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ABSTRACT

Macroautophagy/autophagy is an auto-digestive pro-survival pathway activated in response to stress to
target cargo for lysosomal degradation. In recent years, autophagy has become prominent as an innate
antiviral defense mechanism through multiple processes, such as targeting virions and viral components
for elimination. These exciting findings have encouraged studies on the ability of autophagy to restrict
HIV. However, the role of autophagy in HIV infection remains unclear. Whereas some reports indicate
that autophagy is detrimental for HIV, others have claimed that HIV deliberately activates this pathway
to increase its infectivity. Moreover, these contrasting findings seem to depend on the cell type
investigated. Here, we show that autophagy poses a hurdle for HIV replication, significantly reducing
virion production. However, HIV-1 uses its accessory protein Nef to counteract this restriction. Previous
studies have indicated that Nef affects autophagy maturation by preventing the fusion between
autophagosomes and lysosomes. Here, we uncover that Nef additionally blocks autophagy initiation
by enhancing the association between BECN1 and its inhibitor BCL2, and this activity depends on the
cellular E3 ligase PRKN. Remarkably, the ability of Nef to counteract the autophagy block is more
frequently observed in pandemic HIV-1 and its simian precursor SIV, infecting chimpanzees than in
HIV-2 and its precursor SIVg,m infecting sooty mangabeys. In summary, our findings demonstrate that
HIV-1 is susceptible to autophagy restriction and define Nef as the primary autophagy antagonist of this
antiviral process.
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Introduction Autophagy comprises more than 30 autophagy-related
(ATG) genes that are highly conserved in all eukaryotes. These
molecules work in the concerted formation of double-
membrane vesicles (autophagosomes) that ultimately fuse with
lysosomes for the degradation of their cargo. Autophagy consists
of three basic stages: initiation, elongation, and maturation
(Figure S1). In the initiation phase, BECN1/Beclinl dissociates
from its inhibitor BCL2 to facilitate the formation of phago-
phores through the activation of class III PtdIns3K complex
I [10-13]. This phase involves the isolation of cellular mem-
branes — mainly from the ER [13,14] - where cargo is targeted

Macroautophagy (hereafter autophagy) is a survival pathway
activated in response to stress to target cargo such as mal-
functioning proteins and organelles for lysosomal degradation
[1,2]. This process is critical for cellular homeostasis since it
allows the coordinated degradation and recycling of cellular
components while providing an alternative source of energy
and nutrients. In fact, defects in eliciting proper autophagic
responses have been associated with many cancers, neuro-
pathologies, and cardiovascular disorders [3-9].

CONTACT Ruth Serra-Moreno @ ruth.serra-moreno@ttu.edu @ Biological Sciences, College of Arts and Sciences, Texas Tech University, 2901 Main Street,
Lubbock, TX, USA

*These authors contributed equally to this work

@ Supplemental data for this article can be accessed here.

© 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/4.0/),
which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon in any way.


http://orcid.org/0000-0002-8682-1779
https://doi.org/10.1080/15548627.2020.1725401
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15548627.2020.1725401&domain=pdf&date_stamp=2021-02-28

554 e S. CASTRO-GONZALEZ ET AL.

(Figure S1). In the elongation step, the phagophore encloses the
cargo in an autophagosome, which is coated by a processed
version of MAPI1LC3B/LC3B (hereafter LC3). Under normal
conditions, LC3 is present as LC3-I: the autophagy-sensitive
variant normally found dispersed in the cytosol. However,
upon autophagy activation, LC3-I is lipidated by an E3-like
enzymatic complex (El: ATG7, E2: ATG3, and E3: ATGI12-
ATG5-ATGI16L1) that adds phosphatidylethanolamine (PE) to
its C-terminus, converting LC3-I into LC3-II: the autophagy-
competent variant (Figure S1). This lipidation process takes
place almost simultaneously with the formation of the phago-
phore and is dependent upon the activation status of BECN1
[15-17]. LC3-II is crucial for proper elongation and maturation
of autophagosomes. Moreover, LC3-II recruits autophagy recep-
tors such as SQSTM1/p62 that target cargo to these vesicles for
their subsequent degradation [18-20]. Finally, in the maturation
step, the autophagosome fuses with a lysosome, leading to the
degradation of its contents, including SQSTMI1 and LC3-II
molecules found on the internal membrane of the vesicle
[1,19,21-27] (Figure S1). Therefore, due to the fluctuations
that these proteins suffer in response to autophagy, a common
method to assess autophagy activation, progression and execu-
tion involves measuring the relative abundance of LC3-1, LC3-1I
and SQSTM1 [18,28,29].

Besides its role in cellular homeostasis, autophagy has
recently become prominent as an antiviral defense mechanism
[2,27]. Specifically, autophagy mediates the lysosomal degra-
dation of viruses, impeding the progression of infections. In
addition to this primary role, the autophagy-mediated break-
down of virus structures facilitates (a) their engagement with
endosomal pattern recognition receptors for the activation of
innate responses, and (b) their presentation through major
histocompatibility complexes, thereby assisting in shaping the
adaptive immune response against these pathogens
[2,27,30,31]. These exciting findings have encouraged the
pharmacological manipulation of autophagy as a therapeutic
tool to combat viral infections [27,32]. However, many viruses
have evolved strategies to subvert the degradative effects of
autophagy by influencing the course of events that deliver
viral molecules to autophagosomes [2]. This phenomenon is
well-known for some herpesviruses, influenza viruses, pox-
viruses, and rotaviruses [2,27,33-35]. However, the interplay
between autophagy and retroviruses [27,36,37], particularly
HIV, is uncertain. Whereas some studies state that HIV
deliberately activates autophagy to aid in the uncoating of its
capsid to enhance infectivity [38,39], others have reported
that capsid recognition by TRIM5/TRIM5a (tripartite motif-
containing 5), a restriction factor that accelerates HIV uncoat-
ing and interferes in turn with reverse transcription [40-45],
triggers autophagy to target incoming capsids for elimination
[46]. In line with this restrictive effect of autophagy, other
studies have reported that HIV inhibits the fusion between
autophagosomes and lysosomes to prevent autophagy-
mediated virion degradation [47-50]. These conflicting find-
ings are exacerbated even further when studying the different
cell types that HIV infects [51,52]. For instance, in dendritic
cells, HIV-1 Env has been reported to downregulate auto-
phagy [53,54], while autophagy is insensitive to HIV-1 Env
in macrophages and CD4" T cells [51,52]. By contrast,

secreted HIV-1 Env accelerates autophagy in uninfected
bystander CD4" T cells [52,54,55]. Therefore, there is
a critical need to elucidate the role of autophagy in the context
of HIV infection to assess whether autophagy manipulation
represents a feasible strategy to implement along with anti-
retroviral therapies.

Here, we show that autophagy causes a reduction in the
expression levels of the HIV Gag/p55 structural protein in all
the cell types investigated, leading to a defect in virion pro-
duction. However, HIV counteracts this restriction with the
viral protein Nef. Previous studies have defined Nef as an
autophagy antagonist [38,49,50]. Specifically, Nef has been
reported to act in an analogous manner as RUBCN, a potent
autophagy inhibitor, hindering the ability of BECN1 asso-
ciated with the class III PtdIns3K complex II to dock into
autophagosomal membranes — which consequently prevents
autophagy maturation [50]. Besides its ability to impair this
late step, our studies demonstrate that Nef additionally blocks
autophagy at the early, initiation stages. In particular, Nef
prevents the lipidation of LC3 by enhancing the interaction
between BECN1 and its inhibitor BCL2, and this activity
requires the cellular E3 ligase PRKN. Nef is notorious for
counteracting the innate effectors SERINC3 and SERINCS5 as
well as promoting immune evasion through the downregula-
tion of the immune receptors CD4, CD28 and major histo-
compatibility complexes [56-65], facilitating, in turn, the
spread of HIV. Therefore, Nef’s ability to block autophagy
represents an additional mechanism of immune evasion.

Results

Cell-specific differences in the sensitivity to autophagy
stimuli

Previous studies have reported contrasting observations
on the role of autophagy in HIV infection [32,38,39,47-
49,51,52,54,55,66-68]. Many of these opposing findings
are particularly evident when examining different HIV
target cells, chiefly macrophages and CD4" T cells. For
instance, autophagy activation in macrophages has been
associated with increased virion production, while activa-
tion of this pathway has deleterious effects for HIV in
other cell types [32,38]. Therefore, to understand the
influence of autophagy on this virus, we first analyzed
the response to autophagy stimuli of cells commonly
used in HIV research, such as cell lines for CD4"
T cells, monocytes, macrophages, primary CD4" T cells
as well as the commonly used HEK293T cells. For this,
we exposed these cells to nutrient starvation, mock trans-
fections, or rapamycin to activate autophagy [18,69,70],
and monitored the conversion of LC3-I into LC3-II, as
well as the decay in SQSTMI, by western blotting at
different time intervals. For simplicity, here we are show-
ing results for rapamycin stimulation, but we observed
similar findings in the presence of the other stimuli.
Although autophagy is highly conserved, we found cell-
type-specific differences in the kinetics and threshold to
respond to autophagy triggers (Figure S2). For instance,
in HEK293T cells, the activation of autophagy by



rapamycin was evident 4 h post-stimulation and as little
as 1.3 uM of the drug was sufficient to detect an increase
in LC3-II with a concomitant decrease in SQSTMI
(Figure S2A). By contrast, highly phagocytic cells, such
as those of the myeloid lineage (i.e., THP-1 and THP-
1-derived macrophages), showed inherently elevated basal
levels of LC3-II [71]. Thus, to detect the transition of
LC3-I to LC3-II, we needed higher doses of rapamycin
and longer exposure to the drug (6 and 12 h) (Figure
S2B). The response of Jurkat CD4" T cells was inter-
mediate between monocytes and HEK293T cells. In this
case, the transition of LC3-I to LC3-II became evident
after 6 h of rapamycin stimulation but required lower
doses than the phagocytes. Similar to Jurkat cells, the
activation of autophagy in primary CD4" T cells became
apparent 6 h after treatment with 4 pM of rapamycin.
However, unlike Jurkat cells, primary CD4" T cells exhib-
ited high basal levels of LC3-II (Figure S2B). This pheno-
type was attributable to their activation and expansion
with IL2 and anti-CD3 and anti-CD28 antibodies -
which simulate conditions that would support HIV infec-
tion - before their exposure to autophagy stimuli. In fact,
autophagy induction is generally observed upon CD4"
T cell activation, since it helps regulate energy metabo-
lism during their differentiation to an effector phenotype
[72-76]. In conclusion, these observations indicate that
the basal levels of autophagy, as well as the stress thresh-
old to trigger this pathway, differ in a cell-type-specific
manner. Accordingly, we minimized the presence of
external stressors - particularly for highly susceptible
cells (i.e., HEK293T) - by replacing the cell medium
regularly to better monitor the autophagic response to
HIV in these distinct cellular environments.

