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a b s t r a c t 

The control and elimination of malaria caused by Plasmodium vivax is hampered by the threat of re- 

lapsed infection resulting from the activation of dormant hepatic hypnozoites. Currently, only the 8- 

aminoquinolines, primaquine and tafenoquine, have been approved for the elimination of hypnozoites, 

although their use is hampered by potential toxicity. Therefore, an alternative radical curative drug 

that safely eliminates hypnozoites is a pressing need. This study assessed the potential hypnozoitici- 

dal activity of the antibiotic azithromycin, which is thought to exert antimalarial activity by inhibit- 

ing prokaryote-like ribosomal translation within the apicoplast, an indispensable organelle. The results 

show that azithromycin inhibited apicoplast development during liver-stage schizogony in P. vivax and 

Plasmodium cynomolgi , leading to impaired parasite maturation. More importantly, this study found that 

azithromycin is likely to impair the hypnozoite’s apicoplast, resulting in the loss of this organelle. Sub- 

sequently, using a recently developed long-term hepatocyte culture system, this study found that this 

loss likely induces a delay in the hypnozoite activation rate, and that those parasites that do proceed 

to schizogony display liver-stage arrest prior to differentiating into hepatic merozoites, thus potentially 

preventing relapse. Overall, this work provides evidence for the potential use of azithromycin for the rad- 

ical cure of relapsing malaria, and identifies apicoplast functions as potential drug targets in quiescent 

hypnozoites. 

© 2024 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Plasmodium vivax , an apicomplexan vector-borne parasite, is the 

ost widely distributed human malaria parasite in tropical areas 

utside of Africa. It causes serious morbidity, with an estimated 
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.8 billion people at risk of infection [1 , 2] . A major obstacle to P.

ivax eradication is its ability to cause relapse episodes by the ac- 

ivation of dormant liver-stage hypnozoites weeks, months or even 

ears after resolution of the primary blood-stage infection in in- 

ividuals, who had no further infectious mosquito bites [3] . This 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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alient biological feature also occurs in Plasmodium ovalecurtisi and 

lasmodium ovalewallikeri infections, and in some non-human pri- 

ate malaria parasites including Plasmodium cynomolgi , a species 

hat is used as the model for P. vivax [3–6] . However, the biologi-

al mechanisms underlying hypnozoite formation, persistence and 

ctivation remain a mystery, and constitute a major obstacle to de- 

eloping novel drugs against these non-replicating forms. 

While several antimalarial drugs that can kill growing para- 

ites in the liver are available, the 8-aminoquinoline primaquine 

emains the only therapeutic option to eliminate hypnozoites 

2 , 4 , 7 , 8] . However, its long dosing schedule (for up to 14 days) and

otential haemolytic toxicity in patients with glucose-6-phosphate 

ehydrogenase (G6PD)-deficient red cells, a genetic disorder that 

s fairly common in malaria-endemic areas [2 , 4 , 8] , makes its de-

loyment to achieve radical cure challenging. Tafenoquine, another 

-aminoquinoline, has been approved in some countries recently, 

ut is yet to be deployed. Nonetheless, despite its longer half- 

ife and shorter dosing schedule, tafenoquine can still cause severe 

aemolytic anaemia in G6PD-deficient individuals [2 , 9] . Thus, an 

fficacious alternative drug that eliminates hypnozoites safely is a 

ressing need, and will be crucial for vivax malaria elimination in 

he coming decades. 

Antibiotics known to interfere with the apicoplast, a relict 

acterium-like organelle found in most apicomplexan parasites 

10] , may offer an interesting alternative to eliminate hypno- 

oites. This organelle constitutes an attractive drug target as 

t harbours several metabolic pathways, such as the synthesis 

f fatty acids, isoprenoid precursors, haem and iron–sulphur 

omplexes, that are essential for parasite survival [11–13] . The 

iogenesis, division and inheritance of the apicoplast during the 

epeated cycles of host cell invasion and parasite replication can 

e inhibited specifically by antibiotics by interfering with the 

ousekeeping functions of this organelle, such as DNA replication, 

ranscription or protein translation [10 , 13] . With few exceptions, 

n erythrocytic P. falciparum parasites, these antibiotics cause a 

istinctive ‘delayed-death’ phenotype, in which parasite growth 

s unaffected during the first asexual replication cycle after drug 

xposure, but is arrested during the subsequent division cycle, 

ven after drug removal [14 , 15] . This effect is due to the fact that

he progeny of antibiotic-treated parasites inherit non-functional 

picoplasts that are unable to sustain their critical biological pro- 

esses [10] . An effect comparable to the delayed-death phenotype 

s also observed for the intrahepatic stages of Plasmodium berghei , 

hich show no apparent defect in maturation when treated 

arly with apicoplast-targeting antibiotics, but subsequently fail 

o establish a blood-stage infection due to impaired apicoplast 

iogenesis [16 , 17] . 

Antibiotics that cause delayed death, such as doxycycline, clin- 

amycin and the longer-acting azithromycin, are widely used 

or malaria treatment and prophylaxis [18–22] . The use of 

zithromycin is particularly attractive for antimalarial therapies be- 

ause it displays a good safety profile in pregnant women and may 

lso be used in young children, the most vulnerable populations at 

isk of malaria. Moreover, it is eliminated slowly from the body 

nd accumulates in the liver [20 , 23] , where the first obligatory 

eplicative stage of the plasmodium infection occurs in mammalian 

osts. 

