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Abstract: The Apicomplexa are obligate intracellular parasites responsible for several important
human diseases. These protozoan organisms have evolved several strategies to modify the host
cell environment to create a favorable niche for their survival. The host cytoskeleton is widely
manipulated during all phases of apicomplexan intracellular infection. Moreover, the localization and
organization of host organelles are altered in order to scavenge nutrients from the host. Small GTPases
are a class of proteins widely involved in intracellular pathways governing different processes, from
cytoskeletal and organelle organization to gene transcription and intracellular trafficking. These
proteins are already known to be involved in infection by several intracellular pathogens, including
viruses, bacteria and protozoan parasites. In this review, we recapitulate the mechanisms by which
apicomplexan parasites manipulate the host cell during infection, focusing on the role of host small
GTPases. We also discuss the possibility of considering small GTPases as potential targets for the
development of novel host-targeted therapies against apicomplexan infections.

Keywords: Apicomplexa; GTPases; malaria; Plasmodium; Toxoplasma; Cryptosporidium; Theileria;
host–parasite interactions; host-targeted therapies

1. Introduction

Apicomplexa are a large monophyletic phylum of Protista, belonging to the group
Alveolata. It comprises more than 6000 species, most of which are obligate intracellular
parasites, including species responsible for important human diseases, such as malaria,
cryptosporidiosis and toxoplasmosis. These three diseases are a major threat to human
health. In 2020, 241 million people contracted malaria and 627,000 died, mainly in Africa,
and 77% of the deaths were reported in children under five years of age [1]. Malaria
causative agents, Plasmodia, are transmitted by Anopheles mosquitoes to a vertebrate host,
where they undergo a first replicative cycle in hepatocytes followed by continuous cycles
of infection in erythrocytes.

Toxoplasma gondii, the etiological agent of toxoplasmosis, infects one-third of the global
population, with the highest rates in Africa and South America, causing abortion or severe
birth defects if transmitted to the fetus during pregnancy by seronegative woman [2]. More-
over, in immunocompromised individuals, toxoplasmosis is one of the main opportunistic
infections and can cause several clinical manifestations such as encephalitis, chorioretinitis
and pneumonitis or disseminated infection and even death, depending upon the immune
status of the host [3]. T. gondii invades and replicates within most nucleated cells of warm-
blooded animals. It is transmitted to humans through consumption of raw or undercooked
meat of intermediate hosts or by ingestion of oocysts excreted by domestic cats or other
members of the family Felidae.

Cryptosporidium parvum infects mainly epithelial cells in the intestine after ingestion of
oocysts from contaminated food or water or through direct contact with an infected person
or animal. The main symptoms of infection are diarrhea and abdominal cramps and, in
patients with a weakened immune system, symptoms can be very severe, causing about
50,000 deaths worldwide every year [4].
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The life cycles of apicomplexan parasites are complex, alternating between asexual
and sexual replication and often involving infection of two or more different hosts. A
common characteristic of apicomplexan parasites is their “apical complex”, formed by spe-
cialized cytoskeletal structures and secretory organelles localized at the parasite apical end.
These secretory organelles, called micronemes, rhoptries and dense granules, release their
content in a sequential fashion upon interaction with the host cell, mediating attachment
and invasion. Immediately after attachment, parasite and host cell plasma membranes are
tightly juxtaposed, forming the so-called moving junction (MJ), a ring-like structure formed
by microneme and rhoptry proteins through which parasites slide to penetrate inside the
host cell. This process is sustained by an active form of motility typical of apicomplexans,
named “gliding”, which depends on the retrograde translocation of surface-exposed mi-
croneme proteins by the actinomyosin motor of the parasite. Together, apical complex and
gliding motility ensure that apicomplexan parasites have a characteristic, active and fast
mechanism of host cell invasion, strictly dependent on finely tuned parasite–host cell inter-
actions [5]. After invasion, most apicomplexan parasites reside inside a parasitophorous
vacuole (PV), a compartment formed by an invagination of the host cell membrane.

The long parasitic behavior has led apicomplexan parasites to develop strategies in
order to survive in so many different conditions [6]. As an example, these parasites have
lost the ability to synthesize several amino acids and evolved different transmembrane
transporters in order to scavenge them from the host cell [7]. Moreover, they have also lost
the ability to synthetize some lipid classes. Indeed, T. gondii and Plasmodium falciparum,
the most lethal among human malaria parasites, are both auxotrophic for cholesterol and
need to acquire it from the host. Apicomplexa also scavenge sphingolipids, fatty acids and
phospholipids from the host and produce their own lipids through a relic plastid called
apicoplast. Upon acquisition from the host, the acquired lipids are often assembled together
with parasite lipids in order to generate most lipid species important for parasite needs [8].

Apicomplexa also scavenge nutrients from the host cell [9] by subverting the host
cell trafficking of nutrient-loaded vesicles and the subcellular localization of organelles
involved in vesicle maturation and nutrients transport, such as the Golgi network and the
endoplasmic reticulum [10–17].

Moreover, apicomplexan parasites widely hijack different host cell factors during their
intracellular life, manipulating several aspects of cell functioning, to create a favorable
niche for their development inside the host [18,19].

