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Highly contractile 3D tissue engineered skeletal muscles from human iPSCs
reveal similarities with primary myoblast-derived tissues
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SUMMARY

Skeletal muscle research is transitioning toward 3D tissue engineered in vitro models reproducing muscle’s native architecture and sup-
porting measurement of functionality. Human induced pluripotent stem cells (hiPSCs) offer high yields of cells for differentiation. It has
been difficult to differentiate high-quality, pure 3D muscle tissues from hiPSCs that show contractile properties comparable to primary
myoblast-derived tissues. Here, we present a transgene-free method for the generation of purified, expandable myogenic progenitors
(MPs) from hiPSCs grown under feeder-free conditions. We defined a protocol with optimal hydrogel and medium conditions that al-
lowed production of highly contractile 3D tissue engineered skeletal muscles with forces similar to primary myoblast-derived tissues.
Gene expression and proteomic analysis between hiPSC-derived and primary myoblast-derived 3D tissues revealed a similar expression
profile of proteins involved in myogenic differentiation and sarcomere function. The protocol should be generally applicable for the

study of personalized human skeletal muscle tissue in health and disease.

INTRODUCTION

Skeletal muscle tissue generates contractile force providing
support for posture and locomotion and enabling respira-
tion. Neuromuscular disorders compromise contractile
function of skeletal muscle with muscle weakness and
wasting as a result (Benarroch et al., 2019). Drug screening
for development of novel therapies is traditionally per-
formed in 2D monolayer cultures or animal models. These
models are limited in functional readouts, only partially
recapitulate disease phenotypes, and show species-specific
drug responses contributing to the high failure rate (~88%)
of potential therapeutic strategies in phase I clinical trials
(DiMasi et al., 2016).

To improve disease modeling and develop novel thera-
pies, 3D tissue engineered skeletal muscles (3D-TESMs)
have been generated from human primary myoblasts al-
lowing functional readout of contractile force, and upon
treatment with drugs these 3D-TESMs show similarity
with clinical observations (Madden et al., 2015). 3D-TESMs
for myasthenia gravis, Pompe disease, and Duchenne
muscular dystrophy were recently generated (Afshar Ba-
kooshli et al., 2019; Ebrahimi et al., 2021; Wang et al.,
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2021), showing the potential for improved disease
modeling, drug screening, and the generation of more
complex models. However, primary cultures are known
for their variability and limited self-renewal, lose myogenic
potential after prolonged culturing, and obtaining
myogenic cells from aged patients can be challenging
(Bigot et al., 2008; Day et al., 2010).

Human induced pluripotent stem cells (hiPSCs) provide
unlimited amounts of cells for differentiation (Takahashi
and Yamanaka, 2016). So far, only a few studies generated
3D-TESMs using hiPSC-derived muscle cells (Chal et al.,
2016; Iuliano et al., 2020; Jiwlawat et al., 2017; Maffioletti
et al., 2018; Rao et al., 2018; Selvaraj et al., 2019; Xu et al.,
2019). Tissues of hiPSC-derived mesangioblasts that were
induced with MyoD transgene overexpression formed
multinucleated myotubes in 3D, but were unresponsive
to electrical stimulation (Maffioletti et al., 2018). Ectopic
expression of the muscle stem cell marker PAX7 in hiPSCs
produced myogenic cells with high expansion capacity
(Darabi et al., 2012), and 3D-TESMs generated showed
responsiveness to electrical stimulation. However, specific
tetanic forces generated by these hiPSC-derived 3D-TESMs
were lower (3 mN/mm?) than those of human primary
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Figure 1. Generation of myogenic progenitors under feeder-free conditions
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(A) Overview of the differentiation procedure. Top: feeder-based protocol as published previously (van der Wal et al., 2017). Bottom:

feeder-free approach.

(B) Expression of the early mesoderm marker Brachyury (green) and muscle stem cell marker PAX7 (red) analyzed by staining after 2 or
31 days of differentiation using the feeder-free differentiation protocol. Nuclei are stained with Hoechst.
(C) Percentages of c-MET*/HNK™ fraction after 31 days of differentiation showing average + standard deviation (SD) of 23 independent

differentiations.
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myoblast-derived 3D-TESMs (12 mN/mm?) (Rao et al.,
2018). Similarly, myofiber diameter was 9 pm for hiPSC-
derived 3D-TESMs and 15 pm for human primary
myoblast-derived 3D-TESMs (Madden et al., 2015; Rao
et al.,, 2018). Using endothelial growth medium for
differentiation of 3D-TESMs derived from PAX7-induced
cells increased specific tetanic forces to 33 mN/mm?,
but myofiber diameter was not increased (9 pm) (Xu
et al., 2019).

Forcing hiPSCs into myogenic cells via transgene expres-
sion might disturb normal physiological processes and
reduce maturation capacity. So far, the expansion capacity
of myogenic cells generated with the current transgene-free
protocols is limited and a few studies generated transgene-
free hiPSC-derived 3D-TESMs. However, these studies used
unpurified myogenic cells and only Osaki et al. reported
functionality with low specific tetanic forces of 0.25 mN/
mm? (Chal et al., 2016; Jiwlawat et al., 2017; Maffioletti
et al., 2018; Osaki et al., 2018). Moreover, there is a
consensus on the inferior developmental stage of hiPSC-
derived cells compared with primary ones, limiting utiliza-
tion in disease modeling. We recently showed that purified
transgene-free myogenic progenitors (MPs) derived from
feeder-based hiPSCs can be expanded up to 5 x 10''-fold,
obtaining 10 billion cells from a single well of a six-well
plate in less than 10 days of culture, while retaining differ-
entiation capacity in 2D (van der Wal et al., 2017; 2018).
We also developed a pipeline for the fabrication of skeletal
muscle tissue engineering devices using a simple 3D print-
ing platform generating hundreds of devices a day without
use of specialized equipment (Iuliano et al., 2020).

