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Abstract

Esophageal adenocarcinomais preceded by the development of reflux-related intestinal metaplasia
or Barrett’s esophagus which is a response to inflammation of the esophageal squamous mucosa,
reflux esophagitis. Gastroesophageal reflux impairs the mucosal barrier in the distal esophagus,
allowing chronic exposure of the squamous epithelium to the diverse microbial ecosystem or
microbiome, and inducing chronic inflammation. The esophageal microbiome is altered in both
esophagitis and Barrett's esophagus, characterized by a significant decrease in Gram-positive
bacteria and an increase in Gram-negative bacteriain esophagitis and Barrett's esophagus.
Lipopolysaccharides (LPS), amajor structure of the outer membrane in Gram-negative bacteria,
can up-regulate gene expression of proinflammatory cytokines via activation of the TLR4 and NF-
kB pathway. The potential impact of L PS on reflux esophagitis may be through relaxation of the
lower esophageal sphincter viaiNOS and by delaying gastric emptying via COX-2. Chronic
inflammation may be play a critical role in the progression from benign to malignant esophageal
disease. Therefore analysis of the pathways leading to chronic inflammation in the esophagus may
help to identify biomarkers in Barrett's esophagus patients for neoplastic progression and provide
insight into molecular events suitable for therapeutic intervention in prevention of esophageal
adenocarcinoma devel opment in patients with reflux esophagitis and Barrett's esophagus.

Keywords
Barrett's Esophagus; esophagitis; adenocarcinoma; microbiome; inflammation

BACKGROUND

Esophageal adenocarcinoma, the malignant transformation at the end of a spectrum of
diseases related to gastroesophageal reflux, is now the most rapidly increasing cancer in the
Western world. Barrett' s esophagus is defined as the metaplastic columnar epithelium that
replaces squamous mucosa and predisposes to cancer development (1). The rate of
progression from Barrett’ s esophagus to esophageal adenocarcinomais approximately 0.12—
0.4% per patient-year (2—4). For unclear reasons the incidence of esophageal
adenocarcinomain the US has risen approximately 600% since the 1970s (5-7), and since
its development is not universal among patients with Barrett’ s esophagus, it isimportant to
understand and to gauge the factors that influence risk of progression to dysplasiaand
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cancer. The current review aims to highlight the new insights into mechanisms underlying
host-bacterium interaction in the context of reflux-induced inflammation and esophageal
carcinogenesis. In particular the influence of microbial lipopolysaccharides (LPS) on the
molecular pathways involved in inflammation-associated esophageal tumorigenesis will be
examined.

Microbiome alteration in GERD

Microbiome—The term “microbiome”, coined by Joshua L ederberg, refersto the
collection of all membersin acomplex microbial community (8). The host relationship with
the microbiome can be commensal, symbiotic, or pathogenic. Bacterial mutualists within the
gastrointestinal tract aid digestion benefit from the host as they assist in the synthesis of
vitamins, promote development of the gut immune system, and provide competitive barriers
to pathogen invasion. This complex microbia population influences an estimated 10% of all
metabolitesin our body (9). In return the host provides bacteria with safe housing and food
during lean times. In order for this symbiotic relationship to be sustained, the immune
system has to balance permissive, tolerogenic responses to food antigens and commensal
microbes with potentially damaging, inflammatory responses to ward off pathogens. This
delicate balance is maintained by the constant interplay among the microbiome, the
gastrointestinal barrier, and the mucosal immune system, which is a prerequisite for normal
gut homeostasis. Imbalance of this system may lead to innate immune (inflammation) and
adaptive immune (infectious pathology) responses.

Microbiome alteration in Barrett’'s esophagus—Reflux esophagitis and Barrett's
esophagus represent phenotypes of inflammation of the esophageal mucosainduced by long-
term gastric acid and bile reflux into the esophagus. The gastroesophageal reflux impairs the
mucosal barrier and exposes the squamous epithelium and lamina propriato 1) the microbes
swallowed from the oral cavity, colonized in the esophagus, and regurgitated from the
stomach, 2) acidic gastric contents, and 3) bile from the duodenum.

