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Pseudotyping retrovirus and lentivirus vectors with different viral fusion proteins is a useful strategy to alter
the host range of the vectors. Although lentivirus vectors are efficiently pseudotyped by Env proteins from
several different subtypes of murine leukemia virus (MuLV), the related protein from gibbon ape leukemia
virus (GaLV) does not form functional pseudotypes. We have determined that this arises because of an inability
of GaLV Env to be incorporated into lentivirus vector particles. By exploiting the homology between the GaLV
and MuLV Env proteins, we have mapped the determinants of incompatibility in the GaLV Env. Three
modifications that allowed GaLV Env to pseudotype human immunodeficiency virus type 1 particles were
identified: removal of the R peptide (C-terminal half of the cytoplasmic domain), replacement of the whole
cytoplasmic tail with the corresponding MuLV region, and mutation of two residues upstream of the R peptide
cleavage site. In addition, we have previously proposed that removal of the R peptide from MuLV Env proteins
enhances their fusogenicity by transmitting a conformational change to the ectodomain of the protein (Y. Zhao
et al., J. Virol. 72:5392-5398, 1998). Our analysis of chimeric MuLV/GaLV Env proteins provides further
evidence in support of this model and suggests that proper Env function involves both interactions within the
cytoplasmic tail and more long-range interactions between the cytoplasmic tail, the membrane-spanning

region, and the ectodomain of the protein.

Retrovirus vectors derived from murine leukemia virus
(MuLV) are the most commonly used gene transfer vectors in
current human gene therapy applications (reviewed in refer-
ence 5). Like those of their parental retroviruses, the host
ranges of such vectors are influenced in large part by the prop-
erties of the fusion protein contained in the outer lipid enve-
lope of the vector particle. An attractive property of these
vectors is the relative ease with which different fusion proteins
can be incorporated into particles in place of the native enve-
lope (Env) protein, a process referred to as pseudotyping. This
allows the vectors to transduce ranges of cells and tissues dif-
ferent from those that would be possible with just the native Env.

There are many examples of pseudotyping in the literature.
Both MuLV and retrovirus vectors derived from it can be
pseudotyped by the Env proteins from other type C mamma-
lian retroviruses. These include proteins from the different
subtypes of MuLV, such as amphotropic (7, 34, 46), polytropic
(15, 29), and xenotropic (3, 46) subtypes and 10A1 (35), as well
as the Env proteins from gibbon ape leukemia virus (GaLV)
(36, 46, 63) and feline leukemia virus type B (59). In addition,
Env proteins from more-distantly related retroviruses can also
pseudotype MuLV particles, such as feline endogenous virus
RD114 (46, 59), Jaagsiekte sheep retrovirus (48), human T-
cell-lymphotropic virus type 1 (HTLV-1) (63), and simian im-
munodeficiency virus (21). Finally, MuLV-based vectors can
also be pseudotyped by nonretrovirus fusion proteins, includ-
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ing the glycoproteins from vesicular stomatitis virus (VSV)
(4, 11), rabies virus (38), lymphocytic choriomeningitis virus
(LCMYV) (32), and Ebola virus (64).

Despite the potentially wide host range conferred by the use
of heterologous fusion proteins, retrovirus vectors still suffer
from certain limitations. In particular, MuLV-based vectors
are unable to transduce nondividing cells (37). In contrast,
lentivirus vectors derived from human immunodeficiency virus
type 1 (HIV-1) are able to transduce a variety of nondividing
cells, including hematopoietic cells (39) and neurons (41, 42).
HIV-1 and lentivirus vectors can also be pseudotyped by dif-
ferent viral fusion proteins, including the VSV protein G
(VSV-G) (42), different MuLV subtypes (25, 30), HTLV-1
(25), and the rabies virus and Mokola virus G proteins (40).

Most current retrovirus and lentivirus vector protocols use
fusion proteins with a broad host range, such as those from the
humantropic MuLV subtypes (amphotropic, xenotropic, and
polytropic subtypes and 10A1), the GaLV Env protein, and
VSV-G. Although VSV-G has an extremely wide host range
(4), its inherent cytotoxicity has made the establishment of
stable producer cell lines difficult unless inducible systems are
used (2, 65). In contrast, both the MuLV and GaLV Env
proteins are able to form stable producer cell lines (7, 8, 29, 34,
36, 46), making them potentially more useful for the large-
scale production of pseudotyped vectors.

Although the GaLV and amphotropic MuLV receptor pro-
teins are widely expressed on human cells (reviewed in refer-
ences 20 and 33), several side-by-side comparisons have dem-
onstrated that GaLV Env is better at transducing certain
human cell types than the amphotropic Env (6, 24, 57, 62). The
GaLV and MuL Vs are closely related type C mammalian retro-
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TABLE 1. Titers of pseudotyped retrovirus and lentivirus vectors”
Titer (CFU/ml) for:
Vs]ggr Retrovirus Env protein®: Nonretrovirus protein‘:
Ampho 10A1 Poly Xeno GaLV VSV-G HA LCMV-GP
Retrovirus 5% 10° 3% 10° 5%10° 6 X 10° 1x10° 2 %107 7% 10* 3% 10°
Lentivirus 4 x10° 4 x10° 4 x 10* 4 x10° <50 3 x 10° 8 x 10* 1x10*

“ Viral fusion proteins were coexpressed with retrovirus or lentivirus vector components and were titered on 293T cells. Titers are averages of at least three

independent experiments.

