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Environmental enteropathy (EE) is a poorly defined state of intestinal inflam-

mation without overt diarrhoea that occurs in individuals exposed over time

to poor sanitation and hygiene. It is characterized pathologically by small

intestine villous blunting and inflammation. In children from low-income

countries, it is implicated as a cause of malnutrition, oral vaccine failure and

impaired cognitive development. Here we review the search for non-invasive

biomarkers to measure EE non-invasively, and assess the current evidence

linking EE to malnutrition, vaccine failure and neurocognitive development.
1. Introduction
Environmental enteropathy (EE) is a gut disorder that is prevalent among inhabit-

ants of low-income countries living in environments with poor sanitation and

hygiene [1–7]. Chronic exposure to faecal pathogens is hypothesized to cause

inflammation and resultant structural changes in the small bowel, which ulti-

mately result in functional changes. These functional changes include gut

barrier disruption, carbohydrate malabsorption and chronic inflammation, and

are hypothesized to contribute to impaired gut immune function and oral vaccine

failure, and ultimately growth faltering and impaired child development. This

disease is thought to occur in otherwise asymptomatic individuals without

evidence of overt diarrhoea [1–3,5]. The lack of both non-invasive tests to

diagnose and effective interventions to prevent or treat EE has left a large know-

ledge gap. Further limiting the development of new approaches to treat or prevent

small intestine disease is the lack of understanding of the pathologic state of the

diseased small intestine.
2. The burden of enteric infections in low-income countries
One of the extraordinary aspects of life for infants raised in the urban slums of

low-income countries is the impact of diarrhoea and enteric infections on

health. It has long been appreciated that diarrhoea and respiratory infections

are the leading causes of death of children under age 5 in the developing

world. However, only recently with the advent of molecular diagnostics has

the magnitude of enteric infections been understood. In pioneering studies,

Taniuchi et al. [8] applied modern molecular diagnostics for enteropathogens in

a longitudinal birth cohort in the Mirpur slum of Dhaka, Bangladesh (figure 1).

Diarrhoea surveillance was conducted through twice weekly household visits,

and asymptomatic infections were determined through monthly surveillance

stool samples. Nearly 2000 stool samples from 147 children were tested for infec-

tion from birth to age 12 months using quantitative PCR-based tests for 32

different enteric pathogens. The results were astounding, showing that the aver-

age child had two to four enteropathogens at any one time, even as early as the

first month of life when exclusive breastfeeding was universal. In comparison,

infants in the USA had far less than one enteropathogen detected at any given

time. This work changed the landscape of enteric infections, as suddenly the

importance of asymptomatic enteric infections came into question owing to

their near universal presence in these infants growing up in poverty. Currently
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Figure 1. Frequency of enteropathogen detection in Dhaka versus Virginia. Diarrhoeal and non-diarrhoeal stool samples were collected at the time points indicated and
assayed for 29 enteropathogens by molecular methods. The total number of enteropathogens was summed for each sample; results are shown as mean+ s.e. *Bonferroni
adjusted p , 0.05 (determined with linear mixed-effect regression model used to identify differences in the number of pathogens detected between diarrhoeal and
surveillance samples for each month during the study period). **Non-parametric Wilcoxon two-sample tests were used to compare numbers of pathogens between
Virginia and Dhaka samples and between diarrhoeal and surveillance samples for Virginia alone. Reproduced with permission from [8]. (Online version in colour.)
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under study is whether the enteropathogen burden, quantified

by molecular diagnostics, can be used as a measure of EE.
3. Biomarkers for environmental enteropathy
Biopsy of the small bowel of children in The Gambia revealed

a range of pathology, from normal architecture to flattened

villi, with crypt hypertrophy and elevated concentrations

of intraepithelial CD8þ lymphocytes observed in most [2,5].