A recent study of human distal esophageal microbiome linked inflammation and Barrett's
esophagus to the change in the microbiome. The study used 16S rRNA gene survey to
characterize the bacterial communitiesin biopsy samples taken from the distal esophagus
(10). With an unsupervised approach, samples of the microbiome form two distinct clusters
or two microbiome types, type | and 11, based on combined genetic distance among samples.
Although neither of the two types of clusters correlated exclusively with esophageal
phenotypes, the type | microbiomeis more closely associated with normal esophagus
(11/12, 91.7%), whereas the type |1 microbiome is mainly associated with abnormal
esophagus (13/22, 59.1%) (p=0.0173 among group comparison), including both esophagitis
(7/12, 58.3%, odds radio=15.4) and Barrett's esophagus (6/10, 60.0%, odds radio=16.5).
Thus alteration of the microbiome from type | to type Il in the distal esophagitisis
associated with host phenotypes and its disease progression. The type | microbiomeis
dominated by Gram-positive bacteria representing the Firmicutes phylum. In contrast the
type Il microbiomes composed of larger numbers of Gram-negative bacteriain phyla
Bacteroidetes, Proteobacteria, Fusobacteria, and Spirochaetes. Streprococcusis the most
dominant genus in the esophageal microbiome and its relative abundance is significantly
higher in the type | microbiome (78.8%) than in the type Il microbiome (30%). In the type Il
microbiome the decrease in the relative abundance of Streprococcusis compensated by an
increase in the relative abundance of 24 other genera. Specifically, the most prominent
increase involves Veallonella Prevotella, Haemophilus, Neisseria, Rothia Granulicatella,
Campylobacter, Porphyromonas, Fusobacterium, and Actinomyces, many of which are
Gram-negative anaerobes or microaerophiles and are putative pathogens for periodontal
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disease. Overall, Gram-negative bacteria comprise 53.4% of type Il microbiome but only
14.9% of type | microbiome.

The type Il microbiome with its larger content of Gram-negative bacteria might engage
innate immune functions of the epithelial cellsin adifferent way than the type
microbiome, owing to their production of alarger amounts of Gram-negative microbial
components, for instance L PS. The bacterial products may directly or indirectly stimulate
pattern receptors (i.e., Toll-like receptors) in the epithelial or inflammatory cells to promote
expression of proinflammatory cytokines and persistent innate immune responsesin the
esophagus. Since many of the periodontal pathogens in the type I microbiome are known to
cause inflammation in the mouth, it is plausible that they may similarly contribute to the
development and maintenance of chronic inflammation in the esophagus. The change from
microbiome type | to type Il might thus prove to be an important step in the pathogenesis of
esophageal tumorigenesisin progression of reflux esophagitis and Barrett's esophagus and
development of esophageal adenocarcinoma.

CLINICAL-TRANSLATIONAL ADVANCES

Potential clinical applications

The current strategy for Barrett’ s esophagus screening and surveillance may not be cost-
effective and has not been shown to reduce esophageal adenocarcinomaincidence or
mortality (4, 11). Indeed, data regarding risk factors for Barrett’s esophagus have not been
systematically applied to screening guidelines, and the current state of the art for screening
focuses primarily on endoscopic evaluation of individuals with chronic reflux symptoms. A
surveillance interval of 3-5 years has been suggested for individuals without dysplasia, 6-12
months for low grade dysplasia, and every 3 months for high grade dysplasia (1). Much
investigation is currently underway to identify prognostic biomarkers that may determine the
best diagnostic and therapeutic course in esophageal adenocarcinoma.

Lipopolysaccharides induces the signaling and modulates cytokine production

LPS, the major outer membrane component present in Gram-negative bacteria, consists of a
lipid core and polysaccharide side chain joined by a covalent bond. LPS acts asthe
prototypical endotoxin to promote the secretion of pro-inflammatory cytokinesin many cell
types. Host responses to Gram-negative L PS are mediated mainly through activation of toll-
like receptor 4 (TLR4) (Figure 1). LPS moleculesfirst bind plasma derived LPS-binding
protein and then interact with cluster of differentiation 14 (CD14) expressed mainly by
macrophages, neutrophil granulocytes, dendritic cells, and local gastrointestinal epithelial
cellsto form aternary complex, LPS: LPS-binding protein:CD14, which further transfers
LPSto TLR4 accessory protein MD2 complex (12). This leads to the activation of TLR4
and the downstream nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB)
pathway to evoke an inflammatory response. LPS might indirectly activate the NF-xB
pathway of the epithelial cells by inducing inflammatory cells to produce interleukin-1 beta
(IL-1B), or tumor necrosis factors-alpha (TNF-a) that may then engage cytokine receptor(s)
through alternative pathway (non-canonical)(13-14)(Figure 1).

