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ABSTRACT

Endogenous retroviruses are the remnants of past retroviral infections that are scattered within mammalian genomes. In hu-
mans, most of these elements are old degenerate sequences that have lost their coding properties. The HERV-K(HML2) family is
an exception: it recently amplified in the human genome and corresponds to the most active proviruses, with some intact open
reading frames and the potential to encode viral particles. Here, using a reconstructed consensus element, we show that HERV-
K(HML2) proviruses are able to inhibit Tetherin, a cellular restriction factor that is active against most enveloped viruses and
acts by keeping the viral particles attached to the cell surface. More precisely, we identify the Envelope protein (Env) as the viral
effector active against Tetherin. Through immunoprecipitation experiments, we show that the recognition of Tetherin is medi-
ated by the surface subunit of Env. Similar to Ebola glycoprotein, HERV-K(HML2) Env does not mediate Tetherin degradation
or cell surface removal; therefore, it uses a yet-undescribed mechanism to inactivate Tetherin. We also assessed all natural com-
plete alleles of endogenous HERV-K(HML2) Env described to date for their ability to inhibit Tetherin and found that two of
them (out of six) can block Tetherin restriction. However, due to their recent amplification, HERV-K(HML2) elements are ex-
tremely polymorphic in the human population, and it is likely that individuals will not all possess the same anti-Tetherin poten-
tial. Because of Tetherin’s role as a restriction factor capable of inducing innate immune responses, this could have functional
consequences for individual responses to infection.

IMPORTANCE

Tetherin, a cellular protein initially characterized for its role against HIV-1, has been proven to counteract numerous enveloped
viruses. It blocks the release of viral particles from producer cells, keeping them tethered to the cell surface. Several viruses have
developed strategies to inhibit Tetherin activity, allowing them to efficiently infect and replicate in their host. Here, we show that
human HERV-K(HML2) elements, the remnants of an ancient retroviral infection, possess an anti-Tetherin activity which is
mediated by the envelope protein. It is likely that this activity was an important factor that contributed to the recent, human-
specific amplification of this family of elements. Also, due to their recent amplification, HERV-K(HML2) elements are highly
polymorphic in the human population. Since Tetherin is a mediator of innate immunity, interindividual variations among
HERV-K(HML2) Env genes may result in differences in immune responses to infection.

Remnants of past viral infections are scattered within mamma-
lian genomes. Most of those, the endogenous retroviruses

(ERVs), were generated after infectious elements inserted into the
germ line of their host during the course of a retroviral infection
and thereafter were transmitted vertically. In some cases, the
newly inserted element undergoes further replication cycles in the
germ line, increasing its copy number within the genome. Given
time, in the absence of selective pressure, most of the endogenous
proviruses degenerate and lose their coding capacity (reviewed in
references 1–4). However, the human genome still contains some
intact retroviral open reading frames (ORFs), some of which have
been conserved and recruited to serve physiological functions (5–
7), whereas others are simply too recent to have undergone degen-
eration. This is the case of HERV-K(HML2), the most active ERV
family in the human genome, which is comprised of around 50
proviruses. Although this family initially integrated in the genome
of primates a long time ago (approximately 40 million years ago
[mya]), most of the proviruses present in the human genome are
much younger, with several having inserted at their present loca-
tion less than 3 mya (i.e., after the divergence between the human
and chimpanzee lineages) (8, 9; reviewed in reference 10). Most of
them are polymorphic among the human population, and some
have been dated to less than 100,000 years (9, 11). There is specu-

lation that the amplification process of this family is still ongoing
in humans (12). HERV-K(HML2) elements belong to betaretro-
viruses, and full-length proviruses encode the canonical retroviral
Gag, Pro (protease), Pol (polymerase), and Env (envelope) pro-
teins, as well as Rec, an accessory protein whose functions are
similar to those of Rem in mouse mammary tumor virus or Rev in
human immunodeficiency virus (HIV) (13, 14). Some of these
proviruses are expressed and produce viral particles in tumor-
derived cell lines (15–18). Functional assays showed that among
the six complete Env ORFs identified in the human databases, one
corresponds to a functional protein able to confer infectivity to
heterologous retroviral particles (19).

Tetherin (or BST2 or CD317) is an antiviral protein whose
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activity was initially identified on HIV-1 (20, 21). It has a broad
activity, being able to restrict most enveloped viruses against
which it has been tested, including HERV-K(HML2) elements
(22; reviewed in reference 23). Tetherin is a type II integral protein
composed of a short N-terminal cytoplasmic tail containing mo-
tifs that mediate clathrin-dependent endocytosis (24), a single-
pass transmembrane domain, and an ectodomain attached to the
cell membrane at the C-terminal end via a GPI (glycosylphos-
phatidylinositol) anchor (25). Tetherin is present at the cell mem-
brane as a homodimer (26) and acts against viruses by blocking
their egress, leading to the retention of viral particles at the surface
of the cells (20, 27). Like other components of innate immunity,
Tetherin expression can be induced by type I interferons (28, 29).
In addition to its direct antiviral effect, Tetherin is also a sensor of
virus assembly and induces NF-�B proinflammatory responses
while blocking viral egress (30, 31).

