Two-Dimensional Droplet Digital PCR as a Tool
for Titration and Integrity Evaluation
of Recombinant Adeno-Associated Viral Vectors

Birei Furuta-Hanawa,' Teruhide Yamaguchi,>® and Eriko Uchida™*

"Division of Molecular Target and Gene Therapy Products, National Institute of Health Sciences, Kanagawa, Japan;, 2Nihon Pharmaceutical University, Saitama, Japan,
3Institute of Advanced Medical and Engineering Technology for Aging, Kanazawa Institute of Technology, Ishikawa, Japan.

Recombinant adeno-associated virus (rAAV) vectors have recently been widely utilized for in in vivo gene
therapy. The clinical dose definition of AAV vector requires the exact quantification as starting doses and
for dose-escalation studies. Vector genome (vg) copies measured by quantitative PCR (qPCR) are com-
monly used for rAAV vector titration, and rAAV vector plasmids DNA is often used for qPCR stan-
dards, although the rAAV reference standard materials (RSMs) for serotypes 2 and 8 (rAAV2RSM and
rAAV8RSM) are available from American Type Culture Collection. However, gPCR-based determination
of the AAV vg is affected by the selection of the qPCR standard and the amplification target sites. In this
study, we have developed a new PCR method, two-dimensional droplet digital PCR (2D ddPCR), for the
absolute quantitation of target DNA and for evaluating the stability of the rAAV vector. The number of vg
copies of rAAV2RSM determined by qPCR dramatically changed when standard plasmid DNAs with
different conformations were treated with restriction enzymes, suggesting that qPCR amplification is
significantly affected by the secondary structure of the standard. In contrast, the number of vg copies
determined by ddPCR was unaffected by using primer probes for different positions of target sites or by
the secondary structure conformation of the vg. Furthermore, the integrity of the AAV vg can be moni-
tored using 2D ddPCR with fluorescein- and hexachloro-6-carboxy-fluorescine-labeled probes targeting
different positions in the same rAAV genome. The titer of intact rAAV was highly correlated with rAAV
activity in an accelerated (37°C) stability study. 2D ddPCR is a useful tool for rAAV vector quantitation
and quality evaluation.
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INTRODUCTION

RECOMBINANT ADENO-ASSOCIATED VIRUS (rAAV) vec-
tors have been used successfully in clinical trials to
target various diseases, including Leber’s congen-
ital amaurosis (LCA)! and hemophilia.?® The first
gene therapy product approved by the European
Medicines Agency was alipogene tiparvovec (Gly-
bera) for treating adults with lipoprotein lipase
deficiency,*® and the first gene therapy product
approved in the United States was voretigene ne-
parvovec (Luxturna) for treating LCA. The major
advantages of the rAAV vector are that it is non-

pathogenic for humans, as well as its long-term
transgene expression in nondividing cells, its com-
paratively low immune profile, the finding that it
elicits only limited inflammatory responses, and
that, in some cases, it directs immune tolerance to
transgene products.6

AAV is a nonenveloped single-stranded DNA
virus. rAAV vectors contain transgene sequences
flanked by AAV inverted terminal repeats (ITRs).
Routine quality control conducted for preclini-
cal and clinical rAAV vector preparations includes
the determination of titer. Vector genome (vg) titer
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determined by quantitative PCR (qPCR) is the
most common method used for the titration of
rAAYV vectors for clinical trial dosages because of
the weak infectivity and expression of the trans-
gene.” The number of vg copies determined by
gPCR assay is also used to evaluate biodistribu-
tion® and viral shedding.? The use of gPCR for de-
termining AAV titer requires the preparation of a
standard calibration curve using reference mate-
rial, which is typically plasmid DNAs, though
rAAV reference standard materials (RSMs) for se-
rotypes 2 and 8 (rAAV2RSM and rAAV8RSM, re-
spectively) have been established by the AAVRSM
Working Group and are available for calibra-
tion.'%!!' The secondary structure of reference
plasmid DNA is known to affect the titration re-
sults obtained by qPCR. For example, the super-
coiled conformation of circular plasmid suppressed
annealing of the primer to the DNA template, re-
sulting in regression line shift and overestimation
of the titer.'? In addition, qPCR for different target
sitesin the same rAAV vg, for example, the ITR and
the transgene, showed different titers even when
the same plasmid DNA was used as a reference
standard.'® Another disadvantage of qPCR is that
the qPCR measurement does not reflect the activity
(infectious activity) of the rAAV vector.'°

