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Leishmania donovani parasite requires Atg8 protein
for infectivity and survival under stress

Sagnik Giri' and Chandrima Shaha'

Abstract

The importance of autophagy in parasites with a digenetic life cycle like Leishmania spp. is significant. The parasite
survives as promastigotes in the insect gut and as immotile amastigotes in mammals. This study demonstrates
increased autophagy in Leishmania parasite during progression of in vitro life cycle and upon exposure to stress stimuli
like starvation, oxidative stress, and drugs. Autophagy inhibition during stress exposure increased cell death, indicating
the importance of autophagy in cellular defense against adverse conditions. Atg8 protein, a homolog of mammalian
autophagy protein LC3 is expressed in Leishmania parasite but its function remains unknown. Overexpression of Atg8
(Atg8-OFE) rendered the parasites resistant to stress and capable of infecting macrophages in substantial numbers;
however, disruption of the Atg8 gene (AAtg8) resulting in suppression of Atg8 protein expression, increased
susceptibility to stress and reduced the capability to cause infection. A critical event in the Leishmania parasite lifecycle
is the differentiation of promastigote forms to the disease causing amastigote forms. The failure of AAtg8 parasites
lacking Atg8 protein to differentiate into amastigotes, unlike the Atg8-OF and vector-transfected parasites, clearly
indicated Atg8 involvement in a crucial event. The inability of AAtg8 parasites to infect macrophages in vitro was
verified in an in vivo mouse model of leishmaniases where infection could not be induced by the AAtg8 parasites.
Autophagy is known to be involved in the remodeling of damaged organelles. The accumulation of Atg8 around
damaged mitochondria suggested increase of autophagy in the vicinity of the organelle. This buildup was prevented
when mitochondria generated reactive oxygen species that were quenched, suggesting them as possible signaling
molecules for sensing mitochondrial instability. In summary, our study provides new evidences for a crucial role of
Atg8 protein in sustaining Leishmania parasite survival during life cycle and stress exposure, differentiation to
amastigotes, and their infective abilities.

Introduction organism, the Leishmania parasite, infects mammals and

Autophagy is an intracellular degradation system that
delivers cellular constituents including cytosolic proteins
and damaged organelles to the lysosome for digestion by
enzymes"”. Analysis of autophagic processes known to
help remodeling of cells has attracted considerable
attention because of the influence of autophagy in dif-
ferent cellular functions?. For organisms where change
in cell shape and size is essential during the life cycle,
autophagy plays a very important role®. One such
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causes a group of diseases collectively called leishma-
niases™®. Three forms of the disease exist, the potentially
fatal systemic visceral form, caused primarily by Leish-
mania donovani and Leishmania infantum; the cutaneous
and the mucocutaneous disease forms caused by Leish-
mania major, Leishmania tropica, and the related para-
sites of the same genus. These parasites have a digenetic
life cycle where the free-swimming procyclic promastigote
form undergoes differentiation to enter into an infective
metacyclic stage, and finally after infection, differentiates
into the disease causing rounded amastigote forms that
live within the macrophages. The occurrence of macro-
autophagy in L. major and the involvement of several Atg
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or autophagy-related proteins have been elegantly shown
in several studies®’. These Atg proteins are intimately
associated with the regulation of macroautophagy (hen-
ceforth referred to as autophagy), and the requirement of
a functional Atgl2—Atg5 conjugation system for Atg8-
dependent autophagy in L. major has been demon-
strated®™. However, the consequences of the absence of
Atg8 protein on the formation of autophagosomes,
response to drugs, and infectivity are not known.

The presence of Atg8 in Leishmania parasites was
shown in prior studies where Atg8 conjugation to phos-
phatidylethanolamine (PE) to form membrane-bound
Atg8 was demonstrated””’. In the later stages of autop-
hagosome formation, Atg8 is cleaved by Atg4 to form
membrane-bound PE-conjugated Atg8 (Atg8-1I), which
localizes to the pre-autophagosomes and facilitates fusion
between autophagosome and the lysosome””'?. The
importance of parasite autophagy was first described in
studies where overexpression of VPS4-defective mutant, a
dominant-negative ATPase involved in disassembly of
endosome-sorting complexes for transport of multi-
vesicular bodies, inhibited parasite differentiation to the
obligate infective metacyclic form, thereby affecting
virulence®. This finding was indicative of the requirement
of late endosome or autophagic function for differentia-
tion to the metacyclic form. Consequently, well-designed
studies from Williams et al. showed the presence of four
subfamilies of Atg8 genes in L. major, and the Atg8 pro-
tein was shown to be instrumental in autophagosome
formation during starvation and differentiation®. In con-
trast to L. major, L. donovani expresses two copies of Atg8
gene on chromosome 19 as identified from NCBI
nucleotide  database  (https://www.ncbi.nlm.nih.gov/
nucleotide/); one of them expresses full-length Atg8
protein. Later studies in L. major revealed a functional
Atg5—-Atgl2 conjugation system that prompts Atg8-
dependent autophagosome formation associated with
the mitochondrion under nutrient stress''. Mutation of
AtgS led to mitochondrial abnormality’!, suggesting a
possible link between Atg proteins and mitochondrial
health.

The idea of autophagy possibly playing a vital role in
Leishmania parasite survival prompted us to explore the
functional role of the Atg8 protein in L. donovani. We
demonstrate that inhibition of autophagy by a chemical
inhibitor or the absence of Atg8 protein (AAtg8) makes
the parasites more vulnerable to unfavorable conditions
created by oxidative stress, while overexpression of Atg8
(Atg8-OE) makes them resistant to such insults. Impor-
tantly, the absence of Atg8 protein represses the differ-
entiation of promastigotes to amastigotes and inhibits
infection of macrophages in vitro. In an in vivo mouse
model of leishmaniasis, AA#g8 parasites were unable to
cause substantial infection. Under mitochondrial but not
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genotoxic stress in vitro, the Atg8 protein migrated to the
vicinity of the damaged mitochondria, suggesting an
association between mitochondrial dysfunction and
translocation of the Atg8-positive autophagosomes. This
migration and accumulation of Atg8 protein was reduced
when mitochondria-generated reactive oxygen species
(ROS) were quenched. Overall, our findings suggest a
crucial role of Atg8 protein in the survival of the Leish-
mania parasite during life cycle and stress situations,
differentiation to amastigotes, and competency to infect.

Results
Autophagy regulated by Atg8 is essential during the
in vitro life cycle of Leishmania parasite

Differentiation of Leishmania parasites involves critical
regulation of cellular processes for adjusting to adverse
conditions in different hosts involving changes in shape
and size and adapting to different temperatures and
pH'*'3, Therefore, housekeeping activities required for
cellular homeostasis like autophagy are expected to play
an important role during the parasite life cycle. To
understand the role of autophagic processes in the sur-
vival and infective abilities of the parasite, we utilized an
in vitro life cycle system frequently used for studying the
biology of trypanosomatid parasites'®. The parasites
transit through a log phase to the stationary phase during
their life cycle in vitro with considerable changes in bio-
chemistry, shape, and size, and therefore this was an ideal
culture system to trace the autophagic changes®. Autop-
hagy was observed during in vitro life cycle progression by
staining with monodansylcadaverine (MDC), a fluorescent
compound that gets incorporated into multilamellar
bodies during autophagosome formation, and is used as a
probe for detection of autophagic vacuoles. Microscopic
observations showed an increase in MDC staining on day
4 of the in vitro life cycle (Fig. 1a)'®. Estimation of MDC
staining by using fluorometry corroborates the evidence
for MDC staining enhancement on day 4 (Fig. 1b). Fur-
ther confirmation of enhancement of autophagy is shown
by an increase in Atg8-II expression levels on western
blots of extracts derived from parasites at different days of
culture (Fig. 1c). Therefore, multiple methods of detection
indicated an increase in autophagy on day 4 of the in vitro
life cycle. This brought us to the question of the essential
nature of autophagy for survival; therefore, we designed
experiments where viability was determined after autop-
hagy was blocked by using 3-methyladenine (3-MA),
capable of repressing autophagy through inhibition of
type I and type III phosphatidylinositol-3-kinases (PI3K).
Blocking of autophagy resulted in low parasite viability
(Fig. 1d), suggesting a link between reduction of autop-
hagy and cell survival. Autophagic activity is known to
come into play during maintenance of cellular home-
ostasis under stress'®™'®, Therefore, we used several stress
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inducers like H,O,, which spontaneously generates
hydroxyl ions in physiological conditions*, carbonyl
cyanide m-chlorophenylhydrazone (CCCP)*°, a respira-
tory chain uncoupler that generates ROS, and potassium
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antimonyl tartrate (PAT), a drug used against Leishmania
parasite that acts through generation of ROS*. As a
positive control, another group of parasites were sub-
jected to starvation to mimic a condition where
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Fig. 1 Inhibition of autophagy leads to cell death. a Autophagy levels of wild-type parasites were assessed post culture at a starting concentration
of 10° cells ml~" for the indicated number of days by staining the autophagic vacuoles with MDC (10 uM). Progressive increase in the number of
vacuoles was observed as parasites entered the late log phase in culture. Scale bars represent 5 um. b MDC staining was quantified by fluorometry
and represented by the bar graph. Data represent mean + SEM (n = 3). ¢ Western blot analysis was carried out to ascertain the day wise change in
native Atg8 levels in wild-type parasites. 3-tubulin was used as control. Note the increase in Atg8 protein with time. d The effect of autophagy