> MuLV Env proteins were derived from the amphotropic 4070A virus (ampho), 10A1, the polytropic mink cell focus-forming virus MCF247 (poly), and the

xenotropic virus NZB (xeno); the GaLV Env protein was from the SEATO strain.

€ VSV-G is from the Indiana strain of VSV, HA is from the A/Rodstock/2/34 strain of avian pathogenic influenza virus, and LCMV-GP is from the Armstrong 53b

strain.

viruses, and their entry pathways have common features (26).
Their Env proteins contain two subunits, SU and TM, which
are cleaved from a common precursor protein during transport
to the cell surface. An additional feature of these Env proteins
is that the C-terminal region of the cytoplasmic tail, the R
peptide, is cleaved by the viral protease at, or shortly after, viral
budding. R peptide cleavage is necessary to confer full activity
to the Env protein (47, 50), although not all of the Env proteins
in a virion are cleaved (13, 22). The processing of the cytoplas-
mic tail of Env is not unique to the mammalian type C retro-
viruses and has also been reported for more-distantly related
retroviruses such as the Mason-Pfizer monkey virus (55) and
equine infectious anemia virus (52).

Although the combined properties of the GaLV Env and
HIV-1 cores would make lentivirus vectors pseudotyped with
GaLV Env potentially useful for human gene therapy applica-
tions, our initial attempts to produce such vectors were unsuc-
cessful. In agreement with a recent report (58), we have de-
termined that the incompatibility between the GaL.V Env and
lentivirus vectors lies in the cytoplasmic tail of the Env protein.
We here describe a detailed analysis of the mechanism of this
incompatibility and describe three different strategies that al-
low functional pseudotypes to form. In addition, we discuss the
implications that our findings have for Env protein function
and Env-particle interactions in the retroviruses.

MATERIALS AND METHODS

Cell lines. 293T and HeLa cells were obtained from the American Type
Culture Collection and were maintained in Dulbecco’s modified Eagle’s medium
plus 10 mM glutamine (Norris Cancer Center cell culture core facility, University
of Southern California) and 10% fetal bovine serum (Hyclone, Logan, Utah).

Production of retrovirus and lentivirus vectors. Retrovirus vectors were pro-
duced by transient transfection of 293T cells, essentially as described previously
(15, 56). Ten micrograms each of plasmids pCgp and pCnBg, together with 1 to
10 pg of an appropriate fusion protein expression plasmid, was cotransfected
into 60 to 70% confluent 293T cells in 10-cm-diameter plates by calcium phos-
phate precipitation. Plasmid pCgp is a packaging construct expressing MuLV
Gag-Pol (15), and pCnBg has a retrovirus vector genome carrying a nuclear
B-galactosidase marker gene (14). Lentivirus vectors were generated in the same
way using 10 pg each of HIV-1 packaging construct pPCMVARS.2 (68) and a
plasmid with the lentivirus vector genome, pHR’-CMVLacZ (42), together with
1 to 10 pg of a fusion protein expression plasmid. For experiments where both
retrovirus and lentivirus vectors were produced from the same cell, we cotrans-
fected 7 pg each of plasmids pCgp and pPCMVARS.2, 5 ng each of pHanPuro and
pHR'-CMVLacZ, and 7 ug of the expression plasmids for either amphotropic
MuLV or GaLV Env proteins. pHanPuro has a retrovirus vector genome con-
taining an internal simian virus 40 promoter driving expression of a puromycin
resistance gene. For the control experiments where only pCgp or pPCMVARS.2
was used, the total amount of DNA per transfection was normalized to 31 pg
using plasmid pBluescript (Stratagene, La Jolla, Calif.).

Env and fusion protein expression vectors. All fusion proteins were expressed
from plasmids containing the human cytomegalovirus immediate-early promoter
and the origin of replication from simian virus 40. The fusion proteins used were
obtained from the amphotropic 4070A MuLV (14, 16), the polytropic mink cell
focus-forming virus (15, 17), the xenotropic NZB MuLV (27), 10A1 MuLV (14,
49), the SEATO strain of GaLV (9), the Indiana strain of VSV (53), influenza A
virus/fowl plague virus/Rostock/34 (61), and the Armstrong 53b strain of LCMV
(10). Chimeric and truncated MuLV/GaLV Env proteins were generated by
splice-overlap PCR (18), and the final constructs were fully sequenced.

Determination of vector titer. Retrovirus and lentivirus vector titers were
measured by transduction of 293T or HeLa cells. Serial dilutions of the vector
supernatants were prepared, and 1 ml of each dilution was added to a well of a
six-well plate seeded with 10° cells the previous day in the presence of 8 pg of
Polybrene (Sigma, St. Louis, Mo.)/ml. For vectors carrying B-galactosidase mark-
ers, the titer was determined by X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galacto-
pyranoside) staining at 48 h posttransduction. Cells were fixed in 0.5% glutaral-
dehyde for 10 min, washed with phosphate-buffered saline for 10 min, and then
incubated with staining solution (4 mM potassium ferricyanide, 4 mM potassium
ferrocyanide, 2 mM MgCl,, 80 pg of X-Gal [Sigma]/ml) at 37°C overnight. Titer
was determined by counting the blue colonies in each well under a light micro-
scope and multiplying this number by the appropriate dilution factor. For experi-
ments using vector pHanPuro, titer was determined as the number of puromycin-
resistant colonies that grew out after 7 days of treatment with 2.5 pg of puromycin
(Sigma)/ml. Titer was expressed as CFU per milliliter of viral supernatant.

