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Aim of the thesis 

The overall aim of this thesis was to identify new genes involved in the pro-
cess of autoinflammation in a canine genetic model.  

 
The specific aims were:  

• To characterize the autoinflammatory disease phenotype in Shar-Pei 
• To identify and characterize the mutation(s) underlying autoin-

flammation in Shar-Pei 
• To investigate the relevance of gene (s) identified in dogs and their 

mechanisms in humans with similar pathology 
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Present Investigations 

Paper I: Mapping of two breed-specific features in the 
Shar-Pei dog  
Background and study design 
In an epidemiological survey from 1992, a large proportion (23%) of Shar-
Pei dogs from the US population were reported to suffer from periodic fe-
vers of unexplained origin. Although fever was presented as the cardinal 
sign it was frequently accompanied with swollen joints (53%) and strongly 
associated with renal amyloidosis and premature death (55). In the perspec-
tive of animal health it became evident that there was an urgent need for a 
deeper understanding of these conditions and genetic tools to counsel breed-
ing.  

The authors of the study also recognized the potential of Shar-Pei as a 
natural model for Familiar Mediterranean fever (FMF), which was the best-
described human periodic fever syndrome at the time with clinical manifes-
tations very similar to the symptoms reported in Shar-Pei. Following the 
resemblance with FMF, the autoinflammatory disease in Shar-Pei was 
termed Familial Shar-Pei fever (FSF).  

In 2006, a candidate gene study was set up by Puppo et al (unpublished 
work) in order to screen the genes in Shar-Pei homologues of the gene im-
plicated in FMF (MEFV) as well as the other genes implicated in human 
periodic fever syndromes; TRAPS (TNFRSF1), HIDS (MKV) and CAPS 
(CIAS1/NLRP3). No mutations were identified in the coding regions of any 
of these genes.   

Shar-Pei fever 
The clinical similarity to human AID together with the absence of mutations 
in known AID genes, suggests that Shar-Pei could be a useful animal model 
to explore alterations of new pathways that result in uncontrolled inflamma-
tion. To date, many more AID have been characterized and new genes and 
mutations identified, but still the list of patients without a molecular diagno-
sis is growing (75-80% (52)). When the canine SNP arrays became availa-
ble, the natural approach to map FSF was a case-control genome-wide asso-
ciation study by using samples collected from privately owned pet Shar-Pei 
dogs.  
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In the initial attempt to map FSF, individuals were classified into affected 
(cases, n=50) and unaffected (controls, n=50) by unexplained fever accord-
ing to the owner’s observations and genotyped using an 18K SNP array. 
With the initial classification system, no signals of association were ob-
served. The sample set was evaluated again, this time by using a stricter 
classification criteria based on more information about each dog, including 
medical records. A Shar-Pei was now considered a case if it had experienced 
recurrent fever attacks with an early onset (< 1 year of age) accompanied 
with swollen hocks (arthritis)(cases, n=39). In the healthy control group 
were only individuals older than 5 years, with no signs of persistent inflam-
mation and with no first-degree relatives with unexplained fevers included 
(controls, n=17).  

The wrinkled skin  
In parallel we were interested in mapping the wrinkled skin phenotype by 
using the same dataset. This trait is also associated with health problems in 
Shar-Pei dogs, as the heavy skin folds on the forehead (probably together 
with weakened structure of the eye-lids) put them at risk of developing en-
tropion when the eyelashes roll inwards and damages the cornea. This is 
especially a problem during puppyhood when the wrinkled phenotype is 
more accentuated and an intervention by suturing the skin fold (“eye tack-
ing”) is frequently needed to protect the eyes of the puppies.  

As the wrinkled skin is a breed-specific trait strongly selected for, the ge-
nomic region in which the causative mutation resides is likely to be part of a 
unique selective sweep. Therefore, we scanned the genome for signatures of 
selection and reduced heterozygosity in the Shar-Pei breed by comparing the 
genotypes from the whole genome scan to dogs (n=230) representing 24 
other breeds. Sweep signatures were detected by scanning all genotypes in 
sliding windows of 10 SNPs (≈1 Mb) from which the relative heterozygosity 
was calculated for Shar-Pei and other breeds separately. 

Results and discussion 

Mapping the region 
The strongest signature of a selective sweep encompasses a 3.7 Mb stretch 
on chromosome 13, where Shar-Pei have a 10-fold reduction in heterozy-
gosity compared to the other breeds. The size of the region indicates that a 
favourable genetic variant on chromosome 13 has swept along neighbouring 
loci and thereby changed the allele frequencies. In the case-control analysis, 
for the periodic fever, a genome-wide significant signal was also identified 
on chromosome 13.  

When combining the results from both analyses it was evident that the 
two signals co-located on chromosome 13 and SNPs were interspersed so 
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that they were either a part of the sweep (close to or completely monomor-
phic) or the association signal. Two peaks flanking the sweep region actually 
made up the association signal, and so it was difficult to conclude where the 
strongest signal of association to FSF was really located.  

Within the region of co-locating signals, the gene Hyaluronic Acid Syn-
thase 2 (HAS2) is present, which represents a great candidate gene for the 
skin phenotype, as hyaluronic acid (HA) is a main component of mucin that 
is known to build up the skin folds in Shar-Pei.  

