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ABSTRACT
The CLCA gene family produces both secreted and membrane-associated proteins that modulate
ion-channel activity, drive mucus production and have a poorly understood pleiotropic effect on
airway inflammation. The mechanism of how hCLCA1 regulates airway inflammation remains
unknown. However, hCLCA1 induction in inflamed airway epithelium is higher than most
cytokines and chemokines that activate resident and recruited macrophages’ innate immune
response. Thus, it is possible that hCLCA1’s role in airway inflammation is to regulate the
immune response of macrophages. Here, we demonstrated the ability of secreted hCLCA1 to
activate macrophages, inducing them to express pro-inflammatory cytokines and to undertake a
pivotal role in airway inflammation. The VWA domain within hCLCA1 was found to be
responsible for the activation, which correlated with induction of the NF-κB and MAPK
pathways. These findings open a new area of investigation into the function of CLCA proteins
and should be of therapeutic interest.
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INTRODUCTION
1.1

Rationale

Inflamed airway diseases such as asthma, cystic fibrosis, and chronic obstructive pulmonary
disease affect one in seven people in North America. The hallmarks of these inflamed airway
diseases include goblet cell hyperplasia, mucus hypersecretion and airway inflammation. If
inflammation is not resolved, it could lead to airway remodeling, mucus hypersecretion, and
tissue destruction. The consequences of these pathological conditions will lead to bacterial
infection, chronic bronchitis, airflow obstruction, etc.
During airway inflammation, epithelial cells secrete high levels of pro-inflammatory cytokines
and hCLCA1. The pro-inflammatory cytokines stimulate resident alveolar macrophages to
release chemokines. The chemokines then recruit more macrophages to the site of inflammation
and even more pro-inflammatory cytokines are released, and the inflammation is amplified.
hCLCA1, a gene belong to the CLCA gene family, has well-documented pleiotropic effects in
mucus regulation and ion channel modulation. However, the mechanism by which hCLCA1
exerts its effect remains unknown.
Since hCLCA1 proteins are secreted in the same proximity as the macrophages during airway
inflammation, we hypothesize that hCLCA1 also has the ability to regulate the immune response
in macrophages. Macrophages are one of the most important immune cells in humans. They have
multiple functions including initiation of inflammatory response, resolution of inflammation, and
tissue repair. Interaction of hCLCA1 and macrophages might explain how hCLCA1 is
responsible for many different physiological functions.

1

1.2

Objectives
1.

To determine if secreted hCLCA1 could act as a signaling molecule to induce
cytokine expression in macrophages

2.

To determine the functional domain of hCLCA1 and the signal transduction pathway
that is involved in macrophage activation
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1.3

Hypotheses
1.

Secreted hCLCA1 activates and induces pro-inflammatory cytokine expression in
macrophages

2.

Von Willebrand Factor Type A (VWA) domain within hCLCA1 is responsible for upregulating cytokine expression in macrophages

3.

Mitogen-activated protein kinase (MAPK) or nuclear factor-kappa B (NF-κB)
signaling pathways are involved with hCLCA1’s VWA domain stimulation

3

LITERATURE REVIEW
2.1

Calcium-activated chloride channel (CLCA) proteins

2.1.1 Backgrounds
The CLCA genes (CL stands for chloride-channel modulating and CA for calcium-activated) were
initially identified as the pore subunits of a calcium-activated chloride channel1. They were
subsequently renamed to be chloride channel accessory proteins due to accumulating
experimental data and advancement in bioinformatics. Of all the CLCA genes, human hCLCA1
and its murine ortholog mCLCA3 have been the most extensively studied. The gene products
have pleiotropic effects, generating secreted and membrane-associated proteins that increase
mucus production, airway responsiveness, and increase calcium-activated chloride channel
conductance. They are also highly expressed in the airway epithelium in inflammatory airway
diseases such as cystic fibrosis, asthma, and chronic obstructive pulmonary disease. However, it
is still unclear how hCLCA1 or mCLCA3 can exert such pleiotropic effects.
2.1.1.1

Initial model of CLCA proteins

The initial member of the CLCA family was identified through immuno-precipitation using an
antibody against a 38 kDa protein (anti-P38) in bovine tracheal epithelium in 19922. The proteins
immuno-purified using the antibody yielded products of varying molecular weights, 38, 62-64
and 140 kDa. The author concluded that the varying molecular weight proteins were monomeric,
dimeric and tetrameric forms of the same product. It was suggested that the 140 kDa protein
constituted the functional channel by linking four identical 38 kDa subunits through disulfide
bonds. When reconstituted into lipid bilayers, the protein gave rise to anion conductance with an
I- > Cl- selectivity, and it was sensitive to the chloride channel blocker DIDS. Consistent with the
channel being linked by disulfide-bonds, the channel activity was abolished when it was treated
with dithiothreitol (DTT). Similarly, a protein involved in conductive chloride transport was also
discovered in porcine ileal brush-border membrane in 19913, this protein was later cloned and
identified as pCLCA1 in 20004.
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The first clone of hCLCA1 was being reported in 1995. By using the anti-P38 antibody
mentioned above, Cunningham et al. cloned a cDNA thought to encode the putative chloride
channel expressed in epithelial cells in bovine trachea1. The cloned cDNA encoded for a 903
amino acid long protein, and it was believed to be a Ca2+/calmodulin-dependent protein kinaseregulated chloride channel. This protein was predicted to have a membrane protein structure with
at least four transmembrane-spanning regions. When expressed in Xenopus oocytes, the protein
displayed outwardly rectified current that was anion-selective. The current was increased
following exposure to calcium ionophore and inhibited by channel inhibitors. The authors
concluded that the protein encoded a calcium-activated chloride channel (CaCC) and the current
was similar to the electrophysiological characteristics of previous detected CaCC. This protein
was subsequently named bCLCA1.
Over the next few years, several members of this gene family were cloned and identified from
different mammalian species using gene screening (human, mouse, bovine)4-12, and they were
found to function as CaCCs as well. This was supported by electrophysiological experiments in
which heterologous expression of CLCA isoforms from various species (human, mouse, bovine,
pig) in HEK293 or NIH/3T3 cells increased chloride currents in response to increasing calcium in
the cytosol13-15.
2.1.1.2

Current and evolving model of CLCA proteins

However, there were inconsistencies to the initial model that had suggested CLCA proteins were
CaCCs themselves. Structurally, the predicted transmembrane-spanning regions for some of the
CLCAs included a soluble von Willebrand factor type A (VWA) domain, which was inconsistent
with being a channel6. Typically, amino acids in the transmembrane-spanning regions of an ion
channel are organized into alpha-helix or beta-barrel structure. Functionally, members of the
CLCA family were linked to roles other than ion channels, playing a role in regulation of mucus
production (mCLCA3) and tumor suppression (CLCA2)16, 17. Moreover, some of the CLCA
proteins were reported to be cell adhesion molecules (e.g. hCLCA2) or to be truncated with no
transmembrane-spanning regions (hCLCA3), thus they could not form the chloride channels
themselves18.
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The accumulating experimental results and advancement in bioinformatics led to a new model for
CLCA structures and functions. The current model described CLCA proteins as soluble secreted
molecules with the exception of a subset of CLCA proteins that contain a C-terminal membrane
anchoring region19, 20. A common feature shared by the CLCA family of proteins is the presence
of a proteolytic cleavage site near the C-terminus, and all the CLCA isoforms tested in
mammalian cell culture system seemed to be processed similarly5, 19-26. Generally, a precursor
~120 kDa glycoprotein is cleaved into two products: a ~85 kDa N-terminal subunit and a ~35
kDa C-terminal subunit. However, the size of the proteins seems to be cell-line- and tissuedependent17. All N-terminal subunits are secreted into the extracellular space while the Cterminal subunits are either secreted or retained inside the cells depending on the CLCA
ortholog20-23. Today, CLCA genes have been renamed to chloride channel accessory proteins.
Although CLCA family proteins do not form the pore subunits of the CaCCs, they remain
important to many physiological functions including regulation of chloride channel conductance,
modulation of mucus expression, regulation of immune responses, etc (Table 2.1). To date,
CLCA genes from other mammalian species have been identified, and this has allowed the
categorization of CLCA from different species into different subgroups based on the level of
sequence similarity (Table 2.2, Figure 2.1 and 2.2).
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Table 2.1. Tissue expressions and functions of mammalian CLCA gene homologs.
Gene
hCLCA1
hCLCA2
hCLCA3
hCLCA4
mCLCA1

mCLCA2

mCLCA3

mCLCA4
mCLCA5
mCLCA6
mCLCA7
mCLCA8
pCLCA1

pCLCA2
pCLCA4

Tissue Distribution
Airway mucous cells, intestinal
goblet cells, uterus, stomach, testis,
kidney
Lung, trachea, mammary gland,
testis, prostate, bladder, stomach
Lung, trachea, mammary gland,
thymus, spleen
Colon, bladder, uterus, trachea,
stomach, prostate, mammary gland,
brain
Lung, aorta, spleen, bone marrow,
lymph nodes, brain, kidney, skin,
liver, spleen, intestine, cecum, dorsal
root ganglion, breast
Involuted mammary tissues, thymus,
colon, intestine, bladder, epididymis,
vesicular gland, skin, dorsal root
ganglion
Mucous cells of small intestines,
colon, lung, trachea, uterus, stomach

Functions
Increases CaCC conductance,
induces goblet cell metaplasia,
regulates airway inflammation
Increases CaCC conductance,
tumor promoter and suppressor
No function reported
Possible disease modifier for cystic
fibrosis
Increases CaCC conductance,
tumor promoter and suppressor
Tumor suppressor, possible
apoptotic inducer

Induces goblet cell metaplasia,
possible inducer for airway hyperresponsiveness, induces airway
inflammation
Smooth muscle of lung, heart, uterus, Increases CaCC conductance that
bladder, stomach, aorta, skeletal
mimics native chloride
muscle, intestinal goblet cells
conductance in smooth muscle
Eye, spleen, heart, intestine, lung,
Increases CaCC conductance,
skeletal muscle, stomach, testis,
induces goblet cell metaplasia,
dorsal root ganglion
tumor suppressor
Intestine, stomach
Increases CaCC conductance,
potential regulator for CFTR
No expression reported
No function reported
No expression reported
No function reported
Surface epithelium in ileum, surface Increases CaCC conductance,
epithelium and submucosal glands in increases cAMP-dependent
trachea, sublingual, submandibular
chloride conductance
and parotid salivary glands
Skin
Potential role in structural integrity
of the skin
Lung
No function reported
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Table 2.2. Human CLCAs and their animal homologs. h = human, m = murine, p = porcine, b
= bovine, e = equine.
Human CLCAs
Animal homologs

hCLCA1
mCLCA3
pCLCA1
bCLCA1
eCLCA1

hCLCA2
mCLCA5
pCLCA2
bCLCA2
eCLCA2
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hCLCA3
mCLCA1
mCLCA2
mCLCA4
bCLCA3

hCLCA4
mCLCA6
mCLCA7
mCLCA8
pCLCA4
bCLCA4
eCLCA4

Figure 2.1. Phylogenetic tree for CLCA family members in human, mouse, pig, horse, and
cow. The analysis was performed on the Phylogeny.fr platform. Sequences were aligned with
MUSCLE (v3.8.31), the phylogenetic tree was reconstructed using PhyML program (v3.1/3.0
aLRT), and the graphical representation was generated with TreeDyn (v198.3)27-33. The bar
represents 20% sequence diversity. Each color represents a homologous group comparing to each
human CLCA gene.
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Figure 2.2. Annotated sequence alignment for CLCA proteins in human, mouse, and pig.
Sequence analysis and alignment were performed with T-Coffee multiple sequence alignment
program. The color indicates the levels of similarity between different CLCA homologs, with
purple being the least similar to pink being the most similar. The domains (hydrolase domain,
VWA domain, and FN3 domain) are identified based on hCLCA1 sequence. The blue arrows
indicate the sites of metal-ion-dependent adhesion site (MIDAS) motifs. The blue boxes indicate
the location of hydrolase active site motif or β4-intergrin motif. Sequence conversation is denoted
by consensus symbols: an asterisk (*) indicates positions which have a single, fully conserved
residue, a colon (:) indicates conservation between groups of strongly similar properties, and
period (.) indicates conservation between groups of weakly similar properties.
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Figure 2.2. Continued
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Figure 2.2. Continued
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2.1.1.3

CLCA homologs in mammalian species

To date, CLCA homologs have been identified in many species (human, mouse, pig, horse, etc.).
This section will cover the tissue distributions as well as the functions of different CLCAs
expressed in human, mouse, and pig. There are 4 identified CLCAs in human, 6 or more in
mouse, and 3 in pig.
2.1.1.3.1

Human CLCAs

The first human CLCA gene identified was hCLCA1 and it is the most extensively studied
human CLCA gene6. It is expressed in multiple tissues, predominantly in the mucus-secreting
cells in the airways and small and large intestines5, 34, with much lower expression levels in the
uterus, stomach, testis, and kidney35. Transient expression of hCLCA1 in HEK293 cell line
increased calcium-activated chloride channel (CaCC) conductance6, 36. Recently, a study
demonstrated hCLCA1’s ability to increase CaCC conductance by increasing the surface
expression of endogenous transmembrane member 16A (TMEM16A), the actual calciumactivated chloride channel37. hCLCA1 has also been intensely studied with its association with
mucus production. Experimental results demonstrated that transient expression of hCLCA1 in
vitro could induce mucus production38-40, and hCLCA1 was reported to be significantly induced
in the airway epithelia of patients suffering from airway diseases such as cystic fibrosis (CF),
asthma, and chronic obstructive pulmonary disease (COPD) (See section 2.2; Respiratory
diseases)34, 41-44. To add another layer of complexity to the functions of hCLCA1, we were the
first ones to demonstrate that secreted hCLCA1 could act as a signaling molecule and induce proinflammatory cytokine expression in macrophages, suggesting its role in immune regulation45.
We were also the first to show that the secreted form of hCLCA1 possesses physiological
functions. This signaling property of hCLCA1 might explain how hCLCA1 can have such a
pleiotropic effect toward different physiological functions.
The second member of the hCLCA family, hCLCA2, is expressed in the lung, trachea and
mammary gland12, with weak expression in testis, prostate, bladder and stomach35. Similar to
hCLCA1, transient expression of hCLCA2 in HEK293 also increased CaCC conductance12.
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Interestingly, hCLCA2 seems to play a role in both tumor metastasis and suppression. One study
demonstrated that the β4-binding motif in the VWA domain of hCLCA2 could bind to the β4
integrin expressed on breast cancer cells, and this led to metastatic spread of the cancer16.
However, β4-integrin motif is only present in hCLCA2, mCLCA1, and mCLCA2 (Figure 2.2).
Contrary to the tumor metastatic role, hCLCA2 also seems to partake a role in tumor suppression.
Gruber and Pauli found that hCLCA2, which expressed abundantly in normal breast epithelial
cells, was depleted in transformed tumorigenic cell lines18. In addition, when the highly
metastatic breast cancer cell line transgenically expressing hCLCA2 was injected into nude mice,
it decreased the capacity of these cells for invasion and tumor generation18.
Unlike other CLCA homologs, hCLCA3 is a truncated CLCA protein with a premature stop
codon, and the expressed protein is secreted into the medium in vitro9. It was reported to express
in the lung, trachea, mammary gland, thymus and spleen9. However, no function has been
reported for hCLCA3. The fourth member of human CLCA, hCLCA4, is expressed in various
tissues including the colon, bladder, uterus, trachea, stomach, prostate, mammary gland, and it is
the only human CLCA that expresses in the brain35. However, the function of hCLCA4 remains
unknown, although it was suggested to be a potential modifier of disease severity in cystic
fibrosis46.
2.1.1.3.2

Mouse CLCAs

mCLCA1 was the first identified murine CLCA gene, and it was found to express in a variety of
tissues including the lung, aorta, spleen, bone marrow, lymph nodes, brain, kidney, skin, liver,
spleen, intestine, cecum, brain, dorsal root ganglion and breast11, 18, 47, 48. Similar to other CLCA
orthologs, expression of mCLCA1 in HEK293 or Xenopus oocytes increased CaCC currents5, 11.
Like hCLCA2, mCLCA1 seems to partake in both tumor promotion and suppression. One study
showed that the binding of mCLCA1 and β4-intergrin expressed on mouse skin melanoma cell
line activated focal adhesion kinase (FAK), which activated downstream extracellular signal
regulated kinase (ERK) and promoted proliferation of tumor cells (see section 2.3.3.2;
MAPKs)49. In addition, this study found that the FAK-mediated signaling to ERK is Srcdependent. The mCLCA1-β4-intergrin interaction promoted FAK autophosphorylation at
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Tyr397, which created a binding site for Src. Interaction with Src further phosphorylated FAK,
creating an SH2-binding site for growth factor receptor-bound protein 2 (Grb2), which
subsequently activated the downstream signaling to ERK. It is important to note that Grb2 is also
an intermediate adaptor protein that can activate downstream p38 mitogen-activated protein
kinases (p38). However, the author did not investigate p38 activation likely because ERK is
involved in cell proliferation while p38 is involved in inflammation. This study looked at three
different signaling targets that were immediately downstream of focal adhesions: focal adhesion
kinase (FAK), proline-rich tyrosine kinase-2 (Pyk2), and phosphatidylinositol 3-kinase (PI3K).
However, only FAK was strongly activated upon mCLCA1 interaction. It is important to note
that activation of PI3K subsequently phosphorylates serine/threonine kinase Akt, and
phosphorylated Akt phosphorylates IKKα, resulting in activation of nuclear factor-kappa B (NFκB) pathway (See Section 2.3.3.1; Nuclear factor-kappa B)50. Although mCLCA1-β4-integrin
interaction did not promote PI3K activation, it does not exclude the possibility that the β4binding motif in other CLCAs could activate PI3K pathway that will eventually lead to NF-κB
activation. Contrary to the above study, another study reported that mCLCA1 was downregulated in human breast cancer cell line51. When mCLCA1 was reintroduced into the tumor cell
line by transfection, reduced growth rate and survival rate was observed51. These contrary results
suggest that the effect of mCLCA1 on tumor cell growth might be cell-line or species-dependent.
The second member of the murine CLCA family, mCLCA2, is an ortholog of mCLCA1 that
expresses in low levels in most of the tissues48. Strong expression of mCLCA2 was observed in
involuted mammary tissues, but not in pregnant or lactating tissues48, 52. With the highest
expression found in cells with high turnover, mCLCA2 was suggested to have an apoptotic role
in these tissues. Indeed, further experiment indicated that mCLCA2 expression was induced in
response to apoptotic stimuli51. When mCLCA2 was transfected into tumor cell line, it elicited a
survival inhibitory effect which was more potent than that induced by mCLCA151.
mCLCA3, also known as gob-5, is a murine ortholog of hCLCA1 and is the most well-studied
CLCA gene in mouse. It expresses in the mucous cells of different tissues including small
intestine, colon, lung, trachea, uterus and stomach, with the highest expression in gastrointestinal
and respiratory tracts10, 17. Although expression of mCLCA3 in vitro generated CaCC
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conductance, the effect cannot be reproduced in vivo with mCLCA3 knockout mice53. This could
be attributed to the redundancy of CLCAs in mice, in which other CLCAs compensate for the
loss of mCLCA3. However, most of the attention of mCLCA3 was focused in its association with
mucus production. Similar to its human ortholog hCLCA1, transient expression of mCLCA3 in
vitro caused significant increase in mucus production43. It was reported that mCLCA3 expression
was selectively induced in asthmatic mice, and administration of adenovirus-expressing antisense
mCLCA3 inhibited the development of goblet cell metaplasia and airway hyper-responsiveness
while overexpression of mCLCA3 exacerbated the asthma phenotype43. This was partly
consistent with a study that demonstrated mCLCA3 gene transfer induced goblet cell metaplasia
but not airway hyper-responsiveness54. These results were supported by a recent study that
intranasal administration of mCLCA3 antibody significantly reduced airway inflammation,
goblet cell hyperplasia and mCLCA3 expression in asthmatic mice55.
The fourth member of the murine CLCA, mCLCA4, is expressed in smooth muscle of uterus,
lung, heart, bladder, stomach, aorta, skeletal muscle and in the mucous cell in gastrointestinal
tracts26. Expression of mCLCA4 in HEK293 exhibited CaCC conductance that mimicked the
native calcium-activated chloride channels in smooth muscles26. However, no other physiological
functions of mCLCA4 have been reported. One study showed that the luminal sorting motifs on
mCLCA4 sequence was required for export from endoplasmic reticulum and subsequent
proteolytic processing. The same study demonstrated that mutation in the luminal sorting motifs
cause mCLCA4 to be trapped in the endoplasmic reticulum and have impaired proteolytic
cleavage of itself22. It is likely that other CLCAs are processed in a similar manner since most
CLCAs have high sequence homologies at their N-terminal (Figure 2.2).
mCLCA5 is a murine ortholog of hCLCA2. Similar to hCLCA2, mCLCA5 is expressed in a
variety of tissues including heart, intestine, lung, skeletal muscle, stomach, testis, dorsal root
ganglion, and highest expression in spleen and eye47, 56. Like other CLCAs, transfection of
mCLCA5 in HEK293 also generated CaCC current56. The expression of mCLCA5 was found to
increase in mCLCA3 knockout mice experiencing goblet cell metaplasia. In addition, the author
showed mCLCA5 gene transfer was sufficient to drive goblet cell metaplasia in mice54,
suggesting mCLCA5 might compensate for the loss of mCLCA3 in mice. Similar to its human
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ortholog hCLCA2, mCLCA5 expression was found to decrease in tumor cells while increase
under serum-free conditions, suggesting its role as an apoptotic inducer. This was supported by
the arrest of cell growth and colony formation after mCLCA5 was expressed in the tumor cell
line24.
mCLCA6, which is a murine ortholog of hCLCA4, expresses predominantly in intestine and
stomach56. Expression of mCLCA6 also generated CaCC conductance56. One study reported that
mCLCA6 colocalized with cystic fibrosis transmembrane regulator (CFTR) at the apical surface
of colonic crypt cells. This suggested a direct or indirect role of mCLCA6 in transepithelial anion
conductance in the mouse intestine19. Using BLAST program to search for homologs of the
mCLCA3, Patel et al. discovered mCLCA7 and mCLCA8 gene. However, no expression and
functional studies have been reported57.
2.1.1.3.3

Pig CLCAs

The first member of porcine CLCA family, pCLCA1, is an ortholog of hCLCA1 and mCLCA3.
It expresses predominantly in the surface epithelium in ileum, surface epithelium and the
underlying submucosal glands in the trachea, and low levels in sublingual, submandibular and
parotid salivary glands4, 58. pCLCA1 was suggested to be a mediator for both CaCC and cyclic
adenosine monophosphate (cAMP)-dependent chloride channel4, 59, 60. Increased calciumactivated chloride conductance was observed when expressed in NIH/3T3 cells4. In addition,
expression of pCLCA1 in an intestinal epithelial CaCO-2 cell line also induced cAMP-dependent
chloride conductance, possibly through the regulation of CFTR59. The same group subsequently
showed that the regulation of cAMP-dependent chloride channel by pCLCA1 persisted in mature
polarized CaCO-2 cells, in which the calcium-activated chloride conductance disappeared60.
The second member of the porcine CLCA family, pCLCA2, is an ortholog of human hCLCA2
and murine mCLCA5 and is the only member of CLCA that expresses in the skin, and the author
suggested that pCLCA2 might play a role in the structural integrity of the skin61.
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The third member of the porcine CLCA gene, pCLCA4, is an ortholog of hCLCA4 and mCLCA6
that expresses strongly in the lung62. However, similar to pCLCA2, no functional studies have
been conducted on these genes.
2.1.2 Protein structure of hCLCA1
2.1.2.1

Molecular characteristics and functional domains

The hCLCA1 gene is located on chromosome 1 (1p22.3) and encodes a 914 amino acid protein
with a calculated molecular mass of 100.3 kDa. Using the ScanProsite bioinformatics tool, it is
predicted that hCLCA1 contains 18 potential sites for N-myristoylation, 13 consensus sites for
protein kinase C phosphorylation, 2 consensus sites for amidation, 12 consensus sites for casein
kinase II phosphorylation, 3 consensus sites for Ca2+/calmodulin dependent kinase II
phosphorylation, and 8 potential sites for asparagine-linked glycosylation14, 63. Post-translational
modifications such as myristoylation and glycosylation could be vital to hCLCA1 signal
transduction ability. Myristoylation allows weak protein-protein and protein-lipid interaction, and
it has been shown to play an essential role in protein-protein interaction and signal transduction64.
On the other hand, glycosylation is known to modulate the structure and function of signaling
molecules65-67. Proteomic bioinformatics has indicated that hCLCA1 contains functional domains
that are commonly shared among CLCA gene family5, 19-26. These specifically include domains
such as hydrolase domain, von Willebrand Factor type A domain, and Fibronectin type III (FN3)
domain (Figure 2.3).
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Figure 2.3. Structural scheme of hCLCA1 protein. Using NCBI’s conserved domains
database, three domains were predicted in hCLCA1. The hydrolase domain lies between 1-261
residues at the N-terminal of the protein. The von Willebrand factor type A (VWA) domain is
located between 305-458 residues, and the fibronectin type III (FN3) domain is located between
753-816 residues of hCLCA1.
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2.1.2.1.1

Hydrolase domain

Recent studies have identified the presence of a hydrolase domain in the N-terminal region of the
hCLCA1 protein (1-261 residues)68. The study reported that the structural prediction of the
hydrolase domain was similar to that of the zinc-dependent metalloproteases with a His-Glu-x-xHis (HExxH) active site motif, and the hydrolase function was abolished when glutamate residue
157 was mutated into glutamine (HEWAH à HQWAH). A follow up study by the same group
demonstrated that this HExxH motif is well-conserved in the CLCA family69.
When hCLCA1 is expressed, it is subjected to glycosylation and possible myristoylation,
increasing its molecular mass from ~100 kDa to ~130 kDa. Then the hydrolase domain
autocleaves the precursor hCLCA1 into a ~90 kDa amino-terminal and ~40 kDa carboxylterminal subunits. Although it was reported that both subunits were secreted into the extracellular
compartment6, our results showed otherwise. From our western blot analysis, we found that only
the glycosylated forms of hCLCA1 were secreted into the extracellular compartment. Both the
precursor hCLCA1 and N-terminal product were secreted while the C-terminal product was
retained inside the cell (Figure 2.4). Similar to previous studies, we also observed an E157Q
mutation in hCLCA1 abolished the proteolytic activity. A recent study reported that the
proteolytic activity of hCLCA1 was required to regulate calcium-activated chloride channel
activity. This study demonstrated that hydrolase-inactive hCLCA1 prevented activation of
calcium-activated chloride channel-mediated chloride transport70. The author proposed that the
C-terminal region masks the N-terminal region in the full-length protein, and proteolytic cleavage
of the full-length protein is required to expose the N-terminal region to interact with the calciumactivated chloride channel. However, our data demonstrated that hydrolase domain activity was
not necessary for hCLCA1 to activate airway macrophages45.
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Figure 2.4. Biosynthesis, glycosylation, and secretion pattern of hCLCA1. Western blot
analysis of hCLCA1-transfected HEK293 cell lysates and media using (A) N-terminal hCLCA1
antibody and (B) C-terminal antibody. All precursor, N-terminal, and C-terminal hCLCA1
products were subjected to glycosylation. Both precursor and N-terminal hCLCA1 were secreted
into the extracellular compartment. In addition, higher proportion of N-terminal hCLCA1 product
compared to the precursor was observed. Figure A was modified from the publication: Ching, J.
C., Lobanova, L. & Loewen, M. E. (2013). Secreted hCLCA1 is a signaling molecule that
activates airway macrophages. PLoS One 8, e83130. Figure B was from our unpublished data.
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2.1.2.1.2

Von Willebrand factor type A domain

A von Willebrand factor type A (VWA) domain is predicted between residues 305-458 of
hCLCA1. Using NCBI’s conserved domain database, hCLCA1’s VWA domain is predicted to
contain three metal-ion-dependent adhesion site (MIDAS) motifs.
It is a well-studied domain involved in cell adhesion, in extracellular matrix proteins, and in
integrin receptors71-73. Studies have also demonstrated that VWA domain was also involved in
regulating ion channel function. Precedents exist, as the α2δ subunit of the voltage gated calcium
channel modulates its function by binding to an extracellular region of the channel pore subunit
via its VWA domain74. Moreover, mutation studies reported that the MIDAS motif in the α2δ
subunit was essential for its function in channel trafficking and modulation of calcium channel7477

.

