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Abstract: The upper aerodigestive tract (UAT) is the first line of defense against environ-
mental stresses such as antigens, microbes, inhalants, foods, etc., and mucins, intracellular
junctions, epithelial cells, and immune cells are the major constituents of this defensive
mucosal barrier. Laryngopharyngeal reflux (LPR) is recognized as an independent risk factor
for UAT mucosal disorders, and in this review, we describe the components and functions of
the mucosal barrier and the results of LPR-induced mucosal inflammation in the UAT. We
discuss the interactions between the refluxate and the mucosal components and the mechan-
isms through which these damaging events disrupt and alter the mucosal barriers. In addition,
we discuss the dynamic alterations in the mucosal barrier that might be potential therapeutic
targets for LPR-induced disorders.
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Introduction

As the junction of the respiratory system and digestive system, the upper aerodigestive
tract (UAT) mucosa functions as the first line of defense against environmental stresses
such as microbes, foreign antigens, tobacco smoke, pollutants, and laryngopharyngeal
reflux (LPR). The UAT mucosal barrier is composed primarily of mucus, intracellular
tight junctions of the epithelia, and the mucosal immune system. Increasing evidence
indicates that mucosal barrier dysfunction may induce mucosal inflammation, including
inflammation of the gastrointestinal tract (e.g. inflammatory bowel disease) and of the
respiratory system (e.g. asthma).! Therefore, it is very important to determine the
mucosal barrier state in UAT mucosal inflammatory disorders.

LPR is the result of the reflux of gastric contents into the laryngopharynx mucosa,
where the refluxate comes into contact with the mucosa of the UAT,>> and LPR has
been shown to play a role in the development of numerous UAT mucosal inflamma-
tory disorders, including chronic laryngitis and pharyngitis,* chronic rhinosinusitis,”
chronic otitis media,® ® benign vocal fold lesions (BVFLs),” !! and laryngeal muco-
sal precursor lesions (LMPLs)'* 4 (Figure 1). LPR accounts for 4-10% of all
otolaryngology clinic patients and leads to high costs for long-term anti-reflux
therapy.'” It has been proposed that long-term stimulation from gastro-duodenal
refluxate leads to the deficiency and/or dysregulation of UAT mucosal barrier func-

tion, which may eventually lead to mucosal inflammatory disorders or even to the
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Figure | Mechanisms of LPR and LPR-related symptoms. Dysfunction of the lower esophageal sphincter causes the reflux of gastro-duodenal contents into the UAT
mucosa. Reflux mainly injures the mucosa of the larynx and pharynx, but sometimes can even affect the middle ear through the eustachian tube. Refluxate containing
multiple acids and proteases injures the UAT mucosa and causes later mucosal inflammation. The left part of Figure | has adapted from Douglas College Human Anatomy &
Physiology Il. Douglas College,New Westminster BC. Aug 31, 2017. Douglas College Human Anatomy and Physiology Il (Ist ed.) by Rice University is licensed under

a Creative Commons Attribution 4.0 International License. '*
malignant transformation of the mucosal epithelia. Recent
studies have identified the inflammatory biomarkers of
LPR-related mucosal disorders, and here we will review
LPR-induced mucosal barrier dysfunction and the inflam-
matory response to LPR in the UAT mucosa.

Anatomic and Physiological

Characteristics of the UAT Mucosa
The UAT refers to the mixed airway/digestive tract,
including the oral cavity, nasal cavity, paranasal sinuses,
pharynx, larynx, and upper esophagus, and it serves the
physical functions of respiration, swallowing, and speech
production. UAT mucosal surfaces maintain homeostasis
through dynamic responses, including the production of
mucus, the regulation of epithelial intracellular junctions,
and the modulation of the mucosal immune system,'®'”
and the loss of mucosal integrity and impaired barrier
function caused by external pathogens are prominent fea-
tures of mucosal inflammatory disorders."

All mucosal surfaces are organized similarly. The first
layer is mucus, which is secreted by epithelial mucus-

secreting cells, and this forms a mucoid architecture covering
the mucosal surfaces and provides defense against noxious
agents and pathogens.'® Beneath the mucus layer, the epithe-
lial cell layer serves as a major structural component of
mucosal surfaces and is formed on top of an acellular base-
ment membrane.'” Underneath this is a loose connective
tissue layer, called the lamina propria, that includes blood
vessels, lymphatics, immune cells, and other components.
The mucus layer, mucosal epithelia, and immune cells con-
stitute the physical and biological barrier against harmful
stresses, and dysfunction of the mucosal barrier results in
mucosal inflammatory disorders and diseases (Figure 2A).

