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Retroviruses have been widely used in gene transmission studies.
In this paper, we show that nonviral apoptotic proteins can be
displayed on viral membrane surfaces and that the displayed
proteins can execute their normal effector functions. We intro-
duced the genes encoding the apoptosis effector proteins, human
CD95 ligand (hFasL) or human tumor necrosis factor-related apo-
ptosis-inducing ligand (hTRAIL), into a cell line that packages
Moloney murine leukemia virus vectors. Retrovirus preparations
from these lines killed target cells efficiently, and target killing was
prevented by Fas-lg fusion protein or soluble TRAIL receptor
(sDR5), respectively. We show that the virus preparation exhibiting
Fas-specific cytotoxicity has the same density as a retrovirus,
contains full-length FasL protein, and can be depleted of infectivity
by immunoadsorption with anti-FasL antibody. This novel property
of retroviruses—the display of functional effector proteins—may
allow the custom design of reagents whose normal function
requires their being embedded in a membrane.

-type retroviruses and lentiviruses, such as Moloney murine

leukemia virus and HIV, respectively, assemble their inter-
nal core components in the cytoplasm of an infected cell. The
core migrates to the inner surface of the cytoplasmic membrane
where it buds from the cell surrounded by viral-encoded enve-
lope proteins embedded in a cell-derived lipid bilayer (for review
see ref. 1). In most cases, membrane-embedded envelope protein
is required for viral budding and likely forms a binding site for
the core particle. Any requirement for other cellular proteins in
the budding process has not been described.

Because the target specificity of retroviruses typically is
determined by the viral-encoded envelope protein, several
groups have attempted to alter specificity by altering the enve-
lope protein, or creating a pseudotype. For example, one method
of pseudotyping is to fuse single-chain antibodies to the amino
terminus of the Env protein (2-4). Another method is to
produced chimeric Env proteins containing a heterologous
peptide such as that which binds integrin receptors, erythropoi-
etin, or heregulin (5-7).

Although these studies have attempted to examine or alter
viral host specificity by altering the envelope protein, few of them
address whether foreign proteins can be directed to the viral
membrane or whether once there, they would execute effector
functions. The ability to display membrane effector proteins on
viral particles may have many advantages over protein presen-
tation on whole cells or simply on presentation of purified
protein. Virus particles are less restricted than cells in accessing
the target area, and virus particles diffuse more slowly than
soluble proteins and could have a longer lifespan in the target
area. In addition, many biological processes, including Fas/Fas
ligand (FasL)-induced apoptosis, require multimerization of
membrane proteins (8). Viruses carrying multiple copies of an
effector protein could effectively activate such processes.

Materials and Methods

Production of Retroviral Packaging Cell Lines Carrying the Human FasL
Gene. The human FasL cDNA (hFasL) (9), kindly provided by S.
Nagata (Department of Genetics, Osaka University Medical
School, Osaka, Japan) and the human tumor necrosis factor-

related apoptosis-inducing ligand (hnTRAIL) cDNA (10), kindly
provided by J. Tschopp (Institut De Biochimie, Université de
Lausanne, Switzerland) were cloned into Moloney leukemia
virus-derived pLXSN (GenBank accession no. M28248; ref. 11),
which was kindly provided by A. Dusty Miller (Fred Hutchinson
Cancer Research Center, Seattle, WA). This FasL construct,
designated pMLV-hFasL, or the hTRAIL construct (pMLV-
hTRAIL) was transfected with Lipofectamine (GIBCO) into the
packaging cell line PE5S01 (a gift from A. Dusty Miller). Viral-
laden supernatants from this cell line were recovered after 48 h
and then used to infect the amphotrophic virus-producing PA317
packaging cell line (American Type Culture Collection). In this
paper, we refer to the FasL-overexpressing packaging line as
hFasL-PA317 and the hTRAIL-overexpressing packaging cell
line as " TRAIL-PA317. A similarly prepared packaging cell line
(krox-PA317) carrying the human krox gene (12) was used to
prepare control virus throughout the study. Clones were selected
and expanded with G418 (0.4 mg/ml; Geneticin, GIBCO).

