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Abstract Neurodegenerative diseases such as Huntington
disease, Parkinson’s disease, and Alzheimer’s disease are
caused by the accumulation of aggregate prone proteins.
Pathogenic proteins misfold, aggregate, and escape the cell’s
normal degradative pathways. Protein aggregates subse-
quently lead to the toxic disruption of normal cellular pro-
cesses leading, ultimately, to disease. Several lines of
evidence suggest that reducing the burden of these toxic
aggregates is therapeutic. One mechanism proposed to fa-
cilitate the degradation or clearance of these protein inclu-
sions is macroautophagy. While autophagic treatment
paradigms for neurodegeneration are still in the early stages
of preclinical development, it is essential to identify and
validate methods to measure the activation of autophagy in
human patients. These methods will serve as important
biomarkers necessary to test compound efficacy and moni-
tor clinical improvement.
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Introduction

Autophagy or “self-eating” has been implicated in the patho-
genesis and treatment of many degenerative disorders, most
notably neurodegenerative diseases [1]. The fact that autoph-
agy is disrupted in some neurodegenerative diseases further
suggests that enhancing autophagy will be therapeutic in
protein aggregate disorders [2]. One form of autophagy—
macroautophagy (herein referred to as autophagy)—is an
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intracellular degradative process that sequesters and traffics
regions of cytoplasm to the lysosome [3]. During times of
nutrient deprivation or stress, cells degrade protein, lib-
erating free amino acids. Autophagy is also necessary
for the basal turnover of protein and organelles. Con-
sistent with this, loss of autophagy in the central ner-
vous system (CNS) leads to neuronal loss, ubiquitinated
inclusions, and mitochondrial dysfunction [4, 5]. Wheth-
er enhancing autophagy will be therapeutic in neurode-
generative diseases associated with protein aggregation
is unresolved.

The Therapeutic Potential of Autophagy

While dogma suggests that autophagy is the non-
selective bulk degradation of proteins and organelles,
recent studies demonstrate that targeted or selective
autophagy of substrates can occur [6]. For example,
damaged and depolarized mitochondria are selectively
marked for autophagic engulfment via the E3 ubiquitin
ligase, parkin [7]. Similarly, ubiquitinated protein aggre-
gates are targeted to autophagosomes via ubiquitin
adaptor proteins, such as HDAC6 and p62 [8, 9]. These
cargo-selective autophagic targeting factors may serve as
therapies in protein aggregate disorders.

In the case of the ubiquitin proteasome system (UPS), a
protein is selectively ubiquitinated and then degraded via
the proteasome [10]. The total level of ubiquitinated pro-
teins or the catalytic activity of the proteasome serves as a
reliable surrogate marker of UPS activity in human tissue
[10, 11]. In the case of autophagy, a protein or organelle is
sequestered into an autophagosome which then fuses with
lysosomes where degradation occurs. The wide range of
potential substrates and cellular contents degraded via
autophagy poses a unique problem in assaying autophagic

@ Springer



384

Weihl

degradation in a cell or tissue. To circumvent this, studies
have identified several proteins that are degraded selectively
via autophagy, such as p62 and LC3 [12, 13]. In addition to
being autophagic substrates, these proteins are integral com-
ponents of the autophagic machinery. Therefore, in response
to an autophagic stimulus, these substrates are both synthe-
sized and degraded, making it difficult to reliably assess
their levels in cells and tissue. The field of autophagy has
emphasized that steady-state levels of any autophagic sub-
strate are unreliable reporters and stress the necessity to
evaluate autophagic processes using dynamic assays [14].
Thus, the true measure of the autophagic processes is the
rate of degradation of cargo or a protein that is selectively
engulfed by the autophagosome and subsequently degraded
via the lysosome (Fig. 1). This is termed “autophagic flux”
and is discussed more extensively later [14]. High through-
put screening of compound libraries has identified hundreds
of autophagy inducing candidates [15—-18]. However, as
these compounds move toward a therapeutic reality, it will
be essential to confirm and identify their molecular targets
and, more importantly, establish their abilities to truly in-
crease degradation of substrates via enhanced autophagic
flux in vitro.

