JOURNAL OF VIROLOGY, Nov. 1999, p. 9377-9385
0022-538X/99/$04.00+0

Vol. 73, No. 11

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Induction of Syncytia by Neuropathogenic Murine Leukemia Viruses
Depends on Receptor Density, Host Cell Determinants, and the

Intrinsic Fusion Potential of Envelope Protein

MAERAN CHUNG,' KRISHNAKUMAR KIZHATIL,”> LORRAINE M. ALBRITTON,?
AND GLEN N. GAULTON®*

Department of Pathology and Laboratory Medicine, University of Pennsylvania, Philadelphia, Pennsylvania 19104,
and Department of Microbiology & Immunology, University of Tennessee—Memphis, Memphis, Tennessee 38163>

Received 1 March 1999/Accepted 30 July 1999

Infection by the neuropathogenic murine leukemia virus (MLV) TR1.3 results in hemorrhagic disease that
correlates directly to in vivo syncytium formation of brain capillary endothelial cells (BCEC). This phenotype
maps to amino acid 102 in the envelope (Env) protein of TR1.3. Substitution of glycine (G) for tryptophan (W)
at this position (W102G Env) in the nonpathogenic MLV FB29 induces both syncytium formation and
neurologic disease in vivo. Using an in vitro gene reporter cell fusion assay, we showed that fusion either with
murine NIH 3T3 cells or with nonmurine target cells that expressed receptors at or below endogenous murine
levels mirrored that seen in BCEC in vivo. In these instances only TR1.3 and W102G Env induced cell fusion.
In contrast, when receptor levels on nonmurine cells were raised above endogenous murine levels, FB29 Env
was as fusogenic as the neuropathogenic TR1.3 and W102G Env. These results indicate that TR1.3 Env and
W102G Env are intrinsically more fusogenic than FB29 Env, that the induction of fusion requires a threshold
number of receptors that is greater for FB29 Env than for TR1.3 or W102G Env, and that receptor density on
murine NIH 3T3 cells and BCEC is below the threshold for FB29-dependent fusion. Surprisingly, receptor
density on NIH 3T3 cells could not be increased by stable expression of exogenous receptors, and FB29-
dependent fusion was not observed in NIH 3T3 cells that transiently expressed elevated receptor numbers.
These results suggest that an additional undefined host cell factor(s) may limit both receptor expression and

fusion potential in murine cells.

Endothelial cell damage is thought to be an important ini-
tiating event in the development of a number of diseases,
including atherosclerosis, stroke, and cerebral hemorrhage (4,
14, 40). Evidence from several systems now suggests that in-
fectious agents may participate in these processes. Both herpes
simplex virus type 1 and cytomegalovirus infect endothelial
cells (16, 22), induce the up-regulation of adhesion molecules
(2, 13, 18, 41, 45), and are associated with the formation of
atherosclerotic plaques (4, 28, 53). There is also evidence that
patients infected with varicella-zoster virus (36, 42) or with
human immunodeficiency virus type 1 (8, 12) suffer a high
frequency of stroke. However, the precise mechanisms
whereby infectious agents cause acute or chronic endothelial
cell damage and disease have not been defined.

Infection of endothelial cells is characteristic of several mu-
rine leukemia viruses (MLV) (10, 23, 34). MLV infection may
lead to neuropathy, which has been linked to the extent of virus
replication in brain capillary endothelial cells (BCEC) (10, 26,
27, 46). The Friend MLV clone TR1.3 replicates aggressively
in neonatal BCEC and induces syncytium formation of BCEC
in vivo (30-32). Syncytium formation of BCEC triggers a cas-
cade of pathologic changes that include breakdown of the
blood-brain barrier, stroke formation, neurological disease,
and death of infected mice (31, 32). The demonstration of a
direct relationship between neurological disease and cyto-
pathic syncytium formation of BCEC during in vivo infection
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by TR1.3 provides a unique and powerful model to investigate
the molecular and cellular mechanisms of both endothelial
damage and retroviral pathology within the central nervous
system.

Sequence comparison indicates that TR1.3 is closely related
to FB29, a leukemogenic Friend MLV that is endothelial-cell
tropic but neither pathogenic nor syncytium inducing in
BALB/c mice (33). The primary determinant of in vivo patho-
genesis was mapped by using recombinant viruses to position
102, which lies within variable region A of the external (surface
[SU]) domain of Env (33). The introduction of a tryptophan-
to-glycine substitution at position 102 (W102G) in FB29 Env is
sufficient to produce BCEC fusion, stroke formation, and mor-
tality that are indistinguishable from the progression seen with
TR1.3. The mechanism whereby this change in Env mediates
cell and organismal pathology is a central question of ongoing
studies in our laboratories. In this regard, early comparisons of
the cytopathic effects that accompany TR1.3 infection in vivo
and in vitro brought a striking paradox to light. TR1.3 infects
endothelium throughout the body, but cell fusion and pathol-
ogy are detected only within BCEC (30). In contrast, TR1.3
induces widespread infection and fusion of murine fibroblast
lines in vitro. Taken together, these observations suggest that
unique features of both viruses and host cells regulate the
susceptibility to cell fusion.

