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Abstract: Gene therapy has seen major progress in recent years. Viral vectors have made a significant 

contribution through efficient engineering for improved delivery and safety. A large variety of indications such 

as cancer, cardiovascular, metabolic, hematological, neurological, muscular, ophthalmological, infectious 

diseases, and immunodeficiency have been targeted. Viral vectors based on adenoviruses, adeno-associated 

viruses, herpes simplex viruses, retroviruses including lentiviruses, alphaviruses, flaviviruses, measles viruses, 

rhabdoviruses, Newcastle disease virus, poxviruses, picornaviruses, reoviruses, and polyomaviruses have 

been used. Proof-of-concept has been demonstrated for different indications in animal models. Therapeutic 

efficacy has also been achieved in clinical trials. Several viral vector-based drugs have been approved for the 

treatment of cancer, and hematological, metabolic, and neurological diseases. Moreover, viral vector-based 

vaccines have been approved against COVID-19 and Ebola virus disease. 
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1. Introduction 

The introduction of genetic engineering in the 1980s provided novel alternatives for the field of 

biotechnology and played a crucial role in the establishment of gene therapy. Instead of relying on 

classic drug screening it became feasible to tackle disease on the gene level. Naturally, rapid whole 

genome sequencing strongly contributed to the improved understanding of gene structure and 

function, and the association with disease. In this context, it also became feasible to envision 

supplementation, correction, or modification of endogenous gene expression providing real 

therapeutic effect [1]. However, gene therapy applications have been expanded to include various 

forms of cancer therapy, including direct eradication of tumors, immunostimulatory approaches and 

vaccine development [2]. Additionally, gene silencing based on oligonucleotides [3] and RNA 

interference (RNAi) [4] have demonstrated promise. Recently, major technology breakthrough has 

allowed the addition of stem cell technologies [5], chimeric antigen receptor (CAR) T-cell therapy [6] 

and Clustered Regularly Interspaced Short Palindromic (CRISPR) [7] to the gene therapy repertoire. 

In this review, the focus will be solely on viral vectors engineered for gene therapy. Previously, 

extensive reviews have described in detail the use of various viral vectors for a number of indications 

[8,9]. To avoid repetitiveness, different viral vectors are presented only briefly. Moreover, selected 

examples are only presented for different indication areas for major preclinical and clinical findings 

as well as for approved gene therapy-based drugs. Instead, the major focus here is to provide an 

overview of which types of viral vectors have been proven successful. Additionally, the areas which 

require improvement, especially for human use and issues related to complying with GMP 

production and regulatory demands will be discussed. Finally, challenges and perspectives of future 

viral vector-based gene therapy applications are presented.  

2. Viral Vectors for Gene Therapy 

Both DNA- and RNA-based viral vectors have been engineered for gene therapy applications 

(Figures 1 and 2) (Table 1). Due to the differences in features of viruses, some of them have proven 

suitable for short-term expression for the treatment of acute diseases such as infectious diseases and 

cancers. In contrast, those viral vectors which are able to provide long-term expression have been 

applied for therapeutic intervention of inherited and chronic diseases such as hemophilia, sickle cell 
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disease, muscular dystrophy, and immunodeficiencies. However, the classification is not very strict. 

For example, adenoviruses have been proven successful in the treatment of both acute and chronic 

diseases. 

In principle, viral vectors which provide long-term expression are adeno-associated virus (AAV) 

[10], herpes simplex virus (HSV) [11], retroviruses (RV) [12], and lentiviruses (LV) [13]. Adenoviruses 

can also provide long-term expression, in some cases up to 7 years despite remaining 

extrachromosomal [14]. Similarly, AAV vectors can provide long-term expression without 

chromosomal integration [15] although AAV vectors have also been engineered for chromosomal 

integration [16]. Due to their reverse transcriptase activity, RV and LV can be integrated into the 

genome, which has provided up to 18 years of functional transgene expression in the case of X-linked 

severe combined immunodeficiency (SCID-X1) disease [17]. In the case of HSV, although the virus 

can remain in a latent stage for an extended time, HSV does not integrate into the host genome. A 

number of ssRNA viruses are characterized by high-level short-term transgene expression. 

Particularly, self-replicating RNA viruses such as alphaviruses [18], flaviviruses [19], 

paramyxoviruses [20], and rhabdoviruses [21] have been commonly used for vaccine development 

and cancer therapy. Moreover, due to its oncolytic properties of specific replication in tumor cells 

resulting in their killing, Newcastle disease virus (NDV) has been frequently used for cancer therapy 

[22]. Similarly, large poxviruses, especially the vaccinia virus (VV), have been frequently used for 

cancer immunotherapy [23]. Coxsackieviruses belonging to the picornaviruses family have been 

utilized to treat melanoma [24] and lymphoma [25]. Reoviruses carrying a dsRNA genome have 

shown efficacy in cancer therapy [26]. Finally, polyomaviruses have seen a broad range of 

applications including vaccine development and expression of suicide, chemoprotective, and anti-

angiogenic genes for cancer therapy [27]. 

The use of the different viral vector expression systems also differs depending on several factors. 

In most cases, packaging cell lines and systems have been engineered to support the large-scale 

production of GMP-grade material used in clinical trials and for approved gene therapy products. 

For example, packaging systems have been constructed for adenoviruses [28], AAV [29], RV [30], and 

LV [31]. Moreover, packaging cell lines have been engineered for flaviviruses [32,33], 

paramyxoviruses [34], rhabdoviruses [35], and polyomaviruses [36]. In the case of self-replicating 

RNA viruses, excessive RNA replication has allowed their use as not only recombinant viral particles 

but also RNA replicons [37] or plasmid-based DNA replicons [38]. Related to RNA replicons, the 

delivery of their single-stranded RNA (ssRNA) genome, make them vulnerable to degradation 

affecting both delivery and transgene expression [39]. Encapsulation of RNA in lipid nanoparticles 

(LNPs) has demonstrated improved protection against degradation and has enhanced and prolonged 

transgene expression in vivo [40]. DNA replicons have been engineered by replacing the SP6 or T7 

RNA polymerase promoter with a mammalian host cell compatible eukaryotic RNA polymerase type 

II CMV promoter [38], which allows direct application of DNA plasmids for transfection of 

mammalian cells or immunization in vivo. However, the drawback of this approach is the inferior 

transfection efficacy compared to viral infection and in contrast to RNA delivery, the requirement of 

nuclear delivery of DNA, which significantly reduces the delivery efficacy [41]. 

Oncolytic viruses have proven efficient for cancer therapy due to their specific replication in 

tumor cells leading to cell killing without causing much harm to normal tissue [42]. In addition to 

NDV [22], oncolytic vectors exist for HSV [43], alphaviruses [44], paramyxoviruses [45], and 

rhabdoviruses [46,47].  
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Figure 1. Recombinant protein expression from viral vectors utilizing the host cell nucleus. Expression 

systems for adenovirus (Ad), polyomavirus (exemplified by simian virus 40 (SV40)), poxvirus 

(exemplified by vaccinia virus (VV)), herpes simplex virus (HSV), adeno-associated virus (AAV), and 

retrovirus/lentivirus (RV/LV). dsDNA, double-stranded DNA; ssDNA, single-stranded DNA; 

ssRNA, single-stranded RNA. 

