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Therapy

Nearly one-half of heart failure patients have heart failure with preserved 
ejection fraction (HFpEF), and the prevalence appears to be rising.1 Today, 
HFpEF represents the most common cause of hospitalisation for heart 
failure, surpassing heart failure with reduced ejection fraction (HFrEF).2 
Patients with HFpEF experience similar patterns of morbidity and 
functional decline as those with HFrEF, but few effective treatments are 
available.3 The effects of medical management in patients of HFpEF are 
very limited, mainly focusing on treatment of heart failure symptoms and 
comorbidities. Large clinical trials investigating the effects of candesartan, 
irbesartan, perindopril, spironolactone and, more recently, sacubitril–
valsartan in patients with HFpEF all failed to reach their primary 
endpoints.4–8 Thus, there is a growing need for the introduction of novel 
treatment strategies that could potentially improve the outcomes in this 
large patient population.

Potential Targets for Cell Therapy in HFpEF
Currently, the central paradigm for the pathophysiology of HFpEF is based 
on the hypothesis that comorbidities lead to a systemic proinflammatory 
state and coronary microvascular endothelial inflammation.9 Patients with 
HFpEF have a high prevalence of co-morbidities such as obesity, diabetes, 
hypertension or renal dysfunction, which can induce the systemic 
proinflammatory state. In this proinflammatory state, coronary 
microvascular endothelial cells produce reactive oxygen species, which 
limits nitric oxide (NO) bioavailability. Reduced NO signalling from 
dysfunctional endothelium influences adjacent cardiomyocytes and 
cardiac fibroblasts via the soluble guanylyl cyclase–cyclic guanosine 

monophosphate–cGMP-dependent protein kinase pathway, resulting in 
functional and structural cardiac changes such as delayed myocardial 
relaxation, increased cardiomyocyte stiffness, cardiac hypertrophy and 
interstitial fibrosis.10 In addition, NO imbalance affects endothelial 
progenitor cells (EPCs), leading to impaired endothelial repair and 
regeneration.11

EPCs are bone-marrow-derived circulating cells able to proliferate and 
differentiate into functional mature endothelial cells. EPCs are mobilised 
into the circulation in response to tissue or vessel injury and incorporate 
into sites of injury. Circulating EPCs can be evaluated by measuring the 
expression of various surface antigens, including CD34, CD133 and 
vascular endothelial growth factor receptor 2.12 In ischaemic conditions, 
EPCs are responsible for the formation of new vessels via direct 
incorporation into the newly developing vasculature and the production 
and secretion of angiogenic cytokines.13 

Levels of circulating EPCs are significantly reduced in patients with HFpEF 
and the remaining EPCs have impaired function.12 Furthermore, the 
numbers of circulating EPCs have been shown to inversely correlate with 
the degree of diastolic impairment.14 This is in illustrated by findings from 
autopsy studies demonstrating that HFpEF patients have lower coronary 
microvascular density and more severe fibrosis than control subjects 
regardless of the severity of epicardial coronary disease.15 In these 
subjects, the severity of myocardial fibrosis was inversely associated with 
microvascular density. 
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More recently, it has been shown that patients with HFpEF have a very 
high prevalence of microvascular dysfunction, demonstrated by reduced 
myocardial flow reserve at single-photon emission CT, lower coronary 
flow reserve, and a higher index of microvascular resistance.16 Together, 
this evidence strongly supports the hypothesis that coronary microvascular 
endothelial inflammation in HFpEF may be the key factor leading to 
impaired angiogenesis, microvascular rarefaction and myocardial fibrosis. 
 
Mechanisms of Action of Cell 
Therapy in Heart Failure
Different populations of autologous and allogeneic stem cells have been 
studied in either preclinical or clinical settings of chronic heart failure for 
their capacity to repair and/or regenerate the failing myocardium.17 
Initially, the main reparative mechanism of cell therapy was thought to be 
a direct replacement of damaged cardiomyocytes with new, cell-derived 
cardiomyocytes through a process of trans-differentiation.18 While this 
mechanism has been demonstrated in preclinical models of heart failure, 
it has never been unequivocally confirmed in the clinical setting. Based on 
the current evidence, it is believed the main reparative mechanisms of 
cell therapy on the failing myocardium are mediated through paracrine 
effects that affect myocardial neurohumoral activation, inflammation, 
fibrosis, apoptosis, Ca2+ handling and metabolism, stimulation of 
neovascularisation and activation of endogenous cardiac-resident 
cells.19,20 These mechanisms may be associated with beneficial effects in 
HFpEF through improved angiogenesis, decreased fibrosis and reduced 
inflammation (Figure 1).

