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Introduction

This book is intended as a guide for microbiologists, molecular and cell
biologists and health professionals interested in the study of ‘emerging
protozoan pathogens. It provides the most current understanding of
the biology, genomics, pathways of the cell’s life cycle, differentiation,
adherence and intracellular trafficking, host-parasite cross-talk leading
to infection, molecular mechanisms, risk factors, epidemiology, clinical
diagnosis, current therapies, virulence factors, possible vaccine and thera-
peutic targets, and future research needs in this important group of
pathogens.

With the rapid advances in this field, we attempted to collect and organ-
ize the major and most up-to-date advancements in this discipline. This
volume provides a reference that is useful to newcomers to this field, espe-
cially young scientists, experienced researchers and the public health
professionals. It could be adopted for parasitology, medical microbiology,
and infectious disease courses or used to develop an independent course.
This view is strengthened further with the addition of sections on general
properties of protozoa and human immune responses. The contributors to
this book have kindly shared the best possible updates in their own
research. This book, therefore, represents a platform to which further
developments in the fascinating biology of these organisms can be added.

Naveed Ahmed Khan
December 2007

Cover Illustration:

The front cover shows Acanthamoeba phagocytosing human cells.
Acanthamoeba incubated with human corneal epithelial cells exhibited the
presence of amoebastomes (mouth-like openings) within 30 minutes of
incubation. These structures are known be involved in the pathogenesis of
Acanthamoeba.
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4 Emerging Protozoan Pathogens

| Introduction

Acanthamoeba is an opportunistic protozoan pathogen, a member of
free-living amoebae that are widely distributed in the environment. During
the last few decades, Acanthamoeba has become an increasingly important
microbe. It is now well-recognized as a human pathogen causing serious as
well as life-threatening infections, has a potential role in ecosystems, and
acts as a carrier and a reservoir for prokaryotes and viruses.

2 Discovery of pathogenic free-living amoebae

The term ‘amoebae’ encompasses the largest diverse group of protist
organisms that have been studied since the discovery of the early micro-
scope, the largest being Amoeba proteus (Figures 1 and 2). Although these

(A) — Prokaryotes
— Mastigophora, e.g., Leishmania, Trypanosome
— Algae
— Fungi 9
{— Ciliophora, e.g., Balantidium coli
Kingdomof || = protists —» |- Protozoa —»
organisms
{— Sarcodina, e.g., amoebae
— Animals
— Slime moulds
L Apicomplexa, e.g., Plasmodium, Cryptosporidium
L Plants
(B)
Kingdom Protista
Sub-kingdom Protozoa
Phylum Sarcomastigophora
Sub-phylum Sarcodina
Superclass
p Rhizopoda
Class
Lobosea
Subclass Gymnamoebia
Order Amoebida Schizopyrenida
Family Entamoebidae Hartmannellidae Acanthamoebidae Vahlkampfiidae
Genus Entamoeba Hartmannella ~ Acanthamoeba Balamuthia Naegleria Vahlkampfia

Figure | The traditional classification scheme of (A) protozoan pathogens, and
(B) free-living amoebae, based largely on morphological characteristics.
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— Parabasala, e.g., Trichomonas vaginalis

— Prokaryotes [~ Cercozoa

Ciliates, e.qg., Balantidium coli
— Alveolata — |:

L Fungi Apicomplexans, e.g., Plasmodium, Cryptosporidium parvum,
Toxoplasma gondii, Babesia microti, Isospora belli

I— Radiolaria

Kingdom of

h —» [— Protists —
organisms

I— Amoebozoa —» Free-living & parasitic forms, e.g., Naegleria fowleri,
Acanthamoeba, Balamuthia mandrillaris, Entamoeba histolytica

— Animals
— Rhodophyta

— Plants | Diplomonadida, e.g., Giardia lamblia

I— Stramenopila, e.g., Blastocystis hominis

L Euglenozoa — Kinetoplastids, e.g., Trypanosoma, Leishmania

Figure 2 The present classification scheme of protozoan pathogens, based
largely on their genetic relatedness.

organisms have a common amoeboid motion, that is a crawling-like move-
ment, they have been classified into several different groups. These include
potent parasitic organisms such as Entamoeba spp. that were discovered in
1873 from a patient suffering from bloody dysentery and named E. histolytica
in 1903. Among free-living amoebae, Naegleria was first discovered by
Schardinger in 1899, who named it Amoeba gruberi. In 1912, Alexeieff sug-
gested its genus name Naegleria, and much later, in 1970, Carter identified
Naegleria fowleri as the causative agent of fatal human infections (reviewed
in De Jonckheere, 2002). In 1913, Puschkarew isolated an amoeba from
dust, and later in 1931, the genus Acanthamoeba was created (Castellani,
1930; Douglas, 1930; Volkonsky, 1931). Balamuthia mandrillaris has only
been discovered relatively recently in 1986 from the brain of a baboon that
died of meningoencephalitis and was described as a new genus,
Balamuthia (Visvesvara et al., 1990, 1993). Over the years, these free-living
amoebae have gained increasing attention from the scientific community
due to their diverse roles, in particular, in causing serious and sometimes
fatal human infections (Figure 3).

3 Acanthamoeba spp.

In 1913, Puschkarew isolated an amoeba from dust and named it Amoeba
polyphagus. Later in 1930, Castellani isolated an amoeba that occurred as a
contaminant in a culture of the fungus Cryptococcus pararoseus (Castellani,
1930). These amoebae were round or oval in shape with a diameter of
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Figure 3 The number of published articles on free-living amoebae. Data for
Acanthamoeba (Ac), Naegleria (Ng) and Balamuthia (Ba) were collected from
PubMed (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi).

13.5-22.5 pm and exhibited the presence of pseudopodia (now known as
acanthopodia). In addition, the encysted form of these amoebae exhibited
double walls with an average diameter of between 9 and 12 pm. This
amoeba was placed in the genus Hartmannella, and named Hartmannella
castellanii. A year later, Volkonsky subdivided the Hartmannella genus into
three genera (Volkonsky, 1931), based on the following characteristics:

1. Hartmannella: amoebae characterized by round, smooth-walled cysts
were placed in this genus.

2. Glaeseria: this genus included amoebae characterized by nuclear divi-
sion in the cysts.

3. Acanthamoeba: amoebae characterized by the appearance of pointed
spindles at mitosis, and double-walled cysts and an irregular outer layer
were placed in this genus.

Singh (1950) and Singh and Das (1970) argued that the classification of
amoebae by morphology, locomotion and appearance of cysts was of lim-
ited phylogenetic value and that these characteristics were not diagnostic.
They concluded that the shape of the mitotic spindle was inadequate as a
generic character and discarded the genus Acanthamoeba. In 1966, Pussard
agreed with Singh (1950) that the spindle shape was an unsatisfactory fea-
ture for species differentiation but considered the distinctive morphology
of the cyst to be a decisive character at the generic level and recognized the
genus Acanthamoeba. After studying several strains of Hartmannella and
Acanthamoeba, Page (1967a, 1967b) also concluded that the shape of the
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spindle was a doubtful criterion for species differentiation. He considered
the presence of acanthopodia and the structure of the cyst to be sufficiently
distinctive to justify the generic designations of Hartmannella and
Acanthamoeba. He also stated that the genus Hartmannella had nothing in
common with Acanthamoeba except for a general mitotic pattern, which is
a property shared with many other amoebae.

In 1975, Sawyer and Griffin created the family Acanthamoebidae and
Page (1988) placed Hartmannella in the family Hartmannellidae. The
current position of Acanthamoeba in relation to Hartmannella, Naegleria
and other free-living amoebae is shown in Figures 1 and 2.

The prefix ‘acanth’ (Greek meaning ‘spikes’) was added to the term
amoeba to indicate the presence of spine-like structures (now known as
acanthopodia) on the surface of this organism. After the initial discovery,
this organism was largely ignored for several decades. However, in the late
1950s, it was discovered as a tissue culture contaminant (Culbertson et al.,
1958; Jahnes et al.,, 1957). Later, Culbertson and colleagues (Culbertson
et al., 1958, 1959), for the first time, demonstrated its pathogenic potential
by exhibiting its ability to produce cytopathic effects on monkey kidney
cells in vitro, and to kill laboratory animals in vivo. The first clearly identi-
fied Acanthamoeba granulomatous encephalitis (AGE) in humans was
observed in 1972 (Jager and Stamm, 1972). Acanthamoeba keratitis cases
were reported for the first time in the early 1970s (Jones et al., 1975;
Nagington et al., 1974). Acanthamoeba was first shown to be infected with
bacteria in 1954 (Drozanski, 1956), demonstrated to harbour bacteria as
endosymbionts in 1975 (Proca-Ciobanu et al., 1975) and later identified as
a reservoir for pathogenic facultative mycobacteria (Krishna-Prasad and
Gupta, 1978). Acanthamoeba was first linked with Legionnaires’ disease by
Rowbotham (1980). Since then the worldwide research interest in the field
of Acanthamoeba has increased dramatically and continues to do so
(Figure 3).

3.1 Ecological distribution

Acanthamoeba has the ability to survive in diverse environments and has
been isolated from public water supplies, swimming pools, bottled
water, sea water, pond water, stagnant water, fresh-water lakes, salt-water
lakes, river water, distilled water bottles, ventilation ducts, the water-air
interface, air-conditioning units, sewage, compost, sediments, soil,
beaches, vegetables, surgical instruments, contact lenses and their cases,
and from the atmosphere with the recent demonstration of Acanthamoeba
isolation even by air sampling, indicating the ubiquitous nature of this
organism. In addition, Acanthamoeba has been recovered from hospitals,
dialysis units, eye-wash stations, human nasal cavities, pharyngeal swabs,
lungs tissues, skin lesions, from bone graft of the mandible suffering from
osteomyelitis, corneal biopsies, cerebrospinal fluids (CSF) and brain
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necropsies (reviewed in Khan, 2003; Marciano-Cabral and Cabral, 2003;
Schuster and Visvesvara, 2004; Visvesvara et al., 2007). It is not surprising
that the majority of healthy individuals have been shown to possess anti-
Acanthamoeba antibodies indicating our common exposure to this organ-
ism (Cursons et al., 1980).

