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treated with gene therapy protocols [2]. The FDA
guidelines recommend that retrovirus vector products
be tested for the presence of RCR by inoculation and
passage of the test sample with a permissive cell line for
a minimum of 5 passages in order to amplify any
potential RCR present, followed by subsequent testing
with an appropriate indicator cell assay. The PG-4
S 4+ L— focus-forming assay and the marker rescue
assays have been routinely used for the detection of RCR
[3—7]. However, these conventional cell-based assays are
known to have several disadvantages: the assays take
a long time (weeks), visual evaluation of the results
requires skill and is labor intensive, and the limited
dynamic range requires many dilutions. Therefore, there
is need for a more sensitive and rapid quantitative
detection method for RCR.

Polymerase chain reaction (PCR) is a highly sensitive
method for the detection of viral genomes [8]. It has been
reported that PCR assays were capable of detecting one
or more copies of RCR provirus in 500,000 cells [9]. PCR-
based assay for RCR is used for biosafety monitoring of
transduced cells with retroviral vectors [10] and of
patients receiving retroviral gene therapy [9,11].

Moreover, the recently developed fluorescence-based
real-time quantitative reverse transcription-PCR (RT-
PCR) assay allows precise quantification of RNA
genomes. Since quantitative RT-PCR can be performed
in a short time with a wide dynamic range and high
throughput, it is expected to be particularly suitable for
quantifying RCR in viral stocks with high sensitivity.
However, the PCR-based assay detects not only in-
fectious virus genomes. In previous studies, PCR-based
assays detected viral DNA fragments derived from
packaging cell lines contaminated into retrovirus vector
supernatants and caused false-positive findings [12,13].
Therefore, when quantitative RT-PCR is used for RCR
detection, some process is required to distinguish
infectious RCR RNA and viral DNA fragments prior
to the quantitative RT-PCR assay. Infection of RCR
into a permissive cell line is suitable for this purpose,
because infectious RCR selectively replicates in cells
without replication of viral DNA fragments and
retrovirus vectors.

In addition, if RCR could be concentrated when
preparing the sample for quantitative RT-PCR, it is
expected that the sensitivity of RCR genome detection
could be improved. In a previous study, our group
demonstrated that polyethyleneimine (PEI)-conjugated
magnetic beads efficiently adsorbed many types of
viruses, with the exception of some non-enveloped
viruses, and this novel virus concentration method using
PEI-beads enhanced the sensitivity of virus detection by
both PCR and RT-PCR [14].

In the present study, we have established a novel
RCR detection method based on infectivity RT-PCR.
Infectivity RT-PCR is a hybrid method that attempts to

combine the best features of infectivity assays and
quantitative RT-PCR. Samples are allowed to amplify
in cell culture, as in conventional assays. Replication-
competent retrovirus is quantified by real-time quantita-
tive RT-PCR rather than by counting focuses. In
addition, we applied a novel virus concentration method
using PEI-beads to concentrate RCR in culture super-
natants before quantitative RT-PCR. We demonstrated
that this novel method could detect RCR more sensi-
tively and rapidly than the conventional culture assays.

2. Materials and methods
2.1. Virus and cells

Hybrid Moloney/amphotropic Murine lewkemia virus
(MLV) obtained from ATCC (Manassas, VA; VR-1450;
virus titer: 6.9 + 2.0 X 107 infectious unit (iu)/ml} was
used as the RCR Reference Material. This hybrid virus,
which was established by both the FDA and ATCC as
an MLV RCR Reference Material, consists of Moloney
MLYV with a substitution of the env coding region from
the 4070A strain of amphotropic MLV (AMLYV), and
represents a typical recombinant virus that could be
generated in a retroviral packaging cell line containing
coding sequences for an AMLYV env [2).

Mus dunni cells (CRL-2017) and cat fibroblast PG-4
(S + L-) cells (CRL-2032) were obtained from ATCC.
NIH/3T3 cells (JCRB0615) were obtained from the
Japanese Cancer Research Resource Bank (Tokyo,
Japan). WCRIP-P131 cells (RCB1088) were obtained
from the RIKEN Cell Bank (Tsukuba, Japan). M. dunni
cells and PG-4 (S +L-) cells were maintained in
McCoy’s 5A medium with 10% fetal calf serum
(FCS). NIH/3T3 cells and WCRIP-P131 cells were
maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% calf serum.

2.2. Preparation of recombinant retrovirus vector

The retrovirus vector plasmid pLEGFP-N1 (Clontech,
Palo Alto, CA) contains the enhanced green fluorescent
protein (EGFP) and neomycin resistance gene. \WCRIP-
P131 cells which contain the gag/pol gene of Moloney
MLV and env gene of 4070A in different expression
vectors were used as a high titer retrovirus vector-
packaging cell line. WCRIP-P131 cells (1 X 106 cells)
were transfected with pLEGFP-N1 (2 ug) by Effectene
Transfection Reagent (Qiagen, Hilden, Germany). Two
days after transfection, cells were trypsinized and
replated. The next day, Geneticin (GIBCO-BRL, Grand
Island, NY; final concentration 1 mg/mi) were added to
each dish and cultured for an additional 2 weeks.
Eighteen clones of neomycin-resistant cells were picked
up, and a clone {('CRIP-LEGFPI) which showed the
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highest EGFP expression when the NTH/3T3 cells were
infected with the culture supernatants of cloned cells was
used as a line of retrovirus vector-producing cells. For the
preparation of retrovirus vector sample, YCRIP-
LEGFPI cells were cultured to subconfluence, the
medium was replaced with fresh medium, and after 24 h
of culture, the culture supernatants were collected as
retrovirus vector samples (vector titer: 1 X 10° cfu/ml).
Vector supernatants were stored at —80 °C until use.

