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Gene and cell therapy fields have experienced remarkable

growth during the past decade. Demands for preclinical and

clinical safety assessments of these cell and gene therapy test ar-

ticles (TAs) have effectively increased the necessity for regu-

lated biodistribution, vector shedding, gene expression, and/

or pharmacokinetics bioanalysis studies. Guidance documents

issued from numerous international regulatory authorities

recommend the use of quantitative polymerase chain reaction

(qPCR) and/or quantitative reverse transcriptase PCR (qRT-

PCR) assays due to their highly sensitive and robust target-spe-

cific detection. However, only preclinical biodistribution assay

sensitivity is specified in these documents. Criteria such as ac-

curacy, precision, and repeatability are not yet defined. This

guidance void has resulted in several conflicting institutional

interpretations of essential parameters necessary for the devel-

opment and validation of robust assays to support safety assess-

ments of gene and cell therapy TAs. There is an urgent need for

an ongoing discussion among bioanalytical scientists in this

field to generate a “best practice” consensus around preclinical

and clinical qPCR/qRT-PCR assay design. With regard to this

need, we offer critical points to consider when developing, vali-

dating, running sample analysis, and reporting qPCR/qRT-

PCR assays.

Although the first clinical trial of gene therapy only started in 1990 for

treatment of adenosine deaminase severe combined immunodefi-

ciency disease,1 30 cell and gene therapy products had received mar-

ket authorization worldwide by the end of 20182 with numerous

others currently in the development pipeline, ranging from the initial

stages of research and discovery to phase III human clinical trials.

Gene therapy test articles typically consist of a vector formulation

containing a genetically engineered construct that is introduced to

the host primarily through injection. These constructs have been de-

signed to affect host cells in highly specific ways, including replace-

ment, introduction, and editing of genetic material. Of the varieties

of gene delivery systems available, recombinant adeno-associated vi-

rus (AAV) vectors are the most common ones; however, several other

types of vector delivery systems have been used, including replication-

deficient and replication-competent viral vectors, non-viral vectors,

and microbial vectors.3 In contrast to gene therapy, cell therapy typi-

cally involves transplantation of cellular material into the patients.

This includes ex vivo genetically modified cells, induced pluripotent

stem cells derived from previous tissues, or stem cell-derived products

sourced from adult, perinatal, fetal, or embryonic tissues.

In the past 15 years, regulatory guidelines have been actively devel-

oped and updated by both the US Food and Drug Administration

(FDA) and the European Medicines Agency (EMA) describing gen-

eral principles for assessment of nonclinical and clinical studies as

well as monitoring of long-term, serious adverse events of gene and

cell therapy TAs.2–11 Both of these agencies recommend quantitative

polymerase chain reaction (qPCR)/quantitative reverse-transcriptase

PCR (qRT-PCR) assays to be used for analysis of vector bio-

distribution, vector shedding, and vector-derived gene expression

due to superior sensitivity and specificity toward the detection of

administered TA nucleic acid sequences at a wide dynamic range.

Biodistribution studies are defined as the distribution, persistence,

and clearance of a gene/cell therapy product in vivo from the site of

administration to target and non-target tissues and biofluids.12

Numerous preclinical biodistribution studies of gene and cell therapy

products have been reported, including several recently published pa-

pers.13–15 While comprehensive bioanalytical guidance documents

released by the FDA and EMA focus on methods for nonclinical

and clinical pharmacokinetic and toxicokinetic studies for small

and large molecules,16–18 many of those standardized requirements

for method development and validation are difficult to apply to

qPCR/qRT-PCR due to sophisticated TA-host interaction of gene

and cell therapy products and the unique features of the assay.19

The FDA has not yet required validation of qPCR/qRT-PCR assays;

however, the EMA has imposed such a requirement.4 Subsequently,

many organizations, including the Workshop on Recent Issues in

Bioanalysis and the International Pharmaceutical Regulators Pro-

gramme, have been working to harmonize divergent global practices

for method development, qualification/validation, and sample

analysis.12,20
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Currently, there are no outlined recommendations for experimental

setup or evaluation processes to determine the acceptance criteria

for a validated assay and subsequent sample analysis. Consequently,

the approach to conduct clinical and nonclinical qPCR and qRT-

PCR method validation and sample analysis can vary by bioanalytical

scientists based on their scientific interpretation. Lack of guidance is

very real for scientists working daily in academic, biotechnology,

pharmaceutical, and contract research laboratories toward develop-

ment of novel gene and cell therapy TAs to provide interventions

for countless unmet medical needs. In an effort to accommodate

the need, bioanalytical scientists in this field have tried to provide

their insight on development and validation of qPCR/qRT-PCR as-

says to support analysis of biodistribution and shedding samples.13,21

Relying on more than 20 combined years of experience on over 250

novel studies, this paper outlines our “best practice” recommenda-

tions for qPCR/qRT-PCR assay design, highlights the points to

consider during method development, fit-for-purpose validation,

and sample analysis, and proposes the acceptance criteria of the

assays.

qPCR and qRT-PCR

qPCR and qRT-PCR have becomemainstream life science technology

for the quantitation of nucleic acids.22 The focus of this paper is to

mainly describe qPCR analysis of DNA vectors as an example to

discuss the approach of method development, validation, and sample

analysis. qRT-PCR analysis of the RNA viral genome or vector-

derived gene expression are discussed briefly later in this paper. Argu-

ably one of themost important aspects of both assays is the design and

use of sequence-specific primers and probes. Inclusion of a reporter

molecule, such as nonspecific DNA-binding fluorescence dyes (e.g.,

SYBR Green) or a fluorescently labeled sequence-specific probe

allows for real-time detection of PCR products with the use of special-

ized thermal cyclers such as the QuantStudio 7 flex real-time PCR sys-

tem. We recommend probe-based qPCR analysis of preclinical and

clinical samples due to its superior specificity. Our typical assay devel-

opment plan includes testing of three uniquely designed sets of

primers and probes. Historically, at least one set meets acceptance

criteria required for specificity and sensitivity. While probe-based

qPCR is more expensive in supply cost than is dye-based qPCR,

such as SYBR Green, the additional cost of probe production can

easily be offset by fewer labor hours spent on method development.

When using dye-based qPCR, more than three sets of primers may

be required to ensure that specificity is met due to the assay’s procliv-

ity toward false-positive signaling as the fluorescent dye readily binds

to non-specific double-stranded DNA. Additionally, melting curve

analysis must be performed to ensure that primer dimerization is

not occurring within the reaction. While careful primer design can

overcome some challenges of dye-based qPCR, detection remains

limited to a single target sequence per reaction. Probe-based qPCR,

alternatively, has an advantage of multiplexing where probes contain-

ing different fluorophores are combined within the same reaction to

detect distinct target sequences. This can effectively decrease both the

amount of sample required and reagent cost per reaction. An example

of TaqMan probe-based qPCR biodistribution assay components is

shown in Table 1, although different commercial kits, reaction vol-

umes, or DNA amounts may be chosen by other bioanalytical scien-

tists. Standard curve and quality control (QC) samples are included

on each qPCR plate for absolute quantitation of the target DNA’s

copy number. To mimic biodistribution samples, matrix DNA or

genomic DNA (gDNA) extracted from naive animal tissues (animals

not dosed by the TA) is included in each standard and QC sample re-

action. Reactions for qPCR are loaded into a standard 96-well plate,

sealed with optical caps or film, and centrifuged to remove any drop-

lets from the side or top of the wells. After preparation, the plate is

then run in a real-time PCR system such as the QuantStudio 7 flex

(or equivalent) using the qPCR cycling conditions suggested by the

vendor of the master mix.

An example of thermal cycling on a qPCR instrument includes an

initial 10-min heat activation of DNA polymerase, followed by 40

repeated cycles of DNA denaturation, primer annealing, and target

elongation (Table 2). Assuming 100% amplification efficiency (E),

each cycle doubles the amount of target DNA.23 For absolute quan-

titation of vector genome copies, a standard curve is usually gener-

ated by serial dilutions of the reference standard DNA and the assay

linearity is evaluated by regression analysis of the threshold cycle

(Ct) values of each standard DNA concentration compared to the

logarithm of their nominal copy value. The slope and y intercept

(yinter) derived from the standard curve can be used to calculate

the concentration of a target DNA from the reported Ct value as

shown in the following equation:22

DNA Quantity ðcopiesÞ = 10ðCt value�YinterÞ=slope

This correlation between the Ct value and amount of the standard/

target DNA permits accurate quantification of target DNA

Table 1. An example of a TaqMan probe-based qPCR assay components

for absolute quantitation of target DNA

Component Amount

Standard DNAa 0–108 copies

Forward primer up to 900 nM

Reverse primer up to 900 nM

TaqMan probe up to 300 nM

2� TaqMan universal master mix II or equivalent 1�

Matrix DNAa 1,000 ng

Nuclease-free water to a final volume of 50 mL

aStandard and QC wells contain standard and matrix DNA. For sample analysis, stan-

dard and matrix DNA will be replaced by up to 1,000 ng of sample DNA.

Table 2. An example of qPCR thermal cycling

Temperature (�C) Time Cycles

Enzyme activation 95 10 min None

Denaturation 95 15 s
40 cycles

Annealing and extension 60 30–60 s
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concentration over a wide dynamic range. The slope of this line is

also used to calculate PCR efficiency (E) using the following

equation:

E = 10
�1
slope � 1

If the target DNA is diluted 10-fold, the Ct values between two target

DNA concentrations of 10-fold difference should be 3.32 cycles (i.e.,

the slope of the standard curve is �3.32) assuming E at 100%. On

average, the slope of the standard curve falls between �3.6 and

�3.1, corresponding to an efficiency of 90%–110%. While research

has shown that the presence of sample DNA can inhibit PCR

amplification,24 our experience has shown that the addition of sam-

ple/matrix DNA in biodistribution analysis does not appear to have

a negative impact, and the E generally ranges between 90% and

100% when the primers and probe are carefully designed to avoid

any non-specific cross-reaction with the matrix DNA.

qPCR and digital PCR

The most common form of digital PCR, droplet digital PCR (ddPCR),

is a relatively new technology that utilizes microfluidics to partition

target DNA into droplets where individual PCR reactions occur.

