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Abstract. Adeno-associated Virus (AAV) vector has become an important tool for vivo gene therapy 
due to its high specificity, low immunogenicity and long-term expressibility. There are multiple novel 
pharmaceuticals utilizing recombinant AAV vectors to treat genetic defect disease or disease related 
to gene expression disorder that are undergoing clinical trials. In this review, the basic biological 
features of AAV viruses are introduced, including their structure, classification, and interactions with 
hosts. This paper aims to elucidate the commonalities and differences among several AAV viruses 
used in clinical treatment by analyzing existing literature. The relevant genes for transduction of 
various types of AAV viruses are specifically analyzed in this article. By elaborating the process and 
mechanism of AAV virus transduction-related gene expression, this paper also attempts to 
summarize the current achievements of AAV therapy and explain the limitations still existing. It is 
hoped to contribute to the development and progress of AAV therapy in the future. 
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1. Introduction 

Genetic mutations or abnormal gene expression will cause humans to suffer from incurable 

diseases that have complicated clinical symptoms. Emerging and rapidly developing gene therapies 

may be able to achieve fundamental treatment or long-term prevention of certain diseases by 

modifying relevant nucleic acid sequences or correcting the transcription and translation process of 

specific genes. Among them, Adeno-associated virus (AAV) has been used as an important virus 

vector for in vivo gene therapy, which has undergone extensive trials to evaluate its safety and 

efficacy based on its different types, showing good safety, tolerability, and efficacy characteristics, 

with promising clinical application prospects [1]. 

The Adeno-associated virus was first identified and separated in preparations of a simian 

adenovirus (AdV) around 1965 [2]. Extensive observation and analysis by relevant researchers 

determined the basic biological information, structural features and specific classification of AAV, 

providing reliable scientific basis for its subsequent use as an important virus vector in gene therapy. 

The Adeno-associated virus belongs to the Parvoviridae family, which is a dependent parvovirus 

genus. AAV is a virus without a capsid, surrounded by a twenty-faced protein shell on the outside, 

and contains a single-stranded DNA genome of about 4.7-kb inside. The genome is flanked by two 

T-shaped inverted terminal repeats (ITRs) at the ends that largely serve as the viral origins of 

replication and the packaging signal [3]. Between ITRs, there are mainly three genes, Rep 

(Replication) gene, Cap (Capsid) gene and AAP (Assembly activating protein), which are responsible 

for encoding proteins needed for virus replication, encoding for the capsid and provides a scaffold for 

capsid assembly, respectively [4]. AAV is widely found in various vertebrates, including humans and 

non-human primates (NHPs) [3]. AAV has not been found to be pathogenic and can not replicate 

itself independently. It can only replicate itself when it coexists with helper viruses such as adenovirus, 

human papillomavirus and herpes virus [5]. Due to differences in the Cap gene and the proteins it 

produces, wild-type AAV is primarily divided into 13 serotypes (AAV1-AAV13) and has been 

detected with over 108 capsid variants. Each AAV serotype has its unique receptor and tissue 

specificity [6]. Different capsid variants can affect activation of cytotoxic T cell responses and clinical 

efficacy [7]. The choice of AAV serotype and capsid variant determines the affinity of AAV for 
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different cells and its distribution in the body, which finally determines the success of gene transfer 

or gene therapy. 

Given the safety and specificity of AAV, it becomes a potential candidate for clinical use. By 

genetic engineering, an artificial recombinant AAV (rAAV) is developed. The rAAV lacks Rep gene, 

Cap gene and AAP, retaining only the ITRs, which reduces the immune response during gene delivery. 

Meanwhile, due to the obvious decrease in expression efficiency of rAAV with longer genome length 

[8], removing all the viral coding sequences can maximize the capacity for vector packaging and 

delivering. Because different types of AAV have different affinity for cells, rAAV is considered to 

have high specificity. Numerous clinical trials have already confirmed that rAAV can achieve 

localized specific gene therapy. Here, the mechanism of Adeno-associated Virus (AAV) gene therapy 

will be discussed by listing some typical AAV gene therapy methods.  

