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ABSTRACT
Macroautophagy/autophagy is an evolutionarily conserved pathway responsible for clearing cytosolic 
aggregated proteins, damaged organelles or invading microorganisms. Dysfunctional autophagy 
leads to pathological accumulation of the cargo, which has been linked to a range of human 
diseases, including neurodegenerative diseases, infectious and autoimmune diseases and various 
forms of cancer. Cumulative work in animal models, application of genetic tools and pharmacologi
cally active compounds, has suggested the potential therapeutic value of autophagy modulation in 
disease, as diverse as Huntington, Salmonella infection, or pancreatic cancer. Autophagy activation 
versus inhibition strategies are being explored, while the role of autophagy in pathophysiology is 
being studied in parallel. However, the progress of preclinical and clinical development of autophagy 
modulators has been greatly hampered by the paucity of selective pharmacological agents and 
biomarkers to dissect their precise impact on various forms of autophagy and cellular responses. 
Here, we summarize established and new strategies in autophagy-related drug discovery and 
indicate a path toward establishing a more efficient discovery of autophagy-selective pharmacolo
gical agents. With this knowledge at hand, modern concepts for therapeutic exploitation of auto
phagy might become more plausible.
Abbreviations: ALS: amyotrophic lateral sclerosis; AMPK: AMP-activated protein kinase; ATG: auto
phagy-related gene; AUTAC: autophagy-targeting chimera; CNS: central nervous system; CQ: chlor
oquine; GABARAP: gamma-aminobutyric acid type A receptor-associated protein; HCQ: 
hydroxychloroquine; LYTAC: lysosome targeting chimera; MAP1LC3/LC3: microtubule associated 
protein 1 light chain 3; MTOR: mechanistic target of rapamycin kinase; NDD: neurodegenerative 
disease; PDAC: pancreatic ductal adenocarcinoma; PE: phosphatidylethanolamine; PIK3C3/VPS34: 
phosphatidylinositol 3-kinase catalytic subunit type 3; PtdIns3K: class III phosphatidylinositol 3-kinase; 
PtdIns3P: phosphatidylinositol 3-phosphate; PROTAC: proteolysis-targeting chimera; SARS-CoV-2: 
severe acute respiratory syndrome coronavirus 2; SQSTM1/p62: sequestosome 1; ULK1: unc-51 like 
autophagy activating kinase 1.
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Introduction

Autophagy is the collective term covering a number of cata
bolic pathways that regulate cellular homeostasis via lysoso
mal degradation and recycling of cytoplasmic components, 
such as protein aggregates, damaged or unwanted organelles 
as well as invading pathogens. Three main subtypes of auto
phagy are microautophagy (direct acquisition of cytosolic 
cargo via invagination of the limiting membrane of the endo
lysosomal compartment), chaperone-mediated autophagy 
(chaperone-mediated recruitment of unfolded proteins to 
the lysosome via KFERQ-like polypeptide sequences), and 
macroautophagy (characterized by the double-membrane 
vesicle, the autophagosome, which fully engulfs the cargo 
prior to fusion with the lysosome to access the lytic compart
ment). Macroautophagy is the best-characterized form of 
mammalian autophagy and is often referred to as simply 

autophagy (throughout this manuscript, we are using the 
term “autophagy” when discussing the macroautophagy 
process).

More than 30 autophagy-related (ATG) gene products 
govern the formation of the autophagosome, which lies at 
the heart of autophagy. Disruption of ATG gene function 
has been linked to profound changes in cellular and tissue 
homeostasis, cell metabolism, immunity, and development 
[1]. Biogenesis of autophagosomes can be triggered by diverse 
stressors, e.g., amino acid starvation, hyperthermia, and 
hypoxia, as well as under some physiological conditions, e.g. 
via hormones [2]. At a molecular level, activation of AMP- 
activated protein kinase (AMPK) and/or inhibition of MTOR 
(mechanistic target of rapamycin kinase) kinases unleash 
a cascade of events culminating in the production of 
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a primordial membrane, known as the phagophore, that 
extends by acquiring additional lipids to form the mature 
double-membrane autophagosome [3]. Activation of the 
ULK1 (unc-51 like autophagy activating kinase 1)-ULK2 
kinase complex downstream of AMPK and MTOR signaling 
is considered as the first step (Figure 1A). The ULK1-ULK2 
complex activates the class III phosphatidylinositol 3-kinase 
(PtdIns3K) lipid kinase complex, resulting in the production 
and accumulation of phosphatidylinositol-3-phosphate 
(PtdIns3P) on the phagophore membrane and recruitment 
of phospholipid-binding ATG proteins, such as WIPI1 (WD 
repeat domain, phosphoinositide interacting 1)-WIPI2 and 
WDR45B/WIPI3-WDR45/WIPI4 [4,5] (Figure 1B).

Two ubiquitin-like conjugation systems, ATG12–ATG5 
and LC3/GABARAP–phosphatidylethanolamine (PE), are tra
ditionally viewed downstream of the ULK1-ULK2 and 
PtdIns3K signaling complexes and are involved in the expan
sion of the phagophore membrane [6] (Figure 1C). The ubi
quitin-like proteins, ATG5, ATG12, and members of the LC3/ 

GABARAP protein family share the characteristic globular 3D 
structure with ubiquitin as well as the ability to be conjugated 
to protein/lipid substrates. Whereas ATG12 is conjugated to 
ATG5 co-translationally via the action of E1 (ATG7) and E2 
(ATG10) enzymes, LC3/GABARAP proteins are synthesized 
as precursor proteins that first need to be proteolytically 
activated by members of the ATG4 cysteine protease family 
[7]. Through the catalytic activity of E1 (ATG7), E2 (ATG3), 
and E3 (ATG12–ATG5-ATG16L1 complex) enzymes, soluble 
LC3 (members of the MAP1LC3 [microtubule associated pro
tein 1 light chain 3] protein family) and GABARAP (members 
of the GABARAP [GABA type A receptor-associated protein] 
protein family) are covalently conjugated to the amine group 
of the lipid PE enriched in the phagophore membrane 
(Figure 1C). This process mediates expansion and closure of 
the phagophore membrane. More recently, LC3/GABARAP 
proteins have been shown to play additional roles in ULK1- 
ULK2 complex activation [8,9] as well as cargo recognition 
[10]. They interact with receptor proteins for selective 
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Figure 1. Druggable nodes in autophagy. The process of autophagy can be separated into four phases: (a) Initiation, (b) nucleation, (c) elongation and (d) 
degradation. Each step is amenable to modulation at certain critical nodes of the process by activators (green) and inhibitors of autophagy (red), some of which have 
reached clinical testing.
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autophagy, such as SQSTM1/p62 (sequestosome 1), NBR1, 
OPTN, CALCOCO2/NDP52, TAX1BP1 and many others, 
which simultaneously bind cargo molecules (e.g., protein 
aggregates, damaged mitochondria or cytosolic bacteria) and 
mediate targeted autophagosome formation and eventually 
lysosomal degradation [10] (Figure 1D).

Upon sealing, autophagosomes fuse with lysosomes or late 
endosomes to form autolysosomes and amphisomes, respec
tively. Membrane fusion is under the control of soluble NSF 
attachment protein receptor (SNARE) proteins (e.g., STX17, 
VAMP8), the homotypic fusion and protein sorting (HOPS) 
complex, lysosomal membrane proteins (e.g., LAMP2), and 
RAB GTPases (e.g., RAB5, RAB7) [11]. Transport proteins, 
such as dyneins, are involved in the movement of autophago
somes along microtubules toward lysosomes or late endo
somes [12]. Following the fusion, the entrapped substrates 
are sequestered by lysosomal acid hydrolases capable of 
degrading a wide range of biological polymers (proteins, 
lipids, polysaccharides, and nucleic acids). Metabolic products 
(i.e. amino acids, fatty acids, simple carbohydrates, and 
nucleosides) are recycled back to the cytosol to maintain 
a pool of metabolites required for cell metabolism [13].

Activation of autophagy is an evolutionarily conserved 
adaptation to extrinsic (environmental) and intrinsic (meta
bolic) stresses, whose deregulation can lead to various disease 
states connected either to the failure to adapt cellular meta
bolism, e.g., during starvation, or to the accumulation of 
potentially pathogenic substrates, such as misfolded proteins, 
damaged mitochondria, or cytosolic bacteria. Consequently, 
defects in autophagy have been established in neurodegenera
tive diseases (NDDs) [14], cardiovascular diseases [15], infec
tious and autoimmune diseases [16], and cancer [17]. While 
details of autophagy involvement in each of the diseases are 
being explored using a range of genetic tools (such as ATG 
gene disruption in model organisms), parallel attempts have 
been made to discover and characterize small molecule com
pounds capable of activating or inhibiting autophagy. 
Practical use of autophagy-modulating compounds has been 
proposed in NDDs, where repurposed drugs capable of auto
phagy induction have shown some promise in preclinical 
models [18,19]. On the other hand, autophagy inhibition in 
various forms of cancer has been proposed with the curative 
intent both in animal models and in patients [17]. Yet, major 
progress in this area of drug discovery has been hampered by 
the paucity of specific assays and target-engagement biomar
kers that would guide preclinical and clinical development of 
novel autophagy-modulating drugs. Furthermore, there is 
a lack of more selective pharmacological agents with good 
bioavailability to demonstrate the power of autophagy mod
ulation in various preclinical models. Lack of reliable phar
macodynamic (PD) biomarkers may in particular be linked to 
the relative lack of progress in autophagy drug discovery 
compared to other fields.

Here, we review the current status of autophagy drug 
discovery and development with the focus on preclinical 
models, assays, tool compounds, and drugs already available. 
We highlight aspects that can be improved in order to provide 
potent and selective small molecule compounds. This group 
advocates that identification and use of more robust 

autophagy assays and better biomarkers will enable transla
tion and help deliver on the hopes of patients that were 
sparked by the innumerous discoveries and vindicate the 
fundamental role autophagy plays in human health and 
disease.

Relevance of autophagy to human diseases

Cancer

Early studies pointed to the association between the lowered 
state of autophagy and tumorigenesis, suggesting autophagy 
as a potent tumor suppressor mechanism. The text book 
example is BECN1/VPS30/ATG6 (part of the PtdIns3K com
plex), whose mutations are a frequent event in breast [20] and 
ovarian cancers [21]. Genetic changes in some other ATG 
genes, such as allelic loss [22], frameshift mutations [23], 
and somatic mutations [24] have also been reported. It has 
been hypothesized, and was indeed shown experimentally, 
that a significantly reduced level of autophagy can lead to 
accumulation of dysfunctional mitochondria, increased reac
tive oxygen species production and DNA mutagenesis, and 
when coupled with rewired cellular signaling (e.g., increase in 
NFE2L2/NRF2 (nuclear factor, erythroid 2 like 2) signaling 
[25]), is conducive to neoplastic transformation [26–28]).