inhibition by 3-MA (5 mM) on parasite viability was assessed under normal culture conditions. In total, 10° parasites were sampled out from growing
culture with or without 3-MA everyday (days 1-4). Note that blocking autophagy with 3-MA resulted in significant death of the parasites. Data

represent mean + SEM (n = 3), *P < 0.05, **P < 0.005. e Parasites were treated with H,O, (100 uM), PAT (250 uM), and CCCP (200 uM) for 6 h and

stained with MDC. Starved parasites deprived of FCS were used as positive controls for autophagy induction. A separate set was treated with 3-MA to
inhibit autophagy. Note significant MDC staining in treated and starved groups as compared with VT cells. Scale bars represent 5 um. f Cell death
assay after drug treatments analyzed by Pl staining shows increased cell death when autophagy was blocked. Data represent mean + SEM (n = 3), NS,
nonsignificant. g RT-qPCR was carried out to check the RNA levels of the major autophagic genes: Atg5, Atg8, and Atg12 upon exposure to the drugs.
Note that Atg5, Atg8, and Atg12 gene expression increased as compared with Ld actin control. Data represent mean + SEM (n = 3), *P < 0.01, **P <

mammalian cells initiate autophagic activities™ %, A

significant increase in the number of autophagic vacuoles
was seen in the parasites subjected to all three stress
conditions and during starvation (Fig. 1e). Treatment with
3-MA during exposure to stress, caused a significant
reduction in the number of the MDC-stained vacuoles in
all groups (Fig. 1e) accompanied by a significant reduction
in survival (Fig. 1f). This suggested a necessary role of
autophagy in cellular protection during stress. Overall,
this part of the data confirmed augmented autophagy
during progression of the life cycle in vitro as well as
during stress exposure.

Autophagy is governed by a set of proteins called Atg
proteins, and the Leishmania spp. expresses several
orthologs of mammalian Atgs’. An increase in Atg5, Atg8,
and AtgI2 transcript levels as compared with controls was
recorded during stress exposure (Figs. 1g, S1). Given the
fact that A#g8 is central to the maturation of autophago-
somes”'*?*, we further probed the functional role of this
gene product. Azg8 is a homolog of LC3 gene of higher
vertebrates. Cytoplasmic LC3 protein gets cleaved into
truncated LC3II enabling the formation of a stable asso-
ciation with membrane-bound phosphoethanolamine,
thus regulating the crucial terminal stages of autophago-
some formation”*'°. L. donovani expresses two copies of
Atg8 genes on chromosome 19 (Ld_190840 and
Ld_190850). The full-length Atg8 gene Ld_190840 was
targeted in this study. To study changes in Atg8 protein
during the in vitro life cycle, Azg8 gene fused to GFP was
overexpressed in log-phase parasites (Atg8-OE) by using
an episomal expression system (Fig. S1). In the over-
expressing parasites (plated at a concentration of 10° cells
per ml), there was a progressive increase in GFP expres-
sion, initially visible as diffused staining in the cytoplasm,
and as the life cycle progressed, GFP punctas were
detected (Fig. 2a). Evaluation of the number of MDC-
stained autophagosomes per cell showed a progressive
increase with the cells entering the stationary phase of the
life cycle (Fig. 2b). This corroborated with the pattern of
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increased occurrence of GFP—Atg8 punctas in the same
stage of parasites’ life cycle (Fig. 2b).

Ideally, if Atg8-regulated autophagy was essential for
the parasites to survive, deprivation of Atg8 protein would
have a profound impact on the survival of the parasites.
CRISPR-Cas9 technology was used to generate deletion
mutants of Azg8 (AAg8) where part of the gene was
disrupted (Fig. S2A-D) to stop Atg8 protein synthesis.
Vector-transfected cells (VT) were used as controls.
Extracts of AAtg8 parasites showed no expression of the
Atg8 protein as compared with VT parasites (Fig. 2c).
MDC staining confirmed a higher level of autophagy in
GFP-Atg8-OE and VT parasites, comparatively, much
more than AA#g8 parasites (Fig. 2d). A comparison of
survival between VT, Atg8-OE and the AAtg8 parasites
during stress clearly demonstrated increased vulnerability
of AAtg8 parasites to H,O,, PAT, and CCCP-induced
stress (Fig. 2e). Similarly, starvation-induced death was
higher among AAtg8 parasites as compared with VT or
the Atg8-OE groups (Fig. 2f). Therefore, it was evident
from the above studies that the presence of the Atg8
protein was required for survival under stress.

Absence of Atg8 protein interferes with differentiation to
axenic amastigotes

While survival under stress is one aspect of parasite
physiology, the ability to infect the host macrophages is an
essential function. After the Leishmania parasite infects
host macrophages, they change shape to a rounded dis-
ease causing amastigote form capable of surviving within
host phagolysosomes®®. This differentiation involves
substantial cellular remodeling including a reduction in
size; therefore, the involvement of processes like autop-
hagy is expected to be essential during this period. Pro-
mastigotes of days 2 and 4 of culture expressed low levels
of Atg8 as compared with late stationary phase (day 7),
and the amastigotes recovered from infected host mac-
rophage cell lines (THP1) (Fig. 3a), showing an associa-
tion of Atg8 expression with differentiation of the
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Fig. 2 AAtg8 parasites are more vulnerable to drug-induced stress. a Parasites overexpressing GFP-Atg8 (Atg8-OE) protein were grown under
normal culture conditions and stained with MDC. An increase in MDC-positive vacuoles with an increase in days of culture, coincided with the
increase in the number of GFP-Atg8 puncta. Arrows indicate autophagosomes. Scale bars represent 5 um. b The upper panel indicates the number
of autophagosomes per promastigote during growth in vitro. Data represent mean + SEM (n = 3). The lower panel indicates the increase in the
proportion of parasites with GFP-Atg8 punctas on a daily basis during the in vitro culture of parasites. Data represent mean + SEM (n = 3). ¢ Western
blot analysis was carried out to confirm Cas9 overexpression and Atg8 levels in AAtg8 parasites. d Late log-phase VT; Atg8-OF parasites showed
significant MDC staining compared with AAtg8 parasites. e Parasites treated for 12 h with indicated concentrations of H,O, (100 uM), PAT (250 uM),
and CCCP (200 puM) resulted in increased cell death in AAtg8 parasites as compared with VT and Atg8-OFE parasites. Data represent mean + SEM (n =
3), *P < 0.05, **P < 0.005. f Parasites were cultured in media deprived of FCS for the indicated time periods, and high percentage of cell death was
observed in starved AAtg8 parasites as compared with VT and Atg8-OE parasites. Data represent mean + SEM (n = 3), *P < 0.05, P < 0.0005

parasite. Therefore, to investigate if Atg8 was essential for
promastigote-to-amastigote differentiation, we used the
in vitro system of culturing parasites for the generation of
axenic amastigotes at 37 °C and pH of 5.5 (axenic media).
While the VT (Fig. 3b, f, S3A) and A#g8-OE (Fig. 3¢, f,
S3A) parasites started to round up in axenic media at
24 h, being well rounded at 72h of culture, the AA#g8
parasites did not show any change in shape and remained
elongated (Fig. 3d, f, S3A). The amastigotes of VT and
Atg8-OE cells were positive for anti-A2 antibody staining
(Fig. 3b, c), a marker for amastigote-stage parasites”’. The
AAtg8 parasites were negative for anti-A2 antibody stain
(Fig. 3d) showing repression of differentiation to amasti-
gotes. Restoration of Azg8 function by overexpressing
Atg8 in AAtg8 cells (AA1g8-OFE) with codon-optimized
mutant (Fig. S3B) (such that the target sites for gRNAs are
altered without loss of function), could revive the para-
sites’ ability to differentiate’” by changing into rounded
forms that were positive for anti-A2 antibody staining
(Fig. 3e). These data therefore provide evidence for sup-
pression of differentiation to amastigotes in the absence of
Atg8 protein pointing toward a crucial function being
regulated by Atg8. Transmission electron photo-
micrographs of the three groups of parasites (VT, Atg8-
OE, and AAtg8) clearly illustrate the inability of AA#g8
parasites to differentiate into rounded amastigote forms
when grown in axenic media in vitro (Fig. 3f). Further
proof of this inability to differentiate is also shown in
scanning electron micrographic images of VT, Atg8-OE,
and AAtg8 parasites grown in axenic media (Fig. 3g).