Effects of Cell Therapy on Angiogenesis
Current data suggest that cells transplanted into the failing myocardium 
likely stimulate angiogenesis and may thus significantly improve 
myocardial regional perfusion. Kawamoto et al. demonstrated that 
intramyocardial injections of CD34+ cells are associated with a significantly 
increased myocardial capillary density in an animal model of heart 
failure.21 The authors additionally showed that the application of a single 
cell type (in this case CD34+) may be more advantageous over 
unfractionated bone marrow mononuclear cells because the latter might 
cause detrimental changes to the myocardium (haemorrhagic necrosis), 
thus offsetting the potential benefits of cell therapy.21 

In accordance with these findings, Schuleri et al. demonstrated that 
intramyocardial injections of mesenchymal stem cells (MSC) likely improve 
myocardial perfusion (estimated with cardiac MRI) in a preclinical model 
of ischaemic heart failure.22 These encouraging preclinical findings were 
subsequently confirmed in a clinical trial in patients with dilated 
cardiomyopathy, where a significant improvement in myocardial perfusion 
six months after intracoronary CD34+ cell injections was found.23 Of note, 
these changes in myocardial perfusion correlated with a significant 
improvement in contractile performance of the failing myocardium, a 
decrease in neurohumoral activation, improved exercise capacity and 
improved overall survival at 5 years follow-up.24 

In patients with ischaemic heart failure, intramyocardial MSC injections 
were associated with an improvement of regional perfusion in the injected 
segments of the failing myocardium, which translated to improved 
contractility of these segments. Of interest, surgically revascularised 
segments that were not treated with cell injections did not functionally 
improve to the same degree.25 These data suggest that the changes in 
myocardial perfusion after cell therapy appear to occur independently 
from the status and progression of coronary artery disease.25 Moreover, 
since the changes in perfusion after cell therapy have also been 

demonstrated in patients with dilated cardiomyopathy and normal 
coronary arteries, it is likely that factors other than coronary atherosclerosis 
may be responsible for the observed changes in myocardial perfusion.23 
Evidence suggests that cells may exert their beneficial effects on 
myocardial angiogenesis through the paracrine secretion of bioactive 
growth factors, such as vascular endothelial growth factor and fibroblast 
growth factor.26,27 It has been suggested that stem-cell-derived paracrine 
factors may further trigger a secretion of other paracrine factors from the 
host myocardium thus potentiating their effect. This hypothesis may partly 
explain the apparent discordance between significant clinical effects on 
the remodelling process caused by a limited number of surviving stem 
cells in the host myocardium.28 

Effects of Cell Therapy on Extracellular Matrix
In addition to exerting positive effects on the microvascular homeostasis, 
cell therapy has also been associated with reverse remodelling of the 
extracellular matrix (ECM) in the setting of chronic heart failure. Preclinical 
data suggest that cell therapy may be associated with a significant 
reduction in myocardial fibrosis.18,29 These findings have been further 
corroborated by clinical data, where the intracoronary infusion of 
cardiosphere-derived autologous stem cells (CDCs) was shown to be 
associated with a 42% reduction in myocardial scar burden (as assessed 
by cardiac MRI), and an increase in myocardial viability and regional 
contractility 12 months after the procedure.30 In accordance with these 
findings, intramyocardial injection of autologous MSCs was also 
associated with significant (48%) reduction in myocardial scar burden, 
improved myocardial perfusion and increased contractile performance.25 

