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Enteric	infections,	with	or	without	overt	diarrhea,	have	profound	effects	on	intestinal	absorption,	nutrition,	and	
childhood	development	as	well	as	on	global	mortality.	Oral	rehydration	therapy	has	reduced	the	number	of	deaths	
from	dehydration	caused	by	infection	with	an	enteric	pathogen,	but	it	has	not	changed	the	morbidity	caused	by	
such	infections.	This	Review	focuses	on	the	interactions	between	enteric	pathogens	and	human	genetic	determi-
nants	that	alter	intestinal	function	and	inflammation	and	profoundly	impair	human	health	and	development.	
We	also	discuss	specific	implications	for	novel	approaches	to	interventions	that	are	now	opened	by	our	rapidly	
growing	molecular	understanding.

Introduction
Infection of the intestinal tract with an increasingly recognized 
array of bacterial, parasitic, and viral pathogens can profoundly 
disrupt intestinal function with or without causing overt dehy-
drating diarrhea. Diarrhea is a syndrome that is frequently not 
differentiated clinically by specific etiologic agent. The use of 
glucose-electrolyte oral rehydration therapy (ORT) has dramati-
cally reduced acute mortality from dehydration caused by diar-
rhea: estimates of global mortality from diarrhea declined from 
approximately 4.6 million annual deaths during the mid-1980s to 
the current estimate of 1.6–2.1 million (1, 2). Most of these deaths 
occur in children under the age of 5 years and occur in developing 
countries (Figure 1). In contrast to the decline in rates of mortal-
ity from diarrhea, rates of morbidity as a result of this syndrome 
remain as high as ever (1). In addition, we believe that morbidity 
arising from the malnutrition caused by persistent diarrhea and 
enteropathy resulting from chronic and recurring enteric infec-
tions is often not counted in estimates of the burden of diarrhea.

The absorptive function of a healthy intestinal tract is especially 
critical in the first few formative years of life. This is because, unlike 
many other species, the predominant brain and synapse develop-
ment in humans occurs in the first 2 years after birth. Hence, the 
absorption of key nutrients during this time is critical to assure the 
optimal growth and development of the body, brain, and neuronal 
synapses that determine human capacity. Although a developing 
fetus and a breastfed child rob even a malnourished mother for 
their sustenance, upon leaving the womb or upon weaning, respec-

tively, human infants become totally dependent upon and vulner-
able to food and water that are often contaminated with an increas-
ingly recognized array of enteric pathogens. Yet one in six people 
(1.1 billion individuals) have no source of safe water and four in ten 
(2.6 billion individuals) lack even pit latrines, numbers projected 
to reach 2.9 and 4.2 billion, respectively, by 2025 (3), which results 
in numerous enteric infections and in persisting, or even worsen-
ing, rates of morbidity from diarrhea (1). Recent studies suggest the 
potential disability-adjusted life year (DALY) impact of morbidity 
resulting from diarrhea might be even greater than the impact of 
the still-staggering mortality caused by this syndrome (1, 4). DALYs 
are used to account for years lost to disability (i.e., morbidity over a 
lifetime) as well as years of life lost (i.e., age-specific mortality). The 
morbidity impact of enteric pathogens is related to their ability to 
directly impair intestinal absorption as well as their ability to cause 
diarrhea, both of which impair nutritional status. Thus, repeated 
infection with enteric pathogens that affect nutrient absorption 
and cause diarrhea have a lasting impact on the growth and devel-
opment of a child. Furthermore, although malnourished children 
tend to “catch up” if given a chance, those with frequent bouts of 
diarrhea as a result of repeated infection with enteric pathogens 
have this catch-up growth linearly ablated (Figure 2) (5).

Growth shortfalls of up to 8.2 cm by age 7 years have been 
attributed to early childhood diarrhea and enteric parasite bur-
den (ref. 6 and W. Checkley, unpublished observations). However,  
long-lasting  and  profound  effects  on  fitness,  cognition,  and 
schooling are also observed. Indeed, it has been calculated that 
repeated bouts of diarrhea in the first 2 years of life can lead to 
a loss of 10 IQ points and 12 months of schooling by age 9 years 
(7–9). Furthermore,  infection with specific enteric pathogens 
such as enteroaggregative E. coli (EAEC) and Cryptosporidium spp. 
can affect growth even in the absence of overt diarrhea (10–13). 
The vicious cycle of repeated enteric infections leading to mal-
nutrition and developmental shortfalls (ref. 14 and W. Checkley, 
unpublished observations), and malnutrition in turn increasing 
both the rate and the duration of diarrheal illness (15), must be 
interrupted at any and all points possible.

Recent findings in several areas have opened new opportunities 
to interrupt this vicious cycle. First, the recognition of the long-
term impact of repeated enteric infections has greatly increased the 
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estimated value of any effective intervention. Second, new molecu-
lar probes have increasingly revealed important viral, bacterial, and 
parasitic enteric pathogens and their virulence traits. Last, unravel-
ing the host genome and even microbiome and using the informa-
tion obtained to determine susceptibility to and outcomes from 
enteric infections has increasingly revealed potential avenues for 
novel interventions. For example, the APOE allele APOE4, which 
is associated with increased risk for cardiovascular and Alzheimer 
disease, was discovered to protect against the cognitive ravages of 
diarrhea (16). Because ApoE4 has been shown to drive an arginine-
selective transporter (17), these observations uncover a potential 
novel approach to repairing the damaged intestinal epithelium in 
individuals infected with enteric pathogens using arginine or its 
precursors, such as glutamine. It is therefore imperative that we 
understand the epidemiology, etiologies, and pathophysiology of 

enteric infections, as well as host-pathogen interactions, if we are 
to elucidate innovative interventions to control the still-devastat-
ing consequences of repeated malnourishing and disabling enteric 
infections in the most formative early years of childhood.

Epidemiology and enteropathogens
It is estimated that more than 10 million children younger than 
5 years of age die each year worldwide, with only six countries 
accounting for half of these deaths (18). Pneumonia and diarrhea 
are the predominant causes, with malnutrition as an underlying 
cause in most cases. Although most mortality under 5 years of 
age occurs in India, Nigeria, and China, of the 20 countries with 
the highest mortality rates for individuals under 5 years of age, 
19 are in Africa. The Child Health Epidemiology Research Group 
(CHERG), created by the WHO in 2001, has used various methods 

Figure 1
Worldwide distribution of deaths caused by diarrhea in children under 5 years of age in 2000. Although global mortality from diarrhea has 
declined in recent years, from approximately 4.6 million deaths during the mid-1980s to the current estimate of 1.6–2.1 million, most of these 
deaths occur in children in developing countries under the age of 5 years. Data are from the year 2000 (2).

