The Use of Scaffold-free Cell Sheet Technique to
Refine Mesenchymal Stromal Cell-based Therapy

for Heart Failure

Takuya Narita', Yasunori Shintani', Chiho lkebe', Masahiro Kaneko’, Niall G Campbell’,
Steven R Coppen’, Rakesh Uppal', Yoshiki Sawa?, Kenta Yashiro! and Ken Suzuki'

"William Harvey Research Institute, Barts and The London School of Medicine and Dentistry, Queen Mary University of London, London, UK;
?Department of Cardiovascular Surgery, Osaka University Graduate School of Medicine, Osaka, fapan

Transplantation of bone marrow-derived mesenchymal
stromal cells (MSCs) is an emerging treatment for heart
failure based on their secretion-mediated “paracrine
effects”. Feasibility of the scaffoldless cell sheet technique
to enhance the outcome of cell transplantation has been
reported using other cell types, though the mechanism
underpinning the enhancement remains uncertain. We
here investigated the role of this innovative technique to
amplify the effects of MSC transplantation with a focus
on the underlying factors. After coronary artery ligation
in rats, syngeneic MSCs were grafted by either epicar-
dial placement of MSC sheets generated using temper-
ature-responsive dishes or intramyocardial (IM) injection.
Markedly increased initial retention boosted the pres-
ence of donor MSCs persistently after MSC sheet place-
ment although the donor survival was not improved.
Most of the MSCs grafted by the cell sheet technique
remained resided on the epicardial surface, but the epi-
cardium quickly regressed and new vessels sprouted
into the sheets, assuring the permeation of paracrine
mediators from MSCs into the host myocardium. In fact,
there was augmented upregulation of various paracrine
effect-related genes and signaling pathways in the early
phase after MSC sheet therapy. Correspondingly, more
extensive paracrine effects and resultant cardiac function
recovery were achieved by MSC sheet therapy. Further
development of this approach towards clinical application
is encouraged.
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INTRODUCTION

Recent research has shown that transplantation of bone marrow-
derived mesenchymal stromal cells (MSCs) is a promising new
approach for the treatment of heart failure.'”* Although differen-
tiation of MSCs to cardiomyocytes does not occur to a significant
extent in vivo,>* the ability of MSCs to secrete beneficial growth fac-
tors, cytokines, and chemokines is thought to be substantial enough
to achieve therapeutic effects by restoring damaged cardiac tissues

(known as the paracrine effect).'?* There is also evidence that MSCs
stimulate endogenous progenitor/stem cells towards myocardial
regeneration in a paracrine manner.” Based on these findings,
many clinical trials of MSC transplantation are ongoing.®

Intramyocardial (IM), intracoronary, or intravenous injection of
MSC suspensions is currently used for MSC delivery in the trials,
however, these may be suboptimal in achieving the maximum effect
from MSC-based therapy. Most importantly, these methods result in
poor retention and impeded survival of donor cells, leading to poor
donor cell engraftment and consequently to limited therapeutic
effects.>*!! Usually, enzymatic digestion (i.e., trypsinization) is used
for harvesting MSCs from culture dishes, but this may cause damage
to the cells.””? In addition, IM injection causes mechanical damage
and inflammation, which will also hinder donor cell survival.’"'* On
the other hand, intracoronary injection of MSCs, having a relatively
large cell size, has a risk of coronary embolism," particularly when
injected into diseased and narrowed coronary arteries.

Okano and his colleagues have recently developed a novel bio-
engineering technology to generate scaffold-free “cell sheets” using
unique culture dishes, the surface of which is coated with a tem-
perature-responsive polymer (poly-N-isopropylacrylamide).'>!*
At 37°C the dish surface is hydrophobic, and cells can adhere and
grow. However, when the temperature is dropped to 25°C, the poly-
mer becomes hydrophilic and swollen, causing the cells to detach
from the dish as a free cell sheet. In contrast to trypsinization, cell
surface proteins, cell-cell junctions, and the underpinning extracel-
lular matrix are well preserved in this method."*"® As all polymer
remains on the culture dishes throughout the process for cell sheet
generation, the produced cell sheets are free of artificial scaffolds.

It has been reported that epicardial placement of cell sheets
formed using various cell types improved cardiac function of the
damaged heart."'*** However, even though bone marrow-de-
rived MSCs are one of the most promising donors for cell therapy,
the efficiency of cell sheets formed of this cell type has not been
reported. Although adipose tissue-derived MSCs have been previ-
ously examined,'>"” the fundamental biological features of these
cell types, such as differentiation, viability, proliferation, and stress
response, are considerably different.” Furthermore, whereas the
augmented therapeutic effects by the cell sheet technique have been
suggested when compared with other cell delivery methods,'* the
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Table 1 Cardiac function at day 28 after treatment

MSC Sheet Therapy for Heart Failure

HR (bpm) LVEF (%) LVDd (mm) LVDs (mm) AWTd (mm) PWTd (mm) MV E/A
Echocardiography
Control 418.8 £ 11.6 361+ 14 9.0+0.1 7.4+0.1 0.8+0.1 1.2£0.0 1.4+0.1
M 4262+8.5 47.6 + 1.9% 8.5+0.1* 6.3+0.1% 0.8+0.1 1.3£00 1.6+02
Sheet 434.7 £ 9.8 53,54 1,34 8.2+0.2* 58+ 0.1 0.9+0.1 1.3+£00 1.4£0.1
HR LVEDP LvbDpP Max dP/dt Min dP/dt Contractility Tau
(bpm) (mmHg) (mmHg) (mmHg/s) (mmHg/s) index (ms)
Catheterization
Control 367.2 4.1 150+ 15 80.2+£2.1 6,308.8 + 128.9 -5,425.4 £ 379.9 110.7 2.6 184+2.5
M 3744 +10.6 8.7 & 1.5* 97.9 £3.1* 7,296.5 + 100.7* —-6,658.3 £ 223.0* 1152+ 4.0 13.6 £ 0.4
Sheet 3882 +6.7 8.9 0.6* 96.6 + 2.3 8,166.0  185.9%**  ~7,455.3 + 194.2%** 128.9 &+ 2.9%** 13.0 £ 0.7*

Abbreviations: AWTd, end-diastolic anterior wall thickness; HR, heart rate; IM, intramyocardial injection; LV, left ventricle; LVDd, LV end-diastolic dimension; LVDP,
LV developed pressure; LVDs, LV end-systolic dimension; LVEDP, LV end-diastolic pressure; LVEF, LV ejection fraction; MV E/A, mitral valve early/atrial velocity ratio;

PWTd, end-diastolic posterior wall thickness.

n=11-13 in echocardiography and n = 8-9 in cardiac catheterization. Data represented as mean + SEM.

*P < 0.05 versus the Control group; **P < 0.05 versus the IM group.

machinery underlying such superiority of this approach remains
ill-identified. There were preliminary data showing that the cell
sheet technique achieved greater donor cell presence,” but these
were not convincing enough to conclude whether this is because
of increased initial retention, survival, or both of donor cells. In
addition, regarding the paracrine effect, there is a concern that
permeation of secreted factors from epicardially localized MSCs
into the host myocardium might be blocked by the existing epi-
cardium. Thus, we investigated the precise role of the cell sheet
technique to augment the effects of MSC transplantation with
particular focus on donor cell dynamics and paracrine effects.

HESULTS

Augmented improvement of postinfarction cardiac
function by MSC sheet therapy

At day 28 post-treatment in a rat coronary artery ligation model,
echocardiography showed that left ventricular ejection fraction
post-myocardial infarction (MI) was significantly improved in
the IM injection of MSC suspensions (IM group) compared with
the Control (sham-treatment) group, and more importantly this
improvement was further enhanced by the epicardial placement of
an MSC sheet (Sheet group) (Table 1). In addition, post-treatment
left ventricular end-systolic dimensions in the Sheet group were
smaller than those in the Control and IM groups. Consistently,
catheterization showed improved cardiac function (increased
maximum and minimum dP/dt, and contractility index) in the
Sheet group compared with the other groups (Table 1). These
results confirmed that the use of the cell sheet technique improved
the therapeutic effects of transplantation of bone marrow-derived
MSCs for the treatment of MI in comparison with IM injection.

Improved initial retention, but not survival, of donor
cells by MSC sheet therapy

To elucidate the donor cell dynamics that should be related to the
enhanced therapeutic outcome by the cell sheet technique, we
carried out serial, quantitative assessments of the donor cell pres-
ence. Of note, the Sheet group showed 6.4-fold increased initial
retention of donor MSCs at 1 hour of transplantation (Figure ia).
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This led to the greater donor cell presence in the Sheet group both
persistently (at least until day 28).

Histological observations uncovered distinct donor cell distri-
butions between the groups. In the IM group, donor cells formed
localized clusters within the myocardium at 1 hour and 3 days
(Figure 1b,c), which persisted up to day 28 with a reduced size
(Figure 14). In contrast, most of the donor cells remained on the
epicardial surface in the Sheet group throughout the time studied
(Figure 1e-g). It was noted that the thickness of the MSC sheets was
enlarged between 1 hour and 3 days after placement (Figure 1e,f).
However, this did not necessarily indicate that the donor cell pres-
ence was increased during this period, as donor MSCs in the sheets
were more compacted and dense at 1 hour (Supplementary Figure
Sla-c). It was speculated that compacted cells during the cell sheet
generation had relaxed and become looser after epicardial place-
ment, making the sheets to appear thicker at day 3, even though
the number of donor MSCs presence was actually decreased
(Figure 1a). Picrosirius red and hematoxylin staining showed that
there was accumulation of extracellular collagen within the sheets
at day 3, with an increasing tendency by day 28 (Supplementary
Figure S1d,e). However, there was no sign of constrictive heart fail-
ure (left ventricular end-diastolic pressure was actually reduced in
the Sheet group, compared with the Control group; Tabie 1).

Unexpectedly, the survival rates of donor cells calculated
from the serial changes in donor cell presence (Figure 1a) were
not improved in the Sheet group (61.4/94.8 = 0.65 (Sheet) ver-
sus 10.1/14.9 = 0.68 (IM) between 1 hour and 3 days, P = 0.81;
10.2/61.4 = 0.17 (Sheet) versus 2.9/10.1 = 0.29 (IM) between 3 and
28 days; P = 0.18). Consistent with this, the frequency of donor
cell apoptosis was similar between the groups at day 3 (Figure 2).