  

Figure 2. Recombinant protein expression from viral vectors independent of the host cell nucleus. 

Expression systems for alphavirus/flavivirus (exemplified by Semliki Forest virus (SFV)), 

paramyxovirus/rhabdovirus (exemplified by vesicular stomatitis virus (VSV)), reovirus (Reo), 

Newcastle disease virus (NDV), Picornavirus exemplified by coxsackievirus A (CVA). dsRNA, 

double-stranded RNA; ssDNA; ssRNA+, positive single-stranded RNA; ssRNA-, negative single-

stranded RNA. 
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Table 1. Examples of viral vectors applied for gene therapy. 

Virus Genome Capacity Features 

Ad dsDNA 7.5-37 kb Extrachromosomal, short- and long-term expression [14] 

AAV 

HSV 

RV 

LV 

Alphavirus 

Flavivirus 

Paramyxovirus 

Rhabdovirus 

NDV 

Poxvirus 

Picornavirus 

Reovirus 

Polyomavirus  

ssDNA 

dsDNA 

ssRNA 

ssRNA 

ssRNA 

ssRNA 

ssRNA 

ssRNA 

ssRNA 

dsDNA 

ssRNA 

dsRNA 

dsDNA  

4 kb 

30-150 kb 

8 kb 

8 kb 

8 kb 

6 kb 

6 kb 

6 kb 

4 kb 

> 30 kb 

6 kb 

ND 

17.7 kb 

 

Extrachromosomal, integration for long-term expression [10] 

Extrachromosomal, long-term expression, latency [11] 

Integration, long-term expression [12] 

Integration, long-term expression, transduction of non-dividing cells [13]  

Extreme short-term expression, RNA degradation [18] 

Extreme short-term expression, RNA degradation [19] 

Short-term expression, RNA degradation [20] 

Short-term expression, RNA degradation [21] 

Short-term expression, oncolytic activity [22]  

Extrachromosomal expression [23] 

Extrachromosomal expression [24,25] 

Extrachromosomal expression [24] 

Extrachromosomal expression [23]  

AAV, adeno-associated virus; Ad, adenovirus; HSV, herpes simplex virus; LV, lentivirus; NDV, Newcastle 

disease virus; RV, retrovirus. 

3. Gene Therapy Applications using Viral Vectors 

Due to the large number of preclinical studies performed with viral vectors, essential examples 

of successful proof-of-concept studies in animal models and clinical studies in humans for different 

indications are presented below and summarized in Table 2.  

3.1. Cancer Therapy 

Cancer therapy has been commonly targeted due to its high frequency in the human population 

and also because of the fairly straight therapeutic approach of engineering vectors capable of killing 

tumor cells either after intratumoral or systemic administration. Generally, short-term high-level 

expression of anti-tumor or cytotoxic genes is sufficient, in fact desirable, to avoid any long-term 

effects of the treatment. Therefore, it is necessary to ensure that the expression is regulated, 

preferentially terminated, and not affecting normal tissue. In this context, targeted expression of 

tumor cells by oncolytic viruses [42], targeting tumor-specific protein structures [48], or utilization of 

tumor-specific promoters [49] have been useful. 

For example, Ad vectors expressing the p53 tumor suppressor gene have been applied to restore 

the wild-type function of p53 in p53-inactivated tumors, which demonstrated significant suppression 

of tumor growth in nude mice with esophageal xenografts [50]. Furthermore, Ad vectors expressing 

the p53 gene were evaluated in a nude mouse model with intraperitoneal human ovarian cancer [51]. 

The treatment resulted in prolonged survival in mice. In clinical trials, Ad-p53-based therapy of 

patients with head and neck squamous cell carcinoma (HNSCC) has been proven safe and a 

promising approach [52]. Ad-p53 has been approved under the brand name GendicineTM in China 

for the treatment of head and neck cancer [53]. Furthermore, good safety and efficacy have been 

received in a combination of Ad-p53 and chemo- and radiotherapy [54]. 

Related to HSV, the oncolytic T-VEC system based on the expression of the granulocyte 

macrophage-colony stimulating factor (GM-CSF) has demonstrated enhanced tumor growth 

inhibition and prolonged survival in a melanoma mouse model after intratumoral injection [55]. HSV 

T-VEC has also been evaluated in phase II and III clinical trials, causing only minor adverse events, 

and enhanced therapeutic efficacy compared to GM-CSF administration [56]. HSV T-VEC has been 

approved under the brand name talimogene laherparevec for the treatment of advanced melanoma 

in the US, Europe, and Australia [57]. 

The replication-proficient retroviral (RRV) vector Toca 511 expressing the yeast cytosine 

deaminase (CD) gene prolonged survival in glioma-bearing mice [58]. Moreover, RV Toca 511 

administration in patients with high-grade glioma (HGG) resulted in a statistically relevant extension 
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of survival to 13.6 months in a phase I trial [59]. However, the overall survival did not show 

improvement in a phase II/III trial in HGG patients [60]. 

In the case of sarcoma therapy, the oncolytic reovirus (Reolysin) inhibited the proliferation and 

viability of the RD and RH30 rhabdosarcoma cell lines [61]. Additionally, tail vein injection of 

Reolysin inhibited the growth of tumor xenografts, which was further enhanced by a combination of 

radiation and cisplatin therapy in athymic nu/nu mice [61]. In clinical settings, Reolysin 

demonstrated clinical benefits in a phase I trial in patients with solid tumors leading to a partial 

response (PR) in one patient and stable disease (SD) in seven patients [62]. Furthermore, Reolysin 

combined with carboplatin and paclitaxel demonstrated good safety and potential efficacy in patients 

with advanced malignant melanoma in a phase II study [63]. Reolysin was granted orphan drug 

designation for malignant glioma [64] and a Fast Track designation for metastatic breast cancer [65] 

by the FDA.  

Table 2. Examples of viral vectors applied for cancer gene therapy. 

