
ABSTRACT 

BIZIKOVA, PETRA. Identification of Desmocollin-1 as a Major Target Autoantigen in 
Canine Pemphigus Foliaceus. (Under the direction of Dr. Thierry Olivry). 
 

Canine pemphigus foliaceus (cPF) is the most common autoimmune skin disease in this 

species.  Although several important questions about the pathogenesis have been addressed 

over the last three decades, for example the pathogenicity of circulating anti-keratinocyte IgG 

autoantibodies and their desmosomal targeting, the identity of the antigen(s) against which 

the majority of affected dogs produce autoantibodies remains unknown. 

In our first set of experiment, we postulated that the candidate autoantigen(s) in cPF should 

be involved in keratinocyte adhesion, and, therefore, would likely be an adhesion molecule.  

To test this hypothesis, we first identified indirect immunofluorescence (IIF) patterns of 

selected desmosomal and non-desmosomal adhesion proteins in normal canine footpad, 

haired skin and buccal mucosal epithelia.  Secondly, we identified the most common IIF 

staining pattern among cPF sera, which was then compared to those of the desmosomal and 

non-desmosomal adhesion proteins.  Out of the 66 cPF sera, 53 (80%) contained anti-

keratinocyte IgG that only stained canine footpad epithelium but not buccal mucosa.  A 

comparison of this common pattern to those of desmosomal and non-desmosomal adhesion 

proteins revealed a close match with that of desmocollin-1 (DSC1). This observation led to 

the hypothesis that DSC1 is a major autoantigen in cPF. 

To address this hypothesis, canine DSC1 (cDSC1) was cloned and expressed by human 

kidney epithelial cells (293T).  Using a live-cell IIF, 85 cPF sera were screened for the 

presence of anti-DSC1 IgG.  Sera from 35 healthy dogs, eight from exfoliative superficial 

pyoderma (ESP)-affected dogs and 21 dogs with non-PF autoimmune blistering skin diseases 

(AIBSD) served as controls.  All sera were tested concurrently by IIF on canine DSG1-

transfected as well as nontransfected cells.  Using this approach, we were able to demonstrate 

that 83%, 70% and 24% of IIFpos cPF and PTPF (Promeris-triggered PF), IIFneg cPF and 

non-PF AISBD, respectively, contained IgG antibodies binding to the ectopically expressed 

cDSC1 in its native conformation.  A concurrent reactivity to both DSC1 and DSG1 was 

found in five cPF sera.  None of the sera from healthy dogs or dogs with ESP reacted on any 



of the transfected cells.  Immunoabsorption with purified human DSC1 was able to markedly 

reduce or abolish the subsequent IIF staining on footpad epithelium, thereby confirming that 

most of the anti-keratinocyte IgG autoantibodies were directed against this molecule.  

Finally, in seven out of ten dogs where serial serum samples were obtained before and one to 

two months after initiating treatment, a reduction in anti-DSC1 IgG titers was seen that 

matched the improvement of clinical signs.    

Subsequent experiments using immunoprecipitation-immunoblotting revealed DSC1-binding 

autoantibodies in sera from cPF patients and also in sera from healthy controls. The latter 

were undetectable by indirect immunofluorescence. Further studies are needed to identify the 

precise specificity of these antibodies in sera from apparently normal dogs.  

Altogether, our data suggest that DSC1 is the major autoantigen in cPF.  The identification of 

this major cPF autoantigen will allow future research to decipher the mechanism of lesion 

formation in this disease and to develop novel diagnostic and therapeutic strategies for dogs 

with this common autoimmune blistering skin disease. 
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CHAPTER 1 

DESMOSOMES AND CANINE PEMPHIGUS FOLIACEUS: 
REVIEW 

Desmosomes 
Desmosomes are distinct adhesion organelles abundantly present in tissues adapted to 

withstand substantial mechanical stress, such as the skin, myocardium, and urinary bladder. 

In addition to being responsible for the mechanical stability of epithelia, desmosomes are 

also involved in cell signaling.1, 2  Originally, the term desmosome was introduced by the 

anatomist Schaffer who chose the combination of Greek words “desmos” (bond) and “soma” 

(body).3  The initial belief was that desmosomes were small, cytoplasm-filled tubes 

connecting one cell to another. This inaccuracy was corrected by Porter in 1956, who, by 

using electron microscopy, described desmosomes as regular, electron-dense plates separated 

by a uniform light space with fibrous material extending from the cell membrane to its 

interior.3  Today, desmosomes are described as discoid structures with a diameter of about 

0.2-0.5 µm composed of two electron-dense cytoplasmic plaques present within, and aligned 

between, two neighboring cells.1 (Figure 1).  The actual size of the desmosomes varies 

among the different desmosome-containing tissues as well as within the same tissue type.  

For example, desmosomes in palmar/plantar skin are markedly larger than those seen in the 

skin of other areas, likely as a result of the need to withstand higher mechanical stress on 

extremities.4  The two desmosomal plaques can be distinguished, based on a different 

electron density: there is the less dense “inner dense plaque” (IDP) and the one of higher 

density called the “outer dense plaque” (ODP); both are approximately 15-20 nm thick.  

More specifically, the IDP represents the area of binding of desmoplakin (DSP) tails to the 

loops of keratin intermediate filaments (KIF), while the ODP corresponds to the site of 

binding of armadillo family proteins [plakoglobin (PG) and plakophilins (PKP1-3)] and DSP 

heads to the tails of single-pass, transmembrane glycoproteins desmogleins (DSG1-4) and 

desmocollins (DSC1-3).  The extracellular portions of DSCs and DSGs protrude into the 

intercellular space where they form an adhesive interface allowing cell-cell attachment and 

contribute to the formation of desmoglea, an electron-dense material filling an approximately 
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22-50 nm gap between plasma membranes of two adjacent cells (Figure 1).  The center of 

this gap is divided by an electron-dense midline.1  Recent publications reported that the 

presence of the midline on electron microscopy is limited to desmosomes in tissues and 

confluent epithelial sheets that exhibit strong adhesion stable under low-calcium 

conditions.5,6  In contrast, desmosomes from wound edges do not contain the midline, have 

wider, more disorganized intercellular spaces and their adhesion is calcium-dependent.  The 

ability of desmosomes to control adhesion strength by switching from the stable, calcium-

independent, hyperadhesive state into a less adhesive, calcium-dependent state might be 

important in processes like wound healing, cell migration, and tumorigenesis or it might 

contribute to cell adhesion loss in diseases targeting desmosomes.6  One of the signaling 

pathways shown to be involved in the switch from a less-adhesive stage to a hyperadhesion 

involves activation of protein kinase Cα (PKCα).6  Altogether, desmosomes are dynamic  

and their involvement in the regulation of cell signaling and tissue differentiation has been 

the subject of countless investigations. 

 
Figure 1: Structural diagram and a transmission electron microscopy of desmosome 
(courtesy of Dr. Thierry Olivry/Keith Linder) 
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Desmosomal proteins 

Desmosomal cadherins: Structure and function  

Desmosomal cadherins DSGs and DSCs are single-pass, transmembrane glycoproteins 

providing a calcium-dependent adhesion with their counterparts from neighboring cells.  

They are highly homologous across species and exhibit an approximately 30% identity 

among themselves and with other classical cadherins.  In people and dogs, four DSG and 

three DSC isoforms have been identified at protein and/or genomic levels.  The expression of 

each specific isoform depends on the type of epithelium as well as on the differentiation 

status of the epithelial cells (Figure 2).4, 7-9  The main cadherin isoforms expressed in the 

stratified epithelium of human skin are DSG1, DSG3, DSC1 and DSC3.  Desmoglein-1- and 

DSC1-expression gradually increase as the cells undergo the transition to a more 

differentiated state.  In contrast, DSG3 and DSC3 are the predominant isoforms of the less-

differentiated and proliferative cells of the stratum basale, and their expression diminishes 

with the increasing degree of cell differentiation.10   Desmoglein-2 and DSC2, the widely 

expressed isoforms of simple epithelia, are co-expressed in the lower levels of the epidermis 

with DSG3 and DSC3.  Finally, DSG4, the principal DSG isoform of the hair follicle, is also 

present in the epidermal granular layer.11 

 
Figure 2: Distribution of desmosomal cadherins in the skin epithelium (adapted from 
reference 10) 
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The extracellular domain of desmosomal cadherins consists of four cadherin repeats (EC1-4) 

followed by a membrane-proximal domain (EC5), also called the extracellular anchor 

domain (EA) (Figure 3).  The EC1 domain contains a highly conserved tripeptide sequence 

called the cell-adhesion recognition motif (CAR) proposed to be involved in the adhesion 

between two cadherin molecules from opposing cells.  Indeed, blocking peptides specific for 

this motif, or a site-directed mutagenesis involving amino acid(s) of the CAR sequence, both 

resulted in a loss of cell-cell adhesion.12, 13  Utilizing CAR domains, the contralateral 

desmosomal cadherins undergo trans-adhesive binding between apposed cells, which is 

initially calcium-dependent, but it rapidly converts into a calcium-independent, 

hyperadhesive form present in normal tissues.  In addition to the trans-dimerization, 

desmosomal cadherins cluster laterally via cis-adhesion between the EC1 domain of one 

molecule and the region near the EC2-EC3 linker of another molecule on the same cell 

surface.5, 6  This cis-dimerization was suggested to contribute to the calcium-independence by 

retaining a calcium molecule within the EC2-EC3 linker region and covering it with the b-

helix of the dimerizing EC1 domain.5 

 
Figure 3: Schematic diagram of desmoglein and desmocollin (adapted from reference 181) 
Abbreviations: EC extracellular domain, EA extracellular anchor, TM transmembrane 
domain, IA intracellular anchor, ICS intracellular catenin-binding site segment, PL proline-
rich linker, RUD repeated unit domain, DTD desmoglein-specific terminal domains  
The two interrupted lines represent the cell membrane. 

The major difference in the structural organization of the two main desmosomal cadherins, 

DSGs and DSCs, lies in their intracellular segments.  In both, a single-pass transmembrane 
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domain is followed by an intracellular anchor (IA) localized in close proximity to the cell 

plasma membrane.1  This region has been suggested to allow binding between desmosomal 

cadherins and PKPs and, in the case of DSC1, also with DSP.1, 14-16  All DSGs further 

possess the intracellular catenin-binding site segment (ICS) known to interact with 

plakoglobin and an extended tail called the desmoglein-specific cytoplasmic region (DSCR), 

which is composed of proline-rich linker (PL), repeated unit domain (RUD) and desmoglein-

specific terminal domains (DTD) (Figure 3).  The exact role of the DSCR is not fully known, 

although a recent study demonstrated that this segment is intrinsically disordered (naturally 

unfolded) under physiological solution conditions and, in the case of DSG1, it interacts with 

multiple partners that include PG, DSP, PKP1 and the cytoplasmic domain of DSC1.1, 15, 17  

In addition, several repeats in the human DSG1 RUD contain a potential PKC 

phosphorylation site (TER) conserved among species, including the dog, which might 

suggest its involvement in cell signaling.18, 19  The ICS domain containing the plakoglobin-

binding region is also present in the longer “a” form of DSCs, but it is absent in the shorter 

“b” form.20  The partial deletion of the ICS domain in the “b” forms of DSCs is due to the 

alternative splicing of a single precursor RNA during which the insertion of a short exon 

containing a stop codon ends the translation and produces DSCs with a shorter cytoplasmic 

tails (Figure 3).8  The exact role of the “b” form in desmosome assembly, structure and 

function is not fully understood.  However, it has been shown that an experimental mutation 

of the murine DSC1 gene leading to the expression of a truncated DSC1b lacking the last 11 

amino acids of the COOH-terminus and a complete loss of DSC1a did not result in any 

morphological abnormalities associated with skin fragility in mutant mice.21   

The importance of desmosomal cadherins in skin pathology is well known from experiments 

with cadherin mutants as well as from naturally occurring diseases.  Indeed, Dsc1-null, Dsc3-

null and Dsg3-null mice lacking the corresponding proteins in their epidermis exhibited skin 

fragility early after birth with variably prominent blisters localized in the superficial layers of 

the epidermis in case of Dsc1-null mice, or just above the basal cell layer in cases of Dsc3- 

and Dsg3-null mice.22-24  Interestingly, in all three instances, the desmosomes in the 

epidermis of mutated mice were indistinguishable from those of normal individuals, thereby 
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suggesting that the absence of a single cadherin isoform does not disrupt the assembly of the 

desmosome, but it only weakens their adhesive properties.22-24   

Furthermore, proteases produced by Staphylococcus aureus, hyicus and pseudintermedius 

have been shown to cleave DSG1 between EC3 and EC4 in humans, pigs and dogs, 

respectively, resulting in subcorneal acantholysis (i.e. cell-cell separation with rounding) and 

blister formation.25-27  Finally, the binding of autoantibodies to desmosomal cadherins and/or 

other surface molecules in pemphigus disease variants triggers a series of events leading to 

desmosome disassembly, cell-cell dissociation and blister formation (see section below).28   

In addition to their adhesive function, desmosomes have been implicated in skin 

proliferation/differentiation and transduction of cell signaling.  The role of cadherins in 

epidermal proliferation and differentiation is currently a topic of major interest in several 

research fields, including cancer research, wound healing and pemphigus. It has been shown, 

for example, that the inhibition of EGFR-Erk1/2 signaling by DSG1 results in keratinocyte 

terminal differentiation 29, the activation of EGFR and NF-kB by DSG2 has an effect on 

keratinocyte survival30, and that DSG1 and DSC3 are involved in β-catenin stability and 

signaling.31, 32 

 

Plaque proteins  

Desmosomal cadherins require cytoplasmic interactions with other proteins to allow for 

strong adhesion and transduction of signals.  This link is provided by proteins that belong to 

two different families, armadillo and plakin proteins.  The armadillo family of nuclear and 

junctional proteins includes plakoglobin (PG), plakophilin 1-3 (PKP1-3) and p0071, although 

the association of the latter protein with desmosomes has been questioned.33  Among others, 

the plakin family includes desmoplakin (DSP), plectin and the cornified envelope proteins 

envoplakin and periplakin.1, 10  Armadillo proteins are characterized by the presence of a 

central domain with a variable number of amino acid repeats, called the arm-repeats.1, 16   

 

Plakoglobin contains 12 arm-repeats and links DSGs and DSCs (form “a”) via DSP to 

keratin intermediate filaments (KIF).  The inability of PG to associate directly with the “b” 
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form of DSCs is due to the partial deletion of the catenin-binding domain in the cytoplasmic 

tail.20  Plakoglobin has been shown to also interact with PKPs 14, 34, E-cadherin and α-

catenin, the latter two being part of adherens junctions.35, 36  The dual localization of PG in 

the cytoplasm and nucleus, its ability to bind cadherins in desmosomes and adherens 

junctions, and its high homology with β-catenin, a well-known structural and signaling 

component of adherens junctions, suggest similar roles between β-catenin and PG.1, 10, 35  

Consistent with its structural function, PG-null mice, depending on their genetic background, 

will exhibit either embryonic lethality due to mechanical fragility of the myocardium, or they 

show postnatal lethality with severe skin fragility and heart defects.37  In support of the 

signaling role of PG in cells, several reports have demonstrated the regulatory effect of PG 

on c-Myc transcription,38, 39 and its potential involvement in the desmosome destabilization 

seen in human pemphigus vulgaris (PV).40, 41  Several other functions of plakoglobin have 

been demonstrated recently, including its role in cell survival and cell motility as well as 

cytoskeleton and desmosome reorganization through the regulation of expression of anti-

apoptotic proteins and of Rho- and fibronectin-dependent Src signaling, respectively.42-45  

Altogether, observations drawn from clinical diseases and from basic science research 

support the fundamental role of PG in the maintenance of tissue integrity, in tissue 

development and remodeling, pemphigus autoimmunity, wound healing and 

tumorigenesis.10,37,41,45-51 

 

Plakophilins (PKPs) represent other armadillo family proteins involved in desmosome 

structure.  The central region of these proteins is sickle-shaped and contains nine arm-repeat 

domains flanked by N- and C-terminal domains.52  Three PKP isoforms (PKP1-3) have been 

identified in desmosomal plaques, whereas a previously reported association of p0071 

(PKP4) with desmosomes has been questioned recently.33, 53  Plakophilin-1 and PKP2 

undergo posttranscriptional RNA splicing, which results in two splice variants “a” and “b”.54-

56  Plakophilins display tissue and differentiation specific expression patterns.  In the skin, 

PKP1 is present in the more differentiated suprabasal layers of the epidermis, while PKP3 

exhibits a uniform expression throughout the epidermis.14, 36  Plakophilin-2 is present in the 
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lower layers of the epidermis, non-epithelial tissues like myocardium and lymph nodes and, 

together with PKP3, it is also found in simple epithelia.10, 56  In addition to being present in 

desmosomes, several PKP isoforms have been demonstrated in cell nuclei, suggesting 

additional functions other than that of being simple adhesive scaffolds.54, 55, 57  

In desmosomes, PKPs have been shown to interact with a broad spectrum of partners, 

including desmosomal cadherins, DSP, PG as well as KIF.57  The key function of PKPs is 

their ability to recruit DSP with KIF to the desmosomal plaque.58-61  A failure to do so leads 

to disruption of desmosome formation, collapse and accumulation of DSP-KIF complexes in 

the cytoplasm and around the nucleus, as well as alteration in cell-cell adhesion.  This ability 

to recruit DSP and to allow its translocation into desmosomes has been shown to involve a 

PKP-PKCα interaction.62  In addition, PKPs provide lateral binding between several plaque 

proteins (i.e. PKP-DSP-PG bonds), and thus they reinforce protein interactions in the 

desmosomal plaque.34, 63, 64  Ectodermal dysplasia - skin fragility syndrome is an autosomal 

recessive disorder caused by a mutation of PKP1 in humans and dogs, which further 

confirms the essential role of PKPs in desmosomal plaque formation and adhesion.65-68  The 

role of PKPs in pemphigus IgG-associated disruption of cell adhesion is not known with 

certainty.  However, a downstream effect of IgG autoantibodies on PKP-mediated signaling 

and on cytoskeleton and desmosome remodeling has been recently hypothesized as a 

potential contributing event in pemphigus pathology, especially as PKP3 gene silencing 

prevented cell-cell detachment induced by IgG from serum of PV-affected people.69-71  

Additionally, anti-PKP3 IgG autoantibodies have been detected in human paraneoplastic 

pemphigus, a multi-organ autoimmune syndrome characterized by the production of a wide 

variety of autoantibodies, including several desmosomal proteins like DSG3, DSG1, DSP, 

envoplakin, periplakin and others.72  Therefore, there is increasing evidence that, besides 

their structural function, PKPs play a fundamental role in nuclear and cell signaling and 

provide a crosstalk between adherens junctions and desmosomes. 

