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Abstract
Objective: Autophagy, an important anti-viral process triggered during HIV-1 entry by gp41-
dependent membrane fusion, is repressed in infected CD4 T cells by an unknown mechanism. The

aim of this study was to identify the role of Vif in the autophagy blockade.

Design/methods: To determine the role of Vif in autophagy inhibition, we used cell lines that express
CD4 and CXCR4 and primary CD4 T cells. Pull-down experiments, immunoprecipitation assays and
computational analyses were performed to analyze the interaction between Vif and LC3B, a major
autophagy component, in presence or absence of the anti-viral host factor APOBEC3G, after HIV-1
infection or ectopic expression of Vif. Autophagy was analyzed after infection by viruses expressing

Vif (NL4.3) or not (NL4.3AVif), or after exogenous Vif expression.

Results: We demonstrate that the C-terminal part of Vif interacts directly with LC3B, independently
of the presence of APOBEC3G. Vif binds to pro-LC3 and Atg4-cleaved LC3 forms, and glycine 120, the
amino acid conjugated to phosphatidylethanolamine on autophagosomes, is required. Importantly,
we evidence that Vif inhibits autophagy during HIV-1 infection. Indeed, autophagy is detected in
target cells infected by NL4.3AVif, but prevented in cells infected by NL4.3. Furthermore, autophagy
triggered in NL4.3AVif-infected cells is inhibited when Vif is expressed in trans but is still active when

target cells express a mutant of Vif that binds weakly to LC3B.

Conclusions: Our study unveils that Vif inhibits autophagy independently of its action on APOBEC3G

and therefore suggest a new function of this viral protein in restricting innate anti-viral mechanisms.

Key words:

HIV, Vif, autophagy, LC3, APOBEC3G



Introduction

Autophagy is a degradation process involving autophagy-related (Atg) proteins by which portions of
cytosol are sequestered into double-membrane vesicles, namely autophagosomes, and delivered
into lysosomes for degradation. Conjugation of Atg8 to phosphatidylethanolamine (PE) is central in
this process [1, 2]. Mammals have six Atg8-like proteins (mAtg8s) that comprise three microtubule-
associated protein 1 light chain 3 (LC3) proteins (LC3A, B, and C), one gamma-aminobutyrate
receptor-associated protein (GABARAP) and two GABARAP-like proteins (GABARAPL1 and
GATE16/GABARAPL2) [3]. These proteins are synthesized as precursors that are rapidly processed by
Atg4, leading to exposure of a glycine residue that can be conjugated to PE [4].

Besides its role in homeostasis, autophagy plays an important role in the innate and adaptive
immune responses against pathogens [5, 6]. Particularly, HIV-1 envelope triggers autophagy in
bystander CD4 T cells, which leads to their apoptosis, a mechanism now recognized as central to
immunodeficiency [7]. In contrast, when CD4 T cells are productively infected, autophagy is
repressed [8], strongly suggesting that one or several viral proteins are involved in this autophagy
inhibition. Among them, Vif (Viral infectivity factor) favors HIV-1 infection by degrading the anti-viral
host factors APOBEC3s (Apolipoprotein B mRNA-editing enzyme-catalytic polypeptide-like 3), and
especially APOBEC3G (A3G) [9-12]. Vif binds to A3G and an E3 ubiquitin ligase complex composed of
ElonginB (EloB), ElonginC (EloC), Cullin 5 (Cul5), Rbx2 and CBF-P to trigger A3G degradation by the
ubiquitin-proteasome system (UPS) [13-15]. The N-terminus of Vif interacts with A3G and CBF-
while a zinc-binding motif (HCCH) and a SOCS box-like domain in the C-terminal part bind to
components of the E3 ligase complex [16, 17], Cul5 [18] and EloC [13, 19], respectively. Furthermore,
the 161-PPLP-164 motif plays an important role in Vif function and infectivity [20-24].

We demonstrate here that Vif neo-synthesized in HIV-1-infected CD4 T cells is involved in autophagy
blockage. This inhibition requires the C-terminal part of Vif, which binds directly to LC3B
independently of the presence of A3G. These results reveal an additional important pro-viral function

of Vif through autophagy inhibition.



