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Aims Regenerative treatment with mesenchymal stromal cells (MSCs) has been promising in patients with ischaemic heart
failure but needs confirmation in larger randomized trials. We aimed to study effects of intra-myocardial autologous
bone marrow-derived MSC treatment in patients with severe ischaemic heart failure.

Methods The MSC-HF trial is a randomized, double-blind, placebo-controlled trial. Patients were randomized 2 : 1 to intra-myo-

and results cardial injections of MSC or placebo, respectively. The primary endpoint was change in left ventricular end-systolic
volume (LVESV), measured by magnetic resonance imaging or computed tomography at 6 months follow-up. Sixty
patients aged 30—80 years with severe ischaemic heart failure, New York Heart Association (NYHA) classes II-Ill,
left ventricular ejection fraction (LVEF) <45% and no further treatment options were randomized. Fifty-five patients
completed the 6-month follow-up (37 MSCs vs. 18 placebo). At 6 months, LVESV was reduced in the MSC group:
—7.6 (95% Cl —11.8 to —3.4) mL (P =0.001), and increased in the placebo group: 5.4 (95% ClI —0.4 to 11.2) mL
(P=0.07). The difference between groups was 13.0 (95% Cl 5.9-20.1) mL (P = 0.001). Compared with placebo,
there were also significantimprovements in LVEF of 6.2% (P < 0.0001), stroke volume of 18.4 mL (P < 0.0001),and myo-
cardial mass of 5.7 g (P = 0.001). No differences were found in NYHA class, 6-min walking test and Kansas City cardio-
myopathy questionnaire. No side effects were identified.

Conclusion Intra-myocardial injections of autologous culture expanded MSCs were safe and improved myocardial function in
patients with severe ischaemic heart failure.

Study NCT00644410 (ClinicalTrials.gov).
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Introduction - optimal cell source and delivery technique yet remain to be
: defined." Most trials have been conducted in patients with acute myo-

Stem cell therapy is an emerging treatment modality for cardiovascu-  ©  cardial infarction (AMI) using intra-coronary infusion of bone

lar disease. While many clinical trials have been conducted, the : marrow (BM) mononuclear cells (MNCs).2™*
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Several cell sources have demonstrated promising results in-
cluding mesenchymal stromal cells (MSCs). Mesenchymal stromal
cells are multi-potent stem cells that can be isolated from BM.>
Mesenchymal stromal cells seem to stimulate growth of new blood
vessels and cardiomyocytes by paracrine activation of resident
stem cells in the myocardium.®~?

The majority of clinical MSC trials conducted prior to the present
trial have beenin AMI patients.z‘3 The treatment was safe with improve-
ments in ventricular function, exercise capacity, and clinical symptoms.
Intra-myocardial injection of MSCs in patients with chronic ischaemic
heart disease (IHD) and refractory angina has shown promising
results.”"®~" In patients with chronic IHD and heart failure, two rela-
tively small MSC studies have been conducted.”® These studies used
intra-myocardial delivery and reported a significant reduction in scar
tissue and non-significant trends towards improved left ventricular end-
systolic volume (LVESV) and left ventricular ejection fraction (LVEF). To
confirm these promising results larger randomized trials are needed.

The aim of the present randomized double-blind placebo-
controlled study was to evaluate the treatment effects of intra-
myocardial injection of autologous MSCs in a larger group of patients
with chronic ischaemic heart failure.

Methods

Study overview

The MSC-HF trial is a phase-two, single-centre, randomized, double-
blind, placebo-controlled study performed at Rigshospitalet, Copen-
hagen University Hospital, Denmark.

The study protocol complied with the Declaration of Helsinki and was
approved by the Danish National Ethical Committee (j.no: H-A-2008-
043) and Danish Medicines Agency (j.no: 2612-3737). The trial was
registered at clinicaltrials.gov (NCT00644410) in 2008.

Manufacturing of cells was performed according to manufacturer’s
authorization of tissue establishment and manufacturer’s authorization
regarding human medicinal products issued by The Danish Health and
Medicines Authority.

Enrolment started in September 2008, with the first patient treated in
April 2009 and the last patient in April 2013. The study data were
monitored continuously during the study period by the regional Good
Clinical Practice unit. The rationale for the study design and endpoints
were previously reported."’

Patient population

Key inclusion criteria were patients aged 30—80 years with ischaemic
heart failure deemed without further conventional revascularization
options by the clinical heart team at Rigshospitalet. At time of inclusion
the patients were on maximum tolerable medication with no changes
in medication for 2 months. Patients had LVEF <45% and were
New York Heart Association (NYHA) Classes Il-1ll. Major exclusion cri-
teria were acute coronary syndrome, stroke, or transitional cerebral is-
chaemia within 6 weeks, revascularization within 4 months, moderate
or severe valvular disease, severe chronic pulmonary disease, morbid
obesity, and history of cancer within 5 years. All patients provided
written informed consent. For detailed inclusion and exclusion criteria,
see Supplementary material online, Table S1.

