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Abstract

Background Recent randomized controlled trials have consistently demonstrated the safety and potential efficacy
of MSC therapy for heart failure patients. This study delves into mesenchymal stem cells’ promising potential, offering
a beacon of hope for the future of heart failure treatment with reduced ejection fraction (HFrEF).

Methods We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines for this
systematic review and meta-analysis. We searched four databases and registers for RCTs, including PubMed, EBSCO,
clinicaltrials.gov, ICTRP, and other relevant websites. We then selected thirteen RCTs with 1184 participants based

on our pre-defined inclusion/exclusion criteria. Two independent assessors extracted the data and performed a qual-
ity assessment. The data were then plotted for various outcomes, including death, hospitalization, major adverse
cardiac events, pump function parameters, and 6-min walk distance.

Results The safety of MSC-based treatment has been consistently demonstrated with MSCs from autologous
(AU'°MSCs) and allogeneic (*'°MSCs) sources. This reassuring finding underscores the reliability of MSC-based therapy
irrespective of their source. However, “°MSCs showed a trend toward greater protective benefits. Subgroup analysis
revealed no significant differences between AUONISCs and APMSCs in improving LVEF; 0.86% (95% Cl —1.21-2.94%)
for A1PMSCs versus 2.17% (—0.48%; 95% Cl —1.33-5.67%) for "U°MSCs. A°PMSCs significantly reduced end-diastolic
volume (LVEDV) by —2.08 mL (95% CI —3.52—0.64 mL). Only A°MSCs significantly improved 6-min walking dis-
tance (6-MWD); 31.88 m (95% Cl 5.03-58.74 m) for '°MSCs versus 31.71 m (95% Cl —8.91-71.25 m) for ~/°®MSCs. The
exclusion of studies using adipose-derived cells resulted in even better safety and a significant improvement in LVEF
for A°MSCs treatment.

Conclusion Our findings suggest that “'®MSCs are at par with ““°®MSCs in improving functional outcomes
in heart failure patients. This underscores the need for future investigations in a larger patient cohort, emphasizing
the urgency and importance of further research to fully understand the potential of MSCs in treating heart failure.
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Introduction

Heart failure (HF) is a chronic progressive medical con-
dition marked by the weakening of the myocardium due
to the massive loss of functionally competent cardiomyo-
cytes. The cumulative decline in cardiomyocyte number
combined with the inept intrinsic regenerative capac-
ity of the heart, significantly recovering from massive
myocardial injury, leads to a progressive decrease in the
heart’s ability to perform its pump function. Despite its
epidemic nature, affecting nearly 1-2% of the population
worldwide [1], HF remains incurable and irreversible,
causing a significant global health burden besides steadily
impairing the affected population’s physiological capacity
and negatively impacting their quality of life [2—-5].

The contemporary advent of mesenchymal stem cells
(MSCs) as a living bio-drug for cell-based therapy of the
failing heart has demonstrated promise in human stud-
ies during advanced phases of clinical trials [6]. Despite
their contentious cardiomyogenic differentiation poten-
tial as a mechanism of action [7], the observed functional
benefits, i.e., attenuated infarct size, reduced fibrosis,
and reversal of remodeling reported in the clinical trials
using MSC-based therapy in chronically damaged myo-
cardium, have sparked hope in the scientific community
[8, 9]. These effects have been ascribed to the soluble and
insoluble factors released by MSCs as part of their parac-
rine activity. MSC-derived paracrine factors, now being
studied as a novel cell-free therapy approach, can poten-
tially revolutionize MSC research.