. Materials and methods 

.1. Ethics statement 

Adult cynomolgus macaques ( Macaca fascicualris ) that were 

aptive-bred for research purposes and housed in the Infectious 

isease Models for Innovative Therapies facilities at the Com- 

issariat d’Energie Atomique (CEA; Fontenay-aux-Roses, France) 
2

ere used for production of P. cynomolgi M strain sporozoites 

nd liver cells. All animals were maintained in accordance with 

ecommendations of the Weatherall report, and with French 

ational regulations under the inspections of national veterinary 

nspectors. CEA complies with Standards for Human Care and Use 

f Laboratory Animals (Animal Welfare Assurance, OLAW number 

A5826-01). The animals were used under the supervision of the 

eterinarians in charge of the animal facility, and the protocols 

mployed were reviewed by the Ethical Animal Committee of CEA. 

nimal housing was in accordance with international guidelines 

or non-human primate care and use. Experimental procedures 

ere conducted in strict accordance with the recommendations 

f the European guidelines for the care and use of laboratory 

nimals (European directive 63/210). All protocols and the use 

f hepatocytes for the purpose of the work described here were 

pproved by the Ethical Animal Committee of CEA (permit number 

 92-032-02). 

Adult captive-bred rhesus monkeys ( Macaca mulatta , Indian ori- 

in) housed in the Biomedical Primate Research Centre (Rijswijk, 

he Netherlands) were used for production of P. cynomolgi M trans- 

enic strain (PcyC-PAC-GFPhsp70-mCherryLisp2) sporozoites. The 

esearch protocol was approved by the Central Committee for An- 

mal Experiments (licence number AVD5020020172664), and the 

ubprotocol was approved by the local independent ethical com- 

ittee constituted conform Dutch law (BPRC Dier Experimenten 

ommissie, Instantie voor Dierenwelzijn, IvD; agreement number 

007 C) prior to the start of the experiments. All experiments were 

erformed according to Dutch and European laws. The Council of 

he Association for Assessment and Accreditation of Laboratory An- 

mal Care has been awarded BPRC full accreditation. Thus, BPRC is 

ully compliant with the international demands on animal studies 

nd welfare as set forth by European Council Directive 2010/63/EU, 

nd Convention ETS 123, including the revised Appendix A as 

ell as the ‘Standard for Humane Care and Use of Laboratory 

nimals by Foreign Institutions’ (identification number A5539- 

1), provided by the Department of Health and Human Services 

f the US National Institutes of Health and Dutch implementing 

egislation. 

For production of P. vivax sporozoites, infected blood collec- 

ion was approved by the Ethics Committee of Faculty of Tropi- 

al Medicine, Mahidol University (MUTM 201 L-040-05). Informed 

onsent was obtained from each patient before sample collection. 

All procedures involving murine models complied with Euro- 

ean regulations. The protocol was ethically approved by the Min- 

stère de l’Education Nationale, de l’Enseignement Supérieur et de 

a Recherche (authorization number 01737.03). 

.2. Primary cryopreserved hepatocyte culture conditions 

Primary human and M. fascicularis hepatocytes were used in 

his study. M. fascicularis primary hepatocytes were isolated from 

iver segments taken from healthy M. fascicularis (kept at CEA), 

sing a collagenase perfusion technique as described previously 

24] , and were cryopreserved immediately. Cryopreserved primary 

uman hepatocyte vials were purchased from Biopredic (Lot no. 

Huf17905A) (Biopredic International, Saint-Grégoire, France). 

The cryopreserved hepatocytes were thawed at 37 °C and were 

eeded into 96- or 384-well plates (Greiner Bio-One, Fricken- 

ausen, Germany) pre-coated with rat-tail collagen I (BD Bio- 

ciences, San Jose, CA, USA) at a density of approximately 80,0 0 0 

r 25,0 0 0 cells per well, respectively. The hepatocytes were cul- 

ivated at 37 °C in 5% CO2 in William’s E medium (Gibco) sup- 

lemented with 10% ( v/v ) fetal clone III serum (FCS; Hyclone, 

ytiva, Chicago, IL, USA), 2 mM L-glutamine,100 u/mL penicillin 

nd 100 μg/mL streptomycin (Gibco, Life Technologies, Villebon sur 

vette, France), 5 × 10−3 g/L human insulin (Sigma Aldrich, St 
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Table 1 

List of primary antibodies used in the study 

Antibody Source Working dilution References 

Recombinant mouse, anti- Pv UIS4 Noah Sather (Centre for Infectious Disease Research, Seattle, USA) 1:20,000 [55] 

Mouse anti- Pc UIS4, polyclonal Laurent Rénia (Singapore Immunology Network, Agency for Science, 

Technology, and Research, Singapore) 

1:500 [56] 

Recombinant rabbit, monoclonal 

anti- Py ACP 

Scot E. Lindner (Huck Centre for Malaria Research, Penn State, USA) 1:250 [57] 
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ouis, MO, USA) and 5 × 10−5 M hydrocortisone (Upjohn Labora- 

ories SERB, Paris, France). After 1 day, the cells were overlaid with 

atrigel (Corning Life Sciences, Amsterdam, The Netherlands), and 

ere cultured for 1–4 days for M. fascicularis and human hepato- 

ytes until infection with sporozoites. 

.3. Plasmodium sporozoite production and isolation 

For P. cynomolgi (M strain), M. fascicularis was infected with the 

. cynomolgi M strain by injection of frozen infected M. fascicularis 

lood. The resulting blood-stage parasitaemia was monitored by 

iemsa-stained smears, and blood samples were collected at ap- 

ropriate times and transferred safely to Centre d’Immunologie et 

es Maladies Infectieuses (CIMI; Paris, France) to infect Anophe- 

es stephensi mosquitoes, bred in the insectary facility, using an 

emotek membrane feeding system (Hemotek Ltd, Blackburn, UK), 

s described previously [24] . 

For P. vivax , infected blood samples were collected from symp- 

omatic patients attending malaria clinics in Sai Yok District, 

anchanaburi Province, and Tha Song Yang District, Tak Province, 

hailand. Anopheles dirus mosquitoes were allowed to feed on 

he infected blood by membrane feeding, as described previously 

25] . The infected mosquitoes were then shipped safely to CIMI 

here they were dissected to recover the sporozoites at the time 

f hepatocyte infection. 

