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A Digestion-free Method for Quantification
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Recombinant adeno-associated virus (rAAV) is a vector with
increasing popularity in the field of gene therapy. Like other
drug substances manufactured in cell lines, rAAV vectors are
commonly contaminated with host cell DNA, and the levels
must be carefully monitored. The current method for
residual DNA quantification in rAAV was adapted from pro-
tein programs and required sample digestion by proteinase
prior to qPCR analysis. While the method worked effectively,
it was unclear if proteinase digestion was essential for releasing
DNA from rAAV capsids and improving qPCR efficiency. In
this study, we systematically investigated the role of each
component and treatment with the goal to simplify and stream-
line the method. It was determined that the proteinase diges-
tion step was dispensable, while the addition of Tween 20 to
rAAV samples was essential for accurate quantification of re-
sidual DNA. Based on this finding, a digestion-free method
has been established that requires only a one-step sample prep-
aration—addition of Tween 20. The method has been tested
extensively with an rAAV9-based drug substance and process
intermediates and verified with other rAAV serotypes. This
significantly simplified and faster assay can be easily automated
for high-throughput applications.
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INTRODUCTION
Recombinant adeno-associated virus (rAAV) vectors are widely used
for gene therapy because of several unique advantages, including
long-lasting gene expression, wide tropism for mammalian cells,
modest immunogenicity, non-pathogenicity, and no genome integra-
tion.1,2 rAAV contains a single-stranded genome, which is protected
by an icosahedral shell made of three different proteins: VP1, VP2,
and VP3.3 Several rAAV production platforms have been established
based on various host cell lines such as human HeLa and HEK293 or
insect Sf9 cells.4,5 Inside of the host cells, capsid proteins are ex-
pressed, and viral genomes are replicated and packaged into the newly
assembled capsids to produce rAAV particles. However, packaging of
viral DNA is not an error-proof process. It is well documented that
illegitimate DNA, including genomic DNA of the host cells, could
become encapsidated.4,6 This creates significant challenges for down-
stream processing, as encapsidated host cell DNA cannot be removed
by Benzonase treatment or through affinity purification.7 Delivery of
unintended DNA sequences to patients is a major safety concern, so
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the level of residual host cell DNA in rAAV drug substance (DS) must
be carefully monitored.

The industry standard for residual host cell DNA quantification is
based on qPCR targeting repetitive DNA sequences (i.e., Alu re-
peats).8,9 Because qPCR is sensitive tomatrix interference, test samples
are usually pretreated to remove potential PCR inhibitors. For protein-
based drugs, proteinase K treatment is routinely performed for diges-
tion of a high concentration of proteins.10,11 This is particularly impor-
tant formonoclonal antibodies, which are known to inhibit qPCR.12,13

Some protocols also include an extra step of DNA purification.8,14 The
same method with proteinase digestion was applied to rAAV-based
drugs. It is believed that digestion of the capsid protein could help
release encapsidated DNA for qPCR analysis,15 although it has been
reported that a brief treatment at 85�C is sufficient to break down cap-
sids of all AAV serotypes.16 Based on this study, DNA is expected to be
released from the viral particle during the denaturation step of qPCR
(94�C for 10min).Moreover, anAAV capsid contains 60 proteinmol-
ecules, and for a DS with 1E+13 vg/mL of rAAV, the protein concen-
tration is only 65 mg/mL. It is also unclear whether capsid proteins are
inhibitory for qPCR analysis. Therefore, the goal of this study was to
investigate if proteinase digestion is essential for residual DNA quan-
tification in rAAV and to simplify sample preparation by eliminating
unnecessary treatments.
RESULTS
Evaluation of the Existing Method for Residual DNA

Quantification in rAAV

A previously established method for residual DNA quantification in-
cludes treatment of rAAV samples by proteinase K in the presence of
0.2% SDS at 56�C for 30 min, followed by heat inactivation at 70�C
for 1 h and neutralization of SDS by Tween 20 before qPCR analysis
(Figure 1A).While this ismuch simpler thanothermethods that require
019 ª 2019 The Author(s).
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Figure 1. Evaluation of the Existing Residual DNA Assay with