Cancer Vector Target Findings 

Esophageal Ad p53 Significant tumor suppression of tumor growth in nude mice [50] 

Ovarian 

HNSCC 

Head & neck 

Melanoma 

Melanoma 

Melanoma 

HGG 

HGG 

HGG 

Sarcoma 

Solid tumors 

Melanoma 

Glioma 

Breast 

Prostate 

Ovarian 

Prostate 

Prostate  

Ad 

Ad 

Ad 

HSV T-VEC 

HSV T-VEC 

HSV T-VEC 

RRV Toca 511 

RRV Toca 511 

RRV Toca 511 

Reovirus 

Reovirus 

Reovirus 

Reovirus 

Reovirus 

MV 

MV 

VEE 

VEE  

p53 

p53 

p53 

GM-CSF 

GM-CSF 

GM-CSF 

yCD 

yCD 

yCD 

Reolysin 

Reolysin 

Reolysin 

Reolysin 

Reolysin 

CEA 

CEA 

PSMA 

PSMA 

Prolonged survival in mice with implanted tumors [51] 

Safe and promising results in clinical trials [52]  

Approved as GendicineTM for head & neck cancer in China [53] 

Enhanced tumor growth inhibition, prolonged survival in mice [55] 

Minor adverse events, good therapeutic efficacy in Phase II and III [56] 

Approval for melanoma treatment in the US, Europa, and Australia [57] 

Extended survival in mice with orthotopic gliomas [58]  

Prolonged survival of 13.6 months in HGG patients in phase I [59] 

No overall extension of survival in HGG patients in phase II/III [60] 

Inhibition of tumor growth in nude mice [61] 

Clinical benefits in phase I: 1 PR, 7 SD [62] 

Good safety and clinical efficacy in melanoma patients in phase II [63] 

Orphan drug designation for malignant glioma [64] 

Fast Track designation for metastatic breast cancer [65] 

Delayed tumor growth, prolonged survival in mice [66] 

SD in all 9 patients, prolonged OS survival of 12.15 months in phase I [67] 

Robust PSMA-specific immune responses in mice [68] 

Good safety, and tolerability, but weak immunogenicity in phase I [69]   
    

AAV, adeno-associated virus; Ad, adenovirus; CEA, carcinoembryonic antigen; GM-CSF, granulocyte 

macrophage-colony stimulating factor; HGG, high-grade glioma; HNSCC, head & neck squamous cell 

carcinoma; HSV, herpes simplex virus; LV, lentivirus; MV, measles virus; NDV, Newcastle disease virus; OS, 

overall survival; PR, partial response, PSMA, prostate-specific membrane antigen; RRV, replicating retrovirus; 

RV, retrovirus; SD, stable disease; VEE, Venezuelan equine encephalitis virus; yCD, yeast cytosine deaminase. 

Among paramyxoviruses, intratumoral injection of MV vectors expressing the 

carcinoembryonic antigen (CEA) delayed tumor growth and extended survival in mice carrying PC-

3 prostate tumors [66]. In a phase I clinical trial, SD was observed in all nine patients with recurrent 

ovarian cancer after treatment with MV-CEA [67]. The overall survival time of 12.15 months was 

twice the expected time. 

In the case of alphaviruses, VEE particles expressing the prostate-specific membrane antigen 

(PSMA) induced robust PSMA-specific immune responses in BALB/c and C57BL/6 mice [68]. The 

immunogenicity was enhanced after the administration of repeated doses of VEE-PSMA. Good safety 

and tolerability were seen in castrate-resistant metastatic prostate cancer (CRPC) patients in a phase 

I study [69]. Disappointingly, the immune responses were weak in the CRPC patients and require 

further optimization. 

3.2. Cardiovascular and Metabolic Diseases 

Gene therapy has also been applied for cardiovascular and metabolic diseases as presented by 

essential examples below and summarized in Table 3. The sarcoplasmic reticulum Ca2+ ATPase 
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(SERCa2a) has been a common therapeutic target for the restoration of systolic and diastolic heart 

functions [70]. In this context, SERCa2a expressed from an Ad vector showed restored systolic and 

diastolic heart function in a rat model of heart failure [71]. In another study, AAV1-SERCa2a 

administration increased coronary blood flow in a pig heart failure model [72]. Protection against left 

ventricular dilation, improved systolic and diastolic functions, and reduced mortality rates were 

obtained in an ischemic rat heart failure model after the administration of LV-SERCa2a [73]. In a 

phase I trial in patients with heart failure, AAV1-SERCa2a improved functional, symptomatic, and 

ventricular/remodeling parameters [74]. Moreover, patients with class III/IV heart failure were 

subjected to a phase II trial, which resulted in improvements in a walking test, peak maximum 

oxygen consumption, and left ventricular endosystolic volume [75]. Furthermore, the number of 

cardiovascular events and deaths was reduced by AAV1-SERCa2a treatment in a phase IIa trial [76].  

Table 3. Examples of viral vectors applied for gene therapy of cardiovascular and metabolic 

diseases. 

Disease Vector Target Findings 

Heart failure Ad SERCa2a Restored systolic & diastolic heart functions rat heart model [71] 

Heart failure 

Heart failure 

Heart failure 

Heart failure 

Heart failure 

DMT1 

AAT 

AAT 

AAV1 

LV 

AAV1 

AAV1 

AAV1 

AAV2 

AAV2 

AAV2 

SERCa2a 

SERCa2a 

SERCa2a 

SERCa2a 

SERCa2a 

hAAT 

hAAT 

hAAT 

Enhanced coronary blood flow in pig heart failure model [72] 

Improved systolic & diastolic functions, reduced mortality in rats [73]  

Improved functional, symptomatic and ventricular activity in phase I [74] 

Improved walking, peak oxygen consumption in phase II [75] 

Reduced cardiovascular events and deaths in Phase II [76] 

Reduced insulitis, insulin autoantibodies, and DTM1 in mice [77] 

Sustained AAT expression > 1 year in AAT patients in phase I [78] 

Immunostaining of AAT in AAT patients in phase II [79] 

    

AAV, adeno-associated virus; Ad, adenovirus; DMT1, diabetes mellitus type 1; HSV, herpes simplex virus; LV, 

lentivirus; MV, measles virus; NDV, Newcastle disease virus; OS, overall survival; PR, partial response, PSMA, 

prostate-specific membrane antigen; RRV, replicating retrovirus; RV, retrovirus; SD, stable disease; SERCa2a, 

sarcoplasmic reticulum Ca2+ ATPase; VEE, Venezuelan equine encephalitis virus; yCD, yeast cytosine 

deaminase. 

In the context of metabolic diseases, AAV-based expression of the human alpha-1 antitrypsin 

(hAAT) gene was evaluated in a nonobese diabetic (NOD) mouse model [77]. The treatment resulted 

in reduced intensity of insulitis, a decrease in insulin autoantibodies, and a lower frequency of 

diabetes mellitus type 1 (DTM1). In a phase I trial AAV2-hAAT was intramuscularly administered to 

patients with AAT deficiency showing a good safety profile and resulting in sustained AAT 

expression for at least one year [78]. Strong immunostaining was detected in AAT patients treated 

with AAV2-hAAT in a phase II follow-up study [79].  

