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SUMMARY 
 

Lasting changes to the host intestinal mucosal surface may be caused 
by faecal enteropathogens such as Entamoeba histolytica, one of the 
causes of host diarrhoea, which when it repeatedly and frequently oc-
curs instigates a subclinical condition, environmental enteropathy 
(EE), characterized by blunting of intestinal villi and intestinal inflam-
mation. Amoebiasis and EE occur in the context of the host’s intesti-
nal bacterial microbiome and the persistent changes driven by entero-
pathogens could be modulated by the composition of these intestinal 
bacterial communities. In this work, we will explore the long term 
changes to the host by protozoan infections such as E. histolytica in 
man and model organisms such as mice, how the intestinal bacterial 
microbiota and probiotic organisms might influence overall health and 
infections with these protozoa, and finally the role these interactions 
might have in health and wellness in the developing world where en-
teric diarrheal disease is endemic. We hypothesize that interactions 
between the host’s immune system, protozoan infections and the 
intestinal microbiome might influence EE and in turn vaccine failure 
and perhaps exacerbate nutritional deficits, increasing the risk of mal-
nutrition in a food insecure household. 

 
 

ENTERIC INFECTIONS AND ENVIRONMENTAL ENTEROPATHY 
  
For many years our laboratory has 
tracked the medical histories of a large 
cohort of children living in the Mirpur 
slums of Dhaka, Bangladesh. Here, 
colonization with parasites is a major 
cause of diarrheal illness, which is a 
significant source of morbidity and 
mortality in the developing world. 
Colonization with Giardia lamblia, 
Cryptosporidium parvum, and Enta-
moeba histolytica likely underlie 58 
million cases of childhood diarrhoea 

(den Hartog et al., 2013). Furthermore, 
diarrheal disease is a primary cause of 
mortality in children less than five 
years of age in these nations and ac-
counts for nearly two million deaths 
annually (WHO). However, in tracking 
these children, it has also become ap-
parent that these infections in early life 
may have lasting influences on health, 
particularly growth, later nutritional 
status, susceptibility to further infection 
and perhaps even influence vaccine 
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efficacy (Korpe and Petri, 2012; 
Mondal et al., 2012; Kotloff et al., 
2013). This cohort, and many others in 
developing tropical nations, has a high 
incidence of environmental enteropathy 
(EE), a subclinical condition caused by 
constant faecal–oral contamination that 
is characterized by blunting of intesti-
nal villi and other histopathological ab-
normalities of the intestine such as in-
creased crypt lengthening and intestinal 
inflammation, including lymphocyte
and monocyte infiltration. EE is be-
lieved to significantly contribute to 
malnutrition and stunting in these 
populations by preventing normal de-
velopment of the intestine. Much nutri-
ent absorption occurs at the tips of 
intestinal villi and this is not possible in 
severely damaged and inflamed intes-
tines (Fagundes-Neto et al., 1984, 
1994; Korpe and Petri, 2012). Our la-
boratory has shown a correlation be-
tween E. histolytica driven childhood 
diarrhoea and later stunting (Mondal et 
al., 2006). In turn, malnourished chil-
dren have higher rates of infection by 
E. histolytica and Cryptosporidium
(Korpe and Petri, 2012; den Hartog et 
al., 2013a). Thus repeated colonization 
with enteropathogens, including these 
protozoa, likely instigates a feedback 
loop of poor nutrition and stunting. 
While E. histolytica and Cryptosporid-
ium do influence diarrheal diseases, 
they have not specifically been shown 
to cause EE in man. However, E. histo-
lytica has been shown to instigate many 
of the characteristics of EE in murine 
models of amoebiasis (Houpt et al., 
2002a; Mondal et al. 2012; Verkerke et 
al. 2012; den Hartog et al., 2013a).
Houpt et al. (2002b) have shown, for 
instance, that injection of E. histolytica 
trophozoites into C3H/HeJ mice leads 
to chronic caecal infection in the ma-
jority of mice. They demonstrated that 
infected mice had histological changes 
including crypt hyperplasia, epithelial 

ulceration, and submucosal inflamma-
tory infiltration that were reminiscent 
not only of human amoebiasis but also 
human EE. Thus, we have hypothe-
sized that repeated infections with E. 
histolytica and other protozoans in chil-
dren might contribute to EE by eliciting 
long lasting changes to their intestinal 
mucosa and to the infiltrating popula-
tions of immune cells present. Our 
laboratory is currently exploring how 
this organism and other enteropatho-
gens might influence the long term se-
quelae of EE. However, while enter-
taining this notion, it is useful to under-
stand the context of intestinal E. histo-
lytica infection. 

