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Autophagy is the degradative process by which eukaryotic
cells digest their own components using acid hydrolases
within the lysosome. Originally thought to function almost
exclusively in providing starving cells with nutrients taken from
their own cellular constituents, autophagy is in fact involved in
numerous cellular events including differentiation, turnover of
macromolecules and organelles and defense against parasitic
invaders. During the past 10-20 years, molecular components
of the autophagic machinery have been discovered, revealing
a complex interactome of proteins and lipids, which, in a
concerted way, induce membrane formation to engulf cellular
material and target it for lysosomal degradation. Here, our
emphasis is autophagy in protists. We discuss experimental
and genomic data indicating that the canonical autophagy
machinery characterized in animals and fungi appeared
prior to the radiation of major eukaryotic lineages. Moreover,
we describe how comparative bioinformatics revealed that
this canonical machinery has been subject to moderation,
outright loss or elaboration on multiple occasions in protist
lineages, most probably as a consequence of diverse lifestyle
adaptations. We also review experimental studies illustrating

*Correspondence to: Paul Michels; Email: paul.michels@uclouvain.be
Submitted: 06/08/10; Revised: 07/06/10; Accepted: 08/02/10
Previously published online:
www.landesbioscience.com/journals/autophagy/article/13310

DOI: 10.4161/auto.7.2.13310

www.landesbioscience.com

how several pathogenic protists either utilize autophagy
mechanisms or manipulate host-cell autophagy in order to
establish or maintain infection within a host. The essentiality
of autophagy for the pathogenicity of many parasites, and the
unique features of some of the autophagy-related proteins
involved, suggest possible new targets for drug discovery.
Further studies of the molecular details of autophagy in
protists will undoubtedly enhance our understanding of the
diversity and complexity of this cellular phenomenon and the
opportunities it offers as a drug target.

Introduction

In the 1950s, Christian de Duve discovered lysosomes in mam-
malian cells as acidic organelles containing a large number of
hydrolases responsible for intracellular degradation of pro-
teins and other macromolecules, either taken up from outside
the cell by endocytosis or hydrolysis of the cell’s own constit-
uents (reviewed in ref. 1). In 1963, de Duve coined the word
autophagy for the process by which the cell’s own proteins are
degraded.”® Subsequent research has identified lysosomes in
many other eukaryotic organisms or similar organelles called
vacuoles in yeasts, and has revealed various pathways by which
cytosolic components as well as organelles are delivered to the
lysosomes. Although autophagy was initially only detected by
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electron microscopy, major advances in the last decade have
enabled a detailed understanding of the process at the molecular
level.” Many of the molecular components involved in autophagy
have been identified in the budding yeast Saccharomyces cerevi-
stae, owing to its tractable genetics. Currently A7G (standing
for AuTophaGy-related) genes encoding more than 30 proteins
involved in these processes have been identified and character-
ized’ For many of them, orthologues have been identified in
mammals, plants, other yeasts and fungi.® Moreover, detailed
cellular and molecular biological studies have provided informa-
tion about the steps of various autophagy pathways at which the
different Atg proteins act, thereby revealing a defined molecular
mechanism.”

Autophagy plays different roles in a cell (reviewed in ref.
8). First, it serves as a survival mechanism under conditions of
“extracellular stress” such as nutrient starvation, hypoxia and
high temperatures or as a housekeeping device under condi-
tions of “intracellular stress” by removing damaged, redundant
or otherwise unwanted cytoplasmic components which may
include organelles. In yeasts, autophagy allows survival during
nutrient deprivation by recycling the cytoplasmic constituents,
as well as playing a major role in cellular remodeling. In par-
ticular, autophagy is important in adapting the cell’s morphology
and metabolic repertoire to changes of nutritional conditions. In
addition, in mammals, autophagy plays a crucial role in health
and disease.” It is not only involved in the removal of damaged
or malfunctioning cell components, but it is important, too, for
cell differentiation, tissue remodeling and defense against patho-
genic organisms. As a result, links exist between, for example,
autophagy and growth or the development of innate immunity.
Autophagy has also been implicated in both promoting and pre-
venting diseases such as cancer, neurodegenerative disorders,
lysosomal storage diseases, viral, bacterial or parasitic infections
and aging. Moreover, autophagy is one of three main cell death
mechanisms: necrosis, apoptosis and cell death with autophagy.”®

Different autophagic processes have been described (reviewed
in ref. 6 and 11). The most common form is macroautophagy, a
form of nonselective autophagy in which a bowl-shaped membrane
is formed randomly around portions of the cytoplasm, bulk cyto-
sol and other cytoplasmic components such as organelles, creat-
ing a structure called the phagophore or isolation membrane that
develops into a double-membrane vesicle, the autophagosome. In
yeast, a structure is observed called the phagophore-assembly site
(PAS, also known as the preautophagosomal structure), which is
important for different stages of the autophagy process including
autophagosome formation. The PAS concentrates a large number
of autophagy components, some Atg proteins and developing ves-
icles, probably to organize vesicle formation in a concerted man-
ner. In yeast only a single, perivacuolar PAS is found, whereas
mammalian cells contain multiple loci of Atg complexes. Once
the autophagosome has been formed, its outer membrane fuses
with the lysosomal/vacuolar membrane, forming the autophagic
body or autolysosome. Due to the action of lysosomal hydrolases,
the inner membrane of the autolysosome is ruptured before its
content is degraded. The degradation products are recycled to
the cytosol through the action of permeases within the lysosomal
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membrane. In addition, random uptake of cytoplasmic compo-
nents may also occur by microautophagy, in which the uptake of
a portion of the cytoplasm occurs by direct engulfment by the
lysosomal membrane. The different mechanisms of macro- and
microautophagy have distinct effects on the size of the lysosomal
membrane. In the former process, its size increases as a result of
fusion with the incoming autophagosomal membrane. In con-
trast, in microautophagy part of the lysosomal membrane is used
to engulf cytoplasmic material resulting in a vesicle bounded by
a single membrane of lysosomal origin. This vesicle, including
both its membrane and its contents, is degraded. As a result,
the size of the lysosomal membrane is decreased. Since newly
digested material will be exported from the lysosome, until and
unless new lysosomal membrane is synthesized, microautoph-
agy may lead to a reduction in lysosomal volume and may play
a homeostatic role in balancing membrane that is delivered to
the lysosome via autophagy and other pathways that terminate
at this organelle. A third form, a chaperone-mediated autophagy
has been described.’? Defined proteins, usually containing the
KFERQ or a related pentapetide motif, bind to a cytosolic chap-
erone that targets the complex to bind to a lysosomal membrane
receptor, where—with the help of additional chaperones—the
respective protein is taken up and degraded.

Instead of directly fusing with the lysosome, the auto-
phagosome may also be indirectly routed to the lysosome by
first fusing with the endosomes resulting from endocytosis. The
organelle formed by this process, designated the amphisome, will
subsequently fuse with the lysosome.

Processes related to macroautophagy are also used for the
selective routing of cytoplasmic macromolecules or organelles to
the lysosome/vacuole. The selectivity of the system is in all cases
endowed by the specific recognition of material to be degraded.
In a few cases, proteins and cofactors responsible for this recogni-
tion have been identified, and some of these molecules undergo
post-translational modification in order to provide the signal for
degradation. However, the molecular basis of the recognition
events remains rather elusive. The best-studied selective process
is the cytoplasm-to-vacuole targeting (Cvt) pathway, which has
only been identified in the yeasts S. cerevisiae and Pichia pasto-
ris. This process does not serve to route proteins for degradation,
but to deliver the resident vacuolar lumenal hydrolytic enzymes
aminopeptidase I and a-mannosidase to their destination. These
enzymes, after their synthesis in the cytosol, become incorpo-
rated into a double-membrane Cvt vesicle that fuses with the
vacuole. The inactive precursor dodecameric aminopeptidase
(prApel) assembles into a large complex in the cytosol and is
recruited by a receptor protein, Atgl9 (originally called Cvtl19).
Atgl9 also binds oligomeric a-mannosidase. The Atgl9-prApel-
a-mannosidase complex is selectively targeted to the Cvt vesi-
cle through the action of Atgll and the subsequent interaction
between Atgl9 and Atg8. After delivery of the vesicle to the vacu-
ole and the disruption of the inner membrane of the internal-
ized Cvt vesicle, the complex is released into the vacuolar lumen,
prApel processed into an active enzyme and Atgl9 degraded.
Other selective autophagy-like processes involve the degrada-
tion of redundant or damaged organelles. Among these processes
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are (i) pexophagy, the selective degradation of peroxisomes, (ii)
mitophagy, the selective degradation of (part) of mitochondria,
(iii) ribophagy, the selective degradation of ribosomes and (iv)
ER-phagy or reticulophagy, the degradation of part of the endo-
plasmic reticulum (ER). Moreover, part of the nucleus may be
pinched off and degraded by microautophagy in a process called
piecemeal microautophagy of the nucleus (PMN) or micronucle-
ophagy. Selective pexophagy and mitophagy may also occur by
either micro- or macroautophagic mechanisms.

As mentioned above, over 30 genes have been identified
encoding proteins specifically involved in autophagy. About half
of them participate in the core machinery, essential for formation
of autophagosomes or Cvt vesicles, respectively, whereas the oth-
ers complement this machinery according to the requirements of
the specific process executed. Although autophagy occurs consti-
tutively at a basal level, it is dramatically enhanced in response
to stimuli from within the cell or from the environment. Such
stimuli include starvation or other forms of stress, physiological
signals such as hormones and growth factors and viral, bacte-
rial or parasitic infection. Induction of autophagy involves com-
mon signaling cascades also involved in other cellular processes.
For example, the serine/threonine protein kinase TOR (target
of rapamycin) is crucial in the regulation of autophagy induc-
tion. The TOR protein occurs in two complexes, TORCI and
TORC2, each in control of a distinct signaling pathway. The
rapamycin-sensitive TORCI is involved in regulation of auto-
phagy by responding to various sensors. On the one hand, it
responds to the availability of nutrients, notably amino acids, by
stimulating temporal cell growth. This is achieved, via a variety
of downstream effectors, by orchestrating ribosome biosynthe-
sis, amino acid uptake and translation initiation. On the other
hand, nutrient or energy depletion causes TORCI to maintain
cellular viability via other effectors. This latter response includes
use of the Atg proteins as effectors to activate autophagy and so
increase the recycling of cellular components. Additionally some
other enzymes are shared between autophagy pathways and other
signaling cascades, such as the phosphatidylinositol 3-kinase
(PtdIns3K) domain-containing Vps34, Vpsl5 and Vps30 (also
termed Atg6 or Beclin 1 in mammals). These kinases are located
at the PAS and are involved in autophagosome formation. A late
step in the autophagy process involves fusion of autophagosomes
or Cvt vesicles with the lysosome/vacuole. Other proteins
involved in this fusion process are Vac8, SNAP and SNARE, the
latter two of which are generally involved in membrane fusion.”

Autophagy processes are not restricted to mammalian cells
and yeasts, but have been found in representatives of all eukary-
otic phyla: vertebrates (mammals, birds, amphibians, fish),
invertebrates such as the nematode Caenorhabditis elegans and
the cnidarian polyp Hydra, insects (Drosophila, Lepidoptera and
ticks), plants, fungi (different yeasts and filamentous fungi) and
several protists.®!*" This identification has been done experimen-
tally, often by morphological studies of cells subjected to starva-
tion or other forms of stress or by homology searches in sequence
databases with yeast or human Atg sequences. Previously, we
have presented genomic and experimental evidence for auto-
phagy and pexophagy in parasitic protists belonging to the
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family Trypanosomatidae and genomic evidence that autophagy
also occurs in a diverse variety of other protists, including some
free-living taxa.'"'®* For some of the species examined so far,
genomic signatures are complemented by experimental demon-
strations of autophagy and/or analyses of candidate protein func-
tion. Significantly, however, bioinformatics surveys of protist
genomes reveal some taxa in which autophagy, at least as defined
by current paradigms, does not occur and others in which the
canonical autophagy pathway has been subject to lineage-specific
elaboration or moderation. Thus, even though only a limited
spectrum of the many unicellular eukaryotes belonging to the
30-40 disparate phyla grouped in the Kingdom Protista can
currently be readily subjected to genome or direct experimental
analysis, one can anticipate considerable variation from the path-
ways described in yeast and animals during the past 10-20 years.

Human and animal pathogenic protists have received much
more attention in biological research than either free-living pro-
tists or the parasites of plants. This is particularly true for para-
sites causing devastating human and animal diseases in tropical
and subtropical parts of the world and for which no adequate
treatment is available, such as the protists belonging to the family
Trypanosomatidae that cause African sleeping sickness, Latin-
American Chagas’ disease and various manifestations of leish-
maniasis and the order Apicomplexa responsible for malaria and
theileriosis, but also for diseases occurring in parts of the world
with a moderate climate such as toxoplasmosis. Some of these
parasites (Trypanosoma brucei, responsible for sleeping sickness)
live extracellularly in the blood of their human host. Others (like
the Chagas’ disease parasite Trypanosoma cruzi, Leishmania spe-
cies and the apicomplexans), spend a major part of their patho-
genic life inside host mammalian cells. The host’s autophagy
may play a major role in the infection process of some of these
latter parasites. The process may either be used to eliminate live
or dead pathogens or it may be exploited by the parasite to favor
invasion. On the other hand, intracellular parasites may block
host cell autophagy as a survival strategy, for example by reducing
parasite-derived peptide presentation by host cell MHC to CD4*
and CD8* T cells.

In this review, we will summarize the current knowledge
about autophagy in protists, and present some new data. We will
provide a rationalization for the differences found between pro-
tists and other phylogenetic groups and between different protist
lineages with regard to the occurrence or variations in the pro-
cess, the different pathways and the repertoire of ATGs. This will
be done on the basis of evolutionary developments and habitats
in which the different organisms live. We will also describe the
details and relevance of the host autophagy process for invasion,
survival or removal of pathogenic protists.

Molecular Analysis of Autophagy in Protists—
Some Practical Considerations

Yeast as the model organism for autophagy studies. As men-
tioned above, autophagy is a process that has been found in
representatives of all major eukaryotic phyla, including protists.
Indications of autophagy in some unicellular eukaryotes were
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Figure 1. Schematic overview of autophagy-related processes. The main steps of the various pathways, as summarized in the main text of the paper,
are indicated. Proteins shown to be specifically required for the different pathways are boxed.

initially obtained by electron microscopy. However, in the last
decade most information about the distribution of autophagy
in the highly diverse kingdom of protists has come from bioin-
formatic analyses based on homology searches in sequence data-
bases using mammalian and particulatly yeast Atg sequences as
queries. Subsequently, the occurrence of the process in some of
the better-known, often pathogenic protists has been experimen-
tally confirmed. Since autophagy has been most intensively stud-
ied in S. cerevisiae, and this organism thus serves as a model to
which other organisms are compared, we will first summarize the
respective steps in yeast (reviewed in ref. 1, 24 and 25).

Macroautophagy, and the very similar Cvt pathway can con-
ceptually be divided into a number of consecutive steps mediated
by specific proteins (Fig. 1): (1) nutrient sensing and induction
of autophagy; (2) cargo selection and packaging; (3) vesicle
nucleation (formation of the phagophore); (4) vesicle expansion
and completion (autophagosome or Cvt vesicle formation); (5)
retrieval; (6) docking and fusion; (7) vesicle breakdown in the
vacuole.

(1) Nutrient sensing and induction of autophagy. Under
nutrient-rich conditions, when macroautophagy occurs at a basal
level, the protein kinase TOR of the TORCI complex maintains
a hyperphosphorylated state of Atgl3 that, together with Atgl,
forms the core of the so-called Atgl complex. When nutrients
become limited, Atgl3 is partially dephosphorylated causing an
increased affinity for Atgl. The less phosphorylated Atgl-Atgl3
complex induces, through the Ser/Thr kinase activity of Atgl, an
increase of macroautophagy. This kinase activity appears to be
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also essential for the constitutive Cvt pathway. However, despite
the similarity between the macroautophagy and Cvt pathways,
and the fact that most components are shared between them,
there are differences, too. Some Atgs have been shown to be
essential only for the former pathway, whereas others only for
the latter one. Atgl interacts directly or indirectly via Atgl3 or
Atgll with Atg20, Atg24 and Vac8 for the Cvt pathway, and
with Atgl7, Atg29 and Atg31 for macroautophagy. Atgll is also
essential for pexophagy, mitophagy and PMN, whereas Atg24
is additionally required for pexophagy in methylotrophic yeasts.
These differences indicate a role of the Atgl complex as a switch
between nonselective autophagy and selective processes such as
Cvt and pexophagy. A detailed discussion of the current knowl-
edge of the elaborate regulation of autophagy by TOR and signal-
ing pathways in S. cerevisiae, the nature of all above-mentioned
Atgs involved in the induction step, and the temporal and spatial
aspects of their interactions, can be found in reviews by Diaz et
al.?® and Jung et al.”

