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ABSTRACT

Lysosomal compartments control the clearance of cell-own material (autophagy) or of material that cells endocytose from the
external environment (heterophagy) to warrant supply of nutrients, to eliminate macromolecules or parts of organelles present
in excess, aged, or containing toxic material. Inherited or sporadic mutations in lysosomal proteins and enzymes may hamper
their folding in the endoplasmic reticulum (ER) and their lysosomal transport via the Golgi compartment, resulting in lysosomal
dysfunction and storage disorders. Defective cargo delivery to lysosomal compartments is harmful to cells and organs since it
causes accumulation of toxic compounds and defective organellar homeostasis. Assessment of resident proteins and cargo fluxes
to the lysosomal compartments is crucial for the mechanistic dissection of intracellular transport and catabolic events. It might
be combined with high-throughput screenings to identify cellular, chemical, or pharmacological modulators of these events
that may find therapeutic use for autophagy-related and lysosomal storage disorders. Here, discuss qualitative, quantitative and
chronologic monitoring of autophagic, heterophagic and lysosomal protein trafficking in fixed and live cells, which relies on
fluorescent single and tandem reporters used in combination with biochemical, flow cytometry, light and electron microscopy
approaches implemented by artificial intelligence-based technology.

1 | Lysosomes and Endolysosomes: A Historical
Overview

Russian zoologist Ilja Iljitsch Metchinkoff, awarded with the
Nobel Prize in Physiology or Medicine 1908 for the discovery
of phagocytosis, was probably the first scientist to observe and
report that intracellular digestion proceeds at acidic pH [1].
However, lysosomes, the intracellular organelles storing the

hydrolytic enzymes ensuring clearance of macromolecules and
portions of other organelles, were isolated [2, 3], named [4, 5]
and visualized in light and electron microscopy [6] more than
60years later. Lysosomes are nowadays considered signaling
hubs that modulate protein, lipids, ions, stress and nutrient dy-
namics [7, 8]. They eventually deliver hydrolases upon fusion
with endosomes to generate degradative endolysosomes or with
autophagosomes to generate degradative autolysosomes [9-11].
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1.1 | The Degradative Compartments Are Acidic
Organelles

Endolysosomes stand out due to their physico-chemical prop-
erties that govern the biological processes taking place in their
lumen. Perhaps the most crucial property of degradative endo-
lysosomes is the acquisition and maintenance of an acidic en-
vironment. Although it has been known since the work of Ilya
Metchnikoff that lysosomal enzymes require acidic pH to func-
tion, the first measurement of lysosomal acidity, with values
ranging from pH4.5-4.8, dates back to 1978 [12]. The low pH
of lysosomes and degradative endolysosomes is maintained by
Vacuolar (V)-type ATPases that actively pump H* ions into the
lumen of the organelle. Consistently, cell exposure to the macro-
lide antibiotic Bafilomycin A1 (BafA1l), a selective inhibitor of V-
ATPases, neutralizes pH and inactivates the hydrolytic activity
of degradative organelles [13-15].

1.2 | Lysosomal Enzyme Trafficking
and Lysosomal Storage Disorders

Lysosomal hydrolases are synthesized in the ER. Upon success-
ful completion of the folding program, they enter the secretory
pathway, the Golgi compartment and are eventually diverted
to the lysosome upon recognition of their N-linked glycans by
mannose 6-phosphate receptors (Figure 1, pink arrows). Protein
folding is error prone, and missense mutations within the coding
sequence of the lysosomal enzymes reduce the ability of the pro-
tein to fold and function correctly and are associated with vari-
ous lysosomal storage disorders (LSDs) [16]. In some cases, the
mutation delays conformational maturation, leads to prolonged
ER retention, and may result in inappropriate degradation of po-
tentially active proteins (loss-of-function disorders) [17-21]. As a
general rule, when mutations do not occur in the enzyme's ac-
tive site, therapeutic intervention with chemical and/or pharma-
cological chaperones is an option to protect mutant polypeptides
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from premature clearance, increase their folding efficiency,
stabilize their structure and eventually promote their transport
to the intra or extracellular site of activity [22-25]. Crucially, the
development and screening of successful therapeutics for LSDs
requires quantitative methods to monitor the delivery of hydro-
lases to the lysosomal compartments.

1.3 | Exogenous or Endogenous Material Cleared
Within Acidic Degradative Compartments

Degradative pathways are classified according to the exogenous
(hetero-phagy) or endogenous (auto-phagy) material that they
are handling [26, 27].

1.4 | Heterophagy: Lysosomal Clearance
of Extracellular Material

Heterophagy consists of uptake and lysosomal degradation of
extracellular (i.e., non-self) material [27]. Heterophagy sub-
strates include macromolecules, receptor ligands, pathogens of
bacterial, viral or multicellular origin, or cellular debris endo-
cytosed from the extracellular environment (Figure 1). These
substrates are engulfed within a portion of plasma membrane
that forms an endocytic vesicle [28]. Several endocytic pathways
lead to substrate degradation: (i) receptor-mediated endocyto-
sis (also called clathrin-mediated endocytosis): a protein coat
basket formed on the inside of the plasma membrane encloses
extracellular cargo and fuses with endosomes that eventually
merge with lysosomes to degrade the extracellular material;
(ii) caveolin-mediated endocytosis: caveolae derived from the
plasma membrane fuse with endosomes or lysosomes; (iii) mac-
ropinocytosis: macropinosomes engulfing large volumes of ex-
tracellular liquids fuse with lysosomes; (iv) phagocytosis: large
substrates such as extracellular pathogens or cell debris are en-
gulfed by the cell forming a phagosome, that later fuses with a
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FIGURE 1 | Overview of mammalian lysosomal trafficking pathways. Red arrows indicate hetero-phagy pathways, violet arrows auto-phagy

pathways and pink arrows transport of lysosomal enzymes from the site of synthesis (the ER) to their homing organelle, via the Golgi complex. EL,

endolysosome; ERLAD, ER-to-lysosome-associated degradation; ONM, outer nuclear membrane.
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lysosome (Figure 1, red arrows) [29-34]. Deficiencies within the
endocytic pathways are observed in multiple genetic disorders,
such as familial pulmonary arterial hypertension [35, 36], lipo-
dystrophy [37], genetic immune disorders [38], cancers [34, 39]
and many others.

1.5 | Autophagy: Lysosomal Clearance of Cell-Own
Material

Autophagy is the clearance by lysosomal enzymes of cells-own
components such as portions of organelles (e.g., mitochondria,
the ER, the nuclear envelope, the Golgi, peroxisomes and lyso-
somes) or of cytoplasmic macromolecules including ribosomes,
protein aggregates, glycans and lipid droplets (Figure 1, purple
arrows). Autophagic cargo arrives to degradative compartments
through a variety of pathways: (i) macro-autophagy involves the
formation of double-membrane autophagosomes that capture
the material to be degraded and eventually fuse with lysosomes
to generate degradative autolysosomes; (ii) micro-autophagy oc-
curs via degradative endolysosomes that directly engulf material
to be removed; (iii) LC3-dependent vesicular transport involves
fusion of portions of organelles with degradative compart-
ments to release cargo for lysosomal clearance; (iv) chaperone-
mediated autophagy relies on receptor-mediated translocation
of cytosolic proteins within degradative compartments. The mo-
lecular bases of these pathways are thoroughly described in re-
cent reviews [40-50]. Countless diseases are caused by or linked
to a deficiency within the autophagic landscape [51-53].

In the context of basic research and drug discovery, the estab-
lishment of quantitative methods to monitor the transport of
intra- and extracellular material to lysosomal compartments is
necessary for the assessment of trafficking and autophagic path-
ways, to identify and intervene to cure abnormalities that may
contribute to pathology. One of the fundamental challenges is
the highly acidic and highly hydrolytic environment that rapidly
recycles the autophagic clients transported to the degradative
organelles. To overcome these restraints researchers developed
a toolbox of pharmacological treatments and protein-based re-
porters to monitor the trafficking of substrates to degradative
compartments.