Over time, viruses have developed strategies to evade Tetherin-
mediated restriction. Numerous examples of independent viral
proteins able to counteract Tetherin have been described in dif-
ferent viral families, suggesting it is important for viruses to escape
its action. They include so-called accessory proteins, such as Vpu
(from HIV-1 and some simian immunodeficiency virus [SIV]
strains [20, 32, 33]) and Nef (in several SIV strains [33–36]), the
ubiquitin ligase K5 from human herpesvirus 8 (HHV8) (37–39),
and also glycoproteins, including retroviral Env proteins (e.g., in
HIV-2 [40], some SIV strains [41], feline immunodeficiency virus
[FIV] [42–44], and equine infectious anemia virus [EIAV] [45]) as
well as Ebola glycoprotein (46). The mechanisms of action of these
proteins are diverse and not always fully understood, but all result
in restoring virus release. Since HERV-K(HML2) became endog-
enous in the primate lineage more than 40 mya, it has had time to
evolve in response to its host and acquire beneficial mutations,
which could be a reason why it efficiently reamplified very recently
in the genome of our ancestors. We reasoned that this recent am-
plification burst might have been associated with an intrinsic re-
sistance against modern human restriction factors. Indeed, it was
previously shown that human TRIM5� has no effect on HERV-
K(HML2) infection (47). Thus, we decided to test HERV-
K(HML2) for the presence of inhibitory proteins active against
Tetherin. Here, we show that this element indeed encodes an in-
hibitor of human Tetherin able to restore virus release in pseu-
dotyping experiments. This property is embedded in the Env pro-
tein, as already observed for other viruses (described above).
Through immunoprecipitation experiments, we mapped the in-
teracting domain to the surface (SU) subunit. We also show that,
like the Ebola glycoprotein, HERV-K(HML2) Env does not lead to
degradation or cell surface removal of Tetherin (48, 49).

MATERIALS AND METHODS
Plasmids. HIV-1-derived particles were produced using plasmids 8.91
(50), pHR=SIN-cPPT-SEW (51), and phCMV VSV-G (GenBank acces-
sion no. AJ318514). The human Tetherin ORF (NM_004335.3) was
cloned in a pcDNA3 plasmid. An internally HA-tagged version, cloned in
pCR3.1, was kindly provided by S. Neil (52) and was transferred in a
lentiviral vector for transduction experiments (BamHI-NotI green fluo-
rescent protein [GFP]-containing fragment from pHR=SIN-cPPT-SEW
replaced by the Tetherin-HA ORF). Other primate Tetherin genes all are
cloned into pCR3.1 and were obtained from S. Neil.

pCMV-ß (Clontech) is an expression vector for beta-galactosidase. It
was used as a control vector (i.e., not encoding a Tetherin inhibitor) and is
designated “None” in the figures. It also was used to adjust total DNA

content in transfection experiments. Murine leukemia virus amphotropic
[MLV ampho] Env (4070A strain) was expressed from a previously de-
scribed phCMV-based vector (53). HIV2 ROD10 Env ORF was a gift from
F. Clavel; point mutations were introduced to match the sequence of
HIV2 ROD10 FL Env (described in reference 54), and the modified ORF
was cloned into the phCMV vector. pCR3.1 Vpu-HA was a gift from S.
Neil (55); in this study, we used a modified version generated by replacing
the HA tag with a myc tag.

The expression vector for the cytomegalovirus (CMV)-driven HERV-
K(HML2) consensus provirus with the inactivated env gene is described in
reference 56. phCMV-HERV-K(HML2) Env-Rec plasmid was con-
structed by replacing the G protein ORF in phCMV vesicular stomatitis
virus glycoprotein (VSV-G) with nucleotides (nt) 6434 to 9214 of the
HERV-K consensus provirus (sequence provided in reference 56). Rec
cDNA was generated by performing reverse transcription-PCR (RT-PCR)
on RNA extracted from 293T cells transfected with phCMV-HERV-
K(HML2) Env-Rec using primers surrounding the Rec ORF (FP, TTGC
AGAATTCACATTTGAAGTTCTACAATGAAC; RP, TTGCAGAATTC
GTGAACAAAGGTCTTTGCATC) and cloned in the phCMV vector.
phCMV-HERV-K(HML2) Env is derived from phCMV-HERV-K(HML2)
Env-Rec, with point mutations introduced to inactivate splice donor and
acceptor sites (SD and SA, respectively) without modifying the Env amino
acid sequence (6711, gtggtaagt to gtCgtCTCA; 8395, ttttgtctgttgttagtc to
ttCtgCctgCtgCtCgtG; modified nucleotides are shown in uppercase, and po-
sitions are according to those of the HERV-K consensus provirus).

Derivatives of the HERV-K(HML2) Env-Rec expression vector were
generated from phCMV-HERV-K(HML2) Env-Rec. Env mut1 has a pre-
mature stop codon inserted after amino acid (aa) 658 (numbered from the
first methionine). Env mut2 has a sequence encoding a glycophospho-
lipid-anchoring motif (GLA, CCAAATAAAGGAAGTGGAACC
ACTTCAGGTACTACCCGTCTTCTATCTGGGCACACGTGTTTCAC
GTTGACAGGTTTGCTTGGGACGCTAGTAACCATGGGCTTGCTGA
CT) (57, 58) inserted after aa 631 [nt 8344 of HERV-K(HML2) consensus
provirus] and aa 632, 633, and 634 mutated into stop codons (8344,
accattgga to TAATAATga). Env mut3 was derived from Env mut2 by
deleting the region corresponding to aa 459 to 630 [nt 7825 to 8340 of
HERV-K(HML2) consensus provirus]. Env mut4 was generated by point
mutations in phCMV-HERV-K(HML2) Env-Rec, changing aa 462 and
463 into stop codons (7834, agatcc to TgatAA). In all of these plasmids, the
Rec ORF is left unchanged.

