditions than described above. 

Vectofusin-1 concentration during spinfection was 10 µg/mL. 

After spinfection, 100 µL TCM with appropriate cytokines was added. One to three days later, first 

medium change was performed by discarding 100 µL cell culture supernatant and addition of same 
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volume fresh medium with cytokines. Renewal of medium was performed every two to three days. 

Optionally, cells were passaged by collecting half of the cells and transfer into other 96-wells and 

filling up with medium to 200 µL culture volume. 

4.3.14 Irradiation of cells 

For irradiation of Nalm6 cells, cells in culture were pelleted for 5 minutes at 300 g. Approximately 

2E8 cells were resuspended in 50 mL pre-heated RPMI complete and mitotically inactivated with 

15 Gy γ-irradiation. Cells were pelleted again, resuspended in freezing medium and frozen. 

4.3.15 Transduction and ex vivo culture of minimally stimulated T cells 

Transduction and co-culture of minimally stimulated T cells within PBMC 

Four experiments were performed in which PBMC were isolated according to chapter 4.3.11 and 

incubated with in TCM supplemented with 25 mM IL-7 and 50 mM IL-15 without a prior freeze-

thaw cycle. In two of these experiments, 2.4E5 cells per 24-well in 1 mL TCM with cytokines and 

in the other two 8e4 cells per 96-well in 100 µL TCM with cytokines were seeded and transduced 

with 30 or 15 µL 62L-LV or left untransduced. Spinfection was performed during which plates 

were centrifuged for 90 minutes at 32 °C and 850 g. Afterwards, volume was doubled by addition 

of 100 µL or 1 mL TCM supplemented with IL-7 and IL-15. 

Two days later, part of the cells were analyzed by flow as described in chapter 4.3.20. In three of 

the four experiments, majority of T cells had died. In the remaining experiment, co-culture with 

irradiated Nalm6 cells was started. 1.6E5 irradiated Nalm6 cells (chapter 4.3.14) per 96-well were 

added at start of the co-culture and 6, 8, 11 and 14 days later. At same days and at day 18 after start 

of the co-culture, flow analysis was performed (chapter 4.3.20). In parallel, PBMC were cultured 

in cytokine containing medium without addition of irradiated antigen positive cells. These were 

cultured until day 13 post transduction. By then, all T cells had died. 

 

Transduction and co-culture of minimally stimulated enriched T cells 

Two experiments were performed in which PBMC were thawed (chapter 4.3.1) and enriched using 

the PanT cell isolation kit according to the manufacturer’s instructions. 4E5 or 5E6 enriched T cells 

per 24-well were incubated overnight in 2 mL TCM supplemented with 25 mM IL-7 and 50 mM 

IL-15. The following day, cells were counted and 3E5 cells were seeded per 96-well in 100 µL 

TCM supplemented with cytokines. Transduction with 20 µL 62L-LV or 10 µL VSV-LV was 

performed, or cells were left untransduced. Cells were spun in plates for 90 minutes at 850 g and 

32 °C. Afterwards, 100 µL fresh TCM supplemented with cytokines was added. 

Approximately 24 hours after transduction, 3E4 non-irradiated Nalm6 cells per well were added. 

Two days later, flow analysis was performed (chapter [4.3.20]) for T cell viability and ΔLNGFR. 

A defined amount of cells was taken for flow analysis and the amount of ΔLNGFR positive T cells 

in each 96-well was calculated. Then, defined amounts of non-irradiated Nalm6 cells per well were 

added, namely 1.1:1 or 1:1 Nalm6:CD3+ ΔLNGFR+ at day 2 after start of the co-culture, 0.5:1 or 
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1:1 at day 5, 0.8:1 or 1:1 on day 8, and 1:1 on day 13. At days 16 and 19, no addition of Nalm6 

cells but flow analysis was performed. To untransduced cells, 1:10 Nalm6:viable T cells was added. 

Transduced cells that were cultured without Nalm6 cells had died during the culture. 

