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The immune system plays a crucial role in cardiac homeostasis and disease, and the innate and adaptive immune systems can be beneficial or detrimental in cardiac injury. The pleiotropic proinflammatory cytokine macrophage migration inhibitory factor (MIF) is involved in the pathogenesis of many human disease conditions, including heart diseases and inflammatory cardiomyopathies. Inflammatory cardiomyopathies are frequently observed after microbial infection but can also be caused by systemic immune-mediated diseases, drugs, and toxic substances. Immune cells and MIF are implicated in many of these conditions and may affect progression of inflammatory cardiomyopathy (ICM) to myocardial remodeling and dilated cardiomyopathy (DCM). The potential for targeting MIF therapeutically in patients with inflammatory diseases is an active area of investigation. Here we review the current literature supporting the role(s) of MIF in ICM and cardiac dysfunction. We posit that future research to further elucidate the underlying functions of MIF in cardiac pathologies is warranted.
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1 Introduction

The immune system plays a critical role in cardiac homeostasis and disease, and the innate and adaptive immune systems can be beneficial or detrimental in cardiac injury (1, 2). Inflammatory cardiomyopathies represent a broad group of disorders with heterogenous etiology characterized by cardiac dysfunction primarily caused by myocardial inflammation and ventricular remodeling (2, 3). ICM is frequently observed after viral infections, but can also be caused by bacterial, protozoal, or fungal infections as well as a wide variety of systemic immune-mediated diseases, autoimmune disease directly affecting the heart (e.g., autoimmune myocarditis), drugs, and toxic substances (2, 3). Myocardial remodeling can occur within the spectrum of inflammatory cardiomyopathies, as well as heart disease associated with secondary immune responses (e.g., myocardial ischemia), and lead to dilated cardiomyopathy, increased diastolic pressure due to reduced ejection fraction, myocardial hypertrophy, and fibrosis (1). Extensive research efforts have improved diagnosis and understanding of ICM pathogenesis, but when complicated by arrythmia, left ventricular dysfunction, or heart failure (HF), it is still associated with a poor prognosis (3–5).

The pleiotropic proinflammatory cytokine MIF is implicated in several cardiac pathologies, including ICM and HF (6). Evidence suggests that MIF has diverse functions in cardiac disease, largely depending on the underlying etiology. In the following, we will review current knowledge regarding the functions of MIF in ICM, with additional focus on cardiac pathologies that share overlapping features with ICM.




2 MIF

MIF is a pleiotropic proinflammatory cytokine involved in various cellular and immune functions, including leukocyte recruitment, immune responses, counter-regulation of glucocorticoids (GCs), cell proliferation, and tumorigenesis (6). It is a highly conserved homotrimer of ~12.5 kDa that first gained attention for its role in tissue macrophage retention, and later as an in vitro surrogate for delayed-type hypersensitivity (7, 8). Shortly after the structure of MIF was determined, a second MIF family member was identified, D-DT (MIF-2) (9, 10).

Initially identified as a T cell-specific cytokine, MIF was later determined to be secreted by several distinct cell types (6, 11). The role of MIF in the immune response generated ongoing efforts to further elucidate its multifaceted functions in human health and disease.



2.1 MIF signaling and function

MIF signals in an autocrine and paracrine manner via binding to cognate (i.e., CD74/CD44) and non-cognate (i.e., CXCR2, CXCR4, and CXCR7) receptors on the cell surface, as well as via direct interactions with intracellular proteins (12). Cognate MIF signaling occurs through a receptor complex composed of the ligand-binding protein CD74 and the signal transducer CD44 (11, 12). Upon binding of MIF, horizontal membrane recruitment of CD44 is initiated by CD74, followed by phosphorylation of their cytosolic domains initiating downstream signal transduction (13). Downstream signaling pathways, including ERK1/2 and PI3K-AKT pathways, are triggered via phosphorylation of SRC by PKA (12, 14). AMPK is also phosphorylated, but the exact signaling pathway is unknown (12, 15). Additionally, CD74 can be cleaved in a CD44-dependent manner by the SPPL2A protease to generate a CD74 intracytoplasmic domain (11). In B cells, this process results in activation of PI3K-AKT, NF-κb, and anti-apoptotic signaling pathways (11). These cognate receptor-mediated signaling pathways promote cell proliferation, migration, and survival, as well as increased glucose uptake and fatty acid oxidation (12).

In non-cognate MIF receptor signaling, CD74 associates with CXCR2, CXCR4, and/or CXCR7 (12, 16). MIF signal transduction through CXCR2 or CXCR4 requires interaction with CD74 and triggers a classical G-coupled protein pathway, resulting in stimulation of ERK1/2, PI3K-AKT, and PLC-β signaling cascades (12). These signaling pathways promote cell proliferation, migration, and survival, as well as increased cytosolic Ca2+ (12). Importantly, due to internalization of CXCR2 and CXCR4, macrophage retention is promoted within inflamed tissues (16). Moreover, MIF is a ligand for CXCR7, for which two downstream G-coupled protein pathways have been described (12). CXCR7-associated MIF signaling is negatively regulated by β-arrestin, and promotes cell proliferation, migration, and survival (12). Importantly, MIF-2 also activates CD74 but lacks the pseudo-(E)LR motif present in MIF (17, 18). Based on computational modeling accounting for this absent motif, MIF-2 does not engage CXCR2, CXCR4, or CXCR7 (12, 17, 18). Interestingly, MIF was reported to bind and inhibit epidermal growth factor receptor (EGFR), blocking the activation of EGFR-induced ERK1/2 and c-Jun signaling (19).

Intracellularly, MIF binds and inhibits JAB1/CSN5 and p53, promoting cell cycle progression and preventing apoptosis (11, 12). Upon binding of MIF to CD74, β-arrestin interacts with CD74 resulting in CD74-mediated endocytosis of MIF and sustained ERK activation (20). Additionally, MIF is required for the interaction between vimentin and NLRP3, which is essential for NLRP3 activation and for the rate-limiting proteolytic cleavage of IL-1 family member precursors to produce active cytokines (i.e., IL-1β and IL-18) (21, 22). Activation and differentiation of innate and adaptive immune cells into distinct subsets is promoted by these interleukins, and thus, MIF can indirectly regulate this process. Moreover, MIF can function as an endonuclease by interacting with apoptosis-inducing factor and translocating to the nucleus, where MIF cleaves genomic DNA and promotes cell death (23). Additional intracellular binding partners of MIF include superoxide dismutase, Jun-c activation domain-binding protein, hepatopoietin, ribosomal protein S19, Gremlin-1, High temperature requirement A1, Thioredoxin-1, thioredoxin-interacting protein, and insulin (24). Furthermore, MIF functions as a phenyl pyruvate tautomerase and catalyzes the conversion of the D-isomer of D-dopachrome to DHICA (25). However, the precursor of D-dopachrome, D-Tyrosine, is not synthesized in vertebrates. Post-translational modifications can render MIF enzymatically inactive without affecting its immunomodulatory functions (26). Therefore, the biological role of this tautomerase activity in vertebrates is unclear (12).

MIF plays a critical role in mediating resistance to pathogens and promoting several types of immune and autoimmune diseases (12). In response to various stimuli, MIF is secreted via an ABC transporter-dependent export pathway (27). MIF promotes the production of pro-inflammatory cytokines (e.g., TNF-α), reactive oxygen species (ROS), and influx of leukocytes into inflamed tissues (11, 28, 29). Additionally, MIF signaling upregulates Toll-like receptor 4 (TLR4) and dectin-1 to regulate the innate immune response (30, 31).

A unique property of MIF is that it can counteract glucocorticoid-induced suppression of proinflammatory cytokines and this effect is mediated by acting on several important regulatory steps in the inflammatory response (11). MIF binds the NF-κb inhibitor (IκB) and MAPK phosphatase-1 (MPK1), overriding glucocorticoid-induced expression of these proteins (11). Importantly, secretion of MIF is induced by glucocorticoids in a tightly regulated manner; low physiological concentrations of glucocorticoids stimulate MIF release from monocytes, macrophages and T cells, whereas high, anti-inflammatory concentrations of glucocorticoids prevent MIF secretion (32–34). Accordingly, inhibition of MIF has been proposed as a potentially effective therapeutic strategy for the treatment of inflammatory and autoimmune diseases, in particular in conditions associated with glucocorticoid resistance or glucocorticoid dependence (11).

A growing body of evidence supports the beneficial role of MIF in regulating the immune response and microbial clearance, renal protection, maintenance of immune-privileged sites, wound healing, insulin secretion, and in some cases protection of cardiac and nervous system tissues (6). However, as will be discussed in the next section, MIF is also involved in the pathogenesis of disease, influences disease severity, and is associated with several inflammatory and autoimmune diseases.




2.2 MIF in human disease

MIF plays a critical role in many human disease conditions, including sepsis, viral infections, diabetes, and cancer (35). In sepsis, it has been reported that patients with significantly higher levels of MIF in plasma exhibited an increase in fatal outcomes (36). In an experimental model of sepsis, neutralization of MIF by anti-MIF antibodies and genetic ablation of MIF afforded protection (37). Moreover, administration of recombinant MIF significantly enhanced LPS-induced lethality in an experimental model of sepsis (38), further supporting the role of MIF in the pathogenesis of septic shock. MIF is also associated with viral infections such as HIV, Influenza, Dengue, Ebola, cytomegalovirus, Japanese encephalitis, and West Nile virus (6). In Type 2 diabetes (T2D), patients’ levels of circulating MIF increase, and the higher blood concentration of MIF has been associated with an increased risk of developing T2D (39, 40). Several cancers are characterized by overexpression of MIF which contributes to immune evasion, tumor growth and angiogenesis, and metastasis (6, 41–43).

Initial studies examining the role of MIF in autoimmune disease were largely focused on studying its expression in rheumatoid arthritis (RA) patients (44). Increased levels of MIF were reported in the circulation, synovial fluid, and inflamed synovial tissue in RA patients, providing evidence of the proinflammatory function and regulation of glucocorticoids by MIF (44, 45). Neutralization or genetic deletion of MIF in experimental animal models of RA resulted in reduced expression of proinflammatory cytokines and reduced disease, providing evidence for the contributory role for MIF in RA pathogenesis (46–49). Furthermore, evidence for the role of MIF in the development, pathogenesis, and treatment of SLE, spondyloarthritis, juvenile idiopathic arthritis, granulomatosis with polyangiitis, Type 1 diabetes, multiple sclerosis, and autoimmune myocarditis have been reported (6, 11, 50–52).

Taken together, MIF plays a significant role in the pathology of several diseases, further supporting the ongoing effort to develop therapeutic strategies targeting MIF.





3 Inflammatory cardiomyopathy



3.1 Pathogenesis of inflammatory cardiomyopathy

ICM is characterized by inflammatory cell infiltration in the myocardium, has a varied etiology, and carries a high risk of deteriorating cardiac function (2, 3). Inflammatory cardiomyopathies are comprised of a heterogenous group of conditions that include infectious, autoimmune (i.e., autoimmune myocarditis), and inflammatory heart conditions.

The pathogenesis of ICM is complex, involving both innate and adaptive immune responses. Immune cells such as T cells, B cells, monocytes, dendritic cells (DCs), and natural killer (NK) cells infiltrate the myocardium and mediate cardiac tissue damage (3). ICM is frequently observed after viral infections, for example coxsackievirus B virus, Epstein-Barr virus, or Covid-19 virus infection, but can also result from autoimmune diseases such as connective tissue disease and systemic lupus erythematosus (SLE), as well as from exposure to a wide variety of toxic substances and drugs (2, 3). Regardless of the specific etiology of ICM, infiltrating immune cells secreting proinflammatory cytokines, including IL-17, TNF-α, IL-6, and IL-1β, perpetuate inflammation and tissue damage (3, 53).

Genetic and environmental factors are frequently implicated in the development and progression of ICM. A genome-wide association study revealed a risk locus for DCM encoding certain HLA Class I and HLA Class II alleles, suggesting a role for genetically driven, and possibly autoimmune inflammatory processes in the pathogenesis of idiopathic DCM (54). Cardiac myosin-specific Th17 cells imprinted in the intestine by Bacteroides were required for progression to fatal heart disease in a mouse model of spontaneous autoimmune myocarditis (55). Moreover, patients with ICM have detectable immune reactivity to both myosin 6 antigens and myosin peptide mimics derived from commensal Bacteroides species from the gut (55). Thus, evidence suggests that the gut microbiome can be important for restraining pathogenic T cells in autoimmune myocarditis.

The complications of ICM include DCM, increased diastolic pressure and reduced ejection fraction, myocardial hypertrophy, and fibrosis as strong risk factors for HF (1, 4, 5), highlighting the importance of effective therapeutic interventions for ICM.




3.2 MIF signaling in cell types implicated in inflammatory cardiomyopathy

In ICM, cell types of the innate and adaptive immune system play critical roles in mediating inflammation and tissue damage. Much of our understanding of how immune cells contribute to inflammatory cardiomyopathies came from studies in experimental animal models (1). These studies revealed that cells of the innate and adaptive immune system, as well as resident cardiac cells including fibroblasts, endothelial cells, and cardiomyocytes play a significant role in the pathogenesis of ICM (1, 3). Robust evidence supports a potential role for MIF signaling in ICM. Accordingly, there is an ongoing effort to determine how MIF signaling in these cell types influences ICM pathogenesis (Figure 1).




