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INTRODUCTION

Symptomatic and Asymptomatic Infections with
E. histolytica and E. dispar

Amebiasis is defined as invasive intestinal or extraintestinal
infection with the protozoan parasite Entamoeba histolytica.
More than 50 million people worldwide are infected, and up to
110,000 of these die every year (126). Only malaria and schis-
tosomiasis surpass amebiasis as parasitic causes of death.
Based on biochemical, immunological, and genetic data, E. his-
tolytica has been reclassified into two morphologically identical
but genetically distinct species: E. histolytica, which is poten-
tially invasive, and E. dispar, which is not (128). Together,
E. histolytica and E. dispar infect about 10% of the world’s
population (128). Infection with the commensal E. dispar is
much more common, so that the true prevalence of invasive
E. histolytica is perhaps closer to 1% worldwide.

Infection by Entamoeba is initiated by the ingestion of cysts,

which release motile trophozoites in the small intestine. If
patients are infected with E. dispar, the trophozoites remain as
harmless commensals in the bowel lumen. Local invasion does
not occur, even in immunocompromised patients. No histo-
logic or serologic evidence of infection could be detected in 55
homosexual men colonized with E. dispar (previously called
nonpathogenic E. histolytica) (3). In addition, 19 patients with
AIDS colonized with E. dispar did not develop an antibody
response and spontaneously cleared their infection (85).

The first evidence of amebic pathology is local depletion of
intestinal mucus and disruption of the epithelial barrier as a
result of degradation of the extracellular matrix, which occurs
in part from the action of cysteine proteinases. Trophozoites
subsequently attach to colonic mucus and epithelial cells by a
galactose-inhibitable lectin (70), invade between epithelial
cells, and extend submucosally in a pattern that causes the
formation of flask-shaped ulcers. Amebic colitis is character-
ized by bloody diarrhea with a paucity of neutrophils. From the
intestine, E. histolytica trophozoites can disseminate to cause
distant abscesses, particularly of the liver (reviewed in refer-
ences 71a, 79, and 82). Prepatent or asymptomatic infection
with E. histolytica does occur in some patients, who can be
identified by a positive amebic serology (30). In a 1-year lon-
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gitudinal study of untreated asymptomatic carriers of E. histo-
lytica in South Africa, 10% of carriers developed amebic colitis
(30). Therefore, not every patient infected with E. histolytica
develops invasive amebiasis, and the ultimate outcome of in-
fection depends on the balance between parasite virulence
factors and the host response.

It is important to target treatment to patients infected with
E. histolytica, whether they are symptomatic or not. E. histo-
lytica can be differentiated microscopically from E. dispar in
stool specimens only if hematophagous trophozoites are de-
tected. If only cysts or trophozoites without ingested red cells
are seen, the specimen must be reported as “E. histolytica/E.
dispar.” E. histolytica and E. dispar can be separated by several
laboratory tests that are still primarily research tools: isoen-
zymes of culture isolates (97), PCR based on rRNA genes (2),
and monoclonal antibodies (88, 115, 116), particularly to the
galactose-inhibitable lectin (36). The only commercially avail-
able means of separating the species is by an E. histolytica-
specific stool enzyme-linked immunosorbent assay (37).

Proteinases as Virulence Factors

Evidence supporting the role of the extracellular cysteine
proteinases of E. histolytica as virulence factors include the
production and extracellular release of 10- to 1,000-fold more
cysteine proteinase from lysates of E. histolytica cells than from
lysates of noninvasive E. dispar (89). Cysteine proteinases pu-
rified from axenized E. histolytica cleave collagen, elastin, fi-
brinogen, and laminin, elements of the extracellular matrix
that trophozoites must penetrate to cause invasive disease (46,
56). Cysteine proteinases are responsible for the detachment
of tissue culture monolayers, the most widely used assay for
amebic toxins and other virulence factors. The cytopathic effect
on fibroblast monolayers as a result of supernatants of clinical
E. histolytica strains is completely inhibited by Z-Phe-Arg-
CH2F, a specific, irreversible cysteine proteinase inhibitor that
is not toxic to host cells (84). In vitro cell lysis caused by E.
histolytica is a more complex process, requiring attachment via
the galactose-inhibitable lectin (70) and lysis by the amebapore
(51).

In addition, cysteine proteinases interfere with the function
of the host immune system. The cysteine proteinase purified
from E. histolytica can specifically cleave C3 by a unique mech-
anism which enables E. histolytica to activate complement in
the fluid phase (87). The proteinase also degrades immuno-

globulin A (IgA) and the anaphylatoxins C3a and C5a, which
may explain the relative paucity of neutrophils noted in amebic
liver abscesses (86). The proteinases must be released during
the course of invasive amebiasis, because more than 80% of
infected patients make antibody to cysteine proteinases (89).
E. histolytica also has several unique genes encoding cysteine
proteinases (11, 84). In vivo studies by Stanley’s and Mirel-
man’s groups demonstrated that inhibition of cysteine protein-
ase activity with inhibitors or an antisense construct signifi-
cantly decreased liver abscess formation in SCID mice (113)
and hamsters (5). Taken together, the data supporting a key
role of cysteine proteinases in virulence are extremely strong.