4.3.16 Preparation of fully and minimally activated PBMC for in vivo 

experiment 

For fully activated groups, PBMC were thawed (chapter 4.3.1) and activated as described in chapter 

4.3.12. Minimally activated PBMC were thawed (chapter 4.3.1) and 1E7 cells per 6-well were 

incubated in 4 mL TCM containing 25 mM IL-7 and 50 mM IL-15. Two days after full and one 

day after minimal activation, cells were counted and seeded a 1.8E6 cells per 24-well in 600 µL 

TCM containing cytokines. 30.3 µL 62L-LV, VSV-LV or PBS was added and cells-vector 

mixtures were centrifuged for 90 minutes at 32 °C and 850g. Cells were incubated overnight in an 

incubator and on the next day applied into the mice as described in chapter 4.5.1. 

4.3.17 Killing assay 

Cytotoxic activity of CD8-LV encoding αCD19-CAR transduced T cells was determined using 

CD19 positive Nalm6 cells. To reduce activity of PBMC in culture and increase their cytotoxic 

activity upon antigen encounter, the cytokine treatment of transduced PBMC (chapter 4.3.13) was 

reduced by half 11 or 12 days post transduction. Then, 48 h later, the cells were analyzed for 

ΔLNGFR expression by flow cytometry and used in a cytotoxicity assay on the next day. 5E4 or 

1E4 CAR T cells or untransduced T cells were co-incubated with 1E4 CFSE labeled CD19 positive 

Nalm6-EBFP-luc (Nalm6) cells. To compensate variable transduction efficiencies, the effector cell 

population was normalized to an absolute T cell number by addition of untransduced T cells. Nalm6 

cells co-cultured without effector cells was used as a control. Co-incubation was performed for 4 

h at 37°C in 200 µL TCM without cytokines. Determination of dead target cells was performed by 

staining the co-incubated cells with the fixable viability dye eFluor780 (chapter 4.3.20). The 

percent of dead target cells was analyzed as the CFSE positive, viability dye positive cell 

population. The baseline of dead target cells incubated without effector cells was subtracted to 

calculate the relative amount of dead target cells. 

4.3.18 sCD62L binding assay 

PBMC of three donors were fully activated with α-CD3, α-CD28, IL-7 and IL-15 as described in 

chapter 4.3.12 and cultured without medium change or cell splitting. 6 days afterwards, cell 

suspension was collected and centrifuged for 5 minutes at 5,000 rpm. Concentration of sCD62L in 

supernatant was determined by ELISA (chapter 4.4.4) and sCD62L binding assays were performed. 

Eventually, supernatant was frozen for 2 hours at -80°C. Non-frozen supernatant and once frozen 

supernatant containing sCD62L or fresh medium without sCD62L were incubated with 10 µL 62L-

LV or VSV-LV vector stock for 60 minutes at 4 °C. Vector/sCD62L-containing supernatant was 

then added to 4E4 PBMC of various donors in 96-wells that had been fully activated 2 days earlier 
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(chapter 4.3.12). Staining for vector bound cells was performed after an incubation for 30 minutes 

at 4°C by flow cytometry detecting ΔLNGFR (4.3.20).  

4.3.19 Blocking assay 

In blocking assays it was analyzed whether 62L-LV binding to T cells impairs 145/15 antibody 

binding. PBMC were activated with α-CD3, α-CD28, IL-7 and IL-15 as described in chapter 4.3.12 

or incubated in IL7 and IL-15 containing TCM only. Two days later, 1.8E6 cells were seeded per 

24-well in 570 µL TCM containing IL-7 and IL-15 and 30.3 µL 62L-LV (2.14E4 particles/cell) or 

VSV-LV (1.73E4 or 3.57E3 particles/cell) was added. Cell-vector mixtures were centrifuged for 

90 minutes at 32 °C and 850 g prior to addition of 600 µL TCM containing IL-7 and IL-15 and 

overnight incubation. The next day, T cell viability and surface expression of CD3 and CD62L was 

analyzed (chapter 4.3.20) 

