
Traffic 2000 1: 100–106
Munksgaard International Publishers

Review

Cell Invasion by Un-Palatable Parasites

L. David Sibleya and Norma W. Andrewsb,*

a Department of Molecular Microbiology, Washington
University School of Medicine, 660 S. Euclid Avenue, St
Louis, MO 63110, USA
b Section of Microbial Pathogenesis, Boyer Center for
Molecular Medicine, Yale University School of Medicine, 295
Congress Avenue, New Haven, CT 06536, USA
* Corresponding author: Norma W. Andrews,
norma.andrews@yale.edu

While some intracellular pathogens invade and replicate

exclusively in phagocytic host cells, others have evolved

mechanisms to stimulate their uptake by cells not

equipped with a well-developed phagocytic machinery. A

common mechanism utilized by bacteria involves the

induction of macropinocytosis, or of other F-actin-driven

processes which result in engulfment of the pathogen

through formation of a plasma membrane-derived vac-

uole. Interestingly, this type of ‘‘induced phagocytosis’’

mechanism does not appear to be utilized by protozoan

parasites, which are significantly larger than bacteria in

size (about 5–10 microns in average length). Intracellular

protozoa either restrict themselves to infecting ‘‘profes-

sional’’ phagocytes (one example is the trypanosomatid

Leishmania), or utilize highly unusual mechanisms for

gaining access to the intracellular environment. Here we

discuss what has been revealed in recent years about the

remarkable cell invasion strategies of two highly success-

ful intracellular parasites: Toxoplasma gondii and Try-

panosoma cruzi. Toxoplasma utilizes a distinct form of

actin/myosin-dependent gliding motility to propel itself

into mammalian cells, while T. cruzi invades by subvert-

ing a Ca2+-regulated lysosomal exocytic pathway.
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Non-phagocytic cells (or ‘non-professional’ phagocytic cells)
(1) are by nature anorexic, compared with their better known
but not so polite relatives, the professional phagocytes.
While macrophages are renowned for their voracious ap-
petites, non-phagocytic cells remain largely uninterested in
ingesting particles, even when they are coated with such
appetizing opsonins such as antibodies and complement.
Instead, non-phagocytic cells manage to sustain themselves
by sipping; ingesting a carefully chosen fare of fluid nutrients
in the process. For intracellular parasites, this presents a
dilemma in choosing a place for their livelihood. Phagocytic
cells offer a centralized living plan complete with rapid up-
take; however, one must be willing to reside in a hydrolytic
compartment within a short-lived cell. Living fast and dan-

gerously is not for every pathogen, and while non-phago-
cytic cells may offer a quieter, life-in-the-suburbs ap-
peal, gaining entry into their residence takes clever adapta-
tion.

Some bacterial pathogens, such as Salmonella and Shigella,
have solved this problem by intoxicating their hosts to trigger
uninhibited gorging, through a process that involves induced
macro-pinocytosis (2,3). Others, like Yersinia and Listeria,
utilize a zipper-like mechanism not involving such dramatic
pseudopodia extension, but still clearly dependent on host
cell actin-driven machinery (4,5). While this strategy works
for bacteria, it seems to have provided little help to protozoan
parasites such as Toxoplasma gondii and Trypanosoma cruzi.
The explanation for this may lie in their larger size, typically
5–10 mm in length, which may prevent efficient uptake by
the actin-dependent internalization machinery that operates
in non-professional phagocytic cells. Forced to develop an
active means of cell entry, the parasites Toxoplasma and
Trypanosoma have evolved distinct, remarkable strategies
for penetrating their host cells. In the process, they have also
gained the ability to direct their intracellular fate, and there-
fore have become two of the most successful intracellular
parasites.

Toxoplasma: an Exclusionary Intracellular
Lifestyle

Toxoplasma is an obligate intracellular parasite that invades
and successfully multiplies in virtually all types of nucleated
cells from a variety of warm-blooded vertebrates (6). Toxo-
plasma belongs to the phylum Apicomplexa that includes a
diverse group of primarily intracellular parasites including
Plasmodium, the causative agent of malaria, Cryptosporid-
ium, a cause of water-borne dysentery, and Eimeria, respon-
sible for coccidioisis in agricultural animals. While
collectively, they infect a wide range of different hosts,
develop within distinct host cells, and cause very different
diseases, this group of parasites shares many basic adapta-
tions for intracellular parasitism.

