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The Vpu accessory gene that originated in the primate lentiviral lineage leading to human immunodeficiency
virus type 1 is an antagonist of human tetherin/BST-2 restriction. Most other primate lentivirus lineages,
including the lineage represented by simian immunodeficiency virus SIV,,,, from African green monkeys
(AGMs), do not encode Vpu. While some primate lineages encode gene products other than Vpu that overcome
tetherin/BST-2, we find that SIV,,,, does not antagonize physiologically relevant levels of AGM tetherin/BST-2.
AGM tetherin/BST-2 can be induced by low levels of type I interferon and can potently restrict two independent
strains of SIV ... Although SIV .. Nef had an effect at low levels of AGM tetherin/BST-2, simian immuno-
deficiency virus SIV,, . Vpu, from a virus that infects the related monkey Cercopithecus cephus, is able to
antagonize even at high levels of AGM tetherin/BST-2 restriction. We propose that since the replication of
SIV,,., does not induce interferon production in vivo, tetherin/BST-2 is not induced, and therefore, SIV,,,,,, does

not need Vpu. This suggests that primate lentiviruses evolve tetherin antagonists such as Vpu or Nef only if

they encounter tetherin during the typical course of natural infection.

Innate and intrinsic immunity plays a vital role as the first
line of defense against viral infections. This antiviral response
is enhanced by type I interferon (IFN), which can be produced
by all nucleated cells in response to a viral infection (4) and
activates the induction of genes including the antiviral factors
TRIMS5a, TRIMCyp, and BST-2/CD317/HM1.24 (7, 28). BST-
2/CD317/HM1.24 was first identified as a marker for cells
involved in B-cell differentiation and was subsequently found
to be overexpressed on multiple myeloma cells (12, 16, 30).
Upon the discovery of its antiviral activity, the name “tetherin”
was coined to describe the tethering phenotype that BST-2/
CD317/HM1.24 causes during virion budding from the plasma
membrane (28). For simplicity, we will refer to the protein
encoded by this gene only as tetherin for the remainder of the
manuscript.

Tetherin is a host restriction factor capable of inhibiting the
release of a broad range of viruses from the plasma membrane
of infected cells. In addition to inhibiting the release of human
immunodeficiency virus (HIV) particles, tetherin also inhibits
the release of filoviruses (Ebola and Marburg viruses), arena-
viruses (Lassa virus), and other retroviruses including gamma-
retroviruses (murine leukemia virus) and spumaretroviruses
(foamy virus) (13, 19, 28, 31). HeLa, Jurkat, and CEM cells
constitutively express high levels of tetherin; however, in cells
that express low levels of tetherin, such as 293T or HT1080
cells, tetherin can be upregulated by type I IFN (28). This
results in permissive 293T cells becoming nonpermissive to
infection by HIV type 1 (HIV-1) and Ebola virus (27).
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Retroviruses have developed at least three strategies to
counteract tetherin (22). First, the Vpu protein from HIV-1
abrogates the retention phenotype in cells that express tetherin
and has been observed to be colocalized with tetherin (28, 34).
Vpu displays species specificity and counteracts human teth-
erin by targeting it for degradation (11, 25, 28). Notably, Vpu
is encoded by a unique lineage of primate lentiviruses, includ-
ing HIV-1, simian immunodeficiency virus (SIV) SIV,,, from
chimpanzees, and SIV,,,,,, SIV,,, and SIV,,,, from mustached
monkeys (Cercopithecus cephus), greater spot-nosed monkeys
(Cercopithecus nictitans), and Mona monkeys (Cercopithecus
mona), respectively (8), but is not encoded by the other lin-
eages of primate lentiviruses. Second, lentiviruses from the
SIVsmm/SIVmac lineage have evolved the ability to counter-
act tetherin through the Nef protein (17, 39). The Nef proteins
from SIVsmm and SIVmac display species specificity in their
ability to counteract their hosts, sooty mangabey and rhesus
macaque, respectively, and closely related tetherins. Third, the
HIV-2 envelope enhances virion particle release and is able to
complement HIV-1 that lacks Vpu (6). Ebola virus, a member
of the family Filoviridae, has a means to counteract tetherin
through its full-length glycoprotein (GP) (20). Overall, the
independent acquisitions of a viral tetherin antagonist by mul-
tiple viruses emphasize the role of tetherin and the strong
selective pressure imposed by its potent restriction.

SIV ,om, @ primate lentivirus, displays several key differences
from pathogenic HIV-1. SIV,,, isolates from African green
monkeys (AGMs) cluster phylogenetically into four distinct
clades, named SIV,,.,Ver, SIV,.Gri, SIV,,,Tan, and
SIV,,mSab, for their host species, vervet, grivet, tantalus, and
sabaeus monkeys, respectively (2, 3, 18, 26, 37). These SIV .,
viruses cause a nonpathogenic infection in their natural AGM
hosts, in contrast to pathogenic HIV infections of humans (9).
Both HIV-1 and SIV,,,, reach high levels of viral titers in vivo
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and replicate chronically in infected individuals. However,
HIV-1 infection of humans usually results in chronic IFN stim-
ulation (23), whereas there is an absence of chronic stimulation
of IFN production in SIV,,,, infection in naturally infected
AGMs despite equivalent high levels of virus titers (10).

