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The human endogenous retroviruses (HERV)-K of the HML-2 group include full-length or near full-length
elements encoding functional proteins, and are classiﬁed as type-1 or type-2 (type-1 has a deletion in the 5′ end
of the env gene).
Because proteins of diﬀerent retroviruses can interact, we hypothesized that HERV-K envelope (Env) could
inﬂuence HIV-1 replication. Here we describe the negative eﬀect of envelope expression of certain type-2
HERV-Ks on HIV-1 production.
All HIV-1 and SIV strains tested were susceptible to various degrees to inhibition by the HERV-K108
envelope. We identiﬁed four residues within HERV-K108 Env as being critical to inhibit HIV-1 production. No
inhibition was observed on EGFP expression, indicating that HERV-K Env does not aﬀect general protein
production.
These ﬁndings demonstrate that envelope proteins from some endogenous retroviruses can limit production
of exogenous lentiviruses such as HIV-1. Future studies will elucidate the mechanism mediating HIV-1
inhibition by HERV Envs.

1. Introduction
Human endogenous retroviruses (HERVs) occupy about 8% of the
human genome (Lander et al., 2001). The human MMTV-like-2 (HML2) group of the HERV-K subfamily includes retroviruses that entered
the germ-line relatively late during human evolution (Subramanian
et al., 2011). HML-2 members are, therefore, more likely to maintain
intact open reading frames and express functional proteins. There are
about one thousand HML-2 proviruses disseminated within the human
genome, of which about 90% are solo LTRs. The remaining 90 or so
full-length or near full-length elements have recently been identiﬁed
and their genomic localization has been established (Subramanian
et al., 2011). In addition to the HERV-K elements that are common to
all humans, a certain number are insertionally polymorphic, suggesting
that their introduction into the germ-line might have happened after
the beginning of human migration out of the African continent (Turner
et al., 2001; Wildschutte et al., 2016).
Human Immunodeﬁciency Virus (HIV) and Human TLymphotropic Virus (HTLV) (Gallo and Reitz, 1985) are the two
known disease-causing groups of retroviruses in humans. In recent
years, the interaction between HIV and the endogenous retroviruses

⁎

that populate the human genome has been investigated (ContrerasGalindo et al., 2007a, 2012, 2006, 2007b; Jones et al., 2012). Indeed,
retroviruses’ ability to functionally interact with each other, although
not universal, is nonetheless well documented (Landau et al., 1991).
Gag and Env proteins from endogenous retroviruses were among the
ﬁrst “restriction factors“ discovered (Odaka, 1969; Pincus et al., 1971).
The protein Fv1, derived from the gag region of MuERV-L (a murine
endogenous retrovirus with high similarity to the human HERV-L)
(Best et al., 1996; Benit et al., 1997), interferes with the formation of
exogenous Murine Leukemia Virus (MLV) proviruses in the target cell
(Jolicoeur and Baltimore, 1976). Furthermore, the HERV-K Gag
consensus sequence protein co-assembles with HIV-1 Gag and negatively aﬀects the late phase of HIV-1 replication, indicating that coexpression of HERV-K with HIV-1 could impact the HIV lifecycle
(Monde et al., 2012). ERV envelopes also can hinder retroviral
infections. For example, when expressed on the surface of the target
cell, Fv4 and the enJSRV Env cause receptor interference and thereby
inhibit their respective exogenous counterparts, murine leukemia virus
(MLV) and Jaagsiekte sheep retrovirus (JSRV) (Spencer et al., 2003;
Ikeda and Sugimura, 1989). Here we asked whether expression of
HERV-K Env proteins can aﬀect HIV-1.
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Fig. 1. A) Eﬀect of diﬀerent HERV-K envelopes on HIV protein production. Western blot of HEK 293T transfected with 3 diﬀerent HERV-K envs belonging to the type-2
group (Kcon, K109 and K108) and 2 belonging to the type-1 group (K102 and K18) transfected alongside HIV-1 NL4-3. Because sequences belonging to the diﬀerent envs have diﬀerent
protein expression eﬃciencies, we adjusted plasmid amounts in order to obtain comparable amounts of protein. The anti-HERV-K Env antibody HERM 1811-5 used throughout the
paper recognizes the transmembrane domain (TM) on the C-terminus of HERV-K Env, which explains the detection of full length (FL) as well as of the processed TM portion of the Env
protein. B) HERV-K108 Env does not interfere with HIV-1 transcription. 32 h after transfection, quantitative RT-PCR was performed on RNA extracted from cells transfected
with diﬀerent amounts of either HERV-K108 env or empty plasmid control alongside 250 ng of NL4-3 expressing plasmid. Data are normalized with the expression of house keeping
gene Ribosomal Protein S11 (RPS11). The results are the averages of 3 experiments and error bars represent standard deviations. P values of 2-tailed T-Tests for each amount HERVK108 or control are all not signiﬁcant, conﬁrming that there are no diﬀerences between the values obtained. C) No eﬀect of HERV-K Rec on HIV-1 expression. Western blot of
lysates of HEK293T transfected with increasing amounts of HERV-K rec HA alongside plasmids encoding HIV-1 NL4-3. Quantiﬁcations represent the average of 3 experiments and the
error bars represent the standard deviation from the mean. D) No eﬀect of HERV-K 108 Env expression on EGFP protein production. Western blot of HEK 293T cells
transfected with diﬀerent amounts of HERV-K108 alongside 100 ng of EGFP plasmid. Quantiﬁcations represent the average of 3 experiments and the error bars represent the standard
deviation from the mean. E) Eﬀect of HERV-K 108 Env expression on MLV Gag and Ebola VP40 production. Western blot of HEK 293T cells transfected with diﬀerent
amounts of HERV-K108 env alongside MLVgag-pol and ZEBOV VP40 matrix expressing plasmids. Quantiﬁcations represent the average of 3 experiments for MLV and 5 experiments
for ZEBOV, and the error bars represent the standard deviation from the mean.

