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Apicomplexan Research in 3D Cultures

SUMMARY Parasites belonging to the Apicomplexa phylum are among the most suc-
cessful pathogens known in nature. They can infect a wide range of hosts, often remain
undetected by the immune system, and cause acute and chronic illness. In this phylum,
we can find parasites of human and veterinary health relevance, such as Toxoplasma,
Plasmodium, Cryptosporidium, and Eimeria. There are still many unknowns about the
biology of these pathogens due to the ethical and practical issues of performing
research in their natural hosts. Animal models are often difficult or nonexistent, and as
a result, there are apicomplexan life cycle stages that have not been studied. One recent
alternative has been the use of three-dimensional (3D) systems such as organoids, 3D
scaffolds with different matrices, microfluidic devices, organs-on-a-chip, and other tissue
culture models. These 3D systems have facilitated and expanded the research of api-
complexans, allowing us to explore life stages that were previously out of reach and ex-
perimental procedures that were practically impossible to perform in animal models.
Human- and animal-derived 3D systems can be obtained from different organs, allowing
us to model host-pathogen interactions for diagnostic methods and vaccine develop-
ment, drug testing, exploratory biology, and other applications. In this review, we sum-
marize the most recent advances in the use of 3D systems applied to apicomplexans.
We show the wide array of strategies that have been successfully used so far and apply
them to explore other organisms that have been less studied.

KEYWORDS apicomplexan parasites, host-parasite interaction, organoids, organ-on-a-chip,
2D culture, 3D cultures

INTRODUCTION

he in vitro culture of pathogens has allowed great advances in microbiological

research. These two-dimensional (2D) cultures are relatively cheap, easy to main-
tain, and facilitate the analysis of a target microorganism for a wide array of experi-
mental procedures (Fig. 1). Nevertheless, 2D culture lacks certain compounds, extracel-
lular microenvironments, barriers, signaling molecules, and architectures, which makes
the propagation of specific protozoan parasites difficult or different from the natural
niche (1). Animal models have been useful to facilitate research addressing cell culture
limitations. While animal models can provide us with key information about the pa-
thology of human diseases or the natural host (2, 3), there is pressure to reduce the
number of animals used in research. Despite the development of new techniques for
animal model replacement, in vivo models are still used for antibody production, diag-
nosis, drug testing, dissemination experiments, and vaccine challenges.

In the last decade, researchers have focused on developing new systems to recapitu-
late whole body host and pathogen interactions. One widely used system is organoid
technology (Fig. 2). Organoids are multicellular in vitro cultures that resemble the whole
architecture and most of the function of a specific tissue, such as epithelial polarization,
environmental cues, and biomechanical forces (4, 5). These three-dimensional (3D) struc-
tures are self-organized and contain organ-specific cells that are grown from primary
stem cells (embryonic stem cells or induced pluripotent stem cells) and adult stem cells
(6, 7). These structures need to be supplemented with an extracellular matrix and a com-
bination of growth factors to maintain the stem cell niche (8). As a result, organoids are
a better representation of an organ created in vitro with the advantage of mimicking
most features of the in vivo tissue. The resemblance of the organoids to natural organs
was a breakthrough in the microbiology field. Organoids have allowed the study of
organisms that were difficult to grow in vitro, like rotaviruses, norovirus, and other patho-
gens (9-12).

There are classifications for 3D cultures, and confusion between organoids and
spheroids is quite common. Spheroids are stabilized from immortalized cell lines, pri-
mary cells, or fragments of tissue (13-15) and are generated using one cell type or a
multicellular mixture of cells (14-16). Organoids originate from adult or embryonic
stem cells, physically resemble a portion of the organ, and can maintain the population
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Technique Parasite Cell line Reference
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COLO 680N Miller et al., 2018
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FIG 1 2D tissue culture systems: list of the most commonly used cell lines for in vitro culture of apicomplexan parasites. The
sources shown are references 38 (Upton et al., 1994), 41 (Miller et al., 2018), 62 (Khan and Grigg, 2017), 119 (Arévalo-Pinzén et al.,
2011), 121 (Salazar Alvarez et al., 2021), 122 (Wilkening et al., 2003), 158 (Strout et al., 1965), 159 (Miiller, 1975a), 160 (Mdiller,

1975b), 164 (Lopez-Osorio et al.,, 2018), and 166 (Carrau et al., 2016).

of stem cells (17, 18). As organoids have the potential to be isolated and cultured from
a variety of tissues, a wide range of organoids can be expanded and used to model
adult functional tissue, such as stomach, lung, gut, liver, pancreas, and brain (6, 19).
This advantage has been used to study host-parasite interactions for many microor-
ganisms, such as bacteria, viruses, and parasites, including pathogens that are difficult
to grow using in vitro models (20-23). In this review, we discuss the applicability of
organoids for apicomplexan parasite research, with a focus on the study of host-para-
site interactions of medical and veterinary relevance. We describe advantages, disad-
vantages, challenges, and future perspectives for the use of organoid models to study
apicomplexan parasites.

CRYPTOSPORIDIUM STUDIES IN 3D SYSTEMS
Cryptosporidium Overview

Cryptosporidium is a genus of intracellular apicomplexan parasites that cause diarrhea
and gastroenteritis in many species, including humans. They are the leading cause of
child mortality worldwide. The latest report from the Centers for Disease Control and
Prevention estimates that 750,000 cases of cryptosporidiosis occur each year in the
United States (24). A recent meta-analysis estimates the global prevalence of the parasite
at 7.6% (25). Populations at risk of infection include children under the age of 5 (26),
immunocompromised individuals (27), and even healthy individuals during outbreaks
(28). Clinical manifestations of infection with Cryptosporidium include watery diarrhea,
abdominal cramps, nausea, vomiting, and wasting. The main route of transmission is
fecal-oral by consuming food or water contaminated with the resistant oocyst form of
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FIG 2 3D tissue culture systems: list of cell lines and tissues most commonly used for the generation of in vitro 3D structures in
apicomplexan research. The sources shown are references 14 (Chua et al., 2019), 32 (DeCicco RePass et al., 2017), 45 (Alcantara Warren et al.,
2008), 48 (Morada et al., 2016), 52 (Heo et al.,, 2018), 70 (McConkey et al., 2016), 71 (Danielson et al., 2018), 84 (Seo et al., 2020), 125 (Arez et
al., 2019), 126 (Harbuzariu et al., 2019), 168 (Fernandes de Moura Guedes, 2018), 169 (Arendt, 2019), and 170 (Nash et al., 2021).
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the parasite. Once consumed, the parasites invade the epithelial cells in the small intes-
tine and undergo their full life cycle within a single host (29). Cryptosporidium has
received increased interest in the medical community due to its high resistance to com-
mon disinfectants, its infectivity, and the paucity of effective treatments. In contrast to
other apicomplexan parasites, like Toxoplasma gondii, long-term passage and genetic
manipulation of Cryptosporidium have not been available until recently (30-32). In the
following sections, we cover some of the challenges associated with the maintenance of
the parasite in vitro, breakthroughs, and perspectives on future exploration.

Challenges and Initial Tissue Culture Systems

While the first description of Cryptosporidium was made more than a century ago
(33), studies on the parasite started in the 1980s, when its clinical importance was rec-
ognized during the AIDS/HIV epidemic. In the United States, symptoms of cryptospori-
diosis were often used to diagnose AIDS even before the real causative agent, HIV, was
determined (34). Despite its importance, research in Cryptosporidium has been hin-
dered by obstacles in the methods of culture and expansion, inability to cryopreserve
infectious oocysts, and difficulty in genetically modifying the parasite. This contrasts
with the progress that has been achieved in other apicomplexan parasites, such as T.
gondii (35).