Conversely, a great body of research using systemic or 
organ/tumor-specific loss of Atg genes, such as Atg7 or 
Rb1cc1/Fip200, in genetically engineered mouse models has 
demonstrated that functional autophagy is a prerequisite for 
tumor progression [29]. Here, autophagy has been instrumen
tal in maintaining sufficient levels of critical metabolites, such 
as tricarboxylic acid cycle (TCA) intermediates [30] and 
nucleotides [31–33], sustaining mitochondrial respiration 
[34], and maintaining an inflammatory state [16], thus sup
porting tumor cell metabolism and survival. More recent 
work also revealed that non-canonical functions of autophagy, 
e.g. in unconventional secretion, can be essential for tumor- 
stromal interactions [35]. Lack of evidence that ATG genes 
(with the notable exception of BECN1 and some other genes) 
would be common target of mutagenesis [36] lends additional 
support to the notion that autophagy is an essential pathway 
in tumors once they have been established.

The context-dependent roles of autophagy in cancer have 
been confusing and partially responsible for the lack of 
a major success in progressing autophagy-modulating com
pounds toward clinical trials. A recent study using inducible 
and reversible inhibition of autophagy in mice (shAtg5 mice) 
attempted to reconcile the various facets of autophagy in 
tumorigenesis and tumor progression. Thus, in line with its 
tumor-suppressive role, transient inhibition of autophagy in 
mice accelerated spontaneous tumor formation; however, 
reflecting its tumor-promoting role, restoration of its function 
was critical for the higher incidence of tumors as compared to 
mice in which autophagy was not reactivated [37].

Current research efforts focus on further understanding 
the non-canonical roles of autophagy in tumor-host interac
tions, where additional support for pro-tumorigenic proper
ties of the pathway has been mustered. Autophagic flow has 
been shown to impinge on a number of pathways, such as 

AUTOPHAGY 3



endocytosis and secretory pathways, affecting tumor antigen 
presentation and function of a number of immune cells 
[38,39]. This renewed interest in autophagy in oncology [40] 
fuels efforts in drug discovery, and a number of biotech 
companies have been active in this field in the past few 
years (e.g., Sprint Bioscience and Vescor Therapeutics, see 
Table 2).

NDDs

Autophagy fulfills an essential quality-control function 
inside the cells, which has been clearly linked to aging 
[41]. Over time, gradual failure of cellular repair mechan
isms leads to deterioration of the cell´s functions due to 
the accumulation of molecular and cellular damage. The 
cell’s capacity for autophagic degradation has also been 
found to decrease with age, leading to the loss of the 
homeostatic function, which may contribute to the aging 
process [41] and lead to age-related diseases of the central 
nervous system (CNS) and the cardiovascular system 
[42,43].

NDDs like Parkinson, Huntington, and amyotrophic lat
eral sclerosis (ALS) present with mutations that affect the 
autophagy machinery, e.g., during autophagosome formation 
or at the cargo receptor level, leading to accumulation of 
undesired proteins and defective organelles in the cytoplasm 
of neurons [14,43–46]. In addition, some impaired autophagy 
markers, such as MTOR activation, autophagosome accumu
lation and limited degradation of SQSTM1 have been detected 
in samples from patients with multiple forms of neurodegen
eration [47,48]. Examples of genes involved in autophagy and 
repeatedly found in NDD include PRKN/PARK2 [49], PINK1 
[50], LRRK2 [51], PSEN1 [52], SQSTM1 [53], and OPTN [54].

Downregulation of autophagy in several transgenic mod
els was used to reveal the link between autophagy and 
neurodegeneration. Studies in Drosophila showed that 
genetic ablation of genes, such as Atg7, Atg5, Atg1/Ulk1, or 
Atg17/Rb1cc1, results in neurodegeneration [55]. In mice, 
knockout of Atg7 [56] or Atg5 [57] in CNS, similarly led to 
neurodegeneration, as manifested by behavioral phenotypes, 
neuronal cell death and accumulation of ubiquitinated pro
teins. Evidence exists that stimulation of autophagy can 
alleviate symptoms related to neurodegeneration in trans
genic animal models. Upregulation of autophagy proteins, 
such as AMPK or Atg8a in Drosophila, or ATG5, ATG7, 
BECN1 or TFEB (transcription factor EB; a transcriptional 
regulator of autophagy and lysosome genes) in mice, not 
only induces autophagy, but also reduces age-associated 
phenotype/pathologies and extended the lifespan 
[18,58,59]. Along the same line, pharmacological or genetic 
upregulation of autophagy is protective in several in vitro 
and in vivo transgenic models of NDD, as evidenced by 
reduced accumulation of protein aggregates and improved 
behavioral tests [18].

A number of startup companies are targeting autophagy 
in neurodegeneration, e.g., Caraway Therapeutics, 
Autophagy Neurotherapeutics, PhoreMost, and Casma 
Therapeutics. (Table 2).

Infection, inflammation, and autoimmunity

Autophagy exerts immunomodulatory functions by influen
cing development and differentiation of cells involved in 
innate immunity and adaptive immunity as well as by pro
moting production of pro-inflammatory cytokines (e.g., TNF 
and IL6) [60,61]. In addition, autophagy-mediated elimina
tion of dysfunctional mitochondria, which limits the release of 
mitochondrial reactive oxygen species and DNA into the 
cytosol, can regulate innate immune responses by suppressing 
inflammasome activation [62].

More directly, autophagy mediates degradation of cytosolic 
pathogens, including bacteria, viruses, and intracellular pro
tozoa [63]. Mechanisms by which intracellular microbes are 
detected and directed to autophagic degradation (so-called 
xenophagy) have been elucidated [64]. For instance, 
Salmonella, which escapes Salmonella-containing vacuoles 
into the cytosol, are initially ubiquitinated, followed by the 
recruitment of selective autophagy receptors SQSTM1, 
CALCOCO2 (calcium binding and coiled-coil domain 2), 
and OPTN (optineurin), and are finally engulfed by the pha
gophore for degradation [65].

Interestingly, the core autophagy machinery can interact 
with components of the intracellular pathogens and, para
doxically, even be hijacked to support the pathogen´s repli
cation cycle. Thus, RNA viruses including the equine 
arteritis virus, the hepatitis C virus (HCV), and corona
viruses tend to hijack intracellular membranes to support 
viral replication [66–68]. Soluble, non-lipidated LC3 is 
observed on the cytosolic surface of double-membranes 
reported to support coronavirus replication independently 
of autophagy [68,69]. Moreover, the ongoing pandemic has 
led to intensified research on SARS-CoV-2 and other cor
onaviruses which contributed to our understanding of the 
interplay between autophagy and COVID-19 pathogenesis 
[70–72]. Accordingly, some autophagy-essential membrane 
proteins, e.g. TMEM41B [73] and VMP1 [74] were shown to 
serve as host factors for SARS-CoV-2 and other corona
viruses. In addition, viral proteins such as ORF3a [75] 
were shown to interfere with autolysosome formation. 
Therapeutic strategies targeting non-canonical roles of auto
phagy proteins may help to improve the efficacy of anti-viral 
drugs and potentially compromise viral replication. On 
a side note, understanding the exact mechanism behind 
how viruses use autophagic pathways for replication could 
also contribute to the development of therapeutic strategies 
against pathogenic infections promoting carcinogenesis, 
such as hepatitis B virus (causing hepatocellular carcinoma) 
[76] and human papillomavirus (causing cervical carci
noma) [77].

Mutations in autophagy genes have been linked to auto
immune diseases with complex etiology, such as Crohn (asso
ciated with ATG16L1 and IRGM gene polymorphism [78],) 
and systemic lupus erythematosus (associated with ATG5 
gene polymorphism [79],). Similar to cancer, the role of 
autophagy in autoimmune diseases is highly complex and 
context-specific. For instance, in Crohn, a mild autophagy 
defect caused by the ATG16L1T300A allele translates into 
reduced secretory granule size and decreased lysozyme 
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staining in Paneth cells responsible for bacterial killing in the 
small intestine. Furthermore, dendritic cells isolated from 
lamina propria of sick mice displayed increased IL1B/IL-1β 
secretion, associated with increased susceptibility to bacteria- 
induced inflammation [80]. How known autophagy functions 
relate to the above findings is presently not clear, but the 
defect can be linked to an overall elevated pro-inflammatory 
response normally counterbalanced by active autophagy. 
Treating autoimmune diseases with autophagy modulators 
seems to be an active area of research by several early biotech 
companies, such as Biophagy and Casma Therapeutics 
(Table 2).

Other diseases

Emerging evidence suggests that autophagy can play a central 
role in the maintenance of homeostasis in wide variety of 
tissues [81]. Metabolites produced through autophagic activ
ity, such as carbohydrates, amino acids, nucleosides, and fatty 
acids, are often essential for maintenance of tissue homeosta
sis. Accordingly, dysregulation of autophagy has been asso
ciated with metabolic diseases, such as obesity, diabetes, and 
myopathies [82]. For instance, previous studies in this area of 
research have revealed a role for autophagy in the regulation 
of lipid metabolism and insulin sensitivity [83]. Type II dia
betes is characterized by insulin resistance and anomalies in 
pancreatic islet β-cells. Disruption of Atg7 in mouse β cells 
resulted in reduced β-cell mass and decreased insulin secre
tion [84]. In contrast to these findings, the liver-targeted 
deletion of Atg7 in mice prevented diet-induced obesity and 
insulin resistance [85]. These results indicate that autophagy 
impacts differently on the progression of different metabolic 
symptoms. Therefore, further research is currently being con
ducted prior to defining precise drug development strategies.

Malfunction of autophagy has been linked to a variety of 
other important human diseases, including metabolic dys
function [86], vascular instability [87], cardiomyopathies and 
myopathies [88,89] and nonalcoholic fatty liver disease [90]. 
Determining whether the autophagic alterations in these dis
eases are causative or secondary to pathological changes will 
potentially shape out new therapeutic approaches in the 
future.