Two to three weeks after the blood meal, P. vivax and 

. cynomolgi sporozoites were extracted from hand-dissected 

osquito salivary glands crushed in a potter. The sporozoites were 

ecovered after filtration through a 40-μm filter (Cell Strainer, Bec- 

on Dickinson, Franklin Lakes, NJ, USA), as described previously 

24 , 26] . The sporozoites were counted using a disposable Glasstic 

icroscope slide (KOVA, Garden Grove, CA, USA) and kept on ice 

ntil hepatocyte infection. 

.4. Hepatocyte infection with P. vivax and P. cynomolgi sporozoites 

nd drug assays 

For infection, matrigel was removed from hepatocyte cultures 

nd sporozoites were added. Briefly, P. vivax and P. cynomolgi 

porozoites were resuspended in the complete medium used for 

epatocyte culture. A total of 30,0 0 0 or 20,0 0 0 sporozoites per

ell were inoculated into hepatocyte cultures in 96- or 384-well 

lates, respectively. The infected cultures were then centrifuged 

t 560 × g for 10 min at room temperature to allow fast sporo- 

oite sedimentation on to the target cells, and thereafter were in- 

ubated at 37 °C under 5% CO2 . Three hours later, cultures were 

ashed and a layer of matrigel (Corning Life Sciences) was added, 

s per the manufacturer’s recommendations. To allow for matrigel 

ayer polymerization, the cultures were incubated for 45 min at 

7 °C prior to adding the medium, which was thereafter renewed 

very 24 h. 

For the drug assays, complete medium supplemented with the 

ppropriate azithromycin (Sigma-Aldrich) concentration was added 

nd changed daily. In the first experiments, infected hepatocytes 

ere exposed to a two-fold dilution azithromycin series, from 20 

M to 1.25 μM, from day 4 until fixation at day 8 post-sporozoite 
3

nfection for P. vivax , and from day 4 to day 10 post-infection for 

. cynomolgi . In a second set of experiments, cultures were treated 

ith 10 μM azithromycin from day 4 to day 18 and fixed on days 

0, 14, 16 and 18; or treated from day 4 to day 16 and fixed on

ays 10, 16, 20, 24 and 28. In any individual experiment, each 

oncentration was tested in quadruplicate in 384-well plates or in 

riplicate in 96-well plates. For each defined time point, cultivation 

as ended by fixation with 4% (w/v) paraformaldehyde solution 

or 15 min at room temperature. 

.5. Parasite immuno-fluorescence assay, quantification and confocal 

maging 

The exoerythrocytic forms (EEFs) were stained using mouse 

olyclonal anti Pc -UIS4 ( P. cynomolgi ) and anti- Pv UIS4 ( P. vivax )

see Table 1 ), and revealed with an Alexa 488-conjugated goat 

nti-mouse immunoglobulin (Molecular Probes, Eugene, OR, USA). 

ost cell and parasite nuclei were labelled with 4′ ,6-diamidino-2- 

henylindole (DAPI). The EEFs were counted manually under flu- 

rescence microscopy (Leica DMI40 0 0B, Wetzlar, Germany), and 

heir area was measured using a Cell Insight High Content Screen- 

ng platform equipped with the Studio HCS software (Thermo 

isher Scientific, Waltham, MA, USA) in Celis Platform (ICM, La 

itié-Salpêtrière, Paris), as described previously [27] . 

To investigate the effect of azithromycin inhibition on api- 

oplast maturation, the EEFs were stained using acyl carrier pro- 

ein (ACP) antibody, revealed with an Alexa Fluor 568-conjugated 

oat anti-rabbit immunoglobulin (Molecular Probes), and imaged 

sing a confocal microscope (Leica SP8 white laser microscope) at 

3X magnification in Quant Platform (ICM), as described previously 

28] . For each condition, 100 parasites were observed. The images 

ere analysed using ImageJ software ( https://fiji.sc/ ). 

.6. Fluorescence-activated cell sorting of P. cynomolgi-GFP-infected 

epatocytes and quantitative polymerase chain reaction 

uantification of apicoplasts 

A. stephensi mosquitoes infected with P. cynomolgi M strain 

cyC-PAC-GFPhsp70-mCherryLisp2 parasites, provided by Clemens 

 M Kocken (Biomedical Primate Research Centre, Rijswijk, The 

etherlands) [29] were used. Salivary gland sporozoites from these 

arasites were isolated from infected mosquitoes and added to 

epatocytes as described above. Hepatocytes were seeded into 

ollagen-coated six-well plates (Falcon by Becton Dickinson Lab- 

are Europe, France) at a density of approximately 2 × 106 cells 

er well, and 24 h later, 1 × 106 sporozoites were added per well. 

he infected hepatocytes were exposed to 10 μM azithromycin 

rom day 4 to day 10. At day 10 post-infection, the hepatocytes 

ere harvested by trypsin treatment (0.25% trypsin-EDTA, 1 min 

t 37 °C). Cells were pelleted by centrifugation, washed with phos- 

hate buffered saline (PBS), resuspended in FACS solution, and 

ransferred on ice to the cytometry platform (CYBIO, Cochin In- 

titute, Paris, France). Hepatocytes containing GFP-expressing un- 

nucleate forms (GFPlow) or liver schizonts (GFPhigh) were then 

ACS-sorted using a FACSAria flow cytometer equipped with a 488- 

m coherent sapphire solid state 20 mW laser (BD Biosciences), 

https://fiji.sc/
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s described previously [30] . gDNA was isolated using a Nuce- 

