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Abstract

Retroviral and lentiviral vectors are effective gene delivery vehicles that are being evaluated in clinical trials.
Variations in the viral envelope (Env) glycoproteins, which are used to pseudotype retroviral or lentiviral
vectors, can alter vector performance, including stability, titers, host range, and tissue tropism. Xenotropic
murine leukemia virus (MLV)-related virus (XMRYV) is a novel human retrovirus identified in patients with
prostate cancer. XMRV targets XPR1 cell surface receptor, which is expressed in a broad range of human tissues
including hematopoietic stem cells. Pseudotyping with XMRV Env would allow targeting of XPR1-expressing
tissues. Here, we characterized XMRV Env-pseudotyped retroviral and lentiviral vectors. Although HIV and
MLV vectors were poorly pseudotyped with wild-type XMRV Env, replacement of the C-terminal 11 amino acid
residues in the transmembrane domain of XMRV Env with the corresponding 6 amino acid residues of am-
photropic MLV Env (XMRV/R*™F) significantly increased XMRV Env-pseudotyped HIV and MLV vector
titers. The transduction efficiency in human CD34" cells when using the XMRV/R*P"°-pseudotyped HIV
vector (10-20%) was comparable to that achieved when using the same infectious units of vesicular stomatitis
virus G glycoprotein-pseudotyped vector (25%); thus the modified XMRV Env offers an alternative pseudo-

typing strategy for XPR1-mediated gene delivery.

Introduction

LENTIVIRAL VECTORS, such as human immunodeficiency
virus (HIV)-based vectors, are promising gene delivery
vehicles, which allow efficient transduction of nondividing
cells and sustain long-term transgene expression through
integration into the host genome (Kafri et al., 1997; Poeschla
et al., 1998). In addition to mRNA coding transgenes, lentiviral
vectors have been used to generate transgenic animals
(Hofmann et al., 2003; McGrew et al., 2004), and to transfer
complex genetic structures, such as intron-containing se-
quences. With advances in vector design for increased
biosafety, lentiviral vectors have become safer and more ef-
fective gene delivery systems, and are being evaluated in
clinical trials for infectious and genetic diseases (D’Costa et al.,
2009).

Variations in the viral envelope (Env) glycoproteins, used
to pseudotype retroviral and lentiviral vector cores, can de-
termine the characteristics of the vectors, such as stability,
titers, host range, and tissue tropism. HIV-based vectors are
often pseudotyped with vesicular stomatitis virus G glyco-
protein (VSV-G). Because VSV-G uses a ubiquitous cellular
factor as its receptor and enters cells through endocytosis,
VSV-G-pseudotyped vectors can efficiently infect a broad
range of cells (Burns et al., 1993). In addition, because of its
remarkable stability, pseudotyping with VSV-G allows vec-
tor concentration by ultracentrifugation (Strang et al., 2004).
The limitations of VSV-G-pseudotyped vectors include tox-
icity at high concentrations (Burns et al., 1993; Liu et al., 1996),
sensitivity to complement-mediated neutralization (DePolo
et al., 2000), and induction of innate immune response on
systemic administration (Pichlmair et al., 2007). In addition,
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when VSV-G is stably expressed, the fusogenicity of VSV-G
induces strong toxicity, which prevents its use in continuous
HIV vector-producing cells (Ikeda et al., 2003). Several
gammaretroviral Env glycoproteins have been used to
pseudotype lentiviral vectors. Those include amphotropic
murine leukemia virus (MLV-A) Env, which uses a sodium-
dependent phosphate symporter (Pit2) (Leverett ef al., 1998);
feline endogenous virus RD114 Env, which targets a neutral
amino acid transporter expressed on many human tissues
(Rasko et al., 1999; Tailor et al., 1999; Green et al., 2004); and
gibbon ape leukemia virus (GALV) Env, which uses a sodi-
um-dependent phosphate symporter (Pitl) (Kavanaugh et al.,
1994; Olah et al., 1994). These pseudotypes transduce human
cells in a receptor-specific manner (Battini et al., 1999). Unlike
VSV-G, gammaretroviral Env glycoproteins can be stably
expressed in continuous HIV vector-packaging cell lines
(Tkeda et al., 2003).