2.3. RCR concentration by PEI-beads

PEI-beads were made by coupling of PEI (MW
70,000; Wako Pure Chemical Inc., Tokyo, Japan) with
magnetic beads (IMMUTEX-MAG™; mean diameter:
0.8 ym; JSR Inc., Tokyo, Japan) by the 1-ethylene-3-(3-
dimethylaminopropyl)carbodiimide coupling method as
described previously [14]. RCR concentration using
PEI-beads was done as follows: various dilutions of
RCR solution were prepared from RCR Reference
Material diluted with DMEM. Then 1 or 10 ml of each
RCR dilution was incubated with 100 pl of PEI-beads
for 10 min at room temperature. Then the complexes of
virus and PEI-beads were trapped by a magnetic field
(for 1 ml: Magnetic Trapper™, Toyobo Co., Tokyo,
Japan; for 10ml; Dynal MOC-1™, Dynal AS, Oslo,
Norway). The virus genome was extracted from the PEI-
beads adsorbed fraction (the whole volume) or unad-
sorbed supernatant (100 ul) with an SMI-TEST EX
R&D Kit (Genome Science Laboratories, Fukushima,
Japan). Extracted nucleic acids were dissolved in 50 pl of
DNase/RNase-free distilled water, and 10 pl of this
solution was used for the quantitative RT-PCR reaction.

2.4. Real-time quantitative RT-PCR

The real-time quantitative RT-PCR for RCR was
monitored on an ABI PRISM 7000 Sequence Detection
System (Applied Biosystems, Foster City, CA). The
reaction was carried out in a 50 pul reaction mixture
containing 10 pl of extracted sample, 1 pM each of the
forward and reverse primer, 0.2 pM of TagMan probe,
and 25 pl of TagMan One-Step RT-PCR Master Mix
Reagents with 1.25 pl of 40X MultiScribe and RNase
Inhibitor (Applied Biosystems). The reaction conditions
were as follows: the viral RNA was reverse-transcribed
into cDNA for 30 min at 48 °C, then heat-inactivated
for 10 min at 95 °C; PCR was then performed for 50
cycles of 155 at 95 °C and 1 min at 60 °C. Standard
curves were generated from RCR RNA extracted from
RCR Reference Material in each RT-PCR assay and
validated using linear regression analysis. The RCR
genomes were quantified in infectious units (in). One
infectious unit of RCR measured by guantitative RT-
PCR means that the sample contains virus genome
RNA equivalent to 1iu of RCR Reference Material.

The sequences of the primer pair and the probe used
were as follows: forward primer (AMLVenv-1018F). 5'-
GCG GTC GTG GGC ACT TAT A-3'; reverse primer
(AMLVenv-1082R): 5'-TGT TGG GAA GTG GCC
GTA C-3'; TagMan probe (AMLVenv-1040TM): 5'-
(FAM)-ATC ATT CCA CCG CTC CGG CCA-
(TAMRA)-3". These sequences were designed to detect
the env gene of 4070A AMLYV using Primer Express Ver
1.0 Software (Applied Biosystems). The amplified
product is predicted to be 64 base pairs {bp) in length.

2.5. Amplification of RCR by culture cells

M. dunni cells were plated in 60-mm dishes at
2 X 10° cells/dish and cultured overnight. Culture me-
dium was replaced with 1ml of polybrene solution
(16 pg/ml) as well as 1ml of virus seclution and
incubated for 4h at 37 °C. Cells were washed with
1 ml of medium 3 times and incubated with 5 ml of fresh
culture medium. Culture supernatants were collected at
the indicated days for RCR concentration using PEI-
beads and detected by quantitative RT-PCR.

2.6. § + L— focus-forming assay

The PG-4 cells were plated in 6-well plates at
a concentration of 2 X 10° cells/well and incubated at
37 °Cin 5% CO; overnight. On the day of infection, the
medium was discarded, 1 ml of DEAE-Dextran (20 pug/
ml in medium) was added to each well, and the cells
were incubated for 30 min at 37 °C. Then 1 ml of test
sample was added to each well and the cells were
incubated for 2h at 37 °C. Finally, the samples were
replaced with 2 mi of fresh culture medium and cultured
at 37 °C in 5% CO;. Foci of transformed cells were
examined microscopically on day 3 and day 7.

3. Results

3.1. Detection of RCR RNA by real-time
guantitative RT-PCR

We first established the detection method of RCR
RNA by real-time quantitative RT-PCR. Serial log
dilutions of RCR solution were prepared, and viral
genome RNA extracted from 100 ul of each RCR
solution was analyzed by TagMan quantitative RT-
PCR. Forward and reverse primers as well as the TagMan
probe used for the detection of RCR were designed to
detect the AMLYV env sequence that exists in the RCR
genome but not in the retroviral vector sequence (Fig. 1).
Fig. 2 shows the standard curve generated from an
amplification plot of the quantitative RT-PCR assay for
RCR. A linear relationship was observed between the
threshold cycle (Cp, the PCR c¢ycle at which the
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fluorescence of amplification first exceeds baseline) and
the log-transformed input retroviral RNA genomes. The
linearity of the standard curve was obtained at a range of
107'-10%iu of RCR in 100yl of the sample with
a correlation coefficient of 0.998. The standard curve
was reproducible for repeated assay (data not shown).
Since Cy could not be calculated from virus solutions
having concentrations below 0.1 iu, the detection limit of
the quantitative RT-PCR for RCR was 0.1 iu.

