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General Discussion 

Recent clinical successes have highlighted the transformative potential of HSC gene 

therapy in the regenerative medicine field. Since the early clinical trials of LV based 

HSC gene therapy, more than 200 patients have undergone treatment globally for 

various diseases including combined immune and platelet deficiency Wiskott-Aldrich 

syndrome (WAS)1; chronic granulomatous disorder (CGD)2, primary immune 

deficiency (PID)3,4, thalassemia, and sickle cell disease 5 6,7. Available follow up data 

indicate that the majority of the patients have successfully achieved stable 

engraftment of corrected bona fide HSCs leading to polyclonal hematopoietic 

reconstitution across all lineages. Furthermore, lack of clonal expansion and 

insertional mutagenesis supports the low risk for LV genotoxicity. As confidence in 

safety and efficacy of LV based gene therapy is growing, this platform is transitioning 

from confined trials in life-threatening conditions to more conditions wherever HSC 

transplantation is considered as a treatment option. Therefore, the rationale of 

patient’s inclusion criteria has changed to improved safety and higher efficacy over 

allogeneic HSC transplantation.  

The purpose of the studies described in this thesis were to improve HSC based 

lentiviral gene therapy for better clinical outcome. Therapeutic benefits of HSCs 

have transformed the gene therapy field. Autologous HSC based gene therapy where 

the patient’s own cells are genetically modified have advantages of fewer 

immunological barriers of graft-vs host disease (GvHD), donor rejections and donor 

availability compared to allogenic transplantation. The current framework of ex vivo 

autologous HSC gene therapy is technically challenging. HSCs are a rare population 

in bone marrow, and they can be obtained through bone marrow aspiration or 

leukapheresis from peripheral blood after mobilization8. Enriched HSCs are 

genetically manipulated in vitro. Although, until recently ex vivo maintenance and 

expansion of true HSCs and efficient gene manipulation remains challenging. To 

expand our knowledge on HSC biology and their ex vivo expansion, we described an 

overview of advances in ex vivo expansion protocols in Chapter 2, which provides 

the foundation for our studies in this thesis. In Chapter 3 we challenged the currently 

used culture condition in clinical setting for in vitro manipulation, followed by 

Chapter 4 where we demonstrated improved culture conditions for HSC based 

lentiviral based gene therapy. To achieve long term correction and rapid 

engraftment, efficient gene correction in HSCs and early progenitors are essential. 

We also have showed improved lentiviral transduction efficiency in HSCs and 
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progenitors in vitro and enhanced engraftment of transduced cells in vivo upon 

incorporation of an epigenetic regulator (Chapter 4). 

LV based HSC gene therapy is personalized and extremely costly. Lentiviral vectors 

development and their production per disease contribute to the high costs of gene 

therapy. Therefore, in Chapter 5 we sought to develop a novel packaging cell line for 

larger scale lentivirus production to reduce the high cost associated with LV 

production.  

Improved HSCs based gene therapy  

Hematopoietic stem cells are a heterogenous population 

In the clinical setting, the selection of hematopoietic stem and progenitor cells 

(HSPCs) is achieved by the enriching stem/progenitor cells expressing CD34. CD34+ 

cells are heterogenous pool containing different committed progenitors and only a 

small percentage of long-term HSCs. Hence, detailed identification of CD34+ cells 

upon ex vivo manipulation would provide us essential information. In Chapter 3 and 

Chapter 4, we showed that changes in CD34+ cells after expansion and transduction 

do not necessarily correspond to similar changes in true HSCs.  

Moreover, enriching true HSCs for gene therapy has been proposed by different 

groups as a strategy to reduce the cost of gene therapy and increase safety. Refined 

CD34+CD90+CD45RA− cells for treating beta-hemoglobinopathies, resulted in 

substantial long-term engraftment, comparable to the entire CD34+ cell population 
9,10. For clinical implementation, advanced purification systems such as CliniMACS 

Prodigy (Milteny Biotec) or the more complementary system of MACSQuant Tyto 

(Miltenyi Biotech) provide closed- systems for portable cell sorting in HSC gene 

therapy. 

IL3 has adverse effect on HSC self-renewal 

To work towards optimization of in vitro culture systems in clinical settings, in 

Chapter 3 we have challenged the inclusion of Interleukin 3 (IL3) in culture protocol. 