Amplification occurs over 35–45 cycles using probe-based chemistry

similar to TaqMan probe-based qPCR. Upon completion, fluores-

cence is quantified in each sample using a digital reader that estab-

lishes amplification thresholds. Poisson statistics are then applied to

the ratio of positive droplets to total droplets, ultimately determining

the target DNA concentration.25 This form of absolute quantification

analysis is advantageous, as it renders the use of a standard curve

obsolete. Other benefits to ddPCR include improved assay sensitivity,

precision, accuracy, reproducibility, minimal matrix effect on ampli-

fication, decreased susceptibility to many PCR inhibitors, and multi-

plexing technology.26–29 The use of ddPCR is ideal for viral vector

titration and diagnostic purposes, especially for those diseases

involving rare alleles and copy number variation; however, when

analyzing biodistribution or vector shedding samples, the use of

ddPCR may not be as beneficial. For instance, we have seen the pres-

ence of up to 109 copies of recombinant AAV vector gDNA per mg of

host gDNA in the tissues of AAV-dosed animals. While the upper

limit of quantitation (ULOQ) in a traditional qPCR can reach up to

at least 108 copies per reaction, the QX200 ddPCR from Bio-Rad,

for example, limits the assay ULOQ to only 105 copies per reaction.

Many samples will have to be re-analyzed by dilution of the samples,

which will not only decrease the work efficiency but also introduce er-

rors during sample dilution. Additionally, the time involved in

ddPCR sample analysis and possibly method development is much

longer than that with a traditional qPCR. There are usually between

500 and 2,500 samples to analyze from a typical biodistribution study.

Due to additional processes, such as restriction enzyme fragmenta-

tion of the gDNA samples, droplet generation, and droplet reading,

among others, it can take approximately 7 h to complete a ddPCR

run after plate preparation, whereas in typical qPCR, plates can

take less than 1 h to finish when TaqMan fast advanced master mix

is used. This significant increase in production and run time would

make it difficult to meet tight timelines that usually accompany bio-

distribution studies. Moreover, when using ddPCR it may take addi-

tional time to reach the point of sample analysis, as primers and

probes are generally designed for a standard 60�C annealing temper-

ature; however, this can negatively affect the resolution of droplet

reading.27 Lowering the annealing temperature can resolve the issue

but potentially increase non-specific amplification. Therefore, the

length of method development time could increase due to the need

for assessment of various conditions not necessarily required for

traditional qPCR.

When choosing between ddPCR and traditional PCR a few more

things should be taken into consideration. First, research has shown

that digital PCR partitioning decreases the negative impact on ampli-

fication by matrix effect inhibitors such as SDS, heparin, and co-pu-

rified biological compounds such as heme and urea.30 However,

intrinsic properties of the assay components such as GC-rich ampli-

cons and primermelting temperatures can still affect amplification ef-

ficiency.28,31 Therefore, when conducting biodistribution sample

analysis, the control reaction should be spiked with a known concen-

tration of target DNA as recommended by FDA guidance to ensure

that inhibitors are not causing undetected problems. Furthermore,

if reverse transcription digital PCR is required for biodistribution

analysis of an RNA viral vector, the RNA standards may still be neces-

sary to evaluate the efficiency and accuracy of the reverse transcrip-

tion. In the same manner as qPCR, quantification of cellular RNA

or RNA viruses reflects only the number of target cDNA molecules

converted from the original RNA. This may or may not give an accu-

rate estimate for the original concentration of the RNA molecules of

interest and therefore ddPCR may not be advantageous for these

assays.

The current disadvantages of ddPCR do hinder its efficacy for use in

biodistribution and vector shedding analysis at this time, but as

technology evolves it may become the prominent assay within the lab-

oratory. Until then, the primary focus of this paper is aimed toward

traditional qPCR.

Method development

Our approaches to qPCR method development, qualification or vali-

dation, and sample analysis are based on recommendations by the

FDA Guidance for Gene Therapy Clinical Trials and Long Term

Follow-Up after Administration of Human Gene Therapy Prod-

ucts,10,32 which recommends the lower LOQ (LLOQ) of the qPCR

assay to be %50 copies of vector TA per 1 mg of gDNA. We also

include validation parameters recommended by the FDA Guidance

for Bioanalytical Method Validation17 whenever applicable.

Prior to undertaking any method development, it is important to note

that qPCR is an extremely sensitive assay that, in some cases, can

detect a single copy of target DNA, and therefore separation of

workstations and control of contamination are crucial for a qPCR
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laboratory. The Organization for Economic Co-operation and Devel-

opment has released guidance outlining the setup of an in vitro labo-

ratory to avoid cross-contamination.33Although not discussed in this

paper, it is assumed that the setup for qPCR analysis always follows

good laboratory practices (GLPs).

Method development is intended to provide sound scientific evidence

for the final method design and suitability for its intended purpose.

Prior to beginning, it is important to gather information regarding

the type of cell or gene therapy product (target DNA) to be tested,

the host species and strain to be treated with the TA, and the standard

DNA to be used for determining the amount of target DNA within

each sample. This knowledge will be applied to the design of an

appropriate assay for method development/validation and subse-

quent sample analysis. Importantly, note that the processes involved

in method development are not reviewed by quality assurance; how-

Figure 1. Overview of method development for

qPCR analysis

ever, all activities should be adequately docu-

mented to support a reproducible method for

validation and sample analysis. An outline for

a typical TaqMan-based qPCR assay is shown

in Figure 1.

Preparation of standard

Information regarding the nature of the TA and

the reference standard, the targeted DNA

sequence, the test system(s), and the expected

study timelines should be communicated thor-

oughly with all appropriate personnel. Docu-

mentation on the identity, source, lot number,

concentration, purity, composition, and stabil-

ity of the standard DNA should be provided

by the sponsor. Identity of the standard DNA

should include, at least, the name, the sequence

of either the entire or target region of the DNA,

the gene map, and the size (in base pairs for

DNA) verified by any agarose gel electropho-

resis data (or equivalent). Although there is ev-

idence reporting the stability of frozen DNA for

more than 7 years,34,35 the expiration and retest

dates are required for standard DNA when used

for GLP-compliant studies. If applicable, docu-

mentation for any other supporting qPCR

methods that have been previously developed

or validated for the target gene should also be

reviewed.

In general, plasmid DNA carrying the transgene

or vector DNA is provided by the sponsor for

use in preparation of a standard curve that

will be used for absolute quantitation of the target DNA. It is crucial

that the conformation of the standard DNA mirrors that of the sam-

ple to ensure that E is similar between the two. Studies have shown

that PCR using supercoiled plasmids as template DNA yielded higher

Ct values (2.65–4.38 more) when compared to equimolar linearized

standards. The apparent decrease in sensitivity (higher Ct values)

was attributed to the undetected low efficiency of its amplification

in the early stage of qPCR when the supercoiled plasmid is the domi-

nant template.36 It was also reported that plasmid DNA conformation

has a significant impact on the accuracy of absolute quantitation by

qPCR as indicated by significant shifting of standard curves when

prepared with different conformations of plasmid DNA.37 Since

most viral vector gDNAs are linear, the plasmid DNA should also

be linearized using a restriction enzyme. Complete digestion of the

plasmid DNA should be confirmed by agarose gel electrophoresis

and subsequently repurified using a QIAquick PCR purification kit
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or equivalent. If working with a plasmid TA, linearization is not

required, as the supercoiled plasmid should be used as standard

DNA for qPCR analysis to quantify the copies in each sample

collected.

The accuracy of the standard DNA concentration is essential for suc-

cessful qPCR analysis; therefore, regardless of linearization, the con-

centration of the standard DNA should be analyzed in, at least,

quadruplicate, and at a reasonable concentration, using a NanoDrop

8000 spectrophotometer or other fluorescence-based assays for DNA

quantitation. The NanoDrop 8000, for example, has an accuracy

at ±2.5 ng/mL, and therefore DNA standards of 20 and 100 ng/mL

may have a variation of ±12.5% and ±2.5%, respectively. The mean

concentration of the standard DNA in ng/mL is converted into

copies/mL using the size of the plasmid DNA (N) in base pairs (bp),

Avogadro’s number (6.022� 1023molecules/mol), and the molecular

weight of a bp (650 Da),38 as shown in the following equation:

DNA

�

copies

mL

�

=
DNA

�

ng

mL

�

x 10�9 g

ng
x 6:022 x 1023molecules

mole

N ðbpÞ x 650 g

mole of bp

Conversion of the concentration of an RNA standard from ng/mL into

copies/mL can use the same equation except using the size of the stan-

dard RNA (N) in nucleotides (nt) and the molecular weight of a single

stranded RNA at [N (nt) � 320.5 + 159.0(nt � g/mol)].39

The plasmid DNA is always diluted into working stock and stored

frozen at �20�C and below. Aliquots are prepared to avoid extensive

freeze-thaw cycling and minimize contamination. It has been shown

by research and from our own experience that loss of DNA is more

prominent when highly diluted (<0.2 mg/mL) and stored over time

due to absorption into tube walls; however, addition of carrier

DNA does restore recovery.40We recommend dilution of the working

stock into buffer containing supplemental nucleic acids such as

sheared salmon sperm DNA or yeast tRNA.

If use of the gene or cell therapy product (i.e., use of the TA cells is

required for preparation of the standard DNA curve for the qPCR

assay) is required for method development and validation, all relevant

information about the TA and the study protocol are recommended

to be reviewed and approved by the Institutional Biosafety Committee

(IBC) prior to the receipt at the analytical site.

Primer and probe design

Target-specific primers and probes should be carefully designed for

each assay. The process of designing primers and probes is relatively

straightforward with the availability of free (e.g., Primer3, Primer-

Quest by IDT, NCBI Primer BLAST) and commercial software

(e.g., Primer Express, Oligo.net Primer Analysis). Primer Express is

provided with the QuantStudio 7 flex real-time PCR instrument

and is typically used in our laboratory due to the design flexibility

and ease of use. This program contains an algorithm for the creation

of primers and probes specifically optimized for use with TaqMan re-

agents. The desired target sequence is entered or uploaded into the

software and multiple sets of primer and probes are then identified

for the given region. Parameters such as primer, probe, or amplicon

length and specific melting temperatures can be adjusted manually

as necessary. In addition to these features, Primer Express presents

a thorough analysis of potential secondary structures (e.g., primer di-

mers, hairpins) between various primer and probe combinations.

