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Abstract
The recent discovery of autosis as a variant of autophagy-dependent cell death has challenged the conventional
understanding of cell death and programmed cell death in cellular decision making. In contrast to previous accounts of
distinct cell death modalities, autosis occurs with high autophagic activity, in the absence of apoptotic and necrotic markers
and yet is not fully regulated by typical autophagy markers. Given the metabolic importance of autophagic responses and the
extensive cross-talk with both apoptosis and necrosis signalling, the classical and morphotype-driven characterization of cell
death as pre-determined subroutines is being increasingly called into question. Furthermore, the conflicting evidence with
regards to cell death induction through autophagy modulation in various cancer models highlights the lack of consensus over
the extent to which autophagy assists in cell death ontrol and whether it is capable of being a bona fide lethal process. This
review evaluates the evidence and context of autophagy-dependent cell death and delineates the role of an autophagic flux
threshold associated with ‘lethal’ and ‘non-lethal’ autophagy and its role in autosis control. In doing so, cancer treatment
avenues will be explored with regards to precision modulation of tumour autophagic flux to ascertain whether autosis
induction may present a novel therapeutic strategy.

Facts

● Autosis has been shown to occur independently of
apoptotic and necrotic markers.

● Inhibition of the Na+, K+ ATPase pump with cardiac
glycosides can prevent autosis onset.

● A high level of autophagic activity is required to induce
autosis, as it has been shown to occur after treatment
with autophagy inducing peptides and under conditions
of starvation and hypoxia-ischemia.

Open questions

● What is the exact level of autophagic activity necessary
to accomplish autosis?

● Can an adaptive and efficient autophagic response
become, flux dependently, autophagy-dependent cell
death?

● If autosis is mediated solely through autophagy, does a
threshold exist that defines lethal and non-lethal
autophagic flux?

● Can autosis be considered as a druggable target to
induce cell death in tumours resistant to apoptosis?

Introduction

Finding alternative, more effective means of cell death
control through autophagy modulation remains a major
challenge. Given recent advances in gene editing techni-
ques, it seems to be more feasible than ever to not only
target which cells to kill, but also to choose the mechanism
by which they die [1–4]. Hence, it appears that future
enquiries will not necessarily be guided by more precise
gene editing approaches, but rather a strong consensus over
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which regulatory mechanisms to target for desirable cell
death control. The elaborate regulatory overlap between cell
death subroutines, including the historically employed cell
death modalities—apoptosis (type I), autophagy (type II)
and necrosis (type III)—complicates this implementation to
the extent of delaying clinical translation.

The highly conserved cellular self-consumption process
known as autophagy, which delivers cytoplasmic material
to lysosomes, has been implicated in many processes
crucial to cellular survival, ranging from proteostasis and
metabolism to bacterial sequestration and immunity [5–7].
Given its intricate involvement in cellular homeostasis, it
is not surprising that much controversy exists surrounding
the functionality of autophagosomes. Following the dis-
covery of lysosomal association with phagophores, the
observation of dying cells presenting with an abundance of
De Duve’s autophagosomes [8] led to the classification of
autophagy as a specific cell death modality, historically
referred to as type II cell death [8]. This classification was,
however, largely based on morphological data, and sub-
sequent molecular characterization revealed major mole-
cular overlap between autophagy, apoptosis and necrosis
[9]. Further evidence of the metabolic importance of
autophagy has led many to view it as an initiator rather
than an effector of cell death, questioning its validity as a
cell death modality alltogether. Although it is now clear
that cells are characterized by an inherent autophagic
proficiency, ranging from baseline autophagic degradation
that can dynamically and rapidly change from efficient to
new adaptive levels, the role of autophagic activity in
autophagy-dependent cell death (ADCD) remains unclear
[10, 11]. Yet, studies by Levine et al. suggest the existence
of a specific autophagy-mediated variant of cell death
referred to as autosis [12]. In parallel to these advances,
our understanding of the network-like nature of the
autophagic system and its molecular regulation has grown
tremendously [13], enabling a better approach to control
autophagy in context of disease progression and autophagy
defect [14]. Supported by novel tools [15] and approaches
[16, 17] to measure autophagic flux, i.e., the rate of protein
degradation through autophagy [11] in vitro and in vivo, it
is now possible to quantify autophagy with a high degree
of precision, with great promise in the treatment of key
pathologies [14, 18].

This review will evaluate the evidence for autosis in light
of the recent developments in autophagic flux determination
to provide insights into the mechanisms that may govern an
autophagic flux threshold which separates lethal from non-
lethal autophagy. In doing so, the positioning of autophagy
as a response mechanism at the interface of adaptation,
dysfunction and form of regulated cell death (RCD)
becomes clear, as we evaluate the potential of autosis
induction as a therapeutic intervention in cancer.