envelopes of certain endogenous retroviruses inhibit HIV-1 replication.
Further studies are needed, to investigate the cellular circumstances
under which these potentially protective elements are expressed.

HERV-Ks of the HML-2 group are divided in: type-1, bearing a
292 bp deletion in the 5′ region of env, and type-2, which have an
intact envelope gene (Ono, 1986; Agoni et al., 2013; Lower et al.,
1993). Envelope sequences belonging to members of both types retain
their ability to generate a processed protein, although type-1 Envs
often show ineﬃcient glycosylation (Brinzevich et al., 2014), and some
(both type-1 and type-2) can be incorporated into HIV particles
(Brinzevich et al., 2014; Dewannieux et al., 2005; Hanke et al.,
2009). HERV-K108 is among the best studied HERV-Ks and its
expression is prevalent in transformed tissues such as melanomas
(Schmitt et al., 2013). The Env of HERV-K108 has been functionally
characterized, and its hydrophobicity proﬁle has been described
(Dewannieux et al., 2005; Henzy and Coﬃn, 2013).
We ﬁnd that the expression of Env of certain HERV-Ks has a
negative eﬀect on HIV particle production. We also identify the speciﬁc
Env residues necessary and suﬃcient to block viral production. This
study indicates the possibility that, by limiting viral production,

2. Materials and methods
2.1. Cell culture
Human embryonic kidney HEK 293T cells were cultured in
Dulbecco's modiﬁed Eagle medium (DMEM) in the presence of 10%
fetal calf serum (FCS; GemCell) 100 units/ml penicillin/streptomycin,
and 2 mM L-glutamine at 37 °C and 5% CO2.
2.2. Plasmids
All HERV-K envs, except HERV-Kcon env, were generated by PCR
using genomic DNA or cDNA from primary PBMCs. All env PCR
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Quantiﬁcation of Western blots of at least three independent
experiments
was
performed
using
AlphaView
software
(ProteinSimple) and represent relative expression levels normalized
by each sample's tubulin levels.