We attempted to understand TR1.3 pathology by comparing
syncytium induction by TR1.3 and W102G Env with that in-
duced by FB29 Env in murine, human, and quail cells that
expressed various levels of ecotropic virus receptors. Here we
show that the W102G substitution renders Env protein more
intrinsically fusogenic, that induction of syncytium formation
requires a threshold level of virus receptors, and that the in-
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trinsic difference in fusion ability results in a greater threshold
receptor level for FB29 Env than for the TR1.3 or W102G Env
protein. We also show that the endogenous level of receptors
on murine cells is below the threshold for FB29 Env but above
that for the TR1.3 and W102G Env proteins. Augmentation of
receptor expression on NIH 3T3 cells increased the overall
level of fusion but failed to elevate fusion with FB29 Env to
that seen with either TR1.3 or W102G Env. In contrast, FB29
was as fusogenic as TR1.3 and W102G when receptor levels
were increased in human 293 cells. These observations suggest
that a host cell factor(s) may limit receptor density in NIH 3T3
cells but not in transformed quail or human cells. A model for
the mechanism of TR1.3 and W102G neuropathogenesis is
discussed.

MATERIALS AND METHODS

Constructs. Molecular clones of FB29, TR1.3, or W102G in pUC19B (51)
were first digested with AscI and Bsa Al enzymes to prepare MLV env constructs.
env gene fragments were agarose gel purified, and overhanging ends were filled
in with the Klenow fragment of Escherichia coli DNA polymerase I (Promega)
and then ligated into pcDNA I (Invitrogen) at the EcoRV site. The orientation
of env was confirmed by restriction endonuclease analysis. The plasmid pJET,
which encodes the ecotropic receptor murine cationic amino acid transporter
(MCAT-1), was the kind gift of James Cunningham (Harvard Medical School).
Construction of the Mcat-1 expression plasmid utilized pcDNA3 (Invitrogen)
under the control of the cytomegalovirus promoter as previously reported (25).
Robert Doms (University of Pennsylvania) kindly provided vIF1.1, a recombi-
nant vaccinia virus encoding the T7 RNA polymerase (5). The luciferase-T7
plasmid was purchased from Promega.

Cells. The Japanese quail fibrosarcoma cell line QT6 (ATCC CRL-1708) was
provided by Paul Bates (University of Pennsylvania). The following cell lines
were obtained from the American Type Culture Collection: NIH 3T3, murine
embryo cells (CRL-1658), and 293T, a transformed primary human embryonal
kidney cell line expressing the simian virus 40 T antigen. Cell lines 387, 1475, and
427, which express various levels of MCAT-1, were derived by transfection of
human 293 cells (ATCC CRL-1573) with pJET or with the pcDNA3 MCAT-1
plasmid as previously described (1, 25). Tissue culture media and supplements
were purchased from Life Technologies, Inc., unless otherwise noted. All cell
lines were maintained in Dulbecco’s modified Eagle medium (DMEM) with a
high glucose concentration and supplemented with 10% fetal bovine serum
(FBS) (HyClone), 2 mM glutamine, and penicillin-streptomycin. Cells were
grown at 37°C in 5% CO,.

Viruses. Infectious MLV were generated according to previously described
methods (33). Virions were purified by centrifugation at 70,000 X g over a 20%
sucrose cushion for 2 h (7). Purified virions were quantified by immunoblotting
or by reverse transcriptase (RT) assay as described previously (33). For quanti-
fication by immunoblotting, goat anti-SU gp70 and goat anti-capsid p30 (Quality
Biotech, Camden, N.J.) were reacted with viral proteins separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Reactive antibody was de-
tected with '*°I-protein G (Dupont NEN) and then quantified on a STORM
image analysis system (Molecular Dynamics).

Gene reporter cell fusion assay. Cell fusion was quantified by the gene re-
porter fusion assay described by Nussbaum et al. (29). Effector cells expressed T7
polymerase and Env protein. Target cells expressed luciferase under the control
of the T7 promoter in addition to the ecotropic receptor (MCAT-1) under the
control of the simian virus 40 promoter. Effector cells were produced by exposing
QT6 cells to the recombinant vaccinia virus VIF1.1 (multiplicity of infection of
10) in DMEM-2% FBS at 37°C for 5 h. After 1 h of incubation, a calcium
phosphate precipitate of the appropriate Env constructs was added to this mix-
ture. Cells were then washed once with phosphate-buffered saline (PBS) and
incubated at 32°C overnight in the presence of rifampin. Target cells were
produced by calcium phosphate cotransfection of the pJET plasmid encoding the
MLV receptor and the luciferase-T7 plasmid, followed by one wash in PBS and
overnight incubation in fresh medium at 37°C. To initiate fusion, 2 X 10° effector
cells were added to 1 X 10° target cells in 24-well plates at 37°C in the presence
of 1-B-p-arabinofuranosylcytosine to inhibit further vaccinia virus replication. In
some experiments, 2 X 10° target cells were used. To quantitate fusion at
different times after initiation, lysates were prepared in 0.5% Triton X-100. The
Promega luciferase assay was performed on 50-ul aliquots of lysates according to
the manufacturer’s instructions, and the luciferase activity was measured as
relative light units (RLU) on a Wallac luminometer. Data were analyzed by
calculating the ratio of RLU observed in Env-positive effectors mixed with the
specified target cells to the RLU observed in Env-negative effectors mixed with
the same target cells (defined as the luciferase activity ratio). Statistical analyses
were performed on these data by using a Student two-tailed ¢ test and probability
calculations (39).