GENERAL PROPERTIES OF AMEBIC CYSTEINE
PROTEINASES

Multiple Forms of Cysteine Proteinases

A number of cysteine proteinases with molecular masses of
16 to 96 kDa have been observed in various extracts of E.
histolytica. Gelatin-polyacrylamide gels of trophozoite lysates
usually reveal four to six bands of proteinase activity. The
predominant forms of cysteine proteinases in Entamoeba are
27- to 30-kDa mature enzymes. Early investigators purified at
least two similar but distinct cysteine proteinase activities from
E. histolytica and characterized them as amoebapain (99) and
histolysin (56) (Table 1). Two 27-kDa cysteine proteinases
could also be purified by their affinity to laminin, amoebapain
(EhCP1 or ACP3) and ACP2 (EhCP2) (54). The apparent
differences in molecular mass of these and other preparations
may reflect differences in purification protocols, resulting in
multimer formation, autoproteolysis, or the secretion of high-
er-molecular-mass proenzymes.

E. histolytica trophozoites release large amounts of cysteine
proteinases into the culture medium. Recent clinical isolates of
E. histolytica released 10- to 1,000-fold more cysteine protein-
ase activity into the supernatant than did E. dispar isolates,
although there was significant day-to-day variability (89).
Keene et al. detected a major neutral proteinase in secretions
of axenically cultured E. histolytica trophozoites (46). This pro-
teinase has a molecular mass of ;56 kDa (by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis), a neutral pH op-
timum, and a pI of 6. The amino terminus of the 56-kDa
enzyme was blocked, and so the sequence could not be directly
determined.

TABLE 1. Cysteine proteinases of E. histolytica and E. dispar a,b

Gene product nomenclature of:c mRNAd

Protein % Amino acid identitye

Reference 84 Reference 11 E. histolytica E. dispar

ACP1 EhCP3 1 2(?) ACP1 92% EhCP3
EdCP3 ? 1 46% EdCP3

ACP2 EhCP2 1 1 Histolysin (56) ACP2 96% EhCP2
EdCP2 87% EdCP2

ACP3 EhCP1 1 1(?) Amoebapain (99) ACP3 EhCP1
EhCP4 2 2 94% EhCP4
EdCP4 EdCP4
EhCP5 1 2(?) 59% EhCP5
EhCP6 2 2 EhCP6

EhCP112 (29) 1 ND f 27–31%

a Reprinted from reference 74 with permission of the publisher.
b Summary of the cysteine proteinase genes, mRNAs, and protein products of E. histolytica and E. dispar.
c The different nomenclature for the gene products by Reed et al. (84) and Bruchhaus et al. (11) is listed in the first two columns.
d Expression of the gene products is noted by mRNA, with question marks (?) for conflicting data.
e The percent identity of the deduced amino acid sequence of the cysteine proteinases is presented in more detail in reference 11.
f ND, not determined.
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An interesting question is whether the extracellular higher-
molecular-mass forms of cysteine proteinases may represent
proenzymes. There is significant precedence for the release of
active proenzymes by metastatic tumors. Both E. histolytica
and metastatic tumors release extracellular cysteine protein-
ases, which are linked to invasion. High-molecular-mass forms
of cathepsin B (35 and 40 kDa) have been detected in the
ascitic fluid and culture medium of cells from cancer patients
(63, 64), spontaneous mammary tumors (80), and melanoma
cell lines (109). The production and secretion of cathepsin B
have been linked to the invasiveness of human carcinomas (94,
110). A membrane-linked form of the enzyme in melanoma
cell lines is thought to contribute to the focal dissolution of
extracellular matrices that precedes tissue invasion by the mel-
anoma tumors (94, 109). Cathepsin B precursors released ex-
tracellularly by malignant tumors, however, usually do not have
mannose-rich carbohydrates, suggesting a possible defect in
posttranslational processing (108). Whether the release of
proenzymes by tumors and amebae represents an evolutionar-
ily conserved mechanism of metastasis awaits further charac-
terization of the high-molecular-mass forms.

Two other classes of high-molecular-mass proteases of E.
histolytica were also identified recently. One of the activities
was attributed to the E. histolytica proteasome based on the
electrophoretic mobility of subunits and on its reactivity with
an antiproteasome antibody (101). An E. histolytica protea-
some a-subunit gene has recently been cloned (77). The other
activity was due to a complex of six subunits that had unique
proteolytic activity, including the cleavage of substrates with
aromatic P1 residues, and inhibition by chymostatin and a
calpain inhibitor. The metallocollagenase of E. histolytica is a
surface-bound proteinase and is expressed in lesser amounts
than the thiol proteinase. It degrades type I and type III col-
lagen, and its expression also correlates with pathogenicity of
Entamoeba (52, 103). The gene encoding the metallocolla-
genase of Entamoeba has not yet been identified.

Substrate Specificity
The substrate specificity of E. histolytica proteinases is typi-

cal of cathepsin B-like proteases of the papain family (46, 56).
Most of the cysteine proteinases are active against a synthetic
peptide substrate, Z-Arg-Arg-AMC (benzyloxycarbonyl-argi-
nine-arginine-4-amino-7-methylcoumarin), with arginine at
the P1 and P2 positions. The amebic cysteine proteinases have
little affinity for the cathepsin L substrate, Z-Phe-Arg-AMC,
and the cathepsin H substrate, Z-Arg-AMC, although molec-
ular analysis of proteinase genes has identified only cathepsin
L-like sequences. Although the pH optimum of E. histolytica
cysteine proteinases is broad, ranging from about pH 5 to 9,
most of these enzymes are active in slightly acidic and neutral
pH regions (8).

