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ABSTRACT Tetherin/BST-2 is an antiviral protein that blocks the release of en-
veloped viral particles by linking them to the membrane of producing cells. At
first, BST-2 genes were described only in humans and other mammals. Recent work
identified BST-2 orthologs in nonmammalian vertebrates, including birds. Here, we
identify the BST-2 sequence in domestic chicken (Gallus gallus) for the first time and
demonstrate its activity against avian sarcoma and leukosis virus (ASLV). We gener-
ated a BST-2 knockout in chicken cells and showed that BST-2 is a major determi-
nant of an interferon-induced block of ASLV release. Ectopic expression of chicken
BST-2 blocks the release of ASLV in chicken cells and of human immunodeficiency
virus type 1 (HIV-1) in human cells. Using metabolic labeling and pulse-chase analy-
sis of HIV-1 Gag proteins, we verified that chicken BST-2 blocks the virus at the re-
lease stage. Furthermore, we describe BST-2 orthologs in multiple avian species from
12 avian orders. Previously, some of these species were reported to lack BST-2, high-
lighting the difficulty of identifying sequences of this extremely variable gene. We
analyzed BST-2 genes in the avian orders Galliformes and Passeriformes and showed
that they evolve under positive selection. This indicates that avian BST-2 is involved
in host-virus evolutionary arms races and suggests that BST-2 antagonists exist in
some avian viruses. In summary, we show that chicken BST-2 has the potential to
act as a restriction factor against ASLV. Characterizing the interaction of avian BST-2
with avian viruses is important in understanding innate antiviral defenses in birds.

IMPORTANCE Birds are important hosts of viruses that have the potential to cause
zoonotic infections in humans. However, only a few antiviral genes (called viral re-
striction factors) have been described in birds, mostly because birds lack counter-
parts of highly studied mammalian restriction factors. Tetherin/BST-2 is a restriction
factor, originally described in humans, that blocks the release of newly formed virus
particles from infected cells. Recent work identified BST-2 in nonmammalian verte-
brate species, including birds. Here, we report the BST-2 sequence in domestic
chicken and describe its antiviral activity against a prototypical avian retrovirus,
avian sarcoma and leukosis virus (ASLV). We also identify BST-2 genes in multiple
avian species and show that they evolve rapidly in birds, which is an important indi-
cation of their relevance for antiviral defense. Analysis of avian BST-2 genes will
shed light on defense mechanisms against avian viral pathogens.

KEYWORDS avian retrovirus, chicken, restriction factor, tetherin

he genomes of mammals and other vertebrates contain genes whose presumed
primary function is to block foreign pathogens (here, we will focus on the blocking
of retroviruses). These genes, called viral restriction factors (RFs), target various stages
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of the retroviral replication cycle, usually at a conserved step, which makes it hard for
the virus to circumvent by simple escape mutations (1, 2). In turn, retroviruses often
develop elaborate countermeasures to inactivate the RFs or target them for degrada-
tion. Repeated cycles of genetic conflict between host RFs and viruses accelerate
evolutionary change in RF genes, which manifests as a strong positive selection
signature. Further, RFs are often induced by type | interferons (IFNs) and constitute the
effector components of innate immune defense.

Many RFs have been identified in mammals, especially in primates, but only a few
in birds. Importantly, birds lack orthologs of the two most widely studied mammalian
RFs: tripartite motif 5 (TRIM5) and apolipoprotein B mRNA-editing enzyme-catalytic
polypeptide-like 3 (APOBEC3) (3). One of the known avian RFs is Daxx in chicken, which
restricts the avian sarcoma and leukosis virus (ASLV) by promoting the epigenetic
silencing of integrated proviruses (4). Three other chicken proteins—CCCH-type zinc-
finger antiviral protein (ZAP), TRIM62, and cholesterol 25-hydroxylase (CH25H)— have
been reported to inhibit ASLV, but without detailed characterization of their inhibitory
mechanism or the replication stage blocked (5-7). There are other candidates for
retroviral RFs in birds, but so far, they have only been shown to block nonretroviral
viruses. The following candidates have been found in chicken: viperin, interferon-
induced proteins with tetratricopeptide repeats (IFITs), interferon-inducible transmem-
brane proteins (IFITM), and the Mx protein; however, the antiviral activity of the Mx
protein in chicken remains controversial (8-14).

Tetherin, also known as bone marrow stromal antigen 2 (BST-2), was initially
identified in human cells as a RF that blocks the release of retroviruses by physically
linking (tethering) newly formed virions to the cell membrane (15, 16). The unique
topology of the BST-2 protein, with an N-terminal transmembrane (TM) domain and a
C-terminal glycosyl-phosphatidylinositol (GPI) anchor, allows it to span both the viral
and cellular membranes (17). BST-2 forms homodimers and does not require interaction
with specific viral components except for the viral membrane. This nonspecific mode of
action allows BST-2 to target not just retroviruses but also many other enveloped
viruses (reviewed in reference 18). Several viral BST-2 antagonists have been described,
which are at least partially able to block its effects, either by its degradation or by
interfering with its transport and recycling from the cellular membrane. These antag-
onists include the human immunodeficiency virus type 1 (HIV-1) Vpu protein, Nef in
simian immunodeficiency virus (SIV), Env in HIV-2, GP in the Ebola virus, K5 in Kaposi's
sarcoma-associated herpesvirus (KSHV), and a growing list of other viral proteins (15,
16, 19-21).

BST-2 was initially described only in primates and several other mammalian species.
Recently, however, the deeper evolutionary origins of this gene and its surrounding
genetic locus were revealed. BST-2 orthologs capable of antiviral activity were found in
the genomes of multiple vertebrates, including birds, alligators, turtles, and various
representatives of fish (22, 23). These distant orthologs have low sequence similarity to
the mammalian proteins, but all retain the typical structural topology that is considered
crucial for their antiviral function. While BST-2 was identified in some bird species, it was
reported to be absent in others and has never been described in chicken. Chicken
(Gallus gallus) represents an important model organism, and the study of its viral
diseases is of high priority due to its importance in human nutrition (24).

