
 

 

 

Charles University 

Faculty of Science 

 

Study programme: Molecular and Cellular Biology, Genetics and Virology 

 

 

Mgr. Martin Štach 

 

Enhancing Anti-tumor Efficacy and Improving Manufacturing of Chimeric 

Antigenic Receptor T Cells  

Zvyšování protinádorové účinnosti a zlepšování výrobních postupů T-lymfocytů 

nesoucích chimerické antigenní receptory 

 

Doctoral Thesis 

 

Supervisor: doc. MUDr. Pavel Otáhal, Ph.D. 

Institute of Hematology and Blood Transfusion 

 

Prague, 2024 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Prohlášení: 

Prohlašuji, že jsem závěrečnou práci zpracoval/a samostatně a že jsem uvedl všechny 

použité informační zdroje a literaturu. Tato práce ani její podstatná část nebyla 

předložena k získání jiného nebo stejného akademického titulu. Technologie 

využívající umělou inteligenci (artificial intelligence; AI) byla využita pouze 

pro jazykovou korekci a zlepšení čitelnosti. 

 

V Praze, 15.8.2024 

 

 

      Podpis  



 

 

 

ACKNOWLEDGEMENTS 

First and foremost, I would like to thank my supervisor, doc. Pavel Otáhal, for his guidance and advice 

during my studies. His expertise, ideas, and explosive brilliance have taught me immensely. 

Next, I am grateful to Dr. Jan Musil for his invaluable teachings on flow cytometry, giving me practical 

advice, and proofreading this thesis.  

My heartfelt thanks to my fellow researchers and friends, Kristýna Šmilauerová and Martin Mucha, 

for being the best colleagues imaginable. Next, I want to give special thanks to Abhishek Koladiya 

for the intellectual discussions that often spanned from lunch to coffee to beer. I extend my appreciation 

to all other members of the Department of Gene Immunotherapy and Flowcore for creating a pleasant 

workplace. 

I am most grateful to my family for their unconditional love and support during my studies. My parents, 

grandparents, my sister, and her husband were the biggest encouragements, and they did not doubt me 

for a second. 

And to my closest friends, Róbert, Michal, and Marek, thanks for sticking around. Also, many thanks 

to all the others who have supported me and helped me during tough times. 

Finally, I want to thank all the patients in the studies who have contributed to science despite their 

unfortunate fate, especially one young woman whose memory I devote this thesis to. 

 

 

 

 

  



 

 

 

TABLE OF CONTENTS 

ABSTRAKT............................................................................................................................................. 6 

ABSTRACT ............................................................................................................................................. 8 

LIST OF ABBREVIATIONS ................................................................................................................ 10 

1. INTRODUCTION ......................................................................................................................... 13 

1.1. Adoptive T-cell therapy ......................................................................................................... 13 

1.2. Principles of CAR T cells ...................................................................................................... 13 

1.2.1. Structure ......................................................................................................................... 13 

1.2.2. CAR signaling ................................................................................................................ 15 

1.2.3. Mechanism of action ...................................................................................................... 16 

1.3. Evolution of CAR T cells ....................................................................................................... 18 

1.3.1. First generation............................................................................................................... 18 

1.3.2. Second generation .......................................................................................................... 19 

1.3.3. Third generation ............................................................................................................. 20 

1.3.4. Fourth generation ........................................................................................................... 20 

1.3.4.1. IL-12 TRUCKs ....................................................................................................... 21 

1.3.4.2. IL-18 TRUCKs ....................................................................................................... 22 

1.3.4.3. IL-15 TRUCKs ....................................................................................................... 23 

1.3.4.4. IL-7 TRUCKs ......................................................................................................... 23 

1.3.4.5. IL-21 TRUCKs ....................................................................................................... 24 

1.3.4.6. IL-10 TRUCKs ....................................................................................................... 25 

1.3.4.7. Combating the tumor microenvironment ............................................................... 25 

1.3.4.7.1. Inverted cytokine receptor (chimeric switch receptor) ........................................ 25 

1.3.4.7.2. Dominant negative receptors ............................................................................... 26 

1.3.4.7.3. Secretory antibodies ............................................................................................ 27 

1.3.5. Fifth-generation, next-generation ................................................................................... 28 

1.3.5.1. “OR-gate” ............................................................................................................... 29 

1.3.5.1.1. Dual targeting ...................................................................................................... 29 

1.3.5.1.2. Triple targeting .................................................................................................... 30 



 

 

 

1.3.5.2. “AND-gate” ............................................................................................................ 31 

1.3.5.2.1. “IF-THEN-gate” .................................................................................................. 31 

1.3.5.2.2. “ON/OFF-Switch” ............................................................................................... 32 

1.3.5.3. “NOT-gate” ............................................................................................................ 35 

1.3.5.3.1. Inhibitory CAR .................................................................................................... 35 

1.3.5.3.2. “AND-NOT” ....................................................................................................... 36 

1.3.5.4. Universal CARs ..................................................................................................... 36 

1.3.5.4.1. Fc-binding adaptor CARs.................................................................................... 37 

1.3.5.4.2. Tag-specific adaptor CARs ................................................................................. 37 

1.3.5.4.3. Bispecific molecule-binding adaptor CARs ........................................................ 39 

1.3.5.5. CAR with JAK/STAT signaling ............................................................................ 40 

1.3.5.6. Suicide switches ..................................................................................................... 40 

1.4. Production of CAR T cells ..................................................................................................... 42 

1.4.1. T-cell sources ................................................................................................................. 42 

1.4.2. Genetic modification ...................................................................................................... 43 

1.4.2.1. Viral transduction ................................................................................................... 43 

1.4.2.2. Non-viral transduction............................................................................................ 46 

1.4.2.2.1. Transposons ......................................................................................................... 46 

1.4.2.2.2. Programmable nucleases (CRISPR/Cas, TALEN) ............................................. 49 

1.4.2.2.3. Episomal vectors ................................................................................................. 53 

1.4.2.2.4. mRNA ................................................................................................................. 55 

1.4.2.2.5. In vivo-generated CAR T cells ............................................................................ 57 

1.4.3. Activation of CAR T cells .................................................................................................. 59 

1.4.4. Cultivation vessels ............................................................................................................. 60 

1.4.5. Cytokines for CAR T cultivation ....................................................................................... 62 

1.5. T-cell phenotype .................................................................................................................... 63 

1.6. T-cell exhaustion and tonic signaling..................................................................................... 64 

1.7. Registered CAR T-cell products ............................................................................................ 65 

2. AIMS .............................................................................................................................................. 68 



 

 

 

3. MATERIAL AND METHODS ..................................................................................................... 69 

3.1. Instruments ............................................................................................................................. 69 

4. PUBLICATIONS ........................................................................................................................... 70 

4.1. Publication 1 .......................................................................................................................... 70 

4.2. Publication 2 .......................................................................................................................... 85 

4.3. Publication 3 .......................................................................................................................... 97 

4.4. Publication 4 ........................................................................................................................ 107 

5. DISCUSSION .............................................................................................................................. 120 

5.1. Improving cytokine composition in CAR T-cell manufacturing protocol ........................... 120 

5.2. Secretory IL-21 for augmenting CAR T-cell functions ....................................................... 124 

5.3. Non-viral vector platform to meet regulatory requirements for CAR T-cell production ..... 126 

5.4. Characterization of the CAR T cells of tisa-cel-treated patients .......................................... 128 

6. CONCLUSION ............................................................................................................................ 132 

7. REFERENCES ............................................................................................................................. 133 

8. INTERNET SOURCES ............................................................................................................... 176 

 

  



 

 

 

ABSTRAKT 

T-lymfocyty exprimující chimérické antigenní receptory (CAR) představují nový léčebný postup, který 

je obzvláště účinný proti B-lymfocytárním malignitám, a mění dosavadní paradigma léčby rakoviny. 

V současné době existuje několik schválených a komerčně dostupných CAR T-lymfocytárních 

produktů. Nicméně tato léčba je stále neúnosně finančně nákladná. Proto existuje poptávka po nahrazení 

obzvláště nákladných retrovirových/lenvirových vektorů levnějšími, nevirovými alternativami. Navíc 

se současný výzkum nadále zaměřuje na další vylepšení CAR T-lymfocytů posílením jejich 

protinádorových funkcí, expanze a perzistence in vivo. Kromě toho je usilováno o rozšíření spektra 

antigenů a nemocí proti kterým by byly CAR T lymfocyty použitelné. Tato disertační práce se zabývá 

výrobou CD19 specifických CAR T-lymfocytů z hlediska použitých cytokinů při kultivaci, vektoru 

pro genetickou modifikaci, testováním nového konstruktu CARu sekretujícího interleukin (IL)-21 

a analýzou CAR T-lymfocytů od pacientů léčených produktem tisagenlecleucel. 

V rámci této práce byl vyvinut alternativní protokol kultivace CAR T-lymfocytů, nahrazující tradičně 

používaný IL-2, který způsobuje efektorovou diferenciaci T-lymfocytů. Je založen na cytokinech IL-4 

a IL-7, které výrazně podporují přežívání T-lymfocytů, přidání IL-21 pak podporuje zachování časně 

paměťového fenotypu T-lymfocytů a nízkou expresi inhibičních receptorů. CAR T-lymfocyty byly 

navíc úspěšně produkovány pomocí transpozonového vektoru piggyBac. 

Experimenty s přidáváním exogenního IL-21 navíc potvrdily jeho zesilující účinek na proliferaci 

CAR T-lymfocytů, snížení apoptózy a zamezení terminální diferenciaci. Proto byly připraveny CAR T-

lymfocyty inducibilně sekretující IL-21, které vykazovaly zvýšenou míru infiltrace nádorů a inhibovaly 

jejich růst in vivo v myším modelu. IL-21 také snižoval imunosupresivní účinky buněk chronické 

lymfocytární leukemie (CLL) během společné kultivace. To naznačuje, že by  CAR T-lymfocyty 

vyzbrojené IL-21 mohly zlepšit výsledky terapie malignit rezistentních vůči klasickým CAR T-

lymfocytům. 

V rámci výzkumné práce byla rovněž testována nová metoda produkce CAR T-lymfocytů pomocí 

transpozonového vektoru piggyBac. Namísto běžně používaných plazmidů byla použita enzymaticky 

produkovaná lineární DNA kódující CAR a mRNA kódující enzym transpozázu. Tímto  přístupem – 

bez využití bakterií – bylo dosaženo účinné produkce CAR T-lymfocytů s kontrolovaným počtem kopií 

integrovaného vektoru. To jej činí kompatibilním se současnými standardy správné výrobní praxe (SVP) 

a usnadňuje schválení regulačním úřadem. Takto vyrobené CAR T lymfocyty se funkčně nelišily 

od buněk vyrobených standardní a v současnosti schválenou metodou. 

V neposlední řadě byla provedena studie reálného použití CAR T-lymfocytů u pacientů 

s relabovaným/refrakterním difuzním velkobuněčným B-lymfomem (DLBCL) a B-buněčnou akutní 

lymfoblastickou leukemií (B-ALL) léčených produktem tisagenlecleucel. Imunofenotyp T-lymfocytů 

aferetického materiálu, CAR T-lymfocytů produktu a vzorků periferní krve byl stanoven pomocí 



 

 

 

multiparametrické průtokové cytometrie. Účinnost léčby korelovala spíše s expanzí CAR T-lymfocytů 

in vivo než s imunofenotypem produktu. Dále bylo zjištěno, že pacienti s vyšším procentem časně 

paměťových T-lymfocytů ve vzorcích aferézy reagovali na léčbu lépe. Nejhorší výsledky měli pacienti 

s primárně refrakterním onemocněním a velkou nádorovou zátěží. 

V souhrnu tato práce představuje několik metod zlepšení výroby CAR T-lymfocytů a posílení jejich 

funkcí. Na základě získaných výsledků byl pro potřeby klinické studie fáze I (NCT05054257) zaveden 

výrobní protokol pro přípravu CAR T-lymfocytů. Dizertační práce také poskytuje vhled do reálného 

použití CAR T-lymfocytů a parametrů ovlivňujících s výsledky léčby.  

 

Klíčová slova: CAR T-lymfocyty, paměťový fenotyp, IL-21, piggyBac, tisagenlecleucel 

  



 

 

 

ABSTRACT 

Chimeric antigenic receptor (CAR) T cells are a paradigm-shifting cancer treatment option that 

is particularly effective against B-cell malignancies. Currently, several approved, commercially 

available CAR T-cell products exist. Nonetheless, this therapy is still prohibitively expensive. Thereby, 

there is an incentive to substitute the particularly costly retroviral/lentiviral vectors with cheaper non-

viral alternatives. Moreover, ongoing research strives to further improve CAR T cells by enhancing their 

anti-tumor functions, expansion, and in vivo persistence. Additionally, broadening the spectrum 

of antigens and diseases of CAR T-cell applicability is highly sought after. This thesis addresses CD19-

specific CAR T-cell manufacturing regarding cytokines used for the cultivation and vector for genetic 

alteration, new interleukin (IL)-21 secreting CAR construct testing, and analysis of CAR T cells 

from patients treated with tisagenlecleucel. 

As part of this thesis, an alternative CAR T-cell cultivation protocol was developed. Replacing 

the traditionally used IL-2, which drives the effector differentiation of T cells, the protocol is based 

on the strongly pro-survival cytokines IL-4 and IL-7, with IL-21 supporting the stem cell memory-like 

T-cell phenotype retention and low inhibitory receptor expression. Moreover, the CAR T cells were 

successfully produced using a piggyBac transposon vector. 

Furthermore, experiments with the addition of exogenous IL-21 confirmed its enhancing effect 

on CAR T-cell proliferation, reduction of apoptosis, and prevention of terminal differentiation. 

Therefore, CAR T cells inducibly secreting IL-21 were prepared. They exhibited increased tumor 

infiltration and inhibited tumor growth in vivo in a mouse model. Additionally, IL-21 decreased 

the immunosuppressive effects of chronic lymphocytic leukemia (CLL) cells during a co-culture. 

This suggests that IL-21-armed CAR T cells could improve therapy outcomes of CAR-resistant 

malignancies. 

In this thesis, a novel production method using the piggyBac transposon vector was tested. Instead 

of the regularly used plasmids, enzymatically produced linear DNA encoding CAR and transposase 

coded by mRNA were used. This bacteria-free approach achieved efficient CAR T-cell production with 

controlled vector copy numbers, which makes it compatible with current good manufacturing practice 

(cGMP) standards and facilitates easier approval by a regulatory agency. The CAR T cells were 

functionally indistinguishable from those produced by standard and currently approved methods. 

Lastly, a real-world study was conducted on patients with relapsed/refractory diffuse large B-cell 

lymphoma (DLBCL) and B-cell acute lymphoblastic leukemia (B-ALL) treated with tisagenlecleucel. 

The immunophenotype of T cells in the apheretic material and CAR T cells in the product and peripheral 

blood samples was assessed by multiparametric flow cytometry. The treatment efficacy correlated with 

in vivo CAR T-cell expansion rather than the product immunophenotype. In addition, patients with 



 

 

 

higher early-memory T-cell percentages in apheresis samples responded better to therapy. The worst 

outcomes were observed in patients with primary refractory disease and a large tumor load. 

In conclusion, this thesis presents several methods for improving CAR T-cell manufacturing 

and enhancing CAR T-cell functions. These results were used to establish a manufacturing protocol 

for a phase I clinical trial (NCT05054257). It also provides insight into real-world CAR T cell usage 

and parameters affecting clinical outcomes. 

Keywords: CAR T cells, memory phenotype, IL-21, piggyBac, tisagenlecleucel 

  



 

 

 

LIST OF ABBREVIATIONS 

aAPCs   artificial antigen-presenting cells 

Ab   antibody 

ACT   adoptive cell therapy 

ALL   acute lymphoid leukemia 

APCs   antigen-presenting cells 

B2M   β2-microglobulin 

BCMA   B-cell maturation antigen 

BiTE   bispecific T-cell engager 

bp   base pairs 

CAR   chimeric antigenic receptor 

CCR7   C-C chemokine receptor 7 

CD   cluster of differentiation 

CID   chemical inducer of dimerization 

CML   chronic lymphocytic leukemia 

CRISPR/Cas  clustered regularly interspaced short palindromic repeat/CRISPR-associated 

CRS   cytokine release syndrome 

CSR   cytokine switch receptor 

CTLA-4  cytotoxic T lymphocyte-associated antigen 4 

DC   dendritic cell 

DKO, TKO  double, triple knock-out 

DLBCL  diffuse large B-cell lymphoma 

DNR   dominant negative receptor 

ECD   extracellular domain 

EGFR   epidermal growth factor receptor 

FDA   Food and Drug Administration 

GMP   good manufacturing practice 

GvHD   graft-versus-host disease 



 

 

 

HCC   hepatocellular carcinoma 

HER2   human epidermal growth factor receptor 2 

HSCT   hematopoietic stem cell transplantation 

ICD   intracellular domain 

ICR   inverted cytokine receptor 

IFN-γ   interferon-gamma 

Ig   immunoglobulin 

IL   interleukin 

ITAM   immunoreceptor tyrosine-based activation motif 

JAK    Janus kinase 

kbp   kilobase pairs 

KO   knock-out 

LAG-3   lymphocyte-activation gene 3 

LTR   long terminal repeats 

LV   lentivirus 

mAb   monoclonal antibody 

MAPK    mitogen-activated protein kinase  

MDSCs   myeloid-derived suppressor cells 

MHC   major histocompatibility complex 

NFB   nuclear factor kappa B  

NFAT   nuclear factor of activated T cells 

NK    natural killer 

PB   piggyBac 

PBMCs   peripheral blood mononuclear cells 

PD-1   programmed cell death 1 

PDX   patient-derived xenograft 

r/r   relapsed/refractory 

RV   retrovirus 



 

 

 

SB   Sleeping Beauty 

scFv   single chain variable fragment 

STAT    signal transducerand activator of transcription 

synNotch  synthetic Notch 

TALEN  transcription activator-like effector nucleases 

TCM   central memory T cell 

TCR   T-cell receptor 

TEM   effector memory T cell 

TEMRA   terminally differentiated T cell 

TGF- β   transforming growth factor beta 

Th cell   T helper cell 

TILs   tumor-infiltrating lymphocytes 

TIM-3   T-cell immunoglobulin and mucin-domain containing-3 

TME   tumor microenvironment 

TNF   tumor necrosis factor 

TRAC, TRBC  T-cell receptor alpha constant, T-cell receptor beta constant 

Tregs   regulatory T cells 

TRUCKs  T cells redirected for antigen-unrestricted cytokine-mediated killing 

TSCM   stem cell memory T cell 

TSSs    transcriptional start sites 

VCN   vector copy number 



 

13 

 

1. INTRODUCTION 

1.1. Adoptive T-cell therapy 

Adoptive T-cell transfer (ACT) is a type of cellular immunotherapy that harnesses the patient’s own 

T cells to combat malignant diseases. The ACT is mostly autologous; the T cells are isolated, expanded, 

either genetically modified or activated ex vivo to enhance their anti-tumor activity, and then reinfused. 

ACT includes methods based on tumor-infiltrating lymphocytes (TILs), chimeric antigen receptors 

expressing T cells (CAR T cells), and transgenic tumor-specific T-cell receptor-expressing T cells 

(TCR T cells). When reinfused, the enhanced T cells target a tumor-associated antigen (TAA), leading 

to precise tumor cell eradication. Clinical trials have demonstrated outstanding potential in treating 

hematological malignancies, while this success has not yet been replicated for solid tumors. This thesis 

will solely focus on CAR T cells. 

1.2. Principles of CAR T cells 

A chimeric antigenic receptor (CAR) is an artificial receptor formed by a combination of domains 

from different receptors by genetic engineering. It consists of an extracellular antigen-recognition 

domain derived from an antibody (Ab), a transmembrane domain, intracellular signaling (CD3ζ), 

and costimulatory domains (Figure 1). The extracellular domain (ECD) recognizes surface antigens 

in a non-MHC-restricted manner. This feature of CAR T cells is a great advantage in comparison 

to other ACTs, as many tumors downregulate their MHC class I molecules on the cell surface, resulting 

in immune escape (Garrido et al., 2016). CAR-modified T cells are activated by engaging with their 

target, which triggers the proliferation of CAR T cells, the production of cytokines, and the killing 

of target cells. Through this mechanism of action, CAR T cells directly destroy target cancer cells.  

1.2.1. Structure 

The extracellular part of a CAR is a ligand-recognizing domain that is responsible for high-affinity 

antigen binding. It is generally derived from a monoclonal antibody (mAb) as a single-chain variable 

fragment (scFv). The scFv comprises heavy and light variable (VH, VL)  immunoglobulin (Ig) chains 

connected with a flexible linker. Another option is the so-called ligand-based CAR, which uses a natural 

ligand of its target molecule, e.g., the cytokine GM-CSF, for targeting cells that carry its receptor 

(Ramírez-Chacón et al., 2022). The ECD also contains a signaling peptide on its N-terminal end that 

directs the protein into the endoplasmic reticulum during proteosynthesis to be transported 

to the plasmatic membrane (C. Zhang et al., 2017).  

A short hinge domain connects the antigen binding and transmembrane domains. It indirectly influences 

the CAR expression and its antigen-binding function by adding flexibility. The length of the spacer 

affects the proper formation of an immunological synapse;  a shorter hinge is more optimal for targeting 

membrane-distal epitopes and vice versa (Guest et al., 2005; Hudecek et al., 2015). The hinge domain 
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sequence is derived from a hinge region of Ig-family molecules such as IgG, or CD8 and CD28 

(Guedan et al., 2019). 

The transmembrane domain anchors the CAR in the plasma membrane. Structurally, it is a hydrophobic 

α-helix spanning the membrane. The sequence is usually derived from CD4, CD8, or CD28 

(Guedan et al., 2019). There is limited evidence that the origin of the transmembrane sequence can affect 

the CAR's dimerization with membrane-bound molecules, which might affect the signaling (Morin 

et al., 2015). For example, a CD3-derived transmembrane domain is not optimal, as it can cause CAR 

dimerization with the endogenous TCR, which could hinder proper CAR signaling. 

The intracellular domain (ICD) consists of TCR-signaling CD3ζ and costimulatory domains. The two 

most often used costimulatory domains are derived from CD28 and 4-1BB (CD137). Others include 

ICOS (CD278), OX40 (CD134), and CD27-derived domains. The CD3 ζ domain contains three 

immunoreceptor tyrosine-based activation motifs (ITAMs), which, after phosphorylation, are 

responsible for recruiting kinases and starting the TCR signaling cascade. The specific characteristics 

of these various costimulatory domains influence T-cell functions like activation, cytotoxic functions, 

proliferation, persistence, metabolic activity, and cytokine secretion (Guedan et al., 2019). 

 

Figure 1. The composition of a chimeric antigenic receptor. Figure by Bell & Gottschalk, 2021. 
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1.2.2. CAR signaling 

Functionally, CAR combines the ligand-recognition ability of an antibody with TCR and costimulatory 

signaling (Figure 2). Upon antigen recognition, CAR multimerizes and mimics TCR signaling. The three 

CD3ζ ITAMs are phosphorylated by a Src family kinase LCK. In physiological TCR signaling, this 

creates a positive feedback loop, with more and more LCK engagement. Phosphorylated ITAMs create 

Src homology 2 (SH2) and SH3 binding sites for the recruitment of Syk family kinase ZAP70. ZAP70 

further phosphorylates the linker of activated T cells (LAT), SLP-76, and phospholipase C–γ (PLC-γ). 

This consequently leads to the activation of transcription factors nuclear factor kappa B (NFB), 

activator protein 1 (AP-1, Fos/Jun heterodimer), and nuclear factor of activated T cells (NFAT) 

(Gaud et al., 2018). Constructs bearing the CD28 costimulatory domain have higher levels of LCK 

activation than the 4-1BB ones, suggesting that a positive feedback loop mechanism occurs.  In 4-1BB 

constructs, there is only a minimal LCK association (Salter et al., 2018). Despite the differences in early 

activation signaling in both types of CAR constructs, 24 hours post-activation, the levels 

of phosphorylated ZAP70 seem to be equal (Drent et al., 2019).  

The first signal alone, mediated by CD3ζ, is insufficient for T-cell activation and leads to T-cell anergy 

(Otten & Germain, 1991). The second signal by a costimulatory molecule is required for the activation. 