 Initial infection occurs after inges-
tion of faecally contaminated water or 
food containing E. histolytica cysts
which then undergo excystation in the 
lumen of the small intestine. The 
amoeba trophozoite then feeds on resi-
dent bacteria and possibly the intestinal 
epithelium and in rare cases, it may 
cause systemic amoebiasis by invading 
the intestinal mucosa and traveling to 
the blood stream, liver or brain (Petri 
and Singh, 1999; Haque et al., 2003; 
Verkerke et al., 2012). However the 
intestinal lumen is densely populated 
by a community of bacteria that may 
have a significant influence on the 
host’s immune response at baseline, 
and during amoeba infection, as well as 
the virulence of the amoeba itself 
(Mirelman et al., 1983; Noverr and 
Huffnagle, 2004; Frederick and Petri, 
2005; Maslowski and Mackay, 2010; 
Cho and Blaser, 2012). These interac-
tions may in turn also influence the 
hosts nutritional status and ability to 
mount a successful immune response to 
later infections (Mondal et al., 2012). 
Thus when considering the persistent 
effects of protozoan infection and EE, 
it is also pertinent to examine the con-
tribution of the intestinal bacterial mi-
crobiota to human health. 
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INFLUENCE OF COMMENSAL BACTERIA ON MAN AND MICE
 

The normal flora of the human gastro-
intestinal tract is a large, complex com-
munity of bacteria that is composed of 
at least several hundred species and 
consists of 1012 bacteria per gram of 
large bowel content. There are far more 
bacterial cells than there are eukaryotic 
cells in the human body and these or-
ganisms form a symbiosis that influ-
ences many aspects of human physiol-
ogy including the composition of the 
metabolome, which is the complete set 
of body wide small-molecule metabo-
lites including hormones, chemokines, 
cytokines and other signalling mole-
cules (Arumugam et al., 2011; Siezen 
and Kleerebezem, 2011; Cho and 
Blaser, 2012). However, understanding 
the mechanisms by which the human 
microbiota influences the metabolome, 
immune system and nutrition is an 
emerging science. In studying the com-
position of the microbiota it has be-
come clear that, while there is some 
stability on a phyla and genera level 
within human populations, there is 
much variability in the milieu of spe-
cific bacterial species between individ-
ual humans. Enterotypes are classifica-
tion units based on the bacterial com-
position of the gut microbiome and 
have been utilized to describe these 
shared groups of bacterial phyla and 
genera in humans and to study correla-
tions with diseases that might be influ-
enced by the microbiome. These enter-
otypes are independent of ethnic back-
ground but appear to be influenced to 
some degree by the composition of diet 
(Arumugam et al., 2011; Wu et al., 
2011). How many enterotypes are pre-
sent is yet to be determined, however 
there are at least three (Arumugam et 
al., 2011). They are defined largely by 
the variation in the levels of three gen-
era, Bacteroides (enterotype 1),
Prevotella (enterotype 2), and Rumino-

coccus (enterotype 3) but have contri-
butions from other genera (Arumugam
et al., 2011). These enterotypes can fur-
ther be represented by analysing clus-
ters of bacterial families and this analy-
sis method shows that these first two 
enterotypes are primarily characterized
by the presence of Bacteroides and 
Prevotella, whereas the third cluster is 
mostly characterized by related groups 
of the family Clostridiaceae, and un-
classified Lachnospiraceae. Several 
studies have suggested that specific en-
terotypes might be associated with in-
flammatory responses in the intestine 
and deregulation of normal metabolic 
controls. Specifically, intestinal auto-
immunity, colitis, and obesity, have 
been associated with enterotypes 2 and 
3 above, however, which specific
organisms might influence these dis-
eases is still a point of contention 
(Arumugam et al., 2011; Giongo et al., 
2011; Siezen and Kleerebezem, 2011). 
Studies of type 1 diabetes have further 
demonstrated that there are distinct dif-
ferences in the microbiome of infants 
that developed the disease compared to 
those that did not, with decreased mi-
crobial diversity and a higher propor-
tion of the Bacteroidetes phyla com-
pared to Firmicutes in the group with 
the disease (Giongo et al., 2011). It has 
also recently been shown that members 
of the Bacteroidetes and Firmicutes are 
heavily involved in metabolism of 
complex carbohydrates in the intestine 
(Flint et al., 2012). Thus, the composi-
tion of the intestinal bacterial microbi-
ota might significantly influence intes-
tinal inflammation, metabolism and 
nutrition in man. However, the bulk of 
these studies have taken place in the 
developed world. Changes in the mi-
crobiome that might underlie the devel-
opment of EE are not well described.

