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ABSTRACT

Background: Axial Spondyloarthritis (axSpA) is a
chronic, inflammatory rheumatic disease that affects
the axial skeleton, causing pain, stiffness, and fatigue.
Genetics and environmental factors such as microbio-
ta and microtrauma are known causes of disease sus-
ceptibility and progression. Murine models of axSpA
found a decisive role for biomechanical stress as an in-
ducer of enthesitis and new bone formation. Here, we
hypothesize that muscle properties in axSpA patients
are compromised and influenced by genetic back-
ground.

Objectives: To improve our current knowledge of axS-
PA physiopathology, we aim to characterize axial and
peripheral muscle properties and identify genetic and
protein biomarker that might explain such properties.
Methods: A cross-sectional study will be conducted on
48 participants aged 18-50 years old, involving patients
with axSpA (according to ASAS classification criteria,
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symptoms duration < 10 years) and healthy controls
matched by gender, age, and levels of physical activity.
We will collect epidemiological and clinical data and
perform a detailed, whole body and segmental, my-
ofascial characterization (focusing on multifidus, bra-
chioradialis and the gastrocnemius lateralis) concern-
ing: a) Physical Properties (stiffness, tone and elasticity),
assessed by MyotonPRO®; b) Strength, by a dy-
namometer; ¢) Mass, by bioimpedance; d) Performance
through gait speed and 60-second sit-to-stand test; e)
Histological and cellular/ molecular characterization
through ultrasound-guided biopsies of multifidus mus-
cle; f) Magnetic Resonance Imaging (MRI) characteri-
zation of paravertebral muscles. Furthermore, we will
perform an integrated transcriptomics and proteomics
analysis of peripheral blood samples.

Discussion: The innovative and multidisciplinary ap-
proaches of this project rely on the elucidation of my-
ofascial physical properties in axSpA and also on the es-
tablishment of a biological signature that relates to
specific muscle properties. This hitherto unstudied link
between gene/protein signatures and muscle proper-
ties may enhance our understanding of axSpA phys-
iopathology and reveal new and useful diagnostic and
therapeutic targets.

Keywords: Spondyloarthritis; Muscle; Biomarkers;
Precision medicine

BACKGROUND

Spondyloarthritis (SpA) is a group of chronic, inflam-
matory, rheumatic diseases characterized by overlap-
ping clinical symptoms and genetic background'.
Axial SpA (axSpA), a subgroup of SpA, mainly affects
the spine and the sacroiliac joints (SIJs), being the
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symptom onset typically before the age of 45 years?. A
recent epidemiological study has reported a prevalence
of 1.6% for axSpA in Portugal’. The disease spectrum
clusters patients as having either radiographic axSpA
(r-axSpA), also named ankylosing spondylitis (AS),
whether they fulfil the 1984 modified New York crite-
ria (mNYc)*, or as having non-radiographic axSpA (nr-
axSpA) in the lack of explicit SIJs alterations on a plain
radiograph’.

A growing body of literature has pointed out the rel-
evance of genetics in susceptibility and progression of
axSpA®’. Since 1973, an association with the human
leukocyte antigen B27 (HLA-B27) locus has been es-
tablished®®. Later on, 12 additional loci have been as-
sociated with AS in Europeans (ANTXR2, ERAPI,
CARDO, IL12B, IL23R, KIF21B, PTGER4, RUNX3,
TBKBP1, TNFRSF1A and chromosomes 2p15 and
21q22)**°, and, more recently, 2 additional loci have
been identified in Han Chinese populations (HAPLN1-
EDIL3 and ANO6)". Nevertheless, these genetic loci
can only account up to 50% for the axSpA suscepti-
bility®, suggesting the contribution of other critical fac-
tors for disease pathogenesis, such as environmental
factors, including microbiota'> and biomechanical
mechanisms'>'*.