Purification of Virus. The hFasL-PA317 and krox-PA317 cells first
were cultured in the presence of G418 to 80% confluence. The
medium was replaced with culture medium without G418, and
the cells were cultured for 2 days. The supernatant was collected
for virus purification, and the cells were used separately as
effector cells in cytotoxicity assays. The supernatant was first
centrifuged at 12,000 rpm (Sorvall Superspeed) to remove cell
debris [cell-free supernatant (CFS)] and then centrifuged at
25,000 rpm for 3 h with a Beckman ultracentrifuge with an SW30
rotor. The virus-containing pellet (VP) was resuspended in
medium and sterilized by passing through a filter with a pore
diameter of 0.45 um . In some experiments, the resuspended
virus preparation was further purified by centrifugation for 18 h
at 20,000 rpm through a 20-65% sucrose gradient. Fractions
collected from the gradient in 1-ml aliquots were analyzed for
density, FasL. cytotoxicity, and the ability to transfer G418
resistance by infection (11). The results were expressed as
colony-forming units.

FasL Cytotoxicity. The human T lymphoma cell line Jurkat ex-
presses both human Fas and TRAIL receptors and is sensitive to
FasL and hTRAIL. We enhanced the TRAIL-mediated cyto-
toxicity by the addition of 6 ug/ml Polybrene (our unpublished
results). LB27.4 is a mouse B lymphoma hybridoma that ex-
presses Fas and is sensitive to FasL. Target cells (2 X 10%),
labeled with Na,3'CrOy as previously described (13), were mixed
with various sample preparations. In some experiments, either
Fas-Ig fusion protein (14) or soluble DRS (sDRS; provided by Y.
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A Cytotoxicity of hFasL-transfected
retrovirus packaging line PA317.
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Fig. 1. Cytotoxicity expressed by hFasL-PA317 packaging cells and culture
supernatant. (A) The percentage of >'Cr released after cell death was mea-
sured in an acute assay after incubation of the FasL packaging cell line or the
control cKrox packaging cell line with the indicated target cell at various
effector:target cell ratios. (B) As in A, except the cell-free culture supernatant
was incubated with the target cells instead of the packaging cell line.

Chan, University of Pennsylvania, Philadelphia) was added (10).
After culture for 5 h, culture supernatants were collected, and
the radioactivity released to the supernatant was counted with a
v counter. Cells cultured in the absence of cytotoxic reagent
were used as background controls, where background is always
<20% of the total cpm added. The radioactivity released by cells
cultured in the presence of 0.5% Nonidet P-40 was used as a
reference for total cell death. The cytotoxic activity was deter-
mined by the formula: (cpm of sample — cpm of background)/
(cpm of total release — cpm of background). All experiments
were carried out in duplicate and repeated two to six times. The
quantitative expression of the cytotoxic activity of the samples

was presented as lytic units/ml. A lytic unit was defined as the
amount of cytotoxic material required to cause 20% specific lysis
in the 5-h >'Cr-release assay. The fluorescence in situ assay of
cytotoxicity was carried out by using the Live/Dead Assay Kit
from Molecular Probes, following the protocol suggested by the
manufacturer, except that we used a concentration of ethidium
bromide 3-fold higher than suggested.

Western Blot Analysis for FasL. The association of FasL protein
with virus preparations and packaging cell lines was determined
by Western blot analysis. Virus particles in culture supernatant
were pelleted by ultracentrifugation, resuspended in PBS (pH
7.3), pelleted, and resuspended again in PBS. Control samples
from the krox-PA317 and PA317 packaging lines were prepared
similarly. All three cell lines were harvested by washing with
PBS, scraping cells into PBS on ice, pelleting in a Microfuge
(Beckman), and washing again twice with PBS before pelleting
and resuspending in 150 ul of TKM buffer (10 mM TrissHCI, pH
7.6/10 mM KCI/5 mM MgCl,). Fresh phenylmethylsulfonyl
fluoride (PMSF) dissolved in 95% ethanol was added to a final
concentration of 100 pg/ml. Nonidet P-40 and SDS were added
to final concentrations of 0.5% and 0.1%, respectively. The
resuspension was passed 10 times through a 25-gauge needle, and
2 ul of Triton X-100 was added. Protein concentrations of all
samples were determined by using the bicinchoninic acid method
(Pierce), and Western blotting was performed as described (15).
Detection of FasL protein used monoclonal anti-human FasL
antibody G247.4 (PharMingen) and the enhanced chemi-
luminescence kit (Amersham), following the manufacturer’s
protocol.