Virus binding assay. Surface expression of MLV receptors was quantified by
determining the relative number of virus binding sites per cell by using a flow
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cytometry assay with the following modifications (21, 52). Briefly, a total of 2 X
10° cells were mixed with 200 .l of concentrated FB29 virus over a dilution range
in the presence of 8 ug Polybrene per ml and incubated at 37°C for 20 min with
gentle agitation. The cells were washed twice with wash buffer (5% FBS and
0.1% sodium azide in PBS) and then incubated with 100 pl of a 1:50 dilution of
polyclonal goat anti-Rauscher SU (anti-gp70; Quality Biotech) in wash buffer for
1 h at 4°C. Following two washes, the cells were incubated for 1 h at 4°Cin a 1:50
dilution of phycoerythrin-conjugated rabbit anti-goat immunoglobulin G (Sig-
ma). After two final washes, the cells were resuspended in 4% paraformaldehyde
in PBS on ice and analyzed by flow cytometry (FACS Star Plus; Becton Dickin-
son, San Jose, Calif.). The mean channel fluorescence (MCF) intensity of cells
incubated with different dilutions of concentrated virus was normalized to the
amount of RT activity. The saturating MCF intensities were determined and
averaged for statistical analysis of the standard error of the mean. The back-
ground MCF was quantified on 293 cells lacking MLV receptors or on NIH 3T3
cells incubated with normal goat serum (isotype control) and secondary antibod-
ies after binding virus. Data presented represent the MCF minus the background
MCF. The MCF was linear and saturated within the range of FB29 particle
dilutions used for all lines tested.

Cell fusion assay from without. Cells were plated in 24-well plates at 1 X 10°
to 2 X 10° cells per well and treated with 50 uM zidovudine (AZT) (Sigma) in
DMEM overnight to inhibit retroviral RT activity and virus infection (9). Cells
were then incubated overnight with equivalent amounts of purified viruses in the
presence of AZT and 8 pg of Polybrene per ml. Virus concentrations were
normalized by RT activity. Cells were then fixed in methanol and stained with
methylene blue. Syncytia were quantified by light microscopy, counting nuclei in
10 random fields under a magnification of X200.

RESULTS

The FB29, TR1.3, and W102G Env proteins mediate com-
parable levels of cell fusion in quail and human cells express-
ing MLV receptor MCAT-1. Syncytium formation of murine
BCEC in vivo and SC-1 cells in vitro is induced by TR1.3
and W102G Env but not FB29 Env (33). In order to isolate and
then analyze the individual contributions of Env, receptor, and
host cell type to fusion, we employed an in vitro cell fusion
assay that utilizes a vaccinia virus-based gene reporter (29).
This assay measures fusion mediated by Env expressed within
cells, termed fusion from within, which is believed to be the
primary pathway of in vivo syncytium formation (20). Briefly,
effector cells that expressed MLV Env and T7 RNA polymer-
ase were mixed with target cells that expressed ecotropic re-
ceptor MCAT-1 and a T7 promoter-driven luciferase reporter
gene. Membrane fusion between effector and target cells re-
sults in transcription of the luciferase gene by T7 RNA poly-
merase. Luciferase activity thus provides an indirect, but pro-
portional, measurement of cell fusion.

We first quantified fusion between quail (QT6) cells that
transiently expressed different env constructs, shown in Fig. 1,
and human fetal kidney (293T) cells that transiently expressed
Mecat-1 cDNA (293T-MCAT-1). In striking contrast to the dif-
ferential fusion of murine BCEC and SC-1 cells by TR1.3 and
FB29, equivalent levels of fusion were observed in effector
QT6 cells that expressed either TR1.3, W102G, or FB29 Env
(Fig. 2A). Each MLV Env protein stimulated an approximately
10-fold increase in cell fusion relative to fusion controls. Env
controls were QT6 effectors transfected with vector alone
(QTo6-pcDNA 1), while receptor controls were 293T targets
transfected with vector alone (293T-pcDNA I).