In MLV, the cytoplasmic tail of the transmembrane (TM)
protein (p15E) is further processed by the viral protease after
viral particle assembly, which produces the mature TM
protein (p12E) and releases a short amino acid fragment
designated the R peptide (Green et al., 1981). Cleavage of the
MLV R peptide is critical for activation of the cell fusion
activity of the Env protein (Ragheb and Anderson, 1994; Rein
et al., 1994). Although lentiviral vectors are efficiently pseu-
dotyped with Env glycoproteins of several different subtypes
of MLV, such as MLV-A, ecotropic MLV (Schambach et al.,
2006), and MLV 10A1 (Stitz et al., 2000), wild-type Env gly-
coproteins from GALV or RD114 do not form functional
pseudotypes with lentiviral vectors because of their inefficient
incorporation into lentiviral vectors and/or insufficient R
peptide cleavage (Stitz et al., 2000; Christodoulopoulos and
Cannon, 2001; Sandrin et al., 2002). In the case of GALV Env,
sequences in the cytoplasmic tail contain the specificity de-
terminant that prevents its incorporation into lentiviral
vectors (Christodoulopoulos and Cannon, 2001). Intrigu-
ingly, coexpression of HIV vector components strongly in-
hibits or destabilizes wild-type GALV Env expression in
producer cells (Christodoulopoulos and Cannon, 2001).
Modifications in the C-terminal Env amino acid sequences,
such as replacement of all or part of the cytoplasmic tail
with the corresponding MLV sequence (Stitz et al., 2000;
Christodoulopoulos and Cannon, 2001; Sandrin et al., 2002),
removal of the R peptides (Christodoulopoulos and Can-
non, 2001), or mutations in the R peptide cleavage sites
(Christodoulopoulos and Cannon, 2001; Ikeda ef al., 2003),
can increase the pseudotyping efficiency of lentiviral vec-
tors with GALV and RD114 Envs.

A novel human retrovirus, xenotropic murine leukemia
virus-related virus (XMRV), was discovered in patients with
prostate cancer (Urisman et al., 2006) and chronic fatigue
syndrome (Lombardi ef al., 2009). Genetic analysis has re-
vealed XMRV to be a gammaretrovirus, closely related to
xenotropic MLV (MLV-X). Similar to MLV-X, XMRV also
uses a phosphate transporter, xenotropic and polytropic
retrovirus receptor 1 (XPR1), for viral entry (Hong et al., 2009;
Lombardi et al., 2009). Because various human tissues in-
cluding pancreas, kidney, placenta, and heart as well as he-
matopoietic tissues express XPR1 (Battini et al., 1999; Tailor
et al., 1999), pseudotyping of lentiviral vectors with Env of
XMRYV or MLV-X is an attractive strategy for XPR1-targeted
gene delivery. However, previous studies using xenotropic
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MLV Env-pseudotyped retroviral vectors showed relatively
low viral titers (Forestell ef al., 1997).

In this paper, we pseudotyped HIV- and MLV-based
vectors with XMRV Env, and characterized their biological
properties. Although HIV and MLV vectors were poorly
pseudotyped with the wild-type XMRV Env, replacement of
the C-terminal 11 amino acid residues of XMRV Env with
the corresponding 6 amino acid residues of amphotropic
MLV Env increased the XMRV Env-pseudotyped HIV and
MLV vector titers approximately 10-fold. HIV vector pseu-
dotyped with the modified XMRV Env (XMRV/R*™P)
could transduce a broad range of human cells, but ineffi-
ciently infected XMRV-producing cells. When human he-
matopoietic stem cells were transduced with the HIV vectors
pseudotyped with XMRV /R*™P" at a multiplicity of infec-
tion (MOI) of 0.5 on 293T cells, 10 to 20% of the cells were
transduced with XMRV/R*™P", Our data demonstrate
successful XPR1-targeted gene delivery by an HIV vector
pseudotyped with a modified XMRV Env, thus offering an
important alternative option for pseudotyping of HIV vec-
tors. Further optimization or modification is likely to further
increase pseudotyping efficiency.

Materials and Methods
Cells

293T and HeLa cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), penicillin, and streptomyecin. Jur-
kat, LNCaP, and 22Rv1 cells were maintained in RPMI
containing 10% FBS, penicillin, and streptomycin. All the
cells were placed in a 37°C incubator with 5% COs.

