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phosphatidylinositol 3-kinase (PI3K), associated with p150 and
beclin 1, is responsible for the formation of the phagophore. Two =
ubiquitination-related conjugation systems, leading to the forma- 4
tion of the Atg12-Atg5-Atg16L complex and the Atg8-phosphati- ()
dylethanolamine (PE) complex, are required for the elongation £
1). Since the and closure of the autophagosome. These two conjugates arg,

NI

discovery othe Atg genes that regulate this process, autophaf@ymed upon the_ a_ction of a unique El-acti_vating enzyme calledm
has been found to be involved in a number of important cellulaftg7. ATG8-PE is inserted in the autophagic vacuole membrane§

functions, including cellular homeostasis, development, aging,
innate and adaptive immune respons@s3). Autophagy is be-
lieved tobe one of the most ancient defense processes agal
invading pathogens. Its antiviral effect has been described inm
studies through different mechanisms, including a direct degr
dation of cytoplasmic viral components, as shown, for exam
for the Sindbis virus (SIN) capsids that are speci®cally targete
autophagy upon interaction with p62(5). Importantly, patho-
gens havevolved different means to inhibit or use autophagy t
their own pro®t ).

Atthemolecular level, two signaling complexes are involved
the induction, the elongation, and the closure steps of autopha
leading to the formation of autophagosomes. Briey, the class
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dendritic cellsHIV-1 is able to block autophagy, impeding viral
antigen presentatior2@, 29). In CD4* T lymphocytes, we previ-
ously demonstrated that autophagy is induced by the gp41 fuso-
genic function and that this process leads to apoptosis of unin-
fected bystander CDA4T cells, i.e., cells that have been in contact
with infected cells without being productively infect&(31). In
contrast, autophagig blocked in productively infected CBAT
cells B2).
In macrophagethat have been challenged by the virus but not
7+9. LC3B is still the most productively infected, autophagy is inhibited via the activation of
extensively studiedTG8 protein and will be referred to hereafterStat3 and Src-Akt by Tat and interleukin-10 (IL-1@3j. HIV-1
as LC3. Tat alsosuppresses STAT1 activation triggered by gamma inter-g
Autophagy can be a very selective process by the action of adapen (IFN-g) in monocytes and IFNg-induced autophagy in =
tor proteins behaving as autophagy cargo receptors, themselpgmary macrophages, suggesting that inhibition of autophagy%
degraded by autophagy due to their interaction with LG8)( could impair the immune defenses by blocking the antigen pro-
Autophagy cargoeceptors share at least one domain, the LIRessing required for the recognition and killing of intracellular
domain (LC3-interacting region), allowing interactionttviATG8 pathogens34). These results are consistent with the fact that mac-
family members and thus targeting the cargos to autophageso rophages daot undergo Env-mediated apoptosis and are not
(11). p62/SQSTML1 (sequestosome 1, hereafter called p62pisalty subjected to depletion during HIV-1 infection.
autophagy receptdhat interacts with ubiquitinated substrates viaits  The mechanism by which autophagy exerts its restriction ac-g
UBA domain (ibiquitin- associated domain) and that is able to mul-tivity against HIV-1 infection in CD4 T cells remains to be fully E
timerize via its PB1 domain (Nkterminal Phox and Beml1p do- characterized. We demonstrate here that p62 interacts with Taez
main). These two motifs are important for selective autgpbaeg- and targets it to lysosomal-mediated degradation via selective auz
radation of ubiquitinated substrated@ 12+14. Of note, p62 has tophagy. This interaction is not mediated by a conventional do- ©
been involvedn the lysosomal-mediated degradation of incomingnain of p62 since the UBA or the PB1 domain of this proteinis not :
pathogens, a process termed 2xenophadi°16). involved. Interestingly, both neo-synthesized Tat in infected cellsé
Human immunode®ciencyirus type 1 (HIV-1) infects im- and exogenous Tatinternalized by uninfected cells are sensitive to~
mune cells, mainly CD4 T lymphocytes and macrophages. Inautophagic degradation, indicating that all the functions of Tat =
most instances, viral entry is mediated by the interaction of thepuld be counteracted by autophagy. In conclusion, we proposeg
viral envelope (Env) glycoproteins (gp120 and gp41) with CDdhat degradation of the viral transactivator Tat by selective au-3
and a coreceptor, mainly CCR5 or CXCR4, expressed at the siophagy is a potent though unrecognized antiviral cellular mech- g
face of the target cells, to initiate a membrane fusion event. Thaism against HIV-1 infection of CB4T lymphocytes. =3
(BN

da

woJj pape

gp120 protein interacts ®rst with CD4, triggering conformational
changes leading to increased exposure of gp120 regions ablgA&ERIALS AND METHODS
bind to the coreceptor. This interaction induces a structural reag-,, . .. statementPrimary CD#4 T cells were puri®ed from blood ob-