Differentiation of donor cells after MSC sheet
therapy

Immunohistostaining for cardiac troponin-T (cTnT) after trans-
plantation of Dil-labeled MSCs did not detect clear evidence of
cardiomyogenic differentiation of MSCs; there were no cells posi-
tive for both ¢TnT and Dil in the IM or Sheet group. Isolectin
B4 staining detected a number of neovascular formations within
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Fipire 1 improved donor cell retertion and distribution by MSC
sheet theragy. (@) Quantitative assessments by using the detection of the
male-specific sry gene in the female heart showed that the initial retention
(at 1 hour) and successive presence of donor cells (% of the total donor
cell number grafted) were improved in the Sheet group compared with
the IM group. TP < 0.05 versus the IM group, mean + SEM for n = 4-6
in each point. Histological evaluation showed that donor cell distribution
was distinct between groups; (b-d) intramyocardial cell cluster formation
in the IM group (for 1 hour, days 3 and 28, respectively) versus (e-g)
retention on the epicardial surface in the Sheet group (for 1 hour, days
3 and 28, respectively). Orange signal for MSCs (Dil); green for cTnT.
Bar = T mm. cTnT, cardiac troponin-T; IM, intramyocardial injection; MSC,
mesenchymal stromal cell,

the MSC sheets (Figure 3a~d). Most of these consisted of host-
derived (Dil™) endothelial cells, while the remaining contained
donor-derived (DiI™) cells, suggesting endothelial differentiation
(or fusion) of donor MSCs, consistent to the previous findings.”'
However, in the host myocardium, there were no donor (Dilt)
MSC-containing vessels found.

Differentiation of donor MSCs to mesenchymal lineages, which
was confirmed in our MSCs in vitro (Supplementary Figure S2),
could be a concern if it occurs in the heart. However, our histo-
logical study showed that donor MSCs did not differentiate to adi-
pocytes or osteocytes in the heart in vivo (Supplementary Figure
§3), assuring the safety of MSC sheet therapy.

Findings to support the permeation of paracrine
factors from MSC sheets into the heart

Given that the majority of donor cells were retained at the epi-
cardial surface after MSC sheet therapy (Figure le-g), one
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Figure 2 Donoy cell apoptosks after MSC sheet therapy. (@)
Immunolabeling for cleaved caspase-3 detected a similar frequency of
apoptotic donor cells in both treatment groups at day 3. (b) A repre-
sentative image of apoptotic donor cells (yellow arrow) after MSC sheet
therapy is shown. Enlarged images of white-gated area in b are pre-
sented in ¢—f with each marker separate and merged. Green signal for
cleaved caspase-3; orange for MSCs (Dil); blue for nuclei (DAPI). Bar =
30pum in b. DAPI, 4’,6-diamidino-2-phenylindole; {M, intramyocardial
injection; MSC, mesenchymal stromal cell.

concern might be that the presence of the epicardium may inhibit
the permeation of paracrine mediators from MSC sheets to the
host myocardial tissues. Our study here provided several find-
ings to ease it. First, after MSC sheet placement, the epicardium
promptly regressed and disappeared. ICAMI staining demon-
strated the presence of the epicardial layer in the Control group
(Figure 3¢), while these ICAM1™ epicardial cells were absent at
both day 3 (Figure 3f) and day 28 (Supplementary Figure S4a) in
the Sheet group. Second, isolectin B4 staining showed that many
vasculatures formed within the MSC sheets were composed of
host-derived (Dil™) cells (Figure 3a-d), indicating migration of
vascular cells from the host myocardium into the sheets. Third,
CD31 staining detected host-derived (Dil™) endothelial cells
migrating into the MSC sheets by day 3, forming sprouting ves-
sels from the host myocardium into the MSC sheet (Figure 3g).
Fourth, there were donor MSCs, though relatively few in num-
ber, occasionally migrating into the host myocardium (Figure 3h
and Supplementary Figure S4b-e). These findings collectively
indicate that the epicardium disappeared shortly after MSC sheet
placement, enabling early exchange of cells between the myocar-
dium and MSC sheets, which could contribute to establishing vas-
cular networks to feed the cell sheets. Such early establishment
of communication between MSC sheets and myocardium assures
permeation of molecules secreted from donor MSCs into the
myocardium to facilitate the paracrine effect.

Improved paracrine effects: recovery of post-Mi
failing cardiac tissues by MSC sheet therapy

We then looked at histological evidence for the paracrine effects.
At day 28, our picrosirius red staining showed that the infarct size
in the Sheet group was the smallest among the three groups at
day 28 (Figure 4a and Supplementary Figure S5a-c). This was
associated with increase in the capillary density and reduction of

www.moleculartherapy.org vol. 21 no. 4 apr. 2013
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MSC

Figure 3 Donor cell behaviors and changes i the eploardium after MS{ sheet therapy. (a—d) Isolectin B4 staining demonstrated that the vascu-
lature in MSC sheets contained both host-derived (Dil™) and donor MSC-derived (Dil™) endothelial cells at day 28 after transplantation of Dil™ sheets.
(e) ICAM1 staining identified the epicardium in the Control group, (f) though this was absent by day 3 after MSC sheet therapy. (g) CD31 staining
detected host-derived (Dil7) endothelium sprouting into the MSC sheets at day 3. (h) The majority of donor MSCs retained on the surface of the
heart (as in ), but a small number of MSCs had migrated into the host myocardium at day 3. Green signal for isolectin B4 in a,b, ICAM-1 in e,f or
CD31 in g; orange for MSCs (Dil); blue for nuclei (DAPY). Bar = 30um in a-d, 50um in e-h. DAPI, 4’,6-diamidino-2-phenylindole; ICAM, intercellular

adhesion molecule; MSC, mesenchymal stromal cell.
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Figure 4 Histological recovery of post-Mi falling cardiac tssues by MU shest therapy. (@) Histological studies detected reduced infarct size
(Supplementary Figure $5a-c), (b) increased capillary density (Supplementary Figure $5d-f), (¢) reduced cardiomyocyte hypertrophy
(Supplementary Figure $5g-i), and (d) attenuated collagen deposition (Supplementary Figure $5§-1) at day 28 in the Sheet group compared
with the Control group (and to the IM group in most points).*P < 0.05, mean + SEM for n = 4-5 in each point. IM, intramyocardial injection; M,

myocardial infarction; MSC, mesenchymal stromal cell.

the cardiomyocyte hypertrophy in both border and remote areas
in the Sheet group compared with other groups (Figure 4b,c and
Supplementary Figure S5d-i). Extracellular collagen deposition
in the Control group was markedly and widely attenuated in the
Sheet and IM groups, with a slight tendency of further attenuation
in the Sheet group (¥igure 4d and Supplementary Figure S5j-1).
These data suggest that both cell delivery methods achieved a sim-
ilar pattern of paracrine effects to recover the failing myocardium
post-MI, but the degree of the effects was more substantial after
MSC sheet therapy compared with IM injection.

Molecular Therapy vol. 21 no. 4 apr. 2013

Improved paracrine effects: increased endogenous
regeneration activity by MSC sheet therapy

Another target of the MSC-mediated paracrine effects is an acti-
vation of endogenous progenitor cells to regenerate cardiomyo-
cytes and vasculature,®” but this ability remains controversial.?»*
Our in vivo studies added new information. The number of Ki67*
proliferating cells markedly increased in both border and remote
areas in the Sheet group at day 28, compared with the Control and
IM groups (Table 2, Figure 5a-¢, Supplementary Figure S6a-d).
Ki67* cells were negative for CD45. In addition, the number of
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Table 2 Endogenous regeneration by MSC sheet therapy

Cell number Border Remote

(/mm?) Control M Sheet Control M Sheet
Total Ki67™ cells 102+ 1.6 17.7£2.7 37.4 £ 4.0%% 59+13 10921 19.1 £ 3.0%**
+ Isolectin B4 1.9+0.8 4727 12.3 £2.7%** 0.1+0.1 26%1.0 5.0+2.1%
+CD34" 42%1.1 10.7 £ 1.0* 23.0 4 3.3 42+15 6.1+1.2 16.4 +2.74%
+Scal® 0303 0502 2.4 £ 0207 0.1£0.1 02+02 05+02
+cTnT* 0.3+£02 03+03 1.6 £0.7* 0 0 0
+CD45% 03+0.2 0.2+02* 0.1+£0.1 0 03+02
Total Scal™ cells 1.8+08 57+ 1.0* 8.6 £ 1.5% 0.6+03 1.0£0.7 3.6+ 1.10%F

Abbreviations: cTnT, cardiac troponin-T; IM, intramyocardial injection; MSC, mesenchymal stromal cell.
The numbers of Ki67* proliferating cells, together with other relevant markers, and Sca-17 cells in border and infarct areas were assessed by immunohistolabeling at

day 28. n=4-5 in each point. Data represented as mean + SEM.
*P < 0.05 versus the Control group; **P < 0.05 versus the IM group.

Sigure 5 lmproved endogenous regenerative activity by MSC sheat therapy. The number of Ki677 cells was increased in the Sheet group compared

with the IM and Control groups. Representative images of Ki67* cells in the border areas of the (a) Control, (b) IM, and (c) Sheet groups at day 28 are
shown (Table 2). Ki67/isolectin B4* cells were found in (d) capillaries as well as in (e) larger vessels after MSC sheet therapy. There were an increased
number of Ki677/cTnT™ proliferating cardiomyocytes in the Sheet group. (f-f) A representative image of Ki67t/cTnT* cells after MSC sheet therapy is
presented for each marker and merged. Green signal for isolectin B4 in d,e, cTnT in f,i; orange for Ki67; blue for nuclei (DAPI). Bar =100um in a—c and

30um in d-f. cTnT, cardiac troponin-T, DAPI, 4',6-diamidino-2-phenylindole; IM, intramyocardial injection; MSC, mesenchymal stromal cell.

Sca-1*/Dil™ cells, which are reported to be cardiac progenitor
cells,? as well as the number of Ki671/Sca-17/Dil™ cells, were
increased in the Sheet group.