Titration of retroviral and lentiviral vectors

HIV- and MLV-based vectors were generated as reported
previously (Strang et al., 2004, 2005). Briefly, a packaging
plasmid (0.25 ug), a green fluorescent protein (GFP) vector
plasmid (0.5ug), and an Env-encoding plasmid (0.25 ug)
were cotransfected into 293T cells, using FuGENE-6 (Roche,
Indianapolis, IN). Three days after transfection, supernatants
were filtered through 0.45-um (pore size) filters (Millipore,
Bedford, MA) and 293T cells (5x10% were infected in
the presence of Polybrene (8ug/ml). Supernatants from
293T cells (100, 20, and 2 ul) were used for the infection. At 3
days posttransduction cells were fixed with paraformalde-
hyde, GFP-positive cell populations were determined by
flow cytometry (FACScan; BD Biosciences, San Jose, CA),
and viral titers were calculated as infective units per milliliter
(IU/ml), using the following equation: amount of cells per
wellxpercent GFP-positive cells from flow cytometry anal-
ysisx1/100x1000/amount of supernatant from 293T cells.
GFP-carrying XMRV was generated by transfecting 293T
cells with VP62/pcDNA3.1(-) (Dong et al., 2007) and a GFP-
carrying retroviral vector genome construct as reported
previously (Sakuma et al., 2010).

XMRYV wild-type and XMRV chimera construction

XMRYV Env was amplified by PCR using primers 5'-CAG
TGTGGTGGAATTCGCCACCATGGAAAGTCCAGCGTTC
TCAAAAC-3' and 5-GATGACCGGTACGCGTTTATTCA
CGTGATTCCACTTCTTCTGG-3'. Underlined sequences in-
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dicate EcoRV and Mlul sites. The resulting PCR fragment
was cloned with an In-Fusion Advantage PCR cloning kit
(Clontech, Palo Alto, CA), and the sequenced PCR-amplified
XMRYV was identical to the wild type. In order to construct the
XMRV-MLV-A Env chimera (Fig. 1B), PCR was performed
using XMRV Env as a template, and primers 5-CGT
CTCGAGGCCACCATGGAAAGTCCAGCGTTCTC-3" (Xhol
restriction site is underlined) and 5-ACGTACGCGTTCAT
GGCTCGTACTCTATGGGTTTGAGTTGGTGATACTGTTGG
GTCAG-3" (Mlul restriction site is underlined). The insert
was cloned into pUB6 (Invitrogen, Carlsbad, CA). The se-
quence was analyzed to confirm that there were no unex-
pected mutations.
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FIG.1. Transduction efficiency of XMRV Env-pseudotyped
vectors. (A) XMRV Env-pseudotyped HIV and MLV vectors
were compared with vectors pseudotyped with other viral
glycoproteins. Shown are average values, with error bars,
based on two experiments. (B) Schematic diagram of the C-
terminal cytoplasmic tail is shown with amino acid sequence
alignment of MLV-A, XMRV /MLV-A chimeric Env (XMRV/
R*™P%) ‘and XMRYV. The R-peptide region (six amino acids)
of XMRV /R*P" was changed to that of MLV-A. (C) In-
fectious titers of wild-type XMRV Env- and XMRV /R*™Pr°_
pseudotyped vectors were determined in 293T cells in the
presence of Polybrene (8 ug/ml).
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Immunoblotting analysis of XMRV Env incorporation
into vector particles

XMRV wild-type Env or XMRV/R*™P" Env expression
plasmids were cotransfected with retro- or lentiviral ex-
pression plasmids in 293T cells (2x10°) using FuGENE-6
(Roche). Culture supernatants were harvested and filtered
through 0.45-um (pore size) filters. Vector particles were
purified by centrifugation through a 20% sucrose cushion at
13,000rpm at 4°C for 1hr (5417R; Eppendorf, Hamburg,
Germany). Pellets were resuspended in PBS and centrifuged
at 13,000rpm at 4°C for 1hr. Purified vector pellets were
resuspended in sample buffer and subjected to Western
blotting analysis. Producer cells were lysed in radio-
immunoprecipitation assay (RIPA) buffer and subjected to
Western blotting analysis. XMRV Env protein and MLV Gag
proteins were detected with goat polyclonal anti-MLV gp70/
p30 antibody (diluted 1:3000). HIV-1 Gag proteins were de-
tected with a mixture of mouse anti-p24 antibody 183-H12-
5C (diluted 1:1000) and mouse anti-Ag3.0 (diluted 1:500)
(AIDS Research and Reference Reagent Program, National
Institutes of Health, Bethesda, MD). To quantify the bands
obtained from Western blots, Image]J software-based analysis
(http://rsb.info.nih.gov/ij/) was applied. Areas under the
curve of the specific signals (pixel density) were compared.