Methods

Cells and transfection. Adherent and CD4 T cells were cultured in DMEM and RPMI, respectively,
supplemented with 1% penicillin/streptomycin and 10% FCS. Primary CD4 T cells from blood of
healthy human donors provided by EFS (Etablissement Frangais du Sang, France) were purified by
negative selection (StemCell Technologies) and stimulated with 2 pg phytohemagglutinin (Sigma-
Aldrich) and 100 U interleukin-2 (Boehringer Mannheim) per mL for 3 days before their infection.
Procedures using human cells were approved by the Human Experimentation and Ethics Committee
of the CNRS. . Starvation was triggered by cell culture in EBSS (Gibco) at 37°C for 4h. Adherent cells

were transfected using Turbofect (Fermentas GMBH) according to the manufacturer’s instructions.

Plasmids and Gateway cloning. Plasmid constructs were made using both traditional cloning and
Gateway recombination cloning system (Invitrogen). Mutagenesis of Vif and LC3 genes was performed

using the QuickChange Il site-Directed Mutagenesis Kit (Agilent technology).

GST pull-down experiments. GST pull-down assays were performed by incubating immobilized GST
or GST-tagged human ATGS proteins with ¥S-labeled in vitro translated Vif fused to the Myc tag. 3°S-
labeled Myc-Vif was produced using the TNT T7 Quick Coupled Transcription/Translation System
(Promega) in the presence of [*S] methionine (Amersham Biosciences) and pre-cleared by incubating
with glutathione-coupled sepharose beads (GE healthcare) for 30min prior to incubation with
immobilized GST or GST fusion proteins for at least 2h at 4°C. Unbound proteins were removed by
washings. The proteins were then eluted by boiling for 5 min in SDS gel loading buffer and separated
by SDS-PAGE. 3°S-labeled proteins were detected on a Fujifilm bioimaging analyzer BAS-5000 (Fuji).
Recombinant proteins were detected by Coomassie blue staining (CBB).

GST pull-down experiments were also performed ex vivo. Since Vif is known to be rapidly degraded

by UPS [25, 26], MG132 was added to the cells at 20 uM for 12h before lysis. Cell lysis was done 48h



post-transfection. The lysates were incubated with glutathione-coupled sepharose beads for 3h at
4°C. Unbound proteins were removed by washings. Bound proteins were then eluted by boiling for

10 min in SDS gel loading buffer and separated by gel electrophoresis.

Co-immunoprecipitation assays. Immunoprecipitation of LC3 was performed using protein A-
sepharose beads for 2h at 4°C. After washings, bound proteins were eluted as described above.
Interaction between transfected 3xFlag-Vif and endogenous LC3 was also performed using EZview red
anti-Flag M2 antibody (Sigma-Aldrich). 48h post-transfection, E64d and pepstatin A were added for 3h
at 10pg/mL each and cells were then lysed. Lysates were incubated with beads for 2h at 4°C. After

washings, bound proteins were eluted as described above.

Western blotting. Cell lysates were electrophoresed in 10% Prosieve™ 50 gel (Lonza), transferred to
PVDF membranes and western-blotting was done with indicated antibodies. Quantification of protein

expression was performed by densitometry analysis using the Genesys software (Syngene).

HIV-1 infections. HEK cells were transfected with pNL4.3WT or pNL4.3AVif and supernatants were
collected two days later. HIV-1 infections were then performed with normalized amounts of
supernatants (1 MOI). HEK-CD4-CXCR4 cells were also infected by co-culture with CD4 T cells infected
by NL4.3WT or NL4.3AVif (same percentage of infected cells, at least 50%), or with chronically
infected MOLTX4 or 8.ES5 cells, as previously described [8], and Jurkat cells by co-culture with HEK
cells transfected with pNL4.3WT or pNL4.3AVif. The percentage of infected cells was analyzed using

the HIV KC57 FITC kit (Beckman Coulter).

Fluorescence microscopy studies. HEK cells were transfected with pEGFP-LC3 plasmid and fixed two
days later by 3.7% paraformaldehyde in PBS for 10min. Autophagic cells are defined as cells

containing at least 5 LC3 positive spots.



