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The interactions between the subgroup A avian leukosis virus [ALV(A)] envelope glycoproteins and soluble
forms of the ALV(A) receptor Tva were analyzed both in vitro and in vivo by quantitating the ability of the
soluble Tva proteins to inhibit ALV(A) entry into susceptible cells. Two soluble Tva proteins were tested: the
83-amino-acid Tva extracellular region fused to two epitope tags (sTva) or fused to the constant region of the
mouse immunoglobulin G heavy chain (sTva-mIgG). Replication-competent ALV-based retroviral vectors with
subgroup B or C env were used to deliver and express the two soluble tv-a (stva) genes in avian cells. In vitro,
chicken embryo fibroblasts or DF-1 cells expressing sTva or sTva-mIgG proteins were much more resistant to
infection by ALV(A) (;200-fold) than were control cells infected by only the vector. The antiviral effect was
specific for ALV(A), which is consistent with a receptor interference mechanism. The antiviral effect of
sTva-mIgG was positively correlated with the amount of sTva-mIgG protein. In vivo, the stva genes were
delivered and expressed in line 0 chicken embryos by the ALV(B)-based vector RCASBP(B). Viremic chickens
expressed relatively high levels of stva and stva-mIgG RNA in a broad range of tissues. High levels of sTva-mIgG
protein were detected in the sera of chickens infected with RCASBP(B)stva-mIgG. Viremic chickens infected
with RCASBP(B) alone, RCASBP(B)stva, or RCASBP(B)stva-mIgG were challenged separately with ALV(A)
and ALV(C). Both sTva and sTva-mIgG significantly inhibited infection by ALV(A) (95 and 100% respectively)
but had no measurable effect on ALV(C) infection. The results of this study indicate that a soluble receptor can
effectively block infection of at least some retroviruses and demonstrates the utility of the ALV experimental
system in characterizing the mechanism(s) of viral entry.

The first step in retrovirus infections involves an interaction
between the viral envelope glycoprotein and a specific receptor
on the surface of the host cell. A variety of cell surface pro-
teins, including type I surface proteins, which span the mem-
brane once, and polytropic surface proteins, which span the
membrane multiple times, have been identified as receptors
for retroviruses (30). The avian leukosis-sarcoma virus (ALV)
group of retroviruses provides a powerful model system for
studying envelope-receptor interactions; different members of
these closely related viruses use distinct cellular receptors to
gain entry into cells. The members of the ALV group are
classified into a number of envelope subgroups, designated A
to J, on the basis of host range, cross-interference of infection,
and neutralization by antibodies (49). The susceptibility of
chicken cells to ALV envelope subgroups A to E is determined
by differences at three genetic loci designated tv-a, tv-b, and
tv-c. The tv-a receptor controls susceptibility to subgroup A
ALV, the tv-c receptor controls susceptibility to subgroup C,
and the tv-b receptor controls susceptibility to subgroups B, D,
and E. Susceptibility or resistance to viral infection is conferred
by distinct alleles at each locus. There are two ways that resis-
tance to retroviral infection can occur at the cell surface: (i) the
cell is genetically resistant, i.e., a functional version of the

specific receptor is not present on the surface of the cell; and
(ii) the receptors are saturated with viral envelope glycopro-
teins that physically block the receptor, a phenomenon known
as receptor interference (30, 48, 49).

Cells and animals that express retroviral envelope glycopro-
teins, due to a naturally occurring or genetically engineered
endogenous virus, are highly resistant to retroviruses using the
same receptor and have less virus-associated pathogenesis.
Based on the example of the resistance of chicken lines that
express endogenous subgroup E envelope glycoproteins to
ALV(E) infection (38), Crittenden and colleagues demon-
strated that insertion of the ALV(A) envelope gene into the
germ line of chickens and its subsequent expression provided
resistance to infection by ALV(A) strains by receptor interfer-
ence (12, 18, 41, 42). However, the general utility of receptor
interference as an antiviral strategy may be limited for retro-
viruses that express cytotoxic envelope glycoproteins (17, 21).

Three cell surface proteins have been identified as ALV
receptors: Tva, the receptor for ALV(A) (5, 6, 50); CAR1, the
receptor for ALV(B) and ALV(D) (10, 45); and SEAR, the
receptor for ALV(E) (1). The normal cellular function of the
Tva receptor is currently unknown; however, the extracellular
domain contains a 40-amino-acid region which is homologous
to the ligand-binding region of the low-density lipoprotein
receptor (7, 39, 40). To aid in the characterization of the
interactions between Tva and the ALV(A) envelope glycopro-
teins, soluble forms of the 83-amino-acid extracellular domain
of the Tva receptor protein (sTva) were constructed by Con-
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nolly et al. (11), who reported that preincubation of the sTva
proteins with different envelope subgroup ALVs caused a spe-
cific block to infection of susceptible chicken cells by ALV(A),
but had no effect on ALV(B) or ALV(C) infection. In a recent
study, sTva produced and purified with a baculovirus expres-
sion system blocked infection of turkey cells by ALV(A) (4).

In this study, the interactions between the ALV(A) envelope
glycoproteins and soluble forms of the receptor were analyzed
in chicken cells in vitro and in vivo. To determine if cells and
chickens expressing sTva proteins are resistant to ALV(A)
infection, ALV-based replication-competent retroviral vectors
were used to efficiently deliver and express stva genes (20). The
vectors are available with five different envelope subgroups (A
to E), which enables multiple genes to be delivered and ex-
pressed in virtually every cell. We have found that two genes
encoding sTva proteins, stva and stva-mIgG, were efficiently
delivered and broadly expressed by ALV-based retroviral vec-
tors both in cultured cells and in chickens. Both the sTva and
sTva-mouse immunoglobulin G (sTva-mIgG) proteins signifi-
cantly inhibited ALV(A) infection in vitro and in vivo. The
antiviral effect was specific for ALV(A), consistent with a re-
ceptor interference mechanism.