Characterization of XMRV/R#™°_pseudotyped
vectors

Vector samples were placed at —80°C and 37°C three times
to determine heat stability. To determine half-life time of
vector pseudotypes, vector samples were incubated at 37°C
for 6 hr. After 15, 30, 60, 120, 180, and 360 min of incubation,
293T cells (5x10%) were infected with vectors in the presence
of Polybrene (8 ug/ml). Seventy-two hours posttransduction,
GFP-positive cells were counted by flow cytometry. All the
experiments were repeated twice and average titers obtained
from the experiments were used for data analysis.

Self-inhibitory effects of vectors with different retroviral
Env glycoproteins

Inhibitory effects of viral vectors were examined after
vectors were concentrated by ultracentrifugation (Beckman
Coulter, Fullerton, CA) at 15,000 rpm for 4hr at 4°C. 293 T
cells (1x10% were plated on 96-well plates 1 day before in-
fection. Two-fold serial dilutions of vector sets were incu-
bated at 37°C for 72hr, and then cells were fixed with
paraformaldehyde and analyzed by flow cytometry.

Transduction efficiency in human CD34" cells

Human CD34" cells were isolated from granulocyte col-
ony-stimulating factor (G-CSF)-mobilized peripheral blood
of two healthy donors (institutional regulatory board-
approved NIH protocol 94-1-0073). The cells were pre-
stimulated in X-VIVO 10 (supplemented with 1% human
serum albumin, stem cell factor [SCF, 50 ng/ml], thrombo-
poietin [TPO, 50ng/ml], FLT3 ligand [FLT3-L, 50ng/ml],
and interleukin-3 [IL-3, 5ng/ml]) for 24 hr before exposure to
vector by spinoculation for 30 min at 32°C, in the presence of
protamine sulfate (6 ug/ml) on RetroNectin-coated plates.
Cells were infected with a multiplicity of infection (MOI) of
0.5 of each concentrated vector pseudotyped with VSV-G,
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MLV-A, or XMRV/R¥Ph® that is, 2x107, 3.5x10° or
1.7x10°TU/ml, respectively.

Results
HIV vectors pseudotyped with XMRV Env

To determine the pseudotyping efficiency of XMRV Env
with HIV and MLV particles, a plasmid expressing wild-type
XMRV Env was cotransfected with an HIV-packaging plas-
mid and a GFP-expressing transfer vector plasmid, or with an
MLV-packaging plasmid and a GFP-expressing vector plas-
mid, in 293T cells. For direct comparison, we also generated
HIV and MLV vectors pseudotyped with VSV-G, MLV-A
Env, wild-type RD114 Env, RD114pro (RD114 Env with an
HIV protease cleavage site), RD114/TR, and GALV/TR by
transient transfection in 293T cells as described previously
(Ikeda et al., 2003; Strang et al., 2004). Infectious vector titers
were determined by infecting 293T cells with serially diluted
vector supernatants. As shown in Fig. 1A, HIV-based vector
pseudotyped with XMRV Env showed the lowest titer
(4x10°TU/ml) compared with HIV vector pseudotyped with
other Envs (i.e., VSV-G, MLV-A, RD114, RD114pro, RD114/
TR, GALV/TR). Although the XMRV Env-pseudotyped MLV
vector titer (3x10*IU/ml) was higher than the XMRV Env-
pseudotyped HIV vector titer, it was still lower than those of
the other retroviral Env-pseudotyped MLV vectors. As we
and others have reported previously (Sandrin et al., 2002;
Strang et al., 2004), modifications in the RD114 cytoplasmic tail
region markedly increased pseudotyped HIV vector titers.

