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ABSTRACT TVA, the cellular receptor for subgroup A
avian leukosis viruses (ALV-A) can mediate viral entry when
expressed as a transmembrane protein or as a glycosylphos-
phatidylinositol-linked protein on the surfaces of transfected
mammalian cells. To determine whether mammalian cells can
be rendered susceptible to ALV-A infection by attaching a
soluble form of TVA to their plasma membranes, the TVA-
epidermal growth factor (EGF) fusion protein was generated.
TVA-EGF is comprised of the extracellular domain of TVA
linked to the mature form of human EGF. Flow cytometric
analysis confirmed that TVA-EGF is a bifunctional reagent
capable of binding simultaneously to cell surface EGF recep-
tors and to an ALV-A surface envelope-Ig fusion protein.
TVA-EGF prebound to transfected mouse fibroblasts express-
ing either wild-type or kinase-deficient human EGF receptors,
rendered these cells highly susceptible to infection by ALV-A
vectors. Viral infection was blocked specifically in the presence
of a recombinant human EGF protein, demonstrating that the
binding of TVA-EGF to EGF receptors was essential for
infectivity. These studies have demonstrated that a soluble
TVA-ligand fusion protein can mediate viral infection when
attached to specific cell surfaces, suggesting an approach for
targeting retroviral infection to specific cell types.

Retroviral entry is initiated by the binding of viral surface
envelope proteins (ENVs) to specific cell surface receptors.
Retroviruses utilize a number of different cell surface proteins
as receptors including several transporter proteins with mul-
tiple transmembrane regions, and proteins with single trans-
membrane regions that are derived from Ig, low density
lipoprotein receptor, and tumor necrosis factor receptor pro-
tein superfamilies (1, 2). TVA, the cellular receptor for
subgroup A avian leukosis viruses (ALV-A), is a type I
membrane protein with an 83-amino acid extracellular region
that contains a 40-amino acid motif related to the ligand
binding repeat regions of the low density lipoprotein receptor
(3). The major viral interaction determinants of TVA have
been mapped to the low density lipoprotein receptor-related
motif, and analysis of different transmembrane and glyco-
sylphosphatidylinositol-linked forms of this receptor have in-
dicated that these determinants can be placed at various
distances from the cell surface membrane without loss of
function (refs. 4-6, and H. Wang, K. Gendron, D. Chu, H. E.
Varmus, and P. Bates, personal communication).

There is accumulating evidence to indicate that TVA may be
the only cell surface protein required for ALV-A entry. (i)
TVA can confer susceptibility to ALV-A infection when
expressed in cells of human, mouse and monkey origin (refs.
3 and 7, and K. Zingler and J.A.T.Y., unpublished data),
indicating that if other cellular factors are involved then they
must be highly conserved between different species. (i) This
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receptor can elicit conformational changes in ALV-A ENV
like those that are thought to be responsible for promoting
virus-cell membrane fusion (8).

Given that TVA may be the only cellular protein needed to
promote ALV-A infection, and that this receptor is able to
function when placed at variable distances from the cell
membrane, we decided to determine whether a soluble protein
containing the extracellular region of TVA could allow viral
entry when attached to cell surfaces by a specific protein-
protein interaction. To test this idea TVA-EGF, a soluble
protein comprised of the extracellular region of TVA fused to
the mature form of human EGF, was generated. TVA-EGF
conferred susceptibility to ALV-A infection when attached to
cell surface EGF receptors (EGFRs), demonstrating that
retroviruses can be targeted to cells by a soluble retroviral
receptor-ligand fusion protein.

