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temperature. The reaction mixture was then washed
three times with 50mM Tris-HCI1 buffer (pH 7.4), twice
with 3M NaCl, and once with 10mM HCL Finally, the
PEI-conjugated magnetic beads were suspended with saline
to a final solution of 50 mg/ml.

2.4. Virus concentration using PEl-magnetic beads

The essential adsorption procedure for each virus was as
follows: 1 and 10 ml of each virus suspenston were incubated
with 100 wl PEI-magnetic beads for 10 min at room tem-
perature, After the complexes of virus and magnetic beads
were trapped by a magnetic field, the medium was aspirated.
The trapped virus and bead complexes were re-suspended
in an aliquot of medium adjusted to 100 i, and then the
extraction of viras RNA or DNA was carried out using ei-
ther 100l of virus—bead complex or the virus suspension
and an SMI-TEST EX-R&D Kit (Genome Science Labo-
ratories, Fukushima, Japan). The extracted RNA and DNA
were dissolved in 20 pl of TE buffer (10 mM Tris—HC!, pH
7.4/0.1 mM EDTA).

2.5. Determination of virus infectivity

Virus infectivity was quantified by estimating the tissue
culture infectious dose (TCIDsg) using standard cell culture
conditions. HSV-1, Sindbis virus, VSV, and poliovirus were
introduced into Vero cells; SV-40 virus was introduced
into CV-1 cells; and PPV was introduced into ESK cells
(Barrera and Letchworth, 1996; Fernandez-Munoz et al.,
1979; Ferrari and GL, 1987, Hudson et al, 1997;
Johnson and Sarnow, 1991; Mannini-Palenzona et al.,
1998), Virus suspensions and PEI-magnetic bead-treated
suspensions were subjected to measurements of infectious
activity (TCIDsp assay). Cells were maintained as stock
cultures in a-MEM containing 10% fetal calf seram (FCS),
and were re-plated 2 days before infection in 96-well mi-
croplates for the TCIDsg assay (LaBarre and Lowy, 2001).
Each virus suspension was serially diluted by a factor of
1/3. Cell cultures were then infected by incubation with
20l of diluted virus suspension for 1h. The medium
used for dilution and infection was Hank’s balanced so-
Iution supplemented with 20 mM HEPES buffer (pH 7.4).
Post-infection TCIDsg cultures were washed and were then
nourished with «-MEM containing 10% FCS. After 48 or
72h of incubation post-infection, an MTT assay was car-
ried out after the degeneration of the virus-infected cells
became evident (Watanabe et al,, 1994). The MTT methed
utilizes  3-(4,5-dimethylthiazol-yl}-2,5-dipenyitetrazolium
bromide (MTT), which is converted to a water-insoluble
blue crystal (formazan) in viable cells through mitochon-
drial dehydrogenase activity (Mosmann, 1983). Dead cells
are unable to reduce MTT to formazan; thus, the amount of
formazan présent is an indication of the number of viable
cells. The optical density of formazan was determined using
a computer-controlled microplate reader.

2.6. Viral genome amplification

The PCR for DNA viruses (HSV-1, SV-40, and PPV)
was carried out in a 50 pl reaction mixture containing 25 pl
of the reagent from the PCR-Master Mix Reagent Kit (Ap-
plied Biosystems Co.), 13 ! of DNase-free distilled water,
0.5 uM of each primer set, and 10 pl of the extracted sam-
ple. PCR was carried out using a GeneAmpPCR System
9700 (Applied Biosystems Co.). Thirty-five cycles at 95°C
for 30's (5 min during cycle 1), annealing at 55°C for 30s,
and extension at 72 °C were performed, After the final cycle,
the tubes were incubated for an additional 5 min at 72°C
and then were cooled down to 5°C.

The reverse-transcription PCR (RT-PCR) for RNA
viruses (Sindbis virus, VSV, and poliovirus) was carried
out in a 50l reaction mixture containing 25l of the
reagent from the RT-PCR-Master Mix Reagent Kit (Ap-
plied Biosystems Co.), 13 ul of DNase/RNase-free distilled
water, 0.5 uM of each primer set, and 10 pl of the extracted
sample. The RNA virus genome was reverse-transcribed
into cDNA (45 min at 30°C), and the target fragments were
amplified by PCR, with 35 cycles at 95°C for 30s (Smin
during cycle 1), annealing at 55 °C for 30s, and extension
at 72°C.

After amplification, electrophoretic separation of the
PCR products (10 1) was performed on 2% agarose gels in
1x Tris-borate-EDTA buffer (pH 8.4); samples were then
stained with ethidium bromide and visualized by UV illu-
mination. In some experiments, the gels were stained with
Vistra Green™ (Amesham Life Science Co.) according to
the manufacturer’s protocol, and the fluorescent bands were
detected with FluorImager 595 (Molecular Dynamics Inc.)
by 488 nm laser scanning and a S30DF30 filter.