It was found that most of Ki67" proliferating cells were also
positive for isolectin B4 and/or CD34 (Table 2, Figure 3de,
Supplementary Figure S6e-h), suggesting an acceleration of
endogenous vascular regeneration. Ki67%/isolectin B4T cells
were found in capillaries (Figure 34) as well as in larger vessels
(Figure 5e). This enhanced vasculogenesis might contribute to
the enhanced capillary density observed after MSC sheet ther-
apy (Figure 4b). In addition, there were a small, but significantly
increased, number of Ki67*/cTnT cells in the Sheet group, repre-
senting proliferating cardiomyocytes, compared with the Control
group (Table 2 and Figure 5{-1). These cells were not donor (Dilt)-
derived and thus could be stemmed from differentiation of endog-
enous progenitor cells or from re-entry of host cardiomyocytes to
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the cell cycle. However, the number of these Ki67t/cTnT™ cells was
not large enough to expect that they had contributed significantly
to the improvement of cardiac function after MSC sheet therapy.

Amplified upregulation of paracrine mediators and
signaling pathways by MSC sheet therapy

To gain a further insight into the augmented paracrine effects
by MSC sheet therapy, we performed quantitative reverse tran-
scription-PCR screening for genes presumed to be relevant to the
MSC-mediated paracrine effects.>*"**2 As a result, we observed
that myocardial expression of IL-10, VCAM-I1, TIMP-1, IGF-1,
MMP-2, HIF1-a, SDF-1, MMP-9,and bFGF was upregulated in the
Sheet group at day 3 compared with the Control group (Figure 6).
These data corresponded well with the above-discussed histologi-
cal changes in neovascular formation, fibrosis, and endogenous
myocardial regeneration (Figures 4 and 5). Of note, upregulation

www.moleculartherapy.org vol. 21 no. 4 apr. 2013
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Figure & Ampiified upregulation of paratrine effecirelevant genes
by 85 sheet therapy. Quantitative RT-PCR screening detected upreg-
ulation of a group of genes likely to be relevant to the MSC-derived
paracrine effects in the Sheet group, and in the IM group to a lesser
extent, at day 3. All expression levels were normalized to that in the
Control group, which was assigned a value of 1.0. *P < 0.05, mean +
SEM for n = 5-6 in each group. IM, intramyocardial injection; MSC,
mesenchymal stromal cell; RT-PCR, reverse transcription-PCR.

of these genes was also observed in the IM group, but to a lesser
extent compared with the Sheet group. Major signaling path-
ways relevant to the observed histological changes** have also
shown the same trend; JNK and p38 MAPK were both activated
at day 3 in the Sheet and IM groups, with more substantial acti-
vation in the Sheet group, as compared with the Control group
(Supplementary Figure S7). Of note, this amplified upregula-
tion of paracrine-related genes and signaling pathways after
MSC sheet therapy matched with both the above-mentioned
increase in donor cell presence and augmented paracrine benefits.
Upregulation of most of these genes was, however, reduced to the
baseline (values in the Control group) by day 28 after MSC sheet
therapy (Supplementary Figure S8), corresponding with the
largely reduced donor cell presence by this time (Figure 1a).

DHSCUSSION

This translational study has, for the first time, validated that the epi-
cardial placement of bone marrow-derived MSC-sheets is feasible,
safe, and more effective in treating heart failure, compared with IM
MSC injection. As a primary factor responsible for the superior-
ity of the cell sheet technique, we identified the improved initial
retention of donor MSCs. Soon after epicardial placement, MSC
sheets were found to firmly adhere to the heart probably due to the
preserved extracellular matrix underlying the cell sheets, achiev-
ing 6.4-fold higher initial retention of MSCs, compared with IM
injection of MSC suspensions. Even though the successive donor
cell survival rate was not increased, this improved initial retention
was substantial enough to achieve the significant increase of donor

Molecular Therapy vol. 21 no. 4 apr. 2013
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cell presence for at least 28 days. Importantly, this effect was robust
enough to amplify the paracrine effects to recover the post-MI fail-
ing myocardium and to augment functional recovery of the hearts.
Observed paracrine effects included the increase in neovascu-
lar formation, decrease in fibrosis, attenuation of cardiomyocyte
hypertrophy, and improvement of endogenous myocardial regener-
ation. Underpinning these changes, there was amplified myocardial
upregulation of a group of relevant molecules and related signaling
pathways after MSC sheet therapy compared with IM injection.

In addition, we observed that the epicardium disappeared
shortlyafter MSC sheet placement with establishment of early com-
munication between the sheets and host myocardium, suggesting
that the pre-existing epicardium did not hinder the permeation
of molecules secreted from donor MSCs into the myocardium to
facilitate the paracrine effect. As regards differentiation of donor
MSCs, we observed donor cell-derived endothelial cells within the
sheets (but not in the host myocardium), while there was no find-
ing suggesting myogenic differentiation.

Recent research has shed light on the ability of MSCs to stim-
ulate endogenous progenitor cells towards cardiomyocyte regen-
eration in a paracrine manner.*” However, this effect after IM
MSC injection remains debated.?* Here, our study provided new
evidence to understand this event. MSC sheet therapy enhanced
cardiomyogenic regeneration via an endogenous route, compared
with the sham control, in association with upregulation of IGF-1
and SDF-1, both of which are known to increase recruitment and/
or activation of endogenous stem/progenitor cells.”-* In con-
trast, the regenerative activity was much less extensive after IM
MSC injection, corresponding to lower upregulation of SDF-1.
These data collectively suggest that MSCs do have a capability to
stimulate endogenous cardiomyogenic regeneration, and that the
extent of MSC presence after IM injection may not be sufficient
to activate this pathway. While on the other hand, the cell sheet
technique achieved the markedly increased presence of MSCs,
which would enable the production of a necessary magnitude of
paracrine stimuli for regeneration. Having said this, cardiomyo-
cyte regeneration even after MSC sheet therapy was not extensive
enough to influence the global cardiac function. Further refine-
ment is needed to realize therapeutic myocardial regeneration
based on MSC-mediated paracrine effects.

Our quantitative data of donor cell presence demonstrated
that the survival rate of grafted MSCs after the cell sheet technique
was so low that ~90% of the initially retained MSCs were dead
or disappeared by day 28. Corresponding to this, the myocardial
upregulation of paracrine effect-related genes after MSC sheet
therapy diminished by day 28. However, despite these, cardiac
function and structure were improved for at least 28 days. This let
us speculate that the contribution of the paracrine factors would
take place mainly during the early phase after MSC sheet therapy,
and this is sufficient to initiate long-lasting changes in the cardiac
tissue components (i.e,, neovascular formation, reduced fibro-
sis, attenuation of cardiomyocyte hypertrophy, and endogenous
myocardial regeneration) and resultant recovery of global cardiac
function. Then, once established, the improved cardiac function
could last for a longer time.

It was unexpected that donor cell survival was not improved
by the cell sheet technique compared with IM injection. There was
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apoptosis in donor cells in the sheet to the same ratio to IM injec-
tion. We speculate that cell death in the sheet could be caused by
relative hypoxia and/or insufficient nutrition. There was increased
neovascular formation within the host myocardium and vessel
formation within the sheets. However, the donor cells are likely
to die before the neovascular formation is functionally complete
enough for supply to the sheet. In addition, there were sprout-
ing vessels from the myocardium to the sheets (Figure 3g); how-
ever, the extent of these connecting vessels did not appear to be
sufficient. These would collectively result in inadequate oxygen/
nutrition delivery to donor cells and inhibiting long-term survival
of donor cells. In order to improve donor cell survival after cell
sheet technique, we believe it is important to further improve vas-
cular formation in the sheets and vascular connections between
the host myocardium and sheets for enhancing perfusion of the
sheets. This might be achieved by co-treatment with angiogenesis
factors such as HGF* or cotransplantation with endothelial cells
or endothelial progenitor cells.**

A limitation of the present study may be that IM cell injection
was carried out into two sites in a heart. Although this is one of the
most frequently used, standard protocols for IM cell injection in
rat,!*** we cannot deny a possibility that an increase in the num-
ber of IM injections might enhance the therapeutic efficacy.

In conclusion, the cell sheet technique enhanced initial reten-
tion and following presence of bone marrow-derived MSCs,
amplified subsequent paracrine effects to recover/regenerate the
damaged heart, and improved therapeutic outcomes, compared
with IM injection. This timely information will provide important
clinical implication to refine MSC-based therapy that has recently
entered clinical trials. As the cell sheet placement requires open
chest procedures, it would be a reasonable idea to carry out MSC
sheet therapy in conjunction with routine cardiac surgery, like cor-
onary artery bypass grafting, left ventricular assist device implan-
tation, and so on. Further preclinical investigations on the safety
and efficiency of MSC sheet therapy are warrantied for enabling
early clinical application of this promising approach.

MATERIALS AND METHODS

All studies were performed with the approval of the institutional ethics
committee and the Home Office, UK. The investigation conforms to the
Principles of Laboratory Animal Care formulated by the National Society
for Medical Research and the Guide for the Care and Use of Laboratory
Animals (US National Institutes of Health Publication, 1996). All in vivo
and in vitro assessments were carried out in a blinded manner. Please see
the Supplementary Materials and Methods for additional details.

Generation of MSC suspensions and MSC sheets. MSCs were isolated from
the bone marrow from the tibias and femurs of male Lewis rats (100-150g;
Charles River Laboratories, Margate, UK) as described previously® and
characterized (Supplementary Figure S2). To generate an MSC sheet, 4 x
109 MSCs were seeded at passages 3-5 on a 35 mm temperature-responsive
culture dish (UpCell; CellSeed, Tokyo, Japan). Following incubation for
12 hours at 37°C under 5% CO,, the culture temperature was lowered to
20-22°C enabling the MSC sheet to detach from the dish."* The collected
MSC sheets were 12~15mm in diameter. For injection, 4 x 10° MSCs were
collected using trypsinization and suspended in 200 pl phosphate-buffered
saline. Cell number counting by digesting a sheet with trypsin demon-
strated that a freshly generated MSC sheet contained 4.1 £ 0.2 x 10° cells
(n = 5), assuring that there was no difference in the MSC number between
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cell sheet and IM injection groups. For graft tracking studies, MSCs were
labeled with CM-Dil (Dil; Molecular Probes, Paisley, UK) according to the
manufacturer’s protocol.