Absence of Atg8 protein reduces the parasites’ capability
to infect macrophages

In the backdrop of the above data and the increased
expression of Atg8 protein in amastigotes recovered from
macrophages, it was hypothesized that growth and sur-
vival within the mammalian host cells could be dependent
on Atg8. To explore such a possibility, human macro-
phages differentiated from a THP1 monocyte cell line
were infected with VT, A#g8-OFE, and AAtg8 parasites.
Both the VT and A#g8-OE parasites at 24 and 48h of
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infection showed significant propagation of amastigotes,
whereas the AAtg8 parasite-infected macrophages were
devoid of amastigotes (Fig. 4a, b). This observation con-
forms to our findings of the inability of AA#g8 to convert
to amastigotes. Further confirmation of the AAtg8 para-
sites being unable to sustain as amastigotes comes from
the in vivo studies where animals infected with AA#g8
parasites showed no enlargement of spleen in a mouse
model of leishmaniases as compared with larger spleen
size and spleen weight of WT parasites (Fig. 4c—e). Also,
WT parasites showed much higher parasite load in sple-
nic smears as compared with smears from spleens of
animals infected with AAtg8 parasites (Fig. 4f). In sum-
mary, both in vitro and in vivo studies bear evidence for
the necessity of Atg8 for parasite survival within
macrophages.

Mitochondrial translocation of Atg8 occurs during
differentiation to amastigotes

Conversion to amastigotes involves significant cellular
remodeling that prompted us to track the changes in Atg8
localization during conversion to axenic amastigotes. For
this, promastigotes grown in axenic culture media were
allowed to differentiate into axenic amastigotes. A£g8-OE
parasites expressing GFP showed a punctate localization
of GFP on the mitochondria stained with Mitotracker®
Red at 12, 24, 48, and 72h of axenic amastigote differ-
entiation, suggesting the translocation of Atg8-positive
autophagosomes near the mitochondria, indicating
autophagic activity in the vicinity of the organelle (Fig. 5a).
Similar activity occurs in mammalian cells where
damaged mitochondria are removed by an autophagic
process termed “mitophagy””®. Although the process of
mitophagy has not been described in these parasites, the
translocation of Atg5 protein to the mitochondria was
described earlier in L. major''. In our studies, maximum
accumulation was observed during differentiation with an
upward trend till 72 h, reducing thereafter once the entire
population was converted to amastigotes (Fig. 5b). The
coefficient of colocalization was taken into consideration
for the analysis (Fig. 5¢) where the movement of Atg8
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Fig. 3 AAtg8 parasites were unable to differentiate. a Atg8 protein expression was determined on day-2, -4, and -7 amastigotes (isolated from
macrophages) and in in vitro culture days of 2, 4, and 7 of promastigotes, where tubulin blots were used as loading controls. Conversion assay of
promastigotes to amastigotes (grown in axenic media) by using b VT, ¢ Atg8-OE, d AAtg8, and e AAtg8-OE parasites was assessed by A2 antibody
staining (A2 being specific for amastigotes). Note that AAtg8 parasites were negative to A2 staining and also retained an elongated shape as opposed
to nearly spherical shape of amastigotes. For b-e, scale bars represent 5 um. f Transmission electron micrographs showed elongated structures of
promastigotes in normal media, whereas the conversion to amastigotes is seen with axenic media in the case of VT and Atg8-OF parasites. AAtg8
parasites show an elongated promastigote-like structure even under axenic conditions. Scale bars represent 500 nm. g Scanning electron
micrographs showing morphological features of VT, Atg8-OF, and AAtg8 parasites. Scale bars represent 5 um

toward the mitochondria was high 12 h onward. This is
similar to one of the prominent evidence of changes in
subcellular localization of Atg8/LC3II in mammals
observed during mitophagy where the Atg8/LC3II protein
localizes onto the damaged mitochondria helping to form
autophagosomes for mitophagy””*®. These studies there-
fore show increased autophagic activities near the
mitochondria.

Atg8 accumulation near the mitochondria is linked to
oxidative stress

GFP-tagged Atg8-OF cells treated with oxidative stress
inducers like H,O,, CCCP, and PAT showed buildup of
GFP puncta near the mitochondria (Fig. 6a). Earlier studies
by using L. major showed translocation of Atg5-associated
autophagosomes to parasite mitochondria on starvation''.
In our studies, starvation was used as a positive control.
Further analysis of z-stacked images of drug-stressed
parasites by IMARIS software also resonated the observa-
tion of migration of Atg8 onto the vicinity of mitochondria
(Fig. S4A). The percentage of cells with accumulation of
Atg8 near the mitochondria was higher with H,O,, CCCP,
and starvation-induced stress as compared with PAT-
induced stress (Fig. 6b). Statistical analysis of Pearson’s
coefficient values also reflected less mitochondrial accu-
mulation of Atg8 in PAT-treated cells (Fig. 6¢). Interest-
ingly, increases in superoxide/reactive oxygen species levels
were noted with H,O,, CCCP treatment, and starvation
that were higher than PAT- treated cells (Fig. S4B). In
summary, Atg8-positive autophagosomes were found to
translocate to the region near the mitochondria in response
to drug-induced stress and starvation.

Mitotoxic but not genotoxic stress triggers
autophagosome translocation to mitochondria

As evident from our previous data, mitochondrial
accumulation of Atg8 was observed in a larger population
of cells under the influence of stress generators, with the
exception of PAT-treated parasites. Our results also
revealed PAT to be a weaker superoxide/reactive oxygen
species inducer compared with the other drugs used. This
led us to the question whether the accumulation of
autophagosomes was responsive to mitotoxic stress only,
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where mitochondrial damage is intensified by generation
of superoxides/reactive species.

To generate mitochondrial stress, we used three mito-
chondrial respiratory chain inhibitors, Antimycin A
(Complex-1II inhibitor), Rotenone (Complex-I inhibitor),
and TTFA (Complex-II inhibitor) to induce mitochon-
drial damage and investigated the accumulation of
autophagosomes near mitochondria. Two genotoxins,
cisplatin and etoposide, were also used for comparative
analysis. Analysis of mitochondrial potential with JC-1 dye
in wild-type cells indicated that genotoxic drugs do not
affect the mitochondrial potential during the initial hours
of treatment, and a drop in mitochondrial potential is
evident only in the case of prolonged treatment (Fig. S6A).
In Atg8-OE cells, Mitotracker® Red (a potentiometric red
fluorescent dye that accumulates in the mitochondria of
viable cells) was used to measure mitochondrial potential.
A fall in mitochondrial potential was recorded after
treatment with the mitochondrial respiratory chain inhi-
bitors but not with cisplatin and etoposide, the genotoxins
(Fig. 7a). Mitochondrial mass is typically defined as an
increase in bulk of the mitochondria®. MitoTracker™
Green FM, which does not fluoresce in aqueous solutions,
but becomes fluorescent at accumulation in the mito-
chondrial lipid environment, was used to measure mito-
chondrial mass. The mitochondrial mass of the parasites
treated with cisplatin and etoposide was found to be
unaffected as compared with the increased masses of
those treated with antimycin A, rotenone, and TTFA (Fig.
S6B). Parasites with mutated Atg8 showed increased
mitochondrial mass and decreased mitochondrial poten-
tial compared with the others under the influence of
mitotoxic agents, indicating their vulnerable mitochon-
drial health (Figs. 7a, S6B). Figure 7b shows Atg8 trans-
location to the mitochondria in Afg8-OE parasites
exposed to respiratory chain inhibitors as opposed to the
same parasites subjected to genotoxic stress where
translocation was negligible. This suggested that changes
in subcellular localization of Atg8- positive autophago-
somes toward the mitochondrial vicinity, largely occur in
response to mitochondrial damage.