Our unpublished data also demonstrated that the VWA domain of hCLCA1 was responsible for
macrophage activation (see section 4; Study 2). The MIDAS motifs in hCLCA1 VWA domain
provide possible active sites that are responsible for macrophage activation. This idea is
supported by a recent study showing that secreted hCLCA1 increased CaCC conductance37,
similar to how α2δ subunit of the voltage gated calcium channel modulates its function74.
However, the VWA domain could also execute its function independent of its MIDAS motifs. As
mentioned above, the β4-binding motif in the VWA domain of hCLCA2 was reported to bind to
the β4 integrin expressed in breast cancer cells, leading to metastatic spread of the cancer16. A
similar mechanism was also reported for mCLCA1, in which binding of mCLCA1 and β4
integrin activated the signaling molecule focal adhesion kinase (FAK), which activated
downstream extracellular signal regulated kinase (ERK) and promoted proliferation of tumor
cells49. hCLCA1 has a disrupted β4-binding motif, however this does not exclude the possibility
that the VWA domain interacts with other proteins with a yet identified domain or binding motif.
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2.1.2.1.3

Fibronectin type III domain

The fibronectin type III domain lies in the C-terminus of the hCLCA1 protein. It is predicted to
lie between residues 753-816. Although the function of the FN3 domain in hCLCA1 remains
unknown, its existence suggests hCLCA1 may act as a signaling molecule. Studies specifically
on the FN3 domains reported that they interact with β1 integrin and mediate Src-dependent focal
adhesion kinase (FAK) phosphorylation. This eventually leads to activation of downstream
signaling to extracellular signal regulated kinase (ERK), in which activated ERK is involved in
cell migration, proliferation, spreading, and inhibition of apoptosis78, 79. It has also been reported
that unfolding of the FN3 domain in fibronectin induces expression of cytokines in lung
fibroblast cells through toll-like receptor (TLR) and nuclear factor-kappa B (NF-κB) pathways80.
2.1.3 Physiological functions of hCLCA1
2.1.3.1

Modulation of calcium-activated chloride channel (TMEM16A) conductance

When hCLCA1 was first identified, it was thought to form the pore subunit of a calciumactivated chloride channel. Transient expression of hCLCA1 in HEK293 cells increased CaCC
conductance6. It was later confirmed that the increase in CaCC current by hCLCA1 expression
was due to regulation of hCLCA1 on endogenous calcium-activated chloride channel
(TMEM16A)36. TMEM16A was recently identified definitively as the first genuine CaCC in
mammals81-83. It was concluded that hCLCA1 elevated the conductance of endogenous CaCC by
lowering the energy barriers for ion translocation. A recent study reported that exogenous
hCLCA1 increased CaCC current by stabilizing surface expression of TMEM16A37. This agrees
with our proposed novel function of hCLCA1, in which secreted hCLCA1 can act as a signaling
molecule to regulate different physiological responses45.
2.1.3.2

Association with mucus expression

Most of the attention on hCLCA1 has been focused on its association with mucus production.
Epithelial goblet cell hyperplasia and mucus hypersecretion are the hallmarks of patients
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suffering from inflammatory airway diseases such as cystic fibrosis, chronic obstructive
pulmonary disease, or asthma43, 84. The excessive mucus production by airway epithelium during
airway inflammation disrupts normal airway physiology, and this predisposes the host to bacterial
infection.
The involvement of hCLCA1 or its murine ortholog mCLCA3 with mucus production was first
identified in 200143. Nakanishi et al. identified mCLCA3 gene to be selectively induced in the
lungs of an asthmatic mice model. Administration of adenovirus-expressing antisense mCLCA3
inhibited the development of goblet cell metaplasia and airway hyper-responsiveness while
overexpression of mCLCA3 exacerbated the asthma phenotype. Nakanishi et al. also
demonstrated that transient expression of hCLCA1 or mCLCA3 increased mucus production and
mucin 5AC (MUC5AC) gene expression in NCI-H292 mucoepidermoid cell line43. In the same
year, Zhou et al. demonstrated that mCLCA3 expression was mediated by T helper (Th)-2
cytokines (see section 2.3.2.2; Th2 cytokines)85, and Th2 cytokines including Interleukin (IL-)-4,
IL-9 and IL-13 have been implicated in the regulation of mucus production in airways86-88.
Beside Th2 cytokines, exposure to tumor necrosis factor-α (TNF-α) also induced mucus
expression both in vitro and in vivo89-91.
Increased mRNA and protein expressions of hCLCA1 and IL-9, as well as mucus production,
were detected in the bronchial biopsies samples from asthma, COPD and CF patients44, 92-95.
Studies demonstrated that stimulation of mucosal tissue from upper airways of CF patients and
primary normal human bronchial epithelial (NHBE) cells with Th2 cytokines significantly
increased hCLCA1 and MUC5AC expression39, 96. In addition, intratracheal instillation of IL-13
in BALB/C mice induced 8- and 110-fold increases in MUC5AC and mCLCA3 mRNA
expression, respectively. The same study also demonstrated that MUC5AC and mCLCA3
induction was abolished in Signal Transducer and Activator of Transcription (STAT)-6 knockout
mice97. However, a lack of STAT6-binding sites in the MUC5AC promoter indicated that
intermediate steps are required to convert the IL-13 signal to MUC5AC expression98. Soon after,
the identity of consensus STAT6-binding sites in human and mouse CLCA gene promoter
regions led to the hypothesis that activation of STAT6 induces CLCAs expression, and in turn
induces mucin gene expression57. This hypothesis was confirmed by a recent study that IL-13-
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induced hCLCA1 expression activated p38 (see section 2.3.3.2; MAPKs), which sequentially led
to stimulation of MUC5AC expression (Figure 2.5)41.
Interestingly, although studies have demonstrated that overexpression of mCLCA3 induced
mucus expression both in vitro and in vivo model systems, a study reported that mCLCA3
knockout mice showed no difference in mucus production in the presence or absence of proinflammatory cytokines stimuli compared to control mice99. However, this could be attributed to
the redundancy of CLCA genes in mice, in which other mCLCAs compensate for the loss of
mCLCA3 function. Precedent exists for this redundancy, the expression of mCLCA5 was found
to increase in mCLCA3 knockout mice exhibiting goblet cell metaplasia, and mCLCA5 gene
transfer was shown to be sufficient to drive goblet cell metaplasia in mice54.
Nonetheless, mCLCA3 or hCLCA1 remains to be a potential therapeutic target for goblet cell
metaplasia. Recently, a study reported that mCLCA3 antibody could dampen the pathological
symptoms in asthmatic mice55. Asthmatic mice treated with mCLCA3 antibody displayed a
remarkable reduction in airway inflammation, the number of goblet cells and mCLCA3
expression in lung tissue55.
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Figure 2.5. Schematic model of IL-13-induced hCLCA1 regulation of mucin gene
expression. Interaction of IL-13 and IL-13 receptor leads to STAT6 activation and induction of
hCLCA1 gene expression. The expressed hCLCA1 then secretes into the extracellular
compartment and interacts with a putative receptor, and in turn activates p38 that subsequently
leads to the production of MUC5AC gene expression. This eventually results in mucus
production in airway mucous cell.
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2.1.3.3

Regulation of immune response

Recently, we have identified the novel functional role of hCLCA1 as a signaling molecule to
regulate immune response45. We showed that secreted hCLCA1 could induce pro-inflammatory
expression in macrophages, and this effect applied to both cell line and primary cells. In our
unpublished data, we demonstrated that the VWA domain of hCLCA1 was responsible for such
induction in macrophage via the activation of NF-κB and MAPK pathways. Similar to the study
that demonstrated hCLCA1 activated p38 to induce mucin gene expression41, we also observed
correlative activation of p38 in macrophages by the VWA domain of hCLCA1. Shortly after our
findings that hCLCA1 could activate macrophages, another group reported that mCLCA3 was
also able to modulate immune response during acute Staphylococcus aureus pneumonia100. This
study illustrated that mCLCA3 knockout mice had a decrease in neutrophil infiltration into the
bronchoalveolar space during bacterial infection, and a significant decrease in the mRNA and
protein expression of IL-17 and IL-8. This study supports our findings that hCLCA1 could
function as an immune regulator, which might explain the pleiotropic effect of hCLCA1.
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2.2 Respiratory diseases
The most common chronic airway diseases are cystic fibrosis, asthma, and chronic obstructive
pulmonary disease101, 102. The hallmarks of these diseases include goblet cell metaplasia, mucus
hypersecretion, and airway inflammation103-105. High levels of hCLCA1 and pro-inflammatory
cytokines are found in the airways of patients suffering from these diseases44, 92, 95. hCLCA1 has
been implicated to play a role in mucus secretion, and pro-inflammatory cytokines (see section
2.3; Immune response) are responsible for initiating and sustaining inflammation in these airway
diseases.
2.2.1 Cystic fibrosis
Cystic fibrosis is a life-shortening autosomal recessive disease that affects mainly the exocrine
pancreas and airways, although it also affects other organs106. It is estimated to affect 1 in 25006000 births depending on the region and ethnic origin, with Caucasians having the highest rate102,
107, 108

. Patients suffering from CF often present with abnormally viscous secretions in the airways

of the lungs, leading to inflammation, tissue damage and organ destruction103.
This disease is caused by mutations in the gene encoding the cystic fibrosis transmembrane
conductance regulator (CFTR). CFTR is a cAMP-dependent anion channel expressed in the
apical membrane of the airway epithelial cells109, 110. Normally, CFTR transports Cl- from
epithelial cells into the airway. This draws Na+ to follow passively through a paracellular
pathway to maintain electroneutrality. This causes water to move into the airways by osmosis,
thus establishing airway surface liquid (ASL) homeostasis to hydrate the airways111, 112.
Moreover, CFTR is also a known down-regulator of the epithelial sodium channel (ENaC), an
amiloride-sensitive sodium channel that absorbs Na+ into the cells, which functionally decrease
the ASL113. This combined effect on Cl- and Na+ transport normally generates an osmotic force
for water to move across the epithelium into the airways, establishing the ASL and allowing
appropriate mucociliary clearance112, 114. Mucociliary clearance is a process in which mucus is
removed from the respiratory epithelium by the beating of cilia.
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However, the function of CFTR is altered due to mutations in the protein in CF. Absence or
reduced function of epithelial CFTR leads to alteration of salt and water transport in the airways.
Malfunction of CFTR causes decreased Cl- secretion and increased Na+ absorption, resulting in
ASL volume depletion (Figure 2.6)115, 116. This depletion results in abnormal viscous secretions
that can cause obstruction of airways in the lung, resulting in chronic respiratory infections,
inflammation, bronchiectasis, and eventually respiratory failure117, 118.
To date, over 1900 CFTR gene mutations associated with CF have been reported to the Cystic
Fibrosis Mutation Database119. Mutations of CFTR can be grouped into 6 categories according to
the mechanistic basis: absence of full length CFTR mRNA transcripts (Class I), abnormal folding
and degradation in ER (Class II), disrupted regulation of channel gating (Class III), abnormality
of chloride conductance (Class IV), decreased quantities of mature CFTR transcripts (Class V)
and defect in stability of protein (Class VI)120-124. Out of all the mutations, the class II mutation
with the deletion of a phenylalanine residue at the 508 position to be the most common in CF,
accounting for ~70% of all CF chromosomes123.
Although there is currently no cure for CF, there have been major advances in the management of
CF that resulted in longer survival in the last few decades. The life expectancy of CF patients
increases from 14 years in 1980’s to 50 years at present in Canada119. Most commonly, CF
patients use antibiotics to prophylactically suppress lung infection125-127. At present, researches in
gene therapy and molecule therapy are being conducted in an attempt to cure CF. Gene therapy
aimed at correcting the genetic alteration by inserting recombinant viral vectors to express
functional CFTR, but the expression of the introduced gene was short-lasting128. On the other
hand, there have been promising results in molecular therapy aimed at correcting the functional
defect in the protein level. Clinical trials on a drug called ivacaftor has demonstrated improved
lung function in CF patients carrying the G551D (Class III mutation) variant by increasing
channel activity of both wild type and defective cell-surface CFTR potein120, 129. However, there
is still a long way to go for CF treatment since there are over 1900 variants associated with CF,
and the most common CF variants by far is not rescued by drugs such as ivacaftor.
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Figure 2.6. Overview of major ion channels involved in cystic fibrosis. This diagram
represents the movement of Na+, Cl- and H2O in normal and CF epithelial cells, as well as their
respective transporters. The apical side corresponds to the airspace, where the ASL is secreted.
Normally, CFTR transports Cl- to the airways and down-regulates ENaC function, resulting in
increased concentration of Na+ in the ASL. This creates strong osmotic drive that draws water to
the airways, facilitating airway hydration and mucociliary clearance. However, CFTR function is
impaired in CF, resulting in increased absorption of Na+ into the cells. This leads to airway
dehydration (decreased in ASL) and mucus build up, contributing to the obstruction of airways in
the lungs.
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2.2.1.1

Association of hCLCA1 with CF

The first evidence showing an association of hCLCA1 with cystic fibrosis came from a study
investigating the protein expression levels from upper airway tissues from CF patients95. The
study reported that the expression of IL-9, IL-9R and hCLCA1 were increased in biopsy samples
of nasal polyps, the nasal mucosa and sinus mucosa of CF patients. There was also an increase in
periodic acid-Schiff stain (PAS)-staining, which indicates increased mucus producing cells in CF
patients. Positive correlations were found between IL-9, IL-9R and hCLCA1 positive cells, as
well as between mucus producing and hCLCA1 positive cells95. The same group subsequently
demonstrated similar results from biopsies of bronchial mucosa of CF patients, further supporting
the correlations between IL-9, hCLCA1 and mucus overproduction94. To explain the mechanism,
the same group showed that stimulation with IL-4, IL-9 and IL-13 increased both mRNA and
protein expression of hCLCA1 in mucosal tissue from upper airways of CF patients96. However,
mucin protein and MUC5AC mRNA expression were not significantly changed in response to
Th2 cytokine stimulation. One possible explanation for this observation is that mucosal tissue
from CF patients already exhibited goblet cell metaplasia; therefore subsequent stimulation with
Th2 cytokines had minimal effect on mucus expression in the tissues that were already expressing
high levels of mucus. Lastly, one group performed an association study and reported that
hCLCA1 was an important modulator for the DIDS-sensitive Cl- secretion in the gastrointestinal
tract of CF patients46. It suggested that hCLCA1 modulates an alternative chloride secretion
pathway in CF patients. It is possible that hCLCA1 increases the Cl- secretion through
TMEM16A to compensate for the loss of CFTR function in the gastrointestinal tract, and the
same mechanism might occur in the airways as well.
2.2.2 Asthma
Asthma is a chronic inflammatory airway disease characterized by reversible airflow obstruction,
bronchial hyper-responsiveness, and airway inflammation105. The prevalence of asthma is
estimated to be 5-10% in the general population, affecting more than 300 million people globally,
with approximately 250,000 deaths annually101, 130. The symptoms of asthma includes cough,
shortness of breath, wheezing, chest tightness and excess airway mucus production.
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The exact cause of asthma is not known, but it is believed that genetic susceptibilities and
environmental exposures are major factors. Multiple genetic polymorphisms have been
associated with asthma development131, 132, and parental history of asthma also increases asthma
susceptibility133. Environmental factors that are associated with asthma pathogenesis include
aeroallergen sensitization, respiratory viruses, early life microbial exposures, cigarette smoke, air
pollution, diet and the host microbiome, vitamin D deficiency, antioxidants, and stress134-142.
The hygiene hypothesis has been used to explain the increased rates of asthma since
industrialization and urbanization (Figure 2.7)143. The hygiene hypothesis proposed that increased
cleanliness and reduced family size reduced the exposure to bacteria and viruses in early
childhood144. The biological basis behind this hypothesis is that Th1 cells immune response is not
induced early in life due to improved sanitary environment145. Many bacteria and viruses elicit
Th1-mediated immune response, which down-regulates Th2-mediated immune response (see
section 2.3.1.2; Adaptive immune response)146. However, insufficient induction of Th1-mediated
immune response renders the body to be more susceptible to induction of Th2-mediated immune
response. This stimulates the antibody-mediated immunity of the immune system, which in turn
leads to allergic disease such as asthma136, 147.
Normally, acute inflammation is initiated within minutes of recognition of a danger signal, and it
resolves itself within hours or days. However, in asthmatic patients, this naturally protective
response becomes uncontrolled and leads to chronic changes to airway structure and function148.
Airway inflammation inflicts damages to the airway epithelium, and this leads to airway
remodeling (Figure 2.8). Airway remodeling is characterized by airway wall thickening,
subepithelial fibrosis, and goblet cell metaplasia149.
When the epithelium is injured, it releases profibrotic mediators to facilitate wound healing.
However, the airway remodeling process persists in asthmatic patients because of the ongoing
host immune responses that generate mediators150. The pathological consequence of this
persistent ‘repairing phase’ is thickening of airway wall, which leads to airflow obstruction. The
airflow obstruction is also intensified with the excess mucus production from the goblet cell
metaplasia151. As mentioned above, asthma is triggered by stimulation of Th2-mediated immune
response, and one of the Th2 cytokines secreted is IL-13. Studies have demonstrated that IL-13 is
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required for goblet cell metaplasia, and this leads to elevated MUC5AC mucin gene
expression152, 153.
Beside airway wall thickening and goblet cell metaplasia, smooth muscle contraction is a
prominent contributor to airflow obstruction. Excessive airway narrowing can lead to severe
shortness of breath, respiratory failure and even death. Smooth muscle contraction can be
physiologically induced by acetylcholine released from parasympathetic system or by histamine
and leukotrienes released from mast cells or basophils. In healthy individuals, smooth muscle
contraction only causes mild airway narrowing in response to these agonists. However, asthma
patients suffer from bronchial hyper-responsiveness, which results in a substantial increase in
sensitivity to these agonists. This is demonstrated by a dramatic increase in airway resistance154.
Interestingly, a study has reported that there was an increase in the expression of calciumactivated chloride channel TMEM16A in airway epithelial cells of asthmatic patients. The same
study demonstrated that increased TMEM16A expression contributed to mucus secretion and
airway smooth muscle hyper-responsiveness155. As mentioned above, hCLCA1 increases CaCC
current by stabilizing surface expression of TMEM16A. This reinforces the role of hCLCA1 in
contributing to the pathologies of asthma.
Although there is currently no cure for asthma, symptoms can usually be controlled. Common
medications include the use of bronchodilators, inhaled corticosteroids, oral leukotriene
antagonist, or mast cell stabilizer. However, 5-10% of individuals with asthma respond poorly to
asthmatic drugs, and these severe asthmatic patients are at a relatively high risk for fatal asthma
attacks156. Numerous clinical trials have been conducted in the recent years, including continuous
inhaled corticosteroid treatment, continuous or intermittent fluticasone treatment, prednisolone
treatment, or a combination of long acting beta agonists (LABAs) with fluticasone treatment157161

. However, these treatments were short-lasting and the effects diminished once administrations

of drugs were discontinued. In addition, LABAs also induce adverse effects in a small number of
patients162. Continued research is required to generate new ideas and insights for asthma
prevention and treatment.
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Figure 2.7. Overview of association between hygiene hypothesis and asthma. Increased rates
of asthma have been reported since industrialization and urbanization in the past few decades.
Although both genetic and environmental factors influence the pathogenesis of asthma, hygiene
hypothesis is often used to explain the rise of prevalence of allergies or asthma. In urbanized area,
insufficient stimulation in Th1-mediated immune response early in life predisposes the body to be
more susceptible to stimulate Th2-mediated immune response, resulting in allergies or asthma.

39

Figure 2.8. Schematic model of increasing severity in airway remodeling. In asthmatic
patients, persisted airway inflammation leads to airway remodeling. The hallmarks of airway
remodeling include airway wall thickening, subepithelial fibrosis, myofibroblast hyperplasia,
goblet cell metaplasia, etc., resulting in severe airway obstruction. The pathophysiological
consequences of severe airway obstruction can lead to severe shortness of breath, respiratory
failure, and even death.
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2.2.2.1

Association of hCLCA1 with asthma

The association of hCLCA1 or its murine ortholog mCLCA3 with asthma first came to light in
2001. The study identified mCLCA3 to be one of the most highly induced genes in the lungs of
an asthma mouse model43. Intratracheal administration of adenovirus-expressing antisense
mCLCA3 RNA effectively suppressed the asthma phenotype including goblet cell metaplasia and
airway hyper-responsiveness. In addition, the asthma phenotype was worsened when mice were
administrated an adenovirus-mediated overexpression of mCLCA3. In vitro experiments also
showed that transient expression of hCLCA1 or mCLCA3 increased mucus production and
MUC5AC expression in NCI-H292 mucoepidermoid cell line43.
A hallmark of asthma is the overexpression of Th2 cytokines in the airways, which Th2 are
sufficient to drive mucus over-production86-88. These cytokines also induce hCLCA1 or mCLCA3
expression both in vitro and in vivo39, 85. Those results demonstrated that hCLCA1 expression is
mediated by Th2 cytokines, and suggested hCLCA1 as a potential regulator of mucus production.
To further support this idea, bronchial biopsies samples from asthmatic patients exhibited
increased the expression of IL-9, IL-9R and hCLCA1, and positive correlations were found
between these genes and mucus producing cells44. Moreover, a recent study reported that
administration of mCLCA3 antibody to asthmatic mice significantly reduced the development of
asthma-associated clinical signs55. In addition, single nucleotide polymorphisms (SNP) in
hCLCA1 have also been shown to affect patients’ susceptibility to asthma163.
2.2.3 Chronic obstructive pulmonary disease
Chronic obstructive pulmonary disease is defined as “a disease characterized by airflow
limitation that is not fully reversible. The limitation is usually progressive and associated with an
abnormal inflammatory response of the lungs to noxious particles or gases” by the Global
Initiative for Chronic Obstructive Lung Disease (GOLD). The World Health Organization
(WHO) estimates 65 million people have moderate to severe COPD, and it is one of the leading
causes of morbidity and mortality worldwide. The typical clinical manifestations of COPD are
chronic bronchitis and emphysema164. Chronic bronchitis is a condition of chronic inflammation

41

and remodeling in bronchi that results in chronic cough and sputum production. Emphysema is a
condition of lung parenchyma destruction and alveolar enlargement that results in loss of elastic
recoil followed by decline in lung function and forced expiration volume. It is clinically accepted
that chronic inflammation is linked to the lung tissue destruction and alveolar enlargement in
COPD patients165.
Currently, only one gene is identified to be a risk factor for COPD. Patients with alpha 1antitrypsin (ATT) deficiencies are at higher risk for developing COPD104, 166. However, the
primary risk factor for COPD development is cigarette smoking167. Upon exposure to cigarette
smoke, respiratory epithelial cells undergo structural alterations that lead to squamous cell
metaplasia, decreased mucociliary clearance, and loss of barrier function168, 169. Exposure to
cigarette smoke also induces airway epithelial cells to release inflammatory mediators that result
in chronic bronchitis170. Goblet cell metaplasia is one of the manifestations of chronic bronchitis,
and excess mucus remains in the airway due to the reduced mucociliary clearance, leading to
chronic cough, sputum production and infection.
As inflammation in the lung progresses, large numbers of macrophages and neutrophils infiltrate
the lung parenchyma, leading to emphysema171, 172. The accumulation of these inflammatory cells
serves as a self-perpetuating stimulus for further immune activation, leading to severe lung
injury. Macrophages from COPD patients have been shown to secrete increased levels of IL-8,
which further promotes neutrophil infiltration173. In addition, neutrophil phagocytosis by alveolar
macrophages has been found to be impaired in COPD, resulting in persistent neutrophil
infiltration in the lung174.
A protease-antiprotease balance theory has been hypothesized to explain the development of
emphysema175. This hypothesis proposes that under inflammatory environments such as exposure
to cigarette smoke, neutrophils and macrophages secrete excess elastases and matrix
metalloproteinases (MMP) which facilitate the destruction of lung parenchyma (Figure 2.9)176,
177

. It is evident that elastase-deficient mice and MMP knockout mice displayed higher resistance

to develop emphysema with chronic cigarette smoke exposure178, 179. Recent studies also
supported the idea that emphysema is partly due to a decrease of endothelial cell maintenance
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factors. One example of this is vascular endothelial growth factor (VEGF). It was reported that
the expressions of VEGF and its receptor were significantly decreased in COPD patients, which
promoted apoptosis of alveolar wall cells and emphesema180, 181.
There is currently no cure for COPD, however, the clinical symptoms can be improved. Cessation
of cigarette smoking is considered to be the most important aspect of COPD management.
Although the decline of lung function persists after cigarette cessation, the rate of decline is
reduced182. Other non-pharmacological approaches include reducing the risk for infection through
vaccination against influenza or pneumococcus, pulmonary rehabilitation, and oxygen
supplementation. Amongst pharmacological approaches, the primary medications are
bronchodilators, which have been shown to significantly reduce COPD exacerbations183. Other
pharmacological interventions include the use of antioxidants, anti-inflammatory drugs, and
antibiotics. Although many non-pharmacological managements and pharmacological approaches
are available to reduce COPD exacerbations, the degree of reduction is usually limited.
Therefore, novel approaches are needed to prevent the progression of the disease.
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Figure 2.9. Impact of cigarette smoking in the development of COPD. Cigarette smoking is a
primary factor for the development of COPD, and the clinical manifestations are chronic
bronchitis and emphysema. Cigarette smoke exposure induces inflammation and facilitates
macrophage and neutrophil infiltration. These inflammatory cells then secrete tissue-destroying
enzymes to disintegrate alveolar wall, leading to emphysema. The pathophysiological
consequences of emphysema include significant decrease in lung function and forced expiration
volume.
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2.2.3.1

Association of hCLCA1 with COPD

Although most of the studies on hCLCA1 have been focused on its association with asthma,
several studies have linked hCLCA1 with COPD. Similar to asthma and CF, biopsies of
bronchial samples from COPD patients displayed markedly increase in IL-9, IL-9R, hCLCA1
and mucus expression92. Increased expression of eCLCA1, equine ortholog of hCLCA1, was also
observed in horses with recurrent airway obstruction. Recurrent airway obstruction is a common
spontaneous disease in horses with high clinical, functional, and pathological similarities to
human asthma and COPD184, 185. It is well-known that cigarette smoking is a primary risk factor
for COPD development. A study demonstrated that expression of MUC5AC and rCLCA1, rat
ortholog of hCLCA1, were up-regulated in rats exposed to cigarette smoke84. In the same study,
the author also showed that expression of hCLCA1 and MUC5AC were up-regulated in H292
mucoepidermoid cell line exposed to smoke solution. Moreover, twenty-two SNPs were
identified in hCLCA1 that were associated with COPD, and the author suggested that SNPs in
hCLCA1 could be a useful indicator for COPD susceptibility186.
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2.3

Immune response

2.3.1 Overview of innate and adaptive immune system
The immune system is a collection of cells and proteins that functions to protect an organism
from foreign antigens such as microbes, viruses, cancer cells, and toxins. The immune system can
be classified into the innate immune system and the adaptive immune system. An adaptive
immune response is called into action when the innate immune response has failed to eliminate
the pathogen.
2.3.1.1

Innate immune response

The innate immune system constitutes the first line of defense against an intruding pathogen. It is
a non-specific defense mechanism which is initiated within hours after the host encounters an
antigen. The primary function of innate immunity is to trigger inflammation and recruit immune
cells to sites of infection.
There are many conserved features of pathogens that are common to many pathogens but are
absent in the host. These pathogen-associated molecular patterns (PAMPs) allow the host’s
immune system to distinguish between self and non-self antigens. For example, molecules found
on the surface of many microorganisms do not occur in mammalian cells. These include the
peptidoglycan cell wall and flagella of bacteria, as well as lipopolysaccharide (LPS) on Gramnegative bacteria and lipoteichoic acids on Gram-positive bacteria187. PAMPs are then recognized
by the pattern recognition receptors (PRRs) expressed on the surface of immune cells such as
resident macrophages, dendritic cells, neutrophils, and epithelial cells188. The most well-studied
PPRs in humans are toll-like receptors (TLRs). Interaction of PAMPs with their specific TLRs
induces the activation of NF-κB signaling and MAPK pathways, which causes secretion of proinflammatory cytokines189. Cytokine production also leads to the release of antibodies and other
proteins and glycoproteins that activates the complement system. The complement system is part
of the innate immune system that involves a series of biochemical cascades. There are three ways
in which the complement system protects against infection. First, it generates activated
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complement proteins to identify and opsonize foreign antigens, predisposing them to
phagocytosis by phagocytes including macrophages or neutrophils. Second, the small fragments
of some complement proteins act as chemoattractants to recruit more phagocytes to the site of
infection. Third, complement proteins assemble a membrane-attack complex to create a pore in
the lipid bilayer membrane of the bacteria to destroy membrane integrity190.
After recognizing PAMPs, resident macrophages become activated and drive the influx of
inflammatory leukocytes such as neutrophils and monocytes through chemokine secretion.
Neutrophils are the earliest cells recruited to the site of inflammation. They phagocytose and then
destroy pathogens in the phagosomes by producing reactive oxygen species and through the
action of hydrolytic enzymes191. After ~48 hours, monocytes are recruited to the site of
inflammation and differentiate into either macrophages or dendritic cells. The dendritic cells and
macrophages are antigen-presenting cells (APCs) that phagocytose and process pathogens, and
present processed antigens on their major histocompatibility complex (MHC) class II molecules
to initiate an adaptive immune response190. In addition, macrophages are also responsible for
eliminating aged neutrophils via a process called efferocytosis and initiate immune resolution
(Figure 2.10)192. However, when foreign particles are still present, activated macrophages
perpetuate inflammation by recruiting more leukocytes and secreting pro-inflammatory
cytokines. During airway inflammation, pro-inflammatory cytokines and hCLCA1 were reported
to be up-regulated in the airways92, 193, and we demonstrated that hCLCA1 could act as a
signaling molecule to induce pro-inflammatory cytokine expression in macrophages45, thereby
enhancing inflammation, and increasing immune cells infiltration. A recent study also reported
that mCLCA3 knockout mice displayed decreased neutrophil infiltration in acute Staphylococcus
aureus pneumonia100. Together, these studies further support the role of hCLCA1 in regulation of
the immune system.
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Figure 2.10. Overview of innate immune response. Macrophages become activated when they
detected PAMPs through their PRRs. This induces macrophages to increase expression of proinflammatory cytokines and chemokines, leading to an influx of neutrophil infiltration to the site
of inflammation. Neutrophils phagocytize and destroy pathogens through reactive oxygen species
and hydrolytic enzyme. After 48 hours, additional macrophages are recruited to the site of
infection to eliminate aged neutrophils and initiate immune resolution. If the inflammation
persists, additional immune cells such as macrophages and dendritic cells will be recruited,
resulting in the initiation of adaptive immune response. In addition, hCLCA1 or mCLCA3
secreted from inflamed epithelial cells also play a role in the innate immune response. Our work
showed that hCLCA1 could induce pro-inflammatory cytokines expression in macrophages.
Another study demonstrated that mCLCA3 was involved in neutrophil recruitment during
bacterial infection in mice.
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2.3.1.2

