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Intracellular protozoans co-evolved with their mammalian host

cells a range of strategies to cope with the composite and

dynamic cell surface features they encounter during migration

and infection. Therefore, these single-celled eukaryotic

parasites represent a fascinating source of living probes for

precisely capturing the dynamic coupling between the

membrane and contractile cortex components of the cell

surface. Such biomechanical changes drive a constant re-

sculpting of the host cell surface, enabling rapid adjustments

that contribute to cellular homeostasis. As emphasized in this

review, through the design of specific molecular devices and

stratagems to interfere with the biomechanics of the

mammalian cell surface these parasitic microbes escape from

dangerous or unfavourable microenvironments by breaching

host cell membranes, directing the membrane repair machinery

to wounded membrane areas, or minimizing membrane assault

using discretion and speed when invading host cells for

sustained residence.
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Introduction
Over the last few decades, researchers have shed light on

how micron-size single-celled eukaryotes – that is, proto-

zoan microbes – utilize diverse tactics to overcome the

challenge of invading cells from a range of mammalian

hosts. In close partnership with either ectotherm or warm-

blooded mammalian hosts, those protozoan microbes

sculpt the dynamic protective and feeding niches to

sustain transient to prolonged-time intracellular resi-

dence. Regardless of the ‘manoeuvres’ co-evolved by
Current Opinion in Microbiology 2019, 52:116–123 
each pair of invasive protozoan–host cell to build hetero-

typic associations of distinct life-time and fate, the

parasites must inevitably cope with the structural and

functional complexity of the host cell surface. This com-

plexity is dictated by the host cell identity alongside a

micro-environment that usually consists of scaffolding

bioactive matrices and, in the context of barrier tissues,

of connecting neighbouring cells. In this short review only

a few examples have been selected to illustrate how

Trypanosomatid and Apicomplexan intracellular proto-

zoan parasites make use of their target cell properties to

generate selective paths towards the intracellular world,

where they unfold developmental programs responsible

for further producing transmissible populations.

What invasive protozoan microbes face/
perceive when meeting the surface of
targeted mammalian cells
When confronted with the surface of the mammalian

permissive host cell, pre-invading protozoan parasites

encounter a continuous, non-uniform interface that

behaves as a dual-active composite [1]. While a fluid

bilayer predominantly composed of phospholipids and

loaded with hundreds of proteins and protein modules is

positioned at the extracellular interface – namely the

Plasma Membrane (PM) –, underneath is tethered a thin

ActoMyosin Contractile Meshwork (AMCM) known as

cortex [2]. The dynamic coupling that operates between

the two composite entities over a range of spatiotemporal

scales is key for ensuring vital contributions and adjust-

ments of the PM, which concurrently maintain cellular

homeostasis. Through the control of nano-domain to

micro-domain assembly, PM-AMCM active coupling

allows ‘out–in’ signals to be sensed, amplified and con-

veyed before promoting a choreography of events that

reshape the cell surface architecture. Recently, in vitro
minimal composite models revealed how cortex contrac-

tile myosins [1] (including mammalian myosin 2 isoforms,

myosin 1 and myosin 17) [3] can drive mini-filament

assembly alongside the actin architecture to precisely

regulate cortical tension gradients, thus sculpting the cell

surface into distinct shapes [2].

In this context, when protozoans and host cells come into

contact with each other, signals emitted by the single-

celled eukaryotic parasite – either through surface-exposed

or secreted ligands – are expected to be captured by host

cell surface through lectin-carbohydrate, protein–protein

or protein–lipid molecular interactions and processed to

regulate PM-AMCM dynamics in a way compatible with
www.sciencedirect.com

mailto:isabelle.tardieux@inserm.fr
http://www.sciencedirect.com/science/journal/13695274/52
https://doi.org/10.1016/j.mib.2019.11.006
https://doi.org/10.1016/j.mib.2019.06.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mib.2019.06.007&domain=pdf
http://www.sciencedirect.com/science/journal/13695274


Protozoans as living probes of mammalian cell surfaces Pavlou, Milon and Tardieux 117
the safe intracellular installation of the parasitic microbes.