The dynamic nature of cell death

The historic and morphotypic driven description of the three
major modes of cell death as ‘programmed’ has often led to
the general assumption that cells die in a static, pre-
determined fashion. However, a growing body of evidence
suggests that the degree of cell death control is largely
dependent on the initial cellular energetic state and that ATP
availability plays a central role in determining the final
mode of cell death execution (Fig. 1) [19–23]. Only when
factoring in the molecular mechanisms that govern ener-
getic sensing and the degree of regulatory overlap that
exists between apoptosis, autophagy, and necrosis, does the
dynamic nature of RCD become fully apparent.

Centrality of autophagy in cell death regulation

Metabolic sensing and the autophagic machinery

The importance of autophagy in cell death onset stems from
its intricate involvement in nutrient sensing and cellular
proteostasis. Under nutrient limiting conditions, increased
ADP levels activate AMP kinase (AMPK), thereby inhi-
biting the mammalian target of rapamycin complex 1
(mTORC1) [24]. Autophagy is initiated once mTORC1
dissociates from the ULK-complex, dephosphorylating
ULK1 and allowing for kinase-dependent activation of
ATG13 and FIP2000, which form the pre-initiation com-
plex [24]. The activated ULK-complex elicits its kinase
activity on key components of the class III PI3K complex,
otherwise known as the initiation complex. Composed of
Beclin 1, Vps34, Vps13, and ATG14, the formation of this
multi-domain complex is necessary for the allosteric acti-
vation of Vps34, which targets phosphatidylinositol to
generate phosphatidylinositol-3-phosphate (PI3P) at the
isolation membrane [25]. Attachment of PI3P is necessary
for the recruitment of proteins involved in the elongation of
the phagophore membrane. Elongation is mediated by two
ubiquitin-like protein (UBL) conjugation systems that
generate LC3-II, a proteolipid molecule necessary for the
fusion of autophagosomes to lysosomes [26]. Importantly,
light chain -3 (LC3) is lipidated by the UBL cascade which
involves the E1 (ATG7) and E2 (ATG3) ligases as well as
ATG4 protease activity. Formation of the ATG12-ATG5-
ATG16L complex facilitates conjugation of LC3-I to
phosphatidylethanolamine (PE), producing LC3-II to con-
clude the elongation reaction [27]. Both LC3-II and the
ATG12-ATG5-ATG16L1 complex associate with the
elongating membrane, although only LC3-II remains
attached to the fully matured autophagosome. Fusion with
acidic lysosomes is now possible, allowing for the degra-
dation of cytoplasmic proteins, lipids and carbohydrates
into their respective biosynthetic substrates. The rate at
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which this process operates, is metabolically critical, and
can be assessed by measuring the autophagosome flux
[11, 16, 17].

Dance of the dead: crosstalk between autophagy and
apoptosis

One of the main functions of autophagosomal catabolism—

besides the degradation of long-lived proteins at basal levels
—is to provide energetic substrates and ATP to rescue cells
from starvation through adaptive autophagy (Fig. 1).
However, under conditions of prolonged metabolic stress,
this energy reservoir can be used to facilitate ATP depen-
dent apoptosis [28]. In this instance, the stressor/insult
severity as well as its duration plays a critical role in driving
this process (Fig. 1). While autophagy can protect a cell
from starvation, it can also be initiated through
p53 signalling when cells are subjected to DNA damaging
agents, such as chemotherapeutics or radiation [29]. Under
basal conditions, tumour suppressor p53 is located in the
cytosol and exerts an inhibitory effect on FIP200, thereby
impairing the autophagy initiation complex [29, 30]. In
response to excessive stress however, p53 translocates to
the nucleus where it coordinates the expression of pro-
autophagic proteins including AMPK, damage-regulated
autophagy modulator 1 (DRAM1) and both Sestrin 1 and 2,
a process that promotes cellular survival [31, 32]. An

intriguing phenomenon occurs under prolonged stress,
when p53 translocates to cyclophin D on the outer mito-
chondrial membrane, resulting in opening of the perme-
ability transition pore (PTP), thereby promoting apoptosis
[33]. In terms of cellular survival, it might seem surprising
that p53 would first activate autophagy, which provides
metabolic substrates to the mitochondria, only to later
impair its function (Fig. 2). However, a low degree of PTP
opening can still be counteracted by engaging mitochon-
drial specific degradation through autophagy (referred to as
mitophagy) thereby clearing damaged mitochondria and
circumventing apoptosis onset [34, 35]. PTP opening can
reach a defined threshold, a ‘point of no return’ (PONR),
after which mitochondrial outer membrane permeabilization
(MOMP) becomes unavoidable and wide-scale apoptosis is
evident [28]. Therefore, in terms of the intrinsic (mito-
chondrial) apoptotic pathway, a fine balance exists between
autophagic inhibition of apoptosis though mitophagy and
global mitochondrial failure (Fig. 2). The level of autop-
hagic activity required for driving and controlling either
process however, remains to be elucidated.

