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Summary

Autophagy is a key cytoplasmic biomass and organellar quality and quantity control pathway of
the eukaryotic cell. It is particularly suited to capture and degrade large, multi-macromolecular
cytosplasmic targets earmarked for degradation or turnover. Typical autophagic cargos represent
large swaths of cytosol as a source of energy and anabolic precursors at times of growth
restrictions imposed by the absence of growth factors, nutrient limitation or hypoxia. Autophagy is
the only effective mechanism for removal of whole organelles such as leaky or surplus
mitochondria, disposal of potentially toxic protein aggregates too large for proteasomal removal,
and elimination of intracellular microbes including bacteria, protozoa and viruses. Recent studies
have shown that human immunodeficiency virus (HIV) is targeted for eliminated by autophagy
but that this is countered by the viral protein Nef. Here we review these relationships and
underscore the untapped potential of autophagy as a druggable antiviral process.

Introduction to autophagy

The sensu stricto autophagy refers to the process of macroautophagy whereby cytoplasmic
targets are captured within organelles of endomembranous origin, termed autophagosomes,
which subsequently mature into autolysosomes where the captured cargo is degraded or
otherwise eliminated [1]. The physiological functions of autophagy include providing a cell-
autonomous source (by auto-digestion of cytosol) of energy and amino acids at times of
cellular metabolic crisis or nutritional deprivation, prevention of cell death or senescence
due to accumulation of faulty organelles and large macromolecular aggregates [1] and the
still debated potential cell death modality [2]. These classical roles of autophagy have
recently been amended to include a wide range of innate and adaptive immunity functions
[3]. All cells rely on constitutive autophagy to carry out the basal housekeeping role of
eliminating sporadically damaged organelles due to normal wear and tear, for example
occasional depolarized mitochondria that cannot rejoin the mitochondrial network [4]. The
baseline, housekeeping autophagy can be augmented by elicited autophagic responses to
nutritional, differentiation, and danger signals [5]. Autophagy in principle involves three
morphological stages (Fig. 1): (i) initiation (formation of crescent membranes termed
phagophores), (ii) elongation and closure (increase of the phagophore and its closure into a
completed autophagosome containing the sequestered cargo), (iii) and maturation
(conversion of autophagosomes into degradative organelles termed autolysosomes by fusion
with late endosomal and lysosomal organelles or trafficking carriers).

The keys to initiation of autophagy are the regulation of (i) Atgl (in yeast) or its equivalent
Ulk1 (in mammals) complexes [6] and (ii) the phosphatidylinositol (PI) 3-kinase hVPS34-
Atg6 (Beclin 1) complex with Atg14 (complex I) and additional interacting components [7].
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To control autophagy in response to growth factor and nutritional signals (Fig. 1), the Atgl/
Ulk1 complex is coupled to Tor complex 1 (TORC1). In mammals, mTORC1 during growth
factor and nutrient-replete conditions associates with the Ulk1-Atg13-FIP200-Atg101
complex (with mammalian FIP200 being a functional equivalent of yeast Atg17), thus
inhibiting autophagy. Upon receiving starvation signals, mTORC1 dissociates from the
Ulk1-Atg13-FIP200-Atg101 complex, which appears to translocate [6] to (still elusive in
mammalian cells) preautophagosomal membranes that may possibly involve rough
endoplasmic reticulum (rER) [8] areas that can be visualized by a marker, DFCP-1 [9].
There, the Ulk1 complex, in cooperation with the Pl 3-kinase h\VPS34 complex I and its
lipid product PI 3-phosphate (PI13P) along with the P13P-binding effector proteins WIPI-1
and WIPI-2 (equivalents of yeast Atg18) lead to the formation of nascent autophagosomes
[6]. The phagophore elongation and autophagosomal closure phase requires Atg9 (the sole
integral membrane Atg protein whose cyclical trafficking between peripheral membrane
pools and the growing phagophore is controlled by Atg1/Ulk1) and Atg8 (in mammalian
cells represented by a whole family of Atg8 proteins: LC3A, LC3B, LC3C, GABARAP,
GABARAPL1, and GABARAPL2/GATEL6). LC3s (Atg8) are C-terminally conjugated, in
a process assisted by the Atg12-Atg5-Atgl6L complex. Atg8 proteins are required for
phagophore membrane growth and eventual closure to complete the double-membrane
autophagosome [10]. Maturation is the final, degradative stage of the pathway, whereby
closed autophagosomes fuse with late endosomal/lysosomal organelles or carrier
intermediates, generating autolysosomes, delimited by a single membrane. This is where the
captured cargo (cytosol, ribosomes, protein aggregates, mitochondria, microbes) is degraded
by hydrolytic enzymes [1], or alternatively (with only a few examples known to date)
expelled by a process akin to exocytosis [11].