Randomization, blinding, and endpoints

Patients were enrolled in a 2: 1 randomization in blocks of six. The ran-
domization list was computer generated by a person unrelated to the

study group. The trial investigators, study nurses, and patients were
blinded to treatment allocation. To maintain blinding, by making the
MSC solution and placebo look-alike, a drop of the patient’s blood was
mixed into the syringe containing MSCs or placebo by the stem cell
laboratory.

The primary endpoint was change in LVESV measured by magnetic res-
onance imaging (MRI) or computed tomography (CT) after 6 months. An
absolute difference of 10 mL in LVESV (with assumed SD of 11.1 mL)
yielded a statistical power of 90% when enrolling 60 patients."”

Secondary endpoints included left ventricular end-diastolic volume
(LVEDV), LVEF, stroke volume (SV), cardiac output, left ventricular myo-
cardial mass, wall thickness, wall thickening, scar volume, NYHA class,
Canadian Cardiovascular Society (CCS) Class, 6-min walking test,
weekly angina attacks and weekly use of nitroglycerine, biomarkers, the
Seattle Angina Questionnaire and the Kansas City Cardiomyopathy
Questionnaire (KCCQ), and safety. The detailed follow-up plan was
previously published.!”

Bone marrow cell preparation and culturing

The isolation and culture expansion of the MSCs from BM have previously
been described in detail.>'® All patients were treated with the full amount
of cells reached after two culture expansion passages. Release criteria
were sterility, viability, and MSC morphology. Expansion for only two
passages was chosen as a guarantor of preserved primary cell features
overriding total number of cells. Minimal criteria for defining MSCs
according to The International Society for Cellular Therapy position
statement were applied. The culture media was tested for bacteria,
yeast, and mycoplasma 1 week before and on the day of treatment.

Cell transplantation

Left ventricular mapping was performed with the NOGA-XP system and
intra-myocardial injections with Myostar injection catheters (Biologics
Delivery Systems Group, Johnson & Johnson, USA)."® Ten to 15 injec-
tions of 0.2 mL MSC or placebo (phosphate-buffered saline) solution
were made into viable myocardium (unipolar voltage >6 mV) in the
border zone of an area of scar tissue (unipolar voltage <6 mV).

Magnetic resonance imaging and computed
tomography imaging

Patients had cardiac MRI scans if they were without contraindications
for MRI and otherwise cardiac CT scans at baseline and after 6 months.
The cardiac MRI (1.5T AvantoMagnetom; Siemens, Germany) proto-
colincluded LV short-axis cine images and late enhancement images
using gadolinium (Gadovist, Bayer Healthcare, Germany) as previ-
ously described."” For cardiac CT (Aquillion, Toshiba, Japan), the
R—R interval was covered and multi-segmental image reconstruc-
tion was done. No heart rate modulating drugs were given prior to
cardiac CT.

All image data were analysed with the cvi*? post-processing tool
(Circle Cardiovascular Imaging, Canada). Endo- and epicardial borders
were traced manually in end-diastole and end-systole and the mitral
plane was set to define the basal border of the LV. Analyses were per-
formed by two experienced physicians blinded to treatment allocation.

Statistics

Statistical analyses were done using SAS 9.4 (SAS Institute Inc., Cary, NC,
USA) and SPSS 20 (SPSS Inc., Chicago, IL, USA). For normal distributed
continuous data comparison within groups was done with paired t-test
and comparison between groups with unpaired t-test. Mann—Whitney
U-test was used for between group comparisons of continuous non-
normal distributed data. Categorical data were compared using Pearson’s
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Signed consent (n=101)

38 Excluded
36 did not meet inclusion criteria
1 consent withdrawn
1 dead

k.

Bone marrow aspiration (n=63)

(Expansion passage 1)

3 Excluded
1 cells not expandable (MDS)
2 did no longer meet inclusion criteria

| Randomization (n=60) |

(Expansion passage 2)

| NOGA treatment initiated (n=60) |

1 Excluded
1 sustained VT during NOGA mapping

NOGA treatment completed (n=59)

2:1 Randomization

| MSC Group (n=40) | | Placebo Group (n=20) |
—'-| 1 Did not receive treatment |
N
| NOGA treatment completed (n=39) l | NOGA treatment completed (n=20) |
_| 1 Lost to follow-up (Stroke)
- (died 5 months after exclusion)
k.
| 1 month follow-up (n=38) l | 1 month follow-up (n=20) |
—bl 1 Excluded (CRT implantation) |
k.
I 3 month follow-up (n=38) l I 3 month follow-up (n=19) l
—-l 1 Excluded (CRT implantation) | —Dl 1 Dead (Terminal heart failure) |
k.
I 6 month follow-up (n=37) l I 6 month follow-up (n=18) l

Figure I Clinical trial desigl

n: (A) pre-treatment period and (B) follow-up period. MDS, myelodysplastic syndrome; VT, ventricular tachycardia;

CRT, cardiac resynchronization therapy.

x* or Fisher's exact test as appropriate. One-way Anova was used : autoregressive covariance structure. For nominal repeated data, we

to compare dose—response gro
more than two time-points,

up differences. For follow-up datawith  :  used generalized estimating equations. The confidence interval for risk
we used repeated measures with | difference was constructed using the robust approximation of Miettinen
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and Nurminen. All data were analysed as an intention-to-treat analysis in- . treatment. Missing data were filled in using ‘last observation carried
cluding data from all randomized patients. Excluded patients were kept - forward’. A two-sided P-value of <0.05 was considered statistically
in their originally assigned group regardless of one patient not receiving . significant.