However, to reach the selected residence cell/tissue alive,

some protozoans need first to take tough measures to deal

with barriers/hurdles impeding their intruding progression.

The extreme case: the protozoan parasite
disrupts the mammalian cell surface, en route
to safer residence in bona fide hosting cells
A somehow ‘drastic’ strategy was reported for parasites

encountering a continuous host cell layer before reach-

ing a growth-permissive cell/tissue. Such layers called

endothelia or epithelia are composed of type-specific

cells that collectively develop robust apico-basal polarity

through engagement with specialized cell–cell and cell–

substratum molecular anchors, forming a physical barrier

to the progression of non-parasitic intruders [4]. As a way

to circumvent this obstacle, some parasitic intruders such

as protozoan parasites can literally cross cells by causing

the PM-AMCM to irreversibly breach, imposing a rapid

exit of the invader from the sacrificed host cell. This cell

traversal (CT) scheme seems to be a quasi-obligate path

for the malaria-causing Plasmodium spp. Sporozoites,

which are delivered into the dermis of warm-blooded

mammals by blood-feeding anopheline mosquitoes. A

fraction of these sporozoites eventually initiate the intra-

hepatocyte phase of the Plasmodium spp. intracellular

development, provided that the parasites first achieve

traversal of endothelial cells of the dermal blood micro-

vascular bed, of the liver sinusoid endothelial cells, as

well as resident Küpffer macrophages [5–7]. Relying on

Plasmodium gene disruption, the latter teams provided

insights on a required discharge of stage-specific pore-

forming or putative pore-forming proteins by sporozoites

(e.g. sporozoite-restricted SPECT1 and SPECT2/PLP1,

sporozoite/ookinete-restricted CelTOS) that enable cell

traversal. Upon exocytosis from a calcium-responsive

secretory organelle called microneme, the SPECT1

and SPECT2 plasmodial proteins were proposed to

promote destabilization of the PM by forming trans-

membrane channels in Küpffer macrophages and fenes-

trated sinusoidal endothelial cells, ultimately promoting

PM rupture and parasite translocation across the cell

layer adjacent to hepatocytes. Tandem cooperation

between the PM-inserted channels and yet undefined

sporozoite effectors has also been speculated as a way to

impact the cell cortex integrity, contributing to the

extent of PM wounds and facilitating CT. However,

in vivo live imaging of pore formation in endothelial cells

and macrophages targeted by sporozoites in

experimentally relevant <hosts – mice or humanized

mice – remains a challenge. These limitations preclude

definitive conclusions on which membrane domains,

apical versus basal, are targeted by the plasmodial mole-

cules, and how the sporozoite intracellular gliding

behavior contributes to achieve CT. To add complexity

to the CT issue, it was recently reported that CT can

occur without detectable lesions at the site of entry,
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whereas the SPECT2/PLP1-triggered membrane dis-

ruption actually accounts only for exit out of entry

vesicles and host cells to complete rapid CT [8]. Of

note, this study interrogated CT of rodent-

associated Plasmodium spp. in human – possibly not fully

polarized – hepatocytes, mammalian cells that typically

support both rapid parasite CT and progeny production.

Thus, this scenario might not be valid for CT of macro-

phages and endothelial cells. Interestingly, comparative

analysis of CT and productive invasion processes using

hepatoma cell lines [8] established a link with a large

body of work performed in several Apicomplexa under-

scoring the crucial post-entry role of a large family of

canonical pore-forming proteins {excellently reviewed in

Ref. [9]}. Finally, an intriguing structure depicting a

4-helix bundle connected to a helical hook was identified

between the rodent-associated Plasmodium berghei
SPECT1 and the mammalian sperm protein Izumo,

the latter being proposed as a critical member of an

egg-sperm fusogenic complex in mice [10]. This finding

raised even more perplexity about the mechanisms by

which SPECT 1 could perhaps cooperate with the

pore-forming SPECT2 [5] and other partners to orches-

trate CT [11,9].