The modification of the host cell cytoskeleton is key to apicomplexan parasite sur-
vival, both during host cell invasion and the subsequent intracellular development. This
manipulation is achieved either by a direct interaction between the parasite and the host
cytoskeleton or by hijacking host signaling pathways involved in cytoskeleton regula-
tion [13,20].

2. Manipulation of the Host Cell Cytoskeleton in Apicomplexan Parasite Infection

The cytoskeleton is a major cellular component that provides structural support
and assists with numerous cellular functions. It consists of three polymeric networks:
microfilaments, formed by actin; microtubules, formed by tubulin; and intermediate fil-
aments, formed by several different proteins, including the widely distributed filament
protein vimentin.

Invasion of the host cell is a critical step for parasite survival, since it requires a series
of coordinated events to occur in sequence in a short time. This process is widely mediated
by the manipulation of the cytoskeleton that lies beneath the host plasma membrane [21].

During invasion of T. gondii parasites, host microtubules early localize at the moving
junction and treatment of host cells with nocodazole, a drug that disrupts microtubules,
reduces invasion, indicating that they play a role in this process, possibly providing the
parasite with an anchor point during host cell penetration [22]. Consistent with this, it was
also shown that during invasion T. gondii exports a protein called rhoptry neck protein 4
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(TgRON4) to the host cytoplasmic side of the moving junction, where the protein directly
binds to the host microtubules [23].

During invasion, both T. gondii and Plasmodium berghei, the causative agent of malaria
in rodents, induce the formation of a host-derived F-actin structure in proximity to the MJ.
Pre-treatment of host cells with the actin-destabilizing drugs jasplakinolide and mycalolide
B reduces invasion of both T. gondii and P. berghei parasites, indicating that host actin
dynamics are important for parasite entry [24]. It was proposed that invading parasites
reorganize host actin filaments to anchor the MJ to the underlying actin cortical network, in
order to ensure junction stability [24]. Consistently, in both T. gondii and P. berghei invasion,
the host actin-related 2/3 complex (Arp2/3), an actin nucleator [25], is actively recruited to
the moving junction and is necessary for invasion, since its inhibition reduces the invasion
rates of both parasites [24]. In order to facilitate parasite entry, T. gondii also induces a local
relaxation of the cortical actin cytoskeleton. This is achieved through the acting of a rhoptry
protein called toxofilin that directly binds actin filaments and regulates their turnover, thus
loosening the filament network [26].

Moreover, C. parvum manipulates the host actin cytoskeleton during invasion, to
induce the formation of a dense F-actin plaque at the site of parasite entry, by activating
host calpains, proteases that remodel the actin cytoskeleton [27].

Most apicomplexans complete their whole intracellular growth inside the PV. More-
over, this step of the parasite life cycle requires a manipulation of the host cytoskeleton. For
instance, T. gondii alters host microtubules during PV formation. Microtubules surround
T. gondii PV soon after invasion and then the centrosome, the major microtubule organizing
center, is detached from the host cell nuclear envelope and associated with the PV. Host mi-
crotubules could serve to provide mechanical support to the dividing parasites. Moreover,
T. gondii shows microtubule-induced PV membrane (PVM) invaginations in the PV lumen
that are used as conduits for the import of host nutrients and vesicles [18].

During their intracellular development, some apicomplexan parasites recruit the
host organelles close to the PVM to scavenge host molecules or manipulate organelle
activity to meet their own needs. They do so either by acting on the microtubule network
that regulates organelle trafficking [21] or by creating a direct link with the organelles
themselves. For instance, some T. gondii strains relocate the host mitochondria close to the
PVM, probably to hijack their activity, even though it is still not well understood which
benefits the parasite gains from doing so. It was shown that host microtubule disruption
impairs the recruitment of host mitochondria [28]. T. gondii parasites secrete a protein called
mitochondrial association factor 1 (MAF1) that binds to a host protein called mitochondrial
intermembrane space bridging complex (MIB), causing an increase of the contact area
between the PVM and the mitochondria that probably favors the import of metabolites to
the PV [29,30].

Moreover, in order to scavenge lipids from the host, several apicomplexan parasites
alter the host Golgi vesicle trafficking [31]. As an example, T. gondii localizes near to the
host Golgi soon after invasion and then associates with it, causing its fragmentation in
ministacks, thus increasing the contact area between the Golgi and the PV. The Golgi
fragmentation and the proximity to the PV favor the interception of Golgi-derived vesi-
cles that are internalized inside the PV through invaginations and evaginations of the
PVM [14]. After crossing the PVM, they become encircled by membranous tubules forming
an intravacuolar network inside the PV, where they are disassembled and release their
content [15].

In addition, also P. falciparum manipulates the host intracellular trafficking, in this
case to deliver its own proteins to the host cell surface. Malaria parasites export on the
red blood cell surface sticky proteins in order to adhere to the microvascular endothelium
and avoid the host splenic clearance. To do this, P. falciparum parasites produce in the
host cytoplasm sack-like structures called “Maurer’s clefts” that are linked to the host actin
cytoskeleton through the parasite trafficking protein 1 (PfPTP1). This protein stabilizes and
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elongates actin filaments that radiate from the parasite towards the host cell membrane,
thus allowing the translocation of parasite proteins to the erythrocyte surface [32].

