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Abstract

Rationale: Cell dose and concentration play crucial roles in phenotypic responses to cell-based 

therapy for heart failure.

Objective: To compare the safety and efficacy of two doses of allogeneic bone marrow-

derived human mesenchymal stem cells (hMSC) identically delivered in patients with ischemic 

cardiomyopathy (ICM).

Methods and Results: Thirty patients with ICM received in a blinded manner either 20 million 

(20M, n=15) or 100 million (100M, n=15) allogeneic hMSCs via transendocardial injection 

(10 0.5 cc injections/patient). Patients were followed for 12-months for safety and efficacy 

endpoints. There were no treatment-emergent serious adverse events (SAE) at 30 days or treatment 

related SAEs at 12 months. The Major Adverse Cardiac Event rate was 20.0% (95% CI, 6.9%, 

50.0%) in 20M and 13.3% (95% CI, 3.5%, 43.6%) in 100M (p=0.58). Worsening heart failure 

re-hospitalization was 20.0% (95% CI, 6.9%, 50.0%) in 20M and 7.1% (95% CI, 1.0%, 40.9%) 
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in 100M (p=0.27). Whereas scar size reduced to a similar degree in both groups: 20M by −6.4g 

(IQR, −13.5g, −3.4g, p=0.001) and 100M by −6.1g (IQR, −8.1g, −4.6g, p=0.0002), the ejection 

fraction (EF) improved only with 100M by 3.7 units (IQR, 1.1, 6.1, p=0.04). NYHA class 

improved at 12 months in 35.7% (95% CI, 12.7%, 64.9%) in 20M and 42.9% (95% CI, 17.7%, 

71.1%) in 100M. Importantly, pro-BNP increased at 12 months in 20M by 0.32 log pg/mL (95% 

CI, 0.02, 0.62, p=0.039), but not in 100M (−0.07 log pg/mL; 95% CI, −0.36, 0.23, p=0.65; 

between group p=0.07).

Conclusion: Although both cell doses reduced scar size, only the 100M dose increased EF. This 

study highlights the crucial role of cell dose in the responses to cell therapy. Determining optimal 

dose and delivery is essential to advance the field, decipher mechanism(s) of action, and enhance 

planning of pivotal Phase III trials.

Clinical Trial Registration: NCTO2013674 [https://clinicaltrials.gov/ct2/show/NCT02013674]
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INTRODUCTION

As the field of cell-based therapy for cardiac regeneration continues to expand, clinical trials 

of cell-based therapy for heart disease continue to indicate that cell dose and concentration 

play crucial roles in clinical responses. Despite more than a decade of clinical research, 

investigations of these biological therapies for cardiac regeneration have mainly focused 

on the optimal cell type1–4, with only a handful of studies comparing different cell doses. 

Moreover, there is a great deal of inconsistency in the results from these few studies, with 

some demonstrating a direct and others an inverse dose relationship between the number of 

stem cells and regenerative capacity4–6. The POSEIDON trial5, the first randomized clinical 

trial to compare autologous vs. allogeneic human mesenchymal stem cells (hMSCs) at three 

different doses, demonstrated an inverse relationship between the total cells delivered and 

clinical outcomes in patients with chronic ischemic left ventricular dysfunction secondary 

to myocardial infarction (MI)5. Specifically, those who received the lowest dose of 20 

million (M) cells demonstrated greater improvements in left-ventricular ejection fraction 

(EF) and end-systolic volume (ESV) compared to those who received the highest dose of 

200M cells. In contrast, Quyyumi et al. reported a direct dose-dependent improvement of 

cardiac perfusion in a study utilizing autologous CD34+ stem cells for the treatment of ST 

elevated MI6. However, this same cell type produced an inverse dose-response relationship 

in a study of patients with refractory angina4, further calling into question the intuitive 

hypothesis that more cells yield better outcomes. Yet other sub-analyses of clinical trials that 

tested different cell doses failed to determine a linear pattern of dose response7, 8. These 

inconsistencies among the results from different trials examining optimal dosing reflect the 

complexity of dosing in cell-based therapies. As with pharmacologic agents, establishing 
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an efficacious dose and cell concentration is critical to successful therapeutic outcomes. To 

address this issue, we randomized patients to receive one of two doses of allogeneic bone 

marrow-derived hMSCs and compared their safety and efficacy in patients with ICM.

METHODS

Study design and enrollment.

The TRansendocardial Stem Cell Injection Delivery Effects on Neomyogenesis STudy (The 

TRIDENT study) titled “A Phase II, Randomized, Blinded, Study of the Safety and Efficacy 

of Transendocardial Injection of Allogeneic Human Mesenchymal Stem Cells (20 Million 

or 100 Million Total MSCs) in Patients with Chronic Ischemic Left Ventricular Dysfunction 

Secondary to Myocardial Infarction” was conducted under FDA IND #13568. The primary 

objective was to demonstrate the safety of two doses of allogeneic hMSCs delivered 

by transendocardial stem cell injection (TESI) in patients with chronic LV dysfunction 

secondary to MI. The secondary objective was to evaluate the efficacy of the two hMSC 

doses. This trial was posted on clinicaltrials.gov (#NCT02013674). The institutional review 

board of the University of Miami Miller School of Medicine approved this study and all 

participants gave written informed consent.

