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1. Abbreviations 
 
A 
Acetoxymethyl ester (AM) 

Acute myeloid leukemia (AML) 

Adeno-associated virus (AAV) 

Adoptive cell transfer (ACT) 

Adult hemoglobin (HbA) 

American Society for Bone Marrow 

Transplant (ASBMT) 
 

B 
B-cell lymphocytic leukemia (B-ALL) 

B-cell lymphoma/leukemia 11A (BCL11A) 

β-globin gene (HBB) 
 

C 
Casitas B-lineage lymphoma proto-

oncogene-b (CBLB) 

Chimeric antigen receptor (CAR) 

Clustered regulatory interspaced short 

palindromic repeats (CRISPR) 

Colony forming unit (CFU) 

CRISPR-associated protein 9 (Cas9) 

CRISPR RNA (crRNA) 

Cytokine release syndrome (CRS) 
 

D 
Double-stranded break (DSB) 

Deoxyribonucleic acid (DNA) 
 

E 
Effector-to-target cell ratio (E:T) 
 

F 
Fetal hemoglobin (HbF) 
 

G 
Good manufacturing practice (GMP) 

Graft-versus-host disease (GvHD) 

Genome-wide, Unbiased Identification of 

DSBs Enabled by Sequencing (GUIDE-

seq) 

 

H 
Hematopoietic stem and progenitor cell 

(HSPC) 

Hematopoietic stem cell transplantation 

(HSCT) 

High-performance liquid chromatography 

(HPLC) 

Homology direct repair (HDR) 

Host-versus-graft (HvG) 
 

I 
Insertions and deletions (InDel) 

Immunoreceptor tyrosine-based inhibitory 

motif (ITIM) 
 

K 
Killer cell lectin-like receptor C1 (KLRC1) 

Knock-out (KO) 
 

N 
Natural killer (NK) 

Non-homologous end joining (NHEJ) 

Non-transfected control (NTC) 
 

P 
Protospacer adjacent motif (PAM) 

Peripheral blood mononuclear cell (PBMC) 
 

R 
Ribonucleic acid (RNA) 

Ribonucleoprotein (RNP) 
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S 
Sickle cell disease (SCD) 

Sickle hemoglobin (HbS) 

Single-chain variable fragment (ScFv) 

Single guide ribonucleic acid (SgRNA) 
  

T 

T cell immunoreceptor with Ig and ITIM domains (TIGIT) 
T cell Engineering (TCE) 
Test-cuvette adaptor (TCA) 

Trans-activating crRNA (trcrRNA) 

Transfusion-dependent thalassemia (TDT) 

Tumor-associated antigen (TAA)



3 
 

2. Summary 
 
In the past few years, the CRISPR-Cas9 system has emerged as one of the most valuable and 

versatile technologies for efficient gene editing. Its advantageous features offer a wide range 

of applications, including the development of human therapy for the treatment of cancer and 

genetic diseases. In this context, blood cells are ideal candidates for CRISPR modification as 

their isolation is less invasive than the procedures required for other tissues. These cells can 

be suitably expanded and engineered ex vivo, then subjected to careful analysis in 

standardized conditions to ensure successful genetic modification and cellular fitness, and 

finally, infused into the patient.  

 

In the first project of this thesis, CRISPR-Cas9 was employed to enhance the effector 

function of NK-92 cells for leukemia treatment (AML and B-ALL) in combination or absence of 

a chimeric antigen receptor (CD19-CAR and CD276-CAR). Up to three different inhibitory 

checkpoints (CBLB, NKG2A, and TIGIT) were knocked out in the NK-92 cell lines. These 

targets were selected given the relevance of their inhibitory pathways in cancer 

immunotherapy and the fact that both receptors and ligands are highly expressed in NK-92 

and cancer cells, respectively. The resulting knock-out cells were further tested by in vitro 

assays against malignant cell lines to corroborate the potential anticancer benefit derived from 

the corresponding genetic modification. While NKG2A knock-out did not boost the killing 

performance, CBLB and TIGIT knock-outs showed promising enhanced cytotoxicity against 

AML. Future experiments in animal models would conclude whether the implementation of 

these genetic improvements can boost NK-92 cell-based immunotherapy against leukemia in 

vivo. 

 

In the second project, the main objective was the generation of a protocol for the 

automation of efficient CRISPR-Cas9 gene editing of HSPCs in the GMP-compatible device 

CliniMACS® Prodigy for the treatment of β-hemoglobinopathies following the same gene 

editing strategy as the CTX001 treatment. Together with our partners from Miltenyi Biotec, we 

pursued a thorough protocol optimization to achieve efficient gene editing, and it led to a 

clinical-scale proof-of-concept study that resulted in suitable BCL11A editing and restoration 

of HbF expression. The generated protocol will support the development of novel treatments 

for patient care as it can be easily transferred to other genetic diseases, and will potentially 

increase the accessibility of gene therapy in the near future. 
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3. Zusammenfassung 
 

In den letzten Jahren hat sich das CRISPR-Cas9-System als eine der wertvollsten und 

vielseitigsten Technologien für effizientes Gene Editing erwiesen. Seine vorteilhaften 

Eigenschaften bieten eine breite Palette potenzieller Anwendungen, einschließlich der 

Entwicklung menschlicher Therapien für die Behandlung von Krebs und genetischen 

Krankheiten. In diesem Zusammenhang sind Blutzellen ideale Kandidaten für die CRISPR-

Veränderung, da ihre Isolierung weniger invasiv ist als die für andere Gewebe erforderlichen 

Verfahren. Diese Zellen können in geeigneter Weise expandiert und ex vivo modifiziert 

werden. Anschließend werden sie unter standardisierten Bedingungen einer sorgfältigen 

Analyse unterzogen, um eine erfolgreiche genetische Veränderung und zelluläre Fitness 

sicherzustellen, und schließlich dem Patienten infundiert.  
 

Im ersten Projekt dieser Arbeit wurde CRISPR-Cas9 eingesetzt, um die Effektorfunktion von 

NK-92-Zellen für die Leukämiebehandlung (AML und B-ALL) in Kombination oder in 

Abwesenheit eines chimären Antigenrezeptors (CD19-CAR und CD276-CAR) zu verbessern. 

In den NK-92-Zelllinien wurden bis zu drei verschiedenen hemmenden Immun-Checkpoints 

(CBLB, NKG2A und TIGIT) ausgeschaltet. Diese Targets wurden aufgrund der Relevanz ihrer 

Hemmwege für die Krebsimmuntherapie und der Tatsache ausgewählt, dass sowohl die 

Rezeptoren als auch die Liganden in NK-92-Zellen bzw. Krebszellen stark exprimiert sind. Die 

resultierenden Knock-out-Zellen wurden in In-vitro-Tests gegen bösartige Zelllinien getestet, 

um den potenziellen Nutzen der entsprechenden genetischen Veränderung für die 

Krebsbehandlung zu bestätigen. Während der Knock-out von NKG2A die Abtötungsleistung 

nicht erhöhte, zeigten die Knock-outs von CBLB und TIGIT eine vielversprechende erhöhte 

Zytotoxizität gegen AML. Zukünftige Experimente in Tiermodellen werden zeigen, ob die 

Implementierung dieser genetischen Verbesserungen die Immuntherapie mit NK-92-Zellen 

gegen Leukämie in vivo verbessern kann. 
 

Im zweiten Projekt bestand das Hauptziel darin, ein Protokoll für die Automatisierung der 

effizienten CRISPR-Cas9-Gene-Editierung von HSPCs im GMP-konformen CliniMACS® 

Prodigy-Gerät für die Behandlung von β-Hämoglobinopathien zu erstellen, wobei dieselbe 

Gene-Editierungsstrategie wie bei der Behandlung mit CTX001 angewandt wurde. 

Gemeinsam mit unseren Partnern bei Miltenyi Biotec haben wir eine gründliche Optimierung 

des Protokolls durchgeführt, um eine effiziente Gen-Editierung zu erreichen. Das Ergebnis war 

eine Proof-of-Concept-Studie im klinischen Maßstab, die zu einer angemessenen BCL11A-

Editierung und Wiederherstellung der HbF-Expression führte. Das entwickelte Protokoll wird 

die Entwicklung neuartiger Behandlungen für die Patientenversorgung unterstützen, da es 

leicht auf andere genetische Krankheiten übertragen werden kann, und es wird 

möglicherweise die Zugänglichkeit der Gentherapie in naher Zukunft verbessern. 
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4. Publications 
 

4.1 Accepted publications 
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4.4 Contribution to the publications that comprise this thesis 

4.4.1 Preclinical evaluation of CRISPR-edited CAR-NK-92 cells for off-the-shelf 
treatment of AML and B-ALL 
 

For this manuscript, I proposed and performed the experimental design for CBLB, 

NKG2A, and TIGIT knock-outs (Figure 4). The original idea was conceptualized by Dr. Justin 

S. Antony, Dr. Markus Mezger, and me, and was initially investigated and explored by Dr. 

medic. Jérôme-Maurice Dobrowolski and M.Sc. Alicia Dirlam. I performed all CRISPR-Cas9 

gene-editing experiments shown in this publication, including parental and CAR-NK-92 

electroporation in the Neon® Transfection System and the MaxCyte GTxTM electroporator. Dr. 

Alicia Roig-Merino aided in the optimization of the CRISPR-Cas9 transfection efficiency and 

supported all protocols performed with the MaxCyte GTxTM electroporator. Additionally, I 

performed gene editing assessment by ICE and flow cytometry analyses, contributed to the 

receptor characterization of effector and target cell lines, which was mainly performed by Dr. 

medic. Jérôme-Maurice Dobrowolski, and carried out Western blot analyses of CBLB together 

with Dr. Tahereh Mohammadian Gol. I performed all luciferase and calcein-based assays 

using AML and B-ALL cell lines (Figure 3, Figure 5, and Figure 6) counting with the help of 

M.D. Yujuan Hou. CAR transductions were performed by Dr. Judith Feucht and Dr. Sabine 

Schleicher. Generation of luciferase-expressing leukemic cell lines was performed by M.Sc. 

Daniel Atar, Dr. Christian Seitz and Dr. Judith Feucht. I performed the statistical analyses with 

the aid of M.D. Yujuan Hou and Dr. Tahereh Mohammadian Gol, and presented the data in 

tables and figures. I wrote the complete first draft of the manuscript, which was further 

improved and revised by Dr. Markus Mezger, Dr. Justin S. Antony, and Dr. Rupert 

Handgretinger. 
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4.4.2 Automated good manufacturing practice-compatible CRISPR-Cas9 editing of 
hematopoietic and progenitor stem cells for clinical treatment of β-hemoglobinopathies 
 

In this manuscript, I share the first authorship with M.Sc. Milena Block. I was involved 

in the experimental design of the conducted research, which was mainly proposed by Dr. 

Markus Mezger, Dr. Rupert Handgretinger, and Dr. Stefan Wild, and performed HSPCs 

erythroid differentiations and marker characterizations besides ICE assessments of BCL11A 

gene editing, including PCR and samples preparation. I aided in the optimization of the 

electroporation conditions and the CliniMACS® Prodigy large-scale production of edited 

HSPCs, which was mainly performed by M.Sc. Milena Block and M.Sc. Tommaso Grandi. The 

small-scale and upscale experiments were performed by M.Sc. Milena Block, M.Sc. Tommaso 

Grandi, M.Sc. Faidra Aivazidou, M.Sc. Jona Quednau, M.Sc. Dariusz Krenz, Dr. Alberto 

Daniel-Moreno, and Dr. Andrés Lamsfus-Calle. I analyzed the hemoglobin HPLC data 

generated by Dr. Thomas Epting, performed the freezing/thawing gene editing and viability 

assessments (Figure 3), and substantially contributed to the writing of the manuscript, which 

was prepared together with M.Sc. Milena Block, and eventually reviewed and improved by Dr. 

Stefan Wild, Dr. Markus Mezger, and Dr. Rupert Handgretinger. I organized the data in all 

tables and figures shown in the manuscript. 
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5. Introduction 
 

5.1 CRISPR-Cas9 system 
 

The well-known clustered regularly interspaced short palindromic repeat (CRISPR) was 

identified as an adaptive immune system of bacteria against bacteriophages. The system 

comprises CRISPR-associated proteins (Cas proteins) which cut foreign DNA into small pieces 

that will be concatenated in a CRISPR array.1-3 When transcribed, the resulting RNA is 

processed and the individual CRISPR RNAs (crRNAs) are separated with the aid of a trans-

activating crRNA (trcrRNA).1, 4-6 Both crRNA and trcrRNA associate with the Cas protein to 

generate double-stranded breaks (DSBs) and cut invasive DNA molecules when a suitable 

protospacer adjacent motif (PAM) is present.7  

 

The biotechnology derived from the CRISPR/Cas system allows for targeted gene 

editing with the help of a guide RNA (gRNA) that combines both crRNA and trcrRNA in the 

same sequence.8 When delivering the system into the cells, the selective cutting produces a 

DSB in the target sequence that has to be repaired to avoid cellular death.9-11 The break is 

very likely to be solved by the non-homologous end joining (NHEJ) repair mechanism, leading 

to insertions and deletions (InDel) of random nucleotides in the sequence (Figure 1A).10, 12 

Under certain circumstances, homology-directed repair (HDR) pathway is available when a 

donor template is present, resulting in a precise correction of the DSB by homologous 

recombination (Figure 1A).3, 13  

 

These features suitably allow the addition, correction, and/or knock-out of genes of 

interest, opening boundless possibilities for the treatment of genetic human diseases (Figure 

1B). However, this technology is not infallible as the off-target effect (the CRISPR-related cuts 

occurring elsewhere in the genome except the intended target) is still a major concern and 

undesired chromosomal rearrangements derived from DSBs can lead to unwanted 

modifications and oncogenesis.14-16 Improved CRISPR-based technologies such as more 

precise Cas proteins or the novel prime editing approach can help optimizing the specificity 

and safety of the gene therapy while maintaining or increasing the editing efficiency.17, 18 
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Figure 1: A) CRISPR-Cas9 system molecular mechanism and its main applications. 
When the sgRNA anneals to its target sequence and a protospacer adjacent motif (PAM) 
is recognized, the Cas9 protein generates a double-stranded break (DSB) in the DNA 
sequence that needs to be solved to continue with the cell cycle. Non-homologous end 
joining (NHEJ) pathway repairs the DSB by random insertions and deletions of 
nucleotides and favors the disruption of the gene of interest, whereas homology-
directed repair (HDR) leads to gene correction in the presence of a donor DNA template. 
This figure was created with BioRender.com. B) Fields of application of the CRISPR-
Cas9 technology in human medicine include the treatment of blood disorders, cancer 
immunotherapy, and improvement of CAR therapies, among others. This figure was 
generated with Biorender.com by the thesis author and was published in CRISPR-/Cas9 
Based Genome Editing for Treating Genetic Disorders and Diseases book by CRC 
Press. The figure is reproduced in this thesis with permission of the licensor through 
PLSclear. 
 

5.2 Gene therapy for cancer and blood disorders 

5.2.1 NK-92 immunotherapy for cancer treatment 
 
5.2.1.1 Cancer disease and conventional treatments 
 

 Cancer disease is one of the most devastating pathologies worldwide, annually causing 

millions of deaths, and is expected to increase its incidence in the coming years.19 It is a 

complex disorder generated by genetic predisposition, mutagenic agents (ionizing radiation, 

viral infections, and carcinogens, among others), or spontaneous mutations that disrupt the 

proper control of the cell cycle and leads to unrestrained proliferation, replicative immortality, 

resistance to cell death, avoidance of immune destruction and many other features known as 

the hallmarks of cancer (Figure 2).20, 21 As a result, the immune system is unable to constrain 

the malignancy and the normal functions and homeostasis of the surrounding tissues are 

progressively affected (being distant healthy tissues also affected in the case of metastasis), 

which ultimately leads to the systemic collapse of the organism and consequent death. There 

are many different types of cancer depending on the genes mutated and the kind of cells 

involved in the development of the disease. Such heterogeneity conforms the main challenge 

for the establishment of universal treatment, even for the same type of malignancy.22  
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Figure 2: The hallmarks of cancer include all features and events leading to the 
development of the malignancy. The main characteristics include unrestrained 
proliferation, uncontrolled growth, angiogenesis induction, invasion and metastasis, 
resistance to cellular death, and replicative immortality. The enabling factors leading to 
cancer progression involve the avoidance of immune destruction and deregulation of 
the energetic metabolism. Additionally, tumor-promoting inflammation and genome 
instability favor cancer development. This figure was created with BioRender.com. 
 

Leukemia is a heterogeneous group of clonal disorders caused by the uncontrolled 

proliferation of blood progenitor cells arrested in a certain stage of their development. A 

proportion greater than 20% of blasts in the peripheral blood or bone marrow leads to acute 

leukemia, the most aggressive form of the disease that results in a rapid onset of symptoms.23-

25 The disease is classified attending to the cellular lineage of the malignant blasts. This work 

investigates B-ALL, leukemia involving B-cell precursor blasts, and AML, consisting of the 
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malignant proliferation of stem cell precursors of the myeloid lineage.25, 26 ALL is the most 

frequent malignancy in children, whereas AML is the most prevalent blood cancer in adults, 

accounting for 80% of all cases.23-25 

 

Traditional treatments for leukemia include chemotherapy, radiation, monoclonal 

antibodies, or allogeneic HSCT.27 The lack of specificity for chemotherapy and radiation 

approaches results in higher risks of relapse and suffering from severe side effects which can 

drastically reduce the quality of life of the patient.28, 29 Allogeneic HSCT brings GvHD and 

derived toxicities which can be life-threatening.30, 31 Consequently, more effective and safer 

targeted strategies have been studied and developed to enhance and use the immune system 

against leukemia. 

