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Abstract

Objectives. To define imaging sub-phenotypes in patients with PsA; determine their association with whole blood

gene expression and identify biological pathways characterizing the sub-phenotypes.

Methods. Fifty-five patients with PsA ready to initiate treatment for active disease were prospectively recruited.

We performed musculoskeletal ultrasound assessment of the extent of inflammation in the following domains: syno-

vitis, peritenonitis, tenosynovitis and enthesitis. Peripheral whole blood was profiled with RNAseq, and gene expres-

sion data were obtained. First, unsupervised cluster analysis was performed to define imaging sub-phenotypes that

reflected the predominant tissue involved. Subsequently, principal component analysis was used to determine the

association between imaging-defined sub-phenotypes and peripheral blood gene expression profile. Pathway en-

richment analysis was performed to identify underlying mechanisms that characterize individual sub-phenotypes.

Results. Cluster analysis revealed three imaging sub-phenotypes: (i) synovitis predominant [n¼31 (56%)]; (ii) enthesitis

predominant [n¼13 (24%)]; (iii) peritenonitis predominant [n¼ 11 (20%)]. The peritenonitis-predominant sub-phenotype

had the most severe clinical joint involvement, whereas the enthesitis-predominant sub-phenotype had the highest tender

entheseal count. Unsupervised clustering of gene expression data identified three sub-phenotypes that partially over-

lapped with the imaging sub-phenotypes suggesting biological and clinical relevance of these sub-phenotypes. We

therefore characterized enriched differential pathways, which included: immune system (innate system, B cells and neu-

trophil degranulation), complement system, platelet activation and coagulation function.

Conclusions. We identified three sub-phenotypes based on the predominant tissue involved in patients with ac-

tive PsA. Distinct biological pathways may underlie these imaging sub-phenotypes seen in PsA, suggesting their

biological and clinical importance.
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Rheumatology key messages

. Cluster analysis defined three imaging sub-phenotypes: synovitis-predominant; enthesitis predominant; and
peritenonitis predominant.

. Imaging clusters partially overlapped with gene expression signatures, reinforcing their biological and clinical
relevance.

. Differential pathways underlying imaging sub-phenotypes included immune system, complement system, platelet
activation and coagulation function.
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Introduction

Clinical, radiological and molecular heterogeneity is a

hallmark of PsA as musculoskeletal inflammation can af-

fect different tissues including the synovial joint, ten-

dons, entheses, bursae and bone [1, 2]. This in turn is

reflected in a variety of clinical and imaging features and

disease courses, which raises the question whether the

extent and the severity of involvement of each tissue is

determined by unique pathogenetic mechanisms or if

there is a common overarching pathogenic cause.

Several lines of evidence support potential variability

in the underlying immunologic pathways that govern the

diverse manifestations of PsA. Prior work has shown a

considerable genetic heterogeneity in the PsA pheno-

type where certain HLA-class I alleles play a role in

determining distinct features of the disease [3–5].

Furthermore, differential expression of circulating protein

mediators of various immune pathways that correlated

with PsA phenotype was reported [6]. Immunologic het-

erogeneity was suggested to underlie differences in re-

sponse to biologic therapies among patients with PsA

[7]. Collectively, these preliminary data support the ex-

istence of genetic/immunologic heterogeneity underlying

the various PsA disease sub-phenotypes.

The inherent inaccuracy of clinical musculoskeletal

examination is one of the major challenges that hampers

the study of PsA sub-phenotypes [2, 8]. This limitation

has prompted the use of imaging modalities, primarily

musculoskeletal ultrasound, to evaluate various manifes-

tations of PsA. Imaging phenotyping could improve the

precision of evaluating the extent of disease process in

relevant target tissues in PsA (e.g. joint, enthesis, ten-

don, peritendon). This approach has been successfully

applied in research of neurologic disorders, where

obtaining tissue from target organs is challenging [9,

10]. However, to date this approach has been only infre-

quently used in PsA.