Animal models. Female Lewis rats (150-200 g; Charles River Laboratories)
underwent left coronary artery ligation to generate MI as described previ-
ously."! The animals were randomly assigned to undergo transplantation of
4 x 10° MSCs from syngeneic male rats by either Sheet group or IM group.
For the Sheet group, an MSC sheet was placed to cover the infarct and sur-
rounding border areas. After epicardial placement, MSC sheets were found
to stably adhere to the heart within 20-30 minutes. For the IM group,
MSCs suspended in 200l phosphate-buffered saline were intramyocar-
dially injected with a 31G needle into two sites (100 each), targeting
the border and infracted areas. Sham-treated (MI only) rats served as the
Control group.

Cardiac performance measurement. Cardiac function and dimensions,
and hemodynamic parameters were measured by using echocardiography
(Vevo-770; VisualSonics, Amsterdam, The Netherlands) and catheteriza-
tion (SPR-320 and PVAN3.2; Millar Instruments, Houston, TX) under
general anesthesia using isoflurane inhalation in a blinded manner by well-
experienced staff as previously described.”*%%7 All data were collected from
at least three different measurements and averaged.

Quantitative assessment of donor cell presence. DNA was extracted from
the whole left ventricular walls and the presence of male cells in the female
hearts was quantitatively assessed to define donor cell presence/survival
using real-time PCR (Prism 7900HT; Applied Biosystems, Paisley, UK) for
the Y-chromosome-specific sry gene as previously described.®

Histological analysis. At chosen time points, the hearts were excised, fixed
with 4% paraformaldehyde, and frozen. Cryosections were cut and incu-
bated with polyclonal anti-cTnT antibody (1:200 dilution; HyTest, Turku,
Finland), polyclonal anti-cleaved caspase-3 antibody (1:250; Cell Signaling
Technology, Danvers, MA), biotin-conjugated Griffonia simplicifolia lectin
L-isolectin B, (1:100; Vector Laboratories, Peterborough, UK), monoclo-
nal anti-CD45 antibody (1:50; BD, Oxford, UK), monoclonal anti-CD11b
antibody (1:50; Chemicon, Watford, UK), monoclonal anti-granulocyte
antigen antibody (1:20; AbD Serotec, Kidlington, UK), monoclonal anti-
QOX62 antibody (1:25; AbD Serotec), polyclonal anti-CD3 antibody (1:100;
Abcam, Cambridge, UK), polyclonal anti-CD34 antibody (1:700; R&D,
Abingdon, UK), monoclonal anti-CD31 antibody (1:50; AbD Serotec),
monoclonal anti-ICAMI antibody (1:50; Abcam), monoclonal anti-Ki67
antibody (1:50; Dako, Cambridgeshire, UK), or polyclonal anti-Sca-1
antibody (1:25; Abnova, Heidelberg, Germany) followed by visualization
using fluorophore-conjugated secondary antibodies (Molecular Probes).
Sections were analyzed by fluorescence microscopy (BZ8000; Keyence,
Milton Keynes, UK) with or without nuclear counterstaining using 4',6-
diamidino-2-phenylindole (DAPI). Ten different fields from each of the
border and remote areas per heart were randomly selected and assessed.
Another set of sections were stained with 0.1% picrosirius red for assessing
infarct size (% of scar length to total left ventricular circumference) and
for detecting collagen deposition using NIH image-analysis software.!'*
To evaluate the cardiomyocyte size, the cross-sectional area of appropri-
ately detected cardiomyocytes (transversely cut; having central nuclei and
surrounded by circle-shaped capillaries)®” was measured for 50 cardio-
myocytes per area. In addition, for detecting adipogenic and osteogenic
differentiation, staining with Oil red O and Alizarin red was performed
as above %

Analysis of myocardial gene expression and signaling pathway activa-
tion. Total RNA was extracted from the whole left ventricular walls and
assessed for myocardial gene expression by quantitative reverse transcrip-
tion-PCR (Prism 7900HT) as previously described.’® TagMan primers
and probes were purchased from Applied Biosystems. Expression was
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normalized using Ubiquitin C. In addition, protein was extracted and
assessed by western blotting. Primary antibodies were obtained from Cell
Signaling Technology; anti-phosphorylated ERK1/2 (#4377), phospho-
rylated JNK (#9251), phosphorylated p38 (#9216), phosphorylated Akt
(#4051), and phosphorylated PI3K (#4228). The labeled membrane was
stripped, and then re-probed with anti-ERK1/2 (#9102), JNK (#9252), p38
(#9212), Akt (#9272), PI3K (#4292) antibodies. Blots were imaged and
quantitative analysis was performed using Alpha view software (Alpha
Innotech, Santa Clara, CA).*

Statistical analysis. All values are expressed as mean + SEM. Statistical
comparison of the data was performed using the Student’s unpaired f-test
for the analysis of donor cell apoptosis. All other data were statistically
analyzed with one-way analysis of variance followed by Fisher’s post-hoc
analysis to compare groups. A value of P < 0.05 was considered statistically
significant.

SUPPLEMENTARY MATERIAL

Figure S1. Supplementary histological findings to Figure 1
(Less densely packed donor cells in the MSC sheets after epicardial
placement).

Figure $2. In vitro characterization of rat bone marrow-derived MSCs.
Figure $3. Adipogenic and osteogenic differentiation of MSCs in vivo.
Figure $4. Supplementary histological findings to Figure 3 (Donor
cell behaviors and changes in the epicardium after MSC sheet therapy).
Figure $5. Supplementary histological findings to #Figure 4
(Histological recovery of post-Mi failing cardiac tissues by MSC sheet
therapy).

Figure $6. Supplementary histological findings to Figure 5 and
Table 2 (Improved endogenous regeneration activity by MSC sheet
therapy).

Figure $7. Elevated activation of paracrine effect-related signal path-
ways by MSC sheet therapy.

Figure $8. Supplementary data to Figure & (Myocardial gene
expression at day 28 after MSC sheet therapy).

Materials and Methods.
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Direct intracardiac cell injection for heart repair is hin-
dered by numerous limitations including: cell death,
poor spreading of the injected cells, arrhythmia, needle
injury, etc. Tissue-engineered cell sheet implantation has
the potential to overcome some of these limitations.
We evaluated whether the transplantation of a mus-
cle-derived stem cell (MDSC) sheet could improve the
regenerative capacity of MDSCs in a chronic model of
myocardial infarction. MDSC sheet-implanted mice dis-
played a reduction in left ventricle (LV) dilation and sus-
tained LV contraction compared with the other groups.
The MDSC sheet formed aligned myotubes and pro-
duced a significant increase in capillary density and a
reduction of myocardial fibrosis compared with the other
groups. Hearts transplanted with the MDSC sheets did
not display any significant arrhythmias and the donor
MDSC survival rate was higher than the direct myocar-
dial MDSC injection group. MDSC sheet implantation
yielded better functional recovery of chronic infarcted
myocardium without any significant arrhythmic events
compared with direct MDSC injection, suggesting this
cell sheet delivery system could significantly improve the
myocardial regenerative potential of the MDSCs.

Received 21 March 2012; accepted 26 November 2012, advance online
publication 15 January 2013. doi:10.7038/mt.2412.266

INTRODUCTTION

Cardiovascular disease is one of the major causes of death world-
wide. Ischemic injury and chronic cardiomyopathy lead to per-
manent loss of cardiac contractile tissue and ultimately heart
failure and death. As a promising therapy, cellular cardiomyoplasty
(CCM) has been widely investigated, and researchers are working
to identify suitable donor cells that can be used to improve cardiac
function after injury and disease. The most promising populations
evaluated to date include skeletal myoblasts,"* murine embryonic
stem cells,* bone marrow-derived mesenchymal stem cells,™”

purified (enriched) hematopoietic stem cells,*’ blood- and bone
marrow-derived endothelial progenitor cells,'*!! and cardiac stem
cells.'*'* Each of the donor cell populations mentioned above has
demonstrated some beneficial effects when injected into the heart,
but various ethical, biologic, and technical concerns limit their
suitability for use in human patients.

Skeletal myoblasts have been extensively investigated as a
therapeutic cell source for heart regeneration. However, numer-
ous limitations have hindered the overall application of myoblast
transplantation for cardiac repair such as: poor cell survival, limited
dissemination/spreading of the cells at the site of injury, immune
responses, etc. In addition, arrhythmias after autologous myoblast
injection have been observed and consequently the implantation
of an intracardiac defibrillator has often been required for patients
enrolled in myoblast transplantation trials for cardiac repair.
The prevalence of arrhythmias after cell injection has prompted
investigators to consider other cell delivery methods for cardiac
repair.’® These include direct intramuscular injection, intravascu-
lar cell administration,'¢ cells seeded onto a polymer (patch),” or
cell sheets, such as the one used in the present study.