rang_ement in gp41 and the insertion of 'ts, N terminus fus'or?ained from the Etablissement Fran ais du Sang (EFS). Procedures usin
peptide into the target cell membrane, leading to the fusion b&yman cells were approved by the Human Experimentation and Ethics &
tween viral and cell membranes and thus to viral entty)(The  committee of the CNRS Institute. The HIV-1 infection experiments were A3
RNA viralgenome is then retro-transcribed in DNA by the viralperformed in a biological safety level 3 laboratory. Cell culture was per-—
reverse transcriptase and is transported to the nucleus, wheréitned in a biological safety level 2 laboratory. =
integrates the genome of the host cell by the action of the viral Cell culture. The original HEK.293T cell line, HEK cells expressing &2
integrase. After the integration step, the viral transactivator T#ld-type (WT) CD4 and wild-type CXCR4 (HEK/CD4/CXCR4), and
enables the transcription of the viral DNA, leading to thepr HEK cells S:ja}gydeépfelsfalng Far)v at(tg'\e/lt;&l)r surfalce We;e(;:UI-ttL:]redtl-%-D;JI
; ; ; co's modi®ed Eagle's medium supplemented with antibiot-
?nl;gggguosf :)r;erti\glr:Sl iﬁ;ntp;rgepgfegsggsfsrgg :ﬂes)i/:;:;zéecgﬁzﬁsf;and 10% fetal calf serum (FCS). MAGICSB cells (cell line expressing’%
S L . ~7 CXCR4 and CCR5 artagalactosidase under the control of the HIV long- T
The HIV-1 repllcatlo_n cycle can thus _be d_'v'dEd "_q two phates terminal repeat [LTR]) were obtained from T. Masashi (Tokyo, Japan) &
early phase, from viral entry to provirus integration, aftiate a0 cultured in DMEM supplemented with antibiotics and 10% FCS.
phase, from transcription of viral genes to the release of new VifgbL T cells are nonadherent human acute lymphoblastic leukemia cells.
particles (8, 19). The chronically HIV-1-infected MOLT cells (MOLT-X4) and the unin-
Tat isa small HIV-1 protein of 80 to 103 amino acids, dependfected parental cell line (MOLT) were provided by J. Blanco (Barcelona,
ing on the viral strain, necessary for the transcription of all thEpain). The 8.E5 cell line is a CEM-derived T cell line containing a single
viral genes after its binding to the TAR RNA loop present in thigtegrated copy of HIV-1 and unable to produce infectious virions. T cell
HIV-1 long terminal repeat (LTR) promoter2Q). In addition to lines were cultured in RPMI 1640 medium supplemented with antibiotics

its rolein infected cells, Tat can be secreted and captured by @ld 10% FCS. Primary CBAT cells were isolated from peripheral blood

TOC ‘L

AO

ol

stander cells, where it can induce apoptosis or modulate the ononuclear cells and puri®ed by negative selection using the" CD4
' osette separation technique (Stem Cell Technologies). Cells were phe-

pression of cellular proteins, in particular, proin ammatory cyto-, . ically analyzed, stimulated witi) of phytohemagglutinin (PHA)

kines @1+24. _ _ for 24 h, and maintained in culture by the addition of 100 U/ml of inter-
Complex linkseexist between HIV-1 and autophagy, dependingykin 2 (IL-2) (Boehringer Mannheim) every 2 to 3 days.

on the cell types and on the infectious status of the target cell type, Reagents and AbsTorin 1 (To) was purchased from Tocris, and

i.e., if the target cell is productively infected or n@5¢27. In  3-methyladenine (3-MA), PHA, E64d, and pepstatin A (anti-protease

616 jvi.asm.org Journal of Virology January 2015 Volume 89 Number 1
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type p62 (GST-p62), or mutated p62 (GST-ph2R, GST-p6DUBA,
and GST-p6RPB1, with deletions of the LIR, UBA, and PB1 domains,
respectively) were cotransfected in HEK cells with the pBi-FLAG-Tat and
pUHD vectors. Corresponding empty vectors were used as controls. Anti-
proteases (E64d plus pepstatin A) were added to the transfected cells in
order to optimize the expression of Tat. Cell lysis was performed at 24 h
posttransfection in 150 mM NacCl, 20 mM Tris, pH 7, and 0.5% NP-40 at
4&C. After centrifugation for 20 min at 4&C, the lysates were incubated
with glutathione-conjugated Sepharose beads for 2 h at 4&C. Unbound
proteins were removed by four washes with cold lysis buffer. Bound pro-
teins were then eluted by boiling for 10 min in Laemmli buffer and sepa-
rated by gel electrophoresis, followed by immunoblotting with speci®c
antibodies. CU,
Flow cytometry. The percentage of HIV-1-infected cells was deter- S
mined by quantifying the cellular levels of §Z%¥by “ow cytometry using %
an HIV KC57 "uorescein isothiocyanate (FITC) kitaccordingtothe man- ©
ufacturer's instructions (Beckman Coulter). Brie'y, cells were ®xed and%
permeabilized, and the anti-p24 antibody was added to the cells. After@-
staining for 30 min, cells were washed with phosphate-buffered salinex"
(PBS), and uorescence intensity was measured on a Coulter Epics XI5
Flow Cytometer (Beckman Coulter). -
b-Galactosidase assayA chemiluminescent reporter assay system, =
Galacto-Stab-Galactosidase Reporter Gene Assay System for Mammas_,
lian Cells, from Life Technologies, was used to quantitate -galactosidasg"
35. activity according to the manufacturer's instructions. Brie'y, 8.5.0° .
The FLAG-TaK71R expression vector was a kind gift from Monsef BerMAGIC5B cells were lysed in 2600f lysis buffer provided by the man-
kirane (as with pBi-GL-Tat, the FLAG tag is located at the C terminus ofacturer. Fifty microliters of cell lysate was used in each assay, in dupli=
Tat) (36). cates. The results were normalized by quantifying the total protein con-

