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Synopsis
Environmental enteropathy is a chronic condition of the small intestine that is associated with
increased intestinal permeability, mucosal inflammation, malabsorption, and systemic
inflammation. It is commonly accompanied by enteric infections and is misleadingly considered a
subclinical disease. Potential effects of enteric infections and enteropathy on vaccine responses,
child growth, cognitive development, and even later life obesity, diabetes, and metabolic syndrome
are increasingly being recognized. Here, we review the evolving challenges to defining
environmental enteropathy and enteric infections, current evidence for the magnitude and
determinants of its burden, new assessment tools, and relevant interventions.
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Introduction

As the cause of approximately 500,000 deaths in 20151 resulting from 1.7 billion episodes?
globally, early childhood diarrhea has been a major focus of global health efforts to improve
child health in low-resource settings. However, as we have witnessed substantial reductions
in diarrhea-related mortality and learned how to provide appropriate oral rehydration
therapy, diarrhea has revealed itself to be only one, though particularly visible, consequence
of exposure to enteropathogens in environments with poor sanitation and hygiene. A
potentially more widespread and debilitating consequence for long-term development is
environmental enteropathy (EE, also termed environmental enteric dysfunction, EED), a
chronic condition of the small intestine that is commonly considered a “subclinical” problem
and often involves enteric infections without overt symptoms.3 However, since it lacks
definition as a “disease” and is challenging to diagnose, its magnitude and importance are
only beginning to be appreciated.
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Growing evidence for the diverse effects of EE on child development have revealed the
“subclinical” designation to be a misnomer. There is a largely under-recognized range of
potential impacts of common enteric infections and enteropathy that extend far beyond the
typical assumption that they mainly cause diarrhea or other intestinal complaints like
abdominal pain, nausea, or vomiting. Recognized examples of non-intestinal outcomes
associated with enteric infections include associations of toxoplasmosis with birth defects
and congenital brain damage (“TORCH?” syndrome)* and of Campylobacterinfections with
Guillain-Barré Syndrome.® However, as research studies include detection of wider arrays of
bacterial, viral, and parasitic pathogens and longer term follow-up, potential effects of
enteric infections and enteropathy on vaccine responses, child growth,8° cognitive
development,10:11 and even later life obesity, diabetes, and metabolic syndrome are
increasingly being recognized.12-15 Here, we review the evolving challenges to defining EE
and enteric infections, current evidence for the magnitude and determinants of its burden,
new assessment tools, and relevant interventions.

Historical perspective

Environmental enteropathy has its initial appreciation and origins in the mid-20™ century as
tropical sprue, a symptomatic disease first identified among military personnel and Peace
Corps volunteers stationed in low-resource settings. Tropical sprue was characterized by
chronic diarrhea, steatorrhea, weight loss, malabsorption, and abnormalities in intestinal
morphology. In severe cases, it included manifestations of nutritional deficiencies, including
night blindness and neurologic symptoms.18 In 1966, a study found that 40% of volunteers
stationed in Pakistan had signs of malabsorption and none of their jejunal biopsies showed
normal finger-like villous architecture with varying degrees of abnormality.1” The condition
was associated with residence in tropical countries, though the specific cause was unknown.

Further study of intestinal morphology by jejunal biopsy in asymptomatic individuals from
Africa, Asia, and Latin America found common abnormalities of shorter and thickened villi,
increased crypt depth, and inflammatory cellular infiltration, which did not necessarily result
in overt symptoms.18-24 Histological abnormalities were often accompanied by excess fecal
fat excretion and malabsorption of xylose and vitamin B12.21-23 Similar abnormalities were
documented in malnourished children with Kwashiorkor and severe wasting.25-27 While the
condition among expatriates reverted after returning to their home countries,?® populations
in endemic settings experienced the condition chronically.

Current definitions

Environmental enteropathy

Environmental enteropathy is thought (by most authors) to be the result of chronic exposure
to enteropathogens, though the potentially synergistic and disruptive role of poor nutrition is
increasingly being recognized. In addition to the histopathological findings of villous
blunting, the main components of EE are increased intestinal permeability (from impaired
barrier function), mucosal inflammation, malabsorption, and systemic inflammation.29-32
The condition is considered distinct from tropical sprue and overt symptoms of diarrhea.2®
Because it is dependent on exposure to unsanitary environments, it is common in both long-
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term residents and in travelers, and is reversible once the environment improves,28 EE is
thought to be environmentally derived and likely widespread in low-resource settings.2°

However, the determination of a clear consensus definition for EE remains an elusive
challenge. Because EE is without overt acute symptoms (although it may manifest in
subacute weight loss and impaired growth or development over longer periods of time), the
traditional gold standard for diagnosis has been intestinal biopsy to identify abnormalities in
intestinal histology. Such an invasive diagnostic is infeasible in most research and many
clinical settings and is also limited by potentially inadequate sampling, as the biopsied
sample may not be representative of the whole intestine. However, the diagnosis of EE in the
absence of these invasive procedures has proved challenging.