MATERIALS AND METHODS

Soluble receptor and retroviral vector constructs. The two soluble receptor
gene constructs, contained in the plasmids pLC126 and pKZ457, were gifts of
John A. T. Young (Harvard Medical School). The stva gene, encoding the
83-amino-acid Tva extracellular domain fused to a 9-amino-acid antibody
epitope tag derived from influenza virus hemagglutinin and followed by six
histidine residues, was isolated from pLC126 (11) as a NcoI-PstI fragment and
cloned into the NcoI and PstI sites of the CLA12NCO adapter plasmid (20, 29).
The stva-mIgG gene, encoding the 83-amino-acid Tva extracellular domain fused
to the constant region of the mouse IgG heavy chain (nucleotides 353 to 1072)
(47), was isolated from pKZ457 as a NcoI-BlpI fragment. The BlpI site was made
blunt, and the modified fragment was cloned into the NcoI and SmaI sites of
CLA12NCO. Both the stva and stva-mIgG genes had been modified to contain
NcoI sites at their initiator ATGs. The soluble receptor gene cassettes were
isolated as ClaI fragments from the adapter plasmids and cloned into the unique
ClaI site of the RCASBP, RCAS, and RCOSBP retroviral vectors with subgroup
B and subgroup C envelope genes. The RCAS family of replication-competent
retroviral vectors have been described previously (19, 20, 29, 36, 37).

The stva-mIgG gene isolated as a ClaI fragment from the CLA12NCO adapter
plasmid was subcloned into the TFANEO expression vector (17). TFANEO is a
companion expression vector to the RCAS family of retroviral vectors. The
expression cassette of TFANEO consists of two long terminal repeats derived
from the RCAS vector that provide strong promoter, enhancer, and polyadenyl-
ation sites flanking a unique ClaI insertion site. The TFANEO plasmid also
contains a neo resistance gene expressed under the control of the chicken b-actin
promoter and an ampicillin resistance gene for selection in E. coli.

The RCASBP(A)AP, RCASBP(B)AP, and RCASBP(C)AP retroviral vectors
which contain the heat-stable human placental alkaline phosphatase gene (AP)
have been described previously (20, 22, 23). The AP gene, contained on a SalI
fragment, was cloned into the SalI site of the CLA12 adapter plasmid and then
subcloned into the RCASBP vectors as a ClaI fragment (gift of Constance
Cepko).

Cell culture and virus propagation. Chicken embryo fibroblasts (CEFs) de-
rived from 10-day, line 0 embryos (C/E) (2) were grown in Dulbecco’s modified
Eagle’s medium (GIBCO/BRL) supplemented with 10% tryptose phosphate
broth (GIBCO/BRL), 5% fetal bovine serum (GIBCO/BRL), 5% newborn calf
serum (GIBCO/BRL), 100 U of penicillin per ml, and 100 mg of streptomycin per
ml (Quality Biological, Inc., Gaithersburg, Md.) as previously described (20).
DF-1 cells were grown in Dulbecco’s modified Eagle’s medium supplemented
with 10% fetal bovine serum, 100 U of penicillin per ml, and 100 mg of strep-
tomycin per ml (28, 44). Both CEF and DF-1 cultures were passaged 1:3 when
confluent.

Virus propagation was initiated by calcium phosphate transfection of plasmid
DNA that contained the retroviral vector in proviral form (20). In standard
transfections, 5 mg of purified plasmid DNA was introduced into DF-1 cells or
early-passage chicken embryo fibroblasts (CEF) by the calcium phosphate pre-
cipitation method (31). Viral spread was monitored by assaying culture super-
natants for ALV capsid protein by either Western transfer analysis or enzyme-
linked immunosorbent assay (ELISA) (46). Virus stocks were generated from
the cell supernatants. The supernatants were cleared of cellular debris by cen-
trifugation at 2,000 3 g for 10 min at 4°C and stored in aliquots at 280°C. DF-1
cells transfected with the TFANEO plasmid were grown in 500 mg of G418
(GIBCO/BRL) per ml to select for neomycin-resistant cells. Clones were isolated

by using cloning cylinders (Bellco Glass Inc., Vineland, N.J.), expanded, and
maintained with standard medium supplemented with 250 mg of G418 per ml.

ALV AP challenge assay. In a direct AP challenge assay, CEF or DF-1 cell
cultures (;30% confluent) were incubated with 10-fold serial dilutions of the
RCASBP/AP virus stocks for 36 to 48 h at 39°C. In a preabsorption AP challenge
assay, the 10-fold viral serial dilutions were first mixed for 3 h at 4°C with 2 ml
of supernatant containing sTva-mIgG and then assayed as above. The assay for
AP activity was modified from procedures of Cepko and coworkers (16, 22, 23).
Cells were fixed in 4% paraformaldehyde in Dulbecco’s phosphate-buffered
saline (PBS) for 30 min at 25°C, washed twice in PBS for 5 min each, and
incubated for 1 h at 65°C to inactivate endogenous AP activity. The cells were
then washed twice with AP detection buffer (100 mM Tris z Cl [pH 9.5], 100 mM
NaCl, 50 mM MgCl2) for 10 min and exposed to the AP chromogenic substrates
nitroblue tetrazolium (330 mg/ml) and 5-bromo-4-chloro-3-indolyl phosphate
(170 mg/ml) (GIBCO/BRL). Enzymatically active AP produces an insoluble
purple precipitate. The reaction was stopped by the addition of 20 mM EDTA
(pH 8.0) in PBS.

Immunoprecipitation and Western transfer analysis of sTva-mIgG proteins.
A 500-ml aliquot of culture supernatant or serum was incubated with 50 ml of
anti-mouse IgG-agarose beads (Sigma) for $1 h at 4°C. The sTva-mIgG agarose
bead complexes were collected by centrifugation and washed twice in dilution
buffer (50 mM Tris-buffered saline [TBS], 1% Triton X-100, 1 mg of bovine
serum albumin per ml), once in 50 mM TBS, and once in 0.05 M Tris z Cl (pH
6.8). The washed complexes were collected by centrifugation, resuspended in 50
ml of 13 Laemmli buffer (2% sodium dodecyl sulfate [SDS], 10% glycerol, 0.05
M Tris z Cl [pH 6.8], 0.1% bromophenol blue) without b-mercaptoethanol, and
heated for 5 min at 100°C. The agarose in the samples was collected by centrif-
ugation for 2 min, and the supernatants were transferred to new tubes. Prior to
gel electrophoresis, 1.0 ml of b-mercaptoethanol was added to each 50-ml sample
and the samples were heated for 5 min at 100°C. The denatured immunopre-
cipitates were separated by SDS-polyacrylamide gel electrophoresis (PAGE)
(12% polyacrylamide) and transferred to a nitrocellulose membrane. The filters
were blocked with 10% nonfat dry milk (NFDM) in PBS, probed with 0.05 mg of
peroxidase-conjugated goat anti-mouse IgG antibodies (Kirkegaard and Perry
Laboratories, Gaithersburg, Md.) per ml in rinse buffer (100 mM NaCl, 10 mM
Tris z Cl [pH 8], 1 mM EDTA, 0.1% Tween 20) plus 1% NFDM, and washed in
rinse buffer. Protein-antibody complexes were detected with the Western blot
chemiluminescence reagent (NEN) as specified by the manufacturer. The im-
munoblot was then exposed to Kodak X-Omat film.

