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ORIGINAL ARTICLE

Synthetic certiﬁed DNA reference material for analysis of
human erythropoietin transgene and transcript in gene doping
and gene therapy
A Baoutina1, S Bhat1, M Zheng2, L Partis1, M Dobeson1, IE Alexander2,3 and KR Emslie1
There is a recognised need for standardisation of protocols for vector genome analysis used in vector manufacturing, to establish
dosage, in biodistribution studies and to detect gene doping in sport. Analysis of vector genomes and transgene expression is
typically performed by qPCR using plasmid-based calibrants incorporating transgenic sequences. These often undergo limited
characterisation and differ between manufacturers, potentially leading to inaccurate quantiﬁcation, inconsistent inter-laboratory
results and affecting clinical outcomes. Contamination of negative samples with such calibrants could cause false positive results.
We developed a design strategy for synthetic reference materials (RMs) with modiﬁed transgenic sequences to prevent false
positives due to cross-contamination. When such RM is ampliﬁed in transgene-speciﬁc assays, the amplicons are distinguishable
from transgene’s amplicons based on size and sequence. Using human erythropoietin as a model, we produced certiﬁed RM
according to this strategy and following ISO Guide 35. Using non-viral and viral vectors, we validated the effectiveness of this RM in
vector genome analysis in blood in vitro. The developed design strategy could be applied to production of RMs for other
transgenes, genes or transcripts. Together with validated PCR assays, such RMs form a measurement tool that facilitates
standardised, accurate and reliable genetic analysis in various applications.
Gene Therapy (2016) 23, 708–717; doi:10.1038/gt.2016.47

INTRODUCTION
After over 30 years, gene therapy has recently demonstrated the
ability to treat human disease. With a dozen clinical successes and
one gene therapy ‘drug’ approved in the West, interest in this new
medicine is growing among clinicians, the scientiﬁc community
and in the investment market.1 To be approved for clinical use,
gene therapy products and protocols undergo rigorous review by
researchers and regulators to assess quality, efﬁcacy and safety.
These criteria depend on the reliable and accurate analysis of the
gene therapy ‘drug’, a vector that carries a nucleic acid sequence
with the potential to produce a therapeutic effect, and of the
transferred gene expression post administration. Optimised and
validated methods providing high accuracy in vector quantiﬁcation are required by vectors’ manufacturers and to determine
dosage, monitor biodistribution and shedding and to achieve
results comparability between laboratories.2,3
Successes in gene therapy have been watched by those who
contemplate using gene transfer technology for non-therapeutic
purposes. Gene doping, a potential illegitimate application of
gene transfer to gain advantage in sport, has been on the radar of
world anti-doping authorities, particularly of the World AntiDoping Agency (WADA), for over a decade. Signiﬁcant efforts to
develop a test for gene doping have recently produced promising
tools that directly target doping genetic material.4–7 To be
implemented in doping control, these methods have to meet
WADA’s stringent accreditation criteria. This requires the method
to be reliable, reproducible and to be validated to ensure it can
withstand legal scrutiny.

The methodology most frequently used in analysis of gene
therapy vectors, transgene expression or proposed for gene
doping surveillance is based on the PCR. Whether quantitative
PCR (qPCR), as in many applications in gene therapy, or
qualitative, providing a binary ‘yes’ or ‘no’ answer, as in doping
control, the method requires standards. These are used as quality
controls in DNA extraction and PCR to monitor that the method
performs as intended. In quantitative analysis, a standard with
assigned concentration (a calibrant) is used to construct a
standard curve; the determined concentration of the vector is
then traced to this calibrant. Digital PCR (dPCR) allows the
absolute quantiﬁcation of a target in copy number units without
reference to a calibrant. However, there have been only a few
reports of the use of this technology to determine the vector
titre,5,8,9 and its limited availability and reported lower sensitivity
and cost- and time-efﬁciency compared with real-time PCR (Nixon
et al.10 and Pavsic et al.11 and references 7, 9, 36, 38 and 39 in
Pavsic et al.11), may restrict wide acceptance of dPCR for vector
analysis in clinical samples, at least in the short term.
The standards used in vector genome or transgene expression
analysis are typically based on a plasmid DNA (pDNA), which
contains transgenic sequences, for example transcriptional
elements or a complementary DNA (cDNA) for a therapeutic
gene.2–4,6,7 Internal laboratory standards often undergo limited
characterisation for quantity and quality, and this potentially
hinders comparison and reproducibility of results obtained with
vectors from different lots or sources and across time and
methods. Moreover, in the case of accidental contamination of

1
National Measurement Institute, Lindﬁeld, New South Wales, Australia; 2Gene Therapy Research Unit, The Children’s Hospital at Westmead and Children’s Medical Research
Institute, Westmead, New South Wales, Australia and 3Discipline of Child and Adolescent Health, The University of Sydney, New South Wales, Australia. Correspondence:
Dr A Baoutina, National Measurement Institute, 36 Bradﬁeld Road, Lindﬁeld, New South Wales 2070, Australia.
E-mail: anna.baoutina@measurement.gov.au
Received 2 May 2016; accepted 24 May 2016; accepted article preview online 7 June 2016; advance online publication, 21 July 2016