In response to the inability to regularly perform biopsies in healthy, “asymptomatic”
individuals, recent research on EE has aimed to identify biomarkers to characterize EE that
can be measured in stool, blood, or urine. At least 40 different biomarkers or metabolites
have been investigated as potential indicators for EE that is clinically significant enough to
result in growth faltering (Table 1).6:29.33-39 These include markers of disrupted intestinal
barrier or absorptive function (e.g. lactulose and mannitol, rhamnose, or D-xylose absorption
and excretion in the urine, alpha-1-antitrypsin in stool, tight junction components in plasma
or intestinal tissue staining); translocation of microbes or their products (e.g. LPS or anti-
LPS antibody); intestinal inflammation (e.g. myeloperoxidase, lactoferrin, calprotectin, or
lipocalin in the stool); and systemic inflammation (e.g. hsCRP or AGP; serum amyloid A
and other acute phase proteins). Other indicators include metabolites such as citrulline or
tryptophan that may signal a healthy intestinal mucosa.

The biomarkers for the above processes have varying specificity for EE-induced growth
faltering. Lactulose absorption and excretion, like fecal alpha-1-antitripsin and plasma LPS
markers, all reflect disrupted intestinal barrier dysfunction, which is a proximal component
of EE. Conversely, markers of systemic inflammation have diverse causes and cannot
specifically identify EE. Of course, measures of growth impairment alone, such as height-
for-age z-score (HAZ) or stunting, have been included as markers in some studies, but they
have poor specificity for EE since they may be due to non-intestinal causes. Like later
impairments in cognitive development (especially in higher executive function or semantic
fluency??), these measures are indicators of outcomes of EE and may occur too late in the
disease process to be of timely diagnostic use that could enable interventions. Tracking of
growth trajectories may be useful to identify early decrements that could predict continuing
growth deficits if EE conditions persist.

The identification of appropriate biomarkers for EE is challenged by their frequent
comparison to non-specific outcomes like linear growth rather than a true gold standard
diagnostic. As noted above, stunting is hypothesized to be an effect of EE and is highly
multifactorial. The strongest predictor of stunting is birth size,*! which is necessarily
unrelated to the development of EE in early life in the child (although likely relevant to EE
in the mother). Therefore, single anthropometric measurements have poor sensitivity and
specificity as a standard against which to validate biomarkers. However, growth trajectories,
especially over the first two years of life (assessed as incremental changes in HAZ scores)
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may better reflect EE in early childhood. Validation against intestinal biopsy might be more
specific, but is infeasible in many settings as discussed above.

In addition, the potential ubiquity of EE in low-resource settings makes it difficult to identify
appropriate comparison groups. Because EE is acutely asymptomatic, it is unclear how to
define “healthy” controls for a study in an environment conducive to EE and where the
condition is expected to be common. Unlike the WHO growth standards,*2 for example,
there are no international reference standards for EE biomarkers based on a representative
group of children from diverse areas. Distributions of EE biomarkers in healthy children in
high-resource settings are also largely not available to be used as reference standards. Even
if this information were available, external reference populations could be inappropriate
since they would differ on many other characteristics that would confound comparisons. In
multiple papers assessing EE among children in low-resource settings, the authors
referenced comparison biomarker values based on small studies in healthy adults that were
not assessing EE directly.36:37.4344 Clearly these reference values were suboptimal.

Beyond the uncertainties with biomarkers, the scientific community has not come to a
consensus on what type of definitions are relevant for understanding EE. If EE is to be
considered a disease, it will require a specific pathologic definition. Conversely, as a
syndrome, EE could encompass multiple disease states. Arbitrary assemblages of
morphological or functional pathologies can have important acute or lasting consequences
despite having multiple potential etiologies. Examples include pneumonia and diarrhea that
are well recognized as “disease” entities, even though they are comprised of many
component, more specific diagnoses such as pneumococcal pneumonia or shigellosis. EE
could be considered similarly as a set of functional pathophysiologic alterations, with
varying degrees of morphologic pathology caused by diverse environmental determinants.
However, distinguishing EE from similar pathologies as HIV-associated enteropathy, for
example, may be difficult. It is unclear whether and how similar presentations of enteropathy
should be considered distinct when the conditions can be indistinguishable except for the
underlying cause.

What needs to drive these definitions is the goal to identify EE as an entity for which its
recognition and the development of effective interventions can improve long-term health
outcomes that may range from growth to cognitive and even later life metabolic impairment.
Both surveillance and clinical case definitions will be needed for future study of EE. A
surveillance definition would be used to identify sentinel cases to inform population-level
interventions, which would be relevant since EE appears to be widespread in low-resource
settings. Because populations suffering from EE show a population shift in biomarker
distributions, it may be difficult to make individual diagnoses, and population-level
interventions may be most appropriate. On the other hand, a clinical case definition will be
needed for targeted treatment and other individual-level interventions.

Geographic differences in EE manifestations may also pose challenges. Variations in
environmental exposures across low-resource settings likely result in different pathologies.
Perhaps it is more important to describe an EE spectrum, where milder cases may not
include systemic inflammation, for example, and more severe cases may be associated with
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villous blunting and poor growth outcomes. It may be necessary to distinguish between
consequential EE, with observable poor outcomes, and inconsequential EE, in which a child
may show abnormal histology or biomarker levels, but no related outcomes such as poor
growth. In this conception, EE constitutes a risk factor for health outcomes such as a
significant drop in HAZ in the formative early years of childhood or an impairment of
normal cognitive development, especially in higher executive function. EE describes a state
that is probabilistically associated with poor development (e.g. growth, vaccine response,
cognitive impairment), but is not a necessary or sufficient cause and may lead to no
observable clinical outcomes in a significant proportion of cases.