Although the exact pathophysiological mechanism of stem cell action on 
ECM reverse remodelling remains to be clarified, currently available data 
suggest that stem cell therapy may affect myocardial scar by inhibiting 
tumour necrosis factor (TNF)-α and the transforming growth factor-β1/
extracellular signal-regulated kinase 1/2 fibrosis pathways and by the 
direct actions on resident fibroblasts. The latter may result in decreases in 
transcript levels of matrix metalloproteinase (MMP)-2, MMP-7, and MMP-9; 
collagen I and collagen III and tissue inhibitor of metalloproteinase-1, 
thereby normalising the turnover of ECM proteins.31 

Effects of Cell Therapy on Myocardial Inflammation
Cell therapy has also been shown to dampen the pro-inflammatory milieu 
in the failing myocardium by downregulating the expression of 
proinflammatory cytokines, such as TNF-α, interleukin (IL)-1β, IL-6 and 
monocyte chemo-attractive protein.32 Furthermore, stem cells (especially 
MSCs) have been demonstrated to possess immunomodulatory properties 
that are likely exerted through cell-secreted paracrine factors and direct 
cell-to-cell interactions, which may affect a wide range of cells involved in 
the pro-inflammatory response.33 It is further suggested that cell-derived 
paracrine factors may activate tissue macrophages, which promotes 
structured angiogenesis and induces a switch from pro-inflammatory M1 
phenotype to anti-inflammatory M2 phenotype, most likely via insulin-like 
growth factor-1 and IL-10 pathways.34,35 Collectively, these data suggest 
that the anti-inflammatory properties of cell therapy may have a significant 
role in stimulating the process of reverse remodelling of the failing 
myocardium. 

Preclinical Evidence for Cell Therapy in HFpEF
In contrast to the abundant preclinical evidence on the effects of cell 
therapy in HFrEF, data on the effects of cell therapy in HFpEF models are 
very scarce. Using a hypertensive rat model of HFpEF, Gallet et al. 
investigated the effects of CDCs on left ventricular structure and function.36 
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At 13–14 weeks of age the rats were randomly allocated to receive 
intracoronary infusion of either allogeneic CDCs (n=24) or placebo (n=24). 
Follow-up lasted for 4 weeks after randomisation. Before randomisation 
and at 4 weeks after treatment, echocardiography and invasive 
haemodynamic measurements were performed. At the end of the follow-
up, CDC therapy was associated with a decrease in E/A ratio and halted 
left atrial enlargement. The results of haemodynamic measurements 
demonstrated a twofold higher end-diastolic pressure in placebo-treated 
animals when compared to those receiving CDC therapy. Furthermore, 
CDC therapy was associated with decreased lung congestion and 
improved survival. The histological analysis of the myocardium 
demonstrated increased capillary density, decreased inflammation and 
decreased fibrosis in CDC-treated animals. CDC treatment also reversed 
many transcriptomic changes associated with HFpEF but had no effect on 
cardiac hypertrophy.

Using a similar rat model of HFpEF, Cho et al. investigated the potential 
effects of CDC therapy on ventricular arrythmias.37 At 4 weeks after the 
intracoronary infusion, CDC therapy was associated with shortening of 
action potential duration and increased action potential duration 
homogeneity. CDC-treated animals were also less prone to ventricular 
arrhythmia induction by programmed electrical stimulation. Interestingly, 
CDC therapy was also associated with a regression of diastolic dysfunction 
as demonstrated by a decrease in E/e’ ratio and a decrease in left atrial size.

Based on the results of these two studies, there is a positive signal that 
cell therapy may improve some parameters of diastolic function in HFpEF. 
Nevertheless, there is a clear need for additional studies to verify and 
expand these preliminary findings. 