All of these plasmids were constructed using standard molecular
biology techniques, and their sequences were verified by sequencing
before use.

Cell culture, transfections, and lentiviral vector production. 293T
and HeLa cells were maintained at 37°C, 5% CO2 in Dulbecco’s modified
Eagle medium supplemented with 10% heat-inactivated fetal calf serum,
100 U/ml penicillin, and 100 �g/ml streptomycin (all reagents are from
Life Technology). HeLa cells (50% confluence on the day of transfection)
were transfected using 1 �g of DNA (500 ng of candidate inhibitor and
500 ng of pCMV-ß control plasmid) and 5 �l Fugene 6 (Promega) per
3.5-cm dish. Lentiviral vectors for the expression of HA-tagged Tetherin
were produced by transfecting 293T cells (3 � 106 per 10-cm dish) with 2
�g 8.91, 3 �g pSIN Tetherin-HA, and 0.7 �g phCMV VSV-G using 11.4 �l
JetPrime (PolyPlus Transfection). Cell media were replaced 24 h post-
transfection. Day 3 supernatants were collected, filtered (0.45 �m), and
used for transducing cells either directly or after freezing and storage at
�80°C.

Antibodies, Western blot analysis, and cell staining. Human Teth-
erin was detected using a rabbit antiserum obtained from the AIDS Re-
search and Reference Reagent Program (diluted 1/20,000 for Western
blotting and 1/2,000 for cell staining; generated by Klaus Strebel and Amy
Andrew). The HA-tagged version of human Tetherin was detected using
anti-HA antibody (clone 3F10) from Roche (diluted 1/5,000). Vpu was
detected using HIV-1NL4-3 Vpu rabbit antiserum from the NIH AIDS
Research and Reference Reagent Program (diluted 1/20,000; generated by
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Klaus Strebel). HIV-1 Gag protein was detected using a p24 rabbit antise-
rum obtained from the NIH AIDS Research and Reference Reagent Pro-
gram (dilution, 1/5,000). HERV-K(HML2) Gag protein was detected us-
ing a rabbit antiserum (1/1,000; described in reference 56). MLV ampho
Env protein was detected using a goat antiserum directed against Rauscher
leukemia virus gp70 (from the National Cancer Institute, Frederick, MD).
HERV-K(HML2) Env protein was detected using a monoclonal antibody
(19) (2 �g/ml). GFP was detected with a rabbit polyclonal antibody from
Abcam (dilution, 1/20,000). Horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies and ECL Plus reagent (GE Healthcare) were used for West-
ern blotting, and an Alexa 488 goat anti-rabbit secondary antibody was used
for cell staining (1/100; Molecular Probes).

For Western blot analysis, cells were washed in phosphate-buffered
saline (PBS) and lysed for 45 min at 4°C in PBS, 1% NP-40 containing
protease inhibitors (cOmplete EDTA-free protease inhibitors cocktail
tablets; Roche). Cell debris was removed by a 15-min centrifugation step
(4°C, 12,000 rpm). Protein samples (cell lysates or cell supernatants) then
were subjected to SDS-PAGE under reducing conditions with a NuPAGE
system (using precast Novex 4 to 12% Bis-Tris gels; Life Technology) and
transferred onto nitrocellulose membranes with a semidry system. For
Tetherin degradation assays, some samples were treated with peptide N-
glycosidase F (PNGase F; NEB Biolabs) before SDS-PAGE.

To measure membrane Tetherin levels, HeLa cells were collected 48 h
posttransfection in PBS, 5 mM EDTA, blocked for 30 min (PBS, 2% FCS,
0.1% sodium azide), and then incubated for 1 h with anti-Tetherin (or
control) serum. Cells were washed thrice before a 45-min incubation with
the secondary antibody, washed again 3 times, and finally resuspended in
PBS– 0.1% sodium azide for fluorescence-activated cell sorter (FACS)
analysis. All staining steps were performed at 4°C.

Viral release assays. In the first assays for Tetherin activity [HIV-1 or
HERV-K(HML2)-Gag, measured by Western blotting] (Fig. 1), 293T cells
(in 3.5-cm dishes) were transfected with 0.5 �g 8.91 [or 1 �g CMV-driven
HERV-K(HML2) provirus with env inactivated], 100 ng phCMV VSV-G,
100 ng candidate inhibitor (or control), 0 to 50 ng pcDNA3-Tetherin, and
pCMV-ß control plasmid (to adjust total DNA content up to 1.55 �g)
using 8 �l Fugene 6 (Promega) or 3 �l JetPrime (PolyPlus Transfection).
Cells were washed and their medium replaced 24 h posttransfection. At
day 2, protein samples (cell lysates and supernatants) were collected for
Western blot analysis or cells were fixed for electron microscopy (EM)
studies.