The above data led to the question as to what could act
as a signal in response to mitochondrial damage to draw
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units, n=10

Fig. 4 AAtg8 parasites were unable to establish infection. a THP1 monocyte-derived macrophages infected with L. donovani show the highest
infection rates with Atg8-OE as compared with AAtg8 and VT. Arrows indicate the amastigotes within the infected macrophages. Scale bars represent
10 um. b The upper panel shows the number of amastigotes/macrophage. Data represent mean + SEM (n = 3, from counts of 500 macrophages),
*P < 0.05. The lower panel shows changes in the percentage of infected macrophages with respect to the duration of infection. Data represent mean
+ SEM (n = 3), *P < 0.05. Note that infection by AAtg8 parasites is low. ¢ Data from spleens (n = 10) of uninfected mice and those infected with AAtg8
parasites showed a significant difference in spleen size between WT-infected and AAtg8- infected animals. Photomicrographs of splenic imprints

show parasite load in mice infected with WT and AAtg8 parasites. d, e Size and weight of mice spleen isolated from Leishmania-infected samples.
Increase in weight and dimensions of spleens are evident in mice infected with WT parasites compared with those infected with AAtg8 parasites in
which infection was negligible, n = 10. f Parasite burden in terms of Donovan units was calculated from splenic smears. LDU, Leishman-Donovan

Atg8-positive autophagosomes to the mitochondria. Prior
knowledge shows superoxide increases with mitochon-
drial damage**??; therefore, it was pertinent to generate
superoxide to see if the translocation occurred. We used
MitoSOX™ Red®, known to measure superoxide
although a few studies show that it can detect other
species of reactive oxygen®’, so henceforth we have
referred to these measurements as superoxide/ROS. Azg8-
OE cells were subjected to starvation in incomplete
media, and superoxide/ROS was measured by using
MitoSOX™ Red®' where there was an elevation of
superoxide/ROS levels that could be scavenged by Mito-
TEMPO (MT)**** (Fig. 7c). MT is a mitochondria-
targeted superoxide dismutase mimetic that holds
superoxide and alkyl radical-scavenging activity®.
Scavenging of superoxide/ROS by MT resulted in the
recovery of mitochondrial potential (as observed in
starved WT parasites, Fig. S7A) and mitochondrial mass
(Fig. S7B). An increase in superoxide/ROS levels in
starved cells was accompanied by increased co-
localization of Atg8 puncta with Mitotracker® Red, but
exposure to MT reduced the co-localization (Fig. 7d, e),
suggesting a reduction in Atg8 accumulation upon
quenching of superoxide/ROS. Therefore, data suggest
the possibility that the accumulation of the Atg8 on the
mitochondria largely depends upon superoxide/ROS
generation by anomalous mitochondrial activity.

Discussion

Autophagy is a crucial process in protozoan parasite
survival as indicated in earlier studies with Leishmania,
Plasmodium, and Trypanosoma spp.”>**’. Prior studies
with the trypanosomatid parasite L. major, the causative
agent for cutaneous leishmaniasis, established the
importance of autophagy during its life cycle®. Data pre-
sented here with another Leishmania species, L. donovani
that causes the visceral form of the disease, corroborate
the findings on the essential nature of autophagy in L.
major. Like higher eukaryotes, the control of molecular
machinery of autophagic activities in Leishmania spp.
comprises multiple Atg proteins'®®®. After genome
sequencing of Leishmania spp., several mammalian

Official journal of the Cell Death Differentiation Association

orthologs of Atg5, Atg8 Atgl2, and Atgl6 genes were
annotated’. Mottram and coworkers demonstrated the
crucial role of the Atg5—Atgl2 conjugation pathway in L.
major parasites where mutants deleted for the Atg5 gene
were unable to form autophagosomes''. Atg8 is a key
autophagy protein participating in autophagosome for-
mation through a unique ubiquitin like conjugation to
phosphatidylethanolamine on the autophagic membrane.
Eventually, Atg4 helps in delipidation of Atg8 attached to
the outer autophagosomal membrane facilitating recy-
cling®®. The role of Atg8 in lower eukaryotes has been
previously shown in Saccaromyces cerevisae®. A study in
the related protozoan parasite, Plasmodium falciparum,
has suggested that PfAtg8 may be involved in endoplasmic
reticulum (ER)-related organelle biogenesis, including
apicoplast membrane biogenesis®’. The involvement of
Atg8 in Atg5-Atgl2 conjugation pathway to facilitate
phospholipid homeostasis through autophagy in L.
major*' has been recently studied. However, its role in
response to stress and infectivity remains unexplored. The
studies described here provide evidence for the involve-
ment of Atg8 protein in L. donovani differentiation to
amastigotes, sustenance in host cells, and a possible
contribution in the maintenance of mitochondrial
homeostasis.

Upregulation of Azg5, Atg8, and Atgl2 genes linked to
the autophagy pathway accompanied by an increase in
MDC-positive vacuoles after stress exposure observed
in this study, clearly indicated a positive autophagy
response. The necessity of functional Atg8 protein for
resistance to stress was shown in experiments where
AAtg8 mutants with deleted Azg8 gene demonstrated
greater susceptibility to stress in comparison with wild-
type parasites when exposed to mitochondrial respira-
tory chain uncouplers, oxidative stress, or the anti-
leishmanial drug potassium antimonyl tartrate. On the
contrary, overexpression of the Atg8 gene in WT cells
(Atg8-OE) or in Atg8-silenced cells (AAtg8-OE), made
the parasites more resistant to stress- induced death
confirming the involvement of Atg8 in successful stress
resistance. In contrast to reports on Atg5 mutants
where  the  parasites showed  morphological
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abnormalities'’, the AA#g8 did not show morphological
abnormalities but was sluggish and slower in progres-
sing through the life cycle suggesting an alteration in
metabolic activities (Fig. S6). The growth rates of the
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mutant parasites were compromised as they progressed
through late log phase, probably showing effects of the
absence of the Atg8 protein on parasite growth. Other
than gene deletion, blocking of autophagy in wild-type
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parasites by using an autophagy inhibitor 3-MA
resulting in low viability during differentiation in vitro
and under stress was also evidence for the important
role that autophagy plays.

The differentiation of promastigotes to amastigote
forms in mammalian macrophages and their survival
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within the host cells are the primary requirements for the
onset of the disease'®. The failure of AAtg8 parasites to
differentiate into axenic amastigotes in vitro as opposed to
VT and Atg8-OE cells confirmed involvement of Atg8
protein in differentiation to disease-causing amastigotes.
Since conversion of promastigotes to amastigotes involves
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considerable cellular remodeling'®, it is possible that
compromising autophagy becomes a hindrance for com-
pletion of proper reshaping. This is important because the
ability of the parasites to convert to amastigotes is most
essential to generate successful infection. The poor sur-
vival of the AAg8 parasites within macrophages after
infection corroborates with the observation of their
inability to differentiate in vitro. Understandably, changes
in shape and cell size accompanied by alterations in
organelles as well, are major events during differentia-
tion'>'®2° and therefore it is possible that lack of Atg8
prevented those events, hindering conversion to amasti-
gotes. The in vitro infection studies were supported by
in vivo observations in a mouse model of leishmaniases
where splenic enlargement with sufficient parasite load in
splenic aspirates was seen in control mice infected with
WT parasites but were absent in those infected with
AAtg8 parasites. Interpretation of the above data supports
the notion that Atg8 protein plays an important role in
contributing to the infective abilities of the parasite.

