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Abstract

Mucopolysaccharidosis I is a lysosomal storage disorder characterized by deficient alpha-L-

iduronidase activity, leading to abnormal accumulation of glycosaminoglycans in cells and tissues. 
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Synovial joint disease is prevalent and significantly reduces patient quality of life. There is a 

critical need for improved understanding of joint disease pathophysiology in MPS I, including 

specific biomarkers to predict and monitor joint disease progression, and response to treatment. 

The objective of this study was to leverage the naturally-occurring MPS I canine model and 

undertake an unbiased proteomic screen to identify systemic biomarkers predictive of local joint 

disease in MPS I. Synovial fluid and serum samples were collected from MPS I and healthy 

dogs at 12 months-of-age, and protein abundance characterized using liquid chromatography 

tandem mass spectrometry. Stifle joints were evaluated postmortem using magnetic resonance 

imaging (MRI) and histology. Proteomics identified 40 proteins for which abundance was 

significantly correlated between serum and synovial fluid, including markers of inflammatory joint 

disease and lysosomal dysfunction. Elevated expression of three biomarker candidates, matrix 

metalloproteinase 19, inter-alpha-trypsin inhibitor heavy-chain 3 and alpha-1-microglobulin, was 

confirmed in MPS I cartilage, and serum abundance of these molecules was found to correlate 

with MRI and histological degenerative grades. The candidate biomarkers identified have the 

potential to improve patient care by facilitating minimally-invasive, specific assessment of joint 

disease progression and response to therapeutic intervention.
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Introduction

The mucopolysaccharidoses (MPS) are a family of inherited lysosomal storage disorders 

characterized by deficiencies in enzymes that degrade glycosaminoglycans (GAGs) [1]. 

These GAGs accumulate in cells and tissues resulting in progressive, multi-organ disease 

manifestations. There are 11 distinct types of MPS, each characterized by a unique enzyme 

deficiency resulting from a mutation in the associated gene [1]. The types of GAGs that 

accumulate also vary between MPS types, resulting in a spectrum of clinical manifestations. 

The incidence in the United States across all subtypes is estimated to be approximately 1 

in 100,000 births [2]. While multiple organ systems are affected, skeletal manifestations are 

present in all MPS subtypes with varying degrees of severity [3]. Referred to collectively 

as dysostosis multiplex, these manifestations may include spinal deformity, short stature and 

synovial joint abnormalities [4–7]. Skeletal manifestations range from very mild to severe 

and in some cases require surgical correction [8, 9].

MPS I, also called Hurler Syndrome, or Hurler-Scheie or Scheie in its attenuated forms, 

is characterized by deficient α-L-iduronidase (IDUA) activity, leading to progressive 

accumulation of poorly degraded heparan and dermatan sulfate GAGs in multiple cell and 

tissue types [10]. Joint abnormalities in MPS I patients are prevalent, and patients experience 

significantly decreased quality of life due to pain and mobility impairment. Reported 

characteristics of joint disease include stiffness and limited range of motion, thought to 

result from abnormalities in the ligaments, joint capsules, and underlying epiphyseal bone 

[11, 12]. Almost all joints are involved, with the earliest presentation in shoulders, hands 

and knees [11, 12]. Patients report pain and difficulty completing daily activities, and 
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symptoms in undiagnosed patients may be mistaken for inflammatory rheumatic disorders 

[12]. Relatively little is known about the molecular pathophysiology of joint disease in 

MPS. Common characteristics across several disease subtypes, including MPS I, VI and 

VII, include inflammation-mediated articular cartilage destruction, impaired epiphyseal 

bone formation, and arthritic-like joint changes, all of which occur downstream of GAG 

accumulation [13–15].

Current clinical treatments for MPS I patients include enzyme replacement therapy (ERT) 

and hematopoietic stem cell transplantation; however, while these treatments effectively 

increase patient lifespan, they often fail to prevent progression of skeletal disease [16, 17]. 

Emerging therapeutic strategies such as gene therapy hold significant promise; however, 

sensitive and specific biomarkers for assessing the response of joint disease in clinical 

trials are lacking. Biomarkers are also essential for effective early diagnosis and monitoring 

of joint disease progression in MPS I patients. Application of gold standard radiological 

assessments, such as magnetic resonance imaging (MRI), is often challenging in MPS I 

patients due to their young age and cognitive impairment, and may necessitate potentially 

risky general anesthesia [18]. Protein biomarkers that can be measured systemically, for 

example in serum, plasma, urine or saliva, are a promising alternative. A handful of 

studies have used unbiased screening techniques to identify biomarkers of MPS more 

broadly, focusing on a limited number of subtypes [19–22]. There have also been more 

targeted studies that have sought to leverage the reported role of inflammation in MPS joint 

disease [13, 23]. For example, a recent study established correlations between inflammatory 

molecules present in plasma and urine, and degree of joint dysfunction in MPS patients 

[23]. To our knowledge, there have been no studies that have employed unbiased screening 

to identify molecular biomarkers specific for synovial joint disease in any MPS subtype. 

