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The new biological characteristics identified in the P. vivax life cycle with cryptic infections detected in extrahepatic

sites (spleen, bone marrow and the lymphatic system) present a new conundrum. It is of interest that in all the

cryptic sites, the sinusoidal system is used by the parasites to enter tissues. The sinusoids have a unique

anatomical structure that includes a monocyte–macrophage system in addition to the fenestrated endothelium. All

the tissues are therefore involved in defending the body, particularly the spleen, where the largest biomass of P.

vivax infection has been found. 

malaria elimination  P. vivax biology  P. vivax

1. Introduction

The World Health Organization (WHO) Global Technical Strategy (GTS) for malaria is elimination by 2030 in 35

countries, while a target of global eradication by 2040 has recently been announced

(https://www.who.int/publications/i/item/WHO-CDS-GMP-2019.10, accessed on 23 June 2023) . The new

affirmation follows from the earlier initiative of eradication launched in 2007 and the malERA initiative in 2011 .

The malERA elimination and eradication agenda has highlighted key challenges that need to be overcome to

achieve elimination and eradication by the global community. These include (a) Prioritizing how to detect the foci of

the burden of disease and drug resistance, and how they spread; (b) Ensuring a clear understanding of the

operational process of surveillance and response based on scientific evidence; (c) Ensuring that the biology of

Plasmodium vivax (P. vivax) is well understood and constitutes part of the strategies for elimination in all countries,

including those in sub-Saharan Africa; (d) Sustaining capacity building and engagement efforts between scientists,

policymakers and local actors so that the focus on elimination and eradication is clear and upheld .

2. Life Cycle of Human Plasmodium Parasites and Their
Recently Discovered Tissue Niches

2.1. Sporozoite Inoculation and Invasion of Tissues

The epidemiology of malaria depends on a complex interplay between the intermediate host, parasite, definitive

vectors and the environment . These factors differ from one geographic region to another, thus the

epidemiology also differs accordingly. There are five Plasmodium species in the phylum Apicomplexa and order
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Haemosporidae that cause malaria in humans: P. falciparum, P. vivax, P. ovale curtisi, P. ovale wallikeri, (P. ovale),

P. malariae and P. knowlesi . An infection is initiated when a female Anopheline mosquito infected with the

parasite inoculates an estimated 15–123 sporozoites under the skin of an individual while probing for a blood

vessel to take a meal . While under the skin, the sporozoites get activated based on the environmental

milieu, express proteins required for gliding motility and cell traversal and travel through the blood to the liver using

the sinusoids as entry points to hepatocytes . The sinusoids are lined with resident macrophages, the

Kupffer cells that aid in the transmigration of the sporozoites via gliding motility  through the sinusoids to reach

hepatocytes . Cell traversal proteins enable entry through the hepatocytes until one is selected for

development; alternatively, the sporozoites may use the lymphatic system to enter tissues with the help of the sinus

lining monocyte–macrophage system .

2.2. Entry into Extrahepatic Tissues/Cryptic Sites

It has recently been reported that sporozoites can access and develop in extrahepatic tissues of the body, including

the spleen, bone marrow and lungs . This raises the question of how the parasites enter these non-

hepatic tissues or cryptic sites. In some vertebrates (birds and lizards), sporozoites can enter tissues and

differentiate further using the monocyte–macrophage phagocytic system, including in the skin . The Kupffer

cells, which form the monocyte–macrophage system in the liver, are deficient in the production of reactive oxygen

species (ROS), fail to respond to interferon-gamma during infection, are defective at secreting microbicidal

molecules and serve as permissive hosts for intracellular parasites . These characteristics have also been seen

in spleen red pulp macrophages . Comparatively, it may be that the culpable cells permitting intracellular

parasite migration into non-hepatic tissues are the sinus lining monocytes/macrophages in the bone marrow,

Langerhans cells in the skin, and alveolar macrophages in lung cells (Figure 1). These require further interrogation

as they have a bearing on the role of relapses of hypnozoites in P. vivax and P. ovale malaria transmission  and

asymptomatic infections. These could constitute new avenues for blocking malaria transmission using monoclonal

antibodies.
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Figure 1. (A). Plasmodium life cycle. (A) Description of the Plasmodium life cycle from the sexual stage oocysts

through sporogony to sporozoites, and migration into the salivary gland until inoculation into the human

intermediary host during feeding. Sporozoites then migrate in the asexual stage into host tissues and development

via schizogony and back to the sexual stages. (B) i. a liver lobule showing the triads, ii. a transverse section of the
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spleen showing an area of the sinusoid system, and iii. the hepatic sinus lining monocyte–macrophage system

(sinusoid) Parasites seeking entry interact with the Kupffer cells and stellate cells through proteoglycans. Cells

arrive at the sinusoids from blood flow coming through the intersection of the Portal vein and the Hepatic Artery in

the liver. In the spleen, blood flows through the splenic artery into the central artery, either through the perifollicular

zone and then through the venous sinusoids in the fast circulation, or the red pulp of the cords (consisting of

fibroblasts and reticular fibers, but without endothelial cells) in a slow microcirculation. The slow circulation enables

the mononuclear phagocyte system to remove particulate matter and generate the requisite immune response.