Reference material for hEPO transgene analysis
A Baoutina et al

709
negative samples with such controls, false positive results could
be obtained. Sample cross-contamination with positive controls or
even with foreign DNA can occur and lead to false positive results
despite best preventative efforts.6,12 In gene therapy, this could
lead to incorrect data interpretation. In gene doping testing, such
standards may not meet rigorous accreditation requirements for a
routine method.
With these limitations of the conventional approach to
reference material (RM) production in mind, we sought an
alternate methodology that would improve the accuracy and
reliability of transgene analysis in gene therapy and gene doping.
Our goal was to develop a design strategy for synthetic DNA RMs
that contain modiﬁed transgenic sequences with the intention of
preventing false positive results due to cross-contamination. The
unique design would allow the RM to be detected with the same
efﬁciency as the transgene. Yet, when such RM is ampliﬁed in
transgene-speciﬁc assays, the amplicons would differ in size and
sequence, and these differences could be established in post-PCR
DNA fragment size analysis (DNA-FSA) and, if required, sequencing. This would permit discrimination between true and false
positive results. As the human erythropoietin (hEPO) gene is
considered one of the most likely candidates for gene doping, we
used it as a model and aimed to design and produce a synthetic
RM according to this strategy suitable for measurements of hEPO
transgene using previously developed and validated PCR assays
against several target sequences.4,5 In a search for the most
suitable format of the RM, our goal was to produce the RM for the
EPO transgene (RM-EPO) in three forms: circular and linear
plasmid and a DNA fragment. Synthetic plasmid-based RM is a
common type of RM used in various applications. To improve
accuracy and reliability of transgene analysis, we characterised the
RM according to ISO Guide 35(ref. 13) using dPCR and massively
parallel sequencing (MPS). Finally, using the EPO transgene carried
by non-viral and viral vectors, we validated the effectiveness of the
RM in transgene analysis in blood in vitro. Our ultimate goal was to
develop a validated measurement system for the hEPO transgene
to enable its standardised, accurate and reliable analysis. We
envisioned that this system can serve as a prototype for
development of measurement tools for other transgenes, genes
or transcripts in applications where the accuracy and reliability of
nucleic acid analysis is vital.
RESULTS
Design of the RM sequence
The central principle of the RM design is that in the transgenespeciﬁc PCR assays it ampliﬁes with similar efﬁciency to the
transgene, yet, the amplicons from the RM and the transgene
differ in size and sequence, allowing easy identiﬁcation. The main
element in the RM-EPO was a synthetic reference sequence (RS)
that incorporates ﬁve Assay-RS (ARS), one for each PCR assay. The
key criteria in each ARS design were that it contains unaltered
sequences for binding the assay’s oligonucleotides, but the
sequences between these sites and the length of the amplicon
from the ARS were different from those for the amplicon from the
transgene. This allows their identiﬁcation using DNA-FSA and, if
required, sequencing.
To facilitate similar PCR ampliﬁcation efﬁciency of the RM and
the transgene, each ARS had similar GC content and melting
temperature to the corresponding transgene target and its
secondary structure did not hinder ampliﬁcation. To avoid nonspeciﬁc ampliﬁcation, the RM did not contain any sequences
homologous to the transgene-speciﬁc assays other than the
intended sequence within the relevant ARS. Other design criteria
are described in Materials and methods.
The size of each ARS was selected to ensure that the amplicons
from the transgene and the RM would be reliably distinguished
© 2016 Macmillan Publishers Limited, part of Springer Nature.

using three DNA-FSA platforms (see Materials and methods).
Each ARS was then designed by either removing several bases
from the assay template in cDNA-EPO (assays 1, 2 and 5) or
inserting short sequences into the assay template (assays 3 and 4),
ensuring that the design criteria were met. The ﬁve ARS were in
silico assembled into the RS together with three 10-base pair (bp)
spacers between ARS2 and 5. The ﬁnal RS within a commercial
cloning vector (see Materials and methods) was analysed in silico
to ensure all criteria of the RM design were met. Figure 1 shows
schematic depiction of the RS and the RM. Circular and linear
plasmid forms of the RM (RM1 and RM2, respectively) were
supplied by Blue Heron. The fragment form (RM3) was generated
in-house.
Testing performance of the RM in transgene-speciﬁc PCR assays
Performance of the PCR assays with the RM as a template was
studied using standard curve analysis and compared with that for
the transgene in pDNA-EPO (reported in Baoutina et al.4,5).
Ampliﬁcation efﬁciency for all templates in Assays 1–5 was close
to, or above, 90%, while the coefﬁcient of correlation (R2)
was above 0.94. Ct (cycle threshold) values for equal amounts of
any form of the RM or pDNA-EPO were similar. When the four
templates at the two lowest concentrations (Supplementary
Table S1) were considered collectively, no pattern of one template
consistently returning lower Ct than other templates was
observed. This conﬁrmed that assays’ sensitivity in detecting the
RM or the transgene in pDNA-EPO was similar. The mix of the
transgene and the RM at one to one copy number ratio ampliﬁed
as the double amount of one template (data not shown),
indicating that transgene ampliﬁcation was unaffected by the
presence of the RM in a sample (and vice versa). In DNA-FSA,
the samples with one template showed one major product of the
expected size, while the samples with two templates showed two
well-separated major products of the relevant size (Figure 2). Thus,
as was intended by design, the RM ampliﬁed in the transgenespeciﬁc assays similarly to the transgene, analysis of the transgene
was not compromised by the presence of the RM and the
amplicons from each template were clearly distinct based on
the size.
RM characterisation and value assignment
The bulk solution of each form of the RM, prepared based on the
concentration determined by spectrophotometry at 260 nm, was
quantiﬁed by droplet dPCR (ddPCR) (Supplementary Figure S1).
A similar concentration of each ARS indicated that the RM
contained one copy of each target. RM identity was veriﬁed by
Sanger sequencing at Blue Heron (RM1, RM2) or in-house (RM3)
and by MPS (RM1 and RM2). In-house alignment of the
sequencing data against the designed RS conﬁrmed 100%
homology. RM purity was assessed using spectrophotometry
and analysis of E. coli genomic DNA (gDNA) using ddPCR for
the 16S ribosomal RNA gene (16S) and 454 chemistry MPS. The
A260/A280 for RM1–3 was ⩾ 1.85, while A260/A230 was 1.83
(RM1), 1.45 (RM2) and 1.69 (RM3), suggesting that the RM was of
sufﬁcient purity in relation to non-DNA contaminants. High
ampliﬁcation efﬁciency of the RM in transgene-speciﬁc assays
also indicated unlikely signiﬁcant contamination with proteins or
chemicals from DNA extraction. The amount of bacterial DNA in
RM1 and RM2 from 16S ddPCR was calculated to be maximum
0.28 and 0.14%, respectively (copies of the E. coli 16S target to
copies of EPO RS expressed as percentage (cp/cp, %)) (see
Materials and methods). RM3 did not contain detectable E. coli
DNA. For the MPS, E. coli DNA in RM1 and RM2 was calculated to
be present at, respectively, 5.1 and 3.5% (the percentage of reads
mapped to the E. coli genome (NCBI database, U00096.2) relative
to combined reads mapped to the E. coli genome and the RS for
the RM). It is important to note that direct comparison of the
Gene Therapy (2016) 708 – 717
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Figure 1. Schematic depiction of the designed RM. (a) RS comprises ﬁve ARS for ﬁve EPO transgene-speciﬁc PCR assays and spacers (S), and is
ﬂanked by polylinkers (PL) and sequences for the M13 primers (M13). (b) Three forms of the RM with approximate locations of the site for ScaI
used to linearise the circular plasmid and of the pUC assay. The oligonucleotides forming each assay are schematically shown as a one-sided
arrow (primers) or a single line with a star head (probe). The bars representing different fragments (e.g., ARS, S and PL) are not scaled with
respect to their relevant sizes. Similar pattern within sections of different ARS indicates that the relevant fragments have complementarity to
the same exon within cDNA-EPO.

results on the level of E. coli DNA in RM1–2 from the two methods
should not be made because the results are generated in different
measurement units. Although both approaches are not devoid of
shortcomings (see Materials and methods), as qPCR is commonly
used to analyse residual bacterial gDNA in plasmid preparations,14
it was reasonable to conclude that the three RMs were of very
high purity.
An essential requirement for any RM is to demonstrate that the
units of RM are sufﬁciently homogeneous. The results of
homogeneity testing for RM1–3 (Supplementary Figure S2)
showed no outlying unit means or trends in the ﬁlling sequences.
The F-test suggested that the three forms of the RM were
homogeneous. The average concentration value from homogeneity assessment was assigned as the copy number concentration
from characterisation of the batch of each RM (Table 1).
Homogeneity relative standard uncertainty, ub,rel, and relative
uncertainty in characterisation of the batch, uchar,rel, were
calculated as described in Materials and methods.
Gene Therapy (2016) 708 – 717