2 | Measuring Substrate Flux to Degradative
Endolysosomes

2.1 | Measuring Substrate Flux Upon Lysosomal
Inactivation

Material delivered within degradative organelles is rapidly
destroyed. Thus, to get information on the magnitude of lyso-
somal delivery of substrates to be cleared from cells, one option
is to inhibit lysosomal hydrolases and quantify the material
accumulating within the endolysosomal lumen. To this end,
three classical approaches are employed: the first consists in
inactivation of lysosomal proteases with a cocktail of cell per-
meable protease inhibitors. The second exploits the fact that
lysosomal hydrolases have an acidic pH-optimum and consists
in the pharmacological inhibition of the V-ATPase to neutral-
ize the endolysosomal pH. In the third, compounds such as

chloroquine accumulate in the acidic compartment and buffer
endolysosomal pH through self-protonation [54]. Although
organelles such as Golgi and endosomes have an acidic
lumen, they do not reach the acidification level of degrada-
tive endolysosomes that ranges between pH4.5 and 5 [55-58].
Acidification of the endolysosomal lumen favors enzymatic ac-
tivity of the lysosomal hydrolases and drives conformational
changes within substrates thereby priming them to hydrolysis
[11, 59]. Inhibitors such as BafA1 or Concanamycin A [13-15]
that neutralize endolysosomal pH have been employed by re-
searchers to prevent the degradation and measure the traffick-
ing of endolysosomal cargoes.

Finally, pharmacological inhibition of autophagic flux with
chloroquine (or its derivative hydroxychloroquine), is a po-
tent strategy to selectively inhibit autophagosome-mediated
delivery of material to-be-degraded. Chloroquine progres-
sively slows down autophagy by preventing lysosome-
autophagosome fusion and buffering endolysosomal pH, thus
driving the accumulation of cytoplasmic autophagosomes
and their cargo [60-64]. Moreover, chloroquine and hy-
droxychloroquine have been approved by the Food and Drug
Administration (FDA) for clinical use and are both widely em-
ployed as a chemotherapy against multiple types of cancers, as
well as anti-malaria drugs.

Lysosomal inactivators have been extensively used to assess bulk
or unspecific autophagic flux. The readout of bulk autophagic
flux is based on the measurement of the turnover of ATGS/
LC3/GABARAP family member proteins that have entered the
degradative pathway (i.e., lipidated at the surface of autophago-
somes or endolysosomes) [65-67]. The difference between the
amount of lipidated ATGS8 proteins present in cells with inhib-
ited autophagic degradation (generally detected in Western Blot
as a faster-traveling band compared to the non-lipidated soluble
form) and in cells with ongoing degradation indicates the bulk
autophagic flux at steady state.

While the protease and lysosomal inactivators have been
widely employed to measure autophagic and heterophagic
fluxes, it became clear that these pharmacological agents in-
duce indirect effects on cell physiology, such as apoptosis [68],
impaired Golgi and endosomal function [64] and increased se-
questration of autophagic substrates in autophagosomes or in-
activated degradative organelles [69]. Importantly, lysosomal
inactivation might enhance LC3/GABARAP lipidation at sin-
gle membrane endolysosomes [70, 71], directly impacting the
quantification of the autophagic flux. Moreover, temporal res-
olution is often not assessed at all; therefore, the accumulation
of the degradative cargo indicates qualitatively, rather than
measures quantitatively, the induction of autophagic flux.

2.2 | Measuring Substrate Flux Without
Perturbation of Lysosomal Activity

To overcome these pitfalls, researchers developed a long list
of protein tags that can be added to autophagy gene prod-
ucts, cargo proteins, lysosomal enzymes to monitor their in-
tracellular trafficking without perturbing the degradative
activity or the luminal pH of endolysosomal compartments.
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These protein tags exhibit intrinsic fluorescence (e.g., GFP,
YFP, RFP, mCherry and Keima), or can bind cell permeable
or impermeable fluorescent molecules (e.g., HaloTag [72, 73]).
They can be combined in tandem reporters (e.g., mCherry-
GFP [74, 75] and HaloTag-GFP [76, 77]) to extend their ap-
plications and modes of detection (gel electrophoresis, light
and electron microscopy, flow cytometry, Figure 2). Their
physico-chemical properties, including their stability, may
change at the acidic pH of the lysosomal lumen. These lyso-
somal trafficking fluorescent reporters may be classified into
four groups based on their mode of action and the available
readouts reporting on their arrival into degradative endolyso-
somes (see Box 1; Figure 2):

« Tandem Fluorescent Reporters (mTagRFP-mWasabi [78])
(Figure 2A).

« Proteolytic Probes (CCER [79] and HaloTag [77, 80])
(Figure 2B).

« Proteolytic Tandem Fluorescent Reporters (HaloTag-GFP
[76, 77, 81] and mCherry/RFP-GFP (74, 75, 82]) (Figure 2C).

» pH-sensitive ~ Fluorescent and  Forster/Fluorescence
Resonance Energy Transfer (FRET) probes (Keima [83]
and Signal-Retaining Autophagy Indicator [SRAI] [84])
(Figure 2D).

The first and so far, most used tandem fluorescent bulk auto-
phagy reporter developed, the mCherry-GFP tag fused at the
N-terminus of LC3 [74, 75, 85], fluoresces in GFP and mCherry
channels when located outside of acidic degradative organelles.

Examples and MoA of Fluorescent Reporters

Upon arrival in the acidic environment, the chromophore of
acid-sensitive GFP portion undergoes reversible protonation
[86, 87], rapidly losing most of its fluorescence. Eventually, GFP
B-barrel is destroyed by acids and lysosomal hydrolases [88-90],
leading to the irreversible loss of fluorescence. In contrast, acid-
insensitive mCherry reversibly loses its fluorescence only at
lower pH (pKa of mCherry is below physiologically observed
pH levels of 4.5 [86, 91]) and is resistant to the irreversible loss
of fluorescence, thus remaining fluorescent upon arrival in the
endolysosomal lumen [91]. Therefore, the rate of autophagic flux
may be measured by assessing the rate of formation of mCherry-
only puncta within LAMP1/RAB7-positive endolysosomes.
Following the introduction of mCherry-GFP-LC3, researchers
focused on the improvement of signal-to-noise ratio by employ-
ing more stable and more acid-sensitive fluorescent proteins
(e.g., mTagRFP-mWasabi [78], pHluorin-mKate2-LC3 [92, 93]),
adding new modalities to the readouts (e.g., fluorescent in-gel
detection of endolysosomal HaloTag fragment [76, 77, 81]), and
fluorescent protein multiplexing to differentiate between differ-
ent stages of autophagy progression [94].

3 | Assessing Cargo-Specific Autophagic Flux

3.1 | Limitations of ATG8-Based Flux
Measurements

Flux measurements based on fluorescent tagging of ATG8

family proteins are useful in visualizing the ongoing auto-
phagic activity of the cell. However, they do not report on the
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FIGURE 2 |

Classes of fluorescent reporters and their read-out modalities for monitoring lysosomal delivery of proteins and organelles. The

grouping is decided by the mode of action (MoA) of a reporter and the available readout modalities reporting on lysosomal trafficking. (A) Tandem

fluorescent reporters. (B) Proteolytic probes. (C) Proteolytic tandem fluorescent probes. (D) pH-sensitive fluorescent and FRET probes. EL,

endolysosome; FRET, Forster/fluorescence resonance energy transfer; IF, immunofluorescence.
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BOX1 | Classes of fluorescent reporters and their use to monitor lysosomal delivery of proteins and organelles.

1. Tandem Fluorescent Reporters

Tandem fluorescent reporters are composed of pH-sensitive and pH-stable portions that change fluorescence emission prop-
erties upon delivery to acidic cellular compartments (Figure 2A). Introduction of mCherry/mRFP (acid-insensitive)-GFP
(acid-sensitive) tandem fluorescent reporters into the research [74, 75] revolutionized the field of autophagy by allowing
precise and live tracking of autophagic events within the cell. These early reporters presented a few weaknesses, related to
their sensitivity to acidic environment and overlapping excitation/emission spectra. Reversible loss of GFP fluorescence rep-
resents an issue for fixed-sample applications, as the reconstitution of GFP fluorescence upon fixation introduces an error to
the measurement, falsely suggesting that a portion of GFP did not enter the acidic environment. This limitation [75] has been
solved by substituting GFP moiety with mWasabi [78] and later with pHluorin [92, 93] that demonstrated higher pH sensi-
tivity of the reporter due to higher pKa of GFP variants [95], and higher proportion of irreversible to reversible fluorescence.
Similarly, the development of RFP/mCherry variants with lower pKa values and high resistance to lysosomal proteases would
result in more acid-stable emission.