From the red pulp, the blood squeezes through the venous sinusoids, which filter the blood further removing

infected RBCs or intraerythrocytic bodies and exiting through the splenic veins to the portal vein.

2.3. Development of Asexual and Sexual Forms

The development within the tissues is impacted by the specific tissue environment. Rapid transcriptional changes

occur in each parasite depending on the tissue milieu that determines the success of transmission . In the liver,

the sporozoites grow into liver schizonts that undergo schizogony and transform into merozoites, which are the red

blood cell (RBC) infective forms . The merozoites exit hepatocytes through the sinusoids and Kupffer cells to

infect RBCs in the form of merosomes, which are merozoites enclosed in a membrane . The merozoites use

gliding motility similar to sporozoites for entry into RBCs .

In P. vivax and P. ovale, some sporozoites cease replicating and enter a dormant hypnozoite stage  from which

they can relapse when triggered, entering a new replication mode and generating new merozoites . Recent

reports reveal that P. vivax hypnozoites express genes towards the gametocyte stage early in their development

and seem programmed to commit to gametocytogenesis upon activation . In this way, they serve as parasite

reservoirs for propagation. In the RBCs, merozoites go through early ring forms, late trophozoites and blood

schizonts that expand, burst through the RBCs and initiate a new cycle of infection as merozoites (Figure 1A). P.

vivax merozoites are restricted to the invasion of reticulocytes while P. falciparum parasites are not restricted,

although they show a preference for younger RBCs during invasion . The schizonts contain about 16–32

merozoites . The cycle of RBC invasion by merozoites leads to a paroxysm of fever that repeats every 24 h in P.

knowlesi, 48 h in P. falciparum, P. vivax and P. ovale and 72 h in P. malariae . These paroxysms give the

respective descriptors of quotidian, tertian and quartian malaria, respectively, to the disease. During the asexual

RBC cycle, some of the merozoites develop into immature male and female gametes called gametocytes, which

mature to initiate the sexual cycle . The immature forms, which are not visible in the peripheral circulation, are

present in the bone marrow and spleen where they mature and re-enter the circulation . In P. falciparum, five

developmental forms have been observed and characterized as stages 1-V, although only the stage V form is seen

in the peripheral circulation . In P. vivax, however, all the asexual and sexual stages of the parasite can be seen

in the peripheral circulation . The mature gametocytes are taken up during feeding by anopheline mosquitoes

and develop through gametocytogenesis to produce male microgametes and female macrogametes. The

microgametes undergo exflagellation before fertilization with the macrogametes into zygotes  in the mosquito

midgut (Figure 1A). Genetic recombination occurs during this period, leading to a diploid genome. The zygotes

develop further into motile ookinetes in the midgut. Subsequently, the ookinetes move from the midgut epithelium
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to the basal lamina and develop into oocysts via a sporogonic cycle. Sporogony continues in the oocysts,

generating numerous sporozoites . Once mature, the sporozoites are released from the oocysts, after

rupture, into the hemolymph and migrate into the salivary gland ready for a new cycle of inoculation and infection of

humans  (Figure 1A). The genes expressed in the developmental cycle of the parasite appear to be species-

specific based on the host and vectors that the parasite interacts with during the life cycle . These differences

are very important in the life cycles of P. vivax and P. ovale, which have hypnozoite stages. The gene expression

pattern in the parasites is modulated based on host factors, allowing early release and viability of the gametocytes,

thereby sustaining transmission . P. vivax is also established to adapt very well to climatic variations and multiple

vectors, which adds to the difficulty associated with eliminating this parasite .

All the blood stages of P. vivax have been observed in the extrahepatic tissues (bone marrow and spleen). The

immature gametocytes are enriched in the bone marrow parenchyma and the spleen , while the spleen is

further enriched with late-stage asexual forms, trophozoites and schizonts . Schizogony in the bone marrow and

spleen can also generate merozoites for RBC infection . Schizonts also accumulate in the lungs and adipose

tissues . These extrahepatic sites seem to be reservoirs for transmission and sources of sustenance of

transmission, as they are protected from immune attack and drug treatment and occur in asymptomatic individuals

. Whether these synchronize with the liver stages to release merozoites into circulation is currently

unknown.