Droplet digital PCR (ddPCR) is an improvement
on traditional PCR methods that partitions a sin-
gle PCR mixture into ~20,000nL-sized volume
droplets. Fluorescent dye-based end-point PCRs
occur separately and independently within these
droplets, then the fluorescence of each droplet is
scanned with a binary fluorescent of positive or
negative. The combination of limiting dilution,
PCR, and Poisson statistics results in ddPCR af-
fords an absolute measurement of nucleic acid
concentration without the need for a standard
curve'* and thus could address the problem asso-
ciated with the qPCR of rAAV already mentioned.
ddPCR assay was superior to qPCR in rAAV titer in
terms of both intra- and interassay precision and
was more resistant to PCR inhibitors.'?

In this article, we used rAAVRSM as a model to
show that the problems associated with single-
stranded rAAV vg titer determination using qPCR
are resolved using ddPCR. Moreover, we demon-
strate that the integrity of the rAAV vector can
be monitored using two-dimensional qPCR (2D
ddPCR) of fluorescein (FAM)- and hexachloro-6-
carboxy-fluorescine (HEX)-labeled probes target-
ing different positions of the same rAAV genome.
The titer of intact rAAV determined by 2D ddPCR
was highly correlated with rAAV activity in sta-
bility test model. 2D ddPCR is also effective for

evaluating the impurity of plasmid DNA used for
vector production. Overall, we demonstrate that
ddPCR is a useful tool for evaluating the titer and
quality of rAAV vectors.

MATERIALS AND METHODS
Vectors

rAAV2RSM, rAAV8RSM, and vector plasmid
pTR-UF11, each containing AAV2 ITR, GFP, and
the SV40 polyA sequence (SV40), were purchased
from ATCC.1°

Primers and probes

The following primers and probes were used for
gqPCR and ddPCR. Universal ITR probe 5-CAC
TCCCTCTCTGCGCGCTCG-3’, forward primer 5'-
GGAACCCCTAGTGATGGAGTT-3’, reverse pri-
mer 5-CGGCCTCAGTGAGCGA-3"*%; SV40 probe
5-AGCATTTTTTTCACTGCATTCTAGTTGTGGT
TTGTC-3’, forward primer 5-AGCAATAGCATCAC
AAATTTCACAA-3’, reverse primer 5-CCAGACAT
GATAAGATACATTGATGAGTT-3". For detection
of replication origin of plasmid backbone, the fol-
lowing probe and primers were used: Ori probe
5-CGCTCTGCTGAAGCCAGTTACCTTCGG-3’,
forward primer 5-GCGCGTAATCTGCTGCTTG-3’,
and reverse primer 5-CTACGGCTACACTAGAAG
AACAGTA-3'. For qPCR, the 5" ends of the ITR and
SV40 probes were labeled with FAM. For ddPCR,
the 5" end of the ITR probe was labeled with HEX
and the 5" end of the SV40 probe was labeled with
FAM. The 3’ ends of these probes were labeled with
Black Hole Quencher-1.

rAAV genome extraction

For rAAV genome concentration detection,
rAAV2RSM and rAAV8RSM were treated with
DNase I (Takara Bio Inc., Tokyo, Japan) at a con-
centration of 250U/mL at 37°C for 30min, and
subsequently, 20 mM EDTA was added to stop the
reaction. For plasmid impurity detection, treat-
ment of DNase I was ignored. Then, the same
volume of protein lysis buffer from a SMITEST
EX-R&D nucleic acid extraction kit (MBL Co, Na-
goya, Japan) was added and the sample was trea-
ted at 56°C for 10 min. The obtained vg extractions
were serially 10-fold diluted using TE buffer
(10mM Tris-HC1, 1mM EDTA, pH 8.0). Vg titers
were determined in duplicate by qPCR or ddPCR.