Despite encouraging data from MSCs for cell-based
therapy approaches, logistic concerns about their ready-
to-use, off-the-shelf availability have hampered their
routine use in the emergency room. While autologous
MSCs (A*°MSCs) are expected to be immunologically
more acceptable than their allogeneic counterparts
(AleMSCs), the latter is a hope in heart failure treatment.
Their use surmounts the need to harvest and culture-
expand the cells before every treatment, thus overcoming
the logistic hurdles associated with using A"*°MSCs.
Moreover, “1°MSCs also facilitate using cells from
healthy young donors instead of ***°MSCs, which may be
available from donor patients of advanced age and with
multiple comorbidities [10, 11]. AllonISCs also offer the
distinct benefit of off-the-shelf availability. While human
MSC:s are generally considered immune-privileged due to
their lack of major histocompatibility complex (MHC)II
expression, which helps them evade immunosurveillance,
they can potentially become immunogenic. This occurs
when their immune state shifts in vivo, leading to
MHCII induction and the presentation of alloantigens,
potentially triggering an immunological memory
response. Also, the failure of xenogeneic MSC treatment
is often attributed to intractable interspecies differences,
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which pose significant biological and immunological
challenges [12, 13]. The choice of whether to extract
MSCs from autologous bone marrow adipose tissue
or allogeneic donor tissue is a significant clinical
concern. Yet, both have a track record of successfully
generating sizable amounts of MSCs [14, 15]. Post-
delivery, A"°MSCs are readily obtained and suffer no
immunological rejection. However, most studies use
AllohISCs, while A“°MSCs are rarely used in animal or
clinical trials. Several factors make allogeneic stem cells
more compelling, including donor selection, source
diversity, minimal immunogenicity, and readily available
off-the-shelf use. A°MSCs have also demonstrated
encouraging outcomes, even though A"*MSCs look
more convincing for cell-based therapy. This research
is significant as it aims to compare the effectiveness of
AuoMSCs and A°MSCs in treating HE, providing valuable
insights for future treatments.

This meta-analysis examines MSC-based phase I/II/
III RCTs (RCTs) involving patients with reduced ejec-
tion fraction (HFrEF), aiming to determine source-based
effectiveness by comparing A*°MSCs and A1°MSCs. We
hypothesize the non-inferiority of A°MSCs as a safe
and adequate living biodrug as a cell-based therapeutic
modality. We followed the Preferred Reporting Items for
Systemic Review and Meta-analysis (PRISMA) guide-
lines for systematic reviews and meta-analyses to explore
safety and efficacy in terms of functional outcomes,
including death, hospitalization, and major adverse car-
diac events (MACE) for safety assessment; left ventricle
ejection fraction (LVEF), left ventricular end-systolic vol-
ume (LVESV) and left ventricular end-diastolic volume
(LVEDV); and 6-min walking distance (6-MWD) for effi-
cacy and functional assessment.

Methodology

Protocol and registration

This review strictly adheres to the PRISMA guidelines,
a widely accepted standard for conducting and report-
ing systematic reviews and meta-analyses in healthcare
research. Our research, registered with PROSPERO
(CRD42024551327), an international database of pro-
spectively registered systematic reviews in healthcare,
can potentially impact HF treatment.

Literature search and study selection process

A systematic and comprehensive literature search on
PubMed, EBSCO, ICTRP, and clinicaltrials.gov was
meticulously conducted between January and March
2024. The search was conducted through Medical
Subject Headings (MeSH) and text search fields. In
EBSCO, ICTRP, and clinicaltrials.gov, we used the search
terms “Heart Failure, “Congestive Heart Failure,” “Left
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Ventricular Dysfunction,” “Mesenchymal Stem Cells,
and “Mesenchymal Precursor Cells” in the text words
with appropriate use of the Boolean operator. The search
phrases used for PubMed included (heart failure OR
congestive heart disease OR left ventricular dysfunction)
AND (mesenchymal stem cells OR mesenchymal
precursor cells). All the references of eligible studies were
screened and reviewed with utmost care for any potential
RCTs, ensuring a comprehensive and robust review
process.

Inclusion and exclusion criteria

The inclusion criteria for this review were: (1) a phase 1/
II/I1I randomized clinical trial, (2) MSC-based therapy as
a sole treatment modality and irrespective of the route of
administration, and (3) HF patients only. The exclusion
criteria were: (1) trials without a clear statement about
the cell source, (2) treatment with adjunct interventions
(e.g., Coronary artery bypass grafting (CABG), different
forms of stem cells, left ventricular assist device), and (3)
preserved LVEF (pLVEF), and (4) studies lacking control
arms.