 

The major constituent of the desmosomal inner dense plaque is DSP, a plakin family member 

with a characteristic structure composed of an N-terminal head, a central coiled-coil rod 
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domain and a C-terminal tail that contains the three plakin repeat domains (PRD) A, B and C 

and the glycine-serine-arginine-rich domain (GSR).1, 10  A posttranscriptional alternative 

splicing of RNA results in two variants, DSPI and DSPII, distinct only in the length of the 

rod domain.73, 74  Although DSPI has been reported to be present in all desmosome-

containing tissues, DSPII mRNA has not been found in desmosome-harboring 

cardiomyocytes.1, 10, 75  Desmoplakin connects by its N-terminus to the components of the 

outer dense plaque, including the intracellular portion of desmosomal cadherins, PG and 

PKPs, and through its C-terminus to KIF, serving thus as an indispensable linker of 

functional desmosomes.1, 10  The essential role of DSP in regulating desmosomal adhesive 

strength is shown by the severe skin and myocardium fragility seen in people with DSP gene 

mutations,76-79 and by a recent publication demonstrating the role of DSP-KIF complexes and 

PKC signaling in the acquisition of desmosomal hyperadhesion.80  The concurrent 

developmental anomalies of hair follicles, nails and/or dental enamel described in people 

with DSP mutation and the early embryonal lethality reported in Dsp-null mice suggest the 

additional involvement of DSP in tissue differentiation and morphogenesis.77-79, 81, 82   

The role of DSP in pemphigus is not well characterized.  Antibodies against DSP have been 

detected in human and canine patients with paraneoplastic pemphigus,83, 84 and in rare cases 

of human pemphigus foliaceus and pemphigus vulgaris.85-89  The development of anti-DSP 

antibodies in pemphigus patients has been proposed as the consequence of epitope spreading, 

an immunological phenomenon during which the primary inflammatory response leads to 

tissue injury with the subsequent release of previously hidden antigenic epitopes, thus 

allowing the development of a secondary autoimmune response in the patients.90  To date, the 

pathogenic relevance of anti-DSP autoantibodies in human pemphigus has not been 

elucidated.  Interestingly, circulating anti-DSP autoantibodies have been detected in several 

human cases of human erythema multiforme major, and the repeated passive transfer of 

human anti-DSP autoantibodies into neonatal mice resulted in the disassembly of KIF from 

desmosomes and their clumping around the nucleus, suggesting a potential contributing role 

of such antibodies in disease development.91-95  

The plakin family proteins envoplakin and periplakin are constituents of the epidermal 

cornified envelope.  Antibodies targeting both of these proteins have been reported in human 
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and canine paraneoplastic pemphigus, pemphigus vulgaris and in rare human patients with 

pemphigus foliaceus, although the role of the anti-plakin antibodies in the pathogenesis of 

these diseases remains unresolved.83, 84, 96-98  

 

Other desmosome-associated proteins  

The specific structural and functional properties of additional proteins proposed to be 

associated with desmosomes, (e.g. desmocalmin, keratocalmin, pinin) are not fully 

characterized with the exception of corneodesmosin, a phosphoprotein of the stratum 

corneum responsible for intact barrier function, and Perp, a tetraspan membrane protein 

originally identified as an important component of keratinocyte adhesion and differentiation 

and as a new apoptosis-associated target.1, 99-101   

 

Corneodesmosin is a basic phosphoglycoprotein detected in the cytoplasm of keratinocytes 

of the stratum granulosum and at corneocytes’ membrane.  Corneodesmosin molecules 

oligomerize together through their N-terminal glycin loops to form aggregates that covalently 

bind to the outside of corneocyte desmosomes, thereby protecting them from early 

proteolytic degradation and desquamation.99  The role of corneodesmosin in the integrity of 

the stratum corneum is further supported by observations from animal models as well as from 

naturally occurring CDSN mutations in humans.  In both species, the loss of corneodesmosin 

resulted in detachment of stratum corneum and prominent barrier dysfunction.102-104   

PERP is a transmembrane tetraspan protein originally identified as a central component of 

the p53 apoptotic pathway.100, 105  Using immunoelectron microscopy, Perp was localized to 

desmosomes and its ablation in Perp-/- mice caused severe blistering of the skin and oral 

mucosa, thus establishing a vital role of Perp in cell-cell adhesion.  Furthermore, the lack of 

Perp resulted in an abnormal formation of desmosomes with impaired incorporation of 

desmosomal cadherins and plakoglobin into these complexes, suggesting a critical role of 

Perp in desmosome assembly and/or maintenance.106  As a consequence of these functions, 

the possible role of PERP in human pemphigus vulgaris (PV) has been recently 

investigated.107  The results demonstrated that: 1) desmosomes lacking Perp were more 

susceptible to autoantibody-induced acantholysis, and that 2) PV IgG autoantibodies 
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disrupted Perp expression and caused the internalization of Perp along with DSG3 and PG.107  

Altogether, the investigators concluded that Perp might possess a protective role against the 

pathogenic effect of PV IgG, and that its loss from the membrane could lead to a 

destabilization of cadherin-plakoglobin complexes and an enhanced sensitivity to PV IgG-

induced acantholysis.107   

 

In summary, desmosomes are complex structures composed of several different proteins of a 

specific structure and function. They represent a key structural element in epithelia where 

they provide a robust adhesion.  It has now become clear that desmosomes are not static 

adhesive buttons, but, in contrast, they represent dynamic organelles involved in cell 

signaling, differentiation and motility.  As the target of several congenital, autoimmune and 

infectious diseases, there is much current effort to elucidate the mechanism and role of 

individual desmosomal components in the pathogenesis of these diseases. More importantly, 

understanding the role of individual desmosomal components and the signaling events 

following pemphigus autoantibody binding represents a key factor in designing new 

treatment approaches for patients suffering from these debilitating diseases.  

 

Pemphigus foliaceus  

The name pemphigus comes from the Greek word “pemphix”, which means blister or 

bubble.10  The term pemphigus now is used for a group of autoimmune blistering skin 

diseases characterized by disruption of cell adhesion caused by autoantibodies targeting 

several different keratinocyte antigens, in particular desmosomal cadherins.  The following  

theories, which are not mutually exclusive, about the ability of these antibodies to cause 

acantholysis have been proposed: a) steric hindrance between antibody and targeted proteins; 

b) proteolysis of cadherins; c) activation of keratinocyte signaling and/or apoptosis; d) 

endocytosis of desmosomal cadherins, and e) altered desmosome protein degradation and/or 

synthesis.44, 108-110  
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Several pemphigus variants have been recognized in veterinary medicine based on the 

classification system used for human pemphigus.  This classification is based on several 

criteria: i) the target antigen molecule(s), ii) the depth of cell separation, iii) the type of 

antibody involved, and iv) the histological and clinical presentation.111  In people, the 

superficial forms of pemphigus, predominantly associated with an anti-DSG1 IgG response, 

comprise pemphigus foliaceus (PF), its endemic form fogo selvagem (FS) in Brazil, and 

pemphigus erythematosus (PE).108, 111-113  In veterinary medicine, PF has been recognized in 

dogs, cats, horses and goats, while PE, a rare entity, has been reported in dogs and cats 

only.114-119  The deep form of pemphigus, PV, characterized by the production of DSG3 IgG 

antibodies with or without concurrent anti-DSG1 autoreactivity, has been reported in 

humans, dogs, cats and one macaque.120  Finally, the other less common variants of 

pemphigus in people include pemphigus vegetans (PVeg), paraneoplastic pemphigus (PNP), 

pemphigus herpetiformis and IgA pemphigus, the former two variants being also recognized 

in dogs.111, 120   

 

Canine pemphigus foliaceus 

Epidemiology, signalment and potential triggering factors  

Not only is canine PF believed to be the most common pemphigus variant, it is also 

considered the most common autoimmune skin disease in this species.  Data published by 

two independent groups reported an estimated incidence of canine PF among other skin 

diseases and its prevalence among other autoimmune skin diseases to be 3 per 1,000 per year 

and 30%, respectively.121, 122  Unfortunately, precise epidemiological data regarding the 

prevalence and incidence of canine PF are not available and, therefore, a direct comparison 

with the reported incidence of a one case per million per year in human PF cannot be 

made.123  

 

The large body of data accumulated for human pemphigus supports the role of genetics in 

disease development.  Indeed, the association between an increased disease susceptibility and 

specific HLA alleles has been shown in several variants of human pemphigus.124  In dogs, 
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genetic factors are also likely involved in the development of PF.  In fact, a recent literature 

review suggested that, at least in the USA, Akitas and chows are predisposed to develop 

PF.119  This disease affects mostly adult dogs, although it has also been reported in dogs 

below one year of age and in elderly patients.  In three studies, the mean ages of onset were 

4, 6 and 6 years without any apparent sex predilection.119, 121, 125, 126   

 

Numerous studies have been conducted to identify possible triggering factor(s) in human 

and, to some extent, canine PF.  A group from Japan proposed sunlight as one such trigger by 

demonstrating a worsening of clinical scores during the summer months in 10 out of 12 dogs 

with PF.127  The same group further supported their hypothesis by inducing superficial 

epidermal acantholysis in unaffected skin on the thorax of a PF-affected dog after UVB-

irradiation.128  Similar studies carried out in human patients with PF also demonstrated the 

ability of UVB light to induce acantholysis in unaffected skin of tested subjects.129, 130 

Hematophagous insects have been proposed also as possible environmental triggers for 

human endemic PF.112, 131  In dogs, only one study suggested a possible role of fleas in PF 

induction.132  This proposal was based on the observation that the most common skin disease 

preceding, or found concurrently with PF was flea allergy dermatitis.  This conclusion, 

however, could also have been coincidental, since flea allergy dermatitis represented one of 

the most common skin diseases in dogs at that time and in that particular region due to the 

then difficulty of effective flea prevention.  Better epidemiological studies are warranted to 

confirm this association.  Moreover, if the association between flea biting and PF were to be 

confirmed, the use of a transcriptome from flea salivary glands (e.g. a sialotranscriptome) 

would allow the screening of cPF sera against multiple recombinant salivary proteins from 

fleas. This approach would be similar to the currently investigated black fly-

sialotranscriptome in human endemic PF, which could help further identify potential 

sensitizing antigen(s) leading to the development of anti-keratinocyte autoantibody 

response.133  Since many hematophagous insects carry blood born pathogens, the implication 

of infections in the development of  PF has been questioned but not proven.134-136  In dogs, 

there is only one case report mentioning the association of PF with leishmaniosis.137  

Interestingly, it has been shown that people from a region of Tunisia with endemic cutaneous 
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leishmaniasis have a high prevalence of anti-DSG1 IgG4, a phenomenon not seen in healthy 

controls.  Finally, various drugs and pesticides/insecticides have been suspected to induce or 

exacerbate PF skin lesions in dogs.138-142  The main groups of chemical structures in drugs 

reported to be associated with the putative development of pemphigus in people are 

sulfhydryl radicals (thiol-containing drugs), phenol drugs and nonthiol/nonphenol drugs like 

anti-inflammatory nonsteroidal drugs and ACE-inhibitors.142  Despite the multiple reports of 

drug-related pemphigus in veterinary medicine, the degree of evidence supporting drug 

causation, when an adverse drug reaction scale is applied retrospectively, is low in the 

majority of cases.119, 143  An exception is the recent report of a drug-triggered PF by a flea 

preventative containing metaflumizone and amitraz in which 40% of affected dogs could be 

considered to have definitive drug triggered PF.141 
 

Clinical and histological aspects  

To some extent, canine PF resembles the human disease clinically and histologically.  

Lesions often start on the face, specifically on the nasal planum, dorsal muzzle, ears and 

around the eyes.  In the largest case series that includes 91 dogs with PF, lesions remained 

localized to the face in 16% of dogs, while most exhibited a more generalized distribution 

affecting the trunk with or without concurrent footpad involvement.126  The most common 

primary lesions, superficial pustules often coalescing together, are fragile and transient.  Due 

to their elusive character, the more commonly visible lesions are erosions, crusts and scale-

crusts.  Footpads, likely due to constant mechanical pressure, usually lack primary pustules, 

but often exhibit severe crusting, fissuring and hyperkeratosis (Figure 4).125, 126, 144   The 

histological correlate of the primary skin lesion of canine PF is a subcorneal or intragranular 

pustule with individual or clustered acantholytic cells (Figure 5).  The inflammation is 

predominantly neutrophilic with a variable number of eosinophils. Occasionally, rare early 

lesions might present as acantholytic vesicles with few or no neutrophils.119, 126, 145, 146  

Although the role of neutrophils in acantholysis remains unknown, the concept that 

granulocytes could cause, or contribute to a cell-cell separation is intriguing.  Indeed, a recent 

study from Yabuzoe and colleagues reported that neutrophils were in a close contact to 

acantholytic cells, and that neutrophil granules seemed to be secreted at the surface of 
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acantholytic cells and caused degeneration of half-desmosomes on their surface.147  This 

involvement of neutrophil proteases in an autoimmune blistering disease pathogenesis would 

be similar to the demonstrated role of neutrophils in the pathogenesis of the basement 

membrane autoimmune disease bullous pemphigoid.148 

 

The classical form of human PF shares several clinical and histological features with the 

canine equivalent, although it normally lacks the prominent neutrophilic component except in 

cases of human FS where neutrophils are often seen in microscopic lesions.149  In both 

species, rounded acantholytic keratinocytes with condensed tonofilaments encircling the 

nucleus and occasional apoptotic cells can be detected.150-152  These ultrastructural findings, 

and recent studies in human PV and PF, suggest that acantholysis due to a simple steric 

hindrance is unlikely the only responsible factor leading to cell-cell dissociation.  A more 

complex pathogenic mechanism, for example the activation of a signaling cascade resulting 

in a loss of interaction between cadherins and plaque proteins with induction of tonofilament 

retraction and/or apoptosis, could be involved in blister formation in canine PF. 

 
Figure 4: Canine pemphigus foliaceus. Top row: Bilaterally symmetrical facial lesions 
consisting of erosions and crusts, Bottom left: pustules, erosions and prominent crusts on the 
nasal planum and muzzle, Bottom right: Affected footpad exhibiting coalescing crusts, 
hyperkeratosis and fissures (courtesy of Dr. Thierry Olivry, NCSU) 
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Figure 5: Canine pemphigus foliaceus. Clinically visible tan-white pustules (left) are 
present multifocally on the nasal planum. Histology of pustules (center) reveals subcorneal 
and/or intragranular accumulation of neutrophils and free-floating aggregates of acantholytic 
keratinocytes.  Histology at higher magnification (right) demonstrates acantholytic 
keratinocytes, which have become rounded, detached and have a central collapse of the 
eosinophilic cykokeratin network (photos courtesy of Dr. Thierry Olivry, NCSU) 

The search for target antigen(s) and investigations on the nature of anti-keratinocyte 
IgG antibodies  
 As in people, canine PF is an antibody-mediated autoimmune blistering skin disease 

targeting keratinocyte adhesion organelles, the desmosomes.153, 154  The deposition of 

antikeratinocyte IgG and rare IgM, IgA  and complement (C3) in the lesional skin of PF-

affected dogs was discovered more than three decades ago.121, 122, 125, 155-158  The detection of 

circulating anti-keratinocyte antibodies in sera of dogs with PF was initially hindered by the 

usage of an inappropriate substrate, mucosal epithelium.  Indeed, anti-keratinocyte antibodies 

were usually detected in only a minority of dogs with PF and, when detected, the titers were 

reported often to be very low.121, 125, 155, 159  However, recent studies using neonatal mouse 

skin or canine footpad epithelium reported a higher sensitivity of circulating autoantibody 

detection thereby confirming the importance of the employed substrate.153, 160  These non-

mucosal epithelial substrates allowed the identification of anti-keratinocyte IgG in more than 

80% of tested canine PF sera, and they revealed that, although heterogeneous, the most 

common IgG staining pattern was intercellular, web-like and predominantly localized to the 

superficial epidermis.153, 160  Additionally, with the increased sensitivity of detection, it 

became clear that a high number of healthy canine sera might also possess low titers of anti-

keratinocyte IgG.  Interestingly, when the different IgG subclasses were studied, IgG4 

autoantibodies were detected in most canine PF sera, but only rarely in those from healthy 
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dogs.153  These observations resembled those seen in human endemic PF in the Limao Verde 

reservation in Brazil, where many healthy individuals living in the area acquire 

predominantly an anti-DSG1 IgG1 response, while a strong anti-DSG1 IgG4 response is seen 

mostly in patients with clinical PF.112, 161 

 

In 2009, Olivry et al showed that IgG autoantibodies are pathogenic in canine PF, since the 

passive transfer of total serum IgG from dogs with PF, but not from healthy dogs, into 

neonatal mice resulted in blister formation due to subcorneal and/or intragranular 

acantholysis.153  Moreover, two research groups independently reported a direct correlation 

between disease severity and the titer of serum anti-keratinocyte antibodies.153, 162  Similar 

observations regarding the pathogenicity of anti-keratinocyte IgG from human PF patients 

were reported in the early 1980s, followed by the subsequent identification of DSG1 as the 

major human PF autoantigen.163-166  Uncovering the major target antigen in human PF led to 

an exponential growth in understanding the pathogenesis of pemphigus, the role of 

desmosomes and desmosomal cadherins in adhesion and signaling, and it allowed for the 

development of rapid and reliable diagnostic tests used in daily practice to better diagnose 

this disease and guide treatment decisions.167-170   

 

As a result, and not surprisingly, an intensive search for the canine PF target autoantigen(s) 

has been ongoing for several decades.  Results of two early immunoblotting studies 

demonstrated the ability of few canine PF sera (two and eight out of 16) to identify 148 and 

160 kDa bands using protein extracts from canine lip epithelium and from cultured canine 

keratinocytes, respectively.  The recognized protein co-migrated with those labeled by 

human PF serum IgG, suggesting that DSG1 might also represent a relevant candidate 

antigen for canine PF.171, 172  Although two other, 85 and 120 kDa bands were identified by 

some canine PF sera, their origin remained unresolved and there was only speculation that 

the 85 kDa protein could be plakoglobin.172  Further evidence that the antigen(s) were likely 

a part of desmosomes came from an immunohistochemical study in which Steeves et al. 

reported altered, mostly clumped and/or cytoplasmic DSG1 staining patterns in lesional skin 

biopsies from PF dogs.173  Such patterns suggest desmosomal disorganization.   
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To address the role of DSG1 in canine PF, the canine DSG1-encoding gene was cloned and 

the translated protein was expressed using either a baculovirus expression system or 

mammalian 293T kidney epithelial cells.19, 174-176  The recombinant baculovirus-produced 

DSG1 and the  DSG1 expressed on 293T cells were both recognized by human PF sera but 

by only few canine PF sera (none and 6% of canine PF sera, respectively175, 176).  These 

results established DSG1 as only a minor autoantigen in canine PF.  Meanwhile, in human 

pemphigus, other targets of anti-keratinocyte antibodies, either desmosomal or 

extradesmosomal were uncovered, which broadened the spectrum of potential candidate 

antigens for the canine disease homologue.113, 177-180  The necessity to narrow down the 

number of such candidate antigens led Yabuzoe and colleagues to perform an ultrastructural 

study that provided evidence that non-DSG1 cPF candidate antigen(s) localized to 

desmosomes.154  This finding suggested that the target autoantigen in canine PF should be 

searched within desmosomes themselves, and once uncovered further work should focus on 

designing a practical diagnostic test (e.g. ELISA) as an aid for disease diagnosis, treatment 

follow-up and as an investigational research tool. 
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Introduction:   
Pemphigus foliaceus (PF) is the most common auto-immune skin disease in dogs1 with a 

prevalence estimated to be three cases per 1000 dogs presented to a veterinary teaching 

hospital.2 

The clinical spectrum of the disease includes transient pustules rapidly evolving into erosions 

and crusts that often start on the face and occasionally progress to whole-body 

involvement.3,4  The transient character of the epidermal pustules is due to their superficial 

nature as histological examination of lesions normally reveals their subcorneal and 

intragranular localizations.2, 3, 5   

The first reports about the presence of circulating anti-keratinocyte antibodies in cPF 

appeared almost three decades ago.1, 3, 6  Unfortunately, for many years, the indirect 

immunofluorescence  (IF) technique was considered unreliable for detecting such auto-
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antibodies due to a perceived low sensitivity of this test.1, 3, 6  An explanation for the low 

sensitivity was found in later studies showing the influence of different substrates on the 

sensitivity and specificity of this technique.7-10   

Continued searches for the major antigen revealed that desmoglein-1 (DSG1), the major 

auto-antigen in human PF, was recognized by only 6% of tested canine PF (cPF) sera. As a 

result, it was considered only a minor auto-antigen for the canine disease.11   

Recently, circulating anti-keratinocyte IgG antibodies were detected in 84% of tested cPF 

sera (73 out of 87 dogs) by utilizing normal canine footpad as a substrate for indirect IF.  

