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Abstract

The expression and function of the anion
exchanger pendrin (SLC26A4) was thought to be
limited mainly to the inner ear, kidney and
thyroid. Recent data indicates that pendrin is also
expressed in the bronchial epithelium following
exposure to the T 2-type cytokines, interleukin
(IL)-4 and IL-13. Expression of the transporter is
also upregulated in bronchial asthma and chronic
obstructive pulmonary disease. Both diseases
involve respiratory inflammation leading to tissue
destruction/remodeling and decreased airway
function, and data so far indicate that increased
pendrin expression and/or activity might contribute
to their pathogenesis. In this review, we summarize
data that have emerged within the past years
aimed at revealing the role for pendrin in the airway
epithelia.

Copyright © 2011 S. Karger AG, Basel

Introduction

Pendrin (SLC26A4) is an integral membrane
protein exchanging anions like bicarbonate, iodide
and others for chloride [1]. The protein is
predominantly expressed in the inner ear, thyroid
gland, and the kidney [2-5]. Expression has also been
documented in other organs, including the airway
epithelia [6-11], mammary gland [12], testis [5],
placenta [13], endometrium [14] and liver [15], albeit
much lower with respect to those mentioned
earlier. Mutations impairing pendrin function are
manifested as Pendred Syndrome (PS), an autosomal
recessive disorder characterized by prelingual
deafness and an iodide organification defect that
may or may not be accompanied with goiter [16-19].
Within the past years, increased pendrin expression
has been linked to respiratory diseases including
bronchial asthma, chronic obstructive pulmonary disease
(COPD) and rhinovirus infection [6-9, 20, 21]. While
asthma and COPD both compromise lung function,
they are distinct entities. Asthma is a reversible
respiratory condition in which bronchial spasms
result in breathing difficulty, and is usually caused
by an allergic reaction or some other form of
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hypersensitivity. COPD, on the other hand, is an
irreversible, long-term obstruction of lung
airflow interfering with normal breathing. While it is
becoming more and more evident that pendrin
is associated with these respiratory diseases, the
actual role that the anion transporter plays in the
respiratory epithelium is unclear.

Asthma and COPD

In 2004, the World Health Organization (WHO)
estimated that worldwide, 64 million people have
COPD and 235 million have asthma. COPD was the
fourth leading cause of death in 2004 [22], and the
disease is expected to rise to the third leading cause of
death by the year 2030 [23]. While asthma does
not compare with COPD in terms of mortality (only
3,447 asthma-induced deaths in 2007 in the USA [24]),
the social and economic costs of asthma are
estimated to be an astounding 18 billion USD per year
[25]. Interestingly, asthma has been identified as
a risk factor for COPD development [26].

Both diseases involve respiratory inflammation
leading to tissue destruction/remodeling and decreased
airway function [27-30]. The immunopathogenesis
of each disease is largely distinct, but some overlap is
apparent. COPD  predominantly involves
neutrophil, macrophage and CD8+ T-cell activation,
and the resulting inflammation is mediated
mainly by T,1-type cytokines (leukotriene B4
(LTB4), IL-1, IL-8 and tumor necrosis factor (TNF)a,
for example). On the other hand, asthma pathogenesis
primarily involves activation of eosinophils and CD4+ T-
cells, with downstream inflammation mediated mainly by
T,2-type cytokines (IL-3, IL-4, IL-5, IL-9, IL-13, and
granulocyte macrophage colony stimulating factor (GM-
CSF) for instance). Respiratory symptoms common to
asthma and COPD include subepithelial fibrosis and
mucus metaplasia/hypersecretion (a major factor
responsible for morbidity and mortality in the
aforementioned diseases [31]), both of which can
result from T, 1-type and T 2-type cytokine signaling [27,
32].