Toxoplasma is the most permissive member of the Apicom-
plexa and combined with the ease of production of mutants
and the availability of genetics, it has emerged as a model
organism for studying intracellular parasitism. These traits
have been useful for probing the molecular basis of motility
and invasion by this group of parasites, revealing a novel
means of cell locomotion that powers cell entry. Once inside
its host cell, Toxoplasma divides rapidly within a specially
modified vacuole that resists fusion with the endocytic sys-
tem, ultimately lysing the host cell and releasing numerous
infectious parasites.
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Gliding Motility and Stealth Entry

With the exception of the microgametes, all other stages of
apicomplexan parasites lack cilia or flagella. They do not move
by crawling, which is typical of amoebae or phagocytes.
Instead, they employ a gliding motility, which is characterized
by spiral movements across the substrate that propel the
parasite forward with a velocity of 1–2 mm/s (7). Gliding is
based on an actinomyosin motor located beneath the plasma
membrane. To power forward movement, the force generated
by this internal motor must be transferred across the plasma
membrane. As all the major cell surface proteins are anchored
by glycosylphosphotidylinositol (GPI) addition, they are unlikely
to participate directly in motility. Instead, recent evidence
suggests that parasite secretory proteins that are involved in
cell adhesion also participate in gliding motility (8).

Initially, observations that cytochalasins block gliding and
invasion strongly implicated actin microfilaments in motility of
apicomplexan parasites. More recently, the application of
molecular genetic techniques has been used to demonstrate
that Toxoplasma actively penetrates the host cell under its
own power, rather than being internalized by the host (9).
Consistent with the active penetration of the host cell by
Toxoplasma, internalization occurs in the absence of host cell
responses that are typical of phagocytosis, including a failure
to induce actin cytoskeletal rearrangements and tyrosine
phosphorylation of host cell proteins (10).

Inhibitors that act on myosin also block Toxoplasma gliding and
host cell invasion, indicating that both forms of motility are
likely to be dependent on an actin-myosin motor (11). Toxo-
plasma contains several myosin isoforms encoded by two
unique small myosin genes (12). A 90-kDa isoform localizes
with actin beneath the plasma membrane where it presumably
participates in motility by translocating along actin filaments
(11). Collectively, these studies demonstrate that actin and
myosin combine to power a distinct form of gliding motility that
is responsible for cell invasion by Toxoplasma and this mech-
anism is likely shared by all apicomplexan parasites.

An Indigestible Meal

Having gained entry into its host cell, Toxoplasma resides in
a specially modified compartment that resists fusion with the
host endocytic network. As such, it is protected from digestion
and remains segregated from antigen processing pathways,
perhaps allowing it to escape immune detection. This resis-
tance to fusion was first reported by Jones and Hirsch (13),
who demonstrated that colloidal markers have restricted
access to the parasitophorous vacuole containing live, but not
dead, parasites. Toxoplasma-containing vacuoles, formed by
invasion into macrophages, resist acidification, which is nor-
mally a hallmark feature of endocytic and phagocytic compart-
ments (14). Toxoplasma also enter vacuoles that resist fusion
in CHO cells, and this non-fusogenic state can be overcome
by antibody opsonization of the parasites, which renders them
susceptible to fusion in cells bearing Fc receptors (15) and
triggers rapid acidification in macrophages (14).

Despite the lack of active participation on the part of the host,
the vacuole membrane surrounding newly invaded parasites
is formed by invagination of the host cell plasma membrane.
Capacitance measurements of patch-clamped host cells indi-
cate the plasma membrane is internalized during parasite
invasion and the vacuole is pinched-off once entry is com-
pleted (16). However, early endocytic markers are excluded
from the parasitophorous vacuole and this compartment fails
to recruit rabs, NSF, or other proteins associated with endo-
cytic fusion (17). The avoidance of fusion is observed for both
host proteins and membrane lipids in the endocytic and
exocytic pathways, indicating the vacuole is completely segre-
gated from the host vesicular systems (18). This stands in
marked contrast to the vacuoles occupied by intracellular
pathogens like Mycobacteria, which inhabit a compartment
that delays endocytic maturation (19,20) or Chlamydia, which
restricts delivery of protein markers found in the endocytic and
exocytic systems, yet obtain some classes of lipids from the
exocytic pathway (21). The non-fusogenic status of the Toxo-
plasma-containing vacuole is also quite in contrast to the rapid
acquisition of host markers that accompanies internalization of
antibody opsonized parasites by macrophages (17). Collec-
tively, these studies illustrate that the intracellular fate of the
vacuole containing Toxoplasma is determined at the time of
formation, and once constructed, this fusion-resistant com-
partment assures its intracellular survival.