lSpin tissue kit (Macherey-Nagel, Düren, Germany) as per the 

anufacturer’s instructions. The quantity and quality of the ex- 

racted DNA were assessed using a NanoDrop ND-10 0 0 (Thermo 

isher Scientific). Primers for quantitative polymerase chain re- 

ctions (qPCRs) were designed using the free Primer3 software, 

ersion 4.0 ( https://primer3.org/ ) to specifically amplify the api- 

oplast elongation factor Tu (EFTu) gene (PcyM_API01900, for- 

ard: 5′ - TTCAAGCTCAATCCGGAGATA -3′ ; reverse: 5′ - ATGACGAC- 

TCCTTCTTCCTT -3′ ), the nuclear-encoded chitinase (CHT) genes 

PcyM_0102900, forward: 5′ - CCCCCAGGTAGAAGTACCAAA -3′ ; re- 

erse: 5′ - GCACGGGTTGAATATGACCTA -3′ ) and the serine-tRNA 

igase (stNRA) gene (PcyM_03170 0 0-t36_1, forward: 5′ - ACGTCA- 

AAGGGAACAAAGGTA -3′ ; reverse: 5′ - TCAGCAGGTCGAAGTG- 

TAGTA -3′ ). All qPCR reactions were performed using an Ap- 

lied Biosystems 7300 Real-Time PCR System with the Power SYBR 

reen PCR Master Mix kit (Applied Biosystems, Waltham, MA, 

SA), in accordance with the manufacturer’s instructions. The cy- 

ling conditions were one cycle of 95 °C for 15 min, followed by 40 

ycles of 94 °C for 30 s, 57 °C for 30 s, and 72 °C for 30 s. Two bio-

ogical replicates, with three technical replicates for each, were un- 

ertaken for each sample. The housekeeping tRNA gene was used 

or internal normalization [28] . Relative copy numbers of target 

enes relative to tRNA were calculated according to the 2−��Ct 

ethod [31] . 

.7. P. berghei cultures and mouse infection 

To determine the ability of azithromycin-treated late schizonts 

o establish blood-stage infections in naïve mice, HepG2 cell cul- 

ures were infected with sporozoites of P. berghei parasites and 

reated with 10 μM azithromycin. Briefly, 24 h prior to sporo- 

oite infection, HepG2 cells (HB-8065; ATCC) were seeded in 24- 

ell plates, pre-coated with collagen I, at a density of 15 × 103 

ells/cm2 , in Dulbecco-modified Eagle medium supplemented with 

0% fetal calf serum and antibiotics. On the day of infection, P. 

erghei (ANKA strain transgenic for GFP)-infected mosquitoes were 

issected as described above, sporozoites were counted, and each 

ell of a 24-well plate received approximately 3 × 104 sporo- 

oites. The infected cultures were then incubated in the pres- 

nce or absence of azithromycin at 37 °C, 5% CO2 , with 90% hu- 

idity. At 66 h post-infection, parasites (all late schizonts and 

etached merosomes confused) were harvested from untreated 

nd azithromycin-treated infected HepG2 cells, washed, resus- 

ended in a drug-free medium, and then injected into sus- 

eptible mice. A total of six mice was used for each group, 

nd for each mouse, an entire well of a 24-well plate, which 

ontains an average of 10 0 0 parasites, was injected intraperi- 

oneally. Blood-stage parasitaemia was monitored by Giemsa- 

tained smears using light microscopy. All mice used in these ex- 

eriments were female BALB/c mice (average weight was approx- 

mately 18 g) purchased from René Janvier (Le Genest-Saint-Isle, 

rance). 

To assess the effect of azithromycin treatment on the sporozoite 

tage, freshly dissected P. berghei –GFP sporozoites were incubated 

ith varying concentrations of azithromycin for 30 min at room 

emperature. The sporozoites were recovered by centrifugation and 

esuspended in fresh culture medium. For quantification and con- 

ocal imaging, some sporozoites were placed on a coverslip then 

xed for 10 min with 4% PFA followed by two washes with PBS, 

tained with DAPI and ACP antibody as described above, and im- 

ged using a confocal microscope. To assess their hepatic develop- 

ent, these pre-incubated sporozoites were added to primary cul- 

ures of M. fascicularis hepatocytes. In total, 30,0 0 0 sporozoites per 

ell were inoculated into hepatocyte cultures in 384-well plates 
4

nd cultivated until day 2 post-infection. The number of schizonts 

nd area measurements were determined as described above. 

.8. Data analysis 

GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA) 

as used for data analysis and graphing. All values have been ex- 

ressed as mean and standard deviation. A P -value ≤0.05 was con- 

idered to indicate significance. 

. Results 

.1. Liver-stage development in P. vivax and P. cynomolgi is blocked 

y azithromycin treatment 

This study evaluated the effect of azithromycin on the in-vitro 

iver stages in primary hepatocytes of the relapsing parasites, P. vi- 

ax and P. cynomolgi . Using a radical cure mode assay, the parasites 

ere exposed to escalating doses of azithromycin from day 4 to 

ay 8 post-sporozoite infection for P. vivax , and from day 4 to day 

0 post-infection for P. cynomolgi [32] . Parasite counts were carried 

ut on days 8 and 10, respectively. Two types of EEF were observed 

or both species: large multi-nucleated schizonts and small uninu- 

leated hypnozoite-like forms, as reported previously [26] . For both 

pecies, quantification of schizonts and uninucleate hepatic para- 

ite numbers revealed no differences in azithromycin-treated cul- 

ures compared with untreated controls ( Fig. 1A ). However, the ex- 

osed schizonts showed a significant reduction in surface area in 

 dose-independent manner ( Fig. 1 B,C). More specifically, > 67% of 

he untreated P. vivax schizonts had an area > 1500 μm2 (mean 

rea 1419.10 μm2 ), whereas, at the highest dose, nearly all (97%) 

zithromycin-treated schizonts had an area < 1500 μm2 (mean area 

49.29 μm2 ). 