Data extraction and outcome of interest

Two authors checked the eligibility of studies and
extracted the data to standardized Excel spreadsheets
containing several relevant variables. The primary vari-
ables included intervention, cell source, sampling sites,
country of trial origin, etiology, sample size, gender,
age, cell delivery route, imaging modality, and follow-up
period. In addition, baseline, follow-up, and mean differ-
ence, along with its standard deviation, were extracted at
the last follow-up period for LVEF, LVESV, LVEDV, and
6-MWD. The number of deaths, hospitalizations, and
MACE (defined in Appendix 2) was recorded at the last
follow-up period. The study’s corresponding author was
approached for any missing data. However, if the cor-
responding author did not respond, WebPlotDigitizer
extracted the missing values [16]. According to their
source, studies were assigned to sub-groups into autolo-
gous or allogeneic MSCs.

Quality assessment

The quality assessment of included RCTs was evaluated
using the Jadad scale using three domains [17]. A study
was given one point for randomization and an additional
point if the trial mentioned an appropriate method. How-
ever, one point was deducted from the evaluation if the
randomization was inappropriate. The second domain
assessed was blinding, for which the trial was awarded
one point for being double-blinded, and an additional
point was added when the trial mentioned an appro-
priate method of double-blinding. Likewise, one point
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was deducted if the blinding process was inappropriate.
Finally, the third domain was the description of with-
drawal or dropouts during the trial process for which the
trial was given a point. Upon completion of the evalua-
tion process, the scores were added to quantify the qual-
ity score for each trial, ranging from zero to five. A trial
scoring 0—2 was considered low quality, while those scor-
ing three or more are regarded as high quality.

Statistical analysis

This meta-analysis delved into the clinical trials examin-
ing MSCs in treating HF patients. The study employed
LVEF, LVESV, LVEDYV, and 6-MWD to assess the clinical
effectiveness of treatment. Additionally, it used the rate
of death, hospitalization, and MACE during clinical tri-
als as insights into the safety profile of the investigated
treatment.

As these parameters were measured with consistent
units, a weighted mean difference (WMD) meta-analysis
was conducted to assess baseline to follow-up changes in
LVEF, LVESV, LVEDV, and 6-MWD. On the other hand,
the risk ratio (RR) was used to compare safety in the treat-
ment groups to that of the controls. A sub-group analy-
sis was conducted to assess the source-based effect and
determine source-related efficacy and safety. Significance
of the results was determined using the 95% confidence
interval (CI), with studies whose CI crosses the null effect
line (i.e., zero) being considered non-significant. The
I-square value was used to determine between-studies-
heterogeneity. An I-square value of <25% indicated low
heterogeneity, a value between 25 and 75% showed mod-
erate heterogeneity, while values of>75% indicated high
heterogeneity. Funnel plots and Egger’s regression were
used to assess the risk of publication bias. Funnel plots
were visually evaluated for asymmetry around the effect
line, while Egger’s regression indicated a risk of bias with
p-values<0.05 and are provided in the supplementary
material (Appendix 1).

Based on the quality of the included studies, the
analysis leaving out low-quality studies was conducted
to assess overall and subgroup effects, as low-quality
studies tend to overestimate the effect size. Additionally,
as studies using adipose-derived regenerative cells
(ADRCs) consistently reported inferior to no impact,
a sensitivity analysis of LVEF, leaving out studies using
ADRCs, was conducted to re-assess overall and subgroup
effects. Meta-regression analysis for LVEF and 6-MWD
parameters was conducted to identify predictors of
efficacy and point-specific contributors to heterogeneity
using the factor age as a continuous variable and
follow-up period, route of administration, cell dose, and
concealment of allocation as categorical variables. The
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analysis was performed using the statistical package SPSS
version 29 (SPSS Inc., Chicago, IL, USA).

