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The presence of replication-competent adenovirus (RCA) in clinical iots of adenovirus vectors
raises a variety of safety concerns. To detect RCA in adenovirus vector products, the cell culture/
cytopathic effect (CPE) method has generally been preferred. However, it is difficult to evaluate
the amount of RCA clearly and quantitatively by this method. In addition, the cell culture/CPE
method requires large-scale cell culturing and a substantial amount of time. For the purpose of
establishing a method to detect RCA more sensitively and rapidly, we developed the infectivity
PCR, a hybrid method that combines the infectivity assay and quantitative PCR. This method
allows RCA to be quantified by real-time quantitative PCR using primers and a probe designed for
E1 DNA. By infectivity PCR, 1 pfu of RCA spiked into 107 particles of adenovirus vectors could be
detected. In contrast, CPE was observed in the cells infected with 10° pfu of RCA spiked into 10°
particles of adenovirus vectors. The glass-beads method was suitable for extracting DNA rapidly
from the RCA-infected cells. These results showed that infectivity PCR combined with the glass-
beads-based DNA extraction method was useful for the detection of RCA in adenovirus vector
products.

Key Words: replication-competent adenovirus, adenovirus vector, infectivity PCR

INTRODUCTION

Recombinant adenovirus vector is one of the most prom-
ising vectors available for human gene therapy. In fact,
adenovirus vector-based gene therapies now account for
26.9% of all clinical gene-therapy protocols [1]. Consid-
erable efforts have been made to improve the potency of
adenovirus vectors to make them more useful for gene
therapy, e.g., regulation of target-cell specificity by mod-
ifying fiber protein [2-7], application of cassettes that
enable the regulation of gene expression [8,9], and reduc-
tion of immunogenicity by deleting all viral genome se-
quences [10]. However, there have been few studies inves-
tigating the establishment of a system to ensure the safety
of these vectors.

The vast majority of adenovirus vectors are constructed
by inserting the therapeutic genes in place of the essential
viral E1 sequence in the adenovirus. The generation of

El-deleted adenovirus vectors relies on the complemen-
tation functions present in HEK293 cells into whose ge-
nome E1 DNA has been inserted. However, HEK293 cells
are prone to the generation of replication-competent ad-
enovirus {(RCA) as a result of recombination events be-
tween the vector DNA and the integrated adenovirus se-
quences present in the cells [11]. The presence of RCA in
adenovirus vector products raises the possibilities of ade-
novirus infection, unintended vector replication due to
the presence of wild-type helper function, and exacerba-
tion of host inflammation response [12]. Because it is
extremely difficult to avoid completely the emergence of
RCA in adenovirus vector products by means of the cur-
rent production technique, examining the level of RCA in
each lot of adenovirus vector products is important {12].
In addition, examining for the presence of RCA in the
patients who have been administrated adenovirus vectors
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is important to test for viral shedding during the clinical
study.

As a method to detect RCA in adenovirus vector prod-
ucts, the cell culture/cytopathic effect (CPE) assay has
generally been used [13,14]. In the cell culture/CPE assay,
the vector products are infected into cells, the RCA are
amplified, and the CPE induced by the RCA is observed.
By this method, the presence of RCA is judged by micro-
scopic observation, and thus the results may not always
be accurate and quantitative. In addition, this method
requires large-scale cell culturing and a substantial
amount of time. As a sensitive method to detect viral
DNA, PCR is thought to be useful [11,15]. However, be-
cause the infectivity of the viral DNA cannot be measured
by PCR, the cell culture/CPE assay is still recommended
by the FDA [12]. For all of the above reasons, there is need
for a more sensitive, quantitative, and rapid method for
the detection of RCA,

In the present study, we established an infectivity PCR
method for detecting RCA. Infectivity PCR is a hybrid
method that combines the best features of the infectivity
assay and PCR. By this method, the virus is allowed to
replicate in the cell culture, as in the traditional cell cul-
ture/CPE assay, and the amount of virus replicated in the
cells is determined by quantitative PCR rather than by
observing CPE. For efficient extraction of the DNA from
RCA-infected cells, a novel glass-bead method was devel-
oped. Our results demonstrated that the infectivity PCR
method combined with glass-beads-based DNA extraction
was superior to the classical cell culture/CPE method for
detecting RCA.