Successful investigational new drug (IND) filings of gene and cell

therapy products may require that the preclinical toxicology and bio-

distribution studies of TAs be performed in several animal species

and possibly clinical trials that will require analysis of the same target

sequence in human vector shedding samples. Therefore, specificity of

primer and probe design should be carefully considered to avoid

cross-reaction with any expected matrix DNA types. Additionally,

use of the same primer and probe set is expected for vector-derived

transgene expression analysis, thus consideration must be given to

primer and probe specificity against host mRNA as well. Sequences

such as the junction between the open reading frame of the transgene

and its 30or 50 untranslated region generally contain the most vector-

specific sequences and are ideal locations for development of a set of

primer and probe as these regions are not only specific to the vector

DNA sequence but also to the vector-derived mRNA sequence in the

host animal tissues. Regardless of the design location, each primer and

probe set should be subjected to a vigorous Primer-BLAST (https://

www.ncbi.nlm.nih.gov/tools/primer-blast/) against the gDNA and

RNA databases of all applicable species.

Specificity of a primer and probe set can only be confirmed by exper-

imentation. Due to potential shipping and/or manufacturing delays, it

is recommended that a minimum of three sets be designed to increase

the success rate of method development and avoid any delay of a

timeline. Although a qPCR assay may have been previously developed

to detect the gene of interest, the method may not be optimized for

biodistribution sample analysis, and thus it is advised that the trans-

ferred primer and probe set be re-tested and compared to newly

designed primers and probes under the working conditions set for

biodistribution sample analysis.

Primers and probes are reconstituted with 10 mM Tris-HCl (pH 8.0),

aliquoted to avoid extensive freeze-thaw cycling and minimize

contamination, and then stored frozen at �20�C.

For human stem cell- or differentiated cell-derived therapy products,

preclinical cell therapy studies require biodistribution analysis of the

cell therapy products within the dosed animals. Samples collected

from these animals can be analyzed using a primer and probe set spe-

cifically targeting the human gDNA and reported as copies of the hu-

man haploid gDNA per mg of host gDNA. One set widely used for the

detection of human gDNA targets the transposable elements, Alu,

which have been amplified to over 1 million elements per genome

throughout primate evolution, producing a series of subfamilies of

Alu elements that appear to be of different genetic ages.41 Alu-based

qPCR has shown superior sensitivity for the quantitation of human
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nuclear DNA from complex sources in forensic casework; however,

primers and probes targeting to the Alu sequence should be carefully

designed to avoid cross-reaction with the host gDNA if the bio-

distribution DNA samples are analyzed at up to 1,000 ng in each

qPCR reaction. One Alu-based qPCR assay for analysis of human

cell biodistribution in rodent tissues has been reported.13,42 We

have successfully developed several sets of primers and probes that

specifically target to human gene b-globin and APOB, and both pre-

sent as a single copy per haploid human genome. We have found that

at least one set of primers and probe to b-globin shows excellent

sensitivity and specificity to human cell DNA not only in rodents

but also in nonhuman primates.

Primer testing and optimization

Three primer and probe sets are screened for specificity against the

matrix DNA to determine which is most suitable for biodistribution

and vector shedding analysis. We usually include one set of standards

(from 0 up to 108 copies/reaction) and two sets of QCs (minimal four

levels) using 600 nM forward and reverse primer concentrations and

300 nM for the probe concentration as a starting point. The chosen

primer and probe set will be determined based on the assay efficiency,

sensitivity, specificity, precision, and accuracy upon completion of the

initial screening.

There are multiple strategies used for optimizing qPCR assays such as

altering the magnesium concentration and changing the annealing

temperatures; however, these approaches have become obsolete

and/or inefficient, especially when dealing with tight timelines. Com-

mercial master mixes usually contain the optimal concentration of

magnesium as well as other assay components, and tasks such as

modifying the annealing temperature to improve the qPCR assay per-

formance can become costly and time-consuming.We choose to opti-

mize an assay by testing various combinations of primer and probe

concentrations in an effort to improve the assay sensitivity and spec-

ificity.22 In general, primer concentrations of 100, 300, 600, and

900 nM and probe concentrations from 100 to 300 nM should be

tested using two concentrations of the standard DNA, 200 copies

and a high copy number, typically at one-tenth of the ULOQ. Every

combination of the primer concentrations can be assessed on a single

qPCR plate to determine the appropriate amount of forward and

reverse primer to be used for the assay. The primer concentrations

are chosen based on variables reflecting the best E such as having

the lowest Ct values and highest DRn. With the selected forward

and reverse primer concentrations, the probe concentrations from

100 to 300 nM can then be evaluated on the next plate.

Method development for DNA isolation

FDA guidance recommends the following panel of tissues, at mini-

mum, to be analyzed during preclinical biodistribution studies of

gene and cell therapy products: blood, injection site(s), gonads, brain,

liver, kidneys, lung, heart, and spleen.10,43 Additional tissues should

be evaluated, depending on the TA, vector type and tropism, and

transgene(s), as well as the route of administration (e.g., draining

lymph nodes and contralateral sites for subcutaneous/intramuscular

injection, bone marrow, eyes). DNA extraction from these tissues

and biofluids should be well established prior to sample analysis by

qPCR. Biodistribution data are presented as copies of the target

DNA per mg of host gDNA. It is important to limit the RNA contam-

ination in the extracted DNA samples to ensure an accurate DNA

quantitation. One way to check for RNA contamination is through

electrophoresis of the extracted gDNA (e.g., 1 mg) on an agarose

gel. If there are no observable smeared RNA bands around 1.5–3

kb, the RNA contamination is minimal. Otherwise, RNase A treat-

ment should be included in DNA extraction or the DNA sample

should be analyzed using fluorescence-based assays specifically bind-

ing to DNA. Generally, the same purification method used for a spe-

cific sample type can be applied to all animal species and humans;

therefore, additional method development is likely not required. Car-

rier DNAmay be included for nucleic acid extraction from tiny tissue

(<5 mg) or biofluid samples when low DNA concentration is

expected.44

If a new type of tissue will be collected for sample analysis, a recovery

test of the target DNA from the new tissue and the matrix effect of the

new tissue DNA (such as impurities in DNA extraction that may

cause amplification inhibition) should be conducted to ensure that

the purification method is reliable and that the extracted product is

suitable for downstream use. As shown in Figure 2, recovery is per-

formed by spiking a known concentration of TA or reference stan-

dard into tissue lysate or biofluid samples prior to DNA extraction.

After subsequent qPCR analysis of the purified product, calculation

of the recovery is easily determined. If a TA is spiked into the lysate

for a recovery test, to eliminate variation introduced by different

qPCR assay methods or laboratory instruments, the nominal concen-

tration of spiked TA vector should be determined with the same

qPCR assay in the same laboratory setting rather than using a nom-

inal titer provided in the certificate of analysis of the TA. Importantly,

note that loss of some target DNA is an inherent attribute of nucleic

acid purification, dependent on the sample type, the volume of elution

buffer, and the method used for purification. We have seen the recov-

ery range between 30% and 80% in general when we purify DNA us-

ing various extraction kits such as the QIASymphony DSP DNA kit

or others following the vendors’ procedures. Performing matrix effect

evaluations are similar to the recovery test; however, the reference

standard is spiked directly into purified DNA for each sample type

followed by qPCR analysis in duplicate. Each spiked sample must

meet the acceptance criteria including quantity (Qty), percent coeffi-

cient of variation (%CV) %25%, and a mean percentage of relative

error (%RE) within ±25%. If %RE falls outside ±25%, it could be

indicative of possible inhibitory or enhancer elements that have cop-

urified with DNA and may have affected qPCR amplification.

Tissue used for the preparation of matrix DNA should be obtained

from the same animal species and strain (e.g., C57BL/6 mouse,

nude rat, New Zealand White rabbit, beagle dog, Göttingen minipig,

cynomolgus monkey) used in the toxicology program. For human

clinical sample analysis, matrix DNA should be extracted from the

same type of clinical samples collected from donors. The process
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for matrix DNA extraction should mimic sample DNA extraction. If

tissue from the target animal strain is limited (e.g., specific mouse

models), additional tissues from a related strain of the same animal

species may be used; however, the matrix DNA from both strains

should be compared and bridged during method validation. Eluted

products from different DNA purification kits may contain differen-

tial impurities that have an impact on qPCR, and thus it is recommen-

ded that the preparation of matrix DNA from the naive animals

follow the same method to be used for sample DNA extraction. If

the matrix DNA and sample DNA are prepared using different

methods, additional tests should be performed to evaluate any poten-

tial matrix effect that may be introduced by using different extraction

approaches.

Clinical samples for qPCR analysis, including urine, stool, whole

blood, plasma, saliva, semen, and swab materials, may contain several

transmissible infectious agents, including hepatitis viruses and hu-

man immunodeficiency virus. Furthermore, samples collected from

dosed animals used in some preclinical studies may contain poten-

tially harmful gene and cell therapy products. At minimum, these

samples should be handled following procedures in accordance

with the biosafety level 2 policy until completion of sample lysis. Prior

to study initiation, all relevant information including the study plan

are recommended to be reviewed and approved by the Institutional

Biosafety Committee (IBC).

Evaluation run

As a final approach to method development, an evaluation plate, or

mock validation run, containing the standard curve and several sets

of QCs may be tested to evaluate the assay performance.

FDA guidance recommends the LLOQ of a qPCR assay to be at least

50 copies per mg of host gDNAwith consideration given to the sample

size used for analysis relative to the size of the tissue in its entirety.32

Development of a qPCR assay that can analyze up to 1,000 ng of sam-

ple DNA per reaction helps meet FDA expectations. Although a reac-

tion volume of 20–25 mL is widely used for qPCR assays, a reaction

volume of 50 mL is recommended for analysis of 1,000 ng of bio-

distribution sample DNA to improve the assay precision and accu-

racy. Additives such as dimethyl sulfoxide (up to 3%) and/or bovine

serum albumin (up to 2.5 mg/reaction) may be included in the reac-

tion if the standard DNA carries GC-rich sequences or when high

assay variation is observed.