Small-molecule autophagy modulators

Therapeutic exploitation of autophagy has been considered in 
parallel to the characterization of its diverse roles in human 
diseases. Early small molecules that possess autophagy- 
modulating properties were discovered by serendipity as 
they interfere with the upstream signaling pathways, such as 
rapamycin (which inhibits MTOR and unleashes a noticeable 
autophagy response [91]), wortmannin and 3-methyladenine 
(inhibit PIK3C3/VPS34 activity and the autophagic flux [92]), 
or block degradation of the autophagic cargo by interfering 
with the lysosomal function, such as chloroquine (prevents 
lysosomal acidification [93]). The use of these compounds to 
study and target autophagy, even though rapamycin and 
chloroquine analogs are actively exploited in clinical practice, 
is somewhat complicated by the fact that they show 

pleiotropic pharmacologic effects and are considered to be 
not that specific to autophagy [94,95].

Recently, rational drug design and screening campaigns 
have delivered more selective agents targeting the core auto
phagy machinery. These are now used in research and can 
serve as starting points for drug development. However, their 
preclinical and clinical development may be hampered by the 
relative paucity of reliable autophagy assays and target 
engagement biomarkers. Below, we will discuss several of 
the small molecule compounds targeting autophagy and sum
marize important limitations. We will further introduce prin
ciples that should govern development of more selective and 
potent drugs to tackle autophagy in disease. All compound- 
related information of this paragraph is summarized in Table 
1, containing alternative names, information on respective 
primary target(s), solubility, polar surface area and experi
mentally derived blood-brain barrier penetrating characteris
tics, most potent autophagy-related efficacy reported in vitro 
and in vivo and furthest phases of clinical testing.

Inhibitors of PI3K-AKT-MTOR signaling axis

The PI3K-AKT-MTOR signaling pathway is downstream of 
many growth factor receptors and regulates cell proliferation, 
growth, differentiation, and survival [96]. It continuously 
inhibits autophagy, and compounds that interfere with 
kinases constituting this pathway are potent inducers of 
autophagy.

The well-known MTOR inhibitor rapamycin shows potent 
activation of autophagy, though its use in the clinic is limited 
due to poor aqueous solubility and strong immunosuppres
sive properties [97]. However, rapamycin analogs (so-called 
rapalogs), tacrolimus (FK-506), temsirolimus (CCI779), ever
olimus (RAD001), and deforolimus (AP23573), are used in 
clinical and preclinical settings due to their higher solubility 
and potency [98]. In therapy, rapamycin and rapalogs have 
been introduced as immune-suppressive drugs to avoid trans
plant rejection, and for the therapy of cardiovascular diseases, 
vasculopathies, angiomyolipomas, gastrointestinal tumors and 
pancreatic neuroendocrine tumors [99–101]. In particular, 
temsirolimus was the first FDA-approved MTOR inhibitor 
for cancer treatment, used as the first-line treatment for 
advanced renal cell carcinoma patients with poor prognostic 
features [102]. Studies have encouragingly demonstrated that 
rapalogs are able to cross the blood-brain barrier, which may 
endow them with a critical therapeutic advantage when tar
geting diseases of the CNS [97]. Thus, rapamycin and rapalogs 
are currently studied in a clinical setting for their ability to 
alleviate the severity of neuronal loss related to proteinopa
thies [103].

Pan-MTOR ATP-competitive inhibitors, targeting both 
MTORC1 and MTORC2 complexes (Torin1 [104], Torin2 
[104], PP242 [105,106], PP30 [105], Ku-0063794 [107,108] 
AZD8055 [109], AZD2014 [110], WYE-354 [111]) have been 
discovered. Torin1 is a potent, and widely used tool com
pound inducing autophagy. However, rapalogs were described 
as cytostatic with less toxicity compared to pan-MTOR inhi
bitors, thereby more promising in the treatment of neurode
generative or metabolic diseases [112].
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Table 1. Compound-related information for autophagy modulators.

Compound Primary target1 Solubility2
PSA (Å2), BBB 
penetration3

Most potent efficacy 
in vitro4

In vivo efficacy 
related to 

autophagy5
Most advanced 
clinical trials6

Autophagy- 
related key 
references

Rapamycin 
(Sirolimus)

MTOR 0.00173 mg/ 
ml in water 
100 mg/ml in 
DMSO

195, yes 0.05 nM (IC50) n/a Phase IV 
(approved)

[91,97]

Tacrolimus (FK-506) FKBP1A 0.0402 mg/ml 
in water 
100 mg/ml in 
DMSO

178, yes 0.056 nM (IC50) n/a Phase IV 
(approved)

[97,98]

Temsirolimus 
(CCI779)

MTOR 0.00235 mg/ 
ml in water 
86 mg/ml in 
DMSO

242, yes 1.76 µM (IC50) [108] Phase IV 
(approved), 
[102]

[97,98,102]

Everolimus 
(RAD001)

MTOR 0.00163 mg/ 
ml in water 
100 mg/ml in 
DMSO

205, yes 0.15 nM (IC50) [273] Phase IV 
(approved)

[97,98]

Deforolimus 
(AP23573, 
Ridaforolimus)

MTOR 0.000805 mg/ 
ml in water 
100 mg/ml in 
DMSO

201, yes 0.0631 µM (IC50) n/a Phase III [97,98]

Torin1 MTOR 2 mg/ml in 
DMSO

70 0.29 nM (IC50) n/a Experimental [104]

Torin2 MTOR 30 mg/ml in 
DMSO

72 0.25 nM (IC50) n/a Experimental [104]

PP242 (Torkinib) MTOR 61 mg/ml in 
DMSO

106 3 nM (Kd) [106] Experimental [105,106]

PP30 MTOR n/a 136 8 nM (IC50) n/a Experimental [105]
Ku-0063794 MTOR 16 mg/ml in 

DMSO
93 2.5 nM (IC50) [107,108] Experimental [107,108]

AZD8055 MTOR 0.241 mg/ml 
in water

93 0.13 nM (IC50) [109] Phase I [109]

AZD2014 
(Vistusertib)

MTOR 0.0692 mg/ml 
in water

93 0.14 nM (Kd) n/a Phase II [110]

WYE-354 MTOR 99 mg/ml in 
DMSO

124 4.3 nM (IC50) n/a Experimental [111]

PI-103 PI3K (PIK3CA/α, PIK3CB/β, 
PIK3CD/δ, PIK3CG/γ), 
MTOR

24 mg/ml in 
DMSO

84 1.3 nM (Kd) n/a Experimental [113]

NVP-BGT226 
(BGT226)

PI3K 
(PIK3CA/α, 
PIK3CB/β, 
PIK3CG/γ), MTOR

30 mg/ml in 
DMSO

148 4 nM/63 nM/38 nM  
(IC50)

[115] Phase I/II [114,115]

NVP-BEZ235 
(Dactolisib)

PI3K, AKT, MTOR 0.00563 mg/ 
ml in water; 
3 mg/ml in 
DMSO

73 1.43 nM (IC50) [116] Phase III [116]

PF-04691502 PI3K (PIK3CA/α, PIK3CB/β, 
PIK3CD/δ, PIK3CG/γ), 
MTOR

0.249 mg/ml 
in water

124 0.57 nM (Ki) n/a Phase II [117]

PKI-587 
(Gedatolisib)

PI3K (PIK3CA/α, PIK3CG/γ), 
MTOR

0.0382 mg/ml 
in water 
3 mg/ml in 
DMSO

128 0.4 nM, 5.4 nM, 
1.6 nM (IC50)

n/a Phase II [118]

GDC-0980 
(Apitolisib)

PI3K (PIK3CA/α, PIK3CB/β, 
PIK3CD/δ, PIK3CG/γ), 
MTOR

20 mg/ml in 
DMSO

134 5 nM/27 nM/7 nM/ 
14 nM (IC50), 
Ki = 17 nM

n/a Phase I/II [119]

AZD5363 
(Capivasertib)

AKT1 to AKT3 86 mg/ml in 
DMSO

120 3 nM/8 nM/8 nM  
(IC50)

n/a Phase III [121]

GSK690693 AKT1 to AKT3 0.0664 mg/ml 
in water 
39 mg/ml in 
DMSO

137 2 nM/13 nM/9 nM  
(IC50)

n/a Phase I [122]

GDC0032 (Taselisib) PI3K (PIK3CA/α, PIK3CD/δ, 
PIK3CG/γ)

0.267 mg/ml 
in water 
70 mg/ml in 
DMSO

119 0.29 nM/0.12 nM/ 
0.97 nM (Ki)

n/a Phase III [123]

GDC0068 
(Ipatasertib)

AKT1 to AKT3 0.0516 mg/ml 
in water 
92 mg/ml in 
DMSO

82 5 nM/18 nM/8 nM  
(IC50)

n/a Phase III [124]

(Continued )
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Table 1. (Continued). 

Compound Primary target1 Solubility2
PSA (Å2), BBB 
penetration3

Most potent efficacy 
in vitro4

In vivo efficacy 
related to 

autophagy5
Most advanced 
clinical trials6

Autophagy- 
related key 
references

MK-2206 AKT1 to AKT3 1 mg/ml in 
water 
12.5 mg/ml in 
DMSO

84 8 nM/12 nM/65 nM  
(IC50)

n/a Phase II [125]

Perifosine AKT 0.000101 mg/ 
ml in water

59 4.7 µM (IC50) n/a Phase III [129]

3-methyladenine PIK3C3/VPS34, 
PI3K (PIK3CG/γ)

1.81 mg/ml in 
water

70, yes 25 µM/60 µM (IC50) [131] Experimental [130,131]

Wortmannin PI3K 0.121 mg/ml 
in water 
86 mg/ml in 
DMSO

109, yes 3 nM (IC50) n/a Experimental [92,132]

LY294002 PI3K (PIK3CA/α, PIK3CB/β, 
PIK3CD/δ)

0.127 mg/ml 
in water

39, yes 0.5 μM/0.57 μM/ 
0.97 μM (IC50)

n/a Phase I [133]

Metformin AMPK 1.38 mg/ml in 
water

89, yes n/a n/a Phase IV 
(approved), 
[142,143]

[139–143]

A-769,662 AMPK 72 mg/ml in 
DMSO

122 0.8 μM (EC50) n/a Experimental [144]

GSK621 AMPK 97 mg/ml in 
DMSO

93 n/a n/a Experimental [145]

PT1 AMPK 50 mg/ml in 
DMSO

163 0.3 µM (EC50) [142] Experimental [146]

Compound 
C (dorsomorphin)

AMPK 0.0148 mg/m 
in water

56, yes 109 nM (Ki) n/a Experimental [136]