.2. Azithromycin disrupts apicoplast integrity in P. vivax and 

. cynomolgi multi-nucleate and uninucleate forms 

Next, this study investigated whether the observed effect on 

chizont development was reflected by the inhibition of apicoplast 

aturation in the exposed parasites, and, more importantly, 

hether azithromycin was able to interfere with the apicoplast in 

he uninucleate forms. Apicoplast structure was visualized through 

taining of the parasites’ ACP, a resident protein ( Fig. 2 A,C). In 

he liver stage, the apicoplast grows from a single dot/elongate 

tructure that elongates progressively within the cytoplasm during 

he early schizogony to develop into a highly branched network 

tructure in the late schizogony before dividing, such that each 

aughter merozoite inherits a single small apicoplast prior to 

elease into the circulation [16 , 28 , 33] . In the untreated cultures, all

he schizonts from both species showed the normal apicoplast bio- 

enesis expected late in the schizogony; indeed, all the apicoplasts 

n the P. vivax and P. cynomolgi parasites were either as networks 

r segregated into formed merozoites ( Fig. 2 A,B). In contrast, 

xposure to azithromycin led to a disruption in the development 

f the apicoplasts or their complete loss in most of the parasites 

or both species ( Fig. 2 A,B). The proportion of schizonts with 

isrupted apicoplasts reached 71% for P. vivax and 80.5% for P. 

ynomolgi , with a concomitant decrease in the proportion of those 

ith normal apicoplasts ( Fig. 2 B). 

With respect to the uninucleate forms of both species, all 

howed the typical apicoplast development expected at this late 

eriod of development in the untreated cultures, with two dis- 

inguishable apicoplast morphologies: a dot or elongate-shaped 

picoplast; or a branched morphology ( Fig. 2 C,D). In azithromycin- 

reated cultures of both species, more than half of the uninucleate 

orms had apicoplasts with diffuse punctate foci throughout 

https://primer3.org/
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Fig. 1. Development of Plasmodium vivax and Plasmodium cynomolgi exoerythrocytic forms is blocked by azithromycin treatment of infected primary hepatocytes. Primary 

cultures of human and Macaca fascicularis hepatocytes were infected with P. vivax and P. cynomolgi , respectively, and exposed to different doses of azithromycin from day 

4 post-infection until fixation on day 8 for P. vivax, or day 10 for P. cynomolgi. (A) The numbers of schizont (black) and uninucleate (green) forms were not different in 

azithromycin-treated cultures compared with untreated controls for P. vivax and P. cynomolgi . Data are from two independent experiments carried out in quadruplicate, and 

the results are expressed as mean ± standard deviation. (B) Schizonts were significantly smaller in azithromycin-treated cultures compared with untreated controls for P. 

vivax and P. cynomolgi . Schizont size is expressed as surface area ( μm2 ). (C) Representative immunofluorescence images of P. vivax (day 8 post-infection) and P. cynomolgi 

(day 10 post-infection) schizonts in controls and azithromycin-treated cultures. Parasites were stained with an anti- UIS4 antibody (green), and DNA was labelled with DAPI 

(blue). Pictures are z-sections acquired by confocal microscopy with a × 63 objective. Image z-stacks were deconvolved and then presented as a single combined image. 

Scale bar 10 μm. Statistical significance was determined using one-way analysis of variance Kruskal–Wallis test, followed by Dunn’s multiple comparisons with control 

groups. Significance was determined by P < 0.0 0 01 (∗∗∗∗), P < 0.001 (∗∗) and P < 0.05 (∗). 
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he cytoplasm, with some in which an apicoplast could not be 

etected. The proportion of uninucleate forms with disrupted 

picoplasts increased in a dose-dependent manner to reach > 60% 

t the highest azithromycin dose ( Fig. 2 D). 

To confirm the azithromycin-induced defect in apicoplast seg- 

egation at the molecular level, hepatocytes harbouring GFP- 

xpressing P. cynomolgi uninucleate forms (GFPlow) or liver sch- 

zonts (GFPhigh) were purified with FACS at day 10 post-infection, 

ollowing exposure to 10 μM azithromycin from day 4 to day 10. 

ext, genomic DNA (gDNA) was isolated from azithromycin-treated 
5

nd untreated parasites, and the presence of apicoplast-encoded 

longation factor Tu (EFTu) and the nuclear-encoded CHT genes 

as assessed quantitatively. As expected, azithromycin-treated and 

ntreated schizonts or uninucleate forms had almost comparable 

uantities of the nuclear-encoded CHT genes ( Fig. 2 E). However, 

he gene copy numbers of the apicoplast-encoded EFTu were sig- 

ificantly reduced in the azithromycin-treated schizonts and the 

ninucleate parasites compared with those in the untreated para- 

ites ( Fig. 2 E), which is consistent with an apicoplast multiplication 

efect. These results clearly demonstrate that the disruption of api- 



N. Amanzougaghene, S. Tajeri, J.-F. Franetich et al. International Journal of Antimicrobial Agents 63 (2024) 107112

Fig. 2. Azithromycin disrupts apicoplast integrity in Plasmodium vivax and Plasmodium cynomolgi multi-nucleate and uninucleate forms. Representative immunofluorescence 

images of apicoplast morphology of (A) hepatic schizonts and (C) uninucleate forms in azithromycin-treated and untreated cultures. The parasites were visualized at day 10 

post-infection with an anti-UIS4 antibody (green), nuclei were stained with DAPI (blue) and apicoplasts were stained with acyl carrier protein (ACP) antibody (red). Pictures 

are z-sections acquired by confocal microscopy with a × 63 objective. Image z-stacks were deconvolved and then presented as a single combined image. Scale bar 10 μm. 

