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Oleuropein activates autophagy
to circumvent anti-plasmodial defense

Praveen Sharma,’” Nikunj Tandel,?” Rajinder Kumar,'” Sushmita Negi,"-® Prakriti Sharma,’ Sonia Devi,'-
Kanika Saxena,®“ Neil Roy Chaudhary,’ Sheetal Saini,’ Reetesh Kumar,> Bharat Singh Chandel,®
Puran S. Sijwali,®>* and Rajeev K. Tyagi'-3&*

SUMMARY

Antimalarial drug resistance and unavailability of effective vaccine warrant for newer drugs and drug tar-
gets. Hence, anti-inflammatory activity of phyto-compound (oleuropein; OLP) was determined in antigen
(LPS)-stimulated human THP-1 macrophages (macrophage model of inflammation; MMI). Reduction in the
inflammation was controlled by the PI3K-Akt1 signaling to establish the “immune-homeostasis.” Also,
OLP treatment influenced the cell death/autophagy axis leading to the modulated inflammation for
extended cell survival. The findings with MIl prompted us to detect the antimalarial activity of OLP in
the wild type (3D7), D10-expressing GFP-Atg18 parasite, and chloroquine-resistant (Dd2) parasite. OLP
did not show the parasite inhibition in the routine in vitro culture of P. falciparum whereas OLP increased
the antimalarial activity of artesunate. The molecular docking of autophagy-related proteins, investiga-
tions with MMI, and parasite inhibition assays indicated that the host activated the autophagy to survive
OLP pressure. The challenge model of P. bergheiinfection showed to induce autophagy for circumventing
anti-plasmodial defenses.

INTRODUCTION

P. falciparum is one of the leading causes of malaria infection and associated mortality and morbidity.’ Severity of infection depends upon the
host-pathogen interactions and the immune status of the host. A conserved catabolic process called macroautophagy/autophagy involves
the degradation and sequestration of cytosolic components in the lysosomes through the autophagosomes.” The autophagy promotes
adaptation of cells to survive the physiological stress and maintain cellular homeostasis by the cycled amino acids and other macromolecules
within the lysosomes.® The autophagy is activated by the parasite during the physiological stress conditions such as starvation, hypoxia, high
temperatures, differentiation, and protein metabolism.*” This self-defense mechanism modulates the immune responses and enables host to
survive the pathogenic invasion. Parasite survival is extended by the host-induced autophagy under the physiological stress/drug pressure.
Autophagy-driven survival of parasite when submitted to drug pressure gives rise to drug tolerance. Hence, understanding the autophagy-
mediated survival and evolution of the drug-tolerant parasite may help us better understand antimalarial drug resistance. This shall, in turn,
help devising newer drugs and drug targets to treat malaria infection.

Oleuropein (OLP) possessing anti-inflammatory, anti-oxidants, immunomodulatory activity is known to activate autophagy.”® Hence. hu-
man THP-1 macrophage model of inflammation (MMI; antigen [LPS]-stimulated macrophages) was developed to confirm the inflammatory
and signaling properties of OLP. Also, OLP drives the death of the stimulated macrophages’ controlled by the CD40-driven PI3K-Akt1
signaling pathway. Further, the downstream effector of PI3K-Akt1 (Akt1) is known to regulate the cytoplasmic nuclear factor kB (NF-kf)
and caspase-3'""" in HepG2 and breast cancer cells (MCF-7, MDA-MB-231). Death of antigen-stimulated macrophages programmed by
the OLP treatment prompted us to determine its parasite inhibition activity. Interestingly, the OLP treatment influences the cell death/auto-
phagy axis to inhibit the death of antigen-stimulated cells."” And, immunological balance is tipped toward autophagy like self-defense mech-
anism employed by the host to survive the OLP pressure. This was confirmed by the protein expression of the co-stimulatory, inflammatory,
pro-apoptotic, and autophagy-related protein (ARP) markers in the MMI receiving OLP treatment. OLP-treated and LPS-inflamed macro-
phages are shown to bypass the death signals controlled by the reduced expression of phosphorylated NF-kB (Rel) that blocks the apoptotic
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pathways.'” Moreover, binding affinity-based molecular docking analyses showed the interaction of drugs (OLP, artesunate [ART]) with ARP
(LC3II, Atg18) and development-related proteins (DRPs) (Kelch13, Akt1). Autophagy employed by the stimulated and OLP-treated macro-
phages confirmed our molecular docking (protein with the drugs) results. Hence, host-induced autophagy under OLP pressure survives
the death and extended the survival.

No reports suggested the antimalarial activity of OLP in P. falciparum. However, only a few reports showed the clearance of the asexual
blood stage (BS) infection of P. berghei-infected mice.'” Therefore, we carried out the in vitro assays with the MMI and docked the proteins
(DRP & ARP) with ART and OLP. Hence, we determined the antimalarial activity of OLP in the routine culture of the asexual BS infection of
P. falciparum. Autophagy activated by the host under the physiological stress or drug pressure could contribute to antimalarial drug resis-
tance.'*'® Therefore, we confirmed the starvation-induced autophagy in all three laboratory strains (3D7, D10 parasite expressing GFP-
Atg18, Dd2) of P. falciparum.”"'® OLP alone did not show parasite inhibition but increased the antimalarial activity of ART in combination.
Indeed, our data suggest the activation of autophagy by the host to circumvent the therapeutic effect of OLP. Gene transcription and protein
expression of ARP confirmed the employment of autophagy to evade the OLP pressure. In vitro findings were validated in the challenge
model of P. bergheiinfection. OLP-treated mice showing greater parasite burden compared to the untreated control confirmed the induction
of autophagy enabling parasite to circumvent the anti-plasmodial defense.

Collectively, OLP treatment showed the anti-inflammatory and signaling properties confirmed in the antigen-stimulated human macro-
phages. PI3K-Akt1 signaling could influence the apoptosis/autophagy axis to survive OLP pressure. In vitro findings were confirmed in the
rodent model of P. berghei infection that showed to induce autophagy by the host to circumvent the anti-plasmodial defense. Our finding
shall have implications in the evolution of antimalarial drug resistance.

RESULTS
OLP modulates inflammation in the antigen (LPS)-stimulated macrophages

OLP is known to attenuate the inflammation in vitro as well as experimental animal models.”'??° Therefore, hnTHP-1 macrophages (phorbol
12-myristate 13-acetate [PMA]-differentiated monocytes) were stimulated with the antigen (LPS; 1 ng/mL) to induce the acute inflammation.
This in vitro model is referred to as macrophage model of inflammation (MMI). The gene expression of inflammatory (interleukin [IL]-1B, tumor
necrosis factor alpha [TNF-a], IL-6, INOS), immunoregulatory (IL-10), and signaling (CD40, Akt1, NF-kB, Bim) mediators was determined in the
OLP-treated MMI (supplementary information; Table S1). LPS-stimulated macrophages were treated with OLP in 1) prophylactic (OLP treat-
ment followed by the LPS stimulation) (Figures 1A) and 2) therapeutic (LPS stimulation followed by the OLP treatment) (Figure 1B) mode of
treatment. The fold change regulation of relative mRNA expression of pro-inflammatory (IL-18, IL-6, TNF-a), immunoregulatory (IL-10), anti-
oxidant (INOS-mediated NO production), and the signaling (CD40, AKT, NF-kB, Bim) markers was assessed as compared to that with the
untreated control (Figures 1A and 1B). A significant (p < 0.01) reduction in the CD40 expression was correlated well with Akt1-mediated higher
expression of NF-kBp50 and Bim. The latter however did not reach the statistical significance (Figure 1A). This reduced inflammation is corre-
lated well with the clearance of the stimulated macrophages in the prophylactic mode of OLP treatment (Figure 1A).?"*” The reduced mRNA
expression of pro-inflammatory cytokines (IL-1B, IL-6, TNF-a), iNOS pathway-mediated decreased NO production, and increased expression
of the anti-inflammatory/immunoregulatory cytokine (IL-10) suggest the anti-inflammatory potential of OLP (Figure 1A). Further, therapeutic
mode of OLP treatment showing the reduced mRNA expression of downstream effectors of PI3K-Akt1 signaling markers CD40 (p < 0.01; sig-
nificant), AKT (p < 0.001; highly significant), NF-kB (p < 0.01; significant), and Bim (p < 0.1 moderately significant) indicated that the death of
antigen-stimulated macrophages was independent of CD40/NF-kB signaling (Figure 1B). Also, the reduction seen in inflammation upon anti-
genic stimulation was characterized by the significantly (p < 0.01) reduced expression of pro-inflammatory cytokines (IL-1B, IL-6, TNF-a), and
iNOS (p < 0.01)-driven decreased NO production. Additionally, enhanced expression of anti-inflammatory/immunoregulatory cytokine (IL-10)
(p < 0.1) suggested the immunomodulatory properties of OLP (Figure 1B).

The transcript-level expression of immune mediators was validated by assessing the protein expression through immunoblotting. Pro-
tein expression of the PI3K-Akt signaling pathway controlled by the co-stimulatory CD40 in OLP (prophylactic and therapeutic)-treated
macrophages (stimulated by the antigen) was determined (Figures 1C and 1D). ART-treated macrophages express CD40 whereas reduced
expression was seen by OLP treatment following the prophylactic mode (Figure 1C). Pro-apoptotic protein (Bim) expression was seen inde-
pendently of CD40 expression in the prophylactic mode of OLP treatment (Figure 1C), whereas stimulated macrophages express
caspase-3 upon treatment with OLP prophylactically. It implies that OLP treatment dismantled the cells by programming the cell death
of the infectious and inflammatory diseases”” (Figures 1D and 1E). Further, IDO1 in response to the inflammation is known to develop im-
mune tolerance.”* Therefore, macrophages secret heme containing immunoregulatory enzyme Indoleamine 2,3-dioxygenase (IDO1) under
ART pressure (Figure 1D). We however did not see the IDO1 expression by the activated macrophages prophylactically treated with OLP
(Figure 1D). The equilibrium between the death and survival of antigen-stimulated cells is important to maintain immune-homeostasis.””
Hence, we determined the protein expression of death and autophagy mediators in the stimulated macrophages (Figure 1E, 1F, and 1G).
Hardly any difference was seen in the expression of Beclin (BECN1) in the prophylactic and therapeutically treated macrophages with
ART & OLP (Figure 1E, 1F, and 1G). OLP treatment showed the induced expression of ARP (LC3ll) by the stimulated macrophages (Fig-
ure 1E), whereas faint band of LC3 Il was seen with ART treatment (Figure 1F). Interestingly, treatment with the combination of ART and
OLP exhibited the quantifiable expression of LC3ll compared to that with the untreated control (Figure 1G). The gene transcription and
protein expression confirmed that OLP influences the death/autophagy axis and hence confers the extended survival on the cells to estab-
lish the immune-homeostasis.
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Figure 1. Determination of immune/signaling mediators in the macrophage model of inflammation

(MMI) (antigen [LPS; 1 pg/mL]-stimulated human macrophages).

