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Abstract 

Adeno-associated virus (AAV)-based gene therapy (GT) products can effectively deliver transgenes to replace lost or 

defective genes, providing hope for patients. However, there is limited research on analytical methods for pre-clinical and 

clinical studies which could impede their development success. During the development of AAV-based GT products, it is 

crucial to define the biodistribution and shedding profiles following treatment. In this review, we summarize PK studies 

for the AAV-based GT products approved so far by U.S. Food and Drug Administration and European Medicines Agency. 

We then comparatively review the analytical methods employed to evaluate AAV vectors’ biodistribution and shedding 

of approved GT products. We further make recommendations on choice of methodologies for future GT product 

development based on the study data and the currently available regulatory guidance. 
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Abbreviation: 

AAV: adeno-associated virus;  

GT: gene therapy;  

SMA: spinal muscular atrophy;  

Adv: adenovirus;  

CNS: central nervous system 

PK: pharmacokinetic;  

EMA: European Medicines Agency;  

FDA: U.S. Food and Drug Administration;  

NHPs: non-human primates;  

SMN: survival motor neuron;  

qPCR: quantitative PCR;  

dPCR: digital PCR;  

ISH: in situ hybridization;  

ELISA: enzyme-linked immunosorbent assay;  

IHC: immunohistochemistry;  

IF: immunofluorescence. 

Introduction 

There are millions of patients around the world who suffer from inherited 

diseases, and gene therapy mediated by AAV offers a promising treatment 

option for certain patients with such conditions [1].  Various AAV-based GT 

products are currently available on the market, including Luxturna, which 

treats retinal diseases, and Zolgensma, a treatment for SMA [2]. In clinical 

applications, AAV vectors present multiple benefits such as wide tropism, 

low immunogenicity, ease of production, non-pathogenic characteristics, 

rare integration into the host chromosome and persistent transgene 

expression [3]. 

AAV belongs to the Parvoviridae family. It was first discovered in 1965 as 

a contaminant of AdV preparations, and its replication relies on a helper virus 

like AdV. Wild-type AAV is a non-enveloped, single-stranded DNA virus 

with either a sense or anti-sense strand genome [4,5]. Although not 

associated with any diseases, its ability to infect various types of cells is 

noteworthy, and different serotypes of AAV exhibit varying tissue tropisms. 

When utilized as a GT product, it is possible to optimize the capsid to 

enhance its tropism towards a target tissue [6]. 

AAV-based GT products can deliver DNA sequences of interest (e.g., gene 

replacement) to target cells in order to treat inherited diseases caused by 

monogenic deficiencies or mutations. AAV vectors have the same capsid 

structure as wild-type AAVs, but their viral sequences are replaced by a 

transgene except for the inverted terminal repeats at the ends of the viral 

genomes [5].  

Systemic delivery is a common route to administrate AAV vectors. AAV 

transduction can be greatly impacted by systemic clearance and its 

interaction with various proteins in circulation, such as pre-existing 
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neutralizing antibodies [7]. In addition to systemic delivery, AAV vectors 

can also be administrated directly to target tissues using methods such as 

intramuscular, CNS delivery, or subretinal delivery [6]. In the course of 

AAV spreading and transduction (illustrated in Figure1), after vascular 

escape, AAV vectors first bind with cell surface receptors. The interaction 

between viral capsid proteins and cellular receptors triggers the 

internalization/entry of AAV vectors. Following viral intracellular 

trafficking, entry into nucleus and virion uncoating, the viral genome is 

released into the nucleus, where the single-stranded AAV genome is 

converted into double-stranded DNA (self-complementary AAV vectors do 

not undergo this process). Subsequently, the harbored transgene begins to 

transcribe into mRNA, which is further translated into a therapeutic protein. 

AAV genomes can be concatenated and circularized as episomes, persisting 

in transduced cells without integrating into host genomes [3].  However, the 

intracellular genomes and transgene expression of AAV may be diluted and 

even lost due to division and elimination of transduced cells [6, 8]. 

Meanwhile, AAV vectors can be shed from patients’ bodies in different 

ways. For instance, AAV2 can be excreted through various excreta and 

secreta, such as urine, feces, saliva, nasal and oral secretions, semen, and 

tears, depending on the route of administration [9]. Overall picture of AAV 

GT products’ spread within and out of patients’ bodies upon administration 

is shown in Figure 1.  