REesuLTs

Quantification of RCA by Real-Time Quantitative
PCR

As a first step in establishing an infectivity PCR method,
we developed a real-time quantitative PCR that can quan-
tify the copy number of the RCA genome, We designed
four pairs of primers and probes for the detection of E1
DNA, which is included in the RCA genome but not in the
adenovirus vectors. Among them, the AdSdE1-1035F and
AdSdE1-1105R primers and the Ad5dE1-1058TM probe
worked well for quantifying the RCA genome. Fig. 1A
shows the standard curve with the starting quantity of
RCA on the x axis and the threshold cycle (Ct denotes the
PCR cycle at which the threshold line intercepts the am-
plification curve) on the y axis. The threshold cycle and
the log-transformed concentration showed a high, in-
verse correlation in a linear fusion from 10® to 10° parti-
cles.

Detection of RCA by Nested PCR

Since the nested PCR method is known to be suitable for
detecting low concentrations of DNA, we applied it here
to detect the DNA extracted from 107, 10%%, or 10° parti-
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FIG. 1. Detection of RCA by PCR. Viral genorne DNA was extracted from serial
log dilutions of RCA and amplification of each sample was performed by (A)
real-time quantitative PCR or (B) nested PCR. (A) Standard curve for the
determination of RCA quantity generated from the amplification plot of real-
time quantitative PCR. Data are the means * SD of triplicate amplifications. (B}
Detection of a low copy number of RCA by nested PCR (n = 10). The particle
numbers in the samples were 10", 10, and 10°, M, molecular weight
marker.

100

cle(s)/tube of RCA. When nested PCR was performed in 10
tubes, the amplification succeeded in the ratios of 9/10 for
10" particles, 5/10 for 10®% particles, and 1/10 for 10°
particles (Fig. 1B). Although DNA concentration cannot
be quantitatively determined by nested PCR, it can be
estimated from the hit rate of the amplification. This
estimation assumes that, when low concentrations of
samples are transferred from a stock tube to PCR tubes,
viral particles will not necessarily be present in all the
reaction tubes. If the PCR is optimized, then as little as
one copy of DNA can be amplified, and the relationship
between the hit rate in the PCR and the average copy
number in the PCR tubes can be calculated as follows:
1/10 for 0.105, 2/10 for 0.233, 3/10 for 0.357, 4/10 for
0.511, 5/10 for 0.693, 6/10 for 0.916, 7/10 for 1.20, 8/10
for 1.61, and 9/10 for 2.30 [16,17]. In our experiments,
half of the extracted DNA was subjected to the nested
PCR; therefore, the hit rate of the PCR and the RCA copy
number were 1/10 for 0.5, 5/10 for 1.58, and 9/10 for 5.
Although the hit rate in this experiment seemed to be
slightly lower than the theoretical values, this does not
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FIG. 2. Detection of RCA spiked into adenovirus vectors by real-time quanti-
tative PCR. 107, 102, 105, or 107 particles of RCA were spiked inte 0, 104, 107,
or 10'9 particles of adenovirus vectors (AdHM4LacZ). Viral DNA was extracted
from each sample, and E1 DNA was detected by real-time quantitative PCR.
Data are the means + $D of triplicate amplifications. The background Ct (Ad
without any RCA) was 39.1 for 10% particles of adenovirus vectors, 39.2 = 1.6
for 107 particles, and 35.2 % 0.04 for 10 particles.

necessarily invalidate the results, since DNA may have
been lost during the DNA extraction, and the detection
limit may have been higher than one copy. These results
demonstrated that the nested PCR could be used for the
detection of lower concentrations of RCA and that the
detection limit might be fewer than 10" particles.

