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The subgroup A to E avian sarcoma and leukosis viruses (ASLVs) are highly related and are thought to have
evolved from a common ancestor. These viruses use distinct cell surface proteins as receptors to gain entry into
avian cells. Chickens have evolved resistance to infection by the ASLVs. We have identified the mutations
responsible for the block to virus entry in chicken lines resistant to infection by subgroup A ASLVs [ASLV(A)].
The tva genetic locus determines the susceptibility of chicken cells to ASLV(A) viruses. In quail, the ASLV(A)
susceptibility allele fva® encodes two forms of the Tva receptor; these proteins are translated from alternatively
spliced mRNAs. The normal cellular function of the Tva receptor is unknown; however, the extracellular
domain contains a 40-amino-acid, cysteine-rich region that is homologous to the ligand binding region of the
low-density lipoprotein receptor (LDLR) proteins. The chicken tva® cDNAs had not yet been fully characterized;
we cloned the chicken fva ¢cDNAs from two lines of subgroup A-susceptible chickens, line H6 and line 0. Two
types of chicken fva® cDNAs were obtained. These cDNAs encode a longer and shorter form of the Tva receptor
homologous to the Tva forms in quail. Two different defects were identified in cDNAs cloned from two different
ASLV(A)-resistant inbred chickens, line C and line 7,. Line C tva” contains a single base pair substitution,
resulting in a cysteine-to-tryptophan change in the LDLR-like region of Tva. This mutation drastically reduces
the binding affinity of Tva® for the ASLV(A) envelope glycoproteins. Line 7, tva’” contains a 4-bp insertion in

exon 1 that causes a change in the reading frame, which blocks expression of the Tva receptor.

Retroviruses share a common strategy for entry into cells
(reviewed in references 27 and 51). The entry process is initi-
ated by an interaction between the viral envelope glycoprotein
and a specific cell surface protein that acts as a receptor. This
interaction triggers a conformational change in the structure of
the viral glycoprotein that leads to the fusion of the viral and
cellular membranes. Despite the complexity of the interaction
between the viral glycoprotein and the receptor, closely related
retroviruses carry envelope glycoproteins that use different cel-
lular proteins as receptors. In the avian sarcoma and leukosis
viruses (ASLVs), there are five highly related envelope sub-
groups, subgroups A to E, that are thought to have evolved
from a common ancestor (reviewed in references 7 and 50).
The presence of viral subgroups that utilize distinct receptors
helps the virus overcome host resistance and promotes coin-
fection. We and others have developed strategies that mimic
resistance to ASLV entry in cell culture to study the evolution
of the envelope glycoprotein. These studies demonstrated that
blocking virus entry could select viral variants with mutations
in the viral glycoproteins that altered receptor usage (24, 25,
31, 34, 43). The goal of the present study was to identify and
characterize the mutations in the subgroup A receptor in lines
of chickens that cause resistance to infection by ASLVs carry-
ing the subgroup A envelope glycoproteins.
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Three genetic loci in chicken cells determine the suscepti-
bility and resistance to subgroup A to E ASLVs: tva (suscep-
tibility to subgroup A viruses), tvb (susceptibility to subgroup
B, D, and E viruses), and tvc (susceptibility to subgroup C
viruses) (49, 50). Alleles that confer susceptibility to ASLV
infection are dominant: two recessive resistance alleles are
required at these loci to confer resistance. Because the tva’,
tb'", and tvc” resistance alleles are recessive, it is unlikely that
these alleles encode dominant-negative forms of the receptor
protein. The resistance alleles are likely to contain defects that
either block receptor expression or prevent its use as an effi-
cient ASLV receptor (29).

Several alleles of the tvb genetic locus and three related Tvb
receptors have been identified. Two different susceptibility al-
leles have been defined at the chicken tvb locus. The tvb*’ allele
confers susceptibility to subgroups B, D, and E; the tvb*? allele
confers susceptibility to only subgroups B and D (1, 3). These
alleles encode the chicken Tvb®! (3) and TvbS? (12) receptors,
respectively. Tvb®? differs from TvbS! by a single amino acid
change, cysteine to serine at position 62, which presumably
alters the structure of the TvbS! protein so that it no longer
functions as an ASLV(E) receptor. A third tvb receptor, the
turkey TvbT receptor (2), which confers susceptibility to only
subgroup E ASLYV, has also been cloned. The Tvb proteins are
members of the tumor necrosis factor receptor (TNFR)
family. The recessive tvb" resistance allele does not support
the entry of subgroup B, D, or E ASLVs. Recently, the tvb”
allele from inbred chicken line 7, was cloned and shown to
contain a mutation that introduces an in-frame stop codon
(29). This molecular defect produces a severely truncated pro-
tein, abolishing its use as an ASLV receptor.
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There appears to be only one susceptibility allele of rva and
tve. The subgroup A receptors are related to the low-density
lipoprotein receptor (LDLR) family (9, 52). The #vc locus has
not yet been cloned. The cDNAs obtained from the quail tva*
allele are derived from two alternatively spliced mRNA prod-
ucts. These cDNAs produce two different proteins that differ in
the C-terminal transmembrane and cytoplasmic regions of the
protein (9, 52). The longer product, Tva950, is a typical type I
single transmembrane glycoprotein, whereas the shorter Tva800
form lacks the full transmembrane region of Tva950 and is
attached to the membrane via a glycosyl phosphatidylinositol
anchor. Both forms of the quail Tva receptor have identical
83-amino-acid extracellular domains that contain a 40-amino-
acid cysteine-rich region homologous to the LDLR ligand
binding domain (LDL-A). LDL-A is required for efficient in-
teraction with the ASLV(A) envelope glycoproteins (35, 55).
There are three disulfide bonds in the LDL-A region, amino
acid residues 11 to 50 in quail Tva (C1-C3, C2-CS, and C4-C6),
that involve six cysteine residues (Cys-11, Cys-18, Cys-28, Cys-
35, Cys-41, and Cys-50) (10). Extensive mutational analyses
identified three amino acid residues (Asp-46, Glu-47, and Trp-
48) (37, 56) in the protein loop formed by the C4-C6 disulfide
bond and several other residues in the carboxy-terminal half of
this region (Leu-34, His-38, and Gly-49) (36, 46, 48, 53) as
critical components for efficient interaction between the quail
Tva receptor and ASLV(A). Two somewhat different struc-
tures of the quail Tva LDL-A module have been solved using
nuclear magnetic resonance (44, 47).

The chicken Tva receptor has not been extensively charac-
terized in part because the complete coding region of the gene
has not been fully identified and sequenced (9, 52). The se-
quence of the chicken Tva LDL-A domain was known from a
cloned and partially sequenced 7-kb genomic DNA fragment
(52). The carboxy-terminal halves of the LDL-A domains of
the quail and chicken Tva receptors are identical; however, the
N-terminal regions are only 50% identical. These differences in
the N-terminal halves of the LDL-A modules presumably al-
low the envelope glycoproteins of some mutant ASLV(A) vi-
ruses to preferentially bind the chicken Tva receptor relative to
the quail Tva receptor (25, 31). The cloned chicken ASLV(A)
receptor gene fragment was genetically mapped to the chicken
tva locus. A restriction fragment length polymorphism was
used to screen the progeny of a cross between the inbred
ASLV/(A)-susceptible line 65 and the ASLV(A)-resistant line
7, (8). In this same study, the LDL-A region of exon 2 of the
chicken tva gene was amplified by PCR and cloned from both
chicken lines in an attempt to identify the molecular defect(s)
in the tva” allele of line 7, (8). Although the analysis identified
two putative amino acid differences between the line 7, tva”
allele and the line 65 tva’® allele, these differences did not
correlate with the ASLV(A)-sensitive or -resistant phenotype.