3.2 Biology

The vegetative state of Acanthamoeba is known as trophozoites.
Trophozoites are normally in the range of 12-35 pm in diameter; however
the size varies significantly between isolates belonging to different
species/genotypes. In general, Acanthamoeba does not differ greatly at the
ultrastructural level from a mammalian cell, and thus presents an excellent
model for cell biology studies. The trophozoites exhibit spine-like struc-
tures on their surface known as acanthopodia. The acanthopodia are most
likely important in adhesion to surfaces (biological or inert), cellular move-
ments or capturing prey. The acanthopodia are composed of hyaline
(transparent) cytoplasm, which excludes various vacuoles and particles
that are normally present on the interior of the cell (Bowers and Korn,
1968). The trophozoites normally possess a single nucleus that is approxi-
mately one-sixth the size of the trophozoite. The nucleus possesses a
prominent nucleolus (approximately 2.4 pm in diameter, occupying one-
eighth of the nuclear volume, while two nucleoli per nucleus are not
uncommon), but multinucleate amoebae have been observed. The mem-
branes of the nucleus are separated by a distance of about 350 A (Bowers
and Korn, 1968). There are numerous nuclear pores that are about 1040 A
in diameter. RNA synthesis in Acanthamoeba is a nuclear function. As for
other eukaryotic cells, Acanthamoeba possess an extensive network of both
smooth and rough endoplasmic reticulum (ER), with ribosomes stubbed
on the cytoplasmic surface of the rough ER (Bowers and Korn, 1968). These
ribosomes translate messenger RNA and actively synthesize proteins.
However, not all proteins are synthesized on the ER-bound ribosomes.
Protein synthesis also occurs on the unbound ribosomes that are free in the
cytosol. Generally speaking, secretory proteins and membrane proteins are
made by ER-bound ribosomes, while proteins intended for use within the
cytosol are made on free ribosomes. The pattern of ribosomal proteins ana-
lyzed by 2-dimensional gel electrophoresis revealed that the small subunit
of cytoplasmic ribosome contains 25 proteins, while the large subunit con-
tains 40 proteins. Furthermore, exponentially growing Acanthamoeba
contains a 45-kDa phosphorylated small subunit ribosomal protein that is
absent in the cyst ribosomes. In contrast, smooth ER does not possess ribo-
somes and thus has no protein synthesis. Smooth ER is involved in the
synthesis of lipids and may play a role in the inactivation or detoxification
of drugs that might otherwise be toxic or harmful to the cell. Proteins from
the ER-bound ribosomes bud off the ER in vesicles and arrive at the Golgi
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complex (named after its Italian discoverer, Camillo Golgi), which plays an
important role in the synthesis of complex polysaccharides. Here, proteins
(and other substances) undergo posttranslational modifications (most
notably glycosylation). Carbohydrates are shown to be either linked to the
nitrogen atom of an amino group (N-linked glycosylation, that is shown to
be limited to the asparagine amino acid) or to the oxygen atom of a
hydroxyl group (O-linked glycosylation, i.e., limited to serine or threonine
amino acids but may also be attached to hydroxylysine or hydroxyproline,
which are derivatives of the amino acids lysine and proline, respectively).
The modified contents are then passed on to other compartments of the
cell by means of vesicles that arise by budding off the Golgi complex. The
process of glycosylation initiates within the lumen of the ER and is com-
pleted within the Golgi complex and its products are finally destined for the
cell membrane or for export.

Under the microscope, an actively feeding trophozoite exhibits one or
more prominent contractile vacuoles (contractility meaning shortening),
whose function is to expel water (i.e., water expulsion vacuoles), and which
are involved in osmotic regulation. Usually, these do not contain any pre-
cipitates but exhibit alkaline phosphatase activity in the membrane; this
activity may also be present in other vesicles (Bowers and Korn, 1974).
During discharge, a contractile vacuole becomes associated with the plas-
malemma and may account for the alkaline phosphatase activity in the
plasma membrane. In addition, it is shown that alkaline phosphatase activ-
ity in the plasma membrane of stationary-phase cells (high density popu-
lations) is remarkably reduced as compared to the exponentially growing
cells. The contents of a contractile vacuole are hypotonic compared with
the cytoplasm. The ionic content of the contractile vacuole in other
amoeba, for example Pelomyxa carolinensis, is high in sodium and low in
potassium, with these ions accounting for essentially all of the osmotically
active content of the vacuole. Acanthamoeba appears to lack a ‘sodium
pump’ similar to that found in many cells since no Na-K ATPases activity
was found in whole homogenates or isolated membranes. Other types of
vacuoles present in the cytoplasm are digestive vacuoles containing
precipitates and amorphous substances that are bounded by membranes
similar to a plasma membrane in size and staining characteristics (Bowers
and Korn, 1968). The size of digestive vacuoles may range from 0.1 pm to
larger than the nucleus. Trophozoites possess large numbers of mitochon-
dria, generating the energy required for metabolic activities involved in
feeding, as well as movement, reproduction and other cellular functions.
The mitochondria are in either of two forms: elongate or dumbbell-shaped,
or spherical (Bowers and Korn, 1968). The cristae are formed by branching
tubular extensions of the inner mitochondrial membrane and are about
600 A in diameter (Bowers and Korn, 1968). The plasma membranes
are approximately 100 A in thickness and consist of phospholipids (25%),
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proteins (33%), sterols (13%), and lipophosphonoglycan (29%), with sugars
exposed on both sides of the membrane (Bowers and Korn, 1974). The pres-
ence of lipophosphonoglycan is unusual as it is absent from mammalian
cells (Korn et al., 1974).

The trophozoite possesses large numbers of mitochondria, generating
the energy required for metabolic activities involved in feeding, as well as
movement, reproduction and other cellular functions. The cytoplasm pos-
sesses large numbers of fibrils, and glycogen and lipid droplets. Both lyso-
somes and peroxisomes have been isolated from the Neff’s strain of
Acanthamoeba castellanii. A variety of lysosomal enzymes have been iden-
tified including alpha- and beta-glycosidases, amylase, beta-galactosidase,
beta-N-acetylglucosaminidase, beta-glucuronidase, protease, phos-
phatase, acid hydrolase, RNAse, and DNAse (reviewed in Weisman, 1976).
However, it is reasonable to suppose that some of the autolyzed material is
used as a source of precursors for cell-wall synthesis or as a source of
energy for the cell that has no external food source.

3.3 Motility

Amoeboid movement is accompanied by protrusions of the cytoplasm
called acanthopodia (pseudopodia). These cells have an outer thick, gelat-
inous cytoplasm called the ectoplasm and an inner layer of more fluid cyto-
plasm called the endoplasm. As acanthopodia extend from the cell, fluid
endoplasm streams forward in the direction of extension and coagulates
into the ectoplasm at the tip of acanthopodia. At the same time, in the rear
of the cell, the ectoplasm changes into more fluid endoplasm and streams
towards the acanthopodia. These changes in the actin cytoskeleton are
referred to as gelation-solation. The gelation and solation serve two func-
tions: cell motility and cytoplasmic structure, that is they generate the force
for cellular movement and also serve as cytoskeletal elements by forming a
solid gel. More than 20 cytoskeletal proteins have been isolated from
trophozoites, including actin (constituting 20% of the total protein),
myosin, myosin cofactor, gelation factors and a Ca?*-ATPase that interact
with actin. Of these, actin is the major component of the gel that forms
filaments, and these filaments must bind to each other/crosslink to form
the solid gel. In Acanthamoeba, ATP, MgCl, and temperature are important
regulators of gel formation (gel forms at 25°C and can be liquified by
cooling). Other proteins such as myosin, actin-binding protein and other
unidentified proteins, can accelerate the polymerization as well as support
the gel.

3.4 Life cycle

Acanthamoeba undergoes two stages during its life cycle: a vegetative
trophozoite stage and a resistant cyst stage (Figure 4). The trophozoites
are normally in the range of 12-35 pm in diameter, but the size varies
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Favorable conditions
Unfavorable conditions

(©)

Acanthamoeba castellanii cysts form

Figure 4 The life cycle of Acanthamoeba castellanii. The infective form of A.
castellanii, also known as trophozoites, as observed under (A) scanning electron
microscope, and (B) phase-contrast microscope. Under unfavorable conditions,
trophozoites differentiate into cysts. (C) Cysts form of A. castellanii, characterized
by a double wall as indicated by arrows, (published with permission from
Elsevier).
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significantly between isolates belonging to different species/genotypes.
The trophozoites exhibit acanthopodia that are most likely important in
adhesion to surfaces, cellular movements or capturing prey. The tropho-
zoites normally possess a single nucleus that is approximately one-sixth
the size of the trophozoite. During the trophozoite stage, Acanthamoeba
actively feeds on bacteria, algae, yeasts or small organic particles and many
food vacuoles can be seen in the cytoplasm of the cell. Under optimal
growth conditions, Acanthamoeba reproduces by binary fission. In axenic
cultures, Acanthamoeba shows a typical exponential growth phase, fol-
lowed by a period of reduced growth rate called the growth deceleration
phase, and finally a stationary phase during which no further increase in
cell density occurs. The generation time differs between isolates belonging
to different species/genotypes from 8-24h, during which time the cell
passes through a series of discreet stages, collectively known as the cell
cycle. Cell division to produce two genetically identical daughter cells is
called mitosis and involves two overlapping events in which the nucleus
divides first, followed by the division of the cytoplasm. Nuclear division is
called mitosis and the division of the cytoplasm to produce two daughter
cells is termed cytokinesis.

For exponentially growing cells, cell division is largely occupied with the
G2 phase (up to 90%) and a limited G1 phase (5-10%), 2-3% M phase
(mitosis) and 2-3% S phase (synthesis; Band and Mohrlok, 1973; Byers
et al., 1990, 1991). Acanthamoeba can be maintained in the trophozoite
stage with an abundant food supply, neutral pH, appropriate temperature
(i.e., 30°C) and osmolarity between 50 and 80 mosmol. However, harsh
conditions (i.e., lack of food, increased osmolarity or hypo-osmolarity,
extremes in temperatures and pH, and high cell densities) induce the trans-
formation of trophozoites into the cyst stage, a process known as
encystment (Neff and Neff, 1969). Encystment occurs both under harsh
conditions as well as after the growth phase. Encystment is accompanied
by morphological changes, termination of cell growth, and biochemical
differences. Under the scanning electron microscope, the morphological
changes include thickening or shortening of acanthopodia until the sur-
face is covered with short stubby processes, followed by the development
of the thick, interconnecting ridges that characterize the surface of the
mature cyst. In simple terms, the trophozoite becomes metabolically inac-
tive (minimal metabolic activity) and encloses itself within a resistant shell.
More precisely, during the encystment stage, excess food, water and partic-
ulate matter is expelled with a decrease in cytoplasmic mass and the
trophozoite condenses itself into a rounded structure (i.e., pre-cyst or
immature cyst), accompanied by the synthesis of a chemically and struc-
turally complex cell wall, which matures into a double-walled cyst with the
wall serving only as a shell to help the parasite survive hostile conditions. The
mature cyst wall consists of a laminar, fibrous outer layer, (i.e., ectocyst),
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and an inner layer of fine fibrils, (i.e., endocyst). Both layers are normally sep-
arated by a space, except at certain points where they form opercula in the
center of ostioles (exits for excysting amoebae). The ectocyst is the first to
appear in the encysting cells, even before the cell rounds up completely,
and consists of several layers. It appears as an amorphous, discontinuous
layer, about 10 pm outside the plasma membrane. By the time sufficient
material accumulates to form a layer covering the entire surface, the cell
has become nearly spherical. In mature cysts, the ectocyst terminates in a
loose fibrous layer and the entire ectocyst is 0.3-0.5 pm thick, and fibrils
appear to be less than 50 A in diameter. The endocyst is shown to possess
cellulose (not present in the trophozoite stage) that accounts for nearly
one-third of the dry weight of the cyst wall. The ineffectiveness of cellulase
against intact cysts indicates that cellulose exists as an inner and inacces-
sible layer of the wall (Neff and Neff, 1969). It is shown that the ectocyst
consists of proteins and polysaccharide.