Proportion (as a mean of percentage) of the various apicoplast morphologies in (B) schizonts and (D) uninucleate forms in azithromycin-treated and untreated cultures. For 

each condition, 100 parasites were examined. Data are from two independent experiments carried out in quadruplicate. (E) Comparative analysis of P. cynomolgi genomic 

DNA (gDNA) of the nuclear gene (CHT) vs the apicoplast gene (EFTu) demonstrates a significant reduction in the EFTu copy number relative to the CHT in both azithromycin- 

treated schizont and uninucleate forms (Mann–Whitney U -test, ∗∗P < 0.01 and ∗∗∗P < 0.001; ns, not significant). gDNA was quantified by quantitative polymerase chain reaction 

from FACS-purified hepatocytes containing GFP-expressing uninucleate forms and schizonts at day 10 post-infection, from cultures exposed to 10 μM azithromycin from day 

4 to day 10 post-infection or left untreated. gDNA copy numbers were normalized against tRNA genes. Error bars represent the standard error of the mean of two biological 

replicates. 
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Fig. 3. Azithromycin dampens schizont maturation and uninucleate form reactivation rates. (A–F) Plasmodium vivax and Plasmodium cynomolgi hepatic cultures were exposed 

or not to 10 μM of azithromycin from day 4 to day 16 post-infection, and exoerythrocytic form (EEF) quantification was carried out at different time points. (A,D) Numbers 

of schizont (black) and uninucleate forms (green) were compared in azithromycin-treated and control P. vivax (A) and P. cynomolgi (D) cultures (unpaired Student’s t -test: 

P > 0.05) for both species. Data were obtained from two independent experiments carried out in quadruplicate, and the results are expressed as mean ± standard deviation. 

(B,E) The size of P. vivax (B) and P. cynomolgi (E) schizonts was significantly smaller in azithromycin-treated cultures compared with untreated controls. Schizont size is ex- 

pressed as surface area ( μm2 ). (C,F) Quantification of the apicoplast morphologies in P. vivax (C) and P. cynomolgi (F) schizonts in azithromycin-treated and untreated cultures 

(means of percentages). One hundred parasites were analysed for each form. Data are from two independent experiments carried out in quadruplicate. Statistical significance 

was determined using a one-way analysis of variance Kruskal–Wallis test followed by Dunn’s multiple comparisons with control groups. Significance was determined by 

P < 0.0 0 01 (∗∗∗∗), P < 0.001 (∗∗) and P < 0.05 (∗). 
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oplast division by azithromycin results in a loss of the organelle’s 

NA, corroborating results obtained elsewhere [34] . 

.3. Azithromycin dampens schizont maturation and uninucleate 

orm reactivation rate 

Finally, in order to ascertain whether the azithromycin-exposed 

ninucleate parasites with altered apicoplast morphology were 

ble to activate and resume normal hepatic development, a long- 

erm hepatocyte culture system was used that allows maintenance 

f the primary hepatocytes in culture for 1 month post-seeding 

26] . In preliminary experiments, the duration of azithromycin ex- 

osure required to damage the apicoplasts (diffuse ACP signal or 

oss of it) in all the uninucleate parasites was determined. Thus, 

. cynomolgi hepatic cultures were exposed to 10 μM azithromycin 

rom day 4 post-infection until fixation at incremental time points 

days 10, 14, 16 and 18), at which point they were immunostained 

or an apicoplast marker protein to assess the morphology of this 

rganelle. This revealed that exposure to azithromycin from day 4 

o day 16 led to the disruption of apicoplasts in all the uninucleate 

arasites (Fig. S1, see online supplementary material). Therefore, 

epatic parasite development in cultures exposed to azithromycin 

rom day 4 to day 16 was assessed until day 28 for P. vivax and P.

ynomolgi , with control and treated cultures fixed at different time 

oints ( Fig. 3 ). It would be expected that between day 10 and day

6 post-infection, nearly all normally developing hepatic parasites 

ould have fully matured to release merozoites into the medium 

i.e. become lost from the culture), leaving some that might still 

e maturing, and others that derived from activated uninucleate 

orms, a process that will continue throughout the cultivation, that 

ill also develop to yield merozoites. Therefore, a decrease in the 

umber of uninucleate forms thereafter would reflect awakening 

rom quiescence. 

In both the control and the azithromycin-treated cultures, the 

ctivation of the uninucleate forms, as assessed by the decrease 

n their number over day 16 to day 28, proceeds at an even pace

or both species, indicating a constant rate of activation to lead 

o mature parasites that then rupture, which is reflected by the 

ate of decrease in the number of schizonts over time ( Fig. 3 A,D

nd Fig. S2, see online supplementary material). However, the rate 

f activation appears slower for the azithromycin-treated cultures 

ompared with the control cultures (Fig. S2, see online supple- 

entary material). Schizont numbers are also observed to decrease 

n all cultures, possibly faster for P. vivax than P. cynomolgi (Fig. 

2, see online supplementary material), either because the num- 

ers in that species are lower, or because P. vivax schizonts are 

ore susceptible to azithromycin. Nonetheless, the schizonts in the 

zithromycin-exposed cultures were significantly smaller in area 

han their control counterparts on day 16 and thereafter until 

ay 28, during which time drug exposure had ceased ( Fig. 3 B,E). 

urthermore, all the drug-exposed schizonts displayed apicoplasts 

ith disrupted morphology, with an increasing proportion, as time 

ent by, in which this organelle could not be detected ( Fig. 3 C,F)

nd where the nuclear material was abnormal (Fig. S3, see online 

upplementary material). 

.4. P. berghei parasites exposed to azithromycin during liver-stage 

rowth fail to establish blood-stage infections 

Using P. berghei -infected HepG2 cells exposed or not to 10 μM 

zithromycin and then inoculated at 66 h post-infection into naïve 

ice (c. 10 0 0 parasite forms per mouse), the present study con- 

rmed a previous observation [17] that, although this treatment 

id not prevent hepatic-stage development, it ablated the ability 

f these parasites to lead to an erythrocytic infection (Fig. S4A, 

ee online supplementary material). As expected, the drug-exposed 
8

arasites were smaller in size and generally displayed affected api- 

oplast morphology (Fig. S4B, see online supplementary material). 

his study also demonstrated that exposure of P. berghei sporo- 

oites to different doses of azithromycin for 30 min affected their 

picoplast, in that most of them displayed the dot form and some 

acked an apicoplast entirely (‘lost’ category) (Fig. S5A,B, see on- 

ine supplementary material), in contrast to those in control sporo- 

oites, where only 29% presented as a single dot with the others 

howing the mature elongated form. The exposure of sporozoites 

o azithromycin as above had no effect on the number of hepatic 

chizonts, although their size was reduced (Fig. S5C,D, see online 

upplementary material), a phenotype that is similar to that ob- 

erved in parasites treated during hepatic development. 