Mouse models have demonstrated 
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more directly that the microbiome can 
have a significant influence on the 
function, structure and composition of 
the immune system and intestine as 
well as malnutrition. Gnotobiotic, or 
germ free, mice have structural defects 
in peyers patch formation in the small 
intestine, decreased or absent IgA pro-
duction, few intra epithelial lympho-
cytes and a systemic defect in T regula-
tory cell induction, all of which is re-
versed once the animals are recolo-
nized with a normal murine faecal mi-
crobiota (Umesaki and Setoyama, 
2000; Jiang et al., 2004). Components 
of the intestinal microbiota such as 
Lactobacillus casei and bacteria pre-
sent on vegetables and in the soil such 
as Lactobacillus plantarum and Bifido-
bacterium bifidum can also drive Th1 
and T regulatory helper cell induction 
which may be antagonistic to inflam-
matory Th2 helper cell driven patholo-
gies such as asthma and eczema and 
have been shown to be protective in 
colitis models (Feleszko et al., 2007; 
Schwarzer et al., 2011). The microbi-
ome can also have a significant influ-
ence on nutritional status in murine 
models. Smith et al. have recently
shown that kwashiorkor, a type of se-
vere acute malnutrition, may be influ-
enced by the gut microbiome. They ob-
served that when the microbiome from 
malnourished versus healthy Malawian 
twins was transplanted into gnotobiotic 
mice the kwashiorkor microbiome in-
stigated marked weight loss in recipient 
mice, as well as altered the metabolism 
of carbohydrates and amino acids, 
when compared to the microbiome 
from the healthy twins (Smith et al., 
2013).

Another striking example of a spe-
cific component of the bacterial micro-
biota influencing physiology and the 
immune responses is the role seg-
mented filamentous bacteria (SFB)
play in immune maturation in the intes-

tine of mice. SFB are commensal, un-
cultivable, obligate gut tropic, members 
of the Clostridiaceae that have been 
shown to drive potent IgA induction 
and Th17 helper cell induction in the 
intestine (Davis and Savage, 1974; 
Ivanov II et al., 2008; Gaboriau-
Routhiau et al., 2009; Kuwahara et al., 
2011). Colonization with SFB has been 
shown to exacerbate or influence a 
number of intestinal and extra intestinal 
models of human disease in mice, in-
cluding colitis, autoimmune myelitis,
arthritis and type 1 diabetes via Th17 
cell induction (Nutsch and Hsieh, 
2012). The bacteria, while uncultiva-
ble, are well described both genetically 
and morphologically in mice and a 
number of studies have suggested that 
they may be present in humans as well 
(Davis and Savage, 1974; Child et al., 
2006; Kuwahara et al., 2011; Yin et al., 
2012; Caselli et al., 2013; Jonsson, 
2013). SFB colonization also strongly 
influences the composition of the intes-
tinal microbiota through its unique ki-
netics of colonization and influence on 
the immune system. For a short time 
after weaning, the bacteria becomes the 
dominate species within the murine gut 
and has been shown to outcompete en-
teropathic bacteria species (Chase and 
Erlandsen, 1976; Heczko et al., 2000; 
Stepankova et al., 2007; Kuwahara et 
al., 2011). The ability of SFB, a com-
ponent of the mouse, and possibly hu-
man, normal flora, to strongly influ-
ence the basic makeup of the immune 
system as well as colonization by other 
bacterial species illustrates the inter-
connectedness of individual bacterial 
species, the broader microbiome and 
health. However the influence of the 
intestinal bacterial microbiome is by no 
means limited to other bacterial species 
and may have profound influences on 
protozoa virulence and colonization 
and in turn amoebiasis, diarrheal dis-
ease and EE. 
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INTERACTIONS BETWEEN BACTERIA AND PROTOZOA 