Patients were enrolled at the University of Miami from April 29, 2014 to March 2, 2016 

and protocol-specified follow up was completed on March 2017. Thirty patients were 

randomized in a 1:1 ratio to receive either 20M or 100M allogeneic hMSCs via TESI 

during cardiac catheterization. Randomization and data collection were performed using an 

electronic data entry system. Both the investigators and patients were masked to the hMSC 

dose, as were data analysts of endpoints. Unmasking was managed by a third party for 

statistical analysis. Only the unblinded study team at the third-party research organization 

and the Cell Therapy lab were knowledgeable about the unblinded treatment assignments. 

An independent data and safety monitoring board (DSMB) was responsible for safety 

oversight.

Patient population.

Patients eligible for inclusion were aged 21–90 with the diagnosis of chronic ischemic LV 

dysfunction secondary to MI as defined by previous MI documented by an imaging study 

demonstrating coronary artery disease with corresponding areas of akinesis, dyskinesis or 

severe hypokinesis on maximal appropriate medical therapy with a confirmed EF ≤ 50%. All 

patients were required to sign an informed consent form. A complete list of inclusion and 

exclusion criteria is described in the Table 1.

Study procedures and timeline.

Baseline studies were performed prior to TESI and included chemistry and hematology 

laboratory collection, echocardiography, ECG, computed tomography (CT) of the chest, 

abdomen and pelvis and cardiac imaging by CT. Patients were hospitalized for a minimum 

2 days post-TESI and were followed at 2 weeks, 3– 6- and 12-months after cell treatment 

for further safety assessments, including interviews regarding adverse events (AEs) and 

measurements of other efficacy endpoints.
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Allogeneic hMSCs for cell therapy.

Bone-marrow derived allogeneic hMSCs were isolated from 4 male donors with a median 

age of 24 years (range, 22–28 years) and manufactured at the University of Miami 

Interdisciplinary Stem Cell Institute and were delivered by TESI in passage 2, as previously 

described5, 9. All hMSCs met the following release criteria: cell viability >70%, positive 

for CD105+ and negative for CD45- by flow cytometry analysis, no growth of bacteria via 

Gram stain, negative for mycoplasma via polymerase chain reaction, and endotoxin level ≤5 

EU/mL.

Transendocardial stem cell injection.

Cells were delivered by TESI to 10 LV during retrograde left heart catheterization using 

the Biocardia Helical Infusion Catheter (Biocardia)5, 10. Injections were targeted to the 

border zones of the chronically infracted myocardial territory determined by CT imaging 

and biplane left ventriculography.

Study endpoints.

The primary endpoint was the incidence of treatment-emergent serious adverse events 

(TE-SAEs) at one-month post-TESI as defined as a composite of death, nonfatal MI, 

stroke, hospitalization for worsening heart failure (WHF), cardiac perforation, pericardial 

tamponade, or sustained ventricular arrhythmias (>15 seconds or with hemodynamic 

compromise). Additional safety endpoints were assessed during the 6-month follow up 

period and the 12-month visit and included clinical assessment of AEs and serious adverse 

events (SAEs) along with surveillance testing including serial troponin and creatine kinase-

MB, 24-hour ambulatory ECG, blood chemistry and hematology values, and ectopic tissue 

formation as measured by CT of the chest, abdomen and pelvis.

Secondary efficacy endpoints included cardiac CT and echocardiographic measures of 

regional and global LV function, shape, and infarct size. Other pre-specified endpoints were 

peak oxygen consumption (VO2), 6 minute walk test (6MWT), New York Heart Association 

(NYHA) functional class, Minnesota Living with Heart Failure Questionnaire (MLHFQ), 

incidence of Major Adverse Cardiac Events (MACE), serum tumor necrosis factor alpha 

(TNF-α), and pro-brain natriuretic peptide (pro-BNP) level, presented as log-transformed 

pg/mL values. MACE was assessed at 30, 180, and 365 days post-TESI and defined as the 

composite of death, hospitalization for WHF, or non-fatal recurrent MI.

Cardiac computed tomography imaging.

Contrast-enhanced CT was performed at baseline 128-slice and 12-month follow-up using a 

128-slice CT scanning system (Siemens AS+, Siemens Medical Solutions)5, 11 to evaluate 

global LV function and volumes, sphericity index12, and infarct size, using (iNtuition 

software version 4.4.7.47; TeraRecon Inc., Foster City, Calif., USA). LV sphericity index 

was EDV/(πLVLd3/6)12. Scar size was evaluated using early enhancement defect (EED) as 

previously described5, 13.
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Panel reactive antibodies and TNF-a.

Calculated panel reactive antibodies (cPRA) were measured at baseline and 6 months using 

Luminex 200. Serum samples were collected pre-TESI and 6 months post-TESI along 

with peripheral mononuclear cells isolated from heparinized blood by Ficoll sedimentation. 

Serum TNF-α was measured using human TNF-α enzyme-linked immunosorbent assay 

high sensitivity kit (eBiosciences).

Statistical analysis.