Regarding the biomechanical features of SpA, P
Jacques and co-workers elegantly provided evidence
for a decisive role of biomechanical stress as an induc-
er of enthesitis and new bone formation in a murine
experimental SpA model”. Nevertheless, the explicit
mechanisms have never been established'®. In axSpA,
the axial entheses seem to be prone to inflammation
when subjected to repetitive biomechanical stress
forces transmitted by muscles, ligaments and ten-
dons™'"'°. Moreover, Masi and col. have demonstrat-
ed an increase of the lumbar myofascial stiffness in
AS". However, a link between myofascial stiffness as
a source of microtrauma with impact at the entheses
level, inducing inflammation and osteoproliferation,
remains to be demonstrated. This represents the main
hypothesis subjacent to this project.

The analysis of synovial tissue from patients with
SpA has provided an explanation linking inflamma-
tion, biomechanical stress and bone remodelling in
SpA. Using an expression microarray approach, a ro-
bust overexpression of genes (ACTAI, MYH2, MYH7,
and ACTN2) associated with myofibroblasts cells was
found?®. Classically, myofibroblasts represent activat-
ed fibroblasts that release large amounts of collagens
and express stress fibres as well as contractile proteins.

Interestingly, it was observed that none of the myofi-
broblast genes was downregulated by TNF blockers,
despite significant downregulation of markers of in-
flammation®’. The presence in these locations of mes-
enchymal stem cells (MSC) could be a triggering fac-
tor for the increase of fibrotic tissue*' and/or bone
formation®.

OBJECTIVES

The overall aim of this study is to assess the role of mus-

cle in susceptibility and progression of axSpA and, con-

sequently, to enhance the understanding of the under-
lying mechanisms of its physiopathology and reveal
new diagnostic and therapeutic targets.

Specific objectives to meet this aim include:

1. Test novel hypothesis of increased resting lumbar
myofascial stiffness/tone in patients with axSpA
compared to healthy controls.

. Characterize the muscle strength, muscle mass, and
physical performance in patients with axSpA to as-
sess the prevalence of sarcopenia.

. Establish gene and protein signatures in axSpA, try-
ing to establish an association to specific muscle
properties. This will allow the identification of new
serological biomarkers potentially relevant for pre-
ventive/therapeutic approaches, to be tested in fu-
ture studies.

METHODS

The current study was submitted and approved by the
ethical committees of NOVA Medical School, NOVA
University of Lisbon and Centro Hospitalar de Lisboa
Ocidental, Hospital de Egas Moniz, EPE. The study will
be conducted following the International Conference
on Harmonization of Good Clinical Practice (GCP) and
the Declaration of Helsinki****. Furthermore, volun-
tary written informed participants’ consent will be ob-
tained from all subjects before starting the study pro-
cedures.

It was decided that the pipeline for our investiga-
tion comprehends the use of muscle characterization
measurements and transcriptomics and proteomics ap-
proaches (Figure 1).

PATIENTS AND SAMPLES
Two sample power analyses for a 5% two-tailed test
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a)
25 axSpA Patients
25 Healthy Controls
Biological Sample: Peripheral Blood
Matched by Gender + Age + Physical Activity

b)

Patients:

* 18-50 Years Old

¢ <10 Years Disease Duration

*+ Stabilized Corticoid and NSAID therapy
(Exclusion of cDMARDS & bDMARDs )

Muscle Characterization Measurements

Transcriptomics Approaches

RNA-sequencing (Identifying Candidate Genes of Interest)

Quantitative RT-PCR (Confirmation Step)

Proteomics by Mass Spectrometry

Performance

Strength

Imaging Histology

FIGURE 1. Experimental Study Approach; 1. Muscle Characterization Measurements (Physical Properties, Mass, Strength, Physical
Performance, Imaging and Histology). 2. Transcriptomics Approach (a) RNA-sequencing, b) Quantitative RT-PCR). 3. Proteomics by

Mass Spectrometry.

c¢DMARD: conventional disease-modifying anti-rheumatic drugs. bDMARD: biologic disease-modifying anti-rheumatic drugs

with 80% power, will be selected based on our pre-
liminary study and consideringa 10% drop-out rate (a
sample size of 25 subjects per group was calculated to
detect differences in gait speed of 0.5 m/s between the
two groups). Thus, for this cross-sectional study, 25
young (< 50 years to remove the effect of age) patients
with axSpA (according to ASAS classification criteria
(2)), with symptoms duration < 10 years and 25
healthy controls matched by age, gender, and level of
physical activity will be considered according to the
pre-specified inclusion/exclusion criteria:

INCLUSION CRITERIA

* Patients classified with axSpA according to the As-
sessment of Spondyloarthritis International Society
(ASAS) classification criteria’;

Age between 18-50 years;

Symptom duration < 10 years;

Ability to provide informed consent;
Corticosteroid therapy allowed (equivalent to <10
mg prednisone) and/or nonsteroidal anti-inflamma-
tory drugs (NSAID), in a stable dose within 4 weeks
before study enrollment.