Although human tetherin inhibits the release of SIV,
rus-like particles and HIV-1 virus-like particles, SIV,,,, does
not encode Vpu (19). However, SIV,, which can be found in
naturally infected Cercopithecus cephus monkeys, a species
closely related to AGMs, does encode a Vpu protein (35). The
compelling evidence of an independent acquisition of antiteth-
erin factors in multiple viruses, coupled with the presence of
Vpu in a SIV from a closely related host species, led us to the
hypothesis that SIV,,,,, might also possess a non-Vpu tetherin
counterdefense.

Here, we report that SIV,,,, is restricted by endogenous
AGM tetherin. Surprisingly, AGM tetherin causes a virion
retention phenotype against the wild types (WTs) from both
tantalus monkeys and sabaeus monkeys. Furthermore, we
show that endogenous AGM tetherin expression is induced by
type I IFNs, resulting in virion retention phenotypes for WT
SIV ,om- While we did see an effect of SIV,,,, on low levels of
tetherin, we find that this effect is minor compared to the
effects of SIV,,,,. Vpu to overcome AGM tetherin restriction.
Thus, SIV ,,,, has not acquired an antagonist of AGM tetherin
that is as potent as the antagonists encoded by HIV-1 or
SIVmac. We propose that since SIV,,,, infection occurs in the
absence of chronic IFN production (10), SIV,,,, does not en-
counter tetherin during the course of infection and does not
require Vpu or Nef activity to counteract tetherin.
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MATERIALS AND METHODS

Cells and plasmids. 293T, COS-7, and TZM-bl cells were maintained in a
solution containing Dulbecco’s modified Eagle’s medium, 8% bovine growth
serum, and 1% penicillin-streptomycin in a 5% CO, atmosphere at 37°C.
TZM-bl cells were obtained from the AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH. Chlorocebus sabaeus fibroblasts were
obtained from the Coriell Institute and were maintained in a solution containing
Dulbecco’s modified Eagle’s medium, 10% fetal bovine serum, and 1% penicil-
lin-streptomycin. SupT1 cells were maintained in a solution containing RPMI
1640 medium, 10% fetal bovine serum, and 1% penicillin-streptomycin.

The SIV,,, molecular clones pSAB-1 (SIV,,,Sab) and pSIVagmTan-1
(SIV,gmTan) were obtained from the AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH. The SIV,,,,Tan Env" Nef ™ provirus
was a gift from Ned Landau (24). The HIV1VpuFS construct, containing a
frameshift mutation in Vpu, is based on a molecular clone of HIV-1 described
previously (15). The HIV1VpuFSLuc2 double mutant reporter clone was con-
structed by replacing the Nef gene of HIV1VpuFS with the Nef gene containing
an insertion of the modified firefly luciferase, as described previously (38).

Codon-optimized HIV-1 Vpu was a gift from Stephen Bour (29), and codon-
optimized (Genscript) SIV,,,,; Vpu was constructed from a calculated ancestral
sequence constructed from four SIV,,, Vpu sequences reported previously (1,
29). Both Vpu constructs were inserted into a pCDNA3.1 expression vector as
HindIII and Notl fragments. The empty pCDNA3.1 vector was used as a nega-
tive control. The Nef proteins from SIV ., Tan and SIV,,,,Sab were PCR am-
plified from pSIVagmTan-1 and pSAB-1, respectively, flanked by HindIII and
Xhol restriction sites, and ligated into a pCDNA3.1 expression vector.

Human, Cercopithecus cephus, AGM, and chimpanzee tetherins were cloned
from human cDNA, C. cephus genomic DNA (Coriell Cell Repository), cDNA
from CV-1 cells, and chimpanzee cDNA, respectively. Tetherin was amplified by
PCR, resulting in fragments with NgoMIV and NotI sites. A hemagglutinin (HA)
epitope tag was fused to the N terminus of tetherin and inserted into retroviral
expression vector pLPCX. To construct untagged AGM tetherin, the HA epitope
tag was removed by restriction digestion, overhangs were filled in with DNA
polymerase I and large Klenow fragment (Invitrogen), and blunt-end ligation was
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performed with T4 DNA ligase (Roche). The empty pLPCX vector was used as
a negative control.

Transfection and virus pseudotyping. 293T and COS-7 cells were seeded at
1.67 x 10° and 8.33 X 10* cells/ml, respectively. DNA was transfected with
Fugene6 reagent (Mirius) according to the manufacturer’s recommendations.