For detection of endogenous LC3, cells were fixed in a 1:1 acetone/methanol for 5min at -20°C. Cells
were then incubated with the rabbit anti-LC3 Ab (and with the mouse anti-p24 Ab when autophagy is
analyzed in HIV-infected cells) for 1h, washed, and then incubated with corresponding secondary
antibody(ies) for 30min. Nuclei were labeled with Dapi and cells were examined by epifluorescence
using a Leica microscope. The average number of LC3 dots was evaluated in the untreated condition
for each cell type to define the optimal threshold. Autophagic primary CD4 T cells were defined as
cells containing more than 3 LC3 dots, and autophagic HEK cells or CD4 T cell lines (Jurkat cells and
H9 cells) as cells containing at least 8 LC3 dots. More than 100 transfected cells were analyzed by 3

investigators. Results are from at least 3 independent blind experiments.

Computational analysis. The recently solved crystal structure of Vif in complex with CBF-
[/Cul5/EloB/EloC [27] was used for docking experiments (pdb 4N9F). Vif was extracted from the
complex and refined by energy minimization in explicit water using the Charmm force field and
NAMD 2.9 program for 50,000 steps of conjugate gradient. The crystal structure of LC3 was taken
from the LC3-p62 complex [28] solved at 1.56 A (pdb code 2ZID). For rigid docking, the Cluspro 2.0
[29] server (http://cluspro.bu.edu/) was used without including any attractive or repulsive

constraints.

Statistics. Variance analysis of the percentage of autophagic cells obtained after infection by
NL4.3WT versus NL4.3AVif was performed after arc sine transformation of the data [30]. Differences

were considered significant at *P < 0.05, **P < 0.01, and ***P < 0.001.

Results
Vif binds to LC3 independently of A3G
We first demonstrated in vitro that Vif interacted with the human ATG8 family members (Fig. 1a).

Interaction between Vif and three members of the LC3 family was then confirmed within cells (Fig.



1b). As LC3B is the ATGS protein characterized as an autophagosome marker per se, we next focused
our research on this Atg, hereafter referred to as LC3. We further demonstrated the interaction
between endogenous Vif and LC3 during productive infection of primary CD4 T cells (Fig. 1c). Since
primary CD4 T cells express A3G, this result suggests that A3G does not impede Vif binding to LC3. To
verify this important point, we studied the binding between Vif and LC3 in presence of ectopically
expressed A3G and confirmed that A3G does not prevent this interaction (Fig. 1d). Interestingly, we
observed that A3G was also co-precipitated with Vif, suggesting that the binding interfaces of Vif for

LC3 and A3G are not mutually exclusive.

The C-terminal part of Vif interacts with LC3

Proteins that interact with LC3 generally harbor a LC3-interacting region (LIR) motif characterized by
a W/F/YxxI/L/V sequence [31, 32]. By computational analysis, we found the presence of three
potential LIR motifs, highlighted within both the sequence and the crystal structure of Vif (Fig. 2a). To
determine their functional significance, we generated Vif mutants in which the first amino acid of
each putative LIR sequence was replaced by an alanine, a type of LIR mutation already known to
abolish the interaction with LC3 [31]. We tested single, double (not shown), and triple mutants, and
demonstrated that the putative LIR motifs are not involved in the interaction with LC3 (Fig. 2b). To
get an overview of the Vif-LC3 interaction and to determine the domains involved, we used fast-
Fourier transform-based rigid docking. By this theoretical approach, we obtained one main
populated model for the Vif-LC3 complex (Fig. 2c). In this model, LC3 binds to the smaller C-domain
(a-domain) of Vif, encompassing the HCCH and SOCS motifs, mainly by hydrophobic contacts. An
interaction between the C-terminal part of Vif and G120 of LC3 was shown to be important for the
complex formation. To evaluate the importance of each sub-domain (HCCH and SOCS) in LC3 binding,
a rigid docking prediction was performed using the truncated form of Vif (1-143) in which the SOCS
motif has been deleted. Surprisingly, a similar binding of Vif to LC3 was observed when a large

motion of LC3 (about 30°) was integrated. The missing SOCS box of Vif, however, led to a smaller



number of interactions between both proteins suggesting a weaker interaction (Fig. 2d). A larger
deletion of the C-terminal of Vif leading to the loss of HCCH motif renders the a-helix of the SOCS
box too flexible and could unfortunately not result in accurate binding predictions (data not shown).
Altogether, the predictions suggested that the C-terminal part of Vif starting from the zinc-finger and
up to the SOCS box-like motif is involved in LC3 binding.

