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Abstract In this study, we developed a new purifica-

tion method using chondroitin sulfate C (CSC) and

protamine sulfate (PS) to concentrate lentivirus. To

evaluate the efficiency of this new method, we

compared it with several previously described purifi-

cation protocols, including virus concentrated by

ultracentrifugation (Ultra), precipitated by polyethy-

lene glycol (PEG), and sedimented by CSC combined

with polybrene (PB). After using the different methods

to purify and concentrate equivalent amounts of

lentivirus supernatant, the virus pellets precipitated by

the different methods were resuspended using the

equivalent volumes of DMEM. Subsequently, 10 ll of
each lentivirus stock carrying EGFP gene was used to

transduce two types of cells, human embryonic kidney

293T (HEK293T) cells and mouse mesenchymal stem

cells (mMSC). It was obvious that HEK293T and

mMSC appeared much intensiver green fluorescence

through virus transduction from PS method than from

othermethods. To quantitate the transduction efficiency

of the viruses, we examined virus titer in the cells after

transduction using a real-time PCR-based analysis.

Accordingly, we verified that PS precipitation could

generate virus with a higher titer (4.39 9 108 IU/ml)

than PB (2.43 9 108 IU/ml), Ultra (1.16 9 108 IU/

ml), and PEG (0.56 9 108 IU/ml) in HEK293T cells.

As for HEK293T cells in mMSC, the PS method also

generated virus with a higher titer (4.66 9 108 IU/ml)

than the Ultra method (2.36 9 108 IU/ml), and a much

higher titer than those of the other chemical-based

precipitation methods using PB (4.82 9 106 IU/ml)

and PEG (8.98 9 104 IU/ml). Furthermore, the

HEK293T cells and mMSC transduced by PS(1X)-

virus appeared to have higher cell growth ratios,

respectively, than the HEK293T cells and mMSC

transduced by lentivirus using the other methods. We

conclude that our newmethod for purifying lentivirus is

cost-effective, time-saving, and highly efficient, and

that lentivirus purification by this means could possibly

be used to transduce a variety of cells, including stem

cells.

Keywords Lentivirus � Concentration � Protamine

sulfate � Transduction

Introduction

Traditionally, lentivirus particles can be packaged in

human embryonic kidney 293T (HEK293T) cells and

then be released into a culture medium with titers

ranging from 106 to 107 transducing units per
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milliliter. However, for some specific purposes, the

original virus supernatant needs to be further treated.

For example, it may be necessary to replace the virus

pool with a different medium for gene transduction in

specific cell types, or it may be necessary to concen-

trate the virus pool for gene therapy in vivo. Currently,

many manipulations have been developed to purify

and concentrate virus. Among the available methods,

virus purification by ultracentrifugation is the most

commonly used method (Tiscornia et al. 2006).

However, purification by this means can easily result

in the virus envelope being damaged because of the

shearing force caused by high-speed centrifugation,

unless, that is, the virus is pseudotyped with VSV-G or

RD114 envelope proteins (Burns et al. 1993; Gatlin

et al. 2001). Moreover, using this protocol to purify

lentivirus is time-consuming, labor-intensive, and,

most importantly, cost-ineffective due to the necessity

of using and maintaining an expensive machine.

Ultrafiltration represents another physical approach

by which to concentrate virus with high efficiency and

reduced toxicity (Reiser 2000; Papanikolaou et al.

2013). However, this procedure may also be overly

time-consuming because clogs can form that require

the filter to be replaced after a certain amount of

culture medium has passed through it (Sun et al. 2014).

In contrast to these physical methods, chemical-based

methods for concentrating lentivirus provide alterna-

tive approaches that do not require the use of a specific

apparatus. Rather, simple protocols of chemical sup-

plementation and low-speed centrifugation are

adopted to precipitate virus. Thus, such methods

constitute easier means of virus concentration, and are

potentially suitable for most laboratories. Chemicals

are employed in these approaches in order to precip-

itate virus by using different mechanisms; for exam-

ple, virus can be precipitated due to decreased

solubility in medium caused by the exclusionary

effect of polyethylene glycol (PEG) (Kohno et al.

2002; Fontes et al. 2005) or by the salting-out effect of

ammonium sulfate (Armon et al. 1988). Virus can also

be aggregated and precipitated through the use of a

charged molecule such as poly-lysine (Zhang et al.