As the field is quickly evolving, new biomarkers are being identified and refined to help
enhance our understanding, if not the definition, of EE. In spite of the complex challenges in
defining EE, improved clarity of this entity will help to develop appropriate surveillance and
clinical case definitions against which to study risk factors, which will be vital to advancing
our understanding and to testing, and ultimately investing in, potentially effective
interventions.

Specific enteric infections

Overt diarrhea (defined as three or more unformed stools per day*?), especially when
prolonged or persistent, has predicted growth and even cognitive failure in many previous
studies.1146-51 However, reduced diarrhea rates observed in more recent studies have made
overt diarrhea less useful in predicting growth and developmental outcomes. Despite these
reductions, “subclinical” pathogen detection in stools continues to be common in many
impoverished settings and has been associated with poor outcomes.8:9:52

These infections are hypothesized to be a key contributor to environmental enteropathy, and
asymptomatic carriage of known enteric pathogens may cause or aggravate linear growth
faltering, even in the absence of recognized episodes of diarrhea.8::53.54 For example,
asymptomatic excretion of enteroaggregative £. coli (EAEC) has been associated with linear
growth faltering.3 The mechanism for the growth effect may be through subclinical gut
inflammation, which has been associated with EAEC detection in the Etiology, Risk Factors,
and Interactions of Enteric Infections and Malnutrition and the Consequences for Child
Health and Development Project (MAL-ED), a birth cohort study performed at eight sites in
South America, sub-Saharan Africa, and South Asia (Rogawski et.al., manuscript in
preparation). Carriage of Campylobacterspp. has also been associated with both linear and
ponderal growth faltering.8:5% This association may be mediated through environmental
enteropathy; Campylobacter detection was associated with increased markers of
permeability (alpha-1-antitrypsin), intestinal inflammation (myeloperoxidase), and systemic
inflammation (AGP) in MAL-ED.8 Similarly, persistent Giardia detection in the first 6
months of life has been associated with malabsorption® and reduced linear growth in two
studies.98 Cryptosporidium parvum excretion has also been associated with growth
faltering, although it is unclear if this association is driven by prolonged excretion after a
symptomatic infection.>” These data suggest that a primary mechanism for the pathogenesis
of EE may involve exposure to pathogens through poor hygiene practices and contaminated
food and water resulting in enteric infections.
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Because these infections are commonly diagnosed in stool by culture or molecular methods,
it is challenging to distinguish between colonization and infection. Many microorganisms
can play both the roles of commensal and pathogenic organism and mere detection does not
illuminate the multifactorial impact of the organism.>® Some organisms, like C. difficile,
Salmonella, and likely many other enteric bacterial pathogens, may change from commensal
to pathogenic within an individual over time, and pathogenicity is highly dependent on
presence of other microorganisms and a wide range of environmental and genetically-
determined host factors.5® Further, the distinction between commensal and pathogenic is
often made among organisms within the same species, as is the case for £. coli. Pathogenic
E. coliare generally identified by an array of virulence factors, the significance of some of
which have yet to be fully elucidated.5°

The identification, quantification, and attribution of pathogenic versus non-pathogenic
organisms is complicated in endemic settings by differences in host resistance, normal
microbiota, and acquired immunity. Organisms that are known causes of diarrhea outbreaks,
such as waterborne Giardia outbreaks, are often not associated with diarrhea among children
in endemic settings. Giardia, for example, was more commonly identified in non-diarrheal
stools than diarrheal stools in both major studies of diarrhea etiology, MAL-ED and
GEMS.5261 Even organisms that are statistically associated with diarrhea in these studies
are commonly found in non-diarrheal stools and “healthy” controls. New methods to use
quantitative PCR to incorporate quantity of pathogen have helped distinguish cases from
controls, but they remain imperfect and quantities significantly associated with case status
necessarily only apply at the population level. Detections above these quantities cannot
conclusively identify etiology in individual cases. In contrast, detections of these pathogens
are rare in high-resource settings, which makes it easier to confidently assign etiology.

Pathogenic organisms must be considered in the context of the gut microbiota, a highly
complex “organ” of the body which impacts myriad processes from metabolism to
cognition. However, microbiota-related studies rarely consider the presence of specific
pathogenic organisms, and it is unknown what bilateral impact they may have. While the
microbiota has been shown to be altered in many diseases states, it is unclear which
compositions constitute beneficial microbiota and which represent dyshiosis. Diversity
parameters for the microbiota (either alpha diversity within a sample or beta diversity
between samples)®2 can simplify the highly dimensional composition data, but high diversity
is not uniformly positive. For example, while exclusive breastfeeding is recommended in
early infancy, the predominant bacteria in the microbiota of breastfed infants are
Bifidobacterium and Lactobacillus,535% while infants fed with formula milk have a more
complex microbiota.53.65 Recently, measures of microbiota “maturity” have been developed
to describe how malnourished children often have microbiota compositions that mirror the
compositions of younger healthy children.%6 However, the organisms identified as
discriminating for immaturity differ across populations, limiting the generalizability of the
index.86:67 These discriminating organisms are not those classically considered as enteric
pathogens, and it is unclear if they are harmful themselves or simply indicators for
generalized dysbiosis.
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Animal models can help to separate and elucidate the roles of specific pathogen infections
versus the microbiota by experimentally controlling infections and the microbiota in specific
diet and host contexts. For example, protozoal, bacterial and viral infections in murine
models have strikingly different effects in the context of specific nutrient deficiencies with
normal microbiota. Protein deficiency greatly enhanced both the intensity of cryptosporidial
infection as well as its impact on growth, documenting a bidirectional impact of worsened
infection with protein malnutrition and conversely worsened growth with infection.68.69
Cryptosporidial infection in the setting of protein deficiency also caused impaired turnover
of infected epithelial cells.”® Similar synergies with protein or zinc deficiency were seen
with EAEC infections.”1~73 Conversely, murine rotavirus infections were less severe in
undernourished conditions,’4 which may be because the intestinal villi were blunted and less
efficiently provided the lactase needed to “uncoat” the virus as part of pathogenesis.