Table | Baseline characteristics

Parameter MSC (n = 40) Placebo (n = 20) P-value
Risk factors
Age (years) 661+ 7.7 642 + 10.6 0.44
Male 36(90.0) 14(70.0) 0.07
Smoking
Current 7(17.5) 1(5.0) 0.25
Former 26(65.0) 15(75.0) 043
Diabetes mellitus 15(37.5) 3(15.0) 0.07
BMI (kg/m?) 29.8 + 4.7 287+ 53 0.44
eGFR (mL/min/1.73 m?) 70.8 + 25.2 74.3 1+ 247 0.61
Cholesterol (mmol/L) 39408 41+ 09 0.43
Systolic BP (mmHg) 114+ 18 108 + 9 0.08
Diastolic BP (mmHg) 59+7 58 + 10 0.92
Heart rate (bpm) 65+ 12 67 +£12 0.43
Cardiac history
Years with IHD 129478 131485 0.95
Previous Ml 35(87.5) 19 (95.0) 0.65
Previous PCI 28 (70.0) 15 (75.0) 0.69
Previous CABG 26 (65.0) 10 (50.0) 0.26
ICD implant 11 (27.5) 8 (40.0) 0.33
CRT implant 1(5.0) 1(2.5) 1.00
CRT-D implant 13 (32.5) 5(25.0) 0.55
Baseline endpoints
NYHA Class Il 11(27.5) 5(25.0) 0.84
NYHA Class Il 29 (72.5) 15 (75.0) 0.84
ESV (mL) 195.1 (115.8) 200.6 (193.0) 0.33
EDV (mL) 277.0 (101.6) 282.8 (207.7) 0.55
SV (mL) 76.6 +20.1 742 +21.7 0.68
LVEF (%) 282 +93 251+ 85 0.22
CO (L) 49 + 1.1 49 +15 0.88
LV mass (g) 136.0 + 47.9 1314 £+ 43.0 0.72
Scar mass (g) 19.2 + 18.1 18.7 + 10.3 0.96
6 min walking test (m) 401+ 70 385 + 81 0.43
NT-proBNP (pmol/L) 68.9 (114.7) 66.7 (116.1) 0.84
Medication
ASA 36 (90.0) 16 (80.00) 0.42
Clopidogrel 15 (37.5) 3(15) 0.07
VKA 9(22.5) 6 (30.0) 0.54
ACE or ARB 37 (92.5) 18 (90.0) 1.00
3-Blocker 35(87.5) 15 (75.0) 0.28
Calcium antagonist 11 (27.5) 3(15.0) 0.35
Diuretic agent 33(82.5) 16 (80.0) 1.00
Statins 36 (90.0) 18 (90.0) 1.00
Nitrate 23 (57.5) 9 (45.0) 0.36

Values are mean + SD, n (%), or median (inter-quartile range).

BMI, body mass index, eGFR, estimated glomerular filtration rate; BP, blood pressure; IHD, ischaemic heart disease; Ml, myocardial infarction; PCI, percutaneous coronary
intervention; CABG, coronary artery bypass graft; ICD, implantable cardioverter-defibrillator; CRT, cardiac resynchronization therapy; CRT-D, cardiac resynchronization therapy
defibrillator; NYHA, New York Heart Association; ESV, end-systolic volume; EDV, end-diastolic volume; SV, stroke volume; LVEF, left ventricular ejection fraction; ASA, acetylsalicylic
acid; VKA, vitamin K antagonist; ACE, angiotensin-converting enzyme; ARB, Angiotensin Il receptor blockers.
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Results

Patients

Sixty patients were randomized and 59 of these were treated suc-
cessfully (Figure 1A). Baseline characteristics were similar between
the study groups (Table 7).

Mesenchymal stromal cells

Mesenchymal stromal cells were successfully culture expanded
under good manufacturing practice conditions for 46.9 + 10.5
days. Patients were treated with the number of cells reached after
two passages, resultinginamean of 77.5 + 67.9 x 10° (inter-quartile
range 53.8 x 10%) MSCs. There were no contaminations with
bacteria, yeast, or mycoplasma. All cultures had normal MSC
morphology and cell viability was 90.0 + 7.1%.

Serious adverse events

There were two serious adverse events (SAEs) related to the NOGA
procedure. One patient with a history of episodic ventricular
tachycardia (VT) developed VT during the NOGA mapping proced-
ure. The patient reverted to sinus rhythm by his implantable
cardioverter-defibrillator (ICD) unit and the procedure was can-
celled (see Figure 7). Another patient experienced double-vision
and dizziness during the injection procedure. Cerebral-CT after-
wards was normal, but the incident was diagnosed as a minor

Table 2 Serious adverse events

stroke by the neurologist. The patient was without sequelae and
completed follow-up.