Do invasive protozoan microbes design
selective paths within permissive mammalian
host cells by benefiting from PM-AMCM
dynamic features?
In contrast to Plasmodium sporozoites that cause crude,

deadly cell surface attack when confronted with a non-

growth permissive cellular barrier, a large number of pro-

tozoan parasites from different lineages have evolved

developmental stages that tackle the cell surface in a more

subtle way to ensconse the parasite intracellularly. They

have elaborated an array of unrelated procedures that all (i)

serve the same goal – that is, preserve cell viability for

longer pairing – and (ii) obey a common principle – that is,

benefit from PM-AMCM dynamic features for designing

selective paths of entry. Depending on the mode of entry,

the intracellular microbe subsequently either escapes from

or reconfigures the PM-derived entry compartment to

satisfy its metabolic needs and to perceive and counteract

any endogenous cell defences. Because these crucial deter-

minants for successful parasitism operate post-cell

invasion, they are beyond the scope of this review and

have been discussed elsewhere [12,13].

Taking advantage of PM-AMCM dynamics
driving multiple types of endocytosis to gain
intracellular residence
Among the predominant strategies elaborated to preserve

PM integrity are those relying on (i) parasite surface-

exposed ligands – such as glycoproteins, proteins and lipids

– that recognize surface-exposed receptor molecule(s) of

the target cell or (ii) specific molecular sets of parasite

delivery systems and effectors, the first directing the second
Current Opinion in Microbiology 2019, 52:116–123
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to differentially target host cell elements. Both designs

modulate signalling pathways, most commonly PIP3 phos-

phoinositide-centred pathways, that in turn promote the

formation of PM outward protrusions through processes

derived from the ancestral feeding mode of free phago-

trophic predators and broadly dedicated to nutrient uptake

in mammalian cells (for recent reviews see Refs. [14,15]).

While these processes typify a large set of closely related

endocytic events, they invariably proceed at the expense of

PM regions that shape ruffles, filopodia and blebs or pseu-

dopods during macropinocytosis and phagocytosis, respec-

tively. Driven by a variety of stimuli that promote the

activation of cortical F-actin assembly, these PM folds

emerge and expand to engulf micrometer sized droplets

of medium or/and solid materials within a PM-derived bud

that is subsequently removed from the cell surface through

the action of a multi-component and multistep fission force

machinery [16]. The PM-AMCM dynamic coupling

driving macropinocytosis is so robust that it allows tissue-

patrolling immune cells to both overcome hydraulic resis-

tance and clear undesired materials [17]. As an efficient way

to safely access the cytoplasm of mammalian cells, a range of

medically relevant parasitic protozoans – among them the

Trypanosomatids and Apicomplexans discussed in Ref.

[18] – but mostly non-protozoan invasive microbes – includ-

ing viruses, bacteria and fungi – have exploited facets of the

endocytic potential of their hosts [19,20]. Likewise, func-

tional reprogramming of macrophages from receptor-medi-

ated phagocytosis to macropinocytosis has been observed

upon activation by non-protozoan microbes, leading to

increased bacterial killing in the case of Mycobacterium
[21]. In the case of the protozoan Leishmania amazonensis
(Trypanosomatids), amastigotes in the progeny released

from reprogrammed macrophages display phosphatidylser-

ine lipid on their outer leaflet, which serves as a signal to

promote uptake via macropinocytosis and subsequent rapid

amastigote cycling [22]. These examples underline that

alternative uptake modes may be used by a parasite devel-

opmental stage population that is not as homogeneous as

often perceived, considering the inflammatory/counter-

inflammatory milieu operating in the hosting tissue(s).

Future investigation should continue documenting the

contrasting immune-metabolic features of two clinically

silent tissues – the dermis and skin-draining lymph nodes

– populated with (i) a large number of reprogrammed

macrophages hosting rapidly cycling Leishmania amasti-

gotesand (ii) a smallnumberof thefollowingreprogrammed

populations: monocyte-derived macrophages, monocyte-

derived dendritic cells and fibroblasts hosting persistent

Leishmania amastigotes.