4.3.20 Flow cytometry 

Supernatant of adherent cells was discarded and the cells washed once with PBS. Cells were 

detached by incubation with PBS/EDTA and transferred to Micronic tubes. Prior to addition of 

antibodies and viability dye, these cells were washed once by filling up with FACS wash buffer 

and centrifugation for 3 minutes at 300 g. Suspension cells were transferred to tubes and washed 

twice. Single cell suspension from mouse organs where washed once and then incubated with 

appropriate amounts of human and murine Fc block for 10 minutes at room temperature. Then, 

cells were washed again. For staining, cells were incubated with appropriate antibody dilutions and 

viability dye for 20 – 30 minutes at 4 °C in the dark. Afterwards, all cells were washed twice and 

then fixed by addition of 100 µL FACS fix buffer. Flow cytometric analysis was performed using 

MACS Quant Analyzer10 or BD LSRFortessaTM and the FCS express 5 or 6, or FlowJo 7 software. 

4.4. Protein biochemistry 

4.4.1 SDS-plyacrylamide gel electrophoresis 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used for separation 

of viral proteins based on their molecular weight. 20 µL concentrated vector stocks were mixed 

with 2x urea denaturation buffer and incubated for 10 minutes at 95 °C. Samples and PageRuler 

Plus prestained protein ladder were loaded on 10% SDS polacrylamide gels and separated using 

the 2D electrophoresis system Mini-Protean® 3 cell from Bio-Rad. At 80 V samples were 

concentrated in the stacking gel and afterwards separated at 100 V.  

Component Resolving gel (10%) Stacking gel (5%) 

30% acrylamide 5 mL 1.65 mL 

Tris 1M, pH 8.8 5,58 mL - 

Tris 1M, pH 6.8 - 1.25 mL 



Materials and Methods Protein biochemistry  

90 

 

glycerine 50% 1.3 mL - 

SDS 10% 0.17 mL 0.1 mL 

TEMED 12.5 µL 12.5 µL 

APS 20% 40 µL 40 µL 

4.4.2 Western blot analysis 

SDS gels prepared as described in chapter 4.4.1 were further analyzed by western blotting. For 

protein transfer to nitrocellulose membranes a semi-dry blotting system was used. Whatman filter 

papers, nitrocellulose membrane and SDS-gels were soaked in transfer buffer and placed in the 

transfer cell. Proteins were blotted onto the membrane by applying 8 V for 70 minutes. Membrane 

was cut appropriately after blocking with 10% TBS-T for 60 minutes at RT. Membranes were 

incubated in primary antibody, either α-His antibody, α-F antibody or α-p24 overnight at 4 °C. 

After 3x washing with TBS-T for 5 minutes the next day, secondary antibodies were added, either 

α-mouse or α-rabbit. Incubation for 2 hours at 4 °C followed. After 3 more washing steps with 

TBS-T, proteins were detected by addition of ECL Plus Western Blotting detection reagent. Signals 

were visualized using a MicroChemi 4.2.  

4.4.3 p24-enzyme linked immunosorbent assay (ELISA) 

Determination of vector stock concentration was determined by p24-ELISA. The RETRO-TEK 

HIV-1 p24 antigen ELISA kit was used according to the manufacturer’s instructions. Particle 

numbers were determined as follows: 

𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 [
𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑚𝐿
] =  

𝑝24 [
µ𝑔
𝑚𝐿

] ∗ 6.022𝐸 − 23 [
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑚𝑜𝑙
]

2000 [
𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝐿𝑉
] ∗ 25.587𝐸6 [

µ𝑔
𝑚𝑜𝑙

]
 

