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ABSTRACT The receptor of the subgroup A avian leukosis virus (ALV-A) in chicken
is Tva, which is the homologous protein of human CD320 (huCD320), contains a
low-density lipoprotein (LDL-A) module and is involved in the uptake of transcobala-
min bound vitamin B12/cobalamin (Cbl). To map the functional determinants of Tva
responsible for ALV-A receptor activity, a series of chimeric receptors were created
by swapping the LDL-A module fragments between huCD320 and Tva. These chimeric
receptors were then used for virus entry and binding assays to map the minimal ALV-
A functional domain of Tva. The results showed that Tva residues 49 to 71 constituted
the minimal functional domain that directly interacted with the ALV-A gp85 protein to
mediate ALV-A entry. Single-residue substitution analysis revealed that L55 and W69,
which were spatially adjacent on the surface of the Tva structure, were key residues
that mediate ALV-A entry. Structural alignment results indicated that L55 and W69
substitutions did not affect the Tva protein structure but abolished the interaction
force between Tva and gp85. Furthermore, substituting the corresponding residues of
huCD320 with L55 and W69 of Tva converted huCD320 into a functional receptor of
ALV-A. Importantly, soluble huCD320 harboring Tva L55 and W69 blocked ALV-A entry.
Finally, we constructed a Tva gene-edited cell line with L55R and W69L substitutions
that could fully resist ALV-A entry, while Cbl uptake was not affected. Collectively, our
findings suggested that amino acids L55 and W69 of Tva were key for mediating virus
entry.

IMPORTANCE Retroviruses bind to cellular receptors through their envelope proteins,
which is a crucial step in infection. While most retroviruses require two receptors for
entry, ALV-A requires only one. Various Tva alleles conferring resistance to ALV-A, includ-
ing Tvar1 (C40W substitution), Tvar2 (frame-shifting four-nucleotide insertion), Tvar3, Tvar4,
Tvar5, and Tvar6 (deletion in the first intron), are known. However, the detailed entry
mechanism of ALV-A in chickens remains to be explored. We demonstrated that Tva res-
idues L55 and W69 were key for ALV-A entry and were important for correct interaction
with ALV-A gp85. Soluble Tva and huCD320 harboring the Tva residues L55 and W69
effectively blocked ALV-A infection. Additionally, we constructed gene-edited cell lines
targeting these two amino acids, which completely restricted ALV-A entry without
affecting Cbl uptake. These findings contribute to a better understanding of the infec-
tion mechanism of ALV-A and provided novel insights into the prevention and control
of ALV-A.
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Enveloped virus infection is mediated by glycoproteins that protrude from the viral
membrane. Paramyxoviruses, retroviruses, filoviruses, and coronaviruses contain

envelope glycoproteins that are considered class I enveloped (Env) glycoproteins (1).
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The entry of enveloped viruses into host cells is initiated by binding the viral mem-
brane with the host cell membrane. Retroviral Env glycoproteins are trimers of surface
(SU) glycoproteins and transmembrane (TM) glycoprotein heterodimers, where SUs
contain domains important for interaction with receptors (2, 3), whereas TMs contain
proteins that are responsible for membrane fusion (4). The initial interaction of retrovi-
ral glycoproteins with a specific cell surface receptor results in a conformational
change in the trimeric glycoprotein structure, exposing the TM glycoprotein domains
responsible for membrane fusion. (5, 6). However, different retroviruses have different
entry mechanisms. For some retroviruses that require dual receptors, such as the
human immunodeficiency virus (HIV), the initial binding to CD4 on target cells triggers
a change in the glycoprotein structure, allowing interaction with a second receptor
(CCR5 or CXCR4) to complete the entry process (7). In contrast, the avian leukosis virus
(ALV) is a simple retrovirus that requires only one receptor and uses an entry mecha-
nism different from that of HIV; it interacts with a single functional receptor during
entry, resulting in a conformational change in the viral glycoprotein (8, 9). The explora-
tion of the ALV binding mechanism is of great significance as it may provide a deeper
understanding of the entry mechanisms of retroviruses that require only one receptor.

The ALV Env protein is a heterodimer composed of an SU protein (gp85) and a TM
protein (gp37). ALVs are divided into 11 subgroups, ALV-A to ALV-K, based on differen-
ces in five variable domains of their SU glycoproteins (10–14). The receptors used by
the different subgroups of ALVs are not completely the same (8, 9). ALV-A and ALV-K
use Tva (15–17), ALV-B, ALV-D, and ALV-E use Tvb (18–21), ALV-C uses Tvc (22, 23), and
ALV-J uses chNHE1 (24). Tva, the homologous protein of human CD320 (huCD320),
mediates the uptake of transcobalamin (TC)-bound vitaminB12 (cobalamin, Cbl) (25).
Tva contains a low-density lipoprotein (LDL-A) module that is present in several pro-
teins, such as the very low-density lipoprotein receptor, the LDL-A module of which
mediates the entry of multiple alphaviruses into host cells (26). The LDL-A module is a
cysteine-rich domain that relies on six cysteine residues to form a stable structure.
Interestingly, this LDL-A structure is sufficient to mediate ALV-A entry into host cells
(27). The LDL-A of Tva has a high affinity for gp85 of ALV-A and mediates the specific
attachment of viruses to the host cell surface (28–30). Additionally, Tva is responsible
for a series of conformational changes of ALV-A Env that are crucial for viral and host
cell membrane fusion triggered by gp85 and Tva binding (31–33). Therefore, analysis
of the interaction mechanism between ALV-A gp85 and its receptor Tva may elucidate
the basic entry principles of retroviruses.