Physiologically, it is spatially and timewise separated from TCR signaling, which is not the case 

in CAR T cells, where both signaling domains are part of one receptor. Costimulatory domains from 

the CD28 family (CD28, ICOS) contribute through phosphoinositide 3-kinase (PI3K)/Akt signaling 

pathway (Boomer & Green, 2010), while the tumor necrosis factor receptor (TNFR) family (4-1BB, 

OX40, CD27) signals via TNF receptor-associated factor (TRAF) signaling (Watts, 2005).  

The difference in CD28 and 4-1BB signaling have functional implications. CD28-incorporating CARs 

demonstrate rapid and enhanced T-cell activation, leading to effector-like phenotype with high cytotoxic 

capability, IL-2 secretion, and glycolytic metabolism (Kawalekar et al., 2016; Porter et al., 2015; Van 

Der Stegen et al., 2015; Z. Zhao et al., 2015). Nevertheless, this is connected to limited in vivo 

persistence and higher susceptibility to activation-induced cell death (AICD) (Brentjens et al., 2013; 

D. W. Lee et al., 2015). On the contrary, 4-1BB constructs exhibit a delayed effector activity, preference 

for a memory-like phenotype, and increased oxidative phosphorylation metabolism and mitochondrial 

biogenesis (Kawalekar et al., 2016; Porter et al., 2015; Van Der Stegen et al., 2015; Z. Zhao et al., 2015). 

Additionally, their persistence is augmented through elevated anti-apoptotic protein expression 

(G. Li et al., 2018).  
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Figure 2. The signaling components of TCR and CAR. (A) TCR mediates signal 1, and costimulatory receptors (4-1BB) 

contribute to signal 2. The CAR molecule alone provides signals 1 and 2; it contains TCR and costimulatory signaling domains. 

In both cases, signal 3 is facilitated via cytokine receptors. (B) The immunoreceptor tyrosine-based activation motifs (ITAMs) 

on TCR chains and CAR. Each ITAM contains two tyrosine phosphorylation sites. Figure by Lindner et al., 2020. 

1.2.3. Mechanism of action 

CAR T cells recognize and eliminate cells expressing the target molecule. Once the CAR’s antigen-

binding domain binds the target, it triggers signaling pathways as described above. Consequently, this 

manifests in T-cell activation, proliferation, differentiation, contact antigen-specific cytotoxicity, 

and cytokine secretion (Figure 3). 

Cytolysis of tumor target cells is caused by exocytosis of granules containing perforin/granzyme 

(degranulation) and expression of Fas Ligand (FasL), which interacts with the Fas receptor (Meiraz 

et al., 2009). Degranulation is a fast-acting mechanism. Perforin facilitates the formation of pores 

in the cell membrane, and granzyme protease cleaves pro-caspases into their active state, thus starting 

the cascade leading to apoptosis (Cullen & Martin, 2007). FasL binding to the Fas receptor on target 

cells causes its trimerization and the formation of a death-inducing signaling complex (DISC) with pro-

caspase 8 (Fu et al., 2016). The caspase is activated and similarly induces apoptosis by activating 

downstream caspases. Traditionally, the main focus was on cytotoxic CD8+ CAR T cells. However, 

CD4+ CAR T cells can be cytotoxic as well (Oh & Fong, 2021), although the killing might be delayed, 

as they contain lower amounts of perforin/granzyme levels than CD8+ T cells (Hombach et al., 2006; 

Liadi et al., 2015).  
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Besides contact cytolysis, the secretion of pro-inflammatory cytokines (tumor necrosis factor α (TNFα), 

interferon- γ (IFN-γ), IL-2, IL-6) is a secondary, antigen-independent mechanism of tumor cell killing. 

The cytokines sensitize the tumor stroma and activate and recruit other immune cells, such as natural 

killer (NK) cells, B cells, and macrophages (Benmebarek et al., 2019; Chekol Abebe et al., 2022). In this 

context, CD4+ CAR T cells invigorate the overall anti-tumor effect by producing large amounts of IFN-

γ. IFN-γ activates macrophages to secrete IL-12, enhancing CD8+ CAR T-cell, endogenous T-cell, 

and NK-cell killing functions  (Boulch et al., 2021). Additionally, IFN-γ upregulates the expression 

of major histocompatibility complex (MHC) molecules and thus might sensitize tumor cells with 

previously downregulated MHC (Toffalori et al., 2019). By this indirect mechanism, even perforin-

deficient CD4+ CAR T cells maintain the tumor-controlling ability (Boulch et al., 2023). 

However, potent cytokine secretion by CAR T cells during peak tumor lysis can lead to a systemic 

inflammatory response – cytokine release syndrome (CRS) with potentially life-threatening toxicities, 

particularly neurotoxicity called “immune effector cell-associated neurotoxicity syndrome (ICANS).” 

(Xiao et al., 2021).  

 

Figure 3. CAR T-cell mechanism of action. The CAR T’s cytotoxicity is mediated by the degranulation of perforin 

and granzyme, by contact via the Fas-FasL axis, and indirectly by cytokine secretion (e.g. IFN-γ). Figure by Benmebarek et 

al., 2019. 
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1.3. Evolution of CAR T cells 

1.3.1. First generation 

The first mention of chimeric receptors engineered from an antibody binding domain and TCR-derived 

constant domain is from Japan  (Kuwana et al., 1987). This Kurosawa-led group produced constructs 

with Ig variable domains (VH, L) attached to the TCR constant α and β chains. The Ig variable domains 

conferred specificity towards S. pneumoniae cell-wall constituent phosphorylcholine. Transfected 

T cells specifically reacted with intracellular calcium influx after stimulation with phosphorylcholine-

positive bacteria. Nevertheless, the birthplace of CAR T cells is considered the Weizmann Institute 

in Israel, where the concept of combining antibodies with the TCR signaling domain was independently 

postulated as “T-bodies” by immunologists Zelig Eshhar and Gideon Gross (Gross et al., 1989). It was 

first tested as a “proof-of-concept” to study TCR activation. Still, the exploitability of this approach 

to combat tumors or virally infected cells was evident and rapidly caught on. Their first construct was 

an engineered hybrid TCR with variable regions (V α, β) swapped for Ig VH and V L, the so-called Ig-

TCR CAR  (Gross et al., 1989). Combinations of VH and VL of 2,4,6-trinitrophenol (TNP)-specific mAb 

with either TCR α or β chains were tested ( Figure 4). The procedure required a double transfection 

of two vectors to contain both Ig and TCR chains. Transduced T cells in contact with TNP-coated cells 

started secreting IL-2 and could induce specific lysis of target cells in a non-MHC hapten-specific 

manner (Gross et al., 1989). To simplify this method, the first CAR with a single chain variable fragment 

(scFv) was developed (Eshhar et al., 1993). Ig VH and VL domains were joined with a linker to form 

scFv connected to the intracellular TCR constant domain (CD3ζ). This design was later named the 1st-

generation CAR (Hwu et al., 1993). 

In primary research on TCR signaling, Irving and Weiss utilized a chimeric receptor comprised of a CD8 

molecule fused with CD3ζ. This tool provided insight into the fundamental role of Lck and ZAP70 

kinases (A. C. Chan et al., 1991; Irving & Weiss, 1991).  

The first clinical trial with 1st generation CARs was conducted to treat HIV infection by the company 

Cell Genesys Inc. (Mitsuyasu et al., 2000; Walker et al., 2000). They used ligand-based CD4-CD3ζ 

CAR, which targeted viral gp120 on the surface of HIV-infected cells (Romeo & Seed, 1991). Later, 

Cell Genesys led the first anti-cancer trial with a CAR against colorectal cancer (Hege et al., 2017). 

Nonetheless, the 1st-generation CARs showed minimal efficacy in clinical trials due to low cytotoxicity, 

expansion, and persistence (Tokarew et al., 2018). 
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 Figure 4. The evolution of CAR T cells. In the 1st-generation CAR, the intracellular domain comprised only CD3ζ; the 2nd 

generation added a costimulatory domain (CM1), and the 3rd generation incorporated two costimulatory domains. 

In the  4th generation, the CAR is engineered to induce the secretion of a cytokine. Figure by Bourbon et al., 2021. 

1.3.2. Second generation 

As previously mentioned, physiological T-cell activation is dependent on two signals. The TCR 

mediates the first signal by recognizing antigens as a peptide/MHC complex. This signal alone 

is insufficient for T-cell activation and may lead to T-cell anergy. A second, costimulatory signal 

is needed for survival, proliferation, and cytokine secretion. A costimulatory molecule on T cells binds 

ligands on activated antigen-presenting cells (APCs) – for example, pair CD28 and CD80 or CD86.  

The 1st-generation CARs had limited cytotoxicity, proliferation, and persistence. Therefore, the 2nd-

generation CAR incorporates a costimulatory domain in addition to the CD3ζ ( Figure 4). 

Including  CD28 costimulatory domain in the construct increased proliferation, cytokine secretion, 

and survival and led to an overall more potent anti-tumor activity (H. M. Finney et al., 1998, 2004; 

Maher et al., 2002). Similarly, the 4-1BB (CD137) signaling domain in anti-CD19 CAR led to robust, 

specific cytotoxicity against B-ALL cells, a high rate of expansion, and IL-2 secretion (Imai et al., 2004).  

Comparing 4-1BB and CD28 costimulatory domains revealed that their signaling leads to the activation 

of distinct metabolic pathways (Kawalekar et al., 2016), as mentioned in chapter 1.2.2. Additionally, 

it has been shown that CD28ζ CAR T cells have higher early cytotoxicity and initial expansion 

(Kawalekar et al., 2016). CAR T cells with 4-1BB can be detected in peripheral blood for up to several 

years post-administration (Fraietta et al., 2018; Porter et al., 2015), while CD28 constructs are typically 

detectable solely within a couple of months (Brentjens et al., 2013; D. W. Lee et al., 2015). In theory, 

highly potent and rapid cytotoxic CD28-based CARs could be a better option for transient tumor 

elimination in instances such as bridging therapy before hematopoietic stem cell transplant (HSCT). 

The lasting persistence of 4-1BB constructs could offer a permanent solution in disease management. 
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However, real-world data indicate that the CD28-based CAR T cells have better clinical outcomes 

at the cost of higher toxicities than the 4-1BB-based ones (Bachy et al., 2022; Gagelmann et al., 2024).  

Other costimulatory domains derived from OX40, ICOS, and CD27 have been tested as viable 

alternatives (Guedan et al., 2014; Pulè et al., 2005; Song et al., 2012). The “28ζ” and “BBζ” constructs 

are today’s established standard in clinical practice, as they are present in all the CAR T-cell products 

approved by the Food and Drug Administration (FDA) so far (chapter 1.7). 

1.3.3. Third generation 

CAR constructs combining multiple intracellular costimulatory domains are labeled as 3rd-generation 

CAR ( Figure 4). For example, CAR ICDs composed of CD28-4-1BB-CD3ζ (28BBζ) in anti-CD19 

CAR (Tammana et al., 2010) or CD28-OX40-CD3ζ targeting either CD33 (Pulè et al., 2005) or GD2 

(Marin et al., 2010) have been tested. Results of in vitro experiments suggest that including an additional 

costimulatory domain may augment CAR T-cell activation, proliferation, and survival. Clinical trials 

with 28BBζ constructs targeting HER-2/neu for colon cancer (Morgan et al., 2010a) and CD20 for B-

cell lymphoma (Till et al., 2012) reported similar efficiency and safety as 2nd-generation CARs. Another 

phase I clinical trial simultaneously compared 2nd-generation (28ζ) and 3rd-gen (28BBζ) anti-CD19 

CAR T cells for relapsed/refractory (r/r)-non-Hodgkin lymphomas (Ramos et al., 2018). Both cellular 

products were administered to each patient at the same time. In this study, 3rd-generation CAR T cells 

were superior in expansion and persistence in vivo. However, these data are always for small groups 

of patients, and therefore, more studies are needed to determine the optimal composition 

of costimulatory domains.  

1.3.4. Fourth generation 

The next evolutionary stage of CAR design (4th generation) is also referred to as T cells redirected 

for antigen-unrestricted cytokine-mediated killing (TRUCKs), armored, or armed CARs (Chmielewski 

& Abken, 2015). These constructs are derived from the 2nd generation (one costimulatory domain 

and CD3ζ) with incorporated transgenic protein production, most commonly a cytokine, especially 

inducible upon CAR T-cell activation ( Figure 4). This further stimulates CAR T cells and possibly 

recruits bystander non-transduced T cells to fight tumor cells and modulate the tumor microenvironment 

(TME). This could be a solution to overcome immunosuppression in solid tumors, for which 

CAR T cells are ineffective. Moreover, targeted cytokine production in the tumor site could present 

a significantly lower risk of side effects than systemic administration (Chmielewski & Abken, 2015). 

The most widely used inducible promoter is based on six NFAT binding motifs together with minimal 

IL-2 promoter (Northrop et al., 1993). Novel promoters, such as NR4A, could represent an alternative 

offering higher expression than the standard NFAT (T. Guo et al., 2022). 
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1.3.4.1. IL-12 TRUCKs 

IL-12 is a cytokine that remarkably enhances inflammatory response. It is produced by antigen-

presenting cells and phagocytes – dendritic cells (DCs), monocytes, and macrophages as a response 

to infections. IL-12 stimulates T cells and NK cells, inducing IFN-γ secretion, and increases cytotoxicity 

by elevating perforin and granzyme levels (Ferlazzo et al., 2004; Kubin et al., 1994). It drives T cells 

toward a Th1 phenotype (Manetti et al., 1993) and also blocks the expansion of T-regulatory (Treg) cells 

(X. Cao et al., 2009). Consequently, as a positive feedback loop, IFN-γ activates monocytes 

and macrophages, further augmenting IL-12 production and aiding pathogen elimination (X. Ma et al., 

1996). However, IL-12 bears safety issues, especially when administered systemically due to the strong 

induction of IFN-γ production. In this case, hyper-activated immune cells eventually cause liver, lung, 

gastrointestinal, and hematopoietic toxicities (Car et al., 1999). Thus, CAR T-cell direct secretion 

at the tumor site might effectively boost the anti-tumor response without the abovementioned risks. 

Delivering IL-12 by CAR T cells to the tumor could recruit other immune cells—macrophages, NK, 

and T cells – to fight cancer in a Th1-driven response. A broad immune response could mitigate the risk 

of immune escape of tumor cells by antigen loss (Chmielewski et al., 2011).  

Several pre-clinical studies have confirmed a superior effect of IL-12 secreting CAR T cells for B-cell 

malignancies (Kueberuwa et al., 2018; Pegram et al., 2012), and especially against large established 

solid tumors, which are not sensitive to CAR T cell without added cytokines such as for melanoma (L. 

Zhang et al., 2012), ovarian carcinoma (Koneru et al., 2015; Yeku et al., 2017), hepatocellular carcinoma 

(Y. Liu et al., 2019), and glioblastoma (Agliardi et al., 2021). Increased cytotoxicity, proliferation, 

persistence, and resistance to Tregs were among the observed effects on CAR T cells. In the first human 

clinical trial, TILs with inducible IL-12 secretion were used to treat melanoma. IL-12 boosted TIL anti-

tumor activity; nevertheless, the dose escalation had to be stopped due to toxicities connected with high 

levels of IL-12 and IFN-γ  (L. Zhang et al., 2015). To increase safety by bypassing peripheral IL-12 

secretion, membrane-bound IL-12 (and membrane-bound tumor-targeted IL-12) CAR T cells were 

shown to be highly effective for treating large solid tumors on patient-derived xenograft (PDX) 

osteosarcoma and melanoma models (J. Hu et al., 2022), and ovarian cancer model (E. H. J. Lee et al., 

2023). In another non-secretory approach, a single chain IL-12 was inserted in the extracellular domain 

of CAR, while both IL-12 and CAR remained functional.  IL-12 enhancement was evident, together 

with increased antigen-dependent cytotoxicity. Furthermore, IL12-CAR T cells gained NK-like 

antigen-independent killing ability. Specifically, CD8+CD56+CD62Lhigh population with upregulated 

genes linked with NK cell cytotoxicity – CD94/NKG2D. This hybrid killing mechanism could 

be suitable against heterogeneous tumors containing tumor cells without target antigens (Hombach 

et al., 2022).  

 An alternative method for antigen-specific, tumor-targeted, non-leaky, and reversible inducible 

cytokine expression was developed by Yang and colleagues (Yang et al., 2023). It is a non-gene editing  
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CRISPR-based system of inducible IL-12 expression utilizing co-transduction of two constructs. 

The first encodes human epidermal growth factor receptor 2 (HER2)-specific 2nd-generation CAR with 

an added tobacco etch virus (TEV) protease at the end of its ICD. It also codes two single guide RNAs 

(sgRNA) targeting IL-12A and IL-12B transcription start sites. The second construct contains a LAT 

molecule connected to a nuclease-deactivated Cas9 (dCas9) with a nuclear localization signal by a TEV-

cleavage site. Upon CAR activation, LAT molecules are brought to its proximity, and then TEV protease 

releases dCas9 (with bound sgRNAs), which translocates to the nucleus, inducing endogenous IL-12 

expression (Yang et al., 2023).  

A cytokine delivery system called “IL-12 nanostimulant-engineered CAR T cells biohybrids” was 

developed to increase CAR T cell effectivity and safety. In this method, CAR T cells are externally 

conjugated by click chemistry with IL-12-packed nano chaperones made of chemically modified human 

serum albumin (HSA). IL-12 release from nano chaperones is triggered only after contact with free thiol 

groups that are increased on the cell surface after T cell activation, in this case by CAR recognizing 

target tumor cells (Luo et al., 2022). 

In a phase I clinical trial for the treatment of MUC16ecto+ ovarian cancer using CAR T cells that secrete 

IL-12, all patients experienced CRS. However, no dose-limiting toxicities were observed in patients 

who did not receive additional chemotherapy, only in those who received post-lymphodepletion 

chemotherapy before the treatment (O’Cearbhaill et al., 2020). 

1.3.4.2. IL-18 TRUCKs 

IL-18 is often used instead of IL-12 as a safer substitute. In a clinical trial, systemic administration of IL-

18 to cancer patients did not cause any significant toxicities (Robertson et al., 2008). IL-18 is a pro-

inflammatory cytokine with pleiotropic function. It stimulates proliferation and IFN-γ secretion 

in T and NK cells. Furthermore, it affects monocytes, DCs, natural killer T (NKT) cells, B cells, 

mast cells, and basophils (Yasuda et al., 2019). CAR T cells releasing IL-18 displayed superior anti-

tumor efficacy against CD19+ B-cell malignancies, melanoma (B. Hu et al., 2017), and pancreatic 

and metastatic lung cancer in mouse models (Chmielewski & Abken, 2017). Again, adding IL-18 was 

crucial in eradicating large solid tumors, as they were refractory to unenhanced CAR T cells. IL-18 

drove T cells into T-bethigh FoxO1low effector phenotype together with Th1 polarization. Moreover, IL-

18 production altered tumor-associated immune cell composition – a rise in M1 macrophages 

and NK cells was observed, while the numbers of suppressive M2 macrophages, DCs, and Tregs 

decreased (Chmielewski & Abken, 2017).  Another pre-clinical study of lung cancer treated with 

CAR T cells with IL-18 similarly reported a durable response and activation of TILs and APCs. IL-18 

also prevented the exhaustion of CAR T cells, which retained a memory phenotype (Jaspers et al., 

2023). The first human clinical trial with anti-CD19 CAR T cells co-expressing IL-18 is currently being 
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conducted at the University of Pennsylvania with promising efficacy and controllable adverse toxicities 

(Svoboda et al., 2022). 

1.3.4.3. IL-15 TRUCKs 

Another cytokine used to augment CAR constructs is IL-15. It enhances T-cell proliferation 

and cytotoxic function by elevating granzyme B production (Tamang et al., 2006). IL-15, like all other 

γ-chain cytokines, further promotes T-cell survival by regulating B-cell lymphoma-2 (Bcl-2) family 

proteins (Shenoy et al., 2014). In a preclinical mouse model, anti-CD19 CAR T cells expressing IL-15 

had enhanced anti-tumor activity, significantly enhanced expansion, improved survival, and diminished 

expression of the exhaustion marker programmed cell death 1 (PD-1) (Hoyos et al., 2010). In another 

approach, anti-CD19 CAR T cells improved by membrane-bound IL-15 had an elevated percentage 

of a long-lived stem cell memory (TSCM)- like phenotype and enhanced cytotoxicity. (Hurton et al., 

2016). To combat unwanted toxicities of secreted cytokines in CAR T-cell therapy, co-expressing IL-

15 receptor α subunit, in addition to IL-15, showed reduced systemic adverse effects of IL-15 in a mouse 

xenograft model (Y. Zhang et al., 2022). In a xenograft glioblastoma model, IL-15 secreting GD2-

specific CAR T cells effectively infiltrated the tumors and exhibited remarking tumor control, with 

a complete response in half of the treated mice (Gargett et al., 2022). Another glioblastoma study tested 

anti-IL13 receptor α2 (anti-IL13Rα2) CAR T cells secreting IL-15 or with IL-15 fused to the CAR’s 

scFv. These CAR T cells simultaneously targeted glioblastoma tumor cells and myeloid-derived 

suppressor cells (MDSCs) in the TME, as they express IL13 and IL-15 receptors. Both CAR T cells 

were effective against the MDSCs, while the IL-15-fused CAR was more potent (Zannikou et al., 2023). 

In a case study, a B-ALL patient who relapsed twice after treatment with anti-CD19 and anti-CD22 

CAR T cells received CD19-specific CAR T cells with membrane-bound IL-15 and achieved complete 

remission with high CAR T expansion and no severe side effects. However, the patient relapsed again 

(CD19-negative), and further treatment with another dose of anti-CD22 CAR T cells did not have 

a curative effect (Sun et al., 2021).  

1.3.4.4. IL-7 TRUCKs 

IL-7 is widely used in (CAR) T cell expansion protocols, as it promotes T-cell proliferation and has anti-

apoptotic properties by upregulating protein Bcl-2. It further promotes a low degree of differentiation 

of T cells (MacKall et al., 2011; Schluns et al., 2000). Therefore, it might be suitable for enhancing 

CAR T cell survival and persistence in vivo. Studies with CAR T cells producing IL-7 have confirmed 

this effect in preclinical models with NKG2D-specific CAR against prostate cancer (He et al., 2020) 

and CD19-specific CAR (L. Li et al., 2022). IL-7 promoted less differentiated CAR T cells, prevented 

exhaustion, and led to better metabolic fitness, persistence, and overall anti-tumor function. In addition 

to increased proliferative capacity by IL-7, the subsequent studies further combined IL-7 with co-

expression of another cytokine. For example, secretion of chemokines would improve migration 
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to the tumor site and infiltration into the tumor. To utilize this, Adachi et al. combined CD20 

CAR T cells with IL-7 and CCL19, and then similarly, Luo et al. tested IL-7 plus CCL21 for solid tumor 

models (Adachi et al., 2018; H. Luo et al., 2020). CCL19 and CCL21 act as chemoattractants for T cells 

and DCs via interaction with C-C chemokine receptor 7 (CCR7) (Luther et al., 2002). Moreover, CCL21 

has additional anti-tumor properties due to its angiostatic function by binding to CXCR3 (Vicari et al., 

2000). In both cases, IL-7 improved the proliferation of CAR T cells, and co-expressed chemokines 

caused higher T-cell/DCs tumor infiltration than conventional CAR T cells (Adachi et al., 2018; H. Luo 

et al., 2020). A clinical trial with anti-CD19 CAR T cells expressing IL-7 and CCL19 reported 

manageable adverse toxicities and superior anti-tumor effects than conventional CAR T cells (Lei et al., 

2024). Another tested co-expressed protein together with CAR and IL-7 is hyaluronidase PH20. 

It further enhanced the penetration of CAR T cells through dense extracellular matrix into solid tumors 

in the hepatocellular carcinoma model (Xiong et al., 2021).  

A CAR T cell approach toward heterogenous solid tumors containing target-antigen-negative tumor 

cells is challenging. Swan et al. designed a CAR construct that produces IL-7 and Fms-like tyrosine 

kinase receptor 3 ligand (Flt3L) against 50% epidermal growth factor receptor (EGFR)vIII+ 

glioblastoma that would rely on recruiting endogenous immune cells and CAR T cells for tumor 

eradication (Swan et al., 2023). Flt3L is an essential growth factor for DC development (Cueto & 

Sancho, 2021). Increasing intra-tumoral DC numbers could lead to new tumor-specific cytotoxic T-cell 

priming. Tumors treated with CAR T cells with IL-7 and Flt3L had elevated populations of conventional 

DCs and CD103+XCR1+ migratory and cross-presenting DC populations, and these tumor-bearing mice 

had higher survival rates than with non-enhanced CAR T cells (Swan et al., 2023). 