Quantitative PCR

qPCR was performed using the optimized qPCR
method previously described, with some modifica-
tion.'® One microliter rAAV genome extraction
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sample was added to 25 uL reaction mixture along
with QuantiTect Probe PCR master mixture (Qiagen,
Hilden, Germany) with 0.4 uM primers and 0.2 uM
probe (all final concentrations). The vector plasmid
of rAAV2RSM, pTR-UF11 (MBA-331, ATCC), was
chosen as a reference standard plasmid according to
the standard operating procedure (SOP) of ATCC.
Circular plasmid was purified from Escherichia coli
competent cells by miniprep (Qiagen). Linearized
plasmid was obtained by digesting pTR-UF11 with
Scal (within the ampicillin-resistant gene in the
plasmid backbone), and plasmid without the ITR
structure was prepared by digestion with Smal
(within the ITR region of rAAV) (Takara Bio Inc.).
Spectrophotometric system bias was prevented by
directly using plasmid DNA samples diluted appro-
priately using TE buffer and digested by restriction
enzyme, rather than by purifying the DNA samples
using a QIAquick PCR purification kit (Qiagen) as
described in a previous method.'® Calibration curves
were obtained with 10-fold diluted plasmid from 106
to 100 copies/uL.. PCR amplification was performed
using an Applied Biosystems 7500 Real-Time PCR
System, and two-step cycling (40 cycles: 95°C for 15,
60°C for 1min) preceded by a 10-min incubation at
95°C. Data were analyzed using 7500 software v2.0.6
(Applied Biosystems). Standard curves were plotted
as threshold cycle (Ct) on the y-axis versus the log
(number of copies) on the x-axis. Coefficient of corre-
lation R? obtained for the standard curve should be
>0.99. When ITR quantitation of rAAV were de-
termined using pTR-UF11 as a reference standard, a
correction factor of 2 must been introduced, because
pTR-UF11 is a double-strand DNA and contains two
ITR amplification sites (one in positive strand and the
other in negative strand).'®

ddPCR

The rAAV genome extraction sample was di-
luted from 20,000 to 100 copies/uL to determine the
dynamic linear range of the ddPCR assay. The
same dilution buffers were used as in the qPCR
assays except for adding 0.05% Pluronic F-68
(Gibco, Invitrogen, Grand Island, NY). The reac-
tion mixtures were assembled using a ddPCR Su-
permix for Residual DNA detection kit (BIO-RAD,
Hercules, CA) with 0.9 uM primers and 0.1 M
probe, in a final volume of 20 uL. as stated in the
manufacturer’s protocol. Because the secondary
structure of the plasmid is more complex than that
of rAAV genomes, plasmid samples were treated
with Smal to remove the ITR and plasmid tail be-
fore ddPCR as described in ddPCR amplification
guide (Bio-Rad 6407). Furthermore, stable detec-
tion results were obtained by addition of 0.5 M

betaine (Sigma-Aldrich, St Louis, MO) into the
ddPCR reaction mixtures. Then, test samples were
emulsified with droplet generator oil using a QX-
100 droplet generator (BIO-RAD) according to the
manufacturer’s instructions. PCR amplification of
the droplets was performed using a conventional
thermal cycler with the following parameters: 95°C
for 10 min, followed by 36 cycles of 95°C for 30s,
60°C for 1 min, and 72°C for 15 s followed by a final
98°C heat treatment for 10 min. The PCR plate was
subsequently scanned using a QX200 droplet
reader (BIO-RAD) and the data were analyzed with
QuantaSoft software (BIO-RAD). For 2D ddPCR,
two sets of primers and probes labeled with FAM
and HEX, respectively, were added to each reaction
mixture, and ddPCR was performed in the same
tube. The average volume of the droplets was
0.85nL.}" According to the Poisson distribution,
the concentration of the template is calculated
using the following formula:

_ In®)
conc= — 085 x 1000,

where conc is the number of copies of the target per
microliter of reaction solution and E is the fre-
quency of droplets that contain no nucleic acid
template. Percentage for each group was calcu-
lated from the ratio of the concentration of target
group to the concentration sum of total droplets
with fluorescence signals.