Two patients were excluded due to implantation of a cardiac
resynchronization therapy device during follow-up. One patient
from the treatment group suffered a stroke 12 days after treatment.
This patient was reported dead 158 days after MSC treatment shortly
after surgery for intestinalischemia. Finally, one patient in the placebo
group died from terminal heart failure 182 days after treatment. All
SAEs are listed in Table 2. There were significantly more hospitaliza-
tions for angina and pneumonia in the placebo group compared with
the MSC group (both P = 0.03). Otherwise there were no significant
differences between the groups.

Cardiac imaging
Twenty patients were MRl scanned (17 also with the late gadolinium
contrast protocol) and 38 were scanned with CT. Two patients, both
with known chronic nephropathy, had too high creatinine levels at 6
months follow-up and therefore echocardiographic measurements
(baseline and follow-up) were used for these patients (Supplemen-
tary material online, Table $2). Imaging analyses for all patients
were done using the same imaging modality at baseline and 6
months follow-up. All imaging results are depicted in Figure 2 and
Table 3.

At 6 months follow-up, the primary endpoint, LVESV, was signifi-
cantly reduced in the MSC group and not in the placebo group.

Serious adverse event MSC (n = 40) Placebo (n = 20) P-value RD (%) RD 95% CI
Lower Upper

Death 1(2.5) 1(5.0) 1.00 -25 -216 8.9

Hospitalizations
Ml 0(0.0) 0(0.0) 1.00 0.0 0.0 0.0
PCl or CABG 0(0.0) 0(0.0) 1.00 0.0 0.0 0.0
Stroke or TCI 2(5.0) 1(5.0) 1.00 0.0 —-194 12.7
Heart failure worsening 6(15.0) 2 (10.0) 0.71 5.0 —-17.0 21.7
Angina worsening 0 (0.0) 3(15.0) 0.03 —-15.0 —36.2 —-52
Orthostatic syncope 0(0.0) 1(5.0) 0.33 -5.0 —23.8 4.2
Atrial fibrillation 1(2.5) 0(0) 1.00 25 —14.0 13.0
VT/VF 2(2.5) 1(5.0) 1.00 0.0 —-194 12.7
ICD implantation 1(2.5) 0(0.0) 1.00 25 —14.0 13.0
CRT/CRT-D implantation® 1(2.5) 1(5.0) 1.00 -25 -216 8.9
ICD/CRT pocket revision 0(0.0) 1(5.0) 0.33 =50 —238 4.2
ICD/CRT electrode reposition 0 (0.0 1(5.0) 0.33 -5.0 —23.8 4.2
Cancer 0(0.0) 0(0.0) 1.00 0.0 0.0 0.0
Pneumonia 0(0.0) 3(15.0) 0.03 —15.0 —36.2 =52
Gallbladder infection 0(0.0) 1(5.0) 0.33 =50 —238 4.2
Observation for headache 0(0.0) 1(5.0) 0.33 -5.0 —238 4.2

Values are n (%).

RD, risk difference; Cl, confidence interval; MI, myocardial infarction; PCI, percutaneous coronary intervention; CABG, coronary artery bypass graft; TCI, transient cerebralischaemia;
VT, ventricular tachycardia; VF, ventricular fibrillation; ICD, implantable cardioverter-defibrillator; CRT, cardiac resynchronization therapy; CRT-D, cardiac resynchronization therapy

defibrillator.
?Both patients excluded afterwards (see Figure 1B).
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Figure 2 Imaging results: differences in imaging measurements between groups from baseline to 6-month follow-up. (A) End-systolic volume,
(B) end-diastolic volume, (C) ejection fraction, (D) stroke volume, (E) cardiac output, (F) myocardial mass, (G) scar tissue (Paired t-test. Bar
values are mean + 95% confidence intervals.).

The difference between groups was 13.0 + 12.9 mL (P = 0.001).
Compared with placebo, we also found significant improvements in
LVEF (6.2 + 3.8%, P < 0.0001), SV (18.4 + 13.6 mL, P < 0.0001),
cardiac output (0.9 +1.2L, P=0.008), and myocardial mass
(5.7 £ 7.7 g, P = 0.001). Changesin LVEDV did not differ significantly

between groups (5.4 + 16.7 mL, P = 0.24). While we did find a sig-
nificant decrease in amount of scar tissue in the MSC group the differ-
ence between groups were not significant (3.9 + 4.7 g, P = 0.13).
For wall thickness and wall thickening, see Supplementary material
online, Data.
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Imaging results

Table 3

Group difference (treatment effect)

Placebo group

MSC group

P-value’

'95% Confidence
interval

Difference

P-value

| 95% Confidence

Difference

P-value

95% Confidence
interval

Difference

interval

"Upper

Lower

"Upper

Lower

Upper

Lower

0.001
0.24
<<0.0001
<0.0001

20.1

59
—37

13.0 £ 129

0.07
0.19
0.14
0.28
0.89
0.86
0.76

112

—04
—-15

-30
—80

-04
—-20

—45

544125
26 +87
-13+37
—28+11.2

—34 0.001
003 +£1.0

-11.8

—7.6+132

LVESV (mL)

14.6

54+167
62438
184 + 13.6

6.7
0.5

0.012
<<0.0001
<0.0001
<<0.0001
<<0.0001

14.3

19
37

11.0

8.1+194
50+38
15.6 + 14.6

LVEDV (mL)
LVEF (%)

SV (ml)
cow

8.3
258

4.2

6.2

11.0

24
0.5

20.3

15 0.008

9.1

0.2

09 +12

-02+39
—05+ 38

13
8.4
-1.0

0.5

09 +13

0.001
0.13

23
—-1.2

57+77

17
35

2.6
—-78

55+90'
—44 4 5.1?

