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SUMMARY

A rotating wall vessel (RWV) bioreactor was constructed for growing massive functional cardiac constructs to recover the function of a
distressed rat heart. Three-dimensional cardiac tissues were engineered by seeding human-induced pluripotent stem cell-derived cardi-
omyocytes on poly(lactic-co-glycolic acid) fiber sheets (3D-hiPSC-CTs) and cultured in the RWV bioreactor (RWV group) or under static
conditions (control group). The tissues were transplanted into a myocardial infarction nude rat model, and cardiac performance was eval-
uated. In the RWV group, cell viability and contractile and electrical properties significantly improved, mature cardiomyocytes were
observed, and mechanical stress-related mediators of mammalian target of rapamycin signaling were upregulated compared with those
of the control. Four weeks post-transplantation, tissue survival and left ventricular ejection fraction significantly improved in the RWV
group. Hence, dynamic culture in an RWV bioreactor could provide a superior culture environment for improved performance of 3D-

hiPSC-CTs, providing a means for functional cardiomyogenesis in myocyte-loss heart failure.

INTRODUCTION

Severe heart failure, leaving only a few functional cardio-
myocytes (CMs), is clinically challenging (Lee et al.,
2009); regenerative therapy offers a new strategy for
treating severely damaged myocardia. However, the hu-
man left ventricle (LV) contains approximately six billion
CMs, one billion of which are expected to be required for
achieving therapeutic effects beyond those obtained with
conventional cytokine therapy (Tohyama et al., 2013). To
successfully treat severe heart failure in which few func-
tional CMs remain, construction and transplantation of
an engineered mature three-dimensional (3D) cardiac tis-
sue resembling the human myocardium with many func-
tional CMs is crucial. Indeed, engineered tissue
composed of stacking cell sheets or gelatin hydrogels
may be a suitable source for such a large number of
CMs. When constructing a 3D cardiac tissue ex vivo, gen-
eration of large cardiac tissues with preserved, or
improved, function via regular supply of nutrients and
oxygen to the whole tissue is an essential consideration.
Generally, most culture methods for an engineered 3D
cardiac tissue are static, which may lead to an insufficient
supply of nutrients and oxygen delivered to the center of
the tissue owing to its thickness (Shimizu et al., 2006).
Hence, bioreactors capable of effectively delivering oxy-
gen and nutrients to the center of thick cardiac tissue
may be required to address this issue. Application of me-
chanical stimulation, such as stretching or shear stress
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and electrical stimulation during culture have been re-
ported to improve tissue functionality (Dvir et al.,
2007; Godier-Furnémont et al., 2015; Imboden et al.,
2019).

In this study, we employed a rotating wall vessel
(RWV) bioreactor capable of maintaining a steady
glucose concentration around the cultured tissue by
ensuring regular culture media flow, while supplying
both nutrients and oxygen effectively (Schwarz et al.,
1992; Teo et al., 2014). This system also applies low shear
stress to the cultured cells or tissue, leading to structural
changes in the embryonic bodies and significant alter-
ation of the gene expression profile (Sargent et al.,
2010). In 2009, Sakai et al. (2009) successfully con-
structed a functional hyaline cartilage that was suffi-
ciently large for clinical use. We hypothesized that dy-
namic culture in an RWV bioreactor would result in
enhanced performance of engineered 3D cardiac tissue
by effectively supplying the essential components for
culture along appropriate shear stress, with minimal
associated cellular damage, leading to superior therapeu-
tic effects in a rat model of myocardial infarction (MI). To
test this hypothesis, 3D cardiac tissues (CTs) were engi-
neered by seeding human-induced pluripotent stem
cell (hiPSC)-derived cardiomyocytes on poly(lactic-co-
glycolic acid) fiber sheets and cultured in the RWV biore-
actor (RWYV group) or under static conditions (control
group). The therapeutic effects of these 3D-hiPSC-CTs
were then evaluated.
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RESULTS

Higher cell viability and thicker 3D-hiPSC-CTs in the
RWYV group

Cell viability was significantly higher in the RWV group
(89% + 0.9%) than in the control group (83% =+ 0.9%;
p = 0.0073; n = 3 per group; Figures 1A and 1B). Hema-
toxylin and eosin (H&E) staining of 3D-hiPSC-CTs cross-
sections showed that the RWV group tissue was approxi-
mately twice as thick as that of the control group (413 +
42 pm versus 201 + 16 pm; p = 0.0034; n = 4 per group;
Figures 1C and 1D). Moreover, the RWV group had signifi-
cantly fewer nuclei than the control group (26.5 + 4.1
versus 15.1 +2.0/1.0 x 10* um?; p =0.0445; n = 4 per group;
Figure 1E). Moreover, to evaluate the fraction of cardio-
myocytes versus non-myocytes in 3D-hiPSC-CTs, we per-
formed immunohistolabeling with cardiac troponin T
(TNT) and vimentin. There was no significant difference

in the fraction of cardiomyocytes versus non-myocytes be-
tween the RWV group (85% = 1.8%) and the control group
(86% = 1.8%; p = 0.8571; n = 5 per group; Figure 1F). For
reference, the cell composition of non-myocytes before
the generation of 3D-hiPSC-CTs is presented in the supple-
mental information (Figure S1). In addition, we performed
immunohistochemistry for CD31 or smooth muscle actin
(SMA) or TE-7, and we evaluated the cardiomyocyte
fraction versus non-myocyte fraction (Figure S2). These
findings collectively indicated that each cell on a 3D-
hiPSC-CT sheet cultured in an RWYV bioreactor may have
grown larger than the cells cultured in static conditions.