Overall, the cyst wall composition for A. castellanii (T4 genotype) has been
shown to be 33% protein, 4-6% lipid, 35% carbohydrates (mostly cellulose),
8% ash, and 20% unidentified materials (Neff and Neff, 1969), although the
cyst wall composition varies between isolates belonging to different
species/genotypes. The precursor of cellulose is glucose, a source of which
is glycogen. Encystment is aerobic, but the respiration rates of whole cells
and isolated mitochondria, as well as the intracellular ATP levels of
cells, diminish throughout the course of encystment. Once Acanthamoeba
cells enter stationary phase, phagocytic activity ceases, while pinocytic
activity is halved. The cellular levels of RNA, proteins, triacylglycerides and
glycogen declines substantially during the encystment process resulting in
decreased cellular volume and dry weight (Weisman, 1976). The cyst stage
is 5-20 pm in diameter but again this varies between isolates belonging to
different species/genotypes.

Cysts are airborne, which may help spread Acanthamoeba in the envi-
ronment and/or carry these pathogens to the susceptible hosts. Recent
studies report that cysts can remain viable for several years while maintain-
ing their pathogenicity, thus presenting a role in the transmission of
Acanthamoeba infections (Mazur et al., 1995). As indicated above, cysts
possess pores known as ostioles, which are used to monitor environmental
changes. The trophozoites emerge from the cysts under favorable condi-
tions leaving behind the outer shell. In the pre-emergent stage, a contrac-
tile vacuole becomes evident and moves towards the wall. Acanthamoeba
then pulls away from the endocyst and move freely within the cyst wall. The
first indication of emergence of trophozoites, visible by scanning electron
microscopy is the appearance of a cytoplasmic bud pushing through the
ostioles from which the operculum had been removed. The emerging cyto-
plasmic buds do not possess the long acanthopodia, which are character-
istics of the trophozoites. These acanthopodia do not appear until the
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trophozoites have completely excysted. The holes through which the
trophozoites emerge are apparent on the surfaces of the empty cyst walls,
otherwise surfaces of the empty cyst walls are indistinguishable from those
of mature cysts and exhibit sculptured interconnecting ridges surrounded
by shallow craters. Thus Acanthamoeba trophozoites emerge without the
complete digestion of the cyst wall. The emerged trophozoites actively
reproduce as described above, thus completing the cycle.

One reason that Acanthamoeba infections are notoriously difficult to
treat is the rapid propensity of the trophozoite to transform into a highly
resistant cyst, thus an understanding of the molecular pathways associated
with these events should provide possible targets for treatment. Both the
encystment and the excystment processes require active macromolecule
synthesis and can be blocked by cycloheximide, a protein synthesis
inhibitor. In addition, recent studies have shown that Acanthamoeba serine
proteases are crucial in the differentiation of A. castellanii (Dudley et al.,
unpublished findings). It was observed that the inhibition of serine pro-
teases attenuates Acanthamoeba metamorphosis, as demonstrated by
arrest of both encystment and excystment. This suggested that
Acanthamoeba serine proteases are not simply allied to trophozoite host
invasion and cellular cytolysis, but are a requisite for trophozoite metamor-
phosis and re-emergence during excystment and may prove a potential tar-
get for future therapies.

3.5 Feeding

Acanthamoeba feeds on microorganisms present on surfaces, in diverse
environments and even at the air-water interface (Preston et al., 2001). The
spiny structures or acanthopodia that arise from the surface of
Acanthamoeba trophozoites may be used to capture food particles, which
usually are bacteria, but algae, yeast, and other protists are also grazed
upon. Acanthamoeba does not actively transport solutes. As a result, it
depends totally upon pinocytosis and phagocytosis for the uptake of nutri-
ents and these endocytic processes directly involve the plasma membrane.
Both processes are energy dependent and can be inhibited by metabolic
inhibitors, such as NaN,, NaCN, NaE iodoacetate, and 2,4-dinitrophenol
and by incubation below 12°C but were not affected by inhibitors of glycol-
ysis (Bowers and Olszewski, 1972). Phagocytosis is a receptor-dependent
process (discussed in section 7.1), while pinocytosis is a nonspecific
process (continuous in growing cells) that is used to take up large volumes
of solutes/medium, through membrane invaginations and thus requires
turnover of the cell surface (Bowers and Olszewski, 1972). It is shown that
Acanthamoeba uses both specific phagocytosis and nonspecific pinocytosis
for the uptake of food particles and large volumes of solutes with optimal
uptake at 30-35°C (Bowers and Olszewski, 1972). Solutes of varying molec-
ular weights, including albumin (M, 65000), inulin (M, 5000), glucose
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(M, 180) and leucine (M, 131), enter amoebae at a similar rate. The calcu-
lated volume of fluid taken in during pinocytosis in culture medium is
about 2 pl h™! per 10 amoebae at 30°C (Bowers and Olszewski, 1972). There
is no uptake at 0°C indicating that the uptake process is not simply a phys-
ical binding of solutes to the amoebae surfaces. But how Acanthamoeba
discriminate between pinocytosis and phagocytosis; why they use one or
the other, and whether there are any differences in this respect between
pathogenic and nonpathogenic Acanthamoeba, remain incompletely
understood (Alsam et al., 2005a). However, there is an optimal size for the
formation of the phagocytic vesicle that can be satisfied by one bead with
diameter of 1.3, 1.9 or 2.7 pm. For example, smaller beads are accumulated
at the surface of the cell until they reach the critical volume, at which point
they are ingested collectively within one vesicle. In ingesting particular
matter greater than 1 pm, the amoeba closely surrounds each particle with
its plasma membrane. Subsequent to particle uptake, the membrane-
enclosed particles bud off into the cytoplasm giving rise to the newly
formed phagosome, which is subsequently (within 30min) fused with
other vacuoles to acquire hydrolytic enzymes (acid hydrolases) such as
acid phosphatase, acid beta-glucosidase, N-acetylglucosaminidase,
alpha-glucosidase, galactosidase, and bacteriolytic N-acetylmuramidase.
The acid hydrolases exhibit distinct mitochondrial and peroximal patterns
indicating their lysosomal origin and thus form phagolysosomes.
Furthermore, it is shown that metabolic inhibitors, for example KCN and
2,4-dinitrophenol (DNP), have no effects on the fusion of phagosomes with
lysosomes suggesting that the fusion reaction can proceed in the absence
of oxidative metabolism. Overall, these data indicate that the newly formed
phagosomes rapidly enter into Acanthamoeba’s lysosomal system with
many phagosomes becoming phagolysosomes soon after ingestion. The
rate of phagolysosomes fusion may be regulated by cyclic nucleotides with
enhancement of the fusion rate by cAMP and inhibition of the rate by
cGMP. Moreover, it is shown that Acanthamoeba exhibit the ability to
distinguish vacuoles containing digestible and indigestible particles.
For example, Bowers and Olszewski (1983) have shown that the fate of
vacuoles within Acanthamoeba is dependent on the nature of particles:
latex beads versus food particle. Vacuoles containing food particles are
retained and digested, while latex beads are exocytosed upon presentation
of new particles. It is estimated that during active uptake, the rate of
turnover of surface membrane by Acanthamoeba is 5-50 times an hour,
which is remarkably high compared to the other cell types (Bowers
and Olszewski, 1972). Of interest, the macrophage interiorizes 50% of its
surface in 2-5h during active pinocytosis. Similarly, up to 50% of the sur-
face of Amoeba proteus may be ingested during one pinocytotic cycle, but
then a rest period is required before a new cycle can be initiated. Overall,
particle uptake in Acanthamoeba is a complex process that may play a
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significant role, both in food uptake as well as in the pathogenesis of
Acanthamoeba.

3.6 Acanthamoeba genome

The trophozoites contain cellular, nuclear and mitochondrial DNA with
nuclear DNA comprising 80-85% of the total DNA. In addition, cytoplasmic
nonmitochondrial DNA has been reported (Ito et al., 1969), but its origin is
not known. Total cellular DNA ranges between 1 and 2 pg for single-cell
uninucleate amoebae during the log phase (Byers et al., 1990). The genome
size of mitochondrial DNA was originally calculated to be about 3.4 X 107
Da, from measurements of renaturation kinetics, sedimentation coefficient
and electron micrographs. In comparison, it was shown that the genome
size of mitochondrial DNA in other organisms is 3.0-3.5 X 107 Da in
Tetrahymena pyriformis, 5 X 107 Da for yeast, and 7 X 107 Da for higher
plants. The number of nuclear chromosomes is uncertain, but may be
numerous. The measurements of nuclear DNA content (A. castellanii Neff
strain, belonging to the T4 genotype) showed a total DNA content of 10° bp.
Measurements of kinetic complexity suggest a haploid genome size of about
4-5 X 107 bp (Byers et al., 1990). Pulse field gel electrophoresis suggests a
genome of around 2.3-3.5 X 107 bp, which express more than 5000 tran-
scripts. For comparison, the haploid genome size of Saccharomyces is
around 2 X 107 bp, and Dictyostelium is around 5 X 107 bp (reviewed in
Byers et al., 1990).

3.7 Methods of isolation

In natural environments, Acanthamoeba feeds on yeasts, other protozoa,
bacteria, small organisms and organic particles. Any of the aforementioned
can be used as growth substrates for Acanthamoeba in the laboratory but
there are some technical problems. For example, the use of yeast and proto-
zoa as growth substrates is problematic due to complexity in their prepara-
tions, their possible overwhelming growth and the difficulty in eradicating
yeast to obtain pure axenic Acanthamoeba cultures. Organic matter such as
glucose, proteose peptone or other substrates provide rich nutrients for
unwanted organisms, for example yeasts, fungi, other protozoa and bacte-
ria. To overcome these technical problems and to maximize the likelihood
of Acanthamoeba isolation from the environmental as well as clinical
samples, protocols have been developed using simple plating assays as
described below. Both of the following methods can be used to obtain a
large number of Acanthamoeba trophozoites for biochemical studies.

Isolation of Acanthamoeba using non-nutrient agar plates

seeded with Gram-negative bacteria

This method has been used extensively in the isolation of Acanthamoeba
from both environmental and clinical samples, worldwide. The basis of this
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method is the use of Gram-negative bacteria (Escherichia coli or Enterobacter
aerogenes, are most commonly used) that are seeded on the non-nutrient
agar plate as a food source for Acanthamoeba. The non-nutrient agar con-
tains minimal nutrients and thus inhibits the growth of unwanted organ-
isms. Briefly, non-nutrient agar plates containing 1% (w/v) Oxoid no. 1 agar
in Page’s amoeba saline (PAS; 2.5 mM NaCl, 1 mM KH,PO,, 0.5mM Na,HPO,,
40 pM CaCl,.6H,0 and 20 uM MgSO,.7H,0) supplemented with 4% (w/v)
malt extract and 4% (w/v) yeast extract are prepared, and the pH adjusted to
6.9 with KOH. Approximately 5ml of late-log-phase cultures of Gram-
negative bacteria (E. coli or E. aerogenes) are poured onto non-nutrient agar
plates and left for 5min, after which excess culture fluid is removed and
plates are left to dry before their inoculation with an environmental sample
or a clinical specimen. Once inoculated, plates are incubated at 30°C and
observed daily for the presence of Acanthamoeba trophozoites (Khan and
Paget, 2002; Khan et al., 2001). Depending on the number of Acanthamoeba
in the sample, trophozoites can be observed within a few hours (up to 12 h).
However in the absence of amoebae, plates should be monitored for up to 7
days. Once bacteria are consumed, Acanthamoeba differentiates into the
characteristic cyst (Figure 4). The precise understanding of bacterial prefer-
ence by Acanthamoeba, that is Gram-negative versus Gram-positive bacteria,
or why E. coli or E. aerogenes are used most commonly as food substrate, and
whether bacterial preferences vary between Acanthamoeba isolates belong-
ing to different species/genotypes are questions for future studies.