The goals of our study were to completely define the chicken
tva gene and identify and characterize the molecular defect(s)
in the tva” allele that confers resistance to ASLV(A) infection
in lines of chickens. Here we report the complete nucleotide
sequence of the chicken fva gene and the cloning of chicken
tva cDNAs from several ASLV(A)-susceptible and -resistant
chicken lines. Two different ASLV(A)-resistant lines of inbred
White Leghorn chickens contained different rva” mutations.
One mutation is predicted to completely eliminate the expres-
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sion of the Tva protein, while the other mutation changes a
cysteine residue that apparently alters the structure of the Tva
protein so that it no longer functions as an efficient receptor for
ASLV(A).

MATERIALS AND METHODS

Chicken lines. The inbred chicken line H6 was originally developed at the
Northern Poultry Breeding Station (Reaseheath, Cheshire, United Kingdom)
and imported to Prague in 1989. Line H6 is sensitive to ASLV(A) infection (21).
Inbred chicken line C was initially developed in 1938 at the Northern Poultry
Breeding Station. Lines CB and CC were derived from line C based on a
heterozygosity in the major histocompatibility complex system (23) and bred at
the Institute of Molecular Genetics (Prague, Czech Republic) by continuous
brother X sister mating. Both lines are resistant to ASLV(A) and ASLV(E) in-
fection and in this report are referred to as line C. Line 7, and line Rh-C chickens
were from the Avian Disease and Oncology Laboratory (East Lansing, Mich.).
Line 7, is resistant to ASLV(A), ASLV(B), ASLV(D), and ASLV(E) infection
(5). Line Rh-C was bred at the Avian Disease and Oncology Laboratory from the
original line C stock imported from the Northern Poultry Breeding Station.

Vector constructions. The chicken Tva expression plasmids pTvaS and pTvaR
were constructed in a similar way to the quail Tva expression plasmid described
previously (10). In brief, the sequence encoding the chicken Tva receptor was
truncated using PCR after the third codon (Lys114) of the intracellular tail and
fused in frame with a sequence encoding the 9-amino-acid hemagglutinin (HA)
epitope tag (YPYDVPDYA) followed by 10 histidine residues. The resulting
fragment was cloned into the EcoRI site of the pSG5 eukaryotic expression
vector under the control of the simian virus 40 early promoter (20). The plasmid
pTvaS contains the sequence for the wild-type receptor, and pTvaR encodes the
Cys40Trp mutation. The plasmid pKZ261 encodes the quail Tva 950 receptor
protein under the control of the cytomegalovirus promoter in the expression
plasmid pCB6. This plasmid was described previously (55).

Genes encoding soluble forms of the chicken Tva® (tvasstva-migG) and Tva®
(tvarstva-mIgG) receptors were constructed as described previously for quail
stva-mIgG (26) and chicken stva-mIgG (ckstva-miIgG) (25). The stva-mIgG genes
encode the extracellular domain of the particular Tva receptor fused to the
constant region of a mouse immunoglobulin G (IgG) heavy chain and are in the
CLAI12NCO adaptor plasmid (16). The stva-mIgG gene cassettes were isolated
as Clal fragments and subcloned into the Clal site of the expression plasmid
TFANEO to generate TFANEO/twvasstva-mIgG and TFANEO/tvarstva-mIgG
plasmids. The expression cassette of TFANEO contains two long terminal re-
peats derived from the RCAS vector that provide strong promoter, enhancer,
and polyadenylation site sequences. The long terminal repeats flank a unique
Clal insertion site (15, 16). The TFANEO plasmid also contains a neo resistance
gene expressed under the control of the chicken B-actin promoter and an am-
picillin resistance gene for selection in Escherichia coli.

The RCASBP(A)AP retroviral vector, an ASLV-based replication-competent
vector with a subgroup A env gene that expresses the heat-stable human placen-
tal alkaline phosphatase (AP) gene, was described previously (16, 17, 19).

Cell culture and virus propagation. Chicken embryo fibroblasts (CEFs) were
isolated from 10-day-old embryos from lines H6, CC, CB, Rh-C, and 7, by
standard procedures (16). The CEFs and DF-1 cells, a continuous fibroblastic
cell line derived from line O CEFs (C/E) (22, 39), were grown in Dulbecco’s
modified Eagle’s medium (GIBCO/BRL) supplemented with 10% fetal bovine
serum (GIBCO/BRL), 100 U of penicillin per ml, and 100 pg of streptomycin per
ml (Quality Biological, Inc., Gaithersburg, Md.) at 39°C and 5% CO,. Human
293 cells were grown in the same medium at 37°C. The clonal DF-1 cell lines
expressing the soluble Tva-mIgG receptor proteins were grown in the above
medium but supplemented with 250 pg of G418/ml.

The long forms of the Tva® and Tva® receptor proteins were expressed in 293
cells by transfection of eukaryotic expression plasmid DNAs (pTvaS and pTvaR).
The eukaryotic expression plasmid pKZ261, which expresses the 950 form of the
quail Tva receptor on 293 cells, was used as a positive control (55). As a control
for transfection efficiency, an expression plasmid encoding the enhanced green
fluorescent protein (EGFP), pPCMS-EGFP (BD Biosciences Clontech, Palo Alto,
Calif.), was included in each transfection mixture. In standard transfection mix-
tures, 8.8 pg of purified plasmid DNA was introduced into 3 X 10° 293 cells by
using the Polyfect transfection reagent following the manufacturer’s protocol
(QIAGEN Inc., Valencia, Calif.).

RCASBP(A)AP virus was generated by transfection of plasmid DNA that
contained the retroviral vector in proviral form (16). In standard transfections,
5 pg of purified plasmid DNA was introduced into DF-1 cells by the calcium
phosphate precipitation method (28). Viral spread was monitored by assaying
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culture supernatants for ASLV capsid protein (CA) by enzyme-linked immu-
nosorbent assay (ELISA) (40). Virus stocks were generated from cell superna-
tants cleared of cellular debris by centrifugation at 2,000 X g for 10 min at 4°C
and stored in aliquots at —80°C.

The TFANEO/tvasstva-mIgG and TFANEO/tvarstva-mIgG plasmids were
used to generate clonal DF-1 cell lines as described previously for the generation
of the TF/sTva-4 cell line, a clonal line of DF-1-derived cells expressing quail sTva-
mlgG from the TFANEO expression plasmid (25), and the clonal TF/cksTva-15
DF-1-derived line expressing chicken sTva-mIgG (31). DF-1 cells transfected with
TFANEO/tvasstva-mIgG or TFANEO/tvarstva-mIgG plasmid DNA were grown
in 500 pg of G418 per ml and selected for neomycin-resistant cells. Clones were
isolated using cloning cylinders (Bellco Glass Inc., Vineland, N.J.), expanded,
and maintained with standard medium supplemented with 250 pg of G418/ml.

Reverse transcription-PCR (RT-PCR). Total RNA was prepared from CEFs
with the RNeasy total RNA isolation system (QIAGEN Inc.). RNA samples
(1 ng) were reverse transcribed with Moloney murine leukemia virus reverse
transcriptase (Promega) with an oligo(dT) primer. The cDNA was then PCR
amplified with Tag DNA polymerase (Roche Diagnostics) and primers TVA4
(5'-GCATGGTGCGGTTGTTGGAG-3') and TVAS (5'-TCGTGTCCAAATT
CAGCCAG-3"). Amplification was performed under the following conditions:
45 s at 98°C; 33 cycles of 20 s at 95°C, annealing for 50 s at 64°C, and 90 s at 72°C;
and a final extension of 3 min at 72°C.