Tissue-engineered cell sheet transplantation seems to over-
come some of the limitations over conventional cell injection
including: (i) the elimination of trypsin to detach the cells from
the culture dishes, (ii) the elimination of direct needle injury to
the already compromised heart, and (iii) the ability to cover a
larger infarction area due to an increased survival of the trans-
planted cells.}#**

Muscle-derived stem cells (MDSCs) are isolated from skeletal
muscle via a modified preplate technique based on their adhesion
to collagen-coated flasks.?® MDSCs are less committed to the myo-
genic lineage than myoblasts and have the capacity for long-term
proliferation and can differentiate to various lineages such as bone,
cartilage, and nerve.”* MDSCs express lower levels of Pax7 and
desmin than myoblasts but will express fast skeletal myosin heavy
chain (fsMHC) upon differentiation into myotubes and muscle
fibers.® Our previous studies have shown that MDSCs repair
the infarcted heart in a more effective manner than conventional
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Figure 1 MDSC sheel construciion. (@) Five million MDSCs were
seeded on 3.5c¢m temperature-responsive dish. (b) LacZ gene-trans-
duced MDSC sheet (X-gal stain). (c) Higher expression of VEGF from
MDSC sheet when compared with dissociated cultured cells. (VEGF (pg/
ml/24 hours), ELISA, *P < 0.05). (d-f) Cross-section of MDSC sheet,
stained by (d) Masson’s trichrome, (e) fast skeletal MHC (MY-32), and
(f) desmin staining; bar = 200pum. MDSC, muscle-derived stem cell;
MHC, myosin heavy chain; VEGF, vascular endothelial growth factor.
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Figurs 2 Cardiac function, (a) The dilation of left ventricle end diastolic
area (EDA) was significantly improved in the sheet group at 12 weeks,
compared with control (sham) group. (b) Both the sheet and injection
groups had greater left ventricle contractility, as measured by fractional
area change (FAC) at 8 and 12 weeks after transplantation when com-
pared with the control group. Moreover, 12 weeks after, the FAC of the
sheet group was significantly improved when compared with the other
two groups. For the sheet group at baseline n =4, at 4 weeks n=9, at
8 weeks n =5, at 12 weeks n= 5. For the injection group at baseline n=
7, at 4 weeks n=7, at 8 weeks n=5, at 12 weeks n = 5. For the control/
sham group at baseline n=7, at 4 weeks n =7, at 8 weeks n= 3, at 12
weeks rn = 3. (*P < 0.05 versus control, P < 0.05 versus injection).

myoblasts.” The MDSC’s ability to survive within the injured
microenvironment and to act as a reservoir of secreting paracrine
factors that promote angiogenesis within the injected area, appear
to represent possible mechanisms by which these cells repair the
heart.®

Although MDSCs survive better than conventional myoblasts,
it is clear that a large number of the injected cells still suffer from
early cell death and other limitation such as poor spreading at the
injection site especially when injected in injured myocardium.
Also, arrhythmias are a serious safety concern when using cells
isolated from skeletal muscle. Therefore, in this study, we sought to
evaluate the use of an MDSC sheet asan optimal delivery system to
further improve the regenerative capacity of MDSCs in a chronic
ischemic heart injury model, and to examine the prevalence of

Molecular Therapy vol. 21 no. 3 mar. 2013
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arrhythmias in MDSC injection compared with MDSC sheet
implantation. The effect of the sheet delivery system on the abil-
ity of MDSCs to improve the contractility of the injured heart,
cell survival, angiogenesis, and fibrosis were also determined and
compared with conventional intracardiac delivery of MDSCs.

RESULTS

MDSC-seeded sheet characterization

We were able to construct an MDSC sheet with temperature-re-
sponsive dishes. The cell sheet spontaneously detached from the
surface of the temperature-responsive dishes after a 20~30 min-
utes incubation at room temperature (Figeure 1z2). Cross-sectional
analysis of the sheet (50-100 pm thick) revealed a higher number of
desmin-positive cells, while only a few number of cells were detected
when we stained for sSMHC (Figure 1d-f). Lac-Z staining revealed
p-galactosidase expression in the MDSC sheets (Figure ib).

Higher expression of vascular endothelial growth
factor was measured in the supernatant used to
culture MDSC-seeded sheets

The expression of vascular endothelial growth factor (VEGF)
quantified by enzyme-linked immunosorbent assay analysis was
also detected in the supernatant of the MDSC-seeded sheets.
The estimated concentration of VEGF in the supernatant used
to culture the MDSC sheets was significantly higher than what
was observed in MDSCs cultured in a monolayer (without sheet).
(P <0.05) (Figure 1¢).

Echocardiography

Cardiac function was followed for 12 weeks after cell therapy. A
constant increase of the end diastolic area was observed in the
contro} group. However, in the MDSC-seeded sheet and MDSC
injection group, the end diastolic area was reduced when com-
pared with the control but the difference was only significant
between the MDSC-seeded sheet and the control group. This
indicates that the prevention of left ventricle (LV) dilation was
significantly better in the MDSC-seeded sheet group at 12 weeks
post-transplantation, when compared with the other groups (end
diastolic area (mm?), S (MDSC sheet): 15.3 * 0.6; I (MDSC injec-
tion): 17.0 + 1.0; C (control sham): 18.6 + 1.7, P < 0.05, analysis of
variance (ANOVA), Figure 2a).

The fractional area change, which represents two-dimensional
systolic function, showed an improvement at 8 and 12 weeks post-
transplantation in both the MDSC-seeded sheet and the MDSC
injection groups when compared with the control group (frac-
tional area change (%) at 8 weeks, S: 35.4 £ 2.5,1: 32.1 + 3.6, C:
20.3£2.8,P<0.05 ANOVA, Figure 2b). The MDSC-seeded sheet
group displayed a better systolic function when compared with
the MDSC injection group at 12 weeks (fractional area change
(%), S:37.2 £ 2.0, 1: 29.0 £ 3.2, C: 17.8 + 3.0, P < 0.05, ANOVA,
Pigure 2b). These data suggest that among all groups tested,
MDSC-seeded sheet implantation was the most effective treat-
ment for preventing LV dilation and improving systolic function.

Histological analyses of the treated hearts

Scar tissue area was assessed by Masson’s trichrome staining. In
the MDSC sheet group, an increase in wall thickness was observed
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Figure 3 Scar, capiflary formation, and <o survival, (@) Representative images taken from transverse sections of the left ventricle of each
group, stained by Masson’s trichrome (muscle is stained red, collagen blue). (Yellow arrow heads, engrafted cell sheet tissue, bar = 1mm).
Immunofiuorescence staining of capillary density, as determined by CD31 immunostaining of the infarct regions within sheet, injection, and sham
control hearts at 12 weeks after implantation. (Bar = 100um). (b) Compared with the sham control group, the sheet and injection groups formed
a significantly smaller scar tissue areas at 12 weeks after cell transplantation. Sheet group has a significantly lower scar tissue fraction than that of
injection group. (¢) The capillary density of sheet and injection group is significantly higher than control. The sheet group has significantly higher
capillary density than injection group. (d) We assessed the transplanted cell survival by measuring the number of LacZ-positive cells. The MDSC
sheet cells survived in a more effective manner than injected MDSC at 12 weeks after treatment. (*P < 0.05 versus control, *P < 0.05 versus injec-
tion). MDSC, muscle-derived stem cell.

a C

Host Sheet

figurs 4 Lngrafiment of implanted M 5. (@) Masson's trichrome stain at the sheet implantation area at 12 weeks. MDSC sheets attached
to the host heart and formed skeletal musde tissue. The residual cardiomyocytes in the host aligned along the implanted sheet (yeliow arrow heads).
Bar = 100pum. (b) Engrafted Lac-Z-transduced MDSC cells stained blue in the implanted hearts (black arrow heads). Bar = 50um. (c) Fast skeletal
myosin heavy chain (fsMHC)-positive (green) immunostaining, co-localized with LacZ-positive cells (white arrow heads). In the image, the fsMHC-
postive myofibers are stained green, nuclei blue, and cTnl-positive cardiomyocytes are stained red. Bar = 50um. (d-f) VEGF and fsMHC staining in
infarction area at 12 weeks following MDSC implantation. (d) VEGF-positive (red) cells are co-localized with fsMHC-positive (green) muscle fibers
which formed muscle tissue-like structure along the borderline between sheet and host heart. (e) Spotty clustered cells were also stained both with
VEGF and fsMHC in the injection group. (f) There are some cells stained with VEGF in the infarction area of the control group. Bar = 20um. MDSC,
muscle-derived stem cell; VEGF, vascular endothelial growth factor.
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Figwe 5

Overall survival vate of mice and representative waveforms of elecirocardiogram (8CG). (a) Cumulative survival rate 12 weeks after

cell therapy in sheet implantation, cell injection, and sham operation groups (n =19 in each group). (b-g) Representative ECG of MDSC implanted
hearts. Healthy normal ECG ((b) 14-week-old healthy male control, (¢) MDSC sheet group, (d) MDSC injection group). Arrhythmic events within 1
week after cell injection ((e) irregular beats after transient ventricular tachycardia, (f) ventricular bigeminy, (g) bradycardia). MDSC, muscle-derived

stem cell (x-axis is time period, 0.2 seconds; y-axis is mV).

at 12 weeks postimplantation which was likely a contributing
factor in the prevention of the LV dilation observed. Wall thick-
ness was also preserved, at least in part, in the MDSC injection
group. However, in the control group, a thin infarction wall and
consequently a dilated LV was observed at the same timepoint
(Figure 3a). The quantification of scar tissue revealed that the
MDSC sheet and MDSC injection groups displayed a reduction in
scar tissue formation within the infarct area when compared with
the control group (scar fractional change (%), S: 14.3 £ 0.6,1: 27.5
+1.2,C:38.7 £ 1.8, P <0.05, ANOVA, Figure 3b).

In comparison with the control group, the infarcted area in the
MDSC sheet and MDSC injection groups contained significantly
more CD31-positive cells. The MDSC sheet group has the high-
est CD31 -positive cell density among all groups tested (capillary
density (/mm?), S: 459.2 = 20.3, I: 318.9 + 15.0, C: 142.0 £ 6.7,
P < 0.05, ANOVA, Figure 3¢). We counted the number of LacZ-
positive cells to assess cell survival and our results indicated that

Molecular Therapy vol. 21 no. 3 mar. 2013

a greater number of LacZ-expressing cells were observed in the
MDSC-seeded sheet group when compared with the MDSC injec-
tion group at 12 weeks postimplantation (Lac-Z* cell number, S
302+52,1:11.2 £4.3, C: 0, P < 0.05, ANOVA, Figure 3d).

MDSC-seeded sheets form organized (aligned)
myotubes and muscle fibers within the transplanted
hearts

The MDSC-seeded sheets attached onto the infarcted heart with
the migration of a few cells into the native myocardium. Few
implanted Lac-Z-positive cells (white arrow, Figure 4:) were co-
localized with fsMHC (green) within the MDSCs sheet group.
Host cardiac cells, observed just below the graft borderline,
stained positively for cardiac troponin-I (red) (¥igure 4c). After
12 weeks, residual cardiac muscle cells persisted between the scar
tissue area and the MDSC sheet border (yellow arrow, Figure 4a).
The MDSCs within the implanted sheet formed a muscle-like
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tissue with striated fsSMHC-positive myofibers, whereas the direct
injection of MDSCs into the myocardium resulted in spotty cell
clusters in the host myocardium with an absence of muscle tissue-
like formation (green, Figure 4<i,¢), VEGF expression (red) was
detected within the MDSC-seeded sheets and the MDSC injection
group at the injection site (red, Pigure 4d,¢). As expected, VEGF
expression was also observed in the native cardiac muscle tissue in
the control group (red, Figure 4f).