 

5.2.1.2 CAR therapy: T cells or NK cells? 
 

CAR immunotherapy is based on the transgenic expression of specific membrane 

chimeric receptors able to recognize an overexpressed antigen in the malignant cells by an 

extracellular single-chain variable fragment (ScFv). The recognition strongly activates the 

effector function of the immune cell through the activation of an intracellular domain, with no 

further need for additional activator signals. CARs enhance tumor-associated antigen (TAA) 

recognition by enabling the identification of intact cell surface proteins, meaning that cancer 

targeting would not be restricted to MHC recognition or antigen presentation. This fact avoids 

common escape mechanisms such as HLA loss or altered processing mechanisms.32, 33 

Additionally, different TAAs not susceptible to being presented in the MHC can be properly 

recognized by the CAR. 

 

As the main orchestrators of the immune system, T cells have important effector 

functions against cancer including clonal expansion, tissue migration, immunomodulation, 

cytotoxicity, and long-lasting T cell memory.34 As a result, autologous and heterologous CAR-

T cells have been extensively studied for the treatment of cancer, reaching very promising 

milestones for the treatment and cure of leukemia.35, 36 The persistence of the CAR-T cells in 

the organism can last for decades, functioning as a surveillance mechanism to prevent 

potential relapses.37 However, there are important severe side effects to consider, such as 

CRS, neurotoxicity, graft rejection, and iatrogenic responses, that might hinder the safe clinical 

application.38, 39  

 

Despite not offering the persistence of T cells, NK cells are suitable CAR carriers and 

mighty cancer killers unable to generate severe systemic immune responses that could lead 
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to CRS and neurotoxicity.40 As they are inherently cytotoxic against cancer cells, they are still 

effective when the CAR target is downregulated as an escape mechanism from resistant 

cancer cells.41 Moreover, they can be obtained from unmatched MHC donors, but isolating 

clinically-relevant numbers from primary sources can be challenging since they represent a 

small population in the blood (circa 10% of isolated PBMCs).42 

 

5.2.1.3 Off-the-shelf NK-92 immunotherapy 
 

NK-92 is an NK cell line originally isolated from the peripheral blood of a 50-year-old 

male patient with rapidly progressive non-Hodgkin's lymphoma. Interestingly, the NK-92 cell 

line, like other NK cell lines such as NK-101 or KHYG-1, maintains the cytotoxic function 

against cancer cells and can be cultured indefinitely with a periodic supplementation of 

interleukin 2. Their use for clinical treatment was considered by irradiating the cells at 10 Gy 

to induce chromosomal damage that would stop their unrestrained proliferation. Therefore, the 

infused cells are not able to persist in the body, but their cytotoxic function remains active.43, 44 

This fact makes the use of a single dose for effective treatment unlikely, but the need for 

multiple administrations can help to determine the optimal dosage according to the observed 

outcome in the patient after each infusion.45  

 

The use of cell lines such as NK-92 for immunotherapy brings substantial benefits. This 

IL-2 dependent cell line exhibits high cytolytic activity, lacks the majority of KIR inhibitory 

receptors, and provides an unlimited source of effector cells, offering valuable options when 

autologous transplantations are not possible and it is hard to find a suitable donor.42, 45, 46 The 

everlasting availability of the effector cells can translate into faster treatment implementations 

compared to the weeks or months needed for primary cell-based therapy, being ideal for off-

the-shelf and ready-to-use approaches. Moreover, cell line-based therapies are more 

affordable to produce, as the whole manufacturing process can cost ten times less while 

producing multiple infusions.42 Consequently, clinical and preclinical research with NK-92 and 

other cell lines can lead to more accessible personalized cancer therapy for patient care. 

 

5.2.1.4 NK cell inhibitory checkpoint knock-out for enhancing immunotherapy by CRISPR-
Cas9 
 

The disruption of immune checkpoints was previously explored with blocking antibodies 

that would occupy the target receptor without transducing the corresponding inhibitory signal 

to the cell. As a result, the communication between cancer and immune cells is suppressed 

and the immune function is maintained.47 Following a similar strategy, the gene knock-out of 

the immune inhibitory receptor to abolish the pathway permanently was proposed as a feasible 



17 
 

alternative. This approach avoids the potential immune adverse events related to the systemic 

administration of blocking antibodies that could interfere with other immune functions in the 

organism (i.e. on-target off-tumor effect) while preventing immunosuppression, but also 

presents the disadvantage of potential autoimmunity derived from the disruption of the immune 

cell checkpoint.48, 49 To reduce such risk, it is crucial to combine this strategy with a CAR-

targeted approach to ensure the specificity of the treatment or with short-lasting infusion-based 

treatments, such as NK cell immunotherapy, where the effector cells do not persist for a long 

time in the organism of the patient and pertinent adjustments can be made for subsequent 

doses to avoid severe autoimmune reactions. Alternatively, researchers have also considered 

the implementation of inducible suicide mechanisms for the controllable shutdown of the 

therapy.50, 51 

 

The inhibitory checkpoint molecules studied in this thesis are listed below. They are 

known to play a key role in cancer immunotherapy and are targets of interest for the effective 

treatment of leukemia.52-58 

 

❖ Casitas B-lineage lymphoma proto-oncogene-b (CBLB) is a non-redundant negative 

regulator of immune activation which functions as an E3 ubiquitin ligase. Like other 

ligases from its family, CBLB interacts with protein tyrosine kinases via protein–protein 

interaction domains. It is mostly expressed in peripheral lymphoid organs, suggesting 

a prominent role in the regulation of adaptive immune responses and the maintenance 

of peripheral tolerance.59 Its ablation has been shown to improve T cell anticancer 

function.60, 61 In NK cells, its regulatory function is associated with the TAM receptor 

family (Tyro3, Axl, and Mer).62 When the TAM receptor binds to its ligand Gas6, it 

phosphorylates CBLB and blocks NK cell activation by ubiquitylation of LAT1.63 This 

blockage can be surpassed by two synergistic activating signals such as NKG2D and 

CD244.64 CBLB KO improved NK cell cytotoxicity in leukemic models and its knock-

down enhanced the expression of perforin, granzyme B, and IFN-γ.52, 53 

 

❖ NKG2A is a single-pass type 2 membrane glycoprotein that belongs to the C-type lectin 

superfamily. It is found to associate in a heterodimer with CD94, forming a receptor of 

non-classical MHC class I molecules such as HLA-E (normally overexpressed in 

cancer cells).65 The ligand interaction leads to the phosphorylation of ITIMs in NKG2A, 

which actively recruit and activate SHP-1 and SHP-2 phosphatases, thus suppressing 

the activation signals generated by activating receptors such as NKG2D.66 NKG2A KO 

enhanced NK cell cytotoxicity against multiple myeloma.67 Similarly, NKG2A 

downregulation increases the effectivity of NK cell antitumor infusions.68 
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❖ T cell immunoreceptor with Ig and ITIM domains (TIGIT) is a receptor of the Ig 

superfamily. It takes part in a complex regulatory network involving multiple inhibitory 

receptors, one competing costimulatory receptor (DNAM-1/CD226), and multiple 

ligands such as CD155 and CD112.69 TIGIT/CD155 interaction between NK and cancer 

cells leads to the downregulation of CD226.70, 71 As a result, TIGIT expression is a 

marker of NK cell exhaustion in many cancer models and reduces NK cell functionality 

in humans.71-73 Its blockade in combination with other inhibitory checkpoints proved to 

boost NK-92 cytotoxicity against AML.56 

 
5.2.2 HSPCs editing for the treatment of β-hemoglobinopathies 
 
5.2.2.1 B-hemoglobinopathies and conventional treatments 
 

Β-hemoglobinopathies are among the most widely spread genetic diseases in the 

world.74 They are the result of β-globin gene mutations that lead to insufficient (β+) or absent 

(β0) production of β-globin chains, needed for the conformation of the adult hemoglobin and 

the normal function of erythrocytes (Figure 3). The most common disorders in this group are 

sickle cell disease (SCD) and β-thalassemia. In SCD, a single amino acid substitution in the 

β-globin gene (p.E6V) leads to the formation of abnormal HbS that tends to form pathogenic 

aggregates in hypoxic conditions, conferring fragility and stickiness to the red blood cells. As 

a result, vessel obstruction, hemolysis, and anemia are reported in SCD patients.75 Therapies 

with hydroxycarbamide, erythrocyte transfusion, and HSPC transplantation are contemplated 

for patient treatment.76 Concerning β-thalassemia, it is classified under three types depending 

on the phenotype and severity of the disease: thalassemia minor (heterozygous β-thalassemia 

with mild, microcytic hypochromic anemia), thalassemia intermedia (mild homozygous or 

mixed heterozygous β-thalassemia of moderate severity, with a varying need for transfusions) 

and thalassemia major (severe homozygous or mixed heterozygous β-thalassemia with long-

term, transfusion-dependent anemia). Blood transfusions are usually needed to keep healthy 

hemoglobin levels in the patients. In the case of thalassemia major, HSPC transplantation is 

additionally considered for the cure of the disease, but the often-challenging search for a 

matching donor and the side effects of the supportive treatment with lifelong regular 

transfusions make this approach suboptimal.77  
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Figure 3: The β-globin takes part in the formation of adult hemoglobin. Healthy 
erythrocyte accounts for fully functional hemoglobin, whereas pathogenic conditions 
may be originated from aberrant β-globin subunits, including sickle cell disease and 
beta-thalassemia. This figure was created with BioRender.com. 
 

5.2.2.2 Gene therapy for β-hemoglobinopathies 
 

Novel gene therapy approaches were developed to avoid donor cells’ scarcity, GvHD, 

and graft failure associated with allogeneic HSPC transplantation. The most straightforward 

strategy is based on the transfer of a copy of the healthy human β-globin gene into the 

autologous HSPCs of the patient by means of a lentiviral vector. The lentiviral delivery is quite 

efficient and suitable to achieve a therapeutic effect, showing clinical remission and 

remediation of the disease in two of the three treated patients with SCD, and reduced the 

frequency of transfusions in the third patient (clinical trials NCT02151526, NCT02633943, and 

NCT04628585).78 On the other hand, the potential integration of the lentiviral construct in the 

genome increases the risk of oncogenesis.79, 80 In this context, CRISPR-Cas9-directed repairs 

in combination with AAV vectors were investigated, leading to notable editing efficiencies and 

re-storage of HbA expression in patient cells in preclinical studies.81  

 

Other strategies were based on the knock-out of fetal hemoglobin (HbF) repressors to 

emulate the benign condition of HbF persistence reported in some carriers of the β-globin 

mutation who did not suffer from β-hemoglobinopathies. Two hemoglobin switches occur 

during human development: from embryonic to fetal globins and later from fetal to adult.82 To 

ensure the last hemoglobin switch, the repression of γ-globin expression is promoted in adult-

stage erythroblasts.82, 83 For the aforementioned individuals, the repression of γ-globin is 

disrupted and HbF expression is thereby reactivated. Recent clinical trials NCT03655678 and 

NCT03745287 have shown promising results using CTX001 treatment for the resurgence of 

HbF expression in the patients (Figure 4).84 The strategy consists of the ex vivo editing of 
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patients’ HSPCs inducing the disruption of the BCL11A enhancer by CRISPR-Cas9. This way, 

the expression of BCL11A is avoided and the production of HbF is restored as BCL11A is not 

suppressing the expression of γ-globin anymore (Figure 4). Patients treated with this strategy 

have been cured of the disease and increased their quality of life as they are now transfusion 

independent.84 

 

 
 

Figure 4: A) CTX001 treatment relies on the CRISPR-induced knock-out of the BCL11A 
repressor to re-activate the expression of gamma-globin and consequently fetal 
hemoglobin. B) Status of adult and fetal hemoglobin in healthy and beta-
hemoglobinopathies patients with or without CTX001 treatment. This figure was created 
with BioRender.com. 
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5.2.2.3 Automated CliniMACS® Prodigy with electroporator for gene therapy development 
 

The development and production of cellular products for therapy can be automated in 

innovative closed systems such as the CliniMACS® Prodigy from Miltenyi Biotec (Figure 5).85 

Sterility is achieved thanks to a closed tubing circuit consisting of interconnected plastic bags, 

tubes, and containers that are installed on the system, such as the TS-520 (Miltenyi Biotec). 

Each tube connection is set between automatic pumps that control the flow of the cells, media, 

and reagents along the process. The tubing set provides a CentriCult Unit (CCU) to culture the 

cells which can additionally be centrifuged thanks to its rotor, allowing the change of mediums 

and reformulations needed for suitable cell culture. It also has a magnetic holder where a 

column for magnetic separation can be placed to facilitate the isolation of the target cells. All 

processes are controlled from the activity matrix of the software, which is defined by an external 

operator. Supplementary modules such as the CliniMACS® Electroporator and its EP-2 tubing 

set (Miltenyi Biotec) can be incorporated into the device, enabling the performance of additional 

processes like electroporation and CRISPR transfections.  

 

These features make the CliniMACS® Prodigy a valuable technology as it can 

manufacture cellular products on its own while fulfilling GMP-grade standards. Relevant 

protocols using this equipment have already been developed for HSPC isolation for clinical 

application and the generation of CAR-T cells.86, 87 Furthermore, economic analyses estimate 

CAR-T cell production costs to be affordable for low and middle-income pricing in developing 

countries using the CliniMACS Prodigy.88 

 

The CliniMACS® Electroporator offers two electroporation set-ups. A test-cuvette 

adapter (TCA) is useful for the screening of different electroporation parameters at a small-

scale that will aid in the search for the most efficient conditions (Figure 6A). It is ideal for initial 

pre-optimization experiments as it does not require the installation of the tubing set to be 

performed. On the other hand, the electroporation chamber of the EP-2 tubing set allows the 

cell processing of large-scale amounts of cells by means of cyclic electroporations (Figure 6B). 

The electroporation process is defined by 2 consecutive pulses: the first one, usually involving 

a higher voltage, is involved in the disruption of the cell membrane and opening of the pores, 

whereas the second one, of lower voltage but longer duration, is suited for facilitating the 

delivery of the transfection components into the cytoplasm and nucleus. Pulses can be 

delivered in a single pulse (square mode) or many pulses of short duration (burst mode). 

Depending on the change of the electric field, bipolar pulses are also available (flip pulse). An 

overview of different pulse combinations using the CliniMACS® Electroporator is depicted in 

Figure 6C. 
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Figure 5: A) Schematic overview of the automated process on the CliniMACS® Prodigy® 
developing a blood-derived cellular product. Firstly, the cell mix is loaded in the cellular 
bag. The isolation of the cells of interest is performed in the cell separation column. In 
the next step, cells are transported back into the cell cultivation chamber inside the 
CentriCult Unit (CCU) for further culture and expansion. Additional modules, such as 
the CliniMACS® Electroporator (not depicted in the scheme), can as well be used for 
further downstream processes like cell electroporation and gene editing protocols. This 
figure was created with BioRender.com. B) CliniMACS® Prodigy instrument (right) 
connected to the CliniMACS® Electroporator (left). This figure was included for 
illustration and academic reasons. Copyright © 2023 Miltenyi Biotec B. V. & Co. KG. All 
rights reserved. 
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Figure 6: A) The Test-Cuvette Adaptor (TCA) placed in the electroporation unit of the 
CliniMACS® Electroporator for small-scale screenings. B) Electroporation unit housing 
the electroporation cuvette of the the CliniMACS® Prodigy® EP-2 Tubing Set for upscale 
and clinical-scale experiments. C) Different pulse combinations are available on the 
CliniMACS® electroporator. This figure was included for illustration and academic 
reasons. Copyright © 2023 Miltenyi Biotec B. V. & Co. KG. All rights reserved. 
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6. Objectives 
 

In this Ph.D. thesis, two different projects were pursued.  

 

❖ The objective of the first project focused on improving NK-92 cancer 

immunotherapy by disrupting different inhibitory checkpoints (CBLB, NKG2A, 

and/or TIGIT) using the CRISPR-Cas9 system. This approach was 

implemented alone or in combination with specific CARs (CD19-CAR or CD276-

CAR) to boost cytotoxic activity against leukemia (B-ALL and AML).  

