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Myocardial infarction (MI) due to coronary artery stenosis compromises vascular 

endothelial integrity and increases vascular permeability [1,2]. Concurrently, ensuing 

myocardial tissue death and necrosis results in the release of danger associated molecular 

patterns (DAMPs), cytokines, chemokines, bioactive lipids, as well as activation of the 

complement cascade [1-3]. Collectively, these events direct a pronounced and immediate 

immune response, which includes the recruitment of peripheral blood leukocytes to the site 

of injury [2,3]. These infiltrating neutrophils are primarily responsible for the clearance of 

necrotic tissue and cellular debris in ischemic regions via their release of a host of 

proteolytic enzymes/proteases. While this constitutes a necessary early step in the 

myocardial repair process at the site of injury, neutrophil-derived reactive oxygen species 

(ROS) and pro-inflammatory cytokines/chemokines can contribute to collateral damage of 

surviving myocardium and amplify tissue injury [3,4]. Nevertheless, neutrophils are 

imperative for proper infarct healing as their depletion prior to MI leads to a dysregulated 

immune response, excessive scarring, and impaired ventricular function [5]. Within days of 

an MI, neutrophils undergo cell death and disappear from infarcted tissue [3,4]. Recruitment 

of neutrophils is followed by two waves of monocyte infiltration. First, early recruitment of 

Ly6CHigh monocytes expressing pro-inflammatory cytokines, and second, infiltration of 

Ly6CLow monocytes with pro-resolving and pro-reparative function [3,6,7]. Ly6CHigh 

monocyte migration is driven by the presence of tissue CCL2 chemokine gradients and their 

interaction with their cognate receptor, CCR2 [8]—a group of monocytes that are principally 

sourced from bone marrow and spleen. Subsequently, these monocytes differentiate into 

Ly6CLowCCR2High macrophages, known as monocyte-derived macrophages [9,10]. These 

are distinct from Ly6CLowCCR2Low macrophages deposited in the myocardial tissue during 

embryonic development [11-13]. Both macrophage populations (Ly6CLowCCR2High and 

Ly6CLowCCR2Low) contribute to myocardial repair by clearance of dead tissue via 

efferocytosis and production of pro-reparative and pro-resolving mediators. Macrophage-

derived cytokines play an essential role in the proliferation and activation of cardiac 

fibroblasts (fibroblast-myofibroblast conversion) that deposit collagen at the site of injury. 

This process of scar formation fulfills the immediate need to preserve the structural integrity 
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of the myocardium, forestalling ventricular rupture [3,14-16]. Thus, acute infiltration of 

immune cells is necessary for proper infarct healing and preservation of ventricular structure 

and function after MI. This principle is well supported in experiments interrogating the 

consequences of systematic neutrophil or monocyte/macrophage depletion on post-MI 

pathophysiology in pre-clinical models. Results convincingly suggest that a dysregulated 

immune response after injury leads to impaired infarct healing, ventricular rupture, and 

exacerbated decline in ventricular performance [2,3,14-16]. Hence, it is only logical that 

anti-inflammatory/immunomodulatory agents are not a viable therapeutic option for patients 

with acute MI.

MI often leads to a substantial and irreversible loss of cardiomyocytes (sometimes upwards 

of 1 billion cells) [2,3,16]. The magnitude of injury, which is governed by a host of factors 

(i.e., the extent, location, and number of arterial stenoses and time to intervention, among 

others), is a chief predictor of patient prognoses and progression to heart failure (HF) in the 

long term. As available therapeutic modalities fail to address the fundamental etiology of 

this disease (the loss of cardiomyocytes), cell therapy was introduced more than two decades 

ago as a novel means to resupply the heart with its basic contractile units (cardiomyocytes) 

and restore cardiac function [17]. Since then, we have learned that the “stem” cells used for 

therapy neither engraft nor meaningfully contribute to the formation of new cardiomyocytes 

or vascular structures following their administration in vivo [18-23]. Although the injected 

cells do not contribute to cardiomyocyte regeneration or neovascularization, there is a 

modest, yet calculable improvement in left ventricular (LV) geometry and function [24,25]. 