The sample size of 15 per treatment arm was chosen to be appropriate for a phase II 

study in this population. The anticipated 30-day proportion of TE-SAEs was 20%, which 

translates into 3 patients with events out of 15. When the true number of patients with 

TE-SAEs is 3, there is 65% power to rule out a number of patients experiencing the 

primary endpoint of 8 or higher. All patients who received study injection were included 

in the primary analysis. All statistical tests were performed at p=0.05 using two-sided tests. 

Baseline continuous variables were summarized by mean and standard deviation or median 

and interquartile range (IQR) as appropriate. Post-TESI continuous variables were estimated 

as the change from baseline and described using mean and 95% confidence interval (CI) or 

median and IQR. The frequency and percentages (based on the non-missing sample size) 

of observed levels were reported for all categorical measures. The proportion of patients 

in each group with a TE-SAE by 30 days, as defined above, was calculated. As no events 

were reported in either treatment group, statistical tests were not conducted. Outcomes 

which were collected at multiple follow-up visits were analyzed using a mixed model for 

repeated measures to compare treatment groups with treatment group considered an effect 

as well as a group-by-time interaction. Within group effects were described using model-

estimated contrasts. Outcomes that were highly skewed were analyzed using ranked analysis 

of covariance adjusting for baseline, at each follow-up assessment. Within group effects 

were described using a Wilcoxon Signed Rank test. Categorical variables were compared 

between groups using Fisher’s exact tests. Analysis of time-to-event data was done using 

a two-sided Log-Rank test, censoring those who did not experience an event at their last 

known follow-up day. All data analyses and statistical computations were conducted with 

SAS, version 9.3 or higher (Cary, NC).

RESULTS

Patient population.

Fifteen patients were randomized to each of the 20M and 100M groups. The mean age of 

participants was 66.2±10.7 years, 10% were female, and 5 (16.7%) were Hispanic (Table 2). 

Fifty percent of patients had NYHA class II symptoms, markedly depressed median baseline 

EF (36.1%; IQR: 24.3%, 38.9%), and limited mean 6MWT (416.8±115.4m).

Safety.

TESI was technically successful in all 30 patients. Pre-specified criteria for stopping TESI 

procedure, which included hypotension or ischemia, did not occur. One patient in the 100M 
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group received 9 injections only because there was not enough investigational product 

supplied on injection day. No patient had significant post-procedural pericardial effusion.

No TE-SAEs were experienced within 30-days at either dose level. Furthermore, the 

incidence of AEs by 30 days did not significantly differ by cell dose: 33.3% (95% CI, 

15.4%, 62.5%) in 20M and 40% (95% CI, 20.3%, 68.2%) in 100M, (p=0.79) (Table 3). Only 

1 SAE was experienced (Hematoma) in 20M by day 30. No other SAEs were experienced 

by day 30 in either dose group.

Long term adverse events, rehospitalization, MACE and ectopic tissue formation.

The 6-month post-TESI SAE incidence was 26.7% (95% CI, 10.9%, 56.4%) in 20M and 

13.3% (95% CI, 3.5%, 43.6%) in 100M, between groups (p=0.31). One death occurred 

post-TESI in 100M due to atherosclerotic cardiovascular disease on day 119 post-TESI. The 

event was considered unrelated to study treatment.

The 12-month re-hospitalization rate was 46.7% (95% CI, 25.6%, 73.7%) in 20M and 28.2% 

(95% CI, 11.6%, 58.9%) in 100M (p=0.21). The 12-month WHF re-hospitalization was 

20.0% (95% CI, 6.9%, 50.0%) in 20M and 7.1% (95% CI, 1.0%, 40.9%) in 100M (p=0.27). 

MACE is defined as the composite of death, hospitalization for WHF, or non-fatal recurrent 

MI. Over 12 months, there were 3 MACE, event rate 20.0% (95% CI, 6.9%, 50%) in 20M 

and 2 events, event rate 13.3% (95% CI, 3.5%, 43.6%) in 100M (p=0.58). No ectopic tissue 

formation was identified over one year by CT in either group.

Arrhythmias.

During the study duration, no participants in either treatment group experienced sustained 

ventricular arrhythmia.

Left ventricular function and scar size.

Cardiac CT revealed a median EF of 36.1% (IQR, 24.3%, 38.9%), LV end diastolic 

volume of 250.7mL (IQR, 214.6mL, 332.6mL), LV end systolic volume of 168.8mL (IQR, 

132.0mL, 249.4mL), LV end diastolic diameter of 60.9mm (IQR, 56.4mm, 67.3mm), and 

median scar size of 17.1g (IQR, 13.7g, 23.9g). Allogeneic hMSCs therapy improved cardiac 

function in ICM patients as assessed by cardiac CT scan, with an increase in EF in the 100M 

and scar size reduction in both groups. EF increased in 100M by 3.73 units (IQR, 1.09, 6.10, 

p=0.04), but not in 20M (−0.27 units; IQR, −2.07, 3.35, p=0.85) at 12 months (between 

groups p=0.68; Figure 2A). End-diastolic long axis diameter decreased by −0.51mm (95% 

CI, −2.58mm, 1.55mm, p=0.61) from baseline to 12 months in 20M and −0.89mm (95% 

CI, −2.87mm, 1.09mm, p=0.36) in 100M, between groups (p=0.84). End diastolic volume 

(EDV; Figure 2B), end systolic volume (ESV; Figure 2C) and stroke volume (Figure 2D) 

did not significantly decrease from baseline. Sphericity index, end diastolic diameter and 

end systolic diameter did not change from baseline to 12 months in either group (data not 

shown).