3.3. Hematological Diseases 

Hematology has received plenty of attention for gene therapy applications [80] and recent 

development is described below and summarized in Table 4. Mutations in the factor VIII (FVIII) [81] 

and factor IX (FIX) [82] genes cause hemophilia A and B, respectively. In the context of hemophilia 

A, Ad vectors expressing the full-length FVIII gene generated physiological levels of FVIII in mice 

[83]. Due to the limited packaging capacity of AAV, the strategy has comprised of expression of the 

B-domain deleted (BDD) FVIII [84,85]. Moreover, the choice of AAV serotype strongly influences 

FVIII expression levels. For example, much higher FVIII levels were obtained from the AAV8 

serotype than from AAV2, AAV3, AAV5 or AAV7 serotypes [86]. Moreover, expression of the canine 

BDD FVIII from AAV6 and AAV8 generated persistent and therapeutic levels of FVIII for more than 

3 years in mice and dogs, while only transient expression was obtained for AAV2-based expression 

[87]. Another study in dogs demonstrated that AAV8-FVIII administration provided 1-2% of normal 

levels of FVIII resulting in the prevention of 90% of bleeding episodes [88]. In a 10-year follow-up 

study, in nine privately owned dogs, AAV8 and AAV9 produced 1.9-11.3% of normal levels of FVIII 
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[89]. Additionally, FVIII has been expressed from an LV vector carrying a platelet-specific integrin 

alpha 2 b promoter (2bF8 LV) [90]. When bone marrow transduced with the LV vector was 

transplanted into mice, functional FVIII activity was detected, mice survived tail clipping, and the 

hemophilia A phenotype was corrected [90]. Related to clinical evaluation, a single administration of 

AAV-FVIII provided 8-60% of normal levels of FVIII in six hemophilia A patients in a phase I/II study 

[91]. Moreover, in a multiyear follow-up study, sustained benefits were recorded in hemophilia A 

patients receiving a single infusion of the AAV5-FVIII SQ variant [92]. For instance, bleeding events 

decreased, and prophylactic use of FVIII was unnecessary. AAV5-BDD FVIII has received conditional 

marketing approval from the European Medicines Agency (EMA) for the treatment of severe 

hemophilia A [93]. 

In the case of hemophilia B, expression of the FIX gene from an Ad vector resulted in long-term 

FIX expression in nude mice lasting for more than 300 days [94]. Moreover, complete correction of 

the hemophilia B phenotype was achieved in FIX-deficient hemophilia B dogs after administration of 

Ad vectors expressing the canine FIX (cFIX) gene [95]. Although the cFIX levels diminished within 3 

weeks to 1-2% of the normal levels of FIX, the therapeutic FIX levels could be restored for at least 6 

months by co-administration of the immunosuppressive agent cyclosporin A (CsA) [96]. Expression 

of FIX from an AAV8 vector resulted in 25-40% of normal FIX activity in two hemophilic dogs, while 

200% activity was seen in a third dog [97]. Shortening of the clotting time and lack of bleeding 

episodes indicated a phenotypic correction in the hemophilic dogs. In a phase I study in 10 

hemophilia B patients, AAV8-FIX produced 1-6% of normal levels of FIX for at least 3.2 years without 

the detection of any toxic effects of the treatment [98]. Moreover, the bleeding episodes were reduced 

by more than 90% and the use of prophylactic factor XI concentrates was unnecessary. In another 

approach, self-complimentary AAV2 vectors have been engineered, where the coding region 

generates dsDNA for immediate replication and transcription-independent of host cell DNA 

synthesis [99] and allowing utilization of low doses of scAAV2 vectors for circumvention of 

inflammatory responses [100]. Application of scAAV2 vectors for the expression of the FIX gene 

provided widespread moderate FIX levels in hepatocytes similar to normal livers, leading to the 

correction of coagulation function in FIX-deficient mice [100]. Administration of scAAV2-FIX to 

hemophilia B patients in a phase I trial demonstrated FIX expression for 7 years resulting in a 

significant reduction in bleeding episodes [91]. Moreover, the AAVS3 vector, comprising a synthetic 

capsid protein, was designed to enhance hepatocyte tropism and reduce immunogenicity [101]. The 

AAVS3 vector was applied for FIX expression in a phase I/II trial in hemophilia B patients [102]. 

Compared to normal FIX levels, 23-43% were obtained in 3 patients, 51-78% in 5 patients, and 260% 

in one patient, which lasted for at least 27 months. FIX expression has also been conducted from self-

inactivating LV (SIN-LV) vectors resulting in long-term stable FIX expression in dogs [103].  

Table 4. Examples of viral vectors applied for gene therapy of hematological diseases. 

Disease Vector Target Findings 

Hemophilia A Ad FVIII Expression of physiological levels of FVIII in mice [83] 

Hemophilia A 

Hemophilia A 

Hemophilia A 

Hemophilia A 

Hemophilia A 

Hemophilia A 

Hemophilia A 

Hemophilia B 

Hemophilia B 

Hemophilia B 

Hemophilia B 

Hemophilia B 

Hemophilia B 

Hemophilia B 

Hemophilia B 

Hemophilia B 

β-thalassemia 

AAV6/AAV8 

AAV8 

AAV8/AAV9 

LV-BM 

AAV 

AAV5 

AAV5 

Ad 

Ad 

Ad +CsA 

AAV8 

AAV8 

scAAV2 

scAAV2 

AAVS3 

SIN-LV 

LentiGlobin 

FVIII 

FVIII 

FVIII 

FVIII 

FVIII 

FVIII-SQ 

FVIII 

FIX 

cFIX 

cFIX 

FIX 

FIX 

FIX 

FIX 

FIX 

FIX 

HbAT87Q 

Therapeutic FVIII levels lasting for > 3 years in dogs [87] 

1-2% of normal FVIII levels, 90% reduction of bleeding in dogs [88] 

1.9-11.3% of normal FVIII levels in dogs [89]  

Sustained FVIII activity, hemophilia A phenotype correction in mice [90] 

8-60% of normal FVIII levels in hemophilia A patients in phase II [91] 

Clinical benefits: less bleeding, no need for prophylactic FVIII [92] 

Conditional EMA marketing approval for severe hemophilia A [93] 

Expression of FIX for > 300 days in mice [94] 

Complete correction of hemophilia B phenotype in dogs [95] 

Restored therapeutic FIX for 6 months with CsA in dogs [96] 

25-200% FIX activity, correction of hemophilic phenotype in dogs [97] 

1-6% of normal FIX, reduced bleeding episodes in patients in phase I [98] 

Correction of coagulation function in FIX-deficient mice [100] 

Significant reduction of bleeding episodes in hemophilia B patients [91] 

FIX expression for 27 months in hemophilia B patients in phase I/II [102] 

Stable long-term FIX expression in dogs [103] 

Blood transfusions terminated in β-thalassemia patients in phase I [104] 
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β-thalassemia 

β-thalassemia 

β-thalassemia 

SCD 

SCD 

SCD 

LentiGlobin 

GLOBE LV 

GLOBE LV 

LV-HSC 

LentiGlobin 

LentiGlobin 

HbAT87Q 

Mini-β 

Mini-β 

βA globin 

HbAT87Q 

HbAT87Q 

Independence of transfusions in β-thalassemia patients in phase III [105] 

Normalized phenotype after in utero gene therapy [106]   

Reduced or no need for transfusion in β-thalassemia patients [107]  

Anti-sickling protein expression for 10 months in mice [108] 

Case report of complete remission of SCD patient [109]  

Complete resolution of vaso-occlusive events in SCD patients [110]  

    

AAV, adeno-associated virus; AAVS3, AAV vector with synthetic capsid; Ad, adenovirus; cFIX, canine factor 

IX; CsA, cyclosporin A; EMA, European Medicines Agency; FIX, factor IX; FVIII, factor VIII; LV, lentivirus; LV-

BM, lentivirus transduced bone marrow; Mini-β, mini-β-globin gene; scAAV2, self-complementary AAV2; SCD, 

sickle cell disease; SIN-LV, self-inactivating LV. 