‘Axenic’ cultivation of Acanthamoeba

Acanthamoeba can be grown ‘axenically’ in the absence of external live food
organisms. This is typically referred to as ‘axenic culture’ to indicate that no
other living organisms are present. However, Acanthamoeba cultures may
never be truly axenic as they may contain live bacteria or viruses surviving
internally as endosymbionts. Under laboratory conditions, axenic growth is
achieved using liquid PYG medium proteose peptone 0.75% (w/v), yeast
extract 0.75% (w/v) and glucose 1.5% (w/v). Briefly, non-nutrient agar
plates overlaid with bacteria are placed under ultraviolet light (UV) for
15-30min to kill the bacterial lawn. A small piece of non-nutrient agar
(stamp-sized) containing amoebic cysts is placed on plates containing these
UV-killed bacteria. When amoebae begin to grow, a stamp-sized piece of the
agar containing trophozoites or cysts is transferred into 10ml sterile PYG
medium containing antibiotics (penicillin and streptomycin). The
Acanthamoeba switch to the PYG medium as a food source, and their mul-
tiplication can be observed within several days. Once multiplying in PYG
medium, Acanthamoeba are typically grown aerobically in tissue-culture
flasks with filter caps at 30°C in static conditions. The trophozoites adhere to
the flask walls and are collected by chilling the flask for 15-30 min, followed
by centrifugation of the medium containing the cells.
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3.8 Methods of encystment

Both xenic and axenic methods have been developed to obtain
Acanthamoeba cysts. For xenic cultures, Acanthamoeba are inoculated
onto non-nutrient agar plates seeded with bacteria as described above.
Plates are incubated at 30°C until the bacteria are cleared and trophozoites
have transformed into cysts. Cysts can be scraped off the agar surface using
phosphate-buffered saline (PBS) and used for assays. This resembles the
most likely natural mode of encystment and can be very effective, achiev-
ing up to 100% encystment. However, one major limitation may be the
presence of bacterial contaminants that could hamper molecular and bio-
chemical studies. Alternatively, at least for pathogenic Acanthamoeba (T4
genotype), parasites are inoculated onto non-nutrient agar plates without
bacterial lawns. This will allow rapid transformation of trophozoites into
cysts and can be considered as an axenic method of encystment.
Alternatively, for axenic encystment, Acanthamoeba are grown in PYG
medium for 17-20 h. After this, encystment can be induced by incubating
amoebae in Neff’s encystment medium [100mM KCl, 8mM MgSO,,
0.4mM CaCl,, 20 mM 2-amino-2-methyl-1,3-propanediol (AMPL), pH 9.0;
Neff et al., 1964); Tris-buffered encystment medium (95mM NaCl, 5 mM
KCl, 8 mM MgSO,, 0.4 mM CaCl,, 1 mM NaHCO,, 20 mM Tris-HCI, pH 9.0;
Hirukawa et al., 1998); or by adding 8% glucose (as an osmolarity trigger) in
RPMI 1640 (Invitrogen). Plates are incubated at 30°C for up to 48 h. To con-
firm transformation of trophozoites into cysts, sodium dodecyl sulfate
(SDS, 0.5% final concentration) is added: trophozoites are SDS-sensitive
and any remaining are lysed immediately upon addition of SDS, while cysts
remain intact (Cordingley et al., 1996; Dudley et al., 2005). This method
allows the simple counting of cysts using a hemocytometer and is useful in
studying the process of encystment.

3.9 Storage of Acanthamoeba

For short-term storage, Acanthamoeba are maintained on non-nutrient
agar plates. Plates inoculated with Acanthamoeba can be kept at 4°C under
moist conditions for several months or as long as plates are protected from
drying out. Cysts can be re-inoculated into PYG medium in the presence of
antibiotics to obtain axenic cultures as described above. Alternatively,
Acanthamoeba trophozoites can be stored as axenic cultures, long-term.
Briefly, log-phase amoebae (actively dividing) are re-suspended at a den-
sity of 3-5 X 108 parasites ml™! in freezing medium (PYG containing 10%
dimethylsulfoxide, DMSO; John and John, 1994). Finally cultures are trans-
ferred to —20°C for around 2h, followed by their storage at —70°C or in
liquid nitrogen indefinitely. Acanthamoeba cultures can be revived by
thawing at 37°C, followed by immediate transfer to PYG medium in a T-75
flask at 30°C. However, the inclusion of 20% fetal bovine serum in freezing
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medium has been shown to improve the revival viability of Acanthamoeba
in long-term storage (John and John, 1994).

3.10 Classification of Acanthamoeba

Following the discovery of Acanthamoeba, several isolates belonging to the
genus Acanthamoeba with distinct morphology were isolated and given
different names based on the isolator, source, or other criteria. In an
attempt to organize the increasing number of isolates belonging to this
genus, Pussard and Pons (1977) classified this genus based on morpholog-
ical characteristics of the cysts, which were the most appropriate criteria at
the time. The genus Acanthamoeba was classified into three groups based
only on two obvious characters: cyst size and number of arms within a
single cyst (Figure 4). Based on this scheme, Pussard and Pons (1977)
divided the Acanthamoeba genus (18 species at the time) into three groups.
Subsequently, the classification of Pussard and Pons gained acceptance
(De Jonckheere, 1987; Page, 1988).

Group 1: Four species were placed in this group: A. astronyxis, A. coman-
doni, A. echinulata and A. tubiashi. These species exhibit large tropho-
zoites, while in the cyst, ectocyst and endocyst are widely separated and
exhibit the following properties:

1. Less than six arms with the average diameter of cysts at =18 pm:
A. astronyxis

2. 6-10 arms and the average diameter of cysts at =25.6 pm: A. comandoni

12-14 arms and the average diameter of cysts at =25 pm: A. echinulata

4. The average diameter of cysts at =22.6 um: A. tubiashi

w

Group 2: This group included 11 species, which are the most widespread
and commonly isolated Acanthamoeba. The ectocyst and endocyst may be
close together or widely separated. The ectocyst may be thick or thin and
the endocyst may be polygonal, triangular or round with the mean diameter
of 18 wm or less. The species included in this group were A. mauritaniensis,
A. castellanii, A. polyphaga, A. quina, A. divionensis, A. triangularis,
A. lugdunensis, A. griffini, A. rhysodes, A. paradivionensis and A. hatchetti.

Group 3: Five species were included in this group: A. palestinensis, A.
culbertsoni, A. royreba, A. lenticulata and A. pustulosa. The ectocyst in this
group is thin and the endocyst may have 3-5 gentle corners with the mean
cyst diameter at <18 pwm.

Later, A. tubiashi in group 1 and A. hatchetti in group 2 were added by
Visvesvara (1991).

From the above, it is obvious that the identification of the various
species of Acanthamoeba by morphological features alone is problematic.
In addition, several studies have demonstrated inconsistencies and/or
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variations in the cyst morphology belonging to the same isolate/strain. For
example, Sawyer discovered that the ionic strength of the growth medium
could alter the shape of the cyst walls (Sawyer, 1971), thus substantially
reducing the reliability of cyst morphology as a taxonomic characteristic.
Furthermore, this scheme had limited value in associating pathogenesis
with a named species. For example, several studies demonstrated that
strains/isolates within A. castellanii can be virulent, weakly virulent or avir-
ulent. This discrepancy in assigning an unambiguous role to a given
species presented a clear but urgent need to reclassify this genus. The dis-
covery of advanced molecular techniques led to the pioneering work of the
late Dr. T. Byers (Ohio University, USA) in the classification of the genus
Acanthamoeba based on ribosomal RNA (rRNA) gene sequences. Because
life evolved in the sea, most likely through self-replicating RNA as the
genetic material or as common ancestor, and evolved into diverse forms, it
is reasonable to study the evolutionary relationships through such
molecules, that is rRNA. In addition, this is a highly precise, reliable, and
informative scheme. Each base presents a single character providing an
accurate and diverse systematic. Based on rRNA sequences, the genus
Acanthamoeba is divided into 15 different genotypes (T1-T15, Table 1;
Schuster and Visvesvara, 2004). Each genotype exhibits 5% or more
sequence divergence between different genotypes. Note that in a recent
study, Maghsood et al. (2005) proposed to subdivide T2 into a further two
groups, T2a and T2b. This is due to the sequence dissimilarity of 4.9%
between these two groups, which is very close to the current cut-off limit of
5% between different genotypes. This should help differentiate pathogenic
and nonpathogenic isolates within this genotype. With the clear advantage
of the rRNA sequences over morphology-based classification, an attempt is
made to refer to the genotype rather than species name wherever possible
in this chapter. Based on this classification scheme, the majority of human
infections due to Acanthamoeba have been associated with the T4
genotype. For example, nearly 90% of Acanthamoeba keratitis cases have
been linked with this genotype. Similarly, T4 has been the major genotype
associated with non-keratitis infections such as Acanthamoeba granulo-
matous encephalitis (AGE) and cutaneous infections. Moreover, recent
findings suggest that the abundance of T4 isolates in human infections is
most likely due to their greater virulence and/or properties that enhance
their transmissibility, as well as their decreased susceptibility to
chemotherapeutic agents (Maghsood et al., 2005). Future studies will
identify virulence traits and genetic markers limited only to certain geno-
types, which may help clarify these issues. A current list of genotypes and
their association with human infections is presented in Table 1. With
increasing research interest in the field of Acanthamoeba and the
worldwide availability of advanced molecular techniques, undoubtedly
additional genotypes will be identified. These studies will help clarify the
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Table | Known Acanthamoeba genotypes and their associations with the
human diseases, keratitis and granulomatous encephalitis

Acanthamoeba genotypes Human disease association
TI Encephalitis

T2a? Keratitis

T2b? — ccap|501/3c-alike sequences NA

T3 Keratitis

T4b Encephalitis, keratitis
T5 Keratitis

Té Keratitis

T7 NA

T8 NA

T9 NA

TIO Encephalitis

Tl Keratitis

TI2 Encephalitis

TI3 NA

T4 NA

TI5 NA

2 Basis of T2 division into T2a and T2b has been proposed by Maghsood et al. (2005).
b This genotype has been most associated with both diseases.
NA — no disease association has been found yet.

role of Acanthamoeba within the ecosystem, in bacterial symbiosis, as well
as in causing primary and secondary human infections.

