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Abstract 

 
Invariant natural killer (iNKT) cells are a small T-cell subset that express an invariant 

T-cell receptor (TCR) and show potent immunoregulatory and cytolytic properties. 

Importantly, iNKT cells have been associated with a decreased incidence of graft-

versus-host disease (GvHD), which represents an important cause of therapy failure 

after allogeneic hematopoietic stem cell transplantation (allo-HSCT). In murine models, 

iNKT cells modulate immune tolerance through the expansion of regulatory T cells 

(Treg). Here, the first goal of this work was to identify the mechanism used by human 

iNKT cells to prevent GvHD using a human in vitro setting. Further, a comprehensive 

analysis of the potential of CD19-CAR-iNKT cells as an off-the-shelf 

immunotherapeutic strategy alone and in combination with the PD-1 inhibitor 

nivolumab to further increase functionality was performed. Human ex vivo expanded 

third-party iNKT cells were analyzed in the context of mixed lymphocyte reactions 

(MLR) using artificial antigen presenting cells (aAPCs) and/or dendritic cells (DCs) as 

stimulators and T cells in an allogeneic setting. T-cell activation and proliferation was 

only decreased by iNKT cells in MLR with DCs used as stimulators instead of aAPCs. 

Further, transwell assays demonstrated that this effect happens in a cell contact 

dependent manner. Analyses using blood DCs of healthy donors and patients revealed 

that iNKT cells induce preferential apoptosis of conventional DCs (cDCs), which are 

important promoters of T-cell activation and proliferation and express high levels of 

CD1d. iNKT cells were genetically modified to express a third-generation chimeric 

antigen receptor (CAR) against CD19 and showed robust cytotoxicity against CD19+ 

cell lines and patient blasts. Importantly, CD19-CAR-iNKT cells retained their CD1d 

restriction and could induce both CD19 and CD1d-mediated cytotoxicity. Although  

PD-1 checkpoint inhibition could not improve short-term cytotoxicity of CD19-CAR-

iNKT cells, cytokine release and proliferation capacity were significantly increased in 

nivolumab-treated samples. Moreover, repetitive antigen encounters also had a 

negative effect on the functionality of CD19-CAR-iNKT cells, especially after three 

stimulation rounds. Nevertheless, this effect could be partially reversed upon 

checkpoint inhibition. Importantly, CD19-CAR-iNKT cells maintained their inhibitory 

properties and could prevent T-cell activation and proliferation even under checkpoint 

inhibition. Thus, this work demonstrates the potential of iNKT cells and CD19-CAR-

iNKT cells in the context of immune tolerance and for tumor control. iNKT cells promote 
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immune tolerance through selective apoptosis induction of cDCs, while sparing 

plasmacytoid DCs (pDCs). Meanwhile, genetically modified iNKT cells are able to 

promote efficient tumor control of CD19+ malignancies. Further, checkpoint inhibition 

may increase their functionality without exacerbating the risk of GvHD after allo-HSCT 

making them an ideal cytotherapeutic to treat relapse in this clinical setting. 
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Zusammenfassung 

 
Invariante natürliche Killer-T-Zellen (iNKT-Zellen) gehören zu einer kleinen 

Untergruppe von T-Lymphozyten, die einen invarianten T-Zell-Rezeptor (TZR) 

exprimieren und robuste immunregulatorische und zytotoxische Funktionen 

aufweisen. Zudem werden iNKT-Zellen mit einer niedrigeren Inzidenz der 

Transplantat-gegen-Wirt-Erkrankung (graft-versus-host disease, GvHD) assoziiert, die 

für die Erfolgsaussichten nach einer allogenen Stammzelltransplantation (allo-SZT) 

bedeutsam ist. In Mausmodellen wurde gezeigt, dass iNKT-Zellen durch die Expansion 

von regulatorischen T-Zellen (Treg) inhibitorische Effekte gegenüber alloreaktiven T-

Zellen ausüben. Das Ziel dieser Arbeit war, den Mechanismus, durch den humane 

iNKT-Zellen immunologische Toleranz verursachen, in einem in vitro System zu 

untersuchen. Des Weiteren wird das Potential genetisch modifizierter iNKT-Zellen als 

Immuntherapeutikum alleine oder in Kombination mit PD-1-Checkpoint-Inhibition zur 

Verbesserung der Funktionalität dieser Zellen analysiert. Humane ex vivo expandierte 

iNKT-Zellen wurden im Rahmen von gemischten Lymphozyten-Reaktion (mixed 

lymphocyte reactions, MLR) untersucht, wobei die T-Zell-Aktivierung und  

-Proliferation durch künstliche Antigen-präsentierenden Zellen (artificial antigen 

presenting cells, aAPCs) oder dendritische Zellen (dendritic cells, DC) stimuliert 

wurden. Es konnte gezeigt werden, dass T-Zell-Aktivierung und -Proliferation nur 

durch iNKT-Zellen gehemmt werden, wenn T-Zellen durch DCs und nicht durch aAPCs 

stimuliert werden. Ferner zeigten Transwell-Untersuchungen, dass dieser Effekt in 

einer Zell-Kontakt-abhängigen Weise stattfindet. Untersuchungen mit Blut-DCs von 

gesunden Spendern und Patienten deckten die präferentielle Apoptose von 

konventionellen DCs (conventional dendritic cells, cDCs) durch iNKT-Zellen auf, die 

interessanterweise die höchste CD1d-Expression aufweisen und wichtige T-Zell-

Stimulatoren sind. Weiterhin wurden iNKT-Zellen genetisch modifiziert, um einen 

chimären Antigen-Rezeptor (CAR) gegen das CD19-Antigen zu exprimieren. Diese 

Zellen zeigten robuste Zytotoxizität gegen CD19+ Zelllinien und Patienten-Blasten. 

Zudem behielten CD19-CAR-iNKT-Zellen ihre CD1d-Abhängigkeit und konnten 

sowohl über CD19 als auch CD1d zytotoxisch wirken. Obwohl PD-1-Checkpoint 

Inhibition keine Auswirkung auf die kurzfristige Zytotoxizität von CD19-CAR-iNKT-

Zellen hatte, wurden signifikant erhöhte Mengen von Zytokinen und eine verbesserte 

Proliferation von Nivolumab-behandelten CD19-CAR-iNKT-Zellen festgestellt. Des 
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Weiteren konnte sowohl die zytotoxische Wirkung als auch Zytokin-Freisetzung nach 

drei Stimulationsrunden mithilfe von Checkpoint-Inhibition partiell verbessert werden. 

Auch unter Checkpoint-Inhibition behielten CD19-CAR-iNKT-Zellen ihre 

inhibitorischen Eigenschaften und konnten die T-Zell-Aktivierung und -Proliferation 

weiter effizient verhindern. Diese Ergebnisse weisen auf das Potential von iNKT- und 

CD19-CAR-iNKT-Zellen im Rahmen der immunologischen Toleranz und für die 

Tumorkontrolle hin. iNKT-Zellen sind in der Lage allogene Immunreaktionen zu 

verhindern, während sie durch genetische Modifikation Krebszellen effizient 

beseitigen. Ferner konnte Checkpoint-Inhibition ihre Funktion verbessern, ohne das 

GvHD-Risiko zu erhöhen. Diese Daten weisen darauf hin, dass iNKT-Zellen ein ideales 

Immuntherapeutikum darstellen, welches seine Anwendung bei Rezidiven nach allo-

SZT finden könnte. 
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1 Introduction 

 

1.1 Allogeneic hematopoietic stem cell transplantation (allo-HSCT) 

 

Hematopoietic stem cell transplantation (HSCT) revolutionized the treatment of 

malignant and non-malignant diseases in the 20th century and settled the pathway for 

cell and immunotherapeutic approaches in medicine. Since then, it has been used for 

the treatment of several cancers (e.g., multiple myeloma, lymphomas, and acute 

myeloid leukemia), autoimmune diseases and other blood diseases such as aplastic 

anemia and thalassemia [1, 2]. For many of these diseases, it represents the only 

curative option. Worldwide, it is estimated that about 90.000 transplantations take 

place each year [3]. In Germany, 51,250 procedures were documented between 1998 

and 2021, mostly for the treatment of acute myeloid leukemia [4].  

HSCT is a generic term comprising different techniques with the final goal of restoring 

the patient’s hematological system after it has been compromised by disease and/or 

treatment. Autologous HSCT (auto-HSCT) is performed with stem cells obtained from 

the patient’s peripheral blood (PB) or bone marrow (BM), while allogeneic grafts are 

composed of stem cells derived from BM, cord blood (CB) or PB from 

matched/mismatched healthy donors, who can be related to the patient or not [1, 2, 5]. 

In this sense, the terms “matched” and “mismatched” refer to the human leucocyte 

antigens (HLA) typing. HLA proteins are surface proteins encoded by the HLA system 

located in the major histocompatibility complex (MHC) and exert an important role on 

immunological responses in allo-HSCT [6]. The HLA molecules HLA-A, HLA-B and 

HLA-C, which bind to CD8+ T cells and HLA-DP, HLA-DQ and HLA-DR, which bind to 

CD4+ T cells are the molecules of higher significance in this context [7]. Differences in 

the HLA identity of patient and donor is an important risk factor for the occurrence of 

graft-versus-host disease (GvHD), which represents one of the major complications of 

allo-HSCT [1, 2, 8, 9]. 

A huge progress in the field has been observed in the last decades, however several 

drawbacks are yet to be overcome. The biggest challenge for malignancies, for 

instance, is the achievement of a complete cure without the development of GvHD 

after allo-HSCT [10, 11]. Considering the role that T cells play for the development of 

GvHD, anti-T-cell approaches have been adopted in allo-HSCT. For example, drugs 
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to suppress T-cell function as calcineurin inhibitors and antiproliferative agents such 

as methotrexate (MTX) have become standard in the prophylaxis of GvHD [12-14]. 

Further, strategies to deplete T cells from grafts have also achieved relevance in this 

context. However, these methods have also been shown to correlate positively with 

higher relapse rate due to the impairment of the graft-versus-leukemia effect (GvL), 

which is promoted by T cells in the graft against remaining tumor cells and contributes 

to disease control [15]. Thus, the development of new strategies to apply the potential 

of T cells for tumor control while avoiding GvHD and restoring the immune system after 

allo-HSCT is urgently needed. 

 

1.2 GvHD 

 

GvHD is a reaction caused by immunologically competent T cells present in the graft, 

which become activated upon encountering foreign antigens presented by host cells. 

Upon activation, alloreactive T cells proliferate and induce cell-mediated tissue 

damage in the host. Up to 50% of the patients will eventually develop acute GvHD 

(aGvHD) after allo-HSCT, while 30-70% will develop chronic GvHD (cGvHD) [16, 17]. 

It is a serious complication and drastically impacts the outcome of allo-HSCT [11]. 

 

1.2.1 Pathogenesis 

 

GvHD is a highly complex event, but can be briefly summarized in three phases. Phase 

I starts with the conditioning process, which patients undergo prior to transplantation. 

Conditioning regimens, usually chemotherapy alone or in combination with T-cell-

depleting antibodies or radiotherapy, are meant to suppress the host’s defenses to 

avoid graft rejection and to reduce the number of cancerous cells [18]. This process, 

however, induces tissue damage and consequently, the release of proinflammatory 

cytokines, such as interleukin (IL) 6, tumor necrosis factor alpha (TNF-α) and IL-1, 

which in turn, activate host antigen presenting cells (APC) [19, 20]. In a second phase, 

mature APC induce activation and proliferation of mature alloreactive donor T cells 

through the presentation of foreign antigens [8]. Third, a cellular and further humoral 

response takes place. Directed by chemokines, both T helper (Th) 1 and Th2 T and 

natural killer (NK) cells migrate to tissues and promote, for instance, liver, 
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gastrointestinal (GI) and skin damage through the release of effector molecules such 

as interferon gamma (IFN-γ) and IL-2 and direct target cell lysis, especially through the 

Fas/FasL and perforin/granzyme pathways [21-24]. Skin and GI damage may further 

provoke a characteristic cytokine storm through activation of toll-like receptors (TLR), 

maximizing tissue injury (Fig.1) [23].  

 

 

 

Figure 1: GvHD pathogenesis 

Despite being a highly complex process, GvHD pathogenesis can be divided into three main events. 

Patients usually undergo a conditioning process to reduce cancer burden and suppress host defense 

mechanisms. At one hand, the conditioning process induces tissue damage with the subsequent release 

of pro-inflammatory factors such as TNF-α and IL-1, which in turn induce the activation of host APCs 

(1). Upon contact with activated APCs, mostly Th1, but also Th2 donor T cells become activated (2) and 

induce damage on host cells through cellular and soluble factors (3). On the other side, conditioning 

also induces damage of the small intestines and consequently of the microbiota. This event provokes 

the release of lipopolysaccharide (LPS) and thus, induces further damage through macrophage-induced 

cellular and inflammatory responses. Figure generated with Biorender®. Adapted from Ferrara [8]. 
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At the molecular level, this process involves the recognition of protein fragments 

presented by the MHC, located on chromosome 6, by alloreactive T cells. In a 

mismatched setting, this process depends on the recognition of major antigens of the 

HLA systems (e.g., HLA-A, HLA-DR), while in a matched setting, an allogeneic reaction 

is started by the recognition of their less immunogenic counterparts, the minor 

histocompatibility antigens (miHA). Approximately 40% of all allogeneic reactions are 

caused by T-cell recognition in the context of miHAs [8]. MiHAs are small polymorphic 

peptides containing 9-12 amino acids (AA), which are recognized by alloreactive T 

cells in the context of HLA (Fig. 2). Polymorphism of AA, gene deletions and 

intracellular mechanisms might induce single or multiple AA disparities, which are often 

sufficient to induce immunogenicity [25, 26]. Some miHAs may have different effects 

on the allogeneic reactions. For instance, the miHAs HY and HA-3 are known to induce 

both GvHD and GvL, while the miHAs HA-1 and HA-2 have a stronger effect on GvL 

than on GvHD [8].  

 

 

 

Figure 2: Recognition of HLA molecules and miHAs by T cells 

Allogeneic reactions in a mismatched setting are initiated by major allo-antigens. Meanwhile, allo-

reactions in a matched setting are mostly promoted by the recognition of minor histocompatibility 

antigens (miHA). These are small peptides (9-12 AA), with single or multiples disparities, which are often 

enough to induce an allogeneic reaction. Figure generated with Biorender®. Adapted from Koyama and 

Hill [27]. 

 

These events might contribute to both acute and chronic GvHD, however, cGvHD has 

shown to rely on more complex processes. Similar to the pathogenesis of aGvHD, a 
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three-phase mechanism for cGvHD based on mouse models has been purposed [28]. 

Nevertheless, these data seem to be supported by few studies in human settings.  

The first phase is characterized by early inflammation events and tissue damage. It 

starts right after the HCT as a reaction to tissue damage, which leads to the migration 

of Th1 and Th17 cells to affected sites. Further tissue damage also promotes the 

release of damage-associated molecular patterns (DAMPs), such as DNA, RNA and 

adenosine triphosphate (ATP). These molecules activate different TLRs and 

consequently, the expression of IFN-α, TNF-α and IL-6 [29, 30]. The ATP-dependent 

formation of the inflammasome NLRP3 leads to the expression of IL-1β. Altogether, 

IFN-α, TNF-α, IL-6 and IL-1β induce T-cell differentiation into Th1 and Th17, which 

through the action of chemokines, migrate to tissues and promote further damage [30-

33]. The second phase is identified by a chronic inflammation and immune 

dysregulation. It has been shown that thymic dysfunction caused by aGvHD might 

contribute to the development of cGVHD resulting in a defective negative selection and 

subsequent generation of allo-reactive donor T cells [34-36]. Allo-reactive CD4+ T cells 

seem to play an important role for the induction of a chronic inflammatory state [37, 

38]. Another hallmark of this phase is the production of auto-antibodies by 

dysregulated B cells, such as anti-H-Y, anti-platelet-derived growth factor alpha 

(PDGF-) and anti-double stranded DNA (dsDNA), giving cGvHD its autoimmune 

characteristics [39-41]. At last, autoantibodies induce monocyte and macrophage 

activation, while promoting tissue damage and consequent release of transforming 

growth factor beta (TGF-). TGF- stimulates collagen production through the 

stimulation of fibroblasts and establishes an aberrant tissue repair process that 

culminates in organ fibrosis and dysfunction [42, 43]. 

 

1.2.2 Clinical aspects and treatment  

 

GvHD is mainly classified according to its onset before or after 100 days post-

transplantation into aGvHD and cGVHD, respectively. In 2005, the National Institutes 

of Health (NIH, USA) considered this classification insufficient and established a new 

classification based on clinical features rather than on the onset time. In this sense, 

new categories, such as late-onset aGvHD and overlap syndrome have been proposed 

[44]. However, the classification into acute and chronic forms is still widely accepted.  
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GvHD is classified into aGvHD when clinical signs start within 100 days post-

transplantation. In aGvHD, the most susceptible organs are the skin (81% of the 

cases), GI (54%) and liver (50%). The skin is usually the organ most often involved 

and shows a maculopapular rash as a common clinical feature, together with eventual 

blisters, and ulcers in more severe cases [45]. GI involvement shows a more variable 

picture, with symptoms varying from nausea in mild cases to severe diarrhea (2 L per 

day). Hepatic involvement has an even more variable picture and can be hardly 

distinguished from other hepatic pathologies. Depending on the clinical severity, this 

form of GvHD can be further classified into four grades: I (mild), II (moderate), III 

(severe) and IV (very severe) [8]. The grade of severity according to this classification 

has been shown to have an important correlation with overall survival [46, 47].  

Several strategies have been used or studied for the treatment of aGvHD but none of 

them has been shown to be highly efficient and safe for standard use. Steroids (e.g., 

methylprednisolone) are considered the gold standard of GvHD therapy, alone or in 

combination with other agents. However, studies have shown that steroids induce 

rather low response rates in high-grade GvHD and also compromise beneficial GvL 

effects [45, 48]. Alternatively, the use of anti-thymocyte globulin (ATG) has been 

extensively studied in cases of steroid-refractory GvHD. However, due to highly 

diverse data, no consensus regarding its efficacy and safety in the context of GvHD 

has been achieved [49-51].  

To a lesser extent, other strategies have also been used to treat GvHD. Extracorporeal 

photopheresis (ECP) has shown promising results for the treatment of steroid-

refractory GvHD [52, 53]. Blood of the patient is collected by apheresis, treated with a 

DNA-intercalating agent (e.g., 8-methoxypsoralen), exposed to ultraviolet (UV) light 

and infused back into the patient. TNF-α-blockers represent another alternative since 

TNF-α blockade prevents the activation of host DCs and consequently the following 

steps of GvHD pathogenesis. Despite the high incidence of infections in clinical 

studies, TNF-α blockers have been shown to induce 55% complete responses, 

especially in cases of GvHD with gut involvement [54]. Most recently, the efficacy and 

safety of ruxolitinib, a selective Janus kinase (JAK1 and JAK2) inhibitor, was analyzed 

in a multicenter, randomized, open-label, phase III trial for the treatment of steroid-

refractory GvHD. The overall response and durable overall response rates were higher 
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in the group treated with ruxolitinib than in the control group (62% vs. 39% and 40% 

vs. 22%) [55]. Further targets are CD52 [56], IL-2-receptor [57] and others. 

In German-speaking countries, steroids are the first-line therapy combined with 

calcineurin inhibitors and supportive measures (pain control, antibiotics, etc.). The 

second line of treatment is more heterogeneous, but mycophenolate mofetil (MMF) 

and ECP were shown to be more commonly used. The algorithm showing the 

treatment for aGvHD recommended by the German, Swiss and Austrian guidelines is 

depicted in figure 3 [58]. 

 

 

 

Figure 3: Algorithm for the treatment of aGvHD in Germany, Austria and Switzerland 

The therapy of aGvHD depends on the severity of the manifestations. The first line of therapy consists 

of steroids and supportive therapy. In case of response, steroids (1-2 mg/kg) are continued until day 7 

post-manifestation, with subsequent dose reduction. Figure generated with Biorender®. Adapted from 

the German, Swiss and Austrian guidelines for aGvHD [59]. 

 

The clinical manifestation of GvHD after 100 days post-transplantation is usually 

classified as cGvHD, which can result from a progressive aGvHD process, interrupted 

or quiescent (after resolved aGvHD) and de novo [8]. Thus, therapies focusing on the 

treatment of aGvHD could also, to some extent, indirectly prevent its chronic form. 

Although the manifestation of cGvHD correlates with lower relapse rates, cGvHD 
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represents a major non-relapse-related cause of death after HSCT [60]. Regarding its 

clinical manifestations, cGvHD affects several organs with a clinical picture that 

resembles the ones of several autoimmune diseases, such as pulmonary restriction or 

obstruction, joint stiffness and cicatricial conjunctivitis, among others.  

Steroids are also the agents of choice for cGvHD and are used topically or systemically 

depending on the severity of the disease [16, 61]. In more severe cases, cyclosporin 

A (CyA) or tacrolimus might also be recommended additions to steroid therapy, as 

shown in figure 4. Further targets have been tested for the treatment of cGvHD based 

on its complex pathogenesis, most of them focusing on the neutralization of B-cell 

function [62-64]. Moreover, beneficial effects could also be achieved by the expansion 

of conventional Treg and invariant natural killer T cells (iNKT cells) [65-67].  

 

 

 

Figure 4: Algorithm for the treatment of cGvHD in Germany, Austria and Switzerland 

The therapy of choice for cGvHD depends on the severity of the manifestations. Mild cases are usually 

treated with topical steroids or low doses of systemic steroids. For moderate cases, a combination of 

systemic steroids in combination with topical therapy is recommended, while for more severe cases, the 

addition of CyA or tacrolimus is suggested. Further manifestations must be treated with systemic 
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steroids in combination with individual immunosuppression. Figure generated with Biorender®. Adapted 

from the German, Swiss and Austrian guidelines for cGvHD [68]. 

 

1.2.3 Prevention 

 

The regimen to prevent aGvHD is chosen based on factors such as remission of the 

disease, age of the patient and HLA compatibility. Calcineurin inhibitors such as CyA 

or tacrolimus in combination with MTX or MMF are the standard agents most 

commonly used in Germany and Switzerland [59]. A randomized, open-label, 

multicenter phase III study showed that the addition of ATG-Fresenius (ATG-F) to the 

prophylaxis with CyA and MTX decreased the incidence of both aGvHD and cGvHD 

after matched unrelated transplantation, without increasing relapse rates and not 

affecting overall survival [69]. Based on this data, ATG-F has also been included in the 

German, Swiss and Austrian guidelines for the prevention of GvHD for high-risk 

patients who underwent matched related HSCT or those who underwent unrelated 

HSCT. 

Nevertheless, the current approaches have been shown to be rather inefficient for both 

the prevention and treatment of GvHD after allo-HSCT. Therefore, alternative 

strategies are still needed. 

 

1.3 Natural killer T cells (NKT cells) 

 

NKT cells are a small T-lymphocyte subset characterized by the expression of a non- 

or less variable T-cell receptor (iTCR) [70]. Conversely to traditional T cells, which 

recognize peptides in the context of MHC molecules, NKT cells recognize glycolipids 

presented by the MHC class I-like molecule CD1d [71] (Fig. 5). Moreover, NKT cells 

might express common surface markers of NK (e.g., NK1.1 in mice and CD161 

humans and CD56) and conventional T cells. These features allow NKT cells to be 

activated through both NK- and T-cell mechanisms [72, 73]. Upon activation, NKT cells 

release copious amounts of cytokines and effector molecules, such as IFN-γ, IL-4, 

TNF-α, granzyme and perforin [74-77]. This ability poses NKT cells in a “double-edge” 

position since they can play both a protective as well as a harmful role in immunological 

responses. 
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Figure 5: NKT cells and their NK- and T-cell markers 

NKT cells bear an invariable TCR, which recognizes glycolipids, such as the α-galactosylceramide  

(α-GalCer), presented by the MHC-I-like molecule CD1d. Due to the expression of NK markers, NKT 

cells can also be activated through NK mechanisms, such as KIR, NKR, IL-18R and IL-12R. Both 

pathways lead to a fast and robust cytokine release. Figure generated with Biorender®. Adapted from 

Krijgsman et al. [78]. 

 

1.3.1 Development  

 

NKT cells originate from CD4+CD8+ cortical thymocytes [79, 80]. Regarding early 

events of their development, NKT cells arise from rare and random Vα14Jα18 or 

Vα24JαQ rearrangements (in mice and humans, respectively), which once expressed, 

will induce a full commitment of these thymocytes to the NKT-cell lineage [81, 82]. Most 

studies concerning the NKT-cell development, however, focus on murine NKT cells, 

so little is known about this process in humans. In mice, NKT cells arise from a 

CD24highCD4+CD8+ precursor [79]. Their canonical TCR allows NKT cells for 

receiving positive survival signals from the RAR-related orphan receptor gamma T 

(RORγt) [80, 83]. Thus, they may continue in their developmental pathway, interacting 

with endogenous ligands such as iGb3, which is presented by CD1d-expressing cells 

in the thymic cortex [73, 84-86]. Later, CD24 and CD8 expression are downregulated 

in favor of a CD4 expression and eventually, CD4 expression is also downregulated 

for the generation of CD4-CD8- (DN) NKT cells [79]. In humans, however, CD4-CD8+ 

subsets can still be observed [87]. NKT cells also undergo several rounds of cell 

proliferation and achieve an effector memory phenotype before leaving the thymus 

[88]. Once NKT cells have left the thymus, they can be found at low frequencies in 
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blood, lymph nodes and spleen, among others (<0.1% of total lymphocytes) and at 

higher frequency in the liver, kidney, and colon (approximately 1% of the total 

lymphocytes) [78]. 