Another hematological disease targeted by gene therapy comprises β-thalassemia, which is 

caused by mutations in the β-globin gene [111]. LV vectors such as LentiGlobin BB305 expresses the 

human hemoglobin T87Q mutant gene HbAT87Q [104]. In a phase I study, LentiGlobin BB305 

administration allowed red blood cell transfusions to be stopped in 12 β-thalassemia patients with 

the β0/β0 genotype while the transfusion volume could be reduced by 73% in 9 other patients [104]. 

Moreover, based on interim results from a phase III study, sustained levels of HbAT87Q expression 

were obtained in patients with the non-β0/β0 genotype making them independent of transfusions 

[105]. Another approach for targeting β-thalassemia has been to use the mini-β-globin gene expressed 

from the GLOBE LV vector, which in a proof-of-concept study of intrahepatic in utero delivery in a 

humanized mouse model normalized the hematological phenotype in mice at 12-32 weeks of age 

[106]. Application of GLOBE LV-transduced stem cells resulted in rapid recovery in 3 adult and 6 

pediatric β-thalassemia patients in a phase I/II study [107]. The outcome of the study was the 

complete discontinuation of transfusions in children, while it could be reduced in adults. 

Sickle cell disease (SCD) has also been a target for gene therapy. As a single point mutation in 

the βA-globin results in the formation of abnormal hemoglobin [HbS (α2βS2)] responsible for SCD 

[112], one strategy has been to overexpress a βA-globin variant to prevent HbS polymerization [108]. 

For example, hematopoietic stem cells (HSCs) transduced with LV vectors expressing the anti-

sickling β-globin gene showed expression for 10 months and accumulation of anti-sickling protein 

up to 52% of total hemoglobin in mice [108]. The previously described LentiGlobin BB305 vector 

expressing HbAT87Q was used for the transduction of bone marrow cells to a boy with the βS/βS 

genotype, which resulted in complete remission with correction of hemolysis and biologic hallmarks 

of the disease [109]. Transduction of CD34+ cells with the LentiGlobin vector did not cause any 

adverse events in three SCD patients in a phase I/II study [110]. Moreover, interim results 

demonstrated sustained production of anti-sickling hemoglobin HbAT87Q leading to the complete 

resolution of severe vaso-occlusive events after a single treatment with the LentiGlobin vector.  

3.4. Neurological Disorders 

Gene therapy has proven useful for the treatment of neurological disorders as described here 

and summarized in Table 5. For example, AAV vectors expressing the glutamic acid decarboxylase 

65 (GAD65) showed improvement of symptoms related to Parkinson’s disease and relieved pain in 

rat models [113]. In a phase I study AAV-GAD particles were injected into the subthalamic nucleus 

of 11 male and one female patients with Parkinson’s disease [114]. The treatment was safe, and 

significant improvements in motor neuron functions were detected. Moreover, AAV and LV vectors 

have been utilized for the expression of the glial cell-derived neurotrophic factor (GDNF), which 

resulted in sustained transgene expression for 3-6 months and also promoted regeneration and 

significant functional recovery in 6-hydroxydopamine (6-OHDA)-lesioned rats [115]. Additionally, 

in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MTTP)-lesioned primates AAV-GDNF and LV-

GDNF vectors showed neuroprotection, regeneration, and functional recovery [115]. Administration 

of LV-GDNF to the striatum and substantia nigra reversed functional and motor deficits and 

prevented nigrostriatal degradation in MTTP-lesioned macaques in another study [116].  

AAV vectors have been used for expression of the human aromatic-L-amino acid (hAADC) and 

administered to primates showing approximately 50% improvement in L-Dopa responsiveness in a 
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dose-ranging study [117]. In a phase I trial in patients with moderate to advanced Parkinson’s disease, 

AAV-hAADC treatment was well tolerated and provided significant improvement for at least two 

years in the Parkinson’s Disease Rating Scale (UPDRS) [118]. In another approach, the tyrosine 

hydroxylase (TH), the hAADC, and the GTP-cyclohydroxylase-1 (GCH-1) genes were expressed from 

separate AAV vectors [119]. Triple transduction into Parkinsonian rats enhanced the 

tetrahydrobiopterin (BH4) and dopamine production and also improved the rotational behavior for 

at least 12 months. In a phase I/II trial in Parkinson’s disease patients, LV-based expression of TH, 

hAADC, and GCH-1 (ProSavin) was safe and resulted in motor function improvement [120]. 

Moreover, Prosavin was administered to Parkinson’s disease patients in a phase I/II trial, which 

resulted in a long-lasting improved UPDRS score [121].  

The inherited neurodegenerative Huntington’s disease is caused by a mutation in the huntingtin 

(HTT) gene, which has made it a valid target for gene therapy [122]. Expression of a microRNA 

(miRNA) specific for HTT from an AAV5 vector prevented almost completely the formation of 

mutant HTT aggregates and suppressed DARPP-32-associated neuronal dysfunction in a 

Huntington’s disease rat model [122]. Moreover, AAV5-miHTT therapy in transgenic Huntington’s 

disease minipigs reduced mutant HTT mRNA and protein levels significantly [123]. AAV5-miHTT 

vectors have been subjected to clinical evaluation in a phase I/II trial in adult patients with early-stage 

Huntington’s disease [124]. Bilateral injection of AAV5-miHTT (AMT-1309) showed good safety and 

tolerability profiles. In the context of the neuromuscular disease spinal muscular atrophy (SMA), 

AAV-based expression of the human survival motor neuron (hSMN) gene was evaluated in the 

central nervous system (CNS) in a mouse SMA model [125]. AAV8-hSMN improved muscle strength, 

coordination, and locomotion resulting in a significant extension of survival. Remarkable 

improvement in motor function and prolonged survival were observed in SMA patients in a phase I 

study [126]. It was also demonstrated that a single injection of AAV9-SMN into SMA patients in 

another phase I trial improved neuron function and extended the survival of mice [127]. Zolgensma, 

AAV9 vectors expressing the hSMN1 gene, has been approved for SMA treatment in children in the 

US, the EU and Canada [128].  

Table 5. Examples of viral vectors applied for gene therapy of neurological disorders. 