3.1 Human infections

Acanthamoeba causes two well-recognized diseases that are major prob-
lems in human health: a rare AGE involving the central nervous system
(CNS) that is limited typically to immunocompromised patients and
almost always results in death, and a painful keratitis that can result in
blindness.

4 Acanthamoeba keratitis

First discovered in the early 1970s, Acanthamoeba keratitis has become a
significant ocular infection due to microbes. A key predisposing factor in
Acanthamoeba keratitis is the use of contact lenses exposed to contami-
nated water (Figure 5), but the precise mechanisms associated with this
process are not fully understood. Overall this is a multifactorial process
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Figure 5 Acanthamoeba keratitis has become a significant problem in recent
years, especially in contact-lens wearers exposed to contaminated water.

that involves: (i) contact lens wear for extended periods of time, (ii) lack of
personal hygiene, (iii) inappropriate cleaning of contact lenses, (iv) biofilm
formation on contact lenses, and (v) exposure to contaminated water. For
example, Beattie et al. (2003) have shown that Acanthamoeba exhibits
higher binding to used contact lenses as compared with unworn contact
lenses. Tests on used contact lenses showed the presence of saccharides,
including mannose, glucose, galactose, fucose, N-acetyl-D-glucosamine,
N-acetyl-D-galactosamine and N-acetyl neuraminic acid (sialic acid), and
proteins, glycoproteins, lipids, mucins, polysaccharides, calcium, iron,
silica, magnesium, sodium, lactoferrin, lysozyme and immunoglobin (Ig)
molecules (Gudmundsson et al., 1985; Klotz et al., 1987; Tripathi and
Tripathi, 1984) on the surface of contact lenses after only 30 min of contact
lenses wear. These may act as receptors for Acanthamoeba trophozoites
and/or enhance parasite ability to bind to contact lenses. For example,
Acanthamoeba expresses a mannose-binding protein (MBP) on its surface,
which specifically binds to mannose residues. This may explain the ability
of Acanthamoeba to exhibit higher binding to used rather than unworn
contact lenses (Beattie et al., 2003).

Alternatively, biofilm formation on contact lenses may provide
increased affinity for Acanthamoeba. This is shown by increased
Acanthamoeba binding to biofilm-coated lenses as opposed to contact
lenses without biofilms (Beattie et al., 2003; Tomlinson et al., 2000).
Moreover, biofilms may enhance Acanthamoeba persistence during
contact lens storage/cleaning as well as providing nutrients for
Acanthamoeba.
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Once an Acanthamoeba-contaminated lens is placed over the cornea,
parasites transmit to the cornea. Acanthamoeba transmission onto the
cornea is dependent on the virulence of Acanthamoeba (discussed later)
and the physiological status of the cornea. For example, several studies
showed that corneal trauma is a prerequisite in Acanthamoeba keratitis in
vivo, and animals with intact corneas (i.e., epithelial cells) do not develop
this infection (Niederkorn et al., 1999). Corneal trauma followed by expo-
sure to contaminated water, soil, or vector (inert objects or biological) is
sufficient to contract amoebae resulting in Acanthamoeba keratitis and is
the most likely cause of Acanthamoeba keratitis in contact lens non-
wearers (Sharma et al., 1990). The requirement of corneal trauma can be
explained by the fact that the expression of Acanthamoeba-reactive glyco-
protein(s) on damaged corneas is 1.8 times higher than on the healthy
ones, suggesting that corneal injury contributes to Acanthamoeba infec-
tion (Jaison et al., 1998). Future studies should determine whether corneal
injury simply exposes mannose-containing glycoprotein(s), providing
additional binding sites for Acanthamoeba, or whether the expression of
mannose glycoprotein(s) is generally higher on the healing corneal epithe-
lial cells. It is important to note that Acanthamoeba must be present in the
trophozoite stage to bind to human corneal epithelial cells. Recent studies
have shown that Acanthamoeba cysts do not bind to human corneal
epithelial cells, indicating that cysts are a noninfective stage (Dudley et al.,
2005; Garate et al., 2006).

4.1 Epidemiology

Originally thought to be a rare infection, Acanthamoeba keratitis has
become increasingly important in human health. This is due to increased
awareness and the availability of diagnostic methods. Over the last few
decades, it has become clear that users of contact lenses are at increased
risk of corneal infections. For example, contact-lens wearers are 80-fold
more likely to contract corneal infection than those who do not (Alvord
et al., 1998; Dart et al., 1991). The incidence rate of microbial keratitis in
users of extended-wear contact lenses is determined at 20.9 per 10000
wearers per annum in the USA (Poggio et al., 1989). Similar findings have
been reported from Sweden (Nilsson and Montan, 1994), Scotland (Seal
etal., 1999) and the Netherlands (Cheng et al., 1999). By the late 1990s there
were approximately 70 million people throughout the world wearing con-
tact lenses (Barr, 1998) and, with their wider potential application beyond
vision correction, such as UV protection and cosmetic purposes, this num-
ber will undoubtedly rise. With an increasing number of people wearing
contact lenses, it is important to assess any associated risks, and to make
both existing and new users aware. Among other microbial agents, bacte-
ria including Pseudomonas and Staphylococcus, fungi including Fusarium,
and protozoa including Acanthamoeba, are the major causes of corneal
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infections in the users of contact lenses. The incidence rate of
Acanthamoeba keratitis varies between different geographical locations.
For example, in Hong Kong, an incidence rate of 0.33 per 10000
contact-lens wearers is reported, 0.05 per 10 000 in Holland, 0.01 per 10 000
in the USA (Stehr-Green et al., 1989), 0.19 per 10000 in England (Radford
et al., 2002), and 1.49 per 10000 in Scotland (Lam et al., 2002; Seal et al.,
1999). However, these variations do not reflect the geographical distribu-
tion of Acanthamoeba, but perhaps due to extended wear of soft contact
lenses, lack of awareness of the potential risks associated with wearing
contact lenses, enhanced detection, and/or local conditions that promote
the growth of pathogenic Acanthamoeba only, for example, water hardness
or salinity.

4.2 Pathophysiology

The onset of symptoms can take from a few days to several weeks, depend-
ing on the inoculum size of Acanthamoeba and/or the extent of corneal
trauma. During the course of infection, symptoms may vary depending on
the clinical management of the disease. Most commonly, Acanthamoeba
keratitis is associated with considerable production of tears, epithelial
defects, photophobia which leads to inflammation with redness, stromal
infiltration, edema, stromal opacity together with excruciating pain due to
radial neuritis (with suicidal pain), epithelial loss and stromal abscess for-
mation with vision-threatening consequences (Figure 6). Other symptoms
may involve scattered subepithelial infiltrates, anterior uveitis, stromal
perforation, and the presence of scleral inflammation. Secondary infection
due to bacteria may additionally complicate the clinical management of
the disease. Glaucoma is commonly reported, and occasionally posterior
segment signs such as nerve edema, optic atrophy and retinal detachment
are observed. In untreated eyes, blindness may eventually result as the
necrotic region spreads inwards (Niederkorn et al., 1999).

4.3 Clinical diagnosis

The clinical diagnosis of Acanthamoeba keratitis includes both clinical syn-
dromes and/or demonstration of the presence of amoebae (Martinez and
Visvesvara, 1991). In the majority of cases, this infection is misdiagnosed as
Herpes simplex virus or adenovirus infection. The clinical symptoms are
indicated above, but the use of contact lenses by the patient, together with
excruciating pain, is strongly indicative of Acanthamoeba keratitis. The
confirmatory evidence comes from the isolation of Acanthamoeba from
the corneal biopsy. To this end, several methods are available. For example,
light microscopy has been used for rapid identification of Acanthamoeba
on contact lenses, in lens-case solution, or in corneal biopsy specimens
(Epstein et al., 1986). Winchester et al. (1995) demonstrated the use of
noninvasive confocal microscopy to aid in the diagnosis of Acanthamoeba
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Figure 6 Acanthamoeba-infected eye. Note the ulcerated epithelium and stromal
infiltration exhibiting corneal opacity in acute Acanthamoeba keratitis (published
with permission from Elsevier).

keratitis. Confocal microscopy has the advantage over conventional optical
microscopy in that it can image layers within the substance of a specimen
of substantial thickness, so it is effective in imaging the cornea. Such
microscopic identification based on morphological characteristics
requires skill and the use of robust keys for identification. The examiners
must have familiarity with the morphological characteristics of
Acanthamoeba species otherwise diagnosis may require histological exam-
ination of material obtained by corneal biopsy or keratoplasty.

PCR-based methods using the 18S rRNA gene have also been developed
for the rapid detection of Acanthamoeba. This method is highly specific and
can detect fewer than five cells (Khan et al., 2001, 2002; Lehmann et al., 1998;
Schroeder et al., 2001). Despite the development of microscopic and molec-
ular-based approaches, cultivation of Acanthamoeba from corneal biopsy
specimens or from contact lenses or lens cases remains the most widely used
assay in clinical settings because it is simple, inexpensive, and there is no loss
of cells during centrifugation and/or washing steps. This method provides
large numbers of Acanthamoeba, which could be used for typing, sequencing,
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epidemiological studies or pathogenicity assays. Briefly, specimens (contact
lenses or corneal biopsy specimens) are inoculated onto non-nutrient agar
plates seeded with Gram-negative bacteria. Plates are incubated at 30°C and
observed daily for the presence of Acanthamoeba as described in section 3.7.
Acanthamoeba can be identified at the genus level, based on the morpholog-
ical characteristics of trophozoites and cysts using a phase-contrast
microscope (Figure 7) or PCR-based assays as described above.

In addition, recent studies have suggested that matrix-assisted laser
desorption-ionization time of flight MS (MALDI-TOF-MS) may be of
potential value in the rapid identification of Acanthamoeba in clinical
specimens (Visvesvara et al., 2007). This method has been used to identify
and characterize protists at the strain level within 15 min, based on protein
profiles (Moura et al., 2003).

4.4 Host susceptibility

Previous studies have demonstrated clearly the host specificity in
Acanthamoeba keratitis. For example, successful Acanthamoeba keratitis
models that mimic the human form of the disease were only produced in pigs
and Chinese hamsters, not in rats, mice or rabbits, suggesting that the expres-
sion of specific molecular determinants may be limited to certain mam-
malian species (reviewed in Niederkorn et al., 1999). Even in susceptible
species, corneal injury is a prerequisite for Acanthamoeba keratitis, and ani-
mals that have intact epithelial layers do not develop Acanthamoeba keratitis
(Niederkorn et al., 1999). The importance of corneal injury is demonstrated
further by reports that injury to the surface of the cornea, even with only a
splash of Acanthamoeba-contaminated water, can lead to Acanthamoeba ker-
atitis in individuals who do not wear contact lenses (Sharma et al., 1990). It
has been shown that the expression of Acanthamoeba-reactive glycopro-
tein(s) on surface-damaged corneal epithelial cells is significantly higher than
on the surface of normal corneal epithelial cells, suggesting that corneal
injury contributes markedly to Acanthamoeba keratitis (Jaison et al., 1998). In
addition, it may be that some individuals lack antiacanthamoebic defense
determinants in tear film (discussed in section 9.1) or exhibit corneal proper-
ties both at the surface and molecular level which could render the cornea
more susceptible to Acanthamoeba keratitis.

