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Abstract Entamoeba histolytica, the protozoan parasite that
causes amebic dysentery, greatly contributes to disease burden
in the developing world. Efforts to exhaustively characterize
the pathogenesis of amebiasis have increased our understand-
ing of the dynamic host–parasite interaction and the process
by which E. histolytica trophozoites transition from gut com-
mensals to invaders of the intestinal epithelium. Mouse mod-
els of disease continue to be instrumental in this area. At the
same time, large-scale studies in human populations have
identified genetic and environmental factors that influence
susceptibility to amebiasis. Nutritional status has long been
known to globally influence immune function. So it is not
surprising that undernutrition has emerged as a critical risk
factor. A better understanding of how nutritional status affects
immunity to E. histolytica will have dramatic implications in
the development of novel treatments. Future work should
continue to characterize the fascinating host–parasite arms
race that occurs at each stage of infection.
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Introduction

Entamoeba histolytica is a protozoan parasite endemic to
much of the developing world. The WHO estimates that
100 million yearly E. histolytica infections result in

approximately 100,000 deaths from dysentery, colitis,
and extraintestinal diseases such as amebic liver abscess
(ALA). Amebiasis spreads by ingestion of food and water
contaminated with amebic cysts, which are resistant to the
caustic environment of the stomach and pass unimpeded into
the intestine. Excystation and colonization occur in the termi-
nal ileum. E. histolytica typically establishes a commensal
relationship with the host and cysts of nonpathogenic troph-
ozoites are excreted, perpetuating the life cycle of the parasite.
It is estimated that 90% of cases are asymptomatic while 10%
of infections progress to symptomatic disease. A small but
significant subpopulation of symptomatic individuals devel-
ops severe extraintestinal amebiasis, including amebic liver
abscess [1, 2].

It has long been suspected but is now confirmed that
undernutrition significantly increases susceptibility to E.
histolytica infection. Undernutrition contributes to 2.2 mil-
lion deaths and 21 % of disability-adjusted life years in
children under 5. Estimates are that undernutrition and its
associated diseases contribute to 35 % of child deaths and
11 % of the global disease burden [3]. Studies of amebiasis
in human populations and mouse models have informed our
knowledge of host factors that influence susceptibility to E.
histolytica and parasite factors that may directly alter viru-
lence. Adaptive immunity develops in continually exposed
human populations and is believed to mainly result from
production of neutralizing antibodies targeted to the Gal/
GalNAc adherence lectin [4]. Secretory IgA against this
lectin is associated with protection in humans [5] and has
recently been shown to correlate with immunity in experi-
mentally vaccinated baboons [6]. Studies targeting vaccine
development in mice suggest that protective immunity is
mediated by an interferon gamma (IFN-γ)-dependent T cell
response during infection with E. histolytica trophozoites [7,
8]. As vaccine development is ongoing, this review focuses
on the innate immune response during amebiasis. We
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emphasize the importance of environmental factors that alter
host resistance to amebic disease, in particular the emerging
role of host nutritional status. We also explore recent work
that has shed light on both host and parasite genetic factors
important in the pathogenesis of E. histolytica infection.

Parasite

Known amebic virulence factors include the Gal/GalNAc
adherence lectin, cysteine proteases (CPs), arginase, ameba-
pores, alcohol dehydrogenase, peroxiredoxin, cyclooxyge-
nase 2, and lipopeptidophosphoglycan (LPPG) [9, 10].
Studies of E. histolytica virulence continue to uncover new
factors involved in pathogenesis and interaction with the
host innate immune system and more are likely to emerge
from further analysis of the parasite genome [11]. Charac-
terized virulence factors of E. histolytica are often down-
regulated in nonpathogenic isolates [12, 13] or absent in the
nonpathogenic amebic species Entamoeba dispar and Ent-
amoeba moshkovski [14–16]

Recent work in E. histolytica genomics supports a role
for the parasite genotype and genetic recombination in the
progression of amebiasis. Ali et al. have found that troph-
ozoites isolated from the gut and liver of patients with both
intestinal and extraintestinal disease are genetically distinct
from parasites in the stool [17]. One explanation is that
genetically distinct subpopulations of virulent trophozoites
exist in the gut. Alternatively, progression of amebic disease
may correspond to genetic reorganization events such as
recombination that promote an invasive phenotype. Howev-
er, the host and parasite effectors driving these events at
each stage of infection remain poorly defined. Developing
more powerful tools to perform within-patient comparisons
of amebic virulence at different stages of infection will
greatly increase our understanding of this process. It also
remains unclear whether regional genomic differences in E.
histolytica strains affect pathogenicity.

Gilchrist et al. compellingly demonstrated that expression
of virulence genes is regulated at the mRNA level in the first
genome-wide analysis of the E. histolytica transcriptome in
2006. This study demonstrated that invasive trophozoites in
mice significantly altered mRNA expression for genes with
diverse roles in metabolism and virulence [18]. Work on the
calcium-regulated transcription factor URE3BP also sup-
ports a crucial role for transcriptional regulation in
amebic virulence. URE3BP was originally identified as
a regulator of the Gal/GalNAc adherence lectin and
ferredoxin. Later work identified a calcium-dependent
phospholipid-associated peptide, ehC2A, which seques-
ters URE3BP to the plasma membrane in high calcium
[19]. A comprehensive study of the role of URE3BP in
amebic virulence has revealed that trophozoites

expressing a dominant positive form of URE3BP are
more pathogenic, forming dramatically larger lesions in
the livers of challenged gerbils [20].

The potent cytotoxic effect that E. histolytica exerts on
host cells is evidence that the parasite possesses a unique
armamentarium of virulence factors. However, much work
remains to be done to define parasite factors and how they
interact with the host at each stage of disease. Further
clarifying the mechanisms by which trophozoites transition
from intestinal colonizers to invasive pathogens has poten-
tial for future anti-parasitic drug development.

Environment

Diarrheal diseases like amebiasis are endemic to the de-
veloping world where a number of environmental factors
including limited access to clean food and water, and
exposure to other enteropathogens contribute to increased
risk of infection [1, 3, 16, 21–23]. We are now in the 14th
year of tracking the medical history of a cohort of chil-
dren living in Mirpur, an urban slum of Dhaka, Bangla-
desh where E. histolytica infection is one of the major
causes of diarrheal illness. Some of the major findings
from this population are summarized in Table 1. A picture
has begun to emerge in which infant undernutrition and
stunting predisposes young children to amebiasis, which
in turn exacerbates preexisting nutritional imbalance by
altering gut function.

Undernutrition increases the risk of diarrhea and its as-
sociated mortality [24]. Undernourished children have
higher rates of infection by protozoan parasites particularly
E. histolytica and Cryptosporidium relative to well-
nourished controls [25]. A recent study of infants from
Mirpur in the first year of life by Mondal et al. showed that
undernutrition and stunting at 12 months of age is signifi-
cantly associated with nutritional status at birth, duration
and severity of diarrheal episodes, and diminished intestinal
barrier function [26]. While this association is quite clear,
the complex etiology is not yet fully understood.

Protein energy malnutrition is the most common cause of
human secondary immunodeficiency, which is particularly
problematic for diarrheal diseases that further diminish nu-
trient uptake from the gastrointestinal tract [27–30]. Acute
starvation initiates energy-saving mechanisms, shunting
power away from immune function. Chronic nutritional
deprivation leads to severe immune deficits exemplified by
the dramatic thymic atrophy observed in cadavers of under-
nourished individuals [31, 32]. Complement deficits, re-
duced IgA production and specificity, altered gut barrier
function due to restructured microvilli, impaired phagocytic
capacity, and diminished oxidative burst have all been de-
scribed as consequences of energy deficit in the immune
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Table 1 Summary of studies from Mirpur amebiasis birth cohort

Author Date Study Major findings

Haque et al. 2001 Measured stool IgA anti-lectin and association
with incidence of Entamoeba histolytica diarrhea

Mucousal IgA antibodies raised against the amebic
GalNAc-lectic are protective against E. histolytica.
Corroborated in 2006

Haque et al. 2002 Anti-lectic serum IgG Isolated trophozoites were genetically diverse

Anti-lectic fecal IgA Lack of serum IgG against the GalNAc lectic linked
to resistance

PCR analysis by isolated trophozoites 86 % reduction in new infection of 12 months in children
who developed IgA anti-lectin

Haque et al. 2003 Diagnostic tools to measure causes
of diarrheal episodes

Well-nourished children had fewer episodes of diarrheal overall

Most frequent causes of diarrhea included enterotoxigenic
Escherichia coli, Shigella, Rotavirus, Giardia lamblia,
Cryptosporidium parvum, and E. histolytica

E. histolytica contributed to overall morbidity from diarrheal
illness

Duggal et al. 2004 Genotype leukocyte antigen class II alleles Children with DQB1*0601/DRB1*1501 haplotype were 10.1
times more resistant to E. histolytica and less likely to be
sero-positive for anti-lectin IgG

HLA class II-restricted immune responses protective against
E. histolytica infection

Tarleton et al. 2006 Verbal and nonverbal test for cognitive ability Cognitive score negatively associated with stunting in school-age
children

E. histolytica diarrhea was not independently associated with
cognitive deficits when the study was control with social factors

Mondal et al. 2006 Weight for age Z-score E. histolytica-associated diarrheal illness was negatively
associated with growth of preschool children as measured by
WHO WAZ and HAZ

Heigth for age Z-score Cryptosporidium and Giardia diarrheal episodes not associated
with growthStool antigen diagnostics for Cryptosporidium

and E. histolytica

Microscopic diagnosics for Giardia

Haque et al. 2007 IFN-γ production by amebic antigen
stimulated PBMCs

Above-average secretion of IFN-γ by PBMCs associated with
longer survival without E. histolytica diarrheal episodes

Adjusted for stunting, the increased risk remained mildly significant

Concluded that IFN-γ production linked to nutritional status is protective

Mondal et al. 2009 Analyzed association between E. histolytica
diarrhea and undaernutrition