Many studies have evaluated autophagy-enhancing com-
pounds in vitro and then used them to enhance the clearance
of pathologic protein aggregates (and, in some cases, im-
prove behavioral phenotypes) in small animal models, for
example rapamycin and rilmenidine in Huntington’s dis-
ease, lithium in amyotrophic lateral sclerosis, trehalose in
frontotemporal dementia, and carbamazepine in «l-
antitrypsin-associated liver disease [19-23]. These studies
lend proof of concept to the notion that stimulating autoph-
agy will be therapeutic. However, none of these studies have
correlated the in vivo effect of a compound to enhance
“autophagic flux” in a target tissue (brain, spinal cord, or
liver), mobilize protein aggregates, and improve disease
phenotype. Instead, they have, at best, demonstrated that a
compound enhances autophagy in cell culture, and, when an
animal model is treated with the compound, protein aggre-
gate burden decreases and disease phenotype improves.

Fig. 1 Macroautophagy
encompasses multiple steps that
include induction, nucleation of
a pre-autophagic structure,
expansion of the growing
phagophore, sequestration, and
cargo loading of cytoplasmic
contents, vesicular trafficking,
membrane fusion, and, finally,
proteolytic digestion of
autophagic contents. The \
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Therefore, whether these compounds truly activate autoph-
agy in vivo, in the target tissue, resulting in autophagy-
dependent protein aggregate clearance and phenotypic im-
provement is not known. The identification of appropriate
biomarkers that correlate with autophagic activation or in-
hibition is essential in order to validate any therapy purport-
ed to increase autophagy.

Monitoring Autophagic Degradation In Vive

The goal of any autophagy-enhancing therapy in protein
aggregate disease is to decrease protein aggregates within
the target tissue. Several studies (mentioned above) using
animal models have demonstrated that compounds and
small molecules can decrease protein aggregates in the
CNS [19-23]. This is an important biomarker for therapeu-
tic efficacy (perhaps the most relevant marker as the goal of
any autophagic therapy is to decrease protein aggregate
burden), but its interpretation can be problematic. For ex-
ample, the most commonly utilized autophagy-enhancing
agent, rapamycin, is a mammalian target of rapamycin
(mTOR) inhibitor [2]. mTOR integrates nutrient, energy,
and growth signaling pathways to regulate cell growth,
protein synthesis, and autophagy [24, 25]. When mTOR is
activated by amino acids or exogenous growth factors,
protein synthesis is activated and autophagy is diminished,
whereas when mTOR is inhibited, as in treatment with
rapamycin, protein synthesis is decreased and autophagy is
activated. Therefore, a decrease in protein aggregate burden
with mTOR inhibition could occur owing to a decrease in
protein synthesis or enhanced autophagic clearance [26].
Protein aggregate burden can also be diminished via the
activation of the proteasome independent of autophagic
activity [27]. While the proteasome is likely ineffective at
degrading large protein aggregates, it can degrade soluble
aggregate prone species prior to aggregate formation. Sim-
ilarly, protein aggregates can be decreased via the upregu-
lation of protein chaperones that maintain aggregate prone
proteins in states that are more amenable to proteasomal
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degradation [28]. Therefore, caution needs to be used when
making an assumption that any autophagy-enhancing com-
pound is truly working via an autophagic mechanism.

Autophagic Proteins

The quantitation of the levels and expression of select auto-
phagic proteins may also serve as reliable biomarkers for
autophagic activation. Under some conditions, such as star-
vation in skeletal muscle, there is a coordinated increase in
the expression of multiple autophagic proteins [29, 30].
These include proteins that initiate autophagy, such as
ATGS and beclin, autophagosome machinery, and lysosom-
al components. However, the levels of these proteins can
increase under conditions of cellular stress and even in
response to the presence of protein aggregation [31]. More-
over, an increase in autophagic protein expression can be
consistent with cell injury and death [32]. Finally, many
autophagic proteins are integral components of the autopha-
gosome and are synthesized and degraded during autopha-
gic stimuli, making them difficult to assess (see the
section Measuring “Autophagic Flux” In Vivo).

Autophagic Structures

Several studies have quantitated the number and size of
autophagosomes utilizing immunohistochemical analysis
or electron microscopy. In addition, the use of a green
fluorescent protein-tagged LC3 protein either delivered to
tissue or transgenically expressed can be used as a marker of
autophagosomes [33]. However, an increase in autophago-
somes does not always correlate with an increase in auto-
phagic degradation. LC3 has been shown to incorporate into
existing protein aggregates and even aggregate on its own
[34]. Therefore, assuming that LC3 puncta are, indeed,
autophagosomes may not be reliable.