A modification of the IL-7 itself represents another direction for further improvements. The short half-

life of a cytokine might be a limiting factor for its in vivo function.  Kim et al. constructed a long-acting 

recombinant human IL-7 by fusing it with hybrid Fc (rhIL-7-hyFc)  (M. Y. Kim et al., 2022). It promoted 

CAR T-cell proliferation, cytotoxicity, and memory phenotype in CD19+ lymphoma and CD33+ 

leukemia models. Although they did not present a direct comparison with CAR T cells secreting 

unmodified IL-7, they presume that rhIL-7-hyFc could surpass it in future human trials. 

To avoid unwanted bystander lymphocyte activation and following potential side effects such 

as neurotoxicity and CRS, a constitutive active IL-7 receptor (C7R) was developed (Shum et al., 2017). 

CAR T cells with C7R showed superior anti-tumor activity, proliferation, and survival in neuroblastoma 

and glioblastoma models (Shum et al., 2017) and breast cancer models, but not in vivo (Z. Zhao et al., 

2020). 

1.3.4.5. IL-21 TRUCKs 

IL-21 is another interesting cytokine in the context of CAR T-cell therapy. IL-21 bears pleiotropic 

functions (Tian & Zajac, 2016), stimulating T-cell expansion and maintaining early memory phenotypes 
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desired for CAR T cells. In our study (Štach et al., 2020), anti-CD19 CAR T cells producing IL-21 had 

increased expansion, survival, retainment of TSCM-like phenotype, and tumor infiltration in vitro 

and in a mouse model. Moreover, IL-21 might make CAR T cells more effective for CAR T-resistant 

diseases like chronic lymphocytic leukemia (CLL) (Štach et al., 2020). Another group working on solid 

tumors engineered CAR T cells against HCC targeting glypican-3 with co-expression of IL-21 and IL-

15. Likewise, enhanced CAR T cells had an elevated percentage of early differentiated TSCM and TCM 

populations and increased expansion and persistence (Batra et al., 2020). 

1.3.4.6. IL-10 TRUCKs 

IL-10 is a pleiotropic cytokine that used to be generally connected with inhibition, although it has been 

described that it has anti-tumoral properties as well (Fujii et al., 2001; Mumm et al., 2011; Tanikawa 

et al., 2012). Zhao et al. showed that CAR T cells producing IL-10 had improved metabolical fitness, 

proliferation, and effector functions even against established and metastatic tumor models. Moreover, 

IL-10 promoted the formation of the early-differentiated TSCM phenotype and thus established a durable 

response (Y. Zhao et al., 2024).  

1.3.4.7. Combating the tumor microenvironment 

Besides cytokines, various other transgenic proteins could be expressed by CARs. Strategies discussed 

so far mostly improved CAR T-cell cytotoxicity, expansion, persistence, and recruiting bystander 

T cells. Immune escape is one of the characteristics of “successful” cancer. The immune escape 

mechanisms include immune-suppressive cytokines (transforming growth factor β (TGF β), IL-4, IL-

10), checkpoint molecules (PD-1, cytotoxic T lymphocyte-associated antigen 4 (CTLA-4)), and in solid 

tumors, dense extracellular matrix, hypoxia, and suppressor cells (Tregs, MDSCs). Hence, neutralizing 

immunosuppression by tumor microenvironment (TME), especially in solid tumors, might be equally 

crucial as enhancing CAR T cells (Xia et al., 2019). 

1.3.4.7.1. Inverted cytokine receptor (chimeric switch receptor) 

The inverted cytokine receptor (ICR), also known as chimeric switch receptor (CSR), was developed 

to reverse an inhibitory signal into a stimulatory one (Figure 5A). One of the suppressive cytokines 

associated with TME is IL-4. It was shown that IL-4 promotes tumor growth and protects tumor cells 

from cytotoxic T cells by promoting Th2 polarization (Gocheva et al., 2010; Wynn, 2015). To combat 

this effect, Leen et al. fused the cytokine-binding exodomain of the IL-4 receptor with the intracellular 

signaling domain of the IL-7 receptor into the IL-4R/IL-7R (4/7) ICR. They reported that adding IL-4 

improved proliferation, cytotoxic function, and Th1 phenotype sustainment of the transduced T cells 

(Leen et al., 2014). Similarly, prostate stem cell antigen (PSCA)-specific CAR T cells bearing the 4/7 

ICR thrived in the IL-4-rich TME and exhibited boosted anti-tumor functions in a pancreatic cancer 

preclinical model (Mohammed et al., 2017). Next, a novel IL-4R/IL-21R ICR provided CAR T cells 
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with increased tumor-lytic ability and a Th17-like polarization against IL-4+ tumors, both in vitro and 

in vivo HCC model (Y. Wang et al., 2019). 

TGF-β is another textbook example of immunosuppressive cytokine. It dampens T-cell activation 

and proliferation while it supports tumor invasion and metastasis (M. O. Li et al., 2006). The TGF-β/IL-

7R CSR developed by Noh et al. enhanced target-specific CAR T cell cytotoxicity and overall survival 

on a CD19+ B-cell lymphoma mouse model  (Noh et al., 2021). 

Physiological signaling via inhibitory receptors PD-1 and CTLA-4 causes T-cell exhaustion 

and dysfunction. Expression of their ligands on tumor cells is one of the resistance mechanisms (Schnell 

et al., 2020). Engineering PD-1 exodomain with CD28 ICD into PD-1/CD28 CSR (Figure 5A) boosted 

anti-tumor functions, proliferation, and cytokine secretion of tumor-specific T cells (Ankri et al., 2013; 

Kobold et al., 2015; Prosser et al., 2012) and CAR T cells (C. Chen et al., 2021). Similar results were 

observed with CTLA-4/CD28 chimera in T cells against melanoma (Shin et al., 2012).  

1.3.4.7.2. Dominant negative receptors 

Another strategy for counteracting the immunosuppressive molecules is the expression of dominant 

negative receptors (DNRs). They represent the receptor's truncated, non-signaling form, which acts 

as a decoy for its ligand (Figure 5B). The TGF-β DNR and PD-1 DNR are the most promising in CAR T-

cell engineering. The TGF-β DNR was tested in various contexts such as Eppstein-Barr virus (EBV)-

specific T cells (Foster et al., 2008), mesothelin-specific CAR T cells in ovarian cancer PDX model 

(K. Li et al., 2023), anti-HER2 CAR T cells co-expressing CCR8 (Strzalkowski et al., 2022), anti-B-

cell maturation antigen (BCMA) CAR T cells against multiple myeloma (Alabanza et al., 2022), and 

PSMA-targeting CAR T cells in prostate cancer preclinical model (Kloss et al., 2018) and a phase I 

clinical trial (Narayan et al., 2022). The TGF-β DNR enhanced tumor infiltration, proliferation, and 

facilitation of anti-tumor responses of CAR T cells in the presence of TGF-β. 

Likewise, the PD-1 DNR protects T cells from inhibition mediated by PD-L1-positive tumors (Figure 

5B). The PD-1 DNR on mesothelin-specific CAR T cells bolstered their anti-tumor functions, cytokine 

secretion, and expansion in preclinical models (N. Chen et al., 2017; Cherkassky et al., 2016). Moreover, 

the first human clinical trial with PD-1 DNR anti-CD19 CAR T cells showed promising efficacy against 

follicular lymphoma without causing significant toxicity (X. Liu et al., 2021).  

Next, disruption of the apoptotic Fas/FasL axis by Fas DNR in CAR T cells improved their survivability 

and the durability of the anti-tumor response against solid tumor models (Yamamoto et al., 2019). 
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Figure 5. Strategies of CAR T cells to overcome immunosuppression. (A) Chimeric switch receptor, (B) Dominant negative 

receptor. Figure by J. D. Chan et al., 2020. 

1.3.4.7.3. Secretory antibodies 

With the boom of checkpoint inhibitor therapy, i.e. mAbs against inhibitory receptors or their ligands, 

can be harnessed in CAR T-cell engineering to tackle immunosuppressive TME. In addition, secreting 

the mAbs by CAR T cells directly at the tumor site maximizes their concentration at the site of action 

while minimizing systemic exposure and potential off-target effects. Moreover, continuous production 

and sustained release of the mAbs can enhance the duration of their therapeutic effect and help overcome 

the limitations of passive mAb administration, such as short half-life and inadequate tumor penetration.  

In several studies, blocking PD-1 on CAR T cells by secretory anti-PD-1 scFv was tested on different 

models. First, anti-CD19 CAR T cells secreting anti-PD-1 scFv exhibited enhanced proliferation 

and effector functions in a xenograft model of solid tumors artificially expressing CD19 (S. Li et al., 

2017). Rafiq et al. showed a similar effect on CD19- or Muc-16-specific CAR T cells against PD-L1-

positive leukemia and ovarian cancer models. Furthermore, the produced anti-PD-1 scFv bolstered 

the anti-tumor response in an autocrine and paracrine manner for CAR T cells and bystander 

endogenous tumor-specific T cells (Rafiq et al., 2018). In other studies, the anti-PD-1 scFv enhanced 

tumor-killing and tumor infiltration of EGFR-specific CAR T cells in gastric cancer xenograft and PDX 

mouse models  (J. T. Zhou et al., 2020), and anti-mesothelin CAR T cells in lung cancer xenograft model 

(Ping et al., 2020). 

As an example of blocking programmed death ligand 1 (PD-L1) on tumor cells, anti-PD-L1 mAb-

producing CAR T cells outperformed conventional CAR T cells in a mouse xenograft model of clear 

cell renal cell carcinoma. Additionally, the anti-PD-L1 IgG1 mAb mediated antibody-dependent cellular 

cytotoxicity (ADCC) by NK cells on PD-L1+ cancer cells, therefore employing an additional mechanism 

of tumor lysis (Suarez et al., 2016). 
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The inhibitory receptor CTLA-4 suppresses T-cell functions upon binding to CD80/CD86 either 

on APCs or tumor tissue. In a study by Yin et al., a sub-therapeutic dose of anti-CTLA-4 minibody-

secreting CAR T cells displayed a prolonged anti-tumor effect compared to conventional CAR T cells 

in a mouse xenograft glioma model (Yin et al., 2018). 

Another molecule, CD47, acts as a “don’t eat me” signal via the signal regulatory protein-α (SIRPα) 

receptor on macrophages and DCs. CD47 is widely expressed and usually overexpressed on tumor cells 

(Willingham et al., 2012). Systemic blocking of CD47 would pose a risk of toxicity, while localized 

delivery could enhance tumor sensitivity to phagocytosis. Xie et al. demonstrated that CAR T cells 

secreting an anti-CD47 VHH fragment fused to Fc stimulated macrophage engulfment of cancer cells 

(Xie et al., 2020). Another group engineered CD19 CAR T cells with CV1, a secretory variant of SIRPα. 

They named this system “Orexi” CAR T cells due to facilitating orexigenic activity, meaning enhanced 

phagocytosis (Dacek et al., 2023). 

An opposite strategy to checkpoint blockade is secreting agonist Abs to activate stimulatory pathways. 

One example is the production of CD40 agonist Ab by meso3-specific CAR T cells, which enhanced 

the anti-tumor efficacy, increased cytokine release, and cytotoxicity in an ovarian cancer xenograft 

model. Moreover, a comparatively larger ratio of the CD40 Ab-secreting CAR T cells retained central 

memory phenotype (Y. Zhang, Wang, et al., 2021). 

To prevent antigen escape or to target multiple antigens in heterogenous tumors, coupling CAR T cells 

with the production of bispecific T cell engagers (BiTE) might empower the T cells to mount a more 

robust and effective anti-cancer response. The BiTE consists of two scFv domains, one targeting CD3 

and the other a tumor antigen. The BiTE bridges a T cell with tumor cells upon binding both antigens, 

allowing their lysis. Glioblastoma, an example of a heterogeneous tumor, can express wild-type (wt) 

EGFR and its mutated variant EGFRvIII. However, targeting EGFRvIII by CAR T cells led to antigen-

negative outgrowth, and systemic anti-EGFR therapy poses a high risk of on-target off-tumor toxicity 

(Choi et al., 2019). The localized secretion of CD3-EGFR BiTE by EGFRvIII-specific CAR T cells 

mediated the complete eradication of heterogeneous tumors in a glioma mouse model. According 

to expectations, the BiTE redirected and recruited CAR T and bystander T cells against wt EGFR (Choi 

et al., 2019). 

1.3.5. Fifth-generation, next-generation 

The 4th-generation CAR engineering incorporated a cytokine or a receptor into the CAR construct. 

The next-generation CARs rely on more innovative approaches that utilize insights from synthetic 

biology and logic-gating (AND, OR, NOT, IF). They address topics like targeting multiple tumor 

antigens simultaneously, alleviating toxicities, and safety switches.  
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Figure 6. The next-generation CAR designs. Figure by Guedan et al., 2019. 

1.3.5.1. “OR-gate” 

1.3.5.1.1. Dual targeting  

Targeting two antigens simultaneously can prevent the escape of tumor cells by antigen loss or its 

downregulation. Under evolutionary pressure by the CAR T cells, the selection of an antigen-negative 

clone and its following outgrowth can occur and is responsible for resistance to the treatment (Brown 

et al., 2015; Fry et al., 2018; Orlando et al., 2018; O’Rourke et al., 2017; Sotillo et al., 2015). Dual 

targeting applies when either antigen is expressed on tumor cells, corresponding to the logical “OR-

gate” (Figure 6A, B, C). 

One way of dual targeting with the traditional 2nd-generation CAR constructs is co-administrating two 

CAR T products (Ruella et al., 2016; T. Wang et al., 2023).  A step-up would be the expression of two 

different CAR molecules on one T cell – dual CAR T cells, also called dual-signaling CAR T cells 

(Figure 6A). It requires either co-transfection with different constructs or one large bicistronic vector 

(K. H. Chen et al., 2018; Kokalaki et al., 2023; Ruella et al., 2016; H. Wang et al., 2022). In the case 

of the single vector, additional changes like codon optimization may be necessary 
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to prevent recombination between duplicate sequences. These two CARs can bear different 

costimulatory domains to combine their respective signaling advantages.  

Another option is a single-chain bi-specific construct with a single intracellular domain, in which scFvs 

can be assembled in series – tandem CAR (TanCAR) (Grada et al., 2013) or in a looped structure – 

looped tandem CAR (Figure 6B, C) (Z. Chen et al., 2023; Qin et al., 2018). Regarding genetic 

engineering, tandem CARs require optimization of the spacer and linker domain lengths and the scFv 

orientations for optimal dual-antigen recognition (Zah et al., 2016). Computational tools can aid 

in the design of such constructs by predicting the structure and functionality of the double scFv complex 

(Grada et al., 2013). These tandem CARs can react against either antigen alone. Notably, binding both 

antigens at the same time causes a synergetic effect by strengthening the signal transduction, which 

makes the TanCAR T cells functionally superior to two mixed monovalent CAR T cell populations 

(Grada et al., 2013; Hegde et al., 2013, 2016; Ruella et al., 2016; Schneider et al., 2017). At present, 

numerous clinical trials are being conducted with dual and tandem CARs against B-cell malignancies 

with a combination of antigens CD19, CD20, and CD22 and against multiple myeloma targeting BMCA, 

CD38, CS1, and PD-1 combinations (Stock et al., 2023).  

1.3.5.1.2. Triple targeting  

Targeting multiple antigens is especially important with heterogeneous tumors like glioblastoma, where 

antigen escape is impending. A triple-CAR strategy by Bielamowicz et al. employs a tricistronic 

construct with three CAR molecules divided by viral 2A self-cleaving peptide sequences. It targeted 

three glioma tumor-associated antigens (TAAs) – HER2, interleukin-13 receptor subunit α-2 (IL13Rα2), 

and ephrin-A2 (phA2) (Bielamowicz et al., 2018). Similarly, B-cell targeted triple-CAR T cells 

engineered with tricistronic CD19-CD20-CD22 CAR construct could be an improved option to regular 

CD19-specific CAR T cells that prevent CD19-negative relapses (Fousek et al., 2020). Another group 

developed a bicistronic vector with CD19-CD20-specific TanCAR and CD22 CAR as “tri-specific dual 

CAR T cells” and employed the 2A sequence  (Schneider et al., 2021). In their dual-CAR architecture, 

they also reported that ICOS, OX40, and CD27 CAR costimulatory domains were more potent than 

the CD28 or 4-1BB. An alternative design of the antigen-binding domain leveraged ankyrin repeat 

proteins (DARPins) rather than scFvs (Balakrishnan et al., 2019). This tri-specific TanCAR contained 

three high-affinity binding domains specific for EGFR, EpCAM, and HER2 in one CAR molecule. 

A Chinese company, Legend Biotech, presented additional non-scFv tri-TanCAR with three heavy-

chain variable domains (VHH) fragments specific for CD19-CD20-CD22 in tandem (Z. (Joy) Zhou 

et al., 2021). The triple-targeted CAR T cells displayed cytotoxicity against heterogeneous tumor cell 

mixtures. The single-antigen recognitions were comparable to monospecific CARs, while binding 

multiple antigens on the same tumor cells manifested the synergetic enhanced activity in triple-

CAR T cells. 
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The production of more complex constructs might be challenging due to the low capacity of LV vectors, 

but alternatives like transposons might be better suited for next-generation designs (Wagner et al., 2022). 

Combinatorics between mono-, bi-, or even tri-specific TanCARs, some of them even 4th-generation 

design, brings up a nearly infinite number of possibilities, which makes this approach effective against 

antigen-loss in tumor target cells. However, multiple-antigen targeting with “OR-gate” increases 

the likelihood of on-target off-tumor toxicities. 

1.3.5.2. “AND-gate” 

Unfortunately, most tumor cells do not have a distinct antigen that is not expressed on any other cell 

type, as in the case of B-cell malignancies. Even a minor expression on healthy tissue could pose a risk 

of life-threatening on-target off-tumor toxicity in the CAR T-cell treatment (Lamers et al., 2006; Morgan 

et al., 2010; Parkhurst et al., 2011). Therefore, approaches that offer specific killing only when 

a combination of target antigens is recognized on tumor cells and not independently are highly sought 

after. This corresponds to the logical “AND-gate”. 

What is being referred to as combinatorial or conditional CAR are two CAR molecules against different 

antigens with split signaling (Figure 6D, F). One CAR contributes with signal one by CD3ζ, 

and the other with costimulatory signal 2 (Kloss et al., 2013; Lanitis et al., 2013). Signal 1 alone leads 

to suboptimal T-cell activation, thereby diminishing the degree of on-target off-tumor toxicities, yet it 

might still occur in some form.  

1.3.5.2.1. “IF-THEN-gate” 

The “IF-THEN-gate” is represented by a synthetic Notch receptor (synNotch) circuit developed 

to improve the precision of on-target cytotoxicity by dual-targeting. It is an “AND-gated” dual CAR 

circuit system where recognition of the first antigen induces the expression of a second CAR, which 

is specific for the second antigen (Roybal et al., 2016). The binding of the first CAR to its ligand does 

not activate T-cell signaling. Instead, similarly to the wild-type Notch receptor, the synNotch receptor 

is cleaved, releasing its intracellular part, which serves as a transcription factor that triggers 

the expression of the second CAR (Figure 6E) (Yuan et al., 2015). This approach was tested with CARs 

on various models, for example, glioblastoma (Choe et al., 2021; Moghimi et al., 2021) and ROR1+ 

tumors (Srivastava et al., 2019), and was deemed safe and accurate. In addition, the synNotch system 

can be used for target-induced cytokine secretion (Cho, Okuma, et al., 2018; H. Luo et al., 2019). 

However, the possibility of a tumor escaping by losing the first antigen is still a constraint of this 

approach. 

A more sophisticated use of a synNotch-based circuit was developed by Williams et al. as a 3-input 

“AND-gate” CAR (Figure 7) with either in-series (cascade) or in-parallel design (Williams et al., 2020). 

In the in-series circuit, synNotch1 against antigen A is constitutively expressed. After activation, 

it induces the expression of synNotch2 against antigen B, which consequently causes the expression 
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of CAR against antigen C. In a parallel circuit, the two synNotch receptors against antigens A and B 

each trigger the expression of a part of a split-CAR, a scFv against antigen C and intracellular CAR 

domain, both with dimerization motives. In a mouse model, CAR T cells with the in-series circuit 

reported superior and accurate cytotoxicity against triple-positive tumor cells. On the contrary, their in-

parallel system suffered from a leaky expression and exhibited partial cytotoxicity against single-

positive target cells (Williams et al., 2020). 

 

Figure 7. The 3-input “AND-gate” CAR system. (A) All three antigens must be on the target cell's surface to activate 

the CAR T cell. (B) This system can be engineered as an “in series” or “in parallel” circuit. Figure by Williams et al., 2020. 

1.3.5.2.2. “ON/OFF-Switch” 

A strategy for controlled switchable CAR T-cell activation by a small molecule is called split-CAR 

(C. Y. Wu et al., 2015). In this approach, the CAR is split into two parts (Figure 6F). The first part 

contains the extracellular antigen binding domain (mostly scFv), the transmembrane part, 

and the intracellular part only with the costimulatory domain. The second part lacks an extracellular part 

and has the membrane-anchoring and CD3ζ signaling domains. In addition, both parts have 

heterodimerization domains that interact only in the presence of a small molecule called chemical 

inducer of dimerization (CID), which makes the CAR functional (C. Y. Wu et al., 2015). This allows 

stringent in-situ control of CAR potency, and titrable CID dosage can regulate the degree of activation 

and its duration. Other designs may include the costimulatory domain with the signaling CD3ζ, leaving 

the antigen-binding subunit only with the heterodimerization domain (Leung et al., 2019). One example 

of a heterodimerization module is the FK506-binding protein (FKBP) and FKBP-rapamycin binding 

domain (FRB) that heterodimerize after the addition of rapamycin or its analog (Juillerat et al., 2016; 

Leung et al., 2019; C. Y. Wu et al., 2015). Although rapamycin is immunosuppressive and toxic to some 

extent, the dosage used for CAR activation is sub-immunosuppressive (Leung et al., 2019). Leung et al. 

named this system dimerizing agent-regulated immunoreceptor complex (DARIC). They also developed 

a DARIC plug-in for targeting a second antigen. The plug-in is a soluble scFv with the FKBP domain 
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that, in the presence of rapamycin, competes with the membrane-bound antigen-recognition module 

for interaction with the signaling module (Leung et al., 2019). 

In another study on small molecule-regulated CARs, Jan and colleagues utilized a lenalidomide-induced 

interaction between CRL4CRBN E3 ubiquitin ligase and zinc finger degron C2H2 motif to design an “ON-

switch” split-CAR and “OFF-switch” degradable CAR systems (Jan et al., 2021). In the “OFF-switch” 

system, the CAR bears the zinc finger degron tag in its ICD. After the addition of lenalidomide, 

the CRL4CRBN E3 ubiquitin ligase is recruited, and the CAR is polyubiquitinylated and directed 

to proteasome degradation (Fink & Ebert, 2015). In the “ON-switch” split-CAR, the CRBN domain 

is uncoupled from the ubiquitin ligase and incorporated in the split-CAR signaling subunit. Again, 

lenalidomide induces dimerization with the zinc-finger tag in the antigen-recognition split-CAR subunit 

(Jan et al., 2021).  

Boosting the co-stimulation of CAR T cells by a small molecule could be a viable strategy to magnify 

their effector functions and expansion. Narayanan et al. designed a composite activation receptor that 

incorporates the toll-like receptor (TLR) adaptor protein MyD88 and the cytosolic part of CD40 

(Narayanan et al., 2011). The MyD88/CD40 (iMC) dimerization is induced via the aforementioned 

FKBP domain by a synthetic dimerizing ligand ricmiducid. Although primarily developed for DCs, 

the conserved TLR-signaling pathways activate NFB, Akt, mitogen-activated protein kinase (MAPK), 

and Janus kinase (JAK), leading to a pro-survival program in T cells (Narayanan et al., 2011). Utilizing 

the iMC in CAR T cells improved their efficacy (Foster et al., 2017; Mata et al., 2017). 