Perhaps analogous to coeliac disease, the mucosal changes

seen in these children were histologically and immunologically

suggestive of a pro-inflammatory state. There has been little

done recently with the study of small intestine pathology in

children with suspected EE, in part due to ethical considerations

of conducting small bowel biopsies in seemingly asymptomatic,

yet malnourished children [4]. We are thus left in the awkward

position of trying to measure the impact of a disease that may

occur in a substantial fraction of children in the developing

world without the direct and specific diagnostic tests.

Serum and faecal biomarkers of intestinal inflammation

have been developed for evaluation in patients with inflamma-

tory bowel disease. In the absence of the ability to longitudinally

follow infants at risk for EE with serial small intestinal biopsies,

inflammatory bowel disease markers have been applied to

populations at risk. Three recent studies are of note. We [1]

measured gut barrier dysfunction in the same longitudinal

cohort as Taniuchi et al. [8]. There was an association in infancy

of serum endocab antibodies (a measure of the immune
response to systemic endotoxin leakage from the gut) with

stunting at 1 year of age. Kosek et al. [6], by contrast, studied

neopterin, alpha-1-antitrypsin, and myeloperoxidase in stool

from 500 infants under longitudinal surveillance for diarrhoeal

illness in eight low-income countries. Neopterin is a metabolic

product of dendritic cells and macrophages and is a marker of

intestinal inflammation. Alpha-1-antitrypsin in stool is a

marker of gut barrier dysfunction, as it is a serum protein

not normally found in stool. Myeloperoxidase is produced

by neutrophils, and provided another faecal marker of gut

inflammation. Children were studied over the first 2 years of life.

The absolute values of these tests were in the abnormal

range for almost all of the children studied, indicating the

commonality of intestinal inflammation and gut barrier disrup-

tion. Importantly, the tests did not correlate with each other,

supporting that they gave independent and complementary

measurements of gut function. When combined to form a dis-

ease activity score (calculated by placing the biomarker scores

as quartiles and adding them together) children with the highest

score grew 1.08 cm less than children with the lowest score over

the six-month period following the tests. Prendergast & Kelly [9]

conducted a case–control study of 200 infants from Zimbabwe

at 18 months. Biomarkers of intestinal damage (intestinal fatty

acid-binding protein), inflammation (alpha-1 acid glycoprotein,

C-reactive protein, IL-6) and growth hormone-IGF axis (insulin-

like growth factor 1 and insulin-like growth factor-binding

protein 3) were measured systemically. Infant plasma was

tested at 6 weeks and 3, 6, 12 and 18 months, and in paired

maternal–infant plasma at birth. Children who ended up
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stunted at 18 months of age had significantlyelevated C-reactive

protein and suppressed insulin-like growth factor 1. A picture

emerges from these three studies of gut barrier leakage and its

resulting chronic inflammation (both gut and systemic) as

underlying growth suppression.

A measure of intestinal epithelial health would have the

potential to add to the existing portfolio of biomarkers. We

have developed a faecal ELISA for Reg1 to test it as a potential

biomarker of small intestinal health. Reg1 is known to promote

intestinal epithelial cell proliferation, regeneration and repair,

and is upregulated in a variety of enteric infections and inflam-

matory conditions [10]. Reg1A and 1B are 166 amino acid

proteins with 88% identity. Human REG1A is the best studied

of the two genes. It is known to be expressed in a number of

tissues including the pancreas, colon and rectal tumour tissues,

the stomach, and importantly the small intestine where it is

localized to Paneth cells and non-mature columnar cells of

small intestinal crypts. Other data has also shown that

Reg1A may be important for tissue repair and regeneration.

We hypothesized that children with small intestine damage

from enteric infection would have elevated faecal Reg1, and

because of damage to their gut would be at increased risk of

developing malnutrition. In fact, studies in birth cohorts from

Bangladesh and Peru demonstrated that faecal Reg1, measured

in 12-week-old children, predicted future stunting through the

first 2 years of life (i.e. higher levels of Reg1 are associated with

higher risk of future malnutrition; table 1) [10]. Reg1 is cur-

rently being tested for its ability to independently predict

gut damage.