AAYV accelerated stability study

rAAV2RSM stock was incubated at 37°C for 0, 1,
3, or 7 days, and 10 uL of the treated rAAV2RSM
was inoculated to Vero cells. Remaining infectious
activity of the treated rAAV2RSM was determined
by FACS analysis of GFP-expressed Vero cells 48 h
postinfection and shown as transduction unit per
milliliter.'® Remaining virus genome of the treated
rAAV2RSM was detected by qPCR and 2D ddPCR
as already described.

RESULT
The variability in qPCR titration of rAAV vg
is caused by differences in the secondary
structures of rAAV and the reference plasmid

We demonstrated the problems associated with
the qPCR titration of rAAV by using two sets of
primers and probes against the ITR and SV40-
polyA region (SV40) chosen as target sequences for
comparison (Fig. 1A). AAV2 contains two 145 base-
long ITRs at the termini that contain two hairpin
loops to form a T-shaped self-priming structure.'®
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Figure 1. Measured values of gPCR titer depend on the secondary
structure of the reference standards. (A) Genome structure of rAAV2RSM.
Thin arrows and thick arrows indicate the positions of the amplification
target sites on ITR and SV40, respectively. (B) Vector genome titer of
rAAV2RSM determined by qPCR showed variation when using reference
standards with different secondary structures in pTR-UF11 plasmid DNA.
Circular plasmid DNA,; linearized plasmid DNA linearized by Scal digestion;
Smal digested plasmid DNA. A 95% Cl of rAAV2RSM determined by the
AAVRSM Working Group is 2.7-4.75x 10" vg/mL.'® (C) Calibration curves
for ITR gqPCR (upper panel) and SV40 qPCR (lower panel) obtained using
reference standards with different structures. R? of each calibration curve
was >0.99. qPCR of RSM was performed after DNase | and proteinase K
treatment as described in Material and Methods section. Because SDS in
proteinase K buffer inhibits the qPCR and thus the signal could not be
detected when the sample was diluted <100-fold, thus only five points were
measured in the RSM sample. Cl, confidence interval; Ct, threshold cycle;
ITR, inverted terminal repeat; qPCR, quantitative PCR; rAAV, recombinant
adeno-associated virus; rAAV2RSM, rAAV reference standard material for
serotype 2; RSM, reference standard material; SDS, sodium dodecyl sulfate;
vg, vector genome.

Quantification of rAAV by ITR qPCR requires
extended denaturation conditions to mitigate ex-
tensive secondary hairpin structure formation by
AAV2 ITR.%2° We, therefore, compare the amplifi-
cation efficiency of rAAV2RSM and three confor-
mations of vector plasmid (circular, linearized and

Smal-digested plasmid DNA, pTR-UF11) as refer-
ence standards. There are two Smal sites within
one hairpin loop in the ITR structure and thus both
the Smal-digested plasmid DNA and the rAAV
genome lost their ITR secondary structures during
the denaturation step in the PCR. As shown in
Fig. 1B, when rAAV2RSM was used as a reference
standard, the vg titer of rAAV2RSM as determined
by either ITR qPCR or SV40 qPCR fell within the
95% confidence intervals of the published values.*°
In contrast, the qPCR titer of the rAAV2 genome
differed dramatically when circular, linearized, or
Smal-digested plasmid DNAs were used as the
gPCR reference standards. The standard curves
are shown in the following order from top to bot-
tom: circular, linearized plasmid, rAAV2RSM, and
Smal-digested plasmid DNA (Fig. 1C). The stan-
dard curves shifted more dramatically when ITR
was used as an amplification target compared with
SV40.