Figure 2
Repeated bouts of diarrhea linearly ablate “catch-up growth.” The use of 
ORT has dramatically reduced acute mortality from dehydration caused 
by the diarrhea that often results from infection with an enteric patho-
gen. However, rates of morbidity as a result of enteric infections remain 
as high as ever. The morbidity impact of enteric pathogens is related 
to their ability to impair nutritional status, presumably by directly impair-
ing intestinal absorption and by causing diarrhea. Therefore, repeated 
infection with enteric pathogens has a lasting impact on the growth and 
development of a child. Although malnourished children can catch up 
if given a chance, those with frequent bouts of diarrhea as a result of 
repeated infection with enteric pathogens have this catch-up growth 
linearly ablated. Weight-for-age Z score < –3, children with a Z score 
more than 3 SD below mean weight-for-age value, considered severely 
malnourished; weight-for-age Z score > –3, children with a Z score less 
than 3 SD below mean weight-for-age value, considered not severely 
malnourished. Figure reproduced with permission from Lancet (5).
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to determine specific causes of mortality (19). Based on older data, 
the CHERG estimated that the syndrome of diarrhea accounted 
for 18% of all deaths in children under the age of 5, with malnutri-
tion as a comorbid condition in 53% of all deaths.

A wide array of microbes cause diarrhea in children (20–24). The 
frequency of isolation of any one bacterium, parasite, or virus from 
children with diarrhea varies between developing and developed 
countries; within different geographic regions; among infants, 
children, and adults; between immunocompetent and immuno-
compromised individuals; between breastfed and nonbreastfed 
infants; among different seasons of the year; between rural and 
urban settings; and even over time in the same location and popu-
lation. The extent to which exhaustive microbiologic techniques 
are applied to an epidemiologic study of diarrhea, and whether the 
study is community, clinic, or hospital based, also influence find-
ings on the frequency of different enteric pathogens as the cause of 
diarrhea. Even in the best of studies no enteric pathogen is identi-
fied in one-third of cases, and infections with multiple putative 
enteric pathogens are observed frequently.

It is most important to ascertain the etiologic agents of diarrhea 
in children in developing countries, as this is the predominant 
group that dies from diarrhea and is subject to the vicious cycle of 
diarrhea and malnutrition (Figure 1). Enteric pathogens that are 
the cause of most severe acute diarrhea — as assessed by mortal-
ity — include rotavirus, Vibrio cholerae, Shigella spp., Salmonella spp., 
enteropathogenic E. coli (EPEC), and EAEC. Studies linking spe-
cific microbes with malnutrition are limited, but currently there 
are data linking malnutrition and attendant loss of cognitive func-
tion to infection with EAEC, enterotoxigenic E. coli (ETEC), Shigella 
spp., Ascaris lumbricoides, Cryptosporidium spp., Entamoeba histolytica, 
Giardia lamblia, and Trichuris trichiura (10–13, 25–30). Clearly, a bet-
ter understanding of which enteric pathogens are responsible for 
how much of the burden of diarrhea morbidity and mortality is 
required. Although such elucidation would be challenging, it would 
permit a more informed allocation of resources for the develop-
ment of treatments and vaccines and should be a research priority.

Determining the global incidence and prevalence of specific 
enteric pathogens is hardly a precise science; even less so are the 
ascertainment and attribution of the causes of diarrhea, malnu-
trition, disability, and deaths. All infants and children are colo-
nized from birth with enteric organisms, which soon outnumber 
the number of cells in the host. Individuals are constantly chal-
lenged by pathogenic viruses, bacteria, and parasites. Although 
some viruses are geographically ubiquitous, such as rotavirus, 
which is estimated to infect 90% of the population of the world 
younger than 5 years of age, most enteric infections are environ-
mentally determined, with restricted geographical and seasonal 
patterns related to the degree of sanitation and hygiene as well 
as access to clean drinking water. As sanitation, hygiene, and safe 
drinking water are directly related to economic development, 
over time this has effectively defined the incidence and preva-
lence of many of the bacterial agents of enteric infections. For 
example, cholera, shigellosis, and typhoid are most common 
in the most underserved populations, with greater incidence at 
times of limited water supply and flooding (during which water 
supplies can be contaminated by sewage).

The CHERG has also estimated morbidity from specific enteric 
pathogens based on extensive reviews of studies that have docu-
mented the etiologic agents of diarrhea in many community, out-
patient, and inpatient settings (31). The most frequent etiologies 

of diarrhea at the community level were ETEC (14%), EPEC (9%), 
and G. lamblia (10%); in outpatient settings, rotavirus (18%), Cam-
pylobacter spp. (12.6%), and EPEC (9%) were most frequent; and in 
inpatient settings, rotavirus (25%), EPEC (16%), and ETEC (9%) 
were most frequent (31). The CHERG findings also suggest that 
much more morbidity than mortality is caused by certain enteric 
pathogens, including G. lamblia, Cryptosporidium spp., E. histolytica, 
and Campylobacter spp. Conversely, enteric pathogens such as rota-
virus, Salmonella spp., and V. cholerae 01 and 0139 seem to be impor-
tant causes of mortality (31).

As  the studies  reviewed by  the CHERG assessed the effects 
of one or more specific agents and were conducted over many 
years, many causes were not ascertained, and therefore the per-
centages listed above do not reflect the current distribution of 
the many diarrhea-causing pathogens. In addition, substantial 
secular changes have occurred in some of the previously highly 
endemic countries, such as India and the People’s Republic of 
China, as well as some of the countries in Latin America. Recent 
reviews addressed the burden and data gaps caused by specific 
diarrhea-causing agents such as rotavirus (32), Shigella spp. (33),  
V. cholerae (34), ETEC, and Salmonella Typhi (35–37). Many popula-
tions, especially those located in rapidly developing areas in Latin 
America and Asia, have eliminated many specific diarrhea-causing 
agents through the process of development (38).

Host susceptibility
Individuals are not equally susceptible to infection by different 
microbes; if infected, possible outcomes range from asymptom-
atic colonization to death (39, 40). There are many reasons why 
individuals differ in their susceptibility to infection with enteric 
pathogens, including their genetic makeup and their ability to 
mount potent immune responses in the gut.