To measure the tetherin restriction of HIVIVpuFS, 293T cells were trans-
fected with HIV1VpuFS (100 ng), human tetherin (200 ng), cephus monkey
tetherin (400 ng), AGM tetherin (400 ng), HIV-1 Vpu (125 ng), or SIV,,,,c Vpu
(100 ng). Transfections involving SIV .., provirus were performed with SIV .,
Tan (100 ng), SIV ., Tan Env™ Nef™ (100 ng) with vesicular stomatitis virus G
protein (VSV-G) (50 ng), and SIV,,,Sab (100 ng). AGM titration was per-
formed with 0, 3.12, 6.25, 12.5, 25, 50, and 100 ng of native (untagged) AGM
tetherin, VSV-G (50 ng), and SIV,,,,Tan (100 ng) or SIV,,,,Tan Env™ Nef™
(100 ng). For experiments involving Nef, 293T cells were transfected with
HIV1VpuFSLuc2 (100 ng), human tetherin (100 ng), chimpanzee tetherin (100
ng), AGM tetherin (100 ng), and SIV ., Vpu (100 ng), SIV ., Tan Nef (250 ng),
or SIV,,,Sab Nef (250 ng). In all experiments, the total amount of DNA was
maintained constant by adding the respective amounts of empty vectors. Forty-
eight hours after transfection, supernatant containing virus was filtered through
a 0.22-um filter and analyzed by a Western blot or infectivity assay. Cells were
washed with Dulbecco’s phosphate-buffered saline and removed with 0.05%
trypsin for Western blot analysis.

VSV-G-pseudotyped viruses for electron microscopy and Western blot exper-
iments were prepared by the cotransfection of a VSV-G expression vector (pL-
VSV-G) (50 ng) with SIV ., Tan Env™ Nef™ (100 ng) or SIV,,,, Tan (100 ng) in
293T cells, as described previously (24). Forty-eight hours after transfection, the
supernatant containing pseudotyped viruses was pooled and filtered through a
0.22-pum filter. Virus was concentrated by ultracentrifugation, and titers were
determined by infecting reporter TZM-bl cells with serial dilutions of virus stock
as described previously (36).

Infectivity assay. An infectivity assay was performed with TZM-bl cells as
described previously (21). TZM-bl cells were seeded at 2 X 10° cells/ml in 96-well
plates. Serial dilutions of virus supernatant were used to infect TZM-bl cells by
spinoculation at 1,200 relative centrifugal force (RCF) for 2 h in the presence of
20 pg/ml DEAE-dextran. Forty-eight hours postinfection, 200 pg/ml of 4-methy-
lumbelliferyl-B-p-galactopyranoside was added to cells, and the resulting fluo-
rescence (lacZ activity) was measured using a spectrophotometer at 30-s inter-
vals at 360 nm/460 nm. The relative infectivity was determined by the linear rate
of increasing lacZ activity over time.

An HIV1VpuFSLuc2 infectivity assay was performed with SupT1 cells at 2.5 X
10° cells/ml in 96-well plates. Serial dilutions of virus supernatants were used to
infect SupT1 cells by spinoculation at 1,200 RCF for 1 h in the presence of 20
pg/ml DEAE-dextran. Forty-eight hours postinfection, the level of luciferase
expression was determined by use of the Bright-Glo luciferase assay system
(Promega) according to the manufacturer’s instructions.

Western blotting. Forty-eight hours after transfection or infection, cells were
analyzed by Western blotting as described previously (38), with the following
modifications. Lysis was performed with NTE medium (10 mM Tris [pH 8.0], 1
mM EDTA, 50 mM NaCl) in the presence of protease inhibitor cocktail (Roche)
for 5 min, followed by NP40-doc (1%NP-40, 0.2% sodium deoxycholate, 0.12 M
NaCl, 20 mM Tris [pH 8.0]) for 10 min. Proteins were separated on a 4 to 12%
NuPAGE Novex Bis-Tris precast gel (Invitrogen). The membrane was probed
with the following primary antibodies: HA-specific antibody (HA.11 mouse im-
munoglobulin G; Babco) at a 1:1,000 dilution and anti-actin rabbit antibody
(Sigma-Aldrich) at a 1:500 dilution. Primary antibodies were detected with
horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit antibodies,
respectively. SIV ., was detected with sera from rhesus macaques infected with
SIV,4msab92018 (Cristian Apetrei, Tulane National Primate Research Center)
and probed with horseradish peroxidase-conjugated goat anti-monkey immuno-
globulin G secondary antibody (Cappel).

IFN studies. Recombinant human IFN-a2A and IFN-B1b were obtained from
PBL Biomedical Laboratories (catalog numbers 11100-1 and 11420-1). Cells
were exposed to 0, 100, or 1,000 units/ml IFN for 24 or 48 h and analyzed for
tetherin RNA expression by semiquantitative reverse transcription-PCR (RT-
PCR) or fixed for thin-section electron microscopy, respectively. For the analysis
of endogenous tetherin effects, COS-7 cells were infected with VSV-G-
pseudotyped SIV,,,,Tan or VSV-G-pseudotyped SIV,,, Tan Env™ Nef ™ by spi-
noculation at 1,200 RCF for 2 h in the presence of 20 pg/ml DEAE-dextran.
IFN-B1b was added 6 h later, followed by an additional 42 h of incubation before
fixing for thin-section electron microscopy or analysis by Western blotting as
described above.