The stability study was required to establish conditions for RM
distribution (short-term stability, STS) and storage (long-term
stability, LTS). During 2-week storage, RM1 was stable at − 80, − 20
and 4 °C, while RM2 and RM3 were stable at 4 °C, but unstable at
− 80 or − 20 °C (Supplementary Figures S3–S5). At 40 °C, the
concentration values for RM1 and RM2 at 2 weeks were slightly
higher than at the start of the incubation (Supplementary Figures
S3d and S4d). These results were attributed to evaporation of the
diluent, as subsequent gravimetric analysis of vials with TE0.1
buffer stored at 40 °C for 2 weeks demonstrated a 12.4% (n = 7)
mass decrease. Thus, 4 °C was set as the RM distribution
temperature. In the LTS study (Supplementary Figures S3–S5),
RM1–3 were stable for 50 weeks at 4 and − 80 °C using a linear
trend.13 For storage at − 20 °C, RM2 did not show a signiﬁcant
linear trend over time (P = 0.075) due to the variability in
results over time and consequent large uncertainty in the slope
of the regression line, while RM1 and RM3 were unstable.
Considering the results for STS and LTS, we recommend storage
© 2016 Macmillan Publishers Limited, part of Springer Nature.
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Figure 2. DNA-FSA on MultiNA of products from transgene-speciﬁc PCR assays using pDNA-EPO, RM or their mixture as a template. pDNA-EPO
or/and RM (one of the three forms) were added to PCR at 160 cp per reaction; in their mixture, a total amount of template was 320 cp per
reaction. (a) Gel for all ﬁve assays. (b) Corresponding overlayed electropherograms for assays 3 and 5. (c) The size of amplicons produced in
ﬁve assays from the EPO transgene and RM-EPO. Due to limited resolution of the printed image, the band corresponding to RM in the samples
containing both pDNA and RM and ampliﬁed in assay 2 is very faint, although it is clearly visible on the original gel and overlayed
electropherogram. pDNA, plasmid incorporating the EPO transgene (pDNA-EPO); NEG, negative sample.

Table 1. Assigned values and their uncertainties for the copy number concentration of three forms of the RM-EPO with recommended storage
temperature of 4 °C and shelf life of 2 years from production

RM concentration obtained from characterisation of the batch (assigned value)
Characterisation relative standard uncertainty
Homogeneity relative standard uncertainty
Long-term stability relative standard uncertainty
Relative expanded uncertainty for the assigned value
Expanded uncertainty of the assigned value

xchar
uchar,rel
ub,rel
ults,rel
URM,rel
URM

−1

cp μl
%
%
%
%
cp μl − 1

RM1

RM2

RM3

4100
3
1.1
11
32
1300

3970
1.8
1.1
5.5
15
600

4030
3.3
2.1
1.1
8.4
340

Abbreviations: EPO, erythropoietin; RM, reference material. Expanded uncertainties (calculated using a coverage factor k between 2.1 and 2.8, see Materials
and methods) are rounded to two signiﬁcant ﬁgures; the assigned values are rounded to match the level of signiﬁcance of the expanded uncertainty.

of the three forms of the RM at 4 °C. The reasons for decrease of
the measured amount of the RMs during storage at − 20 °C are
currently being investigated.
The assigned value and associated uncertainty for the copy
number concentration for each form of RM-EPO, considering the
RM storage at 4 °C and a shelf life of 2 years from characterisation,
are presented in Table 1.
In vitro validation of the generated RM in qualitative analysis of the
EPO transgene in blood
Within the scope of this study, we validated the RM in the
complete method for qualitative vector analysis in blood (as
would apply to gene doping testing), from sample processing to
PCR detection; some semi-quantitative parameters of the analysis
were also monitored. Using mimic positive and negative blood
© 2016 Macmillan Publishers Limited, part of Springer Nature.

samples, we aimed to verify that the result matched the nature of
the sample. We used two vectors carrying the EPO transgene, nonviral (naked pDNA-EPO) and viral (recombinant adeno-associated
virus vector, AAV-EPO), and tested two matrices, plasma and
peripheral blood mononuclear cells (PBMC). The choice of these
matrices is explained in Materials and methods.
Detection in plasma. Pooled results from three donors are shown
in Figures 3a and b. All positive, positive contaminated with RM
and negative contaminated with RM samples (prepared as in
Materials and methods) returned positive PCR results, although for
some samples, one or two PCR replicates did not amplify. Low
variability between donors (low standard error of the mean, SEM)
points to method robustness for different individuals. In each
assay, equal amounts of the spiked RM or the vector gave similar
Ct, indicating their similar recovery from blood. The Ct values for
Gene Therapy (2016) 708 – 717
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Figure 3. Method validation in blood. Ct values in transgene-speciﬁc assays for samples of blood from three donors spiked with the RM (one
of the three forms), a transgene-carrying vector or both. (a, b) Validation experiments using plasma as a matrix and either (a) non-viral (pDNAEPO) or (b) viral (AAV-EPO) vector. (c) Validation experiments using PBMC as a matrix and AAV-EPO vector. The values shown are the average
Ct and their standard error of the mean (s.e.m.) for three donors obtained in each PCR assay performed in triplicate (a, b) or in duplicate (c) (in
(a, b), n = 9, except for conditions marked with *(n = 8), ^(n = 7) or #(n = 6), where one or two replicates from samples from one or two donors
did not amplify; in (c), n = 6). The ﬁnal concentrations of the material spiked in blood were (a) 250 cp ml − 1 for pDNA or the RM each, alone or
in a mixture; (b) 125 cp ml − 1 for AAV or 250 cp ml − 1 for the RM each, alone or in a mixture; (c) AAV cells were prepared as described in
Materials and methods, the RM was added at 200 000 cp per cell pellet (106 cells) before DNA extraction from the cells. Ct, cycle threshold;
pDNA and AAV refer to plasmid or adeno-associated virus vector carrying the EPO transgene (pDNA-EPO or AAV-EPO).