Dining In

One of the complications of a sequestered intracellular
lifestyle is the problem of how the parasite obtains nutrients.
Unlike Leishmania, which remains in communication with the
extracellular environment by residing in a late endosome-like
compartment (22) or T. cruzi which lives in the host cell
cytoplasm, Toxoplasma is cut-off from these nutrient rich
supplies. How, then, does this highly successful intracellular
parasite survive? One important clue to their means of obtain-
ing nutrients is the description of a pore in the vacuolar
membrane that surrounds intracellular Toxoplasma (23). The
free transfer of dye molecules, of up to 1300 Da from the host
cytosol into the vacuole, indicates the presence of a pore or
complex of channels that allows passage of small molecules
from the host cytosol to the vacuole. Equipped with such a
semi-permeable barrier, the parasite has ready access to small
molecules like sugars, nucleotides, and amino acids that are
abundant in the host cytosol. The presence of the pore in the
limiting membrane of the vacuole presumably requires the
active secretion of parasite proteins that are then inserted into
the vacuolar membrane. Faced with such a complicated
venture, one wonders why Toxoplasma doesn’t simply escape
into the cytosol like T. cruzi, as this would seem an easier
adaptation. Perhaps Toxoplasma gains some advantage by
avoiding the class I major histocompatibility complex (MHC)
antigen processing pathway that operates in the cytosol,
which may be important for the long-lived stages that lead to
chronic infection.
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Avoiding Unwanted Guests

Entering the cell when unwanted, Toxoplasma shuns the
normal invitation to participate in the endocytic (digestive)
system of the host cell. A possible explanation for this
avoidance comes form recent studies describing the process
of selective protein sorting that occurs during parasite invasion
(18).

During invasion, the parasite squeezes through a prominent
constriction that forms at the junction of the parasite and host
cell (24). This constriction, visible by phase contrast, sweeps
backward as the parasite enters the host cell (video images can
be found in ref. 7), leading to speculation that it restricts the
contents of the vacuole. Indeed, indirect evidence supports
such a contention. Freeze-fracture analysis of the invasion
junction, formed during malaria entry into red cells, indicates
a depletion of intramembranous particles in the newly formed
vacuole (25). While the vacuole forms by invagination of host
cell lipids, several prominent plasma membrane proteins are
excluded (26). We have recently shown that during invasion
into fibroblasts, the Toxoplasma containing vacuole forms by
a similar process, internalizing lipids yet excluding host cell
plasma membrane proteins (18).

The restriction of host proteins during formation of the vacuole
could occur by physical constraints due to the close opposition
of membranes that occurs at the junction. However, when we
examined a variety of endogenous protein markers, we found
that exclusion depends on the mechanism of membrane
anchoring, rather than the physical dimensions of the protein
involved. Proteins linked by GPI anchors were allowed to pass
through the junction and accumulated in the vacuole while
transmembrane proteins were excluded, irrespective of the

Figure 2: Model for the T. cruzi cell invasion mechanism.

Infective trypomastigotes release a soluble agonist generated
through the activity of a parasite oligopeptidase, which triggers,
in a receptor-mediated fashion, generation of IP3 and release of
calcium from host cell intracellular stores. Signaling events that
include intracellular free calcium transients mobilize lysosomes
to the trypomastigote attachment site at the plasma membrane.
Calcium-regulated fusion of lysosomes with the plasma mem-
brane originates the parasitophorous vacuole, which is subse-
quently disrupted, releasing the parasite to replicate in the
cytosol.

size of their extracellular domains. For example, the plasma
membrane protein CD44 (an 80–100 kDa transmembrane
protein) is excluded while CD55 (a 75 kDa GPI anchored
protein) was readily internalized (18).