Dynamic culture in an RWV bioreactor promotes
molecular and structural development of 3D-hiPSC-CTs
To evaluate cardiac-specific components in 3D-hiPSC-CTs,
immunohistolabeling was performed. TNT-stained 3D-
hiPSC-CTs are depicted in Figure 2A. In the RWV group,
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Figure 2. Dynamic culture in a rotating wall vessel (RWV) bioreactor promotes molecular and structural development of a three-
dimensional cardiac tissue derived from human-induced pluripotent stem cells (3D-hiPSC-CT)

(A-D) Representative immunostained images of 3D-hiPSC-CTs: (A) green = cardiac troponin T (TNT); (B) red = sarcomeric a actinin (SAA);
(C) red = connexin 43 (CX43), green = zonula occludens-1 (Z0-1); (D) red = myosin heavy chain 7 (MYH7), green = cardiac troponin T (TNT),
blue = DAPI. Scale bar, 50 pum.

(E) Representative immunostained images of 3D-hiPSC-CTs: green = collagen 1 (Col 1), red = collagen 3 (Col 3), blue = DAPL. Scale bar,
50 pum. The right graph shows the ratio of collagen 3 to collagen 1 positive areas (mean + SE) in the RWV and control groups (n = 6 per
group). Independent experiments, one-tailed Student’s ¢ test. n.s., not significant.

(legend continued on next page)
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the sarcomere structure was more clearly recognized when
stained with sarcomeric o actinin (SAA; Figure 2B). Double-
staining with zonula occludens-1, a tight junction-associ-
ated protein, confirmed that connexin 43 (CX43) was ex-
pressed at the junction between cardiomyocytes in the
RWV group (Figure 2C). Moreover, 3D-hiPSC-CTs were
double-stained with TNT and myosin heavy chain 7
(MYH?7; Figure 2D). Western blotting confirmed higher
expression levels of TNT (2.1 + 0.1 versus 1.0 + 0.1;
p < 0.0001; n = 5 per group), SAA (2.4 + 0.2 versus 1.0 =
0.1; p = 0.0003; n = 5 per group), CX43 (1.8 + 0.2 versus
1.0 £ 0.1; p = 0.0064; n = 5 per group), and MYH7 (2.0 =
0.2 versus 1.0 = 0.2; p = 0.0071; n = 5 per group) in the
RWYV group than in the control group (expression levels
were normalized to that of GAPDH; Figures 21-2]). Addi-
tionally, we evaluated the extracellular matrix of 3D-
hiPSC-CTs. In particular, we focused on the ratio of
collagen 3 to collagen 1, which has been used as an indica-
tor of pathological fibrosis of the myocardium (Polyakova
et al.,, 2011). The ratio of the positive areas of collagen 3
to those of collagen 1 tended to be higher in the RWV
group (1.8 + 0.2 versus 1.3 + 0.1; p=0.0808; n = 6 per group;
Figure 2E). However, collagen 4 and laminin were similarly
expressed in both groups (Figures 2F-2G). Fibronectin was
expressed on both the upper and lower sides of a 3D-hiPSC-
CT in the RWV group but was only expressed on one side in
the control group (Figure 2H).

Regarding CM-specific mRNA expression, genes associ-
ated with ion channels, namely SCN5A (2.3 + 0.5 versus
1.0 £ 0.2; p = 0.043; n = S per group), CACNAIC (3.6 =
0.9 versus 1.0 = 0.1; p = 0.023; n = 5 per group), KCNJ2
(5.5 = 1.3 versus 1.0 = 0.5; p = 0.0128; n = 5 per group),
and KCND3 (8.2 + 2.1 versus 1.0 + 0.6; p = 0.0108; n = 5
per group), had significantly higher expression in the
RWYV group than in the control group. In addition, CX43
(2.5 £ 0.4 versus 1.0 + 0.2; p = 0.0056; n = S per group),
myosin light chain (MLC) 2A (3.0 + 0.8 versus 1.0 + 0.2;
p =0.0477; n = 5 per group), MLC2V (3.1 + 0.9 versus 1.0
+0.2; p=0.0453; n =5 per group), MYH6 (2.9 + 0.6 versus
1.0+ 0.1; p=0.0099; n = 5 per group), and MYH7 (3.0 + 0.8
versus 1.0 = 0.3; p = 0.049; n = 5 per group) showed signif-

icantly higher expression in the RWV group than in the
control group (Figure 2K).

Moreover, we investigated the ultrastructural organiza-
tion of 3D-hiPSC-CTs by transmission electron microscopy
and observed myofibrils, mitochondria, and cardiac des-
mosomes in both groups. However, in the RWV group,
more mature myofibrils and cardiac desmosomes were de-
tected, which were involved in wider sarcomeres, along
with better-developed cardiac desmosomes (Figure 2L).
These findings indicated that the RWV bioreactor facili-
tates the enhanced molecular and structural development
and maturity of CMs in 3D-hiPSC-CTs.

Dynamic culture in an RWYV bioreactor enhances the
motility of 3D-hiPSC-CTs

To evaluate the contractility of a 3D-hiPSC-CT, we per-
formed motility analysis using a high-speed camera-based
motion analysis system. Videos S1 and S2 depict the
high-velocity area as red and the low-velocity area as
blue. Contraction velocity (27.7 + 2.3 versus 15.3 =
1.0 pm/s; p = 0.0011; n = S per group), relaxation velocity
(15.7 = 1.5 versus 8.0 + 1.1 um/s; p = 0.0028; n = 5 per
group), and acceleration (983 + 83 versus 623 + 26 pm/s;
p = 0.0033; n = 5 per group) were significantly higher in
the RWV group than in the control group (Figures 3B-
3D). Moreover, the contraction deformation distance
(3.14 + 0.36 versus 1.70 + 0.20 pm; p = 0.0079; n = 5 per
group) and relaxation deformation distance (2.80 + 0.45
versus 1.44 + 0.26 um; p = 0.0309; n = 5 per group) were
significantly longer in the RWV group than in the control
group (Figures 3E-3F). Thus, the RWV bioreactor improved
the 3D-hiPSC-CT motility.