In the current study, we identified the amino acid residues of Tva that were critical
for ALV-A entry. This study was part of ongoing studies that utilize ALV as a model to
elucidate the mechanisms of retrovirus entry into host cells and resistance to ALV-A
infection. We used domain swapping and single-residue substitutions between Tva
and huCD320 to identify the functional domain and residues critical for the interaction
with ALV-A gp85 and entry of ALV-A. The chimeric receptor proteins were evaluated
for their ability to bind ALV-A gp85 and support virus entry into transduced Tva-knock-
out cells. Our analyses revealed that L55 and W69 of Tva were critical functional resi-
dues responsible for binding to ALV-A gp85 and mediating ALV-A entry into host cells.
We further determined that their substitution did not affect the Tva structure or TC-Cbl
uptake mediated by Tva.

RESULTS
C terminus of LDL-A played a vital role in the Tva-mediated ALV-A entry pro-

cess. To map the key domain of Tva that mediates ALV-A entry into host cells, we
expressed domain-swapped receptor proteins in Tva knocked out DF-1 (DF-1-TvaKO)
cells and subjected the cells to virus entry assays. We first generated DF-1-TvaKO cells
using CRISPR/Cas9 and then performed complement expression of different Tva substi-
tutions in the DF-1-TvaKO cells by determining ALV-A entry levels using virus entry
assays. Sequence analysis showed that the deletion of 10 bases in the Tva sequence
resulted in a frameshift (Fig. 1A). Virus entry assay results showed that DF-1-TvaKO cells
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FIG 1 Establishment of a virus entry assay using Tva-knockout DF-1 (DF-1-TvaKO) cells. (A) Schematic
diagram of the generation of DF-1-TvaKO cells and sequence analysis of the DF-1-TvaKO cells. (B) DF-1-WT
and DF-1-TvaKO cells were challenged with RCASBP(A) or RCASBP(B) at an MOI of 1 and analyzed by
fluorescence microscopy at 120 hpi. Scale bar: 125 mm. (C) DF-1-WT and DF-1-TvaKO cells were infected
with RCASBP(A) at an MOI of 1 and analyzed by flow cytometry at 24, 48, 72, and 96 hpi. (D) Confocal
analysis of Tva expression on the DF-1-TvaKO cell membrane. Nuclei were counterstained with DAPI. Scale
bar: 2 mm. (E) The proportion of GFP-positive cells in DF-1-TvaKO cells transfected with a wtTva expression
plasmid or pCAGGS (negative control) and infected with RCASBP(A) as analyzed by flow cytometry at 72
hpi. (F) Amino acid sequence comparison of the LDL-A module of CD320 proteins of different species. Data
from three independent experiments are shown as means 6 standard deviations of triplicates. *, P , 0.05;
**, P , 0.01; ***, P , 0.001; ns, no significant difference.
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resisted the infection of RCASBP(A) (ALV-A enveloped replication-competent avian leu-
kosis sarcoma virus harboring an eGFP reporter gene), without an effect on the infec-
tion of RCASBP(B) (Fig. 1B and C), indicating that the DF-1-TvaKO cells specifically
resisted ALV-A entry. To establish the ALV-A entry assay based on DF-1-TvaKO cells, a
membrane expression plasmid of wild-type Tva (wtTva) was constructed (Fig. 1D).
DF-1-TvaKO cells transfected with the wtTva plasmid were infected with RCASBP(A).
Flow cytometry results indicated that the entry level of RCASBP(A) in DF-1-TvaKO cells
expressing wtTva was higher than 80% (Fig. 1E). These results demonstrated that the
DF-1-TvaKO cell line could be employed for RCASBP(A) virus entry assays (referred to
as virus entry assays) through Tva complement expression.

Tva contained an LDL-A module that was highly homologous to the second LDL-A
module of huCD320. The LDL-A module was a cysteine-rich domain that relied on six
cysteines to form a stable structure. To allow sequence comparison of the LDL-A mod-
ules of different species, we split LDL-A into five fragments based on the six conserved
cysteine residues (L1, L2, L3, L4, and L5) (Fig. 1F). The amino acids in L1 and L2 were
not conserved between Tva and huCD320, whereas those in L3 to L5 were relatively
conserved (14 out of 21 residues were conserved) (Fig. 1F).

To determine the key domain of Tva interacting with ALV-A gp85, we adopted strat-
egies for complementary domain exchange between the Tva and huCD320 LDL-A
modules. We substituted the N-terminal domain (NTD) (containing L1 and L2) or the C-
terminal domain (CTD) (containing L3, L4, and L5) of wtTva with the corresponding
domains of huCD320 (Fig. 2A) and evaluated the chimeric receptors for their ability to
mediate ALV-A entry. Virus entry assay results showed that the relative level of RCASBP
(A) entry mediated by chimeric Tva containing the NTD of huCD320 was higher than
70%, whereas the level of virus entry mediated by chimeric Tva containing the CTD of
huCD320 was only 10% (Fig. 2B and C). This result indicated that the C terminus of the
LDL-A module was crucial for Tva to mediate ALV-A entry.

To further confirm the above results, a gp85 protein-cell binding assay was per-
formed using soluble forms of ALV-A gp85 (referred to as gp85) tagged with human
IgG-Fc and produced in 293T cells (34). The relative gp85-binding capacity of chimeric
Tva containing the NTD of the huCD320 LDL-A module (ch-hu NTD) was similar to that
of wtTva (.80%), whereas the binding capacity of chimeric Tva containing the CTD of
the huCD320 LDL-A module (ch-hu CTD) was only 20% (Fig. 2D). This result indicated
that the C terminus of the LDL-A module of Tva directly binds to gp85.

To assess whether the C terminus of the LDL-A module can interact with gp85, the
ch-hu NTD and ch-hu CTD plasmids were engineered to replace their transmembrane
domains with Fc tags for soluble expression. Co-immunoprecipitation (Co-IP) assays
were performed by transiently coexpressing gp85 and ch-hu NTD or ch-hu CTD,
respectively, in 293T cells. The results showed that ch-hu NTD formed a complex with
gp85, whereas ch-hu CTD did not (Fig. 2E). A pulldown assay was performed to confirm
the Co-IP results. As shown in Fig. 2F, ch-hu NTD pulled down gp85, whereas ch-hu
CTD did not. This further indicated that the C terminus of the LDL-A module of Tva
played a vital role in interacting with ALV-A gp85.