In this study, we report for the first time the sequence of chicken BST-2 (chBST-2),
and we characterize its inhibitory activity against a prototypic avian retrovirus, ASLV, as
well as against HIV-1. We also describe BST-2 orthologs in multiple avian species,
including all those species in which the gene was previously reported to be missing.
Finally, we have detected positive selection acting on avian BST-2, reflecting its
involvement in a host-virus evolutionary arms race.

RESULTS
Identification of chBST-2 in the chicken genome. We identified the chBST-2
sequence based on sequence homology with previously reported avian BST-2 genes
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FIG 1 Sequence and secondary structure prediction of chicken BST-2. (A) Pairwise alignment of chicken and human BST-2 amino acid sequences. Dashes
represent gaps; bars, colons, and dots indicate identical, strongly similar, and weakly similar amino acids, respectively. The predicted positions of transmem-
brane regions and GPI anchor attachment (omega site) are shown. Hydrophobicity (B) and coiled-coil (C) scores were predicted from primary protein sequences
and described in Materials and Methods and plotted for both chicken and human BST-2, in a scale that equalizes their lengths. Schematic drawings describe
the approximate positions of predicted cytoplasmic part (CP), transmembrane (TM), extracellular, and GPI domains.

(22, 23). It resides on chicken chromosome 28 in a locus syntenic to other vertebrate
BST-2 genes, between the conserved CILP2 and GTPBP3 genes. There are no confidently
annotated genes at this locus in the current chicken genome assembly (galGal6), only
various gene predictions. We verified our chBST-2 coding sequence prediction by
comparison with publicly available chicken Illlumina transcriptome sequencing (RNA-
seq) data and by reverse transcription-PCR (RT-PCR) from chicken cDNA (see Materials
and Methods) and submitted the sequence to GenBank (accession number MN326300).
The predicted chBST-2 amino acid sequence shows a low degree of conservation with
the human ortholog, with 23% identity and 36% similarity (Fig. 1A). However, the
predicted secondary structure seems to be well conserved: hydrophobicity plots
show an N-terminal TM domain and a C-terminal hydrophobic domain, including a GPI
prediction, in both proteins (Fig. 1B). Also, structural analysis predicts coiled-coil
extracellular domain structures for both chicken and human BST-2 proteins (Fig. 1Q).
The cytoplasmic domains are similar in size but quite different in primary sequence,
including a missing YxY motif in chBST-2, a motif that takes part in the NF-«B signaling
pathway in human cells (25). Human BST-2 has three extracellular domain cysteines;
chicken BST-2 has only two. However, it was previously shown that a mutated human
BST-2 with only a single cysteine has intact antiviral activity (26). Overall, based on the
sequence analysis, the chBST-2 is predicted to encode a functional antiviral protein.
Endogenous chBST-2 is required for an IFN-induced block of ASLV release. First,
we tested whether chBST-2 is IFN inducible (like human BST-2). Recombinant chicken
IFN-a (rChIFN-a) treatment of chicken DF-1 cells strongly induced chBST-2 mRNA
expression in a dose-dependent manner (Fig. 2A). The baseline level of chBST-2
expression in DF-1 cells—a chicken fibroblast cell line—is very low. Infection of these
cells with ASLV-based replication-competent ASLV long-terminal repeat with a Splice
acceptor (RCAS) vector (27) does not induce chBST-2 mRNA (Fig. 2B). To evaluate the
importance of endogenous chicken BST-2 for retroviral restriction, we generated a
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FIG 2 chBST-2 knockout and analysis of IFN-induced block of ASLV release. (A) DF-1 cells were treated with increasing amounts of rChIFN-a. After 24 h, the
medium was exchanged and IFN was added at the same concentration as before. Two days after the first IFN treatment, total RNA from the cells was isolated
and used to quantify chBST-2 mRNA expression by qRT-PCR. The data were normalized to chicken GAPDH. (B) DF-1 cells were infected with RCASBP(A)GFP at
a multiplicity of infection (MOI) of 1 and harvested for RNA isolation on days 1 or 3 postinfection (dpi). The chBST-2 mRNA expression was determined by
gRT-PCR. As positive control, cells treated with rChIFN-a were used. (C) Alignment of chBST-2 sequences around the region targeted by the CRISPR/Cas9
construct (sequences used in the targeting oligonucleotide are in bold type). The 14-bp deletion in the knockout (KO) clone is shown. Predicted amino acid
translation starting at glycine 63 is shown for both WT and KO variants. (D) Cells (WT DF-1, control clone, and KO clone) were infected with RCASBP(A) vector
and passaged several times to achieve complete virus spread. Each of the three cell types was seeded on 12-well plates and, after 1 h, treated with rChIFN-«
at the indicated concentration. After 24 h, the medium was exchanged and rChIFN-a was added at the same concentration as before. Forty-eight hours after
cell seeding, the virus-containing cell culture media were harvested and used to quantify the amount of reverse transcriptase activity by the product-enhanced
reverse transcriptase (PERT) assay as described in Materials and Methods. The means and standard deviations from three (panels A and B) and six (panel D)
independent replicates are shown. Statistical significance calculated using Welch’s t test is indicated above the graphs.

chBST-2 knockout in DF-1 cells using the CRISPR/Cas9 technique. The knockout clone
contained a homozygous 14-bp deletion, predicted to result in a frameshift after amino
acid glycine at position 67 and expression of a nonfunctional protein (Fig. 2C). The
homozygous presence of the 14-bp deletion was verified both from genomic DNA and
RNA isolated from the knockout DF-1 cell clone. As controls in subsequent infection
experiments, we used a normal population of DF-1 cells and a DF-1 cell clone with an
intact chBST-2 locus.