2.7. Real-time PCR using ABI PRISM 7700

Real-time PCR for HSV-1 was carried out in a 50 ul
reaction mixture containing 25 pl of TagMan Gold Master
Mix (Applied Biosystems Co.) or, for SV-40 virus and the
Sindbis virus, in a 50 pl reaction mixture containing 25 .l
of Syber Green PCR Master Mix (Applied Biosystems Co.).
Thirteen microliters of DNase/RNase-free distilled water,
0.5 1M of each primer set with or without a fluorescence
probe, and 10 pl of extracted sample were used for real-time
PCR. The reaction mixture for RT-PCR was prepared in
a single tube as follows: at first, the RNA virus genome
was reverse-transcribed into cDNA (50 min at 42 °C), and
the reaction was terminated 15min at 95°C. To reaction
mixture, 25 ul of Syber Green RT-PCR Master Mix, 13 pl
of DNase/RNase-free distilled water, and 0.5 pM of each
primer set were added. The real-time PCR was monitored on
an ABI PRISM 7700 Sequence-Detection System (Applied
Biosystems Co.}). The standard curves were defined from
standards with known concentrations, and the cofcentration
of each virus DNA/RNA in the sample was determined from
these curves,
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Table 3
Reduction of infectivity among viruses treated with PEl-magnetic beads

TCIDsg in virus suspension

SV-40 virns  Applied sample 6.3 x 107 + 1.3 x 10%
Upper layer treated with 1.0 x 10° + 2.0 x 10?
PEI-beads

HSV-1 Applied sample 6.3 x 107 £ 1.0 x 108
Upper layer treated with 3.2 x 10? £ 3.2 x 10
PEI-beads

Sindbis virus  Applied sample 32 x 10° £ 63 x 104
Upper layer treated with 2.0 x 103 £ 1.0 x 10!
PEI-beads

VsV Applied sample 40 x 108 £ 4.0 x 10
Upper layer treated with 3.2 x 102 £ 6.3 x 10
PEI-beads

PPV Applied sample 6.3 x 105 + 2.0 x 10°
Upper layer treated with 4.0 x 10° £ 1.3 x 10°
PEI-beads

Poliavirus Applied sample 1.0 x 107 £ 5.0 x 10°
Upper layer treated with 1.0 x 107 & 1.0 x 108
PE[-beads

2 Mean =8.D. (n =4).

3. Results

In order to clarify the adsorption of model viruses with
PEl-conjugated magnetic beads, the infectious activity of
each virus in the PEI-magnetic bead-treated virus suspension
and the untreated virus suspension was compared (Table 3).
The infectious activity of $V-40 virus, Sindbis virus, HSV-1,
and VSV in each suspension treated with PEI-magnetic
beads decreased markedly compared with the infectious ac-
tivity of the untreated samples. Infectious titers of SV-40,
HSV-1, Sindbis virus, and VSV in the medium wers de-
creased to 1/1000-1/10,000 by treatment with the PEI-beads.
However, the infectious titers of PPV and poliovirus did not
decrease.

The virus genome content in the PEI-magnetic bead-
adsorbed fractions was examined by PCR and RT-PCR.
Fig. 1 shows that treatment with PEI-magnetic beads con-
centrated the SV-40 virus and Sindbis virus genomes, in
contrast to the results observed with the untreated fractions
{Fig. 1). The same data were obtained for HSV-1 and VSV
(data not shown). After the treatment of 1 ml virus suspen-
sion with PEl-beads, the viruses bound to PEI-beads were
re-suspended and adjusted to a volume of 100l in the
medium. The maximum concentration of viruses bound to
PEI-beads was 10-fold that of the original medium. Fur-
thermore, after the treatment of the virus suspension with
PEI-beads, the virus genome contents in the treated sus-
pension markedly decreased, with the exception of the PPV
and poliovirus genomes, the concenirations of which did
not decrease (data not shown). These results suggest that
the PEI-magnetic beads are able to adsorb SV-40 virus,
Sindbis virus, HSV-1, and VSV, but that they are unable to

adsorb PPV and poliovirus. We therefore concluded that the
concentration of viruses using PEI-magnetic beads is useful
in enhancing the sensitivity of both PCR and RT-PCR when
detecting certain virus genomes.