Mouse IgG ELISA. Immulon I 96-well plates (Dynatech Labs, Alexandria,
Va.) were coated with 2.4 mg of goat anti-mouse IgG Fc fragment (Pierce,
Rockford, Ill.) per ml (100 ml per well) in coating buffer (15 mM sodium
carbonate, 35 mM sodium bicarbonate [pH 9.5]) and incubated overnight at 4°C.
The plate was washed three times with wash buffer (0.1% Tween 80 in PBS) and
incubated with blocking buffer (5% NFDM in PBS) for 1 h at 37°C. The standard
control protein, ImmunoPure mouse IgG Fc fragment (Pierce), and the sTva-
mIgG proteins in culture supernatant or chicken serum were serially diluted in
blocking buffer. The blocking buffer was removed from the wells, the diluted
samples (100 ml/well) were added, and the wells were incubated for 1 h at 37°C.
The wells were then washed three times with wash buffer and incubated for 1 h
at 37°C with 0.8 mg of goat anti-mouse IgG Fc fragment antibody conjugated to
horseradish peroxidase (Pierce) per ml in blocking buffer. The wells were washed
three times with wash buffer and incubated with substrate (1.0 mg of 5-amino-
salicylic acid [Sigma, St. Louis, Mo.] per ml, 18 mM potassium phosphate mono-
basic, 2 mM sodium phosphate dibasic [pH 6.0], 0.01% hydrogen peroxide) for
1 h at room temperature in subdued light. The absorbance at 490 nm was read
with a microtiter plate reader. The linear range for a standard experiment was
between 0.5 and 50 ng of ImmunoPure mouse IgG Fc fragment per ml.

In vivo ALV challenge assay. Line 0 embryos were somatically infected with
RCASBP(B), RCASBP(B)stva, or RCASBP(B)stva-mIgG by injecting unincu-
bated eggs near the blastoderm with 100 ml containing 106 CEF or DF-1 cells
producing the virus. Line 0 is a White Leghorn line that is genetically susceptible
to all ALV subgroups except subgroup E and is free of endogenous proviruses
that are closely related to ALV (2). Viremic chicks were identified at hatch by
ELISA for the ALV capsid protein p27. Viremic and uninfected control chickens
were infected intra-abdominally with 105 infectious units of either RAV-1 [an
ALV(A) isolate] or RAV-49 [an ALV(C) isolate]. Blood was collected at 2, 4, or
9 weeks postchallenge, and the serum was assayed for infectious subgroup A, B,
or C ALV by the in vitro ALV assay (see below). Statistical analyses of the data
were done by the Fisher’s exact test (two tailed).

In vitro ALV assay. The presence of infectious ALV in chickens was deter-
mined by assaying the serum samples on a panel of cell lines with different ALV
envelope subgroup susceptibilities. The panel of indicator cell lines included line
0 CEF (C/E), which supports ALV(A), ALV(B), and ALV(C) replication; line
alv6 CEF (C/A), which supports ALV(B) and ALV(C) replication; line RP30
B-cell line (C/B) which supports ALV(A) and ALV(C) replication; and line
15.C-12 CEF (C/C), which supports ALV(A) and ALV(B) replication. Serum
samples (100 ml) were added to the cells, and the cells were incubated for 9 days
in medium (containing 5% serum) to allow ALV to spread. The medium was
changed after 3 days to avoid detection of ALV proteins in the original serum
sample. The cells were then solubilized by two rapid freeze-thaw cycles to release
ALV Gag antigens. The ALV capsid protein was detected by ELISA. A positive
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sample was defined as having an optical density reading of .0.200. The in vitro
ALV assay can detect infectious ALV titers as low as 10 IFU/ml.

RNase protection assay. Total RNA was isolated from cells in culture or from
homogenized tissues of experimental birds by the RNazol B method (Tel-Test,
Inc., Friendswood, Tex.). Sequence-specific RNA probes were cloned into
pBluescript KS as follows. The RAV-1 envelope sequences were cloned as an
XhoI-XbaI fragment (GenBank accession no. M19113; nucleotides 248 to 676)
(9); the RAV-2 envelope sequences were cloned as a BamHI-SalI fragment
(GenBank accession no. M14902; nucleotides 612 to 1080) (8); the stva probe
was generated from an EcoRI-PstI fragment from plasmid pLC126 (GenBank
accession no. L22752; nucleotides 29 to 386) (6, 11); and the stva-mIgG probe
was generated from a ClaI-BamHI fragment derived from the adapter plasmid
construct which contains the 59 ClaI site and transcription leader from the
CLA12NCO adapter plasmid and a synthetic sequence encoding the 83-
amino acid Tva extracellular domain from pKZ457 that is different from the stva
gene. A fragment of the chicken glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene (GenBank accession no. K01458; nucleotides 163 to 361) (35)
was used as a control for the quantity and quality of the RNA. The constructs
were linearized by restriction endonuclease digestion and gel purified. 32P-la-
beled antisense RNA probes were synthesized with the RNA transcription kit
(Stratagene, La Jolla, Calif.). The probes were hybridized with 20 mg of total
RNA in 20 ml of hybridization solution (80% formamide, 10 mM sodium citrate
[pH 6.4], 300 mM sodium acetate [pH 6.4], 1 mM EDTA) overnight at 42°C.
RNase protection assays were performed with the RPA II RNase protection kit
(Ambion, Austin, Tex.). The RNA samples were digested with the RNase A-T1
mixture diluted 1:75. The protected RNA probe fragments were separated on a
6% acrylamide–7.6 M urea gel and exposed to Kodak X-Omat film.