The single mitochondrion of the Leishmania parasite is
large and is distributed throughout the body of the
parasite*’. In contrast, mammalian cells possess many
mitochondria and their turnover is taken care of by the
process of mitophagy, which is a form of selective
autophagy®”. Mitophagy is not reported in Leishmania
spp., however, accumulation of autophagic vacuoles
around L. major mitochondria was shown under starva-
tion'’. In this study, starvation-induced GFP-tagged Atg8
relocation to the mitochondrial vicinity in Atg8-OE
parasites showed similarity to the L. major Atg5 studies'.
Also, when challenged with both exogenous and endo-
genous stress-inducing drugs, GFP—Atg8 punctas tended
to localize near the mitochondria. Future studies can shed
light on the consequences of this close association as to
the possibilities of mitophagy-like activities. Interestingly,
a comparative analysis of mitochondrial accumulation of
Atg8 in parasites treated with mitotoxic stressors with
those challenged with genetic stressors suggested that the
event could be initiated in response to mitochondrial
changes like a drop in potential or an increase in mass but
not by DNA damage. Since scavenging of mitochondrial
superoxide attenuated accumulation of GFP-A#g8 punc-
tas on mitochondria along with recovery of mitochondrial
potential and mass to near-normal levels, the importance
of superoxide/ROS in the regulation of mitophagy-like
activities is a strong possibility. The scavenging of
superoxide/ROS generated in the mitochondria, leading
to lesser accumulation of the Atg8 puncta during star-
vation, also suggests a stress sensor-like function of the
superoxide/ROS. As evident from this study, loss of
mitochondrial potential leads to accumulation of Atg8-
associated autophagosomes in close vicinity of mito-
chondria. Vulnerability of AAtg8 parasites in response to
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oxidative stress indicates that the above-said accumula-
tion event probably assists survival of the parasites. Very
little is understood about the mitochondrial biochemistry
of this parasite, and it can be speculated at this stage that
some form of autophagy in selective areas of the mito-
chondria may occur.

The emergence of resistant strains of the parasites
illuminates the necessity to discover new drug targets.
The process of autophagy, which is important for survival,
infection, and growth, is a convenient target of interest. A
deeper understanding of autophagy-related events in
protozoan parasites and targeting them would open up
avenues for intervention of parasite growth. Of particular
relevance is a recent study where a class of compounds
have been identified to inhibit Plasmodium Atg8-Atg3
interaction and presumably PfAtg8 lipidation, eventually
attenuating the growth of blood- and liver-stage para-
sites*”. Similar studies can be done with Leishmania as
model parasites. However, the development of future
methodologies would necessitate exercising a balance of
careful data evaluation and application. In a nutshell, this
study provides evidences for involvement of Atg8 in the
vital processes linked to Leishmania survival.

Materials and methods
Ethics statement

All animal experiments were duly approved by the
Institutional Animal Ethics Committee of the National
Institute of Immunology, New Delhi (IAEC/AQ/2019/
173, serial no. IAEC#489/18).

Animals

For in vivo experiments, inbred mice of C57BL/6
background of either sex at 6-10 weeks of age were used.
Animals of the same age were randomly selected from the
large group of C57BL/6 mice repository of the institute.
Sample size was calculated manually by using the formula
of sample size/[1—(%attrition/100)], where attrition was
expected to be 10% of the sample size.

Cells

A strain of L. donovani, BHU1260, was derived from the
splenic aspirate of a VL patient at the Kala Azar Medical
Centre of the Institute of Medical Sciences, Banaras Hindu
University, Varanasi, India**. The culture was maintained in
Medium 199 (M199) supplemented with 10% fetal calf
serum (FCS) at 25°C. Axenic amastigotes were generated
by culturing the promastigotes from log-phase culture in
M199 at 37°C and pH 5.5*%, Starvation was induced in
the parasites by removing them from FCS- fortified media,
washing, and culturing in media without FCS. The human
monocytic cell line THP1 (ATCC TIB-67) was maintained
at 37°C and 5% CO, in Roswell Park Memorial Institute
Medium (RPMI; Sigma-Aldrich, St. Louis, MO) containing
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sodium bicarbonate (350 mg-ml™'), glucose (4.5g-ml ™),
and 10% FCS.

Plasmids

Overexpression of full-length Atg8 protein (Ld_190840)
in the parasites was carried out by using pXG-GFP+2
vector (a kind gift from Dr. Stephen Beverley) as described
earlier””. For making deletion mutants by CRISPR—Cas9,
plasmids from Greg Matlashewski’s laboratory*® as
available in Addgene were used. Cas9 was expressed by
using pLPhygCAS9 construct, and the guide RNAs
against Atg8 were cloned in pSPneo HHgRNAH vectors™®,
In Atg8-deleted mutants (AAtg8), Atg8 was com-
plemented by overexpressing mutated A#g8 by using
pXG-GFP+-2 vectors to generate AAtg8-OE parasites.

Cell viability

To measure cell viability, Propidium Iodide (PI, Qiagen,
St. Louis, MO) assay was carried out. Briefly, after treat-
ments, parasites were washed and incubated with
50 ug-ml~' of PI for 10 min. The cell population was
analyzed for PI staining by using flow cytometry with a
BD FACS Calibur (BD Biosciences, San Jose, CA) as
described previously™.

Production of Atg8 antibody

L. donovani Atg8 gene was inserted into pET-28 a (+)
expression vector with histidine residues (His tag) at the
N-terminal end. The recombinant vector was then
transformed in Escherichia coli BL-21 strain. The total
expressed protein of the bacteria was recovered by soni-
cation. Thereafter, the cytosolic Atg8 protein was purified
by affinity chromatography against His tag at the N-
terminal end by using nickel-NTA (Ni*'-NTA) beads
(Qiagen, Hilden, Germany). L. donovani-specific anti-
Atg8 antibody was prepared by subcutaneous dosages of
0.5 purified Atg8 protein emulsified with Complete
Freund’s Adjuvant (CFA, 100 pg-ml ') in New Zealand
White rabbits. The dosage was repeated with incomplete
Freund’s adjuvant (IFA, 100 pug-ml~ ") after an interval of
14 days followed by the second booster dose on day 28,
On day 35, the first bleed was collected (~25 ml) followed
by the third booster on day 42. The second and the third
bleeds were collected on days 56 and 58. The third bleed
was used for the studies.

Drugs and chemicals

To induce stress conditions in the parasites, various
stress-inducing drugs were used like hydrogen peroxide
(Hp0,, Merck, India, 100 uM), potassium antimonyl tartrate
(PAT, 250 uM), and carbonyl cyanide m-chlorophenyl
hydrazine (CCCP, 200 uM). Mitochondria-specific stress
was generated by the use of specific respiratory chain
uncoupling agents like antimycin A (mitochondrial
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complex-III inhibitor, 100 uM), rotenone (mitochondrial
complex-I inhibitor, 100 uM), and thenoyltrifluoroacetone
(TTFA, mitochondrial complex-II inhibitor, 200 pM) as
described previously”'. To generate genetic stress, etopo-
side, a topoisomerase II blocker (100 uM) and cisplatin, the
anticancer drug (200 pM) were used. All drugs and che-
micals were purchased from Sigma-Aldrich, St. Louis, MO,
unless otherwise mentioned.

Measurement of mitochondrial potential, superoxide
content, and mitochondrial mass

To measure mitochondrial potential, potentiometric
probe JC-1 (5,5'6,6'-tetrachloro-4421,1'3,3’-tetra-
ethylbenzimidazolyl carbocyanine iodide) (Thermo Fisher
Scientific; T3168) was used as described earlier”, Briefly,
log-phase parasites at a concentration of 5 x 10° cells ml™*
were treated with drugs for the specified period of time
and then incubated with 5pg-ml™~" of JC-1 for 30 min
followed by washing with PBS, and fluorescence was
measured by flow cytometry. Green and red fluorescence
were measured by using 488-nm excitation with 530- and
585-nm band-pass emission filters, respectively. GFP-
expressing cells could not be assessed for green fluores-
cence due to interference. Total intracellular ROS was
measured by 2’,7’-dichlorodihydrofluorescein diacetate
(H,-DCFDA) (Thermo Fisher Scientific; D399) as
described earlier*** (data not shown). Briefly, 5 x 10°
cells were suspended in complete media and incubated
with 2 pgml™' CM-H,DCFDA for 15min, and the
desired treatments were carried out followed by fluores-
cence assay by using BMG black 96-well plates measured
by using a microplate reader (CLARIOstar, BMG Lab-
tech) at an excitation/emission at 530-10/590-10 nm.
Mitochondria-generated superoxide was measured with
MitoSOX™ Red (Thermo Fisher Scientific; M36008), a
probe for detection of superoxides in the mitochondria as
described previously*. About 5 x 10° parasites ml " were
preincubated with 0.5 M MitoSOX™ Red in 1x PBS for
30 min at room temperature. After relevant drug treat-
ment, the kinetics of fluorescence change was measured
with excitation and emission wavelengths set at 488 and
580 nm, respectively. Mitochondrial mass was estimated
by MitoTracker® Green FM (Thermo Fisher Scientific;
M7514), a dye that accumulates in mitochondria by
reacting with the free thiol groups of mitochondrial pro-
teins, following the manufacturer’s protocol®>**, Briefly,
5 x 10° parasites ml ' were washed with 1x PBS after the
respective drug treatment for the indicated time duration
and then incubated with 200 nM of Mito Tracker® Green
FM for 30min at room temperature. After washing,
fluorometric measurement was done at excitation/emis-
sion at 488 /520 nm, respectively, by using BMG LAB-
TECH CLARIOstar fluorometer (BMG LABTECH,
Ortenberg, Germany).
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Cytochemistry

