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DEDICATION 

The editors have dedicated this volume to Lewis Tilney because of his key contribu›
tions to our understanding of the cytoskeleton in general and for elucidating the roles 
of the cytoskeleton in pathogen-host cell interactions in particular. It is difficult to 
summarize those contributions in a paragraph or two. It is even more daunting to 
convey to those who have not experienced it, Lew’s unique vision, style and the 
irrepressible zest with which he pursued the myriad of model systems he helped to 
establish. Working with Lew has always been a delight and an adventure. In the lab, 
his comments and/or observations were constantly punctuated with his favorite ad›
jectives�"Terrific!!!"o r "Fantastic!!"�an d my personal favorite, ’’Formidable!!" 
(first heard while working with him in France). His enthusiasm for life and science 
was and is irresistible. 

The scope of Lew’s contributions is particularly impressive given that throughout 
his career he had only a small handful of students and postdocs. He was, however, 
adept at forging collaborations, some of which spanned decades�an d no collabora›
tor was more central to his efforts than his wonderful late wife, Molly. It is also 
important to note that his efforts were immeasurably aided by the two gifted EM 
techs with whom he worked, first Doris Bush and later Pat Connelly. His hands and 
keen eye at the electron microscope (an antique Philips 200 he maintained by col›
lecting a stable of abandoned scopes for parts) were always central to his studies. 
Indeed he continued to be first author on many of his papers throughout his career. 
The other hallmark of Lew’s career was his knack for picking oddball cell types with 
"extreme" C3^oskeletal arrays from which basic mechanisms of organization and 
function were relatively easy to parse out. 

When I joined Lew’s lab as an undergraduate in 1970, his research dealt primarily 
with the role of microtubule assembly/disassembly in changes in cell shape�^high ›
lighted by studies on his first and perhaps most beautiful model system, the protozoan 
Actinosphaerium, After a summer project as a student in the 1970 physiology course 
at the Marine Biological Laboratory (MBL), Lew’s focus began to shift to the actin 



cytoskeleton. Some of his early contributions include the identification of microfila›
ments in a vertebrate nonmuscle cell as actin; the establishment of the intestinal brush 
border as a model system for investigating functional organization of the actin cytosk›
eleton; the identification of an oligomeric form of actin as a key component of the 
erythrocyte membrane skeleton. His decade-plus series of studies on the acrosomal 
reaction of echinoderm sperm resulted in a number of seminal findings that provided 
the foundation for understanding the role of actin assembly in cell movement. These 
include the first demonstration that actin pol)rmerization can power the formation/ 
extension of an asymmetric cell process; the characterization of a nonfilamentous, 
storage form of actin, profilamentous actin (from which the term profilin is derived); 
and the first experimental evidence for the role of profilin in promoting preferential 
actin monomer addition to the plus/barbed end of the growing actin filament. Of course 
the crowning achievement of his studies on actin-assembly driven cellular processes 
are those with his collaborator Portnoy and others, on the elucidation of how Listeria 
recruits a comet tail of actin filaments whose assembly powers the intracellular move›
ment and intercellular infection of this bacterial pathogen. 

One common element driving Lew’s research effort throughout his career was an 
intense curiosity about the basis for biological pattern formation, particularly with re›
gard to exquisitely ordered cytoskeletal arrays. Lew, together with his collaborators 
(most notably DeRosier), through studies on the structural organization of the actin 
bundle that comprises the acrosomal process of Limulus sperm and later the actin bundle 
within the stereo cilium of the cochlear hair cell, established the guiding principles for 
how filaments can be packed into highly ordered bundles by various combinations of 
filament cross linking proteins. Ironically, in his latest series of studies. Lew (in col›
laboration with Guild and others) tumed away from the oddball to the classic "genetic" 
system Drosophila to investigate the molecular basis for actin bundle formation� 
primarily with respect to the actin bundles involved in bristle morphogenesis. Lew’s 
analytical eye and ability to develop improved fixation techniques for visualization of 
actin in the fly allowed him to extract unique insights into the molecular basis of actin 
bundle formation and the role of these bundles in morphogenesis. 

Lew also made key observations directly relevant to the topics covered in this vol›
ume. He, together with his collaborators (including Shaw and Roos) published more 
than a dozen papers detailing key aspects of the cell biology of intracellular parasites 
including Toxoplasma�^perhaps  the most notable of which was the discovery that Toxo›
plasma has an algal symbiont-derived plastid. One of my most memorable "Tibiey 
moments" occurred in the mid 1990s when I ran into Lew in the MBL library at Woods 
Hole. He was, as usual, at a table surrounded by dozens of micrographs. As I entered 
the reading room he looked up at me, held up one of the micrographs and exclaimed� 
"Moose, look at this� Toxoplasma is a damned plant!!" A keen eye, indeed. 

Dr. Mark Mooseker 
Department of Molecular, Cellular and Developmental Biology 

Yale University 
New Haven, Connecticut, USA 
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PREFACE 

In biological terms, a parasite can be defined as ’’an organism that grows, feeds and 
is sheltered on, or in, a different organism while contributing nothing to the survival 
of the host’’  ̂ This relationship is particularly intimate for parasitic protozoa (and 
single-celled fungi such as the Microsporidia), many of which not only penetrate 
tissue barriers, but gain entry into host cells. The entry mechanisms are as diverse as 
the organisms employing them and are often critical components of their pathogenic 
profile. All of the parasitic organisms highlighted in this book represent medically 
important human pathogens that contribute significantly to the global burden of dis›
ease. As such there is intense interest in understanding the molecular basis of infec›
tion by these pathogens�^no t only with regard to their clinical relevance but also the 
fascinating biology they reveal. 

For most of the parasites discussed here {Plasmodium falciparum. Toxoplasma 
gondii, Cryptosporidiumparvum, Trypanosoma cruzi sendLeishmaniaspp.), the ability 
to penetrate biological barriers and/or to establish intracellular residence is critical to 
survival of the pathogen in the mammalian hosts. For other parasites, such as Entam›
oeba, a tissue invasive phenotype is a key virulence determinant. In the ensuing 18 
chapters, select members of this diverse set of protozoan parasites, as well as some 
examples of the extremely reduced fungal parasites classified as Microsporidia, are 
discussed within the context of the fascinating molecular strategies employed by 
these organisms to migrate across biological barriers and to establish residence within 
target host cells. 

Given the emphasis of this book on the Apicomplexa (including Plasmodium, 
Toxoplasma and Cryptosporidium) within which the biology of invasion and intra›
cellular establishment are best studied at the molecular level, the first chapter has 
been dedicated to a comprehensive overview of the array of experimental approaches 
that are routinely used to study this group of parasites. The remaining chapters have 
been arranged according to subtopic to facilitate comparisons of the molecular and 
cellular mechanisms governing invasion (entry), the molecular determinants of these 
processes and the establishment of the replication-permissive niches exploited by 

xix 



XX Preface 

these diverse pathogens. What emerges is a diverse tapestry of mechanisms, molecu›
lar determinants and cellular responses that share both common patterns as well as 
pattems unique to the specific pathogen-host interaction. With this state-of-the-art 
collection we hope to highlight the recent advances while paving the way for excit›
ing discoveries in the future. 

Barbara A. Burleigh, PhD 
Anthony P Sinai, PhD 

1. American Heritagefi  Dictionary of the English Language 



CHAPTER 1 

Current and Emerging Approaches to 
Studying Invasion in Apicomplexan Parasites 
Jeffrey Mital and Gary E. Ward* 

Abstract 

I n this chapter, we outline the tools and techniques available to study the process of host cell 
invasion by apicomplexan parasites and we provide specific examples of how these 
methods have been used to further our understanding of apicomplexan invasive mecha›

nisms. Throughout the chapter we focus our discussion on Toxoplasma gondii, because T. gondii 
is the most experimentally accessible model organism for studying apicomplexan invasion (dis›
cussed further in the section, " Toxoplasma as a Model Apicomplexan’’) and more is known about 
invasion in 77 gondii than in any other apicomplexan. 

Host Cell Invasion by Apicomplexan Parasites 
Host cell invasion is a complex, multi-step process that is relatively conserved among 

apicomplexans (see Fig. 1). T. gondii invasion begins with movement of the parasite over the 
surface of a host cell, driven by an actin-myosin-based motor within the parasite. This gliding 
motility is dependent on a solid substrate, and occurs in the absence of flagella, pseudopodia, 
or other traditional locomotive organelles (reviewed in ref 2; see also Matuschewski, this vol›
ume). As the parasite glides over host cells, a trail of surface proteins and lipids is deposited in 
the parasites wake. The conoid, a thimble-shaped cytoskeletal structure comprised of tubulin 
assembled into spiral ribbons, repeatedly protrudes and retracts from the apical tip of the 
gliding parasite (reviewed in ref 5). Initial attachment of the parasite to the host cell is coupled 
to the discharge of the micronemes, apical secretory organelles that release adhesins onto the 
parasite surface ’ (see also Carruthers, this volume). A more intimate apical interaction then 
develops between the parasite and host cell^ and a second set of apical organelles, the rhoptries, 
discharge. Secretion from the micronemes and the rhoptries is tighdy controlled, and there is 
some evidence that secretion from the bulb and neck regions of the rhoptries are distinct, 
regulated events,^ although the relative order of these various secretory events is not entirely 
clear. Very early in the process of invasion, perhaps when the micronemes and/or rhoptries are 
first discharged, a transient change in host cell plasma membrane conductance can be de›
tected,^ suggesting a temporary, localized breach in host plasma membrane integrity. A third 
set of secretory organelles, the dense granules, are constitutively discharged, and are thought to 
fimction primarily in establishing and modifying the parasite s intracellular niche after invasion 
(reviewed in ref. 1). 

Active penetration of the host cell begins at the apical tip of the parasite and is thought to be 
dependent upon the same actin-myosin machinery that powers gliding motility, since disruption 

�Corresponding Author: Gary E. Ward�Departmen t of Microbiology and Molecular Genetics, 
University of Vermont, Burlington, VT 05405, USA. Email: gary.ward@uvm.edu 
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Molecular Mechanisms of Parasite Invasion 

Figure 1. Overview of host cell invasion by T. gondii tachyzoltes. A) A tachyzoite glides over 
the surface of a host cell, powered by its actin-myosin-based motor. The thimble-shaped 
conoid at the apical tip of the parasite repeatedly protrudes and retracts. Adhesins (green) are 
found both intracellularly, within small tubular micronemes, and on the parasite surface, 
concentrated towards the apical end. B) The conoid is extended when the parasite begins to 
invade, bringing the apical tip of the parasite into intimate contact with the host cell. Microneme 
secretion increases, delivering more proteins to the parasite surface. An invagination of the 
host cell membrane begins to develop. C) Active penetration of the host cell begins, driven by 
the same actin-myosin motor that drives gliding motility. Rhoptry neck proteins (light blue) are 
secreted and associate with the microneme protein TgAMAI to form the moving junction, 
through which the parasite enters the host cell. Most microneme proteins are capped, accu-
mulati ng posteriorly; they are thought to be kept out of the parasitophorous vacuole by sieving 
action of the moving junction. Rhoptry bulb proteins (dark blue) begin to be secreted into the 
host cell. D,E) Microneme proteins continue to be capped towards the posterior end, where 
they are cleaved within their transmembrane domains. Rhoptry secretion continues, with 
rhoptry proteins contributing to the formation of the parasitophorous vacuole. The parasite 
squeezes through the moving junction, visibly constricting at the point of entry, into the 
deepening vacuole. F) Microneme proteins are shed from the posterior end of the parasite. 
Invasion is complete when the parasitophorous vacuole membrane pinches closed. A patch 
of protein originally derived from the rhoptry necks is found transiently at the site of entry, 
associated with the host plasma membrane. Note that dense granules and dense granule 
secretion^ are not illustrated in this diagram, for simplicity. 

of a single myosin gene, MyoAy disrupts both processes^^ and pharmacological agents that 
disrupt gliding motility also disrupt invasion. ̂  ̂  Due to the duality of function of the actin-myosin 
motor, it is difficult to determine whether gliding motility is required for invasion; however, 
video-microscopic analysis of T. gondii suggests that tachyzoites may be probing, perhaps by 
way of conoid extension, for some specific receptor or membrane microdomain as they glide 
over the host cell surface before initiating invasion. Both gliding motility and invasion involve 
receptor-ligand interactions (see Matuschewski, this volume; Carruthers, this volume), result›
ing in anterior to posterior capping of surface proteins, followed by their protease-mediated 
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shedding^’ (see also Dowse, diis volume). Capping and shedding are thought to be respon›
sible for the trails of surface proteins deposited at the posterior end of gliding parasites. 

During penetration, a zone of tight interaction between the host and parasite plasma mem›
branes forms at the site of parasite entry. This "moving junction" translocates from the anterior 
to posterior end of the parasite concurrent with penetration. Proteins secreted from the necks 
of the rhoptries, physically complexed with at least one microneme protein, were recendy 
identified as components of the moving junction. ̂ ’̂ As the tachyzoite penetrates into the 
host cell it becomes surrounded by a parasitophorous vacuole membrane (PVM), derived from 
host cell plasma membrane lipids.^ Host plasma membrane proteins are largely excluded from 
the PVM as it forms, creating a compartment that does not fuse with the endolysosomal sys›
tem of the host cell ’ (see also Sinai, this volume). The entire process of invasion takes 
approximately 20-25 seconds. ̂ ^ Shortly after invasion, the PV relocates to a position adjacent 
to the host cell nucleus and becomes tighdy associated with host cell mitochondria and endo›
plasmic reticulum. ̂ ^ 

While the various steps in invasion, described above for T. gondiiy are broadly conserved 
among apicomplexan parasites,^^’^̂  several interesting and potentially informative variations 
are observed in other genera. For example, the conoid appears to be absent from Plasmodium 
and Babesia (reviewed in ref. 5). Parasite reorientation, to bring the apical end in contact with 
the host cell, is more pronounced in other apicomplexans such as Plasmodium^^ and 
Cryptosporidium^^ than it is in X gondii. An entirely different invasive mechanism, which does 
not involve formation of a PVM, is employed by Plasmodium sporozoites as they migrate through 
host cells en route to their preferred site of replication (see Frevert, this volume). Theileria 
sporozoites are perhaps the most unusual of all the apicomplexans in terms of their invasive 
mechanisms. The invasive stages of Theileria are not motile, have no recognizable conoid or 
micronemes, and do not apically reorient prior to invasion. Internalization appears to be a 
passive process on the part of the parasite, with no role for parasite actin. However, other 
features of Theileria invasion are similar to those of other apicomplexans, including 
protease-mediated shedding of surface proteins during internalization, and formation of a PVM 
from the host cell plasma membrane (reviewed in ref 24). 

Assaying Host Cell Invasion 
Given the importance of host cell invasion in the life cycle and pathogenesis of apicomplexan 

parasites, there is much interest in studying the mechanisms underlying invasion. Many differ›
ent means of quantitatively assaying invasion have been developed, particularly for T. gondii, as 
described below. 

Plaque Assay 
Parasites are added to host cell monolayers and the resulting number of plaques, formed by 

successive rounds of host cell invasion, lysis, and invasion of surrounding cells by the released 
daughter parasites, is determined visually. Plaque visualization can be facilitated by staining 
with Giemsa or crystal violet. While the plaque assay is simple to perform and requires no 
special equipment, it does not separate the process of invasion from the rest of the parasite s 
intracellular life cycle. A decrease in plaque formation can result from a defect in invasion, but 
also from defects in intracellular growth, parasite replication, host cell lysis and parasite egress, 
or any combination of these processes. 

Vacuole Assay 
The number of mature parasitophorous vacuoles present 24 hours after invasion can be 

determined by phase microscopy and used as a measure of invasion. ̂ ^ Caution must be exer›
cised when performing and interpreting this assay since overlapping or adjacent vacuoles can 
be difficult to count accurately and, like the plaque assay, it may confuse a growth or replica›
tion defect with an invasion defect. 
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^H- Uracil Incorporation Assay 
Since many host cells lack a uracil salvage pathway, addition of H-uracil to an infected 

monolayer results in specific incorporation by parasites and can therefore be used to assay 
the number of intracellular parasites.^ ^̂ ^ However, since both intracellular and extracellular 
parasites can incorporate ^H-uracil (although extracellular parasites may have a shorter pe›
riod of incorporation^^) it is critical to wash off or kill as many extracellular parasites as 
possible prior to assaying ^H-uracil incorporation. Extracellular parasites can be killed with 
pyrrolidine dithiocarbamate (PDTC^^), although this adds another potential source of vari›
ability to the assay. Like the plaque assay, it can also be difficult to definitively ascribe a 
decrease in ^H-uracil incorporation to a defect in invasion, rather than some other 
post-invasion defect that alters ^H-uracil uptake or incorporation. Prelabeling parasites with 
H-uracil and measuring the amount of radioactivity associated with the monolayer after 

infection^^ can circumvent this problem. This approach is best suited for experiments that 
start with one population of parasites (e.g., comparing the effect of different pharmacologi›
cal agents on the invasion of a single population of ^H-labeled parasites); it is more problem›
atic to compare two different populations, which may differentially incorporate exogenous 
uracil. Again, the consistency with which extracellular parasites can be removed or killed will 
affect the accuracy and variability of this assay. 

P’Galactosidase Assay 
This method measures the amount of o-nitrophenyl-p-D-galactoside (colorless) that is 

converted to o-nitrophenol (yellow) by parasites expressing P-galactosidase.^^ This assay 
offers the advantages of being easy, fast, and sensitive. However, in addition to the require›
ment to remove or kill extracellular parasites, the assay can only be used for parasites express›
ing p-galactosidase. Although such parasites are available for T gondii ’ and Neospora, 
the requirement for p-galactosidase expression may complicate further transgenic manipula›
tion of the parasites, due to the limited number of selectable markers available (summarized 
in Table 1). 

Quantitative PCR Assay 
Genomic DNA recovered from invaded parasites can be used as a template for quantitative 

real-time PCR, which is compared to a dilution series of DNA from a known number of 
parasites.^ This assay again requires removal and/or killing of extracellular parasites to ensure 
that contaminating DNA from these parasites is not included as template for PCR- A strength 
of this assay, like die ^H -uracil- and p-galactosidase-based assays, is that it allows large numbers 
of parasites to be analyzed per sample, compared to microscope-based techniques. 

Differential Fluorescent Staining 
In the most commonly used assay for T. gondii invasion, parasites are labeled with different 

fluorochromes before and after host cell permeabilization, resulting in dual labeled extracellu›
lar parasites and singly labeled intracellular parasites (Fig. 2B,F), which are scored by fluores›
cence microscopy. The use of parasites expressing YFP or GFP further simplifies the assay, by 
eliminating the need to permeabilize the host cells to visualize intracellular parasites. ’ This 
assay isolates invasion from other aspects of the parasite life cycle and does not require removal 
of extracellular parasites for accurate counting of invaded parasites. However, the assay suffers 
from significant field-to-field variability, which is compounded by the limited sample size that 
can be feasibly obtained, given the extensive hands-on time required for manual counting. An 
automated microscope has been used to semi-quantitatively assay invasion by differential stain›
ing in a high-throughput format. ̂ ^ In an attempt to make the differential staining assay more 
quantitative and reproducible, the assay was recently adapted for scoring by a laser scanning 
cytometer (LSC). The LSC-based assay significandy increases the number of parasites that can 
be counted, overcoming much of the field-to-field variability observed when the assay is scored 
manually. The major drawbacks to the LSC-based assay are that it requires specialized 



Current and Emerging Approaches to Studying Invasion in Apicomplexan Parasites 

I 
-2 
be 

�5i 

i§ 
If 

o 

0^ 

^ m t3 
-2 

CA 

5 

o 

^ ro 

U_ 

I 
Q 

E 

s 

o 

’-0 

DO 

O 

5/) 
CD 

>-

0X3 

q 
^ � D 

2 
u 

> 
> 

(U 
</5 

-D 
iS 
�TO 

h-
to 
UJ 

o 

� Q . 

-a 
d 
c 
Q . 
Z5 

_ Q 

u 

s 

> 

C 

o 
- Q 

"8 c 
0) 

> ( 
X 1 

CO e 
\ > 

» 
to 

J^ 
>-

c 

C 

-I 
o 

_d 
"S c 
cu 
tsp 

> 
> 

’Q. 

Z3 
T3 

C 
c 

CD Q. 
in T 
OS . 

>r-c5 ~ fC 

CD 
- D 

C 
u 

m _Q 
1c ^ 

h- S 
CO C 
LU > 

� * CO 2 

< v j u . 
’ 0 2 . 0 o 

u 
u 

fT3 .i= 

Q_ eo T 

X < Q_ T/ 
X U D h= 

>> o X D g y <’ 
Z Q I S Z U 

CD 

Q 
I 
D 

oo 

«/) 13 

o 
O 
O 
E 
o 
I 

o 
2P 
o 
o 
E 
o 
c 
O 
Z 

c 

"D 

1 CD 

I 

I 

2f 3 o 
/̂5 . E 130 

°  * i 
ill 
I Z 

5 vr> r-^^ 

Hit 
2 iS o CD 

I�  CO - J 

o 
E 

< z < 
z 

o 
DO 

o 

<i 
Z I 
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Figure 2. Small molecule inhibitors and enhancers of invasion, motility, and microneme secre›
tion. Representative images from differential fluorescence invasion assays (B,F), trail deposi›
tion motility assays (C,G), and microneme secretion assays (D,H) of parasites treated with two 
small molecules Identified by high-throughput screening (A,E; see ref. 50). In the invasion 
assays (B,F) extracellular parasites appear yellow and Invaded parasites appear green. In the 
motility assays (C,G), the trails deposited by gliding parasites are labeled with an antibody to 
the abundant surface protein SAG1. In the microneme secretion assays, Western blotting is 
used to analyze the amount of the microneme protein, MIC5, secreted into the supernatant; 
BAPTA-AM (B-AM) Inhibits microneme secretion and Is used as a negative control. The number 
of Invaded parasites (B,F), the number of trails (C,G), and the level of microneme secretion 
(D,H) decrease or Increase in a dose-dependent manner after treatment with Inhibitor (A) or 
enhancer (E), respectively. Scale bars = 20 ^m. From: Carey KL et al. Proc Natl Acad Scl USA 
101 (19):7433-7438; '200 4 with permission from the National Academy of Sciences, USA.^° 

instrumentation and is not well-suited to analyzing many samples at one time.^ However, it 
may be possible to adapt these assays for analysis by flow cytometry. 

Other Apicotnplexans 
In the most common invasion assay for Plasmodium blood stage parasites, mature schizonts 

are added to a suspension of erythrocytes and the number of ring stages that develop several 
hours post infection are visualized in blood smears on a glass slide. Staining of rings is typically 
accomplished with Giemsa,^^’^̂  but DAPÎ "̂  and acridine orange^^ have also been used. These 
assays are complicated by the fact that they measure not only invasion, but several pre and 
post-invasion events as well, including schizont rupture and morphological differentiation to 
the ring stage. H-hypoxanthine uptake assays (e.g., ref. 84) suffer from a similar problem and 
are further complicated by the possibility that host erythrocytes and leukocytes may also 
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incorporate H-hypoxanthine.^^’̂  An enzymatic assay for Plasmodium lactate dehydrogenase 
provides a measure of parasitemia, and can be used as an indirect measure of invasion, with the 
caveats mentioned above. Assays based on parasite staining have recently been adapted for 
FACS scoring,^^ which significantly reduces operator time but necessitates the quantitative 
removal of extracellular parasites. A similar FACS assay has been used to measure Eimeria 
invasion. A microscope-based assay that visualizes the incorporation of fluorescent lipid ana›
logs into the PVM during parasite entry can effectively isolate merozoite invasion from other 
pre and post-invasion events,^^ but has thus far been used only for 7? knowlesi. 

The invasion o£ Plasmodium sporozoites into hepatocytes and other target cells can be as›
sayed by differential fluorescent staining methods similar to those described above for 77 
gondii. Some of the other assays described above for T. gondii are also direcdy transferable 
to other species, e.g., RT-PCR assays for assaying invasion in Neospora? The invasion o^Babe›
sia sporozoites into erythrocytes, which lack a nucleus, can be assayed by nuclear staining. 
Relatively litde is known about Babesia invasion, but the recent development of a system that 
supports efficient in vitro invasion, based upon high voltage release of parasites from previously 
invaded erythrocytes,^^ may increase our understanding of this process. 

Assaying the Individual Steps of Invasion 
T. gondii invasion can be readily assayed either in its entirety (using the methods described 

above), or as a sequence of discrete steps, each of which can be assayed independendy. A re-
cendy developed protocol for synchronous invasion by T. gondi?^ further complements these 
assays. Parasites are allowed to settle onto host monolayers in a high potassium buffer, which 
inhibits parasite motility and invasion. The medium is then exchanged for low potassium me›
dium, stimulating motility and invasion. This allows for synchronous and robust invasion over 
a short period of time. A temperature shift can also be used to synchronize invasion of T, 
gondii. 

Assays for the individual steps of T. gondii invasion are oudined below, and similar assays for 
other apicomplexans, when available, are described. 

Gliding Motility 
T. gondii can be observed gliding over host cells or coverglasses using video- or time 

lapse-microscopy. ̂ ’̂"̂^ These data can be analyzed either qualitatively^’^̂  or quantitatively. ̂ ’̂̂ ^ 
Motility can also be assayed by trail deposition; the surface proteins deposited behind T. 

gondii tachyzoites as they glide over host cells and coverglasses can be readily visualized by 
immunofluorescence microscopy (Fig. 2C,G).^^’ Alternatively, parasites can be prelabeled 
with fluorescent antibodies or lipids and trail deposition observed in real time or after fixa-
tion.^^ Trail deposition can be quantified by measuring the number and length of trails.^^ 
Similar trail deposition assays, using species-specific antibodies, have been used for 
Cryptosporidium, ’  ̂ PlasmodiurrH and Eimeria^ ’^^  ̂sporozoites; trails produced by the lat›
ter two species have also been observed by electron microscopy. ’ A recent study on the 
motility oi Plasmodium berghei ookinetes used the dispersal of aggregated parasites as a quanti›
tative measure of ookinete motility. ̂ ^̂  

Conoid Extension 
Conoid extension can be experimentally induced by calcium ionophores and inhibited by 

intracellular calcium chelators. The percentage of T. gondii tachyzoites with partially or fully 
extended conoids can be readily determined by phase microscopy. ’ 

Microneme Secretion 
The secretion of microneme proteins from extracellular parasites occurs constitutively at a 

basal level and can be upregulated by incubation with calcium ionophores or ethanol.^^^ Both 
constitutive and induced secretion can occur in the absence of host cells; the secreted proteins 
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are recovered from the culture supernatant and analyzed by SDS PAGE and Western blotting 
(Fig. 2D,H). Similar methods have been used to assay microneme secretion in Eimeria, 
Cryptosporidium?^ Sarcocystis}^^ and Neospora. The recovery and identification of microneme 
proteins released into Plasmodium culture supernatants was critical in the initial identification 
and characterization oiPlasmodium erythrocyte binding proteins (e.g., refs. 110,111). 

Direct comparative microneme secretion assays have been developed for X gondiiy using 
2D-DIGE (2-D Fluorescence Difference Gel Electrophoresis) techniques that differentially 
label the secreted proteins from two parasite populations with either red or green fluoro-
chromes. ’ The samples are mixed in a 1:1 ratio, separated by 2-dimensional gel electro›
phoresis, and the fluorescent signals analyzed. Proteins that are secreted in equal abundance by 
both parasite populations appear yellow in a merged image. Spots appear red or green if secre›
tion is up- or down-regulated in one of the populations. The ability to compare two different 
protein samples on the same gel solves the run-to-run variability problem frequendy encoun›
tered in 2D gel separations. 

Attachment 
Both fixed and live host cells have been used for assaying parasite attachment. Parasites 

cannot invade fixed cells, offering the advantage of having to measure only extracellular para›
sites. Since fixation may alter the conformation of ligands on the surface of the host cells, it is 
not known how closely the frxed cell system mimics in vivo attachment and there is some 
evidence that parasites attach to fixed cells differently than live cells.^ Live cells offer the ad›
vantage of more closely mimicking in vivo conditions. However, since invasion can occur in 
this case, both attached and internalized parasites must be accounted for when measuring 
attachment to live cells. 

Attachment of T. gondii tachyzoites is measured either by counting the number of 
fluorescendy-labeled^^ or Giemsa-stained^ parasites or by measuring the amount of p-gal ^ 
or radioactivity^^ associated with the monolayer after infection and washing. Similar assays 
exist for Plasmodium and Babesia}^^ Generating quantitative and reproducible attachment 
data can be difficult due to sampling issues and variations in wash stringency within and be›
tween coverslips. A LSC-based attachment assay that counts attached parasites, prelabeled with 
fluorescent antibodies, overcomes much of this inherent variability. This is accomplished by 
comparing two differentially labeled populations of parasites on the same coverslip. While 
highly reproducible and quantitative, the requirement that populations of parasites be com›
pared pairwise means that the assay is not well suited for scoring numerous samples, e.g., 
high-throughput screening. 

In addition to whole parasites, the ability of putative adhesins from T. gondiiy Plasmodium, 
and Neospora, to bind to host cells or host cell components has been tested using purified, ’̂̂ ^̂  
heterologously expressed,^^^ or recombinant radiolabeled proteins. ’̂  

Rhoptry Secretion 
T. gondii tachyzoites pretreated with cytochalasinD are unable to move or invade host cells, 

but they retain the ability to attach to host cells and to secrete the contents of their rhoptries. 
The secreted rhoptry proteins can be detected as vesicular clusters (termed evacuoles) within 
the host cell by immunofluorescence microscopy^"^^ (Fig. 3). The quantity, length, and protein 
composition of evacuoles can be assessed using different antibodies, as a means of assaying 
rhoptry secretion.^’^^̂  Evacuole-like structures are also observed within erythrocytes after Plasmo›
dium merozoite invasion is arrested with cytochalasinB, cytochalasinD or staurosporine.^^’^̂  ’̂ ^̂  

Approaches to Studying Invasion 
Many different experimental approaches are available for the identification and functional 

analysis of gene products involved in invasion. These include forward genetic screening, reverse 
genetic analysis, antibody inhibition, small-molecule-based approaches, alteration of the host 
cell, and genomic/transcriptomic/proteomic studies. 
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Figure 3. Assaying rhoptry secretion by evacuole formation. T. gonof/V tachyzoites treated with 
cytochalasinD, which inhibits actin polymerization, attach to host cells but do not invade. In this 
state, parasites are able to secrete some of the contents of their rhoptries, forming vesicular 
clusters (evacuoles) within host cells, which can be visualized by indirect immunofluorescence 
m icroscopy usi ng antibod ies agai nst various rhoptry protei ns. ̂  ̂ ’̂̂  A) Cartoon i 11 ustrati ng evacuole 
formation; B) Immunofluorescence image of a parasite with associated evacuoles, visualized 
here with an antibody against ROP1; C) Corresponding DIC image. Tg = T. gondii tachyzolte, 
Evacs = evacuoles. Scale bar = 5 ^m. Adapted from reference 8. 

Forward Genetics 
One of the most powerful means to determine which gene products are involved in a par›

ticular process is to introduce mutations into the genome of the organism, screen for mutants 
which no longer carry out the process, and identify the mutated genes. A number of such 
forward genetic screens have been undertaken to study different aspects of the T. gondii life 
cycle, utilizing a variety of mutagenic techniques and selection strategies, as described below. In 
principle, these methods could be applied to the study of invasion. However, in the case of 
invasion, forward genetic screens must be designed to select for mutations that enhance or 
decrease invasion, or abolish invasion only under certain conditions, since parasites that are 
constitutively unable to invade cannot be maintained in culture. 

Insertional Mutagenesis 
The high frequency of nonhomologous integration in T. gondii, coupled with the man›

ageable size of its genome (’-65Mbp), have allowed the successful implementation of insertional 
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mutagenesis. ̂ ^̂  Mutagenic saturation, i.e., the theoretical disruption of every gene in the T. 
gondii genome, can be accompUshed by mutagenizing approximately 5x10 parasites.̂ ’^’̂  Se›
quence from the dihydrofolate reductase (DHFR) locus appears to increase nonhomologous 
integration into the T goruiii genome (a 10-fold increase compared to non-DHFR sequence ) 
and is therefore often included in insertional mutagenesis plasmids. Interrupting a gene 
with an insert should alter the function of the disrupted gene, but could also generate toxic 
truncation product(s) or have unintended effects on adjacent genes, which must be considered 
when attempting to correlate the interrupted gene with an observed phenotype. 

Insertional mutagenesis has been used to study adenosine transport and metabolism, ̂ ^̂  as 
well as parasite differentiation. ’ In principle, this approach could be used to study inva›
sion given a proper selection or screening strategy, i.e., selection or screening for disruptions 
that enhance or decrease invasion but do not abolish it completely. For example, insertion into 
the promoter of a critical adhesin might reduce but not completely abolish invasion. Methods 
have been developed to identify the interrupted gene either by plasmid recovery^ ̂ ^ or by comple›
menting loss of function with a cDNA library that integrates at high frequency and is shutded 
by recombination cloning.^^^ Complementation with an episomal genomic library has also 
been reported. ̂ ^ 

Chemical Mutagenesis 
Chemical mutagenesis may be preferable to insertional mutagenesis as a means to geneti›

cally modify parasites for invasion screens. Agents such as ethylnitrosourea (ENU)^^^ and 
N-methyl-N*-nitro-N-nitrosoguanidine^^ introduce point mutations, which are less likely than 
insertional mutagenesis to result in complete loss of protein function, and may therefore be 
more likely to diminish, but not abolish, invasion. One study has produced temperature sensi›
tive mutants that differ in their infectivity."^^ The generation of temperature sensitive mutants 
should allow for the isolation of parasites with invasion defects, since parasites coidd be cul›
tured at the permissive temperature and invasion studied at the restrictive temperature.’^̂  Chemi›
cally mutagenized, temperature sensitive Neospora have also been screened for invasion and 
infectivity defects in mouse models. ̂ ^̂  

The major challenge of chemical mutagenesis is mapping and identifying the site of the 
mutation. The system for cDNA-based complementation cloning mentioned above^^^ is one 
approach to identification of the mutated gene; this approach was recently used to identify a 
gene involved in cell cycle progression.^^ 

In any forward genetic approach, once the interrupted gene has been identified, the specific 
mutation should be introduced into wild type parasites to confirm and validate the correlation 
between the mutation and the observed phenotype. ^ 

Reverse Genetics 
While forward genetic screens are useful for identifying new parasite genes and proteins 

that function in invasion, reverse genetic approaches have been extensively used to study spe›
cific proteins postidated to function in invasion based on other criteria, such as antibody inhi›
bition, subcellular localization, sequence homologies, or the forward genetic approaches men›
tioned above. 

Knockout Studies 
Targeted gene disruption by homologous recombination has been widely used to study 

gene function in T. gondii. Increasing the size of the targeting sequence seems to increase the 
frequency of homologous recombination: one study showed that plasmids containing 1.7,7.G, 
or 15.7 kb of targeting sequence resulted in 0,62, and 82% of the clones harboring homologously 
integrated plasmid DNA, respectively.^ In T. gondii^ where genomic sequence data is avail›
able, knockout vectors can be constructed using only the noncoding regions flanking the gene 
of interest. Utilizing coding sequence to target the knockout construct could result in expres›
sion of partial proteins, complicating interpretation of the resulting phenotype. Typically, the 
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coding region of the targeted gene is replaced with a selectable marker (Table 1) flanked by 
several kb of 5’ and 3’ noncoding sequence. After selection, individual clones can be screened 
for gene disruption by Western blotting if antibodies are available/^’^^^’^^̂  Alternatively, after 
selection, pools of clones can be screened by PCR, utilizing one primer from within the ge›
nome and one primer from within the knockout construct to identify those parasites with the 
targeted disruption. In positive clones, gene disruption can be confirmed by Southern blot›
ting, Western blotting and/or immunofluorescence microscopy. ’ Knockout constructs 
are often introduced as linearized plasmids,^^^’^^̂  to promote double crossover-allelic exchange, 
as opposed to single crossover events, which result in pseudodiploid formation and the possi›
bility of expression of ftinctional protein (Fig. 4). The transfection efficiency of circular and 
linear plasmids appears simiiar;^^’ ^ however, homologous recombination occurs with higher 
frequency when using circular plasmids, suggesting that pseudodiploid formation is the most 
prevalent recombination event. ̂ ^ Since DHFR sequence seems to promote nonhomologous 
integration in T. gondii (see above), inclusion oi DHFR should be avoided in constructs in›
tended for targeted knockouts. 

Using a positive selectable marker within the targeting sequence and a negative selectable 
marker outside the targeting sequence selects against nonhomologous recombination and 
pseudodiploid formation, significandy reducing background. A similar double selection strat›
egy is available for P. falciparum knockouts. 

Attempts to generate a gene knockout could fail either because the gene is essential or 
because the knockout construct did not properly target the locus of interest. In order to rule 
out the latter, an exogenous, functional copy of the gene can be randomly integrated into the 
genome before attempting to knockout the endogenous locus. ̂  ’ Alternatively, an addi›
tional copy (mutated or ftmctional) can be inserted by homologous recombination to create a 
pseudodiploid (Fig. 4B). The pseudodiploid can subsequently be resolved, under negative se›
lection, by intrachromosomal recombination, resulting in either reconstitution of the wild 
type locus or formation of the mutated locus (Fig. 4C). Since vector sequence, including mark›
ers, will be removed by pseudodiploid resolution, a marker which can be used for either posi›
tive or negative selection, such as HXGPRT, is ideal for these types of experiments. ̂  ̂  The wild 
type and the mutated loci should be recovered with equal frequencies; recovery of only the wild 
type locus suggests that the gene is essential. In cases where there is a phenotype associated 
with a knockout, polar eff̂ ects can be ruled out by complementing the knockout with an exog›
enous copy of the gene being studied and observing partial or complete rescue of the aff̂ ected 
phenotype. ’ The choice of promoter and selectable marker should be carefiilly considered, 
since either can affect the level of expression during complementation. 

Knockouts in a number of T. gondii genes have been generated, some of which result in 
reduced invasion. For example, MIC2 Associated Protein (M2AP) knockout parasites are sig›
nificandy defective in invasion, which has been attributed to mistargeting of M2APs partner 
protem, MIC2.^^ Given diat MIC2 itself cannot be knocked out, presumably because it is 
essential, this work provided valuable information on the function of both M2AP and MIC2. 
MICl knockout parasites are significantly defective in host cell invasion, but only slighdy 
defective in mouse virulence. 1^ In contrast, MIC3 knockout parasites are not defective in 
invasion and are only slighdy defective in mouse virulence. Interestingly, MIC1/MIC3 double 
knockouts show similar levels of invasion to the MICl knockout but significandy reduced 
virulence compared to the MICl or MIC3 single knockouts, indicating a synergistic role for 
these two proteins in virulence. A number of dense granule proteins have been knocked 
out,^^^’ none of which affect invasion. However, the GRA2 knockout has reduced virulence, 
consistent with the hypothesis that dense granule proteins are not necessary for active penetra›
tion, but are involved in PV modification and possibly immune modulation. The major 
glycosylphosphatidylinositol (GPI)-anchored surface proteins, SAGl and SAG3, have both 
been successfully knocked out. The SAGl knockout parasites show no defect in invasion; in 
fact, the knockout parasites were found to invade more quickly than wild type parasites. ̂ ^̂  In 
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contrast, the SAG3 knockout showed reduced adhesion, invasion, and virulence, supporting 
the hypothesis that some members of the SAG family of proteins function as adhesins.^^^ 

When comparing knockout parasites to wild type or complemented parasites in invasion 
assays, it is important to use parasites in equivalent stages of their life cycle. Parasite invasive›
ness diminishes progressively after release from the host cell; therefore, care must be taken to 
ensure that release of the two parasite populations to be compared is synchronous (Mital and 
Ward, unpublished). Growth assays, comparing the intracellular replication of the parasites 
under study, can help in the synchronization of different parasite populations. 

Knockouts in nonessential genes have been generated and used to study invasion in Plasmo›
dium (e.g., refs. 82,146-150 and reviewed in ref. 151). A usefiil variation on the knockout 
approach in Plasmodium has been to disrupt an essential gene in a life cycle stage that does not 
require the gene (e.g., the blood stages), and then analyze the invasion phenotype in the stage 
in which the gene is essential (e.g., mosquito salivary gland sporozoites). ’̂ ^ ’̂̂^ This approach 
has provided a great deal of functional information about the proteins involved in sporozoite 
invasion (reviewed in refs. 154-157). 

Conditional Knockouts 
The recent development of an inducible promoter system for T. gondii^^ allows the study of 

genes essential for invasion, and has been successfully used for four such genes {MyoA,^^ 
TgAMAU^ MIC2P^ and ACP^’^^), This system is based upon an anhydrotetracycline- (Ate-) 
responsive transactivator protein that drives expression of genes downstream of a minimal SAGl-
or SAG4-h2Lsed promoter containing seven let operators. Expression occurs in the absence of 
Ate, and is repressed in the presence of Atc^^ (Fig. 5). Generation of a conditional knockout is 
accomplished in two steps. First, parasites are transfected with the gene of interest downstream 
of the regulatable promoter, and clones with regulatable expression of properly localized pro›
tein are isolated- These clones are then transfected with a knockout construct to disrupt the 
endogenous locus of the gene of interest. The resulting parasite’s sole source of the essential 
protein can then be turned off by addition of Ate. Conditional knockout parasites are therefore 
generated and isolated in the absence of Ate, and phenotypically characterized after incubation 
with Ate. Since phenotypic characterization is accomplished by comparing conditional knock›
out parasites in the presence and absence of Ate, all assays begin with the same population of 
parasites, alleviating the problems associated with comparing two nonequivalent populations 
of parasites (discussed above), provided that the knockout exhibits no growth defect. 

The success of this approach depends critically on the expression levels of the regulatable 
gene relative to wild type expression; expression in the absence of Ate must be sufficiendy high 
for parasite viability, and expression after Ate treatment must be sufficiendy low to reveal a 
phenotype (Fig. 5A,B). The optimal expression level will vary with the particidar protein being 
studied, and may be modulated by the number of regulatable copies integrated and the choice 
of promoter driving regulatable expression. Currendy, two versions of the regulatable promoter 
are available: the SAGl-hsLsed promoter gives lower basal expression, but tighter regulation 
after Ate addition, compared to the 5y46’^-based construct (personal comm. D. Soldati-Favre). 
In principle, the endogenous gene could be replaced with a regulatable copy in a single step; 
however, the two step approach enables one to insert multiple copies of the regulatable gene, 
which may be necessary to achieve the required expression levels prior to disruption of the 
endogenous gene, and to assess whether the knockout construct can effectively target the locus 
of interest. Both approaches require that the endogenous gene can be effectively targeted by 
homologous recombination. Some residual protein may remain after Ate addition, due either 
to leaky expression or slow protein turnover, which should be considered when interpreting 
any observed phenotype, or lack thereof. 

The conditional promoter system has recendy been adapted for use in Pfalciparum}^^ The 
development of a conditional mutagenesis system in P berghei, based upon regulatable site-specific 
recombination, presents an alternative means of constructing stage-specific knockouts; the util›
ity of this system will increase as more stage-specific promoters are characterized. 
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Figure 5. Generation of an AMA1 conditional knockout. A) Wild type T. gone///expressing the 
tetracycline-sensitive transactivator (designated "AMAV parasites) were transfected with a 
plasmid containing AtsAAl under control of the regulatable promoter. This creates parasites 
{"AMA 1/AMA1-myc") that express both endogenous and regulatable AMA1 in the absence of 
anhydrotetracycline (Ate), and only endogenous AMA1 after incubation with Ate. Expression 
of endogenous and regulatable AMAl can be visualized by Western blotting (top panel); the 
epitope tag on the regulatable copies results in an electrophoretic mobility shift. The endog›
enous AMAl locus was subsequently interrupted by targeted gene disruption, creating para›
sites {"Aama1/AMA1 -myc") whose sole source of AMAl can be regulated by Ate. The relative 
AMAl expression levels, as determined by quantitative Western blotting, are shown below 
each lane. B) Host cell invasion by the AMAl, AMA1/AMA1 -myc, and Aama1/AMA1 -myc 
parasites, each grown with or without Ate, was measured using the Laser Scanning 
Cytometer-based invasion assay. Parasites expressing just 10% of wi ld type levels of AMA1 
fida/T7a//AA4A-/T7ycminusAtc) have wild type levels of invasion. However, parasites expressing 
undetectable (<0.5%) levels of AMAl (Aamal/AMA-myc plus Ate) are significantly defective 
in invasion. The LSC-based assay allows for a large sample size (tens of thousands of parasites) 
to be attained. Adapted from reference 8. 

RNA-Based Methods 
RNA-based approaches to diminishing, radier dian abolishing, expression of a protein are 

useful for genes that cannot be studied by conditional knockout, either because the required 
expression levels do not fall within the range of the available conditional promoters, or because 
the gene cannot be effectively targeted for disruption. In T. gondii, RNA-based techniques such 
as antisense, double stranded RNA interference (RNAi), and delta ribozymes have been 
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successfully used in a limited number of laboratories to modulate gene expression. ’ All of 
these techniques rely on short sequence recognition. The sequence must therefore be carefully 
chosen to assure knockdown of a specific gene, especially if that gene is part of a gene family or 
shares significant sequence with other proteins (although this can be an advantage if knock›
down of a multigene family is desired.) Optimization of sequence and RNA expression level 
may be required to achieve a threshold of knockdown that maintains viability of the parasite 
but results in an invasion phenotype. 

As yet, only the antisense RNA technique has been used to study invasion-related genes. 
Antisense RNA was used to decrease expression of the rhoptry protein ROP2, which was thought 
to be essential for invasion since previous knockout attempts were unsuccessful. A signifi›
cant decrease in invasion, among other defects, was seen in ROP2-deficient parasites. Antisense 
RNAs have also been used to study the T. gondii dense granule protein NTPase, which is 
expressed as two isoforms from different loci^ ’  ̂and is thought to be essential.^ ^ Despite these 
apparent successes, antisense methods have not yet gained widespread use in T. gondii due to 
difficulties with reproducibility. Antisense methods have also been used in Plasmodium. ’ 

Homologues of many of the genes involved in RNAi have been found in T, gondii}^^ but 
not Plasmodium}^^ However, RNAi has been reported to work in both PlasmodiunF^’^  ̂ and 
T. gondii. RNAi has been used to show that decreased expression of two independent lactate 
dehydrogenase genes in T. gondii results in reduced differentiation and virulence. 
Double-stranded RNA has also been used to knockdown a T. gondii immunophilin.^ Since 
extensive controls are needed to unambiguously attribute downregulation to the RNAi path›
way, there remains some uncertainty about whether the effects observed in these studies result 
from true RNAi. ̂ ^̂  

A recent report on the use of catalytically active delta ribozymes to bind and cleave specific 
targets^’’^̂  indicates that this may also be a useful technique for studying essential genes. 

Transgene Expression 
Intra- and inter-species expression of wild type or mutated transgenes has been useful for 

studying apicomplexan invasion-related proteins. Care must be taken when analyzing data 
from exogenous expression to ensure that expression levels, post-translational modifications, 
and trafficking are comparable in the exogenous and native proteins. Additionally, codon bias 
may need to be considered; whereas T. gondii genes have been expressed in a variety of systems 
(e.g., refs. 34,178,179), codon bias in the A/T rich genome oiP. falciparum can cause diffi›
cult, though not insurmountable problems for heterologous expression. 

Expression of various mutated and truncated T. gondii microneme proteins in wild type T. 
gondii has proven to be a useful approach for elucidating the role of these proteins in invasion 
and for defining their functional domains. For example, exogenous expression of mutated 
forms of MIC2 in T. gondii helped to elucidate MIC2 s role as an adhesin and to define the 
mechanisms governing microneme protein cleavage (reviewed in ref. 185). Flow cytometry can 
be used to identify mutations that cannot be tolerated by the parasite.^ 

Expression of T. gondii proteins in other apicomplexans, or vice-versa, has provided insights 
into invasion by both the donor and recipient species. For example, functional homology be›
tween the cytoplasmic tails of Toxoplasma MIC2 and Plasmodium TRAP, microneme proteins 
thought to function in motility and invasion, was demonstrated by the ability of the cytoplas›
mic tail of Toxoplasma MIC2 to rescue the motility and invasion defects caused by deletion of 
the TRAP cytoplasmic tail in Plasmodium sporozoites.^^^ Proper expression and localization of 
a number of Toxoplasma proteins in the related apicomplexan Neospora ’^’^^  ̂ indicate that 
this may also be a useful system to study functional homology and elucidate protein function. 
Inter-species expression of proteins will be particularly useful for studying protein function 
and invasion in organisms that are difficult to culture and/or for which molecular genetic tools 
are not yet available, such as Cryptosporidium}^^ Expression oi Plasmodium proteins in other 
species oi Plasmodium has proven to be a useful way to study the function of secreted and cell 



16 Molecular Mechanisms of Parasite In vasion 

Figure 6. Inter-species approaches to studying invasion. A) Treatment of P. falciparum mero-
zoites with an antibody against P. falciparum MAM inhibits invasion of human erythrocytes 
(D10: white bar = untreated; grey bar = antibody treated). The expression of P. chabaudlAtAA) 
in these parasites partially restores their ability to invade in the presence of the anti-P/a/c/part//T7 
AMA1 antibody (D10-PcA/A5’/KO). Adapted from:TrieliaTetal.Mol Microbiol 38(4):706-718; 
'2000 , with permission from BlackwelI Publishing.^fi^B)ACO S cell transfected with a portion 
of the Duffy-binding protein from P. vlvax binds Duffy-positive erythrocytes (center). 
Untransfected COS cells on the periphery show no measurable erythrocyte binding, and no 
binding is observed to Duffy-negative erythrocytes. This assay has been used to map the 
domains of the Duffy-binding protein involved in erythrocyte binding, and to study the 
erythrocyte-bi nd i ng capabi I ities of other merozoite protei ns.̂  ̂  fi’^ ̂ ^ ~^ ̂ ^ Reproduced from: Ward 
GE et al. The invasion of erythrocytes by malarial merozoites. In: Russell DC, ed. Clinical 
Infectious Diseases: International Practice and Research, Strategies for Intracellular Survival 
of Microbes. Isted. London: BailliereTindall, 155-190; '1994 , with permission from Elsevier 
Ltd.^^^ C) P knowlesl merozoites engineered to contain a deletion of the a gene, which 
encodes the P knowlesl Duffy-binding protein (KO), show no defect in the invasion of rhesus 
monkey erythrocytes (Rh RBC), relative to wi ld type parasites (WT). In contrast, the KO para›
sites are unable to invade human erythrocytes (Hu RBC), demonstrating that invasion of human 
erythrocytes by P /rnow/es/requires Duffy-binding protein. Because the a gene is not essential 
for the invasion of rhesus erythrocytes, the knockout (lethal if grown in human erythrocytes) 
could be readily generated in rhesus erythrocytes. Phenotypic characterization of the invasion 
block with human erythrocytes provided strong evidence that the Duffy-binding protein plays 
a role in junction formation.^^ Adapted from: Singh AP et al. Mol Microbiol 55(6):1925-1934; 
'2005 , with permission from Blackwell Publishing.^^^ 

surface proteins and to identify the parasite proteins responsible for host range specificity (Fig. 
6A,C). Finally, expression of apicomplexan genes in both yeast^^^ and mammalian cells 
have been useful for determining the role of purported adhesins in host cell attachment (Fig. 
^ g \ 118,191-193,196 

Antibody Inhibition 
Another method to determine a particular proteins role during invasion is to alter its func›

tion with specific antibodies or peptides. Blocking active sites or inhibiting important confor›
mational changes of invasion-related proteins, such as adhesins, may decrease or abolish inva›
sion. The use of monoclonal antibodies and Fab fragments rather than whole immunoglobulins 
can decrease nonspecific cross reactivity and cross-linking effects. However, even well executed 
antibody inhibition experiments need to be interpreted with caution. For example, SAGl, the 
major surface protein of T. gondii, was originally thought to be involved in invasion based on 
the observation that antibodies and Fab fragments against SAGl block invasion.^^^’^^^’^^̂  How›
ever, subsequent studies showed that a SAGl knockout parasite was fully capable of invasion; 
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in fact, these parasites invade more quickly than wild type parasites, indicating that the 
antibody-mediated effects were probably due to something other than a direct effect on SAG 1. ̂  ^ 
Despite these caveats, antibody inhibition has proven to be a useful tool for studying invasion 
in many different apicomplexans, including Neospora^^’^^  ̂ Eimeria^’^^  ̂ Babesia^^^ Toxo›
plasma, and Plasmodium. Because antibodies can affect function by different mecha›
nisms, determining the mode of action of the inhibitory antibody can be informative. For 
example, certain invasion inhibitory antibodies directed against P. falciparum surface proteins 
block invasion indirectly, by interfering with the proteolytic processing of these proteins, illus›
trating the importance of processing for the function of these proteins during invasion. ’ ’̂ 

Small’Motecule-Based Approaches 
The most common way to use small molecules to study a process such as invasion is to 

determine whether specific pharmacological agents with known targets in other systems affect 
the process of interest, thereby implicating the known target in the process. For example, the 
first evidence implicating actin in the process of invasion, both in T. gondii^^’^’^^’^’^^ ̂and Plas-
modium^^^ was the inhibition of invasion by cytochalasinB or D. Similarly, inhibition of 
microneme secretion by the intracellular calcium chelator BAPTA-AM, together with stimula›
tion of microneme secretion by the calcium ionophore A23187, strongly suggested a role for 
intracellular calcium in microneme secretion.^^’^̂  

A more general way to use small molecules, which is not limited to compounds with 
predefined targets, is "phenotype-based" small molecule screening.^ ^ In such an approach, 
libraries of structurally diverse small molecules are screened for those that generate a par›
ticular phenotype; these compounds are then used to directly identify the target(s) respon›
sible for generating the phenotype (Fig. 7). The approach is essentially the pharmacological 
analog of classical forward genetics (compounds that disrupt protein function being analo›
gous to mutations); however, in the small molecule approach, perturbation of protein func›
tion is under the investigator’s control rather than being permanently encoded in the mutant’s 
genome. When applied to invasion, this circumvents the problem of invasion mutants be›
ing nonviable. In a recent screen of 12160 small molecules, 24 novel inhibitors and 6 en›
hancers of T. gondii invasion were identified, most of which were fully reversible. Differ›
ent compounds had distinctly different effects on microneme secretion, motility, and/or 
conoid extension. 

The most difficult part of any small molecule-based screening project is target identifica›
tion. A number of biochemical and genetic approaches are available for target identification 
and have been recently reviewed.̂ "̂̂ ""̂  ^ "Activity-based probes," which can be designed to co-
valently modify specific subsets of enzymatic targets, can facilitate target identification (re›
viewed in ref. 113). Although such probes sample only a subset of the proteome, if this subset 
is of interest (e.g., a particular family of proteases), the selectivity is an advantage, and the 
ability of the probes to covalendy modify their targets can gready facilitate target identifica›
tion. In all cases, the identified target must be independendy validated as the relevant target in 

An alternative way to use small molecules is to screen large collections of structurally 
diverse small molecules for compounds that affect the activity of an individual recombinant 
or purified protein ("target-based" screening; Fig. 7), rather than causing a complex, cell-based 
phenotype. Once a small molecule inhibitor of that protein has been identified, it can be 
used on whole cells to determine the function of the protein within the context of the cell 
(the pharmacological analog of reverse genetics). Target-based screening has been used to 
identify novel inhibitors of T. gondii dense granule NTPases ^ and R falciparum 
dihydroorotate dehydrogenase.^^’̂  One clear benefit of taking a small molecule approach is 
that it may generate not only new tools for studying invasion, but also new potential lead 
compounds for drug development. 



18 Molecular Mechanisms of Parasite Invasion 

Figure 7. Overview of phenotype- vs, target-based small molecule approaches to studying bio›
logical processes. Seetextfor details. Reproduced from: Ward GEetal. Cell Microbiol 4(8):471 -482; 
'2002 , with permission from Blackwell Publishing.^^^ 

Altering the Target Cell 
Analysis of a parasite s ability to invade genetically or enzymatically altered host cells has 

been a useful approach to studying invasion. For example, a decrease in the ability of T. gondii 
tachyzoites to invade either host cells pretreated with enzymes that cleave glycosaminoglycans 
(GAGs) or GAG biosynthesis mutants,"^^^’^^̂  strongly suggests a role for host cell GAGs in T. 
gondii invasion, perhaps as receptors for micronemal adhesins. Cell synchronization studies 
showed that the ability of T. gondii to attach to and invade host cells increases during S-phase of 
the host cell cycle ’ suggesting that a critical host cell receptor may be upregulated in 
S-phase.221’222 

Enzyme-treated erythrocytes and mutant erythrocytes lacking specific surface antigens have 
been tremendously useful experimental tools for studying the receptor-ligand interactions in›
volved in invasion \yy Plasmodium merozoites. For example, the seminal observation that Duffy(-) 
erythrocytes are refractory to invasion by P. knowlesi^ ^ ultimately led to the identification of 
the Duffy-Binding Protein family of parasite receptors. ̂ ^ ’ ’ During erythrocvte invasion, 
the Duffy-binding proteins appear to function in moving junction formation.^"^’^̂  Similarly, 
enzymatic treatment of erythrocytes, together with a variety of naturally occurring erythrocyte 
mutants, have helped to elucidate the complex and redundant invasion mechanisms used by P. 
falciparum merozoites. ’ ’ " ^ ’ ^ ’̂ More is currently known about the receptor-ligand interac›
tions that regulate invasion in asexual stage Plasmodium parasites than in any other apicomplexan, 
including T. gondii (reviewed in ref 228; see also Duraisingh, this volume). 
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Genomic/Transcriptotnic/Proteotnic Approaches 

Genomics 
Comprehensive genome sequencing of many apicomplexans (see Table 1) has facihtated 

almost every aspect of studying invasion, including identification of mutations generated in 
forward genetic screens, design and implementation of reverse genetic experiments (e.g., knock›
out construct design, identification of promoters for exogenous expression, etc.), and identifi›
cation of unknown proteins by mass spectrometry. The availability of genomic sequence data 
makes BLAST searching significantly more effective and productive, and allows gene/protein 
analysis from one apicomplexan to be more broadly interpreted and applied to other 
apicomplexans (which is particularly important in genetically inaccessible organisms such as 
Theileria and Cryptosporidium). It also facilitates target identification in small-molecule-based 
studies, i.e., if a particidar compound has a known target in another organism, the apicomplexan 
homolog(s) of the known target can be identified by BLAST searching. Genome mining can 
also be used to search for proteins with proven or suspected functional domains, such as adhe›
sive domains or particular protease cleavage sites. 

The discovery of T. gondii rhomboid proteases and their potential substrates exemplifies how 
genomics can stimulate major discoveries and quickly bring new research areas into experimen›
tal focus. Early studies o^Drosophila rhomboids used genome mining to search for nonrDrosophila 
proteins that contained consensus rhomboid cleavage recognition motifs, identifying a number 
of T. gondii microneme proteins. "̂ ^̂  Intriguingly, several of these microneme proteins were known 
to be cleaved intramembranously, ̂  ̂  ̂ ’ a defining feature of rhomboid cleavage. ̂ ^ Subsequent 
studies showed that these proteins could indeed be cleaved by Drosophila rhomboids. This 
led to BLAST searches of the T. gondii EST and genomic databases (http://ToxoDB.org), que›
rying with sequences of known rhomboids,^^^’’̂  which ultimately resulted in the discovery, 
cloning, and localization of 77 gondii rhomboid proteases.^^^’^̂  Rhomboid-like genes have 
been found in all available apicomplexan genomes, and are currendy the focus of numerous 
studies using reverse genetic techniques to characterize their function during invasion. 

Transcriptomics 
The up- or down-regulation of gene expression during certain processes (e.g., differentia›

tion or response to specific stimuli) can be used to infer the involvement of those genes in the 
processes. Expression from a wide spectrum of genes can be examined by determining the 
change in the amount of transcript (transcriptome) as analyzed by microarray binding or Serial 
Analysis of Gene Expression (SAGE). These technologies have been used alone^^ and in com›
bination with either insertional^^^ or chemical^^ mutagenesis to identify genes involved in 77 
gondii differentiation. A more accurate method of analyzing gene transcription/regulation uti›
lizes a T. gondii uracil salvage enzyme (UPRT) to measure only the amount of RNA synthesized 
during a given interval (via incorporation of thio-substituted uridines), rather than the total 
amount of transcript present. This technique was initially developed for T. gondii, but can be 
used in any organism or cell in which the salvage enzyme can be expressed. 

Because invasion happens so quickly (-20 sec), it is unlikely that changes in transcription 
during this time frame play a direct role in driving the process. However, changes in the Plas›
modium transcriptome throughout its life cycle have been used to identify genes that are 
upregulated in the invasive stages and therefore may be involved in Plasmodium invasion. ̂ ^ ’̂ 
Analogous studies of the host cell’s response to invasion has identified host cell transcripts 
upregidated following T. gondii invasion. Transcriptome studies have also recently been per›
formed in Theileria, 

Proteotnics 
Changes in expression can also be analyzed at the protein level, and proteins that reside in a 

particular subcellidar compartment thought to be involved in invasion can be identified by cell 
fractionation and proteomic analysis (reviewed in ref. 113). For example, the recent proteomic 

http://ToxoDB.org
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analysis of purified T. gondii rhoptries identified 38 novel proteins, many of which were 
subsequendy confirmed to be rhoptry proteins by fluorescence microscopy. These proteins 
include a novel subset of rhoptry proteins that localize to the thin, anterior "neck*’ portion of 
the rhoptries,"^^^ and may be discharged differentially from rhoptry "bulb" proteins.^’^̂  This 
study also identified the first Xgondii rhoptry proteins with homologs in Plasmodium. Proteomic 
analysis of the excreted/secreted antigens (ESA) of T. gondii was recently reported, identifying 
a number of novel microneme proteins. Proteomic analysis of purified Eimeria tenella 
micronemes has also recently been accomplished. These newly identified rhoptry and 
microneme proteins can be further studied using the reverse genetic techniques described above. 

A combination of proteomic and computational techniques has recendy been used to iden›
tify novel, GPI-anchored proteins of asexual stage malaria parasites.^ As GPI-anchored pro›
teins dominate the surface of merozoites, identification and characterization of GPI-anchored 
proteins will likely be critical to understanding the molecular mechanisms of erythrocyte inva›
sion by Plasmodium merozoites. 

Combined Approaches 
In practice, the most powerful strategy for studying invasion has been to employ a combi›

nation of the approaches described above. We will briefly review three of the examples that best 
illustrate this principle: AMAl, actin/myosin, and PKG. 

AMAl 
Inhibition of erythrocyte invasion by antibodies and Fab fragments directed against Plasmo›

dium AMAl provided the first clue that this protein might be involved in invasion.^ ’^’  ̂ ^ The 
P. falciparum AMAl gene could be disrupted by homologous recombination, but viable para›
sites with the disruption could only be isolated when accompanied by transgenic AAIAl ex›
pression, demonstrating that the gene is essential. Remarkably, the introduction ofAMAl 
from P chabaudi (a mouse malaria parasite) into P. falciparum (a human malaria parasite) 
generated transgenic parasites that invade mouse erythrocytes more efficiently than wild type P. 
falciparum}^^ Expression of portions o^ Plasmodium AMAl in COS and CHO cells increased 
cell binding to erythrocytes, suggesting that AMAl may act as an adhesin,^^^ although neither 
shed fragments of AMAl nor properly folded recombinant AMAl show similar binding. Plas›
modium invasion was shown to be inhibited by peptides either derived from, or with affinity 
for, AMAl.^2^’2^^’^5̂  Furthermore, Plasmodium merozoites whose invasion was arrested by an 
anti-AMAl antibody were shown by electron microscopy to be attached at a distance to the 
erythrocyte, prior to apical reorientation.^^^ 

The T. gondii homolog o^AMAl (TgAMAl) was identified both by BLAST searches of the 
T. gondii EST database"^^ and through a large-scale monoclonal antibody screen.^^ Early failed 
attempts to knock out TgAMAl suggested it was essential, which was confirmed when the 
gene was knocked out in the presence of exogenous copies of TgAMAl. The development of 
the tetracycline-regulatable promoter in T gondii enabled the generation of a conditional 
TgAMAl knockout. Using these parasites, it was shown that TgAMAl-depleted parasites are 
significandy impaired in invasion (Fig. 5B). Further analysis showed them to be defective both 
in forming close interactions with host cell membranes and in rhoptry secretion. 

Actin/Myosin 
As described above, the inhibition of invasion by cytochalasinB and D was the first indica›

tion that actin plays a role in invasion. Invasion studies using cytochalasinD-resistant host cells 
demonstrated that actin of the parasite, but not host cell actin, was involved."^^ This same study 
used chemically mutagenized parasites to isolate cytochalasinD-resistant parasites that can in›
vade host cells in the presence of cytochalasinD. A point mutation in the single copy actin gene 
(ACTl) of these mutant parasites correlated with cytochalasinD resistance. Actin s role in inva›
sion was confirmed when exogenous expression of the mutated allele was shown to confer 
cytochalasinD resistance in wild type parasites. ^ A central role for T. gondii myosinA in motility 
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and invasion was subsequently demonstrated by the creation and phenotypic analysis of a 
MyoA conditional knockout parasite. ̂ ^ 

Protein Kinase G (PKG) 
"Compound 1," a trisubstituted pyrrole that was originally identified as an inhibitor of 

Eimeria tenella growth in vitro, was subsequently shown to have activity against other 
apicomplexan parasites, including T. gondii. A tritiated analog was used to purify the major 
Compound 1-binding protein from extracts of ^. tenella?^^ This protein was identified as 
PKG, and PKG was also shown to also be a target for Compound 1 in T. gondiiP Computer 
modeling was used to predict the catalytic site residues in 27 gondii PKG that interact with 
Compound 1, which were subsequently mutated. An elegant series of molecidar genetic ex›
periments, in which wild type 77 gondii PKG was replaced with a mutant form that was not 
inhibited by Compound 1, proved that PKG was the relevant target of Compound 1 both in 
vitro and in animal models of infection.^ ^ Having validated PKG as the primary molecular 
target of Compound 1, the compound was used to demonstrate a role for PKG in parasite 
motility and invasion. ̂ ^^ 

Do We Have All the Tools We Need? 
While the approaches available to study invasion are now numerous and powerful, the 

toolbox is not yet complete. The currently available conditional promoters only work for pro›
teins whose expression levels fall within a certain range; a more complete set of inducible pro›
moters would be very useful. Methods for enhancing the frequency with which genes can be 
homologously targeted in T. gondii would facilitate reverse genetic studies. A method of cultur-
ing T. gondii in the absence of host cells would also gready enhance the study of invasion (and 
many other aspects of the parasites life cycle) by allowing knockouts or mutations in essential 
invasion genes to be isolated; the resulting invasive phenotype could then be analyzed in cell 
culture. Such a cell-free system would also expand the type of screens that could be designed for 
studying apicomplexan invasion. In this regard, it is encouraging that partial, cell-free develop›
ment o^ Plasmodium blood stage parasites has been reported.^^ 

Toxoplasma as a Model Apicomplexan 
The overall process of invasion appears to be relatively well conserved among apicomplexan 

parasites, even if the particular molecules mediating the process vary. For example, the indi›
vidual microneme proteins of Toxoplasma and Plasmodium are different, but many are orga›
nized along a similar theme, i.e., modules of adhesive motifs. In fact, portions of some 
microneme proteins are functionally interchangeable between Toxoplasma and Plasmodium, 
despite limited sequence identity. ̂ ^ These and other examples^’^ ’̂ ’̂ ^̂  clearly demonstrate 
that findings from one species of apicomplexan parasite can often be extended to others. 

One of the main reasons why 77 gondii has become a model for studies of apicomplexan 
invasion (reviewed in ref. 255) is its amenability to molecular genetic manipulation (see previ›
ous section on "Approaches to Studying Invasion’). Several selectable markers are available, 
exogenous DNA integrates with high frequency and is readily expressed, and a variety of ap›
proaches can be used for gene knockouts, conditional gene expression, and chemical or inser-
tional mutagenesis (Table 1). The genome is completely sequenced and readily accessible 
(ToxoDB.org). In addition, the Tgondii tachyzoite (2x7 jxm) is considerably bigger than, e.g., 
the Plasmodium merozoite ( 1 x 1 |Lim), facilitating subcellular localization of proteins and a 
variety of other cell biological techniques. T. gondii is easily cultured, and the ability of T gondii 
tachyzoites to invade virtually any nucleated mammalian cell creates powerful opportunities 
for studying the host cell requirements for invasion.^^^’^^̂  As described above, assays have been 
developed that allow each step of 77 gondii invasion to be examined in isolation, and a 
well-developed mouse model is available for in vivo studies. The ability to express non- T gondii 
genes in T gondii ’ "̂’-̂ ^̂  (see above) also makes it an excellent model for studying genes from 
less experimentally tractable parasites. 

http://ToxoDB.org
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Outstanding Questions 
While a great deal of progress has been made in recent years in our understanding of the 

invasive mechanisms of apicomplexan parasites, many important questions remain. These in›
clude: 

How Is T. gondii Able to Invade Such a Wide Variety of Host CeUs, When 
the Host Range of other Apicomplexans (such as Malaria Merozoites) 
Is so Limited? 

T. gondii % promiscuity might reflect parasite recognition of a ubiquitous host cell ligand, or 
the presence of redundant receptors on the parasite surface. Alternatively, T. gondii might insert 
its own receptor into the host cell, analogous to translocation of the enteropathogenic E. coli 
TIR protein into the host cell during invasion. One way to begin to address these questions 
would be to express potential T. gondii receptors in other apicomplexans, and determine whether 
this expands the host range of the recipient species; a similar approach has proven useful in the 
analysis of AMAl function in Plasmodium. 

What Is the Function of the Conoid and Its Repeated Cycles of Extension 
and Retraction during Parasite Motility and Invasion? 

Identification of small molecule inhibitors of conoid extension/retraction^ and the proteomic 
analysis of isolated conoids^^^ are two potentially powerful approaches to studying conoid 
function. 

How do the Components of the ^’Moving Junction’* Physically Connect the 
Parasite to the Host Cell During Invasion and Block Host Cell 
Transmembrane Proteins from being Incorporated into the Developing 
Parasitophorous Vacuole? 

Recent studies identifying components of the T. gondii moving junction ̂ ’̂ represent an 
important first step towards understanding the function of the moving junction and the mo›
lecular basis of host transmembrane protein exclusion from the PVM. 

What Are the Signaling Mechanisms That Underlie Rhoptry Secretion? 
The recent analysis of the rhoptry proteome,"^ ^ combined with the generation of a condi›

tional knockout parasite that is defective in rhoptry secretion,^ will be useful for studying the 
regulation of rhoptry secretion. The development of a method for assaying rhoptry secretion in 
the absence of host cells, analogous to the microneme secretion assay, would be extremely 
helpful, and could be combined with screens designed to identify small molecules or mutants 
that enhance or inhibit rhoptry secretion. 