 

1.3.2 Subpopulations and functions 

 

Considering their TCR repertoire, NKT cells are classified into type I and type II NKT 

cells [89]. Type I NKT cells or invariant NKT cells (iNKT cells) recognize the 

glycosphingolipid α-GalCer or its analogs presented by the MHC-I-like molecule CD1d 

[90]. On the other hand, type II NKT cells have a more diversified TCR repertoire, also 

recognizing non-α-GalCer-analog molecules [91, 92].  

Moreover, like conventional T cells, NKT cells can also be classified according to their 

cytokine-secretion pattern (Th-profile) upon activation, which is resumed in figure 6. In 

this context, iNKT cells can be classified into five groups. Like conventional T cells, 

Th1-like iNKT cells release IFN-γ and TNF-α, while Th2-like iNKT cells produce IL-4 

and IL-13 upon stimulation [87, 93]. Other subsets such as Th17-like (characterized by 

the expression of IL-17, IL-21 and IL-22), Tfh-like (IL-21) and Treg-like (IL-10) have 

also been described [94-96]. Only Th1 and Th2-like type II NKT cells have been 

identified [97, 98].  

Regarding their role in host defense, NKT cells have been shown to be efficient against 

bacteria, parasites and viruses [99-101]. The focus of this work, however, will be on 

the immunoregulatory and anti-tumor properties of iNKT cells. 

 

 

 

Figure 6: Classification of NKT cells according to their cytokine profile upon activation 

NKT cells can be classified according to the cytokines they release upon activation (Th-profile). Five 

functional subsets of iNKT cells have been identified: Th1, Th2, Th17, Treg and Tfh-like NKT cells. So 
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far, only Th1-like and Th2-like type II NKT cells have been documented. Figure generated with 

Biorender®. Adapted from Krijgsman et al. [78]. 

 

For their ability to release cytokines fast and in large amounts, NKT cells are 

considered important immunoregulators. Depending on their functional subset, NKT 

cells can drive several cell types of both innate and adaptive immunity into an 

inflammatory state or tolerance. These features are summarized in figure 7. NKT cells 

can, for instance, induce DC activation through their iTCR with CD1d in a 

CD40/CD40L-dependent manner, leading to IL-12 production by DCs and subsequent 

IFN-γ expression by Th1-like NKT cells [99, 102].  

 

 

 

Figure 7: NKT-cell immunoregulatory and anti-tumor function 

NKT cells are immunoregulatory cells orchestrating various immune responses. Using both NK and T-

cell pathways, NKT cells interact with other cell types, leading to inflammatory states or tolerance. 

Further, NKT cells are fully equipped to perform tumor control through the release of cytokines and 

cytotoxic factors, such as IFN-γ, granzyme A, B and perforin. Figure generated with Biorender®. 

Adapted from Brennan, et al. [103]. 
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NKT cells can also promote immunotolerance by indirectly inducing Th2-like T-cell 

differentiation through the release of IL-13 and IL-4 (Th2-like NKT cells) or direct the 

T-cell differentiation into Treg through the release of IL-10 by Treg NKT cells [95, 104, 

105]. Furthermore, both direct TCR:CD1d interaction and IL-21-release by Tfh-like 

NKT cells induce B-cell activation following fast immunoglobulin production and affinity 

maturation [96, 106]. Interestingly, NKT cells may also activate NK and CD8 T cells 

through IFN-γ production by Th1-like NKT cells [107, 108]. Moreover, NKT cells can 

release large amounts of chemokines, such as the chemokine (C-C motif) ligand 5 

(CCL5), eotaxin and the macrophage inflammatory protein (MIP) 1α and 1β, which 

attract NK cells, granulocytes and monocytes to inflammation sites [109].  

 

1.3.3 iNKT cells and GvHD 

 

Several studies have shown the potential of iNKT cells to prevent GvHD in both mice 

and humans. Lan et al. observed a higher frequency of NK1.1+TCRαβ+ or 

DX5+TCRαβ T cells in mice that underwent lymphoid irradiation before bone marrow 

transplantation [110]. The same could be observed using other conditioning strategies 

in Lewis rats [111]. In both studies, a resistance of NKT cells towards distinct 

conditioning strategies and a protective effect of these cells against GvHD could be 

noted. Importantly, despite the immunosuppressive effect of these cells, no negative 

effect regarding tumor clearance after allogeneic bone transplantation could be 

observed [112]. Moreover, murine GvHD seems to be controlled by a synergistic effect 

of Treg and NKT cells in an IL-4-dependent manner [113].  

Another strategy applied was the use of the iNKT-cell stimulator α-GalCer in mice, 

aiming to induce activation and cell expansion in vivo and consequently their effect on 

GvHD. Duramad et al. showed that the intravenous application of liposomal  

α-GalCer led to significantly prolonged survival of mice with GvHD after allogeneic BM 

transplantation while maintaining the GvL effect. Mechanistically, this effect seemed to 

be related to a dose-dependent expansion of CD4+FoxP3+ Treg and iNKT cells in 

lymphoid organs and BM [114]. 

Using adoptively transferred CD4+ iNKT cells, Schneidawind et al. could confirm the 

efficacy of NKT cells in preventing GvHD through the expansion of 
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CD4+CD25+FoxP3+ Treg cells after allogeneic HSCT [65]. This effect was also 

reproducible using third-party murine iNKT cells [115]. 

In humans, analyses of different patient cohorts revealed interesting data correlating 

the incidence of GvHD and iNKT-cell numbers. For instance, Haraguchi et al. observed 

a positive correlation between low numbers of recovered NKT cells and a higher 

incidence of acute and chronic GvHD after both HSCT and BM SCT [116]. A correlation 

between iNKT-cell numbers in grafts and the incidence of GvHD was also analyzed in 

other studies. A clinical study evaluated a cohort of 57 patients and observed a 

significant positive correlation between low numbers of CD4- iNKT cells and the 

incidence of aGvHD after allogeneic-matched related transplantation [117]. Another 

study using a larger cohort (n=117) confirmed the frequency of CD4- iNKT cells as a 

predictive factor for the development of aGvHD [118]. Malard et al. evaluated the 

correlation between the frequency of iNKT cells, the incidence of GvHD and 

progression-free survival (GPFS) in a cohort of 80 patients undergoing allogeneic 

HSCT. The iNKT-cell dose was the only parameter to positively impact the GPFS. 

Interestingly, conversely to data obtained in murine systems, no correlation between 

the frequency of Treg cells and the GPFS could be observed [119]. 

Altogether, these data provide convincing evidence of the potential of iNKT cells for 

the prevention of GvHD, while maintaining the ability of grafts to induce GvL. In mice, 

the mechanism of action of these cells seems to be attached to the frequency of Treg 

cells, however, in humans the mechanism is still to be elucidated. 

 

1.3.4 iNKT cells in tumor therapy 

 

Besides their immunoregulatory properties, NKT cells are also armed to exert 

cytotoxicity against tumor cells by themselves or through their immunoregulatory 

properties. Studies have shown, for instance, that the application of iNKT-cell ligands 

such as α-GalCer demonstrates a potent effect against various solid cancer cells in 

murine models [120-123]. Other studies have also documented an important anti-

tumor effect and prevention of metastasis in mice through NKT cells stimulated with  

α-GalCer-loaded DCs, leading to significantly enhanced overall survival (OS) [124, 

125]. Moreover, the feasibility of adoptive transfer of ex vivo expanded human iNKT 

cells against leukemic cells has been assessed in vitro [126, 127]. 
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Regarding the mechanisms involved in cytotoxicity induced by iNKT cells, different 

pathways have been described. Several studies have highlighted CD1d as a key 

molecule for iNKT-cell-mediated cytotoxicity against CD1d+ tumor cells, which could 

be further enhanced upon α-GalCer-treatment [75, 128, 129]. Interestingly, the indirect 

cytotoxicity of iNKT cells against CD1d- tumor cells through cross-presentation with 

CD1d+ cells in the tumor microenvironment has also been documented [130, 131]. 

Considering their biology, iNKT cells can also be activated via NK-cell mechanisms 

and promote tumor control [132]. Importantly, iNKT cells were shown to improve 

cytotoxicity and cytokine production by NK cells and cytotoxic T lymphocytes [75, 125, 

133]. Upon activation through both CD1d-dependent and -independent pathways, 

perforin/granzyme B, but also TNF-α, FasL and TNF-related apoptosis-inducing ligand 

(TRAIL) pathways seem to mediate cytotoxicity [128, 134, 135].  

The potential of iNKT cells for tumor control has also been studied in a clinical setting. 

Analogous to murine experiments, α-GalCer has also been tested in patients. In a 

phase I study, Giaccone et al. showed that α-GalCer was well-tolerated by patients 

with solid tumors. Despite that, no clinical response regarding tumor control was 

observed [136]. However, another phase I study showed that NKT-cell activation 

through adoptive transfer of α-GalCer-loaded DCs leads to a substantial overall 

response of both innate and acquired immune systems, with minor side effects. 

Although efficacy was not the focus of this work, several patients showed tumor 

necrosis, decreased tumor markers and improvement of hepatic function in 

compromised patients [137].  

Yamasaki et al. tested the combination of α-GalCer-loaded APCs and ex vivo 

expanded iNKT cells in patients with head and neck squamous cell carcinoma 

(HNSCC) in phase II clinical study. In this study, objective tumor regression in 50% of 

the patients was observed [138]. In these and other studies, responses were mostly 

related to the frequency of iNKT cells and other IFN-γ-producing cells. 

Thus, these data show that iNKT cells can be a promising tool for the treatment of 

tumoral diseases. Nevertheless, further pre-clinical and clinical analyses are needed 

for the assessment of their safety and efficacy as an immunotherapeutic strategy. 
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1.4 Chimeric antigen receptor (CAR) 

 

1.4.1 Definition and structure 

 

Chimeric antigen receptors (CAR) are modified molecules designed to enhance the 

specificity and functionality of effector immune cells by recognizing antigens 

independent of their MHC restriction. The design of CARs was first inspired by the 

structure of the canonical TCR, with their extracellular and intracellular domains, for 

potent antigen recognition and signal transduction. In this sense, the basic CAR 

structure is composed of an extracellular domain, where the antigen binding domain is 

located, a transmembrane domain (TM) and an intracellular domain, which is 

responsible for signal transduction [139]. The representation of the most basic CAR 

structure is depicted in figure 8. 

Despite having the same purpose as in the TCR, the antigen binding domain usually 

derives from other very antigen-specific moieties. Single-chain variable fragments 

(scFv) derived from monoclonal antibodies are commonly used. Further, the use of 

other structures such as nanobodies and cytokines bound to the receptors has also 

been described [140, 141]. Traditionally, the antigen binding domain consists of a 

variable heavy (VH) and variable light (VL) chain, interconnected through a linker or 

hinge, which might provide flexibility and proper foldability to the receptor [142].  

Attached to the antigen binding site is the TM, which provides stability to the CAR and 

promotes interaction with other receptors. TM structures commonly derive from type I 

proteins such as CD3ζ, CD28, CD4, or CD8α. Interestingly, different TM have distinct 

characteristics that seem to have important effects on CAR functionality. For instance, 

CD3ζ-derived sequences have been shown to facilitate the interaction with the 

endogenous TCR, which correlates with enhanced cell activation [143]. On the other 

hand, CD8α and CD28 moieties are associated with reduced levels of cytokine 

production and activation-induced cell death (AICD) [144].  
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Figure 8: Basic structure of the chimeric antigen receptor 

The elemental structure of a chimeric antigen receptor is based on an antigen binding site derived from 

antibodies and a domain for signal transduction, which resembles the machinery of the canonical TCR. 

Currently, several adaptations have been developed to improve the functionality of these molecules, 

such as the addition of costimulatory domains. Figure generated with Biorender®. Adapted from Makita, 

et al. [145]. 

 

At last, a CAR must possess an intracellular domain. Usually comprising an activation 

domain and one or more costimulatory domains, the intracellular domain is responsible 

for mediating signals in the cytoplasm of the effector cells. The most commonly used 

motifs are those from CD3ζ chains, which, however, are not able to mediate a 

sustainable T-cell response by themselves [146]. In this regard, the adoption of 

costimulatory domains to the CAR structure promoted an important enhancement of 

the functionality of CAR-bearing cells [147, 148]. CD28 and 4-1BB-derived sequences 

are usually used for this purpose and also show particularities. For example, CAR cells 

with CD28 domains tend to differentiate into memory cells and use mostly aerobic 

glycolysis, while with 4-1BB, CAR cells differentiate into central memory (Tcm) 

phenotype and have higher oxidative metabolism [149]. 

Regarding their structure, CARs can be divided into different generations (Fig. 9). The 

very first CARs were composed of only the CD3ζ domain as a responsible unit for 
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signal transduction. However, these CARs showed limited signaling and consequently 

also limited efficacy [146]. Later, Maher at al. designed a CAR containing motifs of the 

costimulatory receptor CD28 improving signaling, survival and persistence [147]. 

Meanwhile, CARs bearing more than one costimulatory domain have also been 

developed [150]. At last, a fourth-generation CAR, which allows the simultaneous 

induction of cytokine production by effector cells, has been proposed [151]. While the 

first two generations have been extensively studied, evidence of the efficacy and safety 

of the last ones is scarce. 

 

 

 

Figure 9: Structure of CAR of different generations 

1st generation CARs did not show promising results. However, this has changed since the development 

of 2nd and 3rd generation CARs, bearing costimulatory receptors. Besides, 4th generation CARs have 

also been developed with to enhance cytokine production by effector cells and thus, enhance 

cytotoxicity. Figure generated with Biorender®. Adapted from Makita, et al. [145]. 

 

1.4.2 Clinical studies and challenges 

 

A convincing body of evidence has demonstrated the efficacy and safety of CAR-

bearing cells both in vitro and in vivo. The advent of 2nd generation CARs allowed the 

application of this technology in a clinical setting. Thus, CAR therapy has become a 

well-established therapeutic strategy, with high efficacy, especially against 

hematological malignancies. 

Back in 2010, the very first patients with various B-cell malignancies were first treated 

with CAR-T cells directed against the CD19 antigen. Kochenderfer et al. documented 
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the first efficient use of these effector cells against advanced follicular lymphoma. A 

selective disease regression could be noted for this patient, leading to the absence of 

B cells in the blood for at least 39 weeks, whereas other cell type counts recovered 

[152]. Another study was directed against advanced CLL, which is often accompanied 

by a poor prognosis. Three patients were treated with anti-CD19-CAR-T cells. The 

genetically modified cells showed a robust expansion in vivo and kept B-cell aplasia 

for at least six months. Importantly, two of three patients achieved complete remission 

(CR) [153]. In a study with two children with relapsed and refractory ALL, the 

application of anti-CD19-CAR T cells confirmed the potential for in vivo expansion of 

these effector cells and their capacity of maintaining B-cell aplasia. However, in both 

cases, severe side effects were observed. Nevertheless, both children achieved CR, 

although one of them relapsed after two months post-treatment [154]. 

Meanwhile, better levels of evidence have been achieved for the therapy with CAR-T 

cells. A phase II study was conducted to assess the remission rates of pediatric and 

young patients after CD19-CAR-T-cell treatment with tisagenlecleucel (tisa-cel) 

against B-ALL. For 75 patients, the overall remission rate was 81% within three 

months. OS at six and twelve months were 73% and 50%, respectively. Moreover, 

CAR-T cells were still detectable in blood 20 months post-treatment [155]. Another 

phase II trial evaluated the efficacy of another commercial CAR-T product, 

axicabtagene ciloleucel (axi-cel), against diffuse large B-cell lymphoma, B-cell 

lymphoma, or follicular lymphoma. An objective response rate was achieved by 82% 

of the 101 patients treated. Besides, 40% of those who had a response, remained in 

complete remission after 15.4 months [156]. 

Altogether, these data confirm the feasibility of CAR-T cells as immunotherapeutic 

tools. However, relapse is still a major concern. It has been hypothesized that CD19-

CAR-T-cell failure is related to three main factors (Fig. 10). Loss of CD19 expression 

by target cells is estimated to affect 10 to 20% of ALL patients and happens through 

various mechanisms [157, 158]. An alternative to this problem would be the use of 

multiple-targeting CAR-T cells, for instance against both CD19 and CD20 antigens, 

usually expressed by B cells.  
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Figure 10: Challenges in the CAR-T-cell therapy 

Despite the progress achieved in the last decade and the promising results both in pre-clinical and 

clinical settings, the potential of CAR-bearing cells is still limited. For instance, several patients 

experience relapse due to antigen loss by target cells, which takes place through different mechanisms. 

This could be addressed, for instance, by the design of CARs directed to other targets or more than one 

target in the same construct. Another problem is the factors associated with both tumor and effector 

cells, such as the expression of immunosuppressive receptors like PD-1/PD-L1 and CTLA-

4/CD86/CD86. These factors affect the function of CAR-T-cells, leading to diminished cytotoxicity and 

persistence. Besides, lots of studies have focused on the development of better CAR products, in which 

effector cells possess a superior phenotype and better fitness at the end of the manufacturing process. 

Figure generated with Biorender®. Adapted from Byrne et al. [159]. 

 

Upregulation of inhibitory receptors such as PD-L1 and cadherin is a known 

mechanism of tumor evasion and is tightly associated with both target and effector 

cells. The interaction with their counterparts on the surface of effector cells leads to the 

suppression of these cells and eventual loss of function and persistence [160, 161]. 

This effect has also been noted in CAR-T-cell therapy [162, 163]. In this context, the 

combination of CAR-T cell therapy and checkpoint inhibition seems to be justifiable, 

with a few studies demonstrating its efficacy [164-166]. However, a phase I clinical 
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study showed no improved expansion or persistence of CAR-T cells upon the 

combination with PD-1 inhibition against neuroblastoma. But at least, treatment toxicity 

was low [167]. Importantly, this strategy has shown limited efficiency in patients who 

previously underwent allogeneic HSCT. Moreover, an increased risk for GvHD has 

been observed, limiting its application in this particular setting [168, 169].  

Finally, there has been made a lot of effort to manufacture better CAR-T products. For 

instance, it has been shown that T-cell polyfunctionality correlates positively with 

clinical responses [170]. Besides, the design of the CAR seems to have a direct impact 

on T-cell function [171]. Likewise, T-cell activation leads to exhaustion and deletion of 

CD8+ cytotoxic T lymphocytes [172].  

 

1.4.3 CAR-iNKT cells 

 

The idea of harnessing iNKT cells to bear a CAR receptor is not novel and uniting their 

functionality both as killer cells and as immunoregulators sounds promising. Several 

studies have evaluated the feasibility of using CAR-iNKT cells in therapy against 

various malignancies such as B-cell lymphoma, neuroblastoma and myeloma [173-

176]. 

In 2018, Rotolo et al. published a comprehensive study showing the potential of iNKT 

cells directed against the CD19 antigen. In this work, CD19-CAR-iNKT cells showed 

enhanced functionality in comparison to CD19-CAR-T cells both in vitro and in vivo 

[173]. Interestingly, the intravenous administration of CD19-CAR-iNKT cells, but not 

CD19-CAR-T cells, eradicated brain lymphoma. Furthermore, Simonetta et al. 

assessed the direct anti-tumor effect of allogeneic CD19-CAR-iNKT cells against B-

cell lymphoma in immunocompromised mice. CD19-CAR-iNKT cells exerted robust 

tumor control and also elicited cross-priming of host CD8+ T cells, enhancing long-

term tumor control. Importantly, this work shows the duality of CD19-CAR-iNKT cells 

as both direct cytotoxic agents but also as potent immunoregulators [108]. 

From a clinical point of view, only one phase I study has been published so far showing 

data on the application of CAR-NKT cells in patients. Autologous GD2-CAR-NKT cells 

with IL-15 were administered to three pediatric patients with relapsed or refractory 

neuroblastoma in a dose-escalation trial. The results showed no-dose limiting 

cytotoxicity, CAR-NKT-cell expansion in vivo and tumor infiltration. Besides, an 
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objective response could be observed for one patient, with bone metastasis regression 

[177]. Other ongoing studies have tried to assess the use of donor-derived and 

allogeneic CD19-CAR-iNKT cells against lymphoma and leukemia [178]. 

 

1.5 Aim of the work 

 

Various studies using mouse models have demonstrated that iNKT cells prevent GvHD 

mostly through the expansion of FoxP3+ Treg cells [65, 110, 115]. However, despite a 

negative correlation between the frequency of iNKT cells and the incidence of GvHD, 

no variation in the frequency of Treg cells was observed in clinical studies [112, 119]. 

Therefore, the mechanism by which iNKT cells prevent allo-reactions in humans 

remains unclear.  

Schmid et al. demonstrated that iNKT cells prevent T-cell activation and proliferation 

in vitro in a dose-dependent manner while eradicating tumor cells [126]. Thus, the first 

part of the present work aimed to explore the mechanisms by which human culture-

expanded iNKT cells affect T-cell functionality in vitro. For that, the potential of iNKT 

cells to prevent allo-reactions was investigated through mixed lymphocyte reactions 

(MLR) and apoptosis assays in vitro using cells from healthy donors and GvHD 

patients.  

Further, considering the efficacy of iNKT cells to promote tumor control, the second 

part of this work was dedicated to establishing and evaluating third-generation CD19-

CAR-iNKT cells against CD19+ malignancies. A particular focus was set on the 

enhancement of their functionality through checkpoint inhibition and simultaneous 

GvHD control.  
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2 Material  

 

2.1 Primary cells, bacteria and cell lines  

 

2.1.1 Primary cells 

 

Human buffy coats from healthy volunteers were obtained from the Center of Clinical 

Transfusion Medicine Tübingen. Samples from peripheral blood mononuclear cells 

(PBMCs) from patients with ALL were isolated after written informed consent had been 

obtained. The study was approved by our institutional review board following ethical 

standards and with the Helsinki Declaration of 1975, as revised in 2013 (IRB approvals 

483/2015BO2 and 137/2017BO2).  