products were cloned using HinDIII-SmaI restriction sites and either
T4 ligase or In-fusion technology (Clontech Laboratories, Inc.) into a
derivative of vector pTR600 (Green et al., 2001) containing the HERVK RcRe (Rec response element) segment, for RNA nuclear export
(Brinzevich et al., 2014). All HERV-K env mutants where obtained by
PCR mediated site directed mutagenesis, using as template HERVKcon env encoding plasmid pCRV1/env and veriﬁed by sequencing.
pCRV1/env pcRV1 K-rev, and pNL4-3 Luc HXB3, were a kind gift from
Dr. Paul Bieniasz (Aaron Diamond AIDS Research Center, The
Rockefeller University).
pTR600 rec-HA was generated by PCR using pcRV1 K-rev as
template, and cloned using HinDIII-SmaI restriction sites and Infusion technology (Clontech Laboratories, Inc.) into a derivative of
vector pTR600.
The EGFP expressing plasmid used is pEGFP-N1 obtained from
Clontech.
The plasmid encoding Moloney MLV gag-pol, pHCMV–intron gagpol was a gift from Dr. François-Loic Cosset (LVRTG, ENS de Lyon–
U412 INSERM, Lyon, France).
pCAGGS ZEBOV VP40 FLAG encoding a FLAG tagged version of
Ebola VP40 was a gift from Dr. Christopher Basler (Center for
Microbial Pathogenesis, Institute for Biomedical Sciences, Georgia
State University, Atlanta).
Lab adapted HIV-1 expressing plasmids pNL4-3 (Adachi et al.,
1986), pLAI.2 (Peden et al., 1991) and transmitter/founder plasmids
pWITO.c/2474, and pCH040.c/2625 (Ochsenbauer et al., 2012) were
obtained from the NIH AIDS Reagent Program, Division of AIDS,
NIAID, NIH. HIV-2 encoding plasmid pROD10 FL2 (Bour et al., 1996;
Ryan-Graham and Peden, 1995) was a kind gift from Dr. Klaus Strebel,
National Institutes of Health. The SIVcpz LB715 (Van Heuverswyn
et al., 2007) encoding plasmid was a kind gift from Dr. Beatrice Hahn,
Perelman School of Medicine and SIVmac239 (Kestler et al., 1988) was
a gift from Dr. Benjamin Chen, Icahn School of Medicine at Mount
Sinai.

2.4. Quantitative RT-PCR
Cells were lysed 32 h after transfection, RNA was extracted using
TRIzol (Invitrogen, Thermo Fisher Corporation) and following the
manufacturer's directions. Samples were DNase treated twice using the
DNA-free kit (Ambion). RNA of each sample was reverse transcribed
using iScript cDNA synthesis kit (Bio-Rad). HIV-1 expression was
measured by qPCR using iQ SYBR green Supermix (Bio-Rad).
Sequences of the primers used for this assay are the following: HIV-1
forward primer TGTGTGCCCGTCTGTTGTGT reverse primer
GAGTCCTGCGTCGAGAGATC (Butler et al., 2001) spanning 143 nt
transcript of the ﬁrst exon from nt 102–244.
Expression was normalized by Ribosomal Protein S11 (RPS11)
expression using primers: Rps11 Fw GCCGAGACTATCTGCACTAC and
Rps11 Rv ATGTCCAGCC TCAGAACTTC (Manganaro et al., 2014).
qPCR conditions were: 95 °C for 10 min, followed by 40 cycles of 95 °C
for 10 s and 60 °C for 60 s. Expression levels for individual RNAs were
calculated based on their threshold cycle (CT) (ΔΔCT values). RT minus
samples were run as negative controls.
2.5. Capsid p24 ELISA
Forty-two hours after transfection supernatants were harvested and
p24 was measured using HIV-1 p24 ELISA (XpressBio # XB-1000)
following manufacturer's instructions.
2.6. Measurement of viral infectivity
TZM-bl reporter cell-line (cat# 8129 NIH AIDS Reagent Program),
harboring the β-galactosidase reporter gene driven by the HIV-1 long
terminal repeat, was used to assess the infectivity of NL4-3 viruses
produced in the presence of increasing amounts of HERV-K108 env.
TZM-bl cells were infected with 2.2 ng of CA-p24 equivalents of each
virus. β-galactosidase activity was quantiﬁed 44 h post-infection using
chemiluminescent substrate Tropix, Galacto-Star (Applied Biosystems,
Thermo Fisher Corporation).