Results

Literature review

The four databases yielded 593 results. Most records were
retrieved from EMBASE (n=335), followed by PubMed
(n=197), clinicaltrials.gov (n=96), and ICTRP (n=59).
Filters excluded 140 results; from the remaining records,
the authors identified duplicates (n=132) before screen-
ing. From the screened records (n=321), trials with irrel-
evant abstracts (n=181) and non-human trials (n=114)
were excluded. A total of 26 potential candidate trials
were retrieved except for one. The retrieved 25 trials
were then screened with our inclusion/exclusion criteria,
from which crossover trials (n=2), non-controlled tri-
als (n=3), trials with additional intervention (n=9), and
non-English records (n=1) were excluded. Additionally,
three trials were identified through reference searching of
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eligible records. Subsequently, the final number of 13 tri-
als was included in our review for analysis (Fig. 1).

Description of the trials included in the review

and meta-analysis

Table 1 gives the salient features of the thirteen trials in
this review. Concerning autologous and allogeneic cell
sources, six trials used autologous MSCs (n=6), while
seven studies used allogeneic MSCs (n=7). The trials
used MSCs from various sampling sites, including bone
marrow (n=7), umbilical cord (n=2), and adipose tis-
sue (n=4). All the trials were placebo-controlled or
sham-controlled. The total number of patients in the 13
included RCTs was 1184, with 657 patients in the inter-
vention group and 527 patients in the control group.
Male participants dominated the samples (n=933). A
wide range of sample sizes was noticeable between the
trials, ranging from 12 to 265 in the treatment group
and 12 to 272 in the control group. The follow-up period

[ Identification of studies via databases, registers and other methods ]

Records removed before

Duplicates (n = 132)
Records marked as ineligible
by filters (n = 140)

Records identified, retrieved and
assessed from:
Citation searching (n = 3)

Records excluded:
Irrelevant abstracts (n = 181)
Non-human trials (n = 114)

Reports not retrieved

Reports excluded:
Cross-over studies (n = 2)
Non-controlled studies (n = 3)
Additional interventions or
preconditioning (n = 9)
Non-English (n=1)

)
s
"é Records identified (n = 593): screening:
[ Databases (n = 2) —>
§ Registers (n = 2)
3
—
\ 4
)
Records screened
—>
(n=321)
\ 4
Reports sought for retrieval
—>
o (n = 26) (n=1)
A v
Reports assessed for eligibility
(n =25) >
—
\4
° Records of included studies
)
-l (n=13)
° Studies included in review
s (n=13)

Fig. 1 The PRISMA flow diagram for the screening and selection of eligible trials
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varied between the trials, with some reaching four years
for safety assessment; however, 3—-12 months were
assessed to reduce heterogeneity. Most trials assessed
LVEF using echocardiography (n=9), while others used
cardiac CT or MRI (n=4). Trans-endocardial (n=>5) and
intramyocardial (n=4) routes were the standard modes
of cell delivery, followed by intravenous (n=2) and intra-
coronary (n=2) routes. The ATHENA trials consist of
two parallel prospective trials [18].

The Jadad score for the trials ranged between 2 and
5. Although all trials were of high quality (i.e.,>3), one
study each by Zhao et al. and Xiao et al. scored two
points. As a result, these studies have been excluded from
the primary meta-analysis to avoid effect overestima-
tion. Table 2 shows a detailed assessment of the included
trials.

Meta-Analysis for safety and efficacy parameters

Death, hospitalization, and major adverse cardiac events

All RCTs included in the study consistently reported
death, hospitalization, and MACE. The overall risk ratio
(RR) for death was 0.89 (95% CI 0.47-1.70), 0.92 (95%
CI 0.35-2.42) for the allogeneic subgroup, and 0.79
(95% CI 0.28-2.28) for the autologous subgroup (Fig. 2).
Heterogeneity was low, with an I?=0.03. Analysis using
funnel plot and Egger’s regression (p-value =0.864) dem-
onstrated a low risk of publication bias (Supplementary
Table 1 and Fig. 1). The overall RR for hospitalization
was 0.90 (95% CI 0.72—-1.14). Subgroup analysis showed
a significant reduction in hospitalization with autologous
MSC treatment, with an RR of 0.65 (95% CI 0.42-0.99)
(Fig. 3). Low heterogeneity was observed with an I*=0.09
and a low risk of publication bias (p-value=0.894)