Disease Vector Target Findings 

PD 

PD 

PD 

PD 

PD 

PD 

PD 

PD 

PD 

PD 

 

PD 

PD 

HD 

HD 

HD 

SMA 

SMA 

SMA 

SMA 

__________

__  

AAV 

AAV 

AAV 

LV 

AAV 

LV 

LV 

AAV 

AAV 

AAV 

 

LV 

LV 

AAV5 

AAV5 

AAV5 

AAV8 

AAV8 

AAV8 

AAV9 

________

____  

GAD65 

GAD 

GDNF 

GDNF 

GDNF 

GDNF 

GDNF 

hAADC 

hAADC 

TH, GCH, 

hAADC 

ProSavin 

ProSavin 

miHTT 

miHTT 

miHTT 

hSMN 

hSMN 

hSMN 

hSMN1 

_________ 

Reduced PD symptoms and relief of pain in rat models [113] 

Safe, improved motor neuron functions in PD patients in phase I [114] 

Regeneration, functional activity in 6-OHDA-lesioned rats [115] 

Regeneration, functional activity in 6-OHDA-lesioned rats [115] 

Regeneration, functional activity in MTTP-lesioned primates [115] 

Regeneration, functional activity in MTTP-lesioned primates [115] 

Reversed functional and motor deficits in macaques [116] 

50% improvement in L-Dopa responsiveness in primates [117]. 

Significant improvement in PD patients for 2 years [118] 

Enhanced BH4 and dopamine production, improved rotational behavior in rats [119] 

Significant motor function improvement in PD patients [120] 

Long-term (4 years) motor function improvement in PD patients [121]  

Prevention of mutant HTT, decrease in neuronal dysfunction in rats [122] 

Reduced HTT mRNA and protein levels in transgenic minipigs [123] 

Good safety and tolerability in HD patients in phase I/II [124] 

Improved muscle strength, coordination and locomotion in mice [125] 

Improved motor function and prolonged survival in SMA patients [126] 

Improved motor function and prolonged survival in SMA patients [127] 

Approval for SMA patients in the US, the EU and Canada [128] 

_________________________________________________________________  
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AAV, adeno-associated virus; Ad, adenovirus; GAD65, glutamic acid decarboxylase 65; GCH, GTP-

cyclohydroxylase-1; GDNF, glial-derived neurotrophic factor; hAADC, human aromatic-L-amino acid 

decarboxylase; HD, Huntington’s disease; LV, lentivirus; miHTT, huntingtin-specific microRNA; PD, 

Parkinson’s disease; ProSavin, TH/hAADC/GCH combination; SMA, spinal muscular atrophy; SMN, survival 

motor neuron; TH, tyrosine hydroxylase. 

3.5. Muscular Diseases 

Different types of muscular dystrophy have been subjected to gene therapy applications [129]. 

Due to the large size of the dystrophin gene, “micro-dystrophin” cassettes (µDys) have been 

engineered for AAV-based gene therapy applications [130]. Evaluation of AAV6-µDys delivery to 

severely dystrophic mice reduced skeletal muscle pathology and extended the lifespan of mice by 

restoration of dystrophin levels in respiratory, cardiac, and limb musculature [131]. In a canine 

dystrophin model, AAV6-µDys delivery provided efficient dystrophin distribution for two years 

throughout different skeletal muscles [132]. Patients with Duchenne muscular dystrophy (DMD) 

have been subjected to the AAV-1 based rAAVrh74-µDys administration in a phase I/II trial [133]. 

Interim results demonstrated robust therapeutic µDys levels, correct localization of µDys protein, 

enhanced creatine kinase levels, and improved North Star Ambulatory Assessment (NSAA) scores 

in 4 treated patients [133]. In a phase I study in 4-12-year-old DMD patients, the AAV9-mini-

dystrophin vector is currently under evaluation for safety, tolerability, expression and distribution of 

dystrophin, and muscle strength [134]. Additional phase I/II and phase III trials applying AAV 

vectors are currently in progress in DMD patients to evaluate safety, tolerability, and improvement 

of functional muscle strength (NCT03368742, NCT03375164, and NCT04281485). For example, a 

single dose of the rAAVrh74-µDys (Delandistrogene moxeparvovec) will be administered to two 

cohorts of DMD patients 3 months to 3 years and 4 to 7 years of age, respectively (NCT04281485). In 

another study, the application of the rAAVrh74-µDys vector was evaluated for total antibody binding 

in 101 DMD patients [135]. The rAAVrh74 serotype, originating from rhesus macaques, has been 

suggested to be less immunogenic than the AAV2, AAV5, and AAV9 serotypes although providing 

good transduction of muscle cells, which was confirmed by 86.1% of the DMD patients being 

seronegative for rAAVrh74 [135]. This finding supports the application of rAAVrh74 vectors for gene 

therapy on DMD and other neuromuscular diseases.  

3.6. Immunodeficiency 

Treatment of hereditary immunodeficiencies has provided breakthroughs in gene therapy 

(Table 6). For example, pediatric SCID patients treated with defective γ-retrovirus (γRV) Moloney 

murine leukemia virus expressing the interleukin-2 receptor gamma subunit (IL2RG) showed 

successful disease correction [236], which was hampered by the detection of few cases of leukemia 

due to the insertion of the therapeutic gene into the LMO2 proto-oncogene region [137]. Initially, 

γRV-IL2RG treatment generated normal T-cell counts and long-term clinical benefits in 8 out of 10 

treated SCIX`D-X1 patients [136]. Moreover, in a long-term follow-up study, all but one patient 

showed normal growth and protection against SCID-X1-associated infections after 18 years [138]. 

However, although clinical benefits were obtained in 10 SCID-X1 patients, T-cell acute lymphoblastic 

leukemia (T-ALL) developed in patients 2-14 years later due to the integration of the γRV vector into 

either the LMO2 [136] or the CCDN2 [139] locus. To address the issue of chromosomal integration, 

SIN-γRV vectors have been constructed showing not a single case of leukemia in nine SCID-X1 

patients treated with SIN-γRV [140]. Moreover, 44 SCID-X1 patients treated successfully with SIN-

LV vectors showed no cases of leukemia [141]. 

SIN-LV vectors expressing the adenosine triphosphate-binding cassette transporter (ABCD1) 

gene transduced into patient-derived autologous CD34+ cells were used for the treatment of two 

patients with X-linked adrenoleukodystrophy (ALD) [140]. The treatment prevented progressive 

cerebral demyelination resulting in significant clinical benefits [140]. In the case of gene therapy for 

adenosine deaminase-severe combined immunodeficiency (ADA-SCID), SIN-γRV or SIN-LV vectors 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 April 2023                   doi:10.20944/preprints202304.0697.v1

https://doi.org/10.20944/preprints202304.0697.v1


 11 

 

have demonstrated sustained ADA expression, metabolic correction, and high overall survival in 

more than 100 ADA-SCID patients [142,143].  

Table 6. Examples of viral vectors applied for gene therapy of muscular diseases. 