J/-dy

wse-

10

The differenttonstructs expressing Vif, Nef, and Vpr were cloned in eentrations using a Bradford assay from Sigma-Aldrich. Q
PENTR plasmid and transferred in a pCl-néBLAG expression vector  Transfections.A total of 0.53 10° HEK or HEK/CD4/CXCRA4 cells g
after an LR Clonase reaction using Gateway cloning technology (Lifere cultured in six-well plates 24 h prior to transfection. Plasmids were -

Technologies). The expression vector coding for GFP-LC3 (where GFEhisn transfected using TurboFect reagent (Fermentas) according to thep
green uorescent protein) was kindly provided by T. Yoshimori (Osakeanufacturer's instructions. Smartpool p62 small interfering RNA
University, Japan) and R. Willey (NIAID, NIH). The expression vecto(siRNA) and control siRNA (siCT) were from ABgene. Beclin 1 siRNA 3
coding for Gag was kindly provided by Nathalie Chazal (Centre d"'tudeend Atg7 siRNA were synthesized and annealed by Eurogentec. Thg
d'Agents Pathog#nes et Biotechnologies pour la Sant$ [CPBS], MontpeRNA sequences to be targeted for beclin 1 and Atg7 siRNAs w&e 5 =
lier, France) 87). AGUUUGGCACAAUCAAUA-3and 5=GCAUCAUCUUCGAAGUGA
TEM analysis.Cellswere ®xedn situ with 2.5% glutaraldehyde in A-3s5 respectively. Transfection of siRNA into HEK/CD4/CXCR4 or
cacodylate buffer (pH 7.4) for 60 min at 4&C, post®xed with 2% osmiuMAGIC5B cells (0.3 1P cells maintained in six-well plates) was per-
tetroxide, and then washed in cacodylate buffer containing 0.5% tanrfcrmed with LipoRNAiIMax reagent (Invitrogen) according tbe
acid. After extensive washes in 0.1 M Sorensen phosphate buffer (pH 7mi2ynufacturer's instructions. In the case of siRNA and plasm
cells were included in a ®brin clot as described by Charret and Fauctransfections, 0.25 10° HEK cells were ®rst transfected with SIRNA
Fremiet 38). Cells were then post®xed with 2% osmium tetroxide andsing LipoRNAiMax reagent, and, 24 h later, siRNA-transfeécells
0.5% tannicacid, dehydrated, and embedded in Epon (Embed-812; Elewere transfected with the plasmid using TurboFect reagent.
tron Microscopy Sciences, Inc.). Sections were counterstained with uranyl Western blotting. Cell lysates were loaded in 12% Prosieve 50 geIsT|
acetate and lead citrate and examined with a Hitachi H7100 transmissigironza) and transferred to polyvinylidene (PVDF) membranes. After a O)
electron microscope (TEM). blocking step for 1 h at room temperature in PBS containing 0.5% casein,
HIV-1 infection and production. To produce HIV virions, HEK cells membranes were incubated overnight at 4&C with the primary antibody()
were transfected with pNL4-3, and supernatants were collected at 2 dgdis) in the blocking buffer. After three washes with PBS supplemented gg
posttransfection. Viral particles were concentrated by ultracentrifugatiowith 0.05% Tween, the membranes were incubated for 1 h at room tem-&
Jurkat cells were then challenged for 24 h with dilutions of the conceperature with peroxidase-coupled secondary Ab. Upon extensive washe&’
trated viruses. Flow cytometry analysis of Eaglls was performed in membranes were incubated with Luminata Western HRP Substrate (Mil- <
order to quantify the multiplicity of infection (MOI). Quanti®cation of lipore). Proteins were detected by chemiluminescence and imaged with &P
viral particle production was performed with a p24 enzynmkéd G-box camera (Syngene imaging system). The expression level of GAPDH
immunosorbent assay (ELISA) from Innogenetics (Innotest HIV antiwas used as a loading control in all of the Western blotting experiments
gen monoclonal Ab [MAb]) according to the manufacturer's instruc-and for quanti®cation. Quanti®cation of protein expression was done
tions. CD4 T cells were infected with concentrated viruses at an MQlith Genesys software (Syngene).
between 0.1 and 1. Coculture experiments were done with chronically The form of LC3 conjugated to PE, named LC3-Il, presents a higher
HIV-infected (MOLT-X4) or uninfected (MOLT) T cells coincubated for electrophoretic mobility in gels and was, therefore, used to quantify au-
indicated times (see the ®gure legends) with HEK/CD4/CXCR4 tmphagy.
MAGICS5B cells. Quanti®cation of HIV infection of target cells was mea- Fluorescence analysis of autophagflEK/CD4/CXCR4 cells were
sured by “ow cytometry (for HEK cells) dy-galactosidase activity assaycultured in six-well plates and transfected with pEGFP-LC3 using Turbo-
(for MAGICB5B cells). Fect reagent (Fermentas) according to the manufacturer's instructions.
GST pulldown experiments.Constructs expressing GST proteinsTransfected cells were then left to adhere on coverslips before coculture
fused to wild-type LC3 (GST-LC3), mutated LC3 (GST-LC3 F52A), wildwith MOLT cells (negative control) or chronically infected cells (MOLT-
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Fig. 4A. Human of autophagy could affect the expression level of Tat. To this end
primary CD4 T cells were transfected with pEGFP-LC3 using a Nuclegve transfected human embryonic kidney (HEK) cells with a plas-
fector apparatus (Amaxa Biosystems) according to the manufactureffid expressing a FLAG-Tat construct, and autophagy was in-=
instructions. Transfected primary T cells were then cocultured on coveg%c:ed upon addition of torin 1 for 3 h. We observed a signi®cant
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slips for4hW|th effector cells either expressing or not expressing thevi crease in Tat levels upon torin 1 treatmeRig 28. Impor- :
envelope at their surface (HEK.Env or HEK cells, respectively). Coverslips - . . .
were washed with PBS, and cells were ®xed in a 3.7% paraformaldeh Btly' thiseffect was reversed in cells pretreated with a cocktail o