Mutation identification  
In order to find the exact mutations for the two phenotypes, targeted re-
sequencing was performed in traditional and meatmouth type of Shar-Pei as 
well as in three control breeds. As the technology at the time only allowed 
sequencing of 1.5 Mb, the first priority was to capture HAS2 and the closest 
surrounding region. Of all possible polymorphisms identified from the se-
quencing, we further examined the ones located in conserved regions. Only 
two duplications were unique for Shar-Pei, whilst the other polymorphisms 
also occurred in other breeds and consequently were not in concordance with 
the target breed-specific phenotypes.  

In fact, the duplications were first detected by looking at sequence cover-
age. In a 16.1 kb stretch, a 4-5 fold higher coverage was seen for the two 
meatmouth Shar-Pei compared to control dogs and a similar pattern was seen 
in an overlapping 14.8 kb region for the two traditional Shar-Pei. The two 
duplications were named meatmouth and traditional depending on in which 
Shar-Pei type they were identified. Further examination of the duplications 
revealed that the duplications could vary in copy number in different Shar-
Pei individuals.  

Biological relevance 
To estimate how many duplications each individual carry, two different copy 
number assays were designed and the copy number was estimated as the 
relative fold enrichment between an amplicon within the duplication and 
another in a house-keeping gene known to be present as a single copy. 
Again, the breed-specificity was confirmed for both mutations as it did not 
occur in any of the 24 other dog breeds but was present in all Shar-Pei test-
ed. Shar-Pei of the traditional type only carried the traditional duplication 
whilst the meatmouth type dog appeared to have both of the two duplica-
tions.  

To evaluate the functional importance of the duplications, we measured 
the expression of HAS2 in cultured dermal fibroblast of Shar-Pei (n=6). Alt-
hough the number of individuals examined was small, we could see an in-
creased HAS2 expression in Shar-Pei with a higher copy number of the 
meatmouth duplication, suggesting that the mutation harbours a regulatory 
element that controls HAS2 activity.  
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In the last step, the clinical history of all Shar-Pei individuals was added 
to the analysis. The biological significance of the (meatmouth) duplication 
was even clearer in this analysis as a higher copy number is also significant-
ly associated with the risk of experiencing recurrent fever attacks. No such 
correlation was seen between FSF and the traditional duplication.  

We identified one pleiotropic mutation to correlate with two breed-
specific phenotypes in Shar-Pei of which one has been strongly selected for 
(wrinkled skin), while the other has been targeted unintentionally (AID). The 
key molecule for both traits emerged to be hyaluronic acid (HA), a multi-
functional glycosaminoglycan whose specific role is size- and location de-
pendent. High molecular weight (HMW) HA displays a great variety of bio-
logical roles including being a main component of the connective tissue ma-
trix of the skin, involved in cell migration and differentiation and as a lubri-
cator in the synovial fluid. For this reason, a connection between a mutation 
controlling HAS2 expression and the wrinkled skin phenotype in Shar-Pei is 
biologically attractive.  

As the deposition in the Shar-Pei skin, now is linked to a certain mole-
cule, we proposed the terminology hyaluronanosis to replace the more vague 
(cuteanous) mucinosis, inspired also by a similar condition reported in hu-
mans when a child was born with high levels of circulating HA and heavily 
thickened and folded skin (61).  

Hyaluronic acid (HA) and inflammation  
In the inflammatory response, HA plays a dual size-dependent role. HMW-
HA is anti-inflammatory and is recruited to sites of inflammation as an im-
mune suppressor and new building blocks for the healing process. Low mo-
lecular weight HA (LMW-HA) on the contrary is recognized as a danger 
signal (a DAMP) by the key sensors of the innate immunity (PRRs). Frag-
mented HA is a fundamental warning of tissue damage that will induce in-
flammation by two distinct but co-operating routes; (i) by binding to TLR2 
or 4, LMW-HA activates the nuclear factor (NF) κß pathway with an in-
creased expression of IL-1ß mRNA as a result and (ii) by binding to CD44, 
LMW-HA is endocytosed and further degraded by hyaluronidase 2 in the 
cytoplasm into a fragment size recognized by another receptor, NLRP3, that 
will form the multiprotein complex referred to as the inflammasome. The 
inflammasome is responsible for the transformation of pro-IL1ß into the 
mature form that is secreted from the cell (Figure 4).  
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Figure 5. LMW-HA as danger signals induces release of pyrogenic cytokines. 

When triggering inflammation, HA is signalling through two distinct but co-working 
routes. In the first one, HA gets recognized as a danger signal (DAMP) by TLR2, 4 
and activates the NF-κβ pathway and the increased production of pro-IL1β and 18 to 
the cytosol. In the second route, HA binds to CD44, become internalized and further 
degraded by HYAL2. When reaching this fragment size, HA is capable of trigger the 
formation of the inflammasome, which role is to cleave the pro-IL-1β into its active 
forms, which will get released by the cell. Figure kindly provided by Dr J.R.S. 
Meadows who adapted it from http://www.invivogen.com.  

The elevated IL-6 levels reported in Shar-Pei (55) could have followed the 
IL-1 release from these co-operating pathways. IL-6 has been proposed as a 
“marker” of the more fluctuating IL-1 that was not measured in the referred 
study. Many Shar-Pei benefit from treatment with IL-1β inhibitors, which 
further supports IL-1β to be the principal cytokine in Shar-Pei AID. 