The naturally-occurring canine model of MPS I mimics the progressive synovial joint 

changes and decline in mobility that occur in human patients, and represents a powerful, 

clinically-relevant model for biomarker discovery and validation. The objective of this study 

was to leverage this model and undertake an unbiased proteomic screen to identify systemic 

molecular biomarker candidates predictive of local synovial joint disease in MPS I dogs.

Materials and Methods

Animals and Sample Collection

All animal work was conducted with approval from the University of Pennsylvania 

Institutional Animal Care and Use Committee. For this study, we used the naturally-

occurring MPS I canine model. There were two study groups: MPS I-affected dogs (n=6; 3 

males and 3 females) and healthy controls (n=5; 2 males and 3 females). MPS I dogs have a 

homozygous donor splice site mutation in intron 1 of the IDUA gene [24] and are considered 

to align most closely with the intermediate severity Hurler-Scheie phenotype found in 

human patients, based primarily on observed pathological manifestations in the central 

nervous system, skeleton and corneas [25, 26]. MPS I-affected animals were identified 

at birth by DNA mutation analysis. Control animals were heterozygous (phenotypically 

normal) littermates of MPS I dogs. Animals were raised and housed at the University of 

Pennsylvania School of Veterinary Medicine under NIH and USDA guidelines for the care 
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and use of animals in research. Animals were housed in kennel runs in groups of 2 or 3, with 

a light cycle of 12 hours per day and an ambient temperature of 21°C, with food and water 

provided ad libitum.

Physical examinations were performed monthly by a veterinarian (MLC), and included 

general clinical evaluations as well as specific assessments of mobility, gait, joint swelling 

and muscle tone. At 12 months-of-age, all animals were euthanized via an overdose of 

sodium pentobarbital consistent with the recommendations of the American Veterinary 

Medical Association. This terminal timepoint was selected as MPS I dogs typically manifest 

clear ambulatory deficits between 8 and 12 months-of-age. Prior to euthanasia, blood 

was collected from the cephalic vein, let sit for 30 min at room temperature until blood 

clots formed, then spun for 10 min in a refrigerated centrifuged at 3000 RCF for serum 

separation. Immediately following euthanasia, the right stifle (knee) joint was opened and 

synovial fluid (approximately 200 μl) was aspirated using an 18-gauge needle. Both serum 

and synovial fluid samples were then aliquoted, snap frozen in liquid nitrogen, and stored at 

−80°. The left stifle joint was collected, sealed in plastic and stored at −20°C for subsequent 

MRI and histological evaluation.

Proteomics

The detailed proteomics methodology is provided as supplementary information. Serum and 

synovial fluid samples were prepared for liquid chromatography tandem mass spectrometry 

(LC/MS/MS) analysis by solubilization, reduction, and alkylation followed by digestion 

with trypsin. The desalted samples were randomized and injected onto a Thermo QEHF 

mass spectrometer and collected using data independent acquisition. Spectronaut (version 

15) [27] was employed for protein identification and quantification, using the reference 

Canus Lupus Familiaris proteome from Uniprot. Perseus (1.6.14.0) [28] was employed 

for data processing and statistical analysis using the MS2 intensity values generated by 

Spectronaut. The data were log2 transformed and normalized by subtracting the median for 

each sample. Statistical analysis of acquired data was performed as described below. The 

proteins that were exclusively detected in one experimental group were also reported for 

further bioinformatics analysis. Gene ontology (GO) and Kyoto Encyclopedia of Genes and 

Genomes (KEGG) pathway enrichment analyses were performed for both synovial fluid and 

serum results.

Magnetic Resonance Imaging

Left stifle joints were thawed at 4°C overnight and brought to room temperature, and imaged 

with musculature and skin intact using a 3T MR scanner (Magnetom Trio with TIM system; 

Siemens Healthcare, Malvern, PA, USA) and a 4-channel small flex coil, with the joint 

at an anatomical angle of 135° [29]. Three sequences were acquired: T2-weighted with 

fat suppression (TR/TE = 8050/77 ms); proton density-weighted (PD; TR/TE = 3900/40 

ms); and T1-weighted volumetric interpolated breath-hold examination with water excitation 

(T1-VIBE; TR/TE = 10.4/4.9 ms). The slice thickness was 1.5 mm and field of view 

140 mm for all sequences, and images were acquired in both the sagittal and dorsal 

(coronal) planes. For semi-quantitative assessment of joint pathology, a grading scheme 

was adapted using elements of both the Knee Osteoarthritis Scoring System (KOSS) and 
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MRI Osteoarthritis Knee Score (MOAKS) schemes [30, 31], inclusive of the following 

features: effusion synovitis (fluid effusions anterior/cranial to the joint), Baker’s cysts (fluid 

effusions posterior/caudal to the joint), meniscal degeneration, meniscal extrusion, patellar 

displacement, fat pad synovitis, bone marrow edema, cartilage defects and subchondral 

cysts. Each feature was graded from 0 (absent) to 3 (severe) by three independent, blinded 

assessors. Overall grade was calculated as the sum of individual grades. Scores from 

individual reviewers were averaged prior to statistics.

