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The presence of replication-competent adenovirus (RCA) in clinical lots 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 10” 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,%], 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 presenice of wild-type helper functicn, 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. Cur results demonstrated that the infectivity PCR
method combined with glass-beads-based DNA extraction
was superior to the ¢lassical cell culture/CPE method for
detecting RCA.

ResuLTs

Quantification of RCA by Real-Time Quantitative
PCR

As a first step in establishing an infectivity PCR methed,
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 Ad5dE1-1035F and
AdSdE1-1105R primers and the AdSdE1-1058TM 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%5, or 10° parti-
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FIG. 1. Petection of RCA by PCR. Viral genome 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 = 5D of riplicate amplifications. (B}
Detection of a low copy number of RCA by nested PCR (n = 10). The particle
numbers in the samples were 107, 10%5, and 10% M, molecular weight
marker.

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, $/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 0.10S, 2/10 for ©.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, 10%, 10%, or 107 particles of RCA were spiked into 0, 10%, 1¢7,
or 10'° particles of adenovirus vectors (AdHM4LacZ). Viral DNA was extracted
from each sample, and E1 DNA was detected by real-time guantitative PCR.
Data are the means * SD 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 10%, 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
100 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?9 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

M A B C D RCA 2935
@ 100
(B 1010
(%]
HEK2%3 1 342 3523 4344

(19913.2) seenva[ | E1 |

FIG. 3. Detection of pregnancy-specific glycoprotein (PSG) or ET DNA in
adenovirus vectors by PCR, Viral DNA was extracted from 107 particles of
adenovirus vectors and then (&) 293 celi-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 0518); lane B,
AdHM10LacZ-3 (Lot 0529); lane C, AdHM10LacZ-4 (Lot 0529); lane D,
AdHMT0Lacz-5 (Lot 0529), lane RCA, replication-competent adenoviruses;
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 £ 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
(0, 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
sampie by real-time guantitative 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 Hela 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 = 5D
(n = 3). (8) The ratic of E1 DNA-positive samples is indicated (n = 3). (C) The
number of CPE-positive sarmples 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 T, 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 *
$D (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 X 10° Hela cells with 0, 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 § 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
appeared 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 sensittvity 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 commen 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. At least 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 methed 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 10? 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 EI 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 2ll of the RCA particles

MoLecuLArR THERAPY Vol. & No. 6, December 2003
Copyright © The American Society of Gene Therapy

1013



doi10.1016/j.ymthe.2003.09.001

FIC. 7. (A) The cell culture/CPE method in common use
involves an infection of Hela or A349 cells, harvesting,
blind passage on fresh cells, and the search for CPE. it
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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 infectious 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 intc 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-
ston 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

==

i1wk .

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
109 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 pfuin 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-
tictes, 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 studjes 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 adenovirus. 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 adenovirus 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 minimun 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 CFE 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 Trds, 25 mM NaCl, 2.5%
glycerol (w/v), pH 8.0). After incubation for 15 min at room temperature,
the absorbance value at 260 nm was measured, The particle concentration
was determined as 5.826 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 wl of medium
containing 5 % 107 to 1.28 % 10® times diluted RCA stock. The plates were
incubated for 60 min, and then the medium was replaced with 200 pl 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 U.S. Food and
Drug Administration was distributed [21]. The ratio of infectious titer to
particle concentration of the reference material is 1:8.3. The ratia of our
in-house RCA was 1:8.9 (5.8 x 10" particles/m! vs 6.5 X 10'® JU/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 material.

Adenovirus vector. Adenovirus vectors were prepared as described previ-
ously 129]. In brief, the plasmid harboring f-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 {Giagen, 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 inte HEK293 cells 2nd then
purified by CsCl step gradient ultracentrifugation followed by CsCl linear
gradient ultracentrifugation.

Real-time guantitative PCR. The ABl Prism 7000 sequence detection
system (Applied Biosystems, Faster 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 ul of distilled H,O. Ten microliters
of the DNA sample was used as template in a subsequent real-time quan-
titative PCR with 0.5 uM each primer, 0.16 1M 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 95°C
for 15 5 and 60°C for 1 min. The reaction was carried out for 50 cycles. A
calibration curve 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: AdSdE1-1035F, TCCGGTCCTTCTAA-
CACACCTC; Ad5dE1-1105R, ACGGCAACTGGTTTAATGGG; and AdSdEL-
1058TM probe, FAM-TGAGATACACCCGGTGGTCCCGC-TAMRA. These
sequences were designed using Primer Express software 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 Jzps-
Ad3473F, CGCTGAGTTTGGCTCTAGCGAT, and Jzp6-Ad3698R, CATCA-
CATTCTGACGCACCC. The primers for the second PCR were Jzp5-2-
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 50-pl 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 glycoprotein gene. To detect the DNA derived
from HEK?293 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 P5G3-293-5281F, 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 $ 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 SM1 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 SM1 TEST EX-R&D reagents.

