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Abstract
Exocrine pancreatic insufficiency (EPI) is a disease wherein pancreatic acinar cells fail to
synthesize and secrete sufficient amounts of digestive enzymes for normal digestion of food. EPI
affects many dog breeds, with a dramatically higher prevalence in the German shepherd dog
(GSD) population. In this breed and perhaps others, EPI most often results from degeneration of
the acinar cells of the pancreas, a hereditary disorder termed pancreatic acinar atrophy (PAA).
Evidence of lymphocytic infiltration indicates that PAA is an autoimmune disease, but the genetic
etiology remains unclear. Data from global gene expression and single nucleotide polymorphism
profiles in the GSD suggest the involvement of the major histocompatibility complex [MHC; dog
leukocyte antigen (DLA)]. To determine if alleles of the MHC influence development of EPI,
genotyping of polymorphic class I (DLA-88) and II loci (DLA-DRB1, DLA-DQA1, and DLA-
DQB1) was carried out for 70 affected and 63 control GSDs, and four-locus haplotypes were
determined. One haplotype containing a novel allele of DLA-88 is very highly associated with EPI
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(OR>17; P=0.000125), while two haplotypes were found to confer protection from EPI
(P=0.00087 and 0.0115). Described herein is the genotyping of MHC class I and II loci in a GSD
cohort, establishment of four-locus haplotypes, and association of alleles/haplotypes with EPI.
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Introduction
Exocrine pancreatic insufficiency (EPI) is the condition resulting from failure of the acinar
cells of the pancreas to synthesize and secrete sufficient amounts of digestive enzymes into
the duodenum for digestion of food. Weight loss, increased appetite, and diarrhea are
common manifestations of EPI, but are not evident until approximately 90 % of the exocrine
pancreatic functional reserve has been lost (Dimagno et al. 1973). The primary treatment of
patients with EPI is supplementation with pancreatic enzymes. The most common cause of
EPI in dogs is idiopathic pancreatic acinar atrophy (PAA), a complex disease wherein
pancreatic acinar cells are selectively and progressively degraded (Westermarck and Wiberg
2003).

Definitive diagnosis of PAA requires histological examination of the pancreas. During the
initial stage of PAA, pancreatic tissues have been shown to display lymphocytic infiltration,
dilation of the rough endoplasmic reticulum, fusion of zymogen granules, swollen
mitochondria, and pyknotic nuclei (Westermarck et al. 1993). Pancreatic biopsy specimens
from dogs with end-stage PAA show atrophy, scattering, and disorganization of acinar cells
(Rogers et al. 1983; Westermarck et al. 1993). Because a definitive diagnosis of PAA as a
cause of EPI requires the collection of a biopsy of the pancreas, which is invasive,
veterinarians and owners most often elect to clinically screen for EPI through measurement
of canine trypsin-like immunoreactivity (cTLI) concentration in serum.

EPI has been reported in many breeds, but approximately 60 % of all cases occur in German
shepherd dogs (GSDs; German 2012). Although previous inheritance analyses suggested an
autosomal recessive mode of inheritance, a test breeding of two affected GSDs failed to
produce an entirely affected litter, contradicting predicted Mendelian ratios and suggesting a
more complex mode of inheritance (Moeller et al. 2002; Westermarck et al. 2010). Classical
linkage studies using multigenerational families of GSDs segregating EPI did not detect
significant linkage with microsatellite markers across 39 canine chromosomes (Clark et al.
2005).