Finally, this ‘prophylactic regimen’ was repeated using in-vitro 

ultured P. cynomolgi hepatic stages, where the parasites were ex- 

osed to increasing azithromycin concentrations from the time of 

porozoite inoculation until day 7 and then assessed. Although sch- 

zonts and uninucleate forms did not vary in number as drug con- 

entration increased (Fig. S6A, see online supplementary material), 

he schizont area was reduced significantly at all doses (Fig. S6B, 

ee online supplementary material), and the proportion of altered 

picoplasts in both parasite forms increased with drug concentra- 

ion, with nearly all affected in the 10 μM azithromycin cultures 

Fig. S6C,D). 

. Discussion and conclusions 

The lack of treatment options other than 8-aminoquinolines 

primaquine and tafenoquine) to clear hypnozoites represents a 

ajor barrier to the control and elimination of P. vivax, P. ovale- 

urtisi and P. ovalewallikeri , the three relapsing species of malaria 

arasites infecting humans [4] . Azithromycin, an antibiotic, is ef- 

ective against erythrocytic parasites and has been favourably con- 

idered as an additional component in therapeutic or prophylactic 

egimes [22] . Azithromycin is thought to exert its antimalarial ac- 

ivity by inhibiting the prokaryote-like 50S ribosomal translation 

f the apicoplast [35] . The inhibitory effect of azithromycin on the 

iver stages was first demonstrated in P. berghei , where it impaired 

picoplast biogenesis and prevented hepatic merozoite formation 

16 , 17] . The dependence on this organelle to complete hepatic de- 

elopment is most likely due to specific metabolites or proteins 

hose synthesis is dependent on the apicoplast, such as some 

omponents of the type II fatty acid synthesis pathway [36–38] , 

he plasmodium-specific apicoplast protein involved in liver mero- 

oite formation [39] , and enzymes of phosphatidic acid biosynthe- 

is [40] . The requirement for metabolites during hepatic develop- 

ent is likely higher than that during the erythrocytic cycle, where 

he number of merozoites per infected cell is comparatively very 

mall (4–32 compared with thousands for the hepatic schizont) 

41] . 

This study exploited the long-term in-vitro cultivation of relaps- 

ng P. vivax and P. cynomolgi in primary hepatocytes to ascertain 

he potential of azithromycin exposure to impair hypnozoite for- 

ation, activation and subsequent maturation to form merozoites. 

n these cultures, the uninucleate forms observed on day 10, and 

specially after day 16, are considered as quiescent forms capable 

f activation, and thus, as hypnozoites [26] . 

The morphological and molecular observations confirmed that 

xposure to azithromycin treatment disrupts the normal develop- 

ent, division and functions of the apicoplast in hepatic schizonts, 

hich consequently prevents their maturation to form merozoites. 

urthermore, the data provide the first evidence that azithromycin 

isrupts the apicoplast in the quiescent uninucleate forms, and 

onsequently impairs these forms that remain in the long-term in- 

itro cultures. This is consistent with previous investigations where 

t was shown that the apicoplast is metabolically active in P. vivax 
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ypnozoites in a humanized mouse model [42] , and in P. cynomolgi 

ypnozoites progressing to dormancy [43] . Although it is not yet 

nown which and how the metabolic pathways present in the api- 

oplast are implicated in hypnozoite biology, upregulation of the 

picoplast’s FASII synthesis pathway genes may be essential 43]. 

n Mycobacterium tuberculosis , the acetyl-CoA is redirected in the 

CA cycle for fatty acid synthesis in order to build up carbon stor- 

ge in the latent stage [44] , a requirement that may be similar for

lasmodium hypnozoites [43] . Furthermore, a recent demonstra- 

ion that the disruption of the metabolic pathways or the genesis 

f the toxoplasma apicoplast results in the loss of bradyzoite via- 

ility [45] lends support to these conclusions. 

Two further observations in the long-term cultures are ger- 

ane to the potential effect of azithromycin on hypnozoites. First, 

lthough azithromycin treatment did not prevent activation, the 

ate of activation of the uninucleate forms from day 16 onwards 

o resume development appears to be reduced in cultures ex- 

osed to azithromycin for 12 days, which may imply a lack of 

he metabolic resources needed for activation. Interestingly, this 

ffect appears more pronounced in P. cynomolgi than in P. vivax . 

econd, the schizonts that result from those forms that have acti- 

ated past day 16 appear not only to persist for longer periods, but 

lso to have disrupted apicoplasts, implying that they would not 

e able to form merozoites. In addition, using P. berghei , a rodent 

alaria model, this study confirmed that hepatic parasites exposed 

o azithromycin in vitro could not establish blood-stage infection in 

ivo . Thus, these observations indicate that prolonged exposure to 

zithromycin would prevent hepatic parasite maturation, including 

hat by activated hypnozoites, and thus prevent blood-stage infec- 

ions, including relapses. 

Early limited studies in macaques [46] and humans [47] ex- 

luded the potential for azithromycin to inhibit hypnozoites and 

revent relapses. However, randomized, controlled, double-blind 

rials in Southeast Asia [4 8 , 4 9] revealed potent prophylactic activ- 

ty against P. vivax infections, which must have included a signifi- 

ant antirelapse component because it persisted for many weeks 

ollowing the last dose for P. vivax infections (9–10 weeks) but 

ot P. falciparum infections (3–4 weeks). It is likely that the sub- 

tantial accumulation of azithromycin in the liver, considered to be 

0–100 times more concentrated in some tissues compared with 

erum [50] , would have provided sufficient exposure of the hepatic 

tages to the drug. The fact that hepatic schizonts with disrupted 

picoplasts may persist for long durations could also contribute to 

liciting and maintaining protective immune responses against the 

iver-stage parasite, a vaccination strategy that has been proposed 

nd validated [17 , 51–54] . Further investigations using other mod- 

ls of hypnozoite development, such as mice with livers engrafted 

ith human or M. fascicularis hepatocytes [42] , or preclinical tri- 

ls in macaques would help to elucidate the mechanism of action 

f azithromycin. However, clinical trials designed to assess the effi- 

acy of this drug, alone or in combination, against P. vivax relapses 

re warranted. 

