
Optimization of lentiviral vector transduction into
peripheral blood mononuclear cells in combination
with the fibronectin fragment CH-296 stimulation

Received July 21, 2010; accepted November 15, 2010; published online November 23, 2010

Hideto Chono*, Yumi Goto,
Satoko Yamakawa, Shinya Tanaka,
Yasuhiro Tosaka, Ikuei Nukaya and
Junichi Mineno

Center for Cell and Gene Therapy, Takara Bio Inc. Seta 3-4-1, Otsu,
Shiga, 520-2193, Japan

*Hideto Chono, Center for Cell and Gene Therapy, Takara Bio Inc.
Seta 3-4-1, Otsu, Shiga, 520-2193, Japan. Tel: þ81 77 543 7250,
Fax: þ81 77 543 2494, email: chonoh@takara-bio.co.jp

Large scale T-cell expansion and efficient gene transduc-
tion are required for adoptive T-cell gene therapy. Based
on our previous observations, human peripheral blood
mononuclear cells (PBMCs) can be expanded efficiently
while conserving a naı̈ve phenotype by stimulating with
both recombinant human fibronectin fragment (CH-296)
and anti-CD3 monoclonal antibodies. In this article, we
explored the possibility of using this co-stimulation
method to generate engineered T cells using lentiviral
vector. Human PBMCs were stimulated with anti-CD3
together with immobilized CH-296 or anti-CD28 anti-
body as well as anti-CD3/anti-CD28 conjugated beads
and transduced with lentiviral vector simultaneously.
Co-stimulation with CH-296 gave superior transduction
efficiency than with anti-CD28. Next, PBMCs were
stimulated and transduced with anti-CD3/CH-296 or
with anti-CD3/CD28 beads. T-cell expansion, gene
transfer efficiencies and immunophenotypes were ana-
lysed. Stimulation with anti-CD3/CH-296 resulted in
more than 10-times higher cell expansion and higher
gene transfer efficiency with conservation of the naı̈ve
phenotype compared with anti-CD3/CD28 stimulation
method. Thus, lentiviral transduction with anti-CD3/
CH-296 co-stimulation is an efficient way to generate
large numbers of genetically modified T cells and may
be suitable for many gene therapy protocols that use
adoptive T-cell transfer therapy.
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transfer/lentiviral vector/recombinant human
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Fibronectin (FN), one of the major extracellular matrix
proteins, is a disulphide-linked dimeric glycoprotein

that has several functional domains with cell-binding
properties (1�3). FN functions not only as an adhesion
molecule but also as a signal inducer by binding to
integrins expressed on T cells. FN acts with anti-CD3
to induce T-cell proliferation, which is thought to
depend on an interaction between integrin very late
activation antigen-4 (VLA-4) and the CS1 domain of
FN (4�6). We previously showed that CH-296, a
recombinant fragment of human FN (7), and
anti-CD3 stimulates peripheral blood T-cell growth
in vitro and anti-CD3/CH-296 stimulated T cells were
more likely to maintain CCR7þCD45RAþ naı̈ve
phenotype and show longer persistence in an in vivo
mouse model (8) than T cells stimulated by other meth-
ods. Cells with a naı̈ve phenotype are more active in
mediating tumour regression than cells with a more
differentiated phenotype (9). The ex vivo expanded
CCR7þCD45RAþ naı̈ve phenotype cells showed the
same pattern of cytokine production compared with
un-stimulated naı̈ve T cells and tumour antigen-specific
CTLs could be induced from CCR7þCD45RAþCD8þ

cells but not from CCR7�CD45RA�CD8þ cells (10).
Thus, we hypothesize that CCR7þCD45RAþ naı̈ve
phenotype T cells obtained after expansion can differ-
entiate into antigen-specific CTLs and naı̈ve cells may
be good agents for adoptive T-cell (ATC) transfer ther-
apy. ATC transfer therapy, the infusion of tumour-
reactive T cells into patients, has been demonstrated
to be an effective treatment for metastatic cancers
(11). One of the limitations of this technology is the
difficulty in generating T cells that can recognize
tumour targets. To render lymphocytes with antitu-
mour reactivity, T cells can be genetically engineered
with antitumour antigen receptors, such as naturally
occurring T-cell receptor (TCR) genes (12, 13) or
recombinant chimeric TCR genes, which are hybrid
proteins containing a single-chain antibody fragment
(scFv) against tumour antigen linked to TCR signaling
domains, achieving MHC-unrestricted recognition
of target cells by T cells (14). Expression of these TCR
in immunological effector cells should produce
tumour-specific T cells that are capable of mounting
an antitumour effect in vivo. Several mouse studies
and clinical trials indicate that the differentiation state
of the adoptively transferred T cells is critical to the
success of T cell based approaches (15). In mice, naı̈ve
and early effector T cells mediate stronger in vivo anti-
tumour responses than intermediate and late effector
T cells (16). Moreover, less-differentiated T cells are
ideal for ATC transfer therapy in humans (17�19).
Based on these observations, obtaining naı̈ve or less
differentiated CD8þ T cells that are specific for a
tumour antigen may be an important approach for
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improving current T-cell-based therapies. Anti-CD3/
CH-296 stimulation is a promising method for ATC
transfer therapy because it may reconstitute a
long-lasting immune system in patients.