Proteinase K Digestion

(A) Key components and treatments for the method with protein K diges-

tion. (B) rAAV samples with or without predigestion were analyzed by

qPCR. Omitting digestion resulted in under-detection of residual HeLa

DNA. Assay accuracy was determined by recovery of HeLa DNA spikes.
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DNA extraction, we tested if further simplification is possible by omit-
ting proteinase digestion, assuming that the denaturation step of qPCR
(94�C for 10 min) is sufficient to release encapsidated DNA for qPCR
analysis. To test this possibility, rAAV9 samples (produced in HeLa
cells) with or without spike of 1,000 pg/mL HeLa DNA were either di-
gested according to Figure 1A or diluted 2.5-fold in TE buffer to adjust
for sample concentration, followed by qPCRagainst humanAlu repeats
(hAlus). Assay accuracy was determined by recovery of HeLa DNA
spikes. As shown in Table 1 and Figure 1B, residual DNA detected in
samples that were diluted in TE buffer (9.7 pg/mL) was significantly
lower than in samples that were digested (24.6 pg/mL). The difference
is consistent with a decrease in assay accuracy from 106.2% to 60.1%
when digestion was omitted (Figure 1B), which underscores the impor-
tance of pretreatments of rAAV samples before qPCR analysis.

Tween 20, Rather than Proteinase K, Is Essential for rAAV

Sample Preparation

While rAAV samples require pretreatments, it was unclear if the
enzymatic activity of proteinase K is essential, as the method contains
other components and treatments (Figure 1A). To investigate the role
of proteinase K, rAAV9 samples were treated following the method in
Figure 1A (+ProK) or without proteinase K but keeping other treat-
ments (�ProK). Samples were diluted 2-, 8-, and 32-fold in ddH2O
and analyzed by qPCR against hAlu. Cycle threshold (Ct) values
were plotted against the corresponding dilution factors. As shown
in Figure 2A, the curves from samples + or�ProK almost completely
overlap, and both are below the curve of untreated sample (direct
dilution in TE). These results suggest that the enzymatic activity of
Table 1. Pretreatment of rAAV Samples Improves Residual DNA Detection

Replicates

With Digestion

Sample (pg/mL) Spiked Sample (pg/mL) Spike Measured (pg/mL)

1 23.6 1,176.2 1,152.6

2 27.2 1,058.8 1,031.6

3 23.0 1,023.8 1,000.8

Average 24.6 1,086.2 1,061.6

Spike recovery % 106.2

rAAV9 samples with or without a spike of 1,000 pg/mL of HeLa DNAwere either digested by proteinas
of HeLa DNA in samples were quantified by qPCR, and assay accuracy was determined by spike rec
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proteinase K is not required for accurate determination of re-
sidual DNA levels in rAAV9 samples.

Next, we investigated the role of the heating steps that include
30-min treatment at 56�C and 60-min treatment at 70�C. It is
possible that these treatments promote capsid disassembly for DNA
release, or alternatively, denature capsid proteins and make them
less inhibitory for qPCR. To test these possibilities, after addition of
SDS, rAAV9 samples were directly mixed with 20% Tween 20 at a
1:1 ratio (�ProK �heating). As control, rAAV9 samples prepared
with heating steps were included (�ProK). Samples were analyzed
by qPCR, and Ct values were plotted against the corresponding dilu-
tion factors. As shown in Figure 2B, the curves from samples with or
without heating are comparable, and both are below the curve of the
untreated sample, which is indicative of higher qPCR efficiency. This
result suggests that the heat treatment is also not necessary.

After exclusion of proteinase K and heating, the only components left
were SDS and Tween 20. Therefore, rAAV9 samples were treated by
simply adding SDS or Tween 20 and analyzed by qPCR, and Ct values
were plotted against the corresponding dilution factors. As shown in
Figure 2C, the curve of “Tween 20 only” is below the curve of “un-
treated,” suggesting higher qPCR efficiency. In contrast, SDS strongly
inhibited qPCR, and Ct value was undetermined unless the sample
was diluted by 32-fold. These results suggest that Tween 20 is the
key in improving qPCR efficiency for rAAV samples.

Determining the Optimal Concentration of Tween 20

With the existing method with proteinase digestion, concentration of
Tween 20 in test samples is 10%. To determine if this is optimal,
Tween 20 was added to rAAV9 samples to final concentrations of
10%, 5%, 2.5%, 1.25%, 0.625%, or 0%. Samples were analyzed by
qPCR, and Ct values were plotted against the corresponding Tween
No Digestion

Sample (pg/mL) Spiked Sample (pg/mL) Spike Measured (pg/mL)

10.0 614.9 605.0

9.8 569.6 559.8

9.3 647.5 638.1

9.7 610.7 601.0

60.1

e K (Figure 1A) or directly diluted 2.5-fold in TE buffer (no digestion). The levels
overy.
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Figure 2. Investigating Impacts of Different Steps in

Residual DNA Assay with Proteinase K Digestion

(A) Proteinase K. rAAV9 samples were digested (+ProK),

mock treated (�ProK), or directly diluted in TE (untreated).

