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1 Introduction

Certain members of the highly conserved chloride channel regulator, calcium-activated (CLCA)
family have been considered to modulate mucus-based inflammatory conditions of the
respiratory tract, such as asthma, chronic obstructive pulmonary disease (COPD) or cystic
fibrosis (CF, also termed mucoviscidosis). This potential modulatory function pertains
particularly to CLCA1, the most intensively investigated family member to date. The CLCA1
protein is highly expressed in these respiratory diseases and has been discussed as a

therapeutic target.

Previous work has mainly focused on human, murine, and, to a lesser extent, porcine CLCA
members. It not only revealed certain similarities in the gene locus organization and expression
pattern — particularly of CLCA1 — but also distinct species-specific differences in numbers,
expression patterns or functions of other CLCA orthologs. Furthermore, based on mouse
models, putative redundancies or compensatory effects of homologous CLCA members have
been hypothesized. Therefore, the interspecies diversity must be carefully considered

regarding the translation of results from one species to another.

The CLCA family has been systematically characterized in humans, mice, and pigs. Mucus-
based diseases such as asthma, COPD or CF either occur naturally in these mammals or may
be experimentally induced in animal species to model the respective human disease.
Nevertheless, asthma is a highly relevant and naturally occurring condition also in cats with
many parallels to the human disease. The feline CLCA family is, however, unknown to date.
Hence, this study aimed at characterizing the expression profile of the CLCA family in healthy
cats for the first time. It particularly focused on the airways regarding a potential role of CLCA1

in feline asthma.

1.1 CLCA History and Nomenclature

The first two members of the CLCA family were discovered simultaneously and independently
by two working groups in 1991 (Ran and Benos 1991; Zhu et al. 1991). The first founding
member, which was isolated from bovine apical tracheal membranes, mediated calcium-
dependent chloride currents in vitro (Ran and Benos 1991; 1992) and was, hence, termed
bovine tracheal calcium-activated chloride channel (CaCC) (Cunningham et al. 1995). The
second founding member was discovered in bovine endothelial cells of distinct pulmonary
blood vessels, which was shown to promote selective attachment of lung-metastatic melanoma
cells in vitro and in vivo (Zhu et al. 1991). It was therefore termed bovine lung endothelial cell
adhesion molecule-1 (Lu-ECAM-1) (Zhu et al. 1991). The nucleotide and amino acid (aa)
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sequence conformity of both members was of 92 % and consecutive molecular cloning

confirmed their homology (Elble et al. 1997) by which a novel protein family was established.

The initial observation of bovine tracheal CaCC evoking calcium-dependent chloride currents
in vitro (Ran and Benos 1991; 1992) was also shown for other CLCA members across different
species (Gruber et al. 1998a; Loewen and Forsyth 2005; Winpenny et al. 2002; Yamazaki et
al. 2005). A first attempt towards nomenclature standardization defined the family members as
chloride channels, calcium activated, termed these according to the respective species (e.qg.
h = human, m = murine, p = porcine), and numbered them in chronological order of discovery.
Hence, bovine CaCC and bovine Lu-ECAM-1 were designated bCLCA1 and bCLCA2,
respectively (Gruber et al. 2000).

Subsequently, state of the art in silico analyses revealed that CLCA proteins cannot form
chloride channels per se since they lack multiple transmembrane domains (Gibson et al. 2005)
and are either entirely or partially secreted into the extracellular environment (Anton et al. 2005;
Bothe et al. 2008; Elble et al. 2006; Gibson et al. 2005; Huan et al. 2008; Mundhenk et al.
2006). Nevertheless, human CLCA1 may modulate calcium-dependent chloride currents
(Hamann et al. 2009). Therefore, the abbreviation was changed to chloride channel

regulators, calcium-activated, which is now the present denotation.

As up to eight members have been discovered in over 30 species with a species- and tissue-
specific expression pattern to date, the nomenclature became increasingly confusing and was
not readily associable. Therefore, a third step towards harmonization was performed by the
Mouse Gene Nomenclature Committee (MGNC) in accordance with the Human Gene
Nomenclature Committee (HUGO) and the Rat Genome Database (RGD) (Erickson et al.
2015). Herein, the individual members were renamed, allowing for systematic ortholog
comparison. For example, the murine mucus cell protein gob-5, which had first been renamed
to mCLCAS3 (Leverkoehne and Gruber 2002), is now termed murine CLCA1 (Erickson et al.
2015) due to its direct orthology to human CLCA1. Regardless, the database nomenclature is

still complex and partially inconsistent.

1.2 Genomic Organization of the CLCA-Family

The CLCA genes are located in a single locus between the two flanking genes, outer dense
fiber of sperm tails 2-like (ODF2L) and SH3-domain GRB2-like endophilin B1 (SH3GLB1T) in
all mammalian species and also chickens (see 2.1). This genomic organization preserves the
same ordering of CLCA family members (Patel et al. 2009) which are grouped in four different
clusters based on sequence homology (Plog et al. 2009). Despite this high conservation of the
genomic CLCA locus organization (Patel et al. 2009), the CLCA family shows a high genetic

interspecies diversity. Firstly, the numbers of CLCA genes differ between species, e.g. four
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CLCA genes in man and horse (Mundhenk et al. 2018; Patel et al. 2009) but eight in mice
(Patel et al. 2009), as shown in Table 1. Secondly, pseudogene formation and expressional

silencing has occurred only in certain species (Gruber and Pauli 1999; Plog et al. 2009).

Table 1. CLCA clusters and the according species-specific members

MOUSE?
CLUSTER | HUMAN' PIG2 HORSE*
(former nomenclature)
Cluster 1 CLCA1 CLCA1 Clca1 (mClica3, gob-5) CLCA1
Cluster 2 CLCA2 CLCA2 Clca2 (mCicab) CLCA2

Clca3a1 (mClca1)

Cluster 3 | CLCA3P CLCA3P Clca3a2 (mClcaZ2) CLCA3

Clca3b (mCica4)

Clca4a (mClicab)
CLCA4a

Cluster4 | CLCA4 Clcadb (mClca?) CLCA4

CLCA4b
Clca4c (mClca8)

Source: (Patel et al. 2009), "(Agnel et al. 1999; Gruber et al. 1998a; Gruber and Pauli 1999;
Gruber et al. 1999), (Plog et al. 2009; 2012a; 2012b), *(Al-Jumaily et al. 2007; Elble et al.
2002; Erickson et al. 2015; Evans et al. 2004; Gandhi et al. 1998; Komiya et al. 1999; Lee et
al. 1999; Romio et al. 1999), *(Mundhenk et al. 2018; Patel et al. 2009), P = pseudogene.