 

❖ The main goal of the second project was the establishment of a standard 

transfection protocol for efficient CRISPR-Cas9 gene editing of HSPCs in the 

automated GMP-compliant CliniMACS® Prodigy for the treatment of β-

hemoglobinopathies. To this aim, different optimization experiments were 

designed to discern the most suitable conditions for efficient CRISPR-Cas9 

transfection in a clinical-scale scenario using the same gene editing strategy 

that was set up for the CTX001 treatment (studied in clinical trials 

NCT03655678 and NCT03745287) but reducing the number of open steps. This 

strategy is based on the BCL11A knock-out to rescue HbF expression to restore 

functional erythrocytes. 
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7. Results and discussion 
 

7.1 Preclinical evaluation of CRISPR-edited CAR-NK-92 cells for off-the-
shelf treatment of AML and B-ALL 
 
7.1.1 CAR target and inhibitory ligand screening in leukemic target cell lines 
 

The expression of different molecules across several leukemia cell lines was assessed 

in flow cytometry stainings for the identification of potential CAR targets and inhibitory 

pathways. For B-ALL, the cell lines KOPN-8, MHH-CALL-4, Nalm-6, and Nalm-6 GFP/Luc 

were analyzed. As expected, the expression of CD19 was high for all tested cell lines since 

they all derive from the B-cell lineage (95 – 100%).89 This receptor is mostly targeted in CAR 

therapies against B-cell malignancies,90 so it was reasonable to select an anti-CD19 CAR for 

this study. B-ALL cell lines also exhibited expression of inhibitory ligands, being Gal-9 the most 

abundantly expressed (50 – 100%). HLA-E and CD86 expression were highly expressed in 

KOPN-8 and MHH-CALL-4 cells (HLA-E: 98.8% and 60.8%, CD86: 70.5% and 62.8%, 

respectively). Other inhibitory ligands such as CD155, CD273, and CD274 were almost absent 

in all B-ALL cell lines (0 – 20%).  

 

Regarding the AML cell lines, NOMO-1, THP-1, U-937, and U-937 CD19tag/Luc were 

studied. The CAR target in this type of leukemia is not as evident as for B-ALL, but some 

receptors were found to be upregulated and represent suitable CAR target candidates. In this 

context, CD276 expression, abnormally high in most solid tumors,91 also proved to be 

upregulated in AML,92 as corroborated by the staining of all studied AML cell lines in this work 

(80 – 100%). Additionally, AML cell lines express a wider range of inhibitory ligands, being 

CD155, Gal-9, and HLA-E the ones with the highest expression (30 – 100%, 80 – 100%, and 

60 – 80%, respectively). CD86 was also highly expressed in NOMO-1 and THP-1 (64.9% and 

100%, respectively) whereas CD273 and CD274 expression was extremely low for all tested 

cell lines (0 – 5%).  CD66a expression seemed to be upregulated for THP-1 (81.2%). 

 

7.1.2 Inhibitory receptor screening in NK-92 effector cell lines 
 

The expression of CAR and inhibitory receptors were studied in CD19-CAR, CD276-

CAR, and parental NK-92 cell lines, revealing high levels of PD1, NKG2A, and TIGIT in flow 

cytometry stainings (90 – 100%, 99 – 100%, and 95 – 100%, respectively) as well as high 

expression levels of CD34 in CD276-CAR+ NK-92 cells and CD271 in CD19-CAR+ NK-92 as 
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expected given the transduced construct design (98% and 100%, respectively). Low levels of 

TIM-3 and CTLA-4 were reported (5 – 20% and 20 – 45%, respectively). 

 

In line with our previous observations, NKG2A and TIGIT were considered relevant KO 

targets since their matching ligands (HLA-E and CD155, respectively) were present in all AML 

and some B-ALL cell lines. TIM-3 was excluded from this study given its low expression in the 

effector cells despite its ligand (Gal-9) being widely expressed in the leukemic cell lines. 

Similarly, CTLA-4 was not eligible although CD86 expression was upregulated in some of the 

target cell lines. Instead, CBLB was considered as its knock-out was previously known to 

enhance cytotoxicity in NK cells.52 

 
7.1.3 Generation of CRISPR-KO NK-92 cell lines 
 

Besides single KO cell lines for each target gene, multiple KO NK-92 and CAR-NK-92 

cell lines were implemented to identify potential additive or synergic effects that could be a 

result of the disruption of all three of them, as suggested by previous research that found 

enhanced cytotoxicity when targeting several inhibitory checkpoints at the same time.56 For 

this purpose, NKG2A KO cells were sequentially transfected with CRISPR CBLB RNP, then 

expanded for two weeks, and finally transfected again with CRISPR TIGIT RNP. This method 

was envisioned to avoid or reduce the harmful effects of a single-step multiplex transfection 

such as undesired chromosomal rearrangements due to simultaneous DSBs induced by 

different CRISPR RNPs.93  

 

A screening of all NK cell electroporation protocols available in the MaxCyte GTx device 

(NK-3, NK-4, and NK-5) using DsRed mRNA expression as an efficiency readout was carried 

out in order to select the protocol leading to the highest transfection efficiencies. In brief, DsRed 

mRNA was generated by in vitro transcription as previously described 94 and 5 µg were 

employed in the electroporation of 2.5 x 106 NK-92 cells, then the DsRed expression was 

measured as a transfection efficiency reporter one day after transfection in a flow cytometer. 

As all tested conditions proved to efficiently transfect the NK-92 cells and similar efficiencies 

were attained (98.6 – 99.3%, Figure 7), this screening was excluded from our published work, 

where we described the exact settings used for the CRISPR-Cas9 transfections (NK-4 

protocol).  
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Figure 7: Flow cytometry plots of NTC control and NK-92 samples transfected with 
DsRed mRNA using NK-3, NK-4, or NK-5 electroporation protocols in MaxCyte GTx. 
Each fluorescence plot presents the gating strategy in SSC/FSC channels on the right 
side, selecting the NK-92 population. 
 

The InDel frequency after CRISPR transfection was optimal for all single KO cell lines 

as well as for the triple KO (CBLB: 71 – 90%, NKG2A: 84 – 94%, TIGIT: 80 – 83%). Subsequent 

protein analyses revealed a pronounced downregulation of the inhibitory receptors (85 – 100% 

reduction for NKG2A and 60 – 75% for TIGIT in flow cytometry analyses and 60 – 100% 

reduction in CBLB expression in immunoblots). DNA studies were also performed on day 5 

after transfection to ascertain that the genetic and translational fingerprints of the KO 

populations were the same for both analyses, although they could have been performed earlier 

since CRISPR-induced modifications are expected to occur in the first hours after the 

electroporation.  

 
7.1.4 Outperformance of CAR-NK-92 for the treatment of AML and B-ALL compared 
to parental NK-92 
 

To test the antileukemic activity of the NK-92 cell lines, two types of cytotoxicity assays 

were performed: calcein release assays and live-cell-based luciferase assays. While these 

assays are standard for the study of cellular cytotoxicity, it was relevant to corroborate that 

similar outcomes could be obtained using both methodologies to determine consistently 

observable effects.  
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Calcein-based cytotoxicity assay consists of the passive diffusion of calcein AM through 

the target cells’ membrane after an incubation period, then the intracellular esterases cleave 

the AM group and produce fluorescent calcein. The substrate excess is removed in 

consecutive washing steps and the labeled cells are ready for the assay.95 When the target 

cell dies, the calcein is released to the medium and can be recovered in the supernatant. 

Consequently, calcein fluorescence in the supernatant is directly proportional to target cell 

lysis. As calcein can be actively pumped out by the target cells via multidrug resistant channels 

at prolongated time points,96 the time of the study was limited to 2 hours and different E:T ratios 

were seeded (10:1, 5:1, and 2.5:1) to study a concentration-dependent effect. 

 

On the other hand, live cell-based luciferase assays require the transduction and 

constitutive expression of the luciferase construct in the target cells. When D-luciferin is 

provided to the medium, the target cells uptake the substrate and the luciferase will produce 

light only in a metabolically active cell, as the luciferase enzymatic reaction requires ATP and 

different cofactors.97 Thus, the light emitted by the luciferase reaction is inversely proportional 

to target cell lysis. To pursue time-course studies in the luciferase set-up, sample replicates 

were prepared for each time point, so the luciferin could be added at the exact time of the 

measurement (0, 2, 4, and 6 hours). Extended time points such as 24 hours were not 

considered in the readout as the lysis of the target cells could also be due to other factors such 

as nutrient deprivation or competition with the effector NK-92 cells, which were seeded at 5:1 

E:T ratio. 

 

The significant difference between parental and CAR-NK-92 cell lines antileukemic 

cytotoxicity was observable in both AML and B-ALL cytotoxicity experiments, where CD19-

CAR and CD276-CAR cell lines greatly outperformed their parental counterpart. In calcein 

assays that lasted for 2 hours, CD19-CAR NK-92 cells were able to lyse up to 40 – 60% of the 

B-ALL leukemic cells employed in the study versus up to 10% lysis when using unmodified 

NK-92 (10:1 E:T ratio). Concerning CD276-CAR NK-92 cells, up to 30 – 40% of AML cells 

were lysed compared to less than 5% when using parental NK-92 (10:1 E:T ratio). Not 

surprisingly, a concentration-dependent effect is observable and more effector-specific lysis is 

reported for the higher E:T ratios, indicating that the increase in the cytotoxic performance is 

dependent on the effector cells’ concentration. 

 

In time-course cytotoxicity studies using luciferase-based assays, the difference 

between parental and CAR cell lines was even more remarkable: CD19-CAR NK-92 cells and 

CD276-CAR NK-92 reached 85% and 95% of specific lysis against Nalm-6 GFP/Luc and U-

937 CD19tag/Luc cells respectively after 6 hours of co-incubation compared to less than 15% 
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specific lysis of parental NK-92 against both leukemic cell lines. The CAR activity was specific 

as CD19-CAR NK-92 and CD276-CAR NK-92 did not exhibit enhanced cytotoxicity activity 

when their target ligand was absent. As expected, the target cell lysis is increasing with time, 

reaching almost complete lysis at 6 hours.  

 

When comparing the calcein and luciferase assays directly, comparable results were 

reported. Taking Nalm-6 5:1 E:T ratio vs. Nalm-6 GFP/Luc 5:1 E:T ratio at 2 hours into 

consideration, similar results were obtained (33.3 ± 2.5 % vs. 37.6 ± 6.0 % for CD19-CAR and 

3.3 ± 4.2 % vs. 13.3 ± 3.3 % for NK-92). For U-937 and U-937 CD19tag/Luc, the reported 

values were slightly different, but superior CAR-induced lysis was evident (34.8 ± 1.7 % vs. 

46.3 ± 1.6 % for CD276-CAR and 1.8 ± 0.6 % vs. 0 % for NK-92). These observations ratify 

the results and indicate that the CAR enhancement in the cytotoxic performance, compared to 

the parental NK-92 cell line, is not biased nor dependent on the in vitro methodology. Different 

cytotoxicity values measured in calcein and luciferase assays may indicate different 

sensitivities, which is not unexpected as they are based on different experimental 

methodologies.  

 

7.1.5 Cytotoxicity assays revealed CBLB and TIGIT checkpoints as important targets 
for AML treatment by NK-92 immunotherapy 
 

Concerning the CRISPR KO cell lines, there was no significant and consistent 

improvement of the cytotoxic performance in both CD19-CAR or CD276-CAR NK-92 cell lines. 

Nonetheless, a significant cytotoxic enhancement could be observed in single KO CBLB NK-

92 against AML, more concretely U-937 and single KO CBLB and TIGIT against U-937 

CD19tag/Luc cell line (2.5 to 3-fold improvement compared to parental NK-92). This benefit 

was probably overshadowed in CAR-NK-92 in vitro assays due to the potency of the CAR, 

which was able to lyse almost all leukemic cells after 6 hours. Since the activation and inhibition 

of NK cells depends on a tight balance of activator versus inhibitory signals,98 the rapid 

destruction of the leukemic cells might have prevented the production of inhibitory molecules 

in concentrations sufficient to favor the balance towards inhibition. The employment of lower 

E:T ratios could help to corroborate this hypothesis as the overall cytotoxic activity would occur 

slower. Additionally, a clear limitation of the present study involves the lack of in vivo 

experimentation. Chamberlain et al. previously reported no benefit of PD1 KO in in vitro studies 

of T cell immunotherapy against cancer cell lines, although its efficacy has extensively been 

proven in clinical trials.99 Animal studies would be necessary to assess the efficiency of the 

CAR CRISPR KO NK-92 cell lines as other key elements of cancer immunosuppression (such 

as bone marrow niche and leukemic microenvironment) would be involved as well, where the 
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inhibitory checkpoint KO strategy could properly make a difference and bring therapeutic 

benefits. 

 

It was surprising not to observe any benefit of the NKG2A KO even though its 

respective KO or downregulation proved to increase NK cell cytotoxicity in previous 

publications.67, 68 Apart from the aforementioned limitations, it might be possible that NKG2A 

inhibitory pathway is not relevant in the NK-92 cell line functionality. Differences between the 

receptor profile and lysis mechanisms of NK-92 and NK cells have been reported.46, 100 

Thereby, it seems reasonable to expect differences in their main inhibitory pathways. A side-

by-side comparison of both NKG2A KO cells in cytotoxicity assays could test this idea. 

 

One of the most novel ideas in this study involved the combination of CBLB, NKG2A, 

and TIGIT KO in the same cell line. Unexpectedly, there is no observable additive or synergistic 

effect in the cytotoxic performance of the triple KO cell lines, despite the fact that CBLB and 

TIGIT single KOs proved to be valuable against AML. As a matter of fact, the cytotoxic activity 

was found to be significantly lower than the single KO or unmodified counterparts for some 

leukemic targets (KOPN-8, MHH-CALL-4, Nalm-6, and NOMO-1). Time analyses at 6 hours in 

the luciferase assays revealed no difference between CAR and triple KO CAR NK-92 cells, 

suggesting that the effector function remains but there is a delay in the cytotoxic performance. 

The extensive genetic manipulations of the triple KO cell lines (three different CRISPR 

modifications together with the CAR lentiviral semi-random transduction) were hypothesized 

to result in a substantial loss of cellular fitness and consequent reduction in the effector 

function. More studies at the genomic level aiming for the detection of CRISPR off-target 

effects, transcriptomic analyses with RNA arrays, and profile analysis of interleukin production 

would corroborate this potential negative effect.  

 

Finally, the employment of innovative gene editing techniques such as the prime 

editing, which does not rely on DSB-mediated gene correction and allows precise modifications 

of the DNA, may improve the outcome and should be explored in future multiplexing 

experiments. Nevertheless, as additional cell engineering increases the chances of undesired 

genetic modifications, it would be worthy to study the combination of the CAR therapy with 

single CRISPR inhibitory checkpoint KO together with antibody blockades, which could bring 

similar therapeutic benefits without risking the cellular fitness of the effector NK-92 cells. 
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7.2 Automated good manufacturing practice-compatible CRISPR-Cas9 
editing of hematopoietic and progenitor stem cells for clinical treatment 
of β-hemoglobinopathies 
 
7.2.1 Transfection protocol optimization for efficient BCL11A editing 
 

7.2.1.1 Finding the most suitable electroporation settings 
 

To find the most suitable settings for efficient HSPCs electroporation, a pre-screening 

of different pulse modes, voltages, and pulse lengths was pursued. DsRed mRNA was 

transfected in a small-scale setup consisting of an electroporation cuvette placed on the TCA 

in the CliniMACS® Prodigy electroporator (Figure 6A). This way, the expression of the 

fluorescent protein was measured as a marker of electroporation efficiency one day after 

transfection. This initial experiment revealed first pulse Flip and Square 600V protocols as the 

most efficient ones (70 – 75% of DsRed+ cells and 90% viability for the screened Flip protocols, 

70 – 90% of DsRed+ cells and 60 – 100% viability for the screened Square protocols) and was 

selected for posterior CRISPR transfection experiments. 

 

To mimic a large-scale electroporation, the electroporation chamber of the CliniMACS® 

EP-2 Tubing Set was used instead of the small-scale cuvette (Figure 6B). It was extracted from 

the EP-2 tubing system and manually filled with syringes, pumping the cellular solutions and 

the CRISPR reagents inside (450 pmol BCL11A RNP, formed by 450 pmol of Cas9 RNP and 

900 pmol sgRNA, were used per million of HSPCs). The moderate editing performance 

indicated that additional optimization steps were needed to attain superior InDel rates (48 –

54%).  

 

In this context, Flip 600V was selected in further optimization experiments as it led to 

the highest BCL11A InDel rates. The length and voltage of the second pulse were studied in 

addition to the “cold shock” cell culture at 32°C after transfection, which has proven to increase 

CRISPR modification efficiency.101 The most efficient conditions were found with a high voltage 

first pulse (600V 104 µs burst/bipolar, 8 µs burst duration) followed by a low voltage second 

pulse (200V 5000 µs square) for the electroporation in addition to 32°C “cold-shock” culture in 

the first hours after transfection (BCL11A InDel 82%). 
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7.2.1.2 Effect of RNP and cell concentrations 
 

Once the transfection conditions were optimized, the rest of the elements involved in 

the clinical-scale production were revised. It was critical to analyze different reagent 

concentrations as the cyclical automated electroporation does not always rely on specific 

electroporation volumes but a certain range, therefore the concentration inside the 

electroporation chamber could differ in each cycle. For this aim, different RNP and cellular 

concentrations were tested to find the most suitable combination for efficient electroporation. 