3.2. Concentration of RCR by PEI-beads

In order to detect very low titers of RCR in the
culture supernatants of infected cells, we tried to
concentrate retrovirus particles using PEI-beads. One
and 10 m! of RCR solution (107° dilution of RCR in
DMEM) were incubated with 100 pl of PEI-beads, and
fractionated into the PEI-beads adsorbed fraction and
the unadsorbed supernatant fraction. Viral genome
RNA extracted from each fraction was applied to RT-
PCR and analyzed by agarose gel electrophoresis. As
shown in Fig. 3A, RCR env RNA was detected by RT-
PCR from the PEI-beads adsorbed fraction but not
from the unadsorbed supernatant, indicating that RCR
was efficiently adsorbed in the PEIl-beads. When the
starting volume of virus solution used for concentration
was increased from 1 to 10 ml, the amounts of RCR

RNA obtained in the PEI-beads adsorbed fraction were.

increased without any change in the unadsorbed
fraction. To analyze the concentration of virus with
PEl-beads quantitatively, serial log dilutions of RCR
solution were fractionated with PEI-beads, and the
amounts of RCR RNA. in the adsorbed fraction and the
unadsorbed fraction were quantified by real-time RT-
PCR (Table 1, Fig. 3B). When solutions containing low
concentrations of RCR were applied to PEI-beads, all of
the retrovirus particles in the viral solutions were
efficiently collected in the PEl-beads fraction. On the
other hand, when a solution containing high concentra-
tion of RCR was applied to the PEI-beads, unadsorbed
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Fig. 2. Standard curve for the determination of RCR quantity
generated from an amplification plot of real-time quantitative RT-
PCR. Serial dilutions of RCR solution were analyzed by quantitative
RT-PCR. A standard curve was generated from the amplification plot
of RCR using real-time quantitative RT-PCR. The correlation
coefficient is 0.998. Data are the mean £ $.D. (n = 3).

viruses were detected in the supernatant (Table 1). As
a result, RCR treated with PEI-beads were maximally
concentrated about 10-fold from 1 ml of virus selution
and 100-fold from 10 ml of virus solution compared to
direct extraction from 100 pl of original virus solutions,
and at the same time, the assay sensitivity was increased
about 10- and 100-fold, respectively (Table 1, Fig. 3B).
These results clearly demonstrated that PEI-beads
efficiently adsorbed RCR, and that this novel virus
concentration method is useful for improving the
sensitivity and lowering the limits of RCR detection.

3.3. Amplification of RCR in cell culture
for infectivity RT-PCR

For the screening of RCR in retrovirus vector
products, it is necessary to detect very less amounts of
RCR among large amounts of retrovirus vectors. In our
preliminary study, however, viral env DNA sequences
derived from a packaging cell line were used to

Retrovirus Vector
(TCRIP-LEGFP1)

SLTR

EGFP 3'LTR
AMLY _
Mcloney MLV _ 4070A env_Moloney MLV

RCR SLTR gag

3LTR

Primers: env1018F envi082R

Probe: env1040TM

Fig. 1. Structure of RCR and retrovirus vector used in this study. The open bars represent Moloney MLV genome, the gray bar represents the
expression cassette for the EGFP gene, and the striped bar represents the AMLV 4070A env gene. Black arrows and a small black square underneath
the RCR. genome indicate the location of the primers and a probe for RCR detection, respectively.
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Fig. 3. Concentration of RCR by PEI-beads. (A) RCR solution (10~° dilution) was fractionated with PEI-beads. Viral genome RNA extracted from the
PEI-beads adsorbed fraction and unadsorbed supernatant were amplified with RT-PCR and analyzed by 5% agarose gel. M: 20 bp DNA ladder; —
untreated RCR solution; A: PEI-beads adsorbed fraction; UA: PEI-beads unadsorbed supernatant fraction. (B) One or 10 ml of serial dilutions of
RCR solution was incubated with PEI-beads. Viral genome RNA extracted from the PEI-beads adsorbed fraction and untreated RCR solution was

analyzed by real-time quantitative RT-PCR.

contaminate WCRIP-LEGFPI retrovirus vector super-
natants and detected using the same conditions used for
the detection of RCR RNA (data not shown). Then, in
order to detect only infectious RCR in retrovirus vector
products by quantitative RT-PCR, we developed an
infectivity RT-PCR. We first infected M. dunni cells with
solutions containing various titers of RCR and cultured
for several days. The replicated RCR in culture super-
natants was then concentrated by PEI-beads and
quantified by real-time RT-PCR.

Fig. 4 demonstrates the time course of the detection
of RCR by infectivity RT-PCR. When M. dunni cells
were infected with 10 or 100 iu of RCR, the viruses were
linearly amplified from day 3 to day 7 (Fig. 4), and all 3
dishes had detectable amounts of virus even on day 2
(Table 2). When the cells were infected with 1 or 0.1 iu
of RCR, amplification of RCR could be detected in
more than one of the dishes after day 2 and day 5,
respectively, though the level of amplification varied

Table 1
Quantitative analysis of RCR concentration using PEI-beads

widely between the dishes (Table 2). RCR could not be
amplified when the cells were infected with 0.01 iu of
RCR. The same RCR solutions were also examined by
direct § + L— assay using PG-4 cells (Table 2). We could
not detect any focuses after 3 days of infection. On day 7,
only when cells were infected with 100 iu of RCR, focuses
were observed in 100% of wells. However, infection with
10 or 1 iu of RCR induced focus formation in only 1/2 or
1/6 of infected wells, respectively. These results demon-
strated that infectivity RT-PCR was able to detect RCR
more rapidly and 10- to 100-fold more sensitively than
conventional S + L— assay.