1.AAV GT products can be administrated to patients through systemic 

delivery (e.g., intravenous injection) or local delivery (e.g., intramuscular 

injection); 

2.In blood stream, AAV particles probably interact with various proteins in 

circulation (e.g., neutralizing antibodies); 

3.AAV particles spread to various tissues (e.g., liver and muscle) and 

biological fluids (e.g., cerebral spinal fluid) after vascular escape;  

4.AAV particles may or may not disseminate to blood stream from the target 

tissues upon local delivery;  

5.Within tissues, AAV particles bind to specific cellular receptors on cell 

surface and enter into cells;  

6.AAV particles are transported within cell and imported into nucleus;  

7.After uncoating, AAV genomes are exposed;  

8.AAV single-stranded genomes are converted into double-stranded 

genomes (except scAAVs); 

9.Transgene mRNAs are transcribed from AAV genomes;  

10.Transgene mRNAs are transported to cytoplasm;  

11.Therapeutic proteins are translated from transgene mRNAs;  

12.AAV particles can be shed from various excreta (e.g., feces) and secreta 

(e.g., saliva, urine and tear) depending on administration route. 

 

Figure 1:  Overall picture of AAV GT products’ spreading and transduction upon systemic (top) or local (bottom) administration 
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When conducting PK studies of a GT product, general scientific principles 

may apply. However, certain terms used in small molecular drug studies, 

such as absorption, distribution, metabolism, and excretion are not directly 

applicable [10]. The determination of the PK profile of a GT product is 

achieved through analyzing its biodistribution, which refers to how the 

product is distributed, how long it stays and how it is cleared from target and 

non-target tissues, as well as biofluids, following its administration. It is 

imperative to understand the biodistribution pattern of an AAV vector before 

any clinical trial is initiated [11, 12]. Biodistribution profiles from a 

preclinical study and/or an initial human trial help to interpret results of 

proof-of-concept studies, enhance safety assessments for GT products, and 

provide the required information for further designing other human trials 

(e.g., determining dose levels, dosing schedules and monitoring plans). 

On the other hand, shedding refers to the release of a GT product from the 

dosed patient via one or all of the routes: excreta, secreta or skin (e.g., such 

as pustules, sores, or wounds). As all AAV-based GT products are derived 

from infectious viruses, shedding studies are necessary to evaluate the 

possibility of AAV transmission from treated to untreated individuals [13]. 

In this review, we present a detailed introduction of the analytical methods 

used in biodistribution and shedding studies of AAV-based GT products. In 

conjunction with pertinent regulatory guidance, we furnish comprehensive 

details regarding the applicability of each analytical method, experimental 

design considerations, challenges, and potential solutions for delineating the 

components of biodistribution investigations and shedding assays. 

Overview of PK Studies for Approved AAV-based GT Products 

Seven approved products are listed in Table 1. Their PK studies are briefly 

discussed in this section.

Product name Serotype Disease Agency Year of approval Reference 

Glybera AAV1 lipoprotein lipase deficiency EMA 2012 14 

Luxturna AAV2 inherited retinal dystrophy EMA (and FDA) 2018 15 

Upstaza AAV2 aromatic L-amino acid 

decarboxylase deficiency 

EMA 2022 16 

Zolgensma AAV9 spinal muscular atrophy FDA (and EMA) 2019 17 

Elevidys AAVrh74 Duchenne muscular dystrophy FDA 2023 18 

Hemgenix AAV5 hemophilia B FDA (and EMA) 2022 19 

Roctavian AAV5 hemophilia A EMA (and FDA) 2022 20 

Table 1: List of AAV-based GT products approved by FDA or EMA

Glybera: Following an intramuscular administration of Glybera in mice, 

AAV vectors were transiently detected in circulation. The viral genome was 

detected eight days after administration at higher levels in injected muscle 

and draining lymph nodes, but at much lower levels in non-target tissues, 

such as liver, lung and brain. After this time point, the measured residual 

viral genome levels remained high in target tissues, while they were 

progressively declining in non-target tissues. Comparable distribution 

patterns of AAV vectors were observed upon administration in cats and 

rabbits. In clinical trials, elevated levels of viral genome were observed to 

persist for up to 12 months upon administering Glybera in injected leg 

muscle, but viral genome was not found in non-injected muscle. The viral 

genomes were found at the highest level in the serum, while the levels 

decreased by one to two logs per week. Although initially detected, AAV 

vectors became undetectable in the saliva, urine and semen of patients after 

12, 10 and 26 weeks, respectively [14]. 