What Is the Function of Microneme Protein ^^Shedding"from the Parasite 
Surface during Invasion? 

While several models have been proposed,^^ these models remain to be experimentally tested. 
One possible approach to this question would be to determine the functional consequences of 
inhibiting the rhomboid proteases thought to be responsible for microneme protein shedding, 
using mutagenesis, targeted gene disruption, or small molecules. 

Conclusion 
Given the powerful combination of experimental tools currently available, it is our hope 

that we will soon more fully understand the molecular mechanisms of host cell invasion by 
apicomplexan parasites. Our efforts can then be directed towards developing effective ways of 
blocking these processes, as a means of preventing and treating the devastating diseases caused 
by these important human pathogens. 
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CHAPTER 2 

Microneme Proteins in Apicomplexans 
Vern B. Carruthers* and Fiona M. Tomley 

Introduction 

The invasive stages (zoites) of most apicomplexan parasites are polarised cells that use 
their actinomyosin-powered gliding motility or "glideosome" system to move over 
surfaces, migrate through biological barriers and invade and leave host cells. Central to 

these processes is the timely engagement and disengagement of specific receptors upon the 
regulated release of apical invasion proteins from parasite secretory organelles (micronemes, 
rhoptries). In this short review, we summarise recent progress on identification and fimctional 
characterisation of apical invasion proteins mobilised to the parasite siuface from the microneme 
organelles. We have restricted our focus to Toxoplasma, Eimeria, Cryptosporidium and the 
nonerythrocytic stages o£ Plasmodium because these organisms have been the most intensively 
studied apicomplexans that invade nucleated cells and because invasion by erythrocytic stages 
oi Plasmodium is covered in the next chapter. 

Micronemes are the smallest of the apicomplexan secretory organelles that cluster at the 
apical end of the zoite. The number of micronemes varies enormously between different gen›
era, species and developmental stages with those zoites displaying vigorous and extensive glid›
ing or migration activity generally having the most. Thus, Theileria zoites, which are nonmo-
tile, do not migrate and do not display active host cell invasion, have no micronemes; merozoites 
of Plasmodium, which neither glide nor migrate but rapidly and actively invade erythrocytes, 
have few;^ sporozoites and merozoites o£ Eimeria, which glide, migrate through intestinal con›
tents and actively invade enterocytes have many;^ and Plasmodium ookinetes, which glide and 
migrate through the midgut epithelium of the mosquito, but do not classically invade host 
cells, also have many (and by contrast, do not have rhoptries). This long-standing correlation 
between micronemes and parasite motility, migration and invasion is well supported by a vari›
ety of biochemical and genetic studies which show: (1) that microneme secretion is rapidly 
up-regulated when parasites make contact with host cells;^ (2) that some Plasmodium microneme 
proteins are targets of erythrocytic invasion-inhibitory antibodies; ’ (3) that parasite invasion 
is blocked when microneme secretion is chemically inhibited;^^’̂  and (4) that genes encoding 
MICs either alone, or in concert with others, are essential for effective parasite motility, migra›
tion and invasion. 

MICs have been identified in a variety of approaches (reviewed in ref 13-14), most re›
cently through the application of proteomics to gradient-purified organelles and 
excreted-secreted antigens. ̂ *̂ Figure 1 summarises the current repertoires of MICs, includ›
ing only those genes for which a full sequence and a verified organellar localisation is known. 
The majority of MICs comprise multiple copies of a limited number of adhesive domain 
types, which has allowed the identification of a large number of additional putative microneme 
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Figurel. Modular MICs. Schematic representations of known micronenne proteins from four 
different apicomplexan genera are depicted (notto scale). Accession numbers, where available: 
Bmerla tenella MIC1, M73495; EtMIC2, Z71755; EtMIC3, AAR87667; EtMIC4, CAC34726; 
EtMICS, AJ245536; C/yptospor/c//(im parv^tymTRAP-C1 ,AAB92609;GP900,AAC98153;CpSCRP 
AF061328; Plasmodium falciparum TRAP, AACl 867; Plasmodium berghei SPECT, BAD08209; 
PbSPECT2, BAD83404; PbCelTOS, BAD97683; PbSOAP, AAL07530; PbCHTI, CAC40151; 
PbWARP, AAK83296; PbMOAP, AAV28504; PbCTRP, AAF73158; Toxoplasma gondii MIC1, 
CAA96466;TgMIC2,AAB63303;TgM2AP,AAK74070;TgMIC3,CAB56644;TgMIC4AAD33906; 
TgMIC5,CAA70921;TgMIC6,AAD28185;TgMIC7,AAK35070;TgMIC8,AAK19757;TgMIC9, 
AAK19758; TgMICIO, AAG32024; TgMICII , AAN16379; TgMIC12, AAK58479; TgAMAI, 
AF010264; TgSUBI, AAK94670. A color version of this figure is available online at 
www.eurekah.com. 

proteins bearing these domains in the parasite databases.^^’^’̂  Based on this it is likely that 
many more proteins will be shown to occupy the micronemes in future studies. 

Ligand Domains and Their Cellular Receptors 

Throtnbospondin-l Type 1 Domains (TSR) 
Thrombospondin-1 (TSP-1) is a multifunctional, glycoprotein adhesion molecule that 

mediates a broad range of biological interactions via three distinct repeated domains desig›
nated types 1, 2 and 3.^^ The adhesive TSP-1 type 1 domain, TSR, is a small --60 residue 
structure found in the extracellular regions of several protein families involved in immunity, 
cell adhesion and neuronal development, and shown to have binding activity for a number 
of cellular and matrix molecules (reviewed in ref. 19). The TSR is an ancient eukaryotic 
module that is found in many nematode and arthropod proteins as well as those from the 

http://www.eurekah.com
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Apicompiexa. One or more copies of the TSR are present in several apicomplexan MICs 
including Plasmodium thrombospondin-related adhesive protein (TRAP), circumsporozoite 
protein (CSP), and circumsporozoite-and-TRAP related protein (CTRP); Eimeria EtMICl, 
and EtMIC4; Cryptosp or odium TRAP-Cl and sporozoite cysteine-rich protein (SCRP) and 
ToxoplasmaT^AlCl andTgMIC12. Structures of TSR domains fromTSP-1,^^ F-spondin^^ 
and Plasmodium TRAP,*̂ ^ representing two different TSR groups in respect to the organisation 
of their cysteine residues (Groups I and II), have been determined. Despite the different 
disulphide bonding patterns, these three TSRs share a highly similar elongated structure 
consisting of an anti-parallel, three-P-stranded fold that is additionally stabilised by stacked 
tryptophan and arginine residues (Fig. 2). A positively charged groove formed by the argin-
ine stack was proposed to be the site of interaction with ligands and receptors, particularly 
glycosaminoglycans."^^ Several studies have shown that MICs containing TSRs bind host 
ligands^ ’̂  and recently chemical-shift mapping experiments, in which low-molecular weight 
heparin was titrated into ^^N-labelled TRAP-TSR, confirmed a site of interaction in the 
N-terminal half of the domain on the side of the aligned arginines."^^ Based on the structure, 
MICs containing TSRs would be predicted to extend out from the parasite surface after 
secretion from the micronemes and be thus ideally positioned to engage host surface recep›
tors for attachment and invasion (see below). 

Toxoplasma TgMICl and Eimeria EtMIC3 possess domains previously described as 
TSR-like, since they share some key sequence features with classical TSRs, but are now known 
to adopt an unrelated novel fold termed MAR (microneme adhesive repeat) (S. Matthews 
and D. Soldati-Favre, personal communication). The MAR domain is also able to bind host 
ligands^^’^̂  (J. Bumstead and F. Tomley, unpublished); TgMICl MAR binds specifically to 
sialic acid (S. Matthews and D. Soldati-Favre, personal communication) whereas the 
orthologous protein, NcMICl , from Neospora caninum binds glycosaminoglycans."^^ 

MIC TSRs have functions other than cell binding, for example the TSRs of TgMIC2 are 
implicated in its tight association with its partner protein MIC2 associated protein, TgM2AP 
(J liarper & V. Carruthers, unpublished) and the TSR-like domains of TgMICl recruit and 
interact with TgMIC4 in the TgMICl-4-6 complex.^^ 

Von Willebrand a Domain/ Integrin Inserted (I) Domains 
The inserted (I) domain is found in the a- and p- chains of several vertebrate cell-surface 

integrins and is homologous to the von Willebrand A (WVA) domain, which is present in 
many extracellular matrix proteins. This -200 residue A/I domain is ancient, found in pro›
teins derived from eukaryotes, eubacteria and archaebacteria,^^ and adopts a Rossman di-
nucleotide binding fold consisting of five parallel and one anti-parallel p-strands that collec›
tively are sandwiched by 7 a-helices (Fig. 2). In many A/I domains, a noncontinguous motif 
of amino acids is exposed on the surface of the structure to form a metal ion-dependent 
adhesion motif (MIDAS).^^’^"̂  Although the MIDAS is crucial for binding in some cases, 
such as in type VI collagen dimerisation,^^ it appears irrelevant in others, such as in binding 
of the third VWA domain of von Willebrand Factor to fibrillar collagen. Several 
TSR-containing apicomplexan MICs possess one or more A/I domain, and the MIDAS 
sequence is generally well conserved in these. Experimental studies have shown that the 
function of these apicomplexan A/I domains may be mediated by both MIDAS-dependent 
and independent mechanisms. Thus, mutations in the MIDAS of TRAP of Plasmodium 
berghei affect parasite invasion activity,^^ and binding of this domain to hepatocytes and to 
fetuin is MIDAS dependent;^ however, binding to glycosaminoglycans is not mediated by 
MIDAS.^^ Similarly, the A/I domain of Toxoplasma TgMIC2 binds heparin in a 
MIDAS-independent manner.^^ Interestingly, exhaustive searching of the databases of 
Cryptosporidium has failed to identify any proteins containing A/I domains in this member 
of the phylum (T. Templeton, personal communication). 
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Apple/PAN Domains 
Apple domains, which are a subset of the plasminogen, apple, nematode (PAN) superfam-

ily, have been identified in piasminogen-related proteins such as coagulation factor XI, plasma 
prekallikrein, hepatocyte growth factor, macrophage stimulation factor and also in several nema›
tode proteins. Apple/PAN domains have three conserved disulphide bridges that are essential 
for their tertiary structure, but homology in the primary amino acid sequence between do›
mains is generally low, which may contribute to their very different and highly specific ligand 
binding properties. For example the four Apple/PAN domains from compliment factor XI 
(FXI) display very different ligand specificities: Al binds the EXI cofactor H-kininogen and 
thrombin,^^’^̂  A2 binds the FXI substrate, FIX,̂ ^ A3 also binds FIX and heparin’^^’^̂  and A4 
binds FXIIa. Apple/PAN domains are present in several apicomplexan MIC proteins includ›
ing EtMIC5, TgMIC4 and TRAP-CI and the solution structure of a single (A9) domain from 
Eimeria tenella confirmed its structural homology to the Apple/PAN superfamily ^ (Fig. 2). 
Very recently the crystal structures of apical membrane antigens (AMAl) oi Plasmodium spe›
cies revealed that the two most N-terminal domains of these MICs are also highly divergent 
members of the Apple/PAN superfamily ’ ^ (Fig. 2). Most functional information on 
apicomplexan Apple/PAN domains has come from the study of TgMIC4, which contains 6 
tandem domains and which exists as a structural heterocomplex withTgMICl andTgMIC6. ’̂ ^ 
The first two Apple domains of TgMIC4 interact direcdy with the twin MAR domains of 
TgMICl and in the absence of TgMICl binding of TgMIC4 to host cells is almost entirely 
ablated;^^ however, is not known whether this is due to incorrect folding under these condi›
tions or to the inherent lack of cell binding properties of TgMIC4. Interestingly NcMIC4, an 
orthologue of TgMIC4 in the closely related parasite Neospora caninum, is able to bind lactose, 
a property that is not shared by TgMIC4, which does not bind. The function and binding 
properties of the newly defined Apple/PAN domains of AMAl are not well defined, although 
recent data from Toxoplasma indicates that TgAMAl cooperates with rhoptry neck proteins in 
the formation and maintenance of the moving junction during host cell invasion.^ ’̂ ’̂  

EGF’Like Domains 
EGF-like domains are widely distributed in membrane-bound and extracellular eukary-

otic proteins and are involved in many different and diverse biological functions including 
blood coagulation, cell signalling, cell migration and maintenance of extracellular matrix 
architecture. These domains typically consist of --50 amino acids with three conserved 
disulphide bridges and a subclass of EGF-like domains that bind calcium (cbEGFs) has been 
identified that have a conserved D/N-x-D/N-E/Q-xm-D/N*-xn-Y/F motif, (where m and n 
are variable and * indicates P-hydroxylation.^^ The first apicomplexan proteins containing 
EGF-like domains to be identified were GPI-linked proteins from Plasmodium^ ’ but more 
recently a number of apicomplexan MICs with EGF-like domains have been studied includ›
ing SCRP, EtMIC4, andTgMICs 3, 6, 7, 8, 9, and 12. So far no EGF-like containing MICs 
have been found in Plasmodium species. The majority of the domains described in 
apicomplexan MICs are regular EGF-like, but the cbEGF motif is present in 22 of the 31 
EGF-like domains of EtMIC45^ and its homologue TgMIC12 (ToxoDB 57.m01872; E 
Stavru and D. Soldati-Favre, personal communication). Study of cbEGFs in EtMIC4 has 
shown that in the presence of calcium these domains adopt a proteinase-resistant, extended 
structure that would favour the interaction of the N-terminal portion of the molecule with 
host cell ligands. Interestingly, EtMIC4 forms a stable very high molecular mass heteromeric 
complex with the soluble Apple/PAN domain containing protein EtMIC5 although the pre›
cise sites of interaction between these two MICs are not yet mapped (J. Periz & F. Tomley, 
unpublished). In Toxoplasma, TgMIC3 contains both EGF-like and lectin-like domains and 
binds to all nucleated cells tested as well as to the tachyzoite surface. The receptor-binding 
properties of TgMIC3 are attributed to the lectin-like domain, whereas the EGF-like do›
mains are proposed to promote proper folding of the protein in order to expose the binding 
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regions. In addition, they may be involved in heteromeric polymerisation with the trans›
membrane MIC TgMICS, which contains 10 EGF-like domains and which functions as an 
*escorter’ to ensure delivery of TgMIC3 to the micronemes. Similarly, in the TgMICl-4-6 
adhesive complex it is the transmembrane, EGF-like domain containing TgMIC6 that is 
responsible for targeting to the micronemes but in this case oligomerisation is promoted and 
stabilised by the interaction of the third EGF of TgMIC6 domain, together with its down›
stream acidic region, with the galectin domain of TgMICl.^^ 

Lectin Domains 
Two types of domains related to lectins have been identified within apicomplexan MICs. 

Chitin-binding like (CBL) domains are found in a variety of plant lectins including plant 
defensins that have anti-fungal chitinase activity. CBLs are typically composed of-30-43 amino 
acids with four conserved disulphide bridges and several conserved aromatic residues that me›
diate binding of the domain to N-acetyl glucosamine.^^ CBLs with lectin (or agglutinin) prop›
erties are able to bind and cross link GlcNAc-containing polymers and in Toxoplasma, TgMIC3 
and TgMICS each contain a single CBL-domain at their N-termini, followed by several EGF-like 
domains.^^’ Binding of the CBL-domain of TgMIC3 to host cell surfaces is dependent upon 
its dimerisation, which is mediated by the interaction of the C-terminal regions of each mono›
mer, and disruption of the CBL aromatic residues presumed to be important for binding 
results in lowered parasite virulence. Fusion of the TgMIC3 dimerisation domain to the 
extracellular domain of TgMICS promotes dimerisation and binding of the chimera, indicat›
ing that the CBL of TgMICS also possesses binding activity when in a dimeric form. 

Another lectin-related domain in an apicomplexan MIC was recently identified from the 
three-dimensional structure of the C-terminal domain of Toxoplasma TgMICl ."̂ ^ This domain 
has a galectin-like fold, which consists of a p-barrel formed by the association of two 
multi-stranded p-sheets. Galectins are soluble, calcium-independent, carbohydrate-binding 
animal lectins, however the critical side chains that mediate lectin activity are not conserved in 
theTgMICl galectin domain and no detectable binding to a range of carbohydrate substrates 
was observed in NMR chemical shift mapping experiments. Instead, the TgMICl galectin 
domain displays a large hydrophobic surface reminiscent of the protein-protein interaction 
domains seen in bacterial class I chaperones of the type three secretion system and both NMR 
and biochemical studies indicate that during the biogenesis of the TgMICl-4-6 adhesive 
complex, this domain recruits and stabilises TgMIC6 providing a highly specific quality con›
trol mechanism for the exit of TgMIC6 from the ER/Golgi and for subsequent trafficking of 
the adhesive complex to the micronemes. 

Adhesive Complexes: Assembly and Organization 

Propensity to Form Oligomers 
Adhesive proteins often form oligomeric complexes with themselves or other proteins that 

contribute to adhesion or serve a regulatory function. For example, cadherins are a family of 
vertebrate adhesive proteins expressed as homodimers that strengthen cell-cell junctions. Integrins 
are heterodimeric, transmembrane glycoproteins primarily responsible for mediating cell inter›
actions with extracellular matrix (ECM). The propensity to form oligomeric adhesive com›
plexes has been demonstrated in several apicomplexans, although most of the mechanistic 
studies have been done in Toxoplasma, Oligomerization bestows adhesive proteins with several 
important advantages. 

First, oligomerization can promote the proper folding of proteins in a complex, as recently 
shown for the TgMICl-4-6 complex.^^ TgMICl is a soluble protein that simultaneously asso›
ciates with TgMIC4 through its two TSR-like MAR domains and with the transmembrane 
escorter protein TgMIC6 through its C-terminal (CT) galectin-like domain. As mentioned 
above, NMR spectroscopy revealed that the CT domain is incapable of binding sugars but 
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instead forms an interface with the third EGF-like domain of TgMIC6, which also contains an 
acidic element (TgMIC6-EGF3acid).^^ When mixed together and monitored by NMR, the 
TgMICl CT domain facilitated the folding and stabilization of theTgMIC6-EGF3acid. The 
TgMICl CT domain also rescued the secretory retention phenotype of TgMIC6 in miclKO 
parasites, presumably by navigating through the quality control system that recognizes misfolded 
proteins. These findings reveal new molecular insights into the interdependence of adhesive 
proteins for correct folding and movement through the secretory pathway. 

Second, assembly into protein complexes allows cooperation in trafficking to the 
micronemes. MIC complexes typically have one transmembrane (TM) protein. These TM 
MICs are also referred to as escorters since they accompany and guide the other soluble 
members to the micronemes based on the targeting signals in their C-terminal tails. ^’ In 
TgMIC2, this signal is provided by two tyrosine-based sorting motifs capable of directing a 
heterologous protein to the micronemes. ^ Genetic disruption of any of the TM MICs re›
sults in retention of the other members of the complex along the secretory system or in 
mistargeting to the default secretory pathway, which in T. gondii is secretion via the dense 
granules. When the level of TgMIC2 expression is experimentally reduced, TgM2AP 
colocalizes with the dense granules and is secreted into the PV.̂ ^ Similarly, TgMIC6 knock›
out parasites show a complete misrouting of TgMICl and TgMIC4 to the dense granules.^^ 
Nonetheless, escorters still depend on their cargo for proper trafficking since soluble pro›
teins in the complexes are required for protein folding, as is the function of the galectin-like 
domain of TgMICl,^^ or necessary for exiting an endosomal compartment associated with 
microneme biogenesis, as shown for the TgM2AP propeptide.’^^̂  

Third, different combinations of partners can expand the receptor repertoire and/or 
fine-tune the specificity of receptor binding. Humans express eighteen integrin a-subunits 
and eight 6-subunits that form 24 heterodimers for recognition of distinct but overlapping 
receptors. ’ Although there are no firm examples of subunit mixing in the apicomplexa, 
these parasites often express paralogous families of adhesive proteins with the potential to 
participate in such a phenomenon. Four closely related putative adhesins were recently iden›
tified in a proteomic screen of Toxoplasma secretory proteins. ’̂  These proteins have four Apple/ 
PAN domains but no predicted anchoring sequence, and, by analogy with TgMIC4 and its 
association with TgMICl and TgMIC6, they likely oligomerize with a TM protein, possibly 
in a manner that would expand their receptor binding capabilities. Three additional genes 
coding for proteins closely related to TgMICl are also present in the Toxoplasma genome (D. 
Soldati-Favre, personal communication). 

Fourth, oligomerization allows proteins from distinct compartments to facilitate invasion 
collaboratively. Two studies^^’^̂  have recendy shown that the microneme protein TgAMAl 
oligomerizes with three proteins derived from the rhoptry neck: TgRON2, TgRON4, and 
TgRON5. Although they are discharged from different organelles during invasion, TgAMAl 
and TgRON2/4/5 form an oligomeric complex on the parasite surface within the moving 
junction, a ring-like constriction that slides over the parasite as it penetrates the host cell. 
TgAMAl is a key component of the complex since depletion of this protein causes a failure to 
form the moving junction and parasite invasion is arrested at the stage of apical attachment. 
Since TgRON4 is predicted to be an integral membrane protein, this raises the hypothesis that 
it inserts into the host plasma membrane and acts as an autologous receptor for cell invasion. ̂ ^ 
In this case, oligomerization would allow the parasite to use its own receptor to support inva›
sion of the many cell types susceptible to Toxoplasma invasion. 

Finally, oligomerization increases valency and avidity, thereby enhancing the formation of a 
robust binding interface. For example, TgMIC2-M2AP is a heterohexameric complex consist›
ing of a trimer of dimers.^^’ The corresponding complex in Eimeria tenella, EtMICl-MIC2, 
presumably also forms a similar hexameric assembly. Such an arrangement could promote tight 
binding to a complementary oligomeric receptor on the host cell surface, thereby allowing the 
parasite to grip sufficiendy well to power its way into the target cell. 
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Ligand Organization in Micronemes and on Parasite Surface 
It is not known precisely how adhesive Ugands are organized within micronemes. However, 

several features suggest that ligands are packaged in an orderly fashion. First, the contents of 
Cryptosporidium micronemes are arranged in an array of 15 nm cubic crystals framing a 
pine-cone-like pattern. Although this crystalline appearance is unique to Cryptosporidium^ 
micronemes of other apicomplexa are electron dense, implying a high protein concentration. 
Second, since a number of micronemes are discharged in rapid succession, a strong measure of 
organization is presumably necessary to achieve efficient deployment. Finally, the internal di›
mensions of micronemes (--75 nm x 150 nm) might not accommodate some of the larger 
microneme proteins (e.g., EtMIC4-MIC5) in their fully extended state (see also below) and 
therefore these proteins are likely packaged in orderly fashion so that they are primed for secre›
tion onto the parasite surface. 

It has been proposed that some microneme proteins are involved in organizing the organellar 
contents. For example, TgMIClO andTgMICll are small, soluble microneme proteins that 
display a marked charge asymmetry, which may promote electrostatic assembly into higher 
ordered structures.^^’^̂  Unlike most other microneme proteins, TgMIClO andTgMICl 1 do 
not associate with the parasite surface during invasion, consistent with an alternative role inde›
pendent of adhesion. During transport to the micronemes, TgMICll is proteolytically pro›
cessed to remove an internal propeptide in a manner reminiscent of insulin maturation within 
nascent secretory granules of pancreatic beta cells. Insulin processing is thought to promote its 
ordered packaging and retention in maturing secretory granules, ’ although this idea is some›
what controversial.^^ 

During gliding and invasion the microneme contents are deployed onto the parasite’s apical 
surface where substrate or receptor engagement occurs. Adhesive complexes are not randomly 
distributed. For example, TRAP is arranged in a cap or ring-like pattern on gliding Plasmodium 
sporozoites. Also, the EtMIC4-MIC5 complex displays a punctate pattern on the surface of 
invading Eimeria sporozoites in a manner similar to TgMIC2-M2AP during Toxoplasma 
tachyzoite invasion. Invading zoites display a particularly high density of ligands at the exter›
nal boundary of the moving junction. The organization of ligands in this adhesion zone may 
further promote multivalent, high avidity interactions with host receptors, especially if the 
receptors have a complementary clustering distribution. Clustering may therefore be an addi›
tional level of organization that further promotes the creation of a robust binding interface 
between the parasite and host cell membranes. 

The Surface Ligand Landscape: Does Size (and Conformation) Matter? 
Crystal structure analysis of several domain types found in apicomplexan microneme pro›

teins is beginning to reveal both the approximate size and shape of these important ligands. For 
example, cbEGF domains form an elongated structure that is stabilized by interdomain Ca’̂ ^ 
binding and hydrophobic interactions between adjacent domains.^^ Since the majority of EGF 
domains in the extracellular portion of EtMIC4 are of the cbEGF type, EtMIC4 is predicted to 
adopt a highly extended conformation that could project nearly 200nm from the parasite sur›
face. However, it is unlikely that this structure is completely rigid there is greater flexibility 
between noncalcium binding EGF domains. ̂ ^ This semi-rigid conformation may allow the 
molecule to project maximally from the membrane while still retaining some degree of flexibil›
ity to "survey" the host cell surface for receptors. The ninth Apple/PAN domain of EtMIC5 
adopts a globular a/p structure with the N- and C-termini situated on the same side of the 
molecule. Although for EtMIC5 the structure of only one domain was solved, Plasmodium 
AMAl has two PAN/Apple domains that are stacked upon one another,^^ suggesting that 
EtMIC5 and other multi-PAN/Apple domain containing microneme proteins may also adopt 
an elongated structure that projects away from the parasite surface. Based on the crystal struc›
tures of the A/I domains from various integrins and a pair of TSR domains from 
thrombospondin, TRAP family members including TgMIC2 are predicted to form a 
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"ball-on-a-stick" type of structure that could extend up to 40 nm from the parasite surface. Six 
tandem TSR domains that form a highly elongated stalk provide most of the molecides height. 
The trimeric arrangement likely imparts a high degree of rigidity and strength in the molecule, 
which may be important to form a solid connection between extracellular receptors and the 
parasite s intracellular motility system. 

For mammalian cell adhesion, recent studies have also provided new insight into role of 
conformational shifting in modulating ligand affinity Molecular electron microscopy of the 
integrin a5Pi showed that it undergoes a dramatic conformational shift from a "closed" to 
"open" configuration upon activation by inside-out signaling and/or exposure to certain diva›
lent cations. ’̂ ^ As shown in Figure 2, in the closed, low affinity position the heterodimer is 
bent over with the paired A/I domans positioned proximal to the cell membrane. However, 
when Mn^^ binds to the MIDAS site the complex "stands up" to project the adhesive A/I 
domains 2-3 times further away from the cell membrane. Although no direct evidence is avail›
able, similarly dramatic conformational changes could occur in micronemal ligands. For ex›
ample, if EtMIC4 is not exposed to high concentrations of Ca ^ during transport and packag›
ing in the micronemes then it would be sufficiently flexible and compact to fit within the 
microneme lumen. However, upon secretion and exposure to millimolar concentrations of 
Ca^^ in the extracellular milieu, EtMIC4 might unfurl to attain maximum height for long-range 
interactions with host receptors in the initial apical docking of the parasite. Other large 
microneme proteins in Cryptosporidium (CpGP900) and Toxoplasma (TgMIC12) may play a 
similar role. In this manner the parasite could establish an initial connection between its apical 
pole and the host surface before using other perhaps higher affinity or more abundant micronemal 
ligands to strengthen the grip for active penetration. 

Role of Micronemal Proteins in Migration across Biological Barriers 
For Plasmodium, the mosquito midgut and the sinusoidal layer of the liver are two signifi›

cant biological barriers against infection and cell migration activity is needed for the zoites to 
breach these barriers. 

Ookinetes of Plasmodium are highly motile and they migrate through the midgut epithe›
lium of the mosquito causing massive destruction. The microneme proteins CTRP, SOAP 
(soluble ookinete adhesive protein), MAOP (membrane attack ookinete protein) and CelTOS 
(cell-traversal protein for ookinetes and sporozoites) have been shown to play crucial roles. 
CTRP is essential for apical attachment to the midgut epithelial cell,^ SOAP is involved in 
mosquito midgut invasion and oocyst development, MAOP which has a MACPF domain is 
necessary for ookinetes to breach the apical plasma membrane of the epithelial cell and CelTOS 
is needed for the ookinetes to migrate through the cell cytoplasm to reach the basal lamina 
where oocyst development occurs. 

Sporozoites of Plasmodium are able to glide, migrate and invade host cells. Entry of the 
sporozoite into the hepatocyte is controversial and has been reported to occur following direct 
parasite migration through cells and by ^classical’ invasion, vacuole formation and egress. It has 
been suggested that sporozoite migration through hepatocytes has an effect on subsequent sporo›
zoite infectivity for new hepatocytes and on permissiveness of surrounding hepatocytes (via 
release of hepatocyte growth factor, HGF).^^’̂  However, gene-targeting experiments on sporo›
zoite microneme proteins contradict this�SPEC T (Sporozoite-protein-essential-for-cell-traversal) 
disrupted sporozoites are deficient in cell migration yet they show normal cell invasion and 
gliding motility. ’̂  This indicates that cell migration is not an absolute requirement for cell 
invasion, although it is clearly important in vivo since disruption of SPECT decreases liver 
infectivity ’-20-fold. This decrease in infectivity was reversed by depletion of Kupfer cells that 
line the liver sinusoids, leading to the conclusion that the cell migration activity mediated by 
SPECT is required to cross the liver sinusoidal barrier.^’̂  Two other sporozoite MICs are impli›
cated in liver invasion. SPECT2 contains a membrane attack complex/perforin domain and 
disruptants show the same phenotype as SPECT disruptants, thus SPECT2 is presumed also to 
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be necessary for sporozoite traversal of the liver sinusoid. CelTOS is expressed in both ookinetes 
and sporozoites and again disruption of the gene gives essentially the same phenotype as SPECT 
and SPECT2 except that the disruptants maintain a low level of cell migration (cell wounding) 
activity. ̂ ^ It is unclear whether the proteins involved in cell migration function by binding 
specific receptors on the host cell surface or within the cytoplasm, or whether they function in a 
regulatory or sensory role (for more details see chapter IX, Frevert et al). 

While Toxoplasma tachyzoites have not been reported to migrate through cells, recent stud›
ies suggest that they cross biological barriers by a paracellular route i.e., between host cells, 
using ICAMl as a receptor. TgMIC2 was shown to bind ICAM, but only upon proteolytic 
removal of a short N-terminal extension that preceeds the A/I domain. This proteolytic trim›
ming phenomenon, mediated by a hypothetical surface protease called MPP2, constitutes an›
other means of regulating adhesive activity associated with parasite migration and possibly also 
attachment. 

Summary 
Microneme secretion supports several key cellular processes including gliding motility, ac›

tive cell invasion and migration through cells, biological barriers, and tissues. The modular 
design of microneme proteins enables these molecules to assist each other in folding and pas›
sage through the quality control system, accurately target to the micronemes, oligimerizing 
with other parasite proteins, and engaging a variety of host receptors for migration and cell 
invasion. Structural and biochemical analyses of MIC domains is providing new perspectives 
on how adhesion is regulated and the potentially distinct roles MICs might play in long or 
short range interactions during parasite attachment and entry. New access to complete genome 
sequences and ongoing advances in genetic manipulation should provide fertile ground for 
refining current models and defining exciting new roles for MICs in apicomplexan biology. 
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Introduction 

I nfection with the protozoan parasite Plasmodium falciparum causes the most severe form of 
human malaria with over two miUion deaths per year. The clinical symptoms of malaria 
infection result from the rapid exponential expansion of parasites during the asexual eryth›

rocytic phase of the P. falciparum life cycle. Invasion of erythrocytes by merozoites is a tightly 
controlled process that involves specific receptor-ligand interactions between host and parasite 
molecules. Virulence o£ P. falciparum parasites has been associated with increased multiplica›
tion rates and an ability to invade a greater range of host erythrocytes. Here we focus on our 
understanding of the molecular mechanisms underlying host cell selection and invasion of the 
host erythrocyte using parasite adhesive proteins. We will consider the parasite strategy of de›
ploying multiple and variant adhesive ligands for successful invasion. An understanding of the 
molecular mechanism by which these proteins mediate invasion will facilitate their use in the 
rational design of vaccine and drug strategies. 

R falciparum Invasion of Human Erythrocytes Is a Specific 
and Ordered Process 

P. falciparum belongs to the phylum Apicomplexa, a group characterized by a highly spe›
cialized conoid apical complex containing specialized organelles that play a central role in the 
invasion of host cells. These include pear-shaped secretory organelles known as rhoptries and 
smaller tubular organelles known as micronemes that contain proteins required for different 
aspects of the invasion process, Plasmodium spp. are restricted to invading erythrocytic cells in 
the bloodstream. Specificity is determined by specific ligand-receptor interactions that occur 
between surface proteins found on invasive forms of the parasite, known as merozoites, and 
cognate receptors on the host erythrocyte surface."^ This restricted tropism o£Plasmodium spp. 
is in contrast to other members of Apicomplexa, such as Toxoplasma gondii, that invade a wide 
range of cell types from many different species. The sequence of events leading to erythrocyte 
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Figure 1. Plasmodium invasion of host red blood ceils is an active process requiring apical 
orientation of the parasite and tight junction formation between pathogen and host. In the 
erythrocytic stage, free-floating merozoites (1) attach to circulating red blood cells, (2) reorient 
such that the apical complex is in apposition to the host cell membrane, and (3) commit to 
reinvasion through tight junction formation. The process continues with movement of the tight 
junction from the anterior to the posterior end of the merozoite and the progressive envelop›
ment of the parasite within the burgeoning parasitophorous vacuole. Invasion concludes with 
(4) the parasite adopting ring-stage morphology within the newly invaded host red blood cell. 
Micronemal proteins, such as the erythrocyte binding antigens (EBA) and AMA1 are thought 
to play a role in tight junction formation, while the RBP family of proteins functions in eryth›
rocyte recognition (INSET). 

invasion is postulated to be similar for all Plasmodium spp. (Fig. 1) and has been derived from 
a combination of live video and electron microscopy studies (e.g., refs. 3,4): 

STEP 1. Loose attachment and reorientation. Following egress from a host red cell, free 
merozoites form long distance, reversible, low affinity initial contacts between the parasite and 
a new red cell. This can occur at any point on the surface of the merozoite. 

STEP 2. Recognition and tight junction formation. In an obligatory step, the parasite then 
reorientates to juxtapose its apex with the erythrocyte surface. A high affinity irreversible con›
tact occurs with the formation of a close membrane-to-membrane contact known as a *tight 
junction. The contents of the micronemes and rhoptries are then discharged and a nascent 
vacuole forms within the erythrocyte. ’ Microneme discharge is regulated by free Ca2+ levels 
within the cytoplasm of the parasite.’̂  

STEP 3. Entry and transformation. The merozoite then begins to enter the red cell with the 
tight junction bridging the parasite and the erythrocyte moving from the anterior to the poste›
rior pole. This is powered by the parasite s actinomyosin motor, which propels the parasite into 
the nascent parasitophorous vacuole. The invasion process is complete when the newly formed 
parasitophorous vacuole closes behind it. 
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Families of Plasmodial Ligands That Bind to Erythrocytes 
with High Affinity 

Proteins spread over the entire surface of the merozoite are involved in the initial, reversible 
attachment of the parasite to host erythrocytes (STEP 1). The glycophosphatidylinositol 
(GPI)-anchored protein merozoite surface protein-1 (Msp-1) is one such protein and there is 
some evidence for its interaction with Band 3. 

Merozoites of the primate malaria Plasmodium knowlesi have been shown to attach in an 
apical orientation to erythrocytes prior to the formation of the tight junction. This implies 
that recognition of apical orientation precedes microneme and rhoptry discharge. It is there›
fore likely that specific proteins sense the apical orientation of the merozoite with the erythro›
cyte surface and signal downstream effector molecules to initiate subsequent steps in the inva›
sion process, such as tight junction formation (STEP 2). The tight junction is formed through 
irreversible high affinity interactions between multiple parasite adhesive ligands and erythro›
cyte receptors. Some evidence suggests that proteins such as Apical Membrane Antigen-1 
(AMA-1) and the components of the High Molecular Weight Rhoptry (RhopH) complex bind 
to erythrocytes, but their role in the invasion process remains unclear. Here we will focus on 
two families of adhesive ligands that bind to the erythrocyte with high affinity: the Duify-Binding 
like (DBL) family and the Reticulocyte Binding Protein-like (RBL) family. 

Plasmodial Duffy Binding-Like (DBL) Proteins Bind to Host Erythrocytes 
with High Affinity 

The first Plasmodium adhesive ligand identified that binds to erythrocytes with high affin›
ity was the P falciparum erythrocyte binding antigen-175 (EBA-175), which interacts specifi›
cally with the glycophorin A erythrocyte receptor via sialic acid moieties. ’ EBA-175 is ho›
mologous to the P, knowlesi and P.vivax Duffy binding proteins (PkDBPa and PvDBP), the 
ligands that bind to the Duffy receptor during invasion. ’̂ "̂  EBA-175, PkDBPa and PvDBP 
are members of a large family of proteins that share structural motifs in Plasmodia that have 
been termed the Duffy-binding-like protein (DBL) family.̂ ^’^̂  Paralogs of ̂ A4-i75have been 
identified from the P falciparum genome: EBA-140 (BAEBL), EBA-165> EBA-181 (JESEBL) 
3ind EBL-l}^’^^ 

EBA molecules are localized to the micronemes and are thought to be involved in tight 
junction formation.^^’^̂  They are large type 1 transmembrane proteins (between 140 and 181 
kDa) with large ectodomains and short cytoplasmic tails. The cysteine-rich DBL domain found 
within the ectodomain binds to erythrocyte receptors; recently, the crystal structures of both 
the P knowlesi PkDBPa and P falciparum EBA-175 DBL receptor-binding domains have been 
solved. Analysis of the molecular structure reveals that the inner surface of the DBL fiinctions 
in receptor engagement, while the outer face is implicated in immune evasion; consequendy, 
the latter is comparatively more variant in its amino acid sequence. Critical amino acid residues 
within the DBL domains of PkDBPa and EBA-175 are associated with binding to alternative 
host receptors. ̂ ’̂̂ ^ 

Studies on Apicomplexan parasites demonstrate that the cytoplasmic tail domains of adhe›
sive micronemal proteins, such as the thrombospondin-related anonymous protein (TRAP) 
found in both Plasmodium sporozoites and Toxoplasma, engage the parasite’s actinomyosin 
motor. ̂ ^ It is the actinomyosin motor that is required to actively propel the merozoite into the 
red cell. Since it is known that the EBA ectodomain complexes with receptors found on the 
erythrocyte surface, it is tempting to speculate that the cytoplasmic tails of these micronemal 
proteins-by analogy to those found in TRAP-engage the actinomyosin motor either directly or 
indirecdy. Nevertheless, recently a homolog of the TRAP gene has been identified in the P 
falciparum genome, MTRAP, which has been shown to be expressed in merozoites."^^ The role 
of this molecule in invasion remains to be determined. 
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In addition to EBA-175, EBA-140 and EBA-181 have been shown to bind to erythroq^es, 
but to receptors distinct from glycophorin A?^’^  ̂ EBA-165 is thought to be a pseudogene.^^ 
Although protein expression has not been demonstrated in the asexual stage, EBL-1 has been 
shown to segregate with increased parasite proliferation in a genetic cross. 

A Superfamily of Reticulocyte Binding Protein Homologues Determine 
Specificity for Red Blood Cells in Plasmodia Species 

A second family of high molecular weight adhesive proteins was first identified in P. vivax 
that have been shown to selectively bind immature red blood cells (reticulocytes). As such, 
these have been termed Reticulocyte Binding Protein-1 and -2 (RBP-1 and RBP-2). They are 
located at the apical end of merozoites and have been hypothesized to play an important role in 
the specific recognition of reticulocytes by merozoites. P. yoelii proteins homologous to the 
P. vivax RBPs have been identified and are termed Py235; at least one member of this family has 
been shown to bind mature erythrocytes.^^ Death from a ftilminating Pyoelii parasitaemia can 
be prevented by administration of a monoclonal antibody against a Py235 protein.^^ This 
protection is associated with a limiting of the infection to reticulocytes. 

The Reticulocyte Binding Protein homolog (Rh) superfamily of proteins consists of puta›
tive type-1 transmembrane proteins (200-380 kDa) that possess a very large ectodomain and a 
short cytoplasmic tail domain. They are ideally located for sensing the apical orientation of the 
P falciparum merozoite on the erythrocyte surface through the recognition of specific recep›
tors. It is hypothesized that following engagement of an Rh protein with its cognate receptor, a 
signal is transmitted that stimulates microneme and rhoptry discharge, leading to the down›
stream events associated with entry and invasion of the erythrocyte. 

There are four Pfalciparum members of the Rh protein family, PfRhl, PfRh2a, PfRh2b, 
and PfRii4, and each is encoded by a separate gene. A fifth gene, PfRh3, has also been identi›
fied, but it has not yet been shown to encode a protein in the asexual erythrocytic stage.^^ 

High affinity erythrocyte binding activity has been observed for the PfRhl protein, ’̂ ^ and 
its putative receptor was found to be sialic acid-dependent (neuraminidase-sensitive) and 
trypsin-resistant. Direct binding of PfRh2a and PfRh2b to erythrocytes has not yet been demon›
strated, but this does not exclude a role for these proteins in binding either direcdy or indirecdy to 
erythrocytes. * There is some evidence that PfRh2b may form a complex with PfRhl. 

PfRh2a and PfRh2b initially localize to the large club-shaped rhoptry organelles during late 
schizont stages of the parasite and then move to the apical tip of free merozoites forming a 
crescent-shaped apical cup.^^ A similar localization has been seen for the PvRBPl and PvRBP2 
proteins in P vivax merozoites. A role in invasion for PfRhl, PfRh2a, and PfRh2b has been 
inferred by the use of specific antibodies. ̂ ’̂̂ ’̂̂  

Multiple Receptors on the Erythrocyte Surface 
for Merozoite Invasion 

During the process of invasion the parasite encounters numerous proteins on the surface of 
the erythrocyte, but binds to a limited number of receptors with high affinity. The erythrocyte 
membrane contains over 200 proteins, and any of these molecules or a combination of these 
molecules could facilitate erythrocyte invasion by malaria parasites. The erythrocyte protein 
Band 3 has been postulated as the initial receptor for attachment of merozoites to the erythro›
cyte surface through interactions with the major surface antigen MSP-1.^ Following apical 
orientation, several receptors for high affinity binding have been identified using mutant eryth›
rocytes, enzyme treatments and antibody inhibition experiments. This includes the major gly›
coproteins on the surface of the erythrocyte, glycophorins A (GlyA) and B (GlyB), as well as 
the unrelated glycophorin C (GlyC). These are all integral membrane proteins with a single 
membrane spanning domain, a small cytoplasmic domain that anchors the molecule to the 
cytoskeleton, and a heavily glycosylated extracellular domain. 
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Table 1, Plasmodium falciparum merozoite adhesive ligands 
and their cognate receptors 

Parasite Ligand RBC Receptor 

Duffy-binding’like proteins 
EBA-175 Glycophorin A 
EBA-140 Glycophorin C 
EBA-181 Receptor E 

Reticulocyte-binding-like proteins 
PfRhl Receptor Y 
PfRh2a ? 
PfRh2b Receptor Z 
PfRh4 ? 

Receptor Enzyme 

Neuraminidase 

S 
S 

s 

s 
R 
R 

Trypsin 

S 
S 
R 

R 

R 
? 

Sensitivities 

Chymotrypsin 

R 
R 
S 

R 

S 
? 

Reference 

8,41 
16,18 

37 

24,25 
28,26 
28,26 

42 

Several erythrocyte receptors.- X, Y^ and Z - have been defined by their sensitivity to 
enzyme treatments such as neuraminidase, chymotrypsin and trypsin.^ Direct binding of PfRhl 
to receptor Y has been demonstrated.^ Receptor Y is a neuraminidase-sensitive and trypsin/ 
chymotrypsin-resistant protein that is recognized by PfRhl.^^ Receptor Z has been identified 
as the receptor recognized by PfRh2b by genetic studies and antibody inhibition experiments.^ 
Receptor Z is chymotrypsin-sensitive and neuraminidase/trypsin-resistant. Receptor X is a 
trypsin-sensitive and neuraminidase-resistant molecule whose cognate parasite ligand has not 
been identified (Table 1).̂ ^ 

Interestingly, humans living in malaria-endemic populations contain polymorphisms in 
many of the putative erythrocyte receptors. These genetic footprints may reflect selection by 
malaria, as the polymorphims may be inhibitory for erythrocyte invasion. For instance, the 
Gerbich polymorphism has been selected for in Papua New Guinea and has been associated 
with a reduction in invasion. 

Alternative Invasion Pathways in R falciparum Invasion 

Different Parasite Lines use Alternate Erythroycte Receptors for Invasion 
The specific recognition of receptors on the erythrocyte is a critical step in the invasion 

process. P. vivax uses the Duffy receptor for invasion into human erythrocytes and this para›
site is unable to invade Duffy negative erythrocytes. This phenomenon is thought to account 
for the lack of P. vivax parasite in West Africa, where the prevalence of Duffy negativity 
approaches 95%.^^ 

In contrast, P. falciparum invades human erythrocytes using multiple and alternate 
receptor-ligand interactions that have been defined as invasion pathways.^ ’̂  A feature of 7? 
falciparum parasites is the variability of different lines in their dependence on alternative 
ligand-receptor interactions. For instance, some strains o^ P. falciparum, such as Dd2, are un›
able to invade neuraminidase-treated erythrocytes, which are bereft of sialic acid, and are there›
fore dependent on sialic acid-containing receptors for invasion.^ However, other P. falciparum 
strains, such as 3D7, are able to invade neuraminidase-treated erythrocytes with high efficiency 
and are therefore sialic acid-independent, presumably through the use of alternative 
ligand-receptor interactions. Similarly, different parasite lines are variantly dependent on 
trypsin-sensitive and/or chymotrypsin-sensitive receptors for invasion. Mutant erythrocytes 
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have also been used to demonstrate dependence on specific receptors, such as glycophorins A 
and B. ’̂ ’̂  Field studies have confirmed the use of alternative invasion pathways in fresh iso›
lates without culture adaptation. ̂ ^’ ^ 

Variant Expression of Merozoite Ligands 
Different laboratory lines vary in their expression of members of the PfRh protein fam›

ily. 29,34 PQJ. example, the sialic acid-independent parasite line, 3D7, strongly expresses PfRJi2a 
and PfRii2b, while very low amounts of PfRh 1 are produced. Alternatively, the T994 parasite 
line strongly expresses PfRhl, but neither PfRh2a nor PfRh2b. In contrast to 3D7, T994 
invades erythrocytes via sialic acid-dependent means. Sialic acid dependence has been associ›
ated with expression of PfRhl in a series of laboratory isolates. ̂ ^ If each PfRh protein defines a 
distinct invasion pathway, then variant expression of these proteins will be reflected in the use 
of alternative invasion pathways among different parasite lines. Differential expression of para›
site ligands thus provides a molecular basis for the observed variation in dependency of differ›
ent parasite lines on certain invasion pathways. 

Sequence Polymorphims in Merozoite Ligands 
In contrast to the PfRh variant expression, the different EBA paralogs are expressed in all 

parasite lines with a limited degree of quantitative variation. Nevertheless, sequence polymor›
phisms have been identified in the adhesive domains of EBA-140 and EBA-181. ’ ^ These 
have been shown to result in changes in the binding of these parasite ligands from one erythro›
cyte receptor to another and hence may contribute to the invasion pathway being utilized. 

A Role for the Merozoite Adhesive Proteins in Defining Alternative 
Invasion Path’virays for Invasion into Human Erythrocytes 

Antibody Inhibition of Merozoite Adhesive Ligands 
Antibody inhibition experiments with specific polyclonal antibodies raised against the dif›

ferent EBA and PfRh antigens have been carried out. These indicate that the parasite ligands 
are exposed on the surface of the parasite and are functionally important in the invasion pro›
cess (e. g., refs. 24,30,32,34,43,44). 

Genetic Analyses of EBA Paralogs 
More recently, a genetic approach has been used to create parasite lines that lack expres›

sion of different merozoite adhesive ligands. It appears that there is redundancy in the re›
quirement of each paralog for invasion into normal erythrocytes. Nevertheless, deletion of 
the parasite ligand EBAr-175 results in a switch from the use of a sialic acid-dependent to a 
sialic acid-independent pathway for invasion, suggesting that mutation of EBA-175 leads to 
invasion via an alternative ligand-receptor interaction. ^’ However, it has also been shown 
that EBA-175 is also functional in the sialic acid-independent parasite line 3D7.^^ In this 
parasite line, EBA-175, although functional, does not define the predominant pathway uti›
lized for invasion. This corroborates previous work indicating that antibodies specific for 
EBA-175 are able to inhibit invasion in parasites utilizing both sialic acid-dependent and 
-independent pathways. ^ 

A similar approach has demonstrated that EBA-140 mediates invasion into human erythro›
cytes through the glycophorin C receptor. Though EBA-140 is an alternative ligand to 
EBA-175, EBA-l40-glycophorin C binding is sialic acid-dependent and therefore cannot ac›
count for the sialic acid-independent invasion observed following disruption of EBA-175. When 
both EBA-140 and EBA-181 are deleted, there is no change in the invasion pathway utilized. 
Nevertheless, experiments with antibodies specific to EBA-140 indicate that this parasite ligand 
is functional. 
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Genetic Analyses of PfRh Paralogs 
The PfRh proteins are variantly expressed in different parasite Unes."̂ ’̂̂ ’̂ When PfRh2b is 

deleted from the 3D7 parasite Une in which it is expressed, a significant change is observed in 
the invasion pathway that is utilized. Parasites lacking PfRh2b become more reliant on sialic 
acid- and trypsin-sensitive receptors, but less reliant on chymotrypsin-sensitve receptors. It can 
thus be inferred that PfRh2b engages a receptor (known only as Receptor Z) that is both 
neuraminidase/trypsin-resistant and chymotrypsin-sensitive. Furthermore, loss of PfRh2b ex›
pression was associated with an increased ability to invade chymotrypsin-treated erythrocytes. 

PfRhl is expressed at different levels in different parasite lines.^^ A high level of PfRhl 
expression has been correlated to some extent with a reliance on sialic acid receptors; increased 
protein expression was, in turn, found to correlate with PfRhl gene copy. PfRhl was deleted 
from the T994 parasite line that possesses a single copy of PfRhl. This was associated with a 
significant increase in invasion into neuraminidase- or trypsin-treated erythrocytes compared 
to parental T994.^^ In contrast, 3D7 invasion was comparatively unaffected by lack of PfRhl 
expression, as PfRhl appears to play only a minor role in 3D7 merozoite invasion. It is becom›
ing clear that the genetic background of a parasite, in particular the repertoire of parasite ligands 
that is expressed, is likely to affect the contribution of any given parasite ligand for invasion. 

Phenotypic Switching between Alternative Invasion Pathways 
Invasion pathways utilized by each clonal laboratory line is constant over many years of 

routine culture. However, it has been shown from the use of selective pressures that there exists 
some degree of plasticity in the ability of certain parasite lines to switch among different inva›
sion pathways. Dolan and colleagues continuously cultured the clonal sialic acid-dependent P 
falciparum parasite line, Dd2, on sialic acid-depleted erythrocytes. Following an initial drop in 
parasitemia, a sub-population of Dd2 parasites (Dd2Nm) emerged 10-12 days post-plating 
capable of growth on the neuraminidase-treated cells. The ability of Dd2Nm to invade 
enzyme-treated erythrocytes indicates a switch in these parasites from a reliance on a sialic 
acid-dependent invasion pathway to one of sialic acid-independence.^ Several lines have been 
shown to possess this flexibility. 

Microarray analysis was performed with the sialic acid-dependent parasite line W2Mef (pa›
rental line of Dd2) and with W2mef parasites that had become selected for sialic 
acid-independence (W2MefNm). This revealed that both EBA-165 and PfRh4 were transcrip›
tionally up-regulated greater than 80-fold in W2mefNm when compared to W2mef and other 
sialic acid-independent strains, such as 7G8, HB3, and 3D7. ^ Furthermore, disruption of 
PfRh4 using double-crossover homologous recombination abrogated the ability of W2Mef 
parasites to invade neuraminidase-treated cells. These data, the increased expression of PfRh4 
and the failure of knockout parasites to grow on enzyme-treated cells, imply that PfRh4 plays 
a central role in switching to a sialic acid-independent invasion phenotype. EBA-165 is a tran›
scribed pseudogene and its increased expression is likely due from its head-to-head orientation 
with PfRh4 on chromosome 4. These results have been corroborated by the work of Gaur and 
colleagues on the W2Mef clone, Dd2. 

Phenotypic switching is not a phenomenon particular to P. falciparum. Preiser and col›
leagues have discovered that P yoelii Py235 genes, which belong to the RBP superfamily, are 
variandy expressed. Interestingly, the P yoelii Py235 family is encoded by perhaps up to 50 
genes, and individual merozoites originating from a single schizont transcribe distinct mem›
bers of this gene family. This clonal phenotypic variation has been suggested to provide the 
murine parasite with a survival strategy in the host: expression of a single, but different Py235 
protein in each merozoite allows the parasite to respond efRciendy to variations in the host 
environment. The ability oi P yoelii merozoites from a single infected cell to up-regulate dis›
tinct Py235 genes is a unique strategy that enables the parasite to combat not only an adapting 
immune system, but also receptor polymorphisms inherent to the erythrocyte population. 
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Figure 2. The ’space fi l l ing’ model dictates merozoite alternate invasion pathways. Whether 
a merozoite invades a host red blood cell via sialic acid-dependent or -independent means is 
predicated on the accumulation of parasite ligands at the merozoite apex. PfRhl is the domi›
nant sialic acid-dependent ligand, while PfRh2b and PfRh4 mediate invasion via sialic 
acid-independent means. The number and proportion of ligands present atthe merozoite apex 
is a reflection of the relative abundance oip these proteins within the rhoptries. In (1), PfRhl 
dominates both the store of invasion ligands in the rhoptry neck and at the merozoite apical 
complex. Following growth on neuraminidase-treated/sialic acid-depleted cells, PfRh4 ex›
pression is upregulated. The limited space model proposes that the increase in PfRh4 is con›
comitant with a decrease in the proportion of PfRhl- both within the rhoptries and at the 
merozoite apex. In (2), PfRh2b and PfRh4 are therefore relatively more abundant than PfRhl. 
This phenotypic switch enables the parasite to shift from a sialic acid-dependent to a sialic 
acid-independent pathway for erythrocyte invasion. 

Model for Variant Expression and Phenotypic Switching 
of Parasite Adhesive Ligands 

A model has been proposed to explain our increasing understanding of the variant deploy›
ment of multiple adhesive ligands by the parasite. The ’limited space’ model assumes that only 
a finite amount of space exists at the merozoite apex. The final invasion pathway depends on 
the expression levels of the different parasite ligands. This can explain the changes in invasion 
pathways associated with the expression of different parasite ligands due either to natural varia›
tion or to gene disruption. As space is at a premium in this parasite region, competition exists 
among the various invasion ligands, DBL and Rh alike, for access to direct erythrocyte receptor 
engagement and invasion pathway utilization. 

Recendy, a hierarchy of invasion ligands has been proposed to explain the observation that 
some genetic knockouts of parasite ligand genes result in the dramatic redeployment of inva›
sion ligands, while others have little effect on the invasion pathway used. Investigating the 
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increased reliance of 3D7 parasites lacking PfRh2b on a chymotxypsin-resistant invasion pathway, 
Baum and colleagues uncovered, using Affymetrix gene chips, a 60-fold increase in PfRh3 
transcription.^^ Frameshift mutations in PfRh3, however, suggest that it is a pseudogene."^^ 
Neither transcript nor protein levels of the other major invasion ligands (PfRhl, PfRh2a, PfRh2b, 
EBA-140, EBA-175, and EBA-181) are altered between wild-type and knockout parasites, this 
suggests that alternative invasion pathway utilization stems from a reorganization of the mo›
lecular hierarchy at the merozoite apex. Stated alternatively, absence of PfRh2b at the apical 
tip allows other parasite ligands, those that are chymotrypsin-resistant, to occupy the merozoite 
apex and serve a more prominent role in invasion than occurs with the wild-type genotype (i.e., 
when PfRh2b is present).^^’^̂  It is not known whether the molecular hierarchy is defined by 
the absolute levels of expression of the different ligands and/or the relative affinity of each 
ligand. Additionally, it has been difficult to determine whether the DBLs and Rhs work se›
quentially or in concert in erythrocyte binding. 

Biological Significance: Immune Evasion 
and/or Receptor Polymorphism 

Erythrocyte invasion is a complex process that requires a number of parasite proteins (and 
their cognate receptors) in an inherendy degenerate process. Why does P. falciparum utilize 
multiple ligand-receptors interactions in a variant fashion? This heterogeneity is thought to 
provide P. falciparum parasites with a biological advantage, allowing them to invade erythro›
cytes with polymorphic receptors and to evade a mounting immune response 

In the bloodstream, merozoites are exposed to the host immune system. Immunological 
selection of surface proteins can lead to antigenic diversity as a means of immune evasion, such 
as that observed in the major surface antigen MSP-1.5^ Variant expression of PfRh and PfEBA 
proteins has arisen as a genetic strategy, where parasites expressing one variant ligand survive in 
the face of an immune response raised against an alternate. This is analogous to the antigenic 
variation of molecules found on the surface of infected erythrocytes.^^ Alternatively, sequence 
polymorphisms in and variant expression of these parasite adhesive ligands may reflect coevo-
lution of parasites with novel receptor polymorphisms in human populations. The human 
erythrocyte is the most polymorphic surface in the human body and the utilization of different 
parasite ligands may allow the parasite to survive in polymorphic host cells, such as Gerbich 
erythrocytes.^^ Additionally, receptors may vary in quantity within the lifespan of an indi›
vidual erythrocyte. 

Many questions remain unanswered, some which can be answered using novel post-genomic 
and proteomic approaches: What are the erythrocyte receptors for the PfRh and EBA mol›
ecules? What is the nature of fimctional protein complexes? How is sensing of apical orienta›
tion by multiple parasite ligands integrated prior to rhoptry and microneme discharge? What is 
the impact of receptor polymorphisms on invasion? To what extent are alternative invasion 
pathways utilized in different parasite populations? Can different invasion pathways be linked 
with protective immunity and/or virulence? 

Our understanding of the specific roles of the different members of the merozoite adhesive 
protein families has increased in recent years. During the in vivo invasion process, merozoites 
are exposed in the bloodstream and antibody recognition of merozoite antigens exposed on the 
parasite surface or at the tip of the apical complex plays a large part in the development of 
immunity. An effective vaccine based on these molecules might act to suppress parasitemia and 
thereby reduce or prevent severe disease. In the long-term, a thorough understanding of the 
roles of the Plasmodium merozoite proteins in defining alternative invasion pathways and in 
signaling to downstream effectors will prove imperative for the rational design of vaccine and 
drug strategies used in the prevention and treatment oifalciparum malaria. 
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CHAPTER 4 

Role of the gp85/Trans-Sialidase Superfamily 
of Glycoproteins in the Interaction 
of Trypanosoma cruzi with Host Structures 
Maria Jiilia M. Alves* and Walter Colli 

Abstract 

I nvasion of mammalian cells by 77 cruzi trypomastigotes Is a multi-step and complex 
process involving several adhesion molecules, signaling events and proteolytic activities. 
From the blood to the cell target in different tissues the parasite has to interact with differ›

ent cells and the extracellular matrix (ECM). The review focus on the role of the gp85/ 
trans-sialidase superfamily members in the interaction of the parasite with the host cell, par›
ticularly with ECM components, with emphasis on the significant variability among the ligands 
and receptors involved. Use of the SELEX technique to evolve nuclease-resistant RNA ap tamers 
for receptor identification is briefly discussed. 

Introduction 
The protozoan Trypanosoma cruzi is the etiological agent of Chagas’ disease of major medi›

cal significance throughout South to Central America. Chagas’ disease was discovered by Carlos 
Chagas almost 100 years ago. In 1909, the Brazilian physician described the parasite (Trypano›
soma cruzi) in the gut of a bug belonging to the Reduviidae family. Due to the bloodsucking 
habits of the insect, he hypothesized and demonstrated that the parasite infected diff̂ erent 
experimental mammals and searched for cases of infection among local inhabitants and their 
domestic animals. Chagas described the infectivity of the parasite for diff*erent mammals, its 
life cycle in the insect and vertebrate hosts, demonstrated the presence of the parasite in acute 
cases of the disease and, finally, described the symptoms for the acute and chronic phase of the 
disease in humans.^ With some modifications, the complex dixenic life cycle (Fig. 1) of the 
parasite is basically the same as originally described. Some observations on the parasites life 
cycle that have been misinterpreted led Chagas to propose a change of genus to Schyzotrypanum. 
However, independent experiments conducted by him and others showed that the parasite 
should indeed belong to the genus Trypanosoma. This is one of the few examples in the 
literature where the parasite and the insect vector were first described, followed by the descrip›
tion of the disease in humans. 

The parasite has a complex life cycle characterized by several developmental forms present 
in vertebrate and invertebrate hosts. ̂  Based mainly on morphological criteria, such as the spindle 
shape of the parasite, as well as the position of the kinetoplast (mitochondrial DNA, kDNA) 
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Figure 1. Trypanosoma cruzi life cycle. Insect vector releases epimastigotes and metacyclic 
trypomastigotes with feces and urine infecting mammalian hosts through a skin wound or mu›
cosae. After adhesion to the host cell membrane followed by cell invasion, the parasite escapes 
from the parasitophorous vacuole and replicates in the cytoplasm as amastigotes. Intracellular 
differentiation from amastigotes to trypomastigotes occurs through intermediate forms, includ›
ing a characteristic intracellular epimastigote that precedes the differentiation to trypomastigotes. 
Trypomastigotes that are released into the bloodstream infect new cells or are taken up by the 
insect vector during a blood meal. In the digestive tract, trypomastigotes differentiate to 
epimastigotes that replicate and differentiate to metacyclic trypomastigotes at the end of the 
digestive tract. Intermediate forms are also found in the digestive tract. 

relative to the nucleus and the flagellar emergency region, three forms are classically described: 
(i) amastigotes (greek, a = without; mastis = whip for flagellum) which are dividing round cells 
widi 2.4�6. 5 M-m in diameter with a very short flagellum found in the cytoplasm of the verte›
brate host cell; (ii) trypomastigotes (trypo = to drill, referring to a property of this cell to attach 
to glass by one point while making rotatory movements), an infective, flagellated and nondi-
viding form present in vertebrate (blood trypomastigotes) and invertebrate (metacyclic 
trypomastigotes) hosts; trypomastigotes are spindle-shaped, approximately 18 jxm in length 
(including a 6 |Lim free flagellum) and 2-3 M-m in breadth; (iii) epimastigotes (epi = anterior, 
from above), an extracellular flagellated, 20-40 ^m long and 2-5 M-m large, noninfective and 
dividing stage present typically in the invertebrate host intestine. Trypomastigotes appear in 
the rectum of the insect as a differentiation product of the epimastigotes. When the insect bites 
the vertebrate host and initiates blood sucking it concomitantly eliminates in feces and urine 
the trypomastigotes�i n that case called metacyclic trypomastigotes�^whic h are mechanically 
carried into the wound by the host. Metacyclic means "beyond the cycle" because parasitolo›
gists believed that this form was terminal and could not transform into the other forms in 
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laboratory. Trypomastigotes ultimately invade cells and reside for a short period of time inside 
a parasitophorous vacuole, escaping to the cytoplasm where differentiation to the amastigote 
form occurs. After a few rounds of division, amastigotes start to differentiate into trypomastigotes 
in approximately 96 h. This step is mediated by an epimastigote-like form sharing some prop›
erties with the epimastigote form, but being considerably shorter (4 jim in length). The exist›
ence of this form in the vertebrate part of the cycle has been a matter of debate since 1914, but 
presently it was well characterized, needing proline to complete differentiation. It appears 
that the parasite has a continuous differentiation cycle following the pattern trypomastigote -
amastigote - epimastigote - trypomastigote with one or possibly more intermediate forms. The 
predominance of a particular form would be dependent mainly on the environmental condi›
tions surrounding the parasite (cf. T. cruzi cell cycle movie on www.sbpz.org.br). 

Variability 
The existence of a large spectrum of clinical manifestations, ranging from asymptomatic to 

severe cardiac complications, is an important point to be considered when analyzing and inter›
preting the data available in the literature. Different isolates from T cruzi have demonstrated 
that the parasite populations are extremely diverse. Attempts to correlate this level of diversity 
with the pathology observed in different clinical forms and distinct geographic areas have been 
made. For instance, in Brazil, the asymptomatic form of Chagas’ disease predominates (60-70%), 
followed by the cardiac (20-30%) and digestive forms (8-10%); in Chile, the digestive form 
predominates, whereas in Argentina digestive symptoms correspond to only 3.5% of the total 
chagasic patients.’̂  The reason for the observed differences is a matter of debate. Probably, 
genetic variations of the parasite are the major cause. However, physiological conditions and 
the genetic background of the host^ have to be considered. Extensive genetic and protein poly›
morphism profiles were described in the literature when laboratory strains and field isolates 
were compared, resulting in different suggestions for the distribution of the parasite popula›
tion. More recently, two principal groups were proposed (77 cruzi I and T. cruzi II), but the 
heterogeneity among the groups (more evident in group II) and the presence of an intermedi›
ate group awaiting a final classification indicate that this classification/division should be taken 
as preliminary (reviewed in refs. 9-11). Interestingly, a high prevalence of 77 cruzi II in chagasic 
patients is indicating that group II or, at least, a subgroup within, is associated with the 
human disease. 

Infection of Host Cells by Trypomastigotes of T. cruzix 
More Vf^ys Than One 

By definition, 77 cruzi trypomastigotes are the classical invasive form, although extracellular 
amastigotes also infect mammalian cells via a less characterized process.^ To establish a suc›
cessful infection inside the host cell, the parasite has to (1) interact with the cell surface; (2) 
escape from the entry vacuole; and (3) undergo differentiation and division in the cytoplasm. 
Although 77 cruzi trypomastigotes can invade and proliferate in most of the vertebrate cells 
tested in vitro, differences in tissue tropism of the various strains in animals, ’̂ ^ and patients, ̂ ’̂̂  
as well as the fact that not all 77 cruzi strains are capable of establishing effective infections in 
the host^^’^^’^̂  point out to the importance of elucidating�i n addition to the cell invasion 
mechanism itself�th e factors responsible for the survival of the parasite inside the host cells. 
For example, the quantification of live parasites in experimental models, using a transfected 
clone of Tulahu^n strain of 77 cruzi that stably expresses E. coli p-galactosidase, detected a large 
number of live parasites three weeks post-infection in skeletal muscle, heart, bladder and con›
nective tissues, with smaller numbers in sciatic nerve, liver, spleen, adrenal glands and intestine 
and rare parasites in kidney and brain. Two weeks later, however, the number of parasites had 
decreased more that 30-fold and were more abundant in skeletal muscle and bladder for that 
particular clone."̂ ^ This may be a useful technique to compare tissue tropism/parasite survival 
in tissues of experimental models. 

http://www.sbpz.org.br
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Different molecules implicated in the attachment and signaling during the invasion of mam›
malian cells by trypomastigotes from T. cruzi have been identified (cf. refs. 22-24). Carbohy›
drates and proteins are probably involved in multiple interactions between the parasite and the 
host cell. Parasite recognition of, and attachment to, the host cell surface is followed by induc›
tion of a calcium flux in the host, setting off a sequence of events that ends with parasites inside 
the vacuole. At the molecular level, each parasite-host cell interaction is dependent on the 
concentration of parasite ligands and host cell receptors that are available to interact at any 
given moment, as well as to the strength of the association and the nature of the cell target. It 
was clearly demonstrated that trypomastigotes when invading HeLa cells or cardiomyocytes, 
but not MDCK cells, induce the formation of actin-rich pseudopodial protrusions around the 
parasite. This is insensitive to cytochalasin D, a drug that blocks actin polymerization and 
phagocytosis.^^’ ^’ Parasites can invade host cells by two processes: (1) lysosome-dependent, 
with lysosome recruitment to the cell surface in a calcium-signaling dependent pathway and 
actin polymerization^’^^’^̂  and (2) plasma membrane-mediated, with invagination of the plasma 
membrane in an actin-independent and PI-3 kinase dependent signaling pathway. ̂ ’̂ ^ The 
importance of each pathway for the establishment of an effective infection is, as yet, a matter of 
discussion (cf refs. 28,29). Most intriguing is the observation that some trypomastigotes can 
clearly cross host-cells without infecting them.^^ In any case, two main questions shotdd be 
addressed: (1) is each pathway a consequence of the surface repertoire of adhesion molecules of 
each individual parasite at that moment? (2) do metacyclic trypomastigotes and blood 
trypomastigotes share the same mechanisms of invasion? 

gp85/Trans-Sialidase Superfamily (gp85/TS): Role of theTc-85 
Family in the Invasion of Nonphagocytic Cells by T. cruzi 

For a successful infection to occur some steps are necessary including adhesion to the host 
cell, action of proteolytic enzymes, and intracellular signaling. Discussion here will be restricted 
to the role of the gp85/trans-sialidase (gp85/TS) glycoprotein superfamily in the parasite inter›
action with the host cell and the extracellular matrix. Excellent general reviews on related sub›
jects have been published, including the role of surface molecules on the host immune sys›
tem. ’ ’ ’ ’ A general scheme is shown in Figure 2. 

The involvement of 85 kDa-glycoproteins in 77 cruzi infection was suggested more than 20 
years ago, using in most of the cases, polyclonal or monoclonal antibodies that inhibited the 
invasion of tissue cultured cells by trypomastigotes, followed by the identification and molecu›
lar mass determination of the molecule recognized by the antibody (cf. ref 36): Tc85, gp85, 
gp82, TS, TSA-1, among others, were at that time described in tissue-culture derived 
trypomastigotes or metacyclic trypomastigotes. Further characterization of the molecules and 
their classification as part of a novel superfamily baptized as gp85/trans-sialidase family were 
made possible with the advent of new tools for genomic analysis. 

In general, members of the gp85/TS are expressed on the cell surface of metacyclic 
trypomastigotes, blood trypomastigotes and amastigotes, some more abundant in one of the 
stages, as Tc-85 (85 kDa, trypomastigote-specific) or gp82 (82 kDa, metacyclic 
trypomastigotes-specific). 