NF-kB activation engages inflammation to cancer in the distal esophagus

NF-xB activation isimportant in theinitial cellular response to chemical, bacterial, or viral
stimuli. It isamajor transcription factor that regulates genes responsible for both the innate
and adaptive immune response. It is normally predominantly located in the cytoplasm, but
translocates to the nucleus upon activation. While the normal esophagus has no detectable
active NF-xB, high levels of active NF-xB are found in esophageal adenocarcinomain the
setting of reduced levels of 1kB-a (aknown inhibitor of NF-kB) (15). There is a stepwise
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increase in the activation of NF-xB pathway aong the spectrum of reflux esophagitis (16—
17), Barrett’s epithelium (18-19), and adenocarcinoma (16, 19-20), parallel to an increase
inIL-1B, IL-6, IL-8, and TNF-a..

NF-kB Activation—The NF-xB pathway can be triggered by exposingcells to LPS from
Gram-negative bacteria, Peptidoglycan from Gram-positive bacteria, inflammatory
cytokines (such as TNF-a or IL-1p), or by other physiological and non physiological stimuli
(Figure 1).Microbial components activate the NF-xB pathway via Toll-like receptors
(TLRs) signaling through the classical pathway (canonical), while cytokines via cytokine
receptors (such as IL-1Rs, TNFRs, and other TNFR-like receptors) through the alternative
pathway (non-canonical)(21). Peptidoglycan can also activate the NF-xB pathway by
stimulating the Nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) 1
(22-23) and 2 (24-26). Moreover, the observations of NF-xB activation in responses to
inflammatory signaling through mutated NOD2 gene in Crohn’ s disease (24-25) and
through NOD1 in infection with Helicobacter pylori (23) and Chlamydophila pneumoniae
(22) raise someinteresting possibilitiesin relation to human cancers developed in these
inflammatory diseases. Despite evidence of TLRs 1, 2, 3, 4, 5, 7, 9 expression in human
esophageal epithelial cells (27-28), their degree of expression varies among individuals and
their rolesin NF-kB activation in reflux disorders remain poorly defined.

NF-kB regulated genes in reflux disorders—NF-xB isimportant in reflux disorders
because of its broad role in up-regulating its downstream target gene expressionsinvolved in
inflammation, innate immune responses, adaptive immune responses, apoptosis blocking,
cell proliferation, and cell differentiation. It directly contributes to innate immune responses
in reflux esophagitis, Barrett's esophagus, and esophageal adenocarcinoma, and may
ultimately determine the rate of progression to esophageal adenocarcinoma. NF-xB-
regulated pro-inflammatory cytokines, IL-1p, IL-8 are stepwise increased in reflux
esophagitis, Barrett's esophagus towards esophageal adenocarcinoma (14, 18, 24), and I1L-4,
IL-6 are also increased in reflux esophagitis and Barrett's esophagus (14, 19). It is notable
that Fitzgerald ef &. found no difference in the levels of IL-1p and IL-8 between non-
inflamed squamous mucosa and Barrett's esophagus in the same patient (29). The secreted
cytokines, including TNF and IL-1B, may also start a feedback loop for a second phase of
NF-xB activation that continues the induction of robust innate immune responses. The
cellular pattern recognition receptors (PRRs) such as TLRs, retinoic acid-inducible gene
Ilike receptors (RLRs) and NOD-like receptors, which all sense microbia opportunistic
pathogens or pathogens, and Pathogen-associated molecular patterns, use distinct signaling
pathways that eventually converge to activate NF-xB, leading to the production of
inflammatory mediators(21) (Figure 1).

NF-xB activation also up-regulates the expression of genes encoding proinflammatory
enzymes, such as Cyclooxygenase 2 (COX-2) and inducible nitric oxide synthase (iNOS)
(Figure 1). COX-2 protein expresses in the epithelial cellsin Barrett's metaplasiaand its
level of expression is elevated in esophagea adenocarcinoma (30-33). The elevation in
expression occurs aong the progression from low-grade dysplasia to high-grade dysplasiain
Barrett's esophagus and esophageal adenocarcinoma (31). iNOS expression is also increased
in esophageal adenocarcinoma (32) and in the lower esophageal sphincter in mouse model
(34). Increased expressions of both iNOS and COX-2 have been demonstrated in
inflammatory bowel disease, such as ulcerative colitis (35), and Crohn's disease (24-26).