One of the first successful attempts to overcome the challenge of culturing and
expanding Cryptosporidium was performed in 1984 by Current and Haynes (36). They
observed the complete development of the parasite in cell culture, opening the path for
other scientists to study this microorganism. In their research, oocysts isolated from a
patient with chronic infection were used to infect human fetal lung cells, chicken kidney
cells, and porcine kidney cells. An excystation protocol was used to induce the release of
sporozoites to store them in growth medium before infection. The different stages of
the life cycle of Cryptosporidium were first observed in human fetal lung cells with the
presence of sporulated oocysts 72 h after infection. Their viability was assessed by infect-
ing 5-day-old Swiss-Webster mice, where the full life cycle of Cryptosporidium was reca-
pitulated, confirming the infectivity of the cell-cultured oocysts. In contrast to cell cul-
ture, the number of parasites was more abundant in mice, likely due to the initiation of
the asexual cycle and proliferation in the ileum of the mice. Infection and proliferation of
Cryptosporidium were also achieved in chicken and porcine kidney cells, demonstrating a
lack of host specificity in cell culture conditions (36, 37).

The next advance in the study of Cryptosporidium came with the human colonic tu-
mor cell line (HCT-8) (Fig. 1). While several attempts had been performed in different
cell lines to expand and maintain the parasite (38, 39), the HCT-8 line proved to have
the necessary factors to sustain infection for up to 25 days. This propagation was likely
due to the generation of thin-walled oocysts that were able to reinfect the remaining
cells in the tissue culture (40), a feature that had not been achieved in other cell lines
up to this point. Successful maintenance of the Cryptosporidium life cycle was attained
by continuous passage of 5-day-old infected monolayers into fresh HCT-8 cells. A con-
stant pH and monitoring of cell growth (avoiding sloughing, overgrowth, and cell de-
bris) were key to the production of the infective thin-walled oocyst structure. Despite
the ability to maintain a continuous passage, completion of the full life cycle was diffi-
cult to achieve in this cell line.

The latest development in 2D culture for Cryptosporidium compared human esoph-
ageal squamous cell carcinoma (COLO-680N) to other human cancer cell lines, includ-
ing HCT-8 cells, for their ability to produce infective oocysts in vitro (41). They found
that the COLO-680N cell line was able to produce enough infective oocysts to sustain
continuous cultivation of the parasites (Fig. 1). This cell line was also able to survive for
weeks, requiring only a weekly medium change, and produced 20 times the number of
oocysts produced by the established HCT-8 cell line. The cell line also enabled the cryo-
preservation of the parasite at -80°C. This work addressed important challenges in the
field (42, 43) and provided a culture system that was easy to use and sustain, diminish-
ing the dependence on animal models to expand the parasite. This development
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offered a platform to dig deeper into the parasite’s biology and to screen drugs to treat
cryptosporidiosis.

Initial Cryptosporidium Studies in 3D Scaffolds and Organoids

One of the challenges of using tissue culture is the inability to represent the com-
plex 3D structure found in animal models (44). One of the first studies done in 3D used
HCT-8 cells grown in a low-gravity environment induced by a rotating wall vessel
(RWV) (45) (Fig. 2). Previous studies had shown that cell cultures grown at lower gravity
induced the formation of structures found in vivo (46, 47). In HCT-8 cells, intercellular
junctions, columns, and villus-like structures were developed with this technique, simi-
lar to those observed in normal human samples. After inoculation with the parasite,
disruption of the epithelial layer was observed, and the intracellular localization of
Cryptosporidium was confirmed by immunolabeling and transmission electron micros-
copy. This system was able to replicate the morphology and mechanical forces found
in the small intestine and made it possible to study the parasite under more natural
conditions.

Hollow fiber technology for Cryptosporidium research. Further advances used a
protein scaffold to improve the growth of small intestinal cells, enabling sustained infec-
tion of Cryptosporidium for up to 6 months (48). The concept for this approach was borne
out of studies performed in Plasmodium (49). However, unlike the environment where
Plasmodium resides, the lumen of the small intestine where Cryptosporidium thrives has
different oxygen and nutrient concentrations. To address the challenges of this unique
environment, Bakshi et al. (49) designed a biphasic system that provided an oxygen-rich
environment at the basal side of the cells and a rich nutrient-low oxygen environment at
the top layer of the cells to support parasite growth (Fig. 2). This system imitated part of
the complex environment found in the small intestine, something that cannot be
achieved in a 2D tissue culture system, and provided a platform to test drugs against the
parasite. One of the limitations for the widespread use of this technology is the use of
specialized equipment that is not readily available to most research laboratories (48).

Silk protein scaffold for Cryptosporidium research. Another 3D model for Cryptosporidium
research is the use of silk protein as a 3D scaffold. Cryptosporidium parasites were able to be
cultured for up to 15 days using silk protein as a scaffold to create a 3D tissue model of the
small intestine (32). The researchers reconstituted silk cocoons in a solution and poured
them into polydimethylsiloxane (PDMS) molds holding a Teflon-coated stainless steel wire to
create a hollow cylinder scaffold. The inner part of the cylinder was seeded with the human
adenocarcinoma cell lines Caco-2 and HT29-MTX, while the bulk porous part of the cylinder
was used to hold primary human intestinal myofibroblasts. This setup allowed the myofibro-
blasts to support the growth and expansion of the Caco-2 and HT29-MTX cells by secreting
growth factors (Fig. 2). This system allowed for the recapitulation of the complete cell cycle
of the parasite, which was confirmed by scanning electron microscopy. In contrast to the
hollow fiber technology, the silk protein system has a smaller scale, which presents a series
of advantages and disadvantages. It provides a lower output of oocysts than the hollow fiber
technology but requires less specialized equipment, making it more accessible to other
research laboratories. Given its small scale, this technology can be used to study host-patho-
gen interactions and drug target screening, as well as a platform to select CRISPR-modified
parasites (50).

Mouse colon explants for Cryptosporidium carcinogenesis research. Previous stud-
ies with immunodeficient mice (SCID) treated with dexamethasone showed that a low
inoculum of 10° oocysts generated lesions similar to those found in adenocarcinoma at
46 days postinfection (51). To study the development of cancer-related lesions caused
by Cryptosporidium, a specific set of requirements was needed (31). First, the system
required a noncancerous primary cell line, because previous work on Cryptosporidium
relied heavily on cancer cell lines such as Caco-2 and HCT-8 to maintain infection. Thus,
colon explants of SCID mice were used as the base for this 3D model. To test the viability
of the system, colon explants were cultured on membrane inserts for 35 days and com-
pared via histology against fresh colon samples (Fig. 3). Differentiation of epithelial cells
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Technique Parasite Cell line Reference
Mouse explant
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Cryptosporidium sp.
Transfer to
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FIG 3 2D-3D hybrid models: these are techniques that are neither 3D culture nor 2D culture but a combination of the two. Here,
we find the use of mouse explants and organ-derived monolayers (ODMs). The sources shown are references 31 (Baydoun et al.,

2017), 50 (Wilke et al., 2019), 76 (Martorelli Di Genova et al., 2019), and 89 (Holthaus et al., 2020).

and cytotoxicity were also evaluated, proving that the explants were viable for up to
35 days. The ability to sustain Cryptosporidium infection was assessed by infecting the
system with 25 or 250 oocysts. Not only was the infection successfully sustained, but at
27 days postinfection, intraepithelial lesions were observed, confirming the results
observed in the animal model. This work showed that a primary cell 3D culture can be
used and maintained over time to study host-pathogen interactions and the effects of
chronic infection in vitro (31).

Human small intestinal and lung organoids for Cryptosporidium research. In 2018,
Cryptosporidium was cultured in human intestinal and lung organoids (52). Cryptosporidium
parvum oocysts and sporozoites were microinjected in human small intestine organoids in
both expansion and differentiation media. Results from this technique showed that replica-
tion was 10-fold more efficient in differentiated organoids and that all the stages of its life
cycle were recapitulated. This research is the first to demonstrate that Cryptosporidium can
infect human bronchial airway-derived organoids (Fig. 2). Gene expression analysis in both
intestinal and lung organoids showed the upregulation of the interferon type | response fol-
lowing C. parvum infection, allowing study of the host immune response in an in vitro sys-
tem. The oocysts generated in this 3D system were infectious to mice. This system was able
to support in vitro culture of Cryptosporidium for up to 28 days, but the number of parasites
diminished over time and the number of parasites produced was lower than that in the in
vivo model.