By exclusion, it is thought that administered cells must produce paracrine factors that 

activate endogenous repair mechanisms—termed “the paracrine signaling hypothesis.” To 

date, several classes of paracrine factors have been identified, which may help explicate the 

precise molecular mechanisms underlying the beneficial effects of cardiac cell therapy 

[19,26-28]. These include cytokines, bioactive lipids, exosomes containing protein, lipids, 

and various classes of RNA (miRNA, cirRNA, lncRNA) (Figure 1) [20,27,29,30]. 

Nevertheless, the precise endogenous mechanism(s) responsible for the salutary effects of 

cell therapy remain largely unknown.

The discovery that bone marrow mesenchymal stromal cells (BM MSCs) are intrinsically 

immune-privileged and ably suppress T cell proliferation continue to fuel scientific and 

clinical interests concerning their immuno-regulatory properties. In vivo and in vitro studies 

have shown that BM MSCs exert immunomodulatory effects on both innate and adaptive 

immunity [31,32]. Said studies have laid the foundation for numerous clinical trials 

employing BM MSCs in chronic inflammatory diseases, including graft versus host disease 

(GVHD), lupus, Crohn’s disease, and ulcerative colitis [33,34]. Though their immune 

regulatory actions and therapeutic capabilities have been recognized in numerous disease 

contexts, the effect of cell therapy on the immune system in heart failure remains poorly 

described. In our recent study [35], Kang et al. found that cardiac mesenchymal cells (CMC) 

exert immunomodulatory actions on neutrophils and macrophages. Although overactivation 

of neutrophils leads to excessive tissue injury, the absence of neutrophils impedes 

macrophage activation towards a reparative phenotype—inevitably contributing to excess 

collagen deposition and fibrosis [5]. There is still little understanding concerning the role of 

neutrophils in the process of myocardial repair. In our study [35], injection of cardiac 
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mesenchymal cells (CMCs) triggered the recruitment of neutrophils to the myocardium. 

These neutrophils are stratified into two distinct populations: CD206Neg, also known as N1, 

and CD206Pos, defined as N2 [36]. In the current study [35], both N1 and N2 neutrophil 

populations were markedly increased in response to intramyocardial CMC injections. The 

physiologic importance of this is not clear; however, in light of our previous study showing 

that CMC administration produces an increase in ventricular function [37] leads us to 

speculate that myocardial neutrophil infiltration may comprise a mechanism contributing to 

CMC-mediated cardiac repair. Further, we demonstrate in vitro that conditioned medium-

derived from CMCs serves as a robust neutrophil chemoattractant, as well as an inhibitor of 

neutrophil apoptosis [35]. Although neutrophils are important components of myocardial 

repair, their overactivation could lead to excessive proteolytic enzyme and ROS production

—factors that perpetuate injury and contribute to adverse ventricular remodeling and 

dysfunction [2,14]. It was reported that the secretome of bone marrow mesenchymal cells 

(BM MSCs) inhibits neutrophil apoptosis and ROS production via IFNβ, GM-CSF, and IL-6 

[20]. Thus, it is possible that while cell therapy increases the recruitment of neutrophils to 

the injured heart, it may also shift their activation towards an anti-inflammatory, pro-

reparative phenotype. Given that this purely speculative, further studies are warranted to 

explore the consequences of cell therapy on neutrophil function/polarization. Such studies 

may help establish alterations in neutrophil function as an important mechanism of cardiac 

cell therapy and improve our knowledge regarding fundamental aspects of neutrophil 

biology and function.

Notwithstanding, it is well recognized that macrophages are imperative for myocardial 

repair [3,6,14]. In our study [35], we show that CMC administration increases the 

recruitment of Ly6CHigh monocytes. Others have shown that MI itself results in the 

recruitment of Ly6CHigh monocytes, which follow a CCL2 chemokine gradient [6,9,10,38]. 