The microbiota also affect susceptibility to infection in mouse models. Early studies from
the 1960s and 1970s showed the intestinal flora was antagonistic to Salmonella, Shigella,
and Vibrio cholerae infection.”5(PP313-316) Several other recent studies have found that a
normal microbiota in mice successfully prevents colonization by Sa/lmonella enterica serovar
Typhimurium. Conversely, mice with altered microbiotas due to antibiotic administration are
more susceptible to intestinal infection and disease due to Sa/monella and other
enterobacteria such as £. co/i.’5-"8 One study showed a dose-response such that greater
alterations to the microbiota led to higher colonization by S. enterica serovar Typhimurium,
with more severe inflammation and intestinal pathology.””:"® Further, modification of the
microbiota through the antibiotic treatment of mice increased susceptibility to infection by
vancomycin-resistant Enterococcusand C. difficile.”’

In terms of the microbiota and susceptibility to viral infections, there are examples both
where intestinal bacteria promote and are antagonistic to viral infection.”8:80.81 For example,
Bacteroides thetaiotaomicron and Lactobacillus casef have been shown to prevent infection
of the intestinal epithelial cells by rotavirus /n vitro. Similarly, mice with depleted
microbiotas through antibiotic treatment or development in germ-free conditions are more
susceptible to influenza compared to normal mice.”8:80 On the other hand, the GI microbiota
has been shown to enhance replication and infection of other viruses.80:82.83 Antibiotic-
treated mice were less susceptible to poliovirus compared to mice with normal microbiota,
resulting in a mortality rate among normal mice twice that among antibiotic-treated mice.82
A similar study demonstrated that mouse mammary tumor virus, a retrovirus, was more
efficiently transmitted in the presence of a rich microbiota, and correspondingly virus
transmission to offspring was reduced in antibiotic-treated mice and germ-free mice.83

Clinical studies have supported laboratory based evidence of the importance of the
microbiota. Prior antibiotic treatment has been associated with increased susceptibility to £.
coli, Salmonella, Shigellaand Campylobacterinfections and with longer duration of
infection compared to patients who did not receive antibiotics.”88485(P433) Antibiotic
treatment also reduces the inoculum required to cause infection with Sa/monella.85(P433) The
clear association between the microbiota and susceptibility to infection has led some
researchers to suggest that people with an altered microbiota are functionally
immunocompromised and less resilient against new and opportunistic pathogens and
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recurrent infections.”” The complex interactions in the gut between enteropathogens and the
microbiota likely play a key role in development of environmental enteropathy.

Magnitude of burden

Because a clear case definition with diagnostic cut-offs for EE biomarkers has not yet been
developed to classify individuals with and without EE using non-invasive methods, no large-
scale population-based surveillance has been completed to estimate global burden of EE.
Symptomatic diarrhea remains the main indicator for pediatric enteric disease. Only
symptomatic diarrhea was included in the most recent Global Burden of Disease study, and
the longer-term consequences of even overt diarrhea remain controversial and poorly
defined.! The inadequacy of definitions of EE has limited the ability to include its
consequences in enteric disease-associated DALY calculations, which would help garner the
attention needed for their amelioration.86

Smaller-scale studies of histology are not necessarily globally representative, but provide
evidence for the universality of EE in low-resource settings. In a study of 57 Indian children
with chronic diarrhea, almost three-quarters showed abnormal histology of the jejunum and
approximately two-thirds showed atrophy of villi.8” In a cohort study of two hundred adults
in Zambia, all of the jejunal biopsies demonstrated some degree of enteropathy, with varying
levels of abnormality in villous height and crypt depth.88 Among 414 children presenting to
a hospital in London with chronic diarrhea, almost half had mild (25%), moderate (10%), or
severe (9%) enteropathy by proximal small intestinal mucosal biopsy.8°

EE biomarkers are increasingly being measured in studies of enteric disease. In MAL-ED, a
large multisite birth cohort study from 8 countries, a panel of potential EE biomarkers was
measured across the first two years of life.38 In a subset of children with biomarkers
measured at 3-9 months of age, median alpha-1-antitrypsin, neopterin, and myeloperoxidase
concentrations in stool were elevated compared to sparse but available data from healthy
individuals in non-tropical countries.36 Specifically, in quarterly stools from 3—21 months of
age from the complete MAL-ED cohort in the Bangladesh site, more than half of samples
were above normal for alpha-1-antitrypsin and myeloperoxidase, and 95% were abnormal
for neopterin.3” Similarly, in PROVIDE, a study of EE and oral polio and rotavirus vaccine
response in Bangladesh, fecal EE biomarkers measured at 12 weeks of age were abnormal in
the majority of infants (82% abnormal for myeloperoxidase and alpha-1-antitrypsin, and
94% abnormal for calprotectin).® These results suggest the majority of infants may have had
enteric inflammation even in the first few months of life. The entire distribution of EE
biomarkers in study populations from low-resource settings is likely shifted compared to
populations in high-resource settings.