Genetics. The heritability of resistance to infection was demon-
strated in a study of adopted children born before the advent of 
antibiotics (41). Premature death due to infection in the biologic 
parent increased the relative risk of death due to infection in the 
adopted child by 5.8-fold, a higher relative risk than that for par-
ent and child both dying of vascular disease or cancer. In contrast, 
premature death of the adoptive parent due to infection carried 
no increased relative risk of death from infection for the child, 
demonstrating that a shared environment was not a major con-
tributor to risk. Thus infectious diseases have as strong a genetic 
contribution to susceptibility as do vascular disease and cancer, if 
not stronger (41). Inherited resistance to infection has been sup-
ported by comparisons of monozygotic and dizygotic twins, where 
susceptibility to infectious diseases is most similar in genetically 
identical monozygotic twins (39, 40).

Exploration of the identity of the human genes that influence 
susceptibility to enteric infections is in its infancy, but the results 
are notable. The pioneering studies cited in Table 1 (42–48) are 
enlightening as to the pathogenesis of intestinal infection and 
inflammation, factors that are crucial to determining how sus-
ceptible an individual is to infection with enteric pathogens. The 
evolutionary pressure of infectious diseases on the human genome 
has been substantial. Immune response genes in general, and the 
HLA locus specifically, are the most numerous and polymorphic 
of human genes. For example, the ability of specific HLA alleles of 
an individual to present microbial antigen to T cells might play a 
part in susceptibility to the enteric parasites E. histolytica and Cryp-
tosporidium parvum (49–51).
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In a second example, an exaggerated inflammatory response to a 
pathogen might contribute to disease (52, 53). Inflammation initi-
ated by IL-8 is central to the pathogenesis of several bacterial enteric 
pathogens, including Clostridium difficile, EAEC, and Helicobacter 
pylori. A SNP in the IL-8 gene 251 base pairs upstream of the start 
of transcription is associated with an increased amount of IL-8 pro-
duced in response to infection (52, 53). This polymorphism, in turn, 
has been found to be associated with an increased risk of diarrhea 
due to infection with C. difficile and EAEC as well as an increased risk 
of developing gastric cancer and gastric ulcers due to infection with 
H. pylori (52–54). The pathogenesis of these three bacterial diseases 
therefore might involve an exaggerated inflammatory response ini-
tiated by IL-8. One could envision antiinflammatory therapeutics 
directed at the IL-8 pathway as a potential therapy for these condi-
tions based on the observations discussed here.

A third example is how the lack of host receptors for a microbe 
could explain susceptibility. Individuals with the O blood group 
are at increased risk of developing both cholera gravis following 
infection with V. cholerae and diarrhea following infection with 
Norwalk virus (55, 56). Norwalk virus is a norovirus that is the 
cause of winter vomiting disease and the most common cause of 
viral gastroenteritis. The virus binds to the H type-1 oligosaccha-
ride on gastric and duodenal epithelial cells that is synthesized, in 
part, by fucosyltransferase (an enzyme in the pathway of synthesis 
of A and B blood group antigens). Individuals homozygous for an 
inactivating mutation in fucosyltransferase were completely resis-
tant to infection with Norwalk virus (56).

Finally, the damage to cognitive function that is associated with 
the vicious cycle of diarrhea and malnutrition also seems to be influ-
enced by genetic polymorphisms (16, 57). There are several isoforms 
of the ApoE cholesterol transport protein, which is present in the 
serum, and the ApoE4 allele is associated with protection from the 
cognitive impairment associated with diarrhea and malnutrition in 
infancy as well as with increased risk of Alzheimer disease in later life 

(16, 57). A unifying hypothesis is that ApoE4 functions to protect 
normal brain development amid heavy diarrhea burdens in early 
childhood through its cholesterol transport function (57).

The studies listed in Table 1 are mostly the results of a candidate-
gene approach, where a preconceived hypothesis is used to identify 
a gene for study. For this reason, the results are limited by prior 
understanding or preexisting hypotheses about pathogenesis. A 
potentially more powerful genetic approach is a genome-wide 
association study, as this requires no a priori assumptions. In the 
future, the combination of both candidate-gene and genome-wide 
association studies, validated in different populations, promises to 
help explain host susceptibility to infection. With these answers 
will come new therapeutic and prophylactic approaches to the 
management of enteric infections and thereby diarrhea and its 
lasting impact on growth and development.

Gut immunity. Interspersed along the length of the human intes-
tine, the largest immunologic organ of the body, is a myriad of 
lymphoid tissue aggregates overlain with microfold (M) cells, spe-
cialized epithelial cells that serve as antigen-sampling ports and 
inductive sites for immune responses (58). Depending on the route 
of immunization (mucosal versus parenteral) and the nature of the 
vaccine, various elicited effector immune responses can contribute 
to protection against infection with an enteric pathogen (59–61). 
If the titers of antigen-specific serum IgG following administra-
tion of a parenteral vaccine are sufficiently high, antibodies that 
transude onto the mucosal surface can interfere with invasive and 
noninvasive enteric pathogens (60). Live viral and bacterial vac-
cines (e.g., attenuated S. Typhi) stimulate an array of cell-medi-
ated immune responses that are likely to be involved in protection 
(62, 63). However, the best-studied immune effector of the gut 
is the mucosal protease-resistant secretory IgA that appears fol-
lowing immunization or infection with enteropathogens such as 
rotavirus, V. cholerae, and E. histolytica (64, 65). The degree to which 
IgA-mediated B cell responses are induced is assessed by quantify-

Table 1
Examples of genes implicated in susceptibility to enteric diseases

Infection or disease Gene(s) associated with susceptibility
Parasites
Ascaris lumbricoides Chromosome 13p at 113 cM, chromosome 11 at 43 cM, and chromosome 8 at 132 cM (42);  
 STAT6 (43); and ADRB2 (44)
Cryptosporidium parvum/hominis DQB1*0301 allele, DQB1*0301/DRB1*1101 haplotype, and HLA class IB*15 (49)
E. histolytica Colitis associated with DQB1*0601/DRB1*1501 haplotype (51); 
 liver abscesses associated with HLA-DR3 (30)
Bacteria
C. difficile IL-8 (53)
EAEC IL-8 (52)
H. pylori IL-10, IFNG, and TNFA (46); IL-10 and IL-1 (47); IL-4/IL-13 (48); and IFNGR1 (49)
Salmonella spp. IL-12B, IL-12RB1, and IFNGR1 (167); CARD8 (41); and HLA-DRB1*0301/6/8 alleles,  
 IL-8 (54), HLA-DQB1*0201-3 allele, and TNFA (167)
V. cholerae O1 O blood group (55)
Viruses
Norovirus (Norwalk) FUT2 (56)
Syndromes
Traveler’s diarrhea LTF (168)
IBD CARD15, IL-23R, IRGM, MST1, and PTPN2 (169)
Cognitive sequelae of diarrhea ApoE (16, 57)