2.4. The Reticuloendothelial (RES)/Mononuclear Phagocyte System (MPS) in the
Plasmodium Life Cycle

The term ‘RES’ was originally coined by Karl Albert Ludwig Aschoff in 1924  to reference cells involved in

phagocytosis. The Reticulo referred to the tendency of these large cells to connect via cytoplasmic projections to

form a network or reticulum, while endothelial referred to the closeness to the vascular endothelium. In later years,

RES was renamed as cells of the mononuclear phagocyte system (MPS)  based on their morphology and

kinetics and their ability to phagocytose. Currently, they are made up of three key cells based on their function and

phenotype: monocytes, macrophages and dendritic cells . The cells may be resident in their tissues or recruited,

lining the sinusoids of their respective tissues. Macrophages are derived from embryonic progenitors, starting from

the yolk sac and fetal monocytes and are subsequently distributed throughout the developing tissue through the

peripheral circulation . These cells subsequently self-renew in the absence of adult hematopoiesis .

Monocytes, on the other hand, are derived from monocyte progenitor cells and dendritic cells from a dendritic cell

precursor (adult hematopoietic stem cell precursors) . Based on this classification, the previously classified RES

cells—Kupffer, microglia, alveolar macrophages, splenic red pulp macrophages, Langerhans cells and lymphatic

cells—are all considered as belonging to the macrophage type of cells as they are embryonically derived 

(Figure 1B). An important point, though, is that while their origins are the same, the gene expression patterns are

dependent on the tissues in which they are resident . Interestingly, in all the indicated tissues, Plasmodium

sexual and asexual parasites have been observed as discussed below, but much more studied in P. vivax.

2.5. RES/MPS as Host Sites of Cryptic Infections by Plasmodium Parasites
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Blood and Liver: Sporozoites enter the bloodstream in the peripheral circulation using gliding motility , a process

that is unique to Apicomplexan parasites. The parasites stay in the blood until they reach liver sinusoids, where

they are initially sequestered. By interacting with heparan sulphate proteoglycans from Kupffer and stellate cells,

they enter hepatocytes enclosed in a parasitophorous vacuole of host origin, via gliding motility, through the Kupffer

cells  (Figure 1B). They finally settle in one hepatocyte to signal an end to the migration and continue to

develop into schizonts. It has been suggested that cell entry within a parasitophorous vacuole limits cellular

damage during migration, reduces the risk of an inflammatory response to the parasite and is used by the parasite

for nutrient intake and efflux of waste materials . Sinusoids present in tissues of the RES have been reported

to harbor sexual and asexual forms of the Plasmodium parasites following human autopsy studies and rodent

experiments . A question that needs further interrogation is: do Plasmodium asexual and sexual forms have a

preference for the use of sinusoids to enter tissues because of the peculiar role played by macrophages in sinusoid

entry?

Bone marrow and the spleen: The bone marrow is a major site for erythropoiesis, while the spleen filters blood to

remove old and damaged erythrocytes, particles and pathogens . The spleen can contribute to erythropoiesis

in a time of need, such as blood loss or trauma. The macrophages of the sinusoids and fenestrated endothelial

cells play key roles during erythropoiesis and the filtering function of the spleen . Bone marrow macrophages

modulate erythropoiesis by close apposition to the developing erythroblasts, while during blood filtration in the

spleen, macrophages recognize pathogens using pattern recognition receptors and pathogen-associated molecular

patterns and remove them during the open and slow microcirculation through the sinusoids . Parasite entry into

the bone marrow and spleen is also suggested to be through gliding motility, like that of leukocytes during their

transit to sites of acute inflammation, aided by tissue sentinel macrophages and molecular signals from the

pathogens and damaged cells . Therefore, a role for macrophages assisting in parasite entry, as

mentioned previously, would be highly significant in the life cycle of the parasite. It has also been observed that

merozoite-infected RBCs could home into the bone marrow and spleen in a receptor-mediated process due to

vascular leakages that provide signals for invasion . These observations were seen in both the rodent P. berghei

parasite and the human P. falciparum, indicating that the bone marrow and spleen are major sites for parasite

development during the Plasmodium life cycle. The unique biology of P. vivax and P. ovale, i.e., having hypnozoite

stages, presents an even greater intriguing scenario considering that this stage can cause relapse after several

years . Although malaria relapses are attributed to a hypnozoite source in the liver, the current

understanding of the life cycle may point to there being additional sources of cryptic ‘non-liver rejuvenants’ of

dormant parasites . A large proportion (>90%) of chronic P. vivax infections are asymptomatic, subpatent and

submicroscopic . These non-tangible infections have been observed to be present in the spleen and form the

largest biomass of P. vivax infections, accounting for close to 98% of the biomass . In addition, P. vivax genes

involved in sequestration and cytoadherence are spleen-dependent . Therefore, the spleen and bone marrow,

in particular, serve as important sites in the life cycle of P. vivax. These cryptic infections must be considered

carefully in surveillance strategies to ensure that tools for intervention are optimal. The use of passive case

detection as currently conducted in most malaria-endemic countries in sub-Saharan Africa, focusing only on P.

