
cells

Review

“Repair Me if You Can”: Membrane Damage,
Response, and Control from the Viral Perspective

Coralie F. Daussy and Harald Wodrich *

Microbiologie Fondamentale et Pathogénicité, MFP CNRS UMR 5234, University of Bordeaux,
146 rue Leo Saignat, 33076 Bordeaux, France; coralie.daussy@u-bordeaux.fr
* Correspondence: harald.wodrich@u-bordeaux.fr; Tel.: +33-05-57-57-17-63

Received: 30 July 2020; Accepted: 4 September 2020; Published: 7 September 2020
����������
�������

Abstract: Cells are constantly challenged by pathogens (bacteria, virus, and fungi), and protein
aggregates or chemicals, which can provoke membrane damage at the plasma membrane or within
the endo-lysosomal compartments. Detection of endo-lysosomal rupture depends on a family of
sugar-binding lectins, known as galectins, which sense the abnormal exposure of glycans to the
cytoplasm upon membrane damage. Galectins in conjunction with other factors orchestrate specific
membrane damage responses such as the recruitment of the endosomal sorting complex required for
transport (ESCRT) machinery to either repair damaged membranes or the activation of autophagy
to remove membrane remnants. If not controlled, membrane damage causes the release of harmful
components including protons, reactive oxygen species, or cathepsins that will elicit inflammation.
In this review, we provide an overview of current knowledge on membrane damage and cellular
responses. In particular, we focus on the endo-lysosomal damage triggered by non-enveloped viruses
(such as adenovirus) and discuss viral strategies to control the cellular membrane damage response.
Finally, we debate the link between autophagy and inflammation in this context and discuss the
possibility that virus induced autophagy upon entry limits inflammation.

Keywords: membrane damage; antiviral autophagy; inflammation; galectin; virus entry; interferon;
bacterial invasion; adenovirus; lysophagy; ESCRT machinery

1. Introduction

Cellular membranes are selective, permeable barriers, consisting of a phospholipid bilayer.
They operate by physically separating two compartments within the cell or separate the contents of the
cell from the external environment, and they regulate the exchange of chemicals, ions, and biomolecules
across them. Cellular membranes thus define organelles and delineate vesicles in intracellular cargo
transport systems, such as the endo-lysosomal or the exocytosis pathway. They are both fluid and
dynamic, as well as solid and impermeable if necessary [1]. Therefore, membrane integrity is an
essential part of cellular homeostasis, which is constantly challenged by pathogens (bacteria, virus,
fungi), protein aggregates, or chemicals. Cells have evolutionary conserved surveillance systems to
detect and respond to membrane damage and secure cell survival. As outlined in this review, a hallmark
of membrane damage is the transient exposure of complex glycosylated proteins in the cytosolic
compartment, which are detected by galectins (Gal). Galectins are small cytosolic carbohydrate binding
proteins, which cluster at the site of membrane damage. Galectins also coordinate differential responses
such as autophagy, to remove membrane remnants [2,3], and the activation of the endosomal sorting
complex required for transport (ESCRT) machinery, favoring membrane repair [4,5]. There is increasing
evidence that pathogens, including viruses, take control of the cell response to membrane damage and
the associated machinery for their own benefit. Therefore, provoking membrane damage upon infection
may not be just an accidental by-product of the pathogen entry process. Instead, eliciting membrane
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damage could be purposeful and part of a sophisticated entry strategy. This review will discuss this
possibility and provide an overview of current knowledge on the relationship between membrane
damage, cellular response, and pathogen entry. While briefly summarizing observations made for
bacterial pathogens and membrane damage in general, our focus is on the entry of the membrane
lytic adenovirus (Ad), and other non-enveloped viruses. We discuss the limited existing knowledge
about how viruses manipulate and exploit the cellular membrane damage response. We apologize in
advance to the many authors who contribute to the emerging field of membrane damage and whose
work we cannot cite due to limited space.

1.1. Virus Inflicted Membrane Damage

Most viruses are taken up by receptor-mediated endocytosis and enter cells through the
endo-lysosomal compartment. From here, they have to penetrate into the cytosol to reach their
site of replication. For most RNA viruses, replication takes place in the cytosol, while most DNA
viruses replicate in the nucleus. The endosome is a dynamic entry compartment, and while it provides
some protection from cytosolic innate immune sensors, viruses need to escape before they are either
sorted to the lysosome or recycled back to the cell surface [6]. Most enveloped viruses fuse their
lipid shell (viral envelope) with the endosomal membrane and release their capsid to the cytosol.
This strategy is efficient and topologically simple: it does, a priori, not require any kind of membrane
rupture [7]. In contrast, non-enveloped viruses, with their hydrophilic capsids, have to cross cell
membranes by inflicting membrane damage. This approach risks exposure of the luminal content of
the endosome to the cytosol, which can trigger inflammation. To penetrate the cellular membrane,
most non-enveloped viruses undergo conformational changes and/or proteolytic processing that allow
them to use membrane lytic/modulating factors. Strategies include lipid modification, pore insertion,
or large-scale membrane disruption (Figure 1). Still, not much is known about the structural and
mechanistic details of the process how non-enveloped viruses inflict membrane damage to cross
membranes and even less is known how they engage in the cellular response [8,9].

1.1.1. Adenovirus

Adenoviruses (Ad) are among the best-studied non-enveloped viruses for membrane penetration.
Their ~90 nm capsids enter target cells following receptor binding through clathrin-mediated
endocytosis. Most Ads rapidly escape the endosomal compartment to avoid lysosomal sorting
and use cytosolic motors to reach the nucleus for replication. Adenovirus endosome penetration was
shown through co-uptake of non-membrane permeable substrates [10,11]. Observations made with
the thermosensitive mutant virus Ad2/5 ts1 showed that membrane penetration is an essential step in
the infection process [12–14]. This ts1 mutant fails to package the adenoviral protease into the capsid.
This failure prevents capsid maturation by cleavage of precursor proteins, resulting in hyperstable
and non-infectious particles [15–17]. Adenovirus capsid maturation is required for the release of the
internal membrane lytic capsid protein VI upon virus entry. What triggers protein VI release from the
capsid is not known, but it may involve disassembly cues during initial cell binding [14,18–21]. Protein
VI encodes an amphipathic helix with membrane binding and lytic activity [13,22] and mutations
in the amphipathic helix strongly reduced both its membrane lytic activity and viral infectivity [23].
Adenovirus inflicted membrane damage creates openings large enough for cytosolic delivery of
70 kDa dextrans or 25 nm parvovirus particles [10,11]. Electron microscopy images of Ad particles in
partially disrupted endosomes show large physical openings in the endosome plugged by the virus [3].
High-resolution fluorescence microscopy images suggest localized protein VI release from the capsid
at the membrane damage site [24]. Ceramides have been proposed to increase protein VI membrane
affinity, showing the importance of the local lipid composition at the membrane penetration site [19].
Protein VI release also plays a role in virus escape from endosomes by counteracting cellular autophagy,
which is normally mounted in response to membrane damage as detailed in Section 2 [3].
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Figure 1. Virus-inflicted membrane damage. After binding to cell-surface receptors, viruses are
internalized through endocytosis. Once in the endosome, adenovirus capsid undergoes partial
disassembly and releases protein VI. The increase of ceramide concentration enhances the binding
of protein VI to the endosomal membrane and its subsequent rupture. Polyomavirus-containing
endosomes are targeted to the endoplasmic reticulum (ER) where the virus undergoes conformational
changes to penetrate the ER-membrane and escape to the cytosol. Parvovirus and reovirus require a
pH drop and the action of endosomal cathepsins to induce conformational rearrangements, disrupt
the endosome, and reach the cytosol. After endocytosis and conformational changes, picornaviruses
rely on a cellular lipid-modifying enzyme (PLA2G16) to facilitate the translocation of its genome via
selective pores across the endosomal membrane. See Section 1 for further details. Abbreviations:
ER, endoplasmic reticulum; Hsc70, Heat shock cognate 71 kDa protein; Hsp105, Heat shock protein
105 kDa; PLA2G16, phospholipase A2 group XVI.