In this study, we adapted our previous myogenic differ-
entiation protocol to feeder-free conditions. We optimized
medium and hydrogel composition resulting in 3D-TESMs
with high density of titin/dystrophin* myofibers that are
functional. Miniaturization of 3D-TESMs increased density
and myofiber size, allowing higher throughput. Treatment
of 3D-TESMs with drugs that affect contractile functions
showed responses similar to those reported in animal
models or humans. When we directly compared 3D-TESMs
from multiple hiPSC donors with 3D-TESMs generated
from human primary myoblasts, we found that myofiber
diameter was similar and specific forces of hiPSC-derived
3D-TESMs were higher than of primary myoblast-derived
3D-TESMs. Proteomic analysis showed a large overlap of
proteins that were expressed upon differentiation between
donors. The protocol we developed supports consistent

and robust formation of high-quality 3D-TESMs from
transgene-free hiPSC-derived MPs.

RESULTS

MP generation with feeder-free hiPSC culture

We previously reported the generation of expandable
myogenic progenitor lines from feeder-based hiPSCs with
a protocol based on Borchin et al. (2013) that consists of
three steps (Figure 1A top). The protocol starts with
GSK3p inhibition to induce Wnt signaling, followed by
FGF2 stimulation and maturation in minimal medium.
Thereafter, MPs are purified by fluorescence-activated cell
sorting (FACS) for c-MET*/HNK™ cells (van der Wal et al.,
2017, 2018). As this protocol includes co-culture of hiPSCs
with feeder mouse embryonic fibroblasts, we modified the
protocol by adapting it to feeder-free culturing of hiPSCs.
Feeder-free hiPSC cultures are widely applied and have
improved consistency, allow robust single-cell expansion,
and are less labor intensive. To start differentiation, we
seeded single hiPSCs, which were stimulated the next day
with a high dose of CHIR99021 for 2 days, thereby
reducing the differentiation duration of the original proto-
col with 7 days (Figure 1A bottom). On day 2 of differenti-
ation, virtually all cells expressed the early mesoderm
marker Brachyury; on day 31 of differentiation, we de-
tected PAX7-positive patches indicating successful differ-
entiation into muscle stem cells (Figure 1B). FACS analysis
of 23 independent hiPSC differentiations yielded an
average of 4.6% + 4.5% of cells that were c-MET*/HNK™
(Figure 1C). Differentiation of two hiPSC donors with
either the feeder-based or feeder-free protocol resulted in
a similar percentage of c-MET"/HNK™ cells after myogenic
differentiation (data not shown). We selected three vali-
dated control hiPSC lines (Control 1-3) (Buijsen et al.,
2018; van der Wal et al., 2019), generated MPs, and tested
their expansion and differentiation capacity. Similar prolif-
eration rates with linear exponential growth were observed
for all lines (Figure 1D). Average cell cycle duration
was comparable to our previous study with 29.8 + 0.3 h
(van der Wal et al., 2018) (Figure 1E). We next induced
differentiation of confluent myogenic progenitor cultures
and detected formation of myosin heavy chain (MYH)-
positive multinucleated cells (Figure 1F). Fusion rate
of MPs was highly dependent on cell number (Fig-
ure S1A). Morphology of fused skeletal muscle cells was

(D) Average proliferation curve of myogenic progenitors from controls 1-3 during expansion culture. R? was calculated from all data points.
(E) Average cell cycle +SD of control 1-3 myogenic progenitors during expansion culture derived from (D).

(F) Staining of MYH, PAX7 or Hoechst after 4 days of differentiation of control 1-3 myogenic progenitors. Fusion index is shown in bottom
corner as average percentage of nuclei inside MYH-positive cells +SD and was quantified from five random fields.
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homogeneous between the control lines with high fusion
indexes (>80%). Notably, fusion index was maintained
relatively constant even at higher passages, with control
lines 1 and 2 showing a minimal decrease and control
line 3 having its fusion index virtually unchanged from
passage nine to passage 15 (Figure S1B). Moreover, percent-
age of Pax7" cells in culture of differentiated myotubes re-
mained relatively stable at later passages (>4%), with only
line 2 seeing a relevant decline at p15 (Figure S1C). These
results show that we successfully adapted the myogenic dif-
ferentiation protocol to feeder-free culture conditions and
this protocol robustly generated MPs from different donors
with maintained differentiation capacity at late passages.

3D-TESMs from transgene-free hiPSC-derived MPs
Several transgene-free myogenic differentiation protocols
exist, but to date no study has shown formation of func-
tional 3D-TESMs from purified transgene-free hiPSCs. To
determine whether purified MPs can form 3D-TESMs and
to establish the optimal differentiation condition, we
investigated four medium compositions reported to sup-
port skeletal muscle differentiation (Afshar Bakooshli
et al., 2019; Borchin et al., 2013; Rao et al., 2018; van der
Wal et al., 2018) (Figure 2A). Previously, we developed a
pipeline for fabrication of skeletal muscle tissue engineer-
ing devices using a simple 3D printing platform that can
generate hundreds of PDMS devices equipped with flexible
pillars (Afshar et al., 2020; Hansen et al., 2010; Sakar et al.,
2012; Vandenburgh et al., 2008) per day without use of
specialized equipment (Iuliano et al., 2020). First, we
focused on the Direct Peeling platform, which is the
simplest to fabricate and consists of a standard replica
molding of PDMS chips from a 3D printed negative
mold. We seeded 6 x 10° MPs in a 50-uL hydrogel mixture
consisting of 4 mg/mL fibrinogen and 20% Matrigel and
casted the hydrogel between two flexible PDMS pillars (Fig-
ure 2A). After 2 days, we induced differentiation for 7 days.
We detected millimeter-long myofibers at day 7 with a stri-
ated pattern of the maturation marker titin in all condi-
tions (Figure 2B). Conditions 1 and 2 revealed a mixture
of larger and smaller fibers combined with round con-
tracted cells. In condition 3, we detected abnormal fusion
with myofiber branching. Condition 4 displayed elongated
myofibers with a homogeneous size and structure. We per-
formed immunostaining on cryopreserved cross-sections
to determine the distribution of myofibers inside the 3D-
TESMs. Cross-sectional area (CSA) was not significantly
different among the four conditions (Figure S2A), and we
observed similar-sized myofibers that were double-positive
for titin and dystrophin expression in all conditions
(Figures S2B and S2C). From this initial morphological eval-
uation, we overall considered condition 4 to be the ideal
one in the generation of 3D-TESMs.