To rule out the possibility that the poor titers of XMRV Env
pseudotype were due to low XPR1 receptor expression in 293T
target cells, we examined the susceptibility of 293T cells to

A Control MLV
XMRV WT v ARDE.
XMRV/Ramsho . 4 - 4
122kDa-
2| 86kDa- | Env 400007
s ==\ Gag 35000
S| s0kDa- - 2 30000
§ 31kDa- s capsid § 25000
o i
@\ 17kDa- 3 20000
£ 15000+
=
50004
122kDa- |8 7
86kDa- 2 {Env h
3 r. ‘ Gag E ‘E E §
® 1 40kDa-| - X & x
R ) S S
= | 31kDa- #-— Capsid £ £
[
O] 17kDa- x 5
-
[ ————— ; Intracellular VLPs
42kDa-|"=ewewtaw heta-actin

SAKUMA ET AL.

wild-type XMRV. To monitor XMRYV infectivity, we generated
a GFP-expressing XMRV (XMRV-GFP) by cross-packaging the
same GFP-encoding MLV vector genome with full-length
XMRYV clone VP62. The infectivity of XMRV-GFP in 293T cells
reached as high as 6x10°TU/ml, suggesting that 293T cells
express sufficient XPR1 receptor for viral entry. We therefore
concluded that the poor titers with XMRV Env-pseudotyped
HIV and MLV vectors were due to inefficient pseudotyping.
To improve the pseudotyping efficiency with XMRV Env,
we employed the C-terminal tail replacement strategy, which
was successfully used to increase pseudotyping efficiency of
RD114 and GALV Env glycoproteins with HIV vectors (Stitz
et al., 2000; Christodoulopoulos and Cannon, 2001; Sandrin
et al., 2002). We constructed a plasmid encoding a modified
XMRV Env with chimeric transmembrane (TM) protein
originated from XMRV and MLV-A (Fig. 1B). The six-amino
acid (R-peptide) modification of the C-terminal tail in wild-
type XMRYV Env, designated as XMRV/ R*™PM° increased the
HIV vector titer approximately 10-fold (3x10*IU/ml),
whereas XMRV /R*™P"°_pseudotyped MLV vector showed a
25-fold higher titer (5x 10°IU/ml) than wild-type XMRV Env
pseudotypes (2x10*TU/ml) (Fig. 1C). Because of the im-
proved pseudotyping efficiency, we used HIV and MLV
vectors with XMRV /R*™Pr° for further characterization.

XMRYV Env incorporation into vector particles

Increased pseudotyping efficiency can be due to increased
XMRYV Env expression in producer cells and/or improved
XMRYV Env incorporation into vector particles. To better
understand the titer improvement with XMRV/R¥™Ph°
pseudotypes, Western blotting was performed (Fig. 2). We
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FIG. 2. Incorporation of XMRV wild-type (WT) or XMRV /R* P Env protein into MLV and HIV vectors. Plasmid expressing
XMRV WT or XMRV /R*™P"® Env glycoprotein was transfected into 293T cells in the presence or absence of MLV components
(A) for 3 days. Western blot analysis with goat polyclonal anti-MLV gp70/30 antibody is shown (left) and the signal density of
XMRYV Env (right) was analyzed with Image] software as described in Materials and Methods and demonstrated as the average
of two independent studies experiments. For the HIV pseudotypes (B), plasmid expressing XMRV WT or XMRV /R*™P"® Eny
glycoprotein was transfected into 293T cells in the presence or absence of HIV components for 3 days. Cell lysates were then
extracted after 3 days of transduction. Western blot analysis with goat polyclonal anti-MLV gp70/30 antibody (leff) and a
mixture of mouse anti-p24 antibody 183-H12-5C and mouse anti-Ag3.0 antibody (right) is shown.
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also measured the density of the XMRV Env signals (Fig.
2A). A 2-fold increase in the levels of XMRV Env was ob-
served in cells expressing XMRV /R*™P" Env. The levels of
MLYV vector particle-associated XMRV Env were remarkably
higher in XMRV/R*™P"-pseudotyped MLV particles (Fig.
2A), indicating that the C-terminal tail modification slightly
increased XMRYV Env stability and strongly improved XMRV
Env incorporation into the MLV vector. In contrast, when
HIV vector components were cotransfected with XMRV Env-
expressing plasmid, the levels of XMRV Env in producer
cells or on HIV vector particles were severely reduced (Fig.
2B). There was no difference between the wild-type and
modified XMRV Env, suggesting the inhibition or destabili-
zation of XMRV Env glycoproteins by HIV vector compo-
nents. Although the XMRV/R*™P"-pseudotyped vector
showed an infectious titer of 3x10*TU/ml, we failed to detect
XMRYV Env incorporated into the HIV particles. These results
indicate that the relatively low titers of XMRV Env-pseudo-
typed HIV vectors were due to poor incorporation of XMRV
Env.