Taken together, these results demonstrated that the C terminus of the LDL-A mod-
ule of Tva played a crucial role in mediating ALV-A entry and binding with ALV-A gp85.

L55 and W69 of Tva were required for mediating ALV-A entry. To extensively
identify the CTD fragments of the LDL-A module of Tva responsible for the receptor
function, we first comparatively analyzed the sequences of the C termini of the LDL-A
modules of Tva and huCD320 (Fig. 3A). The L4 sequence was identical between
huCD320 and Tva, whereas the L3 and L5 sequences showed some differences. Next,
we constructed chimeric plasmids based on the wtTva backbone harboring the L3 (ch-
hu-L3) or L5 (ch-hu-L5) domains of huCD320 (Fig. 3A). Virus entry assay results showed
that the abilities of ch-hu-L3 and ch-hu-L5 to mediate viral infection were decreased to
12% and 36%, respectively, compared with that of wtTva (Fig. 3B and C). Combined
with the results shown in Fig. 1, which suggested that the C terminus of the LDL-A
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module was crucial for RCASBP(A) entry, these findings indicated that both L3 and L5
in the C terminus of the LDL-A module participated in Tva-mediated ALV-A entry.

There were seven residues in L3 and L5 that differed between Tva and huCD320:
Y50, E53, L55, D63, G65, R66, and W69. To pinpoint the key amino acids responsible for

FIG 2 The C terminus of the LDL-A module in Tva was involved in binding between the Tva receptor
and ALV-A gp85. (A) Schematic diagram of the strategy used for constructing chimeric Tva with the N
terminus or C terminus of the LDL-A module substituted with the corresponding fragments of huCD320.
(B and C) Entry of RCASBP(A) virus into DF-1-TvaKO cells expressing different chimeric Tva receptors. (B)
Virus entry levels as analyzed by fluorescence microscopy at 72 hpi. Scale bar: 125 mm. (C) Virus entry
levels as analyzed by counting the proportion of GFP-positive cells using flow cytometry at 72 hpi. The
entry level of RCASBP(A) virus into DF-1-TvaKO cells expressing wtTva was set to 100% and the values for
the chimeric Tva receptors were calculated as its proportions. (D) gp85-binding abilities of different
chimeric Tva receptors expressed in transfected DF-1-TvaKO cells as evaluated by receptor binding assays.
The binding capacity of wtTva was set to 100% and the values for the chimeric Tva receptors were
calculated as its proportions. (E) Physical interactions between the chimeric Tva receptors (with an Fc tag)
and gp85 (with a Flag tag) as determined by Co-IP assays in 293T cells. (F) Validation of the interaction of
different chimeric Tva receptors (with an Fc tag) with gp85 (with a Flag tag) as assessed by pulldown
assays. Data from three independent experiments are shown as means 6 standard deviations of
triplicates. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ns, no significant difference.
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Tva-mediated ALV-A entry, we constructed seven chimeric plasmids in which a single
residue in the wtTva backbone was substituted with the corresponding residue of
huCD320 (Fig. 3D). Virus entry assay results revealed that L55R and W69L substitutions
decreased the entry level of RCASBP(A) to 51% and 56%, respectively, compared with
that of wtTva (Fig. 3E and F). Next, we evaluated the effect of simultaneous substitution
of L55 and W69 in the wtTva backbone with the corresponding huCD320 residues
(L55R/W69L). Virus entry assay results showed that simultaneous L55 and W69 substi-
tutions completely abolished ALV-A entry (Fig. 4A and B), indicating that these two res-
idues played a crucial role in mediating ALV-A entry.

A protein-cell binding assay showed that the relative gp85-binding capacity of Tva
harboring the L55R/W69L substitutions was decreased to 20% compared with that of
wtTva (Fig. 4C). Furthermore, Co-IP assay results showed that L55R/W69L Tva did not
interact with ALV-A gp85 (Fig. 4D). These observations indicated that L55 and W69 of

FIG 3 L55 and W69 of Tva were the key residues for virus entry. (A) Schematic diagram of the strategy used
for constructing chimeric Tva receptors with the L3 or L5 fragment of the LDL-A module substituted with the
corresponding fragment of huCD320. (B and C) Entry of RCASBP(A) virus into DF-1-TvaKO cells expressing the
chimeric Tva receptors. (B) Virus entry levels as analyzed by fluorescence microscopy at 72 hpi. Scale bar:
125 mm. (C) Virus entry levels as analyzed by counting the proportion of GFP-positive cells using flow
cytometry at 72 hpi. (D) Schematic diagram of the strategy used for constructing chimeric Tva receptors with
seven different single-residue substitutions. (E and F) Entry of RCASBP(A) virus into DF-1-TvaKO cells expressing
the chimeric Tva receptors. (E) Virus entry levels as analyzed by fluorescence microscopy at 72 hpi. Scale bar:
125 mm. (F) Virus entry levels as analyzed by counting the proportion of GFP-positive cells using flow
cytometry at 72 hpi. Data from three independent experiments are shown as means 6 standard deviations of
triplicates. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ns, no significant difference.
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Tva were the key residues involved in binding and interaction of the receptor with
ALV-A gp85.

To analyze the molecular details of Tva binding to gp85 through structural analysis,
we predicted and analyzed the three-dimensional structures of wtTva and L55R/W69L
Tva (rTva). The wtTva structural model showed that L55 and W69 were exposed on the
surface of wtTva and spatially adjacent (Fig. 5A). Structural analysis further indicated
that the substitution of L55 and W69 did not destroy the Tva structure (Fig. 5A and B).
Docking analysis results of Tva and gp85 showed that Tva interacted with multiple
amino acids of gp85 via the C terminus of the LDL-A module and that L55 (Fig. 5C) and
W69 (Fig. 5D) were in different docking surfaces formed between Tva and gp85.
Although the interaction interface did not change considerably after substitution (Fig.
5E and F), the binding free energy between Tva and gp85 increased (Fig. 5G), indicat-
ing that the interaction force between Tva and gp85 was weakened after substitution.