PCR. Genomic DNA was isolated from DF-1 cells and CEFs by standard
procedures (38). Each PCR mixture contained 1.25 wl of 10X PCR buffer (final
concentration, 50 mM Tris - CI [pH 8.3], 50 mM KCI, 7 mM MgCl,, 1.1 mM
beta-mercaptoethanol), 1.25 pl of a 1.7-mg/ml solution of bovine serum albumin,
0.5 ul of each deoxynucleoside triphosphate at 25 mM, 0.5 pl of each primer
(As0 = 5), 6.0 pl of H,O, and 1.0 pl of DNA (genomic DNA, ~100 ng/pl;
plasmid DNA, ~2 ng/ul). The reaction mixtures were heated to 96°C for 1 min,
and reactions were initiated by the addition of 1.5 pl of Tag DNA polymerase
(Promega, Madison, Wis.) diluted 1:10 (vol/vol) (0.75 U). Thirty cycles of PCR
were carried out as follows: 96°C for 40 s and then 63°C for 80 s. The diagnostic
primers used to detect the line 7, 4-nucleotide insertion were TVA10 (5'-TGC
TGCGCGCCGTCCGCCCGCTCG-3) in tva exon 1 and TVA9 (5'-CGCCCG
TACCTGTGCCGCCGG-3') in tva exon 2.

ELISA. The ASLV CA protein was detected in culture supernatants by ELISA
as described previously (40). The levels of sTva-mIgG proteins were quantitated
in culture supernatants by ELISA for the mouse IgG tag as previously described
(26). The linear range for a standard experiment was between 0.5 and 50 ng of
ImmunoPure mouse IgG Fc fragment per ml.

ASLV AP assay. For AP assays, DF-1 or 293 cell cultures (~30% confluent)
were incubated with 10-fold serial dilutions of the appropriate RCASBP/AP vi-
rus stocks for 36 to 48 h. The assay for AP activity was described previously (26).

Western immunoblot analysis. Supernatants from confluent DF-1 cultures
expressing the soluble Tva-mIgG proteins were cleared of cellular debris by
centrifugation at 2,000 X g for 10 min at 4°C. The sTva-mIgG proteins were
immunoprecipitated with anti-mouse IgG-agarose beads (Sigma), and the pre-
cipitated proteins were denatured, separated by sodium dodecyl sulfate-12%
polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to a nitrocel-
lulose membrane as described in reference 26. Cell lysates were prepared from
transfected 293 cells by treating the cells with lysis buffer (50 mM Tris [pH 8.0],
62.5 mM EDTA, 0.4% deoxycholate, and 1% Igepal [Sigma] supplemented with
Complete protease inhibitor [Roche; 1 tablet per 10 ml]) for 1 to 5 min at room
temperature, removing the cell debris by centrifugation at 4,000 X g for 10 min,
and mixing the recovered supernatant with an equal part of 2X Laemmli buffer
(125 mM Tris [pH 6.8], 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.2%
bromophenol blue). The proteins were denatured, separated by SDS-12%
PAGE, and transferred to a nitrocellulose membrane.

The Western transfer filters were blocked and washed as described previously
(26). The immunoblots were probed with either peroxidase-conjugated goat
anti-mouse IgG (heavy and light [H+L]; 50 ng/ml; Kirkegaard & Perry Labora-
tories, Gaithersburg, Md.) directly, or first the 12CAS5 monoclonal antibody (18,
45) against the influenza virus HA (1:3,000 dilution) followed by the peroxidase-
conjugated goat anti-mouse IgG (H+L). After extensive final washing, immu-
nodetection of the protein-antibody-peroxidase complexes was performed with
the Western blot chemiluminescence reagent (DuPont NEN, Boston, Mass.).
The immunoblots were then exposed to Kodak X-Omat film.

FACS analysis. Transfected 293 cells or RCASBP(A)AP-infected DF-1 cells
were removed from culture with trypsin de Larco (Quality Biological, Inc.) and
washed with Dulbecco’s phosphate-buffered saline (PBS). The cells were fixed
with 4% paraformaldehyde in PBS at room temperature for 15 min and then
washed with PBS. The EGFP-positive cells in the 293 transfected cell popula-
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tions were quantitated directly by fluorescence-activated cell sorting (FACS)
with a Becton Dickinson FACSCalibur apparatus and CellQuest 3.1 software.

Approximately 10° DF-1 cells in PBS supplemented with 1% calf serum (PBS-
CS) were incubated with supernatant containing one of the four sTva-mlIgG
proteins on ice for 30 min. The stable DF-1 cell lines TF/cksTva-15 (chicken
sTva-mIgG), TF/sTva-4 (quail sTva-mIgG), TF/sTvaS-18, and TF/sTvaR-8 were
the sources of the sTva-mlgG proteins. The cells were then washed with PBS-CS
and incubated with 5 pl of goat anti-mouse IgG (H+L) linked to phycoerythrin
(Kirkegaard & Perry Laboratories) in PBS-CS (1 ml total volume) on ice for 30
min. The cell/soluble receptor-mIgG/Ig-phycoerythrin complexes were washed
with PBS-CS, resuspended in 0.5 ml of PBS-CS, and analyzed with a Becton
Dickinson FACSCalibur apparatus and CellQuest 3.1 software.

Apparent dissociation constant (K,) calculations. The maximum possible flu-
orescence and K, values for each data set obtained from the FACS binding
assays were estimated by fitting the data via nonlinear least squares to a log
logistic growth curve function as follows: f(y) = M/[1 + e "1°2* ~ logKd)], where
y is the mean fluorescence, M is the maximum fluorescence, r is the rate, x is the
concentration of sTva-mIgG, and K, is the dissociation constant defined as the
concentration of sTva-mIgG at half-maximal binding (25).

Nucleotide sequence accession number. The sequences reported in this study
have been submitted to GenBank and assigned accession numbers as follows:
AYS531258, tva® longer form; AY531259, tva® shorter form; AY531260, tva”
longer form; AY531261, tva” shorter form; AY531262, tva genomic sequence.

RESULTS

Cloning chicken fva cDNAs and identification of the chicken
tva coding region. The complete sequence of the chicken wva®
receptor gene had not been reported; the /va mRNAs and the
Tva protein are expressed at very low levels (9, 52). The recent
availability of the chicken EST databases (11, 13) combined
with the partial sequence from the chicken Tva coding region
enabled us to assemble a tentative nucleotide sequence of the
complete chicken tva receptor gene. Using RT-PCR and prim-
ers designed based on the predicted coding region of this
assembled tva sequence, two cDNA products were amplified
from total RNA isolated from both ASLV(A)-sensitive (line
H6) and ASLV(A)-resistant (line C) CEFs (Fig. 1). The RT-
PCR products were cloned, and the nucleotide sequences were
determined from both representative clones and directly from
the RT-PCR products. The deduced amino acid sequences of
line H6 tva long ¢cDNA and tva short cDNA (Fig. 1) are
homologous to the two alternatively spliced quail /va mRNAs
(9, 52). The chicken tva cDNA sequences were used to prepare
additional PCR primers, and the line H6 tva genomic region
was amplified and sequenced (Fig. 2).

A comparison of the deduced sequence of the chicken and
quail immature Tva long proteins is shown in Fig. 3A with the
predicted signal peptidase cleavage sites, extracellular, trans-
membrane, and intracellular regions marked. The predicted
sequence of the immature chicken Tva protein contains two
additional amino acids compared to the quail Tva protein. In
addition, the location of the predicted signal peptidase cleav-
age site is different between the chicken and quail receptors.
As a consequence, the mature chicken Tva protein contains
five additional amino acids compared to the mature quail Tva
protein. This changes the numbering of the amino acids: for
example, the fourth cysteine in the LDL-A module is residue
40 in the mature chicken Tva® protein but residue 35 in the
mature quail Tva protein (Fig. 3A).