Inhibitor Specificity
Amebic cysteine proteinases are classified as cysteine (thiol)

proteinases because their activities are inhibited by the cysteine
proteinase-specific inhibitor L-trans-epoxysuccinyl-leucyl-
amido-(4-guanidino)butane (E-64) and not by the serine pro-
teinase-specific inhibitor phenylmethylsulfonyl fluoride. Ame-
bic cysteine proteinases are also inhibited by sulfhydryl
reagents (p-chloromercuribenzoate [PCMB]) and activated by
dithiothreitol and 2-mercaptoethanol. Inhibition of protease
activities is a new approach to anti-infectious therapy, which
has been revolutionized by the therapeutic efficacy of synthetic
protease inhibitors active specifically against the aspartyl pro-
teinase of human immunodeficiency virus. New generations of

cysteine proteinase-specific inhibitors, including diazometh-
anes, vinyl sulfones, and synthetic peptide inhibitors, have been
active in the micromolar to nanomolar range against E. histo-
lytica (84), as well as other parasites (reviewed in references 93
and 98). A specific vinyl sulfone cysteine proteinase inhibitor
prevented lethal Trypanosoma cruzi infection in mice (25),
supporting the potential of cysteine proteinase inhibitors as
novel antiparasitic therapy.

MOLECULAR CLONING AND STRUCTURAL ASPECTS
OF CYSTEINE PROTEINASE GENES

Structure and Processing of Amebic Cysteine Proteinases

E. histolytica has multiple cysteine proteinases, and at least
seven distinct genes encoding typical prepro-forms of papain-
family proteinases have been identified and sequenced. The
groups of McKerrow and Reed identified three amebic cys-
teine proteinase genes (termed acp1, acp2, and acp3) (84).
Tannich’s group subsequently identified three more cysteine
proteinase genes, designated ehcp4, ehcp5, and ehcp6, of which
only ehcp5 is expressed in axenic E. histolytica (11). The ma-
jority of the proteinase activity detected in E. histolytica lysates
can be attributed to the expression of four of these genes: acp1,
acp2, acp3, and ehcp5. E. dispar has genes (edcp1 to edcp4)
homologous to four of the six genes of E. histolytica (Fig. 1 and
Table 1). There is debate as to which genes are present in E.
histolytica but absent in E. dispar. acp1 (ehcp3) was initially
reported to be present in E. histolytica alone (84), but a related
homologue (edcp3) with 95% identity was found in E. dispar
(12, 62). ehcp1 (acp3) is a second gene reported to be unique
to E. histolytica (12), but sequences were detected in clinical
strains of E. dispar (84). The third gene reported to be present
only in E. histolytica is ehcp5, which encodes a surface-associ-
ated cysteine proteinase (43). Comparison of the deduced pep-
tide sequences of the ehcp1 to ehcp6 genes indicated that the
primary structures of the six ameba enzymes are similar and
have sequence similarities of between 43 and 87% (11). All of
the genes predict proteins with 34 to 39% identity to papain, 36
to 46% identity to cathepsin L, and complete conservation of
all residues known to be critical for cysteine proteinase func-
tion. Orozco’s group has recently described a novel surface
cysteine proteinase which is fused with an adhesin (29). The
cysteine proteinase has a transmembrane sequence and an
RGD (integrin attachment) domain (29). Whether the in-
creased cysteine proteinase activity and invasive potential of
E. histolytica can be attributed to the expression of specific
cysteine proteinase genes or an overall increased level of cys-
teine proteinase activity remains to be determined.

Amebic cysteine proteinases are synthesized as precursor
proteins with a 12- to 14-amino-acid hydrophobic predomain
signal peptide, a 78- to 82-amino-acid prodomain, a 216- to
225-amino-acid catalytic domain, and no C-terminal extension
(Fig. 2). The preproenzymes are subsequently processed to the
mature enzymes. The signal sequences consist of a N-terminal
charged region (n-region), a central hydrophobic region (h-
region) and a polar C-terminal region (c-region). A putative
processing site between the signal peptide and propeptide re-
gion is predicted by the -3, -1 rule of von Heijne (125). The
prodomains contain a stretch of sequence containing the
ERFNIN motif [Glu-X3-Arg-X2-(Val/Ile)-Phe-X2-Asn-X3-Ile-
X3-Asn] near residue -50 of all six proteinases. This motif has
been identified at a similar position in all cathepsin H- or
L-like proteinases but not in cathepsin B-like enzymes (44).
The prodomain of eukaryotic cathepsins has two well-defined
functions: (i) to maintain the enzyme in an inactive form (zy-
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mogen) until it reaches an appropriate site of protease func-
tion and (ii) to act as a structural template to ensure proper
folding during translation (21). EhCP5 contains an Asn-X-
(Ser/Thr) recognition sequences within the prosequence, which
may be posttranslationally modified by glycosylation (43). The
mature regions are homologous to cathepsin L-like cysteine
proteinases and contain all conserved cysteine residues impli-
cated in the maintenance of the three-dimensional structure.

Eukaryotic Cysteine Proteinases

Eukaryotic cathepsins (lysosomal cysteine proteinases) are
best known for their role in intracellular protein turnover (8).
They are synthesized with an amino-terminal hydrophobic pre-
sequence (;20 residues) that allows translocation of the nas-
cent protein into the endoplasmic reticulum (ER), followed by
a pro-amino-terminal extension (;62 to 123 residues), which
stabilizes the enzyme and may be essential for proper protein
folding (19, 111). Cathepsins in most eukaryotic cells are gly-
cosylated in the Golgi complex and targeted to lysosomes by
mannose-6-phosphate receptors, which recognize phosphory-
lated asparagine-linked oligosaccharides of lysosomal proteins
during their synthesis. Processing of the proenzymes to a ma-
ture enzyme of ;27 to 30 kDa subsequently takes place in the
acidic lysosomal environment (33).

