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sciences Rhumatologie, 30 Voie Romaine, Nice, France
eDepartment of Clinical and Experimental Medicine, University of Pisa, Pisa, Italy
f Centre Hospitalier Universitaire de Bordeaux, Service de Neurologie, Place Amélie Raba-Léon, Bordeaux,
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Pre-press 21 August 2021

Abstract.
Background: Facioscapulohumeral muscular dystrophy (FSHD) is one of the most common myopathies in adults, display-
ing a progressive, frequently asymmetric involvement of a typical muscles’ pattern. FSHD is associated with epigenetic
derepression of the polymorphic D4Z4 repeat on chromosome 4q, leading to DUX4 retrogene toxic expression in skeletal
muscles. Identifying biomarkers that correlate with disease severity would facilitate clinical management and assess potential
FSHD therapeutics’ efficacy.
Objectives: This study purpose was to analyze serum cytokines to identify potential biomarkers in a large cohort of adult
patients with FSHD.
Methods: We retrospectively measured the levels of 20 pro-inflammatory and regulatory cytokines in sera from 100 genet-
ically confirmed adult FSHD1 patients. Associations between cytokine concentrations and various clinical scores were
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investigated. We then measured serum and muscle interleukin 6 (IL-6) levels in a validated FSHD-like mouse model, ranging
in severity and DUX4 expression.
Results: IL-6 was identified as the only cytokine with a concentration correlating with several clinical severity and functional
scores, including Clinical Severity Score, Manual Muscle Testing sum score, Brooke and Vignos scores. Further, FSHD
patients displayed overall IL-6 levels more than twice high as control, and patients with milder phenotypes exhibited lower
IL-6 serum concentration than those with severe muscular weakness. Lastly, an FSHD-like mouse model analysis confirmed
that IL-6 levels positively correlate with disease severity and DUX4 expression.
Conclusions: Serum IL-6, therefore, shows promise as a serum biomarker of FSHD severity in a large cohort of FSHD1
adult patients.
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LIST OF ABBREVIATIONS

FSHD Facioscapulohumeral muscular
dystrophy

DUX4 Double Homeobox 4
IL-6 Interleukin 6
CSS Clinical Severity Score
MMT Manual Muscle Testing
Rus Repeated Units
mRNA Messenger Ribonucleic Acid
MRI Magnetic resonance imaging
STIR Short tau inversion recovery
CD8 Cluster of Differentiation 8
CD4 Cluster of Differentiation 4
SMCHD1 Structural Maintenance of

Chromosomes flexible Hinge Domain
containing 1

GM-CSF Granulocyte-Macrophage-Colony-
Stimulating Factor

IFNg Interferon-gamma,
TNF� Tumor Necrosis Factor alpha
TNFß Tumor Necrosis Factor beta
VEGF Vascular Endothelial Growth Factor
STAT3 Signal Transducer and Activator of

Transcription 3

INTRODUCTION

Facioscapulohumeral muscular dystrophy (FSHD)
manifests as a progressive asymmetric myopathy
with facial and upper arm muscle weakness. The most
common form, called FSHD1, is dominantly inher-
ited and has been associated with a critical contraction
in D4Z4 macrosatellite repeats on chromosome 4q35,
resulting in aberrant expression of the DUX4 ret-
rogene [1, 2] and ultimately causing muscle cell
death and subsequent muscle atrophy and weakness

[3]. The variability in FSHD progression, yet unpre-
dictable, and the limited knowledge in determinants
of disease progression complicate the development of
sensitive outcome measures and potential biomarkers
search, representing a significant obstacle for new
therapeutic strategies development. DUX4 mRNA
and protein’s low expression levels in muscle, short
half-life, and absence of serum prevent further their
use as biomarkers in clinical practices. DUX4 tar-
get genes’ expression is frequently used to quantify
DUX4 expression indirectly. Still, no clear correla-
tion has been reported between the expression of
these genes and clinical severity or imaging scores
in patients [4, 5].