PBS solution for 10 min at room temperature and analyzed by epi uore§ti-proteases ([APs] E§4d plus pepstgtir) A) previously describe
cence using a Leica microscope. Autophagic cells were de®ned astednlock lysosomal-mediated degradatiénd. 28. Furthermore, g
containing at least ®ve GFP-LC3 puncta. More than 100 transfected ciellsibition of lysosomal proteases, in the absence of autophagyy
were analyzed by two differentinvestigators. Results are from at least thirgguction, led to increased levels of Tat expression in cells, sug>
independent experiments. gesting that the viral transactivator can be degraded by lysosomely!
Statistics.Analysis of the variance of the results was performed aft?pig 2BandD). The levels of the ectopically expressed viral pro- Q

i i S e o S, @

arc sine transformation of the data when percentages were comg8ed (teInS Gag, Vif, and Nef were not affected by the addition of torin 1 3
RESULTS (Fig. 2Q. These data strongly suggest that the torin 1-induced g

Induction of autophagy decreases viral production in HIV-1- decrease imat level is sele_ctive and relie_s on an autophagy-:
infected CD4 T lymphocytes We, along with others, have pre_dependent lysosomal-mediated degradation. The results wereN
. B . ! con®rmed in a context of viral infection using HIV-1 chronically o
viously shown that autophagy is blocked in productively HIV-1- fected T cells (MOLT-X4 cells) which titutively produce the <
infected CD4 T lymphocytes, suggesting that autophagy is an cetea t ce S.( ce S.)W Ich constitutively produce the: i
anti-HIV process counteracted by this virid((40). To examine viral Tat_proteln. As shown mFlg._ZD Tat levels were also de- o
this hypothesisactivated primary CD4 T cells were infected by creased |rM_OLT->_<4 cells upon torin 1 treatment for 3 h, and the =
HIV-1for3days( 20°/oinfection).Then,autophagywasinduced’f‘umpha?gy"nduc_Ing drug_effect could be revgrsed by AP ”eat'z
by adding torin 1, an inhibitor of the mTOR kinase, for 24 h. Thdnent. Since Tat s essential for the HIV-; replllcano.n cycle, these(ﬁ
level of viral particle production was measured by quantifying tH€Sults extend further those presentedhiig. 1 in which drug- %
viral capsid protein p24 by ELISA. As expected, we detectefNgdiated induction of autophagy.strongly depreased V|.ral releas
sighi®cant decrease of HIV-1 p24 levels in the supernatants of celld © cON®rm that the autophagic process is responsible for thexy
treated with torin 1 Fig. 14. The same results were obtainedySosomal-mediated degradation of Tat, we downregulated theX?
when torin1 was added to infected Jurkat ceffig( 18 or chron-  €XPression of the essential autophagy-related protein ATG7 using®
ically infectedCD4* T cells (MOLT-X4) Fig. 1Q. Thus, addition SIRNA. As shown irFig. 2E while the control siRNA did not =
oftorin 1 decreases viral production, supporting the anti-HIV rol@revent torin-1-induced Tat degradation, the viral transactivator <
of autophagy. expression levels were signi®cantly increased in cells for whicf
Tat interacts with p62 and is speci®cally degraded by torin ATG7 expression was reduced. Notably, even if SIRNA-mediated
1-induced autophagyWe performed a two-hybrid screen to an-ATG7 decreased expression was only 30%, Tat levels became to-
alyze the interactions between several HIV-1 proteins (Tat, Viglly insensitive to torin 1 treatment, con®rming the contribution
Vpr, and Nef) and a bank of ATG proteins. Among the viral proof the autophagy pathway in Tat degradation. This result also
teins tested, the transactivator Tat was the only viral protein ablidicates that this process is ®nely tuned and relies on a fully
to bind p62 (data not shown), which is highly suggestive of a rofgnctional autophagy process.
for selective autophagy. This interaction was further con®imed  Since we observed that Tat was interacting with (§68.(2A,
vitrousing a GST pulldown assay in which Tat was found to intewe aimedat analyzing Tat levels when p62 expression was de-
act with GST-p62 but not GST alon€if. 2A. As p62 is an au- creased. Remarkably, we noted that the siRNA-mediated decrease
tophagy receptoinvolved in the speci®c degradation of proteinsf p62 expression correlated with a signi®cant increase in Tat pro-
or organelles by autophagy, we then analyzed whether inductitain signal compared to levels obtained in lysates from siCT-
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Fig. 2B. Overall, these results demonstrated that thanable to interact with p62 (GST-LC3 F52A3§ 41). We ob-