Western analysis of retrovirus and lentivirus vector particles. Vector particles
were harvested from the supernatants of transiently transfected 293T cells and
partially purified by centrifugation through 2 ml of 20% sucrose at 25,000 rpm at
4°C for 2 h using an SW41 rotor. The transmembrane (TM) subunit of the Env
proteins was detected using rat monoclonal antibody 42/114 against AKR MuLV
TM (45) at a 1:2,000 dilution, the capsid (CA) protein from the retrovirus vectors
was detected using a goat anti-Rauscher MuLV p30 antiserum (Quality Biotech;
lot 78S221) at a 1:5,000 dilution, and the lentivirus CA protein was detected
using mouse anti-p24 monoclonal antibody 183-H12-5C (National Institutes of
Health AIDS Research and Reference Reagent Program) at a 1:1,000 dilution.
The secondary antibodies used were horseradish peroxidase (HRP)-conjugated
rabbit anti-goat immunoglobulin G (IgG) (1:20,000), HRP-conjugated goat anti-
rat IgG (1:10,000), and HRP-conjugated goat anti-mouse IgG (1:10,000) (Pierce,
Rockford, Ill.). Specific proteins were visualized using the enhanced chemilumi-
nescence detection system (Amersham International plc., Arlington Heights, TIL.).

To analyze the form of the Env proteins present in cell lysates, 293T cells were
incubated in 200 pl of lysis buffer (20 mM Tris-HCI [pH 7.5], 1% Triton X-100,
0.05% sodium dodecyl sulfate [SDS], 5 mg of sodium deoxycholate/ml, 150 mM
NaCl, 1 mM phenylethanolamine fluoride) for 10 min at 4°C, followed by cen-
trifugation at 14,000 X g for 10 min to pellet nuclei. Fifteen microliters of the
resulting supernatants was analyzed by SDS-polyacrylamide gel electrophoresis
and Western blotting, as described above.

RESULTS

Ability of viral fusion proteins to pseudotype retrovirus or
lentivirus vectors. We examined the efficiencies with which a
panel of different fusion proteins could pseudotype either ret-
rovirus (MuLV) or lentivirus (HIV-1) vectors. We included the
Env proteins from the different MuLV subtypes that have
tropism for human cells (amphotropic, polytropic, and xeno-
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FIG. 1. Incorporation of GaLV and MuLV Env proteins into ret-
rovirus and lentivirus vectors. 293T cells were transiently transfected
with either retrovirus (R) or lentivirus (L) vector components and the
Env proteins indicated. Vector particles were partially purified from
the supernatant by centrifugation through 20% sucrose, and both vec-
tor particles and cell lysates were subjected to Western analysis using
antibodies raised against the MuLV TM protein that also recognize
the GaLV TM. TM-R is the form of TM with the R peptide cleaved.
The CA proteins from the vectors were used as loading controls and
were detected using anti-p30 (MuLV) or anti-p24 (HIV-1) antibodies,
respectively.

tropic subtypes and 10A1), as well as the related Env protein
from GaLV. The heterologous viral fusion proteins that we
used were a hemagglutinin (HA) protein from an avian patho-
genic strain of influenza virus, VSV-G, and the glycoprotein
(GP) from the Armstrong 53b strain of LCMV.

Retrovirus and lentivirus vectors were generated using a
three-plasmid transient transfection system (56) in which the
Gag-Pol and transfer vector components were kept constant
but the fusion protein was varied accordingly. The vectors so
generated were initially titered on human 293T cells to screen
for the formation of functional pseudotypes (Table 1) and
subsequently titered on a range of predictive cell lines to con-
firm the expected tropism of the vectors (data not shown).
Although most of the vectors tested gave titers that were in the
range of 10* to 10° CFU/ml, strikingly, the combination of the
GaLV Env and lentivirus vector components did not result in
any titer.

GaLV Env does not pseudotype lentivirus vectors. We
wished to determine the basis for this lack of titer. As a first
step, we examined the efficiency with which the GaL'V and
amphotropic MuLV Env proteins could be incorporated into
retrovirus and lentivirus vector particles. Vector particles were
harvested from the supernatants of transfected cells and ana-
lyzed by Western blotting, as were the producer cell lysates.
For Env detection, we used an antibody raised against the
MuLV TM protein that also cross-reacts with the correspond-
ing GaLV protein.