These monocytes give rise to CCR2Pos macrophages that contribute to myocardial repair 

[7,9,39]. We have found that injection of CMCs enhances the recruitment of monocytes and 

Ly6CLow macrophages [35]; however, we did not distinguish between CCR2Pos and 

CCR2Neg populations. In similar studies, Vagnozzi et al. [40] showed that injection of c-

kitPos CPCs or BM MNCs provokes the accumulation of CCR2Pos and CXC3R1Pos 

myocardial resident macrophages. Furthermore, the authors demonstrate that systemic 

depletion of macrophages prior to cell injection impairs cell therapy-induced myocardial 

repair [40]. Thus, this further suggests that donor cell-mediated recruitment of monocytes 

and their descendant macrophages have salutary effects on myocardial repair, rather than 

detrimental effects on intrinsic myocardial reparative processes. Thus, these two studies 

[35,40] suggest that recruitment of monocytes and macrophages could comprise a common 

mechanism of CMC, CPC, and BM MSC cell-induced myocardial repair. These studies did 

not interrogate the impact of cell therapy on macrophage function in vivo. We show that 

CMC-derived conditioned medium decreases pro-inflammatory, macrophage polarization in 

response to LPS and IFNγ, but induces a pro-resolving and pro-reparative program in 

response to IL-4 and IL-13 [35]; however, we have yet to conduct in vivo studies to confirm 

whether this shift in macrophage polarization is responsible for the beneficial effects of 

CMC therapy. The primary function of macrophages is to remove necrotic tissue via 

efferocytosis [2,3,14,15]. We found that CMC conditioned medium enhances Fc receptor-
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mediated efferocytosis of opsonized latex beads [35]. This is consistent with observations by 

the Marban laboratory showing cardiosphere-derived cell (CDC) secretome to increase 

efferocytosis of latex beads by bone marrow macrophages [41,42]. We have confirmed that 

CMC conditioned medium enhances immune cell efferocytosis of apoptotic cells—findings 

which have greater physiologic relevance. Removal of dead tissue is an important 

component of inflammation resolution and repair. First, prolonged exposure of autoantigens 

provokes an adaptive immune response to generate self-reactive antibodies, and second, 

signaling from apoptotic cells via TAM (MerTK, Axl, Tyro3) receptors elicits anti-

inflammatory and pro-resolving signaling in macrophages [3,14,15]. Thus, one may 

speculate that increased recruitment and enhanced recognition of apoptotic cells could alter 

macrophage function to increase repair. However, these studies have not been conducted in 

m vivo experiments.

Although the activation of innate immunity is a hallmark of tissue injury, recently, it was 

reported that the adaptive immune system is responsive to MI as well [43-46]. After MI, 

induced by permanent coronary artery ligation, B and T cell levels increase and their 

numbers peak at approximately 7 days. Detailed flow cytometric analyses demonstrate 

myocardial B cells display a B220PosCD19PosIgDPosIgMLow mature phenotype [47]. At the 

same time, there is an infiltration of Foxp3Pos regulatory T cells and also CD4Pos Th cells 

expressing IFNγ; indicating predominantly Th1-differentiated cells rather than Th2 or Th17 

[48,49]. Studies with systemic depletion of B or T cell subpopulations, paired with adoptive 

transfer of each subpopulation, suggests that adaptive immunity has an important function in 

the regulation of myocardial repair as well [43,44]. Studies in vitro indicate that BM MSCs 

are potent inhibitors of T cell proliferation, suggesting that cell therapy may also have an 

impact on adaptive immunity [32-34]. In our study [35], we found that intramyocardial 

injection of CMCs two days after MI has no effect on B or T cell infiltration 7 days after 

delivery. Although we concluded that CMCs have no effect on adaptive immunity after MI, 

we believe it would be prudent to add weight to this pronouncement in rigorously designed 

follow-up investigations examining additional intervals after cell administration. We 

measured B and T cells with flow cytometry only at one time point after CMC injection (7 

days) [35]. Hence, we cannot exclude the possibility that the donor cells may affect B and T 

cell infiltration at earlier timepoints. Moreover, in our study we used generic pan B (B220 

and CD19) and T (CD4 and CD8) cell markers. Said marker panels are not robust enough to 

tell us whether there is a shift in B (naïve, plasma cells, memory) and T (Th1, Th2, Th17) 

cell subsets. It was reported that there is an increase in the proliferation of T cells in heart-

draining lymph nodes in response to MI [43,44,49]. Hence, future studies interrogating the 

effects of cell therapy on T cell activation/proliferation should extend analyses to include 

additional cardiac regions, such as non-infarct segments/remote myocardium.

Future studies should also address other important questions regarding the 

immunomodulatory properties of cell therapy. The cardiovascular field would benefit from 

in vivo studies elucidating changes in immune cell function in response to cell therapy. 