Immunoadsorption. Biotinylated NOK-2 anti-FasL. mAb (2 pg),
kindly provided by S. Kobayashi (Hokkaido, Japan) or isotype
control mAb (biotinylated anti-2,4,6,-trinitrophenyl mouse
IgG2a) were mixed with 200 ul of VP for 2 h at 4°C. The mixture
was then incubated for 2 h with 30 ul of agarose beads conju-
gated with avidin (Sigma). Supernatants were collected after
centrifugation and were analyzed for FasL cytotoxicity and
infectability. Infectability was assayed with NIH 3T3 cells as
described (11). After infection, G418-resistant colonies were
fixed for 5 min with methanol, stained for 5 min with Giemsa,
destained briefly with deionized water, and counted. Results are
expressed as colony-forming units of conditioned supernatant.

Results and Discussion

FasL-Expressing Packaging Lines and Their Conditioned Supernatant
Are Cytotoxic. To test the hypothesis that cytotoxic proteins could
be displayed on retroviruses and could execute their functions,
we introduced a hFasL retroviral vector into the PA317 Moloney

Table 1. Expression of FasL cytotoxicity and transfer of G418 resistance by fractions of

hFasL-PA317 supernatant

Total units in fraction (% of CFS activity)

CFS VFS VP

FasL cytotoxicity, units*

1,440 (100%)
3.9 X 10° (100%)
2 9.5 X 10° (100%)

Transfection activity, cfu®

1 1,225 (100%)
2 1,330 (100%)
3
1

525 (43%)

490 (37%)

560 (39%)
0 (0%)
0 (0%)

525 (43%)

600 (45%)

700 (49%)
1.0 X 106 (26%)
3.5 X 10% (37%)

Culture supernatant (35 ml) from the hFasL-PA317 virus-packaging cell line was used to prepare CFS, VP, and

VFS as described in Materials and Methods.

*One unit of FasL cytotoxicity is defined as the amount required to cause 20% specific >'Cr release in a 5-h

51Cr-release assay against LB27.4 targets.

fcfu, colony-forming unit; defined as the unit required to transfer G418 resistance in NIH 3T3 cells and to produce

one viable colony.
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A Cytotoxicity of KB8301-treated
hFasL-PA317 packaging cell line.
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Fig. 2. Culture supernatant from KB8301-treated hFasL-PA317 cells ex-
presses FasL cytotoxicity. The hFasL-PA317 cells were cultured in the presence
or absence of 10 uM KB8301 for 2 days. The FasL-PA317 packaging cells (4), the
VFS (B), and the resuspended VP (C) in its original sample volume were used in
5-h cytotoxicity assays against LB27.4 targets. E/T ratio, effector-to-target
ratio.

murine leukemia virus-packaging cell line to generate six G418-
resistant, retrovirus-producing clonal cell lines. Each of these
lines rapidly killed Fas receptor-bearing Jurkat target cells in a
5-h cytotoxicity assay (data not shown). The cell line that showed
the strongest cytotoxicity (hereafter referred to as hFasL-
PA317) was used for all subsequent studies. Fig. 1 shows that
preparations of both cells or CFS from hFasL-PA317 express
strong and acute cytotoxicity against two Fas-expressing targets:
Jurkat, a human T lymphoma line, and LB27.4, a mouse B cell
hybridoma. In contrast, the same preparations from a control
line, krox-PA317, were not cytotoxic.

CFS Contains Two Distinct Cytotoxic Fractions. Previous studies have
shown that cells that express the FasL protein exhibit two forms

Strehlow et al.