The cells were infected with the RCAS vector and passaged several times to allow
the virus to spread throughout the culture. In such chronically infected cells, new
infection is blocked by receptor interference, and effects of various treatments on virus
production can be monitored. These infected cells were then seeded and treated with
various doses of rChIFN-a. After 2 days, the release of RCAS particles was quantified by
a product-enhanced reverse transcriptase assay (RT assay) using the cell culture me-
dium. The DF-1 cells and the wild-type (WT) clone showed a strong IFN-dependent
block of RCAS production (Fig. 2D). In the chBST-2 knockout clone, the block was
almost absent, demonstrating a major contribution of chBST-2 to late-phase retroviral
restriction in DF-1 cells.

chBST-2 expression blocks ASLV release from chicken DF-1 cells. Next, we
sought to determine the effect of ectopic expression of chBST-2 on RCAS particle
production and infectivity. We constructed plasmids expressing chicken or human
BST-2, joined together with a green fluorescent protein (GFP) through an internal
ribosomal entry site (IRES). This design enabled indirect monitoring of BST-2 protein
expression (with no specific antibody being available) by following the GFP that is
cotranslated with BST-2 from the bicistronic vector mRNA. The RCAS vector encoding
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FIG 3 Block of ASLV release in chicken cells with ectopic expression of chBST-2. (A) Chicken DF-1 cells (1.2 X 104 per well) were seeded on a 96-well plate. After
24 h, the cells were transfected using 0.3 ul X-tremeGENE reagent (Sigma) with 100 ng of RCASBP(A)GFP and various doses (5ng, 15ng, or 50 ng) of
pIRES-hBST2, pIRES-chBST2, or pIRES plasmids. Two days later, samples of cell culture media were collected and analyzed for RT activity by the PERT assay.
Addition of up to 50 ng of control plasmid DNA (in place of BST-2 constructs) in transfection did not influence the PERT results (data not shown). (B)
Virus-containing culture media from the experiment described above were used for infection of naive DF-1 cells. After 2 days, the cells were washed with PBS,
trypsinized, and fixed in 1% paraformaldehyde. The percentage of GFP-positive cells was quantified by fluorescence-activated cell sorting using an LSR II
analyzer (Becton, Dickinson). (C) Flow cytometry analysis of chicken cells stably expressing human or chicken BST-2. The stably expressing cells were established
as described in Materials and Methods. The GFP expression from the pIRES vector is shown in each plot. (D) To quantify the ASLV release block in stable
transfectants, 1.5 X 10° cells per well were seeded in 12-well plates and, after 24 h, transfected using 2 ul of Lipofectamine 3000 (Thermo Fisher) with 100 ng
RCASBP(A) and 900 ng empty control plasmid. After 2 days, the reverse transcriptase activity in culture media was quantified by the PERT assay. The means and
standard deviations from six independent replicates are shown, and statistical significance (Welch'’s t test) is indicated above the graphs.

a GFP reporter [RCASBP(A)GFP] was cotransfected with the chicken (pIRES-chBST2) or
human (pIRES-hBST2) tetherin-expressing plasmids into DF-1 cells. The levels of virus
release were determined 2 days later by RT assays of the cell medium. Both plasmids
significantly inhibited virus release compared to that in mock-transfected control cells
(Fig. 3A).

In addition to determining the RT activity, we also quantified the amount of
infectious RCAS virus released in this experiment. Equal volumes of virus-containing cell
culture media were used to infect naive DF-1 cells. After 2 days, the percentage of
infected cells was determined by flow cytometry analysis for GFP, which is carried by
the RCAS vector. A similar pattern of inhibition was obtained, with human BST-2
causing a strong decrease of total infectious virus released, and chicken BST-2 having
a smaller but statistically significant effect (Fig. 3B).

We also generated stable DF-1 cell lines expressing chBST-2 or hBST-2, or the empty
pIRES plasmid. DF-1 cells were first transfected with the respective plasmid, selected for
2 weeks with G418, and then twice sorted for GFP by flow cytometry (both G418
resistance and GFP are present in the pIRES and pIRES-BST2 vectors), until the vast
majority of cells were GFP positive (Fig. 3C). All three stable cell lines were then
transfected with the RCAS vector, and the virus release was determined 2 days later by
the RT assay. Again, both human and chicken BST-2 caused a significant decrease of
RCAS virions released (Fig. 3D), without apparent signs of cellular toxicity.
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psPAX2

FIG 4 Block of HIV-1 release in human cells with ectopic expression of chBST-2. (A) Human 293T cells (2 X 10* per well) were seeded on 96-well plates. After
24 h, the cells were transfected using 0.3 ul X-tremeGENE reagent with 100 ng of psPAX2 HIV-1 gag-pol vector and various doses (5ng, 15 ng, or 50 ng) of
pIRES-hBST2, pIRES-chBST2, or pIRES plasmids. Two days later, samples of cell culture media were collected and analyzed for RT activity by the PERT assay.
Addition of up to 50 ng of control plasmid DNA (in place of BST-2 constructs) in transfection did not influence the PERT results (data not shown). The means
and standard deviations from six independent replicates are shown, and statistical significance (Welch’s t test) is indicated above the graphs. (B) Human 293T
cells (6 X 10°) were seeded on 6-well plates and, after 24 h, transfected with 2 ug of psPAX2 HIV-1 gag-pol vector and 0.8 g of pIRES-chBST2 plasmid or with
the psPAX2 vector only. Two days later, the cells were processed for transmission electron microscopy as described in Materials and Methods.

chBST-2 expression blocks HIV-1 release from human cells. Next, we tested
whether chBST-2 can inhibit the release of a heterologous retrovirus, HIV-1. pIRES-
chBST2 or pIRES-hBST2 plasmids were cotransfected with an HIV-1-based gag-pol
expression plasmid, psPAX2, into human 293T cells, and the release of virus-like
particles (VLPs) was determined 2 days later by RT assays of the cell culture medium.
Both plasmids inhibited the production of HIV-1 VLPs, with human BST-2 again having
a stronger effect than the chicken BST-2 (Fig. 4A). The high level of production of HIV-1
VLPs in 293T cells enabled us to visualize the effect of chBST-2 by electron microscopy.
Negative staining revealed clustering of VLPs on the surfaces of chBST-2-transfected
293T cells, consistent with the effect of chBST-2 on the retention of nascent particles
(Fig. 4B).