AICAR (Acadesine) AMPK 25 mg/ml in 
water 
51 mg/ml in 
DMSO

157, yes n/a [148] Phase III [147,148]

Resveratrol AMPK 0.0688 mg/ml 
in water 
45 mg/ml in 
DMSO

61, yes 50 µM (IC50) [149] Phase IV 
(approved)

[149,150]

Chloroquine Lysosomal lumen alkalizer 0.0175 mg/ml 
in water 
64 mg/ml in 
DMSO

28, yes n/a [155,156] Phase IV 
(approved)

[93,94,152–154]

Hydroxychloroquine Lysosomal lumen alkalizer 0.0261 mg/ml 
in water

48, yes n/a n/a Phase IV 
(approved)

[93,152–154]

Lys01 Lysosomal lumen alkalizer n/a 53 n/a n/a Experimental [157]
Lys05 Lysosomal lumen alkalizer 3 mg/ml in 

water 
9 mg/ml in 
DMSO

53 n/a [157,158] Experimental [157,158]

ROC-325 Lysosomal lumen alkalizer 4 mg/ml in 
DMSO

83 n/a [154] Experimental [159]

Monensin Ionophore 0.00633 mg/ 
ml in water 
1.5 mg/ml in 
DMSO

153 n/a n/a Experimental [160]

Azithromycin 50S ribosomal subunit 0.514 mg/ml 
in water 
100 mg/ml in 
DMSO

180, no n/a n/a Phase IV 
(approved)

[161]

Bafilomycin A1 Vacuolar-type H+-ATPase 0.0155 mg/ml 
in water 
6 mg/ml in 
DMSO

135 0.44 nM (IC50) n/a Experimental [162]

E64d (Aloxistatin) Cysteine proteases 68 mg/ml in 
DMSO

97 1.1 μM (IC50) n/a Experimental [163]

Pepstatin A Aspartic proteases 100 mg/ml in 
DMSO

223 0.0038 nM (Ki) n/a Experimental [163]

Leupeptin Serine and cysteine 
proteases

95 mg/ml in 
water 
95 mg/ml in 
DMSO

169 2.5 nM (IC50) n/a Experimental [163]

(Continued )

AUTOPHAGY 7



Table 1. (Continued). 

Compound Primary target1 Solubility2
PSA (Å2), BBB 
penetration3

Most potent efficacy 
in vitro4

In vivo efficacy 
related to 

autophagy5
Most advanced 
clinical trials6

Autophagy- 
related key 
references

SBI-0206965 ULK1-ULK2 97 mg/ml in 
DMSO

104 108 nM/711 nM (IC50) [164] Experimental [164]

MRT67307 ULK1-ULK2 92 mg/ml in 
water 
92 mg/ml in 
DMSO

91 45 nM (IC50) n/a Experimental [166]

MRT68921 ULK1-ULK2 10 mg/ml in 
DMSO

82 2.9 nM/1.1 nM (IC50) n/a Experimental [166]

LYN-1604 ULK1-ULK2 100 mg/ml in 
water 
50 mg/ml in 
DMSO

36 18.94 nM (EC50) [162] Experimental [167]

VPS34-IN1 PIK3C3/VPS34 85 mg/ml in 
DMSO

109 25 nM (IC50) n/a Experimental [173]

PIK-III (VPS34-IN2) PIK3C3/VPS34 63 mg/ml in 
DMSO

103 18 nM (IC50) n/a Experimental [174]

SB02024 PIK3C3/VPS34 n/a n/a 14 nM (IC50) [175,176] Experimental [175,176]
SAR405 PIK3C3/VPS34 88 mg/ml in 

DMSO
61 1 nM (IC50) [178] Experimental [177]

Spautin-1 USP10/USP13 54 mg/ml in 
DMSO

38 0.58/0.69 μM (IC50) n/a Experimental [179]

NSC185058 ATG4B 43 mg/ml in 
DMSO

70 51 μM (IC50) [183] Experimental [183]

Z-FA-FMK ATG4B/cysteine proteases 77 mg/ml in 
DMSO

84 14.8 μM (IC50) n/a Experimental [184,185]

Z-FG-FMK ATG4B n/a n/a 1.13 μM (IC50) n/a Experimental [184,185]
FMK-9A ATG4B n/a 75 0.26 μM (IC50) n/a Experimental [186]
UAMC-2526 ATG4B n/a n/a n/a [187] Experimental [187]
Tioconazole ATG4A/ATG4B 0.0165 mg/ml 

in water 
78 mg/ml in 
DMSO

27, yes 1.3 µM/1.8 µM (IC50) [188] Phase IV 
(approved)

[188]

LV-320 ATG4A/ATG4B n/a 101 35.5 µM/24.5 µM  
(IC50)

[189] Experimental [189]

S130 ATG4B n/a n/a 3.24 µM (IC50) [190] Experimental [190]
Compound 18 ATG7 n/a n/a 48 nM (IC50) [191] Experimental [191]
Compound 19 ATG7 n/a n/a 52 nM (IC50) [191] Experimental [191]
Compound 37 ATG7 n/a n/a 62 nM (IC50) [191] Experimental [191]
Fluspirilene DRD2 (dopamine receptor 

D2)
0.00167 mg/ 
ml in water

36, yes n/a n/a Phase IV 
(approved)

[192]

Verapamil L-type calcium channels 0.00394 mg/ 
ml in water 
98 mg/ml in 
DMSO

64, yes n/a n/a Phase IV 
(approved)

[193]

Nicardipine Calcium channels 0.00247 mg/ 
ml in water 
95 mg/ml in 
DMSO

114, no n/a n/a Phase IV 
(approved)

[194]

Thapsigargin ATP2A/SERCA 50 mg/ml in 
water 
100 mg/ml in 
DMSO

172 0.353 nM (IC50) n/a Experimental [195]

Lithium n/a 0.835 mg/ml 
in water

0, yes n/a n/a Phase IV 
(approved)

[199–201]

Vinblastine Tubulin 0.0169 mg/ml 
in water 
100 mg/ml in 
DMSO

154, no n/a n/a Phase IV 
(approved)

[197]

Nocodazole Microtubules 0.0184 mg/ml 
in water

84, yes 1 nM (EC50) n/a Experimental [202]

Cytochalasins B/D Actin filaments 100 mg/ml in 
DMSO

96/113 2 µM (Kd) n/a Experimental [202]

Taxol (paclitaxel) Microtubules 0.00556 mg/ 
ml in water

221, no 0.1 pM (IC50) n/a Phase IV 
(approved)

[202]

Spermidine n/a 32.7 mg/ml in 
water

64, yes n/a [203] Phase III [203,204]
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In addition, dual inhibitors of MTOR and PI3K (PI-103 
[113], NVP-BGT226 [114,115], NVP-BEZ235 [116], PF- 
04691502 [117], PKI-587 [118], GDC-0980 [119]) have been 
identified and characterized. They offer promising alternatives 
to rapalogs, but their activity on autophagy will still be 
deprived of necessary specificity, because MTOR-PI3K inhibi
tion will affect other key cellular pathways, such as protein 
synthesis, apoptosis regulation, immune cell activation and 
differentiation [120]. Therefore, the toxicity profile of such 
agents might not be compatible with chronic administration 
in patients with NDDs, which require autophagy activation.

AKT inhibition provides another key regulatory node for 
autophagy activation. Screening studies have revealed many 
synthetic and natural AKT-targeting compounds. Many of 
these compounds, including ATP-competitive AZD5363 
[121], GSK690693 [122], GDC0032 [123], GDC0068 [124] 
and allosteric antagonist MK-2206 [125], caused robust auto
phagy stimulation, possibly by inhibiting MTORC1 [126] or 
by regulating BECN1 [127], and also induced apoptosis. AKT 
inhibitors showed synergistic anti-tumor activity with lysoso
mal inhibitors [121,128]. Moreover, perifosine, another auto
phagy-activating AKT inhibitor targeting the pleckstrin 

homology domain of AKT, is currently under a phase III 
clinical trials for the treatment of colorectal cancer (CRC) 
[129]. However, involvement of autophagy stimulation in 
the anti-tumor response of AKT inhibitors observed in the 
clinic still needs to be elucidated.

Unlike MTOR, MTOR-PI3K and AKT inhibitors, com
pounds that target the PIK3C3 lipid kinase have the potential 
to inhibit autophagy. A group of pan-PI3K-PtdIns3K inhibi
tors (i.e. those that target class I and II PI3K, and class III 
PtdIns3K, including PIK3C3/VPS34, which is the class III 
PtdIns3K), such as 3-methyladenine [130,131], wortmannin 
[132], and Ly294002 [133]) have been reported to block 
autophagy. However, these compounds suffer from poor solu
bility, and, more importantly, they also activate the apical 
events in the autophagic flux due to their inhibitory activity 
against class I PI3K [92]. Of note, new 3-methyladenine 
derivatives with higher solubility and without inhibiting 
class I PI3K, and thus improved autophagy inhibition, are 
now available [130].

Although the aforementioned compounds have helped to 
understand the importance and therapeutic potential of the 
PI3K-AKT-MTOR pathway, they are still considered 

1Only the primary targets (mainly related to autophagy) are listed. 
2The solubility reported was retrieved from https://go.drugbank.com/drugs and from https://www.selleckchem.com/products/. 
3The polar surface area (PSA) was retrieved from https://go.drugbank.com/drugs or from https://pubchem.ncbi.nlm.nih.gov/ and is an indicator of blood-brain barrier 

penetrance. For molecules to penetrate the blood-brain barrier (and thus act on autophagy targets in the central nervous system), a PSA less than 90 Å2 is usually 
required [273]. ADMET values for blood-brain barrier penetration were retrieved from https://go.drugbank.com/drugs. 

4The most potent in vitro efficacy of the compound was retrieved from https://pubchem.ncbi.nlm.nih.gov/ and is only taking into consideration target-related assays 
(e.g. no viability data). 

5The column in vivo efficacy only takes into account autophagy-related efficacy findings of respective compounds. 
6The column lists the furthest stage of clinical testing of the respective compound (not exclusively related to autophagy). Data was retrieved from https:// 

clinicaltrials.gov/. 
n/a: not applicable, not available 

Table 2. Biotech companies developing autophagy modulators to treat a range of diseases.

Company name Strategy Description

AbilityPharma Activation Drugs (e.g., ABTL0812) that induce autophagy-associated cancer cell death in tumors.
Autophagy 

Neurotherapeutics
Activation Autophagy-targeting drugs for treating ALS, AD and other NDDs.