(A and B) The human THP-1 monocytes were differentiated to THP-1 macrophages by PMA (100 ng/mL) treatment. Quantification of relative mRNA expression of
signaling (CD40, Akt, NF-kB, Bim) (left panel) and inflammatory (IL-1B, IL-6, TNFa, iNOS, IL-10) (right panel) markers in OLP (30 pg/mL)-treated macrophages in
(A) prophylactic and (B) therapeutic mode of drug treatment. The protein expression of NF-kB, CD40, Bim, LC3Il, IDO1, Beclin-1, caspase-3, and LC3 Il was
assessed in the OLP- and ART (30 pg/mL)-treated macrophages in both the therapeutic and prophylactic mode of drug treatment (C, D, E, F, G).

(D) Lane 6: prophylactic OLP treatment, Lane 7: OLP treatment. The individual (OLP, ART)- and combination of drugs (OLP & ART)-treated cells were lysed, and
proteins were detected by the immunoblotting. The B-actin served as a loading control, and data represent three independent experiments (n = 3) (***p < 0.001;
highly significant, **p < 0.01; moderately significant, *p < 0.1 significant).

OLP activates autophagy in the antigen-stimulated macrophages

Autophagy, a conserved process, confers the survival on cells submitted to the cellular or physiological stress.”?’ The lysosomal turnover of
autophagosomal marker LC3 Il was shown to induce autophagy in response to the starvation.”®?” Therefore, we decided to perform the
confocal microscopy-based immunofluorescence assay (IFA) to detect the expression of ARP to attest the activation of autophagy by the
LPS-stimulated macrophages. The induced autophagy by the macrophages enables parasite to stand the pressure of individual (OLP,
ART) and combination (OLP & ART) drug treatment (Figures 2 and 3). The qualitative and quantitative (mean fluorescence intensity; MFI)
expression of LC3 Il & Beclin (Figure 2) and NF-kB & NF-kBp (Figure 3) was determined in the drug-treated macrophages. We observed
the significantly (p < 0.0001) higher expression of LC3 Il with the OLP treatment compared to the ART-treated macrophages (Figures 2A
and 2B). Treatment with the combination of OLP and ART exhibited significantly higher (p < 0.0001) expression of LC3 Il (Figures 2A and
2B), whereas no difference was seen in the expression of Beclin/survivin (mammalian ortholog of yeast Atgé) (Figures 2C and 2D). Further,
NF-kB is known to regulate the transcription of genes that control inflammation, development of the immune effector, cell cycle, proliferation,
and cell death.”® Therefore, we determined the qualitative (Figures 3A and 3C) and quantitative (Figures 3B and 3D) expression of the nuclear
transcription factor (NF-kB & NF-kBp65) in the drug-treated macrophages stimulated with LPS. Higher expression (p < 0.001) of NF-kBp65
was seen in macrophages receiving treatment with the drugs (OLP, ART) as well as their combination (OLP & ART) (Figure 3B), while lesser
expression of un-phosphorylated NF-kB was seen with the individual (OLP, ART) (p < 0.001) and combination (OLP & ART) (p < 0.001) of
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Figure 2. Expression of autophagy-related protein markers by the confocal microscopy-based immunofluorescence assay

(A) Qualitative and (B) quantitative (mean fluorescence intensity; MFI) expression of LC3 Il in the individual (OLP, ART)- and combination of drugs (OLP & ART)-
treated and antigen-stimulated macrophages. The qualitative expression of (C) Beclin-1/surviving protein was observed to determine the drug-induced
autophagy in the macrophages. Beclin-1 binds phosphatidylinositol 3-kinase (PI3KC3) to form a core PI3KC3 complex that mediates multiple vesicle-
trafficking processes to regulate the autophagy.

(D) Quantification (MFI) of Beclin-1 expression did not show any difference with individual and combination drug treatment. The data represent three
independent experiments (n = 3). (****p < 0.0001, highly significant; ***p < 0.001, significant).

drugs-treated macrophages as compared to the untreated control (Figures 3C and 3D). Our results are in agreement with previously pub-
lished®"** findings wherein phosphorylated NF-«kB is shown to enter the nucleus upon co-stimulation with CD40. The latter regulates
FOXO1 for the controlled expression of pro-apoptotic protein (Bim) and thereby induced cell death.

OLP attenuates free radicals (reactive oxygen species [ROS]) production to escape cell death

OLP exerts the pro- and anti-oxidant properties in a dose-dependent manner in the ovarian cancer cells.*® Higher dose of OLP maintains the
delicate balance between cell death and survival, and inhibition in the cell survival is controlled by the antigen stimulation. These findings
prompted us to determine the ROS production in the LPS-stimulated macrophages receiving treatment with individual (OLP, ART) and com-
bination of drugs (OLP & ART) (Figure 4A). OLP treatment showed inhibited ROS production compared to that seen with the ART treatment as
well as combination of OLP & ART (Figure 4A). ROS production (Annexin V staining) investigation encouraged us to determine the drug-
treated macrophages stimulated with the antigen (Figure 4B). Higher cell death (*p < 0.1) (% Annexin-positive cells) was seen in the cells
treated with the combination of drugs compared to those receiving treatment with the individual drugs (OLP, ART) and the untreated control
(Figure 4B). Treatment with ART and combination of OLP & ART induced the death of stimulated cells confirmed by the statistically significant
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Figure 3. Drug treatment influences the cell death/autophagy axis and controls the death of macrophages receiving stimulus with antigen

(A-D) Cell death is regulated by the nuclear transcription factor (NF-kBp65 & NF-kB); (A) qualitative and (B) quantitative (MFI) expression of NF-kBp65 in the
individual (OLP, ART)- and combination of drugs (OLP & ART)-treated and antigen-stimulated macrophages. The expression of un-phosphorylated NF-«xB
was determined (C) qualitatively and (D) quantitatively (MFI). The reduced NF-kB expression leads to the reduced cell death and promotes autophagy.
NF-kB gets dissociated from its inhibitor (IkB) and regulates FOXO1 in the nucleus. The latter controls the expression of Bim.*"** Death of the antigen
stimulated macrophages by binding the phosphatidylinositol 3-kinase (PI3KC3) to form a core PI3KC3 complex that mediates the multiple vesicle-trafficking
processes and regulates the autophagy complex. The data represent three independent experiments (n = 3) (***p < 0.001, highly significant; **p < 0.01,
significant; *p < 0.1, moderately significant).

(*p < 0.1) Annexin-positive cells. Our data suggested the shift toward right in the flow cytometry-based histogram during cell count analysis
(Figure 4C). Also, the scattered plots of Annexin-positive/negative cells were stained with propidium iodide (PI) (Figure 4D) to confirm the
death of the macrophages.

Drug and protein interaction and activation of the autophagy
Kelch protein contains K* channel tetramerization domain and kelch motif. K* channel tetramerization domain is the N-terminal (distinct
group of ion channel family) that establishes and maintains the ionic homeostasis. Kelch motif is constructed from the beta-sheets that
fold together to form a large circular solenoid beta-propeller domain. The latter forms homo- or hetero-dimers in order to mediate the pro-
tein-protein interaction. OLP (—10.3 kcal/mol) and ART (—10.1 kcal/mol) (Figure S1) showed the similar binding affinity and bind to the active
site region (Figure 5). ART binds to the 5485, A675, S720, and V721 (Figure 5Aa) amino acids of kelch motif whereas OLP binds to the V487,
G718, H719, S720, and T677 amino acids (Figures 5Ab). Our molecular docking analysis suggested that OLP may be an alternative to ART
especially against the Kelch protein expressed by the P. falciparum.*

The investigation for the anti-inflammatory, immunomodulatory, and signaling properties in the MMI (Figure 1) led us to examine the inter-
action of Akt1 (protein) with the ligands (ART, OLP). Akt1 is a serine/threonin-protein kinase enzyme comprising PH (Pleckstrin homology) and
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Figure 4. Oleuropein mediates the survival of the antigen-stimulated human macrophages

(A and B) Cells receiving treatment with individual (OLP, ART) and combination of drugs (OLP & ART) to assess (A) reactive oxygen species (ROS) production and
(B) detection of % cell death of LPS-stimulated macrophages by the fluorescently labeled Annexin V staining. 7-aminoactinomycine (7-AAD) or propidium iodide
(P1) staining by the C6 Accuri flow cytometer (*p < 0.05 [significant]).

(C) Histogram of Annexin V and FITC/PI flow cytometry to confirm the cell death of treated and untreated cells.

(D) The scatterplots of annexin V-FITC/Pl-stained cells treated with drug (OLP, ART) individually as well in combination. The data represent three independent
experiments (n = 3).

SH2 (Src homology 2-like) domains. Highly conserved PH is involved in the intracellular signaling whereas SH2 domain supports the signal
transduction of receptor tyrosine kinase pathways. A critical mediator of the growth factor (Akt1) gets activated by the phosphatidylinositol
3-kinase (PI3K). Cells employ autophagy driven by the activated Akt1 to circumvent the drug pressure and proliferate. In addition, other fac-
tors suppress the inactive Akt1 controlling the cell death in a transcription-independent manner. Hence, a delicate balance between the death
and cell survival is maintained to achieve the physiological homeostasis. Further, our molecular docking data suggest that ART and OLP share
the similar binding pocket of Akt1 for their interactions (Figure 5B). ART binds the region with the higher binding affinity (—10.8 kcal/mol) with
T82, D274, N279, F293, and G294 amino acids (Figure 5Bc; Figure S1) whereas OLP exhibited binding with lower-affinity (—9.8 kcal/mol) (T82,
W80 and, 1290) amino acids (Figures 5Bd; Figure S1). We observed the higher binding affinity of ART that leads to the stronger binding with the
Akt1 than OLP.