PCR assays. DNA was isolated from cells in culture or tissues of experimental
birds by using the QIAamp tissue kit (Qiagen). Each PCR mixture contained
1.25 ml of 103 PCR buffer (final concentrations, 50 mM Tris z Cl [pH 8.3], 50 mM
KCl, 7 mM MgCl2, and 1.1 mM b-mercaptoethanol), 1.25 ml of 1.7-mg/ml bovine
serum albumin, 0.5 ml of each deoxynucleoside triphosphate at 25 mM, 0.5 ml of
each primer (A260 5 5), 6.0 ml of H2O, and 1.0 ml of DNA (genomic DNA, ;100
ng/ml; plasmid DNA, ;2 ng/ml). The reaction mixtures were heated to 90°C for
1 min, and the reactions were initiated by the addition of 1.5 ml of Taq DNA
polymerase (Promega, Madison, Wis.) diluted 1:10 (vol/vol) (0.75 U). Thirty
cycles of PCR were carried out as follows: 90°C for 40 s and then 59°C for 80 s.
Diagnostic primers used to detect ALV(A) env (9) were 59-GGGACGAGGTT
ATGCCGCTG-39 (;50 bp upstream of KpnI site) and 59-GGGCGTGCGCGC
ATTACCAC-39 (nucleotides 871 to 851), yielding a 937-bp fragment. The PCR
extension temperature was increased to 62°C for amplification of ALV(A) env.
Diagnostic primers used to detect ALV(B) env (8) were 59-GACCGACCCAG
GGAACAATC-39 (nucleotides 713 to 732) and 59-ATGAGGAAAATTGCGG
GTGG-39 (nucleotides 1141 to 1122), yielding a 429-bp fragment. Diagnostic
primers used to detect stva (6, 11) were 59-GGAATGTGACTGGTAATGGA-39
(nucleotides 56 to 75) and 59-GCCTTAGTGATGGTGATGGT-39 (nucleotides
369 to 350), yielding a 314-bp fragment. Diagnostic primers used to detect
stva-mIgG were 59-CCATCCGTCTTCATCTTCCCT-39 (nucleotides 974 to 994)
and 59-TGGTGCGGTGTCCTTGTAGTT-39 (nucleotides 1562 to 1542), yield-
ing a 589-bp fragment of the mouse IgG gene (47). The amplified DNA frag-
ments were separated on 0.8% agarose gels and visualized with ethidium bro-
mide.

RESULTS

Experimental approach. The stva and stva-mIgG receptor
gene fusions were subcloned into the CLA12NCO adapter
plasmid, which contains a transcriptional leader sequence and
has a consensus ATG start site contained in a NcoI site. These
sequences work very efficiently with the promoter-enhancer
elements of the ALV-based retroviral vectors to express ex-
perimental genes at high levels (29). The RCAS family of
retroviral vectors were derived from the Schmidt-Ruppin A
strain of Rous sarcoma virus and are present in proviral form
on pBR-based plasmids (20). Experimental genes are inserted
into the vectors in the unique ClaI site (which replaces the src
gene in RSV) and are translated from a spliced mRNA. Ret-
roviral vectors that carry and express the stva and stva-mIgG
genes are shown schematically in Fig. 1. Virus propagation was
initiated by transfection of plasmid DNA containing the ret-
roviral vector into avian cells (Fig. 2). The culture was then
passaged until a maximum viral titer was achieved (6 to 10 cell
passages depending on the vector) (19). Because vectors that
use different receptors are available, this system can be used to
deliver multiple genes to virtually all cells in the culture (25).
Cell cultures that express sTva or sTva-mIgG from a subgroup

B or C vector were subsequently challenged with ALV(A) to
quantitate the antiviral effect of the sTva proteins.

Antiviral effect of sTva in vitro and in vivo. The initial
experiments testing the effects of soluble receptors on viral
replication were done with the sTva protein. The stva gene was
introduced into the RCASBP vector, which produces the high-
est-titer viral stocks and the highest level of expression of an
experimental protein. To quantitate the antiviral effect of sTva
on ALV(A) infection, CEF fully infected with the vector alone
[either RCASBP(B) or RCASBP(C)], CEF infected with vec-
tors that express the stva gene [RCASBP(B)stva or RCASBP
(C)stva], or uninfected CEF were challenged with RCASBP
(A)AP, the subgroup A RCASBP vector containing the human
placental AP reporter gene. The results of three assays are
shown in Table 1. CEF cultures producing sTva, either from
RCASBP(B) or from RCASBP(C), were .100-fold more re-
sistant to infection by RCASBP(A)AP than were cultures in-
fected with the vector alone. CEF cultures infected by the
RCASBP(B) or RCASBP(C) vector alone were ;threefold
less susceptible to RCASBP(A)AP infection. The antiviral ef-
fect of sTva was specific for RCASBP(A)AP infection, since
infection by viruses with other envelope subgroups were not
inhibited (Table 1).

The CEF cultures infected with RCASBP(B) and RCASBP
(B)stva were used to inoculate unincubated line 0 eggs to
produce chickens viremic with RCASBP(B) or RCASBP
(B)stva. Viremic chickens produced in this manner are tolerant
to most ALV antigens, since the early embryo was infected.
The chickens were challenged with 105 infectious units of
RAV-1, an aggressive ALV(A) strain, to quantitate the anti-
viral effect of sTva. Blood samples were collected from repre-
sentative birds in each group at 2 weeks postchallenge and
from all birds 9 weeks postchallenge. The sera were assayed for
ALV(A) and ALV(B) by the in vitro ALV assay (see Materials
and Methods). The results of the challenges are summarized in
Table 2. Of the birds infected with the RCASBP(B) vector
alone and then challenged with RAV-1, 96% produced
ALV(A) at both experimental time points as expected. How-
ever, 95% of the birds infected with RCASBP(B)stva did not
produce detectable levels of ALV(A). These results demon-
strate that sTva has a strong antiviral effect on ALV(A) infec-
tion both in vitro and in vivo. These results also demonstrate
the utility of using vectors with different subgroups in vivo since
experimental birds could be infected with both the RCASBP
(B) vector and RAV-1. However, the level of sTva expression
could not be quantitated, since neither the hemagglutinin nor
the histidine epitope tags included on the sTva protein allowed
efficient immunoprecipitation of the protein.