autophagy pathway signi®cantly contributes to Tat degradatiserved thafTat did not coprecipitate with LC3 F52A4(g. 34,
and that the autophagy receptor p62, shown to interact with Taydicating thatthe interaction between Tat and LC3 was indirect
could confer selectivity in this process. and seemingly regulated by p62. To con®rm this hypothesis, we

The interaction between Tat and p62 is ubiquitin indepen- tested the interaction between Tat and a mutated form of p62 that
dent. As we demonstrated that Tat interacts with p62 and sina@oes notinteract with LC3 (GST-pB2IR). As expected, this mu-
p62 is known to induce the selective autophagic degradation taht still interacted with Tat with an apparently increased ef®cacy,
substrates by interacting with LC3, we further analyzed whethehich could be explained by the lack of targeting to autophagy-
Tat could be present in complexes with LC3. We thus performeadediated degradation and thus a prolonged protein complex sta-
GST pulldown experiments after cotransfection of plasmids elility (Fig. 3A lane 6).
pressing GST-LC3 and FLAG-Tat in HEK cells. As showkidn The autophagyeceptor p62 has been reported to selectively
3A, Tat coprecipitates with GST-LC3. To assess whether this direct ubiquitinated proteins or ubiquitinated organelles to au-
teraction wagp62 dependent, we cotransfected cells with cortephagic degradation via speci®c recognition of ubiquitin moi-
structs expressing FLAG-Tat and a GST-tagged mutant of LE®es through its UBA domain, and the PB1 domain contributes to
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(MOLT-X4) or with uninfected T cells (MOLT) as a negative con-
trol. The level of autophagy and the percentage of infected cellds
Fig. 3B were analyzed at different time points of coculture. As shown ino-
(lanes 3 and 4), Tat still interacted with these two p62 mutantgjg. 4A autophagy was rapidly induced in read-out cells upon
indicating thatubiquitination might not in uence the interaction coculture withMOLT-X4, with a peak around 4 h corresponding
between p62 and Tar vitro. In accordance with this result, Tatto the early phase of HIV-1 infectiorlg). Autophagy was then
mutants on known ubiquitinated lysines, previously reported taegatively regulateahd ®nally completely inhibited after 24 h of
regulate Tat activity and stability (K71 and K50/51, respectivelgdculture, a step corresponding to the late phases of HIV-1 infec-
(36, 42, 43 are still degraded upon induction of autophagy bytion. Importantly, induction of autophagy is inversely correlated
torin 1 (Fig. 3Q. with the level of infection. Of note, the same pattern was obtained
Autophagy isinduced by HIV-1 envelope glycoproteins when GFP-LC3-transfected cells were challenged with cell-fre
(Env) at the very ®rst steps of HIV-1 infectiorilTo further deci- HIV-1 (data not shown). We next analyzed whether the viral en-
pher whether Tat degradation by autophagy could be relewantvelope was contributing to this early autophagy induction during
vivo we analyzed its occurrence in the context of HIV-1 infectiorearly events of HIV-1 infection of CD4T cells. Primary CD4 T
Indeed, we already demonstrated that autophagy is induceddalls, expressing GFP-LC3, were cocultured with effector cells sta-
uninfected bystander CB4T lymphocytes after 48 h of coculture bly expressing Env, or not, at their surface (HEK.Env or HEK cells,
with Env-expressing cell81). We extended this ®nding with ex- respectively). As shown Fig. 4B Env alone was able to rapidly
periments showinghat the fusogenic function of gp41 is respon-and signi®cantlinduce autophagy in target cells. To con®rm and
sible for the observed Env-induced autopha®@ (Given thatthe reinforce these data, we took advantage of another autophagy
gp41-mediated fusioprocess is an early HIV-1 entry event, weead-out by analyzing the phenotype of primary CDE cells by
investigated whether autophagy could be induced very rapidhansmission electron microscopy upon 4 h of coculture with
after contact of Env with its receptors on target cells before prétEK cells stably expressing Env or not. We detected the appear-
ductive infection. To this aim, HEK cells expressing HIV receptoesice of numerous autophagic vacuoles in the cytoplasm of target
(HEK/CD4/CXCR4) and transfected with a plasmid expressingD4* T cells only in the presence of Eriig. 4Q. Thus, Env is
GFP-LC3 were cocultured with chronically infected T cellable to induce autophagy in target cells upon early contact with
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FIG 4 Autophagy is induced at early steps of HIV-1 infection. (A) HEK/CD4/CXCR4 cells, previously transfected with a plasmid expressing GFP-LC3,.3/ere
cocultured with either MOLT cells (CT, negative control) or chronically infected MOLT-X4 cells (HIV) for the indicated times. The number of autophad®:
HEK/CD4/CXCR4 cells was counted by three different experimenters, and the resultis the mean of three independent experiments. The percentage of aut&bhag
cells obtained after coculture with MOLT-X4 cells was normalized with the percentage of autophagic cells obtained after coculture with MOLT cels. A
representative pattern of GFP-LC3 punctain HEK/CD4/CXCR4 cells upon 4 h of coculture with MOLT-X4 cells is presented on the left-hand side and compared
to the "uorescence pattern obtained upon 4 h of coculture with control MOLT cells. In parallel, the percentage of HIV-infected cells was quanti®ed by ©@w
cytometry using the anti-p24 Ab. (B) Human primary CPbZ cells were transfected with a plasmid expressing GFP-LC3 and cocultured with HEK cells (negat
control) or Env-transfected HEK cells for 2 h or 4 h. Quanti®cation was performed as described above, and the results are presented as mean fold valuempf es
condition from three independent experiments. A representative pattern of GFP-LC3 puncta in primatyTa24s upon 4 h of coculture with HEK-Env cells 3
is presented and compared to the “Uorescence pattern obtained upon 4 h of coculture with control HEK cells. (C) Human primaiy&idwere cocultured &
with HEK cells expressing Env, or not, for 4 h, and autophagic vacuoles were observed by transmission electron microscopy. The percentage of autophagic ce
is presented. (D) Human primary CB4T cells were cocultured with HEK cells expressing Env, or not, for 4 h in the presence or absence of APc€lBAvere =
harvested, and lysates were immunoblotted with anti-LC3 Ab and anti-GAPDH Ab as a loading control. LC3-1I levels were quanti®ed by densitometry\énd
normalized with GAPDH expression levels. (E) HEK/CD4/CXCR4 cells were transfected with the FLAG-Tat vector and then cocultured with MOLT Bells
(negative control) or with MOLT-X4 cells for 4 h and 48 h. Suspension cells were removed by washing, and autophagy induction was monitored in the Iysaﬁs o
target cells upon immunoblotting with anti-LC3 Ab (left panel). Tat levels were assessed with the anti-FLAG Ab (right panel), while sample loadingfwvas
controlled with the anti-GAPDH Ab for each condition. LC3-1l and Tat levels were quanti®ed by densitometry upon normalization with GAPDH expresstoh
levels in the corresponding samples?, 0.05; **P, 0.01;**,P, 0.001. <