Luxturna: Following a subretinal administration to NHPs’ eyes, AAV 

vectors were detected in intraocular fluids of injected eyes at the highest 

level, and in the optic nerve of the injected eye, optic chiasm, spleen, liver, 

stomach, and lymph nodes at lower levels for up to three months. In clinical 

studies, a low level of viral genome could be transiently detected in tear and 

serum samples from a portion of subjects after bilateral administration [15]. 

Upstaza: Similar to Glybera and Luxturna, Upstaza is also administered 

locally through intraputaminal administration. However, the AAV vector has 

not been demonstrated to distribute outside the CNS (target tissue) or shed 

in blood and urine after the CNS administration [16]. 

Zolgensma: It is a gene therapy prescribed for the treatment of SMA in 

children under the age of 2. The biodistribution of the AAV vector used in 

Zolgensma was evaluated in two patients who died 5.7 months and 1.7 

months, respectively, following intravenous infusion. The viral genome was 

detected at the highest level in the liver, and also found in other organs such 

as the spleen, heart, pancreas, inguinal lymph node, skeletal muscles, 

peripheral nerves, kidney, lung, intestines, gonads, spinal cord, brain, and 

thymus. An immunostaining confirmed expression of the generalized SMN 

protein in spinal motor neurons, as well as in neuronal and glial cells of brain, 

heart, liver, skeletal muscles, and other tissues of the patients. Vector 

shedding was investigated over the course of 18 months. Like Glybera and 

Luxturna, the viral genome was found in saliva, urine, and feces, while the 

detected viral genome copies were decreased to undetectable levels in all the 

samples at different time points [17]. 

Other GT products: Elevidys, Hemgenix, and Roctavian are all 

administered via intravenous infusion. Like Zolgensma, AAV vectors were 

detected in samples such as serum/plasma, urine and saliva [18-20]. In 

Roctavian’s PK studies, patients’ plasma and semen samples were evaluated 

using an immunoprecipitation qPCR assay to detect capsid-wrapped viral 

genome, which could potentially be infectious, following conventional 

qPCR assay [20]. Encapsidated viral genome was detectable in plasma up to 

10 weeks after administration, while its maximum time to clearance in semen 

was 12 weeks. 

Analytical methods for PK studies of AAV-based GT products  

Assessment of vector biodistribution 

Samples collected in AAV vector biodistribution studies typically include 

tissues at the injection site (e.g., retina), as well as liver and gonad tissues, 

and biofluids such as blood and cerebrospinal fluid. The sampling time-

points should be designed to cover the in vivo kinetics of AAV vectors, with 

additional time-points included to thoroughly capture the duration of the 

steady-state period or to estimate persistence. Vector biodistribution 

assessment typically involves detecting viral genome and transgene products 

[21]. In clinical trials, invasive techniques like biopsies and tissue collection 

may not always be practical or ethical to perform, resulting in limited number 

of clinical biodistribution studies [22]. Thus, biodistribution data about AAV 
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vectors are primarily obtained from preclinical studies performed in animals 

[23]. 

Test systems of preclinical biodistribution studies  

Several animal species are susceptible to AAV infection and have been 

employed in preclinical studies of AAV vectors, such as rats, mice, NHPs, 

dogs, cats, and pigs [24]. Rodents are widely used due to their ease of genetic 

manipulation, fast reproduction and lower cost. However, due to apparent 

physiological and anatomical differences among species, it is not always 

possible to extrapolate findings from rodent models to larger animals, 

humans, or even other rodent species. For example, AAV PHP.B vector 

demonstrates superior brain transduction efficiency in C57BL mice 

compared to AAV9, whereas this is not confirmed in other animal species 

[3]. Humanized mouse and xenograft models were employed to overcome 

interspecies discrepancies, but it is yet to be determined if the experimental 

results obtained from these models can be translated into human clinical 

trials [25].  