To confirm this hypothesis, several mutants were constructed: Vif1-159, Vif1-143 and Vif1-99 where
the oligomerization domain (161-PPLP-164), the SOCS box-like motif and the HCCH motif were
deleted, respectively (Fig. 2e). As shown in figure 2f, Vif1-159 still bound to LC3 whereas Vifl-143 and
Vif1-99 had mainly lost their ability to interact with LC3, indicating that the domain 144-159,

containing the SOCS box-like motif, is important for this interaction.

Vif binds to pro-LC3 and Atg4-cleaved LC3, and the glycine 120 of LC3 is important for Vif
interaction

To determine which form(s) of LC3 can bind to Vif, we tested different LC3 constructs. We first
analyzed a pro-LC3 mutated on two amino acids required for processing, F80 and L82 (pro-
LC3F80A/L82A) (Fig. 3a), and showed that this mutant still bound to Vif (Fig. 3b), indicating that Vif
interacts with the pro-LC3 independently of the FxL motif [33]. Next, we wondered whether Vif could
bind to LC3 1-120 that comprises LC3-l and LC3-1l and LC3 1-119 (Fig. 3c). As shown in figure 3d, Vif
bound to LC3 1-120 but not to LC3 1-119, confirming that G120 is critical for the interaction with Vif
and that Vif may bind to both LC3-l and LC3-Il forms.

To determine whether Vif binds to one specific Atg4-cleaved form of LC3 or both LC3-I and LC3-I
forms in the presence of A3G, pull-down studies were performed in cells stably expressing A3G in
conditions that induce, or not, the formation of autophagosomes. We observed that both LC3-l and
LC3-Il were pulled-down by Vif but not by Vif1-99, still demonstrating that the C-terminal part of Vif

is responsible for the interaction (Fig. 3e). The interaction of Vif with LC3-1 is stronger than with LC3-
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I, suggesting that Vif does have a preference to LC3-I. This also confirms that the binding of A3G to

Vif does not affect LC3 binding to Vif.

Neo-synthesized Vif inhibits autophagy during HIV-1 infection

We and others previously reported that autophagy is blocked in CD4 T cells that have been
productively infected by HIV-1 [8, 34], but the actors of this inhibition have not yet been identified.
The interaction between Vif and LC3 suggests that Vif may act directly on autophagy. We have thus
analyzed the level of autophagy in different types of cells after their infection by the HIV-1 strain
NL4.3 that expresses Vif (NL4.3WT) or not (NL4.3AVif). Autophagy was first analyzed by following the
formation of autophagosomes [35] in Jurkat cells, which do not express A3G, and H9 cells, which
express A3G, after 4 days of infection. The percentage of autophagic cells was higher in cells infected
by NL4.3AVif compared to cells infected by NL4.3WT (Fig. 4a,b), indicating that Vif dramatically
decreases the number of autophagosomes independently of the presence of A3G. We confirmed
these data in primary CD4 T cells (Fig.4c). Same results were also obtained in HEK cells stably
expressing CD4 and CXCR4 (HEK-CD4-CXCR4) after their infection by free NL4.3WT or NL4.3AVif (Fig.
5a).

To study the role of Vif on the autophagic flux, we blocked the autophagosome-lysosome fusion with
chloroquine. Autophagy was still higher in primary CD4 T cells (Fig. 4d), demonstrating that Vif acts
on the first steps of autophagy. We also analyzed autophagy in H9 cells at longer times of infection,
in presence or absence of chloroquine. Autophagy was also higher in cells infected for 11 days by
NL4.3AVif compared to cells infected by NL4.3WT, in presence or absence of chloroquine
(Supplemental Fig.1).

By western blot, we also demonstrated that LC3-Il expression level is higher in Jurkat cells infected by
free NL4.3AVif than by NL4.3WT (Supplemental Fig. 2a) and similar results were obtained in HEK cells

transfected with pNL4.3AVif or pNL4.3WT (Supplemental Fig. 2b).
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Moreover, ectopic expression of Vif dramatically decreased autophagy induced by Torin,
demonstrating that Vif alone is able to block induced autophagy (Supplemental Fig. 3a). We
confirmed by western blot experiments that ectopic Vif inhibits the autophagy pathway
(Supplemental Fig. 3b).