Based on early findings, combinations of hematopoietic cytokine of Stem cell factor 

(SCF), Flt3 ligand (FLT3), Thrombopoietin (TPO) and Interleukin 3 (IL3) have been 

established as crucial factors for supporting HSC and progenitor proliferation and 

maintenance during in vitro culturing, particularly in clinical applications 11,12 . 

However, these studies often overlooked the clinical implications of cytokine 

combinations on expansion and engraftment of CD34+ progenitor cells, relying 

mainly on in vitro assays such as colony forming assays or long-term culture initiating 

cell assays to assess the functionality of LT-HSCs.  
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IL3 is known to support myelopoiesis and proliferation of lineage-committed 

progenitors in culture 13,14. In Chapter 3 we assessed the effect of IL3 on 

maintenance of in vivo repopulating capacity of ex vivo expanded human CD34+ cells 

from cord blood. Primary and secondary transplantations in NSG mice revealed that 

inclusion of IL3 in in vitro culture condition failed to preserve self-renewal and 

repopulation capacity of HSCs, indicating the negative effect of IL3 on the 

maintenance of LT-HSCs in culture. Besides, data from secondary transplantations 

indicated the detrimental effect of IL3 on long-term development of the lymphoid 

lineage (B, T, NK cells) in bone marrow, peripheral blood, spleen and thymus.  

Inclusion of IL3 in a clinical protocol for expansion of CD34+ for gene therapy 

purposes results in an increase of total CD34+ cells; however, the quality of LT-HSCs 

is compromised in favour of the expansion of myeloid lineage-committed 

progenitors This observation also underscores the crucial need of a detailed 

identification of different subsets in clinical applications. Relying solely on CD34+ 

frequency and counts does not necessarily align with the frequency of functional 

HSC which are essential cells for better gene therapy outcome.  

Epigenetic regulation in HSC fate decision and their application for LV based HSC 

gene therapy  

Hematopoiesis is a dynamic process where self-renewal and differentiation are 

orchestrated through a network of transcription factors, genes and signaling 

pathways15,16. Epigenetic regulation is an essential intrinsic cue for normal 

hematopoiesis and cell fate decisions under physiological conditions17. This 

regulation maintains the HSC pool through regulation of essential transcription 

factors18,19 Changes in chromatin accessibility can alter gene expression in 

hematopoietic progenitors and result in disbalanced mature output 20.  

Given the importance of chromatin accessibility in HSC fate decisions, and building 

upon previous studies21,22,23 using various epigenetic regulators for ex vivo 

expansion of hematopoietic stem cells, we investigated the impact of incorporating 

epigenetic regulators in currently used protocol for HSC expansion for LV based gene 

therapy in Chapter 4. 

We explored the potential advantages of Quisinostat- an experimental drug 

designed for cancer therapy- and previously described small molecule CPI203 21. We 

have shown both CPI203 and Quisinostat increase phenotypic HSCs in culture 
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substantially, followed by better engraftment and reconstitution of different 

lineages. Interestingly, we have observed, that addition of CPI203 and Quisinostat 

results in improved development of lymphoid and erythroid lineages without 

compromising other lineages, a benefit that would be valuable for patients with 

impaired immune system and red blood cell disorders, respectively.  

Quisinostat, an HDACi targeting HDAC I and II, has been used in several clinical trials 

for haematological malignancies. Recent research suggests that Quisinostat inhibits 

cancer cell self-renewal by re-establishing expression of histone linker H1.0 24. H1 is 

highly conserved and involved in embryonic stem cell differentiation and 

mammalian development, although the role of H1 linker in HSCs development and 

fate decisions needs further investigation. Meanwhile, our studies demonstrated 

that Quisinostat increases H3K27 acetylation level in HSCs and progenitors, a 

modification believed to decrease rapidly upon ex vivo expansion of HSCs 25. Higher 

H3K27 acetylation enhances global chromatin accessibility and hematopoietic stem 

cell activity26. To reveal the impact of Quisinostat on chromatin landscape of 

expanded HSCs and gain a better understanding of its role in HSC regulation, 

accessibility assay for transposase-accessible chromatin with sequencing (ATAC-Seq) 

can be employed.  