Enterotoxigenic E. coli, Cryptosporidium, and E. histolytica
infection more common in malnourished children

Malnutrition contributes to susceptibility in a subset of enteric infections

Peterson et al. 2010 TNF-α production by amebic antigen
stimulated PBMCs

High level of TNF-α production associated with increase risk
of the first and recurrent E. histolytica diarrheal episodes

Microarray analysis of whole blood and colon
biopsy samples from patients in acute
and convalescent stages of amebiasis

Symptomatic infection was associated with significantly higher
production of TNF-α protein and mildly elevated TNF-α
message levels

Duggal et al. 2011 Measured genetic variants in leptin
and the leptin receptor and investigated
their association with amebiasis

Childern homozygous for a SNP encoding a single amino acid
substitution in the leptin receptor (Q223R) were found to be
nearly four times more likely to have an infection compared
with those homozygous for the wild-type allele

Adult ALA patients were less likely to carry the protective
glutamine allele

Mice carrying the protective allele were significantly more resistant
to experimental amebiasis

Peterson et al. 2011 Microarray analysis of intestinal biopsies
in acute and convalescent amebiasis

REG1A and REG1B were highly upregulated in human biopsies
from patients with acute versus convalescent amebiasis

RT-qPCR for REG1A/1B Result confirmed by RT-qPCR

Challenged REG1 knockout mice
with E. histolytica trophozoites

REG1 knockout mice were significantly more susceptible
to experimental amebiasis
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system (reviewed in [33]). Global suppression and dysregu-
lation of immune function associated with acute and chronic
undernutrition may be the most important independent pre-
dictor of E. histolytica diarrhea in the first year of life.

Reciprocally, E. histolytica diarrheal episodes increase
the risk of becoming undernourished [23, 26, 34, 35]. Chil-
dren with E. histolytica-associated diarrhea are nearly three
times more likely to be clinically undernourished and are at
dramatically increased risk of stunting [34].

Childhood undernutrition and diarrhea are inextricably
linked with profound consequences for treatment out-
comes in the developing world. Intestinal inflammation
resulting from repeated exposure to enteric pathogens
leads to malabsorption of critical nutrients, while second-
ary immunodeficiency related to compromised nutritional
status makes children under 5 particularly vulnerable to
the devastating cycle of undernutrition, disease, and pov-
erty. To break this cycle, a holistic approach is needed.
Treatment strategies to target E. histolytica diarrhea in the
context of an undernourished patient must be designed.
More broadly, nutritional supplementation should be
enriched to provide essential nutrients affected by repeat-
ed exposure to enteropathogens and such supplements
could become a routine part of treatment. Finally, suc-
cessful vaccines may utilize adjuvants that stimulate in-
nate factors deficient in undernourished individuals.
While therapeutic and nutritional interventions are critical,
human genetic factors that affect innate resistance to E.
histolytica infection further complicate the interaction be-
tween nutritional status and parasitic disease.

Host

Natural immunity in humans

Mounting evidence suggests that host genetic factors influ-
ence frequency and severity of E. histolytica diarrheal

episodes. The HLA class II allele DQB1*0601 and the
haplotype DQB1*0601/DRB1*1501 are associated with
drastically decreased rates of E. histolytica infection [36].
More recently, a 12-year study of the Mirpur cohort has
shown that a single amino acid replacement (Q223R) in the
extracellular domain of the leptin receptor encoded by a
SNP is associated with a nearly fourfold increase in suscep-
tibility to infection by E. histolytica as well as an overall
decrease in time to infection. The effects of the mutation
were confirmed in a population of adult male ALA patients,
where homozygosity for the allele encoding arginine at
position 223 was associated with twofold increased suscep-
tibility to extraintestinal disease. These observations high-
light the importance of leptin signaling and point to a
specific mutation that increases susceptibility to E. histoly-
tica, decreases time to infection, and increases the likelihood
of developing extraintestinal amebiasis [37].

It is clear that the host genetic background influences
susceptibility to amebiasis. However, environmental factors
complicate the picture by simultaneously affecting the phe-
notype. It is important to delineate primary resistance deter-
mined by genetics and secondary resistance determined by
nutritional status and other environmental factors. It is crit-
ical to identify more host genetic factors that affect E.
histolytica infection. These studies will not only increase
our understanding of the pathogenesis of amebiasis but also
aid in targeting therapies to at-risk populations.

Cytokines

TNF-α

TNF-α is a cytokine with diverse roles in immunity.
Depending on the factors recruited to ligand-bound
TNFR1/2, TNF-α can stimulate growth and differentiation
through MAPK, survival and inflammation through NFκB,
or cell death through caspase activation [38]. The amebic
lectin induces TNF-α production by macrophages [39] and

Table 1 (continued)

Author Date Study Major findings

Mondal et al. 2012 Analysis of association between malnutrition,
socioeconomic state, immune factor
and amebiasis in the first year of life

Children malnourished at birth were significantly more susceptible
to E. histolytica, Cryptosporidium, and ETEC infections

Malnutrition in 12 months is predicted by prolonged diarrheal
episodes, intestinal barrier dysfunction, maternal education,
and family income

Concluded that malnutrition at birth predisposes children
to amebiasis which alters intestinal barrier function
and influences nutritional status at 12 months

Here, we describe major findings from the long-term prospective study of a population living in Mirpur, an urban slum of Dhaka, Bangladesh.
Children were observed every other day. Diarrheal stools were tested for E. histolytica using antigen detection and PCR. Blood was drawn every
4 months for detection of serum antibodies and cytokine response, and monthly stool samples were obtained to measure secretory immunoglobulin
A response. Anthropometrics were assessed every 4 months
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TNF-α acts as a potent chemoattractant for E. histolytica [40];
however, the role of TNF-α in amebiasis is not entirely clear.

In vitro, TNF-α enhances killing of E. histolytica troph-
ozoites by neutrophils and macrophages [41, 42]. In vivo,
TNF-α seems to exacerbate disease. Blocking TNF-α pro-
duction in the human xenograph SCID mouse model of
amebiasis reduces inflammation and intestinal damage
[43]. This finding was recently extended to human popula-
tions where TNF-α production by amebic antigen stimulat-
ed PBMCs correlated with increased susceptibility to E.
histolytica diarrhea [44]. It has been suggested that IFN-γ
and prostaglandin E2 modulate TNF-α production during
infection [45]. Thus, a complex array of factors likely deter-
mines whether TNF-α has a protective or destructive role
during amebic infection.

IFN-γ

Analysis of cytokine profiles in the Mirpur study population
has also shown that above average production of IFN-γ but
not IL-5 by amebic antigen stimulated PBMCs was associated
with favorable outcomes and decreased incidence of E. histo-
lytica infection. When controlled for nutritional status, the
observation remained only mildly significant suggesting that
IFN-γ production was dampened in malnourished subjects
[46]. The importance of IFN-γ has been recapitulated in
murine vaccination studies, which have demonstrated that
IFN-γ is a significant correlate of protection for E. histolytica
[7, 8].

IL-10

IL-10-deficient mice are more susceptible to amebic infec-
tion [47], and undernutrition modifies IL-10 production [48]
perhaps contributing to increased susceptibility of under-
nourished individuals to E. histolytica diarrhea. Overall,
IL-10 is likely to play a role in connecting nutritional status
to amebiasis.

Leptin

The adipocytokine leptin links nutrition to immunity. Im-
mune functions are impaired and leptin levels low in under-
nourished individuals [49]. However, the role of leptin in
starvation-induced immune dysregulation has not been fully
elucidated. Data from human studies into the effects of
leptin deficiency on immunity in malnourished children
are contradictory [50, 51]. Nonetheless, mice and humans
with impaired leptin signaling exhibit compromised im-
mune function and are more susceptible to many infections,
including amebiasis [52, 53]

Leptin signals through the long form of its receptor via
the receptor-associated Janus kinase 2 (JAK2). JAK2

phosphorylates intracellular tyrosine residues Y985, Y1077,
and Y1138, which recruit SHP2, STAT5, and STAT3, respec-
tively. SHP2 positively regulates the ERK/c-fos pathway [54].
Activated STAT3 upregulates SOCS3, which serves as both a
feedback inhibitor of leptin signaling and a repressor of apo-
ptotic pathways. Leptin receptor-mediated SOCS3 signaling
also regulates a number of proinflammatory pathways [55]

Leptin signaling plays a crucial and well-characterized role
in a number of immune pathways that are important for pro-
tection against amebiasis. Leptin enhances CCL chemokine
secretion in murine macrophages [56], which promotes che-
motaxis of monocytes. Leptin also acts directly to mobilize
monocyte populations via leptin-dependent PI3K/Akt activa-
tion [57]. In leptin and leptin receptor-deficient mice, macro-
phages exhibit phenotypic variations like diminished
phagocytic capacity and lowered cytokine production [58, 59].

Leptin signals secretion of proinflammatory cytokines
TNF-α and IL-6 [60] and may regulate the monocytic
oxidative burst [61]. Stimulation with leptin upregulates
production of interleukin 1 receptor antagonist [62] and
IFN-γ inducible protein [63]. Overall, leptin contributes to
a Th1 proinflammatory immune response, which is crucial
for clearance of trophozoites during amebiasis. Leptin re-
ceptor null mice (db−/db−) exhibit a skewed Th2 cytokine
profile and diminished T cell proliferation [64], which cor-
relate with increased susceptibility to E. histolytica.

Proinflammatory chemokines and cytokines IL-6, IL1-β,
and CXCL1 are upregulated in response to leptin [65], and
leptin concentrations spike during gut inflammation [66].
The primary action of leptin in intestinal epithelial cells
(IECs) appears to be mediated through STAT3, a transcrip-
tion factor known to regulate epithelial homeostasis during
infection and inflammation [67, 68]. Pathogenic strains of
bacteria in mice activate STAT3 in colonic epithelial cells,
initiating a protective Th17 mucosal immune response,
characterized by secretion of IL-17. TH-17 response stim-
ulates production of IL-6 and IL-8, potent mediators of
inflammation and neutrophil chemotaxis, respectively [69].