In the quantitative assay using FACS, 293T cells (in 3.5-cm dishes)
were transfected as described above, except 0.75 �g pHR=SIN-cPPT-SEW
was added and pcDNA3-Tetherin varied between 0 and 100 ng. Func-
tional assays of the primate Tetherin genes were performed using the same
method but with a single Tetherin dose (25 ng). Naive 293T target cells
were infected with serial dilutions of day 3 viral supernatants (filtered with
0.45-�m-pore-size filters). The percentage of GFP-positive cells was mea-
sured 72 h postinfection by FACS and used to calculate the viral titer of
each supernatant. Only samples with 5 to 20% GFP-positive cells were
used to calculate titers to ensure that results were in the linear zone of the
infection where positive cells have theoretically been infected by only one
particle.

Coimmunoprecipitation assay. 293T cells were transduced at a high
multiplicity of infection with supernatants containing the Tetherin-HA-
expressing lentiviral vector. The day after, the cells were reseeded in 10-cm
dishes and transfected with 4 �g of candidate antagonists or control (total
amount of DNA was adjusted to 6 �g by adding pCMV-ß control plas-
mid) using 30 �l Fugene 6 (Roche). Medium was replaced after transfec-
tion, and cell lysates were collected at day 2 and used immediately.
Immunoprecipitation was performed using a commercial anti-HA im-
munoprecipitation kit (Sigma). The immunoprecipitates (IP; 20 �l/100
�l per well) and lysates (input; 5 �l/700 �l per well) then were analyzed by
Western blotting.

Electron microscopy. For ultrastructural studies, monolayers of
transfected cells were fixed for 1 h at 4°C in glutaraldehyde 2.5% in 0.1 M

Sörensen phosphate buffer, pH 7.3. Cells were scraped off following fixa-
tion and centrifuged. The fixed pellets were rinsed for 1 h in ice-cold
phosphate buffer, postfixed with 1% aqueous osmium tetroxide for 2 h,
and dehydrated in increasing concentrations of ethanol prior to Epon
embedding. Ultrathin sections were stained with uranyl acetate and lead
citrate and examined under a Tecnai 12 Spirit transmission electron mi-
croscope (FEI, Hillsboro, OR, USA) at 80 kV.

RESULTS

To assess the presence of anti-Tetherin activity within HERV-
K(HML2) proviruses, we used 2 expression vectors that together en-
code all of the proteins that are expressed by the HERV-K(HML2)
consensus genome (56), with one construct being a full-length CMV-
driven provirus defective for Env and the other containing only the
env region also placed under the control of a CMV promoter. The
latter encodes both Env and Rec, since the rec ORF is fully contained
within env. These two constructs were tested for Tetherin antagonist
activity in an assay in which 293T cells were transfected with expres-
sion vectors for (i) HIV-1 structural proteins (Gag, Pol, Tat, and Rev
but not Vpu), (ii) VSV-G, (iii) human Tetherin (in increasing
amounts), and (iv) candidate antagonists (Fig. 1A). The release of
HIV-1-derived particles then was measured 2 days posttransfection
by Western blotting experiments. As shown in Fig. 1B, the 2 HERV-
K(HML2)-derived plasmids gave different results in this assay. In the
presence of the env-defective provirus, the amount of HIV-1 Gag in
cell supernatants decreases when the Tetherin amount increases, in
agreement with the described inhibitory effect of Tetherin on viral
particle release, and also as observed with an unrelated retroviral Env
protein (murine leukemia virus amphotropic [MLV ampho] Env
protein) used as a negative control. However, in the presence of
HERV-K(HML2) Env-Rec, the amount of particles secreted is unaf-
fected by Tetherin expression, indicating Tetherin activity is abro-
gated by Env-Rec. In the same assay, HIV-1 Vpu and, to a lesser
extent, HIV-2 Env also inhibit Tetherin activity, confirming previous
results (for example, see references 20 and 40). Since Rec is expressed
from the two HERV-K(HML2) constructs we used (the inactivation
of env in the provirus does not alter the Rec ORF), these data indicate
that HERV-K(HML2) Env possesses anti-Tetherin activity. Unre-
lated to this, in the HERV-K(HML2) Env-Rec samples, the migration
profile of HIV-1 Gag in cell supernatants is modified compared to
that of the other proteins we tested, whether Tetherin is expressed or
not. This altered maturation profile is not observed with the HERV-
K(HML2) provirus defective for Env. This suggests that HERV-
K(HML2) Env, in addition to its effect on Tetherin, also modifies in
an unknown way the maturation of HIV-1-derived particles.

Some of the cells transfected for the experiments described
above were additionally analyzed by electron microscopy (Fig.
1C). Irrespective of the antagonist, in the absence of Tetherin, very
few particles are observed at the cell surface, consistent with their
being efficiently released in the supernatant. When Tetherin is
expressed, however, cells coexpressing the control MLV ampho
Env protein or the HERV-K Gag-Pro-Pol proteins, which display
no anti-Tetherin activity, are surrounded by numerous particles
that are trapped after budding, whereas no such effect is observed
in cells coexpressing HERV-K(HML2) Env-Rec or HIV-1 Vpu. Of
note, most of the particles we observed display an immature mor-
phology. This might be a side effect of the overexpression of
HIV-1 structural proteins due to transient transfection. However,
we could detect in all samples a small amount of mature particles
displaying the specific shape of HIV-1 particles.
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To characterize further the HERV-K(HML2) Env anti-Teth-
erin activity, we then tested if it could antagonize the tethering of
HERV-K(HML2)-encoded particles. To do so, we transfected 293T
cells as described above, except that the expression vector for HIV-1
core proteins was replaced by the HERV-K(HML2) provirus defec-

tive for Env. As presented in Fig. 1D, the amount of HERV-K p30 in
the supernatant of transfected cells decreased with the amount of
Tetherin in the presence of the control protein or the ampho MLV
envelope, confirming that the budding of HERV-K(HML2) particles
is impeded by Tetherin (22). In this assay, all three previously tested