Stability of XMRV Env-pseudotyped vectors

Storage conditions change vector transduction efficiencies
(Strang et al., 2004). To characterize vectors pseudotyped
with XMRV /R*™P"  vector stability at 37°C and after re-
peated freeze-thaw cycles was examined (Fig. 3). Data from
MLV and HIV vectors pseudotyped with VSV-G or MLV-A
Env were also included to compare stability. As shown in
Fig. 3A, the stability of XMRV/R*P"°-pseudotyped MLV
vector at 37°C was similar to that of VSV-G- and MLV-A
Env-pseudotyped MLV vectors. The half-life of XMRV/
R*™P°_pseudotyped MLV vector was estimated as approx-
imately 3hr (Fig. 3A). The stability of MLV-based vectors
may be more dependent on the viral particle itself than on
the Env glycoproteins used for pseudotyping. In contrast, the
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various Env glycoproteins on HIV-based vectors strongly
affected vector stability (Fig. 3B). Our results showed that
the half-life of VSV-G- and MLV-A-pseudotyped vectors
was 6hr, whereas XMRV /R*™P"°_pseudotyped HIV vector
showed a short half-life, less than 15 min (Fig. 3B), indicating
the unstable nature of XMRV/R*™P"® Env on HIV vector at
37°C.

Vector stabilities before and after freezing are important
parameters to be examined. To test the stability of vector
pseudotypes, we repeated freezing at —80°C and thawing at
37°C three times and the infectivity of each vector in 293T
cells was determined (Fig. 3C and D). Transduction effi-
ciency of MLV-based vector pseudotyped with VSV-G (52%),
MLV-A (82%), and XMRV /R¥™P" (629%) was more resistant
compared with HIV-based vector pseudotyped with VSV-G
(15%), MLV-A (25%), and XMRV /R*™P (33%). The results
also showed that HIV vector pseudotyped with XMRV/
R?™P"® had higher transduction efficiency than that with ei-
ther VSV-G, or MLV-A Env. Thus, XMRV/R™P" pseudo-
types are comparable to or better than the other two
pseudotypes tested in this study, although vector difference
(MLV vs. HIV) strongly affects its stability; MLV vector is
more resistant compared with HIV vector pseudotypes.

No evidence of inhibitory effects by XMRV
Env pseudotypes

Previously, we have shown that MLV-A pseudotypes
contain large amounts of free MLV-A Env (Strang ef al.,
2004). Excess soluble Env results in inhibition of vector
transduction by competing with vector particles for their
cellular receptor (Arai et al., 1998; Slingsby et al., 2000; Strang
et al., 2004). Because of the free MLV-A Env in vector prep-
arations, MLV-A pseudotypes do not show typical dose-
dependent infection kinetics and the transduction efficiency
of MLV-A pseudotypes can be decreased at high doses
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FIG. 4. Inhibitory effects of XMRV Env-pseudotyped HIV
vectors. Concentrated vector stocks were serially diluted 2-
fold and titrated on 293T cells in the presence of Polybrene
(8 ug/ml). In this experiment the initial MOI used was 100.

(Strang et al., 2004). In contrast, VSV-G uses a ubiquitous
cellular factor as its receptor, facilitating efficient transduc-
tion by VSV-G pseudotypes without self-inhibitory effects.
VSV-G pseudotypes readily achieve 100% infection at high
doses (Strang et al., 2004). To assess whether XMRV/ R¥mpho
pseudotypes show such inhibitory effects, we examined their
dose-dependent transduction kinetics. 293T cells were in-
fected with 2-fold serially diluted concentrated MLV-A,
VSV-G, and XMRV/R*™P"° vectors (Fig. 4). As reported
previously (Slingsby et al., 2000; Strang et al., 2004), MLV-A-
pseudotyped vector failed to achieve 100% transduction at
high doses. The highest percentage of transduction was
about 44%, whereas the highest concentration of both VSV-
G- and RD114/TR-pseudotyped vectors achieved 99%
transduction efficiency (Fig. 4). Similarly, XMRV/R*™Phe
Env-pseudotyped vector showed linear dose-dependent
transduction kinetics at low doses, and achieved 97% trans-
duction of 293T cells at the highest concentration, indicating
no evidence of inhibitory effects of XMRV/R*™P"° Env
pseudotypes.