The reason why pro-inflammatory HA is circulating in Shar-Pei remains 
unclear. Possibly the large amounts of HMW-HA produced will get frag-
mented through pathogenic HYALs or by reactive oxygen species (ROS) 
(62) released during cellular stress.  

The mutation identified in Shar-Pei fits in very well in the autoinflamma-
tory pathways, although it is located upstream of mutations described earlier 
in humans that result in similar symptoms (such as mutations in NLRP3 
causing CAPS). Here, the actual trigger sensed by the innate immune system 
is altered instead of the key players.  
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Paper II: Introducing SPAID: an autoinflammatory 
disease complex inadvertently under selection              
in Shar-Pei 
Background and study design  
During the process of classifying Familial Shar-Pei fever (FSF) in paper I, it 
became evident that many more signs of persistent inflammation affect the 
breed. We hypothesized that the autoinflammatory disease in Shar-Pei pre-
sents with a much wider clinical spectrum and these additional signs may be 
associated with the same chromosome 13 locus. To increase the phenotypic 
resolution, > 500 additional Shar-Pei were sampled and classified according 
to all detectable signs of recurrent or persistent inflammation.  

The rigorous classification process involved owner completed health 
questionnaires (specially designed for this purpose), medical journals for 
each Shar-Pei and when possible, discourse with the attending veterinarian. 
By dividing all different inflammatory signs into subsets, the aim was to map 
them separately in a case control-design. A higher genomic resolution was 
also expected by using a denser SNP array with170K markers compared to 
the 18K panel used in paper I.  

Rigorous phenotypic classification 
In the health questionnaire, the owner of each Shar-Pei was asked explicitly 
if the dog had experienced fever and/or arthritis and if so, what was the age 
of onset, frequency- and length of episodes, how high was the fever, how 
quickly did the episodes resolve and was the dog treated to break the fever. 
In addition, a declaration of other signs of persistent or recurrent inflamma-
tion was asked for including otitis (ears), dermatitis (skin), Inflammatory 
Bowel Disease (gastrointestinal), vasculitis (blood vessels), lymphangitis 
(lymphatic channels) and amyloidosis (or signs of impoverished kidney 
function). Other less obvious signs of systemic inflammation were addressed 
by asking if the dog had experienced days or periods when it was reluctant to 
move, seemed to have abdominal pain or walked stiffly with a hunched 
back. The medical histories of the closest relatives were also collected, as 
well as information about treatment or abnormal laboratory results (such as 
high proteinuria that could suggest amyloidosis). Other health issues were 
evaluated as well and included; entropion, glaucoma, lens luxation, allergies, 
hypothyroidism, cancer, mast cell disease, heart problems and neurological 
disease.  

As there is no quantitative measure of the wrinkled and thickened skin in 
Shar-Pei, owners were asked to state to which breed type they considered 
their dog belonged (traditional-, bonemouth- or meatmouth type). The pic-
ture shown as Figure 3 of the introduction was used for guidance and in 
addition, the owner was encouraged to attach a photo of their Shar-Pei. 
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Amyloidosis 
We were also puzzled by the strong but inconsistent link between FSF and 
reactive amyloidosis occurring secondary to persistent inflammation in Shar-
Pei. Neither the number nor the strength of FSF events seems to correlate 
with the risk of acquiring amyloid depositions. Also, Shar-Pei with no medi-
cal history of FSF seemed to be predisposed to amyloidosis. We speculated 
that the incidence of amyloidosis could be affected by additional (modify-
ing) loci and therefore no inheritance pattern or straight link to FSF would be 
observed. In order to perform a separate case-control study also for this phe-
notype, we sampled >40 Shar-Pei individuals that were diagnosed post mor-
tem with amyloidosis. A discrete control group was also established with 
Shar-Pei proven free of amyloid depositions using biopsy.  

The outcome of the phenotyping process was five subsets of various in-
flammatory phenotypes in sufficient numbers for case-control analyses and 
three control groups with differently defined criteria. In addition, the two 
extremes of Shar-Pei breed type (heavily and less wrinkled) were considered 
as cases and controls in one analysis.  

Classification with one sign of inflammation was not always exclusive 
and one individual can belong to several case subsets. The sample set finally 
genotyped consisted of 255 Shar-Pei, five-fold more than in paper 1. 

Subsets of Shar-Pei, cases  
• Fever (n=129) 
• Arthritis (n=108) 
• Dermatitis (n=46) 
• Amyloidosis (n=38) 
• Otitis (n=26) 

Subsets of Shar-Pei, controls  
• Strict control group (n=24): Shar-Pei older than 7 years, with 

no signs of inflammation and with no first-degree relatives 
displaying inflammatory signs  

• Relaxed control group (n=36): Shar-Pei older than 4 years 
with no signs of inflammation.  

• Amyloidosis controls (n=14): Shar-Pei with no signs of in-
flammation and biopsy-proven proven free of amyloidosis. 

Subsets of Shar-Pei, breed-types (intermediate types excluded):  
• Bonemouth (n=33): less wrinkled Shar-Pei  
• Meatmouth (n=123): heavily winkled Shar-Pei  
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Results and discussion 
In the first study, the wrinkled skin locus was mapped to a region on chro-
mosome 13 by using selective sweep mapping. A long genomic stretch of 
reduced heterozygosity surrounding HAS2, was identified in Shar-Pei. With 
the new phenotyping and a denser SNP map, we were able to confirm this 
region with the approach of using the two Shar-Pei breed-types, in a case-
control study. By calculating genomic fixation (FST) we could see the peak 
of differentiation was located in this same region, just downstream of HAS2.  