(2) Cargo selection and packaging. In contrast to nonselec-
tive macroautophagy, where bulk cytoplasm components are ran-
domly sequestered, a defined cargo selection occurs in the cases
of Cvt and selective autophagy processes. As mentioned in the
introduction, the protein Atgl9 or Cvtl9 plays a crucial role in
cargo selection for the Cvt pathway. The Cvt complex (consisting
of prApel and a-mannosidase bound to Atgl9) binds to Atgll
that brings the complex to the PAS where the Cvt vesicle will
nucleate. All components of the core autophagy machinery (see
below) are involved in the formation of the Cvt vesicle, notably
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phosphatidylethanolamine (PE)-conjugated Atg8 that binds to
Atgl9 to ensure the correct sequestering of the complex within
the vesicle.

For the selective process of pexophagy, several proteins are
important in S. cerevisiae and/or the methylotrophic yeasts P.
pastoris and Hansenula polymorpha (reviewed in ref. 28). Atg30
has been identified in P. pastoris as the peroxisome receptor
for pexophagy. It is expressed and associates with peroxisomes
already during proliferation of the organelles, but it becomes
phosphorylated by an as yet unknown kinase only after induction
of pexophagy. The interaction with peroxisomes occurs through
two peroxins, Pex3 and Pex14, proteins with a major function in
peroxisome biogenesis. In methylotrophic yeasts, Pex14 has been
detected in both an unmodified and a phosphorylated form, and
only the latter one appears to interact with Atg30. Atg30, after its
association with peroxisomes, also interacts with the autophagy
machinery at the PAS, and so targets the organelles for degrada-
tion to the vacuole.

A few other Atg proteins have been shown to be required for
pexophagy: i.e., Atg25 in H. polymorpha, Atg26 in P. pastoris and
the plant pathogenic fungus Colletotrichum orbiculare and Atg28
in P. pastoris. These proteins act at the later stages of pexophagy,
but their precise role remains to be established.

Pexophagy in methylotrophic yeasts occurs not only by
macropexophagy, but also by micropexophagy, depending on
the carbon source and the ATP level.”” Macropexophagy usu-
ally involves the sequestering of only a single peroxisome by the
phagophore, whereas in micropexophagy often a cluster of organ-
elles is engulfed by the vacuolar membrane. Micropexophagy is
also a selective process, because the vacuolar membrane contains
proteins that recognize the peroxisomes; the signaling is inde-
pendent of Atg30 phosphorylation. In P. pastoris, the glycolytic
enzyme phosphofructokinase plays a role in triggering micrope-
xophagy. The morphological changes observed during micrope-
xophagy are different from those in common microautophagy;
in the latter, tubules invaginate into the vacuole lumen, whereas
in the former, arm-like extensions of the vacuolar membrane are
formed. To complete the sequestration by the arms, they fuse, in
an Atg24-dependent manner, with a peculiar cup-shaped dou-
ble-membrane structure called the micropexophagic membrane
apparatus (MIPA). The origin of the MIPA is still unknown.

Autophagy of mitochondria in yeast occurs at a basic rate for
regular turnover, but is induced upon change from a respira-
tory carbon source to a fermentative one. It may also be impor-
tant upon organelle damage caused by reactive oxygen species
(ROS) originating from a malfunctioning respiratory activity.
Degradation of the organelle may occur by selective macro- or
micromitophagy. Thus far, only two proteins specifically required
for mitophagy have been identified in S. cerevisiae, Atg32, which
appears to function as an outer membrane tag to mark the organ-
elle,**3" and Atg33.%* The selective nature of the organelle’s deg-
radation has been confirmed by the involvement of Atgll (that
binds Atg32, similar to its interaction with Atgl9 in the Cvt
pathway), Atgl7 and Atg29.

Only limited information about induction, mechanism
and the requirement of some Atg proteins involved in selective
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reticulophagy, ribophagy and piecemeal microautophagy of the
nucleus is also available for yeast. However, it will not be dis-
cussed here because it is outside the scope of this review as no
information about these processes in protists is as yet available.

(3) Vesicle nucleation. The nucleation of vesicles for cargo
encapsulation involves the recruitment or formation of a mem-
brane to generate a beginning for a vesicle (Cvt vesicle or auto-
phagosome). The origin of the membrane for these vesicles has
been debated for years. Several possibilities have been proposed,
such as maturation from the ER or mitochondrion or de novo
membrane formation by localized synthesis or transport. No
unambiguous data are available for yeast, but recent studies on
mammalian cells strongly suggest that both the ER and outer
mitochondrial membrane can be the source of these mem-
branes.**% Cup-shaped ER protrusions enriched in phosphati-
dylinositol 3-phosphate [PtdIns(3)P] recruit autophagic effectors
and expand for the phagophore to sequester cargo. Formation of
PtdIns(3)P is dependent on the activity of a membrane-associ-
ated class III PtdIns3K complex comprising the Ser/Thr protein
kinase Vpsl5, the PtdIns3K Vps34, as well as Atg6 and Atgl4,
which functions at the PAS. In yeast, Atgl8, Atg20, Atg21 and
Atg24, which all bind PtdIns(3)P, are recruited to the PAS. In
H. polymorpha, but not in S. cerevisiae, Atg21 is essential for
pexophagy.

(4) Vesicle expansion and completion. The expansion of the
phagophore into an autophagosome or Cvt vesicle involves a
process reminiscent of protein ubiquitination. Two sets of ubig-
uitination-like conjugation systems are implicated (reviewed in
ref. 36). The first one, in which Atg8 as the ubiquitin-like modi-
fier is conjugated to PE as the substrate, employs Atg7, Atg3 and
the complex Atgl2-Atg5 as E1, E2 and E3-like proteins, respec-
tively; in the second system Atgl2 plays the ubiquitin-like role,
while Atg5 is the substrate and Atg7 and Atgl0 exert the E1 and
E2-like activities, respectively; here the E3 function is unknown.
Atgl6 can oligomerize and binds to the Atgl2-Atg5 conju-
gate, usually resulting in the formation of a dimeric complex.
Together, these activities lead to the following processes at the
PAS: First, Atg8 is proteolytically processed at its C terminus by
Atg4, exposing a glycine residue. This Atg8 as well as Atgl2, also
having a C-terminal Gly residue, are activated independently by
the El-like enzyme Atg7 by forming a thioester bond with it and
subsequently transferred via E2-like Atg3 or Atgl0, respectively,
to membrane-associated PE or Atg5. As a result, Atg8 becomes
covalently linked to PE and so anchored to both sides of the
expanding, curved phagophore. The dimeric Atgl2-Atg5-Atgl6
complex covers mostly the outer surface of the curved organelle.
After closure of the expanded phagophore, resulting in a double-
membrane bounded vesicle, its outer surface loses its coating of
Atgl2-Atg5-Atgl6 complex, and Atg4 acts once more on Atg8,
releasing it from the outer surface by cleavage of the Atg8-PE
linkage. The result is a cargo-filled vesicle with Atg8-PE at its
inner membrane surface, now competent for fusion with the
vacuole.

(5) Retrieval. Only Atg8-PE and Atgl9 remain associated
with the autophagosome or Cvt vesicle and are directed to the
vacuole. Most other components involved in the autophagy and
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Cvt pathways are soluble or peripheral membrane proteins and
are easily retrieved from the phagophore/autophagosome/Cvt
vesicle to the PAS to be reused in further cycles. Only retrieval
of the integral membrane protein Atg9 requires PtdIns3K, the
PtdIns3K-binding protein Atgl8 and several other Atg proteins:
1, 2, 11, 13, 23 and 27. Atg23 is essential only for the Cvt path-
way, but loss of this protein does result in a reduced number of
autophagosomes.

(6) Docking and fusion. Vesicle targeting to the vacuole/lyso-
some, its docking to the degradative organelle and membrane
fusion involve proteins that are generally used within the cell for
other membrane docking/fusion processes and are not specific
to autophagy and related processes. Therefore, they will not be
further discussed in this review.

(7) Vesicle breakdown in the vacuole. Following fusion of
the autophagosome with the vacuole and formation of the auto-
phagic body, the membrane of this body (and that of organelles
in it and the Cvt body) is ruptured to release and degrade its
content. Vesicle lysis requires the vacuole’s acidic pH and pepti-
dase B (Prbl). Probably, this peptidase activates various vacuolar
zymogens responsible for breakdown processes. In S. cerevisiae
Atgl5, an integral membrane protein with presumed lipase activ-
ity, is specifically involved in the degradation of this membrane.
Another autophagy-related protein operating in the vacuole is
Atg22, an integral protein of the organelle’s boundary membrane
which bears sequence similarity to permeases of the major facili-
tator superfamily. It is probably involved in export of regenerated
amino acids to the cytosol.

Ubiquitination and selective autophagy. For many years, the
ubiquitin-proteasome system has been considered as the main
pathway responsible for the removal of misfolded proteins in all
eukaryotic cells. Recently, however, it has been observed in mam-
malian cells that ubiquitination of cytosolic protein aggregates
may also function as a specific signal to induce their selective
degradation by autophagy (reviewed in ref. 37). By analogy with
the proteasome system, where unfolded ubiquitinated proteins
are recognized by ubiquitin-binding receptors that deliver them
to the proteasome, ubiquitin-dependent selective autophagy
involves a ubiquitin-binding receptor and its associated proteins,
p62 and NBRI, respectively. Their simultaneous interaction
with LC3 or GABARAP (mammalian proteins which belong
to two ATGS8 subfamilies), mediate the sequestering of ubiq-
uitinated substrates (misfolded single proteins, inclusion bod-
ies and aggresomes) in the autophagosome for their subsequent
lysosomal degradation. The ability of p62 and NBR1 to bind
ubiquitinated substrate depends on the presence of a C-terminal
UBA domain, whereas the interaction with the ubiquitin-like
family proteins LC3/GARABAP depends on a short linear motif
called ‘LC3-interacting region’ (LIR) that is characterized by an
acidic cluster and a conserved aromatic residue. A similar motif is
present in Atgl9 and is responsible for the interaction with Atg8
in the yeast’s Cvt pathway. Nevertheless, functional yeast ortho-
logues of p62/NBR1 have not been identified yet.

Regarding the regulatory mechanism that determines which
pathway will be followed for the degradation of a specific ubig-
uitinated substrate, evidence has been reported that the specific
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architecture of the ubiquitin moieties (branched K48-linked
polyubiquitin chains for proteasomal or mono-ubiquitin and
linear K63-linked polyubiquitin chains for autophagy), together
with the relative levels of co-chaperones BAGI and BAG3 in the
case of protein aggregates, are elements that select between the
two pathways. However, p62 competes for ubiquitinated cargo
with proteasomal receptors and is able to directly interact with
the proteasome, which suggests the existence of additional regu-
latory mechanisms.

Ubiquitination is also involved in the selective autophagy
of organelles like mitochondria, peroxisomes, ribosomes and
intracellular bacteria. In the case of pexophagy, mono-ubiquiti-
nation of the integral membrane protein PMP34 is sufficient to
induce autophagic degradation of mammalian peroxisomes in a
p62-dependent manner.®

In general, most experimental evidence suggests that ubiqui-
tination, too, might function as a signal for selective autophagic
degradation of protein aggregates, organelles and pathogenic
cells through a common mechanism involving autophagosome
formation.

Terminology and methodology appropriate for the bioinfor-
matics analysis of autophagy in protists. Comparative genom-
ics provides a rapid way to exploit experimental data garnered
for one species in order to elucidate the structure and operation
of cellular pathways in other species. By compiling ‘parts lists’
for species for which experimental data may be sparse or hard to
obtain, similarities and differences compared to model species
can be visualized and their implications for physiology consid-
ered. Furthermore, mapping presences and absences of pathway
components onto phylogenetic trees allows for a deeper under-
standing of the mechanisms by which the pathway evolved.
Nevertheless, genome-mining exercises suffer from some funda-
mental and practical limitations and the risk of overinterpretation
of data is ever present. A brief consideration of key terminology
and common bioinformatic methodology illuminates some of the
limitations of the area and explains some apparent inconsistencies
in the literature.

Comparative genomics exercises cannot pinpoint genes or
proteins with particular functions directly. Instead they seek sta-
tistically similar protein sequences to a query of known func-
tion: Where the similarity is strong enough to indicate homology
(common evolutionary ancestry) then there is the possibility that
the hit sequence has the same or similar function to the query. The
improved statistics of the database search program BLAST*
provide a reliable guide to significance, although certain kinds
of sequences, such as those exhibiting strong compositional bias,
e.g., coiled-coil regions, can still cause problems for the more
sensitive, iterated search protocols of PSI-BLAST,* where search
results can become ‘contaminated’ with unrelated sequences.
The reliability of all searches is obviously dependent on the com-
pleteness of the protein sequence database and nucleotide data-
bases should also be searched to allow for potential inaccuracies
in gene calling. It is also prudent to employ query sequences from
different species, where possible, since homologous queries may
differ in their ability to retrieve divergent relatives. Even with all
these efforts, however, it must be recognized that some divergent
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homologues may resist detection with presently available queries
and sequence databases.

Assuming homologues have been reliably found, the harder
question emerges as to whether any of them have the same or
similar function to the query. Here it is helpful to define two
classes of homologue, orthologue and paralogue. Orthologues are
defined as homologues that have arisen from a speciation event,
i.e., their lineage traces back to a single gene in the last common
ancestor of their respective species. Immediately after speciation
these independent copies have the same function and, if selection
pressure applies thereafter, will tend to retain that function. This
consideration leads to the alternative definition of orthologues, as
homologues in different species carrying out the same function.
Very frequently, the two definitions are equivalent although there
are exceptions where one of a pair of orthologues can alter or even
lose its function.* Also, members of large families may have con-
verged on the same function through more complicated evolu-
tionary histories: These would be orthologues by the alternative
definition but not by the original. Paralogues are those homo-
logues deriving from gene duplication events within a single spe-
cies. These are recognized as an important source of functional
novelty during evolution and can be expected to differ, at least
subtly, in their function(s).

The relationship between sequence identity and functional
similarity of protein pairs is complicated and family-dependent.*?
However, there are several ways in which detected homologues
can be justifiably reclassified as probable candidate orthologues.
An accepted computational shortcut to prediction of orthology
is the reciprocal BLAST search:* If two proteins, in different
genomes, are each the top of the hit list of the other when queried
by cross-genome BLAST, then they are likely to be orthologous
and hence probably share the same function. Clearly, any experi-
mental data regarding sequence characteristics key for activity
should also be considered. These predictions are significantly
enhanced by the availability of structural data but, as yet, rather
few autophagy proteins have been fully structurally character-
ized."® Many autophagy proteins contain multiple domains'® and
these can cause problems, especially in the case of short domains
and large inter-domain separations. Since BLAST will separate
out individual domain matches in such cases, two proteins may
pass the orthology prediction test yet differ in their domain com-
position. Nevertheless, domains may also be a useful filter in the
search for likely orthologues. Some domains, such as those with
catalytic activity, will be integral to a protein’s molecular function,
and less capable of substitution by alternative domains: Any puta-
tive orthologue should possess those core domains. Where candi-
date sequences require manual scrutiny, it is important to employ
more sensitive domain annotation tools such as HHSEARCH,
since domain databases such as Pfam® and CDD*® may fail to
annotate divergent domain sequences, particularly short ones.

Therefore, different criteria may be used to consider a homol-
ogous sequence as a strong putative orthologue. For example, it
has been initially suggested that the second Atgl2-based conju-
gation system was absent in trypanosomatids.”® However, later
reports'*1523
imentally characterized.? Interestingly, despite the identification

identify Atg5 and Atgl0 orthologues, recently exper-
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in this last work of a Leishmania protein functionally resembling
Atgl2, and indeed now named ATGI12, this is not likely to be
an orthologue, strictly speaking, of the yeast protein. Instead,
sequence comparisons suggest a closer, albeit still distant, resem-
blance to yeast Atg8."

Finally, another challenge of genome mining is the possibility
of gene displacement. Thus, the absence of a putative orthologue
to a given protein in a certain organism need not necessarily mean
that that function does not exist: an evolutionarily unrelated pro-
tein may have taken over the role. Autophagy provides a good
example of this: The roles of the vacuolar hydrolases Pep4 (an
aspartic peptidase) and Prbl (a serine peptidase) in S. cerevisiae
have been taken over by cysteine peptidases in trypanosomatids.”
However, this resembles more the situation in humans, although
the aspartic peptidase cathepsin D also plays an important role
there.”