Autophagy maintains cellular and tissue homeostasis and galvanizes metabolic and immunologic adaptation in response to a highly
diverse plethora of stress-inducing agents. ATG18 is an essential protein required for autophagy, vacuole homeostasis, and endosomal func-
tions to establish physiological homeostasis. It is basically a B-propeller, shaped by seven beta-transducing repeat/WD40 domains with
conserved Phe-Arg-Arg-Gly (FRRG) motif.*> Our investigation suggested that ART and OLP bind to the similar pocket present in the
ATG18 (Figure 5C) with slightly higher propensity of binding affinity of ART (9.9 kcal/mol) (Figure 5Ca) than OLP (—9.2 kcal/mol) (Figure 5Cb).
However, OLP binds to ATG18 with higher number of amino acids (Q15, K99, M100, 1253, M251, and Y294) (Figure 5Cb) than ART (1253, F298,
1431) (Figure 5Ca) showing the comparable binding affinity.
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interaction

The interaction of ART and OLP with the development (A) (Kelch13) (a, b) and cell death/survival (B) (AKT1) (c, d) protein markers. Black box is magnified to show the
interaction of the amino acid residues with ART and OLP. ART (cyan) and OLP (green) shared the similar binding region with both the proteins (AKT1, KELCH) (shown
in the ball and sticks). The yellow dotted line represents the formation of the hydrogen bond among the selected residues to the corresponding ligands/drugs.
Molecular docking interaction with P. falciparum-specific (C) (PFATG18) (a, b) and autophagy-related protein (D) (LC3 Il) (c, d). Black box is magnified to show the
amino acid residues showing interaction with ART and OLP. ART (cyan) and OLP (green) shared the similar binding region with both the proteins (ATG18 and LC3II)
(shown in the ball and sticks). The yellow dotted line represents the formation of the hydrogen bond among the selected residues with the corresponding drugs.

LC3 (Microtubule-associated protein 1A/1B-light chain 3) is a soluble protein distributed ubiquitously. A cytosolic form (LC3-1) conjugates
with phosphatidylethanolamine (PE) (a phospholipid) to form membrane-bound LC3Il complex during the activation of autophagy. Succinctly,
the intracellular isolation of a double-membrane complex occurs and enwraps specific and selected cargo for the degradation (auto-phag-
osome formation) upon its fusion to the lysosomes (autophagolysosome). Consequently, it leads to the digestion of previously selected cargo
and promotes the nutrients recycling of the organelle turnover. Molecular docking analysis performed with ART and OLP showed that LC3II
shares similar binding region for ART & OLP with better binding affinity of ART (8.4 kcal/mol) due to its small size (Figure 5Dc). Our analysis
suggests that R10, R37, and T50 amino acids are common in both the ligands and their interaction with LC3II. E4 interacts with ART, and K42
and R10 with OLP (Figure 5Dd).

Autophagy is crucial for the reinvasion and replication of P. falciparum

The basal autophagy maintains cellular homeostasis and protects cells from physiological stress in all living organisms including human para-
site, P. falciparum.'® Therefore, we decided to decipher the role of autophagy employed by the P. falciparum (Pf3D7) to survive the OLP
pressure. Parasite was cultured in the Albumax-deficient medium followed by the treatment with 3-MA (autophagy inhibitor) to confirm the
activation of autophagy. A comparative assessment of the relative parasitemia was done in order to assess the parasite grown in the nutrient-
deficient (incomplete) and nutrient-sufficient (complete) medium (Figure 6). Parasite was starved for 3, 4, and 24 h (Figures 6A, 6B, and 6C)
followed by the 3-MA treatment when parasite had 95% schizonts population (Figure 6A). We saw nearly 50% inhibition in the parasite growth
(p <0.01 and ****p < 0.0001) than untreated control in the SYBR green-based fluorescence assay. 3-MA treatment showed to reduce rings by
40%-50% confirmed by the % parasitemia read on the Giemsa-stained thin blood smears (Figure 6A, right panel). A decrease seen in the
relative parasitemia (Figures 6A, 6B, and 6C) (p < 0.01, and ****p < 0.0001) indicated the employment of the self-defense mechanism by
the P. falciparum during the physiological stress. As others,'® we confirmed the inhibited reinvasion of starved P. falciparum when treated
with 3-MA. Also, we confirm that P. falciparum activates a "defense” mechanism to survive the physiological stress (Figures 6A, 6B, and 6C).

We next decided to confirm the induction of autophagy in D10 parasite expressing GFP-Atg18 line of P. falciparum (Figure éD). 3-MA-
treated starved parasite did not show the ensuing invasion as shown by the relative parasitemia determined by the SYBR green emission assay
(Figure 6D). Interestingly, GFP-Atg18 line of P. falciparum upon starvation showed a significant (*p < 0.05) increase in parasitemia even when
treated with 3-MA.

We then sought to determine the starvation-induced autophagy in the chloroquine (CQ)-resistant P. falciparum (PfDd2) (Figure 6E). The
pattern of growth and inhibition in the relative parasitemia in the starved Dd2 was seen to be similar to that in the wild type (Pf3D7) as it
showed an increase in the parasitemia which was inhibited (**p < 0.01) following the treatment with the 3-MA (Figure 4E).

We quantified the fold change regulation of autophagy markers (Pfatg8, Pfatg18, Pfkelch13) (primer information; Table S2) when parasite
was starved followed by the 3-MA treatment (Figure 6F). Non-significant higher expression of atg8 and atg18 was seen in Dd2 (Figure 6F). It

iScience 27, 109463, April 19, 2024 7




¢? CellPress iScience
OPEN ACCESS

[ A 3hr B 4 hr
. 47 2.0 2.0
20 B Total Parasite
BN Rings +Trophozoites
154 14 m= Schizonts L 15 L 15
s = s
5 s g g N
£ 101 z 2 £ 1.0 £ 1.0
o £ > 5
z < 5 E
£ = £ Z
& & &
0.54 1 054 0.5
0.0-—" 0- 0.0- 0.0-
- iRBCs ~ 3-MA iRBCs ~ 3-MA iRBCs  3-MA
{Q Complete Complete Incomplete
_ Media : PfA Ig 18 Media Media
c 24 hr | D
2.09 2.0 : 3 hl‘
il 2.0 2.0
'
L5 :
N = M ! 154 — 154 *
3 g ] s s —
z 2 g £
g & ! 2 2
& 5 2 g
= & ! £ £
& 2 | £ 1.0 £ 1.0
3 = ) 2 2
[~ & = s
| 2 &
' 0.5 0.5
]
]
iRBCs  3-MA iRBCs  3-MA | 0.0- 0.0-
| ' iRBCS  3-MA iRBCS  3-MA
. . )
Complete Media Incomplete Media Complete Incomplete
Media Media
E F G
= Control Em Control 8+ . iRBCs
20 == 3-MA only 25 = 3MA only g Bl PfAtg8
= Starvation-4h g 3
_ - S‘awa‘fmﬂ ik -2 0 B Starvation-4h @ 6 . PfAgl8
£ arvation+3- X =
N 53 7 £ B Starvationt3MA & B PfKelch 13
Q 25 — & 15 . q B PfHsp70
s g < * = G |
1.0 5}
A 5 E z [ S
g £ 1.0 5]
8 & =
2% o0s 2 £ 29
e - £ 05 3
& &
0.0 0.0 0-

Atg8 Atgl8 Kelch13

Figure 6. Activation of autophagy in response to starvation and drug pressure

(A-C) The asexual BS infection of 3D7P. falciparum was cultivated in the complete (with Albumax) and incomplete (without Albumax) medium for 3h (A), 4 h (B),
and 24 h (C). Parasite cultured in incomplete medium was treated with 3-MA (3 mM), and infectious parasite load (relative parasitemia) was determined by the
SYBR green emission assay.

(D) Quantification of parasite load of D10 parasite expressing GFP-Atg18 line of P. falciparum cultivated in the complete and incomplete medium for 3 h and
treated with 3-MA. Confirmation of autophagy in chloroquine-resistant (Dd2) P. falciparum under physiological stress.

(E) Quantification of parasite load in the starved (3 h) parasite followed by the 3-MA treatment.

(F) Quantification of the relative gene expression (fold change regulation) of the autophagy and tolerance markers (Atg8, Atg18, Kelch13) by the RT-PCR in the
starved (4 h) Dd2 parasite.

(G) Expression profiling of Atg8, Atg18, Kelch13, and Hsp70 in the Dd2 P. falciparum by RT-PCR. (*p < 0.05 [significant], **p < 0.01 [moderately significant], and
**k%5 < 0.0001 [highly significant]). Data represent two independent experiments in triplicates (n = 2).

may be attributed to the activation of the autophagy-like self-defense mechanism employed by the parasite to survive the starvation-induced
stress. Further, a significantly reduced expression of kelch13 following the 3-MA treatment is suggestive of the activation of autophagy. This
implies that reinvasion of parasite induced by autophagy was inhibited by 3-MA (Figure 6F). The extended starvation (24 h) exhibited higher
expression of atg8, atg18, and kelch13in Dd2 P. falciparum. This higher expression could however not reach the statistical significance. Also,
no detrimental effect was seen on parasite growth and development (Figure 6G).

Antimalarial activity of drugs

We assessed the OLP and antimalarials (artemisinin and CQ) for inhibition of the asexual erythrocytic stage development of P. falciparum
(3D7, D10, Dd2, D10-Atg18) strains. 3D7 and Dd2 are susceptible and moderately resistant strains to cQ,” respectively. D10 is susceptible
to routinely used antimalarials, and D10-Atg18 is D10-based Atg18 expression strain. Artemisinin inhibited the asexual erythrocytic
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Table 1. Antimalarial activity of artemisinin and chloroquine

Compounds
Parasite strains Artemisinin Chloroquine
P. falciparum 3D7 17.7 £ 3.4nM 13.6 +£ 2.5nM
P. falciparum D10 17.3 £ 22nM ND
P. falciparum Dd2 45.6 +£ 3.6 nM 199.0 £ 23.9nM
P. falciparum D10-Atg18 29.6 £ 5.0nM ND

ICsp concentrations of artemisinin and chloroquine for inhibition of asexual erythrocytic stage development of different P. falciparum strains. ND indicated “not
determined”. The values are mean of 2-3 independent experiments with SD.

development of all the strains (Table 1), with slightly higher half-maximal inhibitory concentration (ICso) for Dd2 and D10-Atg18 strains as
compared with the 3D7 and D10 strains. CQ inhibited Dd2 with much higher IC50 concentrations than those for 3D7, which is consistent
with the reported resistant phenotype of Dd2.?” OLP did not completely inhibit the development of any of the parasite strains in the 15 cycle
even at 500 uM but showed >75% inhibition of all the strains at 250 uM when parasite incubation with drugs was extended up to 96 h (Fig-
ure 7A) indicating that OLP is similarly effective against all the parasite strains used in this study. Although OLP did not have any antimalarial
effectin 1 cycle even at 500 uM, it increased antimalarial activity of artemisinin in 1 cycle inhibition assay (Figure 7B), indicating that artemisinin-
OLP combination has additive antimalarial effect. This additive effect of OLP may be due to increased autophagy, which has been associated
with hemoglobin catabolism in Plasmodium, which provides iron for artemisinin activation.™

P. falciparum sensitivity and drug toxicity assay

Anti-inflammatory and signaling activity determined in the MMI (Figures 1, 2, 3, and 4) led us to determine parasite clearance and SYBR and
DAPI emission when the routine culture of the asexual BS infection of P. falciparum was treated with different concentrations of OLP
(Figures S2A, S2B, S2C, and S2D). Also, we decided to determine the toxicity of OLP by MTT assay at 40, 80, 160, and 320 nM in the
HepG2 cells (Figure S2E). ART-treated HepG2 cells were considered as a positive control. We observed the similar cell viability upon receiving
treatment with OLP and ART (Figure S2E). Our data confirmed the safety of OLP for humans.