Five signs of inflammation, one genomic region  
All five inflammatory signs were successfully mapped separately to the 

sweep region on chromosome 13 using the same strict control group for each 
subset of cases. The signals of association were based in two regions 
(23.5Mb and 27Mb) flanking the sweep signal. Breed type and dermatitis 
showed a stronger association to the 23.5Mb region while fever, arthritis and 
amyloidosis to 27Mb. The two peaks were not in high LD, but the observa-
tion of significant genomic association at the 23.5 region containing HAS2 
suggests that this locus is still involved in fever, arthritis and amyloidosis, 
either directly or by hitchhiking. 

When scrutinize the genome-wide significant SNPs for all subset we 
found that there was a clear overlap. By using the most associated SNPs for 
the groups, a disease haplotype was defined that occurred in 70 % of all 
Shar-Pei with inflammatory signs. As the range of clinical signs appear to be 
connected, we propose the new terminology for autoinflammation in the 
breed; Shar-Pei autoinflammatory disease (SPAID) including (to date) fever, 
arthritis, dermatitis, otitis as well as a high risk of secondary amyloidosis. 
The dermatitis seen in Shar-Pei is a result of specific dermatological changes 
of blisters and bubbles of HA on the skin surface; we propose the terminolo-
gy vascular hyaluronanosis to describe that type of dermatitis in Shar-Pei. 

All phenotypes except for amyloidosis have two association signals flanking 
the sweep but the most associated SNPs differed slightly. In addition to the 
amyloidosis peak on chromosome 13 (at 27Mb), we identified a new (close 
to significant) signal of association on chromosome 14, by using a stricter 
control group containing only Shar-Pei individuals confirmed to be unaffect-
ed by amyloidosis. The signal constitutes of two peaks with several biologi-
cally attractive genes including IL-6, which is a pyrogenic cytokine known 
to trigger amyloid A, and is reported to be elevated in Shar-Pei with AID. 
This finding probably reflects the inconsistent link between severity of auto-
inflammation and amyloidosis, as it suggests a multifactorial mode for this 
specific condition modified by other genomic loci. A candidate gene expres-
sion study of 16 genes within the chromosome 14 peak as well as HAS2, was 
performed in kidney tissue from Shar-Pei affected and unaffected by amy-
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loidosis. Four genes, previously known to influence renal health and in-
flammation, showed significantly higher renal expression in SharPei affected 
by amyloidosis.  

Although HAS2 overexpression must to be considered as a strong risk fac-
tor, other genes located in the larger region on chromosome 13 are likely to 
contribute to the complexity of SPAID. We speculate that the whole chro-
mosomal region is hitchhiking with the selected locus although different 
haplotypes might give rise to various combinations of inflammatory signs. In 
addition, the new association signal for amyloidosis on chromosome 14 to-
gether with a higher expression pattern in affected Shar-Pei in this region 
might reveal important modifiers for the severe outcome of autoinflamma-
tion that amyloidosis represent.   

Paper III: Investigating the role of HA in human AID 

Background and study design 
From our studies of SPAID in the canine model, the key molecule emerged 
to be hyaluronic acid (HA). In Shar-Pei, the gene HAS2 is overexpressed in 
dermal fibroblasts (and perhaps more cell-types) and HA is accumulating in 
the upper dermis of the skin. Through drainage to the circulatory system, the 
overproduction of HA can also be detected in sera from Shar-Pei dogs and 
therefore represent a useful marker for pathological changes in HA metabo-
lism. 

Also in human inflammatory disorders circulating HA has been reported 
to be elevated (63-68). In addition, a reduced average size of HA has been 
observed in synovial fluid of both rheumatoid- and osteoarthritis (69), and 
the underlying mechanism was suggested to be the increased expression of 
the HA fragmentation enzyme, hyaluronidase 2 (70). Together with our find-
ings in canine SPAID, this suggests LMW-HA to initiate or foster sterile 
inflammation.   

In this study, serum HA was used as a biomarker to investigate its potential 
involvement in human AID. Given that the biological role of HA is size-
dependent, we aimed to estimate the presence of circulating high and low 
molecular weight HA by using two different Enzyme-Linked Immuno-
sorbent Assays (ELISAs). The assays are based on different methodologies, 
one is a so called competitive and the other a non-competitive (“sandwich”) 
ELISA. With the competitive method also LWM-HA (from 6.4kDa and up-
wards) is reported whereas with the non-competitive ELISA, the smallest 
HA molecules are not captured (reports HA from 27kDa and upwards)(71). 
We hypothesized that subjects with normal serum HA levels measured by 
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the less size-sensitive assay, might report high levels with the LMW-HA 
sensitive assay if LMW-HA occurs predominantly.    

Subjects representing various types of AID were included in the study, 
some with a molecular diagnosis (a causative mutation identified) and others 
for which the diagnosis was only based on clinical features and where the 
underlying genetics is still unknown. In this study Familial Mediterranean 
fever (FMF), TNF receptor associated periodic syndrome (TRAPS) and cry-
opyrin associated periodic syndrome (CAPS), hyper IgD syndrome (HIDS) 
belonged to the cohort of genetically explained AID. The second cohort of 
AID with unknown etiology included adult onset Still’s disease (AOSD), 
systemic juvenile idiopathic arthritis (sJIA), gout, ankylosing spondylitits 
with unidentified AID and amyloidosis (AS/UAID). As the groups of AOSD 
and sJIA were more extensive regarding size as well as clinical data, these 
were in focus of this study.  