Immunohistochemical Validation of Local Expression in Articular Cartilage

Following MRI, the distal femur was isolated from the left stifle joint, fixed in 

10% neutral buffered formalin for 1 week and completely decalcified in formic acid/

ethylenediaminetetraacetic acid (Formical 2000; Statlab, Louisville, USA). A 3 mm-thick 

mid-sagittal slice was then cut from the medial femoral condyle and processed into 

paraffin. Protein expression levels of three candidate biomarkers identified from the 

proteomic screen (matrix metalloproteinase 19 (MMP19), alpha-1-microglobulin (A1M) 

and inter-alpha-trypsin inhibitor heavy chain 3 (ITIH3)) in cartilage were examined using 

immunohistochemistry. Sections of healthy canine lung were used as a positive control for 

MMP19, while liver was used as a positive control for both A1M and ITIH3. Primary 

antibodies were purchased from Abcam (Cambridge, United Kingdom; catalog numbers 

ab53146, ab47980 and ab197188 for MMP19, A1M and ITIH3, respectively). Antigen 

retrieval was carried out on rehydrated sections using a heat mediated technique in a 

bath of Tris-EDTA pH 8.0 buffer for 15 minutes at 95°C. Sections were treated with 3% 

hydrogen peroxide followed by Background Buster (Innovex Biosciences; Richmond, USA), 

and then incubated with each primary antibody (1:200 for all) overnight at 4°C. Antibody 

staining was visualized using the Vectastain Elite ABC-Peroxidase Kit (Vector Laboratories; 

Burlingame, USA) and diaminobenzidine chromogen (Thermo Fisher Scientific; Waltham, 

USA). Finally, sections were counter stained with hematoxylin QS (Vector Laboratories) and 

cover-slipped with aqueous mounting medium (Agilent; Santa Clara, USA). For analysis, all 

slides were imaged under bright field light microscopy (Eclipse 90i; Nikon; Tokyo, Japan). 

For quantitative assessment of cell immunopositivity, three randomly selected regions of 

interest per section at 10X magnification and spanning the full cartilage thickness were 

analyzed. For each region, the number of immunopositive cells was counted and normalized 

as a percentage of the total number of cells present. Only cells with a nucleus were counted 

(i.e. empty lacunae were excluded). Cell counting for each region was performed by three 

individuals who were blinded to the study groups, averaged and taken as a single biological 

replicate for statistical comparisons.

Histological Grading of Articular Cartilage Condition

Histological sections 7 μm thick were double-stained with safranin O and fast green, 

and imaged under bright field light microscopy. Semi-quantitative grading of cartilage 

condition was performed using an adaptation of the OARSI guidelines for canine 

osteoarthritis by three independent and blinded assessors [32]. The following parameters 

were determined: cartilage structure (surface undulations/fissures), proteoglycan loss, and 

chondrocyte pathology (cell enlargement, increased cell numbers and/or increased cell 

clustering). Each section was divided into thirds across the width of the condyle, and 
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graded for local (1/3) multifocal (2/3) or global (3/3) pathology in each category, with scores 

ranging from 0 for completely healthy to 12 for severely degenerate [32]. Overall grade 

(sum of individual parameters) was also calculated. The scores from individual reviewers 

were averaged prior to statistics.

Statistical Analyses

For proteomics data, Perseus software was used to establish statistically-significant fold 

changes in protein abundance in MPS I vs control samples. Student’s t-tests were employed 

to identify differentially abundant proteins using adjusted p values < 0.05 as the significance 

threshold. For proteins that were significantly different (MPS I vs control) for both serum 

and synovial fluid, correlations between the abundance (normalized log2 intensity) of each 

protein in serum and the same protein in synovial fluid were assessed using Pearson’s tests. 

Normality of data distribution was confirmed using Shapiro-Wilk tests. Where data were 

normally distributed, significant differences in cartilage cell immunopositivity, histological 

grading parameters, and joint MRI grading parameters between control and MPS I were 

established using unpaired t-tests, and data presented as mean ± standard deviation. Where 

data were not normally distributed, Mann-Whitney tests were used, and data presented as 

median and interquartile range. Correlations between abundance (normalized log2 intensity) 

of selected biomarker candidates in both synovial fluid and serum, and overall cartilage and 

MRI grades were determined using Spearman’s rank order tests. P < 0.05 was considered 

statistically significant for all tests.