Furthermore, it would be imperative to design interventions aiming to understand how these 

changes affect myocardial repair after cell therapy. Although the Vagnozzi study [40] 

demonstrated systemic macrophage depletion with clodronate liposomes impairs the 

beneficial effects of the cell therapy, authors did not uncover precisely how these immune 
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cells mediate the repair response. Numerous in vitro studies have characterized the impact of 

BM MSC-, CMC-, and CDC-derived secretomes on the phenotypic properties of various 

immune cell populations (i.e., neutrophils, dendritic cells, monocytes/macrophages, T and B 

cells [20,35,37,42] (Figure 1); however, there are few robust mechanistic studies 

demonstrating how changes in immune cell function in vitro relate to the reparative potential 

of donor cells in vivo. Furthermore, one of the future challenges would be to identify how 

injection time after MI impacts the immune system. Currently, it is well known that MI 

elicits a temporally coordinated immune cell infiltration response, which undergoes dynamic 

changes over time until the process of replacement fibrosis concludes. The completion of 

scar formation culminates in the resolution of inflammation [2,3,14]. An important question 

is whether there is an immunologic, therapeutic window for cell therapy to maximize their 

reparative response. Growing evidence suggest that chronically after MI there is a gradual 

accumulation of immune cells that contribute to progressive ventricular remodeling and 

failure of pump function [39,50]. There are reports suggesting that cell therapy is effective in 

the chronic phase after MI (~ one month), but there are no studies describing the effect of 

cell injection on changes in immune cells in situ [20]. Perhaps future studies should aim to 

profile changes in immune cells after cell therapy in the chronic setting of heart failure.

Studies from us [35] and others [40], strongly suggest that cell therapy provides beneficial 

effects on myocardial structure and function without contribution of the injected cells to 

regeneration of cardiomyocytes and vasculature. Moreover, increased recruitment of 

immune cells in response to cell injection suggests that injected cells improve heart function 

via an immunomodulatory mechanism. In addition to pointing to a potential mechanism of 

action, our data provide an intervention to study immune-related pathways that may be 

therapeutically exploited (without the need of donor cell populations or cell-sourced 

derivatives) to enhance myocardial repair after MI. Un(fortunately), these studies further go 

against the initial promise of the “stem” cell therapy field by showing that cell 

administration does not meaningfully contribute to cardiac regeneration. Alternative 

strategies to increase cardiomyocyte numbers (i.e., induction of proliferative genetic 

programs in cardiomyocytes, cardiogenic reprogramming of endogenous fibroblasts, etc.) 

will more likely comprise the solution to the replenishment of cardiac parenchyma after 

injury. Nevertheless, the recent studies using cell therapy provide valuable information that 

may help us to understand how the immune system regulates the processes related to 

replacement fibrosis acutely after MI, but also, how adverse remodeling is regulated in the 

chronic phase of heart failure.

Acknowledgments

This work was supported by NIH Grants P01 HL078825 (MW), R01 HL141191 (MW), and R01 HL141081 (JBM).

References

1. Eltzschig HK, Eckle T. Ischemia and reperfusion--from mechanism to translation. Nat Med. 
2011;17:1391–401. [PubMed: 22064429] 

2. Frangogiannis NG. Regulation of the inflammatory response in cardiac repair. Circ Res. 
2012;110:159–73. [PubMed: 22223212] 

Moore and Wysoczynski Page 5

J Cell Immunol. Author manuscript; available in PMC 2021 May 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. Prabhu SD, Frangogiannis NG. The Biological Basis for Cardiac Repair After Myocardial 
Infarction: From Inflammation to Fibrosis. Circ Res. 2016;119:91–112. [PubMed: 27340270] 

4. Ma Y, Yabluchanskiy A, Lindsey ML. Neutrophil roles in left ventricular remodeling following 
myocardial infarction. Fibrogenesis Tissue Repair. 2013;6:11. [PubMed: 23731794] 

5. Horckmans M, Ring L, Duchene J, Santovito D, Schloss MJ, Drechsler M, et al. Neutrophils 
orchestrate post-myocardial infarction healing by polarizing macrophages towards a reparative 
phenotype. Eur Heart J. 2017;38:187–197. [PubMed: 28158426] 