FIG 1 Tetherin restriction is antagonized by HERV-K(HML2) Env-Rec. (A) Scheme of the experimental procedure. 293T cells were transfected with the
indicated plasmids. Two days after transfection, cell supernatants were harvested and cells were either lysed to perform Western blot analysis or prepared for
electron microscopy observation. (B) HIV-1 Gag protein content in neat supernatants (SN) was analyzed by Western blotting; p55 levels in corresponding cell
lysates are displayed below for comparison. The nature of the potential Tetherin antagonist transfected is indicated above each gel part, and the doses of Tetherin
transfected are given above each well (0, 25, or 50 ng). HIV-1 Gag p24 protein is indicated with an arrowhead. The additional bands observed in some supernatant
samples (approximately 26 and 35 to 40 kDa) correspond to partially processed Gag protein. (C) Electron microscopy of cells obtained as described for panel A.
Shown is a low magnification of cell membranes with viral particles observed by electron microscopy after negative staining. Images obtained with HIV-2 Env
(not displayed here) were similar to those observed with HIV-1 Vpu and HERV-K(HML2) Env-Rec. Scale bars correspond to 1 �m. (D) HERV-K Gag protein
content in neat supernatant was analyzed by Western blotting. The experimental procedure used was the same as that described for panel A, except the
CMV-driven HERV-K(HML2) provirus defective for the envelope gene (instead of HIV-1 viral core) was transfected. Only cell supernatants were analyzed, since
the anti-HERV-K(HML2) Gag antibody does not allow its specific detection in cell lysates (the signal/noise ratio is too high).
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inhibitors of Tetherin, namely, HIV-1 Vpu, HIV-2 Env, and HERV-
K(HML2) Env-Rec, completely blocked Tetherin activity, indicating
that HERV-K(HML2)-encoded anti-Tetherin activity is active on its
own particles.

To characterize further the action of HERV-K(HML2) Env-
Rec against Tetherin, we then used a quantitative assay based on
HIV-1-derived particles in which the amount of infectious parti-
cles (containing a GFP reporter gene) released in the supernatant
was determined by measuring their titers on target cells using
FACS (Fig. 2A). In this assay, Tetherin expression leads to a de-
crease in viral production in a dose-dependent manner (Fig. 2B).
However, the efficiency of viral particle release also depends on the
antagonist tested and is lowest when HERV-K(HML2) Env-Rec is
coexpressed (data not shown), in agreement with the limited mat-
uration of HIV-1 Gag protein that we observed by Western blot-
ting in Fig. 1B. To allow a direct comparison of the inhibitors and
to circumvent the high variability in titers observed in indepen-
dent experiments, all values were normalized relative to the no-
Tetherin condition for each of the potential inhibitors before sta-
tistical analysis. As illustrated in Fig. 2B, coexpression of HIV-2
Env or HERV-K(HML2) Env-Rec partially restored the viral par-
ticle release at all 3 different Tetherin doses compared to the con-

trol proteins (“None” and MLV ampho Env). Under the same
conditions, HIV-1 Vpu proved to be much more effective as a
Tetherin antagonist, as previously observed. This might be due to
its inherently different nature, or higher expression level, com-
pared to those of retroviral envelope proteins. Using the same
assay, we tested all of the described natural alleles known for
HERV-K(HML2) Env-Rec. The results obtained for the highest
Tetherin dose are presented in Fig. 3A. As indicated, 2 out of the 6
tested alleles, namely, K108 and K109, are active against Tetherin
in this assay. They correspond to the 2 most functional alleles as
tested for other classical virological properties (19), which are re-
capitulated in Fig. 3B, suggesting that anti-Tetherin activity is
linked to the canonical infectious properties of the proteins.

We then used the same assay to ascertain which of the 2 HERV-
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were analyzed by Western blotting on 293T cell lysates following transient
transfection. Other functional properties of these alleles, which have been
previously assessed (19), also are recapitulated. Cons., consensus HERV-
K(HML2) element; nd, not determined.
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K(HML2) proteins contained in the Env-Rec expression vector is
active against Tetherin. Indeed, the experiment shown in Fig. 1B
suggests that Env, and not Rec, is the active effector. However, it is
possible that its expression levels obtained from the two con-
structs were different. To test the effect of each protein individu-
ally, we generated expression vectors for each of them. The Rec
ORF consists of 2 exons and is completely contained within the
env gene (Fig. 4A). cDNA of HERV-K(HML2) Rec was generated
using transfected cells and cloned into an expression vector. In
parallel, we introduced single point mutations in the Env-Rec ex-
pression vector in such a way that the splicing sites normally used
to generate the Rec transcript were abolished without altering the
amino acid sequence of HERV-K(HML2) Env (see Materials and
Methods for more details). We then tested these two proteins for
their activity against Tetherin as described above. As shown in Fig.
4B, the expression of the Rec protein has no effect on the antiviral

activity of Tetherin, whereas transfection of the cells with the ex-
pression vector for Env has an inhibitory effect. This effect ob-
served with Env is not statistically different from that of Env-Rec
in an unpaired t test but was consistently slightly lower in all ex-
periments, which might be due to a reduced expression of Env
protein alone compared to the Env-Rec expression vector (see the
Western blotting profile for each construct under similar condi-
tions in Fig. 4A, right), most probably because Rec is involved in
the nuclear export of HERV-K transcripts.