In the case of a Huntington’s disease model, it was shown
that autophagosomes were, formed and could be enhanced
when autophagy was stimulated [31]. However, these auto-
phagosomes failed to contain autophagic cargo, in particular,
huntingtin-positive protein aggregates resulting in a reduction
in global autophagic degradation [31]. This is a hugely prob-
lematic observation. It suggests that autophagic flux (turnover
of autophagosomes) could occur and even be increased yet not
engulf pathologic aggregates. This finding clearly emphasizes
the need to utilize multiple biomarkers when considering an
autophagic treatment for degenerative disease.

An increase in autophagosomes can also correlate with a
decrease in their degradation [35]. This can make it difficult
to assess whether an increase in steady state autophago-
somes is due to enhanced autophagosome biogenesis of
functional and degradative structures or a constipation of
non-degradative autophagosomes.

Autophagic Pathways

Some autophagy-enhancing compounds have clearly iden-
tified pharmacologic targets that can be measured to test
efficacy. One example is rapamycin, which activates
autophagy by inhibiting mTOR [24]. Therefore, measures
of mTOR activity or the phosphorylation of its downstream
targets can be useful biomarkers. However, as the number of
compounds that have putative autophagy enhancing effects
grows, the mechanism of action may be less clear or due to
off-target effects. In the case of rilmenidine, currently in
clinical trials for Huntington’s disease, an obvious surrogate
marker of drug efficacy is less clear. Rilmenidine is a centrally-
acting antihypertensive that acts on «2-adrenoceptors and
imidazoline I; receptors [20]. Measuring activation of these
receptors or monitoring patient blood pressure may be helpful
to evaluate rilmendine efficacy with regard to cardiovascular
effects, but is unlikely to be relevant to its proposed autophagy-
enhancing function.

Identifying a clear pharmacologic target that can serve as
surrogate biomarker is an important concept in drug devel-
opment in which a chemical compound platform may need
to be diversified in order to identify compounds with im-
proved therapeutic efficacy. Two examples of compounds
that have demonstrated autophagy promoting effects with-
out clear pharmacologic targets are trehalose and spermidine
[2]. In the case of these types of autophagic compounds, one
would need to measure autophagic function to confirm
efficacy.

Autophagy-Specific Cargo

Proteins can be degraded via two principal proteolytic path-
ways—the UPS and autophagy. Most proteins, depending
upon their state (soluble, misfolded, or aggregated), can be
degraded via both pathways. This can make the interpreta-
tion that a substrate is truly degraded via enhanced autoph-
agy difficult. Several autophagy-specific/selective substrates
have been proposed, most notably the autophagosome
marker LC3II and p62/sequestosome. LC3 is converted to
LC3II upon autophagic stimulation and is then conjugated
to the growing phagophore membrane via phosphotidyle-
thanolamine. Upon fusion with the lysosome, the autopha-
gosome and LC3II are both degraded. p62 is a member of a
growing class of autophagic adaptor proteins that bind ubiq-
uitinated cargo and LC3, facilitating the degradation of
select cargo [36]. In performing this function, p62 is de-
graded along with its associated cargo within the autopha-
gosome. However, just as other substrates can be degraded
via the UPS or autophagy, p62 may also be degraded within
the autophagosome or via the proteasome [37].

Several studies have suggested that the selection of auto-
phagic cargo is dictated by the type of ubiquitin chain that
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tags the degradation destined protein [38]. For example,
when the UPS is inhibited with agents such as epoxomicin,
there is selective accumulation of K48-linked ubiquitin
chains [39]. In contrast, when lysosomal degradation is
blocked in cell culture, there is an enrichment of K63 linked
ubiquitin chains [39]. These data suggest that measuring the
levels of ubiquitinated proteins and, perhaps, the types of
ubiquitin chains can be surrogate biomarkers for autophagic
activity.