Mucus Layer

The UAT epithelial surfaces (except for the oral cavity) are
coated with a thick, viscoelastic layer of mucus. The extracel-
lular mucus layer has two major components — mucins
(Table 1) and anti-microbial molecules.'®' The secreted and
transmembrane mucins compose the major structure of
mucus'® by forming a gel-like matrix to retain the anti-

microbial components in the mucosal environment.'®
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Figure 2 The normal state and the inflammatory changes that occur in LPR pathogenesis. (A) In the normal state, the MHC1"8"/CD1d"*" basal epithelial cells gradually
transition into the MHC 1'°*/CDId"&" phenotype in the luminal layers, which can be recognized by NKT cells. (B) This phenomenon is more apparent during an LPR-
induced inflammatory response in the squamous epithelium. The inflammatory mediators in this response also lead to changes in the extracellular mucus layer and to the
subsequent chemoattraction and infiltration of immune cells followed by the keratinization and proliferative response of the mucosal epithelium.

Secreted mucins are large monomers that can be assembled
into homo-oligomers to form an entangled mesh-like
structure.'®'” Transmembrane mucins are anchored to the
cell surface to form the glycocalyx and participate in intracel-
lular signal transduction pathways, regulation of immune
responses, cell differentiation, and cell proliferation.'® The
anti-microbial components consist of nonspecific anti-
microbials and specific anti-microbial immunoglobulins.
Most nonspecific anti-microbials are microbicidal lectins or
small peptides that can interact with and breach microbial cell
membranes.'® The specific immunoglobins (IgA and IgG) are
produced by B cells in the lamina propria and then transported
into epithelial cells through the polymeric immunoglobulin
receptor and are finally secreted by the epithelial cells into
the mucus.’ In addition, the mucus also contains lipids,
nucleic acids, and inorganic salts.'® The interplay among the
mucus components forms a complex three-dimensional mucus
shield to protect the mucosa surfaces against chemical,
mechanical, and biological stresses. For example, the mucus

layer has protective and lubricating functions when the UAT
undergoes shearing actions such as coughing,'® and the gastric
mucosa is resistant to the caustic effects of hydrochloric acid
and pepsin, which is attributable to the impervious nature of the
double-layer mucus.>' This architecture of the gastric mucus
together with the bicarbonate buffer and lipids is responsible
for preventing the back-diffusion of H" and pepsin to the
gastric mucosal surface.'®*! The nasal mucus layer can trap
the inhaled or ingested particles (e.g. allergens and microbes)
through their direct binding to mucins, and it performs mucosal
clearance via anti-microbial molecules and the rapid turn-over
of the mucus layer."® Thus, the nasal mucus layer can respond
in a dynamic manner towards different external stresses in

order to maintain homeostasis. %1%

Epithelial Intracellular Junctions

Epithelial intercellular junctions can mediate adhesion and
communication between adjoining epithelial cells and are
a critical element in the barrier defense against external
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Table | Molecular Alterations in UAT Mucosa Affected by LPR

Molecular Alteration in Anatomic Sites References Number
Mucus layer
Mucl tlaryngeal dysplasia and laryngeal cancer [9] [88]
Muc2 llaryngeal epithelium; {Barrett’s esophagus [21,86]
MUC3 llaryngeal epithelium [86]
MUC4 TBarrett’s esophagus [21]
MUCS5AC, MUC5B llaryngeal epithelium [86]
CA-lll 11esophageal epithelium, —vocal fold, tlaryngeal posterior commissure [89-92]
Intracellular junctions
Claudin-| Esophageal epithelia ({spinous and granular layers; |basal cells) [98]
Claudin-3 |esophageal epithelia [96-98]
Claudin-4 |esophageal epithelia [96-98]
Occludin Esophageal epithelia ({spinous and granular layers; |basal layers) [98]
Z0-1 Esophageal epithelia ({spinous and granular layers; |basal layers) [98]
JAM-1 Esophageal epithelia ({spinous and granular layers; |basal layers) [98]
Desmoglein | Esophageal epithelia ({spinous and granular layers; |basal layers) [98]
E-cadherin |pharyngeal, laryngeal and nasal epithelia; |head and neck squamous cell carcinoma [86,99,100]
B-catenin tlaryngeal squamous carcinoma cell; [104]
Immune system
CDId tlaryngeal epithelia [13]
TLR4 tesophageal epithelia; 1{esophageal adenocarcinoma [113]
IL-6 tlung epithelium,tmiddle ear, 1 airway epithelium [78,80,115,116]
IL-8 treflux esophagitis; 1Barrett’s esophagus; flaryngeal carcinoma [117,118]

Notes: TRepresents up-expression, 11Represents higher up-expression, |Represents down-expression, —Represents depletion.

stresses. Apical junction complexes in the epithelia consist
of the tight junctions (TJs) and the underlying adherent
junctions (AJs).! TJs form a barrier by regulating paracel-
lular permeability and maintaining cell polarity,>* while AJs
are critical for inhibiting epithelial cell growth and reducing
the paracellular permeability of leukocytes and solutes.*
TJ proteins include claudins, occludins, junctional adhe-
sion molecules (JAMs), and the scaffold proteins of the zonu-
lae occludentes (ZO) (Supplementary Table 1). Claudins are

the major components of TJs,' and deletion of claudin-1 in
mice compromises the epidermal barrier and causes excessive
water loss.>> Occludins contribute to intercellular adhesion,*®
and exogenous occludin expressed in fibroblasts localizes to
the points of cell-cell contact in confluent cells and induces
aggregation.”” JAMs and ZOs participate in the regulation of
diverse functions such as intercellular adhesion, attachment to
actin, establishment of cell polarity, transmembrane transport,
cell signaling, and gene expression.”®