Clinical Evidence for Cell Therapy in HFpEF
To date, our group has performed several clinical trials investigating the 
effects of CD34+ cell therapy in patients with HFrEF. We also evaluated the 
effects of this approach on diastolic parameters in a group of patients 
with non-ischaemic dilated cardiomyopathy.38 We enrolled 38 dilated 
cardiomyopathy patients with New York Heart Association class III and left 
ventricular ejection fraction (LVEF) <40% who underwent transendocardial 
CD34+ cell transplantation. Peripheral blood CD34+ cells were mobilised 

by granulocyte-colony stimulating factor, collected via apheresis, and 
injected transendocardially in the areas of myocardial hibernation. 
Patients were followed for 1 year. At baseline, estimated filling pressures 
were significantly elevated (E/e’ ≥15) in 18 patients (Group A), and 
moderately elevated (E/e’ <15) in 20 patients (Group B). During follow-up 
there was an improvement in diastolic parameters in Group A (E/e’ from 
24.3 ± 12.1 to 16.3 ± 8.0; p=0.005), but not in Group B (E/e’ from 10.2 ± 3.7 
to 13.2 ± 9.1; p=0.19). Accordingly, in Group A, we found an increase in 
6-minute walk distance (from 463 ± 83 m to 546 ± 91 m; p=0.03), and a 
decrease in N-terminal pro B-type natriuretic peptide (NT-proBNP) from 
2140 ± 1743 pg/ml to 863 ± 836 pg/ml (p=0.02). 

Based on the results of this trial we next aimed to perform a pilot clinical 
study of CD34+ therapy in patients with HFpEF.39 In a prospective crossover 
study, we enrolled 30 patients with HFpEF (LVEF >50%, E/e’ >15, NTproBNP 
>300 pg/ml). In Phase 1, patients were treated with medical therapy for 
6 months. Thereafter, all patients underwent transendocardial CD34+ cell 
transplantation. They received bone marrow stimulation with filgrastim 
(10 μg/kg, 5 days); CD34+ cells were collected by apheresis. We performed 
electroanatomical mapping of the left ventricle and injected the cells 
transendocardially in the areas of diastolic dysfunction. Patients were 
followed for 6 months after the procedure (Phase 2). In Phase 1, we found 
no change in E/e’ (from 18.0 ± 3.5 to 17.4 ± 3.0; p=0.97), global systolic 
strain (from −11.5 ± 2.4% to −12.8 ± 2.6%; p=0.17), NT-proBNP levels (from 
1463 ± 1247 pg/ml to 1298 ± 931 pg/ml; p=0.31), or 6-minute walk test 
distance (from 391 ± 75 m to 402 ± 93 m; p=0.42). In contrast, in Phase 2, 
we found a significant improvement in E/e’ (from 17.4 ± 3.0 to 11.9 ± 2.6, 
p<0.0001), a decrease in NTproBNP levels (from 1298 ± 931 pg/ml to 887 
± 809 pg/ml; p=0.02), and an improvement in 6-minute walk test distance 
(from 402 ± 93 m to 438 ± 72 m; p=0.02; Figure 1). Although global systolic 
strain did not change significantly in Phase 2, (from −12.8 ± 2.6% to −13.8 
± 2.7%; p=0.36), we found a significant improvement of local systolic 
strain in myocardial segments that were targeted with stem cell injections 
(−3.4 ± 6.8%; p=0.005).

Although these data are encouraging, they should be viewed as 
preliminary and interpreted with caution, particularly because of the lack 
of placebo-controlled design. Furthermore, as patients with HFpEF are 

Figure 1: Potential Effects of Cell Therapy in Heart Failure with Preserved Ejection Fraction
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typically older and present with several comorbidities, the effects of 
autologous cell therapy in these patient populations may be limited 
because of decreased cell numbers and impaired cell viability. One 
approach to improve the therapeutic efficacy of autologous cell therapy in 
HFpEF may thus be based on strategies to intervene in aspects of the 
stem cell aging process.40 Alternatively, this limitation could be overcome 
by the use of allogeneic cell products from healthy donors that could be 
used as an off-the-shelf therapeutic product. Taking these limitations into 
account, the results of this trial may serve as a foundation for further, 
larger trials exploring the potential clinical benefits of cell therapy in 
patients with HFpEF.

Conclusion
Although complex, the principal underlying mechanisms of HFpEF 
development and progression appear to be based on endothelial 
inflammation, leading to microvascular rarefaction and myocardial 
fibrosis. In various preclinical and clinical settings cell therapies have 
been consistently associated with anti-inflammatory effects, improved 
angiogenesis and a decrease in myocardial fibrosis and may thus 
represent an interesting novel treatment approach for HFpEF. The current 
preliminary evidence investigating the use of cell therapy in HFpEF shows 
a positive signal, which should be further validated in future preclinical 
and clinical studies. 