2.3. Transfections and Western blots
All transfections were performed in 24-well plates containing
1.8×105 HEK 293T cells per well (plated the day before) using 3 μg/
ml polyethyleneimine (Polysciences Inc.). If not otherwise speciﬁed
250 ng/well of HIV-1 HIV-2 SIV and MLV-gag-pol plasmid were
transfected. Plasmid amounts for HERV-K env varied and are speciﬁed
for each experiment. One hundred ng/well pEGFP-N1 and Ebola VP40
encoding plasmid was used for Fig. 1D and E respectively.
Cells were lysed 40 h after transfection using 200 μl of RIPA buﬀer
(10 mM Tris-Cl pH 8.0, 1 mM EDTA, 1% Triton X-100, 0.1% SDS,
140 mM NaCl) in the presence of Complete Protease Inhibitor Cocktail
(Roche). Lysates were run on 10% polyacrylamide gels (Invitrogen,
Thermo Fisher Corporation) and transferred to polyvinylidene diﬂuoride
(PVDF) membranes (Pierce, Thermo Fisher Corporation). HERV-K Env
proteins were probed with monoclonal antibody (mAb) HERM 1811-5
(Austral Biologicals), HIV-1 Gag was probed with α-HIV-1 p24 monoclonal antibody (183–H12-5C) (NIH AIDS Reagent Program), in
Fig. 2B. HIV-1 HIV-2 and SIV Gag were probed with broadly reactive
mAb AG3.0 (NIH AIDS Reagent Program) known to recognize Gag of
HIV-1, HIV-2, and SIV. GFP was probed with α-GFP polyclonal antibody
(sc-8334 Santa Cruz). MLV Gag was probed with α-MLV p12 mAb (a gift
from Dr. Paul Bieniasz). Tubulin was assessed with monoclonal anti-αTubulin (T5168 Sigma). FLAG was visualized using α-FLAG antibody
(F7425 Sigma) while HA using α-HA antibody (H6908 Sigma). All
secondary antibodies were horseradish peroxidase-conjugated (Sigma).
Membranes were developed with SuperSignal West Pico or Femto
(Pierce, Thermo Fisher Corporation), and imaging was performed using
the ProteinSimple FluorChem E imaging system (ProteinSimple). The
Western blots shown are from independently run gels, and tubulin
represents sample preparation controls.

3. Results
3.1. HERV-K 108 Env interferes with HIV-1 production
To investigate whether HERV-K Env's capacity to interact with HIV
had any consequence for lentivirus production, we produced HIV-1 by
transfecting a full length HIV-1 expression vector pNL4-3 (Adachi
et al., 1986) alongside HERV-K rec and a panel of HERV-K env
encoding plasmids representing both type-1 and type-2. Type-1
included HERV-K102 (HML-2 1q22, JN675014.1) and HERV-K18
(HML-2 1q23.3, JN675013), while type-2 included HERV-K108
(HML-2 7p22.1a, JN675043.1), HERV-K109 (HML-2 6q14.1,
JN675041.1) and HERV-Kcon, (a consensus sequence of 10 diﬀerent
type-2 HML-2 viruses, 6 of which were used to reconstitute the env
sequence) (Lee and Bieniasz, 2007).
We ﬁrst assessed the amount of Gag produced in each condition by
Western blot analysis of the lysates of transfected cells. Two of the
three type-2 HERV-Ks Envs (K108 and K109) strongly inhibited
retroviral Gag production (Fig. 1A), whereas the inhibitory eﬀect was
less pronounced with HERV-Kcon Env. Of note, type-1 and type-2
sequences were cloned in the same backbone vector but nonetheless
resulted in diﬀerent protein expression eﬃciencies. We adjusted
therefore the amounts of transfected expression vectors to obtain
comparable protein levels (Fig. 1A).
54

Virology 509 (2017) 52–59

S.N. Terry et al.