Adaptive immune response

Adaptive immunity is an antigen-dependent and antigen-specific mechanism that is called into
action against pathogens that are able to evade or overcome innate immune defenses. The
primary function of adaptive immunity is to eliminate specific pathogens or pathogen-infected
cells and the development of an immunologic memory that can quickly eliminate the same
pathogen in the future194. The main players of adaptive immunity include antigen-presenting cells
(APCs), T cells, and B cells. These cells are all derived from hematopoietic stem cells in the bone
marrow, and they are subsequently developed into different specific types based on different
stimulants.
Pathogens are first ingested by antigen-presenting cells (APCs), which are usually dendritic cells,
but also macrophages, B cells, fibroblasts and epithelial cells. APCs process the pathogens and
subsequently present the antigens on major histocompatibility complex (MHC) molecules. MHC
can be classified as either class I which are found on all nucleated cells, or class II which are only
found on macrophages, dendritic cells and B cells. MHC class I molecules present endogenous
antigens (cells infected with pathogens) while MHC class II molecules present exogenous
antigens (phagocytosis of the pathogens). T cells become activated when their T-cell receptor
(TCR) recognize an antigen-MHC complex on an APC. Binding of MHC class I molecules
activate cytotoxic T cells while binding of MHC class II molecules activate T helper cells.
Subsequently, activated T helper cells (Th2) are involved in differentiating B cells into either
plasma cells or memory B cells.
2.3.1.2.1

Cytotoxic T cells

Activated cytotoxic T cells undergo clonal expansion in which they produce effector cells, and
the effector cells search for pathogen-infected cells that have presented the antigens on the MHC
class I molecules on the surface of the cells. Interaction of their TCRs and the MHC class I
molecules on infected cells lead to the release of perforin, granzyme or granulysin to the infected
cells, which results in either cell lysis or apoptosis. Upon resolution of the infection, most of the
effector cells will die and be cleared by phagocytes. However, a subset of them are retained as
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memory cells and can quickly differentiate into effector cells upon future encounters with the
same antigen194.
2.3.1.2.2

T helper cells

Naïve T helper (Th) cells are activated when their TCRs interact with MHC class II molecules.
Although T helper cells have no cytotoxic or phagocytic activity, they mediate immune responses
by directing other cells to eliminate pathogens. Once activated, naïve Th cells can differentiate
into either Th1 or Th2 cells depending on the stimulant195.
Activated Th1 cells are characterized by their capacities to produce interferon-gamma (IFN-γ),
TNF-α and IL-12, which activate macrophages to kill microbes located within their phagosomes,
activate cytotoxic T cells to kill infected cells, and induce B cells to make opsonizing and
neutralizing antibodies. If naïve Th cells are differentiated into Th2 cells, they secrete IL-4, IL-5,
IL-10 and IL-13 to defend the host against extracellular pathogens. Th2 cells can stimulate B
cells to make most classes of antibodies, including immunoglobin (Ig)-E and some subclasses of
IgG antibodies that bind to mast cells, basophils and eosinophils. Binding of IgE antibodies
stimulates mast cells and basophils to release histamine, which increases the permeability of the
capillaries to immune cells. Mast cells and eosinophils are responsible for initiating acute
inflammatory responses such as allergy or asthma, and IgE antibodies are also associated with
allergic reactions. These cells release local mediators that cause sneezing, coughing, or diarrhea
and help expel extracellular pathogens from epithelial surfaces of the body. Similar to cytotoxic T
cells, a few of Th cells remain as Th memory cells upon resolution of infection194. In general, Th1
responses are more effective against intracellular pathogens, whereas Th2 responses are more
effective against extracellular pathogens such as parasites.
2.3.1.2.3

B cells

Unlike T cells, B cells can recognize pathogen via the antigen receptors on the surface of the B
cells, and they ingest the pathogens using receptor-mediated endocytosis. The pathogens are then
degraded, processed, and displayed on the MHC class II molecules of B cells. This attracts
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activated Th2 cells to bind to the MHC class II molecules and provide cognate assistance,
resulting in the B cell proliferation and differentiation into antibody-secreting plasma cells or
memory B cells. Plasma cells produce pathogen-specific antibodies, which help eliminate the
pathogens through the complement cascade. Memory B cells are long-lived B cells which can
readily elicit an antibody-mediated immune response upon subsequent infections with the same
pathogen (Figure 2.11)194.
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Figure 2.11. Overview of adaptive immune response. 1) Pathogens are first ingested by APCs
such as macrophages and dendritic cells, then the pathogens are processed and presented on
APCs with either MHC class I or MHC class II molecules. T cells become activated when their
T-cell receptor interacts with the MHC complex on APCs. 2) Binding of MHC class I molecules
activate cytotoxic T cells while 3) binding of MHC class II molecules activates naïve T helper
cells. Activated cytotoxic T cells are responsible for destroying infected cells. Activated naïve T
helper cells differentiate into either Th1 or Th2 cells. Th1 cells secrete cytokines to enhance the
microbicidal activity of macrophages, enhance killing ability of cytotoxic T cells, and induce B
cells to produce opsonizing and neutralizing antibodies. Whereas, 4) Th2 cells stimulate B cells
to produce other subclasses of antibodies to attract different immune cells for the complement
cascade. 5) When B cells detect pathogens through their antigen binding receptor, they ingest and
process the pathogens and present them on their MHC class II molecules. This facilitates
interaction with Th2 cells, which leads to proliferation and differentiation of B cells into either
plasma cells or memory B cells. Plasma cells are responsible for producing antibodies to initiate
the complement cascade to eliminate the pathogens, while memory B cells are responsible for
preparing the host to elicit quick responses upon subsequent infection by the same pathogens.

52

2.3.2 Cytokines in airway diseases
Cytokines are important mediators that play roles in orchestrating the inflammation in airway
diseases such as asthma and COPD by recruiting, activating, and promoting the survival of
different inflammatory cells in the respiratory tract (Table 2.3). Generally, cytokines are
categorized into four groups: Th1, Th2, pro-inflammatory, and anti-inflammatory cytokines. In
these chronic airway diseases, Th1 and pro-inflammatory cytokines are responsible for initiating
and sustaining airway inflammation. Th2 cytokines are suggested to contribute to mucus
hypersecretion, airway hyper-responsiveness, and subepithelial fibrosis. On the other hand, antiinflammatory cytokines are important for immune resolution.
Bronchial biopsies from asthmatic patients showed increased filtration of eosinophils, activated
mast cells, and Th2 cells196. On the other hand, bronchial, small airways and lung parenchyma
biopsies from COPD patients showed increased filtration of Th1 cells, neutrophils, and
macrophages197. These inflammatory cells are largely responsible for the inflammatory
phenotypes observed in asthma and COPD patients by secreting different cytokines. However, as
the severity of these airway diseases worsens, this specific Th-mediated distinction (asthma is
Th2 and COPD is Th1) becomes indistinguishable.
2.3.2.1

Th1 cytokines

IFN-γ is the predominant cytokine produced by Th1 cells that are highly expressed in the airways
of COPD patients, but its expression is reduced in asthmatic patients198, 199. IFN-γ is an important
mediator for inducing Th1 cytokines expression while suppressing the Th2 cytokines
expression200. It also facilitates cytotoxic T cells and Th1 cell infiltration in the lungs by upregulation of chemokines receptors and chemokines201. In addition, IFN-γ is also responsible for
priming macrophages for microbicidal functions.
IL-12 is a key player in host defense by promoting the survival and growth of Th1 cells, and it is
produced by activated macrophages, dendritic cells, and airway epithelial cells202. IL-12 has a
crucial role in the induction of IFN-γ production by Th1 cells, as well as increasing cytotoxicity
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of natural killer (NK) cells and cytotoxic T cells203, 204. Similar to IFN-γ, the expression of IL-12
is higher in COPD but not in asthmatic patients198, 205.
IL-18 is a pro-inflammatory cytokines that is produced in macrophages. It was initially
discovered as an IFN-γ-inducing factor, it was later found that IL-18 also stimulates the
production of other pro-inflammatory cytokines, chemokines, and transcription factors206. IL-18
synergizes with IL-12 to activate T cells and NK cells for IFN-γ production, inhibition of IL-4dependent IgE production, and the suppression of Th2 response. In individuals with COPD, IL18 expression was increased in alveolar macrophages and cytotoxic T cells in the airways and is
correlated with disease severity207.
2.3.2.2

Th2 cytokines

IL-4 induces naïve Th cells to differentiate into Th2 cells. Upon activation by IL-4, Th2 cells
subsequently produce additional IL-4 to facilitate Th2 cell proliferation in a positive feedback
manner. It is an important mediator for isotype switching of B cells from producers of IgG to
producers of IgE, which is associated with hypersensitivity and allergic reactions193. IL-4 also
suppresses the differentiation of Th1 cells by antagonizing the production of IFN-γ and IL-12 in
macrophages and Th1 cells. In addition, IL-4 is responsible for promoting wound-healing
macrophages, resulting in fibrogenesis and tissue repair (see section 2.4.2.2.1; wound-healing
macrophage)208. IL-4 has also been shown to induce mucus production, and together with
fibrogenesis of wound-healing macrophages, contributing to the airway remodeling of asthma
patients86.
Similar to IL-4, IL-9 is highly induced in individuals suffering from airway diseases such as CF,
asthma, and severe COPD44, 92-95. A study reported that overexpression of IL-9 in mice induced
eosinophil infiltration, mucus hyperplasia, mastocytosis, airway hyper-responsiveness, and
increased expression of other Th2 cytokines and IgE209. Another study showed that many of these
effects were mediated by IL-13, and overexpression of IL-9 in IL-13 knockout mice did not
induce mucus production and pulmonary eosinophil infiltration210.
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IL-13 has been attracting a lot of attentions as a therapeutic target for asthma treatment because it
has been shown to induce airway hyper-responsiveness, mucus metastasis, airway smooth muscle
proliferation, and subepithelial fibrosis211. Similar to IL-4, IL-13 also promotes macrophages to
differentiate into wound-healing macrophages. In addition, like other Th2 cytokines, IL-13
expression was increased in airways of asthmatic patients, whereas it was reduced in patients
with severe COPD212. As mentioned above (see section 2.1.3.2; hCLCA1’s association with
mucus expression), studies reported that IL-13 induced the expression of hCLCA1 through
STAT6 pathway, and hCLCA1 subsequently induced MUC5AC gene expression through
activation of p3841, demonstrate the role of hCLCA1 in the pathology of asthma.
2.3.2.3

Pro-inflammatory cytokines

Pro-inflammatory cytokines such as TNF-α, IL-6, and IL-1β were increased in the sputum and
bronchoalveolar lavage (BAL) fluid in asthmatic and COPD patients193. Although monocytes and
macrophages are the main sources of these cytokines, they are also produced by activated
lymphocytes, endothelial cells, and fibroblasts213. Expression of these pro-inflammatory
cytokines is in part mediated through activation of the NF-κB and MAPK pathways.
TNF-α is one of the first pro-inflammatory cytokines to be released in response to pathogens. It
induces vasodilation and increased vascular permeability, facilitating infiltration of lymphocytes,
neutrophils, and monocytes. It also helps recruitment of these immune cells to the site of
inflammation by regulating chemokine release213. TNF-α is suggested to play a critical role in
amplifying inflammation via activation of the NF-κB pathway in asthmatic patients in a positive
feedback manner214. In addition, TNF-α promotes classical activation of macrophages (see
section 2.4.2.1; classical activation of macrophage), which perpetuate inflammation by releasing
increased levels of pro-inflammatory cytokines including IL-1β, IL-6, and additional TNF-α215.
IL-1β is mainly produced in monocytes and macrophages. It is a potent pro-inflammatory
cytokine that induces the release of chemokines and vascular adhesion molecules, promoting
monocyte infiltration in early inflammation216, 217. IL-1β also induces expression of itself in
newly recruited monocytes, thus reinforcing the overall process218. IL-1β expression was reported
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to increase in the airways of asthmatic patients, and it initiated the production of other proinflammatory cytokines. In individuals with COPD, IL-1β was reported to activate macrophages
to secrete inflammatory cytokines, chemokines, and MMP173. As mentioned in previous section,
MMP is responsible for destruction of lung parenchyma by degrading extracellular matrix
(ECM)176.
IL-6 is a pleiotropic cytokine that has both pro-inflammatory and anti-inflammatory functions. It
provides a link between innate and adaptive immunity by promoting differentiation of B cells
into plasma cells and activating cytotoxic T cells213. Similar to TNF-α and IL-1β, IL-6 is
responsible for recruiting monocytes to the site of inflammation219. However, IL-6 also plays a
role in anti-inflammation by inhibiting the production of TNF-α and IL-1β220. Consistent with
other pro-inflammatory cytokines, increased expression of IL-6 was found in the sputum of both
asthmatic and COPD patients221, 222. IL-6 might play a role in controlling the degree of
inflammation in chronic airway diseases.
IL-8, also known as neutrophil chemotactic factor, is a potent chemoattractant for neutrophils that
is produced mainly in activated macrophages. IL-8 levels were markedly increased in the sputum
of COPD and asthma patients, and its expression is correlated with the numbers of neutrophils in
the sputum223, 224.
2.3.2.4

Anti-inflammatory cytokines

IL-10 is a potent anti-inflammatory cytokine that is mostly produced by monocytes and
regulatory macrophages. IL-10 inhibits the production of many pro-inflammatory cytokines that
are overexpressed in asthma and COPD, by interfering with the activation of NF-κB and MAPK
pathways225-227. IL-10 suppresses the expression of MHC class II molecules in activated
macrophages, indirectly suppressing the activation of T helper cells226. In addition, macrophages
exposed to IL-10 exhibited reduced microbicidal activity and their capacities to respond to IFNγ228, 229. However, expressions of IL-10 were decreased in individuals with asthma and COPD230,
231

.
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Table 2.3. Key cytokines involved in asthma and COPD.
Cytokines Expression
in asthma
Th1 cytokines
IFN-γ
Decreases

Expression
in COPD

Main functions

Increases

IL-12
IL-18

Increases
Increases

Induces expression of Th1 cells
Suppresses expression of Th2 cells
Primes macrophages for microbicidal activity
Induces IFN-γ production in Th1 cells
Induces IFN-γ production in Th1 cells
Inhibits IL-4-dependent IgE production

Decreases
Decreases

Th2 cytokines
IL-4
Increases

Decreases

IL-9

Increases

Decreases

IL-13

Increases

Decreases

Pro-inflammatory cytokines
TNF-α
Increases
Increases
IL-1β

Increases

Increases

IL-6

Increases

Increases

IL-8

Increases

Increases

Anti-inflammatory cytokines
IL-10
Decreases
Decreases

Facilitates Th2 cells proliferation
Promotes isotype switching of B cells
Antagonizes IFN-γ and IL-12 production
Induces eosinophil infiltration
Induces mucus hypersecretion
Increases expression of other Th2 cytokines
Induces airway hyper-responsiveness
Increases hCLCA1 expression
Promotes wound-healing macrophages
Facilitates immune cells infiltrations
Promotes classical activated macrophages
Amplifies inflammation
Promotes monocyte infiltration
Induces macrophages to induce inflammatory
response
Promotes differentiation of plasma cells
Activates cytotoxic T cells
Facilitates monocyte infiltration
Recruits neutrophils to the site of
inflammation
Inhibits the production of pro-inflammatory
cytokines
Interferes NF-κB and MAPK pathways
Suppresses the expression of MHC class II
molecules in macrophages
Suppresses the activity of T helper cells
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2.3.3 Signal transduction pathways in airway diseases
2.3.3.1

Nuclear factor-kappa B

Nuclear factor-kappa B is viewed as a master regulator of the inflammatory response because it
plays a pivotal role in regulating the immune response (Figure 2.12). It is involved in a major
regulatory signal transduction pathway that regulates genes responsible for both the innate and
adaptive immune response. NF-κB usually exists as a heterodimeric complex of p50 and p65
subunits232. NF-κB is normally sequestered in the cytoplasm with an inhibitory protein called
inhibitory κB (IκB)-α, which masks the nuclear translocation signal and prevents NF-κB from
translocating into the nucleus. Following exposure to NF-κB inducers such as TNF-α, IL-1β, LPS
and oxidative stress, IκB-α become phosphorylated and subsequently results in ubiquitination and
degradation233. This allows the translocation of free NF-κB into the nucleus, where it binds to the
promoter of target genes and regulates their transcription. Activation of NF-κB leads to upregulation of many genes including chemokines, immune receptors, vascular adhesion molecules,
stress response genes, regulators of apoptosis, transcription factors, growth factors, and proinflammatory cytokines such as IL-8, IL-1β, TNF-α, IL-6234-237.
Activated NF-κB has been reported in individuals suffering from asthma, COPD, and CF, and it
was implicated to contribute to the pathogenesis of these airway diseases238-240. Studies
demonstrated that p50 knockdown mice display reduced pulmonary inflammation and airway
hyper-responsiveness after ovalbumin challenge, and this was because p50 knockdown mice were
deficient in producing chemokines that are responsible for recruiting eosinophils and T cells to
the sites of inflammation241, 242. It was later confirmed by other groups that activation of NF-κB
within airway epithelium was essential to induce airway inflammation in asthmatic mice243, 244. In
the case of COPD, oxidative stress generated by cigarette smoking was reported to induce
inflammation through activation of NF-κB and by inducing the release of pro-inflammatory
mediators such as IL-8 and IL-1β245. Furthermore, a study reported that IL-8 was significantly
induced in the BAL fluid of CF patients, and this IL-8 induction was attributed to the activation
of NF-κB246. These results agree with our novel identified function of hCLCA1 as an
inflammatory mediator. hCLCA1 is one of the most induced genes in airway diseases, and our
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works have demonstrated that it could activate NF-κB pathway to induce pro-inflammatory
cytokines. This is further supported by another study that concluded mCLCA3, murine ortholog
of hCLCA1, mediated neutrophil infiltration via up-regulation of IL-8100, and it is likely to be
NF-κB-dependent as well.
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Figure 2.12. Brief overview of NF-κB pathway. NF-κB (heterodimer of p50 and p65
molecules) is normally sequestered in the cytoplasm by IκB-α. Upon exposure to stimuli such as
TNF-α, IL-1β, LPS, and oxidative stress, IκB-α becomes phosphorylated and subsequently
becomes ubiquitinated and degraded. This allows free NF-κB to translocate into the nucleus and
bind to the promoters of target genes. Activation of NF-κB induces transcription of proinflammatory cytokines, chemokines, immune receptors, vascular adhesion molecules, stress
response genes, regulators of apoptosis, transcription factors, and growth factors.
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2.3.3.2

Mitogen-activated protein kinases

Mitogen-activated protein kinases (MAPKs) are important components of signaling modules that
are involved in acute inflammatory responses in airway diseases. MAPKs are classified into three
groups: the extracellular signal regulated kinase (ERKs), p38, and the c-Jun N-terminal
kinase/stress-activated protein kinases (JNK/SAPKs) (Figure 2.13). Upon exposure to stimuli,
MAPKs are converted into activated forms via phosphorylation cascade, allowing their
interactions with cytoplasmic substrates and translocations to the nucleus, where many MAPK
targets, such as transcription factors and histones, are located247. The ERK pathway is stimulated
by G-protein coupled receptors and growth factors, resulting in gene expression involved in
proliferation, differentiation, and survival. The p38 and JNK pathways are activated mainly by
cytokines, leading to gene expression involved in inflammation and apoptosis248. Studies have
reported that patients with airway diseases such as CF, asthma, and COPD demonstrated
increased phosphorylated forms of MAPKs, therefore, MAPKs are suggested to play an
important role in mediating airway and lung inflammation249-251.
Activation of ERK typically induces the expression of genes involved in proliferation,
differentiation, and growth. However, studies have demonstrated that ERK also played a role in
mediating inflammation by regulating the expression of different pro-inflammatory cytokines
such as IL-6, IL-8, and IL-1β252. A recent study demonstrated that an ERK inhibitor was
sufficient to suppress the expression of pro-inflammatory cytokines in H292 mucoepidermoid
cells exposed to cigarette smoke condensate253. Beside ERK, p38 is also activated in COPD
patients. Activation of p38 was reported to stabilize the mRNA of many pro-inflammatory
cytokines and chemokines involved in COPD pathogenesis, and inhibition of p38 was reported to
sufficiently attenuate the disease severity in animal models of COPD254, 255. This agrees with a
subsequent study demonstrating inhibition of p38 pathway reduced the expression of TNF-α, IL6, and IL-1β256. Similar to COPD, inhibition of ERK and p38 reduced the stability of IL-8 mRNA
in cystic fibrosis lung epithelial cell line, while inhibition of JNK had no effect251. In the case of
asthma, there was a positive correlation between disease severity and the amount of
phosphorylated ERK and phosphorylated p38, as well as between phosphorylated ERK and the
number of infiltrated eosinophils and neutrophils in the airways249. It is important to note that
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activation of ERK and p38 have been shown to subsequently activate NF-κB pathway. In our
work, we have demonstrated that hCLCA1 induced expression of pro-inflammatory cytokines via
activation of ERK, p38, and NF-κB pathway. It is possible that hCLCA1 initially activates ERK
and p38, which subsequently activates NF-κB to regulate inflammation.
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Figure 2.13. Brief overview of MAPK pathways. Upon exposure to stimuli, MAPKs (ERK,
p38, and JNK) are activated via phosphorylation cascade. Activated MAPKs translocate into the
nucleus and activate MAPK targets including transcription factors and histones. Activation of
ERK pathway leads to gene expression involved proliferation, differentiation, and survival.
Activation of p38 pathway induces gene expression involved in cytokine production,
inflammation, and apoptosis. Last but not the least, activation of JNK pathway leads to gene
expression responsible for inflammatory response and apoptosis.
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2.4

Macrophage – biology and function

2.4.1 Origin and Recruitment
Macrophages are a type of immune cells that are located throughout the body. They phagocytose
foreign particles, dead cells and debris and recruit additional neutrophils and macrophages in
response to inflammatory signals. They are also one of the most important antigen-presenting
cells (APCs) regulating the immune response in the body. They are differentiated from
circulating monocytes, which migrate into tissue in both inflammatory and non-inflammatory
states257. Monocytes are derived from hematopoietic stem cells in the bone marrow, which are
also precursors of neutrophils, eosinophils, basophils, macrophages, dendritic cells and mast
cells. Haematopoietic stem cells sequentially develop into monocytes, in which they are released
from the bone marrow into the bloodstream.
During inflammation, monocytes are recruited to the site of inflammation via chemotaxis.
Chemokines can be generated from damaged cells, pathogens, or resident macrophages at the site
of inflammation. Circulating monocytes then extravasate through the endothelium of a blood
vessel and enter the site of inflammation. Monocytes quickly differentiate into macrophages, and
it was shown that the majority of the recruited macrophages displayed inflammatory
characteristics258.
2.4.2 Mode of activation
Macrophages can be activated into two different groups depending on stimuli: classically
activated macrophages and alternatively activated macrophages. Alternatively activated
macrophages can further be classified into two sub-populations: wound-healing macrophages and
regulatory macrophages (Figure 2.14). Macrophages are highly plastic; i.e., how they are
activated determines their functions. This characteristic allows macrophages to reversibly switch
between different phenotypes depending on the microenvironment.
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2.4.2.1

Classical activation

Classically activated macrophages play a role as effector cells in Th1-mediated immune response.
These macrophages have enhanced microbicidal capacity and are able to secrete high levels of
pro-inflammatory cytokines and mediators259. A combination of two signals is required to
classically activate macrophages, and they are IFN-γ and TNF. IFN-γ is secreted from other
immune cells during stress or infection, and this cytokine primes macrophages to secrete proinflammatory cytokines. This promotes macrophages to produce increased amounts of superoxide
anions and oxygen and nitrogen radicals to increase their microbicidal ability260. However, TNF
or inducer of TNF is required as a second signal in order for full activation. Although exogenous
TNF can act as the second signal, but toll-like receptor ligand such as LPS is a more
physiologically relevant agonist. Macrophages induce the expression of TNF when exposed to
LPS, and the expressed TNF can cooperate with IFN-γ to activate macrophages in an autocrine
manner215.
When macrophages are classically activated, they secrete high levels of pro-inflammatory
cytokines such as TNF, IL-12, IL-1 and IL-6. They also secrete increased levels of chemokines
such as interferon gamma-induced protein 10 (IP-10), macrophage inflammatory protein 1α
(MIP-1α), and monocyte chemotactic protein 1 (MCP-1) to recruit additional macrophages to the
site of inflammation to sustain the inflammation215. Although classical activated macrophages are
vital components of host defense, the cytokines and mediators they produced can also lead to
host-tissue damage.
2.4.2.2

Alternative activation

2.4.2.2.1

Wound-healing macrophages

As the name suggests, wound-healing macrophages are responsible for wound-healing,
angiogenesis, and ECM deposition. The major signals that promote wound-healing macrophages
are IL-4 and IL-13208. Basophils and mast cells are important early sources of IL-4 following
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tissue injury261. The wound-healing macrophage population is sustained by a Th2-mediated
immune response, in which the signature cytokines are IL-4 and IL-13.
Contrary to classically activated macrophages, wound-healing macrophages fail to present
antigen, produce little pro-inflammatory cytokines, and are inefficient at killing intracellular
pathogens262. However, these cells secrete components of the extracellular matrix and contribute
to tissue repair. Wound-healing macrophages produce high levels of fibronectin and transforming
growth factor-β1 (TGFβ1), which promote fibrogenesis from fibroblastoid cells263. They also
display enhanced arginase activity that leads to polyamine and proline biosynthesis, promoting
cell growth, collagen formation and tissue repair264. Similar to classically activated macrophages,
dysregulation of their matrix-repairing ability in wound-healing macrophages can lead to tissue
fibrosis. Accumulating evidence suggests that these macrophages may contribute to the airway
remodeling of asthmatic patients265.
2.4.2.2.2

Regulatory macrophages

Regulatory macrophages arise in the later stages of adaptive immune responses, and the primary
role for these cells is to dampen the immune response and limit inflammation266. Two signals are
required for macrophages to induce their anti-inflammatory activity. The first signal can be one
or more of the following: immune complexes, prostaglandins, adenosine or apoptotic cells, and
has little or no stimulatory function on its own. However, when combined with a second signal,
such as TNF-α or TLR agonist, the two signals induce the transformation of macrophages into
regulatory macrophages.
The main role of regulatory macrophages is immune resolution. Unlike wound-healing
macrophages, regulatory macrophages do not contribute to the production of the extracellular
matrix262. Instead, these cells down-regulate IL-12 production while inducing the production of
IL-10. IL-10 is an anti-inflammatory cytokine that inhibits the production and activity of various
pro-inflammatory cytokines267. A study demonstrated that regulatory macrophages from IL-10
null mice fail to rescue LPS-challenged mice from lethal endotoxemia due to impaired immune
resolution268. Like other types of macrophage populations, dysregulation of regulatory
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macrophages can impose a detrimental effect on the host. Excess IL-10 can predispose the host to
infection while insufficient IL-10 can result in tissue damage due to unresolved inflammation as
seen in the mice with endotoxemia.
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Figure 2.14. Mode of macrophage activation. Macrophages can be differentiated into different
phenotypes depending on the stimuli. When classically activated with IFN-γ and TNF/TLR
ligands, they are responsible for the innate immune response. When they are exposed to IL-4 or
IL-13, they differentiate into wound-healing macrophages and are responsible for tissue repair.
Lastly, macrophages differentiate into regulatory macrophages when stimulated with immunocomplexes (or prostaglandins, adenosine or apoptotic cells) and TLR ligands, and they are
responsible for immune resolution.
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2.4.3 Alveolar macrophages
2.4.3.1

Origin and Maintenance

Alveolar macrophages are monocyte-derived macrophages that localize between the epithelial
surfaces and fluid linings of the alveoli and airways. They are highly specialized macrophages
that function primarily in lung defense against inhaled particulate matter, microbes and
environmental toxins. In the first few days after birth, fetal monocytes are colonized in the
airways, forming alveolar macrophages via stimulation with granulocyte macrophage colonystimulating factor (GM-CSF) secreted from epithelial cells in the lungs269. Alveolar macrophages
have a high capacity for self-renewal, and local proliferation is the main means for alveolar
macrophage to replenish themselves throughout life270. It was evident that alveolar macrophages
were capable of replenishing themselves through proliferation when there was a partial depletion
of alveolar macrophages during influenza infection271. Only in the case of substantial depletion of
alveolar macrophages caused by radiation do haematopoietic stem cells-derived circulating
monocytes contribute to alveolar macrophages repopulation270.
2.4.3.2

Role of alveolar macrophages in the lungs

During homeostasis, alveolar macrophages remain in a relatively quiescent state with a
regulatory-like phenotype, with roles primarily in tissue homeostasis and resolution of
inflammation272. They produce low levels of inflammatory cytokines and have a reduced
phagocytic ability compared to the resident macrophages in other tissues273. Also contrary to their
counterparts, alveolar macrophages are inefficient at inducing T cell antigen-specific response
because they have poor antigen presenting ability as well as a lack of expression of costimulatory molecules274. This is an important characteristic of alveolar macrophages so that proinflammatory responses are not triggered when exposed to tissue debris or innocuous antigens.
They also produce immunosuppressive prostaglandins and anti-inflammatory transforming
growth factor-β1 (TGFβ1) to suppress T cell activation275. An in vivo study has demonstrated that
mice depleted of alveolar macrophages exhibited excessive inflammation and immunity to
innocuous antigens276.
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The regulatory phenotype of alveolar macrophages is maintained by the lung microenvironments.
Alveolar macrophages activation is tightly controlled through cell-cell and soluble mediator
interactions, and the most important regulations are via interactions with OX-2 membrane
glycoprotein (CD200) and IL-10. Alveolar macrophages express high levels of CD200R, and
they interact with the CD200 expressed on type II alveolar epithelial cells, inhibiting the alveolar
macrophages from pro-inflammatory activation277, 278. The regulatory phenotype of alveolar
macrophages is also contributed by interaction with IL-10. The main sources of IL-10 are from
healthy airway epithelium and alveolar macrophages during homeostasis279. As mentioned
earlier, IL-10 is an anti-inflammatory cytokines that can suppress expression of pro-inflammatory
cytokines267. This suggests that the destruction of airway epithelium or the loss of exposure to the
regulatory ligands may direct alveolar macrophages to respond to airway antigens in a proinflammatory manner. As a result, this promotes macrophages to switch into different subtypes
(classical, wound-healing, or regulatory) depending on the stimulants.
Although alveolar macrophages are essential to prevent unwanted inflammation from exposure to
innocuous antigens, they are able to initiate strong immune responses to something more
pathogenic. Alveolar macrophages express a wide array of receptors that recognize pathogenassociated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs).
Activation of toll-like receptor (TLR) by PAMP inhibits the IL-10R signal transduction and
overrides the inhibitory effect of IL-10280. Once activated, alveolar macrophages display greater
phagocytic capacity, remove T cell suppression and produce increased levels of pro-inflammatory
cytokines281-283. Activated alveolar macrophages also drive the influx of inflammatory leukocytes
such as neutrophils and monocytes through chemokines secretion. The importance of alveolar
macrophages in initiating inflammatory response is illustrated by a study that reported reduced
chemokine production and neutrophil infiltration during inflammation due to alveolar
macrophages depletion in mice284.
2.4.3.3