Als are another critical constituent of intracellular
junctions and form below the TJs in the lateral membrane,
and AlJs are comprised of the cadherin, catenin, and nectin

protein families.'” The key components of Als are the
members of the classical cadherin superfamily, such as
epithelial cadherin (E-cadherin). Down regulation of
E-cadherin and other junction proteins has been detected
in the nasal epithelia of an ovalbumin-induced allergic
rhinitis mouse model, and this accelerates epithelial barrier
breakdown during nasal inflammation.!” By binding to
specific regions of E-cadherin, proteins from the catenin
family can regulate the stability and degradation of
E-cadherin.!” B-catenin together with E-cadherin consti-
tute the AJ complex and play a vital role in the mainte-
nance of structural integrity and cell adhesion. Little is
known about the functional role of the nectin family of
proteins in epithelial cells.

The UAT Mucosal Immune System
Immune Cells

The mucosal immune system of the UAT can be roughly
subdivided into two primary components — the organized
mucosa-associated lympho-reticular tissues (MALTs), also
known as Waldeyer’s ring (comprising the palatine tonsils,
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adenoids, and lingual tonsils), and the diffuse lamina propria
or glandular tissues.”* ** MALTs and the lamina propria
contain various immune cell types such as antigen-
presenting cells (APCs), innate lymphoid cells, B cells, and
T cells.*’ Both innate and adaptive immunity are of great
importance in barrier defense.

APCs such as dendritic cells (DCs), macrophages, and
UAT epithelial cells can sense external threats and can
quickly trigger innate immune responses via pattern recog-
nition receptors®” such as the leucine-rich repeat domains
that are seen in toll like receptors (TLRs), nucleotide-
binding oligomerization domain (NOD)-like receptors
(NLRs), retinoic acid-inducible gene I (RIG-I)-like recep-
tors (RLRs), and receptor-unidentified double-stranded
DNA sensors.”>>* The activation of TLRs by pathogens
results in the production of anti-microbial substances and
inflammatory cytokines and chemokines to induce defen-
sive responses.”> TLR2 and TLR4 in the upper airway
mucosal basal cell layers are stimulated by pathogens to
upregulate mucin expression.35 Furthermore, TLR2, 3, 4,
and 7 in the human esophageal epithelial cell-line TE-1
promote the production of B-defensin 2 in response to
luminal stimulation.*® The TLR-dependent production of
inflammatory cytokines and chemokines is a double-edged
sword, however. For example, these inflammatory media-
tors cause an influx of neutrophils, macrophages, and
lymphocytes in order to facilitate bacterial clearance in
the oral cavity, but they also recruit epithelial cells and
macrophages to this site where they secrete TNF-a, which
results in inflammation-related oral bone loss.*”

The activation of the adaptive immune system
mediated by T cells and B cells leads to an antigen-
specific host response.>” Micro-fold cells, the professional
antigen-sampling epithelial cells in the follicle-associated
epithelium of the MALTSs, are required for mucosal T cell-
dependent IgA responses and have been recognized as
a potential novel target for mucosal vaccines via nasal or
oral administration.*® Increased numbers of Th17 cells and
decreased numbers of Treg cells can be detected in both
nasal polyp tissues and blood from chronic rhinosinusitis
patients, and such alterations might be vital for the devel-
opment of nasal polyps.®® Furthermore, the Th1/Th2 bal-
ance is critical in the mucosal immune response and
tolerance,*® and it has been reported that HPV-6 and —11
can escape the virus clearance of the UAT mucosa through
inhibition of Thl and polarization of T cells into Tregs and
memory Th2-like T cells.*®

Cytokines and Chemokines
Cytokines and chemokines have complicated effects on cell
growth, differentiation, and activation.*! APC-derived
TNF-a, IL-6, and IL-8 are particularly effective in promot-
ing the infiltration of immunocytes into the mucosal tissues
where they can cause damage.*' Th1 cytokines predominate
in tonsillar inflammatory disorders,** and inhibition of Thl
responses might be a novel target for the treatment of
chronic tonsillitis.** Th2 cytokines are associated with
allergic immune processes.*'** For example, IL-5, secreted
by Th2 cells, is essential for esophageal eosinophilia, and
anti-IL-5 therapies targeting eosinophilic inflammation
have been shown to decrease the numbers of esophageal
eosinophils and mast cells.*> By down-regulating the IL-23/
IL-17 proinflammatory axis of Th17 cells, the commensal
and probiotic bacteria can inhibit pathogen colonization in
the oral and pharyngeal mucosa and thus contribute to host
defense.*®

The chemokine superfamily consists of a large number
of ligands and receptors divided into four subfamilies:
CXC, CC, (X)C and CX3C.*’ CCL25, CCL28, CXCL14,
and CXCL17 are homeostatically expressed in mucosal
tissues, and these mucosal chemokines exhibit broad anti-
microbial activity and regulate the composition of the
mucosal microbiome.*® The CXCL17/CXCRS axis repre-
sents a powerful macrophage-recruitment mechanism that
might be related to the functional macrophage subsets in
mucosal tissues.*® Previous studies of the mucosal chemo-
kines have primarily focused on the gastrointestinal
mucosa, and their role in the UAT mucosa remains to be
elucidated.