Contractile functionality of 3D-TESMs

To test if 3D-TESMs in these four conditions could show dif-
ferences on a functional level, we proceeded to test their
contractile capacity. MYH composition and sarcomere for-
mation impact contractile force production of skeletal
muscle cells (Racca et al., 2013). As conditions 1-4 resulted
in efficient myofiber formation upon differentiation, 3D-
TESMs were electrically stimulated, and pillar displacement
was tracked with high-speed video imaging (Figure 3A).
Contractile force (in mN) was then calculated using the
average stiffness of PDMS of the Direct Peeling platform
(1.59 + 0.27 MPa) (Figures S3A and S3C), displacement of
the pillar, and actual position of the 3D-TESM on the pillar
(Figures 3B and 3C) (Legant et al., 2009). 3D-TESMs in all
conditions were functional and showed a single twitch
contraction when stimulated with a frequency of 1 Hz
and a maximum tetanic contraction reaching plateau at a
frequency of 20 Hz (Figures 3D and 3E). Doubling the fre-
quency to 40 Hz did not result in increased strength of
the tetanic contraction (Figure S3D). Conditions 1-2
showed a similar contractile force, addition of horse serum
in condition 3 resulted in a 2-fold increase in absolute and
specific forces (forces normalized for CSA) as compared
with conditions 1-2 (Figures 3F and 3G). Finally, condition
4 containing KOSR gave the highest specific forces (5.2 +
2 mN/mm? for twitch; 11.1 + 2.6 mN/mm? for tetanus),
in agreement with our previous findings (van der Wal
etal., 2018). Collectively, 3D-TESMs generated with condi-
tions 1-4 developed into functional, contractile muscle tis-
sues, with condition 4 resulting in 3D-TESMs with the
highest quality and contractile forces and therefore being
chosen for further experiments.

Defining hydrogel composition for 3D-TESM
compaction

After defining the optimal differentiation condition, we
examined whether varying the hydrogel concentration
could improve density and distribution of myofibers inside
3D-TESMs. A hydrogel containing 4 mg/mL fibrinogen (Af-
shar et al.,, 2020; Afshar Bakooshli et al., 2019; Madden
et al.,, 2015; Rao et al.,, 2018) or more (Selvaraj et al.,
2019; Xu et al., 2019) with 20% v/v Matrigel is commonly
used for 3D-TESMs. To determine the optimal fibrinogen
concentration, we generated 3D-TESMs using final concen-
trations between 0.5 and 6 mg/mL. Morphology of skeletal
muscle cells and myofiber diameter were not significantly
changed (Figures S4A and S4B). Myofiber density, however,
increased at lower fibrinogen concentrations showing the
highest density for the 1-mg concentration with 1,553 =
191 myofibers positive for dystrophin per mm? (Fig-
ure S4C). CSA was significantly reduced in 3D-TESMs con-
taining 1 and 0.5 mg/mL of fibrinogen compared with
higher concentrations (Figures 4A and 4B). Both absolute
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Figure 2. Engineering of 3D-TESMs

(A) Left: Schematic overview of experimental procedure and cartoon illustrating hydrogel compaction in Direct Peeling platform. Right:
Overview of four culture conditions used.

(B) 3D-TESMs in the Direct Peeling platform were cultured using conditions 1-4 and stained for titin (green) with whole-mount staining on
day 7 of differentiation. Nuclei were visualized with DAPI (blue).

(C) Immunofluorescent staining of cross-sections of 3D-TESMs visualized in (B) with antibodies against titin (green) and dystrophin (red),
and counterstained with DAPI (blue).

and specific contractile forces were concentration-depen- detected at a concentration of 1 mg/mL (Figures 4C
dent and increased with lower fibrinogen concentrations. and 4D). Interestingly, a fibrinogen concentration of
The highest absolute and specific tetanic forces were 0.5 mg/mL resulted in the highest twitch force, but tetanic
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Figure 3. Functional analysis of 3D-TESMs
(A) Cartoon showing video-based contractile force measurement using an Arduino coupled with electrodes for stimulation and high-speed
video imaging for recording of pillar displacement.

(B) Sideview of a representative pillar of the Direct Peeling platform with a 3D-TESM attached. Position of the 3D-TESM is used for force
calculation.

(C) Top view of the pillar before and during 20-Hz stimulation.

(D) Graph plotting displacement of the pillar upon 1-Hz stimulation for conditions 1-4 on day 7 of differentiation.

(E) As (D) but then for a 20-Hz stimulation.

(F) Same as (D) and (E) but then average absolute contractile force +SD from three independent 3D-TESMs. Black bars indicate 1-Hz
stimulation and gray bars 20-Hz stimulation.

(G) Specific force of same 3D-TESMs as in (F) but then corrected for the cross-sectional area. **p < 0.01 using one-way ANOVA with Tukey
multiple testing correction.
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Figure 4. Determination of optimal hydrogel concentration for 3D-TESM formation

(A) Representative cross-sections of 3D-TESMs generated with 6 mg-0.5 mg/mL of fibrinogen in the Direct Peeling platform and analyzed
on day 7 of differentiation. Sections were stained with titin (green) and dystrophin (red). Nuclei were visualized in blue by DAPI staining.
(B) Average cross-sectional area of 3D-TESMs generated with different concentrations of fibrinogen.