Consequently, apoptosis and autophagy share several
inducers in addition to p53. These include the kinases death-
associated protein kinase (DAPK) and JUN N-terminal
kinase (JNK) as well as the BH3-only proteins BAD (BCL-2
antagonist of cell death), BID (BH3-interacting domain
death agonist), NIX (NIP3-like protein X), NOXA and

Fig. 1 The dynamic nature of cell death. The specific cell death
modality to be initiated is highly dependent on the intensity of the
stressor and cellular ATP availability. Under conditions of nutrient
deprivation or short-term cellular stress, autophagy is initiated to
enhance ATP availability, thereby assisting in the cellular stress

response. Prolonged stressors, such as chemotherapy or radiation,
activate the apoptotic machinery, which makes use of the ATP pro-
vided by the initial autophagic response. Excessively prolonged
damage will result in necrosis onset after a rapid decrease in ATP
availability
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PUMA (Fig. 2). Although BH3-only proteins are commonly
associated with apoptosis mediation, they are also capable of
impairing the interaction between BCL-2 and Beclin 1. As a
result, unbound Beclin 1 is able to interact with VPS34,
which initiates autophagosome synthesis [36]. BCL-2 also
loses its ability to repress apoptosis when not activated by
Beclin 1 [37]. The Ser/Thr kinases DAPK and JNK con-
tribute to a similar scenario with a resulting outcome on
autophagy and apoptosis onset in response to stress. The
BH3 binding domain of Beclin 1 is phosphorylated by
DAPK, which makes binding of Beclin 1 to VPS34 possible,
whereas JNK phosphorylates and inhibits BCL2 [38–40].
Given these examples, it appears likely that autophagy is
activated concomitantly with apoptosis to act as an initial
cytoprotective mechanism during low levels of cellular
stress. Should this insult continue to increase in intensity, the
cell would already have all apoptotic regulators, as well as
the energetic capacity available to successfully carry out
apoptosis to its completion.

The controversy surrounding autophagy-dependent cell
death (ADCD)

Given the major interplay between autophagy and apoptosis
signalling, what is the likelihood of autophagic cell death

occurring independently? This has been a topic of heated
debate since the term autophagic cell death (ACD) was first
coined and to date strong evidence exists to support both
arguments [8, 41–43]. Initially, the presence of accumulated
autophagosomes in dying cells prompted the description of
a newly defined mode of cell death, as it was morphologi-
cally distinct from that of apoptotic or necrotic cells. More
recently, studies have shown that in BAX/BAK or caspase
knock-out cells, these distinct features of ACD are present
during cell death induction [44–46]. It is important to note
that, although an increased number of autophagosomes is
observed in these specific scenarios, their mere presence
observed at a single time point is no indication of the
autophagy pathway function. When quantifying the abun-
dance of autophagosomes present through electron micro-
scopy or LC3-II expression through immunoblotting, the
only valid conclusion to be made is that either an increased
or decreased autophagosomal synthesis or degradation took
place [16, 17]. The increased presence or autophagosome
pool size however, could either be as a result of their
accumulation, indicating degradative dysfunction, or
increased autophagosomal turnover due to a heightened flux
through the pathway, indicative of a survival response or
adaptive autophagy. Therefore, relying solely on morpho-
logical features to attribute cause of cell death to autophagy

Fig. 2 Cross-talk between autophagy and apoptosis. Autophagy and
apoptosis share several inducers; p53, death-associated protein kinase
(DAPK), JUN N-terminal kinase (JNK), BH3-only proteins BAD
(BCL-2 antagonist of cell death), and BID (BH3-interacting domain
death agonist). p53 translocates to the nucleus in response to excessive
cellular stress and coordinates the expression of pro-autophagic pro-
teins including AMPK. However, under prolonged stress p53 trans-
locates to cyclophin D on the outer mitochondrial membrane, resulting
in opening of the permeability transition pore (PTP) which promotes