4.4.4 Soluble CD62L-ELISA 

Fresh and frozen sCD62L containing supernatants harvested in 4.3.18 were analyzed for the exact 

content of sCD62L by ELISA following the manufacturer’s protocol the only change that heat 

inactivated FBS was used instead of inactivated goat serum. In brief, the capture antibody was 

coated to an ELISA plate in a concentration of 4 µg/mL. After overnight incubation at room 

temperature, the capture antibody was discarded and the plates were blocked by addition of the 

reagent diluent (PBS 1% BSA) for 60 minutes at RT. The samples or standard was added and 

incubated for 2 hours at RT. The detection antibody was added (100 ng/mL) and incubated for two 

more hours at RT were performed. Streptavidin-HRP was used to bind the detection antibody and 

incubated on the wells for 20 minutes at RT in the dark. Between each incubation steps 3 washings 

with TBS-T were performed. Substrate solution (TMB, Thermo Fisher) was added to each well 

and after 10-15 minutes the reaction was stopped by addition of H2SO4. Quantification of the 

fluorescent signals was performed with a microplate reader (Emax). sCD62L concentration was 
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calculated by translating the subtract OD of OD450-OD650 of the standard to the known 

concentration. 

4.5. Mouse work 

Mouse experiment was performed in accordance to the German animal protection law and the 

respective European Union guidelines. Mice were held in the Paul-Ehrlich-Institutes’ animal 

facility in individually ventilated cages (IVCs) and were daily monitored by animal care takers.  

4.5.1 Intravenous application of cells 

PBMC-LV grafts prepared as described in chapter 4.3.16 or Nalm6 cells were counted, washed 

twice with PBS by centrifugation for 5 minutes at 300 g and resuspended in appropriate amounts 

of PBS. During transport into the animal facility, cells were kept on ice. Before intravenous (i.v.) 

injection into the mice, cell suspensions were held at room temperature. Mouse tails were warmed 

using red light to enlarge blood vessels. Mice were restrained in a restrainer and 2E6 activated 

vector incubated, 3E6 minimally activated vector incubated or 1.4E6 activated PBMC or 5E5 

Nalm6 cells in 200 µL into the tail veins using a gauge needle.  

4.5.2 In vivo imaging (IVIS) 

To follow tumor cell distribution in mice IVIS was performed. 150 mg D-luciferin (in PBS) per kg 

body weight was intraperitoneally (i.p.) injected into the mice. 5 minutes later, mice were 

anesthetized for 5 minutes with 3% isoflurane and imaged for 1 sec up to 60 sec using the IVIS® 

Imaging System.  

4.5.3 Blood sampling and blood cell preparation 

For blood sampling, mice were anesthetized in 3% isoflurane and blood was collected retroorbitally 

using thin glass capillaries that had been sterilized before. To avoid clotting, blood was transferred 

into microtainer® blood collection tubes. Collected volume was determined and cells then washed 

twice with PBS for 5 minutes at 300g. Blood cells were treated with BD pharm lysing solution for 

10 minutes at room temperature. Two more PBS washing steps followed and cells were analyzed 

in flow cytometry (chapter 4.3.20).  

4.5.4 Harvest of bone marrow cells 

Mice were sacrificed by cervical dislocation after anesthesia with 3% isoflurane. Hip bones, femurs 

and tibiae were removed and incubated in RPMI complete on ice until further processing. Flesh 

was removed from bones with a scalpel, ends were cut off and bones were transferred into 0.5 mL 

tube that had been pierced at the bottom thrice. 50 µL RPMI complete was added, tube closed and 

transferred into a 1.5 mL tube. Centrifugation for 5 minutes at 8,000 rpm was performed to pellet 
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bone marrow cells. Cells were resuspended in 1 mL PBS, filtered (0.2 µm), washed twice with 

PBS by centrifugation for 5 minutes at 300 g and treated with BD pharm lysing solution for 

10 minutes at room temperature. Two more PBS washing steps followed and cells were frozen 

(chapter 4.3.1) or used in flow cytometry (chapter 4.3.20).  

4.5.5 Harvest of spleen cells 

Mice were sacrificed by cervical dislocation after anesthesia with 3% isoflurane. Spleen was 

removed and incubated in RPMI complete on ice until further processing. Spleen was matched 

through 0.2 µm filter and cells in suspension were washed twice with PBS by centrifugation for 5 

minutes at 300 g and treated with BD pharm lysing solution for 10 minutes at room temperature. 

Two more PBS washing steps followed and cells were frozen (chapter 4.3.1) or used in flow 

cytometry (chapter 4.3.20).  