Similarly, leveraging secretory cytokines in enhancing CAR T cells is a well-established approach, 

which has already been discussed in chapter 1.3.4, 4th-generation CAR T cells. However, safety 

concerns of systemic and secretory cytokines led to the development of strategies like membrane-bound 

cytokines, constitutively active cytokine receptors, and inverted cytokine receptors, as mentioned 

earlier. In a novel approach, engineering CAR T cells with an inducible cytokine signaling “Turbo” 

domain (iTurbo) provides desired synergetic cytokine signaling without any bystander or systemic 

effect. The iTurbo domain is activated by a small molecule-induced homodimerization. Furthermore, 

different types of iTurbo domains can drive the CAR T cells to a desired immunophenotype (R. J. Lin 

et al., 2022). 

For regulating CAR expression on the transcriptional level, the inducible tetracycline (TET)-ON system 

is commonly used (Drent et al., 2018; Gu et al., 2018; Sakemura et al., 2016; R. Y. Zhang et al., 2019). 

This system utilizes a recombinant fusion protein called reverse Tet transactivator (rTA) comprising 

bacterial doxycycline-binding Tet-repressor and the C-terminal activator domain of VP16 protein 

from herpes simplex virus. After adding the TET analog doxycycline (DOX), rTA binds promoters 

with Tet-operator sequences and activates their expression (Gossen & Bujard, 1992; Loew et al., 2010). 

The DOX dosage can titrate the induction level. Moreover, by discontinuing DOX supplementation, 
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the expression diminishes, although it is not an instantaneous process. A further limitation of the TET-

ON system is that the bacterial and viral-derived elements might be immunogenic. 

Quite unconventional methods of the “ON-switch” CARs are light-inducible systems (Allen et al., 2019; 

Z. Huang et al., 2020; Nguyen et al., 2021) or ultrasound-activated system (Y. Wu et al., 2021). Although 

they present interesting cellular mechanisms and T-cell engineering, their contribution is more 

theoretical and a proof-of-concept rather than having an immediate clinical impact. 

Exploiting characteristic traits of tumors for specific targeting CAR T cells would be an elegant way 

to reduce adverse toxicities. Particularly, hypoxia of the TME is one of the textbook cancer hallmarks. 

In a study by Juillerat et al., they incorporated the oxygen-sensitive subdomain of hypoxia-induced 

factor 1α (HIF1α) into the CAR scaffold (Juillerat et al., 2017). Under average oxygen concentrations, 

the CAR is driven into degradation due to the HIF1α domain. Contrarily, the HIF1α domain stabilizes 

the CAR under hypoxic conditions, thus enabling its killing ability. Unfortunately, they reported residual 

on-target cytotoxicity under normoxia (Juillerat et al., 2017). Kosti et al. upgraded this system with 

an additional control element for a stringent hypoxia-restricted activity (Kosti et al., 2021). Besides 

the oxygen-sensing domain of HIF1α, hypoxia-responsive elements (HREs) were added to the CAR 

promoter for control at the transcriptional level. This double safety switch allowed CAR T cells to be 

used against a widely expressed ErB2 antigen, for which conventional CARs would cause lethal 

toxicities, as shown in a xenograft mouse model (Kosti et al., 2021).  

Another trait of the TME is the presence of tumor-associated proteases. In so-called masked CARs 

(Figure 8), the antigen-binding domain is blocked by a masking peptide with a cleavable linker 

by a TME-specific protease, making them inert in healthy tissue (X. Han et al., 2017). This concept was 

first developed as a prodrug antibody – “probody”, and it displayed a remarkable safety index, which 

was then translated to an example of anti-EGFR CAR T cells (Desnoyers et al., 2013; X. Han et al., 

2017).  
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Figure 8. Masked CAR. A masking peptide with a cleavable linker blocks the CAR's antigen binding domain. The CAR is only 

activated in tumor tissue in the presence of a tumor-associated protease.  Figure by X. Han et al., 2017. 

 

Avidity-controlled CAR (AvidCAR) is a platform based on combining controllable CAR dimerization 

and two low-affinity antigen-binding domains (Salzer et al., 2020). The substantial decrease 

in the antigen-binding affinities of each antigen-binding domain allows for necessitated reliance 

on multivalent interaction, known as avidity. This system can be functionally applied as “ON-switch” 

or “AND-gated” AvidCARs. In the “ON-switch” case, both antigen-binding domains need to recognize 

the target antigen, and the dimerization inducer needs to be present. The “AND-gated” AvidCAR can 

be engineered in different ways. First, as a CAR specific to a single surface antigen A that 

is homodimerized with a soluble antigen B. Second, as two CARs specific towards two distinct surface 

markers in a non-switchable or switchable format. The non-switchable version employs constitutive 

CAR heterodimerization, while the switchable one is further inducible by a small molecule (Salzer et al., 

2020). 

1.3.5.3. “NOT-gate” 

1.3.5.3.1. Inhibitory CAR  

The inhibitory CAR (iCAR) is a type of CAR whose ICD was swapped for that of an inhibitory receptor 

(Figure 6G), such as PD-1 or CTLA-4 (Fedorov et al., 2013) or LIR-1 (Tokatlian et al., 2022). 

The iCAR T cells are provided with specific inhibitory signals against non-tumor antigens, which 

should prevent adverse toxicities in healthy tissue. In practice, the iCAR is co-expressed with classical 

CAR against a tumor antigen. The iCAR dampens CAR signaling, preventing cytotoxicity, cytokine 

secretion, and proliferation. However, iCAR has an inherent design flaw: it works only when 
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the recognized antigen is missing or downregulated on tumor cells, while it is abundantly expressed 

on normal cells (Fedorov et al., 2013). Next, Aoyama et al. developed an iCAR variant named “Scissor-

CAR” with a protease as its ICD. After the binding of the healthy-cell antigen, it cleaves a specific 

cleavage site on the coupled classical signal-CAR (Aoyama et al., 2022). 

1.3.5.3.2. “AND-NOT”  

Another way of designing the “NOT-gate” system is by the OFF-Notch receptor (Williams et al., 2020). 

With a similar mechanism as the synNotch, the OFF-Notch receptor, engineered by Williams et al., 

induces the expression of a pro-apoptotic factor truncated BH3-interacting domain death agonist (tBID). 

Thereby, the inhibition takes place downstream of CAR signaling, on the level of effector functions 

where inducing apoptosis overrides the signal for proliferation. Concurrently, the same group combined 

the OFF-Notch receptor into a 3-input “AND-NOT” circuit (Figure 9). First, a synNotch receptor 

specific to antigen A induces the expression of CAR against antigen B, and in the case of recognition 

of antigen C by the OFF-Notch receptor, the CAR T cell is driven into apoptosis (Williams et al., 2020).  

 

Figure 9. The 3-input “AND-NOT” circuit. The CAR is activated only by recognizing two antigens (A, B; GFP and CD19) 

on the tumor’s surface. However, recognizing a healthy-tissue antigen (C, Her2) drives the CAR T cell into apoptosis. Figure 

by Williams et al., 2020. 

1.3.5.4. Universal CARs  

Unlike traditional CAR T cells, which are typically designed to recognize a single antigen expressed 

on cancer cells, universal (also adaptor or modular) CAR T cells are engineered as a two-component 

system, CAR T-cell product specific for a tumor-targeting adaptor molecule and the adaptor itself 

(Figure 6G). The universal CAR T cells provide adaptability against antigen escape. They may widen 

the scope of treatable diseases, increasing effectiveness in patients with heterogeneous tumors 

or relapses in the case of antigen loss or its downregulation. Instead of engineering separate CAR T cells 

for each antigen, universal CAR T cells streamline the process, potentially reducing costs associated 

with development and manufacturing. In addition, administering the adaptor molecule and its 

concentration can control the degree and length of CAR T activation. This corresponds to the “AND-

gate” and, in the case of multiple adaptors, the “OR-gate” strategy. Depending on the adaptor molecule, 

there are several types of universal CARs – Tag-specific, Fc-binding, and bispecific antibody-binding 

CARs (Arndt et al., 2020).   



 

37 

 

 

Figure 10. Universal CAR designs. Figure by Arndt et al., 2020. 

1.3.5.4.1. Fc-binding adaptor CARs 

The Fc-binding CARs are based on the extracellular binding domain of the Fc-receptors CD16 (Kudo 

et al., 2014; Rataj et al., 2018) or CD32 (Caratelli et al., 2020). A tumor-specific antibody acts 

as the adaptor for CAR T cells to trigger the tumor lysis (Figure 10a). The main upside of this approach 

is the wide variety of clinically approved mAbs like rituximab, cetuximab, and trastuzumab. 

Nevertheless, the binding domains of CD16 and CD32 do not differentiate between therapeutic mAbs 

and endogenous IgG Abs, which might lead to adverse toxicities (Rataj et al., 2018; Stock et al., 2022). 

1.3.5.4.2. Tag-specific adaptor CARs 

Tag-specific CARs are engineered to recognize tagged anti-tumor adaptor molecules. First, biotin-

binding immune receptors (BBIR) are CARs with avidin or streptavidin as the extracellular domain 

(ECD), which naturally binds to biotin (Figure 10b). Dimeric avidin and monomeric streptavidin CARs 

were effective with biotinylated mAbs or scFvs (Lohmueller et al., 2018; Urbanska et al., 2012).  
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Second, the classical scFv CAR technology can be adopted as the adaptor system by using CARs 

specific to the synthetic fluorescent dye FITC (fluorescein isothiocyanate; Figure 10c). Many tumor-

targeting molecules have been tested as the FITC-conjugated adaptor molecule, for example, clinical-

grade mAbs, Fab fragments, and small molecules like folate (Y. Cao et al., 2016; Y. G. Lee et al., 2019; 

J. S. Y. Ma et al., 2016; Tamada et al., 2012). Additionally, the performance of the anti-FITC 

CAR T cells depends on the design of stoichiometry and position of the FITC conjugation, 

and it is target-antigen-specific, which diminishes the simplicity of the “universal” approach  (Y. Cao 

et al., 2016; J. S. Y. Ma et al., 2016). 

Third, peptide tags represent a short amino acid (aa) sequence of an epitope not physiologically 

expressed in any human cell type (Figure 10e). The anti-peptide neo-epitope (PNE) CARs target the 

PNE tag, a 14 aa peptide from yeast transcription factor GNC4 (Rodgers et al., 2016). The preferred 

PNE-tagged adaptors were Fab fragment-based instead of IgG-based due to their shorter half-life in vivo, 

thus allowing better control of the CAR activation (Rodgers et al., 2016). Furthermore, similar 

to the FITC tag, the design of the adaptor molecule in terms of PNE-valency and conjugation sites, 

as well as the CAR hinge region, affects the geometry and formation of the immunological synapse. 

The optimal adaptor and CAR design also depended on the choice of target antigen (Y. Cao et al., 2016; 

Rodgers et al., 2016).  

Another design is represented by the UniCAR platform (Figure 10c), developed by the group of Michael 

P. Bachmann (Cartellieri et al., 2016). It utilizes an scFv CAR against the E59B 10-aa epitope obtained 

from the human nuclear protein La/SS-B (Koristka et al., 2013), alternatively the E7B6 18-aa epitope 

(Koristka et al., 2019). Moreover, they developed a broad spectrum of adaptor molecules called target 

modules (TM) ranging from scFv-based, nanobody-based, TCR-based, and even small molecule-based 

adaptors against numerous target antigens (Bachmann, 2019). Concerning autoimmunity, the La-derived 

epitome is a cryptic antigen, and no patients’ La-specific autoantibodies have been reported to react 

against it (Bachmann, 2019).  

An adaptor CAR technology based on leucine zippers interaction is called the split, universal, 

and programmable (SUPRA) CAR (Figure 10f) (Cho, Collins, et al., 2018). This includes a zipCAR that 

has the leucine zipper (ZIP) domain instead of classical scFv, which binds to the cognate ZIP domain 

on a tumor-specific soluble scFv – the zipFv (Cho, Collins, et al., 2018). 

The SpyCatcher/SpyTag (Figure 10g) is a novel system utilizing covalent attachment of the adaptor 

molecule in universal CARs (Minutolo et al., 2020). This system is derived from a bacterial adhesin 

protein containing an internal isopeptide bond. The adhesin was modified and split into the SpyCatcher 

and a 13 aa SpyTag.  After the association of the two fragments, the isopeptide bond is formed again 

by an autocatalytic mechanism (Zakeri et al., 2012). The CARs with SpyCather as their ECD effectively 

function with SpyTag-containing IgG mAbs and DARPins adaptors (Minutolo et al., 2020). 
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Another adaptor CAR platform is the convertibleCARTM system (Landgraf et al., 2020). The CAR ECD 

consists of the inert form of the human NKG2D (iNKG2D) ectodomain. The endogenous NKG2D 

is an NK-cell activation receptor binding to the MIC antigens (MIC-A, MIC-B, ULBP1-6), while 

the iNKG2D exclusively engages with a specific ULBP2 variant and not the endogenous one. The so-

called MicAbody™, an engineered mAb fused with the ULBP2 domain, serves as an adaptor molecule 

to convertibleCAR (Landgraf et al., 2020). 

The barstar CAR (BsCAR) system is based on a high-affinity toxin-antitoxin interaction, such 

as the RNAse toxin barnase and its inhibitor barstar (Stepanov et al., 2022). The BsCAR ectodomain 

is a barstar-modified IgG4 Fc spacer, and the corresponding adaptor molecule represents a barnase-

DARPin fusion protein (Stepanov et al., 2022).  

1.3.5.4.3. Bispecific molecule-binding adaptor CARs 

Immunotherapy based on bispecific antibodies (bsAb) or BiTEs relies on bridging an activating receptor 

of effector cytotoxic cells with a specific antigen on tumor cells (Stamova et al., 2012). The first 

combinatory approach using bsAb with CAR together was termed the bsAb-binding immune receptor 

(bsAb-IR; Figure 10h). The bsAb-IR consisted of the extracellular portion of human folate receptor α 

(FRα) and conventional CAR ICDs. The tested adaptor was an anti-FRα + anti-CD20 bsAb, which 

unfortunately did not meet the functional expectations against B-cell lines (Urbanska et al., 2014). 

Another group developed a similar system, synthetic agonistic receptor (SAR; Figure 10i) (Karches 

et al., 2019). The SAR employs ECDs of EGFRvIII and Cripto-1 proteins. As the tumor-specific 

adaptors, tetravalent and trivalent bsAbs were studied. Due to SAR cross-linking, the tetravalent bsAb 

activated the SAR-T cells without tumor cells and caused off-target killing. The trivalent bsAbs were 

shown to be effective; the CAR T-cell activation and the killing of tumor target cells were both antigen 

and bsAb-dependent (Karches et al., 2019). 

Next, a modular technology named IMPACT™ (Integrated Modules oPtimize Adoptive Cell Therapy) 

repurposes the conventional and well-established anti-CD19 CAR T cells to target new antigens 

via an adaptor (Figure 10j). The novel adaptor molecule is a fusion protein of CD19 ECD and an anti-

tumor scFv.  It was initially developed to treat CD19-negative relapses; however, this system was 

effective even against solid tumor antigens (Klesmith et al., 2019; Rennert et al., 2019).  

The RevCAR system represents a similar design to the UniCAR; however, it is in reverse orientation 

(Feldmann et al., 2020). The RevCAR lacks an antigen-binding domain and has either one 

of the UniCAR Tag epitopes (E5B9, E7B6) instead. Interaction with a tumor antigen is mediated 

by a bispecific targeting molecule named RevTM, comprised of two fused scFvs – one tumor-specific 

and the other tag-specific. This design reduces the CAR gene size, allowing for easier multicistronic 

vector engineering and transduction (Feldmann et al., 2020). 
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1.3.5.5. CAR with JAK/STAT signaling 

Cytokines provide the essential signal 3 for T cells to proliferate, survive, and differentiate. The TRUCK 

strategies relied on the transgenic expression of these cytokines. Kagoya et al. developed a 28ζ CAR 

construct that incorporated the signaling domains of cytokine receptors directly into the CAR ICD 

(Kagoya et al., 2018). Thereby, these CAR T cells would require no additional cytokine stimulation. 

One signaling domain was derived from the IL-2Rβ; the other was the tyrosine-X-X-glutamine (YXXQ) 

motif. These domains bind and activate signal transducer and activator of transcription 5 (STAT5) 

and STAT3, respectively. STAT5 is physiologically activated in IL-2, IL-7, and IL-15 signaling, STAT 

3 by IL-21 (J. X. Lin & Leonard, 2018). This construct performed according to expectations with 

sustained proliferation, anti-tumor effect, and prevention of terminal CAR T-cell differentiation 

(Kagoya et al., 2018). 

1.3.5.6. Suicide switches 

While potentially life-saving, CAR T-cell therapy can act as a double-edged sword. Adverse reactions 

like on-target off-tumor toxicity, CRS, and graft-versus-host disease (GvHD) can lead to life-threatening 

conditions. Therefore, the option of selective and inducible CAR T ablation increases the therapy’s 

safety. Introducing a suicide gene that initiates apoptosis after the administration of the inductor acts 

as a permanent “OFF-switch”. The most common mechanisms of suicide genes are metabolic switches, 

agent dimerization, and markers for elimination by mAbs (Figure 11).  

 

Figure 11. Suicide gene systems. Figure by Hong et al., 2020. 

The metabolic switches are enzymes that convert a nontoxic prodrug into a toxic substance. Herpes 

simplex virus-thymidine kinase (HSV-TK) phosphorylates certain nucleoside analogs, such 

as ganciclovir (GCV), into GCV-triphosphate. Incorporating the GCV-triphosphate into a DNA strand 

by DNA polymerase causes chain termination, which eventually induces apoptosis (Bonini et al., 1997; 

Elion et al., 1977). The limitation of HSV-TK is its immunogenicity due to its viral origin (Berger et al., 

2006) and its slow mode of action – it takes up to three days of GCV exposure to cause cell death (Marin 
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et al., 2012). Furthermore, by implementing the HSV-TK system, it is not possible to use GCV to treat 

cytomegalovirus (CMV) infection, which is common in post-HSCT and immunosuppressed patients, 

as the treatment would eradicate the engineered cells (Bonini et al., 2007; Emery et al., 2013). 

An alternative to the HSV-TK is mutant human thymidylate kinase (mTMPK) (Sato et al., 2007). 

Although it is advantageous in posing no risk of immunogenicity, it was shown to be less effective than 

the HSV-TK (Marin et al., 2012). An additional example of a metabolic suicide switch is cytosine 

deaminase. This enzyme converts 5-fluorocytosine into 5-fluorouracil, a cytotoxic compound that 

inhibits pyrimidine synthesis (Tiraby et al., 1998).  

Safety switches based on induced dimerization utilize components of apoptotic pathways. They are 

fused with dimerization domains whose interaction is conditioned by adding a synthetic metabolically 

inert drug. Namely, inducible Caspase9 (iCasp9) (Stasi et al., 2011; Straathof et al., 2005) and inducible 

FAS (iFAS) (Clackson et al., 1998; Thomis et al., 2001) coupled with the FKBP dimerizing domains 

are widely utilized. The dimerizing agents employed are drugs like rimiducid (AP1903), AP20187 

(Minagawa et al., 2019), and rapamycin (Stavrou et al., 2018). The iCasp9 system has a low 

immunogenic profile and is rapid-acting; the apoptosis occurs within 30 minutes of stimulation (Marin 

et al., 2012; Stasi et al., 2011). 

Surface antigens typically not expressed on T cells allow for targeted elimination of CAR T cells 

via administration of mAbs. The mAb-labeled CAR T cells are susceptible to eradication via ADCC 

or complement-dependent cytotoxicity (CDC). The availability of approved, pharmaceutical-grade 

mAbs makes them an ideal tool. Transgenic expression of CD20 or a truncated form of EGFR (EGFRt) 

allows targeting by rituximab (Griffioen et al., 2009; Philip et al., 2014; Vogler et al., 2010) 

or  cetuximab (Paszkiewicz et al., 2016; X. Wang et al., 2011), respectively. Rituximab causes B-cell 

aplasia and would interfere if the patient were already undergoing treatment with rituximab. Targeting 

CD52 with alemtuzumab can act as a natural safety switch, as CD52 is expressed on mature T cells 

and not on hematopoietic stem cells (G. Ma et al., 2019; Tasian et al., 2015, 2017). Other examples 

of target epitopes are the 10-aa tag derived from the human c-Myc protein (Kieback et al., 2008) 

and a cryptic EGFR epitope engineered into folate receptor 1 (FOLR1), termed FR806 (X. Wu et al., 

2017). Nonetheless, the efficacy of this mAb-based approach might be undermined due 

to the constrained capacity for ADCC/CDC in patients subjected to chemotherapy before CAR T-cell 

administration (Ericson et al., 1995). Additionally, the mAbs may exhibit restricted biodistribution 

and tissue penetration. Therefore, CAR T-cell-based approaches were developed to target, for example, 

CD19 CAR by an anti-idiotype scFv (Ruella et al., 2020) or an E-tag in the primary CAR’s ECD 

(Koristka et al., 2019). 
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1.4. Production of CAR T cells 

A vital requirement for producing CAR T cells is the introduction of the CAR transgene into the T cells. 

The CAR expression should be stable in dividing T cells, which is achieved by integration into cell 

genomes. From the arsenal of integrative vectors, the most common method of choice is transduction 

with retro/lentiviral (RV/LV) vectors, followed by the emergence of non-viral approaches, including 

transposons and CRISPR- or transcription activator-like effector nucleases (TALEN)-based methods. 

These non-viral approaches require either electroporation of naked DNA or coating the DNA 

in a liposome or similar polymer particle. The advantages and disadvantages of genetic modification 

methods are reviewed in Table 1. In the next step, the cultivation of adequate numbers of viable 

and functional CAR T cells is needed. Last but not least, for practical reasons, the procedure should be 

economical and easily approved by regulatory agencies. 

1.4.1. T-cell sources 

The first step in the CAR T-cell manufacturing procedure (Figure 12) is isolating the starting material.  

As a mainly autologous therapy, the patient’s peripheral blood mononuclear cells (PBMCs) containing 

T cells are isolated. This is achieved mostly by leukapheresis, a specific type of apheresis when 

leukocytes are isolated, and the rest of the blood components are returned to circulation. Alternatively, 

PBMCs can be separated from whole blood by centrifugation over the Ficoll gradient. The PBMCs may 

be a subject for further cell fractionation to enrich the T cells or a particular T-cell population, like CD4+, 

CD8+, or a distinct memory subset.  

Although CAR T cells are regularly manufactured from the general CD3+ T-cell population, choosing 

a specific T-cell memory subset as the starting material may increase the product's functional benefits. 

Several studies have reported that CAR T cells produced from naïve (Hinrichs et al., 2011), stem cell 

memory (Gattinoni et al., 2011), and central memory (Berger et al., 2008) T cells showed enhanced 

proliferation and persistence, which was linked to increased treatment efficacy.  

Additionally, after T-cell separation, the cells can be cryopreserved for future use or transportation 

to the manufacturing facility.  
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Figure 12. CAR T-cell therapy overview. Figure by https://www.cancer.gov/about-cancer/treatment/types/immunotherapy/t-

cell-transfer-therapy. 

1.4.2. Genetic modification 

1.4.2.1. Viral transduction 

The biological ability of retroviruses to infect host cells and integrate their DNA into the cell’s genome 

makes them natural vectors. Retroviruses (RV) and lentiviruses (LV) contain viral diploid (+) ssRNA, 

which is reversely transcribed to DNA and then integrated into the host cell genome. In gene 

engineering, replication-deficient RV/LV with removed virulent factors and a sequence for a gene 

of interest (e.g., CAR) instead are used. Most RV vectors are based on the Moloney murine leukemia 

virus (MMLV) from the γ-retroviridae family. LV vectors, which are derived chiefly from modified 

human immunodeficiency virus (HIV), have the advantage of transducing nondividing cells, unlike RVs 

(Lewis & Emerman, 1994).  The first human experiment using a γ-RV vector was introducing 

an antibiotic-resistance gene to TILs for treating melanoma. This was to study TIL trafficking 

and persistence in vivo, and it demonstrated the safety and efficacy of retroviral vectors, albeit in a small 

patient group  (Rosenberg et al., 1990). From there, the use of RV/LV vectors became widespread. Their 

main advantages are reliability, high transfection efficiency, the introduction of a low copy number 

of inserts, relatively low genotoxicity, and low immunogenicity (Morgan & Boyerinas, 2016).  
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On the negative side, the RV capacity is limited to 3-4 kbp long transgene, as the whole viral DNA from 

5’ LTR to 3’ LTR is approximately 7-8 kbp. This usually permits transduction merely of a single gene. 