Semiquantitative RT-PCR. Cells were removed by use of 0.05% trypsin-
EDTA, and RNA was extracted by use of an RNeasy minikit (Invitrogen)
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according to the manufacturer’s protocol. Human tetherin, AGM tetherin, and
B-actin were reverse transcribed with a OneStep RT-PCR kit (Qiagen) for 30
min at 50°C, followed by inactivation at 95°C for 15 min. Four microliters of
c¢DNA was amplified by PCR with Tag DNA polymerase (Roche), and amplified
products were separated on a 1.25% agarose gel. AGM and human B-actin were
amplified with the following set of primers: TGACATTAAGGAGAAGCTGT
GCTA and ACTCGTCATACTCCTGCTTGCT. AGM tetherin spanning exon 2
to exon 4 was amplified with the following set of primers: CAAGGACGAAAG
AAAGTGGAG and AAGCCCAGCAGCAGAATCAG. Human tetherin span-
ning exon 1 to exon 4 was amplified with the following set of primers: ATCTC
CTGCAACAAGAGCTGAC and GTACTTCTTGTCCGCGATTCTC.

Thin-section electron microscopy. Cells were fixed with 2% paraformalde-
hyde-2.5% glutaraldehyde in 0.1 M cacodylate buffer and removed with a cell
scraper. All washes were performed with 0.1 M cacodylate buffer. As a postfixa-
tive, 1% OsO, was added, followed by 4% aqueous uranyl acetate. Cells were
dehydrated in a series of ethanol gradients (50 to 100%), embedded in Epon 812
resin, and cured for 48 h at 60°C. Thin sections (70 to 100 nm) of the samples
were obtained and stained with uranyl acetate, followed by lead citrate. Electron
micrographs were taken using a Jeol 1230 transmission electron microscope with
an Ultrascan 1000 camera.

Nucleotide sequence accession number. The sequence for C. cephus tetherin
has been deposited in GenBank (accession no. GQ864267).

RESULTS

HIV-1 Vpu and SIV,,,,, Vpu overcome restriction from teth-
erins from the host and related species. Cercopithecus cephus
(also called mustached monkey), AGM, and human tetherins
were tested for antiviral activity. We were interested in tetherin
from C. cephus because C. cephus monkeys are related to
AGMs and because SIV,,, that infects C. cephus encodes a
Vpu protein, unlike SIV,.., (8, 33). We cloned the gene that
encodes tetherin from C. cephus and from Chlorocebus tantalus
(AGM) into a retroviral vector expressing an N-terminal HA
epitope tag. Since HIV-1 Vpu is known to counteract human
tetherin, we tested the ability of these tetherins to restrict
HIV-1 expressing a frameshift mutation in Vpu (HIV1VpuFS)
(28). We also complemented these transfections with either
HIV-1 Vpu or SIV ., Vpu expression vectors in frans. For this,
plasmids encoding HIV1VpuFS, tetherin, and/or Vpu were
transiently cotransfected into 293T cells (which express low
levels of endogenous tetherin [28]), and the activity of tetherin
or Vpu was measured by the infectivity of released virus on
indicator cells (see Materials and Methods).

We found that human, cephus monkey, and AGM tetherin
all restricted the release of infectious HIV-1 virions by equal
amounts in the absence of Vpu (Fig. 1A). HIV-1 Vpu was able
to overcome human tetherin restriction but was unable to
overcome restriction by C. cephus or AGM tetherin (Fig. 1A).
Conversely, SIV,,,,« Vpu was able to overcome restriction by C.
cephus and AGM tetherins but had only a mild effect on hu-
man tetherin (Fig. 1A). This indicates that while tetherins from
all three species are functional, the Vpu proteins of HIV-1 and
SIV .. display a species-specific antagonism of tetherin, which
corroborates previous findings (11). Furthermore, we found
that HIV-1 Vpu resulted in decreased levels of expression of
human tetherin but had a minimal effect on C. cephus and
AGM tetherin levels (Fig. 1B). Conversely, SIV, ., Vpu de-
creased the levels of C. cephus and AGM tetherins but had
little effect on human tetherin (Fig. 1B). This result indicates
that the mechanism of SIV,,, Vpu activity is likely similar to
that of HIV-1 Vpu, likely through the degradation of tetherin
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FIG. 1. AGM and cephus tetherins restrict HIV1VpuFS and are
counteracted by SIV . Vpu. (A) 293T cells were cotransfected with
HIV1VpuFS (100 ng), human (200 ng), C. cephus (Cephus) (400 ng),
or AGM tetherin (400 ng); HIV-1 Vpu (125 ng); and SIV ., Vpu (100
ng) for 48 h. The respective empty vectors were used, indicated by no
tetherin or no Vpu. Equal amounts of virus-containing supernatant
were used to infect TZM-bl reporter cells for 48 h. Relative infectivity
was determined by the rate of B-galactosidase activity. Bars represent
the average data for eight infections, normalized to the relative infec-
tivity of the respective Vpu proteins in the absence of tetherin. Error
bars indicate standard deviations. (B) 293T cell lysates (A) were col-
lected 48 h after transfection and analyzed by Western blot analysis for
HA-tagged tetherin and B-actin expression levels.