P. falciparum survives the drug pressure by the host-activated autophagy and overcomes the anti-plasmodial defenses elicited by the host.
We characterized the autophagy-like escape mechanism at gene transcription (Figure 1) and protein levels (Figures 1, 2, 3, and 4) of autophagy
mediators, as well as PI3K-Akt signaling pathway in the stimulated macrophages. Our data suggest that the involved CD40-driven signaling
during OLP pressure may confer the survival on the parasite (CD40) (Figures 1 and 2). Therefore, we decided to conduct the gene expression
profiling to attest that the parasite survival mechanism(s) employed could circumvent the anti-plasmodial defenses under OLP pressure.

Molecular profiling

We determined the relative expression of development-, survival-, and autophagy-related markers (kelch13, mdr1, nhe, atg8, atg18, hsp70,
and Atp synthase) (primer; Table S2) in the laboratory strains of P. falciparum (3D7, D10-Atg18, Dd2) (Figures 8, S3, and S4). We determined
the gene transcription profiling with the individual (OLP, ART) (Figures S3 and S4) and combination (OLP & ART) drug treatment (Figure 8) in
3D7, D10-Atg18, and Dd2 strains.

Gene expression profiling in 3D7

Treatment with the combination of OLP and ART exhibited significantly (p < 0.001) higher expression of Kelch13 at 40, 80, and 160 nM than the
infection control. ART treatment did not show the Kelch13 expression in 3D7 (Figure S3Aa) whereas OLP treatment especially at higher con-
centrations (160 nM, 320 nM) exhibited its expression (Figure S3Ba) that could not reach the statistical significance. Further, the inhibited
expression of multi-drug resistance (mdr1)*? (p <0.001) and Na*/H* exchanger (nhe)*” " (p < 0.01) by the treatment with the combination
of drugs (Figures 8Ab, c¢) and ART (Figure S3Ab, c) was observed, whereas OLP-treated 3D7 showed the increased expression of mdr1 and
inhibited (p < 0.001) expression of nhe (Figure S3Bb, c). Autophagy (atg18, atg8) markers showed the altered expression in the 3D7 parasite
treated with the combination of ART and OLP (Figures 8Ad, e). The reduced expression of atg18 was seen with the combination drug regimen
(Figures 8Ad). Our finding is of particular relevance since expression of atg18 is shown to facilitate the PI3P protein that plays a crucial role in
the expression of Akt1 regulated by the PI3K signaling pathway responsible for the autophagosome formation.’”** Hence, individual treat-
ment with ART (Figure S3Ad) and OLP (Figure S3Bd) showed increased atg18 expression. The reduced expression of Atg8 with the individual
treatment of ART or OLP (Figures S3Ae, Be) and combination of ART & OLP (Figure 8Ae) suggests the activation of Atg8-independent auto-
phagy. Hsp70 is known to support the virulent cyto-adherence and parasite growth during the harsh temperature conditions.** Our data
showed higher expression of hsp70 at all the concentrations of the combination of ART and OLP tested (Figure 8Af). On the contrary, signif-
icantly reduced (p < 0.001) expression was seen with ART treatment (Figure S3Af) and reduced expression was seen with the OLP-treated 3D7
(Figure S3Bf). Additionally, we assessed the survival marker®> (Pfatp synthase) (Figure 8Ag) expression in response to the treatment with the
combination of drugs. It showed increased expression of Pfatp synthase (p < 0.05) (Figure 8Ag). We saw a significantly higher (p < 0.001)
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Table 2. Docking of proteins involved in anti-inflammatory, anti-malarial, and PI3K-Akt signaling activity of oleuropein and antimalarial drug,
artesunate

Binding affinity (Kcal/mol)

Protein name Artesunate Oleuropein
AKT1 —10.8 -9.8
KELCH -10.3 -10.1
ATG18 —9.9 —9.2
ATP_SYN -9.0 -9.6
MDR1 -85 -8.1
LC3-I -8.4 -7.5
HSP70 =7/ {3 =772
IL-10 —7.8 -7.2
IL-1B =73 =72
NHE -7.3 -8.3
TNF =7.1 —6.9
BIM -7.0 —7.1
NF-«xB -7.0 -5.8
IL-6 —6.6 -7.0
ATG8 —6.5 —6.4
CD40 —6.1 —6.4

expression of Atp synthase in the ART-treated parasite (Figure S3Ag). Moreover, non-significant increase in the expression of this survival
marker in OLP-treated 3D7 (Figure S3Bg) could suggest the employment of autophagy.

Gene expression profiling in D10-Atg18 and Dd2 P. falciparum

We determine the gene expression profiling in the D10-expressing Atg18 falciparum (Figures 8B and S4). We saw the molecular patterns of
kelch13, mdr1, and nhe similar to those of the 3D7 strain. Also, treatment with ART showed the mixed expression of kelch13, mdr1, and nhe
(Figures S4Aa, b, ¢). A significant (p < 0.001) reduction in the kelch13 expression was seen in the OLP-treated Atg18 parasite compared to the
infection control (Figure S4Ba). D10 parasite expressing Atg18 showed a decreased expression of Atg18 with the drug combination treatment
(Figure 8Bd) and individual drugs (ART, OLP) (p < 0.01) (Figures S4Ad, Bd). Significantly enhanced Atg8 expression was seen in the Atg18
parasite upon receiving treatment with combination drug (OLP & ART) treatment (Figure 8Be) and ART treatment (Figure S4Ae). Significantly
higher (p < 0.001) expression of Atg8 expression was seen in the OLP-treated parasite (Figure S4Be). The hsp70 (p < 0.05) expression was seen

A B 100+
100+ - 500 M
- 250 M 80
801 - 125M -
§ £ 604
E 601 B
2 -
N = 40-
= 40 ;3
< 3
201 201
0- 0-
A S O S 2 2 2 L
S F @ ¥ &S
X WS T NN
Q $
& Ys\,\\ VS\Y&'@ ¥
Parasite strains i
Combinations

Figure 7. Effect of OLP and combination of OLP and artemisinin on parasite development

(A) P. falciparum 3D7, Dd2, D10, and D10-Atg18 strains were cultured in presence of indicated compounds for 96 h. Each bar shows mean % inhibition with SD
error bar at the indicated OLP concentration from three experiments, each with two replicates.

(B) P. falciparum 3D7 were cultured in the presence of artemisinin, OLP, or artemisinin-OLP combination for 50 h. Each bar shows mean % inhibition with SD error
bar at different concentration of indicated compounds or artemisinin-OLP combination from three experiments, each with two replicates.
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Figure 8. Determination of gene expression profiling of growth (Kelch13, Atp synthase), resistance/tolerance (mdr1, nhe), and autophagy (Atg8,
Atg18) markers under drug pressure by RT-PCR

(A-C) The laboratory strains (A) 3D7 and (B) D10 parasite expressing GFP-Atg18 line and (C) chloroquine-resistant (Dd2) of P. falciparum were treated with the
combination of drugs (OLP & ART) at 40, 80, 160, and 320 nM concentrations. iRBCs were taken as an experimental/negative control. The data represent two
independent experiments in triplicates (n = 2). (*p < 0.05 [significant], **p < 0.01 [moderately significant], and ***p < 0.001 [highly significant]).

to be significantly elevated with the treatment of the combination of drugs (Figure 8Bf) as well as individual drug (ART, OLP) (p < 0.01)-treated
Atg18 parasite (Figures S4Af, Bf). Besides, decreased expression of Atp synthase in Atg18 was observed (Figure 8Bg, Figures S4Ag, Bg)
(p < 0.001). In the end, we observed the gene transcription patterns in the Dd2 parasite similar to those of the 3D7 P. falciparum with the
combination (Figure 8C) and individual drug treatment (Figures SS5A and S5B).

P. falciparum employs autophagy to circumvent anti-plasmodial defenses

Our findings with the MMI suggested that antigen-stimulated macrophages induce autophagy to survive the OLP pressure (Figures 1, 2, 3,
and 4). Also, molecular docking of the ARP and DRP with the drugs (OLP, ART) showed the binding affinity-based interaction (Figure 5). Also,
starvation-induced autophagy and gene transcription analysis (Figure 6) drove us to confirm the employed autophagy under the physiological
stress/drug pressure in 3D7 (Figure 9A) and D10-Atg18 P falciparum (Figure 9B). In contrast to the inhibition data, treatment of 3D7 and D10-
Atg18 trophozoite with non-inhibitory concentration of OLP (320 nM) for 3 h increased Atg8 signal similar to starved parasites when compared
to the parasites grown in the complete medium or treated with autophagy inhibitor, 3-MA (Figure 9). These data are consistent with the re-
ported autophagy-inducing property of OLP.**

In vivo challenge model of P. berghei infection

tReduced inflammation seen in the OLP-treated stimulated macrophages and parasite inhibition activity in the routine culture of the
asexual BS infection of P. falciparum suggested that OLP possesses the anti-inflammatory, controlled signaling and possibly parasite
inhibition activity (Figures 1, 2, 3, 4, and 5). Also, LPS-stimulated macrophages overcome the death of stimulated macrophages
upon OLP treatment (Figure 4). Transcript and protein level expression of molecular markers in MMI and molecular docking analyses
is suggestive of the employment of autophagy-like escape mechanism(s). The activation of autophagy was confirmed in the laboratory
strains (3D7, D10-Atg18, Dd2) of P. falciparum in response to the starvation (Figure é). Further, drug sensitivity assays performed with
the routine culture of asexual BS infection of 3D7, Atg18, and Dd2 showing the parasite clearance activity (Table 1; Figure 7), gene
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Figure 9. Atg8 expression in P. falciparum

(A and B) Synchronized late trophozoite stages P. falciparum 3D7 (A) and P. falciparum D10-Atg18 (B) parasites were cultured in complete medium (control),
Albumax-deficient medium (Starved), and complete medium with OLP or Albumax-deficient medium with 3-MA for 3 h. The parasites were processed for
Atg8 expression using anti-Atg8 antibodies. The panels are for Atg8 expression (Atg8), nucleic acid stain (DAPI), bright field (DIC), and the overlap of all
three images (Merged). Scale bar has been shown in the merged panel.

transcription profiling (Figures 8, S3, S4, and S5), and protein expression of atg8 (Figure 9) confirmed the activation of autophagy under
the drug pressure.