3.4. Detection of RCR in refrovirus vector
supernatant by infectivity RT-PCR

Finally, various amounts of RCR spiked in 106 cfu of
retrovirus vector supernatant were examined by in-
fectivity RT-PCR with RCR concentration by PEI-beads

RCR dilution RCR quantity (iu/sample)

RCR 0.1 ml RCR 1 ml RCR 10ml

Untreated Adsorbed {r. Unadsorbed fr. (0.1 ml) Adsorbed fr. Unadsorbed fr. (0.1 ml)
10! 2.0 X 10° 4.0 X 10° 49 x 10! 6.3 x 10° 6.3 % 107
1072 9.6 x 10° 14 x 108 - 3.8 % 108 44 x10°
1073 3.7 % 10° 34 % 10° - 7.2 % 10° 1.5 % 10°
10~* 4.8 % 10 3.3 x 10° - 6.6 % 10* -
1075 2.4 % 10! 1.2 % 10? - 26 % 10° -
10°% 2.1 % 10° 6.9 x 10° - 1.2 % 10% -
1077 - 3.8 % 10-! - 1.0 % 10! -
108 _ — — 5.0 x 107! -
107° - - - - -

Serial log dilutions of RCR solution (RCR.Reference Material; original concentration: 6.9 X 107 fu/ml) were fractionated with PEI-beads. The
amounts of RCR RNA extracted from the PEI-beads adsorbed fraction and unadsorbed fraction were quantified by real-time RT-PCR. —: Under

detection limit.
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Fig. 4. RCR growth curve in M. dunni cells. M. dunni cells were
infected with serial log dilutions of RCR solution. Culture super-
natants were harvested at the indicated time, and RCR was
concentrated by PEI-beads. Viral genome RNA was exiracted from
PEl-beads and the amount of RCR was determined by real-time
quantitative RT-PCR. Data are the mean + S.D. (n = 3).

(Fig. 5, Table 3). The amount of RCR was evaluated on
3, 5, 7, and 10 days after infection. Infectivity RT-PCR
was able to detect 1iu of RCR on day 3, and 0.3iu of
RCR on day 10 (Fig. 5). The detection ratio of 100%
could be achieved for 10 iu on day 3 and 3 iu on day 5. We
could not detect any env DNA from the culture
supernatant of M. dunni cells after infection and
cultivation of retrovirus vector supernatant (data not
shown). When the same RCR samples were evaluated by
direct S + L~ assay, we could not detect any focuses on
day 3, and focuses could be detected at 1iu on day 7,
although 100 iu was required for 100% detection (Table
3). Therefore, it is demonstrated that infectivity RT-PCR
improved the level of sensitivity for the detection of RCR
in retrovirus vector products 3- to 10-fold and shortened
the assay period compared with the conventional S + L—
assay.

4. Discussion
In the present study, we have developed a novel RCR

detection method based on an infectivity RT-PCR and a
virus concentration methed using PEI-beads. Real-time

Table 2
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Fig. 5. Detection of RCR spiked in retrovirus vector supernatant by
infectivity RT-PCR. M. dunni cells were infected with serial dilutions
of RCR solution in 10° cfu/ml of WCRIP-LEGFPI retrovirus vector
supernatant. Cell culture supernatants of infected cells were harvested
on day 3, 5, 7 and 10, and then RCR was concentrated by PEl-beads.
The amount of RCR genome RNA extracted from the PEI-beads
adsorbed fraction was determined by real-time quantitative RT-PCR.
Data are the mean + S.D. (n = 3).

quantitative RT-PCR is a suitable alternative to con-
ventional RCR detection by infectivity assays because it
is not only a quantitative but also a more sensitive
method. However, viral env DNA derived from pack-
aging cells was also detected in retrovirus vector
supernatants used in this study under the same con-
ditions used to detect RCR RNA (data not shown).
Although RCR spiked in retrovirus vector supernatants
was concentrated with PEl-beads, env DNA was also
detected in the PEI-beads adsorbed fraction (data not
shown). The mechanism of virus-adsorption by PEI-
beads remains unclear, but it is hypothesized that the
positive charge field of the PEI molecule might tightly
interact with the negative charge of surface lipids or
negatively charged proteins on viruses [14]. It is possible
that PEI-beads adsorbed RCR particles as well as
negatively charged DNA fragments. Therefore, to detect
only infectious RCR by quantitative RT-PCR, infection
and replication of virus in permissive cells is inevitable.
The method of amplifying a virus in a permissive cell
line, as used in infectivity RT-PCR, is also a common
method to increase the assay sensitivity for virus detec-
tion, and is often used before conventional indicator cell

Comparison of sensitivity of RCR detection by direct § + L~ assay and infectivity RT-PCR

RCR infection Direct S + L— assay Infectivity RT-PCR

(tu/dish) Day 3 Day 7 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
100 - (0/6) + (6/6) + (3/3) + (3/3) + (3/3) + (3/3) + (3 + (3/3)
10 — {0/6) + (3/6) + (3/3) + (3/3) + (3/3) + (3/3) + (3/3) + (3/3)
1 — {0/6) + (1/6) *+ (1/3) x (1/3) +{173) +{13) + (3/3) T 2f3)
0.1 — (0/6) — (0/6) —{0/3) - (0/3) - (0/3) + (3/3) + (2/3) + (3/3)
0.01 - (0/6) - (0/6) - (0/3) - {0/3) - (0/3) = (0/3) - (0/3) - (0/3)