Air-liquid interface cultivation for Cryptosporidium research. A system of plating
stem cells on Transwells and removing medium from the top chamber to form an air-liquid
interface (ALl) was developed (53). Adapting the ALI methodology for Cryptosporidium
research allowed for the development of long-term in vitro culture that enables transgenic
modifications (50). Mouse intestinal epithelial cells in spheroids were plated on top of
Matrigel-coated Transwells covered with a layer of irradiated 3T3-J2 cells. After 7 days in cul-
ture, the medium was removed and ALl conditions were established for 3 days, which
allowed the intestinal stem cells to differentiate into enterocytes and secretory, goblet,
Paneth, and enteroendocrine cells, verified by transcriptional markers (Fig. 3). Cow-derived
oocysts were able to replicate continually in this system for more than 20 days, generating
all the asexual and sexual stages of the parasite. The Cryptosporidium oocysts produced in
ALl conditions were infectious to mice, and in vitro cross-fertilization was also possible. The
benefits of ALl conditions in Cryptosporidium research are as follows: (i) microinjection is not
needed, (i) more oocysts are produced than in previous systems, and (iii) ALI conditions
eliminate the need for the use of immunocompromised animals for the selection and propa-
gation of the transformed parasites. The advantages of an ALl system in Cryptosporidium in
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vitro culture rely on the intracellular-extracytoplasmic localization of the parasite for gene
expression, metabolism, differentiation, and hypothetically the oxygen level conditions.

Future Perspectives in Cryptosporidium Research

The use of 3D systems in Cryptosporidium research has opened new possibilities to fill
the knowledge gaps in its biology. Because the 3D system resembles the natural host
microenvironment, it could be used to study the host metabolism changes caused by
the parasite. Animal models could be replaced by a 3D system for the production of
oocysts and the selection of genetically modified parasites. Human organoids can be
used for studies of Cryptosporidium infectivity and anti-Cryptosporidium drug testing (54).
Finally, the intestine-on-a-chip system, which is discussed at the end of this review, could
be implemented for Cryptosporidium studies controlling factors such as peristalsis, the
flow of nutrients, the presence of another microorganism, or microbiota.

T. GONDII STUDIES IN 3D SYSTEMS
T. gondii Overview

T. gondii is an obligate intracellular coccidian parasite that infects warm-blooded
vertebrates and is the causative agent of toxoplasmosis. T. gondii prevalence depends
on a variety of factors, such as eating habits, the presence of the definitive host
(felines), and environmental conditions (55-57). T. gondii is a parasite that establishes a
largely silent, lifelong chronic infection in healthy humans. In immunocompromised
individuals, toxoplasmic encephalitis occurs due to recrudescence of the chronic infec-
tion as cellular immune surveillance is lost (58).

T. gondii is also harmful in pregnant women, as the parasite can cross the placental
barrier and infect the fetus, causing retinal inflammation, encephalitis, mental and physi-
cal disabilities, and death (59). Examination of T. gondii seroprevalence in females of
reproductive age or pregnant women shows great variation depending on the location,
from 0.8% in Korea to 77.5% in Brazil (60). T. gondii can invade any nucleated cell of
warm-blooded animals, including humans, rodents, birds, and livestock (61), so many
cell lines are useful for propagation (Fig. 1). T. gondii in 2D systems offers many advan-
tages, such as low cost, easy manipulation, and quick experimental setup (62). However,
it lacks the microbiota, cellular diversity, biological barriers, and immune system present
in in vivo models. Mice are often used as the in vivo model, but ethical concerns to
reduce the number of vertebrate animals used in research has driven scientists to seek in
vitro systems. Additionally, cats are the definitive host of T. gondii and are used to study
the sexual stage of the parasite (63), but the costs of maintenance and the public per-
ception of companion animals used in research has made their use extremely limited
(64). Therefore, 3D systems offer a solution for modeling T. gondii infection, because it
allows research in the human, cat, or other host-derived organoids, simulates the physio-
logical microenvironment, and allows the interaction with immune cells. 3D cell culture
systems have been used to study T. gondii motility, migration, mechanisms by which the
parasite crosses the placental barrier, replication, egress, and sexual development. Four
different 3D systems have been developed In T. gondii research: collagen or Matrigel-
based matrices, the RWV bioreactor, organoids from pluripotent stem cells (PSC), and
organoid-derived monolayers (ODMs) (Fig. 2 and 3).

T. gondii Motility in 2D versus 3D Environments

T. gondii, like other apicomplexan parasites, uses the cytoskeleton for motility
instead of specialized organelles. The motility of T. gondii was quantified in a spheroid
system by using a suspension of the medium, Matrigel, and tachyzoites in Pitta cham-
bers (65). Pitta chambers are small platforms designed with glass coverslips holding up
to 10 wlL of internal volume (Fig. 4). The tachyzoites presented a corkscrew movement
in the 3D system, different from the helical and circular gliding motility observed in the
2D systems. The corkscrew movement was also observed in ex vivo experiments of
tachyzoites injected in the mouse earflap and imaged with two-photon microscopy. A
collagen fibrous matrix was used to analyze the mechanism of tachyzoite gliding
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FIG 4 Other 3D systems: here, we find gel-based and mechanical systems devoid of any cell line, except for the organism of study.
These include hydrogels, 3D printed arrays, and filtration systems. The sources shown are references 65 (Leung et al, 2014), 66
(Pavlou et al., 2020), 68 (Kanatani et al., 2015), 114 (Hellmann et al., 2011), 116 (Ripp et al.,, 2021), 134 (Ramdani et al., 2015), and 137

(Kan et al., 2014).

motility by biophysical techniques, such as quantitative traction force, reflection inter-
ference contrast, and time-lapse video microscopy (66). This matrix allows the analysis
of tachyzoite adhesion-deadhesion cycles to the substrate in a realistic fibril environ-
ment (66) (Fig. 3). The motility of protozoan parasites is associated with virulence
because it is essential to invade and egress from the host cell, cross biological barriers,
and spread through tissues (67). 3D systems have demonstrated different kinds of mo-
tility of T. gondii tachyzoites, such as counterclockwise and helical and circular gliding,
as well as the corkscrew movement. However, these two 3D systems lack cell-cell inter-
actions and do not have diverse phenotypes of host cells as present in vivo models.

The Original Trojan Horse: T. gondii-Infected Immune Cell Migration
Three-dimensional systems have been used to analyze the migration of T. gondii-
infected dendritic cells (DCs). While DCs are important for the host response against T.
gondii, T. gondii-infected DCs also act as a Trojan horse that potentiates parasite dis-
semination. Hypermigration of T. gondii-infected DCs was seen by depositing DCs on
top of the polymerized layer of collagen (68). Parasite-infected DCs had a higher migra-
tion rate than uninfected DCs. This system allowed the identification of various migra-
tion patterns between different strains of T. gondii. This 3D system allowed the visual-
ization of increased migration distance and dissemination in T. gondii-infected DCs by
enabling quantification of individual cells as well as populations of cells (Fig. 4).
However, it requires sophisticated imaging systems and analysis software. As Kanatani
et al. (68) recognized, the system would underestimate the migration of individual
cells. Finally, while the system has high reproducibility between the technical replicates
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of individual experiments, there is variability added when different human donors are
analyzed.

