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ABSTRACT

Myogenic differentiation mechanisms are generally assessed using a murine cell line placed in low
concentrations of an animal-derived serum. To more closely approximate in vivo pathophysiological
conditions, recent studies have combined the use of human muscle cells with human serum. Never-
theless, the in vitro studies of the effects of a human microenvironment on the differentiation process of
human myoblasts require the identification of the culture conditions that would provide an optimal and
reproducible differentiation process of human muscle cells. We assessed the differentiation variability
resulting from the use of human myoblasts and serums from healthy subjects by measuring the myotube
diameter, fusion index and surface covered by myotubes. We showed the preserved cell-dependent
variability of the differentiation response of myoblasts cultured in human serums compared to FBS.
We found that using a pool of serums reduced the serum-dependent variability of the myogenic response
compared to individual serums. We validated our methodology by showing the atrophying effect of
pooled serums from COPD patients on healthy human myotubes. By replacing animal-derived tissues
with human myoblasts and serums, and by validating the sensitivity of cultured human muscle cells to a
pathological microenvironment, this human cell culture model offers a valuable tool for studying the role
of the microenvironment in chronic disease.

1. Introduction

ensure the reproducibility of results [9—11]. Therefore, the biolog-
ical variability in human samples must be better assessed if we

Most studies in the field of satellite cell differentiation are per-
formed with standardized animal myogenic cell lines (mouse
C2C12 or rat L6) cultured with animal-derived serums from horse,
calf or fetal bovine. The use of human satellite cells in vitro may be a
promising tool to replace animal cell lines in studies of muscle cell
differentiation and regeneration, as doing so may more closely
approximate in vivo pathophysiological conditions. Several
research groups have thus modified their experimental parameters
by using human myoblasts [1-3], a human
microenvironment — i.e., the local environment of the muscle cell
brought by blood flow (in vivo) or serum (in vitro) [4,5] — or both
[6—8]. Nevertheless, the seeding density, differentiation durations,
serum batches and cell passages are some of the factors that need to
be adjusted to prevent harmful experimental heterogeneity and
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want to increase the reliability of studies on in vivo muscle alter-
ation. Biological variability is expressed at a cellular level by the
heterogeneous magnitude of differentiation of human myoblasts
from different subjects [12], as well as by the heterogeneous
composition of different human serums compared to a controlled
batch of animal serum.

Muscle differentiation and regeneration are precise and com-
plex signaling programs that must be finely tuned to achieve the
complete formation of muscle fibers [13]. Modifying the satellite
cell microenvironment by various molecules impacts the differen-
tiation process and leads to abnormalities like muscle atrophy. For
example, adding hydrogen peroxide [14], metformin [15] or tumor
necrosis factor-alpha [16] impairs muscle differentiation of both
human and mouse C2C12 myoblasts. Therefore, it is clear that a
modification in the microenvironment by adding molecules is
sensed by cultured muscle cells, but little is known concerning the
sensitivity of human satellite cells exposed to a pathological



microenvironment, particularly the human serum from patients
with chronic disease.

In the present study, we sought to characterize the experimental
parameters for an in vitro culture of human muscle cells in a human
microenvironment. We therefore assessed the cell-dependent
variability and the serum-dependent variability of the differentia-
tion process in different human myoblast cultures exposed to
different human serums. Then, we tested the sensitivity of our
model by comparing the myogenic differentiation of healthy hu-
man myoblasts exposed to serums from healthy subjects to those
from patients with chronic obstructive pulmonary disease (COPD).