Measurement of RCA in Adenovirus Vector Products
Because, in practice, it is often necessary to detect very
slight amounts of RCA in high concentrations of adeno-
virus vectors, we next tried to quantitate the amount of
RCA spiked into adenovirus vectors. We extracted viral
genome DNA from 10°, 103, 10°, or 107 particles of RCA
spiked into 104, 107, or 10'° particles of adenovirus vec-
tors and then measured the amount of RCA by real-time
quantitative PCR. As shown in Fig. 2, when the RCA
concentration was higher than 10 particles/sample, the
amount of RCA could be measured without major inter-
ference by coexisting adenovirus vectors. However, when
the spiked RCA concentration was 10' particles, the Ct
value seemed to be lowered by the presence of adenovirus
vectors. From these results, although RCA was thought to
be detectable even in the presence of adenovirus vectors,
the adenovirus vectors used in this experiment might
have contained a certain amount of E1 DNA. We there-
fore examined several lots of adenovirus vectors for the
presence of E1 DNA by nested PCR. When 10'° particles
of adenovirus vectors were subjected to the nested PCR,
E1 DNA was detected in all seven lots tested. When 10°
particles of adenovirus vectors were tested, E1 DNA was
detected in four of the seven lots tested (data not shown).
Because we could not distinguish whether the E1 DNA
detected in adenovirus vectors was derived from RCA or
HEK293 cells, we tested for the presence of HEK293 cell-
derived DNA in the vector products by PCR. For this

purpose, we used primers designed for the sequence of the
pregnancy-specific glycoprotein (PSG) gene, in which the
adenovirus E1 gene is inserted into the HEK293 cell ge-
nome [18]. In all lots examined, PSG DNA was detected in
10'° particles of adenovirus vectors, meaning that the
adenovirus vector products contained HEK293 cell-de-
rived DNA as impurities (Fig. 3A). E1 DNA was barely
detected in 10° particles of adenovirus vectors (Fig. 3B).
These results showed that adenovirus vectors can be sub-
jected to the direct measurement of RCA by PCR, al-
though the results are complicated by the presence of
residual HEK293 cell DNA. To separate RCA from HEK293
cell-derived DNA, we attempted to establish an infectivity
PCR method for the measurement of RCA in adenovirus
vectors. In the infectivity PCR assay, RCAs are expected to
be selectively amplified in the cells that support their
growth.

Comparison of the Amount of RCA in Cells and
Cultured Medium from RCA-Infected Cell Culture

To determine a suitable source for the PCR template in
infectivity PCR, we compared the amounts of E1 DNA in
the cells and cultured medium from the RCA-infected cell
culture. We infected Hela cells with serially diluted RCA
and cultured them. We extracted DNA from the cells and
cultured media and then subjected it to real-time quanti-
tative PCR. In this experiment, we used one-third of the
cells or one-hundredth of the supernatant from each dish
for DNA extraction. A 100-fold higher amount of RCA was
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FIG. 3. Detection of pregnancy-specific glycoprotein (PSG) or E1 DNA in
adenovirus vectors by PCR. Viral DNA was extracted from 10" particles of
adenovirus vectors and then {A) 293 cell-derived pregnancy-specific glycop-
rotein DNA or (B) E1 DNA was detected by PCR. DNA from HEK293 cells was
used as a positive control. Lane A, AdHM4lacZ (Lot 0516); lane B,
AdHM10LacZ-3 (Lot 0529); lane C, AdHM10LacZ-4 (Lot 052%); lane D,
AdHM10LacZ-5 (Lot 0529), lane RCA, replication-competent adenaviruses;
lane 293, genomic DNA extracted from HEK293 cells; lane M, molecular
weight marker. (C) E1 DNA inserted into the chromosome of HEK293 cells and
the positions of the PCR primers used are shown,
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FIG. 4. DNA extraction using glass beads. (A} Procedure of DNA extraction
from cell pellets using glass beads. (B) Comparison of the efficiency of DNA
extraction. DNA was extracted from RCA-infected Hela cell lysate by the
EX-R&D reagent or glass-beads method. The copy number of E1 DNA in each
sample was determined by real-time quantitative PCR.

detected in the DNA extracted from the cells compared
with that from the cultured medium (data not shown).
Therefore, we considered the cells to be a suitable source
for further examination of the propagation of RCA.