Figure 1 | Cellular responses of infiltrating immune cells and the effect of MIF signaling in ICM pathogenesis. Several innate and adaptive immune cells, as well as resident cardiac cells, contribute to ICM pathogenesis and progression. MIF signaling affects different cell types under physiological and pathological conditions. The exact role(s) of distinct cell types may be etiology specific. The mechanisms illustrated reflect all forms of ICM. (A) Monocyte subsets infiltrate the myocardium and polarize into proinflammatory (M1) or anti-inflammatory (M2) macrophages. MIF promotes proinflammatory macrophage function, influences macrophage polarization, and promotes adhesion to endothelial cells; however, whether MIF influences macrophage polarization and migration of infiltrating monocytes and/or tissue resident macrophages in ICM has yet to be elucidated. (B) Neutrophils, eosinophils, and mast cells infiltrate the myocardium and promote disease onset and/or progression. MIF signaling in neutrophils delays apoptosis and promotes NET formation, potentially contributing to ICM severity. MIF signaling in mast cells promotes fibrosis; however, whether MIF signaling in mast cells promotes the development of ICM and progression to cardiac fibrosis is unclear. Damaged or infected cardiomyocytes undergo apoptosis, and in the process, release signaling molecules that promote immune cell infiltration. MIF was shown to induce cardiomyocyte apoptosis, but whether this occurs in ICM is unknown. Activated fibroblasts promote immune cell infiltration. MIF signaling in cardiac fibroblasts promotes survival, proliferation, and proinflammatory activity, but whether this contributes to immune cell infiltration in ICM remains unclear. (C) Pathogenic Th17 cells infiltrate the myocardium and promote disease progression in part by IL-23 secreted from antigen presenting cells, whereas Th1 and CD8+ T cells attenuate ICM. MIF is essential for T cell proliferation and cytokine production, but whether MIF signaling in Th17 cells promotes disease progression has yet to be elucidated. Black arrows indicate disease processes validated in experimental models and human studies. Red arrows indicate a potential role for MIF signaling that has not been directly tested. NET, neutrophil extracellular trap; DC, dendritic cell. Graphics created with BioRender.com.





3.2.1 Innate immune cells

In virus-induced ICM, activated innate immune cells and cardiac cells release proinflammatory mediators, resulting in further activation and migration of additional innate immune cells to cardiac tissue, including monocytes, macrophages, mast cells, neutrophils, and DCs (3, 56). The main inflammatory cell subsets found in human and experimental myocarditis are monocytes and macrophages (3, 56). In monocytes, MIF upregulates the adhesion molecules VCAM-1 and ICAM-1 enhancing cell adhesion to endothelial cells (14), and inhibits migration through the CXCR4 receptor, independent of CD74, by modulating Rho GTPase activities (57). Further, MIF sustains proinflammatory functions in macrophages by inhibiting p53-dependent apoptosis and stimulating production of TNF-α, nitric oxide, and reactive oxygen species (ROS) (58–60). MIF modulates toll-like receptor 4 expression (61), and induces matrix metalloproteinase-9 expression (62). Still, how MIF signaling in monocytes and macrophages influences ICM pathogenesis remains unclear (Figure 1A). Of note, monocytes recruited to the myocardium in response to cardiac injury can differentiate into macrophages that polarize into either proinflammatory (M1) or anti-inflammatory (M2) phenotypes depending on the signals they receive. M1 macrophages contribute to tissue damage and T cell activation through the secretion of inflammatory cytokines such as TNF-α, IL-1β, and IL-6, while M2 macrophages are involved in tissue repair and fibrosis (63–66). MIF has been demonstrated to influence macrophage polarization (67, 68), suggesting its potential role in ICM. Moreover, cardiac tissue injury promotes the polarization of CCR2-negative cardiac tissue resident macrophages into M1-like or M2-like macrophages (66), but how MIF influences this process remains unclear (Figure 1A). Considering that MIF can promote both M1- and M2-associated macrophage functions, several factors including monocyte subtype, tissue specificity, signaling molecules, and presence of infectious microbes likely influence the effect of MIF on macrophage polarization.

Additional innate immune cells contributing to ICM pathogenesis include neutrophils, mast cells, eosinophils, NK cells, and DCs. Neutrophils are the first responders within the group of infiltrating innate immune cells and their proportion among cardiac inflammatory cells is strongly associated with the severity of ICM (3). Studies in mice with experimental autoimmune myocarditis (EAM) revealed that neutrophils can sustain inflammation via neutrophil extracellular traps (NETs), and the severity of myocarditis in these mice is strongly associated with neutrophil accumulation in cardiac tissue (69, 70). MIF delays neutrophil apoptosis (71) and enhances neutrophil antimicrobial activity by promoting NET formation (72). Thus, current evidence suggests a potential role for MIF in promoting ICM by influencing neutrophil function (Figure 1B).

Mast cells are among the first cells to respond to viral infections of cardiac tissue and the degranulation process results in the production of proinflammatory cytokines including TNF-α, IL-1β, and IL-4 (3). Interestingly, cardiomyopathy can be a complication in patients with eosinophilia, and studies in mice with EAM implicate eosinophil-derived IL-4 in the progression of ICM to DCM (73). MIF can promote mast cell recruitment (74), and in fibrotic diseases, mast cell-derived MIF stimulates fibroblast proliferation and collagen production (75). Still, whether MIF signaling in mast cells influences the development of ICM and progression to cardiac fibrosis has yet to be established (Figure 1B).

NK cells and DCs are also recruited to the heart in response to infection. It has been suggested that DCs processing and presenting endogenous antigens liberated during infections might trigger autoimmune myocarditis, possibly via determinant (epitope) spreading (3, 76). However, DCs and NK cells may also have a role in preventing the development of ICM and progression to HF (77–79). In NK cells, MIF can reduce cytolytic activity and prevent the release of perforin granules (80, 81). In DCs, MIF promotes migration (82), activation and proinflammatory cytokine production (83), maturation of CD11b+ DCs, and differentiation of Ly6Chi monocytes into TNF- and iNOS-producing DCs (84). Thus, MIF signaling has several distinct functions in NK cells and DCs, but how these processes influence ICM pathogenesis has yet to be elucidated.




3.2.2 Adaptive immune cells

T cells and B cells play critical roles in cardiac homeostasis and repair and are key mediators of cardiac damage in experimental animal models of myocarditis (85–89). Activated T cells are thought to be major contributors to the pathophysiology of autoimmune ICM (90). Further, in mice with coxsackievirus B3 (CVB3)-induced myocarditis, CD4+ T cells are critical for disease (85), whereas CD8+ T cells can attenuate disease (91). Deletion of T-bet, a transcription factor required for Th1 lineage differentiation and IFN-γ production, increased the severity of EAM by inducing IL-17 production (92). Furthermore, Th17 cells promote progression of ICM to DCM through their effects on cardiac fibroblasts (86) (Figure 1C). This is in part facilitated by IL-23 secreted from antigen presenting cells that promotes the maturation of Th17 cells (93). Indeed, IL-23 has been shown to be essential for the initiation of GM-CSF-driven autoimmune myocarditis (94, 95). MIF is essential for T cell proliferation and cytokine production (96, 97), but the exact mechanism by which MIF signaling in T cells influences ICM remains unclear (Figure 1C). Regulatory T cells (Tregs) protect against myocarditis (64), and MIF deficient mice show impaired immunosuppressive function with lower expression of IL-10 and TGF-β (98). Furthermore, CD69 regulates the Foxp3-ROR-γt pathway to promote Treg differentiation (89). In models of myocarditis and DCM, CD69-deficient hearts show altered Treg-Th17 immune cell infiltration and Foxp3/ROR-γt signaling, further supporting a role for imbalanced Treg-Th17 ratios that contribute to ICM pathogenesis (89). Thus, the current evidence suggests that MIF is essential for T cell activation and regulation and implicates MIF signaling in diseases associated with a dysregulated immune response, including ICM.

The role of B cells in ICM is less clear. Accordingly, most of the information regarding B cells in ICM comes from the observation of autoantibodies in DCM patients (3, 99, 100). Additionally, depletion of CD20+ B cells has shown efficacy in patients with ICM who did not respond to steroid-based therapy (101), suggesting a pathogenic role for B cells. Furthermore, MIF influences B cell chemotaxis and survival (102, 103), suggesting that MIF may promote pathogenic B cell functions in ICM. Nevertheless, future research is needed to better understand how MIF signaling can influence B cell functions in ICM.




3.2.3 Resident cardiac cells

Resident cardiac cells including fibroblasts, endothelial cells, and cardiomyocytes play a significant role in ICM pathogenesis (1, 3). In mice with myocarditis, cardiac fibroblasts secrete cytokines that promote the migration of monocyte subsets to the myocardium and facilitate the differentiation of these monocyte subsets into macrophages (63, 104). MIF promotes cardiac fibroblast proliferation through the Src kinase signaling pathway (105), induces proinflammatory gene expression during myocardial infarction (MI) (106), and promotes survival via CXCR4/AKT signaling (107). These findings suggest a complex role for MIF signaling in cardiac fibroblasts and highlight the need for future research (Figure 1B).

Upon infection, cardiomyocytes are activated and release cytokines, chemokines, interferons and alarmins, resulting in the activation and migration of innate immune cells to the myocardium (3). Infection of endothelial cells with parvovirus B19 triggers the release of proinflammatory cytokines thereby inducing cardiomyocyte apoptosis (108). MIF has been demonstrated to induce cardiomyocyte apoptosis (109); however, it has also been shown to promote glucose uptake and reduce the expression of pro-fibrotic genes under ischemic conditions (106, 110). Interestingly, evidence suggests that MIF stimulation does not induce proinflammatory gene expression in cardiomyocytes. Nevertheless, future research should aim to elucidate how MIF signaling in cardiomyocytes influences ICM developing from different etiologies.






4 MIF in inflammatory cardiomyopathy, cardiac remodeling, and heart failure

Evidence suggests that MIF has diverse functions in ICM, cardiac remodeling, and HF. The diverse functions may be attributable to etiology. The evidence discussed in this section relating to cardiomyopathy and HF is summarized in Table 1.


Table 1 | Effect of MIF signaling in inflammatory cardiomyopathy, cardiac remodeling, and heart failure.





4.1 Infectious inflammatory cardiomyopathy

Epidemiologic and experimental evidence suggests an important role for MIF in infectious and para-infectious heart conditions, including Chagas disease, rheumatic heart disease (RHD), sepsis, and viral-mediated heart diseases.

Chagas disease (American trypanosomiasis) is a leading cause of cardiomyopathy in Latin America, with approximately 30% of patients exhibiting cardiomyopathy (124). Chagas disease is caused by the protozoan parasite Trypanosoma Cruzi. Chronic chagasic cardiomyopathy (CCC) is the most common worldwide cause of infectious cardiac pathology (125). It affects approximately 30% of the infected individuals and is characterized by heart inflammation and dysfunction. T. cruzi invades and multiplies within macrophages and cardiac myocytes (126). The host immune response leading to the recruitment and migration of inflammatory cells to the myocardium during infection involve cytokines, chemokines and adhesion molecules (127).

Knockout mice lacking proinflammatory cytokines such as IL-12, TNF-α and IFN-γ are unable to control parasitemia, indicating their crucial role in protective immunity to T. cruzi (60, 128). IL-12 enhances IFN-γ secretion by NK cells which induce nitric oxide (NO)-dependent macrophage microbicidal activity of T. cruzi leading to a protective Th1 response (129–131).

Notably, MIF is involved in host resistance to several parasitic infections and acts upstream of several proinflammatory cytokines (132). MIF induces early dendritic cell maturation and IL-12 production by potentially activating the p38 pathway (132). Early MIF induction by macrophages in chagas disease has been reported to play an important role in providing resistance against T. cruzi infection by promoting the production of IL-12, IL-18, IL-6, TNF-α, IL-1β, IFN-γ, NO and ROS during acute infection (111, 112).

However, additionally MIF may be involved in the pathophysiology of CCC. Impaired cardiac function correlates with increased circulating levels of MIF in patients with CCC (59). Chronically infected mice display progressive MIF overexpression in cardiac myocytes, leading to intense inflammatory infiltration which contributes to parasite-triggered ICM (59). CD8+ T cells are the predominant inflammatory cell population known to infiltrate the myocardium during CCC (59, 133, 134).

Exacerbated inflammation is involved in cardiomyocyte destruction leading to fibrosis of the myocardial tissues and progression to DCM (135, 136). Additionally, TNF-α and ROS play pathogenic roles in CCC as demonstrated by data from parasite-infected murine macrophage cultures treated with MIF (59). Mechanistically, the MIF-CD74 complex is internalized through endocytosis resulting in activation of NADPH oxidase and generation of ROS (28, 60). Several reports suggest that chagasic myocardia are exposed to sustained oxidative stress-dependent injuries that might contribute to pathogenesis of CCC (137, 138). The major clinical manifestations of CCC include heart failure, cardiac arrhythmias, heart block, thromboembolism, chest pain syndrome and sudden death (139, 140).