Promoting cooperation between PM-AMCM
dynamics and endo-exocytic organelle
functions of mammalian cells to shape a
hybrid entry compartment
Invasive stratagems that mitigate the cell surface com-

posite contribution have been evolutionary retained by
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some protozoan developmental stages. For instance,

Leishmania spp. and Trypanosoma spp. have evolved slen-

der, flagellated invasive parasite stages of up to a few

tenths of a micron in length that do not exclusively rely on

macropinocytic or phagocytotic routes to access their host

cells. Indeed, when targeting non-professional vertebrate

phagocytic cells, these ‘actively swimming stages’ are

endowed with the capacity to subvert intracellular mem-

brane pools from the host cell endo-exocytic pathway as a

way to assist the PM in generating a nascent entry

compartment while alleviating the risk of irreversible

damage to the PM. First uncovered for fibroblast or

epithelial cell invasion by the trypomastigote stage of

the Chagas disease-causing Trypanosoma cruzi and

recently demonstrated for fibroblast invasion by the

metacyclic promastigote stage of L. amazonensis [23], this

path of entry is proposed to rely at least in part on parasite

mechanical forces to actually inflict local PM injury to the

target cell. In response to such microbe-induced cell

surface lesions and initiated by the resulting calcium

influx, a local disruption of the cortex promotes exocytosis

of a specific subset of PM-associated (T. cruzi) or

PM-redistributed (T. cruzi and L. amazonensis) lysosomes

at the mammalian cell surface. Explored in the T. cruzi
model and still to be investigated for L. amazonensis, the

concomitant release of acid sphingomyelinase to the PM

outer leaflet was identified as the trigger for massive

caveolae endocytosis [24]. This PM remodelling event

drives removal of the wounded cell surface area, hence

heading off any threats of prolonged PM leakage. To

achieve efficient PM lesion mending, a contribution of

the Exocyst complex to direct cytoplasmic <vesicles –

lysosomes and/or endosomes – to the cell surface was also

observed during T. cruzi trypomastigote entry [25] and it

awaits confirmation in the case of invading Leishmania
promastigotes. In addition to protecting the PM integrity,

this ordered sequence of events provides the required

extra membrane to enable host cell entry by both

parasites in a PM-endosome-lysosome hybrid/mosaic

compartment, and independently of any target cell

AMCM-generated force. In this peculiar invasive sce-

nario that unifies two groups of Trypanosomatidae, the

early event(s) responsible for PM rupture of the target

cells are not yet fully characterized. How the parasites

mechanically assault the cell surface and how the inter-

play between parasite-mammalian cell surface molecules

[26] could act as additive mechanisms for ensuring cal-

cium-mediated effector functions to ensure parasite entry

are issues to be addressed.

Designing a protozoan molecular device to
target the PM-AMCM and to allow traction
into a non-fusogenic entry compartment with
minimal disturbance
In contrast to the aforementioned parasites, some

invading Apicomplexa parasites can perform discreet

space and time minimally imposing, although not silent,
www.sciencedirect.com
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remodelling of the PM-AMCM. Achieved in only a few

tens of seconds, this entry process is not associated with (i)

large membrane ruffling; hence it does not co-opt with

any of the ‘uptaking’cortical forces driven by the mam-

malian cell PM-AMCM, nor with (ii) significant surface

damage, not relying on endocytic/exocytic sources of

membrane to support formation of an entry compartment.

Falling in this category are the well-studied Plasmodium
merozoite and Toxoplasma gondii tachyzoite developmen-

tal stages. Lacking motile appendages these parasites

show a robust polarized architecture, primarily featured

by an apical complex whose functions govern the parasite

invasive skills. Indeed, within the club-shaped rhoptry

organelles that populate the zoite apex, is stored a very

unique invasive nanodevice designed to timely direct

both the development of actomyosin-based invasive

forces and the formation of a PM bud containing the

invading zoites. The discovery of the RhOptry Neck

(RON) multi-subunit complex and its regulated dis-

charge once the zoite is apically positioned on the cell

surface [27–29] were key clues for solving these parasites’

invasive stratagem.