The critical test of this hypothesis was the examination of
different forms of ICAM-1 (CD54), which shared the same
extracellular domain, but were anchored in the membrane by
different means (18) (Figure 1). Wild-type ICAM-1 contains a
single transmembrane domain and was excluded from the
newly formed vacuole occupied by Toxoplasma. In contrast,
ICAM-1 anchored by a GPI addition, or a form containing a
deleted cytoplasmic tail, were readily internalized. These
findings reveal that the sorting takes place in the domain of
the membrane or in the cytosol, but does not depend on the
extracellular domain of the protein. In this regard, sorting at the
moving junction is the opposite of a tight junction, and
curiously occurs on the opposite side of the host membrane
that is in direct contact with the host. The enrichment of GPI
anchored proteins in the parasitophorous vacuole is reminis-
cent of lipid microdomains in membranes (27) suggesting that
the parasite sequesters or recruits such domains in the
process of entry. The simultaneous exclusion of host
transmembrane proteins during entry is likely responsible for
the avoidance of fusion exhibited by Toxoplasma-containing
vacuoles.

T. cruzi, the Opportunist

T. cruzi, or the American trypanosome, belongs to the order
Kinetoplastida, an early branch of the eukaryotic lineage that

Figure 1: During invasion by the parasite Toxoplasma gondii,
transmembrane proteins in the host cell membrane are excluded
from entering the vacuole including CD44, Mac1, FcR and wild-
type ICAM-1 (ICAM). Although the host cell sphignolipid GM1
readily enters the vacuole, the protein caveolin is excluded,
indicating the vacuole does not form as an extension of cave-
olae. A truncated version of ICAM-1 that lacks the cytoplasmic
tail (ICAM cyt-) and a form that was anchored by a glycosylphos-
phatidylinositol tail (ICAM-GPI) were both able to enter the
vacuole, despite having the same extracellular domain as the
wild-type protein that is efficiently excluded. These results indi-
cate that sorting is dependent on the mechanisms of membrane
anchoring and suggest that the vacuole forms by recruitment or
sequestering of lipid-rich microdomains from the plasma mem-
brane.
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also includes the medically and economically-important African
trypanosomes, and Leishmania. Infections with these ancient
parasitic protozoa cause devastating diseases throughout the
tropical world, where they are responsible for the deaths of
millions annually.

While the African trypanosome leads an exclusively extracel-
lular life-style in its mammalian host, Leishmania and T. cruzi
reside and replicate inside host cells. Their choice of host cells
is, however, quite distinct and illustrates well the issue men-
tioned above, the dilemma of choosing between a professional
phagocytic cell and another not so competent in the particle
engulfing exercise. Leishmania is exclusively a parasite of
macrophages in mammals and the invasion step is mediated
by classical phagocytic receptors, coupled to the vigorous
actin-driven uptake machinery of these cells (28,29). The big
challenge for Leishmania resides in how to survive inside the
acidic, hydrolase-rich environment of phagolysosomes after
cell entry. Although this task is brilliantly accomplished, pre-
cisely how the intracellular amastigotes adapt to this harsh
environment and efficiently replicate in it is not yet fully
understood. Leishmania’s close relative, T. cruzi, has evolved
in a quite distinct direction, having acquired the ability to enter,
survive and replicate in a very large and diverse population of
vertebrate cells, mostly devoid of efficient phagocytic capac-
ity. At the time the first studies were carried out, it came as
a surprise that the T. cruzi cell invasion mechanism appeared
to be very different from phagocytosis. In the next sections we
will discuss what we now know about this unique cell invasion
strategy, so far not described for any other intracellular organ-
ism.

The Host Actin Cytoskeleton as a Shield
Against Invasion

Because of their importance as one of the first cell types to
be invaded by T. cruzi in natural infections, macrophages were
the focus of many of the early studies of interactions between
host cells and infective trypomastigotes. Phagocytosis was
assumed to be the mechanism of macrophage infection, so it
was surprising when experiments using inhibitors of actin
polymerization provided confusing results. While some groups
observed inhibition of invasion with cytochalasins (30,31),
others did not, raising the possibility that T. cruzi entry might
also occur though an active, parasite-driven process (32). This
finding was later confirmed in studies using fibroblasts and
epithelial cells: host cell pretreatment with cytochalasin D did
not block T. cruzi invasion, while entry of the intracellular
bacterium Salmonella was effectively inhibited (33).

The view of the T. cruzi invasion process as distinct from
phagocytosis was strongly reinforced by scanning electron
microscopic images of trypomastigotes (the infective life cycle
stages) in the process of invading fibroblasts and epithelial
cells. No extension of pseudopods from the host cell plasma
membrane was visualized as the parasites entered the cells,
raising questions about the origin of the membrane mobilized
to form the parasitophorous vacuole. The additional intriguing
observation, suggestive of a requirement for ‘flexibility’ in the

cortical actin cytoskeleton, was that the large majority of
parasites invaded cells close to the cell margins (34).