Sampleswere analyzed by qPCRagainst hAlu, andCt values

were plotted against the dilution factors. (B) Heat treatment.

rAAV9 samples were mock treated with (�ProK) or without

heating (�ProK�heating) or directly diluted in TE (untreated).

Following qPCR analysis, Ct values were plotted against the

dilution factors. (C) SDS and Tween 20. rAAV9 samples were

treated with only SDS or Tween 20 or directly diluted in TE

(untreated). Ct values were plotted against dilution factors.

Values represent average of 3 replicates ± SD.
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20 concentrations. As shown in Figure 3, Ct values decreased as con-
centration of Tween 20 rose until reaching 5%. Based on this result,
we concluded that Tween 20 reached its peak efficacy at 5% and pro-
posed a “digestion-free”method by simply adding Tween 20 to rAAV
samples to this concentration.

Qualification of the Digestion-free Method

To evaluate the new “digestion-free” method, we first compared the
accuracy and precision to the existing method. rAAV9 samples
were first diluted to a predetermined minimum required dilution,
spiked with 1,000 pg/mL HeLa DNA, and analyzed by both methods.
The assay accuracy was determined by recovery of HeLa DNA spikes.
As shown in Figure 4A, the digestion-free method has an accuracy of
100% and precision of 5.1% based on three independent tests, while
the accuracy of the method with digestion is 90.9% with a precision
of 4.2%. These results demonstrate that both methods perform well
with excellent accuracy and precision.

Next, we studied the linearity of the digestion-free method. An
rAAV9 sample with a previously determined amount of residual
DNA was 1:4 serially diluted in Tris-EDTA (TE) buffer with 5%
Tween 20. As a result, the test samples were expected to contain
from 453 pg/mL to 1.8 pg/mL of residual HeLa DNA. Samples
were analyzed by qPCR in triplicates, and the amounts of residual
Figure 3. Determination of the Optimal Tween 20 Concentration for the

Digestion-free Method

rAAV9 samples were prepared by adding Tween 20 to final concentrations of 10%,

5%, 2.5%, 1.25%, 0.625%, or 0%. Samples were analyzed by qPCR against hAlu.

Ct values were plotted against Tween 20 concentrations. Values represent average

of 3 replicates ± SD.
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DNA measured were plotted against the amount expected. As shown
in Figure 4B, the values of both slope and R2 are very close to 1,
demonstrating excellent linearity for this new method.

Finally, sensitivity of the method was established by defining the
lower limit of quantitation (LLOQ). HeLa DNA standard was diluted
in a formulation buffer for rAAV DS to 10, 5, 2.5, and 1 pg/mL. Each
sample was tested six times with acceptance criteria requiring that re-
coveries of at least four out of six replicates were between 70% and
130% and relative standard deviation (RSD) of acceptable results
under 25%.17,18 Based on these criteria, the LLOQ for the digestion-
free method was determined to be 1 pg/mL (Table 2), a sensitivity
comparable to many established residual DNA assays that require
digestion.8

Application of the Digestion-free Method for Other Host Cell

DNA and AAV Serotypes

The digestion-free method was developed with rAAV9 produced in
HeLa cells. Because hAlu sequences are common among cells from
the human origin, this method is expected to be applicable to
rAAV produced in other human cell lines, including the widely
used HEK cells. To test this possibility, two rAAV9 samples produced
in HEK cells were analyzed by methods with or without proteinase
digestion, using HEK DNA for standard curves. As shown in Fig-
ure 5A, the levels of residual DNA determined by both methods are
comparable (p > 0.05), confirming the capability for residual HEK
DNA detection. To study if the digestion-free method can support
samples at different processing stages, we tested an rAAV9-based
DS and two intermediates from downstream purification for that
DS. These samples contain significantly different amounts of viral
particles and various levels of residual DNA. Testing for all samples
was successful following proper dilutions, demonstrated by spike re-
covery within the acceptable range of 70%–130%. Overall, for residual
HEK DNA quantification, the method has an accuracy of 105% and
inter-assay precision of 15.7% (Table 3).