apoptosis. BH3-only proteins are conventional regulators of apoptosis,
but are also capable of impairing the interaction between BCL-2 and
Beclin 1. Unbound Beclin 1 is able to interact with VPS34 which
initiates autophagy. BCL-2 loses its ability to repress apoptosis when
not activated by Beclin 1. The Ser/Thr kinases DAPK and JNK con-
tribute to a similar outcome on autophagy and apoptosis, where the
BH3 binding domain of Beclin 1 is phosphorylated by DAPK, making
binding of Beclin 1 to VPS34 possible, while JNK phosphorylates and
inhibits BCL2, which activates Beclin 1
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only can be highly misleading, which, as recently high-
lighted by the nomenclature committee on cell death
(NCCD), demands for a molecularly oriented definition that
includes genetic silencing of at least two autophagy markers
to validate whether death would still occur in the absence of
autophagy [17]. It is now largely accepted that cellular
demise that relies on the autophagy machinery or key
components thereof, can be defined as ADCD [10]. It is
however less clear which level of autophagic activity is
required to transit heightened and adaptive autophagy to
this position of lethality leading to the induction of this
subroutine. However, given a severe enough stimulus,
necrosis would still be able to operate independently of
autophagy or apoptosis signalling, highlighting the impor-
tance of the time required by which death is delayed due to
autophagy inhibition [9].

Therefore, when examining the evidence for ADCD,
very few examples exist where both the flux dependent
nature of the pathway as well as genetic characterisation are
combined to define its existence. For example, the silencing
of specific Atg genes during the developmental stages of D.
melanogaster resulted in inadequate removal of specific
tissues [47, 48]. Although it was concluded that ADCD is
solely responsible for these actions, the caspase-
independent removal of the larval midgut during Droso-
phila development, on the other hand, has been shown not
to be dependent on all components of the macroautophagic
machinery required during nutrient deprivation [49]. It is
important to note that the most compelling examples for
ADCD are mainly derived from developmental studies and
highlights that the dependence on autophagy in these sce-
narios is related to energy requirements as opposed to true
cell death mediation. Although there is ample evidence
supporting the involvement of autophagy in cell death onset
[12, 50–53], very little data exist on the exact mechanism
through which autophagy acts as an independent cell death
modality. The recent identification of a Na+, K+-ATPase
dependent form of ADCD, referred to as autosis, shed much
light onto these discrepancies, providing evidence that
lethal autophagy is regulated somewhat differently than
‘non-lethal’ housekeeping autophagy associated with effi-
cient autophagic responses [12].

The search for an autophagic flux threshold:
how much is too much?

It is well established that basal autophagic activity is
necessary to promote homeostasis and that its upregulation
to enhanced levels promotes cellular survival under nutrient
limiting conditions. It is now clear that the degree of effi-
cient and adaptive autophagic responses is cell specific and
defines the cellular and tissue autophagy proficiency. In this

regard, the initial experimental approaches to assess
autophagic activity focussed primarily on measuring the
presence of autophagy-related markers in the presence and
absence of a stressor/inducer as well as saturating con-
centrations of lysosomal inhibitors [17]. Subsequently,
quantifying the number of autophagic vacuoles combined
with measuring the protein expression of autophagosome
related proteins has become the gold standard for evaluating
autophagic activity. Advances in live cell imaging have
since complemented these methods substantially, as
autophagosomal degradation has been observed to be a
highly dynamic process [15–17]. Furthermore, although the
multi-step nature of autophagy, progressing from initiation
to degradation, has been characterised extensively, it has
only recently been viewed using minimal models of phase
transitions [54]. In light of the findings that targeted
autophagy induction can result in autosis, it is intriguing to
speculate to what degree autophagosomal degradation is
required to achieve such outcome, i.e., is there an autop-
hagic flux threshold to breach?

The molecular distinction between ADCD and
autosis

In order to evaluate the existence of an autophagic flux
threshold, i.e., the level of autophagic activity that must be
breached to induce cell death, the molecular hallmarks of
ADCD and autosis must be considered. Given that autotic
cells, but not cells displaying ADCD, can be rescued
through treatment with Na+, K+-ATPase inhibitors, the
possibility exists that autosis is not mediated entirely by the
core autophagic machinery [12]. Although it has been ele-
gantly revealed that knockdown of beclin1, ATG13 and
ATG14 rescued cells from tat-Beclin 1 induced autosis,
PI3K inhibition through 3-MA treatment only partially
impaired this response and, most surprisingly, inhibition of
lysosomal fusion through Bafilomycin-A1 treatment
showed no rescue effect at all [12]. This is in stark contrast
to scenarios of ADCD where death can be delayed by
inhibition of both upstream and downstream regulators
[44, 55]. Therefore, it is plausible that a highly, if not
maximally enhanced autophagic flux is required for the
upstream initiation of autotic death regulators and that this
‘lethal flux’ is higher than that associated with ADCD.
Furthermore, autosis operates independently of the other
cell death modalities, whereas true ADCD has primarily
been shown to operate during developmental stages and
appears to merely delay the onset of apoptosis or necrosis in
other scenarios [56, 57]. The specificity and independent
nature of autosis therefore makes it an attractive therapeutic
target and an alternative to the control of ADCD.