Once intracellular growth and replication have taken place, apicomplexan parasites
need to egress from the host cell. Moreover, in this final step, host cytoskeleton modulation
plays an important role. As an example, during T. gondii egress from the host cell, the
parasite activates a host G-protein signaling pathway to dismantle the host cytoskeleton
and facilitate egress. It was shown that T. gondii parasites activate the host Gq protein
alpha subunit, which in turn activates protein kinase C (PKC). This kinase phosphorylates
adducin, a protein that maintains erythrocyte cytoskeletal integrity, inhibiting its actin
binding activity. Protein Gαq activation thus leads to adducin dissociation from the
cytoskeleton, with a consequent loss of stability of the cytoskeleton itself, and the opening
of the transient receptor potential cation channel 6 (TRPC6) on the plasma membrane, with
a consequent influx of Ca2+ ions. Calcium activates host calpains, proteases that cleave
several cytoskeletal substrates, leading to cytoskeleton dismantling and parasite egress. A
similar strategy was also suggested for P. falciparum egress from the host cell [33].

Apicomplexan parasites thus frequently modify the host cytoskeleton by hijacking
host signaling pathways involved in its regulation. In this review, we will focus on this
specific aspect of host manipulation and in particular on the small GTPases superfamily,
which includes some of the most studied examples of proteins regulating cytoskeleton
organization and intracellular trafficking.

3. Roles of the Host Small GTPases in Intracellular Pathogen Infection

Small GTPases are a superfamily of small proteins of 21–30 kDa involved in signal
transduction and characterized by a common “G domain”, which binds the nucleotide
guanosine-triphosphate (GTP) and hydrolyzes it to guanosine-diphosphate (GDP). GTPases
act like a switch, alternating between an active GTP-bound conformation, in which they
bind downstream effectors, and a GDP-bound conformation, in which they are inactive. In
the latter conformation, GDP will tend to dissociate from the GTPase, thus allowing a new
GTP molecule to bind [34]. Interchange between GTP and GDP is regulated by different
classes of GTPase interactors. Guanine nucleotide exchange factors (GEFs) promote GDP
release and GTP loading, thus activating the signal. Each GTPase can interact with different
GEFs, thus integrating signals from various sources. GTPase activating proteins (GAPs)
bind to GTPases in their active conformation, improving their catalytic activity and allowing
the protein to quickly return to its inactive state, thus shortening signal duration. Guanine-
nucleotide-dissociation inhibitors (GDIs) maintain the GTPase in an off-state, preventing
GDP dissociation, thus inhibiting the GTPase activity [35,36].

Small GTPases are divided into five families based on their sequence and structure:
Rho, Rab, Ras, Arf and Ran families [37]. These proteins are exploited by all classes of
intracellular pathogens both to invade the host cell and to develop and grow once inside the
host. Bacteria have evolved different strategies to modulate the host small GTPases. The
first consists of producing effectors that mimic GTPase modulators, such as GEFs, GAPs
and GDIs. The best documented example of this strategy is the bacterium Salmonella enterica,
a pathogen that has evolved a unique ability to up- and downregulate the activity of the
host small GTPases Cdc42 and Rac1, two actin cytoskeleton key regulators. Upon invasion,
Salmonella injects, through a needle-like appendage, two bacterially encoded GEFs, SopE
and SopE2, inside the host cell. These proteins activate Cdc42 and Rac1, initiating a signal
transduction cascade in the host cell that induces actin cytoskeletal rearrangements and
membrane ruffling, aimed at facilitating bacterial engulfment and internalization [38]. The
host cell morphological changes associated with bacteria uptake are rapidly reversed by
Salmonella to ensure a minimally disrupted environment to live in. Once inside the host cell,
these bacteria produce the secreted effector protein (SptP), a protein that antagonizes Cdc42
and Rac1 by mimicking a GAP and facilitates host cell actin cytoskeleton recovery [39].
SptP is the smallest GAP known so far and shows significant differences in its structure
if compared to eukaryotic GAPs. Nevertheless, by analyzing the crystal structure of a
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SptP–Rac1 complex, it was shown that these differences are not exposed to the protein
surface and SptP revealed an unusual GAP architecture that extensively mimics host
functional homologs [40]. SptP constitutes an important example of convergent evolution
between pathogen and host. Similar strategies have also been reported for many other
bacteria that express factors mimicking all classes of GTPase modulators [41].

Another way widely used by intracellular pathogens to hijack the host small GTPases
is by modifying them with post-translational modifications, such as ADP-ribosylation,
glucosylation, deamidation and transglutamination, resulting either in their inactivation or
activation. For instance, the bacterium Clostridium botulinum delivers into the host cell an
exoenzyme called C3 that ADP-ribosylates the host small GTPase RhoA, inactivating its
signaling pathway [42].