SIV,omTan and SIV,,,,Sab are restricted by AGM tetherin
and do not encode a tetherin counterdefense. Since AGM
tetherin is able to restrict HIV-1 (Fig. 1), we determined
whether AGM tetherin could restrict SIV,,,,,. HIV-2, which
does not encode a Vpu protein, has Vpu-like activity in its viral
envelope (6). Although SIV,,, does not encode Vpu, we sus-
pected that the SIV,,,, envelope protein (Env) or Nef might
encode a Vpu-like activity, as seen in HIV-2 and SIVmac/
SIVsmm, respectively (6, 17). To test this, we compared the
infectivity of SIV,,,Tan to that of a construct containing a
deletion in Env and Nef (SIV,,,,Tan Env™ Nef™) in the pres-
ence of AGM tetherin. SIV,,,, Tan Env™ Nef™ was pseudo-
typed by cotransfection with VSV-G to produce infectious
virus. Viral constructs and tetherin were cotransfected in 293T
cells, and viral production was analyzed in an infectivity assay.
As described above, we found that HIV1VpuFS was restricted
by both human and AGM tetherins. Surprisingly, we also
found that SIV,,,,Tan and SIV,,,,Tan Env" Nef™ were re-
stricted by both human and AGM tetherins (Fig. 2A, left). This
means that unlike HIV-2, SIV ., Tan Env does not contain a
Vpu-like activity, nor is this activity encoded by the Nef gene.
Although both SIV ,,, Tan constructs have a premature stop
codon in the Vpr coding region, there was no effect on tetherin
restriction when virions were complemented with Vpr from
SIV g or HIV-1 (data not shown).

To verify these findings, we also tested the full-length mo-
lecular infectious clone of SIV,,,.Sab against human and
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FIG. 2. SIV,,,, does not encode Vpu-like activity. (A) 293T cells
were cotransfected with HIVIVpuFS, SIV,,, Tan Env™ Nef ™ (and
VSV-G for pseudotyping), SIV .., Tan Env* Nef™ (left), or SIV,,,,Sab
(right) and no tetherin (empty vector) or human or AGM tetherin for
48 h. Virus was used to infect TZM-bl reporter cells for 48 h to
determine the relative infectivity. (B) 293T cells were transfected with
SIV,4mTan (left) or SIV,,,,Sab (right) with or without AGM tetherin.
Virions from the supernatant were collected and pelleted, while cells
were lysed to yield intracellular virions. Western blot analysis was
performed to compare the amounts of cell-free virions.

AGM tetherins. SIV

agm!'

Sab is closely related to SIV,,,Tan
and is the most basal taxon of the SIV ,,,, lineage (18, 37). Like
SIV,gmTan, SIV,,,,Sab does not encode a Vpu protein (18, 26,
37), and all of the accessory genes of the SIV,,,,,Sab clone are
intact. We also independently cloned the tetherin gene from
primary fibroblasts of Chlorocebus sabaeus and found it to be
identical to the AGM tetherin that we used previously (data
not shown). Strikingly, similar to the findings with SIV ., Tan,
we also found that a full-length SIV ,,,,Sab clone was restricted
by both human and AGM tetherins to the same extent as
HIV1VpuFS (Fig. 2A, right). We also compared the levels of
production of cell-free SIV,,,, virions in the presence of
sabaeus monkey tetherin. 293T cells were transfected with
SIV gmTan or SIV,,,,Sab in the presence or absence of AGM
tetherin. Supernatant fractions containing cell-free virions
were filtered and probed with sera obtained from rhesus ma-
caques infected with SIV ,,,sab92018 (provided by Cristian
Apetrei, Tulane National Primate Research Center). There
was less cell-free SIV,,,,Tan and SIV,,,,Sab p27 capsid de-
tected in the presence of AGM tetherin (Fig. 2B). In contrast,
intracellular levels of p55 and p27 were similar regardless of
the level of expression of AGM tetherin. Thus, WT SIV,,,,.Sab
virions are prevented from release in the presence of AGM
tetherin. These results indicate that in at least two SIV .,
lineages, viral isolates do not encode a viral antagonist against
its host tetherin.

We also examined the fate of SIV,,,, virions produced in the

presence of AGM tetherin by electron microscopy. Human
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293T cells were cotransfected with SIV,,,,,Sab and AGM teth-
erins for 48 h and subsequently visualized by thin-section elec-
tron microscopy. In the absence of AGM tetherin, SIV,,,,,,Sab
virions were observed to bud from the plasma membrane in a
single layer (Fig. 3A and B). In the presence of AGM tetherin,
we observed that SIV,,,,Sab virions budding from the plasma
membrane were markedly tethered together and extended out-
ward in a layered arrangement (Fig. 3C and D). Notably, most
of the tethered virions were mature, as indicated by the con-
densed capsid. This indicates that AGM tetherin restricts WT
SIV .o virion release by tethering mature virions to the plasma
membrane (similar to the effect of human tetherin on Vpu
mutant HIV-1 [28]).