Leptin stimulates anti-apoptotic and proliferative path-
ways that promote barrier function and wound healing in
epithelial layers [66, 69–73]. Leptin signaling is anti-
apoptotic in a variety of cell types [74]. Dendritic cells from
db−/db− mice are more prone to apoptosis potentially as a
result of decreased PI3K/Akt, STAT3, and IκB-α signaling
[75, 76]. Increased caspase-3 expression is observed in
colonic epithelial cells of db−/db− mice [69].

The pleiotropic role of leptin in immune function and
energy balance supports the hypothesis that leptin is critical
to an appropriate immune response in enteric diseases like
amebiasis and may explain mechanistically the strong asso-
ciation between undernutrition and amebic disease. Recent
studies in humans and mice have revealed the importance of
leptin signaling in protection against E. histolytica.
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Guo et al. have shown that ob−/ob− and db−/db− mice are
more susceptible to amebic infection than are wild-type
controls. Moreover, leptin signaling in the intestinal epithe-
lium alone was sufficient to confer wild-type resistance. The
site of leptin-mediated resistance to E. histolytica was de-
termined using tissue specific deletions of the leptin receptor
in E. histolytica resistant C57B2/6 mice. Deletion of the
leptin receptor in the intestinal epithelium was sufficient to
render mice susceptible to amebic infection. Expression of a
leptin receptor deficient in STAT5 signaling also rescued the
susceptible phenotype. However, complementation with
receptors deficient in SHP-2 or STAT3 did not restore resis-
tance, implicating STAT3 and SHP2 but not STAT5 in
leptin-mediated resistance to amebiasis [52].

To further understand leptin signaling in host defense,
we developed an assay to measure amebic cytotoxicity in
single cells. Physiological concentrations of leptin were
protective against amebic cytotoxicity in cells that endog-
enously or exogenously expressed leptin receptor. In
HEK293T cells exogenously expressing leptin receptor sig-
naling mutants, only cells deficient in the leptin-dependent
STAT3 signaling pathway lost leptin-mediated resistance to
amebic challenge while SHP2 and STAT5 mutants remained
resistant.

The Q223R mutation in the leptin receptor also increased
amebic cytotoxicity in vitro, and cells expressing the Q223
form of the leptin receptor displayed significantly higher
levels of activated STAT3 in response to leptin [77]. In
combination, these results imply that leptin-dependent
STAT3 activation mediates direct cellular resistance to ame-
bic cytotoxicity while leptin-activated SHP-2 signaling may
be important in coordinating the global immune response to
amebiasis. It is important to emphasize that this mechanism
was elucidated in murine and in vitro models of amebic
disease and has yet to be extensively validated in humans.

Innate cell-mediated immunity to E. histolytica

Intestinal immunity

The intestinal epithelium is essential for protection against
amebiasis. Approximately 90 % of E. histolytica infections
are commensal, suggesting that the gut is highly effective at
limiting progression to symptomatic disease [78]. The pro-
tective role of the epithelium in amebiasis is mediated by the
mucousal layer, which prevents ameba from adhering to
IECs. IECs and tight gap junctions provide a second phys-
ical barrier to invasion. As these barriers begin to fail,
epithelial cells recruit and activate other effectors of innate
immunity through chemokine and cytokine release. Resi-
dent microbes may also affect E. histolytica virulence and
intestinal inflammation. A simplified model of intestinal
invasion by E. histolytica trophozoites is depicted in Fig. 1.

Mucousal layer

Mucus offers the first layer of protection against invading
trophozoites in the intestine. Goblet cells secrete mucins,
which solubilize to form a gelatinous barrier between the
lumen and epithelium forming a barrier against enteric
pathogens. Studies by Chadee et al. have shown that secret-
ed colonic mucins are critical for gastric mucosal repair [79]
and resistance to bacterial colitis [80]. The process by which
invasive E. histolytica trophozoites penetrate the protective
mucous barrier to contact and kill sub-mucousal epithelial
cells is well understood. The Gal/GalNac adherence lectin
of E. histolytica adheres to glycosylated components of the
mucousal matrix [81]. Next, parasitic cysteine proteases
cleave mucins at sites of low glycosylation. Degrading
mucins and other components of the mucous layer allows
ameba to bind sub-mucousal cells, induce cell death, and
penetrate the epithelium [82].

Recent work inMUC2 knockout mice has highlighted the
specific importance of mucins as protective molecules
against E. histolytica. Bergstrom et al. demonstrated that
MUC2 deficient mice challenged with E. histolytica dis-
played an acute proinflammatory response, characterized
by increased gross pathology, luminal TNF-α and IFN-γ,
and altered expression of gap junction proteins [80]. Results
from Chadee et al. recently recapitulated this finding in
colonic loops from MUC2-deficient mice and have gone
on to show that trophozoites also require MUC2 to invade
the epithelium. E. histolytica appears to induce higher
MUC2 expression and trophozoites become trapped in the
mucous coating of the colonic epithelium presumably be-
fore invading.

E. histolytica cysteine protease 5 (CP5) directly cleaves
MUC2. Expression of this protease likely allows the parasite
to overcome the protective mucous barrier [83]. When CP5
is silenced, trophozoites fail to penetrate the colonic lamina
propria and do not induce proinflammatory cytokine secre-
tion in ex vivo models of amebic colonic invasion [84].
These results suggest that disassociation of E. histolytica
from the colonic epithelium by mucous, prevents a damag-
ing inflammatory response.

Microbiome

The microbes that colonize the shallow section of the mu-
cosal layer of the intestinal epithelium may improve barrier
function by inhibiting adherence of pathogenic species and
competing for nutrients. Entamoeba are naturally colonized
by bacteria, which affect parasite virulence [85]. The axeni-
zation of Entamoeba alters the surface antigens of the par-
asite [86]. As trophozoites feed primarily on resident gut
flora, it is plausible that differences in host microbial ecol-
ogy contribute to the initiation of a virulent phenotype.

776 Semin Immunopathol (2012) 34:771–785



Already, reduction in lactobacillus species has been ob-
served in ALA patients [87].

Numerous studies have shown that microbial composi-
tion is linked to nutritional status and its composition can
alter nutrient absorption and bioavailability [88–91]. Nutri-
ent deprivation alters host susceptibility but may also con-
tribute to virulence of the parasite. Several micro- and
macronutrients have been shown to influence E. histolytica
virulence including calcium via regulation of URE3BP [19],
glucose [92], cholesterol [93], and iron [94].

The emerging field of microbial metagenomics is likely
to continue to reveal an important role for the gut micro-
biome in the pathogenesis of E. histolytica via modulation
of the immune response and virulence of the parasite itself.

Antimicrobial compounds

Secreted immunoglobulins, defensins, and cathalecidins re-
inforce mucousal barrier function, actively preventing path-
ogenic colonization by ameba. Cathelicidins, antimicrobial
peptides resident in the gut mucosa, are important mediators
of mammalian innate immunity and while E. histolytica
trophozoites activate cathelicidin production in both human
and mouse intestinal epithelial layers, they are resistant to
their cytolytic effect. Amebic cysteine proteases cleave the
cathelicidins LL-37 and CRAMP but the fragments retain
bactericidal activity [95].

Four regenerating gene (REG) C-type lectins have been
characterized in humans. Overall, REGs function to induce
cellular proliferation and inhibit apoptosis. REGIα seems to
have a physiological role in the gastric mucosa and REGs
are found throughout the gastrointestinal system. REGIα,
REGIβ, and REGIII mRNAs are overexpressed in the colon
in inflammatory bowel disease, Crohn’s disease, and

ulcerative colitis [96]. Microarray analysis of intestinal bi-
opsies from patients in early and recovery stages of amebi-
asis has shown that REGIα and REGIβ are highly
upregulated during acute infection relative to convalescence
and immunohistochemical studies confirm this result [97].
Thus, REGs likely have a functional role in regeneration of
the intestinal epithelium after amebic disease. The recently
discovered antimicrobial function of REGIII [98] suggests
that REG proteins may have dual functions in intestinal
barrier reinforcement and amebic killing [99].

Intestinal epithelial cells

IECs recognize multiple amebic antigens and direct the
immune response in the acute phase of amebiasis. It is
generally thought that the epithelium downregulates pattern
recognition receptors (PRR) to prevent chronic inflamma-
tion in response to resident microbial antigens [9]. Interest-
ingly, stimulation of IEC layers with the adherence lectin of
E. histolytica increases expression of TLR2, which recog-
nizes amebic LPPG and activates NFκB-regulated secretion
of proinflammatory cytokines from human monocytes, mac-
rophages, and dendritic cells [100]. In vitro, when stimulat-
ed with amebic antigens, IECs secrete TNF-α, IL-6, GROa,
and GM-CSF [101]. E. histolytica DNA has been shown to
activate TLR9 [100] which recognizes unmethylated CpG
dinucleotides [101]. Additionally, CP5 binds to α(V)β(3)
integrin on Caco-2 colonic cells via the RGB motif and
stimulates an NFκB-mediated proinflammatory responses
via PI3K/Akt [102, 103]. In the SCID mouse–human xeno-
graft model of ALA, amebic challenge increased IL-8 and
IL-1β secretion presumably promoting acute neutrophilic
infiltration [104]. IEC death itself may recruit and stimulate
immune cells. It has long been thought that contact-

Fig. 1 Intestinal immunity. E.
histolytica trophozoites
encounter a layered host
defense as they invade the
intestine. Intestinal epithelial
cells (IECs) direct an
inflammatory response to
invasive ameba by recruiting
neutrophils, macrophages, and
other immune cells.
Trophozoites that survive may
progress to the circulatory
system where they encounter
humoral antibodies and must
evade complement-mediated
lysis
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dependent killing by trophozoites was canonically apoptotic.
Amebic cytotoxicity induces membrane blebbing, TUNEL
positivity, surface exposure of phosphatidylserine, and cas-
pase activation. Furthermore, caspase inhibition and overex-
pression of anti-apoptotic effectors like Bcl-2 are protective in
mouse models of disease [105]. Pyropototic and necrotic
death are increasingly recognized as important for amebic
cytotoxicity as host cells experience a rapid loss of membrane
integrity not consistent with canonical apoptosis. These latter
death pathwaysmay contribute more potently to inflammation
in the intestine through release of host cellular components.