In detail, only one member exists for clusters 1 and 2 in all mammalian species — including
humans, mice, pigs, and horses — investigated so far, e.g. murine Clca1 (formerly mCica3 or
gob-5) and Cica2 (formerly mCicab). For clusters 3 and 4, however, the number of CLCA

members differs species-specifically.

Mice exhibit three members each for clusters 3 and 4. In murine cluster 3, these three genes
furthermore appear to be closely related as a product of two subsequent duplication events.
Thereby, murine Clca3 is subdivided into Clca3a and -3b (formerly mCica4), whilst Clca3a is
further subdivided into Clca3a1 and -3a2 (formerly mCica1 and -2, respectively), all of which
are highly likely of expressing fully functional proteins (Patel et al. 2009). Similarly, murine

cluster 4 also contains three homologs, Clca4a, -4b, and -4c¢ (formerly mCicaé6, -7, and -8,
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respectively). Nevertheless, latter also exhibits a premature stop codon (Patel et al. 2009),
rendering the possibility of pseudogene formation also in the murine CLCA family. Porcine
cluster 4 consists of two genes, CLCA4a and -4b, which are due to a single duplication event
(Plog et al. 2012a). In contrast, in humans, both clusters are comprised of only one CLCA
member, of which CLCA3 represents a silenced pseudogene due to the presence of premature
stop codons (Gruber and Pauli 1999) which are also present in porcine CLCA3 (Plog et al.
2009). Of note, in the horse, CLCA1 is the only family member experimentally characterized
to date (Anton et al. 2005; Range et al. 2007).

On the genomic level, clusters 1 and 2 are highly conserved, whereas clusters 3 and 4 feature
conspicuous interspecies diversity. Species-specific homologies and differences are, however,

not only genomically present but have also been investigated in detail on the protein level.

1.3 CLCA Expression Patterns — An Interspecies Comparison

Previous work has mainly focused on expression pattern and functional analysis of CLCA
members relevant to respiratory diseases such as asthma, COPD, and CF in humans (Agnel
et al. 1999; Brouillard et al. 2005; Gibson et al. 2005; Gruber et al. 1998a; Gruber and Pauli
1999; Gruber et al. 1999; Hauber et al. 2003; 2004; 2010; Hoshino et al. 2002; Kamada et al.
2004; Mall et al. 2003; Patel et al. 2009; Toda et al. 2002; Wang et al. 2007; Woodruff et al.
2007; Zhou et al. 2001) and in model animal species, i.e. predominantly the mouse (Brouillard
et al. 2005; Dietert et al. 2014; Long et al. 2006; Mei et al. 2013; Nakanishi et al. 2001; Patel
et al. 2006; Robichaud et al. 2005; Song et al. 2013; Thai et al. 2005; Young et al. 2007; Zhang
and He 2010). Herein, CLCA1 is the CLCA family member studied most intensively to date
due to its potential as biomarker or therapeutic target in these respiratory diseases (Patel et
al. 2009; Sala-Rabanal et al. 2017).

Beside man and mouse, the expression pattern of all CLCA family members has also been
systematically characterized in the pig (Plog et al. 2009; 2010; 2012a; 2012b; 2015) due to its
high translational potential regarding human anatomy and physiology (Rogers et al. 2008a)
and the recent establishment of porcine CF models (Meyerholz et al. 2010; Rogers et al.
2008b; 2008c; Welsh et al. 2009). In horses, in which Severe Equine Asthma (SEA), formerly
known as Recurrent Airway Obstruction (RAO) (Couetil et al. 2016), is considered a model of
human asthma and COPD (Bice et al. 2000; Snapper 1986), the first equine member of the
CLCA gene family, CLCA1, has also been investigated (Anton et al. 2005; Range et al. 2007).

Strikingly, CLCA1 shows an almost identical expression pattern in all aforementioned species
whilst the cellular expression patterns of the CLCA2 and CLCA4 proteins differ between
humans, mice, and pigs (Braun et al. 2010a; Connon et al. 2004; Dietert et al. 2015; Plog et
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al. 2012b) and CLCA members of cluster 3 show the most complex and striking interspecies
differences (Patel et al. 2009).

1.3.1 CLCA1 - A Common Expression Pattern Not Only in the Respiratory Tract

For every species investigated so far, the only member present in cluster 1 is CLCA1. It is
expressed in mucus-producing cells predominantly of the respiratory, gastrointestinal, and
reproductive tract with a virtually identical expression pattern of its human (Gruber et al.
1998a), murine (Leverkoehne and Gruber 2002), porcine (Plog et al. 2009), and equine
orthologs (Anton et al. 2005).

Its most abundant expression is located in the colon (Anton et al. 2005; Gruber et al. 1998a;
Johansson et al. 2008; Leverkoehne and Gruber 2002; Plog et al. 2009), in which CLCA1 is
secreted by mucus cells into the mucus layer lining the intestinal epithelium (Gibson et al.
2005; Leverkoehne and Gruber 2002; Mundhenk et al. 2006; Plog et al. 2009; Range et al.
2007).

In the respiratory tract, CLCA1 is also exclusively expressed in mucus cells of the trachea and
major bronchi, and to a lesser degree, in mucin-producing submucosal glands (SMGs) of the
upper trachea and secreted into the extracellular mucus (Anton et al. 2005; Gibson et al. 2005;
Hoshino et al. 2002; Leverkoehne and Gruber 2002; Mundhenk et al. 2006; Plog et al. 2009)
(also see 2.2, Figure 7). Smaller non-diseased airways or the lung parenchyma show less to
no CLCA1 expression, corresponding to the decline of mucus cell numbers or their entire
absence, respectively (Anton et al. 2005; Gruber et al. 1998a; Leverkoehne and Gruber 2002;
Plog et al. 2009).