We also took advantage of the HIV-1 heterologous system to confirm that chBST-2
restricts viral particle production at the level of virus release and not at the level of
intracellular production of viral proteins. We used an established method, which
includes pulse-chase labeling of viral proteins and enables the determination of the fate
of the proteins by immunoprecipitation with anti-Gag antibody (28). The proportion of
viral proteins that are inside the cell versus that released into the supernatant can then
be calculated. In this experiment, a hemagglutinin (HA)-tagged form of chBST-2 and
a Vpu-negative HIV-1 NL43 construct (29) were used. The use of tagged constructs
allowed us to first estimate by immunoblotting the amounts of constructs needed to
achieve similar levels of BST-2 expression (Fig. 5A); these conditions were then used in
pulse-chase experiments.

The pulse-chase experiments showed that chBST-2 decreases the proportion of total
Gag that was released (Fig. 5B and C), confirming that the inhibitory effect is at the level
of virus release. The inhibitory effect of hBST-2 was again stronger than chBST-2, even
when their expression was approximately equal.

BST-2 orthologs are present in the genomes of multiple avian species and
evolve under positive selection. Previous work reported the presence of BST-2
orthologs in the genomes of several avian species (22, 23). It also indicated the absence
of BST-2 in a subset of birds. We have systematically screened publicly available avian
genomes and “raw” short-read sequences in the National Center for Biotechnology
Information (NCBI) Sequence Read Archive (SRA) to identify avian BST-2 orthologs. We
have successfully identified BST-2 genes in 66 species belonging to 12 avian orders
(Fig. 6A; see also Fig. S1 in the supplemental material), including all the species
previously reported to lack this gene (e.g., crested ibis [Nipponia nippon], common
cuckoo [Cuculus canorus], and rock pigeon [Columba livial). The main obstacle to
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FIG 5 Characterization of the chBST-2-induced block by pulse-chase labeling of viral proteins. (A) To assess the relative expression of
human and chicken BST-2 in the presence of Vpu-defective HIV-1, HEK293T cells were transfected with 4 ug of pNL43Udel in the presence
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for 25 min with [3°S]-Expre3°S35S-label and, after removing unincorporated isotope, were chased for up to 4 h in complete DMEM. Cell
extracts and virus-containing supernatants were immunoprecipitated with an HIV-positive patient serum and separated by SDS-PAGE. Gels
were dried, and labeled proteins were visualized by fluorography. Representative fluorographs from one of three independent experi-
ments are shown. (C) Gag proteins (Pr55 and p24 CA) were quantified by phosphorimage analysis. The proportion of total Gag protein
released from the cells was calculated for each time point, and results were blotted as a function of time. Error bars represent standard
deviations from three independent experiments. Statistical significance was determined by two-way analysis of variance (ANOVA). ****,
P < 0.0001.

finding new BST-2 orthologs, especially in new avian orders, is the very high sequence
variability. For example, the pairwise identity of predicted amino acid sequences of
chicken (order Galliformes) and common starling (Sturnus vulgaris; order Passeriformes)
is only 26% (Fig. 6B). In many avian species, systematic manual analysis of multiple
open reading frames (ORFs) in the syntenic genomic region was required, involving a
search for the presence of weak sequence similarities and for typical BST-2 secondary
structure predictions. All newly identified avian BST-2 orthologs have predicted trans-
membrane, coiled-coil, and GPI domains in the expected configuration (see Fig. S1 in
the supplemental material). Furthermore, in the avian genomic contigs where sufficient
sequence context was available, the conserved syntenic position of BST-2 orthologs
between the GTPBP3 and CILP2 genes was maintained. In two avian species, we were not
able to identify an intact BST-2 gene. In the zebra finch (Taeniopygia guttata), there was no
sequence in the syntenic locus with sufficient similarity with orthologs from other passeri-
forms and with the expected predicted secondary structures. The wild turkey (Meleagris
gallopavo) BST-2 gene contains an early stop codon and expresses transcripts that are not
predicted to encode a functional protein (our unpublished data).
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FIG 6 Avian BST-2 orthologs and positive selection analysis. (A) A time-calibrated phylogeny of avian orders was generated in TimeTree (64). Only orders from
which BST-2 sequences were analyzed are shown (other avian orders were not analyzed or the genomic data were not available); the number of species
analyzed in each order is indicated on the right. The two orders we tested for positive selection are marked by asterisks. Underlining highlights avian orders
which contain species previously considered to lack BST-2 orthologs. MYA, million years ago. (B) Pairwise sequence alignment of chicken and starling (Sturnus
vulgaris) BST-2 amino acid sequences. Dashes represent gaps; bars, colons, and dots indicate identical, strongly similar, and weakly similar amino acids,
respectively. The predicted positions of transmembrane regions and GPI anchor attachment (omega site) are shown. (C) The graph shows the estimated ratio
of nonsynonymous to synonymous evolutionary changes (dN/dS) (posterior means, PAML’s model 8) at each codon position of BST-2 in aligned Galliformes and
Passeriformes sequences. Three rows of triangles indicate sites identified by each algorithm as being under positive selection: the top row (A) shows sites
identified by PAML with BEB probability of =0.9, the middle row (A) shows FEL sites, and the third row (gray triangles) shows MEME sites. Protein sequence
annotations below each graph were generated based on a single ungapped sequence for each alignment (G. gallus for the Galliformes, and S. vulgaris for
Passeriformes), and coordinates were transformed to aligned coordinates.