Both the MuLV and GaLV TM proteins were readily de-
tected in the pelleted retrovirus vector supernatants, indicating
good Env incorporation (Fig. 1). We did, however, observe a
difference in the ratios of the immature (TM) and processed
(TM-R) forms of the two proteins, with the MuLV Env being
more efficiently processed to the TM-R form. In contrast,
examination of the lentivirus vector supernatants revealed that
only the MuLV Env protein was present in these vector par-
ticles. The GaLV TM was not detected, even when the blot was
overexposed (data not shown). Western analysis of cell lysates
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confirmed that the GaLV TM protein was expressed in cells
transfected with the lentivirus components, although it was
present at a lower level than that in cells expressing the retro-
virus vectors (Fig. 1, compare lanes 6 and 8). From these
results, it is therefore not apparent whether the lack of pseu-
dotyping of lentivirus vectors by the GaLV Env arises because
of a significant block to the incorporation of GaLV Env into
HIV-1 particles or whether the effect is secondary to an inhi-
bition of the steady-state levels of GaLV Env in cells producing
lentivirus vectors.

Coexpression of retrovirus and lentivirus vectors reveals
that GaLV Env is available for incorporation into vector par-
ticles. In order to distinguish between these two possibilities,
we repeated our analyses using cells cotransfected with both
retrovirus and lentivirus vector components. We used two dif-
ferent marker genes on the retrovirus and lentivirus transfer
vectors (those for puromycin resistance and (-galactosidase,
respectively), to enable us to distinguish between functional
pseudotypes of the two vector types. Western analysis of vector
supernatants and cell lysates confirmed that the presence of
lentivirus vector components always inhibited the steady-state
levels of GaLV Env in cell lysates, even when retrovirus vectors
were also present (Fig. 2, lanes 15 and 16). However, as pel-
leted supernatants produced from cells transfected with both
retrovirus and lentivirus vectors were found to contain the
GaLV TM (lane 8), we conclude that there is still sufficient
protein present to be incorporated into vector particles.

We next examined whether the GaLV TM present in Fig. 2,
lane 8, was associated with retrovirus or lentivirus vectors. We
performed titer assays on HeLa cells and measured the num-
bers of both puromycin-resistant and B-galactosidase-express-
ing colonies (Table 2). This revealed that the vector superna-
tant produced from the cotransfection of GaLV Env with both
lentivirus and retrovirus vectors was not able to transfer 3-ga-
lactosidase. In contrast, the same supernatant produced puro-
mycin-resistant colonies at a titer similar to that obtained by
the combination of the GaLV Env with retrovirus vectors
alone. Taken together, these results suggest that the pelleted
GaLV Env was exclusively associated with retrovirus vectors
and that the inability of GaLV Env to pseudotype lentivirus
vectors is not primarily due to a destabilization of the protein
but arises because of some specific incompatibility between
HIV-1 particles and GaLV Env.

We also performed B-galactosidase titer assays with the var-
ious vector supernatants on 293T cells (Table 2) but were
unable to determine the corresponding retrovirus vector titers
due to the difficulty in selecting for adherent puromycin-resis-
tant 293T colonies. Surprisingly, we observed a reproducible
1-log-unit increase in the number of B-galactosidase-positive
cells produced by the GaLV/retrovirus/lentivirus combination
on 293T cells compared to the GaLV/lentivirus vectors alone,
from an average of 20 to 200 CFU/ml. Control experiments
ruled out the possibility that this increase was caused by en-
capsidation of the lentivirus vector genome by GaL.V pseudo-
typed retrovirus vectors (data not shown). Although such an
enhancement was not observed when the same supernatants
were titered on HeLa cells, we cannot rule out the possibility
that the presence of the retrovirus vectors in some way in-
creases the ability of GaLV Env to pseudotype lentivirus vec-
tors. At present, the mechanism of such an effect is not known.
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FIG. 2. Coexpression of retrovirus and lentivirus vectors. 293T cells were transfected with the vector components and Env proteins shown, and
both vector supernatants and cell lysates were subjected to Western analysis for the proteins indicated. R, retrovirus vectors alone; L, lentivirus

vectors alone; R/L, retrovirus and lentivirus vectors cotransfected.

Construction of chimeric MuLV/GaLV Env proteins. To
further examine the basis for the incompatibility between the
GaLV Env and lentivirus vectors, we took advantage of the
homology between the GaLV and amphotropic MuLV Env
proteins in order to construct chimeric proteins (Fig. 3). We
concentrated in particular on the cytoplasmic domain, as pre-
vious reports of incompatibility between fusion proteins and
retrovirus particles have implicated this region. For example,
both the HIV-1 (63) and human foamy virus (40) Env proteins
are unable to pseudotype MuLV cores, but modifying their
cytoplasmic tails alleviates the problem (28, 31, 54). In addi-
tion, as we have previously shown that truncating the R peptide
or the whole cytoplasmic tail from the ecotropic MuLV Env
results in proteins that still retain some function (22), we also
constructed truncated versions of the GaLLV Env.

Ability of MuLV/GaLV Env proteins to pseudotype retrovi-
rus and lentivirus vectors. The truncated and chimeric Env
proteins were assessed for their ability to pseudotype both
retrovirus and lentivirus vectors. As before, vector particles
were generated by transient transfection and both vector su-
pernatants and cell lysates were analyzed by Western blotting.
All of the Env proteins were found to be efficiently incorpo-
rated into the retrovirus vector particles, except for construct
GaLVATR (Fig. 4A). Since this protein was only present at
very low levels in cells transfected with either retrovirus or

lentivirus vectors, it is likely that poor protein stability under-
lies its lack of incorporation.