The amount of 45 pmol RNP (45 pmol Cas9 RNP combined with 90 pmol sgRNA in a 1:2 molar 

ratio) was already known to lead to effective transfection for 1 x 105 HSPCs in previous small-

scale investigations,94 therefore 450 pmol Cas9 RNP for 1 x 106 HSPCs was set as a middle 

point in the screening. The results showed that BCL11A editing is effective for a wide range of 

RNP and cell concentrations (InDel 78 – 85%), being 1 x 107 cells/mL and an RNP 

concentration of 2250 – 6750 pmol/mL (225 – 675 pmol per million cells) the most proper 

conditions for efficient gene editing. Increasing the RNP concentration to 1350 pmol per million 

of HSPCs decreased the editing efficiency (InDel 68%). This observation is likely to be a result 

of CRISPR-derived toxicity and loss of cellular fitness.102 

  

7.2.1.3 Effect of different electroporation volumes and thawed material 
 

As the automated electroporation process in the CliniMACS® Prodigy relies on a 

pumping system that fills the electroporation cuvette within a certain volume range (typically 

600 – 650µL), it was important to corroborate whether the editing efficiency could be influenced 

by different filling volumes of the electroporation chamber. Similar BCL11A editing and cellular 

viability were observed between 200 – 800 µL of filling volume (InDel 64 – 66%, viability 86 – 

89%). Despite using 450 pmol RNP per million cells, a reduction was noticeable in the editing 

efficiency (from InDel 78% to 65%). This decrease is hypothesized to be a consequence of the 

usage of frozen and thawed HSPCs for this test, as a similar effect was observable in all 

experiments where frozen cell material was employed (see sections 7.3.1.4 and 7.3.1.6). 

Consistent with this finding, Zhang et al. previously showed a significant reduction of the 

electroporation efficiency when using thawed T cells (up to a 2-fold decrease compared to 

fresh T cells).103 
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7.2.1.4 Study of RNP stability 
 

The automated electroporation in the CliniMACS® Prodigy lasts for a variable duration 

that depends on the total volume of cells to be processed. Thus, sensitive reagents such as 

the CRISPR RNP can be affected when stored at room temperature for a long time. A 

preliminary experiment revealed no difference in the editing efficiency of the remaining RNP 

of an automated run (stored in the reagent bag at 22 °C for 1 h) and freshly prepared RNP 

(InDel 85 and 87% respectively). This result is not unexpected as the manufacturer claims that 

the RNP is stable for up to three days at 23 °C.104 

 
7.2.1.5 Study of donor variability in the transfection efficiency 
 

Donor variability is not influencing the experimental outcome when using cell material 

from healthy donors, as similar editing efficiencies were achieved for four different individuals 

(InDel 60 ± 7.3). Patient HSPCs could show different editing outcomes because of lower 

cellular fitness, but it was not possible to pursue a direct comparison as there was no access 

to patient material in this investigation. Nevertheless, Frangoul et al. showed efficient InDel 

rates for NCT03655678 and NCT03745287 patients (InDel 68.9% for the TDT patient and 

82.6% and 78.7% for the two manufactured lots for the SCD patient), suggesting that donor 

variability is not a general concern in the development of engineered cellular products for the 

treatment of β-hemoglobinopathies.84 

 

7.2.1.6 CentriCult Unit effect on the editing efficiency 
 

To exclude any detrimental effect of the CCU in the recovery of the transfected HSPCs, 

the InDel rate of a sample cultured in a conventional incubator after transfection was compared 

to that of another edited sample cultured in the CCU. Both reached the same editing efficiency 

(InDel 69%), indicating the suitability of the CCU for the culture and expansion of cellular 

products.  
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7.2.2 Proof-of-concept clinical-scale production of BCL11A KO HSPCs 
 
7.2.2.1 Clinical-scale production of edited HSPCs is feasible using the CliniMACS® Prodigy 
 

2.1 x 108 CD34+ HSPCs were processed in the CliniMACS® Prodigy using the TCE 

automated process and the electroporation pulses previously optimized in small-scale 

experiments. On day 2, 1.1 x 108 cells were harvested (52% recovery from the initial amount) 

with suitable viability (80.8% compared to 85% of NTC control cells). The recovery rate was 

moderate as cell loss can be expected from the transfection and manipulation in the automated 

process, but it was very similar to the recovery of the NTC sample (52% vs. 56% respectively). 

Still, the production yielded clinically relevant amounts of edited HSPCs. Following the 

recommendation of the ASBMT of a minimal dose of 2 x 106 CD34+ cells/kg for successful 

transplantation, the resulting cell product of 1 x 108 CD34+ cells would be appropriate for the 

treatment of a 50 kg patient.105 

 

Subsequent genetic analyses showed high rates of BCL11A KO (InDel 71 – 74%). The 

functionality of the resulting cells was analyzed with in vitro assays. CFU analyses showed 

typical myeloid colonies and similar total colony counts as well as distributions of colony types 

in comparison to the NTC control cells, supporting the maintenance of stemness capability of 

the CRISPR-edited cells. In vitro erythroid differentiation experiments showed upregulation of 

typical erythroid markers (CD233, CD235a) and loss of stem cell markers (CD34) on day 21 

of the differentiation.  

 

Regarding HbF resurgence, both intracellular stainings and HPLC analyses showed 

upregulation of HbF expression in the treated cells. The levels of HbF measured in flow 

cytometry for the transfected cells increased from 21% on day 7 of the erythroid differentiation 

to 83% on day 21, whereas for the NTC control the levels of expression changed from 16% to 

67%. The HPLC analysis corroborated these findings with an HbF / (HbF + HbA) ratio of 20.4% 

for NTC control and 63.8% for the automated processed sample. In this way, it was concluded 

that the HbF expression resembled the editing rate on the genomic level. These results are 

similar and consistent with previous investigations involving the same BCL11A editing strategy 

(including the same gRNA), where HbF expression was properly restored in erythrocytes 

derived from healthy donor-edited HSPCs and no CRISPR-derived off-target effects were 

found by GUIDE-seq and deep-sequencing analyses.94, 106 
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7.2.2.2 Freezing and thawing of edited HSPCs resulted in the reduction of the editing 
efficiency 
 

The generated BCL11A KO HSPCs produced at the clinical scale were frozen together 

with their control samples for 6 months in order to emulate clinical standard procedures. After 

cell thawing, genetic and viability analyses were performed for up to 24h. The InDel efficiency 

was found to be reduced in comparison to the freshly edited cells (from 74% to 54%) and it 

was hypothesized that CRISPR-modified HSPCs were less resilient to freezing and thawing 

stresses than unmodified HSPCs, leading to the observed reduction in the editing efficiency. 

Concerning the cellular fitness, high viability (82 – 86%) and consistent cellular numbers were 

observed during the first few hours after thawing (9.4 x 105 – 1.12 x 106 cells/mL at 0 – 4 h) 

whereas a decline was observed after 24 h (7.6 x 105 cells/mL, 82% viable). It is worth noting 

that the thawing of the cells was pursued following a conventional laboratory protocol and was 

not performed according to clinical standards. Together with the lack of repetitions, the true 

effect of freezing and thawing cycles in the editing efficiency remains to be determined. 

 

7.2.2.3 Final considerations 
 

All in all, the obtained results proved that the clinical-scale production of CRISPR-

modified BCL11A KO HSPCs can be run in a single closed GMP system using the CliniMACS® 

Prodigy with Electroporator. Consequently, the number of open steps, which must be 

minimized to prevent contamination risks, and personnel costs for specialized technicians can 

be considerably reduced.107 These facts would aid in the development of therapies such as the 

CTX001 treatment in a safer, more affordable, and more convenient manner. When employed 

in NCT03655678 and NCT03745287 clinical trials, the cellular product was generated with a 

combination of CliniMACS® Prodigy (Miltenyi Biotec) and MaxCyte Gen2 GT electroporator 

(MaxCyte Inc).84 Following the methodology described in this thesis, the whole process can be 

feasibly run in the CliniMACS® platform alone using interconnected closed tubing sets, with no 

need for open manipulation steps.  

 

As the resulting edited HSPCs from the clinical-scale run proved to be functional, 

conserved their stemness, and their derived erythrocytes presented increased HbF 

expression, this transfection protocol constitutes a promising methodology for the treatment of 

β-hemoglobinopathies, and can be potentially translated to the therapy of other genetic 

diseases. Besides, the CliniMACS® Prodigy with Electroporator allows on-site production of 

the cellular product, with no need for external processing of the cells in a specialized center. 

The availability of the device in the clinical site can accelerate patient treatment and bypass 

the challenging cryo-chain needed for optimal storage of the product (Figure 8).108  
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The clinical-scale run was performed as a proof-of-concept experiment and more 

repetitions would be needed to address the reproducibility of the generated protocol for routine 

use. This aspect should be explored in further investigations. The costs associated with the 

proof-of-concept clinical-scale production are described in Table 1. 

 

 
Figure 8: A) Off-site production of HSPC-based gene therapy requires the collection of 
patient material in the clinical site before shipment to a specialized center from a 
pharmaceutical partner and proceeding with the GMP production of CRISPR-edited 
cells. The resulting cells are immediately frozen and delivered to the clinical site to 
proceed with the treatment. The cryogenic conditions have to be maintained during the 
whole transportation to ensure proper storage and quality. B) On-site production of 
gene therapy products by CliniMACS® Prodigy provides a faster treatment 
implementation as material collection, gene therapy production, and treatment occur in 
the same location. The scheme was generated with Biorender by the thesis author and 
was published in CRISPR-/Cas9 Based Genome Editing for Treating Genetic Disorders 
and Diseases book by CRC Press. The figure is reproduced in this thesis with 
permission of the licensor through PLSclear. 
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Table 1: Cost calculation of the reagents needed for single clinical-scale production of 
BCL11A edited HSPCs in the CliniMACS® Prodigy with Electroporator. The costs for 
clinical therapy production would increase as GMP-grade CRISPR-Cas reagents are 
more expensive. 
 

 
 Price (Germany, December 2022) 

HSPCs apheresis (with transport, Cytocare) 18.000,00 € 

TS310 (Miltenyi Biotec) 1.806,00 € 

CD34 Reagent (Miltenyi Biotec) 3.111,00 € 

CliniMACS Buffer (Miltenyi Biotec) 273,00 € 

NaCl 0,9% (Fresenius) 7,70 € 

IgG 10% (Apotheke) 57,00 € 

Cas9 (research grade, IDT) 17.534,80 € 

gRNA (research grade, IDT) 1.135,00 € 

TS520 (Miltenyi Biotec) 2.055,00 € 

EP-2 (Miltenyi Biotec) 745,00 € 

HSC-Brew GMP medium (Miltenyi Biotec) 1.988,00 € 

Cytokines (SCF, TPO, Flt3L) 2.487,00 € 

HSA (Octapharma) 740,00 € 

Electroporation Buffer (Miltenyi Biotec) 515,00 € 

Total 50.454,50 € 
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8. Concluding remarks 
 

In the first project of the thesis, CRISPR-Cas9 was employed for the enhancement of 

NK-92 immunotherapy for cancer treatment. The number of clinical and preclinical studies 

including genetic improvement of effector immune cells by the disruption of inhibitory immune 

checkpoints has increased in the last years and so has the number of promising targets for 

therapy. However, only a few of them consider direct comparisons of several targets to discern 

which strategy is more beneficial, or propose the combination of different knock-outs to analyze 

potential synergistic treatments. This objective was pursued in this thesis by direct comparison 

of the knock-out of three different inhibitory checkpoints (CBLB, NKG2A, TIGIT) and their 

combination in NK-92 effector cell lines against leukemia. The results showed cytotoxic 

upregulation by CBLB and TIGIT KOs for AML treatment whereas NKG2A KO did not improve 

NK-92 antileukemic activity. The combination of CRISPR-Cas9 improvements with novel CAR 

approaches will pave the way toward more efficient treatments for many types of cancer. 

Moreover, the use of off-the-shelf cell lines such as NK-92 was considered with an aim to 

establish more affordable personalized therapy options against cancer, since their production 

would be significantly more cost-effective than that of primary cell-based therapies. 

 

In the second project, a close collaboration with Miltenyi Biotec resulted in the 

optimization and development of a novel protocol in the CliniMACS® Prodigy device for GMP 

clinical-scale production of CRISPR-Cas9 genetically modified HSPCs for the treatment of β-

hemoglobinopathies. The proposed method led to a proof-of-concept study that used the same 

gene editing strategy as ongoing clinical trials (NCT03655678 and NCT03745287). The 

experiment resulted in the re-establishment of the HbF expression in the treated HSPCs and 

yielded sufficient cell numbers for the treatment of a hypothetical patient. The automation of 

the whole manufacturing process in a single system has very important advantages such as 

the reduction of personnel costs, contamination risks, and the possibility of in-house production 

with consequent reductions in delivery times and bypassing of the challenging cryo-chain. All 

in all, the generated protocol is expected to accelerate β-hemoglobinopathies gene therapy 

availability in the clinic and support the development of similar therapies in the CliniMACS® 

Prodigy platform.  
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Abstract: Acute myeloid leukemia (AML) and B-cell acute lymphocytic leukemia (B-ALL) are severe
blood malignancies affecting both adults and children. Chimeric antigen receptor (CAR)-based im-
munotherapies have proven highly efficacious in the treatment of leukemia. However, the challenge
of the immune escape of cancer cells remains. The development of more affordable and ready-to-use
therapies is essential in view of the costly and time-consuming preparation of primary cell-based
treatments. In order to promote the antitumor function against AML and B-ALL, we transduced
NK-92 cells with CD276-CAR or CD19-CAR constructs. We also attempted to enhance cytotoxicity
by a gene knockout of three different inhibitory checkpoints in NK cell function (CBLB, NKG2A,
TIGIT) with CRISPR-Cas9 technology. The antileukemic activity of the generated cell lines was tested
with calcein and luciferase-based cytotoxicity assays in various leukemia cell lines. Both CAR-NK-92
exhibited targeted cytotoxicity and a significant boost in antileukemic function in comparison to
parental NK-92. CRISPR-Cas9 knock-outs did not improve B-ALL cytotoxicity. However, triple
knock-out CD276-CAR-NK-92 cells, as well as CBLB or TIGIT knock-out NK-92 cells, showed signifi-
cantly enhanced cytotoxicity against U-937 or U-937 CD19/tag AML cell lines. These results indicate
that the CD19-CAR and CD276-CAR-NK-92 cell lines’ cytotoxic performance is suitable for leukemia
killing, making them promising off-the-shelf therapeutic candidates. The knock-out of CBLB and
TIGIT in NK-92 and CD276-CAR-NK-92 should be further investigated for the treatment of AML.

Keywords: NK-92; CD19-CAR; CD276-CAR; leukemia; AML; B-ALL; CRISPR-Cas9 knock-out; CBLB;
NKG2A; TIGIT

1. Introduction
Acute leukemia comprises a group of heterogenous, progressive clonal disorders

driven by genetic mutations in blood progenitor cells. Such genetic changes ultimately
induce an unrestrained potential for self-renewal together with a developmental arrest of
affected progenitor cells at a specific stage of their differentiation. The resulting immature
cells (blasts) are likely to invade the bone marrow and the reticulo-endothelial system along
with other extramedullary areas, thereby inhibiting various functions of the organism and
eventually leading to death if not properly treated [1]. Among the various subsets of acute
leukemia, acute lymphocytic leukemia (ALL) is the most frequent malignant disorder in
children, whereas acute myeloid leukemia (AML) is the most prevalent blood disorder in
adults [2,3].

In recent years, chimeric antigen receptor (CAR)-based immunotherapies have emerged
for the treatment of leukemia. Effective CAR therapies against B-ALL have been approved
by the FDA in late 2017 [4]. Nevertheless, there are key limitations that can compromise
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the efficacy of the treatment. Drawbacks, such as immunosuppression, graft-versus-host
disease (GvHD) and host-versus-graft effect (HvG), can be overcome by further genetic
enhancement of CAR effector cells [5]. Iatrogenic effects such as cytokine release syndrome
(CRS) and neurotoxicity are major hurdles in CAR-T cell therapies, which can be prevented
by selecting a different suitable CAR carrier such as natural killer (NK) cells [6]. Additional
concerns arise with regard to the highly costly, long-time manufacturing process of CAR
cells derived from primary immune cells, where convenient off-the-shelf therapies can
aid [6,7]. Taking these aspects into consideration, we have developed CAR-NK-92 cells
and tested their cytotoxicity against different leukemic cell lines to assess their therapeutic
efficacy against AML and B-ALL. Further CRISPR-Cas9-induced genetic improvements
were also considered. The increasing number of clinical and preclinical studies reporting
improved anticancer cytotoxicity after gene knock-out or antibody blockade of inhibitory
checkpoints sets the grounds for a wider range of treatment options in the future [5,8–17].
However, critical questions may arise as to which strategy is more effective for treating a
certain type of cancer. We have considered a side-by-side comparison of the knock-out of
three important inhibitory checkpoints in NK cell effector function (CBLB, NKG2A, TIGIT)
to assess their antileukemic efficacy in the presence or absence of the CAR. In addition,
triple knock-outs were studied to corroborate potential additive or synergistic effects in the
modulation of cytotoxic performance.