Use of 3D Placental Models for the Study of Congenital Toxoplasmosis

During pregnancy, T. gondii can be transmitted from mother to fetus, causing sev-
eral complications, such as hydrocephalus, malformations, and miscarriages. How T.
gondii crosses the placental barrier is not fully understood. The human placenta has a
maternal-fetal interface that is composed primarily of two cell layers: syncytiotropho-
blasts and extravillous trophoblasts (69). Syncytiotrophoblasts act as a barrier to infec-
tion, but T. gondii can invade the extravillous trophoblasts. To study T. gondii crossing
the placental barrier, a 3D placenta was created in a cylindrical bioreactor with a slow-
turning lateral RWV (70). Each lateral vessel contains Cytodex beads coated with a co-
culture of human microvasculature endothelial cells and JEG-3, a trophoblast cell line
(Fig. 2). At 48 h postinfection (hpi), the percentage of T. gondii was evaluated by immu-
nofluorescence in JEG-3 cells in 2D monolayers and in 3D relative to syncytiotropho-
blasts from a terminal placenta. T. gondii invaded only the JEG-3 2D system. Neither
the JEG-3 3D system nor the syncytiotrophoblasts were infected (70). Thus, the JEG-3
3D system was shown to be an excellent model to study resistance of syncytiotropho-
blasts to T. gondii infection. It is important to note that monotypic cell cultures of
trophoblast cell lines are not compatible with the RWV bioreactor because they show a
low rate of fusion and low attachment to the beads. The placenta RWV works well only
in coculture with other cells, such as human foreskin fibroblasts (HFFs), human brain
microvascular endothelial cells (nBMECs), and RL95-2 cells. It is also unknown if the
shear forces induced in the RWV are similar to those in the in vivo placenta, because
the precise levels of shear forces have not been measured in vivo yet.

Differences in T. gondii Replication and Egress in 2D versus 3D Systems

The replication and egress of apicomplexan parasites are key mechanisms for the
survival and establishment of an infection in the host. These mechanisms were studied
using T. gondii infection of Vero cells resuspended in a collagen type | matrix to create
spheroids (71). While the rate of replication after 24 hpi was not significantly different
between 2D and 3D Vero cells, the structure of the parasitophorous vacuole (PV) was
semiflat in 2D but globular in the 3D system. When the path of egress of the parasite
from the PV was evaluated, it was found that in the 2D system, the parasite egresses
perpendicularly to the bottom of the plate, but in the 3D system, the parasite egresses
radially in all directions. This 3D system represented a more physiologically relevant
environment for research on the replication and egress of T. gondii without the pres-
sure and tension imposed by the flat-bottom dishes in a 2D system (71).

Bovine, murine, and porcine enteroids have also been established for T. gondii
infection. To develop enteroids, crypts were isolated from jejunum sections, cleaned,
and resuscitated in 70% Matrigel. The protocols for propagating, cryopreserving, and
resuscitating these organoids are well established (72). Pilot infection assays were per-
formed by disrupting the 3D enteroid structure to expose the luminal surface and by
incubating the enteroid fragments with tachyzoites from the RH T. gondii strain for 1 h
at 37°C (72). Immunofluorescence images showed successful infection at 24 hpi, but it
is not clear how long the T. gondii infection was viable in the enteroids and if the repli-
cation rate was superior to that of traditional monolayer culture.

In 2019, three different mouse jejunum-derived enteroid models were described for
T. gondii infection and replication (73). The first approach used these murine enteroids,
which were seeded in Matrigel and then fragmented by pipetting to expose the apical
epithelial surface. They were then incubated with T. gondii before plating. After 24 hpi,
viable tachyzoites were observed in different kinds of cells within the enteroid struc-
ture. The second approach evaluated the microinjection of T. gondii tachyzoites inside
the luminal space of the enteroid as described previously for C. parvum (52). However,
the rate of infection was low (73). The third approach was enteroid-derived collagen-
supported epithelial sheets (Fig. 2). 3D enteroids previously generated were washed
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from the Matrigel, fragmented, and seeded on collagen, creating monolayers that
retain some of the characteristics of the original 3D epithelium. T. gondii was able to
proliferate and invade successfully in this new in vitro system as early as 1 hpi. This sys-
tem was also used to evaluate the host protein response to the parasite by mass spec-
trometry and the effect of host cholesterol inhibition by atorvastatin (73). In the future,
it will be interesting to compare T. gondii invasion of the host cell in 2D versus 3D sys-
tems to characterize the targets of invasion and egress. Both potential drugs that block
invasion and egress and genetic mutants in T. gondii proteins that play a role in inva-
sion may be more effective at inhibiting invasion in a 3D system.

Use of Cat Intestinal Organoids To Promote T. gondii Sexual Development

Enteroid-derived epithelial sheets and monolayers (73) and cat and mouse intesti-
nal organoids (74, 75) have been applied to study the sexual stages of T. gondii.
Martorelli di Genova et al. (76) generated organoid-derived monolayers with intestinal
epithelial properties (Fig. 3). When supplemented with linoleic acid, they supported
the sexual cycle of T. gondii (76). Cats do not express intestinal delta-6-desaturase,
which is the rate-limiting step in the conversion of linoleic acid to arachidonic acid, giv-
ing them a high level of linoleic acid in their gut. Inhibition of delta-6-desaturase in
mice and supplementation with linoleic acid induced T. gondii to sexually develop in
mice (76). In the future, a continuous T. gondii in vitro culture of the sexual cycle could
be standardized in mouse intestinal organoids with inhibition of delta-6-desaturase
enzyme and supplementation with linoleic acid.

Brain in a Dish: Using Organoids for the Study of Cerebral Toxoplasmosis

Cerebral and retinal organoids have been used to study T. gondii infection of the
brain, retina, and spinal cord. Cerebral organoids have been developed using patient-
derived human pluripotent stem cells (hPSC) (77, 78). Retinal organoids have been
developed using mouse (79, 80) and human embryonic stem cells (81, 82). While cere-
bral and retinal organoids present the natural cytoarchitecture and 3D microenviron-
ment, they lack some specialized cells, have limited maturity and size, and lack interac-
tion with the immune system. However, significant advances have been achieved with
Zika virus using brain organoids (83). Human embryo-derived brain organoids were
recently used to model human T. gondii infection (84). These stem cells were used to
generate embryoid bodies, induce neuroectoderm growth, and differentiate cerebral
organoids. Differentiated organoids were then seeded in a Matrigel matrix with vitamin
A and orbital rotation to obtain a brain organoid (Fig. 2). At 4 hpi, different stages and
structures of the asexual cycle were observed, including tachyzoites and bradyzoite
cysts. Gene expression analysis showed evidence of T. gondii infection in this system,
and viability was confirmed by infecting mice, suggesting that a 3D brain system could
fill the knowledge gaps in cerebral toxoplasmosis.

3D Systems To Study the Effects of T. gondii on Tight Junctions

Organoid technology is useful to analyze T. gondii dissemination. For T. gondii, the
dissemination process includes parasite-host interactions, host immune evasion, and
the crossing of host biological barriers. It has been reported that proteases secreted by
T. gondii (isolated from mice) influence the dissemination process, affecting the tight
junctions on MDCK monolayers (85). A Transwell model to study transmigration in T.
gondii tachyzoites was recently employed (86). In this model, MDCK monolayers were
seeded on the upper chamber of a Transwell system until they reached confluence
and had consistent transepithelial electrical resistance (TEER) values. Monolayers were
then challenged with T. gondii excretory/secretory products (ESP; a fraction rich in pro-
teases) in the presence or absence of protease inhibitors to test the capability of ESP to
affect the tight junctions. While the treatment of monolayers with ESP decreased the
TEER, when a metalloprotease inhibitor was added to ESP, it did not change the TEER.
These results suggest that ESP contains a metalloprotease that affects the tight junc-
tions. To test transmigration capability, confluent monolayers in Transwells were
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pretreated with ESP and then infected with tachyzoites. While tachyzoites were able to
transmigrate after 2 h of incubation, parasite transmigration was enhanced by pre-
treating the monolayer with ESP (86). Although the effect of protease inhibitors was
not considered in this assay, the results suggest that ESP promotes parasite migration
through host monolayers in the Transwell system.