Amebic invasion through the IEC layer and into the
lamina propria may occur passively through small gaps
resulting from inflammation [101]. Active penetration is
likely mediated by amebic proteases that cleave gap junc-
tions, facilitating transepithelial movement [14]. Interesting-
ly, E. histolytica has adapted to dampen the NFκB-mediated
inflammatory response of IECs via induction of heat shock
protein 27 (hsp27), which suppresses NFκB transcriptional
regulation [106].

These observations suggest that the intestinal epithelium
is crucial barrier to infection by E. histolytica. Pathogenic
ameba must breach the mucousal matrix to access IECs,
whose PRRs recognize and respond to amebic invasion.
At the onset of acute amebic colitis, ulcers form and inflam-
matory signals from IECs recruit effectors of innate immu-
nity to the site of danger while initiating an adaptive
response. The degree of immune activation in the intestinal
epithelium likely determines the progression and severity of
amebiasis as much of the resultant tissue damage is mediat-
ed by the host inflammatory response.

Post-epithelial immunity

Neutrophils The primary role of neutrophils in innate im-
munity is to destroy and engulf pathogens in affected tis-
sues. Neutrophil extracellular NADPH oxidase generates
reactive oxygen species that are toxic to invading pathogens.
Neutrophils also express surface receptors for opsonins that
facilitate phagocytosis of pathogens marked by other
branches of the immune system for destruction [115]. Neu-
trophils also exude extracellular traps (NETs) composed of
chromatin and serine proteases that ensnare and neutralize
pathogens [116]. A role for NETs in the pathogenesis of
amebiasis has yet to be characterized.

Trophozoites that breach the epithelial barrier elicit a rapid
infiltration of neutrophils to the site of infection in early stages
of intestinal disease [107, 108]. IECs secrete IL-8, a potent
neutrophil chemoattractant, when exposed to E. histolytica
[109]. Activation and translocationmay also occur in response
to anaphylotoxins C5a and C3a of the complement system
though amebic proteases cleave and inactivate both effectors
[110]. It is generally accepted that neutrophils are responsible

for much of the tissue damage associated with amebic colitis.
While neutrophils do possess amebacidal activity, which like-
ly aids in pathogen clearance for asymptomatic infections,
virulent trophozoites have adapted effective mechanisms of
resistance and counterattack. Neutrophils in culture amplify
the cytopathogenicity of E. histoltyica trophozoites on epithe-
lial cells [111] likely due to neutrophil degranulation of toxic
cellular components [112].

Leptin deficiency and genetic differences in leptin sig-
naling pathways may also affect neutrophil response to
amebic invasion. Neutrophils express a short form of the
leptin receptor that is sufficient for leptin signaling, which
inhibits apoptotic pathways and acts as a chemoattractant
[54, 113], and may modulate oxidative capacity in neutro-
phils during infection [114].

There is some evidence from mouse and in vitro models
of amebiasis that neutrophils play a protective role early in
invasion [105, 117, 118]. Neutrophil depletion in the SCID
mouse model exacerbates intestinal disease and liver ab-
scess formation [105, 117, 118]. However, the GR-1 anti-
bodies used in these studies may also deplete monocytes and
eosinophils. In early stages of hepatic amebiasis, neutrophils
are the major effectors of the acute inflammatory response,
[119] but can be both protective [120] and destructive [111].

Neutrophils primed with IFN-γ, TNF-α, or LPS do exhibit
amebicidal activity [112]. However,E. histolytica has proven to
be far more effective at killing neutrophils, with more virulent
strains killing at a ratio of 1 trophozoite to 3,000 neutrophils
[112]. E. histolytica trophozoites induce neutrophil apoptosis
directly by engaging with integrins and by activating NADPH
oxidase [121, 122]. Invasive amebic strains are resistant to the
respiratory burst as an amebic peroxidoredoxin protects troph-
ozoites from reactive oxygen species [121, 122]. Neutrophil
corpses are quickly phagocytosed by trophozoites [112].
Figure 2 summarizes some of what is known about the role of
neutrophils in host defense against E. histolytica.

Macrophages Macrophages play important roles in the
pathogenesis of both intestinal and hepatic amebiasis. Macro-
phages are activated by E. histolytica trophozoites and are
amebicidal when stimulated with CSF, IFN-γ, and TNF-α
[112]. The amebic surface component LPPG activates a clas-
sical inflammatory macrophage response upon TLR 2/6 and
TLR 4 binding [123]. E. histolytica DNA also promotes
macrophage activation by TLR9 binding [104]. Furthermore,
macrophages upregulate TLR2 in response to the amebic
galactose-specific lectin [104]. Macrophage amebicidal activ-
ity is mediated by nitric oxide synthase (NOS) [124]. NO
inhibits important amebic virulence factors including the cys-
teine proteases and alcohol dehydrogenase 2 [125].

Invasive ameba are able to regulate macrophage responses
in a number of ways. Analogous to their interaction with
neutrophils, trophozoites inhibit the respiratory burst of
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macrophages. With macrophages, this function depends on an
amebic arginase that competitively converts L-arginine, a sub-
strate of macrophage NOS, to L-ornithine [126]. Ameba also
modulate macrophage cytokine secretion [127, 128]. Produc-
tion of TNF-α is blocked by amebic degradation of c-fos and
TNF-α transcripts [129]. E. histolytica produces a cyclooxy-
genase 2, the prostaglandin product of which has host-
immunomodulatory function [130, 131]. Prostaglandin trig-
gers a cAMP spike in macrophages. This signal activates PKA
and IL-8 secretion [131]. PKA inhibits expression of Th1
cytokines and PKC-mediated NO synthesis [130]. Finally,
the monocyte locomotion inhibitory factor (MLIF) of E. his-
tolytica has been implicated in altering macrophage function.
MLIF inhibits NO and proinflammatory cytokine production
while stimulating the secretion of IL-10, an important anti-
inflammatory effector [132, 133].

Macrophages represent a secondary line of defense after
the massive infiltration of neutrophils during acute hepatic
amebiasis. NOS is protective and its liver specific deletion
increases severity of ALA in infected mice [124]. IFN-γ is
also important for macrophage-mediated protection against
trophozoites. Blocking IFN-γ receptors increases susceptibil-
ity to ALA in mice [134]. Classically activated macrophages
are effective at clearing trophozoites and even alternative
activation can promote wound repair and recruitment of adap-
tive immune cells [135]. E. histolytica suppresses both acti-
vated classes of macrophages, undermining cell-mediated
immunity and leading to establishment of chronic ALA
[127]. Figure 3 summarizes some of what is known about
the role of macrophages in host defense against E. histolytica.

Natural killer and natural killer T cells Natural killer cells
do not require priming to be functionally cytotoxic against

pathogens. Their canonically myopic “killer” function has
been challenged in recent years as more studies elucidate
diverse roles for NK cells in immune regulation [136].
Activated NK cells secrete IFN-γ and TNF-α, important
factors in host-immunity to amebiasis. NK cells infiltrate the
liver during the acute phase of experimental ALA in mouse
models [137]. Virulent trophozoites stimulate NK cell cyto-
toxicity more effectively than do non-pathogenic strains
[138]. E. histolytica may regulate NK cells through CP-
mediated cleavage of C5a, an anaphylotoxin known to acti-
vate NK cells during sepsis [139].

NKT cells express markers that delineate NK cells but co-
express αβ TCR. They differ from most T-cell populations
in that they recognize antigens presented by CD1d instead
of MHC associated antigens. Invariant NKT (iNKT) cells
are a subset of NKT cells that express invariant α-TCR and
produce large amounts of pro- and anti-inflammatory cyto-
kines upon activation. iNKT cells are activated to produce
IFN-γ but not IL-4 in a TLR/CD1d-dependent manner
[140]. Studies in mouse models of ALA suggest that clear-
ance of trophozoites during early stages of hepatic coloni-
zation is dependent on NKT cell activity. Mice lacking NKT
cells are highly susceptible to ALA [141]. Clearance was
associated with elevated IFN-γ production.

Like neutrophils, NKT cells likely have a context-
dependent effect on disease progression. Their response to
amebic antigens may contribute to polarizing the immune
response toward the Th1 phenotype thought to be protective
in amebiasis. In terms of ALA, after the acute phase of
hepatic infiltration, particularly resistant trophozoites sur-
vive and expand. At this stage, iNKT cells may increase
tissue damage by propagating deleterious inflammatory sig-
nals and stimulating neutrophil chemotaxis.

Fig. 2 Neutrophils recruited to
the site of E. histolytica
infection target pathogens by
secreting NADPH oxidase, an
enzyme that catalyzes the
production of reactive oxygen
species. Interleukins,
interferons, and tumor necrosis
factor alpha prime and recruit
more immune cells. The
parasite responds with
peroxiredoxin and cysteine
proteases, which cleave and
neutralize host factors to make
way for lectin-mediated
adherence and effectors of
amebic cytotoxicity
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Complement The pathogenesis of extraintestinal amebiasis
depends on evasion of humoral innate immunity by E.
histolytica and both alternative and classical branches of
the complement system are involved. All complement path-
ways converge to produce a pathogen-associated C3-
convertase that cleaves C3 into the opsonin C3b and the
inflammatory anaphylotoxin C3a. The proteolytic cascade
culminates in pathogen lysis via deposition and polymeri-
zation of pore-forming membrane attack complexes
(MACs) on opsonized invaders [142].