As mentioned previously, many proto-
zoa inhabit the intestine for a signifi-
cant portion of their lives, and in doing 
so interact intimately with other organ-
isms present there (Mirelman et al., 
1983). Berrilli et al. (2012) have re-
cently highlighted some of the interac-
tions between intestinal microbial com-
munities, probiotics and bacterial path-
ogens and many types of parasite infec-
tions. Protozoa, including E. histolytica
, are both influenced by the presence of 
other enteropathic and probiotic bacte-
ria and influence the composition of the 
broader intestinal microbiota. Galván-
Moroyoqui et al. (2008) have explored 
the effect of co-culture of trophozoites 
from E. histolytica and E. dispar with 
the enteropathogenic bacteria strains 
Escherichia coli (ETEC), Shigella dys-
enteriae and a commensal Escherichia 
coli on epithelial cell monolayers. In 
doing this they determined that phago-
cytosis of pathogenic bacteria aug-
mented the cytopathic effect of E. his-
tolytica on the cell monolayer as well 
as increased expression of the adher-
ence lectin, Gal/GalNAc, on the 
amoeba’s surface. Thus, interactions 
with enteropathic bacteria in humans 
might serve to increase the virulence of 
E. histolytica during amoebiasis. E. his-
tolytica colonization in turn also influ-
ences the composition of the microbi-
ome. Verma et al. (2012) have shown 
that during amoebiasis there is a sig-
nificant decrease in absolute quantifica-
tion of Bacteroides, Clostridium coc-
coides, Clostridium leptum, Lactobacil-
lus and Campylobacter and an increase 
in Bifdobacterium, while there was no 

change in Ruminococcus compared to 
healthy patients. These works suggest 
that some of the pathology that results 
during amoebiasis might be driven by a 
disregulated microbiome or cross talk 
between enteropathic bacteria and pro-
tozoa and the intestinal immune sys-
tem, particularly the intestinal epithe-
lium. In fact, there are several works 
suggesting that probiotics, particularly 
Lactobacillus species, might be protec-
tive in the context of protozoan infec-
tions (Preidis et al., 2011; Travers et 
al., 2011). Thus a decrease in protec-
tive, commensal, lactobacillus species 
during E. histolytica infection might 
influence the severity of disease. One 
murine study has shown that daily ad-
ministration of Lactobacillus acidophi-
lus, a bacteria common in yogurt, for 
one week in Giardia lamblia infected 
BALB/c mice significantly reduced G. 
lamblia infection burden in those mice. 
Disease severity was also significantly 
decreased. Histological analysis of the 
intestine showed that probiotic admin-
istration protected mice against parasite 
induced mucosal damage and de-
creased intestinal villous atrophy
(Shukla et al., 2010). Thus probiotic 
interventions might provide an attrac-
tive avenue to decrease intestinal dam-
age in populations in which repeated 
intestinal protozoal infections occur 
(Shukla et al., 2010). Further under-
standing of how protozoa influence and 
are influenced by the intestinal micro-
biome, enteropathogens and probiotics 
would thus be informative in designing 
microbiome based interventions for 
diseases such as EE and malnutrition. 

ENTERIC INFECTIONS, HEALTH AND EXPLORATION OF THE 

MICROBIOME IN THE DEVELOPING WORLD 


The Petri laboratory has long sought to tions, diarrheal disease and diseases 
find connections between enteric infec- with persistent effects such as EE and 
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malnutrition in order to develop tar-
geted interventions that might decrease 
the burden of disease in the developing 
world. In our field site in Mipur,
Dhaka, we followed children for the 
first year of life with every-other-day 
home visits and surveyed enteropatho-
gens in diarrheal and monthly surveil-
lance stool samples. We also measured 
intestinal barrier function by endocab 
antibodies, which correlate with trans-
location of bacterial LPS into blood, 
and measured nutritional status and 
stunting by anthropometry. In this 
study we found that diarrhoea co-
occurred with infections caused by sev-
eral organisms including enteric proto-
zoa (amoebiasis, cryptosporidiosis, and 
giardiasis), rotavirus, astrovirus, and 
enterotoxigenic Escherichia coli 
(ETEC). We also observed that malnu-
trition was present in 16.3% of children 
at birth and 42.4% at 12 months of age 
and that children that were malnour-
ished at birth had increased Entamoeba 
histolytica, Cryptosporidium, and 
ETEC infections as well as more severe 
diarrhoea. The children who became 
malnourished at 12 months of age were 
also much more likely to have pro-
longed diarrhoea and intestinal barrier 
dysfunction, a mother without educa-
tion, and low family expenditure
(Korpe and Petri, 2012; Mondal et al., 
2012; den Hartog et al., 2013b).