Another issue with early tandem-fluorescent reporters is the overlap between GFP's emission spectrum and the excitation spec-
trum of RFP/mCherry, leading to the formation of an unwanted, low efficiency, FRET pair. The loss of the mCherry signal inside
acidic organelles due to the reduction in FRET between the two parts of the reporter introduces another variable into the quan-
tification of the signal. This shortcoming has been addressed by utilizing acid-sensitive/acid-insensitive fluorophore pairs with
smaller spectral overlap (e.g., by substituting mCherry with mKate2 [92, 96]) that allowed monitoring of autophagy events in far
red range thus reducing phototoxic effects during live measurements. Since their introduction, tandem fluorescent reporters have
been extensively used to monitor bulk and cargo-specific autophagy fluxes, as well as trafficking of endocytosed plasma mem-
brane proteins to endolysosomes [97, 98].

2. Proteolytic Probes

Proteolytic autophagic probes rely on the activity of acidic lysosomal hydrolases that cleave a portion of a reporter, thus
creating a stable reporter fragment that can be detected by gel electrophoresis or by Western Blot (Figure 2C). These report-
ers generally consist of a stable detectable portion (fragment) and a cleavable linker sensitive to lysosomal proteases. For
organellophagy applications, cleavable linkers are often not necessary as the cargo proteins themselves are processed or
degraded within the lumen of the lysosomes [99]. In mammalian cells, HaloTag [76, 77], Keima [100] and RFP/mCherry [79]
fusion proteins are used as autophagy flux reporters, as they produce a Western blot-detectable fragment upon processing by
endolysosomal enzymes. HaloTag is an inactive bacterial dehalogenase containing a pocket designed to covalently bind cell-
permeable chloro- and bromo-alkanes that can be modified with synthetic fluorescent probes [72]. HaloTag fragment labeled
with a fluorescent ligand retains its fluorescence when separated by gel electrophoresis, and thus is detectable by laser scan-
ning of the electrophoretic gel [76, 77, 81]. The fluorescent HaloTag pulse-chase technique, consisting of sequential labeling
of HaloTag-fusion proteins with fluorescent and nonfluorescent ligands, allows precise measurement of degradation kinetics
of different substrates [73, 76, 101].

3. Proteolytic Tandem Fluorescent Reporters

Autophagy flux reporters combining the properties of tandem-fluorescent and proteolytic probes allow multiple readouts, and
thus are used to characterize autophagy pathways by multiple methods. RFP-GFP reporter undergoes proteolytic cleavage in the
acidic environment of the endolysosome, producing a RFP fragment, which is detectable by immunoblotting [82]. More advanced
tandem fluorescent proteolytic HaloTag-GFP reporter allows the monitoring of bulk [77] and cargo-specific [76] autophagic
events by light microscopy (by observing the accumulation of HaloTag-positive/GFP-negative puncta within acidic endolyso-
somes), by flow cytometry (measuring the quenching of GFP fluorescence) and by measuring the amount of HaloTag fragment
by sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE), as well as degradation kinetics measurements [101]
(Figure 2B). Finally, fragments of other pH-stable fluorogenic proteins might theoretically be observed by immunoblotting, sug-
gesting that tandem-fluorescent reporters such as pHluorin-mKate2 and mTagRFP-Wasabi (Figure 2A) might, in theory, be used
as proteolytic tandem-fluorescent reporters.

4. pH-sensitive Fluorescent and FRET Probes

Earlier issues with false positive readouts based on GFP fluorescence inside acidic lysosomes, as well as a larger size of tandem-
fluorescent reporters suggested the need for the development of a complementary system to report on autophagy events. The
observation that the pH sensitive protein Keima changes its excitation wavelength in the acidic environment of the degradative
endolysosomes (Figure 2C) led to its use in monitoring non-selective (bulk) autophagy events [102], cytosolic turnover [103],
mitophagy (by adding a mitochondrial signal sequence at the N-terminus of the protein [83, 104, 105]), pexophagy [106] and
ribophagy [100, 107]. Despite the reliable results, Keima reporter is prone to a permanent excitation wavelength shift upon pro-
longed light exposure, reverts its wavelength shift during cell fixation protocols making it suitable exclusively for live imaging
applications, and its use requires a technically complex dual-excitation imaging system [108].

To address these issues, a complementary system based on FRET was introduced. The SRAI reporter [84] is composed of an
extremely acid-resistant cyan-emitting fluorescent protein (afCFP) derived from Anthozoa coral [109] (thus named TOLLES,
TOLerance of Lysosomal EnvironmentS), and an acid-sensitive yellow fluorescent protein YPet. The YPet (acceptor)-TOLLES
(donor) pair is a potent FRET tandem, functioning exclusively outside the acidic compartment [110]. Outside of degradative orga-
nelles, mainly YPet fluorescence is observed, while upon the degradation of YPet inside degradative organelles, TOLLES fluores-
cence is predominant as it is not absorbed anymore by the acceptor [110]. Contrary to mCherry/RFP-GFP reporters, that exhibit
residual unwanted FRET activity that is difficult to account for, the readout of YPet-TOLLES reporter is highly quantitative and
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BOX 1 (Continued)

for researchers performing autophagy flux measurements.

specific to the acidic environment of the endolysosomes. Such FRET readout allows monitoring of bulk [111], ER [111] and mito-
chondrial [84] autophagy fluxes in living cells and tissues, as well as in fixed samples, and has a potential to become a go-to tool

rate of delivery of specific cargoes, and they are not suitable
for monitoring non-autophagic trafficking of endocytosed sub-
strates and lysosomal hydrolases, nor the autophagic traffick-
ing independent of ATGS proteins [112, 113]. Moreover, levels
of lipidated ATGS8 proteins are subject to intrinsic variation
due to the presence of multiple adaptor proteins with varying
degradation rates (LC3 proteins vs. GABARAPs) [114], high
background signal due to ongoing bulk autophagy in cells at
steady state [115] and incorporation into intracellular aggre-
gates [116, 117]. Furthermore, the level of LC3 lipidation does
not necessarily reflect ongoing autophagy as it may be induced
indirectly, for example, by chemical treatments preventing au-
tophagic flux [70].

Autophagy adaptor proteins (e.g., p62/SQSTRM1) and auto-
phagy receptors fused to a fluorescent flux reporter are used
as reporters of selective autophagic flux within a specific
pathway [75, 118]. However, they often do not reflect the real
degradation rate of the substrate protein or the organelle, as
they are more efficiently removed than their cargo due to a
direct interaction with ATG8 family proteins [115]. Moreover,
overexpression of reporter-tagged receptors results in an
upregulation of autophagy and an increase in autophagic
flux [76, 119-122]. Therefore, endogenous tagging of ATGS-
interacting proteins is often required to analyze the effects of
autophagy-inducing stimuli.

3.2 | Fluorescent Reporters to Study
Organellophagy and Xenophagy

Organellophagy, that is, the fragmentation and lysosomal
delivery of mitochondria, ER, Golgi and other organelles
for clearance has first been observed more than 70years
ago (for mitophagy [27, 123-126], ER-phagy [27, 127-133]).
Despite early observations, quantifying degradation rates of
specific organelles, such as mitochondria and ER by cargo
degradation assays has been historically challenging due to
small relative changes in organelle-specific protein abun-
dance levels induced by autophagy cues. Amino acid starva-
tion (a strong physiological autophagy cue) causes clearance
of 7.8% of ER protein content [134] (after 10h) that can hardly
be assessed only with complex quantitative proteomics assays
[134, 135]. Similarly, mitophagy induction by starvation or hy-
poxia is not observable by conventional biochemical measure-
ments of mitochondrial protein abundance changes within
the cell [136].