Another example of bacterial toxins modulating host small GTPases through post-
translational modifications is the toxin cytotoxic necrotizing factor (CNF) from Escherichia
coli and Yersinia pseudotuberculosis. CNF deaminates the host GTPases Rac1, RhoA and
Cdc42, keeping them in an active state, thus stimulating actin polymerization and favoring
bacterial entry [43].

Post-translational modifications can also modulate degradation of the host small
GTPases through the ubiquitin–proteasome system. This is the case of a toxin called protein
adenylyltransferase (VopS), expressed by Vibrio parahaemolyticus, that AMPylates Rac1
and RhoA, hindering their interaction with the E3 ubiquitin ligase, thus reducing their
degradation. The consequent activation of Rac1 and RhoA signaling pathways inhibits
several factors involved in the host response to bacterial infection [44]. On the contrary,
the bacterium Legionella pneumophila secretes enzymes that ubiquitinate the host small
GTPases Rab33b and Rab1, increasing their degradation in order to manipulate host vesicle
trafficking to form a protective vacuole in which the bacterium will spend its intracellular
life [45].

All classes of small GTPases were also shown to be involved in infection by viruses, at
different stages of the viral life cycle, from cell entry [46–51], to replication [52–54], to late
assembly/release of enveloped viruses [51].

Small GTPases are also involved in infection by some intracellular parasites. The
three GTPases Rac1, Cdc42 and Arf6 were shown to be involved in host cell invasion by
the flagellate parasite Trypanosoma cruzi [55,56], the etiological agent of Chagas disease.
During T. cruzi invasion, these GTPases modulate the actin cytoskeleton at the site of
parasite entry, favoring parasite penetration [55–57]. A similar mechanism was found also
during invasion by the intracellular parasite Leishmania donovani that infects macrophages.
Rac1 and Arf6 are activated during L. donovani entrance and mediate its phagocytosis by
acting on actin modulation and on membrane recycling at the site of entry [58]. After
invasion, Rac1 localizes to the phagosome where L. donovani resides and here, together
with Cdc42, participates in the formation of an F-actin shell around the phagosome that
arrests phagosomal maturation [59].

In the following sections, we will provide an overview on how apicomplexan parasites
exploit the host small GTPases to their advantage.

4. Host Small GTPases in Apicomplexan Infection: The Roles of Rho GTPases

The Rho family comprises about 25 different members, involved in several functions,
such as cytoskeleton modulation, cell polarity and cell cycle progression. They act as molec-
ular switches in several pathways that link plasma membrane receptors to cytoskeletal
reorganization. Many Rho GTPases can undergo prenylation on their C-terminal domain.
This post-translational modification increases the protein hydrophobicity and promotes
its subcellular localization to the plasma membrane [60]. Among Rho GTPases, the most
studied are RhoA, Rac1 and Cdc42, due to their involvement in tumor progression and
metastasis [61].

Because of their role in actin cytoskeleton modulation, GTPases belonging to the Rho fam-
ily are involved in infection by many intracellular pathogens [40,48–50,58,59,62–71], including
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several apicomplexan parasites, such as Plasmodia [72–75], T. gondii [76,77], C. parvum [78,79]
and Theileria annulata [80]. Moreover, several commercially available inhibitors of Rho GT-
Pases have shown in vitro efficacy against intracellular pathogens, including bacteria [81,82],
viruses [83,84] and protozoan parasites [85,86].

The Rho GTPase Rac1 was shown to play an important role in infection by both
T. gondii and P. falciparum. T. gondii recruits Rac1 to its PVM and transfection of a Rac1
dominant-negative mutant (Rac1-N17) impairs the GTPase recruitment, indicating that
its activation is required for mobilization to the PVM. The amount of active Rac1 was
higher in infected cells compared to the uninfected control, suggesting that the parasite
induces Rac1 activation. Moreover, both transfection of a Rac1 dominant-negative form
and down-regulation of the endogenous protein by RNA interference led to a significant
reduction in parasite invasion rates [76], showing that the GTPase is required for efficient
invasion (Table 1, Figure 1a).

Table 1. Summary table of the host small GTPases exploited by apicomplexan parasites.

Small GTPases Family GTPase Function Organism

Rho

Rac1

Invasion P. falciparum [72,73]

Intracellular Growth P. falciparum [72,73],
T. gondii [77]

Egress P. falciparum [74]

Cytoadherence P. falciparum [75]

Cdc42

Invasion C. parvum [78,79]

Cytoadherence P. falciparum [75]

Infected cell motility T. annulate [80]

RhoA
Invasion T. gondii [76]

Cytoadherence P. falciparum [75,87]

Rab

Rab1 Nutrients scavenging T. gondii [15]

Rab11 Nutrients scavenging P. berghei [12]

Rab14
Nutrients scavenging T. gondii [14]

Immune evasion P. berghei [88,89]

Rab43 Nutrients scavenging T. gondii [14]

Ras Ras Infected cell motility T. gondii [90]

Arf Arf6 Infected cell motility T. gondii [91]

Ran Ran Nuclear delivery of
parasite factors T. annulate [92]