falciparum malaria, would fail to lead to malaria elimination.
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Lymphatic system: The lymphatic system maintains tissue fluid homeostasis and coordinates the transport of

immune cells to tissues . The system harbors asexual Plasmodium parasites of all stages, including merozoites

. The source of the parasites could be sporozoites at the time of inoculation or directly from infected RBCs in

the circulation , considering that the lymphatic system is closely linked with the hepatic sinusoids . Parasite

development could occur in the lymphatic system, leading to the generation of merozoites that can stay latent for

some time before joining the peripheral circulation to invade new RBCs, hence sustaining the life cycle . The

subscapular macrophages of the lymph nodes may be the main cells permitting the entry of intracellular

pathogens; this has been seen for viruses as well .

2.6. Plasmodium vivax Conundrum and Strategic Activities in an Infection

A pathogen’s ability to enable easy uptake by host phagocytes is described as the Trojan Horse model . It

appears that cells of the MPS are frequently used by intracellular parasites as Trojan Horses for entry into host

tissues . Prolonged environmental changes and interactions between pathogens and host cells are key drivers

of adaptation and enablers of the spread or resilience during an infection . These changes ensure some level

of disengagement with or manipulation of the host immune system to ensure survival. The Plasmodium sporozoite

has three main biological characteristics: to be motile, traverse cells and invade host cells . For these functions,

the sporozoites and merozoites have characteristic secretory granules: dense granules for modifying host cells,

rhoptries for forming the parasitophorous vacuoles and micronemes for RBC invasion . Sporozoites have been

shown to contain rhoptries and micronemes, while merozoites have all three granules. Gliding motility is the main

enabler of the three characteristics . These characteristics are shared by Plasmodium parasites.

References

1. Feachem, R.G.A.; Chen, I.; Akbari, O.; Bertozzi-Villa, A.; Bhatt, S.; Binka, F.; Boni, M.F.; Buckee,
C.; Dieleman, J.; Dondorp, A.; et al. Malaria eradication within a generation: Ambitious,
achievable, and necessary. Lancet 2019, 394, 1056–1112.

2. Rabinovich, R.N.; Drakeley, C.; Djimde, A.A.; Hall, B.F.; Hay, S.I.; Hemingway, J.; Kaslow, D.C.;
Noor, A.; Okumu, F.; Steketee, R.; et al. malERA: An updated research agenda for malaria
elimination and eradication. PLoS Med. 2017, 14, e1002456.

3. malERA Refresh Consultative Panel on Tools for Malaria Elimination malERA: An updated
research agenda for diagnostics, drugs, vaccines, and vector control in malaria elimination and
eradication. PLoS Med. 2017, 14, e1002455.

4. malERA Consultative Group on Health Systems and Operational Research A research agenda for
malaria eradication: Health systems and operational research. PLoS Med. 2011, 8, e1000397.

5. Frost, W.H. Some conceptions of epidemics in general by Wade Hampton Frost. Am. J.
Epidemiol. 1976, 103, 141–151.

[71]

[10][72]

[10] [73]

[72]

[74]

[75]

[76]

[77][78]

[79]

[80]

[80]



Life Cycle and Tissue Niches of Plasmodium Parasites | Encyclopedia.pub

https://encyclopedia.pub/entry/47905 8/13

6. Coosemans, M.; Wery, M.; Mouchet, J.; Carnevale, P. Transmission factors in malaria
epidemiology and control in Africa. Mem. Inst. Oswaldo Cruz 1992, 87 (Suppl. 3), 385–391.

7. Sutherland, C.J.; Tanomsing, N.; Nolder, D.; Oguike, M.; Jennison, C.; Pukrittayakamee, S.;
Dolecek, C.; Hien, T.T.; do Rosario, V.E.; Arez, A.P.; et al. Two nonrecombining sympatric forms of
the human malaria parasite Plasmodium ovale occur globally. J. Infect. Dis. 2010, 201, 1544–
1550.