Furthermore, we evaluated the change in motility of 3D-
hiPSC-CTs in response to isoproterenol. In both groups,
each parameter generally increased depending on the con-
centration of isoproterenol; however, at 100 and 1,000 nM,
the rate of increase was significantly higher in the RWV
group than in the control group (n = 10 per group;
Figures 3G-3K). These findings suggest that the RWV biore-
actor improved the drug responsiveness of 3D-hiPSC-CTs.

(F-H) Representative immunostaining images of 3D-hiPSC-CTs.

(F) Green = collagen 4 (Col 4); (G) green = laminin (Lam); (H) red = fibronectin (Fib), blue = DAPL. Scale bar, 50 um. In the RWV group,
fibronectin was expressed on both the upper and lower sides of a 3D-hiPSC-CTs.

(I) Representative western blots (WB) of TNT, SAA, CX43, MYH7, and GAPDH from 3D-hiPSC-CTs.

(J) Quantification of protein expression (mean + SE) from WB by densitometry, normalized to GAPDH, in the RWV and control groups (n =5
per group). Independent experiments, one-tailed Student’s t test. **p < 0.01 and ***p < 0.001.

(K) gPCR of genes associated with ion channels (SCN5A, CACNA1C, KCNJ2, and KCND3), gap junctions ((X43), and myosin (MLC2A, MLC2V,
MYH6, and MYH7) (mean = SE) in 3D-hiPSC-CTs from the RWV and control groups (n = 5 per group). Independent experiments, one-tailed

Student's t test. *p < 0.05 and **p < 0.01.

(L) Representative transmission electron microscopy images of 3D-hiPSC-CTs. The yellow and white arrows indicate myofibrils and cardiac
desmosomes, respectively. In the RWV group, wider myofibrils and better-developed cardiac desmosomes can be observed.
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Figure 3. Dynamic culture in a rotating wall vessel (RWV) bioreactor improves motility and drug responsiveness of a three-
dimensional cardiac tissue derived from human-induced pluripotent stem cells (3D-hiPSC-CT)

(A) Representative velocity data in RWV and control groups by a motion analysis system; red color represents high velocity.

(B-F) Contractile properties of 3D-hiPSC-CT: contraction velocity (B), relaxation velocity (C), acceleration (D), contraction deformation
distance (E), and relaxation deformation distance (F) (mean + SE) in the RWV and control groups (n = 5 per group). *p < 0.05 and
**p < 0.01.

(G-K) Contractile properties of 3D-hiPSC-CT in response to isoproterenol. Increased rate of contraction velocity (G), relaxation velocity
(H), acceleration (I), contraction deformation distance (J), and relaxation deformation distance (K) (mean + SE) at each concentration in
the RWV and control groups (n = 10 per group). Independent experiments, one-tailed Student’s ¢ test. *p < 0.05, **p < 0.01, and

***p < 0.001. n.s., not significant.

Dynamic culture in an RWV bioreactor promotes the
electrophysiological development of a 3D-hiPSC-CT

To investigate the impact of the differential expression of
Cx43 on the electrophysiological properties of 3D-hiPSC-
CTs, we used a multielectrode array (MEA) data acquisition
system. The signal amplitude (4,487 + 212 versus 1,088 +
93 nV; p <0.0001; n = 5 per group; Figure 4B) and conduc-
tion velocity (16.2 + 1.3 versus 10.2 + 1.0 cm/s; p = 0.0070;
n =5 per group; Figure 4C) were significantly higher in the
RWYV group than in the control group. Thus, the RWV
bioreactor improved the electrophysiological properties
of the 3D-hiPSC-CT.

Dynamic culture in an RWV bioreactor increases the pro-
duction of angiogenic cytokines and upregulates the
mammalian target of rapamycin (mTOR) signaling
pathway via integrin.
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Next, we examined the mechanisms by which the RWV
bioreactor affects 3D-hiPSC-CTs. To assess 3D-hiPSC-CT
maturation mechanisms, we investigated the concentra-
tion of cytokines in culture supernatants derived from
3D-hiPSC-CTs by enzyme-linked immunosorbent assay
(ELISA). The RWV group had higher vascular endothelial
growth factor (VEGF; 23.5 + 4.0 versus 7.8 + 1.2 pg/mL;
p =0.0053; n = 5 per group) and hepatocyte growth factor
(HGF; 72.7 + 4.4 versus 41.2 + 3.8 pg/mL; p=0.0007;n=5
per group) concentrations than those of the control group
(Figures 5A and 5B). Therefore, the RWV bioreactor was
considered to promote vasculature formation.

Additionally, we used western blotting to investigate the
signaling pathways involved in the maturation of 3D-
hiPSC-CTs. Specifically, we evaluated the activation of in-
tegrin o7, integrin B1, and focal adhesion kinase (FAK),
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Figure 4. Dynamic culture in a rotating wall vessel (RWV) bioreactor promotes electrophysiological development of a three-
dimensional cardiac tissue derived from human-induced pluripotent stem cells (3D-hiPSC-CT)
(A) Images of 3D-hiPSC-CT analyzed with the multielectrode array data acquisition system and electrical signals recorded by electrodes.

The white dotted area indicates the electrodes.