Apart from this coinciding expression pattern for CLCA1, the pig and the horse show distinct
species-specific differences. Firstly, porcine CLCA1 exhibits strong expression in mucus-
producing cells of the pancreatic and salivary ducts as well as the gall bladder and common
bile duct (Plog et al. 2009), which are devoid of CLCA1 in man and mouse (Gruber et al. 1998a;
Leverkoehne and Gruber 2002; Loewen and Forsyth 2005). In the horse, the pancreas and
parotis gland were entirely negative for CLCA1 expression (Anton et al. 2005), whilst biliary
ducts — which the horse does possess despite its lack of a gall bladder — have not been
investigated (Anton et al. 2005). Secondly, human CLCA71 mRNA and murine CLCA1 protein
have been detected in the uterus (Agnel et al. 1999; Leverkoehne and Gruber 2002). In
contrast, porcine and equine CLCA1 have not been discovered in the genital tract (Anton et al.
2005; Plog et al. 2009).

Furthermore, expression of equine CLCA1 was located in tubular non-mucinous sweat glands
of the skin — in contrast to mouse (Leverkoehne and Gruber 2002) and pig (Plog et al. 2009)

—and — in contrast also to humans — in mucus glands of the renal papilla (Anton et al. 2005).
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This particular expression profile can be explained by species-specific anatomical differences.
On the one hand, horses exhibit tubular sweat glands throughout the entire skin like humans
—in which the expression of CLCA1 has not been investigated to date — but in contrast to any
other domestic or laboratory animal species (Banks 1993; Talukdar et al. 1972). On the other
hand, renal mucus glands are exclusively found in equids but not in mice, humans or pigs
(Dellmann 1998).

In summary, concerning the respiratory tract, CLCA1 is expressed by mucin-producing cells
and is secreted into the mucus lining of the respiratory epithelial in all aforementioned species
(Anton et al. 2005; Gibson et al. 2005; Hoshino et al. 2002; Leverkoehne and Gruber 2002;
Plog et al. 2009).

1.3.2 CLCA2 - A Common Expression Pattern in Respiratory SMGs

Similar to cluster 1, cluster 2 also consists of only one CLCA family member in all of the
aforementioned species (Patel et al. 2009), of which the expression of CLCA2 has not been
investigated in the horse to date. CLCAZ2 is primarily expressed in the respiratory tract and
squamous epithelia (Braun et al. 2010a; Dietert et al. 2015; Gruber et al. 1999; Plog et al.
2012b). The cellular expression pattern in these tissues, however, differs species-specifically.
In the human and porcine respiratory tract, the CLCAZ2 protein is exclusively expressed in few
SMGs whilst bronchial epithelial cells are devoid of CLCA2 expression (Dietert et al. 2015)
(also see 2.2, Figure 7). In the mouse, CLCA2 expression was also localized to SMGs — but
to a larger number of these cells than in humans and pigs — and occasionally co-localized with
CLCA1 in mucus cells (Dietert et al. 2015). Of note, the expression of CLCA2 in airway
epithelial cells may be enhanced by interleukin (IL)-13-induced airway inflammation
(Mundhenk et al. 2012) similarly to CLCA1. Murine CLCA2 was furthermore uniquely localized
to epithelial cells at the bronchial bifurcation (Dietert et al. 2015), consistent with locations of
progenitor cell niches and, hence, indicative of fundamental anatomical species-specific
differences (Dietert et al. 2015).

Outside the respiratory tract, human CLCAZ2 was detected in basement membranes of basal
epithelial cells (Carter et al. 1990; Connon et al. 2004; 2005), whereas the porcine CLCA2
protein was expressed in mature keratinocytes of the epidermis and in the inner root sheath of
hair follicles (Plog et al. 2012b). Similar to the pig, murine CLCA2 was solely expressed in
differentiated keratinocytes, i.e. keratohyalin granules of all stratified squamous epithelia
(Braun et al. 2010a).

Concluding, the respiratory tract expression pattern of CLCAZ is restricted to SMGs in humans,

pigs, and mice (Dietert et al. 2015). Exclusively in latter species, it is expanded to a distinct
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niche of airway epithelial cells at the bronchial bifurcation with its cellular expression partially
overlapping with that of CLCA1 (Dietert et al. 2015).

1.3.3 CLCAS3 - Functionally Relevant Respiratory Expression in the Mouse
The CLCA3 gene locus of humans and pigs consists of only one member each, CLCA3, which
represents a silenced pseudogene with no functional protein being expressed (Gruber and

Pauli 1999; Plog et al. 2009) whilst in horses, its expression has not been investigated to date.

In the mouse, Clca3 underwent multiple duplication events, giving rise to three homologs (Patel
et al. 2009), Clca3a1, -3a2, and -3b, all of which are seemingly functional proteins (Elble et al.
2002; Gandhi et al. 1998; Gruber et al. 1998b; Patel et al. 2009). CLCA3a1 is expressed in
tracheal and bronchial epithelial cells and also in SMGs (Gandhi et al. 1998) (also see 2.2,
Figure 7). It is furthermore expressed in the intestinal tract, i.e. basal crypt epithelia of the small
and large intestine (Bothe et al. 2008; Gruber et al. 1998b; Leverkoehne et al. 2006) and other
secretory tissues such as gall bladder, pancreas, kidney (Gandhi et al. 1998), and mammary
gland (Gruber et al. 1998b).

Surprisingly, CLCA3a1 is also expressed in endothelial cells of lymphatic vessels as well as
pleural and subpleural blood vessels (Abdel-Ghany et al. 2002; Furuya et al. 2010; Gruber et
al. 1998b), in latter of which CLCA3b is also expressed (Elble et al. 2002). Of note, CLCA3b
is furthermore expressed in smooth muscle cells (Elble et al. 2002; Patel et al. 2009). Strikingly,
this expression of CLCA3a1 or -3b in mesenchymal cells — endothelial cells or both endothelial
and smooth muscle cells, respectively — seems to be unique to this cluster since members of

other clusters are exclusively expressed in cells of epithelial origin (Patel et al. 2009).