Autophagy in innate and adaptive immunity

Autophagy has many roles in innate and adaptive immunity [3] and infection [12]. First,
autophagosomes can directly destroy microbial pathogens (bacteria, protozoa and viruses).
For example, autophagosomes can directly capture microbes that are free in the cytosol
coated with poly-ubiquitin complexes via a number of adapter proteins (e.g. p62, NDP52)
that in turn bind to LC3 (Fig. 2). In this process, the pathogen is being reeled into a
phagophore, like a fish on a hook-line [13-16]. In a mirror image of this process, autophagy
can deliver antimicrobial or neo-antimicrobial peptides (the latter being derived from
cytosolic components, such as ribosomal proteins or ubiquitin, by limited digestion in
autolyosomes) to microbes still safely ensconced inside their preferred membranous niches,
such as the Mycobacterium tuberculosis phagosome (Fig. 2) [17]. Second, autophagy is an
effector and a regulator of innate immunity responses via pattern recognition receptors (such
as Toll-like receptors, Nod-like receptors, and RIG-I-like receptors) [18-21] and systems
sensing damage-associated molecular patterns such as ATP and self-DNA-containing
complexes [22,23]. Third, atophagy is a co-effector of cell-autonomous defenses dependent
on immunity related GTPases [24-26] including human IRGM [27], which is a risk factor in
Crohn’s disease [28] and tuberculosis [29]. Fourth, autophagy is controlled by T cell
polarization, with IFN-y (a Thl cytokine, protecting against intracellular pathogens)
inducing autophagy, whereas IL-4 and IL-13 (Th2 cytokines, permissive for intracellular
microbes) inhibit autophagy [30]. Fifth, autophagy enhances endogenous cytoplasmic
antigen (including viral) presentation via MHC 1l [31] and MHC | molecules [32], with
implications for selection of T cell repertoires [33] and vaccine development [34].

HIV-1 infection and pathogenesis

Recent studies have implicated autophagy in HIV biology [35-38] and pathogenesis [39,40]
(Fig. 3). Before we review these reports, here we briefly summarize the understanding of
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HIV-1 infection and progression to AIDS based on the “pre-autophagy era” studies. The
complex infectious cycle, which includes acute and chronic infection, of human
immunodeficiency virus HIV-1 leading to AIDS starts with penetration of the incoming
virions through mucosal surfaces during sexual intercourse [41,42], where they become
subject to uptake by, or surface association with, dendritic cells (DC) [42]. DCs transfer the
virus to lymph nodes where infection spreads to both antigen presenting cells (such as
macrophages and DCs) and CD4* T cells [43,44], through a highly efficient cell-to-cell
spread process (including transfer between T cells) dependent on virological synapse or
polysinapses [45-47]. In these early events, the incoming HIV-1 overpowers an amazing
array of cell-autonomous anti-retroviral defense mechanisms such as the polynucleotide
cytidine deaminase RNA editing APOBEC3 proteins (countered by the viral product Vif,
which assembles the elongin-cullin-Rbx ubiquitin ligase and commits APOBECS3s to
degradation) [48] and an (unfortunately) inefficient human version of the retroviral
resistance factor TRIM5a [49], which is far less potent in defense against HIV-1 than its
monkey orthologs due to its unusually fast molecular evolution as a retroviral restriction
factor [50]. The infection of activated CD4* T cells results in a profound loss of HIV-
infected T cells, nearly depleting gut lymph nodes, where 80% of all lymphoid tissues and
cells in the human body are located [51,52]. Despite CD8* T cell and natural killer (NK) cell
surveillance, with MHC-I alleles HLA-B, HLA-C and NK cell receptor KIR polymorphisms
with disease progression [53-56] and elimination of infected cells, the virus escapes (by
many mechanisms such as downregulation of MHC-1 molecules on the cell surface as well
as escape mutations in viral proteins targeted by CD8" cells) these rather efficient but
imperfect effectors of immunological control. Eventually, the virus establishes a chronic
infection marked by postacute set point level of plasma viremia, a parameter termed set
point viremia, which represents the initial “watermark” for the outcome of the HIV-host
defense battles during the acute infection. Progression to AIDS is a complex process that
correlates with the set point viremia and its increase in early years post-sero-conversion. If
unchecked by antiretroviral therapy, HIV-1 leads to continuous CD4* T cell decline, partly
due to apoptosis of infected cells, partly due to elimination of infected CD4™ T cells by
CD8™ cytotoxic T cells, and partly due to cell death of bystander, uninfected T cells [57-60].
The loss of CD4* T cells is further exacerbated by the co-receptor usage switch from R5, or
M-tropic, to X4, or T-tropic, which is more pathogenic to T cells but less fit for
transmission, since X4 can lead to cell death even prior to completion of reverse
transcription [61]. Thus, HIV-1 variants emerging in the patient during late-stage disease are
associated with more aggressive T cell depletion, resulting in AIDS.