2. Results
2.1. Ligand Profile Characterization of Leukemia Cell Lines

AML and B-ALL cell lines were analyzed by flow cytometry to determine the expres-
sion of each target antigen (CD19 and CD276) as well as relevant ligands for inhibitory
receptors including CTLA-4 (CD80 and CD86), NKG2A (HLA-E), PD-1 (CD273 & CD274),
TIGIT (CD112 and CD155) and TIM-3 (CD66a and Gal-9) (Figure 1) [18]. B-ALL cell lines
(KOPN-8, MHH-CALL-4, Nalm-6, Nalm-6 GFP/Luc) showed a high CD19 expression
(expressed in 95–100% of the cells, Figure 1a) and a modest expression of inhibitory ligands,
being Gal-9 the most abundantly expressed (50–100%, Figure 1a). Transgenic Nalm-6
GFP/Luc cell line reported a high expression of GFP (97.7%, Figure 1b). On the other hand,
AML cell lines (NOMO-1, THP-1, U-937, U-937 CD19tag/Luc) expressed high levels of
CD276 (80–100%, Figure 1c). AML cell lines exhibited a wider expression of inhibitory
molecules, including CD155, Gal-9 and HLA-E (30–100%, 80–100% and 60–80%, respec-
tively, Figure 1c). Transgenic U-937 CD19tag/Luc cell line showed high levels of CD19
(99.8%, Figure 1d).
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Figure 1. Ligand profile characterization of leukemia cell lines. Percentage of ligand or GFP-
expressing cells was determined by flow cytometry. (a) Ligand expression in B-ALL cell lines
(KOPN-8, MHH-CALL-4, Nalm-6 and Nalm-6 GFP/Luc). (b) GFP expression of Nalm-6 GFP/Luc
(grey) in comparison to non-transduced Nalm-6 (white). (c) Ligand expression in AML cell lines
(NOMO-1, THP-1, U-937 and U-937 CD19tag/Luc). (d) CD19 expression of U-937 CD19tag/Luc
(grey) in comparison to non-transduced U-937 (white).

2.2. Receptor Profile Characterization of Effector Cell Lines
To verify the presence of the CAR in the transduced NK-92 cell lines, the staining

of a reporter gene included in each CAR construct was studied: CD34 expression was
correlated with CD276-CAR levels and expression of CD271 was an indicator of CD19-CAR
expression (98% CD34 expression in CD276-CAR-NK-92 and 100% CD271 expression in
CD19-CAR-NK-92, respectively, Figure 2a,b). The inhibitory checkpoints of CAR and
parental NK-92 cells were further analyzed, showing a similar expression profile across
all cell lines (Figure 2b). High levels of PD1, NKG2A and TIGIT were observed (90–100%,
99–100% and 95–100%, respectively, Figure 2b).
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Figure 2. Receptor profile characterization of NK-92 cell lines. Percentage of receptor-expressing
cells was determined by flow cytometry. (a) Expression of CAR reporter genes (CD34 and CD271) in
NK-92 (black), CD19-CAR NK-92 (light grey), CD276-CAR NK-92 (dark grey) and NK-92 isotype
control (white). (b) Receptor expression in NK-92 (black), CD19-CAR (grey) and CD276-CAR-NK-92
cell lines (white).

2.3. CAR-NK-92 Outperforms Parental NK-92 Antileukemic Activity
Both parental and CAR-NK-92 cells were tested in vitro with leukemia cell lines.

Different effector-to-target ratios were investigated in calcein release assays and a time-
course cytotoxicity study was analyzed in luciferase assays (Figure 3). CD19-CAR-NK-92
showed significantly improved specific lysis in calcein assays (40–60% against KOPN-8,
MHH-CALL-4 and Nalm-6) in relation to their parental counterpart (up to 10% specific lysis)
(Figure 3a–c). A similar effect was observed in luciferase assays, where CD19-CAR-NK-92
cytotoxicity (85% against Nalm-6 GFP/Luc after 6 h) greatly outperformed non-transduced
NK-92 (8% specific lysis after 6 h) (Figure 3d). This enhanced cytolytic activity was also
induced by CD276-CAR-NK-92 in AML cell lines (less than 5% of specific lysis in calcein
assays for parental NK-92 vs. 30–40% in CD276-CAR-NK-92; 16% specific lysis in luciferase
assays for NK-92 after 6 h vs. 95% for CD276-CAR-NK-92, Figure 3e–h). The cytotoxic
performance of both CAR cell lines was specific and targeted as no antileukemic activity
was observed in absence of their ligand (Figure 3a–h). CD276-CAR-NK-92 cytotoxicity
against B-ALL was identical or decreased compared to parental NK-92 (Figure 3a–d). A
similar activity could be observed for CD19-CAR against AML cell lines except for the
transgenic luciferase-expressing U-937 cell line due to the high expression of CD19tag (up
to 90% specific lysis after 6 h, Figure 3h).
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Figure 3. Cytotoxicity assays comparing NK-92 and CAR-NK-92 antileukemic performance. Specific
lysis is shown as mean ± SD (n = 3). Calcein assays were incubated for 2 h and several effector-to-
target (E:T) ratios were employed: 10:1, 5:1, 2.5:1. Luciferase assays were performed over a time span
of 6 h in 5:1 E:T ratio. (a) KOPN-8 calcein assay. (b) MHH-CALL-4 calcein assay. (c) Nalm-6 calcein
assay. (d) Nalm-6 GFP/Luc luciferase assay. (e) NOMO-1 calcein assay. (f) THP-1 calcein assay.
(g) U-937 calcein assay. (h) U-937 CD19tag/Luc luciferase assay. **** p < 0.0001, ns, non-significant
(p > 0.05).

2.4. CRISPR-Cas9 Knock-Out of CBLB, NKG2A and TIGIT
To further enhance the antileukemic activity of NK-92 and CAR-NK-92, three in-

hibitory molecules (CBLB, NKG2A, TIGIT) were knocked out by CRISPR-Cas9. Addition-
ally, a sequential triple knock-out of all targets was generated in the same cell-line. The
employed single-guide RNAs (sgRNAs) aimed at exonic regions of the aforementioned
targets (Figure 4a). Sequencing results revealed high InDel (Insertion or Deletion) effi-
ciency for all three targets (CBLB: 71–90%, NKG2A: 84–94%, TIGIT: 80–83%, Figure 4b) and
flow cytometry analyses confirmed the knock-outs at the protein level for NKG2A and
TIGIT (85–100% reduction for NKG2A and 60–75% for TIGIT, Figure 4c–f). Immunoblots
showed a marked reduction in CBLB protein levels following CRISPR-Cas9 treatment, con-
sistent with the high knock-out efficacy achieved (60–100% reduction in protein expression,
Figure 4g,h).
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Figure 4. CRISPR-Cas9 editing of NK-92 and CAR-NK-92 cell lines. (a) Schematic illustration showing
the cutting sites of CBLB, NKG2A and TIGIT gRNAs in their corresponding genes as well as depicting
primers and PCR amplicon sizes for InDel analyses. (b) InDel score for CBLB, NKG2A and TIGIT in
single and triple knock-out cell lines. (c) NKG2A histogram expression in parental cell line (black),
single knock-out cell line (dark grey), triple knock-out cell line (light grey) and isotype control (white).
(d) NKG2A protein levels in single and triple knock-out cell lines. (e) TIGIT histogram expression
in parental cells (black), single knock-out cells (dark grey), triple knock-out cells (light grey) and
isotype control (white). (f) TIGIT protein levels in single and triple knock-out cells. (g) Immunoblot
of CBLB and GADPH in single and triple knock-out cells. (h) Normalized CBLB/GADPH ratio of
band densitometry readings in single and triple knock-out cells.

2.5. Evaluation of the Effect of Inhibitory Checkpoint Knock-Out in Parental and
CD19-CAR-NK-92 B-ALL Killing Assays

The generated effector cell lines were tested along with their parental counterpart
in cytotoxicity assays (Figure 5). CBLB and TIGIT knock-out CD19-CAR-NK-92 showed
comparable killing rates to unedited CD19-CAR-NK-92 (40–60% in 10:1 E:T ratios in calcein
assays and up to 85% in luciferase assays, Figure 5b,d,f,h). Unexpectedly, the killing efficacy
of CD19-CAR-NK-92 was reduced with NKG2A or triple knock-out against KOPN-8, MHH-
CALL-4 and Nalm-6 but analysis at later time points (4–6 h) in luciferase assay against
Nalm-6 GFP/Luc revealed similar performance to CD19-CAR-NK-92 (80.8 ± 4.5% for CD19-
CAR, 75 ± 0.7% for NKG2A knock-out and 76 ± 2.3 for triple knock-out, Figure 5h). Overall,
CBLB, NKG2A and TIGIT knock-out CD19-CAR cell lines did not improve the antileukemic
activity of CD19-CAR cells (Figure 5b,d,f,h). Similarly, no enhancement of the effector
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function could be observed in the knock-out NK-92 cell lines (Figure 5a,c,e,g). Irradiation
of parental or CD19-CAR-NK-92 did not decrease the killing efficacy (Figure 5a–h).

Figure 5. Cytotoxicity assays in B-ALL cell-lines comparing the cytotoxicity of parental NK-92 and
CD19-CAR-NK-92 vs. irradiated, CBLB, NKG2A, TIGIT or triple knock-out cells. Specific lysis is
shown as mean ± SD (n = 3). Calcein assays were incubated for 2 h and several effector-to-target
(E:T) ratios were employed: 10:1, 5:1, 2.5:1. Luciferase assays were studied for a time span of 6 h at 5:1
E:T ratio. (a) NK-92 cell lines vs. KOPN-8 calcein assay. (b) CD19-CAR-NK-92 cell lines vs. KOPN-8
calcein assay. (c) NK-92 cell lines vs. MHH-CALL-4 calcein assay did not display cytotoxicity in
the tested conditions (no killing). (d) CD19-CAR-NK-92 cell lines vs. MHH-CALL-4 calcein assay.
(e) NK-92 cell lines vs. Nalm-6 calcein assay. (f) CD19-CAR-NK-92 cell lines vs. Nalm-6 calcein assay.
(g) NK-92 cell lines vs. Nalm-6 GFP/Luc luciferase assay. (h) CD19-CAR-NK-92 cell lines vs. Nalm-6
GFP/Luc luciferase assay. * p < 0.05; ** p < 0.01; **** p < 0.0001; ns, non-significant (p > 0.05).

2.6. Evaluation of the Effect of Inhibitory Checkpoint Knock-Out in Parental and
CD276-CAR-NK-92 AML Killing Assays

The antileukemic effect of CRISPR-modified NK-92 and CD276-CAR-NK-92 cells was
assessed in cytotoxicity assays in AML cell lines (Figure 6). A significant boost of the
cytotoxicity was observed for CBLB knock-out NK-92 against U-937, as well as CBLB
and TIGIT knock-out NK-92 against U-937 CD19tag/Luc after 6 h (20–30% or 2.5 to 3-
fold improvement, Figure 6e,g). CBLB knock-out in NK-92 also exhibited significant
improvement against NOMO-1 and Nalm-6 in 5:1 and 2.5:1 E:T ratios, respectively, but no
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benefit is observable in higher E:T ratios (Figure 6a,c). In contrast, CD276-CAR-NK-92 triple
knock-out seemed to increase antileukemic activity in U-937 (20% increase in 10:1 E:T ratios,
Figure 6f), but not U-937 CD19tag/Luc where the specific lysis was slightly lower (15%
decrease at 6 h, Figure 6h). CBLB and TIGIT knock-outs underperformed against NOMO-1
and THP-1 (15% or 1.5 to 2-fold decrease, Figure 6b,d) but exhibited comparable killing to
CD276-CAR vs. U-937 and its luciferase-expressing clone (25% in 5:1 E:T ratio and 90% at
6 h, respectively, Figure 6f,h). Killing rates were neither improved with NKG2A knock-out
and remained comparable to parental CD276-CAR-NK-92 (40%, 20% and 25% specific
lysis, respectively, Figure 6b,d,f) or lower (20–30% decrease at 6 h, Figure 6h). Irradiation
of parental or CD276-CAR-NK-92 demonstrated similar cytotoxicity to its non-irradiated
counterpart (Figure 6a–h).

Figure 6. Cytotoxicity assays in AML cell lines comparing parental NK-92 and CD276-CAR-NK-92
vs. irradiated, CBLB, NKG2A, TIGIT or triple knock-out cells. Specific lysis is shown as mean ± SD



Int. J. Mol. Sci. 2022, 23, 12828 9 of 15

(n = 3). Calcein assays were incubated for 2 h and several effector-to-target (E:T) ratios were employed:
10:1, 5:1, 2.5:1. Luciferase assays were studied for a time span of 6 h at 5:1 E:T ratio. (a) NK-92 cell lines
vs. NOMO-1 calcein assay. (b) CD276-CAR-NK-92 cell lines vs. NOMO-1 calcein assay. (c) NK-92
cell lines vs. THP-1 calcein assay. (d) CD276-CAR-NK-92 cell lines vs. THP-1 calcein assay. (e) NK-92
cell lines vs. U-937 calcein assay. (f) CD276-CAR-NK-92 cell lines vs. U-937 calcein assay. (g) NK-
92 cell lines vs. U-937 CD19tag/Luc luciferase assay. (h) CD276-CAR-NK-92 cell lines vs. U-937
CD19tag/Luc luciferase assay. * p < 0.05; ** p < 0.01; *** p > 0.001; **** p < 0.0001; ns, non-significant
(p > 0.05).

3. Discussion
CD19-CAR-NK-92 cell-based treatment was previously reported to exert potent and

specific cytotoxicity in B-cell precursor cell lines and leukemic blasts [19]. There have
been no previous studies on CD276-CAR-NK-92 cells for the treatment of AML, but their
efficacy has been tested against other malignancies such as neuroblastoma or melanoma.
Furthermore, earlier studies in T cells proved the effectiveness of CD276-CAR against
AML cell lines and mouse models [20–23]. These observations are consistent with the
results observed in the present study, where both CD19-CAR and CD276-CAR NK-92
cells exhibit a targeted and strong cytotoxic effect against B-ALL and AML cell lines,
respectively, in comparison to the parental cell lines (p < 0.0001, Figure 3). This enhancement
of the antileukemic performance, together with the unlimited source material and ease of
expansion, makes CAR-NK-92 cells promising and affordable candidates for the off-the-
shelf treatment of leukemia.

However, one of the main drawbacks of NK-92-based immunotherapy lies on their
limited persistence in the host and thereby gradual loss of anticancer function [6]. This
limitation originates from the necessary irradiation of the effector cells to ensure a safe ther-
apeutic application. In the current study, both CD19 and CD276-CAR functionalities were
not affected after 10Gy irradiation (up to 6 h of incubation, Figures 5 and 6). Nonetheless,
a substantial loss of cytotoxicity in the days following the infusion is well described [24].
To overcome the loss of therapeutic efficacy due to the reduced lifespan and subsequent
cytotoxicity decline of irradiated NK-92 cells, sequential transfusions of readily available
effector cells are considered in the treatment scheme. Notwithstanding, this dosage strategy
increases the risk of anti-HLA antibody formation against NK-92 and can negatively affect
the outcome of the therapy [25,26]. Hence, it would be crucial to exert the maximum
cytotoxic effect as quickly as possible to take advantage of the full antileukemic potential of
each NK-92 infusion and reduce the number of doses.

Inhibitory ligands expressed by the leukemic blasts or their microenvironment can
inhibit or delay the antileukemic response [27,28]. Since the expression of several inhibitory
ligands was observed in both AML and B-ALL cell lines (Figure 1a,c), disrupting inhibitory
checkpoints expressed on NK-92 could potentially improve their effector function. CBLB,
NKG2A and TIGIT, three inhibitory checkpoints the suppression of which has been shown
to boost antileukemic treatment, were selected as knock-out targets. CBLB ablation pre-
viously demonstrated cytotoxicity enhancement in placental stem-cell-derived NK cells
against a HL-60 leukemia mouse model and was known to be expressed in the NK-92 cell
line [9,29]. Furthermore, NKG2A blockade has been shown to induce tumor cell death in a
leukemia mouse model [30]. Its expression was reported in the effector cell lines (Figure 2b)
and its main ligand, HLA-E, was highly expressed in most of the target cell lines used in
this work (Figure 1a,c). Finally, TIGIT was considered since its blockade in combination
with other blocking antibodies resulted in enhanced NK-92 cytotoxicity against AML and
its ligands CD112 and CD155 expressed in several target cell lines (Figure 1a,c) [31]. TIM-3
was initially considered as well, due to its relevance in AML immunosuppression and
prominent expression of Gal-9 in the target cells but was eventually not evaluated due to
its low expression in the effector NK-92 cell lines (Figure 2b) [32].
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We also considered multiplexing knock-outs to favor the balance towards NK ac-
tivation, which is highly dependent on the milieu of activatory versus inhibitory sig-
nals [18,27,33]. Previous research suggests that more effective strategies can be achieved
when targeting several inhibitory checkpoints at the same time [31]. Accordingly, the triple
knock-out of the target genes was pursued in a step-by-step approach consisting of a single
target knock-out at a time, separated by at least two weeks of culture expansion to ensure
proper cell recovery prior to a new transfection. This sequential method was preferred to
one-shot multiplexing to avoid potential translocations or chromosomic rearrangements
generated by multiple DSBs’ induced at the same time [34].