4.5.6 Harvest of liver cells 

Mice were sacrificed by cervical dislocation after anesthesia with 3% isoflurane. Liver was 

removed and incubated in RPMI complete on ice until further processing. Liver cells were isolated 

using the mouse liver dissociation kit according to the manufacturer’s instructions. Afterwards, 

cells were washed twice with PBS by centrifugation for 5 minutes at 300 g and treated with BD 

pharm lysing solution for 10 minutes at room temperature. Two more PBS washing steps followed 

and cells were frozen (chapter 4.3.1) or used in flow cytometry (chapter 4.3.20).  
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6. Abbreviations 

°C degree Celsius  et al. and others 

α alpha or anti  F fusion protein 

Δ delta  FACS fluorescence-activated cell sorting 

ΔLNGFR truncated LNGFR  FcR Fc-receptor 

γ gamma  FITC fluorescein isothiocyanate 

ψ psi  G glycoprotein 

µg microgram  g gravity flow 

µL microliter  gag group specific antigen 

µM micro molar  GALV gibbon ape leukemia virus 

act fully activated  gfp green fluorescent protein 

ACT adoptive cell transfer  GvHD graft-versus-host-disease 

ADA adenosine deaminase  Gy gray 

ALL acute lymphoblastic leukemia  H heavy or Hemagglutinin 

APC antigen presenting cell or  
allophycocyanin 

 HEK human embryonic kidney 

  HEPES hydroxyethylpoperazine ethane 
sulfonic acid APS ammonium persulfate   

BaEV baboon endogenous virus  HF high fidelity 

BCR B cell receptor  His hexa-histidine motif 

bp base pairs  HIV human immunodeficiency virus 

BV brilliant violet  HLA human leukocyte antigen 

C constant  hPGK human phosphoglycerate kinase 

CA inner capsid protein  HRP horseradish peroxidase 

CAR chimeric antigen receptor  HSC hematopoietic stem cell 

CCR7 C-C chemokine receptor 7  i.p. intraperitoneally 

CD cluster of differentiation  i.v. intravenously 

CDR complementary determining region  IFN interferon 

CFSE carboxyfluorescein succinimidyl  
ester 

 Ig immunoglobulin 

  IL interleukin 

CMV cytomegalovirus  IN integrase 

CTLD C-type lectin domain  ITAM immunoreceptor tyrosine-based 
activation motif DARPin designed ankyrin repeat protein   

DC dendritic cell  IVC individually ventilated cage 

DLBCL diffuse large B cell lymphoma  kD kilo Dalton 

DMEM Dulbecco’s modified eagle medium  L light 

DMSO dimethyl sulfoxide  L3 (G4S)3-Linker 

DNA deoxyribonucleic acid  LB Luria-Bertani 

E.coli Escherichia coli  LDL-R low-density lipoprotein receptor 

e.g. exempli gratia, for example  LED light-emitting diode 

EBFP enhanced blue fluorescent protein  LNGFR low-affinity nerve growth factor 

ECL enhanced chemiluminescence  LTR long terminal repeat 

EDTA ethylenediaminetetraacetic acid  luc luciferase 

EGF epidermal growth factor  LV lentivirus 

EGFP enhanced green fluorescent protein  M mouse 

ELISA enzyme-linked immunosorbent 
assay 

 MA matrix protein 

  MFI mean fluorescence intensity 

env envelope  mg milligram 
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EpCAM epithelial cell adhesion molecule  MHC major histocompatibility complex 