At least 50% of the T. cruzi genome consist of large gene families of surface proteins, 
retrotransposons and subtelomeric repeats. Gp85/trans-sialidase superfamily (gp85/TS, 1430 
members), mucin-associated surface proteins (MASPs, 1377 members), mucins (863 mem›
bers), gp63 surface protease (425 members) are the largest gene families encoding surface mol›
ecules, although a sizeable proportion of the sequences are pseudogenes (e.g., half of the gp85/ 
TS superfamily). Gp85/TS genes can be found in subtelomeric repetitive regions and in 
intrachromosomal arrays, frequendy within large clusters of gp85/TS, MASP and mucin genes. 
In the particular case of gp85/TS superfamily, all genes were assigned under the designation of 
TS in the genome description instead of the previous�an d in our opinion more correct� 
gp85/TS nomenclature, since they include genes encoding proteins with and without 
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trans-sialidase activity. The superfamily was previously characterized by the presence of two 
conserved neuraminidase motifs�As p boxes (SxDxGxTW) and the VTV motif 
(VTVxNVxLYNR),^^’^^"^̂  distributed in die majority of the chromosome bands separated by 
pulse-field electrophoresis, but only 371 members in the genome contain the VTV motif It 
should be considered that approximately 28 chromosomes and 12,000 genes per haploid ge›
nome were estimated in T. cruziy Brener strain, although the exact number is unknown.^’̂  
Genes are polymorphic, displaying different degrees of sequence variation interspersed by more 
conserved regions, which suggests a strong selective pressure for variability. Similar conclusions 
are drawn from the analysis of the mucin family. ^ More interestingly, chimeras that contain 
the C or N-terminal conserved domain of MASP combined with the C or N-terminal domain 
of mucin or the C-terminal domain of gp85/TS were described.^^ The mechanisms determin›
ing this gene shuffling are unknown. 

The gp85/TS superfamily was subdivided in a variable number of groups by different au›
thors. ’ Frasch proposes two main groups:^^ I�GPI-anchore d glycoproteins in the 120-200 
kDa range with trans-sialidase activity (TS). TS isolated from trypomastigotes contain repeats of 
12 amino acids in tandem at the C-terminal portion (SAPA) that are absent from TS isolated 
from epimastigotes; II�Molecule s without TS activity. This subgroup includes the Gp85 family 
(80-90 kDa glycoproteins); a 160 kDa protein (involved in complement regulation) and Tel3 
(85 kDa, unknown function). Siuface glycoproteins previously described in the literature, fol›
lowing the pioneer Tc85 (trypomastigote-specific, 85kDa),^ gp82 (82 kDa described in metacyclic 
trypomastigotes),^^ SA85-1 (85 kDa surface antigen),^ TSA-l,"^^ gp90^^ can be included in the 
gp85 family. At least part of these molecules are trypomastigote-specific, GPI-anchored and shed 
to the medium with subsets simultaneously expressed by individual parasites. ’ 

Trans-Sialidase (TS) 
77 cruzi is unable to synthesize sialic acid but possess TS, an enzyme that transfers a-2,3-linked 

sialic acid from macromolecular donors to p-Gal-containing acceptors, with mucins present on 
the parasite cell surface being the main acceptors. ’ TS, which is more active in trypomastigotes 
than in metacyclic trypomastigotes, has been implicated in conferring the parasite resistance to 
complement activation,^^ acting as a B cell mitogen,^^ and participating in T, cruzi adhesion to 
and invasion of the host cell. ’ Notwithstanding, the results concerning cell invasion are 
controversial.^ ’̂  Inactive TS, with a mutation in the catalytic site, binds sialic acid and 
galactosyl-residues interacting with host T cells through CD43 and helps in the adhesion step 
of 77 cruzi in a carbohydrate-dependent way. No specific receptor in the host cell was de›
scribed and the role of TS in the invasion waits full clarification. Apparendy, TS is not rate 
limiting for cell entry, but instead it could be required for the formation of the parasitophorous 
vacuole, possibly controlling the number of parasites effectively reaching the cytoplasm, which 
indirecdy affects 77 cruzi infection. 

T. cruzi Interaction with Host ECM Elements 
As described for other parasites, 77 cruzi makes multiple interactions with ECM to establish 

an effective infection from the blood to the target cells in different organs inside the vertebrate 
host. Two main forms of ECM can be considered, the basement membrane and the interstitial 
matrix (IM). Basement membranes (BM) are thin sheets of highly specialized ECM present at 
the epithelial/mesenchymal interface of most tissues, surrounding peripheral nerve fibers, muscle 
and fat cells. These membranes differ from each other in composition and properties, accord›
ing to the cell localization and the developmental stage of the organism. ̂ ^ 

Important components of BM as laminins, ’̂ ^ collagen IV^̂ ’̂ "̂  and heparan sulfate 
proteoglycans ’ are implicated in trypomastigote invasion, as well other ECM components, 
as fibronectin^’^’^  ̂and thrombospondin^^ (Fig. 2). RGD is the adhesion motif of fibronectin 
that binds to a noncharacterized 85kDa glycoprotein from 77 cruzi?^ Since, on one hand, 
RGD (and its variants) is a cell attachment motif of a large number of adhesive proteins as 
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Figure 2. Molecules involved in 7". cruzl infection of nonprofessional phagocytes. A plethora 
of adhesion molecules, signaling pathways triggered by parasite components and proteolytic 
enzymes result in an effective infection of the host. 7". cruzi binds to ECM through Tc-85 
{laminins^^’^ )̂ and other parasite molecules^^’^^’^^’’^̂ and to the cell surface in multiple carbo-
hydrate"̂ ’̂̂ ’̂̂ -̂  and carbohydrate-independent’^^’^’^’^̂ interactions. Gp82, a member of the 
gp85/TS triggers a bi-directional Câ "̂  signaling and phosphorylation of a 175 kDa protein in 
the parasite (cf̂ "̂ ). Stimulation of TGFp receptors occurs by an unknown molecule released into 
the medium resulting in activation of TGFp -responsive genes.fi ^ T. cmz/oligopeptidase B 
cleaves an inactive precursor resulting in an active Câ "̂  agonist via IP3 pathway.-^^ Cruzipain 
cleaves high molecular weight kininogen, generating kynins that bind to bradykinin receptors 
to stimulate IP3-mediated Câ "̂  release,^"^ although a bradykinin independent pathway has 
been postulated.fi ^ PPiso (peptidyl-prolyl-cis-trans-isomerase),fi’’ gp63/metalloproteases,fi fi 
POPGpBO proteinase (collagenase activity)fi ^ are other proteolytic enzymes involved in para›
site infection. *Specific for metacyclic trypomastigotes. 

fibronectin, various coUagens, vitronectin and thrombospondins and, on the other, approxi›
mately one third of the 24 integrins present on the cell surfaces recognize the RGD sequence to 
a variable extent,^^ it is very attractive to hypothesize that the parasite takes advantage of the 
ubiquity of the RGD-integrin system to interact with and invade the host cell. Antibodies 
against the pi-chain of specific integrins inhibit invasion of human macrophages by T, cruzt 
reinforcing the involvement of fibronectin in parasite invasion. Since some members of gp85/ 
TS contain RGD-sequences (cf genome sequences deposit at DNA Databanks DDBJ/EMBL/ 
Genbank) it should be interesting to see if they play any role in parasite adhesion to the host 
cell surface. RGD-independent interaction was described in the binding ofTc85-l 1, one cloned 
member of the Tc-85 subset, to one of the laminin isoforms, a family of heterotrimeric pro›
teins (apv)- The binding site of Tc85-ll to laminin-1 (alplyl) was mapped on the amino 
terminal domain. Although the corresponding binding region of the laminin molecule has 
not been determined, the binding is probably carbohydrate-independent. Binding of 77 cruzi 
to laminin is increased by galectin-3, one isoform of the P-galactoside-binding lectins present 
in ECM. It is interesting to note that the VTV domain, present in all gp85/TS molecules, 
binds to cytokeratin 18, a constituent of the intermediate filaments of epithelial cells, enhanc›
ing T. cruzi invasion by an unknown mechanism. 
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The infectious agents, including T. cruziy can take advantage of the dynamics and heteroge›
neity of the ECM, as well as from its molecular complexity represented by a relatively high 
number of molecular isoforms of the several components and widespread localization in differ›
ent tissues. These features, associated with the high number of genes coding for gp85/TS mem›
bers may help to understand the capacity of 77 cruzi to invade almost any cell and to dissemi›
nate through different organs and tissues inside the vertebrate. In this context, it is interesting 
to note that laminin a-4, IFNy and lymphocytes are associated with the passage of T brucei 
brucei through endothelial BM, being responsible for brain infection. 

Sequential changes in the main host ECM components (fibronectin, laminin and coUagens) 
were described in T. cruzi infections in vivo and in vitro, ’̂ ’̂ as well as an increase in galectin-3^^ 
and galectin-1,^’̂  a galectin with immunoregulatory properties. Since trypomastigotes shed 
into the medium membrane vesicles enriched in Tc-85 amongst other surface molecules, it 
was suggested that the interaction of the vesicles with ECM is a key event for the alteration of 
ECM elements observed during the infection in vitro. In vivo, ECM changes are being asso›
ciated with factors secreted by inflammatory cells. ’"̂^ 

Gp82, another member of the Gp85/TS superfamily is the principal molecule involved in 
the invasion of gastric mucosal epithelium by metacyclic trypomastigotes via binding to gastric 
mucin,^ a fact that explains the oral infection. Two peptides were implicated in the binding to 
the host cell with the activation of a signaling cascade leading to Ca ^ mobilization. ’̂  Inter›
estingly, metacyclic trypomastigotes from different strains can invade cells with the involve›
ment of gp82 (more effective) or gp35/50 (mucin-like molecules, less effective) and gp90, a 
down regulator of invasion. The importance of the down regulation is elusive (c£ re£ 24). 

Oligonucleotide Aptamers as Tools for Determination of Adhesion 
Receptors on the T. cruzi Surface 

The SELEX method (Systematic Evolution of Ligands by Exponential enrichment) is an 
oligonucleotide-based combinatorial library approach that has been extensively used to isolate 
high-afRnity ligands (called aptamers) for a wide variety of proteins and small molecules’^^’^̂  
(Fig. 3). For this purpose a partial randomized synthetic DNA template is constructed contain›
ing a random inner region that is flanked on both sides by constant sequences. The random 
sequence classically consists of 15 to 75 random positions where all four bases are incorporated 
with equal probabilities. This pool containing between 10^^�10^ ^ different sequences can be 
either direcdy used for selection or first transcribed to RNA using T7 RNA polymerase. In this 
case aT7 promoter site needs to be put on the 5’ site of the DNA template. The random DNA 
/ RNA pool is exposed to the protein target. The best fitting molecules in the selection pool are 
culled and amplified. The procedure will be repeated with increasing stringency until the pre›
vious random pool is purified to a few molecules with the desired binding properties. The final 
pool is cloned into a bacterial vector and individual colonies are sequenced. The previous 
random regions are aligned and searched for consensus motifs. Consensus motifs often located 
in stem-loop structures are thought to mediate binding specificity. These aptamers are suitable 
for applications based on molecular recognition of a target molecule including diagnostics and 
therapeutics. 

RNA aptamers that bind to the receptors of the cell-matrix molecules laminin, 
thrombospondin, heparan sulfate and fibronectin on 77 cruzi cell surfaces have been devel›
oped. * Aptamers should only recognize protein epitopes to which they have been selected 
for. Consensus aptamers displaced by laminin (Kd = 209 – 99 nM), fibronectin (Kd = 142 – 94 
nM), heparan sulfate (Kd = 40 – 14 nM) and thrombospondin (Kd = 400 – 239 nM) were 
sequenced. A scheme for a selection protocol is sketched in Figure 3. The identification of 
receptors and ligands on parasite and host cell surfaces may not be only important for elucidat›
ing invasion mechanisms used by T cruzi but also for understanding the entry process of other 
pathogens that depend on adhesion on host-cell membranes. 
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Figure 3. Scheme for selecting consensus aptamers displaceable by ECM components. A partial 
randomized DNA pool is in vitro transcribed in the presence of 2-OH’ purines and 2-F’ 
pyrimidines in order to create the initial pool of 10^^ different nuclease-resistant RNA mol›
ecules. The RNA molecules are heated up and cooled slowly down to room temperature to 
allow for proper folding. The RNA molecules are incubated with live trypomastigotes in a 
100:1 RNA: binding sites ratio. Unbound and weakly bound RNA molecules are washed off 
from the trypomastigotes and specifically bound RNA molecules are displaced using a cocktail 
of cell-matrix molecules. The eluted RNA molecules are reverse transcribed to cDNA and 
amplified by PCR. The next generation SELEX pool contains an enriched fraction of RNA 
molecules that compete with host-cell matrix molecules for their binding sites on 7. cruzl. The 
procedure is repeated until no further purification can be achieved. At this stage, RNA mol›
ecules are constitutively eluted using individual cell-matrix molecules as displacement agents. 
Individual aptamer sequences are cloned and searched for consensus motifs. One would 
expect that aptamers competing with a certain cell-matrix molecule for receptor binding 
should share a common sequence motif. Determining the minimal RNA sequence that is 
necessary for receptor binding will help to find the most effective molecule. Reproduced with 
permission from Ulrich H etal. Braz J Med Biol Res 2001; 34{3):295-300.fi ^ 

Photo-cross linking of radiolabeled RNA ligands to dieir targets on parasite membranes can 
be used for ligand-mediated target purification. Using this method, any protein target on the 
parasite membranes, for which a high affinity RNA ligand has been identified, can be purified. 
Micro sequencing of the cross-linked RNA:receptor complexes will allow further isolation of 
cell surface proteins of the gp85 superfamily in 77 cruzi and possibly also other parasite surface 
proteins that are involved in the invasion of host cells by these parasites. 
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CHAPTER 5 

Gdcium Regulation and Signaling 
in Apicomplexan Parasites 
Kisaburo Nagamune, Silvia N. Moreno, Eduardo N. Chini 
and L. David Sibley* 

Abstract 

Apicomplexan parasites rely on calcium-mediated signaling for a variety of vital 
functions including protein secretion, motility, cell invasion, and differentiation. These 
functions are controlled by a variety of specialized systems for uptake and release of 

calcium, which acts as a second messenger, and on the functions of calcium-dependent pro›
teins. Defining these systems in parasites has been complicated by their evolutionary dis›
tance from model organisms and practical concerns in working with small, and somewhat 
fastidious cells. Comparative genomic analyses of Toxoplasma gondii, Plasmodium spp. and 
Cryptosporidium spp. reveal several interesting adaptations for calcium-related processes in 
parasites. Apicomplexans contain several P-type Ca ^ ATPases including an ER-type reuptake 
mechanism (SERCA), which is the proposed target of artemisinin. All three organisms also 
contain several genes related to Golgi PMR-like calcium transporters, and a Ca^VH^ ex›
changer, while plasma membrane-type (PMCA) Ca’̂ ^ ATPases and voltage-dependent cal›
cium channels are exclusively found in T gondii. Pharmacological evidence supports the 
presence of IP3 and ryanodine channels for calcium-mediated release. Collectively these sys›
tems regulate calcium homeostasis and release calcium to act as a signal. Downstream re›
sponses are controlled by a family of EF-hand containing calcium binding proteins includ›
ing calmodulin, and an array of centrin and caltractin-like genes. Most surprising, 
apicomplexans contain a diversity of calcium-dependent protein kinases (CDPK), which are 
commonly found in plants. Toxoplasma contains more than 20 CDPK or CDPK-like pro›
teases, while Plasmodium and Cryptosporidium have fewer than half this number. Several of 
these CDPKs have been shown to play vital roles in protein secretion, invasion, and differen›
tiation, indicating that disruption of calcium-regulated pathways may provide a novel means 
for selective inhibition of parasites. 

Defining Calcium Regulation in an Early Branching Eukaryote 
Apicomplexan parasites are most similar to ciliates and dinoflagellates and only distandy 

related to plants, fungi, and animals typically used as model organisms. Apicomplexans con›
tain a remnant plastid derived from a secondary endosymbiont, called the apicoplast. A num›
ber of plant-like metabolic systems are found in apicomplexans either due to retention of 
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plastid-related functions or due to the acquisition of nuclear genes from the endosymbiont. 
For example, plant like enzymes have been identified in glycolysis^ and some structural ele›
ments such as microtubules are more closely related to plants than animals. As a consequence, 
comparison to model organisms is not always informative about the biology of apicomplexans 
either because their early origin predates the specialization of systems found in yeast, plants, 
and animals, or because it is not always certain where the closest affinities lie, even in systems 
that are conserved. Fortunately, there are a large number of whole genomes completed for the 
Apicomplexa, making it possible to delineate many conserved pathways through sequence-based 
phylogenetic comparisons. Additionally, experimental tools for direct manipulation have ad›
vanced significandy, making it possible to explore specific systems direcdy in parasites. 

Calcium is an important second messenger for signaling cascades that regulate protein se›
cretion, motility, gene expression, and cellular development in eukaryotic cells. While calcium 
is an abundant cation in the environment, it is maintained at a very low resting level in the 
cytosol of eukaryotic cells. Rapid release of stored calcium is thus a potent signal for controlling 
a variety of downstream effectors. Calcium-binding motifs in several key cytosolic proteins, 
(e.g., the EF-hand found in calmodulin and other related proteins), allows this signal to be 
propagated through diff^erent pathways. Because calcium is such a potent signal, it must be 
rapidly dampened or it becomes highly toxic for cells. Consequently, cells have developed 
elaborate ways to control release in response to environmental stimuli, and then to rapidly 
sequester calcium to shut off the signal. 

Defining the molecular pathways for the regulation of intracellular calcium in parasitic 
protozoa is of importance for three primary reasons. First calcium controls several vital cellular 
processes including secretion of adhesive proteins and motility. Second, the homeostatic mecha›
nisms for controlling calcium may provide drugable targets as shown in the case of artemisinin, 
which acts on the calcium reuptake pump in the ER (i.e., SERCA).^ Finally, as an early branch›
ing eukaryotic group, apicomplexans occupy a useful position phylogenetically that provides 
insights into the early origin of complex signaling pathways. This review summarizes what is 
known about calcium homeostasis, including clues derived form the recently completed ge›
nomes, and outlines pathways for calcium signaling in Toxoplasma, Plasmodium^ and 
Cryptosporidium. 

Calcium Homeostasis 

Regulation of Intracellular Cat^* Concentration 
In eukaryotic cells, the intracellular Ca^^ concentration ([Ca’̂ Ĵi) is maintained at 10,000-fold 

lower levels than the extracellular environment.^’̂  Maintaining this steep calcium gradient 
requires the concerted operation of several mechanisms present in the plasma membrane and 
intracellular organelles. Calcium enters through the plasma membrane, which in eukaryotic 
cells contains a number of calcium channels, some of which are under the control of receptors 
(receptor-operated Ca^^ channels), the electrical potential across the plasma membrane 
(voltage-gated Ca ^ channels), and the content of intracellular Ca^^ stores (store-operated 
channels), in addition to nonselective channels. 

In the case of the T. gondii tachyzoites, the [Câ ^̂ Ji is about 100 nM, as detected in fura-2-loaded 
cells in the presence of 1 mM extracellular Ca"̂ .̂̂ ^ Similar [Ca^^]i levels have been reported for 
extracellular P. chabaudi and P falciparum parasites using fura-2 loading and ratiometric imag›
ing. ̂ ^ Studies of intracellular P falciparum parasites using Fura-red for ratiometric imaging indi›
cate much higher levels of [Ca ^]i (370-480 nM), which is likely an average of the cytosol and 
extensive ER compartment within these cells.^^ It is likely the cytosolic concentration of cal›
cium in parasites is within the concentration range observed in other eukaryotic cells (i.e., 90-100 
nM).^^ Red blood cells also maintain a low level of [Ca^^Ji; however, following infection with 
malaria, the cytosolic concentration of calcium appears to rise, due to enhanced permeability 
and reduced export via the membrane Ca^^ ATPases (reviewed in ref. 11). 
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Storage Organelles 
Intracellular organelles contain transporters, channels, and pumps that contribute to ho›

meostasis by releasing calcium or taking it up according to the cellular requirements. The most 
important compartments are the mitochondria, acidocalcisome, and endoplasmic reticulum. 
While mitochondria are important to control large fluctuations of cytosolic calcium and the 
acidocalcisomes are important for storage, the endoplasmic reticulum serves as the primary 
source of mobilizeable calcium for signaling. 

Mitochondria 
Mitochondria possess a high capacity to sequester calcium. The inner mitochondrial mem›

brane possesses a uniport carrier for Ca^^, which allows the electrogenic entry of the cation 
driven by the electrochemical gradient generated by respiration or ATP hydrolysis. Calcium 
efflux takes place by a different pathway, which appears to catalyze the electrically neutral 
exchange of internal calcium by external sodium or protons. Previous studies have provided 
biochemical evidence for mitochondrial Ca^^ uptake in malaria parasites ’̂ ^ and preliminary 
evidence suggests the presence of a uniport mechanism in T. gondii (Vercesi and Moreno, un›
published observations). 

Acidocalcisomes 
A large store of Ca ^ in T. gondii and Plasmodium spp. is found in the acidocalcisomes, ’ ’ 

which are acidic calcium-storage organelles found in a diverse range of microorganisms from 
bacteria to man. Acidocalcisomes are characterized by their acidic nature, high density 
(both in weight and by electron microscopy), and high content of pyrophosphate, 
polyphosphate, calcium, magnesium, and other elements. ̂ ^ Acidocalcisomes in T. gondii 
have been shown to possess a plasma membrane type ATPase (PMCA), involved in Ca’̂ ^ 
influx, with similarity to vacuolar Ca’^^-ATPases of other unicellular eukaryotes. ’̂ ^ 
Acidocalcisomes also contain two proton pumps, a vacuolar H^-ATPase (V-H^-ATPase) and 
a vacuolar H^-pyrophosphatase (V-H^-PPase), involved in their acidification. ’’̂ ’̂’̂̂  Although 
the Ca^^ content of acidocalcisomes is very high (probably in the molar range), most of it is 
bound to polyphosphate and can only be released upon alkalinization^^ or after polyphosphate 
hydrolysis. No second messengers have been demonstrated to be involved in Ca^^ release 
from acidocalcisomes of T. gondii, and it seems likely this store is not directly involved in 
calcium-mediated signaling. 

In addition to the biochemical and morphological evidence for the presence of 
acidocalcisomes in malaria parasites it has been proposed that the acidic food vacuole oi Plas›
modium falciparum is also a dynamic internal Ca"̂ ^ store, which possess a thapsigargin (and 
cyclopiazonic acid)-sensitive pump. However, these studies were based on the changes 
in fluorescence of vacuole-localized Fluo-4 after addition of inhibitors or alkalinizing agents. 
More recent studies using more quantitative methods questioned the validity of the results 
using Fluo-4 and failed to confirm that the food vacuole acts as a major internal Ca ^ store 
containing a thapsigargin-sensitive Ca^^ pump. ̂ ^ Importantly, these studies did reveal the pres›
ence of electron-dense organelles rich in phosphorus (i.e., the acidocalcisomes) in P. falciparum}^ 

Endoplasmic Reticulum 
The endoplasmic reticulum also contains a large store of Ca^^ with local concentration 

reaching millimolar levels, and this pool is generally considered to be the primary source of 
mobilizable calcium for signaling. The ER possesses two pathways for calcium efflux that are 
stimulated by IP3 and ryanodine or cyclic ADPribose (described ftxrther below). The influx is 
catalyzed by the very well known sarco-endoplasmic reticulum Ca"̂ ^ -ATPase (SERCA), which 
actively translocates two Ca’̂ ^ ions for the hydrolysis of one ATP molecule. 
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Calcium Transporters and Channels 
The active export of calcium across the plasma membrane of eukaryotic cells is accom›

plished by the action of Na^/Ca^^ or Ca^^/H^ exchangers or P-type Ca^^-ATPases, which are 
classified as plasma membrane transporters (PMCA), secretory compartment transporters (i.e., 
PMRl-like Golgi Ca^^ ATPase), and ER or SER transporters.^^ 

A PMCA-type Ca^^-ATPase (TgAl) has been characterized in T. gondii, and this protein is 
located in the plasma membrane and acidocalcisomes. TgAl is able to complement yeast 
deficient in the vacuolar Ca^^-ATPase gene PMCU providing genetic evidence for its fiinc-
tion. Mutants deficient in tgal were shown to have decreased infectivity in vitro and in vivo 
due to their deficient invasion of host cells. Biochemical analysis revealed that the polyphosphate 
content of tgal mutants was drastically reduced, and that the basal Ca^^ levels were increased 
and unstable. These defects lead to impaired microneme secretion in response to agonists, thus 
demonstrating the importance of homeostasis in this calcium-activated pathway. In addition, a 
second PMCA-like gene is found in the T. gondii genome.̂ "^ The deduced amino acid sequence 
(1200 residues) of this protein shows 45% identity with TgAl. Surprisingly, no homologues 
of PMCAs are recognizable in the genomes oi Plasmodium or Cryptosporidium, indicating they 
do not rely on this pump for calcium homeostasis. 

Apicomplexans contain two genes with similarity to the yeast PMRl transporter, which is a 
Golgi-type Ca^^ ATPase.^^ One of these has previously been named ATPase4 in P. falciparum 
where it has been localized to the plasma membrane in asexual stages of malaria, suggesting it 
may function more like a PMCAs. Characterization of in vitro activity in Xenopus revealed that 
it is inhibited by vanadate and cyclopiazonic acid but not thapsigargin or ouabain.^^ 
Apicomplexans contain well-conserved homologues of SERCA-type Ca^^ ATPases.^’̂  
Apicomplexans also contain a gene previously named PfATPase2, which is most similar to 
phospholipids transporting ATPases and may not play a direct role in calcium homeostasis. 
Finally, all three apicomplexans encode a transporter with similarity to Ca^^/H^ exchangers;"^^ 
homologues are found in the vacuole in plants, and also present in bacteria and fixngi. ^ The 
location of this exchanger in apicomplexans is uncertain, but it may be involved in calcium 
homeostasis in internal organelles. 

Voltage-gated Ca^^ channels (VGCC) have been detected in free-living protozoa, including 
ciliates. VGCCs regulate influx of calcium from the extracellular medium to the cell cytosol, 
usually in response to changes in membrane potential. No such channels have been character›
ized in apicomplexans, although several orthologues are present in the genome of T. gondii 
One of these is similar to the previously described two-pore channel 1 (TPCl), the Arahidopsis 
thaliana Ca"^^-dependent Ca ^-release channel.^’^’^̂  The predicted protein has similarities to 
the channels present in the plant vacuoles and it is possible that this channel might be present 
in the acidocalcisomes or in other intracellular membranes. These calcium channels are appar›
ently absent in Plasmodium spp. and Cryptosporidium spp. 

Ca ^ release from the endoplasmic reticulum of eukaryotic cells is mediated by ryanodine 
receptors (RyR) and inositol 1,4,5-trisphosphate (IP3) channels.^^’^̂  RyRare activated by a rise 
in [Ca^^li (Ca^^-induced Ca ^ release, CICR). In addition, there are RyR-like channels acti›
vated by cyclic ADP-ribose (cADPR), sphingosine, and a distinct Ca^"^-release pathway acti›
vated by nicotinic acid adenine dinucleotide phosphate (NAADP).^^ NAADP also mobilizes 
calcium from lysosomal like stores in sea urchin eggs, and mammalian cells, although this 
pathway has not been explored in parasites. Pharmacological evidences indicate the presence of 
a IP3/ryanodine-sensitive stores in T. gondii?^ However, searching the genomes of apicomplexans 
failed to reveal genes for IP3 or ryanodine channels as defined in metazoans. This apparent 
absence could be due to lack of homology with the channels of animal cells, as occurs in plants 
that also respond to these second messengers.^^ 
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SERCA: Structure and Function 
SERCA is a large membrane protein of approximately 110-130 kDa with 10 transmem›

brane regions. SERCA is widely conserved from protozoa to mammals, although direct homo-
logues are absent in yeast and fungi, which instead have a plasma membrane type Ca^^ATPase 
and a secretory Ca^^ ATPase (summarized in ref. 38). Vertebrates contain three SERCA genes 
each of which exhibits multiple splice variants. SERCAl is found in muscle, SERCA2 is ex›
pressed in muscle and a variety of cell types and is evolutionarily oldest, while SERCA3 is 
widely expressed but has a lower affinity for calcium. Several human disease states are associ›
ated with dysfunction in SERCAs including Brody’s disease (defect in ATP2A1) and Darier’s 
disease (defect in ATP2A2). Plants also contain SERCA homologues with conserved trans›
membrane, phosphorylation and ATP binding domains. 

SERCA is one of the most well-characterized P-type ATPases, which are defined by the 
existence of phosphorylated intermediate.^^’ Structurally, SERCA consists of 10 transmem›
brane regions (Ml-MlO) and three cytoplasmic domains (A domain, actuator; N domain, 
nucleotide binding; P domain, phosphorylation). ^ The N domain binds to ATP, and after the 
ATP hydrolysis, residue Asp351 in the P-domain becomes phosphorylated. Extensive X-Ray 
crystallographic studies have defined amino acids residues that form the ATP-binding and 
Ca^’-binding pockets.^^’^̂  SERCA transports two Ca ^ molecules from the cytoplasm to the 
lumen of the ER during hydrolysis of one ATP molecule. The reaction mechanism involves 
transformation between two conformational states, known as El and E2, which bind calcium 
on the cytoplasmic side and release it into the lumen. ̂ ’̂̂ ^ 

SERCA as a Target for Artemisinin 
The SERCA orthologue o£ P. falciparum (PfATPase6) encodes a 1228 amino acid protein 

that shares 4 1 % identity and 65% similarity with human SERCA. All of the key amino acids 
residues that are predicted to form the Ca^^-binding pocket and ATP-binding site are con›
served in PfATPase6 ^ and the TgSERCA homologue.^^ Thapsigargin is a sesquiterpene lac›
tone, derived from the plant Thapsia garganica that was first reported as a tiunor promoter. 
Thapsigargin inhibits mammalian SERCA at subnanomolar concentrations by locking the 
molecule in the E2 form, which is unable to bind calcium. ’ Biochemical evidence that 
calcium homeostasis depends on the action of the SERCA pump has been provided by previ›
ous studies showing that T. gondii ’ and P. falciparum are sensitive to thapsigargin. Con›
sistent with this, 10 of 14 amino acids that are thought to interact with thapsigargin are con›
served in Pfi\TPase6^^ and TgSERCA. ̂ ^ 

Other plant alkaloids also offer potential as selective antiparasitic compounds due to inhibi›
tion of SERCA. Artemisinin is an antimalarial agent isolated from sweet wormwood {Artemisia 
annua) ’^  ̂and artemisinin and derivatives are used to treat multidrug-resistant malaria. 
Artemisinin has a unique peroxide bridge that is essential for anti-malarial activity. The perox›
ide is activated to a radical by the presence of Fe’̂ ,̂ and this activation step is essential for its 
potent anti-malarial activity. ’̂̂ ^ One potential mechanism for its antimalarial activity is the 
demonstration that artemisinin inhibits malarial SERCA (PfATPase6) expressed in Xenopus 
laevis oocytes. More recently, Uhlemann et al̂ ^ reported that a single amino acid residue could 
determine the sensitivity of PfATPase6 to artemisinin inX laevis oocytes. An artemisinin-binding 
cleft was predicted by computer modeling based on the thapsigargin-binding pocket, which 
was previously demonstrated by structural studies of the mammalian SERCA. Transmem›
brane domains M3, M5, and M7 form the putative artemisinin binding-site. Within this re›
gion, Leu263 in malarial SERCA was found to be essential for determining the sensitivity to 
artemisinin. When this residue was mutated to Glu, which is the corresponding residue to 
mammalian SERCA, the Ki value to artemisinin increased more than 300-fold. Furthermore, 
the Kj values of artemisinin for SERCA harboring L263A and L263S mutations (correspond›
ing to P vivax and P. berghei orthologues, respectively) were in proportion to the sensitivity of 
these Plasmodium species to drug treatment. The sequence of SERCA in T. gondii contains 
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Glu at the residue corresponding to Leu263, consistent with the ’-30-foid lower sensitivity of T. 
gondii?^’^  ̂ to artemisinin vs. P. falciparum?^ While these results suggest that SERCA is a pos›
sible target for artemisinin, further experiments are required to confirm that the inhibition of 
SERCA is responsible for the major antimalarial effects of atremisinin. 

Calcium-Regulated Signaling Pathways in Apicomplexans 
Motility, cell invasion, and egress from infected cells have all been linked to intracellular 

calcium in T. gondii. The relatively robust nature of T. gondii tachyzoites has made it possible to 
probe these events in real-time using time-lapse video recording with dyes such as fluo-4, and 
to provide quantitative measurements of calcium levels using fura-2. Moreover, efficient sys›
tems are available to quantitatively monitor gliding motility, cell invasion, and egress of the 
parasite. The genome of T. gondii has recently been completed and excellent systems for genetic 
manipulation are available to test the role of specific genes by knock-out or knock-down 
studies. In this regard, T. gondii provides a model system for studying the role of intracelltdar 
calcium in apicomplexans. 

Micronetne Secretion Pathway 
During interaction of the host cell, microneme proteins are secreted at the apical tip of the 

parasite where they engage host cell receptors and mediate polarized attachment to the host 
cell. Discharge of microneme proteins is triggered by treatment with calcium ionophores and 
conversely blocked by chelation of intracellular calcium with BAPTA-AM, thus demonstrating 
that a rise in intracellular calcium is both necessary and sufFicient for secretion. ̂ ^ Since this 
initial demonstration of the requirement for calcium in secretion in T. gondii^ similar studies 
have revealed that this is likely a conserved process in C parvum and P. berghei. Treatment 
with short chain alcohols and acetaldehyde are also potent triggers of microneme release in T. 
gondii, a property that may result from activation of phospholipase C. ^ Activation of microneme 
secretion also requires protein kinases, as initially shown by studies that the general S/T kinase 
inhibitor staurosporine blocks microneme secretion, host cell attachment, and invasion in both 
T gondii and P knowlesi. Subsequently, two classes of protein kinases have been identified 
that act downstream of the calcium signal and which are essential for microneme secretion: 
plant-like calmodulin-like protein kinases (CDPKs) and cyclic GMP-dependent protein ki›
nase 

(cGMP-PK)^2 (described flirther below). 
Induction of microneme secretion involves both IP3-like and ryanodine-like response chan›

nels for elevating intracellular calcium (Fig. 1). Treatment with ethanol increased IP3 and [Ca’̂ Ĵj 
and this pathway is sensitive to inhibitors of IP3 channels.^^ Recent evidence indicates that IP3 
is produced in T. gondii by a phosphoinositide-specific phospholipase C, delta type. Studies 
with 77 gondii indicate that apicomplexans also responded to agonists of cADPR-gated chan›
nels such as ryanodine and caffeine (Fig. 1). Consistent with this model, X gondii contains 
cADPR cyclase and hydrolase activities, the two enzymes that control cADPR levels. Phar›
macological evidence suggests that both IP3 and ryanodine response pathways contribute to 
calcium-mediated secretion (Fig. 1). 
Calcium Oscillations and Motility 

Calcium-dependent secretion of microneme proteins is also required for motility of T. gondii, 
presumably due to the ability of these adhesive proteins to bind to the substratum, cross the 
membrane, and link to the cytoskeleton. Imaging of gliding parasites with the calcium-sensitive 
dye fluo-4 revealed a surprising result that intracellular calcium levels undergo periodic fluc›
tuations in T. gondii, rising and falling in repeated cycles. Calcium oscillations are associated 
with gliding and treatment with several agonists of calcium release revealed that these oscilla›
tions control motility. Treatment with caffeine causes a prolonged elevation in intracellular 
calcium and blocks motility. In contrast, treatment with calmidazolium, which decreases the 
amplitude but increases the frequency of calciiun spikes, increases microneme secretion and 
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Figure 1. Calcium-mediated secretions in T. gondii. Elevated calcium controls microneme 
secretion in T. gondii.^^’^^ Two pathways for calcium-mediated release have been described 
in T. gondii: generation of cyclic ADP ribose (cADPR) by ADP-ribose cyclase^"* and generation 
of IP3 ̂ ^ Although specific release channels have not been identified, pharmacological evi›
dence supports the presence of channels that respond to caffeine and ryanodine.^’^ Ethanol is 
a potent trigger of secretion and is thought to act by stimulating phospholipase C (PLC) to 
generate IP3. Ryanodine response channels are blocked specifically by 8-Bromo-cADP 
(8-Br-cADP) and dantrolene,^"* while IP3 channels are blocked by xestospongin.^’’ A calcium 
reuptake mechanism is provided by SERCA. Artemisinin and thapsigargin are thought to act by 
inhibiting this reuptake mechanism (̂  and unpublished data). Downstream of calcium release, 
two different kinases play an important role in secretion: calmodulin-like domain kinase 1 
(CDPK1 )̂ ^ and cGMP- protein kinase (cGMP-PK).^^ The role of these kinases has been partially 
defined by the selective inhibition of cGMP-PK by compound 1^^ and CDPK1 by KT5926.^^ 
The natural agonists and cell surface receptors involved in sensing have not been defined. 

prolongs motility. While increased calcium levels within the parasite cytosol are important 
for motility and invasion of host cells by T. gondii, extracellular calcium appears to play little 
role. ’ Following completion of intracellular replication, the parasite exits the host cell through 
an active process of egress, which can be stimulated by calcium ionophores. A decrease in 
extracellular K levels (which occurs in host cells due to loss of membrane integrity) has been 
linked to increases in intracelliJar calcium in the parasite and activation of egress. However, 
this transition is not linked to changes in membrane potential, but rather to the activation of 
PLC and subsequent release of intracellular calcium. 

Ca^^’Binding Proteins 
Release of intracellular calcium or influx from outside the cell can activate a number of 

downstream signaling pathways that are mediated by calcitun-binding proteins. Calmodulin 
(CaM) was initially characterized in T. gondii as a small (16 kDa) acidic calcium-binding pro›
tein with four calcium-binding sites (EF-hands) and with a high level of identity (92.5%) with 
human CaM. By immunofluorescence analysis using monoclonal antibodies reactive against 
CaM from different species, T. gondii CaM was found in the apical end of released tachyzoites 
and also beneath the membrane in intracellidar parasites."^^ Immunogold electron microscopy 
using monoclonal antibodies against mammalian CaM confirmed the localization of CaM in 
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the anterior region of tachyzoites/^ Such heterologous antibodies may in fact recognize multiple 
CaM-like proteins in T. gondii. Whole genome analysis indicates there is a single conventional 
CaM, three centrins (CETN), and an additional 9 CETN-like genes in T. gondii?^ Several of 
these more divergent CETN-like genes have been referred to as CAMl and CAM2 and have 
been localized to the conoid/^ Calmodulin has also been cloned in P. falciparum^ and inhibi›
tors of CaM block invasion of red blood cells, consistent with its apical location. 

Apicomplexans also contain a variety of centrin and caltractin-like genes, defined by the 
presence of EF-hands.^’̂  Centrins are a key component of centrioles at the core of the cen-
trosome, which serves as a microtubular organizing center. Centrioles also play an impor›
tant role in cytokinesis, and centrin has been shown to localize to the dividing apicoplast in 
Toxoplasma. It is unclear why apicomplexans have multiple centrins, but divergent centrins 
have been implicated in controlling voltage-gated calcium channels in Parameciums^ ho›
mologous DNA recombination and excision repair in ArahidopisisJ^ and axonemal func›
tions in Tetrahymena}^ Toxoplasma also contains a homologue of calnexin, a calcium-binding 
lectin in the ER that functions as a chaperone. None of the apicomplexans examined here 
have obvious homologues of other calcium sequestering proteins including calcineurin, 
endoplasmin, or troponin Q?’^ 

CDPKs Control Secretion and Development 
Apicomplexans resemble plants in that they contain a large number of calcium-dependent 

protein kinases (CDPK) while they do not contain calmodulin-dependent kinases, which are 
abundant in animal cells. CDPKs contain an N-terminal S/T kinase domain, a linker region 
and up to four partially conserved EF-hands that are similar to calmodulin. CDPKs are abun›
dant in plants, for cxs^xrvplcArabidopsis contains -30 CDPK genes, which have been implicated 
in diverse functions including stress response, transport, and cytoskeletal functions.^ Com›
parative genome analysis reveals a large number of CDPKs are found in the T. gondii genome, 
along with several members of a related family of CDPK-related kinases that lack conserved 
EF-hand domains. Remarkably, Toxoplasma contains 22 members of this family of CDPK 
and CRK kinases, suggesting a wide range of cellular functions. Plasmodium (contains 12) and 
Cryptosporidium (contains 7) by comparison have fewer members of these families of kinases, 
but still show this bias to plant-like CDPKs.^^ 

Among the diverse number of CDPKs in apicomplexans, only a few have been studied in 
any detail. CDPKl has been described in T gondii as a calcium-dependent kinase that phos-
phorylates several potential substrates required for microneme secretion and/or motility. 
CDPKl was shown to be the most probable target of KT5926, a S/T kinase inhibitor that 
blocks parasite motility and microneme secretion. ’̂ "̂  The substrates of CDPKl have not yet 
been identified but may involve machinery that is required for vesicle transport or fusion to the 
membrane. Importandy, the requirement for kinase activity of CDPK cannot be bypassed by 
elevating intracellular calcium, indicating that protein phosphorylation is a downstream event 
that follows increases in intracellular calcium (Fig. 1). Additionally, cGMP-PK has been shown 
to play an essential role in microneme secretion, motility, and invasion. cGMP-PK does not 
appear to be involved in generation of calcium release but likely acts downstream of this signal 
or at an independent step (Fig. 1). 

In Plasmodium, CDPKl and 2 are expressed in asexual stages while CDPK 3 and 4 are 
expressed in gametocytes and ookinetes. Recent data indicate that CDPK4 is essential for pro›
gression of the cell cycle during differentiation of microgametocytes of 7? herghei^^ while CDPK3 
is necessary for ookinete migration and midgut invasion.^ ’̂ ^ Intracellular calcium is an impor›
tant signal for gametocyte development, and microgametocytes respond to xanthurenic acid by 
raising intracellular calcium.^^’̂  Induction of gametocyte exflagellation by pH shifi: has been 
shown to induce IP3, suggesting a route for release of Ca^^ from internal stores,^^ likely from 
the ER based on analogy to the studies mentioned above for T gondii. 
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Future Challenges 
Apicomplexan parasites exhibit several calcium-dependent activities that are vital to their 

survival including protein secretion, motility, and diflFerentiation. Understanding the molecu›
lar basis for these processes will be gready aided by the recent completion of parasite genomes, 
which allow predictions about possible functions of cation transporters, channels, and 
calcium-dependent effector proteins. Apicomplexans sit at an early branch point in the eukary-
otic tree and yet they contain both IP3-like and ryanodine-like calcium response channels that 
are characteristic of higher mammals. Hence studies of calcium storage and release mechanism 
in these parasites may inform us about the origins of complex signaling networks in eukary-
otes. One of the most unusual features of calcium metabolism in apicomplexans is the presence 
of a diverse array of plant-like calcium-dependent protein kinases. Calcium signaling pathways 
offer multiple targets for selective inhibition either due to the presence of unusual members of 
these calcium response proteins in parasites or due to key molecular and structural differences 
in conserved machinery. 
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CHAPTER 6 

Trypanosoma cruzi: 
Parasite and Host Cell Signaling during the Invasion Process 

Nobuko Yoshida* and Mauro Cortez 

Abstract 

M ammalian cell invasion by Trypanosoma cruzi is a complex process in which various 
parasite and host cell components interact, triggering the activation of signaling 
cascades and Ca^^ mobilization in both cells. Using metacyclic trypomastigotes 

(MT) generated in vitro and tissue culture-derived trypomastigotes (TCT), as counterparts 
of insect-borne and bloodstream parasites, respectively, the mechanisms of host cell invasion 
by X cruzi have been partially elucidated. Distinct sets of molecules are engaged by MT and 
TCT to enter target cells. MT make use of surface glycoproteins with dual Qo?^ signaling 
activity, in a manner dependent of 77 cruzi isolate. In highly infective MT, the binding of 
gp82 to its receptor triggers a signaling cascade involving protein tyrosine kinase, phospho-
lipase C and production of inositol 1,4,5-triphosphate, whereas in poorly invasive MT, the 
mucin-like gp35/50 induces the activation of a signaling route in which adenylate cyclase, 
generation of cAMP and Ca^^ mobilization from acidocalcisomes are implicated. The host 
cell signaling pathways activated by MT remain to be determined. Differently from MT, the 
TCT surface molecules that bind to host cells as a prelude to invasion, such as the glycopro›
teins of gp85 family, appear to be devoid of signaling properties, but they may induce TCT 
enzymes, such as oligopeptidase B and cruzipain, to generate Ca ^ signaling factors of para›
site or host cell origin. Host cell responses mediated by TGF-p receptor or integrin family 
member may also be triggered by TCT. A more complete and detailed picture of T. cruzi 
invasion needs further investigations. 

Introduction 
Host cell invasion is critical for the establishment of Trypanosoma cruzi infection in mam›

mals. The hallmark of this process, which requires the engagement of various parasite and host 
cell components, in a concerted series of events, is the activation of signaling cascades and the 
increase in cytosolic Ca"̂ ^ concentration in both cells.^’̂  

In natural infections, metacyclic trypomastigotes (MT) from insect vectors are the parasite 
forms responsible for the first contact with host cells. Through the ocular mucosa, lesions in 
the skin or by oral route, MT reach the target cells and are internalized in a membrane-bounded 
vacuole. Following the escape to the cytoplasm, differentiation into amastigotes and replica›
tion, the parasites transform into trypomastigotes that are released in the circulation upon host 
cell rupture. These circulating parasites, which can be transmitted congenitally or by blood 
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Figure 1. T. cruzi life cycle. Upon entering the mammalian host through the ocular mucosa, 
lesions in the skin or by oral route, insect-derived metacyclic trypomastigotes invade cells, 
differentiate into amastigotes, vi’hich replicate by binary fission and subsequently transform 
into trypomastigotes that are released in the circulation. These circulating parasites, which can 
be transmitted congenitally or by blood transfusion, disseminate to diverse organs and tissues, 
where they go through additional rounds of cell invasion and intracellular multiplication. The 
cycle goes on when the circulating trypomastigotes are ingested by the triatomine vectors 
during their blood meal. 

transfusion, disseminate to diverse organs and tissues, where they go through additional rounds 
of cell invasion and intracellular multiplication (Fig. 1). 

Most studies aimed at elucidating the mechanisms of mammalian cell invasion by T cruzi 
have used MT generated in liquid media and tissue culture-derived trypomastigotes (TCT) as 
counterparts of insect-borne and bloodstream parasites, respectively. The available data indi›
cate that during host cell entry MT and TCT engage distinct sets of molecules to induce the 
activation of signal transduction pathways leading to Ca ^ mobilization. In addition, different 
77 cruzi isolates may trigger different signaling routes to invade cells. Here we summarize the 
data from in vitro experiments of mammalian cell invasion by MT and TCT, focusing on the 
molecular events underlying the process. 

Host Cell Invasion by Metacyclic Trypomastigotes Expressing 
Distinct Câ "̂  Signaling Molecules 

The process of MT internalization, which is contact-dependent, initiates with the binding 
of parasite surface molecules to as yet undefined host cell receptors, and triggering of bi-directional 
signaling cascades leading to Ca ^ mobilisKition. Three MT molecules with Ca signal-inducing 
activity have been identified so far: the glycoproteins gp82, gp30 and gp35/50. The role of 
these molecules in host cell invasion was deduced from experiments in which MT internaliza›
tion was inhibited either by the native glycoprotein or by specific monoclonal antibody.^’̂  
Depending on T. cruzi isolate, gp82, gp30 or gp35/50 is engaged and this determines the 
signaling routes that are activated in the parasite and the host cell. 
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Gp82 is a MT-specific glycoprotein containing N-linked oligosaccharides, inserted in the 
plasma membrane by glycosylphosphatidylinositol (GPI) anchor.^ The carbohydrate portion 
of the molecule is not required for target cell interaction. Located in the central domain of 
gp82 is the conformation-dependent cell binding site, formed by juxtaposition of two charged 
peptide sequences separated by a hydrophobic stretch. ̂ ^ Gp82 triggers a transient Ca^^ mobi›
lization in mammalian cells susceptible to T. cruzi infection, such as HeLa and Veto cells, but 
not in T. rr«js/-resistant K562 cells. It remains to be determined which signaling route is acti›
vated in target cells upon binding of gp82. 

Binding of gp82 to its receptor triggers in MT of 77 cruzi isolate CL, which depend on this 
surface molecule to enter host cells, a non transient Ca * response inhibitable by the native or 
the recombinant protein. From studies using well known inhibitors of mammalian cell sig›
naling cascades for treatment of MT, it was inferred that downstream to gp82, a protein ty›
rosine kinase (PTK) is activated, with phosphorylation of p i 75, a protein that is undetectable 
in non infective epimastigote forms. Another component of this signaling cascade is phos-
pholipase C (PLC), which generates inositol 1,4,5-triphosphate (InsP3) from 
phosphatidylinositol-4,5-biphosphate, as deduced from inhibition of MT infectivity by PLC 
inhibitor U73122, as well as by drugs that affect Ca ^ release from IP3-sensitive compart›
ments.^^ Figure 2A depicts the possible signaling pathway leading to Ca"̂ ^ mobilization that is 
activated in MT of T. cruzi isolate CL and, by extension, in other isolates dependent on gp82 
for internalization. The picture is incomplete, with many questions still to be elucidated, such 
as how gp82, which is GPI-anchored and therefore associates only with the outer leaflet of the 
MT lipid bilayer, activates PTK, and whether there is a direct connection between PTK or 
p l75andPLC. 

Engagement of gp82 for target cell invasion has been associated with high MT infectivity, a 
notion reinforced by recent findings with a clone designated CL-14, derived from the CL 
isolate. MT of clone CL-14, which express low gp82 levels on the surface but otherwise display 
a surface profile similar to that of the CL isolate, exhibit reduced invasive capacity. ̂ ^ In con›
trast to CL isolate, and consistent with the engagement of molecules other than gp82 to enter 
host cells, the internalization of clone CL-14 MT is not affected by treatment of parasites with 
genistein, a specific PTK inhibitor, PLC inhibitor U73122 or drugs that deplete Ca ^ from 
Insp3-sensitive stores. 

Gp82, originally defined as the MT surface molecule that reacts with monoclonal antibody 
3F6 (MAb 3F6),^^ has been detected in most 77 cruzi isolates analysed to date but its expression 
is not ubiquitous. Recently, two isolates were found to be gp82-deficient while expressing MAb 
3F6-reactive surface glycoprotein gp30 with Ca^^ signaling activity.^ MT of gp82-deficient 77 
cruzi isolates invade host cells in gp30-mediated manner and are as infective as MT of the CL 
isolate.^ As in MT of 77 cruzi isolate CL, the infectivity of gp82-deficient MT are inhibited by 
PTK inhibitor genistein and by thapsigargin, which depletes Ca ^ from endoplasmic reticu›
lum, implying that a common parasite signaling pathway is activated by gp30 and gp82. 

Mucin-like glycoproteins gp35/50, which constitute another group of MT surface mol›
ecules with Ca ^ signal-inducing activity, are highly glycosylated molecules with glycans 
O-linked to threonine residues. They are rich in sialic acid and galactose residues, and consti›
tute the main acceptors of sialic acid in a reaction mediated by trans-sialidase (TS), an en›
zyme that specifically transfers (a2-3)-linked sialic acid from extrinsic host-derived macromol-
ecules preferentially to available galactose acceptors.^ Sialic acid is not required for gp35/50 
binding to host cell. In MT of 77 cruzi isolate G, which rely on gp35/50 for internalization, the 
removal of sialic acid by neuraminidase increases the parasite ability to trigger target cell Ca ^ 
response as well as their infectivity.^^ When MT are resialylated by incubation with TS and 
sialyl lactose, the rate of parasite entry into host cells is restored to levels similar to those before 
desialylation.^^ Galactofuranose residue may be part of the cell binding site of gp35/50, as 
deduced from the inhibition of parasite internalization by monoclonal antibody 10D8, which 
recognizes a galactofuranose-containing epitope.^ 
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Figure 2. Schematic representation of signaling molecules and pathways that may be activated 
during T. cruzi metacyclic trypomastigote entry into nonphagocytic mammalian cells. A) In 
metacyclic forms of the CL isolate, which are highly invasive, the binding of the surface 
glycoprotein gp82 to its receptor induces the activation of protein tyrosine kinase (PTK) that 
phosphorylates p i 75. Phospholipase C (PLC) is also activated, generating InsPa and 
diacylglycerol (DAG). InsPs would promote release of Ca^^ from endoplasmic reticulum (ER). 
B)ln metacyclic forms of the G isolate, which are poorly invasive, the binding of the mucin-like 
surface glycoprotein gp35/50 to its receptor triggers the activation of adenylate cyclase and 
generation of cAMP and Ca "̂̂  is mobilized, possibly from acidocalcisomes. Both in CL and G 
isolates, the connection of gp82 and gp35/50, both of which are GPI-anchored to the plasma 
membrane, to the downstream signaling components may require adaptor (?) proteins. The 
routes leading to Ca "̂̂  mobilization in host cells upon binding of gp82 or gp35/50 are not 
known. Dashed arrows represent hypothetical events. 

In MT of 77 cruzi isolates that engage gp35/50 to invade host cells, as is the case of G 
isolate, a signaling cascade distinct from that induced by gp82 is triggered (Fig. 2B). PTK 
and PLC are not implicated, whereas the increased parasite infectivity upon treatment with 
adenylate cyclase activator forskolin indicates the involvement of cyclic AMP.^^ The Câ "̂  
required for cell invasion appears to be mobilized from acidocalcisomes, the vacuoles con›
taining a Ca ^/H^ exchange system, ̂ ^ as inferred from the diminished parasite infectivity 
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upon treatment with ionomycin plus NH4CI or nigericin, combinations that release Ca^^ 
from these acidic compartments. 

The preferential engagement of gp35/50 by MT of G isolate is associated with low infec-
tivity,^ as opposed to the high infectivity of T cruzi isolates that enter host cells in gp82- or 
gp30-mediated manner. Depending on T. cruzi isolate, both gp82 and gp35/50 may partici›
pate in host cell invasion. Such is the case of the Tulahuen isolate, whose infectivity is inter›
mediate between that of G and CL isolates. Invasion by MT of this isolate is inhibitable by 
monoclonal antibody to either of these molecules as well as by the native gp82 or gp35/ 
50.^’̂  The involvement of gp82, gp30 and gp35/50 in MT internalization has been estab›
lished in mammalian cells that are not professional phagocytes. Whether they play a role in 
MT entry into phagocytic cells was not determined. Experiments with different T. cruzi 
isolates have shown that the rate of infection of macrophages by MT correlates to that of 
epithelial HeLa cells. 

Tissue Culture Trypotnastigotes and Host Cell Signaling 
Several TCT surface molecules, including TS and the glycoproteins gp85 with adhesive 

properties towards cytokeratin 18 and components of the extracelullar matrix such as laminin, 
have been reported to play a role in host cell invasion. ’ ’ The signaling activity of these 
molecules has not been determined. On the other hand, there is a report on an undefined 
soluble factor from TCT that triggers InsP3 formation and Ca ^ mobilization in target cells. 
This Ca*̂ ^ agonist is generated by the action of an oligopeptidase B (OPB) on an unknown 
precursor. ’ Interaction of TCT with host cells through either of the adhesive molecules 
expressed on the surface may relay the signal for parasite OPB activation. By itself, OPB, 
which is a cytosolic enzyme, is devoid of Ca ^ signaling effect. Depletion of the gene encod›
ing OPB render TCT defective in mobilizing Ca’̂ ^ from thapsigargin-sensitive stores in non 
phagocytic mammalian cells, and in establishing infection in vitro and in vivo. The uptake 
of TCT by macrophages, however, is largely independent of OPB. It has been proposed 
that the Ca ^ agonist generated by OPB is secreted by TCT and binds to a receptor on the 
surface of target cells, activating PLC and generating InsP3, which promotes Ca ^ release 
from the endoplasmic reticulum.*^ 

Another TCT enzyme that produces a Ca ^ agonist is cruzipain, the major T. cruzi cysteine 
protease implicated in host cell invasion.^^ In this case, the Ca^^ signaling factor is of host 
origin. By acting on cell-bound kininogen, cruzipain produces bradykinin that triggers Ca ^ 
mobilization in cells expressing B2 type of bradykinin receptor, thus contributing for TCT 
internalization."^ This kinin-mediated transduction pathway is not ubiquitous, its activation 
depending on the mammalian cell type and the parasite isolate used. The ability of cruzipain 
to release kinins from high molecular weight kininogen is modulated by heparan sulfate, which 
can enhance the enzyme activity up to 3 5-fold. 

To invade host cells, TCT may also use mechanisms other than those mediated by OPB 
or cruzipain. Ming et al̂ ^ found that TCT attached to transforming growth factor (3 (TGFp) 
receptor-deficient epithelial cell lines, but were unable to penetrate. Susceptibility to TCT 
infection was restored by transfection with TGFp receptor genes, and treatment with TGFp 
greatly enhanced parasite internalization. As a TGFp responsive reporter gene is induced in 
TGFp sensitive cell lines by TCT, but not by noninvasive epimastigotes, it was postulated 
that TCT may directly trigger activation of theTGFp-signaling pathway,^^ but the putative 
TGFp-like factor from TCT has never been characterized. In macrophages, TCT internal›
ization may require the involvement of heterodimeric pi integrins, which belong to a ubiq›
uitous family of integral membrane proteins that link the extracellular matrix to the cortical 
cytoskeleton. When added to human macrophages, monoclonal antibodies to pi subunit of 
VLA integrin family specifically blocked TCT uptake."^^ As that inhibition correlated with 
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the ability to block fibronectin binding to macrophages, it is uncertain whether the parasite 
interacts with VLA directly or through the binding to fibronectin. Another host cell compo›
nent reported to participate in TCT adhesion, and possibly invasion, is galectin 3, which 
increases K-Ras activation and triggers a Ras signal.^ In experiments with human coronary 
artery smooth muscle cells, which express galectin-3 on the surface and also secret it, the 
exogenous galectin-3 enhanced TCT binding and stable transfection of cells with antisense 
galectin’3 decreased parasite adhesion. ̂ ^ 

Diverse signaling routes can be triggered by TCT in target cells, but it is unclear whether 
they are activated simultaneously and/or to what extent they share common downstream com›
ponents. Also, despite the considerable number of host cell signaling molecules implicated in 
TCT invasion, it is difficult to determine which signal transduction pathway they are part of, 
because the data are fragmentary. In addition to PLC and its product InsP3, which are associ›
ated with Ca ^ mobilization from intracellular stores, protein kinases, lipid kinases and phos›
phatases have been reported to participate in TCT internalization. 

The role of protein tyrosine kinase (PTK) in 77 cruzi invasion of macrophages was revealed 
by treatment of macrophages with genistein, a specific PTK inhibitor. Tyrosine-phosphorylated 
residues were found to accumulate at the site of parasite association with the macrophage 
surface, colocalizing with host cell F-actin-rich domains. Activation of macrophage protein 
kinase C and enhancement of parasite uptake upon incubation with recombinant gp83, a TCT 
surface ligand, was also reported. 77 cruzi entry into non professional phagocytes does not 
require PTK, but may require protein kinase B, as suggests the reduced susceptibility to TCT 
invasion of transiently transfected 3T3 cells containing an inactive mutant enzyme, when com›
pared to the active mutant-transfected cells.^^ 

In addition to protein kinases, protein phosphatases may play a role in TCT internalization. 
Invasion of TCT, which induces tyrosine dephosphorylation of several proteins in L6E9 myo›
blasts, was found to be greatly reduced in the presence of protein tyrosine phosphatase inhibi›
tors, and in the presence of excess phosphotyrosine, but not of phosphoserine or 
phosphothreonine. Implication of another phosphatase in TCT internalization comes from 
observations that, when infected with TCT, human HEp2 tumor cells display altered placental 
alkaline phosphatase activity and different pattern of actin organization, compared to control 
cells, and their susceptibility to invasion is decreased by interfering with the enzyme activity 
before infection.^^ 

TCT invasion appears also to require lipid kinases. In macrophages, TCT entry stimulated 
the formation of lipid products of phosphoinositide (PI) 3-kinases, and the enzyme was 
localized at the site of parasite interaction with macrophages, rich in F-actin. Upon treatment 
with PI 3-kinase inhibitor wortmannin, murine and human macrophages, nonphagocytic Vero, 
L6E9 and 3T3 cells became less susceptible to TCT infection. 

Multiple mechanisms of mammalian cell invasion are available for TCT. If they use them 
alternately, sequentially or simidtaneously may depend on which 77 cruzi isolate interacts with 
which cell type. While the signaling process in TCT is not uncovered, and with many pieces of 
the various possible signaling cascades in the host cell still lacking, the precise sequence of 
events following the interaction of the two cells remains undefined. Figure 3 illustrates some of 
the possibilities TCT may exploit to invade cells that are not professional phagocytes. By at›
taching to target cells through the surface molecules of gp85 family, for instance, TCT induce 
the generation of a agonist that triggers the signaling cascade involving activation of PLC 
and Ca"̂ ^ release in InsP3-dependent manner. Concomitandy or sequentially, the cruzipain 
secreted by attached TCT exerts its action on kininogen, producing bradykinin that also in›
duces response when recognized by its receptor. 77 cruzi isolates that trigger both signaling 
pathways may be more invasive, and additional signaling routes, such as those mediated by 
TGFp receptors, may further contribute to the process of TCT internalization. 
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Figure 3. Schematic representation of signaling molecules and pathways that may be activated 
during penetration of tissue culture trypomastigotes into nonphagocytic mammalian cells. At›
tachment of the parasite to the host cell, for instance through the laminin-binding surface gly›
coprotein gp85 that is recognized by cytokeratin 18, may trigger the cytosolic oligopetidase B 
(OPB)-mediated production of a Ca "̂̂  agonist, leading to activation of phospholipase C (PLC) and 
generation of InsPs that promotes Ca^^ release from endoplasmic reticulum (ER). ACa^’*^-signaling 
factor of host origin, bradykinin, could also be generated by action of T. cruzi major cysteine 
protease cruzipain (Cz) on cell bound kininogen. Among the other possible signaling pathways 
that may be activated by the parasite is that involving TGF-p receptor. Whether phosphoinositide 
3-kinase (PI3K) and adenylate cyclase (AC) are part of any of these signaling routes remains to 
be defined. Dashed arrows represent hypothetical events. 

Host Cell Ca^* Signaling, Actin Cytoskeleton Disassembly 
and Lysosome Recruitment 

Until recently the prevalent notion on TCT invasion of non phagocytic mammalian cells 
was that, follov^ing Ca^^ mobilization from intracellular stores and actin cytoskeleton 
disassembly, lysosomes are recruited to the site of T cruzi penetration and fuse with the plasma 
membrane, contributing to formation of the parasitophorous vacuole. In that scheme, cAMP 
potentiated the Ca ^-triggered lysosome exocytosis, which was regulated by synaptotagmin 
VII, a ubiquitously expressed synaptotagmin isoform that is localized on the membrane of 
lyososomes in different cell types. That the targeted lysosome exocytosis is the predominant 
mechanism by which TCT gain ^LCCQSS to nonprofessional phagocytic cells has been challenged 
by the findings that only a minimal fraction of invading TCT associate with host cell lysos›
omes, whereas the majority of parasites induce plasma membrane invagination and the 
TCT-containing vacuoles gradually acquire lysosomal markers. ^ According to Wilkowsky 
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et al, the newly forming T cruzi compartments first interact with an early endosome com›
partment and subsequendy with other late endosomes, before interaction with lysosomes. 

In the lysosome-independent pathway of T. cruzi entry, the invading TCT tightly associ›
ated with the host cell plasma membrane is rarely seen colocalized with F-actin and the 
parasite internalization is facilitated by disruption of target cell actin cytoskeleton. Appar›
ently, regardless of the invasion route, wortmannin sensitive target cell PI 3-kinases are in›
volved in TCT invasion of different nonphagocytic cell types, TCT vacuoles enriched in PI 
3-kinase lipid products being detectable following parasite-host cell interaction. ^ Whether 
PI 3-kinases are associated with Ca^^ signaling and actin cytoskeleton rearrangements is not 
known. 

Lysosomal fusion at the site of TCT contact with the target cell may play only a minor 
role in parasite internalization, but the formation of parasitophorous vacuoles with lysoso›
mal properties, which is also PI 3-kinase-dependent, is essential to prevent the exit of TCT, 
thus ensuring productive infection. According to Woolsey and Burleigh,^ actin assembly 
is required for the fusion of TCT-containing vacuoles with lysosomes as well as for cellular 
retention of parasites, so that prolonged disruption of actin microfilaments results in signifi›
cant loss of internalized parasites. Experiments of cytochalasin D pretreatment of cells have 
shown that lysosome-independent TCT entry is enhanced by rapid and reversible inhibition 
of actin polymerization, but for the internalized TCT progress to a lysosomal vacuole, which 
occurs within 60 min for the vast majority of parasites, actin reorganization and assembly is 
required. ^ In the integrated model proposed by Woolsey and Burleigh, ^ TCT attachment 
to host cells induces transient depolymerization of cortical actin cytoskeleton, facilitating 
parasite entry by plasma membrane invagination but not by lysosome-dependent route. In›
ternalized parasites may exit the host cell while the actin polymerization and assembly does 
not occur and the TCT vacuole maturation, with acquisition of lysosome markers, is not 
completed. 

Concluding Remarks 
Activation of signal transduction pathways triggered in the parasite and the host cell, 

leading to intracellular Ca ^ mobilization and Ca ^-induced reorganization of the host cell 
actin cytoskeleton, constitutes the general mechanism by which T. cruzi trypomastigotes 
invade mammalian cells. With the identification of target cell components involved, plus a 
plethora of T. cruzi molecules that has been identified and characterized structural and func›
tionally, the whole process is beginning to be understood at the molecular level. The infec›
tive trypomastigote forms, MT and TCT, engage different molecules to interact with host 
cells. To enter target cells, MT make use of surface glycoproteins with dual Ca^^ signaling 
activity in a manner dependent of 77 cruzi isolate. Binding of MT gp82 to its receptor trig›
gers in the parasite a signal transduction pathway involving PTK, PLC and production of 
InsP3, which is distinct from that induced by mucin-like gp35/50, in which adenylate cy›
clase, generation of cAMP and Ca^^ mobilization from acidocalcisomes are implicated. Pref›
erential activation of either of these routes appears to determine the MT infectivity, gp82-
and gp35/50-mediated routes being associated respectively with high and low invasive ca›
pacity. Differently from MT, the TCT molecules that bind to host cells as a prelude to 
invasion, such as the glycoproteins of gp85 family, may not have signaling properties but 
they could induce TCT enzymes, such as oligopeptidase B and cruzipain, to generate Ca^^ 
signaling factors of parasite or host cell origin. Other signaling routes that may be activated 
in host cells by TCT include those mediated by TGF-P receptor, integrin family member or 
galectin 3. Considerable progress has been made towards understanding the mammalian cell 
invasion by T. cruzi, but a lot more work has to be done before we can draw a more complete 
and detailed picture of that process. 
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CHAPTER 7 

Host Cell Actin Remodeling in Response 
to Cryptosporidium 
Steven P. O^Hara, Aaron J. Small, Xian-Ming Chen 
and Nicholas F. LaRusso* 

Introduction 

D espite sporadic reports of Cryptosporidium infection throughout the 1900s, the clinical 
significance of this parasite in humans was not recognized until the first document›
ed human diagnosis of C parvum in 1976,^’̂  and the subsequent realization that as 

an opportunistic infectious agent, Cryptosporidium infection in AIDS patients was associated 
with sijgnificant morbidity and mortality^ and a causative agent of AIDS-related biliary dis›
ease.^ With the advent of highly active antiretroviral therapy, AIDS-related cryptosporidial 
disease occurs less frequently, yet Cryptosporidium is now recognized as a widely dispersed para›
site and a significant enteropathogen of immunocompetent and immunocompromised hosts. 
Two species, C. hominis and C parvum^ readily infect humans. While C. parvum infects a wide 
range of mammalian hosts, C hominis is believed to infect only humans. Most of the experi›
mental evidence of host cell actin remodeling to date has been accomplished using C parvum. 

C parvum exhibits a monoxenous life cycle, where all developmental stages occur in a single 
host. The infective cycle begins when a vertebrate host ingests an oocyst. C parvum oocysts 
excyst in the gastrointestinal tract, releasing infective sporozoites that invade the enteric epithe›
lium. It is these infective sporozoites that have been utilized to look at the initial cascade of 
events culminating in actin reorganization in cell cultm-e systems. Once internalized at the 
surface of epithelial cells, the trophozoite undergoes asexual reproduction by merogony form›
ing a Type-1 meront. Six to eight Type-1 merozoites are released from Type-1 meronts when 
mature; they then invade neighboring enterocytes. Ultrastructurally, internalization of sporo›
zoites and merozoites is similar and it is assumed that both distinct developmental stages utilize 
the same invasion machinery and drive actin reorganization through similar mechanisms. Less 
is known about host cell actin reorganization during the sexual stages of parasite development. 
Therefore, the current brief summary will focus on actin reorganization during zoite inter›
nalization and development, focusing primarily on the molecular mechanisms of actin 
reorganization. 

Infection Process and Ultrastructural Observations 
Microscopic examination of tissues infected with Cryptosporidium reveals dramatic alter›

ations in host cell morphology. Infected cells are typically shortened and the microvilli in the 
immediate vicinity of the parasite are often branched and dramatically elongated (Fig. 1), 
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Figure 1. Scanning electron micrograph of internalized Cryptosporidium parvum in bovine fallo›
pian tube epithelial cells. Several short microvilli are observed on the surface of the cells, while 
many long, branched microvilli-like structures are observed in the immediate vicinity of the 
internalized parasites. The base of each parasite reveals a fluted appearence, possibly indicative 
ofthemicrovi liar origin. Bar, 1.5 jxm. Reprinted from Forney JRetal. Infection and Immunity 1999; 
67:844-852; '199 9 with the permission of authors and the American Society for Microbiology.^^ 

however, it has not been determined whether, C parvum preferentially infects in regions where 
microvilli are more robust or if the infection process initiates the actin based extension of these 
cellular projections. Immediately following oocyst excystation, the sporozoites exhibit gliding 
cell motility, a conserved method of motility throughout the apicomplexans. Through sequen›
tial gliding, attachment, and internalization, the zoite is ultimately encapsidated in host-derived 
membrane. The electron microscopic (EM) ultrastructural details of zoite attachment and in›
vasion are well characterized. ’ Upon internalization, the zoites are encapsulated in a 
bi-membrane structure, on the surface of epithelial cells. The bi-membrane structure encapsu›
lating the parasite is comprised of the outer and inner parasitophorous vacuole membranes 
(PVM), which are derived from the host, and between which is a thin layer of cytoplasm. ’ ’ 
The bi-membrane structure, of host origin, links over the top of an invading parasite ^ and 
surrounds the parasitophorous vacuole that separates the outer parasite pellicle membrane from 
the host-derived membranes with the exception of the region of membrane fusion at the annu›
lar ring (Fig. 2). As the invasion process ensues, a unique structure is formed at the base of the 
host-parasite interface, containing electron dense material (dense band) with an adjacent fila›
mentous network,^ later determined to be polymerized actin. ’̂ ^ Therefore, the obligate 
intracellular parasite proceeds through developmental stages on the surface of epithelial cells in 
a unique niche that is intramembranous, yet extracytoplasmic. 