ADRB2, β2 adrenergic receptor; FUT2, fucosyltransferase; IRGM, immunity-related GTPase; LTF, lactoferrin; MST1, macrophage stimulating 1; PTPN2, 
protein tyrosine phosphatase, nonreceptor type 2.
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ing the amount of IgA in the stool or the number of IgA-secreting  
B cells in the circulation. IgA-secreting cells that make IgA specific to 
vaccine antigens are detected among peripheral blood mononucle-
ar cells approximately 7–10 days after oral immunization (66–70).  
Those cells that express α4β7 integrin homing receptors on their 
surface return to the intestinal tract, where they bind complemen-
tary mucosal addressin cell adhesion molecule–1 (MAdCAM1) 
molecules on endothelial cells of high endothelial venules (71–73).  
The induction of IgA in the intestine has been associated with 
immunity to diarrhea due to E. histolytica and rotavirus (74, 75).

Pathophysiology
Investigations into the pathophysiology of infectious diarrhea have 
elucidated fundamental processes of cell signaling and transport 
and established several mechanistic paradigms by which infec-
tious agents interact with intestinal mucosa. Diarrhea caused by 
either infectious or noninfectious etiologies is invariably the result 
of changes in fluid and electrolyte transport in the small and/or 
large intestine (76). Although diarrhea represents increased fluid 
loss through the stool, intestinal fluid movement is secondary to 
solute movement, so that solute absorption and secretion are the 
driving forces for net fluid absorption and secretion, respectively. 
Thus, an understanding of diarrhea requires delineation of the 
regulation of ion transport in the epithelial cells of the small and 
large intestine. Net fluid secretion is secondary to stimulation of 
Cl– secretion in crypt cells and/or inhibition of electroneutral NaCl 
absorption in villous surface epithelial cells (Figure 3 and ref. 77).

An overall classification of the pathophysiology of infectious 
diarrhea is difficult because of the many different organisms asso-
ciated with infectious diarrhea and the marked heterogeneity of 
their interactions with intestinal epithelial cells. At the extremes 
are enterotoxin-mediated intestinal secretion of fluids and elec-
trolytes (e.g., cholera toxin [CT]; refs. 78, 79) and invasion of small 
or large intestinal enterocytes by the enteropathogen (e.g., Salmo-
nella spp. and Shigella spp.), which results in extensive inflamma-
tory changes leading to the production and release of one or more 
cytokines that affect intestinal epithelial function (80). In between 
are several paradigms that occur despite the enteropathogen lack-
ing major enterotoxins and the ability to mediate invasion. Some 
organisms (e.g., EPEC) induce major changes in epithelial cell 
function following their  interaction with  intestinal epithelial 
cells, others (e.g., rotavirus, Cryptosporidium spp., and EAEC) dis-
rupt or inflame the mucosa and cause disease mainly by triggering 
the host to produce cytokines, and yet others (e.g., C. difficile and 
enterohemorrhagic E. coli) produce cytotoxins.

Initial studies examined the effect of enterotoxins on ion trans-
port, and the diarrhea in individuals with cholera has been consid-
ered a prototype, because there are no histological changes in the 
intestine despite substantial rates of net fluid and electrolyte secre-
tion (78). After binding the apical membrane Gm1 ganglioside 
receptor, CT irreversibly activates adenylate cyclase and increases 
mucosal cAMP levels (79, 81). CT and cAMP have identical effects 
on intestinal epithelial cells: they stimulate active Cl– secretion by 
activating or inserting Cl– channels into the apical membrane of 
crypt cells and inhibit electroneutral NaCl absorption by decreas-
ing the activity of parallel apical membrane Na/H and Cl/HCO3 
exchange in villous cells, but they do not alter apical membrane 
glucose-stimulated Na absorption (Figure 3). The latter represents 
the physiological basis of oral rehydration solution (ORS) in the 
treatment of acute diarrhea (see below). CT production occurs 

only after ingestion of V. cholerae and its attachment to intestinal 
epithelial cells. This is in contrast to the enterotoxin of Staphylococ-
cus aureus, which is produced ex vivo and causes symptoms of food 
poisoning soon after its ingestion. E. coli and ETEC produce two 
different enterotoxins, heat labile (LT) and heat stable (STa), which 
are likely responsible for most cases of traveler’s diarrhea. LT is 
very similar in structure and function to CT, activating adenylate 
cyclase. By contrast, STa activates guanylate cyclase, resulting in 
increased mucosal cyclic GMP, which has similar, but not identi-
cal, effects on ion transport as cAMP (82, 83).

CT stimulation of Cl– secretion is considerably more complicated  
than solely its interaction with intestinal epithelial cells because 
tetrodotoxin (TTX; an inhibitor of neurotransmission) blocks 
approximately 50% of CT-stimulated fluid secretion, indicating 
that CT interacts with the enteric nervous system (ENS) (84). Pres-
ent concepts indicate that CT induces the ENS to release vasoac-
tive intestinal peptide (VIP), which activates adenylate cyclase and 
increases mucosal cAMP in intestinal epithelial cells. Thus, the 
ENS, as well as several lamina propria cells including myofibro-
blasts, have been identified as critical in the interaction of toxins 
with intestinal epithelial cells and the production of intestinal 
secretion or, in other cases, inflammation (84–86). Even rotaviruses,  
which invade and damage intestinal villous cells, release a novel 
Ca2+-dependent enterotoxin, NSP4, which inhibits brush border 
disaccharidases and glucose-stimulated Na+ absorption (87, 88).