The heparin-binding domain of CH-296 has a high
affinity to retroviral vectors and enhances gene trans-
duction into a variety of cells, including haemato-
poietic stem cells (20). Lentiviral vectors have an
advantage over gamma-retroviral vectors because
they can transfer genes into non-dividing cells. This
ability provides an attractive use of the lentiviral
vector to generate genetically modified T cells for
ATC transfer therapy. In the current study, we have
investigated the use of lentiviral vector with simultan-
eous anti-CD3/CH-296 stimulation. Compared to
other available T-cell stimulation procedures, our
method of lentiviral transduction generated higher
numbers of genetically modified T cells retaining
naı̈ve T-cell markers, including a homing receptor. In
this report, we describe a novel ex vivo T-cell expansion
and transduction method utilizing CH-296 stimulation,
which is an efficient way to prepare large numbers of
genetically modified T cells for ATC transfer therapy.

Materials and Methods

Lentiviral vectors and viral production
The lentiviral vector backbone used in this study, pLenti-TOPO, was
purchased from Invitrogen (Carlsbad, CA, USA). The green fluor-
escent ZsGreen (Clontech, Mountain View, CA, USA) was inserted
into the multiple cloning site of pLenti-TOPO. The resultant plasmid
vector was designated pLenti-ZG (Fig. 1A). Recombinant lentiviral
vector was generated by cotransfecting the lentiviral vector plasmid
pLenti-ZG with the packaging plasmid mix (Invitrogen) into 293T
cells following the manufacturer’s instructions. Two days after the

transfection, resultant VSV-G pseudotyped lentiviral supernatant
was harvested and filtered with 0.45mm filtre paper. For the titration
of VSV-G pseudotyped Lenti-ZG vector, HT-1080 cells (ATCC
CCL-121) were plated at 5�104 cells/well in 6-well plates 1 day
before transduction and incubated for 3 days with serial dilutions
of virus supernatants containing 8 mg of polybrene per ml.
Transduced HT-1080 cells were run through a FACSCanto II flow
cytometer (BD Biosciences) and ZsGreen positive HT1080 cells were
detected. The infectious units (IFU) were determined by calculating
numbers of infectious viral particles in the vector supernatant. The
titre used in this experiment was 1�107 IFU/ml.

Stimulation and transduction of peripheral blood lymphocytes
Gene transfer study into primary healthy donors’ blood samples for
the purpose of research development of gene therapy was approved
by the ethics committee of Takara Bio Inc. Peripheral blood samples
were obtained from healthy volunteers who gave their written in-
formed consent. Peripheral blood samples were collected by leuka-
pheresis and washed using Cytomate (Baxter, Deerfield, IL, USA).
Mononuclear cells were isolated by Ficoll-Paque PLUS (Amersham
Biosciences) density gradient centrifugation and frozen until use.