If all of the above aspects of method development have been carefully

considered and experiments have been properly executed with favor-

able results, then the resultant qPCR assay should be deemed suitable

to proceed with validation. Note that Clinical Laboratory Improve-

ment Amendments certification is not required for clinical sample

analysis, as the data obtained are not used by physicians for diagnosis

or treatment-management decisions; however, compliance with GLPs

Figure 2. Analysis of target DNA recovery from the tissue lysate and the potential matrix effect of purified DNA
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is recommended to ensure that quality and integrity of safety data are

maintained when filed in support of investigational new drug

applications.

Method validation

Method validations are instrumental in ensuring the accuracy, preci-

sion, and repeatability of sample analysis. qPCR method validations

are conducted following the pre-defined, fit-for-purpose validation

parameters and acceptance criteria stated in the study-specific proto-

col and/or method and in compliance with standard operating

procedures (SOPs) designed to be consistent with FDA Guidance

for Bioanalytical Method Validation, as applicable, and in accordance

with FDAGLP Regulations45 and 21 Code of Federal Regulations Part

58.46 The laboratory tests, data, and draft and final reports are audited

for compliance with the protocol, method, and any applicable SOPs.

Experiments to demonstrate the assay specificity, accuracy, precision,

repeatability, sensitivity, linearity, dynamic range, limit of detection

(LOD), LLOQ, and ULOQ are routinely included in a validation

study.

Core validation

For preclinical biodistribution and vector shedding studies, a fit-for-

purpose validation is performed by a minimum of two operators, on

multiple real-time PCR instruments of the same model, using at least

two lots of assay components. In some instances, when only a limited

lot of an assay component is available, and assay robustness cannot be

evaluated during method validation, a bridging, or partial, validation

should be performed before the second lot of an assay component is

used in sample analysis. Additionally, a bridging validation should be

performed when the sample preparation procedure is significantly

modified, the dynamic range of the standard curve requires adjust-

ment, or when the model of the qPCR instrument has changed.

An example of a core validation includes five qPCR runs/plates per-

formed over a minimum of 3 days to evaluate the assay characteris-

tics. Each plate contains one set of standards and four sets of QCs,

all independently prepared, plated in the presence of 1,000 ng of ma-

trix DNA, and tested in duplicate qPCR wells as shown in Table 3.

A typical assay standard curve for analysis of AAV vector bio-

distribution is prepared by serially diluting the reference standard

DNA (e.g., 108, 107, 106, 105, 104, 103, 100, 50, 25, 10, 5, and 0 copies

per reaction). The standard points at 50 copies and below may be

tested in triplicate or quadruplicate qPCR wells to facilitate an estab-

lishment of more robust LOD. The lowest concentration level can be

as low as three or five copies per reaction, and the greatest concentra-

tion should cover the predicted highest target DNA concentration per

reaction, if possible. For analysis of human stem cell biodistribution

samples, if human gDNA is used as the standards and the qPCR assay

is developed to detect a gene with single copy on the haploid human

genome, the highest standard concentration in 1,000 ng of DNA is

3.1 � 105 copies of haploid human gDNA (given the haploid human

genomemass at 3.2 pg47). Therefore, adjustment of the ULOQmay be

lowered (105 copies) for these studies.

Standard curves prepared for biodistribution validation runs include

the addition of 1,000 ng of matrix DNA into each reaction; however,

lower amounts of matrix DNA may be used when validating studies

for vector-shedding analysis, as many of these samples, such as feces

and urine, are rich in organic matter that may copurify with extracted

DNA and could possibly inhibit subsequent qPCR amplification. The

standard curve is used to evaluate the linear range, specificity, sensi-

tivity, and repeatability of the qPCR assay by evaluating the LOD,

LLOQ, ULOQ, linearity, and E. The linearity of the Ct curve is deter-

mined using a suitable linear regression analysis of the Ct value versus

log nominal DNA concentration. The specificity will be demonstrated

by the lack of amplification, or below the LOD, in the absence of stan-

dard DNA, or wells containing only matrix DNA (no template con-

trol [NTC]). If vector shedding samples such as saliva or feces are

to be analyzed, the specificity of the qPCR assay against the matrix

DNA extracted from naive host saliva or feces samples should be

demonstrated, as DNA purified from these sample types contains a

significant percentage of microbial DNA.

FDA guidance recommends that qPCR assays for biodistribution

have a demonstrated LLOQ of%50 copies of target vector per 1 mg

of host gDNA with 95% confidence.10,32 Consequently, the LOD is

defined as the minimum concentration of target DNA that signifi-

cantly (more than 95% of the reactions tested) yields a positive

qPCR result in all replicate wells, yet is not necessarily quantified as

an exact value. There are many ways to determine the LOD of a

qPCR assay48,49. Based on the Poisson distribution, the LOD for

qPCR cannot be lower than three copies of nucleic acid targets.19,49,50

We define the LOD as the lowest standard level, which gives a positive

qPCR result (Ct value%40) in all replicates tested throughout the five

validation runs. Since the five validation plates will be performed by a

minimum of two laboratory operators, on different real-time PCR in-

struments of the same model, and using at least two lots of assay com-

ponents, the LOD value obtained using this method is more reliable

Table 3. Example of method validation: plate setup and assay evaluation

parameters

Validation plate (copies of

target DNA per mg of matrix

DNA)

One standard curve

(108, 107, 106, 105, 104,

103, 102, 50, 25, 10, 5,

and 0)

Four sets of QCs (108

[optional], 107, 105,

103, and 102)

Parameters

for assay

evaluation

sensitivity LOD, LLOQ

specificity
no template control

(NTC)

linearity
R2 and E (from LLOQ

to ULOQ)

precision Ct %CV at each level
individual and intra-

assay Qty %CV

accuracy
back-calculated Qty %

RE at each level

individual and intra-

assay %RE

reproducibility

inter-assay Ct %CV at

each level across all five

validation plates

inter-assay Qty %RE

and Qty %CV

Molecular Therapy: Methods & Clinical Development Vol. 20 March 2021 159

www.moleculartherapy.org

Review

http://www.moleculartherapy.org


and robust than the one obtained from a single plate. The LLOQ is the

lowest standard level that not only shows positive amplification in all

replicates of the five validation runs, but it also has acceptable assay

precision and accuracy (i.e., individual standard’s duplicate wells

with Ct %CV%2.0% and back-calculated Qty %RE within ±45%, in-

ter-assay Ct %CV among all validation runs%3.0%). The ULOQ is

the highest standard level showing an acceptable assay precision

and accuracy (i.e., individual standard’s duplicate wells with Ct %

CV %2.0% and back-calculated Qty %RE within ±25%, inter-assay

Ct %CV among all validation runs %3.0%). The dynamic range of

a standard curve in qPCR usually spans eight or nine log10 units.

The highest standard level at 108 copies per reaction is well within

the dynamic range and usually shows good precision and accuracy;

however, standard levels at 100 copies per reaction and below tend

to have more variable amplification due to stochastic effects that

occur during both sampling and the PCR process itself.51

Four sets of QC samples are individually prepared and included in

each validation run to assess the accuracy, precision, and repeatability

of the assay. Each QC set contains an ultra-low (UL, e.g., 102 copies),

low (L, e.g., 103 copies), middle (M, e.g., 105 copies), high (H, e.g., 107

copies), and ULOQ (optional, e.g., 108 copies) concentration of stan-

dard DNA that test within the assay’s dynamic range. All QCs are

tested in duplicate qPCR wells and run in the presence of matrix

DNA to mimic sample analysis. The accuracy and precision of the

method is evaluated by Qty %RE, a comparison of the measured value

of each individual QC with its nominal value, and Qty %CV of each

QC’s duplicate wells, respectively. In addition, themean Qty %RE and

Qty %CV of all replicate wells at each concentration level on one plate

(i.e., all 8 replicates of 4 QC sets) determine the intra-assay accuracy

and precision, while the mean Qty %RE and Qty %CV of the replicate

wells at each concentration level of all five plates (i.e., all 40 replicates

of total 20 QC sets) determine the inter-assay accuracy and precision.

During actual sample analysis, DNA samples are usually stored frozen

after extraction and prior to qPCR analysis. Therefore, assessment of

freeze-thaw stability is necessary. In our practice, two out of four QC

sets undergo three freeze-thaw cycles between room temperature and

�80�C after preparation prior to being analyzed along with two

freshly prepared QC sets on at least one of the five validation plates.

Matrix effect

DNA samples purified from blood or various types of tissues of the

same animal strain contain the same host gDNA. Therefore, matrix

DNA that will be added to the standard curve and QC sample reactions

is prepared from tissues (e.g., liver) of naive animals using the same pu-

rification method used for DNA extraction of study samples. It is well

known that impurities, such as phenol, ions, salts, or acids, can copurify

with DNA and potentially interfere with qPCR amplification, thus im-

pacting the quality of data obtained from the assay.52–54 Consequently,

any possible matrix effects are evaluated during biodistribution and

vector shedding analysis. While PCR inhibition is rarely observed in

most tissues, matrix effects are prevalent in others such as blood, injec-

tion sites, and skin when evaluated under the laboratory’s qPCR con-

ditions (e.g., 1,000 ng of DNA per well). When preparing qPCR plates

for biodistribution sample analysis, each DNA sample is run in tripli-

cate; however, the third well is spikedwith a known copy number of the

target DNA to monitor any amplification inhibition. Spiking standard

DNA provides the advantage of effectively indicating false-negative

data. When a DNA sample obtained from a TA vector-dosed animal

tissue returns a negative result, the spiked replicate can be used to deter-

mine whether the data are the result of amplification inhibition or

whether the target is truly absent in the sample. If inhibition is

observed, the affected DNA sample will be reanalyzed at one-tenth

of the original loading amount. Despite the beneficial use of spiking

standard DNA into each sample, note that mild inhibition of qPCR

may not be detected in samples containing high levels of TA vectors.

Therefore, special attention should be paid to the DNA purified from

blood, biofluid, tissue, and vector shedding samples of preclinical

vehicle-control animals, which should contain no TA vector DNA.

Data provided by the addition of the third spiked well in these samples

may provide a good indication of potential matrix effects, even mild

ones, associated with each sample type. When PCR inhibition occurs

frequently in a specific sample type (e.g., more than 2 out of 10 control

skin DNA samples), subsequent analysis of the affected DNA samples

should be performed at a lower loading amount.