1.1.2. Polyomavirus

Polyomaviruses (e.g., BK virus and simian virus 40) are small non-enveloped DNA viruses with a
diameter of ~45 nm. Particles enter by endocytosis and are transported to the endoplasmic reticulum
(ER), from where they reach the cytosol. To penetrate the membrane, particles undergo conformational
changes triggered by pH drop and recruited cellular chaperones [25]. Exposure of the N-terminus of
the major capsid protein VP1 uncovers a hidden myristylated domain in the internal capsid protein
VP2. This structural alteration makes the virus particle significantly more hydrophobic and primes the
capsid for membrane binding and particle translocation [26]. Penetration sites are located at the ER
membrane and form distinct, virus-induced foci. Several cellular proteins, including chaperones Heat
shock cognate 71 kDa protein (Hsc70) and human heat shock protein 105 kDa (Hsp105), accumulate
at these foci likely assisting viral particles to escape into the cytosol [27,28]. The exact nature of the
penetration foci and the mechanism of translocation are largely unknown. There are no reports on the
size of the resulting membrane damage (if any), but the translocated capsid appears to remain intact,
therefore requiring the formation of large openings [29]. However, a more recent report suggests that
capsid translocation could be coupled to capsid disassembly for genome release, raising the possibility
that the inflicted membrane damage is smaller than initially thought [30].
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1.1.3. Parvovirus

With a ~25 nm diameter, parvoviruses (e.g., adeno-associated virus (AAV) and canine parvovirus
(CPV)) are rather small, non-enveloped DNA viruses that enter cell by endocytosis. Acidification in
the endosome is a crucial step to induce conformational changes required for endosome penetration.
The drop in pH allows the deployment of the N-terminus of capsid protein VP1, which has a
phospholipase type 2 (PLA2) activity [11,31]. This PLA2 activity is essential for endosome penetration,
most likely by transient and localized lipid modification [11,32,33]. For example, CPV entry allows
the release of 3 kDa dextrans, but not 10 kDa dextrans from endosomes. The absence of co-release of
larger molecules during parvovirus endosomal escape suggests that the resulting membrane damage
is limited and does not involve complete endosome lysis [31]. However, the exact mechanism of
parvovirus membrane translocation is not known.

1.1.4. Reovirus

Reoviruses (e.g., rotavirus) have non-enveloped capsids with a diameter of ~75 nm and contain
RNA genomes. The exact entry of reoviruses is unclear, but it is likely to occur through endocytosis.
After uptake, endosomal cathepsins are activated by a drop in pH. The outer capsid is then proteolytically
processed and capsid protein σ3 is removed [34]. This uncovers the membrane lytic capsid protein µ1
and autoproteolytic processing renders it membrane-lytic [35,36]. The fully processed µ1 N-terminal
peptides are then myristylated, released from the capsid and insert into the endosomal membrane,
where they form size selective pores [37,38]. While these pores are too small (estimated to 4–9 nm) to
permit reovirus translocation, it was suggested that endosome lysis could involve osmotic lysis [39,40].

1.1.5. Picornavirus

Picornaviruses (PV, e.g., polioviruses or rhinoviruses) enter their host cells by endocytosis.
Unlike other non-enveloped viruses, PV do not translocate their capsid to the cytosol. Instead,
they perforate the endosome membrane by creating a pore to translocate their RNA genome to initiate
cytosolic replication [41]. Thus, contrary to viruses like Ad, PV inflicted membrane damage has a
small diameter [42]. Receptor binding and a drop in pH provide cues of conformational changes in
the virus particle. As a result the amphipathic helix of the capsid protein, VP1 is externalized and
VP4 is released to allow membrane binding and pore formation [43,44]. The enzymatic activity of the
cellular protein phospholipase A2 group XVI (PLA2G16) then facilitates genome translocation into the
cytoplasm, but the exact mechanism of pore formation remains unknown [45]. Some PV encode the 2A
protein, which are homologues of the cellular PLA2G16, suggesting an essential and conserved role in
membrane penetration [46].

1.2. Bacteria Induced Membrane Damage

Pathogen-induced membrane damage has been much more extensively studied in bacterial
infections than for viruses. Many intracellular bacteria enter their host cell by phagocytosis, ending up
in vacuoles connected with the endo-lysosomal system. To avoid degradation and to proliferate,
a number of bacteria escape from their vacuole to the cytosol. Others, such as Salmonella typhimurium,
first proliferate inside vacuoles and may occasionally escape at a later time point to reach the cytoplasm
for hyperproliferation [47]. In all cases, they must destabilize and break the membrane of their vacuole.
Numerous studies have shown that this involves bacterial effectors (or their toxins) cooperating with
cellular factors. Shigella flexneri, for example, is a gram-negative bacteria known to infect epithelial
cells. It uses a type 3 secretion system (T3SS) to inject effectors into the cell, resulting in phagocytic
uptake. After internalization, S. flexneri must escape the vacuole for cytoplasmic proliferation. Initially
believed to be mediated via the bacterial T3SS secretion system [48], a subsequent small interfering
RNA (siRNA) screening identified the cellular small GTPase Rab11 to be a crucial factor required for
vacuole breakdown through the formation of macropinosomes at the invasion site [49,50].
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S. typhimurium is another bacterial example for membrane damage and probably the best
documented. S. typhimurium enters its target cells by endocytosis and establishes itself in a replication
vacuole (SCV). A small but significant fraction of the bacteria escapes to reach the cytosol, through
their T3SS [51]. TANK binding kinase 1 (TBK1) was suspected to control the integrity of the SCV
membrane because in the absence of TBK1, S. typhimurium replication was more efficient [52]. More
recently, it was shown that TBK1 instead coordinates an autophagic response against bacteria after
cytosolic exposure (see Section 2) [53,54]. Some evidence suggests that the accumulation of COPII
complexes on the SCV membrane destabilizes the membrane through a mechanism that remains to be
deciphered [55].

Listeria monocytogenes encodes Listeriolysin O (LLO), a toxin it uses for vacuole lysis. Listeriolysin
O inserts into the vacuole membrane by binding to cholesterol and forms membrane- disrupting pores.
The LLO effect is potentiated by cellular factors including gamma-interferon-inducible lysosomal thiol
reductase (GILT) and cystic fibrosis transmembrane conductance regulator (CFTR) [56,57]. Once in the
cytoplasm, L. monocytogenes replicates and controls the polymerization of actin to be able to propagate
from cell-to-cell in secondary vesicles. Unlike the first endosomal escape, escaping from secondary
vesicles needs destabilization of two membranes. L monocytogenes accomplishes this task using LLO as
well as the phospholipases PIcA and PIcB [58,59]. The use of a bacterial toxin for membrane rupture is
not unique to L. monocytogenes and other bacterial toxins, such as perfringolysin (Clostridium difficile),
pneumolysin (Streptococcus pneumonia), and VacA (Helicobacter pylori) may be deployed from bacteria
to cause membrane penetration for the same purpose [60–62]. Escape from vacuoles has been
demonstrated for several other bacteria including Mycobacterium tuberculosis, Rickettsia prowazekii,
Burkholderia pseudomallei, and Francisella tularensis [63–73]. The underlying mechanisms are less clear,
but generally involve the use of endogenous bacterial genes in conjunction with cellular factors, such as
phospholipases, to breach vacuolar membranes. Interestingly for all described examples, these bacterial
genes are often associated with pathogenicity linking membrane damage with disease [68].

1.3. Membrane Damage Induced by Other Pathogens

Membrane damage is not restricted to bacteria and viruses. There is increasing evidence for a role
of membrane damage during fungal and parasite infection. Candida albicans is a polymorphic fungus
that can change from a yeast form to a hyphal form [74]. After phagocytosis in the form of yeast,
conversion into the hyphal form inside the phagosome involves a change in morphology through
stretching, which ultimately leads to the rupture of the phagosomal membrane [75]. This is likely to
occur through mechanical pressure (filamentation) rather via a biochemical process [76]. As part of a
complex life cycle, the protozoa Trypanosoma cruzi invades red blood cells and escapes its entry vacuole
to reach the cytoplasm [77]. This vacuolar escape depends in part on the parasite PFP TcTOX protein,
which seems to have a similar role as the LLO bacterial toxin of L. monocytogenes. Additional factors
may be involved in breaching the membrane and the precise mechanism needs further clarification.