Recently, a canine oligonucleotide array was used to generate single nucleotide
polymorphism (SNP) profiles for a genome-wide association study using unrelated dogs
(100 GSDs affected with EPI and 79 control GSDs) (Tsai et al. 2012). The data revealed
associations on chromosomes 7 and 12 that were supported by multiple SNPs (Tsai et al.
2012). Among the associated SNPs on chromosome 12 were several proximal to the dog
leukocyte antigen (DLA) locus, which is part of the canine major histocompatibility
complex (MHC). Specifically, an allele of a SNP located approximately 100 kb upstream of
the DLA region was found in 22 % of EPI cases but only 1.3 % of controls. A survey of
global pancreatic RNA transcript levels in two PAA-affected and three healthy dogs also
implicated the MHC (Clark et al. 2005). Among the 244 genes that showed differential
expression was DLA-88, which was upregulated 4.6-fold in affected tissues.
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The canine MHC is a superlocus comprised of genes and gene families central to immune
recognition and regulation. In dogs, two classes of genes analogous to the human leukocyte
antigen complex have been characterized: class I and class II, each containing four complete
genes (Wagner et al. 1999). Class I and II genes produce cell surface glycoproteins that bind
self and non-self antigens for presentation to T cells (Wagner et al. 1999). DLA-88, a highly
polymorphic member of class I, is responsible for peptide antigen presentation to CD8+ T
cells. DLA-DRB1, DLA-DQA1, and DLA-DQB1 are the most polymorphic class II loci and
interact with peptide ligands of CD4+ T cells.

Class I loci in the dog are not well studied and, to date, alleles of DLA-88 have not been
associated with disease. Conversely, much attention has been given to alleles of the
polymorphic class II genes and multiple associations with autoimmune diseases have been
reported (Catchpole et al. 2008; Dyggve et al. 2011; Greer et al. 2010; Hughes et al. 2010;
Kennedy et al. 2006a, b; Ollier et al. 2001; Wilbe et al. 2010). Our association and
expression data suggesting the involvement of the MHC, taken together with histological
evidence for an autoimmune component of PAA, compelled us to investigate DLA genes as
a risk factor for EPI. Four polymorphic loci of DLA classes I and II were genotyped in
affected and healthy dogs and haplotypes were evaluated for an association with disease
status.

Materials and methods
Sample collection

Whole blood and fasting serum samples were collected in accordance with protocols
approved by the Clinical Research Review Committee (CRRC No. 07–04) at Texas A&M
University and the Clemson University Institutional Review Board (IBC2008-17). Serum
samples were submitted to the Gastrointestinal Laboratory at Texas A&M University for
measurement of serum cTLI concentration to verify the clinical status of each dog. cTLI
concentrations ≤2.5 µg/L were considered diagnostic for EPI; dogs having cTLI
concentrations ≥5.7 µg/L were considered normal. Control dogs were ≥6 years of age and to
the owners’ knowledge had no immediate family members that were diagnosed with EPI.
Tissue samples were not available to differentiate EPI due to PAA from those due to other
causes. Whole-genome SNP data available from previous studies were used for analysis of
population stratification, as described in Tsai et al. (2012).

Genomic DNA was isolated using the Gentra Puregene Blood Kit (Qiagen, Valencia, CA,
USA). DNA concentration was quantified using a NanoDrop spectrophotometer (Fisher
Scientific, Pittsburgh, PA), and samples were adjusted to a concentration of 50 ng/µl.

DLA-88 genotyping
DLA-88 typing was accomplished by modification of a method previously described
(Venkataraman et al. 2007). The locus specific primers used for polymerase chain reaction
(PCR) were DLA88F: 5′-GCGGCGACGGCCAG TGTCCCCGGAG-3′ and DLA88R17 5′-
CCCTAGTG GAGGCGAGATCGGGGAG-3′. Amplification reactions (typically 30 µl)
contained 100 ng of genomic DNA, 200 nM each of the primers and 200 µM each of dNTPs.
Velocity DNA polymerase (0.5 µl) was used with the 5× GC buffer provided by the
manufacturer (Bioline, Tauton, MA). All reactions were run in a Biorad C1000 Cycler (Bio-
Rad, Hercules, CA) using the following amplification conditions: 96 °C for 2 min; 30 cycles
of 96 °C for 30 s, 65 °C for 15 s, and 72 °C for 60 s; and 68 °C for 5 min. Alternatively, the
products were amplified using the same primers and conditions but with 2× Immomix or
MyTaq HSRed mix (both from Bioline). PCR products analyzed by electrophoresis on a 1 %
agarose gel produced a sharp band of about 1.1 kb.
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Purified products were directly sequenced with a set of three to six primers, and the
combinations of alleles were resolved using an in-house custom built software (developed
by Dr. D.E. Geraghty, Fred Hutchinson Cancer Research Center). The primers used for
sequencing were DLA88F, DLA88R17, DLA88I1F: 5′-CCCGGGCATCTCCCCCTG-3′,
DLA88I2F: 5′-GAACCCGCGGGAACTCCCGGGAGG-3′, and DLA88I2R: 5′-
GTGACGCCCGGACCCGGACCCTC-3′. The intron–exon boundaries were identified by
alignment with DLA-88 genomic sequence (Burnett et al. 1997). The derived amino acid
sequence of the new allele was aligned with closely related known alleles and the reference
allele DLA88*001:01.