Two-dimensional ODMs (87, 88) in Transwells were developed from different mam-
malian species relevant for T. gondii transmission (Fig. 3). Human, mouse, pig, and
chicken ODMs were infected with T. gondii alone or in coinfection with Giardia duode-
nalis, and barrier dysfunction was evaluated (89). The tissue culture-derived RH tachy-
zoites were able to replicate in the four species of ODMs, but they did not affect tight
junction integrity, as evidenced by TEER values (89). In contrast to these culture-
derived parasites, when MDCK and ARPE-19 monolayers were infected with T. gondii
isolated from mice, decreased TEER values and morphological changes were observed
by 4 hpi (85, 86, 90). These differences open the possibility that in vivo infection makes
tachyzoites more virulent or allows T. gondii to express molecules that influence tight
junctions, but in vitro culture reduces the production of these molecules. In the future,
it will be interesting to evaluate the effect of different strains of T. gondii isolated from
mice on ODMs and how they affect the integrity of tight junctions.

Shortcomings and Future Perspectives of T. gondii in 3D Systems

Collagen- or Matrigel-based matrices (Fig. 2), RWV bioreactors, organoids from PSC,
and ODM:s (Fig. 3) have been used to study T. gondii. The pros and cons of the orga-
noid technologies are discussed in other reviews (91-94). We would like to highlight
additional disadvantages to consider when using 3D systems to model T. gondii infec-
tion. Microinjection of T. gondii into 3D systems can produce low parasite infection
rates, likely due to mucus, antimicrobial peptides, or damage to the parasites due to
injection pressure (73). When work is being performed with samples from outbred
organisms, genetic variability needs to be considered between different host donors
(68). Moreover, each 3D system developed for T. gondii has a different host cell stability
and longevity. Finally, the lack of standardized 3D system culture conditions between
laboratories can affect reproducibility. For future studies, these 3D systems will need to
add in microbiota and immune cells to recapitulate a more realistic extracellular envi-
ronment. At the end of this review, we propose the use of brain, eye, and placental
organs-on-a-chip for advances in T. gondii research.

PLASMODIUM STUDIES IN 3D SYSTEMS
Plasmodium Overview

Plasmodium is a parasite belonging to the Apicomplexa phylum and is the causative
agent of malaria. In 2018, over 200 million cases of malaria were estimated and around
400,000 deaths were reported worldwide. Five species of Plasmodium infect humans,
but infection with Plasmodium falciparum and Plasmodium vivax represent most of the
cases and are known for causing multiorgan complications, anemia, cerebral malaria,
and death (95-98). Children are the most vulnerable population, comprising 67% of
deaths (World Health Organization, 2019). Although P. falciparum is responsible for
most deaths, P. vivax remains the most widespread (99).

Challenges in the Eradication of Malaria

Malaria eradication campaigns make use of antimalarial drugs and insecticides (100,
101). As a result, a significant reduction in malaria transmission and morbidity has
been observed in the last decade (102-104). Effective vaccines have only recently been
developed and deployed. In October 2021, the WHO recommended the use of RTS,S/
ASO1 antimalaria vaccine for children living in sub-Saharan Africa. Advanced tools are
needed to develop additional strategies to further disease eradication. One recent aim
has been the study of the Plasmodium liver stage in vitro. The preerythrocytic stage,
including sporozoites injected by a mosquito bite, is one of the most critical phases to
study due to the low numbers of parasites needed for infection, the time needed to
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migrate toward hepatocytes, and the surface proteins exposed as vaccine targets (105,
106) The culture of preerythrocytic stages in vitro remains challenging, which is why
many questions about this stage remain unanswered. To study the mechanisms of par-
asite-host interactions in Plasmodium, a system where hepatocytes can be readily
infected and analyzed is needed. It is difficult to model Plasmodium spp. due to their
species specificity and the multiple host niches during the life cycle of the parasite
(107, 108). To study the liver stages, a hepatoma-derived cell line that maintains hepa-
tocyte markers has been used extensively (109, 110).

3D Platforms for Studying Plasmodium Sporozoite Motility and Migration

Different 3D systems have been widely used in the last decade, in addition to orga-
noids or spheroids, to understand the migration capability of Plasmodium sporozoites
during infection and to better understand vector-host transmission. These 3D systems
resemble a matrix in which the sporozoites can be monitored for mechanisms of loco-
motion and protein dynamics during migration (Fig. 4).

The sporozoite is a highly motile stage of the parasite. They are injected into the skin
of the host by mosquito bite and travel through the blood to reach hepatocytes. There,
they differentiate into blood cell-infecting merozoites (111). Previously, the motility and
behavior of Plasmodium berghei sporozoites were examined in isolated salivary glands
and ducts, suggesting that the parasites can switch between different movement pat-
terns that help to colonize the ducts. The ejection of parasites was also analyzed and
quantified during saliva discharge through the proboscis in immobilized live Anopheles
mosquitoes (112). These studies suggest that parasite load in the salivary cavity did not
correlate with the number of ejected sporozoites, as mosquitoes with high numbers of
sporozoites in the salivary cavities did not necessarily discharge sporozoites, even during
prolonged salivation. This study also shows that sporozoite motility might play a bigger
role in the mosquito stage to spread more efficiently inside the host.

Adhesion dynamics and the locomotion machinery of sporozoites during gliding
were also analyzed in cultured hepatocytes on a flexible elastic substrate, as well as in
the salivary ducts of mosquitoes and the ear skin of mice (113). Sporozoites seemed to
move in a stop-and-go fashion regulated by distinct adhesion sites. Using traction
force microscopy on elastic substrates with marker beads, it was shown that the central
part of the parasite applies perpendicular and longitudinal forces at the end of the par-
asite body. In this system, the role of actin-myosin and the transmembrane protein
thrombospondin-related anonymous protein (TRAP) was also described. It suggests
that both proteins are essential during parasite movement; actin seems to have a role
during adhesion and slipping, but only TRAP is needed for slipping and is not essential
for parasite adhesion (113).

The migration and movement of P. berghei sporozoites were also studied in vivo in
the tail and ear skin of mice after the bite of infected mosquitoes (114). Sporozoites
migrating in the dermis in the tail showed more linear trajectories than sporozoites
migrating in the ear. In the dermis of the ear, the movement showed random migration
patterns and meandering motility. To test whether changes that arise in different tissues
are associated with cellular architecture and chemical cues, the researchers analyzed
sporozoite movement in microfabricated pillar substrates (obstacle arrays) (Fig. 4) with
different architecture. Results revealed that the parasites change their movements
depending on the obstacle and that they follow the same pattern of movements (linear
or meandering patterns) that were seen in the skin (114). These results suggest that the
parasite can adapt to different environments during transmission for an optimal host
spread (114).

Most recently, pillar substrates were used to study how sporozoites invade capillaries
during the skin stage of the infection cycle. To do this, PDMS pillars of different diame-
ters were generated to imitate the variety of diameters of blood vessels found on the
skin. This setup was used to test the hypothesis that the curvature of the sporozoite
influenced which blood vessel the parasite would invade (115). Results from this experi-
ment showed that P. berghei parasites tended to adhere to columns between 8 and
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12 um in diameter, which are close to the diameter of blood capillaries found on the
skin. Experiments using an array of square and pentagon shapes showed that while the
sporozoites attached to the pillars regardless of the shape, some sporozoites changed
their shape to adapt to the geometry of the pillar. This result suggests that the parasite
can adapt to vessels of different sizes but prefers to attach to surfaces that closely match
their natural curvature to be able to infect blood capillaries in the skin (115).

To study sporozoite and ookinete motility, tunable polyacrylamide hydrogels were
recently used (116). These systems have an advantage over Matrigel or collagen in that
they can be manufactured with specific elasticity ranges and pore sizes to mimic differ-
ent environments (Fig. 4). Using these hydrogels, it was possible to characterize sporo-
zoite movement in 3D gels when salivary glands were infected and placed between a
glass coverslip and hydrogel (116).

Migrating from 2D to 3D Systems To Study the Liver Stage of Plasmodium

Rodents are the natural hosts for several Plasmodium species, making them excel-
lent models for Plasmodium infections. However, human Plasmodium species only
infect human hepatocytes, making it difficult to recapitulate these infections in rodent
models. To establish models for human Plasmodium species, 2D cultures of primary
human hepatocytes, humanized mice, and stem cell-derived progeny have all been
used (Fig. 1). Of note, valuable findings were also obtained by infection of Hela cells, a
nonnatural host cell for Plasmodium liver stage (117-120), or human bone marrow en-
dothelial cells (hBMECs) for the study of gametocyte stages (121). Primary hepatocytes
and cell lines are unable to recapitulate in vivo conditions due to uncontrolled cell pro-
liferation, shortages of available liver material, abnormal liver-specific functions, and
poor infection efficiency (122).