 

2.1.2 Bacteria 

 

Table 1: List of bacteria 

Bacteria Manufacturer 

E.coli DH5 competent cells Thermo Fisher Scientific Inc., Waltham, USA 

Stellar E.coli competent cells 
Takara Bio Europe S.A.S, Saint-Germain-en-

Laye, France 

 

2.1.3 Cell lines 

 

Table 2: List of cell lines 

Cell lines Characteristics Origin 

HEK 293T Embryonal kidney cell line 
German Collection of Microorganisms and 

cell culture GmbH, Braunschweig, Germany 

Jurkat T-ALL cell line 
American type culture collection (ATCC), 

Manassas, USA 

K562- CD1d 
Chronic myeloid leukemia (CML) 

cell line 

Prof. Anastasios Karadimitris (Imperial 

College London), London, United Kingdom 

K562-WT CML cell line 
Prof. Anastasios Karadimitris (Imperial 

College London), London, United Kingdom 

Raji Burkitt lymphoma (BL) cell line ATCC, Manassas, USA 

Raji-ctrl BL cell line 
Prof. Margot Thome-Miazza (University of 

Lausanne), Lausanne, Switzerland  

Raji-PD-L1 BL cell line 
Prof. Margot Thome-Miazza (University of 

Lausanne), Lausanne, Switzerland 
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Raji-PD-L2 BL cell line 
Prof. Margot Thome-Miazza (University of 

Lausanne), Lausanne, Switzerland 

SEM ALL cell line ATCC, Manassas, USA 

 

2.2 Software 

 

Table 3: List of software 

Software Developer 

BD FACSDivaTM BD Biosciences, Franklin Lakes, USA 

FlowJo v.10 TreeStar, Ashland, USA 

GraphPad PRISM 8 GraphPad Software Inc., San Diego, USA 

LegendPlexTM Qognit Inc., San Carlos, USA 

IDEAS® Luminex Corporation, Austin, USA 

  

2.3 Instruments 

 

Table 4: List of instruments 

Instrument  Manufacturer 

Amnis® ImageStream® X Mk II Amnis/Luminex, Austin, USA 

Autoclave Wesa AG, Eupen, Belgium 

Balance, M-Prove Sartorius AG, Göttingen, Germany 

BD FACSAria IIuTM III cell sorter BD Biosciences, Franklin Lakes, USA 

BD FACSCantoTM II cell analyzer BD Biosciences, Franklin Lakes, USA 

BD FACSLyricTM clinical cell analyzer BD Biosciences, Franklin Lakes, USA 

BD LSRFortessaTM cell analyzer BD Biosciences, Franklin Lakes, USA 

BD LSRFortessaTM+HTS cell analyzer BD Biosciences, Franklin Lakes, USA 

Cell counter IVO GmbH & Co, Oberviechtach, Germany 

Centrifuge, 5920 R Eppendorf, Hamburg, Germany 

Centrifuge, Megafuge 1.0R Thermo Fisher Scientific Inc., Waltham, USA 

Centrifuge, Multifuge X3R Thermo Fisher Scientific Inc., Waltham, USA 

Freezing chambers (Mr. Frosty) Thermo Fisher Scientific Inc., Waltham, USA 

Fume hood 
Waldner Laboreinrichtungen GmbH & Co. KG, Wangen, 

Germany 

Heating block, AccuBlock Digital Dry 

Bath 
Labnet International Inc., Edison, USA 

Hot plate and magnetic stirrer, RCT IKA®-Werke GmbH & Co. KG, Staufen, Germany 
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Ice machine, Scotsman AF100 Hubbard Systems Inc., Great Blakenham, UK 

Incubator shaker, New BrunswickTM 

Innova ® 44 
Eppendorf, Hamburg, Germany 

Incubator, Heracell Thermo Fisher Scientific Inc., Waltham, USA 

Incubator, Heracell Vios 160i Thermo Fisher Scientific Inc., Waltham, USA 

MACS magnet, quadroMACS separator Miltenyi Biotech, Bergisch Gladbach, Germany 

Microscope, Axiovert 25 Carl Zeiss AG, Oberkochen, Germany 

Microscope, Zeiss Primovert Carl Zeiss AG, Oberkochen, Germany 

Multichannel micropipette (10-100 L, 

20-200 L) 
Brand, Wertheim, Germany 

Nitrogen tank, Chronos 420 Cryotherm, Kirchen, Germany 

Orbital incubator, S150 Stuart Scientific, Staffordshire, UK 

pH-Meter, MP220 Mettler-Toledo, Greifensee, Switzerland 

Photometer, Nanodrop I Thermo Fisher Scientific Inc., Waltham, USA 

Pipettboy, Accu-Jet Pro Integra Biosciences, Zizers, Switzerland 

Pipettes 
Brand, Wertheim, Germany 

Eppendorf, Hamburg, Germany 

Plate shaker, DOS-10L NeoLab, Heidelberg, Germany 

Reaction tube magnet CellSystems GmbH, Troisdorf, Germany 

Refrigerator -20ºC Liebherr, Ochsenhausen, Germany 

Refrigerator -80ºC Thermo Fisher Scientific Inc., Waltham, USA 

Refrigerator +4ºC Liebherr, Ochsenhausen, Germany 

Safety bench class II, Herasafe 2030i Thermo Fisher Scientific Inc., Waltham, USA 

Stepper pipettes: 

HandyStep® S 

Multipipette stream 

Multipipette E3 

 

Brand, Wertheim, Germany 

Eppendorf, Hamburg, Germany 

Eppendorf, Hamburg, Germany 

Ultrasound water bath, Sonorex Super 

RK 255 H 
Bandelin Electronic GmbH & Co. KG, Berlin, Germany 

Vacuum pump, Vacusafe Integra Biosciences, Zizers, Switzerland 

Vortex NeoLab GmbH, Heidelberg, Germany 

Water bath GFL, Burgwedel, Germany 

Water purification system, GenPure Pro Thermo Fisher Scientific Inc., Waltham, USA 
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2.4 Glass products and consumables 

 

2.4.1 Glass products 

 

Table 5: List of glass products 

Glass products Manufacturer 

Coverglas (20 x 24 x 0,4 mm) NeoLab GmbH, Heidelberg, Germany 

Erlenmeyer glass (500 mL) Schott AG, Mainz, Germany 

Glass bottles (250 mL, 500 mL, 1 L, 2 L)  Schott AG, Mainz, Germany 

Neubauer counting chamber 
Karl Hecht GmbH & Co KG, Sondheim vor der Rhön, 

Germany 

Pasteur capillary pipettes (230 mm)  Wilhelm Ulbrich GdbR, Bamberg, Germany 

 

2.4.2 Consumables 

 

Table 6: List of consumables 

Consumables Manufacturer 

Bacteria Petri dishes (100 mm) Greiner Bio-One, Frickenhausen, Germany 

Cell culture dishes (100 mm) Greiner Bio-One, Frickenhausen, Germany 

Cell filter (0.70 m) Falcon Corning, New York, USA 

Centrifuge tubes (10 mL, 15 mL, 50 mL) 

Sarstedt, Nümbrecht, Germany 

Greiner Bio-One, Frickenhausen, Germany 

Falcon Corning, New York, USA 

Combi-tips (2.5 mL, 5 mL) 
Brand, Wertheim, Germany 

Eppendorf, Hamburg, Germany 

Counting chamber, C-Chip Neubauer 

improved 
Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

CryoVials Greiner Bio-One, Frickenhausen, Germany 

Culture flasks (25 cm3, 75 cm3, 175 cm3) Falcon Corning, New York, USA 

FACS tubes Falcon Corning, New York, USA  

FACS tubes with lid Falcon Corning, New York, USA 

Gloves, Peha-soft® powder free Paul Hartmann AG, Heidenheim, Germany 

Low blinding microtubes (1.5 mL) Sarstedt, Nümbrecht, Germany 

MACS columns (LS, LD, MS) Miltenyi Biotech, Bergisch Gladbach, Germany 

Non-treated cell culture plates (6, 24, 48-

well) (U-bottom) 
Falcon Corning, New York, USA 

Packaging film, BemisTM Curwood 

ParafilmTM  
Bemis Company Inc., Neenah, USA 
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Pipette tips (10 L, 100 L, 200 L, 1000 

L, 1250 L, 5000 L) 

Sarstedt, Nümbrecht, Germany 

TipOne, Starlap, Milton Keynes, UK 

Polypropylene tubes (14 mL) Greiner Bio-One, Frickenhausen, Germany 

Polystyrene reservoir (25 mL) VWR International, Radnor, USA 

Precision wipes, Kimtech Kimberly-Clark Worldwide Inc., Dallas, USA 

Reaction tubes (eppis, 0.5 mL, 1.5 mL, 2 

mL, 5 mL) 

Sarstedt, Nümbrecht, Germany 

Eppendorf, Hamburg, Germany 

Serological pipettes (2 mL, 5 mL, 10 mL, 

25 mL, 50 mL) 

Greiner Bio-One, Frickenhausen, Germany 

Sarstedt, Nümbrecht, Germany 

Steril filter (0.20 m) Sarstedt, Nümbrecht, Germany 

Syringes, BD Plastipak BD Biosciences, Franklin Lakes, USA 

TW-inserts (24-well, 0.4 m) Sarstedt, Nümbrecht, Germany 

Treated cell culture plates (6, 12, 24, 48, 

96-well) (U-, F-bottom) 

Greiner Bio-One, Frickenhausen, Germany 

Falcon Corning, New York, USA 

 

2.5 Chemicals, reagents and kits 

 

2.5.1 Chemicals and reagents 

 

Table 7: List of chemicals and reagents 

Chemicals/Reagents Manufacturer 

2-Mercaptoethanol (2-ME) Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) 

Gibco Thermo Fisher Scientific, Dreieich, 

Germany 

Agar Agar Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Ammonium chloride (NH4Cl) Sigma-Aldrich, Steinheim, Germany 

Ampicillin Sigma-Aldrich, Steinheim, Germany 

Ampuwa Fresenius Kabi, Bad Homburg, Germany 

Bovine serum albumin Biomol GmbH, Hamburg, Germany 

Clicks medium (EHAA) Fujifilm Irvine Scientific, Santa Ana, USA 

Descosept Dr. Schumacher GmbH, Malsfeld, Germany 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, Steinheim, Germany 

DNase Merck, Darmstadt, Deutschland 

Dulbecco’s phosphate-buffered saline (DPBS) 
Gibco Thermo Fisher Scientific, Dreieich, 

Germany 

Ethanol VWR Chemicals, Radnor, USA 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich, Steinheim, Germany 
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FcR blocking reagent Miltenyi Biotech, Bergisch Gladbach, Germany 

Fetal bovine serum (FBS) Sigma-Aldrich, Steinheim, Germany 

Gene juice® transfection reagent Merck, Darmstadt, Germany  

Geneticin G418 
Gibco Thermo Fisher Scientific, Dreieich, 

Germany 

Glycerol Merck, Darmstadt, Germany 

Iscove’s modified Dulbecco’s medium (IMDM) 
Gibco Thermo Fisher Scientific, Dreieich, 

Germany 

Isopropanol Merck, Darmstadt, Germany 

L-glutamine Lonza, Verviers, Belgium 

Lysogeny broth (LB) Lennox Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Minimum essential medium (MEM) 
gibco Thermo Fisher Scientific, Dreieich, 

Germany 

OneComp beads 
eBioscience ThermoFisher Scientific, Dreieich, 

Germany 

Pancoll Pan-Biotech, Aidenbach, Germany 

Penicillin/streptomycin (P/S) Lonza, Verviers, Belgien 

Perform Schülke & Mayr AG, Frauenfeld, Germany 

Polystyrene latex beads (3.0 m) Sigma-Aldrich, Steinheim, Germany 

Potassium hydrogen carbonate (KHCO3) Sigma-Aldrich, Steinheim, Germany 

Retronectin 
Takara Bio Europe S.A.S, Saint-Germain-en-

Laye, France 

Roswell park memorial institute (RPMI) 1640 
Gibco Thermo Fisher Scientific, Dreieich, 

Germany 

RPMI medium 1640+Glutamax 
Gibco Thermo Fisher Scientific, Dreieich, 

Germany 

Sodium pyruvate 
Gibco Thermo Fisher Scientific, Dreieich, 

Germany 

Trypan blue 0.4% Sigma-Aldrich, Steinheim, Germany 

Water (high-performance liquid 

chromatography grade, HPLC grade)  
Merck, Darmstadt, Germany 

 

2.5.2 Kits 

 

Table 8: List of kits 

Kit Manufacturer 

Annexin V-FITC/Propidium iodide (PI) Kit Miltenyi Biotech, Bergisch Gladbach, Germany 

Anti-iNKT Microbeads, human Miltenyi Biotech, Bergisch Gladbach, Germany 

Blood DC Isolation Kit II, human Miltenyi Biotech, Bergisch Gladbach, Germany 

CD3 Microbeads, human Miltenyi Biotech, Bergisch Gladbach, Germany 
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CellTraceTM Violet (CTV) – Cell proliferation kit Thermo Fisher Scientific Inc., Waltham, USA 

Carboxyfluorescein-Succinimidylester (CFSE) - 

Cell Division Tracker Kit 
Biolegend, San Diego, USA 

LEGENDplex™ Human CD8/NK panel (13-plex)  Biolegend, San Diego, USA 

NucleoBond Xtra Maxi Plus EF 
Macherey-Nagel GmbH & Co. KG, Düren, 

Germany 

 

2.6 Media and buffers 

 

2.6.1 Media 

 

Table 9: List of media 

Medium Components 

CAR medium 

45% Clicks EHAA medium 

45% RPMI 1640 

0.5% L-glutamine 

100 I.U. P/S 

10% FBS 

DC medium 

RPMI 1640+Glutamax 

10% FBS 

0.08 µM 2-ME 

0.1 mM MEM  

0.1 mM sodium pyruvate 

100 I.U. P/S 

Freezing medium 

RPMI 1640+Glutamax 

20% FBS 

10% DMSO 

iNKT medium 

RPMI 1640+Glutamax 

10% FBS 

5.5 µM 2-ME 

0.1 mM MEM  

0.1 mM HEPES 

0.1 mM sodium pyruvate 

100 I.U. P/S  

LB agar plates 

20 g LB Lennox 

15 g agar-agar 

1 L distilled water 

LB Medium 
20 g LB Lennox 

1 L distilled water 

Thawing medium 

IMDM  

10% FBS 

100 I.U. P/S 

10 g/mL DNase 

Transfection medium 

IMDM  

0.1 mM sodium pyruvate 

10% FBS 

100 I.U. P/S 
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2.6.2 Buffers 

 

Table 10: List of buffers 

Buffer Components 

Annexin V buffer 
2.5 mL 20x annexin V buffer 

47.5 mL ampuwa 

Erylysis buffer 

155 mM NH4Cl 

10 mM KHCO3 

0.1 mM EDTA  

Millipore water to 1L 

FACS buffer 
DPBS 

2% FBS 

MACS buffer 

DPBS 

0.5% FBS 

2 mM EDTA 

 

2.7 Plasmids 

 

Table 11: List of plasmids  

Plasmids Origin 

MSCV-hCD19 AddGene Europe, Teddington, UK. 

PegPAM 
Prof. Malcolm Brenner (Baylor College of Medicine), 

Houston, USA 

RDF 
Prof. Malcolm Brenner (Baylor College of Medicine), 

Houston, USA 

SFG.CD19-CD28/CD137ζ 
Prof. Malcolm Brenner (Baylor College of Medicine), 

Houston, USA 

 

2.8 Antibodies, tetramers and viability dyes (VD) 

 

Table 12: List of antibodies, tetramers and VD 

Antigen/Target Clone Fluorochrome Dilution (1:x) Manufacturer 

7-AAD - - 100 
BD Biosciences, Franklin 

Lakes, USA 

Annexin V - FITC 100 
Miltenyi Biotech, Bergisch 

Gladbach, Germany 

CD127 A019D5 PE-Cy7 200 Biolegend, San Diego, USA  

CD14 HCD14 AF700 100 Biolegend, San Diego, USA 

CD19 HIB19 FITC 200 
BD Biosciences, Franklin 

Lakes, USA 
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CD19 HIB19 BV421 200 Biolegend, San Diego, USA 

CD1c L161 APC-Cy7 20 Biolegend, San Diego, USA  

CD1d 51.1 PE 20 Biolegend, San Diego, USA 

CD25 BC96 BV711 80 Biolegend, San Diego, USA 

CD28 CD28.2 BV650 50 Biolegend, San Diego, USA 

CD3 HIT3a APC 100 Biolegend, San Diego, USA 

CD3 HIT3a PerCP-Cy5.5 400 Biolegend, San Diego, USA 

CD3 OKT3 BV605 400 Biolegend, San Diego, USA 

CD303 201a  PerCP-Cy5.5 20 Biolegend, San Diego, USA 

CD4 RPA-T4 BV421 400 Biolegend, San Diego, USA 

CD4 OKT4 BV785 200 Biolegend, San Diego, USA 

CD40 5C3 FITC 25 Biolegend, San Diego, USA 

CD44 IM7 BV510 200 Biolegend, San Diego, USA 

CD45RA HI100 BV650 200 Biolegend, San Diego, USA 

CD69 FN50 BV711 80 Biolegend, San Diego, USA 

CD8 HIT8a FITC 200 Biolegend, San Diego, USA 

CD8 HIT8a AF700 600 Biolegend, San Diego, USA 

CD80 2D10 PE-Cy7 50 Biolegend, San Diego, USA 

CD86 IT2.2 BV605 400 Biolegend, San Diego, USA 

CTLA-4 BNI3 BV421 200 Biolegend, San Diego, USA 

efluor 506 - - 1000 
Thermo Fisher Scientific Inc., 

Waltham, USA 

eFluor 780 - - 1000 
Thermo Fisher Scientific Inc., 

Waltham, USA 

Goat F(ab’)2 anti-

Human IgG (H+L)- 

(F(ab’)2-fragment) 

polyclonal PE 40 
Jackson Immunoresearch 

Europe Ltd, Ely, UK  

HLA-DR L243  BV650 100 Biolegend, San Diego, USA 

IgG1 (mouse, κ) 

Isotype control (ctrl) 
MOPC-21 APC * Biolegend, San Diego, USA 

IgG2b (mouse, κ) 

Isotype ctrl 
MPC-11 APC * Biolegend, San Diego, USA 

IgG2b (mouse, κ) 

Isotype ctrl 
MOPC-173 PE * Biolegend, San Diego, USA 

KLRG1 14C2A07 PE-Cy7 100 Biolegend, San Diego, USA 

LAG-3 11C3C65 FITC 50 Biolegend, San Diego, USA 

Nivolumab - - 10000 
Novartis AG, Basel, 

Switzerland 
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PBS57-CD1d 

tetramer 
- APC 1000 

National Institutes of Health, 

Atlanta, USA 

PBS57-CD1d 

tetramer 
- PE 1000 

National Institutes of Health, 

Atlanta, USA 

PD-1 EH12.2H7 BV711 100 Biolegend, San Diego, USA 

PD-1 EH12.2H7 BV605 100 Biolegend, San Diego, USA 

PD-L1 MIH2 APC 200 Biolegend, San Diego, USA 

PD-L2 24F.10C12 PE 40 Biolegend, San Diego, USA 

PI - - 20 
Miltenyi Biotech, Bergisch 

Gladbach, Germany 

TIGIT A15153G PerCP-Cy5.5 400 Biolegend, San Diego, USA 

TIM-3 F38-2E2 BV510 50 Biolegend, San Diego, USA 

Ultraleaf purified 

IgG4 Isotype ctrl  
QA16A15 - 10000 Biolegend, San Diego, USA 

* Same concentration used for the specific antibodies. 

 

2.9 Cytokines and stimulators 

 

Table 13: List of cytokines and stimulators 

Cytokines and stimulators Manufacturer 

Dynabeads™ human-T-Activator CD3/CD28 Thermo Fisher Scientific Inc., Waltham, USA 

GM-CSF Miltenyi Biotech, Bergisch Gladbach, Germany 

rhIL-2 Novartis AG, Basel, Switzerland 

rhIL-4 Miltenyi Biotech, Bergisch Gladbach, Germany 

α-GalCer Abcam, Cambridge, UK 
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3 Methods 

 

3.1 Cellular methods 

 

3.1.1 Isolation of PBMCs 

 

PBMCs were isolated from samples of concentrated peripheral blood (buffy coats) 

using density gradient centrifugation. A high-density polymer (Pancoll®, 1,077 g/mL) 

was used as a separation solution. After centrifugation, erythrocytes and granulocytes, 

which have a higher density than the polymer, form a cell pellet on the bottom. Plasma 

and thrombocytes, which are lighter, stay on the superior layer, while PBMCs form a 

layer between the plasma and the polymer. Buffy coat samples were diluted 1:3 with 

DPBS and overlaid on 15 mL Pancoll®. After centrifugation (800xg, 20 min, RT, without 

brake and acceleration), the PBMCs were collected, transferred to another tube and 

washed twice with 50 mL DPBS (450xg, RT, 5 min). The remaining thrombocytes were 

removed in the last washing step with 40 mL DPBS and centrifugation (130xg, RT, 10 

min). After the washing steps, the supernatant was removed. The isolated PBMCs 

were resuspended in either DPBS or in an appropriate culture medium and counted 

using a trypan blue solution and a Neubauer counting chamber. 

 

3.1.2 Determination of the cell number 

 

The cell number was determined by trypan blue staining and counting. Dead cells, with 

a damaged cell membrane, are permeable to trypan blue and can be observed under 

the microscope for their blue color, while alive cells can be identified for their 

brightness.  

10 L cell suspension was stained with 10 L trypan blue solution (dilution factor 2), 

transferred to a Neubauer counting chamber and counted under the microscope. 

Freshly isolated PBMCs were stained and counted only after pre-treatment with 

EryLysis buffer for 5 min at a 1:10 ratio for removal of the remaining erythrocytes (final 

dilution factor 20). The number of alive cells was determined by the formula below: 
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Cell number =
alive cells

number of counted squares
 x dilution factor x 10.000 

 

3.1.3 Cell freezing and thawing  

 

The supernatant of the cell suspension was removed after centrifugation (5 min, RT, 

300xg). The cell pellet was resuspended in freezing medium (1-5x107 cells/mL) and 

aliquoted at 1 mL per cryovial. The vials were placed in a Mr. Frosty chamber with 

isopropanol to ensure a slow freezing process and transferred to a -80 ºC refrigerator. 

For long-term storage, the cells were stored in liquid nitrogen tanks. To thaw the cells, 

frozen cells were immersed in a water bath at 37 ºC until only a small solid ice core 

remained. The content of the vials was completely transferred to 40 mL DPBS. After 

centrifugation (5 min, RT, 450xg), the supernatant was completely removed and the 

cells were resuspended in an adequate medium. Since the freezing medium contains 

DMSO, which is cytotoxic, all steps were performed quickly to avoid cell death. Cells 

used for functional assays were kept overnight in thawing medium before usage. 

 

3.1.4 Generation of monocyte-derived dendritic cells (mo-DCs) 

 

Mo-DCs were generated from PBMCs considering the ability of monocytes to attach to 

plastic surfaces. Once the monocytes form an adhesive layer on plastic plates or 

flasks, other cell types, which remain in suspension, are removed and a cocktail with 

IL-4 and GM-CSF is used to induce their differentiation into mo-DCs. Freshly isolated 

PBMCs were resuspended in DC medium at a cell concentration of 4x106/mL. 1.5 

mL/well of the cell suspension was seeded to 6-well plates. After 2h (37⁰C, 5% CO2), 

the medium was completely removed and the wells were washed with DPBS to remove 

non-adherent cells. 3 mL DC medium, supplemented with 100 ng/mL GM-CSF and 50 

ng/mL IL-4, was added to each well. During 6 days, the medium was supplemented 

every other day with 100 ng/mL GM-CSF and 50 ng/mL IL-4. On day 6, the mo-DCs 

were flushed from the wells using DPBS and counted. The cells were tested for their 

maturity by flow cytometric analysis using the panel below (table 14). The gates were 

set on DCs (FSC-A vs. SSC-A), singlets (SSC-W vs. SSC-A) and viable cells. Maturity 
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was assessed by the percentage of CD3-CD19-CD14- 

HLA-DR+CD40+CD80+CD86+ cells.  

 

Table 14: Antibodies used to determine purity and maturation of mo-DCs 

Antigen/Target Fluorochrome Dilution Clone 

CD14 AF700 100 HCD14 

CD19 BV421 200 HIB19 

CD1d PE 40 51.1 

CD3 APC 100 HIT3a 

CD40 FITC 25 5C3 

CD80 PE-Cy7 50 2D10 

CD86 BV605 400 IT2.2 

HLA-DR BV650 100 L243 

VD eFluor 506 1000 - 

 

3.1.5 Cultivation of cell lines 

 

Cancer cell lines were cultured according to the guidelines of the German Collection 

of Microorganisms and Cell Cultures for cell seeding and maintenance. 

 

3.1.6 Ex vivo expansion of iNKT cells 

 

iNKT cells are rare T lymphocytes and comprise approximately 0.1-0.5% of the total 

lymphocytes in blood [179]. Therefore, for downstream applications, iNKT cells must 

be expanded from PBMCs to achieve higher cell numbers. In this work, a well-

established protocol for the ex vivo expansion of human iNKT cells was used [126]. 

Briefly, freshly isolated PBMCs (3.1.1) were resuspended in iNKT medium 

supplemented with 100 I.U. rhIL-2 and 100 ng/mL α-GalCer to a cell concentration of 

1.5x106 cells/mL. The remaining PBMCs were frozen to be used later as autologous 

feeder cells. The cells were incubated for 7 days (37⁰C, 5% CO2). On day 7, the iNKT-

cell expansion was determined by flow cytometry using the following antibodies and 

reagents: CD3-PerCP-Cy5.5 (HIT3a), CD4-BV421 (RPA-T4), CD8-FITC (HIT8a), 

PBS57-CD1d-Tetramer-PE and eFluor 506. The staining was performed as in 3.2.1. 

The percentage of iNKT cells was determined by gating on lymphocytes (FSC-A vs. 
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SSC-A plots), single cells (FSC-A vs. FSC-H), viable (eFluor 506-) and CD3+PBS57-

CD1d-Tetramer+ cells (iNKT cells). 

Cultures, in which the percent of iNKT cells was higher than 1%, were further expanded 

for another 7 days, using thawed autologous feeder cells as stimulators. Feeder cells 

were prepared as follows. Frozen autologous PBMCs were thawed (3.1.3) and 

resuspended in iNKT medium (0.5*106 cells/mL). 100 ng/mL α-GalCer was added to 

the cells and after 4h (37⁰C, 5% CO2), the cells were irradiated with 30 Gy. iNKT-cell 

cultures were restimulated with α-GalCer-loaded feeder cells at a 1:2 ratio (iNKT 

cell:feeder cell) in fresh iNKT medium (final cell concentration=1.5x106 cells/mL), 

supplemented with 50 I.U./mL rhIL-2 and 50 ng/mL α-GalCer. The cells were cultured 

for another 7 days (37⁰C, 5% CO2) and on day 14, the percentage of iNKT cells was 

determined by flow cytometry as described above. In case of successful expansion 

(≥30% iNKT cells), the iNKT cells were isolated by MACS (3.3.1). 

 

3.1.7 Generation of CD19-CAR-iNKT cells 

 

On day 0, upfront isolated iNKT cells (3.3.1) were resuspended at 1x106 cells/mL in 

CAR medium, supplemented with 200 I.U./mL rhIL-2 and 200 ng/mL α-GalCer. 

Autologous irradiated α-GalCer-loaded feeder cells (3.3.2) were added at a 1:2 ratio 

(iNKT cell:feeder cell) to induce cell activation (final cell concentration=1.5x106 

cells/mL). The genetic modification was performed through retroviral transduction, 

using Retronectin® as a transduction enhancer. Retronectin® plates were prepared 

on day 2 by adding 10 µg/well Retronectin® solution (diluted in DPBS) to a non-tissue 

24-well culture plate. The plates were stored at 4⁰C for 24h. On day 3, Retronectin®-

coated wells were loaded with retroviral supernatant. For that, the Retronectin® 

solution was removed from the wells and these were washed once with DPBS. 1 mL 

of the thawed retrovirus supernatant was promptly added to each well. The plates were 

centrifuged at 2000xg at 32⁰C for 90 min. Meanwhile, the activated iNKT cells were 

harvested, washed and counted. The cell concentration was adjusted to 1x106 cells/mL 

with CAR medium supplemented with 200 I.U./mL rhIL-2 and 200 ng/mL α-GalCer 

(calculated to the final volume of 2 mL). After centrifugation, the viral supernatant was 

removed from the Retronectin® plates and 1 mL of the cell suspension was quickly 

added to each well. 1 mL of retrovirus was further added to each well. A negative 
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control was prepared by culturing iNKT cells under the same conditions but without 

any retroviral treatment (untransduced iNKT cells). The plates were centrifuged at 

450xg for 5 min at RT to improve the contact of the cells with the retrovirus-

Retronectin®-coated plate bottom. The cells were incubated for 72h (37⁰C, 5% CO2). 