Furthermore, Vif inhibits the formation of autophagosomes independently of the way of infection
(co-culture or free virus) since the same result was obtained in HEK-CD4-CXCR4 infected by co-
culture with CD4 T cells infected by NL4.3WT or NL4.3AVif (Fig. 4e, two upper panels).

To determine whether Vif coming from the virus [36, 37] and/or neo-synthesized Vif [38] upon
replication act on autophagy, HEK-CD4-CXCR4 cells were infected by co-culture with chronically
infected CD4 T cells expressing WT HIV-1 (MoltX4 cells) or 8E5 cells that carry a single copy of the HIV
genome point-mutated for reverse transcriptase. In both cases, HIV-1 can enter HEK-CD4-CXCR4
target cells and incoming Vif is present, but Vif is only produced in target cells infected by the WT
virus, not the one produced from 8ES5 cells. Interestingly, autophagy was only observed in HEK-CD4-
CXCR4 cells co-cultured with 8E5 cells and cells infected by NL4.3AVif (Fig. 4e, two bottom panels),
demonstrating that neo-synthesized Vif is responsible for autophagy blockade. Furthermore, as Vif
inhibits autophagy independently of the presence of A3G, we analyzed its action on p24 production
in permissive cells. The percentage of cells infected by either NL4.3WT or NL4.3AVif was equivalent
(Supplemental Fig. 4a) but the intracellular expression level of p24 was increased in cells infected by
NL4.3WT (Supplemental Fig. 4b,c). The fact that Vif both decreases autophagy and increases the
intracellular production of p24 in infected permissive cells strongly suggests that the inhibitory

function of Vif on autophagy promotes viral replication independently of A3G degradation by Vif.

The Vif C-terminal domain is responsible for inhibition of autophagy
To analyze whether Vif inhibits autophagy through its C-terminal domain, which directly interacts with
LC3, we studied the formation of autophagosomes in NL4.3AVif-infected cells after expression in trans

of WT Vif or Vif1-99 that has largely lost its ability to interact with LC3. Infections by NL4.3WT were
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performed in parallel. Controls have been done without Vif complementation (Fig. 5a). Autophagy was
down-regulated only when cells infected by NL4.3AVif were complemented in trans with WT Vif
(Fig.5b) but not with Vif1-99 (Fig. 5c), indicating that the C-terminal region of Vif, which binds LC3, is

required to inhibit autophagy.

Discussion

Despite its small size, Vif is used as a binding platform to interact with numerous partners. The N-
terminus of Vif possesses a well-defined topology and contains several motifs that interact with
various human A3 proteins [39-43], RNAs [20] and CBF-B [14, 15]. On the contrary, the unbound C-
terminal part has a disordered nature, usually used to mediate sequential/differential binding with
multiple partners [44, 45]. We demonstrate here that the SOCS box-like motif present in the C-
terminus of Vif interacts with LC3 in a LIR-independent manner [46]. Surprisingly, a putative LIR,
called LIR3 (YLAL), is located within this sequence, but mutation of Y147 to A does not inhibit Vif
binding to LC3. Very recently, a non-canonical LIR motif, termed CLIR, which does not contain the
first aromatic residue and preferentially binds to LC3C, was identified in the sequence of NDP52 [47],
an ubiquitin-binding autophagy receptor [48]. As Vif also interacts with the other members of the
mAtg8 family, including LC3C (Fig. 1b), our result suggests that Vif may interfere with the
physiological roles of these proteins through a non-canonical LIR motif in the SOCS box-like domain.
Further investigation will be needed to study the role as well as the precise mode of the interaction
between Vif and other members of Atg8 family proteins. The SOCS box-like domain binds to EloC,
suggesting that EloC and LC3 may compete for binding to Vif. This was confirmed by docking
experiments showing that LC3 could not bind anymore to the SOCS box-like motif when EloC is
bound to Vif (Supplemental Fig. 5). However, the expression level of A3G was not significantly
modified upon over-expression of LC3 (data not shown), strongly suggesting that even if a
competition exists between LC3 and EloC for binding to Vif, the concentration of Vif in infected cells

is sufficient to allow both A3G degradation and inhibition of autophagy through LC3 binding. This
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hypothesis is reinforced by the fact that only neo-synthesized Vif can repress autophagy. Indeed, only
few Vif molecules are brought by the virus during its entry into target cells whereas Vif is well
expressed in the cytoplasm of infected cells [49], before its degradation by the UPS [25, 26].