LV Mass (g)

9.0

0.017

Scar Mass (g)

Values are mean + SD.

LV, left ventricle; EVESV, LV end-systolic volume; LVEDYV, LV end-diastolic volume; LVEF, LV ejection fraction; SV, stroke volume; CO, cardiac output.
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Figure 3 Dose—response effects: (A) end-systolic volume, (B)
ejection fraction, (C) mean myocardial mass. P-values represent
the differences between subgroups of the mesenchymal stromal
cell group (One-way ANOVA. Bar values are mean + 95% confi-
dence intervals.).

To evaluate a possible dose—response effect, we divided the
MSC group into one-thirds based on the received cell numbers.
For LVESV, there was a significantly higher reduction in the group
of patients receiving most cells compared with the lower dose
groups (P = 0.045). For LVEF and mean myocardial mass, there
was a non-significant tendency towards larger improvements with
higher cell numbers (Figure 3).

Functional status and quality of life

There were significant improvements in NYHA class in both groups
with a trend towards more improvement in the MSC group (P =
0.16). In the 6-min walking test, we observed significant improve-
ments in both groups with no differences between groups (P =
0.77). In the KCCQ quality-of-life score, we found significant
improvements in the MSC group and not in the placebo group.
However, there were no differences between groups (P = 0.50).
The KCCQ overall summary score improved in both groups,
with no differences between groups (P = 0.67) (Figure 4). For add-
itional functional data, see Supplementary material online, Data
and Figure S1.
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Figure4 Functionalstatus and quality of life: (A) New York Heart Association class, (B) 6-min walking test, (C) Kansas City Cardiomyopathy Ques-
tionnaire—quality-of-life score, and (D) Kansas City Cardiomyopathy Questionnaire—overall summary score. P-values represent difference
between baseline and follow-up visits (A: general estimation equations, B—D: repeated measures analysis. Bar values are mean + 95% CI.).
NYHA, New York Heart Association; KCCQ, Kansas City Cardiomyopathy Questionnaire.

Biomarkers

See Supplementary material online, Data and Figures S2 and S3.

Discussion

The MSC-HF trial is the largest randomized, double-blind, placebo-
controlled clinical trial with intra-myocardial injection of autologous
BM-derived MSCs in patients with ischaemic heart failure. We
demonstrate significant improvements in LV systolic function in
terms of LVESV, LVEF, SV, and cardiac output in patients receiving
active treatment compared with placebo. We also report significant
improvements in LV mass, wall thickness, and wall thickening in cell-
treated patients compared with placebo. Left ventricular end-systolic
volume and LVEF are powerful independent predictors of survival in
chronic heart failure.'” =" Therefore, the results of this trial suggest
that autologous MSC transplantation might be beneficial to long-
term survival in patients with severe heart failure. In addition, we
found significantly reduced hospitalizations for angina worsening.
This is in agreement with another MSC study treating patients with
refractory angina.'?

Number of cells injected had a significant impact on the
primary endpoint, LVESV. Patients receiving the most cells had
the greatest improvements. Moreover, LVEF and myocardial
mass showed trends towards improvement with higher dose.

Therefore, future trials should be designed to secure high cell
numbers.

In the 6-min walking test (6MWT), we found increased walking
distances in both groups, with no difference between groups. The
limitation of the 6MWT is well known as most patients do not
achieve maximal exercise capacity during the 6MWT; instead,
they choose their own intensity of exercise and are allowed to stop
and rest during the test.*?3 Measured maximal oxygen uptake
during BMWT may be a more optimal functional endpoint in future
studies. NYHA class, CCS class, and quality of life improved in both
groups with no difference between groups. These measurements
are subjective by nature and demonstrate a placebo effect of the
treatment.