It is recommended that the analytical site performs a thorough eval-

uation of the potential matrix effects of the commonly tested tissues,

blood, and biofluids using an internal established assay when the

analytical site establishes its qPCR services. DNA purified from urine,

serum, plasma, or other sample types that require plate loading by

volume rather than concentration should be evaluated to ensure

that the loading volume will not impact amplification. Furthermore,

potential matrix effects should be evaluated if a novel tissue is to be

tested or a new purification method is implemented prior to the start

of a new study sample analysis. Otherwise, historical data and the in-

clusion of the third spiked well during sample analysis should provide

enough data to assess any possible issues with amplification.

Clinical studies often require the analysis of various types of vector

shedding samples such as blood, feces, urine, and saliva. One cost-

effective approach to analyzing these samples is to use a standard

curve prepared in the presence of blood matrix DNA rather than us-

ing a standard curve for each matrix type. In this approach, method

validation should assess various QC sets containing matrix from

blood and each of the remaining sample types (e.g., QC sets 1–2

contain blood DNA, QC sets 3–4 contain saliva DNA, QC sets 5–6

contain fecal DNA) to confirm the assay accuracy and precision.

Complex organic matter found in feces and urine or microbial

DNA found in saliva and feces may be potential sources of qPCR in-

hibition. Therefore, potential matrix effects of these clinical samples

should be investigated extensively during method validation.

Recovery testing

Thorough recovery testing of the target DNA from commonly

analyzed tissues and biofluid samples should be assessed when

the analytical site establishes its qPCR services. In our experience,
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30%–80% recovery is generally expected from a well-developed assay.

This rate typically reflects the loss of nucleic acids during DNA extrac-

tion. If the data are expressed as copies of the target DNA per specified

concentration of host gDNA(e.g., 1,000 ng), the data are presented as a

ratio of the target DNA over host gDNA, and therefore should not

change significantly throughout extraction. For biofluid samples,

however, the data are presented as copies of the target DNA per vol-

ume, and therefore the recovery rate will affect the data and should

be evaluated during method development and/or validation for each

assay. When analyzing clinical vector shedding samples, FDA guid-

ance recommends that for each study, TA recovery be performed

for all clinical matrices that will be investigated.11 This requirement

is reasonable, as the data for vector shedding samples are reported

as copies of target DNA per volume or mass of the clinical sample.

Stability testing

In the absence of any contaminating nuclease, elution of pure DNA in

water or Tris-EDTA (pH 8.0) buffer is considered stable for up to 16

years when stored at�20�C and below and up to 2 hours when stored

at room temperature.34,35 Furthermore, RNA eluted in water is

considered stable for at least 1 year when stored at �80�C and

below.55 These reports support that short- and long-term stability

evaluations of the standard DNA and RNA, when stored frozen at

�80�C, are not necessary and therefore not included in our standard

method validations. However, it is recommended that the analytical

site establishes historical data for the storage stability of DNA and

RNA both in purified form and in tissues or biofluid samples at

room temperature, 4�C, �20�C, and �80�C. A well-recognized

approach to evaluate the stability of DNA is agarose gel electropho-

resis, which can provide reliable data regarding degradation. Alterna-

tively, the storage stability of both DNA and RNA may be assessed

using the Agilent BioAnalyzer 2100 or an equivalent instrument, or

an established qPCR assay.

The stability of target DNA in prepared QC samples is routinely as-

sessed by performing up to three freeze-thaw cycles during method

validation. Furthermore, for clinical sample analysis, benchtop and

storage stability of the TA vectors in qPCR should be assessed during

method validation unless stability information has been provided by

the clients.

Sample analysis

Below are the recommendations for biodistribution sample analysis

by qPCR in the FDA guidance issued in 2020.

The assay should have a demonstrated LOQ of%50 copies of vector

per 1 mg of gDNA, so that your assay can detect this limit with 95%

confidence.

The DNA samples should be run in triplicate for each tissue. To aid

the interpretation of the qPCR assay results, one replicate of each tis-

sue sample should include a spike of control DNA, including a known

amount of the vector sequences. The spike control will determine the

specified PCR assay sensitivity.

In the final study report, individual animal data should be provided.

The method for how values below the LOQ of the assay are catego-

rized and calculation of the median or mean value should be specified.

In addition, the FDA guidance issued in 2006 recommends consider-

ation of the sample size relative to the tissue being tested for bio-

distribution sample analysis.10 In our practice, up to 200 mg of tissue

(or the whole organ if smaller) are collected, snap-frozen, and stored

at�60�C to�90�C until sample lysis and DNA extraction. Each sam-

ple is then analyzed at up to 1,000 ng per qPCR well in triplicate using

the validated qPCR assay; however, if the DNA sample concentration is

too low, themaximal amount of DNAwill be analyzed. Themean value

of the first two replicate reactions are used to report the sample copy

number, while the third well is spiked with a known copy number of

the target DNA to monitor potential PCR inhibition and false-negative

data introduced by the sample DNA, as previously mentioned. If data

provided by the third well indicates a presence of PCR inhibition (e.g., a

recovery of the spiked target DNA less than 55%), the DNA sample will

be re-analyzed in triplicate qPCR at lower amount, such as one-tenth to

one-fourth of the original DNA sample. Samples containing a well-

known potential PCR inhibitor, such as blood, are loaded at smaller

initial concentrations (e.g., 100 ng).

Biodistribution of gene and cell therapy products in various animal tis-

sues can vary from negative to above 108 copies per mg of host tissue

gDNA. Although the extremely high dynamic range of a qPCR assay

makes it feasible to obtain reportable data from the initial test, there

maybe some tissues (e.g., liver) that contain high copynumbers of target

DNA and test above ULOQ (or >108 copies per mg of host gDNA). In

this case, the sample is re-analyzed at one-hundredth or one-thou-

sandth of the original loading amount. To ensure the assay accuracy,

matrix DNA should be supplemented in these samples to obtain a final

concentration of 1,000 ng of total DNA per qPCR reaction.

In the final study report, both individual animal data and the calcu-

lated group mean values of the investigated tissues collected at each

time interval are presented. Data tested below LOD and LLOQ are re-

ported as BLOD and BLOQ, respectively. Additionally, reported data

should be clearly labeled as either double or single stranded. Gener-

ally, linearized plasmid DNA encoding the full-length or partial vec-

tor gDNA is used as standard, and therefore the biodistribution data

are reported as double-stranded copies of the target DNA per mg of

host gDNA or are converted into copies of the target DNA per volume

or mass of the sample (i.e., copies of target per mL of urine, or copies

of target per mg of feces). Furthermore, although recombinant AAV

vectors contain single-stranded gDNA, it is present as double

stranded after entering the cells.

Recommendations and acceptance criteria for assay validation

and sample analysis

Table 4 provides our testing recommendations and acceptance

criteria for qPCR method validation and sample analysis. Each

parameter is discussed and an evaluation of its inclusion in the list
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Table 4. Recommendations and acceptance criteria for qPCR analysis of biodistribution and vector shedding samples

Validation Sample analysis

Testing Acceptance criteria Testing Acceptance criteria

Standard curve for sensitivity, selectivity,

and linearity

as described in the section of core

validation

d all NTC wells should test BLOD

d at least eight non-zero standard levels

are plated in duplicate wells, from the

validated LLOQ to ULOQ; NTCs are

plated in triplicate wells

d at least two-thirds of the NTC wells

should test BLOD

d E should be between 90% and 110%

d all NTCs and standards are prepared in

matrix DNA extracted from naive tissues

of the same animal strain and species, or

human donors, to mimic the study

samples

d E should be between 90% and 110%

d the standard curve should show a

coefficient R2
R0.980

d the standard curve should show a

coefficient R2
R0.980

d the LLOQ should be%50 copies of

target DNA per mg of host gDNA for

biodistribution sample analysis, or per

reaction well for vector shedding sample

analysis

d at least 75% and a minimum of six non-

zero standard concentrations should have

a Ct %CV%2.0% and back-calculated

standard concentrations within ±25% of

nominal value (±45% for standards

between LLOQ and QC-UL)

d back-calculated non-zero standard

levels at LLOQ and above should have a %

RE within ±25% of nominal value (±45%

for standards between LLOQ and QC-

UL)

d if the LLOQ (or ULOQ) fails the

acceptance criteria on a plate, the next

lower (or higher) standard level can be

selected as a plate-specific LLOQ (or

ULOQ), provided the resulting standard

curve meets acceptance criteria; samples

with values between a validated and the

plate-specific LLOQ (or ULOQ) on the

plate will be re-analyzed

d the non-zero standard levels, from

LLOQ to ULOQ, should have a Ct %CV

%2.0% of their duplicate wells

d at least 75% and a minimum of seven

non-zero standard concentrations, from

LLOQ to ULOQ, should meet the above

criteria in each validation run

QCs for assay precision, accuracy, and

reproducibility

four or more QC sets per validation run,

as described in the section of core

validation

dR50% of the QCs at each level and

R67% of all QCs have an individual Qty

%CVs of their duplicate wells%25% (%

45% for the QC-UL) and individual Qty

%REs within ±25% (±45% for the QC-

UL)

d two or more QC sets per qPCR plate

and each set includes low (L), medium

(M), and high (H) tested in duplicate

qPCR wells and prepared in the presence

of matrix DNA

dR50% of the QCs at each level and

R67% of all QCs have an individual Qty

%CVs of their duplicate wells%25%, and

individual Qty %REs within ±25%

d for each validation run, the Qty %CV of

all QCs at each level (intra-assay

precision) should be%25% (%45% for

QC-ULs); the mean %RE of all QCs at

each level (intra-assay accuracy) should

be within ±25% (±45% for QC-ULs)

d the Qty %CV of all QCs at each level

from all five validation runs (inter-assay

precision) should be%25% (%45% for

QC-ULs); the mean %RE of all QCs at

each level from all five validation runs

(inter-assay accuracy) should be ±25%

(±45% for QC-ULs)

(Continued on next page)
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Table 4. Continued