Therefore, we developed a challenge model of P. berghei infection to validate the in vitro findings. P. berghei is used as surrogate for
P. falciparum.”’ Infected BALB/c mice were divided into 7 groups (n = 6). The level of parasitemia reached nearly 5% (Scheme 1) before
mice were intraperitoneally injected with CQ (30 and 100 mg/kg), ART (30 mg/kg), and OLP (30, 100, and 500 mg/kg). The drawn thin blood
smears were read to determine % parasitemia (Figures 10A, S6, and S7). The parasite was completely cleared from the mouse periphery by the
CQ treatment at both the doses tested (30 & 100 mg/kg), whereas ART cleared the parasite significantly but not completely from mouse pe-
riphery (Figures 10A, S6, and S7). This delay in parasite clearance by the ART is consistent to our previous finding wherein experimental in-
duction of ART resistance in the P. falciparum-infected immunodeficient (humanized) mice was shown.'® The OLP treatment saw a reduced
parasite load for only a few days followed by activation of autophagy-like escape mechanism to circumvent the anti-plasmodial defenses
mounted by the host. Therapeutic effect of OLP was evaded by the parasite. This leads to the increase in the parasitemia at all the concen-
trations tested, but a sharp rise (p < 0.001) in the parasitemia was seen with 30 mg/kg OLP (Figure 10A) than that seen with the untreated
control. This rise in the parasitemia could be attributed to the activation of host autophagy to resist the parasite clearance by OLP
(Figure 10A).
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Experimental design for drug-based assay in P. berghei model
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Scheme 1. Experimental design for drug-based assays in the challenge model of P berghei infection

P. berghei activates autophagy under OLP pressure

Parasitemia patterns seen in the P. berghei infected mice treated with the drugs prompted us determine the expression of mdr1, atg8, and
Atp synthase from the blood samples collected on the experimental mice (Figure 10B) (Primer information; Table S3). We saw lower ¢T values
(higher expression) of mdr1 at all concentrations of OLP (30, 100, and 500 mg/kg) tested when compared to the untreated control (Figure 10B).
The higher expression of mdr1 suggested that the parasite may have well-tolerated the OLP pressure. Moreover, the higher expression of
food-vacuole Pbmdr1 indicates the role of autophagy-like escape phenomenon during the P. berghei infection.”” On the contrary, lower
expression (higher cT values) of mdr1 observed in the CQ (30 and 100 mg/kg)- and ART (30 mg/kg)-treated animals exhibited the parasite
clearance from the mouse circulation (Figure 10B). Further, Atg8 expression was seen to be significantly (p < 0.001) higher with 30 mg/kg
OLP concentration. However, CQ and ART treatment did not reach the statistical significance for the expression of Atg8 (Figure 10B).

Next, we determined the gene transcription of the downstream mediators of the PI3K-Akt1 signaling pathway in mice (Figure 10C). We
estimated many-fold non-significant relative mMRNA expression of co-stimulatory CD40 whereas the nuclear transcription factor (NF-«B)
expression was significantly (p < 0.01) higher in the animals treated with OLP (500 mg/kg). Akt1 expression was seen significantly
(p < 0.001) higher at both 30 and 500 mg/kg of OLP indicating the clearance of P. berghei by the host immune responses. In brief, gene tran-
scription profiling and parasitemia patterns indicated the dose-dependent activation of autophagy. Additionally, level of parasitemia esti-
mated on Giemsa-stained thin blood smears showing a steep increase at 30 mg/kg of OLP compared to the untreated control confirmed
the dose-dependent induction of autophagy, whereas higher OLP concentration allowed the host to clear parasite from circulation (Fig-
ure 10C). Hardly any difference was seen in the expression of IL-10 and IL-1p.

OLP modulates the host immune responses

LPS-stimulated macrophages were treated with OLP (30, 100 pg/mL), ART (30, 100 ng/mL), CQ (30, 100 pg/mL), and combination of OLP and ART
(30 pg/mL and 100 pg/mL). ELISA was carried out from the cell supernatant to assess the regulation/modulation of the antigen-elicited inflam-
mation (Figures 10D and 10E). The significant (p <0.0001) reduction in the acute inflammation was characterized by the reduction of the IL-6 when
treated with individual drugs (OLP, ART, CQ) and combination of OLP and ART (Figure 10D).*® This reduction in the inflammation confirmed the
anti-inflammatory potential of OLP as shown by the quantification of anti-inflammatory/immunoregulatory markers (IL-10)* (Figure 10E). Signif-
icantly (p < 0.001) higher secretion of IL-10 was measured when macrophages were treated with OLP at 30 pg/mL. Collectively, these data
suggested that OLP treatment modulates the host-elicited inflammation in response to the antigenic stimulation and induced the autophagy.
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Figure 10. Infectious challenge model of P. berghei infection in the BALB/c mice to confirm activation of autophagy under OLP pressure

(A) The parasite load (% parasitemia) was determined by the Giemsa-stained thin blood smears drawn from the experimental mice receiving treatment with OLP
(30, 100, 500 mg/kg), CQ (30, 100 mg/kg), and ART (30 mg/kg).

(B) Determination of the expression (cT value) of autophagy and development markers of pathogen (P. berghei) (mdr, atg8, Atp synthase) by RT-PCR on the
mRNA isolated from blood samples collected on the experimental mice on day 10 post-infection (day 5 post drug treatment).

(C) The relative mRNA expression (fold change regulation) of signaling (CD40, NF-kBp50, Akt1) and inflammatory (IL-1B, IL-10) markers of the host (Balb/C mice).
The reduction in the chronic inflammation induced by the LPS (1 ng/mL)-stimulated human macrophages following the OLP treatment was measured by ELISA.
(D and E) The expression of (D) pro-inflammatory (IL-6) and (E) anti-inflammatory (IL-10) cytokines was quantified from the supernatant collected on the OLP-,
ART-, and CQ-treated macrophages. Combination of OLP & ART was used at the 30 and 100 pg/ml. The data represent one independent experiment in
triplicate (n = 1). (*p < 0.05 [significant], **p < 0.01 [moderately significant], ***p < 0.001 [highly significant], ****p < 0.0001 [extremely significant]).

Histopathology of deep-seated organs

The experimental mice receiving drug treatment were euthanized, and brain, liver, and spleen were harvested to detect the pathological
changes (Figure S8). Also, we kept uninfected and untreated mice as the control (Figures S8 and S9). The sections of the extracted organs
were stained with the hematoxylin and eosine (H&E). The brain histopathology of untreated control (infected mice receiving vehicle PBS)
group showed vacuolated neutrophils with the increased surrounding space in the brain cortex. 30 mg/kg CQ (CQ3q) showed the vacuoliza-
tion in the neutrophils and congestion in the blood vessel, whereas CQjg9 and ART3o showed severe congestion in the leptomeninges and
increased hyper-cellularity of neurons. Furthermore, experimental animal receiving OLP3g & OLP1oo showed vacuolization in the neutrophils
and congestion in the blood vessel in the brain cortex. H&E staining of the brain sections exhibited mild vacuolization in the neutrophils in the
brain cortex and no congestion in the blood vessels (Figure S8; upper panel).

Liver histopathology from the untreated control showed severe hemosiderosis, central vein congestion, multifocal necrosis, and Kupffer
cell hyperplasia. The experimental animals treated with the CQgz, CQ1, and ART3g showed mild hemosiderosis, vacuolar degeneration,
multifocal necrosis, and distorted hepatic cords. OLP3p, OLP1qg, and OLPsgg exhibited moderate hemosiderosis, central vein congestion,
and multifocal necrosis along with severe Kupffer cell hyperplasia.

In the end, spleen histopathology from the untreated control showed severe depletion of white pulp and presence of hemosiderin
pigment. CQ at both the concentrations tested showed moderate depletion of white pulp with the reticuloendothelial (RE) cell hyperplasia.
And, animals receiving treatment with ART3o got nearly normal architecture of the spleen with mild depletion of white pulp. On the contrary,
OLP30 and OLP4qg exhibited mild hemosiderosis and depletion of white pulp of the spleen. The histology data suggested the presence of
hemosiderin pigment in the red and white pulp at all the tested OLP concentrations (Figures S8 and S9).
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DISCUSSION

As shown in other apicomplexan,” there are a few reports confirming the activation of autophagy during physiological stress. We first devel-
oped a MMI to determine the anti-inflammatory/signaling activity in both the prophylactic and therapeutic mode of treatment of OLP. Our
data indicate the inhibition of active NF-kB mediated by the co-stimulatory CD40 and Akt1 in the therapeutic mode of OLP treatment. OLP
treatment is shown to modulate the inflammation and signaling pathway such as the PI3K-Akt1 pathway in the stimulated macrophages.”*
Further, free radical scavenging activity of OLP is shown to exhibit anti-inflammatory and disease-fighting activity.”’ The relative mRNA
expression of inflammatory immune mediators in the antigen-stimulated macrophages following the drug treatment in prophylactic and ther-
apeutic mode suggested the attenuation of inflammatory responses. Our data confirming the reduction in the inflammation is consistent to
the reports published in human coronary artery endothelial cells (HCAEC)* and rodent plasmodia infection.’® Further, higher expression of
anti-inflammatory/immunoregulatory cytokine (IL-10) seen in the in LPS-stimulated macrophages following the drug treatment™ confirmed
the anti-inflammatory activity of OLP.

Reduced mRNA and protein level expression of immune-markers related to PI3k-Akt1 signaling and inflammation suggested the altered
phenotypic expression of macrophages.” CD40-dependent and independent cell death is regulated by the transcription nuclear factor
(NF-kB) by controlling the expression of pro-apoptotic protein (Bim). The latter regulates the inhibited expression of FOXO1,”'*? an impor-
tant nuclear marker for apoptosis. CD40-dependent activation of PI3K-Akt1 signaling pathway mediates the survival of antigen-stimulated
macrophage by the OLP treatment.”® Furthermore, OLP-induced autophagy drives the cell differentiation and inhibits the default
apoptosis.”®>’ The protein expression of Beclin-1 and cytoplasmic expression of Akt1, NF-kB, and LC3 Il (Figures 1, 2, and 3) suggested
thatinduced autophagy confers tolerance toward the OLP treatment. No pro-apoptotic protein (Bim) expression in OLP- or ART-treated mac-
rophages suggested the activation of autophagy that circumvents OLP pressure and extends survival.