E. histolytica can activate both the alternative branch and
the serum-antibody-dependent classical branch of the com-
plement cascade [143, 144]. A neutral E. histolytica cysteine
protease cleaves C3 to an active isoform of C3b [144]. In
trophozoites that are susceptible to complement, C3b, a
cleavage product of amebic CP, successfully recruits termi-
nal effectors of the cascade resulting in MAC formation and
parasite lysis [145]. Trophozoites isolated from asymptom-
atic cases are readily lysed in a complement-dependent
manner, but pathogenic trophozoites from patients with
amebic liver abscess or invasive colitis are resistant to
complement-mediated killing [146]. These studies suggest
that complement is an important barrier against invasion by
E. histolytica, presumably contributing to the low incidence
of extraintestinal disease. Furthermore, amebic resistance to

complement-mediated killing represents an adaptation
unique to trophozoites that cause extraintestinal disease.

Host cells prevent their own complement-mediated lysis by
expressing surface CD59. Expression of CD59 inhibits opso-
nization and MAC formation on host cells [147]. The Gal/
GalNac lectin of E. histolytica is a multisubunit GPI-anchored
complex essential for parasite recognition of host surfaces.
Braga et al. showed that this lectin contains a CD59-like
region that inhibits MAC formation and protects the parasite
from complement-mediated lysis [148]. In agreement with
these results, global inhibition of GPI anchor formation leaves
previously resistant E. histolytica trophozoites susceptible to
complement-mediated lysis [149]. Other CD59-like amebic
proteins may also contribute to resistance. Ventura et al.
recently identified a novel 21 kDa amebic surface protein that
reacts with human anti-CD59 [150]. However, its functional-
ity as an inhibitor of MAC formation and its molecular iden-
tity have yet to be elucidated.

Amebic cysteine proteases also play a role in complement
evasion. The surface EhCP implicated in AP activation by C3
cleavage [144] also cleaves and inactivates the inflammatory
anaphylotoxins C3a and C5a [110]. Thus CPs appears to play
opposing roles in evasion of host immunity by E. histolytica,
on the one hand activating complement and on the other
suppressing numerous inflammatory pathways downstream

Fig. 3 Macrophages recruited to the site of E. histolytica infection are
classically activated by interferon gamma and other cytokines. They
produce NO to kill pathogens and secrete IL-10 and IL-8, promoting

gut barrier function and neutrophil recruitment, respectively. The par-
asitic arginase competitively inhibits and the MLIF alters expression of
host nitrous oxide synthase. E. histolytica CpG DNA activates TLR9
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of C3a and C5a. A third mechanism of complement resistance
may involve enrichment of lypophosphoglycan (LPG) in the
outer leaflet of the E. hystolytica plasma membrane. While
LPG is produced in the pathogenic E. histolytica, significant
levels are not observed in the non-pathogenic strain E. dispar
[151]. LPG protects Leishmania from complement-mediated
lysis by impeding the deposition of proteolytic complexes and
preventing MAC formation [152]. E. histolytica trophozoites
may employ a similar strategy.

ALA is approximately five times more prevalent in men
than in women, suggesting a sexual dimorphism in susceptibil-
ity to extraintestinal amebiasis [153]. Differences in the cyto-
pathogenic effects of complement on E. histolytica between the
two sexes have been implicated [9]. Nonimmune female serum
kills trophozoites more effectively than does nonimmune male
serum [154]. However, it is unlikely that complement is solely
responsible for the difference in susceptibility to extraintestinal
disease. Interestingly, the sexual dimorphism observed in
humans was corroborated in mouse studies [134]. Female B6
mice were more effective than males at clearing invasive troph-
ozoites from the liver in a SCID mouse model of ALA [141].
Clearance was associated with a rapid NKT cell response and
high IFN-γ production [141]. Male mice cleared infections less
effectively, IFN-γ production was less robust, and significant
IL-4 production was observed.

Conclusions

Generations of research have provided a tremendous body of
knowledge about host immunity to amebiasis. Recent work has
highlighted the importance of the parasite genome and tran-
scriptome in progression to a virulent phenotype. Significant
progress has also been made in vaccine and drug development
and we now have a better understanding of environmental
factors that contribute to amebiasis. The complexity of the
interaction between E. histolytica trophozoites and host-innate
immunity continues to make identification of factors that influ-
ence susceptibility to infection a fascinating challenge. Effec-
tive approaches have united powerful techniques in population
genetics, immunology, and epidemiology to probe the full
complexity of the relationship. Using work in human popula-
tions to informmouse and in vitro studies of amebiasis has been
particularly effective, allowing us to focus on host and parasite
factors proven to effect immunity in humans.

References

1. Haque R, Mondal D, Kirkpatrick BD et al (2003) Epidemiologic
and clinical characteristics of acute diarrhea with emphasis on
Entamoeba histolytica infections in preschool children in an urban
slum of Dhaka, Bangladesh. Am J Trop Med Hyg 69(4):398–405

2. Espinosa-Cantellano M, Martínez-Palomo A (2000) Pathogenesis
of intestinal amebiasis: from molecules to disease. Clin Microbiol
Rev 13(2):318–331

3. Black RE, Allen LH, Bhutta ZA et al (2008) Maternal and child
undernutrition: global and regional exposures and health conse-
quences. Lancet 371(9608):243–260

4. Petri WA Jr, Chaudhry O, Haque R, Houpt E (2006) Adherence-
blocking vaccine for amebiasis. Archives of Medical Research 37
(2):287–290

5. Haque R, Ali IM, Sack RB (2001) Amebiasis and mucosal IgA
antibody against the Entamoeba histolytica adherence lectin in
Bangladeshi children. J Infect Dis 183(12):1787–1793

6. Abd Alla MD, Wolf R, White GL (2012) Efficacy of a gal-lectin
subunit vaccine against experimental Entamoeba histolytica infec-
tion and colitis in baboons (Papio sp.). Vaccine 30(20):3068–3075

7. Guo X, Barroso L, Becker SM et al (2009) Protection against
intestinal amebiasis by a recombinant vaccine is transferable by T
cells and mediated by gamma interferon. Infect Immun 77
(9):3909–3918

8. Guo X, Barroso L, Lyerly DM, Petri WA, Houpt ER (2011) CD4
+ and CD8+ T cell- and IL-17-mediated protection against Ent-
amoeba histolytica induced by a recombinant vaccine. Vaccine
29(4):772–777

9. Mortimer L, Chadee K (2010) The immunopathogenesis of Ent-
amoeba histolytica. Exp Parasitol 126(3):366–380

10. Guo X, Houpt E, Petri WA Jr (2007) Crosstalk at the initial
encounter: interplay between host defense and ameba survival
strategies. Curr Opin Immunol 19(4):376–384

11. Biller L, Davis PH, Tillack M et al (2010) Differences in the
transcriptome signatures of two genetically related Entamoeba
histolytica cell lines derived from the same isolate with different
pathogenic properties. BMC Genomics 11:63

12. Mirelman D, Anbar M, Bracha R (2008) Trophozoites of Ent-
amoeba histolytica epigenetically silenced in several genes are
virulence-attenuated. Parasite 15(3):266–274

13. Bracha R, Nuchamowitz Y, Anbar M, Mirelman D (2006) Tran-
scriptional silencing of multiple genes in trophozoites of Ent-
amoeba histolytica. PLoS Pathog 2(5):e48

14. Que X, Reed SL (2000) Cysteine proteinases and the pathogen-
esis of amebiasis. Clin Microbiol Rev 13(2):196–206

15. Costa CA, Nunes ÁC, Ferreira AJ, Gomes MA, Caliari MV
(2010) Entamoeba histolytica and E. dispar trophozoites in the
liver of hamsters: in vivo binding of antibodies and complement.
Parasit Vectors 3:23

16. Ali IKM, Clark CG, Petri WA (2008) Molecular epidemiology of
amebiasis. Infect Genet Evol 8(5):698–707

17. Ali IKM, Solaymani-Mohammadi S, Akhter J et al (2008) Tissue
invasion by Entamoeba histolytica: evidence of genetic selection
and/or DNA reorganization events in organ tropism. PLoS Negl
Trop Dis 2(4):e219

18. Gilchrist CA, Houpt E, Trapaidze N et al (2006) Impact of
intestinal colonization and invasion on the Entamoeba histolytica
transcriptome. Mol Biochem Parasitol 147(2):163–176

19. Moreno H, Linford AS, Gilchrist CA, Petri WA (2010)
Phospholipid-binding protein EhC2A mediates calcium-dependent
translocation of transcription factor URE3-BP to the plasma mem-
brane of Entamoeba histolytica. Eukaryot Cell 9(5):695–704

20. Gilchrist CA, Moore ES, Zhang Y et al (2010) Regulation of
virulence of Entamoeba histolytica by the URE3-BP transcription
factor. mBio 1(1):e00057-10

21. Tengku SA, Norhayati M (2011) Public health and clinical im-
portance of amoebiasis in Malaysia: a review. Trop Biomed 28
(2):194–222

22. Singh A, Houpt E, Petri WA (2009) Rapid diagnosis of intestinal
parasitic protozoa, with a focus on Entamoeba histolytica. Inter-
discip Perspect Infect Dis 2009:547090

Semin Immunopathol (2012) 34:771–785 781



23. Black RE, Brown KH, Becker S (1984) Malnutrition is a deter-
mining factor in diarrheal duration, but not incidence, among
young children in a longitudinal study in rural Bangladesh. Am
J Clin Nutr 39(1):87–94

24. Yoon PW, Black RE, Moulton LH, Becker S (1997) The effect of
malnutrition on the risk of diarrheal and respiratory mortality in
children <2 y of age in Cebu, Philippines. Am J Clin Nutr 65
(4):1070–1077