In conclusion, these findings provide the first indication that 

he apicoplast offers a valuable opportunity for hypnozoiticidal 

rug discovery, as this organelle may be susceptible to disruption 

y compounds other than 8-aminoquinolines to prevent relapses, 

nd thus help to accelerate the elimination of P. vivax . Other cheap 

afe antimalarials, in addition to azithromycin, that target the api- 

oplast are therefore worthy of exploration as hypnociticidals [34] . 
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 19 

Figure S1. Duration of azithromycin exposure required to damage 100% of the 20 

uninucleate form’s apicoplasts. P. cynomolgi cultures were exposed to 10 µM of azithromycin 21 

from day 4 to day 10, 14, 16, or 18 post-infections and fixed at days 10, 14, 16 and 18 post-22 

infections, respectively. The apicoplast morphologies were quantified in uninucleate forms in 23 

azithromycin-treated and untreated cultures. 100 parasites were analyzed for each form. Data 24 

are from two independent experiments performed in quadruplicates. Uninucleate forms are 25 

shown as means of percentages. 26 



 27 

 28 

Figure S2. Decrease in the numbers of uninucleate forms and schizonts over time in 29 

azithromycin-treated and control cultures. The data for the mean number of forms are 30 

derived from Fig. 3 A and C, P. vivax and P. cynomolgi, respectively. The fitted lines are 31 

represented as dotted lines to allow visual comparison. 32 

  33 



 34 

 35 

 36 

Figure S3. Altered morphology of late schizonts in treated cultures. Quantification of late 37 

schizonts morphology in P. vivax (A) and P. cynomolgi (B) schizonts in azithromycin-treated 38 

and untreated cultures (means of percentages). 100 parasites were analyzed for each form. Data 39 

are from two independent experiments carried out in quadruplicates. 40 

 41 

 42 

 43 



 44 

 45 

Figure S4. Parasites emerging from azithromycin-treated cultures are non-infectious. (A) 46 

Kaplan-Meier curves of the appearance of parasitaemia in inoculated mice. Groups of six 47 

animals were injected intraperitoneally with P. berghei-infected hepatoma cells at 66 hours post 48 

sporozoites infection from azithromycin-treated or untreated cultures. (B) Inhibition of 49 

apicoplast maturation during liver-stage development of P. berghei. Shown are 50 

immunofluorescence images of 48-hour liver stages P. berghei GFP (green) parasites stained 51 



with antibody to PbACP (red) and nuclei stained with DAPI (blue). Note the highly branched 52 

structure of mature apicoplasts in control parasites stained with an antibody to PbACP in 53 

contrast to azithromycin-treated parasites. Scale bars 10 µm. 54 

 55 

 56 

Figure S5. Disruption of apicoplast integrity in P. berghei sporozoites stage by 57 

Azithromycin. (A) Representative immunofluorescence images of apicoplast morphology of 58 

P. berghei sporozoites preincubated or not with azithromycin for 30 min. The sporozoites were 59 

visualized with GFP (gray), nuclei were stained with DAPI (blue) and apicoplast with ACP-60 

antibody (red). Pictures are z-sections acquired by confocal microscopy with a ×63 objective. 61 

Image z-stacks were deconvolved and then presented as a single combined image. Scale bar, 62 



10µm. (B) Proportion (as mean percentage) of the various apicoplast morphologies in 63 

sporozoites exposed or not to azithromycin. For each condition, 100 parasites were examined. 64 

Data are from two independent experiments each carried out in quadruplicates. (C and D) 65 

Primary cultures of M. fascicularis hepatocytes were infected with P. berghei sporozoites 66 

preincubated or not with different doses of azithromycin and fixed at day 2 post-infection. (C) 67 

Sizes of schizonts were significantly smaller in cultures infected with sporozoites preincubated 68 

with azithromycin as compared to control. Schizonts size is expressed as surface area (μm2). 69 

(D) No difference in the numbers of schizonts in cultures infected with sporozoites preincubated 70 

with azithromycin as compared to control. Data are from two independent experiments carried 71 

out in quadruplicate and the results are expressed as mean ± standard deviation (SD). Statistical 72 

significance was determined using a one-way ANOVA Kruskal-Wallis followed by Dunn’s 73 

multiple comparisons to control groups, where significance is determined by P < 0.0001 (****), 74 

P < 0.001 (**) and P < 0.05 (*). 75 

 76 

 77 



 78 

Figure S6. P. cynomolgi EEFs development is blocked by azithromycin treatment of 79 

infected primary simian hepatocytes. P. cynomolgi M-infected primary hepatocyte cultures 80 

were exposed to the different doses of azithromycin from day 0 to day 7 pi and fixed on day 7. 81 

(A) The numbers of schizont (dark) and uninucleate forms (green) were not significantly 82 

different in azithromycin-treated cultures as compared to untreated controls. The experiments 83 

were performed in triplicate and the results were expressed as mean ± standard deviation (SD). 84 

(B) The size of schizonts was significantly smaller in azithromycin-treated cultures compared 85 

to untreated control. Each dot represents mean EEFs area per well in a 96-well plate (n = 3 86 

wells). (C and D) Quantification of the various apicoplast morphologies in schizonts (C) and 87 

uninucleate forms (D) in AZ-treated and untreated cultures. For each condition, 100 parasites 88 

were observed. Statistical significance was determined using a one-way ANOVA Kruskal-89 



Wallis test followed by Dunn’s multiple comparisons to control groups, where significance is 90 

determined by P < 0.0001 (****), P < 0.001 (**) and P < 0.05 (*). 91 

 92 
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