Fig. 2. A) Both lab-adapted and transmitter-founder strains of HIV-1 are sensitive to HERV-K108 Env. Western blot of lysates of HEK293T transfected with increasing
amounts of HERV K108 env alongside plasmids encoding the following strains of HIV-1: NL4-3, LAI, WITO.c/2474 and CH040.c/2625. Quantiﬁcations represent the average of 3
independent experiments and the error bars represent the standard deviation from the mean. B) Diﬀerent lentiviruses are sensitive to HERV-K108 Env. Western blot of lysates
of HEK293T transfected with increasing amounts of HERV K108 env alongside plasmids encoding the following lentiviruses: HIV-1 NL4-3 Luc. HXB3, SIVcpz LB715, HIV-2 ROD10,
SIVmac239. Quantiﬁcations are based on the average of four independent experiments and the error bars represent the standard deviation from the mean. FL stands for full-length and
TM for transmembrane domain.

the eﬀect of K108 on the expression of EGFP (Fig. 1D). We cotransfected EGFP expression vector (100 ng) alongside increasing
amounts of HERV-K108 env vector (from 6.25 ng to 100 ng), and
found that HERV-K Env did not alter EGFP expression. Of note is that
higher amounts of HERV-K108 or lower conﬂuence of the transfected
HEK 293T can result in cell detachment from the tissue culture plate,
but we did not observe this eﬀect under the experimental conditions
used here.
To test whether the production of other viruses is aﬀected by the
expression of HERV-K108 Env, we measured the production of
Moloney Murine Leukemia Virus (MLV) Gag and Ebola virus matrix
proteins, both suﬃcient to produce virus-like particles, in the presence
of diﬀerent amounts of HERV K108 Env. In contrast to HIV-1, both
MLV and Ebola matrix (ZEBOV VP-40) were less sensitive to K108
expression (Fig. 1E) although with some variability in the case of
ZEBOV VP-40.
These data suggest that HIV-1 production is more heavily inﬂuenced by the co-expression of HERV-K 108 Env compared to more
distant viruses such as MLV and Ebola.

Since HERV-K 108 Env is one of the best-characterized HERV-K
envelopes so far (Dewannieux et al., 2005; Henzy and Coﬃn, 2013), we
focused next on its mode of action. To investigate whether HERV-K108
Env expression interferes with HIV-1 transcription we measured HIV1 RNA production in the presence of diﬀerent amounts of K108 Env.
Newly transcribed HIV-1 RNA was measured by quantitative RT-PCR
32 h after transfection. We found that HIV-1 transcription was not
aﬀected by K108 env transfection, as compared to control vector
(Fig. 1B).
Next we tested whether the disruption of RNA export could be the
mechanism by which expression of HERV-K108 Env glycoprotein
inhibits HIV-1 production. The rational for this experiment resides in
the fact that HERV-K type II env sequences harbor the alternative ORF
encoding rec, the HERV-K counterpart of HIV-1 rev, which could
theoretically aﬀect HIV-1 RNA export and thereby the equilibrium
between the diﬀerent HIV-1 splice forms. We co-transfected pNL4-3
alongside increasing amounts (6.25–100 ng) of pTR600 rec HA (the
Rec protein here has the same sequence as the one expressed by
HERV-K108 (Lee and Bieniasz, 2007)). Western blots of cell-lysates
ran 40 h after transfection (Fig. 1C) show that co-expression of HIV-1
with increasing amounts of Rec does not induce any change of Gag-p24
production. These data suggest that neither of the proteins encoded by
the HERV-K108 env sequence, either Rec or Env, inﬂuences HIV-1
RNA metabolism.
We also assessed whether HIV-1 inhibition by K108 Env was due to
a general eﬀect on the host cell's protein production capacity. We tested

3.2. Susceptibility of diﬀerent lentiviruses to HERV-K108 Env
expression
We next asked whether diﬀerent strains of HIV-1 are similarly
aﬀected by HERV-K108 expression. We transfected four diﬀerent HIV1 molecular clones: two lab adapted strains (pNL4-3 (Adachi et al.,
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env (6.25–100 ng) (Fig. 3A). As expected, we observed a HERV-K108
Env dose-dependent reduction of HIV-1 p24 concentration, corroborating the notion that co-expression of HERV-K108 Env with HIV-1
inhibits virion production.
Next we tested the infectivity of the HIV-1 viruses produced in the
presence of increasing amounts of HERV-K108 env (6.25–100 ng). We
found that HERV-K108 Env expression only minimally decreased
(approx. 2 fold reduction) HIV-1 infectivity and only at the highest
concentrations (Fig. 3B).
To assess the extent of HIV-1 production inhibition by HERV-K108
Env expression in cells other than HEK23T, we co-transfected HIV-1
LAI with HERV-K 108 env (2-fold serial dilution 200 ng-12.5 ng) in
HeLa cells. Western blot analysis of the cell lysates in Fig. 3C shows a
dose dependent inhibitory eﬀect on HIV-1 Gag p24 production by
HERV-K 108 Env, conﬁrming that the K108 Env inﬂuence on HIV-1 is
not cell type dependent.