Non-diarrheal enteric infections are more straightforward to measure through detection of
the enteropathogens in stool samples when diarrhea symptoms are not reported. The
prevalence of such infections is high in low-resource settings, which has made it critical to
assess presence of pathogens in both diarrheal and non-diarrheal stools when attributing
population-level diarrhea etiology. In GEMS, a large study of moderate-to-severe diarrhea in
seven sites in Africa and Asia, the prevalences of Shigella, Cryptosporidium, and LT-ETEC
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by gPCR were 27%, 21%, and 29% in enrolled controls without diarrhea in the second year
of life.%0 In MAL-ED, the prevalences of Campylobacter, Giardia, and EAEC using
conventional methods®! in quarterly non-diarrheal stools from the same age period were
36%, 29%, and 26%, respectively.8:9 Because the prevalences of Giardiaand EAEC were
similar in diarrheal and non-diarrheal stools, neither pathogen was statistically associated
with diarrhea for any age group or at any site in MAL-ED.52 Giardia carriage measured by
repeated detections in non-diarrheal stools was common; 63% of the Giardlia detections in
diarrheal stools were preceded by Grardia detections in non-diarrheal stools in the prior two
months, suggesting the Giardia detected during diarrhea may have been from previous
infection.®

Even if the burden of EE may be difficult to define, the prevalence of risk factors for EE is
high and widespread. The World Health Organization estimates that approximately 900
million people around the world do not have access to an improved drinking water source,
including more than 40% of people in sub-Saharan Africa.%2 Even those with access to an
improved water source may have poor quality water due to recontamination and unsafe
storage. Similarly, sanitation coverage and use is poor. Prevalence of open defecation
globally was 18% in 2006 and is widely practiced in South Asia (48%) and sub-Saharan
Africa (28%). Improved sanitation facilities that ensure hygienic separation between humans
and their excreta are available to less than a third of people in Sub-Saharan Africa.92

Many challenges also remain to providing optimal nutrition both in utero and during early
childhood. Globally each year, approximately 13 million infants are born with intrauterine
growth restriction and about 20 million with low birth weight.%3 Breastfeeding in the first 6
months of life is not exclusive as recommended for 16% of infants, and 14% of children
discontinue breastfeeding before 2 years of age.9* Micronutrient deficiencies are also
common; a quarter of the global population has Vitamin A deficiency,% including 190
million (33.3%) children under 5 years of age.9® Overall, 16% of the global population has
zinc deficiency, and 17% of women have iron deficiency,% with anemia affecting almost
half of the preschool age population.®3 These risk factors are likely major contributors to EE.
A global study of risk factors for stunting, an outcome associated with EE, identified fetal
growth restriction and preterm birth as the leading risk factors for stunting prevalence,
followed by environmental factors (unimproved water, unimproved sanitation, and biomass
fuel use) and maternal and child nutrition. This analysis estimates that 22% of stunting cases
were attributable to environmental factors and 14% were attributable to child nutrition.*

Challenges to assessing causality

The complex interplay between many of these factors, which are often associated, but
related nonlinearly, make it challenging to assign causality in population based studies. For
example, the highly cited vicious cycle between malnutrition and illness posits that
malnutrition can both be a cause and effect of enteric infections.12 Even with longitudinal
data to track children over time, it is difficult to model the complex system and determine
temporality. Risk factors can confound the causal effect of other risk factors if the
confounding factor is associated with both the risk factor of interest and the EE outcome.
However, they could also be mediators, on the causal pathway between more distal risk
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factors and EE, or modifiers, which change the magnitude of association between risk
factors and EE. We diagram the relationship between these different types of variables in
Figure 1A, and provide an example in the context of EE in Figure 1B. These diagrams draw
on the concepts of directed acyclic graphs,® which are useful to develop causal models, but
are extended here to include modifiers and allow multiple variables at one node.

In observational studies, it may be difficult to disentangle highly correlated risk factors such
as socioeconomic status and education. The distribution of risk factors associated with
nutrition, WaSH, and social factors vary across and often within countries, as was shown in
the multisite MAL-ED study, where there were major variations in breastfeeding practices,
water, sanitation, handwashing, animal ownership, and antibiotic use across sites.8:997 These
differences may limit the interpretation of cross-site comparisons. Alternatively, risk factors
may be ubiquitous in some settings, such that it is impossible to compare outcomes between
exposed and unexposed. For example, all participants had access to an improved water
source (as defined by the WHO?9) in five of the eight research sites in the MAL-ED study.8

Many of these risk factors are difficult to measure. Caregiver report, especially for
behavioral factors such as handwashing behavior, is notoriously unreliable.%8:% Improved
measurement of risk factors alongside better models of their complex interactions will all be
needed to identify appropriate targets and develop interventions for EE.