2. The Mechanism of AAV Gene Therapy 

2.1. Adeno-associated Virus (AAV) 2 gene therapy 

Adeno-associated Virus (AAV) 2 is the earliest serotype that has been widely studied and used. In 

the 1990s, researchers had already conducted fundamental studies on AAV2, including isolation, 

cloning, and genome sequencing [9]. Subsequent extensive research has shown that AAV2 has 

excellent target specificity and tissue penetration, making it a promising candidate for gene therapy 

applications, such as the repair of retinal cells or liver cells. Currently, the initial designed AAV2 

serotype is still the most commonly used in clinical studies and has the most safety and efficacy 

evidence, with numerous trials completed [1]. 

The single-stranded genome of AAV2 is only 4,675 nucleotides long and contains a terminal repeat 

sequence of 145 nucleotides [9]. The short genetic code length makes it easier to artificially 

reassemble it through genetic engineering, but it also limits the length of drugs or genes that can be 

delivered. AAV2 primarily targets the liver, skeletal muscle, nerves, and the retina of the eyes. In 

these tissues, the virus genome is widely distributed and protein expression levels are higher [10]. 

AAV2 utilizes three cell receptors: heparan sulfate proteoglycan (HSPG), AVβ-5 integrin, and 

fibroblast growth factor receptor 1 (FGFR-1). HSPG functions as the primary receptor, while the 

activities of the latter two receptors are comparable. As a cell surface receptor, HSPG can mediate 

AAV2 attached to the cell membrane to enter the cell through endocytosis. Then, AAV2 uses 

endosomes for intracellular transport. After escaping from late endosomes, AAV2 transfers to the 

nucleus and sheds its protein coat [3]. Single-stranded DNA must be converted into double-stranded 

form before it can be replicated or transcribed. After the expression of the Rep gene, the AAV genome 

is replicated and the Cap gene is expressed, completing the synthesis of the capsid. Finally, the 

assembly and release of the AAV virus for the next generation is achieved.  

Recombinant AAV2 (rAAV2) is a specific gene-edited AAV2 virus that will serve as a key vector 

to carry and deliver relevant genes into cells to change the expression of specific proteins. RAAV2 is 

engineered to incorporate tissue-specific promoters, target genes, and poly A in place of Rep and Cap 

genes. This modification ensures specific expression of the target gene in particular tissue cells while 

minimizing the likelihood of integration into the host genome. In terms of selecting the target gene, 

it is possible to supplement missing genes according to needs or introduce gene fragments to inhibit 

the expression of the original genes. Similarly, gene editing technology can be used to correct the 

original gene sequence without changing the number of genes to restore its normal expression [11]. 

In the practical design of rAAV vectors, researchers often incorporate specific introns, enhancers, 

and other regulatory elements to modulate the expression level of the target gene [6].  

In current clinical studies, due to the specific infection of AAV2 in retinal cells, many emerging 

local treatment drugs for visual disorders use the structure of rAAV2 vector plus deleted gene. 

Recently, two gene therapy drugs for the treatment of Leber hereditary optic neuropathy (LHON) that 

are currently in clinical development and have received partial approval from some countries - 

LUMEVOQ (GS010) and NR082, have adopted the structure of rAAV2 vector plus deleted gene. 
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GS010 uses rAAV2 vectors to deliver a normal human mitochondrial NADH-dehydrogenase subunit 

4 (ND-4) gene with a specific mitochondrial targeting sequence (MTS) into cells [12]. After the 

rAAV2 is delivered into the cells, the ND-4 gene successfully transcribes into corresponding mRNA, 

which is then transported to the ribosomes on the surface of the mitochondria, promoting the 

expression and transfer of the missing protein in the mitochondria and improving the visual ability of 

LHON patients. NR082 also contains the ND-4 gene. It is a new type of rAAV2 ophthalmic injection 

that is currently undergoing clinical trials to evaluate its safety and effectiveness. Besides, 

Timrepigene emparvovec is a drug that is currently undergoing clinical trials, using the rAAV2 vector 

and a missing CHM gene structure for the treatment of Choroideremia (CHM), a disease caused by 

retinal degeneration [13, 14].  

Due to the fact that different serotypes of capsid proteins can also affect the target specificity and 

tissue penetration of rAAV vectors [7], rAAV2 vectors with different capsid serotypes are often used 

to generate hybrid virus vectors (rAAV2/N, where N represents different capsid serotypes).This 

hybrid virus not only has the stable expression and gene integration ability of AAV2 type, but also 

has tissue specificity and different transduction efficiencies in the same type of tissue cells [15]. 