Biophagy Activation/ 
Inhibition

Discovery using high content methods to identify pharmaceutical modulators of autophagy.

Caraway Activation Small molecules that activate neuronal clearance pathways (MCOLN1/TRPML1 and TFEB).
Casma Therapeutics Activation MCOLN1/TRPML1 agonist to treat muscle dystrophy and neurodegenerative diseases.
Catabasis 

Pharmaceuticals
Activation Potential oral treatment (CAT-5571) targeting cystic fibrosis.

Circumvent 
Pharmaceuticals

Activation Restoration of palmitoylation and autophagy in Batten disease.

Deciphera 
Pharmaceuticals

Inhibition ULK1-ULK2 inhibitor (DCC3116) for cancer treatment.

Immupharma Inhibition Autophagy immunomodulatory agent (Lupuzor™) for the treatment of SLE.
Libra Therapeutics Activation Small molecules that increase autophagy and attenuate the production of neurotoxic protein aggregates in ALS, FTD, AD, 

Parkinson and Huntington disease.
Mission Therapeutics Activation Targeting disease-associated deubiquitinating enzymes (e.g., USP30).
Nanna Therapeutics Activation Focus on mitochondria, targeting age-related diseases including neurodegenerative, inflammatory, cardiovascular and 

metabolic diseases as well as many cancers.
Neuropore Therapies Activation TLR2 antagonist (NPT520-34, NPT1220-312) and PI3K inhibitor (NPT520-337) targeting neurodegeneration.
Petra Pharma Inhibition PIP4K2 inhibitor targeting cancer.
PhoreMost Activation Undisclosed targets for NDDs.
Pinpoint Therapeutics Inhibition Dichloroquine-based PPT1 inhibitor for cancer.
QurAlis Activation Undisclosed enzyme target in ALS.
Samsara Therapeutics Activation Flavonoid 4,4′-dimethoxychalcone for undisclosed target. Optimization of autophagy activators (SAM1196, SAM19272, 

SAM15519) for rare diseases and NDDs.
Seelos Therapeutics Activation SLS-005 (trehalose) as autophagy and TFEB activator.
Selphagy Therapeutics Activation Retionic acid receptor inhibitor to increase CMA for degenerative eye diseases.
Sprint Bioscience Inhibition PIK3C3/VPS34 inhibitor targeting cancer.
Vescor Therapeutics Activation Undisclosed targets in cancer.
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insufficient in terms of chronic autophagy inducers, as they 
have been linked to important adverse effects in patients, such 
as infections of the respiratory and urinary tracts, gastroin
testinal pain, thrombocytopenia and dyslipidemia [134]. For 
therapeutic exploitation of autophagy, it is essential to find 
alternative autophagy inducers and MTOR-independent auto
phagy modulators, which would be generally favorable and 
considered safer. For instance, rilmenidine promotes autopha
gy and mitophagy (selective degradation of mitochondria) in 
an MTOR-independent manner and in the mutant SOD1 
(superoxide dismutase 1) mouse model of ALS via an 
unknown mechanism [135]. Elucidation of its mode of action 
might reveal its real potential as an autophagy activator.

AMPK activators

AMPK is a serine/threonine protein kinase that serves as 
a pleiotropic regulator of intracellular energy homeostasis in 
response to alterations of AMP/ATP ratio [136]. Activated 
AMPK regulates autophagy, dependent on both cell type 
and metabolic conditions. Under glucose starvation, AMPK 
promotes autophagy by phosphorylating autophagy-related 
proteins in the MTORC1, ULK1, and PIK3C3 complexes 
[136]. So far, some direct and indirect modulators of AMPK 
have been described and associated with autophagy induction. 
Also, activation of CALM (calmodulin) by intracellular Ca2+ 

stimulates AMPK signaling [137]. Therefore, any small mole
cule modulator triggering AMP and Ca2+ accumulation in the 
cell should have the potential to activate AMPK signaling 
[138] and autophagy.

Metformin, an FDA-approved anti-diabetic drug, is such 
an AMPK and autophagy activator. Although metformin is 
reported to be involved in autophagy induction through reg
ulating AMPK activity [139], some reports also described 
AMPK-independent activation of autophagy by this drug 
[140]. Moreover, metformin has been reported to modulate 
the mitochondrial bioenergetics through inhibiting complex 
I of the respiratory electron transport chain, which increases 
the AMP:ATP ratio [141]. Currently, several clinical trials are 
conducted to explore metformin as a potential drug in cancer 
and neurodegeneration [142,143].

Newer potent AMPK activators, such as A-769,662 [144], 
GSK621 [145], PT1 [146], Compound C/dorsomorphin [136], 
and AICAR [147,148] have been shown to activate autophagy. 
Also, resveratrol, a natural polyphenol and caloric restriction 
mimetic [149], is thought to promote autophagy through 
AMPK-dependent inhibition of MTOR [150]. These com
pounds help understand the importance and the therapeutic 
potential of the AMPK-regulated autophagy, but additional 
studies are required to elucidate whether and how autophagy 
per se is involved in pathophysiological mechanisms under
lying the diseases treated by AMPK activators.

Lysosomal inhibitors

Lysosomal lumen alkalizers act by neutralizing the acidic pH 
in the lumen of lysosomes, thereby inhibiting various hydro
lases that require low pH for their activity [92]. As autopha
gosomes must fuse with lysosomes or late endosomes to 

deliver their contents for degradation, small molecules that 
interfere with the lysosomal function effectively block auto
phagy at its late stage. This effect can be visualized by accu
mulation of the autophagic substrate, e.g., misfolded and 
aggregated proteins, damaged mitochondria, but also by 
amassing LC3-positive autophagosomes that fail to fuse and 
be cleared by lysosomes [151,152].

Two main examples of lysosomal lumen alkalizers are 
chloroquine (CQ) and its less toxic derivative hydroxy
chloroquine (HCQ), which are both drugs used for treat
ment of infectious diseases, such as malaria and, more 
recently, cancer [153]. They are the first and only pur
ported inhibitors of the autophagy pathway approved for 
clinical use so far. Although short-term CQ/HCQ treat
ment has been considered safe, some prevalence of toxi
city, such as retinopathy and cardiotoxicity, have been 
reported depending on dosage and duration of exposure 
[93]. It is thought that CQ and HCQ act as weak bases 
and deacidify the lysosome [93]. However, some autopha
gy-independent activities of these agents have been 
reported, such as disorganization of the Golgi and endo- 
lysosomal systems [152] and release of cathepsins from 
lysosomes [154]. Additionally, even though CQ and HCQ 
often produce a similar level of cytotoxicity compared to 
genetic inhibition of autophagy, and may increase the 
efficacy of anti-cancer drugs (e.g., temozolomide, bortezo
mib, temsirolimus, vorinostat, doxorubicin, etc.) [93], 
recent reports raised a major concern in that they exhibit 
autophagy-independent toxicity in the cells. Thorburn 
et al. showed that CQ sensitized cancer cells against anti- 
cancer drugs independently from autophagy [94]. Similar 
findings were made by research teams from AstraZeneca, 
Novartis, and Pfizer, who showed an autophagy- 
independent tumor-suppressor activity of CQ in preclini
cal models [155,156].

Toxicity-associated issues along with the autophagy- 
independent activities of CQ and HCQ led to the effort of 
identifying new and more potent CQ derivates to be used as 
autophagy inhibitors. Lys01, for example, is a dimeric form of 
CQ exhibiting a 10-fold higher potency in cellular autophagy 
assays compared to HCQ [157]. Moreover, a water-soluble 
analog of Lys01, Lys05, was developed as a new lysosomal 
alkalizer [158]. It increases lysosomal pH more potently com
pared to HCQ resulting in an impairment of autophagy 
in vitro and in vivo [157]. Of note, comparative studies with 
HCQ showed that Lys05 also had higher anti-tumor efficacy 
both in melanoma and colon cancer xenograft models, with 
Paneth cell dysfunction and intestinal toxicity observed at 
high doses in vivo [157]. These results might allow progres
sion of Lys05 to a clinical candidate in the near future.

Other lysosome-targeting autophagy inhibitors include the 
HCQ/lucanthone derivative ROC-325 [159], the polyether 
ionophore monensin [160], the antibiotic azithromycin 
[161], the vacuolar-type H+-ATPase inhibitor bafilomycin 
A1 [162], as well as lysosomal protease inhibitors E64d, pep
statin A, and leupeptin [163]. However, none of these com
pounds has been used to target autophagy in a clinical setting 
due to issues including solubility, toxicity and lack of knowl
edge about their precise mechanism-of-action.
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Compounds targeting autophagy selectively

The next generation of more selective autophagy inhibitors 
includes compounds that target components of the core auto
phagy machinery proteins, such as the ULK1 and PIK3C3 
kinases, as well as the enzymes involved in LC3/GABARAP– 
PE conjugation pathway, the ATG4 proteases, and the E1-like 
enzyme ATG7.

ULK1-ULK2 complex inhibitors: SBI-0206965 was discov
ered as a small molecule pyrimidine analog ULK1 kinase 
inhibitor, with biochemical IC50 of 108 nM for ULK1 kinase 
activity and 711 nM for ULK2 [164]. Notably, rigorous cel
lular assays confirmed that SBI-0206965 shows good selectiv
ity for ULK1, and inhibits only 10 out of 456 kinases without 
impairing endogenous PTK2/FAK, AMPK, MTOR, AKT, or 
MAPK/ERK signaling [164]. Experiments also demonstrated 
in vivo activity of SBI-0206965, blocking autophagy and pro
viding protection against acute axonal degeneration [165]. 
Two closely related derivatives with different substitution 
patterns on the pyrimidine ring, MRT67307 and MRT68921, 
were identified as selective inhibitors of ULK1-ULK2 kinases 
[166]. MRT67307 and MRT68921 exert higher potency 
against ULK1 with IC50 of 45 nM and 2.9 nM, respectively, 
when compared to SBI-0206965. However, these compounds 
have poorer selectivity and show activity against a number of 
kinases [166]. Yet, they are able to inhibit ATG13 phosphor
ylation and reduce the LC3-II/LC3-I ratio in vitro. Recently, 
a ULK1 agonist LYN-1604 (EC50 of 18.94 nM) was identified, 
which increased phosphorylation of ATG13 in an in vitro 
kinase assay [167]. While further improvement is likely 
required, these compounds might be useful for attaining 
a proof-of-principle in developing small molecule inhibitors/ 
activators for the treatment of autophagy-related diseases. 
One important caveat in exploiting ULK1-ULK2 inhibition 
is that autophagy may be activated also in the absence of the 
ULK1-ULK2 complex, e.g., during glucose starvation due to 
ammonia accumulation [168]. Further validation of the 
ULK1-ULK2 as a therapeutic target may therefore be neces
sary to demonstrate under which conditions its inhibition 
would lead to significant inhibition of the autophagy pathway 
and a specific therapeutic potential [169].