New assessment tools create new perspectives and recognition of impact

Detection of enteric pathogens

The relatively recent focus on enteropathy and subclinical enteric infections has been
spurred by technological advances that have made closer study of EE feasible. A widening
array of protozoan, bacterial, and viral enteric pathogen assays are now available to assess
pathogen burden in stool samples, including those for Cryptosporidium, Campylobacter,
multiple types of diarrheagenic £. colibased on increasingly appreciated virulence traits
such as heat labile or stable enterotoxins (LTEC or STEC), attaching and effacing traits
(EPEC), invasiveness (EIEC), shigatoxin (STXEC), aggregative adherence (EAEC), and viral
agents. 10091

While traditional culture and microscopy methods are still commonly used to detect these
pathogens, new molecular methods have been developed with superior sensitivity and
specificity in many cases.90:101 For example, culture assays for Shigella are known to have
low sensitivity. In a reanalysis of stool samples from the GEMS case-control study, the use
of quantitative PCR diagnostics increased Shigella attributable incidence approximately two
and a half fold in the second year of life from 2.7 cases per 100 child-years to 7.0 cases per
100 child-years.%0

Molecular tools not only provide greater sensitivity than most traditional methods, they also
enable quantification of the pathogen load indicating the intensity of each pathogen
infection.90:101 The quantification cycle (Cq) in quantitative PCR, the cycle number at which
fluorescence from target amplification exceeds the background fluorescence, can be used as
an inverse metric of nucleic acid quantity. For many of the diarrhea-associated pathogens,

Pediatr Clin North Am. Author manuscript; available in PMC 2018 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rogawski and Guerrant Page 11

Microbiome

higher pathogen quantities, as indicated by lower Cq values, are more strongly associated
with stools from diarrhea cases compared to non-diarrheal stools from controls. For
example, the association between diarrhea and Rotavirus detected at a Cq of 34 was near the
null, while the magnitude of the odds ratio for diarrhea with Rotavirus detected at a Cq of 20
was greater than 10 in GEMS.%0 The difficulty of assigning diarrhea etiology has long been
recognized given the frequent presence of enteropathogens in non-diarrheal stools.
Quantification allows greater resolution to better discriminate causative organisms from
potentially unrelated infections.

However, with the increased sensitivity of molecular tools, poor specificity may be a
problem if quantity of pathogen is not taken into account. To limit false positives, a Cq cut-
off (e.g. at 35 cycles) is regularly set to classify amplifications beyond that cycle number as
negative in the analysis. However, beyond the strength of statistical associations between
pathogen quantity and diarrhea compared to non-diarrheal stools, the necessary or sufficient
pathogen burdens to cause illness are unknown and likely vary across individuals and
settings. Therefore, while these methods are especially useful for assigning etiology at the
population level, they are less useful for determining causes of individual cases.

There are further limitations of these methods in standardization and comparability.
Comprehensive platforms such as the TagMan Array Card can detect 40+ pathogens
simultaneously and are standardized to allow comparison of Cq values across assays.101
However, PCR Cq values are difficult to compare when measured by single reactions
without a standardized platform. Cq values may differ by PCR machine as well as across
experiments on the same machine, making cross-site comparisons of pathogen quantity
unreliable. In addition, in many PCR programs, Cq values must be calculated or at least
reviewed by a technician by eye, which can further increase variability. Assaying pathogen
standards of known quantity to create quantification curves can improve comparability
across platforms.102

and innovative biomarker assays

Because the majority of bacteria in the gastrointestinal microbiota cannot be cultured, early
studies of the microbiota that relied on bacterial culture provided a skewed representation of
microbiota composition. Newer molecular techniques, which most commonly amplify and
characterize nucleic acids from the 16S rRNA conserved gene through high-throughput
sequencing technologies, have allowed higher resolution for the complex and diverse
communities of the microbiota.193 These techniques are also rapidly becoming less
expensive, which allows for larger sample sizes needed for group comparisons.

Similarly, as assays for current biomarkers are being refined, transcriptomics and
metabolomics offer innovative methods to identify new types of biomarkers. In a recent
study of Malawian children from 12—-61 months of age, lactulose permeability as an
indicator of EE was correlated with fecal messenger RNA copy number to identify
transcripts with differential expression in EE. Twelve transcripts associated with EE and
mapped to pathways related to cell adhesion and immune responses to viral, bacterial, and
parasitic organisms. Transcripts associated with the maintenance of the mucous layer were
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under-expressed in children with EE.194 These transcripts may prove to be useful targets as
relevant EE biomarkers.