To compare the lentiviral gene transfer efficiency with several
stimulation methods, CH-296 or anti-CD28 antibody was used to-
gether with anti-CD3 antibody. For anti-CD3/CH-296 stimulation,
a 24-well plate that was pre-coated with 25 mg/ml (5 mg/well) of
CH-296 (RetroNectin, Takara Bio, Otsu, Japan) and 5 mg/ml
(1 mg/well) of anti-CD3 (Orthoclone OKT3; Janssen pharmaceutical,
Titusville, NJ, USA) was used. For anti-CD3/CD28 stimulation
method, 5mg/ml (1 mg/well) of anti-CD28 antibody (L293; BD
Biosciences, Franklin Lakes, NJ, USA) together with 5mg/ml
(1 mg/well) of anti-CD3 (designated as anti-CD3/CD28 coat), or
with anti-CD3/anti-CD28 paramagnetic beads (designated as
anti-CD3/CD28 beads; Dynabeads� Human T-Activator CD3/
CD28, Invitrogen) was used. The recovered peripheral blood mono-
nuclear cells (PBMCs) were re-suspended at a concentration of
0.7�106 cells/ml in GT-T503 medium (Takara Bio), supplemented
with 1% autologous plasma, 0.2% human serum albumin (HSA)
(Baxter) and 600 IU/ml interleukin (IL)-2 (Chiron, Emeryville, CA,
USA). The PBMCs were transduced with VSV-G pseudotyped
Lenti-ZG vector at a multiplicity of infection of 10 at 1,000g for
30min or 2 h at 32�C soon after the stimulation. All cells were
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Fig. 1 Comparison of lentiviral gene transfer into PBMCs with different costimulation factors. (A) Schematic diagram of the lentiviral vector used
in this study, (B) Lentiviral gene transfer efficiencies into PBMCs under minimally stimulated status using anti-CD3 together with anti-CD28 or
CH-296. The recovered PBMCs were stimulated with anti-CD3/CH-296, anti-CD3/CD28 coat plate, or anti-CD3/CD28 beads (cell-to bead ratio
of 1 : 1) and transduced with lentiviral vector simultaneously. To enhance the chance of lentiviral vector attachments to PBMCs, the plate was
centrifuged for either 30min or 2 h at 1,000g. The gene transfer efficiency was analysed by flow cytometry to detect the fluorescent protein
ZsGreen expression on Day 7.
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maintained until Day 7 when gene transfer efficiency of each condi-
tion was analysed by flow cytometry as described below.

To determine the optimal time for transduction in the presence of
CH-296, anti-CD3/CH-296 was used for transduction on Day 0. For
comparison, anti-CD3/CH-296 stimulated lymphocytes were trans-
duced on Day 3 using CH-296 coated plate. Two kinds of transduc-
tion procedure, spinoculation and preloading, was also compared on
both date as follows: (i) Day 0 transduction: the recovered PBMCs
were resuspended at a concentration of 0.7�106 cells/ml in GT-T503
medium, supplemented with 1% autologous plasma, 0.2% HSA and
600 IU/ml IL-2 as previously described. About 0.4ml of the cell
suspension was mixed with 1ml of lentiviral vector supplemented
with 600 IU/ml IL-2 and added to an anti-CD3/CH-296 coated
plate. The resultant multiplicity of infection was 35. The plate was
subsequently centrifuged at 1,000g for 30min or 2 h at 32�C (spino-
culation). Centrifugation was followed by incubation at 37�C. For
comparison, 1ml of lentiviral vector was preloaded onto a well of
anti-CD3/CH-296 plate and centrifuged at 2,000g for 2 h, then the
supernatant was discarded and 2.8�105 of PBMCs were added onto
the well (preloading). (ii) Day 3 transduction: PBMCs were activated
with anti-CD3/CH-296 stimulation for 3 days and cells were ad-
justed at 0.7�106 cells/ml. 0.4ml of the activated cell suspension
was mixed with 1ml of lentiviral vector supplemented with
600 IU/ml IL-2 and added to a well of CH-296 coated plate. The
plate was subsequently centrifuged at 1,000g for 30min or 2 h at
32�C (spinoculation). For comparison, 1ml of lentiviral vector was
preloaded onto a well of CH-296 coated plate and 2.8�105 of
lymphocytes were transduced as previously described (preloading
method). All cells were maintained until Day 10 when gene transfer
efficiency of each condition was analysed by flow cytometry as
described below.

To explore anti-CD3/CH-296 stimulation and transduction
method for clinical scale, the expansion and immunophenotype pat-
tern of the genetically modified cells was compared and evaluated
with the previously reported method (21). The recovered PBMCs
were resuspended at a concentration of 0.7�106 cells/ml, 0.4ml of
cell suspension was mixed with 1ml of lentiviral vector supplemented
with 600 IU/ml IL-2 and added to an anti-CD3/CH-296 coated
plate. The plate was subsequently centrifuged at 1,000g for either
30min or 2 h at 32�C, followed by incubation at 37�C for 4 days. At
Day 4, cells were subcultured by diluting 16.7 times with GT-T503
medium, supplemented with 1% autologous plasma, 0.2% HSA and
600 IU/ml IL-2. At Day 7, cells were diluted twice with plasma free
medium. At Day 10, cells were diluted twice with plasma free
medium and maintained until Day 14. As a control for the stimula-
tion method for clinical scale cell manufacturing, PBMCs were sti-
mulated with anti-CD3/CD28 beads, and transduced with lentiviral
vector in the presence of protamine and then cultured until Day 14
as previously described (21).