IL-4 and IL-13 Signal Transduction

Recently, increased pendrin expression has been
demonstrated in bronchial epithelial cells following

exposure to IL-4 and IL-13 [6-11]. These cytokines
are small glycoproteins produced and secreted by
various leukocytes and play important roles in the immune
system and intercellular communication. I1L-13 is
considered a central mediator of allergic asthma,
since it induces airway hyper-responsiveness (AHR),
acute eosinophilia, and IgE and mucus production
[33]. One of the main downstream effects of IL-4 and
IL-13 signaling is activation of the signal transducer
and activator of transcription (STAT) 6 protein (also
known as IL-4 nuclear activated factor, IL-4NAF).
Following ligand-receptor binding, associated
Janus kinases (JAKs) activate the receptor,
allowing STAT6 to then be recruited and activated (by
phosphorylation). Once phosphorylated, STAT6
homodimerizes and translocates to the nucleus
where it regulates the transcription of target genes. The
expression of STAT6 is upregulated in the bronchial
epithelium of asthma patients [34] and the levels
of both IL-4 and IL-13 are increased in the serum of
human asthmatic patients [35-39], as well as in the
bronchoalveolar lavage (BAL) fluid and serum of
allergen-sensitized rats [40].

IL-4 and IL-13 and Airway Epithelial lon
Channels and Transporters

IL-4 and IL-13 have been reported to modulate
the expression of a variety of ion channels and
transporters, as well as aquaporins (AQPs) within
the respiratory epithelium. Even more complex is that
the cytokines can differently effect the direction of
ion fluxes through these entities depending on the cell
type. For example, IL-4 conferred a reabsorptive
phenotype to T84 colonic cells by decreasing both
forskolin and carbachol -stimulated Cl- secretion
and fluid transport [41], whereas the same cytokine
induced a secretory phenotype in human
bronchial epithelial (HBE) cells by decreasing amiloride-
sensitive short-circuit current (I,.) and enhancing
forskolin and UTP-stimulated I . [42]. Amiloride-sensitive
I, is indicative of Na" transport via the epithelial
sodium channel (ENaC), while forskolin,
carbachol and UTP can induce activation and
subsequent chloride transport through the cystic
fibrosis transmembrane regulator (CFTR) and
Ca?"-activated chloride channels (CaCCs, CLCA),
respectively. Changes in ion transport through
these channels can occur by alterations in number and/or
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expression levels of active channels, open probability and/
or single channel conductance. In bronchial epithelial
cells, IL-4 has been shown to alter ion transport by
changes in expression; the cytokine decreased
expression of the B and y subunits of ENaC [43], and
increased the expression of CFTR [43], CLCA1 and
CLCA3 (human equivalent of murine gob-5) [6, 44,
45].While the end effect on ion transport (in terms of
direction) by IL-4 and IL-13 seems to be tissue-dependent,
a common theme emerges; both cytokines alter
Na* and CI' current. In terms of AQP regulation, both the
mRNA and protein levels of two AQP isoforms are
regulated by IL-13 in the lung; AQP3 is increased
whereas AQPS5 is decreased [46]. Interestingly,
decreased expression of this water channel isoform has
been associated with increased mucus production [47,
48].

Pendrin and the Airways

The link between airway disease and pendrin
was demonstrated first in 2005, in which pendrin
message was upregulated in three different murine
asthma models; two of which included transgenic
overexpression of IL-13 in the lung [7]. Pendrin
mRNA was increased 23-fold in primary HBE cultures
treated with IL-4 [11]. In the same study, IL-4 increased
the electroneutral, pendrin-mediated exchange of
thiocyanate (SCN") and CI, as well as the unilateral
transport of SCN- by CFTR and CaCCs. Recently,
Garnett et al. showed that pendrin plays a critical role in
transcellular HCO, secretion in Calu-3 airway serous
cells [49].

We showed that IL-13 increased the mRNA
expression of pendrin, Clca3 and mucin 5, subtypes A
and C (Muc5Sac, a major glycoprotein component
of mucus) in lung tissue of normal, BALB/c mice [9].
In the same study, asthma and COPD were simulated in
mice by inhalation of either ovalbumin (OVA) or porcine
pancrease elastase (PPE), respectively. Both simulations
resulted in increased pendrin mRNA and protein
expression, as well as an increase in the presence of
mucins (as assessed by H&E and PAS/Alcian staining).
Asthma simulation also increased the mRNA levels of
Clca3 while COPD simulation increased the
expression of Muc5ac mRNA. The most striking results
included those induced soley by the overexpression of
pendrin. In mice, the enforced overexpression of
pendrin in lung tissue resulted in increases in i) AHR, ii)

formation of mucus exudates, iii) neutrophilic
infiltration and iv) expression of Muc5ac protein in the
BAL fluid. In a separate study, OVA-stimulated
pendrin knock-out mice displayed less AHR, eosinophilia
and inflammation than their wild-type counterparts [8].
These data, albeit from mouse models, suggest that
pendrin might be a common denominator in asthma and
COPD.