Nucleic acid extraction using glass beads. Glass beads (GSB 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
HE-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 rpm for § min. After the medium was removed, one
glass bead and 250 pl of extraction solution (200 mM Tris-HCI (pH 8.0},
200 mM NaCl, 1% N-lauroylsarcosinate, 1% SDS, 2% 2-mercaptoethancl,
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%
isopropyt alcohol was added. The samples were incubated at room tern-
perature for 1 min with gentle stirring. The solution was removed, and the
beads were washed with 2 m! 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
ul 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 adencvirus 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 EI DNA was measured by real-time quanti-
tative PCR. The experiments were done in triplicate.
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To enhance the sensitivity of virus detection by polymerase chain reaction (PCR) and reverse-transcrip-
tional (RT)-PCR, we developed a novel virus-concentration method using sulfonated (80-) magnetic beads in the
presence of divalent cations. In the presence of either Zn®* or Cu®* ions, we showed that SO-magnetic beads
were able to concentrate non-enveloped model viruses, such as porcine parvovirus (PPY) and poliovirus, which
were not concentrated by polyethyleneimine (PEI)-magnetic beads.” Using the SO-magnetic beads, the sensitiv-
ity of virus genome detection by PCR or RT-PCR can be enhanced. Therefore, an efficient virus concentration
method using either 8O-magnetic beads or PEI-magnetic beads enhances the sensitivity of virus detection by

PCR or RT-PCR.
Key words

Many useful biological drugs (biologicals) are produced
from blood or by cell-culture techniques. Furthermore, new
biologicals such as gene-therapy and cell-therapy products
have created new hope for the treatment of grave genetic dis-
eases or lethal ailments. These conventional and innovative
biologicals, however, involve some risks regarding the spread
of transmissible diseases such as virus-mediated infectious
diseases. To ensure the viral safety of these biologicals, viral
tests should be performed at the various stages of the drug
production process, namely the raw material, cell bank, inter-
mediate product, and final product stages. The development
of more sensitive methods of virus detection is pivotal for the
viral safety of new biotechnology products, especially for
cell therapy or gene therapy, because in these new therapeutic
technologies the target cells or cell-derived vectors are di-
rectly induced in patients.

Polymerase chain reaction (PCR) is a highly sensitive
method for the detection of virus genomes.? In many coun-
tries, recently, several nucleotide amplification tests (NAT)
including PCR have been employed to screen for specific
viruses in raw materials such as blood products and cell ther-
apy products.” These tests are able to detect several copies of
virus genome,*™ but there is a detection limit even in the
NAT methods. For example, it has been reported that these
methods are unable to detect the viral genome in the early
stages of specific viral infections. Therefore, if target viruses
could be concentrated, the sensitivity of NAT must be en-
hanced.

Several approaches to the concentration of viruses have
been attempted to enhance the sensitivity of virus genome
detection.* "% Ultracentrifugation of viruses has been shown
to be a superior method of virus concentration, but it is very
time-consuming and not suitable for screening. Polyethylens-
glycol (PEG) precipitation techniques are simple and make it
gasy to concentrate viruses, but the excess amount of PEG in
the extract hampers the PCR reaction. Therefore, a simple
and feasible method for virus concentration is needed,

Recently, we reported that polyetheleimine-conjugated
magnetic {PEl-magnetic) beads efficiently concentrated the

* To whom correspondence should be addressed.

e-mail: yamaguch@nihs.go.jp

polymerase chain reaction (PCR); virus; divalent cation; nucleotide amplification tests (NAT)

enveloped model viruses and simianvirus 40 (SV-40)." How-
ever, PEl-magnetic beads could not be applied to some
nonenveloped viruses, such as poliovirus or porcine par-
vovirus (PPV).

In the present study, we report that the sulfonated-mag-
netic (SO-magnetic) beads were useful for the concentration
of poliovirus or PPV in the presence of divalent cations, such
as Zn’* or Cu®* ions. We discuss herein the usefulness of
SO-magnetic beads in enhancing the sensitivity of virus
genome detection by PCR or RT-PCR.