with MOLT-X4 cells for 4 h, a time previously shown to corre-
30), this early au- spond to the peak of Env-mediated autophagy induction, or 48 h,
tophagy inductiorwas dependent on the gp41 fusogenic functiora time for which autophagy was seemingly inhibitedy( 4A. As
Indeed, the addition of T20 to the coculture, a gp41-mediateelxpected, théevel of LC3-Il was increased up to 70% after 4 h of
fusion peptide inhibitor, completely abolished the Env-inducedoculture while being decreased by 40% upon 48 h of coculturez:
autophagy Fig. 4D. with MOLT-X4 cells, strongly supporting an early induction of F
We thenanalyzed whether later steps of autophagy could lzeitophagy followed by its blockade during HIV-1 infection. Re- <
induced or blocked when cellular lysosomal proteases were inhiharkably, Tat expression levels were inversely correlated to thos®
ited by AP. As evidenced Fig. 4E the increased level of LC3-Il of LC3-Il, meaning that Tat is depleted when autophagy is in-
obtained upond h of contact with Env-expressing HEK cells waguced, while this effect was not observed under conditions where
further enhanced in lysates from cells also pretreated with A&Rytophagy is inhibited by the virugig. 45.
con®rming that the induced autophagy ux was not blocked dur- Env-induced autophagyriggers Tat degradation and conse-
ing the early time points of contact between the viral envelope agdently represses HIV-1 LTR activationin order to assess the
CD4* T cells. contribution of Env-mediated autophagy induction in Tat degra-
To con®rm that Tat could be a selective target for autophagiation, we transfected a plasmid expressing FLAG-Tat in HEK/
degradation in the context of productive infection, we analyzed iSD4/CXCR4 cells and treated these cells with the autophagy
expression levels upon Env-induced autophagy during HIV-1 innitiation inhibitor 3-methyladenine (3-MA) before coculture for
fection. For this purpose, we transfected a plasmid expressihp with uninfected or chronically HIV-infected T cells. As shown
FLAG-Tat in HEK/CD4/CXCRA4 cells and cocultured these cells Fig. 5A Tat levels markedly decreased upon coculture with
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(MAGIC5B cells) 44). MAGIC5B cells were cocultured for 4 h (ﬂ
and 8h with MOLT-X4 cells in the presence or absence of 3-MA, o
and b-galactosidase activity was measured. Enzymatic activitgez
could be detected in reporter target cells, supporting the bystandezU
effect of secreted Tat. Transactivation was signi®cantly increas

in the presence of 3-MA, strongly suggesting that autophagy con:
trols Tat-mediated transactivation of the HIV LTRi@. 5Q. Be- =3
cause 3-MAcould have some side effects possibly affecting Tat<
secretion from infected cells, we aimed at con®rming these result®
by directly downregulating the expression of essential ATG pro-