Serial log dilutions of RCR solution were evaluated by direct PG-4 (8 + L-) assay or infectivity RT-PCR conducted in conjunction with virus
concentration using PEI-beads. Data are presented as positive assays {dishes or wells) over the total mumber of assays performed. +: All the dishes or
wells were positive for RCR; +: at least one dish or well was positive; —: none of the replicates were positive.
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F_‘\CR infection Direct § + L— assay Infectivity RT-PCR

(iu/dish) Day 3 Day 7 Day 3 Pay 5 Day 7 Day 10
100 —{0/5) + (5/5) + (5/5) + (5/5) + (5/5) + (5/3)
10 - {0/5) + (4/3) + (5/5) + (5/5) + (5/5) + (5/3)
3 = {0/5) x (2/%) + (1/5) + (5/5) + (3/5) + (3/5)
1 —{0/5) + (1/5) + (2/5) x (2/5)  (4/5) + (3/5)
03 - (0/5) - {0/5) - {0/5) ~ (0/5) - (0/3) + (1/9)
0.1 = (0/5) - /%) - {0/5) = (0/5) - (0/3) - {0/3)
0.01 = (0/3) = (0/5) — {(0/3) ~ (0/5) —{0/5) - (0/3)

Serial dilutions of RCR in 10® cfu/m! of WCRIP-LEGFP1 retrovirus vector supernatant were evaluated by direct PG-4 (8 + L—) assay or infectivity
RT-PCR conducted in conjunction with viral concentration using PEI-beads. Data are presented as positive assays (dishes or wells) over the total
number of assays performed. +: All the dishes or wells were positive for RCR; £ at least one dish or well was positive; —: none of the replicates

were positive.

assays. In infectivity RT-PCR, the indicator cell assay
was replaced by quantitative RT-PCR subsequent to the
amplification of viruses.

Concentration of retrovirus particles is a simple
method to increase the sensitivity of RCR detection.
Several approaches to concentrate viruses have been
tried in an attempt to enhance the sensitivity of virus
genome detection [15—17]. Ultra-centrifugation is widely
used for virus concentration, although it is associated
with loss of infectivity of MLV [18]. Centrifugation at
high-speeds for long duration has been used for
concentration of retrovirus vectors [19,20], but this
method is very time-consuming and not suitable for
virus screening. Polyethylene-glycol (PEG) precipitation
is a simple and easy method to concentrate several
viruses, but the excess amount of PEG hampers the PCR
reaction. In the present study, we have demonstrated
that PEI-beads efficiently concentrated RCR in pro-
portion to the volume of virus solution uséd for the
assays. Virus concentration with PEI-beads is a simple
and rapid method and is suitable for multiple sample
preparation for quantitative RT-PCR.

By the combination of infectivity RT-PCR and virus
concentration with PEI-beads, we have developed
a novel RCR detection method. We demonstrated that
1iu of RCR spiked in 10°cfu/ml of vector products
could be detected within 3 days, and the sensitivity for
viral detection was increased 3- to 10-fold compared
with the direct S+ L— assay. By this method, the
presence of retroviral vector interfered with RCR
detection [5] only slightly. As a result, this method can
detect infectious RCR more rapidly and more sensitively
and less labor intensive than conventional cell assays.
However, the detection sensitivity was not additively
improved as expected from the data of quantitative RT-
PCR and virus concentration by PEl-beads. We
consider that the limiting step of the detection of RCR
by infectivity RT-PCR is the initial infection of the
permissive cells with the virus, and thus it is difficult to
improve the sensitivity after the replication step. In this

case, improvement of the infection process may increase
the detection sensitivity. We used polybrene for enhanc-
ing viral infectivity, as is done in conventional infectivity
assays, but the effect was limited. It has been reported
that spinoculation, in which RCR samples are in-
oculated under centrifugation, increased the sensitivity
of RCR detection by the S + L— assay and marker
rescue assays [6]. Alternatively, co-precipitation of
retrovirus vector with calcium phosphate [21] or
complexation with polybrene and chondroitin sulfate
C [22] has been shown to increase the transduction
efficiency. Utilizing these methods may be useful for
increasing the infectivity sensitivity of RCR detection by
infectivity RT-PCR.

The RCR detection method described here was
designed to specifically detect infectious AMLV RCR
in retrovirus vector products. The same strategy should
be applied to RCRs other than AMLYV by using primers
and a probe designed to detect the specific RCR RNA.
Furthermore, the infectivity (RT-) PCR strategy may be
applicable to the detection of other replication-compe-
tent viruses. We have demonstrated that the infectivity
PCR method was superior to the conventional cell
culture/CPE method for detecting replication-competent
adenovirus and useful for the detection of RCA in
adenovirus vector products [23].