Several viral proteins have already been shown to inhibit autophagy and to favor viral replication
through a direct interaction with Atgs, and Beclin 1 was described as the main target [50]. Moreover,
Kyei and collaborators were the first group to show, in myeloid U937 cells, that LC3 is present in
complexes with HIV Gag [51]. This interaction might be indirect through LC3 as Vif can bind to Gag.
We currently do not know whether LC3 targeting is a peculiar strategy of HIV to control autophagy or
a more common way of autophagy control by viruses. However, we have discovered a new function
of Vif to promote viral replication independently of the presence of A3G. Of note, besides its
interaction with A3G, it has been shown recently that Vif is able to pull-down AMBRA1 and p62,
proteins involved in autophagy [14], but the consequences of these interactions are yet unknown.
We could not see a significant direct interaction between recombinant p62 and in vitro translated Vif
whereas both proteins were co-immunoprecipitated from cells, suggesting an indirect interaction
(data not shown). This indirect interaction may involve LC3B, but further investigation will be
required to answer this point.

In cells, pro-LC3 is rapidly processed, suggesting that even if Vif can bind to pro-LC3, it may act
essentially on the Atg4d-cleaved form of LC3, i.e. LC3-l and LC3-Il. In addition, our results highlight the
role of G120 of LC3 in the interaction with Vif, a crucial amino acid responsible for the conjugation to
PE [2]. Vif can thus inhibit the formation of autophagosomes by acting all along the LC3-dependent
ubiquitin-like conjugation system, but the precise mechanism is still unclear. No major degradation of
LC3 was observed after binding to Vif (data not shown), ruling out the possibility that LC3, as A3G,
could be degraded by UPS after Vif binding.

We previously demonstrated that autophagy is triggered in CD4 T cells by gp41-dependent
membrane fusion [7, 52], and that autophagy is inhibited when these target cells are productively

infected [8]. Now, our data show that Vif, expressed in productively infected cells, is responsible for
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the inhibition of the formation of the autophagosomes after binding to LC3 [53, 54]. This also
explains why autophagy is uncontrolled in bystander CD4 T cells after their contact with HIV-1-
infected cells. Indeed, in these non-activated cells, HIV-1 can enter but its genome is not integrated
into the host cell genome and thus no viral protein can be synthesized. The role of Vif in the blockade
of autophagy is strengthened by the fact that Vif can also block autophagy induced by Torin when
produced ectopically in the cells. However, we cannot exclude a role of other viral proteins in the
inhibition of autophagy all along the viral life cycle, and especially Nef that was already shown to
control autophagy by binding to IRGM [55] and Beclin 1 [51] in macrophages. One hypothesis might
be that both Nef and Vif « work in concert » to inhibit autophagy by interacting with several,
different Atgs in CD4 T cells.

Taken together, our results demonstrate a novel and important function of Vif to constrain the anti-
viral mechanisms used by the cells to eliminate HIV-1, independently of its role in A3G degradation.
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Figure Legends

Fig. 1. Vif interacts with human ATGS family proteins. (a) GST pull-down assay using [**S]-labeled in
vitro translated Myc-Vif and immobilized GST or indicated GST fusion proteins. Autoradiograph
(upper panel) and Coomassie staining of immobilized proteins (CBB, lower panel) are shown. (b) GST
pull-down assay in HEK cells after co-transfection of a plasmid expressing 3xFlag-Vif and a plasmid
expressing GST alone or GST-LC3A, GST-LC3B or GST-LC3C in presence of MG132. (c)
Immunoprecipitation (IP) of endogenous LC3 with anti-LC3 Ab in primary CD4 T cells infected or not
by co-culture with HEK cells transfected by the HIV-1 molecular clone, in presence of MG132. A
control without this Ab was added. (d) GST pull-down assay in HEK cells after transfection of a
plasmid expressing 3xFlag-Vif, a plasmid expressing GST alone or GST-LC3 and a plasmid expressing,
or not, A3G in presence of MG132. Co-precipitated proteins were detected with the indicated Abs.