1.4. Non-Pathogenic Membrane Damage

Many neurodegenerative diseases and cancer cells are associated with the induction of sterile
membrane damage [78]. In neurodegenerative diseases, membrane damage is often a consequence
of the formation of large amyloid aggregates, propagating from cell-to-cell. Studies on α-synuclein
showed the ability of these amyloid aggregates to induce endosome rupture after endocytosis [79,80].
This capacity is not restricted to α-synuclein, but also extends to Tau and Huntingtin assemblies [80].
The exact reason why cell invasion by amyloid assemblies and their ability to break the membrane
of the endosome causes disease is not fully understood, but it is likely to involve dysregulation of
autophagy associated with irreparable damage [80]. Lysosomotropic compounds have emerged to
artificially trigger lysosome damage and induce cell death, e.g., as therapeutic concept in cancer [81].
Conceptually, the acidic pH inside makes lysosomes susceptible to the accumulation of weak bases
that can penetrate them. Once inside, they get protonated and stay trapped within the lysosome where
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they can induce specific membrane damage [81]. One compound, the L-leucyl-L-leucine methyl ester
(LLOMe), is often used as a positive control in endolysosomal rupture experiments in combination with
detection of membrane damage markers [82,83]. Endosomal membrane damage can also be caused
via a mechanical/physical trigger, especially in the context of intracellular drug delivery, where it
is important to achieve efficient endosomal escape. Some lipid formulations used in transfection
of siRNAs were shown to be particularly efficient in causing endosomal membrane damage [84,85].
Gold nanoparticles and nanodiamonds were also employed to physically disrupt the endosomal
membrane [86,87].

The non-exhaustive summary of possible pathogenic and non-pathogenic membrane insults
presented in this section provides insight into the diversity of threats to cellular membrane integrity.
This listing also highlights the importance for cellular surveillance of membrane integrity and the
ability to respond to membrane damage to secure cell survival, which is discussed in the next section.

2. Membrane Damage Recognition and Cell Response

Extensive damage in endolysosomal vesicles can leak their content and flood the cell with reactive
oxygen species (ROS), acid hydrolases (cathepsins), and/or calcium ions provoking injuries to several
organelles and ultimately resulting in cell death through necrosis or pyroptosis. A key question,
when trying to understand how viruses and other pathogens inflict membrane damage, is how cells
sense their membranes have been actively penetrated and how they mount a response. A critical
role in the detection of membrane damage is done by cytosolic lectins belonging to the family of Gal.
Galectins recognize complex glycans present on lipids or glycosylated proteins. These glycosylated
substrates are mainly localized at the cell surface or protruding from the intra-luminal membrane
leaflet, including the interior of endosomes and lysosomes. In contrast, they are virtually absent from
the cytosol. Hence, membrane damage exposes these glycans to the cytosol and they become easy
targets for Gal sensing.

2.1. Galectins and Their Role in Membrane Damage Recognition

Galectins are characterized by the presence of one or two carbohydrate recognition domains
(CRD) [88]. They can be monovalent (with a single CRD: Gal-1, 2, 5, 7, 10, 11, 13, 14, 15), bivalent
(with two CRDs, Gal -4, 6, 8, 9 and 12) or even chimeric (Gal3) [89,90]. The diversity of Gals allows
them to have different affinities for a plethora of substrates, making them ideal pathway mediators.
Their cellular functions include regulating cell adhesion, organizing membrane domains, signaling
and trafficking, apoptosis and cell cycle regulation. Here, we focus on their role as danger sensors
since they quickly accumulate on galactosides exposed to the cytosol, which are recognized as danger
signals at sites of membrane breach [91,92]. Although mammals have 15 different forms of Gal, to date
only Gal1, 3, 8 and 9 have been described to sense damaged vacuoles [2,92]. They accumulate around
membranes ruptured by both pathogen and non-pathogen stimuli, such as protein aggregates [80],
liposome transfection [85] or lysosomotropic agents [82]. Upon membrane rupture, glycans and Gals
form clusters (puncta) that can be easily detected by immunofluorescence using Gal-specific antibodies
or cells expressing Gals tagged with a fluorescent protein [82,92,93]. Most Gals (e.g., Gal1/3) are widely
expressed, making them useful targets to assess membrane damage [82,93].

Most observations and functional studies using Gals were made using invasive bacteria models.
Galectin3 recognizes the vacuoles from which S. flexneri escaped and was the first example of a
Gal recruited to pathogen-induced membrane damage [92]. A systematic screen including all Gals
identified found Gal3, 8, and 9 as binding to S. typhimurium ruptured vacuoles [2]. Galectin 8 was also
the first Gal shown to restrict bacterial proliferation and thus to have a direct antimicrobial effect [2].
To date, very few studies have addressed if virus membrane penetration also triggers Gal recruitment.
Initial studies with Ad used Gal3 as a marker to show the subcellular localization and the timing of Ad
endosome penetration [93,94]. In a subsequent study, it was shown that Ad also recruit Gal8 to the
endosome penetration site and that this is essential for the cellular autophagy response [3]. Picornavirus
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pore formation in the endosomal membrane also recruits Gal8-mediating cellular autophagy and
remains so far the only other example showing the recruitment of Gals to virus inflicted membrane
damage [45]. Whether cells employ Gals in response to entry of other (non-enveloped) viruses remains
to be shown. In any case and as discussed below, Ad and PV found ways to counteract Gal8 mediated
antiviral autophagy to efficiently propagate.

2.2. Galectins and Ubiquitin Coordinate Autophagy for Membrane Damage Removal

The easiest way for a cell to deal with damage is to remove it via degradation pathways.
An important part in membrane damage removal has been attributed to autophagy [78]. Autophagy
is a conserved cytosolic degradation process induced under stress conditions, such as starvation,
hypoxia or during membrane damage and pathogen infection [95], which allows the removal and
degradation of damaged organelles or proteins from the cytosol into double membrane vesicles called
autophagosomes. These autophagosomes subsequently fuse with lysosomes for cargo degradation and
recycling [96]. Autophagy is driven by proteins of the “ATG family” (for autophagy-related), a core set
of proteins that coordinates formation, elongation and maturation of autophagosomes [96–98]. It is
now clearly established that autophagic degradation is highly selective. In mammals, this selectivity
is provided by a family of proteins called “autophagic receptors” (including, e.g., the nuclear dot
protein 52 kD (NDP52) and p62, reviewed in [99]), which allow targeting of distinct substrates for
degradation. Each autophagic degradation process is specified by a “cargo-defined” name such as
mitophagy defining the selective degradation of mitochondria, xenophagy for specific degradation
of intracellular pathogens or lysophagy naming the degradation of lysosomal membranes upon
endolysosomal damage [99].