MATERIALS AND METHODS

Construction of the TVA-EGF Gene and Production of the
TVA-EGF Protein. A DNA fragment encoding a proline-rich
linker, PPPELLGGP, placed at the N-terminal end of the
mature form of human EGF was obtained by PCR amplifica-
tion by using a human EGF minigene template (9) and the
DNA primers 5'-GCGCGGCCGGGTACCTTATCGCAGT-
TCCCATTTCAGGTCGCG-3" and 5'-GCGCGGCCGCC-
CACCCCCTGAACTCCTGGGGGGACCGGAGGTTC-
AGAACTCTGATTCCGAATGC-3'. The DNA fragment
was then digested with the FEagl restriction enzyme and
subcloned into the Eagl site of a synthetic 7va gene (5)
contained within the pCI mammalian expression vector (Pro-
mega) to generate plasmid pSS1. The calcium phosphate
method (10) was used to transfect 45 pg of plasmid pSS1 into
human 293 cells plated at 20% confluency on 150-mm tissue
culture plates. Extracellular supernatants from transfected and
nontransfected cells were collected 72 hr after transfection and
45 ul aliquots of these supernatants were subjected to elec-
trophoresis on a 10% polyacrylamide gel containing SDS under
nonreducing conditions. These proteins were then transferred to
a nitrocellulose membrane and TVA-EGF was detected by
immunoblotting with ALV-A surface ENV (SU)-Ig fusion pro-
tein (SUA-rIgG) (11) followed by a horseradish peroxidase-
conjugated antibody specific for rabbit Igs (Amersham).

Cell Lines and Viruses. B82 mouse L cells that lack EGFRs,
T23 mouse L cells that express wild-type human EGFRs, and
MS5 mouse L cells that express kinase-deficient EGFRs con-
taining the K721M mutation (12, 13), were kindly provided by
G. Gill (University of California, San Diego, La Jolla).
T23TVA cells were generated by cotransfecting T23 cells with
plasmid pKZ261 encoding an epitope-tagged transmembrane
form of TVA (4) and with pPur plasmid DNA encoding
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puromycin-N-acetyl-transferase (CLONTECH). After selec-
tion in medium containing 2 pg/ml puromycin, independent
clones of T23TVA cells were isolated and characterized for cell
surface TVA expression by flow cytometric analysis by using
SUA-rIgG (11) and fluorescein isothiocyanate-conjugated
swine anti-rabbit antibodies (Dako). The subgroup A-specific
viruses RCASA-Neo encoding neomycin phosphotransferase
and RCASH-A encoding hygromycin B phosphotransferase
were described (2, 7).

Flow Cytometry. B82, M5, and T23 cells were detached from
tissue culture plates with Ca>*/Mg?"-free PBS containing 1
mM EDTA and placed on ice. All of the following steps were
performed at 4°C. Approximately 3.5 X 103 cells of each type
were incubated for 1 hr with extracellular supernatants that
either lacked or contained different amounts of TVA-EGF in
1 ml of DMEM. The cells were then washed with ice-cold PBS
and incubated for 1 hr with 500 ul of PBS containing 3 pg of
purified SUA-rIgG (11). After washing with ice-cold PBS, cells
were incubated for 30 min. with 500 ul of PBS containing 5 ul
of fluorescein isothiocyanate-conjugated swine anti-rabbit an-
tibody (Dako). The cells were then washed again, resuspended
in PBS containing 1% formaldehyde, and the bound proteins
were detected by flow cytometry by using a Becton Dickinson
FACScan. These experiments were performed in the presence
of excess amounts of SUA-rIgG to ensure this reagent is
saturating (data not shown).

Competition experiments were performed by adding differ-
ent amounts of a recombinant human EGF protein (Upstate
Biotechnology, Lake Placid, NY) to 200 ul aliquots of extra-
cellular supernatants containing TVA-EGF and incubating
with M5 cells at 4°C for 1 hr. The bound TVA-EGF proteins
were detected as described above. To eliminate the possibility
that EGF might interfere nonspecifically with TVA/SUA-
rIgG interactions, 3.5 X 10° T23TVA cells were incubated with
1 ml DMEM that either lacked or contained 5 ug of EGF
before flow cytometric analysis with SUA-rIgG and fluores-
cein isothiocyanate-conjugated swine anti-rabbit antibody
(Dako).