To further characterize the anti-Tetherin activity carried out
by HERV-K(HML2) Env protein, we generated a series of mutants
presented in Fig. 5A (see Materials and Methods for details). In
order to enhance the readout of the experiments, all constructs
were derived from the Env-Rec expression vector, which had the
strongest anti-Tetherin activity. As shown in Fig. 5B, all mutant
proteins are expressed at a similar level in 293T cells, and those
designed to have a cell-membrane localization could be detected
at the cell surface by FACS. All of these mutants then were tested in
the functional assay described above, and the results obtained with
the highest Tetherin dose are presented in Fig. 5C. As indicated
in the figure, only HERV-K(HML2) Env mut1 still possesses anti-
Tetherin activity, with an efficacy similar to that observed with the
native form of the protein. This mutant is deleted for most of its
cytoplasmic tail, which indicates that this domain is not involved
in Tetherin recognition or inhibition. All of the other mutants,
which are unable to counteract Tetherin activity, lack a proper
transmembrane domain. This demonstrates that the transmem-
brane domain is required for the anti-Tetherin activity of HERV-
K(HML2) envelope protein.

Most of the previously characterized Tetherin antagonists di-
rectly interact with it, as demonstrated through coimmunopre-
cipitation experiments. We tested if this is also the case for HERV-
K(HML2) Env. 293T cells were transduced with a lentiviral vector
expressing a HA-tagged version of Tetherin and then transfected
with antagonists or control proteins. Two days posttransfection,
cells were lysed and Tetherin was immunoprecipitated via the HA
tag. The presence or absence of each antagonist in the immuno-
precipitated fraction then was tested by Western blotting. As
shown in Fig. 6A, the control MLV ampho Env protein, which has
no anti-Tetherin activity, does not coimmunoprecipitate with it,
unlike the well-characterized antagonist HIV-1 Vpu, in agree-
ment with previous studies (55, 59–61). In this assay, HERV-
K(HML2) Env also is immunoprecipitated very efficiently by
Tetherin, suggesting that the two proteins interact in vivo. In all
cases, the HA-tagged Tetherin was recovered in similar amounts
in the immunoprecipitated fractions (Fig. 6A, lower), indicating
that the nature of the tested antagonist did not bias the analysis.
We then mapped the interacting domain within HERV-K(HML2)
Env. We tested in coimmunoprecipitation experiments the mu-
tants that we had previously assessed for their activity against
Tetherin. As shown in Fig. 6B, all of them interact efficiently with
Tetherin, even those unable to block its activity. Mutant 2 seems to
be recovered less efficiently than other HERV-K(HML2) deriva-
tives, but it was detected at a level similar to that of HIV-1 Vpu and
clearly higher than that of the control ampho Env protein (not
detected at all at the immunoprecipitated level despite a higher
expression level in the raw input). This may be due to some mis-
folding in this mutant or even to a slightly different localization at
the cell surface. Among this series of mutants, all of which interact
with Tetherin, the shortest protein consists of only the SU subunit
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of the protein, which is responsible for the interaction observed
with Tetherin.

We then investigated the mechanisms through which HERV-
K(HML2) Env inhibits Tetherin activity. First, we tested its effect
on the cellular localization of endogenous Tetherin in HeLa cells.
As shown in Fig. 7A, the amount of Tetherin expressed at the cell
surface was unaffected by HERV-K(HML2) Env-Rec expression.
Therefore, the mechanism of action of HERV-K(HML2) Env pro-
tein is different from the one occurring with HIV-1 Vpu, which
led to a clear downregulation of membrane Tetherin in our assay,
in agreement with previous results (21). We then tested another
described mechanism of action of known Tetherin antagonists,
i.e., Tetherin degradation. For this experiment, 293T cells were
transfected as described in the legend to Fig. 2 with all of the
plasmids necessary to produce HIV-1-derived particles in the
presence or absence of Tetherin inhibitors. The amount of Teth-
erin was analyzed by Western blotting 2 days posttransfection. As
shown in Fig. 7B, confirming previous studies (62–64), the expres-
sion of Vpu by the cells results in a nearly complete loss of Tetherin
expression, unlike control proteins (“None” and MLV ampho
Env). The coexpression of HERV-K(HML2) Env modifies the mi-
gration pattern of Tetherin, with the lowest-molecular-weight
form seemingly more abundant than when control proteins were
expressed. To ensure that the total amount of Tetherin was not
modified, we treated the samples with PNGase F, which removes
N-linked glycosylations from proteins and renders the migration
pattern of Tetherin, a normally heavily glycosylated protein, sim-
pler. This confirmed that HERV-K(HML2) Env, unlike HIV-1
Vpu, does not lead to Tetherin degradation. However, it modifies
its glycosylation pattern within the cells.