Alveolar macrophages in airway diseases

Alveolar macrophages are one of the most important immune cells in the lungs that play a vital
role in host defense and immune regulation during airway inflammation or infection. However,
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they also contribute to some of the pathologies during airway diseases (Figure 2.15). Alveolar
macrophages from CF patients displayed pro-inflammatory phenotypes and impaired
phagocytosis ability285, and they secrete high levels of chemokines in the absence of pulmonary
infection286. Their inefficient clearance of pathogens and persistent release of pro-inflammatory
cytokines perpetuate inflammation in the airways and eventually lead to tissue damage in CF
patients.
Similar to CF, alveolar macrophages also contribute to the pathological lesions in COPD patients.
As mentioned above, cigarette smoke exposure induced IL-8 expression and impaired
efferocytosis in alveolar macrophages174, 176, resulting in persistent neutrophil infiltration in the
airways. Together with neutrophils, alveolar macrophages secreted excess elastases and MMPs
that contributed to structural degradation (emphysema) of the lungs176, 177. This is salient when
depletion of alveolar macrophages prevented the development of emphysema in an experimental
model of COPD287.
In the case of asthma, alveolar macrophages are suggested to contribute to airway remodeling.
They are differentiated into wound-healing macrophages due to the stimulation of Th2 cytokines
in the environment. They over-express profibrotic factors and display increased biogenesis of
polyamines and proline to facilitate fibrogenesis of the airways288, 289. Alveolar macrophages
from asthmatic patients secrete higher levels of IL-13, which perpetuate their wound-healing
phenotype in an autocrine manner290. However, alveolar macrophages remain vital to asthmatic
patients as their depletion worsens airway hyper-responsiveness and inflammation in asthmatic
models in vivo291, 292.
Alveolar macrophages are like double-edge swords. They are crucial to maintain pulmonary
homeostasis by performing anti-inflammatory functions and clearing harmful pathogens, but they
are also an integral part of the mechanisms perpetuating inflammation and tissue injury
associated with different airway diseases.
The human hCLCA1 and its murine ortholog mCLCA3 are highly expressed from airway
epithelial cells in airway diseases in inflammatory airway diseases in which alveolar
macrophages are central to disease progression, such as cystic fibrosis, asthma, and COPD43, 84, 95.
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As mentioned above, alveolar macrophages regulate the immune system in the lung by
controlling the expression of cytokines. During airway inflammation, pro-inflammatory cytokines
are secreted from alveolar macrophages and other immune cells to eliminate pathogens.
However, excess pro-inflammatory cytokines often lead to prolonged inflammation that can
result in tissue damage. Our studies demonstrated that hCLCA1 is able to positively simulate the
expression of different pro-inflammatory cytokines in alveolar macrophages. This suggests that
hCLCA1 is partly responsible for the cytokine response elicited by alveolar macrophages in
airway diseases.
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Figure 2.15. Schematic models of how alveolar macrophages play a role in airway diseases.
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STUDY 1 – SECRETED HCLCA1 IS A SIGNALING MOLECULE THAT ACTIVATES
AIRWAY MACROPHAGES
The CLCA gene family produces both secreted and membrane-associated proteins that modulate
ion-channel function, drive mucus production and have a poorly understood pleiotropic effect on
airway inflammation. The primary up-regulated human CLCA ortholog in airway inflammation
is hCLCA1. Here we show that this protein can activate airway macrophages, inducing them to
express cytokines and to undertake a pivotal role in airway inflammation. In a U-937 airway
macrophage–monocyte cell line, conditioned media from HEK 293 cells heterologously
expressing hCLCA1 (with or without fetal bovine serum) increased the levels of proinflammatory cytokines (IL-1β, IL-6, TNF-α and IL-8). This effect was independent of the
metalloprotease domain of hCLCA1. Primary porcine alveolar macrophages were similarly
activated, demonstrating the effect was not cell line dependent. Similarly, immuno-purified
hCLCA1 at physiologically relevant concentration of ~100 pg/mL was able to activate
macrophages and induce pro-inflammatory response. This cytokine response increased with
higher concentration of immuno-purified hCLCA1. These findings demonstrate the ability of
hCLCA1 to function as a signaling molecule and activate macrophages, central regulators of
airway inflammation.

This chapter was published as: Ching, J. C., Lobanova, L. & Loewen, M. E. (2013). Secreted
hCLCA1 is a signaling molecule that activates airway macrophages. PLoS One 8, e83130.
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3.1

Introduction

CLCA genes (CL stands for chloride-channel modulating and CA for calcium-activated) are
induced in airway epithelial cells by inflammation14. This induced expression often exceeds
that of most other inflammatory mediators293. The gene products have a pleiotropic effect,
generating secreted and membrane-associated proteins that increase mucus production,
leukocyte infiltration and airway hyper-responsiveness, with single-nucleotide
polymorphisms increasing asthma susceptibility as well14, 43, 92, 163, 293-295. Although CLCA
proteins were originally identified as calcium activated chloride channels, we and others
concluded that they only modulated channel pores (suggesting a signaling ability)1, 4, 36, 59, 60.
How putative signaling ligands could cause a seemingly pleotropic effect on airway
inflammation was unclear. One possibility was that CLCAs modified a central mediator of
airway inflammation, such as the airway macrophage.
Airway macrophages are one of the major resident immune cell types responsible for lung
defense296. How a macrophage is activated will determine its function215. “Classically”
activated macrophages secrete high levels of pro-inflammatory cytokines (such as IL-8, IL-6
and IL-1β), enhancing their microbicidal capacity by producing oxygen and nitrogen free
radicals215. “Alternatively” activated macrophages secrete high levels of anti-inflammatory
cytokines (such as IL-10 and IL-12), dampening the immune response and promoting
wound healing297. Generally, macrophage activation has a receptor-driven signal
transduction mechanism requiring activation of (cytoplasmic membrane) potassium and
chloride channels to proceed298-300. The primary up-regulated human CLCA ortholog in
human airway inflammation is hCLCA1. If this protein activates macrophages, the
pleiotropic effect of CLCA genes can be explained.
In this report, we used a human monocyte cell line (U-937) and primary porcine alveolar
macrophages to test whether the secreted form of hCLCA1 can activate macrophages. We
also assessed the role of the autoproteolytic metalloprotease (hydrolase) domain of
hCLCA1, which contains a zinc-reactive HEXXH motif that cleaves the protein into a large
~90 kDa N-terminal and a small ~40 kDa C-terminal fragment, in the macrophage
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activation process68, 301. We found using progressively purified secreted hCLCA1 protein,
that it possesses an intrinsic ability to signal and activate airway macrophages. This
signaling property was independent of its hydrolase domain activity.
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3.2

Materials and Methods

3.2.1 Cell culture and transfection
Human embryonic kidney cells (HEK293 cell line; CRL1573; ATCC) were grown in DMEMGlutamax medium (10566-016; Life Technologies) supplemented with 10% fetal bovine
serum (FBS; 16000-044; Life Technologies) and 1% penicillin-streptomycin (pen-strep;
15140-122; Life Technologies) at 37 °C in a humidified atmosphere with 5% CO2. Cells were
seeded and transfected in six-well plates with the vectors pIRES2-EGFP, wild-type pIRES2EGFP-hCLCA1 or hydrolase-inactive E157Q mutant pIRES2-EGFP-hCLCA1 (GenScript) using
the transfection reagent FuGENE HD (E2311; Promega) at a 3:1 FuGENE HD Transfection
Reagent to DNA ratio.
Human monocytes (U-937 cell line; CRL1593.2; ATCC) were grown in RPMI-1640 medium
(SH3025502; Thermo Scientific) supplemented with 10% heat inactivated FBS and 1% penstrep at 37 °C in a humidified atmosphere with 5% CO2. Porcine alveolar macrophages were
grown in RPMI-1640 medium supplemented with 20% heat inactivated FBS and 1% penstrep at 37 °C in a humidified atmosphere with 5% CO2.
3.2.2 Media collection, immunoprecipitation and protein concentration
determination
At Day 2 post-transfection, conditioned FBS-containing medium was collected. Conditioned
FBS-free medium was collected at Day 3 (after replacing the initial HEK293 medium with
FBS-free DMEM at Day 2). Macromolecules in the collected media were concentrated using
Amicon Ultra-15 Centrifugal Filter Units (UFC903008; EMD Millipore). The concentrations
of the proteins were determined using a Bradford protein assay (500-0201; Bio-rad)
Conditioned FBS-free hCLCA1 and FBS-free eGFP macromolecule samples were
immunoprecipitated with a Pierce Crosslink Magnetic IP/Co-IP Kit (88805; Thermo
Scientific) using hCLCA1-N14 antibody (sc-46866; Santa Cruz) according to manufacturers’
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protocols. To improve the yield of the immunoprecipitation, we increased: the antibody
amount used in the antibody coupling step to 8 μg from 5 μg, the antibody coupling time to
30 minutes from 15 minutes, and the sample incubation time to 1.5 h from 1 h. The
concentration of the immunoprecipitated hCLCA1 protein was determined from a standard
curve generated using a 2-fold dilution series of lysozyme (L-6876; Sigma-Aldrich) on a
silver stained SDS-PAGE gel. The concentrations of lysozyme used in the standard curve
were 100 pg/μL, 50 pg/μL, 25 pg/μL, 12.5 pg/μL, 6.25 pg/μL, and 3.125 pg/μL.
3.2.3 Monocyte differentiation and activation
Monocyte cells were seeded in each well (1.3×106 to 1.5×106 cells/well) in a 6-well plate
and differentiated into macrophages with 0.1 nM phorbol-12-myristate-13-acetate (PMA;
P8139; Sigma-Aldrich) in supplemented FBS-free RPMI-1640 medium for 18 h. The cells
were washed 2 times with FBS-free RPMI-1640 medium and incubated in supplemented
RPMI-1640 media containing 3, 6 or 10% FBS. In the conditioned FBS-containing medium
experiment, 0.1, 1 or 10 mg/mL of eGFP or hCLCA1 was added to macrophages in 10% FBS
growth medium. In conditioned FBS-free medium experiment, 66.7 μg/mL or 200.0 μg/mL
of eGFP or hCLCA1 was added to macrophages in 3, 6, or 10% FBS growth medium to
determine optimal FBS concentration; and 3.3 μg/mL, 16.7 μg/mL or 33.3 μg/mL of hCLCA1
was added to macrophages in 6% FBS growth medium to determine the dose response. In a
further experiment, 45 μL of immuno-purified hCLCA1 (93.3 pg/mL or 141.7 pg/mL) or
45 μL of control (immunoprecipitation of eGFP using hCLCA1-N14 antibody) were added
and incubated in 6% FBS growth medium for 24 h or 48 h.
3.2.4 SDS-PAGE and western blot Analysis
Cell lysates were collected using M-PER mammalian protein extraction reagent (78503;
Thermo Scientific) with the addition of Halt protease and phosphatase inhibitor cocktail
(78440; Thermo Scientific). The samples (cell lysates or media) were boiled in 2x
denaturing buffer (20% glycerol, 4% SDS, 125mM Tris pH 6.8, 0.3mM bromophenol blue)
and 10% β-mercaptoethanol (BME; M6250; Sigma-Aldrich), and they were analyzed by
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10% or 12% SDS-PAGE. The SDS-PAGE gel was stained with coomassie blue stain (staining
– 45% methanol, 10% glacial acetic acid, 45% water, 3g/L Coomassie Brilliant Blue R250;
destaining – 20% methanol, 10% glacial acetic acid, 70% water) and a Pierce Color Silver
Stain Kit (24597; Thermo Scientific) according to manufacturers’ protocols. Densitometry
was performed using a ChemiDoc MP System (170-8280; Bio-rad).
For western blot analysis, proteins were electroblotted onto PVDF membrane (RPN303LFP;
GE Healthcare Life Sciences) with transfer buffer (25mM Tris, 192mM glycine, 20%
methanol). Membranes were blocked overnight at 4 °C with 5% bovine serum albumin in
PBST buffer (137mM NaCl, 2.6mM KCl, 1.5mM KH2PO4, 8.1mM Na2HPO4, 0.1% Tween-20;
Sigma-Aldrich) and subsequently probed for 2 h at room temperature with primary
antibodies in PBST. The membranes were then incubated for 1 h at room temperature with
secondary antibodies in PBST. Proteins were detected and analyzed using Typhoon Trio
and ImageQuant TL system (63005583; GE healthcare Life Sciences). Densitometry analysis
of intracellular IL-1β protein was normalized to GAPDH in each sample as previously
described302, 303. The primary antibodies used were hCLCA1 (N-14; sc-46866; Santa Cruz),
GAPDH (FL-335; sc-25778; Santa Cruz), IL-1β (H-153; sc-7884; Santa Cruz), and GAPDH
(MAB374; EMD Millipore). The secondary antibodies used were Alexa Fluor 488 Donkey
anti-Goat IgG antibody (A11055; Life Technologies), ECL Plex Goat anti-Mouse IgG-Cy5
antibody (PA45009; Amersham Biosciences), and DyLight 488 conjugate Goat anti-Rabbit
IgG antibody (35552; Thermo Scientific).
3.2.5 Bio-Plex suspension array system
After 48 h activation with immuno-purified proteins, macrophage medium was collected
and analyzed for cytokine levels using Bio-Plex Suspension Array System (171-000201;
Bio-rad) according to the manufacturers’ protocols. The Bio-Plex Pro Human Cytokine 8plex Assay (M50-000007A; Bio-rad) we used included the following cytokines: IL-2, IL-4, IL6, IL-8, IL-10, GM-CSF, IFN-γ, and TNF-α.
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3.2.6 RNA isolation and real-time quantitative PCR
For macrophages activated in FBS-containing media, RNA was extracted after 1, 2, 4, 6, 12
and 24 h using TRIzol Reagent (15596018; Life Technologies) according to manufacturers’
protocols. For macrophages activated in FBS-free media, RNA was extracted after 24 h. For
macrophages activated with immunoprecipitated proteins, RNA was extracted after 24 or
48 h. The collected RNA was analyzed with a GoTaq 2-Step RT-qPCR system (A6010;
Promega) and Mx3005P real-time PCR machine (401514; Agilent). cDNA of each sample
was measured in duplicates in Mx3005P real-time qPCR machine, and the average CT (cycle
threshold) value was used to calculate the fold difference of each gene. Human primers
were designed for GAPDH, TNF-α, IL-12a, IL-8, IL-1β, IL-6 and IL-10; and porcine primers
were designed for NADH dehydrogenase, TNF-α, IL-12a, IL-8, IL-1β, IL-6 and IL-10 (Table
3.1). hGAPDH and pNADH were used as the reference genes for analysis.
3.2.7 Porcine alveolar macrophage isolation
A solution of 100 mL of 0.1 M PBS+ (supplemented with 1% pen-strep and 1x antibioticantimycotic (15240112; Life Technologies)) was injected into porcine lungs. The lungs
were obtained with specific permission for use in this study from a local federally inspected
abattoir (Friesen's Meat Processing, Warman, SK). Lung lavage fluid was collected and
filtered through 70 μm cell strainers (352350; Corning). The filtered cells were subjected to
repeated centrifugation at 400g for 10 min at 4 °C and washed with 20 mL 1.0 M PBS+, 2–
3 mL of erythrocyte lysing solution (155mM NH4Cl, 10mM NaHCO3, 1mM EDTA, pH 7.4 with
HCl) for 20 s, 45 mL of 1.0 M PBS+ and then 25 mL of 1.0 M PBS+. The pelleted cells were
subsequently re-suspended in culture medium (RPMI-1640 with 20% heat-inactivated FBS,
1% pen-strep and 1x antibiotic-antimycotic). The cells were counted using trypan blue
(15250061; Life Technologies), and 1.5×107 cells/mL were cryopreserved in liquid
nitrogen using culture medium with 10% DMSO.
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3.2.8 Porcine alveolar macrophage stimulation
A total of 1.5×107 cells were thawed at 37 °C, added to 8 mL warm culture medium and
centrifuged at 500g for 5 min. The cells were then re-suspended, and 1.5×107 cells were
seeded in each well of a six-well plate with 3 mL of culture medium in each well. The plates
were incubated 15–18 h at 37 °C under a humidified 5% CO2 atmosphere. The cells were
washed 2 times with culture medium and incubated in 3 mL culture medium. To activate
the porcine alveolar macrophages, 66.7 µg/mL, 200 µg/mL or 1000 µg/mL of eGFP or
hCLCA1 in FBS-free medium was added.
3.2.9 Efficiency and fold difference calculations
Dilution series from 1×100-fold to 1×10−5-fold of cDNA were used to determine the primer
efficiency. The CT value obtained in each dilution was used to generate a linear plot of CT vs.
log copies. The efficiency of the primer set was determined with the equation Eff =
10(−1/slope). The fold difference between hCLCA1- and eGFP-activated samples was
determined using an efficiency-corrected calculation with eGFP-activated macrophage
serving as control and hGAPDH or pNADH serving as the reference gene304:
ΔCT, target ( Mean control − Mean sample )

ratio = ( Eff target )

ΔCT, ref ( Mean control − Mean sample )

/ ( Eff ref )

3.2.10 Statistics
All data are expressed as means ± standard error of the mean (SEM). Each biological
replicate was a result of an individual transfection paired with an eGFP transfection. Each
biological replicate was performed on different days. Fold differences were calculated by
comparing hCLCA1-activated macrophage to its paired eGFP-activated macrophage control.
The normality test was done using Shaprio-Wilk test, and the fold difference values of RTqPCR and Bio-Plex assay were analyzed using Kruskal-Wallis one-way analysis of variance
test with Conover-Inman test. Friedman two-way analysis of variance was performed to
compare the fold difference of mRNA expression between groups (time, wild type hCLCA1
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vs. mutant hCLCA1, concentration, etc.). All western blot data was normalized to the
appropriate controls, and each western blot was a result of an individual biological
replicate. One-way t-tests were performed with the mean set as 1305, 306. Significance was
determined at p < 0.05.
3.2.11 Ethics Statement
Obtaining and use of animal tissue was specifically approved for this study by the
University of Saskatchewan’s Institutional Animal Care and Use Committee (IACUC) Permit
# 20120100.
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Table 3.1. Primers used in RT-qPCR experiments.
Human qPCR Primers
Gene
Name
GAPDH
TNF-α
IL-12a
IL-8
IL-1β
IL-6
IL-10
Gene
Name
NADH
TNF-α
IL-12a
IL-8
IL-1β
IL-6
IL-10

Forward Primers (5′ à 3′)
Reverse Primers (5′ à 3′)
CAAGGTCATCCATGACAACTTTG
GGGCCATCCACAGTCTTCTG
TGCTGCACTTTGGAGTGATCG
TGCTACAACATGGGCTACAGG
CAGTGGAGGCCTGTTTACCATTG
TACTACTAAGGCACAGGGCCATC
TCTCTTGGCAGCCTTCCTGATTTC
ATTTCTGTGTTGGCGCAGTGTG
GCTGATGGCCCTAAACAGATG
TGTAGTGGTGGTCGGAGATTC
AGCCACTCACCTCTTCAGAAC
GTGCCTCTTTGCTGCTTTCAC
AAGCTGAGAACCAAGACCCAGACA AAAGGCATTCTTCACCTGCTCCAC
Porcine qPCR Primers
Forward Primers
TCATCGGGGCCCTACGAGCA
ACGCTCTTCTGCCTACTGCACTTC
CCACTTGAACTAGCCACGAATGAG
AGGACCAGAGCCAGGAAGAGAC
CTCCAGCCAGTCTTCATTGTTCAG
CCAATCTGGGTTCAATCAGGAGAC
AAGACGTAATGCCGAAGGCAGAGA
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Reverse Primers
GGCGAAAGGTCCGGCTGCAT
TCCCTCGGCTTTGACATTGGCTAC
AGATACTGCTAAGGCACAGGGTTG
CTTGCCAGAACTGCAGCCTCAC
GTTGTCACCGTAGTTAGCCATCAC
CAGCCTCGACATTTCCCTTATTGC
TGCTAAAGGCACTCTTCACCTCCT

3.3

Results

3.3.1 Response of the U-937 macrophage cell line to FBS-containing hLCCA1 medium
The activation of macrophages by secreted hCLCA1 was investigated using the U-937
macrophage cell line treated with conditioned FBS-containing medium from HEK293 cells
heterologously expressing hCLCA1 or eGFP. Macrophage activation was demonstrated by
expression of the pro-inflammatory cytokines IL-8, IL-6, IL-1β and TNF-α (Figure 3.1). The
presence of secreted hCLCA1 in the medium was confirmed by western blot analysis (Figure
3.2). There was more cleaved hCLCA1 product than the hCLCA1 precursor present in both wildtype hCLCA1 lysate and medium, whereas, E157Q hydrolase-inactive hCLCA1 had only the
precursor present. Densitometry analysis showed that there was no significant difference between
the expression of wild-type hCLCA1 and E157Q mutant hCLCA1 in medium (Figure 3.2). In a
log-scale dose test from 0.1 mg/mL to 10 mg/mL of total protein from the conditioned medium,
the strongest response for these cytokines was obtained at 1 mg/mL (Figure 3.1). Concentrated
pure medium and conditioned medium from HEK293 cells expressing the large protein
TMEM16A (tested as an additional control) was found to cause no significant activation
(Figure 3.1). At the optimized dose of 1 mg/mL, the expression of IL-8, IL-6, IL-1β and TNF-α
in response to wild-type hCLCA1 and its hydrolase-inactive E157Q mutant was followed over
24 h (Figure 3.3); this test revealed no difference in the mRNA expression between E157Q and
wild-type hCLCA1-activated macrophages. Generally, the longer the macrophages were
incubated with hCLCA1, the higher the activation (Figure 3.3). Lipopolysaccharide (LPS), a
potent endotoxin that activates through toll-like receptor 4, was used as a positive control and
produced a similar time-dependent activation.
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Figure 3.1. Conditioned FBS-containing hCLCA1 medium shows dose-dependent effect.
Macrophages were activated for 24 h with 0.1 mg/mL, 1.0 mg/mL, or 10 mg/mL of FBScontaining stimulants (eGFP, wild-type hCLCA1, E157Q mutant hCLCA1, 1.0 mg/mL pure
media, or 1.0 mg/mL TMEM16A). Dose-dependent cytokine mRNA expression by macrophages
was quantified through RT-qPCR. The fold difference at each condition was compared against
eGFP (the control) of the same concentration. Results were presented as the means of 3 samples
± SEM. Each sample was a result of an individual transfection paired with an eGFP transfection.
Significant fold differences from corresponding control values (eGFP of the same concentration)
are indicated by * (p < 0.05), ** (p < 0.005) or *** (p < 0.001).
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Figure 3.2. Representative western blot image of eGFP- and hCLCA1-transfected HEK-293
cell lysates and media using hCLCA1 N-terminal antibody. Both precursor and N-terminal
hCLCA1 products were secreted into the extracellular space. However, there was a higher
proportion of cleaved product than precursor in the wild-type hCLCA1 lysate and medium.
Relative protein expressions of secreted wild-type and secreted E157Q mutant hCLCA1 were
compared using densitometry (the secreted E157Q mutant hCLCA1 was normalized to the
secreted wild-type hCLCA1 in each sample). No statistical significant difference was found
between the protein levels of wild-type andE157Q mutant hCLCA1 in the medium. Wild-type
hCLCA1 included 125 kDa uncleaved precursor and 90kDa cleaved N-terminal hCLCA1, while
E157Q mutant hCLCA1 only included 125kDa uncleaved precursor hCLCA1. Results were
presented as the means of 3 samples ± SEM.
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Figure 3.3. Conditioned FBS-containing hCLCA1 medium shows time-dependent effect.
Macrophages were activated with 1.0 µg/mL LPS, 1.0 mg/mL FBS-containing wild-type
hCLCA1, E157Q mutant hCLCA1 or eGFP medium. Time-dependent (1, 2, 4, 6, 12, 24 h)
cytokine mRNA expression by macrophages was quantified through RT-qPCR. The fold
difference at each condition was compared against eGFP (the control) of the same condition.
Results were the means of 4 samples ± SEM. Each sample was a result of an individual
transfection paired with an eGFP transfection. Significant fold differences from the
corresponding control values (eGFP of the same concentration) are indicated by * (p < 0.05), **
(p < 0.005) or *** (p < 0.001).
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3.3.2 Dose response of the U-937 cell line to FBS-free conditioned hCLCA1 medium
The macrophage growth medium for the dose response experiment was supplemented to the
optimized concentration of 6% FBS, as determined by cytokine response (Figure 3.4). An
appropriate FBS concentration was essential for macrophage growth and activation. The
expression of hCLCA1 was confirmed by western blot (Figure 3.5A). Comparing between the
FBS-containing medium and FBS-free medium, both western blot and coomassie gel (Figure
3.5B) staining showed that there was significantly less impurities in the FBS-free medium
(Figure 3.5). The dose effect of conditioned FBS-free hCLCA1-containing medium on
macrophage activation was carried out to eliminate any effects of FBS in the FBS-containing
hCLCA1 medium (Figure 3.6). The concentration of total secreted protein in the medium used in
Figure 3.1 was estimated to be between 50 and 200 µg/mL because we estimated that hCLCA1
only made up of ~1% of the total protein in the FBS-containing conditioned medium from
coomassie stained gel. Therefore, concentrations of FBS-free hCLCA1 medium ranging from
3.3 µg/mL to 200 µg/mL were used for the macrophage activation dose response test, in which
66.7 µg/mL of FBS-free hCLCA1 medium was found to provide the maximum increase in the
expression of IL-8, IL-6, and IL-1β; conversely, 200 µg/mL of FBS-free hCLCA1 medium
caused a significant decrease in the anti-inflammatory cytokine IL-10 (Figure 3.6). The level of
IL-12a never responded significantly and was generally just at the level of detection (Figure 3.6).
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Figure 3.4. 6% FBS is determined to be the optimal FBS % in growth medium to activate
macrophages. U-937 macrophage cells were activated for 24 h using 66.7 µg/mL or 200 µg/mL
of FBS-free eGFP medium or FBS-free wild-type hCLCA1 medium with 3%, 6%, or 10% FBS
growth medium. IL-8, IL-6, IL-1β, TNF-α, IL-12a and IL-10 were quantified by their mRNA
expression using RT-qPCR. The fold difference at each concentration was compared against
eGFP (the control) at the same concentration. Results were the means of 5 samples ± SEM. Each
sample was a result of an individual transfection paired with an eGFP transfection. Significant
fold differences from corresponding control values (eGFP of the same concentration) are
indicated by * (p < 0.05), ** (p < 0.005) or *** (p < 0.001).
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Figure 3.5. Representative western blot and coomassie gel showing FBS-containing and
FBS-free conditioned media. (A) Western blot analysis probing against hCLCA1 N-terminal
antibody was utilized in conjunction with (B) Coomassie gel staining to compare the total protein
contents between FBS-containing hCLCA1 medium and FBS-free hCLCA1 medium. Both
western blot and coomassie gel staining showed that hCLCA1 was one of the major secreted
molecules, and there was less impurities in the FBS-free hCLCA1 medium without a major loss
in hCLCA1 protein.
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Figure 3.6. Conditioned FBS-free hCLCA1 medium shows a dose-dependent effect. U-937
macrophages were activated for 24 h using 3.3 µg/mL, 16.7 µg/mL, 33.3 µg/mL, 66.7 µg/mL, or
200 µg/mL of FBS-free wild-type hCLCA1 medium or FBS-free eGFP medium in 6% FBS
growth medium. IL-8, IL-6, IL-1β, TNF-α, IL-12a and IL-10 were quantified by their mRNA
expression using RT-qPCR. The fold difference at each concentration was compared against
eGFP (the control) at the same concentration. Results were the means of 5 samples ± SEM. Each
sample was a result of an individual transfection paired with an eGFP transfection. Significant
fold differences from corresponding control values (eGFP of the same concentration) are
indicated by * (p < 0.05), ** (p < 0.005) or *** (p < 0.001).
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3.3.3 Activation of primary porcine macrophage by hCLCA1
To confirm that the effect of hCLCA1 was not specific to the U-937 cell line, isolated porcine
alveolar macrophages were tested with FBS-free hCLCA1 or eGFP medium. Activation by
hCLCA1 was observed in 20% FBS medium, a standard growth condition for isolated porcine
macrophages (Figure 3.7). However, 66.7 µg/mL of FBS-free hCLCA1 medium activated only
IL-1β; 200 µg/mL of FBS-free hCLCA1 medium was required to increase most of the proinflammatory cytokines (including TNF-α, IL-8, IL- 6 and IL-1β). At 1000 µg/mL FBS-free
hCLCA1 medium, however, the pro-inflammatory response was reduced.
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Figure 3.7. Activation of porcine alveolar macrophages with hCLCA1. Porcine alveolar
macrophages were activated with different concentrations (66.7 µg/mL, 200 µg/mL or
1000 µg/mL) of FBS-free eGFP medium or FBS-free wild-type hCLCA1 medium. IL-8, IL-6,
IL-1β, TNF-α, IL-12a and IL-10 were quantified by their mRNA expression using RT-qPCR.
The fold difference at each concentration was compared against eGFP (the control) at the same
concentration. Results were the means of 7 samples ± SEM. Each sample was a result of an
individual transfection paired with an eGFP transfection. Significant fold differences from
corresponding control values (eGFP of the same concentration) are indicated by * (p < 0.05), **
(p < 0.005) or *** (p < 0.001).
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3.3.4 Activation of the U-937 cell line by immuno-purified hCLCA1
To demonstrate that hCLCA1 was acting on its own and not in conjunction with other
components secreted by the HEK293 cell line, immuno-purified hCLCA1 from FBS-free
medium was tested. The presence and purity of hCLCA1 was confirmed with western blot
and silver stain (Figure 3.8A). Since the concentration of immuno-purified hCLCA1 was
beyond the detection range of Bradford protein assay (> 1 μg/mL), we measured the
concentration of hCLCA1 using a standard curve generated by a 2-fold dilution series of
lysozyme on a silver stained SDS-PAGE gel (Figure 3.8B). Densitometry analysis showed
that the concentration of immuno-purified hCLCA1 was 6.2 ± 0.3 pg/μL (Figure 3.8B).
Therefore, the maximum hCLCA1 concentration achievable for macrophage activation was
93.3 pg/mL. Macrophages stimulated with 93.3 pg/mL of pure hCLCA1 activated similarly
to that induced by the conditioned FBS-free medium after 48 h, although only IL-1β levels
were enhanced after 24 h (Figure 3.9).
To demonstrate that higher concentration of pure hCLCA1 can elicit a stronger effect on
macrophages, we optimized the immune-precipitation protocol to yield a higher hCLCA1
concentration. The improvement resulted in the concentration of immuno-purified hCLCA1
as determined through densitometry analysis on a silver stained SDS-PAGE gel to be 9.4 ±
0.3 pg/μL (Figure 3.10). This allowed macrophages to be activated with a maximum
concentration of 141.7 pg/mL immuno-purified hCLCA1 for 48 h. Enhanced mRNA
expression of pro-inflammatory cytokines was observed with increased hCLCA1
concentration (Figure 3.11A). For example, mRNA expression levels of IL-1β increased
significantly from 0.178 log folds to 0.317 log folds (p < 0.05) with the increase in hCLCA1
concentration (Figure 3.9 and 3.11A).
The increase in cytokine mRNA expression mentioned above was translated into an
elevated cytokine protein levels. Western blot and densitometry analysis showed that
intracellular IL-1β protein levels increased by 2.38 ± 0.21 folds (p < 0.001) over the control
(Figure 3.11B). However, neither LPS nor hCLCA1-activated macrophages produced
detectable extracellular IL-1β protein in the medium according to western blot analysis
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(data not shown). This suggests that IL-1β release is dependent on factors other than
activation in this cell line. We then used a Bio-Plex suspension array system to measure the
extracellular cytokine protein expression levels in the medium of control immuno-purified
eGFP- and hCLCA1-activated macrophage. Significant fold increase over control protein
levels of IL-6 and IL-8 was observed, while IL-4, IL-10, GM-CSF, IFN-γ, and TNF-α protein
levels did not change significantly; and IL-2 was beyond the detection limit (Figure 3.11C).
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Figure 3.8. Representative western blot and silver stained gel on immuno-purified
hCLCA1. (A) Western blot analysis of immuno-purified hCLCA1 and eGFP using hCLCA1 Nterminal antibody; and silver stained acrylamide gel containing immuno-purified hCLCA1 and
eGFP. (B) Using a standard curve generated from a 2-fold dilution series of lysozyme on a silver
stained SDS-PAGE gel, immuno-purified hCLCA1 was determined to be 6.225 ± 0.307 pg/µL.
Result was presented as the mean of 3 samples ± SEM.
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Figure 3.9. Activation of macrophages with immuno-purified hCLCA1. The mRNA
expression of cytokines in macrophages stimulated with immuno-purified hCLCA1 for 24 h and
48 h were quantified using RT-qPCR. The fold difference was calculated against the
corresponding control (immunoprecipitation of eGFP using hCLCA1-N14 antibody). Results for
and were presented as the means of 10 samples ± SEM. Each sample was a result of an individual
transfection paired with an eGFP transfection. Significant fold differences from corresponding
control values (immuno-purified eGFP) are indicated by * (p < 0.05), ** (p < 0.005) and
*** (p < 0.001).
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Figure 3.10. Representative silver stained SDS-PAGE gel showing immuno-purified
hCLCA1 with optimized protocol and a 2-fold dilution series of lysozyme. Densitometry
analysis using lysozyme standard curve demonstrated a higher concentration of pure hCLCA1
(9.425 ± 0.335 pg/µL) was immunoprecipitated with an optimized protocol. The optimized
protocol yield a ~50% increase in protein amount compared to the original protocol. Result was
presented as the mean of 3 samples ± SEM.
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Figure 3.11. Enhanced macrophage activation with higher concentration of immunopurified hCLCA1. (A) The mRNA expression of cytokines in macrophages stimulated with
141.7 pg/mL of hCLCA1 for 48 h was quantified using RT-qPCR. The fold difference was
calculated against the corresponding control (immunoprecipitation of eGFP using hCLCA1-N14
antibody). Results were presented as the means of 4 samples ± SEM. (B) Representative Western
blots showing intracellular IL-1β and GAPDH levels in immuno-purified eGFP or hCLCA1stimulated macrophages. GAPDH was used as a loading control for densitometry analysis.
Immuno-purified hCLCA1-stimulated macrophages had a 2.38 ± 0.21 folds increase in IL-1β
protein levels over immuno-purified eGFP-stimulated macrophages (the hCLCA1-induced IL-1β
was normalized to the eGFP-induced IL-1β in each sample). Results were presented as the means
of 7 samples ± SEM. (C) Secreted cytokine protein expression in macrophages stimulated with a
higher concentration of immuno-purified hCLCA1 was analyzed using Bio-plex Suspension
Array System. The fold difference of each sample was compared against the corresponding
control. Results were the means of 3 samples ± SEM. Significant fold differences from
corresponding control values are indicated by * (p < 0.05), ** (p < 0.005) and *** (p < 0.001).
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3.4

