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Lentiviral vectors pseudotyped with a modified RD114 envelope glycoprotein
show increased stability in sera and augmented transduction of primary
lymphocytes and CD34� cells derived from human and nonhuman primates
Virginie Sandrin, Bertrand Boson, Patrick Salmon, Wilfried Gay, Didier Nègre, Roger Le Grand, Didier Trono, and François-Loı̈c Cosset

Generating lentiviral vectors pseudotyped
with different viral glycoproteins (GPs)
may modulate the physicochemical prop-
erties of the vectors, their interaction with
the host immune system, and their host
range. We have investigated the capacity
of a panel of GPs of both retroviral (am-
photropic murine leukemia virus [MLV-A];
gibbon ape leukemia virus [GALV]; RD114,
feline endogenous virus) and nonretrovi-
ral (fowl plague virus [FPV]; Ebola virus
[EboV]; vesicular stomatitis virus [VSV];
lymphocytic choriomeningitis virus [LCMV])
origins to pseudotype lentiviral vectors
derived from simian immunodeficiency
virus (SIVmac251). SIV vectors were effi-
ciently pseudotyped with the FPV hemag-

glutinin, VSV-G, LCMV, and MLV-A GPs. In
contrast, the GALV and RD114 GPs con-
ferred much lower infectivity to the vec-
tors. Capitalizing on the conservation of
some structural features in the transmem-
brane domains and cytoplasmic tails of
the incorporation-competent MLV-A GP
and in RD114 and GALV GPs, we gener-
ated chimeric GPs encoding the extracel-
lular and transmembrane domains of
GALV or RD114 GPs fused to the cytoplas-
mic tail (designated TR) of MLV-A GP.
Importantly, SIV-derived vectors pseudo-
typed with these GALV/TR and RD114/TR
GP chimeras had significantly higher ti-
ters than vectors coated with the parental
GPs. Additionally, RD114/TR-pseudotyped

vectors were efficiently concentrated and
were resistant to inactivation induced by
the complement of both human and ma-
caque sera, indicating that modified
RD114 GP-pseudotyped lentiviral vectors
may be of particular interest for in vivo
gene transfer applications. Furthermore,
as compared to vectors pseudotyped with
other retroviral GPs or with VSV-G, RD114/
TR-pseudotyped vectors showed aug-
mented transduction of human and ma-
caque primary blood lymphocytes and
CD34� cells. (Blood. 2002;100:823-832)

© 2002 by The American Society of Hematology

Introduction

Vectors derived from retroviruses offer particularly flexible
properties in gene transfer applications given the numerous
possible associations of various viral surface glycoproteins
(GPs; determining cell tropism) with different types of viral
cores (determining genome replication and integration).1 For
example, association of the vesicular stomatitis virus G (VSV-G)
GP with viral cores derived from lentiviruses results in vector
pseudotypes that have broad tropism and can integrate into
nonproliferating target cells.2 They have proved useful for the
transduction of several cell types ex vivo and in vivo.3-7 Yet
there is considerable interest in exploring the properties of
lentiviral vectors pseudotyped with alternative viral GPs.8-14

This parameter is likely to modulate the physicochemical
properties of the vectors, their interaction with the host immune
system, and their host range. Several studies have indeed shown
that the transduction efficiency of target cells is dependent on
the type of GP used to coat retroviral vectors.15-20 Additionally,
some in vivo gene transfer applications will require vectors that
are targeted for specific cell entry or gene expression (or both) after

systemic administration.21 Due to the wide distribution of its
receptor, a lipid component of the plasma membrane,22 VSV-G
pseudotypes may bind to the surface of all cells encountered after
inoculation before reaching the target cells. Moreover, VSV-G–
pseudotyped vectors are rapidly inactivated by human serum23 and
this might impose a limitation on the use of VSV-G as a GP to
pseudotype vectors for systemic gene delivery.

Lentiviral vectors derived from simian immunodeficiency virus
(SIV) have been generated in several laboratories,1 including our
own.24 Characterization of these vectors has indicated that they are
similar to those derived from human immunodeficiency virus 1
(HIV-1) with respect to the insertion of transgenes in nonproliferat-
ing cells, although SIV vectors perform better than HIV-1 vectors
in simian cells.24 Here, we report the properties of SIVmac-derived
vectors pseudotyped with a panel of GPs derived from different
membrane-enveloped viruses. In particular, we examined stability
in human or macaque sera and gene transfer in primary hema-
topoietic cells including peripheral blood lymphocytes (PBLs) and
CD34� cells.
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pour la Recherche Scientifique et Technologique (AFIRST), Association
Française contre les Myopathies (AFM), Association pour la Recherche contre
le Cancer (ARC), Centre National de la Recherche Scientifique (CNRS),
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Materials and methods

Cells

The 293T human embryo kidney cell line (American Type Culture Col-
lection, Rockville, MD, CRL-1573) and the TE671 human rhabdomyosar-
coma cell line (ATCC CRL-8805) were grown in Dulbecco modified Eagle
medium (DMEM; Life Technologies, Cergy-Pontoise, France) supple-
mented with 10% fetal calf serum (FCS).

Human and cynomolgus macaque (Macaca fascicularis) CD34� cells
were obtained according to the institutional guidelines of the ethic
commission from mobilized blood and bone marrow samples, respectively,
as described previously.25-27 CD34� cells were recovered after Ficoll-Paque
(Amersham-Pharmacia Biotech, Orsay, France) gradient centrifugation and
were purified with anti-CD34 M450 Dynabeads (Dynal, Compiegne,
France). CD34� cell purity was greater than 95%.

Human and cynomolgus macaque peripheral blood mononuclear cells
(PBMCs) were separated from fresh blood of healthy donors using a
Ficoll-Hypaque/Percoll gradient (Pharmacia), as described previously.28

Peripheral blood lymphocytes (PBLs) were enriched from the PBMC
fraction by overnight adherence at 37°C to remove adherent monocytes and
were monitored for CD3 marker expression (75%-85% were CD3�).

Packaging and transfer vectors constructs

The pSIV-12 packaging plasmid (Figure 1) is a derivative of pSIV824 and
expresses the SIVmac251 gag-pol genes under control of the human
cytomegalovirus (hCMV) immediate-early promoter and an HIV-1 rev gene
expression unit into which the 2 exons of rev have been fused and placed
under control of the 3-hydroxy-3-methylglutaryl coenzyme A reductase
(HMG) promoter, HMG intron I, and the SV40 polyadenylation sequences.
The pSIV-T1� plasmid29 encodes a packaging-competent SIVmac251-

based vector that expresses the enhanced green fluorescent protein (GFP)
marker gene under control of the CMV promoter (Figure 1).