(C) Average absolute contractile force of 3D-TESMs after stimulation with 1 Hz (black bars) or 20 Hz (gray bars).

(D) Specific force of 3D-TESMs as in (C) but then normalized for cross-sectional area from (B).

(E) Same as (A) but then for 3D-TESMs containing 30%-10% of Matrigel; 1 mg/mL fibrinogen was used.

(F) Average cross-sectional area of 3D-TESMs containing 30%-10% of Matrigel.

(G) Same as (C) but then for Matrigel concentration in 3D-TESMs.

(H) Same as (G) but then corrected for cross-sectional area. *p < 0.05, **p < 0.01 using one-way ANOVA with Tukey multiple testing
correction. Data are derived from three independent 3D-TESMs and expressed as mean =+ SD.
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Figure 5. Comparison of the Direct Peeling platform with the Ecoflex Replica platform for miniaturization of 3D-TESMs

(A) Cartoons showing (i) Direct Peeling (left) and Ecoflex Replica platform (right) fabrication schemes, (ii) 3D rendering of Direct Peeling
and Ecoflex Replica culture chambers.

(B) Whole-mount staining for titin (green) and nuclei with DAPI (blue) of 3D-TESMs on differentiation day 7.

(C) Cross-sectional staining of a representative 3D-TESM. Antibodies against titin (green) and dystrophin (red) were used combined with
DAPI nuclear staining (blue) to visualize myofibers.

(D) Average number of dystrophin® myofibers in cross-sections normalized for cross-sectional area.

(E) Myofiber diameter of n > 100 myofibers (per section) positive for titin/dystrophin measured from n = 3 biological replicas.

(F) Average absolute contractile force of 3D-TESMs stimulated with 1 Hz (black bars) and 20 Hz (gray bars).

(legend continued on next page)
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force was significantly decreased as compared with all other
concentrations. This result suggests that a minimal fibrin-
ogen concentration is needed to support tetanic contrac-
tions in 3D-TESMs. As 1 mg/mL fibrinogen resulted in
the highest tetanic force, we used this concentration to
subsequently study the impact of different Matrigel con-
centrations (10%-30%) on 3D-TESM formation. 3D-TESMs
generated with fibrinogen alone showed a contractile force
that was 10-fold lower than 3D-TESMs with Matrigel
included (data not shown). Lowering the Matrigel concen-
tration decreased CSA (Figures 4E and 4F), did not affect
myofiber diameter (Figures S4D and S4E), and significantly
increased fiber density (Figure S4F). Absolute force reduced
when the Matrigel concentration was lowered (Figure 4G).
However, upon correction for CSA, specific forces were
comparable between all Matrigel concentrations with an
average specific force of 14.1 + 2.6 mN/mm? and 28.2 +
1.1 mN/mm? for twitch and tetanic contractions, respec-
tively (Figure 4H). Taken together, lower fibrinogen and
Matrigel concentrations in the hydrogel mixture increased
fiber density and contractile force of 3D-TESMs. The
optimal composition of 1 mg/mL fibrinogen with 20%
Matrigel resulted in an ~2-fold increased specific force for
both twitch and tetanic contractions when compared
with the original hydrogel composition.

Comparison of Direct Peeling and Ecoflex Replica
platforms

Drug testing is one of the most promising applications of
in vitro engineered tissues. We therefore determined if the
optimizations defined for the Direct Peeling platform
were also suitable for smaller-sized 3D-TESMs that facilitate
high-throughput studies. We previously developed a sys-
tem called Ecoflex Replica, a 2-step replica molding using
an ultra-soft elastomeric polymer (Ecoflex 30-00) as inter-
mediate negative mold, to produce small chips fitting
48-well plates that support the formation of 3D-TESMs
made with 15 uL of hydrogel containing 24 x 10* cells (Iu-
liano et al., 2020) (Figure 5A). To test whether 3D-TESMs
formed in the smaller Ecoflex platform could be efficiently
employed in further analysis, we compared 3D-TESMs
generated with control 1 cells in the Ecoflex platform to
Direct Peeling platform 3D-TESMs. Like before, the posi-
tion of 3D-TESMs on the pillar was quantified and displace-
ment was recorded upon electrical stimulation (Figure S3E).
PDMS stiffness in the Ecoflex platform was comparable

with that measured for the Direct Peeling platform
(Figures S3B and S3C). Although all conditions were similar
between the platforms, we observed that a 1 mg/mL fibrin-
ogen concentration resulted in visible loss of structural
integrity in the Ecoflex platform (data not shown) and
thus we used a concentration of 2 mg/mL fibrinogen in
both platforms and showed millimeter-long titin-positive
myofibers on day 7 of differentiation (Figures 5B, S$4G,
and S4H). Cross-sections stained for titin and dystrophin
demonstrated high numbers of double-positive myofibers
in both platforms, whereas tissues formed in the Ecoflex
platform revealed an increased density of myofibers in
the center of 3D-TESMs (Figure 5C). Concordantly, we de-
tected a 1.5-fold increase in the number of dystrophin®™ my-
ofibers per mm? in the Ecoflex platform relative to the
Direct Peeling platform (Figure 5D). Myofiber diameter
was only slightly but significantly increased in 3D-TESMs
generated in the Ecoflex platform: with a diameter of
13.2 + 3.9 versus 11.9 + 3.2 of the Direct Peeling platform
(Figure SE). Next, we stimulated 3D-TESMs and measured
a higher absolute contractile force for 3D-TESMs cultured
in the Direct Peeling platform (Figure 5F). However, after
normalization for CSA specific forces were similar between
both platforms with an average of 35.8 + 0.9 mN/mm? for
the Direct Peeling platform and 24.5 + 4.4 mN/mm? for the
Ecoflex platform (Figure 5G). In conclusion, smaller 3D-
TESMs showed a higher myofiber density with a larger
diameter while the specific contractile force was only mini-
mally lower compared with bigger tissues. As the Ecoflex
platform requires less hydrogel and fewer cells per
number of samples, we chose this platform for our final
experiments.