Very high rates of protein knock-outs were attained for all targets (Figure 4). These
efficient transfection protocols can be easily transferred to other targets of interest in NK-92
immunotherapy. Despite successful CRISPR-induced modifications, our results show no
consistent improvement of the single or multiple knock-out of these inhibitory checkpoints
in combination with CD19 or CD276-CAR constructs (Figures 5 and 6). This observation is
in accordance with our previous study of NKG2A knock-out in CD276-CAR-NK-92 against
melanoma, where no enhancement of the functionality could be reported [20]. Only in
very specific set-ups, such as triple knock-out CD276-CAR versus U-937, did the knock-out
approach seem to be significantly advantageous (Figure 6f). More importantly, we have
reported the underperformance of NKG2A, CBLB, TIGIT or triple knock-out CAR-NK-92
cell lines, in both calcein and luciferase cytotoxicity assays (Figures 5 and 6). Since this
effect is not observable in non-transduced NK-92, these unexpected findings could be
attributed to loss of cellular fitness after multiple genetic manipulations of CAR-transduced
NK-92. In addition, potential CRISPR-derived off-target modifications cannot be excluded.
It seems that this negative effect delays the cytotoxic response but does not hamper effective
cytotoxicity at later time points, as supported by the observation of a similar performance to
CAR-NK-92 at 4–6 h in luciferase assays for most knock-out cell lines (Figures 5h and 6h).

It would seem that the potential benefit of the studied knock-outs in CAR-NK-92
effector function would be small and not worthy of implementation in CAR-NK-92-based
antileukemic treatments. However, one of the main limitations of the current study lies
in in vitro experimentation. Chamberlain et al. previously reported no benefit of PD-1
knock-out in the anticancer function of tumor-infiltrating T cells (TILs) in cytotoxicity
assays [35], despite the fact that its effectiveness has been extensively proven in in vivo
pre-clinical research and investigated in clinical trials [8,36]. Similarly, we cannot exclude
a favorable outcome of the tested knock-outs under the complexity of in vivo models,
where pro-leukemic elements such as the bone microenvironment can play a major role in
cancer progression and immunosuppression [37,38]. We have shown significant benefits
for CBLB and TIGIT knock-out in NK-92 cells against U-937 AML cell lines (Figure 6e,g).
The CBLB knock-out in NK-92 also exhibited significant improvement against NOMO-1
and Nalm-6 in 5:1 and 2.5:1 E:T ratios, respectively, but being the reported cytotoxicity
close to the detection level with no benefit presented in higher E:T ratios, we would
assume this observation is likely to be an artifact and more time of incubation would be
needed to assess the benefit (Figure 6a,c). The improvements observed for CBLB and
TIGIT knock-outs in AML could be overshadowed in CD276-CAR-NK-92 cytotoxicity
assays by the powerful CAR-driven activation, which almost reached complete lysis of
leukemic cells after 6 h of co-culture (Figure 6h). We hypothesize that the CD276-CAR-NK-
92 performance might be hindered by more adverse immunosuppressive conditions, where
the checkpoint knock-outs could help to restore cytotoxicity or enhance it, as suggested
by the significant improvement observed for the triple knock-out CD276-CAR-NK-92
against U-937 cells (Figure 6f). Further studies are needed to assess completely the effect
of CBLB and TIGIT knock-outs in CD276-CAR-NK-92 immunotherapy, which are likely
to exhibit therapeutic effects in the treatment of AML. We cannot conclude the same for
CD19-CAR-NK-92, where the knock-out of CBLB, NKG2A and TIGIT did not improve
the cytotoxic performance. Different inhibitory checkpoints should be targeted to enhance
B-ALL NK-92-based immunotherapy.
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4. Materials and Methods
4.1. Cell Lines and Culture Conditions

NK-92 parental cells were purchased from the American Type Culture Collection
(ATCC) and were cultured with MEM Alpha Medium (1X) + GlutaMAX (Thermo Fisher Sci-
entific, Waltham, MA, USA) supplemented with 20% v/v FBS, 1% v/v L-glu, 1% v/v P/S and
100 U/mL IL-2 (Miltenyi Biotec, Bergisch Gladbach, Germany). AML cell lines (NOMO-1,
THP-1, U-937) and B-ALL cell lines (KOPN-8, MHH-CALL-4, Nalm-6) were obtained
from the German Collection of Microorganisms and Cell Cultures GmbH (DSMZ, Braun-
schweig, Germany). Transgenic Nalm-6 GFP/Luciferase and U-937 CD19tag/Luciferase
were generated as previously described [39,40]. Leukemia cell lines were cultured with
RPMI medium supplemented with 10% v/v FBS, 1% v/v L-glu, 1% v/v P/S (Thermo Fisher
Scientific, Waltham, MA, USA) except MHH-CALL-4 which was supplemented with 20%
v/v FBS.

4.2. FACS Staining
Cells were washed with PBS and stained at room temperature using a 1:10 dilution

of the indicated antibodies in 100 µL PBS for 10 min. Cells were washed once more
to remove antibody excess and flow cytometry data was subsequently acquired with
FACSCalibur (BD Biosciences, Franklin Lakes, NJ, USA). Live cells were gated based on
forward and side scatter plots. Isotype staining’s were performed as control conditions.
Anti-CTLA-4 PE extracellular antibody, anti-Gal-9-PE and their corresponding isotype
controls were purchased from Biolegend, San Diego, CA, USA. The rest of the antibodies
(anti-CD276-PE, anti-CD80-PE, anti-CD86-APC, anti-CD273-PE, anti-CD274-APC, anti-
HLA-E-APC, anti-CD112-PE, anti-CD66abce-APC, anti-CD155-PE, anti-CD19-APC or FITC,
anti-PD1-PE, anti-TIM3-APC, anti-NKG2A-FITC, CD56-APC, CD96-APC, TIGIT-PE, CD34-
APC, CD271-PE and corresponding isotype controls) were obtained from Miltenyi Biotec,
Bergisch Gladbach, Germany. CD19-CAR and CD276-CAR expression on NK-92 cells was
determined by CD271 and CD34 marker gene expression, respectively, whereas luciferase
expression on target cells was correlated with GFP for Nalm-6 GFP/Luc and CD19 marker
expression for U-937 CD19tag/Luc.

4.3. CAR Transduction
For CD19-CAR transduction, the 19–28z SFG� retroviral vector employed in this work

(kindly provided by Michel Sadelain (MSKCC) to J.F.) has been previously described [41,42].
Virus and transductions were performed as formerly reported (293Vec-RD114 packaging
cells were kindly provided by BioVec Pharma Inc, Québec, Canada) [39]. Second-generation
CD276-CAR lentiviral vector and transduction in NK-92 cells were described in an earlier
publication [23].

4.4. CRISPR-Cas9 Transfection
Three different NK-cell inhibitory checkpoints (CBLB, NKG2A, TIGIT) were disrupted

in effector NK-92 and CAR-NK-92 cell lines by the CRISPR-Cas9 system. The employed
sgRNAs were previously tested or newly designed using CHOPCHOP v3 software (www.
chopchop.cbu.uib.no (accessed on 27 May 2022), Table 1) [43].

Table 1. List of sgRNAs employed in this study.

Target Gene gRNA Nucleotide Sequence Reference

CBLB TAATCTGGTGGACCTCATGA Guo et al. [9]
KLRC1 (NKG2A) GGTCTGAGTAGATTACTCCT Grote et al. [20]

TIGIT ACCCTGATGGGACGTACACT Own design (CHOPCHOP)

KLRC1 (NKG2A) knock-out was generated by using the Neon transfection system
(ThermoFisher, Scientific, Waltham, MA, USA) and knock-out cells were sorted and en-

www.chopchop.cbu.uib.no
www.chopchop.cbu.uib.no
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riched, as formerly described. [20] CBLB and TIGIT knock-outs were generated employing
MaxCyte GTxTM electroporator (MaxCyte Inc, Rockville, MD, USA). V3 Cas9 and sgRNA
(IDT, Coralville, IA, USA) were incubated at a molar ratio of 1:2 (1.5 µmol to 3 µmol)
for 15 min to favor RNP complexation. Two and a half million cells were washed and
resuspended in 50 µL of MaxCyte® electroporation buffer, then mixed with the RNP and
electroporated in R-50x3 processing assemblies using the NK-4 electroporation protocol
(MaxCyte, Rockville, MD, USA). Cells were seeded in pre-warmed 12-wellplates after
electroporation and were incubated for 30 min in the incubator. Next, fresh medium
without antibiotics and interleukins was added at 2 ⇥ 106 cells/mL. After four hours,
a culture medium with 2X IL-2 (200 U/mL) was added to have a final concentration of
1 ⇥ 106 cells/mL. For the generation of triple knock-out, NKG2A knock-out cells were
expanded for two weeks before transfecting CBLB RNP with the same MaxCyte protocol as
described in this section. The double knock-out cells were expanded again for two weeks
and finally transfected with TIGIT RNP using the MaxCyte protocol (MaxCyte, Rockville,
MD, USA).

4.5. Assessment of CRISPR-Cas9-Induced Knock-Out
On day 5 post-electroporation, the CRISPR-modified cells were harvested for DNA iso-

lation with the NucleoSpin Tissue kit following the manufacturer’s instructions (Macherey-
Nagel, Düren, Germany) and were employed in PCR reactions to amplify the target region
(primer sequences and PCR protocols described in Table S1). Samples were cleaned up of
remaining reagents with QIAquick PCR purification kit (Qiagen, Hilden, Germany) and
were sequenced by Sanger-sequencing (Eurofins Genomics, Ebersberg, Germany). CRISPR-
induced insertions and deletions were analyzed by ICE v3 software (www.ice.synthego.com
(accessed on 17 May to 2 August 2022), Synthego, Redwood, CA, USA). [44] NKG2A and
TIGIT knock-outs were assessed by flow cytometry as aforementioned whereas CBLB
knock-out was analysed by Western blot.

4.6. CBLB Western Blot
Three to five million cells were resuspended in RIPA Lysis and Extraction Buffer

(ThermoFisher, Scientific, Waltham, MA, USA) supplemented with 1X Halt™ Protease
and Phosphatase Inhibitor Cocktail (ThermoFisher, Scientific, Waltham, MA, USA) and
incubated on ice for 20 min. The soluble fraction was recovered after 10 min of centrifuga-
tion at 10,000⇥ g 4 �C. Protein concentration was determined by standard Bradford assay.
A total of 20 µg of protein was loaded in a Mini-PROTEAN TGX gel (Bio-Rad, Hercules,
CA, USA) and separated by electrophoresis. The gel was transferred to a Midi format
0.2 µm PVDF membrane using Trans-Blot Turbo Transfer System (Bio-Rad, Hercules, CA,
USA). The membrane was blocked with EveryBlot Blocking Buffer (Bio-Rad, Hercules, CA,
USA) and incubated for 1 h at room temperature (RT) or overnight at 4 �C with rabbit
anti-CBLB (Cell Signaling Technologies, Danvers, MA, USA, clone: D3C12) diluted at 1:500
and rat anti-GAPDH (Biolegend, San Diego, CA, USA, clone: W17079A) diluted at 1:1000 in
blocking buffer. After washing, the membrane was incubated for 1 h at room temperature
with IRDye 800CW goat anti-rat and IRDye 680RD goat anti-rabbit (LI-COR Biosciences,
Lincoln, NE, USA) at 1:15,000 in a blocking buffer. The membrane was developed using
LI-COR Odyssey Fc and band intensity was quantified with Image Studio 4.0 (LI-COR
Biosciences, Lincoln, NE, USA).

4.7. Calcein Release Assay
Calcein solution (Calcein AM, Biolegend, San Diego, CA, USA) was prepared at

1 µg/µL in DMSO. Target cells were washed and resuspended in PBS at 106 cells/mL, then
incubated at 37 �C 5% CO2 in the incubator with 10 µL of calcein solution per mL of cell
suspension for 1 h with gentle swirls every 10 min. Next, target cells were washed three
times with assay medium (RPMI 10% FBS) to remove calcein excess. The target cell solution
was prepared at 105 cells/mL in assay medium and 100 µL was added to a 96 well-plate.

www.ice.synthego.com
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100 µL of effector cells were added to the target cells at indicated ratios in technical tripli-
cates. Two controls were prepared in the same plate: spontaneous lysis (SL, target cells in
assay medium) and maximum killing (MK, target cells in assay medium with Tryton X-100).
The plate was placed in the incubator for 2 h before taking fluorometric measurements of
the supernatant in a TECAN Spark reader (TECAN, Männedorf, Switzerland) to measure
calcein release. Effector-specific lysis (ESL) was calculated as below:

ESL = (measured value � SL)/(MK � SL) ⇥ 100 (1)

4.8. Luciferase Assay
Nalm6-expressing Luc-GFP and U937 CD19tag/Luc served as target cells for luciferase

cytotoxicity assay protocols. In brief, 1 ⇥ 104 target cells were resuspended in 100 µL of
assay medium (RPMI 10% FBS) and co-cultured with 5 ⇥ 104 effector cells in 50 µL of assay
medium for different time points in the incubator (0–6 h) and in technical triplicates. D-
luciferin (Gold-Bio, St. Louis, MO, USA) was dissolved in pure water to a final concentration
of 15 mg/mL and stored at �20 �C. To generate the working assay solution, a stock
aliquot was mixed 1:4 in RPMI 10% FBS and 50 µL were added to each assay well (final
volume 200 µL) immediately before the luminescence measurement in TECAN Spark reader
(TECAN, Männedorf, Switzerland). Effector-specific lysis (ESL) was calculated according
to spontaneous lysis (SL, target cells in assay medium with luciferin) and maximum
killing controls (MK, target cells in assay medium with Tryton X-100 and luciferin) using
Formula (1).

4.9. Data Analysis
All graphical and statistical analyses were performed with GraphPad Prism 9 soft-

ware (GraphPad Software Inc., San Diego, CA, USA). Two-way ANOVA analyses were
performed for gaussian distributed datasets. Multiple non-parametric t-tests were per-
formed when the Shapiro–Wilk test for normal distribution was not passed. Flow cytometry
data were analyzed using FlowJo software (FlowJo LLC., BD Biosciences, Franklin Lakes,
NJ, USA).
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Automated Good Manufacturing Practice-Compatible
CRISPR-Cas9 Editing of Hematopoietic Stem
and Progenitor Cells for Clinical Treatment
of b-Hemoglobinopathies
Guillermo Ureña-Bailén,1,{ Milena Block,2,{ Tommaso Grandi,2 Faidra Aivazidou,2 Jona Quednau,2

Dariusz Krenz,2 Alberto Daniel-Moreno,1 Andrés Lamsfus-Calle,1 Thomas Epting,3 Rupert Handgretinger,1,4

Stefan Wild,2,{ and Markus Mezger1,*,{

Cellular therapies hold enormous potential for the cure of severe hematological and oncological disorders. The
forefront of innovative gene therapy approaches including therapeutic gene editing and hematopoietic stem
cell transplantation needs to be processed by good manufacturing practice to ensure safe application in patients.
In the present study, an effective transfection protocol for automated clinical-scale production of genetically mod-
ified hematopoietic stem and progenitor cells (HSPCs) using the CliniMACS Prodigy! system including the Clini-
MACS Electroporator (Miltenyi Biotec) was established. As a proof-of-concept, the enhancer of the BCL11A gene,
clustered regularly interspaced short palindromic repeat (CRISPR) target in ongoing clinical trials for b-thalassemia
and sickle-cell disease treatment, was disrupted by the CRISPR-Cas9 system simulating a large-scale clinical scenario,
yielding 100 million HSPCs with high editing efficiency. In vitro erythroid differentiation and high-performance liq-
uid chromatography analyses corroborated fetal hemoglobin resurgence in edited samples, supporting the feasi-
bility of running the complete process of HSPC gene editing in an automated closed system.

Introduction
Gene editing approaches are currently used to develop
therapies for the treatment of severe hematological disor-
ders. Among other technologies, the clustered regularly
interspaced short palindromic repeat (CRISPR)-Cas9
system has proven to be one of the most versatile and
affordable technologies for gene therapy. Its applications
include disruption, addition, and correction of genes of
interest in a great variety of clinically relevant cells.1–6

Recently, an important improvement in the health and
life quality of two patients treated by a CRISPR-based
gene therapy suffering from b-thalassemia and sickle-
cell disease (SCD), respectively, was reported.7 The strat-
egy consisted in targeting BCL11A, a gene involved in
the negative regulation of fetal hemoglobin (HbF), to
promote the resurgence of HbF expression as previously

demonstrated in preclinical studies.8–10 These results
encourage the expansion of CRISPR-based protocols
for the treatment of b-hemoglobinopathies and other
hematological disorders.

For the implementation of these therapies, it is com-
mon to perform genetic engineering of effector cells
ex vivo, before their infusion into the patient. In this con-
text, electroporation is a valuable option for the delivery
of the CRISPR-Cas9 components into the cells. The elec-
tric field exerted in the cellular membrane during the
electroporation process increases the permeability and
allows efficient transfer of the cargo into the cells.11,12

The CliniMACS Prodigy system (Miltenyi Biotec) offers
fully automated cell culture and expansion in a closed, good
manufacturing practice (GMP)-compatible system. The
CliniMACS Electroporator was recently implemented into
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the platform design, enabling additional gene-editing proto-
cols using a single process within one closed tubing set. In
this publication, we propose an optimized transfection proto-
col for editing CD34+ hematopoietic stem and progenitor
cells (HSPCs) at a clinical production scale that facilitates
translation to patient treatment.