After this time (day 6), the cells were harvested, washed three times to remove the 

viral supernatant and resuspended in CAR medium. The expansion step was 

performed by the addition of autologous irradiated α-GalCer-loaded feeder cells at a 

1:2 ratio (CD19-CAR-iNKT cell/iNKT cell:feeder cell), 100 I.U./mL rhIL-2 and 100 

ng/mL α-GalCer to the CD19-CAR iNKT cells or untransduced iNKT cells. This step 

was repeated twice, once a week (on days 6 and 13). On day 20, the transduction 

efficiency was determined by flow cytometry after F(ab')₂ antibody staining (3.2.2) 

using the panel in table 15. Lymphocytes were pre-gated using the FSC-A vs. SSC-A 

parameters. Further analysis was performed on singlets (SSC-W vs. SSC-A), viable 

(eFluor780-) iNKT cells (CD3+PBS57-CD1d-tetramer+). The gates for CD19-CAR-

iNKT cells were set using untransduced iNKT cells as a negative control. A schematic 

representation of the protocol for the generation of CD19-CAR-iNKT cells is depicted 

in figure 11. 

 

 

Figure 11: Protocol for the generation of CD19-CAR-iNKT cells 

(A) Schematic representation of the generation of CD19-CAR-iNKT cells. iNKT cells are 

immunomagnetically isolated from PBMCs using anti-iNKT-cell Microbeads on day 0. The cells collected 

in the flow-through are loaded with α-GalCer for 4h and irradiated with 30 Gy (feeder cells). The enriched 

iNKT-cell fraction is activated with part of the feeder cells, 200 I.U./mL rhIL-2 and 200 ng/mL α-GalCer. 

The remaining feeder cells are frozen for posterior usage. On day 3, activated iNKT cells are transduced 

with retroviral supernatant containing the CAR gene. On day 6, CD19-CAR-iNKT cells are harvested 
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and expanded in two stimulation rounds with α-GalCer-loaded feeder cells and 100 I.U./mL rhIL-2 and 

100 ng/mL α-GalCer. On day 20, the transduction efficiency is determined by flow cytometry. 

 

Table 15: FACS panel to determine the transduction efficiency of CD19-CAR-iNKT cells 

Antigen/Target Fluorochrome Dilution Clone 

CD3 BV605 400 OKT3 

CD4 BV421 400 RPA-T4 

CD8 FITC 200 HIT8a 

F(ab’)2 Fragment PE 20 - 

PBS57-CD1d-Tetramer APC 1000 - 

VD eFluor 780 1000 - 

 

3.1.8 Generation of CD19 expressing K562 cells 

 

K562-wild-type (K562-WT) and K562-CD1d cells were kindly provided by Prof. Dr. 

Karadimitris from the Department of Medicine of the Imperial College London (London, 

United Kingdom). Besides CD1d, K562-CD1d cells also express the mCherry 

fluorochrome. Both cell lines were transduced to stably express the CD19 antigen. The 

day before transduction, the cells were split at 1:2. The transduction procedure was 

performed as described in 3.1.7, however with retroviral supernatant generated in 

3.3.10 and without an activation step. After 72h, the cells were washed and analyzed 

by flow cytometry for CD19 expression using CD19-BV421 (HIB19) and eFluor 780. 

Debris was removed from the analysis by gating the larger cell population using the 

FSC-A vs. SSC-A parameters. Further analysis was performed on singlets (SSC-W vs. 

SSC-A) and viable cells (eFluor 780-). 

1x106 transduced cells were stained under sterile conditions as described in 3.2.1 with 

CD19-BV421 (HIB19) and eFluor 780 and sorted in bulk using a BD FACSAria IIuTM III 

cell sorter. The cells were discriminated from remaining contaminating cells using FCS-

A vs. SSC-A gating followed by singlet gating using the FSC-W vs. FSC-H and SSC-

W vs. SSC-H parameters. After the exclusion of dead cells (VD+ cells), cells were 

sorted into CD19+, CD1d+ (mCherry+) and CD19+CD1d+ (double positive, DP) cells. 

Sorted cells were further expanded for one week, frozen and stored in liquid nitrogen 

tanks. 
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3.2 Analytical methods 

 

All flow cytometric analyses were performed using FACS LSRFortessaTM, FACS 

LSRFortessaTM+HTS or FACSCantoTM II. The generated data were analyzed using the 

software FlowJo. LegendPlex assays were measured using the FACSLyricTM with 

autosampler and analyzed with the LegendPlex software. ImageStream assays were 

measured using the Amnis® ImageStream® X Mk II and the data analysis was 

performed with the Software IDEAS®. 

 

3.2.1 Extracellular staining 

 

Cells were harvested into a FACS tube and washed with FACS buffer (450xg, 4⁰C, 5 

min). After the supernatant was removed, 50 µL FcR blocking reagent (1:100 in FACS 

buffer) was added to the cells to prevent unspecific interactions between antibodies 

and Fc receptors, which are expressed on the surface of B cells, DCs and monocytes. 

After incubation (5 min, RT, protected from light), 50 µL of the master mix or FACS 

buffer plus antibody of interest was added to the cells. The cells were incubated at 4⁰C 

for 20 min and washed once with FACS buffer (450xg, 4⁰C, 5 min). The supernatant 

was removed, and the cells were resuspended in 100 µL FACS buffer for analysis. The 

samples were analyzed within 2h. 

 

3.2.2 F(ab')₂ antibody staining 

 

The transduction efficiency of CD19-CAR-iNKT cells was determined by surface 

staining with an anti-human IgG (H+L) F(ab')₂ fragment (PE) and subsequent flow 

cytometric analysis. This antibody binds to the Ig region, which is designed as the hinge 

of the CAR receptor. For the staining, 1x106 cells were transferred to FACS tubes, 

washed with FACS buffer and centrifuged twice for 5 min (450xg, RT) for the removal 

of any remaining medium. The cells were resuspended in 100 µL FACS buffer and 2.5 

L anti-human IgG (H+L) F(ab')₂ fragment (PE) were added to each sample. After 

incubation (20 min, RT, protected from light), the cells were washed twice with FACS 

buffer (450xg, RT, 5 min). The cells were stained extracellularly to determine the 
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presence of other surface antigens (e.g., CD3) (3.2.1). The cells were resuspended in 

100 µL FACS buffer and analyzed within 2h.  

 

3.2.3 CD19 protein staining 

 

The staining with the F(ab')₂ fragment is not compatible with experiments involving 

nivolumab. As the F(ab')₂ fragment binds to general Ig motifs, this antibody may also 

bind unspecifically to remaining nivolumab on the cell surface, resulting in false positive 

results for CAR cells. In these sets of experiments, CD19-CAR-iNKT cells were stained 

with a biotin-conjugated CD19 protein, which is recognized by the anti-CD19 binding 

domain of the CAR receptor. Subsequently, streptavidin conjugated to a fluorochrome 

allows the detection by flow cytometry. The staining procedure is performed as follows. 

The cells were harvested and washed once with FACS buffer and centrifuged for 5 min 

at 450xg at RT. The supernatant was removed and 1 L CD19 protein was added to 

each sample. After 10 min (RT, protected from light), the cells were washed twice with 

FACS buffer. Streptavidin-PE was added together with the desired antibodies for 

extracellular staining, depending on the purpose of the analysis (3.2.1 or 3.2.4). The 

cells were resuspended in 100 µL FACS buffer and analyzed within 2h.  

 

3.2.4 Annexin V staining 

 

The annexin V staining was performed according to the manufacturer’s instructions. 

Briefly, the cells were washed twice (450xg, RT, 5 min) with 100 µL 1x annexin buffer 

and then, stained with 100 µL master mix containing the annexin V reagent (1:100) 

and eventually other antibodies for extracellular staining. After 15 min (RT, protected 

from light), the cells were washed once (450xg, RT, 5 min) and resuspended with 100 

µL annexin buffer for analysis (within 2h). 

 

3.2.5 Multiplex analysis 

 

Multiplex analysis was performed using a LegendPlexTM Human CD8/NK 13-plex Kit. 

The assay is a bead-based immunoassay that works like sandwich immunoassays. 

For that, beads of different sizes coated with different antibodies are used. The 
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analytes attach to the antibodies on the bead surface and can be detected by flow 

cytometry using a biotinylated detection antibody and further with fluorochrome-

attached streptavidin. Thus, the analytes can be analyzed according to the bead size 

and fluorescence. The assays were performed with supernatants collected and frozen 

after DC apoptosis induction and cytotoxicity assays (3.5.5, 3.5.8). The samples were 

prepared as instructed by the manufacturer. The standard control was prepared in 

seven concentrations (0, 2.4, 9.8, 39.1,156.3, 625, 2.500 and 10.000 pg/mL) diluted in 

assay buffer. The supernatants were thawed at RT before the assay. 15 µL of the 

samples or standard controls was added to each well of a polypropylene V-bottom 96-

well plate together with 15 µL assay buffer and 15 µL beads. The plate was incubated 

at RT for 2h on a plate shaker (800 RPM, protected from light). The beads were 

washed with wash buffer twice. 15 µL of the detection antibodies was added to each 

well. The plate was incubated at RT for 1h on a plate shaker (800 RPM, protected from 

light). After this time, 15 µL of the streptavidin-PE was added to each well. After 

incubation (30 min, RT, 800 RPM, protected from light), the samples were washed 

twice with 200 µL wash buffer (450xg, 5 min, RT) and resuspended in 150 µL assay 

buffer. The flow cytometric analysis was performed within 2h. 

 

3.2.6 Staining for ImageStream assays 

 

ImageStream is a technique that combines flow cytometry and microscopy, which 

allows detailed imagery combined with the possibility of analyzing cell antigens through 

fluorescence measurements. After the incubation time, the cells were harvested and 

centrifuged at 200xg for 10 min at RT. The medium was removed and the cells were 

washed once (200xg, RT, 10 min) with FACS buffer. The cells were stained for CAR 

expression as described in 3.2.2. After the incubation time, the cells were washed twice 

(200xg, RT, 10 min) with annexin buffer. The annexin V staining was performed as 

described in 3.2.4. After the annexin V staining, the cells were washed once with 

annexin buffer, resuspended in 100 µL annexin buffer and analyzed within 2h. 
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3.3 Preparative methods 

 

3.3.1 iNKT-cell isolation 

 

iNKT cells were isolated either after ex vivo expansion of iNKT cells or upfront directly 

from PBMCs (for the generation of CD19-CAR-iNKT cells), using anti-iNKT 

microbeads from Miltenyi Biotech, according to the manufacturer’s instructions. Briefly, 

PBMCs or ex vivo expanded iNKT cultures were first resuspended in MACS puffer 

(400 µL/1x106 cells). Anti-iNKT microbeads were added to the cell suspension at a 

concentration of 100 μL of anti-iNKT microbeads per 1x10⁸ total cells. After incubation 

(15 min, 4⁰C), the cells were washed with MACS buffer (10 min, 4⁰C, 300xg) and 

loaded into a LS column posed in a magnet. The column was washed 3 times with 

MACS buffer. After the removal of the column from the magnet, the isolated iNKT cells 

were flushed from the column with MACS buffer into a collection tube.  

 

3.3.2 Preparation of α-GalCer-loaded feeder cells  

 

The flow-through fraction of the upfront iNKT-cell isolation (3.3.1) was collected in a 50 

mL falcon tube. After centrifugation (5 min, RT, 450xg) and removal of the supernatant, 

the cells were resuspended in CAR medium supplemented with 100 ng/mL α-GalCer 

at 1.5x106 cells/mL. After incubation (4h, 37⁰C, 5% CO2), the cells were irradiated with 

30 Gy. Part of the cells were used on the same day for iNKT-cell activation (3.1.7) and 

the remaining cells were frozen (3.1.3) to be used in later stimulation steps. 

 

3.3.3 T-cell isolation 

 

T cells were isolated from PBMCs using CD3 microbeads according to the 

manufacturer’s instructions. PBMCs were resuspended in MACS buffer (1x107 cells/80 

µL). CD3 microbeads were added to the cell suspension (20 µL/1x107 cells). After 

incubation (15 min, 4⁰C), the cells were washed with MACS buffer (10 min, 4⁰C, 300xg) 

and loaded into a LS column posed in a magnet. The column was washed 3 times with 

MACS buffer. The column was removed from the magnet and attached T cells were 

flushed into a collection tube. 
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3.3.4 Preparation of Dynabeads® CD3/CD28 

 

The calculated necessary amount of beads (4x104 beads/µL) was transferred to a 2 

mL reaction tube. The beads were washed with 1 mL DPBS+1% BSA and posed in a 

magnet. Once the beads were attached to the tube walls, the supernatant was 

removed and after the removal from the magnet, the beads were resuspended in the 

desired amount of iNKT medium. T cells were stimulated at a 1:1 (bead:T cell) ratio. 

 

3.3.5 Blood DC isolation 

 

Blood DCs were isolated from PBMCs using the Blood Dendritic Cell isolation kit II 

according to the manufacturer’s instructions. The first separation aims to enrich the 

monocyte, B cell and dendritic cell fraction while eliminating T cells. The second 

separation allows further enrichment of the DC fraction. PBMCs were resuspended in 

MACS buffer (1x108 cells/300 µL). 100 µL FcR blocking reagent and 100 µL non-DC 

depletion cocktail were added to the cells. After incubation (15 min, 4⁰C), the cells were 

washed with MACS buffer (10 min, 4⁰C, 300xg) and loaded into a LD column posed in 

a magnet. After three washing steps with MACS buffer, the cells collected in the flow-

through were collected. For the DC enrichment, the cells in the flow-through were 

washed (10 min, 4⁰C, 300xg) and resuspended in MACS buffer to a cell concentration 

of 1x108 cells/300 µL. 100 µL of the DC enrichment cocktail was added to the cells. 

After incubation (15 min, 4⁰C), the cells were washed with MACS buffer (10 min, 4⁰C, 

300xg) and loaded into a MS column posed in a magnet. After three washing steps (10 

min, 4⁰C, 300xg), the column was removed from the magnet and the cells were flushed 

into a collection tube. 

 

3.3.6 Blood DC cell sorting 

 

To isolate different blood DC subsets, the MACS-isolated blood DCs (3.3.5) were 

stained with the antibodies CD1c-APC-Cy7 (L161) and CD303-PerCP-Cy5.5 (201a), 

as described above (2.2.1), under sterile conditions. The cells were sorted in bulk using 

a BD FACSAria IIuTM III cell sorter. DCs were first gated using the FCS-A vs. SSC-A 

parameter followed by singlet gating using FSC-W vs. FSC-H and SSC-W vs. SSC-H 
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gating. Conventional DCs (cDC) were sorted as CD1c+ and plasmacytoid DCs (pDC) 

were sorted as CD303+ cells.  

 

3.3.7 CFSE staining 

 

Cell proliferation was determined by CFSE dilution. The CFSE dye binds covalently to 

free amine groups in diverse internal cell structures. The fluorescence is diluted when 

stained cells proliferate, resulting in a weaker signal amongst daughter cells and thus, 

allowing the determination of their proliferation state. For the staining, isolated cells 

were resuspended in 1 mL DPBS and stained with 5 µM CFSE for 5 min, protected 

from light. After incubation, the reaction was stopped with 10 mL FBS and the cells 

were centrifuged for 5 min (300xg, RT). Afterward, the cells were washed twice with 

DPBS with 5% FBS (300xg, RT, 5 min) and then resuspended in an adequate medium. 

 

3.3.8 CellTrace Violet (CTV) staining  

 

For cytotoxicity assays, target cells were differentiated from other cell types by a CTV 

staining. Conversely to several surface antigens, CTV is not downregulated and can 

be identified even in case of cell death. Similar to CFSE, CTV dye also binds covalently 

to free amine groups in diverse cell structures. Before the staining, target cells were 

centrifuged (5 min, RT, 450xg) and the supernatant was completely removed. The cells 

were resuspended in 1 mL DPBS and stained with 500 nM CTV for 20 min (37⁰C, 

protected from light). After this time, 4 mL cell culture medium was added to the cells 

to stop the reaction. After 10 minutes, the cells were centrifuged (5 min, RT, 450xg) 

and the supernatant was removed. Afterward, the cells were resuspended in 

appropriate cell medium. 

 

3.3.9 Preparation of SFG.CD19-CD28/CD137ζ-CAR retrovirus supernatant 

 

293T HEK cells were thawed (3.1.3) and plated in 10 mm cell culture dishes for 7 days 

before transfection with transfection medium supplemented with geneticin G418. The 

cells were split 1:10 every other day or by achieving 80-90% confluency. 18h before 

transfection, the cells were split 1:10 with transfection medium. The transfection was 
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supported by the transfection enhancer GeneJuice®. For each plate, 470 µL IMDM 

medium were mixed with 30 µL Gene Juice®. Separately, the plasmids RDF 

(envelope, 2.5 µg), PeqPAM (gag/pol, 3.75 µg) and SFG.CD19-CD28/CD137ζ (CAR, 

3.75 µg) (Fig. 12) were mixed. The mixture IMDM/GeneJuice® was added dropwise 

to the plasmid mixture. After 15 min, 500 µL of this mixture was added dropwise to 

each plate containing 293T HEK cells. After a 48h-incubation (37⁰C, 5% CO2), the 

supernatants containing viral particles were collected and transferred to 50 mL falcon 

tubes. The supernatants were centrifuged for 5 min (4⁰C, 250xg) twice for the removal 

of any possible remaining cells, aliquoted in 1.5 mL Eppendorf tubes and stored at -

80⁰C. Fresh medium was added to the plates, which were incubated for another 24h 

(37⁰C, 5% CO2). After this time, the supernatant collection was repeated. 

 

 
 

Figure 12: Structure of the 3rd generation CAR 

The CAR construct used in this work expresses a 3rd generation CAR. The leader sequence and the 

hinge were derived from usual IgG1 sequences. The antigen-binding site is a single-chain variable 

fragment (scFV) of an anti-CD19 antibody (clone FMC63). Co-stimulatory domains derive from CD28 

and CD137 sequences and the signaling domain derives from CD3ζ-chain sequences. 

 

3.3.10 Preparation of CD19 retrovirus supernatant 

 

The preparation of the CD19 retrovirus supernatant was performed as described in 

3.3.9. However, the SFG.CD19-CD28/CD137ζ-CAR construct was substituted by an 

MSCV-hCD19 construct. 

 

3.3.11 Plasmid transformation 

 

The plasmid-DNA was amplified in E. coli (DH5α or Stellar cells). After E. coli was 

thawed on ice, 10 ng plasmid DNA was added carefully to 50 µL bacterial cells. After 

Ψ

SA
5’ LTR

IgG1 

leader

CD19 scFv

IgG1 

CH2CH3

CD28 CD137 ζ chain 3’ LTR



Methods 

 

46 
 

incubation on ice (30 min), the bacteria were placed in a water bath (42⁰C) for 45 

seconds and brought back on ice for 2 min. 400 µL SOC medium was added to the 

cells and the bacteria were incubated on a heating block for 45 min (300 RPM, 37⁰C). 

The E. coli were seeded on LB agar plates supplemented with ampicillin (1:1000) and 

incubated for 8h (37⁰C). 

 

3.3.12 Plasmid preparation (Maxi-Prep) 

 

Isolated colonies were picked from the LB agar plates and seeded in 5 mL LB medium 

supplemented with ampicillin (1:1000). The cultures were incubated for 8h on a shaker 

(300 RPM, 37⁰C) and transferred to 300 mL LB medium supplemented with ampicillin 

(1:1000). The E. coli were allowed to grow for another 8h (300 RPM, 37⁰C). The 

plasmid-DNA isolation was performed using the Macherey-NagelTM NucleobondTM Xtra 

Maxi plus EF kit according to the manufacturer’s instructions. Briefly, the bacteria 

cultures were harvested and centrifuged for 20 min at 4400xg (4⁰C). The supernatant 

was completely removed and the cell pellet was resuspended with resuspension 

buffer, followed by lysis buffer addition. The tubes were inverted 4-6 times and 

incubated at RT for 5 min. After this time, neutralization buffer was added to the cells. 

The tube was inverted 10-15 times and incubated on ice for 5 min. The complete 

suspension was loaded into a column pre-soaked with equilibration buffer. The column 

was washed three times with wash buffers and then eluted to a 50 mL tube with elution 

buffer. The plasmid-DNA was precipitated with isopropanol, transferred to a finalizer 

filter and washed with ethanol 70%. After the ethanol was completely removed, the 

plasmid DNA attached to the finalizer was eluted to an Eppendorf tube with HPLC-

grade water. The plasmid-DNA concentration was determined using a Nanodrop 

photometer. For the preparation of glycerol stocks, 150 µL E. coli (Maxi cultures) were 

mixed with 850 µL glycerol and brought immediately to -80⁰C. 
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3.5 Functional methods 

 

3.5.1 Mixed lymphocyte reactions (MLR) 

 

The inhibitory effect of iNKT cells on T-cell function was analyzed through MLR, using 

an established protocol that simulates basic GvHD conditions in vitro [180]. For that, 

third-party iNKT cells were tested in MLR using either DCs or Dynabeads® CD3/CD28 

as stimulators and CFSE-stained T cells as responders for 7 days. DCs and T cells 

were either derived from healthy donors or GvHD patients. For healthy donors, DCs 

and T cells were HLA-mismatched. T cells were analyzed by flow cytometry for 

activation markers (CD69 or CD25) and proliferation (CFSE). Upon cell contact with 

the stimulators, T cells become activated and proliferate, which should be impaired by 

iNKT-cell addition.  

Stimulators were prepared as described in 3.1.4, 3.3.5 and 3.3.6 or 3.3.4 and 

resuspended in iNKT medium at a concentration of 1x105 cells or beads/100 µL. T cells 

were isolated as described in 3.3.3, stained with CFSE (3.3.7) and resuspended in 

iNKT medium at a concentration of 1x105 cells/50 µL. iNKT cells were obtained as 

described in 3.1.6 and 3.3.1. from healthy donors and resuspended in iNKT medium 

to achieve concentrations ranging between 1x105-10x105 cells/50 µL (final ratios 1:1:1, 

1:1:5 and 1:1:10, beads/DCs:T cell:iNKT cell). On day 0, 100 µL stimulators was 

seeded into a 96-well plate with 50 µL CFSE-stained T cells in the presence or absence 

of iNKT cells (50 µL). T cells co-cultured only with stimulators (ratio 1:1) were used as 

positive control and T cells cultivated alone were used as negative control. The cells 

were measured by flow cytometry on day 1 (CD69, early activation), day 3 (CD25, late 

activation) and day 7 (CFSE dilution, proliferation). For data analysis, gates were set 

on lymphocytes using the FSC-A vs. SSC-A parameters, singlets (SSC-W vs. SSC-A) 

and viable cells (eFluor 780-). On days 1 and 3, T cells were discriminated from iNKT 

cells (which tend to downregulate their iTCR between 24-72h upon activation 

preventing detection by a tetramer staining) by further gating on CD3+CFSE+ cells and 

at last on CD3+CD69/CD25+ cells. The proliferation was determined using the CD3 

and CFSE parameters on day 7. The panel below (Table 16) was used for each 

measurement. 
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Table 16: FACS panel to determine T-cell activation and proliferation in MLR with iNKT and/or 

CD19-CAR-iNKT cells 

Antigen/Target Fluorochrome Dilution Clone 

CD127 PE-Cy7 200 A019D5 

CD3 BV605 400 OKT3 

CD4 BV421 400 RPA-T4 

CD69/CD25 BV711 80 FN50/BC96 

CD8 AF700 200 HIT8a 

CFSE CFSE - - 

PBS57-CD1d-Tetramer APC 1000 - 

VD eFluor 780 1000 - 

 

Analysis of the effect of cDCs and pDCs on T-cell function 

 

The effect of cDCs and pDCs on T cells was also determined in a MLR and subsequent 

flow cytometric analysis of usual activation markers and CFSE dilution. Blood DCs 

were prepared and seeded as described above. T cells were prepared as described 

above and resuspended in 100 L iNKT medium and added to the stimulators. The 

cells were measured on day 1 and day 3 for T-cell activation (CD69 and CD25) and on 

day 7 for proliferation (CFSE dilution) using the panel in table 16.  

 

Analysis of the inhibitory effect of CD19-CAR-iNKT cells on T cells 

 

The analysis of the inhibitory effects of CD19-CAR-iNKT cells on T cells was performed 

as described above, using mo-DCs as stimulators. CD19-CAR-iNKT cells were 

generated as described in 3.3.1 and 3.1.7 and replaced iNKT cells in the assay. 

Untransduced iNKT cells were used as a further control. 

 

3.5.2 Transwell (TW) assays 

 

To determine whether the inhibitory properties of iNKT cells take place in directly or 

indirectly, iNKT cells were added to the MLR directly or separated by a TW insert. 

Stimulators were prepared as described in 3.1.4, 3.3.5 and 3.3.6 and resuspended in 

iNKT medium at a concentration of 1x106 cells or beads/350 µL. T cells were isolated 
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as described in 3.3.3, stained with CFSE (3.3.7) and resuspended in iNKT medium at 

a concentration of 1x106 cells/350 µL. iNKT cells were obtained as described above 

(3.1.6 and 3.3.1) from third-party donors and resuspended in iNKT medium to achieve 

concentrations ranging between 1x106-10x106 cells/300 µL. On day 0, 350 µL DCs 

was seeded together with 350 µL CFSE-stained T cells in a 24-well plate. 300 µL iNKT 

cells were added directly to the MLR or into the TW insert. T cells co-cultured only with 

stimulators (1:1 ratio) were used as positive control and T cells cultivated alone were 

used as negative control. The cells in the MLR were measured by flow cytometry on 

day 1 (CD69, early activation), day 3 (CD25, late activation) and day 7 (CFSE dilution), 

using the panel in table 16. The gating strategy is described in 3.5.1. A schematic 

demonstration of the MLR is shown in figure 13. 