While the ability to non-invasively identify infants with

EE remains an aspirational goal, a picture is emerging of a

heavy and constant burden of enteric infection, leading to

gut barrier damage and intestinal and systemic inflammation.

Unanswered are what are cause and effect, and whether early

interventions based on biomarkers could alter the assumed

consequences of oral vaccine failure, growth faltering and

impaired neurocognitive development. The PROVIDE study

(performance of rotavirus and oral polio vaccines in develop-

ing countries) has the goal to more comprehensively apply a

portfolio of biomarkers to identify children with EE, in order

to discern associations with the problems of vaccine failure,

malnutrition and cognitive impairments so common in

these populations. PROVIDE is a two-site observational clin-

ical trial to measure and assess the impact of gut damage on

infant health and development. Expanded Programme on

Immunization (EPI) vaccines are administered by the study

with outcomes measured over the first 5 years of life that

include oral polio and rotavirus vaccine response, nutrition

and development (table 2). The first 2 years of observation

of the study are nearing completion, with the anticipation

of the first analyses in the coming year. If early in life a

common thread of gut damage is found to be predictive of

these adverse outcomes, then the hope is that the non-inva-

sive testing will serve as a basis for risk-stratification and

early prevention or treatment [11].
4. Small intestine bacterial overgrowth as a form
of environmental enteropathy

The gut microbiome is a dynamic complex of both prokaryotic

and eukaryotic microorganisms that plays an important role

in infant growth and development [12]. While bacteria are
found throughout the gastrointestinal tract, the small intestine

is relatively pristine with only 102–103 bacteria ml21 in the

upper small intestine compared with 108 bacteria ml21 in

the ileum, and as many as 1011 bacteria ml21 in the colon

[13,14]. However, children and adults with abnormalities in

gut structure and function that lead to stasis of gut contents

can develop small intestine bacterial overgrowth (SIBO).

SIBO is defined as greater than 105 cfu ml21 of bacterial

growth in upper small intestine luminal fluid [14].

Fundamental changes to the gut structure and function

found to be associated with EE have led to the hypothesis

that SIBO may play a role in EE [2]. Periera et al. [15] investi-

gated SIBO in a cohort of 340 children in rural Burma

(Myanmar) and found that the prevalence of SIBO, as

measured by lactulose breath testing, reached 27.2% by the

second year of life. Two studies in Brazil by Dos Ries et al.
[16] and Mello et al. [17] identified roughly similar rates of

SIBO (37.5% and 30.9%, respectively) in slum-dwelling chil-

dren. Notably, the rates of SIBO were much higher in the

slum-dwelling children than in children who were able to

seek private healthcare, implicating a role for socioeconomic

status and likely sanitation in the development of SIBO.

Khing-Maung et al. [18] found an association between SIBO

and both nutrient malabsorption and stunting in Burmese

children [2,14]. Lagos et al. [19] found an association between

SIBO and decreased immunogenicity of the oral cholera vac-

cine CVD 103-HgR in a cohort of Chilean children,

implicating SIBO in oral vaccine failure [14].
5. Role of environmental enteropathy in
malnutrition

Malnutrition affects nearly a quarter of the world’s children [11].

In these children, undernutrition can lead to stunting (length/

height for age Z score of less than 22), wasting (weight for

length/height Z score of less than 22), severe wasting (weight

for height Z score less than 23) or severe acute malnutrition

(weight for length/height Z score of 23 or lower or oedema)

[20,21]. Several interventions have been shown to decrease

maternal and child undernutrition including promotion of

breastfeeding, strategies to promote complementary feeding,

micronutrient interventions and reduction of disease burden.