LPS relaxes lower esophageal sphincter

Two major opposing factors stand out among the mechanisms that determine the
development of pathological reflux. Oneis the lower esophageal sphincter which servesas a
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gatekeeper against reflux and the other isincreased intragastric pressure which promotes
reflux. Studiesin amouse model for sepsisillustrates that in normal mice, the lower
esophageal sphincter maintains a basal tone, but L PS causes a dose-dependent fall in the
basal tone, and the LPS's effect can be blocked by L -canavanine which is a selective iNOS
inhibitor (34). In this rodent model, L PS caused a selective increase in iNOS protein and
MRNA in both the lower esophageal sphincter and internal anal sphincter without significant
changes in the expression of other NOS isozymes. In LPS-treated mice, the increased iNOS
activates mitogen-activated protein kinase signaling pathway by phosphorylation of
mitogen-activated protein kinases (36). Mitogen-activated protein kinases, including a
family of serine and threonine kinases of ERK, JNK, and p38, convert external stimuli into a
wide range of cellular responses, such as proliferation, survival, differentiation and
migration. Because of these critical functions, deregulated mitogen-activated protein kinases
are often found to contribute to the development of many cancers (37). The increased Gram-
negative bacteriain the type Il microbiome in reflux esophagitis and Barrett's esophagus
could serve as the trigger of the NF-kb pathway and be responsible for the up-regulation of
the INOS gene. Thus, the type Il microbiome might cause abnormal relaxation of the lower
esophageal sphincter and contribute to the etiology of gastroesophageal reflux and
carcinogenesis of esophageal adenocarcinoma.

LPS delays gastric emptying

Forward flow of gastric contents reduces the pressure and reduces the opportunity for reflux.
In normal mice the stomach is mostly empty between meals but is nearly full in LPS-treated
mice (38). The LPS-delayed gastric emptying can be blocked by NS398 which is a selective
COX-2 inhibitor (38). Thus, by reducing gastric emptying the type Il microbiome might
cause an increase in the intragastric pressure that contributes to the development of
gastroesophageal reflux.

Microbiomic biomarker and clinical interventions—The type Il microbiome could
serve as amarker aswell as an important target of intervention in clinical practice. If proven
to play acritical role in disease progression from reflux esophagitis to esophageal
adenocarcinoma, the use of the type I microbiome as a biomarker might help to better
stratify reflux esophagitis and Barrett's esophagus patients into high vs. low risk groups
which would improve the sensitivity as well as specificity of a surveillance strategy for early
detection of esophageal adenocarcinoma. Furthermore, the cancer risk may be reduced by
reversion from the type Il microbiome to type I microbiome with the use of selective
antibiotics or probiotics.

NF-kB inhibitors—Because its association with a number of inflammatory and neoplastic
diseases, the NF-xB pathway has been the target of drug development (39). Several drugs
have been reported to block the pathway at various steps and their clinical use has been
described (40-41). Many of these inhibitors could be effective in reduction of inflammation
caused by NF-xB activation in reflux disorders. Drugs that are currently used in treating
inflammatory diseases, such as glucocorticoids, nonsteroidal anti-inflammatory drugs,
sulfasalazine, immunosuppressive agents (cyclosporin A and tacrolimus) often interfere the
NF-xB pathway at multiple steps (Figure 1). Since they interfere with normal cellular
function necessary to mount immune responses, inhibitors of NF-kB may also cause
significant side effects such as increased susceptibility to infections, and liver dysfunction.
Although limited by clinical side effects, interest remains in the therapeutic potential of NF-
kB inhibitors to halt the metaplastic progression of Barrett's esophagus or to treat esophageal
adenocarcinoma by inhibiting inflammation. Curcumin (diferuloylmethane) a naturally
occurring NF-kB inhibitor was recently shown to increase apoptosis in two esophageal
adenocarcinoma cell lines and to enhance their sensitivity to chemotherapeutic agents (42).
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iNOS inhibitors—iNOS has been an attractive drug target asit is related to a variety of
human diseases (43-46). Although L-canavanine, a selective iINOS inhibitor present in
alfalfacan block the LPS-induced lower esophageal sphincter relaxation in rodents (34), its
relationship with lupus-like autoimmunity limitsits direct use in humans (47). The prodrug
L-N6-(1-iminoethyl)lysine 5-tetrazole amide (SC-51), another selective iNOS inhibitor
causes marked suppression of exhaled breath NO levels both in healthy control subjects and
in patients without significant side effect (48). It may have therapeutic potential for
controlling reflux/microbiome-induced esophagesal inflammation.