DLA-DRB1, DLA-DQA1, and DLA-DQB1 genotyping
Primers used to amplify the polymorphic regions of DLA-DRB1, DLA-DQA1, and DLA-
DQB1 were previously described (Kennedy et al. 2006b). PCR was performed using 50 ng
of DNA in a 25-µl reaction containing 2× Reddy Mix Master Mix (1.5 mM MgCl2)
(AbGene, Rochester, NY), 0.4 µM of each primer, and sterile water. Thermal cycling
parameters were previously described (Kennedy et al. 2006b). Products were run on a 1.5 %
agarose gel for visual confirmation of product and size. Purified products were directly
sequenced.

Assignment of genotypes was based on the sequence similarity of samples with published
nucleotide sequences for DLA alleles (Robinson et al. 2013). Allele assignment was
confirmed using SBTengine (GenDX, The Netherlands). Haplotype assignment for all GSDs
was performed as described in Kennedy et al. (2006b).

Establishing four-locus haplotypes
Three-locus haplotypes were extended through the incorporation of DLA-88 alleles using
the principles established by Kennedy et al. (2006b). Specifically, DLA-88 alleles were first
assigned to haplotypes in individuals that were homozygous at all four loci. Alleles that
were never observed in homozygosity were assigned to haplotypes by a process of
elimination in heterozygotes having one copy of an established four-locus haplotype. This
method was also used to create a five-locus haplotype using data for SNP 12.3781476 from
the Affymetrix v2 canine SNP array. SNP genotypes were available for 94 affected and 76
control dogs.

Statistical methods
Affected and control dogs were assessed for the presence or absence of each haplotype and
the number of individuals in each group was determined. Statistical analyses were
completed using VassarStats (Web Site for Statistical Computation, Vassar College,
Poughkeepsie, NY). Two-way contingency tables were used to calculate two-tailed Fisher’s
exact probability statistic, 95 % confidence intervals, and odds ratios (OR) for association of
each allele and haplotype with disease status.

Results
Cohort

Samples from a total of 175 GSDs were collected from the USA and Canada: 97 EPI-
affected dogs (cases) and 78 healthy dogs (controls). Average age of the control GSDs at
time of collection was 9 years. There was no significant difference in sex distribution
between cases and controls (P=0.354). Whole-genome SNP data were available from 169 of
the 175 GSDs included in our cohort. Principal component analysis did not show any
evidence of population stratification (data not shown).
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Analysis of class I locus (DLA-88)
Genotypes for DLA-88 were determined for 133 GSDs, comprised of 70 EPI-affected and
63 controls. Ten alleles of DLA-88 were identified in this cohort (Table 1). One allele could
not be amplified and was termed “unknown.” A novel allele was identified and designated
DLA-88*045:02 (GenBank accession JX871398) by the curator of the canine
immunopolymorphism–MHC database (LJK). Allele DLA-88*045:02 differs from the
closest known allele, DLA-88*045:01 (Hardt et al. 2006), at two nucleotide positions (Fig.
1). These changes predict two amino acid substitutions within the alpha 1 domain: leucine
for valine at position 34, and asparagine for aspartic acid at position 37.

The most frequently observed allele was DLA-88*002:01, followed by DLA-88*004:02 and
DLA-88*006:01. The remaining alleles had frequencies of ≤7 %. Only allele
DLA-88*045:02 was significantly more prevalent among EPI cases, while alleles
DLA-88*004:02 and DLA-88*006:01 were significantly associated with controls (Table 1).