positive samples were similar in assays 1–4, but slightly higher in
assay 5. PCR-positive control (PCR-PC), however, returned similar
Ct values in ﬁve assays (Supplementary Figure S8a), suggesting
that higher Ct for plasma extracts in assay 5 may be attributed to
its modest inhibition by matrix compounds. Negative samples and
no template controls (NTC) were negative, except for one replicate
of a negative sample, which ampliﬁed in assay 1 (Ct 40.6).
Veriﬁcation of the origin of this ampliﬁcation is described below.
Detection in PBMC. Pooled results from three donors, in which
assays 1 and 2 were used, are shown in Figure 3c. All samples from
donors 1 and 2 containing the transgene or the RM and most of
such samples from donor 3 were positive in PCR. AAV cells gave
higher Ct than other samples and these samples from donor 3 did
not amplify in assay 2. This is explained by the fact that although
PBMC were exposed to 200 000 viral genomes, only a fraction of
these was associated with cells after overnight incubation and
extensive washes. All other samples were spiked with 200 000 cp
RM immediately before DNA extraction and, thus, contained a
higher amount of the template. Ct values of around or above 35
for AAV cells point to a very low copy number of the target.
Considering this, the lack of ampliﬁcation of AAV cells from donor
3 is explained by a sampling error from stochastic distribution of
low copy number template molecules.15 As in the experiments
Gene Therapy (2016) 708 – 717

with plasma, low variability between donors (low SEM) pointed to
method robustness. All replicates of negative samples, negative
extraction control and NTC were negative.
Veriﬁcation of PCR product identity in DNA-FSA. Next, we veriﬁed
that, in analysis of blood samples, amplicons from the RM
and the transgene are distinguishable based on the size using
three analytical platforms (Figure 4 and Supplementary Figures S6
and S7 show representative results from selected assays).
The negative samples and NTC did not have products of the
relevant size.
As mentioned above, one PCR replicate of the negative plasma
returned positive result. DNA-FSA (Bioanalyzer) (Figure 4) showed
that the amplicon in that replicate had the size of an amplicon
from pDNA-EPO, indicating that PCR ampliﬁcation was due to
contamination of this sample by the positive sample analysed on
the same PCR plate. The contamination probably occurred
through aerosol formation during sample loading into the plate.
This suggests that, despite the best laboratory practices, including
physical separation of procedures involving low and high levels of
an ampliﬁable template and use of molecular biology grade
reagents and consumables, correct techniques for sample
handling and pipetting, and appropriate plate layout and loading
sequence, a chance of contamination exists. This example further
© 2016 Macmillan Publishers Limited, part of Springer Nature.
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Table 2. The use of the RM in the inhibition control in analysis of
blood samples
Ct(IC) − Ct(PCR-PC)
Assay 1 Assay 2 Assay 3 Assay 4 Assay 5
a

Average of 10 samples
Rangeb

1.1
1.6
1.8
1.2
2.2
0.7–1.6 1.1–2.0 0.9–2.7 0.5–1.9 0.0–4.8

Abbreviation: RM, reference material. Ct(IC) refers to the average Ct value
(n = 2) for wells containing a 1:1 (v/v) mixture of two materials, the RM and
DNA extract from blood plasma. Ct(PCR-PC) refers to the average Ct value
(n = 2) for the wells containing only the RM in the amount twice as much as
in the IC. For the matrix that does not inhibit ampliﬁcation in PCR assay, the
Ct(IC) − Ct(PCR-PC) is expected to be close to 1. aThe values shown are the
difference between the average Ct (cycle threshold) values for the inhibition
control (IC) and PCR-positive control (PCR-PC) in analysis of non-spiked with
the transgene blood samples from 10 donors in 5 EPO transgene-speciﬁc
PCR assays. bThe lowest and the highest (Ct(IC) − Ct(PCR-PC)) values in the
group of 10 blood samples.

Figure 4. Veriﬁcation of PCR product identity in a single false
positive PCR result using DNA-FSA. Representative samples from the
validation experiment in which one PCR replicate (replicate (2)) of a
negative sample from one donor (d1) returned positive PCR result in
assay 1 were analysed on Bioanalyzer (see Materials and methods).
NEG, negative sample; NTC, no template control; pDNA, plasmid
incorporating the EPO transgene; RM, reference material.

highlights the need for the developed RM, as it precludes the use
in the laboratory of a plasmid carrying the transgene and prevents
false positive results.
Use of the RM in inhibition control. Inhibition control (IC) allows
assessment of the effect on PCR ampliﬁcation of impurities
derived from biological sample (‘matrix effect’). To use the RM in
the IC, a known amount of the RM is spiked with the sample DNA
extract and the Ct values from this ampliﬁcation and the
ampliﬁcation of the RM alone are compared. Signiﬁcant inhibition
can lead to false negative results, making the analysis invalid.
Table 2 shows the results of the IC analysis of 10 blood samples.
For each assay, the ‘matrix effect’ was negligible and did not lead
to false negative results.
Summary of method validation results. As summarised in
Supplementary Table S2, all replicates of negative samples, except
one, and every NTC and negative extraction control were negative
in PCR. A single false positive replicate with high Ct was attributed
to contamination with pDNA-EPO. Since the second PCR replicate
of the sample did not amplify in PCR, the sample was reported
negative. All samples that contained the transgene or/and the RM
gave positive result in PCR. In the DNA-FSA, 162 conditions were
tested on Bioanalyzer or MultiNA; out of these, 51 were analysed
using agarose gel. All these samples showed a match of the
products’ size to the spiked template(s). Thus, we veriﬁed that
detection of positive or negative samples in the EPO transgene
analysis using the developed PCR-based methodology and the RM
was not compromised by samples’ cross-contamination with the
RM. When contamination of samples with the RM was mimicked,
the amplicons from the transgene and the RM were distinguishable as intended by the RM design.
Use of the RM to assess stability and robustness of the
measurement system for vector analysis
Two roles of the developed RM in transgene analysis are as
PCR-PC and as positive extraction control (PEC). Monitoring Ct for
these controls allows veriﬁcation of the correct preparation of PCR
master mix and of the right PCR performance (for PCR-PC), and
© 2016 Macmillan Publishers Limited, part of Springer Nature.