Genomic Predictions Regarding Autophagy
and its Evolution in Protists

Independent secondary losses of, and variations on, ‘canoni-
cal’ autophagy. In current views of eukaryotic evolution most
organisms are placed within one of six supergroups.®® This clas-
sification is based upon results from large-scale phylogenetic
analyses and careful comparisons of cell morphology, although
some of the relationships between super-groups are uncertain
and the identity of the deepest branch(es) that lie(s) closest to
the root of the eukaryotic tree remains a hotly-debated topic.*~
The experimental characterization of autophagy in taxa widely
accepted to have last shared a common ancestor at a very early
stage in eukaryotic evolution—animals, yeast, trypanosomes
and plants—strongly suggests that the basis for macroautophagy
was already established prior to the divergence of the last com-
mon ancestor of known eukaryotes (or LECA). Using bioin-
formatics to map the distribution of known autophagy-related
proteins in extant eukaryotes, however, indicates that among the
protists canonical autophagy has been subjected to elaboration,
moderation and even loss on multiple occasions (Fig. 2)."* As
exemplified by the experimental characterization of autophagy
in malarial parasites (discussed under the heading ‘Autophagy in
Apicomplexa’), or the molecular characterization of ATGS8 para-
logues in Leishmania major® the cellular consequences of likely
moderation to canonical autophagy, or the paralogue expansion
of core ATGs are already under investigation in some species. The
availability of reverse genetic tools for many of the other protists
in which core ATGs have either been lost or subject to paralogue
expansion, means that other variations in autophagy that are
apparent at the genomic level should be amenable to experimen-
tal investigation, too.

Striking observations to emerge from a comparative genomic
census of ATG genes are the loss of autophagy on at least three
occasions during eukaryotic evolution and the moderation or
divergence of autophagy in the Apicomplexa, such that, other
than the ubiquitin-like conjugation systems, many readily rec-
ognizable ATGs are either absent or have diverged beyond
obvious recognition. The absence of ATG8- or ATGI2-related
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Figure 2 (See opposite page). Predicted distribution of ATG orthologues in protists. Modified from Rigden et al." BLAST and PSI-BLAST were used

to identify sequences in protists that were either homologous or putatively orthologous to known autophagy components. Proteins are grouped ac-
cording to the stage of autophagy at which they principally function (see Fig. 1). RPS-BLAST and HHSEARCH were used to check the domain composi-
tion of identified hits. Putative orthologues were those corresponding to the query by being reciprocal top hits in BLASTs between complete sets of
predicted genome-encoded proteins and by bearing similar domain composition. By this definition there can clearly be only a single orthologue per
genome. Additional putative paralogues were defined as further protist hits in the same BLAST searches, which also retrieved the query in top place
and had appropriate domain composition. Black cells indicate the presence of a putative orthologue identified using a yeast Atg query; red, a putative
orthologue identified using a non-yeast ATG query; light grey, homologous sequences detected using a yeast Atg query (but without indications of
orthology from reciprocal BLAST results and domain composition; reviewed in ref. 14 for details); yellow, homologous sequences detected using a
non-yeast ATG query; blank, no homologues detected. Numbers denote additional predicted paralogues in an individual species. The figure, for con-
sistency, comes from a uniform and purely computational analysis, and does not necessarily reflect experimental information. However, experimental
data suggest that some of the putative paralogues in this figure have apparently very similar functions to the confirmed orthologues’ functions. For
example, T. brucei, by this methodological definition, contains one predicted orthologue and three paralogues of S. cerevisiae Tor1/Tor2. Nevertheless,
experimental data show that two T. brucei proteins have TOR activity'® and therefore, by some definitions based on functional analysis (see text), may
both be considered as orthologues. Asterisks indicate the presence of homologous sequences that could not be reliably predicted as paralogous or
not. Accepted relationships within eukaryotic ‘supergroups’ for the protists surveyed here are shown. There are competing hypotheses for how the
divergence of these supergroups relates to the root of eukaryotic evolution. The last common ancestor of all eukaryotes has been suggested to have
existed at the point of unikont-bikont divergence.'”® Alternatively, although molecular and morphological evidence for the monophyly of Excavata
exist (e.g., reviewed in ref. 60), these data are equivocal and several excavate groups continue to be proposed as extant descendants from the earli-
est diverging eukaryotic lineage.*>** Abbreviations for eukaryotic ‘supergroups”: A, Amoebozoa; C, Chromalveolata; E, Excavata; O, Opisthokonta; P,
Plantae. Abbreviations for other groupings: ch, choanoflagellates; f, fungi. The choanoflagellates represent the closest known unicellular relatives of
animals. Species abbreviations: Ch, Cryptosporidium hominis; Cm, Cyanidioschyzon merolae; Cr, Chlamydomonas reinhardtii; Dd, Dictyostelium discoi-
deum; Ec, Encephalitozoon cuniculi; Eh, Entamoeba histolytica; Gl, Giardia lamblia; Mb, Monosiga brevicolis; Ospp., Ostreococcus species; Pf, Plasmodium
falciparum; Pspp., Phytophthora species; Pt, Paramecium tetraurelia; Sc, Saccharomyces cerevisiae; Tb, Trypanosoma brucei; Tp, Thalassiosira pseudonana;

Tspp., Theileria species; Tt Tetrahymena thermophila; Tv, Trichomonas vaginalis.

conjugation systems from the complete genome sequences of the
microsporidian parasite Encephalitozoon cuniculi,’® the red alga
Cyanidioschyzon merolae’* and the human pathogen Giardia
intestinalis,” however, provides very strong evidence that the
process of macroautophagy has been secondarily lost in a recent
ancestor of these species. Significantly, the absence of macro-
autophagy is not the only illustration of where organellar cell
biology has been subject to streamlining in these eukaryotes.
For instance, neither microsporidia nor Giardia contain peroxi-
somes or related microbodies; molecular and cytological analy-
ses indicate that the endomembrane networks are perhaps less
complex than in other organisms. Mitochondrial function has
also degenerated in both parasites and the relic organelles that
remain (known as mitosomes) have no capacity for ATP produc-

tion.>®

In the case of Giardia, the absence of autophagy also cor-
relates with the absence of lysosomes. Instead, one contiguous
tubular vesicular network appears to combine ER, endosome and
lysosome functions.”” Yet, that is not to suggest that differentia-
tion and intracellular remodelling do not occur. For instance,
Giardia and microsporidians form cysts and spores, respectively.
In Giardia the appearance of the secretory network is induced to
facilitate the deposition of cyst wall components.®® It is not clear
whether any turnover of macromolecular structures during the
final stages of cyst formation or excystation is dependent upon a
process resembling microautophagy.

In contrast to Giardia and the microsporidia, the extremophile
red alga C. merolae contains a peroxisome, an aerobic mitochon-
drion and a photosynthetic chloroplast. Thus, secondary loss of
macroautophagy does not always correlate with the extreme loss
of metabolic functions that often accompanies the adaptation
to parasitism, although niche adaptation to acidic, volcanic hot
springs nonetheless likely facilitated the loss of ATGs in C. mero-
lae. A wider comparison with the green algae reveals an exten-
sive genomic footprint for canonical autophagy in the freshwater
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alga Chlamydomonas reinhardtii and in various oceanic phyto-
plankton (e.g., the diatom Thalassiosira pseudonana and the pico-
eukaryote Ostreococcus) (Fig. 2). This clearly indicates that in
contrast to C. merolae, fluctuations in nutrient supply, compe-
tition for nutrients, other ecological pressures or developmental
programs (e.g., sexual reproduction) necessitate the retention of
autophagy pathways.

It is worthwhile to note that some might view the absence
of macroautophagy from Giardia not as the product of second-
ary loss, but as a reflection of Giardia’s last common ancestor
with other eukaryotes possibly diverging prior to the appear-
ance of the ATGs in eukaryotic evolution. Similar arguments
have been put forward to explain the minimalism that pervades
other aspects of Giardia’s molecular cell biology.”® For many years
there was a longstanding belief that Giardia was an amitochon-
driate descendent of a primitive eukaryote that diverged before
the a-proteobacterial endosymbiosis that gave rise to the proto-
mitochondrion occurred. This now seems not to be the case: relic
mitochondria are present in Giardia,”® and although it is as yet
difficult to refute entirely the suggestion that Giardia belongs to
the earliest diverging lineage,”” much of the divergent cell biology
that characterizes this important human parasite is more often
considered to be a product of reductive evolution. In molecu-
lar phylogenetic analyses Giardia is often recovered in a clade
containing another human parasite Trichomonas (e.g., reviewed
in ref. 60) which, in contrast to Giardia, contains obvious ATG
homologues. Published thin section electron micrographs of
Trichomonas are also suggestive of autophagosome formation
following serum deprivation, hydroxyurea treatment or berberine
sulphate treatment.®"*? Like Giardia, Trichomonas has a stream-
lined metabolism:® In Trichomonas, cellular energy generation
is dependent upon carbohydrate metabolism and, to a lesser
extent, the catabolism of some amino acids, but peroxisomes
and many biosynthetic pathways are absent and its anaerobic
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mitochondria (known as hydrogenosomes) have lost the capacity
for cytochrome-dependent respiration and oxidative phosphory-
lation. Thus, the example of Trichomonas vaginalis indicates that
a streamlined metabolism is not necessarily a prelude to modera-
tion or loss of macroautophagy.

In other protists the genomic survey points towards either
moderation or divergence from the autophagy pathway that is
broadly conserved in animals, plants, Dictyostelium (see below),
and fungi. Experimental studies are required to distinguish
between these possibilities. In the malarial parasite Plasmodium
Jalciparum, and other apicomplexans, the differences with other
eukaryotes are likely to be more extreme. Here, there are likely to
be lineage-specific adaptations to the mechanisms by which auto-
phagy is induced (e.g., a typical TOR-ATGI1-ATG13 complex is
not predicted) and the expansion of the phagophore membrane
occurs (e.g., homologues of neither Atg9, which is an otherwise
well-conserved integral membrane protein, nor Atg2, required
for retrieval and recycling of Atg9 during phagophore expansion,
are readily predicted by bioinformatics searches, although likely
Atgl8 orthologues were readily identified in P. falciparum and
Theileria). Intriguingly, Atg9 orthologues are also not detected
in ciliates, which are a sister group to the Apicomplexa.

Of course, an absence of readily detectable Atg orthologues
in evolutionarily diverse protists is as likely, if not more likely,
to reflect gene divergence, as it is to be due to gene displacement
or gene loss. Yet, comparative genomics also throws up curious
examples of ATG gene conservation. An unexpected example of
conservation is the unambiguous example of an Atgl7 ortho-
logue in the amoeba Dictyostelium discoideum. Although pro-
teins with low amino-acid identity to either yeast or the putative
Dictyostelium ATG17 can be detected in a range of other pro-
tists, including Entamoeba histolytica and the choanoflagellates
Monosiga brevicolis and Protereospongia, none is confidently pre-
dicted by the reciprocal BLAST to be a likely orthologue. The
possible evolutionary significance of these observations was dis-
cussed previously.'"* A7G17 remains one of the rare examples of
an autophagy gene that potentially appeared early in evolution
(before the divergence of the Amoebozoa and fungi), but which
was subsequently lost or diverged beyond easy recognition during
the evolution of lineages, including metazoans, where autophagy
is an essential feature of development and normal cell physiology.

Paralogue expansions of some ATGs are evident in evolu-
tionarily related and unrelated protists. For instance, there is a
species-specific expansion of A7G8 paralogues into four distinct
families totaling 25 genes in Leishmania, but not Trypanosoma
species as was noted previously.”? Preliminary localization of
some of these paralogues using GFP-tagging approaches sug-
gests that some ATG8-family members have cellular functions
in addition to or other than autophagy (reviewed in ref. 23; see
also below, ‘Autophagy in Trypanosomatidae as inferred from bioin-
Jormatics studies of genome sequences’). From the wider compara-
tive genomic survey of autophagy summarized in Figure 2, the
most notable examples of paralogue expansion are A7G4 and
ATGS, duplicated several times in Paramecium tetraurelia, but
to a much lesser extent in another ciliate, Tetrahymena thermoph-
ila. Phylogenetic analyses suggest that the expansions in these
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two species occurred largely independently of each other (data
not shown). The Paramecium ATG4 and ATG8 homologues
are not identical. Paralogue expansion of other Paramecium
gene families has been reported previously, and it appears that
genome architecture and gene content in Paramecium have been
shaped by multiple rounds of whole genome duplicaton.®® In
instances where examples of unexpected paralogue expansion
in Paramecium have been subject to experimental examination
(e.g., actin-related proteins® and vacuolar ATPase®), the differ-
ent gene products have often been observed to have distinct cel-
lular functions. This suggests that future study of Paramecium
ATG4 and ATG8 paralogues will be of merit.

In protists, selective autophagy of organelles—such as glyco-
somes, the peroxisome equivalents of trypanosomes (see section
below ‘Autophagy in Trypanosomatidae’; Trypanosoma bru-
cei)—has been experimentally observed. Some proteins involved
in these pathways in yeasts also participate in other autophagy-
related processes or entirely different processes. These include
Atg24, the peroxin Pex14 and the glycolytic enzyme phospho-
fructokinase, all involved in pexophagy in methylotrophic yeasts
and Atgll, Atgl7 and Atg29 involved in mitophagy in S. cerevi-
stae. Putative orthologues of these have been identified in protists
but their role in organelle degradation in protists remains to be
proven. Importantly, however, no genes have yet been detected in
protists encoding proteins homologous to those found in yeasts
that are specifically devoted to recognition/initiation of pexoph-
agy (such as Atg25 and Atg30) or mitophagy (Atg32, Atg33).
Thus, Atg25 and Atg30 are probably fungi-specific additions to
the core autophagy pathways and their functions may be exerted
by different proteins in other organisms.

Ubiquitination and autophagy in protists. Since the connec-
tion between these two processes has only recently been clari-
fied, the proteins involved have not been included in genomic
surveys. We initially used the same methodology as previously'"
to look for putative orthologues of p62 and NBR1 in a set of
complete protist genome sequences. Using human sequences as
queries, no putative orthologues were determined by the pipeline.
However, p62 and NBR1 both contain relatively short domains
separated by regions of intrinsic disorder, compositional bias and
some coiled-coil regions (NBR1 alone). As mentioned above,
these characteristics complicate automated genome mining. We
therefore took a different approach and searched for proteins in
the same protist genomes that contained the same PB1-ZZ-UBA
domain combination shared by p62 and NBRI1. The hits were
also analyzed for the presence of coiled-coil and possible LIR
motifs for interaction with small ubiquitin-like modifiers repre-
sented by [WY]-x-x-[LI] (as in Atg32).

By this approach we identified proteins in five protists that
each contain PB1, ZZ and UBA domains including two in
Naegleria gruberi (Fig. 3). Clearly, the presence of these three
domains in the protist sequences is no guarantee that they share
a p62/NBR1-like function, and not all contain a consensus LIR
between ZZ and UBA domains. However, recent data for the
D. discoideum protein are at least consistent with its sharing a
similar function to its human counterpart.”” Thus, Vimpl" D. dis-
coideum cells accumulated large ubiquitinated protein aggregates,
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including the p62-like and ATG8 proteins, in a way that resem-
bled the results of mutating Azg5 or Atg7 genes in mouse mod-

7071 Burthermore, this domain

els of neurodegenerative diseases.
combination seems relatively rare: No other human proteins
appear to contain all three characteristic domains, for example. It
is also interesting to note that the domain order is retained (albeit
with some additional domains) and, with the exception of the
Thalassiosira pseudonana protein, the PBl domain maintains its
N-terminal location, while the UBA domain is invariably posi-
tioned at the very C terminus, as in p62 and NBR1. Interestingly,
we found two p62/NBRI-like proteins in the amoeboflagellate
N. gruberi, which belongs to the supergroup Excavata. Although
Naegleria was not included in our larger scale census of ATGs, we
were mindful of the identification of both Atgl7 and p62/NBR1-
like homologues in Dictyostelium and wished to ask whether
homologues might have been retained in evolutionarily distant
amoebae (in the case of Naegleria, not likely to have shared an
ancestor with Dictyostelium since LECA). No clear candidate
for an Atgl7 orthologue in Naegleria emerged from this analysis,
although the p62/NBRI-like proteins described here all repre-

sent interesting candidates for further study.

Functional Analyses of Autophagy
in Free-Living Protists

Amoebae. Amoebae are a polyphyletic group of protists that
have radiated into many terrestrial and aquatic habitats, and also
include some medical pathogens”>—see below ‘Functional analy-
ses of autophagy in parasitic protists. Some species are known
for their ability to undergo dramatic morphological changes in
response to appropriate environmental cues. Perhaps the most
extreme of these developmental programs are found among the
social amoebas which aggregate together to form multicellular
fruiting bodies when starved.” (For a scheme of the Dictyostelium
life cycle, see Fig. 4). This developmental process is best described
in the soil-dwelling D. discoideum, which normally hunts bacteria
and yeast within aerobic leaf litter. Significantly, D. discoideum
also serves as an experimentally tractable model phagocyte for
the study of bacterial pathogenesis and host-cell dependent kill-
ing mechanisms.”* Autophagy is important in both multicellular
development and in the phagocytosis and digestion of bacterial
prey. Intriguingly, the molecular analysis of autophagy in D. dis-
coideum suggests that in this protist the core features of macro-
autophagy retain some interactions that are otherwise thought
to occur only in yeast (Atgl7-dependency,' see the previous sec-
tion), to occur only in yeast and plants (Atgl3-dependency) or
to occur in mammals but not yeast (VMP1-dependency””®). In
addition, some Dictyostelium ATG proteins exhibit structural
architectures that are more reminiscent of animal homologues
than they are of yeast homologues (ATG1, ATG16).””7® Finally,
membrane whorls similar to the autophagosomes seen in mam-
malian cells are evident following cytological examination of
ATG5 and ATG7 Dictyostelium mutants, but not wild-type
amoebae, thereby providing further evidence that the cell biol-
ogy of autophagy in social amoebae is more similar to mammals
than it is to yeast.”’

www.landesbioscience.com

Autophagy

Hs NBR1 O—llo———o— 96
Hs p62 Oof—+ 440
Dd DDB0233953 O—f——) 646
Mb 35516 O——— om
Tp 21720 +KO44— 711
Ps 138204 O—H— 760
Ng 82058 OHH 455
Ng 45695 O 322

Figure 3. Domain architectures of human NBR1 and p62 compared to
protist proteins with similar domain compositions. See text for a discus-
sion of these proteins. Each protein is labeled with its species of origin
(Hs, Homo sapiens; Dd, Dictyostelium discoideum; Mb, Monosiga brevis;
Tp, Thalassiosira pseudonana; Ps, Phytophthora spp.; Ng, Naegleria
gruberi) and a genome identifier. Domains are PB1 (yellow hexagons),
77 (red rectangles) and UBA (blue diamonds), small boxes represent
coiled-coil regions and ellipses mark LIR motifs. Numbers to the right
are sequence lengths, and the diagram is approximately to scale.