The small molecule of CPI203 is a bromodomain and extra-terminal motif inhibitor 

(BETi). BET proteins interact with acetylated lysins at transcription start sites which 

regulates transcription through RNA polymerase II complex formation. BETi 

regulates transcription by blocking BET protein binding to histones. Therapeutic ben-

efits of BETis have been investigated in several cancer trials, however, their clinical 

progression have been challenging and none have received regulatory approval 27. 

Bromodomain proteins are known to regulate mouse HSC self-renewal and 

stemness and CPI203, a BETi, was identified through screening of small molecules 

where, it showed significant ex-vivo expansion of HSC and enhanced repopulation 

capacity of HSCs in bone morrow 21. In Chapter 4 we also have corroborated these 

previously reported effects. 

We also have further investigated the effect of Quisinostat and CPI203 in LV 

transduction context, which I’m going to discuss further in the coming sections. 
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Improved Lentiviral transduction efficiency 

Often LV based clinical applications are limited by suboptimal transduction efficiency 

especially in true HSCs, due to their dormant state28. Various transduction 

enhancers (TEs) such as Prostaglandin E2 (PGE2) 29, Cyclosporin H 30 and poloxamer 

F108 (LentiBOOST) 31 have been reported to improve transduction efficiency in vitro 

and in vivo. TEs can enhance the transduction efficiency by increasing cell entry, 

affecting intracellular processes (e.g., PGE2 , Cyclosporin H). Maximizing the trans-

duction efficiency of LVs requires less virus per patient while ensuring sufficient 

transduction and transgene expression. 

In Chapter 4, we assessed the efficiency of our suggested HSC expansion culture 

conditions using Quisinostat and CPI203 for LV based gene therapy settings. We 

demonstrated that the addition of Quisinostat to the culture significantly increased 

LV transduction efficiency, not only in total cells but more importantly in HSCs, 

compared to other culture conditions. This observed increase in transduction 

efficiency could be explained by an elevated acetylation level, leading to more 

transcriptionally active and accessible chromatin upon introduction of Quisinostat. 

However, no changes in LV transduction efficiency were observed in the presence 

of CPI203. 

Furthermore, we observed that Quisinostat expanded cells showed improved 

engraftment of transduced cells in mouse studies, thus ensuring long term 

correction of HSCs. this should also reduce the costs associated with viral vectors, 

since less lentiviral virus would be required to achieve a desired vector copy number. 

Given the encouraging results, the effect of CPI203 and Quisinostat need to be 

corroborated on CD34+ from mobilized peripheral blood (mPB) or Bone marrow, as 

they are the cell sources used in clinical HSC gene therapy.  

Enhancing gene edition in HSPCs 

Gene editing has emerged as a potent tool for correcting monogenic diseases. The 

application of CRISPR-Cas9 in hematopoietic stem and progenitor cells (HSPCs) has 

exhibited significant promise in preclinical studies, demonstrating proof-of-principle 

for treating haematological disorders. Ongoing clinical trials utilizing these tools 

highlight their potential. Nevertheless, crucial challenges persist, including the need 

to enhance delivery, targeting efficiency and safety for primitive, long-term 

repopulating HSPCs. 



125 

6 

The CRISPR-Cas9 platform is based on a guide RNA (gRNA) that binds to the target 

DNA sequence, paired with a Cas9 endonuclease. Upon binding to the DNA, Cas9 

induces a double-strand break, activating two primary endogenous repair pathways: 

non-homologous end-joining (NHEJ) and homology-directed repair (HDR). HDR 

facilitates precise repair using homologous sequences to the region around the 

break site. This process inserts an accurate DNA sequence at the target site, making 

it applicable for treating diseases where correcting or introducing a genetic element 

could yield therapeutic benefits, resembling the gene addition approach in viral gene 

therapy. Repair pathways are cell cycle dependent, HDR occurs during the S and G2 

phases where cells are in proliferative state, while NHEJ happens more abundantly 

in G1
32

. Increasing HDR through chemical inhibition of NHEJ has been used as a 

strategy to increase gene editing efficiency 33. NHEJ is essential for cell survival, 

therefore, NHEJ inhibition imposes cytotoxicity and reduced cell survival. Optimized 

culture conditions where stemness of HSCs are maintained, while activating S/G2 

phases could improve efficiency of gene editing and reducing off target events. 