Analysis of class II three-locus haplotypes (DLA-DRB1, DLA-DQA1, DLA-DQB1)
Genotypes for class II loci were generated for the aforementioned 133 dogs, and an
additional 27 EPI-affected and 15 control GSDs. Among all 175 GSDs, there were 12 DLA-
DRB1, 8 DLA-DQA1, and 11 DLA-DQB1 alleles (Online resource 1). Fifteen three-locus
haplotypes were assigned (Table 2). The most common haplotypes were 1 (42.9%), 2
(27.4%), and 3 (8.9%). The 12 remaining haplotypes occurred at frequencies of ≤6 %.
Haplotypes 1 and 4 were more prevalent in cases, while 2 and 3 were found more often
among the controls.

Analysis of four-locus haplotypes (DLA-88, DLA-DRB1, DLA-DQA1, DLA-DQB1)
Fourteen four-locus haplotypes were detected in 133 dogs (Table 3), with ten confirmed in
multiple dogs. In the remaining four unique haplotypes, each was paired with an established
haplotype confirmed through homozygosity. Two haplotypes (1 and 2) could be subdivided
based on DLA-88, although there was clearly one main haplotype for each (1a, 2a). Three
haplotypes (13, 14, 15) were not tested for DLA-88 or could not be assigned a DLA-88
allele.

No significant difference was observed in overall levels of homozygosity between cases and
controls (Table 4). Haplotype 4 was highly associated with EPI (OR=17.276, P=0.000125,
CI=2.264–131.824). While 14 affected dogs possessed haplotype 4 (2 homozygous, 12
heterozygous), it was only present in a single control dog. Three of the four alleles
(DLA-88*45:02, DLA-DRB1*012:01, and DLA-DQB1*013:03+017:01) are unique to this
haplotype. When analyzed in the larger cohort of 175 dogs, the association with alleles
DLA-DRB1*012:01 and DLA-DQB1*013:03+017:01 persisted (P=0.000130; Online
resource 1). Haplo-type 1a had a slight association with EPI and was also the most common
haplotype identified among cases and controls.

Haplotypes 2a and 3 were significantly more prevalent in the control population.
Approximately 14 % of control dogs were homozygous for haplotype 2a, whereas
homozygosity was not observed in affected dogs (P=0.00087). The only control dog with
haplotype 4 also carried haplotype 3.

Significant associations with other haplotypes were not detected. Allele T of SNP
12.3781476 (CanFam2) is highly associated with EPI in this cohort (P=1.75×10−5). When
expanded to a five-locus haplotype, the T allele is in phase with haplotype 4 and is also
found with at least two additional haplotypes, although phase could not be determined.
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Discussion
Morphologic and immunologic findings in PAA-affected GSDs are consistent with an
autoimmune disease, as are inheritance studies that suggest the involvement of multiple
genes (Clark and Cox 2012; Westermarck and Wiberg 2012). Linkage and expression
studies have suggested that the canine MHC harbors a genetic determinant for PAA
susceptibility, but prior to this report, DLA haplotypes had not been examined as a risk
factor. We evaluated polymorphic class I and II loci in a large cohort of unrelated GSDs and
identified multiple alleles associated with disease status, including a highly correlated risk
haplotype. This is also the first report to extend DLA haplotypes to a class I locus and
identify an association with DLA-88.

Class I locus (DLA-88)
Genotyping of DLA-88 alleles requires alternative amplification methods and cloning and is
more arduous than determining class II alleles (Venkataraman et al. 2007). As a
consequence, 44 DLA-88 alleles were initially identified in 1998, but little research has
focused on the locus since that time (Graumann et al. 1998; Hardt et al. 2006; Ross et al.
2012; Venkataraman et al. 2007; Wagner et al. 2000). In this study, a total of ten DLA-88
alleles were identified in 133 GSDs, including one novel allele and one “unknown” allele.
The observed heterozygosity (66 %) and presence of a predominant allele (47 %) in the
GSD were consistent with findings from a 2012 survey of DLA-88 alleles in the golden
retriever and boxer breeds (Ross et al. 2012). Together, alleles DLA-88*002:01 and
DLA-88*004:01 account for 73 % of alleles in the GSD. This is in contrast to the boxer, in
which neither allele was identified and to the golden retriever, in which only a low
frequency of DLA-88*002:01 was observed (Ross et al. 2012).