4.5 Risk factors

Asindicated earlier, the major risk factor for Acanthamoeba keratitis is poor
hygiene in the use of contact lenses (Figure 8). In support of this statement,
more than 85% of Acanthamoeba keratitis cases occur in wearers of contact
lenses. However, this may be associated with individual behavior. For
example, Acanthamoeba keratitis has been associated frequently with
young males (Niederkorn et al., 1999), which could be due to their poor
personal hygiene, poor handling and care of their lenses or lens storage
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(D)

Figure 7 (A) Acanthamoeba cysts under phase-contrast microscope. (i) Non-
nutrient agar plates exhibiting Acanthamoeba cysts. (ii) Acanthamoeba cysts were
collected from non-nutrient agar plates using PBS and observed under the phase-
contrast microscope. Note cysts formed clusters in PBS X250. (B) Acanthamoeba
trophozoites on non-nutrient agar plates observed under phase-contrast
microscope. Note the characteristic contractile vacuole in Acanthamoeba tropho-
zoites X250. (C) Acanthamoeba trophozoite binding to glass cover slips observed
under scanning electron microscope. Note the large number of acanthopodia on
the surface of A. castellanii trophozoites belonging to the T4 genotype. (D)
Acanthamoeba binding to corneal epithelial cells. A. castellanii (T4 isolate) were
incubated with corneal epithelial cells, followed by several washes, and observed
under scanning electron microscope. Note that parasites were able to bind to the
host cells and binding was mediated by the acanthopodia. A, amoeba; E, corneal
epithelial cell.
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Figure 8 The risk factors contributing to Acanthamoeba keratitis: (A) swimming,
especially while wearing contact lenses; (B) washing eyes during or immediately
after contact-lens wear; (C) working with soil and rubbing eyes; (D) water-related
activities (splashing water), especially during or immediately after contact lens
wear; (E) handling contact lenses without proper hand washing; (F) use of
homemade saline (or even chlorine-based disinfectants) for contact-lens cleaning.

cases, and noncompliance with disinfection procedures such as using home-
made saline. Contact lenses that have been scratched or fragmented through
mishandling should not be used. Additional factors are swimming or washing
the eyes while wearing contact lenses, and the use of chlorine-based disinfec-
tants for contact lens cleaning, because Acanthamoeba are highly resistant
to chlorine. In addition, Acanthamoeba exhibits significantly higher bind-
ing to silicone hydrogel contact lenses than to the conventional hydrogel
contact lenses (Beattie et al., 2003), suggesting that polymer characteristics
of the lens or surface treatment procedures may increase the risk of
Acanthamoeba keratitis. Thus, the extended wear of lenses without proper
maintenance and recommended replacement, together with the lens type,
can be important risk factors for Acanthamoeba keratitis.

Overall, these characteristics suggest that although the intact cornea is
highly resistant to Acanthamoeba infection, corneal trauma (microscopic
defects) followed by exposure to contaminated water (during swimming,
eye washing, water splash), dust, vegetable matter or any foreign particle
are important risk factors associated with Acanthamoeba keratitis.
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Because Acanthamoeba is ubiquitously present in water, air, the water-air
interface and soil, susceptible hosts should be warned of the risks associated
with the wearing of contact lenses while swimming or bathing/washing, and
cleaning lenses with homemade saline, and so on. Proper cleaning of the
contact lenses is crucial to prevent this devastating infection. Chlorine-based
cleaning solutions should not be used, because Acanthamoeba are highly
resistant to chlorine but a two-step hydrogen peroxide system at the concen-
tration of 3% is highly effective against cysts and trophozoites (Beattie et al.,
2002). In addition, strategies and/or control measures to reduce the forma-
tion of biofilms and the build-up of carbohydrate moieties on contact lenses
should help to prevent this serious infection (Table 2).

Table 2 Risk factors associated with Acanthamoeba infections

No. Risk factors associated with Acanthamoeba keratitis

I Handling of contact lenses (CL) with unclean hands

2 Washing CL with homemade saline/tap water

3 CL wear for more than recommended times

4 CL wear during swimming, performing water sport activities or relaxing
in a hot tub

5 Washing eyes and/or swimming with corneal trauma — splashing eyes
with contaminated water

6 Re-using CL without proper cleaning

7 Incubating CL in disinfectants for less than recommended times

8 Chlorine-based disinfectants are less effective in killing Acanthamoeba

No. Risk factors associated with Acanthamoeba encephalitis

I HIV/AIDS patients are particularly at risk

2 Individuals with lymphoproliferative disorders, hematologic disorders,
diabetes mellitus, pneumonitis, renal failure, liver cirrhosis, rhinitis,
pharyngitis, gammalobulinemia, pregnancy, systemic lupus erythematosus,
glucose-6-phosphate deficiency, and tuberculosis are at risk

3 Alcohol abuse

4 Organ/tissue transplantation with immunosuppressive therapy

5 Excessive use of steroids or antibiotics

6 For all of the above, exposure to contaminated soil/water are potential
risk factors

7 For all of the above, activities which may result in skin cuts/bruises

followed by exposure to contaminated soil/water are potential risk
factors




30 Emerging Protozoan Pathogens

4.6 Treatment

Acanthamoeba keratitis is a difficult infection to treat. Early diagnosis fol-
lowed by aggressive treatment is essential for the successful prognosis of
the infection (Perez-Santonja et al., 2003). The recommended treatment
regimen includes a biguanide (0.02% polyhexamethylene biguanide,
PHMB, or 0.02% chlorhexidine digluconate, CHX) together with a diami-
dine (0.1% propamidine isethionate, also known as Brolene, or 0.1% hexa-
midine, also known as Desomedine). If bacteria are also associated and/or
suspected with the infection, the addition of antibiotics, for example
neomycin or chloramphenicol, is recommended. The initial treatment
involves hourly topical application of drugs, day and night for 2-3 days, fol-
lowed by hourly topical application during the day for a further 3—4 days.
Subsequently, application is reduced to 2-hourly application during the
day for up to a month. This is followed by application six times a day, for the
next few months for up to a year. This clearly presents an appreciable social
and economic burden due to this infection. Persistent inflammation and
severe pain may be managed by topical application of steroids, such as
0.1% dexamethasone, together with pain killers. However, it should be
noted that dexamethasone causes a significant increase in the proliferation
of amoebae numbers and increases severity in Acanthamoeba keratitis in
an in vivo model (McClellan et al., 2001). Thus prolonged application of
steroids should be carried out with care. This aggressive, complicated and
prolonged management is required because of the ability of Acanthamoeba
to adapt rapidly to harsh conditions and to switch to the resistant cyst
form, and because of the lack of available methods for the targeted killing
of both trophozoites and cysts. The presence of antibiotics (neomycin or
chloramphenicol) limits possible bacterial infection, as well as eliminating
afood source for Acanthamoeba. As a last resort a keratoplasty may be indi-
cated, especially in drug-resistant cases. In the case of penetrating kerato-
plasty, to obtain rehabilitation due to corneal scarring, topical treatment
with the above is essential as a first measure. Rejection can occur, but is
rare. Recurrence of infection does occur even though it is recommended
that topical treatment continues for up to a year post operatively, as cysts
may survive in the acceptor cornea.

5 Acanthamoeba granulomatous encephalitis

Acanthamoeba granulomatous encephalitis (AGE) is a rare infection but it
almost always proves fatal. The mechanisms associated with the pathogen-
esis are unclear; however the pathophysiological complications involving
the CNS most likely include induction of the pro-inflammatory responses,
invasion of the blood-brain barrier and the connective tissue and neuronal
damage leading to brain dysfunction. The routes of entry include the lower
respiratory tract, leading to amoebae invasion of the intravascular space,
followed by the hematogenous spread. Skin lesions may provide direct
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amoebae entry into the bloodstream, thus bypassing the lower respiratory
tract (Figure 9). Amoebae entry into the CNS most likely occurs at the sites
of the blood-brain barrier (Martinez, 1985, 1991). The cutaneous and respi-
ratory infections can last for months but the involvement of the CNS can
result in fatal consequences within days or weeks. In addition, the olfactory
neuroepithelium provides another route of entry into the CNS and has
been studied in experimental models (Martinez, 1991; Martinez and
Visvesvara, 1997; Figure 9).

5.1 Epidemiology

The epidemiology of AGE is rather confusing. The fact that normally this
infection is secondary, makes diagnosis difficult and thus contributes to
our inability to assess the actual number of AGE infections. Perhaps the
number of AGE cases in HIV patients, although not completely accurate,
may indicate the real burden of this infection. This has only been made
possible by the pioneering work of G. S. Visvesvara (Center for Disease
Control, USA) and the late Dr. A. ]J. Martinez (University of Pittsburgh
School of Medicine, USA). In the USA, there were approximately 350 000
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Figure 9 The model of Acanthamoeba granulomatous encephalitis. Acanthamoeba
are thought to enter lungs via the nasal route. Next, amoebae traverse the lungs
into the bloodstream, followed by hematogenous spread. Finally, Acanthamoeba
crosses the blood-brain barrier (BBB) and enters into the central nervous system
(CNS) to produce disease. It is noteworthy that Acanthamoeba may bypass the
lower respiratory tract and directly enter into the bloodstream via skin lesions. The
olfactory neuroepithelium may provide an alternative route of entry into the CNS.
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deaths due to HIV/AIDS during 1981-1996 with the highest mortality dur-
ing the mid 1990s: 49000 in 1994 and 50000 in 1995, which declined to
39000 in 1996 (Heath et al., 1998; Center for Disease Control,
www.cdc.gov). Over a similar period, the number of AGE deaths in
HIV/AIDS patients was approximately 55 (Martinez and Visvesvara, 1997).
Thus, the approximate rate can be calculated as 1.57 AGE deaths per 10 000
HIV/AIDS deaths in the USA, even though the number of AGE infections
may be much higher in countries with warmer climates due to increased
ubiquity and/or increased outdoor activities. At present, the estimated
worldwide number of HIV/AIDS patients is a massive 40-45 million (as of
2005) and continues to rise sharply.

Hypothetically, this figure represents the number of AGE-susceptible
hosts. If this is so, then why are there not a large number of AGE infections?
There could be several explanations for this. At least for the USA, the num-
ber of deaths due to HIV/AIDS has been declining since the late 1990s:
22000 deaths in 1997 and 18000 deaths in 2003 (Heath et al., 1998; CDC),
thus reducing the number of AGE-susceptible hosts. This decline in
HIV/AIDS deaths in the USA is attributed to early diagnosis followed by the
introduction of novel antiretroviral therapies, that is, highly active
antiretroviral therapy (HAART), which was first introduced in 1996. As well
as improving AIDS symptoms, HAART has protective effects against
Acanthamoeba and other opportunistic pathogens (Carter et al., 2004;
Pozio and Morales, 2005; Seijo Martinez et al., 2000). However, these
therapies are not available to the majority of HIV/AIDS patients in the
less-developed or developing countries in other parts of the world. Thus
the approximate rate of 1.57 AGE infections per 10 000 HIV/AIDS deaths in
such countries may provide only a minimum estimate of the burden of AGE
infections. The fact that AGE cases are not being reported in developing
countries (especially in Africa) is due to the lack of expertise, reporting
problems, lack of proper monitoring and the lack of proper health care
systems.