The objective of this proof-of-concept study was to

define integrative sub-phenotypes in PsA: first, use

imaging that reflects the predominant tissue/structure

involved; second, determine the association between

imaging defined sub-phenotypes and whole blood gene

expression; and third, identify specific biological path-

ways characterizing the sub-phenotypes.

Methods

Setting and patients

Consecutive patients with PsA who were ready to initi-

ate treatment for active peripheral musculoskeletal dis-

ease were prospectively recruited from two academic

clinics in Toronto, Canada. The inclusion criteria were: (i)

a rheumatologist-confirmed diagnosis of PsA and satis-

fying the classification criteria for psoriatic arthritis

(CASPAR) criteria [11]; (ii) active musculoskeletal inflam-

mation in one or more peripheral sites including tendon,

joint or enthesis; and (iii) intent to initiate systemic

treatment to manage active PsA including non-steroidal

anti-inflammatory drug or biologic and non-biologic dis-

ease-modifying antirheumatic drugs (DMARDs). The ex-

clusion criteria were (i) pure axial PsA with no peripheral

involvement; and (ii) current use of biologic DMARDs or

systemic corticosteroids. The patients were assessed

clinically by a rheumatologist, ultrasound and laboratory

tests were performed within 1 week of the clinical

assessment.

The study was approved by the Research Ethics

Board of Women’s College Hospital (REB #2013–0052-

E). All patients have provided written informed consent

at the time of study entry.

Collected clinical data

All patients were evaluated by an experienced rheuma-

tologist according to a standard protocol, independently

of the imaging data. The following variables were

recorded: demographics, medications, BMI, tender and

swollen joint count in 68 and 66 joints, respectively,

number of dactylitic digits, number of tender entheseal

sites by SPARCC [12], psoriasis area and severity index,

psoriatic nail lesions, CRP.

Imaging phenotyping using musculoskeletal
ultrasound

Ultrasound was used to objectively quantify the extent

of inflammation and its distribution across the various

peripheral tissues involved in PsA. A comprehensive

musculoskeletal ultrasound assessment was performed

by a single experienced sonographer (L.E.) according to

a standard protocol. A MyLab Twice (Esaote, Genova,

Italy) scanner equipped with a 6–18 MHz linear array

transducer was used. Power Doppler settings were

standardized with a Doppler frequency of 8.3–10 MHz

(depending on body habitus), pulse repetition frequency

of 750 Hz, and a wall filter of 2. A systematic greyscale

(GS) and power Doppler (PD) examination of 64 joints,

24 tendon sites and 16 entheses in the upper and lower

extremities was performed (see Supplementary Table

S1, available at Rheumatology online). Each site was

scanned initially in longitudinal plane and any abnormal-

ity detected was confirmed in transverse plane. Each

scan was recorded and stored as a short video file for

later reading. Images were read and scored by a single

reader (L.E.) who was blinded to the clinical information.

Sonographic inflammation in four domains was scored

and graded according to validated instruments [13–15].

The following domains were scored: synovitis, periteno-

nitis, tenosynovitis, enthesitis. Synovitis was defined as

the presence of synovial hypertrophy in B-mode and

intra-articular PD and graded on a scale of 0–3 in GS

and PD [13]. Peritenonitis, peri-tendon inflammation in

the extensor tendons in the fingers and toes, was

graded in GS as normal¼ 0 and abnormal¼1 and in PD

as 0¼ none, 1¼mild, 2¼moderate, 3¼ severe [16].

Tenosynovitis, synovial inflammation in tendons with

tendon sheath was evaluated in the flexor fingers,
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extensor tendons in the wrist and the tibialis posterior

tendon. Tenosynovitis was graded from 0 to 3 in GS

and PD [14]. Enthesitis was scored only for inflammatory

sonographic lesions in GS and PD, including the follow-

ing lesions: hypoechogenicity (0–1), thickening (0–1) and

PD (0¼none, 1¼mild, 2¼moderate, 3¼ severe) [15].