Using the advantage of the thick footpad epithelium, investigators identified several different 

epidermal staining patterns among cPF sera, with more than 50% of these sera containing 

IgG that bound to the keratinocyte cell surface in the stratum spinosum and stratum 

granulosum.  As a result, cPF was found to be an immunologically heterogeneous disease.8  

Human PF also appears to be an immunologically variable disease, as recent studies have 

identified additional auto-antigens such as desmocollin-1 and the non-desmosomal adhesion 

protein E-cadherin, although, the functional relevance of auto-antibodies targeting the latter 

remains to be determined.12, 13 

In people, the distribution of the individual adhesion molecules has been shown to be 

variable among different tissues,14 with these proteins being expressed in a differentiation-

dependent manner throughout stratified epithelia.15-23  Except for DSG1 and 324 and 

desmoplakin I (DSP1)25, the expression pattern of other adhesion molecules in canine 

epidermis is not known.  Moreover, the difference in staining patterns between stratified 

epithelia of different origins has not been determined either.  Comparing the IF staining 

patterns for adhesion molecules to that of cPF serum IgG could help identifying new auto-

antigen candidate(s) for this disease. 

The main aim of this study was to characterize the IF staining pattern of major desmosomal 

and non-desmosomal adhesion proteins in canine footpad, inter-follicular skin and buccal 

mucosal epithelia.  Furthermore, we wished to compare these patterns to that of cPF serum 

antikeratinocyte IgG to identify potential candidate antigen(s) for future investigation. 
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Material and methods:    

Immunomapping of Adhesion Molecules 

Indirect immunofluorescence with monoclonal or polyclonal antibodies was performed on 

canine footpad, canine buccal mucosa and inter-follicular skin (peripheral aspect of concave 

pinna).  The choice of the substrates was made based on the following rationale: 1) canine 

footpad and concave aspect of the pinna are common sites exhibiting PF skin lesions3, 26; 2) 

the concave aspect of the pinna represents a thin epithelium similar to that of normal haired 

skin that is easier to section due to the lower number of hair follicles; 3) the canine footpad 

represents a thicker, stratified, cornified epithelium that allows for a better assessment of 

staining patterns. On the other hand, canine buccal mucosa remains unaffected even in most 

severe cases of cPF.26  The tissues were collected post-mortem from six healthy adult dogs 

using 8 mm biopsy punches.  These dogs were euthanized at the local shelter (three dogs) or 

as part of protocols of other researchers (three dogs).  A skin sample from a normal human 

patient, kindly provided by Dr. Zhi Liu (UNC Chapel Hill, NC, USA), was stained 

concurrently.  Before the application of the primary antibodies (Table 2.1), the tissue was 

blocked in a 1% solution of serum of the same species as that of the secondary antibody for 

30 minutes at room temperature.  After the incubation with primary antibody or human 

serum, the slides were thoroughly rinsed and subsequently incubated with fluorescein or 

DyLight-labeled secondary antibodies (Table 2.2) in a moist chamber for 30 minutes at room 

temperature.   

Negative controls consisted of slides with canine tissues and human skin, in which the first 

incubation following the blocking phase was replaced by PBS or serum of the same species 

as the primary antibody at an identical dilution. Staining of human skin was used as a 

positive control for staining of anti-human adhesion molecule-specific antibodies. 

A double-immunostaining was performed for better visualization of subtle differences in the 

localizations of DSG1 and DSC1.  Briefly, after the blocking step, slides were incubated with 

200 µl of a mixture of anti-DSG1 and DSC1 antibodies at 1:20 dilution each for one hour at 

room temperature.  Following rinsing, slides were incubated first with DyLight 488-labeled 

rabbit anti-goat IgG antibody (Jackson ImmunoResearch, West Grove, PA, USA) at 1:100 
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dilution for 30 minutes at room temperature, then rinsed twice in PBS and incubated with 

Texas Red-labeled goat anti-rabbit IgG antibody (Vector Lab. Inc., Burlingame, CA, USA) at 

1:100 dilution for 30 minutes at room temperature.  Subsequent steps were performed as 

described in the section below. 

Table 2.1.  Antibodies and sera used for IIF 
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Table 2.2.  Secondary, fluorochrome-labeled antibodies used for immunofluorescence 

 

Canine sera 

Sera from 66 dogs diagnosed with PF based on clinical and supportive microscopic findings 

as well as sera from five clinically healthy dogs were tested.  All cPF sera selected for this 

study contained antikeratinocyte IgG antibodies detected previously using two different 

substrates.8, 27  Five of the 66 sera contained IgG antibodies recognizing the extracellular 

segment of canine DSG1 expressed by transfected 293T cells.11 

 

Indirect immunofluorescence with canine PF sera 

Indirect IF was performed on canine footpad and buccal mucosa.  The choice of the 

substrates was made based on the following rationale: 1) canine footpad is a common site 

exhibiting PF skin lesions3, 26, and 2) it is composed of several layers of epithelial cells 

thereby allowing a better assessment of the staining patterns.  On the other hand, canine 

buccal mucosa remains unaffected even in most severe cases of cPF.26 

The eight-millimeter punch biopsy samples from buccal mucosa and footpad were collected 

post-mortem from one healthy adult dog euthanized at the local shelter as part of a 

population control program.  Collected biopsies were embedded in OCT medium, frozen and 

kept in -80° Celsius until used.  Slides containing two five-micron sections of buccal mucosa 

and footpad were air dried for 10 minutes, fixed in acetone for 10 minutes and blocked for 30 
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minutes in 1% normal fetal calf serum in phosphate-buffered saline (PBS). Sections were 

then incubated for 1 hour with the cPF sera in a moist chamber at room temperature.  The 

optimal concentration for the staining assessment was established by performing doubling 

dilutions from 1:50 to 1:200. Slides were rinsed twice with PBS followed by a 30-minute 

incubation with DyLight 488 fluorochrome conjugated rabbit anti-canine IgG (Fc fragment 

specific) antibody (Jackson ImmunoResearch, West Grove, PA) at 1:100 dilution in a moist 

chamber at room temperature.  After, slides were rinsed in PBS twice, mounted with 

Vectashield-DAPI (Vector, Burlingame, CA) and all sections were scanned with an 

epifluorescence microscope (Leica DM5000b, Bannockburn, IL). 

Negative controls consisted of slides with canine footpad and buccal mucosa, in which the 

first incubation following the blocking phase was replaced with PBS or normal canine serum 

at identical dilutions as the cPF sera (1:50 to 1:200).  Because of the presence of tissue 

plasma cells, canine spleen sections were used as positive controls to test the secondary anti-

canine IgG antibody. 

 

Assessment of the staining pattern 

The staining pattern along the keratinocyte membrane was subjectively assessed based on the 

intensity (0=none, 1=mild, 2=strong) and localization (stratum basale, lower stratum 

spinosum, upper stratum spinosum and stratum granulosum/distendum) by two investigators 

blinded to the specificity of the primary antibody. This assessment generated a four number 

sequence describing the intensity of staining from the stratum basale to that of the stratum 

granulosum/distendum, thereby allowing the design of schematic figures used to graphically 

compare staining patterns. 

 

Results:   

Immunomapping of Adhesion Molecules 

Immunostaining patterns of tested adhesion molecules revealed similar findings in all six 

normal dogs. The results are therefore discussed as a general description of the staining 

pattern for each reagent. 
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Desmosomal trans-membrane cadherins 

Desmoglein-1 and -3 exhibit a reciprocal staining pattern in canine footpad, inter-
follicular skin and buccal mucosal epithelia 
Essentially similar indirect IF staining patterns were obtained using rabbit anti-human DSG1 

IgG antibody and a human PF serum.  Using canine footpad, an intense IF staining along 

keratinocyte margins of the stratum spinosum, with a moderate reduction of intensity in the 

basal and stratum granulosum cells could be seen (pattern 1221; Figure 1).  The canine inter-

follicular epidermis exhibited a more evenly distributed keratinocyte staining with only 

minimal reduction in the stratum basale (pattern 1222; Figure 2, schematic).  Staining of the 

canine buccal mucosa revealed the highest fluorescence intensity in the entire stratum 

spinosum with some reduction around basal cells and a complete absence in the stratum 

distendum (pattern 1220; Figures 1 and 2, schematic). 

Similarly to a previous report,24 staining of canine footpad and inter-follicular epidermis with 

the anti-DSG3 antibody (AK15) revealed inter-keratinocyte fluorescence restricted to the 

basal and lower stratum spinosum layers (pattern 2100). A similar bottom-heavy pattern was 

obtained when the human mucosal PV serum was used (pattern 2210; Figures 1 and 2, 

schematic).  In the canine buccal mucosa, an intense staining of the basal cells with a 

gradually diminished staining in the stratum spinosum was obtained using both AK15 

antibody and human mucosal PV serum (patterns 2110 and 2210 respectively; Figures 1 and 

2, schematic).  
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Figure 1:  Desmoglein-1 and -3 fluorescence patterns in canine footpad and buccal 
mucosa.  The green fluorescence along the keratinocyte margins represents the positive 
staining with anti-DSG1 and anti-DSG3 IgG antibodies. The nuclei are stained blue with 
DAPI in the image of anti-DSG1 staining. The number sequences represent the localization 
and intensity of the IF staining as described in the text. 

 
Figure 2:  Schematic diagrams representing the staining patterns of desmosomal 
cadherins in canine footpad, haired skin and buccal mucosa.  The diagrams represent the 
distribution and staining intensity obtained for each antibody on footpad and haired skin 
(presented as pairs, starting with a footpad).  Staining intensity is illustrated by column 
width.  The staining represented is for keratinocyte cell margins.  No staining was observed 
for DSC1.     
Abbreviations: desmoglein-1 and -3 (DSG1, DSG3), desmocollin-1 and -3 (DSC1, DSC3) 
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Desmocollin-1 is not detectable in canine buccal mucosa 

Both anti-human DSC1 antibodies revealed similar fluorescence patterns localized 

exclusively along the keratinocyte membrane of suprabasal keratinocytes of canine footpad 

and inter-follicular epidermis.  The inter-follicular skin fluorescence was evenly distributed 

in all suprabasal layers, whereas the staining intensity in the footpad tissue was partially 

attenuated in the stratum granulosum (patterns 0122 and 0121, respectively) (Figures 2, 

schematic and 3).  The subtle difference in staining patterns between DSC1 and DSG1 was 

better appreciated after double immunostaining (Figure 3). 

Importantly, neither of the two anti-DSC1 antibodies was able to stain canine buccal mucosa 

(Figure 4). 

In contrast to what was seen with the anti-human DSC1 antibodies, the anti-human DSC3 

antibody stained all three canine tissues including the buccal mucosa.  A membrane-

associated fluorescence was present throughout the entire epidermis of canine footpad and 

inter-follicular skin (pattern 2222; Figure 2, schematic).  In the canine buccal mucosa, a 

gradual decrease in fluorescence intensity was seen from the stratum basale towards the 

upper stratum spinosum (pattern 2210; Figure 2, schematic). 

 
Figure 3:  Double immunofluorescence for DSC1 and DSG1 in canine footpad.  
Desmoglein-1 (red) is visible throughout all epidermal layers while desmocollin-1  (green) is 
seen in suprabasal layers. In the merged picture, the yellow color represents areas where the 
fluorescence of both molecules overlapped.  The nuclei were stained blue with DAPI.  
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Figure 4:  Desmocollin-1 immunostaining in canine buccal mucosa. Desmocollin-1 could 
not be detected in canine buccal mucosa using either anti-DSC1 antibody. In this image, 
antibody L-15 (Santa Cruz, CA, USA) was used with a concurrent antinuclear stain, DAPI 
(blue). 

Desmosomal plaque proteins – Armadillo proteins and Plakins 
Staining of the canine footpad with an anti-plakophillin-1 (PKP1) polyclonal antibody 

yielded staining along the keratinocyte membranes with the strongest intensity in the lower 

and upper stratum spinosum with gradual fading towards the stratum basale (pattern 1220; 

Figure 5).  In the stratum granulosum, there was a prominent intracellular and perinuclear 

stippled fluorescence without evidence of membrane-associated binding.  A similar pattern 

was obtained in canine inter-follicular skin.  The anti-keratinocyte staining in canine buccal 

mucosa was of slightly higher intensity along the keratinocyte membrane of the stratum 

spinosum with a minimal reduction in the basal cells and an absence in the stratum 

distendum (pattern 1210; Figure 5). 

Staining with the anti-desmoplakin -I, -II (DSPI,II) antibody showed a uniform distribution 

and intensity of intercellular fluorescence throughout the footpad and inter-follicular 

epidermis (pattern 2222; Figure 5).  In the canine footpad, the anti-plakoglobin (PG) 

antibody yielded a uniform web-like staining pattern in the stratum basale, and lower and 
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middle stratum spinosum, with a minimal reduction in the intensity in the upper stratum 

spinosum and granulosum (pattern 2211; Figure 5).  This reduction was not detected in the 

inter-follicular skin, where the IF remained homogeneous in intensity throughout the 

epidermal layers (pattern 2222; Figure 5b).  In the buccal mucosa, both antibodies yielded an 

intense intercellular staining from the basal cell layer up to the upper stratum spinosum, and 

it was completely abolished in the stratum distendum (pattern 2220; Figure 5). 

 
Figure 5: A. Desmosomal plaque proteins staining patterns in canine footpad and 
buccal mucosa. The number sequences in each image represent the localization and intensity 
of the IF staining as described in the text. 
B. Schematic diagram representing the staining patterns of desmosomal plaque 
proteins in canine footpad, haired skin and buccal mucosa. The diagrams represent the 
distribution and staining intensity obtained for each antibody on canine footpad, haired skin 
(presented as pairs, starting with a footpad) and buccal mucosa.  The overall staining trends 
are presented as geometric columns, in which the staining intensity and localizations are 
illustrated by a column width and positioning. The diagrams represent staining for 
keratinocyte cell margins, except where noted as cytoplasmic (cyto). 
Abbreviations: plakophilin-1 (PKP1), plakoglobin (PG), desmoplakin I, II (DSPI, II) 
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Non-desmosomal proteins 
E-cadherin (Cadherin-1, CDH1) is a classical cadherin molecule and an important component 

of adherens junctions.  Staining of canine footpad and inter-follicular epidermis with an anti-

CDH1 antibody revealed fluorescence along keratinocyte margins with the strongest intensity 

in the stratum basale and a gradual fading towards the epidermal surface (patterns 2210 and 

2221, respectively; Figure 6).  In the buccal mucosa, a strong intercellular staining was 

present in the stratum basale and lower stratum spinosum.  The upper stratum spinosum was 

only weakly stained and no fluorescence was detected in the stratum distendum (pattern 

2210; Figure 6). 

Claudin-1 (CLDN1) is an integral membrane protein of epidermal tight junctions.  Staining 

for this protein in canine footpad yielded positive intercellular fluorescence in all suprabasal 

layers with a minimal reduction in the stratum granulosum (pattern 0221; Figure 6).  In the 

inter-follicular epidermis, the fluorescence staining was present in all epidermal layers; 

however, the intensity was slightly attenuated in the stratum basale (pattern 1222, Figure 

6b).  A strong staining pattern in the lower suprabasal layer, but avoiding stratum basale and 

distendum, was seen in the buccal mucosa (pattern 0210; Figure 6) 

Staining of the canine footpad and buccal mucosa for another tight junction protein, occludin 

(OCLN), revealed punctate fluorescence along the keratinocyte margins of the stratum 

granulosum / distendum with gradually decreasing intensity towards the upper to mid stratum 

spinosum.  Lower stratum spinosum and stratum basale did not stain positively in either 

tissue (pattern 0012; Figure 6).  In the inter-follicular epidermis, the staining was clearly 

detectable only in the stratum granulosum (pattern 0002; Figure 6b). 