Compared to rodents, large animal models often exhibit greater similarities 

to humans and can therefore lead to more accurate predictions of AAV vector 

biodistribution profile in humans. For instance, in a study of AAV-based GT 

product for osteoarthritis, researchers utilized an equine model to investigate 

PK profile of the AAV vector after intra-articular administration. The choice 

of the equine model was due to the similarity in size and function of equine 

forelimb joints to human knees, which are also prone to osteoarthritis due to 

their weight-bearing nature. The data obtained from the equine model 

regarding vector biodistribution, transgene (IL-1Ra) expression, and dose-

effect were proved highly translatable for clinical trials [26]. However, tissue 

collection at multiple time-points may not always be feasible for a large 

animal species due to the limited number of animals used in a study. The 

restricted availability of large animals can be somewhat alleviated by 

collecting biofluid samples at multiple time points over an extended duration, 

or by conducting experiments that incorporate both large and small animals 

[11, 22]. 

In addition to animal models, organoids can also be used for biodistribution 

studies involving AAV vectors. Organoids are derived from stem cells and 

can self-organize into 3D cultures that resemble organs in terms of their 

physiology, cell composition and functionality to a certain extent. A 

significant advantage of using organoids derived from humans is that there 

are no inter-species differences [27]. However, host immune responses, that 

likely affect AAV vector’s transduction and biodistribution, cannot be 

accurately represented with organoids [22, 25]. 

Technical platforms for viral genome analysis 

It is the genome of an AAV vector, but not its capsid, that carries the 

therapeutic transgene and can persist in transduced cells over an extended 

period. In addition, there is no reliable method available for measuring viral 

capsid levels in tissue samples. Thus, the viral genome is selected as a 

quantifiable surrogate for the whole vector in biodistribution studies [28]. 

qPCR is often utilized to detect the viral genome. For example, qPCR was 

used to analyze the biodistribution of an optimized scAAV9-SMN1 vector 

after intra-cerebroventricular administration in a SMA mouse model [29]. 

Similarly, qPCR was used in another study to investigate PK profile of a dual 

AAV vector for Usher syndrome type 1B in the retina of primates after 

subretinal administration [30]. Fluorescent dyes or probes can be 

incorporated into PCR reactions to monitor PCR process by tracing 

fluorescent signals after each cycle. By comparing the results with a standard 

curve, the copy number of viral genomes in a test sample can be determined. 

Linearized plasmids containing transgene or vector DNA are commonly used 

to prepare standard curves in AAV vector’s biodistribution studies [31].  

PCR specificity and sensitivity heavily rely on the design of the primers, and 

multiple software applications can aid in primer design [32]. In addition to 

the typical considerations of amplicon size and GC content, it is crucial that 

qPCR amplicons are specifically tailored to AAV vectors. To ensure 

specificity, it is often recommended to design the sequence of an amplicon 

at the junction of the open reading frame of the transgene and its 3' or 5' 

untranslated region on the vector. This strategy prevents an overestimation 

of viral load caused by co-presence of empty capsids. To further improve 

assay specificity, the primer sets should be submitted to vigorous Primer-

BlAST test against the host genomic DNAs, to eliminate any non-specific 

cross-reactions [29, 33].  

As qPCR is a highly sensitive assay, the procedure should be performed in a 

sterile environment for ensuring its specificity [31]. Moreover, disposable or 

sterile DNA-free sets of reagents and containers should be used during 

sampling to minimize contamination risks. It is a good practice for sampling 

to first collect the organs that are less likely to contain viral vectors, such as 

the gonads, prior to those organs, such as the liver, that are more likely to 

contain a large quantity of viral vectors. Injection sites should be harvested 

at the very end as they contain the highest levels of the viral vectors. 

Furthermore, it is important to apply perfusion or rinse the organ samples 

thoroughly in phosphate buffered saline solution to decrease contamination 

from blood [34]. DNA extraction and purification methods should be 

optimized to reduce contamination as necessary. To monitor any unintended 

amplification, it is recommended to include a negative control (i.e., no-

template controls, NTCs) in the assay [35]. 