1. Owan TE, Hodge DO, Herges RM, et al. Trends in 
prevalence and outcome of heart failure with preserved 
ejection fraction. N Engl J Med 2006;355:251–9. https://doi.
org/10.1056/NEJMoa052256; PMID: 16855265.

2. Pfeffer MA, Shah AM, Borlaug BA. Heart failure with 
preserved ejection fraction in perspective. Circ Res 
2019;124:1598–617. https://doi.org/10.1161/
CIRCRESAHA.119.313572; PMID: 31120821.

3. Bhatia RS, Tu JV, Lee DS, et al. Outcome of heart failure 
with preserved ejection fraction in a population-based 
study. N Engl J Med 2006;355:260–9. https://doi.org/10.1056/
NEJMoa051530; PMID: 16855266.

4. Yusuf S, Pfeffer MA, Swedberg K, et al. Effects of 
candesartan in patients with chronic heart failure and 
preserved left-ventricular ejection fraction: the CHARM-
Preserved Trial. Lancet 2003;362:777–81. https://doi.
org/10.1016/S0140-6736(03)14285-7; PMID: 13678871.

5. Massie BM, Carson PE, McMurray JJ, et al. Irbesartan in 
patients with heart failure and preserved ejection fraction. 
N Engl J Med 2008;359:2456–67. https://doi.org/10.1056/
NEJMoa0805450; PMID: 19001508.

6. Cleland JG, Tendera M, Adamus J, et al. The Perindopril in 
Elderly People with Chronic Heart Failure (PEP-CHF) study. 
Eur Heart J 2006;27:2338–45. https://doi.org/10.1093/
eurheartj/ehl250; PMID: 16963472.

7. Pitt B, Pfeffer MA, Assmann SF, et al. Spironolactone for 
heart failure with preserved ejection fraction. N Engl J Med 
2014;370:1383–92. https://doi.org/10.1056/NEJMoa1313731; 
PMID: 24716680.

8. Solomon SD, McMurray JJV, Anand IS, et al. Angiotensin-
neprilysin inhibition in heart failure with preserved ejection 
fraction. N Engl J Med 2019;381:1609–20. https://doi.
org/10.1056/NEJMoa1908655; PMID: 31475794.

9. Paulus WJ, Tschöpe C. A novel paradigm for heart failure 
with preserved ejection fraction: comorbidities drive 
myocardial dysfunction and remodeling through coronary 
microvascular endothelial inflammation. J Am Coll Cardiol 
2013;62:263–71. https://doi.org/10.1016/j.jacc.2013.02.092; 
PMID: 23684677.

10. Nair N. Epidemiology and pathogenesis of heart failure with 
preserved ejection fraction. Rev Cardiovasc Med 
2020;21:531–40. https://doi.org/10.31083/j.rcm.2020.04.154; 
PMID: 33387998.

11. Premer C, Kanelidis AJ, Hare JM, Schulman IH. Rethinking 
endothelial dysfunction as a crucial target in fighting heart 
failure. Mayo Clin Proc Innov Qual Outcomes 2019;3:1–13. 
https://doi.org/10.1016/j.mayocpiqo.2018.12.006; 
PMID: 30899903.

12. Kakzanov Y, Sevilya Z, Veturi M, et al. Circulating endothelial 
progenitor cells in patients with heart failure with preserved 
versus reduced ejection fraction. Isr Med Assoc J 
2021;23:364–8. PMID: 34155850.

13. Roura S, Bayes-Genis A. Vascular dysfunction in idiopathic 
dilated cardiomyopathy. Nat Rev Cardiol 2009;6:590–8. 
https://doi.org/10.1038/nrcardio.2009.130; PMID: 19636323.

14. Chiang CH, Huang PH, Leu HB, et al. Decreased circulating 
endothelial progenitor cell levels in patients with heart 
failure with preserved ejection fraction. Cardiology 
2013;126:191–201. https://doi.org/10.1159/000351973; 
PMID: 24051936.