Antiviral effect of sTva-mIgG in vitro. Although the tagged
version of sTva could not be immunoprecipitated efficiently,
we used an sTva immunoadhesin, sTva-mIgG, consisting of the

FIG. 1. Schematic of the sTva antiviral gene constructs and the ALV-based
replication-competent retroviral vectors.
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83-amino-acid Tva extracellular domain fused to the constant
region of the mouse IgG heavy chain that could be immuno-
precipitated and quantitated. The stva-mIgG gene was intro-
duced into the RCASBP(C) vector. To quantitate the antiviral
effect of sTva-mIgG, CEF cultures infected with RCASBP(C)
stva-mIgG, RCASBP(C)stva, or RCASBP(C) were challenged
with either RCASBP(A)AP or RCASBP(B)AP. CEF express-
ing sTva-mIgG were ;200-fold more resistant to RCASB-
P(A)AP infection than were cells infected with the vector
alone (Table 1). There was no statistical difference in the
antiviral effect produced by sTva and sTva-mIgG in these ex-
periments. The antiviral effect was specific for ALV(A), since
no significant change in susceptibility was observed when the
cultures were challenged with RCASBP(B)AP.

We and others have recently described ALV replication in a
permanent, nontransformed cell line derived from line 0 CEF
called DF-1 (28, 44). ALV and ALV-based retroviral vectors
replicate and express inserted genes in DF-1 cells at levels
similar to CEF, and DF-1 can be used to generate clonal cell
lines. The antiviral effect of sTva-mIgG produced in DF-1
cultures infected with RCASBP(C)stva-mIgG (Table 3) was
similar to that seen in CEF cultures (Table 1). The sTva-mIgG
protein was immunoprecipitated from cell culture superna-

tants with anti-mouse IgG antibody conjugated to agarose
beads and analyzed by Western immunoblotting of SDS-
PAGE gels (Fig. 3). The immunoprecipitated sTva-mIgG pro-
tein migrated as a broad band (50 to 60 kDa) due to posttrans-
lational modification and as a minor ;38-kDa band (also see
Fig. 4). The ;38-kDa band is probably a degradation product
of sTva-mIgG, since both bands appeared after immunopre-
cipitation with an ALV(A) surface glycoprotein immunoadhe-
sin and the amount of the ;38-kDa band increased after re-
peated freeze-thaw cycles of the viral supernatants (data not
shown). Stable clonal DF-1 cell lines that express different
levels of sTva-mIgG under the control of the TFANEO ex-
pression vector were generated (data not shown). These cell
lines do not produce infectious ALV and are resistant to
RCASBP(A)AP infection at levels similar to those of cultures
expressing sTva-mIgG from the retroviral vectors (data not
shown). Therefore, chronic ALV infection does not make a
major contribution to the antiviral effect obtained.

Relationship between sTva-mIgG expression level and the
antiviral effect. We have previously reported that the RCAS
and RCOSBP vectors replicate to lower titers and produce
lower levels of protein from an inserted gene compared to
RCASBP (16, 20, 44). RCAS contains a different pol gene from

FIG. 2. General procedure for using the replication-competent ALV-based retroviral vector system in vitro and in vivo. Reprinted, in part, from reference 20 with
permission.

TABLE 1. Relative resistance of CEF expressing sTva or sTva-mIgG to ALV infection

Vector
Titer (mean 6 SD) and resistance to infection with challenge virusa:

RCASBP(A)AP RCASBP(B)AP RCASBP(C)AP

Uninfected CEF (1.5 6 0.1) 3 106 (2.6 6 0.5) 3 105 (8.1 6 0.4) 3 104

RCASBP(B) (4.3 6 0.1) 3 105 (3.5) NDb (2.0 6 0.1) 3 104 (4.1)
RCASBP(B)stva (2.8 6 0.1) 3 103 (536) ND (1.9 6 0.3) 3 104 (4.3)

RCASBP(C) (6.0 6 0.1) 3 105 (2.5) (8.5 6 0.2) 3 104 (3.1) ND
RCASBP(C)stva (3.9 6 0.2) 3 103 (385) (1.3 6 0.1) 3 105 (2.0) ND
RCASBP(C)stva-mIgG (2.8 6 1.3) 3 103 (536) (7.3 6 0.8) 3 104 (3.6) ND

a The resistance of the cells to ALV(A) infection was determined by dividing the mean titer obtained on the control uninfected DF-1 cells by the mean titer obtained
for each experimental group.

b ND, not done.
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RCASBP, and RCOSBP lacks the strong transcriptional en-
hancer contained in the LTRs of RCAS and RCASBP. To
express sTva-mIgG at different levels in cells, the stva-mIgG
gene was subcloned into the RCAS(C) and RCOSBP(C) ret-
roviral vectors. DF-1 cultures infected with RCASBP(C)stva-
mIgG, RCAS(C)stva-mIgG, or RCOSBP(C)stva-mIgG were
challenged with RCASBP(A)AP to determine the antiviral
effect of different levels of sTva-mIgG on ALV(A) infection.
The level of sTva-mIgG produced by these DF-1 cultures was
quantitated by ELISA for the mouse IgG tag (Table 3) and
visualized by immunoprecipitation of sTva-mIgG followed by
Western immunoblot analysis (Fig. 3). As expected, cultures
infected with RCASBP produced the highest level of sTva-
mIgG and the greatest antiviral effect, ;200-fold compared to
the vector alone control. Cultures infected with RCAS pro-
duced slightly lower levels of sTva-mIgG protein [2-fold lower

than RCASBP(C)] and a lower antiviral effect (;100-fold).
While RCASBP(A)AP infected both the RCASBP(C)stva-
mIgG and RCAS(C)stva-mIgG cultures with equal efficiency,
the RCAS(C) vector-alone control culture was less susceptible
to RCASBP(A)AP infection than was RCASBP(C) vector
alone. Therefore, we believe that the twofold difference be-
tween the antiviral effect of RCASBP(C)stva-mIgG and RCAS
(C)stva-mIgG is significant. Finally, cultures infected with
RCOSBP produced the lowest level of sTva-mIgG protein
[;4-fold lower than RCASBP(C)] and a modest antiviral effect
(;15-fold) compared to the vector alone control.

The antiviral effect of sTva and sTva-mIgG on ALV(A)
infection may represent the minimum antiviral effect attain-
able in vitro as measured by the direct ALV AP challenge
assay. The assays were done on subconfluent cell cultures
(30%), where the levels of the soluble receptor protein had not
accumulated to the levels expressed by a confluent culture. To
determine the antiviral effect of higher levels of sTva-mIgG,
RCASBP(A)AP was pretreated with supernatants collected
from confluent DF-1 cultures infected with RCASBP(B),
RCASBP(B)stva-mIgG, RCOSBP(B), or RCOSBP(B)stva-
mIgG and then assayed as before. Preabsorption of RCASBP
(A)AP with high levels of sTva-mIgG significantly increased
the antiviral effect compared to a direct assay: RCASBP(B)
stva-mIgG pretreatment increased the antiviral effect of the
direct assay ;30-fold, and RCOSBP(B)stva-mIgG pretreat-
ment increased the direct antiviral effect ;60-fold (data not
shown).