Autophagy is activated in response to HIV, but the virus
uses Nef to hinder autophagy progression

Since HEK293T cells are commonly used in HIV research,
exhibit high transfection efficiency, and respond very quickly
to autophagy stimuli, we initially used these cells to assess the
interplay between autophagy and HIV-1 NL4-3, as well as
mutants of this molecular clone. As controls, we included an
empty retroviral vector, mock-treated cells, and cells treated
with rapamycin (4 pM) for 4 h. We harvested the cells 48 h
post-transfection and analyzed the lysates by western blot for
the expression of HIV Gag (p55 and p24), ACTB/B-actin, and
the autophagy markers LC3 and SQSTMI. As expected, the
presence of cytosolic DNA triggered autophagy [77-79], and
this was predominantly evident in the empty retroviral vector
control, where we detected a significant conversion of LC3-I
into LC3-II and a decrease in SQSTM1 (Figure 1A). By con-
trast, mock-treated cells showed higher levels of SQSTM1 and
LC3-I over LC3-II, reflecting minimal activation of autophagy.
Consistent with our previous observations, cells stimulated
with rapamycin displayed a remarkable increase in LC3-II
and a parallel reduction in SQSTM1 (Figure 1A). Contrary to
the empty retroviral vector control, NL4-3-transfected cells
showed a defect in the transition of LC3-I into LC3-II, and,
in consequence, higher levels of SQSTM1. However, this
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impairment in autophagy progression was lost in the absence
of a functional nef gene, since cells transfected with the NL4-3
Anef proviral DNA had a similar autophagy activation pattern
as the cells transfected with the empty retroviral vector: rapid
emergence of LC3-II and a significant decrease in SQSTM1.
Moreover, we observed a defect in Gag expression in these cells
(Figure 1A; red arrows). We consistently obtained similar find-
ings in all four biological replicates, in which we measured the
progression of autophagy by calculating the LC3-ILI ratio
relative to the empty retroviral vector (Figure 1A; graph).
Samples where the relative LC3-IL:I ratios were <1 represent
conditions in which autophagy had not been activated (i.e.,
mock) or where autophagy had been impaired. By contrast,
samples where the relative LC3-II:I ratios were equal or >1
represent conditions of autophagy activation. Consistent with
previous reports [38,49,50], our findings show that HIV-1 NL4-
3 clones harboring a functional nef gene reduce autophagy
progression. However, unlike earlier studies, our results indi-
cate that Nef additionally affects the initiation stages of this
pathway, reducing LC3-I-to-LC3-II conversion.

To investigate the reproducibility of this phenotype in HIV
target cells, we infected Jurkat CD4" T cells, THP-1-derived
macrophages, and primary CD4" T cells with wild type HIV-1
NL4-3 or NL4-3 Anef. In the case of the macrophage infec-
tion, we VSV-G pseudotyped NL4-3 Aenv and NIL4-3
AenvAnef to allow the infection of these cells. We collected
cell lysates at different time intervals to assess Gag, Nef, LC3,
SQSTM1, and ACTB levels, and we calculated the ratios of
LC3-ILI relative to the first time point. This normalization
allowed us to compare the effect of HIV on autophagy among
the different cell types. Although macrophages and T cells
differ in their sensitivity to autophagy triggers, and they
exhibit differences in their basal levels of LC3-II (Figure
S2B), the impact of Nef on autophagy activation/progression
remained evident in these cells. In the case of the Jurkat cells,
the accumulation of LC3-I, and thus the defect in the emer-
gence of LC3-II, was obvious at 48 h post-infection, which
coincided with the time when Nef expression became ap-
parent. However, cells infected with nef-deficient viruses
showed normal transition of LC3-I to LC3-II, faster decline
of SQSTM1 over time, and lower Gag expression levels com-
pared to cells infected with the wild type virus (Figure 1B;
western blots). We obtained similar results in all 3 biological
replicates, in which we found a significant reduction in the
relative LC3-IL:I ratios for cells infected with nef-competent
viruses, particularly at the later time points (Figure 1B; graph).

We had similar observations in macrophages. Although
these cells have inherently high basal levels of LC3-II, and the
VSV-G pseudotyped viruses are restricted to one cycle of
infection, macrophages infected with viruses harboring
a functional nef gene showed detectable levels of LC3-I com-
pared to cells infected with nef-defective viruses (Figure 1C; red
arrows). This result caused, in turn, a reduction in the LC3-1I:I
ratios. The Nef-mediated impairment in the emergence of LC3-
II was also accompanied by higher levels of SQSTM1, indicat-
ing that the presence of Nef hindered autophagy. Accordingly,
the levels of Gag (p55) normalized to ACTB were lower in cells
infected with NL4-3 AenvAnef than NL4-3 Aenv-infected cells
(Figure 1C). Consistent with the data obtained in HEK293T
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Figure 1. HIV uses Nef to block autophagy. (A) Left panel: HEK293T cells were transfected with the full-length proviral DNA of HIV-1 NL4-3, different mutants of this
molecular clone (Avpu, Aenv, Anef and Avpr), or an empty retroviral vector. As controls for autophagy, cells were treated with 4 pM of rapamycin or mock (DMSO) for
4 h. 48 h post-transfection, cells were lysed and analyzed by western blot for SQSTM1, Gag (p55 and p24), LC3 and ACTB/p-actin. Right Panel: Densitometric analyses
were performed to determine the ratio of LC3-Il over LC3-I relative to the empty vector control. Data represent the mean and standard error of the mean (SEM) from
4 independent biological replicates. (B) Jurkat CD4" T cells, (C) THP-1-derived macrophages and (D) primary CD4* T cells were infected with 100 ng of p24
equivalents of HIV-1 NL4-3 or HIV-1 NL4-3 Anef. In the case of macrophages, infections were performed with VSV-G pseudotyped HIV-1 NL4-3 Aenv or HIV-1 NL4-3
AenvAnef. Cell lysates were collected at the indicated time intervals and analyzed by western blot for SQSTM1, Gag (p55 and p24), Nef, LC3, and ACTB (left panels).
The right panels correspond to the mean and SEM of 3 independent experiments showing the ratios of LC3-Il:I over time relative to the first data point, which were
calculated by densitometric analyses. *: p < 0.05; **: p < 0.01. Red arrow in panel A indicates decreased Gag and SQSTM1 levels as well as rapid LC3-I-to-LC3-Il

transition. Red arrows in panels C and D indicate the accumulation of LC3-I.

and Jurkat cells, the differences in the relative LC3-ILI ratios
were statistically significant between nef-competent and nef-
defective viruses (Figure 1C; graph).

As indicated earlier, primary CD4" T cells exhibit high
autophagy activation, reflected by elevated LC3-II (Fig. S2B).
Although the prominent expression of LC3-II complicated the
detection of LC3-I, the Nef-mediated impairment in

autophagy flux was still noticeable in these cells, since we
detected LC3-I in NL4-3-infected cells, but not in cells
infected with NL4-3 Anef (Figure 1D; red arrows). In conclu-
sion, by measuring autophagy status through the calculation
of the relative ratios of LC3-1LI, we have been able to compare
the effects of HIV on this pathway across different cell types.
Our data indicate that, although their basal autophagy



activation and the threshold to trigger this cascade differ,
cells - including primary CD4" T cells - respond to HIV
infection/transfection by inducing autophagy. However, HIV
uses the accessory protein Nef to intersect with this pathway.

Autophagy causes a defect in particle production that is
counteracted by Nef

Our results showed an association between Nef-mediated
inhibition of autophagy and Gag expression levels. Because
Gag is the major driver of virion assembly and release, we
consequently assessed whether autophagy causes detrimental
effects on Gag and infectious virus production. Since we
observed the effects of HIV on autophagy in all cell types,
we chose HEK293T cells, which are highly sensitive to auto-
phagy stimuli - yet the pathway remains responsive to HIV -
for these studies. We transfected HEK293T cells with wild-
type and nef-defective HIV-1 NL4-3 proviral constructs. We
replaced the cell medium 24 h later and treated the cells with
increasing concentrations of rapamycin (0-4 uM) for 12 h to
trigger autophagy. Subsequently, we assessed the effect of
autophagy activation on virion production by measuring the
amount of capsid p24 present in the culture supernatant by
p24 antigen-capture ELISA. We expressed particle release
relative to the no-rapamycin treatment as the percentage of
maximal virus production for each virus (wild-type and
Anef), as we previously reported [80-83]. By comparing the
effect of rapamycin-induced autophagy within viruses -
instead of between viruses — we excluded (a) any differences
in transfection efficiencies between these proviral constructs,
and (b) any other processes that Nef may be influencing, such
as infectivity enhancement through SERINC3 and SERINC5
antagonism [56]. We found that rapamycin-induced auto-
phagy caused a dose-dependent defect in virion release for
the nef-deleted NL4-3 virus (Figure 2A; top panel), which was
also associated with a dose-dependent decrease in Gag
(Figure 2A; bottom panel). By contrast, wild type NL4-3
only exhibited a partial decrease in particle release at the
higher concentrations of rapamycin and minimal defects in
Gag (Figure 2A). Of note, whereas in cells transfected with
NL4-3 Anef autophagy proceeded uninterruptedly (since
there was a transition of LC3-1 to LC3-II in response to
rapamycin), autophagy flux was halted in cells transfected
with wild type NL4-3, since there was an impairment in the
emergence of LC3-II (Figure 2A; bottom panel). Remarkably,
this defect in virion production and Gag expression became
restored when we provided nef in trans (Figure 2B), under-
scoring that the Nef-mediated block of autophagy protects
from any detrimental effect autophagy exerts on HIV replica-
tion. To corroborate that the reduction in particle production
caused by rapamycin in NL4-3 Anef is due to autophagy
activation and not to other effects caused by this drug, we
performed competition experiments between rapamycin and
3-methyladenine (3-MA), a compound that specifically blocks
autophagy by preventing BECNI-associated class III
PtdIns3K complex I activation [84,85]. As expected, we
observed a dose-dependent decrease in virion production
for nef-defective NL4-3 with increasing concentrations of
rapamycin. However, the addition of 3-MA (3 mM) restored
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Gag and particle release for this virus, and this finding was
associated with an accumulation of LC3-I (Figure 2C; bottom
panel). We obtained similar results after knocking down
BECN! by silencing RNA (siRNA) (Figure 2D). Consistent
with its role in phagophore formation [10-12], depletion of
BECNT1 arrested autophagy activation, reflected by retention
in LC3-1, since this factor is critical for the biogenesis of LC3-
IT (Figure 2D; right panel). Accordingly, the overall Gag levels
for NL4-3 Anef were higher than in the si-control cells,
affording, in turn, significantly higher virion production
(Figure 2D). We also observed this phenomenon in Jurkat
CD4" T cells. In this case, we infected cells with wild-type and
nef-defective HIV-1 NL4-3, and, 24 h later, we replaced and
supplemented the medium with rapamycin in an analogous
manner as for the assays in HEK293T cells. Consistent with
our previous observations showing that Jurkat cells are more
resistant to autophagy activation than HEK293T cells (Figure
S2B), we found less autophagy activation in these cells, and
thus, less restriction of HIV. However, in line with our pre-
vious findings (Figure 2A-D), the nef-deficient virus
remained more vulnerable to autophagy-mediated clearance
than wild type NL4-3 (Figure 2E). Therefore, these results
further corroborate that autophagy poses a hurdle for HIV by
affecting Gag levels, but the virus uses Nef to overcome this
barrier. To rule out that the autophagy-dependent defect in
Gag is not an artifact due to transfection or infection
variabilities, we assessed gag mRNA levels in HEK293T cells
at 6 and 18 h post-transfection, and we normalized the levels
of gag mRNAs to those of HIV-1 NL4-3 at the first data point.
We observed no significant fluctuations in gag mRNAs
(Figure S3A), reflecting similar transfection efficiencies for
wild type and NL4-3 Anef. Hence, these findings indicate
that autophagy impacts Gag, particularly in the absence of
a functional nef gene. Since we observed the autophagy-
mediated defect in Gag and particle production in
HEK293T cells, in which we provided NL4-3 clones through
transfections bypassing any entry and integration steps, we
can conclude that the autophagy block takes place at a post-
integration event in the HIV replication cycle.