While viralchallenge could rapidly and transiently induce auteins in target cells. Therefore, MAGIC5B cells were transfected
tophagy, productive infection appeared to block this defense@th siRNA directed against beclin 1 or Atg7 or unrelated siRNA
mechanism, thus potentially protecting the viral transactivatdsefore coculture with MOLT-X4 cells. As expected, the level of
Tat from degradation. Interestingly, Tat can exert multiple effects-galactosidase activity was increased at both time points of co-
on bystander cells when secreted from productively infected cetlalture when beclin 1 or Atg7 expression was silen&égl 6D).
Forinstance, secreted Tat was reported to transactivate the exptegersely, autophagyduction should inhibit HIV LTR transac-
sion of genes under the control of the HIV LTR in bystander cell§vation due to Tat degradatiorHg. 9. Indeed, when MAGIC5B
To examine whether incoming Tat could be degraded by agells wereocultured with MOLT-X4 cells in the presence of torin
tophagy, we used Hela cells expressing CD4 and CXCR4 togefhewe observed a signi®cant decreade gdlactosidase activity,
with b-galactosidase under the control of the HIV LTR promotemversely correlated with the increased enzymatic activity ob-
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HIV-1 Tat Is Selectively Degraded by Autophagy

Fig. 5B. Hence, tion has been demonstrated only for two structural viral proteins,
the effect of drug-mediated autophagy induction on transactivdhe capsid protein of the chikungunya virus (CHIKV) and the
tion by Tat appeared to be sustained, as evidenced by the dapsid protein of the Sindbis virus (SIN4,(47). In the case of
creased transactivation upon 16 h of cocultuFég( 58. These CHIKV, p62binds to ubiquitinated capsid and targets it to au-
data thusshow that the autophagy pathway can be a major regtephagic degradation, while in the case of the SIN, and reminis-
lator of Tat-mediated transactivation and viral replication. Thigent of our data for Tat, the interaction between p62 and the SIN
conclusionis valid whether Tat is produced intracellularly (i.e., byapsid does not require the p62 UBA domain, highlighting a po-
infected cells) or delivered from the outside (i.e., endocytosed)tential original mechanism by which p62 recognizes autophagic

Indeed, to con®rm that the detected viral promoter transactsubstrates. As p62 could frequently interact with viral proteins
vation was exclusively Tat dependent and controlled by a(48),itwould be interesting to decipher the molecular mechanism
tophagy, we took advantage of a previously described Tat mutdrghind this ubiquitin-independent p62-mediated autophagic
that lacks its single tryptophan residue (Tat-W11Y). This mutarttegradation, with a particular emphasis on the identi®cation ofg
retains transactivation activity but is unable to enter bystandether putative cellular partners linking p62 to its substrates. One =
cells @5 (Fig. 55. MAGICS5B cells were transfected with a beclipotential candidate is the histone deacetylase HDACG6, whos
1-speci®c siRNd&r a control siRNA and then treated with 200 nMdeacetylase activity was shown to be regulated upon interactio
recombinant wild-type Tat (Tat-WT) or Tat-W11Y, arzdgalac- with p62 @9). Furthermore, HDAC6 was also reported to @
tosidase activity was measured after 48 h. We observed thatd@acetylate Talgading to a decrease in Tat transactivation activ- 9;
contrast to cells treated with Tat-WT, transactivation was not si@y (50). o
ni®cant when Tat-W11Y was usddd. 5Q. These results con-  Although cellularfactors are involved in HIV-1 transcription, 3
®rm thattransactivation by incoming Tat is targeted by selectivEat is absolutely required for HIV-1 replication since it is needed g

autophagy. for the elongation of viral transcript2Q). Tat is thus a perfect E
target toshut down viral production. Interestingly, Tat was shown ==
DISCUSSION to be actively secreted from infected cells and captured by severdf’