15. Mohammed SF, Hussain S, Mirzoyev SA, et al. Coronary 
microvascular rarefaction and myocardial fibrosis in heart 

failure with preserved ejection fraction. Circulation 
2015;131:550–9. https://doi.org/10.1161/
CIRCULATIONAHA.114.009625; PMID: 25552356.

16. Tona F, Montisci R, Iop L, Civieri G. Role of coronary 
microvascular dysfunction in heart failure with preserved 
ejection fraction. Rev Cardiovasc Med 2021;22:97–104. 
https://doi.org/10.31083/j.rcm.2021.01.277; PMID: 33792251.

17. Poglajen G, Vrtovec B. Stem cell therapy for chronic heart 
failure. Curr Opin Cardiol 2015;30:301–10. https://doi.
org/10.1097/HCO.0000000000000167; PMID: 25827394.

18. Orlic D, Kajstura J, Chimenti S, et al. Transplanted adult 
bone marrow cells repair myocardial infarcts in mice. Ann N 
Y Acad Sci 2001;938:221–9. https://doi.org/10.1111/ 
j.1749-6632.2001.tb03592.x; PMID: 11458511.

19. Monsanto MM, White KS, Kim T, et al. Concurrent isolation 
of 3 distinct cardiac stem cell populations from a single 
human heart biopsy. Circ Res 2017;121:113–24. https://doi.
org/10.1161/CIRCRESAHA.116.310494; PMID: 28446444.

20. Tseng CC, Ramjankhan FZ, de Jonge N, Chamuleau SA. 
Advanced strategies for end-stage heart failure: combining 
regenerative approaches with LVAD, a new horizon? Front 
Surg 2015;2:10. https://doi.org/10.3389/fsurg.2015.00010; 
PMID: 25905105.

21. Kawamoto A, Iwasaki H, Kusano K, et al. CD34-positive cells 
exhibit increased potency and safety for therapeutic 
neovascularization after myocardial infarction compared 
with total mononuclear cells. Circulation 2006;114:2163–9. 
https://doi.org/10.1161/CIRCULATIONAHA.106.644518; 
PMID: 17075009.

22. Schuleri KH, Feigenbaum GS, Centola M, et al. Autologous 
mesenchymal stem cells produce reverse remodelling in 
chronic ischaemic cardiomyopathy. Eur Heart J 
2009;30:2722–32. https://doi.org/10.1093/eurheartj/ehp265; 
PMID: 19586959.

23. Lezaic L, Socan A, Poglajen G, et al. Intracoronary 
transplantation of CD34+ cells is associated with improved 
myocardial perfusion in patients with nonischemic dilated 
cardiomyopathy. J Card Fail 2015;21:145–52. https://doi.
org/10.1016/j.cardfail.2014.11.005; PMID: 25459687.

24. Vrtovec B, Poglajen G, Lezaic L, et al. Effects of 
intracoronary CD34+ stem cell transplantation in 
nonischemic dilated cardiomyopathy patients: 5-year follow-
up. Circ Res 2013;112:165–73. https://doi.org/10.1161/
CIRCRESAHA.112.276519; PMID: 23065358.

25. Karantalis V, DiFede DL, Gerstenblith G, et al. Autologous 
mesenchymal stem cells produce concordant improvements 
in regional function, tissue perfusion, and fibrotic burden 
when administered to patients undergoing coronary artery 
bypass grafting: the Prospective Randomized Study of 
Mesenchymal Stem Cell Therapy in Patients Undergoing 
Cardiac Surgery (PROMETHEUS) trial. Circ Res 2014;114:1302–
10. https://doi.org/10.1161/CIRCRESAHA.114.303180; 
PMID: 24565698.

26. Duran JM, Makarewich CA, Sharp TE, et al. Bone-derived 
stem cells repair the heart after myocardial infarction 
through transdifferentiation and paracrine signaling 
mechanisms. Circ Res 2013;113:539–52. https://doi.
org/10.1161/CIRCRESAHA.113.301202; PMID: 23801066.