Validation Sample analysis

Testing Acceptance criteria Testing Acceptance criteria

Specificity

d analyze the DNA samples or a pool of

the matrix DNA extracted from naive

tissues of at least three individual animals

of the relevant species/strain, including at

least one male
all naive DNA samples should test BLOD

d all NTCs should include matrix DNA

collected from the same strain and species

as study samples

d At least two-thirds of the NTC replicate

wells should test BLOD

d for vector shedding studies, analyze the

DNA samples of each type of shedding

sample, collected from three to six naive

hosts (animals or human donors),

including at least one male

d pretest samples such as blood or vector

shedding samples from the dosed

individual species, samples from vehicle-

control animals, or both should be

included in the study as negative controls

d all pretest and vehicle-control samples

should test BLOD; if not, an investigation

should be executed to ascertain the source

of contamination

Matrix effect

d test procedures are described in

Figure 2; it is recommended that the

matrix effect from each type of tissue/

sample is evaluated for each new strain

and species tested at the analytical site

d the DNA samples of a same type should

have a mean Qty %CV%25% and mean

Qty %RE within ±25% of the spiked

copies of the target DNA (%45%

and ±45%, respectively, if the spiked

copies are at QC-UL and below) to be

considered as having no matrix effect

d each DNA sample (e.g., tissues,

biofluids, excreta/secreta) is tested in

triplicate at up to 1,000 ng of sample

DNA per well; DNA samples from

biofluid samples may be loaded at a fixed

volume per qPCR well; biodistribution/

vector shedding data will be obtained as a

mean of the first two replicate wells; ghe

third well will be spiked with a known

amount of target DNA (e.g., 200 copies)

to monitor the potential qPCR inhibition

the third spiked well should testR55% of

the spiked nominal copies of the target

DNA to exclude the presence of a PCR

inhibitor; if not, the sample DNA will be

re-analyzed at a lower concentration (e.g.,

one-fourth or one-tenth of the original

reaction) to dilute out the effect of the

inhibitor

d analyze the DNA samples extracted

from each type of tissue/sample of at least

three individual naive animals or human

donors in duplicate qPCR wells by

spiking a known target DNA copies into

each well; this test may be optional if the

analytical site has established historical

data for the sample type of tissue/sample

d if the acceptance criteria for %RE from

one type of tissue is not met, the amount

of the affected sample DNA loaded to the

qPCR wells should be adjusted and re-

established until the Qty %CV and %RE

meet the acceptance criteria; the DNA

loading amount showing no matrix effect

should be used for sample analysis

d if one type of DNA sample consistently

shows the matrix effect from the third

spiked wells of all vehicle control or pre-

test samples in a study, the same type of

sample from all dosed animals should be

loaded at lower DNA amount to each

qPCR well

Recovery test

d test procedures are described in

Figure 2

recovery between 30% and 80% can be

expected from most of the sample types

d recovery testing of viral vector TA from

biofluid samples and clinical shedding

samples should be demonstrated using

the validated assay; data are reported as

copies per the final volume or mass of the

clinical sample

d recovery of target DNA from various

animal tissue and blood samples should

be established when setting up the qPCR

services; it is not necessary to evaluate

every sample type for every study if the

analytical site has an established DNA

extraction method with historic data of

DNA recovery from the sample type

(Continued on next page)
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Table 4. Continued

Validation Sample analysis

Testing Acceptance criteria Testing Acceptance criteria

Stability

d storage stability of target DNA in both

purified DNA samples and tissue/

biofluid/vector shedding samples is not

routinely included in validation testing

for preclinical biodistribution analysis

d stability of QC freeze-thaw cycling is

acceptable if all QCs of each level have

mean Qty %CV%25% and mean Qty %

RE within ±25% (%45% and

within ±45%, respectively, for the QC-

UL)

d freeze-thaw stability of the target DNA

is assessed by including at least two sets of

DNA QC samples with up to three cycles

of freeze-thaw on at least one validation

plate to mimic the status of samples prior

to qPCR analysis

d the TA vectors stored in clinical

matrices over specified storage conditions

and time periods should range between

30% and 170% when compared to time

zero to be considered stabled benchtop and storage stability of TA

vectors should be investigated in all

clinical matrices to support clinical

sample collection and storage

Repeat analysis

d if the standard curve or QCs fail to meet

acceptance criteria on a sample analysis

plate, the run will be repeated; if the plate

fails a second, consecutive run, the Study

Director will be notified to determine a

course of action to determine the root

cause

repeat analysis if any of the following is

not met:

d if the result of a pretest or vehicle

control sample is not BLOD, the sample

will be re-analyzed from the remaining

tissue/tissue lysate, or the remaining

DNA if there is nomore remaining tissue/

tissue lysate; if the second run returns a

result that is BLOD, indicating

contamination may have occurred during

initial DNA extraction or qPCR analysis,

BLOD will be reported based on the data

from the second run; if the second run

returns another positive value, the

average result of the two runs will be

reported

d the standard curve (including NTC

wells) and QCs included in each sample

analysis run should meet acceptance

criteria

d if a DNA sample shows evidence of

PCR inhibition (i.e., the third well returns

a value that is <55% of the spiked nominal

value), it will be re-analyzed at a lower

amount (e.g., one-fourth or one-tenth of

the original reaction) to dilute out the

inhibitor; if inhibition is seen in the

second run, the sample may be further

diluted, or the value may be reported as

“non-reportable”

d all samples collected from pretest and

vehicle control animals should test BLOD

(Continued on next page)
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is made based on industry practice, our field experience, and the feasi-

bility of the experiments.

qRT-PCRmethod development, validation, and sample analysis

Analysis of RNA virus biodistribution, vector shedding, and vector-

derived transgene expression can be performed using RNA standards

in a one-step qRT-PCR assay, where reverse transcription of RNA

into cDNA and subsequent qPCR amplification of the target cDNA

can occur in the same reaction. In this assay, a standard curve and

QC sets are prepared using RNA, and thus they are subjected to the

same reverse transcription as each target sample. One-step qRT-

PCR has the benefits of limited contact with samples and less pipet-

ting, which effectively decreases the possibility for cross-contamina-

tion and technical errors. An example of one-step qRT-PCR analysis

of RNA virus biodistribution and vector shedding is shown in Table 5.

Matrix RNA is total RNA extracted from the naive animal tissues and

included in the standards and QCs to mimic RNA samples. Both the

qScript XLT one-step qRT-PCR ToughMix and the AgPath-ID one-

step RT-PCR kit work well for one-step qRT-PCR assays using the

conditions shown in Table 6. While the strategy for a one-step

qRT-PCR assay development, validation and sample analysis mirrors

those described for qPCR in general, some notable differences should

be mentioned.

RNA standards will be plated in the presence of RNA matrix (usually

total RNA) with both reverse transcription and qPCR amplification of

the cDNA occurring in the same reaction well/tube, and thus reaction

conditions will vary. The data will be reported as copies of the target

RNA per 1,000 ng of sample RNA. If the assay is for biodistribution

sample analysis, the assay is expected to have an LLOQ%50 copies

per 1,000 ng of RNA.

When RNA is analyzed using one-step qRT-PCR, the matrix effect

and specificity should be performed on total RNA extracted from

all sample types such as blood and various tissues during method

development and validation, as differential gene expression is ex-

pected among different types of tissues.

Specific to DNA viral vector-derived gene expression, there is poten-

tial contamination of viral vector DNA in the extracted RNA samples

even after DNase I treatment is included during RNA extraction.

Therefore, each RNA sample should be analyzed by qRT-PCR with

the reverse transcriptase removed from the reactionmixture to ensure

the values obtained from qRT-PCR analysis truly reflect the vector-

derived mRNAs rather than the contaminated vector DNAs.

Furthermore, handling standard and sample DNA can be conducted

at room temperature; however, standard and sample RNA should be

handled on wet ice.

Finally, tissues and blood should be collected into RNAlater or equiv-

alent reagents to minimize any potential RNA degradation. Relative

quantitation of a host housekeeping gene may be performed accom-

panying the absolute quantitation of the viral vector RNA copies byT
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one-step duplex qRT-PCR to monitor the integrity of the RNA

samples.

Although the lentiviral vectors contain RNA genome, the vectors are

present as integrated DNA upon entry into host cells. Therefore,

DNA standards, rather than RNA, are generally used for analyzing

the biodistribution of lentiviral vectors by qPCR assays.

Conclusions

Currently, analytical laboratories and sponsors have different as-

sumptions of what constitutes a validated biodistribution or vector

shedding assay. Unfortunately, with lack of direction, many indi-

viduals and companies reference the FDA guidance on bio-

analytical method validation. While some testing parameters and

acceptance criteria may be applicable to qPCR, there are certainly

others that are not necessary, or even beneficial, when using this

assay. The main difference lies within the properties of the sample

being tested. Most bioanalytical assays require the use of crude

lysate, which increases the likelihood of off-target results, degrada-

tion, and overall variation in data. Real-time qPCR offers the

advantage of using purified DNA or RNA as the testing sample.

The stability of nucleic acids has been researched for years and

should not be subjected to the same testing recommendations as

other sample types. Additionally, many PCR inhibitors are

inherent to the sample type and can be anticipated between

studies. Ultimately, method development is as aimed toward opti-

mizing the detection of a specified sequence rather than optimizing

the assay for the sample input. The primary purpose of this paper

is to help the new bioanalytical scientists quickly grasp the essen-

tials of biodistribution and vector shedding analysis, and to pro-

vide a set of recommendations that promote efficient and thor-

ough design and validation of the robust qPCR and qRT-PCR

assays. As technology advances in this area, it is important that

members of the scientific community collaborate to establish

routine guidelines and acceptance criteria when evaluating gene

and cell therapies in order to set a standard level of expectations

to be evaluated prior to releasing these novel therapeutics into

routine use. Overall, a robust, well-documented methodology is

necessary, and, by thorough explanation, the authors have attemp-

ted to provide this standard for the evaluation of future cell and

gene therapies.

ACKNOWLEDGMENTS
We are grateful for Dr. Joshua T. Bartoe for his kind review of the

manuscript.

AUTHOR CONTRIBUTIONS
H.M. wrote and revised the manuscript, including designing the ta-

bles and one figure. K.N.B. wrote and revised the manuscript,

including designing one figure. R.N.L. scientifically reviewed the

manuscript based on contributions to process development.

DECLARATION OF INTERESTS
All authors are employees of Northern Biomolecular Services, and

may own respective stock of the company. The authors declare no

additional competing interests.

REFERENCES
1. Wirth, T., Parker, N., and Ylä-Herttuala, S. (2013). History of gene therapy. Gene 525,

162–169.