LPR-Related Mucosal Inflammatory
Disorders
LPR

LPR is the backflow of gastroduodenal contents into the
UAT, and it is involved in many ENT inflammatory, neo-
plastic disorders and is behind up to 50% of voice
disorders.">**->! The most important mechanism of LPR-
induced inflammation is the direct noxious effect of the
gastroduodenal contents on the mucosa, causing swelling,
mucus hypersecretion, and the secretion of inflammatory
mediators. A second mechanism consists of triggering
a vagal response supported by excessive vagal reactivity,
and a hypothesized third mechanism postulates an associa-
tion between Helicobacter pylori infection and mucosal
inflammation (Figure 1). Laryngopharyngeal reflux differs
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from gastroesophageal reflux disease (GERD) in that it is
not associated with heartburn and regurgitation symptoms,
even though sharing some common pathophysiological
mechanisms.” The reflux episodes in GERD are more
frequently liquid, recumbent, and nighttime, whereas the
reflux episodes in LPR are mainly gaseous, upright, and
daytime.’* In addition, unlike GERD that mainly presents
as acidic reflux, LPR has acidic, nonacidic, and mixed
subtypes, and these can be detected by multichannel intra-
luminal impedance-pH monitoring (MII-pH). In fact,
recent studies have shown two main profiles of LPR
patients according to MII-pH: patients with concomitant
GERD and acidic LPR, and those without GERD who, in
similar proportions, have nonacidic or mixed LPR.>*>*
Although LPR and GERD have different molecular
changes in the mucosa, they are interlinked conditions.>
Therefore, classification of LPR patients has great clinical
significance in tailored treatments.

Treatments for LPR should include many aspects.
Currently, the application of proton pump inhibitors has
failed to show clear benefits in LPR.>> Anti-pepsin treat-
ment, such as alginates, has gained more and more atten-
tion as an anti-acid therapy because pepsin is involved in
multiple processes in LPR pathogenesis (discussed later).
Further processing of alginates may improve their phar-
and bile
absorption.”> Moreover, surgical treatment like laparo-

macological properties of pepsin acid
scopic fundoplication has also been applied in LPR
patients, particularly those who are nonresponsive to anti-
reflux medication.’ However, surgery’s role in the man-
agement of LPR remains uncertain because of a lack of

reliable and reproducible results.*!*>*

LPR-Related UAT Mucosal Inflammation

Laryngitis and pharyngitis are the most common symp-
toms induced by LPR,* and laryngeal erythema, posterior
commissure hypertrophy, diffuse laryngeal edema, and
pseudosulcus observed by laryngoscopy confirm the direct
laryngopharyngeal irritation and inflammation. However,
in vivo studies suggest that the subglottic mucosa and the
vocal fold mucosa suffer the most from LPR, while LPR
has minimal impact on the posterior commissure mucosa

and ventricular mucosa®>->*>¢

or other parts of the larynx
that are covered by squamous epithelia.>*

Other tissues of the UAT can also be affected by gas-
eous reflux due to the large scope of gas diffusion.’” In
recent clinical research, LPR has been correlated with

chronic otitis media with effusion (OME), oral soft tissue

disorders, chronic rhinosinusitis, and dacryostenosis,6’5 8-60

and patients with these diseases show non-specific laryn-
gopharyngeal symptoms, positive results of MII-pH mon-
in the
secretions.®¢*? Although the control of LPR in some of

itoring, or the detection of reflux agents
these disecases was considered beneficial, how LPR is
involved in the diseases remains uncertain.®’ Diseases
such as oral soft tissue disorders and dental erosion are
more widely accepted as extraesophageal symptoms of
GERD®*** because the gastro reflux can pass through the
hypopharynx directly to the oral cavity. Nonetheless, LPR
and GERD are mostly suggested to have a role in promot-
ing local mucosal inflammation in the UAT,*®'" except
for chronic sinusitis, in which reflux as a causal factor
remains uncertain.®®®” The refluxate has also been sus-
pected to act as an allergen in allergic diseases such as
asthma because of the pepsin found in lung aspirate.>*
Therefore, further research on the underlying mechanisms
through which LPR is involved in these diseases is needed

for the improvement of current therapies.