6. Nahrendorf M, Pittet MJ, Swirski FK. Monocytes: protagonists of infarct inflammation and repair 
after myocardial infarction. Circulation. 2010;121:2437–45. [PubMed: 20530020] 

7. Nahrendorf M, Swirski FK, Aikawa E, Stangenberg L, Wurdinger T, Figueiredo JL, et al. The 
healing myocardium sequentially mobilizes two monocyte subsets with divergent and 
complementary functions. J Exp Med. 2007;204:3037–47. [PubMed: 18025128] 

8. Dewald O, Zymek P, Winkelmann K, Koerting A, Ren G, Abou-Khamis T, et al. CCL2/Monocyte 
Chemoattractant Protein-1 regulates inflammatory responses critical to healing myocardial infarcts. 
Circ Res. 2005;96:881–9. [PubMed: 15774854] 

9. Dutta P, Sager HB, Stengel KR, Naxerova K, Courties G, Saez B, et al. Myocardial Infarction 
Activates CCR2(+) Hematopoietic Stem and Progenitor Cells. Cell Stem Cell. 2015;16:477–87. 
[PubMed: 25957903] 

10. Leuschner F, Rauch PJ, Ueno T, Gorbatov R, Marinelli B, Lee WW, et al. Rapid monocyte kinetics 
in acute myocardial infarction are sustained by extramedullary monocytopoiesis. J Exp Med. 
2012;209:123–37. [PubMed: 22213805] 

11. Bajpai G, Bredemeyer A, Li W, Zaitsev K, Koenig AL, Lokshina I, et al. Tissue Resident CCR2− 
and CCR2+ Cardiac Macrophages Differentially Orchestrate Monocyte Recruitment and Fate 
Specification Following Myocardial Injury. Circ Res. 2019;124:263–278. [PubMed: 30582448] 

12. Bajpai G, Schneider C, Wong N, Bredemeyer A, Hulsmans M, Nahrendorf M, et al. The human 
heart contains distinct macrophage subsets with divergent origins and functions. Nat Med. 
2018;24:1234–1245. [PubMed: 29892064] 

13. Epelman S, Lavine KJ, Randolph GJ. Origin and functions of tissue macrophages. Immunity. 
2014;41:21–35 [PubMed: 25035951] 

14. Frangogiannis NG. Inflammation in cardiac injury, repair and regeneration. Curr Opin Cardiol. 
2015;30:240–5. [PubMed: 25807226] 

15. Frangogiannis NG. Cardiac fibrosis: Cell biological mechanisms, molecular pathways and 
therapeutic opportunities. Mol Aspects Med. 2019;65:70–99. [PubMed: 30056242] 

16. Li R and Frangogiannis NG. Chemokines in cardiac fibrosis. Curr Opin Physiol. 2021;19:80–91. 
[PubMed: 33195890] 

17. Orlic D, Kajstura J, Chimenti S, Jakoniuk I, Anderson SM, Li B, et al. Bone marrow cells 
regenerate infarcted myocardium. Nature. 2001;410:701–5. [PubMed: 11287958] 

18. Wysoczynski M, Bolli R. A realistic appraisal of the use of embryonic stem cell-based therapies 
for cardiac repair. Eur Heart J. 2020;41:2397–2404. [PubMed: 31778154] 

19. Sun H, Pratt RE, Hodgkinson CP, Dzau VJ. Sequential paracrine mechanisms are necessary for the 
therapeutic benefits of stem cell therapy. Am J Physiol Cell Physiol. 2020;319:C1141–C1150. 
[PubMed: 33026832] 

20. Wysoczynski M, Khan A, Bolli R. New Paradigms in Cell Therapy: Repeated Dosing, Intravenous 
Delivery, Immunomodulatory Actions, and New Cell Types. Circ Res. 2018;123:138–158. 
[PubMed: 29976684] 

21. Braunwald E Cell-Based Therapy in Cardiac Regeneration: An Overview. Circ Res. 2018;123:132–
137. [PubMed: 29976683] 

22. Madonna R, Van Laake LW, Davidson SM, Engel FB, Hausenloy DJ, Lecour S, et al. Position 
Paper of the European Society of Cardiology Working Group Cellular Biology of the Heart: cell-
based therapies for myocardial repair and regeneration in ischemic heart disease and heart failure. 
Eur Heart J. 2016;37:1789–98. [PubMed: 27055812] 