25. Mondal D, Haque R, Sack RB, Kirkpatrick BD, Petri WA (2009)
Attribution of malnutrition to cause-specific diarrheal illness:
evidence from a prospective study of preschool children in Mir-
pur, Dhaka, Bangladesh. Am J Trop Med Hyg 80(5):824–826

26. Mondal D, Minak J, Alam M et al (2012) Contribution of enteric
infection, altered intestinal barrier function, and maternal malnu-
trition to infant malnutrition in Bangladesh. Clin Infect Dis 54
(2):185–192

27. Chandra RK (1992) Protein-energy malnutrition and immunolog-
ical responses. J Nutr 122(3):597–600

28. Christadoss P, Talal N, Lindstrom J, Fernandes G (1984) Sup-
pression of cellular and humoral immunity to T-dependent anti-
gens by calorie restriction. Cell Immunol 88(1):1–8

29. Guerrant RL, Schorling JB, McAuliffe JF, De Souza MA (1992)
Diarrhea as a cause and an effect of malnutrition: diarrhea pre-
vents catch-up growth and malnutrition increases diarrhea fre-
quency and duration. Am J Trop Med Hyg 47(1 Suppl):28–35

30. Guerrant RL, Oriá RB, Moore SR, Oriá MO, Lima AA (2008)
Malnutrition as an enteric infectious disease with long-term
effects on child development. Nutr Rev 66(9):487–505

31. Savino W, Dardenne M (2010) Nutritional imbalances and infec-
tions affect the thymus: consequences on T-cell-mediated im-
mune responses. Proc Nutr Soc 69(04):636–643

32. Aaby P, Marx C, Trautner S et al (2002) Thymus size at birth is
associated with infant mortality: a community study from
Guinea-Bissau. Acta Paediatrica 91(6):698–703

33. Schaible UE, Kaufmann SHE (2007) Malnutrition and infection:
complex mechanisms and global impacts. PLoS Med 4(5):e115

34. Mondal D, Petri WA Jr, Sack RB, Kirkpatrick BD, Haque R
(2006) Entamoeba histolytica-associated diarrheal illness is neg-
atively associated with the growth of preschool children: evi-
dence from a prospective study. Transactions of the Royal
Society of Tropical Medicine and Hygiene 100(11):1032–1038

35. Haque R,Mondal D, Karim A et al (2009) Prospective case–control
study of the association between common enteric protozoal para-
sites and diarrhea in Bangladesh. Clin Infect Dis 48(9):1191–1197

36. Duggal P, Haque R, Roy S et al (2004) Influence of human
leukocyte antigen class II alleles on susceptibility to Entamoeba
histolytica infection in Bangladeshi children. J Infect Dis 189
(3):520–526

37. Duggal P, Guo X, Haque R et al (2011) A mutation in the leptin
receptor is associated with Entamoeba histolytica infection in
children. J Clin Invest 121(3):1191–1198

38. Locksley RM, Killeen N, Lenardo MJ (2001) The TNF and TNF
receptor superfamilies: integrating mammalian biology. Cell 104
(4):487–501

39. Séguin R, Mann BJ, Keller K, Chadee K (1995) Identification of
the galactose-adherence lectin epitopes of Entamoeba histolytica
that stimulate tumor necrosis factor-alpha production by macro-
phages. Proc Natl Acad Sci U S A 92(26):12175–12179

40. Blazquez S, Zimmer C, Guigon G et al (2006) Human tumor
necrosis factor is a chemoattractant for the parasite Entamoeba
histolytica. Infect Immun 74(2):1407–1411

41. Denis M, Chadee K (1989) Cytokine activation of murine macro-
phages for in vitro killing of Entamoeba histolytica trophozoites.
Infect Immun 57(6):1750–1756

42. Séguin R, Mann BJ, Keller K, Chadee K (1997) The tumor
necrosis factor alpha-stimulating region of galactose-inhibitable

lectin of Entamoeba histolytica activates gamma interferon-
primed macrophages for amebicidal activity mediated by nitric
oxide. Infect Immun 65(7):2522–2527

43. Zhang Z, Mahajan S, Zhang X, Stanley SL (2003) Tumor necrosis
factor alpha is a key mediator of gut inflammation seen in amebic
colitis in human intestine in the SCID mouse–human intestinal
xenograft model of disease. Infect Immun 71(9):5355–5359

44. Peterson KM, Shu J, Duggal P et al (2010) Association between
TNF-α and Entamoeba histolytica diarrhea. Am J Trop Med Hyg
82(4):620–625

45. Wang W, Keller K, Chadee K (1992) Modulation of tumor
necrosis factor production by macrophages in Entamoeba histo-
lytica infection. Infect Immun 60(8):3169–3174

46. Haque R, Mondal D, Shu J et al (2007) Correlation of interferon-
Γ production by peripheral blood mononuclear cells with child-
hood malnutrition and susceptibility to amebiasis. Am J Trop
Med Hyg 76(2):340–344

47. Hamano S, Asgharpour A, Stroup SE et al (2006) Resistance of
C57BL/6 mice to amoebiasis is mediated by nonhemopoietic
cells but requires hemopoietic IL-10 production. J Immunol 177
(2):1208–1213

48. Vinolo MAR, Fock RA, Crisma AR et al (2008) Protein-energy
malnutrition modifies the production of interleukin-10 in re-
sponse to lipopolysaccharide (LPS) in a murine model. J Nutr
Sci Vitaminol 54(5):371–377

49. Faggioni R, Feingold KR, Grunfeld C (2001) Leptin regulation of
the immune response and the immunodeficiency of malnutrition.
FASEB J 15(14):2565–2571

50. Palacio A, Lopez M, Perez-Bravo F, Monkeberg F, Schlesinger L
(2002) Leptin levels are associated with immune response in
malnourished infants. JCEM 87(7):3040–3046

51. Moore SE, Morgan G, Collinson AC et al (2002) Leptin, malnu-
trition, and immune response in rural Gambian children. Arch Dis
Child 87(3):192–197

52. Guo X, Roberts MR, Becker SM et al (2011) Leptin signaling in
intestinal epithelium mediates resistance to enteric infection by
Entamoeba histolytica. Mucosal Immunol 4(3):294–303

53. Moore SI, Huffnagle GB, Chen G-H, White ES, Mancuso P
(2003) Leptin modulates neutrophil phagocytosis of Klebsiella
pneumoniae. Infect Immun 71(7):4182–4185

54. Bruno A, Conus S, Schmid I, Simon H-U (2005) Apoptotic
pathways are inhibited by leptin receptor activation in neutro-
phils. J Immunol 174(12):8090–8096

55. Bjørbæk C, El-Haschimi K, Frantz JD, Flier JS (1999) The role of
SOCS-3 in leptin signaling and leptin resistance. J Biol Chem 274
(42):30059–30065

56. Kiguchi N, Maeda T, Kobayashi Y, Fukazawa Y, Kishioka S
(2009) Leptin enhances CC-chemokine ligand expression in cul-
tured murine macrophage. Biochem Biophys Res Commun 384
(3):311–315

57. Gruen ML, Hao M, Piston DW, Hasty AH (2007) Leptin requires
canonical migratory signaling pathways for induction of mono-
cyte and macrophage chemotaxis. Am J Physiol Cell Physiol 293
(5):C1481–C1488

58. Lee F-YJ, Li Y, Yang EK et al (1999) Phenotypic abnormalities in
macrophages from leptin-deficient, obese mice. Am J Physiol
Cell Physiol 276(2):C386–C394

59. Loffreda S, Yang SQ, Lin HZ et al (1998) Leptin regulates
proinflammatory immune responses. FASEB J 12(1):57–65

60. Santos-Alvarez J, Goberna R, Sánchez-Margalet V (1999) Hu-
man leptin stimulates proliferation and activation of human cir-
culating monocytes. Cell Immunol 194(1):6–11

61. Sánchez-Pozo C, Rodriguez-Baño J, Domínguez-Castellano A et
al (2003) Leptin stimulates the oxidative burst in control mono-
cytes but attenuates the oxidative burst in monocytes from HIV-
infected patients. Clin Exp Immunol 134(3):464–469

782 Semin Immunopathol (2012) 34:771–785



62. Gabay C, Dreyer MG, Pellegrinelli N, Chicheportiche R, Meier
CA (2001) Leptin directly induces the secretion of interleukin 1
receptor antagonist in human monocytes. JCEM 86(2):783–791

63. Meier CA, Chicheportiche R, Dreyer M, Dayer J-M (2003) IP-10,
but not RANTES, is upregulated by leptin in monocytic cells.
Cytokine 21(1):43–47

64. Batra A, Okur B, Glauben R et al (2010) Leptin: a critical
regulator of CD4+ T-cell polarization in vitro and in vivo. Endo-
crinology 151(1):56–62

65. Padidar S, Farquharson AJ, Williams LM et al (2011) Leptin up–
regulates pro–inflammatory cytokines in discrete cells within
mouse colon. J Cell Physiol 226(8):2123–2130

66. Sitaraman S, Liu X, Charrier L, et al (2004) Colonic leptin:
source of a novel pro-inflammatory cytokine involved in inflam-
matory bowel disease. FASEB J. Available at: http://www.fasebj.
org/content/early/2004/03/31/fj.03-0422fje. Accessed 15 March
2012

67. El Kasmi KC, Holst J, Coffre M et al (2006) General nature of the
STAT3-activated anti-inflammatory response. J Immunol 177
(11):7880–7888

68. Hruz P, Dann SM, Eckmann L (2010) STAT3 and its activators in
intestinal defense and mucosal homeostasis. Curr Opin Gastro-
enterol 26(2):109–115

69. Gove ME, Rhodes DH, Pini M et al (2009) Role of leptin
receptor-induced STAT3 signaling in modulation of intestinal
and hepatic inflammation in mice. J Leukoc Biol 85(3):491–496