2. Shukla, V., Seoane-Vazquez, E., Fawaz, S., Brown, L., and Rodriguez-Monguio, R.

(2019). The landscape of cellular and gene therapy products: authorization, discon-

tinuations, and cost. Hum. Gene Ther. Clin. Dev 30, 102–113.

3. Anguela, X.M., and High, K.A. (2019). Entering the modern era of gene therapy.

Annu. Rev. Med. 70, 273–288.

4. Eruopean Medicines Agency (2018). Guideline on the quality, non-clinical and clin-

ical aspects of gene therapy medicinal products, https://www.ema.europa.eu/en/

documents/scientific-guideline/guideline-quality-non-clinical-clinical-aspects-gene-

therapy-medicinal-products_en.pdf.

5. EuropeanMedicines Agency (2009). Guideline on follow-up of patients administered

with gene therapy medicinal products, https://www.ema.europa.eu/docs/en_GB/

document_library/Scientific_guideline/2009/11/WC500013424.pdf.

6. European Medicines Agency (2009). General principles to address virus and vector

shedding, https://www.ema.europa.eu/en/documents/scientific-guideline/international-

conference-harmonisation-technical-requirements-registration-pharmaceuticals-

human-use_en-10.pdf.

7. European Medicines Agency (2009). ICH considerations: oncolytic viruses, https://

www.ema.europa.eu/en/documents/scientific-guideline/international-conference-

harmonisation-technical-requirements-registration-pharmaceuticals-human-use_

en-2.pdf.

8. FDA Department of Health and Human Services (2020). Human gene therapy for

hemophilia: guidance for industry, https://www.fda.gov/regulatory-information/

search-fda-guidance-documents/human-gene-therapy-hemophilia.

9. FDA Department of Health and Human Services (2020). Human gene therapy for

rare diseases: guidance for industry, https://www.fda.gov/regulatory-information/

search-fda-guidance-documents/human-gene-therapy-rare-diseases.

Table 6. Example of one-step qRT-PCR thermal cycling

Temperature (�C) Time Cycles

Reverse transcription 50 10 min none

Enzyme activation/deactivation 95 1 min none

Denaturation 95 10 s
40 cycles

Annealing and extension 60 30–60 s

Table 5. Example of one-step qRT-PCR for absolute quantitation of target

RNA

Component Final concentration

Standard RNAa 0–108 copies

Forward primer up to 900 nM

Reverse primer up to 900 nM

TaqMan probe up to 300 nM

2� qScript XLT one-step qRT-PCR ToughMix or

equivalent
1�

Matrix RNAa up to 1,000 ng

Nuclease-free water to final 50 mL

aStandard and QC wells contain standard and matrix RNA. For sample analysis, stan-

dard and matrix RNA will be replaced by up to 1,000 ng of sample RNA.

166 Molecular Therapy: Methods & Clinical Development Vol. 20 March 2021

www.moleculartherapy.org

Review

http://refhub.elsevier.com/S2329-0501(20)30234-5/sref1
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref1
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref2
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref2
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref2
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref3
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref3
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-quality-non-clinical-clinical-aspects-gene-therapy-medicinal-products_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-quality-non-clinical-clinical-aspects-gene-therapy-medicinal-products_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-quality-non-clinical-clinical-aspects-gene-therapy-medicinal-products_en.pdf
https://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/11/WC500013424.pdf
https://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/11/WC500013424.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/international-conference-harmonisation-technical-requirements-registration-pharmaceuticals-human-use_en-10.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/international-conference-harmonisation-technical-requirements-registration-pharmaceuticals-human-use_en-10.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/international-conference-harmonisation-technical-requirements-registration-pharmaceuticals-human-use_en-10.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/international-conference-harmonisation-technical-requirements-registration-pharmaceuticals-human-use_en-2.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/international-conference-harmonisation-technical-requirements-registration-pharmaceuticals-human-use_en-2.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/international-conference-harmonisation-technical-requirements-registration-pharmaceuticals-human-use_en-2.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/international-conference-harmonisation-technical-requirements-registration-pharmaceuticals-human-use_en-2.pdf
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/human-gene-therapy-hemophilia
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/human-gene-therapy-hemophilia
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/human-gene-therapy-rare-diseases
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/human-gene-therapy-rare-diseases
http://www.moleculartherapy.org


10. FDA Department of Health and Human Services (2020). Long term follow-up after

administration of human gene therapy products: guidance for industry, https://www.

fda.gov/media/113768/download.

11. FDADepartment of Health and Human Services (2015). Design and analysis of shed-

ding studies for virus or bacteria-based gene therapy and oncolytic products: guid-

ance for industry, https://www.fda.gov/media/89036/download.

12. International Pharmaceutical Regulators Programme (2018). Expectations for bio-

distribution (BD) assessments for gene therapy (GT) products, https://admin.iprp.

global/sites/default/files/2018-09/IPRP_GTWG_ReflectionPaper_BD_Final_2018_

0713.pdf.

13. Bittorf, P., Bergmann, T., Merlin, S., Olgasi, C., Pullig, O., Sanzenbacher, R., Zierau,

M., Walles, H., Follenzi, A., and Braspenning, J. (2020). Regulatory-compliant valida-

tion of a highly sensitive qPCR for biodistribution assessment of hemophilia a patient

cells. Mol. Ther. Methods Clin. Dev. 18, 176–188.

14. Collaud, F., Bortolussi, G., Guianvarc’h, L., Aronson, S.J., Bordet, T., Veron, P.,

Charles, S., Vidal, P., Sola, M.S., Rundwasser, S., et al. (2018). Preclinical development

of an AAV8-hUGT1A1 vector for the treatment of Crigler-Najjar syndrome. Mol.

Ther. Methods Clin. Dev. 12, 157–174.

15. Chen, V.P., Gao, Y., Geng, L., Steele, M., Jenks, N., Peng, K.W., and Brimijoin, S.

(2020). Systemic safety of a recombinant AAV8 vector for human cocaine hydrolase

gene therapy: a good laboratory practice preclinical study in mice. Hum. Gene Ther.

31, 70–79.

16. Eruopean Medicines Agency (2012). Guideline on bioanalytical method validation,

https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-bioanalytical-

method-validation_en.pdf.

17. FDA Department of Health and Human Services (2018). Bioanalytical method vali-

dation: guidance for industry, https://www.fda.gov/media/70858/download.

18. Eruopean Medicines Agency (2019). Draft ICH guideline M10 on bioanalytical

method validation, https://www.ema.europa.eu/en/documents/scientific-guideline/

draft-ich-guideline-m10-bioanalytical-method-validation-step-2b_en.pdf.

19. Bustin, S.A., Benes, V., Garson, J.A., Hellemans, J., Huggett, J., Kubista, M., Mueller,

R., Nolan, T., Pfaffl, M.W., Shipley, G.L., et al. (2009). The MIQE guidelines: mini-

mum information for publication of quantitative real-time PCR experiments. Clin.

Chem. 55, 611–622.

20. Fandozzi, C., Evans, C., Wilson, A., Su, D., Anderson, M., Clausen, V., Dillen, L.,

Garofolo, F., Holliman, C., Nickbarg, E., et al. (2019). 2019 White paper on recent is-

sues in bioanalysis: chromatographic assays (part 1 – innovation in small molecules

and oligonucleotides & mass spectrometric method development strategies for large

molecule bioanalysis). Bioanalysis 11, 2029–2048.

21. Gorovits, B., Marshall, J.C., Smith, J., Whiteley, L.O., and Neubert, H. (2019).

Bioanalysis of adeno-associated virus gene therapy therapeutics: regulatory expecta-

tions. Bioanalysis 11, 2011–2024.

22. Bustin, S.A. (2004). Quantification of nucleic acids by PCR. In A to Z of Quantitative

PCR, S.A. Bustin, ed. (International University Line), pp. 3–48.

23. Raymaekers, M., Smets, R., Maes, B., and Cartuyvels, R. (2009). Checklist for optimi-

zation and validation of real-time PCR assays. J. Clin. Lab. Anal. 23, 145–151.

24. Fu, J., Li, D., Xia, S., Song, H., Dong, Z., Chen, F., Sun, X., and Tang, Z. (2009).

Absolute quantification of plasmid DNA by real-time PCR with genomic DNA as

external standard and its application to a biodistribution study of an HIV DNA vac-

cine. Anal. Sci. 25, 675–680.

25. Quan, P.L., Sauzade, M., and Brouzes, E. (2018). dPCR: a technology review. Sensors

(Basel) 18, 1271.

26. Iwobi, A., Gerdes, L., Busch, U., and Pecoraro, S. (2016). Droplet digital PCR for

routine analysis of genetically modified foods (GMO)—a comparison with real-

time quantitative PCR. Food Control 69, 205–213.

27. Demeke, T., and Dobnik, D. (2018). Critical assessment of digital PCR for the detec-

tion and quantification of genetically modified organisms. Anal. Bioanal. Chem. 410,

4039–4050.

28. Huggett, J.F., Foy, C.A., Benes, V., Emslie, K., Garson, J.A., Haynes, R., Hellemans, J.,

Kubista, M., Mueller, R.D., Nolan, T., et al. (2013). The digital MIQE guidelines: min-

imum information for publication of quantitative digital PCR experiments. Clin.

Chem 59, 892–902.

29. Pecoraro, S., Berben, G., Burns, M., Corbisier, P., De Giacomo, M., De Loose, M.,

Dagand, E., Dobnik, D., Eriksson, R., Holst-Jensen, A., et al. (2019). Overview and

recommendations for the application of digital PCR, https://ec.europa.eu/jrc/en/

publication/overview-and-recommendations-application-digital-pcr.

30. Dingle, T.C., Sedlak, R.H., Cook, L., and Jerome, K.R. (2013). Tolerance of droplet-

digital PCR vs real-time quantitative PCR to inhibitory substances. Clin. Chem. 59,

1670–1672.

31. Huggett, J.F., Novak, T., Garson, J.A., Green, C., Morris-Jones, S.D., Miller, R.F., and

Zumla, A. (2008). Differential susceptibility of PCR reactions to inhibitors: an impor-

tant and unrecognised phenomenon. BMC Res. Notes 1, 70.

32. FDA Department of Health and Human Services (2006). Guidance for industry: gene

therapy clinical trials—observing subjects for delayed adverse events, https://www.

ngvbcc.org/pdf/gtclin.pdf;jsessionid=64AFB5DB8805374241D9FFBBD0137CCF.