2.2. Adeno-associated Virus (AAV) 5 gene therapy 

Adeno-associated Virus (AAV) 5 belongs to the Adeno-associated virus B (AAV1-4, 6-13 belong 

to Adeno-associated virus A) which was successfully isolated from human condyloma acuminatum 

on the penis and its transcription pattern is different from that of AAV2 [16, 17]. Meanwhile, the 

capsid assembly of AAV5 is not dependent on the AAP gene [17]. Because AAV5 differs 

significantly from other AAV serotypes and has a lower seroprevalence, it may improve the problem 

of reduced gene transduction efficiency due to the high preexisting AAV2 neutralizing antibodies in 

the human body, providing a more diverse range of treatment options. AAV5 mainly utilizes sialic 

acid as its cell receptor. The activity of Platelet-derived growth factor re-ceptor (PDGFR) is less than 

that of sialic acid. AAV5 primarily targets retinal cells, respiratory epithelial cells, vascular 

endothelial cell and liver cell. Because there are more sialic acid receptors on the surface of the liver, 

AAV5 is more commonly used in the treatment of liver diseases. 

Roctavian (valoctocogene roxaparvovec) is the first gene therapy product approved by the FDA 

that is based on the rAAV5 vector and used to treat Hemophilia A, a genetic bleeding disorder caused 

by mutations in the gene that produces factor VIII (FVIII). The rAAV5 vector carries a genetic variant 

of the coagulation factor IX (FIX) called FIX-Padua, which can express the FIX coagulation factor 

in liver cells, secret it outside the liver cells and enter the bloodstream to perform coagulation 

functions, thus achieving the therapeutic effect [18]. Typically, a single dose is effective for a long 

period of time. Base on the high targeting to the liver of rAAV5, there are currently several clinical 

trials for treating different types of Hemophilia using rAAV5 vectors, such as AMT 061 (Hemophilia 

B) and BBM-H803 (Hemophilia A). AMT-061 (Etranacogene dezaparvovec) also chose to connect 

the rAAV5 vector with the FIX Padua variant and add a liver-specific promoter to regulate the 

expression of the target gene. 

Despite the significant success of rAAV2 as a vector in the treatment of eye diseases, especially 

those caused by gene mutations in the retina, using rAAV5 as an alternative serotype can address 

more complex host and vector-related immune challenges. AAV5-DCN and AAV5-PEDF are a 

combination gene therapy that is currently being studied using the rAAV5 vector to eliminate corneal 

fibrosis and form new blood vessels [19].  

2.3. Adeno-associated Virus (AAV) 8 gene therapy 

Adeno-associated Virus (AAV) 8 was initially isolated through PCR technology from tissue 

samples of rhesus macaques, rather than being isolated as a complete and live virus like AAV1-6 [20]. 

AAV8 utilizes 37/67-kDa Laminin receptor (LamR) as its cell receptor. AAV8 primarily targets 

cardiomyocytes, retinal cells, liver cells and kidney cells. Related studies have shown that AAV8 has 

a higher affinity for liver cells than AAV2, and its transduction efficiency in liver cells is much higher 
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than that of AAV2, allowing for sustained high expression [20, 21]. AAV8 also has a superior 

delivery rate for cardiac transduction compared to AAV9 [22]. Its higher transduction efficiency may 

solve the adverse reactions caused by high doses of AAV2. In addition, AAV8 has excellent tissue 

specificity, with a particularly strong affinity for cardiomyocytes and hepatocytes, making it 

promising for delivering therapeutic target genes to specific tissues in the treatment of heart and liver 

diseases. 

In the treatment of liver diseases, DTX401 is a drug for treating GSD-Iα (hereditary glycogen 

storage disease) that uses the rAAV8 viral vector to deliver the defective gene to liver cells and is 

currently undergoing clinical Phase III trials. By fusing rAAV8 with a gene that governs G6Pase-α 

enzyme, capitalizing on AAV8's liver cell targeting ability, the target gene is introduced into the 

patient's hepatic cells, leading to stable and efficient expression, thereby enhancing G6Pase-αenzyme 

activity, reducing hepatic glycogen levels and regulating blood glucose. 