Nef impairs the lipidation of LC3 and, subsequently,
autophagosome formation

To understand how Nef blocks autophagy, we first confirmed
that the relative increase in LC3-I is also observed in Nef-only
expressing cells, in the absence of the rest of the NL4-3 genome.
For this, we monitored autophagy in HEK293T cells transfected
with pCGCG-EGFP, an expression vector that codes for EGFP
from an internal ribosomal entry site (IRES), and pCGCG-NL4-
3-Nef-EGFP [80,81]. We replaced the cell medium 8 h post-
transfection, and either (a) we treated 48 h later the cells with
increasing concentrations of rapamycin for 4 h, or (b) we starved
them for 4 d. We harvested cells after these treatments and
analyzed autophagy by assessing the levels of SQSTM1 as well
as LC3-IL.I by western blot. Consistent with our observations
with the full-length NL4-3 provirus, Nef, but not the empty
PCGCG vector control, arrested autophagy progression reflected
by low LC3-ILI ratios and more steady SQSTM1 levels, and we
observed this obstruction in all three biological replicates under
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Figure 2. Autophagy limits virion production in nef-defective HIV. (A) Top panel: HEK293T cells were transfected with the full-length proviral DNA of HIV-1 NL4-3 or
NL4-3 Anef and treated with the indicated concentrations of rapamycin for 12 h. The percentage of maximal virus production was then measured by the
accumulation of HIV p24 in the culture supernatant relative to the no-rapamycin treatment for each virus. Bottom panel: Cells were also analyzed by western blot for
Gag p55, Nef, ACTB, and LC3. (B) Top panel: HEK293T cells were transfected with the proviral DNA of HIV-1 NL4-3 Anef and trans-complemented with either NL4-3 nef
or an empty vector. Similar to panel A, cells were treated with increasing concentrations of rapamycin for 12 h, and the percentage of maximal virus production
relative to the no-rapamycin treatment was measured as explained above. Bottom panel: Cell lysates were analyzed as in panel A. (C) Top panel: HEK293T cells were
transfected with the proviral DNA of HIV-1 NL4-3 Anef and stimulated with increasing concentrations of rapamycin for 12 h. Next, cells were either treated with 3-MA
(3 mM) or water 4 h before measuring the percentage of particle release. Bottom panel: Cells were also analyzed by western blot as in panel A. (D) Left panel:
HEK293T cells were transfected with either siRNA for BECNT or a control siRNA. 24 h later, the cells were transfected again with the proviral DNA of HIV-1 NL4-3 Anef
and treated with rapamycin for 12 h. Next, the percentage of maximal virus production was measured as indicated above. Right panel: Cell lysates were also analyzed
for BECN1, Gag p55, Nef, ACTB, and LC3. (E) Left panel: Jurkat CD4" T cells were infected with 100 ng of p24 equivalents of HIV-1 NL4-3 or HIV-1 NL4-3 Anef. 24 h
later, the cell medium was replaced and supplemented with different concentrations of rapamycin. 12 h later, the percentage of maximal virus production was
measured as detailed above. Right panel: cell lysates were analyzed as in panel A. In each case, the percentage of maximal virus production is indicated as the mean
and SEM from 4 independent biological replicates. *: p < 0.05; **p < 0.01; ****p < 0.0001. Numbers underneath the blots indicate the ratio of LC3-Il:I relative to the
no-rapamycin treatment.



rapamycin and starvation-induced autophagy (Figure 3A,B; bar
graphs). The common denominator of rapamycin and starvation
is the inactivation of the mechanistic target of rapamycin com-
plex 1 (MTORC1) [86-88]. Therefore, our findings indicate that
Nef antagonizes autophagy at a step between MTORCI1 and the
lipidation of LC3.

Although our data show that Nef causes the accumulation of
LC3-], this result may be due to an indirect effect of Nef on the
expression of LC3B. To rule this out, we monitored the mRNA
levels of LC3B in the presence and absence of Nef by RT-qPCR.
We also assessed the expression levels of ATGI6LI, one of the
enzymes that form the E3-like complex involved in the lipidation
of LC3, which is mainly regulated by TFEB (transcription factor
EB). TFEB is a master regulator of autophagy genes that, besides
other transcription factors, also modulates LC3B expression
[89-91], and has recently been reported to be inhibited by Nef
[49]. Therefore, we evaluated whether Nef affects the expression of
LC3B and if this effect is dependent on TFEB. We transfected
HEK293T cells with pPCGCG-EGFP and NL4-3 nef. We examined
LC3B and ATGI6L1 mRNA levels at 6, 24, and 48 h post-
transfection, and we indicated their expression relative to the 6 h
data point as mRNA fold change after normalization to GAPDH
and GFP (to correct for transfection efficiencies). As mentioned
earlier, cytosolic DNA triggered autophagy, since we detected
a peak in LC3B and ATG16L1 mRNAs 6 h post-transfection in
both the empty vector and NL4-3 nef-transfected cells.
Accordingly, this effect slowly disappeared upon replacing the
cell medium, indicated by a steady decline in the mRNA levels of
ATGI6L1 and LC3B (Figure 3C; lines with open symbols).
However, while we detected no differences in the expression of
ATGI16L1 (Figure 3C; blue lines), we found a ~ 2-fold reduction in
LC3B mRNA in Nef-expressing cells, although it did not reach
statistical significance (Figure 3C, green lines). In line with these
results, we found a similar downregulating effect in LC3B in the
context of the full-length NL4-3 provirus (Figure S3B). Hence,
these observations rule out a role for Nef in the upregulation of
LC3B. On the contrary, it seems that Nef downregulates LC3B as
an additional mechanism to block autophagy, but likely in a TFEB-
independent manner.

To confirm that a defect in LC3 lipidation causes the Nef-
mediated increase in LC3-1, we assessed LC3-I-to-LC3-II transi-
tion in HEK293T cells transfected with wild type NL4-3 and Anef
in the presence of chloroquine, a lysosomal inhibitor that also halts
autophagy maturation. As expected, the addition of chloroquine
(60 puM) caused a significant increase in LC3-IT in all samples, since
autolysosomal function is impaired and in this scenario LC3-II is
more stable [18]. Accordingly, the SQSTM1 levels remained
steady. However, we still observed the increase in LC3-I in samples
where either autophagy remained inactive (mock) or where it had
been intersected (Nef) (Figure 3D; red arrows). Remarkably, Gag
levels became restored under these conditions, even for the nef-
deficient virus, suggesting that autophagy targets Gag, conse-
quently impacting virion assembly and production (Figure 3D;
right blot).

We corroborated that Nef obstructs LC3 lipidation and,
as a consequence, autophagosome formation by flow cyto-
metry assays. For this, we employed the pC3-EGFP-LC3B
expression construct. Upon autophagy activation, the fusion
protein EGFP-LC3B is associated to phagophores and
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autophagosomes rather than distributed in the cytosol. This
membrane association makes autophagosome bound EGFP-
LC3B resistant to saponin elimination. In consequence, upon
saponin treatment, cytosolic EGFP-LC3-I is washed out, so
any EGFP signal detected corresponds to phagophore- and
autophagosome-bound EGFP-LC3-II. To avoid any inter-
ference in the EGFP signal between pCGCG and EGFP-
LC3B, we used pcDNAS5 instead of pCGCG-EGFP as the
empty vector control and pCI-NL4-3-Nef-HA instead of
pCGCG-NL4-3-Nef-EGFP in our transfections. As expected,
the inhibitory effect that 3-MA exerts on autophagy led to
considerably lower EGFP signal than in rapamycin-treated
cells. Consistent with the data in Figure 3A,B,D, showing
that Nef halts the lipidation of LC3, Nef reduced autophago-
some formation, with significantly lower levels of mem-
brane-associated EGFP-LC3B than the rapamycin or vector
controls (Figure 3E). We further confirmed these findings by
fluorescence microscopy. We used the EGFP-LC3B construct
again to visualize autophagosome structures through EGFP-
LC3B puncta, a phenomenon generated when LC3-I is con-
verted into LC3-II [18]. For this, we co-transfected
HEK293T cells with EGFP-LC3B and either an empty vector
(pcDNAS5), an irrelevant gene (HA-GST), or NL4-3 nef-HA.
48 h post-transfection, we treated cells with rapamycin (4
uM) for 4 h, and subsequently imaged them for HA
(DyLight-550; red), EGFP-LC3B (green) and the nuclei
(DAPIL blue). As a negative control, we treated rapamycin-
stimulated cells with 3-MA (3 mM). Consistent with its role
in autophagy activation, rapamycin potently triggered the
formation of autophagosomes reflected by multiple EGFP-
LC3B puncta (Figure 3F; top panel). By contrast, treatment
with 3-MA prevented the lipidation of LC3, and in conse-
quence, we observed LC3-I distributed throughout the cyto-
sol (Figure 3F; middle panel). As expected, HA-GST had no
impact on the progression of autophagy, since we readily
detected LC3 puncta (Figure 3F; bottom panel). Consistent
with the data in Figure 3E, expression of Nef caused a similar
phenotype as 3-MA since we mainly found EGFP-LC3B
dispersed in the cytosol with only a few puncta (Figure 3G;
cells with white borders). Quantification of puncta in 20
randomly selected cells confirmed a significant reduction of
autophagosomes by Nef (Figure 3H). Accordingly, ZFYVE1/
DECPI1 puncta - a marker for autophagosome initiation -
was also significantly diminished in Nef-expressing cells,
even under conditions of rapamycin-induced autophagy
(Figure S4A-S4C). ZFYVEL shuttles from Golgi to the ER
upon autophagy activation and facilitates the creation of
a membrane hub for the accumulation of autophagy pro-
teins. Remarkably, its translocation to phagophore structures
depends on class III PtdIns3K complex I function [92].
Hence, these results support that Nef interferes with auto-
phagy initiation, impairing efficient conversion of LC3-I into
LC3-11, and in turn, in autophagosome biogenesis.

Nef enhances the association between BECN1 and BCL2
to prevent the formation of autophagosomes

Our data consistently show that Nef impacts autophagy initia-
tion, affecting the transition of LC3-I into LC3-II. To elucidate
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Figure 3. Nef impairs the lipidation of LC3, affecting autophagosome formation. (A, B) HEK293T cells were transfected with NL4-3 nef or an empty vector. 48 h later, cells
were (A) exposed to the indicated concentrations of rapamycin, or (B) starved for the selected times. Left panels: Cells were analyzed by western blot for SQSTM1, Nef, LC3,
and ACTB. Right panels: Data represent the mean and SEM of the ratios of LC3-Il over LC3-I relative to the empty vector control (without rapamycin or at 1 d post-starvation,
respectively) from 3 independent biological replicates. (C) HEK293T cells were transfected with NL4-3 nef or an empty vector. Next, the mRNA levels of LC3B and ATG16L1
were assessed at the selected time points by RT-qPCR and expressed as fold change after normalization to GAPDH and GFP. Data represent the mean and SEM from 3
independent biological replicates. The dashed line represents cutoff for biologically relevant differences. (D) HEK293T cells were transfected with HIV-1 NL4-3 or NL4-3 Anef
proviral constructs. Cells treated with rapamycin or transfected with an empty retroviral vector were included as controls. 24 h later, cells were treated with DMSO or
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selected cells for each experimental condition. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001; n.s. not significant. Red arrows: accumulation of LC3-I. White scale bar:
10 um. Cells surrounded by white borders are HA™.



the mechanism by which Nef achieves this, we explored the
following hypotheses: (a) Nef interacts with LC3, physically
preventing its lipidation; (b) Nef interferes with the enzymatic
complex involved in the lipidation of LC3 (E1: ATG7, E2: ATG3
and E3: ATG12-ATG5-ATG16L1), either through direct inter-
action or by affecting their expression or subcellular localization;
or (c) Nef blocks steps before LC3 lipidation in the autophagy
cascade, such as activation of ULK1 (unc-51 like autophagy
activating kinase 1) or BECN1. To investigate these possible
scenarios, we assessed the ability of NL4-3 Nef to physically
interact with any of these proteins in HEK293T cells by co-
immunoprecipitation, and we monitored any changes in their
expression pattern by western blot. We observed no evident
interactions between Nef and any of these autophagy molecules
(Figure S5A). Likewise, we detected no evident fluctuations in
their steady-state levels either, even under rapamycin stimula-
tion (Figure 4A). However, we observed a change in the migra-
tion pattern of BCL2 in cells expressing Nef, reflecting changes
in BCL2’s post-translational modifications (PTMs) (Figure 4A;
red asterisks).