2001), or by combining anionic and cationic polymers

such as chondroitin sulfate C (CSC) and polybrene

(PB) (McMillin et al. 2005; Landazuri and Le Doux

2006). Nevertheless, the residual chemicals along with

precipitated virus possibly hamper the virus applica-

tion. Thus, it is necessary to assess the influence of

residual chemicals prior to advance application. In this

study, we present a method involving the use of a new

set of reagents, CSC and protamine sulfate (PS), to

concentrate lentivirus. Virus concentration by this

means is compared to virus concentration via three

other methods, namely ultracentrifugation (Ultra),

PEG precipitation (PEG), and precipitation using

CSC combined with PB (PB). The influences of all

four different methods on cell survival, gene transfer

rate, and titer in cells were evaluated.

Materials and methods

Cell culture

HEK293T cells were cultured in DMEM (Invitrogen,

Life Technologies Corp., Carlsbad, CA, USA) sup-

plemented with 10% fetal bovine serum (SAFC

Biosciences, Lenexa, KS, USA), penicillin

G (Sigma-Aldrich Co., St. Louis, MO, USA)

(100 U/ml), and streptomycin (Sigma-Aldrich Co.,

St. Louis, MO, USA) (100 lg/ml) at 37 �C in a water-

saturated atmosphere containing 5% CO2 in air.

HEK293T cells were seeded at a density of 5 9 104/

ml per well in 12-well tissue culture plates. 10 ll of
concentrated viruses were then added to the cells for

gene transduction. After 24 h, the culture medium was

replaced with fresh DMEM medium supplemented

with 10% FBS (SAFC Biosciences., Lenexa, Kansas,

USA). After 4 days of incubation, the cells were

harvested and their DNA was isolated.

Isolation and culture of mesenchymal stem cells

(MSC)

Mouse MSC (mMSC) cultures were obtained accord-

ing to the protocols described by Soleimani and Nadri

(2009) with slight modifications. Briefly, 8 ICR mice

aged 6–8 weeks old were sacrificed, and their bone

marrow cells were pooled. After filtration through a

70-lm filter mesh to remove any bone spicules or cell

clumps, the bone marrow cells were centrifuged at

4009g for 5 min and planted in 10-cm dishes at a

density of 107 cells/cm2. They were then incubated at

37 �C with 5% CO2 in a humidified chamber. After

3 h, non-adherent cells were removed by changing the

medium. The medium was replaced with fresh

medium every 8 h for 3 days. After 3 days, the cells
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were trypsinized and replated in alpha-MEM (Gibco.,

Carlsbad, CA, USA). After 10 days, the cells were

trypsinized again and frozen in alpha-MEM with 5%

DMSO and 30% FBS. For experiments, the mMSC

were thawed and maintained in alpha-MEM medium

supplemented with 10% FBS, and were seeded at a

density of 5 9 103/ml per well in 12-well tissue

culture plates. Ten ll of concentrated virus were added
to the cells, and after 24 h, the culture medium was

replaced with fresh alpha-MEM medium supple-

mented with 10% FBS. After 7 days of incubation,

the cells were harvested and their DNA was isolated.

Preparation of VSV-G pseudotyped lentivirus

supernatants

HEK293T cells were cultured in 60-mm plates for

transfection of the lentiviral vectors. The pCMV-

deltaR8.91 packing plasmid, the pMD.G envelope

plasmid, and the pLAS3w.PeGFP-I2-Bsd lentiviral

vector plasmid (National RNAi Core Facility, Acade-

mia Sinica, Taiwan) were cotransfected into

HEK293T cells using the X-tremeGENE HP DNA

Transfection Reagent (Roche, Mannheim, Germany).

The transfection medium was replaced with fresh

medium containing 1% bovine serum albumin (BSA)

(Sigma-Aldrich Co., St. Louis, MO, USA) at 24 h

post-transfection. The viral supernatant was harvested

at 24, 48, and 72 h after the high-BSA medium

exchange, filtered through a 0.45-lm filter (Millipore,

Billerica, MA, USA), and stored at 4 �C for later use.