In striking contrast to the interaction of CT with intestinal epi-
thelial cells, Shigella spp. invade colonic epithelium, causing sub-
stantial inflammation and ulceration. The mechanism by which 
Shigella spp. enter the colonic mucosa is novel in that they selectively  
cross M cells and then the basolateral membrane of epithelial 
cells to activate the production of cytokines and chemokines that 
cause inflammation, apoptosis, and tight junction disruption (89, 
90). The series of events associated with the entry of Shigella spp. 
into intestinal epithelial cells results in invasion, disruption, and 
inflammation and thus inflammatory, and often dysenteric (i.e., 
bloody), diarrhea (89, 90).

Diarrhea caused by EPEC and noroviruses is caused by a third 
type of pathophysiology (91, 92). Although there is heterogeneity 
in the mechanism behind this type of pathophysiology, in general 
there is an absence of frank invasion and enterotoxin production. 
EPEC has been very well studied, with evidence of inhibition of 
Na-H exchange and Cl-OH/HCO3 exchange but no stimulation of 
Cl– secretion (93). These physiological changes are secondary to the 
action of proteins secreted into epithelial cells via the type III secre-
tion system (TTSS) of EPEC. Less well studied is the mechanism 
of diarrhea induced by norovirus. Studies in duodenal biopsies of 
patients infected with norovirus revealed an absence of histologic 
damage but stimulation of active Cl– secretion and altered tight 
junction function, most probably secondary to reduced expression 
of occludin and claudin-4 (92).

Molecular diagnostics and biomarkers of inflammation 
and barrier disruption
Some tools exist to assist in the identification of the enteric patho-
gens fueling the vicious cycle of malnutrition and diarrheal illness 
and to identify those most at risk from infection with these patho-
gens, but more are needed. The development of PCR diagnostics 
for use with stool samples that identify specific genes associated 
with enteric pathogens ranging from viruses to protozoa is explod-
ing (21, 94–99). PCR has expanded the ability of both researchers 
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and clinicians to identify the presence of previously unsuspected 
pathogens, a discovery that has a substantial impact on the under-
standing of enteric pathogen epidemiology as well as the man-
agement of disease. For example, Nataro et al. recently identified 
EAEC as the most common bacterial cause of diarrhea in two cities 
in the United States, a finding previously unsuspected due to the 
difficulty of identifying EAEC by tissue culture (100).

The response of an individual to an enteric infection can deter-
mine the severity of the disease and its long-term consequences as 
much as, or more than, the pathogen itself. Therefore, qualitative 
and quantitative measures of intestinal inflammation are necessary 
to determine its importance and to direct and evaluate potential 
novel interventions. One important marker of intestinal inflamma-
tion is fecal lactoferrin, an iron-binding glycoprotein that protects 
against infection with Gram-negative bacteria by sequestering iron 
and by disrupting the outer membrane of the bacteria (101). Both 
qualitative and quantitative assays for lactoferrin are available. 
Evaluating for elevated levels of lactoferrin in the stool of patients 
with suspected infectious diarrhea or known inflammatory bowel 

disease (IBD) can not only inform treatment decisions by signaling 
whether the symptoms are the result of an inflammatory bacterial 
infection or an IBD flare, but also provide an indication of whether  
a patient has responded to treatment to eradicate an infection 
(102–105). Fecal calprotectin, a cytoplasmic protein released by 
activated polymorphonuclear cells and possibly by macrophages, 
has also been proposed as a useful marker for intestinal inflamma-
tion, particularly in individuals with IBD. However, its use in the 
diagnosis of intestinal infection has not been investigated to the 
same degree as fecal lactoferrin (106–108).

Measures of intestinal permeability provide another important 
metric of the impact of an enteric infection. Calculation of the 
lactulose/mannitol ratio provides insight into both the integrity 
of the epithelium of the small intestine and its absorptive surface 
area. Lactulose is a disaccharide that is not absorbed by healthy 
enterocytes. Substantial absorption (and hence urinary excretion) 
indicates damage to the integrity of the intestinal epithelium. 
Mannitol is a monosaccharide that is absorbed passively, and the 
level of its absorption (and urinary excretion) provides an estimate 

Figure 3
Movement of Na+ and Cl– in the small intestine. (A) Movement in normal subjects. Na+ is absorbed by two different mechanisms in absorptive 
cells from villi: glucose-stimulated absorption and electroneutral absorption (which represents the coupling of Na/H and Cl/HCO3 exchanges). 
(B) Movement during diarrhea caused by a toxin and inflammation. In toxigenic diarrhea (caused, for example, by the enterotoxin produced by 
V. cholerae), increased mucosal levels of cAMP inhibit electroneutral NaCl absorption but have no effect on glucose-stimulated Na+ absorp-
tion. In inflammatory diarrhea (e.g., following infection with Shigella spp. or Salmonella spp.) there is extensive histological damage, resulting 
in altered cell morphology and reduced glucose-stimulated Na+ and electroneutral NaCl absorption. The role of one or more cytokines in this 
inflammatory response is critical. In secretory cells from crypts, Cl– secretion is minimal in normal subjects and is activated by cAMP in toxigenic 
and inflammatory diarrhea.
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of the functional absorptive surface area (109). Another sugar that 
can be used to evaluate absorptive surface area is d-xylose; in con-
trast to the lactulose/mannitol ratio, blood and urine samples 
can be analyzed (110). Demonstration of enteropathy by serial 
measurements of lactulose/mannitol ratios in Gambian children 
has shown that up to 43% of growth faltering can be explained by 
chronic damage to the intestinal epithelium, probably induced by 
recurrent enteric infection (111).

Enteric vaccines
There are two main approaches to primary prevention of enteric 
infections: (a) improved water and sanitation and (b) vaccination. 
Because most acute diarrhea is associated with fecal-oral transmis-
sion, improved sanitation and water quality are critical to decreas-
ing the transmission of enteric pathogens. In a broad sense, better 
sanitation is meant to include improved personal hygiene prac-
tices as well as community sanitation.

Vaccine development is a lengthy and expensive process, ordinar-
ily taking 8–15 years and hundreds of millions of dollars to bring 
a vaccine candidate from concept to licensed product so that it 
can become a public health tool. Multiple factors influence what 
enteric vaccines get developed and how extensively they are used 
after licensing, such as disease burden and geographic distribu-
tion; epidemiologic behavior of the pathogen (epidemic versus 
endemic); scientific feasibility (e.g., single serotype versus multiple 
serotypes and existence of a correlate of protection); public percep-
tion; and the estimated market for the vaccine. At the present time 
only vaccines against infection with rotavirus, V. cholerae O1, and 
S. Typhi are commercially available (Table 2).