In the preparation of DNA from RCA-infected cells,
cellular genomic DNA caused high viscosity and disturbed
the subsequent PCR. However, cellular genomic DNA
could be digested by nuclease after freezing and thawing
without damaging the viral DNA, because the viral DNA is
protected by capsid proteins. By this procedure, we could
extract viral DNA from more than 1 x 10 cells and use it
as a template for the PCR, although this procedure was
laborious. We considered that glass beads, which were
initially developed for extracting cellular DNA, might be
used to simplify this step, and therefore we examined a
glass-beads-based DNA extraction method (Fig. 4A). The
protocol for the glass-beads method is simple and less
time-consuming than extracting DNA after freezing and
thawing followed by nuclease treatment. For comparing
the efficiency of DNA extraction using glass beads to that
using the SMI TEST EX-R&D, we extracted DNA from cells
that contain the same amount of RCA, We used the SMI
TEST EX-R&D as an example of a method that can extract
DNA with high efficiency [19]. As shown in Fig. 4B, we
detected equal amounts of RCA in DNA extracted by these
two methods, meaning that glass beads are useful for
extracting DNA rapidly, with an efficiency similar to that
of the previous method.

Infectivity PCR for the Detection of RCA
For examining the infectivity PCR, we used RCA in the
absence of adenovirus vectors as a preliminary experi-

ment. HeLa cells were infected with serial log-diluted RCA
(G, 0.1, 1, 10, 100, 1000, 10,000 pfu) in triplicate and
cultured. After culturing them for 1, 3, 6, or 9 days, we
harvested the cells and extracted the DNA using glass
beads. We then measured the amount of RCA in each
sample by real-time quantitative PCR. As shown in Figs.
5A and 5B, we detected RCA in all of the triplicate samples
that had been infected with more than 1 pfu of RCA. RCA
was not detected in the samples that had been infected
with 0.1 pfu of RCA. Therefore, we concluded that at least
1 pfu of RCA was detectable by this assay. In parallel with
this infectivity PCR assay, we observed the cells by mi-
croscopy and tested for CPE (Fig. 5C). On day 6, we
observed weak signs of CPE in the cells that had been
infected with 1000 pfu of RCA, and we clearly observed
CPE in the cells that had been infected with 10,000 pfu of
RCA. On day 9, we observed slight CPE in the cells that
had been infected with 100 pfu of RCA, and we clearly
observed CPE in the cells that had been infected with
1000 or 10,000 pfu of RCA. These results showed that the
sensitivity of infectivity PCR was 100 or 1000 times higher
than that of the CPE assay. In addition, by the infectivity
PCR method, RCA could be detected at an earlier time
point than by the CPE assay. Since A549 cells are often
used for CPE assay, we also examined infectivity PCR
using A549 cells. The viability of the cells decreased later
than day 6, and it was difficult to test the CPE. The
amount of RCA amplified in A549 cells tended to be lower
than that in HeLa cells(data not shown). Therefore, we
used HelLa cells for further examination.
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FIG, 5. Comparison of RCA detection by CPE assay and infectivity PCR. Hela
cells were infected with serial dilutions of RCA in medium. CPE was observed
and cells were harvested on days 1, 3, 6, and 9. The viral DNA was extracted
by glass beads and then the amount of RCA was determined by real-time
quantitative PCR. (A) RCA growth curve in Hela cells. Data are the means + SD
(n = 3). (B) The ratio of E1 DNA-positive samples is indicated (n=3).(C) The
number of CPE-positive samples is indicated (n = 3),
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FIG. 6. Comparison of the detection of RCA spiked into adenovirus vectors by
CPE assay and infectivity PCR. Hela cells were infected with serial dilutions of
RCA spiked into 10% particles of adenovirus vectors. CPE was observed and cells
were harvested on days 1, 3, 6, and 9. The viral DNA was extracted by glass
beads, and then the amount of RCA was determined by real-time quantitative
PCR or nested PCR. (A} RCA growth curve in Hela cells, Data are the means =
SD (n = 3). (B and C) The ratio of E1 DNA-positive samples is indicated (n =
3). (D) The number of CPE-positive samples is indicated (n = 3).