To study if the digestion-free method works for other AAV serotypes,
we tested AAV5 whose capsid is the most stable among all sero-
types.16,19 rAAV5-GFP produced in HEK293 cells (Vigene) was
analyzed by methods with or without proteinase digestion. As shown
in Figure 5B, levels of residual HEK DNAmeasured by both methods
019



Figure 4. Qualifications of the Digestion-free Method

(A) Accuracy and precision were calculated based on spike recoveries in three in-

dependent experiments. Error bar represents 1 SD. (B) Assay linearity. An rAAV9

sample containing 453 pg/mL of residual HeLa DNA was 4-fold serially diluted in TE

buffer with 5% Tween 20. The amounts of HeLa DNA measured were plotted

against the amounts expected.

Figure 5. Quantification of Residual HEK DNA in Different rAAV Serotypes

with the Digestion-free Method

(A) Levels of residual HEK DNA in two rAAV9 samples were quantified with methods

with or without proteinase digestion. Results from the two methods were compa-

rable. Values represent average of 3 replicates ± SD. (B) Level of residual HEK DNA

in an rAAV5 sample was quantified with methods with or without proteinase

digestion or without pretreatment. p values were calculated by two-sample t test.
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were comparable (p = 0.22) and were significantly higher than testing
conducted without any pretreatments (p = 0.02). This result is consis-
tent with previous observations with rAAV9 (Figures 1 and 2). More-
Table 2. LLOQ of the Digestion-free Method

pg/mL Tested pg/mL Measured Recovery % Acceptable Runs RSD%

10

8.7 87.5

5 11.0

8.7 86.8

8.2 81.6

6.2 62.3

10.7 106.8

9.8 97.8

5

4.8 95.9

6 8.1

4.4 88.9

3.8 75.6

4.6 92.4

4.6 91.1

4.7 93.4

2.5

2.2 87.3

5 14.3

3.0 120.0

3.5 139.2

2.4 95.9

3.0 121.0

2.5 100.7

1

1.2 119.6

6 16.8

1.1 114.0

0.8 80.4

0.8 80.7

1.1 111.4

1.0 103.5

HeLa DNA standard was diluted in formulation buffer to 10, 5, 2.5, and 1 pg/mL. Sam-
ples were treated with the digestion-free method and tested six times by qPCR. Recovery
was determined by the ratio between pg/mL measured and pg/mL tested. LLOQ is
defined as at least four out the six tests with a recovery between 70% and 130% and
RSD < 25%. Data in italic are not acceptable.
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over, we have unpublished data showing that the digestion-free
method is adequate for quantification of residual DNA from a non-
human primate-derived cell line in rAAV2-based DS. Because
AAV2, AAV9, and AAV5 represent AAV serotypes with the least, in-
termediate, and the most thermal stability,16,19 we expect that the
digestion-free method is applicable to all AAV serotypes.

DISCUSSION
In this study, we thoroughly investigated the existing method for re-
sidual DNA quantification and demonstrated that Tween 20, rather
than proteinase K, is essential for rAAV sample preparation. Based
on this finding, a digestion-free method has been established, which
performs comparably to the existing method, but is much easier
and can save hours of assay time. The digestion-free method has
been extensively tested by our group with different rAAV serotypes
and is in the process of being adapted for automation for high-
throughput applications.

The original residual DNA assay for rAAV was adopted from those
developed for protein drugs. It was assumed that AAV capsid should
be digested to release encapsidated DNA and that digestion also
makes capsid proteins less inhibitory for qPCR. However, these as-
sumptions neglect three important differences between rAAV and
protein-based drugs. First, concentrations of protein DSs usually
reach above 50 mg/mL, which is hundreds of folds higher than the
protein concentration in a typical rAAV DS (rAAV at 1E + 13 GC/
mL contains less than 0.1 mg/mL of capsid protein). Second, unlike
immunoglobulin G (IgG),12,13 AAV capsid has not been reported to
be a PCR inhibitor. Third, levels of residual DNA in rAAV are signif-
icantly higher than what is usually detected in protein drugs. This is
largely due to the fact that the majority of residual DNA in rAAV DS
is encapsiduated (>95%, unpublished data). While residual DNA is
cleared during downstream purifications of protein drugs, encapsi-
dated DNA enriches together with viral particles. The abundance of
residual DNA, coupled with low levels of protein, likely explain
why proteinase digestion is dispensable for rAAV samples. However,
our data do highlight an essential role of Tween 20. Although the
ar Therapy: Methods & Clinical Development Vol. 13 June 2019 529
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Table 3. Accuracy and Precision of the Digestion-free Method