Concentration of lentivirus

To concentrate lentivirus using PEG, PEG 8000

(Sigma) and NaCl were added to the virus supernatant

until final concentrations of 10% and 0.15 M, respec-

tively, were reached. The mixtures were incubated for

16–20 h on a shaker at 4 �C, and then were centrifuged
for 30 min at 10,0009g and 4 �C. To purify lentivirus
using ultracentrifugation, virus particles were col-

lected by ultracentrifugation at 50,0009g and 4 �C for

2 h. To concentrate lentivirus using PB and CSC, virus

was precipitated with 80 lg/ml of PB (Sigma) and

80 lg/ml of CSC (Sigma). The mixtures were incu-

bated for 16–20 h on a shaker at 4 �C, and were

centrifuged for 30 min at 10,0009g and 4 �C. To

concentrate lentivirus using PS and CSC, virus

supernatant was mixed with 80 lg/ml of CSC and

various concentrations of PS (Sigma) separately,

including 16 lg/ml (0.2X), 40 lg/ml (0.5X), 80 lg/
ml (1X), 160 lg/ml (2X), and 320 lg/ml (4X). The

mixtures were incubated for 16–20 h on a shaker at

4 �C, and were centrifuged for 30 min at

10,0009g and 4 �C. The virus pellets acquired using

the above four methods were resuspended at 1/100 of

the original volume using DMEM complete medium

and stored at 4 �C. Virus samples were prepared three

times by different operators. In each time, an operator

prepared one set of viruses using the different

methods, including Ultracentrifugation, PEG precip-

itation, PB precipitation, and PS precipitation (0.2X,

0.5X, 1X, 2X, 4X).

DNA extraction and real-time PCR

DNAs from cultured HEK 293T cells and mouse MSC

were extracted using the simplified mammalian DNA

isolation procedure (Laird et al. 1991). The DNA was

used as the template for real-time PCR analyses, for

which gene specific primers were designed using the

PerlPrimer software. The real-time PCR procedure

was performed using anABI 7500 instrument (Applied

Biosystems, Carlsbad, CA, USA). The qPCR Len-

tivirus Titration Kit (LV900) purchased from abm

(Applied Biological Materials Inc, Richmond, British

Columbia, CA) that provides a standard lentivirus

concentration was used to estimate the virus titers from

different treatments. The concentration of lentiviral

vector was assessed with CAG promoter primer set.

The primer sequences were as follows: 50-TCCGCGT
TACATAACTTACGG-30 and 50-GGGCGTACTTG
GCATATGAT-30. TheALB gene sequencewas used to

normalize the amount of template for each sample

extracted from the HEK293T cells, and the Alb gene

sequence was used to normalize the amount of

template for each sample extracted from the mouse

MSC. The primer sequences were as follows: ALB, 50-
TGTGGGCTGTAATCATCGTC-30, and 50-ATCCA
AACTCATGGGAGCTG-30; Alb, 50-ATGGTGAACT
GGCTGACTGC-30, and 5-TGTCCCATAAAGGTG

GTTGG-30. Each reactionwas run in triplicatewith the
results averaged.

Cell growth ratio measurement and calculation

HEK 293T cells and mMSC were gene transduced by

viruses that were prepared using different methods as
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described above. The HEK 293T cells and mMSC

were then cultured for 4 and 7 days, respectively, and

were harvested for cell counting by the standard

hemocytometer method. To represent the relative cell

growth ratio, the number of cells produced using each

or the other methods was divided by the number of

cells produced using the PS(1X) method, with the

result shown as a percentage. Each relative growth

ratio was measured in triplicate, and the results were

averaged.

Statistical analysis

Each experiment was carried out in duplicate and

repeated three times. The results are expressed as a

mean ± standard deviation. The data from the various

treatments were compared using a t test, and the

differences with a P value of\0.05 were considered to

be statistically significantly different.

Results

Lentivirus purified and concentrated by PS

achieved higher transduction efficiency

Physical methods, such as ultracentrifugation or

ultrafiltration, can be used to purify functional viruses

with high titers, but they are also time-consuming.

Chemical-based approaches, such as PEG and PB

precipitation, can be used to concentrate viruses much

more conveniently, but the residual chemicals accom-

panying the precipitated viruses can sometimes inter-

fere with virus transduction. Therefore, a purification

method that can avoid these disadvantages would be

beneficial in terms of virus-related applications. In the

present study, we examined the use of several

chemicals for virus purification, and one set of

chemicals, PS combined with CSC, appeared to

exhibit excellent performance. In order to compare

PEG PEG

Ultra Ultra

PB PB

PS(0.2X) PS(0.2X)

PS(0.5X) PS(0.5X)

PS(1X) PS(1X)

PS(2X) PS(2X)

PS(4X) PS(4X)

cFig. 1 Evaluating lentivirus transduction efficiency to

HEK293T cells by EGFP expression. Lentivirus carrying EGFP

was purified and concentrated by different methods, including

PEG precipitation, ultracentrifugation (Ultra), PB precipitation,

PS precipitation (0.2X, 0.5X, 1X, 2X, 4X). The actual chemical

concentrations used are described in the ‘‘Materials and

methods’’ section. All fluorescence images (left panel) were

photographed under the same lighting
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the effectiveness of different methods, HEK293T cells

and mMSC were gene transduced by various concen-

trated viruses, and EGFP expressions were examined.