 

 

Figure 13: Schematic representation of a MLR using a direct setting and with cell populations 

separated through a transwell insert 

On the left, a representation of the assay with direct cell contact is depicted. For that, DCs, T cells and 

iNKT cells are co-cultured together. For the transwell assay, a transwell insert separates iNKT cells (top) 

from DCs and T cells (bottom) but still allows the exchange of soluble factors. Figure generated with 

Biorender®. 

 

3.5.3 DC apoptosis assay 

 

DC apoptosis was determined by annexin V and VD staining. When cells undergo 

apoptosis, they translocate phosphatidylserine molecules to the outer leaflet, and 

these can be detected at an early stage as annexin V+VD- cells (early apoptotic) or a 

later stage as annexin V+VD+ (late apoptotic) by flow cytometry [181].  

For DC apoptosis assays, generated or isolated DCs were incubated with CD19-CAR-

iNKT cells and/or iNKT cells at different effector-to-target ratios (E:T). After 4h, the cells 
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were harvested and stained as described in 3.2.4, using the panel in table 17. For the 

assays with blood DCs, the cells were stained according to the panel in table 18. 

 

Table 17: FACS panel to determine iNKT and/or CD19-CAR-iNKT-cell-mediated DC apoptosis 

Antigen/Target Fluorochrome Dilution Clone 

Annexin V FITC 100 - 

CD3 APC 100 HIT3a 

PBS57-CD1d-Tetramer PE 1000 - 

VD PI/7-AAD 40/100 - 

 

Table 18: FACS panel to determine iNKT-cell-mediated apoptosis of blood DCs 

Antigen/Target Fluorochrome Dilution Clone 

Annexin V FITC 100 - 

CD1c APC-Cy7 20 L161 

CD1d PE 40 51.1 

CD3 APC 100 HIT3a 

CD303 PerCP-Cy5.5 20 201a 

PBS57-CD1d-Tetramer PE 1000 - 

VD PI 40 - 

 

Debris was excluded from the analysis using the FSC-A vs. SSC-A parameters. Only 

singlets (SSC-W vs. SSC-A) and CD3-PBS57-CD1d-tetramer- cells were analyzed. 

Percent of viable cells stands for the percent of annexin V-VD- cells. Cytotoxic activity 

was determined by the formula below.  

 

cytotoxic activity % = (1 − (
% viable cells after culture with effector cells/

% viable cells after culture without effector cells
) ∗ 100 

 

3.5.4 Characterization of CD19-CAR-iNKT cells 

 

Phenotype and exhaustion 

 

The phenotype and exhaustion profile after expansion of the generated CD19-CAR-

iNKT cells were determined by flow cytometry. For each analysis, the cells were 
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harvested and stained for the CAR expression (3.2.2) and subsequently for usual 

extracellular antigens (3.2.1), using the panels shown in tables 19 and 20. 

 

Table 19: FACS panel to determine the phenotype of CD19-CAR-iNKT cells 

Antigen/Target Fluorochrome Dilution Clone 

CD25 BV711 40 BC96 

CD3 BV605 400 HIT3a 

CD4 BV785 200 OKT4 

CD44 BV510 200 IM7 

CD45RA BV650 200 HI100 

CD69 PE-Cy7 50 FN50 

CD8 AF700 400 HIT8a 

F(ab’)2 Fragment PE 20 - 

PBS57-CD1d-tetramer APC 1000 - 

VD eFluor780 1000 - 

 

Table 20: FACS panel to determine the exhaustion profile of CD19-CAR-iNKT cells 

Antigen/Target Fluorochrome Dilution Clone 

CD28 BV650 50 CD28.2 

CD3 BV605 400 HIT3a 

CD4 BV785 200 OKT4 

CD8 AF700 400 HIT8a 

CTLA-4 BV421 200 BNI3 

F(ab’)2 Fragment PE 40 - 

KLRG1 PE-Cy7 100 14C2A07 

LAG-3 FITC 50 11C3C65 

PBS57-CD1d-tetramer APC 1000 - 

PD-1 BV711 100 EH12.2H7 

TIGIT PerCP-Cy5.5 400 A15153G 

TIM-3 BV510 50 F38-2E2 

VD eFluor780 1000 - 

 

The percentage of positive cells for each marker was determined by gating on 

lymphocytes (FSC-A vs. SSC-A plots), single cells (FSC-A vs. FSC-H), viable  
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(eFluor 780-), CD3+PBS57-CD1d-Tetramer+ cells (iNKT cells) and CAR+ cells. At last, 

every single marker was plotted against the CD3+ population. 

 

3.5.5 Cytotoxicity assays 

 

iNKT-cell or CD19-CAR-iNKT cell-mediated cytotoxicity against cell lines (SEM, 

Jurkats, K562, Raji cells) and ALL blasts from patients was determined by co-culture 

with CTV-stained target cells and subsequent annexin V staining. CTV-stained target 

cells (3.3.8) were incubated with untransduced iNKT cells or CD19-CAR-iNKT cells at 

different E:T ratios. The incubation times varied between 4h and 24h. Where stated, 

10 µg/mL nivolumab or its IgG4 isotype control were added to the assays. To determine 

the specificity of the CD19-CAR-iNKT cells and their different pathways of action using 

modified K562 cells, 100 ng/mL α-GalCer or DMSO was added to the assays. The 

cells were harvested and stained with annexin V (3.2.4) using annexin V-FITC and 

eFluor 780.  

Debris was removed from the analysis using the FSC-A vs. SSC-A parameters. Only 

singlets (SSC-W vs. SSC-A). The percentage of viable CTV+ cells stands for annexin 

V-VD- cells. The percentage of cytotoxic activity was determined by the formula below.  

 

cytotoxic activity % = (1 − (
% viable CTV +  after culture with effector cells/

% viable CTV +  after culture without effector cells
) ∗ 100 

 

3.5.6 ImageStream assays 

 

For the ImageStream assays, SEM cells were incubated with CD19-CAR-iNKT cells at 

a 1:1 ratio for 4h. After this time, cells were stained as described in 3.2.4 using the 

panel below for annexin V and extracellular staining. 10,000 cells were acquired using 

Amnis® ImageStream® X Mk II. Since the goal was to analyze interactions between 

CD19-CAR-iNKT cells and target cells, only doublets were included in the analysis, 

which was performed by the technical assistant Simone Pöschel. 
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Table 21: Antibodies/dyes used in the ImageStream assay 

Antigen/Target Fluorochrome Dilution Clone 

Annexin V FITC 100 - 

CD19 BV421 200 HIB19 

F(ab')₂ fragment PE 40 - 

PBS57-CD1d tetramer APC 100 - 

VD 7-AAD 100 - 

 

3.5.7 Proliferation assays 

 

The proliferation of CD19-CAR-iNKT cells upon antigen contact was determined by 

CFSE dilution. For that, CD19-CAR-iNKT cells were stained with CFSE (3.3.7) and 

incubated with irradiated (100 Gy) CTV-stained modified Raji cells for 5 days. Effector 

cells cultivated without stimulus were used as negative control. The cells were 

harvested and stained for CAR expression using a CD19 protein (3.2.3. and 3.2.1, 

table 22) and analyzed by flow cytometry. Where stated, 10 µg/mL nivolumab or its 

IgG4 isotype control was added to the reactions. Lymphocytes were gated using the 

FSC-A vs. SSC-A parameters. Only singlets (SSC-W vs. SSC-A), alive (eFluor 780-), 

CD19-CAR-iNKT cells (CD3-PBS57-CD1d-tetramer+CAR+) were analyzed. The 

results are expressed as the median fluorescence index (MFI). 

 

Table 22: FACS panel to determine cell proliferation upon specific antigen encounter 

Antigen/Target Fluorochrome Dilution Clone 

Anti-Biotin PE 40 - 

CD3 PerCP-Cy5.5 400 HIT3a 

CD4 BV785 400 RPA-T4 

CD8 AF700 200 HIT8a 

CFSE CFSE - - 

CTV CTV - - 

PBS57-CD1d-Tetramer APC 1000 - 

VD eFluor 506 1000 - 
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3.5.8 Rechallenge assays 

 

To analyze the long-term cytotoxicity of CD19-CAR-iNKT cells against PD-L1/PD-L2 

expressing Raji cells, CD19-CAR-iNKT cells were stimulated in a rechallenge or 

repetitive antigen encounter assay. One of the biggest challenges in CAR-T cell 

therapy is the eventual loss of activity of these against target cells due to several 

factors such as the exhaustion caused by inhibitory receptors [182]. 5x105 CD19-CAR-

iNKT cells were seeded in a 48-well plate. PD-L1/2 expressing Raji cells were 

irradiated at 100 Gy and added to CD19-CAR-iNKT cells at a 2:1 ratio (E:T). For the 

following rounds of stimulation, the cells were harvested, counted and restimulated 

weekly with irradiated Raji cells at a 2:1 ratio. Cytotoxic activity and cytokine release 

were used as readouts. Unstimulated cells (day 0) or stimulated cells (day 7 and day 

14) were counted and seeded at a concentration of 4x104 cells/well. Non-irradiated 

target cells are added at a 2:1 ratio. The co-culture followed for 24h. Supernatants from 

these cytotoxicity assays were collected for multiplex analysis, while the cells were 

stained with the panel in table 23 and analyzed by flow cytometry. A schema of the 

assay is shown in figure 14. Where stated, 10 µg/mL nivolumab or an IgG4 isotype 

control was added to the assay. 

 

 

Figure 14: Schema of a rechallenge assay 

CD19-CAR-iNKT cells were stimulated three times with irradiated PD-L1/2-expressing Raji cells. On 

days 0, 7 and 14, part of the CD19-CAR-iNKT cells was challenged with irradiated target cells. The other 

part of the effector cells was set in a cytotoxicity assay with PD-L1/2 Raji cells. After 24h, the cells were 

harvested and analyzed by flow cytometry. Generated with Biorender®. 
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Table 23: FACS panel to determine cytotoxicity and CD19-CAR-iNKT-cell function 

Antigen/Target Fluorochrome Dilution Clone 

Annexin V FITC 100 - 

CD3 PerCP-Cy5.5 400 HIT3a 

CTV CTV - - 

F(ab')₂ fragment/Anti-Biotin PE 40 - 

PBS57-CD1d-Tetramer APC 1000 - 

VD eFluor 780 1000 - 
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4 Results 

 

4.1 Analysis of the inhibitory properties of culture-expanded iNKT cells on T-cell 

function 

 

4.1.1 iNKT cells do not impair the functionality of T cells stimulated with Dynabeads® 

CD3/CD28  

 

Schmid et al. showed that iNKT cells impair T-cell activation and proliferation when the 

latter ones are stimulated with mo-DCs [126, 180]. However, it was still unclear whether 

this effect is related to the direct iNKT-cell interaction with T cells or with DCs. To 

address this question, T cells were co-incubated with Dynabeads® CD3/CD28 for 7 

days. iNKT cells were added to the MLR at different ratios. The cells were analyzed by 

flow cytometry for activation markers on day 1 (CD69), on day 3 (CD25) and 

proliferation on day 7 (CFSE dilution). T cells alone were used as the negative control 

and T cells co-cultured with Dynabeads® CD3/CD28 were used as the positive control. 

As expected, T cells stimulated only with Dynabeads® CD3/CD28 showed high levels 

of early and late activation markers (97.1±0.32% for CD69 and 92.7%±2.25% for 

CD25) and proliferation (98.5±0.12%) (Fig. 15A-C). Indeed, as observed by Schmid et 

al., T-cell activation and proliferation were also barely affected by iNKT cells when T 

cells were stimulated by Dynabeads® CD3/CD28 (Fig. 15) [126, 183]. A significant 

effect on activation could only be achieved for CD69 expression at higher ratios, with 

a decrease of 4.74%±1.28% (Fig. 15A). 

These data reinforce the concept that the inhibitory effect of iNKT cells on T-cell 

function might be rather related to their interaction with DCs than with T cells. 
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Figure 15: T-cell activation and proliferation promoted by Dynabeads® CD3/CD28 are less 

affected by iNKT cells 

Magnetically isolated T cells were stimulated with Dynabeads® CD3/CD28 at a 1:1 ratio (T cell:beads) 

and analyzed by flow cytometry for T-cell activation (CD69 on day 1 and CD25 on day 3) and proliferation 

(CFSE dilution on day 7). Where stated, iNKT cells were added to the cultures at different ratios (from 

1:1:1 to 1:1:10, T cell:DC:iNKT cell). Figures (A), (B) and (C) show histograms with the mean of pooled 

data of at least three independent experiments and dot plots of alive T cells (VD-) analyzed on days 1, 

3 and 7. Co-cultures without iNKT cells were used as the positive control and T cells cultured alone were 

used as the negative control. Exclusion of iNKT cells followed gating on CFSE positive populations on 

days 1 and 3 and PBS57-CD1d-tetramer negative populations on day 7. Error bars show SEM. One-

way ANOVA. Not significant (ns) p˃0.05, ** p≤0.01. 

 

Modified from Schmid & Moraes-Ribeiro et al. [184] 
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4.1.2 iNKT cells hinder T-cell function through direct cell contact 

 

To further elucidate the cellular mechanisms, DCs and T cells were co-cultured for 7 

days at a 1:1 ratio in a MLR in an HLA mismatched setting. iNKT cells were added to 

the MLR at different ratios, either directly or separated by a TW insert. The insert 

prevents direct contact between cells but still allows the exchange of soluble factors 

between both environments. As in the experiment described in 4.1.1, T cells were 

analyzed for T-cell activation and proliferation on days 1, 3 and 7 by flow cytometry. 

Further, T cells cultured alone were used as the negative control, and T cells co-

incubated with DCs were used as the positive control. 

The data confirm that T-cell activation and proliferation were most affected by direct 

addition of iNKT cells to the MLR (Fig. 16). A decrease of early activation could be 

noted at higher ratios of iNKT cells added directly to the MLR (25.5%±6.09% for the 

ratio 1:1:5 and 20.4%±5.33% for 1:1:10). No significant difference could be observed 

when iNKT cells were added separately to the MLR even at higher ratios 

(42.8%±4.64% at 1:1:10) in comparison to the positive control (46.8%±3.80%) (Fig. 

16A). The CD25 expression was significantly affected by adding iNKT cells directly 

even at lower ratios (22.7%±8.23%, 9.35%±2.70% and 4.42%±1.47% for 1:1:1, 1:1:5 

and 1:1:10, respectively) in comparison to both positive control (DC+T, 45.2%±3.01%) 

and to cells tested with a TW insert (45.6%±5.97%, 38.7%±6.47% and 36.8%±8.12, 

for 1:1:1, 1:1:5 and 1:1:10, respectively) (Fig. 16B). The analysis of the CFSE dilution 

revealed a significant decrease of T-cell proliferation caused by direct addition of iNKT 

cells to the MLR at the 1:1:5 and 1:1:10 ratios (24.4%±7.94% and 17.6%±6.35%, 

respectively) in comparison to the positive control (61.0%±9.25%). No significant effect 

could be observed in the analysis with the TW insert (Fig. 16C). All values are 

expressed as 𝑥̅±SEM. 

Thus, these data confirm that iNKT cells impair T-cell function mostly in a dose and 

cell-contact-dependent manner. 
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Figure 16: iNKT cells prevent T-cell activation and proliferation in a dose- and contact-dependent 

manner 

T cells were co-cultured with mo-DCs at a 1:1 ratio (T cell:DC) and analyzed by flow cytometry for early 

and late T-cell activation (CD69 on day 1 and CD25 on day 3, respectively) and proliferation (CFSE 

dilution on day 7). iNKT cells were added to the cultures at different ratios (from 1:1:1 to 1:1:10, T 

cell:DC:iNKT cell) directly or separated by a TW insert. (A) shows histograms and representative dot 

plots (only 1:1:10 ratio) of early activation of T cells after 24h co-culture. (B) depicts T-cell activation on 

day 3 with pooled data and representative dot plots (1:1:10) and (C) demonstrates histograms and dot 

plots of proliferating T cells after co-incubation with mo-DCs for 7 days. Data in green show the results 

of assays performed with a TW insert and those in red with direct cell contact. Co-cultures without iNKT 

cells were used as the positive control and T cells cultured alone were used as the negative control. 

Exclusion of iNKT cells followed gating on CFSE positive populations on days 1 and 3 and PBS57-

CD1d-tetramer negative populations on day 7. Only alive (VD-) T cells were analyzed. Histograms show 

the mean of pooled data of four different donors, analyzed independently. Error bars show SEM. Two-
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way ANOVA. * p≤0.05, ** p≤0.01, *** p≤0.001 and **** p≤0.0001. Data without depicted statistical 

analysis are not statically significant (p˃0.05). 

 

Modified from Schmid & Moraes-Ribeiro et al. [184] 

 

4.1.3 iNKT cells induce apoptosis of blood DCs 

 

It has been previously shown that iNKT cells might promote tolerance by inducing DC 

apoptosis [184]. Schmid analyzed cell populations in graft samples that were used for 

patient transplantation. While analyzing DCs in these samples, a CD1dhigh and a 

CD1dlow DC population were noticed. Further characterization revealed that the 

CD1dhigh showed a CD1c+ phenotype, which characterizes conventional DCs (cDCs), 

while the CD1dlow population turned out to be plasmacytoid DCs (CD303+, pDCs) [126, 

183].  

In the first set of experiments, mo-DCs were used as stimulators, since they are more 

readily accessible for large assays. Now, aiming to simulate a more physiological 

environment and considering the presence of DCs in grafts, a second batch of 

experiments was performed using magnetically isolated blood DCs instead of mo-DCs.  

Like the experiments performed by Schmid, third-party culture-expanded iNKT cells 

were challenged with isolated blood DCs for 4h [183]. Subsequently, the cells were 

stained and analyzed by flow cytometry for apoptosis and CD1c and CD303 

expression. DCs incubated alone were used as negative control (Fig. 17). 

In this setting, iNKT cells also efficiently induced apoptosis of blood DCs, with specific 

apoptosis induction ranging between 58.7-91.2% (76.1%±4.36%, 𝑥̅±SEM) (Fig.17A-

B). Interestingly, the analysis of the remaining viable cells revealed that cDCs (CD1c+ 

DCs) were mostly affected by iNKT cells, while pDCs (CD303+) seem to be spared 

(Fig.17C). Further, analysis of CD1d expression on MACS-isolated blood DCs 

confirmed that cDCs express significantly higher levels of CD1d in comparison to 

pDCs. This observation could explain why iNKT cells preferentially induce apoptosis 

of cDCs. 
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Figure 17: Culture-expanded iNKT cells induce apoptosis of blood DCs 

MACS-isolated blood DCs were co-cultured for 4h with iNKT cells at a 1:5 ratio (DC:iNKT cells). The 

cells were stained with annexin V, PI, anti-CD3, anti-CD1c and anti-CD303 antibodies and analyzed by 

flow cytometry. Representative dot plots showing blood DC apoptosis induction by iNKT cells are 

depicted in (A). Pooled data showing the remaining living DCs (annexin V-PI-) normalized to the control 

DC only are shown in (B). Representative dot plots in (C) show the prevalence of pDCs (CD303+ DCs) 

amongst living DCs. CD3+ iNKT cells were excluded from the analysis by gating on CD3- cells only. In 

(D), representative histogram and pooled data (expressed as MFI) of CD1d expression of pDCs (green) 

and cDCs (red) after MACS isolation are shown. Pooled data show the results for at least three different 

donors analyzed independently. Error bars show the standard error of the mean (SEM). Paired t-test.  

*** p<0.001. FMO: fluorescence minus one; MFI: median fluorescence index. 

 

Modified from Schmid & Moraes-Ribeiro et al. [184] 

 

4.1.4 Only cDCs, but not pDCs, induce T-cell activation and proliferation 

 

DCs are known as the most efficient APCs and therefore, are considered the most 

important bridge between innate and adaptive immunity. Among their tasks in the 

immune system, DCs present antigens to T cells and initiate immune responses 

important for host defense [185, 186]. Given different DC subsets and their distinct 

physiological functions, the role of cDCs and pDCs for T-cell activation and proliferation 
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was under debate. To address this matter, blood DCs were sorted and co-cultured with 

isolated T cells at a 1:1 ratio in a mismatched setting. T cells were analyzed for early 

and late activation (CD69 and CD25, respectively) and T-cell proliferation (CFSE). T 

cells cultivated alone were used as the negative control. The results are shown in figure 

18.  

 

 

 

Figure 18: Only cDCs induce T-cell activation and proliferation 

T cells were co-incubated with MACS-isolated blood DCs for 7 days at a 1:1 ratio (T cell:DC) in a 

mismatched setting. The cells were analyzed by flow cytometry on days 1 and 3 for activation (CD69 

and CD25, respectively) and on day 7 for proliferation (CFSE dilution). (A) and (B) show pooled data 

and representative dot plots demonstrating CD69 and CD25 expression by T cells, respectively. (C) 

shows CFSE dilution for T cells. DCs were excluded from the analysis by gating on alive CD3+ cells. 

The experiments were performed at least three times independently and the mean of the pooled data is 

displayed. Error bars show SEM. One-way ANOVA. * p≤0.05, **** p≤0.0001. Non-significant statistical 

analysis (p˃0.05) is not depicted. 
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Modified from Schmid & Moraes-Ribeiro et al. [184] 

 

The CD69 expression varied for pDCs between 13.3%-30.1% (21.8%±4.86%, 

𝑥̅±SEM), while for cDCs, the expression was significantly increased compared to both 

negative control (T cell only) and pDCs and varied between 40.4%-74.8% 

(60.8%±10.4%) (Fig. 18A). The late activation was overall lower in comparison to 

CD69. The average CD25 expression was 3.71%±1.08% for pDCs and 18.2%±6.65% 

for cDCs. Although the increased expression for cDCs was not significant, a trend 

could be observed for all tested donors (Fig. 18B). Strikingly, proliferation was mostly 

affected by cDCs. While no significant proliferation could be induced by pDCs 

(7.21%±6.57%), 90.8%±2.67% of T cells showed higher proliferation rates upon 

contact with cDCs (Fig. 18C). All values are expressed as 𝑥̅±SEM. 

Altogether, these data show that only cDCs induce significant alloreactive responses 

but not pDCs. 

 

4.1.5 iNKT cells prevent activation and proliferation of T cells stimulated with blood 

DCs. 

 

Using mo-DCs, it was demonstrated that iNKT cells prevent T-cell activation and 

proliferation by inducing DC apoptosis. Next, it was evaluated whether iNKT cells also 

prevent T-cell activation and proliferation promoted by circulating DCs. In the first set 

of experiments, MACS-isolated blood DCs were co-cultured together with T cells in a 

mismatched setting in the presence or absence of third-party culture-expanded iNKT 

cells for 7 days. T cells were analyzed by flow cytometry for T-cell activation (CD69 

and CD25, on days 1 and 3, respectively) and proliferation (CFSE, on day 7). T cells 

co-cultured with DCs were used as the positive control. The results are shown in figure 

19.  

For CD69, the activation was decreased by 48.1±16.2% (Fig. 19A, D) and for CD25 

by 65.1%±7.03% in comparison to the DC plus T-cell control (Fig. 19B, D). For CFSE 

dilution, the iNKT cells decreased the proliferation by 60.3%±4.17% (Fig. 19C-D). As 

in experiments using mo-DCs, these experiments show that iNKT cells can prevent 

iNKT-cell activation and proliferation induced by blood DCs. 
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Figure 19: iNKT cells prevent T-cell activation and proliferation induced by blood DCs 

T cells were co-incubated with blood DCs at a 1:1 ratio (T cell:DC) for 7 days. The cells were analyzed 

by flow cytometry on days 1 and 3 for activation (CD69 and CD25, respectively) and on day 7 for 

proliferation (CFSE dilution). Where stated, 5-fold iNKT cells were added to the cultures. Representative 

dot plots showing early and late activation and proliferation without or in presence of iNKT cells are 

depicted in (A), (B) and (C). (D) Histogram shows pooled data of mean from three experiments. The 

data were normalized to their respective T+DC control. DCs were excluded from the analysis by gating 

on the alive CD3+ population. Exclusion of iNKT cells followed gating on CFSE positive populations on 

days 1 and 3 and PBS57-CD1d-tetramer negative populations on day 7. The experiments were 

performed at least three times independently. Error bars show SEM. Paired t-test. * p≤0.05, ** p≤0.01. 

Non-significant statistical analysis (p˃0.05) is not shown. 

 

Modified from Schmid & Moraes-Ribeiro et al. [184] 

 

As observed in 4.1.3 and 4.1.4, cDCs are the blood DCs that are most affected by 

iNKT cells, but the best T-cell stimulators. Thus, it seemed that the inhibitory effect of 

iNKT cells on T-cell function might be related to their ability to induce cDC apoptosis 

and further avoid T-cell activation and proliferation. To confirm this effect, cDCs were 

sorted from MACS-isolated blood DCs. Sorted cDCs were co-cultured with iNKT cells 

for 7 days and analyzed by flow cytometry as described in the previous experiments. 
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T cells only were used as the negative control, while T cells cultivated with DCs were 

used as the positive control. 

 

 
 

Figure 20: iNKT cells prevent T-cell activation and proliferation induced by blood cDCs 

MACS-isolated blood DCs were sorted into cDCs (CD1c+). T cells were co-cultured with sorted blood 

cDCs at a 1:1 ratio (T cell:DC) for 7 days. The cells were analyzed by flow cytometry for early and late 

T-cell activation and proliferation. Where stated, iNKT cells were added to the cultures at a 1:1:5 ratio 

(T cell:DC:iNKT cell). Representative dot plots and histograms of pooled data (mean) showing early and 

late (CD69 and CD25, respectively) activation and proliferation (CFSE dilution) without or in presence 

of iNKT cells are depicted in (A), (B) and (C), respectively. Pooled data (mean) show the results of three 
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different donors analyzed independently. Due to intrinsic donor variability, the data were normalized to 

their respective T-cell-only control. DCs were excluded from the analysis by gating on the alive CD3+ 

population. Exclusion of iNKT cells followed gating on CFSE positive populations on days 1 and 3 and 

PBS57-CD1d-tetramer negative populations on day 7. Error bars show SEM. One-way ANOVA. *** 

p≤0.001. Non-significant statistical analysis (p˃0.05) is not shown. 