The following global inflammatory scores were calcu-

lated for each tissue domain as the sum of scores from

all joint/tendon/entheseal sites: synovitis score (0–384),

peritenonitis score (0–224), tenosynovitis score (0–84),

enthesitis score (0–80). Intra-rater reliability of ultrasound

scoring was assessed by having the sonographer re-

score 10 sets of stored ultrasound scans (>1 year after

the first scoring). Intra-rater reliability was excellent with

an intra-class correlation coefficient of 0.90 across all

domains.

Whole blood RNA sequencing

Whole blood RNA was collected during the clinic visits

and stored at �80�C until the analysis. Total RNA was

used to create a sequencing library to provide gene-

level expression of >20 000 targets covering >95% of

human RefSeq genes. TopHat (v2.1.1) package [17] was

used to align the RNA reads in raw FASTQ files using

human hg19 genome as reference. Quality controls were

done using FASTQC (Simon Andrews, http://www.bio

informatics.babraham.ac.uk/projects/fastqc/) and

RSeqQC [18]. Cufflinks tool (version 2.2.1) [19] was used

to quantify the gene expression in each sample as frag-

ments per kilobase of transcript per million mapped

reads, and then normalized within-sample to transcripts

per million (TPM) reads. All data were transformed as

log2(TPMþ 1). Differentially expressed genes (DEGs)

were detected using limma (3.38.3) package [20]. The

heatmap and hierarchical clustering were generated

using the ComplexHeatmap R package [21]. Euclidean

distance with Ward’s minimum variance method were

used for hierarchical clustering. Principal component

analysis (PCA) and plot were performed using R.

Statistical analysis

Continuous data were described by the medians (inter-

quartile range) and categorical variables were expressed

as frequencies and percentages. An important issue is

that there is little interest to define clusters based on the

extent of disease activity alone; therefore, we aimed to

investigate whether different clusters may be defined

based on the relative contribution of the involved do-

main. Data input to the cluster analysis included ultra-

sound scores with normalized inflammatory scores for

each domain. We used the relative size of the total

scores for each domain derived by dividing the total

score in each domain by the total number of sites

involved (total number of tendons, joints and enthesis

with GS and/or PD score of >0). We preformed unsuper-

vised cluster analysis to identify imaging sub-phenotypes

of PsA based on sonographic continuous scores. All var-

iables were standardized before the clustering analysis

(mean 0, S.D. 1). To determine the optimal number of

clusters, we performed hierarchical cluster analysis and

reviewed plots using varying number of clusters (n¼ 2–

8). We identified three as the optimal number of imaging

clusters based on the degree of separation and using

the ‘elbow method’ with total within-cluster sum of

square. In this ‘elbow method’, we plotted the explained

variance against the number of clusters. Then, the opti-

mal number of clusters was obtained by the elbow point

where increasing the number of clusters does not bring

a significant change in the explained variance [22]. The

clinical and imaging parameters were compared between

the three imaging clusters using the Kruskal–Wallis test

for continuous variables and Fisher’s exact test for cat-

egorical variables.

Gene expression and network and pathway analysis

DEGs were identified by comparing each of the three

imaging clusters to the remaining two clusters (total

three comparisons, P <0.05, Fold change >1.2). We

subsequently performed PCA of transcript data and

plotted by imaging cluster.

To identify genes that are characteristic of each

cluster/sub-phenotype, we found the overlap of DEGs

identified after pairwise comparisons. Because none of

the detected differentially expressed genes survived

multiple hypothesis correction, we used an integrative

computational biology approach. To identify biologically

relevant differential genes, we used physical protein

interactions and pathway data. We hypothesized that if

the identified differentially expressed genes play a role

in rewiring of signalling pathways between any two

clusters/sub-phenotypes, their protein products must be

physically connected. Therefore, for each comparison

we first mapped genes with fold change of at least 1.4

and raw P-value <0.05 to the physical protein-protein

interaction (PPI) network obtained from Integrative

Interaction Database ver. 2020–05 (http://ophid.utoronto.

ca/iid) [23], i.e. network ‘seeds’. Next, we expanded the

identified list to genes whose protein products have dir-

ect PPIs with seeds and their fold change is at least 1.2

(regardless of P-value), i.e. differential level 1 neigh-

bours, and direct PPIs with protein products of level 1

neighbours whose fold change (FC) is at least 1.2 (re-

gardless of P-value), i.e. level 2 neighbours. We per-

formed pathway enrichment analysis using core

pathways in pathDIP ver. 4 (http://ophid.utoronto.ca/

pathDIP) [24] to characterize pathways enriched with

extended list of differential genes in each comparison.