Despite notorious differences between the molecular

composition and biomechanical properties of the

PM-AMCM in the a-nucleated and organelle-free eryth-

rocyte – the only cell targeted by the Plasmodium ovoid

merozoite – and the wide repertoire of non-erythrocyte

nucleated cells targeted by the Toxoplasma ellipsoidal

tachyzoite, the two zoites still initiate invasion per se by

releasing the rhoptry-derived RON complex into the

mammalian cell surface. Likewise, while several specific

duos of merozoite ligand-erythrocyte receptor molecules

have been characterized and their timely interaction

shown to initiate specific changes in architecture of the

very peculiar erythrocyte PM-AMCM before RONs’

discharge [30], the upstream molecular events directing

the latter event remain less defined for the invasive

tachyzoite. However, a first clue on the identity of a

molecular trigger for RONs’ delivery was provided by

the recent discovery of Ferlin2, a calcium sensor strictly

required for this step. This was an important finding that

also provided insights into the mode of RON delivery into

the target PM [31].

Visualizing the Toxoplasma nanodevice
functions after assembly in the mammalian
cell surface
Genetically transformed T. gondii tachyzoites engineered

to express a fluorescent version of RON2, a member of

the complex that spans the mammalian cell PM, com-

bined to genetically transformed mammalian cells expres-

sing chimeric fluorescent proteins of interest and high

speed live cell imaging allowed assessment in real time

the ‘one shot process’ of RON material release, and its

assembly as a toroidal platform in the recipient

PM-AMCM composite [32,33]. Such approaches have
www.sciencedirect.com 
proven particularly fruitful to dissect salient features of

the tachyzoite invasive stratagem, taking advantage of the

5–7 mm size of the tachyzoite, its wide host cell repertoire

and its genetic tractability. The toroidal nanodevice can –

within a few seconds – stretch and shrink in coordination

with forces applied by the tachyzoite, which rapidly

moves its body through the device into a budding portion

of the PM [32]. Such a force, which is sensed by the

nanodevice, is generally thought to arise from a divergent

parasite actomyosin motor housed in the space between

the parasite PM and the Internal Membrane Complex

(IMC) underneath the PM [34]. Transmission of this

force across the torus occurs through an evolutionary

conserved structural interaction between the ectodomain

of RON2 and the surface-exposed AMA1 protein [35,36],

a surface-exposed protein that is secreted from the cigar-

shaped, apically positioned microneme organelles.

Although the intrinsic dynamic properties of Plasmodium
and Toxoplasma actin have been extensively debated –

and are not discussed here –, let us mention that the

original model for motion implies that the myosin motor is

fixed in place on the IMC and pulls actin filaments toward

the basal end of the zoite [37]. Alternative, related [38] or

more divergent [39] models assign force generation or

force anchorage to the parasite actomyosinA system dur-

ing both gliding and invasive motions. Overall it is clear

that the actomyosinA motor drives tachyzoite gliding in

2D and 3D conditions [39] as well as during cell invasion

[40]: the visualization of F-actin dynamics using a

T. gondii tachyzoite line expressing a fluorescent chromo-

body actin chimera [41] confirmed that a F-actin ring is

co-aligned with the nanodevice site in most invading

parasites (Figure 1). Recent biophysical approaches have

allowed detecting and measuring of gliding force at the

PM for Plasmodium sporozoites [42] while laser trap-

devices revealed a typical reorganization of the motor

machinery along the main axis only under conditions

promoting tachyzoite directional motility [43]. However,

directly observing the invasive force, which might not be

simply overimposed to the motile force of the free gliding

tachyzoite, remains a challenge considering the second-

scale time frame of interest. The most convincing data-

sets in support of a tachyzoite traction force applied on the

torus during invasion was brought on by tracking the xyt

trajectory of the apex of the parasite and the nanodevice,

while the former experienced resistance to forward pro-

gression by hitting an obstacle ahead from it [32]. In this

setting, the torus together with the PM into which it is

inserted were seen to translocate backward. Even stron-

ger evidence is now available thanks to a peculiar

situation where invading conjoined parasites are simulta-

neously pulled back by each other, resulting in both being

impeded in their forward motion (Figure 2). As recently

attributed to force application on the nanodevice, this

peculiar parasite arrangement allowed visualization of the

mechanism, by which the budding entry vesicle actually

separates from the PM it is derived from, to give birth to a
Current Opinion in Microbiology 2019, 52:116–123
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Figure 1
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T. gondii tachyzoite F-actin re-localizes nearby the RON nanodevice

insertion site in the metazoan target cell surface during the entry

process.