Per FDA recommendations, a qPCR assay performed for a tissue sample 

must demonstrate a limit of quantitation of <50 copies/μg genomic DNA. 

Each assay run should have a spiked control sample, in addition to those 

samples measuring AAV vectors’ copy number, containing a known copy 

number of vector sequences to monitor assay sensitivity [31, 36]. 

Meanwhile, further experiments should be performed to assess potential 

PCR inhibition by measuring the copy number of an endogenous reference 

gene in tissue samples, or by adding a known copy number of the reference 

gene in plasma samples prior to qPCR reactions [30, 37]. 

dPCR is a relatively new techniques, which is also used to quantify AAV 

vector’s copy number. For example, dPCR was used in a study to precisely 

quantify the viral load per cell in macaques’ CNS tissue samples following 

intraparenchymal injection or cerebrospinal fluid-mediated administration 

[38].  

In a dPCR assay, a reaction mixture (sample) is partitioned into numerous 

individual compartments. The number of compartments with a positive 

versus negative reaction is tallied and a Poisson distribution model is used to 

calculate the copy number of the target sequence in the original sample [39]. 

This method offers an advantage over qPCR in that it does not require the 

use of a standard curve, which is sometimes hard to construct due to lack of 

well-characterized reference materials. In addition, a dPCR-based method 

displays superior sensitivity, repeatability, accuracy, and greater tolerance to 

PCR inhibitors [40]. However, compared to qPCR platform, dPCR requires 

more time for sample analysis and method development. Furthermore, it is 

more expensive to perform a dPCR versus a qPCR, and dPCR has a narrower 

dynamic range [28, 33].  

While qPCR and dPCR methods have been widely used to study PK profiles 

of AAV-based GT products, there remains a lack of regulatory guidance on 

the validation and implementation of such methods for GT products. The 

Global CRO Council in Bioanalysis has made recommendations regarding 

the acceptance criteria for a qPCR or dPCR method validation and sample 

analysis [41]. 



J. Clinical and Laboratory Research                                                                                                                                                                       Copy rights@ Linglong Zou, 

 
Auctores Publishing LLC – Volume 7(4)-135 www.auctoresonline.org  
ISSN: 2768-0487   Page 5 of 9 

What qPCR and dPCR assays do not show is the cellular or spatial context 

necessary for a thorough analysis of AAV vector’s biodistribution profile, 

such as the rates and types of infected cells, which can be supplemented by 

ISH [28, 42]. For example, a recent study introduced a new technique known 

as signal amplification by exchange reaction fluorescence in situ 

hybridization. ISH employs specific probes to localize and visualize target 

sequences in situ while preserving cell integrity. Together with image 

capture and analysis, this approach facilitated the visualization and 

measurement of individual AAV genomes in retinal cells following AAV 

subretinal delivery in mice [43]. In another case, upon intravenous bolus 

injection of AAV to Wistar Han rats and cynomolgus monkeys, the presence 

of viral genomes and transgene (SMN1) mRNA expression was confirmed 

in tissue samples via ISH to evaluate their relationships with toxicity findings 

[44]. Proper controls measures are critical in the development of ISH 

methods. Certain molecules commonly expressed by most mammalian cells, 

for example actin, can serve as positive controls to check for nucleic acid 

preservation. Furthermore, a negative control can be made by excluding the 

specific probe in the ISH experiment. In addition, the elimination of an ISH 

signal should occur after pretreating the tissues with an appropriate nuclease, 

which can serve as another control for specificity [42].  

Southern blotting can also be used to detect AAV vectors, though its use is 

limited in AAV vectors’ biodistribution studies partially due to time-

consuming and problematic procedures required to prevent contamination 

[23, 45]. Table 2 summarizes the advantages and challenges of all these viral 

genome detection techniques.  