In conchision, infectivity RT-PCR conducted in
conjunction with virus concentration using PEI-beads
can detect infectious RCR more sensitively and rapidly
than the conventional infectivity assay. This novel
method would be useful for detecting RCR in retrovirus
vector products.
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Abstract: Poly-t-lactic acid (PLLA) is a widely used prom-
ising material for surgical implants such as tissue-engi-
neered scaffolds. In this study, we aimed to determine the in
vive effect of PLLA plates on the cellular function of subcu-
taneous tissue in the two mouse strains, BALB/c] and SJL/1,
higher and lower tumorigenic strains, respectively. Gap-
junctional intercellular communication (GJIC) and the ex-
pression of connexin 43 (Cx43) protein were significantly
suppressed, whereas the secretion of transforming growth
factor-p1 (TGF-p1) level was significantly increased in
PLLA-implanted BALB/c] mice compared” with BALB/cJ
controls. However, no significant difference in TGF-R1 se-
cretion was observed between the SJL/J-implanted and

SJL/J contro! mice. We found for the first time that a signif-
icant difference was observed between the two strains; thus,
the PLLA increased the secretion of TGF-B1 and suppressed
the mRNA expression of Cx43 at the earlier stage after
implantation into the higher-tumorigenic strain, BALB/¢J
mice. This novel mechanism might have a vital role in the
inhibition of GJIC and promote the tumorigenesis in
BALB/cJ] mice. © 2004 Wiley Periodicals, Inc. | Biomed
Mater Res 70A: 335-340, 2004

Key words: poly-L-lactic acid; gap-unctional intercellular
communication (GJIC); connexin 43; transforming growth
factor (TGF)-B; tumorigenesis

INTRODUCTION

The implantation of a biomaterial always induces a
host inflammatory response. The extent and resolution
of these responses have a vital role in determining the
long-term success of implanted medical devices.1
Poly-r-lactic acid (PLLA) is a widely used material for
surgical implants and clinically as a bioabsorbable
suture material. %> Polyurethanes (PUs) have also been
used for implant applications because of their useful
elastomeric properties and high tensile strength, lu-
bricity, and good abrasion resistance. Some adverse
effects of the biomaterials, such as PLLA and PUs,
have been reported in animal experiments. Long-term
implants of PLLA produced tumorigenicity in rats.®
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Different kinds of PUs induced various tumor inci-
dences in rats.” All tumors have been generally
viewed as the outcome of disruption of the homeo-
static regulation of the cellular ability to respond to
extracellular signals, which trigger intracellular signal
transduction abnormalities.® During the evolutionary
transition from the single-cell organism to the multi-
cellular organism, many genes appeared to accom-
pany these cellular functions. One of these genes was
the gene coding for a membrane-associated protein
channel (the gap junction).® Gap-junctional intercellu-
lar communications (GJIC) are transmembrane chan-
nels that allow the cell-cell transfer of small molecules
and are composed of. protein subunits known as con-
nexin; at least 19 connexins exist and they are ex-
pressed in a cell- and development-specific man-
ner.'*! GJIC also has an important role in the
maintenance of cell homeostasis and in the control of
cell growth.'? So, the loss of GJIC has been considered
to cause abnormal development and tumor forma-
tion.’*'® Several tumor promoters have been shown
to restrict GJIC by phosphorylation of connexin pro-
teins, such as connexin 43 (Cx43), which is an essential



336

protein to form the gap-junction channel.’*!” We have
hypothesized that the different tumorigenic potentials
of PLLA and PUs are caused mainly by the different
tumor-promoting activities of these biomaterials.
Therefore, we investigated the effects of PLLA on the
subcutaneous tissue between the two strains of female
mice, BALB/ ¢J and SJL/T.

MATERIALS AND METHODS

Animals

Five-week-old female BALB/cJ and SJL/J mice were pur-
chased from Charles River (Japan) and maintained in the
animal center according to the animal welfare Nationa) In-
stitute of Health Sciences guidance. AH mice were fed with
standard pellet diets and water ad lbitum, before and after

the implantation.

Implantation of PLLA

PLLA was obtained from Shimadzu Co. Ltd. as uniform
plates. Implants (size: 20 X 10 X 1 mm, weight-average
molecular weight 200,000) were sterilized using ethylene
oxide gas before use. Sodium pentobarbital (4 mg/kg) was
intraperitoneally administered to the mice. The dorsal skin
was shaved and scrubbed with 70% alcohol. Using an asep-
tic technique, an incision of approximately 2 cm was made;
away from the incision, a subcutaneous pocket was formed
by blunt dissection, and one piece of PLLA was placed in the
pocket. The incision was closed with silk threads. In both
strains, controls were obtained by sham operation and sub-
sequent subcutanecus pocket formation. After surgery, the
mice were housed in individual cages. After 30 days, mice
from the implanted group were sacrificed, implanted mate-
rials were excised out, and subcutaneous tissues from the
adjacent sites were collected for culture. At the same time,
subcutaneous tissues were removed from the sites in the
sharh-operated controls that correlated with the implant

sites.

Cell culture of subcutaneous tissues

The subcutaneous tissues were maintained in minimum
essential medium supplemented with 10% fetal bovine se-
rum in a 5% CO, atmosphere at 37°C,

Scrape-loading and dye transfer (SLDT) assay

SLDT technique was performed by the method of El-
Fouly et al.'® Confluent monolayer cells in 35-mm culture
dishes were used. After rinsing with Ca?* Mg®* phosphate-
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buffered saline [PBS (+)], cell dishes were loaded with 0.1%
Lucifer Yellow (Molecular Probes, Eugene, OR} in PBS (+)
solution and were scraped immediately with a sharp blade.
After incubation for 5 min at 37°C, cells were washed three
times with PBS (+) and the extent of dye transfer was
monitored using a fluorescence microscope, equipped with
a type UFX-DXII CCD camera and super high-pressure mer-
cury lamp power supply (Nikon, Tokyo, Japan).