(B) Signal voltage (peak to peak amplitude) (mean + SE) of 3D-hiPSC-CTs in the RWV and control groups (n =5 per group). Independent

experiments, one-tailed Student’s ¢ test. **p < 0.01.

(C) Conduction velocity of 3D-hiPSC-CTs (mean + SE) in the RWV and control groups (n = 5 per group). Independent experiments, one-

tailed Student’s ¢ test. **p < 0.01.

which are expressed in CMs and activated by mechanical
stress, such as shear stress. In the RWV group, integrin a7
(1.5 £ 0.1 versus 1.0 £ 0.04; p=0.0098; n = 5 per group), in-
tegrin B1 (2.0 + 0.1 versus 1.0 + 0.1; p < 0.0001; n = 5 per
group), and the ratio of phosphorylated to total FAK (phos-
phorylated/total: 2.2 + 0.3 versus 1.0 £ 0.1; p=0.0028; n =
5 per group) showed significantly higher expression than
those of the control group (Figures 5C and 5D). Activation
of mTOR signaling, which is a mechanical stress-related
mediator related to cell growth and protein synthesis, was
also evaluated. In the RWV group, the ratios of phosphory-
lated to total mTOR (phosphorylated/total: 2.2 + 0.1 versus
1.0 £ 0.1; p=0.0003; n = 5 per group) and S6K (phosphor-
ylated/total: 3.2 £ 0.4 versus 1.0 £ 0.1; p=0.0012; n = 5 per
group) were significantly higher than those of the control
group (Figures 5C and 5D). We also investigated the activa-
tion of protein kinase B (AKT), which is one of the upstream
regulators of mTOR and one of the downstream effectors of
FAK; however, no significant difference was observed in the
ratio of phosphorylated to total AKT between the RWV and
control groups (phosphorylated/total: 0.9 + 0.1 versus 1.0
+ 0.04; p = 0.1834; n = 5 per group; Figures 5C and 5D).
These results suggested that the mTOR signaling pathway
may be involved in the mechanism of 3D-hiPSC-CT
maturation.

3D-hiPSC-CTs cultured in an RWV bioreactor present
enhanced therapeutic effects in vivo

We then transplanted 3D-hiPSC-CTs into the hearts of a
nude rat MI model. Four weeks later, 3D-hiPSC-CTs of
the RWV group survived in seven out of 10 rats, as
evident in immunohistochemical images; however, in
the control group, survival of 3D-hiPSC-CTs was only

observed in three out of the 10 rats. In the transplanted
tissues, vascular-like structures, double-stained with iso-
lectin B4 and SMA, were partially observed (Figures 6A-
6D). As shown in Figures 6E-6G, the RWV group rats ex-
hibited a significantly higher LV ejection fraction (LVEF;
46.1% + 1.7%) than that of the control group (40.4% =+
0.6%; p = 0.0032) and sham rats (36.4% = 0.7%;
p < 0.0001) at 1 week [ANOVA: p < 0.0001; n = 10 per
group], 2 weeks (RWV 48.0% =+ 1.2% versus control
40.8% + 1.5% [p = 0.0014] versus sham 35.9% = 1.0%
[p < 0.0001]; ANOVA p < 0.0001; n = 10 per group),
3 weeks (RWV 48.9% =+ 1.7% versus control 40.6% =+
1.9% [p = 0.0034] versus sham 35.0% =+ 1.1%
[p < 0.0001]; ANOVA: p < 0.0001; n = 10 per group),
and 4 weeks (RWV 47.0% + 1.6% versus control 37.6%
+ 22% [p = 0.0018] versus sham 32.3% = 1.3%
[p < 0.0001]; ANOVA p < 0.0001; n = 10 per group) after
transplantation. Regarding the LV dimensions, the LV
end-diastolic dimension (LVDd) in the RWV group was
significantly smaller than that in the sham rats at 3 weeks
(8.08 + 0.19 mm versus 8.71 + 0.13 mm, p = 0.0252;
ANOVA: p = 0.0317; n = 10 per group) and 4 weeks
(8.11 = 0.19 mm versus 8.89 + 0.14 mm, p = 0.0070;
ANOVA: p = 0.0093; n = 10 per group) after transplanta-
tion. Moreover, the LV end-systolic dimension (LVDs) in
the RWV group was significantly smaller than in the con-
trol group and sham rats at 2 weeks (RWV 6.30 + 0.12 mm
versus control 6.91 + 0.17 mm [p = 0.0168] versus sham
7.24 = 0.13 mm [p = 0.0003]; ANOVA: p = 0.0003; n =
10 per group), 3 weeks (RWV 6.33 + 0.15 mm versus con-
trol 7.00 + 0.16 mm [p = 0.0104] versus sham 7.44 +
0.14 mm [p < 0.0001]; ANOVA: p < 0.0001; n = 10 per
group), and 4 weeks (RWV 6.44 + 0.16 mm versus control

Stem Cell Reports | Vol. 17 | 1170—1182 | May 10,2022 1175



;0‘
(&

A B
(pg/ml) *% | (pg/ml) sk
30 80
70
60
" 20 L 50
i € a0
¢ T
10 30
! 20
10
0 0
RWV Control RWV
Cc RWV  Control D

= RWV = Control

Integrin a7 ~ T
(129 kDa) - o 2 il
_ )
Integrin g1 5
(120, 140 kDa) = i
2
]
p-FAK ()
(125 kDa) ' " 5 g I
(3
total FAK ‘ ==
(125 kDa) - §
coon | T
a 0
Integrin a7 Integrin 1
total AKT | |
(60 kDa) . -
p-mTOR
(289 kDa) - . 3
S
total mTOR - 5
(289 kDa) e - ? *x
p-S6K s 2
(70,85 kDa) | R g
s
total S6K 5 4 ] =
(70,85 kDa) | &
GAPDH
(37kpa) | D — 0
FAK AKT