Efficient gene editing also relies on the competent delivery of Cas9, gRNA, and DNA 

template into target cells. Nucleic acid delivery into HSCs is challenging due to their 

quiescent nature and low metabolic activity. Adeno-associated virus (AAV) and 

integrative deficient LVs (IDLV) are commonly used to deliver the DNA template to 

HSCs, while Cas9 and gRNA are transferred via nucleofection. However, HSCs are 

highly sensitive to environmental and mechanical stresses, where they can induce 

stress responses and interferon responses leading to the loss of HSCs and reduced 

viability upon nucleofection. The iTOP technology presents a promising solution by 

delivering recombinant Cas9 and gRNA as a Ribonucleoprotein (RNP) via 

macropinocytosis induction34, potentially maintaining HSC viability and improving 

the efficiency of gene editing. Further investigation into the suggested culture 

conditions in Chapter 4 can be beneficial for improving gene editing outcomes.  

Immunity to gene therapy products 

Gene manipulation in HSCs via different platforms can trigger both innate and 

adaptive immune responses presenting challenges for efficient gene correction in ex 

vivo gene therapies. Considering that existing and emerging gene transfer and 

editing technologies inevitably expose HSPCs to external nucleic acids, mainly in the 

form of viral vectors, the efficiency of genetic manipulation in HSPCs is significantly 

influenced by host antiviral factors and nucleic acid sensors. 
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Under physiological condition HSCs identify and respond to external pathogens or 

internal molecular damages through various pattern recognition receptors (PRRs) 35 

including Toll-like receptors (TLRs), retinoic acid-inducible gene I (RIG-I)-like 

receptors (RLRs), and DNA sensors like the cGAS–STING pathway. Human CD34+ cells 

express various TLRs to detect infections and induce innate immune response 

immediately 36. 

Lentiviruses have become as a vector of choice in clinical settings, offer safer and 

more efficient transgene delivery to HSCs compared to g-retroviral vectors that were 

used in initial gene therapy trials. Even though lentiviruses can evade from innate 

immune response 37, they still can be detected through TLRs 36, activation of kinase 

ATM and triggering p53 signaling followed by robust induction of Interferon (IFN) 

responses 37. Upon viral infection under physiological conditions, IFN-α induction 

leads to proliferation as a response to clear infections 38. Moreover, HSCs are highly 

resistant to lentiviral transduction compared to other progenitors, mainly due to 

high expression of restriction factors such as interferon-induced antiviral protein 

(IFITM1) 39. Therefore, a better understanding of the innate immune pathways not 

only upon lentiviral transduction but also in CRISPR gene editing can be beneficial 

for developing strategies to improve gene editing efficiency in HSCs and better clin-

ical outcome in the patient. In Chapter 4, we have shown that lentivirus transduction 

has led to a substantial loss of HSCs in cytokine only expanded cells, which is the 

golden standard in clinical settings. The addition of epigenetic regulators such as 

Quisinostat and CPI203 helped to maintain HSCs upon LV transduction. The scRNA 

seq revealed addition of CPI203 has reduced gene expression of TP53, TMEM173, 

IFITM2, IFTIM3, IF16 which are involved in induction of IFN response. Additional 

studies are needed to reveal the mechanism of action of Quisinostat on 

maintenance of HSCs upon transduction. Understanding these immune pathways 

can enhance gene editing efficiency in HSCs, improving clinical outcomes. 

Generation of lentiviral packaging cell line 

Lentiviral vectors (LVs) are essential for gene therapy due to their ability to integrate 

seamlessly into genomes, enabling sustained gene expression. Self-inactivating LVs 

(SIN-LVs) address safety concerns observed in early gamma-retroviral trials. While 

SIN-LVs have been successful in clinical trials and approved therapies, large-scale 

production remains a huge challenge. Current methods of transient transfection, 

face challenges like scalability, high costs, and plasmid contamination in the final 

viral batch. Stable producer cell lines offer a potential solution, but issues like 
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cytotoxicity of packaging genes of gag/pol and VSV-G and instability hinder their 

efficiency. Strategies involving inducible systems and alternative envelopes aim to 

mitigate these challenges. Therefore, in Chapter 5, we have generated a stable 

packaging cell line, using CRISPR-cas9 platform, integrating key viral components 

into human genomic safe harbours (GSHs) for enhanced stability and controlled 

integration. GSHs are genomic sites that accommodate the integration of new 

genetic material which ensure the functional predictability and genome stability 

without posing a risk to the host cell. This innovative approach holds promise for 

addressing current limitations in large-scale LV production, thereby advancing the 

field of gene therapy. 