70. Chen C, Chang Y-C, Liu C-L et al (2007) Leptin Induces prolif-
eration and anti-apoptosis in human hepatocarcinoma cells by up-
regulating cyclin D1 and down-regulating Bax via a janus kinase
2-linked pathway. Endocr Relat Cancer 14(2):513–529

71. Ogunwobi O, Beales I (2007) The anti-apoptotic and growth
stimulatory actions of leptin in human colon cancer cells involves
activation of JNK mitogen activated protein kinase, JAK2 and
PI3 kinase/Akt. Int J Color Dis 22(4):401–409

72. Sukhotnik I, Helou H, Lurie M et al (2007) The effect of leptin on
intestinal recovery following ischemia-reperfusion injury in a rat.
Pediatr Surg Int 23(5):473–478

73. Sukhotnik I, Vadasz Z, Coran A et al (2006) Effect of leptin on
intestinal re-growth following massive small bowel resection in
rat. Pediatr Surg Int 22(1):9–15

74. Mattioli B, Straface E, Quaranta MG, Giordani L, Viora M (2005)
Leptin promotes differentiation and survival of human dendritic
cells and licenses them for Th1 priming. J Immunol 174
(11):6820–6828

75. Lam QLK, Liu S, Cao X, Lu L (2006) Involvement of leptin
signaling in the survival and maturation of bone marrow–derived
dendritic cells. Eur J Immunol 36(12):3118–3130

76. Mattioli B, Giordani L, Quaranta MG, Viora M (2009) Leptin
exerts an anti-apoptotic effect on human dendritic cells via the
PI3K-Akt signaling pathway. FEBS Lett 583(7):1102–1106

77. Marie CS, Verkerke HP, Paul SN, Mackey AJ, Petri WA (2012).
Leptin protects host cells from Entamoeba histolytica cytotoxic-
ity by a STAT-3 dependent mechanism. Infect Immun. Available
at: http://iai.asm.org/content/early/2012/02/06/IAI.06140-11.
Accessed 24 February 2012

78. Wanke C, Butler T, Islam M (1988) Epidemiologic and clinical
features of invasive amebiasis in Bangladesh: a case–control
comparison with other diarrheal diseases and postmortem find-
ings. Am J Trop Med Hyg 38(2):335–341

79. Wallace JL, Vong L, Dharmani P, Srivastava V, Chadee K (2011)
Muc-2-deficient mice display a sex-specific, COX-2-related impair-
ment of gastric mucosal repair. Am J Pathol 178(3):1126–1133

80. Bergstrom KSB, Kissoon-Singh V, Gibson DL et al (2010) Muc2
protects against lethal infectious colitis by disassociating patho-
genic and commensal bacteria from the colonic mucosa. PLoS
Pathog 6(5):e1000902

81. Chadee K, Petri WA, Innes DJ, Ravdin JI (1987) Rat and human
colonic mucins bind to and inhibit adherence lectin of Entamoeba
histolytica. J Clin Invest 80(5):1245–1254

82. Moncada DM, Kammanadiminti SJ, Chadee K (2003) Mucin and
Toll-like receptors in host defense against intestinal parasites.
Trends Parasitol 19(7):305–311

83. Lidell ME, Moncada DM, Chadee K, Hansson GC (2006) Ent-
amoeba histolytica cysteine proteases cleave the MUC2 mucin in
its C-terminal domain and dissolve the protective colonic mucus
gel. Proc Natl Acad Sci USA 103(24):9298–9303

84. Bansal D, Ave P, Kerneis S et al (2009) An ex-vivo human
intestinal model to study Entamoeba histolytica pathogenesis.
PLoS Negl Trop Dis 3(11):e551

85. Bos HJ, van de Griend RJ (1977) Virulence and toxicity of axenic
Entamoeba histolytica. Nature 265(5592):341–343

86. Bhattacharya A, Ghildyal R, Prasad J, Bhattacharya S, Diamond
LS (1992) Modulation of a surface antigen of Entamoeba histo-
lytica in response to bacteria. Infect Immun 60(4):1711–1713

87. Rani R, Murthy RS, Bhattacharya S et al (2006) Changes in bacte-
rial profile during amebiasis: demonstration of anaerobic bacteria in
ALA pus samples. Am J Trop Med Hyg 75(5):880–885

88. Crawford PA, Crowley JR, Sambandam N et al (2009) Regulation
ofmyocardial ketone bodymetabolism by the gut microbiota during
nutrient deprivation. Proc Natl Acad Sci USA 106:11276–11281

89. Jumpertz R, Le DS, Turnbaugh PJ et al (2011) Energy-balance
studies reveal associations between gut microbes, caloric load,
and nutrient absorption in humans. Am J Clin Nutr 94(1):58–65

90. Kau AL, Ahern PP, Griffin NW, Goodman AL, Gordon JI (2011)
Human nutrition, the gut microbiome, and immune system: envi-
sioning the future. Nature 474(7351):327–336

91. Gupta SS, Mohammed MH, Ghosh TS et al (2011) Metagenome
of the gut of a malnourished child. Gut Pathog 3:7

92. Tovy A, Hertz R, Siman-Tov R et al (2011) Glucose starvation
boosts Entamoeba histolytica virulence. PLoS Negl Trop Dis 5
(8):e1247

93. Serrano-Luna J, Gutiérrez-Meza M, Mejía-Zepeda R et al (2010)
Effect of phosphatidylcholine-cholesterol liposomes on Entamoe-
ba histolytica virulence. Can J Microbiol 56(12):987–995

94. Lee J, Park SJ, Yong TS (2008) Effect of iron on adherence and
cytotoxicity of Entamoeba histolytica to CHO cell monolayers.
Korean J Parasitol 46(1):37–40

95. Cobo ER, He C, Hirata K et al (2012) Entamoeba histolytica
induces intestinal cathelicidins but is resistant to cathelicidin-
mediated killing. Infect Immun 80(1):143–149

96. Granlund AVB, Beisvag V, Torp SH et al (2011) Activation of
REG family proteins in colitis. Scand J Gastroenterol 46
(11):1316–1323

97. Peterson KM, Guo X, Elkahloun AG et al (2011) The expression
of REG 1A and REG 1B is increased during acute amebic colitis.
Parasitol Int 60(3):296–300

98. Mukherjee S, Vaishnava S, Hooper LV (2008) Multi-layered
regulation of intestinal antimicrobial defense. Cell Mol Life Sci
65(19):3019–3027

99. Kolls JK, McCray PB, Chan YR (2008) Cytokine-mediated regu-
lation of antimicrobial proteins. Nat Rev Immunol 8(11):829–835

100. Kammanadiminti SJ, Mann BJ, Dutil L, Chadee K (2004) Reg-
ulation of Toll-like receptor-2 expression by the Gal-lectin of
Entamoeba histolytica. FASEB J 18(1):155–157

101. Becker SM, Cho K-N, Guo X et al (2010) Epithelial cell apoptosis
facilitates Entamoeba histolytica infection in the gut. Am J Pathol
176(3):1316–1322

102. Eckmann L, Reed SL, Smith JR, Kagnoff MF (1995) Entamoeba
histolytica trophozoites induce an inflammatory cytokine re-
sponse by cultured human cells through the paracrine action of
cytolytically released interleukin-1 alpha. J Clin Invest 96
(3):1269–1279

Semin Immunopathol (2012) 34:771–785 783

http://www.fasebj.org/content/early/2004/03/31/fj.03-0422fje
http://www.fasebj.org/content/early/2004/03/31/fj.03-0422fje
http://iai.asm.org/content/early/2012/02/06/IAI.06140-11


103. Hou Y, Mortimer L, Chadee K (2010) Entamoeba histolytica
cysteine proteinase 5 binds integrin on colonic cells and stimu-
lates NFκB-mediated pro-inflammatory responses. J Biol Chem
285(46):35497–35504

104. Ivory CPA, Prystajecky M, Jobin C, Chadee K (2008) Toll-like
receptor 9-dependent macrophage activation by Entamoeba his-
tolytica DNA. Infect Immun 76(1):289–297

105. Seydel KB, Li E, Swanson PE, Stanley SL (1997) Human intes-
tinal epithelial cells produce proinflammatory cytokines in re-
sponse to infection in a SCID mouse–human intestinal
xenograft model of amebiasis. Infect Immun 65(5):1631–1639

106. Kammanadiminti SJ, Chadee K (2006) Suppression of NF-κB
activation by Entamoeba histolytica in intestinal epithelial cells is
mediated by heat shock protein 27. J Biol Chem 281(36):26112–
26120

107. Salata RA, Ahmed P, Ravdin JI (1989) Chemoattractant activity
of Entamoeba histolytica for human polymorphonuclear neutro-
phils. J Parasitol 75(4):644–646

108. Chadee K, Moreau F, Meerovitch E (1987) Entamoeba histoly-
tica: chemoattractant activity for gerbil neutrophils in vivo and in
vitro. Exp Parasitol 64(1):12–23

109. Yu Y, Chadee K (1997) Entamoeba histolytica stimulates inter-
leukin 8 from human colonic epithelial cells without parasite–
enterocyte contact. Gastroenterology 112(5):1536–1547

110. Reed S, Ember J, Herdman D et al (1995) The extracellular
neutral cysteine proteinase of Entamoeba histolytica degrades
anaphylatoxins C3a and C5a. J Immunol 155(1):266–274

111. Salata RA, Ravdin JI (1986) The interaction of human neutrophils
and Entamoeba histolytica increases cytopathogenicity for liver
cell monolayers. J Infect Dis 154(1):19–26

112. Guerrant RL, Brush J, Ravdin JI, Sullivan JA, Mandell GL
(1981) Interaction between Entamoeba histolytica and human
polymorphonuclear neutrophils. J Infect Dis 143(1):83–93