As shown in Fig. 1, although all purification methods

provided satisfactory results in the transduction of

HEK293T cells, the PS(1X) transduced cells exhibited

significantly higher green fluorescence intensity than

cells transduced using the other methods. We then

questioned whether the PS method is appropriate for

the transduction of mMSC, because the residual

chemicals in chemical-based virus stock may influ-

ence the virus’s access to the primary cells, such as

mMSC. After virus transduction, we found that all the

chemical-based virus stocks except those produced

with the PS-virus method were unable to transduce

mMSC with high efficiency (Fig. 2). Ultra-virus

remained consistent in transduction to mMSC

(76%), yet PEG-virus and PB-virus’s transduction

activity were dramatically lower (22.2 and 48.1%) to

mMSC than their transduction to HEK293T. PS-virus

still exhibited the highest performance in terms of

transduction to mMSC (87%), even in comparison to

Ultra-virus.

The lentivirus titer purified by PS was higher

than those purified by using other methods,

particularly in transduction of mMSC

To reflect the authentic status of transduction efficiency,

we used real-time PCR to measure the virus DNA

extracted from cells after transduction. Also, since

different cells exhibit diverse responses to virus trans-

duction, we performed PCR reactions separately with

HEK293T cells and mMSC. For the results of PCR

detection with the HEK293T cells (Fig. 3a), the virus

titers were determined in accordance with the EGFP

expression; the PS(1X)-virus was found to have the

highest titer (4.39 9 108 IU/ml), followed by PB-virus

(2.43 9 108 IU/ml), Ultra-virus (1.16 9 108 IU/ml),

and PEG-virus (0.56 9 108 IU/ml). It is noteworthy

PEG PEG

Ultra Ultra

PB PB

PS(0.2X) PS(0.2X)

PS(0.5X) PS(0.5X)

PS(1X) PS(1X)

PS(2X) PS(2X)

PS(4X) PS(4X)

cFig. 2 Evaluating lentivirus transduction efficiency to mMSC

by EGFP expression. Lentivirus carrying EGFPwas purified and

concentrated by different methods, including PEG precipitation,

ultracentrifugation (Ultra), PB precipitation, PS precipitation

(0.2X, 0.5X, 1X, 2X, 4X). The actual chemical concentrations

used are described in the ‘‘Materials and methods’’ section. All

fluorescence images (left panel) were photographed under the

same lighting
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that in addition to PS, other two chemical-based, PEG

and PB-virus were also detected a high titer in

HEK293T cells. Unlike the HEK293T cell line, the

mMSCappeared to exhibit rather different cell behavior

after being isolated from the live animal tissue, insofar

as it was apparently ready to respond to extracellular

signals for growth or differentiation. Therefore, it is

rational to assume that a virus stock with complicated

components, such as the chemical-based virus stocks

used in this study, may interfere with their transduction

intomMSC. As amatter of fact, we detected the titers of

the viruses precipitatedwith PBand PEG (Fig. 3b)were

dramatically reduced to4.82 9 106 and8.98 9 104 IU/

ml, respectively. Intriguingly, PS-virus still contributed

the highest efficiency of transduction in response to its

higher titer (4.66 9 108 IU/ml), which was higher than

that of Ultra-virus (2.36 9 108 IU/ml). This result is

interesting because the PS-method maintains the con-

venience of manipulating virus concentrations offered

by the other chemical-based methods, but avoids the

disadvantage of low transduction efficiency to certain

cells.