Further indicators of an excessively heightened autop-
hagic flux that is beyond adaptive autophagic activity
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needed to promote autosis are the separation of the inner
and outer nuclear membrane and the depletion of endo-
plasmic reticulum (ER) structures at the end stages of
autosis (Fig. 3). The ER is a critical source and platform for
autophagosomal biogenesis and its depletion may serve as a
relative indication for autophagic flux [58]. Levine et al.
have postulated that, as a result of ER depletion, the outer
nuclear membrane is utilized as a ‘last resort’ to support
autophagosome biogenesis, seeing as its use is prevented
under basal autophagic flux conditions [58]. For a detailed
outline of the differences between autosis and classical
ADCD, the reader is referred to an excellent review by Lui
& Levine [58].

One of the few validated parameters crucial to autosis
onset is the Na+, K+-ATPase pump (NKA-pump) activity
[12, 59]. The exact mechanism by which the excessively
high levels of autophagy together with Na+, K+-ATPase
activity mediate cellular demise remains unclear. siRNA
knockdown of the NKA-pump α1-subunit resulted in a
pronounced decrease in starvation- and tat-Beclin1 induced
autosis [12]. As of yet, no defined molecular mechanisms
have been established between NKA-pump activity and
autophagy regulation, which contributes to the lack of

evidence for the exact mode though which the NKA-pump
mediates autosis onset. However, existing literature about
its involvement in various other cellular processes provides
valuable insights into possible mechanisms. Firstly, the
NKA interacts with the inositol 1,4,5,-trisphosphate (IP3)3
receptor (IP3R) when inhibited by the cardiac glycoside
ouabain, forming a signalling microdomain capable of
activating the NF-kB transcription factor [60]. Considering
that NF-kB enables the activation of BCl2 which in turn
inhibits Beclin1, it makes clear that digoxin, a same class
cardiac glycoside as ouabain, was found to protect cells
from autosis [12]. However, under nutrient-rich conditions,
the same cardiac glycosides induce autophagy through the
conventional mTOR signalling pathway [61].

Further conflicting evidence exists regarding the inter-
action of NKA with the cytoskeleton. For example, the
formation of the NKA-IP3R microdomain is dependent on
NKA binding to the Ankyrin B protein on the cytoskeleton
[62–64], but acetylation of tubulin also inhibits NKA
activity [65] even though it is an important requirement for
NKA binding to the cytoskeleton [66]. What convolutes
matters further is the fact that autophagosomal transport and
lysosomal fusion is heavily dependent on acetylation of the

Fig. 3 Autosis onset and inhibition. a Under normal conditions,
autophagosome production is activated in response to nutrient depri-
vation. Autophagosome formation is highly dependent on ATG9
mediated membrane shuttling between the autophagosome formation
site -usually close to the endoplasmic reticulum (ER)- and membrane
sources such as the Golgi, mitochondria and endosomes. Once
autophagosomes are matured, they are transported along the micro-
tubule system by molecular motors such as dynein and kinesin to
merge with acidic lysosomes, giving rise to autolysosomes which
release amino acids. b Beclin 1 over-stimulation (through targeted

peptides such as tat-Beclin1) results in a high demand for membrane
material to meet the requirements of excessively high autophagosome
production. This is, at least in part, the cause of ER fragmentation and
mitochondrial morphology changes observed during autosis. It is
plausible that ATP generated from excessively high autophagic
activity is utilised by the Na, K, ATPase to compensate for the high
ATP production, depriving the cell of energy over time. c Inhibiting
the NKA with cardiac glycosides decreases both the demand for ATP
and autophagy associated ATP production through the NKA-IP3R
microdomain signalling, thereby rescuing the cell from autosis

The good, the bad and the autophagosome: exploring unanswered questions of autophagy-dependent cell death 645



same tubulin Lys40 residue required for NKA anchorage
[67–71]. Therefore, the potential of cardiac glycosides to
serve as autosis inhibitor seems highly context specific, with
the IP3R-NFkB microdomain playing a role in autosis
inhibition only under tat-Beclin1 inducing conditions
(Fig. 3). If an increase in autophagic flux is capable to
contribute to an enhanced ATP production, then the acti-
vation of the NKA could be viewed as a compensatory
mechanism to utilise excessive ATP, depriving the cell of
ATP, which, in time, results in cell death induction. Inhi-
biting the NKA counteracts this process, thereby ensuring
decreased ATP demand and production through the NKA-
IP3R microdomain signalling. An assessment of the ATP-
consuming processes and their hierarchy [72] is required to
further unravel the role of NKA activation and metabolic
perturbation.