Data are representative of at least 2 independent experiments.

Fig. 2. The C-terminal domain of Vif interacts with LC3. (a) Sequence and crystal structure of Vif
from the NL4.3WT strain where the 3 putative LIRs are highlighted (arrows). The three motifs, HCCH
or zinc-finger, SOCS box and PPLP discussed in the text are depicted in red, magenta and green,
respectively. (b) GST pull-down assay in HEK cells after co-transfection of a plasmid expressing
3xFlag-Vif or 3xFlag-Vif mutLIR1-3, where the first amino acid of each putative LIR has been mutated
to alanine, and a plasmid expressing GST or GST-LC3 in presence of MG132. (c) Rigid docking pauses
obtained for Vif (1-172) (grey, red and magenta) and LC3 (blue) corresponding to the most populated
solution driven by hydrophobic contacts. The C-terminal G120 of LC3 is indicated. (d) Rigid docking
pauses obtained for the SOCS deletion mutant of Vif (1-143) and LC3 (blue) showing a different
binding with a large rotational motion. (e) Schematic representation of WT Vif and truncation
mutants. (f) GST pull-down assay in HEK cells after co-transfection of a plasmid expressing 3xFlag

coupled to WT Vif or to the truncated forms of Vif shown in (e), and a plasmid expressing GST or GST-
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LC3 in presence of MG132. Co-precipitated proteins were detected with the indicated Abs. Data are

representative of at least 3 independent experiments.

Fig. 3. The pro-LC3 and Atg4-cleaved LC3 interact with Vif. (a) Schematic representation of pro-LC3
and pro-LC3 F80A/L82A. (b) GST pull-down assay in HEK cells after co-transfection of a plasmid
expressing 3xFlag-Vif and a plasmid expressing GST, GST-LC3 or GST-LC3 F80A/L82A in the presence
of MG132. (c) Schematic representation of LC3 1-120 and LC3 1-119. (d) GST pull-down assay in HEK
cells after co-transfection of a plasmid expressing 3xFlag-Vif and a plasmid expressing GST alone or
coupled to the LC3 forms described in the figure in the presence of MG132. (e) Anti-Flag I1gG pull-
down assay in Hela cells that stably express A3G transfected with a plasmid expressing 3xFlag-Vif or
3xFlag-Vif1-99 in conditions that induce, or not, the formation of autophagosomes (starvation for 4 h
in the presence of pepstatin A and E64d) [35] and in the presence of MG132. Co-precipitated
proteins were detected with the indicated Abs. Data are representative of at least 2 independent

experiments.

Fig. 4. Neosynthesized Vif inhibits autophagy during HIV-1 infection in the presence or absence of
A3G (a) Jurkat cells were infected by NL4.3WT or NL4.3AVif for 4 days at 1 MOI (70% of cells were
infected). Then, cells were fixed, and LC3 and p24 were detected by immunofluorescence. The
number of autophagosomes (LC3 dots) was counted by 3 investigators in more than 100 infected
cells (p24 + cells). Infected cells containing at least 8 LC3 dots were defined as autophagic cells.
Results are from at least 3 independent blind experiments. (b) H9 cells were infected by NL4.3WT or
NL4.3AVif for 4 days at a MOI of 1 (70% of cells were infected by NL4.3WT and 27% by NL4.3AVif)
and autophagy was analyzed in infected cells as described in (a). (c) Primary CD4 T cells were
infected by NL4.3WT or NL4.3AVif for 4 days (MOI of 1; approximately 30% and 15% of cells,

respectively, were infected). Infected cells containing at least 3 LC3 dots were defined as autophagic
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cells. (d) Primary CD4 T cells were infected for 4 days, and chloroquine was added for 3h before cell
fixation. (e) HEK-CD4-CXCR4 cells were transfected with a plasmid expressing GFP-LC3. 24h later, cells
were co-cultured for 1 day with Jurkat cells that have been previously infected by NL4.3WT or
NL4.3AVif (50% of cells were infected), MoltX4 or 8E5 cells. Then, HEK-CD4-CXCR4 cells were fixed
and labeled using an anti-p24 Ab. Autophagic cells were defined as cells containing at least 5 LC3
dots. More than 100 infected cells were counted by 3 investigators and results are from at least 3

independent blind experiments. Scale bars = 10 um.