Beyond DUX4 expression, the FSHD pathophys-
iology is still unknown. It has been proposed that
the expression of DUX4 and its target genes, which
are usually expressed in an immune-privileged envi-
ronment, trigger an immune response [3, 6]. This
hypothesis has been supported by the presence
of infiltrating CD8 + T cells in the endomysium
and CD4 + T cells in the perivascular area [7,
8]. Further, MRI studies showed that muscle
edema/inflammation, flagged as short tau inversion
recovery signal hyperintensity (STIR + muscles),
precedes fibro-fatty degeneration in FSHD patients
[9]. Inflammatory pathway activation induced by
inappropriate DUX4 expression seems to play a role
in the early stages of disease progression [7, 10].
While a definitive characterization of immune sys-
tem deregulation in FSHD1 is still lacking, several
studies have highlighted the increase in circulating
inflammatory protein in FSHD patients compared to
healthy control [8, 11, 12].

Given the central role of inflammation in FSHD
pathophysiology, we analyze serum cytokines to
identify potential severity biomarkers in a large
cohort of adult patients with FSHD1. We found that
IL-6 levels are higher in FSHD patients than in control
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and correlate with several clinically relevant func-
tional scores. Besides, increased IL-6 levels correlate
with a higher Clinical Severity Score in FSHD1
patients and levels of DUX4 expression and disease
severity in an FSHD-like mouse model. We propose
increased IL-6 levels as a potential new disease sever-
ity serum biomarker for FSHD1 patients.

METHODS

Patient study design and participants

This retrospective study was performed on
sera derived from blood samples from adult
FSHD1 patients (biobank reference: DC2015-
2374) and healthy volunteers (clinical trial number
NCT02209142) collected in previous studies. All par-
ticipants provided a written non-opposition form for
the specific use of their serum.

Participants

All patients were referred to the Neuromuscular
Department of Nice University Hospital, France, with
genetically confirmed FSHD1, defined by a D4Z4
copy number inferior to 11 on chromosome 4q, a
permissive 4qA allele, and the absence of concurrent
mutations in the SMCHD1 gene.

Exclusion criteria included: chronic pathologies
which could impact immune response (autoimmune
disorders, neurodegenerative diseases, diabetes, neo-
plasms); severely reduced mobility (patients using a
wheelchair most of the day for more than two years);
exposure to vaccines, blood products, or residence in
a tropical country during the three months preced-
ing blood sample collection; an infectious episode
during the three weeks before blood sample col-
lection; human immunodeficiency virus, hepatitis B
virus or hepatitis C virus seropositivity; receiving any
immunosuppressive or immunomodulatory drug dur-
ing the two weeks or for more than 14 consecutive
days during the six months before blood sample col-
lection; chronic alcohol consumption or illicit drug
use during the three months before blood sample
collection; having been placed on a particular diet
regimen for medical reasons; participating or having
participated in another clinical study using an investi-
gational treatment. Samples from healthy volunteers
from another study (NCT number: NCT02209142)
were used [13].

For all patients, collected data included: the size
of D4Z4 RUs contraction, age at examination and

at disease onset, comorbidities, previous and current
therapies at the time of blood sample collection.

Motor function was assessed by Manual Muscle
Testing (MMT) sum score including 28 functional
muscle groups from upper and lower limbs (each
muscle group being scored from zero to five accord-
ing to Medical Research Council scale), Brooke
and Vignos scores (assessing functional impairment
of upper and lower limbs respectively), Clinical
Severity Score (CSS) and age-corrected CSS, as
previously described [14]. Briefly, clinical severity
was calculated for each participant based on muscle
involvement (scored 0 to 10, increasing from face and
shoulder to lower extremity). Age-corrected CSS was
calculated as follow: (CSS/age) X1000. For healthy
volunteers, collected data included age and demo-
graphics.