We generated a cell line where viral components of REV, Gag pol and VSV-G were 

introduced into three widely used GSHs of chemokine (C-C motif) receptor 5 

(CCR5), Adeno-Associated Virus Integration Site 1 (AAVS1) and Citrate Lyase 

Beta-Like (CLYBL) respectively. To control cytotoxicity of Gagpol, we used a point 

mutated gag-pol (T26S), known for reduced protease activity without 

compromising LV infectivity and maturation 40. 

Regarding the envelope, non-toxic envelopes of RD114, GalV, MLV-A4070 have been 

previously used to generate cell line by different groups 40-42.We have corroborated 

these envelopes along with VSV.G to produce virus, which VSV.G envelope resulted 

in higher titre (data not shown). Despite VSV.G’S cytotoxicity, its broad tropism and 

FDA approval 43 make it clinically attractive. Hence, to regulate VSV.G expression in 

the stable cell line, we implemented a “Tet-off” inducible system, offering the 

advantage of not requiring the addition of doxycycline /tetracycline, unlike “Tet-on” 

system where doxycycline /tetracycline is needed to be added to the cell culture to 

induce expression.  

Lentiviruses were produced using our packaging cell line with physical titre of 106 

VP/ml and functional titre of 105 TU/ml in small scale setting. While, higher physical 

titre of 1012 VP/ml, with substantial decrease in functional titre of 107 TU/ml were 

achieved in transient virus production. Transient virus production has led to 

producing higher empty viral particles, which is caused by transfection with high 

amount of plasmids.  
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Different strategies such as knocking out of antiviral responses 44 in HEK293T, or 

addition of sodium butyrate 40,45 have been reportedly led to increased viral titre 

during production. We have also investigated the effect valproic acid along with 

protein kinase R inhibitor (PKR-IN-C16) and PCSK9 which degrades low-density 

lipoprotein receptor (LDLR), a receptor known to impede lentiviral vector 
production 44. Addition of PKR inhibitor and PCKS9 did not improve lentiviral titre, 

while marginal increase in physical titre was observed in presence of valproic acid 

(data not shown). Further optimization including improving transfection 

efficiency, medium optimization, increasing cell density are needed to increase 

the yield and facilitate scale up production in order to meet the demands.

Figure 7. Challenges (in red) and improvements (in green) of LV based HSC gene therapy. 

Concluding remarks and Future perspectives 

Altogether, the work described in this thesis contributes towards improving and 

cost-effective HSC based LV gene therapy. The success of early clinical trials has 

paved the way for further exploration and expansion of this treatment option across 

a variety of diseases. This thesis focused on improving LV based HSC gene therapy 

through exploring the effects of specific cytokines and epigenetic regulators on HSC 

expansion and LV transduction efficiency. The findings highlight the importance of 

accurately identifying and targeting HSCs for successful gene therapy outcomes. 

Additionally, the use of novel techniques such as closed-system cell sorting and 

portable closed-system applications can potentially increase the availability and 

portability of HSC gene therapy. Further research in this area will continue to 
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advance our understanding and application of HSC gene therapy, ultimately leading 

to improved clinical outcomes for patients. 

The existing autologous HSC gene therapy platform is exceptionally personalized but 

technically challenging, contributing to high costs of gene therapy. While innovative 

strategies are addressing technical challenges in the field, global market access 

requires drug development, registration and commercialization. Withdrawal of the 

gene therapy product Zynteglo for β-thalassemia from European markets due to its 

substantial cost, approximately $2 million per patient, despite clinical approval 

demonstrates a case in point.  

These high costs can be justified considering gene therapy products as potential one-

time treatments offering improved survival and quality of life, and surpassing  

cumulative expense of conventional therapies.  

Given that HSC gene therapies are predominantly developed and tested in high- 

income countries for diseases more prevalent in low- income countries such as sickle 

cell disease and haemophilia46, achieving fair global access is crucial.  

Innovative solutions for drug development and an expedited regulatory process are 

imperative for successful commercialization. Therefore, early collaboration among 

academia, healthcare providers, industry stakeholders, patient organizations, and 

global regulatory bodies is crucial to address these challenges and promote global 

health equity by providing cures for unmet diseases. 

. 
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