Membrane damage removal by autophagy can be separated into two steps (Figure 2, lysophagy).
In a first step, the cell has to sense and discriminate intact vs. damaged vacuoles. The second step is to
assemble and recruit the autophagic machinery to degrade membrane remnants. Key elements of the
first step are Gals and ubiquitin. Both are so called “eat-me signals”, a name playing with their function
to mark membrane remnants for autophagic removal. Certain Gals recognize membrane damage
by virtue of complex glycan exposure e.g., during pathogen infection [2,92,93]. To enlist autophagy,
Gals have to bind downstream effectors. Thurston et al. reported that Gal8 recruited after SCV rupture
forms a complex with the autophagy receptor NDP52 [2]. NDP52 binds FAK family kinase-interacting
protein of 200 kDa (FIP200), which serves as seed assembly platform for autophagy initiation [100].
FIP200 assembles a primary kinase complex, the Unc-51 like autophagy activating kinase (ULK1/2)
complex, ATG13, and ATG101. Once assembled, this complex activates a downstream Class III
PI3-kinase complex with VPS34 and Beclin-1 [100,101]. The Beclin-1 complex modifies membranes
and creates a phospholipid patch (also termed phagophore) to support binding of WD-repeat protein
interacting with phosphoinositides (WIPI) proteins, creating a membrane anchored landing platform.
WIPI proteins recruit the ATG5-ATG12/ATG16L E3 conjugation complex to the phagophore [102].
The ATG5-complex conjugates soluble ATG8 (better known as LC3B) with phosphatidylethanolamine
(PE) to be incorporated into the expanding autophagosomal membranes [103]. Additional interactions,
such as NDP52-LC3 and FIP200-ATG16L stabilize the developing cargo-autophagosome complex to
promote membrane elongation. Gal8 and Gal3 present at the site of membrane damage can also interact
with other effectors such as the tripartite motif protein 16 (TRIM16), as shown for ruptured lysosomes
using LLOMe or bacteria [104,105]. TRIM16 serves as another assembly hub to initiate autophagy
by recruiting the core autophagic machinery (ATG16L1, ULK1, and Beclin-1) directly on damaged
membranes [104]. Interestingly, the recruitment of Gal3 to the membrane damage side can also be
pro-bacterial by impeding on the autophagic response [106]. Silencing of Gal3 during L. monocytogenes
infection in murine macrophages increased LC3 recruitment to the vacuoles and reduced bacterial
replication. Moreover, treatment of cells with sialidase (which removes sialic acid from glycans)
increased Gal3 and decreased Gal8 on the damaged phagosomes. This change in Gal preference
directly influenced the autophagic response [106], showing that cytosolic Gals can discriminate the
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origin of the damaged membrane and orchestrate an adapted cellular response. Deciphering the
glycosylation pattern driving Gal specificity could thus be a valuable point for therapeutic intervention.
Furthermore, Gal3 also directs other antibacterial functions including the recruitment of interferon
(IFN)-inducible guanylate binding proteins (GBPs) to pathogen-containing vacuoles [107].
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Figure 2. Membrane damage repair and removal. The endosome is constantly challenged by pathogens
(bacteria, virus, and fungi), protein aggregates, or chemicals that can disrupt its membrane and provoke
injuries of different sizes. Small disruptions (<100 nm) trigger a leakage of Ca2+ into the cytoplasm
and activate LRKK2. LRKK2 and Ca2+ effectors mediate the recruitment of the ESCRT machinery to
promote repair of the injured organelle. Galectin-3 (Gal3) is recruited to damage sites and may promote
ESCRT assembly. If the injury is too large, the cell will trigger a process of degradation called lysophagy.
During lysophagy, damaged vacuoles are sensed and tagged by galectins (Gal) and ubiquitin (Ub).
Both signals mediate the recruitment of the autophagic machinery (either directly via autophagic
receptors, such as the sequestosome like receptors (SLRs) or indirectly via TRIMs). The membrane
remnant is engulfed in a double-membrane vesicle called autophagosome, which fuses with lysosomes
for content degradation and recycling. Autophagy is also controlled by metabolic kinase mechanistic
target of rapamycin (mTOR) through Gal8. Moreover, Gal9 can also control autophagy induction by
directly activating AMP-activated protein kinase (AMPK) in response to endosomal damage to inhibit
mTOR. See text for details. Abbreviations: ESCRT, endosomal sorting complexes required for transport;
Gal8, galectin8; LRRK2, Leucine-rich repeat kinase 2; ROS, reactive oxygen species; Ub, ubiquitin.

Next to Gals, ubiquitin is the second most important early danger signal of many membrane
damage sites following bacterial [2,108–110], viral [3,111], and apathogenic insults [112]. Ubiquitin
appears shortly after Gals, and like them, is involved in the recruitment of a variety of autophagic
receptors (also known as sequestosome like receptors or SLRs), which contain ubiquitin binding
motifs. All SLRs also contain LIR-domains (LC3-interacting region) and bridge the ubiquitylated cargo
and LC3 to link the cargo into the growing autophagosomal membrane [99]. Moreover, ubiquitin
can directly bind the autophagic machinery through ATG16L1, which may enhance its anchoring to
the surface of ubiquitylated endosomes [113]. Two types of ubiquitin chains, K48- and K63 linked,
are predominantly found on damaged lysosomes [113]. K63 chains are targeted by SLRs and recruit the
autophagy machinery [113,114]. The enzymes driving ubiquitylation of membrane damage, and how
the chain type influences the cell response, are not entirely clear, and may involve more than one
player. Some of them have been characterized in the context of bacterial infection, where they allow the
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ubiquitylation of both the bacteria and the membrane remnants to turn them into signaling platforms.
The first E3 ubiquitin ligase described to target bacterial membrane damage was the LRR-containing
RING E3 ligase (LRSAM) and is required for autophagic clearance of S. typhimurium [115]. Another
E3 ligase is linear ubiquitin chain assembly complex (LUBAC), which mediates the formation of
M1-linked ubiquitin chains and is also involved in autophagic degradation of S. typhimurium [116].
The aforementioned TRIM16, recruited via Gal3/8 to endomembrane damage, is also an E3 ubiquitin
ligase promoting K63-linkage to ATG proteins and to ubiquitylate lysosome substrates e.g., after LLOMe
treatment [104]. FBXO27 (F-Box Protein 27, part of the SCF ubiquitin ligase SKP1/CUL1/F-box
protein complex) ubiquitylates several glycoproteins present on the surface of damaged lysosomes
(e.g., lysosomal-associated membrane protein LAMP2), which in turn promotes the recruitment
of the autophagic machinery [112]. A recent siRNA screen identified a crucial role for Ubiquitin
Conjugating Enzyme E2 Q Family Like 1 (UBE2QL1), an E2 ubiquitin conjugating enzyme, in directing
lysophagy [117]. Depletion of UBE2QL1 increased steady-state lysosomal membrane damage and
prevented efficient ubiquitylation and SLR recruitment, essentially curtailing the autophagy response.
It also prevented recruitment of the AAA-ATPase valosin-containing protein, VCP/p97 complex.
The VCP/p97 complex is likely to extract membrane proteins to facilitate downstream lysophagy and
cooperates with YOD1/OTU1, a K48-specific deubiquitylating enzyme. This observation suggests that
selective membrane deubiquitylation, possibly of K48 labeled VCP/p97 substrates, maybe necessary
before lysophagy proceeds [78,118]. A similar mechanism appears active in neurodegenerative diseases,
where protein aggregates rupture endo-lysosomes and Gal3/8 recruits NDP52 and p62 suggesting that
the response might be cell intrinsic [80,119].

Some receptors including NDP52 and p62 are phosphorylated by TBK1, to enhance their
ability to bind ubiquitin following recruitment to the membrane damage site [120,121]. TBK1 also
phosphorylates WIPI proteins and enhances autophagosome formation in response to bacterial
membrane penetration [54,122]. Thus, TBK1 plays an important role in promoting and fine-tuning the
antimicrobial autophagy response at the site of membrane damage.

On a larger scale, autophagy is under the control of two different kinases, the metabolic
Ser/Thr kinases mechanistic target of rapamycin (mTOR) and AMP-activated protein kinase (AMPK).
Both kinases are major regulators of autophagy. They act in an antagonistic way in that mTOR
suppresses autophagy by phosphorylating inhibitory sites on autophagy regulators, such as ULK1/2,
while phosphorylation by AMPK activates autophagy regulators [123]. Active mTOR can be found on
the outer lysosomal membrane and upon lysosome damage translocates to the cytosol and becomes
inactivated. Keeping mTOR inactive involves inhibitory phosphorylation by AMPK, connecting
both kinases. It was recently shown that Gal8/9 regulate mTOR and AMPK on damaged lysosomes
identifying new functions beyond glycan recognition [4]. The study shows that interaction of Gal8 with
the lysosome membrane integral neutral amino acid transporter Solute Carrier Family 38 Member 9
(SLC38A9) upon membrane damage reorganizes a signaling complex (the Ragulator-Rag complex) on
the lysosomal membrane. The Ragulator-Rag complex normally retains mTOR in an active state bound
to the lysosome surface due to nutrient sensing. The reorganization through Gal8 (e.g., following
membrane damage) promotes mTOR dissociation from lysosomes. Inactivation of mTOR is then
reinforced by the action of another Gal, Gal9, which activates AMPK [4]. Taken together, this work
offers the interesting perspective that membrane damage can be controlled by Gals at two different
levels. Locally, at the physical site of membrane damage through recruitment of SLRs and assembly of
the autophagic machinery. In addition, Gals also act at the cellular level by coordinating the activities
of mTOR and AMPK. This hierarchical organization could be used to amplify and disseminate the
local response, e.g., dependent on the extent of the damage by modifying major upstream autophagy
regulators. Widening the response via mTOR inactivation has several effects on the cell, including the
nuclear translocation of transcription factor EB (TFEB), a mTOR target, and master regulator normally
sequestered in the cytosol, which drives gene expression programs for neosynthesis of genes involved
in the biogenesis of lysosomes [104], in autophagy [124], and in inflammation [125].
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2.3. Viral Control of the Autophagy Response to Membrane Damage Removal