Monitoring the delivery of organelle portions to lysosomes
provides a simple way of measuring organelle delivery to deg-
radative endolysosomes. First quantitative measurement of
organelle autophagy flux in mammalian cells were performed
by attaching the pH-sensitive and protease-resistant protein

Keima to the mitochondrial signal sequence (mt-Keima) [83].
Keima is an engineered 31kDa fluorescent protein derived
from stony coral Montipora [137]. The chromophore of Keima
is present in either neutral or ionized state, depending on the
pH of the environment, resulting in two distinct excitation
peaks corresponding to the neutral and ionized states of the
phenolic hydroxyl moiety of the chromophore. Upon arriving
within acidic degradative endolysosomes, the reversible shift
in the excitation wavelength allows precise monitoring and
quantification of autophagic events in live imaging setups
[83, 103, 136, 138, 139].

The direct measure of the delivery of organelle components to
degradative organelles reduces the measurement error present
when using bulk autophagic flux as a readout and is generally
pathway-agnostic. Therefore, the use of Keima tag has been
further expanded beyond mitophagy applications to moni-
tor ER-phagy [134, 135], ribophagy [100, 107] and Golgiphagy
[140] (Figure 1). As the quantitative organelle flux measure-
ments have been established for Keima, other fluorescent re-
porters have been used for the assessment of the magnitude of
organelle-specific autophagy. This trend is clearly illustrated
by the multitude of ER-phagy substrates monitored with flu-
orescent reporters. Lysosomal ER turnover has been dissected
using luminal tandem fluorescent ssRFP-GFP-KDEL [134]
and ER membrane mCherry-RAMP4 (CCER [79]), Keima-
RAMP4 [135] and tandem-fluorescent GFP-mCherry-RAMP4
(EATR [79, 141, 142]), as well as ER compartment-specific ER
sheets (CLIMP63-mCherry-GFP [141]) and ER tubules (REEP5-
mCherry-GFP [135, 141]) fluorescent reporters (see Box 1).
Furthermore, the kinetics of autophagic clearance of ER portions
containing ER-phagy receptor SEC62 [143, 144] or containing
misfolded proteins [145, 146] were measured by HaloTag-GFP
reporter [76, 145-148].

Similarly, xenophagy (foreign-eating), a process of elimi-
nation of intracellular pathogens by degradative endolyso-
somes, may be theoretically explored and quantified with
fluorescent reporters. So far, the visualization of pathogens
inside endolysosomes is restricted to light [149, 150] and
electron microscopy micrographs of cells, but the quantita-
tive assessment of these events with fluorescent reporters is
conceivable.

3.3 | Fluorescent Reporters to Study ERLAD

The misfolded polypeptides produced in the ER are cleared
via ER-associated degradation (ERAD) or via ER-to-lysosome-
associated degradation (ERLAD). ERAD proceeds upon
translocation of the misfolded protein across the ER mem-
brane into the cytosol, where it is poly-ubiquitylated and de-
graded by 26S proteasomes. ERLAD intervenes to remove

6 of 22

Traffic, 2024

85UB017 SUOWIWIOD SA[ea1D 3 (dedl dde 8Ly A peusenob a1e sajolie VO ‘85N JO Sa|N. 10y ARl 8UIIUO AB|IA LD (SUOIPUOD-PUR-SLLIBY WO A8 | 1M ARe.d1jBull[UO//SdL) SUORIPUOD Pue SWie | 8u18es * [1Z0z/TT/ST] uo AkeidiTauliuo (1M ‘ouebn ipeLelSBAILN BI8I0l(qIg AQ L6621 BA)/TTTT'OT/I0P/W0d A8 | im Ake.d 1 jpuluoy/:sdny WwoJj pepeojumod ‘0T ‘7202 ‘¥S80009T



ER portions that contain misfolded polypeptides that fail to
be translocated across the ER membrane and to enter ERAD
pathways [101, 145, 151].

ERLAD is responsible for disposal of a variety of misfolded
substrates [152]. The paradigmatic example of an ERLAD
client is ATZ, the Z variant of al-antitrypsin featuring an
E342K point mutation within its polypeptide sequence that
significantly amplifies its propensity for polymerization
[153-157]. The polymers of ATZ are too large to enter ERAD
pathways and are instead segregated in ER subdomains that
are eventually delivered to endolysosomes for clearance
[101, 146, 153, 154, 158-160]. Fluorescent reporters have been
employed to monitor the trafficking of ATZ polymers to deg-
radative endolysosomes: pulse-chasable proteolytic HaloTag
probe was used to measure the degradation kinetics of ATZ
[101], while the proteolytic tandem fluorescent HaloTag-GFP
reporter was employed to measure the time course of delivery
of ATZ to degradative compartments [76]. Other ER-localized
misfolded polypeptides, whose ERLAD has been dissected
with fluorescent reporters include misfolded procollagen
[161, 162] and P3H4 [163].

3.4 | Fluorescent Reporters to Study Heterophagy

Selective and non-selective endocytic pathways converge on
the endolysosome for degradation of extracellular and plasma
membrane components (Figure 1). Tandem-fluorescent re-
porters have been employed to monitor heterophagic events,
such as during endocytosis of extracellular misfolded proteins
(e.g., amyloid precursor protein [97], alpha 2-macroglobulin
[164] and heat-misfolded Clusterin [165] as well as during
the regulation of glucose signaling through GLUTI1 glucose
transporter endocytosis [98]). However, the adoption of these
techniques is significantly lagging in the fields of heteroph-
agy. Fluorescent reporters have a potential to fast-forward
drug discovery for diseases associated with these pathways
that include neurodegenerative disorders, cancer and immune
disorders.

4 | Monitoring Lysosomal Delivery of Hydrolases
for Pharmacologic Intervention in LSDs

Owing to the pathway-agnostic mode of action of cargo-specific
fluorescent reporters, they may be repurposed to monitor the de-
livery of lysosomal-resident proteins to their homing organelle.
Lysosomal enzymes are synthesized in the ER and are trans-
ported to their site of activity through the conventional secretory
pathway. Several LSDs are caused by genetic missense muta-
tions affecting the tertiary structure of lysosomal enzymes and
preventing their trafficking to the degradative organelles. For
example, mutations that impair conformational maturation of
f-glucocerebrosidase, galactocerebrosidase, or o-galactosidase
cause Gaucher [166], Krabbe [167, 168] and Fabry [169, 170] dis-
eases, respectively.

The application of autophagy reporters to monitor the de-
livery of lysosomal enzymes is still very limited. We have re-
cently demonstrated the practicality of fluorescent reporters

in assessing the efficiency of lysosomal trafficking of disease-
relevant mutant polypeptides by employing the proteolytic
HaloTag probe in cellular models of GM1-gangliosidosis and
Morquio B disease [80]. These rare and phenotypically dis-
tinct genetic disorders are caused by destabilizing missense
mutations within the lysosomal [(-galactosidase enzyme
[17, 171-173]. The amount of HaloTag fragment formed upon
the arrival of mutant polypeptides within acidic endolyso-
somes was significantly reduced because of missense amino
acid substitutions affecting the folding of the enzyme within
the ER (Figure 2B). Enhancement of HaloTag fragment produc-
tion was a simple read-out to assess the capacity of allosteric
pharmacological chaperones to enhance the trafficking of the
mutant hydrolases, and reduce the accumulation of toxic GM1
ganglioside substrate, serving as proof-of-concept that fluores-
cent reporters may (and should) be exploited within the drug
discovery pipelines for the screening and identification of ther-
apeutic compounds [80]. Inducible mCherry-GFP reporter was
used to monitor the delivery of lysosomal DNASE?2 in a time-
resolved manner [174, 175].

5 | InVivo Applications of Cargo-Specific
Autophagy and Lysosomal Transport Reporters

In vivo monitoring of the degradation of disease-relevant sub-
strates, such as damaged mitochondria or misfolded ER pro-
teins and delivery of lysosomal enzymes, represents a concrete
application of cargo-specific autophagy and lysosomal transport
reporters [80, 115, 152, 176, 177]. Due to the high specificity of
the readout, employing cargo-specific autophagy flux reporters
would allow identification and pre-clinical testing of target-
specific modulators of autophagic degradation and protein traf-
ficking [80, 141, 178].