BVFLs

BVFLs consist of lesions involving vocal fold nodules,
polyps, Reinke’s edema, sulcus vocalis, and cysts, most
of which develop from the lamina propria.” In addition to
phonatory trauma and vocal misuse, a long-suspected cau-
sal factor of BVFLs is LPR,'" although the role of LPR in
the pathogenesis of BVFLs remains unclear. Pepsin is
frequently detected in polyp tissue from posterior commis-

sure biopsies,'"®®

which suggests the correlation between
the inflammatory mucosal reaction of LPR and subsequent
vocal cord disorders.®” It has been proposed that the vocal
fold mucosa is more vulnerable to mechanical and bio-
chemical stresses during normal and abnormal phonation
" which leads to the

nodules, polyps, and Reinke’s edema.’ Typically, patients

processes in the context of reflux,

with these lesions also present with chronic mucosal irrita-
tion in the form of throat clearing or chronic cough as well
as increased subglottic aerodynamic driving pressure,
which in return increases the occurrence of microtraumas
to the vocal fold.”

LMPLs

LMPLs often manifest as gross superficial mucosal

appearances  of  leukoplakia,  erythroplakia, or
erythroleukoplakia,”' and they present with multiple
pathologic changes ranging from hyperplasia or hyperker-

. . 49 .
atosis to severe dysplasia.” Numerous challenges remain
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for laryngologists to provide accurate diagnoses and tai-
lored treatments.

Premalignant and malignant LMPLs ultimately convert
into laryngeal squamous cell carcinoma. Smoking and alco-
hol abuse are major risk factors for LMPLs,*” and LPR has
recently been suggested to be an independent factor in LMPL
development.**”" Tt is hypothesized that the refluxate can
lead to chronic mucosal inflammation and can trigger the
development of laryngeal malignancies’' such as gastric
cancer’> and hepatocellular carcinoma.”” Furthermore,
GERD has been recognized as a key risk factor in the devel-
opment of Barrett’s esophagus.”* Finally, a recent meta-
analysis found an association between reflux diseases and
laryngeal malignancy regardless of smoking and drinking
histories.”” Further studies are needed to elucidate the patho-
logical mechanisms of LPR-induced LMPLs, and such
knowledge will likely be beneficial in clinical therapy.

LPR-Induced Mucosal Barrier
Dysfunction

Damage from Gastric Refluxate
Gastric-duodenal refluxate contains gastric acid, proteases,

and bile acids>’

and has a pH ranging from 1.5 to
2.0,>'%7% which is damaging to the luminal environment
of the UAT that normally has a pH of 6.8-7.0.>'% In
healthy subjects, the amount of refluxate is usually small
and can be cleared quickly by their innate defense
mechanisms.”” While LPR leads to adverse clinical con-
sequences, the nature of this evolving disease depends on
the contents of the gastric refluxate, the duration of expo-
sure, and the activity of the local defense mechanisms of

the UAT mucosa.

Gastric Acid

The main component of gastric acid is hydrochloric acid.
Large volumes of gastric acid result in chemical injury to
the airway epithelium, while recurrent small-volume reflux
may result in chronic injury.”” Damage to the UAT epithe-
lia by acid reflux might be due to the toxicity of its low
pH.? Such caustic injury leads to disruption of the mucosal
barrier, and the severity of such acid-induced damage
depends on the level of exposure.® Furthermore, different
parts of the same organ react differently to acid exposure,
and the subglottic columnar epithelium and vocal fold
squamous epithelium are more sensitive to acid.’ The
role of the acid in LPR remains uncertain because of the
difficulty in quantifying acid exposure.? Furthermore, the
symptoms of LPR are not consistent with pH alterations

induced by anti-reflux medication.'*>* In vitro studies
suggest that the initial stimulus of gastric acid might
trigger a cascade of inflammatory responses with the
recruitment of immune cells and the release of various

inflammatory mediators.'>>’

Digestive Proteases

Pepsin is considered to be the most aggressive protease in
the gastroduodenal refluxate.”” Previous studies have
shown that acid alone cannot disrupt epithelial barrier
integrity, but a combination of pepsin and acid results in
significant damage to the laryngeal mucosa.”® In a porcine
model, acid-pepsin causes the most severe damage at pH
2.0,% although pepsin retains its activity and stability over
a wide pH range of 1.5-7.5.'% In gaseous reflux, pepsin is
brought into contact with the UAT mucosa, extending even

857 and may cause damage through

as far as the middle ear,
subsequent acid reflux episodes.'? Furthermore, some stu-
dies showed that pepsin can be transported into epithelial
cells’’ and can be re-activated by intracellular structures
such as Golgi bodies and lysosomes that have a lower pH
of 5.0 and 4.0, respectively, thus leading to intracellular
damage.'? Because pepsin is stable and detectable in mul-
tiple UAT organs and tissues,”’ it plays a crucial role in
reflux-related inflammation and injury and has been iden-
tified as a biomarker and potential therapeutic target of
LPR 377:80

Bile Acid

Bile acid, one of the constitutes of gastroduodenal
refluxate,'” is considered to be a pathogenic factor in
numerous mucosal lesions.”®®'"* The conjugated and
unconjugated bile acids in the human digestive tract have
diverse activities at different pH values. Conjugated bile
causes laryngeal injury at a low pH (1.2-1.5),'* while the
unconjugated bile, like chenodeoxycholic acid, is activated
at pH 7.0."% Therefore, bile acids can cause mucosal injury
in both acidic and non-acidic environments.