Most of the investigations concerning the cellular response to membrane damage use invasive
bacteria or models of induced lysosome damage. Although details are still emerging, there seems
to be consistency since cells respond in all cases with autophagy directed against the membrane
damage site. Viral membrane damage is no exception, although only two viral systems have been
investigated. Adenovirus and PV both cause different types of membrane damage upon entry (Figure 3).
Depending on the cell system used, Ads penetrate the endosome within 15–20 min and trigger fast
selective autophagy in the infected cell. Adenovirus damaged endosomal membranes are detected
by Gal3 [93,94,111] and Gal8 [3]. Using co-detection of viral particles and/or the exposed membrane
lytic protein VI revealed that the viral association with ruptured membrane is transient, and that
the Gal3/8-positive membrane associated with NDP52, p62, ubiquitin and LC3 [3,111]. Gal3 positive
membrane remnants were cleared from the cell within 3 h of entry presumably via autophagy [111].
Interestingly wild type Ad was not cleared by autophagy and suppressing autophagy with genetic
or pharmacological tools did not affect viral infectivity [3]. Using the mutant Ad-M1, the authors
showed that being refractive to autophagic clearance is not simply due to a rapid escape from the
endosome, but also involves active control of autophagosome maturation. The mutant Ad-M1 has
strongly reduced infectivity compared to wild type Ad. It lacks a PPxY motif encoded in the membrane
lytic protein VI, which is required to recruit the ubiquitin ligase neural precursor cell expressed
developmentally down-regulated 4-like (NEDD4.2) upon membrane penetration [18]. Unlike wild type
Ad, Ad-M1 is unable to escape from endosomes and becomes susceptible to autophagic degradation [3].
Comparing both viruses revealed that wild type viruses do not prevent autophagy initiation. Instead,
they use the PPxY motif to prevent autophagosomes from maturing and fusing to lysosomes, a process
that was also observed upon NEDD4.2 depletion from cells using viral and non-viral autophagy
stimuli [3]. The exact role for NEDD4.2 is not yet clear and may involve regulating autophagy effectors
such as ULK1 or protein VI itself [18,126]. However, this example shows how Ad has evolved a short
peptide motif that recruits an essential cellular factor to stall the cell response to membrane damage,
thereby buying enough time to reach the safety of the cytosol. The PPxY motif is strategically located
in the membrane lytic factor making sure it is exposed at the right time and place. Consequently,
eliminating membrane damage recognition by depleting either Gal8 or autophagy (e.g., in ATG5 KO
cells), fully restores viral infectivity of the PPxY-deficient Ad-M1. In contrast, this does not accelerate
viral escape from the endosome, showing that escape mechanism and autophagy suppression are
separate processes, and that one favors the other [3].

Unlike Ad, which generates large openings in the endosomal membrane, PV creates pores of
limited size within endosomes to translocate their RNA genome across the membrane. A haploid
cell-based genetic screen identified the small phospholipase PLA2G16 (Group 16 phospholipase A2)
as an essential factor required for genome translocation [45]. Using a counter screen in PLA2G16
deficient cells, the authors found that depletion of several autophagy genes (e.g., ATG5/7/12) and
Gal8 restored viral infectivity. Using fluorescent viruses and alternative membrane rupture assays,
they could show that Gal8 and PLA2G16 relocated after membrane damage independently of each
other. This suggests that PLA2G16, like Gal8, senses virus-induced membrane rupture, but is recruited
in a virus- and Gal8-independent manner. PLA2G16 has no effect on the autophagic flux itself,
but facilitates the translocation of the genome into the cytoplasm and prevents its clearance by
autophagy. When PLA2G16 is silenced, genomes are degraded via autophagic clearance together
with the virus, a phenotype that can be reversed if Gal8 or ATG7 is also silenced [45]. This work thus
identified PLA2G16 as cellular factor exploited by a virus to control antiviral autophagy directed
against PV-induced membrane damage, a strategy analogous to the PPxY motif of Ad. Unlike for
Ads, PV protection from autophagic degradation through accelerated cytosolic translocation concerns
only the viral genome. It is conceivable that the enzymatic activity of PLA2G16 favors PV genome
translocation over autophagic clearance of the membrane damage by local lipid modification, although
the exact mode of action is currently unclear. Interesting in both cases, neither Ad nor PV have evolved
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mechanisms to suppress autophagy initiation suggesting that there is additional benefit in triggering
autophagy, possibly linked to counteracting inflammatory signaling (Section 4).
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Figure 3. Viral control of the membrane damage response. Top: endocytosed adenoviruses partially
uncoat and release the membrane lytic capsid protein VI for endosomal membrane lysis. Membrane
damage is sensed by galectins 3 and 8. Galectin 8 recruits autophagic receptors and triggers autophagy.
Adenoviruses stall autophagy through a short PPxY peptide motif in protein VI that recruits the
ubiquitin ligase Nedd4.2. As a consequence, they avoid degradation and escape into the cytoplasm.
Bottom: After endocytosis and acidification of the endosome, picornaviruses undergo conformational
changes to expose capsid protein VP1 and release of VP4. Both proteins attach to the endosomal
membrane creating membrane-penetrating pores. Membrane damage is then independently sensed
by galectin 8 activating autophagy and PLA2G16. PLA2G16 facilitates genome translocation into the
cytoplasm preventing autophagic clearance. See Sections 2 and 3 for further details. Abbreviations: Gal,
galectin; NDP52, Nuclear dot protein 52; Nedd4.2, neural precursor cell expressed, developmentally
down-regulated 4.2; PLA2G16, phospholipase A2 group XVI.

2.4. ESCRT Machinery for Membrane Repair

Cells use autophagy to remove and degrade damaged membranes such as lysosomes (lysophagy)
for cell survival [2,104,112,113]. However, the cell response can be more restrained and small membrane
injuries were shown to trigger a membrane repair mechanism via the ESCRT system rather than
removal [127–129] (Figure 2, ESCRT machinery). The ESCRT complex is divided into five sub-complexes
(ESCRT-0, I, II, III, and disassembly proteins) and it was first discovered for its role in regulating
endosomal trafficking, but is now known to be involved in numerous other cellular processes such as
vesicle formation, vesicle budding and cytokinesis as detailed elsewhere [5,130]. Small membrane
lesions (<100 nm), especially at the plasma membrane, trigger calcium ion influx and lead to a
rapid recruitment of cytosolic annexin7 and the calcium sensor ALG2 at the membrane damage site.
This complex recruits subsequently the ALG2 interactors ALIX and Tsg101, both ESCRT-I proteins that
orchestrate the recruitment of the ESCRT-III complex to repair the membrane. ESCRT-III has the ability
to form filaments that constrict the membrane and shed the damaged membrane [5,127,128]. A recent
report showed that the ESCRT machinery was also quickly recruited to damaged endo-lysosomes
to allow their repair following treatment with either LLOMe or silica crystals [131]. Even if the
initial recruitment of ALG2 (apoptosis-linked gene-2) is still debated [129,131], endosome repair
requires recruitment of the ESCRT-I components ALIX (ALG-2-interacting protein X) and Tsg101
(tumor-susceptibility gene 101), and the subsequent action of the ESCRT-III complex. Repair also
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involves transient inactivation of lysosomal hydrolases followed by re-acidification [132]. Even with
minor damage, Gal3 is still recruited to damaged endo-lysosomes, but follows a slower kinetic than
ESCRT recruitment. The ESCRT-III response (monitored by recruitment of CHMP4B/ESCRT-III) occurs
on the timescale of minutes preceding lysophagy that mounts within the hour [129,131]. Depletion
of either ALIX or Tsg101 or both does not affect Gal3 recruitment, but delays membrane repair in
favor of removal/lysophagy [129,131]. A partial explanation for this observation might be that Gal3
initially promotes interactions between ALIX and the downstream ESCRT-III effector CHMP4. At later
times, however, Gal3 controls the autophagic response via TRIM16 supported by Gal8/9 that regulate
mTOR/AMPK [133]. A very recent study showed that macrophages challenged with either invasive
bacteria or LLOMe activates the Parkinson’s disease related kinase leucine-rich repeat kinase 2 (LRKK2),
which in turn recruits the Rab GTPase Rab8A. Both coordinate the activity of the ESCRT-III complex for
membrane repair. In contrast, depletion of LRKK2 and Rab8A change the damage response phenotype
from membrane repair to lysophagy [134].