7.21 £ 0.15 mm [p = 0.0046] versus sham 7.72 + 0.16 mm
[p < 0.0001]; ANOVA: p < 0.0001; n = 10 per group) after
transplantation. Additionally, in the RWV group, the
fibrotic area in the recipient myocardium (17.0% =
1.4%), which was associated with LV remodeling and
exhibited extracellular collagen deposition, was sma-
ller than that in the control group (24.2% = 1.6%;
p = 0.0035) and the sham group (33.8% =+ 1.1%;
p < 0.0001; ANOVA: p < 0.0001; n = 10 per group; Fig-
ure 6H). Regarding cardiomyocyte hypertrophy at an
area remote from the infarct, the average diameter of car-
diomyocytes in the RWYV group rats (16.3 + 0.54 um) was
smaller than that in the control group (18.2 + 0.65 um;
p = 0.0664) and sham group (20.8 + 0.60 um; p < 0.0001;
ANOVA: p < 0.0001; n = 10 per group; Figure 61 and Fig-
ure S3). Moreover, in the RWV group, the capillary density
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Control

= RWV = Control

Figure 5. Dynamic culture in a rotating
wall vessel (RWV) bioreactor promotes
production of angiogenic cytokines from
a three-dimensional cardiac tissue derived
from human-induced pluripotent stem
cells (3D-hiPSC-CT), and it upregulates
the mammalian target of rapamycin
(mTOR) signaling pathway via integrin

(A and B) Concentrations of vascular endo-
thelial growth factor (VEGF) (A) and hepa-
tocyte growth factor (HGF) (B) (mean + SE)
in the culture supernatant of RWV and con-
trol groups (n = 5 per group). Independent
experiments, one-tailed Student’s t test.
** < 0.01 and ***p < 0.001.

(C) Representative western blots (WB) for
integrin a7, integrin B1, phosphorylated and
total focal adhesion kinase (FAK), phos-
phorylated and total AKT, phosphorylated
and total mTOR, phosphorylated and total
S6K, and GAPDH from 3D-hiPSC-CTs.

(D) Quantification of protein expression
(mean + SE) from WB by densitometry,
normalized to GAPDH, and the quantified ra-
tio of phosphorylated/total protein for each
kinase in (C) normalized to those of the con-
trol group (n =5 per group). Independent ex-
periments, one-tailed Student's ¢t test.
**p<0.01and ***p <0.001. n.s., not signif-
icant.

Kk
I I

‘ I
mTOR S6K
(545 + 36/mm?), which is related to neovascularization,
was higher than that in the control group (356 + 29/mm?;
p = 0.0002) and sham group (224 + 17/mm?; p < 0.0001;
ANOVA: p < 0.0001; n = 10 per group; Figure 6]).
Quantitative reverse transcriptase PCR (QRT-PCR) analysis
revealed that the expression levels of VEGF and HGF were
significantly higher in the RWV group rats than in the
sham rats (VEGF: 1.5 + 0.2 versus 1.0 + 0.04; p = 0.0342;
n = 8 per group; Figure 6K, HGF: 2.1 + 0.3 versus 1.0 + 0.1;
p=0.0066; n =8 per group; Figure 6L, respectively). However,
the expression levels of VEGF and HGF were only slightly
and not significantly higher in the RWV group compared
with those of the controls (VEGF: 1.5 + 0.2 versus 1.2 +
0.06; p =0.1572; n = 8 per group; Figure 6K, HGF: 2.1 + 0.3
versus 1.7 + 0.2; p = 0.3651; n = 8 per group; Figure 6L,
respectively).



LV cavity i

(%) Sham -——Control —RWV (mm) sham —control —RWV (mm) sham —control —RWV

LVDs
~

ow 1w 2w 3w 4w ow 1w 2w 3W 4w

Sham Control RWV Sham Control RWV

K VEGF L HGF
* * %k
1 —
s 5
£ 2 9
& @ 2
s 5
o -

53 3 I
o ® (O]
c £ Ly c £
55 1 ¢ ‘ &5 1 I
[ o £
S =2
k<t ‘ ©
[] Q
o 4

0 * 0

Sham Control RWV Sham Control RWV

Figure 6. A three-dimensional cardiac tissue derived from human-induced pluripotent stem cells (3D-hiPSC-CT), cultured in
rotating wall vessel (RWV) bioreactor, enhances therapeutic effects in vivo

(A-D) Representative immunostained images of 3D-hiPSC-CTs transplanted into a rat myocardial infarction model in the RWV group
(4 weeks after transplantation). (A) Fullimage, green = human troponin T (TNT); scale bar, 500 um; (B) magnified images, red = sarcomeric
a actinin (SAA); (C) red = connexin 43 (CX43); scale bar, 100 pum (left), 50 um (right); (D) red = isolectin B4 (ILB4), green =TNT (top) (left,
bottom), green = smooth muscle actin (right, bottom), blue = DAPI; scale bar, 100 um (top), 50 um (bottom). In the RWV group, the
thickness of the 3D-hiPSC-CT was >500 um 4 weeks after transplantation, and mature vessels were observed within (white arrows).

(legend continued on next page)
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These findings collectively suggest that 3D-hiPSC-CTs
cultured in an RWV bioreactor could facilitate engraftment
with vasculature formation in diseased recipient hearts,
and thereby improve cardiac function while preventing
LV reverse remodeling.