Concerning the expression pattern of CLCA3a2, it is of special mention that CLCA3a1 and -
3a2 share high nucleic and aa sequence identity (Gandhi et al. 1998; Lee et al. 1999) and,
hence, cross-reactivity of probes and antibodies cannot be fully excluded in literature data
(Roussa et al. 2010) (see 2.1). Reliable discrimination between the duplication products is only
possible via Reverse Transcriptase-quantitative Polymerase Chain Reaction (RT-gPCR),
which, however, does not aid in elucidating the cellular expression pattern due to the common
use of whole tissue lysate in the aforementioned literature. Nevertheless, RT-gPCR analyses
showed that both Clca3a71 and -3a2 are expressed to similar levels in the respiratory tract and

the intestine (Leverkoehne and Gruber 2002).

In more detail, RT-gPCR analyses revealed that Cilca3a1 is predominantly expressed in spleen
and bone marrow, Clca3a2 in mammary gland (Leverkoehne and Gruber 2002), and Clca3b

in smooth muscle cells of blood vessels in various organs such as the heart, gastrointestinal
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tract, bronchioles, and in aortic and pulmonary endothelial cells (Elble et al. 2002). Due to the
expression of the three murine Clca3 homologs each in specific cell types, it is possible that
these occupy distinct functional niches (Bothe et al. 2008). The functions of these proteins are,
however, entirely unknown to date and caution is warranted in extrapolating results to other

species due to the aforementioned duplications.

Summing up, CLCA3 represents a pseudogene with no known protein expression in man and
pigs (Gruber and Pauli 1999; Plog et al. 2009), whereas in the mouse, all three homologs seem
to be expressed in endothelial cells of blood vessels of the respiratory tract (Abdel-Ghany et
al. 2002; Elble et al. 2002; Furuya et al. 2010; Gruber et al. 1998b). CLCA3a1 and -3a2 are
furthermore expressed in respiratory epithelial cells and SMGs (Gandhi et al. 1998; Gruber et
al. 1998b), whilst CLCA3Db is expressed in smooth muscle cells (Elble et al. 2002; Patel et al.

2006) of blood vessels in the respiratory tract.

1.3.4 CLCA4 - Functionally Relevant Respiratory Expression in Man and Pig
Cluster 4 also consists of only one member in humans, whereas pigs and mice exhibit two or
three homologs, respectively (Patel et al. 2009). Whilst the expression pattern of CLCA4 has
not been investigated in the horse, its human ortholog is predominantly expressed in the
intestinal tract (Agnel et al. 1999; Mall et al. 2003), in various secretory glands, and several
other epithelial tissues (Agnel et al. 1999). In the human respiratory tract, CLCA4 expression
has only been found on messenger ribonucleic acid (mMRNA) level in nasal mucosa and
trachea, however, of unknown cellular localization (Agnel et al. 1999; Mall et al. 2003) (also

see 2.2, Figure 7).

In the pig, in which CLCA4 is duplicated into CLCA4a and -4b (Plog et al. 2012a; 2015),
exclusively CLCA4a was immunohistochemically located to the respiratory tract. More
specifically, it was localized to apical membranes of virtually all tracheal and bronchial epithelial
cells whilst the distal lung parenchyma and SMGs remained devoid (Plog et al. 2012a). Porcine
CLCA4a was also expressed in the intestinal tract, i.e. at the apical membranes of the small
intestinal villous epithelial cells (Plog et al. 2012a). Interestingly, its porcine-specific duplication
product, CLCA4b, was selectively expressed in intestinal crypt epithelial cells and has thus
adopted a novel cellular expression pattern unlike any other known CLCA protein in other

species (Plog et al. 2015).

In the mouse, in which the Cica4 gene underwent several duplication events resulting in three
homologous members, Clca4a, -4b, and -4c (Patel et al. 2009), the respiratory tract does not

show any expression of these homologs. Clca4a and -4b are exclusively expressed in non-
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mucus cell enterocytes (Bothe et al. 2008; Evans et al. 2004; Teske et al. 2020), similar to their
porcine ortholog CLCA4a (Plog et al. 2012a). Here, Clca4a was localized to the jejunal villi and
apical colonic epithelium, whilst Clca4b was also found in intestinal crypts, pointing towards
different functional roles of these homologs (Teske et al. 2020). The intestine remained devoid
of CLCA4c expression (Teske et al. 2020) as did any other organ analyzed as described before
(Al-dumaily et al. 2007).

Hence, the only species for which CLCA4 protein expression has been shown in the respiratory
tract is the pig, in which only one of the two duplication products, CLCA4a, is expressed in

respiratory ciliated epithelial cells (Plog et al. 2012a).

In summary, regarding the expression in the airways, CLCA1 is predominantly expressed in
mucus cells and SMGs of all aforementioned species (Anton et al. 2005; Gibson et al. 2005;
Hoshino et al. 2002; Leverkoehne and Gruber 2002; Plog et al. 2009), whereas CLCA2 is
exclusively expressed in SMGs of man, pig, and mouse, and in latter also in distinct bronchial
epithelial cell niches (Dietert et al. 2015). For CLCAS3, the mouse is the only species to express
functional proteins, duplications of which — Clca3a1 and -3a2 — are expressed in secretory
epithelial and endothelial cells (Gruber et al. 1998b), whilst Clca3b is expressed in endothelial
and smooth muscle cells of the respiratory tract (Elble et al. 2002). In contrast, the murine
CLCA4 homologs Clca4a, -4b, and -4c are not present in the respiratory tract, whereas one of
the two porcine duplication products, CLCA4a, is expressed in the respiratory tract, i.e. in
airway epithelial cells (Plog et al. 2012a), in which the human ortholog is expressed at least on
mMRNA level (Agnel et al. 1999; Mall et al. 2003).