Two tva cDNAs were also amplified from the ASLV(A)-
resistant line C RNA and had a single nucleotide difference
from the line H6 nva cDNAs (Fig. 1). Comparison of the
deduced sequence of the Tva receptors from line H6 and line



13492 ELLEDER ET AL. J. VIROL.
M v R L L E L L v L L R A v R P L P T E T 5 A P G N
Twva short ATG GTG CGG TTG TTG GAG CTG CTG GTG CTG CTG CGC GCC GTC CGC CCG CTG CCC ACC CCC ACC TCC GCG CCC GGC AAC B
Toa long oot ey s e dame e et e s b e e s s i (e e G e i s e B
3 5 L A Q 2 S i E Q F H C S E P R D P Q T D c b 4 P L
Tva short GGT TCT TTG GCG CAG TGC TCA CCC GAG CAG TTC CAC TGT TCG GAG CCG CGC GAT CCC CAA ACC GAC TGC TAC CCG CTG 156
Tve lang - —psirrsimesimmmtronretreasijentisos, Do S s SeminssTeeen it e e e s S e 56
E W L {6 8] 5 G ) F A
Tva short GAG TGG CTC|TGQ GAC GGG AGC GGG AGC CCC GCG 234
Tva long —-—— === —-—- e e e e e Homiimme Tl R e s S 4
TGG
W_Line Cj
Y E T A G G i E T S A v E v 4 G R A L P S R N H G E
Tva short GTG CCC ACC GCC GGC GGC ACA (AG ACT TCA GCT GTC CCT GTG CCT GGG CGT GCT CTG CCA TCC AGG AAC CAC GGC CGC 312
ITTa LOng Settes amis s, etdoms, mmt afathe it peui meme e e mieees mimie bl itaie e sk i, i kioda sulh, ssle el e e ogmbas SO
M W M L I v A
Twva short ATG TGG ATG CTG ATC GTT GCA 334
Tva long --- —---= -== === —=— ——— ——— AJTG CTC CTG AGC TGC CTG GTA GCT GTG GGT GGT ATT GCT GCA TGG GGG ARG TCC AARA 350
W L L 5 C L v A v G G I A A W G K 5 K
Tva long GCA ARAM AGC AGG TCT GAC ATC TTC GGT CTC GAR AGC GTA TCC AGG GAG CAG TTG GTG CCT GAC AAG AGC CAG GCA GAC 468
L K 5 R 3 o] I F G L E 5 v s R E Q L v 2 D E 5 Q A D
G 1 ¥ H C E v W R W D X
Tva short GG ATC TTT CAC TGT GAG GTG GTA AGA TGG GAC TGA 3
Tva long TTG TTC TCC TGA GAG| == === === =mc mme coo coe o mo dmm o oo 5
L F 5 X

FIG. 1. Two alternatively spliced Tva transcripts are present in ASLV(A)-sensitive and -resistant chicken cells. RNA samples were prepared
from CEFs of inbred lines H6 (sensitive) and C (resistant) and subjected to RT and PCR amplification. The primers used span the entire predicted
Tva coding region and yield cDNA products from the longer and shorter alternatively spliced RNAs of 569 and 420 bp, respectively. The nucleotide
sequences of the gel-purified cDNA products were determined directly. The nucleotide and deduced amino acid sequences of the coding regions
of the long and short chicken Tva cDNAs are shown. Identical nucleotides are represented by dashes, and vertical lines mark the exon boundaries.
The 40-amino-acid LDLR homologous cysteine-rich sequence (LDL-A) is highlighted in a shaded box. The putative transmembrane segments are
highlighted in open boxes. We assume that the shorter form of Tva is attached to the cell surface via a glycosyl phosphatidylinositol linkage. The
codon containing the single nucleotide difference between the line H6 and line C Tva cDNAs that results in the Cys40Trp mutation is labeled line C.

C showed that this single nucleotide change caused a single
amino acid substitution in line C, changing the fourth con-
served cysteine residue in the LDL-A module to tryptophan
(codon 40 [TGC to TGG]). This mutation was also present in
the line C tva genomic sequence (Fig. 2). The Cys40Trp mu-
tation would prevent the formation of the disulfide bond be-
tween the fourth and sixth cysteines in the LDL-A module,
which is critical for the proper folding of Tva and ASLV(A)
receptor function (10). An adenine mutation introduced into
the quail Tva protein at the fourth cysteine position of the
LDL-A module (Cys35Ala) reduced receptor function to ~3%
of wild-type levels when the mutant receptor protein was tran-
siently expressed in COS-7 cells (10). Although this is a signif-
icant reduction in receptor function, ASLV(A) infection was
relatively efficient compared to the ~10°-fold resistance of line
C CEFs to ASLV(A) infection (data not shown).

The Cys40Trp mutation significantly reduces the ability of
the line C Tva receptor to mediate ASLV(A) infection com-
pared to that of the line H6 Tva receptor. To determine if the
Cys40Trp mutation in the chicken Tva receptor accounts for

the ASLV(A)-resistant phenotype of line C cells, expression
plasmids encoding the long form of the line H6 Tva® receptor
(pTvaS) or the long form of the line C Tva® receptor (pTvaR)
were constructed. The coding regions were truncated at the C
terminus after the codon for the third amino acid (Lys114) of
the intracellular domain and fused to an HA epitope tag and a
histidine tag (Fig. 3B). Expression plasmids encoding Tva®,
Tva®, quail Tva950 receptor, or an empty plasmid vector were
transfected into a mammalian cell line, human 293 cells (Fig.
4A). Mammalian cells do not normally express a functional
form of any of the ASLV receptors. Each transient-transfec-
tion mixture contained 8.8 pg of plasmid DNA, including
0.8 pg of plasmid DNA encoding EGFP. The efficiency of the
transfections was estimated by counting the number of green
cells by FACS. Two days after transfection, the cells were
challenged with RCASBP(A)AP, an ASLV(A) virus also en-
coding human placental AP.

When the maximum amount of each Tva receptor expres-
sion plasmid (8 wg) was transfected into 293 cells, detectable
levels of the Tva receptor proteins were expressed as shown by
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ECGCAGRACCTCACCAFGTTCAGCAGATCCT CATCTCCCGACCCTGGECAGCAGCCAAGGTCACGCACGCCGAGGCGGCTCGGGCCGCGLCGCGA
TGTCCCGCGGAGGGGGCCGG”CCTCLAGGAGGuGG”GGGGuCTLLTGACGGTTCuCGCGCuAGCWCGAGGTCGTCCATTGGCCGAGGLGCGLPG
CGGCGCGCACGEECCCTGCCCGLECGCAGECGCT TTATAGGCGT TGGEGCCGGECEGEECCGEEGEaae>

ATGGTGCGGTTGTTGGAGCTGCTGETGCTGCTGCGCGCCETCCECCCGCTGCCCACCCCCACCTCCGCGCCCGGCARCG
M VR L L E L L VL L RAV RUPULPTUPT S AP G N

3TQEGAGTGCAGGCGGCCGCGGCTCCCGCCGTCCTCTCCCCACGTTGGA?CCCTGCGCACG“CCTTCGCTCTCAITGGCCGGCGCCGCTCGCGG
CTCTCTCGg;?TCATTGGCCGGCGCTGAGCCGCGCGCACCCCGCGTTCCCCGT””CG GGGTTCCGCTCCGCTCCGCTCACCCCGCCCCGCCCTG
CCCCGCAG™

GTTCTTTGGCGCAGTGCTCACCCGAGCAGTTCCACTGTTCGGAGCCGCGCGATCCCCARACCGACTGCTACCCGCTGGAGTGGCTCTGCGACGG
G 8§ LA Q C 8 P E Q F H C S E P RD P Q T D C Y P L EWIULCUD G