Viral GP expression constructs

The following plasmids, phCMV-G,30 EboV-GP (kind gift of V. Volchkov),
phCMV-HA,31 phCMV-10A1,32 and phCMV-GALV32 encode the VSV-G
protein, the GP of the Zaire strain of Ebola virus (EboV), the fowl plague
virus (FPV) H7-HA hemagglutinin, MLV-10A1, and the gibbon ape
leukemia virus (GALV) envelope GPs, respectively. All GPs were ex-
pressed under control of the same cis-acting signals: CMV promoter, rabbit
�-globin intron II, and polyadenylation sequences (Figure 1).

phCMV-G was used as a backbone to express the GPs derived from the
feline endogenous virus RD114 (GenBank X87829)33 and the 4070A strain
of amphotropic murine leukemia virus (MLV-A).34 The phCMV-RD114
expression vector, expressing the RD114 virus envelope glycoprotein
(RD114 GP), and the phCMV-GALV construct were further modified to
express the RD114/TR (Figure 2B) and GALV/TR8,13,14 chimeric GPs
carrying the MLV-A GP cytoplasmic tail (designated TR).

Production of retroviral vectors

Pseudotyped SIV-derived vectors were generated as previously described24

by transient transfection of 293T cells. The pSIV-T1� vector construct (8.1
�g), the pSIV-12 packaging construct (8.1 �g), and the viral GP-expression
construct (2.7 �g) were used to cotransfect 293T cells seeded the day before
in 10-cm plates. The medium (12 mL/plate) was replaced 16 hours after
transfection, and supernatant was harvested 24 hours later. Concentration of
the vector particles was performed by pelleting the virions in 26-mL
ultracentrifugation tubes, which were spun for 1 hour at 32 000 rpm at 4°C
in a 70Ti Beckman rotor. Viral pellets were resuspended in serum-free
DMEM supplemented with 1% bovine serum albumin (BSA) in 1/100 of
the initial volume of the viral supernatant, aliquoted, and stored at �80°C.

Infection assays

Determination of transduction efficiencies and infectious titers was per-
formed as detailed previously,24 using TE671 as target cells. Stability of
vector pseudotypes in human or macaque sera was examined by titrating
surviving viral particles after incubation in 1:1 mixtures (vol/vol) of virus
preparations with fresh sera for 1 hour at 37°C, as previously described.35

Approximately 5 � 104 GFP infectious units (IU) of pseudotyped vector
particles were used per point. Sera were harvested from healthy blood
donors and conditioned as published.35 Stability of virions was determined
as the percentage of infectivity of primate serum-treated viruses versus
FCS-treated viruses. Heat-inactivated sera (56°C, 1 hour) were used
as controls.

Transduction of primary cells

Purified CD34� cells were incubated overnight in 12-well plates at 2 � 106

cells/well in 2 mL StemSpan serum free expansion medium (SFEM)
supplemented with antibiotics (Stem Cell Technologies, Meylan, France)
and with 10 ng/mL thrombopoietin (TPO; Peprotech, London, United
Kingdom). Preactivated CD34� cells were then seeded in 96-well plates
(104/well) and were transduced with the pseudotyped vectors in a total
volume of 200 �L StemSpan medium containing TPO and 6 �g/mL
polybrene. Variable multiplicities of infection (MOIs), determined using
TE671 target cells, were applied to the target cells and were in the range of
0.5 to 60 infectious particles/target cell. Transduction in retronectin-coated
wells (CH-296; Takara Shuzo, Shiga, Japan) was performed using the same
protocol in 96-well plates precoated for 2 hours with 8 �g retronectin/well.
After 16 hours, CD34� cells were washed, suspended in 400 �L StemSpan
medium supplemented with 10% FCS (Life Technologies), with antibiotics,
with TPO, and with Stempan CC 100 cytokine cocktail (Stem Cell
Technologies). GFP expression was analyzed by fluorescence-activated cell
sorter (FACS) analysis 5 days after infection.

Human and macaque PBLs were preactivated for 24 hours before
infection as described previously by adding 1 �g anti-CD3 (HIT3a,
Pharmingen, Pont de Chaix, France) and anti-CD28 (CD28.2, Pharmingen)

Figure 1. Generation of SIVmac251-derived vectors. The genome of an infectious
molecular clone of SIVmac (SIVmac251) (A) was used to derive constructs encoding
the packaging functions and constructs carrying the transfer vector (B). Expression
constructs expressing various viral GPs were also designed. The filled boxes
represent the viral genes. The open boxes show the cis-acting sequences. LTR
indicates long terminal repeat; CMV, human cytomegalovirus immediate-early
promoter; PBS, primer binding site; MSD, major splice donor site; �, packaging
sequence; RRE, Rev-responsive element; PHMG, HMG promoter; polyA, polyadenyl-
ation site; SD, splice donor site; SA, splice acceptor site; SV40, simian virus 40 early
promoter. Vector particles were produced by cotransfection of plasmids harboring the
packaging functions, the viral GPs, and the transfer vector into 293T cells. The
supernatants of transfected cells were collected during transient expression, concen-
trated by ultracentrifugation, and used for target cell transduction.
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antibodies to 1 mL medium containing 2 � 106 human PBLs28 or by adding
5 ng/mL concanavalin A and 10 ng/mL interleukin 2 (IL-2) to 2 � 106

macaque PBLs.36 For transduction, 105 activated PBLs were mixed with the
pseudotyped vectors in a total volume of 1 mL PBL medium supplemented
with 6 �g/mL polybrene, for 4 hours at 37°C. After infection, cells were
washed in phosphate-buffered saline (PBS) and incubated at 37°C for 5
days in RPMI 1640 (Life Technologies) supplemented with IL-2 until
transduction efficiency was determined by FACS analysis.

Results

Ability of different viral GPs to pseudotype an SIV vector

We examined a panel of viral GPs for their ability to pseudotype
lentiviral vectors derived from SIVmac251. These GPs were
derived from type C mammalian retroviruses, such as the envelope
GPs of the feline endogenous retrovirus RD114, MLV-A, the
MLV-10A1, and GALV, or from membrane-enveloped viruses,
such as the FPV-hemagglutinin (FPV-HA), LCMV, EboV, and VSV
GPs. Pseudotyped SIV vectors were generated by transient expres-
sion in 293T cells transfected with 3 plasmids (Figure 1) encoding
the SIV viral core proteins, an SIV-based transfer vector harboring
the GFP marker gene, and the different GPs. Infection assays on
TE671 human rhabdomyosarcoma cells indicated that titers higher
than 105 IU/mL were obtained for vectors generated with the GPs
of VSV, LCMV, MLV-A, and MLV-10A1 (Figure 2A). In contrast,
vectors generated with the GPs of EboV and FPV had low titers, of
less than 5 � 103 IU/mL. SIV vectors generated with the GPs of
GALV and RD114 had intermediate titers, between 104 and
5 � 104 IU/mL. These relative differences in infectivity of the
pseudotyped vectors were reproduced on other target cells such as

293T cells (data not shown), suggesting that determination of the
infectious titers on TE671 cells reflected the capacity of the
different GPs to pseudotype SIV cores.