MATERIALS AND METHODS

Materials Magnetic beads, IMMUTEX-MAG™ (JSR
Inc., Japan), were used throughout this study. IMMUTEX-
MAG beads are acrylic latex beads that contain magnetite in-
side and are conjugated with carboxylic groups on the sur-
face. The IMMUTEX-MAG beads used in the present study
were 0.8 um in diameter, and the surface charge density was
21 umol/g. Polyethyleneimine (PEL, Mw 70000) and l-ethy-
lene-3-(3-dimethylaminopropyljcarbodiimide HCl (EDC)
were purchased from Wako Pure Chemical Inc., Japan. The
primer sets used in the PCR or RT-PCR for the detection of
viruses were used as reported previously'™'? or designed
from the virus genomic information (Table 1).

Table 1. Prmer Sets Used in the PCR and RT-PCR
Primer set
Sindbis virus §'-GGATTGGSTTYGAYACCACYCAGTTCATGT-3'
5’ -TGCCCYATGCGKAGYCCMGAAGAYCC-3'
ppve 5§ -TTGGTAATGTTGGTTGCTACAATGC-3
§'-TATGTTCTGGTCTTTCCTCGCATC-3
Peliovirus® _ 5"-TGCGAGATACCACACAT-3

5 -ATCATGCTTTCAAGCATCTG-3'
5'-TGCCGGATGATGCAGGA-3'
5'-GTGAGCCCGACGGGTTCT-3"

Cytomegalovirus

a,b) Each primer set was preparad according to the origiral papers: PPV'" and Po-
liovicus.'" The primer sets of Sindbis virus and cytomegalovirus were designed accord-
ing to the sequence published.

© 2003 Pharmaceutical Society of Japan



1066

Viruses In the present study, we used the model viruses
that have been used for viral clearance study as recom-
mended in the international harmonized guidelines.'” Sind-
bis virus and porcine parvovirus (strain 90HS) (PPV) were
kindly donated by Dr. Kohase (National Institute of Infec-
tious Diseases). Poliovirus (strain Sabin) was kindly donated
by Dr. Koga (JCR Co., Japan). The supernatants of Vero cells
infected with either poliovirus or Sindbis virus were used as
the virus samples. The supernatant of ESK cells infected
with porcine parvovirus was used as the PPV sample. In
order to remove the cell-debris from the collected virus sus-
pension, each virus suspension was centrifuged at 3000 rpm
for 10 min. After removing the celldebris, the resulting stock
viruses were aliquoted and stored at —80°C until use. The
monkey cytomegalovirus (ATCC VR-677) derived from the
supernatant of MRC-5 cells infected by the virus was ob-
tained from ATCC.

Sulfonated Magnetic Beads Sulfonated-magnetic beads
were prepared as follows; 10g of IMMUTEX-Mag (JSR
Corp. Tokyo, Japan) were dispersed in 100 g of water con-
taining 0.2 g of sodium dodecylsulfate. To the dispersion ob-
tained, 3 g of methyl methacrylate and 3 g of 2-acrylamide-2-
methylpropane sulfonic acid sodium salt were added, and the
mixture was heated to 80 °C, and thereafter 0.2 g of perbutyl-
O (NOF Corp. Tokyo, Japan) was added to carry out seed-
polymerization for 5 h. After the reaction was completed, the
beads were washed with distilled water and then with phos-
phate-buffered saline (PBS) to obtain SO-magnetic beads.

Viral Concentration Using Sulfonate-Magnetic Beads
The essential adsorption procedure for each virus was as fol-
lows; 1 or 10ml of each virus supernatant was incubated
both with various concentrations of divalent cations and
100 ¢l SO-magnetic beads for 10min at room temperature,
and then the complex of virus and magnetic beads was
trapped by a magnetic field (Magnetic Trapper™, Toyobo
Co., Japan; Dynal MOC-1™, Dynal AS., Oslo), after which
the medium was aspirated. The trapped virus and bead com-
plexes were resuspended in an aliguot of medium to be ad-
justed to 100 ul, and then the extraction of virus RNA or
DNA. was carried out from the 100 4l of virus-bead com-
plexes or the virus solution with a SMI-TEST EX-R&D kit
{Genome Science Laboratories, Fukushima, Japan). The ex-
tracted RNA and DNA were dissolved in 20 ul of TE buffer
(10 mm Tris-HCI, pH 7.4/0.1 mm EDTA).

Determination of Viral-Infectivity The infectious titer
of each virus suspension was determined using each indica-
tor cell. Sindbis virus and poliovirus were introduced into
Vero cells, and PPV was introduced into ESK cells.!*~'¢ The
virus suspension and PEI-magnetic bead-treated suspension
were subjected to infectious assay (TCIDy, assay) using each
indicator cell. Cells were maintained as stock cultures in -
MEM and replated 2d before infection in 96-well plates for
the TCID,, assay."” Each virus suspension was serially di-
luted. Cell cultures were then infected for 1h. The medium
for dilution and infections was Hank’s balanced solution sup-
plemented with 20 mm HEPES buffer (pH 7.4). Postinfection
TCID,, cultures were washed and then fed with the media.
After 48 or 72 h of incubation postinfection, the MTT assay
was carried out after the degeneration of virus-infected cells
became evident.'® The MTT method utilizes 3-(4,5-di-
methylthiazol-yl)-2,5-diphenyltetrazolium bromide (MTT),
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Table 2. Primer and Probe Sets Used in the Real-Time PCR and Real-
Time RT-PCR.