The interplay of Gal3/8/9 with the ESCRT machinery, autophagy and metabolic signaling is also
observed during membrane damage upon M. tuberculosis and Coxiella burnetii infection [129,133].
Interestingly, mycobacterial effectors EsxG/TB9.8 and EsxH/TB10.4 secreted by the ESX-3 T7SS secretion
system antagonize the ESCRT response with a kinetic that matches the speed with which the cell
responds, showing that bacteria have also developed efficient countermeasures against membrane
repair mechanisms [135]. It is still possible that ESCRT and autophagy have overlapping roles in
endosome repair because ATG5 was shown to be involved in repairing the endosomal membrane
damaged by the type-1 secretion system T1SS after infection with S. typhimurium [136]. ESCRT and
autophagy also cooperate in the maintenance of the bacterial vacuole in Dictyostelium discoideum
infected with Mycobacterium marinum [137]. Taken together the cell reaction to membrane damage
appears conserved, fast, and flexible. This implies an active and hierarchical organization, where the
ESCRT-mediated membrane repair is transient and precedes lysophagy [129,133].

2.5. Viral Control of the ESCRT-Response to Membrane Repair

If there is an ESCRT-response against membrane penetration by non-enveloped viruses upon
entry has not been investigated. The ESCRT machinery plays a major role in the release process of
most enveloped viruses and mediates their non-lytic release from cells (including some non-enveloped
viruses). Many viruses use a conserved PPxY peptide motif or the related P(S/T)AP motif encoded in
their capsid proteins to recruit ESCRT-I proteins or NEDD4 ubiquitin ligases (for review see [138–140]).
These domains are still present in entering virus particles and could easily target the ESCRT machinery
during entry. As discussed above, such a conserved PPxY domain able to recruit NEDD4-family
ubiquitin ligases is encoded in the Ad membrane lytic protein VI [18], which suppress Gal8-mediated
antiviral autophagy upon endosome penetration likely through a NEDD4.2 mediated process [3].
It is not clear if this is functionally related to the ESCRT machinery. A different study showed that
upstream of endosomal escape, the binding of Ad to the cell surface results in small (transient) lesions
at the plasma membrane in a protein VI-dependent manner that provokes extracellular calcium ion
influx and dye penetration into the cell [128]. This local increase in calcium ions triggers exocytosis
and local fusion of secretory lysosomes as part of a repair mechanism [128]. Upon membrane fusion,
these lysosomes are suggested to release lipid converting acidic sphingomyelinase (ASM) catalyzing
sphingomyelin thereby generating high local concentrations of ceramides. Ceramides, when present in
the endosomal membrane, increase the affinity of protein VI, helping Ad to penetrate the endosome [19].
Such a mechanism suggests that Ad membrane penetration is a two-step process involving small
and large sized membrane damage [19]. As shown recently, sphingomyelins play an important role
in initiating the membrane collapse in bacterial vacuoles preceding Gal8 recruitment to exposed
glycans [141]. It would be interesting to know if the small lesions observed for Ad in addition to the
exocytosis of lysosomes have a similar function and also trigger an ESCRT-response similar to the one
described above [127,128]. In this case, capsid-encoded late domains, such as the PPxY motif in protein
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VI or perhaps a second motif present in the viral penton protein [142], may exert additional control
functions upstream of viral restriction of Gal8-mediated antiviral autophagy in response to endosome
damage [3]. More generally, if the ESCRT-response directed against small lesions in endosomes or
lysosomes is a cell intrinsic response, several other viruses would have to face and counteract such
a response.

2.6. Inflammation to Signal Membrane Damage

Membrane damage, especially in the endo-lysosomal compartment, can be repaired or removed.
However, it also enables leakage of soluble contents from the endocytic compartments into the
cytosol including protons, ROS, calcium ions, and soluble acid hydrolases such as Cathepsin B.
This leakage eventually damages mitochondria further increasing ROS production, which can trigger
inflammasome activation [143,144] (Figure 4). Inflammasomes are important cytosolic signaling
platform, mediating caspase-1 activation and the secretion of pro-inflammatory cytokines including
IL-1β and IL-18 [145]. The best-studied inflammasome is the Nod-like receptor family, pyrin
domain-containing 3 (NLRP3)-inflammasome, which can be activated by multiple stimuli, including
membrane damage (Figure 4). Its activation can result in cell death by pyroptosis unless cell survival
pathways, such as autophagy are activated [146,147]. Not surprisingly, pro-inflammatory signaling
and autophagy are an important part of the cellular stress response and are partially overlapping
(summarized in [148]).
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Figure 4. Membrane damage signaling. Endolysosomal rupture triggers the leakage of harmful
components (e.g., ROS, H+, cathepsins or Ca2+), resulting in mitochondrial damage and increased ROS
production. Increasing levels of ROS activate nuclear factor-kappa B (NF-κB) and mitogen-activated
protein kinase (MAPK) signaling and triggers the release of the thioredoxin-interacting protein (TXNIP)
from thioredoxin. Soluble TXNIP mediates Nod-like receptor family, pyrin domain-containing 3
(NLRP3)-inflammasomes activation and association with their adapters (ASC), thereby triggering
pro-caspase conversion [149,150]. Activated inflammasomes process pro-inflammatory cytokines
(IL-1β and IL-18) and may trigger cell death through pyroptosis. Processed IL-1β in turn can be
recruited by Gal8 and TRIM16, that coordinate the autophagic machinery to secrete IL-1β via an
unconventional secretory pathway [105,151]. Abbreviations: Gal3, galectin3; Gal8, galectin8; ROS,
reactive oxygen species.
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Recognizing invading pathogens involves pathogen-associated molecular patterns (PAMPs)
intrinsic to the invading microbes and damage-associated molecular patterns (DAMPs). DAMPs are best
described as out-of-place detection of cell components due to pathogens or stress. The understanding
of pro-inflammatory signaling responding to pathogen-induced membrane damage is limited,
partly because it is difficult to discriminate membrane damage signaling from microbial PAMP-activated
signals. The latter trigger pathogen recognition receptors including lumenal Toll-like receptors (TLRs),
cytosolic nucleic acid sensing receptors such as Cyclic GMP-AMP synthase/Stimulator of interferon
genes protein (cGAS/STING), retinoic acid-inducible gene I (RIG-I) like receptors (RLRs) and Nod-like
receptors (NLRs). The different receptors exert their pathogen sensing role in association with the
endocytic entry compartment [152]. To complicate matters even further, different sensing pathways
can converge in overlapping responses such as IFN or pro-inflammatory cytokine expression [153].
As discussed above, cytosolic glycan exposure is considered an important and unique DAMP for
membrane damage. Thus, inflammatory responses upon non-microbial membrane damage provides
some insight into cause and consequences and can be studied e.g., in the context of neuro-degenerative
diseases and neuroinflammation [154]. Some, neurodegenerative diseases are caused by the formation
of pathogenic protein aggregates. These include amyloid-β or tau in Alzheimer’s disease, α-synuclein
in Parkinson disease or aberrant polyglutamine stretches in mutated huntingtin in Huntington’s disease
(reviewed in [155]). During cell-to-cell transmission, aggregates reach the cytosol by damaging the
endocytic compartment, which results in Gal3 accumulation on endosomes but mostly lysosomes [80].
Furthermore, α-synuclein mediated lysosome rupture produces ROS e.g., due to mitochondrial
damage upon cathepsin release [79,149]. Unbalanced ROS accumulating in the cytosol can trigger the
inflammasome, but also other inflammatory pathways including the nuclear factor-kappa B (NF-κB)
pathway ([156,157], reviewed in [158]). Thus, it is important to understand which pathway is activated
upon membrane breach. A recent study using several Huntington’s disease models showed a role
for Gal3 in the regulation of the inflammatory response towards membrane damage caused by the
huntingtin mutant. Pharmacological inhibition or depletion of Gal3 in respective microglia cells or a
mouse model attenuated pro-inflammatory cytokines including interleukins (IL-1β, IL-6) and TNFα.
This reduction correlated with reduced NLRP3 inflammasome levels suggesting a direct regulation via
Gal3 [159]. Mechanistically, the authors discuss a role for Gal3 in inhibiting the clearing of damaged
lysosomes and a possible, Gal3-mediated crosstalk with the NF-κB pathway [160]. Based on these
results, it is possible that Gal3 plays part in maintaining the inflammatory signaling upon membrane
damage by keeping the inflammasome activated until overruled by autophagy (see above). Other Gals,
such as Gal8/9, also contribute to inflammation upon membrane damage. A recent study showed that
Gal8 recruited to damaged lysosomes binds to TRIM16, which sequesters processed IL-1β (Figure 4).
TRIM16 coordinates autophagosome assembly and transfers IL-1β to secretory autophagic vesicles
to enhance IL-1β secretion [105,145]. If Gal3/Trim16 has a similar role is not known. These examples
indicate that Gals may have a dual role by regulating inflammatory responses on top off membrane
damage control.