BCL2 is an inhibitor of autophagy by sequestering BECN1
[93-95]. In particular, BCL2 uses its BH3 domain to associate
with the BH3 domain of BECNI, (facilitating
BECN1 homodimerization and, in consequence, preventing
BECNI1 from forming the class III PtdIns3K complex I, which
is responsible for generating phosphatidylinositol 3-phosphate
(PtdIns3P) [95-97]. PtdIns3P is an essential molecule for the
formation of phagophore structures and the recruitment of the
enzymatic complex required for the lipidation of LC3 [17]
(Figure 4B). Therefore, the release of BECN1 from BECNI1-
BCL2 complexes is essential for the initiation of the autophagic
response. This association is regulated by a myriad of PTMs,
among them those that regulate BCL2 [13]. For instance, phos-
phorylation of BCL2 at Ser70 causes its dissociation from
BECNI, allowing BECN1 to form the PtdIns3K complex
I [98,99] (Figure 4B; top). Conversely, BCL2 mono-
ubiquitination by the cellular E3 ligase PRKN enhances its
interaction with BECN1 [100], inhibiting autophagy initiation
and, in consequence, leading to a defect in the lipidation of LC3
(Figure 4B; bottom). To investigate how Nef affects BCL2 PTMs,
we immunoprecipitated BCL2 from Nef-expressing HEK293T
cells and cells transfected with the pCGCG-EGFP vector control
and assessed BCL2 ubiquitination levels by probing membranes
with a ubiquitin-specific antibody. As a negative control, we also
probed membranes with anti-SUMO antibodies, since BCL2 has
not been reported to harbor SUMO target sequences. We ana-
lyzed the phosphorylation status of BCL2 from the whole cell
lysates using a p-Ser70-specific antibody. Consistent with our
observations in Figure 4A, we found a different pattern in the
migration of BCL2 between cells expressing Nef and the empty
vector (Figure 4C; bottom blots). We also detected an intensifi-
cation in p-BCL2 in the presence of Nef. However, we only
noticed BCL2 mono-ubiquitination in Nef-expressing cells
(Figure 4C, top blots). Although our ubiquitin-specific antibody
did not discriminate between mono- and poly-ubiquitination,
the relative size of the ubiquitin-containing band fitted with
mono-ubiquitinated BCL2 (Figure 4C; red pound symbol).
Since we found more ubiquitinated BCL2 in the presence of
Nef, we next performed co-immunoprecipitation assays to
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investigate whether Nef promotes this PTM to increase the
association between BECNI1 and BCL2. Consistent with a role
for Nef in intersecting autophagy at the initiation stages, we
found >2-fold enhancement in the BECN1-BCL2 interaction in
Nef-expressing HEK293T cells (Figure 4D). Remarkably, we
consistently observed this phenomenon regardless of what mole-
cule was pulled down, even when we overexpressed BECN1
(Figure 4D and S5B), and quantifications of the relative BECN1-
BCL2 binding from 6 independent experiments supported these
findings (Figure 4D; graph). To further corroborate that Nef
blocks autophagy through BCL2, we assessed autophagy activa-
tion status, as well as its effect on virion production, under
conditions of BCL2 inhibition. For this, we transfected
HEK293T cells with the proviral HIV-1 NL4-3 and Anef con-
structs. 24 h later, we replaced the cell medium, and treated the
cells with increasing concentrations of rapamycin (0-4 pM) for
12 h, as described above, in the presence and absence of GX15-
070 at its IC5o (3 uM). GX15-070 specifically inhibits the BCL2
BH3 domain, involved in the association with BECN1 [94,101],
likely affecting BECN1-BCL2 interaction. As expected, the pre-
sence of Nef successfully impaired autophagy progression in cells
treated with rapamycin. However, in the presence of GX15-070,
we observed a significant increase in autophagy flux and
a concomitant reduction in Gag and virion production, even in
the absence of rapamycin stimulation (Figure 4E; right panel,
compare lanes 1 and 6), reflecting Nefs inability to block the
lipidation of LC3 (Figure 4E; see LC3 levels in the blots).
Moreover, the fact that GX15-070 similarly restricted both wild
type and nef-defective NL4-3, rather than causing additive effects
for NL4-3 Anef, supports that Nef uses BCL2 through its asso-
ciation with BECNI1 to arrest autophagy progression (Figure 4E).

The Nef-mediated enhancement of BECN1-BCL2
interaction is PRKN-dependent

Since PRKN is the primary E3 ligase that mediates BCL2
mono-ubiquitination [100], we took advantage of the fact
that HeLa cells are PRKN negative [102-104] and investigated
whether this molecule is necessary for the Nef-dependent
enhancement of BCL2’s association with BECNI. For this,
we performed additional co-immunoprecipitation assays for
BCL2 and BECN1 in HEK293T cells, parental HeLa cells, and
HeLa cells overexpressing PRKN-MYC, in the presence and
absence of NL4-3 Nef. Consistent with our previous data, Nef
enhanced the association between BECN1 and BCL2 by
>2-fold in HEK293T cells. As expected, we observed no
enhancement in this interaction in parental HeLa cells.
However, providing PRKN-MYC in trans to Hela cells
expressing Nef restored the enrichment in the BECN1-BCL2
interaction (Figure 5A; top blots), and reduced the relative
LC3-II1I ratios (Figure 5A; bottom blots), reflecting that
PRKN is part of the mechanism by which Nef intersects
with the autophagy machinery. We consistently observed
these results in four independent experiments where we cal-
culated the relative binding between BECN1 and BCL2 for
each cellular scenario (Figure 5A; graph). To corroborate
these findings, we performed loss-of-function studies by
knocking down PRKN in HEK293T cells. Under these condi-
tions, Nef no longer enhanced the association between



562 (&) S.CASTRO-GONZALEZ ET AL.

A Rapamycin B C . 5,§ &
V Nef V Nef o7
e
100 KDa — ULk INACTIVE ) Lo
ACTIVE 25 KDa—| BCL2
75 KDa — N
ATG12-ATG5 g 3 LC
— A k @ | 25 KDa— SUMO
50KkDa —L— | ATG7 BECN1 "¢ Phagophore &
s0KDa —[ e | ATG3 \/ Class Il = "e LC
ﬁ PtdIns3K 25 KDa—, Ubiquitin
lex | -
BT comp of
soKba INACTIVE % | 25 koo W@ | Nef
50 KDa — ATG16L1 PRKN 2 I -
“ = % | p-BCL2
” BCL2AUP — | 25 KDa—| p
25KDa — [ - - | BCL2 Autooh g
| Autophagy © BCL2
R g |z | Bw
25KDa \b = kEI ACTB
50KDE — | s s s s | ACTB )

Whole cell lysate

“«
N
D NN
< <
O« (S
Ae;g’\ N Q(f/ Qé(/ Ab ctr
P o
—
S| soxon - e BECN1
@ 3
A’| 25Kkpa_ - - BCL2 g
-
o 5
= BECN1
> .
© v2
[ ———
Df 25KDa_ BCL2
o O fo—— Vector Nef

m

120

c + DMSO + GX15-070

o

:.3 100 B ] el Rapamycin
>

e 50 KDa -_ @ em e——— ————— | D55
O 80+ |

o A ARED - e en - Nef
g 25 KDa —

§ 60 50 KDa —l ———— ————— | ACTB
E 404 - - — — o | LC3-I
S -@- NL4-3 + DMSO BKDA—| e e e DS | | .|
= 204 o NL4-3+GX15:070

o~

e 8- NL4-3 Anef + GX15-070

0 T T T T
0 0.65 1.3 2.6 4

Rapamycin (uM)

Figure 4. Nef enhances the association between BECN1 and BCL2 to arrest autophagy initiation. (A) HEK293T cells were transfected with NL4-3 nef or an empty
vector. 48 h later, cells were exposed to rapamycin (4 pM) for 4 h. The cell lysates were analyzed by western blot to assess the expression levels of the proteins ULK1,
ATG12-ATG5, ATG7, ATG3, BECN1, ATG16L1, BCL2, Nef, and ACTB. (B) Schematic diagram of the regulatory effect of BCL2 on the BECN1-dependent initiation of
autophagy. (C) HEK293T cells were transfected with NL4-3 nef or an empty vector. 48 h later, BCL2 was immunoprecipitated from the cell lysates to assess its levels of
ubiquitination and SUMOylation. The cell lysates were also analyzed by western blot to evaluate the levels of Nef, p-BCL2, BCL2, and ACTB. (D) HEK293T cells were co-
transfected with BECN1-Flag and NL4-3 nef or an empty vector. 48 h later, the cell lysates were subjected to immunoprecipitation for BECN1. The pulldown fraction
was then examined for the presence of BECN1 and BCL2. The cell lysates were also analyzed by western blot to assess the cellular levels of BECN1, Nef, BCL2, and
ACTB. Graph: Data represent the mean and SEM of 6 independent biological replicates to calculate the relative binding between BECN1 and BCL2 obtained by
densitometry analyses. (E) Left panel: HEK293T cells were transfected with the full-length proviral DNA of HIV-1 NL4-3 or NL4-3 Anef. 24 h later, the cell medium was
replaced, and cells were treated for 12 h with either the indicated concentrations of rapamycin and DMSO or a combination of rapamycin and GX15-070 at its ICs, (3
uM), an inhibitor of BCL2. The percentage of maximal virus production relative to the no-rapamycin treatment was then measured for each virus and condition by
the accumulation of HIV p24 in the culture supernatant. Data represent the mean and SEM of 3 independent biological replicates. Right panel: Cell lysates for
samples transfected with the HIV-1 NL4-3 proviral construct were also analyzed for Gag p55, Nef, ACTB, and LC3. V: vector. Rel: relative. Ab ctr: cell lysates were
incubated with the antibody used for the pulldown assays to exclude bands corresponding to the heavy and light chain (HC and LC) of the antibodies from the target
proteins. Asterisk: differential migration pattern of BCL2. Pound sign: ubiquitinated BCL2. *: p < 0.05; *** p < 0.001; n.s. not significant.



AUTOPHAGY (&) 563

sh-scramble sh-PRKN

A 293T HelLa E ag?l’_T B M sh-scramble
— + " + - ¥ 'Nef eLa V Nef V Nef Abctr O sh-PRKN
PRKN-MYC [ HelLa + PRKN
. - - - - * * - N3 ok — N (50 kpa—| == - BECN1 &*
- 4 -” | BECNT O | 3 9] 3]
8 50 KDa—{ - @2 m 25 KDa—| 0 = ) LC Qs
. -
N i Lt Lo R - a - oz,
— n.s.
w w
== 50 KDa— -
sokpa |~~~ |@Mem|prcn @ | - | PRKN o,
o Pp—— s 3 K
E 28 igz: i'é:g” ' TR I 2 S0KDa— _w BECN 0 \o\m\ \o\;é\
X X X = N p———————
f — ———— — \\e(: ieo ieo ~ = S0KDE| s s s | ACTB \\e(’ 400
Q Nef @]
O |25 KDa,| - -| |25 KDa—EI Nef
2 °
§ 25 KDa—| @D W e e e s [ BCL2 § 25 KDa—IEI BCL2
| - — | | C3-]
15 KDa - - -|
T ([ ——— | LC3-I 15 KDa— ~~ LC3-
1 06 1 15 1 06 RelLC3-ll LC3-I
1 08 05 04 RelPRKN:ACTB
106 1 12 Rel.LC3Ll
120 n.s. sh-scramble sh-PRKN
*
_s | el Rapamycin
% 100+ "
3 . 50 KDa — [ - - | P55
QE_ 80
> SOKDa—l_-"H" PRKN
£ o
> 50 KDa —
= erureres W e e e» e» e | ACTB
g 404 L4
s - p—— LC3-l
= 20 -@ NL4-3 +sh-scramble 15KDa — | e e - anan @ |Lca
e B NL4-3 + sh-PRKN
0 T Rel.LC3d:I 1 06 09 08 1 - 1 13 11 2 36

0 065 13 26 4
Rapamycin (uM)

D
+ - + PRKN-MYC
- + + Nef-HA
+ + + cp4
I
3| oo [ S ] O
25 KDa —
L sokpa | w— ws | PRKN-MYC
2 W | cD4
=| soxoa — ‘
50KDa — [——————
° — — v | ACTE
g [ o]
= | 25kDa — Nef-HA