Anti-trypanosomal treatment is recommended for all patients with acute, congenital, and reactivated infections in order to eradicate the parasite. But this treatment is not indicated in patients with advanced heart failure from Chagas disease (139). Implantable cardioverter-defibrillators are considered to prevent sudden cardiac death in high-risk patients, and heart transplantation is required for patients with refractory end-stage heart failure (141). Importantly, assessing circulating MIF levels could provide an additional tool for identifying chronic chagasic patients. The analysis of different cytokines present in the cardiac tissue and in the bloodstream during T. cruzi infection and their correlation with the degree of myocardial damage may be beneficial in developing novel therapies aimed to control morbidity and mortality in chagasic patients (59).

Rheumatic fever represents another key mechanism in the context of immune-mediated cardiac damage. It is thought to arise as an autoimmune response triggered by an infection with group A Streptococcus (GAS), wherein immune cross reactivity (molecular mimicry) between GAS antigens and cardiac tissue results in inflammation, including that of the heart valves (142). This may result in chronic RHD characterized by myocarditis and damage to heart valves and associated complications (142). Although no functional studies are available, a study in Saudi Arabian patients reported that non-carriers of the 173C MIF allele have an increased risk of RHD, whereas presence of this allele was associated with late disease onset (143). The same study reported the 794 6-repeat allele to be associated with increased risk of RHD, whereas the 794-5 repeat allele was associated with a decreased risk (143). This study suggests that MIF plays a pathogenic role in RHD, but future studies are needed to elucidate the underlying molecular mechanisms.

Viral myocarditis induced by CVB3 can also result in ICM (144). Notably, serum MIF concentrations were significantly increased 7-14 days post-infection in a mouse model of viral myocarditis after CVB3 infection (113). Treatment of these mice with an anti-MIF antibody increased survival, decreased disease severity, and decreased IL-1β and TNF-α in the myocardium (113), suggesting MIF inhibition as a viable treatment option for dampening the inflammatory response in viral myocarditis.

Cardiomyopathy is a common complication of sepsis (145). In a rat model of sepsis, treatment with neutralizing anti-MIF reduced acute inflammation of the heart and improved myocardial dysfunction, providing evidence that MIF inhibition may be beneficial in sepsis-induced cardiomyopathy (114). Using the same model in mice, CD74 ablation protected against sepsis-induced cardiomyopathy (115), providing further evidence that MIF promotes cardiomyopathy in sepsis.

Currently, the data suggests that MIF plays a harmful role in cardiomyopathies caused by CV3B infection, RHD, Chagas disease, and sepsis, but how MIF signaling affects the pathogenesis of inflammatory cardiomyopathies caused by other infectious and para-infectious heart diseases has yet to be elucidated.




4.2 Iatrogenic and toxin-induced inflammatory cardiomyopathy

ICM can be iatrogenic or toxin-induced (2). In a model of doxorubicin-induced cardiomyopathy, MIF deficiency exacerbated cardiomyopathy and mortality, suggesting its cardioprotective role (116). Alcoholism carries a high incidence of cardiac morbidity and mortality due to the development of alcoholic cardiomyopathy (146). Alcoholic cardiomyopathy is not classified as ICM; however, it shares many characteristics regarding cardiac dysfunction. Interestingly, CD74 ablation counteracts alcohol-induced myocardial dysfunction by ameliorating inflammation and apoptosis, possibly through autophagy mediated by AMPK signaling (117). Thus, although sparse, the current evidence suggests that MIF signaling may be beneficial in iatrogenic ICM but may promote alcoholic cardiomyopathy.




4.3 Autoimmune myocarditis

The autoimmune etiologies of inflammatory cardiomyopathies are well established. An early study found that Lewis rats with EAM exhibited elevated levels of MIF mRNA in the myocardium, which was reduced by treatment with human intact immunoglobulin (118). Additionally, it has been reported that treatment of rats with a neutralizing antibody to MIF inhibited onset and reduced severity of EAM (50). Using the same model in mice, we found that genetic ablation of MIF combined with dexamethasone treatment just prior to the acute phase of EAM reduced disease severity and prevented progression to DCM (unpublished data). The role of MIF in the development of ICM caused by autoimmune diseases has yet to be established.




4.4 Myocardial ischemia and infarction

While MI is not directly caused by immune cells, it is now understood that the immune response in the ischemic or infarcted heart plays a critical role in cardiac tissue damage, repair, and ultimately progression to HF. MIF is released by the myocardium and infiltrating leukocytes and impacts various aspects of myocardial ischemia and ischemia-reperfusion injury. MIF is reported to have both protective and proinflammatory effects in myocardial ischemia and infarction. Initially, cardiac cells release MIF in response to acute MI, and within one day post-MI, inflammatory cells become the primary source of MIF (147). Importantly, although the majority of studies reported that MIF has protective effects in MI, it has been postulated that the duration of ischemia influences the effects of MIF in MI pathogenesis (147).

More than two decades ago hypoxia and oxidative stress, two critical components in the pathogenesis of ischemia/reperfusion injury, were shown to induce secretion of MIF from cardiomyocytes (148, 149). Shortly thereafter, MIF overexpression was observed in cardiomyocytes and macrophages in a rat model of acute myocardial ischemic injury (150). Evidence suggests that MIF exhibits a cardioprotective role by activating AMPK signaling through the CD74/CD44 MIF receptor promoting energy conserving pathways, inhibiting apoptosis, suppressing inflammation, and reducing oxidative stress (15, 151–153). Accordingly, mouse hearts perfused with the MIF agonist MIF20 prior to no-flow ischemia and reperfusion showed improved post-ischemic left ventricular function, concomitant with increased cardiac MIF-AMPK activation and improved myocardial glucose uptake (151). The same study reported that MIF20 afforded protection in the hearts of mice subjected to left coronary artery occlusion and reperfusion, which significantly reduced infarcted myocardium (151). Additionally, stem cell-derived exosomes showed efficacy in treating injured cardiac tissue via aiding in repair and regeneration, and mesenchymal stem cell-derived exosomes engineered to contain MIF were reported to facilitate exosome-mediated cardioprotective effects in rats with acute MI (154, 155).

Most studies providing evidence for the protective role of MIF in MI limited ischemia to less than 30 minutes, but studies in which the duration of ischemia was increased to 60 minutes reported MIF to have a detrimental role in cardiac ischemia, suggesting time after injury as an important variable for MIF effects (106, 156–159). Of note, another recently published study reported that MIF was important for the protective effects of dexmedetomidine treatment in mice with ischemia-reperfusion injury, in which ischemia lasted 60 minutes (160). Moreover, studies attempting to dissect the opposing functions of MIF in MI reported that the protective effects were mediated via MIF and CXCR2 signaling in cardiac tissue-resident cells, which promoted survival and myocardial healing, whereas the detrimental effects of MIF were dependent on leukocyte-derived MIF and cardiac fibroblast-derived CCL2 to promote myocardial inflammatory infiltration (106, 156–159). Thus, it is conceivable that preventing leukocyte infiltration while maintaining cardiac-derived MIF secretion post-MI could prove beneficial.

Taken together, the evidence suggests that MIF agonism may be a promising therapeutic approach to improve patient outcomes, but conflicting reports warrant further investigation into the effect of MIF signaling at different stages of ischemia and MI.




4.5 Cardiac remodeling and heart failure

HF is an important complication of inflammatory cardiomyopathies and is associated with poor prognosis (3). The immune system plays a critical role in the progression to HF by influencing cardiac remodeling that leads to DCM, reduced ejection fraction, myocardial hypertrophy, and fibrosis (1). In cardiomyopathy patients, myocardial MIF expression was elevated in patients with ischemic cardiomyopathy compared with non-ischemic cardiomyopathy (161). Among patients with non-ischemic cardiomyopathy, myocardial MIF expression was elevated in those with chronic myocarditis and correlated with the degree of myocardial fibrosis (119). Additionally, MIF plasma levels associated with HF patient outcomes including pulmonary hypertension and death (120, 121). These data implicate MIF in HF pathogenesis and patient outcomes.

However, while clinical data implicated MIF as detrimental in HF caused by ischemia and inflammation, other studies suggested a protective function for MIF in cardiac remodeling in myocardial hypertrophy and fibrosis induced by pressure overload. Along these lines, in mice subjected to transverse aortic coarctation for 10 days, MIF-deficient mice showed significantly increased heart growth and cardiac fibrosis, suggesting that MIF reduced myocardial hypertrophy and fibrosis in pressure overload-induced cardiac hypertrophy (122). Similar findings were reported in mice subjected to abdominal aorta constriction-induced cardiac hypertrophy, where MIF deficiency worsened cardiac hypertrophy and decreased autophagy (123). More recently, MIF was reported to confer protection against pressure overload-induced cardiac hypertrophy and fibrosis by regulating the miR-29b-3p/HBP1 axis and the Smad3-miR-29b/miR-29c axis, respectively (162, 163). Moreover, soluble CD74 was demonstrated to inhibit MIF/CXCR4/AKT-mediated survival of myofibroblasts, suggesting that MIF prevents CD74-dependent necroptotic pathways (107).

Future research is needed to fully elucidate the mechanisms by which MIF influences cardiac remodeling and HF, and how different etiologies may influence the effect of MIF signaling in cardiac remodeling and HF.




4.6 Targeting MIF therapeutically

MIF has emerged as an attractive therapeutic target due to its role in several pathologies. One strategy is to use monoclonal antibodies targeting either MIF or MIF receptors (e.g., CD74). Early clinical studies using the anti-MIF monoclonal antibody imalumab reported a favorable safety profile in patients with advanced solid tumors (164). Similarly, nanobodies targeting MIF have been developed for sepsis treatment, some of which have shown promise (165). Small molecule inhibitors targeting MIF have been developed to prevent binding of MIF to CD74. The first small molecule inhibitor of MIF, ISO-1, provided proof of concept for significantly increasing the survival of mice with sepsis (166), reducing disease severity in mouse models of SLE (167), and delaying onset in a mouse model of autoimmune diabetes (168). Additionally, treatment with the MIF inhibitor ISO-1 reduced diabetic nephropathy in T2D and ameliorated pathological hallmarks, including hyperglycemia, increased inflammatory cytokines, and increased macrophage activation in the kidney (169). Originally developed as a phosphodiesterase inhibitor, the small molecule inhibitor ibudilast was found to allosterically inhibit MIF and showed efficacy in a phase II clinical trial of multiple sclerosis patients (170, 171). Glucocorticoids represent an indispensable option for treating inflammatory conditions, but dose-limiting adverse effects and glucocorticoid resistance limit their use. Considering the antagonistic function of MIF on the immunosuppressive function of glucocorticoids, inhibition of MIF could be a viable option for treating diseases commonly associated with glucocorticoid resistance.





5 Future directions

The role of MIF in inflammation, immune responses, and various disease pathologies such as autoimmune disorders and cancer has been increasingly recognized, yet several key areas remain underexplored. Future research on MIF offers the potential to unlock new therapeutic strategies and deepen our understanding of this critical cytokine (172). In the following we will discuss several promising directions where research into the role of MIF in ICM seems warranted.



5.1 Refining small molecule inhibitors of MIF

Despite the advancements made in understanding MIF’s role in disease, small molecule inhibitors of MIF remain a critical area of investigation. Molecules such as ISO-1 and 4-IPP already showed promise in preclinical models by inhibiting the tautomerase activity of MIF, which is thought to interfere with MIF’s pro inflammatory functions (173). Recent studies highlight that ISO-1, specifically targeting the tautomerase active site, effectively inhibits pro-inflammatory activities such as TNF release from macrophages, demonstrating significant protection in severe sepsis models (166)​. However, the challenge persists in improving the specificity and potency of these inhibitors while reducing off-target effects. Additionally, ongoing research highlights that targeting MIF through novel inhibitors not only affects the tautomerase active site but also opens possibilities for disrupting its interactions with key receptors such as CD74 and CXCR4. Studies showed that allosteric inhibitors, such as ibudilast, effectively alter MIF’s conformation, thereby inhibiting its enzymatic and biological activities while crossing the blood-brain barrier, a crucial factor for treating CNS related inflammatory conditions (174). Furthermore, dual inhibition strategies targeting both MIF and its homolog D-dopachrome tautomerase (MIF-2) are being explored for their potential synergistic effects in mitigating inflammatory and autoimmune responses.




5.2 MIF as a biomarker for inflammatory cardiomyopathy

One of the most promising avenues of MIF research is its potential use as a biomarker for various diseases. Elevated levels of MIF have been associated with the severity of inflammatory diseases and cancers, making it a potential prognostic tool. For instance, in autoimmune diseases such as SLE and RA, MIF levels correlate with disease severity, and in cancers, including colorectal cancer, high MIF levels are linked to poor patient outcomes (173, 175). Future research could focus on integrating MIF as a blood and cardiac tissue biomarker in clinical diagnostics, allowing for better risk stratification and monitoring of disease progression.