Vaccines against agents that cause mortality, severe disease, and epidemics. 
WHO committees have given the highest priority to the develop-
ment of new or improved vaccines against rotavirus, Shigella spp., 
ETEC, V. cholerae O1, and S. Typhi, because these enteric patho-
gens contribute most to pediatric mortality and severe morbid-
ity in developing countries as well as to epidemic disease. Between 
1980 and 1999, new vaccines against infection with rotavirus,  
V. cholerae O1, and S. Typhi were licensed (Table 2). In contrast, 
there have been no vaccines yet licensed specifically to prevent 
diarrheal illness caused by Shigella spp. or ETEC. Although the new 
typhoid and cholera vaccines have been popular among travelers 
from industrialized countries who visit less-developed countries, 
use of these vaccines to control endemic and epidemic typhoid 
and cholera in developing countries has been limited. However, 
the use of oral cholera vaccines to control epidemic disease has 
met with good results (112, 113). The failure to use these vaccines 
more extensively in developing countries sends a signal of market 
failure that has impeded support for the development of vaccines 
against ETEC and other enteric pathogens.

Postlicensure surveillance incriminated the first licensed rota-
virus vaccine, a tetravalent rhesus reassortant rotavirus vaccine 
(Rotashield; Wyeth), as being associated with intussusception, 
an uncommon but serious adverse reaction, among infants in 
the United States (114); eventually use of this vaccine was discon-
tinued. Two newly licensed rotavirus vaccines, RotaTeq (Merck) 
and Rotarix (GSK), are filling the need for prevention of rotavi-
rus-induced gastroenteritis in infants in industrialized and tran-
sitional countries (115, 116). Enormous prelicensure safety trials 
(involving approximately 60,000–70,000 infants) and postlicen-
sure surveillance have indicated that these vaccines do not trig-
ger intussusception with the frequency observed with Rotashield. 

Randomized controlled field trials with these new vaccines are 
assessing their efficacy and practicality in preventing severe rota-
virus-induced gastroenteritis in infants in developing countries in 
Africa and Asia.

A second generation of vaccines to prevent infection with V. chol-
erae O1 and S. Typhi is under development (Table 3; refs. 117–124). 
New typhoid vaccines include a Vi conjugate vaccine, for which a 
phase 3 clinical trial has been completed, and recombinant single-
dose live oral vaccines, which are currently in phase 2 clinical trials. 
Two new live cholera vaccines are in phase 2 clinical trials.

Vaccines to prevent infection with Shigella spp. and ETEC are also 
under development (Table 4; refs. 125–137). Two approaches to 
develop vaccines to prevent infection with Shigella spp. have dem-
onstrated efficacy in field trials (128). The first approach is the 
development of conjugate vaccines in which Shigella O polysaccha-
rides are covalently linked to carrier proteins (128, 129). The second 
approach is the development of live oral vaccines based on attenu-
ated derivatives of wild-type Shigella spp. that are well tolerated and 
retain immunogenicity (125–128). Only one ETEC vaccine candi-
date, an oral mix of inactivated fimbriated ETEC in combination 
with the B subunit of CT, has reached phase 3 efficacy trials among 
children in developing countries, and it did not demonstrate sta-
tistically significant protection (134). Other vaccines designed to 
protect against infection with ETEC that are in clinical trials, or for 
which clinical trials are imminent, are listed in Table 4.

Other enteric pathogens and vaccine development.  Other  enteric 
pathogens that are not major causes of mortality and do not typi-
cally cause epidemics are nevertheless the focus of vaccine devel-
opment because they cause a high incidence of endemic milder 
or persistent diarrhea or result in nutritional and cognitive devel-
opment deficits. Vaccines are being developed to protect against 
infection with the diarrhea-causing enteric pathogens noroviruses  
(138), Campylobacter jejuni  (139), C. difficile  (140), EPEC (141),  
E. histolytica (142), Cryptosporidium spp. (143, 144), and EAEC as 
well as the enteric fever-causing pathogens Salmonella Paratyphi A 
and Salmonella Paratyphi B (145).

Biotechnology and enteric vaccines. Virtually every modern biotechno-
logical approach has been applied in enteric vaccine development, 
with many candidates reaching clinical trials. Examples of oral vac-
cine strategies include transgenic plants as edible vaccines, virus-
like particles (VLPs), recombinant attenuated bacteria, bacterial live 
vector vaccines, reassortant virus vaccines, polylactide-polyglycolide 
microsphere antigen delivery systems, and antigen coadministered 
with mucosal adjuvant. Parenteral vaccination strategies include 
polysaccharide-protein conjugate vaccines,  synthetic oligosac-
charides, and transcutaneous immunization using skin patches 
impregnated with purified ETEC fimbriae and LT. Two areas that 
could revolutionize enteric vaccine research are the development of 
new well-tolerated mucosal adjuvants that manipulate the innate 
immune system to enhance the adaptive immune response to oral 
vaccines and the use of lectins or other means to target vaccine anti-
gens or delivery vehicles directly to intestinal M cells.

Scientific challenges that remain
Novel diagnostics and impact assessment. The greatest scientific chal-
lenges that remain if the impact of enteric infections on morbidity 
and mortality are to be substantially reduced are to measure and 
stem the huge human and societal costs of enteric infections. Bet-
ter data showing the costly developmental and microbial impact 
of enteric infections (in terms of DALYs) can help advocate for the 
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sanitary revolution and improved antimicrobial effectiveness in 
underserved areas, better vaccine prevention, and improved oral 
rehydration and nutrition therapy (ORNT). For example, a simple, 
quick means to detect human fecal contamination of water could 
help assess and drive a sanitary revolution in areas of greatest need. 
Improved assessment of etiology-specific functional derangement 
and physical and cognitive impact could lead to therapies that tar-
get pathogens, inflammation, and/or injury repair.