8. Ponnudurai, T.; Lensen, A.H.; van Gemert, G.J.; Bensink, M.P.; Bolmer, M.; Meuwissen, J.H.
Sporozoite load of mosquitoes infected with Plasmodium falciparum. Trans. R. Soc. Trop. Med.
Hyg. 1989, 83, 67–70.

9. Tavares, J.; Formaglio, P.; Medvinsky, A.; Menard, R.; Amino, R. Imaging sporozoite cell traversal
in the liver of mice. Methods Mol. Biol. 2013, 923, 401–410.

10. Amino, R.; Thiberge, S.; Shorte, S.; Frischknecht, F.; Menard, R. Quantitative imaging of
Plasmodium sporozoites in the mammalian host. Comptes Rendus Biol. 2006, 329, 858–862.

11. Vanderberg, J.P. Development of infectivity by the Plasmodium berghei sporozoite. J. Parasitol.
1975, 61, 43–50.

12. Sidjanski, S.; Vanderberg, J.P. Delayed migration of Plasmodium sporozoites from the mosquito
bite site to the blood. Am. J. Trop. Med. Hyg. 1997, 57, 426–429.

13. Roth, A.; Adapa, S.R.; Zhang, M.; Liao, X.; Saxena, V.; Goffe, R.; Li, S.; Ubalee, R.; Saggu, G.S.;
Pala, Z.R.; et al. Unraveling the Plasmodium vivax sporozoite transcriptional journey from
mosquito vector to human host. Sci. Rep. 2018, 8, 12183.

14. Mota, M.M.; Pradel, G.; Vanderberg, J.P.; Hafalla, J.C.; Frevert, U.; Nussenzweig, R.S.;
Nussenzweig, V.; Rodriguez, A. Migration of Plasmodium sporozoites through cells before
infection. Science 2001, 291, 141–144.

15. Loubens, M.; Marinach, C.; Paquereau, C.; Hamada, S.; Hoareau-Coudert, B.; Akbar, D.;
Franetich, J.; Silvie, O. The claudin-like apicomplexan microneme protein is required for gliding
motility and infectivity of Plasmodium sporozoites. PLoS Pathog. 2023, 19, e1011261.

16. Pradel, G.; Frevert, U. Malaria sporozoites actively enter and pass through rat Kupffer cells prior
to hepatocyte invasion. Hepatology 2001, 33, 1154–1165.

17. Frischknecht, F.; Matuschewski, K. Plasmodium Sporozoite Biology. Cold Spring Harb Perspect.
Med. 2017, 7, a025478.

18. Frevert, U.; Usynin, I.; Baer, K.; Klotz, C. Nomadic or sessile: Can Kupffer cells function as portals
for malaria sporozoites to the liver? Cell. Microbiol. 2006, 8, 1537–1546.

19. Wake, K. Cell-cell organization and functions of ‘sinusoids’ in liver microcirculation system. J.
Electron. Microsc. 1999, 48, 89–98.



Life Cycle and Tissue Niches of Plasmodium Parasites | Encyclopedia.pub

https://encyclopedia.pub/entry/47905 9/13

20. Krettli, A.U.; Dantas, L.A. Which routes do Plasmodium sporozoites use for successful infections
of vertebrates? Infect. Immun. 2000, 68, 3064–3065.

21. Baer, K.; Roosevelt, M.; Clarkson, A.B.J.; van Rooijen, N.; Schnieder, T.; Frevert, U. Kupffer cells
are obligatory for Plasmodium yoelii sporozoite infection of the liver. Cell. Microbiol. 2007, 9, 397–
412.

22. Baer, K.; Klotz, C.; Kappe, S.H.I.; Schnieder, T.; Frevert, U. Release of hepatic Plasmodium yoelii
merozoites into the pulmonary microvasculature. PLoS Pathog. 2007, 3, e171.

23. Kho, S.; Qotrunnada, L.; Leonardo, L.; Andries, B.; Wardani, P.A.I.; Fricot, A.; Henry, B.; Hardy,
D.; Margyaningsih, N.I.; Apriyanti, D.; et al. Hidden Biomass of Intact Malaria Parasites in the
Human Spleen. N. Engl. J. Med. 2021, 384, 2067–2069.

24. Lepay, D.A.; Nathan, C.F.; Steinman, R.M.; Murray, H.W.; Cohn, Z.A. Murine Kupffer cells.
Mononuclear phagocytes deficient in the generation of reactive oxygen intermediates. J. Exp.
Med. 1985, 161, 1079–1096.

25. Nusrat, A.R.; Wright, S.D.; Aderem, A.A.; Steinman, R.M.; Cohn, Z.A. Properties of isolated red
pulp macrophages from mouse spleen. J. Exp. Med. 1988, 168, 1505–1510.