Localization and Trafficking of Amebic
Cysteine Proteinases

The trafficking of amebic cysteine proteinases must differ
from the usual pathway of higher eukaryotes. The Golgi com-

plex, ER, and lysosomes, the key organelles of protein trans-
port, are only rudimentary structures in Entamoeba. The ame-
bic Golgi apparatus does not form tightly packed lamellae;
instead, it contains a few large vesicles adjacent to the nucleus
(60). However, a number of proteins involved in eukaryotic
secretory pathways have been identified from E. histolytica;
these include the 54-kDa subunit of the signal recognition
peptide, which mediates attachment to secreted proteins; an
ER retention receptor (ERD2), which binds to C-terminal
KDEL peptides (96); BiP, an ER Ig-binding protein that aids
protein folding; and ADP-ribosylating factor (ARF), a Golgi-
associate coatomer protein (32). Samuelson’s group has also
identified N-terminal signal sequences and C-terminal ER re-
tention sequences in chitinase, a critical enzyme in encystation
of Entamoeba which localizes to multiple vesicles (32). True
lysosomes have not been identified in Entamoeba, although
numerous acidic vesicles are present in the cytoplasm (78).
Only one amebic cysteine proteinase, EhCP5, has a potential
asparagine-linked glycosylation site, but it is not known if man-
nose-6-phosphate is present in the mature enzyme (43). There-
fore, the mannose-6-phosphate-dependent pathway cannot be
the major mechanism to target amebic cysteine proteinases.
Several mannose-6-phosphate-independent pathways of pro-
tease trafficking have been identified. Cathepsin B precursors
released extracellularly by malignant tumors usually do not
have mannose-rich carbohydrates, suggesting a possible defect
in posttranslational processing (108). A conserved prodomain
sequence interacts with microsomal membrane receptors in
mannose-6-phosphate-independent targeting of cathepsins in
mammalian cells (61). A similar prodomain loop has been shown

FIG. 1. Model of cysteine proteinase expression during infection by E. histolytica and E. dispar. E. dispar expresses at least three cysteine proteinases (EdCP1,
EdCP2, and EdCP3) but cannot invade. E. histolytica expresses at least five cysteine proteinases, ACP1, ACP2, ACP3, EhCP5, and EhCP112. Extracellular cysteine
proteinases cleave sIgA, degrade the extracellular matrix, activate complement, and degrade IgG to circumvent the host immune response. Reprinted from reference
82a with permission of the publisher.

FIG. 2. Model of the cysteine proteinases of Entamoeba. The relative sizes of the preenzyme, proenzyme, and mature enzymes are depicted. The ERFNIN motif
of cathepsin L in the prosequence is shown, along with the three residues of the active site, cysteine (C), histidine (H), and asparagine (N). aa, amino acids.
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by McKerrow’s group to target the cathepsins of Trypanosoma
cruzi and Leishmania mexicana, which do not have carbohy-
drate modifications (39). Confirmation and further analysis of
mannose-6-phosphate-independent pathways of lysosomal
protease trafficking in amebic cells remains to be done.

The cathepsin L-like proteinases of T. cruzi, L. mexicana,
and L. major were localized to lysosome-like organelles by
subcellular fractionation, confocal fluorescence microscopy,
and immunoelectron microscopy (24, 39). The existence of
acidic vesicles in E. histolytica and conserved cathepsin L-like
sequences in the proregions suggests that some of the mecha-
nisms of synthesis, processing, and trafficking may be similar to
those of higher eukaryotes. A low level of mature proteinase
has been detected on the plasma membrane of trophozoites.
Amoebapain (ACP3) has been localized to both the amebic
cell surface and subcellular pinocytotic vesicles (100). EhCP5 is
thought to associate with membranes of E. histolytica by virtue
of a hydrophobic patch sequence (43). The most recently iden-
tified surface cysteine proteinase, the 112-kDa cysteine pro-
teinase-adhesin fusion, does have a transmembrane domain
and an RGD sequence (29). During phagocytosis of erythro-
cytes, the entire protein is translocated to phagocytic vesicles
(29). Although E. histolytica readily releases cysteine protein-
ases extracellularly, it is not known if this is an active secretory
process.

Expression and Regulation of Amebic
Cysteine Proteinase Genes

Specific factors regulating cysteine proteinase gene expres-
sion have not been identified. To further elucidate the molec-
ular basis of E. histolytica pathogenicity, it would be of partic-
ular interest to find which of the various cysteine proteinase
genes are responsible for the elevated cysteine proteinase ex-
pression in E. histolytica compared to E. dispar. Incubation of
trophozoites with components of the extracellular matrix has
been linked to release of proteolytic activity. Trophozoites
incubated with immobilized fibronectin secrete cysteine pro-
teinases at the site of attachment (119, 124). Exposure of
axenic E. histolytica to collagen leads to the release of colla-
genolytic activity, which is mediated primarily by a metallopro-
teinase (65). Numerous reports have cited the increase viru-
lence of E. histolytica strains following passage through animals
or following association with cholesterol or bacteria, but the
exact effects on specific virulence genes have not been delin-
eated. Repeated passage of one axenic (bacterium-free) and
five xenic (grown with bacteria) strains of E. histolytica through
hamster livers led to progressive increases in cysteine protein-
ase activity of lysates as well as to increased enterotoxicity, as
measured in gerbil intestinal segments in Ussing chambers
(66), but the effect on expression of specific cysteine proteinase
genes was not determined.

ROLES OF CYSTEINE PROTEINASES IN
HOST-PARASITE INTERACTIONS

Nutrition Acquisition and Developmental Cycle

Studies of other protozoan parasites suggest that the func-
tions of cysteine proteinases are diverse (reviewed in refer-
ences 90 and 93) and include key roles in acquisition of nutri-
ents and as part of the developmental cycle. Plasmodial
proteases hydrolyze globin to free acids for the growth of
intraerythrocytic parasites (92), and the protease inhibitors
that block hemoglobin degradation block the development of
cultured malaria parasites (95). Cysteine proteinase inhibitors

also block the intracellular development of T. cruzi (23) and
Leishmania (102). Although E. histolytica is not an intracellular
parasite, when its trophozoites were incubated with a diazo-
peptidyl inhibitor, growth was decreased by 50% (22), suggest-
ing that cysteine proteinases are important for the acquisition
of nutrients, even from a liquid medium.