Westem blot analysis

When cells grew confluently in 60-mm tissue culture
dishes, all cells were lysed directly in 100 pL of 2% sodium
dodecy! sulfate (SDSj gel loading buffer (50 mM Tris-HCl,
pH 6.8, 100 mM 2-mercaptoethanol, 2% SDS, 0.1% bromo-
phenol blue, 10% glycerol). The protein concentration of the
cleared lysate was measured using the microplate BCA
{bicinchoninic acid) protein assay (Pierce, Rockford, IL).
Equivalent protein samples were analyzed by 7.5% SD5-
polyacrylamide gel electrophoresis. The proteins were trans-
ferred to Hybond-ECL nitrocellulose membranes (Amer-
sham Pharmacia Biotech UK Ltd., Buckinghamshire, UK).
Cx43 protein was detected by anti-Cx43 polyclonal antibod-
ies (ZYMED Laboratories, Inc., San Prancisco, CA). The
membrane was soaked with Block Ace (Yukijirusi Nyugyo,
Sappro, Japan), reacted with the anti-Cx43 polyclonal anti-
bodies for 1 h, and after washes with PBS containing 0.1%

- Tween20, reacted with the secondary anti-rabbit immuno-

globulin G antibody conjugated with horseradish peroxi-
dase for 1 h. After several washes with PBS-Tween20, the
membrane was detected with the ECL detection system
{Amersham Pharmacia Biotech UK Ltd.).

Reverse transcriptase polymerase chain reaction
(RT-PCR)

Cx43 mRNA expression was verified by RT-FPCR. Total
cellular RNA was isolated from cultured cells in Trizol re-
agent (Life Technologies, Inc., Frederick, MD) following the
manufacturer’s instructions. The concentration of total RNA
was determined using a UV spectrophotometer (Gene
Quant; Pharmacia Biotech, Piscataway, NJ). cDNA was syn-
thesized from 1 pg of total RNA by RT using the First-Strand
c¢DNA synthesis kit (Amersham Pharmacia Biotech, Upp-
sala, Sweden). Amplification was performed in a volume of
25 pL containing I wL of cDNA, 10 pmol-of each primer,
0.625 unit of Tag polymerase (Promega, Madison, WI} and
0.2 mM of each deoxynucleotide triphosphate. The sequence
of the primer pairs were as follows: forward 5'-ACAGTCT-
GCCTTTCGCTGTAAC-3' and reverse 54GTAAG-
GATCGCTTCTTCCCTTC-3'. The PCR cycle was as follows:
initial denaturation at 94°C for 5 min, followed by 25 cycles
of 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min, with
final extension at 72°C for 7 min. The amplified product was
separated on 1.5% agarose gel and visualized with SYBR
Green I (BioWhittaker Molecular Applications, Rockland,
ME). For relative quantitation, the signal intensity of each
lane was standardized to that of a housekeeping gene,
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GAPDH. To amplify this gene, the following primer pairs
were used: forward 5'-CCCATCACCATCTTCCAGGAGC-
GAGA-3' and reverse 5'-TGGCCAAGGTCATCCATGA-

CAACTTTGG-3,

Enzyme-linked immunosorbent assay (ELISA)

Cells were seeded onto 60-mm dishes. The conditioned
medium was collected and obtained after the centrifugation
at 1000 rpm for 2 min. The transforming growth factor
{TGFE)-B levels of the media were measured with commer-
cially available ELISA kits (R&D Systems Inc., Minneapolis,

MN).

Cytokine treatment

Here, we used sham-operated BALB/cJ] mice celis as a
control. One hundred thousand cells were seeded onto
35-mm tissue culture dishes and cultured. After 4 h seeding
in a 5% CO, atmosphere at 37°C, cells were treated with
TGF-B1 (0, 2, and 10 ng/mL). Thereafter, SLDT and RT-PCR
were performed. Purified human TGF-B1 was purchased
from R&D Systems.

Statistical analysis

Student ¢ test was used to compare the implanted samples
with the controls. Statistical significance was accepted atp <
0.05. Values were presented as the mean * standard devia-
tion.

RESULTS AND DISCUSSION

There are many known tumorigenesis-inducing fac-
tors. It was reported that many plastics induce malig-
nant tumors when implanted subcutaneously into rats
and mice.’** PLLA shows slow degradation, and
therefore has been applied as a biomaterial for surgical
devices such as bone plates, pins, and screws. It was
reported in different studies that polyetherurethane,
polyet!;llene, and PLLA produced tumors in
rats.*”* In our study, tumors were induced by
PLLA plates in BALB/cJ mice at 100% incidence but
not in S]JL/J mice at the surrounding tissues of PLLA
plates during a 10-month in vivo study. To understand
the mechanisms of tumorigenesis induced by PLLA,
we focused on the inhibitory effects on GJIC at the
early stage of tumorigenesis. To assess functional
GJIC, the SLDT assay was performed. Brand et al. 26
reported that BALB/cJ mice are a higher and SJL/J
mice are a lower tumorigenic strain. Our present re-
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Figure 1. Statistical analysis of the SLDT assay. In both the
implanted and sham-operated controls, three mice of each
strain were sacrificed after 30 days. Results shown are rep-
resentative of two independent experiments, GJIC was sig-
nificantly inhibited in PLLA-implanted BALB/cJ mice cells
compared with BALB/cJ controls. **p < 0.01.