The total LV capacity is up to 10 kbp, although, with increasing insert lengths, the produced virus titer 

is diminished (Kumar et al., 2001). The RV/LV vector production in a GMP regime is exceptionally 

costly and requires a facility with biosafety level 2. Consequently, the regulatory requirements are 

usually an insurmountable obstacle for hospital in-house production (Poorebrahim et al., 2019). 

The RV/LV vectors are produced by co-transfecting a packaging cell line with a transfer vector 

and helper plasmids (Figure 13). Transfer vector contains the gene of interest and cis-acting elements - 

packaging signal (Ψ), viral LTRs (long terminal repeats), and LVs additionally central polypurine tract 

(cPPT)/central termination signal (CTS). Helper plasmids contain RV/LV genes required for viral 

replication and packaging (trans-acting elements) – gag (“group-antigen specific,” capsid proteins), 

pol (“polymerase,” replication enzymes), env (“envelope,” envelope glycoproteins). LVs require 

additional accessory genes – rev (binds to RRE (rev-responsive element) and stimulates nuclear export 

and expression of gag/pol genes), and in 2nd generation, tat (“trans-activator of transcription”). The tat 

protein was required due to the weak promoter in 5’LTR, which has been modified in the 3rd generation 

by fusion with a heterologous promoter, making the transcription tat-independent. The 2nd generation 

of LV vectors used two helper plasmids – gag/pol and env/rev/tat. The 3rd generation uses three helper 

plasmids – gag/pol, env, and rev separate, with tat absent (Labbé et al., 2021). The division to a transfer 

plasmid and more helper plasmids is vital for safety to minimize the risk of recombination 

into a replication-competent virus. Alternatively, an engineered cell line (e.g. Phoenix) modified with 

stable expression of gag/pol and env genes can be used instead of helper plasmids. In LV vectors, 

the envelope glycoprotein is mainly changed to vesicular stomatitis virus G protein (VSV-G) to broaden 

its tropism to virtually all human cells (Cronin et al., 2005). However, the expression of the VSV-G 

receptor, low-density lipoprotein receptor (LDL-R), is low on resting T cells, B cells, and HSCs. 

Therefore, activation of these cells, which stimulates LDL-R expression, is needed for their efficient 

transduction (Amirache et al., 2014). 

The integration of RV/LV vectors, carried out by reverse transcriptase and integrase (pol), is not random; 

both exhibit distinct preferences. The γ-RV integration is biased towards transcriptional start sites 

(TSSs) and CpG islands, corresponding with promoters. However, LV integration targets active 

transcription units without preference between introns or exons and not in upstream TSSs (Ciuffi, 2008; 

X. Wu et al., 2003). Hence, RVs pose a higher risk of insertional mutagenesis, leading to malignant 

transformation of transduced cells, a relevant safety concern. The insert could disrupt a tumor-

suppressor gene or activate a proto-oncogene by proximity with viral LTR containing an enhancer 

and a promoter. This was the case in a clinical trial for treating SCID-X1 (X-linked severe combined 

immunodeficiency) with γ-RV-modified hematopoietic stem cells (HSCs) for expression of γ-chain IL-

2 receptor subunit, where several patients developed leukemia from the transduced cells (Cavazzana-
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Calvo et al., 2000; Hacein-Bey-Abina et al., 2003). To additionally increase the safety of RV/LV 

integration, approaches using insulator sequences or self-inactivating (SIN) vectors are being developed 

(Cesana et al., 2014; Ellis, 2005). Despite the integration patterns, CAR T cells transduced by RV/LVs 

were shown as safe with observations over a decade (Cappell & Kochenderfer, 2023; Scholler et al., 

2012). Notably, mature T cells resist oncogenic transformation due to pro-apoptotic and epigenetic 

mechanisms (Newrzela et al., 2008). 

RV/LV vectors are routinely used for CAR T manufacturing, including all currently approved 

commercial products. They are further discussed in chapter 1.7. 

 

 

Figure 13. Organization of the RV (A) and LV (B) vector genome. To produce RV/LV vectors, simultaneous transfection 

by the transfer plasmid and envelope and packaging helper plasmids. The long terminal repeats (LTRs) on plasmids are 

modified to prevent recombinations. Figure by https://www.addgene.org/guides/retrovirus/ 

and https://www.addgene.org/guides/lentivirus/. 
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1.4.2.2. Non-viral transduction 

1.4.2.2.1. Transposons 

Transposons are naturally occurring integrative mobile genetic elements. They consist of a sequence 

usually flanked with inverted repeats (IRs). A transposase enzyme recognizes IRs and can integrate 

or move the transposon to a different locus through a “cut-and-paste” mechanism (Figure 14).  

The transposase can be either encoded by the transposon itself (autonomous elements, cis) or not 

in the case of a mutation defect (non-autonomous elements), which could still be transposed 

by exogenous transposase (trans). These attributes make transposons useful in genetic engineering 

as vectors for transgenesis or insertional mutagenesis. For vector purposes, the gene for transposase 

is usually present on a separate non-integrative plasmid or even as synthetic mRNA so that its expression 

remains transient. One reason why transposon vectors are particularly enticing is their cost effectiveness 

compared to RV/LV vectors, which could dramatically reduce overall therapy costs. Furthermore, they 

pose a low immunogenicity risk, albeit they often exhibit lower transfection efficacy than RV/LVs 

(Wagner et al., 2022). 

 

 

Figure 14. Cut-and-paste mechanism of transposon vector. TSD – target site duplications, LTR – long terminal repeat. Figure 

by https://blog.addgene.org/plasmids-101-using-transposons-in-the-lab. 
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1.4.2.2.1.1. Sleeping Beauty 

Sleeping Beauty (SB), a Tc1/mariner family member, is one of the most frequently used transposon 

vectors for vertebrates, including human cells. It was “awakened from its slumber” by a comparative 

analysis of dysfunctional transposon sequences from genomes of eight teleost fish species to predict 

a functional one (Ivics et al., 1997). Its total size with only the transposase gene is about 1.6 kbp, 

including two approximately 230 bp terminal inverted/direct repeats.  

SB exhibits a widespread, close-to-random integration profile, with small preferences toward genes 

and their upstream regulatory sequences. Structurally, a minor bias for microsatellite repeats in non-

coding and bent DNA was found (Yant et al., 2005), and the integration site targets mostly 

TA dinucleotides (Vigdal et al., 2002).  When integrating, SB creates a 3-bp footprint from either side, 

flanked with 2-bp TA duplication (G. Luo et al., 1998). It is deemed a somewhat safer integration profile 

than RV/LV vectors (Field et al., 2013). Also, as SB transposase is an exogenous enzyme, no other 

factor can move the transposon in human cells. Expressing SB transposase from a mRNA (Dupuy et al., 

2002) or delivering it as a protein (Querques et al., 2019) would exclude even an unlikely random 

integration of transposase DNA (X. Huang, Haley, et al., 2010).  

A significant disadvantage of SB used to be the limited capacity of SB transposon. Increasing insert size 

dramatically reduces transposition efficiency by about 50% at approx. 5.5 kbp, with an upper limit 

of around 7-10 kbp (Geurts et al., 2003; Izsvák et al., 2000; Karsi et al., 2001). Another downside is that 

SB can be prone to “overexpression inhibition”. Transposons of mariner and Tn5 families decrease 

transposition efficacy when high levels of transposase are present (Izsvák & Ivics, 2004). There have 

been many attempts to increase the transposition efficacy by mutagenesis of the transposase. This has 

resulted in 17-fold (Baus et al., 2005) to a 100-fold increase in transposition by some variants (SB100X, 

Mátés et al., 2009). A transposase version SB100xco (human codon-optimized SB100x) was able 

to transpose a 100-kb bacterial artificial chromosome (BAC) (Rostovskaya et al., 2012). Furthermore, 

rational in silico design yielded a transposase with another 30% increase in efficacy compared 

to SB100X (Voigt et al., 2016) or increased enzyme solubility and stability for more effective delivery 

in protein form (Querques et al., 2019). Another way to improve the SB system is to replace conventional 

plasmids, which promote higher cytotoxicity and have lower transposition rates, with minicircle DNA 

(mcDNA). Briefly, mcDNA is a minimal-sized DNA circle lacking the bacterial plasmid backbone; they 

are further discussed in chapter 1.4.2.2.3 (Prommersberger et al., 2022). 

Currently, SB is used in various applications, including induced pluripotent stem cells, insertional 

mutagenesis screens, transgenic animals, and both in vitro and ex vivo gene therapy  (Sandoval-Villegas 

et al., 2021).  Notably, CAR T cells generated with SB are used in several clinical trials (Magnani et al., 

2020; Prommersberger et al., 2021; Singh et al., 2022).  
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1.4.2.2.1.2. piggyBac 

The PiggyBac (PB) transposon was discovered while studying mutant baculoviruses that were changing 

phenotype during passaging in cabbage looper moth (Trichoplusia ni)-derived cell lines (Potter et al., 

1976). It was found that sequences responsible for these insertional mutations originated from repetitive 

sequences in the T. ni genome (Fraser et al., 1983). It was later confirmed that it was, in fact, 

a transposable element, then named IFP2 (Cary et al., 1989). Even later, the transposase that could excise 

and integrate sequences bordered with IFP2 terminal repeats (TR) was identified and named piggyBac 

(Elick et al., 1996). The structure of the original PB is one open reading frame (ORF) coding transposase 

(2374 bp) between asymmetric TRs, with a total length of transposon of 2472 bp (Cary et al., 1989). 

Both TRs include 13-bp terminal inverted repeats and 19-bp internal repeats divided by a spacer 

sequence. In 5’TR, the spacer is 3 bp long, and in the 3’TR, it is 31 bp long (X. Li et al., 2005). Even 

though PB is derived from insects, it is efficient for use in vertebrate cells, including human cells 

(Wilson et al., 2007). 

Similarly to SB, PB transposition is mediated by a “cut-and-paste” mechanism. However, unlike many 

other transposons, the PB integration and re-excision are “footprint-free” without leaving any target site 

duplications (Elick et al., 1996). PB integration is targeted predominantly into TTAA sites (Fraser et al., 

1995). Mapping of PB integration revealed a less random pattern than SB, which was similar to γ-

retroviral vectors, with enrichment at TSSs of genes (Gogol-Doring et al., 2016) and long terminal 

repeats elements (Wilson et al., 2007). For the CAR T-cell application, PB integration assessment 

showed a lower preference for TSSs than RVs and a higher bias towards transcriptionally silent 

chromatin (“safe harbors”) than LV vectors (Hamada et al., 2018).  

A substantial advantage of the PB system is its cargo capacity. Unlike SB, inserts around 10 kb did not 

reduce transposition frequency (Ding et al., 2005). Moreover, large 100 kb inserts (M. A. Li et al., 2011), 

a whole bacterial artificial chromosome (BAC) of size 150 kb (Rostovskaya et al., 2012), and even 

a 200 kb fragment (R. Li et al., 2013) have been successfully transposed. Conversely to SB, 

overproduction inhibition seems not to be a limitation of the PB system (Wilson et al., 2007). Through 

mutational screens, a range of hyperactive PB transposases (hyPBase) has been developed (Meir et al., 

2013; Wen et al., 2020; Yusa et al., 2011), with activity up to an order of magnitude higher than the wild-

type (Yusa et al., 2011).  

An alternative to the plasmid template, similar to mcDNA with SB, a linear, covalently closed DNA 

called doggybone DNA (dbDNA) can be used for PB transposition (Bishop et al., 2020). To further 

reduce costs and bypass production in bacteria, dbDNA can be produced enzymatically in vitro, even 

at a large scale. After vector optimization by adding flanking regions at the dbDNA ends, it was 

successfully used to generate CAR T cells (Bishop et al., 2020).  
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The PiggyBac offers similar usage as SB in preclinical applications. It has been successful in CAR T-

cell production (Manuri et al., 2010; Morita et al., 2018; Nakazawa et al., 2016). The PB system's evident 

advantages have made it an established platform for CAR T-cell production in clinical settings. 

Numerous clinical trials have been successfully conducted so far, for example, with anti-CD19 CAR 

(Nishio et al., 2021), anti-BCMA CAR (Costello et al., 2021), anti-EGFR for non-small cell lung 

carcinoma (Y. Zhang, Zhang et al., 2021), and anti-PSMA for prostate cancer (Slovin et al., 2022). 

1.4.2.2.1.3. Other transposon systems 

Another fish-derived transposon system is Tol2 (Koga et al., 1996). Comparably to PB, Tol2 can 

effectively transpose large 100-200 kb inserts in mammalian cells (Suster et al., 2009; Urasaki et al., 

2006). Tol2 integration is considered close to random, with small preferences for a palindromic-like 

octanucleotide sequence, AT-rich regions, DNaseI hypersensitive sites, CpG islands, and in proximity 

to TSSs. Upon integration, Tol2 creates 8-bp target site duplication (Grabundzija et al., 2010; X. Huang, 

Guo, et al., 2010; Ni et al., 2016). Tol2 has been used to manufacture functional anti-CD19 CAR T cells 

(Tsukahara et al., 2015).  

Tc buster™ is a transposon system discovered in insects (Tribolium castaneum) of the same hAT 

superfamily as Tol2 (Arensburger et al., 2011). A hyperactive mutant was developed by Bio-Techne 

(Minneapolis, MN, USA) and is commercially available (Patrinostro et al., 2022). The integration 

profile of Tc buster is near random and potentially safer than LVs, with fewer integrations near TSSs 

in exons and introns (Patrinostro et al., 2022). In application, it can transfer cargo over 10-12 kb and 

introduce low transgene copy numbers (3-5 for T cells, 2-3 for NK cells). Tc buster efficiently and stably 

introduced CAR Transgene to CAR T and CAR NK cells (Pomeroy et al., 2021). 

Several other transposon systems exist, such as Frog Prince (FP) and Leap-In® (ATUM, Newark, CA, 

USA); however, they have not yet been used for CAR T-cell manufacturing. With new emerging 

transposon systems, more direct comparison studies are needed to determine the most efficient and safe 

for each application and cell type. 

1.4.2.2.2. Programmable nucleases (CRISPR/Cas, TALEN) 

In recent times, there has been a boom in the development of programmable nucleases, namely zinc 

finger nucleases (ZFNs), TALENs, and mainly the CRISPR/Cas system. These enzymes can be 

designed to cleave DNA at specific sequences, potentially targeting any genome locus. Creating 

a double-strand break (DSB) leads to reparation through either nonhomologous end-joining (NHEJ) 

or homology-directed repair (HDR) (O’Driscoll & Jeggo, 2006). Homologous recombination 

in mammal cells is relatively ineffective (Kaniecki et al., 2017). However, it is known to be vastly 

enhanced by the occurrence of DSBs (Rouet et al., 1994). Given that, HDR at the DSB site is conditioned 

by the presence of an exogenous donor DNA with homologous sequences at its ends. In the case 

of NHEJ, the re-joining of DNA ends is accompanied by insertions or deletions at the DSB site, which 
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usually results in a gene disruption (Chang et al., 2017). In conclusion, programmable nucleases 

facilitate target gene inactivation or targeted transgene insertion (Figure 15).  

 

Figure 15. Mechanism of function of programmable nucleases. NHEJ – non-homology end joining, HDR – homology-

directed repair. Figure by H. Li et al., 2020. 

Concerning CAR T cells, this approach allows the introduction of CAR transgene into a specific locus 

while disrupting a particular gene. Removing endogenous TCR and human leukocyte antigen (HLA) 

might open doors to universal “of-the-shelf” allogenic CAR T cells. Disruption of TCR genes eliminates 

graft-versus-host reaction while knocking out HLA or β-2microglobulin (B2M) genes prevents host-

versus-graft rejection (C. Li et al., 2020). Moreover, the ablation of inhibitory molecules such as PD-1 

could make CAR T cells more potent, and the knock-in of additional genes, e.g., cytokines, could be 

used to make armored CAR T cells, as described in chapter 1.3.4 (C. Li et al., 2020).  

ZFNs were the first programmable nucleases developed. They are based on DNA-binding zinc finger 

(ZF) domains, and each ZF recognizes a three-bp sequence. Combining different ZF domains into 

a multimeric protein enables recognition of a specific sequence. They are fused with FokI endonuclease, 

which cleaves DNA, creating a DSB (Y. G. Kim et al., 1996). There has been an effort to develop 

universal allogeneic CAR T cells by ZFNs via disrupting TCR α constant (TRAC), TCR β constant 

(TRBC), and HLA-A genes. TCR– CAR T cells were anergic to TCR signaling while being CAR-
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dependent functional. HLA-A– CAR T cells evaded HLA-A-restricted cytotoxic T-cell lysis (Torikai 

et al., 2012, 2013). 

TALENs are engineered nucleases with a design similar to ZFNs. A combination of DNA binding 

domains derived from a transcription factor is fused to FokI nuclease. Unlike triplets in ZFNs, each TAL 

domain corresponds to one nucleotide (Moscou & Bogdanove, 2009). In contrast to ZFNs, TALENs 

have simpler designs and have further improved specificity and efficiency (H. Li et al., 2020). 

In a preclinical study, anti-CD19 CAR T cells were engineered by TALENs to knock-out (KO) both 

TCR α and β chains and CD52, a target of the therapeutic mAb alemtuzumab. The alloreactivity of these 

CAR T cells was dampened by TCR deficiency, and the potential residue of TCR-expressing 

CAR T cells can be ablated by alemtuzumab. The KO-CAR T-cell lytic function was not disrupted, even 

in the presence of alemtuzumab  (Poirot et al., 2015). Others used TALENs to generate universal 

CAR T cells by disrupting TRAC and B2M while introducing CAR (Das et al., 2023; Jo et al., 2022), 

and in one case, disrupting additionally HLA-E (Jo et al., 2022). However, one of the downsides of this 

approach is that the HLA-I negative CAR T cells can be eliminated by NK cells. Expression of HLA-E 

inhibits NK-mediated killing of HLA-deficient cells, thus further supporting CAR T engraftment (Jo 

et al., 2022).  

However, both ZFNs and TALENs need tedious optimization during development, and every change 

in the recognized sequence requires re-engineering a whole enzyme pair.  

CRISPR/Cas system serves its natural purpose as an adaptive immune system in bacteria and archaea.  

It is based on an RNA-guided endonuclease which cleaves foreign DNA (Jinek et al., 2012). In microbes, 

the system requires two RNAs, crRNA – CRISPR RNA and tracrRNA – trans-activating crRNA. 

To simplify the system, genetic engineering was used to create a chimeric single guide RNA (sgRNA). 

The sgRNA includes a 20-nt targeting sequence complementary to the specific locus. However, there 

must be a particular oligonucleotide “protospacer adjacent motif” (PAM) on the genomic target that 

serves as a binding signal for a specific Cas enzyme (Sternberg et al., 2014). The most widely used 

Cas nuclease is the Cas9 from Streptococcus pyogenes (SpCas9), with favorable 3’NGG PAM  (Jiang 

et al., 2013).  Upon successful binding, CRISPR/Cas9 ribonucleoprotein creates a DSB (Gasiunas et al., 

2012) that is repaired by NHEJ or HDR (Ran et al., 2013). The main advantage of a CRISPR-based 

system is that altering the target sequence requires only re-designing the sgRNA, not a whole enzyme. 

The application of the CRISPR/Cas system in CAR T-cell engineering is vast. First, similar 

to the previous systems, it can integrate the CAR insert while knocking-out endogenous TCR and HLA-

I to make universal allogenic CAR T cells. Knocking-in the CAR gene into the TRAC locus reduced 

the risk of insertion-induced oncogenesis and TCR-prompted GvHD. Also, it resulted in superior T-cell 

potency and postponed T-cell exhaustion compared to regular CAR T cells (Eyquem et al., 2017). 

Moreover, CRISPR/Cas9 conveniently allows for multiplex editing. To produce CAR T cells that are 
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both universal and more potent, CRISPR/Cas9-mediated double-knock-outs (DKO) of TRAC and B2M 

and triple-knock-outs (TKO) with the addition of PD-1 were generated and showed that the gene editing 

did not hamper CAR T functionality (X. Liu et al., 2017). Subsequently, a one-shot CRISPR protocol 

was developed by including multiple gRNAs in the CAR-bearing LV vector (Ren, Zhang, et al., 2017). 

It was tested to make TRAC and HLA-I DKO universal CAR T cells and further Fas-deficient universal 

TKO CAR T cells to resist AICD. To take this to the next level, quadruple KO of universal CAR T cells 

with disrupted inhibitory receptors PD-1 and CTLA-4 was also feasible to generate (Ren, Zhang, et al., 

2017). In another study, the researchers combined CAR delivery by LV vector with electroporation 

of Cas9 mRNA and multiple gRNAs to create TRAC/TRBC, B2M, and PD-1 TKO CAR T cells (Ren, 

Liu et al., 2017). More examples of mitigating CAR T-cell dysfunction by CRISPR-mediated PD-1 KO 

were tested with anti-CD19 CAR (Rupp et al., 2017), mesothelin-specific CAR for breast cancer  (W. 

Hu et al., 2019), anti-glypican-3 CAR in HCC model (X. Guo et al., 2018), and anti-CD133 CAR 

on a glioma model (B. Hu et al., 2019). The KO of another inhibitory receptor, lymphocyte-activation 

gene 3 (LAG-3), in anti-CD19 CAR T cells was functionally comparable to regular CAR T cells (Y. 

Zhang et al., 2017). The disruption of TGF-β receptor II (TGFBR2) makes CAR T cells inert to its 

immunosuppressive effect, as was demonstrated for mesothelin-specific CAR T cells in pancreatic 

carcinoma xenograft and PDX models (Tang et al., 2020) and in mesothelin- and claudin-specific 

CAR T cells in vitro (Alishah et al., 2021). In another study, the KO of diacylglycerol kinase (DGK), 

an enzyme that participates in immunosuppressive signaling, made CAR T cells resistant 

to immunosuppressive mediators like TGFβ and prostaglandin E2 (Jung et al., 2018). CRISPR can also 

reduce CAR T-cell-related toxicities by knocking out CRS driver cytokines such as GM-CSF (Sterner 

et al., 2019).  

A base-editing variant of the Cas9 enables precise, single-base transition changes without introducing 

DNA breaks. It is achieved by the fusion of catalytically impaired Cas9 protein (dCas9) with a DNA-

modifying enzyme, such as cytidine deaminase or adenine deaminase (Komor et al., 2016). 

This approach allows gene disruption by introducing a premature STOP codon or interference with 

the splicing sites. This editing approach presents a significantly reduced risk of genotoxicity. It was 

reported that DSB generation and translocation frequency were dramatically reduced compared to Cas9 

nuclease in an example of TRAC, B2M, and PD-1 TKO anti-CD19 CAR T cells (Webber et al., 2019). 

The following example of the base editor use in CAR T cells was to solve a problem of “T vs T” 

fratricide with CAR T cells against T-cell malignancies. These CAR T cells are engineered to target 

either CD3 or CD7 molecules. Hence, TCR/CD3 and CD7 TKO fratricide-resistant CD3- or CD7-

specific CAR T cells were made by introducing premature STOP codons to circumvent this problem 

(Georgiadis et al., 2021).  

Another employment of the dCas9 is CRISPR interference (CRISPRi), transcription repression 

via fusion with a Krüppel associated box (KRAB) domain transcriptional repressor. In CAR T-cell 
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design, this system was applied as a two-part “IF-THEN-gate” (Yang et al., 2021). The first vector 

contains HER2-specific CAR with fused TEV protease on its ICD, and it additionally codes sgRNA 

specific for PD-1 TSS. The second part represents LAT protein tethering a dCas9-KRAB via a TEV-

cleavable site. Once the CAR binds HER2, the TEV protease releases the dCas9-KRAB to repress 

the transcription of PD-1. These CAR T cells showed increased cytokine secretion, proliferation, 

and in vivo persistence (Yang et al., 2021). Madison et al. developed a modified dCas9 fused with 

Clo051 nuclease domain, named Cas-CLOVER (Madison et al., 2022).  In CAR T-cell manufacturing, 

it was successfully used to KO TRBC and B2M. Compared to conventional Cas9, the Cas-CLOVER 

exhibited high fidelity while maintaining reduced off-target activity and maintaining a higher percentage 

of the favorable stem cell memory T-cell phenotype  (Madison et al., 2022). 