Recently, Wei et al. showed that host cell treatment with NSC23766 [93], a Rac1 specific
inhibitor, reduces T. gondii invasion rates. Interestingly, treatment with this compound
also reduces F-actin polymerization, suggesting that Rac1 activation may entail F-actin
cytoskeleton modulation (Table 1, Figure 1a), as previously reported in infection by many
other intracellular pathogens [46–48,55,62,64,66,78,82,94]. Finally, treatment of infected cells
with NSC23766 during T. gondii intracellular development also reduced parasite replication
rate, resulting in a significantly smaller parasite number compared to untreated cells. This
suggests a possible role of the GTPase also during this phase of the parasite life cycle [77]
(Table 1).
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sphingolipids from host Golgi-derived vesicles bound to Rab14 and Rab43. Only vesicles bound to 
active Rab GTPases are delivered to the PV. PVM: parasitophorous vacuole membrane. Green cir-
cles represent GTP and red circles GDP. Figure created with the support of https://smart.ser-
vier.com/ (accessed on the 5 May 2022). 
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Figure 1. Toxoplasma gondii manipulates Rho, Arf and Rab GTPases. (a) Schematic of an invading
stage of T. gondii. Rac1 and RhoA are recruited to the site of parasite entry and their activity is
required for actin cytoskeleton remodeling during invasion. Moreover, Arf6 is recruited to the site
of parasite entry and activated by PI3-kinase. Arf6 activation triggers PIP5-kinase that produces
PIP2 from PI4P, resulting in actin remodeling and membrane recruitment. (b) Schematic representing
replicating T. gondii parasites. During their intracellular development, T. gondii parasites scavenge
sphingolipids from host Golgi-derived vesicles bound to Rab14 and Rab43. Only vesicles bound to
active Rab GTPases are delivered to the PV. PVM: parasitophorous vacuole membrane. Green circles
represent GTP and red circles GDP. Figure created with the support of https://smart.servier.com/
(accessed on the 5 May 2022).

Rac1 plays a similar role also in P. falciparum infection of human erythrocytes (Table 1).
We demonstrated that the GTPase is recruited to the PVM in infected erythrocytes and is
activated by the parasite, similarly to T. gondii. We also showed that two Rac1 chemical
inhibitors, EHT-1864 and 1A116 [95,96], reduced P. falciparum invasion rates, indicating an
involvement of Rac1 in this process. Moreover, both inhibitors efficiently reduced para-
sitemia and parasite cell size, indicating an involvement of Rac1 also during P. falciparum
intraerythrocytic development [72] (Table 1). When the parasite is mature, the GTPase is
nearly totally depleted from the erythrocyte membrane [72,74]. It was suggested that Rac1

https://smart.servier.com/
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removal may be necessary for P. falciparum egress from the host cell. Loss of Rac1 is associ-
ated with adducin removal from the cytoskeleton and its subsequent destabilization [97].
Thus, the loss of Rac1 before parasite egress may help in dismantling the host cytoskeleton
in preparation for subsequent disruption of the plasma membrane [74] (Table 1).

Because of its role in many types of cancer, Rac1 has been widely studied and several
chemical inhibitors of the GTPase are commercially available and were shown to reduce
invasion rates of many intracellular pathogens [49,64,66,68,98]. We tested several Rac1
inhibitory compounds, targeting either interaction with GEFs or nucleotide exchange activ-
ity, on P. falciparum in vitro cultures and showed that twelve inhibitors have antimalarial
activity. Among them, three showed a half inhibitory concentration below 1 µM. The most
efficient inhibitors were also tested for their cytotoxicity, giving good results on human
microvascular endothelial cells (HMEC-1) [73].

The small GTPase Cdc42 was shown instead to be involved in C. parvum infection.
C. parvum primarily infects intestinal epithelia but can also infect other types of epithelia [99].
When ingested, C. parvum oocysts excyst in the gastrointestinal tract and release infective
sporozoites. The parasites then attach to the apical membrane of the host epithelial cells,
inducing the formation of membrane protrusions that encapsulate the sporozoite and form
an intracellular but extracytoplasmic PV [100].

It was shown that Cdc42 is recruited to the site of invasion, where it is activated.
In order to activate Cdc42, C. parvum recruits to the site of parasite entry and activates
phosphoinositide 3-kinase (PI3K), a signaling kinase implicated in actin polymerization.
PI3K recruitment causes the accumulation of frabin, a GEF that activates Cdc42, finally
leading to actin remodeling [79]. Both Cdc42 inhibition by overexpression of a dominant-
negative mutant, and its suppression by small interfering RNA (siRNA) were associated
with a reduction of C. parvum-associated actin remodeling and membrane protrusions and,
ultimately, C. parvum invasion. Expression of a constitutively active Cdc42 mutant instead
significantly increased C. parvum invasion. These findings demonstrated that Cdc42 plays
an important role in C. parvum invasion of the host cell [78] (Table 1).