Metabolomics also has the potential to identify new biomarkers associated with EE. In a
study of urinary metabolites in children enrolled in the case-control study component of
MAL-ED in Northeast Brazil, an H nuclear magnetic resonance (NMR) spectroscopy-based
metabolic profiling approach was used to identify metabolites associated with stunting
(HAZ < -2) and catch-up growth (change in HAZ between baseline and 2-5 months follow-
up). Undernutrition was associated with altered choline and tryptophan metabolism and
increased proteolytic activity of the gut microbiome. The authors suggest that urinary N-
methylnicotinamide and B-aminoisobutyric acid may be promising biomarkers for
identifying children at risk for further growth shortfalls.10

Interventions

As our understanding of the mechanisms of EE pathogenesis increases, we can begin to
appreciate the optimal markers to help define and track potentially effective interventions.
This understanding will likely best derive from linking field clinical studies with targeted
animal model studies that dissect metabolic pathways that are seen in both affected children
and in the models. Examples include disrupted choline and tryptophan metabolism in both
children and murine models. Furthermore, field and lab model studies can identify
hypotheses to be tested in other study designs and raise potential interventions worthy of
testing. For example, the impairment of cell turnover with protein deficiency that greatly
increases the intensity and severity of cryptosporidial infection noted above® raises the
possibility that intestinal repair nutrients like glutamine or citrulline might reduce the
impaired growth and development seen with this infection in clinical studies.

Multiple key interventions will likely be needed in combination to realize reductions in EE
and its potentially devastating intermediate and long-term consequences. For example,
behavioral or structural interventions that reduce exposure to enteric pathogens, such as
interventions targeted to improve water, sanitation, and hygiene, will likely synergize with
nutritional interventions, vaccines, and innovative interventions that directly target EE, such
as those to repair intestinal injury. Because many of the available enteric vaccines have
shown reduced efficacy in low-resource settings where EE is common,106 reducing quantity
of pathogen ingested from contaminated food and water may improve vaccine impact.
Likewise, key nutrients likely enhance protective host immune (and other) responses to
pathogen disruption of intestinal function. Such protection could range from improved
innate or acquired immunity to epithelial cell turnover, an important component of host
defense.”0 Equally, very limited, carefully targeted, single-dose antimicrobials might enable
catch-up growth responses to nutrition therapy to set a child’s growth onto a new trajectory.
Finally, an alert and healthy child will engage more parental and caregiver interactions to
support the critical impact of cognitive stimulation on child development.

Furthermore, the potential to identify subtypes of EE may help identify targeted
interventions which will be most effective. For example, high levels of fecal MPO
suggesting an invasive pathogen like Shigella, enteroinvasive £. coli (EIEC) or
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Campylobacter infections might be promptly ameliorated by single dose antimicrobial (such
as azithromycin) treatment. Alternatively, disrupted intestinal absorptive or barrier function
might suggest that interventions targeting injury repair, such as certain amino acids in an
Oral Rehydration and Repair Therapy (ORRT), could be helpful. Vaccines are available for
only a few enteropathogens, including rotavirus, cholera, and polio, and are limited by
suboptimal effectiveness in low-resource settings. Development of new vaccines, especially
for Shigella, may be warranted given the recently appreciated burden of both moderate-to-
severe watery diarrhea and dysentery associated with Shige//a.°

Challenges remain with regional and cultural differences in the uptake, effectiveness, and
adherence to selected interventions. Water, sanitation, and hygiene interventions have been
particularly challenged by suboptimal coverage, even in the setting of randomized trials with
intense community interaction and follow-up.107:108 Appropriate water treatment processes,
latrine designs, and sanitation and hygiene behaviors must be tailored to individual
communities to maximize acceptability.109 Intervention planning should also account for
existing practices in the targeted community. For example, interventions involving targeted
antimicrobial use may be severely limited by current widespread use even early in lifel10
and concerns about antimicrobial resistance.

Conclusions

The complexities inherent in defining and studying EE and subclinical infections have made
it difficult to characterize burden as well as test potential interventions. Calls to update
diarrhea DALY$86 have largely been unanswered because of the difficulty in quantifying
non-diarrheal impact of enteric pathogen exposure and EE. A significant drop in HAZ in the
formative early years of childhood or an impairment of normal cognitive development
remain to be counted, largely because we still desperately need better data on their causes
and burden. The years lost to disability (YLD) due to early childhood EE in the form of
growth and cognitive developmental deficits, as well as long-term metabolic effects, may
exceed the rapidly decreasing years of life lost (YLL) due to diarrhea. Including these
components into the DALY will appropriately highlight the importance and value of
diagnosis and effective interventions needed to improve these outcomes for impoverished
children around the world.

Similar pathways and effects may also have relevance among the elderly whose quality of
life is also impaired by poor sanitation and physical and cognitive impairment. Although
these are not addressed in this overview, they likely involve similar, largely unrecognized
effects of EE, as shown by the surprising frequencies of evidence for intestinal inflammation
and of C. difficile infections that may be seen in more than 30-40% of “asymptomatic”
nursing home residents.111-113 Further expanding the potential DALY impact of the often
clinically unrecognized problem of EE in this population is also likely warranted.

Numerous research and translational gaps remain in the appreciation of EE and its causes,
biomarkers, and consequences. Because EE can develop in the first few months of life,
methods for early recognition are vitally needed to intervene before long-term consequences
manifest. The appropriate targets of these interventions and mode of delivery for biggest
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impact are still unknown. Some of the most important long-term outcomes for growth or
cognitive development require much longer follow-up than most current projects or funding
mechanisms address. Focus on shorter-term outcomes may miss critical aspects of EE or of
its impact, and inappropriately discount the effectiveness of interventions. Innovative
enteropathogen detection, biomarker, microbiota, and metabolomics methods noted above
have improved our ability to tackle questions about which pathogens have greatest
relevance, which host and microbial pathways are involved, and which biomarkers will be
most relevant for diagnosis, health outcomes, and interventions. It is clear that we can no
longer consider EE to be “subclinical.” It does a disservice to the field by understating the
potential long-term and multifaceted impact of EE among children in low-resource settings.
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Key points

Despite commonly being considered a subclinical condition, environmental
enteropathy in early childhood is associated with important long-term health
impacts including impaired vaccine responses, child growth faltering,
cognitive impairment, and later life obesity, diabetes, and metabolic
syndrome.