1986), pLAI2 (Peden et al., 1991)) and two transmitter-founder viral
strains (pWITO.c/2474, pCH040.c/2625 (Ochsenbauer et al., 2012).
We transfected the same amount of each HIV-1 molecular clone
(250 ng) alongside a serial dilution of HERV-K108 env vector.
Western blot analysis of the cell lysates (Fig. 2A) shows that all viral
strains tested are sensitive to HERV-K Env expression, although with
diﬀerent dose-response dynamics.
Given that production of viruses distant from HIV-1 was minimally
aﬀected by the expression of HERV-K108, we further investigated
whether other lentiviruses were inﬂuenced by the HERV-K envelope.
We co-transfected the following molecular clones with HERV-K 108
env (2-fold serial dilution 50–12.5 ng): SIVcpz LB715 (Van
Heuverswyn et al., 2007), HIV-2 pROD10 FL2 (Bour et al., 1996;
Ryan-Graham and Peden, 1995) and SIVmac239 (Kestler et al., 1988).
In all cases HERV-K108 aﬀected viral production, with HIV-2 being
inhibited to levels similar to HIV-1, retaining approx. 22% of its
expression at 50 ng of K108 env, while both the SIVs showing to be on
average less sensitive (Fig. 2B).
Taken together, these data show that the production of both labadapted and transmitter founder HIV-1 strains is targeted by HERVK108 Env, and that lentiviruses other than HIV-1 demonstrate variable
levels of sensitivity to HERV-K108 Env.

3.4. Identiﬁcation of the residues responsible for the HERV-K 108 Env
inhibition of HIV-1
Our initial analysis revealed that the transmembrane portion of
HERV-Kcon Env was far more abundant than that of the other two type
2 HERV-Ks, indicating there could be marked diﬀerences in the level of
HERV-K Env processing by furin (Fig. 1A). Furin cleavage is a common
process for viral glycoproteins, which is necessary to complete virion
maturation and to ensure viral infectivity (Loving et al., 2012;
Robinson and Whelan, 2016; Walker et al., 1994). We asked, therefore,
whether the level of HERV-K Env processing by furin correlated with
the interference of HIV-1 production and whether ineﬃcient HERV-K
Env processing was at the root of the observed phenotype. We mutated

3.3. Eﬀect of HERV-K108 Env on cell free HIV-1 production and
infectivity
To conﬁrm that HERV-K108 Env interfered with the production of
HIV-1 virions, we determined the p24 capsid concentration in the
culture supernatants collected 42 h after transfecting HIV-1 NL4-3
expressing plasmid (250 ng) with increasing amounts of HERV-K108

Fig. 3. A) HERV-K108 Env expression inhibits HIV-1 virion production in cell culture supernatant. HIV-1 virion release in the tissue culture supernatant was measured
42 h after transfection by ELISA for capsid p24. The results are represented as p24 production relative (%) to control, which was obtained by HIV-1 co-transfection with empty control
vector. The results shown reﬂect the averages of three independent experiments and error bars represent standard deviations. B) HERV-K108 Env expression only minimally
aﬀects HIV-1 infectivity. TZM-bl reporter cell line was infected with 2.2 ng of CA-p24 equivalents of HIV-1 produced in the presence of increasing amounts of HERV-K 108 env
plasmid. Β-galactosidase was measured 44 h after infection. The results presented are the averages of three independent experiments and error bars represent standard deviations. C)
HERV-K108 Env expression in HeLa cells inhibits HIV-1 production. Western blot of lysates of HeLa cells transfected with increasing amounts of HERV K108 env alongside
plasmids encoding HIV-1 LAI. Quantiﬁcations represent the average of 3 experiments and the error bars represent the standard deviation from the mean.
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Fig. 4. A) Schematic representation of HERV-K con and HERV-K108 envelope sequences. The positions where the residues diﬀer between HERV-K108 and HERV-Kcon
are identiﬁed by red circles. The black circle highlights the furin cleavage site. SP stands for signal peptide (shown as a blue sequence), SU stands for surface domain, TM for
transmembrane (TM ectodomain shown blue sequence) and CTD stands for cyotoplasmic domain. B) and C) Eﬀect of furin cleavage site mutagenesis on the interference on
HIV by HERV-K108 Env. Disruption of furin cleavage site inhibits HERV-Kcon Env processing and increases its inhibitory eﬀect on HIV production, while optimization of the furin
cleavage site increases HERV-K108 Env processing but does not rescue HIV-1 production. FL stands for full-length and TM for transmembrane domain. D) Mutagenesis of all four
residues that diﬀer between K108 and Kcon rescues HIV-1 production. Western blot of lysates of HEK 293T co-transfected with 250 ng of HIV-1 pLAI2, 100 ng pcRV1-K rev
and 60 ng of HERV-K108 env versions harboring all possible combinations of the 4 mutant residues as well as HERV-Kcon env. Quantiﬁcations reﬂect the average of three independent
experiments and the error bars represent the standard deviation from the mean. FL stands for full-length and TM for transmembrane domain.