COX2 inhibitors—COX-2 selective inhibitors represent aform of non-steroidal anti-
inflammatory drug, such as Aspirin, that directly targets COX-2, an enzyme expressed in
inflammation of reflux esophagitis, Barrett's esophagus, and esophageal adenocarcinoma
(Figure 1). Ingestion of non-steroidal anti-inflammatory drug decreases the inflammatory
complications of gastroesophageal reflux disease (49) and may reduce the risk of neoplastic
progression in patients with Barrett's esophagus (50-51). Thus, aspirin and other non-
steroidal anti-inflammatory drug could protect against esophageal adenocarcinoma by either
preventing the development of its primary precursor (i.e., Barrett's esophagus) or by
diminishing the likelihood of Barrett's esophagus progressing to esophageal
adenocarcinoma. The mechanism of potential risk reduction is related to these agents
inhibition of the COX-2 enzyme, which is expressed in reflux esophagitis and Barrett's
esophagus and is induced early in the development esophageal carcinomas. Like NF-kB
inhibitors, COX-2 inhibitors represent a potential therapeutic option in controlling reflux/
microbiome-induced esophageal inflammation which might trigger a progressive cascade to
esophageal adenocarcinoma.

With these data, we can speculate the roles of the type || microbiome in the diseases of
reflux esophagitis, Barrett's esophagus, and esophagea adenocarcinoma. The type |l
microbiome with stepwise increase in Gram-negative bacteriain the reflux esophagitis -
Barrett's esophagus and probably in esophageal adenocarcinoma could contribute to
carcinogenesis by induction of chronic inflammation and cause gastric reflux by induction
of abnormal relaxation of the lower esophageal sphincter and increase in intragastric
pressure by delaying gastric emptying. These pathological effects could be explained in part
by the activation of LPS/TLR4/NF-kB pathway. The type Il microbiome could be used as
novel biomarkers for risk assessment in clinical management. Antibiotic/probiotic treatment
could reverse the type Il microbiome back to the type I microbiome and decrease the
detrimental effects of Gram-negative bacteria on LPS/TLR4/NF-kB pathway. The negative
effects could also be alleviated using specific inhibitors to NF-kB and/or the downstream
components, such as COX-2 and iNOS.
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Figure 1.

Hypothetical activation of NF-kB pathway by type || microbiomein the esophagus. The
type | microbiome, more closely associated with normal esophagus, is dominated by Gram-
positive bacteria, while the type Il microbiome, mainly associated with abnormal esophagus,
including reflux esophagitis and Barrett's esophagus, contains alarger proportion of Gram-
negative bacteria. The increased Gram-negative bacterial components, such as L PS might
thus directly stimulate TLRs (mainly TLR4) leading to activation of the classical NF-kB
pathway (pSO/RELA; middle); LPS might also stimulate inflammatory cells, like
macrophages, to rel ease cytokines that bind to cytokine receptors on esophageal epithelial
cellsto trigger the alternative NF-B pathway (p52/RelB; |eft). Moreover, Peptidoglycan
from Gram-negative bacteria might act on NOD-like receptors to activate the NF-kB
pathway (right). NF-kB activation up-regulates the expression of its downstream genes
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encoding avariety of cytokines, inducible enzymes, and proteins that provoke inflammation,
relaxes smooth muscles, and regulate cell proliferation and apoptosis. Known NF-kB
regulated enzymes include iNOS that relaxes the lower esophageal sphincter and COX2 that
delays gastric emptying. The end effects could be the induction of gastroesophageal reflux,
metaplasia, and/or neoplasia. The effect could be prevented by reversion of thetypell to
type | microbiome using antibiotics or probiotics, NF-kB inhibitors, or selective inhibitorsto
iNOS or COX2 (Aspirin).
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