Zonula occludens-1 (ZO-1) is another cytoplasmic tight junction protein. Using the 

polyclonal anti-ZO-1 antibody, we revealed binding along the keratinocyte margins in the 

entire footpad epidermis with partial reduction at basal and granular cell levels (pattern 1221; 

Figure 6).  The staining pattern recorded for the inter-follicular skin was limited to the upper 

stratum spinosum and granulosum layers (pattern 0022; Figure 6b).  In the buccal mucosa, 

the fluorescence was present from the stratum distendum downward to the lower stratum 

spinosum, and it was markedly reduced at the level of basal cells (pattern 1221; Figure 6). 
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Figure 6: A. Non-desmosomal proteins staining patterns in canine footpad and buccal 
mucosa. The number sequences in each image represent the localization and intensity of the 
IF staining as described in the text. 
B. Schematic diagrams representing the staining patterns of non-desmosomal proteins 
in canine footpad, haired skin and buccal mucosa. The diagrams represent the distribution 
and staining intensity obtained for each antibody.  The IF staining pattern are presented as 
geometric column pairs for canine footpad, haired skin as pairs (starting with a footpad) and 
for buccal mucosa, to allow comparative visualization of results.  Staining intensity is 
illustrated by column width. 
Abbreviations: E-cadherin (CDH1), claudin-1 (CLDN1), occludin (OCLN), zonula 
occludens-1 (ZO-1) 
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Immunofluorescence patterns of tested desmosomal and non-desmosomal proteins 
exhibit similar staining profiles between canine and human inter-follicular skin  
Indirect IF was also done using human haired skin and the patterns were matched to those 

reported by the manufacturer and to those of canine haired skin.  Staining patterns for all 

adhesion molecules tested were found to be nearly identical between canine and human inter-

follicular epidermis (representative stains in Figure 7). 

 
Figure 7: Similarity of staining profiles of selected desmosomal and non-desmosomal 
proteins between canine and human haired skin epithelia. The blue color represents 
nuclei stained with DAPI.  The number sequences in each image represent the localization 
and intensity of the IF staining as described in the text. 

Indirect immunofluorescence with canine PF sera 
All selected 66 cPF sera contained IgG antibodies binding keratinocytes in the canine 

footpad epithelium.  More specifically, indirect IF revealed IgG deposition along 

keratinocyte membranes of footpad stratum spinosum and stratum granulosum in 58 out of 

66 cPF sera (88%).  A suprabasal, membrane-associated IgG deposition was the pattern most 

commonly seen using canine footpad; it varied only in fluorescence intensity between sera 

(patterns 0111, 0112 and 0122; Figure 8 left represents 0122 pattern). 

Seven out of 66 cPF sera (11%) contained antikeratinocyte IgG antibodies targeting basal 

cells in addition to those of footpad stratum spinosum and granulosum (pattern 1221; Figure 

8 right).  One serum (2%) contained antibodies binding solely to stratum granulosum 

keratinocytes (pattern 0002; not shown). 
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In contrast, indirect IF demonstrated IgG deposition along cell membranes of buccal mucosa 

stratum spinosum, or stratum spinosum and stratum basale keratinocytes in only 12 out of 66 

cPF sera (18%) (Figure 9).   

Overall, the most common cPF IgG staining pattern, characterized by an intercellular 

fluorescence restricted to suprabasal footpad epithelium without staining in the buccal 

mucosa, was observed in 53 out of 66 tested cPF sera (80%).   

 
Figure 8: Representative figures of the two most common canine PF serum IgG staining 
patterns in canine footpad epithelium.  The green fluorescence along the keratinocyte 
margins represents the canine PF serum IgG deposition visualized by FITC-labeled anti-
canine IgG antibody. The blue color represents nuclei stained with DAPI.  The number 
sequences for each image represent the localization and intensity of the IF staining as 
described in the methods. 

 
Figure 9: Representative figures of positive and negative canine PF serum IgG staining 
patterns in canine buccal mucosa epithelium.  The green fluorescence along the 
keratinocyte margins represents the canine PF serum IgG deposition visualized by FITC-
labeled anti-canine IgG antibody. The blue color represents nuclei stained with DAPI.  The 
number sequences for each image represent the localization and intensity of the IF staining as 
described in the methods. 
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The dominant cPF serum IgG immunofluorescence pattern closely resembles that of 
DSC1  
When the dominant cPF IgG indirect IF pattern was compared to those of desmosomal and 

non-desmosomal proteins, a close resemblance was found to the immunostaining for DSC1 

(Figure 10).  

 

Positive and negative controls 
Sections of canine spleen containing lymphoid follicles with IgG-producing plasma cells 

served as a positive control of the secondary, anti-canine IgG antibody.  The IgG-producing 

cells in the spleen were fluorescent in the cytoplasm and along the cell membrane. The PBS 

stained tissue sections failed to exhibit any specific staining, and the normal canine sera 

yielded weak, intracytoplasmic fluorescence without the specific, web-like pattern along the 

cell margins seen in cPF sera. 

 
Figure 10: Similarity between the most common canine PF serum IgG and anti-
desmocollin-1 IgG antibody staining patterns. The green fluorescence along the 
keratinocyte margins represents canine PF serum IgG (top) or anti-desmocollin-1 IgG (L-15, 
bottom). The blue color represents nuclei stained with DAPI.  The white line delineates the 
dermo-epidermal junction. 
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Discussion: 

In this study, we aimed at generating the IF staining patterns of the main desmosomal and 

non-desmosomal adhesion proteins in selected canine tissues and at comparing them with 

that of cPF serum IgG.  This comparison permitted the selection of DSC1 as a suitable 

candidate auto-antigen target for most dogs with PF. 

Immunofluorescence microscopy is a widely used technique allowing scientists to visualize 

the distribution of proteins within a tissue.  The sensitivity and specificity of this technique, 

however, are dependent on several factors that include tissue fixation and permeabilization 

and the specificity of the labeling antibodies.28  For example, a conformational change of 

epitope or epitope masking during fixation or permeabilization could lead to an inability of 

antibodies to recognize their target antigens.  As a result, the expected staining pattern might 

be markedly altered, or even absent, despite the presence of the tested antigen in the stained 

tissue.28, 29 Also, two antibodies recognizing different epitopes on the same target might 

exhibit different staining patterns in the same tissue.  Therefore, the immunological 

localization of a particular antigen should be interpreted carefully and appropriate controls 

must always be employed.28, 29 

Yet, different staining patterns between histologically related and similarly processed tissues, 

or between various layers of the same tissue generated by using the same antibody rather 

support the variability of antigen expression between these two tissues or layers.29  Several 

examples supporting this concept can be found in our specialty.  For example, in lethal 

junctional epidermolysis bullosa of Belgian draft horses, IF staining for the laminin g2-chain 

of laminin-332 (laminin-5) yielded negative result compared to unaffected animals, thereby 

leading researchers to later find a mutation in equine LAMC2 resulting in the absence of the 

g-chain of laminin-332.30   

To limit the possible variables in our experiments, all tissues utilized in the studies were 

collected, fixed and processed in a similar fashion.  Additionally, the repeatability of the 

staining for each commercial antibody was validated by the identical staining patterns 

obtained in all six dogs and within the same tissue type tested. 
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The IF staining profiles were slightly different between canine footpad and inter-follicular 

epidermis for most of the antibodies used in this paper.  Similar differences in staining 

patterns for selected desmosomal proteins have been reported between human palm and 

breast skin.31  In this study, authors hypothesized that the reduction of the staining intensity 

in upper layers of palmar epidermis, but not in the thin breast epithelium, was likely related 

to an earlier terminal differentiation of the palm epidermis.31  Unfortunately, the onset of 

expression of involucrin or other proteins associated with terminal differentiation was not 

assessed in our study, and therefore a similar hypothesis could not be confirmed.  

Interestingly, staining patterns between canine and human inter-follicular epithelium yielded 

were almost identical, thereby supporting a previously proposed theory about the highly 

conserved nature of adhesion molecules between species.14, 32, 33   Moreover, Cowin 

suggested that the distribution of epidermal glycoproteins in the same tissue from different 

species might be more similar than those seen of different types of epithelial or non-epithelial 

tissues in the same species.14  Indeed, when the staining patterns of the desmosomal and non-

desmosomal proteins tested in the present study were compared to those reported for human 

epidermis, there was an obvious similarity in staining profiles throughout the epithelium. 

For example, the IF staining pattern for DSC1 was identical between human and canine inter-

follicular epidermis, as well as between canine footpad and human palm31, while no staining 

was observed in the canine buccal mucosa.  Similarly, Donetti and colleagues reported a lack 

of DSC1 IF staining and an absence of DSC1 gene expression in human cornified oral 

mucosa.34  Although the canine buccal mucosa used in our experiments was a non-cornified 

stratified epithelium – therefore not completely matching the tissue-type used in Donetti’s 

paper –  the complete lack of DSC1 immunostaining observed herein suggests an absent or a 

very low expression of DSC1 in canine buccal mucosa.  In our study however, semi-

quantitative methods, such as reverse-transcriptase polymerase chain reaction and/or 

immunoblotting, were not employed to further corroborate the differences in DSC1 

expression between the three canine tissue-types used herein.  

The PKP1 staining pattern observed in canine footpad shifted from a membranous to an 

intracellular and perinuclear localization.  This stippled fluorescence staining was present in 

all footpad sections from all six dogs tested, and it was restricted to the stratum granulosum.  
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This pattern is in contrast to previously reported PKP1 IF staining done on human skin.35, 36 

The reason behind this variability in PKP1 staining between human and canine species is 

unknown. 

To test the hypothesis that the most common cPF serum IgG staining pattern would match 

one of the non-DSG1 adhesion molecules, we performed indirect IF with 66 cPF sera using 

canine footpad and buccal mucosa.  Using canine footpad as a substrate, indirect IF 

uncovered several different staining patterns, which further supported the previously 

proposed immunological heterogeneity of cPF.8, 9  When the same sera were tested on canine 

buccal mucosa, only 12 out of 66 tested cPF sera (18%) exhibited intercellular epidermal IgG 

binding.  Ten out of these 12 sera had been previously tested using 293T cells ectopically 

expressing the extracellular portion of canine DSG1, and five of them were shown to contain 

anti-DSG1 IgG antibodies while five did not.11  

The most common indirect IF pattern, characterized by fluorescence localized exclusively in 

the suprabasal layers of footpad epithelium with an absence of staining in the buccal mucosa, 

was recorded in 80% of cPF sera.  When this dominant staining profile was compared to the 

staining patterns of tested desmosomal and non-desmosomal proteins, it closely resembled 

that of DSC1. This observation suggested that DSC1 could be a relevant candidate antigen 

targeted by anti-keratinocyte IgG autoantibodies in most dogs with PF.  Interestingly, canine 

DSC1 was pursued several years ago as a tentative auto-antigen in dogs with PF.37  The 

extracellular portion of canine DSC1 was cloned, sequenced and produced ectopically in 

transiently transfected Chinese hamster ovary cells, but none out of the six tested cPF sera 

contained IgG auto-antibodies recognizing canine DSC1 isolated from transfected cells using 

immunoprecipitation-immunoblotting.37  It is possible that methodological problems (e.g. the 

lack of a known positive PF serum control), a small number of patients and/or patient 

individual variability might have led to the premature conclusion that DSC1 was not a 

relevant cPF antigen target.  Our current observations argue for canine DSC1 remaining on 

the list of potential candidate antigens to be subjected to further scrutiny.  As a support for 

this hypothesis, it is worth noting that desmocollins (DSC1, 2 and/or 3) are known auto-

antigens targeted by IgG and/or IgA auto-antibodies in rare human patients with superficial 

pemphigus, especially in those with neutrophil-rich skin lesions.12, 38, 39 
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In conclusion, this study confirms the immunological heterogeneity of cPF IgG auto-

antibodies.  The most common indirect IF pattern, which is characterized by a suprabasal 

web-like fluorescence in footpad epithelium and the failure to label the buccal mucosal 

epithelium, closely matches that of DSC1.  These observations warrant investigations of 

DSC1 as a potential major auto-antigen in dogs with PF. 
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Introduction: 
Pemphigus foliaceus (PF) is the most common autoimmune blistering skin disease in dogs.1  

Investigations of the clinical, pathological and immunological characteristics of this entity 

have been ongoing since it was described in the late 1970s.2  Similar to its human 

counterpart, canine PF (cPF) IgG antibodies induce acantholysis and blister formation in the 

subcorneal and/or intragranular layers of the epidermis when passively transferred into 

neonatal mouse skin.3  In canine patients with spontaneous PF, but less commonly in human 

individuals with PF, vesiculation is accompanied by neutrophilic infiltration that results in 

clinically visible pustules.1, 4, 5  In addition to the somewhat disparate clinical and histological 

appearance between cPF and its correlate in humans, its antigenic target appears to also 

differ.6  Several years ago, desmoglein-1 (DSG1), the major human PF (hPF) autoantigen, 

was identified to be only a minor autoantigen in cPF.7  Using indirect immunofluorescence 

(IIF) on canine DSG1-expressing 293T cells, only 6% of cPF sera were found to contain IgG 

autoantibodies recognizing ectopically expressed canine DSG1.7  Meanwhile, numerous 

studies have revealed other possible target antigens in hPF (e.g. DSG4, desmocollins, E-

cadherin), and these observations broadened the spectrum of potential candidate antigens for 

the canine disease homologue.8-11  The necessity to narrow the number of such candidate 

antigens led Yabuzoe and colleagues to perform an ultrastructural study that provided 

evidence that non-DSG1 cPF candidate antigen(s) localized to desmosomes.12  Desmosomes 

are complex cell adhesion structures that contain several plausible candidate autoantigens for 

cPF, for example the various transmembrane cadherins (desmogleins and desmocollins) and 

the linker proteins desmoplakin, plakoglobin and plakophilins that connect cadherins to 

keratin intermediate filaments forming the cytoskeleton.13  To identify candidate antigen(s), 

we recently immunomapped the main desmosomal and nondesmosomal proteins, and we 

compared the expression profile to that of the most common cPF serum IgG IIF staining 

pattern.  As the majority of cPF sera (80%) exhibited a staining profile closely resembling 

that of desmocollin-1 (DSC1), we proposed that this protein be a relevant candidate antigen 

for cPF.14  
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Desmocollin-1 is a calcium-dependent cadherin that exhibits an inverted expression pattern 

in the skin of humans and dogs with the highest expression in the superficial epidermal layers 

where PF pustules typically form.13-15  The importance of DSC1 in cell-to-cell adhesion was 

demonstrated in DSC1-deficient mice in which blister formation developed spontaneously in 

superficial epidermal layers.16  Moreover, in the last decade, autoantibodies targeting DSC1 

have been detected in the serum of human patients with PF.8, 9, 17  In such patients, anti-DSC1 

autoreactivity appears to be mostly restricted to atypical PF variants in which a strong 

neutrophilic inflammation accompanies blister formation, thereby resulting in a pustular 

character of the skin lesions, a contrasting clinical and histological feature to that of 

“classical” neutrophil-poor anti-DSG1 antibody-mediated PF, but one that is similar to the 

canine neutrophilic disease.1, 9, 17-19  Similarly, DSC1 is also recognized as a target 

autoantigen in another neutrophil-rich superficial pustular dermatosis, subcorneal pustular 

dermatosis type IgA pemphigus (SPD).20  

 

The neutrophilic and superficial character of blisters in cPF, as well as the high degree of 

similarity between the cPF IgG IIF staining pattern and that of DSC1 in canine epidermis, 

prompted us to investigate whether DSC1 is a target antigen in cPF.  To address this 

hypothesis, we cloned canine DSC1 and designed an expression system for screening cPF 

sera for the presence of anti-DSC1 autoantibodies.  Using this approach, we demonstrate 

herein that the serum of most PF-affected dogs contains circulating DSC1-specific IgG 

antibodies, while these antibodies are not detected in normal dogs or those affected with 

diseases that might resemble but are not PF. These results suggest that DSC1 is a major 

autoantigen in dogs with PF. 

 

 

Material and methods: 

Canine sera 

Serum was collected from 67 dogs with PF diagnosed based on a combination of clinical and 

microscopic signs compatible with this disease.1  All of these sera had been previously tested 
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by IIF on frozen canine tissues, which yielded 57 sera (85%) with circulating anti-

keratinocyte IgG recognizing footpad epithelium only and 10 sera (15%) with circulating IgG 

binding to both footpad and buccal mucosa epithelium; these two profiles of reactivity are 

categorized as IIF pos cPF sera.  In addition, eight sera from dogs with Promeris-triggered PF 

(PTPF), a drug-associated PF variant with clinical, cytological, histological and IIF features 

identical to those of the spontaneous disease were added to this IIF pos group.21  Finally, sera 

from 10 dogs that exhibited classical clinical and cytological/histological signs of PF but 

were negative on IIF in both frozen canine footpad and buccal mucosa tissues (IIF neg) were 

also included.1   

 

Thirty-five sera from healthy dogs served as normal controls.  As diseased controls, we 

added eight sera from dogs with exfoliative superficial pyoderma (ESP) due to 

Staphylococcus pseudintermedius, a disease presenting with microscopic subcorneal 

pustules, occasional acantholysis and which, to some extent, might clinically and 

histologically resemble cPF. The diagnosis of ESP was made from the combination of 

clinical, cytological and microbiological findings and a complete response to antibiotic 

therapy. Finally, 11 sera from dogs with autoimmune subepidermal blistering diseases 

(AISBD) (e.g. epidermolysis bullosa acquisita (EBA), mucous membrane pemphigoid 

(MMP)) and ten sera from dogs affected with non-PF pemphigus (e.g. pemphigus vulgaris 

[PV], paraneoplastic pemphigus [PNP], pemphigus vegetans [Pveg]) were also included; 

their diagnoses were established based on compatible clinical and histological signs and the 

presence of anti-keratinocyte or anti-basement membrane IgG detected by IIF.22, 23   

 

In another experiment, to investigate the correlation between anti-DSC1 IgG titers and 

disease severity, ten serial serum samples collected prior to and during the treatment for PF 

were used.  In these dogs, disease severity was assessed by a dermatologist at each serum-

collection time-point using a previously described scoring system where scores 0-5 

represented PF in remission, 6-20 mild disease, 21-50 moderate disease and >51 severe 

disease.24 
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Cloning of canine DSC1 (cDSC1) and construction of pND14/cDSC1-V5-His expression 
construct 
To obtain a PCR template, messenger RNA (mRNA) was extracted from healthy canine 

footpad skin using Trizol (Invitrogen, Carlsbad, CA, USA) and reverse-transcribed to its 

complementary DNA (cDNA) with SuperScript III CellsDirect cDNA Synthesis System 

(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s recommendations.   