Flow cytometry analysis
Flow cytometry was used to analyse the surface phenotype and
transduction efficiency. Monoclonal antibodies that detect surface
proteins were used: PerCP-conjugated anti-CD3 antibody
(BD Biosciences, Franklin Lakes, NJ, USA), APCcy7-conjugated
anti-CD8 (BD Biosciences), PE-conjugated anti-CCR7 (R&D
Systems, Franklin Lakes, NJ, USA), RD1-conjugated anti-
CD45RA (Beckman Coulter, Fullerton, CA, USA), PEcy7-
conjugated anti-CD62L (eBioscience). Samples were run through a
FACSCanto II flow cytometer. The controls used were isotype-
matched fluorochrome-conjugated irrelevant monoclonal antibodies.
Data were analysed using FACSDiva software (BD Biosciences).

Results

Comparison of lentiviral gene transfer efficiency with
different costimulation factors
To evaluate effect of several costimulation factors on
lentiviral transduction efficiencies, CH-296 or anti-
CD28 was used together with anti-CD3. Frozen
PBMCs, obtained from two healthy donors, were re-
covered, stimulated with anti-CD3/CH-296, anti-CD3/
CD28 coat plate or anti-CD3/CD28 beads (cell-to
bead ratio of 1 : 1) and transduced with lentiviral

vector simultaneously. To enhance the chance of lenti-
viral vector attachments to PBMCs, the plate was cen-
trifuged for either 30min or 2 h at 1,000g. The gene
transfer efficiency was determined by analysing
ZsGreen expression on Day 7. Among these trans-
duction conditions, stimulation with anti-CD3/
CH-296 exhibited the highest gene transfer efficiencies
(Fig. 1B).

Comparison of gene transfer efficiency with CH-296
at different times
Because the lentiviral vector has been shown to have
the potential to transduce genes into non-dividing cells,
we compared the gene transfer efficiencies of minimally
activated PBMCs (Day 0) with activated PBMCs
(Day 3). To determine whether anti-CD3/CH-296 cost-
imulation followed by lentiviral gene transfer is useful
for preparing T cells for ATC transfer therapy, we
stimulated PBMCs with anti-CD3/CH-296 and trans-
duced simultaneously on Day 0. For comparison,
anti-CD3/CH-296 activated PBMCs were transduced
with the lentiviral vector on Day 3 with a CH-296
coated plate using either the preloading method or
spinoculation. Frozen PBMCs, obtained from healthy
donor, were recovered, stimulated and transduced with
lentiviral vector and then expanded until Day 10
(Fig. 2A). Lentiviral transduction was performed
once at Day 0 or Day 3. The gene transfer efficiency
was determined by analyzing ZsGreen expression on
Day 10. Among these transduction conditions, PBMCs
transduced on Day 0 with anti-CD3/CH-296 exhibited
the highest gene transfer efficiencies (Fig. 2B). This
result suggests that transduction on Day 0, when the
cells are minimally activated, provides the most effi-
cient gene transfer into PBMCs.

Comparison of the effect of different stimulation
methods on cell growth and gene transfer efficiency
To investigate whether the stimulation of T cells with
anti-CD3/CH-296 followed by lentiviral gene transfer is
useful for preparing T cells for ATC transfer therapy,
we compared the anti-CD3/CH-296 stimulation
method with the anti-CD3/CD28 beads stimulation
method. Frozen PBMCs obtained from healthy
donors were recovered and stimulated by each method
until Day 4 (Fig. 3). Lentiviral transduction was also
performed on Day 0 (Fig. 3). Transduced populations
were expanded and cultured in maintenance media for
14 days after the initiation of the culture (Fig. 3). The
experiments were performed using PBMCs from two
donors (TK18 and TK29). Comparing the two culture
conditions, PBMCs stimulated with anti-CD3/CH-296
exhibited the highest cell growth (Fig. 4A).
The anti-CD3/CH-296 stimulated cell population that
was transduced for 30min expanded 258-fold (TK18)
and 198-fold (TK29) in the 14-day culture period, com-
pared to 18-fold (TK18) and 16-fold (TK29) when cells
were stimulated with anti-CD3/CD28 beads. The
growth of anti-CD3/CH-296-stimulated cells decreased
when the cells were transduced for 2 h. Gene transfer
efficiency was measured on Day 10 by analysing
ZsGreen expression. As shown in Fig. 4B, gene transfer
mediated by lentiviral transduction in combination with
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anti-CD3/CH-296 stimulation was more efficient than
with anti-CD3/CD28 beads stimulation in the presence
of protamine. These results suggest that the anti-CD3/
CH-296 stimulation method is beneficial to gene
therapy of T cells because it enhances cell growth and
promotes efficient gene transfer.