EXCLUSION CRITERIA
* History of rheumatic disorder other than SpA;
e BMI>35kg/m?

Current pregnancy or breastfeeding;

Any uncontrolled medical condition (e.g., diabetes
mellitus, ischemic heart disease);

Malignancy (except for completely treated squa-
mous or basal cell carcinoma);

Positive serology for hepatitis B or C, or human im-
munodeficiency virus;

Infections requiring hospitalization or intravenous
treatment with antibiotics within 30 days or oral
treatment within 14 days before enrolment;
Previous treatment with conventional DMARDs (¢D-
MARDs) or biologic DMARDs (hDMARDs);
Intra-articular or peri-articular injections within 28
days before screening;

Ankylosis of the spine (syndesmophytes at all levels
from T12 to S1 on the lateral view radiograph).
Eligible patients will be recruited in the Spondy-
loarthritis Clinic of CHLO, Hospital de Egas Moniz,
and the CORPOREA national database”. Healthy con-
trols, subjects without any lumbar pain during the last
year or previous history of lumbar surgery, will be iden-
tified by the patients (e.g., work colleagues).

CLINICAL AND EPIDEMIOLOGICAL
CHARACTERIZATION AND BIOLOGICAL SAMPLES
COLLECTION

All participants will be characterized through a stan-
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dardized questionnaire available in a specific area of
the Rheumatic Diseases Portuguese Register
(Reuma.Pt)**. The Reuma.pt is a web based online sys-
tem developed by the Portuguese Society of Rheuma-
tology with the aim of prospectively record data from
patients with various rheumatic diseases, including
axSpA. In the questionnaire, the following variables
will be collected from all participants: age, gender,
height, weight, handedness, marital status, level of ed-
ucation and level of physical activity, assessed with the
International Physical Activity Questionnaire (IPAQ)*'.

For patients with axSpA, the following information
will be additionally collected: disease duration (time
between the onset of first symptoms and study’s en-
rollment), extra-articular manifestations (enthesitis,
dactylitis, uveitis, psoriasis, inflammatory bowel dis-
eases, others), disease activity (assessed by Bath Anky-
losing Spondylitis Disease Activity Index (BASDAI))
and functional status (assessed by Bath Ankylosing
Spondylitis Functional Index (BASFI)).

All participants will be submitted to a detailed clin-
ical examination to obtain an extensive muscle charac-
terization (see section 2). Additionally, patients with
axSpA will be assessed for enthesitis (by Maastricht
Ankylosing Spondylitis Enthesitis Score (MASES)) and
metrology (using Bath Ankylosing Spondylitis Metrol-
ogy Index (BASMI)). Blood samples will be collected
from all participants to allow biochemical, genetic,
transcriptomic, and proteomic studies. In a subgroup
of patients and after the appropriate consent signature,
an ultrasound-guided needle biopsy of the lumbar
muscle (Multifidus) will be performed for histological
and molecular characterization. All participants will
perform radiographs (cervical and lumbar lateral and
anteroposterior pelvic) and an MRI of the whole spine
and paravertebral muscles.