Accumulation of Actin and Actin-Binding Proteins to Infection Sites 
Early ultrastructural observations consistendy described the formation of a microfilament 

"plug" beneath the dense band, su^esting the initiation of actin reorganization within the host 
cell. Additionally, several researchers described the accumulation of host cell intracellular vesicles 
immediately beneath the developing parasite^^’ consistent with cytoskeletal manipulations 
and similar to observations made in our lab (unpublished). Several groups localized actin to 
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Figure 2. Transmission electron micrograph of a murine small intestinal epithelial cell infected 
by Cryptosporidium and representation of membrane organization. A) Transmission electron 
micrograph showing a C parvum infected murine small intestinal epithelial cell. The electron 
dense band (arrow) separates the host cell cytoplasm from the developing parasite. Immedi›
ately beneath the dense band, a filamentous network (brackets) is observed. Using various 
microscopic techniques, including immunofluorescence, phalloidin labeling, immunogold 
electron microscopy, and p-actin-GFP visualization, it has been demonstrated that the filamen›
tous material is composed of actin. Magnification x15,000. B) Membrane organization of 
internalized parasite. The outer and inner parasitophorous vacuole membranes (PVMs), de›
rived from the host cell membrane, encapsulate the developing parasite on the surface of 
epithelial cells. Between the host derived PVMs is a thin layer of host cytoplasm, to which 
polymerized actin, ezrin and villin have been localized. The host derived inner PVM and 
parasite derived membranes fuse at a Y-junction to which an electron dense material, the 
annular ring, has been localized. The feeder organelle membrane, is derived from an anterior 
vacuole that forms during parasite internalization. Parasite and host derived products have 
been observed in the region between the feeder organelle and the dense band. Filamentous 
actin accumulates in the region directly beneath the dense band. Each membrane is drawn with 
2 lines to represent a lipid bilayer. Not drawn to scale. A) Reprinted from Elliott DA, Clark DP. 
Infection and Immunity 2000; 68:2315-2322; 2000 with permission of author and the American 
Society for Microbiology.^^ B) Figure derived from Tzipori and Griffiths, 1998.^^ 

infection sites by immunolocalization or phalloidin staining of infected neonate mouse ileal 
tissues^^ or in cell culture.^^’ ’̂ ’̂  Bonnin et al, using confocal microscopy and phalloidin 
staining, localized a thin, weakly fluorescent layer of polymerized actin surrounding each inter›
nalized parasite suggestive of localization to the PVM. However, using immunogold EM tech›
niques with both P-actin and y-actin antibodies, the researchers were unable to detect actin in 
the thin layer of cytoplasm surrounding each parasite, suggesting the sensitivity of this method 
was insufficient to detect the small amount of actin within the host-derived membranes. Based 
on the early observations of actin recruitment to infection sites, and the suggestion that the 
PVM is derived from host membrane, several studies focused on the recruitment of actin bind›
ing and remodeling proteins to infection sites. Preliminary data from Forney et al, using 
immunofluorescent techniques, suggested immediate tyrosine phosphorylation upon inocula›
tion o^ C. parvum sporozoites to bovine fallopian tube epithelial cells with subsequent accumu›
lation of polymerized actin and the actin bundling, microvilli-associated protein, villin, to sites 
of parasite adherence to these cells. Additionally, the actin binding proteins villin and ezrin, 
were immunolocalized to the PVM by both immunogold electron microscopy and immunof›
luorescence. The host-cell origin of the accumulated actin to the cytoplasm subjacent to the 
infection site was confirmed by the transfection of host cells with a plasmid containing P-actin 
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green fluorescent protein (GFP). Here the researchers used both phalloidin staining and the 
forced expression of P-actin-GFP to confirm the aggregation of actin filaments to the region of 
parasite internalization. The studies documented the aggregation of actin to a sharply circum›
scribed plaque of actin direcdy beneath the internalized parasite, and suggested that host cell 
microvilli elongation was not the source of the increased actin fluorescence observed by Forney 
et al. Additionally, these researchers were unable to immunolocalize tyrosine phosphoryla›
tion associated with invading merozoites. 

Molecular Pathway of Actin Reorganization 
Immunolocalization studies confirmed the rearrangement of actin filaments, and recruit›

ment of actin binding proteins to infection sites, yet the mechanisms, and purpose of this 
rearrangement remained elusive. Infectivity studies using a series of pharmacological inhibitors 
of signaling pathways, demonstrated that the protein kinase inhibitors genistein and 
staurosporine, significandy decreased the number of parasites observed on the surface of cells 
in a concentration dependent manner. Furthermore, pretreatment of host cells with the 
Phosphoinositol 3-Kinase (PI3K) inhibitor wortmannin also significandy reduced parasite 
numbers after 24 hours of incubation, while pretreatment with the G-protein uncoupling 
agent, suramin, had no effect on the number of parasites detected by microscopy. The accu›
mulation of proteins directly involved in actin nucleation and polymerization including, 
vasodilator-stimulated phosphoprotein (VASP), the neural Wiskott-Aldrich syndrome protein 
(N-WASP), and Arp3 of the Arp2/3 complex, to sites of infection, have been detected by 
immunofluorescence, implying the induction of actin polymerization at sites of infection. ̂ ^ 

The first mechanistic approaches to determine the molecular pathways of C. parvum in›
duced actin a^regation demonstrated that C parvum induced actin polymerization at sites of 
infection utilizing the actin branching and nucleation machinery of the Arp2/3 complex of 
proteins. In addition to the accumulation of actin and associated structural components to 
infection sites, Elliot et al, provided clear evidence of the importance of host actin polymer›
ization during the establishment of an infection site by transfecting the human ileocecal cell 
line (HCT-8) with a C-terminal fragment of the protein Scarl (Scar-WA). The C-terminal 
portion of this protein contains the Arp2/3 binding domain and activates Arp2/3 throughout 
the cytoplasm, making it less available for processes at the cell periphery. The number of para›
sites detected in transfected cells, as observed by immunofluorescence microscopy, was dra›
matically reduced compared to untransfected cells. In addition, cells transfected with a domi›
nant negative form of N-WASP revealed the accumulation of this protein to sites of parasite-host 
cell interaction, however, since it lacked the Arp2/3 binding domain, actin polymerization at 
these sites and the number of parasites detected was again dramatically reduced. Neither mu›
tant was able to completely inhibit C. parvum invasion; the most dramatic decrease in infection 
sites detected was observed by transfection of the Scar mutant in which the infection rate was 
25% of control cells. ̂ ^ 

Subsequent work by our group, using a model of biliary cryptosporidiosis, confirmed the 
importance of N-WASP activation during the development of an infection site and fiirther 
demonstrated that functional Cdc42 was necessary for N-WASP activation. ̂ ^ Several Rho 
GTPases were analyzed for accumulation at infection sites and activation. It was determined, 
by both confocal immunofluorescence and immunogold electron microscopy that both Cdc42 
and RhoA accumulated at sites of parasite-host cell interaction, yet we could demonstrate the 
activation of only Cdc42. The functional significance of Cdc42 activation was demonstrated 
by the dramatic decrease in the number of infection sites detected by immunofluorescence in 
cells expressing either a dominant negative of Cdc42 (30% of control) or an shRNA vector 
targeting Cdc42 (20% of control), which effectively suppressed Cdc42 protein levels. Con›
versely, transfection of a constitutively active Cdc42 significantly increased the number of para›
sites detected by immunofluorescence following a one-hour infection. Attachment of the para›
site to the host cell was not inhibited, and, importantly, when observed by scanning electron 
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Figure 3. Electron micrographs of Cpa/vt/fT7 infection of cultured biliary epithelial cells. Inhibition 
of host cell Cdc42 activation decreases C pa/vt/n? induced membrane protrusion atthe host-parasite 
interface. A) Electron micrograph showing Cparvum attachment and invasion of cellstransfected 
with an empty vector control. The hostcel I membrane has protruded and covers roughly two-thirds 
of the invading sporozoite. B) In cells transfected pKR5-Cdc42(17N)-myc (dominant negative 
Cdc42) the sporozoites maintain the ability to attach to host cells, yet no obvious membrane 
protrusion was observed. Corresponding transmission electron micrographs revealed that para›
sites attached to cells expressing the dominant negative Cdc42 failed to induce the dense band 
structure. Scale bar 0.5 jim. Reprinted from Chen etal. Infection and Immunity 2004; 72:3011 -3021 ; 
'200 4 with permission of authors and the American Society for Microbiology.^^ 

microscopy (SEM), parasites attached to cells expressing the dominant negative of or the shRNA 
targeting Cdc42, revealed limited instances of host membrane remodeling at the region of 
parasite-host interaction (Fig. 3). Additionally, when these attached parasites were analyzed by 
transmission electron microscopy (TEM), the actin plaque and dense band typically observed 
in the host cytoplasm did not form. It was therefore proposed that parasite interactions with 
the apical surface of host cells initiates a signaling cascade culminating in Cdc42 recruitment 
and activation, and subsequent N-WASP activation with resultant Arp2/3 nucleation and 
branching of actin filaments, which facilitates host membrane remodeling and retention of the 
parasite at the apical surface. In addition to the contribution of the parasite actomyosin system, 
c-Src, a membrane-associated protein tyrosine kinase important in signal transduction and 
cortactin, an actin-binding protein known to be a central regulator in cortical actin remodeling 
and induced cytoskeleton reorganization, were also demonstrated to contribute to C. parvum 
cellular invasion.^^ 

The upstream events leading to Cdc42 activation were determined by using both pharmaco›
logical inhibitors of host cell PI3K or by cellular expression of a mutant p85 regulatory subunit 
of class lA PI3K, and assessing activation of Cdc42 following C parvum invasion (< 1 hour). It 
was determined that both the pharmacological inhibitors and mutant PI3K decreased the aggre›
gation of Cdc42 to infection sites and inhibited the acdvation of this Rho-GTPase. Given that 
the function of Cdc42 requires guanine nucleotide exchange factors (GEFs), which stimulate 
the dissociation of GDP from the GDP-bound inactive form, and promotes the formation of 
the GTP-bound active form, we looked for the known Cdc42-associated GEF, Frabin. Not only 
did Frabin accumulate at infection sites, the aggregation was dependent on functional PI3K 
and, Frabin activity was necessary for activation of Cdc42 and subsequent recruitment of actin 
to infection sites as determined by infection of cells expressing the functionally deficient mu›
tants of Frabin. Therefore, a molecular pathway of actin reorganization has emerged involving a 
phosphorylation cascade initiated by parasite interaction with the apical domain of epithelial 
cells, and involves PI3K activation, and the Rho-GTPase, Cdc42, which, interestingly, has been 
implicated in microvillar as well as filopodial extensions. The phosphorylation cascade culmi›
nates in N-WASP activation and subsequent recruitment and activation of the actin nucleation 
and branching complex of proteins, Arp2/3 (Fig. 4). 
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Figure 4. Schematic of Cparvi/m-inducedhosttyrosine kinase signaling cascades. The mecha-
nism by which C parvum induces host cell tyrosine kinase cascades remains unknown (de›
noted by question mark). Upon attachment to a host cell, C parvum induces the aggregation 
(through an obscure mechanism) and activation of c-Src and PI-3K. c-Src dependent activation 
of cortactin can either directly induce actin polymerization or activate the Arp2/3 complex of 
proteins. Additionally, activated PI-3K induces Cdc42 activation, which is thought to act 
through N-Wasp to activate the Arp2/3 complex of proteins. Actin nucleation, branching, and 
polymerization result in the formation of an actin plaque beneath the internalized parasite and 
may be involved in membrane alterations involvingthe myosin dependenttrafficking of vesicles 
and Insertionof transport proteins at the site of infection. While actin reorganization is clearly 
evident, the direct role in the internalization process is still equivocal. 

Potential Role of Actin Reorganization 
Forney et al and Chen et al ’ ^ first suggested an active role for actin polymerization-dependent 

membrane protrusion in the establishment of infection sites on the surface of epithelial cells. 
Elliot and Clark,^^ described the formation of an actin plaque, subjacent to the developing 
parasite within the host cytoplasm, but suggest that the accumulation of actin plays a structural 
role in maintaining the parasite in its intramembranous, yet extracytoplasmic niche. Previous 
studies looking at the apicomplexan parasite. Toxoplasma gondii demonstrated the active inva›
sion of host cells, independent of cytoskeletal rearrangement or tyrosine kinase activity in the 
host cell.^^ Subsequent studies demonstrated that the Toxoplasma actomyosin cytoskeleton, the 
force behind apicomplexan gliding cell motility, provided the motive force behind host cell 
penetration and intracellular localization and a similar mode of entry has been attributed to 
Plasmodium spp.^ Cryptosporidium also exhibits actin dependent gliding cell motility,^^’’^̂  how›
ever, the initial studies of C. parvum motility described limited sporozoite motility, in which 
motility trails were short and relatively straight. ’ ^ Based on the observation that pretreat-
ment of sporozoites with cytochalasin D, which effectively abrogated C. parvum motility, yet 
did not significantly affect parasite numbers after a 24 hour infection, and the unique niche 
occupied by C. parvumy Forney et al proposed that C parvum utilized a unique mechanism 
of invasion, independent of parasite actin-based motility and membrane penetration. How›
ever, more recent investigations by Wetzel et al,̂ ^ which used time-lapse video microscopy to 



98 Molecular Mechanisms of Parasite Invasion 

visualize the early events of parasite-host interactions demonstrate that the initial entry into the 
host cell occurs very rapidly (within 30 seconds) and depends on the conserved penetrative 
force of the parasite actomyosin cytoskeleton. When an assessment of the initial invasion was 
performed in the presence of cytochalasin D, using a cytochalasin D resistant cell line, a com›
plete block of rapid internalization was observed, demonstrating the requirement of parasite 
actin polymerization. Based on the observations by Wetzel et al it seems likely that the ob›
served host actin remodeling and resultant membrane alterations are secondary events that 
contribute to the establishment of a productive infection site. 

The demonstration of the recruitment of actin, actin binding proteins, and actin remodel›
ing proteins to infection sites, and the demonstration of tyrosine phosphorylation, and the 
recruitment and activation of PI3K, Cdc42, and N-WASP were essential for establishing infec›
tion sites within cultured cells strongly suggested the requirement of host actin polymerization 
for some aspect of the early infection process. Our observations led us to conclude that actin 
reorganization is intimately involved in parasite retention at the plasma membrane and 
post-invasion actin dependent processes required for successftd parasite development. We have 
extended our initial studies on signaling cascades responsible for rearrangement of the host 
actin cytoskeleton to factors that may influence the efficiency of membrane extension and 
parasite development. Using filopodial and microvillar extensions as models, we have assessed 
the recruitment of myosins and various transporters, which may serve to expedite membrane 
extension and serve as a method of nutriment acquisition, to C parvum invasion sites. Local›
ized membrane protrusions such as filopodia are driven by actin polymerization and are often 
hijacked by intracellular pathogens. The overall rate of membrane protrusion depends on both 
the actin polymerization rate and the increase in localized cell volume. Interestingly, we deter›
mined that the Na+/Glucose Co transporter, SGLTl, and AQPl, a channel protein selective 
for the movement of water and other small nonionic molecules^^ accumulate at C parvum 
invasion sites and participate in efficient membrane protrusion events induced by the para›
site. ̂ ^ Concordantly, the region of attachment displays localized glucose-driven water influx 
that is inhibited by either suppression of AQPl by means of AQPl-small interfering RNA or 
inhibition of SGLTl by a specific pharmacological inhibitor. Phlorizin. By inhibiting either of 
these proteins, we were able to diminish the efficiency of membrane protrusions as determined 
by both SEM and TEM. Thus, an important role for AQPs and solute transporters in the 
membrane remodeling associated with the development of the intramembranous/ 
extracytoplasmic niche within host cells by C parvum seems plausible if not likely. Interest›
ingly, pretreatment of host cells with the myosin light chain kinase inhibitor, ML-7 as well as 
the myosin II ATPase inhibitor, 2,3-butanedione monoxime (2,3-BDM) both exhibited in›
hibitory effects on infectivity, while parasite attachment was unaffected. Our recent, prelimi›
nary studies support the observations of the inhibitory effects of myosin inhibitors on the 
invasion process. We add that pretreatment of host cells with the myosin II specific inhibitor, 
blebbistatin, significandy decreases parasite numbers observed at the apical surface by immun›
ofluorescence, and transporter accumulation to infection sites, suggesting a potential role for 
host cell actomyosin function during the formation of the unique niche occupied by C. parvum 
(Unpublished data). It seems likely; therefore, that C parvum induced actin reorganization, 
and the recruitment of actin-binding proteins, including myosins, may serve several fimctions 
during the development of C parvum. 

Summary 
Cryptosporidium exhibits a complex strategy to invade and establish productive infection 

sites, involving complimentary parasite and host cell processes. While the work regarding host 
cell actin remodeling has gready enhanced our understanding of the molecular pathways in›
volved in the parasite induced actin reorganization, the specific fimction of host cell actin 
remodeling \s still equivocal. We contend that host cell actin polymerization contributes to the 
development of productive C. parvum infection sites by generating membrane protrusion events. 
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which may assist in the retention of the parasite at the apical surface within the unique 
extracytoplasmic niche. With our current understanding of the molecular pathways initiating 
actin remodeling upon C parvum interactions with host cells, the next logical step is to deter›
mine the upstream events resulting in PI3K activation and the specific role of actin remodeling 
in parasite development, a process that may have implications beyond host-pathogen interactions. 
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Host Cell Actin Remodeling in Response 
to Trypanosoma cruzi: 
Trypomastigote Versus Amastigote Entry 
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and Solange da Silva 

Abstract 

7 Trypanosoma cruzi is the protozoan parasite that causes Chagas’ disease, a highly preva›
lent vector-borne disease in Latin America. Chagas’ disease is a major public health 
problem in endemic regions with an estimated 18 million people are infected with T. 

cruzi and another 100 million at risk (http://www.who.int/ctd/chagas/disease.htm). During its 
life cycle, 77 cruzi alternates between triatomine insect vectors and mammalian hosts. While 
feeding on hosts blood, infected triatomines release in their feces highly motile and infective 
metacyclic trypomastigotes that may initiate infection. Metacyclic trypomastigotes promptly 
invade host cells (including gastric mucosa) and once free in the cytoplasm, differentiate into 
amastigotes that replicate by binary fission. Just before disruption of the parasite-laden cell, 
amastigotes differentiate back into trypomastigotes which are then released into the tissue spaces 
and access the circulation. Circulating trypomastigotes that disseminate the infection in the 
mammalian host may be taken up by feeding triatomines and may also transform, extracellu-
larly, into amastigote-like forms. ̂  Unlike their intracellular counterparts, these amastigote-like 
forms,^ henceforth called amastigotes, are capable of infecting host cells.^’̂  Studies in which 
the mechanisms of amastigote invasion of host cells have been compared to metacyclic 
trypomastigote entry have revealed interesting differences regarding the involvement of the 
target cell actin microfilament system. 

Entry of Trypomastigotes and Amastigotes in HeLa and Vero Cells 
It has become increasingly evident that many intracellular pathogens specialize in subvert›

ing host cell pathways to their benefit. This is particularly well characterized for invasive bacte›
ria such as Shigella and Listeria and also for enteropathogenic Escherichia coli (EPEC). ’ For 
instance, interaction between EPEC and HeLa cells involves aggregation of surface microvilli 
at the sites of bacterial attachment to the dorsal surface of cultured HeLa cells. ̂  In experi›
ments performed in our laboratory some years ago, EPEC were centrifuged onto the cells in 
order to promote the interaction, and actin aggregation was monitored by staining cells with 
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fluorescently labeled phalloidin, using what is now known as die FAS (fluorescent actin stain›
ing) assay. It was then reasoned that T cruzi amastigotes could, perhaps, interact with the 
dorsal surface of HeLa cells in a similar fashion. Earlier data in the literature indicated that 
amastigotes (or amastigote-like forms) could be generated by the extracellular differentiation of 
trypomastigotes and these forms were capable of invading cultured cells. ’ ’  ̂Using the 
EPEC-derived protocol, amastigotes were centrifiiged onto HeLa cells and shown to prompdy 
aggregate actin filaments by attaching to dorsal surface microvilli.^’ Microvillus aggregation 
was followed by the formation of cup-like structures underneath the parasite (Fig. 1), that 
resemble the pedestals formed during EPEC attachment/effacing.^^ Extracellular amastigote 
invasion can be detected within 15 to 30 minutes^ by several techniques,’^’’^’^̂ including 
freeze-fracture replicas of recendy-infected HeLa cells (Fig. 2). 

By contrast, trypomastigotes enter HeLa cells by penetrating at their borders,^ a character›
istic behavior of the highly motile forms that had been described by Schenkman et al.^^ Inter›
estingly, the invasion of HeLa cells by trypomastigotes induced the formation of actin-rich 
pseudopodial protrusions around the parasites (Fig. 3, see ref. 20). This phenomenon of mem›
brane protrusion was not inhibited by cytochalasin D indicting that the major driving force 
derived from the parasite, and was detected in HeLa but not in MDCK cells.^^ Later on, odier 
investigators found similar pseudopodial extensions around trypomastigotes invading 
cardiomyocytes^ and COS-7 cells (unpublished observations). 

Figure 1. Formation of a cup-like pedestal (arrow) upon invasion of HeLa cells by 7". cruzl 
amastigotes. Transmission electron microscopy of HeLa cells recently infected with (G strain 
extracellular) amastigotes. Bar: 500 nm. 
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Figure 2. T. crtiz/amastigotes are highly infective to HeLa cells and can be promptly visualized 
in the cytoplasnn. Freeze-fracture replica of a parasite that has recently invaded a HeLa cell. The 
parasite flagellar pocket (arrow) can be clearly seen and the nuclear membrane of the host cell 
(N) identified by the presence of nuclear pores. Bar: 400 nm. 

The entry of amastigotes into HeLa and Vero cells was then systematically examined using 
the centrifugation protocol and compared to cell invasion by metacyclic trypomastigotes. In 
those studies drugs that interfere with microtubule polymerization (nocodazole) or protein 
phosphorylation (staurosporine and genistein) were used to evaluate amastigote and 
trypomastigote invasion of HeLa and Vero cells. The main conclusion was that the effect of a 
particular inhibitor is characteristic of the host cell-parasite form duet being examined.^^ For 
instance, trypomastigote invasion of Vero cell invasion was inhibited by staurosporine that 
dramatically enhanced invasion of HeLa cells.̂ ’̂  

Besides the formation of actin-rich cups on the surface of HeLa cells, remarkable responses 
of the cell membrane were also observed upon invasion ofVero cells by extracellular amastigotes. 
In this fibroblastic cell line, devoid of surface microvilli, protrusive lamellae that formed at the 
sites of amastigote invasion were markedly similar to the membrane expansions observed 
during Shigella flexneri attaching. ̂ ’̂"̂ ’̂̂ 

In order to access the role of actin mobilization in the invasion process, target cells were 
treated with cytochalasin D, an experimental approach for inhibiting actin polymerization 
used in several other studies.^^’^̂  Cytochalasin D always inhibited amastigote invasion while 
systematically enhanced trypomastigote penetration.^^ These observations were consistent with 
the notion that the trypomastigote motility provides most of the driving force necessary for its 
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Figure 3. Formation of sleeve-like pseudopodia (arrow) around a trypomastigote invading HeLa 
cells visualized by scanning electron microscopy.^^ Bar: 2 jim. 

internalization. ’ ’ By contrast, due to their intrinsic motionless nature, amastigote 
invasion of either HeLa or Vero cells required functional actin microfilaments in order to this 
parasite form achieve internalization^^ confirming that a major difference between trypomastigote 
and amastigote invasion regarding the mobilization of host cell actin filaments is the distinct 
sensitivity to cytochalasin D. 

In all the actin-rich membrane extensions formed around invading amastigotes or 
trypomastigotes, accumulation of cytoskeletal elements (a-actinin, gelsolin, vinculin, talin, 
tropomyosin and ABP28o)> integrins or matrix elements could be detected, with some variabil›
ity observed between the infective forms and target cells. These results were again consistent 
with the notion that each parasite-host cell pair mobilizes specific interacting components (see 
Table 1). 

T. cruzi Invasion of Cells Transfected with Actin Microfilament 
Modulators or Rho-GTPases 

In the course of these studies, a number of available cell lines with altered expression of 
cytoskeletal components have been used as targets for 77 cruzi invasion, in order to appraise 
their role in the establishment of infection. Cytoskeleton rearrangements at the cell periphery 
involve the cooperation of several actin microfilament-associated proteins. ABP280 (aain-binding 
protein of 280 kDa), or nonmuscle filamin, cross-links actin filaments into bundles, organizes 
the cortical network of microfilaments and is also capable of anchoring microfilaments to 
membrane glycoproteins.^^’^̂  In order to test the effect of the relative expression of ABP280> 
transfectants of a melanoma cell line (M2) expressing varying amounts of ABP280 were used as 
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Table 1. Localization of host cell and extracellular matrix components in actin-rich 
structures formed during invasion ofl. cruzi infective forms 

Host Cell 

Actin-Rich 
Structure Component 

a-actlnin 
Talin 
Vinculin 
Gelsolin 
Tropomyosin 
ABP 
Phosphotyrosine 
a2 Integrln 
a3 Integrin 
aV Integrin 
aVp5 integrin 
Laminin 
Fibronectin 
Vitronectin 

Ama^ 
’Cup’ 

++ 
++ 
+ 

++ 
++ 
++ 
++ 
+ 

++ 
++ 
++ 
++ 
++ 
+ 

HeLa 

Trypo^ 
Pseudo-Podium 

++ 
+ 
+ 

++ 
+ 
++ 
+ 
++ 
ND 
ND 
++ 
++ 
ND 
ND 

Ama 
’Crater’ 

++ 
+ 
++ 
++ 
++ 
+ 

++ 
+ 
+ 
+ 

++ 
+ 

ND 
ND 

Vero 

Trypo 
Pseudo-Podium 

ND 
ND 
ND 
ND 
ND 
ND 
+ 

ND 
+ 
+ 

ND 
+ 

ND 
ND 

1. Ama: extracellular amastigote forms; 2. Trypo: metacyclic trypomastigote forms; ++: denotes 
component accumulation in actin-rich structure; +: denotes component present in the host cell but 
accumulation not distinguishable in actin-rich structure; ND: denotes component present in the host 
cell but not detectable in actin-rich structure, or actin-rich structure not detected (from ref. 15). 

targets for amastigotes and metacyclic trypomastigotes. The three sub-clones of the M2 line 
that were used express increasing ABP28o:actin molar ratios (A3>A7>A4). Since the ABP28o-actin 
ratio is critical for adequate cortical meshwork rearrangements, these sub-clones exhibit dis›
tinct capacities of migration, being maximal in sub-clone A7. The observation that other two 
clones that have higher (A3) or lower (A4) ABP28o:actin ratios displayed hindered motility, 
confirmed that sub-clone A7 holds the optimum ratio between actin filaments and the acces›
sory protein required for cell migration.^ Interestingly, trypomastigotes invaded sub-clone A7 
better than A3 or A4 whereas amastigotes had the opposite behavior and were capable of greater 
infection in sub-clones A4 and A3 when compared to A7. These observations suggested that 
actin-ABP28o associations that regulated host cell membrane interactions required for cellular 
locomotion also modulated, in a selective way, the surface rearrangements involved in the 
invasion process by each T. cruzi infective form. 

NIH 3T3 mouse fibroblasts overexpressing variable amounts of another actin assembly 
regulator protein, gelsolin,^ were also tested for their susceptibility to invasion by the two 
infective forms. Clone C3 expresses 25% and clone C5 125% of gelsolin when compared to 
parental NIH 3T3. Unlike ABP28O clones that have a maximum motility at an optimum 
ABP28o:actin molar ratio, the higher the expression of gelsolin, the better the transfected cells 
migrate. Gelsolin transfectant C3 displayed the higher susceptibility towards metacyclic 
trypomastigote invasion when compared to either 3T3 or clone C5, suggesting that for this 
parasite form, there was an optimum level of gelsolin expression that ensureed parasite inter›
nalization.^^ By contrast, amastigotes invaded better clone C5 (C5>C3>3T3), clearly indicat›
ing that for this parasite form there is an optimum expression of gelsolin that results in better 
cell invasion. ̂ ^ Altogether, these experiments suggested that the requirements for these f-actin 
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modulators during cell invasion by die two T. cruzi infective forms was quite distinct, and no 
direct and simple correlation between their expression (that affects cell motility among other 
parameters), and susceptibility towards infection could be made.^^ 

The observation that amastigotes and trypomastigotes become associated with distinct 
actin-rich projections upon host cell invasion prompted the examination of the possible role of 
regulatory Rho GTPases (Racl, RhoA and Cdc42) in this process. RhoA, Racl, and Cdc42 are 
key regulators of independent signal transduction pathways, linking plasma membrane recep›
tors to the assembly of distinct filamentous actin structures. Expression of constitutively active 
(i.e., GTPase-deficient) mutants of RhoA and Racl in cells induces the assembly of contractile 
actin and myosin filaments (stress fibers) and actin rich surface protrusions (lamellipodia), 
respectively.^^’^̂  Constitutively active Cdc42 promotes the formation of actin-rich, finger like 
membrane extensions (filopodia).^^’^̂  Invasive bacteria such as Shigella, Salmonella, Listeria, 
and Yersinia can modulate actin microfilament responses required to generate the membrane 
expansions involved in their internalization^ by targeting bacterial toxins to the Rho GTPases. 
Interestingly, Shigella and Salmonella use type III secretion devices to target toxins to the GTPases 
that lead to the formation of lamellar expansions at the sites of cell invasion.^ 

To evaluate the relative importance of RhoA GTPases in host cell invasion by different 77 
cruzi infective forms of distinct strains, MDCK cell transfectants that express variants of RhoA, 
Racl and Cdc42 proteins ^ have been used as target cells. Although it has been shown that 
trypomastigotes modulate Rhol, but not Rac or Cdc42,^^ it was found that metacyclic 
trypomastigotes 77 cruzi had no apparent requirement for any of the tested GTPases and their 
infectivity was apparently only related to the strain virulence. By contrast, 77 cruzi amastigotes 
efficiendy infected all transfected MDCK cells and invasion was particularly high in constitu›
tively active Racl VI2 cells and specifically reduced in the corresponding dominant negative 
line RaclN17, suggesting a key role for Racl in this invasion process. In this respect, it is 
interesting to relate that invasion of these transfected cells by Salmonella is also dependent on 
Racl, ^ indicating that the two pathogens could exploit similar routes to invade host cells. 

Parasite Invasion, Parasite Retention: Role of Actin Filaments 
As indicated above, the role of actin filaments in trypomastigote invasion of cultured cells 

has been extensively studied, mostly by examining the effect of cytochalasin D on the pro›
cess.’’’ ’̂ ’̂̂ "̂̂^ Until not long ago, the consensus in the field was that trypomastigotes actively 
invade cells and that the cortical actin filaments hindered cell invasion since their disruption 
facilitated the process. It had been argued that lysosome recruitment to the sites of 
trypomastigote invasion could be facilitated if the cortical actin meshwork is disrupted with 
drugs that interfere with actin polymerization like cytochalasin D. From the studies men›
tioned earlier, it became clear that host cell actin mobilization is quite different in the process of 
cell invasion by trypomastigotes and amastigotes. Whereas actin microfilament disruption may 
even enhance trypomastigote invasion, ’"̂  treatment of cells with cytochalasin D always in›
hibits invasion by amastigotes.^^ The exuberant motility of 77 cruzi trypomastigotes is believed 
to be crucial to most of the phenomena observed during cell invasion as well as escape. The 
notion that parasite components could also induce localized actin depolymerization that could 
facilitate invasion has also been investigated and it appears that metacyclic trypomastigote 
surface glycoprotein GP82 might have such an activity. By contrast, amastigotes display scarce 
movements and rely on as yet poorly characterized ligands^ ’ ^ to invade host cells. Observa›
tions using a panel of drugs that disclosed signaling differences in the infectivity by metacyclic 
trypomastigotes of different strains, indicated that amastigotes engage signaling pathways 
distinct to trypomastigotes that are also strain-independent. ^ Interestingly though, the effi›
ciency of amastigote invasion in several cell types consistendy matches that of metacyclic forms 
and in some cell types it may even be greater. ’^^’ ’̂ This would suggest that, although motil›
ity may be regarded as a key factor, it does not seem to be required in the case of amastigotes. 
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Recently it has been confirmed the observations that by treating HeLa and Veto cells with 
either cytochalasin D or wortmannin for short periods of time, both the invasion and the 
presence of endosomal and lysosomal markers in recently formed parasitophorons vacuoles was 
affected. When treated cells were infected from 15 to 90 minutes, it was observed that while 
both drugs inhibit amastigote invasion, ^ metacyclic trypomastigote invasion was inhibited by 
wortmannin but enhanced by cytochalasin D (unpublished observations). As noted by oth-
ers,^^’ treatment of cells with either drug does not block parasite invasion: they only inhibit 
the process, reinforcing the notion that the parasite is capable of engaging alternative routes to 
ensure penetration. It was also observed that the proportion of trypomastigote parasitophorons 
vacuoles carrying either the endossomal marker EEA-1 or LAMP-1 was reduced by cytochala›
sin D, in agreement to what has been described for trypomastigotes. In spite of the low 
infectivity of amastigotes in the presence of the drugs, it was possible to observe a similar 
reduction in parasitophorons vacuole labeling for EEA-1 and LAMP-1 when cells were treated 
with cytochalasin D (unpublished observations). Although preliminary, these data suggest once 
inside the host cell, the involvement of actin filaments in the maturation of the parasitophorons 
vacuolar membrane appears to be similar for both parasite forms. Because of the low infectivity 
of amastigotes in the presence of the drugs and the correspondingly low numbers of parasites 
per cell, it was not possible to establish whether parasite could exit from infected cell, similarly 
to what has been described for trypomastigotes. ’̂ ^ 

It has become increasingly evident from the growing studies in the literature, that T. cruzi 
has evolved strikingly distinct mechanisms in order to invade host cells. The success of the 
infection depends on the possibility for the parasite to engage specific and yet efficient mecha›
nisms to gain access to the cytoplasmic milieu of the large variety of host cells it can infect. The 
notion that different infective forms engage distinct mechanisms and pathways to achieve this 
goal reinforces the notion that the study of 77 cruzi invasion of host cells is an area of research 
that will provide exciting new insights on this parasite-host cell interplay. 
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CHAPTER 9 

Actin/Myosin-Based Gliding Motility 
in Apicomplexan Parasites 
Kai Matuschewski and Herwig Schiiler* 

Abstract 

Apicomplexan parasites move and actively enter host cells by substrate-dependent 
gliding motility, an unusual form of eukaryotic locomotion that differs fundamentally 
from the motility of prokaryotic and viral pathogens. Recent research has uncovered 

some of the cellular and molecular mechanisms underlying parasite motility, transmigration, 
and cell invasion during life cycle progression. The gliding motor machinery is embedded 
between the plasma membrane and the inner membrane complex, a unique double membrane 
layer. It consists of immobilized unconventional myosins, short actin stubs, and TRAP-family 
invasins. Assembly of this motor machinery enables force generation between parasite cytoskeletal 
components and an extracellular substratum. Unique properties of the individual components 
suggest that the rational design of motility inhibitors may lead to new intervention strategies to 
combat some of the most devastating human and livestock diseases. 

Cast of Characters 
Rapid host cell entry is of exquisite importance for virtually every microbial pathogen and 

is a prerequisite for an intracellular life style. Viruses and bacteria typically induce 
receptor-mediated endocytosis, escape into the cytosol, and subsequendy hijack components 
of the host cell cytoskeleton. Apicomplexan parasites, such as Plasmodium or Toxoplasma, have 
the unique capacity to actively push themselves into a target host cell by utilizing their own 
actin-myosin motor machinery. 

Prior to cell invasion the parasites often need to cross a number of biological barriers that 
they encounter advancing through their life cycles. This function is particularly important 
during transmission from one host to another, although spread of apicomplexan parasites oc›
curs by at least two fundamentally different routes: Blood parasites, such as Plasmodium and 
Babesia, are vector-borne and contracted by infected arthropods� Anopheles mosquitoes and 
ticks, respectively. In the case oiPlasmodium, motile sporozoites are deposited in the skin tissue 
upon natural transmission by an infectious mosquito bite. ’ In order to eventually commence 
the pathogenic cycle inside erythrocytes Plasmodium first undergoes an obligate liver phase. To 
reach their final target cells, replication-permissive hepatocytes, sporozoites need to be highly 
motile and find their way through the entire body of the host.’̂  By contrast, tissue parasites 
such as Cryptosporidium, Cyclospora, Eimeria and Toxoplasma gondii, are taken up by accidental 
oral ingestion of oocysts. These release sporozoites, which actively penetrate enterocytes lining 
the gut liunen. In addition, T gondii can be vertically transmitted to the fetus when tachyzoites 
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penetrate the syncyriotrophoblasts of the placenta. Notably, the transmigratory capacity of T. 
gondii tachyzoites is directly linked to parasite virulence. ’̂  

Regardless of their transmission mode, all apicomplexan sporozoites have to accomplish a 
number of related tasks: They need to (i) move rapidly out of their site of deposition, (ii) cross, 
often multiple, biological barriers, (iii) specifically adhere to a suitable host cell, and (iv) invade 
the target cell under simultaneous formation of a replication-competent organelle, the 
parasitophorous vacuole (PV). Not surprisingly, these divergent parasites share not only similar 
activities and a common mode of locomotion but also unique structural features. They contain 
an apical complex consisting of a set of cytoskeletal structures�apica l rings, microtubules and 
(with the exception oi Plasmodium species) a conoid�an d specialized secretory organelles� 
micronemes, rhoptries, and dense granules.^ The highly structured apical complex fiilfills fiinc-
tions related to all of the above tasks by sequential release of the secretory organelles. This is 
arguably the most elaborate invasion machinery in any class of pathogens. 

One Continuous Move: Gliding Locomotion, Transmigration 
and Host Cell Entry 

Locomotion of virtually every moving cell is driven by one of three motility modes: (i) 
crawling motility, as seen in moving fibroblasts, is an amoeboid motion powered by continu›
ous rearrangement of a microfilament meshwork that slowly pushes the cell forward and estab›
lishes new cell contacts; (ii) swimming requires specialized axoneme structures, such as fla-
gella or cilia, which are driven by dynein/microtubule motors; ̂ ’̂  (iii) gliding locomotion is a 
fast substrate-dependent motility that is employed by apicomplexan parasites and other unicel›
lular organisms. This mode of locomotion certainly suits the parasites-life cycle progression 
best, as it empowers them to move actively, fast, and disseminate to the entire body of the host. 

Rearward transport of receptor-ligand interactions can be visualized with glass beads and is 
thought to translate into forward movement of the parasite. ’ Apparently, gliding motility, 
host cell invasion, and spread between cells are directly linked and driven by a common motor 
machinery. Gliding motility has now been described for every parasite invasive stage, with the 
notable exception oi Plasmodium merozoites (Table 1). Substrate-dependent circular gliding 
locomotion on preincubated glass slides was first observed in Plasmodium sporozoites.^^ Sporo›
zoites perform continuous and extended gliding locomotion without apparent changes in cell 
shape at a relatively high speed of 1-3 ^im/sec. Intriguingly, this capacity gradually develops 

Table 1. Motility of apicomplexan parasites 

Parasite 

Toxoplasma gondii 

Plasmodium 

E.tenella 
C. parvum 

Stage 

sporozoite 
tachyzoite 
sporozoite 

merozoite 
ookinete 
sporozoite 
sporozoite 

Task 

transmigration, invasion 
transmigration, invasion 
accumulation in proboscis 
skin migration 
Kupffercell passage 
hepatocyte transmigration 
erythrocyte invasion 
midgut penetration 
enterocyte invasion 
enterocyte invasion 

Speed 
[f im/s] 

1.5 
1 - 3 
< 2 . 0 
2.3 
0.3 
1.6 
elusive 
0.04 

6.0 
5.0 

A . ’ + ’ indicates that transgene fluorescent parasites have been studied in v ivo 
techniques 

In 

-
-
+ 
+ 
+ 
+ 
-
+ 
-
-

Vivo^ 

by intravital 

Ref. 

75 
18 
17 
6,7 
7 
7 

-
19 
13 
75 

imaging 
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during sporozoite maturation after their release from midgut oocysts and is most prominent 
prior to transmission, i.e., in mosquito salivary glands. Intravital imaging revealed that sporo-
zoites display only residual motility within the mosquito ̂ ^ and commence avid locomotion 
only after transmission to the mammalian skin. ’ Induction of fast motility is likely triggered 
by the heat shock and additional signals, experienced by the sporozoite upon transmission. 
Once inside the dermis, sporozoites perform a mixture of circular and helical gliding patterns 
that eventually leads them to a nearby capillary. These two modes of gliding, as well as a third, 
so-called twirling motility, were first described in T. gondii tachyzoites.^^ Helical gliding occurs 
by forward motility with simultaneous full rotation and probably reflects net translocation in 
tissues closest. This form of motility was also detected in gliding Plasmodium ookinetes that 
traverse the midgut epithelium of the mosquito. ̂ ^ Seemingly, all apicomplexan parasites move 
through tissues employing similar gliding patterns and, perhaps, also molecular motors. This 
machinery appears to be very versatile and permits locomotion over a wide range of speeds 
(Table 1). 

During their journey parasites often encounter cellular barriers, typically endothelial cells, 
that they need to cross in order to reach their ultimate target cell (Fig. 1). An early intriguing 
observation was that Plasmodium sporozoites transmigrate nontarget cells without arresting 
their gliding behaviour, indicating that they can switch instantaneously from extracellular lo›
comotion on a substrate to intracellular transmigration.^^ Subsequent work has demonstrated 
that this parasite function is physiologically relevant and required for Plasmodium sporozoite 
entry to the liver’̂ ^ and T. gondii tachyzoite dissemination.^ Strikingly, the cellular mechanisms 
appear to differ substantially (Fig. 1): Plasmodium sporozoites traverse the endothelial cells by 
transmigration, a trans-cellular route, which is accompanied by breaching of the cell plasma 
membrane.^^ In contrast, T. gondii tachyzoites take a para-cellular route and squeeze between 
cells. Paramigration requires transient breaching of junctional complexes. The underlying cel›
lular and molecular details of either route, including membrane and junction breaching and 
the nature of the intracellular tracks, remain entirely unsolved. 

Figure 1. The different tasks for Apicomplexan parasites after transmission to the mammalian 
host. The basis for all locomotion-related processes is the parasite’s own actin-myosin motor 
machinerythatallowscontinuousforwardmovementby rearward traction of parasite-substrate 
interactions (indicated by clashed line). Toxoplasma gone///tachyzoites (left) cross cellular 
barriers on a paracellular route in the absence of cellular damage. Plasmodium sporozoites 
(center) migrate through epithelial cells via membrane breaching (the corresponding cellular 
damage is indicated by increase in color intensity). Host cell invasion by all apicomplexan 
parasites (right) is accompanied by the formation of a moving tight junction and, eventually, 
a parasitophorous vacuole wherein the invasive stage de-differentiates and commences rep›
lication. This productive cell entry into a suitable host cell is directed by invasins of the 
TRAP-family (red). A color version of this figure is available online at www.eurekah.com. 

http://www.eurekah.com
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Once a suitable host cell is recognized, it is rapidly invaded by the parasite under simulta›
neous formation of a moving tight junction and eventually the PV.̂ ^ The PV itself is derived 
from the host cell plasma membrane and remodeled by sequential secretion of the contents of 
the apical organelles (Fig. 1). In conclusion, the same motor machinery meets all parasite re›
quirements from initial host cell egress to productive entry of the next target cell and includes 
extracellular gliding locomotion and endothelial transmigration in a continuous move. 

Upside Down: Components of the Motor Machinery 
Typically actomyosin-based force generating systems, such as muscle or vesicular transport, 

are based either on scaffolds of actin and myosin polymers or on soluble monomeric myosins 
working against F-actin tracks. Therefore in actomyosin-dependent parasite gliding, it was 
expected that one of the partners must interact with surface molecules that link the motor to 
the outside while the other must be arranged and fixed so as to integrate the forces and give 
them directionality. Recent research indicates that during gliding motility transmembrane 
receptor-bound motile actin stubs are moved along myosin tracks (Fig. 2). The principal con›
stituents needed for motility have been identified (Table 2). 

The Backbone: Subpellicular Network and Inner Membrane Complex 
A shared feature of all apicomplexan invasive stages is the presence of a unique double 

membrane layer, the inner membrane complex (IMC). The IMC is in close proximity to the 
plasma membrane and surrounds the entire cytosol with the exception of the apical tip.’^̂  
Together, the IMC and the parasite plasma membrane delimit a nearly continuous compart›
ment, the submembranous, or cortical, space. The IMC originates from Golgi-derived flat›
tened vesicles and grows by continuous fusion with these vesicles. The IMC is thought to 
function primarily as a lipid-rich membrane barrier. Additional functions may include storage 
and regulated release of molecules, e.g., Ca^^, that trigger motility, and a continuous support 
for the motor machinery. Indeed, a subpellicular network (SPN) underlying the IMC may 
add to such a supporting function. Together, the SPN and IMC appear to account for the 
remarkable capacity of apicomplexan parasites to maintain their cell shape while at the same 
time displaying great torsional flexibility. The major constituents of the SPN are microtubules 
that grow concomitandy from a microtubule-organizing center at the apical tip.^ The nature 
of the interaction between the microtubules and the IMC remains unknown. Electron micros›
copy studies suggest that the intimate connection is indirect and probably mediated by a layer 
of dense intra-membranous particles and/or a meshwork of filamentous proteins that ulti›
mately fix the microtubules to the IMC.^^ 

Recently, a comprehensive proteome analysis of partially purified cytoskeletal components 
of T. gondii tachyzoites, including the conoid and the apical complex, identified numerous 
candidate cytoskeletal proteins, including three previously unrecognized p-tubulin isoforms, 
and an IMC-resident protein, termed IMCA?^ Thus, we may expect additional proteins to 
participate in the assembly of the structures that support the molecular motor. 

The Immobilized Motor Myosin 
The myosin that appears to drive gliding motility in all Apicomplexa is myosin A (MyoA),^^ 

the founding member of a class of unconventional, tail-less myosins (class XIV) that is re›
stricted to Apicomplexa and ciliates.’^^’^̂  Most members of this protein family are remarkably 
small, consisting essentially of the globular head domain with ATPase and actin binding activ›
ity. Despite its minimal size, piu-ified MyoA behaves like a classical plus end-directed motor 
and moves at a speed of -5 jim/sec, in good agreement with the velocity of the motile parasite 
(Table 1). In other myosins the extended carboxy-terminal tails typically function in regulation 
and anchoring of the head domain. Such roles appear to be fulfilled by two accessory proteins 
that were first identified in T. gondii^ the gliding-associated proteins 45 and 50 (GAP45/GAP50) 
that link MyoA to the IMC through the integral membrane glycoprotein GAP50.^^ The GAP45/ 
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Figure 2. Molecular mechanism of gliding locomotion in Apicomplexan parasites. Parasite 
transmembrane proteins of the TRAP family (green) in the plasma membrane (blue single line) 
bind to a target cell or substrate in the extracellular space (sphere emerging below). This 
binding event is transmitted to the parasite inner membrane space (light brown) and results in 
recru itment of aldolase tetramers (orange) to the carboxy-termi nal domain of the TRAP i nvasi n. 
This complex binds to short actin filaments (yellow and purple cables) that are formed from 
actin monomers (yellow and purple spheres) under dynamic regulation by auxiliary proteins 
(green triangle). Short plus-end directed class XIV myosins (pink) cyclically interact with the 
F-actin stubs and pass the actin/aldolase/invasin complexes on to the next set of myosins, 
resulting in net translocation of complexes to the posterior end of the parasite. The myosins 
are immobilized in the inner membrane complex (blue double line) through a complex includ›
ing glideosome-associated proteins (cyan) and myosin tail interacting protein (magenta). For 
a detailed listing of the molecular components of the actin/myosin motor see Table 2. A color 
version of this figure is available online at www.eurekah.com. 

GAP50 pair likely acts in concert with MyoA-tail interacting protein (MTIP), a MyoA-associated 
protein that is reminiscent of the regulatory light chain. ̂ ^ MTIP, which binds directly to MyoA, 
likely provides the IMC membrane linkage through interaction with GAP50.^^ In T, gondii-, 
the MyoA complex is assembled in two consecutive steps that may be triggered by a 
post-translational modification event: MyoA, the MTIP ortholog MLC-1 and GAP45 first 
assemble into a soluble complex, which later associates with GAP50 resulting in IMG-anchoring 
of MyoA. The same complex has recently been shown to be present also in Plasmodium 
merozoites^ ’^̂  further supporting the notion that the intracellular gliding machinery is highly 
conserved across apicomplexan parasites. Stable immobilization within the IMG likely requires 
interaction with the SPN. Most importantly, tethering of MyoA to the IMG orients its head 
into the cortical space and obliges actin to engage the surface receptors (Fig. 2). With the 
crystal structure of the complex between Plasmodium MTIP and the MyoA tail,̂ "̂  the architec›
ture of the motor machinery is beginning to be unravelled. 

http://www.eurekah.com
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The Unusual Actin Stubs 
A landmark finding in apicomplexan cell biology was the direct role of parasite actin in 

motility and host cell invasion. ̂ ^ Using a genetically engineered T. gondii mutant resistant to 
the microfilament inhibitor cytochalasin-D the authors could functionally separate the roles of 
parasite versus host cell actin during invasion. This strategy allowed inhibiting host cell actin 
with no impact on invasion efficiency. This finding formally demonstrated a vital function of 
the parasite actin in these processes, in agreement with earlier inhibitor studies with Plasmo›
dium merozoites. Yet, parasite microfilaments remained elusive, and filamentous structures 
resembling actin polymers were detectable only in the cortical space between the plasma mem›
brane and the IMC.^^ 

Recent work has shown that the ubiquitously expressed actin-1 (ACTl) in Plasmodium 
species and the single actin in Toxoplasma both form extremely short, intrinsically unstable 
polymers ^’ ^ (see ref AA for a review). The intrinsic instability of actin polymers is also re›
flected by a number of nonhomologous replacements in comparison to conventional actins, 
which map mainly to putative monomer-monomer interaction sites. These findings explain 
the inability of researchers to visualize cytosolic F-actin in the parasites. They also fill a gap in 
parasite motility models, providing a plausible explanation for the functioning of actin in its 
anticipated cellular location. An attractive hypothesis is that actin polymers may gain stability 
by incorporation into their correct context within the motor machinery. ^ Interaction of actin 
polymers with active MyoA itself may thus be a limiting factor that ultimately triggers 
self-assembly of the actomyosin motor. In addition to transient interaction with myosin, actin 
polymers also bind to tetramers of aldolase, which in turn bind TRAP-family invasins. ’ 
While this interaction is thought to link surface receptors to the actomyosin motor, stimula›
tion of actin polymerization by aldolase remains to be demonstrated. Recruitment of a key 
glycolytic enzyme, and perhaps the entire set of glycolytic enzymes, in close proximity to the 
motor myosins may provide an excellent solution to continuous, high ATP supply. 

The apicomplexan genomes encode only a limited repertoire of conventional actin-binding 
proteins and microfilament regulators. ^’ This indicates a limited need for fine-tuning 
microfilament dynamics for diverse purposes, and obviously, intrinsic properties of 
unconventional parasite actins have evolved so that parasites get by without a multitude of 
actin regulators. For instance, for actin functioning in the parasites, intrinsic F-actin instability 
may eliminate the requirement for an actin-depolymerizing activity. Indeed, the universally 
expressed one of the two Plasmodium cofilins, ADF1, lacks F-actin binding capacity, but stimu›
lates nucleotide exchange in G-actin, presumably to accelerate actin polymer turnover by inter›
action with actin monomers. ^ 

The Link to the Outside World: TRAP Family Invasins 
Thrombospondin-related anonymous protein (TRAP) is the founding member of 

apicomplexan transmembrane adhesive proteins that all contain a short carboxy-terminal acidic 
region exposed to the parasite cytoplasm (cytoplasmic tail domain, CTD), a transmembrane 
span, and a series of extracellular adhesive domains. TRAP was initially identified and cloned 
based on sequence similarity of one adhesion module, the thrombospondin repeat (TSR).^^ 
TRAP orthologs exist in all parasites of the phylum, albeit with considerable sequence variabil›
ity especially in the composition of the extracellular domains.^^ Common to all of them are 
copies of two adhesion modules typically found in higher eukaryotes, the TSR type 1 domain 
(TSR) type 1 domain^^ and the von Willebrand A-domain.^^ Both act as adhesive modules and 
mediate attachment to heparan sulfate proteoglycans and perhaps other ligands. Reverse genet›
ics showed that Plasmodium TRAP is essential for sporozoite motility, and consequendy, host 
cell entry. Mutational studies reproduced the vital role for the CTD^^ and the extracellular 
adhesion modules, which act in concert.^ TRAP locates to micronemes from where it is thought 
to integrate into the plasma membrane via the apical tip of the parasite, and to distribute 
backwards along the cell periphery in a patchy fashion. A similar direct role in parasite mo til-
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ity and host cell attachment and invasion was demonstrated for the ookinete-specific invasin 
CTRP ’ and for microneme protein-2 (MIC2), the T. gondii tachyzoite ortholog of this 
family. Notably, MIC2 is seen in complex with the T. gondii-spedFic MIC2-associated pro›
tein (M2AP) throughout its trafficking to micronemes, shuttling to the parasite surface, and 
subsequent degradation. The two proteins form a heterohexameric complex that is essential 
for host cell invasion. Targeted deletion of M2AP impairs but does not abolish host cell entry, 
demonstrating an auxiliary role in invasion, perhaps by assisting MIC2 secretion. 

The first protein identified in the gliding trails of Plasmodium sporozoites was 
circumsporozoite protein (CSP), the major coat protein of the parasite. ^ In analogy, surface 
antigen 1 (SAGl) of T. gondii tachyzoites is deposited into trails. Both proteins contain a GPI 
lipid anchor and are peripheral membrane proteins that are unlikely to physically interact with 
the intracellular motor machinery. The role of the surface coat proteins in motility may include 
signalling a receptor recognition event to the interior. In addition, their continuous release at 
the anterior pole may provide the parasite with a substrate of its own making, which may 
facilitate attachment and gliding irrespective of the environment. 

Regulation of the Actin/Myosin Motor 
Extracelltdar stimuli and intracellular signalling cascades likely activate and fine-tune glid›

ing motility. In analogy to other motor machineries, work with 77 gondii tachyzoites indicated 
a central role for Ca"̂ ^ in these events. ̂ ’̂ The apicomplexan genomes encode for plant-like 
calcium-dependent protein kinases (CDPKs).^^ Recent gene targeting studies identified a 
function for CDPK3 in gliding motility o£ Plasmodium ookinetes. ’ Gliding motility is ini›
tiated by micronemal discharge of the TRAP invasins, which brings in the corresponding 
CTDs to the cortical space, where all other components are presumably already present. The 
spectrum of kinase targets that supposedly initiate commitment to motility and invasion re›
mains to be identified. Rearward translocation of the TRAP invasins likely requires additional 
regulatory steps. For instance, differences in parasite velocity (Table 1) may be triggered by 
cytoplasmic factors rather than by the TRAP CTDs themselves. A step toward understanding 
regulation of motility may be the isolation of the molecular targets of small molecules that were 
identified in a high throughput-screen for T. gondii tachyzoite invasion. Intriguingly, this 
comprehensive analysis revealed a number of motility enhancers in addition to inhibitors sug›
gesting a high degree of regulation to achieve fast locomotion and invasion, yet retain sufficient 
resources to reach a suitable target cell. 

Once the TRAP invasins reach the posterior end of the parasite they need to be shed through 
proteolytic cleavage within the transmembrane span. ’̂ ^ MIC2 release is essential for T. gondii 
tachyzoite invasion. Of note, mutant Plasmodium sporozoites that retain their transmem›
brane span but lack portions of the CTD display a ^pendulum phenotype’, characterized by 
continuous back and forth movement. This finding indicates that yet unidentified 
CTD-binding factors contribute to the proteolytic cleavage. Similar to other biological sys›
tems, intramembrane cleavage is catalyzed by rhomboid proteases at the posterior pole of the 
parasite.’^^’̂  At the same time, the remaining cytoplasmic portions of the TRAP invasins need 
to be degraded, likely via the ubiquitin/proteasome system, and the actin stubs recycled to the 
anterior part. 

Future Perspectives 
In the near future, some remaining basic questions need to be answered, in particular: How 

is the motile machinery activated, and how is it orchestrated to generate directional motility? Is 
myosin arranged in tracks with intrinsic polarity, and if so, how are these tracks assembled and 
regulated? How is actin turnover regulated within the cortical space? Do natural variants of the 
motor components correlate with parasite virulence? 

Understanding the molecular details of parasite motility opens the possibility to generate 
novel tools that are predicted to be particularly effective, because they target not only multiple 
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functions of a single stage, but also all invasive stages of all apicomplexan parasites, and, hence, 
hit multiple times during any given Apicomplexan life cycle. In order to translate the findings 
to drug development an in vitro reconstituted system of the major components, i.e., immobi›
lized MyoA and parasite actin, is a stepping stone towards a high-throughput assay for poten›
tial gliding inhibitors. The identification of additional regulators of the parasite actin/myosin 
motor may also lead to important insights into general principles of cellular motility. 
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CHAPTER 10 

Roles of Proteases during Invasion and Egress 
by Plasmodium and Toxoplasma 
Timothy J. Dowse,^ Konstantinos Koussis,^ Michael J. Blackman 
and Dominique Soldati-Favre* 

Abstract 

Apicomplexan pathogens replicate exclusively within the confines of a host cell. Entry 
into (invasion) and exit from (egress) these cells requires an array of specialized parasite 
molecules, many of which have long been considered to have potential as targets of 

drug or vaccine-based therapies. In this chapter the authors discuss the current state of knowl›
edge regarding the role of parasite proteolytic enzymes in these critical steps in the life cycle of 
two clinically important apicomplexan genera, Plasmodium and Toxoplasma. At least three dis›
tinct proteases of the cysteine mechanistic class have been implicated in egress of the malaria 
parasite from cells of its vertebrate and insect host. In contrast, the bulk of the evidence indi›
cates a prime role for serine proteases of the subtilisin and rhomboid families in invasion by 
both parasites. Whereas proteases involved in egress may function predominantly to degrade 
host cell structures, proteases involved in invasion probably act primarily as maturases and 
*sheddases’, required to activate and ultimately remove ligands involved in interactions with the 
host cell. 

Introduction 
"Proteases are enzymes that degrade proteins by hydrolyzing some of their peptide bonds. "̂  

The above, terminologically correct definition has represented for many years the view we had 
towards proteases and their biological roles. In recent years though, our knowledge concerning 
this class of enzymes and their functions has expanded considerably. Once thought of as only 
nonspecific, "degradative" enzymes, proteases are now also known to be involved in highly 
specific substrate cleavages that result in changes of protein function. Proteases are involved in 
a wide range of biological processes such as DNA replication, cell signalling, immunity and 
apoptosis and from genome sequencing data we know that more than 650 proteases are de›
fined in the human genome and similar numbers are seen in Drosophila melanogaster and mouse.^ 

Proteases are divided into five main groups: (1) serine proteases, (2) threonine proteases, (3) 
cysteine proteases, (4) metailoproteases and (5) aspartic proteases. In the first three groups, an 
amino acid residue (serine, threonine or cysteine respectively) acts as the catalytic nucleophile 
that binds to the target peptide bond, whereas in the case of metallo- and aspartic proteases a 
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Table 1. Summary of proteases involved in invasion and egress in Plasmodium 
anc/Toxoplasma 

Class/Name 

INVASION 

Domains 

Serine (rhomboids) 
TgROMI 

TgROM4 
TgROMS 

7TM 

7TM 

Serine (subtilases) 
TgSUBI 

TgSUB2 

PfSUBI 
PfSUB2 

Other 
MPP3 

EGRESS 
Cysteine 
Falcipain 

2 and 2’ 

SERA 5 

ECP1 

Aspartic 
Plasmepsin 11 

Subtilase 

Subtilase 

Subtilase 
1 TM 
subtilase 

? 

1 TM 
papain 
family 
Papain 

family 
Papain 
family 

Aspartic 
protease 
1 TM 

Putative 
Substrate 

? 

TgMIC2, 
TgMI6, 
TgMICI 2, 
TgAMAl 

TgMIC2, 
TgM2AP, 
TgMIC4 
Rhoptry 
proteins 

Unknown 
PfAMA1, 
PfMSPI 

? 

Haemoglobin, 
band 4 . 1 , 
ankyrin 
? 

? 

Haemoglobin 

Localisation 

Microneme 

Surface 

Microneme 

Rhoptry 

Dense granule 
Microneme 

Surface 

Food 
Vacuole 

PV 

Sporozoites 

Food 
Vacuole 

Homologues 

PfROMI 

PfROM4 

? 

? 

? 

? 

? 

? 

Putative 
Function 

During 
invasion 
MPP1? 

MPP2? 

Rhoptry 
protein 
maturase 
? 

MESH 

? 

Haemoglobin 
degradation 

Egress 
Egress 

Egress 

Haemoglobin 
degradation 

Egress 

Ref. 

22,24 

22,24 

20 

55 

44 
48-50 

14 

57,70-72 

80-83 

84 

76,77 

water molecule performs that role. Each of the main groups is subdivided into clans, which are 
further divided into families based on sequence homology. 

It is not only higher eukaryotes that use proteolytic enzymes. Infectious agents - viruses, 
bacteria, fungi and protozoa�us e proteases for replication, host invasion and metabolism. In 
the case of the pathogenic protozoa Plasmodium and Toxoplasma several studies have shown 
that proteolytic activity is necessary for invasion into and exit from the host cell (egress). Al›
though these studies have provided researchers with invaluable data, the identity, regulation 
and sub-cellular location of many of the proteases involved in the life cycles of these organisms 
remain elusive. 

The aim of this review is to summarize current knowledge of proteases that are thought to 
be involved in Plasmodium and Toxoplasma invasion and egress (see Table 1 for overview). 
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Apicomplexan Parasite Invasion 
Invasion by all apicomplexan parasites is thought to follow a broadly similar mechanism. 

When a parasite comes into contact with the host cell, it orientates such that the apical pole 
of the parasite points towards and interacts with the host. Microneme secretion is triggered, 
as a result of a calcium-mediated signal, and the released proteins are mobilised to the para›
site surface. These microneme proteins are thought to mediate high affinity interactions 
between the parasite and host surfaces. A *tight junction forms between the parasite and 
host, which translocates towards the rear of the parasite via interactions between the microneme 
protein cytoplasmic tails and a cortical parasite actin-myosin system. This process provides 
the traction for invasion. Soon after microneme discharge rhoptries, a second group of apical 
organelle, secrete their contents. Some rhoptry proteins (along with the microneme protein 
AMAl) have recently been demonstrated to form part of the tight junction, although their 
precise role is unknown. Other rhoptry material contributes to the formation of the 
parasitophorous vacuole. 

Invasion and egress share common mechanistic features and factors, and in some respects 
invasion can be thought to begin at the moment of egress, as from this point on the parasite is 
primed and ready for invasion.^ 

Proteases Involved in Invasion 
Many proteins secreted by the parasite during invasion or resident on the surface are 

proteolytically processed either during their transit through the secretory pathway or on the 
surface of the parasite whilst it is still intracellular. These processes are important, but are 
beyond the scope of this review, and have been extensively reviewed recently. ’’̂  The topic of 
this chapter will focus on proteolytic activities and proteases, where known, that are involved 
in invasion itself. Aside from the insight that studies of these proteases provide into the 
fascinating fundamental biology of invasion, what makes these proteases a key area of re›
search is their potential as drug targets.^ Invasion itself is a rapid process, often going to 
completion within less than a minute following initial interaction between parasite and host 
cell. However, it has been argued that enzymes involved in the process are likely to be avail›
able for long enough to be targeted by drugs, as the synthesis of the components of invasion 
machinery takes place over a substantial period of time prior to egress. A counter argument, 
however, suggests that it is precisely the importance of the invasion machinery that has led to 
its minimal exposure time to extra-cellular milieu, and that any inhibitors will not have 
access to the well-sequestered enzymes for long enough. The question remains whether drugs 
targeted to molecules involved in invasion will be successful and will be answered only by 
ftirther study. The fact that certain protease inhibitors have been demonstrated to inhibit 
invasion and egress suggests that at least in principal there is enough time for an effective 
target-drug interaction. Recent studies have led to the identification of proteases involved in 
essential steps in invasion, and further major breakthroughs can be expected over the next 
few years. 

Shedding of "Invasion Proteins** in Toxoplasma gondii/ Microneme 
Protein Protease I 

The Activity 
The first studies concerning the processing of the type I transmembrane protein TgMIC2 

in Toxoplasma gondii (the homologue o£ PlasmodiumTRAP) revealed that, following its release 
from the micronemes and redistribution across the plasma membrane, the protein is shed from 
the parasite surface. This shedding was found to result from a proteolytic cleavage near the 
C-terminus of the protein ectodomain, and the hypothetical protease responsible was named 
Microneme Protein Protease 1 (MPPl). TgMIC2 and other microneme proteins are thought 
to form the link between the host cell surface and the sub-plasmalemmal actinomyosin motor 
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system, so several investigators suggested that the role of the shedding is to disrupt this Unk, 
and thus allow the final steps of invasion to be completed. It has been proposed that MPPl 
must therefore be located towards the posterior of the parasite surface. ̂ ^ 

Interestingly, however, if TgMIC2 redistribution towards the posterior pole is inhibited by 
cytochalasin D, MPPl processing still occurs, suggesting that the protease is not exclusively 
concentrated at the parasite posterior. Additional evidence has shown that MPPl is constitu-
tively active on the surface of the tachyzoite even when the parasites are intracellular.^^ So if 
MPPl is located all over the parasite surface, what is its precise role in invasion? It is possible 
that host-parasite interactions need to be continually disrupted during the invasion process, 
but exacdy why this would happen is not obvious. Questions such as this highlight the need to 
identify the MPPl protease at the molecular level, and since its first description several steps 
have been made to bring this closer to reality. 

Intramembrane Proteolysis 
The first development towards discovering the identity of MPPl was the identification of 

the cleavage site targeted by the protease. It was observed that other transmembrane TgMIC 
proteins (TgMIC6 and TgMIC 12) are also cleaved near their C-terminus, resulting in their 
shedding, and this led to the obvious suspicion that MPPl is responsible for shedding several, 
if not all transmembrane TgMICs.^^ 

Mutagenesis of conserved residues within the transmembrane (TM) domains of TgMIC2, 
TgMIC6 andTgMIC12 (a homologue oiEimieria tenella MIC4;^^) abrogated their shedding 
by MPPl, suggesting that the cleavage site was within the TM domain itself. This was con›
firmed using mass spectrometry, to show that TgMIC6 is cleaved within the TM domain, at 
the site lA^GG. This site is conserved in several other microneme proteins from Toxoplasma 
and other apicomplexans, including TgMIC2 and PfTRAP.^^ Importantly, it was also shown 
that expression of 7? ^^r^/^«TRAP in T. gondii resulted in MPPl mediated shedding, suggest›
ing the conservation of MPPl activity in apicomplexans. Interestingly, another study clearly 
identified a lysine residue (K692) just upstream of the TM domain of TgMIC2 which, when 
mutated to alanine (but not arginine), completely abrogated cleavage by MPPl.^^ This could 
suggest that this region is involved in substrate recognition. Although at the time this result 
cast doubt on the location of the cleavage site, this issue was finally resolved by mass spectro-
metric mapping of theTgMIC2 cleavage site, which confirmed its localisation within theTM 
domain. The mutant analysis by Brossier et al also confirmed the predicted importance of 
MPPl-mediated cleavage during invasion, as over-expression of theTgMIC2 processing mu›
tant impaired invasion. 

Towards Identification of an Enzyme 
The location of the MPPl cleavage site within theTM domain implicated an intramembrane 

protease in this critical cleavage event. An examination of the list of intramembrane protease 
families so far discovered immediately suggested the rhomboid-like family as candidate en›
zymes for MPPl. Rhomboid-1 from Drosophila, the founding member of the family, is an 
intramembrane-cleaving protease (ICliP), which regulates the secretion of an EGF-receptor 
ligand. Spitz, via cleavage in the Spitz TM domain. ̂ ^ Rhomboid-like proteases generally con›
tain six or seven transmembrane domains, with short connecting loops, and the catalytic resi›
dues are buried within the lipid-bilayer. Some important characteristics differentiate this fam›
ily of intramembrane proteases, which are found throughout evolution, from other ICliPs: 
they are the only intramembrane proteases of the serine class, and the only ones that cleave 
their substrates in the region of the TM domain nearest the lumen/extracellular region, result›
ing in shedding of the N-terminal domain. They are also the only class of ICliP that does not 
require prior cleavage of their substrate by an independent protease. ̂ ^ 

These features make a rhomboid-like protease a particularly attractive candidate for MPPl, 
as the cleavage site of TgMIC2 and TgMIC6 is near to the luminal end of the TM domain. 
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Also importantly, although TgMIC2 is subject to additional proteolytic cleavages on the 
surface of the parasite (see below), these cleavages are not a prerequisite for MPPl mediated 
shedding. When MPPl was originally described, a number of protease inhibitors were tested 
in order to identify the class of protease, and thus narrow down the number of candidate 
genes responsible for the activity. Release of TgMIC2 from the parasite was only inhibited by 
a serine protease inhibitor, 3,4-dichloroisocoumarin (DCI;^), one of only two inhibitors 
known to inhibit Rhomboid-1 activity (the other being tosyl phenylalanine chloromethyl 
ketone, TPCK).i5 

Initially this finding was interpreted as being due to inhibition of microneme secretion, 
as TgMIC4 release was also reduced. The subsequent discovery of the anchoring of TgMIC4 
to the membrane via an interaction with TgMICl/TgMIC6^^ led to a reevaluation of this 
conclusion, as inhibition of MPPl would also inhibit TgMIC6 shedding, and therefore that 
of TgMIC4. Howell et al recently showed that DCI inhibits the intramembrane cleavage of 
another microneme protein, TgAMAl.^^ MPPl is thought to be responsible for TgAMAl 
cleavage (for details, see below), and thus DCI is a true inhibitor of MPPl. The same au›
thors found that DCI had no effect on secretion of TgSUBl, a subtilisin-like microneme 
protein which is membrane-bound via a GPI-anchor and cannot therefore be an MPPl 
substrate. 