Arrhythmic events and mice survival after CCM

The cumulative survival rates were analyzed by the Kaplan-Meier
method (n = 19, in each group, Figure 5a). While the survival rate
of the mice in the MDSC sheet and direct MDSC injection groups
had no statistical differences compared with the sham infarction
group, the MDSC sheet implantation group displayed a signifi-
cantly higher survival rate than the direct intramyocardial injection
group (P = 0.024 versus myocardial injection). We also monitored
the electrocardiograms of the mice after MDSC transplantation for
12 weeks. To do this, we implanted electrocardiogram telemetry
sensors into the mice (n = 3 for infarct control, n = 5 for the direct
injection group and MSDC sheet group). In comparison to the
normal healthy controls (Figure 5b), the MDSC post-transplanted
animals had deep Q waves 1 week after the MDSC transplantation
(MDSC sheet; Figure 5¢, MDSC injection; Figure 5d). Although all
electrocardiogram-monitored animals survived for 12 weeks after
MDSC transplantation, the animals in the direct MDSC injection
group (3/5 monitored) had several serious ventricular arrhyth-
mic events including ventricular tachycardia with irregular beats
(Figure 5e), bigeminy (Figure 5f), and bradycardia (Figure 5g),
which were noted within the first week after the MDSC injection.
However, we did not detect these arrhythmic events in the animals
in the MDSC sheet implantation group.

DISCUSSION

Skeletal myoblasts have been widely investigated for CCM. In
recent clinical studies, lethal ventricular arrhythmias have been
noted in the ischemic hearts of patients after direct skeletal myo-
blast injection.* Another cell delivery method, retrograde myo-
blast delivery from the coronary sinus, was reported to reduce
the risk of arrhythmic events.' It has also been observed that cell
sheets made of skeletal myoblasts appear to eliminate the risk of
arrhythmia in the animal models studied.* Since we have already
shown that direct injection of MDSCs repaired an acute infarc-
tion in a more effective manner than myoblasts,”” the current
study aimed to determine whether MDSC sheet technology could
further improve the regeneration of the post-infarcted myocar-
dium. The regenerative potential of the MDSCs delivered in sheets
or injection forms (direct injection into the myocardium) were
compared for their VEGF secretion, angiogenic capabilities, their
capacity to inhibit fibrosis, and their ability to improve cardiac
function while reducing arrhythmia by electrocardiography.

In vitro, the MDSC sheets secreted more VEGF into the super-
natant medium they were cultured in compared with the typical
monolayer-cultured MDSCs (Figure 1c). Because these cells were
cultured at such a high density, the cells would have experienced
relatively hypoxic conditions, which we have shown before to
increase the expression of VEGE® In vitro, the MDSC sheets had
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greater expression of desmin than fsMHC. This may be due to the
fact that desmin is an earlier myogenic marker than fsMHC and
the MDSCs remained less differentiated in the cell sheet group
(Figure 1e,f). Besides angiogenesis, MDSC sheet implantation had
a direct mechanical protective effect on the thin infarcted ventricu-
lar wall.'®** As in previous studies using cell sheets, the MDSC
sheets prevented ventricular dilation more effectively than the direct
cell injection group.” The prevention of dilation may be due to the
physical girdling of the cell sheet which has been shown to prevent
remodeling.?® The cell sheet may help to increase the wall thick-
ness of the infarcted LV and thus decrease ventricular wall stress.!”
Histological analysis revealed that there were more differentiated
muscle cells (myotubes and myofibers) that formed muscle tissue-
like structures within the implanted MDSC sheets. (Figure 44).
When the MDSC sheets were implanted on the recipient hearts,
they would have received direct cyclic mechanical stretching forces
from the beating of the heart which led to the organized formation
of skeletal muscle fibers across the infarct region verses the dis-
organized clusters of skeletal muscle cells present in the injection
group. Indeed, previous studies have shown that passively stretched
myotubes aligned into the direction parallel to the direction of the
stretch in vitro.””® Furthermore, in a previous study, MDSCs had
more VEGF secretion under cyclic mechanical stretch stimulation
than under normal conditions.® Thus, we hypothesize that the
MDSC sheets were influenced both from stretching forces and low
oxygenation in the microenvironment of the heart. Consequently,
they were more angiogenic and formed more aligned myotubes/
myofibers that better protected the heart from dilation when com-
pared with MDSCs that were directly injected into the heart.

In the MDSC injection group, several mice displayed tempo-
rary arrhythmic events within 1 week after MDSC transplanta-
tion (Figure 5e-g), which was not seen in the MDSC sheet or
sham control groups. The risk of arrhythmias may be due to the
direct intramyocardial injection of such a large number of cells (2
million cells per mouse heart) since these events were not previ-
ously observed by our research groups when smaller number of
cells were injected.* The survival rate of the cells in the MDSC
injection group was also significantly lower than the MDSC sheet
group (Figure Sa); hence, our results suggest that the arrhythmias
observed in the injection group could be caused by the injection of
such a large number of cells which might have contributed to poor
cell survival and ultimately to the early death (within 1 week) of
the mice after MDSC injection. Considering all of our results, we
believe that MDSC sheet implantation has many advantages over
conventional direct cell injection including the delivery of numer-
ous cells with a better survival capacity that can cover the infarct
region with myotubes/myofibers and increase VEGF expression.
This increase in VEGF can then promote angiogenesis in the host
heart, and ultimately lower the risk of arrhythmias and improve
functional outcome; however, it should be noted that although the
MDSC sheet group has significantly improved function over the
control group, the values do not go all the way back down to nor-
mal. The beneficial effect imparted by the cell sheets could also be
related to various other factors such as: (i) the fact that cell growth
within the sheet exposes the cells to intercellular stretch forces
different from those observed from conventional cell culture,®
which could potentially reduce the cells’ adhesion to the hard
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surface of the polystyrene culture dishes. In fact, substrate rigidity
has been found to have an unfavorable effect on cell proliferation,
differentiation, and survival;'?? (ii) cell detachment from the cul-
ture dish without the need to trypsinize the cells is very beneficial
since trypsin can have a negative effect on the cells including the
elimination of cell surface molecules, the removal of extracellular
matrix, and an overall reduction in the cells viability.

In our study, the fact that the infarcted hearts treated with
MDSC sheets had less arrhythmic events compared with those
injected directly with the MDSCs, could potentially be attributed
to the alignment of the cell sheet myofibers with the host myocar-
dium, which could allow the MDSCs a better reaction in response
to the pulsation of the host myocardium; however, the exact mech-
anism for the reduction in arrhythmic events remains unclear and
will require further evaluation in future studies. Further studies
would also include ways to optimize the cell sheet therapy in order
for the cell sheet to more easily form connection with the cardiac
tissue. One way to achieve this is through methods of reducing
fibrosis around the implantation area which may serve as a barrier
to effective communication between the implanted sheet and the
native myocardium.

We have previously demonstrated that sorted human skeletal
muscle cells (myoendothelial cells, cells that express both myo-
genic and endothelial markers) could repair acutely infarcted
hearts, and demonstrated better angiogenesis, growth factor
expression, and increased cardiac function than more differenti-
ated cell groups tested (endothelial and myogenic cells).” Thus, in
the future, we will apply the cell sheet technique to this promis-
ing human cell source in order to bring this beneficial technology
closer to translational studies for ischemic heart failure patients.

In conclusion, MDSC sheet implantation could represent a
promising delivery method for CCM for the treatment of patients
with chronic cardiac ischemia. This method was shown to improve
cardiac repair and function after MDSC sheet implantation and
decrease the incidence of arrhythmias, which could represent an
important cell delivery approach to improve the success of CCM
utilizing both murine and human muscle-derived progenitor
cells.

MATERIALS AND METHODS

MDSC preparation and retroviral transduction. MDSCs were isolated via
the modified preplate technique**>* and were cultured in proliferation
medium, which contains Dulbecco’s modified Eagle’s medium(GIBCO-
BRI, Grand Island, NY), 10% fetal bovine serum (GIBCO-BRL), 10%
horse serum (GIBCO-BRL), 1% penicillin/streptomycin (GIBCO-BRL),
and 0.5% chick embryo extract (Accurate Chemical, Westbury, NY).%!
The isolated MDSCs were plated in collagen-coated 25cm® flasks at a
density of 3 x 10° cells per well in proliferation medium. At 70% con-
fluence, the cells were dissociated with trypsin/EDTA (GIBCO-BRL),
replated at a cell density of 1.0-2.5 x 107 cells/cm? and cultured for 3-4
weeks before performing the cell treatment described below. To track
donor cell fate after injection, the MDSCs were transduced with a ret-
rovirus encoding for a nuclear-localized LacZ (nlac?Z) reporter gene as
previously described.”?

Cell sheet construction. LacZ-transduced MDSCs were incubated
in 175cm? flasks at a density of 3.0 x 10° cells in each flask. When the
cells became ~70% confluent, they were dissociated from the flasks with
trypsin-EDTA and re-incubated on 12-well temperature-responsive
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culture dishes (UpCell; NUNC, Rochester, NY) at 37°C, with the cell
number adjusted to 2.0 x 10° per well. The culture dishes are coated
with a temperature-responsive polymer (poly(N-isopropylacrylamide)).
This substance is hydrophobic at 37 °C and then becomes hydrophilic
at room temperature which allows the cell layer to be released from the
dish without trypsin.* After 17 hours, the dishes were incubated at room
temperature for 20 minutes. During that time, the cell sheet detached
spontaneously to generate free-floating, monolayer cell sheets. Each
sheet was stained for desmin, sSMHC, and X-gal (blue) as shown in
Figure 1a,b.