75% of HIV-1 production obtained in the presence of HERV-Kcon,
with T123I H159R C190S I369V mutant restoring almost 90% (88%
+/−10%) of Kcon HIV-1 production.
Taken together, these results show that furin processing of HERV-K
Env can inﬂuence HIV-1 production, as shown by the mutagenesis of
the furin cleavage site in HERV-Kcon env, but it is not the primary
reason by which HERV-K108 Env limits HIV-1 production. Indeed, it
appears that the four positions by which HERV-K 108 Env diﬀers from
HERV-Kcon Env are required for the HERV-K108 interference of HIV1 production.

the furin cleavage site (RSKR) in HERV-Kcon Env (to make it furinresistant, i.e. RSKR→QSQQ or RSKR→AAAA) and in HERV-K 108 Env
(to render it more susceptible for furin processing RSKR→RRRRRR
(Binley et al., 2002)). The mutated HERV-Kcon Env showed decreased
processing by furin and inhibited HIV-1 production, in contrast to the
original Kcon-Env (Fig. 4B and C). Conversely, the mutated HERVK108 Env was more eﬃciently cleaved by furin but had similar
inhibitory eﬀect on HIV-1 production as the wild-type HERV-K108
Env (Fig. 4B and C). Therefore, ineﬃcient furin-dependent processing
of HERV-K Env can hinder HIV-1 production but is not the mechanism
by which K108 Env interferes with HIV-1 production.
Only four amino acids diﬀer between the envelopes of HERV-K108
and HERV-Kcon (Fig. 4A). To determine which residues play a role in
the inhibition of HIV-1 production by HERV-K108 Env, we mutated
each of them to the corresponding residue found in HERV-Kcon
(T123I, H159R, C190S and I369V), individually or in combination
(16 combinations in total). We then assessed their inﬂuence on HIV-1
production. We found that diﬀerent combinations, especially those
including T123I, increased furin–dependent processing, and that
T123I C190S, T123I I369V, and T123I H159R I369V, rescued at least

4. Discussion
Within the host cell, endogenous retroviruses constitute a form of
retroviral environment that exogenous retroviruses have to navigate
during infection. Sometimes these interactions are lethal for the
invading retrovirus, as in the case of Fv1 or consensus Gag of HERVKcon (Jolicoeur and Baltimore, 1976; Monde et al., 2012). It is clear
though that we have not fully grasped the extent of the impact of these
resident endogenous retroviruses on the life cycle of exogenous viruses.
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Perelman School of Medicine for plasmid SIVcpz LB715, Dr. Klaus
Strebel, National Institutes of Health, for plasmid pROD10, Dr.
Benjamin Chen, Icahn School of Medicine at Mount Sinai for plasmid
SIVmac239, Dr. Christopher Basler, Georgia State University, for
plasmid pCAGGS ZEBOV VP40 FLAG. Dr. François-Loic Cosset for
pHCMV–intron gag-pol, Dr. Paul Bieniasz for pCRV1/env, pCRV1 Krev pNL4-3 Luc HXB3, and α-MLV p12 monoclonal antibody.
The following reagents were obtained through the NIH AIDS
Reagent Program, Division of AIDS, NIAID, NIH: α-HIV-1 p24
monoclonal antibody (183–H12-5C) (cat# 3537) from Dr. Bruce
Chesebro and Kathy Wehrly, monoclonal antibody to HIV-1 p24
(AG3.0) (cat# 4121), from Dr. Jonathan Allan, pNL4-3 from Dr.
Malcolm Martin, pLAI 2 from Dr. Keith Peden, courtesy of the MRC
AIDS Directed Program, pWITO.c/2474 (cat# 11739) and pCH040.c/
2625 (cat# 11740) from Dr. John Kappes and Dr. Christina
Ochsenbauer. TZM-bl reporter cell-line (cat# 8129) from Dr. John C.
Kappes, Dr. Xiaoyun Wu and Tranzyme Inc.
LCFM is funded by NIH Grant R01 GM113886 and GM11388601S1, VS is funded by NIH grants R01 R01AI064001 and
R01AI120998.

