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The literature was searched in PubMed
Medline National Library of Medicine from
1990 to 2016 were used. The following words
were used: ‘microbial translocation’ and
‘clinical significance,” or ‘biomarkers,’” or
‘toll-like receptor,” or ‘pathogen-associated
molecular pattern.” We found 3,300 published
manuscripts using the above search. Of
3,300 manuscripts, we dropped 2087 and
723 manuscripts either they did not suit
this review or were not in English; 490
manuscripts were selected for this review.
From the literature, there is evidence that
in both

animals and humans, but unlike in animals,

microbial translocation occurs
its clinical significance remains questionable
in humans. This could partly be explained
by the current lack of a single acceptable
sensitive and accurate biomarker to detect
microbial translocation. Additionally, the
extent to which microbial translocation in
animals can be demonstrated cannot apply
to humans for the sake of research without
an underlying disease. In humans microbial
translocation is associated with many
conditions and microbial products may
lead to systemic inflammation and immune
activation. Although some of the microbial
products or Pathogen-Associated Molecular
Patterns (PAMPs) have been studied, their
clinical importance is not well established,
and the assays developed to measure
PAMPs in blood have not been developed
or validated for clinical use. However, a few
molecules of microbial origin have been used
as biomarkers of microbial translocation

in many disease conditions. The innate
immune system detects all PAMPs through
cells such as macrophages, dendritic cells,
and monocytes. Detection of PAMPs through
pathogen recognition receptors such as Toll-
like receptors which result in the activation
of the transcription factors, NK-kB, resulting
in the production of pro-inflammatory
cytokines. We provide a synthesis of the
current understanding of the nature of
PAMP-receptor
interaction and the health significance of

microbial translocation,

microbial translocation in humans.

Introduction

The human intestinal epithelial layer is
one cell thick and plays two major roles.
It absorbs the much needed nutrients and
water for the host and excludes bacteria,
antigens, and other non-self substances
from crossing the intestinal barrier into sterile
sites. The human gut contains a variety of
bacteria species mainly the non-pathogenic

ones as part of its normal microbial
flora. Under normal circumstances, an
individual's gut microbiome contains

around 105 colony forming units (CFU)/ml
of non-pathogenic bacteria in the jejunum,
around 108 CFU/ml in the distal ileum and
cecum and up to 1012 CFU/ml in the colon
[1]. Examples of insignificant intestinal
bacteria include members that belong to
Actinobacteria and Proteobacteria while the
majority of intestinal bacteria are members
of phylogenetic lineages, Firmicutes and
Bacteroidetes [2]. It has been estimated

that up to 1,000 microbial species belonging
to Firmicutes or Bacteroidetes species are
uncultivable [3] which makes difficult to
identify them by routine laboratory methods.
To date, the exact relationship between
human gut and microbiota has not been
fully elucidated. Even less research has
been conducted to understand the immune
response to gut microbiota in humans.

When the bacteria count in the upper
jejunal aspirate is greater than 105 CFU/
ml or if the presence of colonic bacteria
is detected, the condition is referred to as
small intestinal bacterial overgrowth (SIBO)
[4]. In such cases, aerobes tend to be fewer
than anaerobes in the ratio of about 1:100
[5]. Intriguingly, it is the Gram-negative
bacteria of the less abundant of the two
groups of bacteria that are mainly involved
in microbial translocation (MT) even across
normal histological intestinal epithelium [6].
Here, we discuss MT, the underlying
mechanism, and some associated
conditions and its clinical significance.

Exclusion of microorganisms by
mucosal barrier

The intestinal mucosa is mainly composed
of muscularis mucosae, lamina propria and
epithelium [7]. It is monitored by immune
cells mainly of the innate immune system
such as dendritic cells, mast cells, and
macrophages together with the lymphoid
system. In health, the anatomical structure
of the intestinal surface is covered by



mucins secreted by goblet cells and gastric
mucus which forms a gel-forming barrier.
These exclude external elements and the
majority of bacteria from direct contact with
cells of mucosal layer. The mucosal layer
components consist of water, electrolytes,
phospholipids, proteins, and phospholipids
[8]. Also, the ability of the microbes to cross
the barrier is hampered by antimicrobial
agents such as the defensins HD5 and
HD6, as well as a large amount of IgA [8].
The epithelial layer is composed of many
other cells and biological molecules. These
include enterocytes involved in absorption
and hormone production. They do not live
for a longer time and are regularly replaced
within few days. Also, paneth cells are also
found in the crypts. These are involved in the
production of growth hormones, digestive
enzymes and defensins [9]. The gut barrier
is also composed of a gastric barrier acid
which kills many ingested bacterial and
viral pathogens. The epithelial layer also
possesses two essential components; the
villi and the crypt, which are significant in
the absorption of nutrients, secretion of
fluids containing electrolytes and serve
some immune functions [10, 11]. The villi
are finger-like protrusions that increase the
surface area for absorption and the crypt are
at the bottom of villi and secrete essential
fluids containing antimicrobial peptides.
Altogether these different elements form
an intestinal mucosa with a barrier, immune
and absorptive functions [12].