The gene product of the novel allele, DLA-88*045:02, differs in two amino acid positions
from the gene product of its most similar allele, 88*045:01. The substitutions are outside the
hyper-variable peptide-binding region but within the adjacent alpha-1 domain. Without
additional studies, it is unclear what effect, if any, the substitutions may have on protein
function. 88*045:02 was a minor allele among our GSDs, accounting for only 6.8 % of
alleles, but there was a strong bias towards affected dogs. This highly significant association
marks the first identification of a class I risk allele in the dog.

Class II haplotypes (DLA-DRB1, DLA-DQA1, DLA-DQB1)
Of the 15 class II haplotypes identified herein, 12, 13, and 14 were found in single animals
only and have not been previously reported in the GSD (Jokinen et al. 2011; Kennedy et al.
2007, 2008). Haplotype 4 was associated with an increased risk of EPI. It is rare among
GSDs, accounting for only 5.3 % of haplotypes in the UK (Kennedy et al. 2008) and 2.7 %
of haplotypes in Finland (Jokinen et al. 2011). In this study, the overall haplotype frequency
was 6 % but is likely higher than would be expected in the general US and Canadian
populations because of its association with EPI. This haplotype (4: DLA-DRB1*012:01/
DQA1*004:01/DQB1*013:03+017:01) carries two copies of DLA-DQB1: DLA-
DQB1*013:03 and DLA-DQB1*017:01 (referred to as DQB1*013:03+017:01). First
described in 2007, this combination of duplicated DLA-DQB1 alleles is found only on DLA
class II haplotype 4 and is present in at least 15 breeds (Kennedy et al. 2007). Among these
are collies, which are reported to have an increased prevalence of EPI (German 2012). A
less significant association was identified with a haplotype common to GSDs (1: DLA-
DRB1*011:01/DQA1*002:01/DQB1*013:02) indicating that it may also be a risk factor for
EPI.
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Two class II haplotypes (2 and 3) were identified in more controls than cases, suggesting
that they are protective for EPI. Haplotype 2 (DLA-DRB1*015:01/DQA1*006:0 1/
DQB1*003:01) is one of the most prevalent haplotypes identified in the GSD (Jokinen et al.
2011; Kennedy et al. 2007, 2008). The other, haplotype 3 (DLA-DRB1*00 1:02/
DQA1*001:01/DQB1*002:01), is common in some GSD populations but occurs at lower
frequencies in others (Jokinen et al. 2011; Kennedy et al. 2007, 2008).

Class II haplotypes have been examined in studies of two other autoimmune disorders of the
GSD: chronic superficial keratitis (CSK) and anal furunculosis (AF). Jokinen et al. (2011)
identified haplotype 2 as a risk factor for CSK, particularly when homozygous (P=0.017) in
a cohort of 55 Finnish GSDs. None of the GSDs in our North American cohort were
reported to have CSK. Although it is the second most common haplotype in our study,
homozygosity was only observed in 13 dogs. Haplotype 5 (DLA-DRB1*001:01/
DQA1*001:01/DQB1*002:01) was associated with AF in a study of over 300 GSDs
(Kennedy et al. 2008). The haplotype was present in only 14 dogs in our study; all were
heterozygous. None of the four dogs having AF in our cohort possessed this risk haplotype.

Four-locus haplotypes
We established 14 four-locus class I and II haplotypes. The most common DLA-88 alleles,
DLA-88*002:01 and DLA-88*004:02, were identified with multiple class II haplotypes,
reflecting recombination between DLA-88 and DLA-DRB1, located approximately 1.2 Mb
apart. Fewer dogs were used to generate class I genotypes than class II genotypes; therefore,
three class II haplotypes (13, 14, and 15) were unable to be expanded to a four-locus
haplotype.