Several autophagy and lysosomal transport reporters are suit-
able for animal model applications. For these purposes, the use
of reporters with robust expression in the tissue of interest and
minimal side effects is essential. Transgenic mice expressing
the mCherry-GFP reporter targeted to outer mitochondrial
membrane (mito-QC) demonstrated that extensive mitophagy
is taking place in multiple organs during development and in
adult mice [179, 180]. Similarly, mice expressing pHluorin-
LC3-mCherry were employed to dissect autophagic responses
to nutrient deprivation in different organs and to monitor the
crosstalk between autophagy and insulin secretion [181]. SRAI
reporter is particularly well suited for in vivo applications due
to low phototoxicity during imaging, and highly quantitative
readout in live imaging and fixed tissues. Adeno-associated
virus delivery of Mito-SRAI was used to measure toxin-
induced mitophagy responses in non-dopaminergic neurons
in a mouse model of Parkinson's disease [84]. Mice express-
ing the mRFP-GFP-KDEL ER-phagy reporter demonstrated
the active role of ER-phagy receptor FAM134C in mediating
nutrient deprivation responses in mouse liver [182]. Finally,
mt-Keima transgenic mice allowed the characterization of a
wide range of physiological and disease-related mitophagy re-
sponses [138]. As the availability of in vivo-suitable autophagy
reporters grows, we expect to see the implementation of these
and other novel animal reporter models in the drug discovery
pipelines.
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6 | Microscopy Techniques for Monitoring
Proteins and Organelles Delivery to Degradative
Endolysosomes

6.1 | Light Microscopy Techniques for Visualizing
Autophagy Flux and Lysosomal Delivery

In the last decades, light microscopy proved to be one of
the major techniques to monitor intracellular events in space
and time. Since the 1960s, the parallel advancements of flu-
orescent probes and light microscopy techniques, especially
confocal, have been instrumental to most of biological appli-
cations for their combined ability in highlighting—at high
resolution—structures of interest from background [183]
(Figure 3A). Still, technical limitations do not currently
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trimmed down to the choice between a different combination of
three parameters: speed, resolution and photodamage.

6.1.1 | Fixed Cell Light Microscopy

Low-speed, high-resolution, high-power techniques such as
laser-scanning confocal microscopy are ideal for the investi-
gation of fixed samples. Confocal microscopy's ability to re-
move signal from out-of-focus planes together with double- or
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illustrating the steps for machine learning-assisted image analysis. a.u., arbitrary unit; EL, endolysosome; EV, ER-derived vesicles.
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localization of the proteins or organelles of interest. Monitoring
the fluorescence reporters that we mentioned in the first part
by confocal microscopy [186] provides the ability to precisely
discriminate the spatial localization of substrates relative to the
degradative organelle (i.e., inside the degradative organelle vs.
close to its membrane) [101]. Furthermore, the development of
non-fluorescent reporters that can covalently bind to an exog-
enous fluorophore ligand (such as HaloTag [72, 187], Snap-Tag
[188, 189] and Clip-Tag [190]) allowed the visualization of au-
tophagic events with pulse-chase experiments, thus combining
high spatial resolution with temporal information [76, 77, 147].
Of note, fixation and permeabilization of the sample can intro-
duce chemical modifications that might potentially alter fluo-
rescence intensity and affecting quantification. Some reporters
(e.g., Keima-based) are affected by the environmental pH, and
may change their fluorescent properties during cell's prepara-
tions for microscopic analyses, thus becoming unsuitable for im-
aging of endolysosomal trafficking in fixed samples [83]. Other
fluorophores (e.g., mCherry) can lose their fluorescence if the
fixation/permeabilization protocol does not maintain the pH of
the subcellular compartment where the reporter is located. All
in all, we consider that reporters based on ligand fluorescence
(e.g., HaloTag-based) and FRET probes (e.g., SRAI) that are not
affected by changes of the pH during sample processing are bet-
ter suited for use in fixed samples.

Still, low-speed, high-resolution confocal microscopy falls short
when trying to increase the number of conditions or measure-
ments (such as in high-content screenings) or when trying to as-
sess small structures in greater detail. On one hand, techniques
such as spinning-disk confocal microscopy can improve the
acquisition speed of 3D volumes [186, 191], thus increasing the
sample throughput when analyzing fluorescence localization
and overlap in complex screenings involving a 3D morphology
[192, 193]. On the other hand, confocal microscopy's resolution
is limited by light diffraction, effectively limiting the minimum
size of resolved structures to a few hundred nanometers. This
constraint limits the ability to quantify and morphologically
characterize smaller structures such as intra-lysosomal vesicles,
protein clusters or organelle fragments.

The advent of super-resolution techniques transformed
the physical limit of light diffraction into a technical limit
[194, 195]. Super-resolution techniques break light's diffraction
limit by using a common principle, with different implementa-
tions: one can precisely determine the position of a fluorescent
molecule, even if its emission spot is still diffraction-limited
and thus much bigger than the molecule itself, if the fluores-
cence molecule can be turned on or off at different times or at
different locations [196]. This principle can take two different
implementations: on one hand, localization super-resolution
techniques, such as STORM, PALM and their derivatives [197],
achieve the increase in resolution by stochastic activation or
blinking (on/off at different times) of photoconvertible, photo-
activable, or blinking dyes while recording many subsequent
images of a single field of view. The number of images needed
to achieve a sufficient confidence in localization obviously de-
pends on the amount of signal and the specific technique used,
butitis usually in the order of the thousands. On the other hand,
scanning super-resolution techniques, such as Stimulation
Emission Depletion (STED) [198] and its derivatives RESOLFT

(Reversible Saturable OpticaL Fluorescence Transitions) [199],
MINFLUX [200, 201] and MINSTED [202, 203], achieve the
goal by sequentially turning on/off portions of the sample with
laser scanning (on/off at different positions). All these tech-
niques are beginning to enter the fields of lysosomal trafficking
and autophagy, with some notable applications including the
use of localization microscopy to study of ULK1 oligomeriza-
tion and initiation of autophagy [204, 205].

Lastly, expansion microscopy aims at achieving super-resolution
by isotropically increasing the sample size and taking advantage
of conventional, diffraction-limited, microscopy. In this case, a
fixed sample is embedded in a gel, which is then expanded with
water [206]. This technique retains endogenous fluorescence
and is compatible with standard immunofluorescence protocols.
It has been instrumental for the visualization, through confocal
and in great detail, of LAMP1 and LC3 localizations [207].

6.1.2 | Live Cell Light Microscopy

In live cell imaging experiments, an event-of-interest is followed
by consecutive recording of images to form a so-called time-lapse
movie (or time series) [208]. Confocal microscopy, either in single
pointscanning version or spinning disk confocal microscopy [191],
is also well-suited for live cell imaging experiments (Figure 3A,
Live-Cell Microscopy inset). For example, spinning disk has been
applied to define the role of p62, NBR1 and TAX1BP1 in ubiqui-
tin condensate formation [118], or to monitor the translocation of
ATG13 during starvation and drug-induced mitophagy [209]. Live
confocal point-scanning microscopy has been used to visualize
the endosomal engulfment of outer nuclear membrane portions
[185]. Nonetheless, the high-power lasers needed by these tech-
niques limit the acquisition of live events to short times, due to the
increased damage of fluorophores (photobleaching) or the activa-
tion of light-induced death pathways (phototoxicity), collectively
defined as “photodamage.” Longer time series are obtained with
more gentle techniques such as widefield live-cell imaging [210],
total internal reflection microscopy (TIRF) as in the case of vi-
sualization of lysosome fusion with plasma membrane [211], or
lattice light sheet microscopy [212, 213].