Discussion

The results demonstrate that secreted hCLCA1 is able to function as a signaling molecule by
activating both cell-line and primary porcine alveolar macrophages in a dose- and timedependent manner. Confirmation of the function of hCLCA1 as a signaling ligand for airway
macrophages can begin to explain its pleiotropic effects294.
3.4.1 Type of response
The signaling function was initially demonstrated using conditioned FBS-containing
medium from HEK293 cells heterologously expressing hCLCA1. At an optimal dose of
1 mg/mL, the conditioned FBS-containing medium activated macrophages over time
similarly to the effect of LPS (Figure 3.3). To stimulate macrophages without drastically
changing the ionic and nutrient composition of the medium, the protein was concentrated
out of the conditioned medium. However, this procedure also concentrated the FBS, which
could have been deleterious to the macrophages at concentrations of 10 mg/mL, reducing
the pro-inflammatory response (Figure 3.1). Alternatively, the high concentrations of FBS
and hCLCA1 together could turn off the pro-inflammatory response.
Interestingly, activating the macrophages with FBS-free hCLCA1 at higher concentrations of
FBS (10%) in the growth media resulted in only a slight to moderate decrease in the proinflammatory response (Figure 3.4). This decrease was not as significant as that of the
10 mg/mL (concentrated) hCLCA1 in FBS-containing medium (Figure 3.1). This difference
suggests that a high concentration of hCLCA1 itself may actually begin to dampen the proinflammatory response, a trend that was seen with FBS-free hCLCA1-conditioned medium
when applied to a macrophage cell line (Figure 3.6). Evidence for higher concentrations of
hCLCA1 having a reduced pro-inflammatory response was salient in the porcine alveolar
macrophage experiment, where the strong pro-inflammatory response induced by low
concentrations of FBS-free hCLCA1-containing medium was lost at higher concentrations
(Figure 3.7).
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Together, these results demonstrate that hCLCA1-containing medium has the capacity to
induce a pro-inflammatory response that is dependent on its concentration, and the effect
of activation is not cell-line dependent. In addition, these results also illustrated hCLCA1’s
ability to activate macrophages within a mixed milieu of macromolecules. A strong proinflammatory response was observed when macrophages were activated with 1 mg/mL of
FBS-containing hCLCA1 conditioned medium (Figure 3.1). The FBS-containing hCLCA1
conditioned medium is comprised of a large number of immuno-reactive factors such as
cytokines or growth factors. In pathophysiological settings, hCLCA1 would also have to
function in such an environment of macromolecules and immuno-reactive factors
presented in the BAL fluid of inflamed airways307.
3.4.2 Macrophage activation by pure hCLCA1
To confirm that macrophage activation is not dependent on constituents that might
potentially be induced and secreted by hCLCA1 in HEK293 cells, we immunoprecipitated
hCLCA1 from FBS-free hCLCA1-containing medium. In the initial experiment in which 93.3
pg/mL of hCLCA1 was used to activate macrophages, the response was limited to IL-1β in
the first 24 h. Up to 48 h of macrophage activation was required for IL-8 to increase
significantly as well (Figure 3.9). It should be noted that 93.3 pg/mL of hCLCA1 is lower
than the physiological concentration secreted from human airway epithelial cells41, thus a
weak response was expected. However, increasing the dose to 141.7 pg/mL of hCLCA1
elicited a stronger cytokine mRNA expression in macrophages at 48 h (Figure 3.11A),
demonstrating pure hCLCA1’s ability to function in a dose dependent manner. This increase
in cytokine mRNA expression was sufficient to increase cytokine protein expression,
further supporting the physiological relevance of these findings (Figure 3.11B and 3.11C).
In fact, the concentration of hCLCA1 employed in this study is similar to physiological
concentrations of signaling molecules found in inflamed airway, as many cytokines are
expressed in the pg/mL to ng/mL range in bronchoalveolar lavage (BAL) fluid in asthmatic
patients307-309.
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3.4.3 Potential activation mechanisms
Taken together, these findings indicate that airway macrophage activation is an intrinsic
property of hCLCA1. hCLCA1 can elicit a concentration-dependent macrophage activation.
Generally, activation of pro-inflammatory response has a receptor-driven signal
transduction mechanism and is dependent on ion-channel activation at the cell surface298,
300.

The protein hCLCA1 could also activate macrophages by ion-channel modulation. The
ability of CLCA proteins to modulate multiple ion-channel types has been welldocumented59, 60, 310. These proteins increase single-channel conductance and directly
interact with channel subunits36, 311. However, inhibiting the hydrolase domain of CLCA
proteins inhibited their capability to modulate calcium-activated chloride channels
(CaCCs)70. Our findings suggest that since the hydrolase-inactive mutant could activate
macrophages, then the CaCC-modulating ability of hCLCA1 is not involved in macrophage
activation. However, such results would not preclude hCLCA1 being the modulator of other
channels that are independent of its hydrolase domain. HCLCA1’s Von Willebrand Factor-A
(VWA) domain could for example act as a ligand to modulate ion channels. Such precedents
exist as the α2δ subunit of the voltage gated calcium channel modulates its function by
binding to an extracellular region of the channel pore subunit via its VWA domain and
modifies its function74.
Alternatively, hCLCA1 macrophage activation may occur through a signal transduction
mechanism driven by a receptor ligand. Precedents exist, as some CLCA homologs contain
novel integrin binding motifs49, 312. However, the orthologs expressed in airway cells,
including hCLCA1, do not possess this binding motif. Another domain that could potentially
cause macrophage activation is the FN3 domain in the C-terminus of the hCLCA1 protein.
This FN3 domain in fibronectin has been shown to induce cytokine expression in lung
fibroblasts80. However, increasing the concentration of the FN3 domain in the medium by
mutating the hydrolase domain did not increase macrophage activation (Figures 3.1).
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3.4.4 Pathophysiological implications
The signaling ability illustrated by our findings begins to explain how CLCA has such a
pleiotropic effect on airway inflammation294. This effect was first demonstrated using
airway adenoviral gene transfer expressing CLCA in BALB/c mice, in which the artificial
expression drove and exacerbated mucus production, goblet cell metaplasia, eosinophil
infiltration and airway hyper-responsiveness in an allergic asthmatic model43. However,
subsequent studies in C57BL/6 and 129v mouse strain backgrounds produced both
conflicting and corroborating results54, 99, 294, 313. These conflicting studies could be
explained if CLCA was functioning as a signaling protein which modulates a central
mediator of the immune response (such as macrophages), which have a pleiotropic effect
on lung inflammation. It is known that lung macrophages differ significantly between
mouse strains, and such variations could explain the differences seen in the CLCA knockout
models43, 99, 294, 313, 314.
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3.5

Conclusions

We have described the novel ability of secreted hCLCA1 to function as a signaling molecule
that can activate airway macrophages. Such ability likely has a profound impact on the
immune response in the airways, where the expression of this gene is massively upregulated during inflammation14. Airway macrophages are pivotal regulators of the
inflammatory response, and the ability of hCLCA1 to activate them could explain the
pleotropic effect seen in airway inflammation models (where hCLCA1 is either overexpressed or knocked out). The cytokine responses of the macrophages would then modify
the inflammatory response, mucus secretion, airway hyper-responsiveness and epithelial
ion-channel function (Figure 5.1). Cytokines are known to modulate these processes315, 316.
Studies to identify the receptor and hCLCA1 domain containing the corresponding ligand
are underway but are beyond the scope of this paper. The VWA domain could be one
potential candidate, where the same domain in α2δ subunit binds to voltage-gated calcium
channel74. The receptor and the ligand domain of hCLCA1 should be of therapeutic interest,
as blocking either could have beneficial effects against airway inflammation. Furthermore,
these findings open a new area of investigation into the function of CLCA proteins.
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Figure 3.12. Schematic model of the effects of hCLCA1 on airway macrophages. We
hypothesized that hCLCA1 secreted from inflamed epithelial cells induces airway macrophages
to secrete pro-inflammatory cytokines, and the cytokines will modulate different physiological
functions including inflammation, mucus expression, ion-channel activity, and airway hyperresponsiveness.
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STUDY 2 – VON WILLEBRAND FACTOR TYPE A DOMAIN OF HCLCA1 IS
RESPONSIBLE FOR MACROPHAGE ACTIVATION

The human hCLCA1 gene is a member of CLCA gene family that has a well-documented role in
inflammatory airway diseases. It has a pleiotropic effect on different physiological functions
including modulation of ion-channel functions and induction of mucus production. Previously,
we demonstrated that secreted hCLCA1 plays a role in regulating the innate immune response by
activating airway macrophages. However, the mechanism for this regulation remains unclear. In
this present study, we expressed recombinant proteins containing different hCLCA1 domains to
determine the specific hCLCA1 domain(s) responsible for activation and mechanisms that are
involved in modulating immune response in macrophage. We showed that the von Willebrand
factor type A (VWA) domain was responsible for activating macrophages. Macrophages treated
with VWA domain exhibited increases in both IL-1β mRNA and protein expressions which
correlate with the activation of MAPKs and NF-κB pathways.
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4.1

Introduction

The human hCLCA1 is a member of CLCA (CL stands for chloride-channel modulating and CA
for calcium-activated) family with a well-established role in inflammatory airway diseases such
as asthma, cystic fibrosis and chronic obstructive pulmonary disease25, 96, 163, 186. Studies have
reported that hCLCA1 is induced in inflamed airway epithelial cells, and this induced expression
often exceeds that of most other inflammatory mediators14, 293. The gene products have a
pleiotropic effect, generating secreted and membrane-associated proteins that increase mucus
production, airway responsiveness, and increase calcium activated chloride channel
conductance14, 21, 36, 41, 43, 85, 92, 96, 163, 293-295. Although hCLCA1 was originally identified as the
pore subunit of the calcium activated chloride channels, we and others concluded that it is a
chloride channel accessory protein instead1, 4, 36, 59, 60. However, how this accessory protein is
involved in many different cellular functions remains unknown. Recently, we have identified the
novel role of hCLCA1 as a signaling molecule45, suggesting a possible mechanism to its
pleiotropic effect. A recent study demonstrated that secreted hCLCA1 increases the surface
protein expression level of TMEM16A37, further supporting our proposed role of hCLCA1 as a
signaling molecule to modulate different physiological functions.
In our previous study, we have demonstrated hCLCA1 acts as a signaling molecule and
modulates the innate immune response in macrophages45. A recent study also demonstrated that
mCLCA3, the murine ortholog of hCLCA1, modulates leukocyte recruitment via IL-17 and
CXCL-1 in bacterial pneumonia100, which is in line with our newly identified function of
hCLCA1 as a modulator in immune response. However, the mechanism regarding this
modulation remains unclear. In this study, we expressed proteins containing different hCLCA1
domains to determine the specific hCLCA1 domain(s) and mechanisms that are involved in
modulating the innate immune response in macrophage. From our results, we found that von
Willebrand factor type A (VWA) domain of hCLCA1 is responsible for the up-regulation of both
mRNA and protein expression of IL-1β. We also found that NF-κB and MAPK signaling
pathways were activated when exposed to VWA domain, suggesting a possible mechanism of
how hCLCA1’s VWA domain activated macrophages.

107

4.2

Material and Methods

4.2.1 Cell culture
Human monocytes (U-937 cell line; CRL1593.2; ATCC) were grown in RPMI-1640 medium
(SH3025502; Thermo Scientific) supplemented with 10% heat inactivated Fetal bovine
serum (FBS; 16000-044; Life Technologies) and 1% penicillin-streptomycin (pen-strep;
15140-122; Life Technologies) at 37 °C in a humidified atmosphere with 5% CO2.
4.2.2 Plasmid construct
The DNA of different hCLCA1 domains was amplified using polymerase chain reaction
(PCR) with Phusion high-fidelity DNA polymerase (F531S; Thermo Scientific) according to
manufacturers’ protocols (Table 4.1). Hydrolase domain (N1-C273), von Willebrand Factor
Type A (VWA) domain (N240-C544), Hydrolase-VWA domain (N1-C544), and Fibronectin
type III (FN3) domain (N643-C915) were cloned into a modified pET28 HMT vector
(containing in sequence, a hexahistidine-tag (His6-tag), maltose binding protein (MBP), and
a cleavage site for the tobacco Etch Virus protease (TEV) (Gift of Dr. F. Van Petegem)) using
a ligation independent cloning method317. Briefly, pET28 HMT vector DNA was treated with
T4 DNA polymerase reaction (10 µL DNA (1-2 µg), 2 µL NEBuffers 2.1, 0.5 µL 100 mM
deoxyguanosine triphosphate (dGTP; N0446S; New England BioLabs), 1 µL 100mM
dithiothreitol (DTT; BP172-5; Fisher Scientific), 0.4 µL T4 DNA polymerase (M0203L; New
England BioLabs), and 6.1 µL H2O). hCLCA1 domains DNA was also treated with T4 DNA
polymerase reaction, however, deoxycytidine triphosphate (dCTP; N0446S; New England
BioLabs) was used instead of dGTP. Both vector and inserts DNA were incubated for 40 min
at room temperature and 20 min at 75 °C for heat inactivation, then incubated for 10 min at
room temperature for the annealing process. The ligation reaction products were
transformed into Escherichia coli (E. coli) DH5α strain competent cells (18258-012; Life
Technologies) for DNA amplification.
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For the transformation process, 1-2 µL of ligation reaction products were added into 100 µL
of E. coli DH5α competent cells and incubated for 30 min on ice followed by 1 min heat
shock at 42 °C. Next, 1 mL of Luria-Bertani (LB) broth (10 g/L NaCl, 5 g/L yeast extract
(BP1422500; Fisher Scientific), and 10 g/L tryptone (BP1421500; Fisher Scientific)) was
added to the cells and allowed 1 h incubation in a shaking incubator at 37 °C. The cells were
spun down at 3000g for 1 min, and the cell pellets were plated on LB-agar plate (10 g/L
NaCl, 5 g/L yeast extract, 10 g/L tryptone, and 15 g/L agar (214010; BD Biosciences)
supplemented with 50 µg/mL kanamycin for 16-18 h at 37 °C. Then a single bacterial
colony was picked and grown in 5 mL LB broth supplemented with kanamycin for 16-18 h
at 37 °C in a shaking incubator, and the plasmid DNA was purified using the QIAprep Spin
Miniprep Kit (27106; Qiagen) according to manufacturers’ protocols. The purified plasmid
DNA was sent for DNA sequencing (Macrogen Inc.) to confirm the presence of hCLCA1
domain sequence in pET28 HMT vectors (Table 4.2).
4.2.3 Protein expression, purification, endotoxin removal and concentration
determination
For protein expression, the plasmid constructs were first transformed into E. coli strain
Rosetta (DE3) competent cells (70954; Novagen) and plated on LB-agar plates
supplemented with 50 µg/mL kanamycin and 35 µg/mL chloramphenicol. The transformed
cells were grown in 2YT broth (5 g/L NaCl, 10 g/L yeast extract, 16 g/L tryptone) at 37 °C in
a shaking incubator. Cultures were grown in 2YT broth to an OD600 ~ 0.3 at 37 °C, and the
temperature was lowered to 18 °C. Once the cultures reached an OD600 ~0.6-0.7, the cells
were induced with 0.2 mM isopropyl-β-D-thiogalactoside (IPTG; BP16201; Fisher
Scientific) and allowed to grow for a total of 18-22 h.
The cultures were centrifuged for 20 min at 5000g, and the cell pellets were lysed by
sonication after addition of 5 mL glycerol, 40 mL Buffer A (250 mM KCl, 10 mM HEPES pH
7.4) supplemented with 25 µg/mL DNase I (D5025; Sigma-Aldrich), 25 µg/mL lysozyme,
1mM phenylmethanesulfonyl fluoride (PMSF; P7626; Sigma-Aldrich) and 10 mM βmercaptoethanol (BME; M6250; Sigma-Aldrich). The lysate was centrifuged for 30 min at
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35,000g and a clarified supernatant was loaded onto BioLogic DuoFlow QuadTec 40 System
(760-4137; BioRad) for protein purification.
The proteins were first purified using a Profinity IMAC Ni-charged resin column (156-0131;
BioRad). The proteins were washed with 10 column volumes (CVs) of Buffer A followed by
5 CV of 2% Buffer B (250 mM KCl, 500 mM imidazole (O3196500; Fisher Scientific) and 5
CV of 4% Buffer B. The captured proteins were then eluted by a gradient of 4%-60% Buffer
B (up to 300 mM imidazole). The protein elusions were diluted with an equal volume of
buffer A and further purified using an amylose column (E8021L; New England BioLabs).
The captured proteins were washed with 10 CV of Buffer A and eluted with 5 CV of Buffer C
(250 mM KCl, 10 mM HEPES pH 7.4, and 10 mM Maltose). The eluted proteins were
dialyzed (211528; Fisher Scientific) against Buffer D (10 mM KCl and 20 mM HEPES pH 7.4)
at 4 °C overnight and were loaded onto a Resource Q anion exchange column (17-1179-01;
GE Healthcare Life Sciences). The proteins were washed with 4 CV of Buffer D and eluted
with a gradient of 0% - 100% Buffer E (1 M KCl and 20 mM HEPES pH 7.4). The proteins
were concentrated with Amicon ultra-15 centrifugal filter units (UFC903008; EMD
Millipore) and polished by gel-filtration chromatography on a Hiload 16/60 Superdex 200
(17-1071-01; GE Healthcare Life Sciences) by running 1 CV of Buffer A through the column
(Table 4.3).
The eluted proteins were boiled in 2x denaturing buffer (20% glycerol, 4% SDS, 125mM
Tris pH 6.8, 0.3mM bromophenol blue) and 10% BME, and they were analyzed by 12% SDSPAGE. The SDS-PAGE gel was stained with coomassie blue stain (staining – 45% methanol,
10% glacial acetic acid, 45% water, 3 g/L Coomassie Brilliant Blue R250; destaining – 20%
methanol, 10% glacial acetic acid, 70% water). After confirming the purity of the eluted
proteins, they were concentrated to a final volume of ~1.5 mL, and were subjected to
endotoxin removal assay using Triton-X114 phase separation technique. The purified
proteins were treated with 1% triton-X114, incubated for 20 min at 4 °C, 10 min at 37 °C,
and centrifugation for 10 min at 20,000g. This process was repeated 3x to completely
remove endotoxin residuals from the proteins. The endotoxin level was validated using
GenScript ToxinSensor chromogenic LAL endotoxin assay kit (L00350; GenScript) to ensure
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the endotoxin level is below 0.01 EU/mL. The protein concentration of the purified proteins
was determined using Pierce BCA protein assay kit (23225; Thermo Scientific) according to
the manufacturers’ protocols.
4.2.4 Monocyte differentiation and activation
Monocyte cells were seeded in each well (1.3×106 to 1.5×106 cells/well) in a 6-well plate
and differentiated into macrophages with 0.1 nM phorbol-12-myristate-13-acetate (PMA;
P8139; Sigma-Aldrich) in supplemented FBS-free RPMI-1640 medium for 18 h. The cells
were washed 2 times with FBS-free RPMI-1640 medium and incubated in supplemented
RPMI-1640 medium containing 6% FBS. For the IL-1β experiment, 1 μg/mL or 5 μg/mL of
different purified hCLCA1 domain proteins were added to macrophages for 48 h. For the
cell signaling experiment, 5 μg of HMT or VWA proteins were added to macrophages for 2,
4, 6, or 12 h.
4.2.5 RNA isolation and real-time quantitative PCR
RNA was extracted using TRIzol reagent (15596018; Life Technologies) according to
manufacturers’ protocols. The collected RNA was analyzed with a GoTaq 2-Step RT-qPCR
system (A6010; Promega) and Mx3005P real-time PCR machine (401514; Agilent). cDNA of
each sample was measured in duplicates in Mx3005P real-time qPCR machine, and the
average CT (cycle threshold) value was used to calculate the fold difference of each gene.
Primers were designed for GAPDH, TNF-α, IL-12a, IL-8, IL-1β, IL-6 and IL-10 (Table 4.4).
4.2.6 Efficiency and fold difference calculations
Dilution series from 1×100-fold to 1×10−5-fold of cDNA were used to determine the primer
efficiency. The CT value obtained in each dilution was used to generate a linear plot of CT vs.
log copies. The efficiency of the primer set was determined with the equation Eff =
10(−1/slope). The fold difference between hCLCA1’s domains-activated and unstimulated
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samples was determined using an efficiency-corrected calculation with unstimulated
macrophage serving as control and GAPDH serving as the reference gene304:
ΔCT, target ( Mean control − Mean sample )

ratio = ( Eff target )

ΔCT, ref ( Mean control − Mean sample )

/ ( Eff ref )

4.2.7 SDS-PAGE and western blot Analysis
For IL-1β experiments, cell lysates were collected using M-PER mammalian protein
extraction reagent (78503; Thermo Scientific) with the addition of Halt protease and
phosphatase inhibitor cocktail (78440; Thermo Scientific). Cell lysates were resolved by
12% SDS-PAGE and electroblotted onto PVDF membrane. Membranes were blocked with
Amresco rapidblock blocking solution (M325; Amresco) for 1 h at room temperature. The
membranes were subsequently probed overnight at 4 °C with primary antibodies in
rapidblock blocking solution. The membranes were then incubated 1 h at room
temperature with secondary antibodies in rapidblock blocking solution. The primary
antibodies used were GAPDH (MAB374; EMD Millipore) and IL-1β (H-153; sc-7884; Santa
Cruz), and the secondary antibodies used were DyLight 488 conjugate Goat anti-Rabbit IgG
antibody (35552; Thermo Scientific) and ECL Plex Goat anti-Mouse IgG-Cy5 antibody
(PA45009; Amersham Biosciences). Proteins were detected and analyzed using Typhoon
Trio and ImageQuant TL system (63005583; GE healthcare Life Sciences). Densitometry
analysis of intracellular IL-1β protein was normalized to GAPDH in each sample.
For cell signaling experiments, stimulated macrophages were extracted using Pierce NEPER nuclear and cytoplasmic extraction kit (78833; Pierce) with the addition of Halt
protease and phosphatase inhibitor cocktail. The nuclear fractions were then resolved by
12% SDS-PAGE and electroblotted onto PVDF membrane. Membranes were blocked with
Pierce protein-free (TBS) blocking buffer (37570; Pierce) for 1 h at room temperature. The
membranes were probed with primary cell signaling antibodies for 3 h at room
temperature and with secondary antibodies for 1.5 h at room temperature. Then the
proteins were detected immediately. After protein detection, the antibodies were removed
from membrane by incubating with Amresco gentle review stripping buffer (N552;
Amresco) for 30 min at room temperature, and the membranes were probed against
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primary β-actin antibody (C-4; sc-47778; Santa Cruz) overnight at 4 °C. The membranes
were then incubated with secondary antibodies for 1 h at room temperature. Proteins were
detected and analyzed using Typhoon Trio and ImageQuant TL system. Densitometry
analysis of phosphorylated proteins was normalized to β-actin in each sample. The primary
antibodies used were phospho-p44/42 MAPK (Thr202/Tyr204) (4377S; Cell Signaling
Technology), phospho-p38 MAPK (Thr180/Tyr182) (4511S; Cell Signaling Technology),
phospho-SAPK/JNK (Thr183/Tyr185) (9251S; Cell Signaling Technology), and phosphoIKappaB-alpha (Ser32) (2859S; Cell Signaling Technology). The secondary antibodies used
were DyLight 488 conjugate Goat anti-Rabbit IgG antibody and ECL Plex Goat anti-Mouse
IgG-Cy5 antibody.
4.2.8 Statistics
All data are expressed as means ± standard error of the mean (SEM). Each biological
replicate was a result of an individual activation paired with a control. Each biological
replicate was performed on different days. Fold differences were calculated by comparing
hCLCA1’s domains-activated macrophage to its paired macrophage control. The normality
and variance tests were done using Shaprio-Wilk test and Levene’s test respectively, and
the fold difference values of RT-qPCR and IL-1β western blot densitometry were analyzed
using ANOVA following Tukey’s Honestly-Significant-Difference Test306. For cell signaling
western blot densitometry, the fold differences values were analyzed using Kruskal-Wallis
one-way analysis of variance test with Conover-Inman test. All western blot data was
normalized to the appropriate controls, and each western blot was a result of an individual
biological replicate. Significance was determined at p < 0.05.
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Table 4.1. Primers used for cloning.
Primer Name
F.P. LIC-N1-hCLCA1
F.P. LIC-N240-hCLCA1
F.P. LIC-N643-hCLCA1
R.P. LIC-C544-hCLCA1
R.P. LIC-C915-hCLCA1