Of interest, there were 5 million new reported cases of HIV/AIDS in 2003
alone (approximately 14000 infections per day), while 3 million deaths
occurred due to HIV/AIDS-related diseases (approximately 8500 deaths
per day), mostly in Africa (even though there hasn't been a single reported
case of AGE in Africa). And applying 1.57 AGE deaths per 10 000 HIV/AIDS
deaths, the total number of AGE infections in 2003 can be estimated at
approximately 471. Although this number is significantly less than the
3 million deaths in total, AGE is certainly a contributing factor in AIDS-
related deaths and needs continued attention. Moreover, other conditions
such as diabetes, malignancies, malnutrition, alcoholism, or having a
debilitated immune system due to immunosuppressive therapy or other
complications may all contribute to AGE infections.
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5.2 Pathophysiology

The clinical symptoms may resemble viral, bacterial or tuberculosis
meningitis: headache, fever, behavioral changes, hemiparesis, lethargy,
stiff neck, aphasia, ataxia, vomiting, nausea, cranial nerve palsies,
increased intracranial pressure, seizures, and death. These are due to
hemorrhagic necrotizing lesions with severe meningeal irritation and
encephalitis (Figure 10; Martinez, 1985, 1991). Patients with respiratory
infections, skin ulcerations or brain abscesses should be strongly sus-
pected of infections due to free-living amoebae. Post mortem examination
often shows severe edema and hemorrhagic necrosis. It is not known
whether this necrotic phase is caused by actively feeding trophozoites or
inflammatory processes such as the release of the cytokines. The lesions
due to AGE are most numerous in the basal ganglia, midbrain, brainstem,
and cerebral hemiparesis with characteristic lesions in the CNS
parenchyma resulting in chronic granulomatous encephalitis. A
granulomatous response may be absent or minimal in patients with a
severely impaired immune system that is interpreted as impairment of
the cellular immune response (Martinez et al., 2000). The affected tissues
other than the CNS may include subcutaneous tissue, skin, liver, lungs,
kidneys, adrenals, pancreas, prostate, lymph nodes, and bone marrow.

5.3 Diagnosis

Due to the rarity of the disease and complicated symptoms, which are com-
mon to other pathogens causing CNS infections, the diagnosis of AGE is
problematical. The symptoms may be similar to other CNS pathogens

Figure 10 Acanthamoeba-infected brain exhibiting the severity of the disease.
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including viruses, bacteria and fungi. This makes AGE diagnosis difficult
and requires very high suspicion and expertise. Brain image analyses using
computed tomography (CT) or magnetic resonance imaging (MRI) scan
may show multifocal areas of signal intensities or lesions indicating brain
abscess or tumors suggestive of the CNS defects. The cerebrospinal fluid
(CSF) findings, although not confirmatory of AGE, are suggestive of CNS
involvement. Pleocytosis with lymphocytic predominance is an important
feature with elevated polymorphonuclear leukocytes, increased protein
concentrations, decreased glucose concentrations and minimal cloudiness.
The absence of viral and bacterial pathogens should be strongly suggestive
of AGE. Due to the low density of parasites, the detection of host immune
response should be attempted primarily. The demonstration of high levels
of Acanthamoeba-specific antibodies in the patient’s serum may provide a
useful and straightforward method to further suspect AGE infection. This is
performed by indirect immunofluorescence (IIF) assays. The serial dilutions
of the patient’s serum are incubated with fixed Acanthamoeba-coated slides
(preferably T1, T4, T12 isolates as they have been shown to cause AGE
infections), followed by incubation with fluorescein isothiocyanate (FITC)-
labeled antihuman antibody and visualized under a fluorescent micro-
scope. It is important to remember that the levels of anti-Acanthamoeba
antibodies in normal populations may be in the range of 1:20 to 1:60 (Cerva,
1989; Cursons et al., 1980). However, patients with a severely impaired
immune system may not develop a high titer, thus other clinical findings
should be taken into account for the correct diagnosis.

The confirmatory evidence comes from direct microscopic observation of
Acanthamoeba in the CSF (after centrifugation at low speed) or in the brain
biopsy, but requires familiarity of morphological characters. Giemsa-Wright,
acridine orange or Calcofluor White staining may facilitate morphological-
based positive identification of these amoebae. The lack of familiarity with
Acanthamoeba morphological characteristics may require immunohisto-
chemical studies using antisera made against Acanthamoeba to identify the
etiologic agent, which should aid in the clinical diagnosis of AGE. It is helpful
to use a few drops of the CSF and/or a portion of brain biopsy for
Acanthamoeba culturing as described in section 3.7 (using non-nutrient agar
plates). Acanthamoeba uses bacteria as a food source, and depending on the
number of amoebae in the specimen, trophozoites can be observed within a
few hours (up to 12h). However in the absence of Acanthamoeba, plates
should be monitored for up to 7 days. This method is particularly useful if
problems are encountered in differentiating Acanthamoeba from monocytes,
polymorphonuclear leukocytes and macrophages. As indicated in section 4.3,
PCR-based methods have been developed but microscopy and plating-based
analysis remain methods of choice. As indicated earlier MALDI-TOF-MS may
be of potential value in the rapid identification of Acanthamoeba in clinical
specimens (Moura et al., 2003; Visvesvara et al., 2007).
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5.4 Host susceptibility

AGE is a rare disease that occurs mostly in immunocompromised or
debilitated patients due to HIV infection, diabetes, immunosuppressive
therapy, malignancies, malnutrition, and alcoholism, usually as a secondary
infection. This is due to the inability of Acanthamoeba to evade the immune
system of immunocompetent individuals. Indeed, sera from healthy indi-
viduals exhibit amoebicidal activities by activating the alternative comple-
ment pathway. Of interest, protozoan parasites with the ability to evade the
host immune system possess sialic acid on the surface of their plasma
membranes, which blocks alternative pathway convertase, or have a special
coat or a capsule. For example, variable surface glycoproteins (VSG) on the
surface of African Trypanosoma cover underlying components of the
plasma membrane, thus preventing activation of the alternative comple-
ment pathway. However, the plasma membrane of Acanthamoeba lacks
sialic acid (Korn and Olivecrona, 1971) or any protective coat or capsule
(Bowers and Korn, 1968) and thus the amoebae are exposed to comple-
ment-mediated attack in an antibody-independent pathway (Ferrante and
Rowan-Kelly, 1983). The presence of anti-Acanthamoeba antibodies in nor-
mal populations provides additional protection against these opportunistic
pathogens (Cursons et al., 1980).

Overall, complement pathways and their antibodies together with
neutrophils and macrophages show potent amoebalytic activities thus sup-
pressing infection. The conclusion from these findings is clear, in that a
debilitated immune status of the host is usually a prerequisite for AGE, but
the core basis of host susceptibility in contracting AGE requires further study
as it may involve other factors such as host ethnicity (i.e., genetic basis of the
host) or the inability of the host to induce a specific immune response
against these pathogens. Interestingly, in a study by Chappell ez al. (2001),
Hispanic subjects were 14.5 times less likely to be seropositive against a T4
isolate than Caucasians. But whether Hispanics may be more susceptible to
Acanthamoeba (T4 genotype) infections or they are simply exposed fre-
quently to Acanthamoeba (Hispanics form a major workforce in agriculture in
the USA), remains to be determined. Future studies will identify the precise
host factors that play an important role in controlling this fatal infection, and
may help develop therapeutic interventions for susceptible hosts.

5.5 Risk factors

Acanthamoeba granulomatous encephalitis is normally a secondary
infection to other primary diseases. Almost all reported cases have occurred
in immunocompromised patients due to HIV (AIDS patients), and/or in
individuals with lymphoproliferative disorders, hematologic disorders,
diabetes mellitus, pneumonitis, renal failure, liver cirrhosis, rhinitis,
pharyngitis, gammaglobulinaemia, pregnancy, systemic lupus erythemato-
sus, glucose-6-phosphate deficiency, tuberculosis, chronic alcoholism,
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malnourishment, chronic illness or debilitation, or undergoing radiother-
apy. Patients undergoing organ/tissue transplantation with immunosup-
pressive therapy, steroids and excessive antibiotics are also at risk (Table 2).
The risk factors for patients suffering from the above diseases include
exposure to contaminated water such as swimming pools, on beaches, or
working with garden soil (Fig. 8).

5.6 Treatment

For AGE, there are no recommended treatments and the majority of cases
due to this are identified, post-mortem. This is due to low sensitivity of
Acanthamoeba to many antiamoebic agents but, more importantly, the
inability of these compounds to cross the blood-brain barrier into the CNS.
Current therapeutic agents include a combination of ketoconazole, flu-
conazole, sulfadiazine, pentamidine isethionate, amphotericin B,
azithromycin, itraconazole, or rifampin that may be effective against CNS
infections due to free-living amoebae, but have severe side effects. Recent
studies have suggested that alkylphosphocholine compounds, such as
hexadecylphosphocholine, exhibit anti-Acanthamoeba properties as well
as the ability to cross the blood-brain barrier and thus may have value in
the treatment of AGE (Kotting et al., 1992; Walochnik et al., 2002). Further
studies are needed to determine their precise mode of action on
Acanthamoeba and to develop methods of application and, more impor-
tantly, to assess the success of these compounds in vivo. Even with
treatment, survivors may develop disability such as hearing loss, vision
impairment, and so on.

6 Cutaneous acanthamebiasis

Other infections due to Acanthamoeba involve nasopharyngeal and, more
commonly, cutaneous infections. The cutaneous infections are character-
ized by nodules and skin ulcerations and demonstrate Acanthamoeba
trophozoites and cysts. In the healthy individuals, these infections are very
rare and are self-limiting. However, in immunocompromised patients, this
may provide a route of entry into the bloodstream, followed by the
hematogenous spread to various organs/tissues, which may lead to fatal
consequences. The involvement of the CNS warrants death within weeks.
Both AGE and cutaneous infections can occur in combination or inde-
pendent of each other. The direct demonstration of amoebae in biopsy
using Calcofluor staining, ITF or PCR-based assays, or isolation of amoebae
from the clinical specimen using plating assays, provides positive diagno-
sis as described above. There is no recommended treatment, but topical
application of itraconazole, 5-fluorocytosine, ketoconazole and chlorohex-
idine may be of value.
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7 Pathogenesis

As indicated above, the ability of Acanthamoeba to produce keratitis is not
from mere exposure to the eye, but due to its virulent nature and tissue
specificities. For example, Gray et al. (1995) tested 101 contact-lens storage
cases of asymptomatic daily wearers for the presence of microbes and
found that 81% were contaminated with bacteria, fungi and protozoa
including Acanthamoeba. The occurrence of fungi was higher than proto-
zoa: 24 wversus 20% respectively, and significantly higher than
Acanthamoeba, 24 versus 8% respectively. Even though fungi rarely cause
corneal infections in wearers of contact lenses, this provides further
supporting evidence for the proposition that keratitis-causing microbes
possess specific virulence properties enabling them to become potential
ocular pathogens. Of interest, 75% of individuals in this study used hydro-
gen peroxide as a disinfectant for their lenses indicating the ability of
microbes to resist and survive the many available disinfection methods for
cleaning contact lenses. Indeed, these organisms identified as contami-
nants in the cases exhibit catalase activity, an enzyme that breaks down
hydrogen peroxide to oxygen and water (Gray et al., 1995). The pathogene-
sis of Acanthamoeba is highly complex and involves several determinants
working in concert to produce disease. The sequence of events, at least for
Acanthamoeba keratitis, involves breaching of the surface epithelium,
keratocyte depletion by Acanthamoeba, stromal necrosis, and induction of
an intense inflammatory response. For simplicity, in the following account
these factors are described separately as contact-dependent and contact-
independent mechanisms (Figure 11).