PIK3C3/VPS34 complex inhibitors: PIK3C3 phosphorylates 
phosphatidylinositol (PtdIns) at endosomal and autophagosomal 
membranes to generate PtdIns3P that regulates membrane traf
ficking processes, such as endocytosis and autophagy [170,171]. 
In recent years, several co-crystal structures of the PIK3C3 
kinase domain with different types of specific inhibitors have 
been reported and contributed to the rational design of selective 
PIK3C3 inhibitors [172]. The bis-aminopyrimidine compound 
VPS34-IN1 is a highly potent cell-permeable PIK3C3 inhibitor 
with IC50 of 25 nM for the phosphorylation of PtdIns [173]. This 
compound did not significantly inhibit other kinases, including 
all isoforms of class I and II PI3Ks, and showed strong and rapid 
inhibition of PtdIns phosphorylation in cells. VPS34-IN1 has not 
been used in in vivo studies indicating possible issues with 
solubility or metabolic stability. Another potent and selective 
PIK3C3 inhibitor PIK-III (IC50 of 18 nM) showed at least a 100- 
fold selectivity against related lipid kinases and some additional 
protein kinases [174]. Co-structure analysis of human PIK3C3 in 

complex with PIK-III suggested a binding mode over a unique 
hydrophobic pocket on the ATP-binding site of PIK3C3, which 
is not present in related kinases such as PIK3CA/PI3Kα. PIK-III 
robustly inhibits de novo lipidation of LC3 which leads to the 
inhibition of autophagy and stabilization of autophagy substrates 
in vitro. Sprint Bioscience has previously shown that their 
SB02024, ATP-competitive PIK3C3 inhibitor, has a similar 
PIK3C3 selectivity profile to PIK-III [175]. It inhibits the cataly
tic function of PIK3C3 by binding in its active site with an IC50 
of 14 nM and also blocks PtdIns3P production as shown by the 
use of a GFP-2xFYVE puncta formation assay. SB02024 com
pletely inhibits turnover of LC3-II in vitro. It significantly 
reduces tumor growth in vivo with no observed side effects 
and also sensitizes breast cancer cells to tyrosine kinase inhibi
tors sunitinib or erlotinib [175,176]. Sanofi reported preclinical 
work with their PIK3C3 inhibitor SAR405, which is a potent 
(IC50 1 nM for the phosphorylation of PtdIns) and selective 
inhibitor with regard to PtdIns3Ks [177]. Recent studies with 
melanoma and CRC tumor models showed that genetic or 
pharmacological (SB02024 or SAR405) inhibition of PIK3C3 
decreased the tumor growth by enhancing infiltration of 
immune cells in the tumor bed [176,178]. Combination of 
PIK3C3 inhibitors with anti-CD274/PD-L1/-PD-1 immune 
therapy improved the therapeutic benefit and prolonged survival 
by turning cold tumors hot for immune cells [176,178]. These 
findings open possibilities for future treatments with PIK3C3 
inhibitors as a clinical strategy to enhance the efficacy of 
immune-oncological drugs. Interestingly, Spautin-1-mediated 
specific and potent inhibition of deubiquitinating activity of 
USP10 and USP13 was shown to promote proteasomal degrada
tion of PIK3C3 and thereby inhibit autophagy [179]. The com
bination of PIK3C3 degrader Spautin-1 with PIK3C3 inhibitors 
might therefore facilitate quicker and more acute autophagy 
inhibition and exert synergistic activity in preclinical models.

ATG4 protease inhibitors: ATG4 is the family of four 
enzymes (ATG4A, ATG4B, ATG4C, and ATG4D) with over
lapping specificities for LC3/GABARAP proteins [7,180]. Their 
inhibition either by genetic ablation, via expression of the 
dominant-negative ATG4BC74A mutant [181], or pharmacolo
gically leads to a block in LC3/GABARAP processing and 
lipidation, thereby interfering with autophagosome maturation 
and cargo engulfment. Representing a tractable class of cellular 
enzymes (proteases have been successfully drugged in a number 
of human diseases [182],), targeting ATG4 may be one of the 
most attractive approaches in modulating autophagy. As of 
now, the development of specific antagonists of ATG4B (con
sidered to be the major isoform) has been pursued by several 
groups. Thus, Akin et al. used in silico drug design to identify an 
ATG4B antagonist capable of inhibiting LC3B-GST cleavage 
(NSC185058, IC50 of 51 μM) and autophagy both in vitro and 
in vivo without affecting MTOR or class III PtdIns3K pathways 
[183]. NSC185058 exhibited antitumor activity both in vitro and 
in vivo against osteosarcoma cells. Although the LC3B-GST 
cleavage assay was useful for mechanistic studies, it may not 
be compatible with a high throughput screening format. 
Therefore, a time-resolved Förster resonance energy transfer 
(TR-FRET) assay was developed as a robust platform in which 
ATG4B inhibitors showed an enhanced FRET signal [184]. On 
this basis, Z-FA-FMK was identified in a high throughput 
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screen with an IC50 of 14.8 μM. Further chemistry modifications 
resulted in more potent compounds Z-FG-FMK (IC50 of 
1.13 μM) and FMK-9a (IC50 of 0.26 μM) [185,186]. Cell-based 
luciferase reporter assays confirmed ATG4B inhibitory activity 
of these compounds, in line with results obtained in the TR- 
FRET assay. However, Z-FA-FMK and Z-FG-FMK have some 
selectivity issues, inhibiting several other cysteine proteases, 
such as CTSB and CAPN (calpain) [184]. Additional ATG4 
inhibitors include UAMC-2526 [187], Tioconazole [188], LV- 
320 [189] and S130 [190] and have been described to show both 
in vivo and in vitro efficacy on autophagy and tumor cell killing. 
Some of these compounds will hopefully enter clinical develop
ment in the near future, provided they display suitable drug-like 
profile, including good solubility, metabolic stability, and 
bioavailability.

ATG7 inhibitors: ATG7 is the E1 enzyme for both ATG12 
and LC3/GABARAPs, and its targeting has been tackled by 
scientists at Takeda for several years. Recently, the results of 
this campaign have been reported [191]. Pyrazolopyrimidine 
sulfamates act as potent and selective ATG7 inhibitors and 
exhibit cellular and in vivo modulation of some autophagic 
markers, such as inhibition of LC3B puncta formation and 
accumulation of SQSTM1 aggregates. Some of the compounds 
possess remarkable cellular potency (e.g., compounds 18, 19 
and 37 inhibited LC3B puncta formation in a neuroglioma cell 
line with IC50 around 50 nM). However, they also reported 
several issues, such as the lack of an effect on ATG12–ATG5 
conjugate formation and some inhibitory effect toward other 
E1 enzymes. Takeda compounds can serve as tool compounds 
for further validation of ATG7 as a target, e.g. in cancer. 
However, the hurdle of rendering the early lead compounds 
to clinical candidates still seems to be high due to the challenges 
in translating biochemical inhibition into the full-blown and 
selective block on the autophagy pathway in cancer cells [191].

Other autophagy modulators

Multiple classes of drug compounds exert an effect on the 
autophagy pathway. Thus, several Ca2+ channel antagonists, 
e.g., fluspirilene [192], verapamil [193], and nicardipine [194], 
and ATP2A/SERCA (ATPase sarcoplasmic/endoplasmic reti
culum Ca2+ transporting) inhibitor thapsigargin [195] were 
reported to induce autophagic flux in cells. The ubiquitous 
intracellular messenger Ca2+ has rather a complex impact on 
autophagy. For instance, although the Ca2+-CALM-AMPK 
cascade activates autophagy, recent studies have implicated 
the Ca2+-PtdIns3P receptor-BCL2 axis in autophagy repres
sion [196]. Therefore, careful evaluation of pharmacological 
properties of Ca2+ signaling modulating compounds is war
ranted before their use as autophagy drugs can be expanded in 
the clinic.

Another way to affect autophagy is via various lipid species 
(e.g., sphingolipids, sterols, and phospholipids), which play 
important roles in autophagosome formation [197]. In parti
cular, accumulating evidence suggests that activation of 
PtdIns signaling pathways increases the levels of free inositol 
and myo-inositol-1,4,5-triphosphate levels, which in turn 
negatively regulates autophagy [198]. Lithium, which inter
feres with the PtdIns cycle, leads to depletion of free inositol, 

and thereby enhances autophagosome formation in cells 
[199]. A combination approach in enhancing autophagy 
with MTOR-dependent (rapamycin) and MTOR- 
independent (lithium) autophagy inducers, may thus repre
sent a promising strategy to reduce the toxicities connected to 
severe MTOR inhibition [200,201].

Small molecules interfering with the assembly of microtu
bules (e.g., vinblastine, nocodazole, and cytochalasin B/D) 
block the maturation of autophagosomes [202]. Conversely, 
taxol-mediated stabilization of microtubules seems to enable 
effective autophagosome trafficking, thereby increasing the 
fusion of autophagosomes with lysosomes [202]. However, 
these drugs produce many autophagy-independent activities 
and show severe toxicity. Clearly, less toxic approaches, such 
as the use of a caloric restriction mimetic, natural polyamine 
spermidine [203] may provide a greater therapeutic benefit by 
enhancing autophagy in neurodegenerative models [204].

Use of autophagy modulators in the clinic

Oncology

While potent and selective compounds targeting autophagy 
are being discovered and developed preclinically, clinical 
investigators have attempted to take advantage of the only 
approved autophagy inhibitors, CQ and HCQ, to study the 
safety and early efficacy of autophagy inhibition across several 
oncology indications. In preclinical studies, CQ/HCQ alone or 
in combination with other anti-cancer therapies impaired 
tumor growth, which has encouraged its use in clinical 
trials [93].

The initial phase I/II studies were conducted to evaluate 
tolerability, safety, and early efficacy of CQ/HCQ at suppres
sing autophagy in human tissues either as mono or combina
tion therapy as well as to provide their pharmacokinetic and 
pharmacodynamic assessment. These studies demonstrated 
that approved doses of CQ/HCQ could inhibit autophagy 
(i.e. increase in numbers of autophagosomes and LC3-II 
were observed in peripheral blood mononuclear cells) and 
were well tolerated in most patients [134]. However, some 
studies also reported that clinical benefit by CQ/HCQ treat
ment might be blunted by inconsistent and inadequate auto
phagy inhibition in patients [205,206].