The full-length sequence of cDSC1 variant b (cDSC1b) was generated by PCR from canine 

footpad skin cDNA using the following primers designed based on computer analysis of 

canine chromosome 7: 5’- atggctgtggcctctgctgc-3’ (forward) and 5’- tttctttgcacatgtctttgc-3’ 

(reverse), and the amplicon was T/A cloned into pcDNA3.1/V5-His-TOPO (Invitrogen, 

Carlsbad, CA, USA).  The coding sequence of cDSC1b was confirmed by subsequent DNA 

sequencing (McLab, San Francisco, CA, USA).  To obtain the final full-length cDSC1b 

expression construct, pcDNA3.1/cDSC1-V5-His was PCR amplified using primers 

containing restriction sites for Afel and PspXI: 5’- gattacagcgctgctgtggcctctgctgcctca-3’ 

(forward) and 5’-cgtactcgagcgagctagatttttaatcagagtgtgtcctct-3’ (reverse) (note: restriction 

sites are underlined, start and stop codons are omitted to allow for correct expression).  The 

PCR product was then digested with Afel/PspXI and ligated into Afel/PspXI-digested pND14 

to create pND14/cDSC1-V5-His as previously described for cDSG1.7  The final sequence 

fidelity and the expression frame were verified by sequencing (McLab, San Francisco, CA, 

USA).  

 

Transfection and surface expression of recombinant proteins by 293T cells 

For live-cell indirect immunofluorescence (IIF) and immunoblotting studies, 293T cells were 

seeded in 8-well CC2 chamber slides (Nalge Nunc International, Rochester, NY, USA) or 

225 cm2 cell culture flasks, respectively, and transfected with pND14/cDSC1-V5-His at 60-

80% confluency using Fugene 6 according to the manufacturer’s protocol (Roche Applied 

Science, Indianapolis, IN, USA).  Cells transfected with human DSC1 (hDSC1) 

(pcDNAI/amp/hDSC1, a gift from Dr. Hashimoto, Japan), pND14/cDSG1-V5-His 7 and cells 

treated with Fugene 6 without plasmid (i.e. nontransfected cells) served as controls.  
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Indirect immunofluorescence detection of proteins expressed by 293T cells 

pND14/cDSC1-V5-His-, pND14/cDSG1-V5-His-transfected and nontransfected 293T cells 

were tested 24 hours after transfection by IIF using either monoclonal or polyclonal 

antibodies and sera (Table 3.1) or sera from healthy, PF-, PTPF-, non-PF pemphigus-, 

autoimmune blistering skin diseases or ESP-affected dogs.  In addition, 

pcDNAI/amp/hDSC1-transfected cells expressing hDSC1 were evaluated with the antibodies 

listed in Table 3.1 and nine selected cPF sera.  Immunofluorescence assays were performed 

on live or methanol-fixed cells, as indicated in Table 3.1.  For live cell IIF, the medium was 

removed from wells and the cells were washed gently with 1x PBS with 1mM CaCl2, 

followed by blocking for 30 minutes with PBS with 1mM CaCl2 and 5% of serum of the 

species producing the secondary antibody.  Primary antibodies or canine sera were diluted in 

PBS with 1mM CaCl2 and applied to the cells at room temperature for one hour.  After 

thorough washing, secondary, species-specific antibodies were added to the corresponding 

wells and incubated for 30 minutes at room temperature (Table 3.2).  The cells were then 

washed, fixed with cold methanol for 15 minutes, the chamber was removed, and the slides 

were mounted with Vectashield-DAPI (Vector, Burlingame, CA, USA).  For fixed-cell IIF, 

cold methanol was added prior to the blocking step for 15 minutes, followed by subsequent 

steps identical to those described above.  A live-cell, double-IIF was performed with 

commercial anti-DSC1 antibody (L-15, Santa Cruz Biotech, Santa Cruz, CA, USA), and 

selected cPF serum previously shown to be positive on cDSC1-transfected 293T cells.  

Briefly, after the blocking step, the cells were co-incubated with a mixture of anti-DSC1 at 

1:50 dilution and selected cPF serum at 1:100 dilution in a total volume of 200 µL utilizing 

the previously described protocol.14  

 

Immunoblotting detection of proteins expressed by 293T cells 

pND14/cDSC1-V5-His-, pND14/cDSG1-V5-His-transfected and nontransfected 293T cells 

were grown for 48 hours post transfection, after which the cells were lysed and the protein 

was extracted using a RIPA lysis buffer (RIPA buffer, Invitrogen, Carlsbad, CA, USA) with 

phosphatase and protease inhibitors (Sigma Aldrich, St. Louis, MO, USA) following the 
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manufacturer’s recommendations.  The total protein was separated by electrophoresis using 

NuPage 4-12% Bis-Tris gel (Invitrogen, Carlsbad, CA, USA) and transferred onto a 

nitrocellulose membrane (Invitrogen, Carlsbad, CA, USA).  The membrane was blocked 

overnight at 4°C in PBS containing 0.05% Tween 20 (Sigma-Aldrich, St. Louis, MO, USA), 

1% bovine serum albumin (Invitrogen, Carlsbad, CA, USA) and 2% skim milk (Cell 

Signaling Technology, Danvers, MA, USA).  The next morning, the membrane was 

incubated with primary antibodies (Table 3.1) for two hours at room temperature, followed 

by incubation with secondary, species-specific, horseradish peroxidase-labeled anti-IgG 

antibodies for one hour at room temperature (Table 3.2).  The bands were visualized using 

chemiluminiscence (Immobilon Western, Millipore, Billerica, MA, USA).   

Table 3.1. Primary antibodies used for indirect immunofluorescence and 
immunoblotting



65 
 
 

 

 

Table 3.2. Secondary antibodies used for indirect immunofluorescence and 
immunoblotting 

 

Immunoabsorption 

Two canine PF sera with positive IIF on cDSC1-expressing 293T cells were chosen for 

immunoabsorption experiments.  In addition, an SPD serum containing anti-DSC1 IgA 

antibodies and an hPF serum with anti-DSG1, but not anti-DSC1 IgG autoreactivity, 

demonstrated using IIF on cDSG1, cDSC1 and hDSC1-transfected cells as well as hDSG1-

specific ELISA (performed in Dr. Z. Liu’s lab, UNC, Chapel Hill, NC, USA), were also 

included. 

The selected cPF, SPD and hPF sera were diluted at 1:200 in PBS with 5mM of CaCl2.  The 

immunoabsorption was performed overnight at 4°C with 3 µg of recombinant hDSC1 

(extracellular portion of human DSC1 produced in a baculovirus-expression system, a gift 
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from Dr. Diaz, UNC Chapel Hill, NC) or 3 µg bovine serum albumin (control) as control.  In 

addition, in one of these two cPF sera, a fixed-substrate adsorption was performed on a 

monolayer of cDSC1-transfected or nontransfected 293T cells under gentle agitation at 4°C.  

In both instances, after overnight incubation, the serum was collected, centrifuged and used 

for IIF on canine footpad tissue as previously described.  As an additional control, we used 

the same sera without overnight absorption or adsorption.  

  

Results: 

Canine DSC1b 

Using the cDNA from a healthy dog footpad and the above-listed primers, a PCR product of 

approximately 2.7 kb was obtained and inserted into pcDNA3.1/V5-His plasmid.  Sequence 

analysis (McLab, San Francisco, CA, USA) showed that the clone contained a single open 

reading frame of 2,737 base pairs (bp), encoding a polypeptide of 842 amino acids (Genbank, 

JF263565).  Comparison with the human, bovine and mouse DSC1 coding sequences 

revealed that the canine construct represented the longer transcript containing all 17 exons 

coding for the shorter variant ”b” of DSC1 (DSC1b) (Genbank, JF263565).  The second 

variant “a” (DSC1a) is the result of a post-transcriptional alternative splicing during which 

the exon 16 containing an in-frame stop codon is removed and the resulting coding sequence 

is translated into the longer DSC1a protein.25, 26  Comparison of the obtained nucleotide 

sequence with a sequence from canine chromosome 7, and with the then available partially 

incorrect predicted canine DSC1a sequence from GenBank (XM_547623) uncovered a one-

nucleotide difference at position 2067, which did not alter the predicted amino acid sequence 

of the protein.  The alignment of canine, human and bovine translated DSC1b sequences 

revealed a similar structure among these proteins (Figure 1).  The overall protein sequence 

identity shared by canine DSC1b and human or bovine DSC1b was found to be 86% and 

84%, respectively.  The highest sequence identity was detected in extracellular domains 1 

and 2 (EC1 and EC2), the transmembrane region and in the intracellular segment containing 

the intracellular anchoring domain (IA) and, in the case of DSC1 variant “b”, the truncated 

intracellular cadherin specific domain (ICS) (Figure 1).  Additional conserved motifs were 



67 
 
 

 

 

found upon comparison of the canine DSC1b amino acid sequence with that of the well-

characterized human DSC1b, thereby suggesting similar functions of this protein among the 

different species.  These included the signal sequence and propeptide, both of which are 

enzymatically cleaved from the mature protein at the site of the minimum recognition motif 

for propeptide convertase (Figure 1).  The cell-adhesion recognition motif (CAR) YAT 

responsible for the adhesive interactions of DSC1 and two intracellular regions previously 

identified as regions responsible for DSC1-desmoplakin interactions were also found in the 

canine sequence (Figure 1).27-30  Further interspecies and computer analyses of the DSC1 

protein sequences allowed us to locate two putative N-glycosylation sites (NetNGlyc 1.0 

Server) and six putative calcium-binding sites 31 on canine DSC1, sites normally important 

for the structure and function of all cadherins. 
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Figure 1: Schematic diagram of cDSC1b and the percentage of sequence homology 
between dog, human and bovine DSC1b.  Conserved motifs, corresponding to the 
minimum recognition motif for propeptide sequence, cell-adhesion recognition (CAR) motif 
and to the region identified to be responsible for desmoplakin binding in human DSC1a 29, 
are shown. 
Abbreviations: S = signal peptide, P = propeptide, EC = extracellular cadherin domain, EA = 
extracellular anchor, TM = transmembrane domain, IA = intracellular anchor, ICS = 
intracellular cadherin specific domain. 

Validation of ectopically expressed canine DSC1b by 293T cells 

Indirect immunofluorescence 

The verification of appropriate expression of cDSC1b by 293T cells was performed using a 

panel of commercially available antibodies and SPD serum containing anti-DSC1 IgA 

autoantibodies.  Results are summarized in Table 3.3.  Canine DSC1-transfected cells 

exhibited a strong positive fluorescence when tested with anti-DSC1, anti-V5- and anti-His-

tag-specific antibodies or SPD serum with a pattern that was predominantly membranous and 

stippled (i.e. dotted) (Table 3.3, Figure 2).  The fluorescence had the tendency to acquire a 

membranous, web-like pattern in the areas of higher cell density (Figure 2).  The average 

rate of transfection, estimated from the IIF analysis, varied normally between 50 and 70%.  

Canine DSC1-transfected cells were not recognized by two hPF sera, anti-DSG1, anti-DSC3 
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or goat, rabbit or mouse control antibodies.  Identical results were obtained when hDSC1-

transfected cells were used (Table 3.3).  Nontransfected control cells remained negative 

when stained with these antibodies, while hPF sera that bind extracellular DSG1 and the anti-

V5 antibody but not DSC1-specific antibodies bound to cDSG1-transfected cells.  
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Table 3.3. Validation of ectopically expressed canine DSC1b by 293T cells by indirect 
immunofluorescence 
NT= not tested, + positive, - negative, EC= extracellular, IC= intracellular 

 

Table 3.4. Validation of ectopically expressed canine DSC1b by 293T cells 
immunoblotting 
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Figure 2: Indirect immunofluorescence with control antibodies.  The expression of 
cDSC1 by transiently transfected 293T cells was confirmed by IIF using either live-cell 
staining with anti-DSC1 (extracellular) antibody (L-15, Santa Cruz) and SPD serum 
containing anti-DSC1 IgA, or the cells were fixed prior to the incubation with the anti-V5-tag 
specific antibody.  Canine DSG1-transfected cells (cDSG1) and nontransfected cells (-) 
served as controls 

Western blotting 

The expression of the cDSC1 by 293T cells was also confirmed by immunoblotting (Table 

3.4).  Under reducing and denaturing conditions, the protein was detected as a doublet of 

approximately 94 kDa and 105 kDa using the anti-V5 and anti-His tag antibodies or the 

rabbit anti-DSC1 antibody raised against the intracellular portion of hDSC1 (Figure 3).  

Interestingly, neither the SPD serum nor the anti-DSC1 antibody raised against the 

extracellular portion of hDSC1 were able to detect the cDSC1b, suggesting the possibility 

that the denaturing and reducing conditions used during sample processing had altered the 

protein conformation necessary for the antibody-antigen interaction.  The rabbit anti-DSG1 

and  the isotype controls (monoclonal mouse IgG) did not detect any specific band(s) in the 

lanes with a cell lysate from cDSC1-transfected cells.  Control lanes containing the protein 

extract from nontransfected cells did not display specific bands when stained with the same 



72 
 
 

 

 

antibody panel as was used for the DSC1-containing lanes.  Lanes with protein extract from 

cDSG1-transfected cells expressing the mature extracellular portion of the protein showed an 

approximately 87 kDa band when stained with the anti-V5 antibody, but there were no bands 

detected with the anti-DSC1 antibody.   

 
Figure 3: Detection of cDSC1 by immunoblotting.  Immunoblotting with a commercially 
available anti-DSC1 antibody targeting the intracellular segment of hDSC1 detected a 
double-band of expected size in the cell lysates from cDSC1-transfected cells (lane 3), but 
not in the cDSG1-transfected (lane 2) or nontransfected (lane 1) cell lysates.  Identical 
doublet was detected by anti-V5-tag antibody in the cell lysates from cDSC1-transfected 
cells (not shown).  

Screening of canine sera for anti-DSC1 IgG autoantibodies 
Indirect immunofluorescence 

To determine if sera from canine PF patients contain circulating anti-DSC1 IgG 

autoantibodies, live cDSC1-transfected 293T cells were used as an IIF substrate to screen 77 

cPF sera (67 IIFpos, 10 IIFneg) and eight PTPF sera at 1:10 dilution.  Additionally, sera from 

35 healthy dogs, eight dogs with ESP and 21 dogs with other non-PF autoimmune blistering 

skin diseases were screened at the same dilution.  Each canine serum was concurrently tested 

on cDSG1-transfected as well as nontransfected control cells. Results are summarized in 
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Figure 4. In all instances, the positive fluorescence pattern was predominantly membranous, 

stippled, and web-like in areas with a higher cell density.  Overall, the pattern seen resembled 

that of the live-cell staining with the commercial anti-DSC1 antibody (L-15, Santa Cruz, CA) 

or the human SPD serum (Figures 2 and 5).  Analysis performed with anti-V5 or anti-DSC1 

antibody plus selected cPF serum together demonstrated the co-localization of the antibody 

deposits with a stippled membranous pattern (Figure 6).  Additionally, and to further 

confirm the specificity of the observed anti-DSC1 reactivity, nine selected PF dogs with IgG 

antibodies recognizing the cDSC1-transfected cells also bound cells expressing hDSC1.   

 
Figure 4: Indirect immunofluorescence results summarizing the percentage of DSC1, 
DSC1/DSG1 and DSG1 positive sera among cPF, PTPF, non-PF pemphigus, AISBD, 
healthy and ESP sera. 
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Figure 5: Indirect immunofluorescence with cPF sera.  Transiently transfected 293T cells 
expressing cDSC1or cDSG1 and nontransfected cells (-) were used for live-cell IIF staining 
with cPF sera to detect the presence of anti-DSC1 and/or anti-DSG1 IgG autoantibodies.  
Nontransfected cells (-) served as control. 

 
Figure 6: Dual indirect immunofluorescence with anti-V5-tag antibody (red) and selected 
cPF serum (green) demonstrating a co-localization of antibody deposits.  The nuclei are 
stained with DAPI (blue). 
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To determine the differences in anti-DSC1 IgG titers between dogs with IIF pos cPF and 

PTPF, IIF neg cPF and non-PF autoimmune blistering skin diseases, selected sera were 

serially diluted and tested by IIF on DSC1-transfected cells; the highest dilution that still 

retained a positive staining (i.e. the extinction titer) was recorded. The median values of the 

anti-DSC1 IgG reciprocal titers for IIF pos cPF and PTPF, IIF neg cPF and non-PF AIBSD 

were 400, 35 and 0, respectively (mean 560, 200 and 20, respectively) (Figure 7). 

 

Finally, to investigate the relationship between anti-DSC1 IgG titers and disease severity, we 

obtained serial serum samples collected before and during treatment from ten dogs with PF 

that had been evaluated for disease severity using a previously described scoring system.  In 

these ten dogs, there was a marked clinical improvement with the disease severity score 

decreasing from moderate or severe to mild or full remission.  In seven dogs, the reciprocal 

titer decreased along with the reduction in disease severity, while no change was seen in the 

remaining three cases (Figure 8). 
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Figure 7: Indirect immunofluorescence reciprocal IgG extinction titers.  Serial dilutions 
of 21 IIF pos cPF, six IIF pos PTPF sera, ten IIF neg cPF sera and 21 sera from dogs with 
non-PF autoimmune blistering skin diseases were tested by live-cell IIF on DSC1-transfected 
cells. The inverse value of the last positive dilution (reciprocal titer) was plotted into the 
graph.  The horizontal bar represents medians. Open circles are titers from six IIF pos PTPF 
sera. 
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Figure 8: Relationship between indirect immunofluorescence reciprocal titers and 
disease severity.  Paired IgG titers of sera from dogs with PF, collected before treatment and 
one to two months after, were determined using a live-cell IIF on DSC1-transfected cells.  
Disease severity for both time-points, before and after treatment, was determined as moderate 
to severe and mild to remission, respectively, using a previously established scoring system. 
24 

Western blotting 

In contrast to the preceding IIF results, none of the five selected cPF sera exhibiting positive 

IIF on cDSC1-transfected cells were able to detect cDSC1 on western blots.  This result was 

similar to that seen with the commercial anti-DSC1 IgG antibody raised against the 

extracellular portion of hDSC1 (L-15, Santa Cruz, CA, USA) and the human SPD serum. 

 

Immunoabsorption 

Immunoabsorption of the two cPF sera with the recombinant hDSC1 resulted in a marked 

reduction (one dog) or complete abolishment (one dog) of the subsequent IIF on frozen 

canine footpad tissue (Figure 9).  The recombinant hDSC1 also markedly reduced the IgA 
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immunoreactivity of the SPD serum, but had no effect on the hPF serum IgG IIF on canine 

footpad epithelium (Figure 9).  Absorption of all sera with an equal amount of albumin did 

not change their subsequent IIF.  Finally, in the single cPF serum adsorbed overnight on a 

monolayer of DSC1-transfected 293T cells, a marked reduction of the subsequent IIF on 

canine footpad was observed when compared to nonadsorbed staining (data not shown).  This 

reduction in the IIF staining pattern intensity was not observed when this serum was 

adsorbed on a monolayer of nontransfected 293T cells. 