Drug testing of 3D-TESMs

We next studied the response of 3D-TESMs to administra-
tion of small molecules that are known to affect skeletal
muscle functionality. To test whether we could modulate
an increase in contractile force, we incubated 3D-TESMs
for 6 h with caffeine. Caffeine binds to the ryanodine re-
ceptor RyR1, located on the sarcoplasmic reticulum,
thereby facilitating Ca®* uptake into muscle fibers and
slowing down its reuptake, resulting in enhanced contrac-
tion capacity (Neyroud et al., 2019). Indeed, we detected an
increase in twitch and tetanic contractile forces of 3D-
TESMs after incubation with caffeine compared with un-
treated 3D-TESMs (Figure SH). Interestingly, the effects of

(G) Same as (F) but then specific force (normalized for cross-sectional area).

(H) Average absolute contractile force of 3D-TESMs on day 7 of differentiation in Ecoflex platform after 6 h of incubation with caffeine,
chloroquine, or cardiotoxin (CTX). 3D-TESMs were stimulated with either 1 Hz (black bars) or 20 Hz (gray bars).

(I) Same as (H) but then for 3D-TESMs treated for 1 h with verapamil. N.C. in (H) and (I) stands for not contractile. *p < 0.05, **p < 0.01,
****p < 0.0001 using either independent-samples t test (D-G) or one-way ANOVA with Tukey multiple testing correction (H). Data are
derived from three (D-G) or six to 10 (H and I) independent 3D-TESMs and expressed as mean + SD.
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Figure 6. 3D-TESM generation of multiple donors and comparison with 3D-TESMs generated from primary myoblasts
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were visualized with DAPI (blue) on day 7 of differentiation.

(B) Titin (green) and dystrophin (red) labeling of cross-sections generated from control 1-3 3D-TESMs or 3D-TESMs from primary myoblasts
line 1. Nuclei were stained with DAPI (blue).

(legend continued on next page)
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caffeine on contractile force showed a certain variability
across different lines and concentrations, with lines 1 and
3 responding positively already after 1 h and also with
lower glucose in the medium, while line 2 showed no
apparent response (Figures SS5C and S5D). Chloroquine
can induce myopathies characterized by myofiber vacuoli-
zation, resulting in general muscle weakness in treated
patients (Carvalho, 2020). Treatment with chloroquine re-
sulted in a ~3-fold decrease for twitch contractions and a
~5-fold decrease for tetanic contractions (Figures S5H,
S5C, and S5D). Cardiotoxin (CTX) is a protein extracted
from snake venom with a potent cytotoxic effect on skel-
etal muscle cells, as it induces lysis of the sarcolemma,
with hypercontraction of sarcomeres and myonecrosis as
a result (Kaur et al., 2012). Treatment with CTX resulted
in 3D-TESMs unresponsive to electrical stimulation (Fig-
ure 5H). Immunostaining of treated 3D-TESMs showed a
decrease in myofiber quality, with marked presence of
extracellular debris for chloroquine, and revealed a com-
plete disruption of internal architecture of 3D-TESMs,
with no detectable presence of intact myofibers, for CTX
(Figure S5B). Finally, we incubated 3D-TESMs with verap-
amil, which is an antagonist of RyR1 and tested whether
3D-TESMs can also be used to determine short-term effects
on the contractile machinery. After 1 h of treatment, we
observed unresponsiveness to electrical stimulation. 3D-
TESMs treated with DMSO generated both twitch and
tetanic contractions (Figure 5I). In both untreated and
verapamil-treated 3D-TESMs, we observed intact fibers
within 3D-TESMs and preserved sarcomere structures (Fig-
ure SSC). Altogether, these results highlight the sensitivity
of 3D-TESMs to drug treatment using relevant concentra-
tions and similar functional responses were observed as
in in vivo models.

3D-TESM formation of multiple donors and
comparison with 3D-TESMs generated from human
primary myoblasts

To evaluate the robustness of generating 3D-TESMs from
hiPSC-derived MPs, we extended our analysis to control
2-3 MPs. As 3D-TESMs generated from primary myoblasts
have so far shown the highest contractile forces (Madden
et al., 2015), we also included control primary myoblasts
in this comparison. On day 7 of differentiation, we
observed striated myofibers positive for titin in 3D-TESMs

generated from controls 1, 2, and 3, as well as from primary
myoblast lines from three different donors (Figures 6A and
$6). Comparison among the three primary lines revealed
how primary line 1 showed the highest force, regardless
of the medium used for their differentiation (Figures S6A
and S6B). Further analyses described here have been
made using primary line 1. Cross-sectional analysis re-
vealed similar numbers of dystrophin® myofibers per
mm? in control 1 and primary myoblasts, higher numbers
in control 3, and 2-fold lower numbers in control 2
(Figures 6B and 6C). Average myofiber diameter was
~13 pm among 3D-TESMs from all four lines with minimal
differences across groups (Figure 6D). All myogenic progen-
itor lines generated functional 3D-TESMs that contracted
upon electrical stimulation. Twitch and tetanic contrac-
tions for control 1, control 2, and primary myoblasts
ranged between 0.5-1 mN and 1-2 mN in absolute force,
respectively, while control 3 showed the highest absolute
contractile forces with 1 mN for twitch and 3 mN for
tetanic contractions (Figure 6E). When normalized for their
CSA, lines 1 and 3 reached average specific tetanic forces of
21.6 and 37 mN/mm? (SD +3 and +7), respectively. 3D-
TESMs from control 2 and primary myoblasts showed
lower compaction of the hydrogel, and thus specific forces
of these 3D-TESMs were 2.5-fold and 4-fold lower than
those from control 1 and control 3 3D-TESMs, respectively
(Figure 6F). Line 2 reached an average specific tetanic force
of 7 mN/mm?, while tissues from the primary line reached
an average of 8.9 mN/mm? (SD +0.99 and +4.9). We next
compared 3D-TESMs generated from MPs and primary
myoblasts by profiling mRNA expression of MYH isoforms
(Figure 6G). In all 3D-TESMs, we detected high expression
of embryonic MYH3 isoform and a lower expression of
slow MYH?7 isoform, which is present in both embryonic/
fetal and adult skeletal muscle. It is to be mentioned that
MYH7 showed a particular variability in parallel analysis
among the other primary lines (Figure S6B). Neonatal
MYHS isoform was mainly detected in 3D-TESMs derived
from MPs and lowly expressed in 3D-TESMs from primary
myoblasts, while MYH1, MYH2, and MYH4 were undetect-
able. These MYH profiles indicate a fetal/neonatal-like state
for both hiPSC-derived and primary myoblast-derived 3D-
TESMSs. In conclusion, MPs derived from different hiPSC
donors formed highly functional 3D-TESMs containing ti-
tin and dystrophin® myofibers with comparable diameter.