Since the SIV,,,/SIV .. lineage has evolved Nef to coun-
teract its host and closely related tetherins (17, 39), we directly
tested if SIV,,,,Tan Nef had the ability to counteract tetherins
from other species. We cloned the Nef gene from SIV ., Tan
into an expression vector and verified its activity by showing
that it could downregulate CD4 levels (data not shown), which
is consistent with previously reported findings (32). SIV ,,,,Tan
Nef was then cotransfected in 293T cells with SIV ,, Tan Nef;
human, chimpanzee, or AGM tetherin; and an HIV-1 con-
struct that had a luciferase gene inserted into the Nef open
reading frame and expressed a frameshift mutation in Vpu.
The ability of Nef to counteract tetherin was assayed by the
infectivity of released virus on SupT1 cells (see Materials and
Methods). Consistent with the findings shown in Fig. 2, SIV,,,Tan
Nef did not overcome AGM tetherin restriction (Fig. 4A).
SIV,zmTan Nef also did not counteract human tetherin re-
striction; however, chimpanzee tetherin was antagonized by
SIV,4mTan Nef. Thus, SIV,,, Tan Nef has the ability to an-
tagonize other species’ tetherin but not its host tetherin.

To verify that the N-terminal HA epitope tag did not inter-
fere with tetherin interactions with viral proteins, we per-
formed a titration of native (untagged) AGM tetherin against
WT SIV on Tan and SIV ,,, Tan Env™ Nef™. Both viruses were
pseudotyped with VSV-G, and the relative infectivity was nor-
malized in the absence of tetherin. There was a difference
between WT SIV,, Tan (Fig. 4B) and the mutant virus lacking
Env and Nef (Fig. 4B) at low levels of AGM tetherin; however,
a dramatic restriction was observed at higher levels of tetherin.
Importantly, both viruses displayed dose-dependent restriction
by AGM tetherin, even at the low levels of tetherin expression
(Fig. 4B). Since we saw an effect of WT SIV,,,, on tetherin
only at low levels of tetherin expression, we then directly com-
pared the effects of SIV,,,Sab Nef, SIV,,, Tan Nef, and
SIV,..s Vpu for the ability to counteract AGM tetherin restric-
tion by using the HIV-1 reporter virus lacking Vpu and Nef.
Indeed, we found that SIV,, . Vpu was able to effectively antag-
onize AGM tetherin when 100 ng of SIV,,,,, tetherin plasmid was
transfected, but the Nef proteins from SIV ., Tan and SIV ,,,Sab
did not counteract AGM tetherin (Fig. 4C). Thus, even if SIV .,
Nef genes encode activity against AGM tetherin, the effects are
minor compared to those of SIV_,,. Vpu.

We also complemented HIV1VpuFS and SIV,,,Tan with
SIV...s Vpu. We found that in the presence of SIV,, ., Vpu,
HIV1VpuFS counteracted AGM tetherin restriction. Simi-
larly, SIV,,,Tan was rescued by SIV,.. Vpu to overcome
AGM tetherin restriction (Fig. 4D). Thus, AGM tetherin re-

tains the ability to be counteracted by SIV, .. Vpu, yet the
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FIG. 3. AGM tetherin retains SIV,

agm!'

AGM Tetherin

Sab on the plasma membrane. Shown is thin-section electron microscopy of 293T cells transfected for 48 h

with SIV,,,Sab in the absence of AGM tetherin (A and B) or in the presence of AGM tetherin (C and D). (A) SIV,,,,Sab budding from the plasma
membrane in a single layer in the absence of tetherin. The arrow indicates the location of the magnified image. (B) Magnified image from A.
(C) Accumulation of budding SIV,,,Sab cells on the plasma membrane in the presence of AGM tetherin. Note that mature virions form multiple
layers. The arrow indicates the location of the magnified image. (D) Magnified image of C. Scale bars, 2 um (A and C) and 200 nm (B and D).

SIV,,m lineage does not appear to take advantage of this
susceptibility to antagonize tetherin.

Type I IFNs induce AGM tetherin. Human tetherin expres-
sion is induced by type I IFN (28, 34). Thus, we considered the
possibility that SIV ., has not evolved to inhibit tetherin be-
cause tetherin is not induced by IFN in AGM cells. We deter-
mined whether endogenous AGM tetherin is induced by IFN
and if it is functional and active against SIV ,,,,. Two AGM cell
lines, COS-7 (C. tantalus) and sabaeus primary fibroblasts (C.
sabaeus), and human 293T cells were incubated with increasing
amounts of type I IFNs: IFN-a2a or -B1b (0, 100, and 1,000