These pathways were next manually grouped by human

experts (L.E., P.R., V.C.) into eight representative cate-

gories. Network was visualized using NAViGaTOR ver.

3.0.16 [25].

Results

A total of 55 patients with active PsA were included in

the study (median age 47 years, 49.1% females). Most
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patients had early disease (median of 1 year since PsA

diagnosis) and were mostly naı̈ve to any DMARDs

(52.7%) and to biologic DMARDs (96.4%). Seventeen

patients (30.9%) were using non-biologic DMARDs at

the time of assessment and none of the patients was on

biologic DMARDs at that time (Table 1).

Definition of imaging sub-phenotypes

Cluster analysis identified three as the optimal number

of clusters (Fig. 1). The standardized total scores in the

enthesitis, synovitis and peritenonitis domains differed

significantly between the three clusters.

Cluster 1 (C1, n¼33), the largest cluster, was charac-

terized by high synovitis scores and low scores in the

remaining domains (‘synovitis-predominant sub-pheno-

type’). Cluster 2 (C2, n¼13) was characterized by high

enthesitis scores and low tenosynovitis, enthesitis and

peritenonitis scores (‘enthesitis-predominant sub-pheno-

type’); and Cluster 3 (C3, n¼11) was characterized by

high peritenonitis scores and moderate synovitis, enthe-

sitis and tenosynovitis scores (‘peritenonitis-predominant

sub-phenotype’).

Distribution of domain-specific inflammation by site
in each imaging sub-phenotype

The distribution of the various imaging domains by clus-

ters is depicted in Fig. 2. Enthesitis was most prevalent

in the enthesitis (C2) and peritenonitis (C3) predominant

clusters, with a generally equal distribution between the

knees, elbows and Achilles’ tendon (20–30% of the

entheses affected). In contrast, enthesitis was much less

frequent in the synovitis cluster (affecting <10% in most

entheseal sites). Peritenonitis was almost exclusively

affecting the peritenonitis cluster, predominantly affect-

ing the fingers. Similarly, tenosynovitis was predomin-

antly affecting the peritenonitis cluster, most commonly

affecting the first to third fingers and wrist and was less

frequent in the other clusters. Synovitis affected all clus-

ters, predominantly affecting the wrists, metacarpopha-

langeal joints, knees and toes, but the highest

prevalence of affected joints was found in the periteno-

nitis cluster.

Clinical characteristics of the imaging sub-

phenotypes

The characteristics of the study population by cluster/

sub-phenotype are shown in Table 1. There were no dif-

ferences in the demographics, PsA duration and psoria-

sis characteristics between the three clusters. The

primary differences across clusters were in the severity

of clinical joint and entheseal involvement. The

peritenonitis-predominant sub-phenotype was charac-

terized by polyarthritis and moderate degree of clinical

enthesitis. The synovitis-predominant sub-phenotype

was characterized by oligoarthritis and minimal clinical

enthesitis. The enthesitis-predominant sub-phenotype

was characterized by the presence of clinical enthesitis

in the majority of the patients.

Gene expression and pathway analysis by imaging

clusters

The distinct biologic basis of the imaging-based sub-

phenotypes was suggested by the distinct gene expres-

sion profiles of the imaging clusters as shown in Fig. 3.

Principal component analysis of DEG data identified

three clusters that partially overlapped with the imaging

clusters. A clear separation was noted between the

peritenonitis-predominant cluster and the enthesitis-

predominant cluster, while the synovitis-predominant

cluster partially overlapped with both clusters.