Generic obstacles to developing vaccines against enteric pathogens. The 
existing licensed enteric vaccines defend against pathogens that 
have a single predominant serotype (e.g., those that cause typhoid 
or cholera) or just a few relevant antigenic types (rotavirus). In con-
trast, future vaccines to protect against infection with Shigella spp. 
and ETEC must confer broad protection against many serotypes 
or antigenic types. For example, a global vaccine to protect against 
infection with Shigella spp. will have to protect against 16 serotypes 
(of 50) that have high epidemiologic importance. These include 
Shigella dysenteriae 1 (the agent of epidemic Shiga dysentery), all 14 
Shigella flexneri serotypes and subtypes (the main agents of shigello-
sis in developing countries; ref. 33), and Shigella sonnei (the common 
cause of shigellosis in transitional countries and travelers). One 
approach to achieve broad protection is based on a pentavalent mix 
of five serotypes: S. dysenteriae 1, S. sonnei, S. flexneri 2a, S. flexneri 3a, 
and S. flexneri 6. Collectively, these S. flexneri serotypes share type- or 
group-specific antigens with the other 11 S. flexneri serotypes (128). 
If successful in humans, the pentavalent strategy is also applicable 
to conjugate vaccines and inactivated oral vaccine strategies (128).

Analogous approaches to developing broadly protective ETEC 
vaccines aim to include the epidemiologically most important 
ETEC fimbrial colonization  factor antigens  together with an 
antigen to stimulate neutralizing LT antitoxin. One innovative 
approach to achieve a vaccine broadly protective against both Shi-
gella spp. and ETEC modifies the pentavalent attenuated vaccine 
to protect against infection with the Shigella spp. described above 
so that each Shigella serotype is engineered to express two ETEC 
fimbriae or the B subunit of LT (136).

Another strategy that could confer broad protection against infec-
tion with either Shigella spp. or ETEC is based on eliciting protec-
tive immune responses to common protein antigens. For example, 
Shigella spp. have an invasiveness plasmid that encodes virulence 
proteins (e.g., IpaA-D and VirG) common to all pathogenic strains 
of Shigella. These proteins stimulate weak immune responses fol-
lowing natural disease. The challenge is to develop a vaccine that 
renders these antigens highly immunogenic and protective in a way 
they are not in nature. The burgeoning knowledge of new adju-
vants based on stimulating the innate immune system (e.g., using 
TLR agonists) offers promise that this might be achievable.

Various oral polio, rotavirus, and cholera vaccines and one can-
didate Shigella vaccine have been less immunogenic when given to 
persons living in disadvantaged conditions in developing countries 
than when given to subjects in industrialized countries. The basis 
for this barrier must be elucidated in order to design ways to over-
come it. Clues include the effects of bacterial overgrowth in the 
small intestine, malnutrition, and helminthic infection.

Table 3
New generation unlicensed vaccines against typhoid and cholera

Vaccine Immunization  No. of Developer Status Relevant immune response(s) Ref.
 route  doses
S. Typhi
Vi conjugate Parenteral 2 National Institute  Phase 3A Serum IgG specific for Vi (117, 118)
   of Child Health and     
   Human Development

Attenuated S. Typhi Oral 1 Emergent Biosolutions Phase 2 Serum and secretory IgA specific for  (119)
 strain M01ZH09     surface antigens other than Vi (e.g., O and H)

Attenuated S. Typhi Oral 1 Center for Vaccine  Phase 2 Serum and secretory IgA specific for  (120)
 strain CVD 908-htrA   Development,  surface antigens other than Vi (e.g., O and H);
   University of Maryland  cell-mediated immunity (cytokine 
     production and CTLs)

Attenuated S. Typhi Oral 1 Center for Vaccine  Phase 2 Serum antibodies specific for surface (121)
 strain CVD 909   Development,  antigens other than Vi (e.g., O and H); 
   University of Maryland  secretory IgA responses toward Vi; 
     cell-mediated immunity (cytokine 
     production and CTLs)

Attenuated S. Typhi Oral 1 Massachusetts General  Phase 2 Serum and secretory IgA specific for  (122)
 strain Ty800   Hospital and   surface antigens other than Vi (e.g., O and H)
   Avant Immunotherapeutics
V. cholerae O1
Peru 15 recombinant Oral 1 Avant Immunotherapeutics Phase 2 Intestinal secretory IgA and serum IgG  (123)
 live vaccine     specific for LPS and other surface 
     antigens; serum vibriocidal antibodies

El Tor Ogawa  Oral 1 Finlay Institute, Cuba Phase 2 Intestinal secretory IgA and serum IgG  (124) 
 Strain 631     specific for LPS and other surface  
     antigens; serum vibriocidal antibodies

ACompleted, with 89% efficacy over 46 months’ follow-up.
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The general effect of administering multiple oral vaccines in 
combination is either that the immune response to each compo-
nent is adequately immunogenic or that minimal modifications 
of the ratio of one antigen to another are necessary to achieve sat-
isfactory immunogenicity to all components. Examples include 
live oral polio and rotavirus vaccines as well as live oral typhoid 
with cholera vaccines.

The logistical difficulties of routine infant immunization and 
of mass immunization campaigns in developing countries would 
be simplified if the vaccines did not have to be maintained in 
a cold chain to assure their immunogenicity and efficacy. For-
mulating vaccines with certain sugars such as trehalose leads to 
“glassification,” rendering the vaccines markedly resistant to high 
and low temperatures.

Novel approaches to ORT and ORNT. The principles for the treat-
ment of acute diarrhea center around rehydration. During the 
past three decades, since the  introduction of an  iso-osmolar 
ORS, often referred to as WHO-ORS, there has been a dramatic 
decrease in childhood morbidity and mortality from acute diar-
rhea because the ORS corrects dehydration and metabolic aci-
dosis. Despite the effectiveness of ORS, it does not dramatically 
reduce stool output, and thus mothers doubt its effectiveness. 
As a result, there have been many attempts to develop “super” 
or “super-super” ORSs. Meal-based, rice-based ORSs that are 
hypo-osmolar are more effective than WHO-ORS (146). Subse-
quent studies established that the hypo-osmolarity was primarily 
responsible for the increased effectiveness of meal-based ORSs 
(147). In 2003, hypo-osmolar ORS (HO-ORS) was established by 

Table 4
New generation unlicensed vaccines against Shigella spp. and ETEC

Vaccine Immunization  No. of  Developer Status Relevant immune response(s) Ref. 
 route doses
Shigella spp.
Attenuated S. sonnei Oral 2 Walter Reed Army Phase 2 Intestinal secretory IgA and serum IgG specific  (125) 
 strain WRSS1   Institute of Research  for O antigen and virulence plasmid proteins

Attenuated S. flexneri 2a Oral 2 Center for Vaccine  Phase 1 Intestinal secretory IgA and serum IgG specific  (126) 
 strain CVD 1208S   Development,  for O antigen and virulence plasmid proteins
   University of Maryland