Mucosal Barrier Dysfunction

Dysfunction and Dysregulation of the Mucus Layer
Mucosal irritation leads to abnormal mucus secretion.”
Some LPR-related inflammatory diseases are accompanied
with increased mucus secretion. In LPR-related OME, the
pepsin level in the serous and ear mucoid subgroups is
significantly increased compared to that in the dry ear
subgroup, which can be interpreted to mean that the visc-
osity of the middle ear cavity fluid depends on the
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concentration of pepsin.®’ In addition, low pH caused by
acidic refluxate in the esophagus induces a neural reflex to
aggregate the nasal mucus production via the vagus
nerve.** In GERD patients, it has been found that the
salivary flow rate in response to esophageal acid infusion
decreases, which explains why dry mouth is associated
with burning symptoms in the oral cavity.*> However,
the salivary secretion in LPR remains uncertain and
needs further study.

Changes in mucus composition have also been
observed. Secreted Muc2, SAC, and 5B in the laryngeal
mucus constitute the airway mucus gels,”” and the antag-
onistic effect of weak acid and pepsin was found to down-
regulate mucin expression at low pH.?* In patients with
LPR-related laryngitis, decreased expression of Muc2,
5AC, and 5B results in the reduction of secreted mucin
by the laryngeal epithelia and thus reduces the protective
effect of the mucosal surfaces.'? The sticky mucus triggers
symptoms such as postnasal drip, globus sensation, and
throat clearing. Muc3, a transmembrane mucin, is
decreased in patients with LPR-associated inflammatory
mucosa.”>*¢ Specifically, Muc3A is thought to be a key
factor in the maintenance of the epithelium under hypoxic
conditions and in the regulation of cell migration and
apoptosis during wound healing.®” Mucl, another trans-
membrane mucin, has been shown to be highly expressed
in patients with laryngeal dysplasia and laryngeal cancer.®®
By binding with the epidermal growth factor family of
receptor tyrosine kinases, Mucl triggers cell proliferation.
It also promotes metastasis in human cancer cells by
binding with galectin-3, a member of the galectin family
that regulates tissue fibrosis, immunity, and inflammatory
response.”> Muc2 and Muc4 expression is up-regulated in
intestinal metaplasia in Barrett’s esophagus;** however,
a retrospective study suggested that Muc4 is associated
with better survival in patients with advanced non-
metastatic laryngeal cancer.'? Thus, the function of mucins
in LPR-related carcinogenesis needs further study. As an
integral component of mucus, the secretion of bicarbonate
is modulated by carbonic anhydrase (CA) and is critical in
maintaining the mucosal luminal pH.'? In patients with
GERD, increasing CA-III expression has been observed in
inflamed esophageal squamous epithelial cells with
a redistribution from the basal to the superficial cell

layers, %

which protects against low pH damage from
the refluxate. However, in patients with LPR, the expres-
sion of CA-III shows subsite specificity. CAIIIl expression

is depleted in the vocal folds, but it is relatively higher in

the posterior commissure. In addition to being activated in
the acidic condition, the existence of pepsin alone can be
a causal factor to CAIIl depletion.'>**""% Further
research is needed into CA expression and its function in
LPR-induced mucosal inflammation. B-defensins, which
are anti-microbial peptides against a broad spectrum of
microorganisms, are secreted by immune cells and epithe-
lial cells into the mucus.’® Their expression can be stimu-
lated by H. pylori infection, and their levels are
significantly higher in vocal polyps than in vocal cord
nodules.”* Apolipoprotein-A is a lipid component in the

ITIU.CLISI&95

and is negatively correlated with the formation
of polyps.” Because H. pylori can trigger the breakdown of
the mucin-lipid network,'® decreased apolipoprotein-A
expression appears to be associated with vocal polyps
and H. pylori infection in the UAT mucosa as indicated
by less favorable prognosis for vocal polyps compared to

nodules.

Dysfunction of Epithelial Intercellular Junctions
Gastric refluxate has been reported to disrupt the cohesion
between cells by digesting intracellular junctions,’ and the
expression and the distribution of TJs are critical in the
process of reflux diseases. Although there is limited litera-
ture in this field, research on TJs of the esophageal epithe-
lium of GERD patients may be informative for future LPR
therapy. Several studies based on a rat esophagitis model
have shown the down-regulation of claudin-3 and claudin-
4 in the plasma membrane of epithelial cells in the spinous
and granular layers upon stimulation by acid, bile salts,
and trypsin.”®® However, the expression levels of clau-
din-1, occludin, ZO-1, JAM-1, and desmoglein 1(DSG-1)
change under different pathological conditions. These pro-
teins increased in both the cellular membrane and cyto-
plasm of spinous and granular layers around mucosal
erosion, but decreased in individual cells of the same
layer as hyperplasia continued in the basal cells.”® These
findings suggest that elevated expression of these proteins
to resist the damage from refluxate is an early molecular
event in LPR pathogenesis. However, when the damage
persists and the reflux starts to promote hyperplasia, the
production of TJ proteins and desmosome proteins
becomes insufficient, which results in the failure of this
protein-compensating mechanism.”®