Primer and probe set

PPV 5'-CGTGGAGCGAGCCAACA-Y
5'-AGTTGGGACTTGGTGTCCGTATTG-3
FAM-labeled 5'-TGCACTTAACTCCAACACCGCCAGATTY
Poliovirus  5'-ATTACACGCTGACACAAAACCAAG-Y'

5'-ATAGTTTCACCGAAGGCGGA-3
FAM-labeled 5'-CTAGAATAGTCGTCCTCCCTCTTTCGA-
CACCCAG-Y

DNA and RNA from Sindbis virus, VSV and SV-40 virus were quantitatively deter-
mined using Syber Green PCR Master Mix™ (Applied Biosysiems).

which is converted to a water-insoluble blue crystal (for-
mazan) in viable cells through mitochondrial dehydrogenase
activity.'” Dead cells are unable to reduce MTT to formazan;
thus, the amount of formazan present is an indication of the
number of viable cells. The optical density (OD) of formazan
was determined using a computer-controlled microplate
reader.

Viral Genome Amplification The PCR was carried out
in a 50-ul reaction mixture containing 25 pl of PCR-Master
Mix Reagent Kit (Applied Biosystems Co.), 13 ul of DNase-
free distilled water, 0.5 uM of each primer set, and 10 ul of
extracted sample. PCR was performed on a GeneAmpPCR
Systern 9700 (Applied Biosystems Co.). Thirty-five cycles at
95°C for 30s (5min during cycle 1), annealing at 55°C for
30s, and extension at 72 °C were carried out. After the final
cycle, the tubes were incubated for an additional 5Smin at
72°C and cooled down to 5°C. The reverse-transcriptional
PCR was carried out in a 50-p! reaction mixture containing
25 ul of RT-PCR-Master Mix Reagent Kit (Applied Biosys-
tems Co.), 13 ul of DNase/RNase-free distilled water, 0.5 um
of each primer set, and 10 ul of extracted sample. RNA virus
genome was reverse-transcribed into ¢cDNA (45min at
30°C), and the target fragments were amplified by PCR, with
35 cycles at 95°C for 30s (5 min during cycle 1), annealing
at 55 °C for 30s, and extension at 72 °C. After amplification,
electrophoretic separation of the PCR products (10 ul) was
performed on 2% agarose gels in 1x Tris-borate-EDTA
buffer (pH 8.4), and the PCR products were stained with
ethidium bromide and visualized with UV illumination.

Real-Time PCR on the ABI PRISM 7000 Real-time
PCR was carried out in a 50-ul reaction mixture containing
25 pl of TagMan Gold Master Mix (Applied Biosystems Co.)
or 25 ul of Syber Green PCR Master Mix (Applied Biosys-
tems Co.), 13 l of DNase/RNase-free distilled water, 0.5 um
of each primer set with or without a fluorescence probe, and
10 ul of extracted sample. The reaction mixture for PCR was
prepared in a single tube as follows; at first, the RNA virus
genome was reverse-transcribed into cDNA (50min at
42 °C), and the reaction was terminated for 15 min at 95°C,
The reaction mixture was then mixed with 25 ul of Syber
Green RT-PCR Master Mix, 13 ul of DNase/RNase-free dis-
tilled water, and 0.5 um of each primer set. The real-time
PCR was monitored on the ABI PRISM 7000 Sequence-De-
tection System (Applied Biosystems Co.).
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RESULTS

Since several reports suggested that divalent cations inter-
act with viruses,®® % we expected the viruses to form com-
plexes with divalent cations., We tried to trap the complexes
of virus and divalent cation with negatively charged SO-mag-
netic beads. To clarify whether the model viruses interacted
with the SO-magnetic beads in the presence of divalent
cations, we compared the infectious titers of virus suspension
treated with SO-magnetic beads to the untreated suspension.
As shown in Table 3, in the presence of 10 mm Zn®* ion, the
infectious titers of Sindbis virus, PPV, and poliovirus suspen-
sion treated with SO-magnetic beads decreased dramatically
compared to those of the untreated samples. The infectious
titers of Herpes Simplex [, vesicular stomatitis virus, and SV-
40 virus were also decreased by the treatment with SO-mag-
netic beads (data not shown).