The IL-13-mediated increases in the expression
of pendrin, ClCa3 and Muc5ac mRNA that we
showed were not evident in STAT6 knockout
mice [9]. This observation, along with the data linking
IL-4 to increased pendrin expression, prompted
an in-depth investigation of the mechanism of IL-4 and
IL-13 stimulated increases in pendrin expression. As
previously mentioned, IL-4 and IL-13 signaling
involves activation of STAT6. The transcription
factor prefers to bind with N, interferon-y activated
sequence (GAS) motifs (5° TTC(N,)GAA 3’, where N
is any nucleotide) in the promoter regions of
target genes [50]. The pendrin promoter contains
at least one N, GAS motif, and we showed that STAT6
bound this sequence in vitro. Moreover, both 1L-4 and
IL-13 increased the promoter activity of pendrin,
an effect that required an intact N, GAS motif [10].
We concluded that increases in pendrin promoter
activity via STAT6 represent as least one
mechanism by which IL-4 and IL-13 increase the
message expression of the transporter. Cytokines
other than IL-4 and IL-13 may be responsible
for increases in pendrin expression. IL-103, a
macrophage secreted cytokine involved in the
immunopathogenesis of both asthma and COPD
[51], has also been shown to increase pendrin
mRNA levels in human bronchial epithelial cells [11].

The importance of proper homeostatic maintenance
of the thickness and composition of the airway
surface liquid (ASL) by the underlying
respiratory epithelium is underscored by the expression
of multiple ion channel transporter entities, AQP water
channels, salt-sensitive enzymes and peptide antibiotics.
Pedemonte et al. showed that pendrin-mediated
SCN- transport into the ASL is involved in the
production of the antimicrobial molecule hypothiocyanite
(OSCN") [11]. In this context, SCN" is oxidized
into OSCN-" in the presence of hydrogen peroxide
(H,0,), generated by dual NADPH oxidases
DUOX1 and DUOX2, and lactoperoxidase (LPO)
(Fig. 1). Like pendrin, the expression of DUOX]1
is upregulated by IL-4 and IL-13 in airway epithelial
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Fig. 1. Regulation of airway surface
liquid (ASL) thickness by IL-4 and IL-13,
and roles of pendrin in bronchial
epithelial cells. In bronchial epithelial
cells, IL-4 and IL-13 induce a secretory
phenotype by stimulating chloride (CI)
secretion via CFTR and calcium (Ca?")-
activated chloride channels (CaCCs),
and by decreasing sodium (Na¥)
reabsorption via ENaC. This leads to
increased water secretion and ASL
thickness. Both cytokines also increase
the expression and function of pendrin
(PDS), resulting in the reabsorption of
water and decreased ASL thickness.
Pendrin can also increase thiocyanite
(SCN) secretion, which, in the presence
of hydrogen peroxide (H,0,) generated
by DUOXI, can contribute to the
production of the antimicrobial agent
hypothiocyanite (OSCN-) by the
lactoperoxidase (LPO) system. The
contribution of aquaporins to ASL
thickness is not shown in this cartoon;
nor is the contribution of pendrin
to mucus formation.
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cells [11, 52, 53]. Therefore, pendrin and DUOX1/2
overexpression may act in counteracting microbial
infection.

Pendrin as a Therapeutic Target in Asthma
and COPD

The mainstream therapies for asthma and
COPD are largely different, but have some
commonalities. Corticosteroids as anti-inflammatory
agents and short- and long-acting B-adrenergic agonists
as bronchodilators are popular asthma therapies,
whereas anti-cholinergics as bronchodilators are
predominantly used in COPD. Corticosteroid use
in COPD exists, but is less compared with asthma.
Despite the relatively high effectiveness of