2. Materials and methods
2.1. Study population

The healthy subjects were recruited on the basis of the following
criteria: age between 40 and 80 years, no diagnosed disease, and
low physical activity per week (<150 min of moderate-to-vigorous
physical activity). Age-matched COPD patients were recruited on
the basis of dyspnea, chronic cough and/or sputum production,
and/or a history of exposure to risk factors for the disease. Diagnosis
was confirmed by forced expiratory volume in 1 s/forced vital ca-
pacity ratio (FEV1/FVC) lower than 70% [17]. The dyspnea severity
was assessed using the modified Medical Research Council (mMRC)
scale [18]. Body composition and nutritional status were evaluated
with the fat-free-mass index (FFMI) and/or the body mass index
(BMI) [19,20]. Exercise capacity and exercise tolerance were
respectively reflected by the VO2peak (VO,p) and the 6-min walk
distance (6-MWD) [21]. A written consent was obtained from all
subjects (see details in Supplementary Materials and Methods).

2.2. Myoblast isolation and purification

As previously described [12,22], satellites cells were isolated by
placing a small explant of a vastus lateralis muscle biopsy in a 35-
mm collagen-coated Petri dish covered with 6 mg/ml of Matrigel
(BD Matrigel Matrix from BD Biosciences, Franklin Lakes, NJ, USA).
The isolation medium was composed of DMEM (Sigma-Aldrich, St
Louis, MO, USA) supplemented with 20% FBS (Dominique Dutscher
SAS, Burmath, France), 0.5% Ultroser G (Pall Biosepra, Cergy-Saint-
Christophe, France) and 20 mM Hepes (Sigma-Aldrich). Explants
were cultivated for 6—8 days in standard conditions (37 °C/5% CO,/
21% 0,), and outgoing cells were harvested using dispase (BD
Biosciences) and grown in 100-mm collagen-coated Petri dishes
with growth medium (GM; DMEM/20% FBS/0.5% Ultroser G). After
incubation with an anti-CD56 antibody coupled with magnetic
beads (BD Biosciences) for 30 min, satellites cells were purified
with a magnetic sorting system (Miltenyi Biotec, Bergisch Glad-
bach, Germany). The purified myoblasts (passage 1) were grown in
a 100-mm collagen-coated dish in GM and frozen at passage 2. All
experiments were performed using myoblasts below passage 4.

2.3. Human muscle cell cultures

Myoblasts were thawed in 100-mm Petri dishes containing GM
for 48 h. Myoblasts were then seeded in 6-well Petri plates and
grown for 48 h. Differentiation into myotubes was induced by
placing the cells in differentiation medium (DM; DMEM/2% FBS or
horse serum or human healthy serum [hHS] or COPD serum) for 5
days, with a change of the medium at day 2 of the differentiation
process.

3. Results

3.1. Culture conditions providing optimal differentiation of human
myoblasts

In differentiation studies of primary human myoblasts, it is
important to control the various factors that induce experimental
variability: cell passage number [23], FBS batch [24], differentiation
duration and number of seeded cells [3,14,22]. We addressed these
issues by exclusively using human myoblasts below passage 4, a
single FBS batch, a standard differentiation duration of 5 days, and
the induction of differentiation when the cells reached 80%
confluence. Under these conditions, using a Bland-Altman plot, we
assessed the reproducibility of the measures of several differenti-
ation characteristics in the muscle cell cultures from five healthy
subjects in two independent experiments (Figs. STA—C). All the
values were within the limits of agreement and a bias of less than
5% indicated no major systematic error (Figs. S1A—C). The cumu-
lative relative frequency analysis of the myotube diameters showed
no significant difference between the myotube distributions
(p = 0.26, Fig. S1D).

To more closely approximate in vivo conditions, we assessed the
differentiation characteristics of the human muscle cells in a hu-
man microenvironment by replacing the FBS with human serum
from healthy subjects. We thus induced the differentiation of
myoblasts from a single healthy subject, seeded at various den-
sities, in presence of DM supplemented with a pool of serum from
eight healthy subjects. We found that the 5000 cells/cm? condition
offered the best condition for differentiation, with a high percent-
age of myotubes per field (88.9%) indicating the highest number of
formed myotubes per field (54.2 + 7.9), in association with a low
number of detaching myotubes (0.6 + 1.3/field) (Table S1, Fig. S2A).
Using the 5000 cellsjcm? condition, we obtained a myotube
diameter (60 + 3.1 um) and a fusion index (68 + 3%) within the
range described in previous studies [6,8,12] (Fig. S2B).