The obligate intracellular parasite, P. falciparum, resides inside human red blood cells (RBCs) (huRBCs) and uses hemoglobin as its primary
nutritional source. huRBCs that host P. falciparum are equipped with various intracellular defense mechanism(s) to destroy the invading path-
ogens.”® Hence, autophagy could be a remarkable tool that pathogens may have to confront upon the host cell invasion. The assays per-
formed with the MMI (Figures 1, 2, 3, and 4) and molecular docking (Figure 5) analyses suggested that the modulated inflammation activates
autophagy under OLP pressure. Hence, we then decided to explore the autophagy employed by P. falciparum under OLP pressure. As
earlier,'®* we confirmed the autophagy-mediated tolerance when P. falciparum was submitted to the OLP pressure.

Modulated inflammation and induction of autophagy under OLP pressure suggested maintained eubiosis during P. falciparum infection.
Autophagy is reportedly known to repair the disrupted host-parasite interaction that helps survive drug pressure for normal growth and devel-
opment of the parasite.’” As others,'’*”*! our data suggest the starvation-induced autophagy in wild type (3D7), CQ-resistant (Dd2), and D10
parasite expressing D10-Atg18 line of P. falciparum. The growth of Atg18 parasite remained unaffected by the autophagy activated in
response to starvation.®’ Absence of full repertoire of proteins responsible for autophagy poses a challenge to dissect the mechanism respon-
sible for autophagy. Bioassays performed with MMI led us to determine the antimalarial activity of OLP in 3D7, D10-Atg18, and DD2
P. falciparum. We observed the parasite clearance activity of OLP when parasite was exposed to the drug for longer durations. Also, OLP
leaves an additive antimalarial effect when used in combination with ART. The plasma half-life and bio-distribution study in humans®” suggest
the use of OLP as an antimalarial drug."”® We are the first group to report activity of OLP in P. falciparum. Since P. falciparum has been gaining
resistance to almost all frontline antimalarials'>>¢° as well as artemisinin-based combination treatment (ACT) drug treatment, > OLP could
be a possible partner drug for the ACT. Autophagy activated under OLP pressure enables parasite to tolerate and survive the drug pressure.
The expression of Atg8 in the starved and OLP-treated 3D7 is in agreement with earlier findings wherein autophagy was activated against
drug/physiological pressure by the parasite”'®*” and other diseases.”*® We confirmed the in vitro findings in the experimental challenge
model of P. berghei infection.®”’® Mice harboring P. berghei infection receiving treatment with OLP showed a decreased parasite load (Fig-
ure 10A) for a few days followed by a sharp increase in the parasite infection at all the concentrations of OLP (30,100, 500 mg/kg) tested. The
infectious parasite load was seen to be significantly higher at lower concentration of OLP (OLPg) than that seen with the higher OLP concen-
trations (100, 500 mg/kg) as compared to untreated control. This confirms that parasite activated the dose-dependent autophagy to circum-
vent the anti-plasmodial defenses. The gene transcription profiling of P. berghei (pathogen) and mice (host) further suggested that the acti-
vation of autophagy-like escape mechanism evading the anti-plasmodial defenses could be a double-edged sword® (Figures 10B and 10C).
Autophagy helped parasite escape the anti-plasmodial defenses and withstand drug pressure to confer the extended survival by inhibiting
the programmed cell death (Figures 4 and 10C).”" In the end, histopathological observation from deep-seated tissues (spleen, brain, and liver)
indicates the lesser cell infiltration suggesting the induction of autophagy for extended survival of malaria parasite. Also, the lower dose of
OLP modulates the host immune response by influencing the cell death/autophagy axis (Figures 10D and 10E). ELISA results confirmed the
dose-dependent immune response-modulatory effect of OLP to activate autophagy that confers the extended survival on the antigen-stim-
ulated macrophages. Collectively, assays with the MMI, molecular docking, P. falciparum assays, and challenge model of P. berghei study
confirmed the activation of autophagy for extended survival of the parasite.

Conclusions and future perspectives

The present work confirmed the induction of autophagy in the MMI, in vitro culture of P. falciparum infection (3D7, D10-Atg18, Dd2), and
challenge model of P. berghei infection (Figure 11). This work is of clinical relevance as far as human health is concerned since it could be
one of the plausible explanations for the evolution of antimalarial drug resistance. The present work shall help find newer drugs, and OLP
could be used in combination with ART to increase the latter’s parasite clearance activity.
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Model Indicating Anti-plasmodial Defense by autophagy under Oleuropein (OLP) pressure
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Figure 11. Model indicating the activation of immune response evasion mechanism (autophagy) by the oleuropein (OLP) treatment in the antigen (LPS)-
stimulated human macrophages

Antimalarial activity of OLP in the routine culture of P. falciparum (3D7, D10-Atg18, Dd2) and confirmation of the elicitation of the anti-plasmodial defenses driven
by autophagy.

(A) Development of LPS-stimulated human THP-1 macrophages (macrophage model of inflammation; MMI) to determine modulation of inflammation controlled
by the PI3K-Akt1 signaling to establish the immune homeostasis. OLP treatment circumvents the death of the antigen stimulated macrophages.

(B) Antimalarial activity of OLP in 3D7, D10 parasite expressing GFP-Atg18 line, chloroquine-resistant (Dd2) P. falciparum. Gene transcription and protein level
expression, autophagy, and development-related proteins (ARP/DRP) to confirm the inhibited death of the antigen-stimulated macrophages regulated by the
Akt1-mediated signaling.

(C) Developed challenge model of P. berghei infection to validate the in vitro findings showing the induction of autophagy under OLP pressure.

Limitation of the study

Present study showing the activation of autophagy in the MMI, laboratory strains of the asexual BS infection of P. falciparum, and challenge
model of P. berghei infection is limited due to the use of human RBCs reconstituted NSG (immunodeficient) mice (humanized mice). This
finding could be further validated in the humanized mice of P. falciparum infection.

STARXMETHOD

Detailed methods are provided in the online version of this paper and include the following:
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O Gene expression by RT-PCR in the MMI and P. falciparum
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O Assessment of ROS generation
O Immunoblot analysis
O Macrophage supernatant quantification of IL-6 & IL-10
O Molecular docking to analyze protein-drug interactions
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O Preparation of drug formulations
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
AKT1 Cell Signaling Technologies (USA) Cat No: C73H10
PAKT Cell Signaling Technologies (USA) Cat No:S473
NF-kB Cell Signaling Technologies (USA) Cat No: S536
NFkBp Cell Signaling Technologies (USA) Cat No: D14E12
pfAtg8 Raised in rabbit by Dr. Sijwali, CCMB -
FITC conjugated anti-rabbit IgG Santa Cruz, USA Cat No: sc2357
Beclin-1 Cell Signaling Technologies (USA) Cat No: D40C5
CD40 Cell Signaling Technologies (USA) Cat No: D8W3N
Cas-3 Cell Signaling Technologies (USA) Cat No: 9662S
Cas-8 Cell Signaling Technologies (USA) Cat no: D35G2
Bim Cell Signaling Technologies (USA) Cat No: C34C5
IDO1 Cell Signaling Technologies (USA) Cat No: D5J4E
LC-3 Cell Signaling Technologies (USA) Cat No: 4108S

(

Alexa Fluor 488-conjugated anti-mouse antibodies

USA

Cell Signaling Technologies

Cat No: 4408

Bacterial and virus strains

Plasmodium falciparum 3D7, Dd2
D10 parasite expressing GFP-Atg18 line of P. falciparum

P. berghei; ANKA strain

Received from NIMR, New Delhi
Dr. Puran S. Sijwali, CSIR-CCMB,
Hyderabad, India

Dr. Agam Singh, NI, New Delhi

Biological samples

Crude extract of oleuropein (OLP)

Prof. B. S. Chandel, Sardarkrushinagar
Dantiwada Agricultural University,
Gujarat, India

Critical commercial assays

FITC ANNEXIN V Apoptosis detection kit
CM-H2DCFDA dye (General Oxidative Stress Indicator)
ECL reagent (Pierce western blotting reagent)

IL-6 Human Uncoated ELISA Kit

IL-10 Human Uncoated ELISA Kit

GeneJET RNA purification kit

DNAeasy Blood and tissue kit

iScript™ cDNA Synthesis Kit

RevertAid First Strand cDNA Synthesis Kit

Invitrogen™

ThermoFisher scientific, USA
ThermoFisher scientific, USA
ThermoFisher scientific, USA
ThermoFisher scientific, USA
ThermoFisher scientific, USA
Qiagen

Bio-Rad, USA

ThermoFisher scientific, USA

Cat No: V13242
Cat No: C6827

Cat No: 32134

Cat No: 88-7066-88
Cat No: 88-7106-88
Cat No: KO731

Cat No.69504

Cat No: 1708890
Cat No.: K1622

Experimental models: Cell lines

Human monocytic cell (\THP-1)

ATCC, USA

Software and algorithms

Oleuropein
Artesunate

AutoDock Vina 1.1

PubChem Database
PubChem Database

Center for computational structure biology,
The Scripps Research Institute, USA

CID_5281544
CID_6917864

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Pymol Software

3-dimensional (3D) structures of ligand (ART and OLP)

PyMOL is an open source but proprietary
molecular visualization system created
by Warren Lyford DeLano.

Available on Pubchem

Pymol.org

Oleuropein (CID_5281544)
(artesunate; CID_6917864)

Other

RPMI-1640 media

Fetal bovine serum (FBS)

antibiotic cocktail (Penicillin + streptomycin)
B-mercaptoethanol

phorbol 12-Myristate 13-Acetate (PMA)

LPS

Chloroquine (CQ)

Artemisinin (ART)

3-methyl adenine (3-MA)

Trizol

SYBR Green

HEPES

NaHCO3

Hypoxanthine

Albumax

Gentamicin

anti-fade

Blasticidin

GENES2ME Green Eye-Ab universal gPCR Master Mix

Gibco Life Technologies, USA
Gibco Life Technologies, USA
Gibco Life Technologies, USA

GCC biotech

Sigma

Sigma

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Invitrogen, US

Invitrogen, US

Himedia Laboratories Pvt. Ltd., India
Himedia Laboratories Pvt. Ltd., India
Sigma-Aldrich, USA

Gibco Life Technologies, USA
Gibco Life Technologies, USA
ThermoFisher scientific, USA

Gibco, USA

Imperial Life Sciences, India

Cat. No. 31800-022
Cat. No. 10270106
Cat No.15070063
Cat No.GPC-009
Cat No: 524400
Cat No: L7895

Cat No.: C6628
Cat No.: A3731

Cat No: M9281

Cat No 15596026
Cat No: S7563

Cat. No. MB0O16
Cat. No. TC230
Cat. No. H9636-5G
Cat. No. 11020-021
Cat. No:15750060
Cat. No: P36930
Cat. No: R210-01
Cat No. SMMO03, Genes2me

=1

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Rajeev K Tyagi
(rajeevtyagi@imtech.res.in, rajeev.pasteur@gmail.com).