Evidence has accumulated that the tachyzoite relies on its actomyosin

motor to propel itself into a unique nascent parasitophorous vacuole,

but the parasite F-actin has remained difficult to visualize in the

parasite. The recent availability of a tachyzoite line expressing a

chimeric F-actin chromobody-Emerald GPF has allowed visualization

of F-actin dynamics during invasion in real time. The movie stills show

the tachyzoite at early (top panel), mid (middle panel) and end (bottom

panel) stages of the invasion event. The columns show the two cells

by transmission light (left), the actin-chromobody-Emerald GPF in the

tachyzoite (middle) and the CAAX-mCherry construct expressed in

HeLa cells and targeted to the plasma membrane (right). White arrows

point to the enrichment of F-actin aligning with the site where the

nanodevice is inserted, and from where emerges the plasma

membrane-derived bud that allows parasite entry. Scale bar: 5 mm.
Parasitophorous Vacuole (PV) enclosing the tachyzoite in

the mammalian cell cytoplasm. Unlike previously

thought, this fission step does not require PM fission

specialized mechanoenzymes, namely dynamins, but

instead relies on a parasite twisting motion that imposes

a spiral motion of the tachyzoite basal end. The

compressive forces applied on the nanodevice co-drive

mechanical closure of the torus and tight sealing of

the bud [33]. The authors of this study proposed that

torsion and constriction during torque achieve PM fission

upstream of the nanodevice, similar to what is commonly

performed in concert by dynamins, actin and associated

proteins to complete fission of endocytic vesicles [16]. As

a result, the nanodevice incorporates in the cytoplasmic

PV, thereby being removed from the cell surface.

Whether the host cell PM is left totally unscathed during

the torus functions has not been formerly investigated

(see below), but it already became clear that unusual

PM-AMCM reorganizations including PM defects are
Current Opinion in Microbiology 2019, 52:116–123 
associated with the minute-range persistence of the

nanodevice in the cell surface in the case of impaired

invasion events [40,33].

Optimal function of the nanodevice requires
PM specificities and AMCM anchoring points:
can these requirements be associated with
cell surface damage, hence activating
membrane repair mechanisms?
To sustain insertion of the nanodevice and the resulting