Figure 5. The Nef-enhanced association between BECN1 and BCL2 is PRKN-dependent. (A) HEK293T and Hela cells were co-transfected with BECN7-Flag and either
NL4-3 nef or an empty vector. In addition, HeLa cells were trans-complemented with PRKN-MYC. 48 h post-transfection, the cell lysates were immunoprecipitated for
endogenous BCL2, and the pulldown fraction was examined for the presence of BECN1 and BCL2. The cell lysates were also subjected to western blot to assess the
cellular levels of the proteins PRKN, BECN1, ACTB, Nef, BCL2, and LC3. The ratios of LC3-Il over LC3-I relative to the empty vector are provided underneath the blots.
Graph: Densitometric analyses were used to determine the relative levels of interaction between BECN1 and BCL2. Data represent the mean and SEM of 4
independent biological replicates. (B) HEK293T cells were depleted of PRKN by shRNA and subsequently co-transfected with BECNT-Flag and NL4-3 nef or an empty
vector. Next, the cell lysates were analyzed for the BECN1-BCL2 interaction by immunoprecipitation and western blot. Similar to panel A, the relative PRKN expression
levels normalized to ACTB as well as the ratios of LC3-Il over LC3-I are provided underneath the blots. Graph: Densitometric analyses were used to determine the
relative levels of interaction between BECN1 and BCL2. Data represent the mean and SEM of 4 independent biological replicates. (C) Left panel: HEK293T cells were
depleted of PRKN by shRNA followed by transfection with the full-length proviral DNA of HIV-1 NL4-3. Cells were treated with the indicated concentrations (0-4 uM)
of rapamycin for 12 h. The percentage of maximal virus production relative to the no-rapamycin treatment was then measured by the accumulation of HIV p24 in the
culture supernatant. Data represent the mean and SEM of 3 independent biological replicates. Right panel: Cell lysates were also analyzed for Gag p55, PRKN, ACTB,
and LC3. The ratios of LC3-Il over LC3-I relative to the respective no-rapamycin treatments are provided underneath. (D) HEK293T cells were co-transfected with NL4-
3 nef-HA and PRKN-MYC or an empty vector. Human CD4 was included as a positive control for Nef binding. 48 h later, cells were lysed and immunoprecipitated for
HA. The affinity-isolated fraction was examined for the presence of PRKN-MYC, CD4 and Nef-HA. The cell lysates were also analyzed for the expression of PRKN-MYC,
CD4, ACTB, and Nef-HA. V: vector. Rel: relative. Ab ctr: antibody control. LC: light chain. *: p < 0.05; ** p < 0.01; *** p < 0.001; n.s. not significant.
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BECN1 and BCL2 and, in consequence, autophagy progres-
sion became restored, reflected by higher relative LC3-ILI
ratios (Figure 5B; blots and graph). In agreement with these
results, depletion of PRKN in rapamycin-stimulated cells
caused a significant restriction in Gag levels and HIV-1 pro-
duction (Figure 5C).

To explore how Nef uses this E3 ligase to block autophagy,
we assessed the ability of Nef to interact with PRKN. For this,
we performed co-immunoprecipitation assays in HEK293T
cells co-expressing PRKN-MYC and NL4-3 Nef-HA. We
included CD4 (cluster of differentiation 4) as a known inter-
action partner of Nef [105-112]. As expected, we found CD4
in the Nef pulldown fraction. Remarkably, PRKN also co-
immunoprecipitated with Nef, indicating that these two pro-
teins interact (Figure 5D). Thus, the association of Nef with
PRKN is consistent with the requirement of this protein to
facilitate the mono-ubiquitination of BCL2 and, in conse-
quence, increase its association with BECN1, obstructing in
turn autophagy initiation.

Nef increases BECN1-BCL2 binding on the endoplasmic
reticulum

Besides its role in regulating autophagy, BCL2 plays an impor-
tant role in eliciting pro-survival responses, and these two
distinct functions depend on BCL2’s subcellular localization.
Whereas mitochondrial BCL2 is associated with anti-
apoptotic responses, ER-bound BCL2 is involved in the re-
gulation of autophagy through its association with BECN1
[13,93-95,97,113-119]. However, PRKN primarily localizes
in the mitochondria [120]. To investigate if Nef increases
BCL2 ubiquitination and association with BECNI in the
mitochondria or the ER, we monitored how NL4-3 Nef affects
BCL2’s PTMs in each compartment, and their effect on
BECNI1 binding. To address this, we transfected HEK293T
cells with GFP-tagged BCL2 constructs fused with ER CYB5A
(cytochrome B5) or mitochondrial MAOB (monoamine oxi-
dase B) target sequences to drive their distinct subcellular
localization [114]. Consistent with the data in Figure 4C, we
found that Nef enhanced the ubiquitination and phosphoryla-
tion levels of the total GFP-BCL2 control - which can associ-
ate with both the ER and the mitochondria - as well as the
ER-BCL2 and Mit-BCL2 isoforms (Figure 6A). However, the
effect of Nef on BECNI1-BCL2 binding differed when we
analyzed the subcellular variants. Whereas the presence of
Nef caused an overall increase in BECN1-BCL2 binding for
total GFP-BCL2 and more strikingly for ER-BCL2, Nef did
not enhance the interaction between BECN1 and Mit-BCL2
(Figure 6A; graphs). This result is consistent with the fact that
the ER-bound variant is the main isoform involved in the
regulation of autophagy [93,94]. Immunofluorescence images
of HEK293T cells co-expressing ER-BCL2, BECN1-Flag, and
either HA-GST (as an irrelevant protein) or NL4-3 Nef-HA
supported this mechanism. As expected, we found colocaliza-
tion between BECN1 and ER-bound BCL2 in the presence of
HA-GST. However, Nef significantly increased the colocaliza-
tion of BECN1 and ER-BCL2 (Figure 6B). Therefore, these
findings suggest a model in which Nef enhances PRKN-
mediated ubiquitination of BCL2 on the ER, consequently

arresting autophagy through the sequestration of BECN1
(Figure 6C).

The Nef-mediated enhancement in the BECN1-BCL2
interaction also affects the functionality of the class Il
Ptdins3K complex Il

Besides causing considerable retention of LC3-I, Nef also
increased the overall levels of LC3-II, particularly in the
presence of total GFP-BCL2 and ER-associated GFP-BCL2
(Figure 6A; bottom blots). This phenomenon has already
been described by others and reflects an additional mechan-
ism by which Nef blocks autophagy at the maturation level
by preventing the fusion between autophagosomes and lyso-
somes [38,49]. In addition to phagophore nucleation,
BECNI also participates in the maturation stages of auto-
phagy by being part of the class III PtdIns3K complex II
[121,122]. Therefore, to investigate whether the Nef-
mediated enrichment in BECN1-BCL2 also affects the for-
mation of class III PtdIns3K complex II, we explored
changes in the interaction patterns between BECNI1 and
UVRAG, a molecule that is exclusively found in class III
PtdIns3K complex II [121]. For this, we immunoprecipi-
tated UVRAG from HEK293T cells co-expressing BECN1-
Flag and either an empty vector, ER-BCL2, NL4-3 Nef, or
both (ER-BCL2 and Nef). We then analyzed the pulldown
fraction for UVRAG and BECNI1. Overexpression of ER-
BCL2 caused a significant reduction in BECN1-UVRAG
binding, suggesting that the BCL2-mediated sequestration
of BECNI1 affected both PtdIns3K complexes. Since Nef
increases the association between ER-BCL2 and BECNI,
we found a similar phenotype in cells expressing Nef.
Accordingly, co-expression of ER-BCL2 and Nef reduced
even further binding between UVRAG and BECNI1 (Figure
7A; blots and graph). Remarkably, either through overex-
pression of ER-BCL2, Nef or both, we detected marked
retention in LC3-I, accompanied by accumulation of LC3-
IT (Figure 7A; blots), confirming that by increasing the
interaction between BCL2 and BECNI, autophagy is not
only arrested at the initiation stages but also in the matura-
tion level.

Previous studies have pointed to a region in the N-terminus
of Nef as being responsible for blocking autophagy maturation.
Specifically, amino acids D3sLEK;9 in NL4-3 Nef mimic
sequences used by RUBCN, an autophagy inhibitor that affects
the functionality of class III PtdIns3K complex II [50]. To
explore if Nef also uses this domain to intersect with the
initiation stages of autophagy, we introduced alanine substitu-
tions in this region of Nef (Nef*****), and examined auto-
phagosome formation by flow cytometry and western blotting,
as explained above. Remarkably, the Nef***** mutant exhib-
ited a different western blot migration pattern compared to
wild type NL4-3 Nef, although their expression levels remained
similar (Figure 7C,D). Sequencing verification analyses indi-
cated that our mutagenesis protocol did not incorporate addi-
tional nucleotide changes in the expression vector or the Nef
coding region. Therefore, we concluded that the hydrophobic
residues introduced in the RUBCN-like motif were responsible
for this phenotype. Despite this unusual migration profile,
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Figure 6. Nef promotes BECN1-BCL2 binding in the ER. (A) HEK293T cells were co-transfected with BECNT-Flag and Tot-GFP-BCL2 (total BCL2), ER-GFP-BCL2
(Endoplasmic Reticulum-associated BCL2) or Mit-GFP-BCL2 (Mitochondrial BCL2). In addition, cells were transfected with NL4-3 nef or an empty vector. 48 h later, the
cell lysates were immunoprecipitated for BCL2. The pulldown fraction was examined for the presence of BECN1, GFP-BCL2 and Ub-BCL2. The cell lysates were also
analyzed by western blot to assess the cellular levels of BECN1, p-BCL2, ACTB, GFP-BCL2, Nef, and LC3. Graphs: Densitometric analyses were used to determine the
relative interaction between BECN1 and BCL2 and the relative levels of ubiquitinated BCL2. Data represent the mean and SEM of 5 independent biological replicates.
(B) HEK293T cells were co-transfected with BECN1-Flag, ER-GFP-BCL2 and either GST-HA or NL4-3 nef-HA. 48 h later, cells were stained for HA (DyLight-550; red), ER-
GFP-BCL2 (green), BECN1-Flag (Alexa Fluor 633; magenta) and nuclei (DAPI; blue). Merge of HA, ER-GFP-BCL2 and BECN1-Flag is provided. The Pearson’s correlation
coefficient for the colocalization of BECN1 and BCL2 is provided in a graph from 15 independent events for each experimental condition. (C) Proposed mechanism by
which Nef arrests autophagy initiation. Rel: relative. Ab ctr: antibody control. *: p < 0.05; **: p < 0.01; ***: p < 0.001. White scale bar: 10 um.

Nef*?**% retained the ability to block autophagosome forma-  Nef*?*** caused substantial retention in LC3-I, even greater
tion, depicted by significantly lower membrane-associated than wild type Nef (Figure 7C), indicating that this domain is
EGFP-LC3B than the vector control (Figure 7B). Accordingly, ~dispensable to block autophagy initiation. In fact, Nef***4
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correspond to the mean and SEM of 4 independent experiments. Rel: relative. Ab ctr: antibody control. LC: light chain. *: p < 0.05; **: p < 0.01.



still increased the association between BECNI1 and BCL2
(Figure 7D). By contrast, expression of this mutant significantly
reduced the accumulation of LC3-II (Figure 7C), which is
consistent with previous reports showing that this motif is
necessary to prevent autophagy maturation [50]. Therefore,
our findings indicate that Nef uses two different mechanisms
on separate domains to repress both autophagy initiation and
maturation.

The ability of Nef to block autophagy is mainly observed
in HIV-1/SIV,,

Despite the sequence variability in nef among the primate
lentiviruses, its functional activities are usually conserved,
including downregulation of CD4, CD28, SERINC3,
SERINC5, and major histocompatibility —complexes
[56,123,124]. To investigate if this is also the case for its ability
to arrest autophagy, we analyzed a set of 23 nef genes from
primary isolates of pandemic HIV-1 as well as representative
HIV-2 variants and the simian precursors of both of these
human viruses (SIV,, and SIVy,y,). Specifically, we assessed
their ability to block autophagy by examining the conversion
of LC3-I into LC3-1II and SQSTM1 levels under conditions of
rapamycin stimulation. As controls, we used the empty
PCGCG-EGEFP vector and NL4-3 Nef (Figure 8A; representa-
tive results for one Nef allele). We performed these experi-
ments 3 independent times to calculate the relative LC3-II:I
ratios as well as any statistical differences with the vector
control. We found that the ability of Nef to block autophagy
was present in the HIV-1/SIV,, lineage (Figure 8B,D; red
arrows and colored squares), while this activity was largely
missing in the HIV-2/SIVgy, panel (Figure 8C,D), and we
confirmed these observations by flow cytometric analysis of
autophagosome-associated EGFP-LC3B (not shown).