The enterocytes are joined to the adjacent
cell by a complex of tight junction proteins
which are composed of claudin proteins
and play a significant role in the selective
regulation of ionic solutes passing through
the cell. In case the intestinal barrier is
compromised resulting in marked loss of
barrier function, microbes or their products
cross the barrier through the paracellular
pathway [13]. The paracellular pathway

is more permeable than the transcellular
pathway which involves passive passage
of substances through the space between
adjacent cells. The transcellular pathway
involves the action of specific channels,
which move materials passively or actively
across cell membranes [10]. Evidence
suggests that these two routes are possibly
controlled autonomously [14, 15]. The
paracellular route is referred to as the leaky
pathway because it allows bigger particles
to transverse through such as microbial
components which are unable to cross
through the cells. Tight junction proteins
include the family of 18 claudins, which play
a significant role in the determination of pole
charge. Other proteins which play important
roles in the epithelial barrier function include
desmosomes and adherens which form
junctions joined to the actin cytoskeleton
[10, 16]. Some in-vivo and in-vitro studies
have demonstrated that lipopolysaccharide
(LPS) and tumor necrosis factor-a (TNF-a)
increase permeability of the gut thereby
exacerbating the microbial translocation

It is important to assess the integrity
of the intestinal barrier which can be
achieved by staining the intestinal biopsy
with hematoxylin and eosin (H&E) and
reveal any alterations of the mucosa [18].
This is of particular importance in that the
composition and integrity of tight junction
proteins such as occludins and claudins, as
well as zonula occludens, can be analyzed
[19]. These proteins can also be studied
in detail by immunofluorescence staining
technique using specific antibodies that
bind specifically to the proteins under
investigation [20]. Some tight junction
proteins such as claudin 4 have also been
evaluated using Western blotting [18] or
by quantitative polymerse chain reaction
(gPCR). There are many more proteins
also involved in maintaining the integrity
of the tight junctions and because of the

complexity of their interactions in-vivo
it may not be possible to single out the
single most important protein involved
in the maintenance of barrier integrity.
One of the most promising developments
in understanding the histology of the
mucosa in-vivo is the use of confocal
laser endomicroscopy, which is capable of
revealing small gap within the epithelial layer
and has already been used in individuals
with environmental enteropathy .

There is overwhelming literature
on experimental studies that have
demonstrated that MT occurs in animal
models under various conditions. These
include environmental enteropathy (EE)
[21], colitis [22], liver cirrhosis [6], small
bowel obstruction and ischemia in vivo [23],
hemorrhagic shock [24], trauma [25] as well
as due to abuse of opiates such as morphine
[26]and acute pancreatitis [27]. However,
in humans, the clinical significance of
MT remains to be elucidated, and some
conditions where some studies have been
done are discussed here.

It has been suspected for a long time that
people living in areas of poor sanitation
and hygiene especially those common
in tropical countries, are affected by a
widespread phenomenon of asymptomatic
abnormal structural and functional changes
of the small intestine referred to as EE [28].
No single specific agent is responsible for
EE, but it is hypothesized due to repeated
exposure to fecal-oral contamination. It
is associated with some factors including
reduced responses to oral vaccines [29,
30], micronutrient deficiencies, growth
failure and stunting in children [31] and
MT [18, 32]. This subclinical condition is
characterized by loss of intestinal barrier
function, chronic intestinal inflammation,



microbial translocation and chronic immune
activation [28, 33, 34]. Due to compromised
gut barrier, microbes and their products
translocate from the gut into systemic
circulation resulting in immune activation.
Chronic immune activation may lead to
microcirculatory dysfunction, intravascular
coagulation and hemodynamic
disturbances leading to hypotension,
metabolic derangements septic shock and
death [25].

The chi-square results in table 1 with a
p-value less than 0.05 at 95% confidence
interval (CI) indicate that there was a
statistically significant relationship between
each of the following independent variables
and the dependent variable (fetal deaths);
age of mother, years lived in a place of
residence, children ever born, number
of living children, marital status, fertility
preference, person who makes decisions
on the mothers health care. The percentage
of women with fetal deaths increased with
increasing age; more women in rural areas
(5.5%) had fetal deaths compared to urban
women (5.1%); 8.3% of women who lived in
a place of residence less than a year had a
fetal death; women with a higher education
had a fetal death (6%); the percentage
of fetal deaths reduced with increase in
the number of children ever born and the
number of children alive; 5.8% of fetal
deaths were among women in a union; 6.5%
of fetal deaths were among women who
were undecided about fertility preference
(undecided about having another child); and
11.4% of fetal deaths occurred to women’s
whose health care was determined by
someone else. However, women'’s socio-
economic characteristics such as; region,
education status, religion and wealth index
were not significantly associated with fetal
deaths.

HIV is known to infect the lymphocytes and
macrophages of the intestinal mucosa [3].

In severely immunosuppressed people with
HIV infection, particularly those with full-
blown AIDS, chronic diarrhea, and weight
loss are common [37]. In such individuals,
the gut appearance at the microscopic level
is comparable to that of EE in particular
in the late stage of the disease [35]. The
intestinal epithelium may be damaged
by HIV allowing the pathogens within the
gut to cause more damage to the gut due
to host immune suppression culminating
into enteropathy which may promote HIV
disease [38]. Some in-vitro experiments
have reported that the HIV glycoprotein
gp120 interrupts the tight junction proteins
[39] and also the actin cytoskeleton
and microtubules are modified by the
HIV transactivator factor Tat resulting in
apoptosis, although HIV does not infect
enterocytes, the mechanism is unclear.
The suggested effects on the gut mucosa
in HIV patients including paracellular
permeability has been demonstrated by
using immunohistochemistry techniques
[40]. Taken together, these increase the
chances of microorganisms in the gut to
move across the intestinal barrier.

MT has been reported to occur in about
30% in patients with cirrhosis [41] and has
been demonstrated to be even as high
as 78% in mouse models. Bellot [40] and
others showed that 16S rRNA, a biomarker
of bacterial translocation, was elevated in
patients with cirrhosis. This has been used
as a biomarker of MT by others but with no
correlation with the severity of cirrhosis.
Another study demonstrated that cirrhotic
patients had elevated lipopolysaccharide-
binding protein (LBP) compared with healthy
controls and concluded that there was a
possible involvement of bacteria and their
products. The conditions were improved by
antibiotics [42]. Others have demonstrated
MT from the positive bacteriological culture
from surgical removal of mesenteric lymph
nodes (MLNs) in animal models [43].
The pathogenesis of MT in cirrhosis may
manifest in different ways, but the most

suggested include small intestinal bacterial
overgrowth (SIBO) which most investigator
define as 105 CFU/ml of proximal jejunal
aspirate [44]. However, the main challenge
for diagnosis of SIBO procedure using
proximal jejunal aspirate is the invasiveness
of the procedure. For this reason, the non-
invasive method of the hydrogen and
methane breath tests after an oral dose of
glucose or lactulose are preferred [45]. MT
was only present is about 50% of cirrhotic
with SIBO mice suggesting that other
factors apart from SIBO were responsible
for MT in mice. Some investigators
have reported structural and functional
alterations in cirrhosis which predisposes
mice to microbial translocation [46]. The
general immunological impairment of the
intestinal immune system has been shown
to promote MT in cirrhosis. Taken together,
these results may partly explain why MT in
patients with cirrhosis is common.