Fig. 5. Vif C-terminal domain inhibits autophagy through binding to LC3. (a) HEK-CD4-CXCR4 cells
were transfected with a plasmid expressing GFP-LC3. (b) HEK-CD4-CXCR4 cells were transfected with
a plasmid expressing GFP-LC3 and a plasmid expressing 3xFlag-Vif. (c) HEK-CD4-CXCR4 cells were
transfected with a plasmid expressing GFP-LC3 and a plasmid expressing 3xFlag-Vif1-99. Four hours
later, all the cells (a,b,c) were infected for 2 days by free NL4.3AVif or NL4.3WT at a MOI of 1. Then,
cells were fixed and labeled using an anti-p24 Ab. Autophagic cells are defined as cells containing at
least 5 green LC3 positive spots. More than 100 infected cells were counted by 3 investigators and

results are from at least 3 independent blind experiments. Scale bars = 10 um.

Supplemental figures

Supplemental Fig. 1. Autophagy is inhibited by Vif after 11 days of infection (a) H9 cells were
infected by NL4.3WT or NL4.3AVif for 11 days at a MOI of 1. Then, cells were fixed and autophagy
was analyzed as described in Fig.4. (b) Chloroquine was added to infected H9 cells for 3h before cell

fixation. Scale bars = 10 um.

Supplemental Fig.2. Vif inhibits autophagy in HIV-infected Jurkat cells and in HIV-transfected HEK
cells. (a) LC3-Il expression was analyzed in Jurkat cells infected by NL4.3WT or NL4.3AVif for 3 days at

a MOl of 1. Fold induction was calculated as the intensity of the LC3-Il immunoblot obtained in cells
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infected by NL4.3WT compared to cells infected by NL4.3AVif. Values were normalized to those
obtained with anti-GAPDH Ab. (b) HEK cells were transfected with the molecular clone pNL4.3WT or
pNL4.3AVif for 24 h. LC3-1l expression was analyzed by western blotting. Fold induction was
calculated as the intensity of the LC3-ll immunoblot obtained in cells transfected by pNL4.3WT
compared to cells transfected by pNL4.3AVif. Values were normalized to those obtained with anti-

GAPDH Ab. Data are representative of at least 5 independent experiments.

Supplemental Fig. 3. Vif inhibits autophagy induced by drugs when ectopically expressed in HEK
cells. (a) HEK cells were transfected with the plasmid expressing mCherryVif. One day later, 20 uM
MG132 and 2 uM Torin were added for 4 h. Cells were then fixed, and endogenous LC3 was labeled
using the anti-LC3 Ab as described in the section Materials and Methods. Results are from at least 2
independent blind experiments. (b) Autophagy was induced by starvation (EBSS for 3h) in HEK cells
transfected with either a plasmid expressing Flag or Flag-Vif, in presence or absence of anti-proteases
(pepstatin A and Ed64 at 10 ug/mL). LC3-1Il expression was analyzed by western blotting and was

normalized to the GAPDH expression level. Data are representative of 3 independent experiments.

Supplemental Fig. 4. Vif increases intracellular p24 expression independently of the presence of
A3G. (a) HEK-CD4-CXCR4 cells were transfected with the same amount of pNL4.3WT or pNL4.3AVif.
24h later, these cells were co-cultured for 3 days with Jurkat cells. The percentage of infected CD4 T
cells was analyzed by FACS. (b) p24 was measured in lysates of Jurkat cells infected as described in (a)
using a p24 antigen capture ELISA (Beckman Coulter). (c) SupT1cells infected by co-culture as
described in (a) were enriched by limiting dilution cloning and expression of p55Gag and p24 proteins

was analyzed by Western blotting using the anti-Gag Ab.

Supplemental Fig.5. LC3 cannot bind to the SOCS box-like motif when the EloB/C complex is bound

to Vif. (a) Binding prediction of LC3 (blue) on Vif (grey, red and magenta) obtained by rigid docking as
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shown in Figure 2c. (b) Crystal structure of the complex between Vif and EloB/C (both Elongin chains

are shown in orange and Cullin 5 chains are depicted in tan ribbon).
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