To follow the uptake of TVA-EGF proteins from cell
surfaces, ~3.5 X 10° M5 and T23 cells were first incubated at
4°C for 1 hr with 200 ul of extracellular supernatants contain-
ing TVA-EGF. Cells were then washed with ice-cold PBS and
either left on ice, or were incubated at 37°C for 30, 60, or 120
min with 500 ul of DMEM that had been prewarmed to 37°C.
At each of these time points, cells were immediately trans-
ferred to ice to block any subsequent receptor-mediated
endocytosis. TVA-EGF proteins remaining on the cell sur-
faces were then detected by flow cytometry as described above.

TVA-EGF-Dependent Viral Infection. Triplicate samples of
~1 X 10° B82, T23 or M5 cells were plated on 60-mm tissue
culture plates for ~24 hr. The plates were placed on ice and
incubated at 4°C for 1 hr with 1 ml of ice-cold DMEM
containing different amounts of TVA-EGF. Cells were then
washed with ice-cold PBS, incubated with 1.5 ml of medium
containing 400 ul of RCASA-Neo virus, and placed at 37°C for
28 hr. For control purposes, T23TVA cells were incubated at
4°Cfor 1 hr with 1.5 ml medium that either contained or lacked
50 ul of RCASA-Neo virus, and then incubated at 37°C for 28
hr. All of these cells were then selected in medium containing
200 pg/ml Geneticin (G418) (GIBCO/BRL). G418-resistant
colonies each arising from an independent infection event
were counted after 2 weeks. It is important to note that
although the pKZ261 plasmid transfected into T23TVA cells
encodes neomycin phosphotransferase, a cloned line of these
cells was isolated that expressed cell surface TVA but was
highly sensitive to G418-induced killing. This cell line was
therefore a suitable control for infection experiments that
employed the RCASA-Neo virus. In two independent exper-
iments, each performed in triplicate, the number of G418
resistant T23TVA colonies obtained without virus was ~10%
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of that number obtained after RCASA-Neo virus infection
(data not shown).

The infection experiments employing the RCASH-A virus
were performed essentially as described above except that 1 ml
of TVA-EGF containing supernatants and 300 ul of
RCASH-A virus were used. The cells were incubated with
media that contained sufficient amounts of hygromycin B to
select against the growth of any uninfected cells (900 pg/ml for
B82 cells and 700 pg/ml for M5 cells). For control purposes,
B82 cells expressing an epitope-tagged transmembrane form
of TVA, generated by transfection with plasmid pKZ261 (4),
were shown to be resistant to 900 ug/ml hygromycin B after
infection by RCASH-A virus (data not shown).

To block TVA-EGF dependent viral entry, triplicate sam-
ples of ~1 X 10° M5 cells plated on 60-mm plates were
incubated at 4°C for 1 hr with 1 ml ice-cold DMEM that
contained 200 ul of TVA-EGF supernatant and either 0, 0.5
pg or 5 ug of a recombinant human EGF protein. Also,
T23TVA cells were incubated with 1 ml of DMEM that
contained either 0 or 5 ug of EGF. The cells were then washed
with ice-cold PBS, incubated with 1.5 ml of DMEM containing
150 wl of RCASA-Neo virus and transferred to 37°C for 28 hr.
The number of infected G418-resistant colonies was deter-
mined as described above.