GCATCCCGACTGCGACGATGGACGGGACGAGTGGEGCTGCGEAGCEAGCGGEGAGCCCCGCGEGTGCCCACCGCCGGCGGCACAG
H P D CDD G RUDEWSGT CSGH ASG S P AV PTAUGTGT
TGG

W Line C: tva " mutation

08 T ACGEGEGEECCTGCTGGEGEEGCTGOGCT CGEGECTCEGEGEEEGEATGEGAGCCCCT CCGGEAGGECTCTGATCGGTACCCGCGGTGCGE
GGTCAGCAGGGCGGGGCGETECAGCCCGCGETGTTCCGGATGGACGCGGGGGAGAACGTCGTGCGGAGAGGTGCGGAGCCCCGGCACGRARCCGE
CCGCAGCGGCGGEGCGCTCCCCTTCTCOGCGATCCCCGCATCCCTCCGEGGTGCTCCGCTGTGOGGCCGCTGCCGCGEGEEGTCGGGETGGGGE
GCCTCCGGCGGTCCETTCCCGCGETTCGGTGTGTCCTCCCGECTGTCATARAGCTCAGCTGCAGCGGAACGGCTTTGTAGTGCTGTTATARAGA
TAAGAGCTGCGGCTCTCCGACGGCGCCTTCCCTCCGCGCGGCT TTCGGCCCCTCTGAAGCGGCCT CATTCCATCACACCTCGGCCGGGGCTTGE
GCTCACCCATCCGAGCACAGGACGTGCTGAGCAGCCCACCTTCTGTGCGGCATTCGGGCGCCGOGGECTTCCTCAGGARGAGCTT TGARGTGTC
TGCTTCCCTGCCCGCCGTGCTGGCTGCCTCACAGCCCTTCTTAGAT CGCACAATGGCCCGGGTTGGARGAGACCT CCGGGATCACGARGCTCCA
ACCCCCCCCACCGCAGGCAGGGCCACCARCCTCCACAT TTAAT TCCAGCCCAGGCTETCCAGGGCCCCATCCARCCTGGCCT TGARCACCTCCR
GGGATGGATGGGGCATCCACAGCCCCT CTGGGCAGCTGTTCRGCACCTCOCCACTCT CATAGGRARGAACTCATCCT CGGGCTCTGTGCTCOCT
GACCCTATGGGCACAATGGETGCAGCTGCCTTGCT TCAGGATCCACT TTTAATCARGCTTTCCTGCTTGCTTGET TTACT TAT TGACTTTGTCT
CCTCCTACCCTARCAGTCCTCCCAGTCTATGAGAGGTGAGGAACGTTTCCCAGCTGCTGGCGTGGGCTAATGGCAGTAACAGCAGATARGGCTT
TGCTTCAGCCTATACAGTCCTGCTGGCACTCCTGAGCGAGCTGGGARCCTGT TTGGGTTTGTGCTGAGGECTGCTGTGTGCATTGCCTGGGAGE
CTGGCGGACTTCTTGCTTTTCTCCCTCCCAG Y

AGACTTCAGCTGTCCCTGTGCCTGGGCGTGCTCTGCCATCCAGGAACCACGGCCGCATGTGGATGCTGATCGTTGCAG

E T S AV PV P G RALUP S RNUHGIRMWMILTI VA
ﬂ4OQIATGTGGGACTCAGAGCACRGGTACTGGGCAGGTTTCCCCATTGCAAGAAGTGCCTACATGACCAGCGTGGTGRGGGATGGGGTCTGTGT
GTCCCCTGTCTCAGTTAGAGGARGGAGGTGATGCTACCCTTCTGCACGTGCACARATGCARGT CCCACCTATTCCCCCCTCACTTGCARACCAC
TCCTATGTATGTGAAATGCACCTTTTTGCAGT. VTATGAGGGCTGTCGACTCAGTEGGTCTGCTGAGTACCCACCACACAARTATTGCTGGGT TG
GARAACTGCTGGAGT TGAGGGTGGTGGTCTGGATTTTCCTTCCCCCCCTCCGATCCAATCTCTTTTCCTCTTCCCTTATCTCATTTCTCTCTTCT
TCTCTCAGTTTCAAGCTAAATTAGGACGTAACACAAGGCATCTGATCACACT TCATCACCAATAACT TTCAT CCCTGGAGGCATCCAAGGCCAG
GCTGGATGTGGCTCTGGGCAGCCTGGGCTGCTGGT TGGTGACCAT CACATAGCAGGGGGT TEGGAGCTGGATGAGCACTGCTGTCCTTTTCAACT
CETTCTATGATTCTATGARATACGTTCTATCTGCATTTTETGCTCGETGTCACAGTGCAGCGCARAATCARCATCGRAGCAATTGTTTGGCAGTG
GTTCACCTTAATTACCCTGAGGGAATGTCCARACCTCAGAGGTCCCCCCCTAAGGCGCCCCGCTCCATGCAGTCTGGCTGTAACACTTCCATGE
TCRTTG”CCRTTGPTCTTCAQGCTGCTGCTC1CTGTTGACTRHTGPTATCGAJCACCAGAG"CGP TGCAGATATCCAGGCCAGGCGCAGTGAG
TGuTTCTCTGCTTATGCACTCTTCTCTTT&E

ATCCAGGGAGCAGTTGGTGCCTGACAAGAGCCAGGCAGACTTGTTCTCCTGAGAG

S R E Q L VvV P D K S Q A D L F S STOP
2QSQGTAAGTTCTTTGCCCCCCCACGGGAGGGAGCAGTGATCCTGCCCTGCGTTTCTAGCAGTAGRGCTTTCCCCTCGGGTAGCTTTTCCCAGCT
CTCCCTGCTGCTGCTCAGCCCCACACCTGTGGTTTCAGTT TGCCCTGAAGCAGCAGAACTCTCCCCTTCCTTCCTCACTACCGGACAT GAGAGC
CCTATTTTGGCTGCAGGGATCACTGCATGACCTACTGT GAGAAGGTGCTGCCTTCTTTCAGTACTCTTATGTCCTTCCTTTGCTGCTGAGGGET
CTGAGCACTCATGCCAACAFATTTCPTGGTGlGGGHTATTTCCCAAAbTTCTTFFAATCTGAAGTAhahbTGGRTTCCATGGCAAAAAGCCTGL
CAGCAG“CACGTGGTCTTGTTT“CTGTCACAG

GGATCTTTCACTGTGAGGTGGTAAGATGGGACTGA
6 I F H CEV V R W D STOP

3402 I GOTCTCOC TGO TGCTGACCGTGGARCCTGGCT GAAT T TGGACACGAGCTCTCGAATC TGGTT TGCTGT TACACT CGGATGCT CCTGTT
GCARATGAGTCCTGGATGETGECACTGTGCCACTTGARATAGGACAGGECCT TCCCCAGTGCTGTGARATCTCCCCCCCTTARAGGTGACAGGA
ATTCCCTCACTCTTTTTGCCT 00"