However, modelling by Bhutta et al. [20] suggests that even if

all existing interventions were applied to 99% of the children

in the 36 countries that are home to 90% of children with stunted

linear growth they would only reduce stunting by 36% and mor-

tality by 25%. This study demonstrated that there is a large gap

in our understanding of how to prevent and treat malnutrition.

It has been hypothesized that EE plays an important role in mal-

nutrition and may be responsible for the predicted low impact of

existing interventions [11].

The EE is characterized pathologically by villous blunt-

ing, which is likely to result in a reduction of the surface

area of the mature absorptive intestinal epithelial cells [4].

It is plausible that these changes to the gut structure could

hinder nutrient uptake; indeed expatriates with enteropathy

were found to have reduced intestinal function including

decreased absorption of carbohydrates, fat and vitamin B12

[4]. A study of asymptomatic rural Bangladeshi children

aged 2–64 months found that the children were impaired

in their ability to absorb D-xylose compared with children

in the USA. The impairment was likely environmentally
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Table 2. PROVIDE biomarkers and outcomes.

biomarker outcome measures of small intestine health

epithelial health and repair

— Reg1

intestinal barrier dysfunction and bacterial

translocation

— lactulose absorption

— a1-antitrypsin

— serum endocab antibody

— serum endotoxin

intestinal absorption

— mannitol absorption

intestinal inflammation

— faecal myeloperoxidase

— neopterin

— calprotectin

systemic inflammation

— sCD14

— IL5, IL7

— G-CSF

— C-reactive protein

hormonal regulators

— leptin

— adiponectin

— grehlin

— insulin-like growth factor

urine metabolome

antibiotic use in first year

enteric infections

diarrhoea

nutritional status

— stunting (HAZ , 22)

— wasting (WHZ , 22)

— underweight (WAZ , 22)

nutrient malabsorption

— ferritin

— vitamin A

— zinc

— vitamin D

cognitive dysfunction

— Bailey’s test of cognitive, language and motor development

oral vaccine failure

— rotavirus serum IgA and rotavirus diarrhea after vaccination

— oral polio serum neutralizing antibody and faecal excretion of Sabin vaccine virus
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acquired as Bangladeshi infants under six months showed

similar absorption to American infants of the same age [22].

A study of healthy rural Thai children found that half had

abnormal absorption of D-xylose [4]. The children with

absorption abnormalities in both of these studies have been

described as having EE [4].

Dual sugar absorption tests, such as the lactulose–mannitol

test, have also been used to assess gut function. Lactulose is

too large to cross normal mucosa unless the epithelium has

become permeable, while mannitol is taken up in proportion

to small intestinal absorptive capacity. The ratio of lactulose

to mannitol (L : M) is used to assess intestinal permeability

and absorptive capacity. Studies in Africa, Asia and South

America have shown increased L : M ratios in asymptomatic

children and a study of asymptomatic Gambian children

2–5 years old found an inverse relationship between L : M

ratios and height for age [4]. A second study of Gambian

infants also found an association between growth faltering

and a chronic inflammatory enteropathy of the small intestine

[23]. It should be noted that other studies have failed to find

similar associations between intestinal permeability and

growth [4,24]. However, on the whole, the available data

support a role for EE in malnutrition.
6. Infant development and environmental
enteropathy

The EE may also have a significant impact on infant develop-

ment. It is estimated that a full one-third of children below

age 5 years in low- and middle-income countries fail to

meet their full developmental potential [7,25,26]. These chil-

dren are at increased risk of becoming trapped in a vicious

cycle of poor health and poverty [25,26].