33. Organisation for Economic Co-operation and Development Series on Testing and

Assessment (2018). Guidance document on good in vitro method practices

(GIVIMP), https://www.oecd.org/env/guidance-document-on-good-in-vitro-method-

practices-givimp-9789264304796-en.htm.

34. Hartmann, C., Lennartz, K., Ibrahim, H., Ariel Coz, A., Kasper, Y., Lenz, C., Mathur,

D., and Marco, P. (2016). Stable 16-year storage of DNA purified with the QIAamp�

DNA blood mini kit, https://www.qiagen.com/us/resources/resourcedetail?

id=705c6944-4633-4101-8500-a6642d253a0e&lang=en.

35. Walther, W., Schmeer, M., Kobelt, D., Baier, R., Harder, A., Walhorn, V., Anselmetti,

D., Aumann, J., Fichtner, I., and Schleef, M. (2013). A seven-year storage report of

good manufacturing practice-grade naked plasmid DNA: stability, topology, and

in vitro/in vivo functional analysis. Hum. Gene Ther. Clin. Dev. 24, 147–153.

36. Hou, Y., Zhang, H., Miranda, L., and Lin, S. (2010). Serious overestimation in quan-

titative PCR by circular (supercoiled) plasmid standard: microalgal pcna as the model

gene. PLoS ONE 5, e9545.

37. Lin, C.H., Chen, Y.C., and Pan, T.M. (2011). Quantification bias caused by plasmid

DNA conformation in quantitative real-time PCR assay. PLoS ONE 6, e29101.

38. New England Biolabs (2020). Nucleic acid data, https://www.neb.com/tools-and-

resources/usage-guidelines/nucleic-acid-data.

39. Thermo Fisher Scientific. DNA and RNAmolecular weights and conversions. https://

www.thermofisher.com/us/en/home/references/ambion-tech-support/rna-tools-and-

calculators/dna-and-rna-molecular-weights-and-conversions.html.

40. Wang, Y., Keith, M., Leyme, A., Bergelson, S., and Feschenko, M. (2019). Monitoring

long-term DNA storage via absolute copy number quantification by ddPCR. Anal.

Biochem. 583, 113363.

41. Walker, J.A., Kilroy, G.E., Xing, J., Shewale, J., Sinha, S.K., and Batzer, M.A. (2003).

Human DNA quantitation using Alu element-based polymerase chain reaction.

Anal. Biochem. 315, 122–128.

42. Funakoshi, K., Bagheri, M., Zhou, M., Suzuki, R., Abe, H., and Akashi, H. (2017).

Highly sensitive and specific Alu-based quantification of human cells among rodent

cells. Sci. Rep. 7, 13202.

43. FDA Department of Health and Human Services (2013). Guidance for industry: pre-

clinical assessment of investigational cellular and gene therapy products, https://

www.fda.gov/media/87564/download.

44. Hengen, P.N. (1996). Carriers for precipitating nucleic acids. Trends Biochem. Sci. 21,

224–225.

45. FDA Department of Health and Human Services (2016). Food and Drug

Administration good laboratory practice for nonclinical laboratory studies, https://

www.fda.gov/media/99828/download.

46. FDA Department of Health and Human Services (2019). Code of federal regulations

title 21, https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?

fr=872.3490.

47. Piovesan, A., Pelleri, M.C., Antonaros, F., Strippoli, P., Caracausi, M., and Vitale, L.

(2019). On the length, weight and GC content of the human genome. BMCRes. Notes

12, 106.

48. Kralik, P., and Ricchi, M. (2017). A basic guide to real time PCR in microbial diag-

nostics: definitions, parameters, and everything. Front. Microbiol. 8, 108.

Molecular Therapy: Methods & Clinical Development Vol. 20 March 2021 167

www.moleculartherapy.org

Review

https://www.fda.gov/media/113768/download
https://www.fda.gov/media/113768/download
https://www.fda.gov/media/89036/download
https://admin.iprp.global/sites/default/files/2018-09/IPRP_GTWG_ReflectionPaper_BD_Final_2018_0713.pdf
https://admin.iprp.global/sites/default/files/2018-09/IPRP_GTWG_ReflectionPaper_BD_Final_2018_0713.pdf
https://admin.iprp.global/sites/default/files/2018-09/IPRP_GTWG_ReflectionPaper_BD_Final_2018_0713.pdf
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref13
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref13
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref13
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref13
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref14
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref14
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref14
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref14
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref15
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref15
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref15
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref15
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-bioanalytical-method-validation_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-bioanalytical-method-validation_en.pdf
https://www.fda.gov/media/70858/download
https://www.ema.europa.eu/en/documents/scientific-guideline/draft-ich-guideline-m10-bioanalytical-method-validation-step-2b_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/draft-ich-guideline-m10-bioanalytical-method-validation-step-2b_en.pdf
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref19
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref19
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref19
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref19
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref20
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref20
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref20
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref20
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref20
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref21
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref21
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref21
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref22
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref22
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref23
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref23
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref24
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref24
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref24
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref24
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref25
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref25
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref26
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref26
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref26
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref27
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref27
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref27
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref28
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref28
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref28
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref28
https://ec.europa.eu/jrc/en/publication/overview-and-recommendations-application-digital-pcr
https://ec.europa.eu/jrc/en/publication/overview-and-recommendations-application-digital-pcr
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref30
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref30
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref30
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref31
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref31
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref31
https://www.ngvbcc.org/pdf/gtclin.pdf;jsessionid=64AFB5DB8805374241D9FFBBD0137CCF
https://www.ngvbcc.org/pdf/gtclin.pdf;jsessionid=64AFB5DB8805374241D9FFBBD0137CCF
https://www.oecd.org/env/guidance-document-on-good-in-vitro-method-practices-givimp-9789264304796-en.htm
https://www.oecd.org/env/guidance-document-on-good-in-vitro-method-practices-givimp-9789264304796-en.htm
https://www.qiagen.com/us/resources/resourcedetail?id=705c6944-4633-4101-8500-a6642d253a0e&amp;lang=en
https://www.qiagen.com/us/resources/resourcedetail?id=705c6944-4633-4101-8500-a6642d253a0e&amp;lang=en
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref35
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref35
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref35
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref35
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref36
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref36
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref36
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref37
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref37
https://www.neb.com/tools-and-resources/usage-guidelines/nucleic-acid-data
https://www.neb.com/tools-and-resources/usage-guidelines/nucleic-acid-data
https://www.thermofisher.com/us/en/home/references/ambion-tech-support/rna-tools-and-calculators/dna-and-rna-molecular-weights-and-conversions.html
https://www.thermofisher.com/us/en/home/references/ambion-tech-support/rna-tools-and-calculators/dna-and-rna-molecular-weights-and-conversions.html
https://www.thermofisher.com/us/en/home/references/ambion-tech-support/rna-tools-and-calculators/dna-and-rna-molecular-weights-and-conversions.html
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref40
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref40
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref40
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref41
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref41
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref41
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref42
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref42
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref42
https://www.fda.gov/media/87564/download
https://www.fda.gov/media/87564/download
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref44
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref44
https://www.fda.gov/media/99828/download
https://www.fda.gov/media/99828/download
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=872.3490
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=872.3490
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref47
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref47
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref47
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref48
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref48
http://www.moleculartherapy.org


49. Forootan, A., Sjöback, R., Björkman, J., Sjögreen, B., Linz, L., and Kubista, M. (2017).

Methods to determine limit of detection and limit of quantification in quantitative

real-time PCR (qPCR). Biomol Detect. Quantif. 12, 1–6.

50. Johnson, G., Nolan, T., and Bustin, S.A. (2013). Real-time quantitative PCR, pathogen

detection and MIQE. Methods Mol. Biol. 943, 1–16.

51. Taylor, S.C., Nadeau, K., Abbasi, M., Lachance, C., Nguyen, M., and Fenrich, J.

(2019). The ultimate qPCR experiment: producing publication quality, reproducible

data the first time. Trends Biotechnol. 37, 761–774.

52. Bessetti, J. (2007). An introduction to PCR inhibitors. Vol 10, https://www.promega.

com/resources/profiles-in-dna/2007/an-introduction-to-pcr-inhibitors.

53. Opel, K.L., Chung, D., and McCord, B.R. (2010). A study of PCR inhibition mecha-

nisms using real time PCR. J. Forensic Sci. 55, 25–33.

54. Wilson, I.G. (1997). Inhibition and facilitation of nucleic acid amplification. Appl.

Environ. Microbiol. 63, 3741–3751.

55. Seelenfreund, E., Robinson, W.A., Amato, C.M., Tan, A.C., Kim, J., and Robinson,

S.E. (2014). Long term storage of dry versus frozen RNA for next generation molec-

ular studies. PLoS ONE 9, e111827.

168 Molecular Therapy: Methods & Clinical Development Vol. 20 March 2021

www.moleculartherapy.org

Review

http://refhub.elsevier.com/S2329-0501(20)30234-5/sref49
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref49
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref49
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref50
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref50
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref51
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref51
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref51
https://www.promega.com/resources/profiles-in-dna/2007/an-introduction-to-pcr-inhibitors
https://www.promega.com/resources/profiles-in-dna/2007/an-introduction-to-pcr-inhibitors
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref53
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref53
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref54
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref54
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref55
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref55
http://refhub.elsevier.com/S2329-0501(20)30234-5/sref55
http://www.moleculartherapy.org

	qPCR and qRT-PCR analysis: Regulatory points to consider when conducting biodistribution and vector shedding studies
	Outline placeholder
	qPCR and qRT-PCR
	qPCR and digital PCR
	Method development
	Preparation of standard
	Primer and probe design
	Primer testing and optimization

	Method development for DNA isolation
	Evaluation run

	Method validation
	Core validation
	Matrix effect
	Recovery testing
	Stability testing

	Sample analysis
	Recommendations and acceptance criteria for assay validation and sample analysis
	qRT-PCR method development, validation, and sample analysis
	Conclusions

	Acknowledgments
	Author contributions
	Author contributions
	References