Infectivity PCR for the Detection of RCA Spiked into
Adenovirus Vector Products

Finally, we applied the infectivity PCR method for detect-
ing RCA spiked into adenovirus vectors (Fig. 6}. We in-
fected 1.5 % 10° Hela cells with §, 0.1, 1, 10, 100, 1000, or
10,000 pfu of RCA spiked into 10 particles of adenovirus
vectors (AdHM10LacZ-3). Because 10° particles of the ad-
enovirus vector were equivalent to 5 X 107 infectious
units, the multiplicity of infection (m.o.i.) was about 33
in this assay. We harvested the cells on days 1, 3, 6, and 9,
and then we extracted the DNA using glass beads. By
real-time quantitative PCR, we detected RCA in the sam-
ples that had been infected with more than 1 pfu of RCA
(Figs. 6A and 6B). We detected no RCA in the samples
infected with 0.1 pfu of RCA. Therefore we concluded the
detection limit of this assay to be 1 pfu. This result was the
same as that in the assay performed in the absence of
adenovirus vectors. The absolute value of the amplified
RCA was lower than in the assay without adenovirus
vectors. When we also examined the presence of RCA by
nested PCR (Fig. 6C), we detected E1 DNA in the samples
infected with 1 pfu of RCA, but we did not detect it in
those infected with 0.1 pfu of RCA, meaning that the
detection limit was still 1 pfu. We observed a slight sign of
CPE on day 9 in only one of the three dishes that had
been infected with 10,000 pfu of RCA (Fig. 6D). CPE
appeated to be suppressed by the presence of adenovirus

vectors. From these results, when we measured RCA
spiked into adenovirus vectors, the sensitivity of the assay
was almost 10,000 times higher by infectivity PCR than
by CPE assay. Thus the RCA contamination in adenovirus
vectors could be detected with high sensitivity and short-
term cell culture by the infectivity PCR method reported
here.

Discussion

The infectivity PCR assay was developed for detecting
RCA in adenovirus vectors (Fig. 7). The cell culture/CPE
method in common use involves an infection of Hela or
A549 cells, harvesting, blind passage on fresh cells, and
the search for CPE (Fig. 7A). It usually takes more than 4
weeks. In the method we reported here, Hela cells are
infected with adenovirus vector products and cultured for
3 or more days. The cells are harvested and viral DNA is
extracted using glass beads, and then the amount of E1
DNA is measured by real-time quantitative PCR, Atleast 1
pfu of RCA spiked into adenovirus vectors can be detected
by this method. The infectivity PCR method thus pro-
vides a more sensitive, rapid, and simple means of testing
the quality of adenovirus vectors than the traditional CPE
assay.

As a sensitive method for the detection of viral ge-
nome, PCR has been widely used. Real-time quantitative
PCR is sensitive and highly reproducible over a wide dy-
namic range in addition to having high-throughput ca-
pacity. In our study, 10° to 108 particles of RCA could be
detected quantitatively by real-time quantitative PCR.
Nested PCR is known to be suitable for the detection of
smaller amounts of DNA. By nested PCR, fewer than 101
particles of RCA could be detected. While the PCR
method has advantages in terms of sensitivity, it has a
disadvantage in that not only infectious virus but also
uninfectious viral particles or DNA fragments are de-
tected. In our experiments, we used primers and a probe
for the E1 sequence that is present in RCA but not in
adenovirus vectors. However, in addition to RCA, HEK293
cells in which the adenovirus vectors had been propa-
gated had the E1 sequence in their genome. Although the
adenovirus vectors had been purified by CsCl ultracentrif-
ugation after treating the HEK293 cell lysate with nucle-
ase, HEK293 cell-derived E1 DNA was detected in adeno-
virus vector products, and thus if the E1 DNA was
detected in adenovirus vector products by PCR, it is not
clear whether the origin is RCA or HEK293 cells. The
presence of cellular E1 DNA in adenovirus vector products
might not be limited to our sample, because purification
by CsCl ultracentrifugation is the method used for the
adenovirus vectors for clinical studies [20), and cellular
DNA has been detected in adenovirus reference materials
[21]. On the other hand, the fact that the ratio of infec-
tious titer to particle concentration was 1:8.6 (see Materi-
als and Methods) means that not all of the RCA particles
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FIG. 7. (A) The cell culture/CPE method in common use
involves an infection of Hela or A549 cells, harvesting,
blind passage on fresh cells, and the search for CPE. It
usually takes more than four weeks. (B) In infectivity PCR

{A) Cell culture/CPE methad
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method, Hela cell are infected with adenovirus vector vectors =] (B) Infectivity PCR method
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DNA extraction by 2
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Quantification of E1 DNA
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= —
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were infectious. Therefore, infection of the adenovirus
vectors into cells was thought to be indispensable for the
selective amplification of the infectios RCA particles.