EED, a measure of infarct size, was 17.1g (IQR, 13.7g, 23.9g) at baseline and reduced 

to 10.0g (IQR, 8.6g, 17.5g) at 12 months. Both 20M and 100M reduced median EED by 
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similar degree. In 20M, scar size decreased by −6.4g (IQR, −13.5g, −3.4g, p=0.001) and in 

100M by −6.1g (IQR, −8.1g, −4.6g, p=0.0002) with no difference between groups (p=0.91) 

(Figure 3A). Infarct size was also expressed as percentage of LV mass (scar size/LV mass). 

Both groups reduced scar size as a percentage of the LV mass. Scar size as a percentage of 

LV mass decreased by 3.30% (−5.82%, −2.48%, p=0.0005) in 20M at 12 months post-TESI 

and by 4.34% (−9.32%, −1.84%, p=0.0015) in 100M, between group (p=0.64). These results 

support that 20M and 100M hMSCs decrease scar size to a similar degree (Figure 3B).

Functional status, quality of life, and pulmonary function.

The 6MWT distance increased in 20M by 13.5m (95% CI, 334.5m, 484.9m, p=0.57) at 

12 months and in 100M by 25.2m (95% CI, 380.4m, 545.6m, p=0.30). The between 

group difference was −12.72m (95% CI, −67.73m, 42.49m, p=0.64) and −14.24m (95% 

CI, −82.25m, 53.76m, p=0.67) from baseline to 6 or 12 months, respectively (Figure 4A). At 

12 months 20M showed 35.7% (95% CI, 12.7%, 64.9%) improvements in NYHA functional 

class and 42.9% (95% CI, 17.7%, 71.1%) improved in 100M (between treatment group and 

change in NYHA class: p=0.22; Figure 4B). The median MLHFQ score at baseline was 

29.0 (IQR, 21.0, 52.0) and at 12 months 25.0 (IQR, 4.0, 41.0) in 20M, and at baseline was 

35.0 (IQR, 6.0, 60.0) and at 12 months 15.0 (IQR, 8.0, 64.0) in 100M (20M p=0.22, 100M 

p=0.23; Figure 4C). There were no differences in the peak VO2 and FEV1 at 6 or 12 months 

compared to baseline in either group.

Pro-BNP.

Pro-BNP increased from baseline to 12 months post-TESI: 0.32 log pg/mL (95% CI: 0.02, 

0.6, p=0.039) in 20M, while 100M remained stable over time: −0.07 log pg/mL (95% CI: 

−0.36, 0.23, p=0.65). The between group difference at 12 months was −0.38 log pg/mL 

(95% CI: −0.8, 0.04, p=0.07) (Figure 4D).

Immune monitoring.

There were no rejection incidences as measured by the calculated panel reactive antibody 

assay (cPRA). Only 1 patient in 20M had no-to-low cPRA response. This cPRA response 

did not cause clinical immunologic rejection in the patient. These results confirm that 

allogeneic MSC therapy does not cause immunologic rejection (Table 4).

Both groups, 20M and 100M effectively reduced systemic inflammation as measured 

by serum TNF-α. Serum TNF-α decreased from baseline to 6 months in both groups 

(20M: −5.96pg/mL (IQR, −9.19pg/mL, −1.50pg/mL, p=0.01); 100M −9.37 pg/mL (IQR, 

−11.38pg/mL, −6.12pg/mL, p=0.0004); between groups (p=0.96) (Figure 5).

DISCUSSION

The TRIDENT study adds to a growing body of research on the safety of allogeneic 

hMSCs in ICM and addresses the issue of dosage in cell-based therapies, providing 

additional evidence of a direct relationship between cell dose and clinical efficacy. While 

several studies have demonstrated the safety of both autologous and allogeneic cell 

products3, 5, 14–18, the few preclinical19–22 and clinical studies4–6, 23–25 that examined 
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dosing present conflicting and inconsistent results regarding the relationship between the 

quantity of cells delivered and clinical efficacy. Because they are biological products, 

the well-established principles of pharmacokinetics are not applicable to stem cells. This 

makes determination of the optimal dose difficult, especially when considering the complex 

mechanisms involved in the efficacy of these cells, including engraftment and paracrine 

signaling26, 27. Therefore, studies designed to specifically evaluate the appropriate quantity 

and concentration of transplanted cells are required to garner valuable information needed 

for larger phase II and III clinical trials.