A total of 125 genes were differentially expressed

across the three imaging clusters. Seventy-six genes

TABLE 1 Clinical features by imaging clustering

Variable Cluster 1:
synovitis
predominant
(n 5 31)

Cluster 2: enthesitis pre-
dominant (n 5 13)

Cluster 3: peritendonitis
predominant (n 5 11)

All (n 5 55)

Age (years) 45 (20) 47 (14) 49 (16) 47 (19)
Sex: female 15 (48.4%) 8 (61.5%) 5 (45.5%) 27 (49.1%)

PsA duration (years) 0.8 (3.7) 1.2 (1.5) 1.6 (11.5) 1 (4)
Age at diagnosis of psoriasis (years) 26 (33) 37 (26) 39 (20) 31.5 (30)
Age at diagnosis of PsA (years) 42 (22) 45 (19) 44 (18) 44 (20)

BMI (kg/m2) 26.1 (8.4) 29.4 (6.8) 25 (8.1) 26.2 (8.5)
Presence of nail lesions 17 (54.8%) 3 (23.1%) 5 (45.5%) 25 (45.5%)
PASI 2.8 (7.8) 1.2 (2.7) 1.2 (3.2) 1.5 (6)
Tender joint count 3 (6) 6 (9) 11 (5) 5 (9)
Swollen joint count 3 (6) 2 (6) 10 (7) 4 (7)
Presence of dactylitis 7 (22.6%) 3 (23.1%) 4 (36.4%) 14 (25.5%)
Presence of clinical enthesitis 15 (48.4%) 12 (92.3%) 7 (63.6%) 34 (61.8%)
Enthesitis count 0 (2) 3 (3) 1 (4) 1 (3)
CRP (mg/l) 3.6 (9.4) 2.9 (8.8) 8.5 (21.5) 3.7 (10.1)

Bolded if statistically different between the three groups (two-sided P <0.05).
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FIG. 2 Distribution of domain-specific inflammation by site in each imaging sub-phenotype

FIG. 1 Hierarchical clustering of patients based on musculoskeletal ultrasound (MSK-US) based tissue-level inflamma-

tion data

(A) Hierarchical clustering identified three clusters. (B) MSK-US scores of the four domains evaluated by imaging clus-

ter. (C)–(F) Images demonstrating inflammation in the four domains. (C) Enthesitis in the patellar ligament. (D)

Peritenonitis of the extensor digitorum tendon. (E) Synovitis of the metatarsophalangeal joint. (F) Tenosynovitis of the

flexor digitorum tendon.
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characterize the synovitis-predominant sub-phenotype;

30 genes are characteristic of the peritenonitis-

predominant sub-phenotype, and 19 genes distin-

guished the enthesitis-predominant sub-phenotype from

the other two sub-phenotypes; however, no gene was

differentially expressed in all three comparisons and

comprehensive pathway analysis also failed to identify

any significantly enriched pathways.

We attribute this lack of enrichment to insufficient stat-

istical power of the DEG analysis due to small sample

size. For this reason and to provide biological relevance,

we used a network-based approach with physical pro-

tein interactions and pathways. First, we connected

DEGs by considering physical interactions of protein

products (available in PPI networks). To ‘seed’ the net-

work, we only considered genes with raw P <0.05 and

FC >1.4. Second, we kept only their network neighbors

with FC >1.2. This resulted in 383 DEGs between enthe-

sitis and peritenonitis, 237 DEGs between enthesitis and

synovitis, and 256 DEGs between peritenonitis and syno-

vitis (complete list of DEGs is available upon request).

Next, we performed pathway enrichment analysis using

these DEGs (see Supplementary Fig. S1, available at

Rheumatology online). To help interpretation, we then

grouped enriched pathways into eight major categories

and highlighted the most frequent genes across path-

ways and within specific pathway categories (Fig. 4).

Pathways related to the immune system (innate sys-

tem and neutrophil degranulation), complement system,

platelet activation and degranulation and coagulation

function were found to underlie many of the DEGs be-

tween the three sub-phenotypes, with most of the DEG

being those belonging to the immune system category.

Most of the pathways were those distinguishing be-

tween the synovitis-predominant vs enthesitis-

predominant and peritenonitis-predominant vs

enthesitis-predominant sub-phenotypes, suggesting that

the enthesitis-predominant sub-phenotype has more

distinct underlying pathways that are different than the

other two clusters. Another notable difference between

the synovitis and enthesitis sub-phenotypes was expres-

sion of genes related to B-cell activation pathways.