113. Montecucco F, Bianchi G, Gnerre P et al (2006) Induction of
neutrophil chemotaxis by leptin. Ann N YAcad Sci 1069(1):463–
471

114. Caldefie-Chezet F, Poulin A, Tridon A, Sion B, Vasson M-P
(2001) Leptin: a potential regulator of polymorphonuclear neu-
trophil bactericidal action? J Leukoc Biol 69(3):414–418

115. Nathan C (2006) Neutrophils and immunity: challenges and
opportunities. Nat Rev Immunol 6(3):173–182

116. Brinkmann V, Reichard U, Goosmann C et al (2004) Neutrophil
extracellular traps kill bacteria. Science 303(5663):1532–1535

117. Rivero-Nava L, Aguirre-Garcı ́a J, Shibayama-Salas M et al
(2002) Entamoeba histolytica: acute granulomatous intestinal
lesions in normal and neutrophil-depleted mice. Exp Parasitol
101(4):183–192

118. Jarillo-Luna R, Campos-Rodrı ́guez R, Tsutsumi V (2002) Ent-
amoeba histolytica: immunohistochemical study of hepatic am-
oebiasis in mouse. Neutrophils and nitric oxide as possible factors
of resistance. Exp Parasitol 101(1):40–56

119. Rigothier M-C, Khun H, Tavares P et al (2002) Fate of Entamoe-
ba histolytica during establishment of amoebic liver abscess
analyzed by quantitative radioimaging and histology. Infect
Immun 70(6):3208–3215

120. Seydel KB, Zhang T, Stanley SL (1997) Neutrophils play a critical
role in early resistance to amebic liver abscesses in severe combined
immunodeficient mice. Infect Immun 65(9):3951–3953

121. Choi M-H, Sajed D, Poole L et al (2005) An unusual surface
peroxiredoxin protects invasive Entamoeba histolytica from oxi-
dant attack. Mol Biochem Parasitol 143(1):80–89

122. Bruchhaus I, Richter S, Tannich E (1997) Removal of hydrogen
peroxide by the 29 kDa protein of Entamoeba histolytica. Bio-
chem J 326(Pt 3):785–789

123. Maldonado–Bernal C, Kirschning CJ, Rosenstein Y et al (2005)
The innate immune response to Entamoeba histolytica

lipopeptidophosphoglycan is mediated by toll–like receptors 2
and 4. Parasite Immunology 27(4):127–137

124. Seydel KB, Smith SJ, Stanley SL (2000) Innate immunity to
amebic liver abscess is dependent on gamma interferon and nitric
oxide in a murine model of disease. Infect Immun 68(1):400–402

125. Siman-Tov R, Ankri S (2003) Nitric oxide inhibits cysteine
proteinases and alcohol dehydrogenase 2 of Entamoeba histoly-
tica. Parasitol Res 89(2):146–149

126. Elnekave K, Siman–Tov R, Ankri S (2003) Consumption of L–
arginine mediated by Entamoeba histolytica L–arginase (EhArg)
inhibits amoebicidal activity and nitric oxide production by acti-
vated macrophages. Parasite Immunology 25(11–12):597–608

127. Wang W, Keller K, Chadee K (1994) Entamoeba histolytica
modulates the nitric oxide synthase gene and nitric oxide produc-
tion by macrophages for cytotoxicity against amoebae and tu-
mour cells. Immunology 83(4):601–610

128. Lin JY, Keller K, Chadee K (1993) Entamoeba histolytica pro-
teins modulate the respiratory burst potential by murine macro-
phages. Immunology 78(2):291–297

129. Seguin R, Keller K, Chadee K (1995) Entamoeba histolytica
stimulates the unstable transcription of c-fos and tumour necrosis
factor-alpha mRNA by protein kinase C signal transduction in
macrophages. Immunology 86(1):49–57

130. Dey I, Keller K, Belley A, Chadee K (2003) Identification and
characterization of a cyclooxygenase-like enzyme from Entamoe-
ba histolytica. Proc Natl Acad Sci USA 100(23):13561–13566

131. Dey I, Chadee K (2008) Prostaglandin E2 produced by Entamoe-
ba histolytica binds to EP4 receptors and stimulates interleukin-
8 production in human colonic cells. Infect Immun 76(11):5158–
5163

132. Rico-Rosillo G, Díaz-Guerra O, Kretschmer RR (1990) [Mono-
cyte locomotion inhibiting factor (MLIF) produced by E. histo-
lytica induces an increase of cAMP in human monocytes]. Arch
Invest Med (Mex) 21(Suppl 1):245–247

133. Kretschmer R, Castro EM, Arellano J, Pacheco MG (1986) In
vitro studies on the interaction of human monocytes and the
monocyte locomotion inhibitory factor produced by E. histoly-
tica. Arch Invest Med (Mex) 17(Suppl 1):243–246

134. Lotter H, Jacobs T, Gaworski I, Tannich E (2006) Sexual dimor-
phism in the control of amebic liver abscess in a mouse model of
disease. Infect Immun 74(1):118–124

135. Gordon S, Martinez FO (2010) Alternative activation of macro-
phages: mechanism and functions. Immunity 32(5):593–604

136. Cohen NR, Garg S, Brenner MB (2009). Chapter 1 antigen presen-
tation by CD1: lipids, T cells, and NKTcells in microbial immunity.
In: Advances in Immunology. Volume 102. Academic Press, pp. 1–
94. Available at: http://www.sciencedirect.com/science/article/pii/
S0065277609012012. Accessed 26 February 2012

137. Tsutsumi V, Mena-Lopez R, Anaya-Velazquez F, Martinez-
Palomo A (1984) Cellular bases of experimental amebic liver
abscess formation. Am J Pathol 117(1):81–91

138. Kim KH, Shin CO, Im K (1993) Natural killer cell activity in
mice infected with free-living amoeba with reference to their
pathogenicity. The Korean Journal of Parasitology 31(3):239

139. Fusakio ME, Mohammed JP, Laumonnier Y et al (2011) C5a
regulates NKT and NK cell functions in sepsis. J Immunol 187
(11):5805–5812

140. Godfrey DI, MacDonald HR, Kronenberg M, Smyth MJ, Kaer
LV (2004) NKT cells: what’s in a name? Nat Rev Immunol 4
(3):231–237

141. Lotter H, González-Roldán N, Lindner B et al (2009) Natural
killer T cells activated by a lipopeptidophosphoglycan from Ent-
amoeba histolytica are critically important to control amebic liver
abscess. PLoS Pathog 5(5):e1000434

142. Dunkelberger JR, Song W-C (2009) Complement and its role in
innate and adaptive immune responses. Cell Res 20(1):34–50

784 Semin Immunopathol (2012) 34:771–785

http://www.sciencedirect.com/science/article/pii/S0065277609012012
http://www.sciencedirect.com/science/article/pii/S0065277609012012


143. Ortiz-Ortiz L, Capin R, Capin NR, Sepúlveda B, Zamacona G
(1978) Activation of the alternative pathway of complement by
Entamoeba histolytica. Clin Exp Immunol 34(1):10–18

144. Reed S, Keene W, McKerrow J, Gigli I (1989) Cleavage of C3 by
a neutral cysteine proteinase of Entamoeba histolytica. J Immu-
nol 143(1):189–195

145. Reed SL, Gigli I (1990) Lysis of complement-sensitive Entamoe-
ba histolytica by activated terminal complement components.
Initiation of complement activation by an extracellular neutral
cysteine proteinase. J Clin Invest 86(6):1815–1822

146. Reed S, Curd J, Gigli I, Gillin F, Braude A (1986) Activation of
complement by pathogenic and nonpathogenic Entamoeba histo-
lytica. J Immunol 136(6):2265–2270

147. Flores-Romo L, Tsutsumi V, Estrada-García T et al (1994) CD59
(protectin) molecule, resistance to complement, and virulence of
Entamoeba histolytica. Trans R Soc Trop Med Hyg 88(1):116–117

148. Braga LL, Ninomiya H, McCoy JJ et al (1992) Inhibition of
the complement membrane attack complex by the galactose-
specific adhesion of Entamoeba histolytica. J Clin Invest 90
(3):1131–1137

149. Weber C, Blazquez S, Marion S et al (2008) Bioinformatics and
functional analysis of an entamoeba histolytica mannosyltrans-
ferase necessary for parasite complement resistance and hepatical
infection. PLoS Negl Trop Dis 2(2):e165

150. Ventura-Juárez J, Campos-Rodríguez R, Jarillo-Luna RA et al
(2008) Trophozoites of Entamoeba histolytica express a CD59-
like molecule in human colon. Parasitol Res 104(4):821–826

151. Bhattacharya A, Arya R, Clark CG, Ackers JP (2000) Absence of
lipophosphoglycan-like glycoconjugates in Entamoeba dispar.
Parasitology 120(01):31–35

152. Sacks D, Sher A (2002) Evasion of innate immunity by parasitic
protozoa. Nat Immunol 3(11):1041–1047

153. Acuna-Soto R, Maguire JH, Wirth DF (2000) Gender distribution
in asymptomatic and invasive amebiasis. Am J Gastroenterol 95
(5):1277–1283

154. Snow M, Chen M, Guo J, Atkinson J, Stanley SL (2008) Differ-
ences in complement-mediated killing of Entamoeba histolytica
between men and women—an explanation for the increased
susceptibility of men to invasive amebiasis? Am J Trop Med
Hyg 78(6):922–923

Semin Immunopathol (2012) 34:771–785 785


	The dynamic interdependence of amebiasis, innate immunity, and undernutrition
	Abstract
	Introduction
	Parasite
	Environment
	Host
	Natural immunity in humans
	Cytokines
	TNF-α
	IFN-γ
	IL-10
	Leptin

	Innate cell-mediated immunity to E. histolytica
	Intestinal immunity
	Mucousal layer
	Microbiome
	Antimicrobial compounds
	Intestinal epithelial cells
	Post-epithelial immunity


	Conclusions
	References