In the context of Chagas disease, MIF has demonstrated significant potential as a biomarker for progressive chronic cardiomyopathy. Elevated circulating levels of MIF in Trypanosoma cruzi-infected patients have been strongly associated with severe cardiac involvement, correlating with markers of myocardial damage such as left ventricular dysfunction and increased high-sensitivity C-reactive protein (59). Measuring MIF levels in blood offers an additional tool for identifying patients with severe heart pathology who may benefit from early intervention and specialized treatments. Such investigations could inform the development of novel therapeutic strategies aimed at reducing long-term morbidity and mortality in Chagas patients, which may be extended to other inflammatory cardiomyopathies.




5.3 MIF in inflammatory cardiomyopathy

MIF plays a critical role in immune regulation, and it is increasingly implicated in the pathogenesis of ICM. Cells of the innate and adaptive immune system play a significant role in the pathogenesis of ICM. MIF signaling in these cell types has been extensively studied. Still, the exact mechanisms by which MIF signaling influences adaptive and innate immune cell function in ICM is unclear. For example, CD4+ T cells are required for the development of myocarditis in CVB3-infected and EAM mice (85, 91, 92), and Th17 cells promote progression of ICM to DCM (86). MIF is an essential regulator of T cell activation, proliferation, and antigen-specific immune responses (96, 97, 176); yet the role of MIF in promoting these processes in ICM has still to be explored. Similarly, B cells are implicated in ICM (3, 101), and MIF influences B cell functions including chemotaxis and survival (102, 103). Nevertheless, the role of MIF in promoting pathogenic B cell responses in ICM remains unclear. Likewise, how MIF influences pathogenic or protective functions in other cell types involved in ICM remains to be elucidated. Future research aiming to uncover the function of MIF in cell types implicated in ICM is needed.

Emerging evidence highlights the role of genetic and epigenetic factors in modulating MIF expression and activity, potentially influencing susceptibility to inflammatory cardiomyopathies. As described earlier, the MIF -173G/C polymorphism, known to affect MIF gene expression, has been associated with various cardiovascular and inflammatory conditions, including RHD patients in some populations (143, 177). Although a direct link to ICM remains elusive, GWAS in RHD patients suggest that polymorphisms within immune related genes can predispose individuals to dysregulated immune responses, as seen in autoimmune heart diseases (178). These findings imply that MIF genetic variants could modulate the inflammatory milieu in cardiomyopathies, mirroring its role in other inflammatory conditions. Further exploration of these genetic variants, combined with epigenetic studies, could provide crucial insights into the mechanisms driving disease susceptibility and progression.




5.4 Experimental models of inflammatory cardiomyopathy

Experimental animal models have been instrumental in understanding the complex pathogenesis of ICM and testing novel therapeutic strategies. These models replicate key aspects of human myocarditis, including autoimmune and viral triggers and provide in-depth insights into disease mechanisms. Among the most widely used models is EAM. The EAM model is induced by immunizing susceptible rodent strains, such as BALB/c mice, with cardiac-specific antigens, for example myosin peptides emulsified in complete Freund’s adjuvant. This method triggers strong T cell-mediated autoimmune responses against cardiac tissue, effectively mimicking autoimmune myocarditis in humans. EAM can transition to DCM, making this model valuable for studying the chronic phases of ICM (179).

In virus-induced myocarditis, infection with CVB3 remains one of the most useful models. CVB3 infection induces acute myocarditis characterized by myocyte necrosis and inflammatory cell infiltration, which can progress to chronic myocarditis and DCM (179). Other viruses, such as adenoviruses and herpesviruses, have also been used to expand our understanding of viral-induced ICM. These models replicate the dual impact of direct viral cytotoxicity and immune-mediated injury, providing insights into the complex interplay of host and pathogen factors (179). Additionally, drug-induced cardiomyopathy models leverage agents such as doxorubicin to induce cardiac injury through oxidative stress and mitochondrial dysfunction. These models facilitate the investigation of iatrogenic ICM and the development of cardioprotective interventions (180).

Advancements in genetic and technological methodologies offer opportunities to refine these models. Transgenic and knockout rodents allow for the dissection of gene-specific contributions to ICM. The emergence of organ-on-a-chip technologies mimicking cardiac microenvironments represents a promising approach for high-throughput therapeutic testing and detailed mechanistic studies (181). These experimental models continue to be invaluable for advancing our understanding of ICM and these innovations aim to overcome the translational gap between animal models and human conditions. Integrating novel approaches such as transgenic models, diverse disease models, and organ-on-a-chip technologies will enhance their accuracy and translational relevance, paving the way for innovative therapeutic strategies and bridging the gap between preclinical research and clinical application.





6 Conclusions

MIF is a pleiotropic cytokine implicated in several human diseases. Experimental animal models and clinical data implicate MIF in the development and progression of ICM, cardiac remodeling, and heart failure. Gaps remain in our knowledge of ICM pathogenesis and diagnosis. Current treatment regimens for virus-negative ICM remain suboptimal, and no standard treatment for virus-positive ICM has been established. Evidence suggests that MIF inhibition could serve as a viable therapeutic strategy for certain inflammatory cardiomyopathies such as CCC, autoimmune myocarditis, and viral myocarditis. Therapeutic targeting of MIF is an active area of investigation for many human diseases. Importantly, timing and etiology appear to be critical in determining the function of MIF in ICM, and in general cardiac tissue injury associated with inflammation. Although still unclear, the current evidence suggests that some inflammatory cardiomyopathies (e.g., iatrogenic cardiomyopathy) may benefit from MIF signaling, which coincides with the reported function of MIF in studies investigating myocardial infarction and remodeling. Finally, future experimental and clinical studies will help to determine how MIF signaling affects cell-specific pathogenic functions in ICM (Figure 1), in addition to aiding in the development of novel therapeutics targeting MIF. Future research will aim to elucidate the mechanisms by which MIF affords risk or protection in ICM, as well as other heart conditions characterized by inflammation.





Author contributions

KP: Conceptualization, Writing – original draft, Writing – review & editing, Visualization. YN: Writing – original draft, Writing – review & editing. SN: Writing – original draft, Writing – review & editing. TF: Writing – original draft, Writing – review & editing, Conceptualization, Funding acquisition, Resources.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This project was supported by grant NS117742 from the National Institute of Health (TF), and support from the Jesse H. & Mary Jones Gibbs Endowed Chair.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

1. Swirski, FK, and Nahrendorf, M. Cardioimmunology: the immune system in cardiac homeostasis and disease. Nat Rev Immunol. (2018) 18:733–44. doi: 10.1038/s41577-018-0065-8

2. Trachtenberg, BH, and Hare, JM. Inflammatory cardiomyopathic syndromes. Circ Res. (2017) 121:803–18. doi: 10.1161/CIRCRESAHA.117.310221

3. Tschope, C, Ammirati, E, Bozkurt, B, Caforio, ALP, Cooper, LT, Felix, SB, et al. Myocarditis and inflammatory cardiomyopathy: current evidence and future directions. Nat Rev Cardiol. (2021) 18:169–93. doi: 10.1038/s41569-020-00435-x

4. Khan, MS, Shahid, I, Bennis, A, Rakisheva, A, Metra, M, and Butler, J. Global epidemiology of heart failure. Nat Rev Cardiol. (2024) 21:717–34. doi: 10.1038/s41569-024-01046-6

5. Ziaeian, B, and Fonarow, GC. Epidemiology and aetiology of heart failure. Nat Rev Cardiol. (2016) 13:368–78. doi: 10.1038/nrcardio.2016.25

6. Sumaiya, K, Langford, D, Natarajaseenivasan, K, and Shanmughapriya, S. Macrophage migration inhibitory factor (MIF): A multifaceted cytokine regulated by genetic and physiological strategies. Pharmacol Ther. (2022) 233:108024. doi: 10.1016/j.pharmthera.2021.108024

7. George, M, and Vaughan, JH. In vitro cell migration as A model for delayed hypersensitivity. Proc Soc Exp Biol Med. (1962) 111:514–21. doi: 10.3181/00379727-111-27841

8. David, JR. Delayed hypersensitivity in vitro: its mediation by cell-free substances formed by lymphoid cell-antigen interaction. Proc Natl Acad Sci U.S.A. (1966) 56:72–7. doi: 10.1073/pnas.56.1.72

9. Sun, HW, Bernhagen, J, Bucala, R, and Lolis, E. Crystal structure at 2.6-A resolution of human macrophage migration inhibitory factor. Proc Natl Acad Sci U.S.A. (1996) 93:5191–6. doi: 10.1073/pnas.93.11.5191

10. Sugimoto, H, Taniguchi, M, Nakagawa, A, Tanaka, I, Suzuki, M, and NISHIHIRA, J. Crystallization and preliminary X-ray analysis of human D-dopachrome tautomerase. J Struct Biol. (1997) 120:105–8. doi: 10.1006/jsbi.1997.3904

11. Kang, I, and Bucala, R. The immunobiology of mif: function, genetics and prospects for precision medicine. Nat Rev Rheumatol. (2019) 15:427–37. doi: 10.1038/s41584-019-0238-2

12. Jankauskas, SS, Wong, DWL, Bucala, R, Djudjaj, S, and Boor, P. Evolving complexity of mif signaling. Cell Signal. (2019) 57:76–88. doi: 10.1016/j.cellsig.2019.01.006

13. Yoo, SA, Leng, L, Kim, BJ, Du, X, Tilstam, PV, Kim, KH, et al. MIF allele-dependent regulation of the MIF coreceptor CD44 and role in rheumatoid arthritis. Proc Natl Acad Sci U.S.A. (2016) 113:E7917–26. doi: 10.1073/pnas.1612717113

14. Amin, MA, Haas, CS, Zhu, K, Mansfield, PJ, Kim, MJ, Lackowski, NP, et al. Migration inhibitory factor up-regulates vascular cell adhesion molecule-1 and intercellular adhesion molecule-1 via Src, PI3 kinase, and NFkappaB. Blood. (2006) 107:2252–61. doi: 10.1182/blood-2005-05-2011

15. Miller, EJ, Li, J, Leng, L, Mcdonald, C, Atsumi, T, Bucala, R, et al. Macrophage migration inhibitory factor stimulates AMP-activated protein kinase in the ischaemic heart. Nature. (2008) 451:578–82. doi: 10.1038/nature06504

16. Bernhagen, J, Krohn, R, Lue, H, Gregory, JL, Zernecke, A, Koenen, RR, et al. MIF is a noncognate ligand of CXC chemokine receptors in inflammatory and atherogenic cell recruitment. Nat Med. (2007) 13:587–96. doi: 10.1038/nm1567

17. Tilstam, PV, Schulte, W, Holowka, T, Kim, BS, Nouws, J, Sauler, M, et al. MIF but not MIF-2 recruits inflammatory macrophages in an experimental polymicrobial sepsis model. J Clin Invest. (2021) 131. doi: 10.1172/JCI127171

18. Merk, M, Zierow, S, Leng, L, Das, R, Du, X, Schulte, W, et al. The D-dopachrome tautomerase (DDT) gene product is a cytokine and functional homolog of macrophage migration inhibitory factor (MIF). Proc Natl Acad Sci U.S.A. (2011) 108:E577–85. doi: 10.1073/pnas.1102941108

19. Zheng, Y, Li, X, Qian, X, Wang, Y, Lee, JH, Xia, Y, et al. Secreted and O-GlcNAcylated MIF binds to the human EGF receptor and inhibits its activation. Nat Cell Biol. (2015) 17:1348–55. doi: 10.1038/ncb3222

20. Xie, L, Qiao, X, Wu, Y, and Tang, J. beta-Arrestin1 mediates the endocytosis and functions of macrophage migration inhibitory factor. PloS One. (2011) 6:e16428. doi: 10.1371/journal.pone.0016428

21. Lang, T, Lee, JPW, Elgass, K, Pinar, AA, Tate, MD, Aitken, EH, et al. Macrophage migration inhibitory factor is required for NLRP3 inflammasome activation. Nat Commun. (2018) 9:2223. doi: 10.1038/s41467-018-04581-2

22. Shin, MS, Kang, Y, Wahl, ER, Park, HJ, Lazova, R, Leng, L, et al. Macrophage migration inhibitory factor regulates U1 small nuclear RNP immune complex-mediated activation of the NLRP3 inflammasome. Arthritis Rheumatol. (2019) 71:109–20. doi: 10.1002/art.2019.71.issue-1

23. Wang, Y, An, R, Umanah, GK, Park, H, Nambiar, K, Eacker, SM, et al. A nuclease that mediates cell death induced by DNA damage and poly(ADP-ribose) polymerase-1. Science. (2016) 354. doi: 10.1126/science.aad6872

24. Song, S, Xiao, Z, Dekker, FJ, Poelarends, GJ, and Melgert, BN. Macrophage migration inhibitory factor family proteins are multitasking cytokines in tissue injury. Cell Mol Life Sci. (2022) 79:105. doi: 10.1007/s00018-021-04038-8

25. Rosengren, E, Bucala, R, Aman, P, Jacobsson, L, Odh, G, Metz, CN, et al. The immunoregulatory mediator macrophage migration inhibitory factor (MIF) catalyzes a tautomerization reaction. Mol Med. (1996) 2:143–9. doi: 10.1007/BF03402210

26. Dickerhof, N, Schindler, L, Bernhagen, J, Kettle, AJ, and Hampton, MB. Macrophage migration inhibitory factor (Mif) is rendered enzymatically inactive by myeloperoxidase-derived oxidants but retains its immunomodulatory function. Free Radic Biol Med. (2015) 89:498–511. doi: 10.1016/j.freeradbiomed.2015.09.009