Sucrose density fractionation of
hFasL-PA317 virus preparation.
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Fig.3. Sucrose density gradient analysis of resuspended VP. VP prepared by
ultracentrifugation was resuspended and applied to a sucrose gradient (20—
65%). After centrifugation, 1-ml fractions were collected. Density was deter-
mined by weight and volume measurements. Cytotoxicity was determined by
using LB27.4 targets.

of cytotoxicity. The first form is mediated by the full-length
transmembrane FasL (16-18). The second is mediated by a
soluble FasL (sFasL) proteolytically cleaved by metal-
loproteinase digestion from the transmembrane form and re-
leased into the culture medium. Because the culture supernatant
of hFasL.-PA317 may contain both sFasL and virus particles,
either might be responsible for the strong expression of cyto-
toxicity by the CFS of the hFas[.-PA317 cell line. To attempt to
distinguish these two possibilities, we used ultracentrifugation to
fractionate the CFS into virus-free supernatant (VFS) and a VP.
Both VFS and a resuspended VP were examined for FasL
cytotoxicity and the ability to transfer G418 resistance (Table 1).
Whereas the VP fraction was highly efficient at transferring the
neo gene and rendering cells G418-resistant, the VFS fraction
contained no such activity. Both the VP fraction and the VFS
fraction expressed cytotoxicity against the LB27.4 target, sug-
gesting that the VFS does indeed contain sFasL. Because the
resuspended VP was washed twice, its cytotoxicity was not likely
caused by contamination of free sFasL. Furthermore, the pel-
leted virus preparation contained 43-49% of the total cytotoxic
activity in the original CFS. The association of such a high
cytotoxic activity with the VP cannot be accounted for by the
simple contamination with sFasL.

The acute nature of the cytotoxicity suggests that it was
unlikely that FasL cytotoxicity was caused by expression of
viral-encoded FasL in the target cell. To formally exclude this
possibility, LB27.4 targets were treated with actinomycin D (2
pg/ml) for 30 min. This treatment blocked 99% of de novo RNA
synthesis but did not inhibit target death induced by the resus-
pended VP (data not shown).

Metalloproteinase Inhibitor KB8301 Does Not Inhibit Cytotoxicity of
FasL VP. The metalloproteinase responsible for the generation of
soluble FasL from the transmembrane form can be inhibited by
KB8301 ([4-(N-hydroxyamino)-2R-isobutyl-3S-methylsuccinyl]-
L-3-(5,6,7,8,-tetrahydro-1-naphthyl)alanine N-methylamide)
(16). KB8301 at 10 uM can also significantly enhance the
expression of membrane FasL (16). We prepared culture super-
natant from hFasL-PA317 in the presence of 10 uM KB8301.
Fig. 2 shows that treatment with inhibitor significantly increased
the cytotoxic activity of hFasL.-PA317 cells. Interestingly, the
cytotoxicity of the resuspended VP also was increased signifi-
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A Immunoadsorption of Cytotoxicity
from the Resuspended Viral Pellet.
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Fig. 4. Immunoadsorption with anti-FasL depletes the cytotoxicity and
infectivity of the resuspended VP. Both VP from untreated hFasL-PA317 cells
and VP from cells treated with KB8301 were resuspended in culture medium.
They were mixed with biotinylated anti-FasL mAb (NOK-2), biotinylated anti-
2,4,6,-trinitrophenyl mAb, or culture medium for 2 h at 4°C. The mixtures were
then incubated with avidin-conjugated beads for 2 h. The recovered super-
natants were examined for cytotoxicity against LB27.4 target cells (A) and for
infectivity (B). Infectivity was determined by counting NIH 3T3 surviving
colonies exposed to G418 as described in Table 1.

cantly. In contrast, the cytotoxicity present in the VFS was
reduced modestly. This finding suggested that cytotoxicity aris-
ing from the packaging cell line or from the virus preparation
could be increased by increasing the amount of membrane-
bound FasL. In addition, the result suggests that cytotoxicity
from the VFS preparation is, at least in part, caused by sFasL. and
that blocking the proteolytic release of membrane-bound FasL
to sFasL can reduce this cytotoxicity.