min minimally activated  TCM central memory T cell 

mL milliliter  TCM T cell medium 

MLV murine leukemia virus  TCR T cell receptor 

mM millimolar  TEFF effector T cell 

MOI multiplicity of infection  TEM effector memory T cell 

mRNA messenger RNA  TEMED Tetramethylendiamine 

MV measles virus  TILs tumor infiltrating lymphocytes 

NC nucleocapsid protein  TM transmembrane protein 

Nef negative regulating factor  TMB tetramethylbenzidine 

ng nanogram  TMD transmembrane domain 

NiV Nipah virus  TN naive T cell 

NK natural killer  TNF tumor necrosis factor 

nm nanometer  TSCM stem cell memory T cell 

ns not significant  U units 

NSG NOD.Cg.PrkdcscidIL2rgtm1Wjl/SzJ  UTR untranslated regions 

NTA nanoparticle tracking analysis  V variable or Volt 

p/sec/ 
cm2/sr 

photons/seconds/ 
square centimeter/steradian 

 V-1 Vectofusin-1 

 Vif virion infectivity factor 

PAGE polyacrylamide gel electrophoresis  Vpr virus protein r 

PBMC peripheral blood mononuclear cells  Vpu virus protein unique 

PBS phosphate-buffered saline  VSV vesicular stomatitis virus 

PE phycoerythrin  w/o without 

PEI polyethylenimine  WPRE woodchuck hepatitis virus 
prosttranscriptional element pol DNA polymerase   

PR Protease  WT wild type 

Rev RNA splicing factor    

RNA ribonucleic acid    

rpm rounds per minute    

RPMI Roswell Park Memorial Institute    

RSV Rous sarcoma virus 
reverse transcriptase 

   

RT    

RV retrovirus    

S.O.C. super optimal broth with  
catabolite repression 

   

    

scFv single chain variable fragment    

SCID severe combined immune  
deficiency 

   

    

SCR sequence consensus repeat    

SD standard deviation    

SDS Sodium dodecyl sulfate    

SEM standard error of the mean    

SIN self-inactivating    

SU surface protein    

t.u. transducing units    

TAE tris-acetate EDTA    

Tat transactivator protein    

TBS tris-buffered saline    

 



List of Publications   

105 

 

7. List of Publications 

Publication 

06/2019 Molecular Therapy – Methods & Clinical Development 

„Highly efficient and Selective CAR-Gene Transfer Using CD4- and CD8-

targeted Lentiviral Vectors.“ L. Kapitza1, A. Jamali1, T. Schaser, I.C.D 

Johnston, J.C. Buchholz, J. Hartmann; doi.org/10.1016/j.omtm.2019.03.003 

 

Talks 

01/2020 Retreat on biomedical research, Paul-Ehrlich-Institut: “CD62L-LV – a novel tool 

to genetically manipulate minimally activated T cells” 

11/2019 Chimeric Antigen Receptor for Advanced Therapies (CARAT), Bergisch-

Gladbach; „CD62L – a novel tool to target less differentiated T cells“ 

04/2019 American Society of Gene and Cell Therapy (ASGCT), Washington; 

“Highly Efficient and Selective CAR-Gene Transfer Using CD4- and CD8-

Targeted Lentiviral Vectors” 

03/2019 Chimeric Antigen Receptor for Advanced Therapies (CARAT), Langen; 

“Generation of minimally stimulated functional CAR T cells” 

02/2019 Retreat on biomedical research, Paul-Ehrlich-Institut; “CD62L-LV as novel 

vector for the generation of minimally stimulated CAR T cells” 

06/2018 Chimeric Antigen Receptor for Advanced Therapies (CARAT), Freiburg; “CAR 

delivery into minimally activated T cells” 

01/2018 Retreat on biomedical research, Paul-Ehrlich-Institut; “Assessing Vectors for 

CAR T Cell Generation” 

10/2017 Chimeric Antigen Receptor for Advanced Therapies (CARAT), Paris; 

“Improving CAR gene delivery: Comparing pseudotypes and transduction 

enhancers” 

 

Posters 

09/2019 UCT Science Day, Frankfurt, Germany 

„CD62L-LV as Novel Vector for the Generation of Potent CAR T Cells“ 

05/2018 Association for cancer immunotherapy (CIMT), Mainz, Germany 

“Substantially Enhanced CAR-Gene Transfer Rates by CD4- and CD8-Targeted 

Lentiviral Vectors while Retaining Selectivity” 

10/2017  UCT Science Day, Frankfurt, Germany 

“Assessing Vectors for CAR T Cell Generation” 

                                                      
1 Shared first co-authors, order reversed 



Curriculum Vitae   

106 

 