VEGF expression in the supernatant. We estimated the expression of
VEGF in the supernatant of the MDSC sheet and compared the results
with MDSCs in vitro. The MDSC sheets (which contains 2 million MDSCs)
were incubated in collagen-coated 6-well dishes for 24 hours. The same
number of MDSCs was also cultured in similar size dishes for 24 hours. We
then measured the amount of VEGF that was secreted into the supernatant
by an enzyme-linked immunosorbent assay (R&D Systems, Minneapolis,
MN), as previously described.®

Animal surgery. The Institutional Animal Care and Use Committee,
University of Pittsburgh, approved the animal and surgical procedures
performed in this study (protocol 0903420-1). A total of 60 male non-
obese diabetic severe combined immunodeficiency mice (The Jackson
Laboratory, Bar Harbor, ME) were used for this study.

A chronic infarction model was used to assess the cardiac
transplantation efficacy of injection versus cell sheet delivery of MDSCs.
Mice were randomly allocated between the treatment groups (MDSCs-
seeded sheet, MDSCs injection, phosphate-buffered saline injection) and
all mice underwent permanent left anterior descending coronary artery
ligation to create a myocardial infarct. Two weeks later, the chest cavity
was re-opened and treatment was performed. In the MDSC sheet group,
a constructed MDSC-seeded sheet was made by seeding 2.0 x 10¢ cells
per well in a 12-well plate (UpCell) and applied to the surface of the heart
to cover the infarcted scar area as previously described.? In the MDSC
injection group, 2.0 x 10° cells in a solution of 30 ul of phosphate-buffered
saline per heart were injected into the hearts of mice 2 weeks after inducing
the myocardial infarction as previously described.” In the control group,
a sham operation was performed.

Echocardiography. Echocardiography was performed by a blinded inves-
tigator to assess the heart function, as previously described.”® The cardiac
function was analyzed at baseline (2 weeks after infarction), 4, 8, and 12
weeks after cell therapy. LV infarction size was estimated using a standard
short-axis view by the percentage of scar area to LV free wall area. All mice
used in the study were selected with >25% infarction.®

Histology. Mice were sacrificed and their hearts harvested, flash-frozen
in 2-methylbutane pre-cooled in liquid nitrogen, and serially cryosec-
tioned from the apex to the base of each heart into sections 5-10 um
thick. Previously described techniques were used to stain the sections
for both nLacZ and eosin.*! Staining for cardiac- and skeletal-specific
markers, donor-derived cell markers, CD31 and VEGF were performed
according to the following protocols. Cryosections were fixed in 2%
formaldehyde then stained for nLacZ expression in X-Gal solution over-
night at 37 °C. For the VEGE cTn1/fsMHC staining, rabbit anti-VEGF
(Abcam, Cambridge, MA) was incubated overnight at a 1:200 dilution
followed by donkey anti-rabbit Alexa Fluor 594 (Molecular Probes,
Grand Island, NY). Next, goat anti-cTnl was incubated for 2 hours at
a 1:20,000 dilution followed by incubation with donkey anti-goat Alexa
Fluor 555 (Molecular Probes). Subsequently, the slides were blocked
using the mouse-on-mouse kit (M.O.M. kit; Vector Labs, Burlingame,
CA) according to the manufacturer’s protocol. Following the MOM
blocking step, the sections were incubated in mouse anti-fast skeletal
myosin (MY-32) diluted to 1:400 for 30 minutes followed by donkey
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anti-mouse IgG Alexa Fluor 488 at 1:400. For the CD31 staining, sec-
tions were fixed in 4% formalin followed by blocking with 10% donkey
serum. The primary antibody was rat anti-mouse CD31 (1:100) followed
by anti-rat Alexa Fluor 555 (1:200). Nuclei were revealed with 4',6-
diamidino-2-phenylindole (DAPI) stain (100 ng/ml; Sigma-Aldrich, St
Louis, MO). All fluorescence and bright-field microscopy was performed
using either a Nikon Eclipes E800 with a Retiga EXi digital camera (Q
Imaging, Burnaby, British Columbia, Canada) or a Leica DMIRB micro-
scope equipped with a Retiga 1300 digital camera (Q Imaging). Images
were acquired with Northern Eclipse software (v6.0; Empix Imaging,
Cheektowaga, NY).

Estimate of nLacZ+ cells in hearts after cell therapy. nLacZ+ cells were
counted within serial sections (10 um in thickness) cut from the apex to
the base of the injected hearts. Because the serial sections were obtained
every 100 pm (10 sections per sample), an estimate of the total number of
nLacZ+ cells counted in all serial sections was multiplied by a factor of 10,
using a protocol previously described.*

Capillary density. The CD31+ vessels in the entire infarcted area were
counted in hearts implanted with the MDSC sheets, injected with
MDSCs and sham controls (at 12 weeks after therapy, n = 5 in each
group) by a blinded investigator. Capillary density was expressed as
the number of CD31+ structures per square millimeter, as previously
described.”

Scar tissue formation. We used a Masson’s trichrome staining kit (IMEB,
San Marcos, CA) to stain collagen deposition on cryosections of the heart.
The scar tissue area and the area of the entire cardiac muscle sections
were measured using digital image analyzer software (Image J; National
Institutes of Health, Bethesda, MD). The scar area fraction was calculated
as the ratio of scar tissue area to the entire cardiac muscle area and was
averaged from seven sections per heart.

Arrhythmia assessment. Spontaneous arrhythmia occurrence was assessed
by telemetry (Data Sciences International, New Brighton, MN).*** A
transmitter with two electrodes was implanted subcutaneously on the back
of the mice after treatment and monitored for 24 hours 1, 3, 7 days, and 2,
4,8, and 12 weeks after therapy (n = 3, each group). The recorded electro-
cardiography waveforms were retrieved and calculated using DSI software
(DSI Dataquest A.R.T. Analysis; Data Science International).

Statistical analysis. All measured data are presented as the mean + SE. A
Kaplan-Meier survival curve estimation with log-rank test was performed
to compare the survival rate among experimental groups. For the analysis
of the echocardiographic data, we applied the two-way repeated ANOVA
test and the Tukey’s multiple comparison test. The one-way ANOVA and
the Tukey’s post-hoc tests were performed to analyze the scar formation,
capillary density, and cell survival data in all groups. Statistical significance
was set at a value of P < 0.05. All statistical tests were performed using SPSS
Statistics 17.0 (IBM SPSS, Armonk, NY).
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Autologous transplantation of myoblast sheet has attracted attention as a new technique for curing
myocardial infarction. Myoblast sheet has the ability to secret cytokines that improve heart function via
the facilitation of angiogenesis on affected part. To mimic the in vivo angiogenesis in the myoblast sheet
after transplantation, a five-layered cell sheet of human skeletal muscle myoblasts (HSMMs) was overlaid
on human umbilical vein endothelial cells (HUVECs) which enables evaluation of dynamic HUVEC
behavior. HUVECs existing initially at the bottom of the sheet changed to be a stretched shape and
migrated upward compared with the surrounding HSMMs in the sheet. Prolonged incubation resulted in
network formation of HUVECs in the middle of the sheet, although non-networked HUVECs continued to
migrate to the top of the sheet, which meant the spatial habitation of HUVECs in the cell sheet. Image
processing was performed to determine the variation in the extent of network formation at different
HUVEC densities. It was found that the extent of formed network depended on the frequency of
encounters among HUVECs in the middle of the sheet. The present system, which can evaluate network

formation, is considered to be a promising in vitro angiogenesis model.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Cell sheet engineering has been proposed to be a promising
technique to form plate-shaped aggregates, which are thought to
mimic tissues available for transplantation {1]. A temperature-
responsive  poly-(N-isopropylacrylamide)  (PNIPAAm)-grafted
surface can be used to harvest a cell sheet without enzymatic
digestion of the intact extracellular matrix on the detached surface
{2] to enable the construction of three-dimensional (3-D) multi-
layered tissues without scaffolds {3].

Recently, autologous transplantation of myoblast sheet has
attracted attention as a new technique for curing myocardial
infarction, which is associated with cardiomyocyte dysfunction and
irreversible cell loss {4,5]. Skeletal myoblasts, which are relatively
easy to harvest from patients, can undergo self-renewal and
differentiation, allowing cardio muscle regeneration upon injury.
Myoblast sheet also has the ability to secret cytokines that improve

* Corresponding author. Tel.: +81 (0) 6 6879 7444; fax: +81 (0) 6 6879 4246.
E-mail address: kino-oka@bio.eng.osaka-w.acjp (M. Kino-oka).

0142-9612/$ — see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.dol.org/10.1016/j.biomaterials.2012.08.055

heart function via the facilitation of angiogenesis and attraction of
progenitors on affected part. The sheet transplantation method can
overcome disadvantages of the myoblast injection method, such as
loss of transplanted cells due to poor survival of cells {6] and
arrhythmic heart beat due to a global down-regulation of connexin
43 in the host heart {7]. Sawa et al. conducted the first clinical trial
of the transplantation using myoblast sheet that enables the
effective delivery of a sheet for a large coverage area to provide
the improvement of damaged heart function in vivo without
arrhythmic heart beats [8]. Further development of transplantation
using the multilayered myoblast sheets showed the improved
heart function when compared with monolayer sheet trans-
plantation {3}].

From a manufacturing point of view, process and quality
controls are important for realizing commercialization of cell sheet
transplant. Many studies have addressed cell sources, culture,
sheet assembling, and in vivo animal tests; however, the method
for quality control of myoblast sheets, especially for transplant
efficacy such as angiogenesis capability, has not been systematized.
Although animal tests can be used to estimate the overall efficacy
of the transplants, such methods provide an insufficient estimation
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of product quality for autologous transplantation because of the
lack of quantitative analysis and non-human estimation as well as
patient dependence. Thus, it is necessary to create a method that is
suitable for in vitro quantitative estimation of the transplants.

In a previous study, a five-layered human skeletal muscle
myoblast (HSMM) sheet was constructed to determine sheet
fluidity by confocal laser scanning microscopy with image pro-
cessing [10]. In the present study, an in vitro system based on
a multilayered HSMM sheet with human umbilical vein endo-
thelial cells (HUVECs) was developed to mimic the in vivo
angiogenesis in the HSMM sheet after transplantation. Image
processing was performed to evaluate the HUVEC spatial distri-
bution and network formation in the HSMM sheet to elucidate
the spatial habitation arising from HUVEC migration and
connection.