Cytotoxicity Is Associated with Particles Having the Same Density as
Retrovirus. To correlate the cytotoxicity in the virus preparation
with virus particles per se, we measured the density of the
cytotoxic particles. Culture supernatant from the hFasL-PA317
retrovirus packaging line was pelleted by ultracentrifugation to
sediment virus. Approximately 50% of the original cytotoxic
activity was recovered in the pelleted fraction. We then resus-
pended the pellet in a small volume and subjected it to ultra-

4212 | www.pnas.org
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Fig.5. Both VP and hFasL-PA317 cells express full-length and short forms of
hFasL. Western analyses were carried out by using anti-FasL antibody against
the following preparations: FasL VP (lanes 2, 4, and 6); FasL-PA317 packaging
cell line (lanes 1, 3, 5, and 7); the cKrox control VP (lane 9); the cKrox-PA317
packaging cell line (lane 8); and the starting PA317 packaging cell line (lane
10). Lanes 1-3 and 4-10 were independent experiments. Protein amounts
loaded are indicated. The size of anti-FasL-reactive bands was estimated based
on molecular mass standard. The 40-kDa band corresponded to the full-length
FasL, and the 26-kDa band corresponded to sFasL (21).

centrifugation through a 20-65% sucrose gradient. Each frac-
tion was measured for density and FasL cytotoxic activity against
the LB27.4 target (Fig. 3). A single peak was observed for the
expression of FasL cytotoxicity. The fractions expressing max-
imal cytotoxic activity were located at a density between 1.14
g/ml and 1.16 g/ml, which is consistent with the retrovirus
density reported in the literature (19, 20).

Immunoadsorption of Virus with Immobilized Anti-FasL mAb. As a
further demonstration that FasL is associated with the virus, we
tested the ability of immobilized anti-FasL mAb (NOK2; IgG2a
subclass) to bind infectious virus from a VP preparation of the
hFasL-PA317 packaging line. Immobilized mouse IgG2a
anti-2,4,6,-trinitrophenyl mAb and column matrix with no im-
mobilized antibody were used as controls. Fig. 44 shows the
cytotoxicity of VP material after immunoadsorption. NOK2
anti-FasL. mAb completely removed the FasL cytotoxicity from
a preparation of VP. When the resuspended VP was adsorbed
with either immobilized IgG2a anti-2,4,6,-trinitrophenyl mAb or
the column matrix itself, there was no retention of cytotoxicity
of the virus preparation. The NOK2 anti-FasL mAb also com-
pletely removed the cytotoxicity from a VP prepared from
hFasL-PA317 packaging cells treated with protease inhibitor
KB8301.

The infectivity of the VP preparations after adsorption was
determined. Fig. 4B shows that ~40% of the viral infectivity was
depleted with the anti-FasL antibody (column 3), and no de-
pletion was observed in the VP subjected to depletion by column
matrix (column 1) or matrix bound to an isotype control antibody
(column 2). Furthermore, 90% of the viral infectivity was
depleted with the anti-FasL antibody when the virus was pre-
pared from hFasL-PA317 cells cultured in the presence of
KB8301 (Fig. 4B, column 5 vs. column 4). In addition, infectivity
could be demonstrated when FasL. VP was adsorbed with wells
coated with anti-FasL mAb. As controls, infectivity was not
observed with krox VP or wells coated with isotype control (data
not shown). It should be noted that the FasL. VP contains not
only active vector but also inactive vector and vesicles. The
precise proportion of the active vector amongst these particles is
not determined.

Western Analysis of the FasL Packaging Line and Virus Preparation. To
provide further evidence that the retrovirus contains FasL
protein, we performed Western analysis using an anti-FasL
antibody (G247.4; IgG1 subclass). We first examined hFasL-
PA317 total cell lysate (Fig. 5, lanes 1 and 3) and a VP lysate
(lane 2). Two anti-FasL-reactive bands at 40 kDa and 26 kDa
were detected for total cell lysates as previously described in
other hFasL-transfected cell lines (21). Both bands were en-
riched significantly in the virus preparation. The virus prepara-
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Resuspended VP from hTRAIL-PA317 expresses specific cytotoxicity. The hTRAIL-PA317 cell line was generated as described in Materials and Methods.