For now, from the regulatory agency point of view, the CRISP/Cas9 system presents a quite high risk 

of off-target activity, deletions, and chromosomal translocations, which makes it difficult to approve 

in GMP-certified conditions (Kosicki et al., 2018). However, the novel-engineered Cas9 variants could 

solve this problem (Dimitri et al., 2022). Nonetheless, this technology was quickly adopted 

for testing  in CAR T-cell clinical trials in the USA and China (Wei et al., 2023). 

1.4.2.2.3. Episomal vectors 

Minicircle DNA (mcDNA) is a covalently closed circular DNA. Unlike conventional plasmids, it lacks 

any bacterial elements like replication origin and antibiotic resistance (Almeida et al., 2020). It is a non-

integrating episomal vector, which allows long (up to 20 days) yet not persistent expression. The lack 

of bacterial immunogenic sequences makes mcDNA more likely to persist over time, although it is not 

replicated in transfected cells. mcDNA is associated with chromosomes and is evenly distributed 

into dividing cells (Kobelt et al., 2013). Minicircles are produced from a parental plasmid (PP), 

which contains an origin of replication, a selection marker, and a gene of interest flanked by specific 

recombination sites (att, loxP, MRS, attP/attB) (Figure 16). A specific recombinase mediates 

recombination between the two particular sites, and two circular DNA molecules are produced – 

mcDNA containing the gene of interest and a miniplasmid (mP) with the bacterial backbone. 

Subsequently, mcDNA has to be isolated from a mixture of mcDNA, mP, and residual PP 

by a chromatographic technique (Almeida et al., 2020). For CAR T-cell production, mcDNA can either 

be an episomal vector for transient expression or used for transposon-mediated integration. In preclinical 

studies, prostate stem cell antigen (PSCA)-targeted (J. Han et al., 2020) and CD44-targeted CAR T cells, 

made with electroporated episomal mcDNA, showed tumor infiltration and positive anti-tumor effect 

in a mouse model. The PSCA CAR T cells persisted for up to 28 days in mouse peripheral blood (J. Han 

et al., 2020). Another group developed a 48-hour CD19 CAR T-cell manufacturing protocol with 

episomal mcDNA. They emphasized the cost-effectiveness and safety of this method (Ye et al., 2023). 

A non-integrative and transient CAR expression might be superior to integration concerning safety. 

Nevertheless, long-term CAR T-cell persistence, in terms of months or even years, might be necessary 
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for disease control and long-term patient survival. On the other hand, using mcDNA for SB transposition 

in CAR T cells improves transposition rates and cell viability post-electroporation in CAR T-cell 

manufacturing (Hudecek et al., 2016; Monjezi et al., 2016; Prommersberger et al., 2022). Together, 

mcDNA as a complete virus- and bacteria-free system represents a substantial advantage for clinical 

regulatory requirements over LV and conventional plasmid vectors.  

 

Figure 16. The production methods of plasmid and minicircle DNA vectors. Figure by Almeida et al., 2020. 

Variations of plasmid vectors based on scaffold/matrix attachment region (S/MAR) motifs are unique 

tools that allow non-integrating yet stable transgene expression (Figure 17). Therefore, the possibility 

of integration-related genotoxicity is eliminated. S/MAR sequences are responsible for interaction with 

chromatin via nuclear matrix proteins in so-called looped domains. This enables a transcriptionally 

active state by association with transcription activators, extra-chromosomal maintenance 

and replication, and segregation during cell division (Argyros et al., 2011). These vectors have been 

improved in 2nd generation by decreasing immunogenic CpG motifs (Haase et al., 2010) or removing 

bacterial elements, as in mcDNA (Nehlsen et al., 2006). S/MAR plasmid vectors can have further 
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enhanced replication by human replication-initiation region (derived from β-globin locus) and were used 

to stably transfect T cells to make CAR T cells (Gomes et al., 2021). An alternative to mcDNA, 

minimally sized plasmids without antibiotic resistance gene called nano-S/MAR DNA vectors were 

shown to have increased transgene expression and reduced cytotoxicity in transfected cells  (Bozza et al., 

2020; Luke et al., 2014). This platform has been successfully used to manufacture CAR T cells 

by electroporation in a clinical-approved closed system. In contrast to classical LV transduction, 

this approach reduced costs, increased safety, and produced a clinically relevant yield of CAR T cells 

within just five days  (Bozza et al., 2021).  Another method of T-cell engineering using S/MAR elements 

is non-integrating lentiviral (NILV) vectors. They combine the high efficacy of the LV delivery system 

and circumvent integration-related risks. Tested applications ranged from long-term transgene 

expression and gene downregulation by RNA interference using small hairpin RNA (shRNA) to anti-

CD19 CAR T-cell manufacturing, functionally indistinguishable from CAR T cells made 

with integrative LV vector (Jin et al., 2016).  

 

Figure 17. Non-integrative S/MAR plasmid vector. SAF-A – scaffold attachment factor A.  Figure by Argyros et al., 2011. 

1.4.2.2.4. mRNA  

Using mRNA for genetic modifications is a promising and versatile approach with skyrocketing 

popularity in recent years thanks to the COVID-19 vaccines (Dolgin, 2021). After transfection, mRNA 

localizes in the cytoplasm and does not enter the cell nucleus. This allows transfection of non- or slow-

dividing cells. Again, mRNA is not integrative, which mitigates any integration-related safety concerns.  

By its nature, mRNA’s half-time is limited and expressed only in the short term. One of the biggest 

challenges with mRNA is ensuring its stability; hence, various modifications have been developed 

to increase its half-time and translation efficacy. They involve 5’cap analogs, 5’ and 3’ untranslated 
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regions (UTR) optimizations, codon optimization, nucleotide modifications, and 3’ poly-A tail 

elongation (Figure 18). mRNA is delivered into cells either as naked mRNA by electroporation or a gene 

gun or by endocytosis in a complex with cationic polymer vehicles – lipoplexes and polyplexes (Moretti 

et al., 2022; Tavernier et al., 2011).  

 

Figure 18. Optimization options of mRNA vector for transient protein expression. Figure by Moretti et al., 2022. 

Transient CAR expression could improve safety when the target molecule is partially expressed 

on healthy tissue or with cross-reactive and highly cytotoxic CAR T cells. Conventional constitutive 

CAR T cells could represent a significant safety hazard in these cases. Moreover, from a regulatory 

point of view, mRNA transfection might be the safest and least burdensome method to approve 

for clinical use. Due to the transiency, multiple-dose administration protocols would likely be necessary 

for optimal clinical effect. For instance, in a mouse model, CAR T cells were detected only for seven 

days, and multiple CAR T doses were reported as beneficial  (Y. Zhao et al., 2010). In preclinical 

models, mRNA-electroporated CAR T cells have been tested against hematological malignancies like 

B-ALL, B-CLL, and AML, and solid tumor models in mesothelioma and colon cancer, ovarian 

and breast cancer, neuroblastoma, glioblastoma, and melanoma. Generally, mRNA-CAR T cells were 

on-target cytotoxic, reduced tumor size, and showed lower unwanted on-target off-tumor toxicities  

(Rajan et al., 2020). In clinics, studies targeting antigens CD19 and CD123 for hematological 

malignancies and mesothelin and c-Met for solid tumors have been performed. The studies used 

substantial amounts of CAR T cells with 3-6 repeated administrations. (Rajan et al., 2020). No severe 

side effects were observed, except anaphylaxis in one study due to the IgE-mediated reaction against 

mouse antibody-derived scFv in CAR (Maus et al., 2013). Another critical point is that multiple dosing 

schemes require a tremendous amount of material from patients to manufacture the necessary number 
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of CAR T cells. This might not be easily feasible, especially in leukopenic, heavily pretreated patients 

after several lines of chemotherapy. 

Another use of mRNA in CAR engineering is transposase-encoding mRNA for transposon systems such 

as piggyBac and Sleeping Beauty. Short-term transposase expression efficiently prevents random 

plasmid integration (Bire et al., 2013; Wilber et al., 2006). 

1.4.2.2.5. In vivo-generated CAR T cells 

Classical CAR T-cell therapy is an ex vivo approach, meaning that the patient’s cells are isolated, 

modified, and expanded in vitro and then reintroduced to the patient. This approach requires substantial 

resources, a clean room facility, GMP-certified conditions, quality control, and qualified personnel. 

Logistics represent another issue because the manufacturing facility is usually not a part of the hospital. 

After the patient’s cells are collected, they need to be cryopreserved and sent for manufacturing, 

and then the expanded product is cryopreserved again and shipped back.  Unfortunately, 

due to the autologous nature, no “off-the-shelf” option is yet available. Such a complicated and costly 

process is often prohibitive for it to be used among the first lines of treatment. Changing the process 

to in vivo transfection would solve many of these limitations. However, new safety concerns arise, such 

as the transfection of non-T cells.  

Transfecting circulating T cells in vivo is achieved by delivering nucleic acids enveloped in liposomal 

or polymer nanoparticles modified to target T cells. Initially, Smith et al. created DNA-carrying 

nanoparticles from a biodegradable polymer (poly β-amino ester) and polyglutamic acid with anchored 

anti-CD3e F(ab′)2 antibody fragments for T-cell specificity. These nanoparticles were loaded with two 

plasmids, one encoding CAR in PB transposon vector and the second PB transposase. In a preclinical 

mouse model, the nanoparticles effectively delivered plasmids to T-cell nuclei, prompting stable 

transfection. The in vivo-generated anti-CD19 CAR T cells expanded after contact with antigen 

and were successful in leukemia eradication. As for the safety measures, they argued that toxicity 

of CAR expressed in non-T-cell types would likely be minimal, and the short half-life of nanoparticles 

further secured it. In addition, they cloned CAR under a T-cell-specific promoter  (Smith et al., 2017). 

In the following study, the same group used in vitro-transcribed mRNA for CAR and TCR as a vector 

for transient expression. The same nanoparticles were, this time, coupled with an anti-CD8 antibody 

instead of CD3. When compared to the use of plasmid DNA a higher transfection rate was observed, 

although multiple doses of nanoparticles were necessary for optimal anti-tumor effect. The approach 

was tested on various mouse models, with CD19-specific CAR for leukemia, receptor tyrosine kinase-

like orphan receptor 1 (ROR1)-specific CAR for prostate cancer, and hepatitis B virus (HBV)-specific 

TCR for HBV-induced HCC, with similar outcomes to conventional ex vivo-generated CAR T cells 

(Parayath et al., 2020). A compelling study used in vivo generated, mRNA-transfected, non-tumor-

specific CAR T cells to treat cardiac injury (Rurik et al., 2022). The CAR-coding mRNA was 



 

58 

 

encapsulated in CD5-targeted lipid nanoparticles. The CAR was targeted against fibroblast activation 

protein (FAP), a marker of activated fibroblasts causing fibrosis by excessive secretion of extracellular 

matrix. This method successfully reduced fibrosis and restored cardiac functions in a mouse model.  

In this context, the short-term CAR expression was an upside because, in contrast to malignancies, 

no long-term immune surveillance is needed. Moreover, persisting CAR T cells would interfere with 

physiological fibroblast activation in wound healing (Rurik et al., 2022). 

As an alternative to nanoparticles, viral vectors could be used for in vivo CAR T-cell transduction. Two 

studies have been carried out with CD8-targeted LV vector for in vivo anti-CD19 CAR T-cell production 

in a mouse model with xenografted human PBMCs and lymphoma cell lines (Agarwal et al., 2019; 

Pfeiffer et al., 2018). Tumor cell clearance was observed in CAR-LV-injected mice. However, some 

mice experienced a CRS, which might have been caused by CAR-positive NK and NKT cells. 

A different group developed a bispecific binder targeting LV to T cells (Huckaby et al., 2021). They 

observed a superior anti-tumor effect in a mice xenograft lymphoma model treated with the CAR-LV 

vector plus the bispecific binder compared to the CAR-LV vector alone. However, not a very large 

number of CAR T cells were generated. Alternatively, adeno-associated virus (AAV) vectors are a non-

integrative option for viral transduction. As a proof-of-concept, a CAR-carrying AAV vector was tested 

in a mouse xenograft model for in vivo T-cell transduction, leading to tumor regression (Nawaz et al., 

2021). However, the issue with non-specific delivery is a concern.  

The in vivo CAR T approach could offer significant overall cost reduction, a simplified manufacturing 

process, and a long-term stable “off-the-shelf” therapeutic product, which could facilitate 

the widespread use of CAR T therapy. Another prospect could be combining in vivo CRISPR-based 

technology with CAR T cells, although it has not yet been reported. However, from the regulatory point 

of view, the in vivo transduction must prevent off-target transduction, as it might pose risks 

of unexpected adverse effects. 
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Table 1. Summary of genetic modification methods used for CAR T cell manufacturing. NILV-S/MAR, non-integrating lentiviral 

vector containing a scaffold/matrix attachment region.Table by Guedan et al., 2019. 

1.4.3. Activation of CAR T cells 

For (CAR) T cells to start proliferating, they must be activated. This step varies, depending 

on the protocol. Usually, RV/LV transduction requires T-cell activation before transduction. 

Electroporated cells and cells transfected with non-viral vectors can be activated before or after 

transfection.  

Engagement of both TCR (signal 1) and a costimulatory molecule, e.g. CD28 (signal 2), is pivotal, 

as only signal 1 alone leads to T-cell anergy or apoptosis (Schwartz, 1990). Anti-CD3 plus anti-CD28 

antibodies are the golden standard for in vitro T-cell activation (Levine et al., 1997; Vormittag et al., 

2018). They can be either immobilized by coating on the bottom of the cultivation well or by using 

beads – magnetic (Dynabeads1 by Gibco, Thermo Fisher Scientific, Waltham, MA, USA), polymer 

beads (TransAct2 by Miltenyi Biotec, Bergisch Gladbach, Germany), or dissolvable beads (Cloudz3, 

by Bio-Techne, Minneapolis, MN, USA). Magnetic beads have to be removed after manufacturing. 

Physiological T-cell activation is mediated by APCs. Autologous APCs would be ideal. However, their 

isolation from patients in sufficient numbers and further logistics for CAR T-cell manufacturing would 

be troublesome (Levine, 2015). Artificial APCs (aAPC) and antigenic stimulation by feeder cells 

expressing CAR target molecules and their combination could represent a feasible and efficient way 

for stimulating CAR T-cell expansion. However, APCs or feeder cells need to be irradiated to prevent 

their overgrowth. A way to engineer aAPCs is by transduction of cell line K562 with genes 

 
1 https://www.thermofisher.com/order/catalog/product/11132D 
2 https://www.miltenyibiotec.com/US-en/products/t-cell-transact-human.html#130-111-160 
3 https://www.bio-techne.com/p/cell-culture/cloudz-human-t-cell-activation-kit_cld001 
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of costimulatory molecules such as CD80, CD86, CD83, and 4-1BB ligand (4-1BBL, CD137L) 

(Suhoski et al., 2007). These K562-based aAPCs were compared with similarly transduced autologous 

PBMC-based aAPCs for stimulating anti-CD19 CAR T cells. Both types of cells potently stimulated 

CAR T-cell growth. It has to be pointed out that K562s have an advantage in reproducibility over 

PBMCs due to their interpersonal variability (Nakazawa et al., 2009). Another group successfully tested 

K562 aAPCs expressing 4-1BBL and major histocompatibility complex class I chain-related 

molecule A (MICA) in their anti-CD19 CAR T-cell expansion protocol (Numbenjapon et al., 2007). 

A similar study confirmed the positive effect of K562-based aAPCs expressing CD64, CD86, and 4-

1BBL on CAR T cells, and they further showed that X-ray irradiation was a viable alternative to γ-

irradiation  (Bui et al., 2023). In a study by Nakamura et al., they emphasized the importance 

of (artificial) immunological synapses for optimal T-cell activation. To generate aAPCs, they 

transfected autologous PBMCs with truncated versions of the CAR target molecule (HER2) 

and costimulatory molecules (CD80, 4-1BBL). The anti-HER2 CAR T cells showed substantial 

expansion and were of an early memory phenotype with minimal expression of exhaustion marker PD-

1 (Nakamura et al., 2021). Two studies by a Japanese group tested irradiated autologous activated T cells 

as feeder cells for CD19-specific CAR T cells (Morita et al., 2018; Saito et al., 2014). The generated 

CAR T cells exhibited an early-memory phenotype, and in the second study, they observed enhanced 

CAR expression when compared to CAR T cells without the feeder (Morita et al., 2018). 

1.4.4. Cultivation vessels 

The cultivation step is crucial for expanding cells to reach the desired number of cells for clinical use. 

Large-scale cultivation of clinical-grade CAR T cells in GMP-compliant conditions requires additional 

safety measures to avoid contamination and human error. Rather than conventional cultivation flasks, 

unique vessels with closed or semi-closed systems and possible automation are more favorable in this 

context. 

The G-Rex (Wilson Wolf Manufacturing, St. Paul, MN, USA) platform offers cultivation flasks 

or bioreactors with a gas-permeable membrane at the flask’s bottom, allowing oxygen and carbon 

dioxide to be exchanged (Figure 19A). This leads to increased proliferation of cultivated cells in much 

higher concentrations than in regular flasks. The bioreactors are fully closed systems with tubes 

connected to a pump, allowing media exchange and cell collection (Ludwig & Hirschel, 2020).  

WAVE bioreactor (Cytiva, Marlborough, MA, USA) is a cell bag on an agitation platform with 

an automatic system that controls the concentration of oxygen and pH (Figure 19B). Exchanging 

cultivation media and collecting cells is facilitated by tubes with sterile filters and a pump (Meng et al., 

2018). 
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Figure 19. Cultivation vessels for CAR T cells. 

(A) Fully closed G-Rex bioreactor, figure by https://www.wilsonwolf.com/product-and-order-info/. 

(B) Wave bioreactor, figure by https://acmerevival.com/wp-

content/uploads/2021/03/GEWaveBioreactorSystem210EHBrochure.pdf. 

(C) Quantum cell expansion system, figure by https://www.medicalexpo.com/prod/terumo-bct/product-75244-850081.html. 

(D) CliniMACS prodigy, figure by https://www.miltenyibiotec.com/DE-en/products/clinimacs-prodigy.html. 

Quantum Cell Expansion System (Terumo Blood and Cell Technologies, Lakewood, CO, USA) 

is another automated and fully closed platform (Figure 19C). It uses hollow-fiber bioreactors instead 

of cultivation bags, which permits the cultivation of both suspension and adherent cell types (Coeshott 

et al., 2019).  

CliniMACS Prodigy (Miltenyi Biotec, Bergisch Gladbach, Germany) is an advanced, fully closed 

system that combines magnetic sorting of T cells, transduction with LV vector or electroporation of non-

viral vectors, T-cell activation, and expansion into one instrument (Figure 19D). The all-in-one solution 

offers reproducibility due to automation, scalability, and flexibility (Lock et al., 2022; Mock et al., 

2016).  
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1.4.5. Cytokines for CAR T cultivation 

Cytokine supplementation to the cell culture media is essential for T-cell expansion. This is also referred 

to as “signal 3”. The most widely used cytokine is IL-2, followed by other members of the common γ-

chain family cytokines, notably IL-7, IL-15, and IL-21 (Stock et al., 2019). IL-2 strongly supports T-

cell proliferation. However, it drives T cells into an effector phenotype that is linked with potent 

cytotoxic functions, yet the cells are only short-lived (Liao et al., 2013). Although, only high IL-2 

concentrations had this phenotypic effect (Kaartinen et al., 2017). Therefore, a combination of cytokines 

is required to maintain early-differentiated memory T-cell subsets known for their high proliferative 

capacity and persistence.  

Most expansion protocols that omit IL-2 are based on IL-7, often with the addition of IL-15. Indeed, IL-

7 + IL-15 is a popular combination that supports the retention of central memory (Kaneko et al., 2009), 

and stem cell memory phenotype, leading to better T-cell survival (Cieri et al., 2013; Gargett & Brown, 

2015; Xu et al., 2014). Compared to IL-2, the cytokine combination IL-7 + IL-15 significantly enhanced 

the overall anti-tumor effect of CAR T cells (Gargett & Brown, 2015; Xu et al., 2014; J. Zhou et al., 

2019) and promoted a superior activation and expansion of CAR T and transgenic TCR T cells (Gargett 

& Brown, 2015; Gong et al., 2019; Hoffmann et al., 2018). The addition of IL-15 alone supports stem 

cell memory phenotype by inhibiting mTORC1 and improving the metabolic fitness of T cells (Alizadeh 

et al., 2019). 

An especially interesting cytokine for CAR T-cell cultivation is IL-21. In particular, IL-21 enhances T-

cell activation, expansion, and survival (Hinrichs et al., 2008; Moroz et al., 2004; Singh et al., 2011), 

and strongly promotes cytotoxic functions while maintaining an early-memory phenotype (Hinrichs 

et al., 2008; Santegoets et al., 2013; Singh et al., 2011). In terms of T-cell phenotype and metabolic 

programs, IL-21 acts as an IL-2 antagonist, as they both drive T cells into opposite fates (Hinrichs et al., 

2008). IL-21 suppresses terminal differentiation of T cells, promotes the metabolism of fatty acid 

oxidation instead of glycolysis, and increases mitochondrial biogenesis (Loschinski et al., 2018). 

Furthermore, IL-21 suppresses Tregs  (Attridge et al., 2012; Peluso et al., 2007). Cultivating 

CAR T cells in the presence of IL-21, IL-7, and glycogen synthase-3β inhibitor WTS119 resulted 

in stem cell memory CAR T cells with improved metabolic fitness, providing a long-term anti-tumor 

effect in ALL xenograft model (Sabatino et al., 2016). The combination of IL-21 with IL-15 enhanced 

CAR expression, in vitro early-memory phenotype, and CAR T-cell effector functions (Lamers et al., 

2014). Our protocol relies on the combination of IL-4, IL-7, and IL-21 (Ptáčková et al., 2018). The IL-

4 and IL-7 give strong pro-survival signals, and the addition of IL-21 supports the early differentiated 

memory phenotype, together with low expression of inhibitory receptors. 

After cultivation, the CAR T-cell product is cryopreserved. Before administration and during 

manufacturing, thorough quality control testing must be carried out (Gee, 2018). 
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1.5. T-cell phenotype 

A set of distinct functional and phenotypic attributes characterizes the T-cell memory phenotype. 

The functional elements include T-cell trafficking, homing, effector functions, longevity, and durability 

of the immune response. From the functional spectrum, several T-cell memory subsets are traditionally 

defined by a combination of surface antigens (Figure 20). From the earliest to the latest differential 

stage, T cells go from naïve T (TN) cells to stem cell memory T (TSCM) cells and central memory T (TCM) 

cells, after which follows effector memory T (TEM) cells, and terminally differentiated effector T (TTE, 

TEMRA or TEFF) cells (Jameson & Masopust, 2018).  

T-cell development finishes in the thymus, resulting in mature TN cells. They are antigen-inexperienced, 

and they subsequently migrate into the periphery. TN cells are characterized by the expression 

of CD45RA, CD62L (L-selectin), and C-C chemokine receptor 7 (CCR7) (Van Den Broek et al., 2018). 

The CD45RA is the long CD45 isoform on TN, TSCM, and TTE cells, and its expression is inverse 

to the CD45RO short isoform. CD62L and  CCR7 are important for homing to secondary lymphoid 

tissue such as lymph nodes. Moreover, TN cells are positive for costimulatory molecules CD27 

and CD28 and the IL-7 receptor (CD127). Notably, TN cells are negative for CD95 (Fas receptor); 

it is expressed after antigen stimulation for the possible negative selection by apoptosis (Gattinoni et al., 

2017; Van Den Broek et al., 2018). After antigen stimulation, TN cells undergo expansion 

and differentiation to other memory stages. TSCM cells retain the same immunophenotype as TN cells – 

CD45RA+CD45RO−CCR7+CD62L+CD27+CD28+, except for the high expression of CD95, chemokine 

C-X-C motif receptor 3 (CXCR3), CD122 (IL-2Rβ, IL-2 receptor β chain), and LFA-1 (CD11a) 

(Gattinoni et al., 2011; Lugli et al., 2013). TSCM cells are minimally differentiated and capable 

of multipotency, incredible self-renewal, and persistence. Thus, they are of great interest to adoptive T-

cell therapies. TCM cells represent the next differentiation stage. They are phenotypically similar to TSCM 

except for the exchange of CD45RA to the short isoform CD45RO (Mahnke et al., 2013). The TCM cells 

are capable of cytotoxicity to a lower extent than the later effector stages. Nevertheless, their ability 

to proliferate and persist outperforms the effectors in anti-tumor response (Sallusto et al., 2004). Further 

differentiation of TCM cells leads to the TEM, accompanied by the loss of the expression of lymph node 

homing molecules CD62L and CCR7. Therefore, TEM cells migrate toward the periphery (Masopust 

et al., 2001). Additionally, TEM stepwise stops expressing costimulatory molecules CD27 and CD28, 

which correlates with a gradual increase in cytotoxic functions   (Romero et al., 2007). The CXCR3 

and IL-7Rα are also downregulated (Mahnke et al., 2013). Finally, under prolonged antigen exposure,  

TEM cells differentiate into the terminal effector stage. These TTE cells re-express the CD45RA isoform, 

hence the term TEMRA. Phenotypically, TTE are CD45RA+CD62L–CCR7–CD28–CD27– and have 

the shortest telomeres of all the subsets (Romero et al., 2007). Also, they are prone to T-cell exhaustion 

and senescence, accompanied by the expression of markers like CD57 and KLRG1  (Mahnke et al., 

2013). They are highly cytotoxic but lack longevity and self-renewal. The vast majority of TTE or TEMRA 
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cells die as a result of antigen clearance  (Stock et al., 2019). T-cell early-memory subsets' enhanced 

persistence and proliferative capacity can improve CAR T-cell products to exert better clinical responses 

(El Marabti & Abdel-Wahab, 2023; Meyran et al., 2021). 