AOSD and sJIA 
AOSD is a systemic inflammatory disorder of unknown genetic origin pre-
sented with long lasting arthritis (>6 weeks) and spiking fevers. Patients with 
AOSD can present with one single episode, recurrent episodes or a chronic 
inflammatory reaction (72). The systemic nature is manifested by multiple 
accompanying symptoms such as skin rash, myalgia, pharyngitis, lymphade-
nopathy, hepatosplenomegaly, pleuritis, pneumonitis, pericarditis, and hepa-
tomegaly (73, 74). A high level of ferritin has been reported in AOSD pa-
tients and is used as a diagnostic tool together with a panel of clinical fea-
tures (75, 76). High ferritin is a marker of macrophage activation (77), which 
in turn is triggered by LMW-HA (78). The activity of AOSD can be assessed 
by a score system (a modified Pouchot’s score) counting twelve commonly 
seen symptoms including high ferritin (79, 80).  

Systemic onset juvenile arthritis (sJIA) in principle shows with the same 
clinical signs in patients younger than sixteen years old. No underlying mu-
tations have been connected to AOSD or sJIA, although associations to the 
HLA complex implied AOSD to be of an autoimmune nature (81, 82). How-
ever, recent studies have suggested the two diseases to rather belong to the 
group of AID as the disease is mediated by IL-1β, patients response well to 
anti-IL-1-therapy and many of the clinical features resembles several others 
in group of AID (83, 84).   

Results and discussion 
HA levels were higher in the cohort of subjects with genetically unexplained 
disease compared to those with a known mutation. The difference was sig-
nificant when HA was reported with the less size-sensitive assay (reporting 
HA 27kDa and upwards).  
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The disease groups within the two cohorts were dissected separately and 
the proportion of subjects with elevated HA reported by the different assays 
was compared. It was evident that the proportion of subjects with high HA 
detected by the LMW-HA sensitive assay was larger in seven out of the nine 
disease groups, compared to when reported by the less size-sensitive assay. 
This might suggest that the larger proportion of HA in these subjects are of 
the pro-inflammatory size, capable of initiating or foster inflammation.  

In both AOSD and sJIA, elevated HA (reported by the LMW-HA sensi-
tive assay) was correlated with the activity (acute/in remission) and severity 
of disease (number of accompanying symptoms in AOSD and the number of 
joints affected by arthritis in sJIA). The correlation between high HA and 
polyarthritis has been described before (67) although it is interesting that we 
only detect the correlation by using the assay capturing also LMW-HA. In 
AOSD, no correlation to high HA has been associated to severity in terms of 
number of symptoms prior to this study. HA was also correlated with high 
ferritin, the major laboratory marker for AOSD (see above). This chain of 
events form a potential mechanism whereby HA might trigger disease in 
AOSD.  
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General discussion and future perspectives 

In paper I, a novel CNV was identified in Shar-Pei by using the combined 
approaches of selective sweep mapping and a case-control study. The study 
design turned out successful which is logical considering the proposed 
mechanism of disease alleles that hitchhike with selected variants. In Shar-
Pei, both the selected variant and the disease causing mutation appear to be 
one pleiotropic genetic factor. The CNV identified in Shar-Pei adds to the 
list of structural variants that has been identified in regulatory regions of 
domestic animals (15, 20, 85). Interestingly, CNVs found in the human ge-
nome is often neutral whereas in domestic animals many appear to have 
large effect on phenotypic variation.  

We also show that an increased copy number of the CNV is associated 
with a higher HAS2 expression. Moreover, the absolute link between in-
creased mRNA and an amplified HA production in skin of Shar-Pei has been 
established by others (86). The role of HA overproduction and its link to 
inflammation in the canine model, needs to be further characterized. HA has 
an extremely fast turnover rate following the constant process of synthesis 
(by HAS genes) and degradation (by HYALs or environmental insults).  The 
balance between the health promoting HMW-HA and pro-inflammatory 
LMW-HA must be altered in Shar-Pei prior to flares of inflammation. It 
could be that HA is produced in a periodic nature as well: builds up over 
time and reaches a level when the size ratios shift due to an imbalance of 
fragmentation and the clearance process of small HA fragments. This would 
create an extracellular environment where LMW-HA dominates. When the 
level of small HA fragments finally is reduced the asymptomatic period 
starts. Another possible scenario is that HA synthesis and/or fragmentation is 
triggered by one or several external factors. For example, treatment with 
corticosteroids is known to reduce the “wrinkledness” of a Shar-Pei tempo-
rarily (especially the padded muzzle shrinks). This is the outcome of cortico-
steroids shutting down HAS2 expression (87) and should also result in an 
environment with a skewed ratio of low and high MW-HA.  Although it is 
difficult to evaluate stress in the canine model, it appears as if many Shar-Pei 
dogs experience some sort of trauma (infection, wound etc.) or stressful 
change in their life in connection to the first flare of inflammation. In the 
case of a trauma, a damaged ECM as well as microbial infection secreting 
pathological HYALs, and the relation to small HA fragments is straightfor-
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ward. In the case of stress, other hormones naturally released during stress 
could perhaps also alter HA metabolism similar to corticosteroids.  