26. Venugopal, K.; Hentzschel, F.; Valkiunas, G.; Marti, M. Plasmodium asexual growth and sexual
development in the haematopoietic niche of the host. Nat. Rev. Microbiol. 2020, 18, 177–189.

27. Sturm, A.; Amino, R.; van de Sand, C.; Regen, T.; Retzlaff, S.; Rennenberg, A.; Krueger, A.;
Pollok, J.; Menard, R.; Heussler, V.T. Manipulation of host hepatocytes by the malaria parasite for
delivery into liver sinusoids. Science 2006, 313, 1287–1290.

28. Yahata, K.; Hart, M.N.; Davies, H.; Asada, M.; Wassmer, S.C.; Templeton, T.J.; Treeck, M.; Moon,
R.W.; Kaneko, O. Gliding motility of Plasmodium merozoites. Proc. Natl. Acad. Sci. USA 2021,
118, e2114442118.

29. Markus, M.B. Malaria: Origin of the Term “Hypnozoite”. J. Hist. Biol. 2011, 44, 781–786.

30. White, N.J. Determinants of relapse periodicity in Plasmodium vivax malaria. Malar. J. 2011, 10,
297.

31. Mancio-Silva, L.; Gural, N.; Real, E.; Wadsworth, M.H.; Butty, V.L.; March, S.; Nerurkar, N.;
Hughes, T.K.; Roobsoong, W.; Fleming, H.E.; et al. A single-cell liver atlas of Plasmodium vivax
infection. Cell Host Microbe 2022, 30, 1048–1060.e5.

32. Hentzschel, F.; Gibbins, M.P.; Attipa, C.; Beraldi, D.; Moxon, C.A.; Otto, T.D.; Marti, M. Host cell
maturation modulates parasite invasion and sexual differentiation in Plasmodium berghei. Sci.
Adv. 2022, 8, eabm7348.

33. Su, X.; Zhang, C.; Joy, D.A. Host-Malaria Parasite Interactions and Impacts on Mutual Evolution.
Front. Cell. Infect. Microbiol. 2020, 10, 587933.



Life Cycle and Tissue Niches of Plasmodium Parasites | Encyclopedia.pub

https://encyclopedia.pub/entry/47905 10/13

34. Thomson, J.G. Malaria in Nyasaland: (Section of Tropical Diseases and Parasitology). Proc. R.
Soc. Med. 1935, 28, 391–404.

35. Hawking, F.; Wilson, M.E.; Gammage, K. Evidence for cyclic development and short-lived maturity
in the gametocytes of Plasmodium falciparum. Trans. R. Soc. Trop. Med. Hyg. 1971, 65, 549–
559.

36. Bantuchai, S.; Imad, H.; Nguitragool, W. Plasmodium vivax gametocytes and transmission.
Parasitol. Int. 2022, 87, 102497.

37. Enger, A.; Strand, O.A.; Ranheim, T.; Hellum, K.B. Exflagellation of microgametocytes in
Plasmodium vivax malaria: A diagnostic conundrum. Med. Princ. Pract. 2004, 13, 298–300.

38. Baton, L.A.; Ranford-Cartwright, L.C. How do malaria ookinetes cross the mosquito midgut wall?
Trends Parasitol. 2005, 21, 22–28.

39. Prudencio, M.; Rodriguez, A.; Mota, M.M. The silent path to thousands of merozoites: The
Plasmodium liver stage. Nat. Rev. Microbiol. 2006, 4, 849–856.

40. Real, E.; Howick, V.M.; Dahalan, F.A.; Witmer, K.; Cudini, J.; Andradi-Brown, C.; Blight, J.;
Davidson, M.S.; Dogga, S.K.; Reid, A.J.; et al. A single-cell atlas of Plasmodium falciparum
transmission through the mosquito. Nat. Commun. 2021, 12, 3196.

41. Bray, R.S.; Garnham, P.C. The life-cycle of primate malaria parasites. Br. Med. Bull. 1982, 38,
117–122.

42. Cogswell, F.B. The hypnozoite and relapse in primate malaria. Clin. Microbiol. Rev. 1992, 5, 26–
35.

43. Smalley, M.E.; Abdalla, S.; Brown, J. The distribution of Plasmodium falciparum in the peripheral
blood and bone marrow of Gambian children. Trans. R. Soc. Trop. Med. Hyg. 1981, 75, 103–105.

44. Joice, R.; Nilsson, S.K.; Montgomery, J.; Dankwa, S.; Egan, E.; Morahan, B.; Seydel, K.B.;
Bertuccini, L.; Alano, P.; Williamson, K.C.; et al. Plasmodium falciparum transmission stages
accumulate in the human bone marrow. Sci. Transl. Med. 2014, 6, 244re5.