Precise quantitation of the numbers of intracellular parasites
found in NRK fibroblasts and MDCK epithelial cells after short
periods of interaction with T. cruzi trypomastigotes revealed
that invasion is actually significantly enhanced after the host
cell actin cytoskeleton is disrupted by cytochalasin D (35) or
latranculin A (36). As discussed below, there is now consider-
able evidence that the cortical actin cytoskeleton of mam-
malian cells, instead of its classical role in promoting
pseudopodia extension and phagocytosis, actually acts as a
physical barrier for T. cruzi invasion.

Hijacking Lysosomes

It has been known for decades that after host cell entry T. cruzi
trypomastigotes are contained in a membrane-bound vacuole,
from which they later escape to replicate in the cytoplasm (30).
The parasite-containing vacuole was also shown in these early
studies to contain lysosomal markers (37,38), an observation
that reinforced the belief that invasion occurred through
phagocytosis, with the predicted subsequent fusion of the
phagosome with lysosomes. The observations discussed
above, however, challenged this view, since T. cruzi entry into
a variety of cells was not blocked, but actually enhanced, by
inhibitors of actin polymerization.

Infection experiments, in which host cell lysosomes were
labeled after short periods of exposure to T. cruzi trypomastig-
otes, finally provided the key piece of evidence that rapidly led
to clarification of the unusual cell invasion mechanism utilized
by this parasite. Unexpectedly, trypomastigotes still attached
to the host cell surface, or only partially internalized, were
found strongly associated with host cell lysosomes, which
formed a cluster at the invasion site (34). A variety of exper-
imental conditions that alter the distribution or fusion capacity
of lysosomes affected invasion by T. cruzi, suggesting that this
early ‘recruitment’ of lysosomes to the cell surface was
required for parasite entry (34). This conclusion was reinforced
by microinjection experiments, in which the lysosomes of NRK
cells were agglutinated by antibodies against the cytoplasmic
domain of the lysosomal glycoprotein lgp 120. Cells with
antibody-aggregated lysosomes were significantly more resis-
tant to T. cruzi invasion than mock-injected cells (39).

The findings above suggested that T. cruzi trypomastigotes
entered mammalian cells through the formation of a membra-
nous compartment generated, not by phagocytosis but, by the
gradual fusion of lysosomes with the plasma membrane. This
model provides an explanation for the puzzling enhancement
of invasion seen with inhibitors of host cell-actin polymeriza-
tion, since mobilization and fusion of lysosomes with the
plasma membrane should be facilitated by disruption of the
cortical actin cytoskeleton. As discussed below, there is
evidence indicating that signaling events triggered by T. cruzi
in mammalian cells can indeed alter the structure of the cortical
actin cytoskeleton. Furthermore, such a scenario also explains
the origin of the membrane used to form the T. cruzi-contain-
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ing vacuole: in the absence of pseudopodia-driven plasma
membrane extensions, lysosome fusion ‘donates’ membrane,
which is then re-internalized along with the parasite.

One prediction of this model is that microtubules, as the
cellular tracks on which lysosomes move (40), should play an
important role in host cell invasion by T. cruzi. This prediction
was confirmed by the demonstration that pre-treatment of
NRK fibroblasts with several drugs that affect microtubule
dynamics strongly inhibit T. cruzi entry. In addition, also as
predicted, microinjection of inhibitory antibodies against the
microtubule-associated motor kinesin significantly reduce in-
vasion (39). Taken together, the body of experimental evi-
dence generated in the past few years supports the conclusion
that the mechanism of T. cruzi entry into non-professional
phagocytic cells is highly unusual. After the cortical actin
cytoskeleton shield is inactivated, lysosomes are ‘hijacked’
and used to build a parasitophorous vacuole, through the
clever use of microtubule-generated power.

Breaking Out

Between 30 min and 1 h after invasion, the membrane-bound
vacuole containing T. cruzi ruptures and the parasite escapes
into the cytoplasm (37,38,41). The vacuole disruption process
requires low pH, and was proposed to be mediated by an
acid-active pore-forming hemolysin secreted by the T. cruzi
infective forms (42–44). Shortly after escaping from the
lysosome-like vacuole, T. cruzi differentiates into amastigotes,
the life cycle stages that replicate in the cytosol of host cells.
After remaining quiescent for a period of about 20 h, amastig-
otes start replicating by binary fission, with one parasite
originating about 500, at the end of nine successive divisions
(45).