In the last decade, many attempts have been made to obtain the most natural liver
environment in vitro. In the case of Plasmodium, liver organoids could be useful to
study the life cycle of the parasite and discover new antimalarial drugs. Extensive anal-
ysis has demonstrated that liver organoids preserve their genetic integrity for months
(123). Furthermore, liver organoids can secrete albumin and bile acid salts, show cyto-
chrome activity, accumulate glycogen, and recapitulate the typical hepatocyte function
in vitro in contrast to the commonly used cell line HepG2 (17, 123). Human liver orga-
noids are also positive for molecular markers, such as the hepatocyte nuclear factor 4
(HNF4a), albumin, and the tight junction marker ZO-1 (17). Morphological features of
liver hepatocytes, such as prominent nucleoli, decondensed chromatin, many mito-
chondria, tight junctions, peroxisomes, lysosomes, and multivesicular bodies, have
been observed in organoids, which have the advantage of being cultured for several
months while maintaining these features (124). Liver organoids are formed with a vari-
ety of liver cell types and are more sensitive than conventional in vitro models, making
them advantageous to the study of sporozoite biology. The complete development of
P. falciparum and P. vivax into schizonts was demonstrated in 2D cultures that main-
tained functional characteristics of native in situ hepatocytes, such as high albumin
expression, biliary metabolites, and active mitochondria, which remained stable for
30 days (8, 17), which suggests that organoids are a promising model for the study of
Plasmodium biology (17).

Liver spheroids have enabled the growth of blood-infective merozoites from the
liver stage of the rodent-specific parasite P. berghei (125). The spheroids were gener-
ated from three hepatic cell lines, HepG2, HC-04, and HepaRG, in a stirred-tank bioreac-
tor system and maintained for up to 30 days (Fig. 2). These structures displayed epithe-
lial polarization, production of albumin, HNF4a, and liver proteins in vitro. This 3D
platform was used to evaluate the antiplasmodial drugs M5717 and atovaquone (125),
demonstrating the efficacy of the system. However, infection efficiency with P. berghei
was lower in the spheroids than in 2D cells. The formation of 3D spheroids was also
achieved with simian and human hepatocytes using a Cellusponge platform, a bioma-
terial designed to recapitulate mechanical and chemical properties that maintain the
hepatocyte function (Fig. 2), as well as maturation and differentiation capabilities (14).
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Spheroids grown using this platform as a scaffold supported the complete live stage of
P. cynomolgi and P. vivax from sporozoites to merozoites in vitro (14).

Advances in the Study of Cerebral Malaria using 3D Systems

In recent years, the study of cerebral malaria using organoids has emerged as an
innovative model. Brain cortical organoids can be obtained by reprogramming CD34+
human umbilical cord blood cells (126). During human cerebral malaria, elevated
heme accompanies inflammation, apoptosis, and damage at the blood-brain barrier
(127-130). Due to these observations, the effects of heme in pluripotent cells and 3D
cortical organoids were assayed. Heme treatment resulted in apoptosis and structural
damage with a disorganization of the cortical organoids (126). These results show that
this ex vivo model could play a crucial role in future approaches for cerebral malaria
research.

Microdevices for the Study of Plasmodium Gametocytes

During P. falciparum and P. vivax infection, gametocytes can be found in high abun-
dance in the bone marrow, suggesting that this tissue acts as a site for gametocyto-
genesis (121, 131, 132). To study cytoadherence of gametocytes in bone marrow and
the role of endothelial receptors, researchers have used hBMEC and CHO (Chinese
hamster ovary) cell lines, respectively. CHO cells do not naturally express endothelial
receptors, but they were successfully transfected to express ICAM1, VCAM, or CD36
receptors (121). These results showed that gametocytes can adhere ex vivo to endothe-
lial cells and that expression of ICAM1 enhances adherence to CHO cells, suggesting
an important role of ICAM1 in cytoadhesion of gametocytes.

During transmission, gametocyte-infected erythrocytes (GIEs) are sequestered in
the bone marrow, where they mature. Once mature, they are released within the
blood, where they can be taken up by mosquitoes (133). Morphological changes of
GIEs are associated with the migration of the parasite through the spleen. To mimic
splenic filtration of GIEs, a microdevice consisting of a matrix composed of metal
microspheres was used (134). GIEs were perfused using a pump, and the retention
rates were determined. In this system, the authors tested whether cAMP modulated
GIE mechanical properties associated with deformability (Fig. 4). Results showed that a
decrease of cAMP levels increases the deformability of GIEs and flow through the de-
vice (134).

3D Platforms for Studying Plasmodium Ookinete Motility and Migration

The ookinete is a motile stage of the Plasmodium life cycle formed during the mos-
quito blood meal. It is essential for transmission back to the mosquito vector.
Ookinetes reach the midgut of the mosquito, where they transform into sporozoites
which then invade the salivary glands. To convert to oocytes, the ookinete must then
overcome obstacles such as dense blood boluses, the thickness of the peritrophic ma-
trix, and proteolytic activities of the gut (135). The motility of ookinetes has been stud-
ied in the past using Matrigel (136, 137), where it was possible to observe the helical
gliding path and speed with the same parameters that were observed within the mos-
quito blood meal (138). Matrigel was used to check the shape and gliding movements
of ookinete mutants. The results of this experiment showed that the balance of the
production and degradation of cGMP by different enzymes is necessary to maintain
the normal ookinete shape and function (136). The ookinete motion has also been
recorded by “infecting” 96-well plates containing Matrigel with green fluorescent pro-
tein (GFP)-expressing parasites (Fig. 4). The reconstruction showed left helical motion
paths with no apparent bias in directionality, similar to those found in vivo using
explants of infected mosquito midgut. The left-handed helical trajectory seems to be
the result of the architecture conformation of the microtubular cytoskeleton (137).

Recently, polyacrylamide hydrogels were used for the study of ookinete motility for
up to 20 h. The advantage of hydrogels over Matrigel or collagen is the ability to fine-
tune the pore size and stiffness of the polymer just by adjusting the concentration of
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cross-linker. By adjusting the stiffness of the polymer, it was possible to observe the dis-
tinct behavior of ookinetes under different conditions. During the assays, ookinetes were
able to change their migration behavior from slow or helical movements in softer sub-
strates to faster and straight directional dissemination in stiffer substrates. It was
hypothesized that these changes in the migration pattern imitate what happens in vivo
when the ookinetes move from the blood bolus to the stiffer midgut epithelium (116).

Shortcomings and Future Perspectives in Plasmodium Research

Organoid research is still developing, and its optimization for the culture of differ-
ent species and stages of Plasmodium is needed. To date, only Plasmodium berghei, P.
cynomolgi, and P. vivax have been studied by using liver organoids and other 3D sys-
tems (14, 113, 114, 116, 125). Analysis of the hypnozoite or liver dormant stage of
Plasmodium is another understudied area where liver organoids will likely be useful.
These systems for the study of Plasmodium still have some limitations, such as poor
and inconsistent infectivity rates, the lack of immune cells or microbiota, and parasites
becoming trapped in the matrices (139). Optimized organoid systems for Plasmodium
research could be helpful to study protein expression of parasite stages, antigenic pre-
sentation, host-parasite communication, parasite dynamics, and vaccine development.
In the last section of this review, we describe organ-on-a-chip for Plasmodium research
as a future perspective.