In pancreatic tumors, elevated levels of basal autophagy are 
observed, and targeting the RAS pathway results in a massive 
activation of autophagic flux in pancreatic ductal adenocarci
noma cells (PDAC), theoretically making them more sensitive 
to autophagy inhibitors [207,208]. In vivo combination treat
ments with HCQ and RAS pathway inhibitors (e.g., trameti
nib, vemurafenib) resulted in more effective elimination of 
established tumors in mice bearing patient-derived xenografts 
of KRAS-mutant pancreatic cancer [209,210]. A recent study 
also demonstrated that a patient with KRAS-mutated PDAC 
who had exhausted all approved treatments showed a striking 
response to HCQ plus a targeted inhibitor of MAP2K/MEK 
(trametinib) [209]. However, another phase II clinical study in 
patients with metastatic pancreatic cancer treated with HCQ 
monotherapy showed inconsistent autophagy inhibition (i.e. 
various levels of LC3-II accumulation in patient lymphocytes) 
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and resulted in a negligible therapeutic activity [206]. The 
inefficient activity of HCQ in the study may have occurred 
due to the advanced metastatic cancer stage of patients 
enrolled into the study. These results suggested that concur
rent inhibition of autophagy along with enzymes of the RAS 

pathway, instead of either RAS pathway or autophagy target
ing monotherapies, might be an appropriate way forward. 
This approach may also target cancer stem cells, as silencing 
of autophagy genes (ATG5, ATG7, BECN1) or the adminis
tration of CQ markedly reduced the PDAC stem cell 
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population and resistance against the standard-of-care drug 
gemcitabine in vitro and in vivo [211].

Similar combination studies have been carried out in 
glioma patients, where BRAF (V600) mutant pediatric glioma 
cells showed high dependency on autophagy, while BRAF WT 
gliomas are autophagy-independent [212,213]. Levy et al. have 
confirmed the context-dependent role of autophagy in glioma 
tumors, where CQ showed synergistic activity with the BRAF 
inhibitor vemurafenib in ex vivo tumor samples of glioma 
patients harboring BRAFV600E mutations but not in BRAF 
WT cells [213]. Also, the same group showed that adminis
tration of CQ after acquisition of vemurafenib-resistance by 
glioma patients resulted in clinical improvement and 
decreased growth of metastatic tumor sites [213,214].

Recent studies indicated that histone deacetylase inhibitors 
can induce autophagy [215]. In a phase I study, the combina
tion of HCQ with the histone deacetylase inhibitor vorinostat 
showed promising results in patients with advanced solid 
tumors [216] and colorectal carcinoma (NCT01023737). The 
combination of HCQ with rapamycin or temsirolimus also 
exerted limited but encouraging results in clinic [217,218].

More than 70 trials pairing HCQ and CQ with a variety of 
anti-cancer agents (with different modes of action) and radio
therapy in cancer patients have been completed or are 
ongoing. However, full translation of preclinical results into 
clinical practice has yet to be achieved. Although HCQ/CQ 
addition to the chemotherapy regimen is generally well toler
ated, only modest improvement of the progression of cancer 
was achieved in most cases. The fact that CQ and HCQ lack 
sufficient specificity to the autophagy pathway [22] may 
explain this limited clinical success.

Arguably, more selective and potent small molecules tar
geting core autophagy machinery or parts of the selective 
autophagy system may allow for a better therapeutic window 
and demonstration of the clinical proof of concept. Several 
pharmaceutical companies, such as Vescor Therapeutics, 
Deciphera Pharmaceuticals, and Sprint Bioscience, are pri
marily seeking to find more targeted autophagy inhibitors 
that can be exploited in clinics safely to obtain durable anti- 
tumor response (Table 2). On the other hand, consistent with 
the context-dependent role of autophagy in cancer, autophagy 
activation rather than inhibition may sometimes be favorable 
in certain settings [219]. Some drugs (e.g., gemcitabine) are 
reported to require autophagy to exert their anti-tumor activ
ity provoking autophagy-associated cell death, which may be 
of interest in apoptosis-resistant tumors [219–221].

NDDs

The neuroprotective activity of small molecules stimulating 
autophagic activity in neurons is being heavily investigated in 
preclinical models. Initial data using MTOR inhibitors, lithium, 
and repurposed drugs deliver encouraging results [222].

Huntington is caused by a mutation in HTT (huntingtin), 
the protein product of which is degraded by autophagy [223]. 
Rapamycin and temsirolimus have been found to attenuate 
HTT accumulation and cell death in neuronal cell culture and 
the fruit fly model of Huntington by facilitating autophago
some formation and enhancing lysosomal biogenesis [224]. 

Moreover, subsequent enhancement of MTOR-independent 
(lithium) and MTOR-dependent (rapamycin) autophagy 
pathways exerted greater protection against neurodegenera
tion in Drosophila compared with the stimulation of either 
pathway alone [200].

Inspired by the promising preclinical work and strong 
advocates of this approach [225], several phase 2 clinical trials 
have now been planned to study the biological and clinical 
effects of rapamycin on ALS (NCT03359538) and Alzheimer 
(NCT04629495) patients. Moreover, 95% of sporadic cases of 
ALS present accumulation of fragmented TARDBP (TAR 
DNA binding protein) [226], and the activation of autophagy 
to remove misfolded proteins has been raised as a potential 
therapeutic strategy. In this regard, therapeutic efficacy of 
three autophagy inducers on ALS are currently under clinical 
investigations: rapamycin (NCT03359538), colchicine 
(NCT03693781) and tamoxifen (NCT02166944).

Upregulation of autophagy by rilmenidine, an MTOR- 
independent autophagy inducer, improves the severity of the 
disease course in animal models of Huntington [227]. 
Therefore, as a new therapeutic approach for Huntington, 
the safety, tolerability and feasibility of rilmenidine were mea
sured in a small cohort study, where no drug-related adverse 
events were reported [228] (EudraCT number 2009–018119- 
14). The efficacy of the treatment is to be tested in larger, 
randomized, placebo-controlled trials.

Subjective cognitive decline (SCD), which is the individual 
experience of a decline in cognitive function [229], could 
evolve into objective cognitive impairments or Alzheimer 
[230]. In order to assist in the maintenance of brain function, 
memory protection was studied by the use of spermidine in 
a phase II pilot trial [231]. This polyamine was reported to 
maintain memory in aged fruit flies in an autophagy- 
dependent manner [232]. Likewise, spermidine intake in 
older adults suffering from SCD slightly enhanced their mem
ory performance and mnemonic discrimination compared to 
a placebo group [233]. It has also been suggested that dietary 
intake of spermidine lowers all-cause mortality in 
a prospective study [234]. Clearly, more work is needed to 
strengthen the link between spermidine, autophagy induction, 
and positive effects on well-being and cognition.

Spinocerebellar ataxia type 2 is caused by an CAG expan
sion in the ATXN2 gene, which is responsible for the oligo
merization and cytoplasmic accumulation of ATXN2 
(ataxin 2) proteins [235]. The autophagy inducer lithium is 
used in a clinical trial (NCT00998634) including patients 
suffering from spinocerebellar ataxia type 2. However, no 
differences were found in the progression of the disease, 
although lithium intervention significantly improved the 
depressive symptoms of the patients.

One concern with the autophagy activators is connected 
to the association of some forms of autophagy with cell 
death [236]. It appears that overstimulation of autophagy 
in some instances can sensitize neurons to apoptosis [237]. 
Also, the intactness of the lysosomal compartment seems to 
be crucial to the ability of neurons to degrade cargo sup
plied by the autophagosomes [238]. Although, some reports 
suggest that upregulation of the master transcription factor 
for lysosomal biogenesis TFEB may overcome the lysosomal 
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deficiency and confer neuronal protection in NDDs 
[239–241].

Infectious diseases

Studies suggest the activation of autophagy via rapamycin 
and a BECN1-derived peptide can limit the virulence of 
some viruses, including the human immunodeficiency virus 
(HIV), West Nile virus and chikungunya virus [242–244]. 
More recently, we have witnessed a significant interest of 
using CQ/HCQ for the treatment of SARS-CoV-2. In 
March 2020, FDA issued an emergency authorization for 
the use of CQ and its derivative HCQ as experimental treat
ments for SARS-CoV-2 but revoked this authorization in 
July 2020 due to the lack of benefits and serious side effects 
experienced by the patients [245]. Nevertheless, this 
approach has attracted the attention of many researchers as 
well as general public to the autophagy field, and there is 
a substantial newly-generated scientific evidence connecting 
autophagy to the coronavirus, which allows one to speculate 
that hijacking autophagy might treat SARS-CoV-2, or ame
liorate the infection-related symptoms.

Several concepts emerged in the context of targeting 
autophagy pathways to treat COVID-19 [246]. Whether 
this coronavirus actually benefits from autophagy inhibi
tion/activation, and if its modulation will be effective in 
controlling the viral replication and regulation of the 
inflammatory response, remains to be further investi
gated [71].

New drug approaches exploiting selective autophagy

A recent innovative approach in the context of autophagy 
drug discovery is the use of targeted protein degradation 
strategies. This milestone had been inspired by the earlier 
development of a class of small pharmacological agents called 
proteolysis-targeting chimeras (PROTACs), a rapidly emer
ging modality in targeted therapeutics [247]. PROTACs com
prise two covalently linked protein-binding modules: (1) 
a ubiquitin E3 ubiquitin ligase-binding ligand and (2) 
a covalently linked moiety binding the substrate protein. 
This binary molecule then binds to the target protein and 
induces its ubiquitination via the E3 ligase (e.g., CRBN or 
VHL), therefore enabling degradation of the substrate protein 
by the proteasome [248].

There are some important limitations to the PROTAC 
technology: these are relatively high molecular weight 
(>800 Da) compounds with potentially poor cell permeability, 
lower bioavailability, and blood-brain barrier diffusion coeffi
cient [249]. In the field of NDDs, protein aggregates are often 
sizable structures (~ 100 nm [250]), which would make them 
incompatible with the current PROTAC approaches, which 
rely on protein unfolding in order to enter the narrow barrel- 
shaped proteasome with a small central pore of only a few 
nanometers in diameter [251]. Targeting aggregated proteins 
to the autophagy-lysosome pathway represents an attractive 
alternative (Figure 2).