We, therefore, hypothesized that the hairpin
structure of ITR and the “plasmid tail” attached to
ITR inhibited annealing of the primer and probes
to the DNA template, thus shifting the standard
curve and affecting the qPCR value. In addition to
Hou’s theory, 2 we speculated that the annealing of
ITR primers to the rAAV genome is easier than
annealing to plasmid DNA because the “plasmid
tail” sticking to the ITR 5-end forms a more com-
plex structure than the rAAV genome, inhibiting
the annealing of ITR primers to the target se-
quence near the ITR structure in plasmid DNAs
(Fig. 2A). Therefore, removal of the plasmid tail
by Smal digestion would allow rapid annealing of
the ITR primer to the target sequence, shifting
down the standard curve of the plasmid DNA, re-
sulting in the underestimation of rAAV as shown in
Fig. 1B. In contrast, when using linearized or cir-
cular plasmid DNA as a reference standard, the
standard curve shifts up, resulting in an overesti-
mation of the rAAV genome (Fig. 2B). In contrast,
when qPCR titer is determined using an amplifi-
cation target far from the ITR structure (e.g.,
SV40), it is less affected by the secondary struc-
tures of ITR and the plasmid tail.

The use of ddPCR offers reproducible titer
measurements and more detailed information
regarding the AAV genome

ddPCR can be used to measure the absolute
values of vg copies without a reference standard
and thus we used this approach for rAAV2RSM
titration. The high linearity of the ddPCR titer,
regardless of whether ITR or SV40 was targeted,
allowed detection in the range between 20,000
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Figure 2. The secondary structure of the plasmid DNA tail disturbed the amplification of ITR by gPCR. (A) The illustrations show the left part of the
rAAV2RSM positive strand and the different secondary structures of pTR-UF11 plasmid DNAs. Thin arrows and thick arrows indicate the position of ITR and
SVA40 target sites, respectively. The arrowhead indicates the cutting site of Smal. The treatment of pTR-UF11 with Smal disrupted the ITR secondary structure.
qPCR amplification was more efficient in the absence of hindrance by the plasmid tail, in Smal-digested plasmid, and in the rAAV genome compared with
linearized plasmid or circular plasmid. This resulted in up shift or down shift of the standard curves and thus overestimation or underestimation of the values

measured by qPCR as shown in (B).

and 100 copies/reaction with coefficient of deter-
mination R? values of 0.9986 and 0.9968, respec-
tively (Fig. 3A). Furthermore, we confirmed that
the ddPCR titer is not affected by conformational
changes of the rAAV genome by treating with or
without Smal and then subjecting the product to
gPCR and ddPCR. As shown in Fig. 3B, the qPCR
titer of rAAV determined using the ITR target
was increased by Smal digestion, whereas the
titer determined by SV40 qPCR was less affected
by Smal digestion. In contrast, ddPCR analysis
provided reproducible titers regardless of the
target site selection (ITR or SV40) and confor-
mational changes resulting from Smal digestion
(Fig. 3B).

We have developed a multiplex detection meth-
odology for ddPCR (2D ddPCR), which provides
information about the integrity of the rAAV vg
from a 2D plot of droplet fluorescence. Using this
technique, we can analyze the quality of the rAAV2
vg by simultaneous detection with SV40 and ITR
primers and probe, labeled with FAM (detected by
channel 1) and HEX (detected by channel 2), re-

spectively. As shown in Fig. 4, the distribution of
droplets with FAM and HEX signals is separated
into four groups: one double positive group (SV40*/
ITR" group, containing intact vg), two single posi-
tive groups (SV40"/ITR™ group and SV40/ITR"
group, containing incomplete vg), and one double
negative group (SV40/ITR™ group, droplets con-
taining no PCR product). After converting the
number of droplets in each group to concentration
according to the Poisson distribution, we deter-
mined that 59.32%, 11.88%, and 28.81% of the
droplets were SV40"/ITR", SV40*/ITR", and SV40~/
ITR", respectively (Fig. 4A), showing that 40% of
the rAAV2RSM templates contained incomplete
vg. In contrast, SV40 and ITR 2D ddPCR detection
of Smal-digested vector plasmid were also divided
into four groups, and the droplet ratio of SV40"/
ITR*, SV40"/ITR", and SV40/ITR" was 96.83%,
1.47% and 1.70%, respectively (Fig. 4C).