sults showed that the GJIC was significantly inhibited
in 1-month PLLA-implanted BALB/¢J mice cells com-
pared with BALB/cJ controls (Fig. 1). In contrast, no
significant difference was observed between the
1-month PLLA-implanted SJL/J mice and SJL/J con-
trols (Fig. 1). The data also revealed that the dye
migration was higher in control BALB/cJ mice than
control SJL/] mice (Fig. 1). High responder to the
tumorigenicity may be classified as animals that are
easily suppressed in both GJIC function and the con-
nexins expression. This perturbed gap junction is
likely to have a major role in the PLLA-induced tu-
morigenesis. Gap junctions are also regulated by the
posttranslational phosphorylation of the carboxy-ter-
minal tail region on the connexin molecule. Phosphor-
ylation of connexin molecules is closely related with
the inhibition of GJIC.?# Phosphorylation has been
involved in controlling a broad variety of connexin
processes that include trafficking, gathering/nongath-
ering, degradation, and also the gating of gap chan-
nels. It was also reported that communication-defi-
cient cells did not express the Cx43-biphosphorylated
(P,) isoform but cells with low gap-junction perme-
ability showed detectable amounts of the Cx43-mono-
phosphorylated (P,) isoform.™ To survey the cause,
we examined the mRNA and protein expression of the
Cx43 gene. Here, mRNA expression was suppressed
in PLLA-implanted BALB/c] mice compared with
BALB/(] controls [Fig. 2(A)). No significant difference
was observed between the PLLA-implanted SJL/]
mice and SJL/J controls [Fig. 2(B)]. We also found that
the total level of protein expression such as unphos-
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Figure 2. mRNA expression of Cx43 by RT-PCR analysis.
In both the implanted and sham-operated controls, three
mice of each strain were sacrificed after 30 days. Results
shown are representative of two independent experiments.
SYBR Green I stained PCR products after agarose gel elec-
trophoresis showed that (A} mRNA expression was sup-
pressed in PLLA-implanted BALB/cJ] mice compared with
BALB/¢J controls, and (B) no significant difference was ob-
served between the PLLA-implanted SJL/] mice and SJL/]
controls.

Control

phorylated (Py), P;, and P, levels were significantly
decreased in PLLA-implanted BALB/c] mice com-
pared with the control (Fig. 3). Asamoto et al.” re-
ported that tumorigenicity was enhanced when the
expression of Cx43 protein was suppressed by the
anti-sense RNA of Cx43. A similar tendency was also
observed in our study where the protein expression
might be inhibited via down-regulation of the mRNA
level. The genetic alteration and posttranslational

BALB/cJ

{Control)

(PLLA)

Figure 3. Protein expression of Cx43 by Western blot anal-
ysis. In both the implanted and sham-operated controls,
three mice of each strain were sacrificed after 30 days. Re-
sults shown are representative of two independent experi-
ments. Total level of protein expression such Py, Py, and P,
levels were significantly decreased in PLLA-implanted
BALB/¢] mice compared with the controls.
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Figure 4. Statistical analysis of TGF-Bl cytokine assay by
ELISA. In both the implanted and sham-operated controls,
three mice of each strain were sacrificed after 30 days. Re-
sults shown are representative of two independent experi-
ments. Secretion of the TGF-B1 level was significantly in-
creased in PLLA-implanted BALB/cJ mice compared with
BALB/¢J controls. **p < 0.01.

modification in the Cx43 protein was shown to be
involved in impaired GJIC and could be associated
with tumorigenesis. Therefore, it is suggested that the
inhibitory effect of PLLA on GJIC might be caused by
the alteration in the Cx43 protein, causing enhance-
ment of tumorigenesis. Moreover, Moorby and Patel*
reporied a direct action of the Cx43 protein on cell
growth that was mediated via the cytoplasmic car-
boxyl domain.

Because TGF-B1 inhibits GJIC by decreasing the
phosphorylated form of Cx43%! and the phosphoryla-
tion of Cx43 has been implicated in gapjunction as-
sembly and gating events,’®%~? we hypothesized that
TGF-B1 might have an important role on PLLA-im-
planted BALB/cJ mice. Figure 4 clearly demonstrates
that the secretion of the TGF-B1 level was significantly
increased in PLLA-implanted BALB/¢] subcutaneous
tissue in comparison with those from BALB/cJ control
mice. No significant difference was found in the se-
cretion of TGF-1 between the SJL/J implanted and
SJL/J control mice. TGF-B2 and TGF-B3 cytokine as-
say revealed no significant difference in TGF-B2 secre-
tion and TGF-B3 was below the detection level (data
not shown). So we performed an in vitro study, which
showed that the intercellular communication and the
mRNA expression of Cx43 were significantly sup-
pressed in BALB/cj control cells when treated with
TGF-B1 [Fig. 5(A,B)].

In conclusion, we suggest that increased secretion of
TGF-B1 (Fig. 4) suppressed expression of the gap-
junctional protein Cx43 (Fig. 3) at the earlier stage after
implantation of PLLA in BALB/c] mice, resulting in
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F;gure 5. (A)SLDT assay. (B) National Institutes of Health
image analysis quantitation of RT-PCR bands. In both fig-
ures, BALB/cJ control cells were treated with 2 and 10
ng/mL TGF-B1. GJIC was significantly inhibited and mRNA
expression was significantly suppressed in BALB/¢J control
cells treated with 10 ng/mL TGF-B1 compared with
BALB/c]J controls. **p < 0.01. Three dishes were used for one
data point (bar) as one experiment. Results shown are rep-
resentative of two independent experiments.
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Figure 6. Schematic representation of the pathway of tu-
morigenesis induced by PLLA in BALB/cJ mice.

the suppression of the function of GJIC (Fig. 1) and at
the same time, mRNA expression of Cx43 was sup-
pressed in BALB/cJ mice (higher tumorigenic) but not
in 5L/ mice (lower tumorigenic) [Fig. 2(AB)].
TGF-B1 also suppressed the expression of mRNA of
Cx43 and the function of GJIC in the BALB/cJ mouse
cells in vitro [Fig. 5(A,B)]. These results indicated the
novel mechanism of tumorigenesis induced by PLLA

(Fig. 6).
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