A regulatory element appears to be located within the duplicated se-
quence. Functional studies in terms of enhancer assays are in process in or-
der to evaluate the action of the duplication on HAS2 expression. The CNV 
could also be in LD with the causative mutation and represent a risk haplo-
type rather than the actual mutation. The excess of HA in Shar-Pei skin is 
creating the “wrinkledness” which is the trademark of the breed and has 
been the target of artificial selection. This phenotype shows a great variation 
from the smooth (traditional type) to slightly wrinkled (bonemouth type) to 
individuals with a heavily thickened and folded skin and padded muzzle 
(meatmouth type). Interestingly, we detected two overlapping duplications, 
of which we could only connect the one found exclusively in the meatmouth 
type, to disease risk and HAS2 expression. Of the true traditional Shar-Pei 
individuals in our sample set, none have the duplication associated to disease 
and HAS2 expression and they also did not show any signs of AID.  

In paper II, the genetic origin of the wide spectrum of inflammatory signs in 
Shar-Pei was addressed in separate case-control studies. Although, all in-
flammatory signs could be mapped separately to the same chromosomal 
region surrounding the selective sweep, the location of the most associated 
SNPs appeared to be different among the phenotypic groups. Given the 
strong correlation between higher copy number and each inflammatory sign, 
the over expression of HAS2 must be considered the major risk factor of 
SPAID. However, a deeper dissection of the whole region by large-scale 
sequencing is necessary to identify (or rule out) other possible mutations that 
might work in concert with the HAS2 regulatory CNV. The pattern indeed 
appears more complicated although different combinations of contributing 
risk factors is attractive in order to explain the complexity of SPAID. 

In the case of amyloidosis, the persistent inflammation (signal at chromo-
some 13) is a plausible and realistic strong genetic risk factor. However, the 
variation in incidence of amyloidosis could be explained by additional loci 
(chromosome 14) that might influence each individual’s capacity to resolve 
inflammation. Sequencing and gene expression studies are ongoing in order 
to better understand the role of the chromosome 14 locus in amyloidosis. 
Shar-Pei dogs are reported to have a unique pattern of amyloid depositions 
predominantly (or equally) in the kidney medulla compared to other breeds 
where amyloid is only seen in the kidney cortex. In the kidney medulla, HA 
is normally abundant and determine the renal ability to concentrate urine 
(88, 89). The up-regulation of HA might have a role also in these specific 
extracellular depositions and thereby affect the amyloidosis incidence.  
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Throughout all case-control studies, the most significant results have been 
achieved by using the strictest classifications. This is especially true for 
healthy controls, where the rigorous classification resulted in exclusion of 
the majority of individuals that were classified as healthy by their owners. 
Phenotyping errors like this reflect one downside of working with pet dogs 
as a disease model and much effort must be placed into characterization of 
disease for each individual to define inclusion and exclusion criteria for the 
disease phenotype. Ideally, depending of careful clinical diagnosis per-
formed by veterinarians.  

Three new terms have been introduced through the work behind this thesis. 
Firstly, SPAID to describe the wide spectrum of persistent inflammatory 
signs seen in Shar-Pei. All signs included in SPAID (so far) must be consid-
ered as autoinflammatory as they are correlated with a molecule (HA) that 
function as a danger signal (a DAMP) that triggers the inflammatory re-
sponse. In addition, SPAID resembles human AID that also presents with 
multiple inflammatory signs. Many Shar-Pei with SPAID are also experience 
therapeutic benefit from IL-1β inhibitors, which suggests a cytokine-driven 
inflammation and a dysregulation of the innate immune response. The se-
cond term is hyaluronanosis to describe the breed-specific skin phenotype 
that earlier was termed (cuteanous) mucinosis.  We propose hyaluronanosis 
to be more accurate considering the knowledge of increased HA in Shar-Pei 
achieved by us and other research groups (86, 90, 91). The third new term is 
vesicular hyaluronanosis to be used in order to describe the specific derma-
tological changes observed in Shar-Pei. These changes originates in islets or 
“bubbles” of HA on the skin surface that easily ruptures and cause inflam-
mation and secondary infections. In paper 2, this condition is expressed 
simply as dermatitis in the phenotypic outcome.  

In paper III, the knowledge regarding the role of HA in canine AID was 
translated into human disease. The correlation between increased HA and 
some inflammatory diseases has been described earlier but here we suggest 
the signal to predominantly constitute the pro-inflammatory molecular size 
of HA. All correlations detected between clinical signs and high HA (in 
AOSD and sJIA) were detected exclusively by using the LMW-HA sensitive 
assay. Although we cannot prove HA to initiate or fostering the inflammato-
ry response, it is interesting that a potential mediator of inflammation is in-
creased in the circulatory system of human subjects with AID. In order to 
prove that the circulating HA detected is actually capable of initiating in-
flammation, further experiments is required such as treating macrophages 
with serum to determine whether pro-inflammatory cytokines are released. 
HA levels were also significantly higher in subjects suffering from AID of 
an unknown etiology compared to those with genetically explained disease. 
The vast majority of all AID subjects have no molecular diagnosis and the 