RESULTS

The TVA-EGF Protein. TVA-EGF was designed as a bi-
functional reagent with two distinct domains: the N-terminal
domain, comprised of the extracellular region of TVA con-
taining the determinants necessary for binding the ALV-A SU
and promoting viral entry (4-6, 14, 15), and the C-terminal
domain, consisting of the mature form of human EGF (9) that
binds to cell surface EGFRs (Fig. 14). To increase the
probability that these two domains of TVA-EGF would func-
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Fic. 1. The TVA-EGF protein. (4) A model of TVA-EGF me-
diated ALV-A infection. TVA-EGF is comprised of the extracellular
domain of TVA fused via a proline-rich linker region to the mature
form of human EGF (see Materials and Methods). TVA-EGF was
predicted to bind to ALV-A SU ENV and to cell surface EGFRs,
promoting viral entry. (B) TVA-EGF was produced in the extracel-
lular supernatants of transfected human 293 cells. Samples of extra-
cellular supernatants taken from 293 cells that were either not
transfected (—) or transfected with plasmid DNA encoding TVA-EGF
(+) were subjected to SDS/PAGE. After transfer to a nitrocellulose
membrane, the TVA-EGF protein was detected by immunoblotting
with an ALV-A SU-Ig fusion protein (11) and a horseradish peroxi-
dase-coupled secondary antibody followed by enhanced chemilumi-
nescence (Amersham). Molecular mass markers are given in kDa.
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tion independently, they were separated by a 9-amino acid
proline-rich linker region derived from the hinge region of a
rabbit Fc chain (see Materials and Methods).

TVA-EGF was produced in the extracellular supernatants of
transiently transfected human 293 cells. To confirm expression
of the fusion protein, the extracellular supernatants of trans-
fected and nontransfected 293 cells were assayed by immuno-
blotting with a ALV-A SU-Ig fusion protein (SUA-rIgG) (11).
SUA-rIgG specifically detected TVA-EGF in extracellular
supernatants of transfected, but not nontransfected, cells (Fig.
1B). The TVA-EGF proteins varied in size between ~25-49
kDa, presumably because of heterogeneous posttranslational
modifications of the TVA domain (3).

TVA-EGF Is a Bifunctional Reagent that Can Bind Simul-
taneously to the Ligand-Binding Region of Cell Surface
EGFRs and to ALV-A SU. To determine whether TVA-EGF
was capable of binding both to cell surface EGFRs and to
ALV-A SU, flow cytometric analysis was performed. Mouse L
cells that either did not express EGFRs (BS82 cells), expressed
wild-type human EGFRs (T23 cells), or expressed kinase-
deficient human EGFRs containing the K721M mutation (M5
cells) (12, 13), were incubated with extracellular supernatants
that contained increasing amounts of TVA-EGF. The TVA-
EGF proteins that bound to the surfaces of these cells were
then detected by flow cytometry by using SUA-rIgG (Fig. 24).
TVA-EGF bound to M5 and T23 cells in a saturable manner
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but did not bind to B82 cells (Fig. 2A4). Thus, TVA-EGF was
indeed a bifunctional reagent capable of binding both SUA-
rIgG and the surfaces of cells expressing EGFRs.

To demonstrate specific binding of TVA-EGF to EGFRs, a
recombinant human EGF protein was tested for its capacity to
block TVA-EGF binding to M5 cells. Extracellular superna-
tants containing TVA-EGF were mixed with various amounts
of EGF before incubation with M5 cells, and the bound
TVA-EGF was detected by flow cytometry (Fig. 2B). The level
of cell-associated TVA-EGF (contained in a 200-ul aliquot of
extracellular supernatant) was reduced by 50% in the presence
of 200 ng of EGF and by 97% in the presence of 5 ug of EGF
(Fig. 2B). In contrast, EGF did not compete with SUA-rIgG
binding to T23TVA cells that stably express a transmembrane
form of TVA (Materials and Methods), thus ruling out the
possibility that the addition of EGF interfered with the
SUA-rIgG/TVA interaction (data not shown).

Given that TVA-EGF appears to bind to cell surface EGFRs
in the same way as EGF, it seemed likely that this retroviral
receptor-ligand fusion protein would be more rapidly down-
regulated from cell surfaces after binding to wild-type EGFRs
as opposed to kinase-deficient EGFRs (12, 13, 16). Indeed, the
majority of TVA-EGF prebound to wild-type EGFRs on T23
cells was cleared from cell surfaces within a 30 minute incu-
bation period at 37°C, whereas a substantial amount of TVA-
EGF still remained on the surface of M5 cells even after a 2-hr

. VRHENR ©

Mean Fluorescence
=
1

10II

B

Cell Type M5 T23

ul TVA-EGF | 0 [0.1]0.5]2.5[12.5[25 [250[500] 0 [0.1]0.5]2.5]12.5] 25 [250[500] 0 [500

]
= 3
2 107
w
o
w
A
E 10
(<9
=
S 10'
=
10"
BS2 0 1 2 3 4 5 6
pg EGF

o
=

32

Number of Cells

TVA-EGF Min.