One of the important factors leading to AIDS in HIV-1 infected humans (as opposed to SIV-
infected sooty mangabey monkeys, who do not develop AIDS in part due to preserved
mucosal integrity and muted innate immunity responses among other factors) is the
permeability of the gastrointestinal tract during HIV infection that allows microbial product
translocation (leading to, for example, increased plasma LPS levels) and chronic immune
activation [62] with a component that may involve programmed death 1 receptor increase on
monocytes and associated CD4* T cell dysfunction [63]. This sustains the inexorable loss
off infected and uninfected CD4* T cells and emergence of acquired immunodeficiency
syndrome, characterized by opportunistic infections with other microbes and malignancies
that can otherwise be controlled by a competent immune system. The virus also seeds latent
reservoirs and establishes persistent HIV infection primarily in long-lived cells such as
resting T cells (e.g., memory CD4* T cells) and macrophages (both being spared from virus-
induced cell death and depletion), microglia, and other cell types. The reservoirs of the
persistent virus, with possible re-seeding by viral exchange between T cells and antigen
presenting cells, become evident as patient’s viremia returns upon interruption of, otherwise
very effective, so-called highly active antiretroviral therapy (HAART) [64,65].
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Several lines of investigations in recent years have made inroads in exploring the multi-
pronged role of autophagy in HIV infection (Fig. 3) and pathogenesis as: (i) a previously
unappreciated function of autophagy as a cell-autonomous defense against HIV-1 [37,38],
(ii) a pathway that during HIV-1 biogenesis enhances virion assembly, production, or
release from cells [35,37,38]; (iii) a process participating in phenomena leading up to cell
death of CD4™ T lymphocytes, including demise of bystander (uninfected) T cells
[38,39,60,66—70]; (iv) a neuroprotective process in neurons, compromised due to HIV-1
infection of microglia/macrophages of the central nervous system, as a contributing factor in
HIV-associated dementia [40,71,72]; and (V) an innate immunity process countered by
HIV-1[36,37] through Nef, acting as a specific HIV-1 factor targeting Atg6 (Beclin 1)
complexes [37].

HIV is a target for elimination by autophagy if not counteracted by the viral
accessory protein Nef

As a cell-autonomous innate defense against HIV-1, autophagy eliminates HIV in
macrophages [37]. However, this is detectable only after the virus is disarmed by
elimination of the nef gene. Nef, with the name originating from a misnomer (negative
replication factor), is a 27-kDa, myristoylated HIV protein, lumped into the category of
accessory viral proteins along with Vif, Vpu, Vpr (or Vpx in HIV-2), since these HIV
proteins are not essential for in vitro viral growth. Nevertheless, Nef is required for
maintaining high viral loads during infection in humans and contributes to the progression to
fully blown AIDS. Incidentally, people infected with HIV-1 strains with deletions of the nef
gene do not progress to AIDS symptoms, or progress with considerable delay compared to
infections with standard HIV-1 strains. Nef is required for efficient viral replication and
AIDS pathogenicity of humans infected with HIV-1, as cohorts of patients infected with
strains deleted for nef have been found with normal CD4* T cell counts 14 years after
infection [73,74]. Deletions in the nef gene in SIV have similar effects in the attenuation of
an otherwise highly pathogenic model in Rhesus monkeys [75].