The DLA-88 allele in phase with the three-locus haplotype 7 (DLA-DRB1*015:02/
DQA1*006:01/DQB1*023:01) could not be determined and was reported herein as
“unknown.” Eight dogs were heterozygous for this class II haplotype, yet were homozygous
for several different DLA-88 alleles. The homozygous DLA-88 allele corresponded to the
second class II haplotype present in each dog. Subsequent reevaluation of the DLA-88
sequencing data confirmed that a second allele was not identifiable. While these findings
could support multiple four-locus haplotypes, it is probable that only one four-locus
haplotype is present (haplotype 7). Attempts to sequence the unknown allele have so far
been unsuccessful. Alternative methods will need to be established to determine the class I
sequence on this haplotype.

Haplotype 4 (DLA-88*045:02/DRB1*012:01/DQA1 *004:01/DQB1*013:03+017:01) is
very highly correlated with EPI. The observed OR of >17 is one of the highest reported to
date in the dog. Only two dogs were homozygous for this haplotype and both were affected.
Thirteen of 14 dogs heterozygous for the haplotype were also affected.

Kennedy et al. (2007) reported a frequency of 12.9 % for DLA class II haplotype 4 in 31 UK
golden retrievers, a breed that is underrepresented among EPI cases (Batchelor et al. 2007).
Interestingly, a recent examination of DLA-88 alleles in 47 US golden retrievers did not
identify the 88*045:02 allele (Ross et al. 2012). This finding may indicate that the DLA
class II haplotype 4 is present on multiple four-locus haplotypes or reflect different allele
frequencies between golden retriever populations (UK vs US).

Haplotype 1a (DLA-88*002:01/DRB1*011:01/DQA1 *002:01/DQB1*013:02) was
associated with a small increase in risk of disease (OR<2). This finding could be a
consequence of the high frequency (44 %) of the haplotype among all GSDs and the
increased prevalence of protective haplotypes in the control population.
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Haplotype 3 was overrepresented among control dogs. None of the 12 affected dogs
heterozygous for the strong risk haplotype (4) possessed this protective haplotype. The only
control dog with risk haplotype 4 was heterozygous for haplotype 3, indicating that the
effect of this protective haplotype may outweigh the effect of the risk haplotype.

Homozygosity for haplotype 2a (DLA-88*004:02/DRB1 *015:01/DQA1*006:01/
DQB1*003:01) was also protective. Homozygosity was only observed in the control
population, while heterozygosity was found at equal frequencies between cases and controls,
38.6 and 38.1 %, respectively. Three affected dogs were heterozygous for haplotypes 2a and
4, suggesting that haplotype 2a is not dominant to the risk haplotypes.

Allele T of SNP 12.3781476 was found with risk haplotype 4, along with other haplotypes
present only in affected dogs. In total, the allele was found in 23.4 % of 94 EPI cases,
whereas haplotype 4 accounted for only 20 % of 70 EPI cases. The greater correlation of the
SNP with disease status suggests that the association detected with the class I and II alleles
may be secondary to linkage disequilibrium with a gene farther upstream. While we present
substantial evidence for an association of MHC alleles with EPI, further refinement of the
locus on CFA 12 is warranted.

Conclusions
In summary, we have identified DLA class I and II alleles and haplotypes that influence the
development of PAA in the GSD. GWAS data presented by Tsai et al. (2012) indicated that
loci on multiple chromosomes are associated with EPI. The risk haplotype identified herein
explains only a subset of the EPI cases in the study, providing further evidence for locus
heterogeneity. The presence of dominant protective haplotypes may have hindered the
identification of additional risk factors in the GWAS by increasing the incidence of risk
alleles among the control dogs. For the identification of other genetic factors, future studies
will focus on a subset of dogs that possess no known risk or protective DLA haplotypes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Nucleotide and deduced amino acid sequences are shown for exon 2 of the new class I allele
DLA-88*045:02 aligned with the closest known allele, DLA-88*045:01, and the reference
al-lele, DLA-88*001:01. Dots indicate identity with the reference allele. Two nucleotide
substitutions in allele 88*045:02 are shown in bold. Hypervariable region (HVR) I is shown
in bold in the amino acid sequence. There are no changes between DLA-88*045:01 and
DLA-88*045:02 in the intron 2 and exon 3 regions. The complete sequence for exon 2,
intron 2, and exon 3 has been deposited in GenBank (Accession JX871398)
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