Further evidence in support of MPPl being a rhomboid-like protease was provided by a 
study by Urban and Freeman. ^ They demonstrated that the substrate specificity of rhomboid-like 
proteases is governed not by specific sequence motifs, but rather by the presence of 
helix-destabilising residues near the cleavage site. Analysis of the TM domains of TgMIC2, 
TgMIC6 and TgMIC12 revealed the presence of such helix-destabilising residues, and the 
authors went on to show that the TM domains of those microneme proteins could act as 
substrates for Drosophila Rhomboid-1 and the human rhomboid RHBDL2. 

Two independent studies then described rhomboid-like proteins in X gondii?^’^  ̂ AsM^Vl 
yv2iS indirectly indicated to be constitutively active at the parasite surface, ̂ ^ both studies 
performed analyses of the localisations of some of the T. gondii rhomboids (TgROMs). In 
total, genes for six rhomboid-like proteins have been found in the T. gondii genome, called 
TgROMl-6.22-2^ TgROMl localises to the micronemes, TgROM2 to the Golgi, and 
TgROM4 to the parasite surface.^ ’̂ ^ TgROM3 does not appear to be expressed in tachyzoites, 
the life-cycle stage where MPPl was described, and was therefore excluded from further 
analysis. TgROM6 was predicted from a phylogenetic analysis to be localised to the mito›
chondrion, and indeed possesses a predicted mitochondrial targeting signal.^ Recent 
localisation experiments seem to confirm this prediction (Dowse and Soldati, unpublished). 
TgROM5 localisation appears to be on the parasite surface, and Brossier et al observed an 
apparent concentration of this surface-resident rhomboid towards the posterior end of the 
extracellular parasite. This, combined with data which showed cleavage of TgMIC2 by 
TgROM5 in a heterologous cell-based assay,’̂ ^ led the authors to suggest that TgROM5 is 
the primary candidate for MPPl . Dowse et al,^^ however, did not observe any cleavage of 
microneme protein TM domains by TgROM5, despite the fact that this enzyme was active 
against the T M domain oi Drosophila Spitz. It should be noted, however, that the substrate 
TM domains in the two studies were in different contexts in terms of cytoplasmic tails and 
ectodomains. This is of particular interest as a very recent study demonstrated that TgROM5 
appears to have a very flexible substrate specificity, being capable of cleaving many microneme 
protein TM domains from both T. gondii and P. falciparum, including TM domains which 
were not Rhomboid-1 substrates (see below). However, in spite of this apparent broad 
specificity, TgROM5 could not cleave microneme protein TM domain-containing substrates, 
which were nevertheless cleaved by Rhomboid-1 in the Dowse et al study. The reason behind 
this apparent contradiction remains mysterious. 

The story is complicated somewhat further by the phylogenetic distribution of ROMs 
throughout Apicomplexa. The evidence outlined above suggests that MPPl is probably 
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conserved throughout the phylum, and indeed target substrates can be predicted in most 
apicomplexan species where sequence data is available.^ Whereas orthologues of TgROM4 are 
found in all Plasmodium species examined so far, TgROM5 orthologues are not. Furthermore, 
in P falciparum, PfROM4 localises to the surface of the merozoite and has recently been shown 
to cleave the TM domain of the invasion protein EBA-175, and other invasion proteins^^^ 
(see below). The significance of this is not yet clear as far as MPPl in X gondii is concerned, 
and ultimately only a genetic analysis of MPPl candidate proteases will enable the identity of 
MPPl to be absolutely confirmed. 

Both TgROMl and PfROMl^^^ localise to the micronemes. Since the contents of 
micronemes are secreted as one of the first steps of invasion,^^ ROMl might be involved in 
some aspect of the invasion process. However, as MPPl activity has been monitored constitu-
tively on the parasite surface in the absence of microneme secretion, ROMl is unlikely to 
correspond to MPPl. Furthermore, rhomboids are thought to be constitutively active and 
therefore need to be spatially separated from their substrate(s) until cleavage is required. There›
fore the sub-cellular localization of MPPl is anticipated to be the parasite plasma membrane. 
The localisation of ROMl in the micronemes may be suggestive of a role in shedding of sur›
face proteins encountered during, but not before, invasion and/or egress. 

As mentioned above, TgAMAl is cleaved within its TM domain at a site consistent with 
rhomboid-mediated cleavage. One significant difference between TgAMAl and other 
microneme proteins that have been studied in T, gondii is that TgAMAl can apparently access 
both sides of the moving junction during invasion, ̂ ^ rather than being specifically excluded 
from the parasite plasma membrane within the forming vacuole as with other microneme 
proteins. Additionally, TgAMAl does not contain the conserved hydrophobic tail required for 
interaction with aldolase, thought to mediate the critical link between microneme-derived 
adhesins and the actin-myosin motor, and is not required for gliding motility. Depending on 
the localisation of MPPl during invasion, this could suggest different processing dynamics of 
TgAMAl compared to other TgMICs, and perhaps reflects the role of a second rhomboid-like 
protease, although it must be noted that TgROMl was not capable of cleaving Pfi\MAl in the 
study by Baker et al̂ ^^ (see below). This again highlights the fact that many questions still 
remain unanswered and await functional analyses. Interestingly, Plasmodium AMAl is shed 
primarily by a different protease (see below). 

MPPl in Plasmodium 
As mentioned above, MPPl is likely conserved throughout Apicomplexa, and Plasmodium 

species contain homologues of TgROMl, TgROM3 and TgROM4. Furthermore, a 
rhomboid-like activity has been demonstrated at the surface of the P. falciparum merozoite, 
supporting the anticipated conservation of MPPl throughout the Apicomplexa. But which 
proteins in Plasmodium might be shed by MPPl mediated cleavage? Certainly, owing to the fact 
that TRAP is homologous to TgMIC2, predicted to fulfil a similar function, and is cleaved in T. 
gondii in the C-terminal region, ̂ ^ one would expect TRAP to be processed in this way. How›
ever, a study by Silvie et al showed that in the sporozoite, both TRAP and Pfi\MAl appear to 
be processed by the same enzyme, which has a different inhibition profile to that of the MESH 
(merozoite sheddase) of merozoites. The shed forms of PfAMAl from the sporozoites were the 
same sizes as those shed from merozoites, suggesting that the cleavage took place at the same 
juxtamembrane location. More work is required to clarify the mechanism of TRAP shedding 
from the sporozoite. 

Two recent papers investigating P falciparum ROMs have shed some light onto MPPl in 
this species. O’Donnell et al, investigating PfROM4, demonstrated that this protease localises 
to the surface of the parasite. They also showed that the EBL family protein, EBA-175, is 
cleaved within its TM domain, which had previously been predicted, at a site consistent with 
rhomboid cleavage. They further demonstrated that EBA-175 cleavage is required for invasion 
to succeed, even if the EBA-175-independent/sialic acid-independent pathway was being used 
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by the parasite. In a cell-based assay, PfROM4 was capable of cleaving the EBA-175 protein, 
but interestingly this was not a substrate for Drosophila Rhomboid-1 or PfROMl.^’*̂  

A second study elaborated on the findings of these assay. Baker et al̂ ^^ tested several 
PfROMs, as well as TgROMl and TgROM5, on the 14 P. falciparum adhesins currently 
thought to be involved in invasion. The substrates tested include the PfRH4 protein re›
cently demonstrated to be upregulated in parasites following a switch from a sialic-acid 
dependent to a sialic acid independent invasion pathway,"^^ and related proteins from the 
RBL family as well as PfAMAl, proteins from the EBL family, and TRAP family proteins. 
PfAMAl has a TM domain resembling other rhomboid substrates, with helix destabilising 
residues. EBL and RBL family proteins, on the other hand, whilst containing helix-relaxing 
residues in their TM domains, also contain upstream aromatic residues that create poor 
rhomboid substrates. 

Interestingly, PfROM4 did not cleave Spitz or PfAMAl, also demonstrated by O’Donnell 
et al. It was however active against EBL, RBL and TRAP family proteins, but Rhomboid-1 
could not process EBL and RBL family substrates. PfROMl on the other hand was highly 
active against Spitz and PfAMAl, and had weaker levels of activity against the other pro›
teins tested, with some substrates not being cleaved at all by PfROMl. The authors pro›
posed that PfROMl and Rhomboid-1 have a similar specificity, whereas the specificity of 
PfROM4 was distinct. Interestingly, TgROM5 was active against all substrates tested, and 
the authors proposed that this protease has a "dual" specificity. The significance of this in 
terms of T. gondii is unclear. 

Together, these findings suggest that MPPl in P. falciparum^ a role most likely filled by 
PfROM4, is involved in most if not all invasion pathways o^P. falciparum, and could there›
fore be an "Achilles heel" of invasion. A recent X-ray crystal structure of a related 
rhomboid-like protease from Escherichia coli, GlpG, reveals the presence of a hydrophilic 
pocket at the extracellular face of the membrane, which allows access to the water necessary 
for the hydrolysis reaction performed by the rhomboid to occur. ̂ ^̂  This pocket could be 
accessible for potential inhibitors, and this together with the known sensitivity of rhom›
boids to DCI, proves the principal that drugs could indeed be designed against this "Achil›
les heel". This structure also demonstrates that in principal it is possible to crystalise 
rhomboid-like proteases. Structural studies such as this, if performed on apicomplexan 
ROMs, should reveal at least in part the mechanisms behind this varying substrate specific›
ity observed by Baker et al." 

Shedding of Surface Proteins in Plasmodium; MESH 
MPPl is thus probably conserved in Plasmodium species and involved in shedding of cer›

tain proteins during invasion as mentioned above. However, another type of surface shedding 
has been observed in Plasmodium, which has different features to MPPl mediated shedding. 

MSPl Primaiy Processing 
MSPl is a large protein complex localised on the surface oiPlasmodium merozoites. It may 

be involved in initial low-affinity binding of the parasite to the host cell, and is considered to 
be a good vaccine candidate. MSPl is initially expressed as a protein precursor, and is subject 
to what is called primary processing. This is thought to take place whilst the parasites are 
developing within the host cell rather than during invasion itself and therefore, while sus›
pected to be important for the function of the protein complex, will not be discussed in depth 
here. Primary processing has been well reviewed, and in P. falciparum results in the fiill length 
gene product, after signal peptide removal and GPI anchor modification, being cleaved into 
four subunits known as MSP 133, MSPl30, MSPl35, and MSPl42 (in order from the N- to 
C-terminus of the original gene product). These fragments are bound together noncovalendy 
in a complex, with MSPl42 anchoring the complex in the membrane via its GPI anchor. 
Other proteins (including MSP6, 7 and 9 in the case o£P. fakiparum,^^’^^) are also bound to 
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this complex. It is the secondary processing of MSPl, which results in the shedding of the vast 
majority of the complex from the plasma membrane, which we will discuss further. 

MSPl Secondaiy Processing 
During invasion MSPl42 is proteolytically cleaved into two fragments (called MSPl33 and 

MSPl 19) in what is known as secondary processing. This processing results in the release of the 
MSPl complex from the parasite surface�a n event which appears to be important, as only the 
post-processing stub (MSPl 19) appears to be able to penetrate the moving junction and still be 
localised to the parasite surface after invasion is complete. ̂ ^ Other studies have shown that 
antibodies or small molecules that inhibit MSPl secondary processing also inhibit invasion.^ ’ 
The first step towards identification of the MSP-1 shedding protease was the observation that 
this activity is calcium dependent, sensitive to the serine protease inhibitors PMSF and DFP, 
and also that the protease responsible is bound to the parasite plasma membrane when the 
processing event occurs.^ 

AMAl Processing 
Pfi\MAl, another long-time vaccine candidate in Plasmodium is shed during invasion and, 

as for MSPl, antibodies that inhibit this processing impede invasion.^’^’^^̂  While analysing the 
activity responsible for PfAMAl shedding, Howell et al discovered that PfAMAl is shed by a 
protease with the same characteristics and inhibition profile as that responsible for MSPl shed›
ding. ̂ ’̂̂ ^ They concluded that the same protease, named Merozoite Surface Sheddase (MESH,^ ) 
is responsible for the shedding of the two proteins. Analysis of the MESH cleavage sites of 
PfAMAl and PfMSPl shows no obvious conserved motif, and it has been postulated that 
MESH may recognise certain sequences by their proximity to the membrane in which it is 
anchored. This hypothesis is supported by the structural analysis of MSPl 19, which shows 
that the tandem EGF domains that comprise this polypeptide are arranged such that the MESH 
cleavage site is brought close to the plasma membrane, despite being some distance away in 
terms of primary sequence from the GPI anchor (--96 amino acids). ’ ^ Interestingly, shedding 
of PfAMAl was not inhibited by cytochalasin D, but neither was the redistribution of the 
protein over the surface of the parasite, adding weight to the notion that AMAl is not associ›
ated with the parasite’s actin-myosin motor system. 

Identification of MESH 
The characteristics of MESH� a calcium-dependent, surface-bound serine protease�le d 

investigators to search in Plasmodium for candidate proteases, and the subtilisin-like family of 
proteases emerged as primary candidates. The recently completed genome has revealed the 
presence of three subtilisin-like proteases in Plasmodiumy named PfSUBl, PfSUB2 and 
Pf5UB3.^^ PfSUBl was previously identified,^ and since has been characterised in detail in 
terms of specificity, although in vivo substrates remain anonymous (see ref 45 for a detailed 
review o£Plasmodium subtilisin-like proteases). Although it may be critical for parasite growth 
an important study demonstrated that it is not responsible for MESH activity. ’ 

PfSUB2, initially described in 1999,^^’^̂  and identified as a candidate for the MESH 
protease, was recently identified as the protease most likely responsible for MESH activity. All 
subtilisin-like proteases have a propeptide, which is generally removed by autocatalytic cleav›
age during maturation. This propeptide aids folding and is thought to specifically inhibit the 
enzyme until its removal has occurred, in this way ensuring the enzyme remains inactive until 
the appropriate time. This phenomenon was taken advantage of by Harris et al,^^ who used 
recombinant PfSUB2 propeptide to inhibit the activity of mature PfSUB2, which is secreted 
onto the surface of merozoites, and to demonstrate convincingly that this inhibition results in 
the inhibition of PfMSP-1 and PfAMAl shedding. One cannot exclude that PfSUB2 acti›
vates the actual protease responsible for MESH activity. Nevertheless this remains the most 
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compelling evidence to date for the identity of a protease responsible for the shedding of an 
apicomplexan protein during invasion. A recent paper has further demonstrated the impor›
tance of the MESH by showing that the cleavage of a merozoiteTRAP homologue (PTRAMP) 
is also PfSUB2 dependent.^ ̂  

Localisation Issues 
Harris et al also reported the sub-cellular localisation of PfSUB2, which had until then been 

thought to reside in the dense granules. In fact, PfSUB2 is a microneme protein, and immun›
ofluorescence and immuno-electron microscopy was used to demonstrate that it is secreted 
and relocalised to the posterior pole in extracellular merozoites.^^The authors suggest that this 
relocalisation is representative of the redistribution of PfSUB2 with the moving junction dur›
ing invasion under physiological conditions. This could explain how only PfMSPli9 and the 
post-processing stub of Pfi\MAl remain on the surface of intracellular post-invasion parasites, 
as the extracellular domains would be cleaved off̂ as the moving junction passes over the para›
site surface. 

An obvious advantage of the targeting of MESH to the micronemes is that the protease 
will not be on the surface until the moment of invasion, thereby ensuring no rogue shedding 
of critical surface proteins at inappropriate times. However, the presence of PfSUB2 in 
micronemes could be seen as being somewhat paradoxical, as PfAMAl is also a microneme 
protein but is not shed until its release onto the parasite surface. There are several possible 
explanations for this apparent discrepancy. One possibility is that the propeptide of PfSUB2, 
whilst known to be cleaved from PfSUB2 in the ER, could remain noncovalently bound to 
PfSUB2, thus inhibiting its activity, until an environmental change such as a pH shift occurs 
(for example, following microneme discharge). Alternatively, calcium levels in the micronemes 
may be too low for optimal MESH activity, and only upon secretion can it become active and 
fulfil its role as a sheddase. It is additionally possible that the PfAMAl prosequence, a short 
hydrophilic sequence that is removed upon translocation of the protein onto the parasite 
surface, may protect the protein from premature processing in the micronemes, as x-ray crys›
tal studies have shown that this lies adjacent to the Pf5UB2 cleavage site in the three-dimensional 
structure of PfAMAl.^^ 

Differences between Toxoplasma and Plasmodium Surface Shedding 
The differences observed between the shedding of PfAMAl andTgAMAl raise the obvious 

question: why did two mechanisms evolve to perform an apparendy similar job? It is not abso›
lutely clear, but perhaps the answer lies in the removal of MSP 1 during Plasmodium invasion. 
MSPl is only found in Plasmodium species, and being GPI anchored its removal could not be 
mediated by a rhomboid-like protease. Therefore a separate sheddase had to evolve in order to 
remove this protein during invasion. Perhaps PfAMAl is a fortuitous substrate for this enzyme, 
and thus became shed via this mechanism. This argument is supported by the fact that a 
rhomboid-like shedding of PfAMAl can also be observed under certain conditions. However, 
clearly this rhomboid-like shedding is not sufficient to support invasion, as inhibition of 
MESH-mediated shedding of Pfi\MAl results in inhibition of invasion. It should be noted, 
however, that PfAMAl is shed by a sheddase in sporozoites, where MSPl is absent. 

As mentioned above, it has been proposed that MESH-mediated shedding occurs at the 
moving junction, continuously during invasion, whereas MPPl-mediated shedding occurs only 
at the posterior pole, during the final stages of invasion. ̂ ^ This model remains debatable how›
ever, especially in the light of findings that TgAMAl is shed exclusively by a rhomboid-like 
activity. If the fundamental function of TgAMAl and Pfi\MAl is similar, why would shedding 
of PfAMAl throughout invasion, and the shedding of TgAMAl at the end of invasion, be 
equally tolerated? Once again, the answer to this question will be revealed by genetic dissection 
of MPPl function during invasion. 
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Other Microneme Protein Proteases Involved in Invasion 
in Toxoplasma gondii; Surface Trimming 

Other microneme protein cleavage events have been characterised in T, gondii that occur on 
the surface, and presumably during invasion. The protease activities mediating these have been 
called Microneme Protein Protease 2 and 3 (MPP2 and MPP3; refs. 9,14). 

Microneme Protein Protease 2 
MPP2 is an activity that trims TgMIC2 several times to remove the N-terminal region up to 

the A-domain.^ It also trims the TgM2AP C-terminus in three places,^ the TgMIC4 
C-terminus,5^ andTgSUBl.^^The precise purpose of MPP2 activity is not clear, and may differ 
in the case of each substrate. It has been recendy demonstrated that MPP2 mediated trimming 
of the TgMIC2 N-terminus activates the binding of ICAM-1 by TgMIC2 - an activity which 
was proposed to be necessary for transmigradng through tissue barriers. However, it was also 
observed that ALLN and chymostatin, which inhibit MPP2 activity, did not inhibit host cell 
invasion,^ suggesting that MPP2 activity is not essential for host cell invasion in vitro. 

As mentioned above, TgSUBl is a GPI anchored subtilisin-like protease that is shed into 
culture medium after secretion from micronemes.^^ This protein is currendy the best candi›
date for MPP2. Interestingly, cytochalasin D treatment of parasites, which prevents redistribu›
tion of TgMIC2 towards the rear of the parasite, actually results in an enhancement of MPP2 
mediated trimming. This is easily understood if MPP2 resides in the micronemes, and is se›
creted to the parasite surface at the same time as TgMIC2. 

Additionally, subtilisins are usually cleaved autocatalytically, and TgSUBl is a substrate for 
MPP2 activity. Regulation of TgSUBl is presumably mediated by calcium levels or by associa›
tion with the prodomain when TgSUBl is within the micronemes. Further evidence for the 
localisation of MPP2 in the micronemes comes from the fact that when TgMIC4 is mistargeted 
to the parasite surface, MPP2 mediated cleavage does not occur, suggesting a need for this 
protein to traffic through the micronemes in order to be a substrate for MPP2.^^ 

Of the other subtilisin-like proteases in T. gondii, only TgSUB2 has been characterised in 
detail as a potential rhoptry-protein maturase, and does not therefore have a direct role in 
invasion. ̂ ^ 

Microneme Protein Protease 3 
This activity has been reported by Carruthers and colleagues^ as a protease that trims 

TgM2AP at a site just upstream of the three MPP2 cleavage sites. At this point the significance 
of this activity, or the protease responsible for it is entirely unclear. There are also no data yet to 
show whether MPP3 mediated cleavage of M2AP is a prerequisite to MPP2 cleavage. No 
inhibitors have yet been found which impede MPP3 activity, and so the search for the identity 
of this protease is still in a very early stage. Apart from M2AP there are, as yet, no other 
determined substrates for MPP3. 

Other Potential Proteases Involved in Invasion 
Other proteases will presumably be involved in invasion. In P. falciparum, the papain-like 

cysteine protease falcipainl was reported in an inhibitor study to have a role in invasion. A 
subsequent genetic disruption of the gene led to a reevaluation of this conclusion, as no defect 
in invasion could be observed. ̂ ’̂ ’̂^ 

Also of some interest is a protease described some years ago to modify the red-blood-cell 
surface during Plasmodium invasion. Although the protease, named p76 in P. falciparum, has 
been characterised biochemically, the gene encoding it has yet to be identified, despite the 
complete genome sequence o^P. falciparum being available. The protease is sensitive to several 
serine protease inhibitors,^^ and purified p76 was shown to be able to cleave erythrocyte Band 
3 and glycophorin A. Importantly, inhibitors of this Band3 cleavage were also inhibitors of 
invasion. This activity was hypothesised to be responsible for destabilising the erythrocyte 
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membrane and/or underlying cytoskeleton, in order to facilitate invasion. While this model is 
tempting, there is no direct evidence that the erythrocyte is proteolytically modified during 
invasion, and therefore the molecular identity of this protease must be established before its 
precise role can be revealed. 

Other candidate proteases are not currendy available, but studies involving inhibition of 
invasion (see refs. 8 and 62 for review oiPlasmodium invasion inhibition) clearly show proteases 
are involved. Whether these proteases are simply the activities described above, or are alternative 
enzymes also required during invasion remains to be seen. 

Egress 
Escape from the host cell is a necessity for all apicomplexans in order to progress through 

their life cycle. In the case of Plasmodium, hepatic merozoites have to egress from liver cells, 
merozoites from red blood cells and sporozoites from oocysts. Proteases appear to play an 
important role in at least two of these cases. 77 gondii probably uses similar mechanisms for 
egress, but the proteolytic events that mediate this process have been less well studied. 

Plasmodium 
The erythrocytic cycle of this parasite is responsible for the manifestations of clinical ma›

laria and most studies concerning egress have focused on that stage. In addition the released 
merozoites are potential targets for anti-malarial drugs or vaccines. The proteolytic events and 
the proteases involved in release of the parasites are less understood than the mechanisms in›
volved in invasion, but nonetheless have received considerable attention. In order to under›
stand the proteolytic mechanisms involved in egress, the first question to be addressed is how 
the parasite exits the red blood cell. 

Escape Pathways 
Within the infected red blood cell (RBC), the developing merozoite is surrounded by the 

erythrocyte membrane (EM) and by the parasitophorous vacuole membrane (PVM). Both 
these membranes must therefore be ruptured to allow egress, and five models have been pro›
posed regarding the manner and timing of rupture of these membranes. 

The first model suggests that the PVM fuses with the EM, and the merozoites egress from 
the red blood cell (RBC) leaving it intact. Video microscopy was used to support this model, 
demonstrating that erythrocyte rupture is not an explosive event and that a "parasite ghost"� 
the remnants of a red blood cell previously occupied by parasites�i s observed long after para›
sites have been released from the cell. 

Salmon et al provided evidence for a second model that is somewhat similar to that above. 
They proposed a two-step egress process, where merozoites still enclosed within the PVM exit 
from the host erythrocyte without concomitant lysis. The PVM is then rapidly ruptured to 
complete the process. To dissect the mechanism of egress they used E64, a cysteine protease 
inhibitor. Examination of E64 treated cultures showed the accumulation of merozoite clusters 
surrounded by a membrane that was recognised by antibodies against the PVM, suggesting 
involvement of a cysteine protease in PVM rupture. This protease could act either direcdy on 
components of the PVM, or alternatively could act by activating other components involved in 
the release mechanism. 

Wickham et al subsequendy presented evidence, again with the aid of protease inhibitors, 
that parasite release is a two-step event. They proposed a third model in which the PVM 
membrane undergoes primary rupture and merozoites are released after a secondary rupture of 
the EM. They found that E64 could inhibit the primary lysis of the PVM. Rupture of the 
erythrocyte plasma membrane, however, was inhibited by leupeptin and antipain or leupeptin 
and chymostatin (as was originally demonstrated by Lyon et al ). 

A fourth model arose from a recent study by Soni et al. These investigators observed 
that during the ring and trophozoite stages the PVM surrounds the parasite continuously. 
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but during schizogony PVM staining showed a "punctuated pattern". Based on these data 
the authors suggested that the PVM surrounds individual merozoites and in a primary lysis 
step the EM is ruptured releasing individual PVM-enclosed merozoites. These are then fi›
nally released in a secondary rupture of the PVM. This group also studied the effects of 4 
different cysteine protease inhibitors on egress. They demonstrated that leupeptin and E64 
treatment resulted in merozoite clusters associated with the PVM, while E64d and MDL 
blocked any further parasite development irreversibly. This further implicates a role for cys›
teine proteases in egress. 

The last model was proposed by Glushakova et al, and is based on experiments that fol›
lowed the release oi P. falciparum merozoites by fluorescence microscopy using differentially 
labelled membranes. In contrast to all the above mentioned studies, no RBC ghosts were ob›
served and the release of clustered merozoites was interpreted as being an artefact. The authors 
proposed that an "irregular schizont" is formed a few hours before rupture and an increase of 
intracellular volume transforms the schizont to a terminal rounded structure that eventually 
undergoes explosive rupture. According to the same study the PVM ruptures at the same time 
or shordy before the EM and individual merozoites are released direcdy into the bloodstream, 
findings that are consistent with the model of Wickam et al ^ in terms of the temporal events 
but also suggesting a cascade of regulated events that affect the morphological stages of the 
parasites. 

Role of Proteases in Schizont Rupture 
All the above studies provided invaluable information about the events leading up to sch›

izont rupture. Despite the fact that the temporal sequence of events is still a subject of some 
controversy, protease involvement in these events is a common parameter. ’ But what is the 
identity of these proteases? 

Several malarial proteases have been implicated in host cell rupture. These include: falcipain 
2, a cysteine protease that cleaves ankyrin and protein 4.1; plasmepsin II, an aspartic protease 
that cleaves host spectrin, actin and protein 4.1; and members of the cysteine protease-like 
serine repeat antigen (SERA) family. However, in no case has a precise physiological role been 
identified. 

Falcipain 2» Falcipain 2^ and Falcipain 3 
Falcipain 2 and the closely related falcipain 2’ are cysteine proteases belonging to the papain 

superfamily. Both have been shown to hydrolyse native haemoelobin and denatured globin, 
with maximal activity near the pH (--5.2) of the food vacuole, consistent with the proposal 
that these enzymes are primarily involved in haemoglobin digestion. Gene knock out experi›
ments^^ showed falcipain 2 to be nonessential in blood stages, although the knockout parasites 
exhibited a defect in haemoglobin hydrolysis, as expected. However, no abrogation of merozo›
ite release was observed in this study. 

In contrast with these findings, Dasaradhi et al’̂ ^ obtained evidence that falcipain 2 plays a 
role in egress from schizonts. Following treatment of parasites with siRNAs designed to 
down-regulate expression of falcipain 2 {Jp-2), merozoites in late schizogony appeared as clus›
ters enclosed in a thin membrane covering. These clusters were still present 72 h after j ^ - 2 
siRNA treatment, implying that parasite development was inhibited. By using the same 
transgenic line as Wickham et al, treated with fp-2 siRNA, they showed that erythrocyte 
membrane rupture was blocked. Analysis by immunofluorescence assays of these merozoite 
clusters using antibodies against the erythrocyte membrane protein, band 3, identified the thin 
membrane surrounding the clusters as the erythrocyte plasma membrane. The authors pro›
posed that falcipain 2 is involved in rupture of the red blood cell membrane. 

The difference in findings between these two groups could be explained according to 
Dasaradhi et al, by the fact that falcipain-2 siRNA may also inhibit falcipain 2 ’ expression 
since there is high homology between the two proteases. The above results are strengthened. 
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according to the authors, by previous studies of Hanspal et al̂ ^ showing that falcipain 2 hy-
drolyses the erythrocyte cytoskeletai proteins band 4.1 and ankyrin at neutral pH, suggesting 
an additional role for this protease in erythrocyte rupture. It should also be stated, however, 
that methods of gene knock-down in Apicomplexa using RNAi techniques are frequendy met 
with some scepticism, as many groups have had difficulties with it, and this technique remains 
controversial in this field/^ 

Falcipain 3 is also a papain-like cysteine protease that has haemoglobinase activity, but it is 
expressed later in the erythrocytic life cycle than falcipain 2 and 2. Localisation studies by 
Dahl et al’̂  showed that falcipain 3 exhibits a more widespread localisation pattern in the 
asexual blood-stage parasite than falcipain 2, although it is more abundant in the food vacuole. 
These authors speculated that additional further roles in cellular functions other than haemo›
globin degradation should not be excluded. Genetic studies should provide invaluable data 
concerning the requirement for this protease in the erythrocytic cycle of the parasite, and estab›
lish whether or not it has a role in egress. 

Plastnepsin II 
Plasmepsin II is an aspartic protease involved in the degradation of haemoglobin within the 

food vacuole of the parasite; it is also more active against denatured or fragmented globin. The 
crystal structure of recombinant plasmepsin II in complex with pepstatin A (a general aspartic 
protease inhibitor) was the first x-ray crystal structure of a Plasmodium falciparum protein. 
Studies with recombinant plasmepsin II have shown that this protease can cleave native spectrin 
and selectively cleaves spectrin, actin and protein 4.1 in erythrocyte ghosts at pH 6.8.^^ Confo-
cal microscopy has provided evidence that during late schizogony the protease accumulates in 
close proximity to the RBC cytoskeleton, while previous studies in trophozoites have shown 
that plasmepsins are present at the surface of the trophozoites.’^̂  In mature segmented sch-
izonts, plasmepsin II was found in the parasite periphery in increased amounts compared to 
early schizonts although at this stage no massive degradation of haemoglobin occurs. The pro›
tease is also active at a pH of 6.8, which suggests that it can be active at the neutral pH of the 
RBC cytoplasm.’^̂  As in the case of the falcipains discussed above, these recent data therefore 
suggest that plasmepsin II might be involved in processes other than haemoglobin degrada›
tion. However, gene knock out studies have shown that parasites can grow without plasmepsin 
II although at a slower rate compared to wild type parasites, proving that, in the case that it 
does play role in egress, it is not essential. 

Serine Repeat Antigen (SERA) Family 
The P. falciparum SERA gene family consists of nine genes, eight located in a gene cluster 

on chromosome 2 and one (SERA9) on chromosome 9. All SERA proteins possess a central 
domain that exhibits homology to the papain family of cysteine proteases. In some cases this 
includes a papain-like catalytic triad (Cys, His, Asn), indicating likely protease activity. How›
ever six of them (SERAI-5 and 9) possess a serine residue in place of the active site cysteine, 
which has raised questions concerning their enzymatic activity. Of particular interest amongst 
this group has been SERA5 because it is highly abundant, being expressed at much higher 
levels than the other members, and appears to be essential in blood-stages, while SERA2, -3, 
-7, and -8 are not essential for erythrocytic growth. ^ SERA5 is synthesized as a 113-126 kDa 
precursor protein localized to the parasitophorous vacuole. The precursor is processed into 
an N-terminal 47-kDa fragment, a central 56-kDa and a C-terminal 18-kDa fragment, the 
last two derived from a 73-kDa intermediate. The 56-kDa domain undergoes further pro›
cessing to a 50-kDa species. ̂ ^ Hodder et al expressed a recombinant form of the SERA5 
protease-like domain and showed that this was able to cleave substrates on the C-terminal 
side of aromatic residues. This activity was inhibited in the presence of the serine protease 
inhibitor DCI, providing the first evidence of a proteolytic activity for SERA5.^^ Li et al^^ 
used a recombinant system to study the proteases involved in SERA5 processing. Conversion 
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of the precursor protein to the Aj and 73 kDa fragments was inhibited by diisopropyl 
fluorophosphate (DFP), another serine protease inhibitor, while conversion of the 56 kDa 
fragment to the 50 kDa species appeared mediated by a cysteine protease. E64 and leupeptin 
partially inhibited the conversion of the 73 kDa fragment to the 56 kDa one although this 
result was not reproducible in vivo. Similar to the findings of Salmon et al, who observed 
merozoite clusters after treatment of cultures with E64, treatment of middle-stage schizonts 
with E64 and leupeptin had the same effect, and in parallel inhibited the processing of SERA5. 
It was speculated by Li et al̂ ^ that the 50 kDa fragment of SERA5 might play a proteolytic 
role in schizont rupture. Further tests are needed to support this hypothesis. Another impor›
tant finding that further implicates SERA5 in parasite egress is that antibodies against the 47 
kDa N-terminal fragment can inhibit the intraerythrocytic cycle of the parasite, apparently 
by preventing schizont rupture and release of merozoites. 

In 2005, Aly and Matuschewski^ described complete inhibition of sporozoite egress from 
the mosquito midgut oocysts following disruption of the R berghei orthologue of SERA8. 
This putative protease was therefore termed egress cysteine protease 1 (ECPl). Its transcrip›
tion is specific to mature oocysts, as appears true also of the P. falciparum orthologue. Fol›
lowing targeted disruption of the P berghei ecpl gene, sporozoites failed to egress from the 
midgut oocysts and exhibited an unusual continuous intracellular circular motility that was 
not observed in wild type oocysts. This elegant study is the first genetic proof that a malarial 
cysteine protease is necessary for egress. As the authors state these findings "pave the way" for 
the identification of enzymes that might similarly be involved in merozoite release from liver 
and blood-stage schizonts. 

Toxoplasma 
As with Plasmodium^ Toxoplasma egress is a rapid event leading to lysis of the host cell and 

release of motile parasites that quickly invade neighbouring cells to continue their cycle. By 
video microscopy it has been observed that escaping parasites pass through the PVM, the host 
cytoplasm and finally the plasmalemma;^^ parasites rupturing the host cell under induced egress 
conditions do it in a way that resembles invasion but in an outward direction.^^ Indeed, it has 
been speculated that there are common mechanisms shared between invasion and egress that 
are dependent upon both calcium and motility.^ Unfortunately, there is currently no direct 
evidence of any protease involvement in Toxoplasma egress. 

Althought the SERA family have been established as primary candidates for egress enzymes 
in Plasmodium^ no clearly direct homologues exist in T. gondii. Cysteine proteases related to 
cathepsins are present however, and have been designated TgCPL, TgCPB and TgCPC (al›
though in older publications are referred to as Toxopains). TgCPB (previously Toxopain-1) has 
been demonstrated to be a rhoptry protein maturase, but is not involved in proteolysis during 
invasion or egress itself ̂ ^ There is as yet no published data concerning the other cysteine 
proteases in T gondii, so any potential role in egress would be purely speculative at this stage. 

Egress in Plasmodium and’Toxoplsistna:Are There Similarities? 
Taking into account the close relationship between Plasmodium and Toxoplasma and the 

fact that several proteases have been implicated in egress by Plasmodium, it is only reasonable to 
expect proteolytic activity being involved in Toxoplasma released from infected host cells. It 
remains to be seen whether T gondii will contain the same egress machinery as Plasmodium 
parasites, and perhaps one should consider the differences in intracellular development, and 
the broader range of host cells that T gondii must egress from. With the complete genome 
sequences available new data might arise providing investigators with the information needed 
to characterise the events of egress, a critical stage in the life cycle of these important pathogens 
that has been relatively neglected. 
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Figure 1. A summary of the involvement of parasite proteases in invasion and egress for 
Toxoplasma gondii and Plasmodium parasites. Top left box: the red blood cell (RBC) cycle of 
Plasmodium. The schizont is represented in the bottom RBC, followed by the egress of 
merozoites, followed by invasion of a new RBC. Top right box: egress of liver cells. Bottom 
box: a rosette of intracellular T. gondii parasites within a vacuole is represented in the bottom 
cell, followed by egress and then invasion of a fresh host cell. In all boxes, the proteases 
involved in each particular stage are shown. 

Concluding Remarks 
Proteases clearly play a critical role in many parasite processes, and their continued study is 

vital to fully understand the mechanisms of life-cycle progression. The current knowledge of 
their roles in invasion and egress are summarised in Figure 1. The good chance of utilising 
proteases as drug targets, together with the fact that they are involved in the absolutely critical 
processes of invasion and egress, makes this field both intellectually fascinating, and potentially 
crucial clinically. 
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CHAPTER 11 

Roles of Naturally Ocxurring Protease 
Inhibitors in the Modulation of Host Cell 
Signaling and Cellular Invasion 
by Trypanosoma cruzi 
Julio Schar&tein* and Ana Paula C A. Lima 

Abstract 

7 Trypanosoma cruzi trypomastigotes rely on the structural diversity of the cruzipain family 
of cysteine proteases to infect and multiply in nonprofessional phagocytic cells. Herein, 
we will review studies demonstrating that the interplay of cruzipain with peptidase 

inhibitors modulate infection outcome in a variety of experimental settings. Studies with a panel 
of 27 cruzi strains showed that parasite ability to invade htunan smooth muscle cells is influenced 
by the balance between cruzipain and chagasin, a tight binding endogenous inhibitor of papain-like 
cysteine proteases. Analysis of 77 cruzi interaction with endothelial cells and cardiomyocytes 
indicated that parasite-induced activation of bradykinin receptors drive host cell invasion by 
[Ca^^li-dependent pathways. Clues about the mechanisms underlying kinin generation in vivo 
by trypomastigotes came from analysis of the dynamics of edematogenic inflammation. Owing 
to plasma extravasation, the blood-borne kininogens accumulate in peripheral sites of infection. 
Upon diffusion in peripheral tissues, kininogens (i.e., type III cystatins) bind to heparan sul›
phate chains, thus constraining interactions of the cystatin-like inhibitory domains with cruzipain. 
The cell bound kininogens are then turned into facile substrates for cruzipain, which liberates 
kinins in peripheral tissues. Subjected to tight-regulation by kinin-degrading metallopeptidases, 
such as angiotensin converting enzyme, the short-lived kinin peptides play a dual role in the 
host-parasite balance. Rather than unilaterally stimulating pathogen infectivity via bradykinin 
receptors, the released kinins potendy induce dendritic cell maturation, thus stimulating type 1 
immune responses. In conclusion, the studies reviewed herein illustrate how regulation of para›
site proteases may affect host-parasite equilibrium in the course of 77 cruzi infection. 
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ACE, angiotensin converting enzyme; BK, bradykinin; bradykinin receptor; CPM/N, 

carboxypeptidase M/N; chagasin, endogenous cysteine protease inhibitor of 77 cruzi; cruzipain, 
the major cysteine protease of 77 cruzi’, HK/LK, high-/low molecular weight kininogen; LBK, 
Lysyl-bradykinin; TCTs, tissue culture trypomastigotes; tGPI-mucin, trypomastigote-derived 
glycosylphosphatidylinositol-anchored mucin; TLR, Toll-like receptor; VSPh, 
methylpiperazine-Phe-homoPhe-vinylsulfone-benzene. 
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Introduction 
Invasion of nonprofessional phagocytic cells by T. cruzi involves multiple activation path›

ways, depending on the nature of the host cell, parasite strain and developmental form (metacyclics 
or tissue-culture derived trypomastigotes). ̂  Analysis of [Ca^^]i fluxes in both pathogen and host 
cells revealed the existence of a bi-directional flow of communication that persists throughout 
the penetration process.^’̂  Early studies on the Ca^^-dependent responses which tissue-culture 
trypomastigotes (TCTs)^ evoke via activation ofGPCRs^ledtodie concept that the pathogen 
usurps a natural cellular wound repair mechanism involving Ca^^-regulated lysosomal delivery 
and fusion to host cell surfaces by a synaptotagmin Vll-dependent pathway. More recendy, an 
alternative penetration pathway involving PI3-kinase was described/ Accordingly, 77 cruzi is 
also able to trigger invaginations of plasma membrane, forming nascent parasitophorous vacu›
oles whose maturation is critically depend on actin remodelling/’̂  Although the nature of acti›
vation signals that drive the lysosomal-independent versus the Ca^^-regulated lysosomal exocy-
tosis responses were not characterized, they are not necessarily mediated by the same receptors, 
and furthermore, may likely differ from one cell system to another. 

How precisely parasite proteases participate in each of these two well-defined stages of the 
invasion processes is far from clear. Historically, the first su^estion that proteases might play a 
crucial role in the invasion process can be traced back to the pioneering work by Piras and co›
workers, who reported on the effects which serum "priming" imparted on the phenotypic matu›
ration of tissue culture trypomastigotes. Later on, efforts to delineate the role of proteolysis in the 
invasion of non-professional phagocytic cells focused on particular classes of T cruzi pepti›
dases. For example, the prolyl-oligopeptidase designated as Tc80 drew initial attention owing 
to its coUagenase activity, presumably required for tissue invasion. More recendy, studies per›
formed with selective Tc80 inhibitors indicate that this prolyl-oligopeptidase is also critically 
involved in host cell invasion. ̂ ^ Given indications that parasite-host cell adhesion involves inter›
actions with various extracellular matrix components, it is possible thatTcSO may strengthen 
cell surface adhesive interactions required for formation of synapses with host cells. 

The first example of a TCT-derived protease that triggers intracellular Ca ’̂̂  mobilization 
through G-protein coupled receptors (GPCRs) came from studies with an oligopeptidase B-type 
of enzyme present in T. cruzi extracts. Since this peptidase is found in the cytoplasm of the 
parasites, it was proposed that Ca^ inducing signaling molecules were generated upon process›
ing of an inactive polypeptide precursor, the newly formed agonists being subsequendy trans›
ported from the cytoplasm to extracellular spaces. ̂ ’̂ Another activation pathway leading to 
intracellular Ca^^ mobilization through the triggering of GPCRs emerged from our studies on 
cruzipain, the major lysosomal cysteine protease of 77 cruzi. As discussed later in this chapter, 
cruzipain (and/or cruzipain isoforms) generate signaling molecules that enhance parasite up›
take by a broad range of nonprofessional phagocytic cells (e.g., endothelial cells, neonatal 
cardiomyocytes, and smooth muscle cells). ’^̂  

Structural and Functional Diversity of the Cruzipain Family 
For over a decade, research on seemingly unrelated 77 cruzi antigens and papain-like cys›

teine proteinases evolved in parallel before they converged, in the early 1990s. ^^^ The cathe-
psin L-like peptidase, named cruzipain, was extensively characterized at the biochemical, 
structural and molecular leveP while less is known about the functional properties of the 77 
cruzi cathepsin B-like enzyme.’^̂  Assigned to the clade A of the CI papain-like branch, the 
cathepsin L-like cysteine proteinases from the cruzipain family are encoded by a multigene 
family arranged in tandem arrays on several chromosomes."^^"^^ Members of the cruzipain 
family share with type 1 cysteine proteases of Trypanosoma brucei and Leishmania a long 
glycosilated and highly antigenic ’ C-terminal extension of unknown function which is 
absent in the thiol cathepsin counterparts from lysosomes of mammalian cells. The C-terminal 
extension is linked to enzymes catalytic (central) domain through a polythreonine hinge sus›
ceptible to autocatalytic cleavage. ’ ’ Cruzipain is synthesized as a precursor that undergoes 
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maturation by proteolytic excision of the N-terminal pro domain, a feature shared by all 
papain-like enzymes. Data concerning the kinetic properties and substrate specificity of natu›
ral cruzipain derived mostly from studies using the enzyme purified from epimastigotes,^^’^^"^̂  
later complemented by analysis of recombinant enzymes. This knowledge was refined by 
structure-activity studies based on the X-ray structure of cruzain,^’̂  name designated for a 
recombinant form of cruzipain truncated at its C-terminal extension. Collectively, these stud›
ies revealed that cruzipain (i) displays dual cathepsin L and cathepsin B-like specificity^^’^̂  (ii) 
unlike mammalian counterparts, cruzipain has the capability of accommodating Proline in the 
P2 position^ ’̂ ^ (iii) is modulated by substrate binding to a temperature-sensitive site^^’^ ’̂ ^ 
(iv) is stable and active at a broad pH range, indicating that it is not strictly dependent on an 
acidic environment as is often the case of lysosomal-like proteases.^ ’̂ ’̂̂  

Initial analyses of the structural organization of the cruzipain genes, performed with different 
parasites strains, appointed a variable copy number (14 to-100) arranged in tandem and distrib›
uted in at least 4 chromosomes."^^’ ^ The recent completion of the genome shows at least 14 
copies of cruzipain genes in the CL Brener strain. At the present time, there are only 4 full-length 
cruzipain sequences annotated in the T. cruzi genome database, sharing over 97% identity. This 
notwithstanding, earlier studies using RT-PCR revealed cruzipain sequences presenting 80-95% 
of amino acids identity in the Dm28 strain."^^ Noteworthy, cruzipain transcripts found in 
epimastigotes are dominated by sequences showing more than 95% amino acid identity with the 
major cruzipain isoform (cruzipain 1), while the sequences encountered in trypomastigotes and 
amastigotes share 80% amino acid identity, su^esting that some cruzipain isoforms are devel-
opmentally regulated. Since the majority of the nonconserved substitutions among these isoforms 
are concentrated in the central domain, we anticipated that they might have distinct substrate 
preferences, and possibly, different biological roles. Indeed, we subsequendy demonstrated that 
the cruzipain 2 isoform is preferentially expressed by Dm28c trypomastigotes and amastigotes. 
Of note, the substrate preference of recombinant cruzipain 2 is narrower than cruzain, ^ the 
main differences being ascribed to S2, the Si’ and the S2’ sites. ^ Consistent with this, we found 
that Mu-F-hF-VSPh, a potent inhibitor of recombinant cruzain (i.e., cruzipain 1), is also able 
to inactivate recombinant cruzipain 2, albeit at reduced efficiency (Lima, APL and Scharfstein, 
J, unpublished data). Thus, it appears that cruzipain gene polymorphism has equipped 77 cruzi 
with an armamentarium of functionally diverse isoforms. During cellular growth, the parasites 
(epimastigotes and amastigotes) may rely on isoforms with broad specificity to promote lysoso›
mal protein catabolism and/or growth factors. ̂ ’̂ In addition, the metabolically quiescent TCTs 
may depend on a specific isoforms to process particular subsets of precursor proteins, generating 
signals that enhance cellular invasion. ̂ ’̂̂ ^ 

Cysteine Proteases Are Factors of Parasite Virulence 
For many years, the evidence linking trypomastigotes* capacity to invade cells to the activity 

of cysteine proteases was at best circumstantial. Invasion assays performed in different culture 
systems revealed that polyclonal antibodies directed against the C-terminal extension (GP25) 
partially protected primary cultures of smooth muscle human cells. ^ Uncertainties concerning 
the fine specificity of the polyclonal antibodies used in these early studies precluded a definitive 
assessment of the molecular mechanism underlying their protective effects. In the early 90’s, 
using primary cultures of cardiomyocytes to study the role of cruzipain in cellular invasion, we 
found that Z-(SBz)Cys-Phe-CHN2, an irreversible inhibitor designed against cathepsin L, par›
tially blocked cellular invasion and arrested intracellular parasite development when tested at 
the low jxM range. ̂ ’̂  Assays performed with a related radiolabeled probe, Z-Phe-Tyr^^^-CHN2, 
confirmed that these first-generation inhibitors targeted cruzipain in monolayers of infected 
heart cells, raising the proposition that cruzipain was a therapeutic target. After the elucida›
tion of the X-ray structure of this protease,^’’̂  cruzipain inhibitors containing the vinyl-sulfone 
reactive group became an indispensable tool in fimctional studies, in view of the technical 
difficulties posed by targeted deletion of the multigene cruzipain family, and the obstacles in 
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employing RNA interference techniques in 77 cruzi. Some of these cruzipain inhibitors were of 
low toxicity, proving capable of eradicating infection in animal models of Chagas’ disease.^ 

Years later, we reported that Dm28c TCTs invade primary human endothelial cells ̂ ^ and 
neonatal cardiomyocytes^^ by tri^ering Ca^^ fluxes via bradykinin receptors, and implicated 
cruzipain as the protease generating "kinins", i.e., the cognate peptide ligand for these GPCRs.^ 
Alternative pathways, i.e., independent of kinin receptor signalling, but likewise involving 
cruzipain-mediated proteolysis, were identified as we performed invasion assays with human 
smooth muscle cells.^^ Using several 77 cruzi strains, we found that parasite competence to 
invade smooth muscle cells was directly correlated with activity levels of secreted cruzipain.^^ 
For example, the poorly infective 77 cruzi G-strain expresses low levels of active cruzipain en›
zyme as compared to Dm28c strain.^^ Notably, the infectivity of G-TCTs was drastically en›
hanced by the addition of Dm28cTCT conditioned medium and this effect was abolished by 
the broad spectrum inhibitor E-64. At least two fimctionally distinct cruzipain isoforms (Lima, 
AP, unpublished data) were detected in the Dm28c conditioned medium, but the lack of 
isoform-specific inhibitors has precluded an assessment of their individual roles in 
protease-mediated enhancement of G strain infectivity. Of note, the effects of Dm28 condi›
tioned medium were cancelled by thapsigargin, indicating that factors steering invasion mobi›
lized Ca^^ from host cell intracellular stores.’^̂  In addition to the critical requirement of cys›
teine protease activity, the effect of TCTs (Dm28c) conditioned medium depends on an as yet 
unidentified membrane-bound substrate(s), possibly displayed on lipid vesicles shed by TCTs. 
Although the nature of these lipid-bound protein substrate(s) shed by TCTs is not known, 
proteomic analysis has recently revealed the presence of members of the trans-sialidase (TS/ 
Tc85) family and of glycophosphatidylinositol linked mucins (tGPI-mucins) (Torrecilhas et al, 
unpublished data). It remains to be determined if cruzipain may process such polymorphic 
surface glycoproteins, perhaps liberating peptides that stimulate endocytic uptake by nonpro›
fessional phagocytic cells through the triggering of hitherto unknown receptors^^ (Fig. 1). 

Modulation of Cruzipain by Endogenous Inhibitors Has Impact 
on Parasite Infectivity 

The mechanisms imderlying the control of endogenous cysteine protease activity in lower 
eukaryotes remained elusive for years. Protein inhibitors of the cystatin family are ubiquitous 
in metazoa, thus would seem to act as natural candidates as endogenous modulators of papain-like 
enzymes in protozoa. However, such genes are so far absent from the genomes of 
trypanosomatids. Evidences of a novel family of endogenous inhibitors of cysteine proteases 
came from our studies on a 77 cruzi protein of 11 kDa protein, designated as chagasin, charac›
terized as a potent tight-binding reversible inhibitor of papain-like cysteine proteases. Chagasin 
is encoded by a single gene and is expressed at higher levels in trypomastigotes and amastigotes 
as compared to epimastigotes. Intriguingly, chagasin is mostly associated with membranes in 
trypomastigotes while in epimastigotes it is expressed at low levels, mostly as a soluble pro›
tein. A striking physical-chemical property of chagasin, its thermo-resistance, facilitated its 
dissociation from complex with endogenous enzymes upon boiling, enabling the detection of 
its inhibitory activity in parasite lysates. ^ Although chagasin shares several biochemical prop›
erties with cystatins, it has no sequence similarity with other known cysteine protease inhibi›
tors, suggesting that it is the prototype of a new family of inhibitors, and recently classified in 
the MEROPS database as family 142, belonging to clan IX. Several chagasin-like genes sharing 
low similarity were rapidly identified in other protozoa and even in agree›
ment with earlier in silico predictions, ’ the high-resolution solving of the crystal structure 
of chagasin^^ or that of chagasin bound to falcipain (Wang et al., submitted) and the NMR 
structure of the chagasin protein in solution^^ revealed the presence of an immunoglobulin-like 
domain scaffold projecting loops that interact with the active site of target cysteine proteases. 
Similar features were described for a chagasin homologue of Z. mexicana, designated as inhibi›
tor of cysteine peptidases (ICP).^^ 



144 Molecular Mechanisms of Parasite Invasion 

Figure 1. Cruzipain mediates invasion of smooth muscle cells by processing molecules asso›
ciated with shed trypomastigote membranes. Two hypothetical mechanisms involving the 
participation of T. cruzi cysteine proteinases (for simplicity, represented by cruzipain) are 
illustrated. On the leftside of the figure, TCT secrete soluble cruzipain and cruzipain-chagasin 
complex^"^ (arrow 1) while at the same time shedding lipid vesicles."^^ Members of the 
trans-sialidase family (TS/Tc85)^^’^^ (arrow 2), GPI-anchored mucins’*’’ (arrow 2’) or other 
molecules displayed on the shed vesicles (Torrecilhas et al, unpublished data) may serve as 
substrates for soluble cruzipain. Following ligand binding to as yet uncharacterized host cell 
receptors, the peptides may induce membrane invaginat ions (arrow 3) via the 
lysosome-lndependent pathway. Once internalized, TCTs may keep on secreting cruzipain 
and cruzipai n-chagasin complex in the nascent parasitophorous vacuole (arrow 4). As vacuole 
maturation proceeds through fusion with endosomes or lysosomes, free chagasin may inac›
tivate host cell cysteine proteases discharged in the parasitophorous vacuole (arrow 5). On the 
right side of the figure, the parasites may invade smooth cells by alternatively engaging the 
lysosomal entry route (right side of panel). Parasite strains expressing high molar ratios of 
cruzipain over chagasin may initiate this response by proteolytically generating peptide ligands 
(arrow 2, right) for G-protein coupled receptors that trigger lysosomal fusion to the plasma 
membrane via [Ca^"^](-dependent mechanisms (arrows 7-9, right panel). 

The observation that expression levels of chagasin are low in epimastigotes and inversely 
correlated with those of cruzipain led us to investigate whether these molecules intersect 
during trafficking. Chagasin colocalized with cruzipain both in the Golgi complex and 
reservosomes of epimastigotes, where the inhibitor was mostly present as tight-binding mo›
lecular complexes with cruzipain.^ Interestingly, the quantification of chagasin and of cruzipain 
levels in several 77 cruzi strains revealed that the inhibitor/enzyme molar ratio in epimastigotes 
is rather constant (--1:50) despite strain-dependent variability in the expression of the indi›
vidual proteins. As mentioned, the G strain displayed a drastic reduction in cysteine protease 
activity, while expression of the protease inhibitor remain normal, i.e., chagasin/cruzipain ratio 
of 1:5.^ Using Dm28 parasites engineered to express 4-fold more chagasin than wild type, we 
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observed that chagasin impaired several biological functions typically associated with cruzipain 
activity.^ Biochemical and ultrastructural studies suggested that chagasin may intersect with 
pro-cruzipain trafficking pathways, most likely in the Golgi complex. By inhibiting the auto-
catalytic removal of the pro-segment from pro-cruzipain zymogen (s), chagasin may tightly 
control a limiting step of cruzipain maturation. Thus, differences in cruzipain activity among 
77 cruzi strains and/or isolates may reflect alterations in chagasin levels and/or trafficking path›
ways of zymogens. The complexity of this regulatory mechanism is also highlighted by the 
findings that cruzipain isoforms can trans-activate each other, for example, mature forms of 
cruzipain 2 are able to process pro-cruzipain 1 (Reis, FC and Lima, AP, unpublished data), thus 
recapitulating the trans-activation mechanisms originally described in studies with cysteine 
proteases of Z. mexicana}^ 

Although the evidence so far clearly appoints to a role of chagasin as a negative modulator 
of cruzipain activity in epimastigotes, we still lack information regarding its role in the 
trypomastigotes and amastigotes. Intriguingly, and in striking contrast with epimastigotes, ly-
sates of TCTs display elevated contents of chagasin molecules as compared to epimastigotes. 
Moreover, chagasin has a different sub-cellular distribution in TCT, being observed at the cell 
surface and in the flagellar pocket. ^ The possibility that variable expression levels of chagasin 
and cruzipain could influence T. cruzi infectivity in vitro was confirmed by examining the 
phenotype of TCTs overexpressing chagasin. Indeed, these parasites displayed reduced infec›
tivity for human smooth muscle cells in vitro. Of note, recombinant chagasin reduced the 
extent of cellular uptake of wild-type TCTs in a dose-dependent manner, thus recapitulating 
the phenotypic properties (i.e., reduced infectivity) of TCTs overexpressing chagasin.^ By anal›
ogy to the results obtained with poorly infective G-strain TCTs, cellular invasion of the chagasin 
overexpressors was enhanced upon addition of conditioned medium derived from wild type 
Dm28c TCTs. Further, the reconstitution response required active cysteine protease, again 
supporting the notion that balance in the ratio between chagasin/cruzipain modulates th' 
efficiency of smooth cell invasion by 77 cruzi. 

At the present time, it is unclear if the balance between cruzipain/chagasin may have impact 
on the engagement of lysosomai-independent pathway of cellular invasion. In the absence of 
synapses, parasite strains may critically depend on high-level secretion of cruzipain isoforms 
(and conversely, on low level secretion of chagasin molecules) to efficiendy process substrates 
either displayed on shed vesicles, and/or cell surfaces (Fig. 1).̂ ^’^̂  Considering that chagasin 
inhibitory activity on cruzipain is significandy (40%) reduced at acid pH (Lima AP, unpub›
lished data), the acidification resulting from Ca"^^-induced lysosomal fusion with host cell plasma 
membrane may cause partial dissociation of cruzipain from chagasin complexes, leading to in›
creased accumulation of active protease within "synapses". As discussed latter in this chapter, the 
acidification within such secluded spaces may facilitate cruzipain-dependent generation of GPCR 
agonists (e.g., "kinins")^^’^̂  thus further enhancing the cellular invasion process. Although pro›
viding a rationale to understand how alternative invasion pathways may eventually converge, 
the above mechanisms do not offer clues as to how chagasin may contribute to the dynamics of 
the penetration process. Development of chagasin nuUs in 77 cruzi is being currendy pursued to 
evaluate if this cysteine inhibitor may dampen potentially deleterious activities of mammalian 
cathepsin L/B/S, following lysosomal fusion/discharge to the parasitophorous vacuole (Fig. 1). 

Role of Cruzipain in Cellular Invasion Mediated by Kinin Receptors 
The realization that cruzipain and tissue kallikrein display similar substrate specificity sug›

gested that the parasites may be able to process kininogens, liberating lysyl-bradykinin (LBK). 
The term "kinin" refers to a small group of vasoactive metabolites structurally related to the 
nonapeptide bradykinin (BK), released from an internal moiety of high or low molecular weight 
kininogens (HK/LK) by the action of plasma or tissue kallikrein.^ In chronic inflammation, 
the concerted action of neutrophil elastase and mast cell tryptase on oxidized forms of kininogens 
may also liberate a slighdy larger kinin, Met-LBK.^^ As discussed latter in this chapter, kinins 
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can be directly liberated from HK/LK by the action of a wide range of microbial cysteine 
proteases, such as those expressed by parasitic such as T. cruzi^^’ and by promastigotes belong›
ing to the L. donovani complex. Once released, the short-lived kinins (half life of <15 sec in 
the plasma) exert their biological effects by the paracrine mode, through the activation of 
distinct sub-types of heterotrimeric GPCRs, B2R or BiR. ^̂"̂  Conditions leading to excess 
formation of the intact kinins (BK or LBK) typically result in the down-modulation B2R,̂ ^ 
thus attenuating host cell signalling. Further underscoring the importance of kinin regulation, 
the long-range effects on bradykinin receptors localized at the vascular lining are prevented by 
the metabolic action of kinin-degrading peptidases, e.g., the angiotensin converting enzyme 
(ACE/kininase II). While intact kinins (BK or LBK) are the agonists for the constitutively 
expressed B2R, excision of the C-terminal Arg of BK/LBK by carboxypeptidase N/M (kininase 
ĵ 57,60,62 genei |̂-es high-affinity ligands for the BiR, which are upregulated during inflammation.^^ 

Kinins were traditionally viewed as classical mediators of acute inflammation (e.g., inducers 
of oedema formation, vasodilation and pain sensations), but these short-lived peptide hor›
mones are currendy regarded as general modulators of circulatory homeostasis. ’ Of poten›
tial interest for research on die pathogenesis of Chagas’ disease, studies in other disease models 
suggest that BiR upregtdates expression of connective tissue growth factor and collagen I pro›
duction, thus may play a role in the pathogenesis of chronic fibrosis. Of further interest, we 
recently reported that bradykinin potendy stimulates dendritic cell maturation by triggering 
the constitutively expressed B2 kinin receptor subtype, ultimately driving Thl polarization via 
die IL-12 pathway^* 

Although usually described as a prototypical Gaq/n-coupled receptor leading to 
PLC-p-mediated generation of second messangers inositol-1,4,5-triphosphate, diacylglycerol 
and calcium,^^ B2R may also trigger the PI3-kinase pathway, or modulate intracellular cAMP 
levels and PKA through coupling to either Gs or Gj. Further, by activating small G proteins 
Rho, Rac and or Cdc42 via coupling to Gai2/i3, B2R signaling modulates cytoskeleton organi›
zation, and consequendy affects cell shape and motility. ^ In addition, kinin receptor signaling 
can activate ERK/MAPK cascade via Gj. In vascular cells, the increase in [Ca^^]i can activate 
the nitric oxide/cGMP pathway that induces vasodilation. In some cells, stimulation of kinin 
receptors also generate prostaglandins via activation of phospholipase A2 and D. 

At first sight, the findings that natural cruzipain slowly liberates LBK from purified kininogens 
in test tube conditions^ was paradoxical because kininogens are members of the cystatin fam›
ily of cysteine protease inhibitors, hence are able to inactivate papain-like enzymes such as 
cruzipain, in vitro. To visualize how cruzipain may liberate the internal kinin moiety (do›
main D4) from cell-bound kininogens during the cellular invasion process, one must bear in 
mind that HL and LK also share the N-terminal Dl -3 domains, all of which are homologous 
to cystatins, although only the last two (D2-3) are functionally active inhibitors of cysteine 
proteinases. Of note, the D3 domain of kininogens displays a binding site for endothelial 
cells that overlaps with the cystatin domain. At the C-terminal end of the bradykinin (D4) 
sequence of HK is a histidine-rich motif (D5H) that binds to heparan sulphate chains.^^ Sig›
nificantly, HK is also tethered to the cell surfaces by binding to chondroitin sulphate 
proteoglycans.’^̂  

Given indications that glycosaminoglycans serve as platforms for the cell-surface accumula›
tion of HK in a variety of mammalian cells, ’’̂  we reasoned that interactions with heparan 
sulphate could impair its cystatin-like inhibitory functions, perhaps allowing for increased pro›
teolytic processing by cruzipain. Indeed, studies in solution revealed that heparan sulphate 
redirects the substrate specificity of cruzipain, generating multiple HK break-down products.^ 
Interestingly, peptide bonds localized in the cystatin-like segments of HK were more efficiendy 
hydrolysed by cruzipain when we added heparan sulphate to the reaction mixture. Moreover, 
as predicted, the cysteine inhibitory activity of HK was drastically reduced (--10 fold increase of 
Kiapp). Kinetic data obtained with a fluorogenic peptide substrate spanning the N-terminal 
flanking side of bradykinin indicated that the catalytic efficiency of cruzipain is enhanced up to 
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Figure 2. Cruzipain promotes parasite invasion of cardiovascular cells by triggering the B2R 
signaling pathway. The schenne illustrates two hypothetical mechanisms leading to kinin genera-
tion in secluded sites formed by juxtaposed parasite and host cell membranes. At the left side of 
the panel, stimuli originating from the parasite or host cell origin, here generically defined as 
signal "1", Induce plasma membrane invaginations.’’’fi  Formation of the nascent parasitophorous 
vacuole may lead to Internalization of high-molecular weight kininogen (docked to heparan 
sulphate chains, HPS) and B2R. PI3K-dependent maturation of the parasitophorous vacuole 
occurs through membrane fusion either with endosomes (not represented) or lysosomes (low pH 
Indicated by grey color). Next, active cruzipain diffuses from the flagellar pocket Into this 
secluded/slightly acidic microenvironment. The protease liberates intact kinlns (e.g., BK) from 
kininogen molecules docked to HPS. BK-lnduced triggering of B2R mobilizes {Cc?^\ ultimately 
driving lysosomal recruitment and fusion to plasma membranes (right side of panel). Cruzipain 
benefits from the secluded/acidic environment formed in this "synapse’’, releasing at high effi›
ciency BK from HPS-bound kinlnogens. BK-lnduced triggering of B2R Intensifies the [Ca^^j 
fluxes, thus further increasing parasite uptake through the lysosomal dependent entry pathway. 
Alternatively, B2R-engagement may occur Independently of the PI3K route, provided thatstlmull 
eliciting weak Ca’^’^’-lysosomal fusion to plasma membranes are generated at very early stages of 
interaction with cardiovascular cells. 

6-fold in the presence of heparan sulphate. ̂ ^ We then demonstrated that heparan sulphate 
increased the efficiency of the kinin-releasing reaction, albeit only at relatively narrow concen›
tration range/ Collectively, these studies indicated that optimal cooperative interactions be›
tween cruzipain, HK and heparan sulphate proteoglycans may significantly enhance the 
kinin-releasing activity of TCTs (Fig. 2). 

Cruzipain and AC£/Kininase II Plays Opposite Roles 
in the Modulation of Host Cell Invasion through the 
B2R-Dependent Pathway 

Studies performed with monolayers of primary human umbilical vein endothelial cells 
(HUVECs) or of Chinese Hamster Ovary cells transfected with the rat-B2 bradykinin receptor 
gene (CHO-B2R) confirmed the cell-bound kininogens served as substrates for cruzipain. ̂ ^ 
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Using [Ca^^li responses as a read-out, we showed diat purified cruzipain (preactivated) trig›
gered potent activation responses in CHO-B2R or HUVECs.^^ The [Ca ]i response was blocked 
by HOE-140, a specific antagonist of the B2R subtype, or by E-64, an irreversible inhibitor of 
papain-like cysteine proteases, hence confirming that cruzipain liberated the kinin agonist from 
cell-bound forms of kininogens.^ Assays performed with living TCTs revealed that the patho›
gen evoked strong repetitive [Ca"̂ ]̂! transients in CHO-B2R, but not in mock-transfected CHO 
cells, and furthermore, the responses were reflected as changes in cellular invasion indexes. ̂ ^ 
Interestingly, parasite uptake by CHO-B2R was enhanced upon addition of purified HK or 
alternatively, by addition of physiological concentration of the B2R peptide agonist, i.e., BK, 
into the serum-free medium. At high doses (-100 nM) the BK agonist prevented host cells 
from being overinfected due to B2R down-regulation of the kinin receptor. ’ Furthermore, 
mAbs directed to kininogens blocked invasion on CHO-B2R, but did not interfere with the 
baseline levels of infection of CHO mock, suggesting that cell-bound HK/LK serve as precur›
sors for the B2R agonist(s) released by cruzipain (Fig. 2). 

Studies with synthetic inhibitors of cruzipain unexpectedly revealed that membrane-permeable 
cruzipain inhibitors reduced extent of parasite invasion via the B2R, while addition of soluble 
inhibitors such as cystatin C or E-64 did not interfere at all with parasite infectivity.^^ Consid›
ering that trypomastigotes are poorly endocytic^^ and that these flagellates accumulate cruzipain 
in the flagellar pocket,’̂  the failure of hydrophilic inhibitors in preventing cellular invasion 
was interpreted as evidence that the kinin-releasing reaction most likely occurs in enclosed 
areas formed by juxtaposition of host cell and parasite plasma membranes. We therefore 
proposed a model whereby cruzipain molecules diffuse from the parasites* flagellar pocket into 
this intercellular space (Fig. 2). In this secluded microenvironment, perhaps equivalent to a 
"synapse", active forms of cruzipain may be possibly spared from physiological inactivation by 
soluble forms of plasma protease inhibitors (e.g., cystatins, kininogens, a2-macroglobulin).^^ 
Although not direcdy demonstrated, this notion also implies that surface-bound kininogens, 
along with bradykinin-receptors, are actively recruited to such signalling centres. ̂ ^ 

The findings of residual infection levels in cultures (CHO-B2R, HUVECs or neonatal 
cardiomyocytes) supplemented with HOE-140 (B2R antagonist) ̂ ’̂̂ ^ revealed that, as expected, 
the kinin signalling pathway is not the sole signalling route(s) driving parasite uptake in such 
cells. The possibility that the parasites mobilize cooperative pathways of activation to optimally 
invade cardiovascular cells is under investigation. As discussed before, it is not obvious how the 
lysosomal-independent entry mechanism may facilitate engagement of the kinin signalling 
pathway. Although entirely speculative, it is possible that plasma membrane invaginations in›
duced via the PI3-kinase or other "priming" stimuli (Fig. 2) may induce the internalization of 
surface-bound kininogens along with kinin receptors and their cognate heterotrimeric G pro›
teins into the nascent parasitophorous vacuole. Pending on the ratios of cruzipain/chagasin 
secreted in the tight luminal space of the vacuole, the kinin hormones may be then excised 
from kininogens, thus triggering Ca^^-regulated lysosomal exocytosis through B2Rfrom within 
the nascent vacuole (Fig. 2). Alternatively, low-grade generation of kinins by cruzipain secreted 
at early stages of host-parasite contact may initiate Ca ^-dependent exocytosis. Lysosomal fu›
sion induced by this "priming" response may suffice to generate a secluded/acidic environment 
which, as previously discussed, may cause partial dissociation of cruzipain from chagasin com›
plexes. Owing to the increased efficiency of the kinin-releasing reaction, cruzipain may further 
stimulate the endocytic uptake of the parasites (Fig.2). 

Another interesting aspect that emerged from these in vitro studies concerned the modu›
latory activity of kinin-degrading peptidases (e.g., ACE/kininase II). Using ACE inhibitors, 
such as captopril, we found thatTCT infectivity in cultures of CHO-B2R was enhanced over 
4-fold (no effect in assays with CHO mock).^^ These results were consistent with the notion 
that the ACE inhibitor increased the half-life of intact kinins (BK or LBK) released by 
cruzipain, thus enhancing B2R stimulation. Although the ACE inhibitor potentiation is less 
accentuated in assays with endothelial cells or cardiomyocytes, parasite uptake is markedly 
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reduced upon addition of HOE-140. Studies in progress aim to determine wliy the parasites 
fail to compensate B2R blockade of cardiomyocytes by engaging alternative (i.e., 
kinin-independent) mechanisms, e.g., the TGF-P-dependent route.^^’ Thus, analysis of 
the mechanisms underlying generation and degradation of ligands for bradykinin B2 recep›
tors indicated that cruzipain and ACE/kininase II play opposite roles in this process, respec›
tively acting as positive and negative modulators of host cell invasion. 