tensile stress force application while avoiding excessive

alterations in local PM tension, proper anchoring of the

RON nanodevice on the host cell is expected. RON2

partners (RON4, 8) that are retained in the cortex through

interactions with the RON2 N terminal region were

reported to selectively interact with the F-actin [44] and

microtubule cytoskeletons [45], suggesting how the torus

might acquire the ability to handle the mechanical load

imposed by AMA1–RON2 during invasion. Although

details on molecular links between specific RON proteins

and the cytoskeleton await confirmation, anchoring rein-

forcement through local assembly of cortical actin is sup-

ported by the transient recruitment of the ARP2/3 actin

nucleator complex and its regulatory partner cortactin to

the site of parasite entry [46]. Two novel mammalian

proteins that bind directly to different regions of RON4

were recently identified:ALIX,anaccessorymember of the

endosomal sorting complex required for transport

(ESCRT), and the adaptor protein CIN85 (Cbl-interacting

protein of 85 kDa) which acts as a scaffold for a variety of

endocytic accessory proteins, including ALIX [47]. How-

ever, ALIX-associated ESCRT components required for

membrane fission and repair were not detected at the

nanodevice site [47] and the invasion process remains

unaltered in ALIX null fibroblasts [33]. Interestingly,

Poupel et al. proposed that ALIX and CIN85 might assist

the actin cytoskeleton for cortical anchoring of the nano-

device through their ability to bind cortactin, an activator of

the ARP2/3 actin nucleator complex. In addition, the

rhoptry effector toxofilin protein was shown to directly

impact the AMCM actin dynamics [48]. Delivered by

the tachyzoite upon apical contact with the host cell surface

[49], toxofilin promotes severing of actin filaments, causing

local release of actin monomers [50]. Therefore, the actin

monomer pool could potentially fuel the ARP2/3 complex-

driven actin assembly seen at the nanodevice site. It is still

unclear if toxofilin-mediated loosening of the cortex,

known to facilitate formation of the tachyzoite entry com-

partment, can also facilitate attachment of the RON nano-

device to the F-actin cortex. Major challenges to be

overcome include deciphering the spatial organization of

the RON members within an active torus, and better

understanding the torus capacity to withstand the parasite

invasive force when bridged to specific components of both

parasite and mammalian cells. Similarly, there is a need to

clarify the unique sieving properties of the invasive nano-

device, which allows selection of PM components that
www.sciencedirect.com
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Figure 2
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The tachyzoite applies an invasive force on the RONs nanodevice to propel itself into the metazoan host cell.

Evidence has accumulated that the nanodevice acts as a traction point for tachyzoite invasion of the host cell. A unique demonstration of this is shown

with two Toxoplasma tachyzoites attached at their posterior ends through the maternal residual body. Both parasites simultaneously assemble a

nanodevice and start to invade the same cell, thereby pulling on each other and imposing reciprocal resistance. Because the two invasion events are

precisely synchronized, both parasites attempt to apply traction force that translates into a symmetrical rearward displacement and closure of their

junctions, eventually isolating each in a distinct vacuole (unpublished data). Movie stills are shown in (a) schematic is shown in (b).

1_ Constrained extracellular motility: posteriorly connected tachyzoites extrude their conoids and attempt to move forward in opposite directions on

top of a Ptk cell monolayer; by applying similar force this results in almost no net displacement of the parasites, which remain attached to each other.

2_ Torus assembly: both tachyzoites simultaneously release RONs (visualized by RON2-mCherry) that assemble a torus in the host cell surface.

3_ Force engagement on the torus: both tachyzoites pull simultaneously on the torus inserted in the PM and impose resistance to forward movement

on each other. This situation leads to a symmetrical rearward displacement of the torus, suggesting that the forces applied by both zoites are of similar

intensity.

4_ Membrane sealing: complete translocation of the torus to the posterior pole coincides in both tachyzoites, leading to concomitant closure of the PM

at the torus site.

5_ Intracellular vacuole: each tachyzoite ends up in their respective vacuoles.
incorporate into the parasite-driven PM bud. By retaining

most PM-associated proteins outside from this bud, the

nanodevice controls the emergence of a lipid-enriched and

fluid membrane around the invading tachyzoite, probably

easing the invasion process. In addition, the PVM is rapidly

remodeled post PV fission [33] and remains excluded from

the endocytic pathway thereby provide a safe growth-

permissive residence to the parasite [51].

Conclusions
The diversity of invasive stratagems evolved by intracel-

lular protozoans to access mammalian cells are obviously

not restricted to the situations depicted in this review. For

instance, some medically important Apicomplexa includ-

ing Cryptosporidum spp. in humans or Theileria spp. in non-

human animals do not rely on the RON nanodevice to

remodel the PM-AMCM when they infect target cells.

Here we have highlighted recent advances in molecular

and imaging technologies that have brought insights on

the fascinating ‘molecular language’ repertoire unfolding
www.sciencedirect.com 
at the cell surface composite of a range of mammalian

cells, as they interact with Apicomplexan and Trypano-

somatidae protozoans. Yet, the distinct mammalian cell

lineages operating as either host cells or parasite-shuttling

cells are durably or transiently anchored to basement

membranes or the extracellular matrix (ECM), so how

the dynamic ECM features contribute to the molecular

language repertoire remains understudied. We foresee

that these gaps may be approached by (i) implementing

biomechanics and mechanotransduction analysis to deter-

mine how bilateral force generation and cellular responses

are integrated during microbe-induced PM-AMCM cou-

pling, and (ii) engineering organoids of metazoan host

cells where single-celled eukaryotic parasites can deploy

the complex stepwise developmental programs on which

their fitness relies.
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