 41 

underlying genetics is completely unknown. Pathological changes in HA 
correspond well with the picture of what is already known about AID. In 
Shar-Pei, the genetic cause is located upstream of mutations previously rec-
ognized to alter inflammasome function and IL-1 release. All genes involved 
in HA metabolism are in the process to being sequenced in larger cohorts of 
various human AID. By using Shar-Pei as a model for human AID, we have 
hopefully extended the perspective of pathways involved in autoinflamma-
tion that might benefit both Shar-Pei dogs and humans suffering from AID.  
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Populärvetenskaplig sammanfattning 

En av de stora utmaningarna inom medicinsk genetik är att finna de gener 
och genetiska förändringar (mutationer) som ger ökad risk för ärftliga sjuk-
domar. När kunskap finns om den exakta mutationen och hur den förändrar 
kroppens funktioner, kan bättre metoder för diagnostik, effektivare behand-
lingar och mediciner tas fram. När man identifierat den gen (eller de gener) 
som orsakar en sjukdom så säger man att sjukdomen kartläggs och det görs 
genom att använda olika molekylärgenetiska metoder och ofta lämpliga 
sjukdomsmodeller. Domesticerade djur har visat sig vara särskilt lämpade 
för att finna samband mellan det vi ser (fenotyp), t.ex. en sjukdom, och den 
genetiska bakgrunden (genotyp) för densamma. Genom att favorisera vissa 
egenskaper hos domesticerade djur (t.ex. mjölkproduktion hos kor eller päls-
färg hos en hund) så har vi adderat en artificiell selektion då vi människor 
väljer ut individer för avel. Detta leder till att mutationer som påverkar feno-
typiska egenskaper anrikats hos domesticerade djur samtidigt som den gene-
tiska variationen minskat eftersom endast ett fåtal individer bidrar till gen-
poolen i nästa generation. Kombinationen av en hög frekvens av ”synliga” 
mutationer och en låg genetisk variation inom raser av domesticerade djur, 
gör dem till utmärkta genetiska modeller för att förstå sambandet mellan en 
fenotyp och de bakomliggande genetiska faktorerna. I genetiska studier är 
detta mycket fördelaktiga eftersom genetisk variation utgör ett ”bakgrunds-
brus” som gör det svårare att hitta biologiskt viktiga signaler. 

Hundens roll i jakten på sjukdomsgener 
Tamhunden är det domesticerade däggdjur som står för mest fenotypisk va-
riation. Fler än 400 olika hundraser representerar idag den enorma diversitet 
av egenskaper vi ser hos hundar, både gällande utseende och beteende. Ofta 
har man dragit fördel av, och avlat vidare på, en ny genetisk variant som 
uppstått spontant (en mutation) som korta ben hos tax eller kort skalle hos 
boxer. Med tiden har dessa egenskaper fixerats och blivit själva varumärket 
för en ras. Begreppet hundras är relativt nytt då de allra flesta har bildats de 
senaste 100-200 åren. Innan dess fanns olika typer av hundar men det var 
först när stamböcker och rasstandarder introducerades som aveln blev strikt 
begränsad till individer inom samma ras. Oftast har en ny ras grundlagts av 
ett fåtal individer som representerat en egenskap som vi människor velat 
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bevara. Detta har lett till en mycket begränsad ursprunglig genpool och i 
kombination med strikta avelsregler, som satts upp av rasklubbar för att be-
vara de rastypiska egenskaperna, har det resulterat i att alla individer inom 
en ras genetiskt (och fenotypiskt) är lika varandra.  

Hundar drabbas liksom vi av olika typer av cancer, hjärt- och kärlsjuk-
domar, allergier, autoimmuna sjukdomar och neurologiska sjukdomar. Dock 
i högre frekvens än oss och olika sjukdomar är koncentrerade till en eller 
flera raser. Sjukdomsframkallande mutationer försvinner oftast ur en popu-
lation p.g.a. naturlig selektion. Hos hundar stämmer inte alltid detta då vissa 
sjukdomsalstrande mutationer har ansamlats hos vissa hundraser. Samman-
taget gör detta hunden till en utomordentlig genetisk modell för sjukdomar 
hos människa. Kunskapen om vilka genetiska varianter som orsakar sjukdom 
hos hund hjälper inte bara oss människor utan kan förbättra också hundars 
hälsa genom. Genom att utveckla genetiska test kan hunduppfödare vägledas 
i avelsarbetet för att undvika anlagsbärare och minska sjukdomsfrekvensen i 
den drabbade rasen.  

Ett överbeskyddande immunförsvar  
I de forskningsstudier som presenteras i den här avhandlingen står den kine-
siska Shar-Pei hunden i fokus. Denna ras är mest känd för sin unikt rynkiga 
hud som är just den egenskap som avlats på och har således blivit rastypisk. 
Unikt också för Shar-Pei rasen är att många hundar drabbas av oförklarliga 
attacker av inflammation och feber. Liknade symtom på ”spontan” in-
flammation förekommer hos människa och kallas för autoinflammatoriska 
sjukdomar. Hos både människa och hund uppträder korta attacker av feber 
och symptom på inflammation av leder (artriter), hudutslag och muskelvärk.  