The singleplex ddPCR system was reported that
the dynamic range for absolute quantitation spans
from a single copy up to ~ 100,000 copies.'* How-
ever, for our 2D ddPCR, amplification targets,
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Figure 3. ddPCR detection of rAAV2RSM was not affected by the sec-
ondary structure of the vector genome or by the selection of the amplifi-
cation target site. (A) ddPCR detection range of rAAV2RSM using ITR and
SVA40 as target sites. Eight ddPCR data points, corresponding to number of
droplets ranging from 14,000 and 16,000, were plotted. The CV% values
were <2.9% and 3.1% for ITR and SV40, respectively. (B) Comparison of the
titer of rAAV2RSM vector genome treated with Smal or not, as determined
by gPCR and ddPCR. Linearized plasmid DNA was used as a reference
standard for qPCR. Values are shown as mean+ SD from two independent
experiments. CV%, percent coefficient of variation; ddPCR, droplet digital
PCR; SD, standard deviation.

SV40 and ITR, exist on the same rAAV genome.
That is, a single droplet containing more than one
template DNA would overestimate the percentage
of intact rAAV by our 2D ddPCR. Serial dilutions of
rAAV2RSM from 20,000 to 100 copies/reaction
were analyzed by ITR and SV40 2D ddPCR plots to
determine the precise dynamic range. As shown in
Fig. 4B, the detection values of the major amplicons
(SV40*/ITR" group) retained linearity throughout
the entire range. However, the values of the minor
amplicons (SV40"/ITR™ or SV40/ITR" groups)
showed leveling off near the upper limit and tailing
at low concentrations, resulting in underestima-
tion near the upper limit and overestimation at the
lower limit. The ratio between each group was
constant from 10,000 to 400 copies/reaction of total
template in this case (Fig. 4B). In contrast, the linear
range of rAAVSRSM is much narrower than that of
rAAV2RSM (data not shown), demonstrating that
proper detection ranges must be established for each
system when using the ratio of data of each group as
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Figure 4. 2D ddPCR detection to evaluate the integrity of rAAV2RSM. Dot
plot profiles of FAM-labeled SV40 primer and probe (channel 1, amplitude)
and HEX-labeled ITR primer and probe (channel 2, amplitude). Droplets
emitting 2D signals were separated into four groups as indicated. The
number of droplets in each single or double positive group was calculated
based on the Poisson distribution. The ratios of each group are indicated as
percentages. (A) rAAV2RSM. (C), Smal-digested pTR-UF11. (B) The dy-
namic linear range of each group was confirmed by detecting emission
from a series of diluted samples. 2D, two-dimensional;, FAM, fluorescein;
HEX, hexachloro-6-carboxy-fluorescine.

an indicator for evaluating the quality of rAAV vec-
tor products.

As already described, we could discriminate
the intact rAAV genome (SV40"/ITR* group) from
incomplete genomes (SV40"/ITR™ or SV40/ITR"
groups) using 2D ddPCR. We, therefore, hypoth-
esized that rAAV activity is correlated with the
quantity of intact genome determined by 2D
ddPCR. To confirm this hypothesis, rAAV2RSM
stock was incubated at 37°C for 0, 1, 3, or 7 days,
and analyzed by 2D ddPCR and qPCR. The activity
of treated rAAV2RSM was determined by FACS
analysis of GFP-expressed Vero cells 48 h postin-
fection. As expected, the activity of rAAV2RSM
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Figure 5. Correlation between the integrity of rAAV2RSM evaluated by
ddPCR and transfection activity. (A) rAAV2RSM was incubated at 37°C for
0,1, 3, or 7 days and activity was detected as TU toward Vero cell by FACS
analysis after 48 h of infection. The activity of rAAV was demonstrated as
the ratio to day 0. (B) Correlation between ddPCR or qPCR titer and TU
activity. The vector genome titers of rAAV2RSM were simultaneously de-
tected by qPCR (SV40 titer using Scal-digested pTR-UF11 as standard) and
ddPCR (ITR*/SV40* group). Values are indicated as mean=SD (activity
n=3, titer n=4). (C) The percentage of incomplete vector genome of
treated rAAV2RSM. TU, transduction activity.