NOGA injections of MSCs have previously shown to be safe.’® "2
In this study, there were two SAE’s related to NOGA injections. This
warrants continued focus on safety. Temporary elevations in the
cardiac biomarkers TNT and CKMB post-injection were similar to
findings in other trials (see online Figures 2 and 3).'8%*

In the randomized double-blind TAC-HFT trial patients with
chronic heart failure received intra-myocardial injections of MSCs
(n=19), MNCs (n = 19), or placebo (n = 21)."® A non-significant
trend towards reduced LVESV in the MSC group was found. The
main finding of the trial was a significant 18.9% (P < 0.001) reduction
in scar tissue in the MSC-treated group compared with placebo.
Both these findings correlate with our study. In the randomized
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POSEIDON trial, 30 chronic heart failure patients received intra-
myocardial injections of autologous and allogeneic MSCs.”® The
study demonstrated significantly reduced scar tissue (33.2%, P >
0.001) and a tendency towards improved LVEF (1.96%, P = 0.11).
No difference was seen between allogeneic and autologous MSCs.
In the open-labelled randomized C-CURE trial, 21 chronic heart
failure patients were treated with cardiopoietic stem cells and com-
pared with 15 control patients receiving standard care.®® The cells
used were BM-derived MSCs exposed to a cytokine cocktail to
engage the cells into cardiopoiesis.*® This trial demonstrated signifi-
cant improvements in LVEF (6.8%, P < 0.0001) and LVESV (16 mL,
P < 0.0001) similar to the present study. In both the C-CURE and
the TAC-HFT trial BMWT improved in the cell-treated group but
not in the placebo group. This is in contrast to the present trial.
In the randomized double-blind PRECISE trial, 27 patients with
chronic heart failure were treated with intra-myocardial injections
of adipose-derived cells which share similarities to MSCs. > Improve-
ments in myocardial mass in cell-treated patients compared with
placebo correlates with the present study. In contrast, no differences
were found in LVEF, LVESV, or LVEDV.

Other cell sources, than MSCs, have been evaluated in chronic
heart failure patients. Intra-myocardial injections of MNCs were uti-
lized in the double-blind randomized FOCUS-CCTRN trial in 92
patients.”® There were no improvements in LVESV, but a significant
improvement in LVEF (2.7%, P = 0.03). Intra-myocardial injection
of MNCs was also evaluated in a randomized, double-blinded trial
in 50 patients with chronic IHD and refractory angina without
heart failure.”” This trial reported significant improvements in myo-
cardial perfusion and LVEF (4%, P < 0.03) after 3 months follow-up.

The mechanisms behind the regenerative capacity of MSCs are not
fully understood. However, evidence accumulates suggesting secre-
tion of cytokines and growth factors from the MSCs as the main
mechanism.®~?

The study had several limitations. Only 17 patients in the MSC-HF
trial were eligible for late gadolinium MRI and with more patients the
differences in scar tissue mass might have been significant. In a patient
group as severely diseased as in this study there will most certainly
always be a placebo effect in regards to subjective endpoints. Also,
the assessment of differences in SAE’s is underpowered. The
intention-to-treat analysis has pro and cons. Cons being that data
from excluded patients were filled in using ‘last observation carried
forward’ and also that the patient receiving no treatment was kept
in the MSC group using this principle for all analyses.

In conclusion, the present study demonstrates that intra-myocardial
MSC injection is a promising new treatment for patients with chronic
ischaemic heart failure. The study confirms and extends the results
from smaller open-labelled and randomized studies. The present
encouraging results needs confirmation in larger clinical trials.

Supplementary material

Supplementary Material is available at European Heart Journal online.

Acknowledgements

The authors thank the study participants, the laboratory technicians
at the Cardiology Stem Cell Laboratory and the staff of Cardiac

Catherization Laboratory at Rigshospitalet, Copenhagen University
Hospital. Special thanks go study nurses Henriette Dgssing and
Anne Lavigne for their dedicated work throughout the study.

Conflict of interest: none declared.

Funding

This work was supported by Arvid Nilsson’s Foundation, Aase and Ejnar
Danielsen’s Foundation, Augustinus Foundation, the Research Founda-
tion at Rigshospitalet, Axel Muusfeldt Foundation, Eva and Henry
Fraenkel's Foundation, Gangsted Foundation, Vera and Flemming Wes-
terberg’s Foundation, Jeppe and Ovita Juhl's Foundation, Sophus and
Astrid Jacobsen Foundation.

References

1. Mathiasen AB, Haack-Sorensen M, Kastrup |. Mesenchymal stromal cells for cardio-
vascular repair: current status and future challenges. Future Cardiol 2009;5:605—-617.

2. Pavo N, Charwat S, Nyolczas N, Jakab A, Murlasits Z, Bergler-Klein J, Nikfardjam M,
Benedek |, Benedek T, Pavo I, Gersh B, Huber K, Maurer G, Gyongyosi M. Cell
therapy for human ischemic heart diseases: critical review and summary of the clin-
ical experiences. | Mol Cell Cardiol 2014;75:12—-24.

3. Szady AD, Pepine CJ, Sharma SV, Cogle CR, Perin EC, Ellis SG, Moye LA. A critical
analysis of clinical outcomes reported in stem cell trials for acute myocardial infarc-
tion: some thoughts for design of future trials. Curr Atheroscler Rep 2013;15:341.

4. Clifford DM, Fisher SA, Brunskill S}, Doree C, Mathur A, Clarke MJ, Watt SM,
Martin-Rendon E. Long-term effects of autologous bone marrow stem cell treat-
ment in acute myocardial infarction: factors that may influence outcomes. PLoS
ONE 2012;7:e37373.