Techniques Applications Advantages Challenges References 

qPCR Quantification of 

viral genome in 

tissues or biological 

fluids 

1. 1.Ease and low cost to perform 

2. 2.Higher dynamic range 

1. 1.Primer design 

2. 2.Identification of control 

and assessment of 

potential contamination 

and inhibition in PCR 

reactions 

29-37 

dPCR 1. 1.No standard curve required  

2. 2.Increased sensitivity, accuracy 

and tolerance to PCR inhibitors 

38-41 

ISH Localization and 

visualization of viral 

genome in tissues 

Spatial and cellular context 

crucial for biodistribution 

assessment 

1. 1.Probe design 

2. 2.Identification of 

appropriate controls 

42, 43, 44 

Table 2: Technical platforms for viral genome analysis

Technical platforms for transgene product detection 

Upon AAV vector’s entry into cells, a transgene must be transcribed into 

mRNA, and then translated into protein to exert its therapeutic function. The 

temporal and spatial pattern of transgene expression should, therefore, be 

investigated in biodistribution studies of an AAV vector [22]. Both qPCR 

and dPCR are commonly used for transgene mRNA detection, which require 

mRNAs to be reversely transcribed into cDNAs prior to PCR reactions [46, 

47]. Compared to DNA samples, RNA samples are more prone to 

degradation, and RNase contamination poses a significant risk to RNA 

integrity. Thus, it is important to prevent RNase contamination from all 

sources, including reagents used in sampling, RNA extraction procedure, and 

other experimental procedures. Additionally, specific measures must be 

taken to maintain RNA integrity. For example, tissue samples were 

submerged entirely in RNA later reagent in sterile RNase-free tubes in a 

reported study [37]. In some cases, it is necessary for the primer set of a PCR 

assay to differentiate between transgene mRNA and its endogenous 

counterpart. In a study using a SMA mouse model, the primer set was 

specifically designed to detect SMN expression from the chicken-β-actin 

promoter of the AAV9 vector, and it did not amplify SMN originating from 

the SMN2 gene [48]. To ensure this required specificity, the primers must be 

submitted to a Primer-BLAST query against the host RNA database prior to 

use [31]. 

The detection of a transgene protein from complex mixtures of proteins 

extracted from tissues via Western blot is a widespread practice, where the 

target protein is separated from non-target ones via gel electrophoresis and 

probed by its specific antibody [45]. For example, SMN expression was 

analyzed via Western blot in the brain, spinal cord, and gastrocnemius 

muscle samples from wild-type, untreated SMA, and SMA mice treated with 

2 types of AAV vectors. The results showed that SMN levels in the 

gastrocnemius muscles of both treated groups did not recover to wild-type 

levels, while the levels in the brain and spinal cord samples surpassed those 

of wild-type counterparts [47]. In another study, GAA expression in the liver 

was demonstrated using Western blot in NHPs after hepatic gene transfer 

with AAV vector, and GAA uptake by various tissues was also shown [49]. 

Efficient protein extraction from tissue samples is critical for accurate 

Western blot analyses. The BCA Protein Assay Kit is commonly used for 

determining protein concentration after extraction. It is also crucial to include 

an endogenous reference protein such as tubulin and GAPDH to aid in the 

assessment of Western blot results and the quantification of target protein. 

ELISA is commonly used for quantifying a specific protein in liquid samples 

based on the reaction between the target protein and its primary antibody 

[50]. ELISA has been employed to determine the concentrations of 

circulating hFVIII or hFIX protein in the plasma of treated animals after 

intravenous infusion of AAV vector harboring hFVIII or hFIX gene [46, 51]. 

In another study, human p75ECD levels in the brain and serum samples of 

Alzheimer’s disease mice were analyzed with ELISA after AAV 

intramuscular administration [52]. 

To localize and visualize transgene expression in a tissue sample, one may 

utilize immunohistochemistry (IHC) or immunofluorescence (IF). Enzyme-

linked antibody catalysis of the added substrate (in the case of IHC) or the 

use of fluorescence probe-conjugated antibody (in the case of IF) are 

commonly used in these techniques [45]. For example, assessed by IHC 

analysis of SMN expression in mice’s lumbar spinal cords, SMN expression 

in α-motor neurons of SMA mice was shown to recover after AAV 

intracerebroventricular administration [29]. Similarly, using IF analysis, 

another study confirmed the recovery of SMN expression in motor neurons 

of SMA mice after AAV prenatal administration [47]. However, if the 

transgene protein is secreted or transported axonally, IHC or IF may not be 

able to provide an accurate depiction of the cellular transduction pattern or 

the origin of the transgene protein after AAV delivery. It is preferable to 

detect transgene mRNA via ISH in this case [53]. 