The TRIDENT study was a randomized, double-blinded comparison of two doses of 

allogeneic hMSCs delivered by TESI to patients with ICM. The results indicate the safety 

and feasibility of TESI for both treatment groups and demonstrate the efficacy of these 

cells in reducing infarct scar size and improving cardiac function, with the 100M group 

imparting greater benefit. The primary objective of this study was to determine the safety of 

the two doses of allogeneic MSCs, and this trial supports that TESI of these cells is safe, 

as there were no TE-SAEs within the first 30 days or evidence of ectopic tissue formation 

at 12 months. A unique concern with allogeneic cell-based therapies is the potential for 

immune rejection. MSCs are well suited for use as allografts because they lack MHC class 

II molecules, lack T cell costimulatory molecules, and evade destruction by lymphocytes 

via paracrine signaling9, 26. In the present study, there was no clinical evidence of immune 

reactions. Only one patient had a detectable cPRA response, an incidence that is similar 

to previous studies of TESI of allogeneic hMSCs5, 9. These data further substantiate that 

hMSCs delivered as an allograft are safe and well tolerated in patients with ICM.

The TRIDENT study demonstrates that hMSCs are clinically efficacious in reducing scar 

size and improving cardiac function. Patients in both dose groups had reductions in infarct 

scar size, similar in magnitude to the allogeneic group in the POSEIDON study that 

compared allogeneic and autologous hMSCs in patients with ICM5. An intriguing finding 

of this study is that EF was improved only in the 100M, suggesting that the higher dose 

provides a greater benefit to cardiac function than the lower dose. Additionally, while 

pro-BNP increased over the study period in 20M, it remained stable in 100M, further 

supporting the superiority of the higher dose. Together, these findings support the clinical 

efficacy of allogeneic hMSCs in patients with ICM and the potential superiority of the 100M 

dose. Moreover, scar size reduction and functional restoration occurs at the sites of TESI vs 

non-TESI sites28.

We previously showed in the POSEIDON DCM trial9 that hMSC therapy produced 

favorable alterations in markers of chronic inflammation, known to be associated and 

predictive of disease progression in heart failure. Our present study yielded similar results, 

as both doses reduced serum levels of TNF-α, a proinflammatory cytokine and marker of 

heart disease progression29. Together, these results support the idea that MSCs exert their 

therapeutic benefits in part through anti-inflammatory effects.

To date, there have been few clinical studies examining multiple dosages of cell-based 

therapy. Quyyumi et al. observed a direct relationship between dose and efficacy in a 

study comparing intracoronary infusion of 5M, 10M and 15M autologous CD34+ cells 
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in patients with acute ST-elevation MI6. They found that at 6 months, only patients 

receiving the higher doses (≥10M) had significant improvements in myocardial perfusion 

compared to placebo. Although this study demonstrated a direct dose response relationship, 

there are several factors that make it difficult to compare to our study. The acute injury 

process, route of administration, and timing of treatment could influence cell survival and 

efficacy. For example, the setting of acute MI is likely very hostile to transplanted cells and 

therefore higher doses may be required to overcome initial cell death secondary to hypoxia. 

Furthermore, intracoronary injection requires cells to extravasate and migrate to the areas 

of injury, which may result in lower engraftment rates than intramyocardial injection, thus 

requiring higher initial doses30. Another trial by Perin and colleagues compared three doses 

(25M, 75M and 150M) of allogeneic mesenchymal precursor cells delivered by TESI in 

patients with heart failure (either ischemic or non-ischemic)24. Similar to the TRIDENT 

findings, they found a direct dose response, with the 150M dose producing the greatest 

improvement in cardiac structure and function.

Conversely, other trials have suggested that there is an inverse relationship between dose 

and efficacy. Losordo et al. performed a study of autologous CD34+ cells delivered via 

TESI to patients with refractory angina in which 167 patients were randomized to receive 

either placebo or one of two doses (0.1M per kilogram or 0.5M per kilogram)4. Only the 

lowest dose group demonstrated significant improvement in frequency of angina, myocardial 

perfusion, and exercise tolerance. In a recent subanalysis of CHART-1, a phase III trial 

examining TESI of autologous lineage-directed cardiopoietic MSCs in patients with ICM31, 

Teerlink et al. found that patients who received <20 injections (and therefore fewer cells) 

had greater reverse remodeling than those receiving >20 injections23. However, the total 

number of injected cells was up to 600M, a dose that is much higher compared to our 

and other studies. A higher number of injections could potentially damage the myocardium 

leading to reduced efficacy, further complicating the relationship between cell quantity and 

clinical benefit.

Similarly, in our previous POSEIDON trial, which examined TESI of three doses (20M, 

100M and 200M) of either autologous or allogeneic hMSCs in patients with ICM, 

patients who received the 20M dose had significantly greater improvements in EF and 

ESV compared to the 200M group5. These findings supported an inverse dose-response 

relationship, in contrast to our findings in TRIDENT. There were no significant differences 

between the 20M and 100M groups in the POSEIDON trial, but here we demonstrate 

the superiority of the 100M dose. This inconsistency may be because the sample size 

in POSEIDON was smaller for each dose and within each dose patients were further 

randomized either to autologous or allogeneic MSCs. Although a 200M dose was not 

included in this study, it may be that there is an upper limit or ceiling above which increases 

in the dose of allogeneic hMSCs do not improve efficacy. Additional disparities in the 

baseline characteristics of the POSEIDON trial compared to the TRIDENT trial in cardiac 

and functional parameters suggest that the severity of the disease, which was worse in the 