The infectious titers obtained with SIV vectors generated with
the GPs of FPV, GALV, and RD114 were surprisingly low in
comparison to those achieved with MLV vectors pseudotyped with
the same GPs.20,33,37 Because budding of lentiviral core particles is
not dependent on the expression of viral GPs,38 this suggested that
the virions could not efficiently incorporate these GPs or, alterna-
tively, that they could not egress from producer cells after GP
assembly. Indeed, when vector-producer cells expressing the
FPV-HA were treated with neuraminidase, infectivity of HA-
pseudotyped vectors was strongly increased by up to 1000-fold
(Figure 2A). This enhancement correlated with a 50-fold increased
production of viral particles in the supernatant of producer cells
(data not shown). This was most likely induced by neuraminidase-
mediated release of virions from the cell surface on which they
were retained because of binding to sialic acid-containing cell
surface molecules.39,40 However, such a defect in virion egress
could not explain the lack of infectivity of SIV vectors generated
with the GALV and RD114 GPs because the titers of MLV vectors
pseudotyped with the latter GPs are generally high.20,33 This
suggested, rather, a defect at the level of GP incorporation on the
lentiviral cores. Previous studies have indicated that the cytoplas-
mic tail of mammalian type C retroviruses bears elements that
control the formation or infectivity of pseudotypes with primate
lentiviruses.8,13,14 Because the MLV-A GP efficiently pseudotypes
lentiviral vectors (Figure 2A), we hypothesized that its cytoplasmic
tail should contain all the elements required for optimal GP
incorporation on lentiviral particles. Indeed, replacement of the

Figure 2. Infectious titers of SIVmac-derived vectors pseudotyped
with different viral GPs. Vectors carrying the GFP marker gene were
generated with the indicated GPs of retroviral or nonretroviral (stars)
origins. TE671 target cells were infected with dilutions of nonconcentrated
vector preparations and the percentage of GFP� cells was determined 3
days after infection. Infectious titers were calculated as GFP IU/mL. In
duplicate experiments, vector producer cells expressing the FPV-HA were
treated with 2 U Clostridium perfringens neuraminidase (Sigma-Aldrich,
Saint Quentin, Fallavier, France) for 24 hours to induce the release of
HA-pseudotyped particles from the surface of producer cells (FPV-HA �
NA). (B) Schematic representation of the RD114/TR chimeric GP in which
the cytoplasmic domain of the RD114 GP was replaced with that of the
MLV-A GP. The sequences of the 3 topologic domains, ectodomain,
transmembrane, and cytoplasmic tail, are shown. The GALV/TR chimeric
GP was modified in a similar manner. (C) Incorporation of RD114 and
RD114/TR GPs in virions was assessed in immunoblots of SIV vector
particles pelleted through 20% sucrose cushions, using anti-RD114 SU
and anti-CA antibodies. The position of the molecular weight markers is
shown (kd).
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cytoplasmic tail of RD114 (Figure 2B) and GALV GPs with that of
MLV-A GP resulted in strongly increased incorporation of either
GP on lentiviral cores, as shown in Figure 2C for the RD114 GP
and elsewhere for the GALV GP.8,13,14 These chimeric GALV and
RD114 GPs, named GALV/TR and RD114/TR, preserved the host
range of the initial GPs, as assessed on receptor-interference assays
(data not shown), and conferred 25-fold increased titers to the SIV
vectors (Figure 2A).

Characterization of pseudotyped SIV-based vector stocks

We sought to characterize the properties of vectors coated with the
modified or unmodified viral GPs that efficiently pseudotyped the
SIV vector particles. The SIV vector pseudotypes were concen-
trated by ultracentrifugation, resuspended in a storage buffer
containing 1% BSA, aliquoted, and stored at �80°C prior to
infection assays. Although vectors coated with MLV-10A1 GP had
fair titers before concentration, they were not used in the further
analyses because they could not be efficiently concentrated (data
not shown). In contrast, vectors pseudotyped with FPV-HA,
VSV-G, or with the GALV/TR, RD114/TR, MLV-A, and LCMV
GPs were very efficiently concentrated, allowing recovery of more
than 80%, on average, of the infectious particles after a 100-fold
concentration of the physical particles (data not shown). Because
vectors pseudotyped with the FPV-HA and LCMV GPs failed to
transduce the primary hematopoietic cells tested here (ie, PBLs and
CD34� cells; data not shown), they were not analyzed further.
Infectious titers of the concentrated stocks of vectors pseudotyped
with the remaining GPs (ie, MLV-A, GALV/TR, RD114/TR, and
VSV-G) were determined using TE671 target cells and were in the
range of 5 � 106 for the less infectious pseudotypes, obtained with
GALV/TR GP, to 1 � 108 IU/mL for the most infectious one,
obtained with VSV-G (Figure 3A). Similar differences in titers
between the vector pseudotypes were detected on other human
adherent cell lines (data not shown). This indicated that titer
determination using the highly permissive TE671 cells reflected the
evaluation of the specific infectivity of pseudotyped vectors.
Importantly, the number of infectious particles correlated with the
presence of physical particles. As shown in Figure 3B, within a
given preparation of pseudotyped vectors, similar amounts of

virion-associated capsid proteins were detected for the vector
pseudotypes that gave the highest titers (VSV-G and MLV-A or
RD114/TR GPs). Lower amounts of physical particles were
reproducibly detected for virions pseudotyped with GALV/TR
GPs, in agreement with their lower titers (Figure 3A). However,
important differences in the absolute quantities of virion-associated
capsid proteins were noticed when 2 independent vector prepara-
tions were compared, despite comparable infectious titers (data not
shown). Thus, to minimize artifacts due to differences in the quality
of vectors stocks, each subsequent evaluation experiment was
conducted using pseudotyped vectors generated concurrently. More-
over, because the detection of virion-associated capsid proteins did
not appear to be a valid indicator of infectious particles and
precluded comparison of results, normalization of the pseudotyped
vector stocks was performed using titers determined on TE671 cells.

Stability of vector pseudotypes in primate sera

Vectors suitable for in vivo gene delivery should be stable at 37°C
and should retain high infectivity in primate sera. The stability of
the vector pseudotypes was therefore determined by comparing
titers of viral particles incubated for 1 hour at 37°C versus 4°C.
Lentiviral vectors pseudotyped with RD114/TR GP or VSV-G were
stable at 37°C, with more than 85% of the vector particles
remaining infectious after incubation at 37°C (data not shown). In
comparison, vectors pseudotyped with MLV-A and GALV/TR GPs
lost more than 75% of infectivity following incubation at 37°C
(data not shown), suggesting that the latter GPs incorporated into
lentiviral core particles were sensitive to temperature.

The stability of the pseudotyped vectors in human and cynomol-
gus macaque sera was evaluated. The same quantities of
pseudotyped infectious particles were mixed with fresh primate
sera at a ratio of 50:50 (vol/vol) and incubated for 1 hour at 37°C.