In the treatment of heart diseases, AAV8 can deliver either missing genes to restore normal 

expression or suppressive genes to achieve gene silencing. Related researchers have used rAAV8 

vectors to deliver a gene encoding Urocortin-2 into cardiac cells [23]. After successful expression of 

the Urocortin-2 gene, an improvement in the function of the failing heart was observed [23]. AAV8 

can also deliver small interfering RNA (siRNA) or short hairpin RNA (shRNA) to heart cells, 

specifically inhibiting overexpressed pathogenic genes and achieving gene silencing. For example, 

delivering Endothelin-1 shRNA via rAAV8 into the heart can lower hypertension caused by low 

temperatures [24]. 

3. Discussion 

Through analyzing the application of AAV, includingAAV2, AAV5, and AAV8, which are common 

serotypes of AAV, as vectors in therapy, we can conclude that AAV is an emerging gene therapy with 

high targeting and long-term expressibility. It could provide long-term fundamental treatment for 

patients with rare genetic diseases by combing with gene engineering, gene editing etc. However, it 

is still noticeable that AAV gene therapy has certain limitations, such as limited capacity of the carrier, 

limited targeting of tissues by AAV, a relatively long time cycle for rAAV to induce therapeutic effects, 

the existence of pre-existing antibodies against AAV in the human body, the possibility of causing 

severe side effects, inconsistent purity and titers in large-scale production, and the unknown long-

term effectiveness and safety of the treatment. 

Limited capacity makes a large number of genetic diseases caused by multiple gene mutations 

excluded from AAV therapy. The limited tissue targeting of AAV restricts its applicability, posing 

challenges in drug design and gene therapy for diseases affecting other organs and tissues, such as 

the intestines. Related studies also have shown that IgG and neutralizing antibodies (NAbs) against 

AAV1 and AAV2 are widely prevalent in the population. These antibodies can bind to the AAV 

vector or inhibit subsequent AAV transduction, thus preventing target cells from binding to the AAV 

vector and lowering transduction efficiency, reducing therapeutic efficacy. In this situation, people 

often try to achieve the desired therapeutic effect by increasing the dose. However, in a large number 

of clinical observations, high-dose AAV gene therapy may trigger severe immune responses in 

patients, such as liver toxicity, cardiac toxicity, dorsal root ganglion toxicity, inflammatory reactions 

etc. These serious adverse reactions may cause fatal injuries or death to patients. Therefore, prior to 

treatment, attention should be paid to the detection and screening of NAbs in patients. In the future, 

efforts should be made to develop more efficient transduction vectors such as engineering AAV 

vectors, design capsid variants to evade vaccine system tracking or selectively inhibit the activation 

of B/T cells to reduce the level of neutralizing antibody induction, thereby achieving effective 

treatment at lower doses with lower immune response conditions. 



Highlights in Science, Engineering and Technology BFSPH 2024 

Volume 123 (2024)  

 

88 

References 

[1] Kuzmin DA, Shutova MV, Johnston NR, Smith OP, Fedorin VV, Kukushkin YS, van der Loo JCM, 

Johnstone EC. The clinical landscape for AAV gene therapies. Nat Rev Drug Discov. 2021 Mar; 20 (3): 

173-174. doi: 10.1038/d41573-021-00017-7. PMID: 33495615. 

[2] Robert W. Atchison, Bruce C. Casto, William McD. Hammon., Adenovirus-Associated Defective Virus 

Particles.Science149, 754-756 (1965). DOI: 10.1126/science.149.3685.754 

[3] Wang D, Tai PWL, Gao G. Adeno-associated virus vector as a platform for gene therapy delivery. Nat 

Rev Drug Discov. 2019 May; 18 (5): 358-378. doi: 10.1038/s41573-019-0012-9. PMID: 30710128; 

PMCID: PMC6927556. 

[4] Au HKE, Isalan M, Mielcarek M. Gene Therapy Advances: A Meta-Analysis of AAV Usage in Clinical 

Settings. Front Med (Lausanne). 2022 Feb 9; 8: 809118. doi: 10.3389/fmed.2021.809118. PMID: 

35223884; PMCID: PMC8864161. 