3.2. Cell-dependent variability of the differentiation process of
human myoblast cultures

Using the 5000 cells/cm? condition, we investigated the vari-
ability of the differentiation process by exposing the human muscle
cells from seven healthy subjects (Table S2) to DM supplemented
with a single hHS or FBS (Fig. 1A). The myotubes differentiated in
hHS as opposed to FBS showed a higher fusion index (65.4 + 11.8 vs
58 + 10.7%, p = 0.005; Fig. 1B) and also tended to cover a greater
surface (39.5 + 7.3 vs 33.1 + 6.3, p = 0.058; Fig. 1C). Despite these
morphological differences, the hHS preserved the intrinsic vari-
ability of the differentiation response compared to FBS, and this
was reflected by equivalent coefficients of variation (C.Vs) for the
fusion index (18.1 vs 18.4%, p = 0.81; Fig. 1B) and myotube surface
(18.5 vs 19.0%, p = 0.72; Fig. 1C). Under the same experimental
conditions, hHS tended to increase the myotube diameter by 24%
(58 + 18 vs 47 + 18 um, p = 0.064, Fig. 1D) without affecting the C.V
of the myotube cultures (30.5 vs 38.0%, p = 0.99; Fig. 1D). However,
the linear mixed model showed that hHS increased the mean
myotube diameter (p < 0.001, Fig. S3). Indeed, the use of hHS
induced a shift in the distribution curve toward higher myotube
diameters (Fig. 1E). Furthermore, cumulative frequency analysis of
the myotube diameters showed a significant difference between
FBS and hHS (p < 0.001), with 50% of the myotubes differentiated in
FBS measuring less than 37.7 pm, whereas those in hHS had a
diameter under 46.5 pm (Fig. 1F).
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Fig. 1. Effects of a single hHS compared to FBS on the differentiation characteristics of healthy myotubes. (A) Experimental design, and quantification of (B) the fusion index,
(C) myotube surface and (D) myotube diameter analysis of muscle cells from seven different healthy subjects differentiated in medium containing 2% FBS or a single hHS (dotted
lines link muscle cell cultures from the same subject). The gray rectangles represent the range of the coefficient of variation (C.V). The means are indicated and (**) indicates
statistical significance at p < 0.01 between myoblasts differentiated in FBS or hHS. (E) Distribution frequency analysis and (F) cumulative frequency analysis of the myotube di-
ameters obtained after differentiation of myoblasts from seven healthy subjects in presence of 2% FBS or a single hHS. For distribution and cumulative frequency analysis, data are
expressed in percentage of all myotube diameters per condition and (****) indicates statistical significance at p < 0.0001 with Kolmogorov-Smirnov’s distribution test.

3.3. Serum-dependent variability of the differentiation process of a
human myoblast culture

We also investigated the variability of several human serums to
induce myogenic differentiation by differentiating the myoblasts
from a single healthy subject in presence of eight individual hHS
(Fig. 2A). Compared with the reference values obtained with FBS,
the myotubes exposed to individual hHS showed an increase in
myotube diameter (+55%, p < 0.001; Fig. 2B), fusion index (+25%,
p < 0.0001; Fig. 2C) and covered surface (+43%, p < 0.01; Fig. 2D),
with C.Vs of 17.6%, 6.9% and 17.3%, respectively.