POSEIDON patients, can contribute to a different response in respect to the cell dose. In 

POSEIDON, patients with larger infarct sizes at baseline experienced greater infarct size 

reduction5. The discrepancies between the results of POSEIDON and TRIDENT further 

support the need for larger clinical trials examining a wider range of doses.
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Given the paucity of trials designed to assess cell dose, and the discrepancies in the 

conclusions, great controversy still remains regarding optimal dosing in cell-based therapies 

for cardiac disease. The disparity in the results may be largely due to differences in the 

cell type, route of administration, and disease states examined. Given that transplanted 

cells must survive and interact with the surrounding environment, the disease state and 

mode of delivery must be consistent in order to compare dosing and efficacy. Regardless, 

the aforementioned studies did find significant differences between doses, which further 

emphasizes the importance of research into optimal dosage for cell-based therapies.

This phase II study is limited by the lack of a placebo group and small sample size. As 

such, further studies to examine efficacy should be performed with larger study populations 

and appropriate controls. In our study, some important parameters did not reach statistical 

significance, most likely due to the small number of patients per group. This study also only 

examines two doses, and higher or lower ranges may be more efficacious, but would require 

very large, multi-armed trials. Future larger studies are planned to investigate optimal dose 

for cardiac cell based therapy. The impact of baseline characteristics, including scar size 

and NYHA classification, also merits special attention in future studies, as efficacy may be 

impacted by severity of disease at baseline.

In conclusion, the TRIDENT study highlights the crucial role of cell dose and concentration 

in the responses to cell therapy for chronic ICM. Building upon previous data supporting the 

safety and efficacy of these cells, our findings support that hMSCs delivered by TESI are 

safe and feasible in patients with chronic ICM and that the higher 100M dose is superior 

to the 20M dose. These data support future investigation of hMSCs in phase III trials using 

the 100M dose, as it appears to be the most beneficial in this patient population, and further 

underscore the need for trials designed to evaluate optimal dosing for cell-based therapies.
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6MWT 6 minute walk test
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CI confidence interval

CT computed tomography

cPRA calculated panel reactive antibodies

EDV end diastolic volume

EED early enhancement defect

EF ejection fraction

ESV end systolic volume

ICM ischemic cardiomyopathy

IQR interquartile range

LV left ventricular

MACE Major Adverse Cardiac Event

M million

MI myocardial infarction

MLHFQ Minnesota Living with Heart Failure Questionnaire

NYHA New York Heart Association

SAE serious adverse events

TE-SAE treatment-emergent serious adverse events

TESI transendocardial stem cell injection

TNF-α tumor necrosis factor alpha

WHF worsening heart failure
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Novelty and Significance

What Is Known?

• Human MSCs work through both paracrine signaling and heterocellular 

coupling mechanisms to improve cardiac function.

• Defining the optimal cell dose and concentration would help enhance the 

therapeutic potential of MSCs.

What New Information Does This Article Contribute?

• Allogeneic bone-marrow MSCs delivered by TESI to patients with ICM at 

cell doses of 20 million and 100 million are safe, as there were no treatment-

emergent serious adverse events.

• Allogeneic MSC therapy is associated with favorable effects on scar size 

reduction and cardiac function, with a greater benefit observed with the 100 

million cell dose.

• Human MSCs reduce serum TNF-α in patients with ICM.

• Cell dosing plays an important role on clinical outcomes in patients with 

ischemic cardiomyopathy (ICM).

As the cell-based therapy field evolves, defining an optimal cell dose, cell concentration, 

and route of delivery is pivotal to enhance phenotypic responses to cell-based therapy. 

The TRIDENT trial compared two doses of allogeneic bone marrow-derived MSCs 

delivered by TESI in ICM patients. The results of this clinical trial indicate that both 

doses of allogeneic MSCs are well tolerated and associated with favorable effects on scar 

size and cardiac function, with a greater benefit observed with the 100 million cell dose. 

In addition, MSC therapy reduces serum TNF-α, a marker of chronic inflammation. This 

study highlights the crucial role of cell dose and concentration in cell therapy to advance 

the field and enhance standardization of future Phase III trials.
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Figure 1. Study Flow Chart.
Following screening, 30 patients were enrolled and randomized 1:1 to receive allogeneic 

hMSC treatment. Following safety evaluation at 30 day TE-SAEs and secondary endpoints.
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Figure 2. Changes in LV Function from Baseline to 12 months post-TESI.
(A) Ejection fraction increased from baseline in 100 M but not in 20 M: 3.7 units (IQR, 

1.09, 6.10, p=0.04), between groups (p=0.68). (B) End diastolic volume, (C) end systolic 

volume, and (D) stroke volume did not improve from baseline. *within-group p≤0.05.
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Figure 3. Changes in Scar Size from Baseline to 12 months post-TESI.
Both group reduced scar size and scar size as a fraction of LV mass by similar degree. (A) 
Scar size reduction in 20M by −6.4g (IQR, 13.5g, −3.4g, p=0.001) and 100M by −6.1g 

(IQR, −8.1g, −4.6g, p=0.0002), between groups (p=0.91). (B) Scar size as a percentage of 