In the infectivity PCR assay, RCA could be detected
with a detection limit of 1 pfu irrespective of the presence
of adenovirus vectors. On the other hand, CPE was ob-
served in the cells that had been infected with 10° to 10¢
pfu of RCA without adenovirus vectors or 10* pfu of RCA
spiked into adenovirus vectors. Therefore, for the detec-
tion of RCA spiked into adenovirus vectors, the infectivity
PCR was shown to be almost 10,000 times more sensitive
than the CPE assay.

Since nested PCR was able to detect smaller amounts of
DNA than real-time quantitative PCR, nested PCR was
expected to contribute to an increase in the sensitivity of
the infectivity PCR assay. However, the detection limit of
the assay was still 1 pfu even when nested PCR was used.
This might have been because, at lower concentrations of
RCA, there was a threshold in the steps of infection or
amplification in the cells, and thus the RCA was not
linearly amplified.

The infectivity PCR was also shown to have the advan-
tage of requiring fewer cells than the CPE assay. It is
known that too high an input m.o.i. may lead to suppres-
sion of RCA outgrowth by the vector [12,22]. Because
adenovirus vectors are prepared as high-titer stocks, a
large-scale cell culturing, e.g., roller-bottle culture, is re-
quired to test the presence of RCA at a low m.o.i. Al-
though the presence of adenovirus vectors seemed to
interfere with the CPE, RCA could be detected by real-
time quantitative PCR with the same detection limit of 1

===

¢1Wk

Cytopathic effect (CPE)

pfu even in the presence of adenovirus vectors. This
means that infectivity PCR can be performed at a higher
m.o.i. than the CPE assay and therefore may contribute to
a decrease in the number of the cells required for the
assay.

The FDA currently recommends that adenovirus vector
preparations contain <1 RCA in 3 X 10'° particles. Since,
in our method, 10” particles of adenovirus vectors can be
tested using one 10-cm-diameter plate, 3 X 10 particles
of adenovirus vectors can be tested using 30 plates. If 3 x
100 particles are tested in the standard culture method
with blind passage and come out positive, the only pos-
sible conclusion would be that there was >1 pfu in 3 X
10 particles. Our method has the potential to be much
more effective and quantitative than the standard culture
method, because each plate can be tested separately, and
then the actual level of RCA contamination can be esti-
mated using the Poisson distribution.

With a goal of ensuring the safety of gene therapy,
official guidelines have been published for the testing of
replication-competent retroviruses (RCR) [23]. These
guidelines, entitled Supplemental Guidance on Testing for
Replication-Competent Retrovirus in Retroviral Vector-Based
Gene Therapy Products and During Follow-Up of Patients in
Clinical Trials Using Retroviral Vectors, provide information
on RCR testing during manufacture (including timing),
amount of material to be tested, and general testing meth-
ods. However, with respect to RCA in adenovirus vectors,
the only available guidelines are the descriptions included
within the Guidance for Human Somatic Cell Therapy and
Gene Therapy [12]. In these guidelines, the cell culture/
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CPE method is recommended for testing the presence of
RCA. Although it is recommended that the assay sensitiv-
ity should be validated by spiking the test inocula with
increasingly smaller numbers of wild-type adenovirus par-
ticles, there are currently no detailed guidelines for the
RCA test. With regard to the safety concerns of adenovirus
vector-based gene therapy, most research has focused on
the immune response against capsid proteins [24]. In ad-
dition, preclinical safety studies are inherently limited in
their assessment of RCA-related risks, since there are no
animal models that support extensive replication of hu-
man wild-type adencvirus. This fact may have limited the
attention paid to establishing an RCA detection method.
Our method reported here could be used to test the RCA
contamination in clinical lots of adenovirus vectors or to
detect RCA in patients undergoing adenovirus vector-
based gene therapy. Together with the recent efforts to
develop cell lines that can propagate adenavirus vectors
without emergence of RCA [25-27], this method might
improve the safety of adenovirus vector-based gene ther-

apy.