Cdc42 is also involved in infection by T. annulata, a tick-borne apicomplexan infecting
ruminants. This parasite promotes uncontrolled proliferation and enhanced motility of
its host macrophages through chronic de-regulation of their signaling pathways, thus
promoting parasite dissemination in the host animal. Infected cells have often been used
as a reversible model of oncogenic transformation since the parasite can be eliminated by
parasiticide treatment [101]. The presence of intracellular T. annulata causes asymmetric
activation of host cell actin dynamics and podosomes and lamellipodia formation. The
asymmetrical rigidification of the cortical cytoskeleton at the rear increases contractility
and intracellular pressure at the leading edge, where podosomes and lamellipodia form
following activation of Rho kinases, a class of kinases activated by Rho GTPases. It was
shown that Cdc42 activity was higher in virulent macrophages obtained ex vivo from the
peripheral blood of calves infected with T. annulata, compared to attenuated cell lines or
drug-cured macrophages previously infected, indicating that Cdc42 activity is increased
during infection and decreases upon parasite elimination [80]. It was also shown that tumor
necrosis factor alpha (TNFα) is overexpressed in virulent macrophages [102]. Since in other
cell types TNFα promotes filipodia formation via the Cdc42 pathway [103], it is possible
that this GTPase could be responsible for filipodia formation also in Theileria-infected
macrophages [80] (Table 1).

RhoA is another key regulator of actin dynamics that is manipulated by Apicomplexa.
During T. gondii invasion of the host cell, RhoA is recruited to the site of parasite entry
at the beginning of the invasion process and is subsequently relocated to the PVM in its
active form. Moreover, both the transfection of a dominant-negative form of RhoA and its
silencing by RNA interference reduced T. gondii invasion rates [76] (Table 1, Figure 1a).

In addition to their role in host cell infection, small GTPases were found to be involved
in P. falciparum-infected erythrocytes’ adherence to the vascular endothelium, a key factor in
the occurrence of severe malaria. It was shown that treatment of endothelial cells with E. coli
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toxin CNF1 [104], a Rho/Rac1/Cdc42 modulator, both prevents cytoadherence and induces
the detachment of infected erythrocytes from endothelial cells in vitro by activation of
RhoA, Cdc42 and Rac1. Therefore, CNF1 was proposed as a candidate for the development
of treatments against severe malaria [75] (Table 1).

5. Host Small GTPases in Apicomplexan Infections: The Roles of Rab GTPases

The Rab family is the largest group of small GTPases, with more than 60 members
localized to different intracellular membranes. They are characterized by a reversible associa-
tion with membranes through geranylgeranyl groups that are attached to their C-terminal end.
Rab GTPases are involved in the modulation of vesicular trafficking and protein transport.
Each intracellular membrane is characterized by specific Rab proteins [37,105].

Apicomplexan parasites manipulate Rab GTPases by promoting or antagonizing their
function, in order to modulate cellular trafficking pathways, move host vesicles near to
or inside their PVM, scavenge nutrients from host vesicles and control host phagocytic
activity [31].

For instance, T. gondii preferentially internalizes vesicles involved in Golgi trafficking,
in order to scavenge sphingolipids and other nutrients from the host, which the parasite is
auxotrophic for [15]. To facilitate this, some T. gondii strains relocate the host Golgi near the
PV and fragment it in ministacks [14].

In particular these parasites are able to selectively recognize and internalize to their
PV vesicles bound to specific Rab GTPases [15]. Among them, Rab14 and Rab43, two Golgi
GTPases, are a clear example of Rab manipulation for parasite needs. When dominant
negative Rab14 and Rab43 mutants were expressed in the host cells, sphingolipids showed
an aberrant localization in large foci on and within the PVM. Moreover, the sphingolipid
amount in the PV lumen was significantly reduced compared to the control, indicating
that Rab14 and Rab43 activity is required for an efficient uptake of host sphingolipids [14].
It was also shown that the GTP-bound form of Rab14 is preferentially internalized to the
PV, compared to the GDP-bound form, confirming that GTPase activation is required for
vesicle delivery to the PV lumen [15] (Table 1, Figure 1b). This mechanism has already been
shown for other Rabs, such as Rab1 (Table 1), suggesting this may be a common feature in
Rab vesicle internalization [15].

Moreover, P. berghei exploits host Rab GTPases to acquire nutrients from the host
hepatocyte. Like T. gondii, P. berghei fragments the host cell Golgi, in order to increase the
surface interaction between this organelle and the PVM. It was shown that transfection of
a dominant-negative mutant of Rab11a, a GTPase that regulates endosome recycling in
the trans-Golgi, prevents the Golgi fragmentation exerted by the parasite and significantly
reduces both the number of parasites reaching maturation and parasite size [12] (Table 1).

Rab GTPases are also key regulators of vesicular trafficking in the endocytic pathways
in macrophages [106]. Some apicomplexan parasites can interfere with these proteins in
order to subvert the host immune response [31].