 

Modified from Schmid & Moraes-Ribeiro et al. [184] 

 

The data obtained in this set of experiments are shown in figure 20 and confirmed the 

high potential of cDCs to promote T-cell activation (1.54-fold±0.16 for CD69 expression 

and 16.0-fold±8.11 for CD25 expression) (Fig. 20A-B) and proliferation (118.90-

fold±12.07) (Fig. 20C), which could be completely (T-cell activation) or partially (T-cell 

proliferation) reversed by iNKT-cell addition. 

 

4.1.6 iNKT cells promote DC apoptosis and impair T-cell function in a patient-based 

setting 

 

To confirm the inhibitory properties of iNKT cells on T-cell function, their proapoptotic 

effect on DCs and consequently their inhibitory effects on T-cell activation and 

proliferation were analyzed in a patient-based system. For that, blood samples from 

patients who participated in a simultaneous clinical study undergoing allo-HSCT were 

selected for the analysis. PBMCs were isolated, frozen and stored in nitrogen tanks.  

For this set of experiments, patients who developed GvHD at any time during the study 

were selected. Blood DCs were isolated from PBMCs collected prior to HSCT. T cells 

were isolated from PBMCs collected after transplantation after the patient achieved 

complete chimerism before the patients had developed any GvHD signs and received 

any treatment. Due to the different factors, such as bad sample condition, small cohort, 

and consequently, few patients that eventually developed GvHD, only samples from 

two patients could be analyzed. iNKT cells were obtained from third-party healthy 

donors. 

First, blood DCs were co-incubated with iNKT cells for 4h. The cells were subsequently 

stained with annexin V, PI, anti-CD3, anti-CD1c and anti-CD303 and analyzed by flow 

cytometry for DC apoptosis and antigen expression. DCs incubated alone were used 
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as the negative control. Freshly isolated DCs were further analyzed for their CD1d 

expression. The results are shown in figure 21. 

 

 
 

Figure 21: iNKT cells preferentially induce apoptosis of patient cDCs 

Blood DCs were immunomagnetically isolated from frozen PBMCs collected from patients who 

underwent allo-HSCT and developed GVHD. Blood DCs were co-incubated with third-party iNKT cells 

at a 1:5 ratio for 4h. After this time, the cells were stained with annexin V, PI, anti-CD1c, anti-CD303 

and anti-CD3 antibodies and analyzed by flow cytometry. (A) shows apoptosis induction of blood DCs 

co-cultured with iNKT cells. (B) shows the proportion of living (annexin V-VD-) cDCs and pDCs after co-

culture with iNKT cells. Representative plots and histogram showing the CD1d expression on blood DCs 

after magnetic isolation are shown in (C). Data from one donor are shown. The pooled mean of technical 

replicates is displayed. Error bars show standard deviation (SD). 

 

Modified from Schmid & Moraes-Ribeiro et al. [184] 

 

These results demonstrate that iNKT cells from third-party donors are also able to 

induce patient-derived DC apoptosis (24%) (Fig. 21A). Similar to our experiments 

using healthy donors’ cells, iNKT cells also preferentially induced apoptosis of cDCs, 

decreasing its relative frequency among DCs from 43.5% to 3.05% (Fig. 21B). The 

analysis of the CD1d expression on these cells also revealed higher expression by 

cDCs (Fig. 21C).  
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Next, blood DCs and T cells from patients were co-cultured together for 7 days and 

analyzed for T-cell activation (CD25) and proliferation (CFSE dilution). iNKT cells were 

added to the MLR at a 1:1:5 ratio (T cell:DC:iNKT cell). T cells only were used as the 

negative control and T cells cultured with DCs were used as the positive control. The 

results are shown in figure 22. 

 

 

 

Figure 22: iNKT cells prevent activation and proliferation of patient-derived T cells 

Blood DCs and T cells were immunomagnetically isolated from patient PBMCs. Similar to experiments 

involving mo-DCs and blood DCs from healthy donors, patient DCs and T cells were co-cultured for 7 

days (1:1 ratio) in the presence or absence of iNKT cells (added 5-fold the number of DCs and T cells). 

The cells were analyzed on day 3 for T-cell activation and on day 7 for proliferation (CFSE dilution) by 

flow cytometry. Representative plots from a patient for T-cell activation are shown in (A) and for T-cell 

proliferation in (B).  

 

Modified from Schmid & Moraes-Ribeiro et al. [184] 

 

The flow cytometric analysis showed that T-cell activation and proliferation could be 

efficiently reduced by 16.9% (CD25 expression) and 58.8% (CFSE dilution) (Fig. 22A-

B). Data from a second patient is shown in appendix data 1. 

Altogether, these data show that iNKT cells impair T-cell function through apoptosis of 

DCs from both healthy donors and patients in a direct cell contact-dependent manner. 
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4.2 Genetic optimization of iNKT cells for tumor control by insertion of a chimeric 

antigen receptor (CAR) 

 

4.2.1 Characterization of CD19-CAR-iNKT cells 

 

Despite being very rare in peripheral blood, iNKT cells can be easily expanded ex vivo 

to achieve higher cell numbers, which are necessary for clinical applications [126]. For 

the generation of CD19-CAR-iNKT cells, the original protocol for T cells had to be 

adapted considering several unique properties of iNKT cells. An important step in this 

process is cellular activation, which allows the entrance of the retroviral component 

into the cells during transduction. Several protocols have used CD3/28 antibodies to 

induce the activation of conventional T cells. Rotolo et al. also showed that iNKT cells 

can be optimally activated and expanded with CD3/CD28 beads [173]. However, the 

same could not be observed in our experiments, since beads reduced the viability of 

the generated cells (Appendix data 2).  

The protocol, which was established for this work, consisted of upfront iNKT-cell 

isolation and activation using autologous α-GalCer-loaded feeder cells, IL-2 and  

α-GalCer as already described, but with some modifications [174]. After transduction 

with a retroviral SFG.CD19-CAR construct, iNKT cells were expanded during two 

stimulation rounds (weekly) with feeder cells, IL-2 and α-GalCer. This protocol allowed 

a significant expansion of iNKT cells (47.5-fold±9.27 for CD19-CAR-iNKT cells and 

95.0-fold±23.1 for untransduced iNKT cells) with good transduction efficiency 

(57.7%±4.96). However, a significantly better expansion could be observed for 

untransduced iNKT cells (Fig. 23A-B). 

The analysis of iNKT cells on day 0 and of untransduced iNKT cells and CD19-CAR-

iNKT cells on day 20 revealed a preferential expansion of CD4+ cells and a decrease 

of the CD8+ population, while no consistent pattern could be identified for CD4-CD8- 

(DN) cells (Fig. 23C). Moreover, the generated CD19-CAR-iNKT cells presented a 

resting (CD25-) and effector memory (CD44+CD45RA-) phenotype (Fig. 23D). 

Importantly, flow cytometric analysis of expanded cells showed that this protocol did 

not induce cell exhaustion, despite the prolonged culture time (Fig. 23E). 
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Figure 23: CD19-CAR-iNKT cells can be efficiently generated and expanded ex vivo 

CD19-CAR-iNKT cells were generated after upfront iNKT-cell isolation and retroviral transduction. 

Activation and expansion were performed using autologous α-GalCer-loaded feeder cells, IL-2 and  

α-GalCer. On day 20, the surface phenotype of CD19-CAR-iNKT cells was analyzed by flow cytometry. 

(A) Absolute numbers of expanded iNKT cells and CD19-CAR-iNKT cells on day 20 (mean, n=10). The 

expansion was determined by flow cytometry and cell counting. (B) Representative data show 

transduction efficiency for one donor. (C) Percentage of positive CD4 (above), CD8 (middle) and double 

negative (CD4-CD8-, below) of untransduced iNKT cells and CD19-CAR-iNKT cells before 

expansion/activation (D0) and after expansion (D20). (D) shows the mean of pooled data for the 

expression of CD25, CD44 and CD45RA expression of iNKT cells or CD19-CAR-iNKT cells (n=4) after 

expansion (D20). Expression (mean) of different exhaustion markers by iNKT cells and CD19-CAR-

iNKT cells (n=4) on day 20 is shown in (E). Only alive iNKT cells/CD19-CAR-iNKT cells (VD-) were 
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included in the analysis. Error bars show SEM. Two-way ANOVA for (A) and paired t-test for (C). * 

p≤0.05 ** p≤0.01, *** p≤0.001, **** p≤0.0001. Non-significant statistical analysis (p˃0.05) is not shown. 

 

4.2.2 CD19-CAR-iNKT cells show robust cytotoxicity against CD19+ tumor cells 

 

To assess their functional fitness, CD19-CAR-iNKT cells were challenged against SEM 

(CD19+ ALL cell line), Raji (BL cell line) cells, ALL patient blasts (about 95% blast in 

PBMCs) and K562 (CD19- CML cell line) at different ratios for 4h. Subsequently, the 

cells were stained with annexin V and analyzed by flow cytometry. Untransduced iNKT 

cells were used as a negative control. Alternatively, CD19-CAR-iNKT cells were 

challenged with SEM for 4h and analyzed by ImageStream. The results are shown in 

figure 24. 

Strikingly, CD19-CAR-iNKT cells showed a robust efficiency in eradicating tumor cells 

in comparison to the untransduced iNKT-cell control. For instance, the calculated 

cytotoxic activity against SEM at a 5:1 ratio (E:T) achieved 6.79%±1.24% 

(untransduced iNKT cells) and 84.3%±8.62% (CD19-CAR-iNKT cells), while for Raji 

cells, it was 7.15%±4.07% (untransduced iNKT cells) and 65.8%±4.23% (CD19-CAR-

iNKT cells). Patient blasts were very sensitive to CD19-CAR-iNKT cells, which showed 

81.3%±3.29% of cytotoxic activity at a 5:1 ratio (6.69%±6.79% for untransduced iNKT 

cells). Importantly, no significantly different cytotoxic activity between untransduced 

iNKT cells and CD19-CAR-iNKT cells was observed against the CD19- cell line K562 

(12.3%±2.53% for untransduced iNKT cells and 21.3%±5.08% for CD19-CAR-iNKT 

cells at 5:1), showing high antigen specificity of CD19-CAR-iNKT cells (Fig. 24A-B). 

All values are expressed as 𝑥̅±SEM. 

Further, apoptosis induction of SEM by CD19-CAR-iNKT cells was also confirmed by 

ImageStream analysis (Fig. 24C).  
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Figure 24: CD19-CAR-iNKT cells show robust cytotoxicity against ALL and lymphoma cells 

CD19-CAR-iNKT cells were challenged with CTV-stained SEM (ALL), Raji (BL), patient (ALL) and K562 

(CML) cells for 4h at different E:T ratios. The cells were stained with annexin V and eFluor 780 (VD) and 

analyzed by flow cytometry. Further, SEM co-cultured with CD19-CAR-iNKT cells were also analyzed 

by ImageStream after annexin V staining. (A) shows pooled data (mean) of the cytotoxic activity of 

CD19-CAR-iNKT cells against SEM, Raji and ALL patient blasts in comparison to untransduced iNKT 

cells (n=3). (B) shows representative dot plots of the cytotoxicity assay with SEM at different ratios. 

ImageStream analysis of CD19-CAR-iNKT cells (tetramer+, red and CAR+, yellow) inducing cell death 
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(annexin V+, green) of SEM cells (CD19+, purple) in a contact-dependent manner is shown in (C). 

CD19-CAR-iNKT cells were excluded from the classical flow cytometric analysis by gating on single 

CTV+ populations only. For the ImageStream analysis, only CD19+ PBS57-loaded CD1d tetramer+ 

CAR+ doublets were analyzed. The experiments were performed at least three times independently. 

Error bars show SEM. Two-way ANOVA. ns p˃0.05, * p≤0.05, **** p≤0.0001. 

 

Next, the CD1d-mediated cytotoxicity of CD19-CAR-iNKT cells was evaluated by 

challenging them with CD19-CD1d+ Jurkat cells upon treatment with α-GalCer or its 

vehicle DMSO. After 4h, the cells were stained with annexin V and analyzed by flow 

cytometry. The results are depicted in figure 25. 

 

 

 

Figure 25: CD19-CAR-iNKT cells maintain their robust CD1d-mediated cytotoxicity 

CD19-CAR-iNKT cells were challenged with CTV-stained Jurkat cells (T-ALL) at different E:T ratios. 100 

ng/mL α-GalCer or DMSO (diluent) was added to the cells. After 4h, the cells were stained with annexin 

V and eFluor 780 and analyzed by flow cytometry. Pooled data (mean) showing cytotoxicity of CD19-

CAR-iNKT cells with and without α-GalCer treatment (left, n=3) and representative dot plots (right) are 

depicted. Representative data show cells after gating on all cells (FSC-A vs SSC-A), singlets (SSC-A 

vs SSC-W) and CTV+ cells. The experiments were performed at least three times independently. The 

error bars show SEM. Two-way ANOVA. ns p˃0.05, **** p≤0.0001. 

 

Interestingly, neither CD19-CAR-iNKT cells nor untransduced iNKT cells treated with 

DMSO only reacted against the tumor cells, although a non-significant trend can be 

observed in favor of CD19-CAR-iNKT cells. This effect was abolished upon α-GalCer-

addition and a significant robust cytotoxic activity could be observed. No significant 

difference in the cytotoxicity between untransduced iNKT cells and CD19-CAR-iNKT 

cells using the α-GalCer-treatment could be observed (Fig. 25A). 
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These data show that CD19-CAR-iNKT cells behave differently in face of CD19 and/or 

CD1d-dependent stimuli. To elucidate which mechanisms and molecules are involved 

in their cytotoxicity under different stimuli, untransduced iNKT cells and CD19-CAR-

iNKT cells were challenged with WT and modified K562 cells. Modified cells were 

generated through viral transduction to stably express CD19 (K562-CD19), CD1d 

(K562-CD1d) and both (K562-DP) (Fig. 26A). Since preliminary data showed no 

activity of untransduced iNKT cells against the K562 wild type, α-GalCer was also 

added to the assays to promote this interaction. DMSO was used as a negative control. 

After 4h, cells were stained and analyzed by flow cytometry. Supernatants were further 

analyzed by multiplex. The results are shown in figure 26. Statistic data of figure 26B 

can be found in appendix data 3. 

Conversely to the assays using K562 and Jurkat cells (Fig. 24), CD19-CAR-iNKT cells 

showed a significantly enhanced cytotoxicity against K562-WT cells in comparison to 

untransduced iNKT cells. α-GalCer did not have any additional effect. CD19-CAR-iNKT 

cells also showed strong cytotoxicity against K562-CD19 cells in a dose-dependent 

manner. In this setting, α-GalCer did not induce any further enhancement of cytotoxic 

activity. When tested against K562-CD1d, CD19-CAR-iNKT cells show overall superior 

cytotoxicity compared to untransduced iNKT cells. Despite a small effect when only 

treated with DMSO, cytotoxicity of untransduced iNKT cells against the target cells 

could also be enhanced upon α-GalCer treatment. Further, α-GalCer significantly 

increased the function of CD19-CAR-iNKT cells against CD1d+ target cells. Similarly, 

α-GalCer also significantly enhanced the cytotoxicity of both iNKT cells and CD19-

CAR-iNKT cells against K562-DP cells (Fig. 26B).  
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Figure 26: CD19-CAR-iNKT cells show robust cytotoxicity against modified cells lines using both 

CAR and CD1d pathways 
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K562-WT and K562-CD1d cells were transduced to express the CD19 antigen. Untransduced iNKT cells 

and CD19-CAR-iNKT cells were challenged with CTV-stained modified K562 cells for 4h. DMSO 

(diluent) or 100 ng/mL α-GalCer were added to the cells. The cells were stained with annexin V and 

eFluor 780 and analyzed by flow cytometry. Supernatants were collected for multiplex analysis. (A) 

shows representative dot plots of the CD19 and CD1d expression by sorted modified K562. Pooled data 

(mean, n=3) showing cytotoxicity of CD19-CAR-iNKT cells with and without α-GalCer treatment against 

K562-WT (left, above), K562-CD19+CD1d- (right, above), K562-CD19-CD1d+ (left, below) and K562-

CD19+CD1d+ (right, below) are shown in (B). Assays with iNKT cells and DMSO treatment are shown 

in red, iNKT cells with α-GalCer are shown in blue, CD19-CAR-iNKT cells with DMSO treatment are 

shown in green and CD19-CAR-iNKT cells with α-GalCer are shown in black. Pooled data were obtained 

after gating on all cells (FSC-A vs SSC-A), singlets (SSC-A vs SSC-W) and annexin V-VD-CTV+ cells. 

(C) Heat maps showing pooled data (mean) in pg/mL (n=3) of cytokine release by untransduced iNKT 

cells and CD19-CAR-iNKT cells upon treatment with DMSO and α-GalCer and challenge with K562-WT 

and modified K562 cells after 4h. The experiments were performed at least three times independently. 

Error bars show SEM. Granz A= granzyme A, Granz B= granzyme B. 

 

LegendPlex analysis revealed a cytokine pattern, which supports the observations in 

figure 26B. A slight release of effector molecules such as granzyme A and granulysin 

seemed to be involved in the cytotoxic effect of CD19-CAR-iNKT cells against K562-

WT cells and might explain the background cytotoxicity observed in all tested 

conditions in the cytotoxicity assays. For cells tested against CD19+ cells, an α-

GalCer-independent release of IL-2, TNF-α, IFN-γ and effector molecules could be 

observed only by CD19-CAR-iNKT cells. On the other hand, assays using K562-CD1d 

cells confirmed the necessity of α-GalCer for the cytotoxic effect. Against double 

positive target cells, the same pattern as for CD19+ cells could be observed. 

Interestingly, α-GalCer seemed to boost the IL-2 release of CD19-CAR-iNKT cells, 

while higher levels of IFN-γ could be detected for untransduced iNKT cells under this 

condition. Further, α-GalCer seemed to boost TNF-α release by both effector cells. 

Altogether, these results demonstrate the cytotoxic potential of CD19-CAR-iNKT cells 

for ALL and lymphoma control, which could be enhanced through the engagement of 

the TCR:CD1d machinery. 
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4.2.3 PD-1 expression of CD19-CAR-iNKT cells is increased after contact with CD19+ 

target cells 

 

It has been documented that iNKT cells may become exhausted and consequently, 

anergic upon stimulation with α-GalCer [187, 188]. The characterization of the cells 

generated using the protocol described in this work showed low levels of exhaustion 

markers (4.2.1), despite prolonged culture time and several stimulation rounds with α-

GalCer. Further, analysis of the cytotoxicity revealed that ALL cells are highly sensitive 

to CD19-CAR-iNKT cells while Raji cells seem to be more resistant (4.2.2).  

Aiming at the complete elimination of the target cells, the co-incubation time was 

increased to 24h. After harvest and staining, the cells were analyzed by flow cytometry. 

CD19-CAR-iNKT cells showed robust cytotoxic activity against Raji cells, however, no 

target-cell eradication could be observed (Fig.27A). Further analysis of the effector 

cells during the assay revealed an increased expression of the inhibitory receptor PD-1 

(Fig.27B). 

 

 

 

Figure 27: PD-1 expression is increased on CD19-CAR-iNKT cells upon antigen contact 

CD19-CAR-iNKT cells were challenged with CTV-stained Raji cells (BL) at different E:T ratios. After 

24h, the cells were stained with annexin V, eFluor 780 and usual T-cell markers and analyzed by flow 
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cytometry. (A) shows pooled data (mean, n=3) of the cytotoxic activity of untransduced iNKT cells/CD19-

CAR-iNKT cells against lymphoma cells for 24h (left) and representative plots for one donor for targets 

only and target cells challenged with CD19-CAR-iNKT cells at 1:1 and 2:1 ratios (E:T) (right). Annexin 

V/VD gates were set on singlets and CTV+ cells. (B) shows pooled data (n=3) of the PD-1 expression 

on untransduced iNKT cells/CD19-CAR-iNKT cells upon contact with Raji cells (left) and representative 

data for one donor (right). PD-1+ cells were analyzed from lymphocytes, singlets, alive iNKT cells 

(CD3+PBS57-CD1d-tetramer+) and CAR+ or not. The experiments were performed at least three times 

independently. Error bars show SEM. Two-way ANOVA. ns p˃0.05, * p≤0.05, ** p≤0.01. 

 

4.2.4 PD-1:PD-L1/2 interaction hinders the functionality of CD19-CAR-iNKT cells 

 

The inhibitory receptor PD-1 is expressed after T-cell activation as a mechanism of 

defense to prevent exaggerated T-cell responses, and is downregulated once the 

antigen has been cleared. Therefore, its expression does not necessarily represent a 

negative characteristic of the physiological response. However, PD-1 expression in 

combination with other markers, e.g. thymocyte selection-associated HMG BOX 

(TOX), T-box expressed in T cells (T-bet) and eomesodermin (EOMES), might also 

indicate that effector cells might be following an exhaustion pathway [189, 190]. 

Functional exhaustion of T cells leads to decreased cytotoxicity and cytokine 

production [189, 191]. In this work, the behavior of CD19-CAR-iNKT cells upon 

encounter with both CD19 antigen and PD-1 ligands was assessed through functional 

assays. Thus, CD19-CAR-iNKT cells were tested against Raji cells modified to 

overexpress either PD-L1 (Raji-PD-L1) or PD-L2 (Raji-PD-L2). Raji cells transduced 

with an empty vector were used as control (Fig. 28A). After 24h-co-culture, the cells 

were stained and analyzed by flow cytometry. Further, the supernatants were analyzed 

by multiplex. 

The cytotoxic assays revealed that Raji-ctrl were the most susceptible to CD19-CAR-

iNKT cells, followed by Raji-PD-L2 cells. The most distinct effect could be observed for 

Raji-PD-L1 cells, however, none of these observations were shown to be statistically 

significant (Fig. 28B). Nevertheless, multiplex analyses demonstrated a significant 

decrease in the release of several cytokines when CD19-CAR-iNKT cells were 

challenged with Raji-PD-L1 and Raji-PD-L2 cells (Fig. 28C). 
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Figure 28: Functionality of CD19-CAR-iNKT cells is impaired through contact with PD-L1/PD-L2 

expressing Raji cells 

Raji cells were modified to express stably PD-L1 and PD-L2 molecules. For the cytotoxicity assays, 

CD19-CAR-iNKT cells were challenged with CTV-stained modified Raji cells at different E:T ratios. After 

24h, the cells were stained with annexin V and eFluor 780 and analyzed by flow cytometry. For multiplex 

analysis, supernatants of the cytotoxicity assays were collected and analyzed with the LEGENDplex™ 

Human CD8/NK panel (13-plex). (A) shows PD-L1 (left) and PD-L2 (right) expression by modified Raji 

cells. Raji-ctrl are depicted in black, Raji-PD-L1 are depicted in blue and Raji-PD-L2 in red. Cell stained 

with isotype controls are shown as dashed lines, while specific staining is shown with full lines. Gates 

were set on singlets and alive CD19+ cells. Pooled data (mean, n=4) of the cytotoxic activity of CD19-

CAR-iNKT cells against modified lymphoma cells for 24h (left) and representative plots (right) for one 

A

c
y
to

to
x

ic
a
c
ti

v
it

y
[%

]

0.25:1 0.5:1 1:1 2:1

20

40

60

80

100

E:T

e
F

lu
o

r 
7
8
0

Annexin V

1.12 62.1

8.34 28.4

Raji-ctrl

0.97 39.3

24.1 35.7

1.15 45.3

14.1 39.5

Raji-PD-L1 Raji-PD-L2

C

Raji-ctrl Raji-PD-L1 Raji-PD-L2

PD-L1/2

Raji-PD-L2

Isotype

Raji-ctrl

Raji-PD-L1

M
a
x
 [

%
]

PD-L1

M
a
x
 [

%
]

PD-L2

B

F
C

 o
f

c
y
to

k
in

e
re

le
a
s
e

Raji-PD-L1

Raji-ctrl

0.4

0.6

0.8

1.0

*

**

IL
-2

T
N

F
-α

s
F

a
s
L

IF
N

-γ

G
ra

n
z
y
m

e
 A

G
ra

n
z
y
m

e
 B

**

F
C

 o
f

c
y
to

k
in

e
re

le
a
s
e

IL
-2

T
N

F
-α

s
F

a
s
L

IF
N

-γ

G
ra

n
z
y
m

e
 A

G
ra

n
z
y
m

e
 B

Raji-ctrl

0.4

0.6

0.8

1.0

Raji-PD-L2

*
** **



Results 

 

80 
 

CD19-CAR-iNKT-cell donor challenged with Raji-ctrl (red), Raji-PD-L1 (black) and Raji-PD-L2 (blue) are 

shown in (B). Annexin V/eFluor 780 gates were set on singlets and CTV+ cells. (C) shows pooled data 

(mean, n=3) of the IL-2 (light green), TNF-α (light gray), sFasL (orange), IFN-γ (green), granzyme A 

(purple) and granzyme B (yellow) release by CD19-CAR-iNKT cells upon contact with modified Raji-PD-

L1 (left) and Raji-PD-L2 cells (right). Data were normalized to the assay using Raji-ctrl. The experiments 

were performed at least three times independently. Error bars show SEM. Two-way ANOVA. * p≤0.05, 

** p≤0.01. Statistically non-significant data analysis (p˃0.05) is not depicted. 

 

Aiming to enhance this effect, CD19-CAR-iNKT cells were tested in a repetitive antigen 

encounter or rechallenge assay. The goal of this assay was to push the cells to their 

limit and thus, challenge their persistence. Thereby, CD19-CAR-iNKT cells were 

challenged with target cells once a week for three times. Further, a part of the cells 

was also tested once a week for their cytotoxicity against the same target cells in a 24h 

incubation period and analyzed by flow cytometry and multiplex assay. 