The mechanisms by which Nef acts as a pathogenic factor in vivo are not fully understood,
and those that have been identified until very recently, while important, are mostly indirect.
The indirect effects include downregulation of two key surface molecules, MHC class |
(thus evading recognition of infected cells by CD8* cytotoxic lymphocytes) and CD4
(possibly promoting dissemination of infectious virus progeny away from the already
infected cell). The latter role of Nef may overlap or be redundant with the effects of Vpu,
which antagonizes the host restriction factor named tetherin. Another proposed indirect
effect of Nef is the ability of Nef from non-pathogenic SIV (but not from HIV-1 and
SIVcpz) to downregulate TCR-CD3; hence, the failure of HIV-1 and SIVVcpz Nefs to
downregulate T cell responses (normally seen with Nefs from non-pathogenic viruses) may
contribute to excessive T cell activation, CD4* T cell loss, and progression to AIDS [76—
79]. The most recent work on Nef and autophagy [37] has now uncovered a direct function
of Nef in protection against innate immunity and cell-autonomous defenses (Fig. 4), since it
acts as an inhibitior of autophagic maturation thus protecting HIV from destruction in
autolysosomes. The published data now indicate that Nef binds to Beclin 1 protein
complexes, and thus blocks autophagy maturation (but not autophagy induction) in infected
macrophages, as an avoidance of autophagic elimination and degradation [37]. The
inhibition by Nef of autophagic maturation may help explain several puzzling but
unexplained effects of Nef action on cells, such as the less understood Nef-induced
accumulation of multivesicular body endosome-like organelles [80,81] and emergence of
large vacuoles [82], all of which may have some role in the autophagic flux, and potentially
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representing pathway intermediates enriched due to the Nef-imposed block in autophagic
maturation.

HIV Nef-Beclin 1 interactions depend on the diacidic 174DD’®> motif in Nef

Nef action

The previously reported Nef mutant with changes in the di-acidic motif (:74DD17>

— 174AALTS) responsible for interactions with the V4 domain of vacuolar H*-ATPase and
required for CD4 downregulation [77], is essential for the ability of Nef to co-
immunoprecipitate with Beclin 1 (mammalian Atg6) [37]. In contrast, the mutation 154EE155
— 154QQ155, in the region of Nef with the di-acidic motif required for B-COP interactions
[77,83], does not abrogate Nef co-immunoprecipitation with Beclin 1. Surprisingly, the 2G
— 2A mutation, preventing Nef N-terminal myristoylation and assumed to be a sine qua non
for Nef association with membranes and many of its functions [77], does not prohibit Nef
binding to Beclin 1 complexes. It should be noted that the NefG2A mutant does not
completely lose membrane association and instead shifts from plasma membrane to
undefined endomembranes [84], which is compatible with Nef’s action on autophagosomal
organelles. Importantly, the Nef D174A, D175A mutant that lost the ability to bind to Beclin
1 has no ability to block the autophagic flux [37]. This is of key significance since HIV
infection induces autophagy via TLR8 signaling [18], and thus the Nef-dependent action of
prohibiting progression of autophagosomes into autolysosomes may spare the virus from
early degradation. The dependence of the inhibition of the autophagic flux on the di-

acidic 174DD175 motif in Nef is of particular interest, since 174DD175 is also responsible for
interactions with the V; domain of the vacuolar H*-ATPase [77]. Inhibitors of vacuolar H*
ATPase, such as bafilomycin A, are routinely used in the laboratory to inhibit autophagic
flux when it is necessary to differentiate autophagy induction from autophagy maturation
[5]. Hence, one possible model emerging from these studies is that Beclin 1, when in the
complex with hVpS34 — UVRAG/Vps38 responsible for autophagic maturation, might
affect the vacuolar H*-ATPase, and that this is targeted by Nef via its 174DD17> motif (Fig.
4).