The relative cell growth ratios of HEK293T cells

and mMSC after gene transduction were divergent

Residuals, such as chemicals or virus debris accom-

panying the precipitated virus, may affect cell behav-

iors, such that the growth rates of cells in response to

virus precipitated with different purification methods

may be remarkably different. We therefore examined

and compared the growth rates of cells subjected to

virus produced with the different methods. After virus

transduction, HEK293T cells and mMSC were further

cultured for 4 and 7 days, respectively. The cells were

then harvested and their numbers were counted. We

compared the growth ratios of each treatment with the

PS(1X) treated HEK293T cell ratio which was desig-

nated as 100%. As shown in Fig. 4a, HEK293T cells

seemed relatively tolerant to different conditions. The

relative growth ratios of the HEK293T cells subjected

to different virus transductions ranged from 80 to

110%, among which the cells subjected to PB-virus

transduction had a slightly higher growth ratio than the

PS(1X) controls (108.75 ± 1.82 vs. 100 ± 1.92%),

while the cells transduced by PEG-virus and Ultra-

virus had significantly lower growth ratios

(81.88 ± 3.97 and 80 ± 3.21%, respectively). On

the other hand, although the HEK293T cells subjected

to PB-virus transduction acquired the highest growth

ratio in comparison to those subjected to the other

treatments, PB-virus transduction significantly

affected mMSC cell growth (Fig. 4b); specifically, it

appeared to result in the lowest growth ratio

(50.93 ± 1.25%). mMSC subjected to PEG-virus

and Ultra-virus transduction again exhibited signifi-

cantly lower growth ratios (81.37 ± 1.7 and

83.85 ± 2.16%, respectively). In all, cells subjected

to PS-virus transduction were relatively stable in terms

of their growth. In addition to the high concentration

of PS(4X)-virus, which lowered the growth ratio of
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Student’s t test was adopted for the statistical analysis.
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HEK293T cells (84.38 ± 5.17%) and mMSC

(86.33 ± 0.94%), the PS-virus (0.2X, 0.5X, 1X, 2X)

transduced cells were grown at higher rates than other

physical- or chemical-virus treated cells.

Discussion

A variety of physical- and chemical-based methods for

concentrating lentivirus have been developed in order

to increase the effective rate by which it infects cells

in vitro and, for gene therapy, in vivo. Several factors

should be considered before choosing one of these

methods. These include whether a given method is

time-saving, cost-effective, non-laborious, and safe to

infected cells. Technically, chemical-based methods

for concentrating lentivirus are advantageous in terms

of time, cost, and labor issues, but also consistently

pose challenges with regard to the safety to the target

cells. After searching for several chemicals, we have

successfully used a cationic molecule, protamine

sulfate (PS) which could concentrate lentivirus with

high efficiency and low toxicity to cells.

In this study, we adopted identical procedures

except with regard to the concentration of virus used to

produce virus stock. Equivalent volumes of dispersed

virus produced by different schemes were then used to

transduce HEK293T cells and mMSC. As shown by

the EGFP expression results, PS(1X)-virus retained

relatively consistent activity in terms of its capacity to

transduce either HEK293T cells or mMSC, that

displayed the highest fluorescence intensity. On the

other hand, although PEG- and PB-virus exhibited

sufficient EGFP expression in HEK293T cells, those

results were not reproducible in mMSC. This variation

in transduction efficiency may be a result of three

factors. Firstly, the virus titers produced by different

methods varied. Secondly, the infectivity levels of

virus samples produced with different purification

methods are not identical. Thirdly, cells respond to

different samples of precipitated virus in different

ways. To evaluate the titers of viruses produced using

different purification strategies, we quantitated the

various virus samples using real-time PCR. The results

of virus titers are able to partly interpret the difference

of EGFP expression, in which we acquired the PS(1X)

virus titer is approximately 1.8 fold higher than PB-

virus titer, threefold than Ultra-virus titer, and seven-

fold than PEG-virus titer in HEK293T cells. More-

over, in mMSC, the PS(1X) virus titer was remarkably

higher than the titers of viruses from other sources,

with the PS(1X) virus titer being approximately 2X

higher than that of the Ultra-virus, 100X higher than

that of the PB-virus, and 5000X higher than that of

PEG-virus. Because we adopted the intracellular virus

DNA as the PCR template, those DNA quantities can

directly reflect the amount of virus entering the cells

and the reverse transcription occurring in the cells.

The residual PB or PS combined with CSC apparently
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Fig. 4 The relative cell growth ratios of HEK293T cells (a) and
mMSC (b) after gene transduction by various precipitated

lentiviruses were measured in comparison to the PS(1X) control

(100%). Results indicated that HEK293T cells after PB virus

transduction appeared to exhibit a slightly higher growth ratio

than the PB(1X) virus transduced cells. On the other hand, the

HEK293T cell growth ratio was significantly decreased after

gene transduction by PEG and Ultra precipitated viruses in

comparison to gene transduction by PB(1X) virus. In gene

transduction to mMSC, the PEG-, Ultra-, and PB-precipitated

viruses resulted in significantly lower cell growth ratios than the

PB(1X)-precipitated virus. *p\ 0.05 were considered to

indicate significantly higher growth ratios than the PS(1X)