For Als, decreased E-cadherin expression in pharyn-
geal and nasal epithelia has been shown to occur in
response to acid exposure.””'% Decreased E-cadherin
expression was also detected in biopsies from LPR
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patients.'®" E-cadherin is one of the biomarkers of cancer

102 and

progression and metastasis in neoplastic cells,
decreased E-cadherin expression is considered to be
a poor prognostic factor in patients with head and neck
squamous cell carcinoma.'® Because the loss of
E-cadherin expression is a key initial step in tumor
invasion,'? decreased E-cadherin expression in LPR-
related chronic inflammation might not only play a role
in the development of symptoms, but also might promote
the development of dysplasia in the context of reflux.'? In
addition, sustained loss of E-cadherin leads to epithelial
differentiation into a mesenchymal phenotype, a process
known as epithelial-mesenchymal transition,'” which is
crucial in tumorigenesis. On the other hand, the expression
of PB-catenin, one of cytosolic plaque proteins, remains
uncertain. It was found to be unchanged in laryngeal
biopsies from LPR patients,'®' but was elevated in laryn-
geal squamous carcinoma cell in the context of pepsin.'®*
The E-cadherin—catenin complexes are essential for the
structural integrity of the epithelial tissues. Therefore,
further research is needed into the roles of E-cadherin
and B-catenin in the mucosal injury of LPR, especially
dysplasia and tumorigenesis.

Dilation of intercellular spaces (DIS), presenting as
a significantly greater intercellular space that can be mea-
sured by transmission electron microscopy, is reported to be
an early morphological marker in GERD. This morpholo-
gical alteration is considered to be an ultrastructural feature
of acid damage in the esophageal squamous epithelium.
However, whether this marker is useful in diagnosing LPR-
related laryngitis remains controversial. Although Hu et al
verified DIS as a morphologic marker for LPR in a rabbit

reflux model,105

their method for generating artificial reflux
lacked data about pH and so could not show that the reflux
was acidic or not. On the other hand, Vaezi et al saw no
increase in DIS of the distal esophagus or larynx among
with GERD or those with

laryngitis.'°® This difference compared to prior studies

patients reflux-related
may suggest the diversity of reflux type among the GERD
patients, even though the overwhelming majority of reflux
in GERD is acidic. In addition, they also observed
a possible graded distal esophageal variation of DIS that
could be corrected by acid-suppressing therapy. Greater
intracellular space and loss of intracellular junctions in the
context of reflux leads to a disorganized barrier defense and
increased permeability of the epithelium and may exacer-
bate mucosal damage and transformation. Future studies on
mucosal morphology are needed to determine whether this

transformation happens in LPR patients and how this trans-
formation is distributed in LPR-related mucosa.

Dysregulation of the Mucosal Immune System

The infiltration of multiple immune cells has been observed
in mucosal lesions in relation to LPR. In LPR-related lar-
yngeal cancer, higher M2-macrophages polarization and
increasing Treg cell numbers were detected in both tumor
tissue and intact mucosa, with acidic reflux in particular.'®’
The “lipid index” of macrophages in induced sputum is
a noninvasive marker of aspiration, and it was found that
high lipid-laden macrophages (LLMI) may be related to
higher incidence of acidic oropharyngeal reflux.'®® Similar
phenomena have been observed in patients with GERD-
related asthma and chronic cough.'®® However, LLMI was
negatively correlated with GERD, tracheal aspirations, and

respiratory diseases in children,'' "

which may be due to
differences in the immune system between the children and
adults.

Rees et al observed increased CD8" T cell, natural
killer T (NKT) cells, and elevated CD1d expression in the
laryngeal mucosa in response to LPR."® They also found
a topographic switching in which major histocompatibility
complex (MHC) 1"2/CD1d"" epithelial cells in the basal
layers of laryngeal mucosa gradually transition into the
MHC 1'°%/CD1d"&" phenotype in the luminal layers.''?
Upon activation, NKT cells rapidly produce high levels of
IFN-y and IL-4 in order to influence Th1/Th2 immune
responses, and the switch from the MHC 1/CD8" T cell
axis at the basal layer to the CD1d/NKT cell or CDI1d-
responsive CD8" T cell axis at the upper/superficial epithe-
lial layer might play a central role in immunopathology
during the chronic inflammatory challenge of LPR.'
(Figure 2B). This alteration may play a vital role in the
maintenance of the balance of the upper airway tolerance
and the inflammatory responses, which may be crucial in
the larynx. Because the larynx is the junction of the IgA-
dominated upper and IgG-dominated lower airways, it is
confronted with a high density of inhaled/ingested chal-
lenges and thus contains a high density of immunologi-
cally active cells. Further exploration is needed to
determine the exact role that the CD1d/NKT cell axis
plays in LPR pathological processes and the response of
the mucosal immune system in the upper and lower airway
under these conditions.