FIG. 2. The nucleotide and putative amino acid sequences of the chicken tva locus of line H6. The genomic DNA region of tva was amplified
by PCR, and the nucleotide sequence was determined. Each exon is shown in bold with the deduced amino acid sequence. The alternate exon of
the long cDNA is highlighted with a shaded box. The nucleotide sequence of the tva introns and flanking regions are shown, and their boundaries
are underlined and numbered. The codon containing the single nucleotide difference between the tva cDNAs from line H6 and line C that results
in the Cys40Trp mutation is labeled line C.
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FIG. 3. The chicken and quail Tva receptors and the expression constructs. (A) Comparison of the deduced amino acid sequences of the
chicken and quail Tva receptors. Identical amino acids are denoted by dots, and gaps are indicated by dashes. Only the longer forms of both
receptors are shown. The quail receptor is predicted to have a signal peptide of 19 residues, followed by an extracellular domain of 83 residues
which includes the LDL-A module, marked by a shaded box (9). The chicken Tva receptor is predicted to have a leader peptide of 16 amino acids
(32) followed by an extracellular domain of 88 residues. The predicted cleavage sites of the leader peptidase are marked by small vertical arrows,
and the amino acid numbering starts with the first residue (+1) of the mature chicken and quail proteins generated by the cleavage. There is
considerable similarity in the sequences of the Tva proteins, and the extracellular, transmembrane, and intracellular regions of the chicken receptor
are assumed to correspond to the regions in the quail Tva protein. The transmembrane and cytoplasmic tail regions of both proteins consist of 23
and 32 amino acids, respectively. The three disulfide bonds in the LDL-A module are indicated by brackets, and the potential N-linked
glycosylation sites are underlined. The large vertical arrow marks the site of the mutation in line C, which involves Cys40 in chicken Tva
(corresponding to Cys35 in quail Tva). (B) Schematic diagram of the Tva receptors and expression constructs used in these studies. Only the longer
forms of the chicken and quail Tva receptors are shown; their extracellular, transmembrane, and cytoplasmic regions were included in the
expression constructs. The construct pKZ261 was described previously (55). The constructs pTvaR and pTvaS were generated specifically for these
experiments and are described in Materials and Methods. The horizontal bars with thin and thick black boundaries denote sequences of chicken
and quail origin, respectively. The numbers indicate the position of amino acid residues in mature proteins; signal peptide residues have negative
numbers. The asterisk indicates the presence of the Cys40Trp mutation in the pTvaR construct. SP, signal peptide; EC, extracellular domain; TM,
transmembrane domain; IC, intracellular domain; HA, epitope tag from influenza virus HA protein; His, histidine residue tag.

Western immunoblot analysis (Fig. 4B). The expression levels
of the chicken Tva® and Tva® receptor proteins were similar
but appeared to be lower than the expression level of the quail
Tva950 protein, even though the transfection efficiencies were
similar (21 to 25%). This difference may be due in part to
differences in the promoters used to express the Tva proteins:
the simian virus 40 early promoter was used to express the
chicken Tva® and Tva® receptors, and the cytomegalovirus

promoter was used to express the quail Tva receptor. The
chicken Tva receptor proteins also displayed a lesser amount
of glycosylation (ranging from ~30 to 40 kDa) compared to the
quail Tva receptor (ranging from ~25 to 50 kDa) (Fig. 4B).
The quail Tva receptor contains three potential N-linked gly-
cosylation sites; the chicken Tva receptor contains only one
(Fig. 3A). The fastest-migrating chicken Tva® and Tva® recep-
tor proteins, which are presumably the unglycosylated forms of
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FIG. 4. The different Tva receptors confer different susceptibilities to ASLV(A) infection. (A) Schematic representation of the experimental
approach. (B) Western immunoblot analysis of the levels of Tva receptor expressed by 293 cells transfected with 8 pg of receptor plasmid DNAs.
Clarified cell lysates were made, the proteins were separated by SDS-12% PAGE and transferred to nitrocellulose, the filter was probed with
anti-HA monoclonal antibody 12CAS, and the bound protein complexes were visualized by chemiluminescence. Molecular sizes (in kilodaltons)
are given on the left. Lanes: M, mock; Q, quail Tva950; S, chicken TvaS; R, chicken Tva®. (C) 293 cells were transfected with 8.8 pg of plasmid
DNA that contained different amounts of a plasmid encoding a Tva receptor. Transfected 293 cells expressing the different Tva receptors, quail
Tva950 (Q), chicken Tva® (S), chicken Tva® (R), or mock (M), were challenged with 10-fold serial dilutions of RCASBP(A)AP and the titers were
determined by AP assay. The asterisk indicates that the titer was below the limit of detection, 1 IFU/ml. The transfection efficiencies for each
experimental group are shown above the titers as an average percentage. The results are averages of triplicate experiments. Error bars show

standard deviations.

the receptors (30 kDa), contain the histidine tag and are larger
than the unglycosylated form of quail Tva (Fig. 3B). The
expression of each Tva receptor from 8 pg of plasmid DNA
transfected in 293 cells conferred susceptibility to ASLV(A)
infection (Fig. 4C) but did not confer susceptibility to
ASLV(B) or ASLV(C) infection (data not shown). However,
ASLV(A) infection was ~20-fold less efficient with the Tva®
receptor that contained the Cys40Trp mutation compared to
the Tva® and quail Tva receptors. The reduction in ASLV(A)
receptor activity when the chicken Tva® was expressed in 293
cells was similar to the loss of receptor function observed when
the quail Tva Cys35Ala receptor mutant was expressed in
COS-7 cells (10), but it was still relatively efficient when com-
pared to the observed ~10°-fold resistance of line C.

Since the process of transfecting plasmid DNA into eukary-
otic cells results in multiple copies of the plasmid in each
transfected cell, it is likely that the transfected cells express

much higher levels of the Tva receptor proteins relative to the
normal expression level on avian cells. Normally, the Tva re-
ceptor proteins are expressed at very low levels on avian cells.
Tva cannot be detected by Western immunoblotting in extracts
of avian cells; however, this low level of expression allows it to
function efficiently as the receptor for ASLV(A) viruses (9,
52). To test this hypothesis, wild-type Tva and Tva carrying the
Cys40Trp mutation were expressed at lower levels by trans-
fecting smaller amounts of the Tva expression plasmids (8 to
0.0016 pg) into 293 cells. A total of 8.8 pg of plasmid DNA was
used in each transfection mixture. This reduced the amount of
Tva expressed in the 293 cells; the Western immunoblotting
procedure could not detect Tva proteins when <1 pg of the
receptor plasmid DNA was used in the transfection (data
not shown). Both of the wild-type Tva receptors, chicken
Tva® and quail Tva, conferred similar levels of susceptibility to
ASLV(A) infection in 293 cells transfected using a wide range
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FIG. 5. Binding affinity of the Tva receptors for ASLV(A) envelope glycoproteins. (A) Comparison of the signal peptides and extracellular
domains of the quail Tva receptor (Q), the previously published quail/chicken Tva receptor (CK), the chicken Tva® receptor, and the chicken Tva®
receptor used in the soluble Tva receptor constructs. Tva amino acids identical to the Tva® receptor are indicated (®). The three disulfide bonds
are indicated by brackets. (B) Western immunoblot analysis of the sTva-mIgG proteins. The sTva-mIgG proteins were immunoprecipitated with
goat anti-mouse IgG-agarose beads from clarified supernatants collected from the clonal DF-1 producer lines, denatured, separated by SDS-12%
PAGE, and transferred to nitrocellulose. The filter was probed with peroxidase-conjugated goat anti-mouse IgG, and the bound protein-antibody
complexes were visualized by chemiluminescence using Kodak X-Omat film. M, mock supernatant; S, chicken Tva® sTva-mIgG; R, chicken Tva®
sTva-mlgG; CK, chicken sTva-mIgG; Q, quail sTva-mIgG. Molecular sizes (in kilodaltons) are given on the left. (C) Binding of the sTva-mIgG
proteins to ASLV(A) glycoproteins. Uninfected DF-1 cells and DF-1 cells infected with wild-type RCASBP(A)AP virus were fixed with
paraformaldehyde and incubated with different amounts of a sTva-mIgG protein and the envelope glycoprotein/sTva-mIgG complexes bound to
goat anti-mouse Ig antibody linked to phycoerythrin. The amount of phycoerythrin bound to the cells was determined by FACS, and the maximum
fluorescence was estimated (see Materials and Methods). The data were plotted as percent maximum fluorescence bound versus sTva-mIgG
concentration. The values shown are averages of duplicate experiments.

of receptor plasmid DNA concentrations, 8 pg to 8 ng (Fig.
4C). However, transfection of lower amounts of the pTvaR
plasmid, which would result in lower amounts of the mutant
Tva® receptor, resulted in up to a 2,500-fold loss in suscepti-
bility to ASLV(A) infection (Fig. 4C). These data imply that
the Cys40Trp mutation and the low level of expression of the
Tva receptor in chicken cells account for the resistance of line
C cells to ASLV(A) infection.