controls, and ##p\ 0.01 were considered to indicate signifi-

cantly lower growth ratios than the PS(1X) controls
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enhances virus transduction and activity in HEK293T

cells. As a matter of fact, PB has been commonly used

to promote virus transduction in various types of cells

(Costello et al. 2000; Landazuri and Le Doux 2004; Li

and Lu 2009; Kim et al. 2012; Nasri et al. 2014). In

spite of these satisfactory results, a few studies have

also suggested that virus transduction supplemented

with certain amounts of PB negatively affects the

proliferation of human MSC (Lin et al. 2011, 2012),

cochlear hair cells (Han et al. 2015), and keratinocyte

stem/progenitor cells (Nanba et al. 2013). Intriguingly,

in our study we observed that unlike PEG-virus and

Ultra-virus, which decreased the growth potentials of

both types of cells, and PS-virus, which maintained a

high growth ratio for the two types of cells, PB-virus

exerted completely distinct influences on HEK293T

cells and mMSC. Specifically, PB-virus transduction

resulted in the highest growth potential in HEK293T

cells but the lowest growth potential in mMSC. These

findings again suggest, as the previous reports, that PB

may produce a growth stress and be less tolerable to

some cell types (Lin et al. 2012). The lower transduc-

tion efficiency of PEG-virus and Ultra-virus seen in

our study may result from the effect of the outer

envelope protein (Villegas et al. 2002; Fontes et al.

2005) and residual inhibitors (Landazuri and Le Doux

2006) released from the damaged virus envelope after

concentration procedures.

The above results were also verified by various

virus transduction with the same titer. An equal virus

titer of 2.0 9 108 IU/ml was used to transduce cells.

As shown in the supplementary Fig. 1, we observed

that the transduction efficiency to HEK293T cells with

the same virus titer by various methods were rela-

tively equal, except for slight difference in their

growth ratios (Supplementary Fig. 3A). While PS-

virus led to the highest fluorescence intensity after

mMSC transduction, PEG- and PB-virus were ineffi-

cient to transduce mMSC (Supplementary Fig. 2),

perhaps resulting from the detrimental effect of PEG

and PB on mMSC (Supplementary Fig. 3B).

In general, the chemical-based methods for virus

production are relatively convenient and high-yield.

However, we also found that the amount of chemicals

employed is critical to determining the responses of

cells. Therefore, it would be preferable to use a

chemical which is tolerable to cells in a wide range of

quantities. Previous studies have demonstrated that PS

is an effective molecule for facilitating virus

transduction (Lee et al. 2001; Mizuarai et al. 2001;

Yang and Hsieh 2001). Moreover, Lin et al. showed

that 8 lg/ml of PS can substantially enhance virus

transduction to human MSC. The transduction effi-

ciency can even be doubled by providing up to 100 lg/
ml of PS (Lin et al. 2012). These special features of PS

enable us to interpret the findings of superior activity

of the PS-virus detailed in this paper as spring from the

fact that residual PS, but not residual PEG or PB, from

virus precipitation can be both tolerable to and

promote transduction to cells. As a matter of fact, in

order to further investigate the influence of different

amounts of PS on cells, we changed the PS concen-

tration in the PS/CSC complex to precipitate virus.

The PS concentration but not CSC was altered,

ranging from 0.2X to 4X. In terms of cell growth

ratios, we found that except for the 4X-virus, PS-virus

(0.2X, 0.5X, 1X, 2X) treated cells retained higher

growth potentials than cells treated with other

virus preparations. Lastly, although the dispropor-

tional combination of PS–CSC (e.g., 0.5X PS mixed

with 1X CSC) could cause reductions of virus titers, it

still resulted in higher transduction efficiency in most

cases than viruses produced with other methodologies.

Taken together, the results of this study indicate

that PS–CSC complex appears to exhibit excellent

performance in concentrating lentivirus, resulting in

high titers and high transduction efficiency. Further-

more, because of its low cytotoxicity, the PS-precip-

itated virus can be anticipated to have relatively high

utility in terms of clinical applications. Nevertheless,

prior to its utilization in gene therapy, more questions

should be addressed. These questions would at least

include whether the PS-virus works effectively

in vivo, whether PS-virus transduction frequently

causes multiple integration of transgene and damages

cells, and whether the residual PS is tolerable or not to

test animals.
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