The cytotoxicity assays confirmed the results for the first stimulation round (as shown 

in figure 29), whereby CD19-CAR-iNKT cells were less efficient against Raji-PD-L1 

cells compared to Raji-ctrl and Raji-PD-L2. The subsequent stimulation rounds showed 

that Raji-ctrl were still more susceptible to CD19-CAR-iNKT cells than PD-L1/2-

expressing cells, however, an important overall decrease in the cytotoxicity of CD19-

CAR-iNKT cells could be observed for all target cells in the third stimulation round (Fig. 

29A). Results for a second donor is depicted in appendix 4. For this donor, a 

substantial difference between the different targets can be observed, being the Raji-

PD-L1 cells the most resistant to CD19-CAR-iNKT cells. However, no visible difference 

could be observed between the different conditions for the third stimulation. Multiplex 

analysis of the first and third stimulation rounds revealed an interesting decrease over 

time in cytokine production with Raji-PD-L1 cells. A significant effect could only be 

observed for several cytokines in the third stimulation. Interestingly, a significant 

decrease of IL-2, IFN-γ and granzyme B release by cells challenged with Raji-PD-L2 

cells could already be observed even for the first stimulation, despite the negative 

correlation with the results of the cytotoxicity assays, but in agreement with the data 

obtained in figure 28. 
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Figure 29: Functionality of CD19-CAR-iNKT cells is impaired upon repetitive antigen contact 

CD19-CAR-iNKT cells were challenged with irradiated target cells every 7 days throughout three 

stimulation rounds. Every seven days, a part of the CD19-CAR-iNKT cells was analyzed for their 

cytotoxicity against PD-L1/2+ Raji cells at a 2:1 ratio (E:T). After 24h-co-incubation, the cells were 

harvested and analyzed by flow cytometry. The supernatants were collected for multiplex analysis. (A) 

shows the cytotoxicity course of CD19-CAR-iNKT cells for one donor throughout three stimulations with 

Raji-Ctrl (red), Raji-PD-L1 (blue) and Raji-PD-L2 (green) (above) and representative dot plots (below). 

Target cells were discriminated from CD19-CAR-iNKT cells through the FSC-A vs SSC-A gate and 

CTV+ staining. Only singlets were analyzed. Results of the multiplex analysis performed for the 1st (gray) 

and 3rd stimulation (white) rounds of CD19-CAR-iNKT cells being challenged against Raji-PD-L1 (above) 

and Raji-PD-L2 (below) are depicted in (B). The figures show data obtained for IL-2, TNF-α, sFasL, IFN-

γ, granzyme A and B after the 1st (gray) and 3rd (white) stimulation rounds. Data is represented in fold-

change (FC) of cytokine release normalized to the assay with Raji-Ctrl (red) as targets (n=3). Pooled 

data show the mean of the biological replicates. The experiments were performed at least three times 

independently. Error bars show SEM. Two-way ANOVA. ns p˃0.05, * p≤0.05, ** p≤0.01, *** p≤0.001. 
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In summary, these results show that antigen-specific contact induces PD-1 expression 

on CD19-CAR-iNKT cells challenged with CD19+ BL. Moreover, the PD-1:PD-L1/2 

interaction was shown to induce a negative effect on cytokine release by CD19-CAR-

iNKT cells and on their cytotoxicity. 

 

4.2.5 Checkpoint inhibition increases cytokine release and proliferation of CD19-CAR-

iNKT cells, but does not impact short-term cytotoxicity 

 

Due to the PD-1 expression by CD19-CAR-iNKT cells and the subsequently reduced 

functionality, the use of PD-1 checkpoint inhibition to overcome this effect was 

considered. The concept of using checkpoint inhibition to enhance CAR-T-cell function 

is not novel. However, despite promising results in tumor control, a higher risk for the 

development of GvHD in an allogeneic transplant setting has been observed in clinical 

studies, which significantly compromises the overall outcomes of the therapy [168, 

169]. CD19-CAR-iNKT cells have not been evaluated in this context yet and could 

represent an elegant alternative to CAR-T cells even in an allogeneic setting since they 

are not able to induce GvHD. Thus, the potential of PD-1 checkpoint inhibition to 

enhance CD19-CAR-iNKT-cell function was evaluated in vitro. 

CD19-CAR-iNKT cells were challenged with PD-L1/2+ Raji cells at several E:T ratios. 

The cells were further treated with the PD-1 checkpoint inhibitor nivolumab. After 24h, 

the cells were stained and analyzed by flow cytometry for cytotoxicity and the 

supernatants were analyzed by multiplex cytokine assay. Moreover, CD19-CAR-iNKT-

cell proliferation was tested against modified Raji cells and checkpoint inhibition. An 

IgG4 isotype antibody was used as the negative control. The results are shown in figure 

30. 

Analyses of the short-term cytotoxicity demonstrated that checkpoint inhibition does 

not affect on the lytic function of CD19-CAR-iNKT cells (Fig. 30A). However, multiplex 

analysis revealed that checkpoint inhibition could not only block the negative effect of 

the PD-1:PD-L1/2 interaction but also even significantly enhanced the release of IL-2, 

TNF-α, IFN-γ and granzyme B by CD19-CAR-iNKT cells challenged with both PD-L1 

and PD-L2 positive BL cells (Fig. 30B). Interestingly, no negative effect on cell 

proliferation had been observed for CD19-CAR-iNKT cells tested against modified Raji 
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cells (IgG4-control data). Nevertheless, checkpoint inhibition increased the 

proliferation of CD19-CAR-iNKT cells upon antigen contact significantly (Fig. 30C). 

 

 

 

Figure 30: Checkpoint inhibition increases cytokine release and proliferation of CD19-CAR-iNKT 

cells, but does not impact short-term cytotoxicity 

CD19-CAR-iNKT cells were challenged with CTV-stained modified Raji cells (BL) at different E:T ratios. 

Where stated, the cells were treated with nivolumab or its IgG4 control. After 24h, the cells were stained 

with annexin V, eFluor 780 and analyzed by flow cytometry. For multiplex analysis, supernatants of the 

cytotoxicity assays were collected and analyzed with the LEGENDplex™ Human CD8/NK panel (13-

plex). For proliferation assays, nivolumab- or IgG4-treated CFSE-stained CD19-CAR-iNKT cells were 
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challenged for 5 days with irradiated modified Raji cells and analyzed by flow cytometry. Pooled data 

(mean, n=4) of the cytotoxic activity of CD19-CAR-iNKT cells against Raji-ctrl (left), Raji-PD-L1 (middle) 

and Raji-PD-L2 (right) cells for 24h are shown in (A). Black lines show assays with IgG4-control 

treatment and red lines show data for the treatment with nivolumab. Annexin V/eFluor 780 gates were 

set on single CTV+ cells. (B) shows pooled data (mean, n=5) of the IL-2 (light green), TNF-α (light gray); 

sFasL (orange), IFN-γ (green), granzyme A (purple) and granzyme B (yellow) release by CD19-CAR-

iNKT cells upon contact with modified Raji-PD-L1 (left) and Raji-PD-L2 cells (right), under nivolumab- 

or IgG4-control treatment. Data were normalized to their respective IgG4-control data. (C) depicts the 

mean of pooled data (left) of the proliferation of nivolumab- (red) or IgG4 (black)-treated CD19-CAR-

iNKT cells upon challenge with modified Raji cells and representative data for one donor (right). Gates 

were set on lymphocytes, singlets and alive CD19-CAR-iNKT cells. The results are expressed as MFI. 

The experiments were performed at least three times independently. Error bars show SEM. Two-way 

ANOVA. * p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001. Non-significant statistical analysis (p˃0.05) is 

not depicted. 

 

Next, checkpoint inhibition was also evaluated in the context of rechallenge assays. 

These were performed as described in 3.5.8 and 4.2.4. Additionally, the cells were 

treated with nivolumab (10 µg/mL). An IgG4 isotype antibody was used as a negative 

control. The data are depicted in figure 31. 

Data obtained for one donor revealed a slight increase in the cytotoxicity of CD19-

CAR-iNKT cells treated with nivolumab. This effect could be observed for all stimulation 

rounds with Raji-PD-L1 cells and in the second round for Raji-ctrl and Raji-PD-L2 cells. 

(Fig. 31A). For a second donor, a slight positive effect of cells treated with nivolumab 

could be observed only in the third stimulation round (appendix data 5). 

Multiplex data of the first and third stimulations showed an overall decrease in the 

cytokine release by CD19-CAR-iNKT after three stimulation rounds that could not be 

rescued by checkpoint inhibition. Nevertheless, an interesting increase in the release 

of IL-2, TNF-α, sFasL, IFN-γ and granzyme A by CD19-CAR-iNKT cells challenged 

with Raji-PD-L1 cells upon nivolumab-treatment could be observed at both time points. 

A significant difference could be further observed for the release of granzyme B (Fig. 

31B).  

In summary, these data show that PD-1 checkpoint inhibition displays only a minor 

effect at the short- and long-term cytotoxicity. Nonetheless, cell proliferation and 

cytokine release seem to profit from this strategy. 

 

+ 
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Figure 31: Checkpoint inhibition partially improves the cytotoxicity and ability of cytokine 

release of CD19-CAR-iNKT cells after repetitive antigen encounter 

CD19-CAR-iNKT cells were challenged with irradiated target cells every 7 days throughout three 

stimulation rounds. Every seven days, part of the CD19-CAR-iNKT cells were analyzed for their 

cytotoxicity against PD-L1/2+ Raji cells. After 24h, the cells were harvested and analyzed by flow 

cytometry. The supernatants were collected for multiplex analysis. Where stated, 10 µg/mL nivolumab 

or an IgG4 isotype control was added to the assays. (A) shows representative data for the cytotoxicity 

of CD19-CAR-iNKT cells (mean of technical replicates, n=1) throughout three stimulations with Raji-ctrl 

(left), Raji-PD-L1 (middle) and Raji-PD-L2 (right) upon IgG4 isotype control (black) or nivolumab (red) 

treatment. Single target cells were discriminated of CD19-CAR-iNKT cells through the FSC-A vs SSC-

A gating and CTV+ staining. Results of the multiplex analysis performed for the 1st (left) and 3rd 

stimulation (right) rounds of CD19-CAR-iNKT cells being challenged against Raji-ctrl (above), Raji-PD-

L1 (middle) and Raji-PD-L2 (below) are depicted in (B). The figures show data obtained for IL-2, TNF-

α, sFasL, IFN-γ, granzyme A and B. The data are represented in pg/mL of cytokine release (n=4). 

Samples treated with IgG4 isotype control are shown in black and nivolumab are shown in red. The 

experiments were performed at least three times independently. Error bars show SEM. Two-way 

ANOVA. * p≤0.05, ** p≤0.01. Non-significant statistical analysis (p˃0.05) is not depicted. 

 

4.2.6 CD19-CAR-iNKT cells maintain the immunoregulatory properties of conventional 

iNKT cells 

 

As already demonstrated, iNKT cells are immunoregulatory cells that might prevent 

GvHD after HSCT. It has been shown that iNKT cells promote immune tolerance in 

humans by the preferential apoptosis induction of specific DC subsets, thus avoiding 

T-cell activation, while certain processes pertinent to the host defense might still take 

place through the action of other DC subsets [184].  

Through cytotoxic assays against CD1d+ cell lines, it was shown that CD19-CAR-iNKT 

cells still keep their important immunoregulatory function, while exerting potent anti-

tumor function. As a proof-of-concept, the analysis of the inhibitory properties of CD19-

CAR-iNKT cells was also performed. This kind of analysis would be of extreme 

importance in case of allogeneic transplantation. Due to the non-existence of GMP-

products for the isolation of these cells in the context of a translational approach, the 

presence of remaining T cells in the final product would be possible and could induce 

GvHD, which however could be prevented by CD19-CAR-iNKT cells. For that, the 

capacity of CD19-CAR-iNKT cells of promoting mo-DC apoptosis and preventing T-

cell activation and proliferation was analyzed. The assays were performed as 
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demonstrated in 4.1.3-6. Further, the supernatants were analyzed by multiplex assays. 

Untransduced iNKT cells were used as controls. The obtained data is shown in figure 

32. 

 

 

 
Figure 32: CD19-CAR-iNKT cells maintain the iNKT-cell ability to induce DC apoptosis 

Mo-DCs were co-cultured with iNKT cells or CD19-CAR-iNKT cells at a 1:5 ratio (DC:iNKT cells). After 

4h, the cells were stained with annexin V and 7-AAD and analyzed by flow cytometry. Supernatants of 

the apoptosis assays were collected for multiplex analysis. Pooled data (mean, left) and representative 

dot plots (right) showing blood DC apoptosis induction by iNKT cells (green) and CD19-CAR-iNKT cells 

(red) are depicted in (A). CD3+ iNKT cells/CD19-CAR-iNKT cells were excluded from the analysis by 

gating on CD3- cells only. Pooled data show results for at least three different donors analyzed 

independently. Error bars show SEM. Data of the multiplex analysis in pg/mL for IL-4, TNF-α, IFN-γ and 

granzyme A are shown in (B). DC+iNKT stands for DCs incubated with iNKT cells and DC+CAR stands 

for DCs co-cultured with CD19-CAR-iNKT cells. Two-way ANOVA (A) and paired t-test (B). ns p>0.05.  

 

As for untransduced iNKT cells, CD19-CAR-iNKT cells were also able to efficiently 

induce DC apoptosis in a dose-dependent manner. No significant difference could be 

observed between CD19-CAR-iNKT cells and untransduced iNKT cells (Fig. 32A). 

Further, multiplex analysis revealed a similar cytokine release pattern by both CD19-
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CAR-iNKT cells. However, a higher effect in favor of CD19-CAR-iNKT cells could be 

observed (Fig. 32B).  

 

 

 

Figure 33: CD19-CAR-iNKT cells efficiently prevent T-cell activation and proliferation 

T cells were co-cultured with mo-DCs and untransduced iNKT cells/CD19-CAR-iNKT cells at a 1:1:5 

ratio (T cell:DC:iNKT/CD19-CAR-iNKT cells) and analyzed by flow cytometry for early and late T-cell 

activation (CD69 on day 1 and CD25 on day 3, respectively) and proliferation (CFSE dilution, on day 7). 

(A) shows histograms and representative dot plots of early activation of T cells after 24h co-culture. (B) 
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depicts pooled data and representative dot plots demonstrating T-cell activation on day 3 and (C) 

demonstrates histograms and dot plots of proliferating T cells after co-incubation with mo-DCs for 7 

days. Co-cultures without iNKT cells were used as a positive control and T cells cultured alone were 

used as the negative control. T cells only are shown in black, DCs plus T cells in green, DCs plus T cells 

plus iNKT cells in blue and DCs plus T cells plus CD19-CAR-iNKT cells in red. Exclusion of iNKT cells 

followed gating on CFSE positive populations on days 1 and 3 and PBS57-CD1d-tetramer negative 

populations on day 7. Only alive (VD-) T cells were analyzed. Histograms show pooled data (mean) of 

seven different donors, analyzed independently. Error bars show SEM. Two-way ANOVA. ns p>0.05, * 

p≤0.05, ** p≤0.01, *** p≤0.001. 

 

Analyses of MLR showed that CD69 (Fig. 33A) and CD25 expression (Fig. 33B) by T 

cells and T-cell proliferation (Fig. 33C) were significantly decreased upon CD19-CAR-

iNKT-cell addition. No significant difference could be observed between CD19-CAR-

iNKT cells and untransduced iNKT cells. 

Altogether, these data demonstrate that CD19-CAR-iNKT cells are as efficient as 

untransduced iNKT cells in promoting DC apoptosis and consequently preventing T-

cell allogeneic reactions. 

 

4.2.7 CD19-CAR-iNKT cells can still prevent T-cell activation and proliferation, even 

upon checkpoint inhibition 

 

Another point addressed in this work was the use of checkpoint inhibitors to improve 

the function of CD19-CAR-iNKT cells. As it has been shown that checkpoint inhibition 

provokes allo-reactions, this set of experiments aimed at assessing the safety of 

checkpoint inhibition and CD19-CAR-iNKT cells in vitro using our MLR model. Where 

stated, the PD-1 checkpoint inhibitor nivolumab or its IgG4 isotype control was added 

to the MLR. After a 7-day-co-culture with untransduced iNKT cells or CD19-CAR-iNKT 

cells and DCs, T cells were analyzed for their CD69 and CD25 expression and 

proliferation. The results are depicted in figure 34. 

As observed in the previous assay, both untransduced iNKT cells and CD19-CAR-

iNKT cells prevented T-cell activation and proliferation. A non-significant trend in favor 

of nivolumab-treated T cells in the positive control could be observed for the CD25 

expression and T-cell proliferation. Despite that, untransduced iNKT cells and CD19-

CAR-iNKT cells were significantly able to impair the function of isotype control and 
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nivolumab-treated T cells with a slightly better effect observed for cells treated with 

nivolumab (Fig.34A-C). 

In summary, these results demonstrate the ability of CD19-CAR-iNKT cells in inhibiting 

T-cell activation and proliferation even under checkpoint inhibition.  

 

 

 

Figure 34: CD19-CAR-iNKT cells efficiently prevent T-cell activation and proliferation despite 

checkpoint inhibition 

T cells were co-incubated with mo-DCs and iNKT cells/CD19-CAR-iNKT cells at a 1:1:5 ratio (T 

cell:DC:iNKT/CD19-CAR-iNKT cells). CD69 (day 1) and CD25 (day 3) expression and CFSE dilution 

(day 7) were analyzed by flow cytometry. Nivolumab or its isotype control (IgG4) was added to the 

assays at 10 µg/mL. (A) shows histograms of T-cell early activation (CD69). (B) depicts pooled data 

CD25 expression by T cells on day 3 and (C) shows histograms of proliferating T cells on day 7. Co-

cultures without untransduced iNKT cells/CD19-CAR-iNKT cells were used as positive control and T 

cells cultured alone were used as a negative control. T cells only are depicted in black, DCs plus T cells 

are shown in green, DCs plus T cells plus iNKT cells are shown in blue and DCs plus T cells plus CD19-

CAR-iNKT cells are shown in red. Exclusion of iNKT cells followed gating on CFSE positive populations 

on days 1 and 3 and PBS57-CD1d-tetramer negative populations on day 7. Only alive (VD-) T cells were 

analyzed. Histograms show pooled data (mean) of four different donors, analyzed independently. Error 
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bars show SEM. Two-way ANOVA. * p≤0.05. Only the statistical data comparing IgG4 and nivolumab-

treated groups is shown. Non-significant statistical analyses (p˃0.05) are not depicted. 
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5 Discussion 

 

5.1 Analysis of the tolerogenic properties of iNKT cells in an allogeneic transplant 

setting 

 

Allogeneic HCT is a well-established therapeutic strategy used for the treatment of 

several malignancies, especially for advanced and high-risk hematologic diseases. 

Through optimized donor selection, tailored preparative conditioning regimes and 

advanced supportive care, improved outcomes have been achieved, enabling long-

term remission and survival, even for patients with a bad prognosis. Yet, GvHD and 

relapse are still important causes of morbidity and mortality after allogeneic HSCT [8, 

11, 192].  

Several approaches have been used for the prevention or treatment of GvHD such as 

immunosuppression and T-cell depletion. Nevertheless, immunosuppression also 

considerably affects the therapy outcomes, since it also inhibits immune reconstitution, 

infection control, and, importantly, GvL effects, leading to higher relapse rates [15, 

193]. Thus, strategies to prevent GvHD while maintaining GvL effects are urgently 

needed. 

Various studies have shown the potential of iNKT cells as an alternative tool for the 

prevention of GvHD in both murine and human models. A first murine study involving 

the adoptive reinfusion of sorted NK1.1+ T cells showed their tolerogenic properties 

for GvHD prevention [194]. Other studies in mice and rats showed the resistance of 

NKT cells against the usual conditioning regimen and higher numbers correlated with 

better GvHD suppression [110, 111]. Schneidawind et al. showed that CD4+ iNKT cells 

prevented GvHD in mice through the expansion of CD4+CD25+FoxP3+ Treg cells [65]. 

Third-party iNKT cells seem to have an equipotent effect on tolerance induction in 

mice, probably due to their highly conserved iTCR. In the present study, only third-

party iNKT cells were analyzed since they are more readily accessible [115, 195]. 

The tolerogenic effect of iNKT cells has also been extensively studied in humans. 

Several studies have demonstrated a positive correlation between the frequency of 

iNKT cells and a lower incidence of GvHD [116-118, 196]. This observation was 

confirmed in another study with a cohort of 80 patients. Nevertheless, no correlation 

between iNKT-cell frequency and Treg expansion was observed [119]. Chen et al. 
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aimed at analyzing the effect of the Treg population for GvHD control by using an  

α-GalCer-analog in a phase II clinical study. However, in only 28% of the patients, a 

response toward Treg expansion could be noted, despite promising preclinical data 

[197]. Altogether, these data suggest that other mechanisms apart from Treg 

expansion might be involved in how iNKT cells exert their tolerogenic properties in 

humans. 

GvHD is a well-characterized reaction against host tissues caused by the recognition 

of host antigens by donor T cells in the context of allogeneic HSCT [8, 198, 199]. The 

role of APCs as an important factor in the pathogenesis of GvHD has been emphasized 

in several studies and therefore, these cells represent interesting targets for GvHD 

prevention [200, 201]. In this context, iNKT cells have been shown to interact with DCs 

in different ways [202]. For instance, Schmid and Moraes-Ribeiro et al. observed that 

DCs “disappear” when co-cultured with iNKT cells [184]. Thus, this study first aimed at 

investigating factors involved in the interaction between ex vivo expanded human iNKT 

cells and DCs in the context of allo-reactions in vitro.  

First, T-cell activation upon stimulation with Dynabeads® CD3/CD28 as artificial APCs 

(aAPCs) was investigated. Analyses of MLR revealed that the expression of CD69 and 

T-cell proliferation was also barely affected by iNKT cells in this setting, even at higher 

iNKT-cell ratios. Thus, these data suggest that iNKT cells need to interact with other 

cells rather than exerting a strong direct effect on alloreactive T cells.  

Schmid and Moraes-Ribeiro et al. proposed that T-cell function can be impaired by 

iNKT cells when T cells are activated with DCs [184]. These results are in line with 

other studies: Coman et al. used a xenograft model of GvHD and could show in vivo 

that CD4- iNKT cells prevent T-cell activation through interaction with DCs. However, 

another study suggests that DN iNKT cells might be the subset associated with 

tolerogenic responses [203]. Nevertheless, both studies confirm the importance of the 

iNKT-cell-mediated DC apoptosis for the control of T-cell function. Importantly, an 

extension of the conditions tested in this work using transwell inserts confirmed the 

importance of direct cell contact for this effect. The present work adds significant 

knowledge to iNKT-cell biology by demonstrating that iNKT cells induce preferentially 

the apoptosis of cDCs, leading to a relative expansion of beneficial pDCs.  

DCs arise from either myeloid or lymphoid hematopoietic stem cell progenitors in the 

bone marrow [204, 205]. The DC group is composed of heterogeneous subsets, which 
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play distinct roles in modulating immune responses. These have been categorized into 

cDCs, pDCs and mo-DCs, depending on their lineage and expression of transcription 

factors as IFN regulatory factors 4 and 8 [206, 207]. Despite being considered 

interesting targets in the context of GvHD, unspecific DC-targeting might also have a 

negative effect since DCs also play a protective role after HSCT [206]. In humans, 

cDCs are robust IL-12 producers and exert an exceptional cross-priming function. 

However, cDCs are decisive T-cell stimulators in the context of allogeneic reactions. 

For instance, Markley et al. showed that cDCs play a critical role in antigen 

presentation after BM transplantation and could initiate GvHD [208]. cDCs have also 

been associated with the restoration of skin-associated DCs such as Langerhans DCs 

and this could contribute to the occurrence of skin GvHD [209, 210]. In contrast, pDCs 

are mostly associated with responses to viral antigen recognition through the robust 

release of type I and type III IFN [211, 212]. Interestingly, pDCs have been linked with 

better outcomes after allogeneic HCT through a decreased incidence of GvHD and 

enhanced GvL effects [213, 214]. Therefore, the modulation potential of iNKT cells on 

cDCs and pDCs could represent a useful approach to reducing the incidence of GvHD.  

The present work focused on the interaction of iNKT cells with human blood DCs. 

These are mainly cDCs and pDCs and can be easily isolated from PBMCs from healthy 

donors and GvHD patients. Through preferential apoptosis of cDCs, a decreased 

function of alloreactive T cells in both healthy donors and GvHD patients could be 

achieved. Moreover, this would lead to a bias in favor of pDCs, which might still perform 

important immune responses, such as pathogen control and GvL, while improving the 

outcomes of allogeneic HSCT.  