MATERIALS AND METHODS

Cells. Hela cells were obtained from the Japanese Cancer Research Re-
source Bank (Tokyo, Japan) and maintained in minimum essential me-
dium (MEM) supplemented with 10% fetal calf serum (FCS), HEK293 cells
were obtained from Clontech (Palo Alto, CA) and maintained in Dulbec-
co's modified Eagle’s medium supplemented with 10% FCS,

Replication-competent adenovirus. The seed RCA (adenovirus type 5) was
purchased from ATCC (Manassas, VA). For the amplification of the RCA,
Hela cells were infected with the RCA and harvested when CPE was
observed. The cell lysate was prepared by four cycles of freezing and
thawing and then was added to another dish of HeLa cells. After the
amplification was repeated, the cell lysate from five 150-mm-diameter
dishes was subjected to RCA purification by CsCl ultracentrifugation. The
particle concentration and infectious titer of RCA were measured accord-
ing to the standard operating procedure for adenovirus reference material
(ATCC VR1516). For determining the particle concentration, RCA was
diluted with the excipient solution (20 mM Tris, 25 mM NaCl, 2.5%
glycerol (w/v), pH 8.0). After incubation for 15 min at room temperature,
the absorbanice value at 260 nm was measured. The particle concentration
was determined as $.826 x 10'" particles/ml. For determining the infec-
tious titer, HEK293 cells were seeded in 96-well plates at 4 x 10 cells/well.
After culturing for 1 day, medium was replaced with 200 pl of medium
containing § X 107 to 1.28 x 10"° times diluted RCA stock. The plates were
incubated for 60 min, and then the medium was replaced with 200 ul of
fresh medium. On day 10, each well was examined for signs of CPE using
a light microscope. The infectious titer was calculated as the normalized
adjusted standard titer [28] and determined to be 6.767 x 10" NIU/ml.
The ratio of infectious titer to particle concentration was 1:8.6.

After we had prepared our in-house RCA standard, the Adenovirus
Reference Material (ATCC VR-1516) developed under the guidance of the
Adenovirus Reference Material Working Group and the US. Food and
Drug Administration was distributed [21]. The ratio of infectious titer to
particle concentration of the reference material is 1:8.3. The ratio of our
in-house RCA was 1:8.9 (5.8 X 10! particles/ml vs 6.5 x 10! IU/ml} when
these values were measured using the Adenovirus Reference Material as a
reference. Since the ratios for our in-house standard and the reference
material were similar, our in-house RCA standard was considered to have
qualities similar to those of the reference matertal.

Adenovirus vector, Adenovirus vectors were prepared as described previ-
ously [29]. In brief, the plasmid hatboring p-galactosidase in the El-
deleted region of the adenovirus, pAdHM10LacZ, was digested with Pacl.
The linearized plasmid was transfected into subconfluent HEK293 cells
plated in a 60-mm dish using SuperFect (Qiagen, Valencia, CA) according
to the manufacturer’s protocol. Ten days later, cells were harvested and
adenovirus vectors were released by four cycles of freezing and thawing.
The vectors were amplified by further infecting into HEK293 cells and then
purified by CsCl step gradient ultracentrifugation followed by CsCl linear
gradient ultracentrifugation.

Real-time quantitative PCR. The ABI Prism 7000 sequence detection
system {Applied Biosystems, Foster City, CA) was used for detecting real-
time quantitative PCR products. The DNA extracted from RCA standard or
RCA-infected cells was dissolved in 20 pl of distilled H,0O. Ten microliters
of the DNA sample was used as template in a subsequent real-time quan-
titative PCR with 0.5 pM each primer, 0.16 pM TagMan probe, and 25 pl
of TagMan universal PCR master mix (Applied Biosystems), The PCR was
initially denatured at 95°C for 10 min and then subjected to cycles of 35°C
for 15 s and 60°C for 1 min. The reaction was catried out for 50 cycles. A
calibration cutve was generated for the DNA extracted from purified RCA
and validated using linear regression analysis. The sequences of the prim-
ers and probe used were as follows: Ad5dE1-1035F, TCCGGTCCTTCTAA-
CACACCTC; Ad5dE1-1105R, ACGGCAACTGGTTTAATGGG; and Ad5dE1-
1058TM probe, FAM-TGAGATACACCCGGTGGTCCCGC-TAMRA. These
sequences were designed using Primer Express softwate version 1.0 (Ap-
plied Biosystems), and it was confirmed that they amplified the products
of desired molecular weight.