Results

Clinical Findings

All animals reached the study end point of 12 months-of-age without any adverse events. 

Animals received comprehensive weekly physical examinations, which included clinical 

assessments of joint function and ambulatory ability. Throughout the duration of the study, 

no abnormalities were noted in control dogs. General clinical signs of disease in MPS 

I animals included corneal clouding that was mild progressing to moderate throughout 

the study, prominent third eyelids, erythematous conjunctivae, prognathism inferior, and 

thickened skin under the chin. All MPS I animals had reducible umbilical hernias, and 5 

of 6 animals developed systolic heart murmurs between 5 and 8 months of age ranging 

in severity from I/VI to II/VI. With respect to skeletal disease manifestations, all MPS I 

animals were ambulatory throughout the study period; however, all had hyperextended carpi, 

stifles, and tarsi and widely splayed digits. Five of the 6 MPS I animals developed mild to 

moderate joint effusion between 2 and 7 months of age. The joints were neither painful nor 

warm to the touch.

Proteomics

For both synovial fluid and serum, principal component analyses (Figure 1A) demonstrated 

clustering of control and MPS I samples, confirming significant effects of disease state on 

relative protein abundance in both sample types. In synovial fluid, a total of 810 unique 

proteins were identified, of which 149 exhibited significantly different abundance in MPS 

I versus control (Figures 1B and C). Of these proteins, 101 were significantly upregulated 
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(Supplemental Table 1), and 48 were significantly downregulated (Supplemental Table 2). In 

serum, a total of 410 unique proteins were identified, of which 150 exhibited significantly 

different abundance in MPS I vs control (Figures 1B and C). Of these proteins, 85 were 

significantly upregulated (Supplemental Table 3), and 65 were significantly downregulated 

(Supplemental Table 4). The top 10 upregulated and down regulated proteins in both 

sample types are shown in Figures 2A–D. In synovial fluid, the top upregulated protein 

was transmembrane glycoprotein NMB (GPNMB, log2 fold change 6.32 in MPS I versus 

control, p<0.001). In serum the top upregulated protein was c-reactive protein (CRP, log2 

fold change 2.89 in MPS I versus control, p=0.003). To identify candidate circulating 

biomarkers predictive of local synovial joint disease, we examined correlations between 

molecules with significantly differential abundance in both synovial fluid and serum. There 

were 50 proteins for which abundance was significantly different for both SF and serum, 

and of those, 40 exhibited a significant correlation in abundance (normalized log2 intensity) 

between synovial fluid and serum across all 11 samples (Table 1). Of these 40 candidate 

biomarkers, 19 were identified as being associated with inflammatory joint disease or 

lysosomal dysfunction based on an examination of prior literature (Figure 2E).

Pathway Analysis

For both synovial fluid and serum, the top GO terms (by number of molecules) were 

biological regulation, extracellular space and protein binding, for biological process, cellular 

component and molecular function, respectively (Figure 3A). Metabolic process was the 

second top biological process term for both sample types. With respect to KEGG analysis, 

the top enriched pathway for synovial fluid was innate immune system (Figure 3B). Other 

notable pathways amongst the top 10 included lysosome, and complement and coagulation 

cascade. For serum, the top enriched pathway was complement and coagulation cascade, 

while complement cascade and regulation of complement cascade were also among the top 

10 pathways. The regulation of insulin-like growth factor (IGF) transport and uptake by 

insulin-like growth factor binding proteins (IGFBPs) pathway was also enriched for both 

sample types.

Immunohistochemical Validation of Local Expression in Articular Cartilage

Three candidate biomarkers identified through proteomic screening were selected for 

validation of local expression in stifle joint articular cartilage: matrix metalloproteinase 

19 (MMP19), inter-alpha-trypsin inhibitor heavy chain 3 (ITIH3) and alpha-1-microglobulin 

(A1M). All three of these molecules exhibited significant upregulation in both synovial fluid 

and serum (Figure 2E), and significant correlation in abundance between synovial fluid and 

serum (Table 1). For ITIH3, the percentage of immunopositive cells was 2.5-fold higher 

in MPS I cartilage compared to control (p=0.004, Figure 4A). For MMP19, percentage of 

immunopositive cells was 2.6-fold higher in MPS I cartilage compared to control (p=0.009, 

Figure 4B). Finally, for A1M, the percentage of immunopositive cells was 2.0-fold higher in 

MPS I cartilage compared to control (p=0.003, Figure 4C).