For instance, P. berghei parasites modulate Rab gene transcription in macrophages to
their own advantage. It was shown that when macrophages were incubated with P. berghei-
infected erythrocytes, the expression levels of nine different Rabs regulating phagocytosis
increased. In particular, Rab14 plays a protective role for the parasite, since its silencing
causes a two-fold increase in phagocytosed parasites, while its overexpression causes a
significant decrease [88] (Table 1). In macrophages, Rab14 is involved in the trafficking to
the plasma membrane of CD36, a receptor involved in P. berghei phagocytosis. As a matter
of fact, it was shown that its silencing leads to an increase in CD36 surface expression
due to a reduction in its internalization [89]. It was proposed that the primary uptake
of P. berghei-infected erythrocytes increases the levels of Rab14, leading to a reduction in
CD36 receptor exposed on the macrophage surface, thus inhibiting subsequent phagocytic
activity and decreasing parasite clearance [88,89].
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6. Host Small GTPases in Apicomplexan Infection: The Roles of Ras, Arf and
Ran GTPases

The Ras family includes GTPases with a high degree of sequence identity and function
redundancy that are important regulators of signaling pathways linking extracellular sig-
nals to gene transcription, cell proliferation, differentiation and morphology. The Ras genes
were the first small GTPase genes to be identified and are the most common oncogenes in
human cancer [107].

T. gondii parasites infect a variety of human cells, including dendritic cells (DCs),
antigen-presenting cells that trigger adaptive immune response. Infected DCs show a
hypermigratory phenotype characterized by amoeboid motility that guarantees parasite
dissemination inside the host organism. In order to promote hypermotility, T. gondii induces
gamma-aminobutyric acid (GABA) secretion and activation of its ionotropic receptor,
leading to calcium influx. The increase in Ca2+ concentration induces the activation of
calmodulin (CaM) and CaM kinase II (CaMkII), which in turn activates the GTPase Ras.
Moreover, the MET receptor tyrosine kinase is activated upon T. gondii infection and its
signaling also activates Ras, which is thus a nodal factor coordinating signals from both
GABA and MET receptors. Ras activation leads to extracellular signal-regulated kinase 1/2
(Erk1/2) phosphorylation, which in turn phosphorylates proteins in the nucleus and in the
cytoplasm that maintain hypermotility [90] (Table 1).

The ADP-ribosylation factor family (Arf) is composed of six proteins with overlapping
functions, characterized by an N-terminal amphipathic domain of 14 amino acids that
is myristoylated. When the Arf GTPase is bound to GDP, the N-terminal domain faces
towards the catalytic site and is autoinhibitory. When the protein is bound by a GEF, the
myristoylated domain swings out of the protein and ensures its association to membranes,
allowing GTP binding and consequent GTPase activation.

Arf GTPases mainly regulate organelle structure, membrane biosynthesis, trafficking
and interaction with the actin cytoskeleton, lipid transport in the Golgi network and
recruitment of proteins that regulate cargo sorting into vesicles. Arfs localize to membranes
throughout the cell, including the plasma membrane and the membranes of the secretory,
endosomal and lysosomal pathways [108,109].

Arf6, a GTPase involved in membrane trafficking during endocytosis [110], was shown
to be involved in T. gondii invasion of the host cell. The GTPase is recruited to the PV of
invading parasites, and when its activity is inhibited by transfecting the host cell with a
dominant-negative form of the GTPase, or when the endogenous Arf6 is inactivated by
RNA interference, parasite invasion rates decrease. This indicates that Arf6 is important for
T. gondii invasion of the host cell, possibly playing a role in membrane invagination and PV
formation. In this process, Arf6 is triggered by phosphatidylinositol 3-kinase (PI3-kinase),
a kinase that is activated upon invasion. In turn, Arf6 activates phosphatidylinositol 4-
phosphate 5-kinase (PIP5-kinase) that is responsible for generating phosphatidylinositol
4,5-biphosphate (PIP2), which surrounds the invading parasite and is known to regulate
actin cytoskeleton dynamics [91] (Table 1, Figure 1a).

The Ran family includes only one member, the protein Ran, characterized by an
acidic tail at its C-terminus and by the absence of a membrane-binding motif, present in
all the other small GTPases. Ran, unlike the other GTPases that are either cytoplasmic
or associated with membranes, localizes both in the nucleus and the cytoplasm. Ran
is involved in the regulation of several cellular functions, such as cell cycle progression
through the regulation of the cell spindle apparatus and nuclear envelope formation during
mitosis, cytoplasm–nucleoplasm transport and RNA nuclear export, and synthesis and
processing during interphase [37,111].

The only apicomplexan parasite that was shown to manipulate Ran is T. annulata. This
is not surprising, since Theileria parasites deeply alter the host cell cycle, differentiation and
motility to favor their spread in the host organism [101]. They do so both by modulating
the host gene transcription and by manipulating its signaling pathways.
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These parasites, unlike other apicomplexan, are free in the host cytoplasm and are not
surrounded by a PV. In infected cells, the parasite forms the so-called annulate lamellae
(AL), a membranous structure localized in close proximity to the parasite, containing pores
similar to the nuclear pore complexes (NPCs) [112]. It was recently demonstrated that the
components of the AL, including Ran, are in fact derived from the host NPCs. The role of
Ran may be linked to the delivery of soluble parasite factors to the host nucleus, in order
to subvert gene transcription [92]. Interestingly, two proteins that regulate Ran, the Ran
GTPase-activating protein 1 (RanGAP1) and the Ran-binding protein 2 (RanBP2), which are
both part of the NPCs, were found to associate with Theileria parasites, thus indicating some
sort of regulation of host Ran GTPase in proximity to the parasite surface [113] (Table 1).