We next analyzed the virus-genome content of SO-mag-
netic bead-adsorbed fractions by PCR or RT-PCR. Figure 1
shows that in the presence of 10mm Zn?* ion, the treatment
with SO-magnetic beads concentrated the Sindbis virus, PPV
and poliovirus genome as compared with untredted fractions.
Similar results were obtained in the presence of 10mm Cu®*
ion instead of Zn?* ion. These results suggest that in the
presence of divalent cations such as Zn®* ion or Cu?* ion,
SO-magnetic beads can adsorb PPV and poliovirus which
could not be adsorbed by PEI-magnetic beads*.

Table 3. Reduction of Infectivities in Viruses Treated with SO-Magnetic
Beads in the Presence of Zn** lons

Concentration of
infectious virus

{Xlog 1)

Sindbis virus  Applied sample 6.5x4.8"
Upper layer treated with SO-beads 43x20
PPV Applied sample 6.8+53
Upper layer treated with SO-beads 45+24
Poliovirus Applied sample T70+57
Upper layer treated with 50-beads 33*15

a) Means*S.D, (n=4).

Applied sample
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Next, to examine the effects of divalent cations on the ad-
sorption efficiency of SO-magnetic beads, the virus genome
in the concentrated samples was quantitatively determined by
real-time PCR. As shown in Fig. 2, the PPV-trapping effi-
ciency by SO-magnetic beads was most effective in the pres-
ence of either 5—10mm Zn>* or Cu** ions. In the case of
poliovirus, the most effective concentration of poliovirus was
observed in the presence of 10mm Cu?* ion. On the other
hand, in the presence of Mn** ion, SO magnetic beads only
weakly adsorbed either poliovirus or PPV, In the presence of
Ca®* jon or Mg?* ion the effective virus adsorption could not
be observed (data not shown). Concerning the effect of diva-
lent ions, the same tendency was observed for the adsorption
of Sindbis virus or $V-40 virus (data not shown). The follow-
ing experiment was performed in the presence of either
10 mm Cu?* ion or Zn?* jon.

Next, 1 or 10ml of serially diluted suspension of po-
liovirus and PPV was concentrated to 100 ui with SO-mag-
netic beads in the presence of 10 mm Cu®* ion. After the ad-
sorption to SO-magnetic beads, the virus genome in the com-
plex of virus and SO-magnetic beads was extracted, and then
the copy numbers were compared to that in the original sus-
pension by means of quantitative PCR and RT-PCR. As
shown in Fig. 3, poliovirus and PPV, which were diluted to
various concentrations with the medium, were efficiently
concentrated by SO-magnetic beads. While the 10-fold con-
centration procedures for poliovirus and PPV by SO-mag-
netic beads resulted in the expected concentrations from the
original solutions, respectively, in the case of 100-fold con-
centration, sufficient recovery was not observed for po-
liovirus or PPV, On the other hand, the detection limit of po-
liovirus and PPV could be lowered by the concentration
using the SO-magnetic bead method. The same results were
obtained for Sindbis virus or $V-40 (data not shown).

Finally, we examined the absorption ability of SO-mag-
netic beads and PEI-magnetic beads for human disease virus,
As shown in Fig. 4, both magnetic beads efficiently absorbed
cytomegalovirus. This result also clearly demonstrated that
both magnetic beads are useful for the concentration of
viruses.

Adsorbed Fraction

103 104 10-% 108107 10 102 104 105 108 107 10-® dilution

Sindbis virus

Applied sample

Adsorbed Fraction

10 192

Porcine Parvovirus

Applied sample

10-3 104 109 108 10!

10-2 10® 10+ 10°% 108 dilution

Adsorbed Fraction

102 104 10®

Poliovirus

Fig. 1. Concentration of Model Viruses by SO-Magnetic Beads

10% 107 109

107 dilution

104 105 100

One milliliter of virus suspension was incubated with 100 pt of SO-magnetic beads, The virus genomes in the complex of viruses and SO-magnetic beads were ¢xtracted as de-
scribed in “Malerials and Methods,” The virus genomes in the serial dilutions of virus suspensions were compared with those in the SO-magnetic bead-concentrated samples by

PCR or RT-PCR.
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Fig. 2. Concentration of PPV and Poliovirus by SO-Magnetic Beads in the

Presence of Various Amounts of Divalent Cations

One milliliter of PPV or poliovirus suspension was incubated with SO-magnetic
beads in the presence of various amounts of Cu?*, Zn®* or Mn?* ions. After the incuba-
tion, viruses bound to SO-magnetic beads were resuspended in 100 gl of medium, and
the virus genome was then extracted as described in “Materials and Methods™ The
copy numbers of virus genome (original} in the serial dilutions of virus-infected
medium were determined by real-lime PCR or RT-PCR.