Materials and Methods
Ethics statement
All leukapheresis samples were obtained following stan-
dard collection procedures in accordance with the guide-
lines of the certified collection centers (Cytocare).

HSPC isolation and culture
CD34+ HSPCs were magnetically isolated from mobi-
lized leukapheresis products from healthy donors using
the CliniMACS Plus or CliniMACS Prodigy (Miltenyi
Biotec). The isolation was performed using the Clini-
MACS CD34+ reagent (Miltenyi Biotec).

HSPCs were used freshly after isolation or were thawed
and recovered from frozen aliquots. They were cultured at
a concentration of 1 · 106 cells/mL in an HSC medium
1 day before electroporation at 37"C 5% CO2 in 24-well
plates in the incubator (Heracell; Thermo Fisher) or the
CliniMACS Prodigy cell culture unit (Miltenyi Biotec).
The HSC medium consisted of HSC-Brew GMP Basal
Medium (Miltenyi Biotec) supplemented with 1% HSC-
Brew GMP Supplement (Miltenyi Biotec), 2% human
serum albumin (HSA) (Octapharma), MACS! GMP
Recombinant Human stem cell factor (SCF) (100 ng/
mL), MACS! GMP Recombinant Human thrombopoietin
(TPO) (20 ng/mL), and MACS! GMP Recombinant
Human Flt-3 ligand (100 ng/mL; Miltenyi Biotec).

Small-scale HSPC electroporation
CD34+ cells were transfected in CliniMACS Electro-
poration Buffer (Miltenyi Biotec) at a concentration of
5 · 106 to 1.5 · 107 cells/mL using the CliniMACS Prod-
igy electroporator with 1 lg DsRed mRNA (in vitro
transcribed as previously described).8 One hundred micro-
liters of cell suspension was electroporated in 0.2 cm elec-
trode distance Ingenio! electroporation cuvettes (Mirus
Bio LLC) using the test cuvette adapter (TCA) and the re-
spective software on the CliniMACS Prodigy. The used
electroporation parameters are indicated in the Results sec-
tion. For all experiments, two consecutive electroporation
pulses with defined voltage and time were applied. In ad-
dition, interrupted (burst) as well as bipolar pulses were
tested with 8 ls burst duration. After electroporation,
cells were transferred to a 24-well plate for recovery in
HSC medium at 37"C or 32"C, 5% CO2.

Upscale HPSC electroporation
The cuvette of the CliniMACS Prodigy EP-2 was manu-
ally filled with 600 lL of CD34+ cells in the CliniMACS
Electroporation Buffer (Miltenyi Biotec) at a concentra-
tion of 5 · 106 to 1.5 · 107 cells/mL with either 30 lg/mL
eGFP mRNA (Miltenyi Biotec) or 150–900 pmol ribo-
nucleoprotein (RNP) complex per million cells. The cu-
vette was placed into the CliniMACS Electroporator
and cells were electroporated using the TCA software
on the CliniMACS Prodigy. Unless indicated otherwise,
the following electroporation parameters were used:

! Pulse 1 (high voltage): 600 V 104 ls burst/
bipolar—8 ls burst duration.
! Pulse 2 (low voltage): 200 V 5000 ls square.

After electroporation, the electroporated cell suspen-
sion was added to 6 mL of HSC medium and transferred
to a 24-well plate for overnight recovery culture at 37"C
or 32"C, 5% CO2.

Automated generation of edited CD34+ HPSCs
(Prodigy sample)
CD34+ HSPCs were manufactured using the T cell engi-
neering (TCE) process on the CliniMACS Prodigy plat-
form. Process parameters were defined by the operator
and saved in the activity matrix of the process. The sep-
arated CD34+ HSPCs were connected to the tubing set,
after evaluation of the viability and total cell number.
The cells were automatically transferred to the CentriCult
Unit (CCU) of the CliniMACS Prodigy TS 520 (Miltenyi
Biotec) and cultivated using the same medium, tempera-
ture, and CO2 concentration used for the small-scale ex-
periments. On day 1, CD34+ cells were electroporated
using the CliniMACS Prodigy EP-2 tubing set on the
CliniMACS electroporator: cells were rebuffered in the
CliniMACS Electroporation Buffer (Miltenyi Biotec);
the RNP was transferred to the nucleic acid bag, and elec-
troporation was started using the optimized pulse previ-
ously described in the upscale electroporation.

After each electroporation cycle, the edited cells were
automatically transferred back to the cultivation chamber
and cultured in HSC medium for 24 h including shaking
(shaker type 2). On day 2, the cells were formulated
in NaCl supplemented with 0.5% HSA and cells were
harvested in the target cell bag. The final cell product
was directly used for functional analysis or frozen until
further use.

CRISPR-Cas9 transfection and analysis
To prove the efficacy of the electroporation settings,
a previously designed sgRNA targeting BCL11A was
used (Table 1). Unless indicated otherwise, the sgRNA
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and Cas9 V3 ribonucleoprotein (Integrated DNA Tech-
nologies) were incubated for 20 min at room temperature
at a 1:2 molar ratio, complexing 450 pmol of Cas9
and 900 pmol of sgRNA per million cells, respectively.
CD34+ HSPCs were harvested 24 h postelectroporation
and DNA was isolated using the NucleoSpin Tissue kit
following the manufacturer’s instructions (Macherey-
Nagel). Polymerase chain reaction (PCR) amplification
targeting the region susceptible to CRISPR-Cas9 editing
was performed (primer sequences available in Table 1).
After corroboration in 1% agarose gel, samples were puri-
fied using the QIAquick PCR Purification Kit (Qiagen)
and Sanger sequenced (Eurofins Genomics).

The obtained results were analyzed and the InDel score
was quantified by the ICE online tool (Inference of
CRISPR Edits; Synthego). If applicable, Mann–Whitney
nonparametric tests were performed to assess the differ-
ence in editing efficiency.

Flow cytometry
Flow cytometric measurements to monitor the cell via-
bility, transfection efficiency, and phenotype of CD34+

HSPCs were performed on day 2 after transfection
using the MACSQuant analyzer 10 (Miltenyi Biotec).
To determine cell viability, 7-aminoactinomycin (Milte-
nyi Biotec) or propidium iodide (Miltenyi Biotec) was
added. The transfection efficiency was determined by
measuring the mean fluorescent intensity of the DsRed+

control cells. HSPCs were characterized by staining with
two panels comprising anti-CD34-PE/Vio770 (REA1164),
anti-CD133/1-APC (AC133), anti-CD45-VioBlue (5B1),
or anti-CD34-PE/Vio770 (REA1164), anti-CD45RA-
APC/Vio770 (T6D11), CD90-APC (REA897).

During erythroid differentiation, cells were analyzed by
staining with three different panels: Panel I: CD34-VioBlue
(REA1164) and CD36-APC (platelet glycoprotein 4,
REA760). Panel II: CD235a-VioBlue (glycophorin A,
REA175) and CD71-APC (transferrin receptor, REA902).
Panel III: CD233-APC (Band3, REA368) and CD49d-
FITC (a-4 integrin, MY18-24A9). All antibodies were
obtained from Miltenyi Biotec. Data were analyzed
using MACSQuantify software (Miltenyi Biotec).

In addition, for the automated process, cell recovery
was determined for the CD34+ HPSCs by quantification

of viable cells on day 2 after electroporation. Where
appropriate, nonparametric Mann–Whitney tests were
performed to assess the difference in cell viability.

Colony-forming unit assay
The clonal ability of the edited and nonedited CD34+

HSPCs was determined by performing a colony-forming
unit (CFU) assay. Five hundred live cells resuspended in
300 lL of IMDM were added to 3 mL of StemMACS#
HSC-CFU complete with erythropoietin, human medium
(Miltenyi Biotec) and equally distributed among two
35 mm wells (six-well plates). The plates were incubated
for 14 days at 37"C and the resulting colonies were
counted using a light microscope.

HSPC differentiation to the erythroid lineage
Erythroid in vitro differentiation of the transfected
HSPCs was performed according to established pro-
tocols.8,13,14 Briefly, CD34+ HSPCs were cultured at a
starting concentration of 104/mL in StemMACS HSC
expansion medium supplemented with 2 mM of
L-glutamine, 100 ng/mL of SCF (Miltenyi Biotec),
10 ng/mL of IL-3 (Miltenyi Biotec), 0.5 U/mL of human
EPO (eBiosciences), 200 lg/mL of holo transferrin
(Sigma Aldrich), and 100 U/mL of Pen/Strep for
7 days. For the second phase, the cells were seeded at a
starting concentration of 105/mL in StemMACS HSC
expansion medium supplemented as above, but with
3 U/mL of EPO and cultured for another 4 days. Cells
were finally cultured at a starting concentration of 105/
mL as in phase 1, but with 3 U/mL of EPO and 1 mg/
mL of holo transferrin until day 21. Erythroid differenti-
ation and maturation were monitored by flow cytometry
on days 7, 14, and 21.

HbF quantification
For high-performance liquid chromatography (HPLC),
cell pellets after 21 days of erythroid differentiation
were frozen for further analysis. The frozen pellets were
treated and processed as previously described.8 The anal-
ysis was performed on a LaChrom Elite HPLC-system
(Merck-Hitachi) using a gradient elution mode with a
bis-tris buffer system (buffer A: bis-tris 20 mM, NH4-
acetate 13 mM, KCN 1 mM, and buffer B: bis-tris
20 mM, Na-acetate 38 mM, KCN 1 mM, NaCl 200 mM).
Hemoglobin proteins were detected by absorbance mea-
surements at 415 nm. Intracellular HbF was also deter-
mined on day 21 of erythroid differentiation utilizing
intracellular anti-HbF-FITC staining according to the
intracellular flow cytometry staining protocol (Miltenyi
Biotec).

Table 1. Sequences of BCL11A gRNA and primers used in this
work

Sequence Ref.

BCL11A gRNA CTAACAGTTGCTTTTATCAC 8
BCL11A forward primer GTGTATGTGCTGATTGAGGGC
BCL11A reverse primer GGACAGCCCGACAGATGAAA
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Analysis of thawed material
Cell pellets from the resulting sample of automated large-
scale gene editing and its corresponding controls were
resuspended in a freezing medium composed of 90%
fetal bovine serum and 10% dimethyl sulfoxide (DMSO)
as a cryoprotectant. The cryovials were stored at "80"C
in a liquid nitrogen tank for 6 months. Then, samples
were gently thawed in a warm water bath (37"C) and
were subsequently washed with StemMACS HSC
expansion medium (Miltenyi Biotec) without supple-
ments to remove DMSO. Cells were counted and seeded
at 1 · 106 cells/mL of culture using a prewarmed HSC
maintenance medium (StemMACS HSC expansion
medium supplemented with 100 ng of SCF, 20 ng of
TPO, and 100 ng of Flt-3 ligand per milliliter of medium;
Miltenyi Biotec) in a 24-well plate. The plate was placed
in the incubator (37"C 5% CO2) and 1 million cells’ ali-
quots were taken at different time points for viability and
genetic analyses (0, 1, 2, 4, and 24 h).

Results
Adaption of electroporation parameters
for large-scale processing
A prescreening was performed to investigate the effect
of different electroporation pulses on the transfection
efficiency and viability of HSPCs. Small-scale electropo-
rations using the TCA were performed to transfect DsRed
mRNA as a reporter of transfection efficiency. Three dif-
ferent electroporation modes were compared: square,
burst, and bipolar burst (flip). The burst pulse com-
prises a series of short 8 ls pulses. The pulse duration

is given as the sum of the individual bursts. In bipolar
mode, the field directions change after each burst.

The direct comparison using 600 V and 104ls for the first
pulse and 250 V for 2 ms for the second pulse indicates the
highest transfection rate of nearly 80% for the square pulse,
closely followed by the flip and the burst mode. Increasing
the voltage of the first pulse decreased the viability of the
cells for square pulses, whereas the bipolar mode gave com-
parable viabilities even when applying 800 V (Fig. 1A).
Increasing the time for the second pulse enhanced the trans-
fection efficiency. Higher second pulse voltages up to 300 V
also improved the efficiency, but at the cost of lower viabil-
ity. However, 400 V combined with a shorter duration of
0.75 ms is also a reasonable combination (Fig. 1A).

To mimic a clinical treatment scenario, the electropo-
ration cuvette included in the CliniMACS Prodigy! EP-2
tubing set was manually filled with magnetically isolated
CD34+ HSPCs (94.2% – 2% viable CD34+ HSPCs among
all viable white blood cells [WBCs]) to test the upscale of
the electroporation conditions. In this context, square and
flip settings with 600 V as the first pulse were selected to
transfect HSPCs with BCL11A RNP as they proved to be
highly efficient in the small-scale optimization (Fig. 1A).
However, the observed editing performance was moderate
(48–54%, Fig. 1B), indicating that further optimization
was needed to achieve higher InDel rates. To proceed
with the upscale screening of the most efficient electropora-
tion settings, the flip protocol was set as it previously led to
the highest BCL11A editing (54% InDel rate, Fig. 1B). For
the first pulse, 600 V 104ls burst/bipolar—8 ls burst, was
applied.

‰
FIG. 1. Study and optimization of electroporation conditions using CliniMACS Prodigy electroporator. (A) Small-
scale pulse optimization using DsRed mRNA to determine the transfection efficiency (gray) and viability (white),
n = 2. (B) Upscale BCL11A transfection using two of the most suitable electroporation settings in small-scale
optimization led to moderate InDel efficiencies, n = 1. (C) Upscale comparison of different conditions to further
optimize transfection efficiency. BCL11A editing is provided in InDel rate after Sanger sequencing of the PCR
product (gray). Viability was determined by flow cytometry 2 days post-transfection (white), n = 2. Nonsignificant
differences were observed for editing efficiencies in Mann–Whitney tests ( p > 0.05). (D) Influence of different RNP
concentrations (2250 pmol/mL, light gray; 4500 pmol/mL, dark gray; 6750 pmol/mL, black) with increasing cell
concentrations (5 · 106 to 1.5 · 107 cells/mL) on the BCL11A editing rate, n = 1. (E) Same data as in (D), but
displayed as editing rate in relation to RNP concentration per 106 cells, n = 1. (F) Effect of the electroporation
volume in CliniMACS Prodigy EP-2 cuvette on the editing performance (gray) and viability (white), n = 2.
Nonsignificant differences were observed for editing efficiencies and viabilities in Mann–Whitney tests ( p > 0.05).
(G) RNP stability controlling freshly prepared RNP (control) versus RNP recovered after a process run and storage
time of 60 min, n = 1. (H) Effect of the RNP incubation time on the editing rate (light gray) and viability (white),
n = 2. Nonsignificant differences were observed for editing efficiencies and viabilities in Mann–Whitney tests
( p > 0.05). (I) Average editing rate for thawed HSPCs from different donors, n = 4. ( J) Comparison of BCL11A
transfection efficiency after cultivation in the CliniMACS Prodigy system versus a classical cell incubator, n = 1.
HSPCs, hematopoietic stem and progenitor cells; PCR, polymerase chain reaction; RNP, ribonucleoprotein.
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To promote suitable viability, it was decided to de-
crease the voltage of the second pulse to 200 V since
higher voltages, such as 300 V, have been shown to re-
duce viability (Fig. 1A). In addition, it was considered
to increase the duration of the second pulse to promote
efficient gene editing. By increasing the length of the
second 200 V pulse from 3.5 to 5 ms, the efficiency of
BCL11A editing was boosted (InDel rate from 65% –
15.6% to 75% – 4.3%, Fig. 1C). Further improvement
was achieved by postincubation of the electroporated
cells at 32"C (InDel score 82%, Fig. 1C). This ‘‘cold
shock’’ has proven to increase InDels derived from non-
homologous end joining repair.15 Further increase of
the second pulse to 10 ms drastically harmed the viability
of the samples (from &80% to 50%, Fig. 1C).

BCL11A editing is effective in a wide range of RNP
and cell concentrations
Different RNP and cellular concentrations were tested
to identify the most suitable composition during electro-
poration (Fig. 1D, E). Cells in the electroporation buffer
were mixed with RNP and manually filled into the
cuvette of the CliniMACS Prodigy EP-2 tubing set to
simulate upscale conditions. The editing rate appeared
robust within the range of tested RNP and cell concen-
trations with a slight tendency to lower editing rates
for the low cell concentration of 5 · 106 cells/mL
(Fig. 1D). Considering the RNP-to-cell ratio, as depicted
in Figure 1E, comparable InDel rates of 78–85% were
observed for 150–900 pmol of RNP per million cells.
For the high RNP-to-cell ratio (1350 pmol per million
cells), respectively, a cell concentration of 5 · 106 cells/
mL combined with a high RNP concentration of
6750 pmol/mL, the editing rate dropped (InDel rate
68%, Fig. 1E).

A cell concentration of 1 · 107 cells/mL and an RNP
concentration of 2250–6750 pmol/mL (225–675 pmol
per million cells) during electroporation were depicted
as the most effective condition for further experiments
(Fig. 1D, E).

The selected transfection conditions work
for different electroporation volumes
The typical filling volume during automated large-scale
electroporation in the CliniMACS Prodigy electroporator
is 600–650 lL. To investigate the potential impact of dif-
ferent electroporation volumes, a range of 200–800 lL
was tested. Independent of the volume, the editing effi-
ciency was consistent between all tested samples (InDel
rate 64–66%, Fig. 1F).