MUSCLE CHARACTERIZATION OF STUDY
SUBJECTS
To test the hypothesis of greater resting lumbar my-
ofascial stiffness in patients with axSpA, an extensive
muscle characterization will be performed for the first
time in three body segments: upper limbs, lower limbs
and lumbar region. All measurements in each task will
be performed by a single trained and experienced in-
vestigator. The different features of the muscle to be
studied include:
a) Muscle physical properties, in particular, stiffness,
tone and elasticity, which will be measured by a non-
invasive, hand-held myotonometer, the Myoton-

PRO®. This device quickly releases a mechanical im-
pulse by applying a constant pressure via a probe to
the skin and tissue layers directly above the muscle
being measured. Consequently, an impulse is trans-
mitted to the muscle below. The muscle responds to
the exterior mechanical impulse with a damped nat-
ural oscillation, which is recorded by an accelerom-
eter in the form of an acceleration sign, with subse-
quent computation and quantification of muscle
properties®. The muscles to be tested after a 10-min-
utes rest are the multifidus and longissimus dorsi
muscles (assessed at L3-1.4 level), the lateral gas-
trocnemius (assessed at a point 15 cm distal to the
knee lateral flexion line, in the bulk of the muscle)
with the patient in the prone position and the bra-
chioradialis muscle (assessed at a point, 6 cm distal
to the lateral epicondyle of the elbow with the pa-
tient in the back position). Measurements of left and
right sides will be performed.

b) Muscle Mass, which will be measured by: 1.
Bioimpedanciometry, using an octopolar multifre-
quency bioelectrical impedance analysis device (In-
Body770®) and 2. In case of the axial region, also
MRI of the lumbar spine, through quantification of
the cross-sectional area (CSA) of paravertebral mus-
cles.

¢) Muscle Strength, which will be measured by: 1. a
hand-held dynamometer, the Lafayette Manual Mus-
cle Tester and five-times sit-to-stand (5STS) test, that
measures the time a patient takes to stand five times
from a sitting position, as quickly as possible, with-
out using his/her arms. Both measures will be used
as a proxy of total body strength, as suggested by
EWGSOP2*. 2. Through a resisted lumbar spine hy-
perextension (dynamometer placed in the midline
over the dorsal area), leg extension (dynamometer
placed proximal to the ankle joint) and forearm flex-
ion (dynamometer placed in the middle of anterior
forearm), with the participant in a sitting position.
These measurements aim to reproduce the anatom-
ical areas evaluated for muscle physical properties as
strength evaluation for specific muscles is challeng-
ing.

d) Physical Performance will be measured by the “Gait
Speed Test™. Gait analysis will be performed by a
tri-dimensional full-body kinematic model
(Kinetikos technology®), fed by 15 wireless inertial
sensors placed in the head, arms, trunk, pelvis,
thighs, shanks, and feet to collect several spa-
tiotemporal gait parameters (e.g., gait speed,
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stance/swing time, step length, step frequency), to

allow participant’s movement characterization.
e) Muscle Histology, with the specimens being ob-
tained by an ultrasound-guided biopsy (using a 14G
semiautomatic guillotine biopsy needle) at the L4
level. The histological analysis will be performed un-
der the dissecting microscope and the tissue sam-
ples will be snap-frozen in liquid nitrogen-cooled
isopentane.
To allow differential diagnosis between adipose
metaplasia and fibrous tissue: cryostat sections will
be prepared and stained with haematoxylin-eosin
and Gomori’s trichrome for better visualization of
collagen. In addition, immunohistochemical stain-
ing with monoclonal mouse anti-human -smooth
muscle actin ( -SMA) (clone 1A4; Dako), mono-
clonal mouse anti-human -actin (clone AC-40; Sig-
ma-Aldrich), and monoclonal mouse anti-human
smooth muscle myosin heavy chain (SMMHC)
(clone SMMS-1; Dako) for fibers type distinction’.
To analyse infiltration of different cellular types, dou-
ble-staining will be performed with markers related
to inflammation/immunity and mesenchymal stem
cells: biotinylated monoclonal antibodies against
macrophages (CD68, clone Y1/82A and CD163,
clone GHI1/61; both from BioLegend), T lympho-
cytes (CD3, clone UCH-T1; Thermo Scientific
Pierce), B lymphocytes (CD120, clone plasma cells
(CD138 clone B-A38; Abcam), leukocytes (CD45,
clone HI30; BioLegend), pericytes (CD146; clone
P1H12; Abcam), fibroblasts/myo- fibroblast (CD90,
clone 5E10 [BioLegend], vimentin [D21H3] XP rab-
bit monoclonal antibody [Cell Signaling Technolo-
gyl, and prolyl 4-hydroxylase {5, rabbit polyclonal
[Abcam]) and endothelial cells (von Willebrand fac-
tor, rabbit polyclonal; Dako).
Muscle imaging: All participants will perform cervi-
cal and lumbar lateral and anteroposterior pelvic ra-
diographs to characterize disease severity through
the modified Stoke Ankylosing Spondylitis Spinal
Score (m-SASSS)* and the New York classification
system for sacroiliitis®. MRI of the whole spine and
paravertebral muscles will be performed, focusing
on a) the muscle cross-sectional area or volume, b)
the percentage of intramuscular fat and ¢) the mus-
cle water on T2-weighted scans, which quantify
muscle trophicity, chronic fatty degenerative changes
and oedema (or more broadly, “disease activity”), ac-
cording to the ASAS/Outcome Measures in Rheuma-
tology (OMERACT) MRI Group?®?. The MRI muscle
protocol will follow recommendations by the