DISCUSSION

Previously, we reported that PEl-magnetic beads effi-
ciently adsorbed many viruses, such as Sindbis virus, SV-40,
HSV-1 or VSV, resulting in the enhancement of the sensitiv-
ity of virus detection by PCR or RT-PCR*'. Some nonen-
veloped viruses, such as PPV or poliovirus, however, could
not be adsorbed by PEl-magnetic beads. We, therefore, tried
to establish a new method for the concentration of PPV or
poliovirus. Divalent cations, such as Cu®* or Zn?* ions, have
been reported to interact with several species of viruses.20—2%
We, therefore, suspected that after incubation with viruses
and divalent cations, the SO-magnetic beads may adsorb the
complex of virus and divalent cations. The present study
shows that the SO-magnetic beads adsorb many viruses, in-
cluding not only Sindbis virus or SV-40, but also PPV or po-
liovirus, In particular, the most effective concentration of po-
liovirus or PPV by SO-magnetic beads was observed in the
presence of either Zn** ion or Cu* ion, compared with
Mn?*, Ca®* or Mg** ions. In the absence of divalent cations,
the SO-magnetic beads did not adsorb any viruses (data not
shown). The analysis by PCR or RT-PCR of virus genome
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Fig. 3. Quantitative Analysis of Virus Concentration by SO-Magnetic
Beads

One milliliter (10} or 10m] {x 100} of virus suspension was incubated with SO-
magnetic beads. After the incubation, the viruses bound to SO-magnetic beads were re-
suspended in 100 ul of medium, and the virus genome was then extracted as described
in “Materials and Methods.” The copy numbers of the virus genome (0.1 ml) in the ser-
ial dilutions of virus-infected medium were compared with those in the extract (1.0 ml
and 10 mt) of SO-magnetic beads by real-time PCR or RT-PCR. The vertical axis indi-
cates the copy numbers of viral genome in the extract, '

g

o
&% a

‘b‘bg‘ = %"b& &

S

PEl-beads 80-beads

Fig. 4. Concentration of Cytomegalovirus by SO-Magnetic Beads or PEI-
Magnetic Beads

One milliliter of cytemegalovirus suspension was mixed and then incubated with ei-
ther 30-magnetic beads or PE[-magnetic beads, After the incubation, the viruses bound
10 bath magnetic beads were resuspended in 100 il of medium, and the virus genome
from magnetic beads fractions (Beads) and supernatant fractions (Sup.) was then ex-
tracted as described in Materials and Methods. The virus genome in the extract was
amplified by PCR,

copies in the concentrated fraction derived from the serial di-
lution of viruses by SO-magnetic beads reveals that SO-mag-
netic beads can be used to improve the sensitivity of the de-
tection limit of virus genomes by PCR or RT-PCR. Whereas
sufficient recovery of the virus genome to 100 ¢l did not
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occur with 10ml virus suspension, quantitative recovery to
100 i1 was observed with the 1ml virus suspension. The
concentration of CMV obtained using PEI-magnetic beads
was compared with that obtained using SO-magnetic beads,
and it was found the efficiencies of both methods were com-
parable. The most significant point is that the virus concen-
tration by SO-magnetic beads is applicable to PPV and po-
liovirus, which is not adsorbed by PEI-magnetic beads.

The virus-adsorption mechanism of SO-magnetic beads
remains unclear at present. Both Zn?* and Cu** jons were
reported to inactivate or interfere with many viruses. 229
Kimel et al.?® showed that Zn®'-inactivated virus cannot
properly penetrate a susceptible cell because the bound Zn?*
ion functionally inactivated the viral surface glycoprotein,
Electron micrographs showed deposition of zinc onto the
virion surface, which blocked presentation to the cell of a
virion binding site.”? Chruscinski et al.2” reported the spe-
cific interaction of Cu®* ions with fragments of envelope
protein of hepatitis B virus. These data indicate that some di-
valent cations interact with virus surface protein or phospho-
lipid. In these contexts, we suppose that some divalent
cations form a complex with viruses, and the resulting com-
plex of divalent cation and virus may be adsorbed by SO-
magnetic beads that are negatively charged. In the present
study, we successfully concentrated some nonenveloped
viruses that could not be concentrated by PEI-magnetic
beads as reported previously. Divalent cations are also sus-
pected to interact with the surface phospholipids of en-
veloped viruses.