Apart from this partially identical, but also partially diverse expression pattern of the CLCA
family members, they show a common, systematic, and highly conserved protein structure and

biochemistry.

1.4 Protein Structure and Biochemistry of CLCA Proteins

A common feature of all CLCA proteins biochemically analyzed to date is the posttranslational
cleavage of the primary glycosylated translation product of ~ 120 kilo Dalton (kDa) into a larger
~ 80 kDa amino- and a smaller ~ 40 kDa carboxy-terminal subunit (Gruber et al. 1998a; 1999;
2000; Mundhenk et al. 2006; Patel et al. 2009). The aa motif of the posttranslational cleavage
site has been shown to be present in all CLCA proteins investigated to date and is located in

the carboxy-terminal region (Bothe et al. 2011; Elble et al. 1997), e.g. between aa 695 and 696
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for murine CLCA1 as shown by Matrix Assisted Laser Desorption lonization-Time of Flight
(MALDI-TOF) and Edman-degradation analysis (Bothe et al. 2011).

The amino-terminal subunit of all CLCA proteins initially consists of a signal sequence which
directs the proteins to the secretory pathway (Bendtsen et al. 2004; Patel et al. 2009). The
signal sequence is followed by a uniquely conserved, cysteine-rich amino-terminal (n)-CLCA
domain (Gruber et al. 2000) which contains a His-Glu-Xaa-Xaa-His (HEXXH) aa sequence
discovered in silico (Pawlowski et al. 2006). This particular sequence is also known as zinc-
binding aa motif suggestive of metalloprotease function (Pawlowski et al. 2006) which typically

confers zinc-dependent cleavage (Hooper 1994).

Downstream to the HEXXH aa sequence, a central von Willebrand factor type A (VWWA) domain
is located, which is present in all CLCA proteins, except for CLCA3 pseudogenes (Berry and
Brett 2020) (see 2.1). This domain contains a Metal lon-Dependent Adhesion Site (MIDAS),
generally known to mediate protein-protein interactions (Whittaker and Hynes 2002). In
contrast to other known CLCAs, CLCAZ2 lacks an intact MIDAS motif due to one or two missing
key residues (Berry and Brett 2020) and contains a p4-integrin binding motif instead (Abdel-
Ghany et al. 2001; 2002; 2003). This B4-integrin binding motif can be found additionally in
other CLCA members. Since members of the CLCA2 family are known to potentiate calcium-
dependent chloride currents (Gruber et al. 1999) despite lacking an intact MIDAS, it has been
assumed that residues neighboring the B4-integrin binding motif may create a non-standard
MIDAS or that these proteins use a different mode of engagement (Berry and Brett 2020). The
VWA domain itself has furthermore very recently been proposed to be the domain functionally

sufficient for macrophage activation for human CLCA1 in vitro (Keith et al. 2019).

The carboxy-terminal CLCA domain includes a Fibronectin type Il (Fnlll) domain which
represents a protein-protein interaction module of the immunoglobulin (Ig) superfamily (Patel
et al. 2009).

For CLCA1, the cleavage site was furthermore shown to be recognized by its own
metalloprotease domain, pointing toward a self-cleavage mechanism (Bothe et al. 2011) which
was proven by cleavage abrogation after introduction of a E157Q mutation into the HEXXH
motif of human, murine, and porcine CLCA1 (Bothe et al. 2011; Pawlowski et al. 2006).
Furthermore, cross-proteolytic capability was demonstrated by maintained cleavage of this
cleavage-deficient mutant after co-transfection with wild type (WT) CLCA1 protein in Human
Embryonal Kidney (HEK) 293 cells (Bothe et al. 2011). The zinc-dependency of the cleavage
event was shown by cleavage abrogation using cation-chelating metalloproteinase inhibitors
(Bothe et al. 2011). Nevertheless, the functional relevance of autocatalytic self-cleavage is

unclear to date. On the one hand, self-cleavage does not seem necessary for its secretion
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(Bothe et al. 2011; Nystrom et al. 2019; Yurtsever et al. 2012) or proteolytic activity (Nystrom
et al. 2018; 2019), as uncleaved CLCA1 is also secreted in vitro (Bothe et al. 2011; Nystrom
et al. 2019; Yurtsever et al. 2012) and proteolytically active (Nystrom et al. 2018) (see 1.5.3).
On the other hand, self-cleavage seems necessary for its activity as chloride channel regulator
(Sala-Rabanal et al. 2015; 2017) (see 1.5.1). The underlying mechanisms of this seemingly

function-specific relevance to self-cleavage needs to be investigated in future.

Hence, the CLCA family can be biochemically subdivided into two groups. The cleaved
subunits are either fully secreted as a soluble heterodimer — proteins of cluster 1 and 3 (Gibson
et al. 2005; Gruber et al. 1998a; Gruber and Pauli 1999; Mundhenk et al. 2006; Patel et al.
2009; Plog et al. 2009; Range et al. 2007) — or only the amino-terminal subunit is shed, whilst
the single carboxy-terminal subunit remains anchored in the plasma membrane (Bothe et al.
2008; Elble et al. 2006) — proteins of clusters 2 and 4 (Bothe et al. 2008; 2012; Braun et al.
2010a; Elble et al. 2006; Plog et al. 2012a; 2012b). This anchoring region can be comprised
of either a transmembrane a-helix or, as proposed for human CLCAA4, a glycosylphosphatidyl-
inositol (GPI) anchor (Patel et al. 2009).

As an exception, the CLCA members human CLCAS3 and murine CLCA4c were shown to be
merely truncated in silico due to premature stop codons and the protein may not be expressed

in vivo, as they represent pseudogenes (Patel et al. 2009) (see also 1.2, 1.3.3, and 1.3.4).