8. Curriculum Vitae 

Personal data 

Name        M. Sc. Laura Kapitza (nee Grimm)   

Place, date of birth      Fuerth, 28th May 1993 

 

 

Scientific education 

10/2016 – 06/2020      PhD Studies in Biotechnology and Gene Therapy 

Paul-Ehrlich-Institut, Langen, Germany 

Prof. Dr. C.J. Buchholz‘s group 

03/2016 – 10/2016      Studies: Biochemistry Master of Science 

     Julius-Maximilian-University, Wuerzburg, Germany   

05/2014 – 08/2014      Studies: Biochemistry Bachelor of Science 

     Julius-Maximilian-University, Wuerzburg, Germany 

09/2003 – 09/2011      Wolfgang-Borchert Gymnasium, Langenzenn, Germany 



Danksagung   

107 

 

9. Danksagung 

Ich möchte mich bei Herrn Prof. Dr. Christian Buchholz bedanken, für die Möglichkeit meine 

Dissertation zu solch einem interessanten Thema in seiner Arbeitsgruppe durchzuführen. Vielen 

Dank für die Diskussionen, Ideen und Anleitungen, die meine wissenschaftliche Arbeit und das 

wissenschaftliche Projekt entwickeln ließen.  

 

Großer Dank gilt Frau Prof. Dr. Nuber, für unsere Diskussionen innerhalb des Thesis Committees, 

ihr stetes Interesse an der Entwicklung des Projekts und für die Betreuung seitens der Technischen 

Universität Darmstadt. 

 

Den CARAT KollaborationspartnerInnen möchte ich für die geteilten Ressourcen und inspirativen 

Meetings danken.  

 

Frau Prof. Dr. Ute Modlich danke ich für die Unterstützung meines Projekts in den Thesis 

Committee Meetings. Ihr und den Kollegen Herrn Dr. Roland Plesker, Herrn Dr. Cheick Coulibaly 

und Franziska Schenk danke ich ferner für die Hilfsbereitschaft im Zusammenhang mit den in vivo 

Experimenten.  

 

Anett, Frederic, Shiwani und Jessica danke ich für die Lehre der praktischen Methoden. Ihnen, 

sowie meinen KollegInnen Julia, Annika, Tatjana, Julia, Gundula, Manuela, Arezoo, Thomas und 

Naphang danke ich für die Hilfsbereitschaft im Labor und ihre Beiträge zu meinem Projekt. 

Zusammen mit ihnen und den KollegInnen Janina, Johanna, Dina, Samuel, Dorothee, Alexander, 

Vanessa, Angela, Elham, Filippos, Lea, Diego und Katharina haben wir zahlreiche hilfreiche 

Diskussionen geführt, die das Projekt vorantrieben. Außerdem hatten wir in unserer Freizeit viel 

Spaß und ich denke gerne an diese Zeit zurück. Ich danke euch für die Freundschaften, die in dieser 

Zeit entstanden sind. 

 

Ich möchte mich bedanken bei meiner Familie und meinen Freunden, insbesondere bei meinen 

Eltern und meinem Ehemann. Danke für eure Unterstützung zu jeder Zeit zu jedem Thema. 

 

 

 

  



Ehrenwörtliche Erklärung   

108 

 

10. Ehrenwörtliche Erklärung 

Ehrenwörtliche Erklärung: 

 

 

 

 

 

 

Ich erkläre hiermit ehrenwörtlich, dass ich die vorliegende Arbeit entsprechend den Regeln guter 

wissenschaftlicher Praxis selbstständig und ohne unzulässige Hilfe Dritter angefertigt habe.  

 

Sämtliche aus fremden Quellen direkt oder indirekt übernommenen Gedanken sowie sämtliche von 

Anderen direkt oder indirekt übernommenen Daten, Techniken und Materialien sind als solche 

kenntlich gemacht. Die Arbeit wurde bisher bei keiner anderen Hochschule zu Prüfungszwecken 

eingereicht. 

 

 

 

 

 

 

 

Darmstadt, den  

 

 

 

 

 

 

 

 
 

 