In conclusion, in the presence of divalent cations such as
Cu** ions or Zn®* ion, SO-magnetic beads efficiently con-
centrated many viruses, resulting in an increment in the sen-
sitivity of the detection of the virus genomes.
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Abstract

To enhance the sensitivity of virus detection by polymerase chain reaction (PCR) and reverse-transcriptional (RT)-PCR, we developed a
novel virus concentration method using polyethyleneimine (PEI)-conjugated magnetic beads. PEI-magnetic beads adsorbed efficiently the
enveloped viruses Sindbis virus and Herpes simplex 1 virus, and the nonenveloped virus SV-40, but not the nonenveloped viruses porcine
parvovirus (PPV) or poliovirus, based on the PCR detection data. Furthermore, the infectivity in the supernatant of former viruses was reduced
markedly after incubation with PEI-magnetic beads. Both real-time PCR and RT-PCR revealed that the DNA viruses were concentratedto a
maximum of about 100 times the expected value, whereas the RNA viruses were concentrated over a thousand times, which was significantly
more than expected. It was concluded that the PEI-magnetic beads are a superior novel means of concentrating viruses, with the exception of
some non-enveloped viruses. The present method was found to enhance the sensitivity of virus detection by PCR and RT-PCR.

@ 2003 Elsevier B.V. All rights reserved.

Keywords: Magnetic beads; Nucleic acid amplification test; Polyethyleneimine

1. Iatroduction

Recently, several measures have been aimed at improving
regulations regarding the viral safety of biological drugs, in-
cluding plasma derivatives. The screening of starting mate-
rials, in-process materials, and final products for viruses is
crucial for reducing the risk of viral contamination. In many
countries, nucleic acid amplification tests (NATs) have been
introduced recently into source material testing programs in
order to screen for several viruses (Willkommen et al., 1999).

Polymerase chain reaction (PCR) is a highly sensitive
method for the detection of virus genomes (Kwok et al.,
1988; Larzul et al,, 1988; Laure et al., 1988; Saiki et al,,
1988). Recently, NAT methods other than PCR have been

Abbreviations: PEl, polyethyleneimine; HSV-1, Herpes simplex 1
virus; PPV, porcine parvovirus; VSV, vesicular stomatitis virus
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fax: +81-3-3707-6950.
E-mail address: yamaguch@nihs.go jp (T. Yamaguchi).
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developed (Alter et al., 1995; Kamisango et al,, 1999; Kern
et al., 1996; Sarrazin et al,, 2000, Wiedmann et al., 1994).
These tests have been reported to be able to detect sev-
eral copies of virus genomes. These screening tests are also
thought to be useful for screening of cell therapy prod-
ucts, i.e., biotechnology products derived from cell lines and
blood products. Furthermore, it has been hypothesized that if
target viruses could be concentrated, the sensitivity of NATs,
which are used to detect such viruses, would be enhanced.
The concentration of viruses has thus been attempted by
many groups interested in enhancing the sensitivity of virus
genome detection (Kanarek and Tribe, 1967, Li et al., 1998;
Sanyal et al., 1991; Sanyl et al.,, 1991; Schloer and Breese,
1982; Stow and Wilkie, 1976). The ultra-centrifugation of
viruses has been shown to be a superior method of concen-
tration, but is very time-consuming and is not suitable for
screening purposes. Polyethylene-glycol precipitation tech-
niques are simple and render it easy to concentrate viruses,
but the excess amount of extracted polyethylene-glycol
hampers the PCR reaction. Genome-capture is superior for
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concentrating specific virus genomes, but immobilized
probes for each virus must be prepared in order to capture
many species of viruses. Therefore, the search for a more
simple and feasible method of virus concentration has been
ongoing,

In the present study, it was found that PEI-magnetic beads
can trap many types of viruses, with the exception of some
non-enveloped viruses. The usefulness of PEI-magnetic
beads in enhancing the sensitivity of virus genome detection
was thus the focus of the present study.

2. Materials and methods
2.1, Materials

Magnetic beads (IMMUTEX-MAG™; JSR Inc., Japan),
were used throughout this study. IMMUTEX-MAG beads
are acrylic latex beads with magnetite inside, and the sur-
face of these beads is conjugated with carboxylic groups,
The IMMUTEX-MAG beads used in the present study
were 0.8 um in diameter, and the surface charge density
was 21 pmol/g. Polyethyleneimine (PEI, Mw 70,000) and
1-ethylene-3-(3-dimethylaminopropyl) carbodiimide HCI
{EDC) were purchased from Wako Pure Chemical Inc.,
Japan. The primer sets used in the PCR and RT-PCR are
shown in Table 1. The 5'-primer, 3'-primer, and fluores-
cence probes for the real-time PCR detection of HSV-1 are
shown in Table 2.