Immunophenotype of expanded populations
We analysed immunophenotype markers of stimu-
lated, transduced and expanded T cells. We obtained
similar results in PBMCs from both TK29 and TK18.
Thus, representative results from PBMCs from TK29
are shown (Fig. 5). Prior to stimulation, �51% of the
recovered PBMCs were CD4þ and 38% were CD8þ.
However, on Day 14, the CD8þ population increased
to 88.6% with the anti-CD3/CH-296 stimulation
method and 74.6% with anti-CD3/CD28 beads stimu-
lation method (Fig. 5A).

To assess the status of T-cell differentiation in trans-
duced T cells, PBMCs that had been expanded for
14 days were analysed by flow cytometry for

CD45RA and CCR7 expression. Before stimulation,
22.0% of PBMCs had a CD45RAþ/CCR7þ naı̈ve
phenotype (Fig. 5B). After 14 days of expansion,
54.2% of cells stimulated with anti-CD3/CD28 beads
and 75.6% of cells stimulated with anti-CD3/CH-296
had a naı̈ve phenotype (Fig. 5B). We obtained 20-times
(TK18) and 17-times (TK29) more cells with a naı̈ve
phenotype when cells were expanded after anti-CD3/
CH-296 simulation, compared with anti-CD3/CD28
beads stimulation. When cells were gated and analysed
for ZsGreen, immunophenotype results were similar to
those obtained for un-gated cells (Fig. 5B), suggesting
that lentiviral vector transduction on Day 0 results in
uniform transduction into PBMCs with no deflections.
Estimated numbers of GMCs were calculated from the
result of fold expansion, gene transfer efficiencies and
immunophenotype analysis (Fig. 5D). The anti-CD3/
CH-296 stimulation method can yield more than 109

GMCs from 107 PBMCs. The majority of these GMCs
exhibited a naı̈ve phenotype. As we have previously
demonstrated, T lymphocytes with a naı̈ve phenotype
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exhibit a longer in vivo persistence of transduced T cells
because of their highly proliferative potential (8).
These results suggest an intriguing potential for the
use of the anti-CD3/CH-296 stimulation method in
combination with lentiviral vector transduction for
adoptive T cell gene therapy.

Discussion

We previously demonstrated that T-cell stimulation
with CH-296 and anti-CD3 enhanced cell proliferation
and resulted in a high level of retroviral transgene ex-
pression (8). This method of stimulation also preserved
the naı̈ve phenotype of the T-cell population, resulting
in increased persistence of genetically modified T cells
in vivo (8). In this study, we assessed the use of lenti-
viral vector instead of gamma-retroviral vectors.
Lentiviral vectors have a number of potential advan-
tages over g-retroviral vectors, including a safer inte-
gration site profile and the ability to transduce genes
into non-dividing cells or minimally stimulated

PBMCs (22, 23). There has been one report on the
clinical use of lentiviral vector-transduced T cells in
humans (24). This study reported high levels of
ex vivo transduction with no adverse events attributed
to the lentiviral vector gene transfer system. Based on
this initial report of the safety of this vector platform
and the potential biological advantages of lentiviral
vectors to engineer human T cells, lentiviral vectors
may be useful for human gene therapy, including
adoptive immunotherapy for cancer.