Mosquito midgut-derived cell lines or organoids to understand the mosquito re-
stricted stages have been considered (140) but not yet developed. The use of mamma-
lian intestinal organoids as insect guts has also been proposed (141). The fruit fly
Drosophila melanogaster is the insect model that has been studied the most and is the
closest relative of the Anopheles mosquito. Recently, D. melanogaster intestinal stem
cells were used as a model for studying epithelial homeostasis and signaling molecules
(142). Information from these signaling molecules could help future endeavors to cre-
ate Anopheles gut and salivary gland organoids that would be used to model the sex-
ual development of Plasmodium. To date, functional salivary gland organoids can be
successfully generated from murine embryonic/adult stem cells or adult human stem
cells (143-145).

In addition to the 3D platforms already in use, the 3D bioprinting technique will
likely become useful for the apicomplexan field. This technique uses functional bioma-
terials to print biomimetic architecture (146). Printing with stem cells can produce tis-
sue architecture fidelity, mechanical stability, and cytocompatibility, including tissue-
like cell migration and proliferation (147). The use of this system has been reported in
medicine for personalized drug delivery as well as the production of complex tissues
such as corneal and neural tissue for transplants (148, 149). For Plasmodium research,
3D bioprinting could be used to create organs that have been difficult to culture, such
as mosquito salivary glands and midgut. The application of 3D bioprinting to
Plasmodium research could fill critical knowledge gaps for this parasite.

EIMERIA STUDIES IN 3D SYSTEMS
Eimeria Overview

Eimeria spp. are the causative agents of coccidiosis in livestock. They are intestinal
parasites that infect the intestinal epithelium and cause hemorrhagic enteritis. More
than 100 species of Eimeria, which infect vertebrates such as horses, cats, rabbits, dogs,
cattle, sheep, pigs, turkeys, and chickens, are known. During Eimeria infection, parasites
can infect different regions of the intestine at the same time (150). Eimeria infections
are especially detrimental to poultry production. Around 30 billion chickens are
infected worldwide, costing the poultry industry approximately US$2.4 billion annually
(151). Eimeria infection is controlled by good husbandry protocols, anticoccidial drugs,
and live vaccines. Avian coccidiosis has been controlled by drugs with three different
mechanisms of action: (i) destroying membrane integrity with polyethers such as mon-
ensin, maduramicin, salinomycin, narasin, semduramycin, and lasalocid, (ii) inhibiting
protein synthesis using drugs like clindamycin, spiramycin, clarithromycin, and
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paromomycin, and (iii) inhibiting DNA synthesis with sulfonamides, nicarbazin, deco-
quinate, methylbenzoquate, clopidol, robenidin, ethopabate, pyrimethamine, diaveri-
dine, ormothroprim, epiroprim, and amprolium (152, 153). However, prolonged use of
these anticoccidiosis drugs has resulted in drug-resistant strains, increasing the global
burden of Eimeria.

In addition to drugs, there are live virulent and attenuated vaccines available
against Eimeria. The vaccines Coccivac and Immucox are based on unmodified oocysts
of wild-type Eimeria. Because these kinds of nonattenuated vaccines are virulent, they
have inherent risks associated with them, and they are not licensed in some countries,
especially in Europe. There are also live-attenuated vaccines such as Paracox, Livacox,
Hipracox, HuveGuard, and EimeriaVax 4m (154-157). The seven known species of
Eimeria have been attenuated by serial passage, which resulted in impaired asexual de-
velopment (156, 157).

Research on 2D Cultures in Eimeria

Many species of Eimeria have been cultured in different in vitro culture systems
showing various degrees of development. Eimeria acervulina has been cultured in vitro
in chicken embryo fibroblasts, mouse fibroblasts, and Hela cells using sporozoites as
the inoculum, but only trophozoite stages were observed (158) (Fig. 1). Eimeria con-
torta has been grown in vitro using mouse intestinal monolayers (159, 160). Eimeria
tenella sporozoites have been cultured in vitro in primary chicken kidney cells but with
low production of oocysts (161). The bovine strains Eimeria bovis and E. zuernii have
been cultured in vitro in bovine fetal gastrointestinal, colonic epithelial, and umbilical
vein endothelial cells. E. bovis culture enabled parasites to reach the first generation of
merozoites and meront |l stages, while E. zuernii reached merozoite stage | (162-164)
(Fig. 1). The ovine strains Eimeria ninakohlyakimovae and E. ovinoidalis grew better in
caprine umbilical vein endothelial cells than in bovine colonic epithelial and umbilical
vein endothelial cells. In caprine cells, parasites reached the macromeront and mero-
zoite | stage but did not complete the cycle (165, 166). Despite these advances, until
now, Eimeria in vitro 2D cultures have not reproduced the full parasite life cycle, espe-
cially gametocyte and oocyte production. For this reason, the 3D system in vitro culture
appears to be a good solution to bridge this knowledge gap in Eimeria research.

Research on Enteroids in Eimeria

The first step toward the use of organoid technology in Eimeria started when intesti-
nal primary cells isolated from rat fetuses were seeded on fibronectin- or gelatin-coated
slides and infected with Eimeria nieschulzi (167). The development of macrogamonts and
oocysts was seen only with the formation of crypt-like structures. This methodology has
been the only one able to produce four rounds of asexual cycles, gametocyte stages,
and oocyst in vitro production of E. nieschulzi. Mouse intestinal organoids were infected
with Eimeria vermiformis or E. falciformis sporozoites. These mouse intestinal organoids
showed self-renewing capabilities, crypt-villus structure, and different kinds of special-
ized cells and were viable for more than 6 months. For infection, this protocol used 3 to
4 postpassage organoids in which the Matrigel was disintegrated by passing it through a
21-gauge needle. The free organoids were washed and incubated with sporozoites at
37°C for 5 min. After infection, organoids were resuspended in 50% Matrigel. Half of the
cells in the organoids were infected in just 4 h (168). The organoids remained infected
for at least 7 days to produce a second generation of merozoites for E. vermiformis and
possibly a third generation of merozoites for E. falciformis.

Another advance in organoids for Eimeria research was the use of 19-day-old
chicken embryos and 3-week-old chick intestine to isolate intestinal crypts (Fig. 2).
After washing, the crypt cells were seeded in Matrigel and intestinal organoids were
developed (169). The 19-day-old embryos were difficult to use, because a pure epithe-
lial cell culture could not be obtained, and fibroblast contamination was problematic.
Due to the inability to avoid fibroblast contamination, intestinal epithelial organoids
could not be kept longer than three passages. In contrast, it was easier to obtain pure
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epithelial cells without fibroblast contamination from 3-week-old chick intestines, but
they were more susceptible to bacterial contamination. Contamination was avoided by
the mechanical removal of intestinal mucus using a sterile slide and several cold saline
washes. To test this system, the Advent coccidiosis vaccine containing E. acervulina, E.
maxima, and E. tenella was used as a source of sporulated oocysts. After excystation
and incubation in monolayers from chicken intestinal organoids, the parasites were
able to replicate. Another research group recently used chicken duodenal crypts from
the intestines of a 14-day-old female chicken to establish ODMs (89). This system has
not been tested yet for Eimeria infection but has shown promising results in T. gondii
and Giardia infection, as previously discussed (Fig. 3).

Additionally, a method to propagate Eimeria has been described using floating
avian intestinal organoids derived from embryonic villi or mature chicken crypts (170).
This system, which does not require matrices like Matrigel, has the in vivo architecture,
cell diversity, polarity, barrier function, and epithelial functionality of the natural
chicken intestine. This system has two unique characteristics: an inside-out phenotype,
with the apical brush border facing the medium, and the innate presence of leuko-
cytes. The inside-out conformation phenomenon facilitated infection with E. tenella by
simply adding the microorganism to the medium. Thus, E. tenella sporozoites were
able to infect the epithelium and undergo both schizogony and gametogonia (170).

Future Directions in Eimeria 3D Systems

The use of organoids in Eimeria research is in the early steps of development, but it
is a promising technology to advance our knowledge of this parasite. It would be use-
ful to have intestinal and macrophage cocultures to study the immune response
against Eimeria. 3D culture could also increase effectiveness and replace the use of live
chickens to produce Eimeria oocysts to manufacture vaccines. The benefits of using a
3D cell culture rather than chickens in oocyst production are that there is no bacterial
contamination, animal use is reduced, and a consistent product that is not affected by
host immune selection could be generated.