IU/ml). Tetherin mRNA expression was measured by RT-PCR
of equal amounts of RNA. To ensure that we amplified mRNA
and not genomic DNA, primer sets specific to human and AGM
tetherins were designed to flank introns. As a control, we mea-
sured the expression of B-actin, which is not affected by type I
IFNs. Twenty-four hours after exposure to IFN-a2a or -f1b,
human tetherin mRNA levels were upregulated in 293T cells
(Fig. 5A, top). Similarly, in both species of AGM cells, AGM
tetherin mRNA levels increased 24 h after exposure to IFN-a2a
or -B1b (Fig. SA, middle and bottom). We conclude that type I
IFNs induce AGM tetherin mRNA expression in AGM cells.
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FIG. 4. AGM tetherin is not antagonized by SIV,,,, Nef but retains interface with SIV . Vpu. (A) 293T cells were cotransfected with
HIV1VpuFSLuc2 (100 ng), SIV,,,, Tan Nef (250 ng), and human (100 ng), chimpanzee (100 ng), or AGM (100 ng) tetherin. Virus was assayed
on SupT1 cells, and relative infectivity was normalized in the absence of tetherin. Bars represent average data for four infections, and error bars
indicate standard deviations. (B) 293T cells were cotransfected with VSV-G and SIV,,,,, Tan (solid circles) or SIV,,,,Tan Env™ Nef™ (open circles)
with increasing amounts of untagged AGM tetherin (0, 3.12, 6.25, 12.5, 25, 50, and 100 ng). Virus infectivity was assayed on TZM-bl reporter cells,
and relative infectivity was normalized in the absence of tetherin. Points represent average data for four infections, and error bars represent
standard deviations. (C) 293T cells were cotransfected with HIVIVpuFSLuc2 (100 ng), AGM tetherin (100 ng), SIV,,,,; Vpu (100 ng), STV, Tan
Nef (250 ng), or SIV,,,,Sab Nef (250 ng). Virus was assayed on SupT1 cells, and relative infectivity was normalized in the absence of tetherin. Bars
represent average data for four infections, and error bars indicate standard deviations. (D) 293T cells were cotransfected with HIV1VpuFS or
SIV,gmTan, AGM tetherin, and SIV ,,; Vpu where indicated for 48 h. Virus was added to TZM.b1 reporter cells for 48 h, and relative infectivity
was determined as described in the legend of Fig. 1A, normalized to the respective virus in the absence of tetherin. Bars represent average data

for eight readings, and error bars indicate standard deviations.

Next, we determined if type I IFN induces a tetherin-asso-
ciated virion retention phenotype in AGM cells. SIV ., Tan
(pseudotyped with VSV-G) was used to infect AGM COS-7
cells, and 6 h after infection, cells were exposed to 1,000 TU/ml
IFN-B1b for a further 42 h before being fixed for thin-section
electron microscopy. Upon exposure to IFN-B1b, we observed
a marked retention of matured SIV ., virions on the plasma
membrane of infected AGM cells (Fig. 5C), similar to the
retention phenotype seen when AGM tetherin was expressed
exogenously (Fig. 3C and D). In comparison, virion budding in
the absence of type I IFN (Fig. 5B) was similar to the pheno-
type observed in the absence of AGM tetherin (Fig. 3A and B).
Thus, type I IFN induces a tetherin-associated retention phe-
notype in AGM cells, which SIV ., is unable to overcome.
Although experiments here were not performed using primary
peripheral blood mononuclear cells from AGMs, these find-
ings are consistent for primary fibroblasts from AGMs and
thus not a result of subspecies specificity or transformed cells.

Finally, we verified the restriction of cell-free virus release by
endogenous AGM tetherin at lower doses of IFN. The amount
of IFN seen in SIV,,-infected AGMs is about 100 to 1,000
IU/ml, peaking at 2,500 IU/ml (10). Therefore, COS-7 cells
were infected with equivalent amounts of VSV-G-pseudotyped
SIV gmTan or SIV ., Tan Env™ Nef™, and at 6 h postinfection,
cells were exposed to increasing amounts of IFN-B1b (0, 10,
and 100 IU/ml). Cell-free virions were compared to cell-asso-

ciated virions by Western blot analysis. Cell-free SIV,,,, Tan

agm

and SIV,,,Tan Env™ Nef™ displayed a dose-response de-
crease upon the addition of 10 and 100 IU/ml IFN regardless
of the presence or absence of Env and Nef (Fig. 6). Impor-
tantly, there was a major effect on viral release at 100 IU/ml.
Thus, relatively low levels of IFN are able to induce the teth-
erin-associated cell-free virus restriction phenotype.

DISCUSSION

Many primate lentiviruses encode a viral antagonist against
tetherin, such as Vpu in HIV-1, Env in HIV-2, or Nef in
SIV ao/SIV - In contrast, we show here that SIV ., does
not encode a major viral antagonist against its AGM host
tetherin despite AGM tetherin being functionally active, able
to be inhibited by Vpu from SIV_,,., and induced by type I
IFN. Since tetherin is an IFN-regulated gene (even in AGM
cells), we propose that SIV ,,, has evolved to replicate without
inducing an IFN response, thus obviating its need for a virally
encoded activity to counteract the antiviral effects of tetherin.