Although the exact cause of inflammatory
bowel diseases (IBDs) such as Crohn'’s
disease (CD) and ulcerative colitis (UC) is
still elusive, it is hypothesized that some
individuals are genetically predisposed to
have the diseases especially those with
abnormal immune response to intestinal
microbiota [47]. Studies have shown that
patients with CD and UC have higher levels
of plasma and tissue 16S rRNA compared
with healthy controls suggesting MT [48].
The levels of 16S rRNA are also higher in
patients with active disease than in those
with the inactive disease but no difference
regarding transcription factor, Nucleotide-
binding oligomerization domain-containing
protein 2 (NOD2), which plays a key role
in the regulation of the response. The 16S
rRNA levels and the NOD2 transcription
factor have reported not to be associated
with MT [49]. On the contrary, different
studies showed that 16S rRNA in the serum
of IBD patients was related to NOD2. The
results were further supported by elevated
levels of pro-inflammatory cytokines [50,
51]. Some studies have reported on the



type of bacteria phylum that is implicated
in IBDs. Some studies have demonstrated
that Bacteroidetes species are more
commonly found in intestinal biopsies of CD
patients compared with those with irritable
bowel syndrome or healthy controls. The
studies have noted that significant increase
in both CD and UC whether active or
inactive compared with healthy controls
may be linked to some factors including
smoking, diet, and biopsy or stool sample.
Variations in the activity of the disease may
be explained by other factors including
sample size [52, 53].

Inindustrialized countries, one of the causes
of liver disease is the non-alcoholic fatty
liver disease (NAFLD). This mostly happens
when there are insulin resistance and
obesity compounded with steatohepatitis
which may originate from simple steatosis.
Some studies have reported that obesity
is associated with alteration in the gut
microbiota [54] and increased intestinal
permeability which may lead to MT [55, 56].
In one study [52], 94 neonates and infants
who required parenteral nutrition due to
gastrointestinal abnormalities successfully
underwent surgical procedures. They
were followed up for the development of
septicemia due to MT in association with
parenteral nutrition. Blood samples were
cultured to diagnose MT samples from
15 patients were found to be positive for
the condition with almost half of them
associated with sepsis [57]. In 50 pediatric
patients, who were immunosuppressed
and were about to undergo small bowel
transplant, the correlation between MT and
acute rejection or preservation injury was
evaluated. A positive culture from blood or
liver biopsy was considered evidence of
MT. In some cases, MT was associated with
colon allograft, ischemia and acute rejection
[58]. In monitoring postoperative sepsis
in patients after undergoing laparotomy,
patients were divided into those who had a
positive bacterial culture in MLN and those

who were negative. After a comparison had
been made, patients who had a positive
culture (MT) had more sepsis compared
with those with negative culture (42.3%
versus 19.9%) respectively [59]. In another
study, at the time patients were undergoing
general surgery, intestinal serosa and MLN
samples were taken and cultured, and
only 10% had MT with the occurrence of
postoperative sepsis being two times more
than in patients with MT but with similar
mortality rate [60].

The diagnosis of MT by positive culture
of a sample taken from MLN which is
considered to a direct measure of MT by
most investigators has several limitations.
First, to get such a sample, surgery is
needed. This is an invasive procedure
which initself would be too much in humans,
unlike in animal model just to study MT only
especially with its clinical significance in
most conditions still unclear. Second, not
all bacteria are cultivatable and so do not
mean that negative growth the MLNs are
free of bacteria. Third, culture is not very
sensitive because a certain number of
bacteria need to be present to get a positive
result compared with methods like PCR.
Fourth, even if samples of MLNs were to be
obtained, it is not practical to get samples
from all MLNs because if certain MLNs are
found to be negative, it may not necessarily
mean all MLNs do have bacteria. Fifth,
some bacteria may be present in the non-
viable state, and so they cannot grow on
culture medium [61].

The diagnosis of MT in humans, several
optional methods have been proposed
and tested with varying successes and
limitations. These methods are based on
various types of PAMPs including LPS,
lipoteichoic acid, peptidoglycan (PDG)
layer components and flagellin and their
interactions with cell receptors. LPS a
component of the Gram-negative bacteria
have been detected in the plasma of humans
with EE [18, 32], HSS [35] cirrhosis and
HIV enteropathy [62] as a direct biomarker

of MT since it's of bacterial origin. Other
investigators have considered LPS as a
surrogate biomarker of MT because of its
short half life (2 — 3 hours) typically affected
by some factors such as antibodies,
immunogenetic and physiological variables
[63]. In some conditions, detection of 16S
rRNA in plasma of both human and animals
has been used as a direct biomarker of
MT. Real-time PCR does the detection and
quantification. Studies have reported higher
16S rRNA copy number in HIV infected
individuals compared with HIV negative
individuals [62, 64, 65] while others found
infected treatment naive individuals
had higher copy number compared with
infected individuals who were on treatment.
Others have also reported the presence
of 16S rRNA in healthy individuals [66,
67] probably confirming what others have
indicated that even in healthy individuals
with intact epithelial barrier translocation
takes place.