To determine the localization of Atg8 in the Atg8-
overexpressing (Atg8-OE) log-phase parasites, GFP
staining was assessed through excitation/emission filters
set at 488/510 nm by using a Leica SP5 confocal micro-
scope. For staining of the mitochondria, Mitotracker® Red
(Thermo Fisher Scientific; M7512), a potentiometric dye
was used. After staining, the cells were plated on poly-L-
lysine-coated coverslips and their nuclei were stained with
DAPI (Sigma-Aldrich, D9542). The coverslips were
mounted on slides by using mounting media Vectashield
(Vector laboratories, H-1000). Staining was visualized by
using a Leica TCS SP5II microscope (Wetlzar, Germany)
by using parameters as described previously*>>*. Briefly,
Argon ion laser was used to illuminate the excitation fil-
ters of 405, 488, and 561 nm for the purpose. Images were
captured in point-averaging mode at zoom value 5.0, by
using Plan Apo oil objective. Approximately, equal values
of system-optimized gain and offset values were used in
all acquired images. Scattered dot plots with a defined
Pearson’s correlation coefficient for colocalization were
generated by using the software of Leica TCS LAS AF
version: 2.7.3.9723 (Leitz, Germany). Events with a value
of Pearson’s coefficients (p.c.) above 0.6 calculated after
removal of basal noise were considered significant as
positive instances of colocalization. P.C. values of random
individual 20 cells from each experimental set were cal-
culated. Data from three independent experiments were
then used to determine the percentage of cells with
positive colocalization. For statistical representation of p.
c. values, the respective values of 20 random individual
parasites from each experiment were considered, and
their mean value was calculated. Mean values from five
experimental replicates were then plotted in a graphical
form of representation. The z-stacked images were further
reinterpreted for colocalization by using the “IMARIS
Microscopy Tracking Software” (version 7.6.0) (Oxford
Instruments, Switzerland).

For immunostaining of amastigotes by anti-A2 anti-
body, parasites were differentiated under axenic condi-
tions. After 24, 48, and 72 h of culture, they were collected
by centrifugation (1300 x g, 10 min) by using Centrifuge
5810R (Eppendorf, Hamburg, Germany), washed with 1x
PBS, and then fixed with 4% paraformaldehyde for 10 min.
The fixed parasites were permeabilized with 0.25% Triton
X prepared in PBS for 4 min. The parasites were washed
with PBS and incubated with 1% BSA blocking solution
for 1h, followed by incubation with primary anti-A2
antibody (ab150344, Abcam, Cambridge, UK) at 1:250
dilution overnight at 4 °C. Cells were then incubated with
Alexa Fluor 594 anti-mouse secondary antibody (A11032,
Invitrogen, Rockford, IL) at 1:500 dilution for 1 h at room
temperature. The cells were mounted with Vectashield
(Vector laboratories, H-1000) onto slides for microscopy.
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Western blots

Western blotting was used to estimate changes in the
levels of Atg8 protein during differentiation. Briefly, the
parasites grown under normal and axenic conditions were
collected at different time points, and whole-cell lysates
were prepared by using 1 x Laemmli buffer containing 2%
SDS, 10% glycerol, 0.1% 2-mercaptoethanol, and 100 mM
Tris-Cl (pH 6.8). Protein estimation was done by using an
upgraded version of Bradford Assay using the CBX assay
kit (G. Biosciences, St. Louis, MO). Equal amount of
protein samples were loaded and resolved on 15% SDS-
PAGE gel and subsequently transferred onto nitrocellu-
lose membrane via a wet-transfer apparatus (BIO-RAD,
Hercules, CA) operating at 100V for 1h. Transblotted
proteins were blocked by using 5% bovine albumin serum
(BSA), and immunoblotting was done by using relevant
primary (anti-LdAtg8 antibody, 1:1000) and secondary
(anti-rabbit IgG, 1:5000) antibodies. Blots were developed
with enhanced chemiluminescence (ECL) by using Femto
Lucent kit and autoradiography using X-ray film. Quan-
titation of the relative density of signals on immunoblots
was done by using Lab Works Image acquisition and
analysis software version 4.0.0.8 (Lab Works, Analytik
Jena, Upland, CA) as described earlier®®. The B-tubulin
antibody (PA1-16947, Invitrogen, Rockford, IL) (1:1000
dilution) was used to identify the protein on western blots
to normalize the level of expression profile of other pro-
teins of relevance after densitometry of the blots. Anti-
Cas9 antibody was obtained from Santa Cruz Bio-
technology, Inc. (sc-517386, Dallas, TX).

Autophagy measurement

The level of autophagy in the parasites was measured by
staining the autophagosomes with Monodansylcadavarine
(MDC), a fluorescent marker of autophagic vacuoles. In
brief, the parasites were collected post drug treatment and
washed with 1x PBS, after which they were stained with
5mM of MDC for 10 min. After removal of stain and
wash, they were loaded onto poly-L-lysine-coated cover-
slips and mounted on slides. A fluorescence microscope
(Nikon Eclipse E600) was used to identify MDC staining
by using excitation filter of 405 nm. Fluorometric analysis
of MDC staining was done with excitation/emission at
350 /525 nm, respectively, by using BMG LABTECH
CLARIOstar fluorometer (BMG LABTECH, Ortenberg,
Germany). By using the data obtained from three repli-
cates of 100 GFP-Atg8-overexpressing parasites, the
proportion of autophagosomes bearing cells, as well as the
number of these structures per cell was assessed.

Quantitative analysis of gene expression by reverse
transcriptase PCR

Total RNA was isolated from cells by using a SV total
RNA isolation kit following the manufacturer’s protocol
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(Promega, Z3105). The respective cDNAs were synthe-
sized by using the superscript III first strand synthesis
system (Thermo Fisher Scientific). Gene expression ana-
lysis was done with RT-qPCR by using SYBR Green PCR
master mix (4367659, Thermo Fisher Scientific) using
oligo (dT) primers. Primers used for gene expression
analysis are listed in Fig. S1.

Generation of deletion mutants by CRISPR-Cas9 technique

Atg8 deletion mutants (AAtg8) were generated by
CRISPR-Cas9 technique. Guide RNAs precisely targeting
two sites of the gene were designed by using CHOPCHOP
web tool (https://chopchop.rc.fas.harvard.edu/dev/) (Fig.
S2A, B). The cas9-overexpressing plasmid was introduced
in the parasites by electroporation at 450 volts (V) by
using BIO-RAD GenePulsar X-cell with capacitance and
resistance adjusted to 500 micro-Faraday (uF) and
100 Ohms (Q), respectively. In the cas9-overexpressing
parasites, the guide RNA-bearing plasmids were intro-
duced by the same method. The cells were subjected to
clonal selection by culturing them in M199 agar media in
the presence of 50 ug-ml ' hygromycin and 250 pg-ml "
G418. The downregulation of the target gene in the
selected colony was confirmed by RT-PCR analysis of the
Atg8 transcript (Fig. S2C). Reintroduction of Atg8 in
AAtg8 cells was done via codon optimization to alter the
target sites for gRNA recognition (Fig. S3B). CLUSTALW
alignment showing a deleted portion of the Azg8 gene in
Atg8 mutant cells is shown in Fig. S2D.

Electron microscopy

Scanning electron microscopy (SEM) was used for
morphological analysis of promastigotes and axenic
amastigotes. Samples were fixed by using 2.5% glutar-
aldehyde in 0.1 M sodium cacodylate buffer overnight at
4°C and postfixed in 1% osmium tetroxide. Thereafter,
they were washed with sodium cacodylate buffer (pH 7.3),
adhered on poly-L-lysine-coated coverslips, and dehy-
drated in an ascending series of ethanol. The samples
were critical-point dried in CO,, coated with gold, and
observed in a ZEISS EVO LS10 scanning electron
microscope (Zeiss, Jena, Germany).