5. Haack-Sorensen M, Hansen SK, Hansen L, Gaster M, Hyttel P, Ekblond A, Kastrup J.
Mesenchymal stromal cell phenotype is not influenced by confluence during culture
expansion. Stem Cell Rev 2013;9:44—-58.

6. GnecchiM, Zhang Z,Ni A, Dzau V). Paracrine mechanisms in adult stem cell signaling
and therapy. Circ Res 2008;103:1204—-1219.

7. Hatzistergos KE, Quevedo H, Oskouei BN, Hu Q, Feigenbaum GS, Margitich IS,
Mazhari R, Boyle AJ, Zambrano JP, Rodriguez JE, Dulce R, Pattany PM, Valdes D,
Revilla C, Heldman AW, McNiece |, Hare M. Bone marrow mesenchymal stem
cells stimulate cardiac stem cell proliferation and differentiation. Circ Res 2010;
107:913-922.

8. Sassoli C, Pini A, Mazzanti B, Quercioli F, Nistri S, Saccardi R, Zecchi-Orlandini S,
Bani D, Formigli L. Mesenchymal stromal cells affect cardiomyocyte growth
through juxtacrine Notch-1/Jagged-1 signaling and paracrine mechanisms: clues
for cardiac regeneration. | Mol Cell Cardiol 2011;51:399-408.

9. Timmers L, Lim SK, Hoefer IE, Arslan F, Lai RC, van Oorschot AA, Goumans M,
Strijder C, Sze SK, Choo A, Piek JJ, Doevendans PA, Pasterkamp G, de Kleijn DP.
Human mesenchymal stem cell-conditioned medium improves cardiac function
following myocardial infarction. Stem Cell Res 2011;6:206—214.

10. Friis T, Haack-Sorensen M, Mathiasen AB, Ripa RS, Kristoffersen US, Jorgensen E,
Hansen L, Bindslev L, Kjaer A, Hesse B, Dickmeiss E, Kastrup ]. Mesenchymal
stromal cell derived endothelial progenitor treatment in patients with refractory
angina. Scand Cardiovasc | 2011;45:161—168.

11. Haack-Sorensen M, Friis T, Mathiasen AB, Jorgensen E, Hansen L, Dickmeiss E,
Ekblond A, Kastrup J. Direct intramyocardial mesenchymal stromal cell injections
in patients with severe refractory angina: one-year follow-up. Cell Transplant 2013;
22:521-528.

12. Mathiasen AB, Haack-Sorensen M, Jorgensen E, Kastrup J. Autotransplantation of
mesenchymal stromal cells from bone-marrow to heart in patients with severe
stable coronary artery disease and refractory angina — final 3-year follow-up. Int |
Cardiol 2013;170:246—-251.

13. Fisher SA, Doree C, Brunskill S}, Mathur A, Martin-Rendon E. Bone marrow stem cell
treatment forischemic heart disease in patients with no option of revascularization:a
systematic review and meta-analysis. PLoS ONE 2013;8:e64669.

14. Vrijsen KR, Chamuleau SA, Noort WA, Doevendans PA, Sluijter JP. Stem cell therapy
for end-stage heart failure: indispensable role for the cell? Curr Opin Organ Transplant
2009;14:560—-565.

15. Hare JM, Fishman JE, Gerstenblith G, DiFede Velazquez DL, Zambrano JP,
Suncion VY, Tracy M, Ghersin E, Johnston PV, Brinker JA, Breton E, Davis-Sproul J,
Schulman IH, Byrnes J, Mendizabal AM, Lowery MH, Rouy D, Altman P, Wong
Po FC, Ruiz P, Amador A, da Silva ], McNiece IK, Heldman AW, George R,
Lardo A. Comparison of allogeneic vs autologous bone marrow-derived mesenchy-
mal stem cells delivered by transendocardial injection in patients with ischemic car-
diomyopathy: the POSEIDON randomized trial. JAMA 2012;308:2369—-2379.

ST0Z ‘ST AInr uo 153nB Aq woly papeojumoq


http://eurheartj.oxfordjournals.org/lookup/suppl/doi:10.1093/eurheartj/ehv136/-/DC1

The randomized MSC-HF trial

1753

16.

17.

18.

19.

20.

21.

22.

Heldman AW, DiFede DL, Fishman JE, Zambrano JP, Trachtenberg BH, Karantalis V,
Mushtaq M, Williams AR, Suncion VY, McNiece IK, Ghersin E, Soto V, Lopera G,
Miki R, Willens H, Hendel R, Mitrani R, Pattany P, Feigenbaum G, Oskouei B,
Byrnes J, Lowery MH, Sierra ], Pujol MV, Delgado C, Gonzalez P}, Rodriguez JE,
Bagno LL, Rouy D, Altman P, Foo CW, da Silva |, Anderson E, Schwarz R,
Mendizabal A, Hare JM. Transendocardial mesenchymal stem cells and mononuclear
bone marrow cells for ischemic cardiomyopathy: the TAC-HFT randomized trial.
JAMA 2014;311:62-73.