Figure 4. Stability of pseudotyped SIV-vector virions in human and macaque
sera. Infectious pseudotyped SIV-vector particles (50 000 GFP IU in 50 �L suspen-
sion buffer) were mixed with 50 �L fresh (diagonal bars) or heat-inactivated (solid
bars) human (A) or macaque (B) sera. As a reference, virions were mixed with 50 �L
heat-inactivated FCS. Virion-sera mixtures were incubated at 37°C for 1 hour and
then used to transduce TE671 target cells. Values show the titers of primate
sera-incubated virions relative to the titers of the same virions incubated in FCS (%).
The results of experiments performed with sera of 3 different individual donors are
shown. The experiments with human serum no. 659 were performed in triplicate and
are displayed as mean values � SD.

Figure 3. Characterization of pseudotyped SIV-based vector stocks. (A) Infec-
tious titers of SIVmac-based vector stocks pseudotyped with the indicated GPs and
concentrated by ultracentrifugation. The mean titers � SD from 9 individual
experiments performed on TE671 target cells are shown. (B) Detection of physical
particles was performed by immunoblotting of representative purified vector stocks
using anti-SIV-CA (capsid) antibodies.
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Heat-inactivated primate sera as well as FCS were used as controls.
The results, represented as the percentages of residual infectivity
after incubation in fresh or heat-inactivated primate sera relative to
the infectivity of FCS-incubated virions (100%), are shown in
Figure 4. The VSV-G–pseudotyped vectors were inactivated by
both human and macaque sera, resulting in more than 90%
degradation of viral particles. Vectors pseudotyped with the
retroviral GPs were significantly more resistant in human sera,
although their levels of resistance were variable according to the
serum sample tested and the type of retroviral GP. Vectors
pseudotyped with MLV-A GPs were stable in human serum but
were relatively sensitive to inactivation by macaque serum. Vectors

coated with GALV/TR GP displayed variable levels of stability in
human and macaque sera. In contrast, lentiviral vectors pseudotyped
with the RD114/TR GP exhibited complete stability in all human
sera tested (Figure 4A) and presented good stability in macaque
sera (Figure 4B).

Transduction of human and macaque primary
hematopoietic cells

We next compared the different vector pseudotypes for their
capacity to transduce primary hematopoietic cells such as CD34�

cells and PBLs. Human CD34� cells derived from mobilized blood

Figure 5. Transduction of human and macaque CD34�

cells. CD34� cells derived from human mobilized blood
(A) and from cynomolgus macaque bone marrow (B)
were prestimulated by overnight incubation with TPO and
were transduced for 16 hours at different MOIs with SIV
vectors pseudotyped with VSV-G (triangles), MLV-A GP
(closed circles), GALV/TR GP (open circles), or RD114/TR
GP (closed squares). For each sample of CD34� cells,
transductions were performed in duplicate: in the ab-
sence or in the presence of CH-296 retronectin polypep-
tides coated on the plates. After infection, cells were
washed in PBS and cultured in the presence of Flt3-L,
TPO, and SCF for an additional 3 days until transduction
efficiency was assessed. The dose-response curves of
representative experiments are shown for the same
batches of CD34� cells as well as the statistical analyses
of the maximal transduction efficiencies of at least 4
experiments performed with CD34� cells derived from
different donors and stocks of pseudotyped vectors.
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were preactivated overnight in serum-free medium supplemented
with TPO and were transduced for 16 hours with a single-hit of SIV
vectors pseudotyped with the MLV-A, GALV/TR, RD114/TR, or
VSV-G GPs. Variable MOIs, as determined using infectious titers
assessed on TE671 cells, were used to transduce the CD34� cells.
Side-by-side transduction experiments were performed in the
presence, or in the absence, of CH-296 retronectin fragment.41-43

After infection, cells were grown for 5 days in the presence of TPO,
SCF, IL-6, IL-3, and Flt3-L. GFP expression was readily detected

in the transduced cells by flow cytometry, allowing us to evaluate
the influence of the MOIs and the pseudotyping GP on transduction
efficiency (Figure 5A). For transduction in the absence of retronec-
tin, the percentage of GFP� cells initially increased as a direct
function of the MOI and the curves flattened at MOIs comprised
between 2 and 20, reaching a maximum of 25% GFP� cells. These
moderate transduction efficiencies were likely due to the subopti-
mal infection protocol and, specifically, the single and short
incubation of target cells with virions. In these experimental

Figure 6. Transduction of human and ma-
caque PBLs. PBLs of human (A) or cynomolgus
macaque (B) origins were transduced with the
indicated SIV vector pseudotypes at different
MOIs. Human PBLs were activated with soluble
anti-CD3 and anti-CD28 antibodies for 24 hours.
Macaque PBLs were activated with concanava-
lin A and recombinant human IL-2 for 2 days
prior to infection. Activated PBLs were infected
for 4 hours with SIV vectors pseudotyped with
VSV-G (triangles), MLV-A GP (closed circles),
GALV/TR GP (open circles), or RD114/TR GP
(closed squares). Infected cells were washed in
PBS and grown in PBL culture medium, and
transduction efficiency was assessed 5 days
after infection. The results of experiments per-
formed with PBLs from different donors are
shown, as well as the statistical analyses of the
maximal transduction efficiencies of at least 4
experiments performed with PBLs derived from
different donors and stocks of pseudotyped vec-
tors.
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conditions, the most efficient vectors were those pseudotyped with
the VSV-G GPs (mean GFP� cells, 24.75% � 3.23%; n � 5), al-
though, at MOIs lower than 2, SIV vectors pseudotyped with GALV/TR
and MLV-A GPs exhibited a transduction efficiency higher than
that of VSV-G–pseudotyped vectors (Figure 5A, inset). However,
at the most efficient MOIs tested, vectors generated with the MLV-A,
GALV/TR, and RD114/TR GPs achieved 5- to 12-fold lower
transduction efficiencies than VSV-G pseudotypes (Figure 5A).
The relatively low titers of vectors generated with the GALV/TR
GP (Figure 3A) did not allow transduction efficiency to be
evaluated at high MOIs. Divergent results were obtained when
infections of CD34� cells were performed on retronectin-coated
plates (Figure 5A). Under these conditions, the VSV-G–pseudotyped
vectors retained the same maximal transduction efficiency
(24.56% � 3.27% GFP� cells; n � 5) than in the absence of
retronectin, in agreement with results of others.44 In contrast, the
RD114/TR-pseudotyped vectors exhibited a 10-fold increased
transduction efficiency, reaching up to 65% GFP� cells (mean,
51.30% � 8.74%; n � 5), indicating that the combined use of
RD114/TR GP and retronectin synergistically enhanced infection.
The retronectin also enhanced the transduction efficiency of
vectors pseudotyped with GALV/TR and MLV-A GPs, yet with a
much lower magnitude compared to vectors pseudotyped with
RD114/TR GP (Figure 5A).