Patient and healthy serum samples

Patients’ serum samples were obtained from blood
samples available in an FSHD biobank (Reference:
DC2015-2374), while healthy serum samples were
collected in another study (NCT02209142). The col-
lection method was identical between controls and
patients. Venipuncture was performed on fasting sub-
jects between 7 AM and 9 AM. The blood was
allowed to clot for one hour before centrifugation
(1,500 g, 10 min). Serum samples were stored in
0.5 ml aliquots at –80◦C. For cytokine levels, serum
samples were thawed on ice and kept at –80◦C in
50 �l aliquots.

Immunoassay for patient samples

Serum levels of Granulocyte-Macrophage Colony-
Stimulating Factor (GM-CSF), interferon-gamma
(IFNg), interleukin (IL)-1alpha, IL-1beta, IL-2, IL-
4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12p40, IL-12p70,
IL-13, IL-15, IL-16, IL-17, TNF� (Tumor Necrosis
Factor alpha), TNFß (Tumor Necrosis Factor beta),
and Vascular Endothelial Growth Factor (VEGF)
were measured using v-plex® immunoassay using
the commercially available Proinflammatory Panel
1, and Cytokine Panel 1 (MSD). All assays were
performed according to the manufacturer’s instruc-
tions. Data were acquired on the v-plex® Sector
Imager 2400 plate reader and analyzed using the Dis-
covery Workbench 3.0 software (MSD). Standard
curves for each cytokine were generated using the
premixed lyophilized standards provided in the kits.
Serial two-fold dilutions of standards were run to
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create a 13-standard concentration set, and the diluent
alone was used as a blank. The cytokine concentra-
tions were determined from the standard curve using a
robust-fit curve to transform the mean light intensities
into concentrations. The lower limit of quantification
(LLOD) was determined for each cytokine and each
plate as twice the signal recorded for the blank.

Statistical analysis for patient samples

Outliers were detected using the GraphPad Prism7
ROUT algorithm with the more stringent parameter
(Q = 0.1%) and excluded from downstream analy-
ses. Correlations between serum biomarker levels and
clinical scores were computed using the Spearman’s
r correlation coefficient rank test with Benjamini &
Hochberg’s multiple test correction (False Discovery
Rate, FDR). Comparative analyses between differ-
ent groups were performed using the non-parametric
Mann & Whitney U-test. Statistical significance was
set according to a corrected p-value (p < 0.05). Sta-
tistical analyses were performed using the R Stats
package, and graphs were generated using GraphPad
Prism version 6.00 for iOS. Heatmaps were obtained
using the Matlab software R2017b.

Mouse study design

All mouse work was performed at the Uni-
versity of Nevada, Reno, and approved by the
local IACUC committee (#00701). ACTA1-MCM
(control), ACTA1-MCM; FLExD (mild FSHD-
like model), and ACTA1-MCM; FLExD + tamoxifen
(TMX) (severe FSHD-like model) mice were gener-
ated, genotyped, and analyzed as described [15].

Mouse phenotyping

Muscle physiology (extensor digitorum longus
muscles), histology, and immunocytochemistry (tib-
ialis anterior muscles) were performed as described
[15]. Primary antibody against DUX4, E5-5 (Abcam,
ab124699) was used at 1:200 dilution. A series of
10 non-consecutive sections were imaged using the
Leica DMi8, DFC365 FX camera, and LAS X Expert
software (Leica Microsystems Inc.). Representative
images from n = 3–4 animals per group are shown.