(C) Comparison of the number of dystrophin®™ myofibers in 3D-TESMs from different lines.
(D) Myofiber diameter of n > 120 myofibers (3-4 cross-sections) quantified from n = 3 tissues per line.
(E) Average absolute contractile force after stimulation with 1 Hz (black bars) and 20 Hz (gray bars).

(F) Same as (E), but then specific force.

(G) Relative mRNA expression of MYH isoforms in 3D-TESMs from control 1-3 myogenic progenitors and primary myoblasts line 1. Data were
normalized for GUSB expression. *p < 0.05, **p < 0.01 using one-way ANOVA with Tukey (C) or Games-Howell multiple testing correction
(E, F). Data are derived from three (C, D, and G) or three to six (E and F) independent 3D-TESMs and expressed as mean + SD.
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3D-TESMs generated from different hiPSC donors showed
specific forces of 10-34 mN/mm?, which is in a similar
range as specific forces of 3D-TESMs generated from pri-
mary myoblasts (12 mN/mm?).

Protein expression in hiPSC-derived and primary
myoblast-derived 3D-TESMs

We performed proteomic analysis to further characterize
and compare 3D-TESMs generated from hiPSC donors
and primary myoblasts. We first analyzed MYH isoforms:
as found for mRNA expression, MYH3 showed the highest
abundance and was expressed at similar levels in all lines
(Figure 7A). Interestingly, we observed MYH2 and MYH4
protein expression, which was undetectable at the mRNA
level (Figures 6G and 7A), likely due to higher sensitivity
of mass spectrometry compared with RT-qPCR. Expression
of MYH4 and MYHS8 was higher in myogenic progenitor-
derived 3D-TESMs compared with primary myoblast-
derived, whereas expression of MYH7 was lower. Adult-
fast MYH1 protein was not detected at day O and day 7 in
all four lines. Next, we analyzed the development of myo-
fibers by comparing 3D-TESMs at day O with 3D-TESMs at
day 7 of differentiation. Of the proteins detected in control
1 3D-TESMs, 692 proteins were significantly upregulated or
downregulated, followed by 965 proteins for control 2,
1,303 proteins for control 3, and 801 proteins for primary
myoblasts (Figure 7B). Overall, we observed a strong induc-
tion of proteins involved in skeletal muscle cell differentia-
tion in all lines on day 7 of differentiation. Proteins
commonly associated with skeletal muscle tissue are high-
lighted in Figure 7B, and this was also evident from plotting
protein rank against cumulative intensity-based absolute
quantification (iBAQ) intensity (Figure S7). The results
were confirmed by gene ontology (GO) enrichment anal-
ysis, where most enriched pathways were associated with
either development or functioning of skeletal muscle tissue
(Figure 7C), with “actin-myosin filament sliding” and
“contractile fiber part” being in the top five enriched GOs
from all four donors.

Further analysis of most enriched GOs found at least four
out of five most enriched GOs to be directly associated with
sarcomere in both hiPSC-derived and primary myoblast-
derived 3D-TESMs (Figure 7C). Interestingly, primary
myoblast-derived 3D-TESMs showed for most proteins a
lower expression at day 0, which resulted in the highest
fold change when compared with day O of differentiation
(Figure 7D). While the process of myogenesis was upregu-
lated and comparable between hiPSC-derived and primary
myoblast-derived 3D-TESMs, direct comparisons between
hiPSC-derived and primary myoblast-derived 3D-TESMs
at day 7 of differentiation showed more subtle differences
when analyzing proteins associated with different mus-
cle/fiber types, including MYHs, MYLs, and ACTN3
(Figure 7E). Taken together, both hiPSC-derived MPs and
primary myoblasts could form highly contractile 3D-
TESMs with similar induction of proteins involved in skel-
etal muscle development and muscle contraction.

DISCUSSION

Here, we adapted our previously described transgene-free
myogenic differentiation protocol (van der Wal et al.,
2018) to feeder-free conditions, resulting in MPs with
similar expansion capacity (Figure 1), high viability after
cryopreservation, and efficient differentiation into multi-
nucleated myotubes. In combination with our previous
work to produce versatile 3D culture chambers (Iuliano
et al., 2020), we showed the formation of high-quality
3D-TESMs from three donors. We optimized culture condi-
tions, characterized morphology, performed functional
analysis, tested drug responses, and performed proteomics.

Optimization of 3D culture conditions and hydrogel
formulation further improved 3D-TESMs (Figures 2, 3, and
4). Addition of KOSR in differentiation medium showed
no significant differences in fiber diameter and density
among conditions; however, it provided the highest con-
tractile force (Figures 2 and 3). A hydrogel formulation

Figure 7. Proteomic analysis of hiPSC-derived and primary myoblast-derived 3D-TESMs

(A) Difference in LFQ intensity (normalized by column-wise median subtraction for each sample) between day 0 and day 7 of main MYH
isoforms commonly associated with skeletal muscle, detected in control 1-3 hiPSC-derived 3D-TESMs and primary myoblast-derived ones.
(B) Volcano plot for all three control lines and primary 3D-TESMs, showing fold change of all proteins identified at day 7 compared with day
0, based on LFQ intensity. An additional subset of myogenic markers is highlighted in blue and shown in the bottom-right box.