1.5 Alleged Functions of CLCA1 and its Homologs in the Respiratory Tract

Upon their discovery, CLCA proteins were thought to act as chloride channels, since certain
CLCA members mediated calcium-dependent chloride currents in vitro (Gruber et al. 1998a;
Loewen and Forsyth 2005; Ran and Benos 1991; 1992; Winpenny et al. 2002; Yamazaki et al.
2005; Zhu et al. 1991). Nonetheless, consecutive in silico analyses showed that CLCA proteins
lack multiple transmembrane domains (Gibson et al. 2005) and are partially or fully secreted
into the extracellular environment (Anton et al. 2005; Bothe et al. 2008; Braun et al. 2010b;
Elble et al. 2006; Gibson et al. 2005; Huan et al. 2008; Mundhenk et al. 2006). Therefore,
CLCA proteins cannot form anion channels per se but may possess various other functions
hypothesized to date, including those of soluble signaling molecules (Gibson et al. 2005;
Mundhenk et al. 2006) which activate macrophages (Ching et al. 2013; Dietert et al. 2014;
Erickson et al. 2018; Keith et al. 2019) or modulate transepithelial anion conductance (Sala-
Rabanal et al. 2015), cell-cell adhesion (Abdel-Ghany et al. 2001; 2002; 2003), and cell

differentiation (Yu et al. 2013), i.e. in terms of mucus metaplasia (Nakanishi et al. 2001).
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These functional roles have mainly been investigated for CLCA1 in humans and murine
models of mucus-based inflammatory airway conditions such as asthma, COPD, and CF (Patel
et al. 2009) with partially contradictory results (Alevy et al. 2012; Dietert et al. 2014; Long et al.
2006; Mundhenk et al. 2012; Nakanishi et al. 2001; Patel et al. 2006; Song et al. 2013; Young
et al. 2007; Zhang and He 2010).

1.5.1 Mucus-Modulating Function — Chloride Channel Regulator

Chloride secretion is central to disease pathogenesis in mucus-based respiratory diseases
(see 1.6), particularly to CF (see 1.6.5). Despite CLCA1 not being able to form a chloride
channel per se (Gibson et al. 2005; Mundhenk et al. 2006), it had been postulated to act as
chloride channel regulator, which would also be consistent with the original observation of

evoking chloride secretion in vitro after transfection (Ran and Benos 1991).

Recently, the Transmembrane protein 16A (TMEM16A, also known as Anoctamin1 or
Discovered On Gastrointestinal Stromal Tumors Protein-1, DOG1) was discovered as the first
genuine CaCC in mammals (Caputo et al. 2008; Schroeder et al. 2008; Yang et al. 2008) and
the potentially first downstream target of CLCA1 (Sala-Rabanal et al. 2015). Self-cleavage of
CLCA1 is thought to unmask its amino-terminal (Sala-Rabanal et al. 2015), which enables the
vWA domain to bind to and potentiate TMEM16A surface expression (Berry and Brett 2020;
Sala-Rabanal et al. 2015), thereby increasing calcium-activated chloride currents (Sala-
Rabanal et al. 2015; 2017). Furthermore, both CLCA1 and TMEM16A have been suggested
to compensate for the dysfunctional Cystic Fibrosis Transmembrane Conductance Regulator
(CFTR) in CF or to stimulate secretion in asthma and COPD, thereby solubilizing the
obstructive mucus (Mall et al. 2018). A similar role in transepithelial ion conduction had also
been proposed for several other CLCA members (Evans et al. 2004; Hamann et al. 2009).
Besides CLCA1, human CLCA4 is considered a potential modifier of disease severity in CF
(Ritzka et al. 2004) in which it may upregulate the transmembrane potential and mediate
secretion of electrolytes and water (Eggermont 2004). The porcine homolog CLCA4a is located
to apical membranes of respiratory and intestinal epithelia (Plog et al. 2012a) and colocalizes
with the porcine CFTR protein (Plog et al. 2010), which is also suggestive of such a modulatory

role in respiratory tract diseases, particularly in CF (Plog et al. 2012a).

Furthermore, not only human CLCA1 but also TMEM16A expression was significantly
increased by IL-13 in vitro (Alevy et al. 2012; Caputo et al. 2008). In the mouse, however,
these findings could not be mirrored (see also 1.5.2). In contrast to human airways (Alevy et
al. 2012), IL-13-induced CLCA1 overexpression failed to induce CaCC activity in the murine
respiratory tract in vivo and lack of murine CLCA1 did not reveal any bioelectric differences in

naive or IL-13-challenged conditions (Mundhenk et al. 2012). Additionally, no changes
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regarding IL-13-induced mucus cell metaplasia were observed in any of the two genotypes
(Mundhenk et al. 2012). Furthermore, restoration of decreased CLCA1 protein in a mouse
model of CF ameliorated intestinal mucus plugging, most likely by mucus property alteration
and not by CaCC activation or rectification of the CF electrophysiology defect (Young et al.
2007). Hence, in the mouse, CLCA1 may not contribute to CaCC-mediated chloride secretion
or its lack may be compensated by other proteins. Interestingly, the mouse shows three
seemingly functional homologous proteins of CLCA3 (Patel et al. 2009), which is a single
pseudogene in humans and pigs (Gruber and Pauli 1999; Plog et al. 2009). Additionally, the
CLCAZ2 protein is expressed in mucin-producing airway epithelial cells and co-localized with
CLCA1 only in the mouse but not in humans (Dietert et al. 2015)

Although a differential upregulation of these murine CLCA homologs was not observed in the
Clca1” model (Mundhenk et al. 2012), it should be analyzed further if these homologs are

candidates for putative compensation for the lack of CLCA1.

However, numerous previous studies linking human CLCA1 to chloride transport had been
performed exclusively in vitro (Hamann et al. 2009; Ran and Benos 1991; Sala-Rabanal et al.
2015; 2017; Yurtsever et al. 2012). Therefore, it may be assumed that this allegedly species-
specific discrepancy — CLCA1 being capable of evoking a chloride current — could perhaps be

observed exclusively in vitro.

1.5.2 Mucus-Modulating Function — Mucus Cell Metaplasia

Mucus cell metaplasia and consecutive mucus overproduction are key features of mucus-
based respiratory diseases, particularly of asthma which CLCA1 overexpression has been
associated with not only in humans and mice (Hoshino et al. 2002; Mei et al. 2013; Nakanishi
et al. 2001) (see 1.6.1) but also in horses (Patel et al. 2009) (see 1.6.2).