Magnetic Resonance Imaging

Representative stifle joint MRI images (sagittal and dorsal) for control and MPS I animals 

are shown in Figures 5A and B. Elevated fluid cranial and caudal to the joint was frequently 
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observed in MPS I animals compared to controls. Meniscal intrasubstance degeneration and 

extrusion were occasionally observed, while articular cartilage structure appeared normal 

for most animals. Semi-quantitative grading (Figures 5C–L) revealed significantly worse 

effusion synovitis and overall MRI grade for MPS I animals compared to controls (p=0.015 

and 0.024, respectively), while other individual grading parameters were not significantly 

different. In synovial fluid, A1M, ITIH3 and MMP19 abundance were all significantly 

and positively correlated with overall MRI grade (r=0.712, p=0.017; r=0.823, p=0.003; and 

r=0.777, p=0.007, respectively, Figures 5M–O), while CRP (the top upregulated molecule 

in serum) was not (r=0.400, p=0.222; Figure 5P). In serum, A1M and ITIH3 abundance 

were significantly and positively correlated with overall MRI grade (r=0.796, p=0.005; 

and r=0.713, p=0.017, respectively, Figures 5Q and R), while MMP19 and CRP were not 

(r=0.524, p=0.101; and r=0.574, p=0.085, respectively; Figures 5S and T).

Histological Grading of Articular Cartilage Condition

Representative images of safranin-O and fast green double-stained sections of articular 

cartilage from the medial femoral cartilage of control and MPS I animals are shown 

in Figures 6A and B. Qualitatively, MPS I cartilage appeared moderately degenerated, 

including generalized loss of proteoglycan staining, and cell clustering and enlargement, 

while the surface structure was generally intact. Semi-quantitative grading revealed that 

cartilage from MPS I animals exhibited significantly worse proteoglycan staining and 

overall grade (p=0.004 for both), compared to control cartilage, while chondrocyte 

pathology and cartilage structure were not significantly different (p=0.076 and p=0.992, 

respectively, Figures 6C–F). In synovial fluid, A1M, ITIH3 and MMP19 abundance were 

all significantly and positively correlated with overall cartilage grade (r=0.752, p=0.010; 

r=0.697, p=0.021; and r=0.825, p=0.003, respectively, Figures 6G–I), while CRP was not 

(r=0.424, p=0.195; Figure 6J). Similarly, in serum, A1M, ITIH3 and MMP19 abundance 

were significantly and positively correlated with overall cartilage grade (r=0.843, p=0.002; 

r=0.674, p=0.027; and r=0.820, p=0.003, respectively, Figures 6K–M), while CRP was not 

(r=0.542, p=0.089; Figure 6N).

Discussion

Many patients with MPS exhibit progressive and debilitating synovial joint disease that 

impairs their mobility and capacity for independent living. For reasons still not well 

understood, the severity of joint disease varies markedly both between and within MPS 

subtypes. Molecular biomarkers that detect early pathological changes in the joints of 

MPS patients would represent a powerful tool to be used in their clinical management, 

including assessing early response to therapeutic intervention. As MPS patients may be 

initially misdiagnosed as having other rheumatic disorders, such biomarkers may also serve 

as a first-line diagnostic assay. In this study, we leveraged a clinically relevant canine 

model in combination with unbiased proteomic screening to identify molecules that may 

serve as circulating biomarkers for joint disease in MPS I. By screening donor-matched 

synovial fluid and serum samples, we were able to identify a shortlist of 40 biomarker 

candidate molecules that exhibited high correlation between local and systemic abundance. 
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We confirmed tissue-level expression of three biomarker candidates, the abundance of which 

correlated positively with joint degenerative condition.

MRI and histological findings in this study implicate multiple component joint tissues 

in the etiology of joint disease in MPS I dogs, and the associated pathological changes 

share a number of similarities with more common arthritic diseases. For example, fluid 

effusions are commonly observed in the knees of osteoarthritis patients, are associated with 

inflammation of the synovium (synovitis), and often correlate with painful symptoms [33]. 

In articular cartilage, observed altered cellularity and diminished proteoglycan staining are 

also hallmarks of osteoarthritis, where they are associated with local inflammatory changes 

[34]. Similar findings were recently reported for MPS VII dog articular cartilage at 6 

months-of-age [35]. Inflammation has been previously implicated in the etiology of MPS 

joint disease across several subtypes, including MPS I, in both human patients and animal 

models, and is due in part to activation of the innate immune system by accumulating GAG 

fragments that function as damage-associated molecular pathogens [13, 14, 23, 35–38]. 

Indeed, in the current study, pathway analysis identified the innate immune system as the 

top enriched pathway for MPS I synovial fluid. Previous studies in MPS I mice identified 

cartilage proteoglycan loss, elevated matrix metalloproteinase expression and abnormal 

morphology as characteristics of progressive joint disease [37, 39]. Clinically, elevated 

tumor necrosis factor alpha (TNF-α) was found to be associated with increased pain and 

disability in MPS patients [38]. Interleukin 1-beta (IL-1β) and TNF-α were found to be 

significantly elevated in MPS I patient plasma but not correlate with joint dysfunction, while 

interleukin-6 (IL-6), was found to exhibit a significant association with decreased joint range 

of motion over time [23].