Primate lentiviruses exhibit high plasticity in the use of
their accessory proteins to overcome restriction factors. This
plasticity is particularly evident for BST2. Whereas HIV-1
primarily uses Vpu as a BST2 countermeasure, HIV-2 uses
Env, and the majority of SIVs use Nef [80,125-131].
Therefore, it would not be surprising if HIV-1/SIV,, use
Nef as their primary autophagy antagonist, while members
of the HIV-2/SIV,, lineage devote a different protein for
this task. To test this hypothesis, we transfected HEK293T
cells with the full-length proviral DNA of SIV,,,,:239, a virus
that originated after the cross-species transmission of SIV .,
from sooty mangabeys to rhesus macaques. We also included
SIV 112239 mutants harboring deletions in nef and env as well
as the molecular clone of SIV AnefP, a virus that regained
virulence after serial passage in rhesus macaques by accumu-
lating compensatory mutations in gp41 [82,132]. As controls,
we included an empty retroviral vector, and the proviral DNA
of wild type NL4-3 and NL4-3 Anef. Compared to HIV-1
NL4-3, none of the SIV,,,.239 clones tested were able to
overcome autophagy, since they did not affect the conversion
of LC3-I into LC3-II, and the relative levels of SQSTM1 were
considerably lower than NL4-3, reflecting normal autophagy
flux (Figure S6A; right panel). Accordingly, the relative LC3-
II:I ratios were significantly higher than NL4-3. Consistent

AUTOPHAGY (&) 567

with these findings, when we exposed HEK293T cells trans-
fected with SIV,,239 or SIV,,.239 Anef to rapamycin sti-
mulation, we observed a similar dramatic reduction in particle
release, indicating that autophagy poses a hurdle for SIV
(Figure S6B).

Discussion

Autophagy is a conserved, highly regulated system by which
eukaryotic cells eliminate cytoplasmic targets such as
damaged organelles and misfolded proteins, but also viral
components, serving as a defense mechanism against viruses.
Thus, the antiviral properties that autophagy exerts provide
an opportunity to manipulate this cellular pathway to help
contain viral infections [1,2,18,27,30,31,133,134]. However,
many viruses have evolved to circumvent and/or usurp auto-
phagy to ensure their propagation [2,27,33-35]. In conse-
quence, there is a critical need to elucidate the interplay
between autophagy and virus pathogens, such as HIV, before
we can consider the pharmacological manipulation of this
cascade as an antiviral therapeutic approach.

Several studies have investigated the interactions between
HIV and the autophagy machinery with mixed results, and
these differences become particularly evident in a cell-type-
specific manner [38,39,47-49,51-55,67]. In an effort to bring
consensus, we examined the basal autophagy status of differ-
ent HIV target cells, as well as their sensitivity to diverse
autophagy stimuli, to better understand the HIV-autophagy
interplay in each cellular environment. We found that each
cell type exhibits differences in their basal autophagy levels as
well as in the threshold to induce this survival cascade, and
thus, distinct cell types react differently to external stressors
known to trigger autophagy (i.e., cytoplasmic DNA, RNA as
well as transfection reagents) [1,2,70,135,136]. By considering
all these aspects, plus measuring autophagy status through
relative ratios of LC3-ILI, we have been able to compare the
effect of HIV on autophagy in different cellular contexts. Our
results demonstrate that HEK293T cells, macrophages and
CD4" T cells respond to HIV by triggering autophagy, causing
a reduction in HIV Gag levels and virion production.
However, HIV has evolved to circumvent autophagy antiviral
effects by hampering the progression of this pathway through
the viral protein Nef. This phenomenon is evidenced by the
fact that infections with nef-deleted viruses do not influence
autophagy flux, but the presence of Nef causes a defect in the
conversion of LC3-I into LC3-II - a hallmark for autophagy
activation - in all cell types tested.

Previous studies have indicated a role for Nef in blocking
autophagy in macrophages [38,49], and they reported that Nef
achieves this by two different mechanisms. Whereas one report
stated that HIV activates autophagy early during infection to aid in
uncoating and that the virus uses Nef to block this pathway at later
stages by preventing the formation of autolysosomes [38], a later
publication described that Nef halts autophagy through the cyto-
plasmic sequestration of TFEB [49]. More recently, structural
studies in the Hurley lab revealed that Nef harbors sequences in
its N-terminal domain that mimic the class III PtdIns3K complex
II-binding domain (PIKBD) of RUBCN, an inhibitor of BECN1.
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The findings in that study support the notion that Nef interacts
with BECN1 through this PIKBD-like domain, blocking class III
PtdIns3K complex II and, in turn, autolysosome formation
[50,137]. In line with these observations, we also found that cells
expressing Nef frequently display high levels of SQSTM1 and LC3-
I1, reflecting a block in autophagy maturation. Consistent with this,
our data show that Nef significantly reduces the association
between UVRAG and BECNI in class III PtdIns3K complex II,
which would consequently impair autophagosome-lysosome
fusion. However, our studies revealed that Nef additionally pre-
vents autophagy initiation through a previously unrecognized
mechanism and that this effect is independent on Nef's PIKBD-
like domain, indicating that Nef uses distinct protein surfaces to
obstruct autophagy initiation and maturation. Specifically, our data
demonstrate that Nef enhances BECN1 association with BCL2,
preventing the formation of phagophore structures early in the
autophagy cascade [10,103,138]. Upon autophagy activation,
BECN1 dissociates from GLIPR2/GAPR-1 (GLI pathogenesis
related 2) in Golgi and translocates to the ER to facilitate the
nucleation of phagophores [85]. BECNI achieves this by forming
the class III PtdIns3K complex I, a multimolecular complex that
mediates the synthesis of PtdIns3P [95-97]. PtdIns3P is an essential
element for phagophore biogenesis, the lipidation of LC3, and thus,
autophagy initiation. Remarkably, when bound to the mono-
ubiquitinated form of BCL2, BECNI is unable to promote the
formation of such enzymatic complex. Our studies demonstrate
that Nef intersects with these early stages of autophagy by increas-
ing the mono-ubiquitination of ER-bound BCL2 through PRKN.
Binding assays and imaging studies showing a significant increase
in the colocalization of ER-BCL2 and BECNI in the presence of
Nef support this notion. PRKN plays an important role in mito-
chondrial quality control [102], but also regulates autophagy
through BCL2 mono-ubiquitination [100]. The role of PRKN in
the Nef-mediated inhibition of autophagy is unprecedented and
verified in our binding assays and experiments in PRKN"
(HEK293T) and PRKN™ (HeLa) cells. In fact, when PRKN is
provided in trans to PRKN™ cells, Nef enhances the association
between BECN1 and BCL2, which is accompanied by an impair-
ment in the transition of LC3-I to LC3-IL. Finally, the selective
depletion of PRKN in HEK293T cells causes a loss-of-function
phenotype in which Nef cannot enhance the BECN1-BCL2 inter-
action, rendering HIV susceptible to autophagy restriction.

The Nef-mediated enrichment in the interaction between
BECN1 and BCL2 consequently obstructs the lipidation of
LC3, which is particularly evidenced in the presence of lyso-
somal inhibitors. Under these conditions, the overall levels of
LC3-II increase due to a defect in lysosomal function.
However, we still observed the retention in LC3-I in cells
expressing Nef, supporting a defect in the LC3-I-to-LC3-II
conversion. Remarkably, only when autophagy maturation is
halted, Gag levels are restored, suggesting that Gag is an
autophagy target. While our findings indicate that the accu-
mulation of LC3-I in the presence of Nef is a consequence of
blocking early autophagy steps, an increase in LC3-I might
also reflect indirect effects of Nef on the expression of LC3B.
To rule this out, we monitored the transcription levels of this
gene, which is regulated by several transcription factors,
among them TFEB [89]. As anticipated, no increase in the
expression of LC3B was detected. On the contrary, Nef
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downmodulates its transcription. Although these results may
be in line with Campbell et al. observations in macrophages,
where they reported that Nef blocks autophagy by sequester-
ing TFEB in the cytoplasm [49], our transcriptional assays
also examined fluctuations in the expression levels of another
TFEB target: ATGI6L1 [89]. Unlike the effects of Nef on
LC3B, we found no significant changes in ATGI6L1 expres-
sion. Therefore, these results confirm that the accumulation of
LC3-I observed in the presence of Nef is not the result of the
upregulation of this gene and that, in our system, Nef likely
blocks autophagy in a TFEB-independent manner.

Nef is well-known for its ability to facilitate immune eva-
sion through multiple mechanisms, and most of these activ-
ities are conserved in the primate lentiviruses
[65,123,124,139]. Unlike these well-preserved functions, our
screens of primary Nef alleles from HIVs and SIVs indicate
that the ability to counteract autophagy restriction may be
mainly found in the HIV-1/SIV,, lineage. Specifically, pan-
demic HIV-1 clade B Nef alleles are potent autophagy antago-
nists. Although clade C isolates are most prevalent due to
their high incidence in Africa and Asia, isolates belonging to
clade B are ubiquitously found around the globe, suggesting
that autophagy antagonism may be influencing the spread and
pathogenesis of HIV-1. Future studies will test this hypothesis
by surveying Nef alleles of HIV-1 primary isolates obtained
from acute infection (transmitted/founder viruses), and asses-
sing whether their capacity to overcome the autophagy block
correlates with their increased transmission, infectivity, and
pathogenesis.

The fact that some Nef alleles from primary isolates are
poor autophagy antagonists suggests that these viruses are
either unable to antagonize the autophagy block or that they
have evolved other genes for this purpose. To test this
hypothesis, we tested SIV,,.239, a virus we have extensively
studied due to its plasticity to overcome restriction factors
[80-83], for its ability to antagonize autophagy. Unlike HIV-1
NL4-3, SIV;,,.239 failed at impairing autophagy flux, and
thus, was highly susceptible to autophagy restriction, indicat-
ing that SIV,,,.239 has not evolved alternative mechanisms to
counteract the autophagy block. However, since species-
specific differences have dictated the adaptation and evolu-
tion of the primate lentiviruses in their respective hosts, we
cannot fully rule out that the inability of SIV,,.239 to coun-
teract autophagy in the context of HEK293T cells (of human
origin) is due to species-specific differences in the autophagy
proteins targeted by Nef between humans and non-human
primates. We are currently investigating this potential
scenario.

In summary, here we have demonstrated that HIV-1 is
susceptible to autophagy restriction, but the virus uses the
Nef accessory protein to circumvent this barrier. The role of
Nef in blocking autophagy progression has already been
reported by other studies, particularly in macrophages.
Consistent with these reports, we found that Nef is a potent
autophagy antagonist that interferes with the maturation step
of this pathway. However, our studies indicate that Nef exhi-
bits an additional mechanism to halt autophagy at the initia-
tion stages. Specifically, Nef enhances the association between
the autophagy protein BECNI1 and its inhibitor BCL2 by
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enhancing BCL2 mono-ubiquitination in a PRKN-dependent
manner. Because BECNI is necessary for the formation of
autophagosome structures, its sequestration by BCL2 causes
defects in autophagosome formation and, consequently, in
maturation, allowing in turn efficient virion assembly and
release. HIV Nef is a well-known immune evasion factor
through the downregulation of the immune receptors CD4,
C28 and major histocompatibility complexes as well as the
restriction factors SERINC3 and SERINC5 [56-65].
Therefore, in addition to its already known functional activ-
ities, here we show that Nef antagonizes the antiviral effects of
autophagy through a previously unrecognized mechanism
that affects autophagy at different stages of the pathway.