Similar analyses were conducted with QT6 cells as targets
(QT6-MCAT-1). As shown in Fig. 2B, the overall level of
fusion with QT6 targets was comparable to that seen with 293T
targets. More importantly, fusion of effector cells expressing
either TR1.3 or W102G Env was indistinguishable from fusion
of effector cells expressing FB29 Env. We also used this system
to examine the time course of cell fusion with different MLV
Env proteins. As shown in Fig. 2C, the magnitude of fusion was
the same for each Env protein for up to 8 h after cell mixing.

TR1.3 and W102G Env proteins mediate greater fusion than
FB29 Env with murine NIH 3T3 target cells. The results of



VoL. 73, 1999

Env102

SU ™ MLYV Env

FB29

TR1.3

W102G

tgg g8g

FIG. 1. Diagram of expression constructs of MLV envelope proteins. The
amino acid at position 102 is indicated for each virus. The nucleotide (lowercase)
and amino acid (capitals) sequences for the region of W102G Env appear at the
bottom.

studies which utilized nonmurine cells as fusion targets were at
odds with previous in vivo and in vitro observations on murine
targets (30, 33). Therefore, we examined the effectiveness of
murine NIH 3T3 cells that expressed endogenous MCAT-1 to
serve as fusion targets with QT6 effectors that expressed either
TR1.3, W102G, or FB29 Env. As shown in Fig. 2D, both TR1.3
and W102G Env stimulated a >10-fold increase above the
background in cell fusion with NIH 3T3 target cells. In con-
trast, fusion with FB29 Env effectors was not significantly
above the background and was statistically less than seen with
either TR1.3 (P < 0.02) or W102G (P < 0.02) Env.
Differential syncytium formation of murine and nonmurine
cells in a fusion-from-without assay. In view of these observa-
tions, we compared Env-mediated syncytium formation by
another fusion pathway, termed fusion from without. In this
instance MLV Env was provided directly by virus particles, in
high concentrations, instead of expressed on the cell surface.
Virus particles were first purified by separation through a su-
crose cushion and then analyzed for particle integrity both by
electron microscopy and by immunoblotting with anti-Env and
anticapsid antiserum (data not shown). The relative level of
virus was quantified by RT activity. Fusion of nonmurine cells
was determined with 293T-MCAT-1 cells as targets, and fusion
with murine cells utilized NIH 3T3 cells as targets. Cells were
pretreated with and maintained in AZT during incubation with
virus particles to inhibit virus replication and Env expression.
The analysis of fusion with nonmurine 293T-MCAT-1 cells is
shown in Fig. 3. In agreement with the results described above
for the fusion-from-within assay, identical levels of syncytia
were observed with each virus, TR1.3 (Fig. 3B), W102G (Fig.
3C), and FB29 (Fig. 3D), at all concentrations tested. The
threshold at which cell fusion was observed above the back-
ground (Fig. 3A) was 800 cpm of RT activity, and 100% of cells
in culture formed syncytia at virus concentrations in excess of
4,000 cpm. Virus-induced cell fusion was blocked by the addi-
tion of goat anti-Env antiserum but not preimmune goat serum
(data not shown). Syncytium formation was not observed in
incubations of cells with concentrated mouse mammary tumor
virus, a non-syncytium-inducing retrovirus, or in incubations of
MLV with 293 cells that lacked MCAT-1 (data not shown).
The relative potential of MLV to induce syncytium forma-
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tion in the fusion-from-without assay when incubated with
murine NIH 3T3 cells that express endogenous receptors is
presented in Fig. 4. In this instance, and as described for fusion
from within, syncytium formation was observed with TR1.3
(Fig. 4C) and W102G (Fig. 4D) but not FB29 (Fig. 4B). Ap-
proximately 10 to 30% of cells in culture formed syncytia at
4,000 cpm of RT activity, and this increased to 100% syncytium
formation at >10,000 cpm of RT activity. In contrast to these
results, syncytia were never observed upon addition of FB29
virus, even when added to cultures in a 10-fold excess relative
to the concentration of TR1.3 (data not shown).

Augmenting the number of receptors on NIH 3T3 cells has
no effect on MLV-dependent cell fusion. In considering why
FB29 Env was able to fuse nonmurine but not murine target
cells, we noted that in the in vitro fusion assay effector and
target cells were mixed at the time of peak receptor expression,
shortly after transfection of Mcat-1 cDNA. If the fusion capac-
ity is variably regulated by a threshold of available receptors,
then an exceptionally high number of receptors might enhance
FB29 Env-mediated fusion to levels comparable to that seen
with TR1.3 or W102G Env. This hypothesis implies that the
endogenous level of ecotropic MLV receptors on NIH 3T3
cells is above the threshold for W102G- and TR1.3-induced
fusion but below that for FB29-induced fusion. If this were
true, then increasing the number of receptors on murine tar-
gets should enhance the fusion potential of FB29 Env, perhaps
to that seen with TR1.3 or W102G Env.