In the current study, we identified a number of molecules upregulated in both MPS I 

synovial fluid and serum that have previously been explored as circulating biomarkers for 

more common arthritic diseases. The top upregulated molecule found in MPS I serum, 

c-reactive protein (CRP), is an acute phase protein secreted by hepatocytes, immune cells 

and other cell types that is used as a systemic marker of inflammation in rheumatoid 

arthritis patients, where serum levels have been shown to correlate with local, tissue-level 

inflammatory changes [40]. CRP as a biomarker of osteoarthritis is less-well established, 

but has been shown to be elevated and associated with pain and loss of physical function 

[41]. Chemerin (RARRES2) is a chemoattractant adipokine implicated in immune and 

metabolic homeostasis [42]. Serum chemerin levels are elevated in rheumatoid arthritis 

patients and correlate with joint swelling [43]. Chemerin is also elevated in the synovial 

fluid, synovium and articular cartilage of knee osteoarthritis patients, and correlates with 

disease severity [44–46]. Taken together, our findings suggest that MPS I joint disease 

pathophysiology shares common elements with both osteoarthritis and rheumatoid arthritis, 

and that repurposing drugs currently prescribed or under development for these diseases 

may be a promising strategy for treating MPS I joint disease. Notably, some inflammatory 

molecules identified in prior studies such as the cytokines IL-6, IL-1β and TNF-α were not 

found in our results. This likely reflects a limitation of our proteomics screen, which due to 

the high dynamic range, meant that molecules present in relatively low abundance may not 

have been detected, even though they may nonetheless be important disease mediators.
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We also confirmed tissue-level expression in MPS I articular cartilage for three molecules, 

MMP19, ITIH3 and A1M, with less-well established roles in arthritic diseases. Serum 

and synovial fluid abundance of these molecules was found to significantly and positively 

correlate with overall joint and/or cartilage degenerative condition assessed using MRI and 

histology, respectively. MMP19 exhibited elevated local expression in MPS I cartilage, and 

while this enzyme has not been extensively studied in the context of joint disease, it is able 

to autoactivate and degrade important extracellular matrix components such as aggrecan and 

cartilage oligomeric matrix protein [47, 48]. MMP19 was previously found to be elevated 

in sera from patients with rheumatoid arthritis and systemic lupus erythematosus [49]. 

The inter-alpha-trypsin inhibitors (ITIs) have important roles in regulating inflammation 

and extracellular matrix stabilization, including binding hyaluronic acid [50]. ITI proteins 

are comprised of a light chain (bikunin, a chondroitin sulfate proteoglycan) and multiple 

heavy chains, such as ITIH3 [51]. There is evidence that the concentration of hyaluronic 

acid-bound ITIs is elevated in the synovial fluid from rheumatoid arthritis patients [52]. 

Interestingly, we found that ITIH3 expression was particularly pronounced in the superficial 

zone of MPS I cartilage, and it has been suggested that ITIs may have a role in the 

protection of the articular surface [53]. A1M is a member of the lipocalin protein family, 

and has a central role in the cleaning of oxidative waste products, macromolecular repair, 

and antioxidation protection [54]. Increased levels of A1M are present in the synovial fluid 

and serum of acute inflammatory arthritis patients [55], and there is evidence that increased 

oxidative stress in MPS contributes to disease progression in multiple tissues, including 

cartilage [56, 57].

The top upregulated molecule in synovial fluid was GPNMB (also called osteoactivin), a 

trans-membrane glycoprotein expressed by numerous cell types including chondrocytes [58, 

59]. GPNMB is positive regulator of osteoblast differentiation [60] and also been linked 

to lysosomal dysfunction [36]. Elevated GPNMB expression has been linked to several 

lysosomal storage disorders, where it has been proposed as a potential biomarker [61–

65]. Previously, we demonstrated elevated mRNA expression of GPNMB in the vertebral 

epiphyseal cartilage of very young MPS VII dogs [66]. In the current study, while GPNMB 

was upregulated in synovial fluid, similar upregulation was not found serum, suggesting it 

may not be a suitable systemic biomarker candidate for joint disease.

For biomarkers to serve as a first-line diagnostic tool in previously undiagnosed 

patients, they would need to be able to effectively distinguish between joint disease 

associated with MPS I versus other rheumatic disorders. Notably, several lysosome-

related molecules including lysosome-associated membrane protein 2 (LAMP2), alpha-

mannosidase (MAN2B1) and prosaposin (PSAP) were found to be upregulated in both MPS 

I synovial fluid and serum, and exhibited significant correlation between local and systemic 

expression. A panel of serum biomarkers that includes both markers of inflammatory 

joint disease and markers of lysosomal dysfunction could potentially represent a molecular 

signature unique to joint disease in MPS I.