Thus, genomic analyses have identified most of the core ATG
components that have been experimentally characterized in yeast
or animals, including candidate orthologues of ATGI13 and
ATG17 that were missed in the earliest studies of autophagy in
Dictyostelium."*7#7 In response to starvation, cAMP-dependent
signaling leads to the aggregation of many thousands of adhering
cells that transform into a motile slug, which undergoes morpho-
genesis to produce a 1 to 2 mm high fruiting body containing
a spore mass at the tip of a thin stalk. Within the stalk, cells
are highly vacuolated; under normal circumstances the induc-
tion of starvation-induced autophagy is followed by extensive
vacuolization and DIF-1-dependent autophagic cell death.®
(DIF-1 is a chlorinated small molecule morphogen synthesized
by Dictyostelium). Autophagic cell death is also dependent upon
inositol 1,4,5-triphosphate signaling and Ca?* release from the
ER, and for vacuolization and the subsequent autophagy-depen-
dent cell death to proceed normally a UDP-glucose derivative
is required.®"%? Phenotypic analysis of the various A7G gene
knock-outs that have been made in D. discoideum reveals that
the absence of various ATG components either compromises or
results in failure of fruiting body formation, but that failure of
the developmental program occurs at different points depending
upon the ATG gene that is inactivated.”®”>## Following ATG
gene inactivation, the morphological defect that occurs during
development can vary depending upon the experimental proto-
col used to induce multicellular development. Thus, amoebae
can be grown axenically and then starved on nitrocellulose fil-
ters, induced for development within plaques on bacterial lawns
or grown on bacterial lawns and then transferred to nitrocel-
lulose for starvation-induced development. Autophagy is also
induced, and readily scored using microscopy, when amoebae
are maintained in amino acid-deficient media. Vegetative growth
of Dictyostelium appears to be largely unaffected by A7G gene
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inactivation, at least for the genes examined thus far;’878384 3

result which mirrors the phenotypes seen in parasitic protists
where autophagy is also important during cellular differentia-
tion—see next main section.

Following induction of autophagy, transcription of the
Dictyostelium A7GI homologue (DAATGI) is upregulated (as
are the ATG8 and ATG9 homologues discussed below, reviewed
in ref. 79); the ATGI protein subsequently colocalizes with
the ‘classical’” autophagosome marker ATG8,’® and presumably
interacts with a hypophosphorylated form of the Dictyostelium
ATGI13 homologue (DdATG13). ATGI null mutants die rap-
idly in amino acid-free media, are unable to form mature auto-
phagosomes, and fail to aggregate properly when induced for
multicellular development on nitrocellulose filters.”® Use of a
temperature-sensitive A7GI mutant reveals that the require-
ment for ATGI in autophagy is retained throughout develop-
ment.”* Moreover, additional mutagenesis studies revealed that
the kinase activity of DdATGI and the C-terminal region of
DdATGI that contains a 122 amino-acid domain conserved in
animal, but not yeast, homologues are both required for auto-
phagy to occur in Dictyostelium.”” However, no homologue of
the C. elegans protein UNC-14,* which interacts with the C. ele-
gans ATG1 orthologue UNC-51 through a C-terminal domain
conserved in animal and amoebal ATG], is evident in the D.
discoideum genome.
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DdATG5- and DdATG7-deficient amoebae are unable to
undergo ATG12-ATGS5 dependent conjugation and, when devel-
oped for multicellularity on nitrocellulose filters, aggregate to
form slugs that form multiple, small, abnormal fruiting bodies
with thick stalks and empty sori (Fig. 5).” However, in contrast
to the phenotypes seen in DdATG5 and DdATG7 amoebae, the
requirements for ATG8 conjugation to PE and for PtdIns3K sig-
naling during autophagosome expansion are less critical. Thus,
while autophagosomes are formed and development proceeds
to fruiting body formation in Dictyostelium mutants that lack
either the DAATGS8 or the DdATG6 isoforms characterized by
Kessin and co-workers, these mutants form fruiting bodies with
atypical morphologies (depending upon whether mutants were
developed on nitrocellulose filters or bacterial plaques) and pro-
duce fewer spores than wild-type amoebae.® Interestingly, there
are paralogues of DAATG6 and DdATGS encoded in the nuclear
genome,' perhaps pointing to the possibility that redundancy
provides an explanation for the less severe developmental phe-
notypes seen in A7G6- and ATG8-deletion mutants compared
to the other ATG gene deletions examined in Dictyostelium thus
far. However, the lack of cytoplasmic turnover or recognizable
autophagosomes in amino acid-starved DAATG6 or DdATGS
amoebae® indicates that these paralogues cannot fully com-
pensate for the absence of their experimentally characterized
counterparts.
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Figure 5. Dictyostelium autophagy mutants vary in the severity of their
developmental phenotype. Amoebae were photographed following
multicellular development on nitrocellulose filters. Wild-type (Wt)
Dictyostelium elaborate fruiting bodies. Amoebae lacking ATGT form
loose mounds that rarely develop further. Amoebae lacking either
ATG5 or ATG7 form multi-tipped aggregates, which form abnormal,
small fruiting bodies at the end of thickened stalks; viable, detergent-
resistant spores are not produced. Mutants lacking either ATG6 or
ATG8 form multi-tipped aggregates with small, but otherwise normal
fruiting bodies; some viable, detergent-resistant spores are formed by
these mutants. This research was originally published in the Journal

of Biological Chemistry: parts Wt, atg5 and atg7 as Figure 3A, Cand E,
respectively, in Otto et al. Macroautophagy is required for multicellular
development of the social amoeba Dictyostelium discoideum. J Biol
Chem 2003; 278:17636-45 and parts atgl, atgé” and atg8- as Figure 3B,
G and H, respectively, in Otto, et al. Dictyostelium macroautophagy
mutants vary in the severity of their developmental defects. J Biol
Chem 2004; 279:15621-9. ©The American Society for Biochemistry and
Molecular Biology.

The most recent A7G gene to be experimentally characterized
in Dictyostelium is DAATG9.# The protein encoded by this gene
contains the conserved ‘ATG9’ domain, six putative transmem-
brane helices, and when fused to green fluorescent protein (GFP)
localizes in vesicles that plausibly track along microtubules to
the site of autophagosome formation, as in mammalian cells. As
with other eukaryotes, ATG9 is a candidate molecule involved
in the delivery of lipids to the expanding autophagosome and,
akin to other Dictyostelium A7G gene mutants, amoebae lack-
ing DAATGY are attenuated in development. The ability of
DdATGY mutants to form slugs and occasionally form abnormal-
looking fruiting bodies when developed on nitrocellulose filters
suggests a phenotype more severe than DdATG6 or DdATGS8
deficiency, but less pronounced than loss of DdATG1, DdATG5
or DAATG7.% Retrieval of Atg9 from the phagophore membrane
in yeast requires Atgl activity.*® Assuming this dependency is
evolutionarily conserved, the striking differences in phenotype
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severity between DdATGI- and DdATG9-deficient amoebae sug-
gest DAATGI is likely to most critically function at an early, as
opposed to late (ATG9-interacting) stage in the autophagy pro-
cess. Another intriguing phenotype arising from DdATG9 dele-
tion is the impairment of phagocytosis, providing unexpected
evidence of a link between the function of an ATG gene product
and microbial engulfment.* The role of autophagy in microbial
digestion by Dictyostelium has been studied using bacteria that
are either generally readily cleared by the amoebae (Salmonella
typhimurium®) or which are able to replicate intracellularly
(Legionella pneumophila®). The data from these experiments
echo the results from studies of autophagy in mammalian cells
and underscore the importance to some intracellular microbes of
manipulating the autophagy process in order to replicate.

In line with work on mammalian cells, recent work has also
revealed that the orthologue of vacuole membrane protein 1 or
VMP1, is required for autophagy in Dictyostelium.®”>7¢ As in
mammalian cells, this protein, which is absent from yeast, is mul-
tifunctional and found at different intracellular locations mak-
ing it difficult to assess whether the effect of VMPI deletion on
autophagy is direct or a pleiotropic consequence of losing a pro-
tein involved in numerous cellular processes. There is, however,
some evidence that VMP1 in Dictyostelium is present in auto-
phagosomes.” Following the resuspension of amoebae in mini-
mal salts solution, the detection of p62-related protein in VMPI,
DdATGI, DAATG5 and DAATG7 mutants within ubiquitin-
containing protein aggregates that colocalize with GFP-ATG8
indicates conservation of ubiquitination-dependent delivery of
cytosolic protein aggregates to autophagosomes, as observed in
mammalian cells.”” The limited data regarding the function and
mechanisms of autophagy in other amoebae are cited in the sec-
tion on ‘Experimental analyses of autophagy in parasites.

Other heterotrophs and phototrophs. Although reverse
genetic approaches necessary to facilitate molecular studies of
autophagy are available for a diverse assortment of free-living
heterotrophic and phototrophic protists, it is only Dictyostelium
that has been subject to extensive molecular analysis. However,
in addition to genomic signatures that suggest intriguing varia-
tions on canonical macroautophagy (e.g., the puzzling expansion
of ubiquitin-like protein conjugation components in Paramecium
tetraurelia—see above ‘Genomic predictions regarding auto-
phagy and its evolution in protists’), there are various ultra-
structural descriptions consistent with roles for autophagy or
similar processes in a variety of species. Here, cell cytology not
only points towards the importance of autophagy in develop-
ment (e.g., in ciliates where autophagy is implicated in degrada-
tion of the macronucleus during conjugation®), differentiation
(e.g., during encystment of Tetrahymena;* long-term ‘gametic’
survival of plate-grown Chlamydomonas reinbardtii, a ubiquitous
green alga®’"), and programmed cell death (PCD) (reviewed
in ref. 92 and 93), but also towards the upregulation of basal
levels of autophagy in response to the spatially and temporally
heterogeneous environments in which many protists are found
(reviewed in ref. 94). Given the paucity of relevant molecular
data we consider experimental studies relating to autophagy in
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free-living protists other than Dictyostelium and related amoe-
bae in one combined section.

An involvement of autophagic-like processes in possible turn-
over or remodeling of metabolic organelles (mitochondria, chlo-
roplasts) was revealed by studies with C. reinbardtii mutants
deficient for chlorophyll production (due to the absence of
phytoene synthase),” and Tetrahymena thermophila mutants in
which mitochondrial function and fission were compromised by
either overexpression or deletion of septin.’® In the Tetrahymena
mutants, far higher numbers of mitochondria were seen in asso-
ciation with autophagosome-like vesicles than in wild-type or
starved ciliates. Following treatment with trans-resveratrol, inclu-
sion of mitochondria within autophagosome-like structures was
also seen in another ciliate species, Philasterides dicentrarchi”

In the Chlamydomonas phytoene synthase mutant,”

an
increased frequency of cytosolic autophagosome-like vesicles cor-
related with aberrant plastid structure where thylakoid stacks and
starch-containing pyrenoid bodies were missing. This increase in
the number of autophagic vesicles could have been due to either
the pleiotrophic consequence of a defect in chloroplast func-
tion and the general poor health of a mutant that could only
grow heterotrophically in the dark,” or because of autophagy
during attempted remodeling of the abnormally functioning
chloroplast present in these cells. The dramatic remodeling of
organellar architecture that follows N-limitation and the entry of
Chlamydomonas cultures into stationary phase (reviewed in refs.
90 and 98) provides a more likely example of where autophagy
is important in C. reinhardtii. However, it is also relevant to
remember that we speculated previously on the possible impor-
tance of intra-organellar protein turnover rather than autophagy
for remodeling of the single mitochondrion and/or plastids found
in many protists (the mitochondrion and chloroplast are single
copy organelles in C. reinhardtii).”* The conservation of many
1499 suggests that
organelle and protein turnover is more likely to occur by ‘clas-

ATG homologues in algal and ciliate genomes

sical” macroautophagy, than it is by the substantially moderated
process implicated in the turnover of organelles in malarial para-
sites and perhaps other apicomplexan parasites, too (see below,
‘Autophagy in Apicomplexa’).

In the green alga Micrasterias denticulata, stress-induced auto-
phagy can be accompanied by a PCD-like process in which the
presence of autophagosomes is readily observed by transmission
electron microscopy.”® On the one hand, for some free-living
unicellular opportunists the benefits conferred by altruistic
cell death of an individual are not necessarily obvious. Yet, in
other instances, such as in the seasonal cycling of phytoplankton
blooms, the spread of viral infection through an algal popula-

1% the benefits
of (autophagy-dependent) PCD on a large-scale appear plausible

tion or following excessive ROS-induced damage,

(and even provide a rational explanation for ill-understood exam-
ples of phytoplankton cultures that crash in the laboratory).!!
The possible ecological significance of PCD, and its link with
autophagy, therefore provides interesting parallels with parasitic
protists where occurrence of PCD in vector-borne parasites has
been proposed as an adaptation that aids life-cycle progression
(reviewed in ref. 102). A need for altruistic PCD, coupled with
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an accommodation of seasonal variation in nutrient availability,
provides obvious selective pressures for the retention of ‘classical’
ATG genes in the genomes of ubiquitous pico-phytoplankton,
such as the Ostreococcus species. In contrast, autophagy-depen-
dent remodeling of cellular metabolism has either been lost or
severely moderated in the extremophile Cyanidioschyzon mero-
lae (Fig. 2), which is found only within acidic warm springs.
We speculated previously that limited variation in the supply
of or competition for, core nutrients may have, at least in part,
facilitated loss of ATG homologues and a capacity for macro-
autophagy."* More obvious, clear-cut examples of autophagic cell
death in algae are perhaps likely to be found during the develop-
ment of species such as Volvox carteri, a multicellular green alga
and a close evolutionary relative of C. reinhardtii.'®

Molecular characterization of the Chlamydomonas ATG8
homologue has recently been reported.'® Here, stress- and
rapamycin-induced processing and relocalization of CrATG8
were described, consistent with morphological and genomic
studies suggesting the occurrence of a typical autophagy path-
way. Interestingly, the rapamycin-sensitive TOR-LST8 com-
plex implicated in the regulation of autophagy initiation in
Chlamydomonas'**'® localizes to the peri-basal body region
of the alga.'”® The overlapping localization of TOR and LST8
homologues in C. reinhardtii within the vicinity of the flagellar
basal bodies not only strengthens existing data linking flagellum
function and intracellular cell signalling in this alga (reviewed in
ref. 107), but also draws to mind the increase in mTOR activity
in renal epithelial cells from human patients with polycystic kid-
ney disease or mouse models of polycystic kidney disease where
intracellular signalling is perturbed due to defects or loss in func-

tion of immotile primary (or sensory) cilia.!*®1%

Functional Analyses of Autophagy
in Parasitic Protists

Parasitic protists such as the organisms responsible for
African sleeping sickness (Zrypanosoma brucei), Chagas’ dis-
ease (Trypanosoma cruzi), leishmaniasis (Leishmania), malaria
(Plasmodium), toxoplasmosis (Toxoplasma), East Coast Fever
and Tropical Theileriosis (Theileria) and various kinds of diar-
theal diseases (e.g., Entamoeba), have received considerable
interest from the scientific community, notably biochemists and
molecular and cell biologists, because of the serious diseases
they cause, often to people and domestic animals in developing
countries. Since safe and efficient drugs are still not available or
are undermined by drug resistance, there is considerable pres-
sure to identify new drug targets and develop lead compounds
for therapeutic intervention. Autophagy could represent a valu-
able drug target, as it may lead to autophagy-induced cell death.
Beside this, protists may serve as model organisms, because in
many respects they represent early exponents of evolution and
may be easier to analyze than higher eukaryotes. Roles for auto-
phagy during exponential growth and encystment in Entamocba
histolytica and the encystment of another amoebal pathogen, the
opportunist Acanthamoeba castellanii, have been reported previ-
ously."*"! However, most of the experimental analysis regarding
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Figure 6. Diagram of the life cycle of Trypanosoma brucei.

autophagy and parasitic protists has been performed with try-
panosomatid and apicomplexan parasites. This work is discussed
below.