Immunoassay for IL-6 quantification

IL-6 quantification was performed by the
Immune Assessment Core (University of California,

Los Angeles) using the Luminex Multiplexed Tech-
nology, as per manufacturer’s instructions, and
the Mouse Cytokine/Chemokine (32-plex) panel.
Gastrocnemius muscle homogenates were prepared
from freshly dissected and unfixed tissue with a
sample-grinding kit (80- 6483-37; GE Healthcare
Bio-Sciences, Pittsburgh, PA) in 100 �l of sample
grinding buffer (20 mM Tris HCl pH4.5, 100 mM
NaCl, 0.2% NP40, and 1:10 protease inhibitor cock-
tail (Sigma P8340) according to Roche et al. [16].
Homogenates were subjected to centrifugation at
16,000 x g for 20 minutes at 4◦C, and supernatants
were stored at –80ºC. All gastrocnemius muscle
homogenate samples were normalized to 2000 �g/ml
before analysis. The samples for which IL-6 levels
were below the quantification limit were assigned the
respective threshold quantification value.

Statistical analysis for mouse work

Multiple comparison analyses were performed
with one-way ANOVA with uncorrected Fisher’s
LSD for muscle physiology data and Kruskal-Wallis
for IL-6 quantification data using GraphPad Prism
8.2.1. Statistical significance was considered accord-
ing to the following p-values: ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001, ∗∗∗∗p < 0.0001.

RESULTS

Patient demographical and clinical data

Out of the 136 patients initially included, the final
cohort was composed of 100 FSHD1 adults, 51 males
and 49 females (Table 1) after applying exclusion cri-
teria. The age at disease onset ranged from 1 to 76
years old (mean: 31.7 ± 17.8), the age at examination
from 16 to 84 (mean: 58.0 ± 16.9), and the disease
duration from 1 to 69 years (mean: 26.4 ± 16.7). The
age at examination and disease duration did not differ
significantly between males and females (Table 1).
Overall, the 4qA D4Z4 RUs ranged from 2 to 10
(mean: 6.2 ± 1.8). The female group had a larger 4qA
D4Z4 contraction than males (5.8 RUs ± 2 versus 6.7
RUs ± 1.4) (Table 1).

The MMT sum score ranged from 30 to 140
(mean: 102.2 ± 23.8), with female more severely
affected than men (p = 0.01∗), Brooke score from
1 to 6 (mean: 2.8 ± 1.0), Vignos score from 1 to
9 (mean: 4.0 ± 2.9), CSS from 1 to 10 (mean:
6.4 ± 2.2), age-corrected CSS from 14.5 to 375
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Table 1
Patient demographic and clinical characteristics

All (n = 100) Males (n = 51) Females (n = 49) Males vs.
Females p-value

Age at examination 58.0 ± 16.9 55.6 ± 15.4 60.5 ± 18.3 p = 0.054.
Disease duration 26.4 ± 16.7 27.3 ± 16.7 25.4 ± 16.7 p = 0.57
4qA D4Z4 RUs 6.2 ± 1.8 6.7 ± 1.4 5.8 ± 2.0 p = 0.01∗

(from 2 to 10) (from 4 to 10) (from 2 to 10)
MMT sum score 102.2 ± 23.8 106.9 ± 24.3 97.4 ± 22.4 p = 0.01∗
Brooke score 2.8 ± 1.0 2.8 ± 0.9 2.7 ± 1.0 p = 0.28
Vignos score 4.0 ± 2.9 4.1 ± 2.9 3.9 ± 2.8 p = 0.89
Clinical Severity
Score (CSS)

6.4 ± 2.2 6.4 ± 2.2 6.4 ± 2.2 p = 0.76

Age-corrected CSS 127.5 ± 78.2 131.3 ± 75.4 123.6 ± 81.74 p = 0.093

Data expressed as means ± SD. RUs: Repeat Units, MMT: Manual Muscle testing, CSS: Clinical Severity
Score.

Fig. 1. Correlations between serum cytokine levels and clinical scores in FSHD1. Heat maps of Spearman’s correlation coefficient (Spearman
R) and False Discovery Rate (FDR) using Benjamini and Hochberg method for cytokines and clinical scores in all patients (a.), males (b.),
and females (c.).

(mean: 127.5 ± 78.2). Detailed values for both male
and female groups are described in Table 1.