We then transduced macaque CD34� cells derived from bone
marrow with the pseudotyped vectors (Figure 5B). In the absence
of retronectin, the best pseudotyping GP was VSV-G, allowing
transduction of up to 26% GFP� cells (21.7% � 3.51%; n � 5).
SIV vectors pseudotyped with the GALV/TR and with the MLV-A
GPs were the less efficient to transduce macaque CD34� cells
(maximal transduction efficiency of 3% GFP� cells). Compared to
vectors pseudotyped with VSV-G, the RD114/TR GP–pseudotyped
vectors resulted in about 2-fold less efficient transduction
(10.12% � 1.26%, n � 4). The presence of retronectin during
transduction did not improve the efficiency of transduction by
VSV-G–pseudotyped vectors (Figure 5B). However, in a manner
similar to transduction of the human CD34� cells, retronectin
enhanced transduction of macaque CD34� cells by lentiviral
vectors pseudotyped with MLV-A and RD114/TR GPs. Under
these conditions, maximal levels of transduction of up to 30%
GFP� cells (24.23% � 4.15%, n � 5) could be obtained with
RD114/TR-pseudotyped vectors (Figure 5B).

We then determined the transduction efficiencies of the
pseudotyped SIV vectors in human and macaque PBLs. PBLs
isolated from fresh blood were incubated for 4 hours with the
vectors in the absence of retronectin. Preactivation of the PBLs for
24 hours with soluble anti-CD3 and anti-CD28 antibodies was
necessary for transduction with lentiviral vectors, as previously
reported.25,28,45 As a result of these experimental conditions that
favored stimulation and survival of CD3� cells, transduction of
PBLs was oriented to T cells. GFP expression, determined at 5 days
after infection (Figure 6), showed that transduction of the PBLs
was dependent on the MOI. At low MOIs, the percentages of GFP�

cells steadily increased for the different vector pseudotypes until
reaching plateaus. The MOIs required for reaching these plateaus
varied with the vector pseudotype. The plateaus of transduction
were quickly reached at MOIs of less than 5 infectious particles per
cell for lentiviral vectors pseudotyped with VSV-G, with MLV-A
GP, or with GALV/TR GP (Figure 6A). In contrast, the threshold
MOI necessary to reach a plateau with RD114/TR GP–
pseudotyped virions was about 5 to 10 infectious particles per cell
(Figure 6A). Interestingly, the maximal transduction levels also

varied with the vector pseudotype tested. VSV-G–pseudotyped
vectors only transduced a maximum of 10% to 23% of T cells
(mean, 16.87% � 6.53%; n � 4). This somewhat low level of
transduction is in agreement with our previous results25 obtained
with a VSV-G–pseudotyped HIV-1–derived vector of the same
generation and design as the SIV-T1� vector used in this report. In
contrast, much higher levels of transduction, reaching 50% to 75%,
were achieved with vectors pseudotyped with the RD114/TR
chimeric GP (55.04% � 11.74%; n � 4). Maximal transduction
efficiencies obtained with the other pseudotyped vectors remained
low although, as mentioned above, the low titers of vectors coated
with the GALV/TR chimeric GP did not allow us to assay for MOIs
higher than 2. Additionally, for some vector preparations, the
transduction efficiency was found to decrease when high MOIs of
MLV-A GP or GALV/TR GP–pseudotyped SIV vectors were used
to transduce the human PBLs (Figure 6A). This effect was probably
due to competition for receptor binding induced by an excess of
defective particles or by soluble GP “shed” from viral particles, as
suggested in recent studies.43,46

Similar results were obtained for transduction of macaque
PBLs, although the threshold MOIs necessary to reach the plateaus
of infection seemed higher than those necessary for human PBLs
and the maximal levels of transduction were lower than those
obtained with human PBLs (Figure 6B). Transduction efficiencies
obtained with vector particles pseudotyped with GALV/TR or
MLV-A GPs remained very low (	 4%-12% GFP� cells) and were
found to decrease at MOIs higher than 1. In comparison to vectors
pseudotyped with these latter GPs or with VSV-G (15.32% �
10.06%; n � 4), PBL transduction with RD114/TR GP-pseudotyped
vectors was facilitated. Up to 40% of GFP� cells could be
transduced (26.86% � 8.07%; n � 4) although higher transduction
levels might clearly be expected when using MOIs superior to
those applied in these experiments.

Altogether these results indicated that the RD114/TR GP was
particularly potent to allow transduction of primate CD34� cells
and PBLs with pseudotyped SIV vectors, although the RD114/
TR GP-pseudotyped SIV vectors required the retronectin CH-
296 fragment for optimal transduction of short-term stimulated
CD34� cells.

Discussion

Pseudotyping of lentiviral vectors

Protein incorporation on retroviruses is not specific to the homolo-
gous viral GPs. Over 40 different host cell–derived proteins have
been identified on the exterior of HIV-1 viral particles, including
major histocompatibility complex class I and class II molecules,
adhesion molecules, costimulation molecules, and complement
control proteins.47 Additionally, many heterologous viral GPs can
be incorporated into retrovirus particles and mediate infectivity.48

This process, known as pseudotyping, allows retroviral vectors to
transduce a broader range of cells and tissues. Engineering of
lentiviral vectors with the VSV-G GP exemplifies the ability of a
heterologous GP to extend the tropism of a vector.2 However,
coexpression of a given GP with a heterologous viral core will not
necessarily give rise to highly infectious viral particles8,13,14,49

(Figure 2C). Functional associations between GPs and viral cores
are rather unpredictable, in large part because of our insufficient
knowledge of the mechanisms that dictate assembly of retroviral
particles. It is currently admitted that at least 2 types of mechanisms
lead to assembly of homologous and heterologous, viral or cellular,

RD114 GLYCOPROTEIN-PSEUDOTYPED LENTIVIRAL VECTORS 829BLOOD, 1 AUGUST 2002 � VOLUME 100, NUMBER 3

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/100/3/823/1684725/h81502000823.pdf by guest on 04 June 2024



GPs on viral particles. The passive model of GP incorporation
implies nonobligatory interactions between the pseudotyping GP
and the viral core, provided that the former is sufficiently abundant
at the site of virus budding50 and that its cytoplasmic tail does not
bear determinants that are sterically incompatible with viral
assembly or virion morphology.48 In this respect, heterologous GPs
harboring short cytoplasmic tails such as those of FPV, LCMV, and
VSV (Figure 2) are likely to be incorporated on lentiviral particles
via a passive mechanism. On the other hand, in the active model of
GP incorporation, interactions between the cytoplasmic tail of the
pseudotyping GP and components of the virion core dictate
assembly of viral particles. Ample evidence in the literature
supports the critical role of such interactions in viral assembly (for
reviews, see Freed38 and Swanstrom and Wills48), at least for
lentiviruses.51-54