LV mass decreased in 20M by 3.30% (−5.82%, −2.48%, p=0.0005) and 100M by 4.34% 

(−9.32%, −1.84%, p=0.0015), between groups (p=0.6). **Within-group p≤0.005, ***within-

group p≤0.0005.
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Figure 4. Functional Capacity and Quality of Life in ICM Patients.
Depicted are changes in functional capacity, quality of life, and sexual quality of life. (A) 
6MWT distance increased in 20M by 13.5m (95% CI, −34.48m, 61.46m, p=0.57) and in 

100M by 25.2m (95% CI, −23.20m, 73.58m, p=0.30), between groups (p=0.64). (B) NYHA 

class improved to a similar degree in both dose groups: 35.7% in 20M and 42.9% in 100M 

after 1 year post-TESI. (C) MLHFQ score didn’t change over time (20M p=0.22, 100M 

p=0.23). (D) pro-BNP was maintained in 100M while it increased by 0.32 log pg/mL 

(p=0.038) in 20M. *Within-group p≤0.05.
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Figure 5. Effects of hMSCs on serum TNF-α in ICM Patients.
Cell treatment improved serum TNF-α at 6 months post-TESI by −5.96pg/mL in 20M 

(p=0.01) and −9.37pg/mL in 100M (p=0.0004), between groups (p=0.96). *Within-group 

p≤0.05, ***within-group p≤0.0005.
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Table 1.

Major Inclusion and Exclusion Criteria

Major Inclusion Criteria

 • Diagnosis of chronic ischemic left ventricular dysfunction secondary to MI.

 •Be a candidate for cardiac catheterization within 5 to 10 weeks of screening.

 •Been treated with appropriate maximal medical therapy for heart failure or post-infarction left ventricular dysfunction.

 •Ejection fraction less than or equal to 50%.

 •Signing of informed consent form.

Major Exclusion Criteria

 •Baseline glomerular filtration rate ≤35 mL/min/1.73m2.

 •Presence of a mechanic aortic valve or heart constrictive device.

 •Documented presence of aortic stenosis (aortic stenosis 1.5cm2 or less).

 •Documented presence of moderate to severe aortic insufficiency (echocardiographic assessment of aortic insufficiency graded as ≥+2).

 •Evidence of a life-threatening arrhythmia in the absence of a defibrillator (nonsustained ventricular tachycardia ≥ 20 consecutive beats or 
complete second or third degree heart block in the absence of a functioning pacemaker) or QTc interval > 550 ms on screening ECG.

 •AICD firing in the past 60 days prior to study enrollment.

 •Be eligible for or require coronary artery revascularization.

 •Have a hematologic abnormality as evidenced by hematocrit < 25%, white blood cell < 2,500/μl or platelet values < 100,000/μl without 
another explanation.

 •Have liver dysfunction, as evidenced by enzymes (ALT and AST) greater than three times the ULN.

 •Have a coagulopathy condition = (INR > 1.3) not due to a reversible cause.

 •Known, serious radiographic contrast allergy.

 •Known allergies to penicillin or streptomycin.

 •Organ transplant recipient.

 •Have a history of organ or cell transplant rejection

 •Clinical history of malignancy within 5 years (i.e., patients with prior malignancy must be disease free for 5 years), except curatively treated 
basal cell carcinoma, squamous cell carcinoma, or cervical carcinoma.

 •Non-cardiac condition that limits lifespan to < 1 year.

 •On chronic therapy with immunosuppressant medication.

 •Serum positive for HIV, hepatitis BsAg, or viremic hepatitis C.

 •Female patient who is pregnant, nursing, or of child-bearing potential and not using effective birth control.
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Table 2.

Baseline Characteristics

Characteristics Treatment Group

20M 100M Total

(n=15) (n=15) (n=30)

Gender

Male 12 (80.0) 15 (100.0) 27 (90.0)

Female 3 (20.0) 0 (0.0) 3 (10.0)

Ethnicity

Hispanic or Latino 2 (13.3) 3 (20.0) 5 (16.7)

Not Hispanic or Latino 13 (86.7) 12 (80.0) 25 (83.3)

Unknown 0 (0.0) 0 (0.0) 0 (0.0)

Not Answered 0 (0.0) 0 (0.0) 0 (0.0)

Race

American Indian/Alaskan 0 (0.0) 0 (0.0) 0 (0.0)

Asian 0 (0.0) 1 (6.7) 1 (3.3)

Hawaiian/Pacific Islander 0 (0.0) 0 (0.0) 0 (0.0)

Black or African American 1 (6.7) 0 (0.0) 1 (3.3)

White 14 (93.3) 14 (93.3) 28 (93.3)

More than One Race 0 (0.0) 0 (0.0) 0 (0.0)

History of Coronary Interventions 15 (100.0) 14 (93.3) 29 (96.7)

Previously Referred for AICD Placement 11 (73.3) 12 (80.0) 23 (76.7)

History of Atrial or Ventricular Arrhythmia 5 (33.3) 8 (53.3) 13 (43.3)

History of Hypertension 10 (66.7) 7 (46.7) 17 (56.7)

History of Congestive Heart Failure 11 (73.3) 12 (80.0) 23 (76.7)