Autophagy in Trypanosomatidae. Trypanosomatids: life
cycle, morphology and metamorphosis. Trypanosomatidae belong
to the order Kinetoplastida that comprises flagellated protists
characterized by the presence of a DNA-containing compart-
ment, the kinetoplast, at the base of the flagellum. This com-
partment is actually part of the single mitochondrion present
in these organisms, and the kinetoplast DNA is a complex of
standard mitochondrial DNA with other DNA, having a unique
structure and function (reviewed in ref. 112). All known species
of the Trypanosomatidae are pathogenic for human, animals or
crops. Best studied are the human pathogens 7. brucei, respon-
sible for sleeping sickness in sub-Saharan Africa, 7. cruzi, the
causative agent of Chagas’ disease in Latin America, and various
Leishmania species causing a variety of disorders in tropical and
subtropical areas worldwide. These are all so-called neglected
diseases (because of the little attention they receive from phar-
maceutical companies due to the limited market potential in
the countries of affected people) that often are fatal without
adequate treatment, and for which efficacious, nontoxic drugs
are not generally available. Each of these parasites has a com-
plicated life cycle (Figs. 6-8). They are transmitted between
human (or other mammals) by insects and undergo in each
of their hosts sequential developmental changes resulting in
alterations in their morphology which may be considerable, i.e.,
major changes in cell size and form; repression or derepression
of the mitochondrion; expression of a flagellum providing high
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motility or immotile forms without flagellum; position of organ-
elles, etc.

T. brucei is an extracellular parasite that is introduced as a
metacyclic form in the mammalian bloodstream, from the tsetse
fly’s saliva when the insect takes a blood meal (Fig. 6). Once
in the blood, parasites proliferate as a form that has a slender
morphology. During the course of infection, the parasites dif-
ferentiate into nonproliferating stumpy trypanosomes, which are
pre-adapted to life in the tsetse fly’s midgut once taken up during
a blood meal. Stumpy trypanosomes differentiate into procyclic
forms before they migrate to the salivary glands, while undergo-
ing several additional developmental changes to form new meta-
cyclic forms that are infective to mammals.

T’ cruzi infections are caused by reduviid bugs when they def-
ecate during feeding. Infective metacyclic trypomastigotes from
the feces enter the host through skin lesions and mucous tissues
(Fig. 7). The trypomastigote stages do not divide but spread
through the blood infecting any tissue, but especially muscle tis-
sue of the heart and alimentary tract, where they develop into
proliferating amastigotes that are responsible for the pathogenic
symptoms and, after several rounds of multiplication, develop
into new trypomastigotes that are released in the blood and will
invade new cells. The trypomastigotes can also be taken up again
by an insect and develop in its gut into epimastigote forms. In the
rectum, where the insect’s urine is discharged, the epimastigotes
differentiate into human infective metacyclic trypomastigotes,
induced by the locally very low nutritional content.

Leishmania species are transmitted by sandflies, which
infect the host with metacyclic promastigotes from the gut, by
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regurgitation during feeding (Fig. 8). In the mammalian host,
these infected forms enter macrophages where they multiply as
amastigotes in the phagolysosomes.

During the developmental cycles these parasites encounter
highly different environments with different nutrients, different
levels of oxygen supply and different temperatures. For exam-
ple, 7" brucei when living in blood encounters a rather constant,
abundant supply of glucose. It generates ATP only by glycoly-
sis because the mitochondrion is nearly completely repressed. In
contrast, glucose is rarely present in the tsetse midgut. Therefore,
amino acids, notably proline, become the major energy source,
and they are oxidized in the then well-developed mitochon-
drion. Similarly, nutrients available to intracellular amastigotes
of 7. cruzi and Leishmania spp., present in the cytosol and pha-
golysosomes, respectively, are different from those in the blood
and insect gut. Consequently, the metabolic profiles may differ
in the different life-cycle stages of the various parasites, and it
is expected that, at least where important metabolic reprogram-
ming occurs, autophagy plays a major role in achieving this dur-
ing transitions from one stage to the next.

Autophagy in Trypanosomatidae as inferred from bioinformatics
studies of genome sequences. Genome database searches supple-
mented with more advanced analyses have revealed that only
half of the autophagy-associated components characterized in
S. cerevisiae are present in trypanosomatids.'*'>171820 However,
comparisons with other organisms show less dramatic differ-
ences since data suggest that a number of autophagy-related pro-
teins e.g., Atgl9, Atg2l, Atg22, Atg23, Atg25, Atg28, Atg29,
Atg30 and Cisl/Atg31 arose as innovations in the fungal lin-
eage: There is no good evidence that they have orthologues
outside fungi.®'* Nevertheless, it remains likely that further
lineage-specific innovations, as well as expansions outlined
elsewhere, remain to be discovered. Until they are unraveled, it
seems impossible to assess the true degree of similarity between
the trypanosomatid autophagy machinery and the equipment of
other species.

ATG8 has undergone an unusual evolution within the
genus Leishmania.?® Bioinformatics analysis reveals that the
L. major genome has 25 ORFs encoding ATGS-like proteins.
They could be classified into four families, designated ATGS,
ATG8A, ATG8B and ATG8C. The four families are also present
in other Leishmania species, but with different copy numbers.
The ATGS protein is in all cases encoded by a single-copy gene.
The members of the other three families are encoded by gene
arrays. Experimental studies by Williams et al.?® discussed below,
indicated different functions for the different families, although
many questions remain to be answered about these functions
and the reason for expansion of the ATGS8 repertoire in this try-
panosomatid genus. In contrast to the situation in Leishmania,
the number of ATGS8 genes found in 7. brucei and T. cruzi is
much more limited. 7" brucei contains three isoforms of ATGS,
designated ATG8.1, ATG8.2 and ATG8.3, while two isoforms,
ATGS.1 and ATGS.2, have been detected in 7. cruzi (discussed
further below). The finding of multiple ATG8 homologues may
reflect either functional redundancy and/or the ability of the pro-
teins to carry out additional function(s).
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Results of experimental studies. Trypanosoma brucei. The mor-
phology of the different life-cycle stages of African trypanosomes
has been studied in great detail by electron microscopy in the
1970s by Vickerman and colleagues.""*!"* These studies pro-
vide the first indications that autophagy plays an important role
during the transition from one differentiation stage to another.
However, experimental evidence of autophagy in these organisms
was only obtained in the last few years, after ATG homologues
had been discovered and their function studied using specific
antisera, inhibitors and reverse genetics. Rapamycin, the clas-
sical inhibitor of TOR, induces growth inhibition leading to
cell death of bloodstream-form 7. brucei with the formation of
vacuoles stained with monodansylcadaverine that were proposed
at the time to be autophagosomes.?” However, this effect was
only seen at a high concentration (EC, 6.5 pM) of rapamycin,
at least 10-fold higher than that required to induce autophagy
in yeast. No apoptotis or necrosis was observed. In addition,
electron microscopy suggested the formation of phagophores,
autophagosomes and autolysosomes. Rapamycin also caused for-
mation of densely packed membrane clusters associated with the
kinetoplast near the flagellar pocket, which was also observed
upon starvation, but not under several other stress conditions.
These clusters were not seen in differentiating cells.

TOR is a kinase that regulates the balance between protein
synthesis and degradation via autophagy. There are two differ-
ent TOR-containing complexes with distinct functions: TOR
complex 1 (TORCI) controls processes such as ribosome bio-
genesis, transcription, translation and induction of autophagy,
while TORC2 controls spatial aspects of cell growth by actin
cytoskeleton remodeling (review in ref. 115). Metazoans coordi-
nate cell growth via a single TOR kinase (mTOR), while some
single-cell organisms such as yeast have two TOR proteins,
Torl and Tor2. Nonetheless, the different TOR complexes and
their distinct functions are conserved in all eukaryotes studied.
Like some other unicellular eukaryotes, trypanosomes contain
two TOR kinases, TOR1 and TOR2; however, two additional
TOR-related proteins (TOR-like 1 and TOR-like 2) have also
been described."® TOR1 and TOR2 participate in the complexes
TORC1 and TORC2, respectively, which differ in function,
subcellular localization and rapamycin sensitivity in trypano-
somes.'"® As in yeast, TORC1 and TORC2 are associated with
the orthologues KOGl/raptor and AVO3/rictor. TORI is pre-
dominantly nuclear, whereas TOR2 is excluded from the nucleus
and is associated with the ER and the mitochondrion. TORC1 is
involved in regulating cell polarization and cytokinesis. In par-
ticular, rapamycin, with an EC of 152 nM severely reduces pro-
liferation by inhibiting TORC2 formation. However, contrary to
the situation in other eukaryotes, rapamycin, even at concentra-
tions up to 1 WM, appears to have no effect on TORCI, since no
cell cycle arrest in G, or protein synthesis inhibition are detected.
Moreover, a rapamycin-FKBP12 complex does not bind to the
recombinant TOR!1 rapamycin-binding domain, while it does
to TOR2 in vitro and in vivo. Although trypanosome TORC1
is insensitive to rapamycin, it was shown by RNA interference
that TOR1 knockdown triggers the appearance of autophagic-
like vesicles. Its depletion also causes morphological changes such
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as abnormal appearance of the ER and formation of membra-
nous whorls similar to those that occur in other eukaryotes upon
TORI1 inhibition."”

Recently, punctate structures that were proposed to be auto-
phagosomes, detected by expression of a fusion construct of
yellow-fluorescent protein and ATGS8.2, have been described for
procyclic 70 brucei cells exposed to ER stress.""® Furthermore,
both ATG8.1 and ATGS.2 have been validated as autophagosome
markers in both bloodstream and procyclic form 7. brucei (Proto
W and Mottram JC, unpublished).

Since TORCL is entirely insensitive to rapamycin, it remains
to be determined how the morphological effects observed after
treatment with high concentrations of this compound are
caused and if the observed structures are indicative of death by
autophagy.

Another molecule that induces autophagy in African trypano-
somes is dihydroxyacetone (DHA).”!'" Many cells can use DHA
as an energy substrate because, after its phosphorylation by DHA
kinase, it may enter the glycolytic pathway. Trypanosomes, how-
ever, which take up DHA via aquaglyceroporins, lack this kinase.
As a consequence, DHA causes growth inhibition (at an EC, | of
1 mM) as a result of cell cycle arrest in the G,/M phase and mor-
phological alterations (multivesicular bodies, vacuoles, character-
istic changes of mitochondrial structure) typical of autophagy.

Also, some neuropeptides kill the mammal-infective form of
T. brucei. Surprisingly parasite death does not occur by the clas-
sical antimicrobial peptide mechanisms, i.e., by forming pores
or inducing membrane damage. Instead the neuropeptides are
endocytosed and appear to induce autophagic cell death of the
trypanosomes.'2*'?! The authors show that endocytosed peptides
reach the lysosome whose integrity is subsequently disrupted. In
addition, the peptides can be released from the late endosomes
or lysosome into the cytosol, where they accumulate in various
intracellular compartments. Interaction of peptides with glyco-
somes causes partial relocalization of the glycosomal enzymes,
with the consequence that the cellular ATP is depleted. The fail-
ure of their energy metabolism results in cell death with involve-
ment of autophagy, as suggested by ultrastructural morphological
analysis, whereas no signs of necrosis or apoptosis are observed.
These studies, which show the progressive formation and fusion
of multiple lysosome-like vesicles and autophagic-like vacuoles,
are corroborated by the results of immunostaining using mam-
malian anti-LC3 (ATGS8) antibodies that are suggestive of the
appearance of autophagosomes.

As mentioned above, 7. brucei possesses three isoforms of
ATGS called ATGS8.1, ATGS8.2 and ATG8.3. ATG8.3 contains
a unique insertion that is positioned near the interface in such a
way that the binding properties of this protein might be different
from those of other ATG8-like proteins. Moreover, some analy-
ses suggest it is syntenic with an ATG8-like protein identified in
L. major that has functionally been shown to act as an ATGI2.
ATGS.1 ends with a Gly residue and is therefore expected to be
active without a need for processing by ATG4. The crystal struc-
ture of ATG8.2, with a C-terminal extension that should be pro-
cessed, has been determined. It has the typical ubiquitin fold and
its overall structure is very similar to that of its human homologue
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ATGS8/LC3.1* T brucei contains two ATG4 homologues, one of
which (the closer relative of human ATG4) was modeled using
available ATG4 crystal structures from other organisms. The
model was docked onto the TbATGS structure, and the com-
plex compared with the known structure of the mammalian
LC3-ATG4 complex. Despite the low sequence identity (30%
between human and trypanosome ATG4) the overall structure
is very similar and the catalytic C-D-H triad is also present in
TbATG4, strongly suggesting conservation of function.'??

Among the various unique features of Kinetoplastida is the
possession of glycosomes.'” These organelles, which may be
present in 10-100 copies per cell, dependent on the species and
the respective developmental stage, belong to the peroxisome
family but, unlike typical peroxisomes, contain the majority
of the glycolytic enzymes, hence their name. In some of the
Trypanosomatidae, such as the bloodstream form of 7. brucei,
glycolytic enzymes may contribute over 90% of the protein con-
tent of the organelles. Enzymes of some other important cata-
bolic and anabolic pathways may also be present in glycosomes,
such as those involved in gluconeogenesis, the pentose-phosphate
pathway, B-oxidation of fatty acids, purine salvage and the bio-
synthesis of pyrimidines, ether lipids and squalenes, as well as
typical peroxisomal enzymes responsible for peroxide metabo-
lism. Dependent on the species, the importance of these different
processes may vary with the environmental conditions encoun-
tered during the life cycle of the parasites. Indeed, glycosomes
of African trypanosomes exhibit considerably different enzyme
content among successive life-cycle stages. Consequently, an
enhanced turnover of glycosomes during differentiation from
one stage to another is expected. Pexophagy is invoked to be
responsible for this turnover.'®* Indeed, immunofluorescence
microscopy studies reveal a small tendency of glycosomes to
associate with the lysosome during differentiation from the slen-
der to the stumpy bloodstream form: Colocalization is observed
in 40% of the trypanosomes, whereas less than 10% of nondif-
ferentiating cells display such colocalization. A fast and drastic
increase in the association of the organelles is observed in all
trypanosomes during their transition from stumpy to procy-
clic forms. Moreover, the lysosome shows a transient but dra-
matic increase in size during this latter differentiation process.
Immunoelectron microscopy confirms the autophagic degrada-
tion of glycosomes and the appearance of glycosomal enzymes
within lysosomes during the differentiation steps.?! Interestingly,
the observed surrounding of glycosomes by the lysosome is sug-
gestive of a process similar to micropexophagy, whereas the size
increase of the lysosome may rather suggest macropexophagy
involving the formation of autophagosomes. Indeed, bioinfor-
matics analysis reveals putative orthologues of most of the Atg
proteins specifically involved in micropexophagy in S. cerevi-
stae!® In contrast, in Leishmania species, only macroautophagy
has been experimentally observed so far (see below).'®"” Whether
African trypanosomes and Leishmania spp. use different degra-
dation pathways or if both pathways can function in all trypano-
somatids but the induction of either depends on the conditions
encountered, as observed for H. polymorpha and P. pastoris'*
remains to be determined.
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Figure 9. Transmission electron microscopy analysis of Trypanosoma
cruzi epimastigotes treated with naphthoimidazole. (A, B, D and E) The
parasites showed well-developed endoplasmic reticulum profiles (black
arrows) surrounding organelles, especially reservosomes (R), suggest-
ing a close contact between both membranes (black arrowheads), and
commonly loss of the integrity of these organelle structures (white
arrowheads). (C) A cytoplasmic vesicle near to a reservosome was also
observed, suggesting fusion with the organelle (white arrows). Scale
bars = 0.5 pm.