[5] Ronzitti G, Gross DA, Mingozzi F. Human Immune Responses to Adeno-Associated Virus (AAV) 

Vectors. Front Immunol. 2020 Apr 17; 11: 670. doi: 10.3389/fimmu.2020.00670. PMID: 32362898; 

PMCID: PMC7181373. 

[6] Chen YC, Liu XP, Xiao PH. Adeno-associated virus vector and its application in gene therapy [J]. Journal 

of Kunming University of Technology (Natural Science Edition), 2024, 49 (03): 188-201. (In Chinese) 

[7] Pipe S, Leebeek FWG, Ferreira V, Sawyer EK, Pasi J. Clinical Considerations for Capsid Choice in the 

Development of Liver-Targeted AAV-Based Gene Transfer. Mol Ther Methods Clin Dev. 2019 Sep 10; 

15: 170-178. doi: 10.1016/j.omtm.2019.08.015. PMID: 31660419; PMCID: PMC6807344. 

[8] Wu Z, Yang H, Colosi P. Effect of genome size on AAV vector packaging. Mol Ther. 2010 Jan; 18 (1): 

80-6. doi: 10.1038/mt.2009.255. Epub 2009 Nov 10. PMID: 19904234; PMCID: PMC2839202. 

[9] Srivastava A, Lusby EW, Berns KI. Nucleotide sequence and organization of the adeno-associated virus 

2 genome. J Virol. 1983 Feb; 45 (2): 555-64. doi: 10.1128/JVI.45.2.555-564.1983. PMID: 6300419; 

PMCID: PMC256449. 

[10] Zincarelli C, Soltys S, Rengo G, Rabinowitz JE. Analysis of AAV serotypes 1-9 mediated gene expression 

and tropism in mice after systemic injection. Mol Ther. 2008 Jun; 16 (6): 1073-80. doi: 

10.1038/mt.2008.76. Epub 2008 Apr 15. PMID: 18414476. 

[11] Hung SS, Chrysostomou V, Li F, Lim JK, Wang JH, Powell JE, Tu L, Daniszewski M, Lo C, Wong RC, 

Crowston JG, Pébay A, King AE, Bui BV, Liu GS, Hewitt AW. AAV-Mediated CRISPR/Cas Gene 

Editing of Retinal Cells In Vivo. Invest Ophthalmol Vis Sci. 2016 Jun 1; 57 (7): 3470-6. doi: 

10.1167/iovs.16-19316. PMID: 27367513. 

[12] Newman NJ, Carelli V, Taiel M, Yu-Wai-Man P. Visual Outcomes in Leber Hereditary Optic Neuropathy 

Patients With the m.11778G>A (MTND4) Mitochondrial DNA Mutation. J Neuroophthalmol. 2020 Dec; 

40 (4): 547-557. doi: 10.1097/WNO.0000000000001045. PMID: 32969847. 

[13] MacLaren RE, Fischer MD, Gow JA, Lam BL, Sankila EK, Girach A, Panda S, Yoon D, Zhao G, Pennesi 

ME. Subretinal timrepigene emparvovec in adult men with choroideremia: a randomized phase 3 trial. 

Nat Med. 2023 Oct; 29 (10): 2464-2472. doi: 10.1038/s41591-023-02520-3. Epub 2023 Oct 9. PMID: 

37814062; PMCID: PMC10579095. 

[14] Mitsios A, Dubis AM, Moosajee M. Choroideremia: from genetic and clinical phenotyping to gene 

therapy and future treatments. Ther Adv Ophthalmol. 2018 Dec 27; 10: 2515841418817490. doi: 

10.1177/2515841418817490. PMID: 30627697; PMCID: PMC6311551. 

[15] Sharma A, Ghosh A, Hansen ET, Newman JM, Mohan RR. Transduction efficiency of AAV 2/6, 2/8 and 

2/9 vectors for delivering genes in human corneal fibroblasts. Brain Res Bull. 2010 Feb 15; 81 (2-3): 273-

8. doi: 10.1016/j.brainresbull.2009.07.005. Epub 2009 Jul 16. PMID: 19616080; PMCID: PMC2814910. 