Augmentation of endogenous MCAT-1 levels in NIH 3T3
cells was achieved by transient transfection with exogenous
receptor cDNA (0.5 to 5.0 wg/incubation). Cells were then
assayed for fusion (Fig. 5), using the T7-luciferase gene re-
porter system. Although different in magnitude, the results of
these studies were similar to those reported for naive NIH 3T3
cells. Fusion of NIH 3T3-MCAT-1 targets with QT6 effector
cells that expressed either TR1.3, W102G, or FB29 Env was
significantly greater than that with cDNA controls (see P val-
ues in Fig. 5) and was amplified approximately twofold over
levels seen with naive NIH 3T3 targets. Nevertheless, fusion
with TR1.3 (P < 0.02) or W102G (P < 0.05) Env effectors
remained significantly greater than fusion with FB29 Env ef-
fectors.

This method of analysis was limited by the efficiency of
cDNA transfection, which did not exceed 20% as determined
by cotransfection markers. Analysis of ecotropic receptor ex-
pression on these cells by flow cytometry confirmed expression
on a minor proportion of the NIH 3T3 cell population. As it
was not possible to directly compare the magnitude of increase
in receptor binding sites to increased cell fusion on a per-cell
basis, we also attempted to generate stable NIH 3T3-derived
cell lines that expressed high levels of exogenous receptors in
addition to endogenous receptors. To this end, NIH 3T3 cells
were transfected with the pcDNA3 MCAT-1 expression plas-
mid containing a linked bacterial neomycin resistance gene.
Numerous stable G418-resistant colonies were obtained in six
independent experiments, but none exhibited more than a 15%
increase in receptor expression as determined by cationic
amino acid transport (data not shown). Moreover, transfected
NIH 3T3 cells showed a progressive decrease over time in
exogenous receptor expression to below detectable levels
(21a).

Decreasing the number of receptors to levels below that of
NIH 3T3 cells results in a differential fusion pattern in non-
murine cell lines. In view of the difficulties in assessing the
impact of augmented MCAT-1 receptor expression on NIH
3T3 cells, we separately addressed the effects of reduced
MCAT-1 receptor expression on human 293 cells. If the ca-
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FIG. 2. Cell fusion directed by MLV Env and MCAT-1 in a fusion-from-within assay. QT6 effector cells transiently expressing Env and T7 RNA polymerase were
mixed with QT6, 293T, or NIH 3T3 target cells containing a luciferase reporter gene under the control of the T7 promoter and, in the instance of QT6 and 293T cells,
transiently expressing the ecotropic MLV receptor MCAT-1. Data are representative of three independent experiments, each performed in triplicate. Error bars
represent standard deviations. Significance was determined by the Student ¢ test. Probability values of Env-positive compared to Env-negative (pcDNA I) controls are
presented in parentheses. (A) Fusion between QT6 Env-positive effector cells and human 293T target cells transfected with either Mcat-1 (solid bars) or the vector
control (open bars) at 8 h. (B) Fusion between QT6 Env-positive effector cells and QT6 target cells transfected with either Mcat-1 (solid bars) or the vector control
(open bars) at 8 h. (C) Kinetics of fusion between QT6 receptor-positive cells and QT6 effector cells transfected with either FB29 Env (filled circles), TR1.3 Env (open
circles), W102G Env (filled squares), or the vector control (open squares). (D) Fusion between NIH 3T3 target cells expressing endogenous MCAT-1 and QT6 effector

cells transfected with either MLV Env or the vector control.

pacity for virus fusion is regulated by a threshold of available
receptors, then there should be a receptor density on nonmu-
rine cells at or below which fusion with FB29 Env effector cells
is significantly less than fusion with TR1.3 or W102G Env
effectors.

We first established the relative numbers of MLV binding
sites on three human 293-derived cell lines that displayed sta-
ble expression of exogenous MCAT-1. For comparison we also
measured the binding sites on murine NIH 3T3 cells which
were previously reported to express 5 X 10° MLV Env binding
sites per cell (11). Virus binding sites were quantified by flow
cytometry following incubation with a saturating concentration
of purified FB29 virus, followed by detection with anti-Env
antiserum and phycoerythrin-conjugated secondary antibody.
The MCEF per cell, minus the MCF for receptor-negative 293
cells, was used as a relative measure of the number of binding

sites. Results presented in Fig. 6 illustrate that the 427 cell line
expressed the greatest number of receptors (MCF = 33.8 =
1.35 [mean = standard deviation]), followed by the 1475 line
(MCF = 9.6 = 0.7), the NIH 3T3 line (MCF = 6.0 £ 1.7), and
the 387 line (MCF = 2.9 = 0.8).