Super-resolution techniques have also been applied to live cell
imaging, with the first applications being with a technique called
Structured Illumination Microscopy (SIM) [208, 214]. This tech-
nique takes consecutive widefield images of the same field of
view with different illumination beam structures to increase
the amount of information. The information is then processed
to improve the image's resolution [215-217]. Given that SIM is
essentially a widefield technique, it is particularly well applicable
to live cell imaging although it does not provide the same reso-
lution as the two super-resolution techniques described above.
Of the latter two, scanning techniques have inherently been
more suitable for live cell imaging, due to the immediacy of their
scanning compared to the many images needed for localization
microscopy to determine fluorophore location with sufficient ac-
curacy. In their first iterations, scanning super-resolution tech-
niques have been suffering from the same limitations as confocal
microscopy, namely photodamage. Nonetheless, they have also
been applied to short live cell imaging, as in the imaging of ly-
sosomal fusion-fission processes [218]. Recent developments
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(namely MINFLUX and MINSTED) allowed for a dramatic
decrease in light power, while retaining good contrast and up to
nanometer-level resolution [203, 219]. This makes it possible the
application of STED in live cells to the measure mitophagy with
mt-Keima [139].

Finally, we should mention that fluorescent reporters offer more
information than revealing the localization of the chimeric poly-
peptides or its abundance. Properties such as fluorescence fluctu-
ations, polarization, or emission decay inform on the dynamics of
interaction of the reporter with other proteins or with the microen-
vironment. For example, the quantification of fluorescence emis-
sion decay (lifetime) at each imaging point is used in Fluorescence
Lifetime Imaging (FLIM) to determine a lifetime map, which is
concentration-independent but microenvironment-dependent
and may inform on local pH, ion, or metabolite concentrations,
at confocal resolution, or even at super-resolution [220, 221]. In
combination with FRET sensors, FLIM-FRET also allows a pre-
cise quantification of events such as protein—protein interactions
in live cells and at short range (up to 10nm). Notably, FLIM-FRET
has been used to monitor the modes of action of ATG4B during
autophagy and the priming of LC3B by ATG4B through the use
of a pH-resistant FRET pair [222], or for the investigation of mul-
tiprotein interactions in the mTORC1 pathway [223]. FLIM-FRET
has also been instrumental for the characterization of competitive
inhibition of phosphatic acid with ATG3-ATG8e and ATG6-VPS34
[224], and to highlight the role of VAMP7 hetero-trimerization
with Syntaxin-17 and SNAP29 the stability of the SNARE complex
upon autophagosome formation [225].

In summary, the high contrast and subcellular resolution of light
microscopy, both in its established techniques and latest devel-
opments, provide many advantages to investigate the dynamic
aspects of autophagy and lysosomal transport. Particularly, the
techniques relying on change in local microenvironment (such as
FLIM and FLIM-FRET) are a promising tool for the investigation
of trafficking events to highly acidic degradative organelles.

6.2 | Electron Microscopy Techniques in
Autophagy Research

Electron microscopy (EM) has been crucial in studying autophagy
pathways since its introduction into the biological research in the
1950s [226]. Long before the advent of genetic manipulation in the
1990s, which made possible the determination of the autophagy
genes in yeast, transmission EM (TEM) revealed the first images
of autophagosomes [227]. TEM was also instrumental to the char-
acterization of other types of autophagy, such as mitophagy [227],
rough ER autophagy [123], pexophagy [125, 228], and for the de-
tailed description of endocytic events [229], and of lipid droplets
engulfment in autophagosomes [230]. Nowadays, EM techniques
are used to study the morphology of autophagic structures, help-
ing in identifying their content and supporting other quantitative
techniques.

6.2.1 | Room Temperature Electron Microscopy

Common TEM techniques for exploring autophagy in cell cul-
tures employ room temperature chemical fixation, lipid staining

with contrast agents based on heavy metals, resin embedding
and cutting in ultrathin (~100nm) sections [231]. A certain de-
gree of 3D information can be obtained by acquiring EM im-
ages at different sample tilt angles and performing tomographic
reconstructions (electron tomography or ET in short) [232]
(Figure 3A, Room-Temperature Electron Microscopy inset).
The presence of specific markers on the structure of interest can
be assessed by immunostaining with target-specific primary
antibodies and colloidal gold particles (usually a few nanome-
ters in size) attached to secondary antibodies. A subsequent
gold enhancement step amplifies the contrast of these particles
[233, 234]. For example, this technique proved useful for the vi-
sualization of ultrastructures marked with endogenous LC3B
[235] or to ascribe to micro-ER-phagy the catabolic pathways
operating in mammalian cells during recovery from ER stress
[143, 144]. Finally, volume EM is a group of techniques, based
on transmission (TEM) or scanning electron microscopy (SEM)
that reveals 3D structures across depths of the order of the mi-
crometer or more [236, 237]. A low-throughput approach to
volume EM can be obtained with manual cutting of sequential
slices for acquisition and registration to a final volume, but this
limits the amount of volume that can be reconstructed. More so-
phisticated approaches use automatic cutting and acquisition as
in serial block face SEM, or sample ablation with a focused ion
beam to expose a new portion for FIB-SEM milling. The latter
technique has been used to reconstruct the engulfment of ER
exit sites (ERES) by the autolysosome [238].

6.2.2 | Correlative Light-Electron Microscopy

Electron microscopy images, while providing amazing struc-
tural information, are sometimes difficult to interpret [239].
The combined use of light and electron microscopy on the same
sample (CLEM for Correlative Light-Electron Microscopy) can
overcome this limitation, taking advantage of nanometer reso-
lution of EM and multichannel protein localization of lysosomal
and cargo markers of light microscopy. A major limitation of
the “correlative” part of CLEM is the difference in resolution
between light and electron microscopy, which can make it dif-
ficult to spot in the EM micrographs the correct organelle that
provided fluorescence emission. A second limitation is the com-
patibility in sample preparation between the two techniques
[240]. Differences in solutions used to prepare the samples for
light and for EM analyses can result in sub-optimal fluorescence
emission, in loss of ultra-structural information (e.g., loss of or-
ganellar membranes), or can result in high autofluorescence
levels during EM sample preparation. Finally, a third limita-
tion comes from the difference in throughput between the two
techniques: while in light microscopy one can easily acquire 3D
reconstruction of whole cells, electron microscopy visualizes
much smaller volumes and the analysis is often limited to one
or few ultrathin slices. As such, finding the right compromise
between high resolution, sample processing speed and amount
of multichannel information can often be quite time consuming.

6.2.3 | Cryo-Electron Microscopy

While room-temperature electron microscopy techniques pro-
vide excellent nanometric resolution and have been established
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over the last few decades, a higher resolution might be desirable
to resolve finer structures, such as the structures of protein clus-
ters, the contact site between organelles or the distance between
two membranes (Figure 3A, Cryo-Electron Microscopy inset).
Achieving higher, sub-nanometric, resolution requires changes
both in sample preparation and in image acquisition pipeline,
with the key element in both cases being the use of very low tem-
peratures. One of the major limitations in sample preparation
is the slow speed of chemical fixation when compared to cryo-
fixation, due to diffusion of fixative and limiting cross-linking
times. In this respect, a faster fixation can be achieved by freez-
ing the sample with mixtures of ethane or ethane/propane at very
low temperatures (cryo-fixation) to prevent the formation of ice
crystals that would disrupt the cell structure [241, 242]. Notably,
cryo- fixation is performed without toxic chemical agents that
might introduce artifacts per se. From the acquisition side, these
very low temperatures provide another key advantage when pur-
suing sub-nanometric resolutions: the colder the sample, the less
the atomic movement. Latest technical implementations provide
an atomic resolution [243-245], and have been instrumental
for example to establish the architecture and dynamics of the
PI3KC3 complex containing ATG14 [246]. Even at lower resolu-
tions, the use of cryo-EM in its current variations (cryo-TEM,
and in particular cryo-ET and the latest cryo-FIB that combines
imaging with a focused ion beam that burns the outer layer of bi-
ological samples to achieve automated reconstructions of thicker
sections [247, 248]) has been instrumental for in situ structural
analysis of shape transitions during autophagosome formation
[249] and for the elucidation of the mechanisms of nuclear enve-
lope swelling during stress and subsequent lysosomal degrada-
tion of excess outer nuclear membrane [185].