In addition to the innate immune system, pathway analysis identified complement cascade-

related pathways as enriched in MPS I in both synovial fluid and serum. The complement 

cascade is a first line of defense in innate immunity, and consists of more than 50 
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circulating and cell-associated proteins [67]. The complement system is important in the 

pathophysiology of osteoarthritis, and complement components are elevated in the synovial 

fluid of patients in the early stages of the disease [67]. Local activation of complement in 

osteoarthritic joints is thought to occur in part due to the release of extracellular matrix 

degradation components and cellular debris from cartilage and synovial membrane [67]. 

Complement activation is also implicated in the pathogenesis of joint disease in rheumatoid 

arthritis patients [68]. Previously, in MPS VII mice, complement activation was shown 

to contribute to the pathogenesis of aortic dilatation [69]. Here, we provide evidence that 

complement activation may contribute to the progression of synovial joint disease in MPS 

I. Drugs that inhibit complement components are approved for treating several autoimmune 

disorder [70], and may represent a possible strategy for treating inflammatory disease in 

MPS I.

Limitations of this study include the afore-mentioned high dynamic range of the proteomic 

screen that may have precluded detection of some low abundance molecules. Tissue level 

validation was only performed for a small number of molecules and only in articular 

cartilage. A relatively small cohort of animals was studied, precluding an analysis of sex-

dependent effects, and the capacity of biomarkers to predict joint disease severity within the 

MPS I cohort alone. Future studies will expand validation studies to additional molecules 

and joint tissues, and establish the potential for biomarkers to predict functional as well as 

structural changes. In conclusion, in this study we leveraged the clinically relevant canine 

model and unbiased proteomic screening to identify a panel of novel candidate biomarkers 

for synovial joint disease in MPS I. These biomarkers have the potential to improve patient 

care by facilitating minimally-invasive, specific assessment of joint disease progression and 

response to therapeutic intervention.
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Highlights

• We identified 40 candidate serum biomarkers of joint disease in MPS I dogs.

• Biomarkers correlated with joint condition assessed using MRI and histology.

• Complement cascade-related pathways were implicated in joint disease 

etiology.

• Biomarkers may enable minimally-invasive assessment of joint disease in 

patients.
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Figure 1. 
Global analysis of proteomic screening of synovial fluid and serum from 12-month-old MPS 

I (n=6) and healthy control (n=5) dogs. A. Principal component analyses; B. Heat maps; 

and C. Volcano plots, showing clustering of samples, and relative up and down regulation of 

proteins as a function of disease state.
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Figure 2. 
Up and down regulation of selected proteins with significantly different abundance in 

MPS I dogs compared to controls. A. Top 10 proteins significantly upregulated and B. 
Downregulated in MPS I synovial fluid. C. Top 10 proteins significantly upregulated and D. 
Downregulated in MPS I serum. E. Selected proteins significantly up or down regulated in 

both MPS I synovial fluid and serum with previously described roles in inflammatory joint 

disease or lysosomal dysfunction. All p<0.05, N = 5–6.
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Figure 3. 
Pathway analysis of proteomic screening results for synovial fluid and serum from 12-

month-old MPS I (n=6) and healthy control (n=5) dogs. A. Gene ontology (GO) analysis. B. 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis.

Zhang et al. Page 20

Mol Genet Metab. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Representative immunostaining and quantification of cells immunopositive for A. ITIH3; B. 
MMP19; and C. A1M in the femoral condylar cartilage of control and MPS I animals at 12 

months-of-age. Scale = 100μm (higher magnification = 30μm); *p<0.05 vs control; N=5–6; 

mean ± SD; unpaired t-test; N = 5–6.
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Figure 5. 
Magnetic resonance imaging (MRI) of stifle joints from 12-month-old control and MPS I 

dogs. A. Representative T2-weighted, mid-sagittal images showing fluid effusions cranial 

(yellow arrow) and caudal (teal arrow) to the joint in an MPS I dog. B. Representative 

proton density-weighted, dorsal plane images showing meniscal intrasubstance degeneration 

(red arrow) in an MPS I dog. C-L. Semi-quantitative MRI grades. *p<0.05 vs control; 

median and interquartile range; Mann-Whitney Test; N = 5–6. M-P. Spearman correlations 

between protein abundance (normalized log2 intensity) in synovial fluid and overall MRI 

grade. Q-T. Spearman correlations between protein abundance (normalized log2 intensity) 

in serum and overall MRI grade.
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Figure 6. 
Histological assessment of femoral condylar cartilage. A. Representative mid-sagittal 

sections of femoral medial condylar cartilage from control and MPS I animals at 12 months-

ofage. Scale = 2 mm; Safranin O/fast green staining. B. Higher magnification views of the 

regions indicated in A. showing cell clustering, enlargement and increased density in MPS 