 
Figure 9: Immunoabsorption.  Overnight absorbed cPF, SPD and hPF sera with 
recombinant hDSC1 or with albumin were subsequently used to perform an IIF on frozen 
canine footpad tissue.  Sera from the same patients (dogs and humans), but without the 
absorption (native), were used as controls. 

Discussion: 
Desmocollin-1 is a desmosomal transmembrane glycoprotein involved in intercellular 

adhesion.13  Although its role in human blistering skin diseases has not been fully elucidated, 

autoantibodies targeting DSC1 have been detected in human patients affected with several 



79 
 
 

 

 

pemphigus variants such as IgA pemphigus (i.e. SPD), pemphigus herpetiformis and 

atypical, often neutrophilic pemphigus subtypes.8, 9, 18-20, 32, 33   

 

The evidence that non-DSG1 cPF antigen(s) localize(s) within desmosomes 12, and our 

finding that the main immunofluorescence pattern of cPF serum IgG resembles that of DSC1 

immunolocalization 14 prompted us to investigate the role of this adhesion protein as a 

candidate autoantigen in cPF.   

 

The availability of recombinant DCS1 is critical for developing a screening system for the 

detection of anti-DSC1 IgG in cPF sera.  Therefore we cloned and expressed canine DSC1. 

To identify the sequence and design primers for RT-PCR, we compared sequences on canine 

chromosome 7 (Ensembl) with  human DSC1 (NM_004948), bovine DSC1 (NM_174044), 

and then available predicted cDSC1 (XM_547623) sequence from GenBank.  This 

comparison revealed an error in the predicted cDSC1 sequence (XM_547623) in GenBank, 

which involved predominantly the N-terminus of the prediction.  This error was corrected in 

in GenBank in September 2011 when a new predicted sequence (XM_003434921) replaced 

the original one.  This new sequence exhibited 99% identity with our cDSC1 clone 

(JF263565) derived from canine footpad cDNA.  Using PCR, we obtained a 2,737-base pair 

(bp) long sequence encoding the shorter DSC1b variant.  This shorter “b” variant is the result 

of an alternative splicing during which the small exon 16 containing a stop codon is inserted 

into the sequence, thereby producing a truncated version of the intracellular cadherin-like 

sequence (ICS) characteristic for DSC1b.25, 26  The function of this shorter DSC1b variant 

remains unknown, especially since the full-length ICS present in the DSC1a has been shown 

to be required for the binding of plakoglobin, plakophilin and desmoplakin.26, 29, 34    

As a member of the cadherin family, cDSC1 possesses several putative calcium-binding sites 

located in the extracellular domain (Figure 6). 31  The calcium-binding by cadherins has been 

proposed to play a role in stabilization of the conformation and adhesion and in the 

protection from proteolytic attack, and it has been shown to be necessary for the recognition 

of canine and human DSG1 by DSG1-targeting canine and hPF sera, respectively.7, 35  

Similarly to desmogleins, desmocollins are known to possess N-glycosylation sites, two of 
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which have been identified in the canine DSC1b sequence using the NetNGly 1.0 prediction 

program.31, 36  The role of N-glycosylation in binding of PF autoantibodies to DSG1 has been 

controversial in the medical literature.  Two studies reported that the binding of hPF IgG to 

DSG1 was N-glycosylation independent 35, 37, while another study reported opposite results.38  

Only one study on this subject is published in the veterinary literature, with the authors 

observing a glycosylation-dependent recognition of cDSG1 by cPF autoantibodies.7   

 

Taking into consideration that the correct conformation of the cDSC1 might be critical for 

antigen-antibody binding in cPF, we selected a mammalian expression system in which the 

protein of interest, in our case cDSC1b, was expressed on the surface of transiently 

transfected cells.  A similar screening system has been successfully used to identify 

autoantibodies against DSG1 in human and cPF 7, 39 and against DSC1 in human SPD.20  The 

correct expression of cDSC1 in our system was confirmed by IIF and immunoblotting using 

a panel of commercially available antibodies and human SPD serum containing anti-DSC1 

IgA antibodies.  As shown before in Table 3.3, the IIF revealed a stippled, predominantly 

membranous fluorescence with all DSC1- or tag-specific antibodies.  Furthermore, 

immunoblotting with a whole cDSC1-transfected cell lysate yielded a double-band of 94 and 

105 kDa with the anti-DSC1 antibody targeting the intracellular portion of hDSC1 and the 

anti-V5-tag antibody.  This confirmed the expression of immunoreactive cDSC1 by 

transfected cells.  The negative immunoblotting results with the SPD serum and the anti-

DSC1 antibody raised against the extracellular portion of hDSC1 (L15, Santa Cruz) 

suggested that the antibodies’ inability to bind their target might be due to conformational 

changes caused by the denaturing and reducing conditions of the blotting technique.  Other 

reports that anti-DSC1 autoantibodies were able to recognize native hDSC1 expressed by 

transfected cells but failed to recognize its denatured form on immunoblotting supports our 

hypothesis.8, 20   

The detection of a double-band on immunoblots is suspected to be due to variable 

glycosylation of DSC1 molecules in the cell lysate, or it could be caused by the presence of 

an unprocessed DSC1 with the signal and propeptide sequences still retained.  A similar 

hypothesis has been proposed to explain the double-band observed on immunoblots using 
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human and canine recombinant DSG1.40, 41  Indeed, the latter explanation appears most likely 

because deglycosylation of our DSC1 prior to immunoblotting led to reduction in the 

molecular weight of both bands simultaneously (data not shown).  Furthermore, the 

appearance of double bands as a result of a posttranscriptional alternative splicing, which 

would result in the production of both the shorter DSC1b and the longer DSC1a variants in 

transfected cells is impossible because the cells were transfected with a cDNA that would not 

allow for such processings.  

 

Using this mammalian expression system and live-cell IIF analysis, we were able to 

demonstrate that sera from 83%, 70% and 24% of IIFpos cPF and PTPF, IIFneg cPF and 

non-PF autoimmune blistering skin disease patients (non-PF pemphigus and AISBD), 

respectively, contained IgG antibodies binding to the ectopically expressed cDSC1b in its 

native conformation.  It is presumed that these antibodies bound to the extracellular portion 

of the cDSC1b since the cells were not fixed and permeabilized prior to immunostaining.  

This recognition was likely conformation-dependent as the reducing and denaturing 

conditions of standard western blots abolished their ability to bind cDSC1b.  Similar results 

with immunoblotting have been described in the literature for human anti-DSC1 IgA-

containing SPD sera.8, 20  Moreover, methanol-fixation of the DSC1-transfected cells prior to 

the incubation with canine PF sera (fixed-cell IIF) resulted in a loss of reactivity in 12 out of 

17 cPF sera previously shown to recognize live DSC1-transfected cells (data not shown).  

Interestingly, seven out of ten cPF sera (70%) with classical facial and/or footpad skin 

involvement, but with a negative IIF on canine footpad substrate, also recognized the 

cDSC1-transfected cells, suggesting that this technique might be more sensitive than methods 

that employ frozen canine footpad sections.  The most likely explanation for this increased 

sensitivity of our testing method is a higher concentration of the antigen in the transfected 

cells compared to that seen in normal epithelium, or easier access to the antigenic epitope in 

the cell monolayer compared to the stratified epithelium.  Finally, five cPF sera previously 

shown to bind cDSG1-transfected cells were found to also contain anti-cDSC1 IgG 

antibodies.  Although in lower titers compared to IIFpos cPF sera, anti-cDSC1 IgG were 

identified in 24% of non-PF autoimmune blistering skin diseases (e.g. EBA, MMP, PV, PNP, 
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Pveg).  Both of these findings suggest that sera from dogs suffering from autoimmune skin 

diseases occasionally might contain antibodies targeting more than one autoantigen, although 

their pathogenic relevance remains unclear.  There are multiple examples of similar 

observations in the human medical literature.  For example anti-DSG1 and anti-DSG3 IgG 

reactivity are seen in sera from patients with bullous pemphigoid 42, and concurrent 

autoreactivity to DSG1, DSC1 and DSC2 has been identified in sera from patients with IgA 

pemphigus.17  These findings are further corroborated by the observation that serum IgG 

antibodies have recognize over 50 different proteins in human patients with pemphigus 

(reviewed in 43).  

 

Another piece of evidence supporting our IIF results comes from immunoabsorption 

experiments.  The preincubation of DSC1pos/ DSG1neg cPF and human SPD sera, but not of 

the DSC1neg/ DSG1pos hPF serum, with recombinant hDSC1 either completely abolished or 

markedly reduced the antibody recognition of footpad epithelium keratinocytes.   The 

reduction but not elimination of the IIF on canine footpad tissue after pre-incubation of one 

of the two cPF sera with recombinant hDSC1 could be due to an incomplete blocking of anti-

cDSC1 antibodies, or it could be caused by the presence of additional anti-keratinocyte 

autoantibodies in the serum.  Indeed, immunoelectron microscopy using canine PF serum 

revealed binding of IgG, not only to intercellular desmosomal areas, but also to desmosomal 

plaques localized intracellularly.12  

 

In the veterinary literature, one immunoblotting study using cPF sera and an extract from 

canine keratinocytes as antigen revealed multiple bands of variable sizes, including 85, 120 

and 160 kDa.  The authors proposed the 160 kDa band to be DSG1, while the origin of the 85 

and 120 kDa bands remained uncharacterized.44  Finally, a recent study using a cDSG3-

specific ELISA identified circulating anti-DSG3 IgG antibodies in a small number of cPF 

and autoimmune disease sera, suggesting that, at least in some dogs with autoimmune 

blistering skin diseases, antibodies against multiple antigens can be present.45  One possible 

explanation of this phenomenon could be an intermolecular epitope spreading leading to the 

production of additional antigen-specific antibodies.43, 46-49   
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Nonetheless, despite the growing awareness that multiple epidermal antigens might be 

recognized by autoantibodies in sera from patients with autoimmune blistering diseases, their 

relevance to disease pathogenesis remains unknown.  The pathogenic nature of anti-DSG1, 

anti-DSG3 and anti-DSC3 IgG antibodies in human pemphigus has been reported by several 

research groups 50-52, while the role of anti-DSC1 antibodies in human SPD or superficial 

pustular pemphigus still remains uncharacterized.  In cPF, the pathogenicity of anti-DSG1 

and anti-DSC1 IgG is still unproven, although the blistering potential of PF serum IgG has 

been demonstrated upon their passive transfer to neonatal mice.3 

 

To the author’s knowledge, there has been only one previous report, in abstract form, of the 

evaluation of anti-DSC1 IgG autoimmunity in dogs with PF.53  In this study, Aoki-Ota et al 

demonstrated a lack of anti-DSC1 serum IgG immunoreactivity using immunoprecipitation-

immunoblotting (IP-IB) performed with recombinant extracellular cDSC1 in six PF and two 

healthy dog sera.  Their negative result is in contrast to our findings, but the reason for this 

difference cannot be evaluated, as the details regarding the cDSC1 sequence, purification 

technique, or positive controls confirming successful expression were not included in the 

abstract.  Moreover, our preliminary IP-IB data have shown the ability of our cPF sera to 

precipitate the recombinant cDSC1b from both a cell lysate and a conditioned medium, 

which further supports the validity of our IIF results above (data not shown).   

 

The concurrent reduction of disease severity and DSC1-specific IgG titers seen in seven out 

of ten of the tested PF dogs might, indirectly, suggest the relevance of these autoantibodies in 

cPF.  The reduction in the titers and disease severity was likely due to the effect of 

glucocorticoid treatment.  Indeed, it has been shown that treatment of healthy dogs with 

immunosuppressive doses of prednisolone (2 mg/kg/day) for 14 days caused a significant 

reduction of total IgG levels.54  Similarly, in human pemphigus patients, a major decrease in 

autoantibody titers is expected three to four weeks after initiation of glucocorticoid 

immunosuppression.43 
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In summary, this study provides the first report of the production of recombinant canine 

desmosomal cadherin, DSC1 variant “b” and the identification of the importance of this  

protein for keratinocyte adhesion in the superficial canine epidermis.  Furthermore, our 

findings demonstrate that the majority of PF-affected dogs possess circulating anti-DSC1 

IgG autoantibodies, hence this protein is likely to represent a major cPF autoantigen.  Future 

investigations will focus on designing a practical diagnostic test (e.g. ELISA) as an aid for 

disease diagnosis and treatment follow-up and also as an investigational research tool.  In 

addition, the current study provides a strong basis for further investigations of the pathogenic 

nature of anti-DSC1 IgG autoantibodies in cPF, a role that remains to be established.  
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CHAPTER 4 

ASSESSMENT OF DSC1-AUTOANTIBODIES IN SERA FROM PEMPHIGUS 
FOLIACEUS-AFFECTED AND HEALTHY DOGS BY IMMUNOPRECIPITATION 

AND IMMUNOBLOTTING 

Introduction: 

The preceding indirect immunofluorescence (IIF) testing using live canine desmocollin 

(cDSC1)-transfected 293T cells has demonstrated that about 80% of canine pemphigus 

foliaceus (cPF) sera contained IgG autoantibodies binding to ectopically expressed cDSC1 in 

its native conformation.  The validity of our IIF data was further strengthened by the results 

of the immunoabsorption experiments described in Chapter 3.  In these experiments, 

preincubation with recombinant human extracellular DSC1 (hDSC1) (a gift from Dr. Luis 

Diaz laboratory, UNC Chapel Hill) either completely abolished or markedly reduced the IgG 

immunoreactivity on canine footpad epithelium of two cPF sera previously shown to have 

autoantibodies recognizing cDSC1 but not canine desmoglein-1 (cDSG1).  To obtain further 

evidence that dogs with PF produce anti-DSC1 IgG autoantibodies, we performed 

immunoblotting using a whole cell lysate from cDSC1-transfected cells.  Although a double-

band of approximately 94 and 105 kDA was detected with the commercial anti-hDSC1 

antibody targeting the intracellular portion of DSC1 and with anti-V5 tag antibody, no bands 

were detected after western blotting with cPF sera.  Similarly, serum IgA from a human 

patient with SPD (i.e. an IgA pemphigus with anti-DSC1-autoreactivity) failed to detect 

cDSC1.  This lack of reactivity of cPF and SPD sera with immunoblotting could be the result 

of the conformational changes caused by the denaturing and reducing conditions of this 

technique.  Indeed, other reports showing that anti-DSC1 autoantibodies were able to 

recognize native hDSC1 expressed by transfected cells but failed to recognize its denatured 

form on immunoblotting support our findings .1-3 

Immunoprecipitation coupled with immunoblotting (IP-IB) is another technique that allows 

for the detection of antigen(s) within a mixture of different proteins.  This technique has also 

been used to investigate the presence and binding of (a) specific antibody(ies) to an already 

characterized protein.   
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The main advantage of immunoprecipitation is that it is considered to be a highly sensitive 

technique for evaluating the binding of an antibody to the native conformation of a protein.   

IP-IB has been used in human pemphigus research as an alternative to, or an additional 

technique for, the evaluation of immunoreactivity of pemphigus sera to specific proteins, 

while few reports describing IP-IB in canine pemphigus research have been published.4-6   

The main goal of the present set of experiments was to further confirm the previously 

determined anti-DSC1 IgG autoreactivity in cPF sera using an alternative approach to IIF and 

western blotting.  For this purpose, we selected IP-IB, a method that would allow for 

investigation of antibody-antigen interactions under native conditions.   

 

Material and methods: 

Canine sera 
Sera from 10 dogs with PF, diagnosed based on characteristic clinical and microscopic signs, 

were selected for the IP-IB experiments.  All of these sera had been previously tested by IIF 

on frozen canine tissues, and they contained detectable anti-keratinocyte IgG antibodies.  

Using IIF on cDSC1- and DSG1-transfected and nontransfected 293T cells, nine out of these 

ten sera contained anti-DSC1 IgG antibodies only (DSC1pos/DSG1neg), while one serum 

contained both anti-DSC1 and anti-DSG1 IgG antibodies (DSC1pos/DSG1pos).  Eleven sera 

from healthy dogs were included as controls.  Four of them were collected from puppies 

younger than six months of age; the remaining seven sera were obtained from healthy adult 

dogs.  All of these sera were negative on live-cell IIF staining using cDSC1- and cDSG1-

transfected and nontransfected cells (DSC1neg/DSG1neg).  
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Production of protein for immunoprecipitation-immunoblotting studies 
Full-length cDSC1 (variant b) 

For the IP-IB with whole cell lysates, pND14/cDSC1-V5-His-transfected, pND14/cDSG1-

V5-His-transfected and nontransfected 293T cells were grown for 48 hours post-transfection, 

after which the cells were detached from the flask and lysed using a lysis buffer (20 mM 

Hepes, 1.5 mM MgCl2, 150 mM NaCl, 0.2 mM EDTA, 1% to 2% Nonidet P-40, pH 7.9) or 

RIPA buffer (Invitrogen, Carlsbad, CA, USA) with protease inhibitors (Roche, Mannheim, 

Germany) and 5mM of CaCl2.  Three, 30-second sonication cycles were employed to 

enhance cell membrane disruption.  The sample was then centrifuged at 12,000 rpm for 20 

minutes and the supernatant (soluble fraction) was collected.  In some experiments, the 

remaining cell pellet (insoluble fraction) was resuspended in 8 M urea-based lysis buffer (8 

M urea, 2% SDS, 0.05 mM Tris-HCl, pH 6.8), heated for either 2 minutes at 95 °C or 1 hour 

at 37 °C, centrifuged at 12,000 rpm for 5 minutes and the collected supernatant was dialyzed 

against 0.8 M urea-based buffer (0.8 M urea, 2% SDS, 0.1 M Tris-HCl, pH 6.8) (protocol 

provided by Dr. Zhi Liu, UNC Chapel Hill). 

To assess the influence of the glycosylation status of cDSC1 on its immunoreactivity, the 

soluble fraction of the whole cell lysate was deglycosylated using a protein deglycosylation 

mix (NEB, Ipswich, MA, USA) under native conditions according to the manufacturer’s 

protocol.  Western blotting with anti-V5 antibody (Invitrogen, Carlsbad, CA, USA), as 

previously described in Chapter 3, was used to confirm the effectiveness of deglycosylation. 

In IP-IB experiments that used a purified, full-length cDSC1, the purification was performed 

using Ni-NTA agarose beads (Qiagen, Valencia, CA, USA) following the manufacturer’s 

recommendations (QIAExpressionist manual). 