(C) Gene ontology enrichment analysis performed for controls 1-3 and primary 3D-TESMs. Comparisons were made between day 0 and day 7
of differentiation for each line separately. Top five significantly enriched pathways are shown for each respective control.

(D) Heatmap showing normalized LFQ intensity of selected proteins with highest sample set to 100% for each respective protein. Proteins
were selected based on their association with development and function of skeletal muscle tissue, for each line at day 0 and day 7 of
differentiation.

(E) Volcano plots comparing hiPSC-derived 3D-TESMs with primary myoblast-derived 3D-TESMs. Comparisons of iBAQ intensity of each
protein, with a subset of myogenic markers highlighted in blue in the bottom-right box. Data are derived from three independent 3D-TESMs
and expressed as mean + SD or as mean.

1966 Stem Cell Reports | Vol. 18 | 1954—1971 | October 10, 2023



with a lower fibrinogen concentration (1-2 mg/mL) also
increased contractile force (Figure 4). With a maximum spe-
cific tetanic force of ~40 mN/mm?, the 3D-TESMs produce a
specific force that is between the force of fetal (6 mN/mm?)
and adult (84 mN/mm?) skeletal muscle (Day et al., 2010;
Racca et al., 2013), and well above the contractile force
described previously (~6 mN/mm?) for hiPSC-derived 3D-
TESMs (Rao et al., 2018; Selvaraj et al., 2019; Xu et al.,
2019). Qualitative analysis of cross-sections showed a
morphological structure comparable to fetal skeletal muscle
of 13-18 gestational weeks, characterized by myofibers
dispersed in abundant ECM (Romero et al., 2013). By down-
sizing 3D-TESMs to increase throughput, the density and
diameter of myofibers was slightly increased with an
average diameter of ~13 um (Figure 5), which is larger
than for other models (Iuliano et al., 2020; Rao et al.,
2018; Xu et al., 2019). Such morphology appears to
resemble 20- to 25-week fetal muscle (Romero et al.,
2013), but is not close to the ~70-uym myofiber diameter
of adult skeletal muscle (Krivickas et al., 2011). This struc-
tural improvement in response to downsizing suggests a
size threshold for 3D-TESMs, and may be related to general
diffusion distance of oxygen and nutrients in tissues (Liu
et al., 2015).

Direct comparison of 3D-TESMs generated from human
primary myoblasts showed similarities at qualitative, mo-
lecular, and functional levels. Interestingly, hiPSC-derived
3D-TESMs produced significantly higher specific contrac-
tile forces in two out of three lines (Figures 6E and 6F)
compared with primary myoblast-derived ones, which per-
formed in line with reported primary myoblast-derived 3D
TESMSs (6-12 mN/mm?) (Afshar et al., 2020; Madden et al.,
2015; Mills et al., 2019). Myofiber number, size, and
appearance did not differ considerably between 3D-TESMs
generated with hiPSC-derived MPs or with primary myo-
blasts (Figures 6A-6D). Primary myoblast-derived 3D-
TESMs followed a similar expression pattern for embryonic
MYH3, neonatal MYHS, and slow type I MYH7 as hiPSC-
derived 3D-TESMs, with some differences in relative
expression levels (Figures 7A and 7E). Such small differ-
ences are not expected to have a relevant influence on
the response of the different cell sources to drugs. It has
been shown that in vitro myogenic cell cultures switch
back to expressing embryonic MYH3 and type I MYH7
regardless of the developmental stage of cells (Cho et al.,
1993), with some differences between muscle sources
(Wehrle et al., 1994). During in vivo regeneration of skeletal
muscle, newly formed fibers derived from satellite cells ex-
press MYH3, MYH7, and MYHS for the first 2-3 weeks,
before turning to adult-fast MYHI1 and MYH2 expression
(Esser et al., 1993; Schiaffino et al., 2015; Zhou et al., 2019).

Proteomic analysis of 3D-TESMs of MPs and primary
myoblasts showed that all tissues displayed enhanced

expression of MYH3, MYHS, and MYH?7, relative to undif-
ferentiated cells (Figure 7A). Similar MYH expression
patterns were reported by Mills et al., who also performed
proteomic analysis on human primary myoblast-derived
3D-TESMs (Mills et al., 2019). The larger increase of expres-
sion detected in primary myoblast-derived 3D-TESMs
(Figures 7B and 7C) could suggest a more primed state
and faster differentiation toward skeletal muscle cells
(Figures 7D and 7E). Gene expression and proteomic
profiling in this and other studies highlights a yet imma-
ture state of 3D-TESMs (Khodabukus, 2021; Mills et al.,
2019; Mueller et al., 2021; Rao et al., 2018), compared
with in vivo tissues. However, from our data we could not
find any relevant functional or molecular difference that
could justify the preference of primary-derived 3D tissues
over hiPSC-derived ones as in vitro models. To improve
maturation of the tissues, exercise by electrical stimulation
and co-culture can be applied (Afshar Bakooshli et al., 2019;
Khodabukus, 2021; Khodabukus et al., 2019).

The possibility of obtaining tens of billions of pure MPs
from any donor after a single myogenic differentiation
(van der Wal et al., 2018), the fast fabrication of PDMS de-
vices (Iuliano et al., 2020), the optimized 3D culture condi-
tions, and resulting high contractile forces found in this
study make this in vitro model an attractive instrument to
study basic biology and disease of skeletal muscle tissue.