Peptidoglycan (PDG) layer is a component
of both the Gram-positive and Gram-
negative bacteria which is detected by Toll-
like receptor 2 (TLR2) [68]. It makes about
two-thirds of the Gram-positive bacteria cell
wall and one-fifth of the Gram-negative cell
wall. It has been detected in human plasma
using silkworm larvae test. Although
initial experiments were not in humans,
its later use in some patients during the
postoperative period of gastrointestinal
surgery [69] revealed its potential for
application in humans. The PDG was found
to be higher in more than three-quarters of
patients with severe bacterial infection [70].
Conversely, its use as a universal biomarker
of microbial translocation has been difficult,
and it is limited to surgical institutions.
Flagellin is a subunit component of flagella
present in motile bacteria [71], and an
ELISA assay has been developed capable
of detecting the protein. One of its first uses
was in patients with short bowel syndrome
who had either endotoxemia or without
and in these patients marked increase in
serum IgM, IgA, and IgG levels specific
to flagellin were observed [72]. In patients



Table 1: Different PAMPs hypothesized to be involved in microbial translocation

Lipopeptides GPB TLR1 Cell surface MyD88 [79]
Peptidoglycan GPB/GNB TLR2 Cell surface MyD88, Tram

Double-stranded [82]
RNA

GPB TLR3 Endosome TRIF [81,82]

Flagellin GPB/GNB TLR4 Cell surface MyD88
Lipoteichoicacid, TIRAP (Mal) [83,84]
lipopeptides
Single stranded RNA viruses | TLR5 Cell surface MyD88 [85]
RNA

Single stranded GNB TLR6 Cell surface MyD88
RNA

Unmethylated [79]
CpG- DNA/16S
rRNA

Lipoteichoicacid, |GNB TLR7 Endosome MyD88 [85]
lipopeptides
[79] GPB/GNB TLR8 Endosome MyD88 [85]

Single stranded RNA viruses | TLR9 Endosome MyD88
RNA

Single stranded [84]
RNA

Unmethylated
CpG- DNA/16S
rRNA

PAMP, Pathogen-Associated Molecular Pattern; GPB, Gram positive bacteria; GNB, Gram
negative bacteria; TLR, toll-like receptor; MyD88, Myeloid differentiation primary response gene
88; TRAM, Toll- interleukin 1 receptor-domain-containing adapter-inducing interferon-3; TIRAP,
Toll-interleukin 1 receptor domain—containing adapter protein; TRIF, Toll- interleukin 1 receptor
-domain-containing adapter-inducing interferon-f3




with CD, other investigators have reported
presence of flagellin specific to Escherichia
coli [73, 74] which was associated with
compromised gut barrier. In the treatment
of patients with HIV infection, anti-flagellin
antibodies were used as biomarker of MT
[75]. The use of this PAMP has been very
narrow, and this warrants more studies to
investigate its viability as a biomarker of MT
in different diseases.

Lipoteichoic acid (LTA) is another PAMP
that has been proposed as a diagnostic
biomarkerfor MT. Thisisan equivalentofLPS
in the Gram-negative bacteria, and it is shed
during Gram-positive bacteria replication. It
has been shown to induce the production
of cytokines that are different from the ones
observed when LPS stimulate transcription
factors. If bacteria in the culture medium
are exposed to antibiotics, LTA is secreted,
and in human, its titers are reported to be
higher in patients with chronic hepatitis C
compared with healthy individuals [76].
Other studies have demonstrated that in
patients with primary biliary cholangitis, LTA
containing mononuclear cells were found in
histological sections [77].

Indirect (surrogate) biomarkers are cellular
biological molecules produced as a result of
host immune response to MT. Biomarkers
that have been reported to correlate with
MT include sCD14 [31], LBP [35], intestinal-
fatty acid binding protein [31, 78, 79] and
EndoCab [79]. Other investigators have
argued that sCD14 is not a biomarker
of MT per se but rather a biomarker of
monocyte activation but correlates well
with LPS [80]. Another potential measure
of direct biomarkers of MT is the use of
plasma which stimulates a reporter cell line
such as RAW-Blue mouse macrophages
to express TLRs capable of detecting total
PAMPs readout which are of microbial

origin (Patrick Kaonga unpublished data).
The total PAMPs activity can be measured
by using detection reagent, QUANTI-Blue
by spectrophotometer.

After microbes and their components cross
the intestinal barrier, innate immune system
composed of unspecialized cells detect
all non-self components from pathogen
referred to as PAMPs through pathogen
recognition receptors (PRRs) such as TLRs.
TLR are germ-line encoded conserved
receptors that are either expressed on
the surface or endosomal that recognize
various PAMPs [81]. PAMPs are essential
for microbial survival and indispensable
for microbial survival and fithess. Loss of
patterns or even mutation can mean loss
of life, so they have low major mutation
rates. Second, they are not produced by
host cells. Instead, they are produced by
microorganisms, and this allows innate
immunity to distinguish between non-self
and self. Third, between microorganisms
of a given class, PAMPs are invariant,
meaning that not a lot of encoded PRRs are
needed for microbial infection presence to
be detected [82]. In humans, there are nine
TLRs that have been described recognizing
to interact with different PAMPs.

The main ligand for TLR1 is lipopeptide
and for TLR6 are lipoteichoic acid and
lipopeptides [81]. When these ligands are
detected, they lead to secretion of pro-
inflammatory cytokines by cells of the
innate immune system including interferon-
alpha (IFN-a), tumor necrosis factor-
alpha (TNF-a) and interleukin-1-beta (IL-
1B). Selected examples of PAMP-ligand
interactions that have been studied are
summarized (Table 1). TLR2 recognizes
lipoteichoic acid and peptidoglycan which
are major components of Gram-positive

bacteria while TLR3 is only known to detect
dsRNA[83, 84]. When LPS activates TLR4,
its act together with membrane CD14
and Myeloid differentiation factor 2 (MD-
2) proteins as co-receptors in recognition
of LPS [85, 86]. Following recognition of
these PAMPs, pro-inflammatory cytokines
are produced which could worsen the
inflammatory  process and disease
condition. Other receptors TLR5 recognize
flagellin, TLR7 and TLR8 single stranded
viral RNA in endosomal or lysosomal
compartments [87] and TLR9 unmethylated
CpG-DNA [86]. The feature of PAMPs
detection by TLRs is followed by activation
of transcription factor, NF-kB, leading to the
production of pro-inflammatory cytokines.