6.2.4 | Correlative Cryo-Electron Tomography

Correlative microscopy in cryo conditions is an emerging tech-
nology with great potential, due to the preservation of structural
details, very high resolution and capacity to retain fluorescent
signals [250]. An example is the use of correlative cryo-ET to
resolve the different steps of autophagosome biogenesis in yeast
[249]. This technique has been applied to the reconstruction of
tubular ER portions within the autophagosome in neuronal pro-
jections [135, 251].

All in all, electron microscopy has and still is contributing to
providing ultrastructural 2D and 3D information, as well as in-
forming on the localization of selected proteins. Incidentally,
both light microscopy and room-temperature EM benefited
from the protocols developed for cryo-EM. Freeze substitution
techniques can bring a cryo-fixed sample to room temperature
while preserving its structure. This proved useful both in the
preservation of structures that might be altered (in some cases,
severely altered) by chemical fixation for use in light microscopy
or room-temperature EM [207, 252-255].

7 | Quantitative Assessment of Microscopy Images
and Its Automation

Quantification of imaging data relies on well-conducted, unbi-
ased image analyses. Automating image analysis through sets

of reproducible protocols plays a key role, along with good prac-
tices of data and image acquisition reporting [256]. A standard
image analysis workflow involves a preprocessing phase, fol-
lowed by segmentation and feature quantification (Figure 3B).

Preprocessing steps aim at reducing potential artefacts and im-
proving the contrast or resolution. The reduction of potential ar-
tefacts is achieved by different techniques: denoising algorithms
reduce image noise, thus improving signal-to-noise ratio [257];
registration algorithms help in aligning images when the ac-
quisition cannot be performed in stable conditions, such as in
the case of in vivo imaging [258-260] or when aligning images
from different modalities, such as in CLEM. Registration is also
currently used in EM to align images from different sections
and create a 3D reconstruction [237]. Finally, cross talk elimi-
nation improves the separation of channels by eliminating the
unwanted cross-contamination of emission signals [183, 186].
The improvement of image contrast and resolution is achieved
by techniques such as deconvolution [261], where a model or a
measurement of microscope's diffraction effect are used to es-
timate the actual, diffraction-limited distribution of the signal.

Image preprocessing is usually followed by the recognition of the
structures of interest, or so-called object segmentation, and—in
the case of time series—generation of tracks of consecutive, con-
nected positions for each object [262, 263]. The recognized objects
may also be classified into different subsets according to some
property of interest (such as the presence or absence of one or mul-
tiple fluorescent markers, the object roundness, or the object posi-
tioning with respect to another reference object). When performed
correctly, these steps allow the automatic and reliable quantifica-
tion of a specific set of features for each object, such as their area,
volume, shape, or fluorescence content. Of note, the researcher
should carefully assess real replicate independence when evaluat-
ing the statistical significance of these measurements [264].

In each of these steps, machine learning and deep learning
methods—collectively called artificial intelligence methods—
have proven useful [265], with the overall goal of making infor-
mation extraction easier, more unbiased and inferring hidden
parameters or dynamics.

7.1 | Machine-Learning Methods

Machine learning refers to the prediction capabilities acquired
by an algorithm, either by fitting a set of model data or by iden-
tification of groups in a dataset with certain similarities. For ex-
ample, one may train an algorithm to delineate the shape (i.e.,
segment) of all mitochondria in electron microscopy images or
to identify, count and quantify the amount of material delivered
to endolysosomes, which provides useful quantitative informa-
tion on the endolysosomal trafficking activity inside the cell
(Figure 3B). These machine-learning methodologies can be di-
vided in two main classes, the supervised and the unsupervised
methods. Supervised methods rely on provided information
(i.e., ground-truth data, see Box 2) to learn about the task. This
information is usually provided by data extracted with another
technique or manually annotated. In supervised methods, so-
called “feature based” or traditional machine learning methods
and deep learning methods [266, 267] can be distinguished.
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BOX2 | Vocabulary of current artificial intelligence methods in scientific image analysis.

Adversarial images. Images presenting patterns that can confound the deep learning model. These patterns can sometimes
retrospectively be evident and recognizable (and thus avoidable by introducing some specific step before running the model), but
they are many times very subtle and unpredictable.

Annotation. The process of generating a set of regions of interest (rectangles, points, precise contours) that identify the desired
output of a trained model. These regions may also be divided according to a Classification and are often saved as Masks.
Classification. The separation of objects into different groups (classes) according to a specific Feature.

Convolution. A mathematical operation that sums the combinations of two functions, one running on the values of the other.
This function has extensive applications in many fields, notably optics and deep learning. In optics, for example an image re-
corded by a microscope is always the convolution between the real sample pattern and the optical properties of the microscope,
that is, a function describing the optical properties is run at each of the points of the sample to form the final image pattern. In the
case of deep learning, neural network's layers are generated by convolving a certain function on the image to generate another
image. This process, somewhat analogous to the generation of layers of abstraction in the mind, is the basis for CNNs.

Data augmentation. Data is often manipulated to generate more training data, like viewing the same image from different point
of views may highlight different aspects. Images are often rotated, mirrored, or transformed with affine transformations.
Deconvolution. The best estimation of the true pattern of fluorescence molecules from an image, based on the optical properties
of the acquisition instrument. As the final image is the Convolution of the true pattern of fluorescence molecules and the optical
properties of the instrument, deconvolution is the inverse function. If well performed, the result is an image with higher resolu-
tion and higher contrast.

Feature. Each quantifiable value associated with a specific object. Examples are the area, perimeter, circularity, roughness or
smoothness, fluorescence intensity in a specific channel inside the object, distance from another object or specific point and so
forth.

Ground-truth data. Data, which refers to the correct answer for the specific question. For example, in the case of image segmen-
tation, it is a mask outlining the true shape of an object to be segmented. The ideal output of a machine-learning model would be
aresult equal to ground-truth data.

Hallucination. The generation of plausible but incorrect output data. The output of deep learning models is expressed under
the hood as a probability of the predicted outcome, which is then cut into a clear answer by a thresholding algorithm. Although
models are trained to optimize this output answer, one should always keep in mind that deep learning models will always have
some degree of randomness.

Mask. An image where each pixel represents a TRUE/FALSE statement. For example, pixel may be classified into belonging to
an object of interest versus background. These masks are often the result of an Annotation when provided as training information
along with the corresponding images. Sometimes a mask can be a set of discrete numbers, each corresponding to a certain class
of objects (see Classification).

Neural network. Neural networks are composed of layers. Starting from an input layer, images are processed in many “hidden”
layers until the output is given in the output layer. At each layer a mathematical operation is performed (such as a Convolution, in
convolutional neural networks or CNNs for short). Layers are connected by function with parameters—also called weights—that
are optimized during training.

Segmentation. The process of recognizing the boundaries of an object, thus distinguishing an object from another.
Supervised learning. A model trained by providing input data and the desired outcome (e.g., Annotations). Supervised learning
is often used to match as close as possible human recognition.

Training. The process of optimizing a set of weights for the neural network parameters so that it matches as closely as possible
the input data and the desired outcome (such as an Annotation or an output image). Mathematically, this is often solved as an
iterative process of minimization, where the quantity to be minimized is a measure of the distance between some annotated im-
ages and their corresponding annotation.

Unsupervised learning. A model trained without providing any Annotation. Unsupervised learning can be used for example
for imaginative tasks, such as the generation of images where the outcome cannot be stated precisely. Although supervised and
unsupervised may be seen as opposites, some tasks may require the use of both [293-295].