10° 10” 10
Fluorescence

FiG. 2. TVA-EGF binds specifically to the ligand-binding regions of cell surface EGFRs. (4) TVA-EGF binds in a saturable manner to M5
and to T23 cells. B82 mouse L cells lacking EGFRs, M5 cells expressing kinase-deficient human EGFRs, or T23 cells expressing wild-type human
EGFRs (12, 13), were incubated with the indicated amounts of extracellular supernatants that contained TVA-EGF. The cells were then incubated
with SUA-rIgG (11) and with fluorescein isothiocyanate-conjugated antibodies specific for rabbit Igs and analyzed by flow cytometry. Mean
fluorescence values obtained with each cell population are shown. (B) EGF competes for TVA-EGF binding to M5 cells. M5 cells were incubated
with extracellular supernatants containing TVA-EGF and increasing amounts of a recombinant human EGF protein. The level of cell
surface-associated TVA-EGF in each cell population was measured by flow cytometry as described above. The data shown is representative of two
independent experiments that were each performed in triplicate. (C) TVA-EGF disappeared more rapidly from the surfaces of T23 as opposed
to M5 cells. M5 and T23 cells were preincubated at 4°C with extracellular supernatants that either lacked or contained TVA-EGF and then
transferred to 37°C for the indicated periods of time. The TVA-EGF proteins that remained on the cell surface at each time point were detected
by flow cytometry as described above. The data shown is representative of results obtained from three independent experiments.



7066 Microbiology: Snitkovsky and Young

Proc. Natl. Acad. Sci. USA 95 (1998)

A 1600

1200 4

800 +

400

HgrB Resistant Colonies

0 =

Cell Type T23-TVA M5 B82

ml TVA-EGF| 0 0| o 0 |1 |1

pl RCASH-A| 300

B 500

400

200

100

G418 Resistant Colonies

0

T23-
Cell Type TVA M5

T23 B82

pl TVA-EGF| 0 |200 [12.5] 2.5 [0.5 ] o

200 |12.5] 2.5 0.5 | 0 |[200

pl RCASA-Neo| 50

400

C

150 4

100 4

50 A

G418 Resistant Colonies

0

Cell Type M5

pl TVA-EGF 200
pgEGF| 0 | 05 | 5

pl RCASA-Neo 150

Fic.3. The TVA-EGF protein mediates ALV-A infection when attached to cell surface EGFRs. (4) B82 and M5 cells incubated with medium
that contained or lacked TVA-EGF, and T23TVA cells expressing a transmembrane form of TVA, were challenged with the subgroup A specific
RCASH-A virus encoding hygromycin B phosphotransferase (7). The numbers of hygromycin B-resistant colonies, representing individual infection
events, were counted and the results of independent experiments, each performed in triplicate, are shown. (B) B82, T23 and M5 cells were incubated
with medium containing the indicated amounts of TVA-EGF and then challenged with the subgroup A-specific RCASA-Neo virus encoding
neomycin phosphotransferase (2). The number of infected G418-resistant colonies was determined. T23TVA cells were also challenged with this
virus, and the average number of infected G418-resistant colonies was determined after subtracting the small number of drug-resistant colonies
that arose without virus addition (see Materials and Methods). These data are representative of three independent infection experiments that were
each performed in triplicate. (C) EGF blocks TVA-EGF-dependent viral entry. M5 cells were incubated with extracellular supernatants containing
TVA-EGF in the presence of different amounts of recombinant EGF and then challenged with the RCASA-Neo virus. The resulting G418-resistant
infected colonies were counted, and the average numbers from two independent experiments that were each performed in triplicate are shown.

incubation period at this temperature (Fig. 2C). Taken to-
gether, these studies demonstrate that TVA-EGF binds in the
same way as EGF to cell surface EGFRs and like EGF, this
retroviral receptor-ligand fusion protein is capable of stimu-
lating receptor-mediated endocytosis.