Taken together, these results demonstrated that L55 and W69 of Tva interacted
directly with gp85 to mediate ALV-A entry into host cells.

FIG 4 Tva with L55/W69 substitution lost its ability to mediate ALV-A infection. (A and B) Entry of
RCASBP(A) virus into DF-1-TvaKO cells expressing Tva with L55/W69 substitution. wtTva was used as
a positive control, and huCD320 was used as a negative control. (A) Virus entry levels as analyzed by
fluorescence microscopy at 72 hpi. Scale bar: 125 mm. (B) Virus entry levels as analyzed by counting
the proportion of GFP-positive cells using a flow cytometric at 72 hpi. (C) gp85-Binding abilities of
the chimeric Tva receptors expressed on DF-1-TvaKO cells as evaluated by receptor binding assays.
(D) Physical interactions between the chimeric Tva receptors (with an Fc tag) and gp85 (with a Flag
tag) as determined by Co-IP assays in 293T cells. Data from three independent experiments are
shown as means 6 standard deviations of triplicates. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ns, no
significant difference.
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HuCD320 harboring L55 and W69 of Tva acted as a functional receptor and
mediated ALV-A entry. To further explore the roles of L55 and W69 of Tva in receptor
function, three chimeric huCD320 proteins containing L55 (R55L) or W69 (L69W) single-
residue substitution or simultaneous L55 and W69 (R55L/L69W) substitutions with the
corresponding amino acids of Tva were constructed (Fig. 6A). Virus entry assay results
showed that the RCASBP(A) entry level in DF-1-TvaKO cells with R55L or L69W substitu-
tion was only 22% and 25%, respectively (Fig. 6B and C). In contrast, the RCASBP(A) entry

FIG 5 L55R/W69L substitution abrogated the interaction force between Tva and gp85. (A and B) Three-
dimensional models of wtTva (shown in purple) and rTva (shown in brown) as predicted. Residues 55
and 69 are highlighted in red. (C) Docking results of wtTva and gp85 showed that Tva residue 55 was
located on the docking surface. (D) Docking results of wtTva and gp85 showed that Tva residue 69 was
located on the docking surface. (E) Docking results of Tva with residue 55 substituted and gp85
showed that Tva residue 55 was located on the docking surface. (F) Docking results of Tva with residue
69 substituted and gp85 showed that Tva residue 69 was located on the docking surface. (G) The
binding energy between gp85 and wtTva or rTva.
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level in DF-1-TvaKO cells with R55L/L69W was higher than 90%. (Fig. 6B and C). These
results demonstrated that the simultaneous substitution of L55 and W69 enabled the
naturally nonfunctional ALV-A receptor to effectively mediate ALV-A entry.

Protein-cell binding and Co-IP assays revealed that R55L/L69W substitution enabled
huCD320 to effectively bind and interact with gp85 (Fig. 6D and E), whereas single-residue
substitution did not, with relative binding recovery rates of only 70% (R55L) and 80%
(L69W) (Fig. 6D and E).

Taken together, these results demonstrated that substituting R55 and L69 of
huCD320 with L55 and W69 of Tva converted huCD320 into a functional receptor that
mediates ALV-A entry.

Soluble huCD320 harboring L55 and W69 of Tva effectively blocked ALV-A
entry. To verify the roles of residues L55 and W69 of Tva in the soluble form of the re-
ceptor and to evaluate their potential application in blocking virus entry, three soluble
chimeric huCD320 proteins with R55L, L69W, or R55L/L69W substitution were con-
structed and successfully expressed in 293T cells for virus blocking assays. RCASBP(A)
was first incubated with the different soluble chimeric huCD320 proteins and then

FIG 6 Substituting R55 and L69 of huCD320 with L55 and W69 of Tva converted huCD320 into a functional
ALV-A receptor that mediated virus entry. (A) Schematic diagram of the strategy used for constructing chimeric
huCD320 proteins substituted with L55, W69, or L55 and W69 of Tva. (B and C) Entry of RCASBP(A) virus into
DF-1-TvaKO cells expressing the chimeric huCD320 proteins. (B) Virus entry levels as analyzed by fluorescence
microscopy at 72 hpi. Scale bar: 125 mm. (C) Virus entry levels as analyzed by counting the proportion of GFP-
positive cells using flow cytometry at 72 hpi. (D) gp85-Binding abilities of the chimeric Tva proteins expressed
on DF-1-TvaKO cells as evaluated by receptor binding assays. (E) Physical interactions between the chimeric
huCD320 proteins (with an Fc tag) and gp85 (with a Flag tag) as determined by Co-IP assays in 293T cells. Data
from three independent experiments are shown as means 6 standard deviations of triplicates. *, P , 0.05;
**, P , 0.01; ***, P , 0.001; ns, no significant difference.
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used to infect DF-1 cells. Flow cytometry results indicated that huCD320 proteins with
L55/W69 substitution nearly completely blocked RCASBP(A) entry (Fig. 7A and B). In
contrast, chimeric huCD320 proteins with L55 or W69 substitution exhibited a weak
blockade effect, decreasing the RCASBP(A) infection rate to 60% and 70%, respectively
(Fig. 7A and B). Next, the ALV-A strain RAV-1 was incubated with the different soluble
chimeric huCD320 proteins and used to infect DF-1 cells. Cell culture supernatants
were collected at 7 days postinfection (dpi) for viral titer detection using a median 50%
tissue culture infectious dose (TCID50) assay. The TCID50 assay results showed that the
released viral titers were decreased 18.2- and 50-fold after incubation with chimeric
huCD320 protein with L55 or W69 substitution, respectively (Fig. 7C). No viral titer was
detected after incubation with chimeric huCD320 protein with L55/W69 substitution.