Human CLCA1 PCR Primers for cloning
Primer Sequence (5′ à 3′)
TAC TTC CAA TCC AAT GCA ATG GGC CCC TTC AAG
TAC TTC CAA TCC AAT GCA GCC CAG CAC GTG GAC
TAC TTC CAA TCC AAT GCA CTG GAC AAT GGA GCC
TTA TCC ACT TCC AAT GGC CTA CTT ATC GAC CAC AAA
TTA TCC ACT TCC AAT GGC TCA GGC GAT ACT CAG
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Table 4.2. Primers used for sequencing.
Primer Name
F.P. 306-hCLCA1
R.P. 475-hCLCA1
F.P. 900-hCLCA1
F.P. 1522-hCLCA1
F.P. 2215-hCLCA1

Human CLCA1 PCR Primers for sequencing
Primer Sequence (5′ à 3′)
ATA TAA AAA TGC AGA CGT GCT GGT CGC CGA AA
GCA GAG TAT GGG CCC CAG GGC CGA GCT TTT G
CTT CAG CCT GCT GCA GAT CGG GCA GCG GAT C
GGC ACA GTG ATC GTC GAC TCA ACT GTG GGA
GGG TCC TTT GTG GCT TCT GAC GTG CCA AAC GC
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Table 4.3. Purification protocols for different constructs.
Construct name

Purification protocol

HMT

Ni2+ charged resin column à Amylose
column à Dialyzed overnight with buffer
D à anion exchange column

Hydrolase domain (N1-C273)

Ni2+ charged resin column à Amylose
column à Dialyzed overnight with buffer
D à anion exchange column à Size
exclusion chromatography column

Hydrolase-VWA domain (N1-C544)

Ni2+ charged resin column à Amylose
column à Dialyzed overnight with buffer
D à anion exchange column à Size
exclusion chromatography column

VWA domain (N240-C544)

Ni2+ charged resin column à Amylose
column à Size exclusion chromatography
column

FN3 domain (N643-C915)

Ni2+ charged resin column à Amylose
column à Dialyzed overnight with buffer
D à anion exchange column à Size
exclusion chromatography column
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Table 4.4. Primers used in RT-qPCR experiments.
Human qPCR Primers
Gene
Name
GAPDH
TNF-α
IL-12a
IL-8
IL-1β
IL-6
IL-10

Forward Primers (5′ à 3′)
CAAGGTCATCCATGACAACTTTG
TGCTGCACTTTGGAGTGATCG
CAGTGGAGGCCTGTTTACCATTG
TCTCTTGGCAGCCTTCCTGATTTC
GCTGATGGCCCTAAACAGATG
AGCCACTCACCTCTTCAGAAC
AAGCTGAGAACCAAGACCCAGACA
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Reverse Primers (5′ à 3′)
GGGCCATCCACAGTCTTCTG
TGCTACAACATGGGCTACAGG
TACTACTAAGGCACAGGGCCATC
ATTTCTGTGTTGGCGCAGTGTG
TGTAGTGGTGGTCGGAGATTC
GTGCCTCTTTGCTGCTTTCAC
AAAGGCATTCTTCACCTGCTCCAC

4.3

Results

4.3.1 Purification of hCLCA1 domain proteins
DNAs of different hCLCA1 domains were subcloned into a pET28 HMT vector: hydrolase
domain (N1-C273), von Willebrand factor type A (VWA) domain (N240-C544), hydrolaseVWA domain (N1-C544), and fibronectin type III (FN3) domain (N643-C915) (Figure 4.1),
and each of the clones contains a hexahistidine-tag (His6-tag) and a maltose binding protein
(MBP) at the N-terminal end of the sequence. The sequences of the clones were confirmed
prior to expression and purification using fast protein liquid chromatography with the
following purification columns: Ni2+-charged resin column, amylose column, anion
exchange column, and size exclusion chromatography column (Table 4.2). The eluted
proteins were analyzed by coomassie stained gel and the fractions containing the desired
proteins were further polished by endotoxin removal procedures (Figure 4.2). After that,
the purity of the proteins was confirmed by coomassie stained gel (Figure 4.3).
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Figure 4.1. hCLCA1 domain DNA constructs design. Four DNA constructs were designed to
capture different domains of hCLCA1: N1-C273 contains the hydrolase domain, N1-C544
contains the hydrolase and VWA domain, N240-C544 contains the VWA domain, and N643C915 contains the FN3 domain.
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Figure 4.2. Representative coomassie stained gel showing the purification process of a
recombinant protein. The recombinant protein (VWA domain in this case) was initially purified
with a nickel column, followed by an amylose column and a size exclusion chromatography
column. Only the fractions containing pure protein (fraction # 1-6) from size exclusion
chromatography column were collected for subsequent experiments.
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Figure 4.3. Representative coomassie stained gel showing the purity of different hCLCA1
domain proteins. Different recombinant proteins were expressed and purified, and subsequently
analyzed on a coomassie stained gel. The recombinant proteins were loaded from left to right:
HMT vector (negative control), hydrolase domain (N1-C273), hydrolase-VWA domain (N1C544), VWA domain (N240-C544), and FN3 domain (N643-C915).
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4.3.2 Activation of the U-937 macrophages with hCLCA1 domains
Activation of macrophages by hCLCA1 domains was investigated using the U-937
macrophage cell line treated with 5 μg/mL of purified hCLCA1 domain proteins for 48 h.
Macrophage activation was assessed by expression of the pro-inflammatory cytokines TNFα, IL-8, IL-1β, IL-6, and IL-10. The mRNA expression of IL-1β in VWA-treated macrophages
had a 2.08±0.19 fold increase over the control (Figure 4.4). The IL-1β mRNA expression in
VWA-treated macrophages was also significantly over the HMT-treated macrophages. HMT
protein was used as an additional control because all purified hCLCA1’s domain proteins
contain a His6-tag and a MBP at the N-terminal end of the sequence. Beside VWA domain,
none of the other hCLCA1’s domain proteins elicit any pro-inflammatory response in
macrophages.
The increase in IL-1β mRNA expression was translated into an elevated IL-1β protein levels.
Western blot and densitometry analysis showed that VWA-treated macrophages had a
2.38±0.18 fold increase in IL-1β protein expression over the control (Figure 4.5). Also, the
IL-1β protein expression of VWA-treated macrophages was also significantly increased over
the HMT-treated macrophages. Similar to the mRNA experiment, none of the other
hCLCA1’s domain proteins induce IL-1β protein expression compared to the control.
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Figure 4.4. Effect on cytokine expression of macrophages exposed to 5 µg/mL purified
hCLCA1 domains. U-937 macrophages were treated for 48 h using 5 µg/mL of different
purified hCLCA1 domain proteins. TNF-α, IL-8, IL-1β, IL-6, and IL-10 were quantified by their
mRNA expression using RT-qPCR. N240-C544 (VWA domain) has a 2.08 ± 0.19 fold increase
over the control in IL-1β mRNA expression level. The fold difference of each sample was
compared against the control. Results were the means of 5 samples ± SEM. Significant fold
differences from corresponding control values are indicated by * (p < 0.05), ** (p < 0.005) and
*** (p < 0.001).
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Figure 4.5. VWA domain (N240-C544) of hCLCA1 increased IL-1β protein expression
level. U-937 macrophages were treated for 48 h using 5 µg/mL of different purified hCLCA1
domain proteins. Western blot and densitometry showed that 5 µg/mL VWA domain treatments
induced a 2.38 ± 0.18 folds increase in IL-1β protein expression, while other hCLCA1 domains
treatment showed no effect. The fold difference of each sample was compared against the
control. Results were the means of 3 samples ± SEM. Significant fold differences from
corresponding control values are indicated by * (p < 0.05), ** (p < 0.005) and *** (p < 0.001).
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4.3.3 Phosphorylation of MAPKs and NF-κB pathways by VWA domain
To determine the signal transduction pathway by which VWA domain is involved in this
induction, macrophages were treated with 5 µg/mL HMT protein or VWA domain protein for 2,
4, 6, or 12 h. Nuclear fraction proteins were extracted and analyzed using western blot against
phospho-specific antibodies involved in MAPK and NF-κB pathway. MAPK pathway was tested
with p-p38, p-ERK, and p-JNK antibodies, while NF-κB pathway was tested with p-IκB-α
antibody. To validate each antibody, western blot was performed on nuclear fraction proteins
extracted from LPS-induced macrophages (Figure 4.6).
Western blot and densitometry analysis showed that VWA domain significantly induced the
phosphorylation of IκB-α (Figure 4.7), p38 (Figure 4.8), and ERK (Figure 4.9) in macrophages
over the HMT protein-activated macrophages, while JNK was neither detected in HMT-treated
nor VWA-treated macrophages (data not shown). Generally, increased phosphorylation was
observed with increased incubation duration of VWA domain, this indicates a potential positive
feedback mechanism was involved to perpetuate the inflammatory phenotype of macrophages.
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Figure 4.6. Validation of phosphor-specific antibodies with LPS-induced macrophages.
Macrophages were activated with 1 µg/mL LPS for 4 h before protein isolation. Nuclear fraction
proteins were analyzed with western blot against different phosphor-specific antibodies: p-IκB-α,
p-p38, p-ERK, and p-JNK. Following LPS induction, the phosphorylated proteins were
successfully detected by the phosphor-specific antibodies.
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Figure 4.7. Phosphorylation of IκB-α with VWA domain treatment. U-937 macrophages
were treated for 2, 4, 6, or 12 h with 5 µg/mL of HMT protein or VWA domain protein. Western
blot and densitometry showed that VWA domain significantly induced the phosphorylation of
IκB-α. The fold difference of each sample was compared against HMT-treated macrophage at 1
h. Results were the means of 3 samples ± SEM. Significant fold differences from corresponding
control values are indicated by * (p < 0.05), ** (p < 0.005) and *** (p < 0.001).
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Figure 4.8. Phosphorylation of p38 with VWA domain treatment. U-937 macrophages were
treated for 2, 4, 6, or 12 h with 5 µg/mL of HMT protein or VWA domain protein. Western blot
and densitometry showed that VWA domain significantly induced the phosphorylation of p38.
The fold difference of each sample was compared against HMT-treated macrophage at 1 h.
Results were the means of 3 samples ± SEM. Significant fold differences from corresponding
control values are indicated by * (p < 0.05), ** (p < 0.005) and *** (p < 0.001).
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Figure 4.9. Phosphorylation of ERK with VWA domain treatment. U-937 macrophages were
treated for 2, 4, 6, or 12 h with 5 µg/mL of HMT protein or VWA domain protein. Western blot
and densitometry showed that VWA domain significantly induced the phosphorylation of ERK.
The fold difference of each sample was compared against HMT-treated macrophage at 1 h.
Results were the means of 3 samples ± SEM. Significant fold differences from corresponding
control values are indicated by * (p < 0.05), ** (p < 0.005) and *** (p < 0.001).
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4.4

Discussion

In our previous study, we have demonstrated that secreted hCLCA1 has the capability to
induce pro-inflammatory cytokines in macrophages45. Recent studies have further support
our proposed novel function of hCLCA1 as a signaling molecule37, 41, 100. In the present study,
we identified the functional domain of hCLCA1 responsible for macrophage activation, and
we also described a signal transduction pathway involved in this activation. The results
demonstrate that the von Willebrand factor type A domain of hCLCA1 is responsible for IL1β induction in macrophages, and this induction correlated with the activation of NF-κB
and MAPK signaling pathway.
4.4.1 Purification of hCLCA1 domain proteins
Initially, we subcloned different segments of the hCLCA1 gene into the HMT vector. HMT
vector was chosen because the expressed fusion protein will contain a His6-tag and a MBP
at the N-terminus of the protein, which will allow for protein purification using fast protein
liquid chromatography. MBP is thought to act as a general molecular chaperone to assist
protein folding318, 319. This was confirmed as we observed protein degradation of hydrolase
domain protein (N1-C273) after we cleaved and removed the protein tags using tobacco
Etch Virus (TEV) protease. Although previous studies have reported that MBP-tag in fusion
protein does not reduce bioactivity320, 321, we cannot exclude the possibility that it might
create conformation hindrance on the binding site of the protein. After proteins were
purified, endotoxin was removed from the proteins using a Triton X-114 phase separation
technique. Using Triton X-114, Adam et al. showed a 100-fold endotoxin reduction in 2
steps, however, 50% loss in bioactivity of the protein was also observed322. In our
experiment, a 3-step protocol was required to reduce the endotoxin level below 0.01
EU/mL, which potentially results in a greater loss of bioactivity in the protein. Our results
demonstrated that the activation of macrophages was solely due to the VWA domain and
not to LPS contamination because phosphorylation was observed only in ERK, p38, NF-κB,
but not JNK. On the other hand, phosphorylation of ERK, p38, JNK, and NF-κB was observed
in LPS-induced macrophages (Figure 4.6).
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4.4.2 Macrophage activation by von Willebrand factor type A domain
hCLCA1 domain proteins were used to activate U-937 macrophages. A preliminary
concentration response experiment was initially performed in which macrophages were
treated with 1 μg/mL or 5 μg/mL of proteins. However, only 5 μg/mL proteins were able to
induce inflammatory response. In our previous study, ~150 pg/mL of immuno-purified
hCLCA1 was sufficient to induce macrophage activation, while another study reported the
physiological concentration of hCLCA1 in IL-13-induced NHBE cells was ~0.23 μg/mL41. A
seemingly high dose of hCLCA1 domain proteins required for macrophage activation in this
study might possibly be attributed to reduced bioactivity of the proteins. As mentioned
above, the conformation hindrance imposed by the MBP tag and treatment with TritonX114 could drastically reduce the bioactivity of the proteins. In addition, secreted hCLCA1
has been shown to be a highly glycosylated protein7, 21, and glycosylation is known to
modulate the structure and function of signaling molecules65-67. The lack of glycosylation on
hCLCA1 domain proteins using the E. coli expression system might have a detrimental effect
on its bioactivity. Together, a dramatically reduced bioactivity might be explained, thus
providing a possible explanation for the high concentration of proteins required to activate
macrophages.
Of all the protein constructs tested (HMT, hydrolase domain, hydrolase-VWA domain, VWA
and FN3 domain), only VWA domain protein elicited an inflammatory response in
macrophages, and the response was limited to IL-1β (Figure 4.4). Western blot and
densitometry analysis showed that the increase in IL-1β mRNA expression was translated
into an elevated protein level (Figure 4.5). This result coincides with our previous findings,
in which IL-1β was the most induced cytokine activated by immuno-purified hCLCA1
(Figure 3.11)45. It is important to note that although hydrolase-VWA domain did not induce
any significant inflammatory response, it did induce the second highest IL-1β and IL-8
mRNA expression (Figure 4.4). This might be attributed to the structural conformation of
the protein that prevents the accessibility of binding site for protein interaction.
The VWA domain is a well-studied domain involved in cell adhesion, in extracellular matrix
proteins, and in integrin receptors71-73. The VWA domain of hCLCA1 contains three metal131

ion-dependent adhesion site (MIDAS) motifs. Previous studies have demonstrated that the
MIDAS motif in the α2δ subunit of the voltage gated calcium channel is essential for its
function in calcium channel trafficking and modulation74-77. A recent study has
demonstrated that secreted hCLCA1 increased calcium-activated chloride channel
conductance37, similar to how the α2δ subunit of the voltage gated calcium channel
modulates its function74. From these studies, it is possible that the MIDAS motifs in
hCLCA1’s VWA domain are the active sites that are responsible for macrophage activation.
4.4.3 Activation of MAPKs and NF-κB pathways by VWA domain
To investigate the cell signaling pathway which VWA induced in macrophages, we
performed western blot for selected phospho-specific proteins involved in NF-κB and
MAPK. These two pathways were chosen because activation of these pathways result in IL1β expression234, 323-326. From our western blot analysis, we observed an increase in
phosphorylation of IκB-α, p38 and ERK with VWA domain incubation (Figure 4.7, Figure
4.8, and Figure 4.9). However, phosphorylation of JNK was not observed with VWA domain
incubation.
It has been well documented that both activation of NF-κB pathway and phosphorylation of
ERK result in IL-1β expression234, 252, 326, 327, and phosphorylation of p38 contributes to the
activation of NF-κB pathway328-330. Interestingly, one group has reported that
phosphorylation of p38 activates the NF-κB pathway, resulting in an up-regulation of
macrophage inflammatory protein 1α (MIP-1α), a chemokine for macrophage
recruitment331. These studies, together with our findings, partly explain how hCLCA1
modulates macrophage function. Secreted hCLCA1 interacts with macrophages, activating
both ERK and p38. Phosphorylation of p38 subsequently activates NF-κB pathway and
induces MIP-1α expression, recruiting more macrophages to the site of inflammation. This
creates a positive feedback system in which more macrophages are available for hCLCA1 to
interact with. Then, activation of NF-κB pathway and phosphorylation of ERK together,
induce IL-1β expression in macrophages, thus enhancing the inflammatory response
(Figure 4.10).
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Figure 4.10. Schematic model of how hCLCA1 induces inflammatory response in airway
macrophages. We hypothesized that hCLCA1 secreted from inflamed epithelial cells activates
macrophages via the activation of ERK and p38, in which p38 activation leads to activation of
NF-κB, and together they induce IL-1β expression. In addition, activation of NF-κB by p38 also
increases the expression of MIP-1α, which recruits additional macrophages to the site of
inflammation to perpetuate the innate immune response.
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4.5

Conclusions

In our previous study, we have described the novel ability of secreted hCLCA1 to function as
a signaling molecule that can activate airway macrophages45. Such ability likely has a
profound impact on the immune response in the airways, where the expression of this gene
is massively up-regulated during inflammation14. In the present study, we have identified
the VWA domain of hCLCA1 as the one responsible for macrophage activation, and this
correlates with the activation of NF-κB and MAPK pathways. These pathways lead to an
increase in inflammatory cytokines expression. The cytokine response of the macrophages
would then modify the inflammatory response, mucus secretion, and airway
responsiveness in airway diseases. Studies to identify the receptor will be of great
therapeutic interest because it will provide new way to reduce the severity of airway
inflammation, but it is beyond the scope of this paper.
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GENERAL DISCUSSION
5.1

Implication

Airway diseases such as asthma, cystic fibrosis, or chronic obstructive pulmonary diseases
are one of the leading causes of morbidity and mortality worldwide. Patients suffering from
these airway diseases often suffer from chronic inflammation, mucus hypersecretion,
airflow obstruction, and even respiration failure or death during disease exacerbation.
During airway inflammation, inflamed epithelial cells secrete increased levels of cytokines
and chemokines to initiate the innate immune response. These molecules recruit
inflammatory cells to the site of inflammation, and these inflammatory cells secrete
additional inflammatory mediators to amplify the immune response. Although these
immune responses are important to protect the host against pathogens, failure to resolve
inflammation brings forth a detrimental effect. These are salient in the cases of COPD and
asthma, in which persisted inflamed airways lead to chronic bronchitis, emphysema, airway
remodeling, and severe airway constriction.
Beside inflammatory mediators such as cytokines and chemokines, hCLCA1 is one of the
most induced proteins expressed in inflamed airways. It has a well-documented
involvement in goblet cell metaplasia in patients suffering from these airway diseases.
However, its role in inflammation has remained unknown. In our studies, we demonstrated
that hCLCA1 has the ability to modulate the immune response in airway macrophages. We
showed that secreted hCLCA1 could act as a signaling molecule to induce inflammatory
response both in U-937 macrophage cell line and in primary porcine alveolar macrophages.
Furthermore, we have identified VWA domain of hCLCA1 as the functional domain
responsible for macrophage activation, and it is via activation of NF-κB and MAPK pathway.
Our findings suggest that hCLCA1 has the potential to amplify the inflammatory response in
macrophages, and this might contribute to the tissue damages associated with airway
diseases.
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Therefore, understanding the functional domain and mechanism can provide directions on
novel treatment to control inflammation triggered by macrophages in airway disease
patients, thus minimizing the severity of the diseases. It is also of great therapeutic interest
because it provides a non-steroidal anti-inflammatory drugs alternative, thus eliminating
possible side effects such as weight gain, insomnia, osteoporosis, etc.
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5.2

Future Research

In our studies, we have identified the VWA domain of hCLCA1 to be responsible for
macrophage activation. However, the key amino acid residues involved in this interaction
remains unknown. Therefore, a mutation study should be carried out to identify the specific
amino acid residues. Specific amino acid residues within the VWA domain determined by
proteomic bioinformatics tools will be mutated into alanine through site-directed
mutagenesis. The mutated proteins will be added to the macrophage to determine which
mutations can attenuate macrophage activation. This information will be vital to hCLCA1
inhibitor design to ameliorate the severity of airway inflammation.
We would also like to identify the binding partners of hCLCA1 through polyHis-tagged pull
down assay. HMT-fused VWA domain protein will be immobilized on a nickel column, and
macrophage cell lysate will be loaded onto the column for pull-down assay. The interaction
complex will be eluted and analyzed with western blot and mass spectrometry. If the
interaction between hCLCA1 and its binding partner is weak, a crosslinking assay will be
used instead. To confirm that the binding ligand discovered is responsible for macrophage
activation, heterozygous dominant negative constructs of the ligand will be synthesized and
added to the macrophage, followed by hCLCA1 activation. Then RT-qPCR or western blot
will be used to evaluate cytokine expression.
In our second study, we proposed a possible mechanism by which hCLCA1 modulates the
inflammatory response in macrophages through activation of the ERK and p38-dependent
NF-κB pathways. To confirm this, a temporal experiment should be carried out using
inhibitors targeting the ERK and p38 pathway, follow by western blot against IL-1β or IκBα. This will allow us to definitively show which cell signaling pathway hCLCA1 initially
triggers, and whether such cell signaling pathway result in inflammatory response in
macrophages.

137

REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

Cunningham, S.A. et al. Cloning of an epithelial chloride channel from bovine trachea.
The Journal of biological chemistry 270, 31016-31026 (1995).
Ran, S. & Benos, D.J. Immunopurification and structural analysis of a putative epithelial
Cl- channel protein isolated from bovine trachea. The Journal of biological chemistry
267, 3618-3625 (1992).
Gabriel, S.E. & Forsyth, G.W. Candidate proteins for conductive chloride transport in
porcine ileal brush-border membrane. The Journal of biological chemistry 266, 1776417769 (1991).
Gaspar, K.J., Racette, K.J., Gordon, J.R., Loewen, M.E. & Forsyth, G.W. Cloning a
chloride conductance mediator from the apical membrane of porcine ileal enterocytes.
Physiological genomics 3, 101-111 (2000).
Gandhi, R. et al. Molecular and functional characterization of a calcium-sensitive chloride
channel from mouse lung. The Journal of biological chemistry 273, 32096-32101 (1998).
Gruber, A.D. et al. Genomic cloning, molecular characterization, and functional analysis
of human CLCA1, the first human member of the family of Ca2+-activated Cl- channel
proteins. Genomics 54, 200-214 (1998).
Gruber, A.D., Gandhi, R. & Pauli, B.U. The murine calcium-sensitive chloride channel
(mCaCC) is widely expressed in secretory epithelia and in other select tissues.
Histochemistry and cell biology 110, 43-49 (1998).
Gruber, A.D. & Pauli, B.U. Clustering of the human CLCA gene family on the short arm
of chromosome 1 (1p22-31). Genome / National Research Council Canada = Genome /
Conseil national de recherches Canada 42, 1030-1032 (1999).
Gruber, A.D. & Pauli, B.U. Molecular cloning and biochemical characterization of a
truncated, secreted member of the human family of Ca2+-activated Cl- channels.
Biochimica et biophysica acta 1444, 418-423 (1999).
Komiya, T., Tanigawa, Y. & Hirohashi, S. Cloning and identification of the gene gob-5,
which is expressed in intestinal goblet cells in mice. Biochemical and biophysical
research communications 255, 347-351 (1999).
Romio, L. et al. Characterization of a murine gene homologous to the bovine CaCC
chloride channel. Gene 228, 181-188 (1999).
Gruber, A.D., Schreur, K.D., Ji, H.L., Fuller, C.M. & Pauli, B.U. Molecular cloning and
transmembrane structure of hCLCA2 from human lung, trachea, and mammary gland.
The American journal of physiology 276, C1261-1270 (1999).
Yamazaki, J., Okamura, K., Ishibashi, K. & Kitamura, K. Characterization of CLCA
protein expressed in ductal cells of rat salivary glands. Biochimica et biophysica acta
1715, 132-144 (2005).
Loewen, M.E. & Forsyth, G.W. Structure and function of CLCA proteins. Physiological
reviews 85, 1061-1092 (2005).
Fuller, C.M., Ismailov, II, Keeton, D.A. & Benos, D.J. Phosphorylation and activation of
a bovine tracheal anion channel by Ca2+/calmodulin-dependent protein kinase II. The
Journal of biological chemistry 269, 26642-26650 (1994).
Abdel-Ghany, M., Cheng, H.C., Elble, R.C. & Pauli, B.U. The breast cancer beta 4
integrin and endothelial human CLCA2 mediate lung metastasis. The Journal of
biological chemistry 276, 25438-25446 (2001).
138

17.

18.
19.

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

Leverkoehne, I. & Gruber, A.D. The murine mCLCA3 (alias gob-5) protein is located in
the mucin granule membranes of intestinal, respiratory, and uterine goblet cells. The
journal of histochemistry and cytochemistry : official journal of the Histochemistry
Society 50, 829-838 (2002).
Gruber, A.D. & Pauli, B.U. Tumorigenicity of human breast cancer is associated with loss
of the Ca2+-activated chloride channel CLCA2. Cancer research 59, 5488-5491 (1999).
Bothe, M.K., Braun, J., Mundhenk, L. & Gruber, A.D. Murine mCLCA6 is an integral
apical membrane protein of non-goblet cell enterocytes and co-localizes with the cystic
fibrosis transmembrane conductance regulator. The journal of histochemistry and
cytochemistry : official journal of the Histochemistry Society 56, 495-509 (2008).
Elble, R.C. et al. The putative chloride channel hCLCA2 has a single C-terminal
transmembrane segment. The Journal of biological chemistry 281, 29448-29454 (2006).
Gibson, A. et al. hCLCA1 and mCLCA3 are secreted non-integral membrane proteins
and therefore are not ion channels. The Journal of biological chemistry 280, 27205-27212
(2005).
Huan, C. et al. mCLCA4 ER processing and secretion requires luminal sorting motifs.
American journal of physiology. Cell physiology 295, C279-287 (2008).
Mundhenk, L. et al. Both cleavage products of the mCLCA3 protein are secreted soluble
proteins. The Journal of biological chemistry 281, 30072-30080 (2006).
Beckley, J.R., Pauli, B.U. & Elble, R.C. Re-expression of detachment-inducible chloride
channel mCLCA5 suppresses growth of metastatic breast cancer cells. The Journal of
biological chemistry 279, 41634-41641 (2004).
Brouillard, F. et al. Blue native/SDS-PAGE analysis reveals reduced expression of the
mClCA3 protein in cystic fibrosis knock-out mice. Molecular & cellular proteomics :
MCP 4, 1762-1775 (2005).
Elble, R.C. et al. Molecular and functional characterization of a murine calcium-activated
chloride channel expressed in smooth muscle. The Journal of biological chemistry 277,
18586-18591 (2002).
Anisimova, M. & Gascuel, O. Approximate likelihood-ratio test for branches: A fast,
accurate, and powerful alternative. Systematic biology 55, 539-552 (2006).
Castresana, J. Selection of conserved blocks from multiple alignments for their use in
phylogenetic analysis. Molecular biology and evolution 17, 540-552 (2000).
Chevenet, F., Brun, C., Banuls, A.L., Jacq, B. & Christen, R. TreeDyn: towards dynamic
graphics and annotations for analyses of trees. BMC bioinformatics 7, 439 (2006).
Dereeper, A., Audic, S., Claverie, J.M. & Blanc, G. BLAST-EXPLORER helps you
building datasets for phylogenetic analysis. BMC evolutionary biology 10, 8 (2010).
Dereeper, A. et al. Phylogeny.fr: robust phylogenetic analysis for the non-specialist.
Nucleic acids research 36, W465-469 (2008).
Edgar, R.C. MUSCLE: multiple sequence alignment with high accuracy and high
throughput. Nucleic acids research 32, 1792-1797 (2004).
Guindon, S. & Gascuel, O. A simple, fast, and accurate algorithm to estimate large
phylogenies by maximum likelihood. Systematic biology 52, 696-704 (2003).
Hoshino, M. et al. Increased expression of the human Ca2+-activated Cl- channel 1
(CaCC1) gene in the asthmatic airway. American journal of respiratory and critical care
medicine 165, 1132-1136 (2002).

139

35.
36.
37.
38.
39.
40.
41.
42.

43.
44.

45.
46.
47.
48.

49.
50.