Regulation of the B2R Signaling Pathway Modulates Pathogenic 
Outcome in Experimental T. cruzi Infection 

During the asymptomatic stage of the disease, endogenous kinins generated in infected 
tissues are likely kept at low levels by ACE and other kinin-degrading peptidases. In prin›
ciple, it is possible that dysfunctional states leading to down-modulation of ACE by cardio›
vascular cells may generate transient windows of opportunity for B2R signaling, with some 
incremental gain in parasite infectivity. Although some T. cruzi variants may be able to inac›
tivate ACE, the natural selection of such powerful pro-inflammatory pathogens may be too 
detrimental to the host, thus may not likely contribute to the establishment of host-parasite 
equilibrium in the settings of a chronic infection. More recently, we developed a subcutane›
ous model of infection to investigate if parasite-induced activation of kinin receptors modu›
lates pathogenic outcome. ̂ ^ Analysis of the dynamics of inflammation evoked by TCTs re›
vealed that these infective forms rapidly induce plasma extravasation through capillary beds 
by activating neutrophils via aTLR2-dependent mechanism.^^ The plasma leakage, although 
incipient at early stage of inflammation, leads to accumulation of plasma-borne kininogens 
in the peripheral tissues, thereby allowing for cruzipain-mediated liberation of kinins. As 
a result of B2R-dependent increases in vascular permeability, the levels of kinins generated in 
peripheral tissues raise sharply, stimulating DC maturation via B2R. As predicted, the 
activated DCs migrate to draining lymph nodes where they activate virgin T cells, promot›
ing IL-12 dependent differentiation of type 1 immunity.^^ In summary, our in vivo studies 
suggest that rather than unilaterally benefiting the pathogen, the activation of the cruzipain/ 
kinins/B2R pathway stimulates host defenses, hence may contribute to the maintenance 
of host-parasite equilibrium. 

Carboxypeptidase M/N (kininase I) Is a Positive Modulator 
of Cardiovascular Cell Invasion by the Inducible BiR Pathway 

The possibility that alterations in kinin homeostasis might be compromised during the 
chronic stage of the disease is under current investigation. Confronted with intense selective 
pressure by the immune system, parasites may take advantage of the availability of 
plasma-borne proteins (i.e., including kininogens) that permeate the inflamed heart to in›
vade cardiovascular cells through the upregulated BiR. This possibility is supported by in 
vitro studies showing that Dm28c TCTs aptly invade LPS-stimulated endothelial cells, but 
not resting cells, by engaging the BiR (TLR4/NFk-B-induced). These effects were blocked 
by kininase I inhibitors, implicating this peptidase in the conversion of intact kinins into 
BiR agonists (Fig. 3). More recendy, we demonstrated that tGPI anchors, i.e., TLR2 ligands 
expressed by TCTs,^ can likewise induce BiR in primary endothelial cells, rendering them 
susceptible to BiR/kininase I-dependent pathways of cellular invasion (Andrade, D. and 
Scharfstein, J., in preparation). At present, it is unknown if the BiR/kininase I-dependent 
pathway of invasion contributes to the low grade but persistent infection observed in chroni›
cally infected mice. For example, it would be interesting to know if T. cruzi may rely on their 
own metalloproteinases, such as the recently described GP63 homologues, to generate 
ligands for BiR. Of interest, preliminary studies suggest that chronic myocardial fibrosis is 
significantly attenuated in BiR animals. Ongoing studies should determine if the attenua›
tion of myocardium fibrosis observed in BiR mice is an indirect consequence of reduced 
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Figure 3. Kininase I Is a positive modulatorof cardiovascular cell Invasion by the inducible BiR. 
At the leftside of the panel, TLR2 ligands (e.g., tGPI-mucin) associated with shed vesicles (arrow 
1) stimulate NFk-B (arrow 2), thus upregulating expression of BiR (arrow 3) on cardiovascular 
cells. Triggering of BiRdepends on the following sequenceofevents:first, plasma-borne kininogens 
permeating inflamed tissues bind to host cell surfaces via interactions with HPS (arrow 4). The 
secreted forms of cruzipain then promote the excision of intact kinin peptides (e.g., BK) from 
kinlnogen molecules bound to HPS (arrow 5). The released BK is then converted into the BiR 
agonist ([des-Arg] BK) by the action of kininase I (carboxypeptidase M) (arrow 6). Invasion by the 
B1 R-dependent route (7) Involves signaling by the Ca^Vlysosomal dependent entry route.^^ 

tissue parasitism. Alternatively, the attenuated fibrosis observed in B iR" mice may reflect 
impairment of Bi R-dependent immunopathology, such as deficient leukocyte recruitment 
to sites of infection’^̂  and/or to reduced deposition of collagen, a BiR-dependent response 
which in other disease models is associated with increased stability of mRNA for connective 
tissue growth factor. Additional studies are required to determine if overt stimulation of 
BIR might aggravate IL-lp-dependent hyperthophy in cardiomyocytes, perhaps contribut›
ing to the pathological response that TCTs initiate through the activation of TLR2.’^̂  

Concluding Remarks 
In this chapter we have reviewed studies showing that cellular invasion by 77 cruzi is finely 

modulated by interplay between multiple proteases (i.e., cruzipain, ACE, and carboxypepti›
dase M/N), with naturally occurring peptidase inhibitors (chagasin and kininogens). Research 
focused on the mechanisms regulating generation and degradation of ligands for GPCRs im›
plicated kinin receptors as drivers of cardiovascular cell invasion by the Ca^^-dependent lysoso›
mal pathway. Lessons taken from these relatively simple in vitro studies opened new avenues 
for research on the immunopathogenesis of Chagas’ disease. 
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CHAPTER 12 

Biogenesis of and Activities at the Toxoplasma 
gondii Parasitophorous Vacuole Membrane 
Anthony P. Sinai* 

Abstract 

Apicomplexan parasites like Toxoplasma gondii are distinctive in their utilization of para 
site encoded motor systems to invade cells. Invasion results in the establishment of the 
parasitophorous vacuole (PV) within the infected cell. Most apicomplexans complete 

their intracellular tenure within the infected cell in the PV that is demarcated from the host 
cytoplasm by the parasitophorous vacuole membrane (PVM). In this chapter I focus on the 
events surrounding the formation of the PVM and selected activities attributed to it. Its central 
role as the interface between the parasite and its immediate environment, the host cytoplasm, 
is validated by the diversity of functions attributed to it. While functions in structural organi›
zation, nutrient acquisitions and signaling have been defined their molecular bases remain 
largely unknown. Several recent studies and the decoding of the Toxoplasma genome have set 
the stage for a rapid expansion in our understanding of the role of the PVM in parasite biology. 

Toxoplasma gondii, like all apicomplexan parasites are obligate intracellular pathogens. This 
family of parasites utilize their own actin-myosin based motor systems to gain entry into sus›
ceptible cells^ establishing themselves, in some cases transiendy (e.g., Theileria spp^) in special›
ized vacuolar compartment, the parasitophorous vacuole (PV). The T gondii PV is highly 
dynamic compartment defining the replication permissive niche for the parasite. The delimit›
ing membrane defining the parasitophorous vacuole, the parasitophorous vacuole membrane 
or PVM is increasingly being recognized as a specialized "organelle" that in the context of the 
infected cell is extracorporeal to the parent organism, the parasite. A systematic study of this 
enigmatic organelle has been severely limited by several issues. Primary among these is the fact 
that it is formed only in the context of the infected cell thereby limiting the amount of material. 
Secondly, unlike other cellular organelles that can often be purified by conventional approaches, 
the PVM, cannot be purified away from host cell organelles (see below). In spite of these 
significant obstacles considerable progress has been made in recent years toward understanding 
the biogenesis of the PVM, identification of its protein complement and the characterization 
of activities within it. These studies demonstrate that the PVM, on its own and by virtue of its 
interactions with cellular components, plays critical ftmctions in the structural integrity of the 
vacuole, nutrient acquisition and the manipulation of cellular ftinctions. ’̂  In addition it ap›
pears that the repertoire of activities at the PVM is likely to be plastic reflecting temporal 
changes associated with the replicative phase of parasite growth.^ Finally, the PVM likely forms 
the foundation for the cyst wall as the parasite differentiates in the establishment of latent 
infection. As the critical border crossing between the parasite and invaded cell the study of the 
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PVM provides a fertile area for new investigation aided by the recent decoding of the Toxo›
plasma genome (available at wwww.ToxoDB.org) and the application of proteomic analyses"^’̂  
to basic questions in parasite biology. 

Biogenesis of the PVM 
Unlike a typical phagosome membrane formed by conventional phagocytosis or 

macropinocytosis^^’^̂  the T. gondii PVM is formed during the active invasion of the host cell 
by the parasite.^ Toxoplasma invasion is a rapid and temporally staged (Fig. 1). Productive 
attachment via the apical end to the plasma membrane results from the secretion of the 
micronemes.^^’^̂  In response to as yet undetermined signals the parasite corkscrews itself into 
the host cell advancing before it the host plasma membrane that forms the nascent PVM. This 
rapid (5-30 seconds) invasion is temporally accompanied by the discharge of the club shaped 
rhoptries that deliver a number of critical proteins in a cloud of lipid vesicles into the newly 
forming vacuole ’̂ ^ (Fig. 1). The physical force drives the parasite completely within the con›
fines of the host cell and the entry scar at the plasma membrane is sealed. 

Several features of this invasion process directly impact the protein composition of the 
vacuolar membrane. The early freeze-etch microscopic studies of Porchet-Hennere demonstrated 
that the early vacuolar membrane was devoid of intramembrane particles su^esting the selective 
exclusion of membrane proteins in the course of invasion.^ ’ ^ A significant and important 
refinement to the model came from the studies of Mordue et al who demonstrated that the 
exclusion of membrane proteins at the time invasion was in fact selective, by excluding proteins 
containing Type I- single spanning trans membrane domains while permitting inclusion of 
lip id-anchored proteins^ ̂  (Fig. 1). Signals for exclusion from the PVM were not encoded in the 
transmembrane domain itself but rather the cytoplasmic tail suggesting sorting occurs at the 
level of the host cytoskeleton.^^ A refinement of this original study revealed that the lipid 
environment did not contribute to the sorting of proteins into the nascent vacuole as both lipid 
raft associated and nonraft Type I transmembrane domain containing proteins were generally 
excluded from the vacuole^^ (Fig. 1). Interestingly, while proteins with single transmembrane 
domains were excluded, polytopic membrane proteins in the lipid raft fractions gained access 
to the PVM.^^ These studies demonstrate that the T. gondii PVM is not in fact devoid of host 
proteins as originally surmised ’̂ ^ suggesting the vacuole is not entirely segregated from cellu›
lar fimctions. The function of stripping the nascent vacuole of excluded proteins is mediated 
by the "moving junction", a transient structure formed exclusively at the site of parasite inva›
sion (Fig. 1). 

First characterized morphologically in the context oi Plasmodium and Toxoplasma entry the 
"moving junction" appeared as an area increased electron density at the interface between the 
parasite surface and the host plasma membrane (Fig. l).^^’^̂  Additional studies revealed the 
moving junction to be critical in parasite invasion resulting in the significant deformation of 
the transiting organism,’^^’̂  exclusion of host markers^ ’̂ ^ as well as antibodies opsonizing the 
parasite surface. The first insights into the molecular composition of the moving junction 
have emerged recently in publications from the Boothroyd and Dubremetz laboratories. 
Over the last couple of years the availability of the T gondii genome information and large scale 
organelle proteomic projects have resulted in the identification of a slew of novel activities in 
the micronemes^ and rhoptries.^ Immunofluorescence and immunoelectron microscopic analyses 
using antibodies against the rhoptry fraction revealed a degree of compartmentalization within 
the rhoptry itself and the identification of a subset of proteins restricted to the rhoptry necks 
(RON proteins).^ These studies demonstrate that the parasite delivers a complex of RON 
proteins ’ into the host plasma membrane establishing the moving junction. The complexed 
RON proteins together with the microneme derived AMAl "̂^ released onto the parasite surface 
serve as the anchor points permitting the parasite to squeeze through the moving junction.’^^’’^̂ 
The secreted RON proteins however do not become a part of the new PVM but remain at the 
moving junction where they can be detected as "rings" at the constriction of invading parasites 
that demarcate the intracellular and extracellular portions of the parasite.^’’’ As the parasite 

http://wwww.ToxoDB.org
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invades, the host plasma membrane is forced through the moving junction to form the nascent 
PVM. Upon internalization of the parasite the PVM is sealed at the posterior end of the para›
site and a transient scar is detected at the plasma membrane.^^ 

Stripped of most host proteins, the lipid bilayer forming the nascent vacuole appears to be 
derived predominantly from the host plasma membrane. This was elegantly demonstrated by 
the Ward laboratory using real-time electrophysiological analyses of invading parasites.^^ Their 
studies convincingly show that the parasite contributes little if any lipid to the new vacuole,^^ 
This despite the discharge of lipid by the rhoptries. ’ ’ Of note, both raft and nonraft local›
izing lipid probes were incorporated in the nascent vacuole at equivalent rates. 

The newly formed PVM is rapidly modified by the temporally and spatially staged release 
of proteins from the parasite rhoptries and dense granules ’ (Fig. 1). The first proteins to 
appear in the PVM are derived from the rhoptries. ’̂  Among the proteins secreted are ROPl ,̂ ^ 
ROP2 (and ROP2 family members) as well as quite likely a number of more recently identi›
fied rhoptry proteins.^ 

Within minutes of complete internalization, a large scale secretion event, at the posterior 
end of the parasite results in the release of a number of dense granule proteins. Several of 
these GRA proteins including GRA3,5j7, 8,9 and 10 appear at the PVM^^-^^ (reviewed in ref. 
45). Unlike rhoptries, where the prevailing wisdom holds that discharge is limited to parasite 
invasion, dense granules form the basis of the constitutive and default secretory pathway. 
What is not known is whether the relative concentrations of GRA proteins loaded into the 
secretory granules varies at different phases in the parasites intracellular residence. One might 
expect such changes to occur at the time of the developmental switch from a tachyzoite to 
bradyzoite ’ when components required for the formation of the cell wall would be required. 

The Physical Organization of the PV and PVM 
The PVM is a dynamic entity. To better understand the organization of the PVM it is 

important to consider the structural basis of the PV. Electron microscopic studies indicate that 
the vacuolar space contains a proliferation of membrane tubules referred to the as the PV 
network (reviewed in ref 45) (Fig. 1). The network is structurally ’̂̂ ^ and antigenically ’̂ "̂̂  
distinct from the PVM but does exhibit some degree of connectivity to it. The fact that dense 
granule proteins exhibit differential localization patterns between the network and PVM while 
rhoptry proteins appear to localize to the PVM alone suggests a degree of organization.^’^^’̂  
Recent studies have examined the organization of the T. gondii PV using scanning and trans›
mission electron microscopy of thick preparations. The application of new sample preparation 
techniques coupled with high resolution electron microscopy reveal a remarkably detailed pic›
ture of vacuolar organization. ’̂ ^ In these stunning images the parasites appear to be decorated 
with the network structure which form a mesh like pattern with connections to the PVM. ’̂̂ ’̂̂  
This organization has been suggested to provide a degree of mechanical support from within 
the lumen of the vacuole. These structures may in fact be elements of the host microtubule 
cytoskeleton that have recently been shown to project into the vacuole.’̂  

On the outer leaflet of the PVM are associated organelles ’  ̂ ’55.58- o ^^^ elements of the 
cytoskeleton. ’ The growth of the vacuole and its resident parasites is under a high degree of 
regulation that must be responsive to signals from within the lumen of the vacuole and the host 
cytoplasm. One generally observes the PV packed with parasites and an absence of spacious 
vacuole suggesting vacuolar expansion and parasite replication are intimately linked. The changes 
implicit in regulating the growth of the vacuole are dynamic as morphometric analyses 
demonstrate that a typical vacuole increases its surface area four fold and its volume eight fold 
during a 24 hour period post infection."^^ 

The PVM itself is not a uniform membrane. This heterogeneity is evident on a gross level 
by the differences in the distribution and extent of PVM-organelle association."^’^̂  In addition 
there may be functional subdomains within the vacuolar membrane as well. Another "modifi›
cation" of the PVM are membranous extensions emanating from many but not all vacuoles 
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(Fig. 1). These PVM-extensions were first described for a number of dense granules proteins 
including GRA3^^ (Fig. 2D), GRA5,^^ GRA7^^ and 8.̂ ^ How the level of organization in the 
PVM impacts function remains an open question. 

Activities Associated with the Early PVM 

Organelle Association 
Morphologically, a feature defining the 77 gondii PVM is the intimate association of host 

mitochondria and the endoplasmic reticulum ’̂ "̂ ’̂ ’̂̂ ’̂̂̂  (Fig. 1). A key element of this inter›
action is the tight apposition of the host organelle membranes with the PVM but the ab›
sence of membrane fusion. The extent of the PVM-organelle association, and the relative 
distribution has been quantified morphometrically and appear to vary, particularly for the 
extent of PVM-mitochondrial association depending on the cell type and approach to quan›
tification. ’ This variation very likely reflects the relative concentration of these organelles 
in the cell, particularly in the juxtanuclear area where the vacuoles tend to reside. All indi›
cations point to the PVM-organelle association being a highly stable and in effect irrevers›
ible interaction. This property prevents one from purifying the PVM for biochemical analy›
sis as even in "PVM-enriched" fractions the PVM itself is akin to a contaminating fraction of 
a mitochondrial prep. 

The kinetics of PVM-organelle association are rapid and detectable within a minute of 
parasite entry. This properties correlate with those for the discharge of rhoptries at the time of 
parasite invasion.^^’^̂  The topology of ROP2 in the PVM was elucidated in the elegant experi›
ments of Beckers and colleagues as having the N-terminus exposed to the host cytoplasm. 
What drew attention to ROP2 was that the examination of the N-terminus of mature ROP2 
(ROP2 is processed in the secretory pathway en route to the rhoptry such that the N-terminus 
is at or close to aa98 ), were the features encoded in aa98-127. These features include the 
presence of a positively charged amphipathic helix, a high incidence of Ser and Thr and a poor 
representation of prolines and bulky amino acids. ̂ ’ Together these features are remarkably 
reminiscent of a mitochondrial import signal ’ suggesting the subversion of the mitochon›
drial import as a potential mechanism for the recruitment of mitochondria to the PVM. 

The capacity of the host cytoplasm exposed domain of ROP2 (ROP2hc) to be partially 
translocated across the mitochondrial outer membrane in a manner dependent on the putative 
N-terminal signal sequence (aa98-127) coupled with the targeting of ROP2hc to mitochon›
dria following expression in mammalian cells strongly argue for ROP2 as the mediator of 
PVM-mitochondrial association. Interestingly, fusion of the 30aa N-terminal signal to GFP 
directs the chimeric protein to the mitochondria following the transient transfection of host 
cells. In addition, deletion of aa98-127 results in redirection of ROP2hc to the endoplasmic 
reticulum although its significance is unclear. Furthermore ROP2hc interacts with organelles 
with very high affinity essentially mimicking what is observed for the PVM in infected cells. 
The role of ROP2 in PVM-mitochondrial association is further strengthened by the marked 
reduction in the extent of mitochondrial association in parasites expressing a ROP2 antisense 
construct. 

The mechanism for PVM-ER association remains elusive. While deletion of aa98-127 from 
ROP2hc results in localization and high affinity binding to the ER, the question of whether 
this represents an actual interaction in infected cells remains an open question. The experiments 
of Nakaar et al,^^ showed no reduction in the extent of ER-recruitment following the suppres›
sion of ROP2 expression using the antisense approach. 

Resistance to Lysosome Fusion 
The seminal studies of Jones and Hirsch "^ were the earliest to demonstrate that the T. 

gondiiY2iC\xo\c failed to fiise with lysosomes (Fig. 1). This observation confirmed and refined in 
multiple subsequent studies indicate that the T. gondii PVM is nonfusogenic with regard to 
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components of the endoq^ic and exoq^oic pathways of membrane trafFic^^’̂  and fails to 
acidify/^’^̂  The ability to prevent lysosomal fusion is critically dependent on active parasite 
invasion as internalization by phagocytosis results in rapid lysosome fusion and the killing of 
the parasite. The property of resistance to lysosome fusion is established at the time of inva›
sion by the exclusion of signals for entry into the endocytic cascade by the moving junction. ̂ ’̂ ^ 

The capacity to establish and maintain the nonfusogenic state appears to be intrinsic to the 
PVM as demonstrated by the elegant experiments of Hakansson and coUeagues.^^ In this study 
the authors used the microfilament depolymerizing agent cytochalasin D to block the entry of 
partially invaded parasites. While the parasites were frozen at the host plasma membrane in the 
process of invasion, rhoptry discharge was not affected. PVM vesicles defined by the presence 
of rhoptry proteins and termed E-vacuoles (empty vacuoles) were found to have retained their 
nonfiisogenic properties indicating that the PVM and PVM alone is responsible for this prop-
erty.^« 

Reorganization of the Host Cytoskeleton 
Several studies have examined the effect on T. gondii development on the host cytoskeleton. 

Studies have focused on microtubules ’ and intermediate filaments, ’ both of which 
appear to form a scaffold or overcoating of the vacuole. The distortion of the host cytoskeleton 
in infected cells is actually dynamic as evidenced from recent studies from the Coppens 
laboratory.̂ "^’^̂  

The extent of manipulation of the microtubule cytoskeleton by T. gondii was recently re›
vealed in a groundbreaking study from the Coppens lab. As noted above, the fact T gondii 
PVM resists lysosomal fusion was taken as evidence for the complete lack of interaction with 
this organelle system (reviewed in ref 3). This is no longer believed to be true. In studies 
examining cholesterol utilization by T. gondii it was noted that the bulk of parasite cholesterol 
comes from exogenous sources along the lysosomal LDL pathway. Perturbation of this 
pathway resulted in the sequestration of cholesterol and the inhibition of parasite growth. In 
this recent study Coppens et al executed painstakingly detailed electron microscopic analyses 
to reveal that intact lysosomes are delivered to the lumen of the vacuole by microtubule sup›
ported invaginations of the PVM. ̂ ’̂  Thus while the lysosomes themselves do not fuse with the 
PVM (see above) their contents including cholesterol and hydrolytic enzymes are safely deliv›
ered to the parasite. The presence of secreted proteinase inhibitors in the lumen of the vacu›
ole, and the pore activity of the PVM (see below) that would prevent acidified environment 
likely contributes to the neutralization of the lysosomes degradative power. 

In addition to the microtubules involved in the delivery of lysosomes a far more profound 
reorganization of the microtubule cytoskeleton is observed. The microtubules overcoating the 
PVM are short and disordered.^’̂  Remarkably, the microtubule organizing center (MTOC) 
relocated to a location adjacent to the vacuole, potentially drawn in by the thread like 
PVM-extension that appear to extend along microtubules. 

Nutrient Acquisition 
The central tenet of parasitism is the acquisition of nutrients from the host. The T. gondii 

PVM appears to be adapted to this scavenging function allowing for both building blocks of 
intermediary metabolism and lipids transit. The T. gondii PVM is porous by virtue of a nonspe›
cific pore activity allowing free bidirectional access to compounds under 1300 daltons.^^ While 
described over a decade ago, the molecular basis of this activity remains elusive. With regard to 
lipidic nutrients, PVM-associated organelles are the likely source at the site of 
membrane-membrane contact^’’̂  as has been described in diverse systems for inter-organellar 
lipid transfer. ’ Sterols on the other hand are actively scavenged from the lysosomal pathway 
as described above. ’̂ ^ Additionally, lipids are also scavenged from lipid storage droplets in the 
host cell ’ presumably using the cytoskeleton as conduits for delivery to the PVM. 
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Manipulation of Signaling 
The Toxoplasma infected cell is fundamentally remodeled at the level of transcription^^ and 

by extension the proteome. Many of these changes are due to the parasite-mediated subver›
sion of critical cellular transcriptional machineries. Work in our laboratory^^’^̂  and that of 
others^^’^^’^̂  has found that the activation of the host transcription factor NFkappaB 
accompanies infection in several cell types. The activation of N F K B is mediated by the phos›
phorylation of its inhibitor I kappaBa at 2 critical serine residues (reviewed in ref. 92). Re›
markably, in infected cells, this event happens at the PVM and has been linked to a parasite 
encoded I kappa B kinase activity (TglKK).^^’^̂  The PVM therefore functions as a signaling 
platform from which diverse cellular functions may be manipulated. 

Identification of Novel Activities at the PVM 
Over the last few of years there has been a burst of interest in the study of the PVM addressing 

its structural, nutrient scavenging and signaling interactions with the host cell. As noted through›
out the chapter many questions remain to be answered providing a fertile area of investigation. 

The recent completion of the Toxoplasma genome (http://www.toxodb.org/) as well as 
proteomic studies defining the secretory organelles’’̂  have and will continue to advance our 
understanding of PVM. We have recently undertaken a proteomic analysis of the PVM using 
a set of unique reagents. By purifying PVM-containing host organelle fractions in rabbit fibro›
blasts as immunogens we have successfully generated a pair of high titre multivalent polyclonal 
antisera against the T. gondii PVM with minimal host reactivity (Martin, Fentress and Sinai, 
manuscript in preparation). These reagents are being used to identify PVM proteins by both 
MALDI-TOF and multi-dimensional protein identification technology (MuDPIT).^ 

The recent application of new techniques and resources the study of the PVM will un›
doubtedly chip away at the difficulties in the study of this unique organelle. Recent and 
ongoing studies indicate we are in fact on the threshold of a new era of investigation of the 
PVM which will provide new molecular insights at the pathogen-host interaction. 

References 
1. Dobrowolski JM, Sibley LD. Toxoplasma invasion of mammalian cells is powered by the actin 

cytoskeleton. Cell 1996; 84:933-939. 
2. Shaw MK. The same but different: The biology of Theileria sporozoite entry into bovine cells. Int 

J Parasitol 1997; 27(5):457-474. 
3. Sinai AP, Joiner KA. Safe haven: T h e cell biology of nonfusogenic pathogen vacuoles. Annu Rev 

Microbiol 1997; 51:415-462. 
4. Sinai AP, Webster P, Joiner KA. Association of host cell endoplasmic reticulum and mitochondria 

with the Toxoplasma gondii parasitophorous vacuole membrane: A high affinity interaction. J Cell 
Sci 1997; 110:2117-2128. 

5. Lingelbach K, Joiner K. The parasitophorous vacuole membrane surrounding Plasmodium and Toxo›
plasma: An unusual compartment in infected cells. J Cell Sci 1998; 111:1467-1475. 

6. Weiss LM, Kim K. T h e development and biology of bradyzoites of Toxoplasma gondii. Front 
Biosci 2000; 5:D391-405. 

7. Bradley PJ, Ward C, Cheng SJ et al. Proteomic analysis of rhoptry organelles reveals many novel 
c o n s t i t u e n t s for hos t -pa ra s i t e i n t e r ac t ions in Toxop la sma g o n d i i . J Biol C h e m 2 0 0 5 ; 
280(40) :34245-34258. 

8. Zhou XW, Kafsack BF, Cole R N et al. The opportunistic pathogen Toxoplasma gondii deploys a 
diverse legion of invasion and survival proteins. J Biol Chem 2005; 280(40):34233-34244. 

9. H u K, Johnson J, Florens L et al. Cytoskeletal components of an invasion machine-the apical 
complex of Toxoplasma gondii. PLoS Pathog 2006; 2(2) :e l3 . 

10. Jutras I, Desjardins M . Phagocytosis: At the crossroads of innate and adaptive immunity. Annu 
Rev Cell Dev Biol 2005; 21:511-527. 

11. Desjardins M, Huber L, Parton R et al. Biogenesis of phagolysosomes proceeds through a sequen›
tial series of interactions with the endocytic apparatus. J Cell Biol 1994; 124:677-688. 

12. Carruthers VB. Host cell invasion by the opportunistic pathogen Toxoplasma gondii. Acta Trop 
2002; 81(2):111-122. 

http://www.toxodb.org/


162 Molecular Mechanisms of Parasite In vasion 

13. Carruthers VB, Giddings OK, Sibley LD. Secretion of micronemal proteins is associated with toxo›
plasma invasion of host cells. Cell Microbiol 1999; l(3):225-235. 

14. Nichols BA, Chiappino ML, O’Connor GR. Secretion from the rhoptries of Toxoplasma gondii 
during host-cell invasion. J Ultrastruct Res 1983; 83:85-98. 

15. Coppens I, Joiner KA. Host but not parasite cholesterol controls Toxoplasma cell entry by modu›
lating organelle discharge. Mol Biol Cell 2003; l4(9):3804-3820. 

16. Porchet-Hennere E, Vivier E, Torpier G. Origine des membranes de la paroi chez Toxoplasma. 
Annales de parasitologie humaine et compar 1985; 60:101-110. 

17. Porchet-Hennere EGT. Relations entre Toxoplasma et sa cellule-hote. Protistologica 1983; 19:357-370. 
18. Mordue DC, Desai N, Dustin M et al. Invasion by Toxoplasma gondii establishes a moving junc›

tion that selectively excludes host cell plasma membrane proteins on the basis of their membrane 
anchoring. J Exp Med 1999; 190(12):1783-1792. 

19. Charron AJ, Sibley LD. Molecular partitioning during host cell penetration by Toxoplasma gondii. 
Traffic 2004; 5(ll):855-867. 

20. Aikawa M, Miller LH, Johnson J et al. Erythrocyte entry by malaria parasites: A moving junction 
between erythrocyte and parasite. J Cell Biol 1978; 77:77-82. 

21. Michel R, Schupp S, Raether W et al. Formation of a close junction during invasion of eythrocytes 
by Toxoplasma gondii in vitro. Int J Parasitol 1980; 10:309-313. 

22. Aikawa M, Komata Y, Asai T et al. Transmission and scanning electron microscopy of host cell 
entry by Toxoplasma. Am J Pathol 1977; 87:285-296. 

23. Nichols BA, O’Connor GR. Penetration of mouse peritoneal macrophages by the protozoon Toxo›
plasma gondii. Lab Invest 1981; 44:324-334. 

24. de Souza W. Microscopy and cytochemistry of the biogenesis of the parasitophorous vacuole. 
Histochem Cell Biol 2005; 123(1):1-18. 

25. Suss-Toby E, Zimmerberg J, Ward GE. Toxoplasma invasion: The parasitophorous vacuole is formed 
from host cell plasma membrane and pinches off via a fission pore. Proc Natl Acad Sci 1996; 
93:8413-8418. 

26. Dubremetz JF, CR, Ferreira E. Toxoplasma gondii: Redistribution of monoclonal antibodies on 
tachyzoites during host cell invasion. Exp Parasitol 1985; 59:24-32. 

27. Alexander DL, Mital J, Ward GE et al. Identification of the moving junction complex of Toxo›
plasma gondii: A collaboration between distinct secretory organelles. PLoS Pathog 2005; l(2):el7. 

28. Lebrun M, Michelin A, El Hajj H et al. The rhoptry neck protein RON4 relocalizes at the moving 
junction during Toxoplasma gondii invasion. Cell Microbiol 2005; 7(12): 1823-1833. 

29. Mital J, Meissner M, Soldati D et al. Conditional expression of Toxoplasma gondii apical mem›
brane antigen-1 (TgAMAl) demonstrates that TgAMAl plays a critical role in host cell invasion. 
Mol Biol Cell 2005; 16(9) :4341-4349. 

30. Coppens I, Vielemeyer O. Insights into unique physiological features of neutral lipids in 
Apicomplexa: From storage to potential mediation in parasite metabolic activities. Int J Parasitol 
2005; 35(6):597-615. 

31. Foussard F, Leriche MA, Dubremetz JF. Characterization of the lipid content of Toxoplasma gondii 
rhoptries. Parasitology 1991; 102:367-370. 

32. Carruthers VB. Armed and dangerous: Toxoplasma gondii uses an arsenal of secretory proteins to 
infect host cells. Parasitol Int 1999; 48(1):1-10. 

33. Carruthers V, Sibley L. Sequential protein secretion fi-om three distinct organelles of Toxoplasma 
gondii accompanies invasion of human fibroblasts. Eur J Cell Biol 1997; 73:114-123. 

34. Dubremetz JF, Achbarou A, Bermudes D et al. Kinetics of apical organelle exocytosis during Toxo›
plasma gondii host cell interaction. Parasitol Res 1993; 79:402-408. 

35. Ossorio PN, Schwartzman JD, Boothroyd JC. A Toxoplasma gondii rhoptry protein associated 
with host cell penetration has unusual charge assymetry. Mol Biochem Parasitol 1992; 50:1-16. 

36. Beckers CJM, Dubremetz JF, Mercereau-Puijalon O et al. The Toxoplasma gondii rhoptry protein 
ROP2 is inserted into the parasitophorous vacuole membrane, surrounding the intracellular para›
site, and is exposed to the host cell cytoplasm. J Cell Biol 1994; 127:947-961. 

37. Sibley LD, Krahenbuhl JL, Adams GMW et al. Toxoplasma modifies macrophage phagosomes by 
secretion of a vesicular network rich in surface proteins. J Cell Biol 1986; 103:867-874. 

38. Bermudes D, Dubremetz JF, Joiner KA. Molecular characterization of the dense granule protein 
GRA3 from Toxoplasma gondii. Mol Biochem Parasit 1994; 68:247-257. 

39. Henriquez FL, Nickdel MB, McLeod R et al. Toxoplasma gondii dense granule protein 3 (GRA3) 
is a type I transmembrane protein that possesses a cytoplasmic dilysine (KKXX) endoplasmic reticu›
lum (ER) retrieval motif. Parasitology 2005; 131 (Pt 2):169-179. 

40. Ahn HJ, Kim S, Nam HW. Host cell binding of GRAlO, a novel, constitutively secreted dense 
granular protein from Toxoplasma gondii. Biochem Biophys Res Commun 2005; 331(2):6l4-620. 

41. Lecordier L, Mercier C, Sibley LD et al. Transmembrane insertion of the Toxoplasma gondii GRA5 
protein occurs after soluble secretion into the host cell. Mol Biol Cell 1999; 10(4): 1277-1287. 



The T . gondii PVM 163 

42. Jacobs D , Dubremetz JF, Loyens A et al. Identification and heterologous expression of a new 
dense granule protein (GRA7) from Toxoplasma gondii. Molec Biochem Parasitol 1998; 91:237-249. 

43. Carey KL, Donahue CG, Ward GE. Identification and molecular characterization of GRA8, a novel, 
proline-rich, dense granule protein of Toxoplasma gondii. Mol Biochem Parasitol 2000; 105(l):25-37. 

44. Adjogble KD, Mercier C, Dubremetz JF et al. GRA9, a new Toxoplasma gondii dense granule 
protein associated with the intravacuolar network of tubular membranes. Int J Parasitol 2004; 
34(11):1255-1264. 

45 . Mercier C, Adjogble KD, Daubener W et al. Dense granules: Are they key organelles to help 
unders tand the parasi tophorous vacuole of all apicomplexa parasites? Int J Parasitol 2005 ; 
35(8):829-849. 

46. Karsten V, Qi H , Beckers CJM et al. The protozoan parasite Toxoplasma gondii targets proteins 
to dense granules and vacuolar space using both conserved and unusual mechanisms. J Cell Biol 
1998; 141:911-914. 

47. Tomavo S, Fortier B, Soete M et al. Characterization of bradyzoite-specific antigens of Toxo›
plasma gondii. Infect Immun 1991; 59:3750-3753. 

48. Zhang YW, Halonen SK, Ma YF et al. Initial characterization of C S T l , a Toxoplasma gondii cyst 
wall glycoprotein. Infect Immun 2001 ; 69(1):501-507. 

49. Magno RC, Lemgruber L, Vommaro R C et al. Intravacuolar network may act as a mechanical sup›
port for Toxoplasma gondii inside the parasitophorous vacuole. Microsc Res Tech 2005; 67( l):45-52. 

50. Sibley LD, Niesman IR, Parmley SF et al. Regulated secretion of multi-lamellar vesicles leads to 
formation of a tubulo-vesicular network in host-cell vacuoles occupied by Toxoplasma gondii. J 
Cell Sci 1995; 108:1669-1677. 

51 . Labruyere E, Lingnau M , Mercier C et al. Differential membrane targeting of the secretory pro›
teins GRA4 and GRA6 within the parasitophorous vacuole formed by Toxoplasma gondii. Mol 
Biochem Parasitol 1999; 102(2):311-324. 

52. Mercier C, Cesbron-Delauw M F , Sibley LD. The amphipathic alpha helices of the toxoplasma 
protein GRA2 mediate post-secretory membrane association. J Cell Sci 1998; l l l ( P t 15):2171-2180. 

53. Lecordier L, Meleon-Borodowski I, Dubremetz JF et al. Characterization of a dense granule anti›
gen of Toxoplasma gondii (GRA6) associated to the network of the parasitophorous vacuole. Mol 
Biochem Parasitol 1995; 70:85-94. 

54. Mercier C, Lecordier L, Darcy F et al. Molecular characterization of a dense granule antigen (GRA2) 
associated with the network of the parasitophorous vacuole in Toxoplasma gondii. Mol Biochem 
Parasitol 1993; 58:71-82. 

55. Schatten H, Ris H . Three-dimensional imaging of Toxoplasma gondii-host cell interactions within 
the parasitophorous vacuole. Microsc Microanal 2004; 10(5):580-585. 

56. Schatten H , Ris H . Unconventional specimen preparation techniques using high resolution low 
voltage field emission scanning electron microscopy to study cell motility, host cell invasion, and 
internal cell structures in Toxoplasma gondii. Microsc Microanal 2002; 8(2):94-103. 

57. Coppens I, D u n n J D , Romano J D et al. Toxoplasma gondii sequesters lysosomes from mammalian 
hosts in the vacuolar space. Cell 2006; 125(2):261-274. 

58. Magno RC, Straker LC, de Souza W et al. Interrelations between the parasitophorous vacuole of 
Toxoplasma gondii and host cell organelles. Microsc Microanal 2005; 11(2):166-174. 

59. Melo EJ, de Souza W . Relationship between the host cell endoplasmic ret iculum and the 
parasitophorous vacuole containing Toxoplasma gondii. Cell Struct Funct 1997; 22(3):317-323. 

60. de Melo EJ, de Carvalho T U , de Souza W . Penetration of Toxoplasma gondii into host cells 
induces changes in the distribution of the mitochondria and the endoplasmic reticulum. Cell Struct 
Funct 1992; 17(5) :311-317. 

6 1 . Sehgal A, Bettiol S, Pypaert M et al. Peculiarities of host cholesterol transport to the unique intra›
cellular vacuole containing toxoplasma. Traffic 2005; 6(12):1125-1141. 

62. Andrade EF, Stumbo AC, Monteiro-Leal LH et al. Do microtubules around the Toxoplasma 
gondi i -conta in ing paras i tophorous vacuole in skeletal muscle cells form a barrier for the 
phagolysosomal fusion? J Submicrosc Cytol Pathol 2001; 33(3):337-34l. 

63 . Melo EJ, Carvalho T M , De Souza W . Behaviour of microtubules in cells infected with Toxo›
plasma gondii. Biocell 2001 ; 25( l ) :53-59. 

64. Halonen SK, Weidner E. Overcoating of Toxoplasma parasitophorous vacuoles with host cell 
vimentin type intermediate filaments. J Euk Microbiol 1994; 41:65-71. 

65 . Cintra W M , D e Souza W, Immunocytochemical localization of cytoskeletal proteins and electron 
microscopy of detergent extracted tachyzoites of Toxoplasma gondii. J Submicrosc Cytol 1985; 
17(4):503-508. 

66. Sinai AP, Joiner KA. The Toxoplasma gondii protein ROP2 mediates host organelle association 
with the parasitophorous vacuole membrane. J Cell Biol 2001; 154(1):95-108. 

67. Sadak A, Taghy Z, Fortier B et al. Characterization of a family of rhoptry proteins of Toxoplasma 
gondii. Mol Biochem Parasitol 1988; 29:203-211. 



/ 64 Molecular Mechanisms of Parasite In vasion 

68. Horwich AL, Kalouse F, Mellmann I et al. A leader peptide is sufficient to direct mitochondrial 
import of a chimeric protein. EMBO J 1985; 4:1129-1135. 

69. von Heijne G. Protein targeting signals. Curr Opin Cell Biol 1990; 2:604-608. 
70. Nakaar V, Ngo H M , Aaronson EP et al. Pleiotropic effect due to targeted depletion of secretory 

rhoptry protein ROP2 in Toxoplasma gondii. J Cell Sci 2003; l l 6 ( P t 11):2311-2320. 
7 1 . Jones T C , Veh S, Hirsch JG. The interaction between Toxoplasma gondii and mammalian cells. I. 

Mechanism of entry and intracelluar fate of the parasite. J Exp Med 1972; 136:1157-1172. 
72. Jones T C , Hirsch JG. The interaction between Toxoplasma gondii and mammalian cells. II. The 

absence of lysosomal fusion with phagocytic vacuoles containing living parasites. J Exp Med 1972; 
136:1173. 

73 . De Carvalho L, deSouza W. Cytochemical localization of plasma membrane enzyme markers during 
interiorization of tachyzoites of Toxoplasma gondii by macrophages. J Protozol 1989; 36:164-170. 

74. Joiner KA, Fuhrman SA, Mie t innen H et al. Toxoplasma gondi i : Fusion competence of 
parasitophorous vacuoles in Fc receptor transfected fibroblasts. Science 1990; 249:641-646. 

75 . Mordue D, Sibley L. Intracellular fate of vacuoles containing Toxoplasma gondii is determined at 
the time of formation and depends on the mechanism of entry. J Immunol 1997; 159:4452-4459. 

l(y. DeMelo EJT, Souza W D . Pathway for C6-NBD-ceramide on the host cell infected with Toxo›
plasma gondii. Cell Struct Funct 1996; 21:47-52. 

11. Sibley LD, Weidner E, Krahenbuhl JL. Phagosome acidification blocked by intracellular Toxo›
plasma gondii. Nature 1985; 315:416-419. 

78. Hakansson S, Charron AJ, Sibley LD. Toxoplasma evacuoles: A two-step process of secretion and 
fusion forms the parasitophorous vacuole. E M B O J 2001 ; 20( 12):3132-3144. 

79. Coppens I, Sinai AP, Joiner KA. Toxoplasma gondii exploits host low-density l ipoprotein 
receptor-mediated endocytosis for cholesterol acquisition. J Cell Biol 2000; 149(1):167-180. 

80. Morris M T , Coppin A, Tomavo S et al. Functional analysis of Toxoplasma gondii protease inhibi›
tor 1. J Biol Chem 2002; 277(47):45259-45266. 

8 1 . Schwab JC, Beckers CJM, Joiner KA. The parasitophorous vacuole membrane surrounding intrac›
ellular Toxoplasma gondii functions as a molecular sieve. Proc Natl Acad Sci 1994; 91:509-513. 

82. Vance JE, Shiao YI. Intracellular trafficking of phospholipids: Import of phosphatidylserine into 
mitochondria. Anticancer Res 1996; 16:1333-1340. 

83 . Vance JE, Vance DE. Phospholipid biosynthesis in mammalian cells. Biochem Cell Biol 2004; 
82(1):113-128. 

84. Charron AJ, Sibley LD. Host cells: Mobilizable lipid resources for the intracellular parasite Toxo›
plasma gondii. J Cell Sci 2002; 115(Pt 15):3049-3059. 

85. Blader IJ, Manger ID, Boothroyd JC. Microarray analysis reveals previously unknown changes in 
Toxoplasma gondii-infected human cells. J Biol Chem 2001; 276(26):24223-24231. 

86. Wastling JM, Burchmore R, Nelson M. Manipualtion of the host cell proteome by Toxoplasma 
gondii. Porticcio, Corsica, France: Paper presented at: 8th international Congress on Toxoplasmosis, 
2005. 

87. Molestina RE, Payne T M , Coppens I et al. Activation of NF-{kappa}B by Toxoplasma gondii 
correlates with increased expression of antiapoptotic genes and localization of phosphorylated 
I{kappa}B to the parasitophorous vacuole membrane. J Cell Sci 2003 2003; 116:4359-4371. 

88. Molestina RE, Sinai AP. Host and parasite-derived IKK activities direct distinct temporal phases of 
NF-{kappa}B activation and target gene expression following Toxoplasma gondii infection. J Cell 
Sci 2005; 118(Pt 24):5785-5796. 

89. Brenier-Pinchart MP, Pelloux H , Simon J et al. Toxoplasma gondii induces the secretion of mono›
cyte chemotactic protein-1 in human fibroblasts, in vitro. Mol Cell Biochem 2000; 209(l-2):79-87. 

90. Denney CF, Eckmann L, Reed SL. Chemokine secretion of human cells in response to Toxo›
plasma gondii infection. Infect Immun 1999; 67(4):1547-1552. 

9 1 . Kim JM, O h YK, Kim YJ et al. Nuclear factor-kappa B plays a major role in the regulation of 
chemokine expression of HeLa cells in response to Toxoplasma gondii infection. Parasitol Res 
2001; 87(9):758-763. 

92. Ghosh S, Karin M. Missing pieces in the NF-kappaB puzzle. Cell 2002; 109(Suppl):S81-96. 
93 . Molestina RE, Sinai AP. Detection of a novel parasite kinase activity at the Toxoplasma gondii 

parasitophorous vacuole membrane capable of phosphorylating host IkBa. Cell Microbiol 2005; 
7(3):351-362. 

94. Aebersold R, Mann M. Mass spectrometry-based proteomics. Nature 2003; 422(6928): 198-207. 



CHAPTER 13 

The Role of Host Cell Lysosomes 
in Trypanosoma cruzi Invasion 
G. Adam Mott and Barbara A. Burleigh* 

Abstract 

The cell-invasive, trypomastigote form of Trypanosoma cruzi exhibits a unique relation›
ship with lysosomes in target host cells. In contrast to many intracellular pathogens 
that are adept at avoiding contact with lysosomes, T. cruzi requires transient resi›

dence within this acidic organelle for productive infection. The low pH environment of 
lysosomes facilitates parasite egress from the vacuole and delivery into the host cytosol, a 
critical step in the 77 cruzi developmental program. Recent studies also suggest that early 
lysosome fusion with invading or recently internalized parasites is critical for cellular reten›
tion of parasites. To ensure targeting to host cell lysosomes, T cruzi trypomastigotes exploit 
two distinct modes of invasion that rapidly converge in the cell. In this chapter, we summa›
rize the recent progress and changing views regarding the role of host cell lysosomes in the T. 
cruzi infection process where our discussion is limited to invasion of nonprofessional phago›
cytic cells. 

Introduction 
The kinetoplastid protozoan parasite, Trypanosoma cruzi, is the causative agent of hu›

man Chagas’ disease and is endemic to regions of South and Central America. T cruzi 
exhibits a complex life cycle that involves both mammalian hosts as well as invertebrate 
vectors for transmission. In the vertebrate host, T cruzi is an obligate intracellular parasite 
that replicates in the cytoplasm of parasitized cells. It is thought that the success of the 
parasite may depend on its ability to infect a wide variety of host cell types including pro›
fessional and nonprofessional phagocytes, however, the main pathologies associated with 
chronic Chagas’ disease arise following infection of cardiomyocytes and smooth muscle 
cells. Symptomatic illness in the chronic phase of the infection is characterized by extensive 
focal inflammation, fibrosis and hypertrophy particularly in the heart and/or digestive tract, 
resulting in cardiomyopathy and gastrointestinal disease that arise in one-third of infected 
individuals. ̂  Clearly the ability of T cruzi to invade and replicate within nonprofessional 
phagocytic cells is a key feature of the infection process and for disease progression in 
mammalian hosts. A thorough understanding of the molecular basis for T cruzi invasion of 
nonprofessional phagocytes is a critical component of our ability to comprehend the infec›
tious process as a whole. 
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Figure 1. T. cri/z/trypomastigotes reside within a LAMP-1 positive vacuole. Upon entry into 
host cells, the motile trypomastigote form of the parasite resides in a vacuole in which the 
parasite and vacuolar membranes are in tight apposition (1 A; arrows highlight juxtaposition of 
parasite plasma membrane and parasitophorous vacuole (PV) membrane). These vacuoles rap›
idly acquire the lysosomal marker protein LAMP-1, visualized with a specific antibody shown 
in red (1 B) at 30 minutes post-infection. Host cell and parasite DNA are stained with DAPI 
(blue). A color version of this figure is available online at www.eurekah.com. 

General Features of T. cruzi Invasion of Nonphagocytic Cells 
Mammalian host cells are initially penetrated by the nondividing, motile trypomastigote 

form of the parasite, which becomes immediately engulfed in a tight, membrane-delimited 
parasitophorous vacuole (PV) (Fig. lA). As discussed below, the 77 cruzi vacuole quickly 
acquires markers of host cell lysosomes. The best studied of these markers include the 
lysosome-associated membrane protein (LAMP)-l, a resident integral membrane protein 
(Fig. IB), as well as endocytosed soluble markers that have been chased into lysosomes and 
are located in the luminal space of the parasite-containing vacuole. Following host cell entry, 
trypomastigotes reside in individual vacuoles (i.e., 1 parasite/vacuole) for several hours where 
they initiate a developmental program toward differentiation to amastigotes, the nonmotile, 
intracellular replicative form of T. cruzi. Parasites then escape the vacuole (beginning at --8 
hours post-infection) and are delivered to the host cytosol where amastigote replication be›
gins at -24 hours post-invasion. Acidification of the PV appears to be essential for parasite 
egress, as demonstrated by the inhibition of the process by lysomotropic agents or inhibitors 
of vacuole acidification.^ While the precise mechanism used by the parasite to escape the PV 
has yet to be determined, it is thought to require the action of both a secreted hemolysin, 
referred to as TcTox,^’ and trans-sialidase (TS), a cell surface enzyme that catalyses the 
transfer of sialic acid residues from host glycoconjugates^ including LAMP-1. Parasites that 
invade cells lacking sialic acid residues, or those expressing higher levels of TS, are more 
competent for vacuole egress and for intracellular replication.^’̂  While not yet demonstrated 
experimentally, the current model proposes that via the concerted actions of TS, Tc-Tox and 
perhaps other parasite and/or host factors, the parasitophorous vacuole membrane is gradu›
ally remodeled, rendering it susceptible to lysis which is evident by -8-10 hours post-infection. 
The fate of the parasitophorous vacuole membrane following lysis is currently unknown; 
however it may fragment to form small vesicles that have been observed in the vicinity of 
parasites free in the cytoplasm.^ 

http://www.eurekah.com
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Pathways for Trypomastigote Invasion of Nonprofessional Phagocytes 
It is clear that the interaction of internalized T. cruzi with the host cell lysosomal compart›

ment is a critical event leading to cytosolic localization and survival of this pathogen within 
mammalian cells. The current state of research in this area indicates that two distinct pathways 
are used for trypomastigote entry and trafficking to lysosomes in nonprofessional phagocytic 
cells. These models are detailed below. 

Lysosome-Dependent Entry 
Given that T. cruzi trypomastigotes are relatively large organisms (15-20 ^m in length) it 

was originally predicted that host cell entry by this pathogen would require the driving force of 
host cell actin polymerization, which is used by both phagocytic and nonphagocytic cells to 
engulf pathogens (reviewed in ref. 10). In contrast to this hypothesis, infection of several differ›
ent cell types with 77 cruzi trypomastigotes was shown to proceed in the absence of actin 
polymerization where invasion was significantly enhanced in some cases following treatment 
with cytochalasin D.^^’^̂  These observations were the first to indicate that the process of host 
cell entry by 77 cruzi trypomastigotes was quite distinct from phagocytic or micropinocytic 
pathways exploited by many microbial pathogens. ̂ ’̂̂ ^ This was soon confirmed, when it was 
noted that host cell lysosomes were rapidly recruited to the site of 77 cruzi entry and that their 
fusion contributed to the formation of the nascent PV. ’ In addition, the relative proximity 
of lysosomes to the plasma membrane in host cells prior to 77 cruzi invasion was shown to 
impact the efficiency of parasite entry. For example, pretreatment of fibroblasts with agents 
that cause anterograde movement of lysosomes (i.e., toward the plasma membrane) resulted in 
increased 77 cruzi invasion, whereas retrograde movement of lysosomes in cells decreased the 
overall trypomastigote invasion capacity. As might be expected from this finding, the target›
ing of lysosomes to the site of parasite entry depends on kinesin-based, anterograde movement 
along the micro tubular network within the cell.^^ In addition, there is evidence that the site of 
interaction between the parasite and the host cell may act as a distinct site for microtubule 
reorganization perhaps facilitating, perhaps facilitating the targeting of lysosomes to the site.^ 
Overall, these findings support the notion that the 77 cruzi vacuole is generated at the time of 
parasite entry by the specific targeting and immediate fusion of host cell lysosomes with the 
host cell plasma membrane. This represents a highly unusual strategy for pathogen entry of 
mammalian cells, (reviewed in refs. 11,15,16), and suggests that signals triggered in host cells 
by extracellular or invading 77 cruzi trypomastigotes are required to initiate the early events of 
actin rearrangements, lysosome recruitment and plasma membrane fusion. 

Lysosome-Independent Entry 
A key feature of lysosome-dependent model for 77 cruzi entry is that host cell lysosomes 

provide the membrane needed to elaborate the parasitophorous vacuole and that lysosome 
fusion is required for parasite invasion. Earlier morphological studies of trypomastigote entry 
into HeLa cells, however, demonstrated cytochalasin D-resistant plasma membrane projec›
tions encircling membrane-associated parasites. ̂ ’̂  More recently, an alternate host cell entry 
pathway for 77 cruzi trypomastigotes has been described that is initiated by actin-independent 
plasma membrane invagination. In this study, the use of chimeric GFP markers which asso›
ciate with phosphoinositol phosphates (PI(4,5)P2 or PI(3,4,5)P3) at the cytosolic face of the 
host cell plasma membrane, revealed that --50% of invading trypomastigotes associated with 
the plasma membrane during, and immediately following, invasion (10 minutes 
post-infection).^^ Immunolabeling of fixed cells demonstrated that LAMP-1 or 
lysosomally-targeted TR-dextran did not colocalize with parasites that were positive for plasma 
membrane-GFP markers. In fact, only -20% of recently internalized parasites were shown to 
be lysosome-associated at 10 minutes post-infection in several different cell types, and intra›
cellular parasites were clearly observed in early endosomes.^^ These findings provided the first 
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clear indication that T. cruzi trypomastigotes can invade nonprofessional phagocytic cells in a 
lysosome-independent fashion in addition to the lysosome-dependent entry pathway (Fig. 
3).^^ Other studies have shown that over-expression of dominant negative mutants of Rab5 or 
Rab7, GTPases involved in discrete stages of endocytosis and vesicular transport along the 
endocytic and phagosome maturation pathways, results in a marked reduction of 77 cruzi 
invasion. ̂ ^ Given that lysosome biogenesis and maintenance is regulated by Rab7,’^̂  lysosome 
availability in these cells is expected to be dramatically reduced, which would compromise the 
lysosome-dependent entry pathway. Thus, it would be interesting to examine the relative 
effects of these dominant-interfering mutants on lysosome-dependent versus 
lysosome-independent T. cruzi invasion pathways and to determine whether Rab 5 and Rab7 
act in similar or disparate pathways. 

Calcium Signaling Is Required for T. cruzi Invasion 
and for Lysosome-Plasma Membrane Fusion 

Given the parallels between targeted fusion of lysosomes with the plasma membrane during 
77 cruzi invasion and the more general mechanism of regulated exocytosis, investigators began 
to explore two questions: (1) Can lysosomes be induced to fuse with the plasma membrane in 
the absence of 77 cruzP, and (2) Can 77 cruzi activate appropriate signals in mammalian cells to 
promote lysosome-plasma membrane fusion? Rodriguez et al’̂ ^ were the first to demonstrate 
that lysosomes in fibroblasts and epithelial cells could be induced to fuse with the plasma 
membrane and release lumenal contents simply by elevating the intracellular calcium concen›
tration ([Ca ^]i). Strikingly, infective T. cruzi trypomastigotes can trigger rapid and transient 
increases in the intracellular free calcium concentration in mammalian cells. ^ While the abil›
ity of 77 cruzi trypomastigotes to activate host cell [Ca ^]i-signaling pathways appears to be 
multifactorial (refs. 22-25; discussed in Chapters 7 and 12), it is clearly required for efficient 
invasion. The observation that increases in [Ca ^]i triggered by a soluble 77 cruzi activity 
could promote transient rearrangements in actin microfilaments and trigger lysosome exocy›
tosis^^ in cells, suggested a link between parasite-triggered Ca^^-signaling and lysosome-plasma 
membrane fusion involved in facilitating invasion. In addition, cyclic AMP (c-AMP), which 
enhances Ca"^^-regulated exocytosis in many cell types, was found to regulate Ca^^-regulated 
lysosome exocytosis as well as 77 cruzi invasion.^^ Together, these findings provided the frame›
work for a compelling model of 77 cruzi invasion in which trypomastigotes trigger local actin 
remodeling and targeted exocytosis of lysosomes in a Ca ^-dependent manner (Fig. 3). Because 
these signaling studies were conducted prior to the recognition of the lysosome-independent 
pathway for 77 cruzi invasion, the results were interpreted solely within the context of 
lysosome-dependent 77 cruzi entry. Given that Ca^^ is a critical regulator of a broad range of 
enzymatic and cellular processes, it is likely that trypomastigote-triggered [Ca^^]i-transients 
play an important role in both pathways of host cell entry by this pathogen. 

Ca?^’Regulated Lysosome Exocytosis Repairs Plasma Membrane Dam^age 
While the bigger question of why 77 cruzi exploits lysosome exocytosis for host cell invasion 

remains to be answered, a possibility rests on the ubiquitous nature of lysosome exocytosis and 
its critical role in Ca ^-dependent plasma membrane repair. This process involves lysosome 
exocytosis at the site of the injury, where the membranes fuse to repair damage and prevent cell 
death. As this process is fairly universal, it is likely that the parasite, which requires transient 
residence in a lysosome, has evolved a strategy to enter lysosomes directly, by mimicking aspects 
of the plasma membrane wounding response. This provides an attractive explanation for the 
promiscuous nature of 77 cruzi and its ability to invade a wide variety of mammalian host cells. 

That events regulating lysosome-plasma membrane fusion and 77 cruzi trypomastigote 
invasion of nonprofessional phagocytes revealed similarities to the more general process of 
Ca ^-regulated exocytosis in cells, prompted investigation into the role of synaptotagmins, a 
family of proteins which are involved in regulated exocytosis. ̂ ^ Unlike other members of the 



The Role of Host Cell Lysosomes in Trypanosoma cruzi Invasion 169 

Figure 2. General model of plasma membrane repair by lysosomes. An increase in intracellular 
calcium levels results in binding to the lysosomal membrane Câ "̂̂  sensor Synaptotagmin 
VIKSyt VII). Syt VII then binds to the t-SNARES SNAP-23 and syntaxin 4 in a Ca^^ dependant 
manner, which results in association with the v-SNARE VAMP7. This complex then mediates 
fusion of the lysosome with the plasma membrane. (Adapted from ref. 35). 

Figure 3. T cruzi (A) invade cells via two distinct pathways. Parasites were once thought to 
invade the host cell through a process involving recruitment of lysosomes to the sight of entry 
(B). These parasites immediately entered a lysosmally-derived vacuole (B). Recent evidence 
suggests that the parasite can also enter a plasma membrane-derived vacuole, which can be 
visualized by the lipid product PIP3 (A). These vacuoles rapidly acquire markers of theendocytic 
pathway, inci udi ng EEA1, and eventual ly fuse with lysosomes to form a mature parasitophorous 
vacuole. Addition of wortmannin or cytochalasin D results in abolishment of the lysosomal 
pathway, allowing the study of the plasma membrane pathway in isolation. These drugs also 
disrupt the cytoskeletal matrix or inhibitfusion of the parasitophorous vacuole with lysosomes, 
both conditions are necessary for the establishment of a successful infection. The use of these 
chemicals therefore results in a lower level of infection by promoting parasite exitfrom the cells 
(C). (Adapted from ref. 38). 
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synaptotagmin family that exhibit ceil type-specific expression, synaptotagmin VII (Syt VII) 
was shown to be expressed in many cell types,^^ and localized to dense lysosomes.^^ Subse›
quent studies revealed that Syt VII is essential for efficient membrane resealing following to 
plasma membrane damage.^^’^^’^^’^"̂ Additional components of the Syt Vll-dependent 
lysosome-fusion machinery were identified (Fig. 2) to be SNAP-23, which interacts with 
Syt VII via syntaxin 4 in a calcium dependent manner and the lysosomal v-SNARE TI-VAMP/ 
VAMP7. Together, the coordinate action of these molecules, and likely others that have yet 
to be identified, are thought to provide the specificity for lysosome targeting and fusion with 
the plasma membrane. 

Given the critical role for Syt VII in Ca^^-regulated lysosome exocytosis and membrane 
resealing, it was anticipated that Syt VII would play a central role in the T. cruzi invasion 
process. As predicted, Syt VII was demonstrated on the membranes of recently formed 77 cruzi 
vacuoles,"^^ suggestive of their involvement in vacuole formation. However, interference with 
Syt Vll-mediated fusion of lysosomes with the plasma membrane, either by expression of a 
dominant interfering region of Syt VII^^ or in fibroblasts that are Syt Vll-deficient, resulted 
in partial inhibition of T. cruzi invasion. While these data reinforce the role of the lysosome 
recruitment pathway in T. cruzi infection, they also demonstrate that the parasite is able to gain 
entry to host cells even in the absence of efficient plasma membrane repair. In other words, T. 
cruzi can readily enter cells in a lysosome-independent fashion, where they traffic to the lysoso›
mal compartment with delayed kinetics, and go on to establish productive infection.^^’’̂  

Host Cell Pliosphatidylinositol-3-Kinases Regulate T. cruzi Invasion 
Inhibition of host cell phosphatidylinositol (PI)-3-kinases following pretreatment with 

wortmannin or LY294002 reduces T. cruzi invasion of cells by -50% and completely abolishes 
early lysosome association with internalized parasites. ̂ ’̂̂ ’̂ The fact that T. cruzi invasion of Syt 
Vll-deficient fibroblasts is refractory to wortmannin pretreatment indicates that host cell PI-3 
kinases differentially regulate the lysosome-dependent entry process. Interestingly, cells lacking 
the main regulatory subunits for class I PI-3 kinases (p85a and p85p), while greatly impaired 
with respect to 77 cruzi invasion, still support lysosome-dependent entry to the same relative level 
as WT fibroblasts. The interpretation of these experimental findings is that class I PI-3 kinases do 
not act in the lysosome-dependent T. cruzi entry pathway and fiirther implicate the other 
wortmannin-sensitive enzyme, class III PI-3 kinase in this process. Further studies are needed to 
verify these predictions. It is of note that other parasites are also known to alter PI-3 kinase 
signaling pathways in order to prime the host cell for infection or to promote the survival of 
infected cells. Cryptosporidiumparvum initiates host cell PI-3 kinase signaling during its infective 
process that is required for the formation of the Cryptosporidium PV. ’ Toxoplasma gondii and 
Theileria sp. parasites cause constitutive aaivation of the PI-3 kinase signaling pathways in their 
host cells in order to interfere with pro-apoptotic signals (reviewed in refs. 41,42). These ex›
amples demonstrate that induction of PI-3 kinase signaling is a common attribute of parasites, 
which allows them to modulate the host cell cytoskeleton to promote invasion and avoid 
pro-apoptotic signals while in residence within the host cell by 77 cruzi. Similarly, activation of 
host PI-3 kinases is an important signal to facilitate parasite en try ̂ ’̂̂ ^ and can initiate 
anti-apoptotic signaling cascades in certain cell types. ^’ ̂  

The Actin Cytoskeleton and Fusion with Lysosomes Are Critical 
for Retention of T. cruzi in the Host Cell 

Recently, two independent groups reported that interference with the ability of invading or 
recently internalized trypomastigotes to fuse with components of the endocytic pathway (early 
endosomes, lysosomes) resulted in loss of parasites from the cells. ̂ ’ Woolsey et al reported 
that treatment of cells with cytochalasin D, a compound that causes a destabilization and 
breakdown of the actin cytoskeleton, results in the decoupling of the process of cell penetration 
from subsequent fusion with endosomes and lysosomes. The treated cells showed an initial 
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increase in total parasite invasion events, but a marked decrease in the number of internalized 
parasites that colocalize with the marker early endosome antigen-1 (EEAl) or with LAMP-1 at 
early time-points. Removal of cytochalasin D in drug washout experiments released the block 
and permitted internalized parasites to fuse with endosomes and lysosomes. Thus, contrary to 
the original hypothesis, that depolymerization of host actin microfilaments increases 77 cruzi 
invasion due to its facilitating effects on lysosome-plasma membrane fiision, actin depolymer›
ization appears to facilitate invagination of the plasma membrane and parasite entry via the 
lysosome-independent pathway. However, it is clear that actin dynamics are required following 
parasite entry to retain internalized parasites.^ Since actin polymerization faciliates fusion of 
endosomes with phagosomes, it is possible that actin is playing a similar role during T. cruzi 
invasion and vacuole biogenesis. At this point however, the possibility that the actin cytoskel-
eton simply acts as a barrier to impede parasite exit from the host cell, cannot be ruled out. 

Similar observations regarding 77 cruzi retention in cells were reported in a study by Andrade 
and Andrews^ where the fate of internalized parasites was examined in cells treated with 
wortmannin to inhibit PI-3 kinases. In these cells, early lysosome fusion with invading para›
sites is severely inhibited, as previously demonstrated, and parasites rely upon plasma mem›
brane invagination for entry into host cells. Similar to the effects observed following actin 
depolymerization, parasites entering wortmannin-treated cells were less competent for lyso›
some fusion and did not remain cell-associated.^ The conclusions reached in this study were 
that the lysosome-independent pathway of 77 cruzi invasion is nonproductive; it was argued 
that parasite-induced invagination of the plasma membrane leads to the formation of a "revers›
ible" vacuole from which parasites rapidly exit.^ Following extrusion, it was suggested that 
these parasites would reinvade cells via the lysosome fusion route and only then be retained. 
Data from both studies supports the notion that early fusion with components of the endocytic 
pathway appears to be required for retention of parasites within the host cell. However, it is 
likely that this can happen in two (or perhaps more) ways that are oudined in the model 
presented in Figure 3: (1) immediate fusion of lysosomes as parasites enter cells via a Syt 
Vll-dependent, Ca2+-regulated lysosome exocytosis pathway, and (2) delayed fusion of lysos›
omes, where a plasma membrane-derived vacuole subsequendy fuses with early endosomes and 
lysosomes. Certainly, the most compelling evidence for the existence of a lysosome-independent 
entry mechanism is the ability of 77 cruzi to invade and successfully infect Syt Vll-deficient 
cells. Regardless of the mechanism of host cell entry, all of the internalized parasites are 
housed within host cell lysosomes within the first 60 minutes of invasion. ̂ ^ It is within this 
lysosomal compartment that critical developmental processes are initiated which allow the 
parasite to eventually shed the vacuole and replicate in the host cell cytoplasm. 

Concluding Remarks 
Over the last decade, the view regarding the mechanism of 77 cruzi invasion of nonphagocytic 

cells has evolved from a single or dominant pathway involving early recruitment and fusion of 
host cell lysosomes with the plasma membrane, to the understanding that this process is much 
more complex and that lysosome fusion is not a requirement for entry. Data from two inde›
pendent groups has provided insight into the requirement for fusion of nascent 77 
rr«-z/-containing vacuoles with components of the endocytic pathway (early endosomes/lysos-
omes) as a critical step in cellular retention of parasites. While the relevance of the plasma 
membrane invagination pathway for the establishment of a productive intracellular infection 
has been challenged,^ the ability of 77 cruzi to establish infection in Syt Vll-deficient (i.e., 
impaired lysosome exocytosis) fibroblasts argues that the lysosome-independent entry pathway 
is indeed a viable route of infection. As we currently lack data regarding relevant cell invasion 
mechanisms in the context of in vivo infection, it is currently unclear what roles the two path›
ways play in natural infection outside of in vitro systems. 

The recent work in this area has highlighted a unique example of a parasite coopting a 
host cell pathway in order to promote its own invasion and survival. The use of the host cell 
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plasma membrane wound repair mechanism is a fascinating example of this ability. Given 
the universal nature of wound repair within eukaryotic cells it may represent a highly adapted 
method for T. cruzi entry into a wide variety of host cell types. Furthermore, the study of T. 
cruzi trypomastigote invasion of nonprofessional phagocytes provided the catalyst for the 
discovery of Ca ^-regulated lysosome exocytosis and its relationship to plasma membrane 
repair.^^ These studies emphasize the utility of intracellular pathogens as probes to study 
basic cellular processes. 

References 
1. Prata A. Clinical and epidemiological aspects of Chagas’ disease. Lancet Infectious Diseases 2001 ; 

1:92-100. 
2. Ley V, Robbins E, Nussenzweig V et al. The exit of Trypanosoma cruzi from the phagosome is 

inhibited by raising the p H of acidic compartments. J Exp Med 1990; 171(2):401-413. 
3. Andrews N W , Whitlow MB. Secretion by Trypanosoma cruzi of a hemolysin active at low p H . 

Molecular and Biochemical Parasitology 1989; 33(3):249-256. 
4. Andrews N W , Abrams CK, Siatin SL et al. A T . cruzi-secreted protein immunologically related to 

the complement component C9: Evidence for membrane pore-forming activity at low p H . Cell 
1990; 61(7):1277-1287. 

5. Vandekerckhove F, Schenkman S, Carvalho LPD et al. Substrate specificity of the Trypanosoma 
cruzi trans-sialidase. Glycobiology 1992; 2(6):541-548. 

6. Hall B, Webster P, Ma A et al. Desialyiation of lysosomal membrane glycoproteins by Trypano›
soma cruzi: A role for the surface neuraminidase in facilitating parasite entry into the host cell 
cytoplasm. J Exp Med 1992; 176(2):313-325. 

7. Rubin-de-Celis SSC, Uemura H, Yoshida N et al. Expression of trypomastigote trans-sialidase in 
metacyclic forms of Trypanosoma cruzi increases parasite escape from its parasitophorous vacuole. 
Cellular Microbiology 2006; 8(12):1888-1898. 

8. Lopez M, Huynh C, Andrade LO et al. Role for sialic acid in the formation of tight lysosome-derived 
vacuoles during Trypanosoma cruzi invasion. Molecular and Biochemical Parasitology 2002; 
119(1):141-145. 

9. Andrade LO, Andrews N W . Lysosomal fusion is essential for the retention of Trypanosoma cruzi 
inside host cells. J Exp Med 2004; 200(9):1135-1143. 