Extracellular domains of cDSC1 (EC-cDSC1) 

The sequence encoding the EC-cDSC1 (Figure 1) was amplified from the previously 

designed, full-length cDSC1-expression vector pND14/cDSC1-V5-His using the following 

primers: 5’- gattacagcgctgctgtggcctctgctgcctca-3’ (forward) and 5’-

cgtactcgagctcttccaagtattacatttg-3' (reverse) (note: restriction enzyme sites are underlined).  
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The sequence was inserted instead of cDSG1 into the previously described, Afel/PspXI-

digested pND14/cDSG1-V5-His plasmid.7  The pND14/EC-cDSC1-V5-His vector was 

transfected into FreeStyle 293 cells using a cationic lipid-based transfection reagent 

293fectin according to the manufacturer’s recommendations (FreeStyle 293 Expression 

System, Invitrogen, Carlsbad, CA, USA).  The conditioned medium was collected for two 

days after the transfection and concentrated by using Amicon Ultra-15/30K centrifugal filter 

unit (Millipore, Billerica, MA, USA).  The expression of the protein was confirmed by 

western blotting with an anti-V5 antibody (Invitrogen, Carlsbad, CA, USA) as previously 

described in Chapter 3. 

In some experiments, the conditioned medium was dialyzed against a TBS-Ca buffer (5 mM 

CaCl2, pH 8) twice, followed by a third dialysis with TBS-Ca with 300 mM NaCl and 

subsequently purified by using Ni-NTA agarose beads according to the manufacturer’s 

recommendations (QIAExpressionist manual, Qiagen, Valencia, CA, USA).  Finally, the 

eluate was dialyzed against TBS-Ca (5 mM CaCl2, pH 7.4) and stored at -80 °C.6  All protein  

manipulations were done on ice or in a cold room.  Western blotting with an anti-V5 

antibody (Invitrogen, Carlsbad, CA, USA), as described in Chapter 3, was used to assess for 

the presence of EC-cDSC1 in all purification fractions (flow through, washes and eluates). 
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Figure 1: A diagram showing the different recombinant proteins used in IP-IB studies 
Abbreviations: EC extracellular domain, EA extracellular anchor, TM transmembrane 
domain 

Recombinant purified EC-hDSC1 (produced and provided by Dr. Luis Diaz laboratory, 
UNC-Chapel Hill) 
The EC-hDSC1 was expressed in High Express Five Cells using a baculovirus expression 

system.  The protein was purified from the conditioned medium by using the Ni-NTA 

column (Qiagen, Valencia, CA, USA).  The presence of the EC-hDSC1 was detected by an 

anti-His-HRP antibody (Penta-His HRP conjugate kit, Qiagen, Valencia, CA, USA), and the 

amount was quantified by using a Bradford assay. 

 

Immunoprecipitation-Immunoblotting (protocol provided by Dr. Paula 
Berkowitz, UNC-Chapel Hill) 
Two hundred-fifty micrograms of total protein (cell lysates and conditioned medium) or 500 

ng of purified protein (cDSC1, extracellular (EC)-cDSC1 and EC-hDSC1) was diluted in a 
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lysis buffer (20 mM Hepes, 1.5 mM MgCl2, 150 mM NaCl, 0.2 mM EDTA, 1% Nonidet P-

40, protease inhibitors (Roche, Mannheim, Germany), 5 mM CaCl2, pH 7.9) to a total 

volume of 250 µL.  Prior to its use, the protein solution was centrifuged at 12,000 rpm for 15 

minutes to avoid protein aggregates.  Selected cPF and healthy dog sera were diluted at 

1:100, 1:200 and 1:400 in the prepared protein-containing solution and incubated for one-

hour at 4° Celsius under constant rotation.8  Commercially available, DSC1- and V5-tag-

specific antibodies and control antibodies were diluted as listed in table 4.1.  After a one-hour 

incubation, 30 µL of protein A magnetic beads (NEB, Ipswich, MA, USA) were added to the 

reaction, followed by an overnight or 2-hour incubation at 4° Celsius under constant rotation.  

The next morning, or two hours later, the beads were thoroughly washed in the lysis buffer, 

the bound protein-antibody complexes were eluted from the beads with a reducing sample 

buffer (Thermo Scientific, Rockford, IL, USA) at 95° Celsius for five minutes and separated 

by electrophoresis using NuPage 4-12% Bis-Tris gel (Invitrogen, Carlsbad, CA, USA).  The 

transferred membranes were blocked for two hours at room temperature (PBS, 1% milk, 1% 

fish gelatin and 1% BSA, or Penta-His HRP blocking reagent) and then blotted with the anti-

V5 antibody (Invitrogen, Carlsbad, CA, USA) or with an anti-DSC1 antibody (Sigma 

Aldrich, St. Louis, MO, USA) for two hours at room temperature.  After a thorough wash in 

1x PBS with 0.05% to 0.5% Tween-20, secondary, species-specific, HRP-labeled antibodies 

were added for one hour (Table 4.1).  The membranes were then washed again and the bands 

were visualized using chemiluminescence (Immobilon Western, Millipore, Billerica, MA, 

USA).  

   

Control lanes 

To rule out a non-specific precipitation through interaction of a protein with the protein A-

beads, immunoprecipitation was performed with only the cell lysate and the beads.  

Additionally, immunoprecipitation reactions containing beads and the antibodies or sera, but 

without the cell lysate, were also included as controls.  
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Table 4.1. Panel of control antibodies used for immunoprecipitation and 
immunoblotting 
PGP 9.5 Protein gene product 9.5 antibody (universal marker for peripheral nerve fibers), 
GFAP Glial fibrillary acidic protein  

 
 

 

 

 

 

 

 

Results and Discussion: 
Immunoprecipitation-immunoblotting with the full-length cDSC1 

To determine the presence of anti-DSC1 IgG in cPF sera using a technique other than IIF, we 

performed a series of IP-IB experiments using cPF sera and DSC1- and V5-tag-specific 

antibodies.  Sera from healthy dogs and a panel of unrelated antibodies (Table 4.1.) served as 

controls.  In addition to the protein from cDSC1-transfected cell, protein from nontransfected 

and cDSG1-transfected cells served as additional controls.  

Control antibodies 

The anti-DSC1 antibody (L15, Santa Cruz Biotech, Santa Cruz, CA, USA) precipitated a 

doublet of approximately 94 and 105 kDA (Figure 2a) from the soluble fraction of cDSC1-
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transfected cells.  The molecular weight of the doublet fell into a predicted size range for 

cDSC1 (variant b), and it was of an identical size to that of a doublet detected on previous 

western blotting (Chapter 3, Figure 3).  Because the size of both doublets was slightly higher 

that the prediction based on the cDSC1 amino acid sequence, we expected this protein to be 

glycosylated.  Furthermore, the presence of two bands could have been due to a different 

glycosylation of the same molecule, or due to the simultaneous presence of processed and 

unprocessed cDSC1 in transfected cells (note: the signal peptide and propeptide of cDSC1 

are normally cleaved by a dibasic convertase). Precipitation was not observed in lanes with 

cell lysates from cDSG1-transfected and nontransfected cells, as expected.   

Similar to results above, the anti-V5 antibody precipitated a 94 and 105 kDA doublet from 

cDSC1-transfected cell lysate and a single, approximately 87 kDA band from cDSG1-

transfected cell lysate (Figure 2b).  No precipitation was observed when the nontransfected 

cell lysate was used.  The unrelated antibodies (anti-PGP and anti-GFAP) did not precipitate 

any specific bands from the cDSC1-transfected and nontransfected cell lysates.  A very weak 

band, co-migrating with the 87 kDA band detected by anti-V5 and hPF serum, was seen in 

the two DSG1 lanes (Figure 2c), suggesting a non-specific antibody-protein interaction. 
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Figure 2: Representative IP-IB results with control antibodies:  The cDSC1, in a form of 
a doublet of approximately 94 and 105 kDA, was precipitated with: A. anti-DSC1 antibody 
(L15, Santa Cruz), B. anti-V5 antibody (Invitrogen) under native conditions and 
immunoblotted with anti-V5 antibody followed by an anti-mouse IgG-HRP (details in table 
4.1); C. In contrast, no bands were observed when precipitation was performed with  
unrelated antibodies (anti-PGP and anti-GFAP).  Identical results were obtained when anti-
DSC1 antibody (Sigma Aldrich) was used for the immunoblotting (data not shown).  
No precipitation was detected in the lanes with nontransfected cell lysate (NTF)  

To identify whether the higher molecular weight of the precipitated doublet was the result of 

glycosylation, and to indirectly determine whether or not the variable glycosylation status 

produced the two bands seen earlier, we treated the cell lysate from cDSC1-transfected cells 

with a deglycosylation kit (NEB, Ipswich, MA, USA) under native as well as denaturing 

conditions according to the manufacturer’s protocol.  As seen in Figure 3, deglycosylation 

reduced the size of both bands simultaneously, indicating that the presence of the two bands 

was likely not due to a difference in glycosylation, but that glycosylation contributed to an 

increased molecular weight of both bands.  Indeed, the final size of the double bands after 

deglycosylation was very close to the predicted molecular weight based solely on the amino 

acid sequence of both processed and unprocessed recombinant cDSC1-V5-His (83 and 98 

kDA), which is the presumed explanation for the doublet.  
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Figure 3: Representative IP-IB result of a native and deglycosylated cDSC1 
precipitated with an anti-V5 antibody (Invitrogen).  Deglycosylated cDSC1: Lane 1: 
deglycosylation under native conditions, Lane 2: deglycosylation under denaturing 
conditions 

Finally, a doublet of approximately 94 and 105 kDA was precipitated from the insoluble 

protein fraction using the anti-V5 antibody, while only a weak single band of 94 kDA was 

observed in the lane precipitated with the anti-DSC1 antibody raised against the extracellular 

portion of human DSC1 protein.  This finding supports retention of some of the expressed 

cDSC1 in the insoluble fraction (data not shown). 

The results of the IP-IB experiments with control antibodies are consistent with 

immunoprecipitation of two forms (processed and unprocessed) of cDSC1 from cDSC1-

transfected cells and the deglycosylation experiment confirms the glycosylation of cDSC1 in 

this cell transfection system.  

Canine PF sera 

Immunoprecipitation-immunoblotting with the full-length cDSC1-transfected cell lysate 

Ten cDSC1pos/cDSG1neg cPF sera and one cDSC1pos/cDSG1pos cPF serum were selected 

for IP-IB analysis (results are summarized in Table 4.2A).  All eleven cPF sera precipitated a 

doublet of approximately 94 and 105 kDA from a whole cell lysate containing the full-length 

cDSC1 (Figure 4A).  Deglycosylation of the protein did not abolish the ability of selected 

sera to precipitate cDSC1, although the size of the doublet was reduced to approximately 83 

and 98 kDA, as expected (Figure 4B).  In all instances, the larger 105 kDA band was of 
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lower intensity, probably due to a lower amount of the unprocessed cDSC1.  One could also 

speculate that the presence of the signal and propeptide at the N-terminus resulted in changes 

in protein conformation leading to epitope hiding, and thus would have prevented an efficient 

precipitation of the unprocessed cDSC1 by the cPF serum IgG.  Immunoprecipitation with an 

anti-V5 antibody targeting the tag-sequence at the opposite terminus of cDSC1 also yielded a 

slightly weaker band of the higher molecular weight, suggesting, either that the protein 

extract contained less of the unprocessed cDSC1, or that this unprocessed protein was less 

immunogenic.   

From the five cPF sera with high anti-DSC1 IgG titer using live-cell IIF, two sera were able 

to precipitate the 94 and 105 kDA doublet using serum dilute up to 1:400, although the 

intensity of the bands was markedly reduced (data not shown).  

All 11 sera were concurrently tested on the nontransfected cell lysate, and they yielded 

negative results.  

Finally, immunoprecipitation was negative when the insoluble fraction from cDSC1-

transfected cells was used, possibly due to an altered conformation of cDSC1 during the 

extraction process, or due to the lower amount of extracted cDSC1 compared to the soluble 

fraction.  



101 
 
 

 

 

Table 4.2. Summary of the IP-IB results obtained with cPF sera (A) or with healthy dogs 
sera (B) using a soluble fraction of DSC1-transfected cell lysate. Red color indicates a band 
of strong intensity, green color of medium intensity, and black color represents weak bands. 

A. 

 
B. 
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Figure 4: A. Representative IP-IB results with two cPF sera (DSC1pos/DSG1neg) used at 
1:100 dilution:  The cDSC1 was precipitated from the soluble fraction of cDSC1-transfected 
cell lysate in a form of a doublet of approximately 94 and 105 kDA with two selected cPF 
sera, followed by an immunoblotting with an anti-V5 antibody.  Canine PF serum 1 appeared 
to precipitate only the smaller of the bands, although repeated IP-IB with an identical serum 
revealed a very faint upper band of approximately 105 kDA on some blots (data not shown).  
No precipitation was detected in the lanes with nontransfected cell lysate (NTF)  
B. Representative IP-IB results with two cPF sera (DSC1pos/DSG1neg) and anti-DSC1 
antibody (L15, Santa Cruz) using deglycosylated soluble fraction of cDSC1-transfected cell 
lysate.  The size of the precipitated deglycosylated cDSC1 doublet was approximately 83 and 
98 kDA.  In A and B, the immunoblotting was performed with an anti-V5 antibody followed 
by an anti-mouse IgG-HRP (Table 4.1) 

Immunoprecipitation-immunoblotting with the cDSG1-transfected cell lysate 
Unexpectedly, all tested sera, including cPF sera previously negative on IIF on cDSG1-

transfected cells, precipitated an approximately 87 kDA band from the cDSG1-transfected 

cell lysate; a band co-migrating with that precipitated by the anti-V5 tag antibody and 

DSG1pos hPF serum, and of a size corresponding to that of the expressed DSG1-V5-His 

recombinant protein (Table 4.2A, Figure 5).  At present, we are unable to explain the 

apparent reactivity of all cPF sera with DSG1 using IP-IB.  Perhaps this band represents 

precipitation due to non-specific antibody-protein binding.  Alternatively, the IP-IB 

technique could be more sensitive than the live-cell IIF (e.g. a higher amount of antigen in 

the lysate and/or binding of antibodies to revealed epitopes that are hidden under normal 
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conditions in live cells).  Taking into consideration the IP-IB results obtained with sera from 

healthy dogs (see below), the former hypothesis appears to be the most likely. 

 
Figure 5: Representative IP-IB results with a cPF serum (IIF DSC1pos/DSG1neg) used at 
1:100 dilution, anti-V5 tag antibody (Invitrogen) and hPF (IIF DSC1neg/DSG1pos) using 
soluble fraction of cDSG1-transfected cell lysate.  The size of the precipitated cDSG1 band 
was approximately 87 kDA.  Canine PF serum precipitated both cDSC1 and cDSG1 from the 
cell lysates.  Immunoblotting was performed with an anti-V5 antibody followed by an anti-
mouse IgG-HRP (Table 4.1) 

Healthy canine sera 

Immunoprecipitation-immunoblotting with the cDSC1-transfected cell lysate 

Eleven healthy canine sera (seven taken from adult dogs, four taken from juvenile dogs less 

than 6 months of age) were selected as controls in these IP-IB studies; results are 

summarized in Table 4.2B.  All of these sera repeatedly failed to positively stain cDSC1- 

and cDSG1-transfected cells on IIF.  Surprisingly, using the soluble fraction of the cDSC1-

transfected cell lysate, most of these sera from healthy dogs (8/11) repeatedly precipitated a 

doublet of identical size to that precipitated by the anti-DSC1 and anti-V5 antibodies and by 

cPF sera (Figure 6A).  In most instances, the intensity of the bands was weak to very weak 

when compared to those precipitated by cPF sera at an identical dilution (Figure 6a).  Two 

of the negative sera from healthy dogs were from dogs less than 6 months of age (Figure 

6b), while one was taken from an adult dog.  The lack of precipitation by the two sera from 
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puppies was likely related to their lower amount of serum total IgG as indicated by the 

intensity of the heavy chain band on the blot and by their IgG level values measured by radial 

immunodifusion test (performed in the Clinical Immunology Laboratory, NCSU, data not 

shown).  Indeed, the median values of total IgG in sera from dogs with PF, healthy adults and 

dogs younger than six months were 3000, 1000 and 600 mg/dL, respectively.   

A further increase in serum dilution from 1:100 to 1:200 and 1:400 negated the results of IP-

IB in two out of four sera (data not shown).  Importantly, these four sera had been initially 

selected because the precipitated doublet at the starting dilution 1:100 was of the highest 

intensity compared to the rest of the tested healthy dog sera. This would imply, as a result, 

that most healthy canine sera would not precipitate cDSC1. 

Deglycosylation of the protein did not abolish the ability of the sera from healthy dogs to 

immunoprecipitate the cDSC1 out of the cell lysate but, as for the cPF sera, no precipitation 

was observed when the insoluble fraction of the DSC1-transfected cell lysate was used (data 

not shown).  In all tested sera, there was no precipitation observed when the nontransfected 

cell lysate was used. 
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Figure 6: A. Representative IP-IB results with two cPF sera (IIF DSC1pos/DSG1neg) and 
sera from two healthy dogs (IIF DSC1neg/DSG1neg) at 1:100 dilution.  Both cPF sera and 
sera from healthy adult dogs precipitated cDSC1 from a soluble fraction of cDSC1-
transfected cell lysate.  
B. Representative IP-IB results with two cPF sera (IIF DSC1pos/DSG1neg) and sera from 
three healthy dogs (IIF DSC1neg/DSG1neg) at 1:100 dilution.  Both cPF sera precipitated 
cDSC1 from a soluble fraction of cDSC1-transfected cell lysate. Note that the same dog 
(cPF1) as in figure 4A precipitated only the lower, 94 kDA band from the cDSC1-transfected 
cells.  Sera from healthy puppies (less than 6 months of age) did not precipitate cDSC1 
(likely due to the lower IgG levels), while a weak 94 kDA band was detected by the healthy 
adult serum.  Immunoblotting was performed with an anti-V5 antibody followed by an anti-
mouse IgG-HRP (Table 4.1) 

Immunoprecipitation-immunoblotting with the cDSG1-transfected cell lysate 

Like the cPF sera, all tested sera from healthy dogs were able to precipitate a band of 

approximately 87 kDA from the cDSG1-transfected cell lysate that co-migrated with those 

precipitated with an anti-V5 tag antibody and a DSG1pos hPF serum (Figure 7, Table 4.2B).   
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Figure 7: Representative IP-IB results with two sera from healthy dogs (IIF 
DSC1neg/DSG1neg) at 1:100 dilution.  Both cPF sera and sera from healthy adult dogs 
precipitated cDSG1 from a soluble fraction of cDSG1-transfected cell lysate.  
Immunoblotting was performed with an anti-V5 antibody followed by an anti-mouse IgG-
HRP (Table 4.1) 

The precipitation of both cadherins, cDSC1 and cDSG1, and the inability to sufficiently 

reduce the antibody-antigen interactions by changing the stringency conditions (e.g. RIPA 

buffer instead of Hepes-based buffer, increased concentration of detergents, lower amounts 

of total protein per reaction, higher serum dilutions), without concurrently affecting the 

positive precipitation by cPF sera, could be explained in several ways.  First, a non-specific 

antibody-protein interaction could cause a false-positive precipitation by canine sera.  It is 

unlikely that glycosylation status of the protein plays a role in this non-specific interaction 

because deglycosylation did not alter the results.  Second, it is possible that sera from healthy 

dogs could contain non-pathogenic anti-DSC1 and anti-DSG1 IgG that were not detected by 

IIF due to a lower sensitivity of that technique.  Third, the antigenic epitope could have been 

masked either because it was intracellular or it had a different conformation when presented 

on the cell surface.  Indeed, it has been shown that healthy people living in the area of 

endemic PF produce anti-DSG1 IgG antibodies that are non-pathogenic, often of a different 
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isotype, and target different epitopes than those expressed in PF affected individuals.8, 9  

Although it is possible that a similar situation could be seen in the dog population, the 

precipitation of both cadherins simultaneously and by 100% of tested samples is more likely 

suggestive of a non-specific antigen-antibody interaction.  Finally, the co-precipitation of 

DSC1 or DSG1 as a result of their interaction with another protein recognized by serum IgG 

is less likely because the stringent protein extraction conditions should have disrupted such 

protein-protein interaction.  Moreover, it is unlikely that almost all of the tested healthy dogs 

would produce antibody targeting a specific protein that would co-precipitate with the two 

cadherins.  Nevertheless, the following experiments were designed to address this possibility. 