TVA-EGF Confers Susceptibility to ALV-A Infection upon
Cells that Express EGFRs. We next asked if TVA-EGF bound
to cell surface EGFRs could mediate ALV-A entry. BS§2 and
MS5 cells were incubated with extracellular supernatants that
either contained or lacked TVA-EGF and were then chal-
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lenged with the ALV-A vector RCASH-A encoding hygromy-
cin B phosphotransferase (7). M5 cells that had been incubated
with supernatants containing, but not lacking, TVA-EGF,
were infected by virus (Fig. 34). In fact, TVA-EGF rendered
MS5 cells highly susceptible to ALV-A infection: the average
number of infected M5 colonies obtained was ~23% of that
number observed after virus infection of T23TVA cells that
express a fully functional epitope-tagged transmembrane TVA
protein (Fig. 34). In contrast, B82 cells that lack EGFRs were
not infected by virus after TVA-EGF addition (Fig. 34).

To assess the effect of increasing amounts of TVA-EGF on
the efficiency of subgroup A virus infection, M5, T23, and B82
cells were incubated with extracellular supernatants contain-
ing different amounts of TVA-EGF and challenged with the
ALV-A virus RCASA-Neo encoding neomycin phosphotrans-
ferase (2). TVA-EGF conferred susceptibility to viral infection
upon M5 and T23 cells in a dose-dependent manner (Fig. 3B).
The average number of infected cells observed when M5 cells
were incubated with an excess amount of TVA-EGF (200 ul;
Fig. 2A4) was ~10% of that obtained with T23TVA cells (Fig.
3B). However, the level of infection obtained with T23 cells
was lower than that seen with M5 cells (Fig. 3B). As expected,
B82 cells that lack EGFRs were not infected by the RCASA-
Neo virus after exposure to TVA-EGF (Fig. 3B).

To confirm that TVA-EGF-mediated viral entry requires that
this fusion protein binds to the ligand-binding region of EGFRs,
a recombinant human EGF protein was tested for its ability to
block viral infection. EGF blocked TVA-EGF dependent viral
entry into M5 cells in a dose-dependent manner (Fig. 3C). To
exclude any nonspecific effect of EGF addition on RCASA-Neo
virus infection, T23TVA cells were also treated with EGF before
viral challenge. The number of infected T23TVA cells was not
affected by pretreatment with EGF (data not shown). Taken
together, these studies demonstrate that TVA-EGF can effi-
ciently mediate ALV-A entry when bound to the ligand-binding
domain of cell surface EGFRs.

DISCUSSION

In this report we have shown that the TVA-EGF fusion protein
is a bifunctional reagent that binds both to cell surface EGFRs
and to ALV-A SU, promoting viral entry. Thus these studies
have demonstrated that cells can be rendered susceptible to
viral infection when a soluble retroviral receptor protein is
attached to their surfaces by a protein-protein interaction.

Several independent lines of evidence have demonstrated
that TVA-EGF binds to the ligand-binding region of cell
surface EGFRs and that this binding is necessary for mediating
ALV-A entry. (i) TVA-EGF binds to T23 cells expressing
wild-type EGFRs and to M5 cells expressing kinase-deficient
EGFRs, but not to B82 cells lacking EGFRs. (if) A recombi-
nant human EGF protein specifically blocked TVA-EGF
binding to M5 cells and TVA-EGF mediated viral entry. (iii)
Like EGF (12, 13, 16), TVA-EGF is taken up more rapidly
from cell surfaces (presumably after receptor-mediated endo-
cytosis) after binding to wild-type EGFRs as opposed to
kinase-deficient EGFRs.