 

Figure 20. Differentiation of the T-cell memory subsets. TN – naïve T cells, TSCM – stem cell memory T cells, TCM – central 

memory T cells, TEM – effector memory T cells, TTE- terminal effector T cells. ΔΨm – mitochondrial membrane potential. 

Figure by Gattinoni et al., 2017. 

1.6. T-cell exhaustion and tonic signaling 

Long-term antigen exposure, such as during chronic infections, cancer, and autoimmunities, leads 

to exhausted T cells (Gallimore et al., 1998; Zander & Cui, 2023). This state is characterized 

by progressive loss of effector functions and proliferative capacity. It is accompanied 

by the downregulation of perforin/granzyme B, dampening cytokine secretion, altered metabolism, 

and epigenetic regulation (Belk et al., 2022; Gumber & Wang, 2022). Exhaustion is additionally marked 

by the sustained expression of checkpoint inhibitory receptors like PD-1, CTLA-4, T-cell 

immunoglobulin and mucin-domain containing-3 (TIM-3), and LAG-3 (Gumber & Wang, 2022). 

Additionally, exhausted T cells have short telomeres and express senescence marker CD57 (Brenchley 
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et al., 2003). There is a spectrum of exhaustion stages; an early subset can be “re-invigorated” by PD-1 

blockade, while terminally exhausted T cells are insensitive to it (Beltra et al., 2020).  

Due to the functional impotence, T-cell exhaustion is one of the occurring mechanisms of CAR T-cell 

therapy failure (Fraietta et al., 2018). Besides the general mechanisms of inducing exhaustion, like 

immunosuppressive TME and inhibitory receptors, cytokines (IL-10, TGF-β), and cells (Tregs, MDSCs) 

(Gumber & Wang, 2022), a CAR-specific mechanism was found to contribute as well. Particularly, 

antigen-independent activation, called “tonic CAR signaling”, can lead to exhaustion and AICD. 

It is caused by increased CAR clustering and subsequent persistent signaling (Guedan et al., 2018; Long 

et al., 2015). The CD28-bearing CAR constructs are more prone to exhaustion than the 4-1BB ones 

(Frigault et al., 2015; Long et al., 2015). The selection of the expression system, particularly using strong 

promoters, can cause the overexpression of CAR molecules on the T-cell surface, resulting in tonic 

signaling (Frigault et al., 2015; Guedan et al., 2018).  Gomes-Silva et al. reported that the choice 

of vector for CAR T-cell manufacturing could influence tonic signaling (Gomes-Silva et al., 2017).  

In their study, the LTR in a non-self-inactivating γ-RV vector caused a positive feedback loop 

and enhanced CAR expression, which, in turn, enhanced tonic signaling. Using a self-inactivating LV 

vector mitigated the tonic signaling  (Gomes-Silva et al., 2017). Next, the type and length of the hinge 

region affected tonic signaling (Watanabe et al., 2016). Another strategy that minimized the tonic 

signaling was positioning the 4-1BB domain farther away from the cell membrane in a 3rd-generation 

CAR (Guedan et al., 2018). Additionally, targeting the CAR gene to the TRAC locus using 

CRISPR/Cas9 averted the tonic signaling by ensuring the optimal CAR expression levels (Eyquem et 

al., 2017). 

1.7. Registered CAR T-cell products 

Developing a CAR T-cell product from a preclinical model to clinical trials and finally to a registered 

product is a highly complex process. Even though the number of clinical trials with CAR T cells against 

various cancers is enormous and growing yearly, the only registered products are against hematological 

malignancies. There are six FDA-approved commercial products, all of which are 2nd-generation CAR 

designs (Figure 21). Four are targeting CD19 – tisagenlecleucel (tisa-cel, KymriahTM by Novartis), 

axicabtagene ciloleucel (axi-cel, YescartaTM by Kite Pharma/Gilead), brexucabtagene autoleucel (brexu-

cel, TecartusTM by Kite Pharma/Gilead), lisocabtagene maraleucel (liso-cel, BreyanziTM 

by Juno Therapeutics / BMS); and two are against B-cell maturation antigen (BCMA) – idecabtagene 

vicleucel (ide-cel, AbcemaTM by Bluebird Bio / BMS), and ciltacabtagene autoleucel (cilta-cel, 

CarvyktiTM by Janssen / J&J).  All of them are manufactured from autologous T cells transduced 

by RV/LV vectors.  
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All four CD19 CAR T products, tisa-cel, axi-cel, brexu-cel, and liso-cel, have their scFv derived 

from the exact mouse mAb clone FMC63 (Cappell & Kochenderfer, 2023). Axi-cel4 and brexu-cel5 

designs are identical, incorporating the CD28 hinge, transmembrane, and costimulatory domains; they 

vary in their production methods. In brexu-cel manufacturing, malignant cells are eliminated 

from the patient leukapheresis before transduction (M. Wang et al., 2020). Tisa-cel6 includes CD8α 

hinge and transmembrane regions and the 4-1BB costimulatory domain. Liso-cel7 employs IgG4 hinge, 

CD28 transmembrane, and 4-1BB costimulatory domains. Besides, it further contains separate truncated 

EGFR as a safety switch8 (Ogasawara et al., 2022). Additionally, in liso-cel manufacturing, the CD4+ 

and CD8+ T-cells are separated, and then processed independently, and finally, the CAR T-cell product 

is administrated at a defined CD4+/CD8+ ratio (Teoh & Brown, 2022). Γ-RV vectors in axi-cel 

and brexu-cel achieve the transduction of the CAR gene, while in the case of tisa-cel and liso-cel, 

LV vectors are used (Cappell & Kochenderfer, 2023). 

The BCMA CAR T product ide-cel9, during development known as bb2121, derives its scFv from 

a mouse mAb clone 11D5-3 (Friedman et al., 2018). The BCMA-binding domain of cilta-cel10 

is composed of two connected camelid heavy-chain-only variable (VHH) fragments against two distinct 

BCMA epitopes (Chekol Abebe et al., 2022). Both products contain CD8α hinge and transmembrane 

regions and the 4-1BB costimulatory domain. Likewise, both products are manufactured 

via LV transduction. They are both indicated for the treatment of adult relapsed refractory multiple 

myeloma (RRMM) (Anderson, 2022; Chekol Abebe et al., 2022). Axi-cel, tisa-cel, and liso-cel are 

indicated for treating recurrent large B-cell lymphoma (LBL). Axi-cel and tisa-cel are additionally used 

for follicular lymphoma (FL). Tisa-cel and brexu-cel have been further approved for recurrent B-cell 

acute lymphoblastic leukemia (B-ALL), and brexu-cel is mainly indicated for recurrent mantle cell 

lymphoma (MCL). 

 
4 https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/yescarta 
5 https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/tecartus-brexucabtagene-

autoleucel 
6 https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/kymriah-tisagenlecleucel 
7 https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/breyanzi-lisocabtagene-

maraleucel 
8 https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/breyanzi-lisocabtagene-

maraleucel 
9 https://www.fda.gov/vaccines-blood-biologics/abecma-idecabtagene-vicleucel 
10 https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/carvykti 
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Figure 21. Overview of commercial CAR T-cell products. LBCL – large B cell lymphoma, FL – follicular lymphoma, MCL – 

mantle cell lymphoma, B-ALL –  B-cell acute lymphoblastic leukemia,  RRMM – relapsed refractory multiple myeloma. Figure 

by Cappell & Kochenderfer, 2023. 

  



 

68 

 

2. AIMS 

The aims of this thesis revolve around CAR T-cell manufacturing and how their phenotype affects anti-

tumor functions.  

Specific aims were: 

1) Determination of the influence of cultivation in IL-4 + IL-7 + IL-21 on the phenotype 

of CAR T cells 

2) Verification of the 4th-generation CAR construct with inducible secretion of IL-21 

and characterization of the effect of IL-21 on CAR T-cell immunophenotype and effector 

functions 

3) Implementation of the CAR T-cell production method with transposon vector using 

electroporation of linear DNA and mRNA 

4) Measurement and analysis of the immunophenotype of CAR T cells in a group of patients 

treated with the product tisagenlecleucel 
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3. MATERIAL AND METHODS 

The material, methods, and flow cytometry panels are described in each publication or their 

supplementary materials. 

3.1. Instruments 

Flow cytometer BD LSRFortessa™ (BD Biosciences, San Diego, CA, USA) 

Laser Name Wavelength Detector Mirror Filter Parameter

UV 355 A 690 LP 740/35 BP BUV737

B 570LP 585/15 BP BUV563

C 450/50 BP Indo-1 (Violet)

Violet 405 A 750 LP 780/60 BV786

B 690 LP 710/50 BV711

C 630 LP 670/30 BP BV650

D 600 LP 610/20 BP BV605

E 505 LP 525/50 BP AmCyan

F 450/50 BP Pacific Blue

Blue 488 A 685 LP 710/50 BP PerCP-Cy5-5

B 505 LP 530/30 BP FITC

C 488/10 BP SSC

YG 561 A 750 LP 780/60 BP PE-Cy7

B 635 LP 670/30 BP PE-Cy5

C 600 LP 610/20 BP PE-Texas Red

D 585/15 BP PE

Red 640 A 750 LP 780/60 BP APC-Cy7

B 690 LP 730/45 BP Alexa Fluor 700

C 670/14 BP APC  

Table 2. Configuration of the flow cytometer BD LSRFortessa. 
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5. DISCUSSION 

CAR T cells are becoming a well-established treatment method. They are particularly effective 

for hematological B-cell malignancies and are currently approved for use in later lines of treatment. 

Despite the indisputable revolutionary accomplishments in the field of cancer immunotherapy, this type 

of therapy still suffers from several pitfalls. Namely, there is a need to enhance efficacy, prevent 

relapses, increase safety, broaden the target specificity, or decrease its astronomical production costs. 

This thesis addresses several of these topics of improvement in CAR T-cell therapy. The first aim was 

to test the cultivation of CAR T cells using cytokines IL-4, IL-7, and IL-21 to increase yield and efficacy 

by increasing the early-memory phenotype. Second, employing the qualities of IL-21 led us to develop 

a 4th-generation CAR construct with inducible IL-21 production. It was further used to investigate 

the IL-21 effects on enhancing CAR T-cell functions. The third aim was to implement a transfection 

method based on electroporating CAR vector in piggyBac transposon vector as linear DNA 

and piggyBac transposase as mRNA to further simplify the manufacturing procedure regarding 

regulatory requirements. Fourth, the access to samples of tias-cel-treated patients and their CAR T-cell 

products allowed us to study whether there is a link between the parameters of the apheresis or product 

and the outcome of the treatment, together with observing the CAR T-cell expansion kinetics in vivo. 

5.1. Improving cytokine composition in CAR T-cell manufacturing protocol 

Chapter 1.4.5 reviewed the most common cytokines used for CAR T-cell cultivation. All of the effort 

is aimed at a better CAR T-cell product in terms of proliferation, efficacy, and persistence, all of which 

can be influenced by the T-cell differentiation phenotype. It has been shown that early memory 

CAR T cells correlated with better treatment outcomes due to their enhanced persistence 

and proliferative capacity (Gattinoni et al., 2005; Klebanoff et al., 2005; Xu et al., 2014). Besides 

choosing the costimulatory domain in a CAR construct, the cytokines used in the cell culture 

significantly impact these parameters. First, the cytokines used in CAR T-cell cultivation contributing 

to this early differentiated phenotype will be discussed. 

Our protocol for CAR T-cell cultivation (Ptáčková et al., 2018) was based on the study of Gerdemann 

et al., who used the cytokine combination IL-4 + IL-7 for multi-virus-specific T cells (Gerdemann et al., 

2012). They tested various anti-apoptotic and pro-proliferative cytokines, and they showed that this 

combination outperformed IL-2 in T-cell growth and IL-2 or IL-15 in IFN- γ production. The choice 

of IL-4 might seem controversial, as it is a prototypic Th2-polarizing or Th1-suppressive cytokine. 

Notwithstanding, they reported that the T cells cultivated in the presence of IL-4 + IL-7 produced 

signature Th1 cytokines – IFN- γ, GM-CSF, IL-2, and TNFα. Moreover, the T cells did not produce 

a significant amount of Th2-specific cytokines IL-5 and IL-13. Furthermore, the combination of IL-4 + 

IL-7 did not stimulate the growth of Tregs (Gerdemann et al., 2012).  
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In our study, we first replicated this protocol on our model anti-CD19 CAR (CAR19) T cells (Ptáčková 

et al., 2018). We confirmed the superior effect of IL-4 + IL-7 on CAR T-cell expansion to IL-2. 

In addition, we tested activating the cells with anti-CD3/CD28 mAbs or leaving cells unstimulated. 

We observed that without stimulation, CAR19 cells expanded up to 90% of the CAR+ population. This 

was due to the recognition of endogenous B cells in the electroporated PBMCs, which we verified by B-

cell depletion via cell sorting. This method elegantly and efficiently solves specific CAR T-cell 

activation via autologous feeder cells. Nonetheless, the limitations of this method represent pretreated 

patients with B-cell aplasia and that this works only against targets available on PBMCs. Irradiated 

autologous or donor-derived PBMCs or aAPCs could address this; however, it adds more complexity 

to the manufacturing process (chapter 1.4.3.). Another universally applicable solution for any CAR 

construct is the stimulation of the transduced cells via CAR-specific mAbs. These could either be anti-

idiotypic or tag-specific. In our case, we engineered the Myc tag into a PSMA-specific CAR. Activation 

with anti-Myc mAb led to a selective CAR T cell expansion compared to polyclonal stimulation, where 

CAR T cells were a minority (Ptáčková et al., 2018).  

Then, in our protocol, we have further added IL-21 to this mixture of IL-4 and IL-7 (Ptáčková et al., 

2018). Our data showed that CAR T cells cultivated in the cytokine cocktail of IL-4 + IL-7 + IL-21 

efficiently expanded, had antigen-specific cytotoxicity, and produced IFN-γ and TNFα upon activation. 

According to expectations, adding IL-21 resulted in an elevated percentage of TSCM-like and TCM cells. 

In addition, these cells were double positive on costimulatory markers CD27 and CD28, corresponding 

to the early differentiated phenotype. Moreover, the expression of inhibitory receptors PD-1, TIM-3, 

and LAG-3 was lower than in those cultivated in IL-2. Another difference was the preferential growth 

of CD4+ CAR T cells and cultivation in IL-2-supported CD8+ CAR T cells. Nonetheless, there was 

no difference in cytotoxicity against Ramos cells. We further showed that even CD4+ CAR T cells 

degranulate, although to a lower extent than CD8+ (Ptáčková et al., 2018). 

The classical method of manufacturing CAR T cells uses polyclonal anti-CD3/CD28 activation, 

transduction via RV/LV vectors, and IL-2 supplementation (Duong et al., 2015). IL-2 is a well-known 

T-cell growth factor. Nevertheless, the IL-2-mediated expansion is physiologically coupled with effector 

differentiation. The effector T-cells are highly cytotoxic but have a limited lifespan (Liao et al., 2013). 

However, only high IL-2 concentrations drove T-cells into the effector phenotype (Kaartinen et al., 

2017). Additionally, IL-2 can be responsible for the induction of AICD. The mechanism of this coupling 

lies in the IL-2 signaling (Crompton et al., 2014). The IL-2 receptor is comprised of the common γ-chain 

receptor (γc), which is shared with the γc family cytokines (IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21), 

and the IL-2R subunit (CD122, IL-2Rβ) as the low-affinity heterodimer or plus CD25 (IL-2Rα), 

the high-affinity non-signaling chain as a heterotrimeric receptor on activated T and B cells. The signal 

is transduced by JAK3 associated with the γc and JAK1 associated with the IL-2Rβ chain. This activates 

the JAK/STAT, PI3K/Akt, and MAPK pathways (Boyman & Sprent, 2012). The effector differentiation 
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part is driven by the JAK/STAT and PI3K/Akt ones. These pathways lead to the activation 

of corresponding downstream transcription factors, STAT5 and FOX01, respectively. Phosphorylated 

STAT5 dimerizes and directly stimulates the expression of effector molecules, while FOX01 stimulates 

and inhibits other transcription factors.  The proliferation signal is mediated by the RAS/RAF/MAPK 

pathway, ending with activation of the cMYC transcription factor. cMYC directly stimulates 

the expression of cyclins and represses the expression of anti-apoptotic molecules Bcl-2 and cyclin-

dependent kinase inhibitor p21 (Crompton et al., 2014).  

IL-4 is a pleiotropic cytokine particularly known for differentiating Th2 T cells, supporting B-cell 

expansion and isotype switch, activating mast cells, and supporting M2 macrophage differentiation. IL-

4 is produced by T-cells, eosinophils, NKT cells, basophils, and M2 macrophages (Keegan et al., 2021). 

IL-7 is an essential cytokine for the development of the immune system by stimulating the lymphoid 

progenitors and lymphoid tissue. It is produced mainly by non-hematopoietic cells such as bone marrow 

stroma cells, thymus epithelial cells, liver and gut cells. IL-7 promotes the homeostasis of T, B, 

and NK cells. In contrast to IL-2, IL-7 supports T-cell survival without inducing AICD (D. Chen et al., 

2021). The IL-4 and IL-7 receptors contain the γc and their corresponding subunits, IL-4Rα or IL-7Rα. 

The signaling pathways activated by IL-4 and IL-7 are PI3K/Akt, MAPK, and IL-4 activates STAT-6 

and IL-7 STAT-5 (J. X. Lin & Leonard, 2018). Therefore, both IL-4 and IL-7 strongly support 

the proliferation and survival of T cells. This includes the elevation of anti-apoptotic proteins of the Bcl-

2 family, such as Bcl-2, Bcl-XL, and Mcl-1, together with the downregulation of pro-apoptotic proteins 

BAX and BAD (Aronica et al., 2000; D. Chen et al., 2021; Keegan et al., 2021; J. X. Lin & Leonard, 

2018; Vella et al., 1997).  

IL-21 is produced mainly by T cells and NKT cells. IL-21 receptor consists of the γc and IL-21Rα, which 

signals via PI3K/Akt, MAPK, and STAT3 (J. X. Lin & Leonard, 2018). STAT3 is crucial to maintaining 

memory T cells (Siegel et al., 2011). IL-21 has pleiotropic functions on T and B cells, monocytes, DCs, 

and macrophages. In T cells, IL-21 stimulates cytotoxicity, proliferation, anti-tumor activity,  Th17 

and follicular helper T-cell (TFH) differentiation, and importantly, prevents the terminal differentiation 

of T cells (Hinrichs et al., 2008; Leonard et al., 2016; Moroz et al., 2004; Santegoets et al., 2013; Singh 

et al., 2011). Regarding differentiation programs, IL-21 acts as an IL-2 antagonist (Hinrichs et al., 2008). 

This also corresponds to T-cell metabolism; IL-21 supports oxidative phosphorylation 

and mitochondrial biogenesis, while IL-2 stimulates glycolysis (Loschinski et al., 2018). Another 

important note is that IL-2 supports Treg expansion, while IL-21 inhibits it (Attridge et al., 2012; Peluso 

et al., 2007).  

It has been described that IL-21 is synergistic with IL-7, IL-15, and IL-18 (Du et al., 2021; Lamers et al., 

2014; S. Liu et al., 2007; Pouw et al., 2010; Strengell et al., 2003; Zeng et al., 2005). Li et al. have shown 

that IL-21 and IL-7 together further enhanced the expansion of T cells, production of Th1 
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and inflammatory cytokines, cytotoxic and anti-tumor functions of CD8+ T cells, and increased 

the expression of IL-7Rα (Du et al., 2021; S. Liu et al., 2007; Zeng et al., 2005). The combination of IL-

21 and IL-15 supported the proliferation of CD8+ T cells, early-memory phenotype maintenance,  

and effector functions such as cytotoxicity, IFN-γ production, and anti-tumor effect  (Du et al., 2021; 

Lamers et al., 2014; Pouw et al., 2010; Zeng et al., 2005). IL-21 and IL-18 enhanced IFN production, 

albeit to a lower extent than with IL-15 (Strengell et al., 2003). Finally, IL-21 and IL-2 do not have 

a synergistic effect, as they act antagonistically (Du et al., 2021; Hinrichs et al., 2008; Singh et al., 2011; 

Zeng et al., 2005).  

Other approaches to achieve a high percentage of memory phenotype CAR T cells can vary. 

For example, low IL-2 concentrations and shorter cultivation stimulated the retention of the TSCM-like 

cells, while high concentrations caused the opposite differentiation (Kaartinen et al., 2017). Next, 

Sabatino et al. developed a protocol for generating CAR T cells with TSCM phenotype based on cytokines 

IL-7 + IL-21 with glycogen synthase-3β (GSK-3β) inhibitor TWS119 (Sabatino et al., 2016). 

The inhibition of GSK-3β activates the WNT/β-catenin pathway, which is crucial for maintaining 

stemness. It was also shown to prevent T-cell differentiation from memory into the effector phenotype 

(Gattinoni et al., 2009). These TSCM anti-CD19 CAR T cells exhibited enhanced anti-tumor effects 

in xenograft ALL models to standard CAR T cells cultivated in IL-2 with TEM (Sabatino et al., 2016). 

Another way of successfully increasing the TSCM percentage in CAR T-cell products was by PI3K 

inhibitors (Funk et al., 2022; Perkins et al., 2015). The underlying reasoning was that the T cells were 

shown to divide asymmetrically, and the one with more PI3K/mTOR signaling differentiated 

into effectors and vice versa (W. H. W. Lin et al., 2015; Nish et al., 2017).  

Currently, IL-7 + IL-15 is one of the most used combinations of cytokines for CAR T-cell cultivation. 

This combination strongly supports T-cell expansion, survival, and retention of the TSCM/CM phenotype 

(Cieri et al., 2013; Gargett & Brown, 2015; Kaneko et al., 2009; Xu et al., 2014). The IL-15 receptor 

comprises the low-affinity heterodimeric IL-2R (γc and IL-2Rβ) and IL-15Rα subunit. The high-affinity 

non-signaling IL-15Rα chain is expressed mainly on monocytes and DCs, which trans-presents IL-15 

to IL-15R-bearing cells. Its signaling is mediated via PI3K/Akt, MAPK, and STAT5. IL-15 serves 

for NK-cell development, maintenance, and proliferation; in T cells, it stimulates proliferation and CD8+ 

memory development and opposes Th17 differentiation (J. X. Lin & Leonard, 2018). The difference 

in signaling between IL-2 and IL-15 is that IL-2 binds the preformed high-affinity receptors, and when 

binding IL-2, there is closer interaction between the subunits. Also, IL-15 signaling is mainly mediated 

in the context of trans-presenting by APCs (Waldmann, 2006). IL-15 signaling triggers the production 

of anti-apoptotic proteins of the Bcl-2 family (Shenoy et al., 2014). In a study by Alizadeh et al.,  IL-15 

alone preserved the TSCM phenotype in CAR T cells by reducing mTORC1 activity, similar to the PI3K 

inhibitors. Interestingly, the addition of IL-7 or IL-21 reduced this effect (Alizadeh et al., 2019). 
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Strategies to improve the memory phenotype composition of CAR T-cell products are primarily based 

on the cytokine composition during the cultivation. Another approach is manufacturing the CAR T cells 

directly from the preselected memory T-cell subsets (Meyran et al., 2021). 