DISCUSSION

The primary findings of this study are as follows. First, dy-
namic culture in an RWV bioreactor was found to facilitate
the maturation of 3D-hiPSC-CTs morphologically, me-
chanically, and electrophysiologically. This conclusion
was supported by the following results. Dynamic culture
in an RWYV bioreactor allowed 3D-hiPSC-CTs to acquire
the following: (1) increased thickness along with growth
of cardiomyocytes; (2) increased expression of sarcomeric
proteins (TNT, SAA, MYH7) and a gap junction protein
(CX43); (3) massive myofibrils with A-, H-, and I-bands,
and cardiac desmosome with integrity; (4) improved
contraction and relaxation abilities; (5) increased field po-
tential and accelerated conduction velocity; and (6)
improved drug responsiveness. Moreover, in the in vivo
rat model of MI, those transplanted with 3D-hiPSC-CTs
cultured in an RWV bioreactor showed improved engraft-
ment in the infarct region as well as superior cardiac func-
tion with prevention of LV reverse remodeling compared
with the effects of transplanted 3D-hiPSC-CTs that were
cultured under static condition.

Mature CTs may offer certain advantages during cardio-
myogenesis in a severely damaged myocardium, since
they exhibit specific unique features such as (1) higher
expression of sarcomeric proteins, as well as a thicker and
longer sarcomere structure, resulting in improved contrac-
tile properties (Germanguz et al., 2011; Lundy et al., 2013;
Zhang et al., 2009); (2) higher action potential, expression
of gap junction proteins, such as Cx43, and polarity, result-

ing in increased conduction velocity and electrical stability
(Gaoetal., 2018; Ribeiro et al., 2015; Yang et al., 2014); and
(3) greater secretion of angiogenic cytokines (Yoshida et al.,
2018). Therefore, establishing means for developing
matured cardiac tissue ex vivo would be crucial for amelio-
rating a severely damaged heart with few remaining viable
myocytes.

In this study, we demonstrated the development of
mature CTs with higher expression of contractile and gap
junction proteins due to the application of fluid shear
stress. We then hypothesized the possible involvement of
the integrin-FAK-AKT-mTOR signaling pathway in the
maturation mechanism (by dynamic culture) occurring in
an RWYV bioreactor (Figure S4). Specifically, integrin ex-
hibits mechano-sensing functions with its expression
increasing upon mechanical stimulation, such as stretch
or shear stress. Integrin also regulates the activity of FAK
(Boppart and Mahmassani, 2019; Israeli-Rosenberg et al.,
2014; Lorenz et al., 2018; Urbich et al., 2000), which in
turn regulates AKT and mTOR signaling and controls
various cellular activities, such as survival, adhesion, and
proliferation (Jindra et al., 2008; Nguyen et al., 2018; Xia
et al., 2004; You et al., 2015). In the heart, the mTOR
signaling pathway is involved in the regulation of embry-
onic cardiovascular development, control of intracellular
processes related to normal postnatal growth and mainte-
nance of cardiac function, as well as activation of mTOR
complex 1 (mTORC1), followed by that of S6K, thereby
promoting protein synthesis (Kemi et al., 2008; Laplante
and Sabatini, 2012; Sciarretta et al., 2014). In our study,
3D-hiPSC-CTs cultured in an RWYV bioreactor had higher
activities of integrin-FAK and mTOR pathway signaling
compared with those grown under static conditions. How-
ever, no significant difference was observed in AKT activity
between the RWV and control groups. This may have been
caused by the negative feedback regulation from S6K,
which is observed in the chronic phase of dynamic culture

(E-G) Changes in left ventricular ejection fraction (LVEF) (E), left ventricular end-diastolic dimension (LVDd) (F), and left ventricular end-
systolic dimension (LVDs) (G) (mean + SE) in each group after transplantation, analyzed by transthoracic echocardiography (n = 10 per
group). Independent experiments, one-way ANOVA followed by the post-hoc Tukey HSD test. *p < 0.05, **p < 0.01, and ***p < 0.001.
(H) Representative images of myocardial fibrosis in each group, as assessed by Sirius Red staining. Scale bar, 1,000 pm. The right bottom
graph shows the percentage of fibrotic (mean + SE) to myocardial tissue in each group (n =10 per group). Independent experiments, one-
way ANOVA followed by the post-hoc Tukey HSD test. **p < 0.01, and ***p < 0.001.

(I) Representative images of cardiomyocytes at an area remote from the infarct in each group, as assessed by hematoxylin and eosin
staining. Scale bar, 1,000 pm. The right bottom graph shows the diameter of cardiomyocyte (mean =+ SE) in each group (n = 10 per group,
average diameter of 10 cardiomyocytes randomly selected from one image). Independent experiments, one-way ANOVA followed by the
post-hoc Tukey HSD test. *p < 0.05, and ***p < 0.001.

(J) Representative immunostained images of vVWF in each group. Scale bar, 50 um. The red arrows indicate the capillary vessels. The right
bottom graph shows the capillary density per unit area (mean =+ SE) in each group (n =10 per group). Independent experiments, one-way
ANOVA followed by the post-hoc Tukey HSD test. **p < 0.01 and ***p < 0.001.

(H-I) Expression of vascular endothelial growth factor (VEGF) (K) and hepatocyte growth factor (HGF) (L) genes (mean + SE) in each group,
normalized against GAPDH expression (n = 8 per group). Independent experiments, one-way ANOVA followed by the post-hoc Tukey HSD
test. *p < 0.05 and **p < 0.01.
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(Jackman et al.,, 2016). In addition, there might be a
signaling pathway other than the integrin-FAK-AKT-
mTOR pathway that activates mTOR from integrin without
the involvement of AKT.