From the literature reviewed, it is evident
that MT in humans makes a significant
contribution to several disease states,
but its clinical significance is under
studied. This is bound to change as more
biomarkers become available. It is also
likely to become possible to use these
biomarkers to demonstrate the clinical
significance of MT. Additionally, heightened
and persistent immune activation which
may originate from detection of PAMPs
by TLRs which are expressed by immune
cells and other organs may result in some
clinical consequences.

Funding Statement: The work of the authors
was supported by the Bill & Melinda Gates
Foundation (Grant number OPP1066118)
Authors’  contributions:  Each  author
contributed sufficiently to the writing and
revising the manuscript and approved for it
to be published.

Conflict of interests: We declare that there
is no conflict of interest.Nectur atquian
daepedicia eumquatem int.



Marteau PR, Vrese Md, Cellier CJ, Schrezenmeir J: Protection from gastrointestinal diseases with the use of probiotics. The
American Journal of Clinical Nutrition 2001, 73(2):430s-436s.

Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR, Fernandes GR, Tap J, Bruls T, Batto JM et al:
Enterotypes of the human gut microbiome. Nature 2011, 473.

Brenchley JM, Douek DC: Microbial Translocation Across the Gl Tract(). Annual review of immunology 2012, 30:149-173.
Corazza GR, Menozzi M, Strocchi A, Rasciti L, Vaira D, Lecchini R, Avanzini P, Chezzi C, Gasbarrini G: The diagnosis of
small bowel bacterial overgrowth: reliability of jejunal culture and inadequacy of breath hydrogen testing. Gastroenterology 1990,

98(2):302-309.

Wells JM, Rossi O, Meijerink M, van Baarlen P: Epithelial crosstalk at the microbiota-mucosal interface. Proc Natl Acad Sci
U SA2011, 108.

Wiest R, Lawson M, Geuking M: Pathological bacterial translocation in liver cirrhosis. Journal of Hepatology 2014, 60(1):197-
209.
van der Flier LG, Haegebarth A, Stange DE, van de Wetering M, Clevers H: OLFM4 is a robust marker for stem cells in human

intestine and marks a subset of colorectal cancer cells. Gastroenterology 2009, 137(1):15-17.

Duerr CU, Hornef MW: The mammalian intestinal epithelium as integral player in the establishment and maintenance of host—
microbial homeostasis. In Seminars in immunology: 2012. Elsevier; 2012:25-35.

Bry L, Falk P, Huttner K, Ouellette A, Midtvedt T, Gordon JI: Paneth cell differentiation in the developing intestine of normal and
transgenic mice. Proceedings of the National Academy of Sciences 1994, 91(22):10335-10339.

Turner JR: Intestinal mucosal barrier function in health and disease. Nat Rev Immunol 2009, 9(11):799-809.

Peterson LW, Artis D: Intestinal epithelial cells: regulators of barrier function and immune homeostasis. Nature Reviews
Immunology 2014, 14(3):141-153.

Mbuya MN, Humphrey JH: Preventing environmental enteric dysfunction through improved water, sanitation and hygiene: an
opportunity for stunting reduction in developing countries. Maternal & Child Nutrition 2015.

Turner JR: Show me the pathway! Regulation of paracellular permeability by Na-glucose cotransport. Adv Drug Deliv Rev
2000, 41.

Watson CJ, Hoare CJ, Garrod DR, Carlson GL, Warhurst G: Interferon-y selectively increases epithelial permeability to large
molecules by activating different populations of paracellular pores. Journal of cell science 2005, 118(22):5221-5230.

Fihn BM, Sjoqvist A, Jodal M: Permeability of the rat small intestinal epithelium along the villus-crypt axis: effects of glucose
transport. Gastroenterology 2000, 119(4):1029-1036.

Bruewer M, Utech M, Ivanov Al, Hopkins AM, Parkos CA, Nusrat A: Interferon-y induces internalization of epithelial tight
junction proteins via a macropinocytosis-like process. The FASEB Journal 2005, 19(8):923-933.



Clayburgh DR, Barrett TA, Tang Y, Meddings JB, Van Eldik LJ, Watterson DM, Clarke LL, Mrsny RJ, Turner JR: Epithelial
myosin light chain kinase—dependent barrier dysfunction mediates T cell activation—induced diarrhea in vivo. The Journal of
clinical investigation 2005, 115(10):2702-2715.

Kelly P, Besa E, Zyambo K, Louis-Auguste J, Lees J, Banda T, Soko R, Banda R, Amadi B, Watson A: Endomicroscopic and
Transcriptomic Analysis of Impaired Barrier Function and Malabsorption in Environmental Enteropathy. PLoS Neglected Tropical
Diseases 2016, 10(4):e0004600.

Menard S, Cerf-Bensussan N, Heyman M: Multiple facets of intestinal permeability and epithelial handling of dietary antigens.
Mucosal immunology 2010, 3(3):247-259.

Hartmann P, Haimerl M, Mazagova M, Brenner DA, Schnabl B: Toll-Like Receptor 2—Mediated Intestinal Injury and Enteric
Tumor Necrosis Factor Receptor | Contribute to Liver Fibrosis in Mice. Gastroenterology 2012, 143(5):1330-1340. e1331.

Brown EM, Wilodarska M, Willing BP, Vonaesch P, Han J, Reynolds LA, Arrieta M-C, Uhrig M, Scholz R, Partida O et al: Diet
and specific microbial exposure trigger features of environmental enteropathy in a novel murine model. Nature Communications
2015, 6:7806.