Poverty is associated with insufficient food and poor

sanitation leading to high rates of infections and stunting in

children, as well as low maternal education and inadequate

stimulation in the home, all of which have a negative impact

on child development [26]. Thus, it is not surprising that studies

in many countries have shown an association between socioeco-

nomic status and school enrolment, achievement and later

cognitive attainment. A number of studies have also found an

association between stunting and lower school enrolment,

poor progress in school and poor cognitive ability [26]. More

recently, it has also been appreciated that inflammationandinfec-

tion during infancy and early childhood can have a profound

impact on future cognitive development. Jiang et al. [25] assessed

the impact of inflammation on the neurodevelopment of children
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from [25]. (Online version in colour.)
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living in a urban slum in Dhaka, Bangladesh, using febrile illness

and elevated inflammation-related cytokines (IL-1b, IL-6, TNF-a,

IL-4, IL-10) as markers of inflammation. Every additional 10 days

of febrile illness was associated with a significant decrease in

both language and motor scores. Elevated IL-1b and IL-6 were

both associated with significantly lower motor scores, while

IL-4 was associated with increased cognitive scores (figure 2).

This study demonstrates that both clinical and biological markers

of inflammation are implicated in poor neurodevelopmental

outcomes in these low-income children. Both chronic inflam-

mation and stunting have also been associated with EE, and

thus EE may play a significant role in the impairment of infant

development in impoverished environments.
7. Could environmental enteropathy impair oral
vaccination?

Oral vaccines are particularly attractive for use in low-income

countries [13,27] owing to their relative ease of administration

and because both children and adults often prefer oral vac-

cines to parenteral vaccines [13,28]. Oral vaccines are also

chosen because of their superior ability to induce mucosal

immunity [27]. However, it has been well established that

many oral vaccines show decreased immunogenicity in

low-income countries [13,29]. Grassly et al. [27] reported

that trivalent oral polio vaccine had an efficacy of just 9%

in the Indian state of Uttar Pradesh and only 21% throughout

the rest of India, despite the fact that children in India are vaccin-

ated with more doses of oral polio vaccine than anywhere else in

the world, on average 15 doses in some parts of the country.

Similarly, the two currently available oral rotavirus vaccines

prevent, on average, only 50–60% of severe rotavirus cases in

low-income countries with high rotavirus mortality, compared

with 80–90% of severe rotavirus cases in higher income

countries with low mortality [30–33]. Oral vaccines against cho-

lera and shigella have also shown diminished immunogenicity

in low-income countries.

There are several possible explanations for the decreased

immunogenicity and efficacy of oral vaccines observed in

low-income countries. It is possible that maternal antibodies,

passed either via the placenta or via breast milk, could inhibit

the replication of live oral vaccines and impair the ability of

the vaccinated child to develop their own adaptive immune

response [13,32]. It is also possible that enteropathogen infec-

tions at the time of vaccination could impair vaccine efficacy.

As we have noted, children in low-income countries face a

high burden of enteropathogens [8]. In support of this

hypothesis, a recent meta-analysis of 25 oral polio vaccine

trials by Grassly and colleagues [34] found that concurrent

infections with non-polio enteroviruses significantly reduced

the odds of per-dose seroconversion for type 1 poliovirus.

Environmental enteropathy may also play a role in oral vac-

cine failure in children from low-income countries [2,4,13].

Profound changes in the architecture and function of the

small intestine are associated with EE, as demonstrated by

biopsies and abnormal sugar absorption tests. In children

with EE, constant exposure to enteropathogens leads to chronic

activation of both the innate and adaptive immune responses

[2]. It is entirely possible that this chronic immune activation

could result in impaired mucosal immunity.

8. Concluding remarks
Children living in communities with poor sanitation are at

increased risk of developing EE, a condition marked by signifi-

cant changes in gut structure and function, as well as intestinal

inflammation and a lack of overt diarrhoea. EE may play an

important role in malnutrition, impaired infant development

and oral vaccine failure. To date, efforts to study EE have

been hampered by a lack of diagnostic tests. Potential tests

based on serum and faecal biomarkers of intestinal health

and inflammation may provide a solution. A recent study by

Smith et al. [35] found that supplementation with multiple

micronutrients could transiently ameliorate EE in Malawian

children aged 12–35 months, providing a potential avenue

for treatment. However, new studies are urgently needed to

better understand EE and its consequences.
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