Delivery and expression of sTva and sTva-mIgG in vivo. To
characterize the efficiency of RCASBP delivery and expression
of the sTva proteins in chickens, unincubated line 0 eggs were
injected with CEF producing the RCASBP(B) or RCASBP(C)
vectors alone, the vectors with the stva gene, or the vectors with
the stva-mIgG gene. Viremic chickens were identified on the

FIG. 3. sTva-mIgG receptor expression levels in DF-1 cells. The sTva-mIgG
protein was immunoprecipitated with goat anti-mouse IgG agarose beads from
supernatants (500 ml) of DF-1 cultures infected with the RCASBP(C),
RCAS(C), or RCOSBP(C) vector alone (V) or containing the stva-mIgG gene
(sTva). The immunoprecipitates were denatured, separated by SDS-PAGE (12%
polyacrylamide), and analyzed by Western transfer. The filter was probed with
peroxidase-conjugated goat anti-mouse IgG, and the bound protein-antibody
complexes were visualized by chemiluminescence on Kodak X-Omat film. sTva-
mIgG protein expressed transiently in human embryonic kidney 293 cells was
included as a positive control (1).

FIG. 4. sTva-mIgG expression in sera of chickens infected with RCASBP
vectors. The sTva-mIgG protein was immunoprecipitated from chicken serum
(500 ml) and analyzed as described in the legend to Fig. 3. Lanes: 1, uninfected
control; 2, RCASBP(B) vector-alone-infected bird; 3 and 4, two RCASBP(B)
stva-mIgG-infected birds; 5, RCASBP(C) vector-alone-infected bird; 6,
RCASBP(C)stva-mIgG-infected bird; 7, RCASBP(B)stva-mIgG-infected DF-1
cells as a positive control.

TABLE 2. Chickens expressing sTva are resistant to
ALV(A) infection

Vector

No. of birds in which virus subgroup
detected/total no. testeda

2 wk 9 wk

A and B B A A and B B A

Uninfected 0/10 0/10 0/10 0/9 0/9 0/9
RCASBP(B) 9/9 9/9 0/9 6/6 6/6 0/6
RCASBP(B)1RAV-1 10/10 10/10 9/10b 15/15 15/15 15/15b

RCASBP(B)stva 10/10 10/10 1/10 11/12 11/12 0/12
RCASBP(B)stva1RAV-1 10/10 10/10 0/10b 20/20 20/20 1/20b

a All of the birds in each group were not necessarily assayed at both time
points.

b Statistical difference of P , 0.0001 within a column.
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day of hatching by an ELISA for ALV capsid protein. The
sTva-mIgG protein was immunoprecipitated from serum sam-
ples of both RCASBP(B)stva-mIgG- and RCASBP(C)stva-
mIgG-infected birds and visualized by Western immunoblot
analysis (Fig. 4). The sera from eight representative birds [five
infected with RCASBP(B)stva-mIgG and three infected with
RCASBP(C)stva-mIgG] contained 18.8 6 2.2 mg/ml as quan-
titated by ELISA for the mouse IgG tag. The stva, stva-mIgG,
and RCASBP(B) env RNA expression levels in liver, heart,
spleen, bursa, thymus, kidney, and muscle tissues of infected

birds were analyzed by the RNase protection assay. Results of
RNase protection analyses of a representative bird infected
with RCASBP(B)stva and a representative bird infected with
RCASBP(B)stva-mIgG are shown in Fig. 5. Relatively high levels
of the stva or stva-mIgG and ALV(B) env RNAs were detected in
all tissues assayed, indicating that the inserted genes were deliv-
ered and expressed efficiently by the RCASBP(B) vector.

Antiviral effect of sTva-mIgG in vivo. Chickens infected with
the RCASBP(B) vector alone, RCASBP(B)stva, or RCASBP
(B)stva-mIgG were split into two groups and challenged with

FIG. 5. Analysis of viral and soluble receptor RNA levels in tissues of chickens infected with RCASBP(B). The figure shows autoradiograms of 6% polyacrylamide–
7.6 M urea gels used to separate the protected RNA probe fragments produced in an RNase protection assay with RNA from a bird infected with RCASBP(B)stva
or RCASBP(B)stva-mIgG. RNA was prepared from liver (L), heart (H), spleen (S), bursa (B), thymus (T), kidney (K), and muscle (M) tissues of each bird. RNA from
DF-1 cells infected with the appropriate virus was included as a positive control (1). RNA from the bursa of an uninfected bird was the negative control (2). ALV(B)
env RNA protects a 467-nucleotide fragment from the 522-nucleotide 32P-labeled full-length probe [env(B)]; stva RNA protects a 388-nucleotide fragment from the
498-nucleotide probe (stva); and stva-mIgG RNA protects a 363-nucleotide fragment from the 423-nucleotide probe (stva-mIgG). Each assay mixture contained a
chicken GAPDH probe as a control for RNA quality and quantity. GAPDH RNA protects a 200-nucleotide fragment from the 279-nucleotide GAPDH probe.

TABLE 3. Relative resistance of DF-1 cells expressing sTva-mIgG to ALV(A) infection

Vector RCASBP(A)AP titer
(mean 6 SD) Resistancea Concn of sTva-mIgG (ng/ml)b

Uninfected DF-1 (3.1 6 0.1) 3 106

RCASBP(C) (1.2 6 0.1) 3 106 2.6
RCASBP(C)stva-mIgG (5.4 6 0.2) 3 103 574 (221) 1714 6 97 (48nM)

RCAS(C) (6.2 6 0.2) 3 105 5
RCAS(C)stva-mIgG (5.7 6 0.4) 3 103 544 (109) 789 6 26 (22nM)

RCOSBP(C) (9.0 6 0.9) 3 105 3.4
RCOSBP(C)stva-mIgG (5.2 6 0.8) 3 104 60 (18) 394 6 26 (11nM)

a The resistance of the cells to ALV(A) infection was determined by dividing the mean titer obtained on the control uninfected DF-1 cells by the mean titer obtained
for each experimental group. The resistance of the cells to ALV(A) infection relative to the vector alone is given in parentheses.