27. Flieger, O, Engling, A, Bucala, R, Lue, H, Nickel, W, and Bernhagen, J. Regulated secretion of macrophage migration inhibitory factor is mediated by A non-classical pathway involving an abc transporter. FEBS Lett. (2003) 551:78–86. doi: 10.1016/S0014-5793(03)00900-1

28. Chuang, YC, Su, WH, Lei, HY, Lin, YS, Liu, HS, Chang, CP, et al. Macrophage migration inhibitory factor induces autophagy via reactive oxygen species generation. PloS One. (2012) 7:e37613. doi: 10.1371/journal.pone.0037613

29. Calandra, T, and Roger, T. Macrophage migration inhibitory factor: A regulator of innate immunity. Nat Rev Immunol. (2003) 3:791–800. doi: 10.1038/nri1200

30. Roger, T, David, J, Glauser, MP, and Calandra, T. MIF regulates innate immune responses through modulation of Toll-like receptor 4. Nature. (2001) 414:920–4. doi: 10.1038/414920a

31. Das, R, Koo, MS, Kim, BH, Jacob, ST, Subbian, S, Yao, J, et al. Macrophage migration inhibitory factor (MIF) is a critical mediator of the innate immune response to Mycobacterium tuberculosis. Proc Natl Acad Sci U.S.A. (2013) 110:E2997–3006. doi: 10.1073/pnas.1301128110

32. Calandra, T, Bernhagen, J, Metz, CN, Spiegel, LA, Bacher, M, Donnelly, T, et al. MIF as a glucocorticoid-induced modulator of cytokine production. Nature. (1995) 377:68–71. doi: 10.1038/377068a0

33. Wintermantel, TM, Berger, S, Greiner, EF, and Schutz, G. Evaluation of steroid receptor function by gene targeting in mice. J Steroid Biochem Mol Biol. (2005) 93:107–12. doi: 10.1016/j.jsbmb.2004.12.033

34. Leng, L, Wang, W, Roger, T, Merk, M, Wuttke, M, Calandra, T, et al. Glucocorticoid-induced MIF expression by human CEM T cells. Cytokine. (2009) 48:177–85. doi: 10.1016/j.cyto.2009.07.002

35. Grieb, G, Merk, M, Bernhagen, J, and Bucala, R. Macrophage migration inhibitory factor (MIF): a promising biomarker. Drug News Perspect. (2010) 23:257–64. doi: 10.1358/dnp.2010.23.4.1453629

36. Bozza, FA, Gomes, RN, Japiassu, AM, Soares, M, Castro-Faria-Neto, HC, Bozza, PT, et al. Macrophage migration inhibitory factor levels correlate with fatal outcome in sepsis. Shock. (2004) 22:309–13. doi: 10.1097/01.shk.0000140305.01641.c8

37. Calandra, T, Echtenacher, B, Roy, DL, Pugin, J, Metz, CN, Hultner, L, et al. Protection from septic shock by neutralization of macrophage migration inhibitory factor. Nat Med. (2000) 6:164–70. doi: 10.1038/72262

38. Bernhagen, J, Calandra, T, Mitchell, RA, Martin, SB, Tracey, KJ, Voelter, W, et al. MIF is a pituitary-derived cytokine that potentiates lethal endotoxaemia. Nature. (1993) 365:756–9. doi: 10.1038/365756a0

39. Herder, C, Kolb, H, Koenig, W, Haastert, B, Muller-Scholze, S, Rathmann, W, et al. Association of systemic concentrations of macrophage migration inhibitory factor with impaired glucose tolerance and type 2 diabetes: results from the Cooperative Health Research in the Region of Augsburg, Survey 4 (KORA S4). Diabetes Care. (2006) 29:368–71. doi: 10.2337/diacare.29.02.06.dc05-1474

40. Sanchez-Zamora, Y, Terrazas, LI, Vilches-Flores, A, Leal, E, Juarez, I, Whitacre, C, et al. Macrophage migration inhibitory factor is a therapeutic target in treatment of non-insulin-dependent diabetes mellitus. FASEB J. (2010) 24:2583–90. doi: 10.1096/fj.09-147066

41. Conroy, H, Mawhinney, L, and Donnelly, SC. Inflammation and cancer: macrophage migration inhibitory factor (MIF)–the potential missing link. QJM. (2010) 103:831–6. doi: 10.1093/qjmed/hcq148

42. Balogh, KN, Templeton, DJ, and Cross, JV. Macrophage Migration Inhibitory Factor protects cancer cells from immunogenic cell death and impairs anti-tumor immune responses. PloS One. (2018) 13:e0197702. doi: 10.1371/journal.pone.0197702

43. Xu, X, Wang, B, Ye, C, Yao, C, Lin, Y, Huang, X, et al. Overexpression of macrophage migration inhibitory factor induces angiogenesis in human breast cancer. Cancer Lett. (2008) 261:147–57. doi: 10.1016/j.canlet.2007.11.028

44. Leech, M, Metz, C, Hall, P, Hutchinson, P, Gianis, K, Smith, M, et al. Macrophage migration inhibitory factor in rheumatoid arthritis: evidence of proinflammatory function and regulation by glucocorticoids. Arthritis Rheum. (1999) 42:1601–8. doi: 10.1002/1529-0131(199908)42:8<1601::AID-ANR6>3.0.CO;2-B

45. Onodera, S, Tanji, H, Suzuki, K, Kaneda, K, Mizue, Y, Sagawa, A, et al. High expression of macrophage migration inhibitory factor in the synovial tissues of rheumatoid joints. Cytokine. (1999) 11:163–7. doi: 10.1006/cyto.1998.0402

46. Mikulowska, A, Metz, CN, Bucala, R, and Holmdahl, R. Macrophage migration inhibitory factor is involved in the pathogenesis of collagen type II-induced arthritis in mice. J Immunol. (1997) 158:5514–7. doi: 10.4049/jimmunol.158.11.5514

47. Leech, M, Lacey, D, Xue, JR, Santos, L, Hutchinson, P, Wolvetang, E, et al. Regulation of p53 by macrophage migration inhibitory factor in inflammatory arthritis. Arthritis Rheum. (2003) 48:1881–9. doi: 10.1002/art.11165

48. Singh, A, Leng, L, Fan, J, Gajda, M, Brauer, R, Fingerle-Rowson, G, et al. Macrophage-derived, macrophage migration inhibitory factor (MIF) is necessary to induce disease in the K/BxN serum-induced model of arthritis. Rheumatol Int. (2013) 33:2301–8. doi: 10.1007/s00296-013-2713-4

49. Herrero, LJ, Sheng, KC, Jian, P, Taylor, A, Her, Z, Herring, BL, et al. Macrophage migration inhibitory factor receptor CD74 mediates alphavirus-induced arthritis and myositis in murine models of alphavirus infection. Arthritis Rheum. (2013) 65:2724–36. doi: 10.1002/art.v65.10

50. Matsui, Y, Okamoto, H, Jia, N, Akino, M, Uede, T, Kitabatake, A, et al. Blockade of macrophage migration inhibitory factor ameliorates experimental autoimmune myocarditis. J Mol Cell Cardiol. (2004) 37:557–66. doi: 10.1016/j.yjmcc.2004.05.016

51. Ji, N, Kovalovsky, A, Fingerle-Rowson, G, Guentzel, MN, and Forsthuber, TG. Macrophage migration inhibitory factor promotes resistance to glucocorticoid treatment in eae. Neurol Neuroimmunol Neuroinflamm. (2015) 2:E139. doi: 10.1212/NXI.0000000000000139

52. Denkinger, CM, Denkinger, M, Kort, JJ, Metz, C, and Forsthuber, TG. In vivo blockade of macrophage migration inhibitory factor ameliorates acute experimental autoimmune encephalomyelitis by impairing the homing of encephalitogenic T cells to the central nervous system. J Immunol. (2003) 170(3):1274–82. doi: 10.4049/jimmunol.170.3.1274

53. Mezzetti, E, Costantino, A, Leoni, M, Pieretti, R, Di Paolo, M, Frati, P, et al. Autoimmune heart disease: A comprehensive summary for forensic practice. Medicina. (2023) 59. doi: 10.3390/medicina59081364

54. Meder, B, Ruhle, F, Weis, T, Homuth, G, Keller, A, Franke, J, et al. A genome-wide association study identifies 6p21 as novel risk locus for dilated cardiomyopathy. Eur Heart J. (2014) 35:1069–77. doi: 10.1093/eurheartj/eht251

55. Gil-Cruz, C, Perez-Shibayama, C, De Martin, A, Ronchi, F, van der Borght, K, Niederer, R, et al. Microbiota-derived peptide mimics drive lethal inflammatory cardiomyopathy. Science. (2019) 366:881–6. doi: 10.1126/science.aav3487

56. Heymans, S, Eriksson, U, Lehtonen, J, and Cooper, LT Jr. The quest for new approaches in myocarditis and inflammatory cardiomyopathy. J Am Coll Cardiol. (2016) 68:2348–64. doi: 10.1016/j.jacc.2016.09.937

57. Dicosmo-Ponticello, CJ, Hoover, D, Coffman, FD, Cohen, S, and Cohen, MC. Mif inhibits monocytic movement through A non-canonical receptor and disruption of temporal rho gtpase activities in U-937 cells. Cytokine. (2014) 69:47–55. doi: 10.1016/j.cyto.2014.05.005

58. Mitchell, RA, Liao, H, Chesney, J, Fingerle-Rowson, G, Baugh, J, David, J, et al. Macrophage migration inhibitory factor (MIF) sustains macrophage proinflammatory function by inhibiting p53: regulatory role in the innate immune response. Proc Natl Acad Sci U.S.A. (2002) 99:345–50. doi: 10.1073/pnas.012511599

59. Cutrullis, RA, Petray, PB, Schapachnik, E, Sanchez, R, Postan, M, Gonzalez, MN, et al. Elevated serum levels of macrophage migration inhibitory factor are associated with progressive chronic cardiomyopathy in patients with Chagas disease. PloS One. (2013) 8:e57181. doi: 10.1371/journal.pone.0057181

60. Cutrullis, RA, Petray, PB, and Corral, RS. MIF-driven activation of macrophages induces killing of intracellular Trypanosoma cruzi dependent on endogenous production of tumor necrosis factor, nitric oxide and reactive oxygen species. Immunobiology. (2017) 222:423–31. doi: 10.1016/j.imbio.2016.08.007

61. Roger, T, Froidevaux, C, Martin, C, and Calandra, T. Macrophage migration inhibitory factor (MIF) regulates host responses to endotoxin through modulation of Toll-like receptor 4 (TLR4). J Endotoxin Res. (2003) 9:119–23. doi: 10.1177/09680519030090020801

62. Yu, X, Lin, SG, Huang, XR, Bacher, M, Leng, L, Bucala, R, et al. Macrophage migration inhibitory factor induces MMP-9 expression in macrophages via the MEK-ERK MAP kinase pathway. J Interferon Cytokine Res. (2007) 27:103–9. doi: 10.1089/jir.2006.0054

63. Pappritz, K, Savvatis, K, Koschel, A, Miteva, K, Tschope, C, and Van Linthout, S. Cardiac (myo)fibroblasts modulate the migration of monocyte subsets. Sci Rep. (2018) 8, 5575. doi: 10.1038/s41598-018-23881-7

64. Pappritz, K, Savvatis, K, Miteva, K, Kerim, B, Dong, F, Fechner, H, et al. Immunomodulation by adoptive regulatory T-cell transfer improves Coxsackievirus B3-induced myocarditis. FASEB J. (2018) 32:6066–6078. doi: 10.1096/fj.201701408R

65. Miteva, K, Pappritz, K, El-Shafeey, M, Dong, F, Ringe, J, Tschope, C, et al. Mesenchymal stromal cells modulate monocytes trafficking in coxsackievirus B3-induced myocarditis. Stem Cells Transl Med. (2017) 6:1249–61. doi: 10.1002/sctm.16-0353

66. Rurik, JG, Aghajanian, H, and Epstein, JA. Immune cells and immunotherapy for cardiac injury and repair. Circ Res. (2021) 128:1766–79. doi: 10.1161/CIRCRESAHA.121.318005

67. Kim, BS, Tilstam, PV, Arnke, K, Leng, L, Ruhl, T, Piecychna, M, et al. Differential regulation of macrophage activation by the mif cytokine superfamily members mif and mif-2 in adipose tissue during endotoxemia. FASEB J. (2020) 34:4219–33. doi: 10.1096/fj.201901511R

68. Xie, S, Tong, Z, Zhang, J, Yang, C, Jiang, W, and Zhang, H. Elevated MIF identified by multiple cytokine analyses facilitates macrophage M2 polarization contributing to postoperative recurrence in chronic rhinosinusitis with nasal polyps. Rhinology. (2024) 62:432–45. doi: 10.4193/Rhin23.412

69. Weckbach, LT, Grabmaier, U, Uhl, A, Gess, S, Boehm, F, Zehrer, A, et al. Midkine drives cardiac inflammation by promoting neutrophil trafficking and NETosis in myocarditis. J Exp Med. (2019) 216:350–68. doi: 10.1084/jem.20181102