The impact of altered receptor levels on cell fusion by FB29,
TR1.3, and W102G was then determined by using the T7-
luciferase reporter assay described above. Human 293 cell lines
that expressed high (line 427), intermediate (line 1475), or low
(line 387) receptor levels and the T7 promoter-driven lucif-
erase gene served as fusion targets. QT6 cells that expressed
either TR1.3, W102G, or FB29 Env and T7 RNA polymerase
served as effectors. As shown in Fig. 7A, several interesting
observations emerged from this analysis. The first was that the
relative degree of cell fusion was directly proportional to the
level of receptors on the target cell line. Line 427 displayed
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FIG. 3. MLV-dependent syncytium formation in a nonmurine line by a fusion-from-without assay. AZT-treated human 293 cells that transiently expressed MCAT-1
were incubated overnight with medium (A), purified FB29 virus (B), purified TR1.3 virus (C), or purified W102G virus (D). Cells were photographed under a light
microscope (magnification, X200) after staining with methylene blue. Data are representative of results obtained in three independent experiments. Arrows demarcate
areas of cell fusion.

approximately fourfold greater fusion potential than line 1475,
which in turn showed potential approximately twofold greater
than line 387. The second observation was that fusion was
indistinguishable with FB29, TR1.3, and W102G Env in the
427 and 1475 cell lines, both of which expressed a greater
number of virus binding sites than NIH 3T3 cells. Lastly, and
as shown in Fig. 7B, differential Env fusion of TR1.3 and
W102G relative to FB29 was observed with line 387, which
expressed fewer virus binding sites than NIH 3T3 cells. Al-
though the magnitude of fusion observed with line 387 was low,
presumably because of the low MCAT-1 receptor number,
statistical analysis conducted on data from multiple indepen-
dent experiments indicated that the fusion responses of both
TR1.3 Env and W102G Env were significantly greater (P <
0.02) than that of FB29 Env. In addition, the fusion response
of FB29 Env was not significantly different from that of the
vector control, although W102G Env was more fusogenic than
TR1.3 Env (P < 0.02).

The evaluation of fusion from without in lines 427, 1475, and
387 yielded similar but not identical results. As seen in Fig. 3,
uniformly high levels of syncytium formation were observed in
both 427 and 1475 cells when incubated with either TR1.3,
W102G, or FB29 virus (data not shown). Analysis of fusion in
387 cells was less conclusive. As expected, line 387 displayed a
much lower level of syncytium formation (10 to 30% of max-
imum) with TR1.3 or W102G virus than either the 427 or 1475
cell line. Unfortunately, the variability in fusion at these levels

did not permit statistical distinction of fusion between either
TR1.3 or W102G and FB29.

DISCUSSION

Infection of neonatal Fv-1” mice with TR1.3 MLV induces
widespread syncytium formation of BCEC that uniformly re-
sults in destruction of the blood-brain barrier, stroke forma-
tion, and death. This model of acute disease provides an im-
portant tool for dissecting the fundamental mechanisms of
both virus-dependent cell fusion and endothelial cell pathol-
ogy. The genetic basis of TR1.3-induced syncytium formation
and disease is a W102G substitution in Env within the SU
domain. However, the process whereby this change in Env
mediates cellular and organismal pathology is unclear. One
hypothesis is that these genetic changes directly alter the in-
herent fusion capacity of Env. Alternatively, these changes
might affect the expression and/or availability of Env or eco-
tropic receptors, or they might affect the premature cleavage of
transmembrane protein (TM) to the fusogenic form. In this
study we utilized quantitative cell fusion assays to evaluate the
inherent fusion capacity of TR1.3, W102G, and FB29 Env, as
well as the role of ecotropic receptor expression in syncytium
formation induced by MLV. Our results indicated that TR1.3
Env and W102G Env are inherently more fusogenic than FB29
Env. Nevertheless, we also observed that syncytium formation
was regulated by the level of ecotropic receptors, as well as
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FIG. 4. MLV-dependent syncytium formation in murine NIH 3T3 cells by a fusion-from-without assay. AZT-treated NIH 3T3 cells were incubated overnight with
medium (A), purified FB29 virus (B), purified TR1.3 virus (C), or purified W102G virus (D). Cells were photographed under a light microscope (magnification, X200)
after staining with methylene blue. Data are representative of results obtained in three independent experiments. Arrows demarcate areas of cell fusion.

other host cell determinants. Taken together, these observa-
tions indicate that syncytium formation is dependent upon
both the fusion capacity of individual MLV and the capacity of
target cells to achieve the necessary threshold level of recep-
tors to initiate fusion. We propose that BCEC fusion and
cytopathology observed in TR1.3 and W102G, but not in FB29,
infection in vivo result from a reduced threshold needed for
MLV fusion in BCEC compared to other small-vessel endo-
thelial cells.