b Concentration of sTva-mIgG protein in the supernatants as quantitated by ELISA for the mIgG tag. The molar concentration of the sTva-mIgG protein is given
in parentheses. The apparent molecular weight of sTva-mIgG was calculated from the amino acid sequence and found to be 35,911.
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105 infectious units of either RAV-1 (subgroup A) or RAV-49
(subgroup C). Blood was collected from each bird 4 weeks
after challenge, and the serum was assayed for ALV(A),
ALV(B), and ALV(C) by the in vitro ALV assay (Table 4). As
expected, ALV(B) was detected in virtually all of the birds
since the RCASBP(B) vector was used for gene delivery.
ALV(A) was not detected in the sera of RAV-1-challenged
birds containing the stva or the stva-mIgG genes. However,
ALV(A) was detected in the sera of birds infected with the
RCASBP(B) vector alone and challenged with RAV-1. In con-
trast, birds in all three experimental groups were equally sus-
ceptible to RAV-49 challenge, as shown by the presence of
ALV(C) in the majority of the birds. Since 19% of the birds
challenged with RAV-49 did not produce detectable levels of

ALV(C), the titer of the RAV-49 stock may have been lower
than expected. The antiviral effect of sTva and sTva-mIgG was
specific for ALV(A), consistent with the proposed mechanism
of antiviral action, receptor interference.

Representative birds from each RAV-1-challenged experi-
mental group were analyzed for the presence of ALV(A) and
ALV(B) env, stva, and stva-mIgG sequences in RNA and DNA
isolated from a variety of tissue samples from each bird. We
were concerned that a low level of RAV-1 infection and rep-
lication in a subset of tissues may go undetected by the in vitro
ALV assay due to virus inactivation by the sTva or sTva-mIgG
proteins in the serum. Antisense riboprobes and primer sets
were developed to specifically detect each target sequence by
the RNase protection assay and PCR. RNA and DNA were
isolated from liver, heart, spleen, bursa, thymus, kidney, and
muscle tissue of each bird and analyzed by RNase protection
assay and PCR assay. Results of a representative RNase pro-
tection assay of RNA of one tissue (bursa) from a bird in each
experimental group and an uninfected control bird are shown
in Fig. 6. Results of representative PCR analysis of DNA
isolated from tissues of a RAV-1 challenged bird from each
experimental group are shown in Fig. 7. RAV-1 RNA and
DNA were detected only in tissues of birds infected with the
RCASBP(B) vector challenged with RAV-1. Therefore, we
conclude that the expression of sTva and sTva-mIgG signifi-
cantly reduces, if not eliminates, infection by the ALV(A)
strain RAV-1 in chickens.

DISCUSSION

Cells expressing the sTva proteins showed significant resis-
tance to ALV(A) infection, presumably due to the secreted
receptor proteins binding the glycoproteins of the invading
virion, thus blocking the interactions of the virus and the mem-

FIG. 6. Analysis of viral and soluble receptor RNA levels in the bursas of birds infected with RCASBP(B) vectors. The figure shows an autoradiogram of a 6%
polyacrylamide–7.6 M urea gel used to separate the protected RNA probe fragments produced in an RNase protection assay with RNA from the bursas of birds infected
with RCASBP(B) alone (V), RCASBP(B)stva (S), or RCASBP(B)stva-mIgG (I) or uninfected (U). RNA from DF-1 cells infected with the appropriate virus was
included as a positive control (1). ALV(A) env RNA protects a 423-nucleotide fragment from the 483-nucleotide 32P-labeled full-length probe [env(A)]; ALV(B) env
RNA protects a 467-nucleotide fragment from the 522-nucleotide probe [env(B)]; stva RNA protects a 388-nucleotide fragment from the 498-nucleotide probe (stva);
and stva-mIgG RNA protects a 363-nucleotide fragment from the 423-nucleotide probe (stva-mIgG). Each assay mixture contained a chicken GAPDH probe as a
control for RNA quality and quantity. GAPDH RNA protects a 200-nucleotide fragment from the 279-nucleotide GAPDH probe. Full-length probes not treated with
RNase are shown in the two right lanes of each panel: lane A, env(A); lane B, env(B); lane S, stva; lane I, stva-mIgG; lane G, GAPDH.

TABLE 4. Chickens expressing either sTva or sTva-mIgG are
resistant to ALV(A) infection but not to ALV(C) infection

Vector

No. of birds in which virus
subgroup detected/total

no. testeda

B A C

RCASBP(B)1RAV-1 8/8 8/8b

RCASBP(B)stva1RAV-1 5/5 0/5b,d

RCASBP(B)stva-mIgG1RAV-1 19/19 0/19b,e

RCASBP(B)1RAV-49 4/4 3/4c

RCASBP(B)stva1RAV-49 4/4 4/4c,d

RCASBP(B)stva-mIgG1RAV-49 7/8 6/8c,e

a Assays were done 4 weeks after challenge.
b The 0/5 and 0/19 results are statistically different from 8/8 (P , 0.0001).
c These results are not statistically different (P . 0.5).
d Statistical difference of P , 0.008.
e Statistical difference of P , 0.0001.
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brane-bound Tva, a form of receptor interference. Tva has
been hypothesized to be necessary and sufficient to mediate
ALV(A) entry (3, 6, 50). Several possible mechanisms could
account for the sTva inhibition of ALV(A) entry. sTva binding
of an ALV(A) surface glycoprotein may lead to an irreversible
conformational change in SU and TM. Several studies have
shown that sTva binding to purified ALV(A) envelope glyco-
proteins induces a temperature-dependent conformational
change in the glycoproteins and appears to convert the enve-
lope glycoproteins to a membrane-binding state (4, 14, 15, 24,
27). We suggest that the binding of sTva or sTva-mIgG to the
envelope glycoproteins on the surface of the virus induces a
conformational change in both SU and TM similar to the
events leading to fusion of the viral and host cell membranes
and converts SU and TM into a form that is unable to bind Tva
on the surface of the cell. A conformational change may also
lead to the loss of some of the SU subunits (34). Finally, sTva
may inhibit ALV(A) entry by simply binding to SU and phys-
ically blocking the access of membrane-bound Tva to the
virion. By whatever mechanism(s), the sTva proteins block the
entry of ALV(A) into cultured cells and cells and tissues of
chickens.