We also observed that dynamic culture in an RWV biore-
actor enhanced the engraftment and therapeutic effect of
3D-hiPSC-CTs in a failed heart in the MI rat model. The
following two factors might be strongly involved in the
enhanced engraftment effect. First, 3D-hiPSC-CTs cultured
in an RWYV bioreactor secreted higher levels of angiogenic
cytokines due to the promoted maturation of cardiomyo-
cytes. Second, the high secretion of angiogenic cytokines
not only promoted angiogenesis in the transplanted tissues
but also promoted the induction of mature blood vessels
from the recipient heart into the transplanted tissues.
These factors may facilitate adequate oxygen and nutrient
supply to the transplanted tissues over an extended period
of time, resulting in improved engraftment. In fact, the
transplanted tissues survived for 1 month in seven of the
10 rats in the RWV group compared to only three of the
10 control rats. To further improve engraftment,
combining the current method with a process to cover
transplanted tissues with an omental flap containing a
rich vascular network may be necessary (Kawamura et al.,
2013, 2017).

We also observed significant differences in the fibrotic
area, the diameter of cardiomyocyte, capillary density,
and angiogenic cytokine expression across the three
groups. Therefore, reduced LV remodeling caused by a para-
crine effect may be one of the mechanisms associated with
enhanced therapeutic effects on the diseased rat heart, as
demonstrated in previous reports (Kawamura et al., 2012,
2013, 2017; Weinberger et al., 2016; Wendel et al., 2015;
Yoshida et al., 2018). However, it remains to be determined
whether transplanted tissues are capable of assisting the
recipient tissue in dynamic beating. In the RWV group,
expression levels of contractile proteins were higher than
those of controls, and the thickness of the transplanted tis-
sues reached 500-1,000 um in the recipient infarcted re-
gion, thereby suggesting that transplanted tissues have
certain potential in providing pulsatile support.

If 3D-hiPSC-CTs are constructed for human application,
it is estimated that approximately 8 x 10® cells would be
required for a human weighing 60 kg based on our results.
Assuming that a 3D-hiPSC-CT with the same thickness as
that used in this study can be engineered, and if the area
is multiplied by 200, three 3D-hiPSC-CTs of 50 x 50 mm
will be required. The size of the RWV could be tailored ac-
cording to the size of the 3D-hiPSC-CT.

Further maturation of 3D-hiPSC-CTs might be possible
by adding an electrical stimulator or stretching function
to this bioreactor, but the device may then become compli-
cated. We believe that the RWV bioreactor is the best

option for clinical use at present owing to the ease of
management.

In conclusion, dynamic culture in an RWV bioreactor
promotes the ex vivo maturation of 3D-hiPSC-CTs by
enhancing the cardiogenic potential and assisting func-
tional recovery with improved engraftment in a diseased
heart. Hence, this platform has potential for promoting
cardiomyogenesis for cases of severe heart failure.

EXPERIMENTAL PROCEDURES

Expanded experimental procedures performed in this study are
available in the online supplemental information, including de-
tails of ELISAs, QRT-PCR, western blotting, histology, transmission
electron microscopy, and echocardiography. All procedures and
protocols involving animals were approved by the ethics commit-
tee of Osaka University (approval number: 01-062-000) and were
performed according to the committee’s guidelines. All animal ex-
periments complied with the ARRIVE guidelines and were carried
out in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals (NIH Publications
No. 8023, revised 1978).

Cardiac differentiation of hiPSCs

Human-induced pluripotent stem cells (hiPSCs; 253G1; Riken,
Ibaraki, Japan) were used in this study. Undifferentiated hiPSCs
were cultured and maintained in primate embryonic stem cell me-
dium (ReproCELL, Kanagawa, Japan) with 5 ng/mL basic fibroblast
growth factor (bFGF; ReproCELL) on mitomycin C-treated mouse
embryonic fibroblast cells (ReproCELL). Cardiomyogenic differen-
tiation was induced as previously described with specific modifica-
tions (Matsuura et al., 2012). Briefly, cardiac differentiation was
induced in StemPro 34 medium (Thermo Fisher Scientific, Wal-
tham, MA, USA) containing 2 mM L-glutamine (Thermo Fisher Sci-
entific), 50 ug/mL ascorbic acid (FUJIFILM Wako Pure Chemical
Corporation, Osaka, Japan), and 400 pM 1-thioglycerol (Sigma-Al-
drich, St. Louis, MO, USA). The medium was also supplemented
with several human recombinant proteins, including bone
morphologic protein 4, activin A, bFGF (R&D Systems, Minneapo-
lis, MN, USA), and VEGF (FUJIFILM Wako Pure Chemical Corpora-
tion), and small molecules, including IWR-1 and IWP-2 (Sigma-Al-
drich). hiPSCs were dissociated using Accumax (Nacalai Tesque,
Kyoto, Japan) and transferred to a bioreactor (ABLE Corporation
& Biott, Tokyo, Japan). hiPSC-CMs were maintained in Dulbecco’s
modified Eagle’s medium (DMEM; Nacalai Tesque) supplemented
with 10% fetal bovine serum (FBS; Sigma-Aldrich).