Furthermore, we assessed the evolutionary selective pressures acting on avian
BST-2. Two avian orders with the highest number of available BST-2 sequences were
selected for evolutionary analyses: Galliformes and Passeriformes. We aligned nucleo-
tide sequences (see Fig. S2 and S3 in the supplemental material) and performed
positive selection analysis, using the PAML package (30). The results indicated the
presence of significant positive selection in BST-2 genes in both avian orders (Table 1).
Additionally, we used three complementary algorithms that predict positively selected
codons: PAML BEB (31), FEL (32), and MEME (33). All three algorithms detected multiple
positively selected sites across the entire BST-2 protein sequence (Fig. 6C and 7).
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TABLE 1 BST-2 in Galliformes and Passeriformes is evolving under positive selection

PAML model 8 vs model:®

8a 7 Model 8
No. of Alignment  Overall dN/dS P % sites under dN/dS of
Order sequences length (aa) (PAML model 0) 2AInA df® Pvalue 2AInA df® value positive selection selected class
Galliformes 14 244 0.58 7.2 1 0.007 15.3 2 0.0005 43 4.0
Passeriformes 19 192 0.32 7.7 1 0.006 14.8 2 0.0006 2.7 4.1

dLikelihood ratio tests comparing a model that allows positive selection at a subset of sites (model 8) with each of two alternative models that only allow purifying
and neutral selection (models 7 and 8a).
bdf, degrees of freedom.

DISCUSSION

In this study, we identified chicken tetherin/BST-2 and analyzed its antiviral activity.
We found that it is an IFN-inducible protein in chicken, like in mammals. CRISPR/Cas9-
mediated knockout in chicken DF-1 cells provides evidence that BST-2 is a major factor
required for an IFN-dependent block of ASLV production (Fig. 2D). However, the rescue
of ASLV production in BST-2 knockout cells was not complete, which suggests that
other, as yet unidentified, IFN-induced RFs are involved. The only other late-phase ASLV
replication block reported before was ascribed to interferon-stimulated gene 15 (ISG15)
and the ISG15-involved modification (ISGylation) of proteins that participate in retro-
viral budding (34). However, it has since been found that the ISG15 gene is missing in
birds (35). The study by Kuang et al. used not chicken, but human ISG15 and its specific
ligases, ectopically expressed in chicken DF-1 cells to characterize the ASLV pro-
duction block. Interestingly, even though ISG15 itself is missing, the entire I1SG15
enzymatic modification machinery is present in chicken cells (35). As some avian
genes are extremely difficult to identify by sequencing due to their high GC content
(36), it remains possible that avian ISG15 will be found or that another ubiquitin
homolog may substitute for its role in birds. In such a case, ISGylation or a similar
modification could be responsible for part of the IFN-induced retrovirus restriction
in chicken cells.

In addition to determining the role of endogenous chBST-2, we examined the
consequences of ectopic expression of the cloned chBST-2 protein on RCAS production.
Both transient and stable expression of chBST-2 significantly inhibited the amount of
RCAS particles produced from DF-1 cells (Fig. 3). Furthermore, we have shown that
chBST-2 can inhibit other retroviruses—HIV-1 VLPs and a Vpu-HIV-1 vector—in a
heterologous system of human cells (Fig. 4 and 5). This system also allowed us to show
by pulse-chase labeling of viral proteins that the chBST-2-induced block is at the level
of virus release. The inhibitory effect of the chicken protein was consistently lower than
the inhibition caused by the expression of human BST-2. This difference was observed
for ASLV release in chicken cells and also for HIV-1 release in human cells, even under
conditions of similar expression of BST-2 proteins. This suggests that chBST-2 has lower
inhibitory potency than the human protein and that the difference is not due to an
unknown ASLV-encoded BST-2 antagonist.

BST-2 was initially considered to exist exclusively in mammals. Heusinger et al. (22)
have shown the presence of BST-2 orthologs in many other vertebrates, including fish,
reptiles, and birds. They noted the low primary sequence conservation and the main-
tenance of structural features only. However, they still proposed the absence of BST-2
in several avian species. A study that closely followed (23) started from the fact that
BST-2 is an orphan gene, without detectable homologs outside eutherian mammals. It
showed that BST-2 is one of three adjacent genes that share similar architecture but no
sequence similarity and proposed a scenario in which these genes arose by segmental
duplication in vertebrate ancestors. The study by Blanco-Melo et al. (23) was not
focused specifically on birds and therefore did not identify the missing avian BST-2
genes. Neither study reported the sequence of chicken BST-2 (although they men-
tioned its existence). A single representative of avian BST-2 proteins, from the peregrine
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FIG 7 Positively selected sites detected in avian BST-2 orthologs by three different algorithms. Amino acid alignments of Galliformes (top) and Passeriformes (bottom)
BST-2 are shown. Residues with 100% conservation in each alignment are marked with asterisks below the sequences. Positively selected sites are highlighted as black
columns. Predictions of the individual algorithms are depicted above the alignment as plus signs (PAML), open circles (FEL), and black dots (MEME).

falcon (Falco peregrinus, order Falconiformes), was expressed in human cells and shown
to have antiviral effect against Vpu-deficient HIV-1 (23). In our present study, we report
the sequence of chicken BST-2 and provide the first experimental proof of BST-2
antiviral activity in avian cells.

June 2020 Volume 94

Issue 12 e00416-20

jviasm.org 10


https://jvi.asm.org

Antiviral Activity of Avian Tetherins

We obtained a large number of BST-2 orthologs in birds through a systematic search
of available sequence data (Fig. 6A; see also Fig. S1 in the supplemental material). The
birds included representatives of all the species previously reported to lack this gene.
As mentioned above, our search frequently required detailed analysis of multiple ORFs
in the target region and consideration of secondary structure prediction rather than
primary sequence conservation. These strategies were especially important for searches
in avian orders where BST-2 had not yet been identified. Based on the current results,
it is likely that almost all avian species, with the possible exceptions of zebra finch and
turkey mentioned above, harbor sequences orthologous to BST-2.

Many host proteins that interact with viruses are engaged in evolutionary arms
races, whereby host and virus have conflicting interests in establishing or avoiding
interaction. Primate BST-2 evolves under positive selection, and at least some of this
rapid evolution appears to be driven by the need for BST-2 to escape antagonism by
lentiviral Vpu and Nef proteins (37-39). Strong positive selection was detected in BST-2
in both avian orders analyzed—Galliformes and Passeriformes (Fig. 6C; Table 1). Given
that BST-2 targets the viral membrane, probably nonspecifically, it is likely that the
positive selection we observed on avian BST-2 is not driven by an arms race with its
target but rather with as-yet-unidentified viral antagonists of BST-2 (as seen for primate
lentiviruses).