The role that TLRs plays in LPR-related diseases
remains uncertain, but the alteration of TLRs’ expression
has been reported in GERD-related malignant complications
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such as esophageal adenocarcinoma and Barrett’s esophagus.
The reflux stimulates TLR4 expression in normal esophageal
cells, and TLR4 was found to be highly expressed in adeno-
carcinoma. The activation of TLR4 results in increased cell
proliferation, which indicates an enhanced response in the
process of inflammation-induced carcinogenesis.''* In addi-
tion, microbes, e.g., Streptococcus pneumonia, may be asso-
ciated with the upregulation of TLRs that mediate the
molecular changes that occur in esophageal adenocarcinoma
carcinogenesis under reflux conditions.'"*

Reflux disease-related changes in IL-6 expression have
been observed in several UAT tissues.'>’**%!"5 1L-6 is
a proinflammatory cytokine that functions in multiple
immune processes, including acute-phase responses, inflam-
and Thl7 cell
differentiation,''® and it has been shown that IL-6 expression

mation, neutrophil  recruitment,
in the esophagus increases as the grade of reflux pathology
increases and that it decreases upon therapy.'*''> Thus, IL-6
may be considered an indicator of LPR-related inflammation
in the UAT mucosa. IL-8 has been suggested to play key
roles in both acute inflammation and chronic inflammatory
injury associated with GERD and LPR.'? IL-8 expression
has been found to increase in more severe GERD patients,

17 and to

especially those with reflux-related complications,
decrease significantly following anti-reflux surgery (e.g.
1 IL-8 s

a potential indicator of reflux-related inflammation in the

laparoscopic  fundoplication). Therefore,
UAT mucosa. In addition, acidic pepsin and IL-8 expression
are positively correlated with the development of laryngeal
carcinoma,104 and tumor-derived IL-8 has been shown to
activate epithelial cells in the tumor vasculature and to pro-
mote angiogenesis and to increase the proliferation and
through the CXCR2

49,11 .
pathway.*>"'"® Moreover, tumor-associated macrophages are

migration of cancer cells
induced by IL-8 to secrete additional growth factors that
increase cell proliferation.'® Increased Th2 cytokines, such
as IL-5 and IL-13, are detected in allergic diseases and
eosinophilic inflammation and are associated with non-
specific reflux disease.'' It is believed that reflux disease-
related allergic responses are associated with LPR, and these
allergic symptoms are relieved after anti-reflux
therapies,'>'?' but the mechanisms by which the reflux
induces the allergic responses need to be further studied.
Furthermore, many inflammatory mediators can inter-
act with mucus and/or intracellular junctions in chronic
mucosal inflammatory disorders. TNF-a, IL-6, and IL-8
upregulate Muc2, Muc4, Muc5AC, and Muc8 gene

expression®'"'*? and IL-17 upregulates both Muc5B and

Muc5AC,'**'% suggesting the differential and specific
regulation of mucin genes by immune response media-
tors. The proinflammatory cytokines TNF-a, IL-4, IL-6,
and IL-13 are known to increase the permeability of
intestine epithelial cell monolayers, and this effect is
related to the increased expression of claudin-2.'**'??
Besides claudins, other TJ proteins have been shown to
be regulated in inflammatory processes. The occludins
and JAM-A are internalized in response to IFN-y,
thereby increasing the permeability of the mucosa,’ and
defective E-cadherin expression in the airway can acti-
vate DCs and thus facilitate allergen presentation.
Moreover, the loss of E-cadherin in cultured epithelial
cells results in the increased production of thymic stro-
mal lymphopoietin, which triggers an early step in
breaking inhalational tolerance and leads to Th2 cell
sensitization and asthma development.'” Future research
on these interactions might be beneficial to understand-
ing LPR-related mucosal inflammation.

Conclusions

LPR-related mucosal disorders are commonly encountered
in the ENT department, presenting challenges in diagnosis
and in optimizing treatment. The pathogenetic mechanism of
mucosal inflammation is unclear, but it is believed to be
caused by a mixture of acid and other injurious components,
particularly pepsin. Pepsin has been implicated in multiple
inflammatory processes and can work as a potential biomar-
ker as well as a therapeutic target. Changes in UAT mucosal
barrier function are a hallmark of LPR-related mucosal
inflammatory disorders. CD8" T cell infiltration, CD1d/
NKT cell activation, and high expression of TNF-a, IL-6,
and IL-8 have been observed in LPR-induced inflammatory
processes, and further studies of these inflammatory cascades
are needed to improve diagnosis and treatment. Further stu-
dies are also required to determine the mechanism of the
mucosal immune response towards injuries caused by reflux-
ate in order to provide a definitive diagnosis for laryngophar-
yngeal reflux and to improve current treatments.
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