Materials and methods
Plasmid DNA constructs

(i) HIV-1 proviral clones. The following full-length pro-
viral constructs were obtained through the NIH AIDS
Reagent Program, Division of AIDS, NIAID, NIH,
from Drs. Malcolm Martin, Klaus Strebel, Robert
Siliciano, Olivier Schwartz, and Nathaniel Landau,
respectively [140-143]. Specifically, full-length con-
structs for wild type HIV-1 NL4-3 (pNL4-3, 114),
NL4-3 Avpu (pNLU35, 968), NL4-3 Aenv (pNL4-3
AEnv EGFP, 1110), NL4-3 Anef (pNL4-3 ANef,
12755), NL4-3 AenvAnef (pNL4-3.HSA.R'E™, 3420),
and NL4-3 Avpr (pNL4-3.HSA.R", 3417). HIV-1
NL4-3 viruses based on these plasmids were gener-
ated by transient transfection in HEK293T cells, as
previously described [80,81,144].

(ii) SIV,ac 239 proviral clones. Full-length SIV,,.. 239

proviral DNA as well as mutants of this molecular

clone, Anef, AenvAnef and AnefP, were a gift from

Dr. David T. Evans (University of Wisconsin,

Madison, WI). These constructs were assembled

from p239SpSp5’, pSP72-239-3', pSP72-239-3'Anef,

pSP72-239-3'Aenv and p3'ITTMAnefAUS138, as pre-
viously described [80,81,132,145,146].

VSV-G construct. The plasmid for the expression of

the Indiana variant of the vesicular stomatitis virus

(VSV) glycoprotein was a gift from Dr. David

T. Evans (University of Wisconsin, Madison, WI).

HIV and SIV Nef expression vectors. The expression

vector pCGCG (a gift from Dr. Jacek Skowronski

[Case Western Reserve University, Cleveland, OH]),

which harbors EGFP from an internal ribosomal

entry site, was used to clone different Nef alleles
using the Xbal and Mlul unique restriction sites.

The following Nef alleles were cloned into this

vector: HIV-1 NL4-3 Nef, HIV-1 CRF03_AB Nef,

HIV-1 C1 Nef, HIV-1 U455 Nef, HIV-1 AY713415

Nef, HIV-1 AY463232 Nef, HIV-1 AM000053 Nef,

HIV-1 DQ207940 Nef, HIV-1 DQ207944, HIV-1

EF514706, HIV-1 NA7 Nef, HIV-2 CBL-23 Nef,

HIV-2 60415K Nef, HIV-2 BEN Nef, HIV-2 7312

Nef, HIV-2 310319 Nef, SIV,,, ptt LB7 Nef, SIV,,

ptt MB66 Nef, SIV,, ptt EK505 Nef, SIV,, pts 2.69

(iii)

(iv)

Nef, SIV,,,, FFm1 Nef, SIV,,, FyR1 Nef, SIV,,, FwR1
Nef, and SIV,,.. 239 Nef [80,124,130,147,148]. In
addition, an HA-tagged version of NL4-3 Nef was
obtained from Addgene: pCI-NL4-3 Nef-HA-WT
(24162, Dr. Warner Greene’s lab). NL4-3 Nef**®
A3% was generated by site-directed mutagenesis and
cloned into pCGCG.

(v) Plasmids coding for autophagy proteins. The following
constructs were obtained through Addgene: pEMD-
C1-GFP-BCL2 fusion genes (GFP-BCL2, 17999; GFP-
BCL2-Cb5, 18000; and GFP-BCL2-Maob, 18001; all
obtained from Dr. Clark Distelhorst’s lab), pRK5-
PRKN-MYC (7612, Dr. David Root’s lab), pC3-
EGFP-LC3B (11546, Dr. Karla Kirkegaard’s lab),
pMX-GFP-ZFYVE1 (38269, Dr. Noboru
Mizushima’s lab), and pcDNA4-BECNI-Flag
(24388, Dr. Qing Zhong’s lab). The protein GST
was HA-tagged and cloned into pcDNAS5
(ThermoFisher Scientific, V601020), as previously
described [83].

Transfections

6 x 10° HEK293T (American Type Culture Collection
[ATCC], CRL-11268) and HeLa (NIH AIDS Reagent
Program, Division of AIDS, NIAID, NIH from Dr. Richard
Axel; 153) cells were transfected using GenJet in vitro DNA
transfection reagent (SignaGen Laboratories, SL100488), fol-
lowing the manufacturer’s suggestions, including total DNA,
dish size, incubation time, and the ratio of GenJet:DNA for
optimal transfection efficiency. Cell viability was monitored
for every transfection to evaluate if the expression of the
above-described constructs could cause cellular toxicity or
damage. No evidence of toxicity was observed. If viability
was below 85%, cells were considered unsuitable for further
analyses. Viabilities were usually above 90%.

Infections

(i) Jurkat cells. One million Jurkat CD4" T cells (ATCC,
TIB-152) were infected with 100 ng of p24 equiva-
lents of HIV-1 NL4-3 or NL4-3 Anef for 3 h at 37°C.
Cells were then washed and re-suspended in 5 mL of
R10: RPMI medium (ThermoFisher Scientific,
11875-119) supplemented with 10% of fetal bovine
serum (ThermoFisher Scientific, 26140-079). Cell
samples were collected at 6, 24, 48, 60, 72, 84, 96,
108, 120, and 132 h post-infection for their analysis
by western blot.

(i) CD4" T cells from PBMCs. One million naive CD4"
T cells isolated from PBMCs (Zenbio, Inc., SER-
PBCD4 TH-N-F) were activated using Dynabeads
coated with anti-CD3 and anti-CD28 antibodies
(ThermoFisher Scientific, 111.31D). Cells were also
expanded using IL2 (interleukin 2; 30 IU/mL; NIH
AIDS Reagent Program, Division of AIDS, NIAID,
NIH; 136) for 3 d. Next, cells were infected with 100
ng of p24 equivalents of HIV-1 NL4-3 or NL4-3 Anef



for 3 h at 37°C. Cells were then washed and re-
suspended in 3 mL of R10 medium. Cell lysates
were collected at 6, 72, and 120 h post-infection for
their analysis by western blotting.

THPI1-derived macrophages. One million THP-1
monocytes (ATCC, TIB-202) were differentiated
into macrophages after stimulation with 200 nM of
PMA (phorbol 12-myristate 13-acetate; Sigma-
Aldrich, P1585) for 3 d. Differentiation to
a macrophage phenotype was confirmed by micro-
scopy after the PMA treatment. Next, macrophages
were infected with 100 ng of p24 equivalents of VSV-
G pseudotyped HIV-1 NL4-3 Aenv or NL4-3
AenvAnef for 3 h at 37°C. Cells were washed and re-
suspended in 3 mL of R10 medium. Cell lysates were
collected at 6, 72 and 120 h post-infection for their
analysis by western blotting.

(iii)

Virus release assays

6 x 10° HEK293T cells were transfected with 2,000 ng of full-
length proviral DNA of HIV-1 NL4-3, NL4-3 Anef, SIV .. 239,
or SIV,,.c 239 Anef. For the trans-complementation studies,
transfections with nef-deleted proviruses also included pCGCG-
NL4-3 Nef or the empty vector pPCGCG. 24 h post-transfection,
the cell medium was replaced, and rapamycin (Sigma-Aldrich,
R8781) was added at different concentrations (0-4 puM). In the
competition assays between rapamycin and 3-methyladenine
(3-MA; Sigma-Aldrich, M9281), this compound was added at
3 mM 8 h after rapamycin stimulation. In the lysosomal inhibi-
tion assays, chloroquine (Sigma-Aldrich, C6628-256) was added
at 60 uM together with rapamycin. In the experiments with the
BCL2 inhibitor GX15-070 (AdooQ, A10665), this compound
was added along with rapamycin at 3 uM, which corresponds
to its ICsq. 48 h post-transfection, the culture supernatants were
collected and analyzed by p24 or p27 antigen-capture ELISA
(Advanced Biolabs, 5421 and 5436), as previously described [80-
83,144]. In the case of virus release assays in Jurkat cells, 10°
Jurkat cells were infected with 100 ng of p24 equivalents of HIV-
1 NL4-3 or NL4-3 Anef for 3 h at 37°C. Cells were then washed
and re-suspended in 5 mL of R10 medium. 24 h later, cells were
washed and aliquoted into 24-well plates at 150,000 cells per
well. Cells were stimulated with rapamycin (0-6.5 uM) for 12 h.
Virion release was determined as explained above. In addition,
cells were washed, lysed, and harvested for their analysis by
western blotting.

Western blotting

Cells, including HEK293T, HelLa, Jurkat, THP-1, as well as
primary CD4" T cells were harvested in lysis IP buffer
(ThermoFisher Scientific, 87787) complemented with pro-
tease inhibitors (Roche, 04693116001) and phosphatase inhi-
bitor cocktails 2 and 3 (Sigma-Aldrich, P5726 and P0044).
Cell lysates were incubated on ice for 1 h. Samples were then
centrifuged at 16,000 x ¢ for 8 min. The supernatant was
collected, mixed with 2x SDS sample buffer (Sigma-Aldrich,
$3401) and boiled for 5 min. Proteins were then separated by
electrophoresis on SDS-PAGE polyacrylamide gels (8-12%)
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and transferred to a polyvinylidene difluoride (PVDF) mem-
brane (BioRad, 1620177) using a Trans-Blot SD transfer cell
(BioRad, 1703940). After blocking the membranes for 1 h in
blocking buffer (BioRad, 1706404) at room temperature, we
proceeded with the incubation with primary antibodies over-
night at 4°C (antibody sources and dilutions are detailed in
Table 1). Next, membranes were washed 3 times in PBS-
tween (Sigma-Aldrich, P3563) for 15 min at room tempera-
ture before being probed for 1 h with the secondary antibody
solution at a 1:2,000 dilution. Three different secondary anti-
bodies were used, all conjugated with horseradish peroxidase:
goat anti-mouse-HRP, goat anti-rabbit-HRP and donkey anti-
rabbit-HRP (Table 1). After the incubation with the second-
ary antibodies, the membranes were washed 3 additional
times in PBS-tween, developed using SuperSignal West
Femto maximum sensitivity substrate (Pierce, 34095), and
visualized using a Li-Cor Odyssey Fc Imager 2800 (Li-Cor,
Lincoln, NE).

Knockdown assays

esiRNA was used to knockdown human BECNI, while PRKN
was depleted using shRNA.

The esiRNA oligos were obtained from Sigma-Aldrich
(EHU061741), and harbored the following sequences to silence
BECNI: GGCTGAGAGACTGGATCAGGAGGAAGCTCAGTAT
CAGAGAGAATACAGTGAATTTAAACGACAGCAGCTGGAG-
CTGGATGATGAGCTGAAGAGTGTTGAAAACCAGATGCGT-
TATGCCCAGACGCAGCTGGATAAGCTGAAGAAAACCAAC-
GTCTTTAATGCAACCTTCCACATCTGGCACAGTGGACAG-
TTTGGCACAATCAATAACTTCAGGCTGGGTCGCCTGCCC-
AGTGTTCCCGTGGAATGGAATGAGATTAATGCTGCTTGG-
GGCCAGACTGTGTTGCTGCTCCATGCTCTGGCCAATAAG-
ATGGGTCTGAAATTTCAGAGATACCGACTTGTTCCTTAC-
GGAAACCATTCATATCTGGAGTCTCTGACAGACAAATCT-
AAGGAGCTGCCGTTATACTGTTCTGGGGGGTTGCGGTTT-
TTCTGGGACAACAAGTTTGACCATGCAATGGTGGCTTTC-
CTGGACTGTGTGCAG.

BECNI1 depletion was achieved by transient transfection of
the esiRNAs in 6 x 10° HEK293T cells, using Lipofectamine
3000 in vitro transfection reagent following the manufac-
turer’s instructions (ThermoFisher Scientific, L3000015).
Knockdown was verified by western blot 3-5 d post-
transfection.

Human PRKN was silenced using the following Dharmacon
shRNA constructs: TRCN0000000281, TRCN0000000282, TRCN
0000000283, TRCN0000000284, TRCN0000000285. Protein deple-
tion was achieved by transient transfection of a combination of
different shRNAs, following the same transfection protocols
described above. PRKN knockdown was verified by western blot
3-5 d post-transfection.