Cysteine proteinases also play a role in the development of
many parasites. Specific inhibitors blocked the transformation
from epimastigotes to trypomastigotes (28) and from amasti-
gotes to trypomastigotes in T. cruzi (38). In T. brucei, cysteine
proteinase activity increased during differentiation from long
slender to short stumpy forms (68). Most recently, cysteine
proteinases have been shown to be critical for excystation of
Giardia (127). In E. invadens, which has been used as a model
for encystation and excystation of E. histolytica, specific cys-
teine proteinase inhibitors significantly decreased the efficiency
of encystation (105). Further studies are required to clarify
whether cysteine proteinase play a direct role in the initiation
of encystation or whether the effect of inhibition is secondary
through decreased trophozoite multiplication.

Host Invasion

Cysteine proteinases are critical to host invasion in a number
of parasites. Specific inhibitors block invasion in T. cruzi (28),
Plasmodium falciparum (59), Cryptosporidium parvum (27), and
Toxoplasma gondii (X. Que, D. S. Herdman, and S. L. Reed,
Abstr. Fifth Toxoplasmosis Conf., 1999). The role of cysteine
proteinases in tissue invasion has been best documented in
E. histolytica. The purified proteinase degrades components
of the extracellular matrix, including fibronectin, laminin, and
collagen, as well as an extracellular matrix from vascular smooth
muscle (46). Cysteine proteinases are primarily responsible for
the cytopathic effect, an in vitro assay of virulence that mea-
sures monolayer detachment (46, 84). The cytopathic effect
correlates with the amount of cysteine proteinase activity re-
leased into the medium by clinical isolates of E. histolytica (89)
and can be inhibited by specific peptide inhibitors (84). Mu-
tants of E. histolytica strain HM-1 which are deficient in both
proteinase expression and cytopathic effect have been identi-
fied (45). The in vitro cytopathic effect correlates with the early
pathology of invasion in animal models in which the intestinal
epithelial cells separate before making direct contact with tro-
phozoites, presumably from disruption of the extracellular ma-
trix (118).

ROLES OF CYSTEINE PROTEINASES IN
IMMUNE SYSTEM EVASION

Degradation of Human IgA

IgA is the predominant immunoglobulin defense at the mu-
cosal surface (reviewed in reference 123). The biologic func-
tions of IgA are not completely understood but include immo-
bilization and prevention of adherence of microorganisms,
binding of toxins, and inhibition of antigen absorption (48,
123). Most B lymphocytes at the external mucosa are dedicated
to the production of IgA, which is released into the bowel as a
dimer linked by disulfide bonds and carbohydrate-rich secre-
tory component, which is necessary for transepithelial secre-
tion (123). IgA may play an indirect role in antibody-mediated
cytotoxicity through Fca receptors and potentiation of the
action of nonspecific antibacterial factors such as lactoferrin,
lactoperoxidase, and lysozyme (48).

Immune secretory IgA (sIgA) has been demonstrated in
patients with invasive amebiasis by measurement of fecal (57,
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106), colostral (34), and salivary (1) antibodies. Ximenez’s
group has shown that carriers of E. dispar also develop a
salivary sIgA response (76). Both human salivary sIgA (16) and
anti-amebic monoclonal IgA (53) blocked the adherence of E.
histolytica trophozoites to epithelial or colonic cell monolayers.

Mucosally invasive bacteria, including Haemophilus influen-
zae, Neisseria gonorrhoeae, and Neisseria meningitidis, produce
IgA1 proteases (31, 49, 50). All IgA1 proteinases which have
been characterized are extracellular, neutral endopeptidases
that cleave the hinge region of IgA1 specifically to produce Fab
and Fc (72). Cleavage of IgA1 might reduce its affinity for
antigen, interfere with antigen disposal, or mask immuno-
genic determinants by coating them with Fab fragments (48).
Quezada-Calvillo et al. (75) have demonstrated limited cleav-
age of IgA by whole amebae. Kelsall and Ravdin (47) found
that the degradation of IgA appeared to be mediated predom-
inantly by cysteine proteinases.

Disruption of Immune IgG
A number of parasites release proteinases which cleave IgG.

Trypomastigotes of T. cruzi bind IgG through the Fab fragment
and then cleave the Fc fraction with cruzipain, its major cys-
teine proteinase (9). Schistosoma mansoni binds Igs via an Fc
receptor and then degrades the Fab portion of IgG (6). Cys-
teine proteinases of Tritrichomonas foetus (120), Trichomonas
vaginalis (73), and Fasciola hepatica (15) also degrade IgG.

A systemic IgG response develops in patients who are col-
onized or have invasive infection with E. histolytica, in contrast
to those colonized with E. dispar (42). A protective role for IgG
in amebic disease has been difficult to establish, and antibody
levels correlate with the length of disease, not with the clinical
response to infection (42). In animal models, a serum antibody
response did not protect hamsters but SCID mice were pas-
sively protected by rabbit polyclonal immune serum (20).

We found that both intact trophozoites and the purified
extracellular cysteine proteinase cleaved the heavy chain of
IgG (122). When a monoclonal antibody to the surface thiol-
specific antioxidant was cleaved by purified proteinase, binding
to trophozoites was decreased by more than 80% (122). These
results suggest that cleavage of IgG by the extracellular cys-
teine proteinase may limit the effectiveness of the host hu-
moral response.