Measuring “Autophagic Flux” In Vivo

When evaluating a potential therapy or intervention that
induces autophagy, it is essential to measure “autophagic
flux” and not just induction of autophagy [40]. Autopha-
gic flux is the turnover of a protein or organelle via
autophagy. The autophagy pathway includes multiple
steps, for example induction, sequestration of cytoplasmic
contents, trafficking to and fusion with the lysosome,
and, finally, lysosomal degradation (Fig. 1). Quantitation
of the movement or “flux” of a protein substrate through
these steps is the autophagic flux within the cell or
tissue. Therefore, in order to accurately measure autopha-
gic flux, it is essential to identify a substrate that is
selectively degraded via autophagy. One candidate is the
autophagosome protein LC3II. However, steady-state lev-
els of LC3II protein are an unreliable measure of auto-
phagic flux. An increase in LC3II protein levels can be
consistent with enhanced LC3II conversion or a decrease
in LC3II positive autophagosome degradation [14]. More-
over, autophagic flux can be elevated when steady state
levels of LC3II appear unchanged. This is because in an
intact autophagic system, LC3II is produced as rapidly as
it is degraded. Therefore, any intervention that proposes
to increase autophagy needs to be confirmed via an
autophagic flux assay. Autophagic flux has traditionally
been measured in cell culture by measuring LC3II pro-
tein levels with and without inhibitors of lysosomal fu-
sion, such as bafilomycinA or vinblastine (Fig. 2). An
increase in autophagic flux can only be determined when
the LC3II levels are compared amongst conditions that
include no treatment and treatment with an autophagy-
inducing agent. In addition, both of these conditions need
to be performed in the setting of co-treatment with an
inhibitor of autophagosome degradation (i.e., lysosomal
protease inhibitor or inhibitor of lysosome—autophago-
some fusion) (Fig. 2). Some studies have performed these
types of experiments in vivo. For example, we adapted
the lysosomal fusion inhibitor model to skeletal muscle
in vivo using the microtubule depolarizing agent colchi-
cine [41]. We screened multiple lysomotropic and micro-
tubule disrupting compounds for their ability to block
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LC3II degradation, and identified colchicine as a potent
and safe inhibitor of autophagosome-lysosome fusion in
mouse skeletal that increased basal levels of LC3II.
When mice were starved for 24 hours or treated with
rapamycin for 7 days, there was no change in LC3II
levels in the skeletal muscle compared with untreated
mice. However, when starved or rapamycin-treated mice
were treated for 24 hours with colchicine there was an
obvious increase in the levels of LC3II within the skel-
etal muscle as compared with control mice treated with
colchicine alone, suggesting an increase in autophagic
flux.

Using this type of in vivo autophagic flux assay, one could
potentially screen multiple compounds with reported in vitro
efficacy for their ability to enhance autophagic flux in vivo
(Fig. 3). Similar in vivo assays have quantified autophagic flux
in cardiac tissue with the lysomotrophic agent chloroquine
and in the liver, heart, lung, kidney, and spleen utilizing the
protease inhibitor leupeptin, but none have been able to eval-
uate autophagic flux in the CNS [42, 43].

Measuring “Autophagic Flux” in Humans

How might one measure autophagic flux in human tis-
sue? More specifically, how might one measure autopha-
gic flux in an inaccessible tissue such as the brain of
human patients? Recently, Bateman et al. [44-46] de-
vised methodology to evaluate the synthesis and clear-
ance of two proteins involved in Alzheimer’s disease—
amyloid beta (A) and apolipoprotein E (apoE). They
infused human patients with a stable isotope-labeled ami-
no acid (13C6-leucine) and then measured the incorpora-
tion of this tracer within the A3 peptide or apoE protein
that was sampled from the cerebrospinal fluid (CSF)
using high resolution tandem mass spectrometry [46].
These studies were the first to document fractional syn-
thesis and fractional clearance rates (FCR) for a CNS
protein. It is conceivable that other pathologic aggregate
prone proteins could be measured using similar strategies
as some neurodegenerative proteins are detectable in the
CSF, including tau, SOD-1 and TDP-43 [47-49]. As
mentioned earlier, the mobilization of a pathologic pro-
tein aggregate or aggregate prone protein is one of the
most relevant autophagic biomarkers for therapeutic effi-
cacy. Therefore, methods that truly measure the FCR of
the aggregate forming protein are very compelling and
are becoming a valuable adjunctive tool for therapeutic
trials [50]. The limitation, of course, is whether the
protein is being degraded or cleared via an autophagic
mechanism.

To circumvent that issue, one could envisage determining
the FCR of an autophagy-specific/selective substrate, such
as p62 or LC3II, in a similar manner. These proteins have
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Fig. 2 How to measure basal
and induced autophagic flux. a
An intact autophagic system
produces and degrades LC311/
autophagosomes. b Blocking
LC3I1I/ autophagosomes with
compounds like BafA and
colchicine reflect the
production of LC3II in the cell
or “flux.” ¢ Interventions that
enhance flux increase LC311/
autophagosome production and
degradation; therefore, on an
immunoblot, LC31I levels may
not change. d Blocking LC3II
degradation in the setting of
enhanced flux reveals the true
increase in LC3II production. e
Example of immunoblot and
densitometric graph of
autophagic flux assays.
Condition A compared with B
reflects basal flux, whereas
comparing B to D reflects the
amount of stimulated or
enhanced autophagic flux
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not been reported to be present in the CSF space. However,
in the case of an easily biopsied and tractable tissue, such as
skeletal muscle, one could perform stable isotope labeling
followed by high resolution tandem mass spectrometry