Next, to examine the adsorption efficiency of PEI-magnetic
beads using several model viruses, the concentrations of
these viruses were determined quantitatively by real-time
PCR analysis. As shown in Fig. 2, HSV-1, Sindbis virus,
and SV-40 virus in 1 ml of medium were concentrated to
100 ul in the medium in a dose-dependent manper, when
various amounts of PEI-magnetic beads were added. There-
fore, in a subsequent study, we used 100 ui of PEI-magnetic
beads to concentrate viruses from 1 or 10ml! medium
to 100 pl.

We next attempted to clarify the effects of serum on virus
concentration using PEI-magnetic beads. It was found that
at concentrations of up to 10% in the medium, there was
no marked interference exerted by serum on the virus con-
centration effected by the PEI-magnetic beads (Fig. 3). The
following experiments were performed in the presence of
10% FCS, and the PEI-beads did facilitate concentration of
low levels of virus (Fig. 4).

Next, 1 and 10ml of various conceatrations of HSV-1
and Sindbis virus suspension were concentrated to 100 l
with PEI-magnetic beads. After the adsorption to the
PEI-magnetic beads, the virus genome in the concentrated
virus suspension was compared to that in the original so-
lution by means of quantitative PCR. As shown in Fig. 4,
HSV-1, Sindbis virus, SV-40 virus and VSV, which were
diluted to various concentrations with the medium, were
efficiently concentrated by the PEI-magnetic beads. The
10- and 100-fold concentration procedures used for HSV-1
and PEI-magnetic beads resulted in the expected concen-
trations, respectively, from the original solutions. The same
results were obtained using SV-40 virus (Fig. 4). In con-
trast, in the case of Sindbis virus, the 100-fold concentration
procedure using PEl-magnetic beads led to concentrations
in excess of 1000-fold from the original virus suspension.
Similar results were obtained with VSV (Fig. 4). These
results suggest that in the case of RNA viruses, more than
the theoretical value for the virus genome can be detected
in concentrated solutions using PEI-magnetic beads. We
confirmed the reproducibility of the observed virus con-
centration using the PEl-beads. It is of particular interest
in this context that the PEI-bead method led to a decrease
in the detection limit, due to the concentration of viruses
such as HSV-1, Sindbis virus, SV-40 virus, and VSV
{Fig. 4).

Since it is assumed that several viruses can potentially
contaminate a sample simultanecusly, we examined the
ability of PEl-magnetic beads to concentrate each virus in
mixtures of various viruses. We prepared a mixed suspen-
sion of SV-40, Sindbis virus, and HSV-1 that had been
diluted with the medium to near the detection limit. The
mixed suspension was then subjected to concentration by
the PEl-magnetic bead method. After adsorption onto the
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Applied Virus
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Sindbis virus
Applied Virus
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Adsorbed Fraction
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Fig. 1. Concentration of model viruses using PEI-magnetic beads. One milliliter of virus-infected culture medium was incubated with PE[-magnetic beads.
Viruses bound to the PEI-magnetic beads were re-suspended in 100 ul of medium, and the virus genome was then extracted as described in Section 2.
Serial dilutions of extract from virus-infected culture medium were compared with those of PEl-magnetic bead-concentrated samples subjected to PCR

or RT-PCR,

PEI-magnetic beads, the concentration of virus genomes in
the virus suspension was compared to that in the original
mixed suspension. Fig. 5 shows the results that were ob-
tained when the mixture of HSV-1, $V-40 virus, and Sindbis
virus was adsorbed, and the concentration efficiencies were
evaluated by PCR and RT-PCR. Each virus was clearly con-
centrated by the PEI-magnetic beads. Furthermore, we used
quantitative PCR to evaluate the ability of PEI-magnetic
beads to concentrate mixed virus samples (Table 4). These
results thus demonstrated that PEI-magnetic beads are also
able to concentrate this mixture of viruses.

4. Discussion

The results of the present study show that PEI-magnetic
beads adsorb SV-40 virus, Sindbis virus, HSV-1, and VSV.
Based on the PCR analysis of the genome number in serial
dilution of viruses concentrated by PEI-magnetic beads,
it was found that this method of PEl-magnetic bead virus
concentration will improve the sensitivity of both PCR
and RT-PCR for the detection of viral genomes. Based on
our study of real-time PCR analysis, PEl-magnetic beads
quantitatively concentrated DNA viruses and alse allowed

Sindbis
108
x HSV-1
3
=
9]
5 V-40
105+
7
- 0.005 0.05 0.5 5

Final bead concentration (mg/ml)

Fig. 2. Virus-adsorption capacity of PEI-magnetic beads. Various volumes of the PEI-magnetic bead suspension were incubated with { ml of Sindbis virus,
HSV-1 or SV-40 virus suspension. The virus genome copy number in the extract of PEI-magnetic beads was determined by real-time PCR and RT-PCR.
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Fig. 3. Effect of serum on virus concentration by PEI-magnetic beads. One milliliter of virus suspension was incubated with PEI-magnetic beads in the
presence of various amounts of fetal calf serum. After the incubation, the virus copy number in the extract of PEl-magnetic beads was determined by

real-time PCR or RT-PCR.