When selecting primary antibodies for transgene proteins used in these 

techniques, it is necessary to verify and prevent any potential cross-reactivity 

with endogenous host proteins [46, 52]. Alternatively, a tag can be encoded 
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in the transgene to differentiate between the transgene-derived protein and 

its endogenous counterpart [52, 54].  Table 3 summarizes the applications 

and challenges of all these techniques available for detecting transgene 

products. 

Techniques Applications Challenges References 

qPCR/dPCR To quantify transgene mRNA in tissues Difficulty in protection of RNA 

integrity 

37, 46-48 

ISH To localize and visualize transgene mRNA in tissues 53 

Western 

blot 

To identify and quantify transgene protein 1.Protein extraction efficiency 

2.Use of proper endogenous 

reference protein 

3.Primary antibodies’ specificity 

47, 49 

ELISA To determine transgene protein concentration Primary antibodies’ specificity 46, 50, 51, 52 

IHC/IF To localize and visualize transgene protein in tissues Primary antibodies’ specificity 29, 47 

Table 3: Technical platforms used for detection of transgene product 

Assessment of vector shedding 

Shedding refers to the spread of the viral vector through patients’ secreta and 

excreta. Samples including urine, feces, and saliva are commonly collected 

for this assessment. While the spread of the viral vector in blood is necessary 

for its shedding, blood specimens are not typically collected for shedding 

assessment. The selection of sample type also depends on the route of AAV 

administration [13]. For example, if a viral vector is administrated via 

subretinal injection, it is recommended to collect tear samples from patients 

in addition to the commonly collected samples [55]. 

Regarding the sampling schedule, sampling should be more frequent in the 

first days after administration to examine a transient shedding profile. To 

ensure the reliability of the assessment, sampling should be performed until 

several consecutive samples are negative [56].  

As in biodistribution studies, a qPCR technique is used to detect viral 

genome for assessing AAV vector shedding. Due to the replication 

deficiency of the AAV vector and its low potential to cause interpersonal 

transmission, qPCR is adequate as a primary assay to assess AAV vector 

shedding, especially when the viral genome copy number in samples 

decreases over time [13, 55]. For example, after intravenous injection of 

AAVLK03.hOTC for severe ornithine transcarbamylase deficiency, saliva, 

urine, and feces samples were collected from treated cynomolgus macaques 

and assessed for AAV shedding by qPCR. Viral genome was transiently 

detectable in all of those samples [57]. In a phase I/II study, patients received 

intra-articular injection of an AAV vector for inflammatory hand arthritis, 

and qPCR was used to detect the presence of viral genome in their saliva, 

urine, and feces samples [58]. 

It should be noted that the shedding assessment samples, such as feces, 

saliva, and nasal swabs, usually contain natural body flora, nucleases, and 

salts, which not only increase the risk of contamination but also inhibit PCR 

reactions. Thus, evaluation and assurance the specificity and sensitivity of 

the qPCR assay should be performed as done for biodistribution studies. If 

an interference is observed, sample dilution should be explored as the first 

solution to mitigate interference [13, 56]. 

As traditional qPCR cannot directly determine whether viral genomes in 

patient samples are infectious or not, the researchers have developed a novel 

immunoprecipitation qPCR assay as a solution. Using a highly specific 

monoclonal antibody against the AAV5 capsid, encapsidated viral genomes 

were captured, and then further purified from non-encapsidated ones by 

adding the nuclease, Benzonase. Post treatment, if viral genomes were still 

amplifiable in the subsequent qPCR, they should be wrapped by intact 

capsids and thus potentially infectious [20, 59]. In another study, researchers 

performed an infectious replication assay on PCR-positive samples to 

determine if infectious particles were present [60], which was complicated 

and probably unnecessary given a simpler method is available. 

Discussion  

Biodistribution and shedding studies of an AAV-based GT product offer 

necessary data to support development and approval. Biodistribution results 

can establish if the viral vector successfully reaches targeted tissues and 

expresses the anticipated transgene protein. Furthermore, they aid in 

evaluating the potential connection between an unwanted effect and presence 

of the viral vector or transgene expression in specific cells or tissues. 