27. Payne TR, Oshima H, Okada M, et al. A relationship 
between vascular endothelial growth factor, angiogenesis, 
and cardiac repair after muscle stem cell transplantation 
into ischemic hearts. J Am Coll Cardiol 2007;50:1677–84. 

https://doi.org/10.1016/j.jacc.2007.04.100; PMID: 17950150.
28. Sahoo S, Klychko E, Thorne T, et al. Exosomes from human 

CD34+ stem cells mediate their proangiogenic paracrine 
activity. Circ Res 2011;109:724–8. https://doi.org/10.1161/
CIRCRESAHA.111.253286; PMID: 21835908.

29. Zhang C, Zhou G, Chen Y, et al. Human umbilical cord 
mesenchymal stem cells alleviate interstitial fibrosis and 
cardiac dysfunction in a dilated cardiomyopathy rat model 
by inhibiting TNF-α and TGF-β1/ERK1/2 signaling pathways. 
Mol Med Rep 2018;17:71–8. https://doi.org/10.3892/
mmr.2017.7882.

30. Makkar RR, Smith RR, Cheng K, et al. Intracoronary 
cardiosphere-derived cells for heart regeneration after 
myocardial infarction (CADUCEUS): a prospective, 
randomised phase 1 trial. Lancet 2012;379:895–904. https://
doi.org/10.1016/S0140-6736(12)60195-0; PMID: 22336189.

31. Krenning G, Zeisberg EM, Kalluri R. The origin of fibroblasts 
and mechanism of cardiac fibrosis. J Cell Physiol 
2010;225:631–7. https://doi.org/10.1002/jcp.22322; 
PMID: 20635395.

32. Ohnishi S, Yanagawa B, Tanaka K, et al. Transplantation of 
mesenchymal stem cells attenuates myocardial injury and 
dysfunction in a rat model of acute myocarditis. J Mol Cell 
Cardiol 2007;42:88–97. https://doi.org/10.1016/j.
yjmcc.2006.10.003; PMID: 17101147.

33. Glennie S, Soeiro I, Dyson PJ, et al. Bone marrow 
mesenchymal stem cells induce division arrest anergy of 
activated T cells. Blood 2005;105:2821–7. https://doi.
org/10.1182/blood-2004-09-3696; PMID: 15591115.

34. Nahrendorf M, Swirski FK, Aikawa E, et al. The healing 
myocardium sequentially mobilizes two monocyte subsets 
with divergent and complementary functions. J Exp Med 
2007;204:3037–47. https://doi.org/10.1084/jem.20070885; 
PMID: 18025128.

35. Burchfield JS, Iwasaki M, Koyanagi M, et al. Interleukin-10 
from transplanted bone marrow mononuclear cells 
contributes to cardiac protection after myocardial infarction. 
Circ Res 2008;103:203–11. https://doi.org/10.1161/
CIRCRESAHA.108.178475; PMID: 18566343.

36. Gallet R, de Couto G, Simsolo E, et al. Cardiosphere-derived 
cells reverse heart failure with preserved ejection fraction 
(HFpEF) in rats by decreasing fibrosis and inflammation. 
JACC Basic Transl Sci 2016;1:14–28. https://doi.org/10.1016/j.
jacbts.2016.01.003; PMID: 27104217.

37. Cho JH, Kilfoil PJ, Zhang R, et al. Reverse electrical 
remodeling in rats with heart failure and preserved ejection 
fraction. JCI Insight 2018;3:e121123. https://doi.org/10.1172/jci.
insight.121123; PMID: 30282820.

38. Bervar M, Kozelj M, Poglajen G, et al. Effects of 
transendocardial CD34+ cell transplantation on diastolic 
parameters in patients with nonischemic dilated 
cardiomyopathy. Stem Cells Transl Med 2017;6:1515–21. 
https://doi.org/10.1002/sctm.16-0331; PMID: 28296283.

39. Vrtovec B, Frljak S, Pogaljen G, et al. Cell therapy in heart 
failure with preserved ejection fraction (CELLpEF). Circulation 
2020;142(Suppl 3):a15652. https://doi.org/10.1161/circ.142.
suppl_3.15652.