Trypanosoma cruzi. Several papers have reported ultrastruc-
tural changes indicative of autophagy after treatment of 7. cruzi
parasites with toxic compounds or their exposure to adverse
conditions. Protein kinase and PtdIns3K inhibitors like wort-
mannin, staurosporin and genistein led to growth inhibition of
epimastigotes and caused various changes including the forma-
tion of autophagosome- and myelin-like structures. No effect was
found on division of intracellular amastigotes or their differentia-
tion to trypomastigotes.'? In epimastigotes, the lysophospholipid
analogue edelfosine, alone or combined with the steroid inhibitor
ketoconazole, induces morphological alterations, with changes in
plasma membrane and lysosomes (also called reservosomes in this
parasite), and promotes the appearance of autophagic structures
and multinucleation.’® Other trypanocidal agents such as the
dinitroanilines trifluralin and chloralin lead to the appearance of
vacuoles containing damaged membranes.'”” Also some natural
products such as geranylgeraniol, propolis and naphthoquinones
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Table 1. Autophagic events in T. cruzi treated with naphthoimidazoles

Epimastigotes  Trypomastigotes

RE profiles close to organelles cis cis
Concentric membrane + +
structures
ATG RNA detection + nd
Increase in number of autopha- + +
gic vacuoles
Autophagy inhibition + +

nd, not determined.

lead, in epimastigote and trypomastigote forms, to the appear-
ance of concentric membrane structures in the cytosol, which are
apparently associated with an autophagic process.'?”'%
Ultrastructural studies in epimastigotes and trypomasti-
gotes treated with either one of three naphthoimidazoles N1, N2
and N3 derived from B-lapachone demonstrate that the mito-
chondrion, Golgi and reservosomes are the main targets.'?®'*
Frequently, treatment with these three compounds induces mor-
phological autophagic characteristics in the parasites such as the
occurrence of concentric membrane structures in the cytosol and
an increase in the number of autophagosome-like bodies, obser-
vations reinforced by the strong increase of monodansylcadav-
erine labeling.!®® The effect of the naphthoimidazoles on both
forms of 7. cruzi is blocked by E64 and calpain I inhibitor,'”
suggesting the participation of calpain in the autophagic process
as in mammalian cells.’” Pre-incubation with the autophagic
inhibitors wortmannin and 3-methyladenine (3-MA) completely
abolish the effects of N1, N2 and N3, pointing to autophagic cell
death as a consequence of this treatment.”®® In treated epimasti-
gote forms, extensive ER profiles surround structures, especially
reservosomes, proving a close contact between the membranes of
both organelles (Fig. 9 and Table 1). This morphological finding
supports the hypothesis that the ER provides membranes for PAS
formation in 7. cruzi, as recently shown for mammalian cells.?>*
The participation of reservosomes in 7. cruzi autophagy deserves
further investigation, as this organelle, a pre-lysosomal compart-
ment present only in epimastigotes,'® may participate in autol-
ysosome formation as lysosomes do in mammalian cells.
Subsequent studies unambiguously confirmed the occurrence
of autophagy in 7. cruzi. As mentioned above, homologues of
about 20 yeast Atg proteins were identified. One of the steps where
the bioinformatics analysis'® was confirmed by experimental data
is vesicle expansion and completion.?® Although sequence length
varies between the 7. cruzi homologues and the corresponding
yeast Atg protein, the protein domain composition remains con-
served, supporting their proposed function. As has also been seen
in some other trypanosomatids, 7. cruzi may contain more than
one protein where only a single one is found in yeast. Cases in
point are ATG4-like and the ATGS8-like proteins.?® 7 cruzi con-
tains two ATG4 and two ATG8 homologues, in contrast to the
single-copy genes in yeasts. Like in 77 brucei, one of these ATG8
homologues is possibly syntenic with L. major ATG12, but bio-
chemical support for an ATGI2 activity remains to be provided.
Each of the ATG4 gene copies (1cATG4.1 and TeATG4.2) could,
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with similar efficiency, complement a yeast deletion strain and
restore the Cvt and autophagy pathways, whereas only one of
the ATG8 genes (1tATG8.1) is able to functionally reconstitute
autophagy in the yeast deletion mutant, and the corresponding
protein concentrates in large vesicles in epimastigotes after the
cells are subjected to starvation.”” Mutation of the conserved
Gly residue abolishes the localization of ATGS into the vesicles,
indicative of the need of ATG8-PE conjugation for association
with the membrane. Only TcATG4.1 is able to efficiently process
both ATGS8.1 and ATG8.2 in vitro, suggesting that this protein
is involved in autophagy, whereas the role of ATG4.2 remains
to be established. Together, these results suggest that the ATG8
conjugation system in 7. cruzi functions very similarly to that in
yeasts and mammalian cells.

RT-PCR data indicate the participation of ATG3, ATG4,
ATG7 and ATGS in the autophagic process in epimastigotes
treated with naphthoimidazoles,”®® although the detailed path-
way and proteins involved in the mechanisms of cell death require
further investigation.

A major differentiation step in the life cycle of 7. cruzi is the
transition of epimastigotes into metacyclics triggered by nutri-
tional stress within the rectum of the insect vector. This can be
reconstituted in vitro, by starvation of cultured epimastigotes.
Initially, the epimastigotes have access to sufficient nutrients due
to the reservosome, an organelle unique to this stage. It is part
of the lysosomal system and harbors endocytosed proteins and
lipids, as well as secretory proteins synthesized by the parasite.'*
Upon starvation, the proteins are degraded by cruzipain,®*'** the
most abundant cysteine peptidase of the lysosome and reservo-
some and whose activity is critical for differentiation. The organ-
elle then shrinks and disappears. Starved epimastigotes as well
as cultured epimastigotes undergoing spontaneous differentia-
tion to metacyclic trypomastigotes display structures related to
autophagosomes that are highlighted by TcATGS8.1 staining.?
The staining decreases considerably in metacyclics where, during
differentiation, the ATG8 signal colocalizes with that of serine
carboxypeptidase and decreases considerably in metacyclics, thus
indicative of delivery of the autophagosome content to the reser-
vosome/lysosome system.

Leishmania spp. The importance of protein turnover for dif-
ferentiation of Leishmania has been known for several decades.
Different life-cycle stages vary considerably in morphology, and
the same holds true for its unusual lysosome. In promastigotes, the
lysosome is present as a large single vesicular structure also known
as ‘multivesicular tubule’ (MVT). It has, however, a low lytic
capacity and a relatively high lumenal pH value. Upon differenti-
ation of promastigotes into intracellular amastigotes the shape of
the organelle changes into a large compartment with aspect, size
and number dependent on the species. Moreover, its lytic capacity
increases considerably. Initially this organelle was called a ‘megas-
ome’ because of its large size. Megasomes may represent 5-15%
of the total cell volume."*>'3¢ Furthermore, Leishmania is known
to have high peptidase activity, particularly of cysteine peptidases,
that is upregulated during metacyclogenesis, the transformation
of metacyclic promastigotes to amastigotes. The peptidases are
involved in cellular reshaping and metabolic reprogramming
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during differentiation and also nutrient acquisition by the differ-
ent life-cycle stages. Genome sequencing reveals a large arsenal of
peptidases in L. major—at least 154 peptidases representing 1.8%
of the genome—and a very similar repertoire of such enzymes
in other Leishmania species (reviewed in ref. 137). Two main
peptidases are the lysosomal cysteine peptidases CPA and CPB;
the expression of these increases considerably during differentia-
tion in parallel with the appearance of megasome-like structures.
Leishmania, like all trypanosomatids, lack orthologues of the
yeast major vacuolar aspartic peptidase Pep4 and serine peptidase
Pbrl. There is evidence that their function is replaced by CPA
and CPB, as inhibition of these enzymes or deletion of both genes
results in promastigote cells that are more susceptible to nutrient
withdrawal, fail to differentiate and do not degrade GFP-ATGS8
labeled autophagosomes within the lysosome.”

Besteiro and coworkers also analyzed the phenotype of a L.
major dominant-negative mutant of the yeast Vps4 orthologue,
an ATPase known to be involved in the endosomal system and
notably in the formation of late endosomes with a multivesicular
aspect called multivesicular bodies (MVB). Indeed, as predicted,
the mutant form of the VPS4 accumulated in vesicles of the endo-
cytic pathway, and those cells are deficient in endosome sorting.'®
Interestingly, autophagy and differentiation are also affected in
these mutants. In wild-type cells, the GFP-ATGS staining is
most intense, and autophagosomal structures are most abun-
dant, during differentiation of procyclic promastigotes to infec-
tive metacyclic promastigotes. In wild-type metacyclic parasites,
the signal moves to the MV T-lysosome. However, in the mutant
cells the number of autophagosomal structures that are stained
remains high throughout. Furthermore, the level of ATG8-PE
conjugate is consistently higher than in wild-type cells. These
data suggest an inability of the autophagosomes to fuse with the
endosomal/MV T-lysosomal compartment. They also underscore
the importance of late endosomal function, and more specifically
autophagy, for the transformation to the infective metacyclics. L.
major contains two ATG4 genes, LmATG4.1 and LmATG4.2. A
null mutant of the cysteine peptidase ATG4.2 is defective in the
ability to differentiate, corroborating the earlier notion based on
the results obtained with the VPS34 mutant that autophagy plays
a role in this process.

As mentioned above, Leishmania species contain a large num-
ber of ATG8-like proteins, which can be classified into four fami-
lies. The 25 ‘ATG8’ genes in L. major code for one ATGS, three
ATGB8A, eight ATG8B and 13 ATG8C proteins. Despite the low
sequence identities with ATG8 homologues of other organisms,
LmATGS and representatives of each of the three other families
are able to complement a S. cerevisiae atg8 null mutant, indicat-
ing that they can fulfill the Atg8 function in the Cvt pathway.
However, a complete ATG8 physiological function can prob-
ably only be attributed to LmATGS, as it is involved in auto-
phagosome formation during both differentiation and starvation.
In contrast, the role of LmATGB8A is probably only in starvation-
induced autophagy as suggested by the observation that it forms
puncta upon starvation. LmATG8B and LmATGS8C are both
located close to the flagellar pocket, but from the pattern of label-
ing of GFP-fusion products seem not to be involved in autophagy.
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In addition to the four A7G8 gene families, L. major has another
ATG8-like gene that codes for a protein with a C-terminal exten-
sion beyond a scissile glycine that becomes exposed by ATG4
activity prior to conjugation to ATGS5. Intriguingly, it has a
58-residue insertion somewhat similar to that seen in the yeast
ATGI12, raising the possibility of its having an ATG12-like func-
tion (see below).

L. major has two ATG4 genes, LmATG4.1 and LmATG4.2.
LmATG4.1 exerts proteolytic activity towards ATG8, ATG8B
and ATG8C, whereas LmATG4.2 shows only activity towards
ATGS8A. Searching the L. major genome, possible candidates are
also found for ATG5, ATGI0 and ATGI2, although with low
similarity with their orthologues in other organisms. These para-
site genes are able to complement the respective yeast mutants,
confirming their functional identity. However, the ATGI2 gene
complemented the respective mutant only when expressed with-
out residues beyond the scissile glycine. In this heterologous
expression system it is not processed by ATG4.1 or ATG4.2,
suggesting that processing naturally in Leishmania requires an
as yet to be identified peptidase. Furthermore, ATG12 localizes
in part to ATG8-containing puncta in L. major promastigotes,
suggesting the functionality of the ATG12-ATG5 conjugation
pathway in this parasite. Using an in vitro assay, biochemical evi-
dence has been obtained that ATGI2 can be conjugated with
ATGS5 (Williams R, Mottram JC and Coombs GH, unpublished
results). Interestingly, L. major ATGI2 fails to cluster reliably
with yeast and mammalian ATGI12 sequences by phylogenetic
analyses (neighbor-joining, minimum evolution and maxi-
mum parsimony trees calculated with MEGA-4;'* Daniel J.
Rigden, data not shown) and bears a closer resemblance to ATG8
sequences, particularly in the N-terminal region. Thus, it appears
possible that ATG12-like activity may have evolved more than
once. The same phylogenetic analysis fails to consistently cluster
any trypanosomal sequences with L. major ATG12, including
those syntenic with it (see above), again highlighting the need to
assess the roles of the latter experimentally.

Although Leishmania, like 7. brucei, encounters different
nutritional conditions during its life cycle, there are no conclusive
data showing that the differentiation of promastigotes to amas-
tigotes is accompanied with metabolic reprogramming involving
an increased turnover of glycosomes by pexophagy, as is observed
during differentiation of 7. brucei. The size of amastigotes is
reduced significantly, however, so it is likely that some glycosomes
are digested.’>'® Pexophagy thus may be involved in adjusting
the glycosome number, consistent with other observations on the
role of autophagy in cellular remodeling. Gluconeogenesis rather
than glycolysis is more important in amastigotes than in promas-
tigotes and indeed proteomic analysis shows a two-fold decrease
of the last three enzymes of the glycolytic pathway—phospho-
glycerate mutase, enolase and pyruvate kinase, which are all pres-
ent in the cytosol—during the late stage of differentiation. In
contrast, the levels of glycolytic enzymes within the glycosomes
are on average 1.4-fold increased.” It seems probable that the
altered metabolic fluxes result largely from the different nutrient
availability and/or post-translational regulation of enzyme activ-
ity, rather than from a different enzyme network.'"!
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Autophagy in Apicomplexa. Apicomplexa: life cycle, mor-
phology and metamorphosis. Apicomplexa form a large group
of protists comprising approximately 5,000 known parasitic
species, but this number is probably a gross underestimation.
This group is characterized by an apical complex, a collection
of organelles at the anterior end of the cell that serves to pen-
etrate host cells. Apicomplexa are exclusively parasites of animals,
both vertebrates—including humans, livestock and other mam-
mals—and invertebrates. Apicomplexa are responsible for very
serious human diseases like malaria and toxoplasmosis, as well
as diseases of economically important livestock like theileriosis,
babesiosis and coccidiosis. They are caused by species of the gen-
era Plasmodium, Toxoplasma, Theileria, Babesia and Coccidia,
respectively. In particular, malaria is a worldwide public health
problem with 3.2 billion people at risk, an estimated 350-500
million new cases each year and over one million deaths annu-
ally. Apicomplexa have complex life cycles (Fig. 10), involving
both asexual and sexual reproduction, but with considerable
variation among the different subgroups. They can be transmit-
ted to new hosts by insects, via feces or when a predator eats
an infected prey. Typically, motile forms called sporozoites enter
host cells within which the parasite divides to produce numerous
merozoites. When the host cells burst, merozoites are released
and infect new and sometimes different host cells, a process that
can occur repeatedly. Some haploid asexual forms transform into
sexually reproductive cells or gamonts. When haploid gamonts
join in pairs to form gamontocysts, division occurs to produce
multiple gametes. Pairs of gametes fuse to form zygotes, which
by meiosis result in new sporozoites, so completing the life cycle.

In the next section, the role of autophagy in Plasmodium
species will be discussed. Much less is known as yet about auto-
phagy in other Apicomplexa genera. However, the role of host
autophagy in controlling infections by Toxoplasma and Theileria
is a topic of intense study and will be discussed in a later section
of this review.

Plasmodium. Malaria sporozoites are transmitted from the
mosquito vector to the mammalian host and first take up resi-
dence in the liver before initiating red blood cell infection (Fig.
10). Following penetration into hepatocytes, the parasite con-
verts from an invasion-competent, motile, elongated sporozoite
to a metabolically active, round trophozoite. Subsequent to this
conversion, a mitotic phase begins, characterized by multiple fis-
sions of nuclei, transforming the parasite into a giant syncytium
(up to 10,000 nuclei). The end of the schizogony marks a phase
of organelle biogenesis that is critical for erythrocyte invasion.
Mature merozoites enclosed in a membrane, called a merosome,
are released from hepatocytes and invade red blood cells: This
erythrocyte infection is the cause of the pathology associated
with malaria. 42144

The sporozoite is adeptly equipped for migration through tis-
sues and penetration into hepatocytes. It possesses a robust mem-
brane cytoskeleton essential for the maintenance of its shape and
motility. The parasite body is delimited by a specialized cortical
structure that is composed of the plasma membrane tightly asso-
ciated with flattened membrane cisternae forming the inner mem-
brane complex (IMC).'* The IMC is continuous along the entire
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‘ Figure 10. Diagram of the life cycle of Plasmodium spp.

length of the sporozoite. The process of sporozoite-to-trophozoite
conversion is characterized by a spectacular change of the parasite
shape and a major interior remodeling that is accompanied by the
elimination of organelles unnecessary for the replication of the
liver forms."* The beginning of the metamorphosis is marked
by the dismantling of the IMC, inducing the repositioning of
the parasite nucleus to the middle of the parasite. As this median
bulbous region expands, the two distal ends of the sporozoite
gradually retract and disappear, leading to parasite sphericaliza-
tion. The IMC is then reorganized into dense lamellar arrays
within the cytoplasm and is expulsed by converting sporozoites
in the parasitophorous vacuole (PV) wherein the parasite resides.

During metamorphosis, other organelles such as micronemes
are also cleared from the sporozoite. Micronemes are abundant
secretory vesicles that contain proteins such as the thrombos-
pondin-related anonymous protein (TRAP), which facilitate
parasite adhesion to hepatocytes.'”'* In converting parasites,
micronemes are packaged into large compartments and partially
discharged into the PV."* Sporozoites maintained under axenic
conditions undergo similar transformations as intravacuolar par-
asites, demonstrating that the signals and triggers of sporozoite
differentiation are not host cell-dependent.'®* At the comple-
tion of metamorphosis, mature trophozoites only retain organ-
elles involved in biosyntheses, e.g., the ER, mitochondria and the
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three genomes (nuclear, mitochondria and apicoplast—i.e., the
relic of a secondary endosymbiontic plastid; reviewed in ref. 150),
that are necessary for the successive rounds of parasite divisions.