I cartilage. Scale = 100 μm (inset 30 μm). Quantification of: C. Chondrocyte pathology; 

D. Proteoglycan staining; E. Cartilage structure; and F. Overall cartilage grade. *p<0.05 

vs control; median and interquartile range; Mann-Whitney Test; N = 5–6. G-J. Spearman 

correlations between protein abundance (normalized log2 intensity) in synovial fluid and 

overall cartilage grade. K-N. Spearman correlations between protein abundance (normalized 

log2 intensity) in serum and overall cartilage grade.
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Table 1.

Molecules that exhibited significant correlation in abundance between synovial fluid and serum

Symbol Full Name

Synovial Fluid Serum Pearson Correlation

log2FC log2FC r value p value

A1M Alpha-1-microglobulin 1.36 0.78 0.82 0.002

AMY Alpha-amylase 1.22 1.05 0.85 0.001

ANGPTL 3 Angiopoietin like 3 1.21 0.60 0.82 0.002

AOC3 Amine Oxidase Copper Containing 3 −1.02 −1.36 0.87 0.001

APBB1 Amyloid Beta Precursor Protein Binding Family B Member 1 1.15 0.78 0.80 0.003

APOH Beta-2-glycoprotein 1 0.63 0.38 0.70 0.016

ATRN Attractin 0.73 0.66 0.75 0.008

AZGP1 Alpha-2-glycoprotein 1, zinc-binding 1.14 0.99 0.86 0.001

B2M Beta-2-microglobulin 0.93 1.01 0.69 0.020

C2 Complement C2 0.86 0.53 0.81 0.002

C4A C4a anaphylatoxin 0.97 0.64 0.86 0.001

C9 Complement C9 0.79 0.84 0.73 0.011

CANT1 Calcium Activated Nucleotidase 1 0.83 1.50 0.80 0.003

CD86 CD86 molecule 1.56 1.59 0.72 0.012

CDH1 Cadherin 1-like 2.22 1.75 0.96 <0.001

CPN1 Carboxypeptidase N subunit 1 1.23 0.98 0.86 0.001

CPN2 Carboxypeptidase N subunit 2 1.04 1.00 0.91 <0.001

CREB3L 3 cAMP responsive element binding protein 3 like 3 2.29 2.26 0.87 0.005

CRP C-reactive protein 2.12 2.89 0.90 <0.001

EIF4A2 Eukaryotic Translation Initiation Factor 4A2 −1.16 −1.08 0.77 0.006

GANAB Glucosidase II alpha subunit 0.75 1.97 0.64 0.033

ITIH2 Inter-alpha-trypsin inhibitor heavy chain 2 0.62 0.46 0.75 0.008

ITIH3 Inter-alpha-trypsin inhibitor heavy chain 3 1.99 1.91 0.97 <0.001

LAMP2 Lysosomal Associated Membrane Protein 2 2.37 0.98 0.65 0.029

LBP Lipopolysaccharide-binding protein 1.21 1.14 0.90 <0.001

LRG1 Leucine rich alpha-2-glycoprotein 1 0.80 0.71 0.74 0.009

MAN2B 1 Alpha-mannosidase 1.84 1.67 0.94 <0.001

MGAM Maltase-glucoamylase −0.84 −1.07 0.88 <0.001

MMP19 Matrix metalloproteinase 19 3.35 1.29 0.88 <0.001

ORM1 Orosomucoid 1.47 1.21 0.88 <0.001

PSAP Prosaposin 1.45 1.35 0.94 <0.001

PTPRG Protein-tyrosine-phosphatase Receptor Type G 0.81 0.70 0.77 0.006

QSOX1 Quiescin Sulfhydryl Oxidase 1 1.09 0.96 0.90 <0.001

RARRES 2 Chemerin 1.50 1.23 0.82 0.002

SERPIN A3 SERPIN domain-containing protein 0.71 0.34 0.61 0.045

SERPIN A7 Serpin family A member 7 0.71 1.04 0.94 <0.001
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Symbol Full Name

Synovial Fluid Serum Pearson Correlation

log2FC log2FC r value p value

SPP2 Secreted phosphoprotein 2 1.62 1.23 0.83 0.002

TFRC Transferrin receptor protein 1 −0.74 −0.91 0.84 0.001

URAH 5-hydroxyisourate hydrolase 1.68 1.48 0.98 <0.001

VSIG4 V-set and immunoglobulin domain containing 4 1.76 1.77 0.70 0.017
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