Pseudotyping of lentiviral core particles with the GPs of type C
and D mammalian retroviruses may involve an alternative pathway
of assembly (V.S., B.B., and F.-L.C., manuscript in preparation,
2002). The GPs of some of these retroviruses, like the GALV8,13,14

and the RD114 (Figure 2C) viruses, have been shown to harbor in
their cytoplasmic tail a determinant that restricts incorporation on
lentiviral cores. The relatively short cytoplasmic tails of type C/D
mammalian retrovirus GPs, of about 30 to 40 amino acids long,
harbor a 15 to 20 amino acid–long carboxy-terminal peptide,
named R for MLVs, whose cleavage by the homologous viral core
protease is required to activate the fusion potential of the GP.55-57

The cytoplasmic tail of MLV contains all the elements required for
optimal pseudotyping of lentiviral cores (V.S., B.B., and F.-L.C.,
manuscript in preparation, 2002). Based on these observations, we
have generated efficient SIV-derived vectors pseudotyped with
chimeric GPs derived from GALV8 and RD114 (Figure 2). These
mutant GPs, named GALV/TR and RD114/TR (Figure 2), respec-
tively, harbor the cytoplasmic tail of the MLV-A GP whose
cleavage site is compatible with the HIV-1 and SIV proteases. It is
likely due to its features that they are efficiently incorporated on
lentiviral particles (Figure 2C).

Stability of lentiviral vector pseudotypes in primate sera

The VSV-G–pseudotyped lentiviral vectors have proved useful to
transduce several cell types in vivo or in vitro.3-7 Yet their high
sensitivity to human23 and nonhuman primate (Figure 4) comple-
ment may preclude their utility for in vivo systemic administration.
In contrast to VSV-G pseudotypes, vectors generated with retrovi-
ral GPs were stable in human and macaque sera, with RD114/TR-
pseudotyped SIV vectors being constantly resistant to human sera,
suggesting that the latter vectors could be particularly suitable for
systemic gene delivery (Figure 4). Several factors contribute in
determining complement sensitivity and depend on sera from
different individuals, the type of producer cells,33,35 the presence of

1-3 galactose sugar epitope in GP,58-60 or the type of pseudotyping
GP.33,35,61 Retroviruses produced by human cells are usually
resistant in human serum,33,35 with the exception of VSV-G–
pseudotyped vectors.23 However, in a recent study, it was found
that oncoretroviral vectors coated with MLV GPs and produced by
human cells were differentially sensitive to complement inactiva-
tion in sera from nonhuman Old World primates in a manner that
correlated with increasing evolutionary distance from humans.62

Sensitivity to macaque sera resulted in more than 99% vector
degradation.62 Thus, in apparent disagreement with these latter
results obtained with oncoretroviral vectors, here we found that
lentiviral vectors pseudotyped with retroviral GPs are relatively
stable in macaque sera (Figure 4B). A factor that could modulate

response to sera and explain the discrepancy between oncoretrovi-
ral and lentiviral particles may be the incorporation of the CD46,
CD55, and CD59 complement inhibitory molecules into lentiviral
particles, as reported for HIV and SIV.47,63

Transduction of primary cells with pseudotyped SIV vectors

The broad tropism of VSV-G–pseudotyped lentiviral vectors may
not be suitable for particular gene transfer applications where cell
type-specific gene delivery would be required. More selective
tropisms could be achieved by taking advantage of the natural
tropisms of GPs derived from some membrane-enveloped viruses
or, alternatively, by engineering the host range of incorporation-
competent GPs (eg, MLV, GALV/TR, or FPV-HA).64,65 For in-
stance, the use of surface GPs derived from viruses that cause lung
infection and infect via the airway epithelia, like EboV or influenza
virus, may prove useful for gene therapy of the human airway.10

Nevertheless, it should be noted that lentiviral vector pseudotypes
might not always retain the host range of the parental viruses from
which the pseudotyping GPs were derived. For example, although
the GP of the Mokola virus, a neurotropic lyssavirus, efficiently
pseudotypes HIV-1 vectors,12 the pseudotyped vectors do not
reproduce the specific neurotropism of the parental virus.9

Recent reports have demonstrated that oncoretroviral vectors
pseudotyped with the RD114 GP efficiently transduce human and
canine CD34� cells.15-17,20 Transduced cells could repopulate
nonobese diabetic–severe combined immunodeficiency mice and
dogs with an efficiency similar to that of nontransduced cells and
displayed multilineage expression.15-17 From these studies, it was
suggested that, in human CD34� cells, the “major barrier to gene
transfer is at the receptor level and is not due to the quiescence of
the target cells.”17 We attempted to test this hypothesis with
lentiviral vectors pseudotyped with the MLV-A, GALV/TR, RD114/
TR, and VSV-G GPs. In contrast to the former studies, we used
conditions of infection that would minimize the influence of factors
that may affect virus-receptor interactions or transduction, that is,
no reiterated infections, absence of retronectin or stromal cells, and
only minimal cytokine treatment. Thus, human CD34� cells were
transduced by a single and short virus/cell exposure under cytokine
treatment that would not allow MLV vectors to transduce the
CD34� cells.25 Because of these suboptimal conditions, the maxi-
mal levels of gene transfer were relatively low; yet they allowed
reliable comparison of the specific influence of the pseudotyping
GPs in CD34� cells transduction. The best GPs under these
conditions were clearly the VSV-G and GALV/TR GPs (Figure
5A). Compared to VSV-G, much lower transduction levels were
achieved with vectors pseudotyped with the MLV-A and RD114/TR
GPs. These results may reflect differences in the pattern of receptor
expression on the CD34� cells for the different GPs and seem to
contradict those previously reported with oncoretroviral vectors.17

However, in agreement with the previous studies,15-17 the combined
use of the RD114/TR GP and retronectin strongly increased
transduction of human cells, allowing RD114/TR-pseudotyped
lentiviral vectors to surpass those pseudotyped with VSV-G (Figure
5). The mechanisms by which CH-296 retronectin fragment
enhances infection may involve the colocalization of retroviral
particles and target cells,42 owing to the property of CH-296 to bind
both the cell surface, through its attachment to 
4/5�1 integrins, and
the viral GP, through a high-affinity heparin II domain.41 Although
alternative explanations, involving inhibition of apoptosis and
stimulation of cell division, have been proposed,66 our results are in
favor of the former mechanism because differential effects of
CH-296 were detected according to the type of GP used to
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pseudotype the lentiviral core particles. Proteins of the extracellular
matrix, such as heparan sulfate proteoglycans, play a major role in
the initial steps of infection and perhaps are more important to
mediate viral/cell attachment67 than the viral receptors themselves,
which primarily serve to trigger membrane fusion.68,69 Motives that
differentially influence binding to extracellular matrix proteins
have been identified in GPs of several enveloped viruses.70,71 They
may be particularly efficient in the RD114 GP and stimulate
CH-296–mediated attachment to cells.