In contrast to the situation with the retrovirus vectors, the
extent of incorporation of the various Env proteins into lenti-
virus vectors varied significantly (Fig. 4B). Moreover, the na-
ture of the cytoplasmic tail sequences alone was sufficient to
determine the incorporation pattern, as the reciprocal chime-
ras GM(TR) and MG(TR) displayed the phenotypes of the
Env proteins from which the cytoplasmic tail was derived. The
whole cytoplasmic tail was needed for this effect, as substitu-
tion of either the T or R regions alone did not fully alleviate
the block to incorporation in the GaLV Env or confer total
incompatibility to the MuLV Env. We noted that the presence
of the GaLV R peptide in particular was associated with poor
incorporation, as GM(R) was incorporated at higher levels
than GM(T), while the converse was true for MG(R) and
MG(T). Furthermore, the simple removal of the R peptide
from GaLV Env allowed strong incorporation of GaLVAR
into lentivirus vectors. However, the incorporation-competent
phenotype of mutant GM(618/9) argues against a model where-
by the GaLV R peptide per se prevents incorporation and,
instead, suggests that some feature of the complete cytoplas-
mic tail influences the association with HIV-1 particles.

We also examined the titers directed by the various Env
proteins on 293T cells (Table 3). Interestingly, for the retrovi-

TABLE 2. Titers of coexpressed retrovirus and lentivirus vectors®

Vector titer (CFU/ml)?

Retrovirus (HeLa)

Lentivirus (HeLa)

Lentivirus (293T)

Env source Packaging
component
MuLV Retrovirus
MulLV Lentivirus
MuLV Retrovirus/Lentivirus
GalLV Retrovirus
GalLV Lentivirus
GalLV Retrovirus/Lentivirus

(2.5 +0.7) x 10*
0

(7.0 = 1.3) X 10°

(9.0 = 6.7) X 10°

0
(5.0 = 1.7) x 10°

0
(5.0 = 4.0) x 10°
(L5 +0.7) X 10°

0
0
0

0
(1.4 =£0.9) x 10°
(5.0 = 0.2) x 10°

0
(2.0 +0.7) x 10
(2.0 + 0.1) x 10?

“ Amphotropic MuLV or GaLV Env proteins were coexpressed with retrovirus and/or lentivirus vector packaging (Gag-Pol) plasmids. In all cases, both, retrovirus

and lentivirus transfer vector genomes were cotransfected.

® Titers were measured on HeLa and 293T cells as either puromycin-resistant colonies (retrovirus-vectors) or B-galactosidase-expressing colonies (lentivirus-vectors)
and are the averages of two independent experiments = standard deviations.
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FIG. 3. MuLV and GaLV Env proteins. (A) Comparison of the sequences of the transmembrane (M) and cytoplasmic tail regions (T and R)
of the GaLV SEATO and amphotropic 4070A MuLV Env proteins. Numbering for GaLV Env is from the start of the mature protein after removal
of the signal peptide (60). The C terminus of the cytoplasmic tail (R) is cleaved from Env during virion maturation, leaving 16 amino acids in the
tail of the mature Env protein (T). (B) Schematic of the truncated and substituted GaLV (open boxes) and MuLV (shaded boxes) Env proteins
used in this study. Construct GM(618/9) is the GaLV Env with the substitutions Kg,3Q and I oA, #x.

rus vectors, the GM series of chimeras always gave titers that
were lower than those obtained with either the MuLV or
GaLV parental Env proteins. The effects on titer could not
simply be attributed to reduced Env incorporation into vector
particles. For example, construct GM(M) gave titers that were
nearly 3 orders of magnitude lower than those for wild-type
GaLV Env, despite reasonable levels of incorporation into
retrovirus vectors. Instead, this suggests that even small changes
in the GaLV Env protein can compromise its function.
Similarly, analysis of the titers directed by the incorporation-
competent Env proteins on lentivirus vectors revealed that
factors other than absolute incorporation levels affected titers.
The four Gal.V-based proteins that were well incorporated
[GaLVAR GM(TR), GM(MTR), and GM(618/9)] gave titers
only in the range of 10° to 10* CFU/ml with lentivirus vectors,
while retrovirus vectors pseudotyped with the same proteins
gave titers in the range of 10° to 10° CFU/ml. This 2-order-of-
magnitude difference in titers was not simply a property of the
lentivirus vectors, as lentivirus vectors pseudotyped with the
MuLV Env gave a titer of 3.5 X 10°, which was comparable to
those achieved with the retrovirus vectors. Instead, it appears
that these GaLV Env derivatives have an additional block to

full function that is only manifest when the proteins are present
on lentivirus vectors.

R peptide cleavage patterns. The above observations sug-
gested that specific interactions between the vector particle
and the pseudotyping Env protein could play a role in influ-
encing the overall efficiency of transduction. A clear example
of such Env-particle interactions is the fact that the viral pro-
tease is responsible for R peptide processing. Although com-
plete R peptide removal is not necessary for Env function (67),
the efficiency of processing has been shown to correlate with
titer in at least one case (23). We were therefore interested to
examine whether differences in the extent of R peptide pro-
cessing could account for the differences in titer achieved with
retrovirus and lentivirus vectors.