CLCA1 is one of the most strongly upregulated proteins in respiratory challenged conditions
(Fernandez-Blanco et al. 2018; Hauber et al. 2010; Zhou et al. 2001). In vitro and in vivo
overexpression of human or murine CLCA1 (Nakanishi et al. 2001; Zhou et al. 2001) led to a
significant increase in mucin expression (Nakanishi et al. 2001; Zhou et al. 2001) and
aggravation of the asthma phenotype in vivo (Nakanishi et al. 2001; Song et al. 2013). This
was exclusively associated with mucus cell metaplasia but not airway hyperreactivity
(Nakanishi et al. 2001; Patel et al. 2006) and could be ameliorated by CLCA1 suppression
(Nakanishi et al. 2001; Song et al. 2013).

An alleged underlying pathomechanism was shown in vitro and ex vivo for human CLCA1
which regulates IL-13-dependent mucus cell metaplasia (Alevy et al. 2012) in inflammatory

airway disease by transforming mucus precursor to mature mucus cells (Patel et al. 2009).
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Specifically, mucin gene induction in human airway epithelial cells may be initiated by a virus
or, such as in asthma, an environmental stimulus. This triggers the production of IL-13 (Alevy
et al. 2012), a member of the T helper (Th) 2 cytokine family. IL-13 then activates a Signal
Transducer and Activator of Transcription 6 (STAT6) pathway (Nakano et al. 2006; Yasuo et
al. 2006; Zhou et al. 2001; 2002) by which CLCA1 expression is increased. CLCA1, in turn,
activates a Mitogen-Activated Protein Kinase (MAPK) 13, leading to increased mucus
production, particularly of human mucin protein (MUC) 5AC (Alevy et al. 2012), the main
respiratory mucin protein (Hovenberg et al. 1996). Nevertheless, the receptor for CLCA1 is

unknown to date.

These findings for human CLCA1, specifically the IL-13-dependency of CLCA1-mediated
airway mucus production (Alevy et al. 2012), could not be mirrored in the mouse. Murine in
vivo models showed no difference in mucus cell metaplasia, neither in naive nor in IL-13-
challenged Clca1-deficient (Clca1™) versus (vs.) WT mice (Mundhenk et al. 2012; Patel et al.
2006). Again, compensatory effects cannot be excluded in the mouse in which the homologs
present in the murine respiratory tract, CLCA2 and -4a, are sufficient to produce mucus cell
metaplasia (Patel et al. 2006), but not in humans (Alevy et al. 2012).

More specifically, CLCA2, which is expressed in airway epithelial cells exclusively in the mouse
(Dietert et al. 2015), is increased during mucus cell metaplasia and airway hyperreactivity after
viral infection (Patel et al. 2006) or IL-13 stimulation (Mundhenk et al. 2012). Furthermore,
ClcaZ2 is sufficient to induce mucus cell metaplasia but not airway hyperreactivity (Patel et al.
2006) and is considered, together with CLCA4a, a potential candidate in compensating for loss
of CLCA1 (Patel et al. 2009). Hence, species-specific compensatory effects could perhaps

explain this discrepancy observed and require further investigation.

1.5.3 Mucus-Modulating Function — Metalloprotease
Although it has been shown that CLCA1 does not seem to be an essential mucus structure-
associated component (Erickson et al. 2015), the protein is capable of enzymatically

modulating mucus processing.

Due to its colocalization with mucins in granules and its secretion into the mucus, it had been
hypothesized that CLCA1 may change mucus properties in terms of viscosity or rheology by
altering protein processing (Young et al. 2007). Very recently, CLCA1 was shown to increase
mucus expansion and penetrability in colon biopsies ex vivo by mucus proteolysis whilst lack
of CLCA1 led to increased oligomer density of the murine Muc2 protein, the main intestinal
mucus protein (Nystrom et al. 2018). In addition to the known amino-terminal cleavage product

of 80 kDa, further studies demonstrated the existence of a second, smaller and highly instable
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amino-terminal cleavage product, both of which are capable of cleaving Muc2 — the smaller

one with higher efficiency (Nystrom et al. 2019).

Nonetheless, Clca1” mice did not show any phenotype, neither in homeostatic conditions
(Erickson et al. 2015; Mundhenk et al. 2012; Patel et al. 2006) nor during dextran sodium
sulfate (DSS)-induced mucus barrier disruption (Erickson et al. 2015). Compensatory
mechanisms in terms of differential mucin or CLCA1 homolog expression or changes in
microbiota had been ruled out. However, a compensation by CLCA homologs at physiologic
levels or by other proteins could not be excluded (Erickson et al. 2015). Latter notion was later

confirmed as compensation by a cysteine protease in the mouse (Nystrom et al. 2018).

Therefore, CLCA1 may play a key role in mucus homeostasis and clearance by facilitating its
processing and removal, at least in the intestine (Nystrom et al. 2018). However, the exact
regulatory mechanisms of these complex processes remain unknown to date, as do putative
mucus processing-properties of CLCA1 in the airways. Of note, the major mucus component
of the intestinal tract, MUC2, is not expressed in the respiratory tract (Hovenberg et al. 1996).
It would therefore be interesting to investigate if MUC5AC, the main respiratory mucus
component (Hovenberg et al. 1996), is also a substrate of CLCA1 similar to MUC2 in the

intestinal tract.

1.5.4 Functions as a Signaling Molecule in Innate Inmunity

Apart from a mucus-related function, CLCA1 has also been hypothesized to act as a signaling
molecule in macrophage activation since several in vitro and in vivo studies showed a CLCA1-
dependent differential cytokine expression pattern (Ching et al. 2013; Dietert et al. 2014;
Erickson et al. 2018; Long et al. 2006).