3.4. Differentiation response of human myoblasts exposed to
individual human serums or pooled serums

To reduce the serum-dependent variability, we assessed the
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effects of pooled human serums on the differentiation character-
istics of the myoblasts, as performed by other groups [4,7]. We
compared the effects of eight individual hHS to the effects of a pool
of the same eight serums (Fig. 3A). Use of the pooled serums
reduced the C.Vs of each measurement (17.6—2.9% for myotube
diameter, 6.9 to 1.7% for fusion index, and 17.3 to 0.6% for covered
surface; Table S3, Fig. 3B—D) without affecting the ability to induce
myotube differentiation. Indeed, both pooled and individual se-
rums retained an equivalent ability to induce fusion with similar
trophic effects on myotube diameter (61 vs 69 um, p = 0.09;
Fig. 3B), fusion index (71.1 vs 74.5%, p = 0.10; Fig. 3C), and surface
covered by myotubes (36.0 vs 33.3%, p = 0.24; Fig. 3D).

As the pooled serums retained biological effects similar to those
of individual serums, we compared the differentiation character-
istics of human myoblast cultures exposed to pooled hHS or FBS
(Fig. 3E). Distribution frequency analysis of the myotube diameters
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Fig. 2. Effects of eight hHS compared to FBS on the differentiation characteristics of myotubes from a single healthy subject. (A) Experimental design, and quantification of (B)
the myotube diameter, (C) fusion index and (D) myotube surface from cultures of myoblasts from a single healthy subject differentiated in medium containing 2% FBS (dotted line)
or eight different hHS. Data are expressed in mean + SD and the gray rectangles represent the range of the coefficient of variation (C.V). (**), (***) and (****) indicate statistical
significance at p < 0.01, p < 0.001 and p < 0.0001 respectively, between values obtained for myotubes differentiated in FBS and individual hHS.
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Fig. 3. Effects of individual or pooled hHS on the differentiation characteristics of human muscle cells. (A) Experimental design, and quantification of (B) the myotube
diameter, (C) fusion index and (D) myotube surface obtained after differentiation of myoblasts from a single healthy subject in a medium containing 2% of eight individual hHS
(circle) or a pool of the same hHS in triplicate (triangle). Data are expressed in mean =+ SD and statistical significance was tested with a one-sample t-test inference. (E) Experimental
design, and (F) distribution frequency and (G) cumulative frequency analysis of myotube diameters obtained after differentiation of myoblasts from seven different healthy subjects
in 2% FBS or a pool of serums from eight healthy subjects. Data are expressed in percentage of all myotube diameters per condition and (****) indicates statistical significance at

p < 0.0001 with Kolmogorov-Smirnov’s distribution test.

showed that the pooled hHS, compared to FBS, induced a shift to-
ward higher myotube diameters (Fig. 3F), similar to that observed
with individual hHS in Fig. 1E. Furthermore, the cumulative fre-
quency curves indicated a significant difference between hHS and
FBS (p < 0.0001), with 50% of the myotubes differentiated in FBS
measuring less than 39.8 um against 57.2 um in hHS (Fig. 3G).

3.5. Sensitivity of healthy human myoblasts to serum from COPD
patients

To assess the sensitivity of healthy human muscle cells to
pathological serum, we compared the effects of pooled serums
from COPD patients to those from healthy subjects on their differ-
entiation characteristics. The subject characteristics are described
in Table S4. We induced the differentiation of myoblasts from seven
healthy subjects with pooled serums from eight healthy subjects or
eight COPD patients (Fig. 4A). Representative images of the cultured
myotubes are shown in Fig. 4B. While no difference was detected
for the fusion index (60.5 + 10.3 vs 59.7 + 10.9%, p = 0.60; Fig. 4C),
we observed a significant decrease in the surface covered by the
myotubes exposed to the COPD serums (36.0 + 4.3 vs 33.0 + 3.9%,
p < 0.05; Fig. 4D). Concomitantly, the COPD serums tended to
reduce the myotube diameter (53 + 14 vs 49 + 12 um, p = 0.09;
Fig. 4E). A linear mixed model also indicated this tendency, with a
significant reduction in the mean myotube diameter (p < 0.01;
Fig. S4). Distribution frequency analysis of the myotube diameters
showed that the COPD serums induced a shift toward thinner
myotubes compared to hHS (Fig. 4F). In addition, cumulative fre-
quency analysis showed a significant difference in the myotube
diameter distribution (p < 0.001), with 50% of the myotubes
differentiated in COPD serums being 8% thinner than those in hHS
(40.5 vs 43.8 um, Fig. 4G).