resembles the function of other viral anti-autophagic factors

The inhibitory role of Nef on autophagic flux, strongly suggests that this function of Nef
may be of significance and needs to be explored. This is further underscored by the reports
that the same cellular defense machinery affected by Nef is targeted by other viral pathogens
employing specific viral proteins for this purpose [85]. For example, just like HIV Nef [37],
the influenza A virus M2 protein binds Beclin 1 and inhibits autophagic maturation [86].
The herpes simplex virus 1 protein ICP34.5 binds to Beclin 1 but it appears to shut down
autophagy altogether [87]. Beclin 1 is also targeted by y herpesvirus Bcl-2-like proteins
(vBcl-2) via binding to the BH3-like domain of Beclin 1 [88-90]. In addition to Beclin 1,
other autophagic proteins are targeted by viral factors, as in the case of Kaposi's sarcoma-
associated herpesvirus, which encodes viral FLIP (vFLIP) that acts in a fashion similar to
cellular FLIP (cFLIP) by preventing Atg3 (an upstream conjugation factor in the LC3-II
lipidation cascade) from interacting with LC3 [91]. Thus, Nef is not an isolated case of a
viral factor targeting autophagy, and this action of Nef should be of interest for developing
drugs that would inhibit progression to AIDS, and in the context of HAART might help in
elimination of residual sources of persistent virus.

Positive role of the early stages of autophagy in HIV-1 biogenesis

The interactions between HIV-1 and autophagy are a bit more complicated than just a
straightforward autophagic role as a cell-autonomous viral restriction factor. It turns out that
the early stages of viral assembly and budding, and possibly virion egress may be assisted
by the autophagic proteins and complexes participating in the early, nondegradative stages
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of autophagy (Fig. 5) Although the currently accepted model is that HIV in phagocytic cells
buds, as in T cells, at the plasma membrane, in macropahges at least a subset of HIV-1
virions may bud into intracellular endomembranous compartments connected via narrow
channels to the plasma membrane [92]. Intracellular compartments, potentially
corresponding to the above endomembranes, intersect with the autophagy pathway [37]. Gag
p55 protein is found in protein complexes with LC3-11 by co-immunoprecipitation and can
be seen in membranes carrying autophagic markers by subcellular organelle fractionation on
sucrose gradients. These Gag p55- and LC3-11-positive membranes represent intermediates
most likely en route to virion assembly sites. Finally, intracellular viral proteins and virions
in macrophages colocalize with LC3 by imunofluorescence and immunoelectron microscopy
[37]. Inhibition of autophagy using Atg protein knockdowns or pharmacological inhibitors
results in lower yields of the virus released from the macrophage [37]. Thus, it appears that
autophagy, albeit primarily considered to act as a degradative process, assists in virion
trafficking, assembly, maturation or release. This statement comes with one caveat, and that
is that the process of autophagy must be prevented to progress through the maturation
stages, which is precisely what HIV-1 does in phagocytic cells using Nef as described
above. Although this “biosynthetic” role of autophagy in assisting HIV biogenesis appears
paradoxical, given the perils of progressing into degradative autophagic vacuoles, it has
informative counterparts in some other well studied roles of autophagy. For example,
autophagic machinery is important for the biosynthetic cytoplasm-to-vacuole targeting (Cvt)
pathway which delivers two important enzymes, aminopeptidase | and a-mannosidase, to
the yeast vacuole [93,94]. The observation that Gag associates with LC3 should thus be of
considerable interest not only as a specific cellular mechanism enhancing HIV-1 biogenesis
[35,37] but also as the first example of a biosynthetic role of the autophagic pathway in
mammalian cells, with the Cvt pathway in yeast being the only known precedent thus far for
the utilization of the core autophagic machinery in biogenesis [94].