Agnel, M., Vermat, T. & Culouscou, J.M. Identification of three novel members of the
calcium-dependent chloride channel (CaCC) family predominantly expressed in the
digestive tract and trachea. FEBS letters 455, 295-301 (1999).
Hamann, M. et al. Human ClCa1 modulates anionic conduction of calcium-dependent
chloride currents. The Journal of physiology 587, 2255-2274 (2009).
Sala-Rabanal, M., Yurtsever, Z., Nichols, C.G. & Brett, T.J. Secreted CLCA1 modulates
TMEM16A to activate Ca(2+)-dependent chloride currents in human cells. eLife 4 (2015).
Song, L.Q. et al. hCLCA1 DNA vaccine suppresses cell hyperplasia and mucin
expression of goblet cells in vitro. Respiration; international review of thoracic diseases
86, 486-496 (2013).
Yasuo, M. et al. Relationship between calcium-activated chloride channel 1 and
MUC5AC in goblet cell hyperplasia induced by interleukin-13 in human bronchial
epithelial cells. Respiration; international review of thoracic diseases 73, 347-359 (2006).
Zhou, Y. et al. A calcium-activated chloride channel blocker inhibits goblet cell
metaplasia and mucus overproduction. Novartis Foundation symposium 248, 150-165;
discussion 165-170, 277-182 (2002).
Alevy, Y.G. et al. IL-13-induced airway mucus production is attenuated by MAPK13
inhibition. The Journal of clinical investigation 122, 4555-4568 (2012).
Iwashita, H., Fujimoto, K., Morita, S., Nakanishi, A. & Kubo, K. Increased human
Ca(2)(+)-activated Cl(-) channel 1 expression and mucus overproduction in airway
epithelia of smokers and chronic obstructive pulmonary disease patients. Respiratory
research 13, 55 (2012).
Nakanishi, A. et al. Role of gob-5 in mucus overproduction and airway
hyperresponsiveness in asthma. Proceedings of the National Academy of Sciences of the
United States of America 98, 5175-5180 (2001).
Toda, M., Tulic, M.K., Levitt, R.C. & Hamid, Q. A calcium-activated chloride channel
(HCLCA1) is strongly related to IL-9 expression and mucus production in bronchial
epithelium of patients with asthma. The Journal of allergy and clinical immunology 109,
246-250 (2002).
Ching, J.C., Lobanova, L. & Loewen, M.E. Secreted hCLCA1 is a signaling molecule that
activates airway macrophages. PloS one 8, e83130 (2013).
Ritzka, M. et al. The CLCA gene locus as a modulator of the gastrointestinal basic defect
in cystic fibrosis. Human genetics 115, 483-491 (2004).
Al-Jumaily, M. et al. Expression of three distinct families of calcium-activated chloride
channel genes in the mouse dorsal root ganglion. Neuroscience bulletin 23, 293-299
(2007).
Leverkoehne, I., Horstmeier, B.A., von Samson-Himmelstjerna, G., Scholte, B.J. &
Gruber, A.D. Real-time RT-PCR quantitation of mCLCA1 and mCLCA2 reveals
differentially regulated expression in pre- and postnatal murine tissues. Histochemistry
and cell biology 118, 11-17 (2002).
Abdel-Ghany, M., Cheng, H.C., Elble, R.C. & Pauli, B.U. Focal adhesion kinase
activated by beta(4) integrin ligation to mCLCA1 mediates early metastatic growth. The
Journal of biological chemistry 277, 34391-34400 (2002).
Bai, D., Ueno, L. & Vogt, P.K. Akt-mediated regulation of NFkappaB and the
essentialness of NFkappaB for the oncogenicity of PI3K and Akt. Int J Cancer 125, 28632870 (2009).

140

51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.

Elble, R.C. & Pauli, B.U. Tumor suppression by a proapoptotic calcium-activated
chloride channel in mammary epithelium. The Journal of biological chemistry 276,
40510-40517 (2001).
Lee, D. et al. Induction of mouse Ca(2+)-sensitive chloride channel 2 gene during
involution of mammary gland. Biochemical and biophysical research communications
264, 933-937 (1999).
Mundhenk, L. et al. mCLCA3 does not contribute to calcium-activated chloride
conductance in murine airways. American journal of respiratory cell and molecular
biology 47, 87-93 (2012).
Patel, A.C. et al. Genetic segregation of airway disease traits despite redundancy of
calcium-activated chloride channel family members. Physiological genomics 25, 502-513
(2006).
Song, L. et al. Antibody to mCLCA3 suppresses symptoms in a mouse model of asthma.
PloS one 8, e82367 (2013).
Evans, S.R., Thoreson, W.B. & Beck, C.L. Molecular and functional analyses of two new
calcium-activated chloride channel family members from mouse eye and intestine. The
Journal of biological chemistry 279, 41792-41800 (2004).
Patel, A.C., Brett, T.J. & Holtzman, M.J. The role of CLCA proteins in inflammatory
airway disease. Annual review of physiology 71, 425-449 (2009).
Racette, K.J., Gabriel, S.E., Gaspar, K.J. & Forsyth, G.W. Monoclonal antibody against
conductive chloride transport in pig ileal apical membrane vesicles. The American journal
of physiology 271, C478-485 (1996).
Loewen, M.E., Bekar, L.K., Gabriel, S.E., Walz, W. & Forsyth, G.W. pCLCA1 becomes
a cAMP-dependent chloride conductance mediator in Caco-2 cells. Biochemical and
biophysical research communications 298, 531-536 (2002).
Loewen, M.E., Bekar, L.K., Walz, W., Forsyth, G.W. & Gabriel, S.E. pCLCA1 lacks
inherent chloride channel activity in an epithelial colon carcinoma cell line. American
journal of physiology. Gastrointestinal and liver physiology 287, G33-41 (2004).
Plog, S., Mundhenk, L., Langbein, L. & Gruber, A.D. Synthesis of porcine pCLCA2
protein during late differentiation of keratinocytes of epidermis and hair follicle inner root
sheath. Cell and tissue research 350, 445-453 (2012).
Plog, S. et al. The porcine chloride channel calcium-activated family member pCLCA4a
mirrors lung expression of the human hCLCA4. The journal of histochemistry and
cytochemistry : official journal of the Histochemistry Society 60, 45-56 (2012).
Hulo, N. et al. The PROSITE database. Nucleic acids research 34, D227-230 (2006).
Wall, M.A. et al. The structure of the G protein heterotrimer Gi alpha 1 beta 1 gamma 2.
Cell 83, 1047-1058 (1995).
Ruddon, R.W. & Bedows, E. Assisted protein folding. The Journal of biological
chemistry 272, 3125-3128 (1997).
Shental-Bechor, D. & Levy, Y. Effect of glycosylation on protein folding: a close look at
thermodynamic stabilization. Proceedings of the National Academy of Sciences of the
United States of America 105, 8256-8261 (2008).
Shental-Bechor, D. & Levy, Y. Folding of glycoproteins: toward understanding the
biophysics of the glycosylation code. Current opinion in structural biology 19, 524-533
(2009).
Pawlowski, K. et al. Novel conserved hydrolase domain in the CLCA family of alleged
calcium-activated chloride channels. Proteins 63, 424-439 (2006).
141

69.
70.
71.
72.
73.
74.

75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.

Lenart, A., Dudkiewicz, M., Grynberg, M. & Pawlowski, K. CLCAs - a family of
metalloproteases of intriguing phylogenetic distribution and with cases of substituted
catalytic sites. PloS one 8, e62272 (2013).
Yurtsever, Z. et al. Self-cleavage of human CLCA1 protein by a novel internal
metalloprotease domain controls calcium-activated chloride channel activation. The
Journal of biological chemistry 287, 42138-42149 (2012).
Colombatti, A., Bonaldo, P. & Doliana, R. Type A modules: interacting domains found in
several non-fibrillar collagens and in other extracellular matrix proteins. Matrix 13, 297306 (1993).
Hynes, R.O. & Zhao, Q. The evolution of cell adhesion. The Journal of cell biology 150,
F89-96 (2000).
Tuckwell, D. Evolution of von Willebrand factor A (VWA) domains. Biochemical Society
transactions 27, 835-840 (1999).
Canti, C. et al. The metal-ion-dependent adhesion site in the Von Willebrand factor-A
domain of alpha2delta subunits is key to trafficking voltage-gated Ca2+ channels.
Proceedings of the National Academy of Sciences of the United States of America 102,
11230-11235 (2005).
Hoppa, M.B., Lana, B., Margas, W., Dolphin, A.C. & Ryan, T.A. alpha2delta expression
sets presynaptic calcium channel abundance and release probability. Nature 486, 122-125
(2012).
Andrade, A. et al. Proteolytic cleavage of the voltage-gated Ca2+ channel alpha2delta
subunit: structural and functional features. The European journal of neuroscience 25,
1705-1710 (2007).
Davies, A. et al. The alpha2delta subunits of voltage-gated calcium channels form GPIanchored proteins, a posttranslational modification essential for function. Proceedings of
the National Academy of Sciences of the United States of America 107, 1654-1659 (2010).
Chi-Rosso, G. et al. Fibronectin type III repeats mediate RGD-independent adhesion and
signaling through activated beta1 integrins. The Journal of biological chemistry 272,
31447-31452 (1997).
Schlaepfer, D.D., Broome, M.A. & Hunter, T. Fibronectin-stimulated signaling from a
focal adhesion kinase-c-Src complex: involvement of the Grb2, p130cas, and Nck adaptor
proteins. Molecular and cellular biology 17, 1702-1713 (1997).
Zheng, M., Jones, D.M., Horzempa, C., Prasad, A. & McKeown-Longo, P.J. The First
Type III Domain of Fibronectin is Associated with the Expression of Cytokines within the
Lung Tumor Microenvironment. Journal of Cancer 2, 478-483 (2011).
Caputo, A. et al. TMEM16A, a membrane protein associated with calcium-dependent
chloride channel activity. Science 322, 590-594 (2008).
Schroeder, B.C., Cheng, T., Jan, Y.N. & Jan, L.Y. Expression cloning of TMEM16A as a
calcium-activated chloride channel subunit. Cell 134, 1019-1029 (2008).
Yang, Y.D. et al. TMEM16A confers receptor-activated calcium-dependent chloride
conductance. Nature 455, 1210-1215 (2008).
Hegab, A.E. et al. Niflumic acid and AG-1478 reduce cigarette smoke-induced mucin
synthesis: the role of hCLCA1. Chest 131, 1149-1156 (2007).
Zhou, Y. et al. Characterization of a calcium-activated chloride channel as a shared target
of Th2 cytokine pathways and its potential involvement in asthma. American journal of
respiratory cell and molecular biology 25, 486-491 (2001).

142

86.
87.
88.
89.
90.
91.

92.
93.
94.
95.
96.
97.
98.
99.
100.
101.
102.

Dabbagh, K. et al. IL-4 induces mucin gene expression and goblet cell metaplasia in vitro
and in vivo. Journal of immunology 162, 6233-6237 (1999).
Louahed, J. et al. Interleukin-9 upregulates mucus expression in the airways. American
journal of respiratory cell and molecular biology 22, 649-656 (2000).
Whittaker, L. et al. Interleukin-13 mediates a fundamental pathway for airway epithelial
mucus induced by CD4 T cells and interleukin-9. American journal of respiratory cell
and molecular biology 27, 593-602 (2002).
Busse, P.J. et al. Chronic exposure to TNF-alpha increases airway mucus gene expression
in vivo. The Journal of allergy and clinical immunology 116, 1256-1263 (2005).
Hauber, H.P. et al. Niflumic acid and MSI-2216 reduce TNF-alpha-induced mucin
expression in human airway mucosa. The Journal of allergy and clinical immunology
115, 266-271 (2005).
Song, K.S. et al. Interleukin-1 beta and tumor necrosis factor-alpha induce MUC5AC
overexpression through a mechanism involving ERK/p38 mitogen-activated protein
kinases-MSK1-CREB activation in human airway epithelial cells. The Journal of
biological chemistry 278, 23243-23250 (2003).
Hauber, H.P. et al. Increased expression of the calcium-activated chloride channel
hCLCA1 in airways of patients with obstructive chronic bronchitis. Canadian respiratory
journal : journal of the Canadian Thoracic Society 12, 143-146 (2005).
Hauber, H.P. et al. Increased expression of Interleukin-13 but not Interleukin-4 in cystic
fibrosis patients. Journal of cystic fibrosis : official journal of the European Cystic
Fibrosis Society 2, 189-194 (2003).
Hauber, H.P. et al. Expression of HCLCA1 in cystic fibrosis lungs is associated with
mucus overproduction. The European respiratory journal 23, 846-850 (2004).
Hauber, H.P. et al. Increased expression of interleukin-9, interleukin-9 receptor, and the
calcium-activated chloride channel hCLCA1 in the upper airways of patients with cystic
fibrosis. The Laryngoscope 113, 1037-1042 (2003).
Hauber, H.P., Lavigne, F., Hung, H.L., Levitt, R.C. & Hamid, Q. Effect of Th2 type
cytokines on hCLCA1 and mucus expression in cystic fibrosis airways. Journal of cystic
fibrosis : official journal of the European Cystic Fibrosis Society 9, 277-279 (2010).
Thai, P., Chen, Y., Dolganov, G. & Wu, R. Differential regulation of MUC5AC/Muc5ac
and hCLCA-1/mGob-5 expression in airway epithelium. American journal of respiratory
cell and molecular biology 33, 523-530 (2005).
Hewson, C.A., Edbrooke, M.R. & Johnston, S.L. PMA induces the MUC5AC respiratory
mucin in human bronchial epithelial cells, via PKC, EGF/TGF-alpha, Ras/Raf, MEK,
ERK and Sp1-dependent mechanisms. Journal of molecular biology 344, 683-695 (2004).
Robichaud, A. et al. Gob-5 is not essential for mucus overproduction in preclinical
murine models of allergic asthma. American journal of respiratory cell and molecular
biology 33, 303-314 (2005).
Dietert, K., Reppe, K., Mundhenk, L., Witzenrath, M. & Gruber, A.D. mCLCA3
modulates IL-17 and CXCL-1 induction and leukocyte recruitment in murine
Staphylococcus aureus pneumonia. PloS one 9, e102606 (2014).
Bousquet, J. et al. GINA guidelines on asthma and beyond. Allergy 62, 102-112 (2007).
Castellani, C. et al. Benchmarks for cystic fibrosis carrier screening: a European
consensus document. Journal of cystic fibrosis : official journal of the European Cystic
Fibrosis Society 9, 165-178 (2010).

143

103.
104.
105.
106.
107.
108.
109.
110.
111.
112.
113.
114.
115.
116.
117.
118.
119.
120.
121.
122.

Cutting, G.R. Cystic fibrosis genetics: from molecular understanding to clinical
application. Nature reviews. Genetics 16, 45-56 (2015).
Janus, E.D., Phillips, N.T. & Carrell, R.W. Smoking, lung function, and alpha 1antitrypsin deficiency. Lancet 1, 152-154 (1985).
Robinson, D.S. The role of the T cell in asthma. The Journal of allergy and clinical
immunology 126, 1081-1091; quiz 1092-1083 (2010).
O'Sullivan, B.P. & Freedman, S.D. Cystic fibrosis. Lancet 373, 1891-1904 (2009).
Davies, J.C., Alton, E.W. & Bush, A. Cystic fibrosis. Bmj 335, 1255-1259 (2007).
Rowe, S.M., Miller, S. & Sorscher, E.J. Cystic fibrosis. The New England journal of
medicine 352, 1992-2001 (2005).
Collins, F.S. Cystic fibrosis: molecular biology and therapeutic implications. Science 256,
774-779 (1992).
Riordan, J.R. et al. Identification of the cystic fibrosis gene: cloning and characterization
of complementary DNA. Science 245, 1066-1073 (1989).
Mall, M.A. Role of cilia, mucus, and airway surface liquid in mucociliary dysfunction:
lessons from mouse models. Journal of aerosol medicine and pulmonary drug delivery
21, 13-24 (2008).
Mall, M.A. Role of the amiloride-sensitive epithelial Na+ channel in the pathogenesis and
as a therapeutic target for cystic fibrosis lung disease. Experimental physiology 94, 171174 (2009).
Rubenstein, R.C. et al. Regulation of endogenous ENaC functional expression by CFTR
and DeltaF508-CFTR in airway epithelial cells. American journal of physiology. Lung
cellular and molecular physiology 300, L88-L101 (2011).
Guggino, W.B. & Guggino, S.E. Amiloride-sensitive sodium channels contribute to the
woes of the flu. Proceedings of the National Academy of Sciences of the United States of
America 97, 9827-9829 (2000).
Matsui, H. et al. Evidence for periciliary liquid layer depletion, not abnormal ion
composition, in the pathogenesis of cystic fibrosis airways disease. Cell 95, 1005-1015
(1998).
Tarran, R., Button, B. & Boucher, R.C. Regulation of normal and cystic fibrosis airway
surface liquid volume by phasic shear stress. Annual review of physiology 68, 543-561
(2006).
Armstrong, D.S. et al. Lower airway inflammation in infants with cystic fibrosis detected
by newborn screening. Pediatric pulmonology 40, 500-510 (2005).
Belessis, Y. et al. Early cystic fibrosis lung disease detected by bronchoalveolar lavage
and lung clearance index. American journal of respiratory and critical care medicine 185,
862-873 (2012).
Quintana-Gallego, E., Delgado-Pecellin, I. & Calero Acuna, C. CFTR protein repair
therapy in cystic fibrosis. Archivos de bronconeumologia 50, 146-150 (2014).
Accurso, F.J. et al. Effect of VX-770 in persons with cystic fibrosis and the G551DCFTR mutation. The New England journal of medicine 363, 1991-2003 (2010).
Gan, K.H. et al. A cystic fibrosis mutation associated with mild lung disease. The New
England journal of medicine 333, 95-99 (1995).
Haardt, M., Benharouga, M., Lechardeur, D., Kartner, N. & Lukacs, G.L. C-terminal
truncations destabilize the cystic fibrosis transmembrane conductance regulator without
impairing its biogenesis. A novel class of mutation. The Journal of biological chemistry
274, 21873-21877 (1999).
144

123.
124.
125.
126.
127.

128.
129.
130.
131.
132.
133.
134.
135.
136.
137.
138.
139.
140.
141.
142.

Welsh, M.J. & Smith, A.E. Molecular mechanisms of CFTR chloride channel dysfunction
in cystic fibrosis. Cell 73, 1251-1254 (1993).
Zielenski, J. & Tsui, L.C. Cystic fibrosis: genotypic and phenotypic variations. Annual
review of genetics 29, 777-807 (1995).
McCoy, K.S. et al. Inhaled aztreonam lysine for chronic airway Pseudomonas aeruginosa
in cystic fibrosis. American journal of respiratory and critical care medicine 178, 921928 (2008).
Pai, V.B. & Nahata, M.C. Efficacy and safety of aerosolized tobramycin in cystic fibrosis.
Pediatric pulmonology 32, 314-327 (2001).
Westerman, E.M., Le Brun, P.P., Touw, D.J., Frijlink, H.W. & Heijerman, H.G. Effect of
nebulized colistin sulphate and colistin sulphomethate on lung function in patients with
cystic fibrosis: a pilot study. Journal of cystic fibrosis : official journal of the European
Cystic Fibrosis Society 3, 23-28 (2004).
Griesenbach, U. & Alton, E.W. Progress in gene and cell therapy for cystic fibrosis lung
disease. Current pharmaceutical design 18, 642-662 (2012).
Ramsey, B.W. et al. A CFTR potentiator in patients with cystic fibrosis and the G551D
mutation. The New England journal of medicine 365, 1663-1672 (2011).
Jang, A.S. The role of rhinosinusitis in severe asthma. The Korean journal of internal
medicine 28, 646-651 (2013).
Moffatt, M.F. et al. A large-scale, consortium-based genomewide association study of
asthma. The New England journal of medicine 363, 1211-1221 (2010).
Torgerson, D.G. et al. Meta-analysis of genome-wide association studies of asthma in
ethnically diverse North American populations. Nature genetics 43, 887-892 (2011).
Litonjua, A.A., Carey, V.J., Burge, H.A., Weiss, S.T. & Gold, D.R. Parental history and
the risk for childhood asthma. Does mother confer more risk than father? American
journal of respiratory and critical care medicine 158, 176-181 (1998).
Sly, P.D. et al. Early identification of atopy in the prediction of persistent asthma in
children. Lancet 372, 1100-1106 (2008).
Burke, H. et al. Prenatal and passive smoke exposure and incidence of asthma and
wheeze: systematic review and meta-analysis. Pediatrics 129, 735-744 (2012).
Ege, M.J. et al. Exposure to environmental microorganisms and childhood asthma. The
New England journal of medicine 364, 701-709 (2011).
Krishnamoorthy, N. et al. Early infection with respiratory syncytial virus impairs
regulatory T cell function and increases susceptibility to allergic asthma. Nature medicine
18, 1525-1530 (2012).
Devereux, G. & Seaton, A. Diet as a risk factor for atopy and asthma. The Journal of
allergy and clinical immunology 115, 1109-1117; quiz 1118 (2005).
Laumbach, R.J. & Kipen, H.M. Respiratory health effects of air pollution: update on
biomass smoke and traffic pollution. The Journal of allergy and clinical immunology 129,
3-11; quiz 12-13 (2012).
Olszak, T. et al. Microbial exposure during early life has persistent effects on natural
killer T cell function. Science 336, 489-493 (2012).
Poon, A.H. et al. Association of vitamin D receptor genetic variants with susceptibility to
asthma and atopy. American journal of respiratory and critical care medicine 170, 967973 (2004).
Yonas, M.A., Lange, N.E. & Celedon, J.C. Psychosocial stress and asthma morbidity.
Current opinion in allergy and clinical immunology 12, 202-210 (2012).
145

143.
144.
145.
146.
147.
148.
149.
150.
151.
152.
153.
154.
155.
156.
157.
158.
159.
160.
161.
162.

Ramsey, C.D. & Celedon, J.C. The hygiene hypothesis and asthma. Current opinion in
pulmonary medicine 11, 14-20 (2005).
Brooks, C., Pearce, N. & Douwes, J. The hygiene hypothesis in allergy and asthma: an
update. Current opinion in allergy and clinical immunology 13, 70-77 (2013).
Strachan, D.P. Family size, infection and atopy: the first decade of the "hygiene
hypothesis". Thorax 55 Suppl 1, S2-10 (2000).
Pearce, E.J., Caspar, P., Grzych, J.M., Lewis, F.A. & Sher, A. Downregulation of Th1
cytokine production accompanies induction of Th2 responses by a parasitic helminth,
Schistosoma mansoni. The Journal of experimental medicine 173, 159-166 (1991).
Folkerts, G., Walzl, G. & Openshaw, P.J. Do common childhood infections 'teach' the
immune system not to be allergic? Immunology today 21, 118-120 (2000).
Levy, B.D., Vachier, I. & Serhan, C.N. Resolution of inflammation in asthma. Clinics in
chest medicine 33, 559-570 (2012).
Elias, J.A., Zhu, Z., Chupp, G. & Homer, R.J. Airway remodeling in asthma. The Journal
of clinical investigation 104, 1001-1006 (1999).
Lambrecht, B.N. & Hammad, H. The airway epithelium in asthma. Nature medicine 18,
684-692 (2012).
Chiappara, G. et al. Airway remodelling in the pathogenesis of asthma. Current opinion
in allergy and clinical immunology 1, 85-93 (2001).
Tyner, J.W. et al. Blocking airway mucous cell metaplasia by inhibiting EGFR
antiapoptosis and IL-13 transdifferentiation signals. The Journal of clinical investigation
116, 309-321 (2006).
Wills-Karp, M. et al. Interleukin-13: central mediator of allergic asthma. Science 282,
2258-2261 (1998).
Boushey, H.A., Holtzman, M.J., Sheller, J.R. & Nadel, J.A. Bronchial hyperreactivity.
The American review of respiratory disease 121, 389-413 (1980).
Huang, F. et al. Calcium-activated chloride channel TMEM16A modulates mucin
secretion and airway smooth muscle contraction. Proceedings of the National Academy of
Sciences of the United States of America 109, 16354-16359 (2012).
Brightling, C.E., Gupta, S., Gonem, S. & Siddiqui, S. Lung damage and airway
remodelling in severe asthma. Clinical and experimental allergy : journal of the British
Society for Allergy and Clinical Immunology 42, 638-649 (2012).
Bisgaard, H., Hermansen, M.N., Loland, L., Halkjaer, L.B. & Buchvald, F. Intermittent
inhaled corticosteroids in infants with episodic wheezing. The New England journal of
medicine 354, 1998-2005 (2006).
Ducharme, F.M. et al. Preemptive use of high-dose fluticasone for virus-induced
wheezing in young children. The New England journal of medicine 360, 339-353 (2009).
Guilbert, T.W. et al. Long-term inhaled corticosteroids in preschool children at high risk
for asthma. The New England journal of medicine 354, 1985-1997 (2006).
Jaeschke, R. et al. The safety of long-acting beta-agonists among patients with asthma
using inhaled corticosteroids: systematic review and metaanalysis. American journal of
respiratory and critical care medicine 178, 1009-1016 (2008).
Panickar, J. et al. Oral prednisolone for preschool children with acute virus-induced
wheezing. The New England journal of medicine 360, 329-338 (2009).
Martinez, F.D. Safety of long-acting beta-agonists--an urgent need to clear the air. The
New England journal of medicine 353, 2637-2639 (2005).

146

163.
164.
165.
166.

167.
168.
169.
170.
171.
172.
173.
174.
175.
176.
177.
178.
179.
180.

Kamada, F. et al. Association of the hCLCA1 gene with childhood and adult asthma.
Genes and immunity 5, 540-547 (2004).
Kim, V. & Criner, G.J. Chronic bronchitis and chronic obstructive pulmonary disease.
American journal of respiratory and critical care medicine 187, 228-237 (2013).
Stefanska, A.M. & Walsh, P.T. Chronic obstructive pulmonary disease: evidence for an
autoimmune component. Cell Mol Immunol 6, 81-86 (2009).
Tobin, M.J., Cook, P.J. & Hutchison, D.C. Alpha 1 antitrypsin deficiency: the clinical and
physiological features of pulmonary emphysema in subjects homozygous for Pi type Z. A
survey by the British Thoracic Association. British journal of diseases of the chest 77, 1427 (1983).
Snider, G.L. Chronic obstructive pulmonary disease: risk factors, pathophysiology and
pathogenesis. Annual review of medicine 40, 411-429 (1989).
Araya, J. et al. Squamous metaplasia amplifies pathologic epithelial-mesenchymal
interactions in COPD patients. The Journal of clinical investigation 117, 3551-3562
(2007).
Mehta, H., Nazzal, K. & Sadikot, R.T. Cigarette smoking and innate immunity.
Inflammation research : official journal of the European Histamine Research Society ...
[et al.] 57, 497-503 (2008).
Schweitzer, K.S. et al. Mechanisms of lung endothelial barrier disruption induced by
cigarette smoke: role of oxidative stress and ceramides. American journal of physiology.
Lung cellular and molecular physiology 301, L836-846 (2011).
Retamales, I. et al. Amplification of inflammation in emphysema and its association with
latent adenoviral infection. American journal of respiratory and critical care medicine
164, 469-473 (2001).
Turato, G. et al. Airway inflammation in severe chronic obstructive pulmonary disease:
relationship with lung function and radiologic emphysema. American journal of
respiratory and critical care medicine 166, 105-110 (2002).
Culpitt, S.V. et al. Impaired inhibition by dexamethasone of cytokine release by alveolar
macrophages from patients with chronic obstructive pulmonary disease. American journal
of respiratory and critical care medicine 167, 24-31 (2003).
Richens, T.R. et al. Cigarette smoke impairs clearance of apoptotic cells through oxidantdependent activation of RhoA. American journal of respiratory and critical care medicine
179, 1011-1021 (2009).
Shapiro, S.D. Proteolysis in the lung. The European respiratory journal. Supplement 44,
30s-32s (2003).
Churg, A. et al. Acute cigarette smoke-induced connective tissue breakdown requires
both neutrophils and macrophage metalloelastase in mice. American journal of
respiratory cell and molecular biology 27, 368-374 (2002).
Stockley, R.A. Neutrophils and the pathogenesis of COPD. Chest 121, 151S-155S (2002).
Shapiro, S.D. et al. Neutrophil elastase contributes to cigarette smoke-induced
emphysema in mice. The American journal of pathology 163, 2329-2335 (2003).
Hautamaki, R.D., Kobayashi, D.K., Senior, R.M. & Shapiro, S.D. Requirement for
macrophage elastase for cigarette smoke-induced emphysema in mice. Science 277, 20022004 (1997).
Kasahara, Y. et al. Endothelial cell death and decreased expression of vascular endothelial
growth factor and vascular endothelial growth factor receptor 2 in emphysema. American
journal of respiratory and critical care medicine 163, 737-744 (2001).
147

181.
182.
183.

184.

185.
186.
187.
188.
189.
190.
191.
192.
193.
194.
195.
196.
197.
198.