veriﬁcation that DNA extraction is performed as intended (for
PEC). It also provides information about the stability and
robustness of the PCR measurement system and the whole
detection method, when inevitable variations in the method
(for example, different lots of PCR master mix, assays’ oligonucleotides or extraction reagents, or change of an analyst) can affect
the system. The low variability of Ct values for PCR-PC (RM2)
observed in validation experiments and in ongoing monitoring
(Supplementary Figure S8a) demonstrates stability and robustness
of our measurement system. In the context of this study, the
matrix samples spiked with the RM could be classiﬁed as PEC,
although normally PEC would be made by spiking the RM into a
buffer. Thus, we used the results for this sample type from
validation experiments with plasma to assess the method’s
robustness. For each assay, low SEM for the PEC’s Ct values
pooled for all donors (Supplementary Figure S8b) demonstrates
that the RM recovery from blood from different donors (between 6
and 8) was similar. This supports the method’s robustness for
individuals and over time. The similarity of the Ct values for three
forms of the RM, again, demonstrates their similar performance
(Supplementary Figure S8a). In pooled results for PEC, the
marginally higher Ct in assay 5 (Supplementary Figure S8b), again,
points to slightly lower detection sensitivity of this assay in DNA
extracts from blood. On the other hand, the fact that, for some
samples, negative replicates were observed for other assays
(assays 2–4) (Figure 3), even though the average Ct values in these
assays were lower than in assay 5, suggests that at low amount of
the target, the assay’s detection accuracy is affected by a sampling
error from stochastic distribution of low copy number template
molecules.
DISCUSSION
As gene therapy is gaining acceptance as a new medicine, there is
a recognised need to standardise protocols that affect efﬁcacy,
toxicology and pharmacokinetics of gene therapy ‘drugs’. Among
these protocols, accurate analysis of gene therapy vectors is of
crucial importance. In addition, standardised and reliable methods
are required to detect transgenes illegitimately used to enhance
athletic performance, as these tests will be subject to intense legal
scrutiny. RMs underpin high quality measurement. Recognition of
the need for these standards in the ﬁeld of gene therapy has led
to the development of several RMs for speciﬁc viral vectors.2,3
Similarly, the need for suitable speciﬁc RM has been stressed in
molecular genetics and infectious disease testing (reviewed in
Holden et al.16). The goal of the current study was to design,
Gene Therapy (2016) 708 – 717
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produce and characterise a unique synthetic RM suitable for
vector-independent measurements of transgenic DNA. Vector
independence is particularly important in gene doping surveillance, as the nature of the vector used for gene transfer is
unknown. To choose the most suitable form of the DNA RM, we
compared three forms, a circular and a linear plasmid form and a
shorter DNA fragment form. hEPO transgene in two vectors (viral
and non-viral) was used as a model and the measurement system
consisted of ﬁve validated qPCR assays targeting cDNA-EPO. The
system is used in a test for EPO gene doping, currently being
implemented in doping control in sport. It is also applicable to
vector analysis in EPO gene therapy for severe anaemia associated
with renal failure, HIV-AIDS or cancer chemotherapy. The unique
RM design allows its detection with the same efﬁciency as the
transgene. Yet, as the PCR amplicons from the RM and the
transgene differ in size and sequence, they can be distinguished in
case of cross-contamination, precluding false positive results. This
differentiates our RM from traditional laboratory controls based on
gene’s cDNA.
The RM quantity was measured as the copy number
concentration by quantifying multiple targets within the RM.
Sanger sequencing and MPS conﬁrmed the RM sequence identity;
the three forms were of high purity. The material was shown to be
homogenous with low relative uncertainty of each batch from
characterisation study. The stability study indicated that to remain
stable for 50 weeks, all forms of the RM should be stored at 4 °C.
We assigned the copy number concentration value to each RM
batch with the associated expanded uncertainty, considering a
shelf life of 2 years from production. The relative expanded
uncertainties were 32% (RM1), 15% (RM2) and 8.4% (RM3).
We validated the complete method for qualitative analysis of
the EPO transgene, from blood sample processing to PCR
detection using two vectors (viral and non-viral), two sample
matrices (plasma and PBMC), multiple donors and ﬁve PCR assays.
In each analysis, the result was in agreement with the nature of
the sample. We conﬁrmed that the RM does not mask detection of
the transgene and does not produce false positive results if it
cross-contaminates a sample. We also showed that the extraction
recovery from plasma of the RM and of transgenic genetic
material from either vector spiked into blood is comparable. With
regard to the measurement system, we demonstrated that for
blood samples ampliﬁcation efﬁciency for all ﬁve EPO transgenespeciﬁc PCR assays was comparable within sampling error.
Importantly, we observed low variability in results between
donors, which points to method robustness. Stability of the PCR
measurement system was established through the consistent
performance of PCR-PC over 1.5 years. Similar performance of the
three forms of the RM in the full method suggests that any form
can be used as the RM in transgene or vector analysis. However,
considering reports that linearised plasmid ampliﬁes in PCR with
higher efﬁciency than circular plasmid,5,17 the RM in the linear
plasmid form (RM2) may be preferred for broader applications.
The signiﬁcance of the generated certiﬁed RM is in its ability to
improve reliability and accuracy of analysis of the EPO transgene
in gene doping and gene therapy. First, this RM is highly
characterised and has an assigned value and uncertainty for the
copy number concentration. Second, due to its unique design, it
precludes the possibility of false positive results from RM
contamination. As was modelled in this study, the RM can serve
in quality control as PCR-positive control, PEC and IC. The RM can
also be used to validate internal laboratory standards, provide
metrological traceability to the International System of Units and
to calibrate and validate laboratory measurement system.
The RM can be a valuable tool in development, validation or
veriﬁcation of new methods for transgene analysis (for example,
aptamer-based immuno-PCR) or in optimising and comparing
DNA extraction kits for biological matrices. In addition, it can be
utilised in inter-laboratory studies and comparisons, and in
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proﬁciency testing, and as a calibrator in vector quantiﬁcation in
gene therapy applications. The adoption of this RM avoids the
need to use standards based on unmodiﬁed transgene, which
could potentially contaminate the laboratory environment. The
only prerequisite for various applications to beneﬁt from our RM
would be that the oligonucleotides used in PCR assays for vector
analysis match the RM design. This restriction, however, is likely to
be advantageous for reliable vector genome analysis, as
standardisation of a measurement system has been shown to
improve consistency of results in inter-laboratory studies and to
facilitate comparable outcomes from different investigators.2,3
Standardisation of PCR assays together with utilisation of a RM
have also been suggested for improving nucleic acid testing in
other applications.18,19 Speciﬁc to gene doping, the RM will
facilitate implementation of a PCR-based routine test for EPO gene
doping that is able to withstand legal scrutiny.
The modiﬁed sequence design strategy that we have developed
can be easily adapted to generate synthetic nucleic acid RMs for
analysis of any transgene. The design principle can be extended to
generate a RM that contains modiﬁed sequences from several
transgenes, so that one RM could be used for simplex or multiplex
analysis of multiple transgenes or vectors. This not only simpliﬁes
and economises RM production, but completely avoids the use of
conventional standards that could potentially contaminate the
laboratory environment. Apart from analysis of transgenes, our
strategy could be used in developing RMs for other applications
that rely on PCR-based analysis of genetic material, for example,
analysis of genetically-modiﬁed organisms, microorganism and
viruses, or genetic disorders. The design strategy could also be
utilised in gene expression analysis. In this case, the RS can
incorporate modiﬁed sequences for transcripts of one or several
target and control genes. This will reduce the number of calibrants
required for analysis and decrease the contribution of
the calibrator in the measurement uncertainty.20 Similarly, this
approach could be applied to the development of gene doping
detection method based on the analysis of transcriptomics
biomarkers.
The RM developed in this study is well suited to analyses where
high accuracy and reliability are vital. This and future RMs based
on our design strategy will extend the repertoire of RMs for gene
therapy and gene doping applications, and may, potentially,
become a valuable tool in other genomic and transcriptomic
measurements.
MATERIALS AND METHODS
Many materials and reagents, including pDNA-EPO and most PCR assays,
were as described.4,5 The pUC plasmid backbone assay that generates
87-bp amplicon was as in Burke et al.21 RM1 and RM2 were ordered from
Blue Heron (Bothell, WA, USA) which cloned the RS between two 28-bp
polylinkers in BHpUCminusMCS plasmid. The universal M13 primers
(forward 5′-GTAAAACGACGGCCAG-3′ and reverse 5′-CAGGAAACAGCTATG
AC-3′) were from Sigma, Castle Hill, NSW, Australia. All DNA dilutions were
prepared in Tris-EDTA buffer (10 mM Tris, 0.1 mM EDTA, pH 8.0), referred to
as TE0.1. AAV2/1-EPO (referred to as AAV or AAV-EPO) contained AAV2
vector genome incorporating cDNA-EPO, optimised Kozac sequence,
human elongation factor-1 alpha promoter, the WPRE (woodchuck
hepatitis virus post-transcriptional regulatory element) and the bovine
growth hormone polyadenylation signal, and was pseudotyped with the
muscle-tropic type 1 capsid. It was chosen as the most likely candidate
vector for gene doping in sport and prepared as described in Choi et al.22
Corning Life Sciences (Union City, CA, USA) supplied the Axygen 1.5- and
0.5-ml tubes (MCT-150-L-C and SCT-050-SS-A-S) used for the RM.