23. Fisher SA, Doree C, Mathur A, Martin-Rendon E. Meta-analysis of cell therapy trials for patients 
with heart failure. Circ Res. 2015;116:1361–77. [PubMed: 25632038] 

Moore and Wysoczynski Page 6

J Cell Immunol. Author manuscript; available in PMC 2021 May 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



24. Hong KU, Guo Y, Li QH, Cao P, Al-Maqtari T, Vajravelu BN, et al. c-kit+ Cardiac stem cells 
alleviate post-myocardial infarction left ventricular dysfunction despite poor engraftment and 
negligible retention in the recipient heart. PLoS One. 2014;9:e96725. [PubMed: 24806457] 

25. Hong KU, Li QH, Guo Y, Patton NS, Moktar A, Bhatnagar A, et al. A highly sensitive and accurate 
method to quantify absolute numbers of c-kit+ cardiac stem cells following transplantation in 
mice. Basic Res Cardiol. 2013;108:346. [PubMed: 23549981] 

26. Gnecchi M, Zhang Z, Ni A, Dzau VJ. Paracrine mechanisms in adult stem cell signaling and 
therapy. Circ Res. 2008;103:1204–19. [PubMed: 19028920] 

27. Hodgkinson CP, Bareja A, Gomez JA, Dzau VJ. Emerging Concepts in Paracrine Mechanisms in 
Regenerative Cardiovascular Medicine and Biology. Circ Res. 2016;118:95–107. [PubMed: 
26837742] 

28. Mirotsou M, Jayawardena TM, Schmeckpeper J, Gnecchi M, Dzau VJ. Paracrine mechanisms of 
stem cell reparative and regenerative actions in the heart. J Mol Cell Cardiol. 2011;50:280–9. 
[PubMed: 20727900] 

29. Kishore R, Khan M. More Than Tiny Sacks: Stem Cell Exosomes as Cell-Free Modality for 
Cardiac Repair. Circ Res. 2016;118:330–43. [PubMed: 26838317] 

30. Sahoo S, Klychko E, Thorne T, Misener S, Schultz KM, Millay M, et al. Exosomes from human 
CD34(+) stem cells mediate their proangiogenic paracrine activity. Circ Res. 2011;109:724–8. 
[PubMed: 21835908] 

31. Di Nicola M, Carlo-Stella C, Magni M, Milanesi M, Longoni PD, Matteucci P, et al. Human bone 
marrow stromal cells suppress T-lymphocyte proliferation induced by cellular or nonspecific 
mitogenic stimuli. Blood. 2002;99:3838–43. [PubMed: 11986244] 

32. Bartholomew A, Sturgeon C, Siatskas M, Ferrer K, McIntosh K, Patil S, et al. Mesenchymal stem 
cells suppress lymphocyte proliferation in vitro and prolong skin graft survival in vivo. Exp 
Hematol. 2002;30:42–8. [PubMed: 11823036] 

33. Le Blanc K, Mougiakakos D. Multipotent mesenchymal stromal cells and the innate immune 
system. Nat Rev Immunol. 2012;12:383–96. [PubMed: 22531326] 

34. Wang Y, Chen X, Cao W, Shi Y. Plasticity of mesenchymal stem cells in immunomodulation: 
pathological and therapeutic implications. Nat Immunol. 2014;15:1009–16. [PubMed: 25329189] 

35. Kang Y, Nasr M, Guo Y, Uchida S, Weirick T, Li H, et al. Administration of cardiac mesenchymal 
cells modulates innate immunity in the acute phase of myocardial infarction in mice. Sci Rep. 
2020;10:14754. [PubMed: 32901075] 

36. Ma Y,Yabluchanskiy A, Iyer RP, Cannon PL, Flynn ER, Jung M, et al. Temporal neutrophil 
polarization following myocardial infarction. Cardiovasc Res. 2016;110:51–61. [PubMed: 
26825554] 

37. Wysoczynski M, Guo Y, Moore JBt, Muthusamy S, Li Q, Nasr M, et al. Myocardial Reparative 
Properties of Cardiac Mesenchymal Cells Isolated on the Basis of Adherence. J Am Coll Cardiol. 
2017;69:1824–1838. [PubMed: 28385312] 

38. Li W, Hsiao HM, Higashikubo R, Saunders BT, Bharat A, Goldstein DR, et al. Heart-resident 
CCR2(+) macrophages promote neutrophil extravasation through TLR9/MyD88/CXCL5 
signaling. JCI Insight. 2016;1.