RT-qPCR assays

(i) RNA extraction and cDNA synthesis. 6 x 10°
HEK293T cells were transfected with 2,000 ng of (i)
NL4-3 nef or the empty vector pCGCG, or (ii) HIV-1
NL4-3 or NL4-3 Anef proviral DNA. RNA was then
isolated and purified at 6, 18, 24, and 48 h post-
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Table 1. Antibody sources and conditions.

Protein Primary antibody Dilution Source

ATG3 Rabbit polyclonal to ATG3 1:1000 Cell Signaling Technology, 3415S

ATG5 Rabbit polyclonal to ATG5 1:500 Cell Signaling Technology, 2630S

ATG7 Rabbit monoclonal (D12B11) to ATG7 1:500 Cell Signaling Technology, 85585

ATG12 Rabbit monoclonal (D88H11) to ATG12 1:1000 Cell Signaling Technology, 4180S

ATG16L1 Rabbit monoclonal (D6D5) to ATG16L1 1:1000 Cell Signaling Technology, 80895

ACTB/B-actin Mouse monoclonal (C4) to ACTB/p-actin 1:1000 Sigma-Aldrich, MAB1501

BCL2 Mouse monoclonal (124) to BCL2 1:1000 Cell Signaling Technology, 15071S

phospho-BCL2 Rabbit monoclonal (5H2) to Phospho-BCL2/Bcl-2 (Ser70) 1:500 Cell Signaling Technology, 28275

BECN1 Rabbit monoclonal (D40C5) to BECN1 1:1000 Cell Signaling Technology, 3495S

CD4 Rabbit polyclonal 1:500 Abcam, ab203034

Flag Rabbit monoclonal (D6W5B) 1:400 Cell Signaling Technology, 145793

GFP Mouse monoclonal (4B10B2) and Rabbit monoclonal (E385) to GFP 1:1000 Sigma-Aldrich, SAB5300167
1:1000 Abcam, ab32146

HA Mouse monoclonal (16B12) to HA (Dylight-550 conjugated) 1:200 Abcam, ab117502

HA Mouse monoclonal 1:1000 Covance, 901502

LC3 Rabbit polyclonal to LC3B 1:1000 Cell Signaling Technology, 2775S

MYC Mouse monoclonal 1:1000 Abcam, ab18185

HIV Nef Mouse monoclonal (2H12(01-007)) to HIV-1 Nef 1:1000 ThermoFisher Scientific, MA1-71505

SIV Nef Mouse monoclonal (17.2) to SIV Nef 1:1000 NIH AIDS Reagent Program, 2659

PRKN Mouse monoclonal (PRK8) to PRKN 1:1000 Abcam, ab77924

HIV-1 Gag p55/p24 Mouse monoclonal (183-H12-5C) to HIV p24 1:1000 NIH AIDS Reagent Program, 3537

SQSTM1/p62 Mouse monoclonal (D1Q5S) to SQSTM1/p62 1:1000 Cell Signaling Technology, 39749S

SUMO Rabbit polyclonal to SUMO 2 + 3 1:1000 Abcam, ab139470

Ubiquitin Rabbit monoclonal (E412) to Ubiquitin 1:1000 Cell Signaling Technology, 43124S

ULK1 Rabbit monoclonal (D8H5) to Ulk1 1:500 Cell Signaling Technology, 8054

UVRAG (D2Q1Z) Rabbit monoclonal to UVRAG 1: 1000 Cell Signaling Technology, 13115S

Mouse IgG1 Goat polyclonal (HRP-conjugated) 1:2000 Pierce, 31430

Rabbit 1gG1 Goat polyclonal (HRP-conjugated) 1:2000 Abcam, ab97051

Rabbit 19G Donkey polyclonal (HRP-conjugated) 1:2000 Abcam, ab16284

Rabbit 1gG1 Goat polyclonal (Alexa Fluor 633 conjugated) 1:500 ThermoFisher Scientific, A-21070

transfection, using a Qiagen RNeasy Minikit (74104)
following the manufacturer’s instructions. Total RNA
integrity and purity was verified using a bioanalyzer
(Genomics Unit, Center for Biotechnology, Texas
Tech University). Only RNA samples with RIN values
above 8 were used for subsequent analyses. cDNA was
synthesized from 1 pg of purified RNA using an
iScript cDNA synthesis kit (BioRad, 1725037). cDNA
samples were subsequently used for qPCR analysis.
(ii) gPCR. In order to calculate gag, LC3B, and ATGI6LI
relative levels of expression, the SYBR green-based real-
time gPCR method was used. For each reaction,
SsoAdvanced universal SYBR green supermix (BioRad,
1725271) was used, together with different PrimePCR
primers (BioRad, Hercules, CA) to measure RNA quality
(PrimePCR RNA assay RQl and RQ2 primers,
10025694), genomic DNA contamination (PrimePCR
gDNA, 10025352), housekeeping genes (PrimePCR
human GAPDH) and autophagy genes (PrimePCR
human MAPILC3B and human ATGI6LI). In addition,
corrections for differences in transfection efficiencies were
performed by quantifying GFP expression using the fol-
lowing primer pair GFP FW: 5 CAAACTGCCTGTTCC
ATGGC3' and GFP RV: 5 CCTTCGGGCATGAC
ACTCTT3', which gives a 120 bp amplicon. For the gag
qPCR assays, the following primers were used Gag FW:
TATCAGAAGGAGCCACCCCA and Gag RV:
CCCATTCTGCAGCTTCCTCA, which generate an
amplicon of 114 bp. A melting curve analysis was then
performed, and mRNA levels were normalized to
GAPDH and/or GFP mRNAs to obtain the relative
expression levels of gag, LC3B and ATGI6LI for each

time point and treatment condition. A fold change of
>2.0 was considered biologically relevant.

Immunoprecipitation assays

One million HEK293T or Hela cells were transfected with 2,000
ng of BECNI-Flag, PRKN-MYC, NL4-3 nef, NL4-3 nef-HA,
human CD4, the empty vector pCGCG and/or the GFP-BCL2
constructs. 48 h post-transfection, cells were washed and lysed
using lysis IP buffer supplemented with phosphatase and protease
inhibitor cocktails, as detailed above. The whole-cell lysates were
then pre-incubated for 1 h at room temperature with Protein A or
G magnetic beads (New England Biolabs, S1425S and S1430S) to
remove unspecific binding proteins. Protein A or G magnetic
beads were then coated with 5 pg of the antibody of interest
(HIV-1 Nef, BCL2, Flag, UVRAG or BECNI; Table 1) for 1 h at
room temperature. Next, cell lysates were subjected to immuno-
precipitation by adding antibody-coated beads to the pre-cleared
samples. The immunoprecipitation proceeded overnight at 4°C.
Next, beads were washed in lysis IP buffer 4 times with the
assistance of a magnet. Finally, washed beads were resuspended
in 2x SDS sample buffer and the pulldown samples were analyzed
by western blot. The relative binding between our proteins of
interest was calculated by densitometric analyses using the Image
Studio software (Li-Cor), where the positive bands were normal-
ized to the levels of the immunoprecipitated protein.

Fluorescence microscopy

(i) LC3 and ZFYVEI puncta. 20,000 HEK293T cells were co-
transfected in sterile tissue culture-treated 8-well slides with 100
ng of EGFP-LC3B or GFP-ZFYVEI and either 100 ng of HA-



GST or NL4-3 nef-HA. 48 h post-transfection, cells were treated
for 4 h with rapamycin at 4 uM with or without the autophagy
inhibitor 3-MA at 3 mM. Cells were then washed with DPBS
(ThermoFisher Scientific, 14190-144). Permeabilization and
fixation of the samples were achieved by incubating the cells
for 10 min in acetone-methanol (1:1) at —30°C. Next, cells were
blocked for 1 h with the antibody diluent solution (2% fish skin
gelatin [Sigma-Aldrich, 67765] + 0.1% Triton X-100 [Sigma-
Aldrich, X100] 1x DPBS with 10% goat serum [ThermoFisher
Scientific, 500062Z]) and incubated 1 more hour with the
mouse monoclonal anti-HA antibody conjugated with
DyLight-550 (Table 1) at a dilution of 1:200. Afterward, cells
were incubated for 5 min with DAPI (1:5,000; ThermoFisher
Scientific, 62248) to visualize cell nuclei. After staining, the
slides were washed and mounted using the anti-quenching
mounting medium (Vector Laboratories, 3304770). EGFP-
LC3B-expressing cells were visualized by epifluorescence on
an Olympus BX41 fluorescence microscope, using DAPI,
TexasRed and GFP filter cubes and the 60x objective. Cells
expressing GFP-ZFYVEL were visualized by confocal micro-
scopy on an Olympus FV3000 microscope using the 60x objec-
tive and the lasers 405, 488, and 561 nm in order to excite DAPI,
GFP, and DyLight-550, respectively. After collection, images
were processed and analyzed using the Image] software
(National Institutes of Health) and Photoshop (Adobe), and
proportional adjustments of brightness/contrast were applied.
(i) ER-BCL2 and BECNI colocalization. 20,000 HEK293T
cells were co-transfected in sterile tissue culture-treated 8-well
slides with 100 ng of BECNI-Flag, 100 ng of GFP-BCL2-Cb5
(ER-bound isoform) and either 100 ng of HA-GST or NL4-3
nef-HA. 48 h post-transfection, cells were washed with DPBS,
permeabilized and fixed by incubating them for 10 min in
acetone-methanol (1:1) at —30°C. Next, cells were incubated
for 1 h with the antibody diluent solution (2% fish skin gelatin
+ 0.1% Triton X-100 1x DPBS with 10% goat serum) and 1
more hour with the following primary antibody cocktail: mouse
monoclonal anti-HA primary antibody conjugated with
DyLight-550 (Table 1) at a dilution of 1:200, and rabbit mono-
clonal anti-Flag (Table 1) at a dilution 1:400. Subsequently, cells
were washed and incubated for another hour with a goat anti-
rabbit IgG1 secondary antibody conjugated with an Alexa Fluor
633 fluorophore (Table 1) at a dilution 1:500. Finally, samples
were incubated for 5 min with DAPI (1:5,000) to visualize cell
nuclei. After staining, the slides were washed and mounted
using anti-quenching mounting medium. The samples were
visualized by confocal microscopy on an Olympus FV3000
instrument using the 60x objective and the lasers 405, 488,
561, and 640 nm in order to excite DAPI, GFP, DyLight-550
and Alexa Fluor 633, respectively. After collection, images were
merged for the 488, 561, and 640 nm channels, processed and
analyzed using Image] and Photoshop. Proportional adjust-
ments of brightness/contrast were applied. Colocalization
between ER-BCL2 and BECNI was evaluated in Image]
(JACoP plugin) by calculating Pearson’s correlation coefficient.

Flow cytometry

300,000 HEK293T cells were co-transfected with 2,000 ng of
EGFP-LC3B and 2,000 ng of either NL4-3 nef-HA or empty
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vector control. 48 h post-transfection, cells were treated with
rapamycin (4 pM) and/or 3-MA (3 mM) for 4 h before
collection for analysis. Cells were then washed with DPBS,
trypsinized (ThermoFisher Scientific, 25200) and centrifuged
at 600 x g for 5 min, followed by an additional wash of 10 min
at 4°C with 0.05% saponin (Sigma-Aldrich, 47036) in DPBS.
Cells were subsequently washed 2 additional times in DPBS.
Finally, samples were fixed with 1% paraformaldehyde in
DPBS. Cells were analyzed using an Attune instrument
(ThermoFisher Scientific, Waltham, MA). Data were pro-
cessed with the FlowJo software (version 10.5.3) using
50,000 events. Debris and doublets were excluded using FSC
and SSC gating, and the percentage of EGFP-positive single
cells was calculated for every sample and treatment condition.

Statistical analysis

All statistical calculations were performed with a two-tailed
unpaired Student T test using Graph Pad Prism version 8.3.0.
P values < 0.05 were considered statistically significant.
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