70. Afanasyeva, M, Georgakopoulos, D, Belardi, DF, Ramsundar, AC, Barin, JG, Kass, DA, et al. Quantitative analysis of myocardial inflammation by flow cytometry in murine autoimmune myocarditis: correlation with cardiac function. Am J Pathol. (2004) 164:807–15. doi: 10.1016/S0002-9440(10)63169-0

71. Baumann, R, Casaulta, C, Simon, D, Conus, S, Yousefi, S, and Simon, HU. Macrophage migration inhibitory factor delays apoptosis in neutrophils by inhibiting the mitochondria-dependent death pathway. FASEB J. (2003) 17:2221–30. doi: 10.1096/fj.03-0110com

72. Schindler, L, Smyth, LCD, Bernhagen, J, Hampton, MB, and Dickerhof, N. Macrophage migration inhibitory factor (MIF) enhances hypochlorous acid production in phagocytic neutrophils. Redox Biol. (2021) 41:101946. doi: 10.1016/j.redox.2021.101946

73. Diny, NL, Baldeviano, GC, Talor, MV, Barin, JG, Ong, S, Bedja, D, et al. Eosinophil-derived il-4 drives progression of myocarditis to inflammatory dilated cardiomyopathy. J Exp Med. (2017) 214:943–57. doi: 10.1084/jem.20161702

74. Polajeva, J, Bergstrom, T, Edqvist, PH, Lundequist, A, Sjosten, A, Nilsson, G, et al. Glioma-derived macrophage migration inhibitory factor (MIF) promotes mast cell recruitment in a STAT5-dependent manner. Mol Oncol. (2014) 8:50–8. doi: 10.1016/j.molonc.2013.09.002

75. Ningyan, G, Xu, Y, Hongfei, S, Jingjing, C, and Min, C. The role of macrophage migration inhibitory factor in mast cell-stimulated fibroblast proliferation and collagen production. PloS One. (2015) 10:e0122482. doi: 10.1371/journal.pone.0122482

76. Lehmann, PV, Sercarz, EE, Forsthuber, T, Dayan, CM, and Gammon, G. Determinant spreading and the dynamics of the autoimmune T-cell repertoire. Immunol Today. (1993) 14:203–8. doi: 10.1016/0167-5699(93)90163-F

77. Klingel, K, Fabritius, C, Sauter, M, Goldner, K, Stauch, D, Kandolf, R, et al. The activating receptor nkg2d of natural killer cells promotes resistance against enterovirus-mediated inflammatory cardiomyopathy. J Pathol. (2014) 234:164–77. doi: 10.1002/path.2014.234.issue-2

78. Yuan, J, Liu, Z, Lim, T, Zhang, H, He, J, Walker, E, et al. CXCL10 inhibits viral replication through recruitment of natural killer cells in coxsackievirus B3-induced myocarditis. Circ Res. (2009) 104:628–38. doi: 10.1161/CIRCRESAHA.108.192179

79. Clemente-Casares, X, Hosseinzadeh, S, Barbu, I, Dick, SA, Macklin, JA, Wang, Y, et al. A CD103(+) conventional dendritic cell surveillance system prevents development of overt heart failure during subclinical viral myocarditis. Immunity. (2017) 47:974–989.e8. doi: 10.1016/j.immuni.2017.10.011

80. Arcuri, F, Cintorino, M, Carducci, A, Papa, S, Riparbelli, MG, Mangioni, S, et al. Human decidual natural killer cells as a source and target of macrophage migration inhibitory factor. Reproduction. (2006) 131:175–82. doi: 10.1530/rep.1.00857

81. Apte, RS, Sinha, D, Mayhew, E, Wistow, GJ, and Niederkorn, JY. Cutting edge: role of macrophage migration inhibitory factor in inhibiting NK cell activity and preserving immune privilege. J Immunol. (1998) 160:5693–6. doi: 10.4049/jimmunol.160.12.5693

82. Ives, A, Le Roy, D, Theroude, C, Bernhagen, J, Roger, T, and Calandra, T. Macrophage migration inhibitory factor promotes the migration of dendritic cells through CD74 and the activation of the Src/PI3K/myosin II pathway. FASEB J. (2021) 35:e21418. doi: 10.1096/fj.202001605R

83. Murakami, H, Akbar, SM, Matsui, H, Horiike, N, and Onji, M. Macrophage migration inhibitory factor activates antigen-presenting dendritic cells and induces inflammatory cytokines in ulcerative colitis. Clin Exp Immunol. (2002) 128:504–10. doi: 10.1046/j.1365-2249.2002.01838.x

84. Ruiz-Rosado Jde, D, Olguin, JE, Juarez-Avelar, I, Saavedra, R, Terrazas, LI, Robledo-Avila, FH, et al. MIF Promotes Classical Activation and Conversion of Inflammatory Ly6C(high) Monocytes into TipDCs during Murine Toxoplasmosis. Mediators Inflammation. (2016) 2016:9101762. doi: 10.1155/2016/9101762

85. Liu, P, Aitken, K, Kong, YY, Opavsky, MA, Martino, T, Dawood, F, et al. The tyrosine kinase p56lck is essential in coxsackievirus B3-mediated heart disease. Nat Med. (2000) 6:429–34. doi: 10.1038/74689

86. Baldeviano, GC, Barin, JG, Talor, MV, Srinivasan, S, Bedja, D, Zheng, D, et al. Interleukin-17A is dispensable for myocarditis but essential for the progression to dilated cardiomyopathy. Circ Res. (2010) 106:1646–55. doi: 10.1161/CIRCRESAHA.109.213157

87. Nindl, V, Maier, R, Ratering, D, De Giuli, R, Zust, R, Thiel, V, et al. Cooperation of Th1 and Th17 cells determines transition from autoimmune myocarditis to dilated cardiomyopathy. Eur J Immunol. (2012) 42:2311–21. doi: 10.1002/eji.201142209

88. Shi, Y, Fukuoka, M, Li, G, Liu, Y, Chen, M, Konviser, M, et al. Regulatory T cells protect mice against coxsackievirus-induced myocarditis through the transforming growth factor beta-coxsackie-adenovirus receptor pathway. Circulation. (2010) 121:2624–34. doi: 10.1161/CIRCULATIONAHA.109.893248

89. Martin, P, and Sanchez-Madrid, F. T cells in cardiac health and disease. J Clin Invest. (2025) 135. doi: 10.1172/JCI185218

90. Anzai, A, Mindur, JE, Halle, L, Sano, S, Choi, JL, He, S, et al. Self-reactive CD4(+) IL-3(+) T cells amplify autoimmune inflammation in myocarditis by inciting monocyte chemotaxis. J Exp Med. (2019) 216:369–83. doi: 10.1084/jem.20180722

91. Opavsky, MA, Penninger, J, Aitken, K, Wen, WH, Dawood, F, Mak, T, et al. Susceptibility to myocarditis is dependent on the response of alphabeta T lymphocytes to coxsackieviral infection. Circ Res. (1999) 85:551–8. doi: 10.1161/01.RES.85.6.551

92. Rangachari, M, Mauermann, N, Marty, RR, Dirnhofer, S, Kurrer, MO, Komnenovic, V, et al. T-bet negatively regulates autoimmune myocarditis by suppressing local production of interleukin 17. J Exp Med. (2006) 203:2009–19. doi: 10.1084/jem.20052222

93. Ahern, PP, Schiering, C, Buonocore, S, Mcgeachy, MJ, Cua, DJ, Maloy, KJ, et al. Interleukin-23 drives intestinal inflammation through direct activity on T cells. Immunity. (2010) 33:279–88. doi: 10.1016/j.immuni.2010.08.010

94. Wu, L, Diny, NL, Ong, S, Barin, JG, Hou, X, Rose, NR, et al. Pathogenic IL-23 signaling is required to initiate GM-CSF-driven autoimmune myocarditis in mice. Eur J Immunol. (2016) 46:582–92. doi: 10.1002/eji.201545924

95. Wu, L, Ong, S, Talor, MV, Barin, JG, Baldeviano, GC, Kass, DA, et al. Cardiac fibroblasts mediate IL-17A-driven inflammatory dilated cardiomyopathy. J Exp Med. (2014) 211:1449–64. doi: 10.1084/jem.20132126

96. Bacher, M, Metz, CN, Calandra, T, Mayer, K, Chesney, J, Lohoff, M, et al. An essential regulatory role for macrophage migration inhibitory factor in T-cell activation. Proc Natl Acad Sci U.S.A. (1996) 93:7849–54. doi: 10.1073/pnas.93.15.7849

97. Santos, LL, Dacumos, A, Yamana, J, Sharma, L, and Morand, EF. Reduced arthritis in MIF deficient mice is associated with reduced T cell activation: down-regulation of ERK MAP kinase phosphorylation. Clin Exp Immunol. (2008) 152:372–80. doi: 10.1111/j.1365-2249.2008.03639.x

98. Gajic, D, Koprivica, I, Stojanovic, I, and Saksida, T. Defective immunosuppressive function of treg cells in visceral adipose tissue in mif deficient mice. Cytokine. (2021) 138:155372. doi: 10.1016/j.cyto.2020.155372

99. Kaya, Z, Leib, C, and Katus, HA. Autoantibodies in heart failure and cardiac dysfunction. Circ Res. (2012) 110:145–58. doi: 10.1161/CIRCRESAHA.111.243360

100. Caforio, AL, Angelini, A, Blank, M, Shani, A, Kivity, S, Goddard, G, et al. Passive transfer of affinity-purified anti-heart autoantibodies (AHA) from sera of patients with myocarditis induces experimental myocarditis in mice. Int J Cardiol. (2015) 179:166–77. doi: 10.1016/j.ijcard.2014.10.165

101. Tschope, C, Van Linthout, S, Spillmann, F, Posch, MG, Reinke, P, Volk, HD, et al. Targeting CD20+ B-lymphocytes in inflammatory dilated cardiomyopathy with rituximab improves clinical course: a case series. Eur Heart J Case Rep. (2019) 3. doi: 10.1093/ehjcr/ytz131

102. Klasen, C, Ohl, K, Sternkopf, M, Shachar, I, Schmitz, C, Heussen, N, et al. Mif promotes B cell chemotaxis through the receptors cxcr4 and cd74 and zap-70 signaling. J Immunol. (2014) 192:5273–84. doi: 10.4049/jimmunol.1302209

103. Gore, Y, Starlets, D, Maharshak, N, Becker-Herman, S, Kaneyuki, U, Leng, L, et al. Macrophage migration inhibitory factor induces B cell survival by activation of a CD74-CD44 receptor complex. J Biol Chem. (2008) 283:2784–92. doi: 10.1074/jbc.M703265200

104. Hou, X, Chen, G, Bracamonte-Baran, W, Choi, HS, Diny, NL, Sung, J, et al. The cardiac microenvironment instructs divergent monocyte fates and functions in myocarditis. Cell Rep. (2019) 28:172–189.e7. doi: 10.1016/j.celrep.2019.06.007

105. Xue, YM, Deng, CY, Wei, W, Liu, FZ, Yang, H, Liu, Y, et al. Macrophage migration inhibitory factor promotes cardiac fibroblast proliferation through the Src kinase signaling pathway. Mol Med Rep. (2018) 17:3425–31. doi: 10.3892/mmr.2017.8261

106. Voss, S, Kruger, S, Scherschel, K, Warnke, S, Schwarzl, M, Schrage, B, et al. Macrophage migration inhibitory factor (MIF) expression increases during myocardial infarction and supports pro-inflammatory signaling in cardiac fibroblasts. Biomolecules. (2019) 9. doi: 10.3390/biom9020038

107. Soppert, J, Kraemer, S, Beckers, C, Averdunk, L, Mollmann, J, Denecke, B, et al. Soluble CD74 reroutes MIF/CXCR4/AKT-mediated survival of cardiac myofibroblasts to necroptosis. J Am Heart Assoc. (2018) 7:e009384. doi: 10.1161/JAHA.118.009384

108. Van Linthout, S, Elsanhoury, A, Klein, O, Sosnowski, M, Miteva, K, Lassner, D, et al. Telbivudine in chronic lymphocytic myocarditis and human parvovirus B19 transcriptional activity. ESC Heart Fail. (2018) 5:818–29. doi: 10.1002/ehf2.12341

109. Dhanantwari, P, Nadaraj, S, Kenessey, A, Chowdhury, D, Al-Abed, Y, Miller, EJ, et al. Macrophage migration inhibitory factor induces cardiomyocyte apoptosis. Biochem Biophys Res Commun. (2008) 371:298–303. doi: 10.1016/j.bbrc.2008.04.070

110. Liang, Y, Yuan, W, Zhu, W, Zhu, J, Lin, Q, Zou, X, et al. Macrophage migration inhibitory factor promotes expression of GLUT4 glucose transporter through MEF2 and Zac1 in cardiomyocytes. Metabolism. (2015) 64:1682–93. doi: 10.1016/j.metabol.2015.09.007

111. Reyes, JL, Terrazas, LI, Espinoza, B, Cruz-Robles, D, Soto, V, Rivera-Montoya, I, et al. Macrophage migration inhibitory factor contributes to host defense against acute Trypanosoma cruzi infection. Infect Immun. (2006) 74:3170–9. doi: 10.1128/IAI.01648-05

112. Cutrullis, RA, Postan, M, Petray, PB, and Corral, RS. Timing of expression of inflammatory mediators in skeletal muscles from mice acutely infected with the RA strain of Trypanosoma cruzi. Pathobiology. (2009) 76:170–80. doi: 10.1159/000218333

113. Yu, XH, Li, SJ, Chen, RZ, Yang, YZ, and Zhang, P. Pathogenesis of coxsackievirus B3-induced myocarditis: role of macrophage migration inhibitory factor. Chin Med J (Engl). (2012) 125:50–5.