Transduction efficiency of XMRV Env pseudotypes
in different human cells

Next, we examined the infectivity of XMRV/R*™P"e-
pseudotyped MLV and HIV vectors on four cell lines, in-
cluding HeLa, Jurkat, LNCaP, and 22Rv1 cells. 22Rv1 cells,
which constitutively produce XMRV (Knouf et al., 2009),
were used as an XPR1-blind control. We also included VSV-
G and MLV-A pseudotypes. Viral titers from MLV-based
vectors pseudotyped with VSV-G were more than 10°TU /ml,
except for Jurkat cells, which had 10-fold lower titers
(10°IU/ml) than other cells (Fig. 5A). HIV-based vectors
pseudotyped with VSV-G showed high titers, ranging be-
tween 2x10° and 2x10” IU/ml (Fig. 5A). Similarly, viral ti-
ters for MLV- and HIV-based vectors with MLV-A Env were
more than 10°IU/ml for most of the cells (Fig. 5B). Although
XMRYV was originally isolated from prostate tissues, the titers
of XMRV/R*™P"°_pseudotyped MLV and HIV vectors in
prostate cancer-derived LNCaP cells (2x10° and 8x10*IU/
ml for MLV- and HIV-based vectors, respectively) were
similar to those in 293T or HeLa cells (Fig. 5C). Another
prostate cancer line, 22Rv1, which stably produces XMRYV,
showed strong resistance to XMRV/R*™P"°-pseudotyped
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FIG. 5. Transduction efficiency of XMRV Env-pseudotyped
HIV and MLV vectors in various types of cells. Titers of MLV
or HIV vector pseudotyped with VSV-G (A), MLV-A (B), or
XMRV/R*™Ph® (C) were determined in HeLa, Jurkat,
LNCaP, and 22Rv1 cells in the presence of Polybrene (8 ug/
ml). All experiments were repeated twice and average values
from flow cytometric analyses were used for data analysis.

vectors (Fig. 5C). Similarly, XMRV-infected LNCaP cells
were resistant to XMRV /R*™P"_pseudotyped vectors, sug-
gesting XPR1 receptor interference by the endogenously
produced XMRV.

Transduction efficiency of XMRV/R®™P"° pseudotypes
in human CD34" cells

Retroviral and lentiviral vectors have been used for gene
therapy of hematopoietic diseases, as the vectors allow sus-
tained transgene expression in hematopoietic cells and hema-
topoietic cell progenies through integration into the host
genome (Bank, 2003; Hacein-Bey-Abina et al., 2008; Cartier et al.,
2009). Because high levels of XPR1 are expressed in human
hematopoietic cells (Tailor et al., 1999), we next examined the
transduction efficiency of the XMRV/R™¥" vector in human
CD34" cells. CD34* cells from two donors (donors A and B)
were expanded and infected with HIV vectors pseudotyped
with VSV-G, MLV-A, or XMRV/R*™P"° Eny in the presence of
RetroNectin. Cells were transduced with equivalent titers of
vectors (MOI, 0.5). XMRV/R*™P"-pseudotyped HIV vector
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FIG. 6. Transduction of human CD34" cells with XMRV
Env-pseudotyped HIV vector. Human CD34™" cells isolated
from two donors (donors A and B) were transduced with
HIV vectors pseudotyped with various Env glycoproteins
(VSV-G, MLV-A, or XMRV /R*™P'°) at an MOI of 0.5. GFP-
positive cells were analyzed by flow cytometry.

transduced approximately 20% of human CD34" cells at an
MOI of 0.5, which was comparable to the transduction effi-
ciency with VSV-G-pseudotyped vector (25%) (Fig. 6). At an
MOI of 0.5, the highest transduction of human CD34™ cells
was achieved with vector pseudotyped with MLV-A Env
(Fig. 6). Although further modification is required to increase
pseudotyped vector titers, these results indicate the feasi-
bility of XMRV Env-pseudotyped lentiviral vectors in he-
matopoietic cell transduction.