Material availability

This study did not generate new unique reagents.

Data and code availability

e This study does not report any original code.
e All unique/stable reagents generated in this study are available from the lead contact without restriction.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All animal experiments were reviewed and approved by the Institutional Animal Ethical Committee (IAEC) (protocol No.: IS/PHD/30/2022/
35 & IS/PHD/30/2022/46), Nirma University, Ahmedabad, India. The 6-8 weeks old BALB/c were procured from Zydus Research Center
(ZRC), Ahmedabad and housed in pathogen free conditions at the central animal facility of Nirma University. Animals were acclimated for
a week before initiating the studies. Animals were provided food and water ad libitum.

Animal model
BALB/c mice.
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Sex and age
Male and 8-10-week-old.

METHOD DETAILS

Development of antigen stimulated macrophage model of inflammation (MMI)

Human monocytic cell ("'THP-1) line was procured from ATCC, USA, and cultured in RPMI-1640 medium supplemented/containing 10% heat
de-complemented fetal bovine serum (FBS), penicillin and streptomycin (100 U/mL), B-mercaptoethanol (3.5 uL/L) and maintained in a humid-
ified atmosphere of 95% O,, 5% CO, at 37°C. hTHP-1 monocytes (2 X 10° cells) were differentiated with100 ng/mL phorbol 12-Myristate
13-Acetate (PMA, Sigma, Cat: 524400) for 24 h. Following the cell differentiation, cells were stimulated with the antigen (LPS; 1 ng/mL) for
another 24 h followed by the treatment with OLP, ART (30 ng/mL) individually as well as combination for 24 h.”? The antigen (LPS) stimulated
cells were then used to study the gene expression profiling through the RT-PCR.

Gene expression by RT-PCR in the MMI and P. falciparum
The drug treated parasites were harvested and the pellet was washed twice with 1X PBS after centrifugation at the 2,000 rpm for 5 min fol-
lowed by the DNA isolation using the manufacturer’s protocols (DNAeasy Blood and tissue kit, Qiagen (Cat No 69504). The DNA quantity and
quality was determined by the Nano-drop, and 50 ng of total DNA was used to perform RT-PCR on CFX96 Connect, Biorad, USA.
Similarly, total mRNA was isolated from hTHP-1 macrophages using Trizol reagent, ThermoFischer scientific, USA (Cat No 15596026) and
approximately 400 ng of total mMRNA was converted to cDNA using iScript (Cat No: 1708890) Biorad, USA. The expression analysis was per-
formed using SYBR green master mix. Further, the reaction mixture containing 10 pM forward and reverse primers, 2X SYBR green was carried
out at 95°C for 3 min, annealing at 55°C for 30 s, and extension at 72°C for 30 s spawning 40 cycles. The human specific gene (CD40, Akt,
NF-kB, Bim, IL-1B, IL-6, TNF-a., iNOS, IL-10) expression was normalized to GAPDH for hTHP-1 and B-Tubulin for P. falcip::zrum73 (Sl information,
Table S1). The expression for P. falciparum specific genes (Kelch-13, Atp synthase, mdr1, nhel, Atg8, and Atg18) were quantified with the
individual treatment of OLP and ART as well as combination of OLP and ART (S information, Table S2). The combination of drugs was
used as follows. For example; 40 nM concentration of OLP or ART whereas combination was used as 20 nM each of OLP and ART. This meth-
odology was used for all the concentrations tested.

Confocal microscopy based immunofluorescence assay (IFA)

hTHP-1 cells were seeded on to the glass coverslips, and differentiated into the macrophages. Further, the cells were treated with 30 pg/mL of
OLP and ART each incubated for 24 h. The media was aspirated and cells were washed with 1X PBS, fixed with 4% para-formaldehyde (PFA) for
5 min followed by the permeabilization with 0.1% Triton X-100 for 3 min. The fixed and permeabilized cells were blocked with 5% BSA recon-
stituted in PBS for 1 h. The blocked cells were incubated with the primary antibodies (AKT, pAKT, NF-kB, NFkBp & pfAtg8 at a 1:200 dilution)
for 2 h. The washed cells were then incubated with the FITC conjugated anti-rabbit IgG for 1 h. The antibody stained cells were placed on
slides, washed and mounted with the anti-fade (Thermo Fisher Scientific, USA) mounting medium with DAPL.”* The images were captured
using Nikon confocal microscope and data was processed and quantified by the software, ImageJ-winé4.

Annexin V/PI staining to detect the death of antigen stimulated macrophages

PMA differentiated and LPS stimulated hTHP macrophages were treated with the drugs for 24 h as mentioned above. The drug treated cells
were harvested by the trypsin/EDTA. The pelleted cells were washed with 1X PBS and processed according to the manufacturer’s recommen-
dations (FITC ANNEXIN V Apoptosis detection kit Invitrogen, Cat No: V13242). Briefly, cells were re-suspended in 1X Annexin binding buffer
and then stained by incubating with 5 pL of Annexin V dissolved in 1X Annexin binding buffer and 1 uL propidium iodide (PI) for 30 min in the
dark at 37°C. Following the incubation, 10,000 events were acquired using BD verse and data was analyzed on FlowJo (FlowJo_v10.8.1).

Assessment of ROS generation

hTHP-1 macrophages were treated and harvested as described above. The harvested cells were washed with 1X PBS buffer and then stained
with TuM CM-H2DCFDA dye (Cat No: C6827, Thermofisher Scientific) at 37°C for 15 min and the fluorescence was recorded by using Flow-
cytometer. The 10,000 events were captured and data was analyzed using FlowJo (FlowJo_v10.8.1) software.”®

Immunoblot analysis

The antigen stimulated macrophages were harvested once the drugs (OLP, ART and combination of OLP & ART) treatment (24 h) was over.
The cells were lysed using radio-immunoprecipitation assay (RIPA) buffer mixed with protease inhibitors for 30 min and vortexed intermit-
tently. The supernatant was clarified by centrifugation at 12,000 rpm for 15 min. Further, protein concentration was quantified by the Bradford
reagent and 20 ug protein was loaded on to each well, and subjected to non-reducing SDS-PAGE. The separated proteins were transferred on
to the nitrocellulose (NC) membrane for 2 h at 100V. NC membranes transferred with the protein bands were blocked with 5% BSA in PBS for
1 h. Further, proteins transferred NC membranes was incubated overnight with the primary antibodies of NF-kB, Beclin-3, CD40, Akt1,
Cas-3,8, Bim, IDO1, and LC-3 (CST, USA). NC membranes were washed three times with 1X PBST and incubated with the secondary antibody
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for 1 h followed by three washes with TX PBST. In the end, blots were developed using ECL reagent (Pierce western blotting reagent, Cat no:
32134, USA) on a Chemi-doc system.

Macrophage supernatant quantification of IL-6 & IL-10

IL-6 (Cat no: 88-7066-88) and IL-10 (Cat no: 88-7106-88) were procured from the Invitrogen, USA. The drug (OLP, ART and OLP & ART) treated
supernatant of LPS stimulated macrophages was assessed with respect to the secretion of pro-and anti-inflammatory cytokines. The sensitivity
of the ELISA kit was reported 2 pg/mL for both IL-6, and IL-10. Briefly, plates were coated with the coating antibody overnight at 4°C. The
solutions for standard and working samples were added to the coated wells, and plates were incubated overnight at 4°C. The plates were
washed three times with the washing buffer, and incubated with the biotin-conjugated secondary antibodies for 2 h at room temperature
(RT). Following the incubation, washed plates were treated with the streptavidin-HRP enzyme and incubated for 1 h at RT. Following the in-
cubation. TMB substrate was added and incubated for 10 min in the dark for the development of color at RT. In the end, reaction was stopped
by adding stop solution (2N H,SO,), and plates were read at the 450 nm at an ELISA plate reader (BioTek, EPOCH/2 microplate reader). The
concentration of the immune markers was determined comparing the cytokines with the standards.

Molecular docking to analyze protein-drug interactions

The structure of proteins involved in the autophagy mediated by PI3K-Akt1 signaling pathway was retrieved from Protein DataBank (PDB).
Oleuropein (CID_5281544) and a well-known antimalarial drug (artesunate; CID_6917864) were retrieved from PubChem database to dock
the proteins with OLP and ART. The proteins (AKT1, KELCH, ATG18, ATP-Synthetase, MDR1, LC3-Il, HSP70, IL-10, IL-1B, NHE, TNF, BIM,
NF-KB, IL-6, ATG8 and, CD40) responsible for the anti-inflammatory, antimalarial and signaling activity were docked with the artesunate
and Oleuropein (Table 2). Based on the binding affinity, AKT1 (PDB: 3096),”¢ KELCH (PDB: 4ZGC), LC3-1l (PDB: 2ZJD_A) and, ATG18 (PDB:
6KYB) were chosen for the detailed molecular docking analyses. The corresponding PDB structure was further energy minimized by Chiron
web server,”” and 3-dimensional (3D) structures of ligand (ART and OLP) were obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/).
The molecular docking study was performed by using AutoDock Vina 1.1.”% A grid box with a spacing of 1 A and a size of 40 x 40 x 40 were
built around the center of the binding site as predicted by CB-dock server for AutoDock Vina 1.1.”? Further, other parameters of docking were
set to default whereas exhaustiveness value was adjusted to 8 and energy range to 4. The pymol software was used to further analyze the
structure.