We have repeatedly observed that cleavage of the GaL.V
Env by MuLV cores is less efficient than processing of the
MuLV Env (Fig. 1, 2, and 4). Typically two-thirds of the MuLV
TM proteins were cleaved in pelleted vector particles, and the
same degree of processing was observed for both the homol-
ogous MuLV particles and the heterologous HIV-1 particles.
Although the GaLV Env was processed less efficiently, this was
clearly not a problem for Env function as titers of 1.4 X 10°
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FIG. 4. Incorporation of chimeric and truncated Env proteins into vector particles. Retrovirus (A) or lentivirus (B) vectors were generated
using the Env proteins indicated, and both partially purified vectors and cell lysates were subjected to Western analysis.

CFU/ml were achieved with retrovirus vectors. It is possible
that this lower level of processing occurs naturally in GaLV
virions and is sufficient to produce a fully functional Env.
Indeed, the extreme fusogenicity and cytotoxicity of the R-less
form of the GaLV Env (12) provide a rationale for such a
situation.

Using the panel of chimeric GaLV/MuLV proteins, we were
able to examine the factors that influenced the degree of R
peptide processing by either retrovirus or lentivirus particles
(Table 4). The viral protease recognition site includes at least
seven residues spanning the actual cleavage site (residues P4 to
P3") (43), so that both the T and R regions of the tail could
influence processing efficiency. However, for proteins present
in retrovirus vectors, our analysis showed that only the nature
of the T region influenced the extent of R peptide cleavage;
any protein containing an MuLV T region was cleaved effi-
ciently, while any protein containing a GaLV T region was not.
This pattern held true whatever the absolute incorporation
levels of the Env protein and is shown most clearly by the
opposite patterns exhibited by MG(T) and MG(R) (Fig. 4A).
However simply changing the GaLV residues in the T region
that were part of the protease recognition site to the corre-
sponding MuLV sequences, as occurs in construct GM(618/9),
was not sufficient to produce the efficient MuLV pattern of
cleavage, implying a contribution by more-upstream sequences
in the GaLV T region. In contrast, for the lentivirus vectors, we
observed that the presence of either the GaLV R or T regions
reduced the levels of processing to the wild-type GaLV pattern
and that both the T and R regions had to be replaced by the

MuLV sequences before the efficient MuLV pattern could be

observed.

In general, the same patterns of processing were observed
for the chimeric Env proteins regardless of whether the pro-
teins were incorporated into retrovirus or lentivirus vectors.

TABLE 3. Properties of Env proteins

Incorporation®

Titer (CFU/ml)”

Env
R L R L
GalL.V +++ - (1.4 = 0.9) x 10° <50
GaLVAR  +++ +++ (20*1.0)x10° (1.7 =0.8) x 10*
GaLVATR  + + (14 +0.9) X 10* (2.0 £ 0.8) X 102
GM(R) ++ ++ (5.8 =3.7) x 10* <50
GM(T) o+ (25+0.7) X 10° (2.9 * 1.1) X 102
GM(M) ++ - (3.8 = 1.6) X 10° <50
GM(TR) +++ +++  (40=1.0)x10° (1.2 =0.6) x 10*
GM(MTR) +++ +++ (B0=x1.0)x10° (48=*33)x10°
GM(618/9) +++ +++ (1.1=08)x10° (6.2 =1.8)x 103
MuLV +++  +++ (49+14)x10° (3.5*1.7) X 10°
MG(R) T+ (6.0 £4.6) X 10° (5.0 =22) X 10°
MG(T) ++ ++ (73 +x21)x10° (3.8 £1.5) x 10°
MG(M) +++  +++ (27+12)x10° (1.3 £0.7) X 10°
MG(TR) +++ - (4.7 =3.1) X 10° <50
MG(MTR) +++ - (22 = 1.4) x10° <50

“ GaLV/MuLV Env proteins were used to pseudotype either retrovirus (R) or

lentivirus (L) vectors, and the relative efficiencies of incorporation of the Env
proteins into the vector particles were assessed by Western blotting. +++,
wild-type MuLV Env amount; + +, less than 50% of the wild-type level; +, trace
amount detected; —, no Env.

b Titers are averages = standard deviations of at least three independent
experiments.
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TABLE 4. R peptide cleavage patterns

R peptide cleavage®
Env

=

GaLV
GaLVAR
GaLVATR
GM(R)
GM(T)
GM(M)
GM(TR)
GM(MTR)
GM(618/9)
MuLV
MG(R)
MG(T)
MG(M)
MG(TR)
MG(MTR)

| 200z02E| 002 |

COZOZEOZZOZOZZ 0|,

“ Pattern of R peptide cleavage in retrovirus (R) or lentivirus (L) vectors is
defined as GaLV-like (G) if less than 50% of the TM protein is truncated and
MuLV-like (M) if greater than 50% is truncated. n.a., not applicable; —, insuf-
ficient Env incorporated.