Finally, we investigated the species specificity of HERV-K(HML2)
Env-Rec toward Tetherin. Using the same functional assay as that
described above, we tested a series of Tetherin genes from primates.
The results obtained are shown in Fig. 8, together with those for con-
trol proteins or other Tetherin antagonists, with statistical signifi-
cance versus the “None” condition indicated. Quite remarkably,
HERV-K(HML2) Env-Rec shows a broad tropism, being able to an-
tagonize all primate Tetherin proteins that we tested with nearly the
same efficiency (viral titer increased 2.6 to 4.5 times compared to that
of the “None” condition). HIV-2 Env shows the same broad effi-
ciency but with slightly lesser effect (1.5- to 2.2-fold increase com-
pared to the “None” condition). In comparison, HIV-1 Vpu protein
possesses a very high inhibitory effect against Tetherin from species
closely related to humans (chimpanzee and gorilla) but is much less
active against the Tetherin from Old World monkey species, con-
firming previous results (33, 35, 52, 65, 66).

DISCUSSION

In this paper, we have identified Tetherin antagonist activity in
human endogenous HERV-K(HML2) elements and mapped it to
the Env protein. Through immunoprecipitation experiments, we
have shown that the interacting domain is fully contained within
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ning (in green) and cytoplasmic domains replaced by a GPI anchor (the signal
for the addition of the GPI anchor is depicted by a triangle in the scheme).
HERV-K(HML2) Env-Rec mut3 consists of the SU subunit attached to the cell
membrane by a GPI anchor. HERV-K(HML2) Env-Rec mut4 corresponds to
the soluble surface subunit. For each construct, the expected protein structure
is depicted on the right. (B) Expression levels of Env-Rec and derivatives were

measured in transiently transfected 293T cells either by Western blotting on
whole-cell lysates (left) or by FACS following cell surface staining (right). The
histogram displays the median fluorescence intensities (MFI) of the whole
population for each protein tested. (C) The efficiency of the different HERV-
K(HML2) Env-Rec derivatives to antagonize Tetherin was assayed as de-
scribed in the legend to Fig. 2A. The representation of results is the same as that
described in the legend to Fig. 3A.
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the SU moiety. In previous years, numerous viral inhibitors of
Tetherin were identified and characterized, showing a huge diver-
sity in the way they interact with Tetherin. In some cases, recog-
nition takes place in the cytoplasm, or within the cell membrane,
between the transmembrane domains of the inhibitor and Teth-
erin. However, binding to Tetherin through its ectodomain is not
unheard of: the interacting domain of HIV-2 Env has been local-
ized to the extracellular domain of the protein, even if it has not
been determined whether the interacting domain is contained

within the SU subunit or the TM ectodomain (40). The functional
assays we carried out with mutant proteins also indicate that the
presence of the interacting domain is not enough to ensure anti-
Tetherin activity, with the envelope transmembrane region being
absolutely required. In particular, the GPI-anchored mutants that
we generated are completely unable to counteract Tetherin, even
though they both contain the SU subunit and are efficiently ex-
pressed on the surface of the cells, as shown by flow cytometry.
However, it is possible that these GPI-anchored proteins are lo-
calized to specific cell surface microdomains where they would be
unable to inhibit Tetherin activity. The interactions that we de-
tected through immunoprecipitation experiments could happen

FIG 6 Assay for interaction between HERV-K(HML2) Env and Tetherin. (A)
Scheme of the experimental procedure. 293T cells were transduced with an
internally HA-tagged Tetherin lentiviral vector and then transfected with dif-
ferent Tetherin antagonists [MLV ampho Env, HIV-1 Vpu, and HERV-
K(HML2) Env-Rec]. Cell lysates were harvested 48 h posttransfection and
subjected to anti-HA immunoprecipitation. The presence of the Tetherin an-
tagonists or control protein in the immunoprecipitated fraction (IP) was then
assessed by Western blotting (top). A fraction of the cell lysates before immu-
noprecipitation (input) was included to ensure their efficient expression and
detection. The presence of similar amounts of Tetherin in all samples (input
and IP fractions) was checked by Western blotting in a separate gel run under
the same conditions using an anti-HA antibody (lower). The minus antagonist
sample was the same for each protein tested and was migrated only once to
ensure Tetherin expression; it is presented below the MLV ampho panel. (B) In
order to map the interaction domain between Tetherin and HERV-K(HML2)
Env-Rec, HERV-K(HML2) Env-Rec derivatives (mut 1, mut 2, mut 3, and mut
4) were assayed for their ability to interact with Tetherin by following the
protocol described for panel A. In the top panels, arrows point to the precursor
form and SU subunit of HERV-K(HML2) Env-Rec derivatives. As described
for panel A, Tetherin expression levels were measured for all samples by West-
ern blotting and are presented below the Env panels.
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during the transport of both proteins within the cells, at a place
where the interaction would have no functional consequence for
Tetherin activity.