Both hTRAIL VP (A) and cKrox control VP (B) were cultured with Jurkat target cells for 5 h, followed by the addition of dyes. Dye uptake was evaluated 1 h later.
Red fluorescent ethidium homodimer dye is taken up by apoptotic cells, and green calcein acetoxymethyl ester is taken up by living cells. (C) A dose-response
curve of cytotoxicity of the hTRAIL VP against >'Cr-labeled Jurkat targets. (D) Cytotoxicity of hFasL VP but not hTRAIL VP is inhibited by Fas-lg. (E) The cytotoxicity
of hTRAIL VP but not hFasL VP is sensitive to a soluble form of the hTRAIL DR5 receptor (sDR5).

tion and the hFasL-PA317 cell preparation were then extensively
washed with PBS before the preparation of new protein extracts
to ensure the removal of any protein nonspecifically adsorbed to
the cells or virus particles. The results (lanes 4-10) showed that
the purified VP (lanes 4 and 6) still expressed both bands when
2 pg of protein was loaded (lane 6). When 0.2 pg of VP protein
was loaded, only the 40-kDa FasL was detected (lane 4),
indicating that it is the major form. The results also show that the
purified virus contained highly enriched FasL protein as com-
pared with total cell lysate (compare VP and cells, respectively,
in lanes 1 and 2, lanes 4 and 5, and lanes 6 and 7). The specificity
of the assay was shown by the absence of anti-FasL reactive
bands when using parallel preparations of krox-PA317 cells (lane
8), VP of krox-PA317 (lane 9), or PA317 cells (lane 10). The data
demonstrate that both full-length FasL and sFasL are associated
with the virus preparation and suggest that some of the cleaved
FasL could remain associated with the cells or the virus despite
extensive washing.

Virus Packaged in Cell Lines That Overexpress hTRAIL Also Exhibit

Cytotoxicity. To examine whether the viral display of a type 11
cytotoxic membrane protein was limited to FasL or might be a

Strehlow et al.

more general phenomenon, we produced a packaging cell line
that overexpressed the hTRAIL (22). Viral preparations of
conditioned supernatant from the hTRAIL-PA317 packaging
cell line were made. Fig. 6 4 and B show that Jurkat target cells
are sensitive to hTRAIL VP. This sensitivity is shown by the
uptake of the red fluorescent ethidium dye by apoptotic cells
(Fig. 6A4). By contrast, targets treated with control krox VP were
viable and took up the green fluorescent vital dye (Fig. 6B).
Moreover, hTRAIL VP killed 3'Cr-labeled Jurkat cells in a
dose-dependent manner (Fig. 6C). The killing by hTRAIL VP
was specifically and completely inhibited by sSDRS. sDRS did not
inhibit the killing mediated by FasL. VP (Fig. 6E). Conversely,
Fas-Ig fusion protein inhibited the cytotoxicity of FasL VP but
did not effect the cytotoxicity of hTRAIL VP (Fig. 6D).

We have also overexpressed FasL in cell lines that do not
express packaging proteins (data not shown). These cell lines
secreted low levels of FasL-carrying vesicles that could be
pelleted in sufficient quantity to be cytotoxic. However, the
overexpression of FasL in packaging cell lines allowed us to
purify significantly higher levels of cytotoxic particles. Further-
more, when producing cytotoxic particles, the ability to manip-
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ulate production of viruses and assay their concentrations is a
significant advantage over relying on the spontaneous release of
membranous vesicles.

Taken together, these data demonstrate that the retroviral
preparation can be used to directly mediate an effector function.
Fig. 4 in particular shows that not only can a large fraction of viral
infectivity be removed with an anti-FasL antibody, but nearly all
of the infectious particles can be removed if prepared in the
presence of an inhibitor of FasL proteolysis, KB8301. The fact
that this approach is successful with both FasL. and hTRAIL
suggests that other membrane-bound effector molecules, not
limited to cytotoxic function and especially members of the
nerve growth factor receptor/tumor necrosis factor superfamily,
may also work. Future work will need to be done to produce
packaging cell lines carrying the membrane forms of tumor
necrosis factor and CD40 ligand to determine whether these
viruses express cell-activating activity. Furthermore, although
others have fused type I membrane proteins to the viral envelope
protein, we show in this paper a means by which to incorporate
type II membrane proteins into the viral membrane. This
technology offers expanded potential as a powerful tool to study
many membrane proteins and their functions. Conversely, we
could use anti-FasL. mAb to manipulate the infectivity of the
virus preparation. The infectivity of FasL VP could be increased
by NOKI1 mAb in a dose-dependent manner by up to 500% (our
unpublished results). In addition to providing evidence for FasL
expression on virus particles, the results further suggest that
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