45. De Niz, M.; Meibalan, E.; Mejia, P.; Ma, S.; Brancucci, N.M.B.; Agop-Nersesian, C.; Mandt, R.;
Ngotho, P.; Hughes, K.R.; Waters, A.P.; et al. Plasmodium gametocytes display homing and
vascular transmigration in the host bone marrow. Sci. Adv. 2018, 4, eaat3775.

46. Lee, R.S.; Waters, A.P.; Brewer, J.M. A cryptic cycle in haematopoietic niches promotes initiation
of malaria transmission and evasion of chemotherapy. Nat. Commun. 2018, 9, 1689.

47. Wake, K.; Kawai, Y.; Smedsrod, B. Re-evaluation of the reticulo-endothelial system. Ital. J. Anat.
Embryol. 2001, 106, 261–269.



Life Cycle and Tissue Niches of Plasmodium Parasites | Encyclopedia.pub

https://encyclopedia.pub/entry/47905 11/13

48. van Furth, R.; Cohn, Z.A.; Hirsch, J.G.; Humphrey, J.H.; Spector, W.G.; Langevoort, H.L.
Mononuclear phagocytic system: New classification of macrophages, monocytes and of their cell
line. Bull. World Health Organ. 1972, 47, 651–658.

49. Yona, S.; Gordon, S. From the Reticuloendothelial to Mononuclear Phagocyte System—The
Unaccounted Years. Front. Immunol. 2015, 6, 328.

50. Ginhoux, F.; Jung, S. Monocytes and macrophages: Developmental pathways and tissue
homeostasis. Nat. Rev. Immunol. 2014, 14, 392–404.

51. Guilliams, M.; Ginhoux, F.; Jakubzick, C.; Naik, S.H.; Onai, N.; Schraml, B.U.; Segura, E.;
Tussiwand, R.; Yona, S. Dendritic cells, monocytes and macrophages: A unified nomenclature
based on ontogeny. Nat. Rev. Immunol. 2014, 14, 571–578.

52. Guilliams, M.; De Kleer, I.; Henri, S.; Post, S.; Vanhoutte, L.; De Prijck, S.; Deswarte, K.;
Malissen, B.; Hammad, H.; Lambrecht, B.N. Alveolar macrophages develop from fetal monocytes
that differentiate into long-lived cells in the first week of life via GM-CSF. J. Exp. Med. 2013, 210,
1977–1992.

53. Okabe, Y.; Medzhitov, R. Tissue-specific signals control reversible program of localization and
functional polarization of macrophages. Cell 2014, 157, 832–844.

54. Pradel, G.; Garapaty, S.; Frevert, U. Proteoglycans mediate malaria sporozoite targeting to the
liver. Mol. Microbiol. 2002, 45, 637–651.

55. Hussain, T.; Linera-Gonzalez, J.; Beck, J.M.; Fierro, M.A.; Mair, G.R.; Smith, R.C.; Beck, J.R. The
PTEX Pore Component EXP2 Is Important for Intrahepatic Development during the Plasmodium
Liver Stage. mBio 2022, 13, e0309622-22.

56. Comazzetto, S.; Shen, B.; Morrison, S.J. Niches that regulate stem cells and hematopoiesis in
adult bone marrow. Dev. Cell 2021, 56, 1848–1860.

57. Groom, A.C.; Schmidt, E.E.; MacDonald, I.C. Microcirculatory pathways and blood flow in spleen:
New insights from washout kinetics, corrosion casts, and quantitative intravital videomicroscopy.
Scanning Microsc. 1991, 5, 159–173.

58. Steiniger, B.; Barth, P.; Hellinger, A. The perifollicular and marginal zones of the human splenic
white pulp: Do fibroblasts guide lymphocyte immigration? Am. J. Pathol. 2001, 159, 501–512.

59. Buffet, P.A.; Safeukui, I.; Deplaine, G.; Brousse, V.; Prendki, V.; Thellier, M.; Turner, G.D.;
Mercereau-Puijalon, O. The pathogenesis of Plasmodium falciparum malaria in humans: Insights
from splenic physiology. Blood 2011, 117, 381–392.

60. Johnston, B.; Butcher, E.C. Chemokines in rapid leukocyte adhesion triggering and migration.
Semin. Immunol. 2002, 14, 83–92.



Life Cycle and Tissue Niches of Plasmodium Parasites | Encyclopedia.pub

https://encyclopedia.pub/entry/47905 12/13

61. Nakhaei-Nejad, M.; Hussain, A.M.; Zhang, Q.; Murray, A.G. Endothelial PI 3-kinase activity
regulates lymphocyte diapedesis. Am. J. Physiol. Heart Circ. Physiol. 2007, 293, 3608.