Primates naturally infected with their own species of lenti-
viruses can have a nonpathogenic outcome. In AGMs and
other primates naturally infected with SIV, such as sooty
mangabeys (SIV,,.,), viral replication can reach high titers in
the blood (10, 14, 23). However, these primates do not develop
AIDS-like symptoms and often have nonpathogenic outcomes.
A hallmark of these nonpathogenic SIV infections is the lack
of chronic immune activation. In SIV,, -infected AGMs,

agm’
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FIG. 5. Type I IFNs induce AGM tetherin and the tetherin virion
retention phenotype. (A) 293T (human), COS-7 (AGM), and C.
sabaeus primary fibroblast (AGM) cells were incubated with 0, 100, or
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lysed for RT-PCR analysis. (B and C) Thin-section electron micros-
copy of accumulated SIV,,,,, Tan budding from COS-7 cells exposed to
no IFN (B) or 1,000 IU/ml IFN-B1b (C). COS-7 cells were infected
with VSV-G-pseudotyped SIV ., Tan. Six hours after infection, cells
were exposed to 1,000 IU/ml IFN-B1b and fixed for thin-section elec-
tron microscopy after an additional 42 h. Scale bars, 0.2 nm.
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lease. COS-7 (AGM) cells were infected with VSV-G-pseudotyped
SIV o Tan Env™ Nef™ (top) or VSV-G-pseudotyped SIV,,,,Tan (bot-
tom) and exposed to 0, 10, or 100 IU/ml IFN-B1b 6 h postinfection.
Virions from the supernatant were collected and pelleted, while cells
were lysed to yield intracellular virions. Western blot analysis was
performed to compare the amounts of cell-free virions.

IFN-« levels in plasma peak 8 days postinfection and quickly
recede to undetectable levels by 35 days postinfection (10).
The transient immune response correlates with the peak and
decrease in plasma viral loads, after which the viral load sta-
bilizes at a set level. The decrease in plasma viral loads ob-
served after the production of type I FIN is consistent with
evidence that antiviral factors such as tetherin are induced.
Needless to say, the effects of other concurrent cellular re-
sponses, such as cytotoxic T lymphocytes, on the decrease in
viral titer cannot be discounted.

While the manuscript was under review, Zhang et al. showed
that SIV,,.,, Nef had an effect against AGM tetherin (39). We

agm

observed that at low levels of AGM tetherin, WT SIV,,, Tan
was more infectious than SIV,,,Tan Env™ Nef™ (Fig. 4B).
However, the effect of SIV,,,,, Nef is minor compared to that
of SIV,,.s Vpu (Fig. 4C). For example, SIV,,.. Vpu counter-
acts even high levels of tetherin, whereas SIV,,,, Nef and/or
Env had only a two- to threefold effect at low levels of AGM
tetherin. When we looked at endogenous levels of AGM teth-
erin induced by IFN, we observed a restriction of WT
SIV,emTan even at low levels of IFN (Fig. 5C and 6). Since
SIV,zmTan Nef can counteract chimpanzee tetherin, SIV .,
Tan Nef has the ability to antagonize other species’ tetherins
but not its host tetherin (Fig. 4A). Sequence differences be-
tween chimpanzee tetherin and AGM tetherin point to an
evolution of AGM tetherin that has resulted in the inability of
SIV,,mTan Nef to recognize target sequences within AGM
tetherin. Therefore, although SIV,,,,, Nef has an effect at low
levels of AGM tetherin, we believe that the activity is insuffi-
cient to overcome endogenous levels during the course of
acute infection.

There are two models of IFN modulation during viral infec-
tions. First, viruses can be capable of actively inhibiting the
production of type I IFN. An example is the Ebola virus IFN
antagonist VP35. VP35 inhibits the transcriptional activation
of the IFN regulatory factor 3 promoter, essentially blocking
the host from initiating an IFN response (5). Second, hosts can
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evolve to decrease their immune response to specific viral
agonists, such as the polymorphisms of IFN regulatory factor 7
in sooty mangabeys, which result in attenuated type I IFN
production when SIV,,,,,., engages Toll-like receptor 7 or Toll-
like receptor 9 (23). To date, there is no evidence that the lack
of chronic IFN production during SIV ,,,, infection of AGMs is
due to either a virally directed or host-adapted response.
Nonetheless, given that the stealth replication of SIV,,,,, does

agm
not induce chronic immune activation, we expect that tetherin
would not be constantly induced. Thus, SIV,,,,, would not need

agm
Vpu activity to counteract tetherin. Collectgively, retroviruses
that do not encounter tetherin during their replication lack the
selective pressure to maintain “Vpu” activity.

These guidelines allow us to predict whether viruses encode
a viral antagonist of tetherin. SIV , -infected rhesus macaques
and HIV-1-infected humans often display AIDS-like symp-
toms. These hosts maintain chronically elevated IFN produc-
tion levels throughout infection (23). As a result, overt viral
replication occurs in an environment of chronic tetherin induc-
tion. This creates a need for these lentiviruses to acquire and
maintain the ability to counteract tetherin restriction, as de-
picted by Vpu of HIV-1. In the same manner, SIV_ . ./SIV ...
has adapted Nef to act as a viral counterdefense against teth-
erin (17, 39). In conclusion, lentiviral replication in an envi-
ronment of chronic innate immune responses may distinguish
pathogenic from nonpathogenic infections (23), and this may
subsequently play an important role in determining the viral
factors that arose evolutionarily to counteract factors such as
tetherin that are induced by such responses.
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