2.2. Viruses

In the present study, the model viruses employed were
those that have been used previously for viral clearance stud-
ies, as recommended by the international harmonized guide-
line (Guideline, 1997). Sindbis virus, SV-40 virus, Herpes

Table 1
Primer sets used for PCR and RT-PCR
Primer set
HSV-1*! 5-ATCCGAACGCAGCCCCGCTG-3
5 .TCTCCGTCCAGTCGTTTATCTTC-¥
SV-402 5. ATAATTTTTTTGTATAGTAGTGCA-Y
§-GGAAAGTCCTTGGGGTCTTCTTACC-Y
Sindbis virus 5-GGATTGGSTTYGAYACCACYCAGTTCATGT-3'
5 -TGCCCYATGCGKAGYCCMGAAGAYCC-3'
VsV 5 -AGGATATGTCTACCAAGGCC-3
§.GGTTATTTTGCAGACGGTGTCC-3
PPV*? S TTGGTAATGTTGGTTGCTACAATGC-3
S TATGTTCTGGTCTTTCCTCGCATC-3'
Poliovirns™ 5-TGCGAGATACCACACAT-¥

5'-ATCATGCTTTCAAGCATCTG-3

Each primer set was prepared according to the method used in the original
papers: HSV-1 (Kessler et al., 2000), SV-40 (Fedele et al., 1999), PPV
(Soares et al.,, 1999) and poliovirus {Kilpatrick et al., 1998) (+[-=4).

Table 2
Primer and probe sets used for real-time PCR and real-time RT-PCR

Primer and probe set

HSV-1 5'-GCGTCATGGTCATGGCAAG-3
§'-TTGACTCTACGGAGCTGGCC-Y
FAM-labeled 5'-TGGAGCTGATGCCGTAGTCGG-3

5'-CAGGACGTCTATAACGCTCC-3'
5-GAGAACATGAACTGGGTGGTGTC-¥

VsV 5'-AGGATATGTFCTACCAAGGCC-3'
5'-GGTTATTTTGCAGAGGTGTCC-¥

5'-ATAATTTTTTTGTATAGTAGTGCA-¥
5-GGAAAGTCCTTGGGGTCTTCTTACC-¥

DNA and RNA from Sindbis virus, VSV, and $V-40 virus were quan-
titatively determined using Syber Green PCR Master Mix™ (Applied
Biosystems).

Sindbis virus

SV-40 virus

simplex virus-1 (stain F) (HSV-1), and porcine parbovirus
(strain 9C0HS; PPV) were kindly donated by Dr. Kohase (Na-
tional Institute of Infectious Diseases). Vasicular stomati-
tis virus (strain NJ; YSV) was donated by Dr. Kita (Sun-
tory Center Institute, Japan). Poliovirus (strain Sabin) was
kindly donated by Dr. Koga (JCR Co., Japan). Vero (JCRB
0111) and CV-1 cells (JCRB 9049) were obtained from the
Japanese Collection of the Research Bioresources (JCRB)
Cell Bank. The ESK cells (embryonic swine kidney cell line}
(Kawamura et al., 1988) were kindly donated by Dr. Koga.
The supernatants of Vero cells infected with HSV-1, po-
liovirus (Sabinl), Sindbis virus, and VSV were used as the
virus samples. CV-1 cells were infected with SV-40 virus,
and then 5 days after infection, the supernatant was saved
as the SV-40 sample. The supernatant of ESK cells infected
with porcine parvovirus (PPV)-was used as the PPV sample.
In order to remove the cell debris from the collected virus
suspension, each suspension was centrifuged at 3000 rpm for
10 min. After removing the cell debris, the resulting stock
viruses were aliquoted and stored at —80°C until use.

2.3. Coupling of polyethylencimine with magnetic beads

PE] was immobilized covalently via its aminc group
to the magnetic beads by the EDC coupling method. One
gram of magnetic beads was washed four times with 0.1 M
HEPES buffer (pH 7.0) by a magnetic separation technique;
the magnetic beads were trapped in a magnetic field (Magi-
cal Trapper™, Toyobo Co., Japan, Dynal MOC-1™, Dynal
AS, Oslo), and after the aspiration of the solution, the beads
were suspended in the same buffer. Finally, the washed
beads were re-suspended in the same buffer at 50 mg/ml.
The coupling reaction was initiated by the addition of 403 g
EDC to the magnetic bead suspension, which was then vor-
texed thoroughly and incubated for 15 min under conditions
of slow shaking. After the incubation, 200 mg of PEI dis-
solved in 10 ml of 0.1 M HEPES buffer (pH 7.0) was added
to the reaction mixture. The reaction mixture was incubated
subsequently under conditions of shaking for 2h at room