Resistance to Complement-Mediated Lysis
To invade successfully, trophozoites must be able to circum-

vent multiple local and systemic host defenses, including the
action of activated complement proteins. Trophozoites have a
carbohydrate-rich surface and were shown to consume com-
ponents of both the classical and alternative pathways (13, 81).
The substrate specificity of the amebic cysteine proteinases for
positively charged amino acids is similar to that of the protein-
ases generated during complement activation. We showed that
E. histolytica trophozoites activate complement by a unique
mechanism, cleavage of the a-chain of C3, generating func-
tionally active C3b (83). Activated terminal complement com-
ponents are also generated, which lyse E. dispar but not E.
histolytica by reactive lysis (87). E. histolytica is resistant to lysis
by the membrane attack complex by virtue of the galactose-
inhibitable lectin which has antigenic cross-reactivity with
CD59, a membrane inhibitor of C5b-9 in human blood cells
(10). This may be one mechanism by which E. dispar is con-
fined to the lumen of the bowel by complement-mediated
killing in tissues or the bloodstream. Other groups have re-
ported that E. dispar strains are resistant to complement-me-
diated lysis while E. histolytica strains are susceptible (35). It is

unclear whether the conflicting results are due to different
culture conditions, but clinically, only E. histolytica causes in-
vasive disease.

Degradation of Anaphylatoxins C3a and C5a

The anaphylatoxins, C3a and C5a, are potent stimulators of
the host inflammatory response. C3a and C5a are generated by
cleavage of the a-chains of C3 and C5 by their respective
convertases. The remaining portion of each molecule, C3b and
C5b, participates in activation of the late-acting components,
leading to formation of the membrane attack complex (117).
C3a has multiple physiologic effects, including increasing vas-
cular permeability and smooth muscle contraction, suppressing
T-cell proliferation, and releasing histamine from mast cells
and interleukin-1 (IL-1) from macrophages (40). C5a induces
chemotaxis of neutrophils, activates macrophages, and stimu-
lates the release of IL-1, IL-6, and IL-8 (40). The same extra-
cellular cysteine proteinase from E. histolytica that activates
complement to produce hemolytically active C3b (83) also
degrades the C3a and C5a which are subsequently formed (86).
Both C3a and C5a are susceptible to proteolytic destruction of
their biologic activity in a dose-dependent fashion (86). Thus,
the extracellular cysteine proteinase of E. histolytica, which is
capable of activating complement, may also circumvent the
normal host immune response by inactivating the anaphylatox-
ins, C3a and C5a.

ANIMAL MODELS FOR THE STUDY OF
CYSTEINE PROTEINASES

Intestinal and Hepatic Amebiasis in Gerbils and Hamsters

One of the main drawbacks of experimental amebiasis is the
lack of an animal model that closely mimics human disease, in
which liver abscesses develop after intestinal infection. Early
stages of amebic invasion have been observed when trophozo-
ites were injected into the ceca of gerbils (18, 107) or guinea
pigs (118). Two of the most widely used models of amebic liver
abscess utilize direct inoculation of trophozoites into the livers
of baby gerbils or hamsters (69), (17). The size of liver ab-
scesses can be readily quantified, and these models have been
useful in studies of potential vaccine candidates, including the
galactose-inhibitable lectin (71), the serine-rich E. histolytica
protein (129), and the 29-kDa thiol-specific antioxidant (112)
(reviewed in reference 114). In vivo models have also been
used to confirm that E. dispar could not form amebic liver
abscesses, even when injected directly into the liver (26). A
cysteine proteinase-deficient and phagocytosis-deficient mu-
tant of E. histolytica strain HM-1 also did not form liver ab-
scesses (67).

Liver Abscess in SCID Mice

Stanley’s group has shown that liver abscesses are formed
following direct injection of E. histolytica trophozoites into the
livers of SCID mice (20). They were able to decrease the size
of amebic liver abscesses significantly by incubating E. histo-
lytica trophozoites with laminin, which binds and blocks the
activity of cysteine proteinases (54). Affinity-purified antibod-
ies against a recombinant cysteine proteinase of E. histolytica
localized the proteinase in amebic trophozoites and extracel-
lularly in amebic liver abscesses of infected SCID mice (113).
Pretreatment of E. histolytica trophozoites with the specific
cysteine proteinase inhibitor E-64 blocked or greatly decreased
the size of liver abscesses at 48 h (104). This study suggests that
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cysteine proteinase plays an important role in amebic liver
abscess formation.

Human Intestinal Xenografts

E. histolytica infects only humans and nonhuman primates,
and there has been limited success at establishing reproducible
animal models of intestinal amebiasis. Intestinal xenografts
provide a sterile and biologically relevant animal model system
for studying host-parasite interactions, particularly the first
stages of invasion in the human intestine. Human fetal intes-
tinal tissue is engrafted into the subcutaneous space on the
backs of SCID mice (104). After 8 weeks, a functional human
intestine develops. Amebiasis in this model closely mimicked
the pathological findings reported in cases of human amebic
colitis, with an early phase of mucosal damage and subsequent
invasion of amebae into submucosal tissues with the formation
of amebic ulcers (104). An early neutrophil response was de-
tected, confirming previous findings in animal models (18,
107). Stanley and coworkers also demonstrated that human
intestinal epithelial cells can produce inflammatory cytokines
in vivo, including upregulation of IL-1b and IL-8, in response
to amebic infection (104). These results suggest that signals
produced by the intestinal epithelial cells may play an impor-
tant role in inducing the early host inflammatory response to
infection and raise the possibility that interventions that di-
rectly target intestinal epithelial cell production of inflamma-
tory cytokines will alter the course of disease. The human
xenograft model should prove useful to study the role of cys-
teine proteinases early in bowel invasion.