First, ovalbumin (OVA)- or Lipopolysaccharide (LPS)-challenge led to a significant increase of
murine neutrophil chemoattractant, Chemokine (C-X-C motif) Ligand CXCL-1 (also termed
Keratinocyte Chemoattractant, KC), and consecutive increase of neutrophilic bronchoalveolar
lavage (BAL) inflammation in Clca1” vs. WT mice (Long et al. 2006). Moreover, in a mouse
model of asthma, CLCA1-antibody or -antisense treatment showed a remarkable amelioration
of airway inflammation (Nakanishi et al. 2001; Song et al. 2013). In contrast, acute
Staphylococcus (S.) aureus pneumonia led to decreased CXCL-1 and IL-17 mRNA and protein

expression and decreased neutrophil recruitment in Clca?” vs. WT mice (Dietert et al. 2014).

These seemingly contradictory results may be due to CLCA1-mediated cytokine modulation
being dependent on the stimulus — intact, Gram-positive bacteria vs. partial virulence factors
of Gram-negative bacteria — or different mouse strains used in aforementioned studies (Dietert
et al. 2014).
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Isolated investigation of the CLCA1-mediated effect on macrophages in vitro showed that
human CLCA1 induced an upregulation of IL-8, the human ortholog to the murine CXCL-1 and
CXCL-2 (also termed macrophage inflammatory protein 2-alpha, MIP-2a) in primary porcine
alveolar macrophages and in a human monocyte-macrophage cell line (Ching et al. 2013).
Eliminating possible cross-species effects, an exclusively murine study also demonstrated the
CLCAA1 capability of activating murine alveolar macrophages in vitro and ex vivo, furthermore
confirming the translatability of CLCA1-dependent macrophage activation (Erickson et al.
2018). Additionally, it was shown that CLCA1 may exert this effect by modulating the
expression of bacterial/permeability increasing fold-containing protein family A1 (BPIFA1, also
termed short palate, lung, and nasal epithelium clone 1 (SPLUNC1) in humans) protein
(Erickson et al. 2018), a known host-protective, immunomodulatory, and liquid homeostasis-
associated airway mucus component (Britto and Cohn 2015). Further analysis of
recombinantly expressed human CLCA1 protein fragments, each containing a potentially
active domain, pinpointed to the VWA domain being responsible for macrophage activation
which was further associated with the MAPK and NF-kB (Nuclear Factor 'k-light-chain-
enhancer' of activated B-cells) (Sen and Baltimore 2006) pathway (Keith et al. 2019).

These findings suggest that CLCA1 may directly act on macrophages as a signaling molecule
to induce a pro-inflammatory cytokine response and also expand the role of CLCA1 in airway
disease to even more complex downstream pathways, including liquid homeostasis, airway
protection, and antimicrobial defense (Erickson et al. 2018), which still need to be further

elucidated.

1.6 CLCA Proteins in Respiratory Diseases

In numerous respiratory diseases, such as asthma, CF and COPD, mucus stagnates and
accumulates in the airways, leading to bacterial colonization, airway inflammation, tissue
destruction, and ultimately respiratory failure (Anthonisen 1988; Boucher 2007; Brouillard et
al. 2005; Daser et al. 2001; Ratjen and Déring 2003; Rouze et al. 2014; Vankeerberghen et al.
2002; Vestbo et al. 2013; Yoon et al. 2002). Certain members of the CLCA family, especially
CLCA1, have been linked to these particular inflammatory mucus-based airway diseases
(Gibson et al. 2005; Hauber et al. 2003; 2004; Hoshino et al. 2002; Patel et al. 2006; Patel et
al. 2009; Toda et al. 2002; Wang et al. 2007; Woodruff et al. 2007). These share numerous
hallmark characteristics such as mucus cell meta- and hyperplasia, mucus overproduction,
disturbed clearance, and, interestingly, strong expressional regulation of CLCA1 in human
patients (Brouillard et al. 2005; Hauber et al. 2010; Hegab et al. 2004; Kamada et al. 2004;

Patel et al. 2009; Zhou et al. 2001) and the corresponding murine disease models (Hauber et
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3 Concluding Discussion

Members of the CLCA family have been systematically characterized in various species,
particularly in humans and mice, but also in pigs and horses, in which species-specific
homologies but also differences in ortholog numbers, expression patterns, and potential
functions have been discovered. Particularly the respective CLCA1 orthologs have been
shown to be differentially regulated in respiratory diseases such as in human and equine

asthma.

Since asthma is a significant and naturally occurring condition also in cats with many parallels
to the human disease, this study aimed at characterizing the CLCA family in the cat for the first
time with particular focus on the feline respiratory tract and CLCA1 expression regarding a
potential role in feline asthma. More specifically, gene and protein structure, expression pattern
in feline tissues and comparative analysis of CLCA expression in the respiratory tract of healthy

and asthmatic cats were carried out.

3.1 Comparative Interspecies Analysis of Feline CLCAs

3.1.1 Comparative Genomic Organization
The CLCA family members are located on one single locus in preserved order (Patel et al.
2009) and grouped into four different clusters based on homology (Plog et al. 2009). Of these,
clusters 1 and 2 seem to be highly conserved in every species with only one single and
apparently functional member each, CLCA1 and -2, respectively (Patel et al. 2009). Also in the
cat, the Clca1 and -2 genes appear to be present as one single intact copy as investigated by

clustal analyses (see 2.1, 2.3, and Supplemental Material S1 and S2).

In contrast, the number of CLCA members differs species-specifically in clusters 3 and 4, of
which cluster 3 shows the highest interspecies diversity. It consists of either (1) multiple
homologs due to gene duplications, such as in mice in which two subsequent duplication
events led to the presence of three closely related and apparently functional homologs (Patel
et al. 2009), (2) gene silencing, leading to pseudogene formation in humans and pigs (Gruber
and Pauli 1999; Plog et al. 2009) by two distinct, also species-specific mechanisms (see 2.1)
or (3) one single functional gene with several canonical elements of other CLCA proteins, such
as in the horse (see 2.1). Interestingly, this study showed that the cat also exhibits a single
and fully functional gene, CLCAS, in this cluster (see 2.1, 2.3, and Supplemental Material S3).
It is therefore likely that feline CLCA3 may represent the archetype of this gene, while it is

silenced or duplicated in other species.
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