Another possible role player in autosis regulation is the
only known transmembrane protein in the ATG-family,
known as mammalian ATG9 (mATG9), the orthologue of
Atg9 in yeast. mATG9 has been found to shuttle from the
trans-Golgi network (TGN), ER, mitochondria and endo-
somes to the phagophore initiation site to provide lipids for
phagophore formation (Fig. 3) [73, 74]. This shuttling is
especially prominent during starvation-induced autophagy,
where increased co-localization of ATG9 with LC3-II and
defined endosome markers have been observed. Recent
evidence from live cell imaging studies suggests that the
association of ATG9 with the phagophore assembly site
(PAS) is rather transient in nature, and that only a small
number of ATG9 vesicles is recruited to the PAS [75]. This
transient association is an important indication of the highly
dynamic nature of autophagosomal assembly, and suggests
that the shuttling can adapt rapidly to an increased autop-
hagosomal demand. Therefore, the possibility exists that
increased membrane shuttling by mATG9 under autophagy
induction could contribute to the cause of ER fragmentation
observed in early autosis. Moreover, mATG9 may be
considered as a viable target for autosis induction, as it
would allow for enhanced autophagosomal size and pro-
duction frequency at the PAS level and warrants further
investigation.

Although there are various possible molecular role
players to be investigated as candidates for autosis induc-
tion, an important determining feature is the autophagic
activity or autophagosomal degradation rate. Yet, the pre-
cise autophagic activity required to promote autosis remains
to be elucidated. This is somewhat surprising, given that
excessive autophagosomal degradation is routinely indi-
cated as an integral parameter of autosis and yet it might be
a key defining feature that sets autosis apart from ADCD.
Future work is required that dissects the molecular rela-
tionship between efficient, adaptive and lethal autophagic
responses in conditions of ADCD and autosis induction,

where not only autophagic flux and ATG9 shuttling, but
also ATP consumption and ER fragmentation is collectively
and quantitatively determined.

Finally, molecular overlap exists between ADCD, auto-
sis and a third lethal autophagic response: entosis, the
engulfment of a neighbouring cell (Fig. 5). The most
notable shared trait is its dependence on LC3. During
entosis LC3 associated phagocytosis (LAP) is critical for
whole cell engulfment, although autophagosome formation
does not take place due to a lack of phosphatidylserine
expression, which results in immediate fusion of entotic
vesicles with lysosomes. Furthermore, entotically engulfed
cells exhibit features associated with ADCD, such as
autophagosome accumulation, although autophagy is
thought to be protective in this context as its inhibition
induces apoptosis of the internalised cells [76]. Conse-
quently, proteins involved in LC3 lipidation such as Vps34,
ATG5 and ATG7 are important mediators of LAP and
entosis. In contrast to autosis and ADCD, knockdown of
proteins specific to autophagosome synthesis such as
FIP200 and ATG13 have no effect on entotic activity, yet it
protects from ADCD and autosis [12, 76]. Importantly, in
the context of anti-cancer treatment, the engulfment of
neighbouring cells through entosis can also enhance tumour
formation [77], which highlights the possibility of exploit-
ing the inherent upregulation of LC3 to enhance self-
engulfment through autosis (by using autophagy inducers)
as opposed to pro-tumourigenic entosis. Due to the lack of
evidence pertaining to specific cellular fate, and the possi-
bility for cells to escape entotic engulfment, it has now been
proposed that entosis be referred to as a mode of inter-
nalisation only, and not a complete mode of cell death. In
contrast, Perfettini et al. have recently suggested that entotic
cell death be classified as type IV non-cell autonomous cell
death [78]. It becomes clear that future work is required that
enables precise relation of autophagic activity with the
diversity of lethal autophagic responses.

The autophagic flux threshold: concept or reality?

If the distinction between ADCD and autosis can be
attributed to the variance in the rate at which lysosomes
degrade autophagy substrates, is there evidence for the
existence of an autophagic flux threshold that defines that
rate? Given that a defined threshold of caspase activation
and cytochrome release can lead to a ‘point of no return’
(PONR) that defines apoptosis induction and execution
[23, 28, 79], a similar mechanism may govern the rela-
tionship between autophagic flux and autosis onset. An
example supporting the concept of an autophagic ‘flux
threshold’ can be found in studies that make use of math-
ematical modelling to predict cellular decision making
[50, 80]. The negative feedback that exists between Beclin1
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and caspases makes for robust predictive models in terms of
apoptosis onset. When simulating the effect of increased
stress levels on autophagic and apoptotic signalling, Kapuy
et al. showed that initial autophagy activity during cellular
stress is sufficient to inhibit apoptosis, however, with
increased stress intensity caspase-mediated cleavage of
Beclin1 ultimately results in apoptosis induction with
decreased autophagy [37]. Before this cellular outcome
manifests, there is indeed a point at which stress-induced
autophagy reaches a maximum level and a new steady-state.
Further modelling by Tavassoly et al. predicted that, after
reaching a maximal level of autophagy, a decrease in
autophagy is inevitable due to caspase signalling as a result
of increased stress [80]. Although these examples are lim-
iting in that they portray the behaviour of healthy cells
under optimal conditions, they highlight the dynamic rela-
tionship that underpins autophagic activities and apoptosis
onset. Intriguing experimental data has been gathered in the
context of myeloma cancer cell death, where inhibition of
caspase 10, which normally degrades BCL2 associated
transcription factor1 (BCLAF1), results in such a high
degree of uncontrolled autophagy activity that cell death
ensues, without features of apoptosis [50]. Taken together,
these data support the existence of a flux threshold, sug-
gesting that future work that engages with the construction
of minimal network models requires an inclusion of ADCD
and autosis onset as additional expected outcome
parameters.