Cytokine profile in human sera

The cytokine profile in human sera was determined
for 20 soluble proteins. Levels were determined for
GM-CSF, IFN-gamma, IL-5, IL-6, IL-7, IL-8, IL-10,
IL-12p40, IL-15, IL-16, IL-17, TNF-alpha, TNF-
beta, and VEGF. IL-1-alpha, IL-1-beta, IL-2, IL-4,
IL-12p70, and IL-13 were below the detection level
in more than 20% of patients and were excluded from
further analysis. Spearman’s correlation coefficient
was computed between the 14 reliably detectable
cytokines and MMT sum score, Brooke and Vignos
scores, CSS, and age-corrected CSS, to investigate
a possible association between serum cytokine lev-
els and disease severity. After correction for multiple
testing, serum IL-6 was the sole cytokine which
levels correlated negatively with MMT sum score

(R = –0.38, FDR = 2.97 × 10–4) and positively with
Brooke score (R = 0.31, FDR = 6.82 × 10–3), Vig-
nos score (R = 0.47, FDR = 3.29 × 10–6), and CSS
(R = 0.48, FDR = 1.26 × 10–6) in the overall cohort
(Fig. 1, Supplementary Table 1).

More precisely, in both male and female
patients, serum IL-6 levels were correlated with
MMT sum score (Fig. 2a, respectively r = –0.46
p = 0.001∗∗∗ and r = –0.33 p = 0.020∗), Brooke score
(Fig. 2b, respectively r = 0.3 p = 0.034∗ and r = 0.32
p = 0.025∗), Vignos score (Fig. 2c, respectively
r = 0.56 p < 0.0001∗∗∗∗ and r = 0.38 p = 0.007∗∗), and
CSS (Fig. 2d, respectively r = 0.59 p < 0.0001∗∗∗∗ and
r = 0.39 p = 0.006∗∗). Remarkably, serum IL-6 levels
did not correlate with age-corrected CSS in the over-
all population (r = 0.09, p = 0.357) and in the female
group (r = 0.14, p = 0.335), while it did in the male
groups (r = 0.3, p = 0.029∗, Fig. 2e).

Our data also revealed alterations in the mean
serum levels of IL-6, depending on the clinical
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Fig. 2. Correlations between serum IL-6 levels and clinical scores in FSHD1. Scatter plot representations of serum IL-6 levels versus MMT
sum score (a.), Brooke score (b.), Vignos score (c.), clinical severity score (CSS) (d.), and age-corrected CSS (e.) in all patients, males, and
females. Spearman R coefficients and p-values are indicated.

severity. No differences were found in the level
of IL-6 between the males and female groups, but
serum IL-6 levels were significantly higher in patients
presenting a CSS > 6 than those with a CSS ≤ 6
(p < 0.0001∗∗∗∗, Fig. 3a). A similar correlation was
found in the male (p = 0.0016∗∗) and the female group
(p = 0.015∗, Fig. 3a).

To further confirm IL-6 as a severity biomarker
in FSHD1, we have compared the level of serum
IL-6 between FSHD1 patients and unrelated healthy
control. The age at the exam for the control ranged
from 46 to 71 (mean: 54.9 ± 6.4), with a sim-
ilar male/female ratio compare to our patients’
cohort (50% male and 50% females for control VS
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Fig. 3. Comparison of serum IL-6 levels with clinical severity in FSHD1 and with control. a. Scatter plot representation of serum IL-6
levels in the different groups according to clinical severity. A significant difference in serum IL-6 levels was obtained between patients
with a CCS ≤ 6 and or > 6 in the overall population (p < 0.0001∗∗∗∗), in males (p = 0.0016∗∗) and in females (p = 0.015∗). b. Scatter plot
representation of serum IL-6 levels in the control and FSHD1 patient. A significant difference in serum IL-6 levels was obtained between
control and patients in the overall population (p = 0.006∗∗), in males (p = 0.027∗), and in females (p = 0.011∗).