Positive selection is often found at sites that represent host-viral interaction inter-
faces (40). Unlike for primate BST-2, where rapidly evolving sites are mostly in the
N-terminal region, positive selection is found throughout avian tetherin, especially in
the C-terminal region. This observation could suggest that viral antagonists targeting
avian tetherin interact with a different region than antagonists of primate tetherin. In
addition to amino acid-altering changes, we note that avian BST-2 sequences have also
acquired several length-altering insertion/deletion changes (indels) during their evolu-
tion. No methods exist to test whether these indels are adaptive, but it could be
interesting to test their functional impact.

We used ASLV/RCAS in this work because it represents a prototypic avian retrovirus
and an important avian pathogen (41). The experiments performed in this study used
either overexpression of chBST-2 or its induction by IFN to achieve ASLV inhibition.
Infection of DF-1 cells by RCAS did not induce the mRNA expression of either chBST-2
or IFN (Fig. 2B and data not shown). However, the published data in this matter are
contradictory, with a field ASLV strain showing strong IFN induction (42) and with an
RCAS vector showing low induction or even suppression of IFN (43). It is still unclear
whether IFN is induced during in vivo ASLV infection of chickens and in which tissues
chBST-2 could be induced with subsequent antiviral effects. Alternatively, chBST-2
might be constitutively expressed in some cell types in chicken, as is the case in
mammals (44, 45).

Aside from its inhibitory effect on virus release, BST-2 was shown to affect cell
signaling. Specifically, it induces NF-«B-dependent proinflammatory responses, and an
YxY motif located in the BST-2 cytoplasmic domain was shown to be critical for the
signaling function (25, 46, 47). Inspection of the cytoplasmic domain of chicken BST-2
did not reveal a similar YxY motif (Fig. 1A), suggesting that chicken tetherin may not
have the signaling function inherent to human tetherin. However, future experiments
will have to address this question experimentally.

In summary, we have described a chicken ortholog of BST-2/tetherin and shown its
potential to act as a RF against avian retroviruses. The inhibitory effects observed in
some experiments presented here are relatively mild, and future investigations should
determine the significance of avian BST-2 in viral restriction. RFs are known to be key
determinants of cross-species transmission (48). In the future, it would be interesting to
test various avian BST-2 genes for their activity against other enveloped avian viruses,
for example, avian influenza virus and Marek’s disease virus. These viruses belong to
families that are restricted by BST-2 in mammalian cells (49, 50). Our finding of positive
selection suggests that antagonists of BST-2 may exist in some avian viruses; identifi-
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cation of these antagonists will be important in our future understanding of BST-2's role
in protecting birds from viral diseases.

MATERIALS AND METHODS

Cells and viruses. Human embryonic kidney cell line HEK293T was grown in Dulbecco’s modified
Eagle’s medium (DMEM; Sigma-Aldrich) supplemented with 7% fetal calf serum (FCS), 100 wg/ml
streptomycin, and 100 U/ml penicillin under 5% CO, atmosphere at 37°C. Permanent chicken fibroblast
cell line DF-1 (51) was grown in a mixture of 2 parts DMEM and 1 part F-12 medium (Sigma-Aldrich)
supplemented with 5% calf serum, 1% fetal calf serum, 1% chicken serum, streptomycin, and penicillin
under 3% CO, atmosphere at 37°C. RCASBP(A)GFP and RCASBP(A) are replication-competent retroviral
vectors based on ASLV subgroup A (27, 52). psPAX2 (Addgene number 12260) is a second-generation
lentiviral packaging plasmid harboring HIV-1 gag and pol. For the pulse-chase experiments, a Vpu-
negative HIV-1 NL43 construct (29) was used.

Computational identification of avian BST-2 orthologs from RNA-seq and genomic data. Data
sets of lllumina RNA-seq data from chicken and other birds were downloaded from the NCBI Sequence
Read Archive (SRA). Sequence reads originating from chBST-2 were identified using sequences of
previously reported avian BST-2 orthologs as blastn queries (53) or by mapping with CLC genomics
workbench software (Qiagen Bioinformatics) to the genomic sequences of the syntenic region. Short
reads were assembled using the CLC genomics workbench and Lasergene SeqMan Pro (DNASTAR)
software. In genomic contigs, positions of BST-2 orthologs were determined either by BLAST (blastn or
tblastn) or by systematic analysis of ORFs predicted with ORFfinder (https://www.ncbi.nlm.nih.gov/
orffinder/). The ORFs were scanned for more subtle homologies to known avian BST-2 genes and for
typical BST-2 secondary structures. Transmembrane helices were predicted from primary protein se-
quences using TMHMM v2.0 (54). Coiled-coil regions were predicted with the algorithm of Lupas et al.
(55) at https://npsa-prabi.ibcp.fr/NPSA/npsa_lupas.html. Predicted GPI modification sites were identified
using server http://mendel.imp.ac.at/gpi/gpi_server.html (56).

RNA isolation, cDNA synthesis, and cloning of chicken and human BST-2. Total RNA was isolated
from cultured cells by RNAzol RT (Molecular Research Center). Two hundred fifty nanograms of total RNA
was reverse transcribed with ProtoScript Il reverse transcriptase (NEB) and the SMART RACE (Clontech)
protocol. The entire chicken and human BST-2 coding sequences were amplified from the cDNA of each
species using the following primer pairs: chicken, 5’-tactcgagccaccATGGCTGCGCAGGGCA and 5'-cagga
tccTCAGCACAGCCACTTTGCAACG; human, 5'-tactcgagccaccATGGCATCTACTTCGTATGACTATTG and 5'-c
aggatccTCACTGCAGCAGAGCGCTG. The capital letters in the primer sequences denote regions comple-
mentary to BST-2. Lowercase letters in forward primers indicate the Kozak sequence (GCCACC), Xhol
restriction site, and a short sequence overhang to allow for efficient cutting with the restriction enzyme;
lowercase letters in reverse primers indicate BamHlI restriction site and a short sequence overhang. The
PCR products were subcloned into pGEM-T Easy vector (Promega) and verified by Sanger sequencing.
BST-2 sequences were then transferred to the pIRES2-EGFP vector (BD Biosciences Clontech) using the
Xhol and BamHlI restriction sites. For the pulse-chase assays in human cells, the chicken BST-2 sequence
was subcloned into the pcDNA3.1 vector (Thermo Fisher) with a single N-terminal HA-tag.