40. de Haan G, Lazare SS. Aging of hematopoietic stem cells. 
Blood 2018;131:479–87. https://doi.org/10.1182/blood-2017-
06-746412; PMID: 29141947.

https://doi.org/10.1056/NEJMoa052256
https://doi.org/10.1056/NEJMoa052256
https://doi.org/10.1161/CIRCRESAHA.119.313572
https://doi.org/10.1161/CIRCRESAHA.119.313572
https://doi.org/10.1056/NEJMoa051530
https://doi.org/10.1056/NEJMoa051530
https://doi.org/10.1016/S0140-6736(03)14285-7
https://doi.org/10.1016/S0140-6736(03)14285-7
https://doi.org/10.1056/NEJMoa0805450
https://doi.org/10.1056/NEJMoa0805450
https://doi.org/10.1093/eurheartj/ehl250
https://doi.org/10.1093/eurheartj/ehl250
https://doi.org/10.1056/NEJMoa1313731
https://doi.org/10.1056/NEJMoa1908655
https://doi.org/10.1056/NEJMoa1908655
https://doi.org/10.1016/j.jacc.2013.02.092
https://doi.org/10.31083/j.rcm.2020.04.154
https://doi.org/10.1016/j.mayocpiqo.2018.12.006
https://doi.org/10.1038/nrcardio.2009.130
https://doi.org/10.1159/000351973
https://doi.org/10.1161/CIRCULATIONAHA.114.009625
https://doi.org/10.1161/CIRCULATIONAHA.114.009625
https://doi.org/10.31083/j.rcm.2021.01.277
https://doi.org/10.1097/HCO.0000000000000167
https://doi.org/10.1097/HCO.0000000000000167
https://doi.org/10.1111/j.1749-6632.2001.tb03592.x
https://doi.org/10.1111/j.1749-6632.2001.tb03592.x
https://doi.org/10.1161/CIRCRESAHA.116.310494
https://doi.org/10.1161/CIRCRESAHA.116.310494
https://doi.org/10.3389/fsurg.2015.00010
https://doi.org/10.1161/CIRCULATIONAHA.106.644518
https://doi.org/10.1093/eurheartj/ehp265
https://doi.org/10.1016/j.cardfail.2014.11.005
https://doi.org/10.1016/j.cardfail.2014.11.005
https://doi.org/10.1161/CIRCRESAHA.112.276519
https://doi.org/10.1161/CIRCRESAHA.112.276519
https://doi.org/10.1161/CIRCRESAHA.114.303180
https://doi.org/10.1161/CIRCRESAHA.113.301202
https://doi.org/10.1161/CIRCRESAHA.113.301202
https://doi.org/10.1016/j.jacc.2007.04.100
https://doi.org/10.1161/CIRCRESAHA.111.253286
https://doi.org/10.1161/CIRCRESAHA.111.253286
https://doi.org/10.3892/mmr.2017.7882
https://doi.org/10.3892/mmr.2017.7882
https://doi.org/10.1016/S0140-6736(12)60195-0
https://doi.org/10.1016/S0140-6736(12)60195-0
https://doi.org/10.1002/jcp.22322
https://doi.org/10.1016/j.yjmcc.2006.10.003
https://doi.org/10.1016/j.yjmcc.2006.10.003
https://doi.org/10.1182/blood-2004-09-3696
https://doi.org/10.1182/blood-2004-09-3696
https://doi.org/10.1084/jem.20070885
https://doi.org/10.1161/CIRCRESAHA.108.178475
https://doi.org/10.1161/CIRCRESAHA.108.178475
https://doi.org/10.1016/j.jacbts.2016.01.003
https://doi.org/10.1016/j.jacbts.2016.01.003
https://doi.org/10.1172/jci.insight.121123
https://doi.org/10.1172/jci.insight.121123
https://doi.org/10.1002/sctm.16-0331
https://doi.org/10.1161/circ.142.suppl_3.15652
https://doi.org/10.1161/circ.142.suppl_3.15652
https://doi.org/10.1182/blood-2017-06-746412
https://doi.org/10.1182/blood-2017-06-746412