There are several means by which mutations in MLV Env
may alter fusion potential. For example, MLV, Mason-Pfizer
monkey virus, and equine infectious anemia virus control en-
velope fusion activity through the cleavage of the TM subunit
prel5SE™ to release p15E and a short C-terminal fragment
termed the R peptide (6, 17, 38, 44). Normally, the R peptide
is cleaved by the viral protease after the virus particle is re-
leased from infected cells, preventing the premature activation
of envelope protein fusion (35, 37). Mutations in TM that
abrogate R-peptide cleavage inhibit virus-mediated cell fusion
even though these Env proteins are properly processed and
transported to the cell surface (50). In contrast, truncation of
TM before the R peptide renders the “R-less” p15E protein
hyperfusogenic and results in reduced production of infectious
particles (19) and a loss of virus infectivity (37). Therefore, one
explanation for the extraordinary fusion capability of TR1.3
and W102G Env might be that the W102G change either
enhances virus-protease cleavage or otherwise enables prema-

ture cleavage of the R peptide by a host cell protease. Prema-
ture cleavage of R peptide within cells might explain enhanced
fusion from within observed with TR1.3 and W102G MLV.
However, it is less clear whether this mechanism could account
for enhanced fusogenicity of mature virus particles as seen in
Fig. 3 and 4. Lastly, there was no difference in the production
of infectious virus among TR1.3, W102G, and FB29 in either
murine or nonmurine lines. Nevertheless, the hypothesis that a
single W102G point mutation in SU could induce fusion by
increased R-peptide cleavage is currently being investigated.
An alternative mechanism is that the W102G change in Env
results in structural changes that affect events in the fusion
process itself. In the envelope protein of the highly homolo-
gous Friend 57 MLV, the planar aromatic rings on the side
chain of W102 lie directly under the side chain of aspartate 86
(D86) (15), a residue shown to be essential for Env binding to
receptors (24). Perhaps the absence of the bulky tryptophan
side chain and/or the peptide chain flexibility added by the
glycine replacement allows for more rapid movement of D86
upon receptor binding. This change might alter the avidity or
kinetics of Env binding to receptors and thereby enhance fu-
sion potential. Alternatively, this structural change might affect
the conformation of SU and/or TM, resulting in enhancement
of subsequent events in the fusion process, such as exposure of
the fusion peptide. In related studies, two of us (8a) observed
that TR1.3 and W102G viruses have a lower binding avidity for
receptors than does FB29, consistent with the presence of
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FIG. 5. Impact of enhanced MCAT-1 expression on cell fusion in NIH 3T3
cells. Env-positive QT6 effector cells were mixed with NIH 3T3 target cells that
either expressed endogenous receptors (open bars) or were transfected with
Mcat-1 cDNA (2 pg/incubation) (solid bars). Data are expressed as the luciferase
activity ratio after 8 h and are representative of three independent experiments,
each performed in triplicate. Error bars represent standard deviations. Signifi-
cance was determined by the Student ¢ test. Probability values of Env-positive
compared to Env-negative (pcDNAI) controls are presented in parentheses.

structural changes in Env. This preliminary observation high-
lights the complexity of the fusion process, as a decrease in
binding avidity might be anticipated to proportionally decrease
cell fusion. A major goal of our ongoing studies is to utilize
TR1.3, W102G, and related viruses as tools to define the pa-
rameters of Env binding and the biophysics of MLV fusion.
These analyses are an essential component of our ability to
predict and combat virus pathology of MLV and other retro-
viruses.

Although the W102G substitution accurately reconstitutes
the cell and organismal pathology of TR1.3, there may be
subtle aspects of fusion which are not be fully reproduced. An
example of this was provided in the analysis of fusion in line
387, which expressed low levels of ecotropic receptors (Fig.
7B). While both W102G Env and TR1.3 Env were more fuso-
genic than FB29 Env, W102G Env was in turn more fusogenic
(P < 0.02) than TR1.3 Env. It is also interesting that in pre-
vious studies members of our group were unable to generate
infectious virus from the reciprocal substitution, G102W,
within the backbone of TR1.3 (33). These results suggest that
other regions within Env may interact with or influence residue
102 in the regulation of cell fusion and pathology. We have
identified and analyzed two additional amino acid substitutions
within the first 200 residues of the N terminus of TR1.3 Env.
Replacement of these residues within FB29 had no effect on
syncytium formation or disease (33). We have not yet investi-
gated the role of more distal C-terminal substitutions on fu-
sion.

One of the most important questions raised by these studies
is why TR1.3-dependent syncytium formation is specific to
BCEC in vivo. The answer may lie in part with the physiology
of BCEC and the cellular distribution of ecotropic receptors
on these cells. It is well established that BCEC are a unique
cell type as evidenced by the formation of tight junctions that
delineate the blood-brain barrier (3). Unfortunately, there is
no analysis of ecotropic receptor or cationic amino acid trans-
porter distribution in these cells. Related studies on kidney
epithelial cells demonstrated that cationic amino acid trans-
porters were localized in the basolateral membrane created by
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FIG. 6. Comparison of ecotropic receptor levels on human 293 and NIH 3T3
cells. Cell suspensions were incubated with purified FB29 virions at 4°C to allow
virus binding but not internalization. Bound virus was then detected with goat
anti-SU antiserum and rabbit anti-goat immunoglobulin G conjugated to phy-
coerythrin. The relative number of receptors per cells was determined by mea-
suring the MCF intensity of bound phycoerythrin by flow cytometry. Data are
presented as the MCEF of cell lines 387, 1475, and 427 minus the MCF of human
293 cells that lack receptor or, in the instance of NIH 3T3 cells, minus the MCF
of NIH 3T3 cells incubated with virus and then normal goat serum and secondary
antiserum. Error bars represent standard deviations of data from three indepen-
dent experiments.