History of Valvular Heart Disease 2 (13.3) 2 (13.3) 4 (13.3)

History of Smoking 5 (33.3) 12 (80.0) 17 (56.7)

History of Diabetes 3 (20.0) 4 (26.7) 7 (23.3)

Glomerular Filtration Rate (mL/min/1.73m2 ) 70.0±24.4 79.2±20.4 74.6±22.6

Age at injection (years) 66.8±12.2 65.6±9.4 66.2±10.7

Cardiac Function and Scar Size

Ejection Fraction (%) 37.6 (24.3, 39.9) 30.1 (22.3, 38.9) 36.1 (24.3, 38.9)

End Systolic Volume (mL) 140.3 (119.6, 262.5) 177.3 (147.8, 249.4) 168.8 (132.0,249.4)

End Diastolic Volume (mL) 234.2 (191.8, 332.6) 273.3 (234.1, 345.0) 250.7 (214.6, 332.6)

Stroke Volume (mL) 88.9±21.28 79.8±24.73 84.3±23.13

End Diastolic Diameter (mm) 58.3 (55.9, 72.5) 64.3 (56.4, 67.3) 60.9 (56.4, 67.3)

End Systolic Diameter (mm) 52.4 (43.0, 58.8) 53.7 (49.2, 57.5) 52.8 (46.2, 57.5)

End-Diastolic Long Axis Diameter (mm) 99.0±10.41 101.2±8.54 100.1±9.42

Scar Size (g) 17.9 (12.5, 23.1) 16.2 (13.8, 24.3) 17.1 (13.7, 23.9)

Scar Size / LV mass (%) 9.9 (6.5, 16.6) 9.7 (6.5, 12.3) 9.8 (6.5, 14.4)

Functional Capacity and Quality of Life
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Characteristics Treatment Group

20M 100M Total

(n=15) (n=15) (n=30)

NYHA Functional Class

I 4 (26.7) 6 (40.0) 10 (33.3)

II 8 (53.3) 7 (46.7) 15 (50.0)

III 3 (20.0) 1 (6.7) 4 (13.3)

IV 0 (0.0) 1 (6.7) 1 (3.3)

Peak VO2 (mL/kg/min) 15.8±5.1 16.7±4.5 16.3±4.8

Six Minute Walk Test (m) 398.7±111.6 434.9±120.0 416.8±115.4

MLHFQ score 29.0 (21.0, 52.0) 35.0 (6.0, 60.0) 31.5 (9.0, 55.0)

FEV1 (%) 72.7±15.1 76.9±15.5 74.8±15.2

Pro-BNP (pg/mL) 532.3 (373.5, 1530.0) 377.7 (212.0,1246.0) 443.9 (304.6, 1422.0)

Pro-BNP (log pg/mL) 6.5±0.90 6.2±1.10 6.3±1.00

TNFα (pg/mL) 9.0 (5.7, 13.8) 14.6 (11.7, 16.3) 12.9 (7.6, 15.1)

Values are mean±standard deviation, n (%), or median (interquartile range).
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Table 3.

Safety Summary

Treatment Group

20M (n=15) 100M (n=15)

30 days post-TESI

Incidence of AE 5 33.3% (15.4, 62.5) 6 40.0% (20.3, 68.2)

Incidence of SAE 1 6.7% (1.0, 38.7) 0 0% (0, 21.8)

Incidence of TE-SAE 0 0% (0, 21.8) 0 0% (0, 21.8)

Incidence of MACE 0 0% (0, 21.8) 0 0% (0, 21.8)

6 months post-TESI

Incidence of AE 8 53.3% (31.3, 78.8) 10 66.7% (43.6, 87.8)

Incidence of SAE 4 26.7% (10.9, 56.4) 2 13.3% (3.5, 43.6)

Incidence of MACE 3 20.0% (6.9, 50) 2 13.3% (3.5, 43.6)

Incidence of death 0 0% (0, 21.8) 1 6.7% (1.0, 38.7)

1 year post-TESI

Incidence of AE 10 66.7% (43.6, 87.8) 13 86.7% (65.4, 97.8)

Incidence of SAE 7 46.7% (25.6, 73.7) 5 33.3% (15.4, 62.5)

Incidence of MACE 3 20.0% (6.9, 50) 2 13.3% (3.5, 43.6)

Incidence of death 0 0% (0, 21.8) 1 6.7% (1.0, 38.7)

Values are number of patients with events. Kaplan-Meier event rates and 95% CIs are presented; exact binomial CIs used for zero counts. AE = 
adverse event, CI = confidence interval, TE-SAE = treatment emergent serious adverse event, MACE = major adverse cardiac event(s).
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Table 4.

Recipient cPRA Change 6 Months Post-TESI

Cell Type

 cPRA Risk 20M (n=15) 100M (n=15)

No reaction to Low risk (0 – 20% cPRA) 1 (6.7%) 0 (0.0%)

Moderate risk (21 – 79% cPRA) 0 (0.0%) 0 (0.0%)

High risk (+80% cPRA) 0 (0.0%) 0 (0.0%)

Values are n (%). cPRA = calculated panel reactive antibodies.
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