The highest level of TVA-EGF dependent viral entry was
observed by using M5 cells incubated with excess amounts of
the soluble retroviral receptor-ligand fusion protein (Fig. 3 4
and B). These levels reached ~10-23% of those obtained with
the T23TVA cell line, stably expressing TVA. However, in
three independent experiments, T23 cells incubated with
excess amounts of TVA-EGF were on average 2.5-fold less
susceptible to ALV-A infection than were M5 cells (Fig. 3B).
This difference between the two cell types may reflect the fact
that there may be as many as 12.4-fold more EGFRs on the
surfaces of M5 cells than on the surfaces of T23 cells (Fig. 2
A and C). However it is worth noting that although this data
is representative of most of the flow cytometry experiments
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performed, some experiments indicated that there are equiv-
alent amounts of EGFR on the surfaces of M5 and T23 cells
(data not shown). The reason for this difference between
experiments is not known and is currently under investigation.

The difference in susceptibility to ALV-A infection ob-
served between M5 and T23 cells increased to an average of
12-fold when nonsaturating amounts of TVA-EGF were used
(Figs. 24 and 3B). This difference in infectivity may be due at
least in part to differing numbers of EGFRs present on these
cell surfaces and/or to the fact that TVA-EGF is cleared from
the surfaces of T23 cells more rapidly than from those of M5
cells (Fig. 2C). Another factor that might contribute to this
effect is that ALV-A/TVA-EGF complexes bound to wild-
type EGFRs may be targeted after endocytosis to cellular
compartments that do not permit efficient viral entry, includ-
ing lysosomes where these complexes would be degraded (16).
Experiments are now in progress to distinguish between these
possibilities. If the decrease in efficiency of TVA-EGF medi-
ated ALV-A infection of T23 cells is due to rapid down-
regulation of wild-type EGFRs, then this might indicate that
receptors that are not rapidly down-regulated after ligand
binding might be the preferred cell surface targets for this
method of viral delivery. For example, the erbB2, erbB3, and
erbB4 receptors that bind to EGF-like ligands are apparently
down-regulated from cell surfaces with the same slow kinetics
as kinase-deficient EGFRs (17).

Before these studies, there was no indication that a soluble
viral receptor could support viral entry when added exog-
enously to cells. In fact, one study showed that cells expressing
a soluble form of the mouse hepatitis virus receptor were
susceptible to viral infection, whereas cells that had been
incubated with the soluble mouse hepatitis virus receptor were
not (18). The use of a soluble viral receptor-ligand fusion
protein as a bifunctional reagent to facilitate viral entry offers
a strategy for delivering viral vectors to specific cell types. For
example, replacement of the EGF portion of TVA-EGF with
other factors that bind to specific cell surface markers, such as
additional cell type-specific ligands or single-chain antibodies,
may allow targeted infection of other specific cell types by
ALV-A vectors. This method may also allow for the delivery
of other types of retroviral vectors into cells, because murine
leukemia virus and HI'Vs (HIV-1), pseudotyped with ALV-A
ENV, can utilize TVA as a receptor for viral entry (ref. 19, and
K. Zingler and J.A.T.Y., unpublished data).

Several other methods for retrovirus targeting were de-
scribed previously (20-36). In one case, ecotropic murine
leukemia virus virions were chemically modified with lactose,
a procedure that resulted in the specific infection of human
cells that expressed the asialoglycoprotein receptor (20). In
another, a low level of viral infection was achieved by forming
an antibody bridge between the ecotropic murine leukemia
virus SU protein and specific host cell surface receptors (21,
22). A more common approach has been to design retroviral
SU proteins that contain cell type-specific ligands or single
chain antibodies to direct them to specific cell surface proteins
(23-35). This latter approach requires that the inserted amino
acid sequences do not impair critical ENV functions such as
oligomerization and cell surface transport during biosynthesis,
uptake into viral particles, and stimulating virus-cell mem-
brane fusion (36). Indeed, this method generally gives rise to
viruses that infect the desired cell types with a low efficiency
(36). The approach that we have described in this report does
not involve modifying the viral ENVs and thus by preserving
native ENV-receptor interactions should avoid these types of
complications.
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