In silico design and analysis of the RM using bioinformatics software
In addition to the RM design characteristics described in Results,
several other features in the RM design were considered. Apart from
transgene-speciﬁc assays, for the RM quantiﬁcation we intended to use an
assay that targets the plasmid backbone (pUC assay). Thus, we ensured
© 2016 Macmillan Publishers Limited, part of Springer Nature.
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that the RS contained no sequences homologous to this assay’s
oligonucleotides. The RS did not contain a ScaI site because this enzyme
was used to linearise RM1 to make RM2, nor sequences complementary to
the M13 primers used to generate RM3. Five ARS and the target for pUC
assay contained no MspI site since MspI digest is included in the PCR
protocol (see below). Random sequence generator (http://www.faculty.ucr.
edu/ ~ mmaduro/random.htm) was used to generate the spacers and short
inserts for the templates for assays 3 and 4 to produce the relevant ARSs.
To ensure that the amplicons generated in each transgene-speciﬁc PCR
assay from the transgene and the RM can be distinguished using DNA-FSA,
we identiﬁed the minimal size difference between DNA fragments that is
reliably detected using three DNA fragment separation platforms. For that,
DNA amplicons of speciﬁed sizes were produced and tested for separation
by agarose gel electrophoresis, or using Bioanalyzer or MultiNA. We
determined that for fragments between 60 and 200 bp in length, a size
difference of 15–30% (depending on the fragment size) was clearly
distinguishable.
The following software packages were used for in silico design and
analysis of the RM: LALIGN23 and CLUSTALW24 for pairwise alignment
and multiple sequence alignment, respectively; Mfold25 for secondary
structure prediction; Restriction Map26 for the restriction enzyme map;
OligoAnalyzer27 and Oligo Calc: Oligonucleotide Properties Calculator28 for
sequence analysis.

Generating the amplicon form of the RM
To generate the amplicon form of the RM (RM3), we utilised the sequences
for binding the M13 primers within the BHpUCminusMCS vector used by
Blue Heron in the RM production. The 807-bp amplicon was produced
from RM2 using the M13 primers and HotStar HiFidelity kit (Qiagen, Hilden,
Germany; cat. No. 202605), as per the manufacturer’s instructions, using
5 ng template in ﬁve 50-μl reactions and 50 °C as annealing temperature.
Post PCR, the reactions were pooled, treated with Proteinase K
(2.26 μg μl − 1) and the product was precipitated with ethanol. The material
was resuspended in 100 μl TE0.1 and fractionated by ion-exchange highperformance liquid chromatography.21 The eluate was desalted by
ultraﬁltration using a 10K Nanosep Centrifugal Device (P/N OD010C33,
Pall Corporation, Cheltenham, Victoria, Australia). The retentate was
dissolved in 100 μl TE0.1 and analysed on Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA) to conﬁrm the correct size and to estimate the
quantity of the product.

Assessment of identity and purity of the RM
RM identity was veriﬁed by Sanger sequencing and shotgun MPS using
454 chemistry (GS Junior, Roche, Penzberg, Germany). Sanger sequencing
results for RM1 and RM2 from Blue Heron were aligned with the designed
sequence using LALIGN. For RM3, Sanger sequencing was performed inhouse using the M13 primers. Each forward and reverse sequencing
reaction was performed in quadruplicate and each replicate was analysed
on the 3500 Genetic Analyzer (Life Technologies, Carlsbad, CA, USA)
four times.
In characterisation of the RM for purity, we considered three major
potential contaminants in plasmid preparations:14 DNA from host cells
(E. coli), intermediate plasmids used in cloning and non-DNA contaminants.
Based on the steps involved in plasmid production, it was reasonable to
expect that RM1 and RM2 would not contain wrong clones or a signiﬁcant
amount of E. coli gDNA. The fact that the quantiﬁcation using pUC assay
gave the same results as using transgene-speciﬁc assays for the RS
indicated the absence of empty plasmids in the RM preparations.
Nonetheless, we undertook independent RM purity assessment using UV
spectrophotometry and analysis of E. coli gDNA using ddPCR for the 16S
gene, that is present in E. coli in seven copies, and shotgun 454 MPS (as per
the manufacturer’s protocol). For UV spectrophotometry, ﬁve replicate
measurements of absorbance at 230, 260 and 280 nm (A230, A260, A280)
were obtained under non-denaturing conditions using BioPhotometer
(Eppendorf). The 16S PCR assay comprised forward primer 5′-CCCTC
CATCAGGCAGCTTCC-3′, reverse primer 5′-ACACATGCAAGTCGAACGGTAAC-3′,
both at 500 nM, and probe 5′-FAM-CTCACCCGTCCGCCACTCGTCAGC-BHQ1-3′
at 100 nM. The master mix was treated with DNase I to remove
contaminating E. coli DNA.21 Two ddPCR runs each in replicates of six
were performed. In ddPCR data analysis, we made an assumption that
bacterial DNA that remained in plasmid preparations would have been
highly fragmented, so that in limiting dilution during ddPCR setup, each
16S assay’s target within seven copies of the gene partitioned to separate
© 2016 Macmillan Publishers Limited, part of Springer Nature.