Immunoprecipitation-immunoblotting using a conditioned medium containing the 
extracellular canine cDSC1 or purified extracellular human hDSC1 
To test whether the sera from healthy dogs could contain DSC1-specific autoantibodies 

targeting hidden (intracellular) epitopes of this molecule, we used a truncated cDSC1 protein 

that contained only the extracellular domains followed by V5- and His-tags.  This protein 

should be secreted into the medium of FreeStyle 293 cells (FreeStyle 293 Expression System, 

Invitrogen, Carlsbad, CA, USA).  The expression of the secreted recombinant EC-cDSC1-

V5-His protein was confirmed by immunoblotting using the anti-V5 tag antibody (Figure 8).  

The detected doublet was approximately 72 and 85 kDA, which corresponded to the size 

predicted based on the amino acid sequence.  This doublet was precipitated from the 

conditioned medium by all six tested cPF sera and, weakly, by all four tested sera from 

healthy adult dogs (Figure 9).  Detection of these bands was reduced or abolished using 

higher dilutions of the cPF or healthy dog sera in the immunoprecipitation reactions (data not 

shown). 
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Figure 8: Representative western blotting with anti-V5 antibody using conditioned 
medium from EC-cDSC1-transfected. The bands were visualized by using a secondary anti-
mouse IgG-HRP (Table 4.1)  

 
Figure 9: Representative IP-IB results with two cPF sera (IIF DSC1pos/DSG1neg), three 
healthy dogs (IIF DSC1neg/DSG1neg) at dilution 1:100 and anti-V5, anti-DSC1 and control 
anti-DSG1 antibodies using a conditioned medium from EC-cDSC1 transfected cells.  
Immunoblotting was performed with an anti-V5 antibody followed by an anti-mouse IgG-
HRP (Table 4.1) 
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Finally, IP-IB with purified EC-hDSC1 (a kind gift from Dr. Luis Diaz, UNC Chapel Hill) 

was used to confirm the above-described observations and to rule out the possibility of co-

immunoprecipitation of another protein recognized by canine serum IgG.  Even though we 

would have preferred to use purified cDSC1 instead of hDSC1, purified cDSC1 is not 

available due to multiple technical difficulties including the production of a small amount of 

protein and a loss of protein during the final buffer exchange step.  Using the purified EC-

hDSC1, all three tested cPF sera and three tested sera from healthy dogs still were able to 

precipitate a protein doublet that co-migrated with that precipitated with anti-DSC1 and anti-

His antibodies (Figure 10).  Moreover, a hPF serum containing anti-DSG1, but not anti-

DSC1 IgG antibodies detected by IIF and ELISA precipitated a weak doublet corresponding 

to the expected size of recombinant hDSC1.   

Altogether, the results above are suggestive of the non-specific binding of canine serum IgG 

to different types of similar recombinant cadherin proteins, thereby resulting in false positive 

results in IP-IB.  

 
Figure 10: Representative IP-IB results with three cPF sera (IIF DSC1pos/DSG1neg), 
three healthy dogs (IIF DSC1neg/DSG1neg), both diluted at 1:100, an anti-DSC1 antibody 
and hPF serum (IIF DSC1neg/DSG1pos) using purified EC-hDSC1.  Immunoblotting was 
performed with an anti-His HRP antibody (Table 4.1) 
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Summary and Conclusions 

Immunoprecipitation-immunoblotting is a common technique used to precipitate and 

characterize proteins or protein-complexes out of a solution using specific antibodies.  In our 

case, the IP-IB served as a second yet different technique to confirm the presence of anti-

DSC1 IgG autoantibodies in cPF sera.  As for the IIF, protein from cell lysates from 

nontransfected and cDSG1-transfected cells were used as controls. 

By employing a panel of control antibodies, we were able to confirm the production and 

appropriate immunoreactivity of the full-length cDSC1 (variant b) and the secreted EC-

cDSC1 by our expression systems.  Furthermore, this step allowed us to validate the protein 

extraction efficiency and the IP-IB protocol chosen for the precipitation of canine cadherins.  

The comparison of immunoprecipitations using the soluble fraction to that obtained under 

denaturing and reducing extraction conditions (insoluble fraction) revealed the following: 1) 

the soluble fraction contained a sufficient amount of cDSC1 for IP-IB, 2) the insoluble 

fraction also contained some cDSC1, albeit a lower amount, but the sensitivity of IP-IB using 

this fraction was reduced, as suggested by a weak to undetectable precipitation with the anti-

V5 tag and anti-DSC1 antibodies, respectively.  

As expected, the mammalian cells were able to glycosylate the recombinant cDSC1 and EC-

cDSC1, increasing its predicted molecular weight from approximately 83 and 98kDa to about 

94 and 105 kDA.  Because the deglycosylated cDSC1 retained its double-band 

characteristics, we believe that our mammalian expression system produces both processed 

and unprocessed cDSC1. 

All tested cPF sera precipitated the full-length cDSC1 from the soluble fraction of cDSC1-

transfected cell lysate, the truncated version of cDSC1 containing only the extracellular 

domains from the conditioned medium, as well as the purified EC-hDSC1.  Deglycosylation 

of the protein did not abolish the ability of tested cPF sera to precipitate cDSC1, suggesting 

that the antibody-protein binding occurred through interaction(s) independent of protein 

glycosylation. 



111 
 
 

 

 

As expected, no bands were observed when a nontransfected cell lysate or medium from 

nontransfected cells was used for the precipitation step.  Moreover, precipitation was not 

seen when the insoluble fraction of the cDSC1-transfected cell lysate was used for the IP-IB.  

This could have been due to a lower amount of the protein in this fraction, an altered 

conformation of the protein during the extraction process, or a combination of both.  Indeed, 

the band intensity detected by the anti-V5 and anti-DSC1 antibodies was also weakened, 

despite an identical total protein amount used per immunoprecipitation reaction. 

Unexpectedly, eight out of eleven sera from healthy dogs without detectable anti-DSC1 

autoantibodies using live-cell IIF also precipitated a doublet identical to that recognized by 

anti-DSC1 and anti-V5 antibodies as well as cPF sera.  Although the bands were often of 

lower intensity than those precipitated by a same volume and dilution of cPF sera, they were 

still clearly visible.  Increased stringency of the buffers (e.g. RIPA extraction buffer, increase 

in the detergent concentration in the precipitation and wash buffers or shortened incubation 

times) did not sufficiently abolish the ability of healthy dog sera to precipitate the cDSC1.  

Although the use of higher serum dilutions (1:200 and 1:400) resulted in a loss of 

precipitation by two of four healthy dog sera (those with the strongest bands at 1:100 

dilution), we also observed a concurrent 60% loss of reactivity of IP-IB with cPF sera.  

Finally, deglycosylation did not affect the precipitation of cDSC1 by the sera from healthy 

dogs either.   

As discussed above, we can only speculate regarding the reason for the precipitation of 

DSC1 by healthy canine sera.  Possibly, a non-specific, glycosylation-independent, antibody-

protein interaction could have resulted in false-positive precipitation.  Although the 

optimization steps undertaken were unable to reduce the precipitation observed using sera 

from healthy dogs, we cannot rule out that further optimization of the protocol and/or 

reagents could have solved this issue.  In our hands, however, the use of harsher conditions 

markedly reduced or abolished positive recognition of DSC1 by cPF IgG.  Alternatively, it is 

also possible that healthy dogs could produce non-pathogenic anti-DSC1 IgG that were not 

detected by IIF due to a lower sensitivity of this technique or because the target epitope was 
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inaccessible during live cell IIF staining.  Indeed, it has been shown that healthy people 

living in an endemic PF area produce anti-DSG1 IgG antibodies that are non-pathogenic; 

these autoantibodies are often of different isotype and target different epitopes than those 

from PF affected individuals.8, 9  Moreover, HLA-matched healthy individuals contain 

DSG1-autoreactive Th1 and Th2 cells in similar frequencies and of similar proliferative 

response compared to PF patients.10  Altogether, these observations suggest that 

autoantibodies targeting proteins such as DSC1 could be produced in healthy dogs and 

humans, and that other factors might contribute to the development of the autoimmunity (e.g. 

epitope-specificity of the antibodies, isotype, break-down of self-tolerance).11, 12  

To test, whether any “hidden DSC1 epitopes” recognized by serum IgG from healthy dogs 

could be localized intracellularly, and, therefore, would not be detected during the live-cell 

IIF staining, we performed IP-IB using a conditioned medium with secreted EC-cDSC1 or 

with purified EC-hDSC1, both of these constructs lacking the transmembrane and 

intracellular regions.  Both canine and human EC-DSC1 were also precipitated by sera from 

healthy dogs, thereby confirming that the antibody-protein interaction was not dependent 

upon the presence of the transmembrane and intracellular segments of DSC1.  Furthermore, 

IIF staining of permeabilized DSC1-transfected cells did not yield any positivity in 15 sera 

from healthy dogs (data not shown).  

The co-precipitation of DSC1, through its interaction with (an)other protein(s) against which 

the healthy dogs would mount an antibody response, was considered unlikely for the 

following reasons: 1) the stringent conditions used for protein extraction of the full-length 

cDSC1 should have reduced the chance of co-immunoprecipitation to a minimum, and 2) the 

sera precipitated purified EC-hDSC1 (purity demonstrated by a gel silver stain, UNC-Chapel 

Hill, data not shown).  Moreover, the probability that all tested healthy dogs would produce 

an IgG response against the same particular protein bound to DSC1 is also very unlikely. 

Finally, using the soluble fraction of a cell lysate obtained from cDSG1-transfected cells, 

every tested cPF sera (6 IIF-DSC1pos/DSG1neg, 1 IIF-DSC1pos/DSG1pos), as well as sera 

from each healthy dog (8 IIF-DSC1neg/DSG1neg), all precipitated the recombinant cDSG1.  



113 
 
 

 

 

As this recombinant protein lacks an intracellular portion, the precipitation of this protein 

was likely due to antibody-protein interactions independent of the presence of the 

cytoplasmic tail.  Again, explanations similar to those mentioned above could also account 

for these results (e.g. non-specific binding between IgG and DSG1, presence of low titers of 

anti-DSG1 antibodies or production of antibodies against epitopes inaccessible during live-

cell IIF staining).  The possibility of precipitation due to a cross-reactivity between DSC1-

specific IgG and DSG1 protein cannot be fully ruled-out either.  However, this appears 

unlikely because of the low identity (only 30%) existing between the extracellular and 

transmembrane domains of cDSC1 and cDSG1.  

In summary, although the IP-IB represents a highly sensitive system, the specificity of this 

technique using dog sera was insufficient to achieve our objective of confirming cDSC1 

binding solely by cPF sera.  Even though a non-specific antibody-protein interaction is the 

most likely explanation of our results, one cannot rule out the possibility of production of low 

amounts of anti-DSC1 IgG in healthy dogs, autoantibodies that would either be of a different 

isotype (IgG1 instead of IgG4 in dogs with PF) and/or that would target different epitopes on 

DSC1. If they exist, why such nonpathogenic autoantibodies were not detected in the serum 

from more than 30 healthy dogs using the IIF technique cannot be easily explained. 

Further investigations of these hypotheses, for example by using purified recombinant 

cDSC1 as the antigen for detection of antibodies in sera by ELISA, are warranted.  Indeed, 

with such techniques, one would be able to reassess the DSC1-autoreactivity in cPF and 

healthy dog sera, to investigate the IgG isotype response in each group, and, via domain 

swapping or peptide screening, to identify epitopes targeted by either cPF or healthy dog 

IgG. 
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SUMMARY AND FUTURE PERSPECTIVES 

Canine pemphigus foliaceus (cPF) is the most common autoimmune skin disease in this 

species.  Investigation of the pathogenesis of this disease has been ongoing for more than 

three decades.  Although several discoveries were made regarding the nature and 

pathogenicity of serum autoantibodies, the major target of these antibodies in keratinocyte 

desmosomes remained unknown prior to the current work (reviewed in 1) (see Chapter 1). 

A literature review uncovered the intriguing observation that the vast majority of cPF sera, in 

contrast to those of hPF, appeared not to contain IgG autoantibodies targeting the epithelium 

of buccal mucosa.2  This observation suggested that the antigen(s) targeted by cPF serum IgG 

is (are) absent or expressed at only low levels in this tissue.  Indeed, previous studies 

demonstrated variations in the expression of desmosomal proteins between different tissues 

(reviewed in 3) (see Chapter 1).  In line with these data, we proposed the hypothesis that the 

candidate autoantigen(s) in cPF should be involved in keratinocyte adhesion, and that it/their 

IIF epithelial expression pattern(s) should closely match that seen most commonly with cPF 

serum IgG staining.  Using IIF on frozen canine footpad and buccal mucosa, we were first 

able to demonstrate that more than 80% of tested cPF sera contained IgG that bound to the 

superficial layers of canine footpad epithelium, in an intercellular web-like pattern, but 

antibodies in the same sera failed to bind antigen(s) expressed by buccal mucosal epithelial 

cells.  When this staining pattern was compared to those of the main desmosomal and 

nondesmosomal adhesion proteins, a close match was identified between the dominant cPF 

serum IgG IIF pattern and that of desmocollin-1 (DSC1).  Hence, DSC1 was proposed to be a 

relevant candidate autoantigen in cPF (see chapter 2). 

We then investigated whether or not cPF sera contained DSC1-specific IgG autoantibodies.  

After the successful cloning of canine DSC1 (variant b) (cDSC1), we set up a live-cell IIF, in 

which human kidney epithelial cells were transfected to express cell surface cDSC1, and this 

expression system was used to screen 85 cPF sera.  Out of these 85 cPF sera, 75 (88%) 

contained anti-keratinocyte IgG detectable by IIF on frozen normal canine footpad  (IIFpos 

sera), while 10 (12%) did not (IIFneg sera).  The live cell IIF test revealed that 57 of 75 
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IIFpos (86%) and 7/10 of IIFneg cPF sera (70%), contained detectable anti-DSC1 IgG.  

Remarkably, none of 43 control sera from healthy dogs and dogs with exfoliative bacterial 

skin infections, appeared to contain anti-DSC1 IgG detectable by IIF.  The validity of these 

results was strengthened by the successful immunoabsorption of the cPF autoantibody 

binding to canine footpad using purified human DSC1 (hDSC1) (see chapter 3).  

We then designed experiments to further confirm the presence of anti-DSC1 autoreactivity in 

cPF using an alternative method, immunoprecipitation-immunoblotting [IP-IB]).  Because of 

the insufficient specificity of this technique, likely caused by non-specific antibody-antigen 

binding, we could not use IP-IB to confirm our earlier results (see Chapter 4). 

Nonetheless, the reproducibility of the IIF results, the ability to distinguish healthy and 

bacterial skin infection-affected dogs from those affected with cPF, and the ability to 

markedly reduce or abolish the immunoreactivity by pre-absorption with recombinant 

hDSC1, all support the specificity and validity of the IIF data to establish cDSC1 as a major, 

if not the main, autoantigen in cPF.  

The identification of the major target autoantigen in cPF opens a wide range of possibilities 

for future research and clinical applications.  One of our future goals is to design a DSC1-

specific ELISA that could be offered as a diagnostic test to the veterinary community to 

increase the specificity of diagnosis of cPF.  Undeniably, there is a need for a rapid test that 

could distinguish cPF from its mimickers (other acantholytic diseases such as superficial 

exfoliative pyoderma, superficial pustular dermatophytosis) and to increase the diagnosis 

confidence for practicing veterinarians as well as for specialists.  Furthermore, such test 

would be beneficial to follow autoantibody titers during immunosuppressive therapy, and/or 

to detect recurrence of these antibodies before clinical flares.  To obtain a large amount of 

cDSC1 for ELISA plate coating, we designed plasmids for mammalian and baculovirus 

expressions of cDSC1, and the protein is currently being produced by a biotechnology 

contract company (BlueSky Biotech, Worcester, MA).  Because of the non-specific antibody-

protein interactions observed in the IP-IB studies, it will be essential, but likely challenging, 



118 
 
 

 

 

to critically assess the sensitivity and specificity of any ELISA test prior to using it in a 

clinical setting.   

Another question that remains to be answered is whether or not anti-DSC1 IgG are 

pathogenic, which could be addressed by passive transfer of isolated DSC1-specific IgG 

from dogs with PF into neonatal mice and/or by means of co-incubation of skin explants with 

the isolated DSC1-specific autoantibodies.  Again, a sufficient amount of purified cDSC1 is 

needed to accomplish this type of experiment.  Moreover, if we were to confirm the presence 

of anti-DSC1 IgG in sera from healthy dogs, this set of experiments would uniquely address 

the pathogenic difference between the anti-DSC1 IgG in cPF sera and those possibly 

existing, yet not demonstrated with certainty, in the sera from healthy dogs. 

Last but not least, this new knowledge of the major cPF autoantigen shall allow us to 

investigate DSC1-specific T cell and B cell responses in cPF patients, thereby opening new 

doors to an area of cPF research that has not yet been explored.     
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