Disease Vector Target Findings 

Muscular 

Dystrophy 

Dystrophy 

DMD 

DMD 

Immunodeficiency 

SCID-X1 

SCID-X1 

SCID-X1 

SCID-X1 

SCID-X1 

SCID-X1 

ALD 

ALD 

ADA-SCID  

 

AAV6 

AAV6 

rAAVrh74 

AAV9 

 

γRV 

γRV 

γRV 

γRV 

SIN-γRV 

SIN-LV 

SIN-LV 

SIN-γRV 

SIN-LV  

 

µDys 

µDys 

µDys 

mini-Dys 

 

IL2RG 

IL2RG 

IL2RG 

IL2RG 

IL2RG 

IL2RG 

ABCD1 

ADA 

ADA 

 

Restored Dys expression, reduced muscle pathology in mice [131] 

Efficient Dys distribution in skeletal muscles in a canine model [132] 

Therapeutic Dys levels, improved NSAA scores in 4 DMD patients [133] 

Phase I in progress in 4-12-year-old DMD patients [134] 

 

SCID-X1 correction in pediatric patients [136], few leukemia cases [137]  

Long-term clinical benefits in 8 out of 10 patients [136] 

Normal growth, and protection against infections after 18 years [138] 

Unfavroable chromosomal integration causing T-ALL [139] 

No cases of leukemia in 9 treated SCID-X1 patients [141] 

No cases of leukemia in 44 treated SCID-X1 patients [141] 

Prevention of cerebral demyelination, clinical benefits [140] 

Metabolic correction, high OS in ADA-SCID patients [142] 

Metabolic correction, high OS in ADA-SCID patients [143]  

AAV, adeno-associated virus; ABCD1, adenosine triphosphate-binding cassette transporter; ADA, adenosine 

deaminase; ADA-SCID, adenosine deaminase-severe combined immunodeficiency; ALD, X-linked 

adrenoleukodystrophy; DMD, Duchenne muscular dystrophy; γRV, gamma retrovirus; µDys, micro-

dystrophin; T-ALL, T-cell acute lymphoblastic leukemia. 

3.7. Infectious Diseases 

Vaccine development against infectious diseases has received enormous attention especially due 

to the recent COVID-19 pandemic (Table 7). In this context, safe and efficient vaccines against the 

severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) have been developed for Ad vectors. 

For example, expression of the SARS-CoV-2 spike (S) protein from the chimpanzee Ad vector 

ChAdOx1 generated high vaccine efficacy in phase III clinical trials in healthy volunteers [144]. 

Similarly, the Ad5 serotype-based Ad5-S-nb2 vaccine has proven efficient in clinical studies [145]. To 

achieve efficacy, two doses of these COVID-19 vaccines are administered, not including additional 

booster vaccinations. In contrast, the Sputnik (rAd26-S/rAd5-S) vaccine is based on a prime 

vaccination with an Ad26 serotype vector expressing the SARS-CoV-2 S protein, followed by a 

booster vaccination with Ad5 serotype-based SARS-CoV-2 S expression [146]. The rAd26-S/rAd5-S 

regimen has demonstrated good efficacy in phase III studies [146]. Although the Ad26.COV2.S 

vaccine is based on an Ad26 serotype vector, it is different to the other Ad-based COVID-19 vaccines 

as a single dose is sufficient for protection against SARS-CoV-2 [147]. However, emerging variants of 

SARS-CoV-2 has required booster immunizations also for the Ad26.COV2.S vaccine. In any case, the 

favorable results from clinical evaluations have resulted in granting emergency use authorization 

(EUA) for the ChAdOx1 nCoV-19 vaccine in the UK in December 2020, the Ad26.COV2.S vaccine in 

February 2021 in the US and the Ad5-S-nb2 in China in February 2021 [148]. Although the rAd26-

S/rAd5-S was approved in Russia in August 2020, it was surrounded by much controversy as it had 

only been evaluated in 76 volunteers at that time [149]. 

Related to other infectious diseases, clinical evaluation of the vesicular stomatitis virus (VSV)-

based vaccine against Ebola virus disease (EVD), good safety and efficacy were demonstrated in two 

phase III trials in Guinea and Sierra Leone [150,151], which contributed to the approval of the VSV-

ZEBOV vaccine under the brand name of Ervebo in 2020 [152].  
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Table 7. Examples of viral vectors applied for gene therapy of infectious diseases. 

Disease Vector Target Findings 

COVID-19 ChAdOx1 nCoV-19 SARS-CoV-2 S Good safety and 62-90% efficacy in Phase III [144] 

COVID-19 

COVID-19 

COVID-19 

COVID-19 

COVID-19 

COVID-19 

COVID-19 

EVD 

EVD 

EVD 

Ad5-S-nb2 

rAd26-S/rAd5-S 

Ad26.COV2.S 

ChAdOx1 nCoV-19 

Ad5-S-nb2 

rAd26-S/rAd5-S 

Ad26.COV2.S 

VSV-ZEBOV 

VSV-ZEBOV 

VSV.ZEBOV 

SARS-CoV-2 S 

SARS-CoV-2 S 

SARS-CoV-2 S 

SARS-CoV-2 

SARS-CoV-2 

SARS-CoV-2 

SARS-CoV-2 

EBOV GP 

EBOV GP 

EBOV GP 

Good safety and efficacy in Phase III [145] 

Good safety and efficacy in Phase III [146]  

Good vaccine efficacy after a single dose [147] 

EUA in the UK in December 2020 [148]  

EUA in China in February 2021 [148] 

Approval in Russia in August 2020 [149] 

EUA in the US in February 2021 [148] 

Good safety and efficacy in Phase III [150] 

Good safety and efficacy in Phase III [151] 

Approval for EVD in 2020 [152] 

    

Ad, adenovirus; EBOV, Ebola virus; EUA, Emergency Use Authorization; EVD, Ebola virus disease; VSV, 

vesicular stomatitis virus. 

3.8. Other Diseases 

Ophthalmologic diseases have proven useful as targets for gene therapy due to the possibility 

of topic delivery of viral vectors. Briefly, the sFLT01 fusion protein comprising the VEGF and the Fc 

portion of the human IgG1 expressed from an AAV2 vector was subjected to intravitreal 

administration in an age-related macular degeneration (AMD) model in cynomolgus macaques, 

which resulted in localized long-term expression for at least 12 months of the transgene [153]. AAV2-

sFL01 showed good safety and tolerability in 19 AMD patients in a phase I study [154]. In a phase II 

trial, no treatment-related serious adverse events were detected, but improved vision was seen in 11 

AMD patients [155]. Moreover, AAV2 vectors expressing the NADH dehydrogenase protein subunit 

4 (ND4) were subjected to a phase I study in patients with Leber’s hereditary optic neuropathy 

(LHON) leading to significant improvement [156]. AAV2-ND4 treatment showed moderate but 

statistically significant improvement in visual acuity in another phase I study in LHON patients [157]. 

AAV2 vectors have also been applied for the treatment of the retinal pigment epithelial-specific 65 

kD protein (RPE65)-mediated inherited retinal dystrophy [158]. AAV2-RPE65 administration 

provided maximum vision improvement in inherited retinal dystrophy patients in a phase III trial 

[158]. Moreover, AAV2-RPE65 was approved under the brand name Luxturna for the treatment of 

patients with inherited retinal dystrophy in the US, Australia, and Canada [159]. 