Discussion

The mechanisms driving clinical heterogeneity in PsA re-

main largely unexplained. In this study we used

imaging-based clustering to answer the question

whether heterogeneity in PsA arise from different patho-

genetic mechanisms or whether there is a common

overarching pathogenic cause. We identified three par-

tially overlapping imaging sub-phenotypes that were

characterized by their predominant tissue involved, and

were termed accordingly: synovitis-predominant, enthe-

sitis-predominant and peritenonitis-predominant.

Additionally, using gene expression and pathway ana-

lysis we found that distinct pathogenic pathways includ-

ing innate immunity, neutrophil function, coagulation,

complement and platelet activation may underlie some

of the heterogeneity seen in PsA, characterizing these

three sub-phenotypes.

Unlike other inflammatory rheumatic conditions, in

which a single biologic marker, such as serologic test

(e.g. anti-citrullinated peptide antibody) or genetic test

(HLA-B*27), helps classify most patients, PsA is a spec-

trum of disease, classified predominantly using clinical

findings. Based on the CASPAR criteria, the presence of

psoriasis and negative test for rheumatoid factor can be

sufficient for classifying a patient with inflammatory arth-

ritis as PsA [11]. This clinically driven disease classifica-

tion is expected to result in significant heterogeneity in

the underlying pathogenic causes, clinical presentation

and consequently variability in natural history and treat-

ment response. Attempts to classify patients with PsA

into subtypes, including the classification by Moll and

FIG. 3 Gene expression pattern by imaging clusters

(A) Heatmap of DEG by imaging clusters. (B) PCA by imaging clusters.
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Wright [26], were based for the most part on clinical fea-

tures, such as polyarthritis vs oligoarthritis and axial vs

peripheral involvement. This type of clinical-based clas-

sification was restricted by the inherent limitations of

physical musculoskeletal examination, especially when

considering the entheses and tendon involvement, and

calls for the use of musculoskeletal imaging for studying

PsA phenotypes. In this context, our study provides a

novel disease insight by exploring the heterogeneity of

tissue-specific inflammatory involvement in PsA.

Several important findings emerge from our study.

First, patients could be classified to partially overlapping

clusters/sub-phenotypes by their predominant tissue

involved, despite the frequent co-occurrence of inflam-

mation in several domains. These sub-phenotypes were

indistinguishable in many of the clinical and demograph-

ic features, but varied in their gene expression signa-

tures, adding to the validity of this clustering and

highlighting the added value of imaging in studying PsA

pathophysiology.

Second, despite being a characteristic feature of PsA,

extra-articular inflammation does not affect all patients.

PsA is characterized by the combination of intra-

articular (synovitis) and extra-articular inflammation (peri-

tenonitis, enthesitis, tenosynovitis). However, our study

showed that while synovitis affected all clusters, extra-

articular inflammation varied significantly across clusters.

Synovitis-predominant sub-phenotype, the largest clus-

ter affecting over half of patients, was characterized by

low prevalence of extra-articular inflammatory features.

Enthesitis-predominant sub-phenotype was character-

ized by high enthesitis scores but low peritenonitis.

Peritenonitis, inflammation of tendons without a synovial

sheath, as in the extensor tendons of the fingers and

toes, is a unique characteristic of PsA. Peritenonitis dis-

tinguishes patients with PsA compared with rheumatoid

arthritis and it has been hypothesized to be a form of

‘functional enthesitis’ [27]. In our study, the peritenonitis-

predominant sub-phenotype was characterized by most

active disease with moderate-high scores across all

FIG. 4 Pathway enrichment results

To address the small sample size and to provide biological relevance, we used physical protein interactions to con-

nect DEGs to other genes with FC >1.2. We then performed pathway enrichment analysis using the extended DEGs

and to improve interpretability, we grouped enriched pathways into eight major categories, colour-coded as per the

legend. Edge thickness corresponds to number of genes within the pathway, and the most frequent genes across set

of pathways are highlighted in bold text, while the genes most frequent in a specific category of pathways are colour-

coded as per the legend (placed inside the text boxes).
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domains; it also had highest levels of total tender and

swollen joint count and CRP levels; thus, suggesting

that peritenonitis may be considered an imaging marker

of more severe PsA.