Nested PCR for E1 DNA. The primers used for the first PCR were Jzp$-
Ad3473F, CGCTGAGTTTGGCTCTAGCGAT, and Jzp6-Ad3698R, CATCA-
CATTCTGACGCACCC. The primers for the second PCR were Jzps-2-
Ad3483F, GGCTCTAGCGATGAAGATACAG, and Jzp6-2-Ad3668R, GG-
GCATGCGCGTTGTCAAAT. The amplification conditions for the PCR
consisted of 35 cycles of denaturation at 94°C for 30 s, annealing at 55°C
for 30 5, and extension at 72°C for 1 min, followed by a final incubation at
72°C for 7 min. Two microliters of the S0-p) reaction mixture from the first
PCR was subjected to a second PCR. For the second PCR, the number of
amplifications was set to 25.

PCR for pregnancy-specific glycoproteln gene. To detect the DNA derived
from HEK293 cells, a pregnancy-specific glycoprotein gene adjacent to the
E1 gene in HEK293 cells was selected as a target. The primers used for the
PCR were PSG3-293-5281F, CTCATGCCTGCCTCTTTCACT, and PSG4-
293-5567R, AGAGCCATCCA CACAATGTGC.

Nucleic acid extraction using SMI TEST EX-R&D. Cells were harvested
and centrifuged at 2000 rpm for 5 min and then suspended in PBS{-).
After four cycles of freezing and thawing, the nucleic acids derived from
the cells were digested by incubating with DNase 1 (0.2 mg/ml), RNase A
(0.2 mg/ml), and MgCl, (10 mM) at 37°C for 30 min, Then DNA was
extracted using SMI TEST EX-R&D (Genome Science Laboratories, Fuku-
shima, Japan) according to the manufacturer’s instructions. When DNA
was extracted from purified RCA or adenovirus vectors, the samples were
subjected directly to DNA extraction using SMI TEST EX-R&D reagents.

Nucleic acid extraction using glass beads. Glass beads (G5B 07) approxi-
mately 7 mm in diameter were obtained from Nippon Rikagaku Kikai Co.
(Tokyo, Japan). The glass beads were treated with 30% hydrogen fluoride
(HF) solution for 1 h and then: extensively washed with distilled water. The
HF-treated glass beads were used for the extraction of viral genome.

For nucleic acid extraction, cells were harvested in 10-ml tubes and
centrifuged at 2000 tpm for 5 min. After the medium was removed, one
glass bead and 250 ul of extraction solution (200 mM Tris-HCI (pH 8.0),
200 mM NaCl, 1% N-lauroylsarcosinate, 1% SDS, 2% 2-mercaptoethanol,
and 1 mg/ml proteinase K) were added to each tube, and then the samples
were stirred for 10 s, After incubation at 65°C for 20 min, 2 ml of 70%
isopropyl alcoho! was added. The samples were incubated at room tem-
perature for 1 min with gentle stirring. The solution was removed, and the
beads were washed with 2 ml of 75% ethanol twice, Then the beads were
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dried at room temperature, DNA was eluted from each bead by adding 50
wl of distilled H,O and incubating at 65°C for 5 min. Twenty microliters of
the sample was assayed for E1 DNA.

Infectivity PCR using HeLa cells, Hela cells (1.5 x 10°) were seeded in
100-mm-diameter dishes. One day later (day 0), the cells were infected
with 1 to 10 pfu of RCA spiked into 10° particles of adenovirus vectors by
incubating at 37°C for 2 h in 1 ml of MEM containing 1% FCS. After
infection, the medium was replaced with MEM containing 10% FCS. On
days 1, 3, 6, and 9, the cells and supernatant were harvested. DNA was
extracted, and the amount of E1 DNA was measured by real-time quanti-
tative PCR. The experiments were done in triplicate.
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