In addition to previous modelling approaches, metabolic
control analysis (MCA) [81] seems here highly applicable
for the characterization of the autophagic system, as it is
suitable for describing dynamic processes based on pathway
intermediates and fluxes in response various metabolic cues.
MCA allows not only to describe the steady-state flux in
terms of its regulation and control, but also to calculate
minimal or maximal conversion yields, based on energetic
requirements. When applied to the autophagic pathway, it
becomes clear that its process necessitates the completion of
multiple steps while facilitating the flow of metabolites
along the pathway to meet metabolic demands. Each step
operates at defined rate, such as the rate at which lysosomes
fuse with autophagosomes or the rate of autophagy sub-
strate degradation by lysosomes [16, 82]. This rate may
hence either be represented by the number of autophago-
somes produced or consumed per time unit, or the number
of autolysosomes produced per time unit [16]. For the
autophagy system to be in steady state, the rate of each step
in the pathway must be equal, making it possible to quantify
autophagosome flux experimentally by inhibiting one of
these steps [16]. This approach does not only allow for the
precise quantification of the rate at which autophagosomes
are produced in real time, but also for describing the tran-
sition time needed to clear the entire autophagosomal pool.

Therefore, predicting the rate of degradation required for
cell survival (non-lethal autophagic flux) and cellular
demise (lethal autophagic flux) may be possible in the near
future. It is furthermore plausible that this threshold is
governed by the same molecular regulators involved in
autosis control.

Therefore, evidence points towards the existence of an
autophagic flux threshold suggesting that parameters such as
NKA α1-subunit expression levels, autophagosomal degra-
dation rate and autophagosome vesicle transport dynamics as
well as ATG9 shuttling should be considered when assessing
autophagic flux in the context of ADCD and autosis.

Autosis induction as treatment modality

The concept of an autophagic flux threshold becomes highly
apparent when applied to tumour biology (Fig. 4). During
the process of tumour growth, a certain basal, yet usually
already heightened autophagic flux is required to maintain
its increasing metabolic demands. Under conditions of
cytotoxic stress, enhanced autophagy has been implicated in
chemotherapeutic resistance, which will require a non-lethal
pro-survival flux well above that observed under basal
conditions. Therefore, when autophagy is induced through a
targeted intervention, the flux response necessary to elicit
cell death should be significantly higher than both basal and
pro-survival fluxes (Fig. 4).

Although limited evidence exists for autosis occurring in
pathologies such as cancer and heart disease, reassessment
of previous studies attributing cell death solely to ADCD
could assist in strengthening the case for its existence out-
side a controlled environment. A key example is the reas-
sessment of liver damage in patients with anorexia nervosa
where autophagic markers were observed in the absence
and presence of hepatocyte cell death [83, 84]. Although it
was initially concluded that starvation-induced autophagy
could have contributed to cell death, findings were reas-
sessed after the first evidence for autosis came to light [83].
Scanning electron microscopy (SEM) evidence for distinct
features of autosis could be found in 4 patient samples, as
the cells displayed the same ER condensation and nuclear
fragmentation [85]. Autosis has also recently been identified
in cardiomyocytes in response to ischemia/reperfusion
injury [86]. These examples highlight the possibility of
autosis also occurring in cancer models displaying features
of ADCD. Autophagy modulators (both inducers and
inhibitors) have proven to sensitize several cancer types to
chemotherapy [87, 88]. Yet, although therapeutic potential
is enormous, clinical trials have remained largely unsuc-
cessful due to the dose-limiting toxicity of autophagy
modulators in combination with chemotherapeutics [89–91]
as well as pharmacological, technical or experimental
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challenges associated with autophagy control. However,
over-expression of autophagy inducing microRNAs (miR-
NAs) such as mir-15a and mir-16 have yielded promising
sensitization effect [92]. When considering autophagy
inhibition in therapy, an important contributing factor is its
critical role in immune system function, and that global
autophagy inhibition may result in immune-suppression,
resulting in a pro-tumourigenic environment [93]. Further-
more, cancer ADCD has been observed in response to both
global and targeted autophagy induction in the absence of
chemotherapy [94–96]. In such cases the re-examination of
these data for autosis markers is critical [97]. Moreover,
when modulating autophagy as an anti-cancer measure,
little attention is given to the non-cell- autonomous reg-
ulation associated with autophagy. Conventional cancer
therapies have recently been shown to eradicate cancer cells
through induction of non-cell autonomous death modalities
such as entosis [98]. Hence, given the fact that autophagy
and entosis share aspects of the molecular machinery
(Fig. 5), careful attention must be given to the downstream
effects of excessive autophagy modulation when targeting
shared regulators such as ATG5 or LC3.