Nevertheless, a direct impact of iNKT cells on T-cell function was only observed when 

higher numbers of iNKT cells were used, although in other studies low numbers are 

already associated with objective responses [65, 196]. Considering the plasticity and 

diversity of iNKT cells, it is plausible that other mechanisms, that are not mutually 

exclusive, might be responsible for the tolerogenic properties of these cells such as 

the expansion of Treg cells, the modulation of DC function and induction of a Th2 bias 

of T helper cells. Schneidawind et al. and Pillai et al. demonstrated in vivo, for instance, 

that the frequency of Treg cells need longer than seven days (as in the in vitro MLR 

model) to be noticed [65, 113]. Therefore, the optimization of the proposed in vitro 

model might be necessary to better understand these parameters. Further, distinct 
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iNKT-cell subsets are associated with certain functional peculiarities which might 

explain different findings from other groups in humans and mice. Another factor to 

consider is the protocols used for iNKT-cell expansion, which might also influence the 

final fitness of these cells. 

 

5.2 Analysis of the cytotoxic potential of iNKT cells in the context of CAR therapy 

 

Preclinical studies have shown the efficacy and safety of iNKT cells both in vitro and 

in vivo in the context of tumor control [124, 125, 127-129]. Nevertheless, iNKT cells 

have produced only partial responses [136-138]. In contrast, CAR-T cells have 

delivered strikingly positive outcomes, particularly in the treatment of relapsed or 

refractory B-cell malignancies [155, 156]. However, CAR-T-cell therapy has been 

associated with high rates of adverse events such as cytokine release syndrome 

(CRS) and neurotoxicity [156]. Importantly, the application of CAR-T cells in an 

allogeneic setting is significantly limited since T cells could induce GvHD through their 

canonical TCR, especially in the case of off-the-shelf products [215].  

In this context, iNKT cells represent an elegant alternative to T cells since they do not 

cause GvHD, but rather prevent it [65, 112, 115]. Besides, whereas the expression of 

the TCR by conventional CAR-T cells seems to be counterproductive, the engagement 

of the iTCR by iNKT cells may boost the function of CAR-iNKT cells. In this case, CAR-

iNKT cells could not only induce cell death through CAR and CD1d pathways but also 

modulate the tumor microenvironment and other effector cells to enhance their 

cytotoxic potency [75, 108, 216].  

In this work, a protocol for the generation of CD19-CAR-iNKT cells from third-party 

healthy donors was established. Since iNKT cells are rarely present in PBMCs, an 

expansion process was necessary for downstream applications. This step followed 

upfront isolation and transduction with retroviral supernatants, leading to high numbers 

of CD19-CAR-iNKT cells. These steps are in line with data obtained by Rotolo et al. 

[173]. Nevertheless, the present protocol was modified to use α-GalCer-loaded feeder 

cells and IL-2 for both activation and expansion steps instead of CD3/CD28 aAPCs, 

since the latter strategy was shown to have a deleterious effect on the iNKT-cell 

viability as soon as after the activation step, not allowing further processes. Indeed, 

iNKT-cell anergy caused by strong TCR stimulation through CD3/CD28 antibodies has 
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been documented [217]. Despite overall good expansion rates, a significantly better 

expansion of non-transduced iNKT cells in contrast to CD19-CAR-iNKT cells was 

observed. This could be explained by the fact that a possible dysfunction of the normal 

cellular metabolism of CD19-CAR-iNKT cells upon integration in the genome after the 

stable retroviral cannot be excluded [218]. Further, minor cytotoxicity has also been 

observed through the use of Retronectin® as a transduction enhancer [219]. 

Nevertheless, this does not seem to affect their functionality and at last, both 

transduced and untransduced cells showed high expansion rates. Importantly, it could 

be demonstrated that this protocol also allows the efficient retroviral transduction of 

iNKT cells. 

Phenotypical characterization of untransduced and transduced iNKT cells revealed a 

bias towards the CD4+ subset. CD4+ iNKT cells differentiate into Th1, Th2, Th17 and 

Treg cells, giving them the ability to express various cytokines such as IFN-γ, IL-2 

(Th1), IL-4, IL-5 (Th2), IL-17, IL-21, IL-22 (Th17), IL-21 (Tfh) and IL-10 (Treg-like) [94-

96, 220]. No consistent expansion pattern could be observed for the DN subset. The 

expanded cells showed low CD25 expression and a memory phenotype associated 

with iNKT cells through the CD44 expression [221]. Importantly, low levels of 

exhaustion were revealed with high levels of CD28 and low expression of important 

exhaustion markers such as PD-1, TIM-3 and TIGIT, despite the prolonged culture 

time and several stimulation rounds with α-GalCer [187, 222, 223]. 

The functionality of CD19-CAR-iNKT cells was first assessed by flow cytometric and 

ImageStream analyses against ALL, BL, CD1d+ cell lines and patient blasts. Strikingly, 

CD19-CAR-iNKT cells were shown to be highly efficient against various target cells. 

Comparing their cytotoxic potential, CAR-iNKT cells seem to be as efficient as CAR-T 

cells generated with the same 3rd generation construct (SFG.CD19-CD28/CD137ζ) 

against lymphoma cells [224]. Another study showed that 2nd generation CD19-CAR-

iNKT cells were more efficient than CD19-CAR-T cells in eradicating brain lymphoma 

in a systemic xenograft tumor model [173].  

Regarding their duality, CD19-CAR-iNKT cells were also analyzed against modified 

K562 cells that were retrovirally modified to express CD19 and/or CD1d. Overall, it 

could be observed that the addition of α-GalCer to these assays induced higher 

cytotoxicity against CD1d+ cells, whereas little effect could be observed against CD1d- 

target cells. Similar experiments performed by Rotolo et al. showed an approximately 
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15% increase in the cytotoxicity of 2nd generation CD19-CAR-iNKT cells against 

CD19+CD1d+ and around 5% against CD1d+ K562 cells upon treatment with α-

GalCer. Conversely, in the present work, this effect was shown to be more pronounced 

against CD1d+ cells (around 20%) than against CD19+CD1d+ (around 10%) target 

cells. In both studies, cytotoxicity against WT and CD19+ does not seem to be affected 

by α-GalCer treatment [173].  

iNKT cells recognize glycolipids presented by the MHC-I-like molecule CD1d, which is 

constitutionally expressed by APCs [72, 73]. This interaction induces a robust cytokine 

release by iNKT cells, which confers immunoregulatory properties and the ability to 

coordinate immune responses. The release of IFN-γ, TNF-α, IL-2, IL-4, IL-17 and IL-

21 has been described previously [126, 225]. Apart from their immunoregulatory 

properties, iNKT cells promote direct cytotoxic responses. In this context, several 

pathways have been described such as the Fas/FasL, TRAIL and TNF-α pathways 

[128, 134, 135, 226]. Moreover, the perforin/granzyme B pathways have been shown 

to play a major role in the cytotoxicity of iNKT cells [74, 135, 227, 228]. Analyses of the 

cytokine profile revealed that CD19-CAR-iNKT cells do not seem to rely only on one 

single mechanism of cytotoxicity. Interestingly, the release of Th1 cytokines was shown 

to be enhanced upon engagement of the iTCR, which could contribute to direct and 

indirect cytotoxicity through their immunoregulatory properties [75]. For instance, iNKT 

cells promote the transactivation of NK cells [229]. Interestingly, iNKT cells have been 

also shown to alter the macrophage phenotype in the tumor microenvironment in a 

GM-CSF-dependent mechanism. Courtney et al. could demonstrate that iNKT cells 

reprogrammed M2- (anti-inflammatory) into M1-macrophages (pro-inflammatory), 

modulating the tumor microenvironment for tumor control [230]. Another study using a 

xenogeneic murine model demonstrated the importance of cross-presentation leading 

to better and long-term tumor control through modulation of other cytotoxic cells [108]. 

Aiming at the complete elimination of lymphoma cells by CD19-CAR-iNKT cells, the 

co-incubation time was increased to 24h. Nevertheless, no objective enhancement of 

the cytotoxicity of the effector cells was observed. However, PD-1 expression on 

CD19-CAR-iNKT cells was significantly increased upon CAR engagement. PD-1 has 

been extensively studied in the context of T-cell exhaustion and immunotherapies 

since its expression correlates with poor therapeutic responses. Nevertheless, this 

parameter should be used with parsimony. Although it correlates with certain phases 
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of the exhaustion process, PD-1 expression is also increased shortly after T-cell 

activation and plays an important role in controlling exaggerated T-cell responses. 

[189, 190, 231]. Indeed, T-cell exhaustion is a much broader concept and cannot be 

solely characterized by the expression of a single marker. The evaluation of other 

parameters such as the expression of other checkpoint inhibitors (TIM-3, TIGIT, etc.) 

and transcription factors (TOX, Eomes, T-bet) is crucial to determine the exhaustion 

stage of a particular cell [190]. Importantly, other factors such as deficient cytokine 

expression and cytotoxicity may offer a better overview of the T-cell functionality [232]. 

Nevertheless, these preliminary data would still suggest that CD19-CAR-iNKT cells 

could be potentially following an exhaustion pathway. To date, very few studies have 

focused on the overall functionality of CD19-CAR-iNKT cells and no study at all 

focused on their fitness after CAR engagement. Thereby, this work presents the first 

data about the functionality of CD19-CAR-iNKT cells upon encounter with target cells 

expressing PD-1 ligands. 

In this sense, the first goal of this experimental section was to study the influence of 

PD-1:PD-L1 interactions on CD19-CAR-iNKT-cell function. For that, Raji cells were 

genetically modified to overexpress the PD-1 ligands, PD-L1 and PD-L2. Challenging 

CD19-CAR-iNKT cells with these modified cells revealed that the PD-1:PD-L1/2 

interaction seems to have a negative effect on the CD19-CAR-iNKT-cell cytotoxicity. 

In particular, PD-L1+ targets were less susceptible to CD19-CAR-iNKT cells. This 

effect was even more evident in multiplex assays, which revealed a significant 

decrease of several cytokines and granzyme B. These assays confirmed the trend 

observed in the cytotoxicity of CD19-CAR-iNKT cells after repetitive antigen 

encounters. The cytokine and effector molecule release were significantly impaired 

even after the first stimulation. Interestingly, these results are similar to those observed 

by Blaeschke et al. for CD19 and CD22-CAR-T cells and demonstrate that challenge 

with PD-L1+ target cells leads to impaired functionality which is not exclusive to iNKT 

cells [233]. Other studies on T cells also confirm these observations [234, 235]. 

Indeed, a convincing body of evidence has demonstrated the importance of the PD-

1:PD-L1/2 axis for hematological malignancies. For instance, a study analyzed the BM 

aspirates of 107 patients with AML for the expression of usual exhaustion markers on 

AML blasts. Interestingly, PD-1+ CD8+ T cells were more present in BM samples of 

patients who had multiple relapses. Further, PD-L1 expression was found to be more 
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frequent in TP53-mutated AML cells [236]. Another study analyzed the samples of 120 

AML patients through RT-qPCR for PD-L1 expression. Similarly, higher PD-L1 

expression on AML cells was shown to be associated with poorer response to 

treatment [237]. Also, murine CML was shown to express PD-L1. Additionally, PD-1 

expression was increased on cytotoxic T lymphocytes in the same model, maintaining 

limited cytotoxicity and impaired cytokine release and expansion upon antigen 

encounter [238].  

Altogether, these data suggest that the blockade of such interactions could be 

beneficial and improve the outcomes of the therapy. In this context, the use of 

antibodies such as nivolumab and pembrolizumab (both humanized anti-PD-1 IgG4 

mAb) has achieved considerable clinical responses. Kadia et al. proposed the use of 

nivolumab as a maintenance agent against high-risk AML. Strikingly, the estimated OS 

at 12 and 18 months was 86% and 67% respectively. Importantly, the therapy was 

overall well-tolerated [239]. A multicenter phase II trial assessed the efficacy and safety 

of pembrolizumab after high-dose cytarabine in patients with relapsed and refractory 

AML. This approach was well-tolerated and an overall response rate of 46% and 

median OS of 11.1 months were observed [240]. Yet, this strategy must be considered 

with care in the case of allogeneic HSCT. Early data from a multicenter phase I study 

revealed that the use of ipilimumab after allogeneic HSCT was associated with severe 

immune-mediated adverse events and GvHD [241]. These effects were also observed 

in other clinical studies using nivolumab against hematological cancers [168, 169]. 

Considering these data and the influence of the PD-1:PD-L1/2 axis on CD19-CAR-

iNKT cells, the next experiments focused on the effects of checkpoint inhibition on the 

function of CD19-CAR-iNKT cells. Checkpoint inhibitor application together with iNKT 

cells has already been described and showed promising results [187, 223]. However, 

the combination of CD19-CAR-iNKT cells and checkpoint inhibition has not been 

evaluated so far.  

PD-1 checkpoint inhibition with nivolumab did not affect the short-term cytotoxicity of 

CD19-CAR-iNKT cells against modified Raji cells. However, the cytokine production of 

several cytokines and granzyme B was greatly enhanced upon checkpoint inhibition. 

No improvement of short-term cytolytic function but enhancement of cytokine release 

by CD19-CAR-T cells was also observed in another recent study: Here, the CAR was 

designed to co-express a PD-1/CD28 fusion protein, which converted the inhibitory 
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effects of the PD-1 engagement into positive signals [233]. In the present analysis, only 

minor improvements could be observed in repetitive encounter assays. The same 

could be observed in the aforementioned study of Blaeschke et al. [233]. However, 

they also showed that cytotoxicity could be greatly improved by blockade of the PD-1 

pathway after four restimulation rounds, suggesting that further improvements in the 

experimental setup may be necessary. Another study using CAR-T cells demonstrated 

that PD-1 checkpoint inhibition through PD-1 blocking antibodies results in increased 

cytotoxicity, cytokine production and proliferation of CAR-T cells directed against 

mesothelioma [163]. Likewise, proliferation assays revealed a significantly improved 

proliferation rate of effector cells treated with nivolumab.  

CAR-bearing cells and conventional T cells share the same mechanisms for cell death 

induction [242]. In this context, both mediate their cytolytic function mostly through the 

perforin/granzyme pathway [242, 243]. Thereby, the effector cells release perforin into 

the immunological synapsis, which generates pores in the cell membranes and allows 

the entrance of granzymes into the cells. Once in the cytoplasm, granzymes induce 

cell apoptosis in a caspase-dependent process [244, 245]. In both short and long-term 

assays, no difference in perforin release was noted. This could explain, why no 

improved cytotoxicity was observed even upon a significant increase of granzyme B 

by cells treated with nivolumab. Interestingly, granzyme B quantification has been 

evaluated as an important marker to determine the efficacy of early T-cell responses 

after PD-1 checkpoint inhibition and correlates positively with clinical responses [246, 

247]. This might be due to their ability of cleaving elements of the extracellular matrix 

and consequently improve the interaction between T and target cells [248, 249]. PD-1 

checkpoint inhibition also enhanced the cytokine expression considerably. 

Mechanistically, cytokines have also been held responsible for the anti-tumoral 

properties of CAR-T cells through IFN-γ-mediated stromal targeting which may be 

extrapolated to CAR-iNKT cells [250]. As for untransduced iNKT cells, the increase in 

cytokine release could be associated with the recruitment of other effector cells and 

the promotion of further tumor control. This question could not be addressed within the 

scope of this work since purified effector cells were analyzed.  

Finally, CD19-CAR-iNKT cells were tested for their ability to prevent alloreactive T-cell 

responses. Despite small changes in the protocol for the expansion of iNKT cells, these 

were still able to promote DC apoptosis and prevent T-cell activation and proliferation. 
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Importantly, checkpoint inhibition did not impair these immunoregulatory properties of 

iNKT cells or CD19-CAR-iNKT cells. In contrast to adoptively transferred (CAR)-T 

cells, CAR-iNKT cells may also prevent GvHD and decrease therapy-related mortality 

with lower relapse rates. 

Altogether, this work shows the potential of CD19-CAR-iNKT cells against CD19+ 

malignancies as a promising alternative to CAR-T cells in the context of allogeneic 

HSCT, which could be used as an off-the-shelf immunotherapeutic approach. 

.
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6 Conclusions and perspectives 

 

Adoptive transfer of iNKT cells and administration of iNKT-cell stimulators have shown 

efficacy and safety in clinical trials, demonstrating their potential as a therapeutic tool 

in the context of allogeneic HSCT and for tumor therapy [136, 137]. In contrast to data 

obtained in murine systems, only a faint correlation between the expansion of 

regulatory T cells and iNKT cells has been established in humans [119]. In this work, 

a novel mechanism by which ex vivo expanded human iNKT cells promote immune 

tolerance in vitro is proposed. iNKT cells promote selective apoptosis of cDC and 

thereby iNKT cells prevent activation and proliferation of allo-reactive T cells. 

Meanwhile, other DC subsets are spared and may further contribute to beneficial 

immune responses. These data contribute to the current knowledge of iNKT-cell 

biology and the feasibility of their use as an immunotherapeutic tool. 

An important challenge in this context is the implementation of allogeneic iNKT-cell-

based therapies in a GMP environment. Considering that iNKT cells are a rare cell type 

and that patients who underwent multiple treatments might not possess the most 

suitable cells for further cellular therapies, using third-party iNKT cells might be an 

attractive alternative. Nevertheless, GMP-grade reagents for their expansion and 

purification lack. However, it has been demonstrated that low doses of iNKT cells can 

already be beneficial against GvHD. Therefore, an alternative could be the 

administration of a product that is only partially composed of iNKT cells, which should 

be enough to prevent harmful alloreactive immune responses. Jahnke et al. showed 

that iNKT cells present in DLI could be expanded ex vivo and still promote responses 

in a CD1d-dependent manner [127]. Therefore, the tailored expansion of iNKT cells in 

common cell products could already lead to an improvement in the therapy. 

The second part of this work focused on the generation and analysis of CAR-iNKT cells 

against CD19+ malignancies. 3rd generation CD19-CAR-iNKT cells bearing 

costimulatory domains derived from CD28 and 4-1BB sequences were tested for the 

first time. These cells showed potent cytotoxicity against ALL, BL and CD1d+ cell lines 

as well as patient blasts. PD-1 checkpoint inhibition in combination with CAR-iNKT 

cells was also assessed. Indeed, engagement of the CAR by PD-L1/2+ lymphoma 

cells decreased their cytotoxicity and diminished the release of cytokines and effector 

molecules. This could be partially reversed by PD-1 checkpoint inhibition. 



Conclusions and perspectives 

 

103 
 

Altogether, this work reinforces a novel mechanism of GvHD prevention through iNKT 

cells and highlights iNKT cells as an interesting alternative to T cells for CAR-based 

therapies. Bearing CAR receptors, allogeneic iNKT cells could be successfully applied 

as an off-the-shelf alternative to CAR-T cells without the drawback of having a receptor 

that might elicit allo-reactions but prevent GvHD. Given the current limitations of 

bringing CD19-CAR-iNKT cells into a clinical trial, the use of expanded but not purified 

CD19-CAR-iNKT cells would still be feasible due to their preserved CD1d restriction. 

This concept is presented in figure 35. Importantly, this work also suggests that even 

upon checkpoint inhibition, CD19-CAR-iNKT cells might still be able to control 

alloreactive T cells and prevent GvHD. 

 
 

 

 

Figure 35: Schematic representation of the multifunctionality of iNKT cells for both immune 

tolerance and tumor control 

CAR-iNKT cells (for example, against CD19) have a dual effect that could be of relevance in clinical 

settings. Besides exerting efficient direct tumor control by the fast release of cytolytic molecules, CAR-

iNKT cells might also use their immunoregulatory properties for tolerance induction. In this context, CAR-

iNKT cells still enable control of T-cell function through specific DC subsets. On the other side, they 

could further enhance tumor control by stimulating other effector cells (indirect activation, not shown). 

Figure generated with Biorender®.  
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8 Appendix 

 

 

 

Appendix data 1: Third-party iNKT cells induce DC apoptosis and impair T-cell function in a 

patient-based system (Patient 2). 

DC apoptosis induction of patient samples by iNKT cells was analyzed after 4h co-incubation and flow 

cytometric analysis for annexin V surface expression. Moreover, T-cell activation and proliferation were 

analyzed in a MLR. Patient T cells were co-incubated with blood DCs at a 1:1 ratio (T cell:DC) for 7 

days. The cells were analyzed by flow cytometry on day 1 and 3 for activation (CD69 and CD25, 

respectively) and on day 7 for proliferation (CFSE dilution). Where stated, 5-fold iNKT cells were added 

to the cultures. DC apoptosis induction is shown in (A). Discrimination of the remaining alive DCs 

(annexin V-VD-) with anti-CD1c and anti-CD303 antibodies is depicted in (B). (C) and (D) shows plots 

with CD25 expression and proliferation of patient T cells on day 3 and 7, respectively, in presence or 

absence of third-party iNKT cells. For (A) and (B), gates were set on CD3- singlets. For (C) and (D), 

iNKT-cell exclusion followed gating on CFSE positive populations on day 3 and on PBS57-CD1d-

tetramer negative populations on day 7.  
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Appendix data 2: Different strategies to promote cell activation before transduction. 

Freshly isolated iNKT cells were incubated with PBS57-loaded CD1d monomer, Dynabeads CD3/CD28, 

CD3/CD28 antibodies (CD3/CD28-Ab) and α-GalCer-loaded feeder cells for 7 days. After this time, the 

cells were harvested and analyzed by flow cytometry. (A) and (B) show representative FACS data and 

absolute numbers (n=1). Dot plots depict the percentage of iNKT cells (Tetramer+) amongst CD3+ living 

cells (VD-). Only singlets were analyzed.  
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Appendix data 3: Statistic analysis of the data in figure 27B. 

 

Condition Significance 

K562-WT 

 

iNKT+DMSO vs. iNKT+α-GalCer ns 

iNKT+DMSO vs. CD19-CAR-iNKT+DMSO * 

iNKT+DMSO vs. CD19-CAR-iNKT+α-GalCer ** 

iNKT+α-GalCer vs. CD19-CAR-iNKT+DMSO * 

iNKT+α-GalCer vs. CD19-CAR-iNKT+α-GalCer * 

CD19-CAR-iNKT+DMSO vs. CD19-CAR-iNKT+α-GalCer ns 

  

K562-CD19  

iNKT+DMSO vs. iNKT+α-GalCer ns 

iNKT+DMSO vs. CD19-CAR-iNKT+DMSO **** 

iNKT+DMSO vs. CD19-CAR-iNKT+α-GalCer **** 

iNKT+α-GalCer vs. CD19-CAR-iNKT+DMSO **** 

iNKT+α-GalCer vs. CD19-CAR-iNKT+α-GalCer **** 

CD19-CAR-iNKT+DMSO vs. CD19-CAR-iNKT+α-GalCer ns 

  

K562-CD1d  

iNKT+DMSO vs. iNKT+α-GalCer ** 

iNKT+DMSO vs. CD19-CAR-iNKT+DMSO ns 

iNKT+DMSO vs. CD19-CAR-iNKT+α-GalCer **** 

iNKT+α-GalCer vs. CD19-CAR-iNKT+DMSO ns 

iNKT+α-GalCer vs. CD19-CAR-iNKT+α-GalCer ** 

CD19-CAR-iNKT+DMSO vs. CD19-CAR-iNKT+α-GalCer **** 

  

K562-DP  

iNKT+DMSO vs. iNKT+α-GalCer **** 

iNKT+DMSO vs. CD19-CAR-iNKT+DMSO **** 

iNKT+DMSO vs. CD19-CAR-iNKT+α-GalCer **** 

iNKT+α-GalCer vs. CD19-CAR-iNKT+DMSO ns 

iNKT+α-GalCer vs. CD19-CAR-iNKT+α-GalCer *** 

CD19-CAR-iNKT+DMSO vs. CD19-CAR-iNKT+α-GalCer ** 

ns p˃0.05, * p≤0.05 ** p≤0.01, *** p≤0.001, **** p≤0.0001. 
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Appendix data 4: Functionality of CD19-CAR-iNKT cells is impaired upon repetitive antigen 

contact (healthy donor 2) 

CD19-CAR-iNKT cells were challenged with irradiated target cells every week throughout three 

stimulation rounds. CD19-CAR-iNKT cells were analyzed for their cytotoxicity against PD-L1/2+ Raji 

cells. After 24h co-incubation, the cells were harvested and analyzed by flow cytometry. The 

supernatants were collected for multiplex analysis. (A) shows the cytotoxicity course of CD19-CAR-

iNKT cells for one donor throughout three stimulations with Raji-Ctrl (red), Raji-PD-L1 (blue) and Raji-

PD-L2 (green) (above) and representative dot plots (below). Target cells were discriminated of CD19-

CAR-iNKT cells through the FSC-A vs SSC-A gate and CTV+ staining. Only singlets were analyzed. 

Error bars show SD.  
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Appendix data 5: Checkpoint inhibition partially improves cytotoxicity and the release of 

cytokines from CD19-CAR-iNKT cells after repetitive antigen encounter (healthy donor 2). 

CD19-CAR-iNKT cells were challenged with irradiated target cells every 7 days three times. Every week, 

CD19-CAR-iNKT cells were further analyzed for their cytotoxicity against PD-L1/2+ Raji cells. Where 

stated, nivolumab or its IgG4 isotype control were added to the assay. After 24h co-incubation, the cells 

were harvested and analyzed by flow cytometry. The supernatants were collected for multiplex analysis. 

(A) shows the cytotoxicity of CD19-CAR-iNKT cells for one donor in the course of three stimulations 

with Raji-Ctrl (left), Raji-PD-L1 (middle) and Raji-PD-L2 (right) (above) and representative dot plots 

(below). Data in black shows results for IgG4-treated cells, while red shows data with nivolumab-

treatment. Target cells were discriminated of CD19-CAR-iNKT cells through the FSC-A vs SSC-A gate 

and CTV+ staining. Only singlets were analyzed. Error bars show SD. 
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