Hao XP, Lucero CM, Turkbey B, Bernardo ML, Morcock DR, Deleage C, Trubey CM, Smedley J, Klatt NR, Giavedoni LD et
al: Experimental colitis in SIV-uninfected rhesus macaques recapitulates important features of pathogenic SIV infection. Nature
Communications 2015, 6:8020.

Samel S, Keese M, Kleczka M, Lanig S, Gretz N, Hafner M, Sturm J, Post S: Microscopy of bacterial translocation during
small bowel obstruction and ischemia in vivo — a new animal model. BMC Surgery 2002, 2(1):6.

Fuloép A, Turdczi Z, Garbaisz D, Harsanyi L, Szijarté A: Experimental Models of Hemorrhagic Shock: A Review. European
Surgical Research 2013, 50(2):57-70.

Zanoni FL, Benabou S, Greco KV, Moreno ACR, Cruz JWMC, Filgueira FP, Martinez MB, Figueiredo LFPd, Silva MRe,
Sannomiya P: Mesenteric microcirculatory dysfunctions and translocation of indigenous bacteria in a rat model of strangulated
small bowel obstruction. Clinics 2009, 64:911-919.

Meng J, Yu H, Ma J, Wang J, Banerjee S, Charboneau R, Barke RA, Roy S: Morphine Induces Bacterial Translocation in
Mice by Compromising Intestinal Barrier Function in a TLR-Dependent Manner. PLoS ONE 2013, 8(1):e54040.

van Minnen LP, Blom M, Timmerman HM, Visser MR, Gooszen HG, Akkermans LMA: The Use of Animal Models to Study
Bacterial Translocation During Acute Pancreatitis. Journal of Gastrointestinal Surgery 2007, 11(5):682-689.

Korpe PS, Petri WA: Environmental Enteropathy: Critical implications of a poorly understood condition. Trends in Molecular
Medicine 2012, 18(6):328-336.

Levine MM: Immunogenicity and efficacy of oral vaccines in developing countries: lessons from a live cholera vaccine. BMC
Biology 2010, 8:129-129.



Naylor C, Lu M, Haque R, Mondal D, Buonomo E, Nayak U, Mychaleckyj JC, Kirkpatrick B, Colgate R, Carmolli M et al:
Environmental Enteropathy, Oral Vaccine Failure and Growth Faltering in Infants in Bangladesh. EBioMedicine 2015, 2(11):1759-
1766.

Prendergast AJ, Rukobo S, Chasekwa B, Mutasa K, Ntozini R, Mbuya MNN, Jones A, Moulton LH, Stoltzfus RJ, Humphrey
JH: Stunting Is Characterized by Chronic Inflammation in Zimbabwean Infants. PLoS ONE 2014, 9(2):e86928.

Campbell DI, Murch SH, Elia M, Sullivan PB, Sanyang MS, Jobarteh B, Lunn PG: Chronic T Cell-Mediated Enteropathy in
Rural West African Children: Relationship with Nutritional Status and Small Bowel Function. Pediatr Res 2003, 54(3):306-311.

Keusch GT, Denno DM, Black RE, Duggan C, Guerrant RL, Lavery JV, Nataro JP, Rosenberg IH, Ryan ET, Tarr PI et
al: Environmental Enteric Dysfunction: Pathogenesis, Diagnosis, and Clinical Consequences. Clinical Infectious Diseases: An
Official Publication of the Infectious Diseases Society of America 2014, 59(Suppl 4):S207-S212.

Prendergast A, Kelly P: Enteropathies in the Developing World: Neglected Effects on Global Health. The American Journal
of Tropical Medicine and Hygiene 2012, 86(5):756-763.

Sinkala E, Kapulu MC, Besa E, Zyambo K, Chisoso NJ, Foster GR, Kelly P: Hepatosplenic schistosomiasis is characterised
by high blood markers of translocation, inflammation and fibrosis. Liver Int 2016, 36(1):145-150.

Bly R: Surgical care in tropical countries. Journal of Alternative Medicine Research 2016, 8(2):165.

Prendergast A, Kelly P: Enteropathies in the developing world: neglected effects on global health. Am J Trop Med Hyg 2012,
86.

Crane RJ, Jones KDJ, Berkley JA: Environmental enteric dysfunction: An overview. Food and nutrition bulletin 2015, 36(1
0):S76-S87.

Nazli A, Chan O, Dobson-Belaire WN, Ouellet M, Tremblay MJ, Gray-Owen SD, Arsenault AL, Kaushic C: Exposure to HIV-1
directly impairs mucosal epithelial barrier integrity allowing microbial translocation. PLoS Pathog 2010, 6(4):e1000852.

Buccigrossi V, Laudiero G, Nicastro E, Miele E, Esposito F, Guarino A: The HIV-1 transactivator factor (Tat) induces enterocyte
apoptosis through a redox-mediated mechanism. PLoS ONE 2011, 6(12):e29436.

Cirera |, Bauer TM, Navasa M, Vila J, Grande L, Taura P, Fuster J, Garcia-Valdecasas JC, Lacy A, Suarez MaJ: Bacterial
translocation of enteric organisms in patients with cirrhosis. Journal of Hepatology 2001, 34(1):32-37.

Albillos A, de la Hera A, Gonzalez M, Moya JL, Calleja JL, Monserrat J, Ruiz(ldell]Arbol L, Alvarez(IMon M: Increased
lipopolysaccharide binding protein in cirrhotic patients with marked immune and hemodynamic derangement. Hepatology 2003,
37(1):208-217.

Pinzone MR, Celesia BM, Di Rosa M, Cacopardo B, Nunnari G: Microbial translocation in chronic liver diseases. International
journal of microbiology 2012, 2012.