looking at p62 or other autophagy-specific substrate from
humans before and after an autophagic intervention. Inter-
estingly, the FCR of skeletal muscle proteins has not been
measured directly and only inferred from rates of fractional
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Fig. 3 In vivo autophagic flux in skeletal muscle using mammalian
target of rapamycin (mTOR)-independent (a) and mTOR-dependent
(b) compounds. Mice are treated for 7 days with compound and then

synthesis. The fractional synthesis rate of mixed proteins in
skeletal muscle is ~0.04 %/h, which extrapolates to a FCR
for mixed muscle protein of ~1 %/day [51]. Whether en-
hancing autophagy alters the FCR of total muscle protein or
an autophagic substrate is not known.

Other Considerations Regarding Autophagy in Human
Patients

Nearly all studies evaluating the rate and induction of
autophagy in vivo have been performed in small animal
models. For example, a detectable change in the degradation
of autophagy proteins can be seen in the skeletal muscle of
mice following 24 hours of nutrient deprivation [41]. More-
over, unlike a human, a mouse will lose ~20 % of its body
weight when fasted for 24 hours [52]. Whether the autopha-
gic capacity of a human that has evolutionarily adapted to
not undergo prolonged periods of nutrient deprivation is
similar to that of a rodent is unclear. It is conceivable that
compounds or interventions that activate autophagy in
rodents, with a high metabolic rate, may have no effect or
an undetectable effect in humans.

Treatment paradigms for protein aggregate disorders will
also need to be established. It is possible that continuous
treatment with an autophagy-enhancing therapy will in-
crease basal autophagic flux. Alternatively, intermittent dos-
ing with an autophagy-stimulating compound may enhance
the autophagic response without changing the overall basal
rate of autophagic flux. Whether sustained enhancement of
autophagic flux or intermittent stimulation of autophagy is
more effective at decreasing protein aggregate burden is not
known. Once potential compounds are established, concom-
itant biomarker development and usage may facilitate the
answer to this question.

Will Autophagic Stimulation be Effective or Detrimental
in Protein Aggregate Disease?

Supposing after autophagic biomarker development, a phar-
macologic compound is identified that could potently initi-
ate autophagy in the CNS. Will this intervention be effective
or detrimental in neurodegeneration? As detailed earlier, the
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LC3 levels are measured in vehicle, 24-hour colchicine, compound or
compound + colchicine on day 6. The levels of pS6 demonstrate that
BEZ-235 inhibits mTOR, whereas 10-NCP does not

treatment of small animal models with autophagy-
enhancing compounds has improved pathologic and behav-
ioral phenotypes in some protein aggregate models [19-23].
However, in some models, activation of autophagy has
worsened disease phenotype. For example, treatment of
SOD19%*A_transgenic mice, which are a model of familial
amyotrophic lateral sclerosis, with rapamycin reduced life
span and hastened the onset of disease [53]. Similarly, the
activation of autophagy with rapamycin abrogated muscle
weakness and vacuolar pathology in an animal model of
inclusion body myopathy, paget’s disease of the bone, and
frontotemporal dementia due to mutations in valosin-
containing protein [54]. These studies lend caution to the
hope that enhancing autophagy will be beneficial in protein
aggregate disorders.

Some studies have had less clear results. For example, even
the same mechanism of action—enhanced autophagy—has
proven to generate different effects in some animal models.
SOD19*A.transgenic mice, which had a worsened phenotype
when treated with rapamycin [53], had improved strength and
viability when treated with lithium chloride [21] . Both com-
pounds increased the number of autophagic structures in spinal
cord neurons of SOD19%*-transgenic mice, yet had contrast-
ing effects on disease pathogenesis [21, 53]. One could argue
that the treatment paradigms were different, leading to the stark
discrepancy. However, without knowing whether either of
these compounds truly enhances autophagic flux in vivo, it is
equally plausible that lithium and rapamycin do not have
efficacy or lack efficacy in the case of rapamycin via an
autophagic mechanism. Because of this type of uncertainty,
further studies aimed at identifying compounds and bio-
markers effective at enhancing autophagic flux are necessary.

Conclusion

Autophagic stimulation holds great promise in the treatment
of protein aggregate diseases. By enhancing autophagy,
protein aggregate burden will be diminished and cell death
ameliorated. What therapies will be effective in the CNS and
how to monitor autophagic degradation in vivo are current
challenges toward making these treatments a reality.
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