We previously reported that the culture fluid of
retroviral producer cells contained molecules that in-
hibit transduction and that using this culture fluid
hampered gene transfer (20). We found that preloading
the culture fluid onto CH-296 removes the inhibitory
molecules, leaving purified retrovirus bound to
CH-296, which dramatically enhanced gene transfer
efficiencies (20). However, gene transfer was not ham-
pered for VSV-G enveloped vector, even if we used the
viral vector supernatant directly without purification.
Based on these observations, we used non-purified and
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non-concentrated VSV-G pseudotyped lentiviral
vector for transduction. To increase the chance of len-
tiviral vector contacting target cells, the PBMCs were
mixed with lentiviral vector and centrifuged at 1,000g
in the anti-CD3/CH-296 coated plate. We tested the
lentiviral transduction of PBMCs on Day 0, when
the cells were minimally activated and simultaneously
stimulated by either anti-CD3/CH-296 or anti-CD3/
anti-CD28. It was reported that the majority of HIV
isolates are not able to infect and replicate in un-
stimulated PBMCs (25), most of which are in the G0

stage of the cell cycle (26, 27). Accordingly, freshly
isolated PBMCs in the G0 phase are poorly transduced
with lentiviral vectors (28). In this regard, despite the
ability of lentiviral vector to infect non-proliferating
cells, PBMCs are needed to be stimulated for lentiviral
transduction. The cell growth from Day 0 to Day 4 in
anti-CD3/CH-296 stimulation was 3- to 4-folds higher
than that of anti-CD3/CD28 (data not shown). We
speculate that efficient stimulation leaded the result
of efficient transduction. In addition, our results indi-
cate that anti-CD3/CH-296 enhanced gene transfer ef-
ficiency and expansion of cells that retained a naı̈ve
phenotype. This finding suggests that CH-296 pro-
motes lentiviral gene transfer by colocating lentiviral
vectors and PBMCs on the CH-296 molecule. The
transgene ratios gated in the immunophenotypes of
naı̈ve, central memory and effector memory were simi-
lar. This similarity suggests that lentiviral vector trans-
duction on Day 0 results in uniform transduction into
PBMCs with no deflections. Anti-CD3/CH-296 stimu-
lated PBMCs contained a considerably larger numbers
of naı̈ve phenotype cells expressing the transgene than
PBMCs stimulated with anti-CD3/CD28 beads.
Because effector cells derived from naı̈ve CD8þ T
cells have been shown to mediate antitumour immun-
ity (29), expansion of genetically transduced CD8þ T
cells in combination with anti-CD3/CH-296 will be a
powerful approach for adoptive T-cell gene therapy.

Leukapheresis is commonly used to collect PBMCs
for adoptive T cell gene therapy because more than
109 cells are necessary to provide a therapeutic effect
in vivo (30). In this report, PBMCs were expanded be-
tween 83- and 258-fold with the anti-CD3/CH-296
stimulation method. This expansion was significantly
higher than the expansion observed with the anti-CD3/
CD28 stimulation method. This level of expansion
would provide more than 109 cells or nearly
1010 cells from a small amount of blood, such as
50ml, and could simplify the cell processing method
because leukapheresis would not be required. To sim-
plify the cell processing method, PBMCs from a small
amount of blood will be used with this protocol
although monocytes and are still included, because
non-stimulated monocytes are not able to proliferate
in the presence of anti-CD3 and expected to be less
transduced by lentiviral vector. After the stimulation,
the majority of cells came to be CD3 positive
T lymphocytes. We compared cell growth and immu-
nophenotype of PBMCs with purified T cells and no
significant difference was observed (data not shown).
Thus, the simultaneous anti-CD3/CH-296 stimulation
and lentiviral transduction method could provide

ex vivo gene therapy for use in any kind of gene ther-
apy protocols using adoptive T-cell immunotherapy.
We expect that anti-CD3/CH-296 costimulation of
T cells with lentiviral gene transduction will lead to
the next generation of adoptive T-cell immunotherapy
that promises more effective therapy, due to longer
persistence of the cells in patients.

Acknowledgements

The authors thank Dr Koich Inoue, Dr Sachiko Okamoto and Mr
Katsuyuki Dodo of Takara Bio Inc. for their helpful discussions.

Funding
Takara Bio Inc. (http://www.takara-bio.co.jp).

Conflict of interest
None declared.

References

1. Yoder, M.C. and Williams, D.A. (1995) Matrix molecule
interactions with hematopoietic stem cells. Exp.
Hematol. 23, 961�967

2. Ruoslahti, E. (1988) Fibronectin and its receptors. Annu.
Rev. Biochem. 57, 375�413

3. Hynes, R.O. (1992) Integrins: versatility, modulation,
and signaling in cell adhesion. Cell 69, 11�25

4. Nojima, Y., Humphries, M.J., Mould, A.P., Komoriya,
A., Yamada, K.M., Schlossman, S.F., and Morimoto, C.
(1990) VLA-4 mediates CD3-dependent CD4þ T cell ac-
tivation via the CS1 alternatively spliced domain of fibro-
nectin. J. Exp. Med. 172, 1185�1192