114. Chagnon, F, Metz, CN, Bucala, R, and Lesur, O. Endotoxin-induced myocardial dysfunction: effects of macrophage migration inhibitory factor neutralization. Circ Res. (2005) 96:1095–102. doi: 10.1161/01.RES.0000168327.22888.4d

115. Luo, Y, Fan, C, Yang, M, Dong, M, Bucala, R, Pei, Z, et al. CD74 knockout protects against LPS-induced myocardial contractile dysfunction through AMPK-Skp2-SUV39H1-mediated demethylation of BCLB. Br J Pharmacol. (2020) 177:1881–97. doi: 10.1111/bph.v177.8

116. Xu, X, Bucala, R, and Ren, J. Macrophage migration inhibitory factor deficiency augments doxorubicin-induced cardiomyopathy. J Am Heart Assoc. (2013) 2:e000439. doi: 10.1161/JAHA.113.000439

117. Yang, L, Wang, S, Ma, J, Li, J, Yang, J, Bucala, R, et al. CD74 knockout attenuates alcohol intake-induced cardiac dysfunction through AMPK-Skp2-mediated regulation of autophagy. Biochim Biophys Acta Mol Basis Dis. (2019) 1865:2368–78. doi: 10.1016/j.bbadis.2019.05.020

118. Shioji, K, Kishimoto, C, and Sasayama, S. Fc receptor-mediated inhibitory effect of immunoglobulin therapy on autoimmune giant cell myocarditis: concomitant suppression of the expression of dendritic cells. Circ Res. (2001) 89:540–6. doi: 10.1161/hh1801.096263

119. Mueller, KA, Schwille, J, Vollmer, S, Ehinger, E, Kandolf, R, Klingel, K, et al. Prognostic impact of macrophage migration inhibitory factor in patients with non-ischemic heart failure undergoing endomyocardial biopsy. Int J Cardiol. (2016) 203:656–9. doi: 10.1016/j.ijcard.2015.11.014

120. Luedike, P, Alatzides, G, Papathanasiou, M, Heisler, M, Pohl, J, Lehmann, N, et al. Circulating macrophage migration inhibitory factor (MIF) in patients with heart failure. Cytokine. (2018) 110:104–9. doi: 10.1016/j.cyto.2018.04.033

121. Luedike, P, Alatzides, G, Papathanasiou, M, Heisler, M, Pohl, J, Lehmann, N, et al. Predictive potential of macrophage migration inhibitory factor (MIF) in patients with heart failure with preserved ejection fraction (HFpEF). Eur J Med Res. (2018) 23:22. doi: 10.1186/s40001-018-0321-1

122. Koga, K, Kenessey, A, and Ojamaa, K. Macrophage migration inhibitory factor antagonizes pressure overload-induced cardiac hypertrophy. Am J Physiol Heart Circ Physiol. (2013) 304:H282–93. doi: 10.1152/ajpheart.00595.2012

123. Xu, X, Hua, Y, Nair, S, Bucala, R, and Ren, J. Macrophage migration inhibitory factor deletion exacerbates pressure overload-induced cardiac hypertrophy through mitigating autophagy. Hypertension. (2014) 63:490–9. doi: 10.1161/HYPERTENSIONAHA.113.02219

124. Sabino, EC, Nunes, MCP, Blum, J, Molina, I, and Ribeiro, ALP. Cardiac involvement in Chagas disease and African trypanosomiasis. Nat Rev Cardiol. (2024) 12:865-879. doi: 10.1038/s41569-024-01057-3

125. Rassi, A Jr., Rassi, A, Little, WC, Xavier, SS, Rassi, SG, Rassi, AG, et al. Development and validation of a risk score for predicting death in Chagas’ heart disease. N Engl J Med. (2006) 355:799–808. doi: 10.1056/NEJMoa053241

126. Franco-Paredes, C, Rouphael, N, Méndez, J, Folch, E, Rodríguez-Morales, AJ, Santos, JI, et al. Cardiac manifestations of parasitic infections part 1: overview and immunopathogenesis. Clin Cardiol. (2007) 30:195–9. doi: 10.1002/clc.v30:4

127. Lannes-Vieira, J. Trypanosoma cruzi-elicited CD8+ T cell-mediated myocarditis: chemokine receptors and adhesion molecules as potential therapeutic targets to control chronic inflammation? Mem Inst Oswaldo Cruz. (2003) 98:299–304. doi: 10.1590/S0074-02762003000300002

128. Michailowsky, V, Silva, NM, Rocha, CD, Vieira, LQ, Lannes-Vieira, J, and Gazzinelli, RT. Pivotal role of interleukin-12 and interferon-gamma axis in controlling tissue parasitism and inflammation in the heart and central nervous system during Trypanosoma cruzi infection. Am J Pathol. (2001) 159:1723–33. doi: 10.1016/S0002-9440(10)63019-2

129. Hölscher, C, Köhler, G, Müller, U, Mossmann, H, Schaub, GA, and Brombacher, F. Defective nitric oxide effector functions lead to extreme susceptibility of Trypanosoma cruzi-infected mice deficient in gamma interferon receptor or inducible nitric oxide synthase. Infect Immun. (1998) 66:1208–15. doi: 10.1128/IAI.66.3.1208-1215.1998

130. Hunter, CA, Slifer, T, and Araujo, F. Interleukin-12-mediated resistance to Trypanosoma cruzi is dependent on tumor necrosis factor alpha and gamma interferon. Infect Immun. (1996) 64:2381–6. doi: 10.1128/iai.64.7.2381-2386.1996

131. Kumar, S, and Tarleton, RL. Antigen-specific Th1 but not Th2 cells provide protection from lethal Trypanosoma cruzi infection in mice. J Immunol. (2001) 166:4596–603. doi: 10.4049/jimmunol.166.7.4596

132. Terrazas, CA, Huitron, E, Vazquez, A, Juarez, I, Camacho, GM, Calleja, EA, et al. MIF synergizes with Trypanosoma cruzi antigens to promote efficient dendritic cell maturation and IL-12 production via p38 MAPK. Int J Biol Sci. (2011) 7:1298–310. doi: 10.7150/ijbs.7.1298

133. Vinhaes, MC, and Schofield, CJ. Trypanosomiasis control: surmounting diminishing returns. Trends Parasitol. (2003) 19:112–3. doi: 10.1016/S1471-4922(03)00020-5

134. Brener, Z, and Gazzinelli, RT. Immunological control of Trypanosoma cruzi infection and pathogenesis of Chagas’ disease. Int Arch Allergy Immunol. (1997) 114:103–10. doi: 10.1159/000237653

135. Milei, J, Storino, R, Fernandez Alonso, G, Beigelman, R, Vanzulli, S, and Ferrans, VJ. Endomyocardial biopsies in chronic chagasic cardiomyopathy. Immunohistochemical and ultrastructural findings. Cardiology. (1992) 80:424–37. doi: 10.1159/000175035

136. Rigazio, CS, Mariz-Ponte, N, Pérez Caballero, E, Penas, FN, Goren, NB, Santamaría, MH, et al. The combined action of glycoinositolphospholipid from Trypanosoma cruzi and macrophage migration inhibitory factor increases proinflammatory mediator production by cardiomyocytes and vascular endothelial cells. Microb Pathog. (2022) 173:105881. doi: 10.1016/j.micpath.2022.105881

137. Gupta, S, Wen, JJ, and Garg, NJ. Oxidative stress in chagas disease. Interdiscip Perspect Infect Dis. (2009) 2009:190354. doi: 10.1155/2009/190354

138. Dhiman, M, Zago, MP, Nunez, S, Amoroso, A, Rementeria, H, Dousset, P, et al. Cardiac-oxidized antigens are targets of immune recognition by antibodies and potential molecular determinants in chagas disease pathogenesis. PloS One. (2012) 7:E28449. doi: 10.1371/journal.pone.0028449

139. Mishra, A, Ete, T, Fanai, V, and Malviya, A. A Review On Cardiac Manifestation Of parasitic infection. Trop Parasitol. (2023) 13:8–15. doi: 10.4103/tp.tp_45_21

140. Marin-Neto, JA, Cunha-Neto, E, Maciel, BC, and Simões, MV. Pathogenesis of chronic Chagas heart disease. Circulation. (2007) 115:1109–23. doi: 10.1161/CIRCULATIONAHA.106.624296

141. Rodríguez, H, Muñoz, M, Llamas, G, Iturralde, P, Medeiros, A, Delgado, L, et al. Automatic, implantible cardioverter-defibrillator in a patient with chronic Chagas cardiopathy and sustained ventricular tachycardia. Arch Inst Cardiol Mex. (1998) 68:391–9.

142. Carapetis, JR, Beaton, A, Cunningham, MW, Guilherme, L, Karthikeyan, G, Mayosi, BM, et al. Acute rheumatic fever and rheumatic heart disease. Nat Rev Dis Primers. (2016) 2:15084. doi: 10.1038/nrdp.2015.84

143. Abdallah, AM, Al-Mazroea, AH, Al-Harbi, WN, Al-Harbi, NA, Eldardear, AE, Almohammadi, Y, et al. Impact of mif gene promoter variations on risk of rheumatic heart disease and its age of onset in Saudi Arabian patients. Front Immunol. (2016) 7:98. doi: 10.3389/fimmu.2016.00098

144. Calabrese, F, and Thiene, G. Myocarditis and inflammatory cardiomyopathy: microbiological and molecular biological aspects. Cardiovasc Res. (2003) 60:11–25. doi: 10.1016/S0008-6363(03)00475-9

145. Hollenberg, SM, and Singer, M. Pathophysiology of sepsis-induced cardiomyopathy. Nat Rev Cardiol. (2021) 18:424–34. doi: 10.1038/s41569-020-00492-2

146. Wang, S, and Ren, J. Role of autophagy and regulatory mechanisms in alcoholic cardiomyopathy. Biochim Biophys Acta Mol Basis Dis. (2018) 1864:2003–9. doi: 10.1016/j.bbadis.2018.03.016

147. Dayawansa, NH, Gao, XM, White, DA, Dart, AM, and Du, XJ. Role of MIF in myocardial ischaemia and infarction: insight from recent clinical and experimental findings. Clin Sci (Lond). (2014) 127:149–61. doi: 10.1042/CS20130828

148. Takahashi, M, Nishihira, J, Shimpo, M, Mizue, Y, Ueno, S, Mano, H, et al. Macrophage migration inhibitory factor as a redox-sensitive cytokine in cardiac myocytes. Cardiovasc Res. (2001) 52:438–45. doi: 10.1016/S0008-6363(01)00408-4

149. Fukuzawa, J, Nishihira, J, Hasebe, N, Haneda, T, Osaki, J, Saito, T, et al. Contribution of macrophage migration inhibitory factor to extracellular signal-regulated kinase activation by oxidative stress in cardiomyocytes. J Biol Chem. (2002) 277:24889–95. doi: 10.1074/jbc.M112054200

150. Yu, CM, Lai, KW, Chen, YX, Huang, XR, and Lan, HY. Expression of macrophage migration inhibitory factor in acute ischemic myocardial injury. J Histochem Cytochem. (2003) 51:625–31. doi: 10.1177/002215540305100508

151. Wang, J, Tong, C, Yan, X, Yeung, E, Gandavadi, S, Hare, AA, et al. Limiting cardiac ischemic injury by pharmacological augmentation of macrophage migration inhibitory factor-AMP-activated protein kinase signal transduction. Circulation. (2013) 128:225–36. doi: 10.1161/CIRCULATIONAHA.112.000862

152. Koga, K, Kenessey, A, Powell, SR, Sison, CP, Miller, EJ, and Ojamaa, K. Macrophage migration inhibitory factor provides cardioprotection during ischemia/reperfusion by reducing oxidative stress. Antioxid Redox Signal. (2011) 14:1191–202. doi: 10.1089/ars.2010.3163

153. Rassaf, T, Weber, C, and Bernhagen, J. Macrophage migration inhibitory factor in myocardial ischaemia/reperfusion injury. Cardiovasc Res. (2014) 102:321–8. doi: 10.1093/cvr/cvu071

154. Singla, DK. Stem cells and exosomes in cardiac repair. Curr Opin Pharmacol. (2016) 27:19–23. doi: 10.1016/j.coph.2016.01.003

155. Zhu, W, Sun, L, Zhao, P, Liu, Y, Zhang, J, Zhang, Y, et al. Macrophage migration inhibitory factor facilitates the therapeutic efficacy of mesenchymal stem cells derived exosomes in acute myocardial infarction through upregulating miR-133a-3p. J Nanobiotechnology. (2021) 19:61. doi: 10.1186/s12951-021-00808-5