Generation of chBST-2 stable transfectants in DF-1 cells. DF-1 cells were transfected with the
respective plasmid vector using X-tremeGENE HP DNA transfection reagent (Sigma) according to the
manufacturer’s protocol. After 3 days, selection with G418 (5 ng/ml, later increased to 10 ng/ml) was
started and maintained for 2 weeks. Then, cells were sorted for GFP positivity using the Influx cell sorter
(Becton, Dickinson) and expanded before further experiments.

Quantitative real-time PCR. The quantitative real-time PCRs (qRT-PCRs) included cDNA samples
(1.5 ul), MESA GREEN gPCR MasterMix Plus (Eurogentec), and primers targeting chicken GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) (5'-CATCGTGCACCACCAACTG and 5'-CGCTGGGATGATGT
TCTGG) or chBST-2 (5'-CAACAGGGCTCTCCAGGAGG and 5'-GGCATCTCTGTGCTCCCACT). The samples
were run on a CFX96TM real-time instrument (Bio-Rad) with a 3-step protocol: 1 cycle of 8 min at 95°C
and then 40 cycles of 15 s at 95°C, 25 s at 60°C, and 35 s at 72°C. Cycles of quantification (Cq) values were
generated by the CFX Manager software. The specificity of the PCR products was confirmed by melting
curve analysis.

Product-enhanced reverse transcriptase assay. The samples (2 ul of virus-containing culture
medium) were lysed in 8 ul of solution containing 1% Triton X-100, 0.4 U/ul RNasin, and 1X M-MLV RT
buffer (Promega) at room temperature for 15 to 30 min. Then, 2 master mixes were prepared, with the
following amounts per reaction: mix A contained 20 ng of the template phage MS2 RNA (Roche), 0.5 ul
of 10 mM MS2 reverse primer (5'-GCCTTAGCAGTGCCCTGTCT), and 12.1 ul water. Mix B contained 3.6 ul
of 5X M-MLV RT buffer and 0.8 ul of 10 MM deoxynucleoside triphosphates (dNTPs). Mix A was
incubated at 65°C for 5 min and cooled down to room temperature to allow primer annealing. Mixes A
and B were pooled and split into 18-ul aliquots, and 2 ul of sample lysate was added to each aliquot. The
reaction mixture was incubated at 37°C for 60 min and inactivated at 70°C for 10 min. The newly
generated MS2 ¢cDNA was then quantified by real-time PCR, each reaction mixture containing 1.5 ul of
cDNA sample with gPCR MasterMix Plus, MS2 primers (forward 5’-AACATGCTCGAGGGCCTTA and reverse
primer mentioned above), and MS2 probe (6-carboxyfluorescein [FAM]-TGGGATGCTCCTACATG-6-
carboxytetramethylrhodamine [TAMRA]) in a 15-ul reaction mixture. The samples were run on a CFX96
real-time instrument with a 3-step protocol: 1 cycle of 10 min at 95°C and then 40 cycles of 15 s at 95°C,
20 s at 60°C, and 20 s at 72°C. Cycles of quantification (C,) values were generated by the CFX Manager
software.
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CRISPR/Cas9-mediated knockout of chBST-2. We used genome editing tools for knockout of
endogenous chicken chBST-2 in DF-1 cells as previously described for other chicken genes (57). Briefly,
the CRISPR design tool (58) was used to identify guide RNA (gRNA) sequences in the first exon of chBST-2.
The gRNA was synthesized as sense and antisense oligonucleotides (QRNA sequences, 5'-CACCGAAGA
GTGCCCGGTTTGGAG and 5'-AAACCTCCAAACCGGGCACTCTTC; purchased from Eurogentec), mixed,
phosphorylated, denatured, and annealed. Annealed oligonucleotides were ligated into the pX458
vector (59) to create pX458-tetherin. DF-1 cells were seeded on P60 dishes and, after 24 h, transfected
with pX458-tetherin using Lipofectamine 3000 according to the manufacturer’s protocol. Three days
posttransfection, the GFP-positive cells were sorted into 96-well plates using the Influx cell sorter (Becton,
Dickinson) in single-cell sort mode. A pool of 10,000 cells was used to determine CRISPR/Cas9 efficiency
by the T7 endonuclease assay (60). Cell clones were expanded and used for further analysis of
CRISPR/Cas9-introduced mutations. From each clone, cell lysate was prepared by washing with
phosphate-buffered saline (PBS), resuspending in lysis buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA,
0.2 mM CaCl2, 0.001% Triton X-100, 0.001% SDS, 1T mg/ml proteinase K), and then incubating at 58°C for
1 h followed by protease inactivation at 95°C for 10 min. The presence of mutations was determined by
PCR amplification of the target region and Sanger sequencing using 2 ul of cell lysates. We chose a clone
containing a 14-nucleotide deletion and a clone without any change in the BST-2 target region for further
work.

Transmission electron microscopy. HEK293T cells were quickly washed with Sérensen buffer (SB;
0.1 M sodium/potassium phosphate buffer, pH 7.3) at 37°C, fixed with 2.5% glutaraldehyde in SB for 2
h, washed with SB, and postfixed with 1% OsO, solution in SB for 2 h. The cells were dehydrated in a
series of acetones of increasing concentration, and embedded in Epon-Durcupan resin. Polymerized
blocks were cut into 200-nm-thin sections, collected on 200-mesh-size copper grids, and stained with a
saturated aqueous solution of uranyl acetate for 4 min. The sections were examined on an FEI Morgagni
268 transmission electron microscope operated at 80 kV. The images were captured using Mega View llI
charge-coupled-device (CCD) camera (Olympus Soft Imaging Solutions).