Construction of 3D-hiPSC-CTs and culture in an RWV
bioreactor

We engineered the 3DCT by seeding hiPSC-derived CMs on a pol-
y(lactic-co-glycolic acid) fiber sheet (3D-hiPSC-CT), as described
previously (Li et al., 2017). The process from construction of the
3D-hiPSC-CT to culture in an RWYV bioreactor is outlined in Fig-
ure S5. In brief, a cell suspension was prepared, including
2.0 x 10° cells per 60 puL of DMEM (Nacalai Tesque) with 10%
FBS (Sigma-Aldrich), 50 units/mL penicillin, and 50 pg/mL
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streptomycin (Thermo Fisher Scientific). Furthermore, 1.0 x 1073
pg/mL recombinant human laminin511-E8 fragments (MATR
IXOME, Osaka, Japan) and 10 pM Y-27632 (Nacalai Tesque) were
added to the cell suspension. The suspension was then seeded on
a 6-mm square poly(lactic-co-glycolic acid) aligned fiber sheet at
60 pL per sheet (3D-hiPSC-CT). Three hours after seeding, 5 mL
of culture medium was added per sheet. After incubating the 3D-
hiPSC-CT under static conditions for 3 days, it was transferred to
an RWYV bioreactor (JTEC Corporation, Osaka, Japan) (Figure S6)
and cultured for an additional 7 days (RWV group). The rotation
speed was 10 rpm to maintain the 3D-hiPSC-CT afloat in the
RWYV bioreactor (Video S3). The control group continued the cul-
ture under static conditions for an additional 7 days. The volume
of the culture medium was 50 mL for both groups.

Cell viability assay

Cell viability was evaluated using LIVE/DEAD Viability/Cytotox-
icity Kit (Thermo Fisher Scientific). In brief, 4 pM ethidium homo-
dimer solution and 2 uM Calcein AM were prepared and mixed to
form a working solution. This solution was added directly to the
3D-hiPSC-CTs. After incubation for 30-45 min at 37°C, the tissues
were assessed using confocal microscopy (FLUOVIEW FV10i;
Olympus, Tokyo, Japan). Nuclei of the dead cells are stained red,
whereas those of live cells are stained green. The numbers of live
and dead cells were then counted in nine different areas per sam-
ple, and the average represented the viable cell percentage.

Cell motility analysis

The beating of 3D-hiPSC-CTs was monitored at 150 frames per sec-
ond, a resolution of 512 x 512 pixels, and a depth of 8 bits for 10 s
at 37°C using a high-speed camera-based motion analysis system
(SI8000 view software; Sony, Tokyo, Japan). The beating rate,
contraction velocity, relaxation velocity, acceleration, contraction
deformation distance, and relaxation deformation distance were
measured using SIS000C analyzer software (Sony). To evaluate
drug loading, 10, 100, or 1,000 nM isoproterenol (Sigma-Aldrich)
was added to the culture medium, and the motion of 3D-hiPSC-
CTs was monitored, recorded, and assessed.

Electrophysiological characterization

Extracellular field potentials (FPs) of 3D-hiPSC-CTs were deter-
mined using the MEA data acquisition system (USB-ME64-System;
Multi Channel Systems, BW, Germany). Signals were recorded on
day 10 after plating the hiPSC-CMs. An isochronal map was
created based on linear interpolation between the electrodes
(Meiry et al., 2001) and calculated using the MATLAB function
(MATLAB; MathWorks, Natick, MA, USA). The amplitude and
conduction velocity were determined by analyzing the wave forms
of FPs.

In vivo transplantation in a rat model of chronic MI

We generated the rat model of chronic MI, as described previously
(Sekiya et al., 2009). Specifically, 8-week-old male nude rats (F344/
NJcl-rnu/rnu; CLEA Japan, Tokyo, Japan) were anesthetized by iso-
flurane inhalation (2%, 0.2 mL/min), intubated, and placed on a
respirator during surgery to maintain ventilation. Thoracotomy
was performed between the fourth and fifth intercostal spaces,
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and MI was induced by ligation of the left coronary artery. Two
weeks after left coronary artery ligation, transthoracic echocardi-
ography was performed to validate the extent of MI. Since we
aimed to create a model of widespread MI, rats with an ejection
fraction greater than 45% were excluded. These models were
randomly divided into three treatment groups (n = 10 per group):
(1) transplantation of 3D-hiPSC-CT cultured in an RWV bioreactor
(RWYV group), (2) transplantation of 3D-hiPSC-CT cultured under
static conditions (control group), and (3) sham operation (sham
group). For transplantation, thoracotomy was again performed be-
tween the fourth and fifth intercostal spaces, and the pericardium
was peeled back to identify the infarct area. For animals in the 3D-
hiPSC-CT group, two 3D-hiPSC-CTs were transplanted into each
heart. After cutting out the polydimethylsiloxane frame of 3D-
hiPSC-CTs, they were placed directly onto the infarct area, which
was then covered with Beriplast P (CSL Behring, King of Prussia,
PA, USA) and the pericardium to prevent their slipping off of the
infarct area. Four weeks after transplantation, the rats were sacri-
ficed through an anesthetic overdose and the hearts were removed.
Engraftment of transplanted 3D-hiPSC-CTs was evaluated by im-
munostaining of a middle ventricular cross-section image immu-
nostaining with a human cTnT. The fibrotic area in the recipient
myocardium was evaluated by a middle ventricular cross-section
image stained with Sirius Red and calculated with MetaMorph Mi-
croscopy Automation & Image Analysis Software (Molecular
Devices, San Jose, CA, USA). The diameters of the recipient cardio-
myocytes were measured at an area remote from the infarct in a
middle ventricular cross-section image stained with H&E. Ten
recipient cardiomyocytes per sample were measured and then
averaged. The capillary density was measured at the infarct border
zone in a middle ventricular cross-section image immunostained
with von Willebrand factor (vWF). The number of vessels stained
with vWF was counted at five areas in the infarct border zone per
sample and averaged.

Statistics

Continuous variables are summarized as the mean + SE of the
mean. Differences between two groups were analyzed by one-
tailed Student’s t test. Comparisons tests across multiple groups
were analyzed by one-way ANOVA followed by the post-hoc Tukey
HSD test. Statistical significance was defined as p < 0.05. All data
were analyzed using JMP Pro 14 (SAS Institute, Cary, NC, USA).
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