2.7. Inflammation upon Virus Membrane Penetration

Detecting viral nucleic acids such as double stranded RNA or cytosolic DNA is crucial for cells
to sense invading viruses. Toll-like receptors are the first line of sensors (10 in humans) and can
detect different danger signals including nucleic acids (DNA and RNA) [161]. They localize either
to the plasma membrane (TLR1/2/4/5/6/10) or inside the endosomal compartment (TLR3/7/8/9) [162].
Pathogen-associated molecular pattern detection induces a change in TLR conformation, allowing
interaction with adapter molecules, such as Myeloid differentiation primary response protein (Myd88)
or TIR Domain-Containing Adapter-Inducing Beta Interferon (TRIF), which activate in turn IRF
transcription factors and induce IFN-I production. The cytosolic presence of short double-stranded
RNA with a 5′ triphosphate end activates RIG-I [163,164], while long double-stranded RNA
activates the Melanoma differentiation-associated protein 5 (MDA5) [165]. These two RLRs recruit
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MAVS adapter molecules located on the mitochondrial surface were they activate signaling kinases
inhibitor of nuclear factor kappa-B kinase subunit alpha (IKKα) and TBK1 [166,167]. Both kinases
phosphorylate transcription factors IRF3/7 and NF-κB, which drive expression of inflammatory
genes and interferons [167,168]. Reovirus and PV, with their RNA genomes, were shown to
activate the RIG-I/MDA5 pathway although probably not during entry [169–173]. In addition,
the encephalomyocarditis virus viroporin 2B was shown to activate the NLRP3 inflammasome and to
trigger IL-1β release [174,175]. Other PV like human rhinovirus (HRV) or expression of the HRV 2B
protein also activated the NLRP3 inflammasome. However, because UV-inactivation of PV strongly
decreased inflammasome activation it is unlikely that the PV membrane penetration step plays a
dominant role [176]. Moreover, cGAS is a ubiquitous sensor of cytosolic DNA, which recognizes nucleic
acids e.g., from entering DNA viruses. In the presence of DNA, it catalyzes the local formation of
cGAMP, which binds to the ER associated adapter protein STING. This induces a conformational change
in STING, which will then translocate to the Golgi where it serves as phosphorylation platform by
recruiting TBK1 and its IRF3 substrate, again resulting in expression of pro-inflammatory cytokines and
IFN. The Ad ts1 mutant was instrumental in identifying inflammatory signaling linked to Ad membrane
penetration. As discussed above, Ad ts1 is endocytosed, but does not rupture the endosome. Wild type
virus (but not ts1) induces a pro-inflammatory response upon cell entry, characterized by increasing
the activity of p38 and Extracellular signal-regulated kinase (ERK) [177]. Likewise, rupture of the
endosomal membrane with high doses of wild type Ad in murine macrophages induced the expression
of IFN via activation of TBK1/IRF3 in a STING dependent manner [178,179]. Immune-complexed Ad
in monocyte-derived DC (MoDC) was shown to release protein VI and to accumulate Gal3 indicative
of membrane rupture and to activate the absent in melanoma 2 (AIM2) inflammasome [180]. Using a
macrophage model, it was shown that high doses of Ad leads to the rapid production of ROS, release of
cathepsins into the cytosol and mitochondrial damage. This resulted in secretion of IL-1β following
activation of the inflammasome NLRP3. In their studies neither the Ad-ts1 mutant nor reovirus was
capable of inducing this kind of response [181–183]. The data show that inflammasome activation by
Ads requires membrane damage and cathepsin release. However, endosome rupture and cytosolic
accumulation also exposes the viral DNA to cGAS/STING and RIG-I detection triggering additional
immune responses [184–186]. The immune activation mechanisms induced by Ad membrane rupture
are therefore not easy to dissect and it remains to be established if there is signaling hierarchy or
cooperativity. Further evidence of membrane modulation in the direct activation of the antiviral
response have also been found in enveloped viruses discussed elsewhere [187,188].

3. Crosstalk Between Membrane Damage, Autophagy, and Inflammatory Response

As discussed in the previous sections, membrane damage induces autophagy and inflammation.
It is probably fair to assume that autophagy and inflammation elicit some kind of retro-control on
each other. Interestingly, several of the inflammatory pathways that are activated upon membrane
damage or upon virus entry also result in a net activation of autophagy. Not surprisingly, autophagy
was suggested to be involved in regulating and limiting innate and adaptive immunity (reviewed
in [189]). An early indication of the direct link between autophagy and inflammation was shown
by studying Crohn’s disease in ATG16L1 deficient mice [190]. These mice had high levels of
IL-1β and IL-18, which are indicative of elevated inflammasome activation. Similarly, IL-1β
production was increased in macrophages treated with the autophagy inhibitor 3-MA or macrophages
deficient for several ATGs [190,191]. The absence of ATG7 [192] or ATG5 [193,194] also caused an
increase in IL-1β production in murine (alveolar) macrophages and induced pyroptosis showing
how important autophagy is in limiting inflammation at least in immune cells. Mechanistically
autophagy either removes inflammasome activators, inflammasome substrates or removes the activated
inflammasome itself. For example, autophagy selectively degrades damaged lysosomes (lysophagy) to
remove a source of cytosolic cathepsins, which can cause depolarization of mitochondria (Figure 4).
Damaged mitochondria produce large amounts of ROS or oxidized mitochondrial DNA, both strong
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inflammasome activators. The selective removal of damaged mitochondria (mitophagy), thus, further
restricts inflammasome activity [143,194]. Like lysophagy, mitophagy is a process of selective autophagy
and uses selective autophagy receptors such as p62 [195] or Fanconi anemia complementation group
C (FANCC) [196]. These receptors are recruited to damaged mitochondria by virtue of ubiquitin
tags placed by the ubiquitin ligase Parkin [197] described in detail elsewhere [198]. Autophagy
also sequesters and removes the immature form of pro-inflammatory IL-1β, an inflammasome
substrate [199]. Autophagy also directly degrades activated inflammasomes. For example, the AIM2
inflammasome is ubiquitylated via the TRIM11 E3 ligase upon activation. The SLR, p62 recognizes the
ubiquitin signal on AIM2 and mediates selective autophagy degradation [200,201]. A different TRIM,
TRIM20, was shown to ubiquitylate pro-caspase 1 as well as the NLRP1/3 receptor [202], suggesting
a more universal degradation mechanism of activated immune regulators by TRIMs (reviewed
in [203]). In contrast, several inflammasome receptors interact with Beclin-1 and block the induction of
autophagy [204]. This observation suggests that NLR receptors may have reciprocal regulatory functions
through direct interactions with ATGs controlling autophagy and inflammasome activation [204].
Autophagic processes are not systematically anti-inflammatory. In macrophages and probably other
immune cells, Gal8/TRIM16 sequestration of mature IL-1β to autophagic membranes regulates
unconventional secretion of IL-1β [205,206]. Consequently, inhibiting autophagy decreased
inflammation in response to activators of AIM2 and NLRP3 inflammasomes in some studies [205,207].