The treatment of lung diseases has mainly focused on cystic fibrosis and overexpression of the 

cystic fibrosis transmembrane conductance regulator (CFTR) gene [160]. So far, only preclinical 

studies in macaques with AAV vectors [161], and in mice [162] and pigs [163] with human 

immunodeficiency virus (HIV) and feline immunodeficiency virus (FIV) vectors, respectively, have 

been conducted, demonstrating proof-of-concept expression of functional CFTR. 

4. Challenges for Viral Vector-Based Gene Therapy 

Although viral vectors have provided good safety and efficacy in both preclinical studies and 

clinical trials, there is certainly still a need for improvement. For example, despite vector engineering 

being used for generating less cytotoxic alphavirus vectors [164,165] additional vector modifications 

are desired. Trans-amplifying RNA (taRNA) vectors [166] have also been designed, which due to a 

significantly smaller vector size potentially require reduced vaccine doses causing fewer adverse 

events. Another possibility is to further explore the application of oncolytic viruses for cancer therapy 

[167]. Furthermore, the engineering of pseudoviruses with foreign immunogenic epitopes, full-length 

surface proteins, or tumor-associated antigens (TAAs) should be explored [168]. 

Another area of importance, especially related to cancer therapy and cancer vaccines, is the 

combination of viral vectors with experimental or approved drugs. For example, combination 

therapy of VEE particles expressing the HER2 gene with the immune checkpoint blockade (ICB) drug 

pembrolizumab has demonstrated superior efficacy compared to either component alone [169]. 
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Moreover, different prime-boost strategies with viral vectors and conventional plasmid DNA have 

enhanced immune responses against Dengue virus [170]. 

Since the first gene therapy applications, gene delivery has been of concern both related to safety 

and efficacy. Although viral vectors have demonstrated delivery superiority compared to non-viral 

systems, the application of pseudoviruses can provide special cell targeting as described above. 

Moreover, the engineering of viral particles with cancer-specific epitopes in their surface structure 

also results in cell targeting [171]. Although polymer and lipid-based nanoparticles have been mainly 

used for nucleic acid delivery, examples of alphavirus encapsulation have resulted in improved 

delivery for oncolytic viruses [172] or passive tumor targeting [173] in animal models. 

As is the case for all modern drug development, the process of product manufacturing has 

become more demanding during the last decades requiring the application of good manufacturing 

practice (GMP) for viral vector-based gene therapy products [174]. In this context, efficient packaging 

cell lines and systems have been engineered for most viral vectors such as Ad [28], AAV [29], HSV 

[175], RV [30], LV [31], flaviviruses [32,33], paramyxoviruses [34], rhabdoviruses [35], and 

polyomaviruses [36]. Although packaging cell lines have been developed for alphaviruses, their 

relatively low titers demand further improvements [176]. 

Another area of concern relates to regulatory issues of gene therapy. The relatively rapid 

development of gene therapy has caused some confusion regarding the regulatory classification of 

gene therapy products and vaccines, where for example, mRNA-based cancer vaccines have been 

categorized under gene therapy medicinal products (GTMPs) whereas vaccines against infectious 

diseases are excluded despite using the same basic technology and both belonging to immunological 

medicinal products [177]. Moreover, the FDA and the EMA seem to have different views on genetic 

manipulation and the components of gene therapy. While the FDA defines gene therapy as the 

utilization of recombinant DNA [178], the view of the EMA is broader including both DNA and RNA 

[179]. As the number of gene therapy-based clinical trials grows and new gene therapy products are 

approved, it is appropriate to resolve these regulatory issues as soon as possible.  

5. Conclusions and Perspectives 

In summary, proof-of-concept has been demonstrated for different types of viral vectors in 

animal models for a variety of diseases such as cancer, cardiovascular, metabolic, hematological, 

neurological, muscular, ophthalmological, infectious diseases, and immunodeficiency. Moreover, 

clinical evaluation has provided data on safety, tolerability, and efficacy for different indications. For 

example, clinical benefits and prolonged survival have been achieved resulting in the approval of 

Ad-based GendicineTM for head-and-neck cancer [53] and talimogene laherparevec (HSV T-VEC) for 

melanoma [57] treatment. AAV-based gene therapy applications in hemophilia A patients have 

provided clinical benefits, reduced bleeding episodes, and correction of phenotype in several studies 

[91,92]. It has led to conditional EMA marketing approval for severe hemophilia A [93]. Similarly, 

treatment of hemophilia B patients with AAV vectors resulted in significantly reduced bleeding 

episodes in clinical trials [91,98]. In the context of neurological disorders, Parkinson’s disease patients 

showed significant clinical benefits lasting for two years after treatment with AAV-hAADC vectors 

[118]. Moreover, SMA patients treated with AAV-SMN demonstrated improved motor function and 

prolonged survival [127]. The AAV-SMN vector was approved for the treatment of pediatric SMA 

patients in the US, the EU, and Canada under the brand name Zolgensma [128]. Among muscular 

diseases, several clinical trials have demonstrated significant long-term expression of dystrophin 

after treatment with AAV vectors [133,134]. Probably the greatest gene therapy success has been 

achieved in treating SCID-X1 [136–138,141] and ADA-SCID [143] patients with RV or LV vectors, 

which has resulted in a complete cure lasting for the whole follow-up period of 18 years [138]. Finally, 

vaccine development against infectious diseases has led to EUA for adenovirus-based COVID-19 

vaccines [148,149] and approval of a VSV-based EVD vaccine [152]. 

Related to future aspects of viral vector-based gene therapy, it is anticipated that further vector 

development as described above will contribute to improved safety and efficacy. It seems that not 

only the combination of viral vectors with existing drugs will generate superior treatment options, 
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but also the combination of different gene therapy technologies can be advantageous. For example, 

gene editing using the CRISPR-Cas9 strategy has been combined with the helper-dependent HDAd35 

vector for the transduction of hematopoietic stem cells (HSCs), which resulted in complete phenotype 

correction of sickle cell disease in mice [180]. 

In the context of delivery, it is well recognized that successful transition from proof-of-concept 

studies in rodents has been difficult to reproduce in humans in clinical trials mainly for two reasons. 

First, the size difference between rodents and humans may play an important role and might require 

optimization of both delivery formulations and doses. Second, the induced tumors in rodents do not 

correspond to spontaneously occurring cancers in humans. For this reason, gene therapy programs 

would benefit from evaluation in dog models with naturally occurring tumors, which more closely 

resemble human cancers prior to conducting clinical studies in humans [181].  

Personalized medicines have received much attention lately due to rapid next-generation 

sequence technology development and improved gene manipulation capacity based on gene editing 

methods. In the context of gene therapy, for example, DMD and rare muscular dystrophies like Limb 

Girdle Muscular Dystrophy (LGMD) require a personalized response [182]. It is facilitated by the 

increase in patient registries and combinatory therapies, which will contribute to future success in 

gene therapy applications.  
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