these therapies, disease control in certain patient
populations (severe asthma, for example) remains
unmet, partly due to low patient compliance. In
recent years, blockade of cytokine signaling (antibodies
as ligand and receptor blockers, soluble forms of
dominant negative ligand, and inhibitors of
intermediate signaling proteins) as a means of countera-
cting inflammation has been a focus in regards to
drug development. At least for asthma, specific
inhibition of T 2-type cytokine signaling
has predominated. The majority of anti-T, 2-type
cytokine signaling therapies effective in animal
models are either ineffective in humans or seem to be
patient subtype specific (ie. non-eosinophilic or severe
eosinophilic asthma) [28, 54-62]. For example,
the anti-IL-13 monoclonal antibody (mAb)
lebrikizumab, improved lung function in corticosteroid-
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resistant asthmatics, but patients with higher serum levels
of periostin had a greater improvement compared to those
with lower serum periostin levels [63]. Pitrakinra (AER-
001, BAY-16-9996), a soluble, dominant negative form
of mutated IL-4, as well as reslizumab and mepoluzimab
(IL-5 mADbs) had no overall effect in a group of
patients with mild to severe asthma, but did help
those patients with severe eosinophilic asthma [56].
AS1517499 [60] and STAT-6-inhibitory peptide (IP)
[57] (both STAT6 inhibitors) prevented allergy-induced
symptoms in mice, but no information regarding
their effects in humans is known.

As already mentioned, inflammation and
epithelial barrier remodeling are apparent in both
asthma and COPD. It is most often thought that the
inflammation leads to remodeling of the airway
epithelium, but the converse is also possible [30, 64-66].
As such, it is has been proposed that although
inflammation plays a significant role in the pathogenesis
of asthma and COPD, significantly more attention
should be paid to the impact of airway epithelial
remodeling on this process [28, 32, 67].

Pendrin may play a major role in the pathogenesis
of asthma or COPD by regulating ASL thickness
and mucus production. ENaC, CFTR and CaCCs
are regulated by IL-4 and IL-13, and it is clear that
at least in lung epithelial cells, reabsorptive Na* transport
through ENaC is suppressed whereas secretory
transport of CIl through CFTR and CaCCs is
stimulated. Together, these actions would result in a net
secretory phenotype, resulting in the osmotic flow
of water into the lumen and an increase in ASL
thickness. Therapies directly targeting sodium
reabsorption have presented little, if any value
to the problem at hand, since IL-4 and IL-13 (as stated
above) already decrease sodium reabsorption
in the respiratory epithelium (Fig. 1). It is therefore
not surprising that a further decrease in sodium
conductance by sodium channel blockers does not
dramatically improve the clinical situation. Similarly,
preventing overall IL-4/IL-13 signaling, as stated
earlier, also seems not to be ideal, since both cytokines
result in a net secretory phenotype and increase ASL
thickness by inducing the osmotic flow of water into the
lumen. However, increased expression of pendrin by IL-
4 or IL-13 could promote the exchange of Cl into the
cell for HCO," into the lumen. Depending on the amount
of pendrin activity, the balance of bronchial
epithelial ion transport could be tipped towards
reabsorption, resulting in the osmotic flow of water

into the interstitium and thinning of the ASL.
Indeed, the ASL was thicker in IL-13-treated tracheal
epithelial cells isolated from pendrin knock out
mice compared to wild-type mice (expressing pendrin)
[8].

Therefore, it is clear that inflammatory
cytokines increase the expression and/or activity
of pendrin. What is not clear is when pendrin
overexpression occurs in asthma and COPD and
if the anion exchanger is involved in epithelial
remodeling. Is inflammation a requirement for
increased pendrin expression, or does pendrin
overexpression occur prior to cytokine release
and represent a protein under a cytokine-stimulated
positive feedback loop? The best evidence to
support this is that overexpression of pendrin by itself
leads to increases in mucus formation, AHR, and
respiratory neutrophilic infiltration [9]. Moreover, pendrin
overexpression is common to both asthma and COPD, in
which IL-4 and IL-13 signaling has varying contribution
to the immunopathogenesis of these diseases.
Interestingly, niflumic acid (a non-selective pendrin blocker
[68]) dampened the development of IL-13-induced
asthma phenotypes in mice [69]. Madeo et al. attempted
to make a correlation between asthma resistance and
patients with Pendred Syndrome; the study did
not reach statistical significance due to low numbers of
participants [70]. In any case, however, none
of the Pendred Syndrome patients studied had
asthma. It is feasible to assume that specific blockade of
pendrin in the respiratory epithelium may open
innovative therapeutic avenues in the treatment
of asthma and COPD.

In conclusion, it has become evident that
pendrin is involved in asthma and COPD. The role
of the anion transporter regarding pathogenesis of
these diseases is still unclear, thus warranting further,
in-depth investigations of pendrin function in the
airway epithelium.
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