7.1 Contact-dependent factors

The ability of amoebae to bind to host cells is the first crucial step in the
pathogenesis of Acanthamoeba infections. This leads to secondary events
such as interference with host intracellular signaling pathways, toxin secre-
tions, and ability to phagocytose host cells, ultimately leading to cell death.

Mannose-binding protein

Morton et al. (1991) showed that the binding of Acanthamoeba to corneal
epithelial cells of rabbit is mediated by amoeba adhesin, an MBP expressed
on the surface of the parasite. The role of the MBP was subsequently estab-
lished with the discovery that it is important in parasite binding to various
cell types including rabbit corneal epithelial cells (Morton et al., 1991; Yang
et al., 1997), pig corneal epithelium (van Klink et al., 1992), Chinese ham-
ster corneal epithelium (van Klink et al., 1993), human corneal fibroblasts
(Badenoch et al., 1994), rat microglial cells (Shin et al., 2001), and human
corneal epithelial cells (Sissons et al., 2004a). Later, Alsam et al. (2003)
extended these to include human brain microvascular endothelial cells,



38 Emerging Protozoan Pathogens

Adhesion, i.e., MBP

Contact-dependent
( mechanisms

T Phagocytosis
Ecto-ATPases

!

\. Contact-independent
mechanisms

Direct virulence <

factors
Proteases

Phospholipases

Phenotypic switching
Morphology

Ubiquity Osmotolerance
Indirect virulence — Physiological tolerance { Temp. tolerance

factors Biofilms Growth at different pH
Chemotaxis
Drug resistance
Host factors

Figure 11 Direct and indirect virulence factors that contribute to

Acanthamoeba infections.

suggesting a possible role of MBP in AGE. It is not clear whether there are
other more specific mechanisms of amoebic binding to host cells, but at
least the initial binding seems to be dependent on the expression of MBP
and its binding to mannose-containing glycoproteins on the surface of the
host cell. Indeed, amoebae will bind even to mannose-coated tissue culture
plates (Yang et al., 1997). The significance of MBP is further shown by the
observation that it is expressed only during the infective trophozoite stage
of Acanthamoeba; cysts lack MBP and therefore cannot bind to the host
cells (Dudley et al., 2005; Garate et al., 2006). Garate et al. (2004) have iden-
tified a mbp gene in Acanthamoeba containing six exons and five introns
that spans 3.6 kb. The 2.5 kb cDNA codes for an 833 amino-acid precursor
protein with a signal sequence (residues 1-21 aa), an N-terminal extracel-
lular domain (residues 22-733 aa) with five N- and three O-glycosylation
sites, a transmembrane domain (residues 734-755 aa), and a C-terminal
intracellular domain (residues 756-833 aa; Garate et al., 2004).

Besides these studies, an understanding of the precise events in MBP
binding to mannose-containing glycoprotein and/or additional
Acanthamoeba determinants secondary to MBP should be a focus for
future studies. Of interest in this context, is a recently identified laminin-
binding protein from Acanthamoeba (Hong et al., 2004); laminin is a major
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mannosylated glycoprotein constituent of the extracellular matrix (ECM)
and the basement membrane of the host cells.

Host intracellular signaling in response to Acanthamoeba

The initial binding of Acanthamoeba to the surface of host cells interferes
with the host intracellular signaling pathways. Several studies have shown
that Acanthamoeba induces apoptosis in the host cells (Alizadeh et al.,
1994; Sissons et al., 2005). Apoptosis, or programmed cell death, is known
to be dependent on the host cell’s own signaling pathways, involving Ca?*
responses. Previous studies have shown that increase in cytosolic levels of
Ca’" in response to Acanthamoeba metabolites are dependent on trans-
membrane influx of extracellular Ca?* (Mattana et al., 1997). Among other
roles, the changes in the levels of intracellular Ca?* exert effects on
cytoskeletal structure, induce morphological changes, or alter the
permeability of the plasma membrane, finally leading to target cell death
within minutes.

An understanding of the complex intracellular signaling pathways is
crucial to identify targets for therapeutic interventions. There are more
than 10 000 signaling molecules in a single host cell at any one time, so the
identification of key molecules and how they interact in response to
Acanthamoeba, leading to a functional outcome, is clearly a challenge.
However, it most likely involves events both at the transcriptional and post-
translational level. It is well-established that proteins that regulate cell fate
require tyrosine as well as serine/threonine phosphorylations for intracel-
lular signaling. To this end, recent studies have shown that Acanthamoeba
up-regulates or down-regulates the expression of a number of genes
important for regulating the cell cycle (Sissons et al., 2004a). Overall, it is
shown that Acanthamoeba up-regulates the expression of genes such as
GADD45A and p130 Rb, associated with cell-cycle arrest, as well as inhibit-
ing the expression of other genes, such as those for cyclins F G1 and
cyclin-dependent kinase-6 that encode proteins important for cell-cycle
progression. The overall response of these events is shown to be arrest of
the host cell cycle (Figure 12). This is further supported by the dephospho-
rylation of retinoblastoma protein (pRb). In the unphosphorylated
form, pRb remains bound to E2F transcription factors (required for DNA
synthesis) in the cytoplasm and inhibits E2F translocation into the nucleus.
However, when phosphorylated by cyclin-dependent kinases (CDKs), pRb
undergoes a conformational change resulting in E2F-pRb complex dissoci-
ation. The released E2F translocates to the nucleus and initiates DNA
synthesis for the S phase (Figure 12). Thus pRb is a potent inhibitor of G1/S
cell-cycle progression. Recent studies showed that Acanthamoeba inhibits
pRb phosphorylations in human corneal epithelial cells as well as in
human brain microvascular endothelial cells, indicating that amoebae
induce cell-cycle arrest in host cells. Other studies have shown that



40 Emerging Protozoan Pathogens

Targeting tight
junctions & ECM

QOccludin

0G0
0G0

200 PP

Permeability fm
increase 520
00
K0
1] S phase }
00 | (DNA synthesis) '-II Cell cycle
020 | -'.“"ﬁr'.,:"[{. ! arrest
o | e, 8

mw : a,

Figure 12 Host intracellular signaling in response to Acanthamoeba. Note that
Acanthamoeba induces cell-cycle arrest in the host cells by altering expression of
genes as well as by modulating protein retinoblastoma (pRb) phosphorylations. In
addition, Acanthamoeba have also been shown to induce host cell death via phos-
phatidylinositol 3-kinase (PI3K). By secreting proteases, amoebae disrupt tight
junctions by targeting zonula-1 and occludin proteins. MBP, mannose-binding pro-
tein; E2F a transcription factor that controls cell proliferation through regulating
the expression of essential genes required for cell-cycle progression; PIP2, phos-
phatidylinositol-4,5-bisphosphate; PIP3, phosphatidylinositol-3,4,5-trisphosphate;
Akt (protein kinase B)-PH domain, a serine/threonine kinase — a critical enzyme in
signal transduction pathways involved in cell proliferation, apoptosis, angiogenesis,
and diabetes.

Acanthamoeba induces apoptosis in host cells, but whether these events
are independent of each other, or whether cell-cycle arrest is a primary
event that leads subsequently to apoptosis, is not clear. However, recent
studies have shown that Acanthamoeba-mediated host cell death is
dependent on the activation of phosphatidylinositol 3-kinase (PI3K; Figure
12). This was confirmed using LY294002, a specific PI3K inhibitor, as well as
using host cells expressing mutant p85, a regulatory subunit of PI3K (dom-
inant negative PI3K). PI3K has been known traditionally to be important for
cell survival pathways, so these results are not surprising. For example,
Thyrell et al. (2004), have shown that IFN« induces PI3K-mediated apopto-
sis in myeloma cells without Akt phosphorylations. It was further shown
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that downstream effectors of PI3K-mediated apoptosis involve activation
of the proapoptotic molecules Bak and Bax, loss of mitochondrial mem-
brane potential and release of cytochrome c: all well-known mediators of
apoptosis. Similar mechanisms may exist in Acanthamoeba-mediated host
cell death.

Phagocytosis

Adhesion of Acanthamoeba to the host cells leads to secondary processes
such as phagocytosis or secretion of toxins (discussed later). Phagocytosis
is an actin-dependent process involving polymerization of monomeric
G-actin into filamentous F-actin. The ecological significance of
Acanthamoeba phagocytosis is in the uptake of food particles such as bac-
teria, plasmids, or fungal cells. The ability of Acanthamoeba to form food
cups, or amoebastomes, during incubations with host cells suggests they
have a role in Acanthamoeba pathogenesis (Khan, 2001; Pettit et al., 1996).
In support of this, it is shown that cytochalasin D (a toxin that blocks actin
polymerization) inhibits Acanthamoeba-mediated host cell death,
confirming that actin-mediated cytoskeletal rearrangements play an
important role in Acanthamoeba phagocytosis (Niederkorn et al., 1999).
The ability of Acanthamoeba to phagocytose is an intracellular signaling-
dependent process. Genistein (a protein tyrosine kinase inhibitor) inhibits
while sodium orthovanadate (protein tyrosine phosphatase inhibitor)
enhances Acanthamoeba phagocytosis, indicating that a tyrosine-kinase-
induced actin polymerization signal is important in Acanthamoeba phago-
cytosis (Alsam et al., 2005a). Rho GTPases are the major regulators of the
actin cytoskeleton, which link external signals to the cytoskeleton (Mackay
and Hall, 1998). As their name indicates, Rho GTPases bind and hydrolyze
GTP and, in the process, stimulate pathways that induce specific cytoskele-
tal rearrangements resulting in distinct phenotypes. There are three well-
studied pathways: the RhoA pathway, leading to stress fibre formation;
Racl activation, triggering lamellipodia formation; and Cdc42 activation,
promoting filopodia formation. Recent studies have shown that the Rho
kinase inhibitor, Y27632, partially blocks Acanthamoeba phagocytosis.
Y27632 blocks stress fiber formation by inhibiting myosin light chain phos-
phorylation and cofilin phosphorylations but independent of the profilin
pathway. Overall, these findings suggested that, in addition to the RhoA
pathway, Racl and Cdc42 pathways may also be involved in Acanthamoeba
phagocytosis. This is further supported with the finding that LY294002, a
specific inhibitor of PI3K, inhibits Acanthamoeba phagocytosis. The PI3K is
shown to be involved in Racl-dependent lamellipodia formation
(Wennstrom et al., 199