Although targeting autosis may present a plausible ave-
nue for cell death control in cancer treatment, an accurate
determination of autophagic flux will be crucial for

successful clinical translation. This would require compre-
hensive assessment of the basal autophagosomal turnover
rate in the established tumour itself. Growing tumour
organoids from patient biopsy samples has shown immense
improvement in curated treatment protocols which aim to
pre-determine the exact drug regimen required to efficiently
induce cell death [99]. A similar approach can be imagined
for an autophagic flux assessment, so as to determine the
precise level of induction required to promote autosis onset.
Cancer cells have been found to display enhanced autop-
hagic activity relative to the healthy surrounding tissue, in
accordance with previous findings that different tissue types
exhibit distinct levels of autophagic activity [100–103]. The
same is likely the case for different tumour samples, each
with a distinct autophagic flux signature. The basally
enhanced levels of autophagy further support the validity of
autosis induction as a potential therapeutic alternative see-
ing as the metabolic system is already susceptible to
reaching a lethal threshold [104].

A major challenge remains to accurately target autop-
hagy inducing compounds and peptides to the established
tumour region. A major benefit of targeting autophagy lies
in its inherent activity and function in all cells and tissues
and would not necessarily require the utilisation of specia-
lised drug delivery systems. For example, tat-Beclin

Fig. 4 Dependence of autosis on the autophagic flux threshold for
cancer treatment. a In the course of tumour progression, a defined,
usually heightened basal autophagic flux is required to maintain
metabolic demands. b Under conditions of cytotoxic stress, enhanced
autophagy has been implicated in chemotherapeutic resistance, which

will require a non-lethal pro-survival flux well above that observed
under basal conditions. c When autophagy is induced through a tar-
geted intervention, the flux response necessary to elicit cell death must
be significantly higher than both basal and pro-survival fluxes in order
to induce autosis
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treatment has been observed to enhance immunogenicity
in vivo [105]. Given that immunotherapy is already being
established as a viable clinical alternative to chemotherapy,
the combination of precision controlled autophagy induc-
tion with targeted immunotherapy certainly warrants con-
sideration [6].

Conclusion and future outlook

The addition of autosis to the growing library of specialised
cell death modalities sheds much-needed light on the con-
troversies surrounding ADCD. Its molecular definition and
signature that differs from autophagy regulation finally
makes it possible to discern between lethal and non-lethal
autophagy. However, the degree to which autophagic flux
must be enhanced to breach this threshold remains poorly
defined. Furthermore, its dependence on cellular

physiological functions such as the NKA-pump and ATP
consuming processes is not fully understood. This review
has outlined the conceptual differences between the role of
autophagy in supporting RCD and its ability to operate as
an independent cell death modality. We suggest the exis-
tence of an autophagic flux threshold that may play a critical
role in defining and governing these cellular fate outcomes.
Determining this threshold will require a more dynamic and
systems-level understanding of both autophagic flux and
RCD all together. These factors will prove crucial in order
to accelerate both autophagy and autosis control in the
clinical setting, so as to harness the therapeutic potential of
autophagy modulation.

Edgar Allan Poe once declared; “The boundaries which
divide Life from Death are at best shadowy and vague. Who
shall say where the one ends, and the other begins?”. The
answer, though powerful, may be much less poetic and
depend on the activity of autophagosomes.

Fig. 5 Comparison of autophagy-dependent cell death (ADCD),
autosis and entosis. All three modes of cell death rely on the expres-
sion and lipidation of LC3, yet, entosis does not require LC3 for
autophagosome formation and entotic vacuoles fuse with lysosomes

immediately. A most distinct feature of autosis is enhanced activity of
the Na+, K+ -ATPase pump, ER fragmentation and electron dense
mitochondria, whereas ADCD displays enlarged Golgi, ER and
mitochondria
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