CRISPR RNP complex stability is not a limiting factor
in the editing process
The CliniMACS Prodigy electroporator sequentially
electroporates 600–650 lL of cells per cycle with a
cycle time of &30 s. The duration of the electroporation
process will depend on the total volume to be processed.
More specifically, we used 25 mL of cell suspension for
the large-scale electroporation with an approximate
duration of 40 min. We considered that the RNP might
be degraded over time. To investigate the effect of stor-
age at a defined room temperature (22"C), the remaining
RNP complex of a large-scale electroporation was used
in a small-scale electroporation using the TCA after a
storage time of 1 h. The InDel rate was comparable
with freshly prepared RNP (85% InDel rate, Fig. 1G).

In a different experiment, the RNP complex was addi-
tionally incubated at room temperature (22"C) for 5 and
30 min, showing similar results in the editing perfor-
mance (InDel rate 65.5% – 0.5% and 64% – 2%, respec-
tively, Fig. 1H). Within the tested time scale of up to
1 h, storage of the RNP complex has no impact on the
editing efficiency.

Comparable editing rates can be reached
for different donors
Cells from different donors can affect the experimental
outcome. To assess the effect of individual variability
of cellular fitness along the process, CD34+ HSPCs
from four different donors were thawed and processed.
Although slightly different efficiencies can be observed,
the editing was consistent in all samples (BCL11A
InDel rate: 60 – 7.3, Fig. 1I).

Culture conditions can be scaled up without
impacting the cell product
The post-transfection recovery is crucial for gene editing
and cell survival. The manual cultivation in the incubator
was compared with the cultivation in the CCU of the
CliniMACS Prodigy system. The editing performance
was equivalent, indicating optimal conditions of the auto-
mated culture for transfection efficiency (69% InDel rate,
Fig. 1J).

BCL11A knockout in CD34+ HSPCs is efficient
in a large-scale scenario with clinically relevant cell
numbers
After the identification of the most suitable electropo-
ration parameters and conditions for efficient BCL11A
editing, a large-scale run was performed. CD34+ HSPCs
were isolated from a mobilized leukapheresis using the
CliniMACS CD34 enrichment. 2.1 · 108 CD34+ HSPCs
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(94.7% viable CD34+ HSPCs among all viable WBCs)
were further processed using the TCE process on the
CliniMACS Prodigy. On day 2, 1.1 · 108 cells were har-
vested (52% recovery, Fig. 2A) and further analyzed. The
editing efficiency of the upscale control and large-scale
samples was 80–86% and 71–74%, respectively, with a
viability of 76.9% and 80.8%, which was similar to
85% viable cells observed for nontransfected control
(NTC) (Fig. 2A).

The differentiation potential of CD34+ HSPCs is not
compromised after BCL11A knockout and HbF
resurgence is independent of the production scale
CFU assays were conducted to determine the prolifera-
tion and differentiation potential of the electroporated
cells and therefore assess whether the cells remained
functional. Cells were seeded immediately after separa-
tion (baseline, day 0) and compared with the samples
with cells after electroporation and cultivation in the
CliniMACS Prodigy on day 2 (Fig. 2B). The cells devel-
oped into the typical myeloid colonies exhibiting very
similar total colony counts, as well as distributions of col-
ony types among the samples.

To corroborate that the differentiation potential of the
edited HSPCs is not compromised and to investigate the
induced expression of HbF in the edited cells, an in vitro
erythroid differentiation protocol was performed. The
expression of relevant differentiation markers was
assessed during the differentiation on days 7, 14, and
21 (Fig. 2C). Whereas the purity of CD34+ cells was
typically more than 95% after separation and 2 days of
culture, the expression decreased during the
differentiation below the detection limit at day 14

(Fig. 2C and Supplementary Fig. S1A). Along the dif-
ferentiation, CD36 (an early marker for erythroid differ-
entiation)16 increased from day 7 to 14 and decreased
until day 21. CD233 and CD235a erythrocyte markers17

increased their positive population from below 20%
and 5% to roughly 90% and 75% on day 21 as described
during erythropoiesis (Fig. 2C and Supplementary
Fig. S1B, C).

High expression of CD49d was reported on day 14, but
it dropped below 5% on day 21 as expected in the late
stage of erythroid differentiation (Fig. 2C and Supple-
mentary Fig. S1C).14 More than 80% of the cells
expressed CD71 on day 7, maintaining high expression
levels until day 21. This observation correlates with the
development of proerythroblasts to basophilic and poly-
chromatophilic erythroblasts and finally late-stage ortho-
chromatic erythroblasts17 (Fig. 2C and Supplementary
Fig. S1). Both upscale and large-scale samples repor-
ted similar receptor expression levels to those observed
in the NTC. CD34", CD235a+, CD71+ cells indicate
hemoglobin-expressing, mature differentiated erythro-
cytes as required for the analysis of HbF expression.18

Concerning HbF resurgence after BCL11A disrup-
tion, flow cytometry and HPLC analyses revealed an
upregulation of HbF in upscale and large-scale samples
(Fig. 2D–F). The HbF staining and flow cytometry analy-
ses indicate HbF induction in the differentiation control
sample, increasing from 16% on day 7 to 64% and 67%
on days 14 and 21, respectively (Fig. 2D). However,
the rate of HbF expressing cells appeared higher for the
edited cells with 19%, 97%, and 84% for the upscale con-
trol sample and 21%, 83%, and 83% for the large-scale
sample processed on the CliniMACS Prodigy (Fig. 2D).

‰
FIG. 2. Large-scale BCL11A editing of HSPCs using CliniMACS Prodigy system with electroporator compared with
NTC, NTCe, and upscale controls using the CliniMACS Prodigy EP-2 cuvette. (A) BCL11A editing at the genomic
level (n = 1 with technical replicates), cellular viability, and recovery at day 2 after electroporation (n = 1). (B) CFU
assay of large-scale samples compared with upscale samples. Total colonies counted for 250 seeded HSPCs (left)
and proportion of different colonies, n = 1 with technical replicates. (C) Erythroid differentiation staining on days 7,
14, and 21. Positive rate by flow cytometry for CD34, CD36, CD235a, CD71, CD233, and CD49d, mock
electroporated cells (NTCe) (dark gray), upscale control electroporation (light gray), and cells electroporated by the
CliniMACS Prodigy process (white), n = 1. (D) HbF levels of electroporated samples measured by flow cytometry on
days 7, 14, and 21. (E) HbF/(HbF+HbA0) ratio as determined by HPLC analysis of normal control cells, HbF
expressing control cells, and processed cells after additional erythroid differentiation: mock electroporated cells
(NTCe), upscale control electroporated cells, and cells electroporated by the CliniMACS Prodigy process, n = 1. (F)
HPLC chromatograms of HbF expressing control cells and electroporated samples after in vitro erythroid
differentiation. BFU-E, burst-forming unit-erythroid; CFU, colony-forming unit; CFU-G, CFU-granulocyte; CFU-GEMM,
CFU-granulocyte erythrocyte macrophage megakaryocyte; CFU-GM, CFU-granulocyte macrophage; CFU-M, CFU-
macrophage; HbF, fetal hemoglobin; HPLC, high-performance liquid chromatography; NTC, nontransfected controls;
NTCe, electroporated nontransfected controls.
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The HPLC analysis corroborates the cytometry data
with an HbF to HbF plus HbA ratio of 20.4% for the elec-
troporated but nontransduced control, 69.3% for the
upscale, and 63.8% for the large-scale electroporation
sample (Fig. 2E, F). The HbF expression, besides the
spontaneous or differentiation-induced HbF expression
in the control sample, resembles the editing rate on the
genomic level.

Freeze and thawing of edited HSPCs decreased
the BCL11A knockout population
After the large-scale run, samples were frozen and stored
at "80"C for 6 months to analyze the InDel score and
evaluate the recovery of the cells after thawing. Unex-
pectedly, there was a reduction in BCL11A editing for
both upscale control and large-scale electroporation sam-
ples (from 86% to 67% and 74% to 54%, respectively,
Fig. 3A). Genetic analyses were performed with the
large-scale sample at different time points after thawing
to assess this observation, revealing a similar InDel
score (54–59% at 0–4 h, Fig. 3B) that was moderately in-
creased after 24 h (66% InDels, Fig. 3B). The thawed
cells showed high viability (82–86%, Fig. 3B) and con-
sistent cellular numbers during the first few hours after
thawing (9.4 · 105–1.12 · 106 cells/mL at 0–4 h, Fig. 3C),
whereas a decline was observed after 24 h (7.6 · 105

cells/mL, Fig. 3C).

Discussion
Hemoglobinopathies are among the most common
human genetic disorders worldwide.19 Besides hemato-
poietic stem cell transplantation (HSCT), there has been

no curative transfusion-dependent b-thalassemia (TDT)
and SCD. However, gene therapies either using viral vec-
tors or genome editing strategies could overcome this
shortcoming. In this context, the first gene therapy
based on ex vivo transduced HPSCs to integrate a modi-
fied form of the b-globin gene has just recently been ap-
proved by the FDA.20

We investigated different gene editing approaches and
considered BCL11A a promising target.8 In a proof-of-
principle investigation, editing of the BCL11A locus has
shown clinical benefit for b-thalassemia (TDT) and
SCD patients.7 As for other individualized cell therapies,
safe and cost-efficient production is crucial for the future
availability of these treatments. Therefore, in parallel to
clinical developments, we were aiming to improve tradi-
tional GMP gene editing approaches and implement the
whole cell engineering protocol in an automated closed
system. Predefined electroporation pulses are often used
and the respective parameters such as voltage or pulse
duration cannot be adapted. As shown in this work, opti-
mizing the used conditions enables to balance transfec-
tion efficiency and cell survival.

Traditionally, different devices are used, for exam-
ple, for cell concentration, culture, and electroporation.
Accordingly, the respective instruments need to be oper-
ated individually and cells have to be transferred in
between. Reducing manual and open steps is important
to minimize risks during production. In this way, the
impact of different operators is also diminished and
reproducibility can be improved.21

Apart from that, scalability will be a prerequisite to
serving patients, especially for prevalent diseases such

FIG. 3. Effect of freezing/thawing cycle in gene editing and viability. (A) BCL11A editing efficiency comparison of
freshly edited HSPCs versus thawed edited HSPCs after freezing storage at "80"C for 6 months, n = 1. (B) Time
course analysis of BCL11A editing efficiency and cellular viability after thawing for large-scale Prodigy sample.
(C) Time course analysis of cell number after thawing for large-scale Prodigy sample.
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as hemoglobinopathies. As discussed during the annual
ISCT meeting, the availability of trained staff can be a
challenge for sophisticated cell products.22 Simplified
procedures and automation will relieve some of the
tasks, allowing to focus on monitoring the production
processes. As personnel costs have been addressed for
up to 47% of the total costs,23 lowering the workload
is expected to also substantially contribute to cost-
effectiveness.

Another considerable cost factor is the necessary clean
room facilities. In this study, using a closed system for
the production of cellular therapies could overcome the
limitation of a single-cell product manufactured per
clean room.23 Thereby, the fixed costs for the facility
could be reduced by parallel production. Considering
reliable production procedures and cost-effectiveness is
not only relevant for late clinical trials or commercial
manufacturing, but can be critical already during early
developments.

With our work, we tackled some challenges related
to different scales and automations. To achieve reason-
able throughput, the electroporation volume is increased
compared with the manual electroporation systems. The
raised conductivity bears the risks of impaired trans-
fection efficiency. To address this issue, we adapted the
electroporation pulse (Fig. 1C) and confirmed the repro-
ducible performance for increasing electroporation vol-
umes (Fig. 1F).

The electroporation process on the CliniMACS Prod-
igy system performs cyclic electroporations until all
cells are processed. The volume of cells that can be
processed during electroporation (25–200 mL) with a rec-
ommended concentration of up to 5 · 107 cells/mL repre-
sents a feasible scale for clinical applications. The system
has been designed to store the material to be electropo-
rated, that is, the RNP, in a separate bag. Thereby, the
risk of RNA degradation is minimized as the two frac-
tions are mixed for each cycle just before the electropo-
ration. However, deviations in the mixing ratio could
impair the editing efficiency. We have shown that the
CRISPR editing efficiency is sustained in a wide range
of RNP and cellular concentrations (Fig. 1D, E).

Another concern had been the storage of the RNP dur-
ing the processing time. Material loss, for example, by
nonspecific binding to the storage bag or dissociation of
the RNP complex could lead to a decreased efficiency
over time. The editing efficiency was shown to be robust
after the common duration of clinical-scale electropora-
tion (storage time of 1 h, Fig. 1G).

Besides the electroporation itself, also the culture con-
ditions might influence the results. In a direct compari-
son, we observed no differences between the automated

process in the CentriCult Unit (CCU) of the CliniMACS
Prodigy and cells cultured under standard incubation con-
ditions in an incubator (Fig. 1J).

To assess the effect of individual variability of cellu-
lar fitness along the process, frozen HSPCs from four
different healthy donors were tested. The editing efficien-
cies were very similar (Fig. 1I). Moderate editing could
be a result of the use of thawed cellular material, which
is also observable for the thawed cell samples used in
other experiments reported in this publication (Fig. 1F,
H, J) and is consistent with previous research conducted
in the immunotherapy field.8

After the optimization screenings, we performed a
clinical-scale production run. For this purpose, purified
HSPCs (94.7% viable CD34+ HSPCs among all viable
WBCs) were processed in the CliniMACS Prodigy with
the electroporator system using the CliniMACS Prodigy
TS 520 and CliniMACS Prodigy EP-2 set. Posterior
genomic studies revealed high disruption in BCL11A
enhancer (Fig. 2A). Normal HSPC functionality and
increased HbF levels were observed after CRISPR treat-
ment, thereby proving the success of the strategy and
feasibility of the overall process (Fig. 2B–F). With a
yield of 52% (Fig. 2A), a clinically relevant cell number
of about 1 · 108 cells were harvested from the isolated
CD34+ cells.

According to the American Society for Blood and
Marrow Transplant (ASBMT), the minimum recom-
mended stem cell dose for autologous HSCT is 2 · 106

CD34+ cells/kg.24 Accordingly, the cell product of
1 · 108 CD34+ cells would be sufficient for the treatment
of a 50 kg patient. Taking the recommended stem cell
collection target of 3–5 · 106 CD34+ cells per kilogram
into account, we demonstrated the feasibility of the pro-
cess for future clinical use.24 As in our experiments, the
cell number is typically limited by mobilization of
HSPCs and the apheresis. Due to the additional manipu-
lation steps for cell engineering and the related cell los-
ses, mobilization, apheresis, and the production process
need to be well balanced with the potential cell doses.
The clinical-scale run had been intended as proof-of-
principle experiment and further technical runs will be
needed to confirm the reproducibility of the performance
and suitability for routine use.

Finally, one of the most critical processes in HSPC
gene therapy lies in the logistics from the manufacturing
to the clinical site and the maintenance of the so-called
cryochain.25 As common clinical procedures involve
gene editing, expansion, and freezing of the cellular ma-
terial in specialized centers for subsequent transportation,
thawing, and administration to the patient in the clinic,7

the large-scale processed sample was frozen for 6 months
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and thawed for genetic and viability analyses up to 24 h.
While cell numbers were properly maintained with high
viability during the first hours, it was observed a reduc-
tion in the BCL11A knockout population right after thaw-
ing in comparison with freshly edited cells (Fig. 3).

We hypothesize that this result could be explained by
the superior cellular resilience of unedited cells compared
with the CRISPR-edited ones against freezing stress.
More runs would be needed to assess this potential neg-
ative effect derived from freezing and thawing cycles
in clinical-scale gene editing efficiency. In addition, the
freezing and thawing process was performed with con-
ventional laboratory protocols, and thereby a different
outcome can be expected following clinical standard
procedures. Nonetheless, the use of thawed material has
been associated with higher risks of cell loss during ther-
apy development and graft failure.25–28 On-site auto-
mated production by CliniMACS Prodigy can facilitate
the usage of fresh material, suitably bypassing the chal-
lenging cryochain and favoring timely treatment avail-
ability. Still, it is important to remark that the use of
fresh material can interfere with necessary quality con-
trols and gene editing assessments as it would require a
much faster application to the patient than cryopreserved
cells.

As a consequence, the use of fresh cells for human
therapy is mainly suspended in Europe since 2007 due
to the adoption of the European Union Tissues and
Cells Directive (EUTCD).28 The routine use of fresh
material, despite being highly desirable, still needs the
optimization of quality assessments and GMP-compliant
protocols to make it feasible in the clinic.

Conclusions
The large-scale run results indicate that efficient editing
could be obtained at the clinical scale using CRISPR-
Cas9 transfection in the CliniMACS Prodigy system
with electroporator. Gene-edited HSPC generation
and the subsequent cultivation for the treatment of
b-hemoglobinopathies can be performed in a closed
and automated system, enabling feasible on-site produc-
tion that could potentially translate into clinical trials
similar to NCT03655678 and NCT03745287. In addi-
tion, the generated protocol can be transferred to other
diseases whose treatment is based on HSCT. In this
way, we hope to contribute to accelerating cellular gene
therapy accessibility in the near future and support the
development of novel treatments for patient care.
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