Discussion

In this study, we generated HIV and MLV vectors pseu-
dotyped with XMRV Env, and characterized their biological
properties. Similar to GALV or RD114 Env-pseudotyped
HIV vectors, the pseudotyping efficiency with XMRV Env
was improved by replacement of the C-terminal 11 amino
acid residues of XMRV Env with the corresponding 6 amino
acid residues of MLV-A Env. Unlike MLV-A Env pseudo-
types, the XMRV /R*™P"°_pseudotyped HIV vector showed
no self-inhibitory effect. Given XPR1 expression in many
clinically relevant cell types including human hematopoietic
stem cells, the modified XMRV Env will provide a useful
alternative to pseudotype HIV- or MLV-based vectors.

Wild-type GALV and RD114 Envs can efficiently pseu-
dotype MLV but not HIV vectors. The modifications in the
C-terminal tails of GALV and RD114 Envs result in im-
proved pseudotyping with HIV vectors (Stitz et al., 2000;
Christodoulopoulos and Cannon, 2001; Sandrin et al., 2002;
Ikeda et al., 2003; Strang et al., 2004). The specificity deter-
minant in the C-terminal region of GALV Env, which has
been identified, prevents GALV Env incorporation into HIV
particles (Christodoulopoulos and Cannon, 2001). XMRYV is
closely related to xenotropic MLV. Unexpectedly, the titer
of wild-type XMRV Env-pseudotyped MLV vector was
relatively low, which was improved by C-terminal modifi-
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cation of the XMRV Env glycoprotein. The poor titers of
XMRYV Env-pseudotyped vector are unlikely due to insuf-
ficient cleavage of the XMRV R peptide by MLV protease,
as the amino acid sequences adjacent to the cleavage sites
were identical between XMRV and MLV-A Env glycopro-
teins (Fig. 1B). Indeed, we found that the C-terminal mod-
ification markedly increased the levels of XMRV Env in the
virus-like particles (VLPs). These observations suggest
the existence of an incorporation specificity determinant in
the XMRYV R peptide region, which prevents its incorpora-
tion into Moloney MLV particles. Previously, relatively low
vector titers were observed with MLV-X-pseudotyped ret-
roviral vectors (Forestell et al., 1997). This is likely due to
inefficient MLV-X Env incorporation, as the R peptide re-
gions of XMRV and MLV-X NZB-9-1 Env glycoproteins are
highly conserved except for a single amino acid substitution
(D637E). Further studies will be required to elucidate the
mechanism by which MLV-X or closely related XMRV Env
glycoproteins minimize cross-packaging of other MLV
particles.

Another unexpected finding was the suppression of
XMRYV Env expression or degradation of XMRV protein in
the presence of HIV vector components (HIV-1 Gag, Pol,
Rev, and Tat). The precise mechanism remains to be deter-
mined. It is, however, notable that wild-type GALV Env
expression is suppressed in the presence of HIV vector
components (Christodoulopoulos and Cannon, 2001). Given
the suppression of XMRV Env expression, HIV protein(s)
may inhibit heterologous retroviral Env expression as a viral
strategy to avoid unnecessary pseudotyping with other ret-
roviral proteins. However, we do not know whether the in-
hibition is specific to Env glycoproteins versus other
membrane glycoproteins and whether there may be an ad-
vantage to degrading membrane glycoproteins.

Although we demonstrated improved pseudotyping effi-
ciency by modifying the C-terminal end of XMRV Env, the
improved titers of HIV and MLV vectors were 3x10* and
5x10°1U/ml, respectively, which were not comparable to
the titers (6x10°TU/ml) seen with wild-type XMRV in the
same target 293T cells. This suggests that the relatively low
titers seen with XMRV/R*™P"_pseudotyped vectors were
not due to limited XPR1 expression on these cells. It is
therefore plausible that the XMRV Env-pseudotyped vector
titers can be further increased by improvement of the effi-
ciency of vector pseudotyping with XMRV Env. Alternative
strategies may be used to improve pseudotyping efficiency,
including removal of the R peptides (Christodoulopoulos
and Cannon, 2001) and mutations in the R peptide cleavage
sites (Christodoulopoulos and Cannon, 2001; Ikeda et al.,
2003) for XMRV Env.

In summary, our results demonstrate the feasibility of
XMRYV Env-pseudotyped HIV and MLV vectors for XPR1-
targeted gene transfer. Further improvement of pseudotyp-
ing efficiency will enable efficient gene delivery into clini-
cally relevant target cells, such as hematopoietic cells, for
human gene therapy.
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