4. Discussion

Given the heterogeneity of cell culture conditions
[6—8,12,22,25], we sought to define experimental procedures for
culturing human muscle cells to ensure the reproducibility of
measurements by our group and other teams. We found that
5000 cells/cm? provided the highest number of myotubes, with a
limited number of cell detachments (Table S1). Under these con-
ditions, the fusion index and the myotube surface/diameter values
were in the range of those described by others [6,8,22,26].

As our primary human myoblasts were isolated from different
healthy subjects, we investigated the intrinsic variability of each
culture. In these experiments, no significant difference in the C.Vs
of the myogenic indicators suggested that human serum, compared
to FBS, was able to preserve the variability of the response of each
myoblast culture (Fig. 1B—D). However, although variability was
preserved, the human serum seemed to modify the differentiation
dynamics (Fig. 1B), with increased myotube surface (Fig. 1C) and
diameter (Fig. 1D). Using a linear mixed model taking into account
the value dependency related to repetitive observations (myotube
diameter) performed within the same experimental object (myo-
tubes from the same subject) (Fig. S3) [27,28], we confirmed the
tendency of human serum to increase myotube diameter
(Fig. 1TE—F). While industrial serums (FBS, calf serum, horse serum)
commonly used for in vitro muscle cultures condition cellular
processes such as proliferation, differentiation, fusion and protein
synthesis [29], we confirmed that serums from different healthy
subjects are also able to modify myogenesis (Fig. 2).

To better approximate a representative serum composition for a
global population, we adapted our procedure by pooling different
human serums, as previously described in the field [2,7,8]. This
enabled us to optimize the volume of serum used for each
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Fig. 4. Effects of pooled COPD serums compared to pooled hHS on the differentiation characteristics of healthy human muscle cells. (A) Experimental design, and (B)
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experiment and reduce the serum-dependent variability without
modifying the biological effects (Fig. 3A—D). The trophic effect of
pooled human serums on differentiation was confirmed, compared
to FBS (Fig. 3E—G).

The composition of the microenvironment regulates many
physiological processes, and its implication in the modulation of
muscle atrophy in chronic disease/aging is a complex issue that is
still debated. Recently, it has been shown that aging imposes
several changes on the circulating microenvironment, impacting
processes such as neurogenesis, hepatogenesis and muscle regen-
eration [30]. More specifically in COPD, Barnes and Celli hypothe-
sized that the skeletal muscle atrophy occurring in COPD patients is
partly due to a deleterious systemic microenvironment coming
from the “spill-over” of inflammatory molecules from the lungs
into the blood circulation [31]. Indeed, studies have shown a sus-
tained increase in inflammatory cells and molecules in the blood of
COPD patients [32—34], correlating with sarcopenia [35]. In the
present study, we offer new experimental clues about this process.
Although the COPD severity of the patients was moderate, our new
methodology was sensitive enough to reveal that the composition
of the COPD serums had deleterious effects on healthy myotubes,
inducing a higher proportion of thin myotubes to the detriment of
intermediate and large myotubes (Fig. 4). Unfortunately, without
the dosage of inflammatory molecules, we cannot definitively
conclude on the inflammatory state of the COPD serums used in our
study, and further experiments are now needed.

The in vitro methodology described here enabled us to study the
effects of a homologous microenvironment on the differentiation
process of human muscle cells. We highlighted the importance of
assessing both cell- and serum-variability, which is a crucial pre-
requisite for in vitro experiments with human tissues. Furthermore,
we showed that pooled human serums retain the biological effect

of individual serums. Last, we validated our methodology by
providing experimental clues of the “spill-over” mechanism by
which deleterious molecules from the lung may contribute to the
skeletal muscle atrophy occurring in COPD patients.
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