Here we report that the envelope of one these endogenous retroviruses, HERV-K108, has a negative eﬀect on the production of HIV-1.
Our results show that Env of HERV-K108, a type-2 HERV-K HML-2,
consistently interfered with production of HIV-1. However, this is not a
general feature of all type-2 HERV-Ks, as a consensus sequence type-2
Env had little eﬀect on HIV-1 (Fig. 1A). Our experiments reveal that
the four residues by which K108 diﬀers from Kcon are required to
confer the HIV-1 interference characteristic to HERV-K108 (Fig. 4D).
The type-1 HERV-K Envs tested showed no eﬀect on HIV-1 production, although it should be noted that their expression levels were lower
than those seen for type-2 Envs.
Interestingly, we ﬁnd that not all lentiviruses are equally sensitive
to the HERV-K108 Env eﬀect. Indeed, HIV-1 strain pWITO.c/2474
and the two SIV strains tested, SIVmac239 and SIVcpz, displayed a
certain level of resistance to K108 Env.
It is important to note that the absence of strong eﬀects on MLV
Gag, Ebola matrix, GFP and the intermediate eﬀect on pWITO.c/2474
and SIV Gag, indicate that, under the chosen experimental conditions,
HERV-K108 Env inhibition of HIV production is not due to general
cellular toxicity. Moreover, we have proven that there is no major
impact on HIV-1 transcription by HERV-K108 Env (Fig. 1B) and that
RNA binding protein Rec (the alternative ORF contained in HERV-K
env sequence and the HERV-K counterpart of HIV-1 Rev) is not
responsible for the observed HIV-1 inhibition. However, more detailed
investigations are necessary to determine how these HERV-K Envs
interfere with HIV-1 production. Possible mechanisms include the
induction of ER stress and unfolded protein response as well as the
interference with HIV-1 protein traﬃcking and recycling pathways.
Preliminary experiments to test the involvement of protein degradation
pathways such as proteasome inhibitors (e.g., MG132 and Lactacystin)
or lysosomal inhibitors (e.g., NH4Cl and Chloroquine) have failed to
consistently rescue HIV-1 production in the presence of HERV-K 108
Env (data not shown), raising the possibility that more complex
mechanisms are at play.
HIV-1 infection has been reported to up-regulate expression of
HML-2 group of HERV-K (Contreras-Galindo et al., 2007a, 2007b;
Jones et al., 2012) although the speciﬁc identity of the up-regulated
proviruses is currently unclear. In addition, the consequences of such
increased expression on the life cycle of HIV-1 remains to be explored.
Our study here tries to answer the proof of principle question of
whether HERV-K Env expression can interfere with HIV-1 and was
therefore performed in HEK 293 T cells as they are a particularly
amenable model system widely used in HIV-1 research. Since we and
others have shown that cells of diﬀerent origin possess diﬀerent HERVK expression proﬁles (Brinzevich et al., 2014; Schmitt et al., 2013),
future studies are needed to assess the extent by which diﬀerent HERV
expression proﬁles correlate, and perhaps inﬂuence, cellular susceptibility to infection and replication by an exogenous virus such as HIV-1,
and in turn whether such exogenous viruses can regulate the expression proﬁles of endogenous retroviruses.
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