Conclusions

Autophagy plays a role in HIV-1 biology and pathogenesis at many stages: (i) HIV-1
biogenesis; (ii) cell-autonomous defense against Nef-less HIV variants; (iii) depletion of
CD4* T cells; and (iv) HIV-associated dementia. Of particular interest is the multifaceted
nature of overlaps between HIV and host cellular homeostasis of many cells. All
observations regarding the roles of autophagy in HIV-1 replication or elimination, and AIDS
pathogenesis reported so far are consistent with autophagy’s role as a cell-autonomous
defense and a major decision crossroads of cell survival or death. A surprise came from the
realization that autophagy can also play a biogenesis role in mammalian cells (in the case of
HIV) as evidenced by complexes between LC3-11 and Gag (precursor protein Pr55639),
which is a 55-kDa precursor to several key mature virion proteins (matrix, capsid,
nucleocapsid and p6) that play roles in virus assembly and budding and as major
constituents of the mature HIV virion’s inner structure. Whether Gag and LC3-11 require an
adapter protein to bridge them and how exactly autophagy or LC3-I1-positive membranes
assist Gag in its trafficking or processing is not known. Nevertheless, a conceptual parallel
may exist with the well-known Cvt pathway, which co-opts autophagic machinery for
biogenesis purposes using the core Atg factors for delivery of cytosolic precursors to the
lumen of the yeast vacuole where they carry out their biological function. Lastly, it should
be obvious that the observed interactions of autophagy and HIV may present potential
targets for new interventions, but that more work is needed before appropriate strategies
may be contemplated.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Macroautophagy

Shown are morphological stages of autophagy, different autophagic organelle intermediates
and only key signaling and regulatory systems. The Atg conjugation cascade is deliberately
omitted as it has been covered in numerous reviews. Lys, lysosome. LC3-11, lipidated (by
phosphatidylethanolamine at the C terminus) human Atg8s.
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Fig. 2. Two principal ways of how autophagy directly kills microbes

(A) It brings cytoplasmic components, which serve as the source of antimicrobial or neo-
antimicrobial peptides (the latter derived by proteolytic processing of e.g. ribosomal protein
S30 precursor Fau and ubiquitin (Ubqg) processing into peptides in autolysosomes) and
delivers them to membranous compartments harboring intracellular bacteria. (B) It captures
microbes in the cytosol and brings them into the autophagosome for killing in
autolysosomes. In both cases autophagic adapter proteins such as p62 and NDP52 (they
interact with LC3 via a WXXL motif) are used to capture polyubiquitinated cargo for
delivery to autophagosomes.
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Fig. 3. Known intersections between autophagy and HIV
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Fig. 4. Autophagy can capture and destroy Nef-less HIV-1

(A) Virus budding into endomembranous compartments or being taken up into endosomes
can be captured by autophagosomes, and if Nef is absent the virus can get digested in
autolysosomes. (B) Nef blocks maturation by interacting with Beclin 1 complexes (a motif
that has been shown to be important for Nef-V, H*-ATPase interaction is also required for
Nef-Beclin 1 complex interactions; dotted line and question mark indicate that these
complexes could be related or cooperating). Depicted are: (1) HIV-1 virions in the process
of uptake into endosomes with subsequent fusion or en route to in-trans infection through
virological synapse, or newly budded virions into endomembranous compartments
connected to the plasma membrane via a narrow channel (this occurs in macrophages and
dendritic cells). These options are indicated by arrows going in or out of the cell. (2) Upon
virus fusion at the plasma membrane with the target cell (e.g., CD4* T cells) and release of
the capsid into the cytoplasm, it may become a target for autophagic removal (question mark
indicates that this has not been established yet).
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Fig. 5. Autophagic pathway plays a mild positive role in early HIV-1 biogenesis

Published evidence indicates that when a virus encodes Nef, induction of autophagy
promotes viral yields or egress. An interaction of HIV-1 Gag (the p55 precursor protein,
giving rise through proteolytic processing to the capsid, matrix, nucleocapsid and budding
regulator p6) and LC3-I1 has been reported, as well as colocalization by fluorescence
microscopy and electron microscopy. An analogy has been made to the Cvt (cytoplasm-to-
vacuole targeting) pathway in yeast.
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