[16] Bantel-Schaal U, zur Hausen H. Characterization of the DNA of a defective human parvovirus isolated 

from a genital site. Virology. 1984 Apr 15; 134 (1): 52-63. doi: 10.1016/0042-6822(84)90271-x. PMID: 

6324476. 

[17] Genus: Dependoparvovirus. ICTV. (n.d.). Retrieved April 24, 2022, from https://talk.ictvonline.org/ictv-

reports/ictv_online_report/ssdna-viruses/w/parvoviridae/1043/genus-dependoparvovirus. 

https://www.science.org/doi/10.1126/science.149.3685.754?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed#con2
https://www.science.org/doi/10.1126/science.149.3685.754?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed#con3
https://doi.org/10.1126/science.149.3685.754
https://talk.ictvonline.org/ictv-reports/ictv_online_report/ssdna-viruses/w/parvoviridae/1043/genus-dependoparvovirus
https://talk.ictvonline.org/ictv-reports/ictv_online_report/ssdna-viruses/w/parvoviridae/1043/genus-dependoparvovirus


Highlights in Science, Engineering and Technology BFSPH 2024 

Volume 123 (2024)  

 

89 

[18] Ozelo MC, Mahlangu J, Pasi KJ, Giermasz A, Leavitt AD, Laffan M, Symington E, Quon DV, Wang JD, 

Peerlinck K, Pipe SW, Madan B, Key NS, Pierce GF, O'Mahony B, Kaczmarek R, Henshaw J, Lawal A, 

Jayaram K, Huang M, Yang X, Wong WY, Kim B; GENEr8-1 Trial Group. Valoctocogene Roxaparvovec 

Gene Therapy for Hemophilia A. N Engl J Med. 2022 Mar 17; 386 (11): 1013-1025. doi: 

10.1056/NEJMoa2113708. PMID: 35294811. 

[19] Mohan RR, Gupta S, Kumar R, Sinha NR, Landreneau J, Sinha PR, Tandon A, Chaurasia SS, Hesemann 

NP. Tissue-targeted and localized AAV5-DCN and AAV5-PEDF combination gene therapy abrogates 

corneal fibrosis and concurrent neovascularization in rabbit eyes in vivo. Ocul Surf. 2024 Apr; 32: 13-25. 

doi: 10.1016/j.jtos.2024.01.001. Epub 2024 Jan 6. PMID: 38191093. 

[20] Gao GP, Alvira MR, Wang L, Calcedo R, Johnston J, Wilson JM. Novel adeno-associated viruses from 

rhesus monkeys as vectors for human gene therapy. Proc Natl Acad Sci U S A. 2002 Sep 3; 99 (18): 

11854-9. doi: 10.1073/pnas.182412299. Epub 2002 Aug 21. PMID: 12192090; PMCID: PMC129358. 

[21] Sands MS. AAV-mediated liver-directed gene therapy. Methods Mol Biol. 2011; 807: 141-57. doi: 

10.1007/978-1-61779-370-7_6. PMID: 22034029; PMCID: PMC4118577. 

[22] Pan X, Yue Y, Zhang K, Hakim CH, Kodippili K, McDonald T, Duan D. AAV-8 is more efficient than 

AAV-9 in transducing neonatal dog heart. Hum Gene Ther Methods. 2015 Apr; 26 (2): 54-61. doi: 

10.1089/hgtb.2014.128. Epub 2015 Apr 1. PMID: 25763686; PMCID: PMC4403016. 

[23] Lai NC, Gao MH, Giamouridis D, Suarez J, Miyanohara A, Parikh J, Hightower S, Guo T, Dillmann W, 

Kim YC, Diaz-Juarez J, Hammond HK. Intravenous AAV8 Encoding Urocortin-2 Increases Function of 

the Failing Heart in Mice. Hum Gene Ther. 2015 Jun; 26 (6): 347-56. doi: [24]10.1089/hum.2014.157. 

Epub 2015 Apr 9. PMID: 25760560; PMCID: PMC4492611. 

[24] Chen PG, Sun Z. AAV Delivery of Endothelin-1 shRNA Attenuates Cold-Induced Hypertension. Hum 

Gene Ther. 2017 Feb; 28 (2): 190-199. doi: 10.1089/hum.2016.047. Epub 2016 Oct 11. PMID: 27736201; 

PMCID: PMC5312589. 