51% males and 49% females for FSHD1 patients).
No significant difference was found in the mean
age between control and patients (p = 0.21), males
(p = 0.3), and females (p = 0.09). Control demo-
graphics are represented in Supplementary Table 2.
The serum IL-6 in FSHD1 patients was more than
twice as high as Control group (0.88 ± 0.15 pg/ml
for FSHD1 patients and 0.36 ± 0.02 pg/ml for con-
trol p = 0.0012∗, Fig. 3b). Further, both males and
females’ patients subgroup display higher level of
IL-6 compare to males and females control sub-
group (1.05 ± 0.28 pg/ml and 0.39 ± 0.03 pg/ml for
patients and control males respectively, p = 0.027∗;
0.70 ± 0.09 pg/ml and 0.33 ± 0.03 pg/ml for patients
and control females respectively, p = 0.011∗, Fig. 3b).

Our results showed that IL-6 levels are increased in
the FSHD1 population compared to healthy control,
and higher IL-6 levels reach more affected patients.

Cytokine profile in FSHD-like transgenic mice

To confirm IL-6 as a DUX4-responsive biomarker
for FSHD1, we tested if IL-6 levels correlate with
DUX4 expression in the ACTA1-MCM, FLExD

FSHD-like mouse model. This bi-transgenic mouse
model expresses the human DUX4-fl mRNA iso-
form in skeletal muscles in response to tamoxifen
(TMX), resulting in an FSHD-like phenotype.19

We used a mild FSHD-like model (ACTA1-MCM,
FLExD/ + mice, no TMX) and a severe FSHD-like
model (ACTA1-MCM, FLExD/ + mice treated with
TMX) and ACTA1-MCM/ + mice treated with TMX
as the control group. We first assessed disease pathol-
ogy using muscle histology and immunostaining for
DUX4 (Supplementary Figure 1a-i) and assessed
ex vivo muscle physiology (Fig. 4a and b). We
then measured circulating IL-6 levels in serum and
intramuscular IL-6 levels using the gastrocnemius
muscle in 13- to 14-week-old mice 7 days post-
TMX injection (Fig. 4c and d). The severe FSHD-like
model showed high muscle pathology levels, includ-
ing increased centrally located nuclei, variable fiber
size, immune cell infiltration, and increased fibrosis,
compared with the controls and mild model, which
did not show overt signs of histopathology (Supple-
mentary Figure 1a-c), as previously reported [15].
However, muscle physiology showed significant dif-
ferences between all three groups (Supplementary
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Fig. 4. FSHD-like mouse model: IL-6 levels in the serum and muscle. ACTA1-MCM/ + with TMX (control), ACTA1-MCM, FLExD/ + no
TMX (mild) and ACTA1-MCM, FLExD/ + 7 days post-TMX (Severe D7) mice were assessed for muscle function and IL-6 levels. Ex vivo
muscle physiology assessment of extensor digitorum longus muscle in each group of mice (a., b.): Control, blue (n = 9), Mild, green (n = 10),
and Severe D7, red (n = 11). Mice were assessed for maximum tetanus (a.), and cross-sectional muscle area normalized specific tetanus (b.).
IL-6 levels in the serum (c.) and gastrocnemius muscle (d.) in each group of mice: Control, blue (n = 6 in serum, n = 10 in muscle), Mild,
green (n = 8 in serum, n = 10 in muscle), and Severe D7 (n = 6 in serum, n = 10 in muscle). Red dots in panels c and d depict corresponding
samples used for serum and muscle analysis. Orange dots in panel d represent samples exclusively used for muscle analysis. Significance:
∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001.