Attenuated S. flexneri 2a Oral 1–2 Pasteur Institute Phase 2 Intestinal secretory IgA and serum IgG specific  (127) 
 strain SC602     for O antigen and virulence plasmid proteins

Attenuated S. dysenteriae 1 Oral 2 Pasteur Institute Phase 2 Intestinal secretory IgA and serum IgG specific  (128) 
 strain SC599     for O antigen and virulence plasmid proteins

Shigella glycoconjugates  i.m. 2 National Institute  Phase 3 Serum IgG specific for O antigen (129) 
 (O polysaccharide covalently    of Child Health and  
 linked to carrier protein)   Human Development

Shigella invasion Nasal 3 Walter Reed Army Phase 1 Intestinal secretory IgA and serum IgG specific  (130) 
 complex (Invaplex)   Institute of Research  for O antigen and virulence plasmid proteins

Proteosomes (outer  Nasal 2 ID BiomedicalA Phase 1 Intestinal secretory IgA and serum IgG  (131) 
 membrane protein vesicles      specific for O antigen 
 of Group B meningitidis)  
 to which S. sonnei or  
 S. flexneri 2a LPS is adsorbed

Inactivated S. sonnei Oral 3–5 Emergent Biosolutions Phase 1 Intestinal secretory IgA and serum IgG  (132)
     specific for O antigen 

Ty21a expressing Oral 3 Aridis Preclinical Intestinal secretory IgA and serum IgG  (133) 
 Shigella O antigens     specific for O antigen
ETEC
B subunit–inactivated Oral 2 University of Goteborg Phase 3 Intestinal secretory IgA and serum IgG  (134) 
 whole fimbriated ETEC    and SBL  antibody specific for fimbrial colonization  
 combination     factors and B subunit

Attenuated fimbriated Oral 2 Cambridge   Intestinal secretory IgA and serum IgG  (135) 
 nontoxigenic E. coli   Biostability Ltd.  specific for fimbrial colonization factors 
 (derived from ETEC)

Attenuated Shigella strains Oral 2 Center for Vaccine Phase 1 Intestinal secretory IgA and serum IgG  (136) 
 expressing ETEC fimbrial     Development,  antibody specific for fimbrial  
 colonization factors and    University of Maryland  colonization factors and B subunit of LT 
 B subunit of LTh

LThB Transcutaneous 2 Iomai Vaccines Phase 2 Serum IgG specific for B subunit of LT (137)
     (and fimbriae, if present in the vaccine)

ANow GSK Biologicals. BAlone or in combination with purified fimbrial colonization factors or fimbrial tip adhesin proteins. LTh, LT from a human ETEC.
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the WHO and the Indian government as the preferred ORS to 
better prevent hypernatremia.

Another approach to develop an improved ORS was based on 
using the absorptive capacity of the colon to increase overall fluid 
absorption and thus to reduce stool output. This approach capi-
talized on the observation that short-chain fatty acid (SCFA) stim-
ulation of fluid and Na absorption in the colon is not inhibited 
by cAMP (148). SCFAs are the major anion in stool. They are not 
in the normal diet, but they are synthesized by colonic bacteria 
from nonabsorbed carbohydrate. Thus, the addition of resistant 
starch (RS; starch that is relatively resistant to amylase digestion) 
to ORS should result in increased production of SCFAs and has 
been shown to enhance the effectiveness of ORS in the treatment 
of both cholera in adults and noncholera diarrhea in children 
(149, 150). Subsequent studies established that RS in HO-ORS 
substantially decreases both stool output and the time to the first 
formed stool in adults with cholera (151). Studies are now required 
to establish whether treating children with acute diarrhea of dif-
ferent etiologies and in different locations in the world with RS-
containing HO-ORS is more effective than HO-ORS alone before 
RS-containing HO-ORS can be implemented as the next gold stan-
dard for ORT in both children and adults with acute diarrhea.

It has also been shown that zinc, in conjunction with ORS, is 
effective  in reducing acute diarrhea by 15%–25%; however,  its 
mechanism of action is uncertain (152, 153). Oral zinc can cor-
rect a common micronutrient deficiency in children with diarrhea 
(154). It has also been shown to block basolateral K+ channels and 
thus inhibit cAMP-induced Cl– secretion (155). A drug that acts as 
a Cl– channel blocker could also help treat acute diarrhea. At the 
present time there are at least two drug development programs 
seeking to establish the efficacy of novel compounds that block 
the Cl– channel CFTR and Cl– secretion.

Other novel therapeutic approaches target the inflammatory 
disruption or  restoration of  the damaged epithelium and  its 
critical barrier and absorptive functions. It is estimated that the 
absorptive surface area of the normal adult human small bowel 
approximates a doubles tennis court, or, counting the ultrastruc-

tural brush border, even more (156, 157). Yet this tennis court is 
repaved by constant epithelial cell renewal every 3–4 days. Because 
the major nutrient for this rapidly renewing epithelium is gluta-
mine, it is not surprising that this provisionally essential amino 
acid becomes rate limiting for epithelial repair in malnourished 
individuals. The discovery that glutamine and its stable derivative, 
alanyl glutamine, drive not only epithelial repair but also electro-
genic sodium absorption (even in the presence of villus damage) 
provides an attractive approach to ORNT (158–161). Glutamine 
causes  improvement  that  cannot  be  completely  explained  by 
enhanced fluid and Na absorption, and it seems to improve intes-
tinal epithelial cell integrity and enhance tight junction function 
(162–164). An additional key amino acid for renewal of the intes-
tinal epithelium is arginine, which is often deficient in malnour-
ished patients. Indeed, it is an arginine-selective cationic amino 
acid transporter that is upregulated by the ApoE4 allele associated 
with protection from the cognitive effects of diarrhea and malnu-
trition (16, 17), and this observation could explain, at least in part, 
the protective effect of the allele (57). Arginine might also provide 
a novel epithelial repairing therapy, and it was well tolerated in 
premature neonatal human infants, in whom it reduced the inci-
dence of necrotizing enterocolitis (165).

Summary
The cost of the vicious cycle of enteric infections and malnutri-
tion and their potential lasting impact is so great that multiple 
approaches to interrupt it must be taken. Fortunately, the recog-
nition of this long-term impact and new molecular genetic tools 
enable the development and evaluation of interventions that can 
now be seen as increasingly important to child development, con-
trolling resistant infections, and human health.
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