TREAT-NMD group® on a 1.5T MRI. Tlw imaging
depicts muscle fat, muscle volume, fascia and sub-
cutaneous fat, serving as a qualitative assessment of
fat infiltration. The 4-point Dixon technique quan-
tifies fat and water in the muscle’* and allows to
monitor small changes in muscle fat. The qualita-
tive and quantitative assessment of oedema (a sur-
rogate for inflammation) is possible on T2w imaging
and on the “only-water” sequence of the 4-point
Dixon. T1w images will be graded according to the
semiquantitative scale of Mercuri et al. *2°. Quanti-
tative fat fraction and T2 mapping of the muscle
based on the Dixon sequence will be obtained and
analysed by regions of interest in muscles. This eval-
uation will be performed in a selected and experi-
enced Imaging Centre. Disease duration, structural
severity and clinical activity will be considered for
data analysis; the impact on extensor (multifidus,
longissimus dorsi) and flexors (psoas) muscles will
be considered.

EXPRESSION DATA COLLECTION

We will screen peripheral blood and muscle biopsy
samples to determine gene/protein signatures. Such
data will aim to elucidate biological pathways that may
explain muscle properties.

GLOBAL TRANSCRIPTOMIC ANALYSIS BY
RNA-SEQUENCING

This method allows an unbiased overview of the full
mRNA population in biological samples, at the nu-
cleotide level. Raw reads will be aligned to the human
genome reference using the STAR aligner, followed by
the generation of the table of gene counts with the fea-
ture counts software’”**. Counts will be processed with
the edgeR and limma-Voom packages in the R software
to perform normalization, principal component anal-
ysis (PCA) and differential gene expression analysis
comparing the different groups of subjects, taking into
account the information from patients and their
matched controls**. Confirmation of transcriptomic
results will be performed by real-time reverse tran-
scription-quantitative polymerase chain reaction (RT-
qPCR) and the data will be analysed using CFX Mae-
stro qPCR Analysis Software'.

PROTEOMIC ANALYSIS BY SWATH MASS
SPECTROMETRY

SWATH-MS (Sequential Window Acquisition of all
THeoretical Mass Spectra) will be used to perform a
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high-throughput differential proteomic analysis to
screen differences in serum protein levels between axS-
PA patients and controls. To assess less abundant pro-
teins, serum will be depleted of the 14 most abundant
proteins (equivalent of 94% of serum total protein con-
tent), using immunoaffinity kits before analysis**.
Protein samples will be digested and each sample will
be separated using reversed-phase nano liquid chro-
matography (nanoLC). Before the SWATH analyses,
IDA (Information-Dependent Analysis) runs will be
used to obtain information on protein identity and to
generate a spectral library. Protein identification will be
performed using the ProteinPilot™ software (v5.0 AB-
Sciex) with the Paragon algorithm. For the relative
quantification, each sample will be subjected to 3-5
SWATH runs. Peptide and protein identification, spec-
tral alignment and targeted data extraction will be per-
formed using the PeakView v.2.2 software with
SWATH™ 2.0 Acquisition MicroApp (Sciex)*. Statis-
tical analysis will be performed using MarkerView v1.2
(Sciex), namely PCA and t-test. Data may be queried
from a global perspective, focusing on abundance vari-
ations between proteomes or from a targeted perspec-
tive, focusing on specific proteins/pathway variations
(Ingenuity® Pathway Analysis software).