CYSTEINE PROTEINASE INHIBITORS AS
ANTIPARASITIC CHEMOTHERAPY

Natural Cysteine Proteinase Inhibitors

Cysteine proteinases of E. histolytica play crucial roles in the
interactions between parasite and host, including acquisition of
nutrients, facilitation of tissue invasion, and defense against
immune attack. Therefore, the amebic cysteine proteinases are
important targets for novel chemotherapeutic strategies. Only
a few reports have identified cysteine proteinase inhibitors
produced by the parasites themselves. Inhibitors of papain
were detected in a variety of parasitic protozoa, including
Leishmania, Trichomonas, and Trypanosoma, suggesting that
cystatin-like molecules may be widespread (41). A gene encod-
ing a cystatin-like molecule has also been found in Schistosoma
mansoni (14). It seems likely that the cystatins occurring within
parasites may play a role in protecting the parasite from its own
cysteine proteinases, and delineation of the structure of these
inhibitors should provide important information on the bind-
ing requirements of the parasite enzymes.

The report that the proregions of cysteine proteinases can
inhibit the corresponding mature enzyme may also be relevant
to parasite cysteine proteinases (21). In particular, analysis of
the structures of the proregions of the parasite cysteine pro-
teinases could also provide valuable information on the inhib-
itor specificity of the enzymes themselves and aid in the design
of specific inhibitors. To protect cells from uncontrolled deg-
radation, almost all proteinases are synthesized as inactive
precursors. The N-terminal propeptide extension of these pre-
cursors facilitates folding of the mature enzyme by acting as an
intramolecular chaperone, maintains proteinase stability while
the enzymes are trafficked through the secretory pathway, and
acts as an intrinsic inhibitor of the enzyme. The mature, active
enzyme is formed following release of the proregion by auto-

proteolytic cleavage under acidic conditions. Recently, a num-
ber of studies of mammalian and plant cysteine proteinases
have demonstrated that free propeptides are potent and highly
selective inhibitors for their corresponding mature enzymes
(91, 121). Moreover, the propeptides exhibited the highest
inhibition selectivity for the enzyme from which they origi-
nated; for example, cathepsin L propeptide was more selective
for cathepsin L than for related members of the superfamily,
such as cathepsin S, and showed no inhibitory activity against
cathepsin B (21, 58). Roche et al. have investigated the speci-
ficity of the propeptide of liver fluke cathepsin L proteinase for
its mature cognate enzyme (91). Recombinant propeptide of
Fasciola hepatica cathepsin L1 (CL1), expressed in Escherichia
coli, was purified and shown to be a potent inhibitor of the
mature cathepsin L1 enzyme and, to a lesser extent, of F.
hepatica cathepsin L2 (CL2) (91). Taylor et al. also showed
that the specificity for inhibition of plant cysteine proteinases
of the papain superfamily by papain propeptide correlated with
the sequence identity (121). While the mechanism of inhibition
of cysteine proteinases by their propeptides is beginning to be
unraveled, more molecular information that defines the struc-
tural selectively of propeptides for their parent enzymes will
undoubtedly lead to the design of more potent and selective
antiparasitic drugs.

E-64 and Synthetic Peptide Inhibitors
E-64 [L-trans-epoxysuccinyl-leucylamido(4-guanidino)butane)],

which was isolated from Aspergillus japonicum, is a broad in-
hibitor of cysteine proteinases (7). It has been a useful tool in
experiments to block the activity of cysteine proteinases but is
limited by an inability to penetrate cells. E-64 completely
blocks the cysteine proteinase activity of cultured E. histolytica
trophozoites and inhibits the destruction of mammalian cell
monolayers (22, 84). In recent studies with infected SCID
mice, Stanley and coworkers found that preincubation of E.
histolytica trophozoites with E-64 markedly reduced liver ab-
scess formation (104). Amebic cysteine proteinases have sig-
nificant structural differences from their mammalian counter-
parts, and it should be possible to produce highly specific
nonpeptide proteinase inhibitors (E64 analogues) by comput-
er-aided secondary-structure analysis and modeling techniques.

A number of peptidyl chloromethyl ketone, diazomethyl ke-
tone, and fluoromethyl ketone inhibitors block parasite pro-
teinase activity when present at micromolar concentrations
(reviewed in reference 93). Studies using biotinylated deriva-
tives of these inhibitors verified that cysteine proteinases were
likely targets (127). Specific peptide inhibitors against Trypano-
soma cruzi were not concentrated in mammalian lysosomes,
and no morphologic changes could be detected by electron
microscopy of host cells (24). We have tested a number of
synthetic peptide inhibitors (made by Prototek, Richmond,
Calif.) which enter cells freely and have a 50% inhibitory con-
centration against E. histolytica cysteine proteinases of less
than 5 mM (84). The new generations of inhibitors will be
useful tools to establish definitively the role of cysteine pro-
teinases in the pathogenesis of amebiasis and may be promis-
ing candidates for antiamebic drugs.