156. Gao, XM, Liu, Y, White, D, Su, Y, Drew, BG, Bruce, CR, et al. Deletion of macrophage migration inhibitory factor protects the heart from severe ischemia-reperfusion injury: A predominant role of anti-inflammation. J Mol Cell Cardiol. (2011) 50:991–9. doi: 10.1016/j.yjmcc.2010.12.022

157. White, DA, Fang, L, Chan, W, Morand, EF, Kiriazis, H, Duffy, SJ, et al. Pro-inflammatory action of MIF in acute myocardial infarction via activation of peripheral blood mononuclear cells. PloS One. (2013) 8:e76206. doi: 10.1371/journal.pone.0076206

158. Liehn, EA, Kanzler, I, Konschalla, S, Kroh, A, Simsekyilmaz, S, Sonmez, TT, et al. Compartmentalized protective and detrimental effects of endogenous macrophage migration-inhibitory factor mediated by CXCR2 in a mouse model of myocardial ischemia/reperfusion. Arterioscler Thromb Vasc Biol. (2013) 33:2180–6. doi: 10.1161/ATVBAHA.113.301633

159. White, DA, Su, Y, Kanellakis, P, Kiriazis, H, Morand, EF, Bucala, R, et al. Differential roles of cardiac and leukocyte derived macrophage migration inhibitory factor in inflammatory responses and cardiac remodelling post myocardial infarction. J Mol Cell Cardiol. (2014) 69:32–42. doi: 10.1016/j.yjmcc.2014.01.015

160. Chen, S, Wu, J, Li, A, Huang, Y, Tailaiti, T, Zou, T, et al. Effect and mechanisms of dexmedetomidine combined with macrophage migration inhibitory factor inhibition on the expression of inflammatory factors and ampk in mice. Clin Exp Immunol. (2023) 212:61–9. doi: 10.1093/cei/uxad016

161. Pohl, J, Hendgen-Cotta, UB, Stock, P, Luedike, P, Baba, HA, Kamler, M, et al. Myocardial expression of macrophage migration inhibitory factor in patients with heart failure. J Clin Med. (2017) 6. doi: 10.3390/jcm6100095

162. Wen, L, Chen, W, Zhu, C, Li, J, Zhou, J, Zhang, M, et al. Overexpression of macrophage migration inhibitory factor protects against pressure overload-induced cardiac hypertrophy through regulating the miR-29b-3p/HBP1 axis. Physiol Rep. (2024) 12:e16022. doi: 10.14814/phy2.16022

163. Liang, JN, Zou, X, Fang, XH, Xu, JD, Xiao, Z, Zhu, JN, et al. The Smad3-miR-29b/miR-29c axis mediates the protective effect of macrophage migration inhibitory factor against cardiac fibrosis. Biochim Biophys Acta Mol Basis Dis. (2019) 1865:2441–50. doi: 10.1016/j.bbadis.2019.06.004

164. Mahalingam, D, Patel, MR, Sachdev, JC, Hart, LL, Halama, N, Ramanathan, RK, et al. Phase I study of imalumab (BAX69), a fully human recombinant antioxidized macrophage migration inhibitory factor antibody in advanced solid tumours. Br J Clin Pharmacol. (2020) 86:1836–48. doi: 10.1111/bcp.14289

165. Sparkes, A, De Baetselier, P, Brys, L, Cabrito, I, Sterckx, YG, Schoonooghe, S, et al. Novel half-life extended anti-MIF nanobodies protect against endotoxic shock. FASEB J. (2018) 32:3411–22. doi: 10.1096/fj.201701189R

166. Al-Abed, Y, Dabideen, D, Aljabari, B, Valster, A, Messmer, D, Ochani, M, et al. ISO-1 binding to the tautomerase active site of MIF inhibits its pro-inflammatory activity and increases survival in severe sepsis. J Biol Chem. (2005) 280:36541–4. doi: 10.1074/jbc.C500243200

167. Leng, L, Chen, L, Fan, J, Greven, D, Arjona, A, Du, X, et al. A small-molecule macrophage migration inhibitory factor antagonist protects against glomerulonephritis in lupus-prone NZB/NZW F1 and MRL/lpr mice. J Immunol. (2011) 186:527–38. doi: 10.4049/jimmunol.1001767

168. Korf, H, Breser, L, Van Hoeck, J, Godoy, J, Cook, DP, Stijlemans, B, et al. MIF inhibition interferes with the inflammatory and T cell-stimulatory capacity of NOD macrophages and delays autoimmune diabetes onset. PloS One. (2017) 12:e0187455. doi: 10.1371/journal.pone.0187455

169. Wang, Z, Wei, M, Wang, M, Chen, L, Liu, H, Ren, Y, et al. Inhibition of macrophage migration inhibitory factor reduces diabetic nephropathy in type II diabetes mice. Inflammation. (2014) 37:2020–9. doi: 10.1007/s10753-014-9934-x

170. Cho, Y, Crichlow, GV, Vermeire, JJ, Leng, L, Du, X, Hodsdon, ME, et al. Allosteric inhibition of macrophage migration inhibitory factor revealed by ibudilast. Proc Natl Acad Sci U.S.A. (2010) 107:11313–8.

171. Fox, RJ, Coffey, CS, Conwit, R, Cudkowicz, ME, Gleason, T, Goodman, A, et al. Phase 2 trial of ibudilast in progressive multiple sclerosis. N Engl J Med. (2018) 379:846–55. doi: 10.1056/NEJMoa1803583

172. Bilsborrow, JB, Doherty, E, Tilstam, PV, and Bucala, R. Macrophage migration inhibitory factor (MIF) as a therapeutic target for rheumatoid arthritis and systemic lupus erythematosus. Expert Opin Ther Targets. (2019) 23:733–44. doi: 10.1080/14728222.2019.1656718

173. Kok, T, Wasiel, AA, Cool, RH, Melgert, BN, Poelarends, GJ, and Dekker, FJ. Small-molecule inhibitors of macrophage migration inhibitory factor (MIF) as an emerging class of therapeutics for immune disorders. Drug Discovery Today. (2018) 23:1910–8. doi: 10.1016/j.drudis.2018.06.017

174. Matejuk, A, Benedek, G, Bucala, R, Matejuk, S, Offner, H, and Vandenbark, AA. MIF contribution to progressive brain diseases. J Neuroinflamm. (2024) 21:8. doi: 10.1186/s12974-023-02993-6

175. Bucala, R. MIF, MIF alleles, and prospects for therapeutic intervention in autoimmunity. J Clin Immunol. (2013) 33 Suppl 1:S72–8. doi: 10.1007/s10875-012-9781-1

176. Gaber, T, Schellmann, S, Erekul, KB, Fangradt, M, Tykwinska, K, Hahne, M, et al. Macrophage migration inhibitory factor counterregulates dexamethasone-mediated suppression of hypoxia-inducible factor-1 alpha function and differentially influences human cd4+ T cell proliferation under hypoxia. J Immunol. (2011) 186:764–74. doi: 10.4049/jimmunol.0903421

177. Fouda, H, Ibrahim, WN, Shi, Z, Alahmadi, F, Almohammadi, Y, Al-Haidose, A, et al. Impact of the mif -173g/C variant on cardiovascular disease risk: A meta-analysis of 9,047 participants. Front Cardiovasc Med. (2024) 11:1323423. doi: 10.3389/fcvm.2024.1323423

178. Abdallah, AM, and Abu-Madi, M. The genetic control of the rheumatic heart: closing the genotype-phenotype gap. Front Med (Lausanne). (2021) 8:611036. doi: 10.3389/fmed.2021.611036

179. Blyszczuk, P. Myocarditis in humans and in experimental animal models. Front Cardiovasc Med. (2019) 6:64. doi: 10.3389/fcvm.2019.00064

180. Ponzoni, M, Coles, JG, and Maynes, JT. Rodent models of dilated cardiomyopathy and heart failure for translational investigations and therapeutic discovery. Int J Mol Sci. (2023) 24. doi: 10.3390/ijms24043162

181. Liu, Y, Lin, L, and Qiao, L. Recent developments in organ-on-a-chip technology for cardiovascular disease research. Anal Bioanal Chem. (2023) 415:3911–25. doi: 10.1007/s00216-023-04596-9




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Pressley, Naseem, Nalawade and Forsthuber. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The distinct functions of MIF in inflammatory cardiomyopathy

      

        		

          1 Introduction

        



        		

          2 MIF

        

          		

            2.1 MIF signaling and function

          



          		

            2.2 MIF in human disease

          



        



        



        		

          3 Inflammatory cardiomyopathy

        

          		

            3.1 Pathogenesis of inflammatory cardiomyopathy

          



          		

            3.2 MIF signaling in cell types implicated in inflammatory cardiomyopathy

          

            		

              3.2.1 Innate immune cells

            



            		

              3.2.2 Adaptive immune cells

            



            		

              3.2.3 Resident cardiac cells

            



          



          



        



        



        		

          4 MIF in inflammatory cardiomyopathy, cardiac remodeling, and heart failure

        

          		

            4.1 Infectious inflammatory cardiomyopathy

          



          		

            4.2 Iatrogenic and toxin-induced inflammatory cardiomyopathy

          



          		

            4.3 Autoimmune myocarditis

          



          		

            4.4 Myocardial ischemia and infarction

          



          		

            4.5 Cardiac remodeling and heart failure

          



          		

            4.6 Targeting MIF therapeutically

          



        



        



        		

          5 Future directions

        

          		

            5.1 Refining small molecule inhibitors of MIF

          



          		

            5.2 MIF as a biomarker for inflammatory cardiomyopathy

          



          		

            5.3 MIF in inflammatory cardiomyopathy

          



          		

            5.4 Experimental models of inflammatory cardiomyopathy

          



        



        



        		

          6 Conclusions

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-16-1544484-g001.jpg
Circulation : ;
A Monocyte E Neutrophil Eosinophil Mast cell C Th1 cell cD8* T cell

Th17 cell
o Effect on cell MIF ‘
adhesion and ® ® 3
o

Immune cell recruitment

S - - % @ Degranulation
Anti-inflammator o : !
macrophage (sz)/ P sal® PR R e Reduced inflammation
o Tissue repair RO Rt R o Attenuated disease
. Fibrosis WD)~ T 21 R T e Viral clearance

Infiltrating
monocyte

Proinflammatory - NETs: - e Increased
macrophage (M1) o Inflammation oo o proinflammatory IL-17A

: : ° i ; :
o Effect on « Tissue damage o Tissue damage ®e cytokine production? GM-CSF o Tissue damage
B:)"I‘gﬁ’z‘;'t‘i%%?, 0o % e Infection clearance ——— >« Disease progression
< . . .
% e o TNFa « Delayed apoptosis? | - e o Fibrosis
® 00 @ ROS  Enhanced NET ©® o,
NO formation? o0 © ¢ Increased
proliferation and

IL-1B Tissue Damage
IL-6 Disease progression proinflammatory
cytokine production?

o Effecton
macrophage Activated

olarization? i .
p M1-like macrophage Interferons  adjac

e Increased Cytokines
o . Chemokines fibroblast

apoptosis? 0%%e0® O
%000 ® Alarmins
Etiology: Gie 4
e Increased

o o Viral infection
OMZ like macrophage > Autolmmunity Damaged/infected rs)[l?\lll]f\z?té%ré

DC Macrophage

 Drug toxicity cardiomyocyte )

proinflammatory
« Etc. MIF ©¢ D tiy?

Tissue-resident

macrophage Myocardium





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Condition Effect of MIF Model/Data Type

Inflammatory Cardiomyopathy

Chagas disease 1 « BALB/c mice infected with T.
cruzi (111, 112)
« In vitro (macrophages infected
with T. cruzi) (60)

cce 1 « Clinical correlation (59)
» C3H mice infected with T.
cruzi (59)
Viral myocarditis 1 « BALB/c mice infected with
CVB3 (113)
Sepsis- T » Wister rats injected with LPS
induced (114)
cardiomyopathy «+ CD74"" and WT mice injected
with LPS (115)
Tatrogenic 4 « C57BL/6 MIF” and WT mice
myocarditis injected with doxorubicin (116)
Toxin- 1 « C57BL/6 CD74”" and WT mice
induced injected with ethanol for three
myocarditis consecutive days (117)
Autoimmune 1 o Lewis rats with EAM (50, 118)
myocarditis

Heart Failure and Cardiac Remodeling

Heart failure 1 « Clinical correlation with fibrosis
(119)
« Clinical correlation with
pulmonary hypertension and
death (120, 121)

1 « In vitro (cardiac myofibroblasts
treated with sCD74 and
MIE) (107)
Pressure-overload 1 « C57BL/6 MIF”~ and WT mice
induced subjected to transverse aortic
cardiac coarctation (122)
hypertrophy « MIF”" and WT mice subjected

to abdominal aorta

constriction (123)

WT, wildtype; EAM, experimental autoimmune myocarditis; CVB3, Coxsackie virus B3; LPS,
lipopolysaccharide; sCD74, soluble CD74; CCC, chronic chagasic cardiomyopathy.
1, protective; 1, detrimental.
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