tight junctions in vivo (48). A similar distribution of receptors
was also observed in confluent in vitro cultures of Madin-
Darby canine kidney cells and human 293 kidney epithelial
cells that express exogenous ecotropic receptors (21a). More-
over, MLV assemble and bud exclusively from the basolateral
membranes of infected polarized cells (47). These observations
suggest that receptors and virus envelope proteins may be
concentrated on directly apposing surfaces below tight junc-
tions, thereby facilitating the fusion process.

The hypothesis that receptor concentration serves to regu-
late the magnitude of cell fusion is also reinforced by our in
vitro analysis on human 293T lines that expressed various lev-
els of ecotropic receptors. Lines 1475 and 427, which expressed
approximately 50 and 400% more receptors, respectively, than
NIH 3T3 cells, displayed robust fusion with all MLV Env
proteins tested. In contrast, the 387 cell line, which expressed
lower receptor numbers than NIH 3T3 cells, fused only in the
presence of TR1.3 or W102G Env. These results indicate that
induction of cell fusion requires a threshold level of virus
receptors that is greater for FB29 Env than for TR1.3 and
W102G Env.

These findings also led to the expectation that increasing
receptor expression in NIH 3T3 cells should render them
equally amenable to FB29 Env-mediated fusion. We at-
tempted to increase receptor expression in NIH 3T3 cells by
transient transfection of receptor cDNA but found that FB29
Env still did not mediate fusion comparably to TR1.3 and
W102G Env. It is difficult to draw concrete conclusions from
this analysis, as we detected only 20% transfection efficiency
based on cotransfection markers. Therefore, it is possible that
we have not sufficiently amplified ecotropic receptors on NIH
3T3 cells to reach the threshold of FB29 Env fusion. In view of
this we also attempted to generate NIH 3T3 cells with stable,
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FIG. 7. Comparison of cell fusion directed by MLV Env in human 293 lines that express various levels of receptors. (A) QT6 effector cells expressing Env and T7
RNA polymerase were mixed for 8 h with 293 target cell lines that displayed stable expression of ecotropic MLV receptors and transiently expressed a luciferase
reporter gene under the control of the T7 promoter. Grey bars, line 427; stippled bars, line 1475; black bars, line 387; white bars, receptor-negative 293 cells. Data are
representative of three independent experiments, each performed in triplicate. Error bars represent standard deviations. (B) Amplified scale of fusion with line 387
from panel A. Significance was determined by the Student ¢ test. Probability values of Env-positive compared to Env-negative (pcDNAI) controls are presented in

parentheses.

high-level expression of exogenous receptors. None of these
lines displayed more than a 15% increase in receptor expres-
sion, and this increase was lost upon passage. In contrast,
receptor expression could be increased by up to 400% in trans-
formed human 293T cells. The inability to force a substantial
increase in receptor expression in NIH 3T3 cells suggests ei-
ther that this limitation is due to a host cell factor(s) available
in limited amounts in NIH 3T3 cells or that this phenomenon
is related to the transformed phenotype of 293T and QT6 cells.
Evidence of an accessory factor for MLV-dependent fusion in
Chinese hamster cells has been previously reported, but such a
factor has not been characterized for murine cells (43). Trans-
formed cells may also display greater susceptibility to MLV
fusion, perhaps as a result of alterations in the cytoskeletal
network, expression of cell surface proteases, and/or mem-
brane glycolipid composition (49). Studies to resolve these
issues with regard to TR1.3-dependent fusion are ongoing in
our laboratories.

We propose the following model for the mechanism of
TR1.3 virus syncytium induction and neurovirulence in vivo.
TR1.3 first infects small-vessel endothelial cells throughout the
body. In the majority of infected cells, available receptors are
distributed throughout the plasma membrane, while in BCEC,
receptors are concentrated at the basolateral membrane in
association with tight junctions. This distribution comprises a
unique feature that increases the local receptor density in
BCEC such that it exceeds the threshold receptor level for
TR1.3- and W102G-mediated fusion but not FB29-mediated
fusion. Virus Env is also directed to the basolateral membranes
of infected BCEC during virus replication, concentrating the
two principal participants of cell fusion in the region where
adjacent cell membranes are in intimate contact. This process
may be augmented by a putative decrease in TR1.3 Env avidity,
which might serve to limit the down-regulation of receptor
expression by Env. Thus, syncytium formation occurs in BCEC,
but not in other cell types, as a consequence of viral and

cellular events, yielding the neuropathology characteristic of
TR1.3 infection.
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