In “feature based” machine learning, a set of quantifiable “fea-
tures” (such as the area, perimeter, shape parameters or contrast
with the surrounding pixels) is defined beforehand by the re-
searcher from representative images and then weighted by the
computer, based on input images and segmentations, to gener-
ate an algorithm that matches as closely as possible the training
data. For example, these techniques have been applied to gen-
erate a model that recognizes cells with clustered or distributed
lysosomes in high throughput experiments [268]. In contrast, in
the case of deep learning, the researcher first defines a neuronal
network architecture, with a specific set of operations on input
images and a structure of connections between each image op-
eration, thus mimicking the connection between neurons. This

structure is usually defined in levels, each level extracting a
deeper level of abstraction from the data (hence the name “deep
learning”). Once the architecture is defined, each image is ro-
tated or modified to generate more information and improve
the quality of results (data augmentation). Among the possible
operations used in image analysis to extract different levels of
information, the most common one is “convolution” (see Box 2).
A network architecture that uses this type of operation is called
Convolutional Neural Network (CNN). The results of the combi-
nation of these operations are weighted by a linear combination
between each connection, and the network training is essentially
a problem of minimizing all these coefficients (sometimes in the
range of billions). Thus, deep learning provides a denser, richer,
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and more accurate model than feature-based machine learning
methods for image recognition [269, 270] but requires extensive
computing resources to be trained. In image acquisition, super-
vised deep learning has been used to reduce photodamage in
structured illumination microscopy [271] and denoise data from
electron microscopy [272].

In opposition to supervised machine learning methods, unsuper-
vised methods identify and extract common patterns from given
data without being provided any annotation [266], using an al-
gorithm that clusters data according to common features or by
training of a deep learning model. In the latter case, input data
are often not selected sample images, but simulated ground-truth
data. In image acquisition, unsupervised methods have been used
for restoring or improving image quality in situations where the
acquisition of ground-truth images is impossible [273-276] or as an
alternative to deconvolution methods [277-279].

7.2 | Deep Learning Tools to Analyze Autophagic
Flux and Lysosomal Protein Trafficking

Current methods directly employing deep learning for the de-
termination of autophagic flux address the identification of au-
tophagic phenotypes of yeast cells upon knockout of atg genes
by confocal microscopy images [280] and segmentation of lyso-
somes for the unbiased classification of their cargo content and
quantification of their features [281]. General tools also provide
deep learning frameworks, which can then be trained and used
in specific image segmentation tasks [282-284], or for helping in
registration of correlative EM images [285]. Proteolytic HaloTag
reporter in combination with deep learning segmentation has
been recently applied by our group to evaluate the lysosomal traf-
ficking efficiency of LSD-linked misfolded mutant enzymes [80].
Moreover, efforts are ongoing to develop machine learning data
mining to aggregate existing information on targets for LSDs
and available compounds to suggest new molecules with thera-
peutic potential [286]. Another useful application of these tools
would be the integration of automatic quantification of tandem-
fluorescent reporters (such as the mentioned HaloTag-GFP or
mCherry-GFP reporters [287]). With these tools, researchers
could quantify material delivered to endolysosomes, compare the
experimental condition with an appropriate known negative con-
trol, and extract ratiometric information on delivered versus non-
delivered material in the same sample, such as when quantifying
the proportion of organelles or misfolded polypetides delivered to
endolysosomes.

Some considerations about the limitations of deep learning tech-
niques must be discussed. As mentioned, deep learning models
currently require extensive resources and time to be trained. In
addition, the generation of input data, the generation of ground
truth information, and the choice of the correct architecture all
contribute to increased time needed for the training of a reliable
network. Recent advances in artificial intelligence are making it
easier and cheaper to train models and integrate them into pipe-
lines [284, 288], however, wide-scale integration into trafficking
research and the ease-of-use for non-experts are yet to achieve.
Still, a good training outcome does not guarantee an error-free
performance, as the problems of hallucination [289] or adver-
sarial images [290] often persist. As unsupervised methods

extrapolate their own understanding of input data without any
ground truth information, it should also be noted that in some
cases the link between the recognized features and biologically
relevant variables may not be evident or misleading, or just not
useful: for example, clustering algorithms try to identify groups
within a dataset (such as the number, size, location or amount
of fluorescence signal inside each endolysosome in a cell) ac-
cording to their differences, while these groups might end up
having little or difficult-to-explain biological meaning. On the
other hand, exploring unsupervised models or weakly super-
vised models might reduce our reliance on the time-consuming
generation of labeled ground-truth data [289].

After feature extraction, the analysis of the generated data can take
advantage of machine-learning or deep-learning-enhanced bioin-
formatics analysis. Combining this information with data mining
techniques such as those developed for genomics or proteomics
[291] could be useful in exploring complex data, such as identi-
fying and validating novel autophagy players or finding new cor-
relations between autophagy and diseases [292]. Prospectively, the
above-mentioned microscopy tools together with deep-learning-
based analyses will allow the unbiased analysis and the employ-
ment of these techniques in high-throughput small molecule and
genetic screenings for the discovery of potential drug targets and
candidates, in a deep-learning-informed cell biology.

8 | Future Directions and Conclusion

The use of fluorescent reporters that change their physico-
chemical properties when they arrive/are delivered in acidic
degradative compartments is quickly expanding within the field
of autophagy, as well as seeping into the domains of lysosomal
trafficking and endocytosis. A vast palette of single and tandem
reporters is available to the researchers, providing multiple and
complementary usage (endogenous and ectopic tagging) and
readout modalities (light and electron microscopy, in-gel flu-
orescence, western blot and flow cytometry, Figure 2). In the
future, we expect that the effort on continued development
and refinement of fluorescent reporters will be dictated by the
technical constraints that are still not addressed in these fields.
These technical requirements in autophagy research currently
include, among others, the genetic incorporation of fluorescent
reporters into the genome for tagging endogenous gene products
in cell lines and laboratory animals. The design of reporters
will focus on novel fluorescent proteins with high brightness,
reduced molecular weight to facilitate genome integration, low
cytotoxicity, and reduced interference with the function of the
tagged protein and with the pathway under investigation.

In the field of protein misfolding and rare LSDs, systems re-
liably reporting on the arrival of mutant polypeptides to lyso-
somal compartments are still in their infancy. As demonstrated
for mCherry-GFP [174, 175] and the HaloTag-based reporters
[76, 80], fluorescent reporters may be used for lysosomal en-
zyme and misfolded protein trafficking research. Importantly,
the transitioning of fluorescent reporters from the role of a pure
academic tool into industrial drug discovery pipelines would
bolster the implementation of scalable high-throughput read-
outs and pipelines with automated data analysis. The ability to
quantify precisely, quickly and in high-throughput fashion the
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trafficking efficiency of degradative substrates and lysosomal
enzymes is crucial for the identification of effective chemical or
pharmacological modulators of lysosomal trafficking [115, 177].

The parallel advancement of fluorescent probe engineering and
image acquisition techniques will provide a deeper view of traf-
ficking events. In particular, the application of super-resolution
techniques to obtain structural (cryo electron microscopy), spa-
tial (fixed cell imaging), and dynamical (live cell imaging) in-
formation is still in the early stages. The resolution improvement
in immunofluorescence microscopy will also benefit correlative
light-electron microscopy investigations, allowing the definition
of structures of interest with greater confidence and greater detail,
while the development and more extensive application of higher-
resolution and faster volume EM techniques, such as cryo-ET, will
increase our three-dimensional understanding of the autophagic
events. The integration of time-resolved HaloTag pulse-chase tech-
niques with the EM, for example, using 3,3’-diaminodbenzidine
(DAB) precipitation [81, 296], will provide temporal information
at the EM resolution. The combination of cryo-fixation techniques
with fluorescence live cell imaging (either conventional or super-
resolution) will help in spotting right-in-time events by quickly
passing from live cell imaging to the cryo-fixed sample.

Commercial systems are progressively increasing the use of ma-
chine learning techniques in analysis and recently also in the
image acquisition phase, with the goal of automating acquisition
and identification of common and rare events. The development of
more dedicated applications of machine learning techniques to the
field will facilitate the unbiased analysis, simplifying the analysis
of large number of cells and—when their statistical interpretation
is appropriately handled—adding confidence to quantitative anal-
yses. As the amount of information grows with more complex tech-
niques, relying on automation is becoming increasingly important.

All in all, integrating visualization of protein and organelle
delivery events to degradative compartments, data acquisi-
tion with high throughput, high resolution and time-resolved
microscopy, and analysis automation with machine learning-
assisted technologies will allow identification, characterization,
and development of effective therapeutic compounds for lyso-
somal trafficking and autophagy-associated disorders.
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