A critical role of autophagy for organelle turnover during the
differentiation of parasitic protists that shuttle between an insect
vector and mammalian host is clearly emerging.? Scrutiny of the
cytoplasmic content of converting sporozoites reveals the presence
of novel double-membrane structures containing organelles such
as micronemes (Fig. 11). These double-membrane compartments
are morphologically similar to mammalian autophagosomes and,
interestingly, the peak of their biogenesis temporally coincides
with the packaging of micronemes within the parasite.'*® These
autophagosome-like profiles could then be indicative of func-
tional autophagy in the malaria parasite. An autophagic activity
is furthermore substantiated by treatment of parasites with the
inhibitor 3-MA that induces a significant delay in the conver-
sion process of sporozoites (Jayabalasingham B and Coppens I,
unpublished data). 3-MA interferes with autophagy by blocking
class IIT PtdIns3K activity.”""* The Plasmodium orthologue of
the main enzymatic component of the PtdIns3K complex and the
target of 3-MA, VPS34, has been recently identified and charac-
terized in blood-stage malaria parasites.”>'>

In addition to VPS34, Plasmodium genomes contain autoph-
agy-related proteins. Of the 33 Atg proteins present in yeast,
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Figure 11. Presence of an autophagosomal structure in converting
Plasmodium sporozoites. Electron microscopy of P. berghei sporozo-
ites maintained in axenic condition for 3 h. The cytoplasm contains a
double-membrane structure (arrow) sequestering micronemes (mi).
Scale bar =300 nm.

eight ATG putative orthologues have been clearly identified in
the malaria parasites. These include: ATGI, ATG17 and ATG18
of the ATGY cycling system, ATG12 of the ATG12 conjugation
system, and all components of the ATGS8 conjugation system
comprising ATG3, ATG4, ATG7 and ATG8." The malaria
parasite is therefore another example of a protist that appar-
ently harbors a limited repertoire of autophagy-related genes.
As reported for other protists, it remains also plausible that the
set of ATG proteins expressed by Plasmodium define the mini-
mum conserved cohort required for functional autophagy in this
parasite.

The putative ATG orthologues of the human malaria para-
site P. falciparum and the rodent malaria parasite P. berghei are
50-87% identical to each other. Among the components of the
ATGS conjugation system, ATG4 of P. falciparum (or PIATG4)
shares 33% identity with yeast Atg4. An ATG4 homologue in
P. berghei cannot be accurately analyzed because of incomplete
annotation of this region of the genome. PFATG7 and ATG7
of P. berghei (PbATG7) show 38% and 36% identity to yeast
Atg7, and PfATG3 and PbATG3 are 26% and 29% identical
to yeast Atg3. PFATG8 and PbATGS are the most similar to
their yeast counterparts, sharing 40% and 45% identity, respec-
tively. A putative orthologue of Atgl2 is present in the P. falci-
parum genome, but like ATG4 cannot be identified in P. berghei.
PFATGI2 shares 32% identity with yeast Atgl2.
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The single P. berghei orthologues of ATG8 and ATG3 share
close structural similarity with their yeast and mammalian
counterparts (Jayabalasingham B and Coppens I, unpublished
data). Cloned PbATGS is 124 amino acids long and its sequence
predicts two N-terminal a-helices tethered to an ubiquitin fold
core. The prediction of the PbATGS structure is supported by
the conservation of amino acids involved in maintaining the ter-
tiary structure of the protein. PbATGS is predicted to have two
hydrophobic patches as well as a number of basic residues on one
face of the protein that form the scaffold for binding to ATG3,
ATG4 or ATG7. While the surface-exposed residues located on
one side of all ATG8 homologues are highly conserved, many
of the surface-exposed residues located on the opposite face of
the protein exhibit low conservation, even among homologues
expressed in humans. It is possible that the reduced conserva-
tion of residues on one face reflects a reduction in evolutionary
constraints, and it is tempting to hypothesize that this face medi-
ates the interactions that are unique to different ATG8 homo-
logues. Such potential binding partners remain to be identified
for the ATG8 homologues expressed in Plasmodium species. To
this point, PbATG8 and its orthologues in other Plasmodium
species all share a unique inserted loop consisting of nine amino
acids between a-helix 3 and B-sheet 3, suggesting that such bind-
ing partners may exist. A similar insert is also present in ATG8
homologues expressed in other protist species such as 7. cruzi, 1.
gondii and Entamoeba species, though no function has yet been
ascribed to these species-specific insertions. Finally, a function-
ally important residue conserved among all ATG8 homologues
is a C-terminal Gly. In most homologues of ATGS, this Gly is
followed by additional amino acids that are cleaved from the pro-
tein by ATG4. In this respect, the Plasmodium ATGS8 sequences
contain a C-terminal glycine that is not followed by additional
residues, similarly to the 7. gondii and one of the C. elegans ATG8
(CeLGG-2) homologues.” Whether this implies that process-
ing of PFATGS8 by PfATG4 is not necessary is an interesting and
open question.

Cloned PbATG3 is 286 residues long and the predicted
sequence contains the catalytic cysteine as found in other ATG3
proteins. Two regions of interest have been identified in the yeast
Atg3 homologue: the ‘handle region’ (HR), which mediates the
binding between ATG3 and ATGS, and the ‘flexible region’
(FR), which is implicated in the enzyme’s conjugation activ-
ity and binding to ATG7." Interestingly, the P. berghei ortho-
logue shares greater structural similarity with the human and
Arabidopsis thaliana orthologues, as all three either have a trun-
cated HR or lack this region completely, and share an extension
of the FR, which is absent in yeast Atg3. It is possible that the
smaller HR in PbATGS3 is functionally compensated by inserted
residues present in the FR. Yeast Atg3 interacts with Atg8 via its
N-terminus to form an intermediate that appears to be essen-
tial for the formation of the Atg8-PE moiety.”® The C-terminal
HR of Atg3 mediates the interaction between Atg3 and Atg8."
PbATG8 and PbATGS3 also physically interact, as demonstrated
in yeast two-hybrid assays (Jayabalasingham B and Coppens I,
unpublished data). However, unlike the yeast Atg3-Atg8 inter-
action, the interaction between the P. berghei proteins is not
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dependent on any single region of ATG3. Indeed, PbATGS is
able to interact with the FR region of PbATG3, as well as with
PbATG3 lacking either the FR region or the C-terminal region
including the catalytic cysteine residue. Compared to yeast Atg3
in which the C terminus forms a long a-helix, the C terminus
of PbATG3 is shorter and is not predicted to form such second-
ary structure.”” Unsurprisingly, PbATGS8 cannot interact with
yeast Atg3 and is unable to complement azg8A yeast probably
due to these structural disparities between Plasmodium ATG3
and yeast Atg3. Thus, PbATG3 interacts with PbATGS via sev-
eral unique interfaces and this interaction more closely resembles
that of the mammalian and plant homologues, which also have
comparatively short C-terminal regions.

PbATGS is expressed in Plasmodium blood and liver forms,
and located in the peripheral membrane of large vesicles. This
implies specific interaction of PbATG8 with membrane compo-
nents of these organelles. In yeast and mammalian cells, nutri-
ent deprivation stimulates Atg8 conjugation to a phospholipid
of the phagophore to initiate the autophagy process. Lipidation
has been visualized for many homologues of Atg8 by the pres-
ence of a second lower band in western blots after separation by
SDS-PAGE in the presence of urea. However, only a single band
corresponding to PbATGS is detectable upon urea-SDS-PAGE
separation (Jayabalasingham B and Coppens I, unpublished
data). One possible explanation is that Plasmodium homologues
of Atg8 are predominantly present in the parasite in either a con-
jugated or unconjugated state. Alternatively, PbATG8 may not
be conjugated to a lipid moiety as reported for one of the two iso-
forms of ATGS8 in 7. cruzi, and GATE-16 and GABARAP, two
mammalian homologues of Atg8."”” No other parasite-specific
protein bands are detected in immunoblots against PbATGS,
indicating that PbATGS is not covalently linked to a protein like
other ubiquitin-like molecules. When expressed in mammalian
cells upon starvation conditions, Plasmodium ATGS8 never asso-
ciates with autophagosomes, but remains cytosolic. It is possible
that the specific conformation of PbATGS is responsible for the
lack of interaction of this protein with the mammalian auto-
phagy machinery, and that in general the interaction of PbATGS8
and partners have evolved in a species-specific manner.

PbATGS8-containing
ent in converting parasites, and some of them colocalize with
TRAP-labeled structures (Jayabalasingham B and Coppens I,
unpublished data). This suggests physical interactions between
PbATGS8-labeled compartments and micronemes and poten-
tially implicates PbATGS in facilitating microneme disposal.
Interestingly, after sporozoite metamorphosis, PbATG8-labeled
structures are still visible within the parasite and persist during
the replication phase of development. In yeast, A7G8 is tran-
scriptionally upregulated by starvation induction.”® By contrast,
the PbATGS transcripts are detected in sporozoites, hepatic stage
parasites and mixed blood stage parasites, suggestive of constitu-

structures are prominently pres-

tive expression of ATG8 by Plasmodium throughout the life cycle
(Jayabalasingham B and Coppens I, unpublished data). PbATG3
transcription, however, is limited to sporozoites and mixed blood
stages, and is below the detection level in intrahepatic parasites
one day post-infection. This suggests that PbATG3 transcription
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is downregulated relative to PbATG8 during the hepatic phase of
infection. Such a lack of PbATG3 expression suggests that auto-
phagic activity is decreased as early as one day post-hepatocyte
infection, and that PbATG8 may take on a second function dur-
ing the anabolic phase of parasite growth in the liver.

Genetic ablation of Plasmodium A7G8 results in a lethal phe-
notype, indicating that ATG8 is essential for blood stage devel-
opment. Other organisms including parasitic protists have several
ATGS8 homologues, permitting the deletion of one gene without
deleterious consequences for the organism. For example, the
human genome encodes three isotypes of the Atg8 homologue,
LC3. By contrast, only a single Plasmodium ATG8 homologue
has been identified. Such a duplication of ATG8 isotypes may
reflect specific functions of each ATG8. Functional divergence
of ATGS8 homologues has been observed in mammals, in which
LC3 and GATE-16/GABARAP subfamilies are both essential
yet act differently in autophagosome biogenesis.”” However, even
the function of LC3 does not seem to be limited to autophagy,
as it is also able to bind fibronectin RNA enhancing its transla-
160161 Given the identification of only one ATG8 homologue
in Plasmodium species it is possible that this single protein per-

tion.

forms multiple functions within the parasite making its expres-
sion essential for parasite survival. Thus, in addition to a role in
organelle degradation via autophagy, we hypothesize additional
functions that could include a role in vesicular trafficking between
organelles, as supported by the persistence of PbATG8-labeled
vesicles during the anabolic phase of intrahepatic development.

Autophagy in Host-Parasitic Protist Interactions

Autophagy of host mammalian cells may play an important or
even crucial role in the interaction with pathogenic protists, as
it does with pathogenic viruses and bacteria. Autophagy may act
to control the infection by microorganisms or the microorgan-
isms may exploit the process to their advantage. The different
roles of autophagy in host-pathogen interactions, and aspects of
the mechanism of the interactions, have been studied in great
detail for a variety of bacteria. A detailed description is beyond
the scope of this paper about autophagy in protists, but can be
found in a variety of authoritative reviews.!>16¢

Autophagy used by host cells to direct live parasites to lyso-
somes. Macrophages play an important role in controlling infec-
tions by ingesting pathogens and trapping them in compartments
such as phagosomes. These then fuse with a lysosome resulting
into a phagolysosome, where the pathogen is digested. However,
several pathogens, both bacteria (e.g., Mycobacterium tuberculosis)
and protists (e.g., Leishmania, Toxoplasma, Theilera), are able
to survive in macrophages. They achieve this by different strate-
gies, such as inhibiting phagosome acidification, manipulating
vesicular trafficking of the host cells and so avoiding fusion with
lysosomes, egressing from phagosomes or creating a specialized
compartment that remains isolated from the host endocytic net-
work. 7. gondii relies on the latter mechanism; the membrane of
its PV is nonfusogenic due to its unique composition lacking host
proteins. Nonetheless, macrophages infected with Toxoplasma
can reroute the pathogen-containing compartment to lysosomes.
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Autophagy plays an important role in such an innate, cell-medi-
ated immune defense mechanism.'?"'®* When CD40 of human
or mouse macrophages infected with 7. gondii is stimulated with
(CD154*)CD4* T cells or exposed to anti-CD4 antibodies, the
nonfusogenic nature of the PV is reversed and the vacuole fuses
with late endosomes and lysosomes. This fusion is dependent on
autophagy, as indicated by observations that it is impaired by
knockdown of Beclin 1 and treatment with 3-MA, an inhibitor
of phagophore formation, whereas it is stimulated by rapamy-
cin. Moreover, CD40 activation stimulates expression of LC3/
Atg8 that localizes to the PV.'®® Furthermore, bafilomycin A
and LY294002, drugs that inhibit autophagosome formation and
degradation of the content of autolysosomes, inhibit the fusion of
the PV with lysosomes.

Autophagy used by host cells to eliminate dead parasites.
T’ gondii not only infects macrophages, but also a variety of
other cells such as fibroblasts, epithelial cells, endothelial cells,
astrocytes and other microglial cells. Whereas the role of auto-
phagy in parasite killing and elimination has been well estab-
lished for macrophages, no evidence for the engulfment of the
parasite or the PV in autophagosomes or autolysosomes has been
found in other cells, such as astrocytes, where it has been sought.
However, in these latter cells it has been observed that, after
gamma interferon (IFNy) stimulation, the parasites are degraded
by another route that is also present in macrophages.'"”* This
route involves the delivery of at least one of the p47 GTPases to
the PV, followed by the disruption of first the PV membrane and
subsequently the parasite’s plasma membrane. Autophagy is then
activated, resulting in the elimination of the damaged parasites.
Treatment of infected cells with autophagy inhibitors leads to the
accumulation of Toxoplasma debris in the cytosol. In this case,
autophagy does not play a role in PV disruption or parasite kill-
ing, and indeed 3-MA and wortmannin have no effect on PV
disposal.'®
phagy seems necessary for host cell survival, since large amounts

? The process of clearance of dead parasites by auto-

of parasite products accumulated in cells induce necrosis.'®'7? In
macrophages, the killing of parasites by the autophagic route, as
described in the previous section, probably enables the cells to
present pathogen antigens via the MHC class II pathway and
thus to stimulate an adaptive immune response. It remains to be
determined if autophagy of degraded parasite material in astro-
cytes also leads to antigen presentation and so would allow an
intracerebral immune response to 7. gondii'”® Intriguingly, in
primary mouse macrophages IFN+y-induced recruitment of p47
GTPase to the PV is Atg5 dependent;'”! no localization of the
GTPase is observed in cells lacking this Atg protein, nor clearance
of parasites. Yet, the IFNvy-dependent nitric oxide production,
necessary for parasite killing, is not affected. Since no classical
hallmarks of autophagy are detected, it remains unknown how
Atg5 is involved in causing this IFNvy-dependent cellular immu-
nity against 7. gondii.