In addition, the functional assays indicated that the cytoplas-
mic tail of the HERV-K(HML2) Env protein plays no role in its

anti-Tetherin activity. This is unlike HIV-2 Env protein, for which
the corresponding domain has been shown to be required (40).
However, this specific requirement has been more precisely linked
to the presence of a GYxx� motif (where � is a hydrophobic resi-
due) that plays a role in HIV-2 Env protein retrograde transport
from the cell surface to trans-Golgi network (TGN)-associated
compartments (40, 67). HERV-K(HML2) Env protein lacks such
a motif in the corresponding domain, in good agreement with this
region being dispensable for anti-Tetherin activity. These obser-
vations also are consistent with the differences observed in the
mechanisms of action of these two Tetherin antagonists: HIV-2
Env acts at least partially through depleting Tetherin from the cell
membrane, whereas we showed that HERV-K(HML2) Env pro-
tein expression has no effect on Tetherin cell surface expression.

Indeed, the mechanism through which HERV-K(HML2) Env
protein inhibits Tetherin remains elusive. We tested another
mechanism that was shown to play a role in HIV-1 Vpu inhibition,
namely, Tetherin degradation (21), and showed that HERV-
K(HML2) Env protein expression does not modify the total
amount of cellular Tetherin. During these experiments, we repeat-
edly noticed a slight modification in the glycosylation pattern of
Tetherin specifically associated with HERV-K(HML2) Env ex-
pression. This was not observed with the “None” control vector or
with another retroviral envelope protein devoid of anti-Tetherin
activity. However, the Tetherin glycosylation pattern has been
shown to be different whether it is stably produced by the cell or
expressed through transient transfection (26). Thus, the modifi-
cation in the glycosylation pattern that we observe may be specific
to the overexpression system used and not relevant to normal
expression conditions. In addition, in a previous study it was
shown that Tetherin remains fully able to block viral egress even in
the complete absence of glycosylation (26). Therefore, the modi-
fication in the migration pattern that we noted is unlikely to ac-
count for the observed Tetherin inhibition. As is the case for other
described Tetherin antagonists (e.g., Ebola GP [48, 49, 68]), more
experiments will be required to understand the mechanism of
action used by HERV-K(HML2) Env protein.

In another set of experiments, we measured the anti-Tetherin
activity of HERV-K(HML2) Env-Rec and other antagonists
against the Tetherin proteins present in several primate species.
HERV-K(HML2) Env-Rec and HIV-2 Env both showed a similar
broad spectrum of inhibition, being able to antagonize all 6 genes
that we tested with the same efficiency, whereas HIV-1 Vpu is
more active, but only on a subset of closely related Tetherin genes.
Interestingly, all of the genes tested are from species where the
HERV-K(HML2) family is present, suggesting that Tetherin inhi-
bition could have been an ancestral property of this family that
helped its amplification in the primate lineage. These data also
suggest that the very high efficiency of HIV-1 Vpu comes at the
cost of a reduced spectrum of action, unlike what is observed with
HIV-2 and HERV-K(HML2) Env proteins. Of note, Ebola GP is
another Tetherin antagonist that shows a very broad spectrum of
action, being able to antagonize human, primate, and murine
Tetherin proteins, as well as artificial constructs with no sequence
similarity to Tetherin (48, 49), and also is less efficient than HIV-1
Vpu or HIV-2 Env at inhibiting human Tetherin (48).

Finally, we tested all described alleles of intact HERV-
K(HML2) envelope proteins for their anti-Tetherin activity.
These genes belong to recent proviruses, all of which integrated
after the divergence between the human and chimpanzee lineages,
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and the corresponding proteins are highly conserved (more than
97% sequence identity, i.e., less than 20 amino acid changes be-
tween any 2 sequences). We found that the only Env proteins
active against Tetherin were the two that were previously shown to
have retained their full or nearly complete set of viral properties.
In particular, the results obtained for K115 Env (whose expression
level and maturation are similar to those of K108 and K109 Env
proteins) indicate that the amount and maturation of Env are not
the only criteria required for anti-Tetherin activity. Of note, de-
spite its proper expression, maturation, and localization to the
membrane, K115 Env is unable to be incorporated onto HIV-1-
derived particles, unlike K108 and K109. Thus, anti-Tetherin ac-
tivity appears to depend on most of the classical properties of
retroviral Env proteins. Interestingly, the HERV-K(HML2) con-
sensus Env, which was reconstructed as the theoretical ancestor of
human-specific HERV-K(HML2) provirus Env protein (56),
seems to be the best protein for all of the properties we assessed,
suggesting that the alleles we tested have been degenerating since
their integration in the human genome less than 2 mya. However,
because the HERV-K(HML2) family was active within the human
genome until recently, it is still characterized by a strong polymor-
phism, both in the insertion sites and in the exact viral sequences
present at specific loci. As a result, it is very likely that some people
will possess alleles with a strong anti-Tetherin activity, whereas
others may have no functional allele in their genome. This could
have physiological consequences, as HERV-K(HML2) elements
have been shown to be induced in some HIV-1-positive patients
(69, 70; reviewed in reference 71). In this case, HERV-K(HML2)-
encoded anti-Tetherin activity could add up to that of Vpu in
some, but not all, individuals, provided it is expressed at a high
enough level. Moreover, Tetherin has been shown to act as an
innate immune activator through type I interferons while block-
ing viral egress, and at least some of its antagonists, as well as being
able to restore viral budding, also inhibit Tetherin signaling activ-
ity (30, 31). If the latter property is shared by HERV-K(HML2)
Env proteins, which will have to be tested, these Env proteins may
modulate innate immune responses, and it should be assessed if
their specific induction, observed in several pathologies (reviewed
in references 71 and 72), could have a causal role.
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