RD114/TR-pseudotyped SIV vectors very efficiently trans-
duced human and macaque PBLs (Figure 6), in the absence of
retronectin. Indeed, in these cells, there was a striking difference in
the transduction efficiencies observed with vectors pseudotyped
with either VSV-G or MLV-A GP and those coated with RD114/TR
GP. The reasons for this discrepancy may lie in difference in
expression of the receptors for these GPs. Alternatively these
results may not necessarily involve differences in receptor density
or initial virus-receptor interaction parameters. Several reports
have shown that transduction efficiency does not correlate with the

level of receptor expression16,72 but rather establish the importance
of postbinding events such as receptor clustering, membrane fusion
mechanism, site of fusion, uncoating, and migration of the viral
particle from the site of uncoating and the nucleus.73,74 It can
therefore be surmised that, for transduction of PBLs with SIV
vectors, the RD114 receptor modulates postbinding events in a
more efficient fashion than the VSV-G or MLV-A receptors.
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24. Nègre D, Mangeot P, Duisit G, et al. Character-
ization of novel safe lentiviral vectors derived
from simian immunodeficiency virus (SIVmac251)
that efficiently transduce mature human dendritic
cells. Gene Ther. 2000;7:1613-1623.

25. Salmon P, Kindler V, Ducrey O, Chapuis B, Zubler
RH, Trono D. High-level transgene expression in
human hematopoietic progenitors and differenti-
ated blood lineages after transduction with im-
proved lentiviral vectors. Blood. 2000;96:3392-
3398.

26. Salmon P, Arrighi JF, Piguet V, et al. Transduction
of CD34� cells with lentiviral vectors enables the
production of large quantities of transgene-ex-
pressing immature and mature dendritic cells.
J Gene Med. 2001;3:311-320.

27. Thiebot H, Louache F, Vaslin B, et al. Early and
persistent bone marrow hematopoiesis defect in
simian/human immunodeficiency virus-infected
macaques despite efficient reduction of viremia
by highly active antiretroviral therapy during pri-
mary infection. J Virol. 2001;75:11594-11602.

28. Maurice M, Verhoeyen E, Salmon P, Trono D,
Russell SJ, Cosset F-L. Efficient gene transfer
into human primary blood lymphocytes by sur-
face-engineered lentiviral vectors that display a T
cell–activating polypeptide. Blood. 2002;99:2342-
2350.

29. Mangeot P-E, Nègre D, Dubois B, et al. Develop-
ment of minimal lentiviral vectors derived from
simian immunodeficiency virus (SIVmac251) and
their use for the gene transfer in human dendritic
cells. J Virol. 2000;74:8307-8315.

30. Yee JK, Friedmann T, Burns JC. Generation of
high-titer pseudotyped retroviral vectors with very
broad host range. Methods Cell Biol. 1994;43:99-
112.

31. Hatziioannou T, Valsesia-Wittmann S, Russell S,
Cosset F-L. Incorporation of fowl plague virus
hemagglutinin into murine leukemia virus par-
ticles and analysis of the infectivity of the pseudo-
typed retroviruses. J Virol. 1998;72:5313-5317.

32. Collins MKL, Weiss RA, Takeuchi Y, Cosset F-L.
Expression systems. PCT/GB96/02061. WO 97/
08330. 1996.

33. Cosset F-L, Takeuchi Y, Battini J, Weiss R, Col-
lins M. High titer packaging cells producing re-
combinant retroviruses resistant to human serum.
J Virol. 1995;69:7430-7436.

34. Ott D, Friedrich R, Rein A. Sequence analysis of
amphotropic and 10A1 murine leukemia virus:
close relationship to mink cell focus forming vi-
ruses. J Virol. 1990;64:757-766.

RD114 GLYCOPROTEIN-PSEUDOTYPED LENTIVIRAL VECTORS 831BLOOD, 1 AUGUST 2002 � VOLUME 100, NUMBER 3

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/100/3/823/1684725/h81502000823.pdf by guest on 04 June 2024



35. Takeuchi Y, Cosset FL, Lachmann PJ, Okada H,
Weiss RA, Collins MKL. Type C retrovirus inacti-
vation by human complement is determined by
both the viral genome and producer cell. J Virol.
1994;68:8001-8007.

36. Matheux F, Lauret E, Rousseau V, et al. Simian
immunodeficiency virus resistance of macaques
infused with interferon beta-engineered lympho-
cytes. J Gen Virol. 2000;81:2741-2750.

37. Hatziioannou T, Delahaye E, Martin F, Russell SJ,
Cosset F-L. Retroviral display of functional bind-
ing domains fused to the amino-terminus of influ-
enza haemagglutinin. Hum Gene Ther. 1999;10:
1533-1544.

38. Freed EO. HIV-1 gag proteins: diverse functions
in the virus life cycle. Virology. 1998;251:1-15.

39. Bosch V, Kramer B, Pfeiffer T, Starck L, Stein-
hauer DA. Inhibition of release of lentivirus par-
ticles with incorporated human influenza virus
haemagglutinin by binding to sialic acid-contain-
ing cellular receptors. J Gen Virol. 2001;82:2485-
2494.

40. Wagner R, Wolff T, Herwig A, Pleschka S, Klenk
HD. Interdependence of hemagglutinin glycosyla-
tion and neuraminidase as regulators of influenza
virus growth: a study by reverse genetics. J Virol.
2000;74:6316-6323.

41. Carstanjen D, Dutt P, Moritz T. Heparin inhibits
retrovirus binding to fibronectin as well as retrovi-
rus gene transfer on fibronectin fragments.
J Virol. 2001;75:6218-6222.

42. Moritz T, Dutt P, Xiao X, et al. Fibronectin im-
proves transduction of reconstituting hematopoi-
etic stem cells by retroviral vectors: evidence of
direct viral binding to chymotryptic carboxy-termi-
nal fragments. Blood. 1996;88:855-862.

43. Relander T, Brun A, Hawley RG, Karlsson S,
Richter J. Retroviral transduction of human
CD34� cells on fibronectin fragment CH-296 is
inhibited by high concentrations of vector contain-
ing medium. J Gene Med. 2001;3:207-218.

44. Haas DL, Case SS, Crooks GM, Kohn DB. Criti-
cal factors influencing stable transduction of hu-
man CD34(�) cells with HIV-1-derived lentiviral
vectors. Mol Ther. 2000;2:71-80.

45. Dardalhon V, Herpers B, Noraz N, et al. Lentivi-
rus-mediated gene transfer in primary T cells is
enhanced by a central DNA flap. Gene Ther.
2001;8:190-198.

46. Slingsby JH, Baban D, Sutton J, et al. Analysis of
4070A envelope levels in retroviral preparations
and effect on target cell transduction efficiency.
Hum Gene Ther. 2000;11:1439-1451.