HIV-1, like other viruses, has to deal with cellular defenses @ell types 21, 42). Our results suggest thatincoming Tatis alsoa ®
order to replicate ef®ciently. Although several cellular HIV-1 rearget forautophagic degradation following internalization by by- =
striction factors have been identi®ed, most of them were showndtander cells. The consequences of this degradation on the differS
be affected by viral countermeasurédS)(We previously demon- ent known effects of Tat and, in particular, on the homeostasis of =
strated thaHIV-1 Env induces autophagy in uninfected CbZ  target cells warrant further investigation. S
lymphocytes via the fusogenic function of gp41, leading to their We discovered that autophagy is induced by HIV-1 Env at the O
apoptotic cell death30, 31). In this study, we demonstrate that very ®rst steps of infection. This Env-induced autophagy is timed
induction of autophagy is readily detectable early after viral chalegulated and initially triggers the degradation of any incoming g
lenge in an Env-dependent manner, while being compromised Bat, avoiding the death of the target cells long enough to allow them-
later times. Autophagic activity is inversely correlated with HIV-girus to initiate its replication. If productive infection of the target @
production. We further provide evidence that autophagy, wheecells proceeds, the virus blocks autophagy, and Tat, thereby proky
pharmacologically induced in productively infected CDBcells, tected from degradation, can ful®Il its transcriptional role, en- -
leads to a signi®cant decrease in viral production, thus identifyiagling robust viral production. S
this cellular pathway as an HIV-1 restriction mechanism. This Intracellular Tat concentration is tightly regulated. Indeed, we '
observation led us to decipher the molecular mechanism of tlilemonstrated here that Tat can be degraded by basal constitutives
autophagy-mediated antiviral effect. A two-hybrid screen rexutophagy and upon Env-induced autophagy. Tat was also re=
vealed a strong and speci®c interaction between p62 (also cafleded to inhibit the autophagy process in uninfected ceB8 (£
SQSTM1), an autophagy receptor, and the viral transactivatd4), underlining the complex relationship between autophagy and (ﬂ
Tat. We ®rst con®rmed the interaction between the proteins at tthés viralprotein. This also seems to be the case for another retro- 2
cellular level in pulldown assays and con®rmed that Tat expresal transactivator, the human T-cell leukemia virus type 1 =z
sion levels were modulated in cells upon autophagy activation ¢4 TLV-1) Tax protein. Indeed, it has been demonstrated that Tax /0
inhibition. We then demonstrated that Tat expression was signifs a substrate for autophagy degradation, but the underlying
icantly increased in p62-de®cient cells, suggesting that p62 caulechanism is still unknowng1). They also demonstrated that &
be a mediator of Tat degradation by selective autophagy. Wex isable to block the degradative phases of autophagy, suggesg’
therefore analyzed the domains of p62 possibly involved in tlieg that this viral protein could control its own stability and turn- <
interaction with Tat. Surprisingly, the interaction between Tabver (51). @
and p62 did not rely on a functional UBA domain of p62, suggest- Highly activeantiretroviral therapy (HAART) can ef®ciently

ing that ubiquitination would not regulate p62-mediated Tat degblock viral replication and reduce the levels of circulating virus
radation, in contrast to the general paradigm reported for othdselow the detection limit. Despite its ef®cacy, the virus is not erad-
substrates46). Consistently, Tat mutations at the level of lysinescated due to the establishment of latent but replication-compe-
which werepreviously shown to regulate Tat stability and activitytent proviruses in reservoir cells probably located in peripheral
did not prevent its degradation upon autophagy induction. Alblood and tissues. Viral latency is characterized by HIV-1 LTR
though we cannot exclude modi®cation of other residues or thenscriptional repression, and, interestingly, a hallmark of this
involvement of unidenti®ed cellular proteins belonging to therocess is the low level of Tat. Thus, speci®c degradation of Tat by
complex Tat/p62, our data represent the ®rst demonstration atitophagy could adversely contribute to the establishment of
selective autophagic degradation of a viral transactivator. IndeétlV-1 latency, which should be taken into account in the context

in a context of viral infection, a selective p62-mediated degradaffuture antiviral strategies.
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11.

52), dominant negative Tat§3

54), Tat-inhibitory peptides $5+58, or siRNAs against Tab9+ 12

Birgisdottir AB, Lamark T, Johansen 2013. The LIR motifb crucial

for selective autophagy. J Cell 3€i63237+3247http://dx.doi.org/10
.1242/jcs.126128

Bjorkoy G, Lamark T, Brech A, Outzen H, Perander M, Overvatn A,
Stenmark H, Johansen R005. p62/SQSTML1 forms protein aggregates

61). However, none of these strategies has been successful to dateiegraded by autophagy and has a protective effect on huntingtin-induced

The autophagy-mediatetbgradation of Tat presented here could
represent a new way to target this viral protein in infected cellls3
blocking viral transcription and thus viral replication. Indeed; ™
while HAART acts directly on viral enzymatic proteins, the in-

duced degradation of Tat by autophagy could represent a naw

cell death. J Cell Biol71603+ 614 http://dx.doi.org/10.1083/jcb
.200507002

Bjorkoy G, Lamark T, Johansen T2006. p62/SQSTM1: a missing link
between protein aggregates and the autophagy machinetppagy
2:138+139nttp://dx.doi.org/10.4161/auto.2.2.2405

Pankiv S,Clausen TH, Lamark T, Brech A, Bruun JA, Outzen H,

strategy based on a cellular response. Interestingly, some siroli-Overvatn A, Bjorkoy G, Johansen 2007. p62/SQSTM1 binds directly

mus-derived compounds (rapamycin and rapamune), which are

strong inducers of autophagy and already used in therapeutics,

were shown to possess anti-HIV-1 properti€g?)( Recently, 15.
Campbell andpector demonstrated that vitaminghhibits HIV
replication through induction of autophagy®). It would be in-
teresting, thereforegp examine the autophagy-induced degrada-""
tion of Tat in these contexts and its possible outcome on inhibi-
tion of HIV replication. 17.
The results obtained in our study provide new evidence of the
antiviral action of autophagy and highlight why the viruses havle8
evolved strategies to block this process. '
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