However, a discrepancy between the two vector types was
noted for constructs MG(R) and GM(T). Both of these chi-
meras displayed the MuLV pattern in retrovirus vectors but
the GaLV pattern in lentivirus vectors. The feature uniquely
shared by these two proteins is the combination of the MuLV
T region and the GaLV R region. It is possible that the neg-
ative effect that the GaLV R peptide has on incorporation into
lentivirus vectors precludes efficient R peptide removal, de-
spite the presence of the MuLV T region. In contrast, as in-
corporation of Env proteins into retrovirus vectors is not af-
fected by the presence of the GaLV R peptide, the extent of R
peptide removal in these vectors was determined solely by the
nature of the T region and was therefore MuLV-like. Finally,
we note that, as construct GM(618/9) retained the GaLV pattern
of R peptide cleavage on both vector types, we are able to
separate the two properties conferred by the GaLV tail; while
changing residues Ky, and I4,4 to those of the MuLV se-
quence was sufficient to overcome the block to incorporation
into lentivirus vectors, increasing the level of R peptide cleav-
age to the MuLV level required the substitution of the entire
T region (retrovirus vectors) or both T and R regions com-
bined (lentivirus vectors). Overall, this indicates that Env as-
sociation with viral particles and the extent of R peptide cleav-
age, while related, are not absolutely correlated.

Factors affecting protein stability. Retrovirus Env proteins
are initially synthesized as a single polypeptide that is cleaved
by a host cell protease to the SU and TM subunits during
transport to the cell surface (44). Small amounts of TM in cell
lysates, as well as poor ratios of TM to uncleaved Env, can
result from reduced rates of processing and transport, as well
as poor protein stability. Furthermore, the R-less form of TM
is not always apparent on Western blots of cell lysates, reflect-
ing the fact that this cleavage event may occur during or after
the budding of the virion from the cell.

Analysis of the lysates of cells transfected with the various
truncated and chimeric Env proteins identified certain proteins
as having phenotypes that differed from those of either of the
parental Env proteins. As previously mentioned, the GaLVATR
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TM signal was barely detectable in the presence of either
vector type, suggesting an inherently low stability of this pro-
tein. In addition, the three MuLV/GaLV chimeras contain-
ing the GaLV R peptide [constructs MG(R), MG(TR), and
MG(MTR)] gave relatively weak TM and TM-R signals in cell
lysates and had relatively stronger bands of the uncleaved Env
(data not shown), suggesting a problem in transport and/or
processing. Despite this defect, all three constructs gave wild-
type levels of incorporation and titer when expressed with
retrovirus vectors (Table 2). Finally, the GaLV Env itself was
notable in that it was the only Env protein that was significantly
inhibited or destabilized by the coexpression in transfected
cells of lentivirus vector components. Although the basis for
this inhibition is currently unknown, the inhibition could be
prevented in several different ways, including the separate re-
placement of the R, T, or M region and the substitution of
residues Kg, 5 and I4,o. Taken together, these findings further
suggest that overall interactions between the different regions
of the GaLV Env protein contribute to its sensitivity to the
presence of lentivirus vectors.

DISCUSSION

We have demonstrated that the GaLV Env protein is unable
to pseudotype lentivirus vectors because certain features of its
cytoplasmic tail are incompatible with incorporation into
HIV-1 particles. We have identified three different strategies
that enable such pseudotypes to form: (i) removal of the GaLV
Env R peptide, (ii) replacement of the whole (R plus T re-
gions) GaLV Env cytoplasmic tail with the corresponding
MuLV sequences, but not either region alone, and (iii) the
replacement of residues Kg,5 and I4, by the corresponding
MuLV residues. The resulting proteins, designated GaLVAR,
GM(TR), and GM(618/9), may have applications in human
gene therapy, as such pseudotyped lentivirus vectors retain the
GaLV Env host range (data not shown). In particular, GM(TR)
and GM(618/9) may prove useful for the establishment of sta-
ble cell lines, as they are not toxic when expressed in cells (data
not shown).

There are other examples in the literature of incompatibility
between retrovirus particles and heterologous fusion proteins.
For example, the Env proteins from HIV-1 (61), HIV-2 (19),
Mason-Pfizer monkey virus, and simian retrovirus-1 (59) do
not pseudotype MuLV. For the HIV-1 and HIV-2 Envs, the
block resides in their long cytoplasmic tails and truncated ver-
sions of the proteins can be incorporated (19, 31, 54). Similarly,
although the human foamy virus Env protein does not effi-
ciently pseudotype MuLV, a chimera containing the cytoplas-
mic domain of MuLV Env shows improved incorporation (28).
However, as the GaL'V Env cytoplasmic tail is relatively short
(29 amino acids) and has reasonable homology to the tail of
the incorporation-compatible MuLV Env proteins, it was sur-
prising to observe such incompatibility between the GaLV Env
and lentivirus vectors.

Our initial attempts to understand why the GaL'V Env was
excluded from lentivirus vectors were hampered by the greatly
reduced levels of GaLV TM that we observed in transfected
293T cells in the presence of lentivirus components. However,
further experiments revealed that even the low level of protein
that was present in these cells was sufficient to pseudotype
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coexpressed retrovirus vectors. This in turn suggested that the
lack of GaLV Env in lentivirus vectors was not simply due to
low steady-state levels of the protein in cells or at the cell
surface but instead reflected a specific incompatibility between
the Env and vector components. Although we do not yet un-
derstand why lentivirus vectors reduce the cellular levels of
GaLV Env, we note that several different approaches can al-
leviate this effect. They include the individual replacement of
either the M, T, or R region of the GaLV Env with MuLV
sequences and just the substitution of residues K45 and I4;o.
Finally, it is noteworthy that even good levels of expression of
a protein in transfected cells are not sufficient to allow incor-
poration into lentivirus vectors, as can be seen most clearly for
construct GM(M).