7. Discussion and Conclusions

Small GTPases are key regulators of virtually all aspects of eukaryotic cell life. Given
the extensive interplay between apicomplexan parasites and host functions, these proteins
are manipulated during all stages of apicomplexan infections, from invasion of the host
cell to intracellular growth and egress.

Exploitation of host small GTPases by apicomplexan parasites is a clear example of
adaptation to intracellular parasitism based on the manipulation of host cell functions in
order to favor the pathogen’s survival and spreading.

The emergence of drug-resistant strains in several species of Apicomplexa is a major
threat in the fight against these pathogens. Drug-resistant strains of P. falciparum have
by now been reported against all classes of antimalarial compounds [114,115]. Resistant
strains of T. gondii are emerging worldwide, representing a risk of increased disease severity
or treatment failure in immunocompromised patients [116]. Regarding C. parvum, vaccines
or fully effective drugs are not yet available and anti-cryptosporidial drug discovery is
underway. The only drug approved by the Food and Drug Administration, nitazoxanide,
is efficient only to treat cryptosporidiosis in immuno-competent individuals, but not in
immuno-compromised ones, which are at risk of severe disease [117].

An emerging strategy to limit the insurgence of drug resistance is to target host
molecules exploited by pathogens to enter or develop inside the host cell. This approach is
less likely to generate drug resistance compared to pathogen-directed therapies, since the
pathogens would need to modify their entire infection strategy to compensate for a missing
host factor. Moreover, host-targeted therapies (HTTs) could be effective against different
parasite strains [118,119]. Given the high dependence of apicomplexan parasites on host
cell functions, HTTs are a promising strategy for the treatment of apicomplexan infections.

Host-targeted molecules have already been proven effective against several intracel-
lular pathogens [120–123]; some have been tested in clinical trials, for instance against
Hepatitis C [124], and some are already in clinical use for HIV treatment [125]. In apicom-
plexan infections, this strategy has been proposed for malaria and toxoplasmosis [126,127].
Treatment of human erythrocytes with Conoidin A, an inhibitor of the host peroxidase
Prx2, impairs parasite DNA synthesis and hemozoin production, disrupts nuclear integrity
and prevents P. falciparum growth [128]. Moreover, human ferrochelatase, the final enzyme
of the heme biosynthetic pathway, has been proposed as a suitable target for the develop-
ment of novel HTTs, since P. falciparum growth is impaired in erythrocytes treated with
N-methylprotoporphyrin (N-MPP), a ferrochelatase substrate analogue and competitive
inhibitor of the enzyme. Moreover, the growth of Plasmodium intraerythrocytic stages is
inhibited both in human red blood cells from individuals with natural loss of function mu-
tations of the protein and in mice carrying a ferrochelatase knockdown mutation. The fact
that individuals with natural loss of function mutations of ferrochelatase display relatively
few symptoms and have a normal life expectancy suggests that targeting ferrochelatase
would be well tolerated by the organism [129]. Imiquimod is an immune response modu-
lating drug that was shown to be efficient both as a therapy and as a prophylaxis against
T. gondii both in vitro and in vivo in murine models, acting both during acute and chronic
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toxoplasmosis. This compound binds the host Toll-like receptor-7 (TLR-7), activating its
downstream signaling pathway, thus leading to innate immune response activation [130].

In our recent work, we proposed the Rho GTPase Rac1 as a potential host target for
the development of novel antimalarial drugs [72,73] and EHop-016, the most efficient Rac1
inhibitor against P. falciparum, as a promising starting molecule for the development of
novel, more effective compounds [131,132]. Moreover, the Rho modulator CNF from E. coli
was proposed as a treatment against severe malaria, specifically targeting the adhesion of
infected erythrocytes to endothelia [75].

The availability of several small GTPase inhibitors [133,134] allows for quick and easy
testing of their efficacy against clinically relevant apicomplexan parasites in the search
for novel host-targeted compounds. Screening of inhibitory compounds in vitro against
apicomplexan parasites is easily conceivable, given the availability of robust protocols for
drug susceptibility assessment for all the clinically relevant apicomplexan parasites [135–137].

Moreover, the repurposing of drugs in use for other human diseases is a promising
strategy, with the benefits of being more cost-effective and requiring less time compared to
the development of novel drugs, since data on pharmacokinetics and toxicity are already
available [138,139]. For instance, the immunosuppressive drug azathioprine, used in the
treatment of some autoimmune diseases, as well as the potent analgesic R-ketorolac, were
shown to be Rho GTPase inhibitors [140,141]. Moreover, azathioprine was also shown to
exert antimalarial activity both in vitro on P. falciparum cultures and in vivo on P. berghei-
infected mice [142].

Given the wide distribution of small GTPases in different human tissues and their
involvement in many cellular functions, therapies based on their inhibition could poten-
tially cause collateral effects [133]. A deeper understanding of the mechanisms by which
pathogens exploit the host small GTPases could obviate this risk, by allowing the design of
compounds targeting specific host–parasite interactions, which would be more effective
and less toxic and could even lead to the identification of novel therapeutic targets.
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