These findings demonstrated that soluble huCD320 with simultaneous substitution
with L55 and W69 of Tva effectively blocked ALV-A infection.

Precise gene editing of both L55 and W69 of chicken Tva conferred resistance
to ALV-A entry. To validate the receptor function of L55 and W69 of Tva on ALV-A
entry in vivo, we carried out precise L55 and W69 amino-acid editing of endogenous
Tva in DF-1 cells to obtain L55R and W69L substitutions (35, 36). The editing efficiency
was approximately 20%. Sequence analysis revealed that we obtained a Tva-modified
DF-1 cell line (DF-1-rTva) with both L55R and W69L substitutions (Fig. 8A). The cell
growth rate of DF-1-rTva cells as evaluated using a CCK8 kit was not remarkably differ-
ent from that of wild-type DF-1 (DF-1-WT) cells, indicating that Tva modification did
not affect cell growth.

FIG 7 Soluble huCD320 harboring L55 and W69 of Tva effectively blocked viral entry. (A and B) Entry of
RCASBP(A) virus into DF-1 cells incubated with different soluble chimeric huCD320 or Tva proteins. Bovine
serum albumin (BSA) was used as a negative control. (A) Virus entry levels as analyzed by fluorescence
microscopy at 7 days postinfection (dpi). Scale bar: 125 mm. (B) Virus entry levels as analyzed by counting
the proportion of GFP-positive cells using flow cytometry at 7 dpi. The entry level of RCASBP(A) virus
incubated with BSA was set to 100% and the values for the soluble chimeric huCD320 and Tva proteins
were calculated as their proportions. (C) Entry of RAV-1 virus into DF-1 cells incubated with the soluble
chimeric huCD320 or Tva proteins as assessed by measuring virus titers in cell supernatants collected
7 dpi. BSA was used as a negative control. Data from three independent experiments are shown as
means 6 standard deviations of triplicates. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ns, no significant
difference.
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FIG 8 Precise gene editing of both L55 and W69 of chicken Tva conferred resistance to ALV-A. (A) Schematic diagram of
the construction of Tva gene-edited DF-1 cells and sequence analysis of the DF-1-rTva cells. (B) DF-1-WT and DF-1-rTva
cells were challenged with RCASBP(A) or RCASBP(B) at an MOI of 1 and analyzed by fluorescence microscopy at 120 hpi.
Scale bar: 125 mm. (C) DF-1-WT and DF-1-rTva cells were challenged with RAV-1 or RAV-2 (wild-type ALV-B strains) at an
MOI of 1 and analyzed by fluorescence microscopy using an anti-ALV-A monoclonal antibody at 120 hpi. Scale bar:
125 mm. (D) DF-1-WT and DF-1-rTva cells were infected with RCASBP(A) at an MOI of 1 and analyzed by flow cytometry
at 24, 48, 72, and 96 hpi. (E) Entry of RAV-1 virus into DF-1-WT or DF-1-rTva cells as analyzed by measuring virus titers in
cell supernatants collected 7 dpi. (F) Confocal microscopy analysis of TC-Cbl uptake in DF-1-WT and DF-1-rTva cells.
Nuclei were counterstained with DAPI. Scale bar: 2 mm. (G) TC-Cbl uptake in DF-1-WT and DF-1-rTva cells as analyzed by
flow cytometry. Data from three independent experiments are shown as means 6 standard deviations of triplicates.
*, P , 0.05; **, P , 0.01; ***, P , 0.001; ns, no significant difference.
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Virus entry assay results showed that DF-1-rTva fully resisted the entry of RCASBP(A)
and RAV-1 but did not affect the infection of RCASBP(B) and RAV-2 (ALV-B strain) (Fig. 8B
and C). Flow cytometry results showed that DF-1-rTva cells resisted RCASBP(A) entry,
whereas the entry level in DF-1-WT cells gradually increased over time (Fig. 8D). Next,
DF-1-rTva and DF-1-WT cells were infected with the RAV-1 strain. TCID50 assay results
showed that the viral titer in DF-1-WT cells was 105.47 TCID50/mL, whereas no viral titer
was detected in DF-1-rTva cells (Fig. 8E). Thus, endogenous Tva with L55/W69 substitu-
tion can fully resist ALV-A entry into cells, indicating that L55 and W69 were the key
amino acid sites for Tva-mediated ALV-A entry.

Tva mediates the uptake of Cbl in chickens. Cbl binds to the circulating transporter
TC to form a TC-Cbl complex that binds to the membrane receptor Tva to enter cells
(25). To investigate the effect of L55R/W69L substitution on Cbl uptake, a Cbl uptake
experiment was performed using DF-1-rTva cells. Confocal microscopy revealed that
the amount of Cbl signal in DF-1-rTva cells was similar to that in DF-1-WT cells (Fig. 8F).
Flow cytometry results showed that the TC-Cbl-positive cell rate was highly similar
between DF-1-rTva cells and DF-1-WT cells (Fig. 8G). These results suggested that si-
multaneous L55R and W69L substitution did not affect Cbl uptake by Tva.

Taken together, these results demonstrated that Tva with simultaneous L55R and
W69L substitution lost its ability to mediate ALV-A infection but not its Cbl uptake
ability.

DISCUSSION

The first and most crucial step in the infection process of enveloped viruses is the
binding of Env glycoproteins to receptor proteins on the host cell. Because of differen-
ces in their gp85 proteins, different subgroups of ALVs depend on different host recep-
tor proteins to enter cells. Therefore, the identification of receptor amino acids that are
key for virus entry is of great significance in exploring the entry mechanisms of differ-
ent subgroups of ALVs. In this study, by swapping domains between Tva and huCD320,
we discovered that the key Tva domain mediating ALV-A entry into host cells is in the C
terminus of the LDL-A module and comprises residues 49 to 71. More specifically, L55
and W69 are the key amino acids of Tva in mediating ALV-A entry. These two residues of
L55 and W69 of Tva can convert huCD320, the nonfunctional receptor of ALV-A, into a
functional receptor to mediate the entry of ALV-A. More importantly, precise editing of
Tva to obtain L55R and W69L substitutions in DF-1 cells resulted in blockade of ALV-A
infection, without affecting TC-Cbl uptake.