Immunoblot analysis. Cells were washed once with PBS, suspended in PBS (100 /106 cells), and
mixed with equal volumes of 2X sample buffer. Samples were heated at 95°C, subjected to SDS-PAGE,
transferred to polyvinylidene difluoride (PVDF) membranes, and incubated with primary antibodies.
Chicken and human tetherin were identified targeting the HA tag using a mouse monoclonal antibody
to HA (catalog number [Cat. no.] H3663; Sigma-Aldrich). HIV proteins were detected using human HIV-Ig
antibody (Cat. no. 3957; NIH Research and Reference Reagent Program). Membranes were then incu-
bated with horseradish peroxidase-conjugated secondary antibodies (GE Healthcare, Piscataway, NJ,
USA), and proteins were visualized by enhanced chemiluminescence (Clarity Western ECL substrate
170-5061; Bio-Rad Laboratories, Hercules, CA, USA).

Metabolic labeling and pulse-chase analysis. For the pulse-chase analysis, HEK293T cells were
grown as described before but with 10% FCS. For transient transfection, 3 X 106 cells were plated in a
25-cm? flask and grown overnight. The following day, cells were transfected using Lipofectamine Plus
(Invitrogen) according to the manufacturer’s instructions. Total amounts of plasmid DNA in all samples
were equalized with empty vector DNA as appropriate.

After 24 h, the transfected HEK293T cells were harvested by scraping, washed with PBS, and
suspended in 7 ml of labeling medium (methionine- and cysteine-free RPMI [MP Biomedical] containing
5% fetal calf serum [FCS]). Samples were incubated for 20 min at 37°C to deplete the intracellular
methionine/cysteine pool. Cells were then labeled for 30 min at 37°C in 200 ul of labeling medium
supplemented with 30 ul (300 wCi) of [35S]-Expre3°S35S-label (NEG072; PerkinElmer). After the labeling
period, unincorporated isotope was removed, and equal aliquots of cells were added to 1 ml of
prewarmed complete DMEM and chased for the selected times. Cells and virus-containing supernatants
were harvested separately at each time point and stored on dry ice until all samples had been collected.
For immunoprecipitation of intracellular and virus-associated Gag proteins, cells and virus-containing
supernatants were lysed in 200 ul of Triton X-100-based lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM
NaCl, 1% Triton X-100, 10% glycerol) and incubated on ice for 5 min. After lysis, the cell extracts were
pelleted at 10,000 rpm for 10 min, and clarified supernatants were added to 1.0 ml of 0.1% bovine serum
albumin (BSA)-PBS at 4°C. Cell and virus lysates were immunoprecipitated (1 h, 4°C on a rotator) with
human HIV-Ig antibody (Cat. no. 3957; NIH Research and Reference Reagent Program) immobilized to
protein A Sepharose beads (P-3391; Sigma-Aldrich). Precipitated proteins were solubilized by boiling in
sample buffer and separated by SDS-PAGE. Gels were fixed and dried. Gels were exposed to Kodak XMR
film, and proteins were visualized by fluorography. For protein quantitation, gels were exposed to
imaging plates, and analysis of the relevant bands was performed using a Fujifilm FLA-7000 phosphor-
imager.

Statistical analysis. For the evaluation of statistical significance of the differences in chBST-2
expression, RT activity, and percentage of infected cells, we performed Welch's t tests. This test is robust
to unequal standard deviations of the data sets tested.

Analysis of positive selection. Starting with 16 Galliformes and 21 Passeriformes tetherin se-
quences, two Galliformes sequences from quail species were removed because they have large in-frame
deletions. Two Passeriformes sequences (Ficedula albicollis and Corvus cornix) were removed, as each is
identical to BST-2 from a related species and therefore adds no information for evolutionary analyses.
In-frame nucleotide alignments of the remaining 14 Galliformes and 19 Passeriformes sequences were
generated using MACSE (61) with default settings except for an increased frameshift penalty (-fs 300) (see
Fig. S3 and S4 in the supplemental material). Phylogenies were generated from each alignment using
PHYML (62) (parameters: -m GTR —pinv e -alpha e -f e). There was no evidence of gene conversion in

June 2020 Volume 94 Issue 12 e00416-20

Journal of Virology

jviasm.org 13


https://jvi.asm.org

Krchlikova et al.

Journal of Virology

either alignment according to the GARD algorithm (63) (run via http://www.datamonkey.org/), using the
general discrete model of site-to-site rate variation and 3 rate classes (gene conversion should be
excluded before running positive selection analyses, as it can cause false signatures of positive selection).

The alignments and phylogenies were used as input for PAML (Phylogenetic Analysis by Maximum

Likelihood) (30), where model 8 (allows positive selection at a subset of codons) was compared with
model 7 or model 8a (all codons are under neutral or purifying selection). P values were generated by
comparing twice the difference in log-likelihoods to the chi-squared distribution (30). In order to check
for robustness, analyses were run using two different values for starting omega (0.4 and 3), with two
different codon frequency choices (F3 X 4 and “codon table”) and with and without using the “clean-
data” option to remove codons that contain gaps in one or more aligned sequences. Results were
consistent using all eight combinations of these parameters. The results shown in Table 1 and Fig. 5C use
starting omega 0.4, the F3 X 4 codon model, and cleandata of 0 (i.e., retaining all codons). FEL (32) and
MEME (33) analyses were performed using the http://www.datamonkey.org/ website (choosing the
option to allow synonymous site variation in FEL), and selected sites were identified using the website’s
default statistical thresholds (P < 0.1).
Data availability. The chBST-2 coding sequence is available in GenBank under accession number
MN326300.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
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