62. Hliscs, M.; Millet, C.; Dixon, M.W.; Siden-Kiamos, I.; McMillan, P.; Tilley, L. Organization and
function of an actin cytoskeleton in Plasmodium falciparum gametocytes. Cell. Microbiol. 2015,
17, 207–225.

63. Itkin, T.; Gur-Cohen, S.; Spencer, J.A.; Schajnovitz, A.; Ramasamy, S.K.; Kusumbe, A.P.;
Ledergor, G.; Jung, Y.; Milo, I.; Poulos, M.G.; et al. Distinct bone marrow blood vessels
differentially regulate haematopoiesis. Nature 2016, 532, 323–328.

64. Vestweber, D. How leukocytes cross the vascular endothelium. Nat. Rev. Immunol. 2015, 15,
692–704.

65. Markus, M.B. Theoretical origin of genetically homologous Plasmodium vivax malarial
recurrences. S. Afr. J. Infect. Dis. 2022, 37, 369.

66. Angrisano, F.; Robinson, L.J. Plasmodium vivax—How hidden reservoirs hinder global malaria
elimination. Parasitol. Int. 2022, 87, 102526.

67. Commons, R.J.; Simpson, J.A.; Watson, J.; White, N.J.; Price, R.N. Estimating the Proportion of
Plasmodium vivax Recurrences Caused by Relapse: A Systematic Review and Meta-Analysis.
Am. J. Trop. Med. Hyg. 2020, 103, 1094–1099.

68. Markus, M.B. Malaria Eradication and the Hidden Parasite Reservoir. Trends Parasitol. 2017, 33,
492–495.

69. Del Portillo, H.A.; Ferrer, M.; Brugat, T.; Martin-Jaular, L.; Langhorne, J.; Lacerda, M.V.G. The role
of the spleen in malaria. Cell. Microbiol. 2012, 14, 343–355.

70. Lapp, S.A.; Korir-Morrison, C.; Jiang, J.; Bai, Y.; Corredor, V.; Galinski, M.R. Spleen-dependent
regulation of antigenic variation in malaria parasites: Plasmodium knowlesi SICAvar expression
profiles in splenic and asplenic hosts. PLoS ONE 2013, 8, e78014.

71. Betterman, K.L.; Harvey, N.L. The lymphatic vasculature: Development and role in shaping
immunity. Immunol. Rev. 2016, 271, 276–292.

72. Landau, I.; Chabaud, A.G.; Vuong, P.N.; Deharo, E.; Gautret, P. Circulation in the lymphatic
system and latency of Plasmodium merozoites. Preliminary note. Parasite 1995, 2, 185–186.

73. Iwakiri, Y. The lymphatic system: A new frontier in hepatology. Hepatology 2016, 64, 706–707.

74. Gray, E.E.; Cyster, J.G. Lymph node macrophages. J. Innate Immun. 2012, 4, 424–436.

75. Giusiano, G. The Trojan Horse Model in Paracoccidioides: A Fantastic Pathway to Survive
Infecting Human Cells. Front. Cell. Infect. Microbiol. 2021, 10, 605679.



Life Cycle and Tissue Niches of Plasmodium Parasites | Encyclopedia.pub

https://encyclopedia.pub/entry/47905 13/13

76. Walker, D.M.; Oghumu, S.; Gupta, G.; McGwire, B.S.; Drew, M.E.; Satoskar, A.R. Mechanisms of
cellular invasion by intracellular parasites. Cell Mol. Life Sci. 2014, 71, 1245–1263.

77. Kronstad, J.W.; Hu, G.; Choi, J. The cAMP/Protein Kinase A Pathway and Virulence in
Cryptococcus neoformans. Mycobiology 2011, 39, 143–150.

78. May, R.C.; Stone, N.R.H.; Wiesner, D.L.; Bicanic, T.; Nielsen, K. Cryptococcus: From
environmental saprophyte to global pathogen. Nat. Rev. Microbiol. 2016, 14, 106–117.

79. Arredondo, S.A.; Schepis, A.; Reynolds, L.; Kappe, S.H.I. Secretory Organelle Function in the
Plasmodium Sporozoite. Trends Parasitol. 2021, 37, 651–663.

80. Cowman, A.F.; Tonkin, C.J.; Tham, W.; Duraisingh, M.T. The Molecular Basis of Erythrocyte
Invasion by Malaria Parasites. Cell Host Microbe 2017, 22, 232–245.

Retrieved from https://encyclopedia.pub/entry/history/show/108368