Tva contained an LDL-A module that was essential for maintaining its structure. The
C terminus of LDL-A is relatively conservative among different species, whereas its N
terminus is not. Our results showed that the C terminus of the LDL-A module is critical
for Tva interaction with gp85 and ALV-A entry. Moreover, structural prediction showed
that Tva forms an interaction interface with gp85 through the C terminus of its LDL-A
module, which includes fragments L3, L4, and L5, as shown in Fig. 5. L4 is conserved in
most LDL-A modules, whereas L3 and L5 are not well conserved. Virus entry assay
results demonstrated that L3 and L5 are important for Tva-mediated ALV-A entry.
Thus, although L4 was involved in the interaction interface between Tva and gp85, L3
and L5 played a more critical role in this interaction.

Next, we mapped the key amino acids in L3 and L5 that mediate virus entry. L55 is
a key amino acid in L3 involved in ALV-A entry. The function of L55 in mediating ALV-A
entry in quail is controversial (37). One study suggested that L55 is present on the sur-
face of the LDL-A structure and is directly involved in the interaction between Tva and
gp85 (38). Another study suggested that L55 interacts with a few spatially adjacent
amino acids of Tva to form a hydrophobic domain and is buried into the core of LDL-A
to maintain the correct conformation of Tva (39). Our results showed that L55 was in
the interaction interface between Tva and gp85 and could interact with gp85 and par-
tially mediate ALV-A entry. These results, which are in line with the first hypothesis
above (38), further demonstrated that L55 may not play a role in maintaining LDL-A
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structure but mediated ALV-A entry through direct interaction with gp85. L55 is an
uncharged amino acid, whereas arginine (R) is a positively charged amino acid.
Therefore, we speculate that when L55 is substituted with R55, the positive charge of
this residue may result in repulsive interactions with the positively charged R210, R211,
and R213 residues on the interaction surface of gp85, which weakens the interaction
between Tva and gp85 and reduces the former’s ability to mediate ALV-A entry.

We found that W69 in L5 was another important amino acid in mediating ALV-A
entry. W69 is an aromatic amino acid with a relatively large side chain. Interestingly, ar-
omatic amino acids have been identified as key amino acids in receptors for other sub-
groups of ALVs. For example, Y42 of Tvb is crucial for the binding of ALV-B gp85 (40),
W48 of Tvc is involved in the binding of ALV-C gp85 (23), and W38 of chNHE1 is key for
ALV-J entry (34). These studies demonstrated that aromatic amino acids play important
roles in other retroviral receptors that mediate virus entry. Studies have shown that the
HIV receptor CD4 contains an aromatic amino acid, F43, located in a protein loop
formed by two cysteines involved in virus entry (41). Residue 375 of gp120 is in the
cavity formed by F43 of CD4. This cavity allows CD4 to make numerous contacts with
conserved gp120 residues, which are critical for gp120 binding to CD4 (42). Thus, aro-
matic amino acids in receptors play important roles in viral Env protein binding.
However, the role of W69 in the interaction between Tva and gp85 remains unclear. In
this study, the structural analysis showed that W69 is in the loop formed by C56 and
C71 and is exposed on the surface of the LDL-A structure and located in the Tva-gp85
interaction interface. The binding and Co-IP results demonstrated that W69 can directly
interact with gp85. Tryptophan (W) has a relatively large side chain, whereas leucine (L)
is a smaller amino acid. Substitution of the larger W69 with the smaller L69 leads to a
reduction in the contact area between Tva and gp85, which may be accounted for the
weakened interaction between Tva and gp85 and the reduction in Tva-mediated ALV-
A entry.

The binding interface between proteins relies on multiple intermolecular contacts,
involving 10 to 30 side chains per protein (43, 44). This is consistent with reports stat-
ing that multiple receptor residues are involved in the efficient binding of receptors to
viruses. For example, L36, Q37, L41, and Y42 of Tvb are key amino acids for ALV-B bind-
ing (45), W48 and Y105 of Tvc are key amino acids for ALV-C binding (23), and A30,
V33, W38, and E39 of chNHE1 are key amino acids for ALV-J binding (34). The receptors
for these viruses have multiple amino acids that are involved in the binding to the viral
SU. In addition, protein activation is usually involved in different activation pathways
with multiple metastable states (46). Our results showed that L55 or W69 substitution
alone did not completely inhibit virus entry, whereas simultaneous L55/W69 substitu-
tion did, suggesting two key metastable states between Tva and gp85 in the entry
pathways. Therefore, when L55 is substituted with R55, Tva can still bind to gp85
through W69-dependent interaction and vice versa.

The avian receptor Tva is a homolog of mammalian CD320 and is one of the cellular
receptor molecules involved in TC-mediated Cbl uptake (25). Previous studies have
shown that Tva also acts as a cellular receptor molecule for TC-mediated Cbl uptake in
chickens. ALV-A infection can partially inhibit Cbl uptake (25), possibly because of par-
tial interaction of Tva with TC-Cbl, the binding sites of which only partially overlap
those of ALV. In this study, although ALV-A entry was inhibited after substitution of
L55 and W69 of Tva, TC-Cbl could still enter host cells. Our results demonstrated that
ALV-A and TC-Cbl entry into host cells relied on different amino acids of Tva.

Although Tva-deficient gene-edited chickens have constructed and could com-
pletely resist ALV-A infection, they exhibit specific Cbl metabolic disturbances due to a
lack of Tva (47). In this study, we successfully constructed DF-1-rTva cells harboring
L55R and W69L substitutions. DF-1-rTva cells resisted ALV-A entry, whereas their TC-
Cbl uptake ability was not affected. These results corroborated that L55R and W69L of
Tva were crucial for gp85 binding and ALV-A entry and suggested that ALV-A and TC-
Cbl bound with different amino acids of Tva to enter host cells in vivo. These findings
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contributed to a better understanding of the molecular mechanisms of the interactions
of Tva with ALV-A and Cbl and provided gene-editing target sites for the development
of chickens resistant to ALV-A infection.