5. Nojima, Y., Rothstein, D.M., Sugita, K., Schlossman,
S.F., and Morimoto, C. (1992) Ligation of VLA-4 on
T cells stimulates tyrosine phosphorylation of a 105-kD
protein. J. Exp. Med. 175, 1045�1053

6. Sato, T., Tachibana, K., Nojima, Y., D’Avirro, N., and
Morimoto, C. (1995) Role of the VLA-4 molecule in
T cell costimulation. Identification of the tyrosine phos-
phorylation pattern induced by the ligation of VLA-4.
J. Immunol. 155, 2938�2947

7. Kimizuka, F., Taguchi, Y., Ohdate, Y., Kawase, Y.,
Shimojo, T., Hashino, K., Kato, I., Sekiguchi, K., and
Titani, K. (1991) Production and characterization of
functional domains of human fibronectin expressed in
Escherichia coli. J. Biochem. 110, 284�291

8. Yu, S.S., Nukaya, I., Enoki, T., Chatani, E., Kato, A.,
Goto, Y., Dan, K., Sasaki, M., Tomita, K., Tanabe, M.,
Chono, H., Mineno, J., and Kato, I. (2008) In vivo per-
sistence of genetically modified T cells generated ex vivo
using the fibronectin CH296 stimulation method. Cancer
Gene Ther. 8, 508�516

9. Gattinoni, L., Klebanoff, C.A., Palmer, D.C.,
Wrzesinski, C., Kerstann, K., Yu, Z., Finkelstein, S.E.,
Theoret, M.R., Rosenberg, S.A., and Restifo, N.P.
(2005) Acquisition of full effector function in vitro para-
doxically impairs the in vivo antitumor efficacy of adop-
tively transferred CD8þ T cells. J. Clin. Invest. 115,
1616�1626

10. Ideno, M., Enoki, T., and Kato, I. (2007) Naive T-like
cell populations are expandable ex vivo to large numbers
in combination with RetroNectin� and CD3-specific
antibody plus IL-2, and naı̈ve T-like cells show superior
recognizing ability of tumor antigen. The 13th annual
meeting of Japan Society of Gene Therapy, June 30,

Optimal lentiviral gene transfer into PBMCs

291

http://www.takara-bio.co.jp


2007, Nagoya, Aichi. Japan Society of Gene Therapy:
Shinjuku, Tokyo

11. June, C.H. (2007) Principles of adoptive T cell cancer
therapy. J. Clin. Invest. 117, 1204�1212

12. Schumacher, T.N. (2002) T-cell-receptor gene therapy.
Nat. Rev. Immunol. 2, 512�519

13. Okamoto, S., Mineno, J., Ikeda, H., Fujiwara, H.,
Yasukawa, M., Shiku, H., and Kato, I. (2009)
Improved expression and reactivity of transduced
tumor-specific TCRs in human lymphocytes by specific
silencing of endogenous TCR. Cancer Res. 69,
9003�9011

14. Hombach, A., Heuser, C., and Abken, H. (2002) The
recombinant T cell receptor strategy: insights into struc-
ture and function of recombinant immunoreceptors on
the way towards an optimal receptor design for cellular
immunotherapy. Curr. Gene Ther. 2, 211�226

15. Gattinoni, L., Powell, D.J. Jr, Rosenberg, S.A., and
Restifo, N.P. (2006) Adoptive immunotherapy for
cancer: building on success. Nat. Rev. Immunol. 6,
383�393

16. Gattinoni, L., Klebanoff, C.A., Palmer, D.C.,
Wrzesinski, C., Kerstann, K., Yu, Z., Finkelstein, S.E.,
Theoret, M.R., Rosenberg, S.A., and Restifo, N.P.
(2005) Acquisition of full effector function in vitro para-
doxically impairs the in vivo antitumor efficacy of adop-
tively transferred CD8þ T cells. J. Clin. Invest. 115,
1616�1626

17. Robbins, P.F., Dudley, M.E., Wunderlich, J., El-Gamil,
M., Li, Y.F., Zhou, J., Huang, J., Powell, D.J. Jr, and
Rosenberg, S.A. (2004) Cutting edge: persistence of
transferred lymphocyte clonotypes correlates with
cancer regression in patients receiving cell transfer ther-
apy. J. Immunol. 173, 7125�7130