Effect of Antisense Inhibition of Cysteine Proteinases
Another approach to blocking the expression of a specific

cysteine proteinase gene is through the use of antisense RNA.
Mirelman’s group has generated a transfectant of E. histolytica
strain HM-1 with an episomally replicating plasmid in which
the transcribed ehcp5 antisense RNA strongly reduces the ex-
pression of cysteine proteinase EhCP5 and probably cross-
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reacts with other cysteine proteinases (4). The total cysteine
proteinase activity in lysates of the transfectant was approxi-
mately 10% of the level of cysteine proteinase activity in the
controls. The transfected trophozoites had significantly lower
erythrophagocytosis activity than did the parental strain, but
they were not impaired in their ability to destroy tissue culture
monolayers (cytopathic activity) (4). The lack of an effect of
antisense inhibition on cytopathology is rather surprising, since
many laboratories found that cysteine proteinase activity and
cytopathic effect correlated well (29, 43, 46, 84, 89). The finding
that monolayer destruction by the antisense transfectants
could still be blocked by E-64 and that destruction was de-
creased in lysates but not intact trophozoites highlights the
need for further studies looking at the importance of surface
versus released cysteine proteinases. The effect of antisense
inhibition on production of liver abscesses was dramatic, since
no abscesses were detected in hamsters injected with trans-
fected trophozoites in contrast to 100% of untreated controls
(5).

Although the effects of episomally replicated antisense tran-
scripts were dramatic, the technique requires transfection and
long-term drug selection of trophozoites. As an alternative
approach to antisense inhibition, we designed phosphorothio-
ate-modified antisense oligodeoxynucleotides (S-oligonucleo-
tides) specific for the first 21 nucleotides of acp1. The nucle-
otides, mixed with liposome-mediated tranfection reagents, are
stable, rapidly taken up by trophozoites, and transported to the
nucleus. After incubating E. histolytica trophozoites for 48 h
with 5 mM antisense S-oligonucleotides, we detected more
than a 60% decrease in ACP1-specific mRNA compared to
sense controls (X. Que and S. L. Reed, unpublished observa-
tions). Stable modified oligonucleotides with appropriate lipid
carriers could provide an alternative approach to antisense
inhibition of specific cysteine proteinases.

CONCLUSIONS

Amebiasis is a major cause of morbidity and mortality
throughout the tropical and subtropical world. E. histolytica
and E. dispar were originally classified as identical species
because they are morphologically indistinguishable, have the
same life cycle, and occupy the same niche in the bowel. How-
ever, E. dispar is not associated with disease and is noninvasive.
The World Health Organization has recently declared that
they should be classified as distinct species based on genetic
differences of multiple genes (128). Amebic proteins poten-
tially associated with virulence include surface antigens (88,
116), galactose-inhibitable lectin (70), phospholipases (55),
and amebapores (43), but equivalent genes for each have also
been detected and expressed in E. dispar. Cysteine proteinases
are the only putative virulence factors for which specific genes
appear to be present or overexpressed in E. histolytica and
absent or unexpressed in E. dispar.

The multiple potential roles of cysteine proteinases in infec-
tion and invasion by the pathogenic ameba E. histolytica are
well documented. At least five roles for cysteine proteinases
can be envisioned during infection: (i) aiding attachment by
degrading mucus and debris overlying the intestinal mucosa,
(ii) aiding penetration of host tissue by digesting extracellular
matrix, (iii) degrading host proteins to circumvent the immune
response, (iv) activating host cell proteolytic cascades such as
complement, and (v) aiding dissemination to produce meta-
static lesions. Before bowel invasion, these cysteine proteinases
degrade the host extracellular matrix and mucoproteins, dis-
lodge epithelial cells, and degrade epithelial basement mem-
brane (46). The enzyme released into the host bloodstream has

also been proposed to contribute to pathogenesis more di-
rectly. These extracellular cysteine proteinases may also inter-
fere with the immune response by degrading IgA (47) and IgG
(122). They also activate the alternative complement pathway
(83) while circumventing the inflammatory reaction by inacti-
vating anaphylatoxins C3a and C5a (122). At least six genes
have been cloned that encode typical papain-family proteins.
These proteins have considerable structural homology to the
cathepsin L enzymes and substrate specificity with the cathep-
sin B proteases (11, 84). Compared to noninvasive E. dispar,
invasive E. histolytica strains expressed higher levels of cysteine
proteinase-specific mRNA and released significantly greater
amounts of active proteinases, both intracellularly and extra-
cellularly. Therefore, E. dispar provides a unique comparative
model to identify differences in cysteine proteinase regulation
and processing in order to define their relationship to invasion
and virulence. Finally, recent studies with SCID mice have
firmly established the role of cysteine proteinases in the for-
mation of amebic liver abscesses (113). The intestinal xeno-
graft model will allow studies of early invasion of the human
intestine for the first time (104). Methods to achieve stable
transfection and alter levels of expression of specific cysteine
proteinase genes in E. histolytica have recently been developed
and should facilitate in vivo investigations of the role of each of
these cysteine proteinases in virulence (4).

Because of the problems of drug toxicity and the theoretical
risk of resistance, new drugs are needed for the treatment of
amebiasis. Cysteine proteinases are attractive potential targets
for the treatment of amebiasis because they are essential to
pathogenesis. There is accumulating evidence that this ap-
proach may be successful. Protease inhibitors are now used to
treat a number of diseases. Inhibitors of the human immuno-
deficiency virus protease have recently had an enormous im-
pact on the treatment of AIDS. What are the best cysteine
proteinase targets for inhibition? To answer this question, we
must gain a better understanding of the functions of individual
cysteine proteinases. The availability of recombinant enzymes
should lead to more detailed studies on the inhibitor specific-
ities of individual enzymes. Combined with detailed kinetic
analysis of enzyme activity, this information should allow us to
design inhibitors and substrates with high potency and speci-
ficity. Since cysteine proteinases play key roles in the patho-
genesis of invasive amebiasis, their characterization should add
important insights to our understanding of amebic invasion
and allow us to develop new methods for the prevention, treat-
ment, and control of intestinal and hepatic amebiasis.
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