Inflammasomes are not the only signaling platforms degraded by autophagy. Virus sensing
in the endosome via TLR, cytosolic RIG-I/MDA5 sensing of viral RNAs or cGAS/STING sensing of
viral DNAs all assemble specific signaling platforms that activate interferon and/or proinflammatory
cytokine expression. Whether some (or all) of these pathogen sensing and signaling platforms
are linked to the surveillance of membrane integrity is not clear. It would make sense for cells to
aim to understand what penetrates the membrane and establish some mechanistic link between
membrane damage detection, sensing, signaling, and removal by integrating autophagic and immunity
signaling. This idea is supported by several observations. Autophagy can be induced following
the activation of certain TLRs [208,209]. For example, TLR7 and 3 (involved in innate responses to
viruses) induce autophagy in vitro after their activation by single-stranded and double-stranded RNA
present in viral genomes [210,211]. The precise mechanism is not known, but involves recruitment
of Beclin-1 [211]. Autophagy in turn limits TLR signaling by degrading several mediators such as
IKK/TBK1 and IRF3/7 (see below, [203]). ATGs (and autophagy) are also involved in preventing
unprovoked RIG-I pathway activation by blocking the interaction between RIG-I and mitochondrial
antiviral-signaling protein (MAVS). For example, ATG12-ATG5 inhibits RIG-I and MAVS by binding
to their caspase activation and recruitment (CARD) domain [212]. A similar function was shown
for Beclin-1 blocking RIG-I/MAVS also by binding the CARD domain of MAVS [213]. In contrast,
once activated, RIG-I/MAVS trigger the production of IFN and the expression of interferon inducible
genes (ISGs). Two ISGs, tetherin and ISG-15, provide a negative feedback loop targeting respectively
MAVS and RIG-I for selective autophagy [213–215]. Autophagic restriction of cGAS/STING works
in a similar fashion. ATG9 prevents activation of TBK1 by controlling STING [216], while Beclin-1
binds cGAS to prevent the production of cGAMP and thereby IFN production [217]. In addition,
at steady state, cGAS is rapidly turned over via K48 ubiquitylation, recognized by p62 and targeted to
selective autophagy [218]. This constant turnover is counteracted upon cGAS stimulation by the ISG
TRIM14 [218]. STING can also be ubiquitylated presumably by TRIM56 [219] resulting, like for cGAS,
in degradation via p62 and selective autophagy [220]. Both pathways, RIG-I/MDA5 and cGAS/STING
recruit kinases TBK1 and IKK respectively to phosphorylate transcription factor IRF3/7. Like the
different signaling platforms (including the inflammasome), the kinases and transcription factors
substrates are also subject to autophagic control. TRIM21 is capable of recruiting the autophagic
machinery and initiating de novo autophagy to target IKKβ [221], while TBK1 is degraded via a
TRIM27 mediated process [222]. In addition, TRIM21 controls autophagy degradation of active
IRF3 dimers [202]. This by far non-exhaustive list of examples shows how intricate and tight innate



Cells 2020, 9, 2042 17 of 30

immunity and the autophagic degradation machinery work together to exacerbate and restrict the
inflammatory response.

4. Concluding Remarks: What Is in It for the Virus?

Our understanding of the cellular membrane damage response has much increased over the years.
Most of our knowledge stems from membrane damage caused by invasive bacteria or by mechanical
disruption through protein aggregates or lysosomal damage. With the study of virus-induced
membrane damage, the field grows further and it appears that the cell response is conserved and
linked to pro-inflammatory signaling.

Whatever the trigger, cells seem to be able to determine the size and extend of membrane
damage. The first membrane damage response “repair me if you can” involves the ESCRT machinery,
while larger and sustained damage then triggers autophagy and probably pro-inflammatory signaling.
As summarized in this review, Gals, SLRs, ATGs, and TRIMs are four interconnected protein families
at the heart of the cellular response to membrane damage, regulating autophagy and controlling the
ensuing inflammatory response [148,203]. Galectins detect the membrane damage and guide the
ATGs via SLRs to start the autophagic process. So far, only one TRIM, TRIM16, was demonstrated
to directly participate in the cell response to membrane damage driven by Gals and autophagy.
However, more than half of > 60 TRIMs screened in two independent approaches were found to be
positive regulators of autophagy ([223,224]) or virophagy (e.g., TRIM21/23/41) ([223]). In addition,
a plethora of articles show that several TRIMs participate in innate immunity, either by regulating the
TLRs (e.g., TRIM8/30a/31/32/38/56) and/or the nucleic acid sensors RIG-1/MDA5 and cGAS/STING
(e.g., TRIM13/14/25/29/31/32/38/56) or by directly targeting viruses (TRIM 5α/21/22). The respective
TRIM targets are almost always subjected to autophagic degradation (reviewed in [203] and references
there in). Interestingly, a variety of the TRIMs involved in immune or autophagy regulation were also
shown to bind Gal3/8 in a pull down assay (TRIM5α/6/17/20/22/23) [104]. To date, it is not known if
Gal binding and autophagy or immune regulation by these TRIMs functionally bridges membrane
damage recognition with immune regulation and/or pathogen sensing.

Very few data exist today concerning viral membrane damage especially elicited by non-enveloped
viruses during cell entry. One particularity of virus entry is that unlike bacteria, entering viruses
are unable to express and use effector molecules against the cell defenses until their genomes are
delivered and expressed. Consequently, viral capsid components are the only available means to
counteract the cell response. The two examples discussed in this review, Ad and PV, have in common
that they stall the membrane damage response by delaying autophagy until they delivered either the
capsid (Ad) or their genome (PV) to the cytosol. Moreover, both viruses induce a cellular membrane
damage response as shown by using a mutant virus or depletion studies suggesting some advantage
connected to the cell response during virus entry. This is an important observation because membrane
damage or antiviral autophagy can be deleterious for the virus. For example, following uptake into
human macrophages, Ad particles opsonized with antibodies were shown to rupture lysosomes and
to trigger inflammasomes, while cytosolic TRIM21 would recognize any opsonized virus that made
it to the cytosol and hand it over to cGAS/STING sensing [225]. As discussed above, inflammasome
and cGAS/STING are down regulated via autophagy. Likewise, Ad-M1 mutant viruses are unable to
stall the membrane damage response upon entry because they lack an essential PPxY peptide motif.
As end result, Ad-M1 is degraded via autophagy and presented much more efficiently to MHC class II
than wild type Ad in a murine model [3]. Furthermore, during the cell response elicited by bacteria,
TBK1 phosphorylates SLRs independent of its IFN promoting role via IRF3 phosphorylation [122].
Without delaying autophagy, PV genomes are degraded with their capsids [45]. In contrast, it is
well known that PV exploit autophagy to create a membrane compartment for cytosolic genome
replication (reviewed in [226]). Delayed autophagy activation upon genome translocation therefore
may facilitate the onset of PV replication. To put this into a more general perspective, it appears
possible that non-enveloped viruses actively use the cellular membrane damage response during entry
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to limit the cell intrinsic immune response (Figure 5). Some viruses may have evolved to escape the
endosome using openings that are small enough to be repaired inflicting only local and transient
damage without significant immune activation. The opposite scenario with activating autophagy
through extended membrane damage and controlling it (like Ad and PV), thus may come as a trade-off.
On one hand, it allows endosomal escape and the exploitation of autophagic membranes for replication
while autophagy maybe used to accelerate the turnover of molecules involved in immune sensing and
pro-inflammatory signaling. Finding the right balance through selecting, stalling, and timing the cell
response might be a powerful compensation for not being able to express effector molecules. While this
is an exciting scenario that merits further investigation, experimental evidence for a direct link between
virus induced membrane damage response and the (autophagic) control of the inflammatory response
is currently lacking. The possibility that several additional TRIMs bind Gals offers the perspective that
many more (TRIM) substrates could be recruited to membrane damage sites. The purpose of eliciting
membrane damage for entering viruses could then be to remove as many cell effector molecules as
possible and blunt the cells response to entry.
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Figure 5. Model for non-enveloped virus membrane penetration. Non-enveloped viruses breach
endo-lysosomal membranes for particle escape into the cytosol or cytosolic genome translocation. (1) If
the membrane damage is small enough, Ca2+-dependent recruitment of the ESCRT machinery will
repair the endosomes limiting time and extend of the damage. This strategy could provide enough
time for the virus/genome to reach the cytosol without activating the inflammatory pathways. (2) If
this repair fails or the inflicted damage is too large, “eat-me signals” (galectins and ubiquitin) will
accumulate at the damage site and initiate autophagy. Viruses use viral factors (e.g., Ad) or cellular
factors (e.g., PV) to delay the autophagy response until capsids/viral genomes reach the safety of the
cytosol. The ensuing autophagy response than may continue and work in favor of the virus. Activating
autophagy via membrane damage could (2a) provide a membranes source for viral replication, and (2b)
remove and recycle membrane remnants, damaged lysosomes, and empty viral capsids to avoid
excessive cells responses. Additionally, autophagy could (2c) limit excessive inflammation through
autophagic degradation of damaged mitochondria and by removing activated inflammasomes and
effectors of the innate immunity signaling pathways (see text for details).
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Taken together, there remains much to be discovered concerning our understanding how viruses
penetrate cell membranes and how cells respond to this insult. Using the few existing examples
presented in this review about the cell response to virus inflicted membrane damage, we invite the
reader to reflect on the wider role of membrane damage for the virus.
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