MATERIALS ANDMETHODS
Cells and viruses. The 293T cells and DF-1 cells were grown in Dulbecco’s modified Eagle’s medium

(DMEM) containing 10% fetal bovine serum (FBS) and 100 mg/mL of penicillin and streptomycin in a
humidified incubator at 37°C, containing 5% CO2. The ALV-A prototype strains RAV-1 and ALV-B proto-
type strains RAV-2 were kindly provided by Venugopal Nair (Pirbright Institute, Pirbright, UK) and were
propagated in DF-1 cells. The fluorescently tagged ALV strain RCASBP(A) (ALV-A enveloped replication-
competent avian leukosis sarcoma virus vector harboring an eGFP reporter gene) was kindly provided
by Stephen H. Hughes (National Cancer Institute, Frederick, MD) and was propagated in DF-1 cells.

Expression of soluble gp85 (sgp85) protein. The gp85 gene (GenBank accession number AYN55358.1)
was PCR-amplified from proviral DNA of RAV-1 and fused with an N-terminal signal peptide sequence and a
C-terminal Fc tag of human IgG or a Flag tag inserted into the pCAGGS vector to generate pCAGGS-sgp85-Fc
and pCAGGS-sgp85-Flag plasmids. Sgp85 protein was prepared by transfecting the pCAGGS-sgp85-Fc plasmid
into 293T cells using X-Treme gene-HP-DNA transfection reagent (06366236001; Roche). At 48 h postinfection
(hpi), the cell culture medium was collected and purified using protein A affinity matrix beads (L00210;
GenScript) according to the manufacturer’s instructions. The concentration of sgp85 was determined using a
bicinchoninic acid protein assay kit (23227; Thermo Scientific), following the manufacturer’s instructions.

Construction of various chimeric receptors. Tva was cloned from chicken embryo fibroblasts by
reverse transcription-PCR (RT-PCR) using primers based on the published chicken Tva sequence (acces-
sion number: NC_052600). huCD320 was cloned from 293T cells by RT-PCR using primers based on the
published huCD320 sequence (accession number NG_028124). Constructs harboring Tva and huCD320
domain exchange substitutions or single/multiple-residue substitutions were generated by overlap PCR
and inserted into the pCAGGS vector for transmembrane expression. All these chimeric constructs con-
tained the signal peptide sequence, transmembrane domain, and cytoplasmic domain with a Flag tag.
Likewise, constructs for soluble expression of Tva and huCD320 domain exchange mutants or point
mutations were generated by overlap PCR and inserted into the pCAGGS vector. All these chimeric con-
structs contained the signal peptide sequence at the N terminus, the Fc region of human IgG at the N
terminus, and a cytoplasmic domain with a HA tag. All constructs were verified by DNA sequencing. The
primer sequences of all oligonucleotides used in this study are available upon request.

Generation of DF-1-TvaKO cells. DF-1-TvaKO cells were generated using the CRISPR/Cas9 technol-
ogy. Guide (g)RNA target sites (GATCGTGCGGCTCCGAACAG) were designed using E-CRISPR (http://www
.e-crisp.org/E-CRISP/designcrispr.html) (48, 49). DNA fragments containing the U6 promoter, target
gRNA, and the gRNA scaffold were fused by overlap PCR and then inserted into the pMD-18T vector
(6011; TaKaRa Bio). DF-1 cells were transfected with a plasmid carrying gRNA and pMJ920 (number
42234; Addgene) using the TransIT-X2 delivery system (MIR 6000; Mirus) according to the manufacturer’s
instructions. Cells showing green fluorescence were sorted into 96-well plates using flow cytometry, and
monoclonal cells were identified by sequence analysis and tested for resistance to RCASBP(A), RCASBP
(B), or RAV-1 infection.

Receptor binding assay. A receptor binding assay was performed to evaluate the binding ability
between Tva and gp85 (34, 50). DF-1-TvaKO cells were transfected with a plasmid encoding wtTva or differ-
ent chimeric receptors. At 24 h posttransfection, the cells were resuspended in phosphate-buffered saline
(PBS) and pelleted (1,000 � g, 10 min). Then, the cells were washed three times with ice-cold PBS containing
5% (wt/vol) FBS and incubated with 500 mL of sgp85 protein (200 ng/mL) on ice for 1 h. After three washes
with ice-cold PBS containing 5% (wt/vol) FBS, anti-human IgG (Fc specific)-FITC antibody (diluted 1:200,
F9512; Sigma) was added to the cells for another 1 h. After three washes with ice-cold PBS containing 5%
(wt/vol) FBS, the cells were fixed using 4% paraformaldehyde (PFA) (P1110; Solarbio) at room temperature
for 15 min. After washing, the cells were incubated in a 1:200 dilution of anti-Flag antibody produced in
mice (F1804; Sigma) on ice for 1 h. After washing, the cells were incubated in a 1:200 dilution of anti-mouse
IgG-TRITC antibody (T2402; Sigma) on ice for 1 h. After three washes, the stained cells were analyzed by fluo-
rescence-activated cell sorting (FACS) using a FACS ARIA II flow cytometer (Cytomics FC 500; BD Biosciences).

Virus entry assay. DF-1-TvaKO cells were transfected with plasmids encoding wtTva or different chi-
meric receptors as described above. At 24 h posttransfection, the transfected cells were infected with
RCASBP(A) virus at a multiplicity of infection (MOI) of 1 at 37°C in the presence of 5% CO2 for 2 h. Then,
the cells were washed three times with PBS at room temperature and maintained in DMEM containing
2% (wt/vol) FBS at 37°C in the presence of 5% CO2. Virus entry levels were determined at 72 h postinfec-
tion by measuring the percentage of virus-positive cells showing green fluorescence by flow cytometry.
Briefly, the cells were washed with PBS at room temperature, digested with trypsin, and pelleted
(1,000 � g) for 10 min. The cells were fixed in 4% PFA at room temperature for 15 min. After washing,
the cells were first incubated with an anti-Flag antibody and then stained with an anti-mouse IgG-TRITC
antibody. The stained cells were analyzed by FACS as described above.