39. Sager HB, Hulsmans M, Lavine KJ, Moreira MB, Heidt T, Courties G, et al. Proliferation and 
Recruitment Contribute to Myocardial Macrophage Expansion in Chronic Heart Failure. Circ Res. 
2016;119:853–64. [PubMed: 27444755] 

40. Vagnozzi RJ, Maillet M, Sargent MA, Khalil H, Johansen AKZ, Schwanekamp JA, et al. An acute 
immune response underlies the benefit of cardiac stem cell therapy. Nature. 2020;577:405–409. 
[PubMed: 31775156] 

41. de Couto G, Gallet R, Cambier L, Jaghatspanyan E, Makkar N, Dawkins JF, et al. Exosomal 
MicroRNA Transfer Into Macrophages Mediates Cellular Postconditioning. Circulation. 
2017;136:200–214. [PubMed: 28411247] 

42. de Couto G, Liu W, Tseliou E, Sun B, Makkar N, Kanazawa H, et al. Macrophages mediate 
cardioprotective cellular postconditioning in acute myocardial infarction. J Clin Invest. 
2015;125:3147–62. [PubMed: 26214527] 

Moore and Wysoczynski Page 7

J Cell Immunol. Author manuscript; available in PMC 2021 May 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



43. Hofmann U, Frantz S. Role of T-cells in myocardial infarction. Eur Heart J. 2016;37:873–9. 
[PubMed: 26646702] 

44. Hofmann U, Frantz S. Role of lymphocytes in myocardial injury, healing, and remodeling after 
myocardial infarction. Circ Res. 2015;116:354–67. [PubMed: 25593279] 

45. Carrillo-Salinas FJ, Ngwenyama N, Anastasiou M, Kaur K, Alcaide P. Heart Inflammation: 
Immune Cell Roles and Roads to the Heart. Am J Pathol. 2019;189:1482–1494. [PubMed: 
31108102] 

46. Blanton RM, Carrillo-Salinas FJ, Alcaide P. T-cell recruitment to the heart: friendly guests or 
unwelcome visitors? Am J Physiol Heart Circ Physiol. 2019;317:H124–H140. [PubMed: 
31074651] 

47. Zouggari Y, Ait-Oufella H, Bonnin P, Simon T, Sage AP, Guerin C, et al. B lymphocytes trigger 
monocyte mobilization and impair heart function after acute myocardial infarction. Nat Med. 
2013;19:1273–80. [PubMed: 24037091] 

48. Hofmann U, Beyersdorf N, Weirather J, Podolskaya A, Bauersachs J, Ertl G, et al. Activation of 
CD4+ T lymphocytes improves wound healing and survival after experimental myocardial 
infarction in mice. Circulation. 2012;125:1652–63. [PubMed: 22388323] 

49. Weirather J, Hofmann UD, Beyersdorf N, Ramos GC, Vogel B, Frey A, et al. Foxp3+ CD4+ T cells 
improve healing after myocardial infarction by modulating monocyte/macrophage differentiation. 
Circ Res. 2014;115:55–67. [PubMed: 24786398] 

50. Ismahil MA, Hamid T, Bansal SS, Patel B, Kingery JR, Prabhu SD. Remodeling of the 
mononuclear phagocyte network underlies chronic inflammation and disease progression in heart 
failure: critical importance of the cardiosplenic axis. Circ Res. 2014;114:266–82. [PubMed: 
24186967] 

Moore and Wysoczynski Page 8

J Cell Immunol. Author manuscript; available in PMC 2021 May 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: Potential mechanism of myocardial repair after cell therapy via modulation of immune 
cell function.
Donor cells sourced from both cardiac and extra-cardiac tissues produce paracrine factors 

(exosomes, cytokines, chemokines, growth factors, bioactive lipids) that modify immune cell 

function/phenotypic properties. Although the effects of donor cell administration on 

neutrophil, monocyte, and macrophage biology have been reported in vivo, their impact on 

B and T cells remain under explored.
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