5.2. Secretory IL-21 for augmenting CAR T-cell functions 

The previous chapter discussed the cytokine composition used in CAR T-cell manufacturing. Ideally, 

the result would be invincible CAR T cells that eliminate all tumor cells without causing severe adverse 

reactions, which would persist in vivo to prevent potential relapses. However, after the CAR T-cell 

administration, in vivo, there can be a lack of stimulatory cytokines and costimulatory signals, 

and the presence of inhibitory ones may result in CAR T-cell dysfunction and therapy failure. The 4th-

generation CAR-T cells are engineered to tackle these problems, as described in the introductory chapter 

1.3.4. Here, the focus is on IL-21-armed CAR T cells and their potential against a CAR-resistant 

malignancy like chronic lymphocytic leukemia (CLL).  

Based on our previous research (Ptáčková et al., 2018), we have further investigated the effect of IL-21 

on the model CAR19 T cells during co-culture with their target cells. Subsequently, we constructed 

an inducibly IL-21-producing CAR (i.e., TRUCK) and tested it in various contexts (Štach et al., 2020). 

As described before, IL-21 promotes T-cell proliferation and the retention of early memory phenotype. 

Initially, we showed that our cultivation method using IL-4 + IL-7 + IL-21 resulted in the majority 

of CD62L+CD27+CD28+CD95– population, termed TSCM-like, contrary to using IL-2, where these were 

only in the minority (i.e., “effector-like”). By using a simple in vitro co-culture model with Burkitt 

lymphoma cell line Ramos, we compared CAR T cells manufactured this way, either without adding 

exogenous cytokines or with adding either IL-2 or IL-21. CAR T cells grown in IL-4 + IL-7 + IL-21 

survived and expanded more, even without exogenous cytokines. However, the addition of IL-21 caused 

much higher CAR T-cell expansion and retainment of the TSCM-like phenotype and much lower 

expression of PD-1 in CD8+ CAR T cells than the addition of IL-2 to cells initially expanded with IL-2. 

Next, we looked at the phenotype of CAR T cells cultivated in IL-4 + IL-7 + IL-21 or IL-2 (i.e., were 

TSCM-like or effector-like) after co-culture with Ramos cells and with either IL-2 or IL-21 added. 

The addition of IL-2 caused differentiation into effector phenotype in both groups, while IL-21 caused 

upregulation of the memory markers in both groups. Therefore, IL-2 differentiated TSCM-like cells into 

effectors, and IL-21 reinvigorated effectors into the early memory phenotype. We have thus confirmed 

the opposing effect of these cytokines. These experiments were repeated with solid tumor antigen 

(PSMA) CAR T cells with similar results. We have also shown that IL-21 inhibited apoptosis 

of CAR T cells during a multiple-day co-culture. 

This data persuaded us to construct CAR19 with IL-21 under an inducible NFAT promotor that activates 

expression after T-cell activation. These CAR19 NFAT-IL21 T cells could benefit from IL-21 after 

recognizing their target. First, we successfully tested the inducible IL-21 expression. Second, 
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the functional test in repeated antigenic re-stimulation with Ramos cells proved enhanced proliferation 

and retainment of the TSCM-like phenotype in CAR19 NFAT-IL21 T cells. Furthermore, even after three 

rounds of re-stimulation, these CAR19 NFAT-IL21 T cells were still found functional by degranulation 

assay. Furthermore, in a Ramos cell-induced tumor mouse model, CAR19 NFAT-IL21 T cells infiltrated 

tumors and reduced the tumor weight more than CAR19-control cells. 

Finally, we tested these IL-21-armed CAR T cells on an in vitro model of a CAR T-cell-resistant 

malignancy, CLL. The average complete response (CR) rate of CAR19 treatment of CLL is only about 

30% (Todorovic et al., 2022). It has been described that the CLL cells cause T-cell dysfunction 

via extracellular vesicles (Cox et al., 2021). Analysis of T cells from CLL patients revealed that they 

have impaired metabolism in terms of reduced glucose uptake and mitochondrial fitness (Van Bruggen 

et al., 2019). In addition, they have hampered synapse formation (Ramsay et al., 2012). Moreover, 

the chronic antigenic stimulation results in an exhausted phenotype of T cells accompanied by high 

expression of inhibitory receptors (Vlachonikola et al., 2021). Thus, we have hypothesized that 

autologous secretion of IL-21 could overcome this inhibition. We developed a physiological in vitro 

model of CLL by cultivating the primary CLL cells within the bone marrow fragments they infiltrated. 

In this model, we co-cultured CLL cells with GFP-labeled regular CAR19 and CAR19 NFAT-IL21 

T cells via plasmid co-electroporation. This way, we could observe the CAR T-cell infiltration into 

the bone marrow fragments, which IL-21 enhanced. After 10 days, at the end of the co-culture, we 

measured the percentage of GFP+ cells and their immunophenotype. The CAR19 NFAT-IL21 T cells 

expanded significantly more than regular CAR19, and IL-21 helped maintain the TSCM-like phenotype. 

Then, we tested the functionality of these CAR T cells after the co-culture with CLL cells 

by degranulation assay, and interestingly, CAR19 cells did not degranulate. In contrast, the CAR19 

NFAT-IL21 T cells degranulated and killed Ramos cells. Moreover, the CAR19 cells did not produce 

IFN-γ, while in CAR19 NFAT-IL21 T cells, the IFN-γ production remained unaffected. Interestingly, 

the CAR19 T cells did not express inhibitory receptors PD-1, TIM-3, or LAG-3, or the senescent marker 

CD57, which suggests a dysfunction in metabolism or in synapse formation. Overall, we demonstrated 

that the production of IL-21 by CAR T cells helped overcome the inhibitive mechanisms of CLL 

in vitro. 

Other groups have published similar effects of IL-21 on T cells. First, Markley and Sadelain developed 

CD19-specific CAR T cells constitutively expressing either IL-2, IL-7, IL-15, or IL-21 and tested them 

on eradicating systemic B-cell tumors in mice (Markley & Sadelain, 2010). Expression of each cytokine 

increased CAR efficacy but on a different level.  CAR T cells producing IL-2 and IL-15 exerted 

the highest effector functions in vitro, although IL-7 and IL-21 outclassed them in vivo by providing 

the longest tumor-free survival. By repeated antigenic stimulation in vitro, the most expanding 

CAR T cells were those producing IL-7, albeit they did not sustain this persistence in vivo. CAR T cells 

secreting IL-15 or IL-21 could be detected in the spleen of tumor-free mice even up to 100+ days post-
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infusion (Markley & Sadelain, 2010). Batra et al. studied the effect of secretory IL-15, IL-21, or both 

on CAR T cells in a solid tumor HCC model (Batra et al., 2020). They reported that in vivo, 

the combination of IL-15 + IL-21 exhibited the highest efficacy in anti-tumor effect, expansion, 

and persistence compared to either cytokine expressed alone. A recent study on IL-21-secreting CAR-

iNKT cells reported that IL-21 promoted the memory phenotype of the CAR-iNKT cells, their 

persistence in solid tumor-bearing mice model, and overall anti-tumor activity (Y. Liu et al., 2024). 

In another recent study, the authors first evaluated the exogenous addition of IL-21 on TCR T cells 

in vitro and in vivo for the treatment of HCC (Zhu et al., 2024). As expected, IL-21 increased T-cell 

expansion, the percentage of memory phenotype, and downregulated PD-1. Further, they engineered 

a novel mutant constitutively active IL-21 receptor, which promotes STAT3 signaling without binding 

an exogenous ligand. This receptor is a homodimer of two IL-21Rα chains connected with a disulfide 

bond in the transmembrane domain. To allow detection, the extracellular domains were swapped 

for those of CD34. TCR T cells with this novel receptor exhibited similar superior functions as with 

exogenous IL-21 in vitro after three rounds of co-culture with tumor cells and in vivo in a mouse model. 

Moreover, the engineered IL-21 receptor mitigated TCR T apoptosis and exhaustion and stimulated 

memory phenotype maintenance after repeated stimulations (Zhu et al., 2024).  

Altogether, multiple groups have published very similar results to ours on augmenting the anti-tumor 

effects and promoting the memory phenotype of T-cell-based therapies by IL-21. With its unique 

properties on T cells, IL-21 seems severely underappreciated in the current CAR T-cell manufacturing 

protocols. Thus, this approach seems promising in developing products against resistant diseases 

and potentially solid tumors. 

5.3. Non-viral vector platform to meet regulatory requirements for CAR T-cell 

production 

Chapter 1.4.2 described vectors for genetic alteration of T cells. Currently, the most widely used vectors 

for manufacturing clinical-grade CAR T cells are based on RV/LV transduction, which is an efficient 

and reliable technology (Cappell & Kochenderfer, 2023). However, developing novel and experimental 

constructs with GMP certification and their subsequent approval takes a substantial amount of time (1-

3 years) and represents astronomically high expenditures. Moreover, it requires a biosafety level 2 

facility (Morgan & Boyerinas, 2016; Poorebrahim et al., 2019). Aside from that, point-of-care CAR T-

cell production in local medical facilities could immensely improve the accessibility of this treatment. 

Therefore, there is a need for an easily-approvable and more economical way of genetically modifying 

T cells.  

Transposon vectors represent only nucleic acids and, thus, do not require special biosafety, 

and the generation of new constructs is quick and inexpensive. However, they are considered less 

efficacious to RV/LV vectors due to lower transduction rate and high initial cell mortality 
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due to electroporation. Additionally, there is a risk of genotoxicity by a more random integration 

pattern, and the amount of introduced transgene could be high (Balke-Want et al., 2023).  

In our previous work (Ptáčková et al., 2018), we have shown that producing CAR T cells with 

a piggyBac transposon via electroporation of plasmids is feasible. Later, in 2021, the Czech regulatory 

agency SÚKL approved this protocol for the GMP-certified manufacture of CAR19-T cells 

and a phase I clinical trial (NCT05054257). In our following study (Kaštánková et al., 2021), we have 

further updated this system to make it completely plasmid- and bacteria-free, making it easier 

for the regulatory agency to approve its use in clinics. Our method is based on the electroporation 

of CAR-encoding linear DNA transposon and mRNA encoding the piggyBac transposase. The transient 

mRNA expression circumvents even a slight chance of transposase-carrying plasmid integration. 

The linear transposon DNA was prepared commercially via preparative PCR by LinearX, USA. 

The mRNA was prepared by in vitro transcription using a linearized plasmid as a template.  

One of the main requests by regulatory agencies regarding CAR T-cell product quality is a low vector 

copy number (VCN). Currently, most agencies in the EU require a VCN below 5. Using our regular 

protocol of 4 µg of CAR plasmid and 2 µg of transposase plasmid, the average VCN was about 23. 

To reduce the VCN, we titrated the amount of linear DNA per electroporation and assessed the VCN 

by digital droplet PCR (ddPCR). We aimed to introduce VCN between 1 and 3, which would stay safely 

below the upper maximal limit of 5 copies per cell. We have found that this “transposon dilution” 

method works with both linear DNA/mRNA and plasmid/plasmid settings. The optimal concentration 

was 0.3 µg DNA per electroporation reaction while still obtaining over 60% CAR+ T cells at day 

21 post-electroporation. We have also shown that the VCN is stable during the in vitro cultivation. Next, 

we compared the functionality, i.e., cytotoxicity and IFN-γ production, and differentiation phenotype 

of the CAR T cells produced by linear DNA/mRNA and those produced by the classical 

plasmid/plasmid method. We have found them both functional and with TSCM-like phenotype, 

corresponding to the cytokines used, without any significant differences. Therefore, we present our 

protocol as a feasible, easily-approvable alternative to other vectors in CAR T-cell manufacturing. 

Bishop et al. shared our goal of removing the bacterial element from piggyBac vector manufacturing 

(Bishop et al., 2020). As the transposon vector, they enzymatically synthesized linear covalently closed 

DNA termed “doggybone”. After optimizing the flanking regions, this approach allowed the successful 

transposition of the CAR gene (Bishop et al., 2020). This illustrates that abiotically produced vectors 

can reduce costs and facilitate approval. Minicircle DNA is another possibility of a transposon vector 

form containing no bacterial elements. It is created from a plasmid by recombination and works similarly 

with a transposase such as SB (Prommersberger et al., 2021, 2022).  

Currently, there are many clinical trials on CAR T cells produced by transposon vectors of both 

piggyBac (Costello et al., 2021; Nishio et al., 2021; Slovin et al., 2022; Y. Zhang, Zhang, et al., 2021) 
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and Sleeping Beauty systems (T. Chan et al., 2020; Kebriaei et al., 2016; Magnani et al., 2020; 

Prommersberger et al., 2021; Sallman et al., 2021; Singh et al., 2022). Therefore, this technology 

is being accepted as a viable alternative to RV/LV vectors.  

In one clinical trial with allogeneic donor-derived anti-CD19 CAR T cells produced by piggyBac 

(ACTRN12617001579381), the CAR T-cell product developed into a malignant lymphoma 

in 2 patients. The malignant CAR T cells had a high transgene copy number (>20 copies/cell), although 

the number was similar in non-malignant CAR T cells and with no known oncogenic insertions. 

However, changes were found in genomic copy numbers and insertion-unrelated point mutations. 

Additionally, due to transgenic promotor-driven readthroughs, CAR-adjacent genes were 

overexpressed.  The malignant CAR T cells did not expand in vitro after CD19 antigenic stimulation, 

indicating that the malignant transformation was CAR-signaling independent. The authors suggest 

it was a multifactorial process with no unveiled mechanism (Micklethwaite et al., 2021). Even 

as a solitary incident, it raises a precedent in the safety question. Moving forward, there will probably 

be a call for more stringent quality control of CAR T-cell production, which may include mapping 

of integration sites. 

5.4. Characterization of the CAR T cells of tisa-cel-treated patients 

Chapter 1.7 describes commercially approved CAR T-cell products. Tisagenlecleucel (tisa-cel, 

Kymriah® by Novartis) has been used in the Czech Republic since 2019 as the first commercially 

available CAR T-cell product. It is an anti-CD19 CAR T-cell product approved for treating r/r DLBCL 

and B-ALL. The product is autologous and is manufactured from intensively pretreated patients’ cells. 

Chemotherapy, particularly bendamustine, negatively affects the quality of T cells (Iacoboni et al., 

2024). For an expensive therapy like CAR T cells, there is a desperate search for traits correlating 

with the response. Knowing the parameters predicting the treatment outcome could better stratify 

the patients into those likely to respond to standard CAR T cells and those eligible for alternative 

treatment, such as next-generation CAR T cells. In our study, we have tried to find a connection between 

the differentiation phenotype of the (CAR) T cells and the treatment outcome. The early-memory 

phenotype was shown to be beneficial for successful CAR T-cell treatment (Gattinoni et al., 2005; 

Klebanoff et al., 2005; Xu et al., 2014). Additionally, we monitored the CAR T-cell expansion kinetics 

(Sarikonda et al., 2021). 

There are two types of CAR T-cell treatment failure. The first is an early failure when the administered 

CAR T cells do not cause even a partial response (PR), and the disease continues progressing, so-called 

non-responders (NR). The second is a late relapse, which occurs after an initial response and a period 

of remission. It is either caused by an escape variant of the tumor or by the extinction of CAR T cells.  

Our study followed 32 patients treated with tisa-cel for either B-ALL, DLBCL, or pediatric B-ALL 

(Štach et al., 2023). We used multiparametric flow cytometry to assess the differentiation phenotype 
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and the percentage of CAR T cells in a set of patient samples.  Following the manufacturing protocol, 

the first was the starting material, apheresis. Next was the CAR T-cell product obtained 

by washing out the discarded effusion bag after the product administration. Finally, samples 

of peripheral blood (or bone marrow) were measured at three time points post-infusion: an early time 

point (day 2-4), a point of predicted peak CAR T-cell expansion (day 10-14), and a late time point 

(day 30+). Then, we compared the results of the patients based on their response state at 3 months post-

infusion – complete response (CR), PR, and NR (evaluated by PET/CT scan).  

The T-cell phenotype analysis of apheretic material revealed an elevated percentage 

of the CD8+CD45RA+CD27+ in the CR group to the NR. This population corresponds to a non-naïve 

resting memory population with a high proliferative capacity, which obtains effector functions after 

antigen re-exposure (Fraietta et al., 2018; Lécuroux et al., 2009). This is in agreement 

with the hypothesis that these memory-like phenotype cells hold greater anti-tumor ability. This 

population was similarly described in another CAR T-cell study on CLL patients (Fraietta et al., 2018). 

The T cells of patients were generally lower percent in the TSCM-like compartment than those of healthy 

donors, corresponding to the effect of disease and chemotherapies. The CAR T-cell product analysis 

first showed a variable percentage of CAR+ cells (10-40%) and mostly CD4+ CAR T cells. 

Phenotypically, most represented TCM and TEM cells, with only a few TSCM cells and mostly CD27 

negative cells. This more effector-like phenotype could be attributed to IL-2 during cultivation. 

However, no major significant differences were found between the CR and NR groups.  

Next, the in vivo CAR T-cell expansion kinetics showed the peak expansions at the second time point. 

The most evident difference between the CR and NR groups was the fold expansion between the first 

two time points.  In the peripheral blood of responders, the CAR T cells expanded up to 150-fold, while 

there was little to no observable expansion in NRs. This might be a useful tool for clinicians to predict 

treatment outcomes. The differences in immunophenotype were found at the second time point; the CR 

group had more TCM and PD1–TIGIT– CAR T cells in peripheral blood. Again, this supports the early-

memory phenotype hypothesis. We received a bone marrow sample in several cases. Compared 

to the corresponding peripheral blood samples, there was a much higher percentage of CAR T cells 

in the bone marrow in a couple of cases. This might explain some responders' very low observable 

peripheral blood expansion when most CAR T-cell expansion occurs at the tumor site. Unfortunately, 

obtaining such samples, apart from some exceptions, is not possible. The immunophenotype comparison 

showed only minor differences. 

Another highly important parameter affecting the response is the disease's attributes. The NR group had 

mostly primary-refractory aggressive B-cell lymphomas and large tumor burdens. 

To summarize, we did not observe a correlation between the product's immunophenotype and treatment 

outcome. Our data suggested that responders to the CAR T-cell therapy had a higher percentage 
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of the early-memory T cells in the apheresis. The measurable expansion of CAR T cells in peripheral 

blood correlated with the response rate and could be an important prognostic factor. 

Many other groups have researched the factors contributing to the CAR T-cell response rate, 

which includes the parameters of expansion, effector functions, persistence, and length of the anti-tumor 

effect. In a preclinical in vitro and in vivo setting, experiments with anti-CD19 CAR T cells made 

from sorted CD4+ or CD8+ memory subsets. They revealed that the cytokine-producing ability, 

expansion, and anti-tumor ability were highest in the TN then TCM-derived CAR T cells and lowest 

in the TEM-derived ones, both for CD4+ and CD8+ cells. Moreover, the CD4+ and CD8+ CAR T cells 

showed synergistic activity (Sommermeyer et al., 2015). Fraietta et al. unveiled some of the response 

determinants for CAR T-cell therapy of CLL. The memory-like phenotype of T cells in the starting 

material and the CAR T-cell product correlated with a favorable therapeutic response. And vice versa, 

non-responding patients’ CAR T cells upregulated genes linked with effector phenotype, exhaustion, 

glycolytic metabolism, and pro-apoptotic pathways (Fraietta et al., 2018). A study by Finney et al., 

similar to ours, reported attenuated CAR T-cell expansion and effector functions in the initial non-

responding patients. In contrast, the CAR T-cell products of all patients were phenotypically 

and functionally comparable. Additionally, they reported an increased percentage of the LAG-3+TNFαlo 

population in the aphereses of non-responders and increased expression of exhaustion markers 

after CAR T-cell administration (O. C. Finney et al., 2019). In a solid tumor setting, Klaver et al. 

described that the patients that had more CD8+ TN cells in the apheresis and CD8+ central effectors 

(CD45RA+CD45RO+CD27/CD28−) in the product exhibited higher fold of in vivo CAR T-cell 

expansion (Klaver et al., 2016). In a clinical trial with CAR T cells against glioblastoma, a link was 

found between the percentage of CD4+ and TCM cells in the product and the prolonged duration 

of CAR T-cell persistence (Louis et al., 2011). Clinical trials with TILs likewise connected 

responsiveness and either early-memory parameters like longer telomere length and CD8+CD27+ 

percentage (Rosenberg et al., 2011) or CD8+ stem-like CD39−CD69− phenotype in the infused cells 

(Krishna et al., 2020). Detailed analysis done by Wang et al. showed that a higher population of CD8+ 

TSCM-like cells in the premanufacture material was key to establishing a durable anti-tumor response 

in DLBCL patients treated by anti-CD19 CAR T cells (Y. Wang et al., 2023). They also suggested that 

the variability of clinical outcomes reflected the heterogeneity of the starting material, which was similar 

to what we observed. 

On a side note, as of 2024, tisa-cel has been mostly outclassed by axi-cel due to better treatment 

outcomes despite higher associated toxicities (Bachy et al., 2022; Gagelmann et al., 2024). 

All of the mentioned studies, including ours, underline the importance of the early-memory T-cell 

phenotype for successful CAR T-cell treatment. Unfortunately, the outlooks of patients not responding 

to CAR T-cell treatment or relapsing at a later time point are dismal. At this point, the only available 
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therapy is purely experimental (Negishi et al., 2023). In the case of a target-antigen-negative relapse, 

there is the possibility of administering CAR T cells specific to another antigen (e.g., CD20 or CD22 

in a CD19-negative relapse). However, this would require a pre-prepared second product, 

as the manufacturing process is lengthy and the patients face a time constraint. The second 

administration of the same CAR T-cell product is often not particularly effective (Gauthier et al., 2021), 

as we have seen in the case of four patients, where it prolonged the remission of one patient by a year  

(Štach et al., 2023). Other salvage therapies include lenalidomide, bispecific antibodies, checkpoint 

inhibitors, molecular target drugs, chemotherapy, immunochemotherapy, or radiotherapy, all 

with discouraging results (Negishi et al., 2023). Another option could be manufacturing a 4th- or next-

generation CAR T from the same apheresis. Additionally, one of the possible solutions to promote 

CAR T-cell efficacy by preventing T-cell deterioration by chemotherapy would be acquiring 

the apheresis at the time of diagnosis before starting traditional treatment. Nonetheless, even a CAR T-

cell treatment leading only to a temporary remission can be successfully used as a bridging therapy 

before a curative HSCT (X. Y. Cao et al., 2023; Qiu et al., 2023). 
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6. CONCLUSION 

This thesis is based on four publications that reflect the CAR T-cell manufacturing pipeline, from vector 

design to optimizing the cytokine composition during cultivation and testing a 4th-generation construct 

or in vivo CAR T-cell monitoring in real-world usage. While the topic mainly focuses on applied 

research, it delved into the basic biology of cytokine functions and T-cell memory subset characteristics. 

First, the protocol of CAR T-cell manufacturing based on electroporating piggyBac vector 

and cultivating the cells in the presence of cytokines IL-4 + IL-7 + IL-21 showed the potential of a non-

viral vector and the feasible production of adequate numbers of CAR T cells with superior early-

memory TSCM-like phenotype. 

Second, the positive effect of IL-21 on CAR T-cell differentiation, expansion, and effector functions 

was thoroughly tested. CAR T cells engineered to produce IL-21 inducibly were shown to be 

functionally superior to regular ones and could present a solution to treating CAR-resistant diseases like 

B-CLL. 

Third, the piggyBac transposon vector for CAR T-cell production was tested as enzymatically produced 

linear DNA and mRNA. The CAR T cells were functionally comparable to those produced using 

plasmids. Moreover, the vector copy number per cell was optimized by lowering the amount of DNA 

used. This bacteria- and plasmid-free method makes regulatory agency approval easier. 

Fourth, the samples of pre-manufacture material, the CAR T-cell product tisagenlecleucel, and patients’ 

samples after CAR T-cell administration were characterized by multiparameter flow cytometry. 

The absence of significant CAR T-cell expansion characterized the non-responding patients. Moreover, 

the non-responders had a lower percentage of early-memory phenotype in their apheresis. 

In conclusion, this thesis presents the data on which a CAR T-cell manufacturing protocol of an ongoing 

phase I clinical trial with CD19-specific CAR T cells (NCT05054257) is based. This shows the great 

importance of this research, which is affecting patients' lives today and in the future. 
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