Figure 1a and b). We quantified IL-6 serum levels
from blood collected at the time of ex vivo physiology
analysis. Interestingly, we found that serum IL-
6 levels were significantly increased in the severe
FSHD-like model compared to controls (Fig. 4c).
Intramuscular IL-6 levels in gastrocnemius muscle
from the severe FSHD-like model were higher than
serum levels and significantly increased compared
to controls and the mild model (Fig. 4d). Although
female mice showed a more significant increase in IL-
6 levels than male mice, they are also more severely
affected (Supplementary Figure 2). Further, the use of
TMX did not affect IL-6 levels in male or female con-
trol ACTA1-MCM mice (Supplementary Figure 2),
indicating the increase in IL-6 is not due to TMX.
These results support that IL-6 levels in the serum

and skeletal muscle are responsive to pathogenic lev-
els of DUX4 expression and lend further support to
our human data proposing serum IL-6 levels as a
biomarker for FSHD.

DISCUSSION

FSHD is a heterogeneous disease characterized by
high variability in the age at onset, progression, and
severity. The precise FSHD pathophysiology is still
unknown, but a unifying model has emerged impli-
cating epigenetic derepression caused by a critical
contraction in the number of D4Z4 macrosatellite
repeats on chromosome 4q35, the aberrant reactiva-
tion of the DUX4 gene, which is generally silenced
in somatic cells. This causes disease by a toxic
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gain of function [1–3]. Among DUX4p downstream
pathways, muscle inflammation undeniably plays a
central role in FSHD pathophysiology, preceding
muscle atrophy and fibrofatty degeneration. Several
studies on skeletal muscle biopsies and human pri-
mary myoblasts have highlighted a link between the
cytotoxicity of DUX4 and the deregulation of adap-
tive and innate immunity and triggered an immune
response [3, 6]. This hypothesis is supported by
the presence, in more than half of the patients,
of a muscular inflammation consisting mainly of
infiltrating CD8 + T cells in the endomysium and
CD4 + T cells in the perivascular area, accompanied
by cytokines production, including IL-12/IL-23p40,
IFNg, TNFa, IL-6, and IL-10 [8]. Nevertheless, the
exact pathway of muscle inflammation needs to be
further clarified to understand better FSHD patho-
physiology and inflammation contribution in disease
variable progression and develop new biomarkers
and/or potential therapeutic strategies.

Previous studies used multiplex assay for a search
of FSHD biomarkers. Statland and colleagues have
used a microsphere-based immune-fluorescent assay
of 243 markers (Myriad, Human Discovery MAP
250, v2.0) and found seven biomarkers with a con-
centration different between subjects with FSHD and
control [12]. The biomarkers identified were in the
plasminogen, inflammatory, and wound healing path-
ways. In this study on serum of 22 FSHD patients, the
authors found a significantly increased inflammatory
biomarkers (CCL2, CD40LG, and CD40 antigen)
in FSHD patients than healthy control. Still, they
could not detect inflammatory cytokines such as IL-
6, IL-10, IL-12, and TNF-� although those cytokines
have been previously reported to be differentially
expressed in FSHD patients [8, 11]. This discrepancy
can be explained by the small size of the samples and
the analysis methods, as correction for a false dis-
covery rate of 5% in such a small sample will likely
discard many biomarkers [12].

Another study conducted by Petek and colleagues
used a high-throughput SomaLogic proteomics plat-
form of 1129 proteins to identify serum proteins with
levels that correlate with FSHD severity in a cross-
sectional study of two independent cohorts [17]. In
this study, the authors identified 66 proteins with a
concentration higher in FSHD patients than control
and four proteins among the 66 with a concentra-
tion correlating with disease severity. However, these
biomarkers correlated when CSS < 6 but failed to cor-
relate when CSS > 6, suggested that they can’t be
used as severity biomarkers in FSHD. Further, despite

a significantly higher concentration, no correlation
was found between proteins involved in inflamma-
tion and the severity of the disease. Lastly, this study
didn’t identify cytokines (IL-6, IL-10, IL-12, and
TNF-�; [8, 11]) or proteins (CCL2, CD40LG, and
CD40 antigen, [12]) that were previously reported
to be differentially expressed in FSHD compare to
control.