Immunförsvaret har i uppgift att skydda oss mot infektion av mikroorgan-
ismer (som parasiter, bakterier och virus) och vår första försvarslinje utgörs 
av det så kallade medfödda immunförsvaret. Denna del av alla komplexa 
försvarsmekanismer, utgörs av celler som ständigt patrullerar vår kropp för 
att upptäcka tecken på invasion. När ett sådant tecken uppfattas så försöker 
cellerna först elimineras hotet direkt. Om det inte lyckas sätts fler processer 
igång såsom inflammation, feber och aktivering av fler immunologiska cel-
ler som kan hjälpa till i bekämpningen. Det medfödda immunförvaret har 
också hushållningsuppgifter i kroppen som att reparera vävnadsskada och 
städa bort döda celler.  

Hos en person med en autoinflammatorisk sjukdom fungerar inte denna 
livsviktiga mekanism tillräckligt precist och immunförsvaret överreagerar på 
stimuli som inte utgör ett egentligt hot. En allvarlig konsekvens av autoin-
flammation är ett sjukdomstillstånd som kallas amyloidos, vilket är ett resul-
tat av att immunmolekyler ansamlats i kroppens vävnader och orsakar or-
gansvikt. De genetiska mekanismer som ligger bakom autoinflammation hos 
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människa är okända i en majoritet av alla sjukdomsfall. Syftet med denna 
avhandling var att utnyttja ett spontant förekommande sjukdomstillstånd hos 
Shar-Pei hundar som sjukdomsmodell för att identifiera nya genetiska fak-
torer som resulterar i spontan inflammation också hos människor.    

Nya forskningsresultat  
I den första studien som presenteras i avhandlingen identifierades den mutat-
ion som orsakar autoinflammation hos Shar-Pei hundar. Genen som föränd-
rats producerar en molekyl som kallas hyaluronsyra och mutationen är starkt 
kopplad till att abnorma mängder av hyaluronsyra bildas hos Shar-Pei. Mu-
tationen som hittades förklarar inte bara en egenskap i rasen, utan två - både 
autoinflammation och den rastypiska rynkigheten.  

Hyaluronsyra har många funktioner i kroppen däribland som ett naturligt 
”utfyllnadsmaterial” i huden, vilket förklarar kopplingen till rynkigheten hos 
Shar-Pei hundar. Men hyaluronsyra har också en roll i det medfödda immun-
försvaret. När molekylen sönderdelas i mindre delar så påminner den im-
munförsvaret om en vävnadsskada och en inflammationsrespons aktiveras 
för att åtgärda skadan. Hos en Shar-Pei hund som har onormalt stora mänger 
hyaluronsyra skickas denna signal om vävnadsskada till immunförvarets 
celler utan att en egentlig skada har uppstått. Inflammationen sägs uppstå 
”spontant” och benämns därför som autoinflammation. Genom att avla på 
den rynkiga huden hos Shar-Pei så har oavsiktligt även risken för autoin-
flammation anrikats i rasen.  

I avhandlingens andra studie kunde fler symtom på inflammation med 
samma genetiska ursprung kopplas till sjukdomsbilden hos Shar-Pei och en 
ny terminologi för sjukdomen introducerades; SPAID =Shar-Pei Autoin-
flammatory Disease. Till diagnosen SPAID hör nu attacker av feber, in-
flammation av leder (artrit), öron (otit) och hud (dermatit) samt ökad risk för 
att drabbas av amyloidos och organsvikt. I en separat genetisk studie kunde 
vi finna ytterligare gener som kan vara inblandade i risken att även drabbas 
av amyloidos. Eftersom risken för amyloidos är något oförutsägbar och inte 
verkar kopplad till antalet inflammationsattacker, så är det troligt att ytterli-
gare gener styr just detta sjukdomsförlopp.  

I den tredje och sista studien översattes den nya kunskapen från forskningen 
om SPAID till människa. Koncentrationen av hyaluronsyra mättes i serum 
från människor med autoinflammatoriska sjukdomar för att få ett mått på 
eventuella förändringar i metabolismen av hyaluronsyra. Genom att jämföra 
de patienter vars sjukdom redan blivit genetiskt förklarad med sjukdomsfall 
där den genetiska faktorn var okänd, kunde en signifikant skillnad upptäckas 
mellan grupperna. Patienter vars sjukdom var genetiskt ”okänd” hade en 
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högre koncentration av hyaluronsyra än de som redan är genetiskt ”känd”. 
Detta indikerar att förändringar i metabolismen av hyaluronsyra kan ligga 
bakom några av de oförklarade fallen av autoinflammation hos människa.  
Högre halter av hyaluronsyra uppmättes också i patienter med ett akut sjuk-
domstillstånd och var korrelerat med hur allvarlig sjukdomen var.  

Sammanfattningsvis har forskningen rörande Shar-Pei hundarnas rynkiga 
hud och dess immunmedierade symptom, identifierat ytterligare an gen och 
en biologisk signalväg för autoinflammation. Den genetiska förändringen 
ligger bakom såväl den rastypiska rynkiga huden och autoinflammation. 
Därför att selektion för rynkig hud oavsiktligt anrikat även risken att drabbas 
av autoinflammation, vilket förklarar varför sjukdomen är så vanlig i rasen. 
Initiala studier indikerar att samma signalväg som innefattar metabolismen 
av hyaluronsyra mycket väl kan vara relevant för att klargöra hittills oför-
klarliga fall av autoinflammation som förekommer hos människor med lik-
nande sjukdomstillstånd. 
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