The present study aimed at characterizing the functional
and molecular properties of differentiated 3D-TESMs ob-
tained from hiPSC-derived MPs. Limitations of this study
are as follows. Functional contractile properties have
been investigated with a post-deflection approach, which
although being today widely used (Vandenburgh, 2008;
Hansen, 2010; Sakar, 2012; Afshar, 2020), it is substantially
different from the direct force-transducers techniques
measuring absolute force and determining optimal force-
length relationships. A direct comparison between the
two methods is envisioned in future follow-up studies.
Moreover, calcium homeostasis is a dynamic mechanism
constantly reshaping in developing muscle. Future analysis
should take in consideration this important aspect, in
relation to its development over an extended culture
period and not only to the initial differentiation phase.
These considerations are also applicable in the context of
drug studies, especially those directly affecting calcium
handling by myotubes, as their functional effects may
change with respect to the developmental stage. Future
studies should extend this characterization to more mature
tissues. Finally, we observed considerable differences in
contractile properties and responses to drugs between lines
derived from different donors. This likely reflects known
differences between individuals due to differences in ge-
netic background, although other causes may also apply,
including age at biopsy, acquired somatic genetic variants,
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and clonal differences between lines. When it comes to dis-
ease modeling and testing drugs, the use of isogenic con-
trols is recommended to distinguish disease-related read
outs from random variation.

EXPERIMENTAL PROCEDURES

For further details, see supplemental experimental procedures.
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Data and code availability

The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al.,
2022) partner repository with the dataset identifier (accession
number) PXD045145.

Feeder-free culture and differentiation of hiPSCs into
MPs

Control 1-3 (LUMCO0162iCTRLO5, LUMCIi003-A, LUMCIi023-A)
hiPSCs were previously generated (Buijsen et al., 2018; van der
Wal et al.,, 2019). hiPSCs were cultured in mTESR1 medium
(STEMCELL technologies) on Matrigel (Corning) or LNS521
(BioLamina) coating. For myogenic differentiation, hiPSC cultures
were detached with TrypLE express reagent (Gibco) and plated
with 5 x 10* cells/mL in mTESR1 medium with 1x RevitaCell sup-
plement (Gibco). The next day, cells were switched to myogenic dif-
ferentiation medium (DMEM/F12, 1% Penicillin/Streptomycin
(p/s), 1% ITS-X, all Gibco) supplemented with 8 uM CHIR99021
(Axon Medchem). On day 3, medium was changed to myogenic dif-
ferentiation medium with 20 ng/mL FGF2 (Peprotech) and on day
17 to myogenic differentiation medium only. On day 31, cells were
detached and labeled with Hoechst (1:10,000, H3569, Thermo
Fisher Scientific), a-c-MET APC-conjugated (1:50, FAB3582A, R&D
Systems) and «-CD57 PE-conjugated (1:100, 12-0577-42, Thermo
Fisher Scientific), as described previously (van der Wal et al.,
2018). Hoechst™/c-MET*/CDS57~ fraction was collected in FACS-re-
covery medium (DMEM HG [Gibco], 10% fetal bovine serum [FBS]
[Biowest], 1% p/s, 1x RevitaCell supplement and 100 ng/mL FGF2)
and plated on ECM-coated dishes (1:200, E6909-5 mL, Sigma-
Aldrich). The myogenic progenitor lines employed in this study
were obtained from one single differentiation round per hiPSC line.

MP culture and 2D differentiation

MPs were cultured on ECM-coated dishes, expanded in growth me-
dium (GM) consisting of DMEM HG, 1% p/s, 10% FBS, and
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100 ng/mL FGF2, and detached using 1:1 diluted TrypLE express re-
agent with PBS. Differentiation to skeletal muscle cells was induced
with differentiation medium (DM) (DMEM HG, 1% Penicillin-G
[Sigma-Aldrich], 1% ITS-X and 1% knockout serum replacement
[KOSR, Gibco]).

Formation of 3D tissue engineered skeletal muscles of
MPs

3D-TESMs generated in Direct Peeling chambers (50 uL hydrogel)
contained 60 x 10* cells per tissue and 3D-TESMs in Ecoflex
Replica chambers (15 pL hydrogel) 24 x 10* cells per tissue. Hydro-
gel mixture contained 1 or 2 mg/mL fibrinogen (Sigma-Aldrich),
20% Matrigel growth factor reduced (Corning), and MPs, or as indi-
cated in figures (on ice). Cross-linking of fibrinogen was initiated
by adding 0.8 units/mL of Bovine Thrombin (Sigma-Aldrich) and
was directly pipetted inside chambers. 3D-TESMs were incubated
for 30 min at 37°C before addition of GM supplemented with
1.5 mg/mL 6-aminocaproic acid (6-ACA) (Sigma-Aldrich). After
2 days, differentiation was induced by switching medium to DM
supplemented with 2 mg/mL 6-ACA, or as indicated in the figures.
Every 48 h half of the medium was refreshed. 3D-TESMs were
cultured on a 65 rpm shaking platform at 37°C/5% COs.

Force measurements

For electrical stimulations, an Arduino Uno Rev3 equipped with an
Adafruit motor shield V2 was used. Carbon plate electrodes were
oriented parallel to the major axis of 3D-TESMs. Stimulations
were performed at a frequency of 1 or 20 Hz with 2.45 V and a
duty cycle of 10%. Displacement of pillars was recorded with a
DCC3240M camera (Thorlabs) at 60 frames per second and
analyzed with Image] for displacement or with a Python script
(Afshar et al., 2020). Pillar position of 3D-TESMs was measured
via images from the back of the pillar. Forces were calculated

with Force in N:ﬁimé for the Direct Peeling platform, and
%‘5 for the Ecoflex Replica platform using deter-
mined stiffness of PDMS for each model (Legant et al., 2009). To
calculate specific forces, cross-sections were generated and abso-

lute contractile forces were normalized by CSA.

Forcein N =

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0
(GraphPad Software, LLC) and SPSS Statistics (IBM). All error bars
refer to mean + SD.
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