Transmission electron microscopy was used for ultra-
structural analysis. After washing with 1x PBS, samples
were fixed by using 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.3) overnight at 4 °C and postfixed
in 1% osmium tetroxide. The parasites were dehydrated in
an acetone series and embedded in araldite resin for 72 h
at 60 °C. Staining of ultrathin sections of the embedded
resin was done by using 5% uranyl acetate and lead citrate.
Finally, the sections were examined in a JEOL JEM-
2100 F/HR transmission electron microscope (Jeol,
Tokyo, Japan).
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Infection

For infection experiments in vitro, THP1 cells (5 x 10°
cells ml~") were differentiated into macrophages by using
50 ng-ml~! Phorbol-12-myristate-13-acetate (PMA). After
72 h, the fully differentiated macrophages were incubated
with stationary-phase L. donovani promastigotes at a ratio
of 10 parasites/macrophage in serum-free medium for 3 h.
Subsequently, the macrophages were washed several
times with the same medium to remove non-
phagocytosed promastigotes. The infected cells were
maintained in RPMI supplemented with 10% FCS for
varied time periods at 37 °C with 5% CO, and air. For
analyzing parasite Atg8 protein expression levels during
differentiation, cell lysates were prepared from amasti-
gotes isolated from infected macrophages. The infected
macrophages were washed with 1x PBS to get rid of any
extracellular parasite in the supernatant followed by
treatment with 10 mM glucose in 1x PBS and lysed by
passing through a 25-gauge syringe. The cellular and
nuclear debris of macrophages were separated by cen-
trifugation at 130 x ¢ for 10 min. The supernatant was
passed through a 3-um filter obtained from Sigma-
Aldrich (St. Louis, MO). Amastigotes were collected by
centrifugation of the filtrate at 1800 x g for 10 min. Cen-
trifugation was carried out by using Centrifuge 5810R
(Eppendorf, Hamburg, Germany). Whole-cell lysates of
the recovered amastigotes were then prepared as men-
tioned earlier under the “Western blots” section.

For in vivo experiments, separate batches of C57BL/6
mice were randomly selected for specified treatment, one
batch was infected with wild type and the other with A#g8
mutant parasites. A third set was used as uninfected
control. The mice were infected through intracardiac
route with 50 pl of 0.1% NaOH solution containing 10
parasites followed by intraperitonial injection of an
inoculum containing 10® parasites at an interval of 1 week.
The intraperitonial injections were repeated twice. After
30 days, the animals were humanely euthanized, the
spleen size and weight were measured, and spleen smears
were made on microscopy slides. The slides were stained
with Giemsa dye and analyzed for the presence of isolated
parasites and infected macrophages by light microscopy
under oil immersion (1000x). Data obtained from all the
animals were analyzed. The parasite burden was calcu-
lated in terms of Leishman—Donovan units (LDU), LDU
=number of parasites per 500 nuclei x weight of the
organ. The parasite counting was performed by a person
in the laboratory blinded for the experimental conditions,
other than the person performing the experiment.

Statistical analysis
All experiments were independently repeated at least
three times and represented as data + SEM. To evaluate
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statistical difference and significance, an unpaired, two-
tailed student’s ¢ test was performed. For all experiments a p
value of <0.05 was considered statistically significant. For
comparing parasite burden and mice data between different
test groups, where information about a Gaussian distribu-
tion could not be conclusively derived, Mann—Whitney test
was performed. Wilcoxon signed-rank test was applied to
analyze the data from the paired samples. The statistical
analysis was performed by using GraphPad Prism, version
5.0 (GraphPad, San Diego, CA, USA).

Acknowledgements

We are grateful to Dr. S.M. Beverley (Washington University Medical School, St.
Louis, USA) for the gift of the pXG-GFP + 2 plasmids. We also thank Dr.
Chinmay Mukhopadhyay, Dr. Ayub Qadri, and Dr. Pushkar Sharma for valuable
suggestions. We acknowledge technical assistance from Mr. G.S. Neelaram. We
also acknowledge the efforts of Dr. Manu Vashistha (AIRF, JNU) and Mrs. Rekha
Rani (NII) for helping us with TEM and SEM, respectively. Ms. Monika Yadav (NII)
helped us with the Imaris software. This work was financially supported by the
Department of Biotechnology, New Delhi, India (http://dbtindia.nic.in) (grant
no. BT/03/033/88), Indian Council of Medical Research (grant no. 67/19/2018-
IMM/BMS), and J.C. Bose fellowship to CS. (award no. SR/S2/JCB-12/2008).

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/541419-019-2038-7).

Received: 24 May 2019 Revised: 26 September 2019 Accepted: 3 October
2019
Published online: 24 October 2019

References

1. Feng, Y, He, D, Yao, Z &Klionsky, D. J. The machinery of macroautophagy. Cell
Res. 24, 24-41 (2014).

2. Ravikumar, B. et al. Mammalian macroautophagy at a glance. J. Cell Sci. 122,
1707-1711 (2009).

3. Tracy, K & Baehrecke, E. H. The Role of Autophagy in Drosophila Metamor-
phosis. Anim. Metamorphosis 103, 101-125 (2013).

4. Steverding, D. The history of leishmaniasis. Parasit. Vectors 10, 1-10 (2017).

5. Herwaldt, B. L. Leishmaniasis. Lancet 354, 1191-1199 (1999).

6. Besteiro, S, Williams, R. A. M, Morrison, L. S, Coombs, G. H. & Mottram, J. C.
Endosome sorting and autophagy are essential for differentiation and viru-
lence of Leishmania major. J. Biol. Chem. 281, 1138411396 (2006).

7. Williams, R. A. M, Mottram, J. C. & Coombs, G. H. Distinct roles in autophagy
and importance in infectivity of the two ATG4 cysteine peptidases of Leish-
mania major. J. Biol. Chem. 288, 3678-3690 (2013).

8. Basmaciyan, L, Berry, L, Gros, J, Azas, N. & Casanova, M. Temporal analysis of
the autophagic and apoptotic phenotypes in Leishmania parasites. Microb.
Cell 5, 404-417 (2018).

9. Williams, R. A. M, Woods, K L, Juliano, L, Mottram, J. C. & Coombs, G. H.
Characterization of unusual families of ATG8-like proteins and ATG12 in the
protozoan parasite Leishmania major. Autophagy 5, 159-172 (2009).

10.  Wesselborg, S. & Stork, B. Autophagy signal transduction by ATG proteins:
from hierarchies to networks. Cell. Mol. Life Sci. 72, 4721-4757 (2015).

11. Williams, R. A. M, Smith, T. K, Cull, B, Mottram, J. C. & Coombs, G. H. ATG5 is
essential for ATG8-dependent autophagy and mitochondrial homeostasis in
Leishmania major. PLoS Pathog. 8, 1002695 (2012).

Official journal of the Cell Death Differentiation Association

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Page 18 of 19

Williams, R. A. M, Coombs, G. H. & Mottram, J. C. Protein turnover and dif-
ferentiation in Leishmania. Int. J. Parasitol. 37, 10631075 (2007).

Sunter, J. & Gull, K. Shape, form, function and Leishmania pathogenicity: from
textbook descriptions to biological understanding. Open Biol. 7, 170165 (2017).
Tegazzini, D. et al. A replicative in vitro assay for drug discovery against
Leishmania donovani. Antimicrob. Agents Chemother. 60, 3524-3532 (2016).
Munafo, D. B. & Colombo, M. I. A novel assay to study autophagy: regulation of
autophagosome vacuole size by amino acid deprivation. J. Cell Sci. 114,
3619-3629 (2001).

Ravanan, P, Srikumar, I. F. & Talwar, P. Autophagy: the spotlight for cellular
stress responses. Life Sci. 188, 53-67 (2017).

Subhankar, D. & Subrata, A. Endoplasmic reticulum stress responses in
Leishmania. Mol. Biochem. Parasitol. 197, 1-8 (2014).

Scariot, D. B. et al. Induction of early autophagic process on Leishmania
amazonensis by synergistic effect of miltefosine and innovative semi-synthetic
thiosemicarbazone. Front. Microbiol. 8, 1-16 (2017).

Gough, D. R & Cotter, T. G. Hydrogen peroxide: a Jekyll and Hyde signalling
molecule. Cell Death Dis. 2, €213-e218 (2011).

Xiao, B. et al. Reactive oxygen species trigger Parkin/PINK1 pathway-
dependent mitophagy by inducing mitochondrial recruitment of Parkin. J.
Biol. Chem. 292, 16697-16708 (2017).

Mathur, R, Das, R. P, Ranjan, A. & Shaha, C. Elevated ergosterol protects
Leishmania parasites against antimony-generated stress. FASEB J. 29,
4201-4213 (2015).