Ingenuity Pathway Analysis (IPA) software, String,
and other bioinformatic’s tools will be also used to pro-
vide a pathway-centric mechanistic view of the data.
Abundance variations of interesting protein targets will
be further confirmed by Western Blotting and when
possible quantified by Enzyme-linked Immunosorbent
Assay (ELISA).

INTEGRATION OF TRANSCRIPTOMICS AND
PROTEOMICS RESULTS

We will explore bioinformatics tools for integration of
transcriptomic and proteomic results, including: 1)
multivariate statistical platforms like Perseus
(maxquant.net/perseus/) which enables high-dimen-
sional omics data analysis; 2) functional annotation en-
richment analysis tools like DAVID (david.ncifcrf.gov/)
and/or Panther (pantherdb.org/); 3) pathway analysis
using IPA as described above.

DISCUSSION

This study aims at shedding light on the role of mus-
cle in the susceptibility and progression of axSpA. To
overcome the lack of information regarding muscle

properties, we propose a broad, multidisciplinary and
innovative design study that allows an extensive mus-
cle characterization, including physical properties,
strength, mass, performance, histological and imaging
(x-rays and MRI) features, in different body segments
(i.e., trunk, upper and lower limbs), together with the
establishment of transcriptomic and proteomic signa-
tures, which will be performed in the same group of
participants.

We aim to identify specific muscle characteristics in
an axSpA context and to understand their systemic or
local expression. Masi et al. have documented an in-
crease of axial (lumbar) muscle stiffness in a group of
patients with AS™. It would be of interest to expand
from this observation by analyzing peripheral muscles
to consider about any, general or local, inflammatory ef-
fect. If the specific muscle characteristics point to a sys-
temic involvement, meaning that changes in axial mus-
cles, where muscle are under the effect of local
inflammation, will be also reproduced at peripheral
muscles, where this effect is absent, a genetic/molecu-
lar subjacent background should be pursued.

Along with increased stiffness, patients with axSpA
may present a decrease in global or segmental strength
and mass, as well as reduced gait speed. Assuming that
these results are confirmed, they can potentially con-
tribute to establish a muscle and gait pattern in order
to predict the disease behavior at relatively early stages.
In addition, imaging and histopathology will reveal
muscle structural changes and inflammatory markers,
respectively, clarifying the link between muscle dys-
function and inflammation. This study will allow to
understand the relationship between muscle charac-
teristics and different stages of disease progression
through the correlations with radiographic
changes/new bone formation (mSASS and MRI) and
loss of mobility (BASMI). In future studies, a prospec-
tive design will allow the confirmation of potential as-
sociations and to establish a causality effect.

Furthermore, the selection of young patients (under
50 years old) with short disease duration (without cD-
MARDs or bDMARDs and only low doses of systemic
corticoids allowed to avoid bias in muscle and in pe-
ripheral features of the disease) allows speculating
about the possible impact of muscle in disease suscep-
tibility. Conceptually, microtrauma induced by daily
activities or by the muscle itself should play an impor-
tant role in entheseal inflammation. Entheses are spe-
cialized interfaces where the integration of tendon into
bone occurs® and they can be subjected to repetitive
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biomechanical stress forces applied during the action
of normal muscle and other periarticular structures. In
axSpA, entheses are known as the initiating sites of
musculoskeletal inflammation. In this context, the ax-
ial entheses are particularly prone to inflammation as
they are subjected to mechanical stress related to pos-
ture maintenance'”"”.

Overall, we intend to establish a pattern of muscle
properties in axSpA and depict the triggers involved in
entheses inflammation. We hypothesize that muscle
properties, such as stiffness, may contribute to a con-
tinuous endogenous microtrauma and subsequent in-
flammation, that should be tested in future studies.

Finally, the identification of gene/protein signatures
in axSpA may represents a key contribution to explain
muscle properties and unravel the subsequent under-
lying physio-pathologic mechanisms of the disease. It
may also provide an opportunity for the development
of new diagnostic tools and preventive/therapeutic ap-
proaches, with relevance for clinical practice.
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