18. Huang, J., Khong, H.T., Dudley, M.E., El-Gamil, M.,
Li, Y.F., Rosenberg, S.A., and Robbins, P.F. (2005)
Survival, persistence, and progressive differentiation of
adoptively transferred tumor-reactive T cells associated
with tumor regression. J. Immunother. 28, 258�267

19. Zhou, J., Shen, X., Huang, J., Hodes, R.J., Rosenberg,
S.A., and Robbins, P.F. (2005) Telomere length of trans-
ferred lymphocytes correlates with in vivo persistence and
tumor regression in melanoma patients receiving cell
transfer therapy. J. Immunol. 175, 7046�7052

20. Chono, H., Yoshioka, H., Ueno, M., and Kato, I. (2001)
Removal of inhibitory substances with recombinant
fibronectin-CH-296 plates enhances the retroviral trans-
duction efficiency of CD34(þ)CD38(�) bone marrow
cells. J. Biochem. 130, 331�334

21. Yang, S., Rosenberg, S.A., and Morgan, R.A. (2008)
Clinical-scale lentiviral vector transduction of PBL for
TCR gene therapy and potential for expression in
less-differentiated cells. J. Immunother. 31, 830�839

22. Cavalieri, S., Cazzaniga, S., Geuna, M., Magnani, Z.,
Bordignon, C., Naldini, L., and Bonini, C. (2003)
Human T lymphocytes transduced by lentiviral vectors
in the absence of TCR activation maintain an intact
immune competence. Blood 102, 497�505

23. Montini, E., Cesana, D., Schmidt, M., Sanvito, F.,
Ponzoni, M., Bartholomae, C., Sergi Sergi, L.,
Benedicenti, F., Ambrosi, A., Di Serio, C., Doglioni,
C., von Kalle, C., and Naldini, L. (2006)
Hematopoietic stem cell gene transfer in a tumor-prone
mouse model uncovers low genotoxicity of lentiviral
vector integration. Nat. Biotechnol. 24, 687�696

24. Levine, B.L., Humeau, L.M., Boyer, J., MacGregor,
R.R., Rebello, T., Lu, X., Binder, G.K., Slepushkin,
V., Lemiale, F., Mascola, J.R, Bushman, F.D.,
Dropulic, B., and June, C.H. (2006) Gene transfer
in humans using a conditionally replicating
lentiviral vector. Proc. Natl. Acad. Sci. USA 103,
17372�17377

25. Zack, J.A., Arrigo, S.J., Weitsman, S.R., Go, A.S.,
Haislip, A., and Chen, I.S. (1990) HIV-1 entry into qui-
escent primary lymphocytes: molecular analysis reveals a
labile, latent viral structure. Cell 61, 213�222

26. Maurice, M., Verhoeyen, E., Salmon, P., Trono, D.,
Russell, S.J., and Cosset, F.-L. (2002) Efficient gene
transfer into human primary blood lymphocytes by
surface-engineered lentiviral vectors that display a
T cell-activating polypeptide. Blood 99, 2342�2350

27. Korin, Y.D. and Zack, J.A. (1998) Progression to the
G1b phase of the cell cycle is required for completion
of human immunodeficiency virus type 1 reverse tran-
scription in T cells. J. Virol. 72, 3161�3168

28. Korin, Y.D. and Zack, J.A. (1999) Nonproductive
human immunodeficiency virus type 1 infection in
nucleoside-treated G0 lymphocytes. J. Virol. 73,
6526�6532

29. Hinrichs, C.S., Borman, Z.A., Cassard, L., Gattinoni, L.,
Spolski, R., Yu, Z., Sanchez-Perez, L., Muranski, P.,
Kern, S.J., Logun, C., Palmer, D.C., Ji, Y., Reger,
R.N., Leonard, W.J., Danner, R.L., Rosenberg, S.A.,
and Restifo, N.P. (2009) Adoptively transferred effector
cells derived from naı̈ve rather than central memory
CD8þ T cells mediate superior antitumor immunity.
Proc. Natl. Acad. Sci. USA 106, 17469�17474

30. Morgan, R.A., Dudley, M.E., Wunderlich, J.R., Hughes,
M.S., Yang, J.C., Sherry, R.M., Royal, R.E., Topalian,
S.L., Kammula, U.S., Restifo, N.P., Zheng, Z., Nahvi,
A., de Vries, C.R., Rogers-Freezer, L.J., Mavroukakis,
S.A., and Rosenberg, S.A. (2006) Cancer regression in
patients after transfer of genetically engineered lympho-
cytes. Science 314, 126�129

H. Chono et al.

292