Lysosome targeting chimeras (LYTACs) are early proto
types of a lysosomal targeting molecule that would bring 

proteins directly to the lysosome. They consist of a small 
molecule or antibody fused to chemically synthesized glyco
peptide ligands recognized by the lysosomal trafficking recep
tor IGF2R/CI-M6PR (insulin like growth factor 2 receptor) 
expressed on trans-Golgi network, endosomes and the cell 
surface. Using this strategy, extracellular (IgG and APOE/ 
APOE4) and membrane-bound (EGFR and TFRC/CD71) 
proteins could be forced into the lysosomal degradation path
way [252] (Figure 2). Due to the large size (kDa range) of 
LYTACs and their dependence on the endosomal pathway to 
enter the cell, it is so far unclear how this approach could 
work with intracellular targets, such as protein aggregates 
characteristic of ALS and other NDDs.

Engagement of the autophagy machinery could offer a way 
to target autophagosomes to bulky cytosolic cargo. A recent 
project coordinated by the Arimoto group led to the discovery 
of autophagy-targeting chimeras (AUTACs), which facilitate 
the clearance of intracellular disease-related debris through 
selective autophagy [253] (Figure 2). AUTACs are made of 
a guanine degradation tag, which binds to autophagosomal 
membranes, and a warhead that can target specific intracel
lular components and accelerate their removal from specific 
organs. The group successfully targeted fragmented mito
chondria in Down syndrome using AUTACs and showed 
that this improved overall mitochondrial function, which 
could potentially prevent DS-associated symptoms, such as 
heart disease, hearing loss and Alzheimer-like dementia. 
Mechanistically, to induce selective autophagy of their cargo, 
AUTACs trigger and require the activity of S-guanylation- 
mediated K63 ubiquitination, which occurs via a KEAP1- 
dependent mechanism [254,255]. An advantage of AUTACs 
over PROTACs could be that it can be also applied to large 
structures, such as invading bacteria, mitochondria, and pro
tein aggregates.

An early proof-of-concept for hijacking selective autopha
gy mechanisms by small molecules was further provided by 
the authors which proposed autophagosome-tethering com
pounds (ATTECs) [256] (Figure 2). In this approach, 
a screening and optimization campaign yielded compounds 
that interacted with both LC3 and mutant HTT proteins 
[257]. These compounds directed mutant HTT, but not WT 
HTT proteins, to autophagosomal degradation and rescued 
disease-relevant phenotypes in cellular and animal models of 
Huntington. In contrast to PROTAC and AUTAC, ATTEC 
molecules are independent of ubiquitination. ATTEC drive 
the protein of interest directly to phagophores by simulta
neous binding to the target protein and LC3, which is asso
ciated with the phagophore membrane and assists in 
incorporating the cargo into the nascent autophagosome. 
Presently, ATTECs have proven to be efficacious in clearance 
of mutant HTT and other polyQ expansion proteins [256], 
but future studies are needed to develop a general degradation 
tool to target other proteins and bulky cargos.

In yet another new approach, Jose et al. attempted to 
stimulate mitophagy using a rapamycin-mediated FRB-FKBP 
dimerization system attached to the selective autophagy 
receptor CALCOCO2. Like other selective autophagy recep
tors, CALCOCO2 binds both LC3/GABARAP and the cargo 
(e.g., ubiquitinated mitochondria), thereby mediating targeted 
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autophagosome formation [10]. These investigators showed 
that FKBP-GFP-CALCOCO2 (mitophagy receptor), dimer
ized with FRB-FIS1 (mitochondrial protein) in the presence 
of rapamycin, were capable of inducing mitophagy in the cell 
[258]. Targeting selective autophagy receptors, rather than 
LC3/GABARAP, may have the advantage of a greater specifi
city to a particular target and increase the safety of the 
approach due to the redundancy of the selective autophagy 
receptor system [10]. The above studies have improved our 
understanding of selective autophagy degradation systems. 
These new concepts might spark clinical interest in the future 
if selective disease-specific protein degradation is robustly 
achieved.

Current challenges in design of drugs targeting 
autophagy

To date, despite the ongoing efforts, there are no autopha
gy-selective drugs found in clinical development. Clinically 
useful autophagy-modulating drugs, such as rapamycin 
and CQ discussed above, are targeting a broad range of 
molecules and/or pathways and cannot be considered 
selective to the autophagy pathway. On the other hand, 
more specific autophagy inhibitors targeting ULK1, 
PIK3C3, and ATG4 may require further optimization 
before they can enter clinical assessment. In this respect, 
it is exciting to see that current efforts yield additional 
starting points for developing new ULK1 and PIK3C3 
inhibitors [259], as much better autophagy-targeting tool 
compounds are needed not only to develop better drugs 
(more potent and selective drugs with optimal metabolic 
stability and cellular permeability), but also to obtain 
additional preclinical evidence for the significance of auto
phagy modulation in various disease models. Indeed, 
results obtained from clinical trials with the current auto
phagy modulators (mostly CQ and HCQ) are encouraging 
enough to warrant an investment in the development of 
potent and safe autophagy modulators to produce robust 
anti-tumor effects or promote clearance of pathological 
aggregates in NDDs.

An unsolved issue in current drug discovery approaches in 
the field of autophagy is the lack of robust autophagy assays 
and translational biomarkers. The present overreliance on 
LC3 puncta formation and LC3-based flux assays has the 
caveat that LC3 has been increasingly associated with 
a number of novel autophagy-related pathways. Some of 
those, such as LC3-associated phagocytosis (LAP [260]) and 
LC3-associated endocytosis (LANDO [261]), also lead to 
degradation of their substrates in the lysosome, while others, 
such as non-canonical secretion [262], lead to changes in the 
proteome but would have no effect on metabolites produced 
by cargo degradation. In addition, as reviewed before [263], 
LC3 accumulation cannot discriminate between the induction 
of an autophagic flux and the inhibition of the lysosomal 
activity. There is consequently an acute need for specific 
reporters and markers for canonical autophagy. Selective 
autophagy receptors, such as SQSTM1 and NBR1, being con
stantly targeted to the canonical autophagy pathway via their 
oligomerization and LC3/GABARAP binding, may provide 

a more reliable system to read out autophagy activity and 
must be combined with LC3 assays as per current guidelines 
[264]. However, even SQSTM1 and NBR1 were reported to be 
degraded via microautophagy-like endosomal pathway [265], 
so that even more specific markers may be required. Use of 
powerful comparative proteomics may yield pathway-selective 
markers in the near future [266].

Translation of a drug effect from in vitro cellular assays to 
efficacy in preclinical in vivo experiments and, ultimately, to 
a clinical benefit is the backbone of contemporary evidence- 
based drug discovery and development. Translational biomar
kers should include those for the stratification and selection of 
the right patient cohort (i.e. predictive biomarker) and for 
demonstrating target engagement (i.e. pharmacodynamic bio
marker) of a given drug. In autophagy-centric drug discovery 
there is currently a profound lack of both. LC3-positive 
puncta cannot be reliably used either as predictive or phar
macodynamic biomarkers due to the aforementioned reasons. 
Utility of SQSTM1 abundance is also limited due to the 
transcriptional regulation of the protein during certain stress 
conditions [267]. Therefore, any progress of drug discovery 
and development in the field of autophagy is contingent upon 
the advent of new and robust assays and translational bio
markers, also amenable to clinical use.

Concluding remarks

Despite the great progress in our understanding of the autopha
gy pathway, there is an apparent lack in translating mechanistic 
studies into clinically active drugs compared to other fields, e.g. 
growth factor or cytokine signaling. One reason for that is the 
recent realization that autophagy is a highly complex and 
branched pathway with a plethora of canonical (e.g., catabolic) 
and non-canonical (e.g., secretory and trafficking) functions. In 
addition, seemingly autophagy-specific core ATG proteins have 
been shown to exert roles outside autophagy pathways (e.g., 
LC3/GABARAP proteins have scaffolding functions [268]). 
This growing complexity is not matched by the discovery and 
validation of differentiating biomarkers that are needed to build 
the right assays and profile lead compounds to nominate clinical 
candidates. Modern assay technologies will have to be harnessed 
to improve the way autophagy-selective drugs are being discov
ered and validated in the future.

Roles of autophagy in human diseases are manifold, with 
some validated approaches available based on extensive precli
nical work (activation of autophagy in NDD to clear aggregates 
is one such example [269]). With more private companies 
(Table 2) venturing in rigorous drug screening campaigns, we 
will see an improved pharmacological toolbox being available in 
the near future to provide additional validation of the therapeu
tic concept of targeting autophagy in cancer. Here, encouraging 
preclinical data using autophagy inhibition in combination with 
agents stimulating the anti-tumor immune response provide an 
inspiration for modern oncology [176]. It is key for the field that 
academia and industry join their efforts in providing proof-of- 
concept for targeting autophagy across many other diseases 
where the causative role of autophagy dysregulation has been 
surmised based on early genetic studies.
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Chronic pan-autophagy inhibition may come with serious 
limitations, such as toxicity on multiple organ systems (CNS, 
muscles, liver, and bone marrow), hypoglycemia, increased 
infection rates, and potential tumorigenesis as described in 
mouse models in which key autophagy genes are disabled 
[270,271]. Therefore, in parallel to the design of better autopha
gy inhibitors, targeting of selective autophagy pathways should 
be pursued, which may bring a broader therapeutic window 
especially in the chronic disease setting. Conversely, overactiva
tion of the autophagy pathway may lead to pathology (over
stimulation of autophagy has sensitized some cell types to cell 
death [237]). Utility of selective autophagy activators, such as 
AUTACs and ATTECs, may be a safer alternative to pan- 
autophagy inducers currently poised to enter the clinic [249].

One of the lessons of the ongoing SARS-CoV-2 pandemic 
has been the previously underestimated value of collaboration 
between academia, industry, clinicians and regulators, which 
ensured an unprecedented response to the global public 
health challenge. The field of autophagy would equally benefit 
from a coordinated effort of multiple academic, clinical and 
industrial laboratories. Driving Next Generation of 
Autophagy Scientists (DRIVE [272]) is one example of such 
a consortium, which aims at improving the cross-discipline 
and cross-laboratory collaboration to assess modulation of 
autophagy as a disease-modifying strategy.

Overcoming the above hurdles in parallel to the ongoing 
unraveling of autophagy biology will undoubtedly unlock the 
massive therapeutic potential of targeting autophagy pathways 
in human disease.
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