Most of the variation between the cytoplasmic tails of the
GaLV and MuLV Env proteins is located in the R peptide.
Although the good incorporation of the GaLVAR protein into
lentivirus vectors initially suggested that a steric block between
the R peptide and HIV-1 virions caused their incompatibility,
replacing the R peptide alone with the corresponding MuLV
region was not sufficient to allow full incorporation. Further-
more, the ability of construct GM(618/9) to be incorporated
into lentivirus vectors suggests that it was not the GaLV R
peptide per se that was the problem but rather a more general
structure in the whole GaLV Env tail. Overall, these findings
suggest that interactions occur between the R and T regions in
the cytoplasmic tails of these Env proteins that are important
for the secondary structure of the whole of the tail and that the
R peptide cleavage site itself may be a major determinant of
this property.

One of the major differences that we noted between the
GaLV and MuLV Env proteins was the different degrees of R
peptide cleavage for the two proteins when present in retrovi-
rus vectors. Since R peptide cleavage is performed by the viral
protease, it presumably requires an intimate association be-
tween the Env protein and the viral core. We therefore asked
whether R peptide cleavage rates would correlate well with
efficiency of incorporation into lentivirus vectors. Interestingly,
this was found not to be the case, and we were able to distin-
guish between the determinants that governed R peptide
cleavage and those that controlled incorporation. The most
extreme example is construct GM(618/9), where we observed
good incorporation into lentivirus vectors without high levels
of R peptide cleavage. Recently, an HIV-1 MA mutant that
does not block MuLV Env incorporation into HIV-1 particles
but that does prevent R peptide cleavage by the HIV-1 pro-
tease has been described (23). The phenotype of this mutant
also suggests that incorporation into a lentivirus vector does
not necessarily lead to a normal interaction with the HIV-1
core.

Our study has also produced evidence for specific Env-vec-
tor interactions that act to influence the overall rate of trans-
duction. We observed a 2-order-of-magnitude difference in the
titers directed by retrovirus and lentivirus vectors pseudotyped
with the same incorporation-competent GaL'V Env derivatives
[constructs GM(TR), GM(MTR), GM(618/9), and GaLVAR]
that could not simply be attributed to differences in Env levels.
One possible explanation is that the MuLV and HIV-1 virions
are differentially sensitive to the entry pathway directed by the
GaLV Env. A similar situation has been reported for HIV-1
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virions produced in the presence or absence of the Nef protein,
which showed a 10-fold difference in infectivity when pseudo-
typed with the amphotropic MuLV Env protein but not when
the fusion protein used was VSV-G (1). However, if the GaLV
entry pathway is indeed more productive for retrovirus vectors
than lentivirus vectors, then it is an unexpected finding given
that no such differences were seen for vectors pseudotyped
with either the amphotropic or 10A1 Env proteins, which rec-
ognize similar or identical receptors. In addition, our studies
with fusion proteins that direct entry pathways markedly dif-
ferent from those used by the mammalian type C retroviruses,
including the pH-dependent proteins from VSV, influenza vi-
rus, and LCMYV, did not provide evidence of any pathway-
specific differences between retrovirus and lentivirus vectors.

An alternative explanation to account for these findings is
that the MuLV or HIV-1 particles themselves in some way
influence Env function and thereby affect the efficiency of
transduction. Indeed, the process of R peptide cleavage is a
clear precedent to indicate that retrovirus particles can influ-
ence Env protein function through an interaction with the
cytoplasmic tail. Although our data show that the efficiency of
R peptide processing was not a simple predictor of vector titer,
it remains possible that an additional influence of viral parti-
cles on Env function exists that is so subtle that our current
assays cannot detect it and that the Env-particle interactions
that occur in the retroviruses are more complex than has pre-
viously been realized.

Our studies also have implications for understanding the
mechanism of fusion enhancement of retrovirus Env proteins
by R peptide cleavage. We (66, 67) and others (51) have pre-
viously reported that R peptide-truncated forms of MuLV Env
can function in trans within an Env protein oligomer to stim-
ulate Env fusogenicity. The data presented here further sup-
port this model, as even the low levels of R peptide truncation
seen for the native GaLV Env protein were sufficient to give
titers on retrovirus vectors as high as those obtained with the
MuLV Env. Furthermore, even though replacing the tail of the
MuLV Env with the corresponding GaLV domain in con-
structs MG(TR) and MG(MTR) reduced R peptide cleavage
levels to the GaLV level, this did not reduce the titers obtained
for pseudotyped retrovirus vectors. Overall, this indicates that
even low levels of R peptide cleavage can confer full function
to both the GaLV and MuLV Env proteins in the context of
retrovirus vectors. Finally, we have previously proposed that R
peptide cleavage enhances MuLV Env fusogenicity by trans-
mitting a conformational change from the cytoplasmic tail of
Env through to the ectodomain of the protein (67). Examina-
tion of the properties of the chimeric Env proteins lends fur-
ther support to this hypothesis by suggesting the occurrence of
long-range interactions between the different domains of the
Env protein, including the cytoplasmic tail, the membrane-
spanning region, and the ectodomain.
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