Sachdev AH, Pimentel M: Gastrointestinal bacterial overgrowth: pathogenesis and clinical significance. Therapeutic Advances
in Chronic Disease 2013, 4(5):223-231.



Vanderhoof JA, Pauley-Hunter R: Small Intestinal Bacterial Overgrowth. In Textbook of Pediatric Gastroenterology,
Hepatology and Nutrition. Springer; 2016:487-494.

Bellot P, Francés R, Such J: Pathological bacterial translocation in cirrhosis: pathophysiology, diagnosis and clinical
implications. Liver International 2013, 33(1):31-39.

Sartor RB: The intestinal microbiota in inflammatory bowel diseases. In Nutrition, Gut Microbiota and Immunity: Therapeutic
Targets for IBD. Volume 79. Karger Publishers; 2014:29-39.

Pastor Rojo O, Lopez San Roman A, Albeniz Arbizu E, de la Hera Martinez A, Ripoll Sevillano E, Albillos Martinez A:
Serum lipopolysaccharide-binding protein in endotoxemic patients with inflammatory bowel disease. Inflamm Bowel Dis 2007,
13(3):269-277.

Vrakas S, Mountzouris KC, Michalopoulos G, Karamanolis G, Papatheodoridis G, Tzathas C, Gazouli M: Intestinal Bacteria
Composition and Translocation of Bacteria in Inflammatory Bowel Disease. PLoS ONE 2017, 12(1):e0170034.

Gutiérrez A, Francés R, Amords A, Zapater P, Garmendia M, NDongo M, Cafo R, Jover R, Such J, Pérez[/Mateo M:
Cytokine association with bacterial DNA in serum of patients with inflammatory bowel disease. Inflammatory bowel diseases
2009, 15(4):508-514.

Gutiérrez A, Holler E, Zapater P, Sempere L, Jover R, Pérez-Mateo M, Schoelmerich J, Such J, Wiest R, Francés R:
Antimicrobial peptide response to blood translocation of bacterial DNA in Crohn’s disease is affected by NOD2/CARD15
genotype. Inflammatory bowel diseases 2011, 17(8):1641-1650.

Swidsinski A, Weber J, Loening-Baucke V, Hale LP, Lochs H: Spatial organization and composition of the mucosal flora in
patients with inflammatory bowel disease. Journal of Clinical Microbiology 2005, 43(7):3380-3389.

Bibiloni R, Mangold M, Madsen KL, Fedorak RN, Tannock GW: The bacteriology of biopsies differs between newly diagnosed,
untreated, Crohn&apos;s disease and ulcerative colitis patients. Journal of Medical Microbiology 2006, 55(8):1141-1149.

Tilg H, Moschen AR, Kaser A: Obesity and the microbiota. Gastroenterology 2009, 136(5):1476-1483.

Miele L, Valenza V, La Torre G, Montalto M, Cammarota G, Ricci R, Masciana R, Forgione A, Gabrieli ML, Perotti G: Increased
intestinal permeability and tight junction alterations in nonalcoholic fatty liver disease. Hepatology 2009, 49(6):1877-1887.

Brun P, Castagliuolo I, Di Leo V, Buda A, Pinzani M, Palu G, Martines D: Increased intestinal permeability in obese mice:
new evidence in the pathogenesis of nonalcoholic steatohepatitis. American Journal of Physiology-Gastrointestinal and Liver
Physiology 2007, 292(2):G518-G525.

Pierro A, van Saene HK, Donnell SC, Hughes J, Ewan C, Nunn AJ, Lloyd DA: Microbial translocation in neonates and infants
receiving long-term parenteral nutrition. Archives of Surgery 1996, 131(2):176-179.

Cicalese L, Sileri P, Green M, Abu-Elmagd K, Fung J, Starzl T, Reyes J: Bacterial translocation in clinical intestinal
transplantation. In Transplantation proceedings: 2000. NIH Public Access; 2000:1210.



. MacFie J, Reddy B, Gatt M, Jain P, Sowdi R, Mitchell C: Bacterial translocation studied in 927 patients over 13 years. British
journal of surgery 2006, 93(1):87-93.

Sedman PC, Macfie J, Sagar P, Mitchell CJ, May J, Mancey-Jones B, Johnstone D: The prevalence of gut translocation in
humans. GASTROENTEROLOGY-BALTIMORE THEN PHILADELPHIA- 1994, 107:643-643.

Oliver JD: The viable but nonculturable state in bacteria. J Microbiol 2005, 43(1):93-100.

Cassol E, Malfeld S, Mahasha P, van der Merwe S, Cassol S, Seebregts C, Alfano M, Poli G, Rossouw T: Persistent microbial
translocation and immune activation in HIV-1-infected South Africans receiving combination antiretroviral therapy. The Journal of
Infectious Diseases 2010, 202(5):723-733.

Opal SM, Esmon CT: Bench-to-bedside review: functional relationships between coagulation and the innate immune
response and their respective roles in the pathogenesis of sepsis. Critical Care 2002, 7(1):23.

Jiang W, Lederman MM, Hunt P, Sieg SF, Haley K, Rodriguez B, Landay A, Martin J, Sinclair E, Asher Al et al: Plasma levels
of bacterial DNA correlate with immune activation and the magnitude of immune restoration in persons with antiretroviral-treated
HIV infection. J Infect Dis 2009, 199(8):1177-1185.

Kramski M, Gaeguta AJ, Lichtfuss GF, Rajasuriar R, Crowe SM, French MA, Lewin SR, Center RJ, Purcell DFJ: Novel
Sensitive Real-Time PCR for Quantification of Bacterial 16S rRNA Genes in Plasma of HIV-Infected Patients as a Marker for
Microbial Translocation. Journal of Clinical Microbiology 2011, 49(10):3691-3693.

Ferri E, Novati S, Casiraghi M, Sambri V, Genco F, Gulminetti R, Bandi C: Plasma Levels of Bacterial DNA in HIV Infection:
The Limits of Quantitative Polymerase Chain Reaction. Journal of Infectious Diseases 2010, 202(1):176-177.