gradually decreased as the incubation time in-
creased (Fig. 5A). Correlations between rAAV2RSM
activity and the values obtained using qPCR or 2D
ddPCR are plotted in Fig. 5B. The ddPCR titers of
the SV40"/ITR" group were highly correlated with
rAAV2RSM activity with an R? of 0.9847. However,
the qPCR titer of the same samples determined
using SV40 showed no relationship with AAV ac-
tivity (Fig. 5B). The ratio of incomplete vg increased
as the incubation time increased (Fig. 5C). The re-
lationship between amount of the double positive

population and the activity needs to be further es-
tablished, our data revealed the potential of the 2D
ddPCR assay to measure stability as a surrogate of
the true activity assay.

2D ddPCR can be used to evaluate impurity of
the plasmid DNA used in the manufacture of rAAV.
To demonstrate this, we choose two primer probe
sets against ITR (within the rAAV vg region) and a
replication origin (ori, within the plasmid back-
bone), labeled them with HEX and FAM, respec-
tively, and conducted 2D ddPCR analysis (ori and
ITR 2D ddPCR) (Fig. 6A). Similar to the droplet
profiles of the SV40 and ITR primer/probe sets, the
droplets with FAM and HEX signals are distrib-
uted into four groups: the ori*/ITR" group (vector
plasmid), the ori"/ITR™ group (plasmid backbone
impurity), the ori /ITR* group (rAAV candidates),
and the ori /ITR™ group (Fig. 6B). After converting
the number of drops in each group to concentration
according to the Poisson distribution, we deter-
mined that 5.76%, 13.9%, and 80.34% of the drop-
lets were ori*/ITR*, ori"/ITR™, and ori /ITR",
respectively, for rAAV2RSM (Fig. 6B), and 0.06%,
1.27%, and 98.14% for rAAVSRSM (Fig. 6C). This
revealed that 20% of the rAAV2RSM and 1.3% of
the rAAV8RSM templates contained impurity of
plasmid backbone.

DISCUSSION

gPCR is routinely utilized in rAAV titration due
to its sensitivity, robustness, and accuracy, and
thus qPCR was established by the international
AAVRSM Working Group as an SOP for the vg ti-
tration of rAAVRSM. In this study, we analyzed
the effect of the secondary structure of the target
genome on qPCR titer by comparing the amplifi-
cation of the rAAV2RSM genome, Smal-digested
plasmid, linearized plasmid, and circular plasmid
DNA. As shown in Fig. 2A, the amplification effi-
ciency of gPCR was impeded by the structure of the
plasmid tail, especially when the amplification
target was near the ITR structure. Therefore, a
protocol for determining the absolute number of
copies of the rAAV vector shouldo be established.

We attempted to use ddPCR to determine the
number of genome copies of rAAV because this
technique does not require a calibration standard,
as previously mentioned by Lock et al.'® ddPCR
was found to be compatible with a broad range of
concentrations and provided reproducible mea-
surements of rAAV2RSM genome, regardless of
the amplification target selected, for example, the
presence or absence of ITR secondary conforma-
tion. In contrast to the study of Lock et al.,'® we
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Figure 6. Plasmid impurity of the rAAV vector products detected by 2D ddPCR. (A) Gene structure of positive strand of rAAV, dashed line is the plasmid
backbone linked with the 5 end and 3’ end of the ITR sequence. Narrow and thick arrows are indicated as the position of ITR and ori (replication origin) primer
probe target site in this research, respectively. (B, C) Dot plot profiles of FAM-labeled ori primer probe (channel 1, amplitude) and HEX-labeled ITR primer
probe (channel 2, amplitude). Droplets of 2D signals were separated into four groups. Ratio of each group is indicated in percentage. (B) rAAV2RSM.
(C) rAAV8RSM. rAAVBRSM, rAAV reference standard material for serotype 8.