Additionally, studies on biodistribution offer valuable information for 

determining the first-in-human dosage [21], while viral shedding studies help 

researchers to address the safety concerns regarding the transmission 

potential of the vector from treated to untreated individuals [22]. To conduct 

meaningful biodistribution and shedding studies, analytical methods for 

these studies must be rationally designed and developed appropriately.  

The techniques covered in this review typically involve sacrifice of animals 

and collection of tissue samples in order to assess the biodistribution profiles 

of AAV-based GT products. This can be problematic when animal 

availability is restricted, particularly in studies involving large animals. As a 

potential resolution, non-invasive in vivo imaging systems can be utilized to 

track AAV biodistribution patterns in live animals [45]. For example, 

researchers employed iodine-124 (I-124) radiolabeling of AAV capsid 

combined with positron emission tomography to analyze AAV 

biodistribution in organs of living NHPs following intravenous or 

intracisternal administration of the AAV vector for 1 to 72 hours [61]. In 

another study, a fluorescently biarsenical dye was used to label the core 

CCPGCC motif of tetracysteine sequence within AAV9 capsid, without 

compromising viral infectivity. The labelled AAV9 vector could be observed 

in anesthetized mice using intravital imaging after intravenous 

administration of the labeled virus [62]. To confirm successful infection and 

transduction in living animals' organs, fluorescent reporter or firefly 

luciferase imaging can be used to provide visual confirmation [47, 63]. As it 

is challenging to extrapolate biodistribution data from animal models to 

humans, coupled with difficulty in collecting biopsies or fluid samples in 

certain cases, in vivo imaging system offers a viable solution to obtaining 

valuable clinical data on AAV biodistribution in the future [22]. 

Radiolabeling and fluorescent dye tags on AAV particles, when combined 

with imaging techniques, may also provide a more convenient approach for 

detecting viruses in shedding studies.  

Current biodistribution studies primarily focus on the transport of AAV 

vectors between tissues, while the "intracellular pharmacokinetics", that 

depicts how AAV particles are absorbed, deposited, and metabolized within 

cells warrants an increased attention in the future. Further understanding of 

the underlying mechanisms of AAV-mediated cell transduction and gene 
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expression requires an improved application of molecular and cellular 

biological techniques [25, 64]. In addition to gene replacement, strategies 

like gene silencing are being developed for AAV-based GT products [5, 65]. 

The guidance for their pharmacological studies needs to be updated since 

they differ from the current approved products which are all based on gene 

replacement. 

To better interpret and apply PK data of AAV vectors in clinical studies, 

several other factors must be examined beyond a rational use of analytical 

methods. For example, discrepancies among the results of biodistribution 

and shedding studies could be attributed to variations in the titration and 

characterization of the AAV vector, such as empty-to-full capsid ratio. 

Therefore, minimizing these variations is crucial [25, 66]. Host immunity to 

AAV can affect the biodistribution of AAV vectors, and should be evaluated 

in a biodistribution study [21]. Other factors, such as galectin 3 binding 

protein, C-reactive protein and a serotype’s blood clearance rate, can also 

influence vector biodistribution and should be taken into consideration 

during experimental design [7, 67]. Researchers are attempting to integrate 

all the PK pertinent factors into a novel physiologically based 

pharmacokinetic model, in order to address the interspecies discrepancies 

experienced while extrapolating AAV vectors’ preclinical PK data to clinical 

use [64]. 

Conclusions 

In brief, this review outlines the major analytical methods used to support 

the study of biodistribution and shedding of AAV-based GT products. The 

attainment of reliable data relies not only on the careful consideration of the 

appropriate application of these analytical methods and potential caveats, but 

also on strict adherence to the guidance and requirements set forth by 

regulatory agencies, including recommended sampling procedures and data 

acceptance criteria. This review offers comprehensive details about two 

aspects that can assist researchers in designing and/or selecting methods for 

future studies. To facilitate the development and approval of AAV-based GT 

products, particularly the newly emerging ones, an improved understanding 

of biodistribution and shedding must be obtained through adequate use of the 

analytical methods discussed in this review. 
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