Sample Dilution Factor DNA in Unspiked Dilution (pg/mL) DNA in Spiked Dilution (pg/mL) DNA Spike Recovered (pg/mL) Spike Recovery (%)

Intermediate 1
10 4,369 5,470 1,101 110

100 441 1,695 1,254 125

Intermediate 2
100 1,151 1,986 835 84

1,000 94 1,060 966 97

Drug substance
1,000 376 1,598 1,222 122

10,000 31 963 932 93

Accuracy 105

Precision 15.7

An rAAV9-based drug substance and two intermediates from downstream purification were diluted in TE buffer, and HEK DNA was spiked into diluted samples to 1,000 pg/mL.
Samples with or without DNA spike were analyzed with the digestion-free method. Assay accuracy and inter-assay precision were determined by the average and RSD of spike re-
coveries, respectively.

Molecular Therapy: Methods & Clinical Development
exact mechanism still waits to be discovered, we hypothesize that
Tween 20 may reduce non-specific interactions between DNA and
capsid proteins or prevent DNA from precipitation, thereby
improving the efficiency of qPCR detection.

The AAV capsid proteins are largely conserved among different se-
rotypes except for some small variable regions that are not involved
in capsid assembly.1 The melting temperatures of all AAV serotypes
are significantly lower than the denaturation temperature of qPCR,
so serotype was not expected to limit the usage of the digestion-
free method, as was demonstrated with AAV2, AAV9, and AAV5
in this study. Moreover, by simply switching primers and probes,
this method should be applicable for quantification of other unin-
tended DNA in rAAV, such as residual plasmid or residual Bac viral
DNA depending on the production platforms. In fact, we have suc-
cessfully quantified residual DNA from a non-human primate-
derived cell line in rAAV2 (unpublished data). When evaluating
this method for new applications, it is recommended to include spike
recovery tests to monitor the assay performance and to determine
the proper dilutions for different samples, as shown in Table 3. It
is also recommended to compare test results with established
methods. Future work will elucidate the principles of this method
and reveal if it can be applied to gene therapy products based on
other types of viruses.
MATERIALS AND METHODS
HeLa and HEK DNA Standard

Genomic DNA of HeLa cells or HEK293 cells was extracted with the
DNeasy blood and tissue kit (QIAGEN, Germantown, MD, USA).
DNA concentration was determined by the Picogreen dsDNA kit
(Molecular Probes, Eugene, OR, USA), and DNA was stored at
�70�C.
Primers and Probes

Sequences of PCR primers and probes for hAlus were previously
published8 and ordered from Thermo Fisher Scientific (Carlsbad,
CA, USA).
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hAlu primer F, 50-GAG GCG GGC GGA TCA-30

hAlu primer R, 50-CCC GGC TAA TTT TTG TAT TTT TAG
TAG-30

hAlu probe, 50-(FAM)-CAG CCT GGC CAA CAT GGT GAA
ACC-(TAMRA)-30

rAAV Sample Preparation

The residual DNA assay with proteinase digestion was adapted from a
previous publication:11 100 mL reaction mixture was prepared by add-
ing 1 mL of 20% SDS, 5 mL of 20 mg/mL proteinase K (Thermo Fisher
Scientific, Waltham, MA, USA), and 14 mL of double-distilled water
(ddH2O) to 80 mL of prediluted rAAV samples. Samples were treated
at 56�C for 30 min and 70�C for 1 h, followed by addition of 100 mL
TE buffer with 20% Tween 20.

For the digestion-free method, rAAV samples were mixed with same
volume of TE buffer with 10% Tween 20. The final concentration of
Tween 20 was 5%.

qPCR and Data Analysis

qPCR reactions were prepared with TaqMan Universal MasterMix in
a 96-well optical plate (Life Technologies, Carlsbad, CA, USA). Pre-
treated rAAV samples were mixed 1:1 with qPCR reaction mixture,
and the final concentrations of primers and probe were 1 mM and
0.25 mM. Standard curves were prepared with HeLa DNA serially
diluted in TE buffer with 10% Tween 20 and 0.1% SDS (method
with digestion) or TE buffer with 5% Tween 20 (digestion-free
method). qPCR program was as follows: 1 cycle of 50�C � 20,
95�C � 150; 40 cycles of 95�C � 3000, 60�C � 10 was conducted in
ViiA 7 real-time system (Life Technologies, Carlsbad, CA, USA).
qPCR data were automatically analyzed by the ViiA 7 software. Ct
values and DNA concentrations were reported.
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