LATEST ADVANCES IN 3D CULTURE
Organ-on-a-Chip

While 3D culture systems offer many advantages, they still lack many factors that
resemble the natural host model. Some in vivo factors missing from organoids include
microvasculature, peristalsis, mechanical forces due to fluid flow, microenvironment,
and mechanical forces that occur during infection. Additionally, animal models some-
times produce results that are not translatable to human patients. Organ-on-a-chip
(OOACQ) technology appears as the next step in tissue culture research to solve these
challenges. OOAC is a system of microengineering that mimics the physiological envi-
ronment of an organ where different factors can be controlled such as gradient con-
centration, nonstatic conditions, shear force, cell patterning, tissue boundaries, and tis-
sue organ interactions (171, 172). OOAC has been used for personalized medicine and
cancer research, generating tumors-on-a-chip from different organs. The use of OOAC
in apicomplexan research is just starting, but here we briefly analyze the early steps
and possibilities that this new technology presents for studies of Apicomplexa.

Skin-on-a-chip. Artificial skin systems are useful models for wound healing, dermato-
logical, and infectious disease research. Artificial skin is of particular importance to infectious
disease research, because many pathogen vectors feed on host skin and simultaneously
inject and transmit microorganisms. To establish a standard testing method, protocols to
develop full-thickness skin equivalents (FTSE) have been created. This system begins with
the in vitro culture of a mix of human dermal fibroblasts (hDF) with collagen. Then, human
epidermal keratinocytes (hEK) are added on top and kept on an air-liquid interface culture
(173). These human skin equivalents have already been used to evaluate various infection
models such as Candida albicans (174), Staphylococcus aureus (175), and helminths (176).

A human artificial skin model was developed for trypanosome infection (177). A
high-density skin equivalent was created with a high concentration of collagen and
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reduced water content to increase mechanical stability. Normal human dermal fibro-
blasts (NHDF) were mixed with reconstituted collagen and compressed 7-fold to gen-
erate high-density dermal equivalents (hdDEs). A computer-assisted compressor sys-
tem was used to compress the dermal component. Also, normal human epidermal
keratinocytes (NHEK) were added. Tsetse flies, the Trypanosoma vector, were able to
penetrate artificial skins, inject the parasite, and infect the mature high-density skin
equivalents (177). This model resembles anatomic, cellular, and functional characteris-
tics of the human natural skin. Artificial skin may be useful to study the interactions
between ticks, mammals, and Babesia, as well as the mosquito-human-Plasmodium
axis. Using this validated skin infection model, it might be possible to study motility,
parasite stage differentiation, invasion of host cells, and secretion of compounds in the
wound site, among other important processes in apicomplexan microorganisms and
their skin stage.

Liver-on-a-chip. Liver-on-a-chip was initially developed by coculture of primary rat
hepatocytes with fibroblasts in a microfluidic system that allows for the production of
albumin and urea with a continuous supply of culture medium and oxygen (178).
Liver-on-a-chip was later developed in two separate channels with a PDMS membrane,
the top channel was seeded with hepatocytes, and the bottom channel was seeded
with liver sinusoidal endothelial cells. This liver OOAC was combined with confocal mi-
croscopy for the evaluation of cytotoxicity of benzbromarone in hepatocytes (179). A
microliver multiwell device of primary human hepatocytes supported by stroma cells
(180) was used as a platform for the Plasmodium liver stage by using cryopreserved he-
patocytes from donors (181). Cryopreserved Plasmodium parasites were able not only
to invade hepatocytes but also to progress through the complete Plasmodium liver
stage. This platform was used to evaluate attenuated Plasmodium parasites and anti-
Plasmodium drug screening (181). RNA silencing in human microlivers reduced the
expression of essential enzymes such as cytochromes CYP3A4 and CYP2D6 (182).
Additionally, the CD81 host entry factor was silenced in hepatocytes, which is relevant
for Plasmodium because this gene edition reduced the infection with Plasmodium,
demonstrating the efficacy of these microdevices in infectious diseases.

Splenon-on-a-chip. The microfluidic device called splenon-on-a-chip was designed
as the minimal functional unit of the red pulp of the spleen that can maintain its filter-
ing functions (183). In a normal spleen, the blood coming from the splenic artery goes
to the closed-fast microcirculation to directly reach the splenic venules or the open-
slow microcirculation to filtration beds to eliminate unhealthy red blood cells (RBCs) by
macrophages. Splenon-on-a-chip was designed with two microfluidic channels that
imitate the closed-fast and the open-slow microcirculation under physiological flow
rate. Splenon-on-a-chip was used to study the role of the spleen in Plasmodium infec-
tions where splenomegaly is a collateral side effect of this infection (183). This device
allowed the measurement and live imaging of individual cell deformability in real time
of mouse reticulocytes infected with Plasmodium yoelii, demonstrating that infected
cells are more deformable than uninfected cells. A limitation of this microdevice is that
the slit size of the splenon-on-a-chip is larger than the slit size of the human spleen mi-
crovasculature. To better represent the fluctuating flow of the human bloodstream,
the author recommended adding a pulsatile pump for future experiments.

Intestine-on-a-chip. Intestinal or gut OOACs have been designed, and protocols for
their fabrication are currently available (184-190). Duodenum OOAC has been devel-
oped from human adult-derived intestinal organoids cocultured with microvascular en-
dothelial cells separated by a PDMS membrane (191). This system showed cytoarchi-
tecture, cell-cell interactions, permeability parameters, and gene expression more like
the human intestine than organoids. The characteristics obtained by this technology
allow for more biologically relevant drug delivery and pharmacokinetic studies. These
microfluidic systems can be used and adapted for research in enteric microorganisms,
including the enteric apicomplexans covered in this review.
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Eye-on-a-chip. Various retina-on-a-chip (ROC) systems are microfluidic platforms
generated from human induced pluripotent stem cells that generate different retinal
cell types (192-194). One of these systems has already been tested in Plasmodium
research (192). This ROC was designed with vascular perfusion, which allows the in vitro
interaction of photoreceptors with retinal pigment epithelium. All of these unique ret-
ina-on-a-chip characteristics allowed the evaluation of important biological processes
such as calcium flux and phagocytosis. It was also used to study the very well known
side effects of the anti-Plasmodium drug chloroquine, showing a reduction in cell via-
bility. ROC will likely be useful in the future to study ocular toxoplasmosis.

Brain-on-a-chip. Many brain-on-a-chip platforms are being currently developed (195-
197). One microfluidic device described consists of two parallel culture chambers separated
by three medium channels. The chambers were seeded with brain organoids, the middle me-
dium channel was used as a fluid flow passageway, and the two side channels were filled
with cell culture medium (196). To evaluate the effects of nicotinamide on neurogenesis, the
system was exposed to nicotinamide continuously and then examined by immunohisto-
chemistry and PCR (196). The results showed that nicotinamide affected neuronal differentia-
tion and brain organization like nicotinamides affect the human fetal brain during gestation.
Another kind of brain-on-a-chip uses a multicompartment microdevice of neurospheres. It
used human induced pluripotent neural stem cells which were differentiated into four differ-
ent neuronal phenotypes, one for each compartment of the microdevice. The different neuro-
nal phenotypes were connected to simulate multiple neurotransmission regions (197). These
microdevices may enable studies of T. gondii in human brain-derived organs-on-a-chip as well
as Plasmodium brain cytoadherence in a continuous flow. This platform could help solve the
problem of genetic variation between animal models and human neurological diseases.

In summary, OOAC is a complementary technology to existing 3D systems because
OOACs offer the advantage of stem cells plus all the mechanical forces found in real tis-
sues of live organisms. Research in apicomplexan parasites will benefit from these engi-
neered microdevices to develop studies that take advantage of the parameters that can
be controlled using organs on chips. These advantages can provide a more accurate and
biologically relevant picture of how these apicomplexans affect human health.
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