Importantly, we have found an association between

gene expression signatures and imaging clusters sup-

porting the notion that different biological pathways may

underlie disease presentation. Previous research into the

pathogenic mechanisms underlying PsA clinical features

identified few potential sources. Genetic studies have

shown that HLA-B*27 was associated with sonographic

enthesitis [28] and axial involvement [4] while HLA-B*08

was associated with synovial-based features including

joint deformity and fusion [3]. Sokolova et al. showed

that the IL-17 induced proteins, beta-defensin-2 and lip-

ocalin-2, were associated with a subset of patients with

enthesitis while products of innate immune system acti-

vation and neutrophil activation were associated with a

subset of patient with peripheral arthritis [6].

Further, we were able to identify several pathways

that may play a role in PsA heterogeneity using physical

protein interaction networks and comprehensive path-

way enrichment analysis. We found that in addition to

genes belonging to the immune system, component of

the coagulation cascade along with platelet function

contributed to the heterogeneity in PsA presentation.

The role of platelets and the coagulation cascade in car-

diovascular disease is well established. However, while

these pathways may drive the increased cardiovascular

risk in PsA, their contribution to the inflammatory pro-

cess is less understood. Activated platelets can elicit

immune response either directly by secretion of inflam-

matory mediators, such as calprotectin, or indirectly

through their interaction with other effector immune

cells, such as neutrophils [29]. Emerging data support

the potential role of platelets in psoriasis. Platelets were

detected in psoriatic skin but not in heathy skin; they

often colocalize with polymorphonuclears, platelet sur-

face antigens characterize psoriasis polymorphonu-

clears, and the depletion of platelets improved

psoriasiform lesions in mice [30–32]. In addition, bio-

markers indicating activation of the coagulation cascade

and vascular damage have been associated with more

active psoriasis and PsA [33, 34]. Overall, abnormalities

in platelet and the coagulation function have been

described in psoriatic patients and may drive heterogen-

eity in disease presentation; however, the exact nature

of this association requires further research.

Our study was limited in several aspects. Firstly, the

small sample size may have limited our ability to detect

distinct pathways driving the individual imaging clusters

and to validate the clustering method in an independent

cohort. The small sample size and the lack of longitudin-

al clinical data also precluded us from assessing the

value of these clusters in predicting important clinical

outcomes. Secondly, the presence of axial involvement

was not evaluated but it may contribute to PsA hetero-

geneity. However, it has been suggested that MRI con-

firmed axial involvement affects only a small proportion

of PsA patients [35]; therefore, the lack of spine imaging

data is not expected to significantly modify the results.

Thirdly, we analysed whole blood RNA expression;

tissue-specific (e.g. synovial) or cell specific (e.g. T cell)

expression may provide more clear differences across

groups. Finally, we evaluated patients at a single time-

point, and it is unclear whether the imaging clusters re-

main stable over time and whether they predict treat-

ment outcomes.

Our study had several important strengths that include

a comprehensive phenotyping of the extent of musculo-

skeletal inflammation in relevant domains using imaging,

which is more accurate than clinical assessment. Our

study also included patients with early disease onset

and active PsA who were not using biologic DMARDs at

enrolment. This is expected to reduce the heterogeneity

of the study population and minimize biases occurring

due to concurrent treatments. By performing protein

interaction network and pathway enrichment analyses,

we provide stronger biological context to our findings.

In summary, we identified three partially overlapping

imaging sub-phenotypes that were characterized by

their predominant tissue involved and characterize the

heterogeneity seen in PsA. Distinct biological pathways

involving immune and non-immune pathways may

underlie the different features in PsA and support the

validity of this imaging clustering. Additional research is

needed to characterize the functional link between imag-

ing clusters and disease course and treatment

outcomes.
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