The present study is the first to identify any reli-
able serum biomarker of disease severity in subsets
of FSHD1 patients. This finding was made possible
by the clinical and biological characterization of 100
FSHD1 patients – among whom 51 were males –
therefore assuring an adequate power to detect sta-
tistically significant differences. Our results clearly
identified IL-6 as the sole cytokine showing a corre-
lation with multiple validated clinical severity scores.

Numerous studies have reported an increase in IL-6
levels in neuromuscular diseases, including Duchene
muscular dystrophy [18], Myositis [19], or Amy-
otrophic Lateral Sclerosis (ALS) [20]. IL-6 levels
are used as a disease progression biomarker in the
IL6R358Ala variant groups in amyotrophic lateral
sclerosis patients [20]. An increased IL-6 secretion by
peripheral blood mononuclear cells [8] and increased
serum IL-6 levels [11] in FSHD1 patients have also
been reported. However, IL-6 role in neuromuscu-
lar pathophysiology is still poorly understood. IL-6
has pleiotropic roles as a pro-inflammatory cytokine
when secreted by innate immune cells, but IL-6 can
also be produced by non-immune cells, including
fibroblasts, vascular endothelial cells, and skeletal
muscle cells [21]. In this case, IL-6 is a pivotal
myokine for muscle repair [22], muscle wasting,
exercise, and aging [23]. In skeletal muscle, IL-6
is produced by satellite cells, myofibers, and neu-
trophils [24] and can have a dual role. On the one
hand, IL-6-STAT3 signaling was shown to impair
satellite cell self-renewal in aged muscle, specifically
[25], and promote myogenic lineage progression
during muscle repair [26]. Conversely, experimen-
tal evidence implicated IL-6 in promoting satellite
cell proliferation during hypertrophic muscle growth
[27]. Therefore, IL-6 production in neuromuscular
diseases can represent either a muscle-derived auto-
repair mechanism [22] or a mediator of immune
damage [28] and have to be elucidated.

Nevertheless, to our knowledge, our study is the
first to link IL-6 levels and FSHD1 severity. Indeed,
our results showed that among the 20 cytokines
tested, IL-6 was the only one with concentrations
strongly correlated with several well-established
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clinical severity and functional scores (MMT sum
core, Brooke score, Vignos score, and CSS) in
the overall FSHD1 population in both male and
female subsets. Further, IL-6 levels are higher in
the FSHD1 population compare to healthy control
and follow disease severity, as more affected patients
present increased IL-6 levels compare to less affected
patients. The differences between our study and oth-
ers can be explained by the more significant number
of patients included in our study and the analysis
method of biomarkers. We analyzed serum cytokine
using the MSD technic with ultra-low detection limits
and provides up to five logs of linear dynamic range.
In contrast, others have used Luminex-based assay
[12] or proteomics platform [17]. Our patients’ results
were further confirmed by analyzing the FSHD-like
mouse model, where serum and muscular IL-6 lev-
els increased with the disease severity and DUX4
expression, suggesting that IL-6 levels are linked to
DUX4 expression in skeletal muscles, and that cir-
culating and muscle resident cells could contribute
to IL-6 production. However, the primary source
of IL-6 in FSHD pathophysiology remains to be
defined. Further, whether IL-6 secretion plays an
active role in DUX4-dependent muscle degeneration
or is just a downstream epiphenomenon in FSHD1
pathogenesis remains to be clarified. Further studies
will also be a crucial matter of research for therapeu-
tic development since anti-IL-6 receptor monoclonal
antibodies, tocilizumab and sarilumab, have already
been approved to treat rheumatoid arthritis and other
IL-6-related pathologies [29]. In this perspective, our
study points out IL-6 as a suitable tool for pheno-
typic stratification and a candidate target for therapy
in FHSD.
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