Moriyama K, Ando C, Tashiro K, Kuhara S, Okamura S, Nakano S, Takagi Y, Miki T, Nakashima Y, Hirakawa H: Polymerase
chain reaction detection of bacterial 16S rRNA gene in human blood. Microbiology and Immunology 2008, 52(7):375-382.

Purohit V, Bode JC, Bode C, Brenner DA, Choudhry MA, Hamilton F, Kang YJ, Keshavarzian A, Rao R, Sartor RB: Alcohol,
intestinal bacterial growth, intestinal permeability to endotoxin, and medical consequences: summary of a symposium. Alcohol
2008, 42(5):349-361.

Kobayashi T, Tani T, Yokota T, Kodama M: Detection of peptidoglycan in human plasma using the silkworm larvae plasma
test. FEMS Immunology & Medical Microbiology 2000, 28(1):49-53.

Shimizu T, Endo Y, Tabata T, Mori T, Hanasawa K, Tsuchiya M, Tani T: Diagnostic and predictive value of the silkworm larvae
plasma test for postoperative infection following gastrointestinal surgery. Critical care medicine 2005, 33(6):1288-1295.

Cole CR, Frem JC, Schmotzer B, Gewirtz AT, Meddings JB, Gold BD, Ziegler TR: The rate of bloodstream infection is high
in infants with short bowel syndrome: relationship with small bowel bacterial overgrowth, enteral feeding, and inflammatory and
immune responses. The Journal of Pediatrics 2010, 156(6):941-947. €941.

Ziegler TR, Luo M, Estivariz CF, Moore DA, Sitaraman SV, Hao L, Bazargan N, Klapproth J-M, Tian J, Galloway JR:
Detectable serum flagellin and lipopolysaccharide and upregulated anti-flagellin and lipopolysaccharide immunoglobulins in



human short bowel syndrome. American Journal of Physiology-Regulatory, Integrative and Comparative Physiology 2008,
294(2):R402-R410.

Sitaraman SV, Klapproth J-M, Moore DA, Landers C, Targan S, Williams IR, Gewirtz AT: Elevated flagellin-specific
immunoglobulins in Crohn’s disease. American Journal of Physiology-Gastrointestinal and Liver Physiology 2005,
288(2):G403-G406.

Targan SR, Landers CJ, Yang H, Lodes MJ, Cong Y, Papadakis KA, Vasiliauskas E, Elson CO, Hershberg RM: Antibodies to
CBir1 flagellin define a unique response that is associated independently with complicated Crohn’s disease. Gastroenterology
2005, 128(7):2020-2028.

Vesterbacka J, Nowak P, Barqasho B, Abdurahman S, Nystrom J, Nilsson S, Funaoka H, Kanda T, Andersson L-M, Gisslén
M: Kinetics of microbial translocation markers in patients on efavirenz or lopinavir/r based antiretroviral therapy. PLoS ONE

2013, 8(1):e55038.

Haruta I, Hashimoto E, Kato Y, Kikuchi K: Lipoteichoic acid may affect the pathogenesis of bile duct damage in primary biliary
cirrhosis. Autoimmunity 2006, 39(2):129-135.

Tsuneyama K, Harada K, Kono N, Hiramatsu K, Zen Y, Sudo Y, Gershwin ME, lkemoto M, Arai H, Nakanuma Y: Scavenger
cells with gram-positive bacterial lipoteichoic acid infiltrate around the damaged interlobular bile ducts of primary biliary cirrhosis.
Journal of Hepatology 2001, 35(2):156-163.

Sandler NG, Koh C, Roque A, Eccleston JL, Siegel RB, Demino M, Kleiner DE, Deeks SG, Liang TJ, Heller T et al: Host
response to translocated microbial products predicts outcomes of patients with HBV or HCV infection. Gastroenterology 2011,

141(4):1220-1230, 1230 e1221-1223.

Pelsers MM, Namiot Z, Kisielewski W, Namiot A, Januszkiewicz M, Hermens WT, Glatz JF: Intestinal-type and liver-type fatty
acid-binding protein in the intestine. Tissue distribution and clinical utility. Clinical biochemistry 2003, 36(7):529-535.

Anderson RC, Cookson AL, McNabb WC, Kelly WJ, Roy NC: Lactobacillus plantarum DSM 2648 is a potential probiotic that
enhances intestinal barrier function. FEMS Microbiol Lett 2010, 309.

Akira S, Uematsu S, Takeuchi O: Pathogen recognition and innate immunity. Cell 2006, 124(4):783-801.

Medzhitov R, Janeway CA: Innate immunity: the virtues of a nonclonal system of recognition. Cell 1997, 91(3):295-298.

Dunlevy F, McElvaney NG, Greene CM: TLR3 sensing of viral infection. 2010.

Jelinek |, Leonard JN, Price GE, Brown KN, Meyer-Manlapat A, Goldsmith PK, Wang Y, Venzon D, Epstein SL, Segal DM:
TLR3-specific double-stranded RNA oligonucleotide adjuvants induce dendritic cell cross-presentation, CTL responses, and

antiviral protection. The Journal of Immunology 2011, 186(4):2422-2429.

Vesy C, Kitchens R, Wolfbauer G, Albers JJ, Munford R: Lipopolysaccharide-binding protein and phospholipid transfer
protein release lipopolysaccharides from gram-negative bacterial membranes. Infection and Immunity 2000, 68(5):2410-2417.

Takeda K, Akira S: Toll[llike receptors. Current protocols in immunology 2007:14.12. 11-14.12. 13.

. Kattah MG, Wong MT, Yocum MD, Utz PJ: Cytokines secreted in response to Toll Ilike receptor ligand stimulation modulate
differentiation of human Th17 cells. Arthritis & Rheumatism 2008, 58(6):1619-1629.