2. Materials and methods
2.1. Cell preparation

HSMMs (Lot. No. 4F1618; Lonza Walkersville Inc., Walkersville, MD) and
HUVECs (Lot. No. 4F0709; Lonza Walkersville Inc.) were used in the experiments.
According to procedures described elsewhere [11], subcultures of HSMMs on
laminin-coated surfaces were conducted at 37 °C in an atmosphere of 5% CO; in
Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-—Aldrich, St. Louis, MO) con-
taining 10% fetal bovine serum (FBS; Invitrogen, Grand Island, NY) and antibiotics
(100 Ujem?® penicillin G, 0.1 mg/cm?® streptomycin, and 0,25 mg/cm® amphotericin

A HSMMs

B; Invitrogen). HUVECs were cultured in a commercially available medium (EGM-2;
Lonza Walkersville Inc.). The medium depth was set to 2 mm throughout the
experiments.

2.2. Incubation of five-layered HSMM sheet with HUVECs

Five-layered HSMM sheet was fabricated according to a previously reported
method { 10]. In brief, as shown in Fig. 1A, starter HSMMs prepared by subculturing
were stained with CellTracker™ Orange (Invitrogen) to obtain fluorescent orange
cells according to a commercially recommended protocol (5 pM for 15 min for live cell
imaging). The HSMMs were seeded at 2.3 x 10° cells/cm? in each well (1.9 cm?) of 24-
well UpCell™ plates (CeliSeed, Tokyo, Japan) with a temperature-responsive surface
grafted with PNIPAAm and incubated for 24 h at 37 °Cin a 5% CO, atmosphere to form
the monolayer sheet. To stack monolayer sheets to fabricate the multilayered cell
sheet, the customized stamps with the gelatin gel (G1890-100G; Sigma—Aldrich)
were used. To harvest the monolayer sheet, the stamp with the gelatin gel was
overlaid on the monolayer sheet in awell at 37 °C, and the temperature was shifted to
20°C. After 30 min, the stamp was lifted together with the monolayer sheet from the
bottom surface of the well. The steps were then repeated for the sequential harvests of
monolayer sheets to form the multilayered construct on the stamp. The multilayered
sheet with the gelatin was peeled from the stamp for transfer to a dish containing the
precultured HUVECs. For the preculture, HUVECs were seeded into culture dishes
(35 mm in diameter; Corning Inc., NY) and cultured in the EGM-2 medium for 24 h.
The initial density of HUVECs (Xp) for the subsequent incubation with the sheet was
set in the range of 0.35-3.32 x 10* cells/cm? by changing the seeding density of
HUVECs (X;). The relationship between X; and Xp was determined in advance
(Supplementary Table 1). After incubation at 20 °C for 2 h, the sheet was incubated
at 37 °C in DMEM containing 10% FBS for 1 h to remove the gelatin. The medium
containing the dissolved gelatin was exchanged with fresh medium. At the given
incubation time (t), triplicate samplings were performed for quantitative analysis.
During the incubation period, the medium was renewed every day.
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Fig. 1. Schematic drawings of experimental procedures. A: Construction of multilayered HSMM sheet and incubation with HUVECs. B: Image process procedure to evaluate HUVEC

network formation and maturation.
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2.3. Immunostaining for HUVECs

The culture system containing the five-layered HSMM sheet with HUVECs was
washed with phosphate-buffered saline (PBS) and fixed in PBS containing 4%
paraformaldehyde (Wako Pure Chemical Industries, Osaka, Japan) overnight. The
fixed specimen was then permeabilized in PBS containing 0.1% Triton X-100 (Wako
Pure Chemical Industries) for 12 min, washed twice with PBS, and then blocked in 1%
bovine serum albumin (BSA; Wako Pure Chemical Industries) in PBS for 1 h. The
specimen was labeled with a primary antibody (monoclonal mouse anti-human
CD31 antibody; DAKO, Glostrup, Denmark) in 1% BSA solution overnight. The
specimen was then thoroughly washed with PBS and immersed in 1% BSA solution
containing the secondary antibody conjugated with Alexa Fluor® 488 (Invitrogen)
for 1 h.

2.4. Evaluation of the HUVEC network formed inside the HSMM sheet

The image capture was carried out using a 10x objective lens of confocal laser
scanning microscope (FV-300; Olympus, Tokyo, Japan) at more than 8 positions in
each sample. As shown in Fig. 1B, each image was 8-bit gray scale with a size of
256 x 256 pixels and covered an area of 942 x 942 um. The images were subjected to
image processing (Image-Pro Plus; Media Cybernetics Inc., Bethesda, MD) using
a low-pass filter for primary noise removal and binarization with a certain intensity
threshold. The threshold intensity was determined as the average of the mode
intensity and the automatic threshold intensity calculated with an Otsu adaptive
threshold algorithm {12}, which chooses the threshold to minimize the intra-class
variance of the thresholded black and white pixels with an exhaustive search. The
binary images were subjected to skeletonization to produce lined objects, the
secondary noise removal with a size threshold to remove items with a size of less
than 16 pixels, and the pruning of small branches in the objects. The total length of
the network per image area (L; cm™"), and the number of total tips of the network
(Nr; tip/cm?), were measured to estimate the extent of the HUVEC network (L/Ny;
cm/tip). The tips existing at the edge of the image were not counted.

300
A o, B
& 200
g
Lo
-~
24 h 100
0
t
48 h L
S
=
P4
96 h
=
£
A2
z
120 h 3

2.5. Spatial distribution of HUVECs and HSMM:s in five-layered HSMM sheets

To determine the vertical distribution of the HUVECs inside the HSMM sheet, the
green cells (HUVECs labeled with Alexa Fluor 488) and orange cells (HSMM:s stained
with CellTracker™ Orange) in each layer were observed and quantitatively analyzed
as previously described [10] (Supplementary Fig. 1). The number of colored pixels in
each slice was counted. The green and orange pixels in each slice were normalized
using the maximum green and orange pixel values, respectively, found in all of the
slice images. Slices possessing more than 10% of the colored pixels were regarded to
exist inside the cell sheet, from which the vertical positions at the top and bottom of
the five-layered sheet, and the sheet thickness, h (um), were determined. The green
pixels inside the sheet were normalized to determine the vertical distribution of the
green pixels by dividing them into 5 layers. The normalized distribution of the green
pixels was assumed to be equivalent to the distribution of green cells in the sheet,
which was determined as the frequency of green cells, fg (—), in each layer. For
determination of the vertical distribution of the HSMMs, HSMMs stained with
CellTracker™ Green (Invitrogen) were placed in the bottom layer of a five-layered
HSMM sheet, and their vertical distribution at 24 h was determined.

3. Results
3.1. HUVEC network formation inside the HSMM sheet

The behavior of HUVECs in the five-layered HSMM sheet was
observed for 120 h to estimate the growth and network formation
according to the parameters L, Ny, and L/Nt. The initial density of
HUVECs was set at Xo = 1.29 x 10* cells/cm?. At the beginning of the
incubation period (t = 0), as shown in Fig. 2, the HUVECs were
observed to be single and round-shaped with podia. At t = 24 h,

20 40 60 80 100 120 140
Incubation time (h)

Fig. 2. Time course of HUVEC network formation inside the five-layered HSMM sheet at an initial HUVEC density (Xo) of 1.29 x 10* cells/cm?. A: Horizontal images of HUVEC
morphology. Scale bar: 200 pm. B: Evaluation of HUVEC network formation with image processing. L: total length (cm™'), Ny: total tip number (tip/cm?), L/Nr: extent of network
formation (cm/tip). The bars show the standard deviation (SD) (n = 3).



E. Nagamori et al. / Biomaterials 34 (2013) 662—668 665

most of the HUVECs were found to have elongated for initiation of
migration in the sheet, resulting in an increase in L. With further
prolongation of the incubation period beyond t = 48 h, the level of L
was constant, i.e., the HUVECs did not grow further. In addition, the
HUVECs began to encounter and connect with each other, resulting
in a decrease in Ny until ¢t = 96 h. Smooth connections of the
HUVECs appeared at t = 96 h, which suggested the maturation of
the HUVEC network. These behaviors were reflected by an increase
in L/N7 although a slight decay of the connections occurred at
t = 120 h. The maximum value of L/Nt was = 0.22 + 0.07 cm/tip at
t = 96 h, which was 5.6 times higher than the value at t = 24 h.

3.2. Vertical migration of HUVECs during network formation

During network formation, the HUVECs were initially localized
at the bottom of the HSMM sheet and then vertically migrated into
the inner portion of the sheet to form aggregates with a lumen
structure inside the sheet (Supplementary Fig. 2). To estimate the

vertical migration of the HUVECs, their spatial distribution pattern
was obtained as shown in Fig. 3. At the beginning (t = 0), the
frequency of green cells (HUVECs) f; was the highest in the first
layer from the bottom surface, i.e., most of HUVECs were located at
the bottom of the HSMM sheet. A broader distribution of f¢ was
obtained at t = 24 h, meaning the HUVEC migration toward the
upper layers of sheet. In addition, the migration of the HUVECs was
much faster than that of HSMMs because of the broader distribu-
tion of the HUVECs at t = 24 h (Supplementary Fig. 3). At t =96 h,
HUVECs inhabited the middle layer, with f; = 0.40 and 0.30 in the
second and third layers, respectively, which were higher than the
values in the corresponding bottom and top layers. Fig. 3B and
Supplementary movie 1 depict the aggregate shape of the HUVECs
in the sheet at t = 96 h. The HUVECs in the middle layer formed
a net-shaped aggregate to generate the network, whereas those in
the top layer formed an island-shaped aggregate, which indicates
that the shape of the HUVEC aggregate depended on their location
in the sheet.
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Fig. 3. Vertical analysis of HUVEC network formation inside the five-layered HSMM sheet at an initial HUVEC density (Xo) of 129 x 10* cells/cm?. A: Time course of the spatial
distribution of HUVECs (fg) in each layer of the HSMM sheet. Bars show the standard deviation (SD) (n = 3). B: Three-dimensional image of HSMM sheet showing different shapes of
HUVEC aggregates at different positions infon the sheet at £ = 96 h. The white arrow indicates net-shaped aggregation (network) in the middle layer of the cell sheet. The red arrow
indicates island-shaped aggregation in the top layer on the cell sheet. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)