drops. With this assumption, the amount of contaminating bacterial DNA
in RM1 and RM2 was calculated to be 0.04 and 0.02%, respectively (copies
of the E. coli 16S target to copies of EPO RS expressed as percentage
(cp/cp, %)). If the assumption was incorrect, then the calculated amount of
contaminating E. coli would have been underestimated by a maximum
factor of 7 (when all seven copies of 16S gene were on the same fragment
and partitioned together in ddPCR setup), making it maximum 0.28 and
0.14% (cp/cp, %), respectively (Results). It is noteworthy that the results on
the level of E. coli gDNA in RM1 and RM2 (Results) obtained by two
experimental approaches (ddPCR for the 16S and shotgun 454 MPS)
should not be directly compared, as the ddPCR is measuring only the
speciﬁc 16S target while sequencing measures all reads across the entire
E. coli genome. It must be pointed out that the validation of MPS and, more
speciﬁcally, 454 chemistry for DNA purity assessment has not been
previously undertaken in our laboratory and metrological aspects of such
quantiﬁcation have not been thoroughly investigated. Multiple sources of
uncertainty, including the error rates and biases, have not been well
characterised and accounted for in the current assessment. The use of 16S
gene ddPCR to quantify contaminating E. coli DNA is also not devoid of
shortcomings. The main drawbacks are that it targets a short deﬁned
region of the E. coli genome and does not account for potentially
differential stability and ampliﬁcation efﬁciency of this target and other
parts of the genome, and that the degree of fragmentation of E. coli gDNA
in the RM is unknown.

dPCR quantiﬁcation
RM quantiﬁcation was done by dPCR, using a QX100 ddPCR system and
C1000 thermocycler (Bio-Rad, Pleasanton, CA, USA) essentially as described
in Pinheiro et al.,29 using published assays for the EPO transgene (assays
1–5 (refs 4,5) or pUC assay21 (assay 6) and the RM at 4000 cp μl − 1 (here
and elsewhere in the text, the referred concentration is nominal). For NTC,
RM was substituted with TE0.1. The thermal proﬁle and data analysis were
as in Baoutina et al,5 except that the number of cycles was 45, a ﬁnal 10min inactivation step at 98 °C was included and Quantasoft 1.3.2.0 version
(Bio-Rad, Pleasanton, CA, USA) was used. In some runs, where signiﬁcant
number of droplets with intermediate ﬂuorescence amplitude between
the maximum and minimum amplitude of positive and negative droplets
was observed, a threshold was set manually above the majority of negative
droplets. Quantiﬁcation of E. coli 16S and AAV2 was performed similarly
using their corresponding PCR assays. The AAV-EPO genomes were
quantiﬁed using the EPO transgene-speciﬁc assay 1 and by qPCR using
assay 1 or a WPRE-speciﬁc assay.30 In qPCR, pDNA-EPO or a plasmid
containing WPRE, both quantiﬁed by ddPCR, was used as a calibrant.
Concentration values determined by ddPCR are shown in ﬁgures in
scientiﬁc notation. Standard deviations and uncertainties are reported to
two signiﬁcant ﬁgures, and concentration values are rounded to match the
level of signiﬁcance of either the standard deviation or uncertainty value.

Sample preparation before analysis
The samples (RM or DNA extracts) were equilibrated at room temperature
(RT) for 1 h and then incubated at 37 °C for 5 min in ThermoMixer
(Eppendorf, Hamburg, Germany) at 800 r.p.m. or in a water bath (for bulk
RM in 50-ml tubes). Following cooling at RT for 30 min and spinning at
1000 r.p.m. for 1 min, the content was gently pipetted ﬁve times.

RM dispensing and homogeneity testing
For each RM, the quantiﬁed bulk preparation (at 4000 cp μl − 1) was
dispensed into 150-μl aliquots in 190 0.5-ml vials in a biosafety cabinet
using a calibrated multi-step dispenser (Eppendorf). These were kept at
4 °C for 5 days while performing the homogeneity study. Randomly
selected vials were grouped into batches and transferred to a designated
temperature.
The RM homogeneity was measured and evaluated as per ISO Guide
35.13 Ten vials for each RM were randomly selected. Two subsamples from
each vial were analysed by ddPCR in triplicate using assay 1 to determine
the concentration of the material.

Stability testing
As, to our knowledge, no comprehensive comparison of stability of the
three forms of DNA (circular and linearised pDNA, and DNA fragment) has
been carried out, we examined stability of the three forms of RM-EPO to
identify one form that is more stable and, subsequently, more suitable as
Gene Therapy (2016) 708 – 717
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the DNA RM. As the format of our RM pertained to its single use, testing its
stability in freeze-thaw cycles was not required. Stability testing was
performed as recommended by Guide 35(ref. 13) using a classical study
design with quantiﬁcation of the absolute concentration of the RM at each
time point by ddPCR. The STS study was performed at 40 °C (for RM1 and
RM2) and 4, − 20 and − 80 °C (for three forms), and had two time points,
zero and 2 weeks. The study at 40 °C was done with 6 months delay and
had a different zero time point. Stability of RM3 at this temperature
was not tested due to an instrument malfunction at the time of analysis.
The LTS study was performed at 4, − 20 and − 80 °C and had six time
points (0, 2, 4, 12, 23 and 50 weeks). The concentration obtained
from the homogeneity study was assigned as the zero time point value,
except for the STS study at 40 °C, where it was quantiﬁed as at other time
points.
At the tested time point, three units for a batch of each form of the RM
were analysed by ddPCR in triplicate. One alternating assay was used at
each time point, except for RM2 at 12 weeks, when six assays (ﬁve for the
transgene and one for the backbone) were used to test whether the
concentration values for different targets in the RM remained the same. At
2 weeks, we used assay 3 for RM1 and RM2, and assay 1 for RM3. Assays 4,
1 and 3 were used for all forms at, respectively, 4, 23 and 50 weeks, and
assay 5 for RM1 and RM3 at 12 weeks. For the STS study, data analysis was
performed by comparing the concentration values at zero time and
2 weeks. If the ranges of the values overlapped, then the material was
considered as stable. For the LTS study, the data analysis was performed
using linear trend analysis. Having observed in the STS study at 40 °C
modest increase in RM1 and RM2 concentrations at 2 weeks, we performed
gravimetric analysis of vials (same type as used for aliquoting the RM)
containing 100 μl TE0.1 buffer and incubated at 40 °C.