Interestingly, there is evidence that a brief exposure to acidic
pH triggers differentiation of T. cruzi trypomastigotes to the
intracellular amastigote stages (46). Trypomastigote to
amastigote differentiation in vitro was also induced at neutral
pH in the presence of the phosphatase inhibitor calyculin A,
suggesting that exposure to low pH may trigger specific
phosphorylation events in the parasites (47). These observa-
tions suggest that T. cruzi’s brief and ‘illicit’ residence inside
acidic lysosomes, as dangerous as it may appear, may be an
essential step for completion of its intracellular cycle.

Signaling, or Telling the Host Cell What’s
About to Happen

The localized recruitment of lysosomes that occurs prior to
invasion at the T. cruzi attachment site strongly suggested the
involvement of signal transduction events. This possibility was
confirmed by the detection of vigorous transient elevations in
the intracellular free calcium concentration of several mam-
malian cell types, a few seconds after exposure to the infective
trypomastigote forms (48). The calcium signaling activity was
extracted from trypomastigotes in soluble form, and shown to
trigger IP3 formation and mobilization of calcium from intracel-
lular stores in mammalian cells. Consistent with the observa-

tions discussed above, implicating reorganization of the
cortical actin cytoskeleton in the T. cruzi invasion process,
rapid and reversible alterations in the stress-fiber pattern of
NRK cells are observed when NRK fibroblasts are exposed to
soluble trypomastigote extracts with calcium signaling activity
(49). A role for the T. cruzi calcium signaling activity in cell
invasion is indicated by the inhibitory effect of loading host
cells with calcium chelators (48,50) or by depletion of intracel-
lular calcium stores with thapsigargin (49,51).

The major calcium signaling activity present in T. cruzi trypo-
mastigotes is present in unglycosilated protein fractions and
requires the activity of a parasite serine hydrolase, oligopepti-
dase B (52). Elevations in intracellular free calcium, indepen-
dent of oligopeptidase B activity, were also detected in HeLa
cells exposed to purified surface glycoproteins from T. cruzi
metacyclic forms (51). Deletion of the gene encoding oligopep-
tidase B, however, confirmed that this peptidase is responsi-
ble for generating calcium signaling activity in trypomastigote
extracts, and demonstrated its importance for trypomastigote
invasion of several cell lines and for mouse infectivity. The
available data suggest that oligopeptidase B functions as a
processing enzyme, generating an active peptide agonist from
an inactive trypomastigote precursor molecule (50).

Why Lysosomes?

One frequently asked question is why would a pathogen
choose such a dangerous organelle, equipped with a variety
of anti-intruder devices, to ride into host cells. Setting aside the
irresistible flippant answer — that T. cruzi is a Latin American
parasite with a taste for living dangerously — recent evidence
indicates that there may actually be good reasons for this
apparently odd choice.

It has been known for many years that calcium-regulated
secretory granules from a variety of cell types, such as
cytotoxic lymphocytes, mast cells, and melanocytes have
lysosomal properties. These ‘secretory lysosomes’ have been
traditionally regarded as modified lysosomes — granules that
acquired the molecular machinery required for regulated exo-
cytosis. However, recent evidence is giving rise to the view
that calcium-regulated secretion may be a property of all
lysosomes, and that this pathway may represent an early form
of exocytosis, perhaps involved in plasma membrane repair
(53,54).

T. cruzi invasion of host cells (Figure 2) and regulated exocy-
tosis of lysosomes are both ubiquitous processes that involve
mobilization of conventional lysosomes for fusion with the
plasma membrane in a large variety of mammalian cell types.
Recent work has uncovered additional parallels between the
two processes, such as potentiation by drugs that disrupt the
actin cytoskeleton, and by agents that move lysosomes to the
cell periphery, such as cAMP (34,35). It is thus conceivable that
T. cruzi’s remarkable cell invasion mechanism evolved through
the utilization of a pre-existing, and so far largely overlooked,
lysosomal regulated exocytic pathway. The recognition of
lysosomes as calcium-regulated exocytic organelles is one
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example, among many others certain to come in the future,
of how much the study of intracellular pathogens can teach
us about our own cells.
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