The replication-competent ALV-based retroviral vector ex-
perimental system enabled the efficient delivery and expression
of the stva and stva-mIgG genes both in cultured cells and in
virtually all the cells and tissues of the chicken. We have pre-
viously infected cultured cells with RCASBP(A) and RCASBP

(B) vectors that express different proteins (25). It is now clear
that other combinations of ALV retroviral vectors [ALV(B)
followed by ALV(A); ALV(C) followed by ALV(A)] can be
used in CEF and DF-1 cells in vitro and in vivo. As reported
previously, the replication of some RCASBP(B) viruses in
CEF and DF-1 cells and of RCASBP(C) viruses on DF-1 cells
was somewhat cytopathic (28, 44). The cytopathic effect man-
ifests itself as a pause in the growth (2 to 6 days), after which
the cells recover, divide at a normal rate, and express the viral
and experimental proteins. Although we have no direct evi-
dence, we believe that only the cells that produce high levels of
the RCASBP(B) or RCASBP(C) envelope glycoproteins show
the cytopathic effects. The replication of subgroup B and C
RCAS and RCOSBP viruses, which replicate to lower titers
than RCASBP, does not cause detectable cytopathic effects.
We did find that chronic infection of CEF and DF-1 cells with
an ALV vector resulted in a lower level of resistance to infec-
tion by other ALV env subgroup vectors (two- to fivefold)
compared to uninfected cells. This may indicate that while the
ALV glycoproteins specifically and efficiently interact with the
appropriate receptor, resulting in receptor interference, the
high-level expression of one type of envelope glycoprotein on
the cell surface may interfere either directly or indirectly with
the ability of other ALVs to interact with their host receptors.

Both the RCASBP(B) and RCASBP(C) retroviral vectors
were efficient in generating viremic chickens without detect-
able pathologic effects in short term infections, and the in-

FIG. 7. Analysis of viral and soluble receptor DNA in tissues of RCASBP(B)-infected birds and challenged with RAV-1. Genomic DNA was isolated from liver
(L), heart (H), spleen (S), bursa (B), thymus (T), kidney (K), and muscle (M) samples from birds infected with RCASBP(B) alone (I), RCASBP(B)stva (II), and
RCASBP(B)stva-mIgG (III) and challenged with RAV-1. DNA isolated from DF-1 cells infected with the appropriate virus was used as a positive control (1). DNA
isolated from the bursa of an uninfected control bird was used as the negative control (2). DNA sequences were detected by PCR with specific primer pairs: RAV-1
challenge virus DNA [env(A)] was detected with primers specific for ALV(A) env, yielding a 937-bp fragment; RCASBP(B) vector DNA [env(B)] was detected with
primers specific for ALV(B) env, yielding a 429-bp fragment; stva DNA (stva) and stva-mIgG DNA (stva-mIgG) were detected with specific primers yielding fragments
of 314 bp and 589 bp, respectively. The amplified DNA fragments were separated on 0.8% agarose gels and visualized with ethidium bromide. The left lane of each
panel contains 1-kb plus DNA ladder molecular size markers (GIBCO/BRL).
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fected chickens expressed relatively high levels of sTva-mIgG
protein in their serum. Chickens infected with RCASBP(B)
were also efficiently infected with ALV(A). The RCASBP(B)
vector efficiently delivered and expressed the stv-a and stva-
mIgG genes in all tissues tested and resulted in a significant
antiviral effect on ALV(A) infection and replication. By deliv-
ering the stva genes in the early embryo, the immune system of
the chicken can be evaded. The birds are tolerized to the sTva
and sTva-mIgG proteins and to most of the ALV antigens,
since the viral vector used to deliver stva and stva-mIgG and
the challenge viruses are virtually identical except for regions
of SU. The expression of the sTva and sTva-mIgG proteins in
vivo allowed us to test the effects of the viral glycoprotein-
soluble receptor interactions in a wide variety of cells. One
RAV-1-challenged, RCASBP(B)stva-infected bird did contain
infectious ALV(A) in its serum. Unfortunately, the bird died
of nonviral causes before tissues could be obtained. We are
currently analyzing the ALVs present in the serum for
ALV(A) to see if it is possible to obtain mutants that are
resistant to the sTva-mIgG antiviral effect.

CD4, an important cell surface protein of T lymphocytes, is
the primary receptor for human immunodeficiency virus type 1
(HIV-1). Several groups developed and expressed soluble
forms of CD4 (sCD4) and demonstrated that recombinant
sCD4 proteins could bind specifically to HIV-1 envelope gly-
coproteins and inhibit HIV-1 infection in vitro (13, 26, 32, 34,
43, 49). However, injecting recombinant sCD4 protein in ani-
mal and human trials had little, if any, antiviral effect. It is
unclear whether one should expect an exogenously injected
recombinant antiviral protein to be effective against cell-to-cell
transmission of the virus. For this type of interference to be
successful, it may be necessary to use a gene therapy approach
in which target cells actively express the soluble receptor. The
gene therapy approach has been tested for HIV-1: an sCD4
gene construct was expressed by a murine leukemia virus-
based retroviral vector in human T-cell lines and in primary
peripheral blood lymphocytes (33). In cell culture populations
engineered to express sCD4 (30 to 50% of the cells contained
the sCD4 gene), HIV-1 replication was inhibited 50 to 70%,
indicating that an sCD4 antiviral approach against HIV-1
might be more effective under the right conditions and in the
right environment. Since the initial sCD4 studies were pub-
lished, the chemokine receptors have been identified as core-
ceptors necessary for efficient HIV-1 entry into cells (30). Since
both CD4 and a chemokine receptor are required for efficient
HIV-1 entry into cells, sCD4 alone may not be an effective
inhibitor of HIV-1 entry. The ALV receptors do not appear to
require coreceptors for the efficient entry of ALV into cells.

The results of this study clearly indicate that a soluble re-
ceptor interference antiviral strategy can effectively block the
replication of at least some retroviruses and that this approach
may be applicable to other virus groups that require specific
viral glycoprotein-host receptor interactions for entry into the
cell. The application of this strategy in the protection of ani-
mals against specific viral diseases is relatively straightforward,
since transgenic technology can be used to introduce genes
into animals and the transgenes will produce the desired pro-
tein without provoking an immune response. However, both
the efficient delivery and expression of genes and the tolerance
of the foreign proteins by the immune system are problems
that remain to be solved if this type of antiviral approach is to
be applied to humans.
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