The Cys40Trp mutation significantly lowers the binding af-
finity of the Tva receptor for the ASLV(A) envelope glycopro-
teins. The six conserved cysteines in the LDL-A module are
critical for the proper folding of the Tva protein. In Tva®, the
Cys40Trp mutation eliminates a critical disulfide linkage and
introduces a large aromatic amino acid that may further distort
the structure of the protein. Despite these defects, the Tva®
protein can still function as a receptor for ASLV(A), albeit at
a much lower efficiency. We hypothesized that the Cys40Trp
mutation lowers the binding affinity of the Tva® receptor for
the ASLV(A) glycoproteins. A lower affinity between Tva®
and ASLV(A) would be partially offset if the Tva® receptor
were expressed at high levels on the surface of the cell.

To test this hypothesis, we estimated the binding affinities
of the wild-type and Cys40Trp mutant Tva receptors for sub-
group A envelope glycoproteins expressed on the surface of
ASLV(A)-infected chicken cells. To perform this analysis, we
prepared soluble forms of the Tva® and Tva® receptors fused

to a mouse IgG domain: TvaSsTva-mIgG and TvaRsTva-mIgG
(Fig. 5A). The production of soluble forms of the quail Tva
receptor, QsTva-mIgG, and a partial chicken Tva receptor,
CKsTva-mlgG, was described previously (25, 26). The sTva-
mlgG proteins used in these experiments were analyzed by
immunoprecipitation and Western immunoblotting from cul-
ture supernatants from DF-1 producer cells (Fig. 5B). The
fusion proteins migrate as broad bands (45 to 60 kDa) due to
glycosylation. The soluble Tva-mIgG proteins form dimers due
to interaction of the mIgG domains. Different amounts of each
sTva-mlIgG receptor protein were assayed for ability to bind to
ASLV(A) glycoproteins expressed on the surface of ASLV(A)-
infected DF-1 cells by FACS as described previously (25). The
Tva®, Q, and CK sTva-mIgG receptors bound the subgroup A
glycoproteins with high binding affinities, ~0.3 nM (Fig. 5C), in
agreement with previous reports (6, 25, 31, 56). However,
binding of the Tva® sTva-mIgG receptor to subgroup A glyco-
proteins was not detected over the protein concentrations
tested, demonstrating that the Cys40Trp mutation in Tva
causes a significant loss in the binding affinity of the Tva®
receptor for the ASLV(A) glycoproteins (Fig. 5C).

A different mutation is present in ASLV(A)-resistant line 7,.
While the Cys40Trp mutation and the low level of Tva® ex-
pression appear to explain the ASLV(A) resistance of line C,
a previous study did not find this mutation in another inbred
line of chickens resistant to ASLV(A) infection, line 7, (8). To
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FIG. 6. The tva™ gene of chicken Line 7, contains a 4-nucleotide insertion. (A) The nucleotide sequence and deduced amino acid sequence
of exon 1 of the tva® gene of the ASLV(A)-susceptible line H6 (H6:tva®) and the tva™ gene of ASLV(A)-resistant line 7, (7,:tva™). The 4-nucleotide
insertion and altered amino acid sequence of line 7, are highlighted in bold. (B) A PCR assay was developed to specifically detect the 4-nucleotide
insertion in the tva’? gene of line 7, genomic DNA. The picture shows a gel electrophoresis of DNAs produced by PCR amplification of four
samples each of line 0 (0), line 7, (7,), and line Rh-C (C) genomic DNA isolated from CEFs separated on a 2% agarose gel and visualized with
ethidium bromide. The sizes of the DNA markers are shown on the left in base pairs.

identify the possible defect(s) in the fva gene in line 7,, tva
cDNAs were amplified by RT-PCR and cloned from RNA
prepared from line 7, CEFs. As controls, va cDNAs were also
amplified and cloned from different ASLV(A)-susceptible
CEPFs, line 0, and a parental stock of the ASLV(A)-resistant line
C CEFs, line Rh-C. Long and short forms of tva cDNAs were
identified in all three lines (data not shown). The fva cDNAs
isolated from line 0 were identical to line H6 cDNAs. The tva
cDNAs isolated from the parental line Rh-C were identical to the
line C cDNAs and, as expected, contained the Cys40Trp mutation
(data not shown). However, the nucleotide sequence of the line 7,
tva cDNAs showed one difference from the line H6 and line 0
cDNAs: a 4-nucleotide insertion in exon 1 (Fig. 6A). This inser-
tion causes a change in the predicted translational reading frame
of both forms of the va mRNAs, presumably preventing ex-
pression of the Tva proteins. The same 4-nucleotide insertion
was found in exon 1 of line 7, genomic DNA amplified by PCR
(data not shown). We have named this ASLV resistance allele
tva? We also developed a PCR assay that specifically detects
the line 7, tva™ gene but not the tva or tva” genes by using a 5’
primer that includes the 4-nucleotide insertion at the 3’ end of
the primer (Fig. 6B). This assay can be used to identify geno-
mic DNAs that carry the tva™ gene.

DISCUSSION

ASLV infection of chickens leads to a variety of serious
diseases and can cause death. Thus, populations of chickens
exposed to ASLV would be under selective pressure to develop
resistance to ASLV. So why haven’t lines of chickens been
naturally selected that are resistant to all subgroups of ASLVs?
For example, the exogenous ASLV(A) viruses are a significant
threat to flocks in poultry houses, yet there are very few lines
of chickens that carry a tva” allele. Most likely, the susceptibil-
ity of chickens to the ASLVs is the result of breeding patterns
and a balance of several different evolutionary forces. Most
lines of chickens that have been extensively studied are inbred
lines that have been selected for traits that have nothing to do
with resistance to viruses, for example, egg production, growth
rates, or plumage colors. In these cases, there may be little or no
selective pressure for ASLV resistance. In addition, the selection

of ASLYV resistance alleles would not be favorable if the normal
cellular proteins used as ASLV receptors were important for the
normal growth and development of the bird. Unfortunately, the
normal cellular functions of Tva and Tvb are not yet known.
However, it is likely that these proteins are not absolutely re-
quired, since there are tva” and tvb" alleles that appear to se-
verely disrupt these cellular proteins without apparently harm-
ing chickens homozygous for these ASLV resistance alleles. Since
the Tva and Tvb proteins are members of large multimember
families of receptors, possibly other members of the LDLR-
and TNFR-related receptors may compensate for their loss. It
is also possible that these genes may be more important for the
survival of the bird in the wild than in captivity. The selection
of resistance alleles to ASLVs may also be hampered by the
ability of retroviruses to evolve the structure of their envelope
glycoproteins to alter their receptor usage. A variety of studies
have demonstrated that ASLV can acquire mutations that alter
the envelope and the viral host range (24, 25, 31, 34, 43). Sub-
groups of highly related viruses that use different proteins as
receptors may vary the selective pressure to make it difficult for
chickens to develop complete resistance to ASLV entry.