exploited 2D ddPCR by using two different primers
and probes labeled with FAM and HEX, which
provided information about the integrity of the
rAAV vector whereas qPCR could not. In this
article, analyses were conducted using two sets of
primer/probes targeting the SV40 and ITR se-
quences, which are distantly positioned in the rAAV
vg, and revealed that rAAV2RSM contains ~40%
incomplete genomes. These incomplete genomes
might be degradation products formed during pu-
rification and genome extraction, due to impurity of
the vector plasmid used for vector synthesis, or re-
sult from packaging of prematurely terminated
defective interfering genomes,?! or packaged in a
vector production process using HEK-293 cells.??

Most importantly, we revealed that the complete
genome titer (SV40"/ITR" group) detected using 2D
ddPCR measurement highly correlated with infec-
tivity (transduction activity). 2D ddPCR is the only
evaluation method that simultaneously reflects in-
tegrity and activity. In this context, an accelerated
(37°C) stability study instead of a long-term stabil-
ity study revealed that loss of infectivity activity by
rAAV may, in part, be due to the instability of the
genome structure as the ratio of SV40/ITR" group
and SV40"/ITR™ group increased (Fig. 5C).

2D ddPCR can also be used to evaluate impurity
of the plasmid DNA used in the manufacture of
rAAV by choosing two primer probe sets against
ITR (within the rAAV vg region) and a replication
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origin (ori, within the plasmid backbone), labeled
them with HEX and FAM, respectively. We revealed
that the ratio of impurities (from the vector plasmid
or plasmid backbone) to the rAAV candidate of
rAAV2RSM and rAAV8RSM was 20% and 1.3%,
respectively (Fig. 6B, C). The qPCR ratio of plasmid
impurity was also determined routinely by com-
paring the titer of the plasmid backbone (antibiotic-
resistant gene or replication origin) with the rAAV
genomes from separate qPCR detections. The val-
ues obtained were 1.87%, 1-8%, and 26.1% for the
final bulk purified product of good manufacturing
practice-produced self-complementary serotype 8
AAV vector for a hemophilia B clinical trial,?® a
laboratory-made rAAV2 containing a single-stranded
vg, and a laboratory-made self-complementary vec-
,2425 respectively. In our experience, ratio of
plasmid impurity in rAAVRSM determined by
gPCR was less than that by 2D ddPCR (data not
shown). Besides that, when we detected the ori titer
by qPCR, the standard curve of ori was 2 Ct. shifted
down than that of ITR. Therefore, the effect of the
bias between the qPCR results of plasmid backbone
amplicon and rAAV amplicon should not be ignored
when using qPCR to evaluate the plasmid impurity
of rAAV vector product.

In this study, we attempted to clarify the use-
fulness of ddPCR and 2D ddPCR for characterizing
the single-stranded rAAV vector. The use of ddPCR
provided the absolute number of copies of rAAV,
and the use of optimized condition might show a
correlation between the infection activity of rAAV
and genome integrity. Nevertheless, additional

inspection is necessary for the application of 2D
ddPCR in self-complementary rAAV vector.

Overall, our study demonstrated the reliable
measurement of rAAV vector titration by ddPCR
without the need for a calibration standard, in
contrast to qPCR. Moreover, the titer of the rAAV
vector includes the intact viral genome detected
by 2D ddPCR with two different primers and
probes for the same virus genome. In addition, the
titer of the intact viral genome was highly corre-
lated to the transfection activity of the rAAV
vector. The combination of different primers and
probes allows quantification of, for example, re-
sidual vector plasmid DNA or cell host genome
DNA, and helper virus used for vector production.
Therefore, the detailed information regarding the
composition of rAAV vectors provided by 2D
ddPCR can be a powerful tool in titration, evalu-
ating impurities, and stability of rAAV vectors for
clinical trials.
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