RM copy number concentration value assignment and uncertainty
estimation
The average concentration value obtained from homogeneity assessment
was assigned as the copy number concentration from characterisation of
the batch of each form of the RM (xchar). Characterisation relative standard
uncertainty was estimated by combining relative uncertainties from the
experimental precision of ddPCR data, dilution factor for ddPCR and Type 2
uncertainty as previously described.29 It is possible to estimate the
uncertainty of precision of ddPCR data from the Poisson model. However,
we prefer basing this factor on experimental data as it provides a more
realistic estimate of this uncertainty component. As our dilution steps are
gravimetric, the uncertainty associated with this factor is negligible. The
main Type 2 component identiﬁed is the relative uncertainty of a single
droplet volume in ddPCR which has been determined by microscopy as
0.96%.29 Since, for each form of the RM, MSbetween was greater or equal to
MSwithin, relative uncertainty for between-unit heterogeneity (ub,rel (%)) was
calculated as between-unit relative standard deviation (Sb,rel). Method
precision relative standard uncertainty (uw,rel) was calculated as within-unit
relative standard deviation (Sw,rel). Relative uncertainty for long-term
storage (ults,rel (%)) was calculated at 4 °C, the temperature at which three
forms of the RM were stable for 50 weeks, by multiplying the standard
uncertainty of the slope (calculated according to ref. 13) and the time
period of 2 years, and expressing it as a percentage of the assigned value.
The combined uncertainty for the copy number concentration for each
form of the RM consisted of the uncertainties from characterisation, uchar,
between-unit heterogeneity, ub, and long-term storage, ults, at 4 °C. The
expanded uncertainty of the assigned value, both relative (URM,rel (%)) and
as a copy number concentration (URM (cp μl − 1)), was calculated by
multiplying the combined standard uncertainty by a coverage factor k,
which was calculated using effective degrees of freedom derived from
the Welch-Satterthwaite equation31 for a level of conﬁdence of 95%;
rounded to two signiﬁcant ﬁgures k was 2.8 for RM1, 2.6 for RM2 and 2.1
for RM3:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
URM ¼ k: u2char þ u2b þ u2lts

In vitro validation of the RM in the analysis of the EPO transgene in
blood
Approval for blood collection (12/SCHN/35) was obtained from the Sydney
Children’s Hospitals Network Human Research Ethics Committee. Blood
from healthy non-fasted volunteers was collected into Vacutainer tubes
with K2EDTA with written and informed consent.
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Validation was performed on two matrices, plasma and PBMC. Acellular
fraction, rather than whole blood, was chosen to maximise the sensitivity
of transgene detection in blood. This was justiﬁed, ﬁrst, by the unlikely
association of administered pDNA-EPO with blood cells due to known low
efﬁciency of unfacilitated transfection of cells with pDNA. Second,
haemoglobin and lactoferrin (known PCR inhibitors32) and gDNA that are
released from erythrocytes (haemoglobin) or other blood cells during
whole blood extraction are likely to have a detrimental effect on PCR
sensitivity. Finally, acellular fraction can be more reliably stored for delayed
testing. As gDNA content in serum is higher than in plasma due to ex vivo
lysis of blood cells following clotting,33,34 we chose plasma as an extraction
matrix. EDTA was selected as anti-coagulant because it has a lower
inhibitory effect on PCR than heparin or sodium citrate.35 For gene doping
detection setting, plasma as a matrix and EDTA as an anti-coagulant are
well suited as these are already utilised in several current tests used in
doping control.36 PBMC were chosen as an additional matrix to analyse for
the transgene delivered by AAV, because the cells retain transgenic DNA
for a prolonged time following AAV administration.6,37,38
To test whether any form of the RM had higher recovery from blood
than other forms, three aliquots of blood from each of two donors were
spiked with one form of the RM and, after extraction, DNA was analysed
using assay 1. Ct values for each form were similar (data not shown),
indicating their similar recovery from blood. Subsequently, three forms
were used in validation experiments.
In the experiments with plasma, blood was split into equal volumes
(2.5 ml) which were spiked with one of the following: a transgene-carrying
vector (pDNA-EPO or AAV-EPO) (to mimic positive samples), RM1, RM2 or
RM3 (to mimic negative samples contaminated with the RM) or a mixture
of the vector and one form of the RM (as positive samples contaminated
with the RM). The RM and pDNA were spiked at 250 cp ml − 1 blood, while
AAV was spiked at 125 cp ml − 1. Negative samples were non-spiked blood
from the same individuals. The tubes were inverted eight times and
centrifuged at 1300 × g for 10 min at RT to prepare plasma. The
experiments with two vectors were performed separately, each using
blood from three donors.
PBMC were prepared using the Ficoll-Paque gradient, washed three
times with 15 ml PBS, resuspended in standard cell culture medium (10%
fetal bovine serum and Penicillin-Streptomycin in RPMI Glutamax) and
counted. Part of PBMC (negative samples) was aliquoted into 1.5-ml tubes
at 106 cells/tube, washed three times with saline and pelleted. Another
part of cells was plated at 106 cells per well and incubated overnight with
AAV at multiplicity of infection 0.2 to prepare AAV cells. Following
incubation, the cells from each well were transferred into 1.5-ml tubes,
washed three times to remove free AAV and pelleted. Several vials with
AAV cells or negative samples were spiked in duplicate with one form of
the RM at 200 000 cp per tube in a 50-μl volume. These vials assumed the
role of samples contaminated with the RM during sample processing. The
amount of the RM spiked into cells was intentionally much higher than in
experiments with plasma and the amount that could accidentally
contaminate samples. We chose this concentration to ensure that it would
be detected in PCR following PBMC extraction and that its ampliﬁcation
product would be visualised using three DNA-FSA approaches. Two empty
tubes were extracted in parallel as negative extraction control to test that
any reagents used in DNA extraction were not contaminated.
DNA extraction from plasma or cells was performed using, respectively,
QIAamp DNA blood midi kit (as in Baoutina et al.5) or QIAprep spin
miniprep kit (cat. No. 27106) as per the manufacturer’s (Qiagen) instruction.

Real-time PCR and post-PCR analysis
The EPO transgene and the RM were analysed using EPO transgenespeciﬁc PCR assays with MspI–pre-treatment before PCR.4,5 During
MspI–pre-treatment, the enzyme cuts cDNA-EPO at a single site towards
its downstream end and outside the PCR assays’ targets.5 By linearising a
plasmid and ‘liberating’ the transgene from possible proximal secondary
structures in both non-viral and viral vectors, this step eliminates potential
effect of secondary structures on PCR ampliﬁcation and improves accuracy
of transgene detection.5,39 Each sample was analysed in duplicate unless
stated otherwise. NTC and PCR-PC were analysed in each assay in duplicate
or triplicate, respectively. PCR-PC was RM2 at 160 cp per PCR well.
A manually set ﬂuorescence threshold for dR at 1000 was used in
data analysis. In standard curve analysis, we used four gravimetrically
prepared (XP205 5-ﬁgure balance, Mettler-Toledo, Greifensee, Switzerland)
10-fold serial dilutions of the RM in TE0.1 (4–4000 cp μl − 1, equivalent to
16–16 000 cp per well, based on ddPCR quantiﬁcation).
© 2016 Macmillan Publishers Limited, part of Springer Nature.
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DNA-FSA of PCR products was performed on 3% agarose gel,
Bioanalyzer with DNA 1000 chips or MCE-202 MultiNA with DNA 500
chips (Shimadzu) by loading, respectively, ﬁve, one or three microliters of a
sample. In the experiments on method validation in blood, one PCR
replicate for each condition from one donor was analysed.
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