10. Cossart P, Sansonetti PJ. Bacterial invasion: The paradigms of enteroinvasive pathogens. Science 
2004; 304(5668):242-248. 

11. Tardieux I, Webster P, Ravesloot J et al. Lysosome recruitment and fusion are early events re›
quired for trypanosome invasion of mammalian cells. Cell 1992; 71(7):1117-1130. 

12. Schenkman S, Robbins ES, Nussenzweig V. Attachment of Trypanosoma cruzi to mammalian cells 
requires parasite energy, and invasion can be independent of the target cell cytoskeleton. Infect 
Immun 1991; 59(2):645-654. 

13. Rodriguez A, SamoflFE, Rioult M et al. Host cell invasion by trypanosomes requires lysosomes and 
microtubule/kinesin-mediated transport. J Cell Biol 1996; 134 (2): 349-362. 

14. Tyler KM, Luxton G W G , Applewhite DA et al. Responsive microtubule dynamics promote cell 
invasion by Trypanosoma cruzi. Cellular Microbiology 2005; 7(11):1579-1591. 

15. Andrade LO, Andrews N W . The trypanosoma cruzi-host-cell interplay: Location, invasion, reten›
tion. Nature Reviews Microbiology 2005; 3(10):819-823. 

16. Andrews N W , Lysosomes and the plasma membrane: Trypanosomes reveal a secret relationship. J 
Cell Biol 2002; 158(3):389-394. 

17. Schenkman S, Mortara R. HeLa cells extend and internalize pseudopodia during active invasion by 
Trypanosoma cruzi trypomastigotes. J Cell Sci 1992; 101(4):895-905. 

18. Woolsey AM, Sunwoo L, Petersen CA et al. Novel PI 3-kinase-dependent mechanisms of trypano›
some invasion and vacuole maturation. J Cell Sci 2003; 116(17):36l 1-3622. 

19. Wilkowsky SE, Barbieri MA, Stahl P D et al. Regulation of t rypanosoma cruzi invasion of 
nonphagocytic cells by the endocytically active GTPases dynamin, Rab5, and Rab7. Biochemical 
and Biophysical Research Communications 2002; 291(3):516-521. 

20. Bucci C, Thomsen P, Nicoziani P et al. Rab7: A Key to lysosome biogenesis. Mol Biol Cell 2000; 
l l (2) :467-480. 

2 1 . Rodriguez A, Webster P, Ortego J et al. Lysosomes behave as Ca2+-regulated exocytic vesicles in 
fibroblasts and epithelial cells. J Cell Biol 1997; 137(1):93-104. 

22. Tardieux I, Nathanson M, Andrews N . Role in host cell invasion of Trypanosoma cruzi-induced 
cytosolic-free Ca2+ transients, J Exp Med 1994; 179(3): 1017-1022, 



The Role of Host Cell Lysosomes in Trypanosoma cruzi Invasion 173 

23. Burleigh BA, Andrews N W . Signaling and host cell invasion by Trypanosoma cruzi. Current Opinion 
in Microbiology 1998; l (4) :461-465. 

24. Scharfstein J, Schmitz V, Morandi V et al. Host cell invasion by Trypanosoma cruzi is potentiated 
by activation of bradykinin B2 receptors. J Exp Med 2000; 192(9):1289-1300. 

25. Dorta ML, Ferreira AT, Oshiro M E M et al. Ca2+ signal induced by Trypanosoma cruzi metacyclic 
trypomastigote surface molecules implicated in mammalian cell invasion. Molecular and Biochemi›
cal Parasitology 1995; 73(l -2) :285-289. 

26. Rodriguez A, Rioult M , Ora A et al. A trypanosome-soluble factor induces IP3 formation, intrac›
ellular Ca2+ mobilization and microfilament rearrangement in host cells. J Cell Biol 1995; 
129(5):1263-1273. 

27. Rodriguez A, Martinez I, Chung A et al. cAMP Regulates Ca2+-dependent exocytosis of lysosomes 
and lysosome-mediated cell invasion by trypanosomes. J Biol Chem 1999; 274(24): 16754-16759. 

28. Reddy A, Caler EV, Andrews N W . Plasma membrane repair is mediated by Ca2+-regulated exocy›
tosis of lysosomes. Cell 2001 ; 106(2): 157-169. 

29. Caler EV, Chakrabarti S, Fowler KT et al. The Exocytosis-regulatory protein synaptotagmin VII 
mediates cell invasion by Trypanosoma cruzi. J Exp Med 2001; 193(9):1097-1104. 

30. Li C, Ullrich B, Zhang JZ et al. Ca2+ -dependent and independent activities of neural and nonneural 
synaptotagmins. Nature 1995; 375(6532):594-599. 

3 1 . Martinez I, Chakrabarti S, Hellevik T et al. Synaptotagmin VII regulates Ca2+-dependent exocyto›
sis of lysosomes in Fibroblasts. J Cell Biol 2000; 148(6):1141-1150. 

32. Chakrabarti S, Kobayashi KS, Flavell RA et al. Impaired membrane resealing and autoimmune 
myositis in synaptotagmin Vll-deficient mice. J Cell Biol 2003; 162(4):543-549. 

33 . Roy D, Liston DR, Idone VJ et al. A process for controlling intracellular bacterial infections in›
duced by membrane injury. Science 2004; 304(5676): 1515-1518. 

34. Andrews N W . Membrane resealing: Synaptotagmin VII keeps running the show. Sci STKE 2005; 
2005(282):19. 

35. Rao SK, Huynh C, Proux-Gillardeaux V et al. Identification of SNAREs involved in synaptotagmin 
Vll-regulated lysosomal exocytosis. J Biol Chem 2004; 279(19):20471-20479. 

36. Chakrabarti S, Andrade LO, Andrews N W . Trypanosoma cruzi invades synaptotagmin Vll-deficient 
cells by a PI-3 kinase independent pathway. Molecular and Biochemical Parasitology 2005; 
141(1):125-128. 

37. Wilkowsky SE, Barbieri MA, Stahl P et al. Trypanosoma cruzi: Phosphatidylinositol 3-kinase and 
protein kinase B activation is associated with parasite invasion. Experimental Cell Research 2001 ; 
264(2):211-218. 

38. Burleigh BA. Host cell signaling and trypanosoma cruzi invasion: D o all roads lead to lysosomes? 
Sci STKE 2005; 2005(293):pe36-. 

39. Chen X M , Splinter PL, Tie tz PS et al. Phosphatidylinositol 3-kinase and frabin mediate 
Cryptospor idium pa rvum cellular invasion via act ivat ion of C d c 4 2 . J Biol C h e m 2 0 0 4 ; 
279(30):31671-31678. 

40. Forney JR, DeWald DB, Yang S et al. A role for host phosphoinositide 3-kinase and cytoskeletal 
remodeling during Cryptosporidium parvum infection. Infect Immun 1999; 67(2):844-852. 

4 1 . Kim L, Denkers EY. Toxoplasma gondii triggers Gi-dependent PI 3-kinase signaling required for 
inhibition of host cell apoptosis. J Cell Sci 2006; 119(10):2119-2126. 

42. Dobbelaere DA, Kuenzi P. The strategies of the Theileria parasite: A new twist in host-pathogen 
interactions. Current Opinion in Immunology 2004; 16(4):524-530. 

43 . Chuenkova MV, Furnari FB, Cavenee WK et al. Trypanosoma cruzi trams-sialidase: a potent and 
specific survival factor for human Schwann cells by means of phosphatidyl inositol 3-kinase/Akt 
signaling. Proc Nat l Acad Sci USA 2001 ; 98(17):9936-994l, 

44. Petersen CA, Krumholz KA, Carmen J et al. Trypanosoma cruzi Infection and nuclear factor kappa 
B activation prevent apoptosis in cardiac cells. Infect Immun 2006; 74(3):1580-1587. 

45 . Aoki M D P , C a n o R C , Pellegrini AV et al. Different signaling pathways are involved in 
cardiomyocyte survival induced by a Trypanosoma cruzi glycoprotein. Microbes and Infection 2006; 
8(7):1723-1731. 

46. Woolsey AM, Burleigh BA, Host cell actin polymerization is required for cellular retention of 
Trypanosoma cruzi and early association with endosomal/lysosomal compartments. Cellular Micro›
biology 2004; 6(9):829-838. 

47. Kjeken R, Egeberg M , Habermann A et al. Fusion between phagosomes, early and late endosomes: 
A role for actin in fusion between late, but not early endocytic organelles. Mol Biol Cell 2004; 
15(l) :345-358. 



CHAPTER 14 

Leishmania Invasion 
and Phagosome Biogenesis 
Robert Lodge and Albert Descoteaux* 

Abstract 

Whereas bacterial pathogens take over the control of their host cell actin cytoskeleton 
by delivering an array of protein effectors through specialized secretion systems, 
promastigotes of the protozoan parasite Leishmania donovani rely entirely upon a 

cell surface glycolipid to achieve this feat. Here, we review recent evidence that L. donovani 
promastigotes subvert host macrophage actin dynamics during the establishment of infection 
and we discuss the potential mechanisms involved. 

Leishmania 
During their life cycle, protozoan parasites of the genus Leishmania alternate between two 

distinct developmental stages. In the mammalian host, the parasite proliferates intracellularly 
as nonmotile amastigotes, within the acidic and hydrolase-rich phagolysosomal compartment 
of host macrophages.^ Transmission of the parasite is mediated by the blood-sucking sand fly, 
of either the genus Phlebotomus or the genus Lutzomyia. When feeding on an infected mam›
mal, the sand fly takes up amastigote-containing macrophages/monocytes. During digestion of 
the bloodmeal, amastigotes differentiate into motile promastigotes, which attach to the sand 
fly midgut epithelium to avoid being excreted together with the digested bloodmeal. Virulence 
is acquired during metacyclogenesis, a process by which dividing, noninfective promastigotes 
(procyclic) transform into nondividing infective forms. These metacyclic promastigotes de›
tach from the gut epithelial cells and migrate towards the anterior end of the digestive tract. 
Upon the next bloodmeal of the infected sand fly, metacyclic promastigotes are inocidated into 
the mammalian host where they ultimately end up inside a macrophage, in a phagolysosome. 
The various Leishmania species are responsible for a spectrum of human diseases ranging from 
a relatively confined cutaneous disease to a progressive visceral disease that can be fatal. In the 
latter case, L. donovani^ the causative agent of visceral leishmaniasis (Kala-azar), disseminates 
and infects macrophages of the liver, the spleen, and the bone marrow. 

To sucessfuUy colonize both hosts, Leishmania requires the expression of stage-specific viru›
lence determinants, including a family of related glycoconjugates known as the the 
phosphoglycans and which have in common repeating Galpl,4Manal-P04 units. This fam›
ily of glycoconjugates includes the secreted acid phosphatase and phosphoglycan (PG), the 
proteophosphoglycan, as well as the membrane-anchored lipophosphoglycan (LPG). 
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Lipophosphoglycan 
LPG is the most abundant promastigote surface glycolipid, with approximately 5 million 

copies per cell. In contrast, LPG levels are down-regulated by at least three orders of magnitude 
in amastigotes. The structure of this molecule, which comprises four domains, is illustrated by 
the prototypic L. donovani LPG (Fig. 1)."̂  The four domains of the L donovani LPG are (i) a 
l-O-alkyl-2-/)/50-phosphatidyl(w)/<?)inositol anchor, (ii) a glycan core, (iii) repeating 
Galpl,4Manal-P04 units, and (iv) a small oligosaccharide cap. Species- and strain-specific 
polymorphisms occur in the cap and repeating units structures, whereas the lipid anchor and 
the glycan core are conserved. In addition, during metacyclogenesis LPG undergoes a dou›
bling in the nmnber of repeating units, from about 15 in procyclic promastigotes to about 30 
in metacyclic forms. Elongation of LPG is also accompanied by changes in cap structure and 
substitutions to the repeating units which allow to regulate binding and release of the parasite 
from the sand fly midgut epithelium. 

A combination of LPG- and Galpi,4Manal-P04-defective mutants for several Leishmania 
species have been used to investigate the roles of these phosphoglycans in the invertebrate and 
mammalian hosts. Hence, the Ipgl-KO mutant secretes repeating Galpl ,4Manal-P04 
unit-containing molecules to the same extent as wild type promastigotes, but lacks the ability 
to assemble a functional LPG glycan core, thereby precluding surface expression of 
fuU-lenght LPG. The lpg2’KO mutant expresses the truncated LPG Gal(al,6)Gal(al,3) 
Gal/(pi,3)[Glc(al-P)]Man(al,3)Man(al,4)GN(al,6)-PI, and is unable to synthesize repeat›
ing Galp 1,4Manal -PO4 units. ̂  These mutants revealed that the requirement for phosphoglycans 
in the establishment of infection inside macrophages is not universal. In the case of Z. mexicana, 
Galpl,4Manal-P04-containing glycoconjugates are not required for promastigote virulence,^ 
whereas LPG- and Galpl,4Manal-P04-defective mutants of both L. donovani and L. major 
do not survive phagocytosis.^’ ^ 

Entry into Macrophages 
Uptake oi Leishmania promastigotes is a classical receptor-mediated phagocytic event. Sev›

eral Leishmania and macrophage surface molecules have been implicated in the attachment of 
promastigotes to macrophages. On macrophages, the complement receptors (CR) 1 and CR3 
(Mac-1), the mannose-fucose receptor, and pi50,95 mediate promastigote binding, although 
their respective importance and contribution remain to be firmly established.^^’ Leishmania 
surface glycoconjugates including LPG and gp63 participate in the attachment process, either 
direcdy or indirecdy, as they are acceptors for various opsonins including C3b and iC3b, ’ 
the mannan-binding protein,^^ and galectins. ’̂ ^ However, LPG is not essential for attach›
ment, as phagocytosis of LPG-defective mutants is similar or even superior to that of wild type 
promastigotes.^ 

Figure 1. Structure of LPG. LPG Is attached to the membrane by a phosphatidyl Inositol anchor 
(large circle), which is connected to a glycan core (rectangle). Repeating Galpl ,4Mana1-PO4 
units (small circles) are linked to the core; the number of units varies among Leishmania species 
and at different stages in the parasite’s life cycle. The molecule Is capped by a small oligosac›
charide structure. 
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Subsequent to their attachment to macrophage receptors, promastigotes are internalized 
in a phagosome and differentiate into amastigotes. Little is known on the molecular 
mechanism(s) by which Leishmania promastigotes are engulfed by macrophages and this 
may be related to the fact that internalization results from the simultaneous action of several 
receptors. Treatment of mouse macrophages with the actin-depolymerizing agent cytochala-
sin inhibited promastigotes intake, ̂ ^ establishing that the actin cytoskeleton is active in the 
phagocytosis process. Further insight into the mechanisms by which Leishmania promastigotes 
are internalized by macrophages was provided by identifying the Rho-family guanosine triph›
osphatases (GTPases) involved in this process. These GTPases play a central role in phagocy›
tosis by regulating rearrangements of the actin cytoskeleton. ’ In their activated GTP-bound 
conformation, Rho-family GTPases interact with several effectors involved in the formation 
of filaments of F-actin around the nascent phagosome. The best characterized cascade of 
events deals with Racl/Cdc42 downstream effectors involved in Fcy-receptor mediated in›
take. ̂ ^ Cdc42 is found early on the protruding pseudopods enveloping the target, whereas 
Racl is mainly recruited to the phagocytic cup. ^ Wiscott-Aldrich syndrome protein (WASP) 
associates to the phagosome by interacting with GTP-bound Cdc42, which in turn activates 
the Arp2/3 complex involved in actin nucleation and assembly. At this point, adaptors (Nek), 
cytoskeletal proteins (VASP) and molecules needed in phosphoinositide signaling are re›
cruited. Cytoplasmic extensions, pseudopods and the heavy involvement of the actin cy›
toskeleton underline the very dynamic nature of Fcy-receptor driven entry. The more passive 
CR-mediated phagocytosis involves RhoA, ROK (Rho kinase), and myosin II, leading to 
Arp2/3-mediated actin polymerization.^^ In this case, the target ’sinks* into the forming 
vacuole, which contrasts greatly with Fcy-receptor entry. Of note, CR3 can perform phago›
cytosis of nonopsonized particles, which requires Racl and Cdc42 instead of RhoA. Even 
though promastigotes use a combination of receptors, it is likely that rapid opsonisation by 
complement in the host favors a RhoA, CR-mediated internalisation by circulating mac›
rophages. Hence, uptake of unopsonized L. donovani promastigotes by murine macrophages 
is mainly dependent on the action of Racl and to a lesser extent of Cdc42, whereas entry of 
serum-opsonized L. donovani promastigotes is mediated by RhoA. In addition, the small 
GTPase Arf6, the only Arf-family GTPase implicated in phagocytosis, is also involved in the 
Racl/Cdc42 pathway (Lodge and Descoteaux, unpublished). Of note, presence of LPG and 
other Galpi,4ManaP04 units-containing molecules has no influence on the phagocytic path›
way, regardless of the opsonization status of the parasite. This observation suggests that al›
though LPG can act as a C3 acceptor, other promastigote surface molecides play this role in 
the absence of LPG. 

The mechanisms by which amastigotes enter macrophages are less understood. In one study, 
it was reported that uptake of Z. amazonenesis amastigotes by macrophages requires actin poly›
merization, and involves the colocalization of F-actin, paxillin, and talin to phagocytic cups 
that are formed around amastigotes during internalization. Similar to L. donovani 
promastigotes, the opsonization status of L. amazonensis amastigotes determines the mode of 
entry. Hence, amastigote internalization in CHO cells involves the GTPases Rho and Cdc42. 
When uptake is mediated by fibronectin or when amastigotes are opsonized with immunoglo›
bulin G and internalized by Fc receptor-expressing C H O cells, Racl is activated and required 
for parasite internalization.^’̂  Collectively, these observations are consistent with the notion 
that internalization of both Leishmania promastigotes and amastigotes is a classical 
receptor-mediated phagocytic process requiring cytoskeletal reorganization in which the para›
site plays no or litde active role. 

Phagosome Remodelling 
Within minutes after internalization of a particle, the F-actin associated to the phagocytic 

cup dissociates, and the newly formed phagosome interacts with early endosomes. These inter›
actions may be facilitated by the greater access of the phagosomal membrane as the F-actin-rich 
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phagoqmc cup is disassembled. The small GTPase Rab5 is necessary for this interaction.^^ In 
its GTP-boimd active form, this small GTPase recognizes either type I (p85/pllO) or type III 
(hVps34) PI 3-kinases. The interaction with hVps34 is involved in Rab5 s role in phagosome 
maturation. The combined presence of Rab5, PI(3)P and the subsequent recruitment of EEAl 
through its FYVE domain, participate in the tethering of endosomes to the phagosome, since 
disrupting the function of either Rab5 or EEAl affects phagosome biogenesis^^’ and impairs 
the later recruitment of the LAMPs and other lysosomal proteins. Rab7 is involved in 
phagolysosome biogenesis by regulating interactions between the phagosome and late 
endosomes. ̂ ^ Unlike early endosomes, interactions between late endosomes and L. donovani 
and L. w^’ r̂ promastigote-containing phagosomes are inhibited,^^’^̂  and recruitment of pro›
teins such as Rab7 and the LAMPs is delayed^ ’̂ ^ (Fig. 2). This inhibition of phagososomal 
biogenesis and maturation is stricdy dependent on the LPG repeating unit domain,^^’̂  since 
phagosomes harboring LPG-defective promastigotes quickly mature into functional 
phagolysosomes.^"^’ Insertion of LPG in lipid bilayers alters their fiisogenic properties,^^ and 
this may be responsible for inefFicient interactions between endosomes and the phagosome.^’̂  
Furthermore, LPG has been shown to disrupt lipid rafts.^^’^̂  These cholesterol-rich specialized 
microdomains are enriched in flotillin-1, a and p subunits of heterotrimeric G proteins,^^ and 
other proteins such as the NADPH oxidase. Therefore, by inserting itself into the phagosomal 
lipid raft, LPG enables L. donovani promastigotes to target phagosomal raft integrity and hinder 
important signaling pathways and phagosomal functions. ’̂  

Whereas L. donovani and L. major promastigotes inhibit phagosome maturation, this is 
not necessarily the case for all Leishmania species. Hence, L. amazonensis are internalized in 
phagosomes which acquire lysosomal features. In addition, LPG-deficient L. m,exicana 
promastigotes differentiate into amastigotes and proliferate as efficiently as their wild-type 

Figure 2. Phagosomes harboring either WT or LPG-defective promastigotes. WT promastigotes 
remodel the phagosome through the action of LPG: F-actin and proteins involved in F-actin 
filament assembly aberrantly accumulate on the WT promastigote-containing phagosomes. 
Interaction of these phagosomes with late endosomes and lysosomes is greatly delayed. This is 
not the case for phagosomes harboring LPG-deficient I. donovani, which mature normally, 
resulting in the destruction of the mutant parasites. 
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counterparts in mouse peritoneal macrophages.^ Of interest, both L. amazonensis and L. 
mexicana amastigotes reside in large communal parasitophorous vacuoles, compared to 
the tight single-parasite harboring phagosomes found in L. donovani or L. major infected 
macrophages. "̂  

F-Actin Accumulation on the Phagosome 
LPG-mediated phagosome remodelling is characterized by a progressive accumulation of 

periphagosomal F-actin, which might interfere with the recruitment of signal transducers and 
vesicle trafficking to L. donovani promastigote-containing phagosomes. Insights into the 
underlying mechanism was provided by investigating the impact of LPG on the phagosomal 
recruitment/retention of host cell molecules involved in cytoskeleton rearrangements. ^ In the 
case of Rho-family GTPases, Racl and RhoA are present on promastigote-containing 
phagosomes, regardless on the presence of LPG (Fig. 3). In contrast, Cdc42 is present only on 
phagosomes containing wild type promastigotes or promastigotes coated with purified LPG. 
Kinetic analysis revealed that Cdc42 remains associated to these phagosomes for more than 
two hours after phagocytosis, whereas it rapidly dissociates from phagosomes containing 
LPG-defective promastigotes. Other effectors, including Arp2/3, WASP, a-actinin, Myosin II, 
and Nek accumulate with kinetics similar to F-actin and Cdc42 on L. donovani 
promastigote-containing phagosomes, in a LPG-dependent manner. Cdc42 plays an impor›
tant role in this phenomenon, since expression of a dominant-negative mutant of Cdc42 pre›
vented LPG-mediated accumulation of periphagosomal F-actin and retention of WASP and 
Myosin.25 WASP, Arp2/3 and a-actinin are involved in phagocytosis mediated by various re›
ceptors, whereas Myosin II is usually associated to CR-driven internalization and Nek is asso›
ciated to Fcy-receptor mediated phagocytosis. Therefore, the aberrant accumulation of both 

Figure 3. LPG mediates periphagosomal F-actln accumulation. Murine peritoneal exudate mac›
rophages were i nfected with either WT (top) or lpg2-KO (bottom) L donovani promastigotes and 
stained for DNA (first column), the GTPase Racl (second column), or F-actin using phalloidin 
(third column) and visualized by confocal microscopy. Unlike Rac1, which is found on all 
phagosomes, F-actin persists on phagosomes harboring WT promastigotes compared to those 
containing their LPG-deficientcounterparts. Phagosomes are identified with arrows; bar = 3 nm. 
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Nek and Myosin II on promastigote-containing phagosomes suggests that LPG affects an array 
of pathways involved in F-actin polymerisation. Thus, in the presence of LPG, the molecular 
machinery required for F-actin assembly is retained on the phagosome, and active Cdc42 drives 
periphagosomal F-actin accumulation. 

Flow are F-actin and its associated proteins accumulating on L. donovani 
promastigote-containing phagosomes? The fact that Cdc42 is necessary for the LPG-driven 
process provides some important clues. Cdc42 is recruited very early on the phagosomal 
membrane, and therefore represents a prime target for luring other F-actin molecules 
onto the forming organelle. How exactly LPG gets the small GTPase to remain 
membrane-associated is unknown. One possibility is that LPG activates Cdc42-specific 
RhoGEFs or inhibits Cdc42 GTP release by inactivating RhoGAPs. Since lipid raft integ›
rity is altered by LPG,^^ hindering these signaling platforms may affect RhoGEF function. 
Another protein associated to rafts is PKCa. Absence of PKCa on the phagosome, either 
induced by overexpression of a dominant-negative enzyme or by the presence of LPG, results 
in F-actin accumulation and the impaired recruitment of LAMPl .^5’^̂  This might be related 
to the fact that PKCa phosphorylates MARCKS (myristoylated alanine-rich C kinase sub›
strate), a well-known F-actin-crosslinking protein. ’ Therefore, a combination of factors, 
starting with Cdc42 activation, followed by defective lipid rafts and impaired PKCa recruit›
ment on phagosomes, could result in LPG-mediated F-actin accumulation. Other F-actin 
associated proteins, such as Coronin (or TACO, for tryptophane-aspartate-containing coat), 
which are usually found on the phagosome, may also act as regulators of F-actin assembly. 
Recent work by the group of Grinstein indicated that factors other than inactivation of the 
Rho-family GTPases contribute to the disassembly of F-actin during phagocytosis. One 
such factor may be PI (4 ,5 )P2J since in contrast to Racl and Cdc42, its disappearance from 
the phagocytic cup parallels actin dissociation very closely. Based on their findings, they 
proposed that disappearance of PI(4,5)P2 has a critical role in the termination of actin as›
sembly and in its ensuing disassembly from the phagocytic cup. One consequence of this 
event would be to create access for incoming endomembrane organelles targeted to fuse with 
the forming phagosome. However, the exact mechanism by which PI(4,5)P2 is metabolised 
is not known. Whether LPG causes an alteration of phosphoinositide metabolism at the 
phagosome is an attractive hypothesis that deserves consideration. 

Concluding Remarks 
Similar to several pathogenic microbes, L. donovani promastigotes target the host cell’s 

cytoskeleton and manipulate Rho-family GTPases to remodel their intracellular habitat and 
establish infection. ^ In contrast to several bacterial pathogens that use secreted protein effec›
tors, L. donovani promastigotes rely predominandy, if not entirely, on a surface glycolipid to 
achieve these feats. Further studies on the underlying mechanisms will provide novel knowl›
edge on the regulation of phagosome maturation, an important aspect of macrophage biology 
in the context of host defense against infections. In addition, the consequences of these 
LPG-mediated events on the ability of infected macrophages to deploy their antimicrobial 
arsenal remain to be addressed. 
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CHAPTER 15 

Plasmodium Sporozoite Passage 
across the Sinusoidal Cell Layer 
Ute Frevert,* Ivan Usynin, Kerstin Baer and Christian Klotz 

Abstract 

M alaria sporozoites must cross at least two cell barriers to reach their initial site of 
replication in the mammalian host. After transmission into the skin by an infected 
moscmito, they migrate towards small dermal capillaries, traverse the vascular en›

dothelial layer/’ and rapidly home to the liver. To infect hepatocytes, the parasites must cross 
the sinusoidal cell layer, composed of specialized highly fenestrated sinusoidal endothelia and 
Kupffer cells, the resident macrophages of the liver (Fig. 1). The exact route Plasmodium sporo›
zoites take to hepatocytes has been subject of controversial discussions for many years. Recent 
cell biological, microscopic, and genetic approaches have considerably enhanced our under›
standing of the initial events leading to the establishment of a malaria infection in the liver (for 
recent reviews see refs. 3-8). 

Targeting to the Liver 
The initial arrest of the parasites in the liver sinusoid is thought to be mediated by a multi›

valent interaction between two major sporozoite surface proteins, the circumsporozoite pro›
tein (CSP) and the thrombospondin-related adhesive protein (TRAP), and hepatic heparan 
sulfate proteoglycans located in the extracellular matrix (ECM) inside the space of Disse. 
The degree of sulfation of heparan sulfate from liver approaches that of heparin and is therefore 
markedly higher than in any other tissue. ̂ ^ According to our current model (Fig. 2), large 
stellate cell-derived ECM proteoglycans protrude from the space of Disse through the endot›
helial sieve plates into sinusoidal lumen, thus providing a basis for sporozoites to glide along 
the sinusoidal endothelium. When a parasite encounters a Kupffer cell, CSP engages in a 
multivalent interaction with selected chondroitin sulfate and heparan sulfate proteoglycans 
that are expressed on the surface of these macrophages.^ Once in the space of Disse, the sporo›
zoite recognizes small proteoglycans on the surface of hepatocytes and enters these parenchy-

In addition to cell surface heparan sulfate proteoglycans, CSP also binds to the low density 
lipoprotein receptor-related protein 1 (LRP-1),^^ a multifunctional scavenger receptor that is 
predominantly found in the liver.’̂  ’ LRP, also known as the alpha-2-macroglobulin receptor 
(a2MR) or CD91, is responsible for the clearance from the blood of a large number of mol›
ecules including activated a2M, proteases and their complexes with inhibitors, matrix pro›
teins, growth factors, and small particles such as lipoprotein remnants. In vitro, binding of 
soluble recombinant CSP to LRP on hepatocytes leads to endocytic uptake followed by lysosomal 
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Figure 1. Model of Plasmodium sporozoite infection of the liver. The portal venous (PV) and 
hepatic arterial (HA) blood supplies merge at the portal field, flow along the liver sinusoid (S), 
and exit the liver lobules via the central vein (CV). Liver sinusoids are lined by a layer of 
fenestrated endothelia, interspersed v^ith Kupffer cells (KC). The space of Disse (D) separates 
the sinusoidal cell layer from the cords of hepatocytes (H). Stellate cells (SC) are located in a 
niche betv^een hepatocytes inside the space of Disse. Sporozoite infection of the liver follows 
a complex cascade of events. A) Sporozoite entry into the liver. Arrow 1: Abrupt arrest in the 
sinusoid and gliding along sinusoidal endothelia, most likely by binding to ECM proteoglycans. 
Arrow 2: Recognition of, deactivation, active entry into, and passage through Kupffer cells. 
Arrow 3: Transmigration through several hepatocytes and infection of a final hepatocyte. B) 
Merozoite release into the bloodstream. Mature liver schizonts release merozoites either 
individually or in groups, still enveloped by host cell membrane. 

degradation.^^ To determine the contribution of hepatocyte LRP-1 to sporozoite infection of 
the Uver, transgenic mice with a functional defect in LRP-1 expression were generated by con›
ditional gene targeting. ’^’ The recombinant Ad5 virus used for this approach infects pre-
dominandy hepatocytes and to a minor degree also sinusoidal endothelia,^^ but not Kupffer 
cells.^^ Consequendy, Cre adenovirus injection into LRP-lflo’̂ fl�  and double mutant LDLR’ 
";LRP-1^°’^^°’’ mice resulted in LRP-1 gene inactivation in 100% of the hepatocytes.^^ Since 
infection with P. yoelii sporozoites was not diminished in these LRP-1 ̂ °^"° ^ Cre^ mice,^^ it 
appears that LRP-1 expression on hepatocytes is not obligatory for sporozoite infection of the 
liver. Interestingly, however, the livers of the LDLR’ ’;LRP-1 mice and, in particular the 
LRP-1 ̂ °’’^^°’’ mice, still contained low levels of LRP-1.^’^’^̂  Because Kupffer cells also express a 
high amount of LRP on their surface,^^’̂  we propose that the residual LRP-1 derived from 
these macrophages. CSP binding to Kupffer cells, but not hepatocytes, induces an intracellular 
signal transduction cascade (see below), which was most likely unaffected in the LRP-1 knock›
out mice. 
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Figure 2. Plasmodium and host molecules involved in sporozoite interaction with the liver 
sinusoid. A) Invasion-related liver proteins and glycoconjugates. Stellate cells (SC) are located 
in a niche between adjacent hepatocytes(H) and secrete sulfated extracellular matrix proteoglycans 
into the space of Disse (D). The long glycosaminoglycan chains that are attached to the core 
proteins of these proteoglycans are thought to protrude through the endothelial fenestration into 
the sinusoidal lumen (arrows), where they are recognized by sporozoites traveling in a sinusoid 
(S). Kupffer cells (KC), but not endothelial cells (EC) express CSP-binding proteoglycans and 
LRP-1 on their surface. Hepatocytes carry CSP- and TRAP-binding heparan sulfate proteoglycans 
on their surface as well as LRP-1, CD81, and the HGF receptor MET. B) Invasion-related sporo›
zoite proteins. CSP is a major component of the thick coat that covers the entire sporozoite 
surface. It can be detected in rhoptries and micronemes, from where it is transported to the cell 
surface at the apical cell pole. By interacting with liver-specific proteoglycans, CSP is thought to 
mediate sporozoite arrest in the sinusoid. By bindingto proteoglycans and LRP-1 on Kupffer cells, 
CSP induces a signaling cascade that leads to inhibition of the respiratory burst. P36p is also 
expressed on the sporozoite surface and contributes to liver stage development by a yet unde›
fined mechanism. The following micronemal proteins are secreted upon cell invasion as sug›
gested by in vitro studies, however the precise sequence of events in the intact liver has not been 
established. The transmembrane protein TRAP plays a pivotal role in sporozoite motility and 
invasion. Like CSP, TRAP also binds to liver proteoglycans. Under "resting" conditions, only a 
small proportion of TRAP is expressed on the sporozoite surface; the vast majority is stored 
intracellularly and released upon invasion. Another micronemal protein, AMA-1, is also secreted 
upon hepatocyte infection. SPECT proteins are stored in micronemes; the exact time of their 
release is unknown, but their postulated pore-forming property suggests secretion upon hepa›
tocyte transmigration or, alternatively, upon parasite escape from an intracellular compartment. 
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Crossing the Sinusoidal Cell Barrier 
A plethora of studies have demonstrated that basically all mammalian Plasmodium species 

can develop in hepatocytes or hepatoma cells in vitro^ ’̂"̂  indicating that KupfFer cells are not 
required for infection of parenchymal liver cells. In vivo, however, sporozoites must cross the 
sinusoidal cell layer to enter the liver parenchyma. Biochemical and physiological studies as 
well as various microscopic and genetic approaches have all suggested that sporozoites enter the 
liver by passing through KupfFer cells, not vitro, P berghei and Pyoelii 
sporozoites attach to and actively enter KupfFer cells, but not sinusoidal endothelia, and survive 
for several hours inside these macrophages, enclosed in a vacuole that does not acidify or un›
dergo lysosomal fusion. However, interpretation of these studies as a whole has been ham›
pered by various factors including the scarcity of the invasion events, the complex architecture 
of the liver and its large size, and mismatch of parasite host combination. 

To confirm the role of KupfFer cells as a gate for sporozoites to the liver, two different 
approaches have been used to functionally or physically eliminate these phagocytes from the 
liver: (1) Saturation of the phagocytic capacity with silica particles ’ and (2) removal from 
the liver by intoxication with liposome-encapsulated dichloromethylene diphosphonate 
(clodronate). Saturation of the phagocytic capacity of the Kupffer cells by inoculation of 
silica particles prior to infection decreased the number of/? berghei liver stages. ’ This find›
ing was initially interpreted as the consequence of a successful blockage of KupfFer cell phago›
cytosis (and thereby sporozoite passage), but later attributed to the silica-induced KupfFer cell 
activation resulting in an increase in interleukin-6,^’̂  which is known to inhibit sporozoite 
invasion and schizont development.^^ Clodronate, on the other hand, had an enhancing efFect 
on P berghei liver stage development. In addition, clodronate treatment also restored the 
infectivity of SPECT-deficient P berghei sporozohesy which are normally unable to pass through 
cells. ^ Because intravenous clodronate application also depletes the spleen of macrophages 
thus causing a temporary functional splenectomy, this may have increased the number of liver 
stages by allowing more sporozoites to repeatedly circulate through the liver. These conflicting 
results obscured the role of KupfFer cells in sporozoite entry into the liver. 

An argument against malaria sporozoite passage through KupfFer cells has been that the 
parasites can cross endothelial cell barriers, since they are clearly able to penetrate the vascular 
capillary wall in the skin. ’ However, the conditions for sporozoite passage across the dermal 
capillary wall and the sinusoidal barrier differ markedly. While sporozoites approach sinusoidal 
endothelia from their apical (vascular) surface, they first encounter the adventitial surface of 
dermal blood capillaries. Vascular endothelia are polarized cells, which secrete heparan sulfate 
proteoglycans into the basement membrane that typically surrounds blood capillaries. Be›
cause sporozoites recognize vascular basement membrane proteoglycans in various tissues,^’̂  ̂ ’̂  
it is reasonable to assume that the parasites recognize these glycoconjugates when they encoun›
ter a dermal blood capillary. The route the parasites take across this barrier, whether trans- or 
para-endothelial, remains to be established. 

Sporozoites also enter dermal lymphatic vessels from where they are transported to the 
regional lymph node, but it should be noted that terminal lymph vessels are quite distinct 
from blood capillaries. For example, while vascular capillaries possess a clear basement mem›
brane and are surrounded by a layer of pericytes,^^’^^’̂  lymphatic vessels lack pericytes and 
their basement membrane is sparse and lacks proteoglycans.^ * ’ Further, vascular and lym›
phatic endothelia exhibit distinct molecular surface markers.^ Most importantly and in con›
trast to the vascular endothelium, the lining of lymphatic vessels is discontinuous. Lymphatic 
endothelia form adjustable inlet valves for the collection of interstitial fluid, whose diameter 
can range from 1-6 [im depending on the demand. ’̂ The large size of these openings (up to 
several times the diameter of a sporozoite) and the continuous lymph flow towards and through 
these valves render the possibility likely that sporozoites enter lymphatic vessels passively by 
passing through endothelial inlet valves. The observed lateral drifting of sporozoites along lymph 
vessels supports this interpretation. SPECT-deficient P berghei parasites, which lack cell passage 
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ability (see below), are ideal tools to address the question of sporozoite entry into dermal lymph 
vessels. It is known that intravenously inoculated SPECT mutants are unable to infect the 
intact liver because of the continuity of the sinusoidal cell layer. Similarly, intradermally 
inoculated SPECT mutants are unable to infect mice (Photini Sinnis, personal communica›
tion) suggesting that infection is also blocked after transmission by mosquito bite. However, 
taking into account the existence of lymphatic inlet valves, SPECT-deficient sporozoites should 
be able to enter dermal lymph vessels normally. Experiments testing this hypothesis will pro›
vide valuable new insights into the mechanisms Plasmodium sporozoites use to cross host cell 
barriers and are therefore eagerly awaited. 

In conclusion, each of the cell barriers malaria sporozoites have to overcome during their 
journey to hepatocytes has its own characteristics, composition and orientation and must there›
fore be viewed individually. With regard to the passage across the sinusoidal barrier, all avail›
able evidence points to Kupffer cells being the gate to the liver. 

KupfFer Cell Location and Motility 
For clearance and defense function, Kupffer cells are located in strategic positions in the 

sinusoid, frequendy at bifurcations of the highly anastomozed sinusoidal capillary bed of the 
liver. When labeled with tissue macrophage-specific antibodies such as F4/80 or anti-CD68, 
Kupffer cells exhibit an irregular elongated or star-like shape ^’^  ̂and a predominantly peripor›
tal distribution within the liver lobule. ’ Scanning electron microscopy demonstrates that, 
while most of the Kupffer ceil body is located inside the lumen of the sinusoid, it is anchored to 
the sinusoidal cell wall with numerous microvillous projections, lamellipodia, blebs, and pro›
trusions. ’’̂ Due to this largely intra-sinusoidal location, transmission electron micrographs 
often give the impression that Kupffer cells are attached to the luminal surface of the endothe›
lium, rather than being part of the lining.’’ ’̂ However, ultrathin sections reveal that Kupffer 
cell microvilli intermingle over large distances with those from hepatocytes thus demonstrating 
that Kupffer cells are, in fact, focally embedded in the endothelial cell layer. ’’̂ ’̂̂ ’’’"̂̂ Thus, 
Kupffer cells are true inhabitants of the sinusoidal wall that can provide sporozoites with direct 
access to the space of Disse and hepatocytes. 

Traditionally, Kupffer cells have been defined as stationary tissue macrophages of a charac›
teristic star-like shape. ’ However, some recently published liver pathology textbooks and 
hepato-immunology reviews neglect the majority of the primary observations and describe 
Kupffer cells as motile macrophages that patrol the liver sinusoids. ’ This conclusion is based 
on a single reflection microscopy study purporting to show that Kupffer cells have a rounded 
shape and crawl along liver sinusoids at a speed of several micrometers per minute. ̂ ^ Interest›
ingly, the migratory cells shown in this report were rounded and exhibited generally low ph›
agocytic activity, suggesting that they were in fact monocytes, while other phagocytically highly 
active cells were irregularly shaped and nonmigratory, which is typical of Kupffer cells. The 
generation of lys-EGFP-ki mice that express GFP in various types of macrophages, including 
Kupffer cells, helped shed light on this issue. Kupffer cells of lys-EGFP-ki mouse livers can be 
easily differentiated from blood macrophages by their distinct shape and much lower fluores›
cence intensity. ’̂ ^ During several hours of intravital examination, bright rounded blood mac›
rophages were observed flowing with blood and sometimes moving along the sinusoidal sur›
face, but Kupffer cells did not change their shape or position in the sinusoid thus confirming 
the fixed nature of these tissue macrophages (Robert McCuskey, personal communication).^^’ 
On a long-term basis, however, Kupffer cells are capable of migration. For example, the Kupffer 
cell population is generally thought to be self-renewing under physiologic conditions, but un›
der certain circumstances it can be replenished by influx and differentiation of bone 
marrow-derived monocytes. ’̂ ’̂̂ "̂̂^ Also, Kupffer cells have been found in the portal tract 
and in hepatic lymph nodes a few days after selective loading with phagocytic markers. Mar-
ginated leukocytes are dissimilar to Kupffer cells; they have a spherical or oval shape and much 
less surface contact with the sinusoidal cell layer. ̂ ’^’^’^̂ Intravital analysis of lys-EGFP-ki mice 
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confirmed diis and also demonstrated that blood-derived macrophages crawl along sinusoids, 
gradually infiltrating the liver and eventually accumulating in large numbers under its 
capsule. ^ We attribute this infiltration to surgical exposure of the liver for microscopic exami›
nation, because transient influx of large numbers of mononuclear phagocytes and neutrophils 
is a characteristic response of the liver to inflammatory stimuli. ̂ ’̂̂ ^ In conclusion, Kupfler cells 
can undoubtedly exit liver lobules and their precursors can be recruited from extrahepatic sites, 
but once positioned in the liver sinusoid, Kupffer cells remain immobile for hours if not days. 

Are Kupffer Cells Essential for Sporozoite Infection of the Liver? 
To verify that Kupffer cells are required for sporozoite infection of the liver, we used op/op 

mice with a genetic defect in the production of macrophage colony-stimulating factor 1 (CSF-1). 
Homozygous op/op mice exhibit a severe deficiency in macrophage maturation in contrast to 
their heterozygous phenotypically normal littermates.^’̂  Op/op mice possess only a small fraction 
of the normal number of Kupff̂ er cells, and these are in addition morphologically and fimction-
ally immature. As a consequence, such mice exhibit a markedly reduced clearance capacity of 
intravenously inoculated colloidal carbon.^^ Quantitative real-time PCR revealed that op/op 
mice are significandy less susceptible to P. yoelii infection than their phenotypically normal het›
erozygous siblings with normal Kupffer cell numbers. Op/op mice exhibit lower than normal 
levels of pro-inflammatory cytokines^’^’^̂  and are therefore classified as immunosuppressed.^^ 
Because there is no indication of increased IFN-y, IL-6 or other cytokines known to suppress 
Plasmodium liver stage growth, it appears unlikely that factors other than the reduced number of 
Kupffer cells are responsible for the refractoriness of the op/op mice to P. yoelii infection. 

To understand why sporozoite invasion is increased in clodronate-treated mice and de›
creased in op/op mice, we analyzed the ultrastructure of clodronate-depleted and op/op mouse 
livers. Because Kupffer cells represent an integral component of the lining of the liver capillar›
ies (see above),^^’ they leave behind small gaps in the normally continuous sinusoidal cell 
layer when synchronously expelled from the liver tissue by clodronate intoxication.^^ The data 
indicate that these gaps are large enough to allow sporozoite passage, but too small to generate 
hemorrhages, which generally require more extensive damage to the microcirculation such as 
toxic injury to endothelial cells. ̂  In op/op mice, by contrast, the sinusoidal cell barrier is 
intact. It appears, therefore, that the openings created by clodronate treatment in the sinu›
soidal cell layer provide sporozoites with direct access to hepatocytes and ECM proteoglycans 
in the space of Disse, thus explaining why liver infection by wild-type sporozoites is enhanced 
and by SPECT-deficient mutants is restored. In conclusion, Kupffer cells are obligatory for the 
establishment of a Plasmodium infection in the mammalian host. 

Mode of Sporozoite Entry into Mammalian Cells: 
Membrane Wounding vs. Invagination 

After entering the liver parenchyma, Plasmodium sporozoites migrate through several hepa›
tocytes before setding down in a final one for development to a liver stage. Sporozoites are able 
to enter cells in at least two different ways. Transmigration through hepatocytes involves focal 
membrane wounding, ’ while invasion of the final hepatocyte, similar to entry into Kupffer 
cells, is thought to occur by membrane invagination.^ ’̂̂ ^̂  Entry by membrane wounding, 
which provides the parasites with direct access to the cytoplasm, has been observed in vitro for 
hepatoma cells and a variety of other nonphagocytic cells of epithelial origin, but not for Kupff̂ er 
cells.’^’’^’^’^^’^^^’^^^ Disruption of the expression of either SPECTl, a micronemal protein of 
unknown function, or SPECT2, a sporozoite protein with a putative membrane attack com›
plex domain, causes P. berghei sporozoites to lose the ability for transmigration, but does not 
affect sporozoite infectivity for hepatoma cells in vitro. SPECT knockout mutants are unable 
to cross the sinusoidal cell layer after intravenous inoculation into mice, suggesting that the 
Kupffer cell passage is blocked, but details on the mechanism of action of these proteins are not 
available to date «^-*»’’<" 
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Another interesting molecule in this context is a sporozoite surface phospholipase with 
membrane lytic activity: ̂ ^̂  P. herghei sporozokes deficient in this enzyme are impaired in cross›
ing epithelial cell barriers in vitro. When transmitted by mosquito bite, phospholipase-deficient 
parasites are drastically reduced in their ability to infect mice suggesting that they have lost the 
ability to enter dermal capillaries. This finding suggests that passage through dermal vascular 
endothelia requires membrane wounding. When inoculated intravenously, however, 
phospholipase-deficient sporozoites infect the liver at the same rate as wild-type parasites. Thus, 
sporozoite entry into the bloodstream in the skin^ is distinct from exit from the bloodstream in 
the liver, fiirther supporting the notion that liver infection occurs via Kupffer cells rather than 
sinusoidal endothelia and by membrane invagination rather than membrane wounding. ’ 

The exact time of formation of the parasitophorous vacuole has long been unclear. Indi›
vidual P. yoelii sporozoites were found to be surrounded by a membrane early after invasion of 
murine hepatocytes in vitro and in vivo, but the scarcity of the invasion event made system›
atic analysis of the parasitophorous vacuole in statu nascendi difficult. Sporozoites may theoreti›
cally wound the hepatocyte membrane upon entry or exit, and appropriate live cell studies that 
distinguish between these two possibilities have not been performed to date. The possibility that 
the vacuole is generated only after sporozoite entry by membrane wounding has therefore not 
been formally excluded. A recent study has shed light onto this issue} P falciparum and P 
yoelii sporozoites depend on cholesterol and the tetraspanin CD81 for hepatocyte infection and 
parasitophorous vacuole formation.̂ ^^’^^’^’^^’̂ Interestingly, a certain proportion o£Pyoelii and 
P. falciparum sporozoites develop to early liver stages inside hepatoma cell nuclei. These Intra›
nuclear parasites had all entered the hepatoma cells by membrane wounding, i.e., independendy 
of CD81, and consequendy lacked a parasitophorous vacuole. In contrast, productive infection, 
which requires vacuole formation, occurred exclusively in the cytoplasm of nonwounded cells. 
These findings support the concept that the parasitophorous vacuole is formed by membrane 
invagination at the time of sporozoite entry and also confirm earlier work documenting that 
vacuole formation is not required for sporozoite-to-liver stage transformadon.^ 

Plastnodium Proteins Involved in Crossing the Blood Liver Barrier 
Transgenic parasites have gready advanced our understanding of the liver phase of a malaria 

infection. For example, P berghei engineered to express CSPs with modified amino acid se›
quences have provided information on the motifs involved in sporozoite binding to the sinu›
soid. The CSPs from all mammalian Plasmodium species contain two heparin binding motifs: 
a cluster of basic amino acids upstream from region I and the conserved TSR motif at the C 
terminus.^ ,18,19,114,115 Disruption of the conserved thrombospondin repeat type I domain 
(TSR or region II-plus) abolished parasite motility and infectivity,^^ supporting the notion 
that this cell-adhesive motif, which is also present in many mammalian proteins, is crucial for 
sporozoite arrest in the liver. Upon target cell contact, the entire N-terminus of surface-expressed 
CSP is proteolytically removed by a papain family cysteine protease of parasite origin. ^ The 
processing, which is crucial for sporozoite infectivity in rodents, is thought to occur within the 
short conserved region I (KLKQP). Further experimental confirmation of this hypothesis is 
needed, since elimination of region I from P falciparum CSP expressed by transgenic P berghei 
parasites had no effect on parasite motility or infectivity. The central repeats appear not to 
have a role in parasite recognition of the liver, because this region is interchangeable between 
different mammalian Plasmodium species: P berghei sporozoites, which express P falciparum or 
P. yoelii CSP instead of the native protein, or hybrid P berghei parasites, in which the repeats 
were replaced by those from P. falciparum CSP, develop normally in rodents.^ ’̂ ^̂  These find›
ings suggest that exposure of the TSR motif of CSP is required for liver infection, while the 
repeat region does not play a direct role. Interestingly, replacement of 7? berghei CSP with the P 
gallinaceum homolog had no effect on sporozoite motility, but abolished infectivity for mice.^^^ 
Notably, compared to the selective development of mammalian Plasmodium species in the 
liver, P gallinaceum exhibits a much more promiscuous cell and tissue tropism: cells supporting 
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the growth of exoerythrocytic stages include capillary endothelia in the brain and macrophages 
in all organs of the reticulo-endothelial system. ^̂ ’̂ ^̂  P. gallinaceum CSP lacks the two heparin 
binding motifs ̂ ^̂  so that the most likely explanation for the observed attenuation of these 
hybrid parasites is a failure to home to the liver, the only organ that supports merozoite forma›
tion in mammalian Plasmodium species. Taken together, the data are consistent with a scenario 
in which the two heparin-binding motifs of CSP mediate the gliding of the parasites along the 
liver sinusoid and the subsequent recognition of Kupffer cell surface proteoglycans. When the 
transmigration phase has ended and the sporozoite has found its final nurse hepatocyte, CSP is 
proteolytically processed and the parasite commences to the next stage of its life cycle. Once 
confirmed with a suitable host parasite combination in vivo, these genetic approaches will help 
understand the molecular steps the complex liver infection cascade. 

The micronemal thrombospondin-related adhesive protein (TRAP) is involved in gliding 
motility and also in sporozoite infection of the liver. ’ Intravenously inoculated TRAP 
knockout parasites or mutants with modifications in the adhesive domains are markedly less 
infectious to rats compared to wild-type parasites, ̂ "̂ ’̂̂ ^̂  but no information is available as to 
which step in the liver infection cascade is impaired in the absence of TRAP. Together with 
aldolase, actin, and myosin A, the cytoplasmic tail of TRAP forms an intracellular motor com›
plex that is essential for sporozoite motility^ ’̂ ’̂̂  so that sinusoidal gliding could be blocked. 
Alternatively, sporozoite passage through Kupffer cells could be impaired, because gliding mo›
tility is generally thought to propel apicomplexan parasites through the moving junction formed 
during cell entry by membrane invagination. ̂ "̂^ Finally, the thrombospondin type I repeat and 
the integrin-like A domain ofTRAP are involved in host cell invasion in vitro and in vivo,̂ ^’^^^’^^̂  
raising the possibility that TRAP is required for hepatocyte transmigration and/or invasion. 
Insight into the possible mechanism was provided by the finding that complex formation be›
tween the A domain and the sialylated glycoprotein fetuin-A mediates binding of TRAP to 
hepatoma cells and liver infection is delayed in fetuin-A deficient mice.^^^ Similar to TRAP, the 
micronemal protein apical membrane antigen 1 (AMA-1) is relocated to the parasite surface 
upon microneme exocytosis and proteolytically processed during P. falciparum sporozoite inva›
sion of human hepatocytes in vitro. The finding that antibodies against AMA-1 inhibit 
hepatocyte invasion in vitro emphasizes the complex nature of sporozoite entry into the liver 
and makes the involvement of additional parasite proteins likely. 

Tachyzoites of a distant apicomplexan relative of Plasmodium,, Toxoplasma gondii, use the 
interaction between the surface protein MIC2 and ICAM-1 for crossing epithelial cell barriers at 
tight junctions, where cellular and junctional adhesion molecules are concentrated. ̂ ^̂  This mecha›
nism, however, may not be directly applicable to Plasmodium sporozoites for the following rea›
sons. (1) The paracelluiar passage of Toxoplasma tachyzoites across epithelial barriers occurs in the 
absence of any host cell damage, while Plasmodium sporozoites transmigrate through hepato›
cytes (cells of epithelial origin) by wounding their membrane and causing them to die by necro›
sis. ’̂ ^ (2) Tight junctions restrict the solute flow across epithelial cell barriers. Not surprisingly, 
therefore, they are absent from sinusoidal endothelia, which are designed to facilitate the trans›
port of blood plasma to towards the underlying hepatocytes.^^’^^^’^^̂  (3) In contrast to epithelial 
cells, ICAM-1 expression is not restricted to cellular junctions, but distributed homogeneously 
on the surface of sinusoidal endothelia. (4) ICAM-1 is absent from lymphatic endothelia, 
excluding the involvement of this adhesion molecule in sporozoite recognition of dermal lymph 
vessels.’̂  Taken together, it appears that the para-epithelial path of Toxoplasma tachyzoites is dis›
tinct from the route Plasmodium sporozoites take across the sinusoidal cell barrier. 

Further insight into the mechanisms malaria sporozoites possess to traverse the sinusoidal 
cell barrier may come from genetically attenuated P. berghei mutants. For example, R berghei 
mutants deficient in P36p, a member of the P48145 family of sporozoite surface proteins, are 
able to transmigrate through and infect HepG2 cells in vitro, but are arrested at a very early 
stage of development in these cells, probably related to their inability to maintain a 
parasitophorous vacuole. ̂ ^̂  In vivo, Ishino and coworkers found similar numbers of 
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P36p-cleficient and wild-type sporozoites associated widi rat livers shortly after parasite inocu›
lation. ̂ ^̂  Immunofluorescence analysis of relatively thick frozen sections, in which sinusoidal 
cells are difficult to identify, led the authors to propose that the parasites had crossed the sinu›
soidal cell layer and entered the liver parenchyma normally, but then remained outside of 
hepatocytes suggesting a defect in transmigration and invasion. On the other hand, van Dijk 
and coworkers showed that immunization with P36p-deficient parasites protects mice against 
challenge with wild-type P. berghei sporozoites. Because hepatocyte infection is required for 
the generation of a protective immune response against malaria liver stages,^^ these data sug›
gest that at least some of the P36p knockout parasites had successfully entered parenchymal 
cells. Future analysis of the function of P36p, the exact localization of P36p-deficient parasites 
and their long-term fate in the liver should provide ftirther information as to whether parasite 
persistence is required for long-term immunity or whether cross-presentation of Plasmodium 
antigens, for example by dendritic cells, is adequate to maintain protection. 

Genetically attenuated P. berghei strains, in which expression of the small liver stage-specific 
proteins UIS3 and UIS4 was disrupted, are clearly impaired in events occurring after hepato›
cyte invasion. ̂ ^̂ ’̂ ^̂  UIS3 and UIS4 knockout mutants fail to develop to mature liver stages 
and therefore do not proceed to clinical malaria. UIS4 is normally exported into the 
parasitophorous vacuole that surrounds developing liver stages inside hepatocytes, suggesting 
the possibility that vacuole maintenance is impaired in UIS4-deficient parasites. It remains to 
be explored if UIS3 and UIS4 play a general role in sporozoite invasion by membrane invagi›
nation, in which case these proteins might also be involved in the passage through Kupff̂ er 
cells. Alternatively, the proteins may be required solely for maintenance of the parasitophorous 
vacuole in hepatocytes so that their role would be limited to liver stage development. 

How are parasite and hepatocyte primed for the days of intimate relationship culminating 
in the release of thousands of erythrocyte-infective merozoites from the remains of an exhausted 
nurse cell? An interesting concept is that sporozoites must be activated for productive liver 
infection by transmigrating through hepatocytes.^^^ However, sporozoites must cross at least 
two vascular barriers, the capillary wall in the skin and the sinusoidal cell layer of the liver, 
before reaching any hepatocyte. Because passage through Kupffer cells occurs by membrane 
invagination,^’ ’ sporozoites must already be activated when they arrive in the liver. Further, 
disruption of SPECT, which abolishes the capability for sporozoite transmigration, has no 
effect on liver stage development suggesting that sporozoites are constitutively "activated". 
The interpretation of the activation hypothesis has therefore been challenged. Another study 
demonstrated that sporozoite transmigration caused secretion of hepatocyte growth factor (HGF) 
from wounded hepatoma cells in vitro. ̂ ^̂  This finding led the authors to propose that in the 
liver, release of HGF from wounded hepatocytes enhances expression of the HGF receptor 
MET in neighboring parenchymal cells thus rendering them susceptible for productive Plas›
modium infection. In vivo, however, the predominant source of HGF is nonparenchymal cells, 
in particular Kupffer cells. ̂  ̂ ’̂  ^ An alternative explanation for the observed increased MET 
expression in the liver is therefore that hepatocyte death, a consequence of sporozoite trans›
migration, induced the normal cascade of liver regeneration. In response to liver injury, 
Kupffer cells typically proliferate and produce HGF, which primes hepatocytes in a paracrine 
or endocrine manner for replication via the receptor tyrosine kinase MET.^^^’^^̂  p^^^^.^ ^ ^ ^ j ^ 
will hopefully unravel the details of this complex molecular interplay between host and parasite. 

Malaria Sporozoites Modulate Kupffer Cell Function 
Kupffer cells are professional macrophages and antigen-presenting cells. Strategically 

positioned in the liver sinusoids, they efficiendy clear foreign and altered-self substances from 
the blood. ’ Despite their ability to phagocytoze microorganisms, Kupffer cells surprisingly 
do not kill malaria sporozoites. For example, sporozoites can pass through peritoneal macrophages 
rapidlv and actively in vitro and morphologically alter and eventually destroy the phago›
cytes. These findings have suggested that Plasmodium sporozoites are able to either evade 
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or actively suppress the respiratory burst in macrophages. To test this hypothesis, we analyzed 
intracellular signaling events known to interfere with the production of reactive oxygen spe›
cies. We found that P. berghei and Pyoelii sporozoites as well as recombinant P. falciparum CSP 
increase, in a dose- and time-dependent fashion, the intracellular concentration of cAMP and 
inositol 1,4,5-triphosphate (IP3) in KupfFer cells, but not in other liver cell types such as hepa-
tocytes and sinusoidal endothelia.^^ The CSP-mediated cAMP elevation suppresses the zymo›
san- and phorbolester-induced production of reactive oxygen species (respiratory burst) in 
KupfFer cells. Similar effects were obtained when Kupffer cells were preincubated with cAMP 
analogs or when cAMP degradation was prevented with specific phosphodiesterase inhibitors. 
Blockage of the adenylyl cyclase abrogated the suppressive effect of sporozoites on the respira›
tory burst. Taken together, these results suggest that the sporozoite-induced elevation of the 
intracellular cAMP concentration inhibits the assembly of the NADPH oxidase. Because the 
archetypal second messenger cAMP is responsible for the conversion of many intercellular 
signals to intracellular events, it must be expected that malaria sporozoites are able to manipu›
late other Kupffer cell functions as well. Indeed, P. berghei sporozoites were shown to up-regulate 
the anti-inflammatory cytokine IL-10 and down-modulate the pro-inflammatory IL-12 as well 
as MHC class I expression in vivo. 

Merozoite Release across the Sinusoidal Cell Barrier 
The generation of a transgenic P yoelii parasite strain that fluoresces throughout the life 

cycle has enabled us to observe by intravital microscopy the development of exoerythrocytic 
parasites in the mouse liver and to document the release of merozoites from mature schizonts. 
Interestingly, liver stages exhibited an irregular, highly flexible outline and released 
membrane-bound "extrusomes" or "merosomes", packets of parasite material of variable size 
and shape, across the sinusoidal cell barrier into the sinusoidal lumen.^^^ Studies are in progress 
to analyze these events in greater detail. 

Evolutionary Aspects 
The obligatory role of KupfFer cells for sporozoite infection of the liver and the ability of the 

parasites to control macrophage function does not come as a surprise. Avian and reptilian 
malaria species such as 7? gallinaceum do not develop in hepatocytes, but initially infect dermal 
macrophages at the mosquito bite site and later tissue macrophages in all organs of the 
reticulo-endothelial system as well as vascular endothelia of the brain. ̂ ’̂^ In the liver, tissue 
stages o{ P. gallinaceum appear to develop exclusively in Kupffer cells ^̂ ’̂ ^̂  and remain consid›
erably smaller than their mammalian counterparts maturing in hepatocytes (Frevert, unpub›
lished data).^^^ It seems therefore plausible that the evolutionarily younger mammalian Plas›
modium species have retained the ability for recognition of and stealth entry into KupfFer cells, 
but have acquired new mechanisms to continue their journey across the space of Disse and into 
parenchymal cells. With their enormous metabolic activity, scarce expression of histocompat›
ibility antigens, and relatively concealed location, hepatocytes conceivably provide a nutrition›
ally richer and immunologically safer environment, thus better supporting the rapid growth of 
the liver stages to a size much larger than their original host cell. 

Conclusion 
Sporozoite infection of the liver follows a complex cascade of events, involving arrest by 

binding to liver-specific proteoglycans, gliding along sinusoidal endothelia, deactivation of and 
passage through KupfFer cells, transmigration through several hepatocytes, and finally invasion 
of a suitable hepatocyte for schizogony and merozoite formation. Kupffer cells do not only play 
a key role in the onset of a malaria infection, but also in a unique property of the liver: the 
induction of a tolerance rather than inflammation and immunity against incoming antigens. 
Thus, by choosing the liver as a port of entry into the mammalian host, Plasmodium is able to 
exploit the tolerogenic properties of this exceptional immune organ. 
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CHAPTER 16 

Transepithelial Migration by Toxoplasma 
Antonio Barragan* and Nidas Hitziger 

Abstract 

A hallmark of T. gondii infections is passage of parasites across restrictive biological 
barriers�intestine , blood-brain barrier, blood-retina barrier and placenta�durin g 
primary infection or reactivation of chronic disease. Traversal of cellular barriers per›

mits rapid dissemination of parasites to gain access to biologically restricted organs. This pro›
cess involves active parasite motility and tighdy regulated interactions between host cell recep›
tors and parasite adhesins that facilitate paracellular transfer. Mounting evidence also suggests 
that parasites use migrating leukocytes as Trojan horses to disseminate in the organism while 
avoiding immune attack. Thus, the interaction of Toxoplasma with biological barriers is a 
determinant factor of human toxoplasmosis. The elucidation of determinants involved in the 
process of migration may reveal virulence factors and novel therapeutic targets to combat disease. 

Gate-Keeping Functions of Biological Barriers 
One of many important functions of biological barriers is to regulate permeability of fluids 

to maintain a homeostatic balance by sealing the paracellular space and thereby allowing sepa›
ration of apical and basal fluid compartments. Biological barriers also represent a first shield 
against microbial infection. A limited number of pathogenic microbes, including parasites, 
bacteria, viruses and fungi, are capable of crossing physiologically nonpermissive biological 
barriers such as the blood-brain barrier, the placenta and the intestine. Thus, while biological 
barriers provide a first line of defense against most pathogens, those microbes that have success›
fully thwarted this defense are among the most severe causes of human disease. The strategies 
these pathogens use to breach barriers include trafficking within leukocytes (i.e., Trojan horse), 
transcytosis, and paracellular migration. ̂ ’̂  The precise mechanisms by which bacterial and 
viral pathogens gain entry into the target tissue are partly understood and include the induc›
tion of endocytosis / phagocytosis^’ or host actin-based translocation.^ In contrast, Toxoplasma, 
and other apicomplexans, actively penetrate their host cells in vitro and this process is also 
instrumental in vivo. Thus, whereas the mechanisms leading to bacterial and viral penetration 
of biological barriers have been pardy elucidated, very little is known to date about mecha›
nisms used by parasites. 

Crossing Barriers Us a Requisite for the Establishment 
of Toxoplasma Infection 

Following oral infection. Toxoplasma initially crosses the intestinal epithelium, dissemi›
nates into the deep tissues and traverses biological barriers such as the placenta and the 
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blood-brain barrier to reach immunologically privileged sites. Here, the parasite causes the 
most severe pathology, i.e., disseminated congenital infections in the developing fetus,^ severe 
neurological complications in immunocompromised individuals^ and ocular pathology in oth›
erwise healthy individuals.^ Within the vertebrate host, Toxoplasma is capable of infecting all 
types of nucleated cells and of crossing several important cellular barriers. During the initial 
phases of infection, the parasite penetrates intestinal epithelial cells, and either develops within 
them, or exits through the basolateral side and burrows across the basement membrane. 
Parasites rapidly disseminate following oral infection in mice and rats and are found in distant 
sites, such as the lung and heart, within several hours of ingestion. ̂ ^ Importandy, the migra›
tion of the parasite to such distant sites as the central nervous system (CNS), retina and pla›
centa are situations most often associated with severe toxoplasmosis. 

Animal Models Provide Important Clues for Understanding 
Dissemination 

Animal models are indispensable to reveal the intricate complexity of parasite-host interac›
tions in vivo. The murine model of Toxoplasmosis is well established for oral and intraperito›
neal infections by tissue cysts or tachyzoites respectively. The generation of genetically modi›
fied parasite and mouse mutants has provided important tools to analyze host-parasite 
interactions. ̂ "̂ ’̂^ Studies have concentrated on the disease progression determined by the ap›
pearance of the infected animal or lethality.^ ’̂ ^ Other investigations e.g., assessment of tissue 
destruction or parasite tissue burden are limited by the need to sacrifice animals for further 
histological examination or parasite quantification from organ homogenates by plaquing as›
says or real-time PCR. Clearly, advancing our understanding of the role that cellular and mo›
lecular determinants play in the pathobiology of infection requires an integrative approach that 
permits evaluation of determinants of infection in the context of intact organs using noninvasive 
assays with fine temporal resolution. 

In bioluminescence imaging (BLI), the use of internal biological sources of light, luciferases, 
to tag cells constitutes in vivo indicators that can be detected externally. The bioluminescent 
photons emitted by the reporter expressed in these cells pass through the host tissue and are 
detectable at the surface where they provide an indication of cell localization and biological 
function.^^ BLI can be successfully applied to the Toxoplasma mouse model.^ Luciferase 
expressing parasites injected into mice were easily detected in different organs such as spleen 
and liver (Fig. 1). Furthermore, dissemination of parasites to immunoprivileged organs (brain, 
�jGs)  could be monitored and the testes were identified as a site of immune privilege with 
significant parasite dissemination and replication^^ (Fig. 1). Interestingly, photon emission 
analyses revealed that dissemination of parasites in the organism occurred very rapidly and in 
a strain dependent fashion.^^ Importandy, dissemination to immunoprivileged organs, e.g., 
brain, ey^^ ^^^ testes, was followed by a dramatic expansion of parasite biomass and often 
associated with lethal outcome. BLI was also proven useful in studying host determinants of 
infection in vivo, e.g.. Toll-like receptor signaling^ ̂  or the implication of leukocyte trafficking 
in parasite dissemination.^^ Thus, BLI provides a noninvasive tool to visualize Toxoplasma 
infections over time in different organs and allows the quantification of parasite burden in 
vivo. Hence, experimental animals can be individually assessed during the course of infection, 
thereby eliminating inter-animal differences and substantially reducing the number of experi›
mental animals used. 

The Migratory Capacity of Toxoplasma Is a Virulence Factor 
during Infection 

T. gondii has a highly unusual population structure comprised of three clonal lines^es (I, II 
and III) and the parasite genotype influences the pathogenicity of the strain in mice. ’̂ ^ Type 
I strains have been associated to acute virulence in the murine model and a relative 
over-representation of type I strains in congenital toxoplasmosis and severe cases has been 
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Figure 1. Dissemination of Toxoplasma gondii in the mouse model visualized by in vivo 
bioluminescence imaging. Male Balb/c mice were challenged with T. gondiitachyzoltes that 
constitutively express firefly luciferase and parasite dissemination was assessed by biolumi›
nescence imaging 3 to 7 days post infection. After injection of D-luciferin (luciferase substrate), 
the emitted light from the enzymatic reaction is detected externally in anesthetized mice using 
a highly sensitive charge-coupled device (CCD) camera. Photonic emissions (photons/sec/ 
cm^) are measured at each locus and are depicted using a color scale that allows organ or 
tissue-specific quantification of parasites. Distinct signals, i.e., parasitic foci, can be detected 
from eyes, CNS, liver, spleen and testes after intraperitoneal injection of T. gondii. Detection 
of parasites in the lungs was obtained after intravenous injection. 

described.^^’"̂  One key feature of infections by type I strains in mice, is that they rapidly 
disseminate and reach high tissue burdens even from a very low initial inoculum.^^’’^ ’̂ This is 
in line with the observation that type I strains consistently exhibit a superior migratory capac›
ity than the nonvirulent type II and type III strains.^’̂  Type I strain parasites also demonstrate 
a greater capacity for transmigration across mouse intestine ex vivo, and direct penetration into 
the lamina propria and vascular endothelium.’^’̂  A subpopulation of virulent type I parasites 
exhibit a long distance migration (LDM) phenotype in vitro, that is not expressed by nonvirulent 
type II and type III strains. Also, parasites expressing the LDM phenotype present a substantial 
increase of migratory capacity in vivo. These studies showed that Toxoplasma is able to actively 
migrate across polarized cellular monolayers and extracellular matrix. Furthermore, the inher›
ent property of Toxoplasma parasites to up-regulate their migratory capacity likely plays an 
important role in establishing new infections and in dissemination upon reactivation of chronic 
infections. 