In vitro culture of asexual blood stage (BS) of P. falciparum
Parasite culture

Plasmodium falciparum 3D7, Dd2, and D10 strains were grown in RPMI 1640 medium (containing 2 g/L glucose, 2 g/L sodium bicarbonate,
300 mg/L glutamine, 25 pg/mL gentamicin and 100 pM hypoxanthine) with 0.5% albumax Il and human RBCs at 2 and 5% hematocrit under a
gas mixture (5% CO, + 5% O, + 90% N,) at 37°C.5%%" P_ falciparum D10 strain episomally expressing Atg18 (D10-Atg18) has been described
earlier,” and maintained in the above medium with blasticidin (1 pg/mL), which was excluded during experimental conditions. Synchroniza-
tion of was carried out by treating parasites with 5% sorbitol treatment when the majority of parasites were in ring stage.®” Parasite growth and
development was determined by the microscopic examination of Giemsa-stained thin blood smears drawn on the parasitized RBCs. The D10
parasite expressing GFP-Atg18 line of P. falciparum was obtained from Dr. Puran S. Sijwali, CSIR-CCMB, Hyderabad, India.

In vitro antimalarial drug screening

In vitro antimalarial activity assays with different P. falciparum strains were carried out essentially as has been described previously.*% Briefly,
parasites were synchronized at ring stage, the compounds were dissolved in DMSO (OLP, artemisinin) or water (chloroquine). The compound
stocks were serially diluted 2-fold in 50 pL of culture medium across a 96 well tissue culture plate. DMSO (0.5% final) and chloroquine (500 nM)
were added to some of the wells as positive and negative controls, respectively. 50 uL of the ring stage parasite culture (1-2% parasitemia at
4% hematocrit, =0.5% parasitemia for OLP) was added to each well, and the plate was incubated at 37°C for 50 h (for pyrimethamine, chlo-
roquine, artemisinin) or 96 h (for OLP). For OLP assay plate, culture media was replaced with fresh culture medium containing the correspond-
ing concentration of OLP or DMSO or chloroquine. At the end of incubation, 100 pL of lysis buffer (20 mM Tris-Cl, 5 mM EDTA, 0.008%
saponin, 0.08% Triton X-100, pH 7.5, SYBR green 1 at the manufacturer’s recommended dilution) was added to each well and the plate
was incubated at 37°C for 30 min. The fluorescence of each well was measured (Aex 485 nm, Aem 530 nm) using Spectra Max iD3 multimode
microplate reader. The background fluorescence of chloroquine control was subtracted from those of DMSO and test compound wells. The
adjusted values were normalized as percentage of the fluorescence value of DMSO control, and plotted as % inhibition versus concentrations
using GraphPad Prism software.

For antimalarial activity of OLP-artemisinin combination, OLP or artemisinin or different artemisinin-OLP combinations were added in
50 pL of culture medium in a 96 well tissue culture plate. 50 pL of culture medium with ring stage parasite (=1.5% parasitemia and 4% he-
matocrit) was added to each well to achieve 500 uM OLP alone or artemisinin alone (at 1x1Cso (21 nM), 0.5%ICsq (10.5 nM), 0.25%ICsq
(5.25 nM)) or artemisinin with 500 uM OLP. The plate was incubated at 37°C for 50 h and fluorescence was read as described above. The
adjusted values were normalized as percentage of the fluorescence value of DMSO control, and plotted as % inhibition versus drug concen-
trations using GraphPad Prism software.

24 iScience 27, 109463, April 19, 2024


https://pubchem.ncbi.nlm.nih.gov/

iScience ¢? CellPress
OPEN ACCESS

DNA isolation and parasite starvation

P. falciparum at 0.2% ring-stage parasites with 5% hematocrit was treated with the different concentrations of OLP and ART (40, 80, 160,
320 nM) for 72 h. Drug treated parasite were harvested for DNA isolation following the 72 h of incubation. Parasite was cultivated in the Al-
bumax deficient medium followed by the 3-MA treatment'® to confirm the starvation induced autophagy. The schizont stage parasite was
treated with 3mM 3-MA for 3 h followed by the starvation for another 4 h to confirm the induction of autophagy under the physiological stress.
The parasite load (relative parasitemia) was determined using SYBR Green-| as reported elsewhere.®* SYBR Green-| was diluted in sterilized
distilled water (10X) and 25 pL SYBR Green | (10X) was added to 100 plL sample. Following experimental groups were included in the assay;
P. falciparum specific RPMI-1640 medium (background), uninfected RBCs (cell background), infected RBCs (control) and treated parasitized
RBCs as described above. The thin blood smears were drawn following the incubation of the parasite treated with drugs and observed under
the microscope. 25 plL of SYBR Green-| (10X) was added to each well and incubated further for 30 min at 37°C. The final read-outs was re-
corded at Ex485/Em530 nm using microplate reader (Biotek Synergy).®” The parasites were treated alone and in combination with different
concentrations of ART and OLP (40, 80, 160, and 320 nM) for 72 h. The drug treated parasites were harvested and processed for further
experimentation.

Immunofluorescence assay with P. falciparum

Synchronized P. falciparum 3D7 and D10-Atg18 strains at 4-5% parasitemia were cultured till the late-trophozoite stage (36 h), and the cul-
tures were divided into four equal parts. One part was cultured in complete culture medium, the 2" part was grown in albumax-deficient
culture medium (starvation), the 3 part cultured in complete culture medium containing 320 nM OLP, and the 4th part was cultured in com-
plete culture medium with 3mM 3-MA. All the cultures were grown for 3 additional hours and then processed for microscopy. Briefly, a 100 uL
aliquot of each culture from was washed with PBS, diluted in PBS to 10% hematocrit, immobilized on poly-L-lysine coated slides, washed with
PBS again to remove non-attached cells, the cells were fixed (3% paraformaldehyde and 0.01% glutaraldehyde in PBS), and then quenched
with 0.1 M glycine (v/v in PBS). The cells were permeabilized using 0.1% Triton X-100 (v/v in PBS), blocked with 3% bovine serum albumin (in
PBS) for 1 h at RT. The slides were incubated with mouse anti-Atg8 antibodies for 1.5 h at RT, washed with PBS, and incubated with donkey
Alexa Fluor 488-conjugated anti-mouse antibodies with DAPI (10 pg/mL) for 1 h at RT. The slides were washed with PBS, air dried, mounted
with prolong diamond antifade, covered with glass coverslips, and edges were sealed. The slides were observed under 100x objective of
ZEISS Axioimager, images were captured with Zeiss AxioCam and analyzed using Axiovision software.

Animal assays

P. berghei maintenance

The parasitized (P. berghei; ANKA strain) whole blood was maintained at the Institute of Science, Nirma University by cyclical transmission in
8-10-week-old male Balb/C mice and Anopheles stephensi mosquitoes. The infection was confirmed by the microscopic examination of thin
blood smears drawn (minimum of 1000 RBCs) from tail vein and Giemsa staining each time before the infected blood samples were
cryopreserved.

Preparation of drug formulations

OLP was dissolved in 10% DMSO, and the stock solution of 50 mg/mL was prepared using endotoxin free PBS (Himedia: ML164-100ML). The
three different dosages (30, 100, & 500 mg/kg were prepared and administered in the experimental animals via intraperitoneal route (IP) of
administration. CQ was dissolved in PBS at the final concentration of 50 mg/mL, and two dosages (30 & 100 mg/kg) were administered intra-
peritoneally. Similarly, ART was dissolved in the ethanol and stock solution of 25 mg/mL was prepared. 30 mg/kg was injected through the IP
route. The working solution of all dosages were prepared using endotoxin free PBS, and 100 uL injectable volume was administered to the
experimental mice.

Challenge model of P. berghei infection
Mice were first infected with wild-type P. berghei ANKA strain. Following 1-2 passages to achieve higher parasitemia, 10° infected/parasitized
RBCs were injected into the intraperitoneal cavity of mice (n = 6 mice/group), and parasitemia was monitored daily by counting minimum
1,000 RBCs of Giemsa-stained thin blood smears. Once the parasitemia reached nearly 5%, animals were treated with the test drugs as
well as experimental (CQ) and positive control (ART) (Scheme 1).

No. of infected RBCs in one field

% parasitaemia = N = FRBCS in that field < 00

Determination of parasite load in vitro

Mice were treated with different dosages of OLP, CQ & ART at 5% parasitemia (Scheme 1). The drugs were administered consecutively for
7 days and trend in the parasite growth and development was determined in terms of % parasitemia calculated through reading the thin
blood smears (under the light microscope; Olympus BX53, USA) drawn from the experimental and control mice. The % parasitemia was deter-
mined by counting a minimum of 1,000 RBCs.
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Gene transcription profiling by RT-PCR

The blood samples were collected on day 5 following the treatment (3 mice/group) to determine fold change regulation in the transcriptional
expression of drugs (OLP, ART& CQ) treated mice infected with P. berghei. The RNA was isolated from the blood samples using GeneJET
RNA purification kit (Cat KO731, ThermoFisher Scientific). Purity and quantification of extracted RNA was done by the NanoDrop Lite Spec-
trophotometer (ThermoFisher Scientific: ND-LITE). Further, cDNA was synthesized using RevertAid First Strand cDNA Synthesis Kit (Cat
K1622, ThermoFisher Scientific), and relative gene expression profiling was carried out by the RT-PCR/gPCR.

Relative mRNA expression was measured by the real-time PCR system Analyticjena gTOWER® G and using GENES2ME Green Eye-Ab
universal gPCR Master Mix (Cat no SMMO3, Genes2me, Imperial Life Sciences, India). Briefly, 5 uL of 2X SYBER green, 0.5 pulL forward and
reverse primers (Sl information; Table S3), 2 L of diluted cDNA and nuclease free water were added to make the reaction volume up-to
10uL to set RT-PCR using the following thermal conditions; 95°C for activating the Taq Polymerase and rest 45 cycles were performed at
95°C for 15 s, annealing was carried out at 52°C for 1 min for the gene expression of the parasite. The gene amplification of mice was
done for 40 cycles at 95°C for 15 s, the annealing was done at 52°C for 30 s followed by the extension at 72°C for 30 s. The melt curve at
95°C for 15 s and 65°C was also included.® mRNA expression of mice was quantified by the changes quantified in the threshold method
(AA®T) and normalized to the house keeping mRNA (encoding B actin) expression. Further, mRNA expression of the parasite was presented
in terms alterations seen in the CT values.

Histopathology

Three mice from each group and uninfected and untreated control mice were euthanized by the cervical dislocation on day 7 following the
drug treatment. Then, the deep-seated organs (spleen, liver & brain) were collected & fixed in 4% paraformaldehyde. The paraffin embedded
section of these organs were stained with Haematoxylin & Eosin (H & E), cell infiltration and other histological changes were observed under
the microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analysis was performed using Graphpad prism (version 8, www.graphpad.com). The statistical significance was calculated using
unpaired Student’s t test. p value of <0.05 was considered as statistically significant.
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