the detection of lower virus concentrations. In contrast,
when PEl-magnetic beads were applied to a concentration
of RNA viruses, a concentration efficiency greater than the
theoretical value was obtained. These results suggest that
during the concentration procedure involving RNA viruses,
certain factors such as inhibitors of reverse-transcription
(Konet et al., 2000) may be removed from the virus sample,
resulting in more than the expected virus genome con-
centration being detected by the quantitative RT-PCR. For
example, RNase is thought to be removed during the -ad-
sorption of the virus onto the PEI-beads. From the present
results, it is concluded that PEI-magnetic beads can in-
deed be successfully used in the context of this novel and
efficient method of concentrating enveloped viruses and
SV-40 virus.

The virus-adsorption mechanism of PEI-magnetic beads
remains unclear at present. Owada et al. (1999) have reported
that PEI induces viral aggregation under conditions involv-
ing high titers of HIV-1. Preston et al. (1990) have reported
that electronegative microporous filters composed of epoxy-
fiberglass (Filterite) can be treated with cationic polymers
(PED) to enhance their virus-adsorbing properties. These
reports have suggested that PEI might interact with cer-
tain kinds of viruses. PEl-magnetic beads are high cationic
charge density polymers. The PEI-magpetic beads used in
the present study adsorbed various viruses, i.e., S$V-40 virus,

Table 4

Sindbis virus, HSV-1, and V8V, but not poliovirus and PPV.
Therefore, we hypothesize that that the positive charge field
of the PEI molecule may tightly interact with the nega-
tive charge of surface lipids or negatively charged proteins
on viruses. In this study PEIs were used with an average
molecular weight of 70,000 Da. In a preliminary experiment,
the virus-adsorption abilities of various PEIs with average
molecular masses of 70,000, 10,000, and 1,800Da were
compared. Upon analysis of these PEIs, we observed that
the low molecular weight (1800 Da) PEI-magnetic beads
were not sufficiently capable of adsorbing various viruses,
but that both the 70,000 and 10,000 Da PEIs possessed sim-
ilar abilities as regards the adsorption of enveloped viruses
and SV-40. Therefore, it seems possible that a simple posi-
tive charge does not suffice to concentrate viruses, but that
a certain degree of positively charged density on the sur-
face of the magnetic beads may be required for efficient
virus-adsorption.

While complexes of viruses and PEI-magnetic beads
cannot be applied for studies of infectivity, the virus
genomes used in this study were recovered efficiently and
detected quantitatively by real-time PCR. The combination
of PEI-magnetic beads and PCR or real-time PCR provides
a marked increase in the sensitivity of viral genome detec-
tion. Therefore, this novel virus concentration method has
the potential to increase the safety of drug production and

Quantitative analysis of SV-40 virus, Sindbis and HSV mixture concentrated by PEl-magnetic beads

Virus Original solution Concentration {x 10} Concentration {x 100)

SV-40 2.7 x 109 £ 2.7 x 10?2 28 x 10* £ 3.5 x 10° 32 % 10% +£ 85 x 10¢
Sindbis virus 82 x 108 £ 1.2 x 102 1.8 x 10* £ 4.0 x 10° 55 x 105 £ 12 % 104
HSV-1 1.6 x 10° £ 4.0 x 10? 1.7 x 10% £ 42 x 107 20 x 10% + 33 x 104

One milliliter (x10) or 10ml (x 100} of each of the following was used to prepare a mixture: SV-40 virus-, Sindbis- and HSV-infected culture medium;
the mixture was then incubated with PE[-magnetic beads. After incubation, the virus copy number was analyzed, as described in Fig. 4.

* Mean £+ 5.D. (n = 4).
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Fig. 5. Concentration of mixed viruses with the wse of PEl-magnetic beads. One milliliter (x10) or 10ml {x100) of SV-40 virus-, Sindbis- and
HSV-infected culture medium were mixed and then the mixture was incubated with PEI-magnetic beads. After the incubation, viruses bound to the
PEI-magnetic beads were re-suspended in 100yl of medium, and the virus genome was then extracted as described in Section 2. The virus genome in the
extract of PEI-magnetic beads was amplified by PCR or RT-PCR. A one-third ditution of each virus suspension was also analyzed as a control {original).

cell therapies by enhancing the sensitivity of the detection
of many viruses.

In conclusion, this new method is very simple to use, is
not time-consuming, and is suitable for the detection of virus
genomes using PCR reactions.
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