Li, L, Chen, Y. & Gibson, S. B. Starvation-induced autophagy is regulated by
mitochondrial reactive oxygen species leading to AMPK activation. Cell. Signal.
25, 50-65 (2013).

Korcsmaros, T, Csermely, P, Ari, E, Vellai, T. & Foldvari-Nagy, L. Starvation-
response may not involve Atgl-dependent autophagy induction in non-
unikont parasites. Sci. Rep. 4, 1-7 (2014).

Zhao, L. et al. Nutrient starvation elicits an acute autophagic response
mediated by Ulk1 dephosphorylation and its subsequent dissociation from
AMPK. Proc. Natl Acad. Sci. USA 108, 4788-4793 (2011).

Koyama-Honda, I, Itakura, E, Fujiwara, T. K. & Mizushima, N. Temporal analysis
of recruitment of mammalian ATG proteins to the autophagosome formation
site. Autophagy 9, 1491-1499 (2013).

Mcconwille, M. J. et al. Living in a phagolysosome; metabolism of Leishmania
amastigotes. Trends Parasitol. 23, 368-370 (2007).

Zhang, W, Charest, H, Ghedin, E. & Matlashewski, G. Identification and over-
expression of the A2 amastigote-specific protein in Leishmania donovani. Mol.
Biochem. Parasitol. 78, 79-90 (1996).

Ding, W. & Yin, X. Mitophagy: mechanisms, pathophysiological roles, and
analysis. Biol. Chem. 393, 547-564 (2012).

Anding, A. L. & Baehrecke, E. HCleaning house: selective autophagy of
organelles. Dev. Cell 41, 10-22 (2017).

Lee, H-C, Yin, P-H, Chi, C-W. & Wei, Y-H. Increase in mitochondrial mass in
human fibroblasts under oxidative stress and during replicative cell senes-
cence. J. Biomed. Sci. 9, 517-526 (2002).

Batandier, C, Fontaine, E, Kériel, C. & Leverve, X. M. Determination of mito-
chondrial reactive oxygen species: methodological aspects. J. Cell. Mol. Med. 6,
175-187 (2002).

Zielonka, J. & Kalyanaraman, B. Hydroethidine- and MitoSOX-derived red fl
uorescence is not a reliable indicator of intracellular superoxide formation:
Another inconvenient truth. Free Radic. Biol. Med. 48, 9831001 (2010).
Nguyen, T. T. et al. Mitochondrial oxidative stress mediates high-phosphate-
induced secretory defects and apoptosis in insulin-secreting cells. Am. J.
Physiol. Metab. 308, 933-941 (2019).

Li, X. et al. Targeting mitochondrial reactive oxygen species as novel therapy
for inflammatory diseases and cancers. J. Hematol. Oncol. 6, 1-19 (2013).
Mazumder, S. et al. Selective scavenging of intra-mitochondrial superoxide
corrects diclofenac-induced mitochondrial dysfunction and gastric injury: a
novel gastroprotective mechanism independent of gastric acid suppression.
Biochem. Pharmacol. 121, 33-51 (2016).

Navale, R, Atul, Allanki, A. D. & Sijwali, P. S. Characterization of the autophagy
marker protein Atg8 reveals atypical features of autophagy in Plasmodium
falciparum. PLoS ONE 9, 113220 (2014).

Li, F. & He, C. Y. Autophagy in protozoan parasites: Trypanosoma brucei as a
model. Future Microbiol. 12, 1337-1340 (2017).

Abdollahzadeh, I, Schwarten, M, Gensch, T, Willbold, D. & Weiergraber, O. H.
The Atg8 family of proteins—modulating shape and functionality of


http://dbtindia.nic.in
https://doi.org/10.1038/s41419-019-2038-7
https://doi.org/10.1038/s41419-019-2038-7

Giri and Shaha Cell Death and Disease (2019)10:808

39.

40.

41.

42.

43.

45.

autophagic membranes. Front. Genet. 8, 109 (2017). https//doiorg/10.3389/
fgene.2017.00109.

Bernard, A, Jin, M, Xu, Z. & Klionsky, D. J. A large-scale analysis of autophagy-
related gene expression identifies new regulators of autophagy. Autophagy
11, 2114-2122 (2015).

Cervantes, S. et al. The multifunctional autophagy pathway in the human
malaria parasite, Plasmodium falciparum. Autophagy 10, 80-92 (2014).
Fidalgo, L. M. & Gille, L. Mitochondria and trypanosomatids: targets and drugs.
Pharm. Res. 28, 2758-2770 (2011).

Palikaras, K, Lionaki, E. & Tavernarakis, N. Mechanisms of mitophagy in cel-
lular homeostasis, physiology and pathology. Nat. Cell Biol. 20, 1013-1022
(2018).

Hain, A. U. P. et al. Identification of an Atg8-Atg3 protein—protein interaction
inhibitor from the medicines for malaria venture malaria box active in blood
and liver stage Plasmodium falciparum parasites. J. Med. Chem. 57, 4521-4531
(2014).

Das, S, Giri, S. & Sundar, S. Functional involvement of Leishmania donovani
tryparedoxin peroxidases during infection and drug treatment. Antimicrob.
Agents Chemother. 62, €00806-e00817 (2018).

Saar, Y. et al. Characterization of developmentally-regulated activities in axenic
amastigotes of Leishmania donovani. Mol. Biochem. Parasitol. 95, 9-20 (1998).
Gupta, N, Goyal, N. & Rastogi, A. K. In vitro cultivation and characterization of
axenic amastigotes of Leishmania. Trends Parasitol. 17, 150-153 (2001).

Official journal of the Cell Death Differentiation Association

47.

48.

49.

50.

51

52.

53.

54.

Page 19 of 19

lyer, J. P, Kaprakkaden, A, Choudhary, M. L. & Shaha, C. Crucial role of cytosolic
tryparedoxin peroxidase in Leishmania donovani survival, drug response and
virulence. Mol. Microbiol. 68, 372-391 (2008).

Zhang, W. & Matlashewski, G. CRISPR-Cas9-mediated genome editing in
Leishmania donovani. MBio 6, €00861-15 (2015).

Pitale, D. M, Gendalur, N. S, Descoteaux, A. & Shaha, C. Leishmania donovani
induces autophagy in human blood—derived neutrophils. J. Immunol. 202,
1163-1175 (2019).

Berkeley, U. of C. Guidelines for the production of antibodies in laboratory
animals. Animal Care and Use Committee 1-5 (2014).

Verma, S, Mehta, A. & Shaha, C. CYP5122A1, a novel cytochrome P450 is
essential for survival of Leishmania donovani. PLoS ONE 6, €25273
(2011).

Sudhandiran, G. & Shaha, C. Antimonial-induced increase in intracellular Ca**
through non-selective cation channels in the host and the parasite is
responsible for apoptosis of intracellular Leishmania donovani amastigotes. J.
Biol. Chem. 278, 25120-25132 (2003).

Puleston, D. Detection of mitochondrial mass, damage, and reactive oxygen
species by flow cytometry. Cold Spring Harb. Protoc. 830-834
(2015).

Kumar, A, Giri, S. & Shaha, C. Sestrin2 facilitates glutamine-dependent tran-
scription of PGC-1 a and survival of liver cancer cells under glucose limitation.
FEBS J. 285, 1326-1345 (2018).


https://doi.org/10.3389/fgene.2017.00109
https://doi.org/10.3389/fgene.2017.00109

	Leishmania donovani parasite requires Atg8 protein for infectivity and survival under stress
	Introduction
	Results
	Autophagy regulated by Atg8 is essential during the in�vitro life cycle of Leishmania parasite
	Absence of Atg8 protein interferes with differentiation to axenic amastigotes
	Absence of Atg8 protein reduces the parasites&#x02019; capability to infect macrophages
	Mitochondrial translocation of Atg8 occurs during differentiation to amastigotes
	Atg8 accumulation near the mitochondria is linked to oxidative stress
	Mitotoxic but not genotoxic stress triggers autophagosome translocation to mitochondria

	Discussion
	Materials and methods
	Ethics statement
	Animals
	Cells
	Plasmids
	Cell viability
	Production of Atg8 antibody
	Drugs and chemicals
	Measurement of mitochondrial potential, superoxide content, and mitochondrial mass
	Cytochemistry
	Western blots
	Autophagy measurement
	Quantitative analysis of gene expression by reverse transcriptase PCR
	Generation of deletion mutants by CRISPR&#x02013;nobreakCas9 technique
	Electron microscopy
	Infection
	Statistical analysis

	ACKNOWLEDGMENTS