The genetic determinants of the migratory phenotype remain to be elucidated. In clones 
generated by a genetic cross between a virulent type I strain and a nonvirulent type III strain, 
an association has been found between migratory capacity and acute virulence that maps to 
a quantitative trait locus on chromosome Vila (Barragan, Su, Wootton, Sibley, unpublished 
and re£ 28). Although advances have been made in the understanding of the underlying 
genetic basis for parasitic virulence,^ the contribution of host-related factors still remains 
poorly understood. 
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Gliding Motility Powers Migration in the Microenvironment 
Toxoplasma lacks cilia or flagella and the mode of locomotion, termed gliding motility, is 

used to enter host cells by active penetration, a rapid process that does not rely on the host cell 
machinery for uptake. ̂ ’̂ ^ Gliding motility also plays a determinant role in infections by other 
apicomplexan parasites^^ including Plasmodium^^ and Cryptosporidium.^^ Motility depends 
on polymerization of new actin filaments^^ and is powered by a small myosin called TgMyoA 
that is localized beneath the plasma membrane. ̂ ’̂ Thus, cytoskeletal components play a de›
terminant role in parasite motility^^ and include transmembrane parasite adhesins and recently 
identified bridging molecules between adhesins and motor complexes. ’̂ ’̂  Passage of Toxo›
plasma across polarized epithelium also requires active motility and occurs by direct penetra›
tion’^̂  but does not result in damage to the monolayer or to individual cells.^^ Thus, the use of 
a paracellular route for transmigration by Toxoplasma bypasses the onset of intracellular repli›
cation and also avoids damage to the host cell that would initiate an inflammatory response. 
In contrast, transcellular migration of plasmodium sporozoites into the liver occurs by a pro›
cess that may result in damage to some host cells^^ and parasite activation. ’ Interestingly, 
extravasation of neutrophils involves both paracellular and transcellular pathways, and it is 
also possible that parasites are able to cross polarized monolayers using several different 
mechanisms. 

Thus, mounting evidence indicates that active motility is not only used by Toxoplasma for 
cell invasion but also provides the parasite with an effective mechanism of dissemination in its 
microenvironment in tissues. ’ The ability to rapidly cross epithelial barriers and reach the 
circulation within hours after infection may be an important component of dissemination in 
vivo, particularly to sites of immune privilege, e.g., the CNS and the developing fetus. Follow›
ing oral infection, it is possible that the ability for deep tissue migration is upregulated, for 
example by selection for those parasites that successftilly cross the intestinal epithelial barrier. 
Establishment of this early wave of rapidly migrating parasites may be crucially important to 
assure dissemination prior to the onset of an effective immune response. 

Parasitizing the Host’s Trafficking Machinery 
In higher organisms, the restrictive and regulative role of cellular barriers must be reconcili-

ated with the body’s need for cellular traffic, e.g., the process by which leukocytes extravasate. 
Leukocyte trafficking is facilitated by specialized sites at intercellular junctions. The paracellular 
transmigration process of leukocytes involves a multistep cascade, including rolling on endot›
helial cells mediated by selectins, rapid activation of integrins, tight adhesion to members of 
the Immunoglobulin superfamily and finally, diapedesis.^ Recent evidence suggests that Toxo›
plasma makes use of these systems to cross biological barriers. 

Members of the apicomplexan group of parasites share an evolutionary conserved family of 
transmembrane proteins that belong to a family known as TRAP (thrombospondin-related 
anonymous protein). ’ These transmembrane proteins are stored inside secretory organelles 
and are briefly exposed to the parasite cell surface. In their ectodomains, TRAP proteins may 
contain adhesive modules composed of combinations of an integrin-like I/A domain and vari›
ous type 1 repeats of thrombospondin (TSR). Integrin-like I/A domains are found in a variety 
of taxa, including prokaryotes, protozoa, plants and metazoan animals. ^ Notably, TRAP has 
been shown to be essential for motility and invasion by Plasmodium sporozoites and the I/A 
domain and TSR domain are important for productive infection in both vertebrate and inver›
tebrate hosts. ^’^̂  In Toxoplasma, the TRAP-homologue MIC2 is secreted apically and trans›
located rapidly in a process that depends on the actin-based cytoskeleton before being released 
by proteolytic processing. ̂ ’̂̂ "̂  It has recently been shown that TRAP homologues are linked to 
the cytoskeleton via an interaction between the cytoplasmic C-domain and the actin-binding 
protein aldolase.^^ Thus, TRAP homologues function as motility receptors in a similar fashion 
as integrins, which connect the extracellular matrix to the actin cytoskeleton. 
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Figure 2. Transmigration of Toxoplasma across biological barriers shares features of leukocyte 
extravasation. Hypothetical model for transmigration of Toxoplasma gondii (T.g.) across bio›
logical barriers, e.g., the intestine, the placenta or the blood-brain barrier. Rectangles represent 
a cellular barrier (CB) with underlying extracellular matrix/ basal lamina (ECM). The process 
of transmigration shares similarities with leukocyte extravasation and implicate interactions of 
parasite adhesins with host eel I receptors. 1) Interactions with lowaffinity high capacity glycan 
moieties, e.g., heparan sulfate (HS) with parasite-derived adhesin MIC2. 2) Firm adhesion 
involves ligand-receptor interactions of MIC2 with the host-cell receptor ICAM-1. 3) Transmi›
gration occurs by a paracellular route and is powered by active parasite motility. The process 
of transmigration likely involves additional receptor-ligand interactions between the parasite 
and host cells, and secretion of proteolytic enzymes that digest the extracellular matrix to 
facilitate passage. 

An interaction between human ICAM-1 and the parasite adhesin MIC2 was recently im›
plicated in the process of parasite transmigration.^^ The parasite surface form of MIC2, but 
not the fully processed secreted form of MIC2, bound to ICAM-1 indicating that binding of 
this adhesin to ICAM-1 is a regulated process in transmigration. Also, soluble human ICAM-1 
and ICAM-1 antibodies inhibited transmigration of parasites across cellular barriers. The in›
teraction of mature MIC2 with ICAM-1 is highly reminiscent of the role of integrin A do›
mains in the p2 integrins LFA-1 and Mac-1.^^ It is likely this represents an example of recent 
functional convergence for an otherwise ancient protein domain. Also, interactions with com›
plex glycan moieties, glycosaminoglycans, e.g., heparan sulfate, have been shown to be impor›
tant for parasite invasion and these interactions are mediated in part by MIC2. Consistent 
with this, soluble glycosaminoglycans partly inhibit transmigration of Toxoplasma across po›
larized cell monolayers (Barragan, unpublished). 

Altogether, these findings reveal that Toxoplasma exploits the natural cell trafficking path›
ways in the host to cross cellular barriers and disseminate to deep tissues, likely using strategies 
reminiscent of leukocyte extravasation (Fig. 2). Interactions with the host’s natural pathways 
for traffic of cells mediating immunoregulation could be determinant for the establishment of 
infections and for reactivation of chronic infections. 

Parasite Dissemination and Host Immunity^: A Race for Balance? 
Early during infection, ingested parasites (oocysts and bradyzoites in tissue cysts) invade 

the intestine and differentiate into tachyzoites followed by spread of the organism 
hematogenously and via lymphatics.^ Tachyzoites, the rapidly replicating stage, play an 
important role in pathogenesis during acute toxoplasmosis and upon reactivation of chronic 
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infections in humans. Natural immunity against T. gondii is dependent on the induction of 
strong parasite-specific immunity in the host.^^ Recent work indicates that apicomplexan 
parasites can potently modulate immune responses during the initial phases of infection. ’ 
As unlimited parasite spreading and replication would kill the host and limit parasite trans›
mission it is necessary for T. gondii to alert the immune system. Hence, a strong IL-12 de›
pendent parasite-specific interferon-y (IFN-y) response is triggered in the host.^ ’ By rais›
ing IFN-y release Toxoplasma inhibits its own replication and induces the transition from 
tachyzoite to bradyzoite stage. 

Because neutrophils rapidly migrate to a site of infection, this initial response may be im›
portant for parasite control before adaptive immunity is established.^^’ These cells likely rep›
resent a first source of secreted IL-12 at the infection site. Furthermore they activate dendritic 
cells (DC) for further IL-12 production and induction of a Thl-response to the parasite. 
Activation of DC by Toxoplasma has been shown to involve ligation of the chemokine receptor 
CCR5 by a T. gondii protein, cyclophilin-18 (C-18).^^’^’̂  Also, Toll-like receptors (TLR), a 
broad family of receptors for pathogen associated molecular patterns that signal via the adaptor 
molecule MyD88, have been implicated in this process and neutrophils and DC derived from 
MyD88 -mice exhibit defective IL-12 secretion. 

ToU/Interleukin-l receptor (TIR) signaling plays an important role in host resistance to 
Toxoplasma infection but the precise contribution of Toll-like receptor(s) remains unclear. ’ 
Importantly, assessment by BLI of the Toll/interleukin-1 receptor signaling pathway during 
Toxoplasma infection revealed that signal transduction to the adaptor protein MyD88 is medi›
ated by Toll-like receptor(s) rather than by IL-IR or IL-18R signaling. ̂ ^ An increased suscep›
tibility of TLR2 deficient mice to a high infection dose applied orally has been reported. 
However, after intraperitoneal challenge with Toxoplasma TLR1-, TLR2-, TLR4-, TLR6-, and 
TLR9-deficient mice did not exhibit enhanced susceptibility to infection. ̂ ^ Noteworthy, a 
Toxoplasma profilin-like protein has been described to be a natural ligand for TLRl 1 in vitro 
but TLRl 1 deficient mice did not show an increased lethality upon Toxoplasma infections.^ 
Hence, individual TLRs may be redundant and signaling via multiple TLR or yet unknown 
receptors may utilize MyD88 as adaptor molecule for signaling. 

Thus, intricate immune evasion and immune stimulatory mechanisms assure wide dissemi›
nation and survival of parasites during the acute phase of infection prior to the onset of protec›
tive host responses. 

Subversion of the Host Cell Trafficking Machinery 
Infection with T. gondii restdts in recruitment of intraepithelial lymphocytes to the gut,^ ’ 

and inflammatory monocytes, ̂ ^ macrophages^ and neutrophils to the peritoneal cavity. 
Toxoplasma actively infects leukocytes in vitro^ and tachyzoites have been identified within 
leukocytes in the murine intestine. ’ Given their migratory properties, DC constitute an 
especially appealing cell type. As sentinels of the innate immune system, DC recognize patho›
gens with subsequent maturation and migration to lymph nodes where they normally alert 
the adaptive immune system.’^̂  Upon infection by Toxoplasma, DC exhibit dramatically 
enhanced motility in vitro and enhanced migration in vivo.^^ In vitro studies on human and 
murine DC revealed that active invasion of DC by Toxoplasma induces a state of hypermotility 
in DC, enabling transmigration of infected DC across endothelial cell monolayers in the 
absence of chemotactic stimuli. Furthermore, adoptive transfer of infected DC in mice sug›
gested that induced migration of infected DC may assure wide dissemination of parasites 
early during the acute phase of infection prior to the onset of protective host responses. 
Thus, the extravasation properties of DC in conjunction with the induction of migration of 
DC by T. gondii, present a possible strategy for the parasite to disseminate and traverse 
biological barriers. This is consistent with findings of DC in immunologically privileged 
sites in association with Toxoplasma encephalitis. ’̂ ^ Moreover, in line with this is also the 
observation that high numbers of infected CDl lc^ DC were found in circulation and in 
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peripheral organs (Lambert, Barragan, unpublished and )̂ supporting the notion that the 
"Trojan horses" protect the parasite from immune attack. Manipulating DC migration could 
benefit the parasite by assuring its dissemination and survival, especially as infected DC 
appear to be compromised in their ability to activate T cells. ̂ ’̂̂ ^ In this regard, it is conceiv›
able that the ability of Toxoplasma to survive in leukocytes while modulating host cell signal›
ing and apoptosis may also contribute to dissemination. Thus, trafficking of leukocytes 
could contribute to dissemination of intracellular parasites via a Trojan horse type of mecha›
nism. Whether T. gondii modulates adhesive and homing properties of infected DC, thereby 
facilitating penetration of parasites through biological barriers such as the blood-brain bar›
rier, blood-testis barrier and placenta, remains to be elucidated. 
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CHAPTER 17 

The Microsporidian Polar Tube 
and Its Role in Invasion 
Frederic Delbac* and Valerie Polonais 

Introduction 

The Microsporidia are a phylum of small unicellular eukaryotes comprising more than 
150 genera and 1200 species. They are obligate intracellular parasites which are able to 
form environmentally resistant spores. Historically, Nosema bombycisy was the first de›

scribed species in this phylum and is the etiological agent of "pdbrine" disease that nearly 
destroyed the silk-worm industry in the nineteenth century. Although the majority of 
microsporidia that have been described are found in arthropods and fishes, being responsible 
of important economic losses in the apiculture and fish farms, there are several species of medical 
and veterinary significance which infect animals and humans. ’ Cerebral microsporidian in›
fections attributed to Encephalitozoon cuniculi were initially described in 1922 in rabbits with 
granulomatous encephalitis and several infections were then reported in most vertebrate groups. 
The first case of microsporidiosis in a human was identified in 1959 in a nine-year-old boy 
suffering from neurological disorders.^ While reports of humans infected with microsporidia 
were extremely rare before the AIDS epidemic, these organisms are now recognized as significant 
emerging pathogens in immunocompromised hosts (HIV-infected patients with AIDS and 
organ transplant recipients) and is a cause of intestinal, ocular, muscular and systemic diseases.’̂  
Some clinical manifestations have been also reported in immunocompetent hosts. Serological 
studies with blood donors and pregnant women revealed a prevalence of about 8%, suggesting 
that infections by microsporidia may be common in humans. So far, species belonging to seven 
different genera Brachiola (recendy renamed v4«wĉ /̂/î ), Encephalitozoon^ Enterocytozoony Nosema, 
Pleistophora, Trachipleistophora and Vittaforma have been found in human infections. Although 
the origin of infection and epidemiology still remain to be documented for human 
microsporidiosis, horizontal transmission of most microsporidia occurs by oral ingestion of 
spores, with the site of initial infection being the gastrointestinal tract. ̂  

In addition to their medical importance, microsporidia have attracted attention as 
amitochondriate eukaryotes containing prokaryote-like ribosomes and were assumed to be 
very ancient protozoans. However, data from molecular phylogenies based on various gene 
sequences argued against an early origin of microsporidia and supported a placement of these 
organisms among the Fungi. ’̂ ’̂  Furthermore, mitochondria-like organelles were identified in 
these peculiar fungi,^ consistent with the finding in the E, cuniculi genome of several genes 
coding for proteins of mitochondrial origin. ̂ ^ 

The growing interest in the study of microsporidia is also prompted by two further char›
acteristics: (i) some microsporidian species harbor a remarkable degree of nuclear genome 
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compaction including E. cuniculi (2.9 Mbp, -2000 potential protein-coding genes) whose 
genome has been fully sequenced, ̂ ^ and (ii) all of the Microsporidia possess an invasive appa›
ratus composed of a highly specialised structure, the polar tube, that is unique in the eukary-
otic world and represents one of the most sophisticated infection mechanisms among all of 
the eukaryotics. The invasion process involves the sudden extrusion of the sporal polar tube 
(also called spore germination) for initiating the entry of the parasite into a new host cell. 

The purpose of this chapter is to review the available data on the composition and structure 
of the microsporidian polar tube and the role of this unique organelle in host cell invasion. 
Some alternative mechanisms used by microsporidia to invade cells are also discussed. 

The Microsporidian Spore 
The extracellular infective stage of microsporidia is a small spore from 1 to 12 |im in size 

which is protected by a thick wall (Fig. 1). The content of the spore can be viewed as consisting 
of two functionally distinct parts, namely the sporoplasm and the extrusion apparatus. The 
main identifiable intrasporoplasmic structures are the nuclear apparatus (one or two nuclei, 
according to genus), ribosomes and endoplasmic reticulum membranes. No dictyosomes are 
seen in microsporidian cells; however, a vesicular and tubular complex exhibiting thiamine 

Figure 1. Schematic representation of the ultrastructureof a microsporidian spore. The spore wall 
is composed of an electron dense coat, theexospore, and an electron lucent layer, theendospore. 
The internal surface of the endospore is covered by a plasma membrane which limits the 
sporoplasm (cytoplasm and nucleus). The sporoplasm is rich in ribosomes and endoplasmic 
reticulum (not represented in this schema) and contains an invasive apparatus composed of the 
anchor! ng disk, the lamellar polaroplast, a posterior vacuole and the polar tube. (Kindly provided 
by I. Wawrzyniak). 
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pyrophosphatase activity has been identified as the Golgi apparatus. ^ The highly specialised 
extrusion apparatus generally comprises a very long tubular structure, the polar tube (or polar 
filament), coiled obliquely around the posterior region of the spore, an anchoring disk (or 
polar cap) and an anterior membrane-bounded organelle, termed the lamellar polaroplast. A 
vacuole at the posterior end of the spore is also present in some species. During invasion, the 
sporoplasm contents are injected into a target host cell through the hollow polar tube, sud›
denly extruded at the anterior pole of the spore (Fig. 2A,B) in response to ill-defined stimuli. It 
has been hypothesized that the lamellar polaroplast provides a new plasma membrane for dis›
charged sporoplasms, the preexisting plasma membrane remaining in the spore. ̂  

The first part of intracellular development of the Microsporidia corresponds to a prolifera›
tive phase (merogony), during which meronts divide by binary or multiple fission (Fig. 2). The 
second part called sporogony begins when meronts transform into sporonts, that are character›
ized by the deposition of an electron-dense material on the plasma membrane. Sporonts divide 
into sporoblasts in which the formation of the thick wall is associated with the differentiation 
of the invasion apparatus. In Encephalitozoon species, all the development takes place inside a 
parasitophorous vacuole (Fig. 2A,C), whereas in several other microsporidian species develop›
ment occurs in direct contact with the host cell cytoplasm. After completion of the maturation 
of sporoblasts into spores, the rupture of host cells may lead to the release of spores in the 
environment. 

The rigid sporal cell wall consists of two major layers surrounding a unit plasma membrane 
(Fig. 1): (i) an electron-dense outer layer, the exospore, which is principally proteinaceous, and 
(ii) an electron-lucent inner layer, the endospore, which contains chitin and protein compo›
nents. ^ The endospore is thicker than the exospore, but is relatively thin at the apical site for 
extrusion corresponding to the anchoring disk region where the polar tube is connected. The 
rigidity of the wall makes the spore resistant to various environmental stresses. In addition, this 

Figure 2. Representation of the asexual life cycle in the microsporidia Encephalitozoon cuniculi. 
A) The life cycle comprises three distinct phases: the infective phase characterized by polar tube 
extrusion and injection of the sporoplasm within the host cytoplasm, the proliferative phase or 
merogony and the spore-forming phase or sporogony (kindly provided by Dr D. Brosson). B) An 
E cuniculi spore after polar tube extrusion. The spore wall is stained with Uvitex 2B, a fluoro-
chrome specific of chitin that is the major component of the endospore. The extruded polar tube 
is labeled with anti-PTPI antibodies. Secondary antibody isAlexa488-conjugated goatanti-mouse 
IgG. C) E. cL/n/cL///developmental stages in a parasitophorous vacuole of infected HFF (human 
foreskin fibroblasts) cells, as viewed in phase contrast microscopy. Bars = 2 ^im. 
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rigidity would maintain a high intrasporal hydrostatic pressure, which is beUeved to be impor›
tant for the process of germination. Finally, its aqueous permeability might play a role in the 
control of the polar tube extrusion activation. ̂ "̂  It cannot be ruled out that an interaction 
between some component(s) of the cell wall and some receptor(s) of the host is also a prerequi›
site for polar tube extrusion; however, current knowledge of the composition of the 
microsporidian wall is limited. Only one or two spore wall proteins (SWPs) have been clearly 
assigned to the exospore in two Encephalitozoon species: SWPl in E. cuniculiP SWPl aud 
SWP2 in E. intestinalis}^ Three components have then been shown to localize to the E, cuni-
culi endospore: a chitin deacetylase like-protein^’̂  and two antigens with unknown functions 
named endospore protein 1 (EnPl) and endospore protein 2 (EnP2)^^ also called SWP3 in 
another study. ̂ ^ More recently, a new candidate protein for a cell wall location has been de›
scribed through a proteomic analysis of ^. cuniculi?^ 

Structure, Formation and Composition of the Polar Tube 
Although microsporidia differ gready in host range and cell type specificity, they share a 

similar mechanism for host cell invasion. These unicellular eukaryotes have developed a spe›
cific process for invading their host, involving the rapid extrusion of the polar tube that re›
mains attached to the anterior part of the spore and can pierce a host cell membrane for deliv›
ering an infective sporoplasm inside the host cytoplasm (for a review see ref 21). 

In the spore, the polar tube can be divided into two regions (Fig. 1): (i) an anterior straight 
part, called manubrium, which is surrounded by the lamellar polaroplast and is connected to 
the anchoring disk at the anterior end of the spore, and (ii) a posterior part which forms 
peripheral coils within the sporoplasm, the number of turns varying among species from four 
to more than 30.^^ Five to seven coils arranged in a single row are representative oiEncephali›
tozoon. The polar tube coiled within the sporoplasm seems to be limited by a membrane and 
consists of several electron-dense and electron-lucent concentric layers around a central core.^^’̂  
The number of layers varies when comparing the ultrastructural aspects of Nosema algerae 
spores before, during and after polar tube extrusion.^ Three layers of different electron density 
were observed for extruded polar tube and in the straight part of the polar tube within the 
spore, whereas the coiled part showed six concentric layers. This can be interpreted as a folding 
of the tube onto itself in its coiled region and may explain why the polar tube is longer after 
extrusion than when it is still coiled within the spore. Another explanation for the increased 
length of the extruded polar tube is that a self-assembling protein may be incorporated at the 
polar tube growing tip during extrusion."^^’̂  After extrusion, the polar tube extends approxi›
mately over 20-150 pim depending on the species and is about 0.1-0.15 M̂m wide.^^ During 
sporoplasm discharge, its diameter can increase until 0.4 ^im. 

In most microsporidian species, the polar tube emerges from a rather enigmatic reticular 
structure. Certain vesicles associated with polar tube differentiation steps have been consid›
ered as being of Golgi nature. Thus, the intracellular transport of polar tube protein compo›
nents might involve an ER-Golgi classical pathway. This is consistent with the presence of 
signal peptides in both polar tube protein 1 (PTPl) and polar tube protein 2 (PTP2).^^ How›
ever, some observations mainly done in Enterocytozoon hieneusi indicate that the polar tube 
precursors are spherical peculiar vesicles scattered in the cytoplasm of sporogonial plasmodia 
which do not originate from the Golgi-like network.^^’^̂  

Close inter-species similarities in the structural organization and solubility properties of the 
polar tube suggest that some of its molecular components may have been conserved during 
evolution of microsporidia. Initially, a 23-kDa protein was identified and proposed as being 
the single component of the polar tube \wAmeson CEoTmcrly Nose?na) michaelis. Although no 
amino acid sequence identification was obtained, this study provided evidence that the 23-kDa 
protein was able to assemble into structures in vitro and that the binding between polar tube 
protein (PTP) subunits was due to interprotein disulfide linkages. In Glugea americanus, four 
proteins that were differentially solubilized with 2% dithiothreitol (DTT) have been assumed 
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to originate from the polar tube. This localization has been demonstrated for a 43-kDa protein 
purified by high-pressure liquid chromatography and shown to contain numerous proline 
residues, but information on the amino acid sequence was limited to a short N-terminal region. 
All these studies indicated that disulfide linkages seem to be important in stabilizing the PTPs 
since the polar tube resists treatment with either detergents or acids, but dissociates in the 
presence of a high concentration of a reducing agent such as DTT or 2-mercaptoethanol.^^’^̂  
Using these solubility characteristics, several PTPs were then similarly isolated from Encephali-
tozoon species, with apparent molecular sizes varying from 45 to 55 kDa. 

Since 1998, significant advances in the molecular characterization of the polar tube have 
been achieved through the identification of the entire amino acid sequences of three different 
proteins (PTPl, PTP2 and PTP3), with no similarity to other proteins in Genebank and other 
databases. These polar tube proteins appear to be members of novel protein families. The 
complete sequence of a polar tube protein was reported initially from Encephalitozoon cuni-
culi?^ This protein was designated PTPl and is an acidic proline-rich protein of 395 residues 
containing four tandemly arranged 26-amino acid repeats. PTPl-like protein encoding genes 
were subsequendy identified in the two other Encephalitozoon species pathogenic to humans, 
E. hellem and E. intestinalis.^’ The PTPl-coding region in E. intestinalis^ representing a 
371-residue polypeptide, is shorter than those in other species (453 aa in E. hellem and y^’b ^OL 
in E. cuniculi). A remarkably conserved N-terminal region of 22 residues represents a cleaved 
signal peptide, probably involved in the targetting of PTPl . Encephalitozoon PTPls have simi›
larities in overall amino acid composition mainly characterized by their richness in proline and 
glycine residues (Table 1), but have only limited identity in amino acid sequences. Sequence 
alignment indicates the highest homology is in the N- and C-terminal domains and not in the 
strongly divergent hydrophilic central region which consists of tandemly repeated sequences. 
Both the composition and the number of repeats are different among the three species. The 
repetitive character of the central core is less evident in E. intestinalis. Only two highly degen›
erated major repeats of 27 or 28 amino acids were distinguishable, contrasting with the nearly 
perfea repeats seen in E. hellem PTPl (six 20-aa repeats) and E. cuniculi PTPl (four 26-aa 
repeats). An intra-species variability of the repetitive central core was also demonstrated through 
nimierous point mutations and variation in repeat number, both in E. cuniculi and E. hellem? "^^ 

PTPls are also characterized by a high number of cysteine residues including one at the 
C-terminal end (Table 1). This suggests a possible formation of interprotein or intraprotein 
disulfide linkages consistent with the solubilization of PTPs by reducing agents and the re›
ported in vitro conditions of assembly of the purified 23-kDa PTP of Ameson michaelis?^ 

Several O-glycosylation sites are predicted in PTPl (Table 1). Cytochemical investigations 
indicate that the polar tube contains glycoconjugates,^^ and a recent study has provided evi›
dence for O-linked mannosylation of ^. hellem PTPl . The modification of PTPl by 
linked-carbohydrates could explain its aberrant migration in SDS-PAGE, as shown by 
deglycosylation experiments in E. intestinalis. ^ Interestingly, PTPl appears as a good candi›
date antigen for serological diagnosis, given that a recombinant E. cuniculi PTPl is strongly 
recognized by sera from E. cuniculi-infected patients. ^ 

While PTPl is considered to be the major component of the polar tube, accounting for at 
least 70% of the mass of the polar tube, biochemical and immunological data clearly support 
protein heterogeneity of the polar tube. Indeed, DTT-soluble materials from Glugea americanus 
revealed the presence of several potential polar tube components.^ With the use of specific 
polyclonal and monoclonal antibodies, several PTPs of different size were also identified: 34, 
75 and 170 kDa in Glugea atherinae; 28, 35, 55 and 150 kDa in E. cuniculi-^^ 60 and 120 kDa 
in E. intestinalis. 

A 35-kDa migrating protein band in E. cuniculi has been demonstrated to represent a 277 
amino-acid polypeptide, named PTP2^^ that has no significant homology in protein data›
bases. PTP2 is a novel structural protein with a basic lysine-rich core and an acidic tail. The 
N-terminal region has a characteristic signal peptide. In the E. cuniculi genome, xheptp2 gene 
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Table 1. Major characteristics ofPTPI (A) and PTP2 (B) from E. cuniculi (Ec), 
E. hellem (Eh), E. intestinalis (Ei), A. locustae (Al) and P. grylli (Pg) 

A 

Protein 

Ec-PTPI 
Ei-PTPI 
Eh-PTPI 
AI-PTP1 
Pg-PTPI 

B 

Protein 

EC-PTP2 
Ei-PTP2 
Eh-PTP2 
AI-PTP2 
Pg-PTP2 

Length 
(aa Number) 

395 
371 
453 
355 
351 

Length 
(aa Number) 

277 
275 
272 
287 
287 

Pl 

4.7 
4.5 
4.4 
5.2 
5.2 

Pl 

8.6 
8.6 
8.6 
9.1 
8.9 

Major 
Pro 

13.4 
13.7 
14.6 
19.8 
21.6 

Major 
Lys 

12.1 
11.8 
10.8 
12.3 
12.3 

aa (%) 
Gly 

11.8 
8.3 

12.9 
10.6 
14.7 

aa (%) 
Glu 

9.5 
6.2 
9.5 
9.3 
8.6 

Cysteine 
Residue 
Number 

17 
17 
21 
12 
12 

Cysteine 
Residue 
Number 

8 
8 
8 
8 
8 

Carboxy-
Terminal 
Residue 

C 
C 
c 
c 
c 

Carboxy-
Terminal 
Residue 

E 
E 
E 
G 
K 

Number of 
O-Glycosylation 

Potential Sites 

37 
56 
32 
19 
19 

Number of 
O-Glycosylation 
Potential Sites 

3 
4 
5 
1 
2 

The most abundant amino acid is proline in PTP1 and lysine in PTP2. The pl, amino acid percentages 
and the number of O-glycosylation potential sites are deduced from the mature proteins. (Modified 
from: Polonais et al. Fungal Genet Biol 42:791-803; '200 5 with permission from Elsevier.^^) 

was found downstream of the ptpl gene on the same DNA strand of chromosome VI and 
separated from ptpl by only 860 nucleotides (Fig. 3). Conserved clustering of the ptpl-j)tp2 
genes facilitated the further identification of^i^^^-like genes in E. hellem and E. intestinalis? 
All Encephalitozoon PTP2s are basic proteins of similar size, close to 30 kDa. Extending through›
out the entire coding region, the degree of conservation at the amino acid level is higher than 
for PTPls. Three different regions can be distinguished: an N-terminal part of 50 noncharged 
residues, an internal basic region including a central lysine-rich hexapeptide and a short acidic 
C-terminal part (24 to 27 aa). The major residue is lysine and one glutamate is observed at the 
C-terminus of each PTP2. The eight cysteine residues are similarly located in the three PTP2 
sequences. 

Numerous clusters of annotated genes in Antonospora {Nosema) locustae^ a microsporidia 
parasite of insects, have the same order and orientation as in E. cuniculi. This syntenic relation›
ship has been successfully exploited to identify two neighboring orphan genes in A. locustae 
corresponding to divergent homologues of Encephalitozoon ptpl and ptp2. The same study 
also provided evidence for a similar locus in Paranosema grylli^ a parasite of crickets that is 
closely related to Antonospora species (Fig. 3). When comparing either PTPls or PTP2s from 
Encephalitozoon diXid Antonospora-Paranosema species, no significant amino acid signatures were 
identified. This inter-genus protein sequence divergence contrasts with the conserved morpho›
logical characteristics of the polar tube, but is consistent with an absence of labeling of the A. 
locustae polar tube by antibodies raised against E. cuniculi PTPs. Similarities in overall amino 
acid composition, solubility and electrophoretic properties of PTPs are however evident and 
some higher-order structural features are likely preserved. PTPl-like features include an acidic 
pi, a high proline content, several internal repeats containing O-glycosylation potential sites 
and a C-terminal cysteine residue (Table 1). Although varying in size from 351 amino acids in 
P. grylli to 453 amino acids in E, hellem^ all the proteins of the PTPl family migrated in 
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Figure 3. Conserved clustering of pfp7 and ptp2 genes in microsporidian species belonging to 
the three different genera Encephalitozoon, Antonospora and Paranosema. ptpl genes are rep›
resented by dark grey boxes, pfp2 genes by clear grey boxes. Wh ite boxes represent elf-dp genes 
encoding a transcription factor probably involved in the control of nnicrosporidian cell cycle and 
differentiation. (Modified from: Polonais et al. Fungal Genet Biol 42:791-803; '200 5 with 
permission from Elsevier."^ )̂ 

SDS-PAGE gels as 50-55 kDa broad bands.^^’^^’^̂  Considering diat proi ine-rich proteins such 
as collagen and elastin, are characterized by a high tensile strength, Keohane et al have postu›
lated a similar property for PTPls in relation to sporoplasm discharge and floŵ  through the 
polar tube. PTP2s in A. locustae and P. grylli have calculated molecular masses close to those of 
Encephalitozoon spp (-30 kDa). Basic pi, lysine and glutamate richness and conservation of 
eight cysteine residues are also reminiscent oi Encephalitozoon PTP2s (Table 1). Similar to 
Encephalitozoon spp PTPl and PTP2, the PTPl and PTP2 from the two insect microsporidians 
are solubilized in the presence of DTT and possess candidate cysteine residues for the establish›
ment of covalent linkages that may be of primary importance for the high tensile strength and 
functioning of the polar tube. Whatever the considered microsporidian genus, eight cysteine 
residues are present in PTP2s and one cysteine is typically found at the extreme C-terminus of 
PTPls. The conservation of the C-terminal cysteine in PTPl sequences is suggestive of a criti›
cal residue involved in the branching between only PTPl molecules or both PTPl and PTP2 
molecules. 

The third known PTP (PTP3) is encoded by a single transcription unit located on chromo›
some XI oi E. cuniculi and was identified by immunoscreening of a cDNA library. PTP3 is 
predicted to be synthesized as a 1256-amino acid precursor (136 kDa) with a cleavable signal 
peptide. Unlike PTPl and PTP2, the mature PTP3 protein lacks cysteine residue and can be 
solubilized without the need of a reducing agent. This protein comprises a large acidic core, 
rich in aspartate and glutamate residues, that is flanked by highly basic N- and C-terminal 
regions. PTP3 seems to be more conserved between microsporidia since anti-PTP3 antibodies 
cross react with the polar tubes of both E. intestinalis and E. hellem and an homologous gene 
exists mA. locustae (F. Delbac, unpublished data). 

The presence of a predicted signal peptide at the N-terminus of the three PTPs so far 
characterized is consistent with data indicating that the polar tube appears to form by the 
coalescence of vesicles that may be processed through the ER-Golgi pathway. Although E. 
cuniculi harbours an extremely reduced nuclear genome and an unstacked Golgi apparatus, 
gene annotation predicted several proteins that are well representative of the functioning of 
an ER-Golgi system in protein translocation, folding and modification.^^’ ^ Among these 
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proteins, we can cite the signal recognition particle (SRP), the SRP receptor and those in›
volved in translocon formation (Sec6l, Sec62, Sec63). A signal processing peptidase of type 
I that is presumably involved in the removal of signal peptides is present. Genes coding for 
subunits of the COPI and COPII coats and for some GTPases as well as those coding for 
components of the SNARE complexes are also found in the genome. However, a remarkable 
feature is the lack of putative enzymes responsible for N-linked glycosylations, suggesting 
that E. cuniculi should be unable to perform this ubiquitous pathway of protein modifica›
tion, a unique case among eukaryotes. 

Using chemical cross-linkers, a large multimeric complex was formed and shown to contain 
PTPl, PTP2 and PTP3 with a few other proteins.^ The two major antigenic polar tube pro›
teins PTPl and PTP2 are predicted to contribute to the high tensile strength of the polar tube 
via an assembly process dependent on disulfide linkages, whereas PTP3 is hypothesized to play 
a role in the control of the polar tube extrusion as part of a specific response to ionic stimtdi. 
However, the precise interactions between these PTPs during the formation and fimctioning of 
the polar tube remain to be determined. 

Polar Tube Extrusion and Sporoplasm Discharge 
The invasion strategy used by microsporidia is primarily related to spore germination, a 

unique motile process during which these fimgi-related parasites inject their contents into 
target cells through the lumen of a rapidly extruded polar tube, as a prerequisite to obligate 
intracellular development. Analyses by microscopy and videomicroscopy have revealed that the 
process of tube extrusion and transfer of genetic material is completed in less than 2 s and can 
be divided in 4 different steps: (1) activation of spore discharge by appropriate stimuli, (2) 
increase of the intrasporal osmotic pressure, (3) polar tube extrusion by eversion and (4) sporo›
plasm discharge through the hollow tube. Different conditions have been shown to activate 
spore germination in vitro, including variations of pH, addition of various cations or anions, 
H2O2 or low dose UV radiation, depending on the species. This probably reflects their 
adaptation to their host and external environment since microsporidia are able to infect a wide 
range of invertebrate and vertebrate hosts and a large number of tissue and cell types. The 
existence of specific conditions for initiation of the germination process could also prevent 
accidental discharge in the environment.^^ It seems that calcium, that is probably sequestered 
in the polaroplast compartment, may be a key ion in this process. Addition of the calcium 
ionophore A 23187 stimulates spore discharge whereas calcium chloride can either induce or 
block spore discharge according concentration.^^ Furthermore, it has been suggested that Ca^^ 
and its interaction with cytoskeletal components influenced spore discharge because treatment 
with the microtubule inhibitor demecolcine, the filamentous actin disruptor cytochalasin D, 
or the Ca^^ channel blocker nifedipine, inhibited E. hellem polar tube discharge. Activation 
of polar tube extrusion could be also the result of an adherence of the microsporidian spore to 
host cell sidfated glycosaminoglycans. Southern et al recently demonstrated that spore ad›
herence is augmented by manganese (Mn^^) and magnesium (Mg^^) and leads to higher host 
cell infection efficiency. 

Whatever the stimuli required for germination activation, a common early feature, 
documented in aquatic microsporidia, has been a strong increase of the intrasporal osmotic 
pressure. ̂ ’̂ ’̂ An influx of water into the spore leads to the swelling of both the polaroplast and 
the posterior vacuole, thereby producing sufficient force for polar tube extrusion and sporo›
plasm delivering. It has been proposed that an integral membrane channel of the aquaporin 
family, recently described in E. cuniculi, might be involved in the water influx during germina›
tion. A possible cause of the osmotic pressure increase could be hydrolysis of trehalose, a 
nonreducing disaccharide, each trehalose molecule being converted into two glucose molecules.^^ 

The first sign of spore discharge is the appearance of a protrusion at the anterior end of 
the spore at the anchoring disk. This is followed by the rapid emergence of the polar tube in 
a helicoidal fashion.^’’’’̂ Some studies indicate that this process occurs by eversion of the 
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polar tube that resembles an inner tube sliding through an outer tube, similarly to an evert›
ing glove finger. When the polar tube is fully extruded, the sporoplasm including the nucleus 
flows through the hollow tube and appears after 15-500 ms as a droplet at its distal end. ’"̂^ 
The new plasma membrane for delivered sporoplasm may be provided by the lamellar 
polaroplast.^’̂  

Various Pathways of Host Cell Invasion by Microsporidia 
The polar tube discharges through the thin anterior end of the spore and provides a duct 

through which the infective sporoplasm can flow to be finally transferred inside the cytoplasm 
of a new host cell. This invasion mechanism is an active process, the extruded polar tube 
appearing to be able to pierce the host cell plasma membrane acting like an hypodermic needle 
(Fig.4B). 

The likelihood of a successful invasion may be increased when parasites are in close prox›
imity to target cells and microsporidian spore adherence to the host cell surface may be the 
initial event that signals the spore to activate (Fig. 4C). Some electron microscopic studies 
indicate that the microsporidian spore can attach to the host cell membrane prior to the inva›
sion. Sulfated glycosaminoglycans (GAGs) at the host cell surface have been recently shown to 
play an important role in the attachment o£E. intestinalis spores.^ This spore adherence is 
presumably a precursor to spore activation and polar tube extrusion since host cell infection is 
reduced when spore adherence is inhibited; however, the spore surface ligand(s) involved in 

Figure 4. Different modes of host cell invasion by microsporidia. A) Free spore before 
devagination. B) Spore with its extruded polar tube that pierces the host cell membrane and 
discharges the sporoplasm inside the host cytoplasm. C) Attachment of the spore to host cell 
receptor(s) followed by polar tube extrusion and discharge of the sporoplasm inside the host 
cytoplasm. D) Secondary infestation: spores produced within a parasitophorous vacuole can 
germinate thereby injecting their sporoplasm in the same cell or towards an adjacent cell. E) 
Secondary infestation of an underlying cell or another tissue. F) Basolateral penetration involv-
ingapassagethroughintercellularjunctions. G)Phagocytosisof asporefollowed by polartube 
extrusion and discharge of the sporoplasm inside the host cytoplasm. The germination after 
phagocytosis allowed the spore to escape from the phagosomes that mature into lysosomes. 
The membrane of the vacuole surrounding the spore internalized by phagocytosis (G) is thus 
different from that corresponding to the parasitophorous vacuole (D and E). H) Phagocytosis 
of the extracellular discharged sporoplasm. (Modified after ref. 66). 
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the interaction with host cell GAGs remain(s) to be determined. Some secondary infections 
may also occur when some mature spores produced in the initially infested host cell germi›
nate, thereby infecting the same host cell or an adjacent cell (Fig. 4D). Infections become 
disseminated when the polar tube injects the spore contents within another tissue (Fig. 4E). 

Some observations support the possibility of additional modes of microsporidian entry and 
dissemination into host cells (Fig. 4G-H). It has been demonstrated that microsporidian spores 
can be ingested by professional and non professional phagocytes via an host actin-based mecha›
nism.^^’ ’̂ ^ After contact of the spore apex with the host cell membrane, the polar tube is 
extruded within an invagination of the host cell membrane that extends inside a pseudopod 
containing filamentous actin, suggesting that microsporidia can induce host cell alterations 
facilitating the invasion. ̂ ^ Confocal and electron microscopy observations also suggest that 
after initial contacts through the posterior pole of the microsporidian spore, the basolateral 
surface of Caco-2 cells may be the portal of entry for E. intestinalis sporoplasm. A recent 
study suggested that relatively few cells were infected through the traditional penetration of the 
polar tube from outside and that alternative mechanisms may be very important in the spread 
of microsporidia within their hosts.^^ In this study, phagocytosis of spores occurred at least 10 
times more frequendy than injection of sporoplasms. Although spores that remained inside 
these compartments disappeared within 3 days, some microsporidia extruded their polar tube 
inside the cells following phagocytosis, thereby escaping from the phagosomes that mature into 
lysosomes and causing infection (Fig. 4G). In contrast, another recent study provided evidence 
that phagocytosis is not a significant mode of infection in differentiated intestinal epithelial 
cell. As shown in Figure 4, microsporidia of the genus Encephalitozoon develop inside a 
parasitophorous vacuole. The membrane of this vacuole is of unknown origin and does not 
possess any markers of late endosomal or lysosomal differentiation.^^’ Therefore, it is important 
to differentiate between phagosomes containing internalized spores (Fig. 4G) that will mature 
to lysosomes and parasitophorous vacuoles (Fig. 4D,E) in which the development of the para›
sites will take place. Extracellular discharged sporoplasms tighdy abutted to the host plasmale-
mma, may be also incorporated into the host cytoplasm by induced phagocytosis (Takvorian et 
al^5; Fig. 4H). In this case, the origin of the parasitophorous vacuole membrane would be the 
invaginated host cell cytoplasm membrane. However, Fasshauer et al showed that the 
parasitophorous vacuole membrane lacks host cell membrane proteins immediately after inva›
sion. This suggests that the host cell transmembrane proteins and the transferrin receptor as 
well as fusion-mediating proteins must be removed very rapidly from the emerging 
parasitophorous vacuole membrane. 

The invasion process may also require a close association between polar tube component(s) 
and host cell surface receptor(s), and it has been suggested that PTP-linked oligosaccharides 
might be essential for these early interactions. Two mannose-binding lectins (GNA and ConA) 
have been shown to bind both the polar tube and its major component PTPl in A. locustae and 
P. grylli. ^ Moreover, A. locustae PTPl was retained on ConA affinity chromatography col›
umns. Another biochemical study has revealed that the purified PTPl of ^. hellem can bind 
ConA and is modified by O-linked mannosylation. This is in perfect agreement with the 
high number of predicted O-glycosylation sites, mainly distributed through the repeat-containing 
central region of PTPl (Table 1), and with previous cytochemical evidence for some 
glycoconjugates in the polar tube. The E. cuniculi genome sequence indeed contains a mini›
mal set of genes required for O-mannosvlation pathway but those characteristic for 
N-glycosylation have not been identified. ̂ ’̂ Deglycosylation experiments conducted with E. 
hellem PTPl did not demonstrate any evidence for N-glycosylation. ^ PTPl mannosylation 
may be essential to protect the microsporidian polar tube against proteolytic degradation and/ 
or to interact with host cell surface. Interactions between mannosylated PTPl and some un›
known host cell mannose-binding molecules are also supported by the decreased level of infec›
tion by E. hellem in mannose-pretreated RKl 3 cells. 
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Conclusion 
Much remains to be studied about the molecular architecture of the microsporidian polar 

tube, including identification of other PTPs and understanding the interactions between these 
components which are required for polar tube assembly. Further studies are also needed to 
precise the origin of the parasitophorous vacuole. The development of tools for genetically 
modifying microsporidia would be useful for elucidating the events in the rupture of the ante›
rior attachment complex, eversion of the polar tube as well as the mechanism of host cell 
attachment and penetration. 
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CHAPTER 18 

Intestinal Invasion by Entamoeba histolytica 
Shahram Solaymani-Mohammadi and William A. Petri, Jr.’’’ 

Introduction 
W Entamoeba histolytica is a protozoan parasite that infects humans and causes the disease 

r ^ amebiasis. The spectrum of intestinal amebiasis varies from colonization without 
K J symptoms to fulminating diarrhea and intestinal hemorrhage. The dissemination of the 

parasite via invasion of the intestinal epithelium allows the trophozoites to invade extra-intestinal 
sites, most usually the liver. Without treatment, the amebic liver abscesses may continue to 
enlarge and, if ruptured, cause mortality owing to acute peritonitis. Cases of clinical amebiasis 
have been reported worldwide, in particular in under-developed and developing counties in 
Africa, South America, the Indian subcontinent, and Mexico. It has been estimated that 
approximately 50 million individuals are infected with E. histolytica and about 100,000 people 
die of invasive amebiasis annually, making it the third leading parasitic cause of death, after 
malaria and schistosomiasis. The host-parasite interaction in human amebiasis is very compli›
cated, and different aspects of innate immunity of the human host against the parasite still are 
unknown. New insights into the pathogenesis of amebic infections have come from develop›
ment of in vitro and in vivo models of disease, new molecular and genetic approaches, the 
identification of key factors in E. histolytica pathogenesis, recognition of the mechanisms of 
evasion from the host’s harmfiil responses, and detection of crucial elements of the host im›
mune responses both innate and acquired. In this chapter, we discuss the innate immunity of 
human hosts against the parasite and the most important parasite virulence factors and survival 
strategies that are implicated in pathogenesis. 

Innate Mechanisms of Host Resistance to E. histolytica 
The invasive form of the parasite is the trophozoite (Fig. 1). Amebas encounter natural 

"barriers" in both the intestine and systemic circulation after extra-intestinal invasion. Although 
the exact role of these "natural barriers" and their potential roles are still undefined, in the gut, 
for example, these innate "barriers" prevent potential pathogens and antigens from gaining 
access to the underlying epithelium, a process called nonimmune exclusion. 

Intestinal mucins are highly glycosylated molecules and consist of a core protein (apomucin) 
joined to oligosaccharides. Mucin glycoproteins line the surface epithelium of respiratory, 
urogenital, and digestive tracts from the nasal cavity/oropharynx to rectum.^ Member of the 
mucin family can differ considerably in size; some are small, whereas others contain several 
thousands of residues and are among the largest known. However, gastrointestinal mucins 
consist solely of high molecule mass glycoproteins and their size varies from 0.5 x 10^ to 25 
X 10 Dal ton. Mucins consist of a peptide backbone containing alternating glycosylated 
and nonglycosylated domains, with O-linked glycosylated regions comprising 70-80% of 
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Figure 1. Entamoeba histolytica trophozoite in xenic culture (Robinson’s medium) (x 400). 

the polymer. N-Acetylglucosamine, N-acetylgalactosamine, fiicose, and galactose are the 4 pri›
mary mucin oligosaccharides.^’ Mucin oligosaccharide chains are often terminated with sialic 
acid or sulfate groups, which account ft)r the polyanionic nature of mucins at a neutral pH.^ 
Gastrointestinal mucins are the first line of host defense against enteric pathogens, including E. 
histolytica. Binding sites of mucins have been shown to compete with those of underlying 
epithelium, preventing attachment of pathogens to the intestinal wall. To establish coloniza›
tion, E. histolytica needs to bind to colonic mucin oligosaccharides via the 170kDa heavy 
subunit of the parasite’s Gal/GalNAc lectin. The Gal/GalNAc lectin binds to rat and human 
colonic mucins with a very high affinity.’̂  The ability of rat and human colonic mucins to 
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inhibit amebic attachment and cytolysis of target epithehal cells demonstrate the protective 
role of mucin against E. histolytica. In the gerbil model of amebic colitis, it has been shown that 
goblet cell mucin stores have been depleted before invasion of ^. histolytica to colonic epithe›
lium.^ Although the cause of such depletion is still unknown, it is speculated that parasite-derived 
secretagogues are responsible.^ In addition to the direct protective role of intestinal mucins, 
intestinal bacterial flora compete for attachment to mucin and may prevent amebic lodgment. 
The protective key role of mucus blanket in natural immunity against E. histolytica infections 
has been verified both in vitro and in vivo. For example, the mucus-producing colonic cell line, 
LS174T, inhibits amebic adherence to Chinese hamster ovary (CHO) cells, showing the ability 
of these mucus-producing cells to compete with attachment sites that are of the utmost impor›
tance for E. histolytica colonization.^^ Also, the protective role of the mucus layer has been 
detected in vitro by the finding that E. histolytica trophozoites obliterate epithelial cell mono›
layers without a mucus barrier more quickly and easily than those protected by a mucus cover. 
Additionally, studies by using the mouse model of intestinal amebiasis showed E. histolytica 
induced the expression of cyclooxygenase-2 in epithelial cells and macrophages, and the resultant 
prostaglandins enhance epithelial permeability, mediating neutrophil responses. 

The human complement system is an important early host defense against amebic infection. 
E. histolytica that disseminates from the bowl through the blood stream is exposed to comple›
ment, another component of innate mechanism of host resistance against invading pathogens. 
Earlier, it had been demonstrated that nonimmune sera lysed axenic strains of E. histolytica, 
implying a role of complement against the parasite in blood circulation.^^ Axenic E. histolytica 
isolates activate both the alternative and classical pathways.^ ’̂ ^ Additionally, this event has been 
shown to occur in patients with ALA by finding the high concentrations of serum or plasma 
concentrations of components of the classical (Clq, C4) and alternative (C3, factor B) pathways, 
regulatory protein factor H, and one of the C3 products of degradation, C3d, in patients with 
amebic liver abscess. It has been shown that the major E. histolytica extracellular proteinase, a 
56kDa neutral cysteine proteinase, activates complement by E. histolytica in the fluid phase. ’  ̂It 
is generally believed that both pathogenic E. histolytica and nonpathogenic E. dispar are suscep›
tible to human complement. It was shown that more than 90% oiE, histolytica trophozoites were 
lysed after exposure to the alternative pathway components. ̂ ^ However, even though human 
complement-mediated cytolysis of E. histolytica has an effective amebicidal activity in vitro, a 
considerable number of ameba can survive and escape human complement activity in vivo (see 
below). Reed et al,^^ for the first time, showed that both serum-sensitive and serum-resistant 
stains of the parasite could activate complement. The increased frequency, rate, and severity of 
amebic liver abscess (ALA) in complement-depleted hamsters treated with cobra venom factor 
(CoF) reinforced the fact that complement components may play an important role in innate 
immimity against amebic infections. The Gal/GalNAc lectin molecule of E. histolytica has 
sequence homology and antigenic cross-reactivity with CD59, a membrane inhibitor of C5b-9 
in human erythrocytes, suggesting the E. histolytica adhesin has both molecular mimicry and 
shared complement-inhibitory functions.^^ The Gal/GalNAc lectin bound C8 and C9 and effi-
ciendy, preventing membrane attack complex (C5b-9) formation and subsequent cell lysis. A 
definite role for the Gal/GalNAc lectin was confirmed by abrogation of amebic complement 
resistance following treatment with a monoclonal antibody to Gal/GalNAc lectin molecule.^^ 

Different Mechanisms of Pathogenesis in E. histolytica 
Several factors contribute to the pathogenicity of E. histolytica, and some may still await 

identification. However, three pathogenic factors of the parasite have been investigated 
extensively and characterized at molecular levels. These three virulence factors are: (1) the Gal/ 
GalNAc adhesin, mediating adherence to host cells and contributing to amebic resistance to 
complement, (2) the amoebapores, small peptides that produce pores in target cell membranes, 
and (3) the cysteine proteinases that play a key role in E. histolytica tissue invasion, evasion of 
host defenses, and parasite induction of gut inflammation. 
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Gal/GalNAc Lectin 
The Gal/GalNAc lectin is a novel multifunctional virulence factor of ^. histolytica^ partici›

pating in adherence, cytolysis, invasion, resistance to human complement, and also perhaps 
encystation.^^ Perhaps, the most important part in amebic pathogenesis and pathology is to 
adhere to the colonic wall. Adhesion of the parasite occurs mainly through the Gal/GalNAc 
lectin, which binds to exposed terminal Gal/GalNAc residues of target cell glycoproteins.^^ 
Other molecules thought to be involved in part in adhesion of the parasite are: a 220-kDa 
lectin, a 112-kDa adhesin, and a surface lipophosphoglycan. 

The Gal/GalNAc adhesin is a novel multifunctional protein composed of a heterodimer 
of heavy (170-kDa), light (35/31 kDa),^^ with a noncovalently-linked intermediate (150-kDa) 
subunit. The 170-kDa heavy subunit (hgl) is a type I transmembrane protein with a small 
intracellular domain and a carbohydrate recognition domain (CRD) contained in its extra›
cellular domain. The 30-kDa light subunit (Igl) is covalently attached to the heavy subunit 
through disulfide linkages. The light subunit has been shown to have several isoforms,^^’ 
although the significance of the different isoforms is not clear yet. The intermediate subunit 
(igl) of the Gal/GalNAc has been cloned and characterized recently, and it has been shown 
that it lacks a carbohydrate recognition domain (CRD).^ The Gal/GalNAc lectin mediates 
adherence of trophozoites to human colonic glycoproteins, human colonic epithelium, hu›
man neutrophils, and erythrocytes, and to certain bacteria.^^’^̂  Evidence for the participa›
tion of this molecule in the adhesion event of the parasite has been detected by decreased 
amebic adherence to target cells when the lectin is inhibited by galactose,"^^ by inhibition of 
adherence with monoclonal antibodies (mAbs) directed against the carbohydrate recogni›
tion domain (CRD) of the lectin, and finally by the lack of amebic adherence to Chinese 
hamster ovary (CHO) cell mutants lacking Gal/GalNAc.^^ In addition to its role in adher›
ence, the Gal/GalNAc lectin also participates in the cytolytic events, since contact-dependent 
target cell lysis is reduced in the presence of galactose as well as by a monoclonal antibody 
against the heavy subunit is able to inhibit cytolysis in part without blocking adherence.^^’^̂  
Interestingly, the purified lectin, even at high concentrations, has no cytotoxic effect, sug›
gesting that this protein may be involved in signaling of cytolysis most likely via stimulation 
of actin polymerization. ̂ ’̂̂  

Amoebapore 
Once E. histolytica establishes contact with mammalian cells, a rapid cytolytic event takes 

place that result in swelling, surface blebbing, and lysis of the target cell and leaving the 
parasite intact. The similarity of this phenomenon to perforin-mediated lysis of target cells 
by cytotoxic T lymphocytes suggested the possible presence of a channel-forming protein, 
amoebapore, in E. histolytica? Amoebapores are a family of small peptides contained in 
cytoplasmic vesicles in the trophozoites with maximum activity at acidic pH. The amebapore 
of ^. histolytica is a channel-forming peptide of 77 amino acid residues; these proteins have 
now been purified, sequenced, and the relevant genes have been cloned. Three amoebapore 
isoforms. A, B, and C, at a ratio of 35:10:1, respectively, have been characterized; these 
peptides showing 35 to 57% deduced amino acids sequence identity and are encoded by a 
family of three genes. ̂ ’̂ In addition to these three different amoebapores, a homologue of 
haemolysin III has been identified, suggesting that, in addition to amoebapores, haemolysins 
may have a role in host cell lysis.^^ 

All of these three peptides have a common six cysteine residues at identical positions and 
also a histidine residue near the C terminus. Significant similarities have been determined 
between these peptides in both structural and functional basis and NK-lysin, pore-forming 
peptide occurring in natural killer (NK) cells and porcine T cells. ^ Structural modeling with 
the use of genetic algorithm, suggests a compact tertiary structure composed of four a-helix 
bundles stabilized by three disulfide bonds, a structure that is also present in NK-lysin. ^ 
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Amebapores are now believed to aggregate through the arrangement of their amphipathic 
a-helices and finally they form a channel within the plasma membrane through which water, 
ions, and other small molecules pass and thus the target cell lyses. Amebapores have cytolytic 
activity against several human cell lines including human Jurkat T cells;^ these peptides also 
are effective in forming poies in gram-positive bacterial membrane. ̂ ’̂ However, causing damage 
to thick gram-negative bacterial shield requires high concentrations of amebapore or removal 
of thick wall in advance with lysosome. 

A homologous peptide to E. histolytica has been determined in nonpathogenic E. dispar 
trophozoites. This peptide has significant shared structural and fijnctional properties to that 
of ^. histolytica, including highest activity at acidic pH, presence in cytoplasmic granules, and 
a 95% identity of primary structures. However, irrespective of these similarities, the activity of 
E. dispar amebapore is 60% lower than that from E. histolytica. It has been suggested that this 
lower activity may be related to shortened putative amino-terminal a-helix of the E. dispar 
porin. Irrespective of all advances in the molecular biology and biochemistry of amebapores, 
their exact roles in E. histolytica cytolytic events have not been yet known. Amebapores are not 
continuingly secreted from viable trophozoites in vitro, suggesting that these peptides may be 
secreted upon stimulus, including target cell contact, and play a role in lysis of host cells during 
invasion. The presence of pore-forming activity in nonpathogenic E. dispar suggests that the 
primary role of these peptides is likely to destroy phagocyted bacteria, the main source of food 
for Entamoeba sp. in the gut.^’"^̂  

Cysteine Proteinases 
Cysteine proteinases occur in a wide range of organisms including bacteria, plants, invertebrates, 

and vertebrates. In mammals, these enzymes are involved in protein turnover within lysosomes. In 
addition, extracellular cysteine proteases have been implicated in various physiological and patho›
physiological processes, including tumor invasion and metastasis. In protozoan parasites, different 
types of cysteine proteases have been characterized widely and shown to have a variety of functions 
(including evasion from the host immime responses and roles in developmental cycle of the parasite) 
and cytopathic effects (including induction of apoptosis). ’^ 

Several cysteine proteinases with molecular weight between 16 to 96 kDa have been observed 
in E. histolytica extracts. Previously, investigators purified two distinct cysteine proteinases from 
E. histolytica and designated them as amoebapain (now know as ehcp3) ^ and histolysin (now 
known as ehcpl). However, three different main isoforms of cysteine proteinases are produced 
in E. histolytica of about 30kDa {27-to 30-kDa) and are encoded by a family of more than 40 
genes (Tannich, personal communication). 

E. histolytica trophozoites show strong proteolytic activity and release large amounts of 
cysteine proteinases into growth media. ̂ ^ Previous studies showed that E, histolytica secreted 
10- to 1,000-fold more cysteine proteinase activity than did E. dispar isolates.^^ It appears that 
ehcp5 is the only cysteine proteinase known that is present on ameba surface.^^ In addition to 
ehcp5> it has been suggested that ehcpl is also important in E. histolytica-induced pathogenesis. 
The nonpathogenic E. dispar has four cysteine proteinase genes {edcp2, edcp3> edcp4, edcp6), 
with the highest expression belonging to edcp3. Using ehcp sequences as cross-hybridizing probes, 
it was revealed that functional orthologs corresponding to ehcpl and ehcp5 are absent in E. 
dispar^^"^ Apparently, only two of ^. dispar cysteine proteinase genes are expressed,^^ and this 
may explain why E. dispar has low levels of cysteine proteinase activity. Additionally, E. dispar 
lacks several of the most important E. histolytica cysteine proteinases, and this again might 
explain in part its noninvasive nature. 

Cysteine proteinases have been shown to be involved in host invasion by some other 
parasites including Trypanosoma cruzi, Plasmodium falciparum, Cryptosporidium parvum, and 
Toxoplasma gondiiP Cysteine proteinases have been implicated in the cytopathic effects of 
E. histolytica upon target cells, resulting in the release of adherent cells from monolayers. 
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presumably by degradation of the components of the extra-cellular matrix, including 
fibronectin, laminin, and collagen as well as an extra-cellular matrix from vascular smooth 
muscles.^ These cytopathic effects correspond with the amount of CP activity secreted and 
can be inhibited by some specific peptide inhibitors. ̂ ^ For example, using exogenous laminin 
or cysteine proteinase-specific inhibitor L-trans-epoxysuccinyl-leucylamido- (4-guanidino) 
butane (E-64) to neutralize cysteine proteinase reduced the formation of ALA significantly 
in the severe combined immunodeficient (SCID) mouse. ̂ ^ In the recent years, new genera›
tions of cysteine proteinase-specific inhibitors have been introduced which have been eff̂ ec-
tive against E. histolytica CPs,^^ suggesting the potential of these specific inhibitors as novel 
antiamebic chemotherapy. By antisense inhibiting of E. histolytica cysteine proteinases, it 
more recently was shown that trophozoites with reduced cysteine protease activity were inef›
fective at degrading cysteine-labeled colonic mucin compared to wild-type amoebae by 
>60%.^^ 

The Role of Signal Transduction in E. histolytica Pathogenicity 
Interaction of ^. histolytica trophozoites with diverse external stimuli, such as exposure 

to extracellular matrix (ECM) proteins, appears to activate signaling pathways through 
G-protein-coupled receptors. In vitro studies indicate that the parasite releases proteases 
and/or toxin-like molecules when in contact with several types of cultured cells. Adhe›
sion to fibronectin (FN) and its proteolytic fragments is known to induce a wide variety of 
cellular responses, such as expression of genes encoding proteases, secretion of proteins, 
activation of lymphocytes and differentiation of neural, endothelial, myoblastic and many 
other types ofcells;^^’^̂  an early reaction to fibronectin binding is formation of actin ad›
herence plates and focal contact in trophozoites. It has been shown that FN action is mainly 
dependent on the influx of external Ca^^. ^ It has been shown that the protein kinase C 
(PKC) pathways are activated in amebas by information transduced as a result of trophozo›
ite binding to FN. Adherence of ^. histolytica trophozoites to another extracellular com›
ponent, collagen, is a known stimulus for parasite activation, leading to subsequent tissue 
destruction and invasion. In vitro interaction of ^. histolytica with collagen induces intra›
cellular formation and release of electron-dense granules (EDGs) and stimulation of col-
lagenolytic activity. Additionally, results of one study showed that tyrosine phosphoryla›
tion is involved in collagen signaling in amoebas and that ppl25FAK and p42MAPK 
homologs may play an active role in turning on the genetic program that enables the para›
site to invade its host. There is also evidence suggesting that adhesion to collagen and 
activation of EDGs secretion are integrin-dependent events and the involvement of actin, 
vimentin, and tubulin in restructuring cytoskeleton during EDGs secretion are evident. 
More recent experimental studies attempting to identify and characterize the gene(s) that 
are up regulated by the human collagen type I and Câ ^ interactions showed that interac›
tion of ^. histolytica with human collagen type I and Ca^^ triggers the transcriptional acti›
vation of at least two important genes(ADl and AD2) responsible for pathogenesis of 
amebiasis. ’^ 

It was demonstrated that there were similarities between mechanisms of phagocytosis of 
bacteria and erythrocytes by ameba and macrophages, support the idea of coincidental selec›
tion of amebic genes encoding proteins that mediate destruction of host cells.^^ Rho family 
GTPases regulates many features of the cell behavior in eukaryotic cells and the members of 
the rac superfamily have critical role in regulating a wide range of cellular processes such as 
cellular growth, differentiation, vesicle transport, nuclear transport, and actin cytoskeleton 
regulation. ’ Genes for these components of signaling pathway have been identified in E. 
histolytica. More recently, a family of over 90 putative transmembrane kinases (TMKs) sub 
grouped into nine different families has been recognized in E. histolytica?^ In addition to 
their possible role in antigenic variations, it seems that they are involved in signal transduc›
tion via sensing the E. histolytica ambient. 
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Parasite Evasion of Innate and Acquired Immune Responses 

Degradation of Antibodies by Parasite Proteases 
Amebic granules contain copious amounts of tissue-destructive substances, such as hydro-

lytic enzymes and strong cysteine proteinases, whose secretion contributes to the damage of 
host cells and tissues. These proteases, mainly cysteine proteinases, can escape the 
antibody-mediated humoral immune responses by degrading IgA and IgG antibodies. It has 
been well documented that human serum and secretory IgA were degraded completely when 
exposed to viable axenic trophozoite oiE. histolytica (HMliIMSS strain), parasite lysates, and 
medium that had been conditioned by incubation with viable trophozoites.^’̂  This phenom›
enon could be more important for ameba since E. histolytica trophozoites must conquer the 
destructive act of secretory IgA (sIgA) and the serum IgG antibodies during intestinal coloniza›
tion and extra-intestinal dissemination. 

Shedding of Immune Complexes by Capping 
Interaction of E, histolytica trophozoites with sera from patients with invasive amebiasis 

results in initial clustering of bound antibodies into small patches, followed by a rapid mobili›
zation of these patches to the posterior pole of the cell, where the uroid is formed.^^ It is 
believed that the uroid, the posterior appendix that forms during the movement of trophozo›
ite, plays a role in the escape of ameba from the host immune responses. In one study, it was 
shown that myosin II is of the utmost importance in capping and formation of uroid in E. 
histolytica parasite, in such a way that myosin II was three times more concentrated within the 
uroid compared with the rest of the cell, suggesting that the release of caps may depend upon 
mechanical contraction driven by myosin II activity.’̂  This results in the remarkable ability of 
E. histolytica to rapidly regenerate substantial amounts of plasma membrane. The properties of 
surface receptor redistribution (capping), liberation of caps, and plasma membrane regenera›
tion, may contribute to the survival of the parasite in the host during infection (Fig. 2). 

Anergy of T Cells and Suppression of Macrophages 
Tissue invasion by E. histolytica has been associated with suppression of cell-mediated im›

munity. It has been known that E. histolytica exerts different modulatory effects on macroph›
ages, and T cells especially T helper type l(Thl).^^ T cells are important sources of 
macrophage-activating cytokines, and can be direcdy cytotoxic to amoeba, although the mecha›
nisms involved are unknown. There is some evidence that amebic infections are associated with 
T cell modulation. Reduced delayed-type hypersensitivity reaction during the acute phase of 
the disease is one index of functional suppression of T cell during human amebiasis. Simi›
larly, in mice models, intestinal amebiasis has been associated with a cyclic suppression in 
immune responses, and it has been proposed that these alterations, observed at the cellular 
level, might facilitate invasion of the host by the parasite.^^ The cytotoxic ability of macroph›
ages and their potential as antigen-presenting and cytokines-releasing elements are reduced 
during the acute phase of ALA. Exposure of human mononuclear phagocytes to the monocyte 
locomotion-inhibitory factor produced by E. histolytica led to a swift increase in the intracellu›
lar concentration of adenosine 3’:5’ cyclic monophosphate (cAMP) and inhibits the respira›
tory burst in human macrophages.^^ This study suggests that like other leukotactic inhibitors, 
the monocyte locomotion-inhibitory factor produced hjE. histolytica operates through modu›
lations of intracellular cAMP. In addition, the parasite exerts suppression that appears to be a 
local event mediated by direct exposure of macrophages to E, histolytica direcdy or its by-products. 
For example, the treatment of murine macrophages with amebic antigens in vitro reduces the 
production of molecules associated to the I region of the MHC induced by INF-y.^^ This study 
also showed that E. histolytica subverted critical macrophage accessory function in part via 
prostaglandin E2 (PGE2) biosynthesis. Similarly, amebic liver abscess-derived macrophages 
produced low basal levels of TNF in response to stimulation with lipopolysaccharide (LPS), 
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Figure 2. Induction of capping. Confocal microscopy of trophozoites after induction of capping 
for 30 min using antibodies againstthe heavy subunitoftheGal/GalNAc lectin. The fluorescence 
of the Gal/GalNAc lectin is shown on the left side and the fluorescent Gal/GalNAc lectin 
superimposed on a Nomarsky section on the right side. (Reproduced from: Katz et al. Mol Cell 
Biol 2002; 13:4256-65; published online before print as 10.1091/mbc.E02-06-0344; with the 
permission from The American Society for Cell Biology.) 

whereas peritoneal and spleen macrophages as well as KupfFer cells from infected animals did 
not release TNF in vitro constituently. 

Complement Resistance 
It has been shown that ameba develop complement resistance after repeated exposure to 

active human serum.^^ In this study, it also was shown that susceptibility to 
complement-dependent lysis was regained 6 weeks after serum treatments were terminated, 
suggesting that resistance to lysis was an acquired rather than a genetic property. It was also 
shown that both complement resistant and complement sensitive strains of ̂ . histolytica could 
activate complement but only the latter could survive. ̂ ^ It has been suggested that comple›
ment resistance is necessary for E. histolytica tissue invasion. Braga et al showed that the Gal/ 
Gal NAc lectin molecule had sequence homology and antigenic cross reactivity with CD59, a 
membrane inhibitor of C5b-9 in human erythrocytes, suggesting that the Gal/Gal NAc lectin 
also has complement-inhibitory functions. It seems that Gal/Gal NAc lectin bound C8 and 
C9, preventing formation of the membrane attack complex and subsequent cell lysis.̂ ^ Re-
cendy, it has been shown that different strain of mouse models of intestinal amebiasis and also 
genetically deficient mice for IL-12, IFN-y, or inducible N O synthase are resistant against 
intracecal inoculation of ^. histolytica?^ This study also demonstrated the important role of 
host immune responses to resistance to infection as well as the fact that depletion of CD4^ cells 
significandy diminished both parasite burden and host’s inflammatory responses. 
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Antigenic Variation via Transmembrane Kinases (TMKs) 
Most recently, a large family of over 80 transmembrane kinases (TMKs) in E, histolytica has 

been discovered. These proteins are CXXC-rich proteins with highly variable extracellular 
domains homologous to the intermediate subunit (igl) of the Gal/GalNac and variant surface 
proteins (VSPs) of Giardia and with cytoplasmic kinase domains. The discovery of the large 
family of CXXC-containing TMKs is of interest not only for their potential role in antigenic 
variation but also for their role in cell signaling. E. histolytica must respond to a wide variety of 
environmental stimuli as it exists into a trophozoite in the intestinal lumen and enters the host 
by invasion of the intestinal mucosal epithelium. Invasion involves attaching to the epithelium 
and responding to that attachment event through signaling events via the E. histolytica Gal/ 
GalNac adherence lectin that lead to host cell killing. The changing host environment should 
necessitate having a variety of ways of sensing and responding to the host.^^ 

In conclusion, the mechanisms involved in pathogenesis of amebiasis and immune response 
evasion of the parasite, however, are only partially defined, and the specific amoebic components 
responsible are unidentified. A more complete understanding of the mechanisms involved in 
amoebic downregulation of host inununity may assist in the identification of strategies for 
preventing and treating amebiasis. 
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