Insufficient diagnostic biomarkers, the inability to identify appropriate control
groups, and geographic differences in manifestations make it challenging to
define environmental enteropathy, which will be necessary for further
research, prevention, and treatment.

Enteric infections, even in the absence of overt diarrhea, are highly frequent
in low-resource settings, contribute to environmental enteropathy, and may
cause or aggravate growth faltering.

New tools for detecting enteric pathogens, characterizing the microbiome, and
assessing the transcriptome and metabolome may help understand
environmental enteropathy and identify potential interventions.
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Figure 1.

Modified directed acyclic graphs to diagram the complex interplay between factors
associated with environmental enteropathy and its effects: 2A—a diagram of the different
types of variables that could affect exposure-outcome relationships; 2B—an example

showing relationships between relevant variables in the context of environmental

enteropathy.
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Table 1

Potential biomarkers of environmental enteropathy.6:29:33
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Function Biomarker Description Sample type
Intestinal absorptive function  Lactulose Disaccharide, indicator of gut barrier disruption  Administered orally and
measured in urine
Mannitol Monosaccharide, indicator of gut absorptive Administered orally and

surface

measured in urine

Lactulose:Mannitol ratio
(%L and %M)

Indicator of barrier disruption per surface area

Administered orally and
measured in urine

Rhamnose Monosaccharide, indicator of absorptive surface  Administered orally and
measured in urine
D-xylose Monosaccharide, indicator of absorptive surface ~ Administered orally and
measured in urine
GMCSF antibody Granulocyte macrophage colony stimulating Plasma
factor autoantibody
Intestinal barrier function alpha-1-antitrypsin Plasma protease inhibitor, indicator of Stool

relatively severe gut barrier disruption

Claudin-2 Tight junction peptide reflecting increased Intestinal tissue staining
permeability
Claudin-15 A marker of “healthy” gut absorptive and Urine
barrier function
Translocation LPS Lipopolysaccharide Plasma
1gA and IgG anti-LPS Antibody produced against lipopolysaccharide Plasma
1gA and IgG anti-FIliC Antibody produced against bacterial FIiC Plasma
(flagellin)
Zonulin Tight junction peptide regulator of gut Plasma
permeability (haptoglobin)
TJP1 Tight junction protein gene encoding for ZO-1 Intestinal biopsy, tissue
DNA
Intestinal inflammation MPO Myeloperoxidase, a neutrophil granule Stool
component
Calprotectin Neutrophil marker Plasma; stool
Neopterin Monocyte/macrophage marker of immune Stool
activation (GTP metabolite)
Lactoferrin Neutrophil granule component Stool
Lipocalin Protein in neutrophils and epithelial cells Stool
Reg 1A Regenerating islet-derived protein-a
Reglp Marker of epithelial repair Stool
I-FABP Intestinal fatty acid binding protein Plasma
Fecal S100A12 Calcium (and zinc, copper)-binding protein Stool
regulator of inflammatory signaling
Systemic inflammation AGP Acid glycoprotein, a hepatic “acute phase Plasma
reaction” product
IL-1B Interleukin-1p, inflammatory cytokine Plasma
produced by monocytes and macrophages
IL-4 Th2 cytokine Plasma
IL-5 Th2 and mast cell cytokine Plasma
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Function Biomarker Description Sample type
IL-6 Pro or anti-inflammatory T cell or macrophage Plasma
cytokine or myokine
IL-7 Lymphokine stimulator of stem cell Plasma
differentiation into B, T or NK lymphoid cells
IL-10 Anti-inflammatory STAT3 inducer cytokine Plasma
TNFa Proinflammatory cytokine Plasma
MIP1B Macrophage inflammatory protein 18 (CCL4) Plasma
Ferritin Iron binding protein reflecting iron stores Serum
Hepcidin Inflammation driven inhibitor of iron exporter Plasma
ferroportin, thus blocker of iron uptake or
release into the circulation; hence anemia of
chronic inflammation
C-reactive Protein (CRP) An acute phase reactant (APR) Plasma
hsCRP High sensitivity C-reactive protein (APR) Plasma
sCD14 Soluble CD14; shed by activated monocytes, Plasma
binds LPS
EndoCAb Antibody produced against bacterial Plasma
lipopolysaccharide
Serum amyloid A Acute phase reactant driver of inflammation Plasma
LBP LPS binding protein Plasma
Metabolites/ Growth markers  Tryptophan Essential amino acid for protein synthesis and Plasma
growth as well as the neurotransmitter,
serotonin
Kynurenine Tryptophan metabolite via IDO, potentially Plasma
driven by inflammation
K:T ratio Kynurenine:tryptophan ratio Plasma
Citrulline Key amino acid for intestinal repair Plasma
IGFBP-3 Insulin-like growth factor binding protein-3 Plasma
IGF-1 Insulin-like growth factor 1 Plasma
Activin Growth regulation factor Plasma
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