Host cell autophagy exploited by parasites to stimulate their
invasion or growth. There are several examples where parasitic
protists exploit the autophagy process of the host cell to their
advantage. A first one is also from 7. gondii, as observed when
it grows in nonphagocytic cells, such as HeLa cells and primary
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fibroblasts.””* Upon infection of host cells and formation of the
PV, the parasite undergoes a phase of rapid proliferation. This
rapid growth is dependent on the host cell for the supply of nutri-
ents, such as amino acids, lipids and purines. Interestingly, the PV
is surrounded by host cell organelles such as endolysosomes, ER
and mitochondria. Host lysosomes can even be in close contact
with the PV and encroached in invaginations of the PV mem-
brane, thereby allowing the parasite access to nutrients supplied
by the host endocytic circuit.””” In general, autophagy contributes
to increase the pool of nutrients derived from autolysosomes via
the recycling of autophagy degradation products. Wang et al.'”
showed that the host cell autophagy machinery is stimulated by
Toxoplasma in order to exploit the nutritive function of auto-
phagy and therefore boost its multiplication. Infection results in
lipidation of LC3 and the accumulation of PtdIns(3)P or LC3-
containing vesicles near the PV. Also Beclin 1 concentrates in
the vicinity of the PV. All these effects are abolished in Atg5-
deficient host cells, resulting in parasite growth arrest under
conditions of low amino acid levels. The autophagic-dependent
parasite growth correlates with an autophagy-dependent decrease
of host cell mass. Interestingly, the stimulation of host autophagy
by the parasite is independent of mTOR signaling, as suggested
by the fact that no alteration in the phosphorylation state of the
downstream effectors 4E-BP1 and S6K1 is observed. However,
this process seems to be dependent on calcium signaling and
abscisic acid, an inducer of calcium release from intracellular
stores. In contrast, 7. gondii stimulates mTOR-dependent host
cell growth, as determined by rapamycin-sensitive phosphoryla-
tion of the ribosomal protein S6 and cell cycle progression.'”®

A second example of the exploitation of host autophagy by
parasitic protists has been provided by studies of nonphagocytic
cells infected with 7. cruzi trypomastigotes.”” This parasite can
enter its host cell via two routes: Lysosome-dependent and -inde-
pendent entry pathways. The first route involves the calcium-
dependent recruitment of host lysosomes to the site of parasite
entry via the activation of PtdIns3Ks and the exploitation of
lysosomal membranes by the parasite as sources of lipids to form
its PV.7879 Although nonlysosomal entry is quantitatively more

frequent,'®

the lysosome-dependent pathway is essential for
establishment of a productive infection and intracellular prolif-
eration.”®! The alternate nonlysosomal and actin-independent
entry pathway involves the formation of a tightly associated host
cell plasma membrane-derived vacuole enriched in the lipid prod-
ucts of class I PtdIns3Ks.”*® Using CHO cells transfected with
GFP-LC3, Romano and coworkers showed that autophagosomes
are also recruited to the entry site during 7. cruzi invasion and
are thus involved in formation of the PV as heterolysosomes."””
The low pH inside the PV may initiate the differentiation of try-
pomastigotes into amastigotes and activates the production of a
pore-forming toxin, Te-Tox, by trypomastigotes or intermediate
forms allowing these forms to escape the PV.!®? The completion
of the differentiation process and proliferation of amastigotes
occurs subsequently in the cytosol, followed by release from the
cell. Induction of host cell autophagy by starvation or addition
of rapamycin appears to favor the invasion process, but not the

differentiation and proliferation of the parasites.””” The level of
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parasite infection in host cells starved for nutrients is decreased by
classical inhibitors of autophagy such as wortmannin, 3-MA and
vinblastine. Furthermore, in Atg5-deficient cells or in cells where
Beclin 1 expression has been reduced by RNA interference, auto-
phagosome formation, parasite entry and the association of the
PV with the autolysosomal marker are reduced. Together, these
results provide strong indications that 7. cruzi exploits the auto-
phagy process of its host cells to establish a productive infection.
A third example is illustrated by BALB/c macrophages
infected with Leishmania amazonensis. Exogenously added IFNy
increases the intramacrophagic replication of L. amazonensis and
this affect is attenuated by co-treating the cultures with either
3-MA or wortmannin.'® IFNvy treatment of infected cells stim-
ulates the biogenesis of autophagosomal profiles, however, the
amastigotes do not colocalize with these double-membrane vacu-
oles. Correlation between Leishmania replication and host auto-
phagy activity is confirmed by induction of nutrient deprivation
resulting in a boost of parasite growth. Starvation significantly
increases the number of lipid bodies in infected BALB/c macro-
phages. Lipid bodies are involved in eicosanoid synthesis,'** and
the prostanoid Prostaglandin E2 (PGE2) increases the intracel-
lular load of Leishmania in macrophages.'®® The levels of PGE2
are significantly augmented in infected BALB/c macrophages'®
compared to uninfected macrophages, and starvation increases
two-fold the PGE2 amounts produced by infected macrophages.
Addition of the cyclooxygenase blocker indomethacin prevents
the increase in parasite load induced by starvation. This suggests
a role of PGE2 in macrophage responses to starvation-induced
autophagy. Of interest, induction of autophagy that correlates
with increased Leishmania load is selective for BALB/c and J774
macrophages but not C57BL/6 macrophages, suggesting the
involvement of intrinsic host cell factors in the regulation of the
outcome of infection following autophagy stimulation.
Suppression of host cell autophagy induction by parasites to
avoid degradation. Many intracellular pathogens can block their
recognition by autophagosomes and/or the maturation of patho-
gen-containing autophagosomes into acidified autolysosomes.
For example, viruses actively suppress initiation of the autophagy
pathway, whereas certain bacterial virulence factors are necessary
for bacterial evasion of autophagy. However, to date, there is no
published evidence indicating that parasites block the induction
of autophagy in infected cells. Nevertheless, unpublished work
from the Langsley laboratory indicates that Theileria may be
able to do so. Tropical Theileriosis and East Coast Fever are tick-
born diseases of cattle caused by the parasitic protists Theileria
annulata and T. parva, respectively. Both theilerioses display an
enlargement of the lymph node draining the tick bite followed by
a generalized lymphadenopathy associated with fever, anorexia
and respiratory distress. Theileria sporozoites are injected with
the tick saliva during a blood meal and they infect mononu-
clear cells. Their rapid development occurs in the absence of a
PV membrane that characterizes the related Plasmodium and
Toxoplasma parasites. Consequently, intracellular Theileria
reside free in the host cell cytosol, closely associated with an array
of host cell microtubules. In the case of 7. parva, intracellular
development to the multinucleated macroschizont only takes
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place in bovine T and B lymphocytes, whereas 7. annulata trans-
forms monocytes/macrophages and B cells (recently reviewed in
ref. 186). The macroschizont stage is largely responsible for the
pathology of Theileria infections, and multinucleated parasites
induce leukocyte proliferation leading to clonal expansion of the
parasitized cell population. Environmental signals trigger dif-
ferentiation to the microschizont stage and upon merogony the
host cell stops dividing. Released merozoites infect erythrocytes
and differentiate into piroplasms that will eventually be taken up
during a tick’s blood meal. An efficacious immune response to
East Coast fever involves cytotoxic CD8* T cells, and additional
CD4 responses are also thought to be necessary for protection
against Tropical Theileriosis (reviewed in ref. 187). Very recently,
a potent cysteine peptidase inhibitor of P. berghei PbICP, which
is involved in sporozoite invasion and prevents hepatocyte cell
death was identified. The inhibitor can potentially control para-
sites, as well as host cell-derived peptidases, which sheds some
additional light on parasite-host cell interaction.'®

Since autophagy plays a role in antigen presentation (reviewed
in ref. 189), the hypothesis that intracellular Theileria para-
sites modify the autophagic response of infected leukocytes was
tested. Theileria-infected lines that express Cherry-tagged LC3/
Atg8 were made. Autophagy was induced by nutrient starvation
of infected leukocytes and followed by the formation of large
Cherry-LC3 aggregates. Confirmation that these corresponded
to macroautophagosomes was provided by electron microscopy.
Surprisingly, in the absence of nutrient starvation live Theileria
parasites do not provoke Cherry-LC3 aggregates; i.e., the pres-
ence of intracellular Theileria appears to inhibit an autophagic
response despite it being exposed (not enclosed with a PV) in
the leukocyte cytosol. However, when parasites are killed with
a specific drug called buparvacone they are readily recognized
and digested by the autophagosome. As good CD4 and CD8
T cell responses to infection eliminate parasites, this suggests
that Theileria might be deliberately inhibiting host cell auto-
phagosome function to reduce peptide presentation to specific
CD4 (by cross-presentation) and CD8 T cells, as a way of damp-
ening the host’s immune response and increasing its chances of
survival. This exciting possibility is currently being tested in col-
laboration with I. Morrison (University of Edinburgh, UK).

Concluding remarks about autophagy in host-parasite
interactions. On the one hand, the original role of autophagy
as an efficient antimicrobial defense mechanism has expanded
to immunological processes that participate in both innate
and adaptive immunity to neutralize infections. On the other
hand, intracellular protist parasites have developed specialized
anti-autophagy adaptations allowing them to prevent or block
autophagic elimination. Many parasites have also built up mul-
tipronged strategies to utilize functions or components of auto-
phagy to facilitate their own invasion of, and promote their
replication rate in, mammalian cells. This concept of autophagy
helping to ‘feed’ intracellular intruders is particularly relevant
for parasites that reside in sequestered PV with limited access to
host nutrients. However, observations on enhanced development
of parasites upon autophagy induction are based upon in vitro
studies and a “microbe-friendly” role of autophagy in parasite
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replication needs to be established in vivo. Returning to the point
of origin, autophagy as a cell-autonomous defense of the host
cell has met its adversarial counterpart in autophagy as a pro-
microbial process. Manifestly, autophagy works without respite
to protect the master eukaryotic cell, often on both sides of the
host-parasite relationship.

Discussion and Conclusions

Evolutionary aspects. In this review, we addressed the occur-
rence, variability and evolution of autophagy in protists. However,
the term ‘protists’ covers species of unicellular eukaryotes, which
not only are very large in number, but also very broadly in diver-
sity. In classical taxonomy they form one of the four kingdoms
of eukaryotes, the other kingdoms being formed by the animals,
plants and fungi, respectively. However, the increased availability
of genome sequences for a large variety of organisms, in the last
decade, and advances in molecular phylogenetics have allowed a
reconsideration of this classical division. Today, most eukaryotes
have been classified within one of six ‘suprakingdom-level- or
‘super’-groups, each containing protists.**** One supergroup,
the Opisthokonta, contains animals and fungi as well as certain
protists, while another, the Archaeplastida, harbors plants and
some groups of photosynthetic protists (e.g., Chlamydomonas).
In the other supergroups (called Amoebozoa, Chromalveolata,
Rhizaria and Excavata) only protist organisms are found. The
presence of a nucleus, ER, Golgi, the occurrence of mitosis, and
the possession of mitochondria or relic mitochondrial organelles
in each of these major groups, indicates that the common ances-
tor of all extant eukaryotes was already a ‘typical’ eukaryotic cell.
Also ATG genes have been found in protist representatives of the
supergroups, examined thus far (there are no data available for
the Rhizaria) as well as experimental indications that autophagy
occurs in protists belonging to Amoebozoa, Chromalveolata,
Archaeplastida and Excavata. For example, the trypanosoma-
tids belong to the Excavata, the apicomplexans and ciliates to
the Chromoalveolata, and Dictyostelium to the Amoebozoa (Fig.
2). Therefore, the process of macroautophagy must have been
part of the repertoire of the common ancestor. Based on the dis-
tribution of ATGs in a taxonomically diverse range of protists,
it may be concluded that this ancestor contained a core auto-
phagy machinery that has been retained in all extant organisms
in which autophagy can be found. The machinery has further
developed with the acquisition of additional Atgs in opisthokonts
(yeasts, mammals) and has been entirely lost in some protists,
probably as a result of niche adaptation. In other protists the
basic process has been simplified, by the probable loss of specific
ATGs in some lineages or elaborated by paralogue expansion of
other ATGs. It is equally possible that expansion of the core rep-
ertoire has occurred in other groups, but by recruitment of pro-
teins unrelated to those developed in the opisthokont supergroup,
and therefore not identified in the genomic searches performed
with sequences of Atgs from experimentally better-characterized
organisms like yeast. Only by future experimental cell biological
and genetic research in more diverse unicellular taxa, similar to
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that performed in yeast, will the full autophagic process and the
machinery involved be unraveled.

As mentioned, both ubiquitin-like proteins (Atg8, Atgl2)
and ubiquitin itself (with the involvement of p62 or NBR1) play
key roles in the autophagy of ubiquitinated proteins. Following
the recent discovery of ubiquitin-like proteins in bacteria™ it is
tempting to speculate that they, too, may be involved in inter-
nal degradation mechanisms, but the differences in cell biol-
ogy between prokaryotes and eukaryotes are so great that any
such mechanisms would necessarily be very different relative to
eukaryote autophagy.

Translational aspects. A large number of the currently known
protists are free-living organisms, but also a considerable num-
ber are pathogens of other eukaryotes, including human and
domestic animals. Because of their importance for health and
the economy, these pathogens have received attention in scientific
research with an objective to explore the possibility of develop-
ing drugs against them. This interest for research of pathogenic
protists also involved the study of the role of autophagy in these
organisms and the identification of the autophagic machinery.
Autophagy is essential for cellular differentiation of each of the
three genera of human-infective trypanosomatid parasites and
thus for the progress of the parasites though their life cycle. In
addition, interference with the activity of individual proteins act-
ing in different stages of autophagy pathways, either by reverse
genetics of the use of inhibitors, affects in some cases not only the
differentiation, but also the morphology, virulence or viability
of the parasites. These observations, together with the generally
low level of sequence conservation of ATGs and other proteins
involved in autophagy in parasites, offer prospects for the devel-
opment of new parasite-specific drugs.

Particularly, in the case of 7. cruzi and Leishmania species,
interference with the activity of proteins that are essential for dif-
ferentiation may offer a possible chemotherapeutic strategy.!'”
After their introduction in the human host, these parasites have
to undergo the transition from extracellular promastigotes or
trypomastigotes to intracellular amastigotes, which are the stage
responsible for the major pathogenic symptoms. The intracellu-
lar 70 cruzi amastigotes, after several rounds of multiplication,
differentiate again into trypomastigotes that burst out of the
host cells to infect additional ones. In contrast, in the case of
Leishmania, the parasites are released as amastigotes that initiate
new macrophage infections.

Blocking of autophagy may prevent these differentiation steps
and thus pathogenicity. For 7. cruzi this has not yet been proven,
contrary to Leishmania, where inactivation of autophagy-related
gene products indeed prevents the differentiation of promasti-
gotes.'®
and metabolic changes, associated with upregulated autophagy,

On the other hand, in 7. brucei, the major morphological

occur upon the transition from the human bloodstream form to
the insect procyclic form and not when the parasite resides within
the human host.” Therefore, the effectiveness of autophagy
inhibitors in treatment of sleeping sickness may be question-
able. One could imagine, however, that African trypanosomes
may try to overcome the deleterious effects caused by drugs by an
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autophagic response, and in that case combined administration
with autophagy inhibitors may be effective.

One may wonder if treatment with autophagy inhibitors will
be feasible for the initial phase of Chagas’ disease and leishmania-
sis because the period during which the insect-stage parasites will
differentiate into the intracellular amastigotes, after the infection
of human, is relatively short. However, at least in the case of 7.
cruzi, maintenance of infection involves a cyclic differentiation
of amastigotes and trypomastigotes, suggesting that it could be
targeted using inhibitors of autophagy.

In addition to interfering with the ATG proteins, it is pos-
sible to block autophagy also at a later stage, i.e., at the level of
the autolysosome, the terminal step of the process. Using gene
ablation or inhibition by chemical inhibitors it was demonstrated
that the Leishmania mexicana cysteine peptidases CPA and CPB,
which are orthologues of the mammalian lysosomal cysteine
cathepsins, are important for both the autophagy and differentia-
tion of the parasite. In addition, L. mexicana CPA/CPB-deficient
mutants lack virulence in macrophages and mice.”” Similarly,
chemically blocking the peptidases prevents amastigote replica-
tion and infectivity, although the effect on autophagy was not
followed at that time."”®

not only in Leishmania, but also in 77 ¢ruzi and other trypanoso-
196-198

Moreover, similar results were obtained
matids, thereby setting the ground for possible therapeutic
intervention.

An alternative chemotherapeutic strategy could be the induc-
tion of autophagic cell death. The feasibility of this approach has
been shown for each of the two Trypanosoma species as discussed
in the previous sections. For 7. brucei, the example is the killing
of parasites as a result of administration of DHA or neuropep-
tides’lz(],lzl

phospholipid analogues and naphtoimidazoles.'*”'** However,

while for 7. cruzi the same was achieved with lyso-

similar data regarding the induction of autophagic cell death of
Leishmania parasites by administration of compounds are not
available.

Apicomplexan parasites also undergo major morphologi-
cal changes during the differentiation between the successive
life-cycle stages. For Plasmodium, it has been discussed above
that, during the sporozoite-to-trophozoite conversion, important
interior remodeling occurs involving the elimination of many
organelles. Morphological analysis, in conjunction with immuno-
labeling with anti-ATG8, indicates that this conversion involves
autophagy. Although the essentiality of autophagy for this dif-
ferentiation has not yet been demonstrated by genetic means, the
observed delay in stage conversion caused by the administration
of the autophagy inhibitor 3-MA renders it very likely and sug-
gest that specifically interfering with components of the parasite
autophagy machinery might combat infection.

The development of inhibitors that interfere only with ATGs
of parasitic protists and not with those of the host cells may be
feasible because of the low level of sequence conservation of these
proteins. This will require further studies on the structure of these
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ATGs, permitting the design and synthesis of selective inhibitors,
or the production of recombinant ATGs and the development of
sensitive binding assays to be used in high-throughput screening
of compound libraries for the selection of inhibitors.

Alternative strategies may be attempted to interfere with
specific host-parasite interactions. For example, stimulation of
autophagy in macrophages infected with Toxoplasma parasites
has been shown to promote the fusion of PVs with lysosomes."”?
On the contrary, in cases where parasites (7. gondii, T. cruzi, L.
amazonensis) exploit host autophagy to stimulate their invasion
or growth, administration of inhibitors of the human autophagy
process may be a means to control the infection. Equally, revers-
ing this suppression may combat parasites such as Theileria,
which appear to ablate host cell autophagy to avoid degradation.
Of course, activation or inhibition of host autophagy is not selec-
tive and will also affect uninfected cells or tissues and thus risk
causing side effects.

Autophagy has already received major attention in therapeutic
intervention in human medicine—targeting autophagy may be
beneficial as monotherapy or to sensitize cells to other conven-
tional therapies (e.g., cancer). Research to explore the possibility
of targeting autophagy in parasites is still at a very preliminary
stage, but as reasoned above, the approach may be valuable for
treatment of some of the parasite-associated diseases.
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Note

Slightly different systems are being used for abbreviations
of proteins and their genes in mammals, yeasts and protists.
Throughout this paper, we used for proteins and genes from
protists the consensus nomenclature system for trypanosoma-
tid protists: upper case for proteins, italicized upper case for
genes'z()(]
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