Our laboratory, along with many 
other collaborators, has also recently 
begun exploring links between malnu-
trition, EE and oral polio vaccine fail-
ure. This is particularly important as 
vaccines for polio (OPV) and rotavirus 
are far less effective in poor children in 
the developing world and the underly-
ing cause for this failure is largely un-
known. Based on our previous experi-
ence we thus hypothesized that failure 
of oral vaccines such as OPV might be 
due to EE and be driven by inflamma-
tion from endotoxin exposure. We 

tested this hypothesis in the Mirpur co-
hort of children by measuring re-
sponses to oral poliovirus vaccine in 
children who received a minimum of 
three doses of OPV by age 6 months. 
We observed that diminished antibody 
responses to OPV were associated with 
malnutrition, increased serum endocab 
levels, and shorter breastfeeding dura-
tion. We also examined potential im-
mune mechanisms that might underlie 
vaccine failure in a smaller subset of 
these children and found that children 
with OPV failure exhibited globally 
reduced cellular responsiveness to a 
range of cytokine stimulations, as well 
as elevated pro-inflammatory cytokine 
expression. These data indicated that 
oral vaccine failure in these children is 
influenced by a combination of 
malnutrition, gut barrier dysfunction
and shorter duration of breast-feeding 
in early childhood, and is associated 
with a chronic inflammatory immune 
phenotype (unpublished data/abstract).
These studies further highlighted the 
complex interrelationship of malnutri-
tion, protozoan and enteric infections, 
diarrhoea and vaccine failure in infants 
in low-income settings and the persis-
tent effects of these problems. Thus, 
identification of probiotics, or particu-
lar enterotypes, that are protective dur-
ing protozoan infection might help 
mitigate destruction of the intestinal 
barrier and significantly improve health 
outcomes in these populations.

Unfortunately, the contribution, if 
any, of specific components of the in-
testinal bacterial microbiota to EE and 
vaccine failure in the developing world 
is not currently well described. How-
ever given the profound influence that 
intestinal bacteria such as Lactobacil-
lus, Bifidobacterium, SFB, and entero-
pathic E. coli (ETEC) can have on host 
immunity, parasite burden and viru-
lence in mice and man, and the relative 
inexpensiveness of probiotic interven-
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tions, it is certainly an area of study 
that should be pursued. Interestingly, 
one such recent study has shown a link 
between the composition of the bacte-
rial microbiota and the effectiveness of 
an oral typhoid vaccine in a small 
group of individuals. In this study the 
composition of the microbiome did not 
influence the ability of responders to 
mount an immune response to oral ty-
phoid vaccination, but those with a 
more complex microbiota mounted a 
more robust, multiphasic IFN-y re-
sponse to oral vaccination. Many dif-
ferent organisms represented by opera-
tional taxonomic units (OTUs) were 
found to differ between individuals dis-

playing robust responses and those 
with late, less robust responses. How-
ever the vast majority of these OTUs 
were classified within the order Clos-
tridiales (Eloe-Fadrosh et al., 2013).
Another recent paper has shown that 
the presence of some commensal Clos-
tridium related species is decreased 
during autoimmune colitis in children 
(Michail et al., 2012). Thus the compo-
sition of the microbiota, and Clostridia 
related organisms, or commensals that 
induce immune responses similar to 
these bacteria, may very well be an im-
portant factor influencing homeostasis 
of the intestine and the success of vac-
cination in the developing world. 

FINAL THOUGHTS 


Infection with enteropathogens such as 
the protozoa Entamoeba histolytica
likely contributes to the development 
of environmental enteropathy and 
induces lasting effects on the intestinal 
mucosa that may negatively impact nu-
tritional outcomes and vaccine success 
in millions of children each year. These 
pathogenic organisms live in the con-
text of the intestinal bacteria microbi-
ota and interactions with these species 
may significantly influence the viru-

lence, and infectivity, of those protozoa 
as well as the host’s ability to mount 
protective responses against future in-
fections. A better understanding of the 
interactions between these organisms 
and the intestinal microbiota, which 
might include probiotics commonly
found in many foods, may lead to cost 
effective treatments that could signifi-
cantly decrease the burden of entero-
pathogens in the developed world. 
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