Co-IP assay. 293T cells cultured in a 6-well plate were transfected with the corresponding plasmid
using PolyJet transfection reagent (SL100688, SignaGen) according to the manufacturer’s instructions.
After 48 h, the cells were lysed in lysis buffer (P0013F; Beyotime). The lysates were collected by centrifu-
gation. The supernatants were incubated with 20 mL of protein A affinity matrix beads at 4°C overnight.
The samples were then washed with ice-cold PBS five times. The immunoprecipitated proteins were
boiled at 100°C for 10 min, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
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(SDS-PAGE), and detected by Western blotting. In brief, after being separated on 12.5% SDS-PAGE, the
proteins were transferred onto a nitrocellulose membrane (HATF00010; Merck-Millipore). The mem-
branes were incubated with HA monoclonal antibody (H9658; Sigma) at room temperature for 1 h. After
three washes with PBST (PBS containing 0.05% Tween 20), the membranes were incubated with IRDye
800CW anti-mouse IgG antibody (926-32212; LI-COR Biosciences) or IRDye 800CW anti-Human IgG anti-
bodies (925-32232, LI-COR Biosciences) at room temperature for 1 h. After three washes with PBST, the
membrane blots were scanned using an Odyssey infrared imaging system (LI-COR Biosciences).

Pulldown assay. For the in vitro binding assay, human IgG-Fc fusions of wtTva or different chimeric
Tva proteins were expressed in 293T cells. The cell culture medium was collected, and the proteins were
purified using a protein A column. The protein A column was then incubated with 20 mg of human IgG-
Fc fused with different chimeric proteins at 4°C for 2 h under gentle agitation. After five washes with ice-
cold PBS, the column was incubated with a lysate of 293T cells expressing gp85 with a Flag tag at 4°C
for 2 h under gentle agitation. After five washes with ice-cold PBS, the bound proteins were separated
by SDS-PAGE and detected by Western blotting.

Structural analysis. The chicken Tva sequence has a high similarity with the quail domain sequence,
and the co-crystal structure of the quail Tva domain has been reported. Based on the quail Tva co-crystal
structure (Protein Data Bank code: 1k7b) (https://www.uniprot.org/uniprotkb/P98162/entry), wtTva and
substituted Tva models were built using modeller 9.23. The ALV-A gp85 protein structure was predicted
using the open-source server trRosseta (https://yanglab.nankai.edu.cn/trRosetta/). The model was opti-
mized by molecular dynamics simulation. All simulations and analyses were done using AMBER 20. Initial
docking models of Tva and ALV-A gp85 were constructed using hdock (http://hdock.phys.hust.edu.cn/).
The highest-scoring model was further optimized using Rosetta 2020 to obtain a final docking model. The
free energy of Tva–ALV-A gp85 binding was obtained by molecular dynamics simulation using GROMACS
software based on the final docking model.

Blocking assay. RCASBP(A) or RAV-1 was incubated with various Tva proteins at 4°C for 1 h and
then used for DF-1 cell infection at 4°C for 2 h. Unbound viruses were then removed by washing three
times with PBS. The infected cells were cultured for 7 days and then harvested. Viral infection levels
were quantified based on the percentage of GFP-positive cells as determined by FACS as described
above. Viral titers were determined by the TCID50 assay, as described previously (50).

Confocal microscopy. DF-1 cells were transfected with various Tva plasmids using the TransIT-X2
delivery system according to the manufacturer’s instructions. At 24 h posttransfusion, the cells were
fixed in 4% PFA at room temperature for 30 min. The cells were blocked in PBS with 5% bovine albumin
fraction V (10735078001; Sigma) and processed as described previously. The cells were incubated with a
1:1000 dilution of Flag antibody produced in mice for 1 h. After washing with PBS, the cells were incu-
bated with Alexa Fluor 594-conjugated anti-mouse IgG (A11012; Invitrogen) for another 1 h. After stain-
ing with 49,6-diamidino-2-phenylindole (DAPI) (C0065-50; Solarbio) for 30 min, the cells were examined
using a laser confocal microscope (LSM980; Zeiss).

CRISPR/Cas9-mediated homologous recombination. We prepared CRISPR/Cas9 constructs by
cloning the Tva-specific gRNA sequence (GATCGTGCGGCTCCGAACAG) into the gRNA scaffold of a
pMD18-T vector. Single-stranded oligodeoxynucleotides (ssODN) carrying L55R and W69L substitutions
were used as homologous recombination templates. DF-1 cells were transfected with plasmid pMJ920,
sgRNA, and ssODN using the TransIT-X2 delivery system according to the manufacturer’s instructions.
Cells showing green fluorescence were sorted into 96-well plates using flow cytometry, and monoclonal
cells were identified by sequence analysis and evaluated for resistance to RCASBP(A)GFP, RCASBP(B)GFP,
RAV-1, or RAV-2 infection.

TC-Cbl uptake assay. DF-1-WT cells and DF-1-rTva cells were seeded on microscope cover glasses
and 24 h later, they were incubated with TC-Cbl (25) at 37°C for 1 h. Then, the cells were washed with
PBS, fixed in 4% PFA, stained with DAPI for 10 min, and examined using a laser confocal microscope. In
addition, cells incubated with TC-Cbl were digested and resuspended in PBS containing 5% (wt/vol) FBS
for FACS analysis as described above.

Statistical analysis. GraphPad Prism software (version 7.03; GraphPad Software, San Diego, CA) was
employed for statistical analysis. Student's t test was used to assess differences between groups. Statistical
significance was set at P, 0.05.
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