Yokohori, N., Aoshiba, K., Nagai, A. & Respiratory Failure Research Group in, J.
Increased levels of cell death and proliferation in alveolar wall cells in patients with
pulmonary emphysema. Chest 125, 626-632 (2004).
Godtfredsen, N.S. et al. COPD-related morbidity and mortality after smoking cessation:
status of the evidence. The European respiratory journal 32, 844-853 (2008).
Pauwels, R.A. et al. Global strategy for the diagnosis, management, and prevention of
chronic obstructive pulmonary disease. NHLBI/WHO Global Initiative for Chronic
Obstructive Lung Disease (GOLD) Workshop summary. American journal of respiratory
and critical care medicine 163, 1256-1276 (2001).
Anton, F., Leverkoehne, I., Mundhenk, L., Thoreson, W.B. & Gruber, A.D.
Overexpression of eCLCA1 in small airways of horses with recurrent airway obstruction.
The journal of histochemistry and cytochemistry : official journal of the Histochemistry
Society 53, 1011-1021 (2005).
Bice, D.E., Seagrave, J. & Green, F.H. Animal models of asthma: potential usefulness for
studying health effects of inhaled particles. Inhalation toxicology 12, 829-862 (2000).
Hegab, A.E. et al. CLCA1 gene polymorphisms in chronic obstructive pulmonary disease.
Journal of medical genetics 41, e27 (2004).
Akira, S. & Hemmi, H. Recognition of pathogen-associated molecular patterns by TLR
family. Immunology letters 85, 85-95 (2003).
Lebedev, K.A. & Poniakina, I.D. [Immunophysiology of epithelial cells and patternrecognition receptors]. Fiziologiia cheloveka 32, 114-126 (2006).
Doyle, S.L. & O'Neill, L.A. Toll-like receptors: from the discovery of NFkappaB to new
insights into transcriptional regulations in innate immunity. Biochemical pharmacology
72, 1102-1113 (2006).
Warrington, R., Watson, W., Kim, H.L. & Antonetti, F.R. An introduction to immunology
and immunopathology. Allergy, asthma, and clinical immunology : official journal of the
Canadian Society of Allergy and Clinical Immunology 7 Suppl 1, S1 (2011).
Seiler, P. et al. Early granuloma formation after aerosol Mycobacterium tuberculosis
infection is regulated by neutrophils via CXCR3-signaling chemokines. European journal
of immunology 33, 2676-2686 (2003).
Eming, S.A., Krieg, T. & Davidson, J.M. Inflammation in wound repair: molecular and
cellular mechanisms. The Journal of investigative dermatology 127, 514-525 (2007).
Barnes, P.J. The cytokine network in asthma and chronic obstructive pulmonary disease.
The Journal of clinical investigation 118, 3546-3556 (2008).
Bonilla, F.A. & Oettgen, H.C. Adaptive immunity. The Journal of allergy and clinical
immunology 125, S33-40 (2010).
Mosmann, T.R., Cherwinski, H., Bond, M.W., Giedlin, M.A. & Coffman, R.L. Two types
of murine helper T cell clone. I. Definition according to profiles of lymphokine activities
and secreted proteins. Journal of immunology 136, 2348-2357 (1986).
Hamid, Q. et al. Inflammation of small airways in asthma. The Journal of allergy and
clinical immunology 100, 44-51 (1997).
Cosio, M.G. & Guerassimov, A. Chronic obstructive pulmonary disease. Inflammation of
small airways and lung parenchyma. American journal of respiratory and critical care
medicine 160, S21-25 (1999).
Di Stefano, A. et al. STAT4 activation in smokers and patients with chronic obstructive
pulmonary disease. The European respiratory journal 24, 78-85 (2004).

148

199.
200.
201.
202.
203.
204.
205.
206.
207.
208.
209.
210.
211.
212.
213.
214.
215.
216.
217.
218.

Kumar, R.K., Webb, D.C., Herbert, C. & Foster, P.S. Interferon-gamma as a possible
target in chronic asthma. Inflammation & allergy drug targets 5, 253-256 (2006).
Szabo, S.J. et al. Distinct effects of T-bet in TH1 lineage commitment and IFN-gamma
production in CD4 and CD8 T cells. Science 295, 338-342 (2002).
Grumelli, S. et al. An immune basis for lung parenchymal destruction in chronic
obstructive pulmonary disease and emphysema. PLoS medicine 1, e8 (2004).
Trinchieri, G., Pflanz, S. & Kastelein, R.A. The IL-12 family of heterodimeric cytokines:
new players in the regulation of T cell responses. Immunity 19, 641-644 (2003).
Cooper, A.M. & Khader, S.A. The role of cytokines in the initiation, expansion, and
control of cellular immunity to tuberculosis. Immunological reviews 226, 191-204 (2008).
Wang, K.S., Frank, D.A. & Ritz, J. Interleukin-2 enhances the response of natural killer
cells to interleukin-12 through up-regulation of the interleukin-12 receptor and STAT4.
Blood 95, 3183-3190 (2000).
van der Pouw Kraan, T.C. et al. Reduced production of IL-12 and IL-12-dependent IFNgamma release in patients with allergic asthma. Journal of immunology 158, 5560-5565
(1997).
Dinarello, C.A. Interleukin-18 and the pathogenesis of inflammatory diseases. Seminars
in nephrology 27, 98-114 (2007).
Imaoka, H. et al. Interleukin-18 production and pulmonary function in COPD. The
European respiratory journal 31, 287-297 (2008).
Loke, P. et al. Alternative activation is an innate response to injury that requires CD4+ T
cells to be sustained during chronic infection. Journal of immunology 179, 3926-3936
(2007).
Zhou, Y., McLane, M. & Levitt, R.C. Th2 cytokines and asthma. Interleukin-9 as a
therapeutic target for asthma. Respiratory research 2, 80-84 (2001).
Steenwinckel, V. et al. IL-13 mediates in vivo IL-9 activities on lung epithelial cells but
not on hematopoietic cells. Journal of immunology 178, 3244-3251 (2007).
Wills-Karp, M. Interleukin-13 in asthma pathogenesis. Immunological reviews 202, 175190 (2004).
Boutten, A. et al. Decreased expression of interleukin 13 in human lung emphysema.
Thorax 59, 850-854 (2004).
Arango Duque, G. & Descoteaux, A. Macrophage cytokines: involvement in immunity
and infectious diseases. Frontiers in immunology 5, 491 (2014).
Kips, J.C., Tavernier, J.H., Joos, G.F., Peleman, R.A. & Pauwels, R.A. The potential role
of tumour necrosis factor alpha in asthma. Clinical and experimental allergy : journal of
the British Society for Allergy and Clinical Immunology 23, 247-250 (1993).
Mosser, D.M. & Edwards, J.P. Exploring the full spectrum of macrophage activation.
Nature reviews. Immunology 8, 958-969 (2008).
Kupper, T.S. & Groves, R.W. The interleukin-1 axis and cutaneous inflammation. The
Journal of investigative dermatology 105, 62S-66S (1995).
Sica, A. et al. Monocyte chemotactic and activating factor gene expression induced in
endothelial cells by IL-1 and tumor necrosis factor. Journal of immunology 144, 30343038 (1990).
Dinarello, C.A. et al. Interleukin 1 induces interleukin 1. I. Induction of circulating
interleukin 1 in rabbits in vivo and in human mononuclear cells in vitro. Journal of
immunology 139, 1902-1910 (1987).

149

219.
220.
221.
222.
223.
224.
225.
226.
227.
228.
229.

230.

231.
232.
233.
234.
235.

Hurst, S.M. et al. Il-6 and its soluble receptor orchestrate a temporal switch in the pattern
of leukocyte recruitment seen during acute inflammation. Immunity 14, 705-714 (2001).
Shiratsuchi, H., Johnson, J.L. & Ellner, J.J. Bidirectional effects of cytokines on the
growth of Mycobacterium avium within human monocytes. Journal of immunology 146,
3165-3170 (1991).
Bhowmik, A., Seemungal, T.A., Sapsford, R.J. & Wedzicha, J.A. Relation of sputum
inflammatory markers to symptoms and lung function changes in COPD exacerbations.
Thorax 55, 114-120 (2000).
Erin, E.M. et al. Rapid effect of inhaled ciclesonide in asthma: a randomized, placebocontrolled study. Chest 134, 740-745 (2008).
Aaron, S.D. et al. Granulocyte inflammatory markers and airway infection during acute
exacerbation of chronic obstructive pulmonary disease. American journal of respiratory
and critical care medicine 163, 349-355 (2001).
Jatakanon, A. et al. Neutrophilic inflammation in severe persistent asthma. American
journal of respiratory and critical care medicine 160, 1532-1539 (1999).
Driessler, F., Venstrom, K., Sabat, R., Asadullah, K. & Schottelius, A.J. Molecular
mechanisms of interleukin-10-mediated inhibition of NF-kappaB activity: a role for p50.
Clinical and experimental immunology 135, 64-73 (2004).
Pretolani, M. & Goldman, M. IL-10: a potential therapy for allergic inflammation?
Immunology today 18, 277-280 (1997).
Kontoyiannis, D. et al. Interleukin-10 targets p38 MAPK to modulate ARE-dependent
TNF mRNA translation and limit intestinal pathology. The EMBO journal 20, 3760-3770
(2001).
Cunha, F.Q., Moncada, S. & Liew, F.Y. Interleukin-10 (IL-10) inhibits the induction of
nitric oxide synthase by interferon-gamma in murine macrophages. Biochemical and
biophysical research communications 182, 1155-1159 (1992).
Oswald, I.P., Wynn, T.A., Sher, A. & James, S.L. Interleukin 10 inhibits macrophage
microbicidal activity by blocking the endogenous production of tumor necrosis factor
alpha required as a costimulatory factor for interferon gamma-induced activation.
Proceedings of the National Academy of Sciences of the United States of America 89,
8676-8680 (1992).
John, M. et al. Inhaled corticosteroids increase interleukin-10 but reduce macrophage
inflammatory protein-1alpha, granulocyte-macrophage colony-stimulating factor, and
interferon-gamma release from alveolar macrophages in asthma. American journal of
respiratory and critical care medicine 157, 256-262 (1998).
Takanashi, S. et al. Interleukin-10 level in sputum is reduced in bronchial asthma, COPD
and in smokers. The European respiratory journal 14, 309-314 (1999).
Lee, I.T. & Yang, C.M. Inflammatory signalings involved in airway and pulmonary
diseases. Mediators of inflammation 2013, 791231 (2013).
Lee, I.T. & Yang, C.M. Role of NADPH oxidase/ROS in pro-inflammatory mediatorsinduced airway and pulmonary diseases. Biochemical pharmacology 84, 581-590 (2012).
Cogswell, J.P. et al. NF-kappa B regulates IL-1 beta transcription through a consensus
NF-kappa B binding site and a nonconsensus CRE-like site. Journal of immunology 153,
712-723 (1994).
Park, G.Y. & Christman, J.W. Nuclear factor kappa B is a promising therapeutic target in
inflammatory lung disease. Current drug targets 7, 661-668 (2006).

150

236.
237.
238.
239.
240.
241.
242.
243.

244.
245.
246.
247.
248.
249.
250.
251.
252.

Lappas, M., Permezel, M., Georgiou, H.M. & Rice, G.E. Nuclear factor kappa B
regulation of proinflammatory cytokines in human gestational tissues in vitro. Biology of
reproduction 67, 668-673 (2002).
Tergaonkar, V. NFkappaB pathway: a good signaling paradigm and therapeutic target.
The international journal of biochemistry & cell biology 38, 1647-1653 (2006).
Di Stefano, A. et al. Increased expression of nuclear factor-kappaB in bronchial biopsies
from smokers and patients with COPD. The European respiratory journal 20, 556-563
(2002).
Hart, L.A., Krishnan, V.L., Adcock, I.M., Barnes, P.J. & Chung, K.F. Activation and
localization of transcription factor, nuclear factor-kappaB, in asthma. American journal of
respiratory and critical care medicine 158, 1585-1592 (1998).
Jacquot, J., Tabary, O., Le Rouzic, P. & Clement, A. Airway epithelial cell inflammatory
signalling in cystic fibrosis. The international journal of biochemistry & cell biology 40,
1703-1715 (2008).
Donovan, C.E. et al. NF-kappa B/Rel transcription factors: c-Rel promotes airway
hyperresponsiveness and allergic pulmonary inflammation. Journal of immunology 163,
6827-6833 (1999).
Yang, L. et al. Essential role of nuclear factor kappaB in the induction of eosinophilia in
allergic airway inflammation. The Journal of experimental medicine 188, 1739-1750
(1998).
Broide, D.H. et al. Allergen-induced peribronchial fibrosis and mucus production
mediated by IkappaB kinase beta-dependent genes in airway epithelium. Proceedings of
the National Academy of Sciences of the United States of America 102, 17723-17728
(2005).
Poynter, M.E. et al. NF-kappa B activation in airways modulates allergic inflammation
but not hyperresponsiveness. Journal of immunology 173, 7003-7009 (2004).
Parmentier, M. et al. Regulation of lipopolysaccharide-mediated interleukin-1beta release
by N-acetylcysteine in THP-1 cells. The European respiratory journal 16, 933-939
(2000).
Zaman, M.M. et al. Interleukin 8 secretion from monocytes of subjects heterozygous for
the deltaF508 cystic fibrosis transmembrane conductance regulator gene mutation is
altered. Clinical and diagnostic laboratory immunology 11, 819-824 (2004).
Pelaia, G. et al. Mitogen-activated protein kinases and asthma. Journal of cellular
physiology 202, 642-653 (2005).
Schaeffer, H.J. & Weber, M.J. Mitogen-activated protein kinases: specific messages from
ubiquitous messengers. Molecular and cellular biology 19, 2435-2444 (1999).
Liu, W. et al. Cell-specific activation profile of extracellular signal-regulated kinase 1/2,
Jun N-terminal kinase, and p38 mitogen-activated protein kinases in asthmatic airways.
The Journal of allergy and clinical immunology 121, 893-902 e892 (2008).
Renda, T. et al. Increased activation of p38 MAPK in COPD. The European respiratory
journal 31, 62-69 (2008).
Bhattacharyya, S. et al. MAPK signaling pathways regulate IL-8 mRNA stability and IL8 protein expression in cystic fibrosis lung epithelial cell lines. American journal of
physiology. Lung cellular and molecular physiology 300, L81-87 (2011).
Singer, C.A., Lontay, B., Unruh, H., Halayko, A.J. & Gerthoffer, W.T. Src mediates
cytokine-stimulated gene expression in airway myocytes through ERK MAPK. Cell
communication and signaling : CCS 9, 14 (2011).
151

253.
254.
255.
256.
257.
258.
259.
260.
261.
262.
263.
264.
265.

266.
267.
268.
269.
270.
271.

Shin, I.S. et al. Melatonin attenuates neutrophil inflammation and mucus secretion in
cigarette smoke-induced chronic obstructive pulmonary diseases via the suppression of
Erk-Sp1 signaling. Journal of pineal research 58, 50-60 (2015).
Stellato, C. Post-transcriptional and nongenomic effects of glucocorticoids. Proceedings
of the American Thoracic Society 1, 255-263 (2004).
Barnes, P.J. Novel signal transduction modulators for the treatment of airway diseases.
Pharmacology & therapeutics 109, 238-245 (2006).
Lee, J.C. & Young, P.R. Role of CSB/p38/RK stress response kinase in LPS and cytokine
signaling mechanisms. Journal of leukocyte biology 59, 152-157 (1996).
Gordon, S. & Taylor, P.R. Monocyte and macrophage heterogeneity. Nature reviews.
Immunology 5, 953-964 (2005).
Qian, B.Z. et al. CCL2 recruits inflammatory monocytes to facilitate breast-tumour
metastasis. Nature 475, 222-225 (2011).
O'Shea, J.J. & Murray, P.J. Cytokine signaling modules in inflammatory responses.
Immunity 28, 477-487 (2008).
Dale, D.C., Boxer, L. & Liles, W.C. The phagocytes: neutrophils and monocytes. Blood
112, 935-945 (2008).
Brandt, E., Woerly, G., Younes, A.B., Loiseau, S. & Capron, M. IL-4 production by
human polymorphonuclear neutrophils. Journal of leukocyte biology 68, 125-130 (2000).
Edwards, J.P., Zhang, X., Frauwirth, K.A. & Mosser, D.M. Biochemical and functional
characterization of three activated macrophage populations. Journal of leukocyte biology
80, 1298-1307 (2006).
Song, E. et al. Influence of alternatively and classically activated macrophages on
fibrogenic activities of human fibroblasts. Cellular immunology 204, 19-28 (2000).
Kreider, T., Anthony, R.M., Urban, J.F., Jr. & Gause, W.C. Alternatively activated
macrophages in helminth infections. Current opinion in immunology 19, 448-453 (2007).
Munitz, A., Brandt, E.B., Mingler, M., Finkelman, F.D. & Rothenberg, M.E. Distinct
roles for IL-13 and IL-4 via IL-13 receptor alpha1 and the type II IL-4 receptor in asthma
pathogenesis. Proceedings of the National Academy of Sciences of the United States of
America 105, 7240-7245 (2008).
Mosser, D.M. The many faces of macrophage activation. Journal of leukocyte biology 73,
209-212 (2003).
Murray, P.J. The primary mechanism of the IL-10-regulated antiinflammatory response is
to selectively inhibit transcription. Proceedings of the National Academy of Sciences of
the United States of America 102, 8686-8691 (2005).
Gerber, J.S. & Mosser, D.M. Reversing lipopolysaccharide toxicity by ligating the
macrophage Fc gamma receptors. Journal of immunology 166, 6861-6868 (2001).
Guilliams, M. et al. Alveolar macrophages develop from fetal monocytes that
differentiate into long-lived cells in the first week of life via GM-CSF. The Journal of
experimental medicine 210, 1977-1992 (2013).
Hashimoto, D. et al. Tissue-resident macrophages self-maintain locally throughout adult
life with minimal contribution from circulating monocytes. Immunity 38, 792-804 (2013).
Ghoneim, H.E., Thomas, P.G. & McCullers, J.A. Depletion of alveolar macrophages
during influenza infection facilitates bacterial superinfections. Journal of immunology
191, 1250-1259 (2013).

152

272.
273.
274.
275.
276.
277.
278.
279.
280.
281.
282.
283.

284.
285.
286.
287.
288.

Mantovani, A., Biswas, S.K., Galdiero, M.R., Sica, A. & Locati, M. Macrophage
plasticity and polarization in tissue repair and remodelling. The Journal of pathology 229,
176-185 (2013).
McGill, J., Heusel, J.W. & Legge, K.L. Innate immune control and regulation of influenza
virus infections. Journal of leukocyte biology 86, 803-812 (2009).
Blumenthal, R.L. et al. Human alveolar macrophages induce functional inactivation in
antigen-specific CD4 T cells. The Journal of allergy and clinical immunology 107, 258264 (2001).
Roth, M.D. & Golub, S.H. Human pulmonary macrophages utilize prostaglandins and
transforming growth factor beta 1 to suppress lymphocyte activation. Journal of leukocyte
biology 53, 366-371 (1993).
Thepen, T., Van Rooijen, N. & Kraal, G. Alveolar macrophage elimination in vivo is
associated with an increase in pulmonary immune response in mice. The Journal of
experimental medicine 170, 499-509 (1989).
Snelgrove, R.J. et al. A critical function for CD200 in lung immune homeostasis and the
severity of influenza infection. Nature immunology 9, 1074-1083 (2008).
Zhang, S., Cherwinski, H., Sedgwick, J.D. & Phillips, J.H. Molecular mechanisms of
CD200 inhibition of mast cell activation. Journal of immunology 173, 6786-6793 (2004).
Lim, S. et al. Differential expression of IL-10 receptor by epithelial cells and alveolar
macrophages. Allergy 59, 505-514 (2004).
Fernandez, S., Jose, P., Avdiushko, M.G., Kaplan, A.M. & Cohen, D.A. Inhibition of IL10 receptor function in alveolar macrophages by Toll-like receptor agonists. Journal of
immunology 172, 2613-2620 (2004).
Bilyk, N. & Holt, P.G. Cytokine modulation of the immunosuppressive phenotype of
pulmonary alveolar macrophage populations. Immunology 86, 231-237 (1995).
Lohmann-Matthes, M.L., Steinmuller, C. & Franke-Ullmann, G. Pulmonary
macrophages. The European respiratory journal 7, 1678-1689 (1994).
Steinmuller, C., Franke-Ullmann, G., Lohmann-Matthes, M.L. & Emmendorffer, A.
Local activation of nonspecific defense against a respiratory model infection by
application of interferon-gamma: comparison between rat alveolar and interstitial lung
macrophages. American journal of respiratory cell and molecular biology 22, 481-490
(2000).
Maus, U.A. et al. Role of resident alveolar macrophages in leukocyte traffic into the
alveolar air space of intact mice. American journal of physiology. Lung cellular and
molecular physiology 282, L1245-1252 (2002).
Simonin-Le Jeune, K. et al. Impaired functions of macrophage from cystic fibrosis
patients: CD11b, TLR-5 decrease and sCD14, inflammatory cytokines increase. PloS one
8, e75667 (2013).
Brennan, S. et al. Alveolar macrophages and CC chemokines are increased in children
with cystic fibrosis. The European respiratory journal 34, 655-661 (2009).
Beckett, E.L. et al. A new short-term mouse model of chronic obstructive pulmonary
disease identifies a role for mast cell tryptase in pathogenesis. The Journal of allergy and
clinical immunology 131, 752-762 (2013).
Moreira, A.P. & Hogaboam, C.M. Macrophages in allergic asthma: fine-tuning their proand anti-inflammatory actions for disease resolution. Journal of interferon & cytokine
research : the official journal of the International Society for Interferon and Cytokine
Research 31, 485-491 (2011).
153

289.
290.
291.
292.
293.
294.
295.
296.
297.
298.
299.
300.
301.
302.
303.
304.
305.
306.

Gordon, S. & Martinez, F.O. Alternative activation of macrophages: mechanism and
functions. Immunity 32, 593-604 (2010).
Prieto, J. et al. Increased interleukin-13 mRNA expression in bronchoalveolar lavage cells
of atopic patients with mild asthma after repeated low-dose allergen provocations.
Respiratory medicine 94, 806-814 (2000).
Bang, B.R. et al. Alveolar macrophages modulate allergic inflammation in a murine
model of asthma. Experimental & molecular medicine 43, 275-280 (2011).
Valstar, D.L. et al. Alveolar macrophages suppress non-specific inflammation caused by
inhalation challenge with trimellitic anhydride conjugated to albumin. Archives of
toxicology 80, 561-571 (2006).
Sabo-Attwood, T. et al. Gene expression profiles reveal increased mClca3 (Gob5)
expression and mucin production in a murine model of asbestos-induced fibrogenesis. The
American journal of pathology 167, 1243-1256 (2005).
Long, A.J. et al. Gob-5 contributes to goblet cell hyperplasia and modulates pulmonary
tissue inflammation. American journal of respiratory cell and molecular biology 35, 357365 (2006).
Winpenny, J.P., Marsey, L.L. & Sexton, D.W. The CLCA gene family: putative
therapeutic target for respiratory diseases. Inflammation & allergy drug targets 8, 146160 (2009).
Gordon, S.B. & Read, R.C. Macrophage defences against respiratory tract infections.
British medical bulletin 61, 45-61 (2002).
Martinez, F.O., Helming, L. & Gordon, S. Alternative activation of macrophages: an
immunologic functional perspective. Annual review of immunology 27, 451-483 (2009).
Blunck, R. et al. New insights into endotoxin-induced activation of macrophages:
involvement of a K+ channel in transmembrane signaling. Journal of immunology 166,
1009-1015 (2001).
Lowry, M.A., Goldberg, J.I. & Belosevic, M. Induction of nitric oxide (NO) synthesis in
murine macrophages requires potassium channel activity. Clinical and experimental
immunology 111, 597-603 (1998).
Milton, R.H. et al. CLIC1 function is required for beta-amyloid-induced generation of
reactive oxygen species by microglia. The Journal of neuroscience : the official journal of
the Society for Neuroscience 28, 11488-11499 (2008).
Bothe, M.K., Mundhenk, L., Kaup, M., Weise, C. & Gruber, A.D. The murine goblet cell
protein mCLCA3 is a zinc-dependent metalloprotease with autoproteolytic activity.
Molecules and cells 32, 535-541 (2011).
Bellodi, C., Kopmar, N. & Ruggero, D. Deregulation of oncogene-induced senescence
and p53 translational control in X-linked dyskeratosis congenita. The EMBO journal 29,
1865-1876 (2010).
Cook, P.J. et al. Tyrosine dephosphorylation of H2AX modulates apoptosis and survival
decisions. Nature 458, 591-596 (2009).
Pfaffl, M.W. A new mathematical model for relative quantification in real-time RT-PCR.
Nucleic acids research 29, e45 (2001).
O'Neill, S.M., Houck, K.L., Yun, J.K., Fox, T.E. & Kester, M. AP-1 binding
transcriptionally regulates human neutral ceramidase. Archives of biochemistry and
biophysics 511, 31-39 (2011).
Stahlberg, A., Rusnakova, V., Forootan, A., Anderova, M. & Kubista, M. RT-qPCR
work-flow for single-cell data analysis. Methods 59, 80-88 (2013).
154

307.
308.
309.
310.
311.

312.
313.

314.
315.
316.
317.
318.
319.
320.
321.

Careau, E. et al. Antigen sensitization modulates alveolar macrophage functions in an
asthma model. American journal of physiology. Lung cellular and molecular physiology
290, L871-879 (2006).
Pukelsheim, K., Stoeger, T., Kutschke, D., Ganguly, K. & Wjst, M. Cytokine profiles in
asthma families depend on age and phenotype. PloS one 5, e14299 (2010).
Taher, Y.A. et al. Indoleamine 2,3-dioxygenase-dependent tryptophan metabolites
contribute to tolerance induction during allergen immunotherapy in a mouse model. The
Journal of allergy and clinical immunology 121, 983-991 e982 (2008).
Loewen, M.E., Gabriel, S.E. & Forsyth, G.W. The calcium-dependent chloride
conductance mediator pCLCA1. American journal of physiology. Cell physiology 283,
C412-421 (2002).
Greenwood, I.A., Miller, L.J., Ohya, S. & Horowitz, B. The large conductance potassium
channel beta-subunit can interact with and modulate the functional properties of a
calcium-activated chloride channel, CLCA1. The Journal of biological chemistry 277,
22119-22122 (2002).
Furuya, M. et al. Lymphatic endothelial murine chloride channel calcium-activated 1 is a
ligand for leukocyte LFA-1 and Mac-1. Journal of immunology 185, 5769-5777 (2010).
Gueders, M.M. et al. Mouse models of asthma: a comparison between C57BL/6 and
BALB/c strains regarding bronchial responsiveness, inflammation, and cytokine
production. Inflammation research : official journal of the European Histamine Research
Society ... [et al.] 58, 845-854 (2009).
Brewer, J.P., Kisselgof, A.B. & Martin, T.R. Genetic variability in pulmonary
physiological, cellular, and antibody responses to antigen in mice. American journal of
respiratory and critical care medicine 160, 1150-1156 (1999).
Gray, T. et al. Regulation of MUC5AC mucin secretion and airway surface liquid
metabolism by IL-1beta in human bronchial epithelia. American journal of physiology.
Lung cellular and molecular physiology 286, L320-330 (2004).
Tsukagoshi, H., Sakamoto, T., Xu, W., Barnes, P.J. & Chung, K.F. Effect of interleukin-1
beta on airway hyperresponsiveness and inflammation in sensitized and nonsensitized
Brown-Norway rats. The Journal of allergy and clinical immunology 93, 464-469 (1994).
Lobo, P.A. & Van Petegem, F. Crystal structures of the N-terminal domains of cardiac
and skeletal muscle ryanodine receptors: insights into disease mutations. Structure 17,
1505-1514 (2009).
Bach, H. et al. Escherichia coli maltose-binding protein as a molecular chaperone for
recombinant intracellular cytoplasmic single-chain antibodies. Journal of molecular
biology 312, 79-93 (2001).
Kapust, R.B. & Waugh, D.S. Escherichia coli maltose-binding protein is uncommonly
effective at promoting the solubility of polypeptides to which it is fused. Protein science :
a publication of the Protein Society 8, 1668-1674 (1999).
Pennati, A., Deng, J. & Galipeau, J. Maltose-binding protein fusion allows for high level
bacterial expression and purification of bioactive mammalian cytokine derivatives. PloS
one 9, e106724 (2014).
Do, B.H., Ryu, H.B., Hoang, P., Koo, B.K. & Choe, H. Soluble prokaryotic
overexpression and purification of bioactive human granulocyte colony-stimulating factor
by maltose binding protein and protein disulfide isomerase. PloS one 9, e89906 (2014).

155

322.
323.
324.
325.
326.
327.
328.
329.
330.
331.

Adam, O., Vercellone, A., Paul, F., Monsan, P.F. & Puzo, G. A nondegradative route for
the removal of endotoxin from exopolysaccharides. Analytical biochemistry 225, 321-327
(1995).
Henley, D.V., Bellone, C.J., Williams, D.A. & Ruh, M.F. MAPK signaling pathways
modulate IL-1beta expression in human keratinocytes. Archives of biochemistry and
biophysics 424, 112-118 (2004).
Kim, S.H., Smith, C.J. & Van Eldik, L.J. Importance of MAPK pathways for microglial
pro-inflammatory cytokine IL-1 beta production. Neurobiology of aging 25, 431-439
(2004).
Mariathasan, S. & Monack, D.M. Inflammasome adaptors and sensors: intracellular
regulators of infection and inflammation. Nature reviews. Immunology 7, 31-40 (2007).
Hiscott, J. et al. Characterization of a functional NF-kappa B site in the human interleukin
1 beta promoter: evidence for a positive autoregulatory loop. Molecular and cellular
biology 13, 6231-6240 (1993).
Risbud, M.V. & Shapiro, I.M. Role of cytokines in intervertebral disc degeneration: pain
and disc content. Nature reviews. Rheumatology 10, 44-56 (2014).
Goebeler, M. et al. Multiple signaling pathways regulate NF-kappaB-dependent
transcription of the monocyte chemoattractant protein-1 gene in primary endothelial cells.
Blood 97, 46-55 (2001).
Tamura, D.Y. et al. p38 mitogen-activated protein kinase inhibition attenuates
intercellular adhesion molecule-1 up-regulation on human pulmonary microvascular
endothelial cells. Surgery 124, 403-407; discussion 408 (1998).
Chen, B.C. & Lin, W.W. PKC- and ERK-dependent activation of I kappa B kinase by
lipopolysaccharide in macrophages: enhancement by P2Y receptor-mediated CaMK
activation. British journal of pharmacology 134, 1055-1065 (2001).
Sakai, N. et al. p38 MAPK phosphorylation and NF-kappa B activation in human
crescentic glomerulonephritis. Nephrology, dialysis, transplantation : official publication
of the European Dialysis and Transplant Association - European Renal Association 17,
998-1004 (2002).

156