Mathiasen AB, Jorgensen E, Qayyum AA, Haack-Sorensen M, Ekblond A, Kastrup J.
Rationale and design of the first randomized, double-blind, placebo-controlled trial
of intramyocardial injection of autologous bone-marrow derived mesenchymal
stromal cells in chronic ischemic Heart Failure (MSC-HF Trial). Am Heart | 2012;
164:285-291.

Kastrup J, Jorgensen E, Ruck A, Tagil K, Glogar D, Ruzyllo W, Botker HE, Dudek D,
DrvotaV, Hesse B, Thuesen L, Blomberg P, Gyongyosi M, Sylven C. Directintramyo-
cardial plasmid vascular endothelial growth factor-A165 gene therapy in patients
with stable severe angina pectoris A randomized double-blind placebo-controlled
study: the Euroinject One trial. | Am Coll Cardiol 2005;45:982—988.

Solomon SD, Anavekar N, Skali H, McMurray J), Swedberg K, Yusuf S, Granger CB,
Michelson EL, Wang D, Pocock S, Pfeffer MA. Influence of ejection fraction on
cardiovascular outcomes in a broad spectrum of heart failure patients. Circulation
2005;112:3738—-3744.

StJohn SM, Pfeffer MA, Moye L, Plappert T, Rouleau L, Lamas G, Rouleau}, Parker O,
Arnold MO, Sussex B, Braunwald E. Cardiovascular death and left ventricular re-
modeling two years after myocardial infarction: baseline predictors and impact of
long-term use of captopril: information from the Survival and Ventricular Enlarge-
ment (SAVE) trial. Circulation 1997;96:3294—-3299.

White HD, Norris RM, Brown MA, Brandt PW, Whitlock RM, Wild CJ. Left ventricu-
lar end-systolic volume as the major determinant of survival after recovery from
myocardial infarction. Circulation 1987;76:44—51.

Anand IS, Florea VG, Fisher L. Surrogate end points in heart failure. | Am Coll Cardiol
2002;39:1414-1421.

23.

24.

25.

26.

27.

28.

29.

ATS Committee on Proficiency Standards for Clinical Pulmonary Function Labora-
tories. ATS statement: guidelines for the six-minute walk test. Am J Respir Crit Care
Med 2002;166:111-117.

Baldazzi F, Jorgensen E, Ripa RS, Kastrup ]. Release of biomarkers of myocardial
damage after direct intramyocardial injection of genes and stem cells via the percu-
taneous transluminal route. Eur Heart | 2008;29:1819—-1826.

Bartunek J, Behfar A, Dolatabadi D, Vanderheyden M, Ostojic M, Dens ], El NB,
Banovic M, Beleslin B, Vrolix M, Legrand V, Vrints C, Vanoverschelde JL,
Crespo-Diaz R, Homsy C, Tendera M, Waldman S, Wijns W, Terzic A. Cardiopoietic
stem cell therapy in heart failure: the C-CURE (cardiopoietic stem cell therapy in
heart failure) multicenter randomized trial with lineage-specified biologics. | Am
Coll Cardiol 2013;61:2329-2338.

Behfar A, Terzic A. Derivation of a cardiopoietic population from human mesenchy-
mal stem cells yields cardiac progeny. Nat Clin Pract Cardiovasc Med 2006;3 (Suppl. 1):
S78-S82.

Perin EC, Sanz-Ruiz R, Sanchez PL, Lasso ], Perez-Cano R, Alonso-Farto |C,
Perez-David E, Fernandez-Santos ME, Serruys PW, Duckers HJ, Kastrup |,
Chamuleau S, Zheng Y, Silva GV, Willerson | T, Fernandez-Aviles F. Adipose-derived
regenerative cells in patients with ischemic cardiomyopathy: the PRECISE trial. Am
Heart | 2014;168:88—95.

Perin EC, Willerson |T, Pepine CJ, Henry TD, Ellis SG, Zhao DX, Silva GV, Lai D,
Thomas |D, Kronenberg MW, Martin AD, Anderson RD, Traverse JH, Penn MS,
Anwaruddin S, Hatzopoulos AK, Gee AP, Taylor DA, Cogle CR, Smith D,
Westbrook L, Chen |, Handberg E, Olson RE, Geither C, Bowman S, Francescon J,
Baraniuk S, Piller LB, Simpson LM, Loghin C, Aguilar D, Richman S, Zierold C,
Bettencourt J, Sayre SL, Vojvodic RW, Skarlatos SI, Gordon D), Ebert RF, Kwak M,
Moye LA, Simari RD. Effect of transendocardial delivery of autologous bone
marrow mononuclear cells on functional capacity, left ventricular function, and perfu-
sion in chronic heart failure: the FOCUS-CCTRN trial. JAMA 2012;307:1717-1726.
van Ramshorst |, Bax JJ, Beeres SL, Dibbets-Schneider P, Roes SD, Stokkel MP, de
Roos A, Fibbe WE, Zwaginga JJ, Boersma E, Schalij MJ, Atsma DE. Intramyocardial
bone marrow cell injection for chronic myocardial ischemia: a randomized con-
trolled trial. JAMA 2009;301:1997—-2004.

STOZ ‘ST AInc uo 1sanb Ag wouy papeojumoq




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