One ASLYV resistance allele that is prevalent in inbred
chicken lines is the twb*? allele, which confers resistance to
subgroup E ASLVs. Almost all lines of chickens contain en-
dogenous subgroup E ASLV loci; a number of loci encode
infectious virus and/or subgroup E viral glycoproteins (50).
Adkins et al. proposed that the evolution of the tvb*? allele is
a result of the selective pressure of exposure to endogenous
ASLV(E)s on chickens, implying that a mutant TvbS* protein
that does not bind ASLV(E) provides a selective advantage
(3). While ASLV(E) viremia and/or the expression of sub-
group E glycoproteins has much more modest effects on the
health of chickens than infection with exogenous ASLVs, ex-
pression of endogenous ASLVs does reduce the immunologi-
cal response of birds to exogenous ASLV infection. It is also
possible there are other unknown detrimental effects that are
produced by exposure to endogenous ASLV(E) viremia and
subgroup E glycoproteins in chickens. For example, the inter-
action of ASLV(E) glycoproteins with the TvbS! receptor may
cause the death of certain cell types in the bird by subgroup E
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TABLE 1. The characterized chicken ASLV receptor alleles, including the genetic defects and phenotypes of
the known ASLYV receptor resistance alleles
Allele Chicken line Mutation Phenotype Ref.
tva’ Ho6 Wild type Susceptible to subgroup A ASLVs This study
0
tva" C Single-nucleotide mutation in fva resulting Resistant to subgroup A ASLVs due to a drastically lower This study
in the Cys40Trp change binding affinity for ASLV(A) envelope glycoprotein
Rh-C
tva? 7, 4-nucleotide insertion in exon 1 of tva Resistant to subgroup A ASLVs due to the absence of the This study
resulting in a change in reading frame Tva protein
tvb*! 1551 Wild type Susceptible to subgroup B, D, and E ASLVs 3,29
twb*? 0 Single-nucleotide mutation in tvb*! resulting Susceptible to subgroup B and D ASLVs; resistant to 3,29
in the Cys62Ser change subgroup E ASLVs due to a drastically lower binding
affinity for only ASLV(E) envelope glycoprotein
twb" 7, Single-nucleotide mutation in tvb*’ resulting Resistant to subgroup B, D, and E ASLVs due to trunca- 29

in a premature stop codon

tion of the Tvb®! protein at amino acid 57

glycoprotein receptor-mediated apoptosis. In addition, since
other members of the TNFR family play important roles in
immune responses against microbial pathogens, the Tvb pro-
teins may also be involved in immune responses. In this sce-
nario, it may be advantageous to have a Tvb protein expressed
on the cell surface that cannot be blocked or down regulated by
interactions with the subgroup E glycoprotein.

To date, four different mutations that cause resistance to
ASLV envelope subgroups have been described in inbred White
Leghorn chickens (Table 1). The molecular defects encoded by
these mutations either eliminate the expression of the receptor or
alter the structure of the receptor protein to lower the binding
affinity for the viral glycoproteins. These mechanisms are consis-
tent with the recessive nature of the ASLV-resistant phenotypes.
The tva'? (this study) and tvb” (29) alleles apparently eliminate the
production of the receptor proteins by altering the translational
reading frame. In contrast, the tva” (this study) and tvb* (3) alleles
encode proteins but with mutations in cysteine residues that pre-
sumably alter the shape of the proteins, significantly reducing
their binding affinities for ASLV envelope glycoproteins. While
these mutations alter the use of these proteins as ASLV re-
ceptors, it is not known if the changes in structure of the Tva®
and Tvb®? proteins also affect their natural cellular function(s).

Another significant determinant of susceptibility to virus
infection is the endogenous expression levels of cell surface
proteins used as receptors by retroviruses. For example, Chi-
nese hamster ovary (CHO) cells are relatively resistant to sev-
eral retroviruses due to low-level expression of the wild-type
cellular proteins used as receptors by these viruses (42). Over-
expression of these same functional protein receptors in CHO
cells makes them susceptible to viral infection. In our study,
we found that the level of expression of Tva® carrying the
Cys40Trp mutation is important for the level of susceptibility
to ASLV(A) infection. Whereas the wild-type chicken Tva®
and quail Tva proteins were efficient ASLV(A) receptors when
the proteins were expressed at levels comparable to protein
levels normally found on chicken cells, the mutant Tva® pro-
tein was not an efficient ASLV(A) receptor. However, expres-
sion of Tva® at high levels permits ASLV(A) infection at a
level of 5% of wild-type Tva. High levels of the Tva® mutant
receptor may increase the avidity of the interaction between
the subgroup A envelope glycoproteins on a virion and the
Tva® mutant receptors on the cell surface to a level that per-

mits ASLV(A) infection. Alternatively, despite the loss of a
disulfide bond from the Cys40Trp mutation, a small percent-
age of the synthesized Tva® mutant protein may fold into a
structure similar to that of wild-type Tva and function effi-
ciently as an ASLV(A) receptor; high levels of Tva® would be
required to produce low levels of functional receptor.

As discussed above, knowing the normal cellular functions
of the Tva and Tvb proteins in chicken growth and develop-
ment would help to identify the evolutionary forces involved
in ASLV receptor choice and developing host resistance to
ASLV infection. Recent data from genome and proteome
projects may provide clues to a possible function for the Tva
protein. The tva locus has recently been mapped to the end of
chromosome 28 in chickens, which has conserved synteny with
human chromosome 19 and mouse chromosome 17 (14, 41).
Three chicken genes, RPS28, NDUFA?7, and tva, are tightly
linked on chromosome 28. The similar regions of human
chromosome 19 and mouse chromosome 17 carry RPS2S,
NDUFA?7, and a tva orthologue, 8D6A4 (GenBank accession no.
NCO000019), which are tightly linked (Fig. 7). The 8D6A gene
encodes a 282-amino-acid protein, named the 8D6 antigen,
that is abundantly expressed on follicular dendritic cells (30). It

RPS28 NDUFAT BO6A
<« ™ p 30 >
Human 19
RP528 NDUFAT 4250181
0.1 49 (8D6A)
<+ > >
Mouse 17
ChEST112m16 BX5932614 fva
(RPS28) (NDUFAT) (8064)
0.3 0.9
. E— —
Chicken 28

FIG. 7. Maps of the regions encompassing syntenic genes in hu-
man, mouse, and chicken. Horizontal bars symbolize chromosomes;
the organism name is given on the left, the chromosome number is on
the right, and the gene symbols are on the top. The symbols of or-
thologous human genes are indicated in parentheses. The chicken
genes represented by database entries ChEST112m16 and BX932614
showed the highest homology on a whole-genome level to human
genes RPS28 and NDUFA?7, respectively, as determined by the BLAST
program (4). The directions of transcription of the genes are shown
with arrows; the numbers between arrows indicate intergenic distances
(in kilobases). The drawing is not to scale.
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contains two LDL-A modules and a single transmembrane
region. The 8D6 antigen appears to be a signaling molecule for
the follicular dendritic cell stimulation of B-cell growth in
germinal centers (54). Although the normal function of Tva is
not known, it is interesting to speculate that it may also func-
tion in B-cell development in a way similar to the 8D6 antigen.
The principal target organ for ASLV disease is the bursa of
Fabricius; ASLV infection produces B-cell lymphomas (33).
Tva may be one of the signaling molecules in the bursa and has
arole in B-cell development. As discussed above, Tva does not
appear to be absolutely required for the development of
healthy chickens, and it is possible that related signaling mol-
ecules may compensate for the loss of Tva.

The interaction between the retroviral envelope glycopro-
teins and the cellular protein receptor is complex, involving
multiple determinants in both proteins that specify receptor
choice, binding affinity, and the ability to trigger the fusion
mechanism of the viral glycoprotein. Despite the complexity of
this interaction, retroviruses have the ability to evolve to use
different cellular proteins as receptors. This ability may be
critical for retroviruses to overcome host resistance and/or for
coinfection of the host by several viral subgroups. Understand-
ing the evolutionary mechanisms whereby hosts can develop
resistance to retroviral infection and how the virus responds
will provide valuable information for antiviral intervention and
targeted gene delivery.
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