47. Ott DE. Cellular proteins in HIV virions. Rev Med
Virol. 1997;7:167-180.

48. Swanstrom R, Wills JW. Synthesis, assembly,
and processing of viral proteins. In: Coffin JM,
Hughes SH, Varmus HE, eds. Retroviruses. Cold
Spring Harbor, NY: Cold Spring Harbor Labora-
tory Press; 1997:263-334.

49. Takeuchi Y, Simpson G, Vile R, Weiss R, Collins
M. Retroviral pseudotypes produced by rescue of
Moloney murine leukemia virus vector by C-type,
but not D-type, retroviruses. Virology. 1992a;186:
792-794.

50. Pickl WF, Pimentel-Muinos FX, Seed B. Lipid
rafts and pseudotyping. J Virol. 2001;75:7175-
7183.

51. Cosson P. Direct interaction between the enve-
lope and matrix proteins of HIV-1. EMBO J. 1996;
15:5783-5788.

52. Murakami T, Freed EO. Genetic evidence for an
interaction between human immunodeficiency
virus type 1 matrix and alpha-helix 2 of the gp41
cytoplasmic tail. J Virol. 2000;74:3548-3554.

53. Vincent MJ, Melsen LR, Martin AS, Compans
RW. Intracellular interaction of simian immunode-
ficiency virus Gag and Env proteins. J Virol. 1999;
73:8138-8144.

54. Wyma DJ, Kotov A, Aiken C. Evidence for a
stable interaction of gp41 with Pr55(Gag) in im-
mature human immunodeficiency virus type 1
particles. J Virol. 2000;74:9381-9387.

55. Brody BA, Rhee SS, Hunter E. Postassembly
cleavage of a retroviral glycoprotein cytoplasmic
domain removes a necessary incorporation sig-
nal and activates fusion activity. J Virol. 1994;68:
4620-4627.

56. Ragheb JA, Anderson WF. pH-independent mu-
rine leukemia virus ecotropic envelope-mediated
cell fusion: implications for the role of the R pep-
tide and p12E TM in viral entry. J Virol. 1994;68:
3220-3231.

57. Rein A, Mirro J, Haynes JG, Ernst SM, Na-
gashima K. Function of the cytoplasmic domain
of a retroviral transmembrane protein: p15E-p2E
cleavage activates the membrane fusion capabil-
ity of the murine leukemia virus env protein. J Vi-
rol. 1994;68:1773-1781.

58. Galili U, Shohet SB, Kobrin E, Stults CL, Macher
BA. Man, apes, and Old World monkeys differ
from other mammals in the expression of alpha-
galactosyl epitopes on nucleated cells. J Biol
Chem. 1988;263:17755-17762.

59. Rother RP, Fodor WL, Springhorn JP, et al. A
novel mechanism of retrovirus inactivation in hu-
man serum mediated by anti-alpha-galactosyl
natural antibody. J Exp Med. 1995;182:1345-
1355.

60. Takeuchi Y, Porter C, Strahan K, et al. Sensitisa-
tion of cells and retroviruses to human serum by
alpha(1-3) galactosyltransferase. Nature. 1996;
379:85-88.

61. Takeuchi Y, Liong SH, Bieniasz PD, et al. Sensiti-
zation of rhabdo-, lenti-, and spumaviruses to hu-
man serum by galactosyl(alpha1–3)galactosyla-
tion. J Virol. 1997;71:6174-6178.

62. DePolo NJ, Harkleroad CE, Bodner M, et al. The
resistance of retroviral vectors produced from hu-
man cells to serum inactivation in vivo and in vitro

is primate species dependent. J Virol. 1999;73:
6708-6714.

63. Montefiori DC, Cornell RJ, Zhou JY, Zhou JT,
Hirsch VM, Johnson PR. Complement control
proteins, CD46, CD55, and CD59, as common
surface constituents of human and simian immuno-
deficiency viruses and possible targets for vac-
cine protection. Virology. 1994;205:82-92.

64. Lavillette D, Russell SJ, Cosset F-L. Retargeting
gene delivery by surface-engineered retroviral
vector particles. Curr Opin Biotechnol. 2001;12:
461-466.

65. Russell SJ, Cosset F-L. Modifying the host range
properties of retroviral vectors. J Gene Med.
1999;1:300-311.

66. Donahue RE, Sorrentino BP, Hawley RG, An DS,
Chen IS, Wersto RP. Fibronectin fragment CH-
296 inhibits apoptosis and enhances ex vivo
gene transfer by murine retrovirus and human
lentivirus vectors independent of viral tropism in
nonhuman primate CD34� cells. Mol Ther. 2001;
3:359-367.

67. Pizzato M, Marlow SA, Blair ED, Takeuchi Y. Ini-
tial binding of murine leukemia virus particles to
cells does not require specific Env-receptor inter-
action. J Virol. 1999;73:8599-8611.

68. Barnett AL, Cunningham JM. Receptor binding
transforms the surface subunit of the mammalian
C-type retrovirus envelope protein from an inhibi-
tor to an activator of fusion. J Virol. 2001;75:
9096-9105.

69. Lavillette D, Ruggieri A, Boson B, Maurice M,
Cosset F-L. Inter-relations between sub-domains
of the SU that regulate the receptor-mediated
transition between the fusion-inhibited and fu-
sion-active conformations of the MLV glycopro-
tein. J Virol. In press.

70. Jinno-Oue A, Oue M, Ruscetti SK. A unique hepa-
rin-binding domain in the envelope protein of the
neuropathogenic PVC-211 murine leukemia virus
may contribute to its brain capillary endothelial
cell tropism. J Virol. 2001;75:12439-12445.

71. Klimstra WB, Heidner HW, Johnston RE. The
furin protease cleavage recognition sequence of
Sindbis virus PE2 can mediate virion attachment
to cell surface heparan sulfate. J Virol. 1999;73:
6299-6306.

72. Uckert W, Willimsky G, Pedersen FS, Blanken-
stein T, Pedersen L. RNA levels of human retrovi-
rus receptors Pit1 and Pit2 do not correlate with
infectibility by three retroviral vector pseudotypes.
Hum Gene Ther. 1998;9:2619-2627.

73. Lavillette D, Boson B, Russell S, Cosset F-L.
Membrane fusion by murine leukemia viruses is
activated in cis or in trans by interactions of the
receptor-binding domain with a conserved disul-
fide loop at the carboxy-terminus of the surface
glycoproteins. J Virol. 2001;75:3685-3695.

74. Rodrigues P, Heard JM. Modulation of phosphate
uptake and amphotropic murine leukemia virus
entry by posttranslational modifications of PIT-2.
J Virol. 1999:3789-3799.

832 SANDRIN et al BLOOD, 1 AUGUST 2002 � VOLUME 100, NUMBER 3

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/100/3/823/1684725/h81502000823.pdf by guest on 04 June 2024