Table 2 The Jadad Score for risk of bias (Quality) assessment

Page 6 of 16

(Supplementary Table 2 and Fig. 2). Regarding MACE,
the pooled RR of MACE after MSC-based treatment
using either allogeneic or autologous type of cells is 1.02
(95% CI 0.86-1.21). Subgroup analysis showed a RR of
1.06 (95% CI 0.87-1.29) for the allogeneic source and
0.90 (95% CI 0.63-1.30) for the autologous source. The
studies showed no heterogeneity with an I*=0.00 (Fig. 4).
Funnel plot and Egger’s regression (p-value =0.685) indi-
cated a low risk of publication bias, and between-sub-
group heterogeneity was similar overall (Supplementary
Table 3 and Fig. 3).

Cardiac function parameters

The LVEF and its change from baseline to the follow-up
period were reported in almost all RCTs included except
for the PRECISE trial by Perin et al. Overall, MSC treat-
ment improved LVEF by 1.44% (95% CI —0.42-3.29%)
compared to controls, with high heterogeneity (I>=0.90).
The funnel plot and Egger’s regression analysis indi-
cated a low risk of publication bias (p-value=0.653),
and between-subgroup heterogeneity was similar to the
overall (Supplementary Table 4, Fig. 4). Subgroup analy-
sis revealed non-significant improvements of 0.86% (95%
CI; -1.21-2.94%) with allogeneic source and 2.17% (95%
CI; —1.33-5.67%) with autologous MSCs (Fig. 5). Inter-
estingly, as studies using ADRCs consistently showed
inferior results, their exclusion showed a significant
improvement of 2.03% (95% CI 0.19-3.87%) with alloge-
neic MSC treatment (Fig. 6). A meta-regression analysis
was conducted to identify possible contributors to het-
erogeneity using the predetermined variables. Expect-
edly, all the variables (i.e., age, follow-up period, route of
administration, cell dose, and concealment of allocation)

Jadad scale items

Study n J2 J3 J4 J5 Total Quality
MSC-HF [19] 1 1 1 1 0 4 High
RIMECARD [24] 1 1 1 1 0 4 High
CONCERT-HF [20] 1 1 1 1 1 5 High
Danish phase Il [25, 26] 1 1 1 1 0 4 High
Butler et al. [27] 1 1 0 0 1 3 High
[28] [28] 1 1 1 1 1 5 High
Xiao etal. [21] 1 1 0 0 0 2 Low
TAC-HFT [22] 1 1 1 1 0 4 High
Zhao et al. [29] 1 0 1 0 0 2 Low
SCIENCE [25, 26] 1 1 1 0 1 4 High
PRECISE [23] 1 1 1 1 0 4 High
DREAM-HF [30] 1 0 1 1 1 4 High
ATHENA [18] 1 0 1 1 1 4 High
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Fig. 3 Forest plot of the risk ratio (RR) for hospitalization meta-analysis
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Fig. 5 Forest plot of the weighted mean difference (WMD) for LVEF meta-analysis

were significant predictors of the relationship and con- namely MSC-HFT, Butler et al., SCIENCE, and DREAM-

tributed to the high heterogeneity between the studies  HF (Fig. 7).

(Supplementary Table 9). Galbraith plot depicts poten- Further analysis showed no significant differences

tial outliers that mainly contribute to the heterogeneity, between groups in reducing LVESV, with an overall
WMD of —5.70 mL (95% CI —13.26-1.85 mL) (Fig. 8).
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Fig. 6 Forest plot of the weighted mean difference (WMD) for LVEF meta-analysis excluding ADRCs trials
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Fig. 7 Galbraith plot of the LVEF meta-analysis, with studies numbered in order

A high heterogeneity between studies was present a low risk of publication bias (p-value=0.350) (Sup-
(I=0.90). The funnel plot showed a risk of publication  plementary Table 5, Fig. 5). On the other hand, allo-
bias. However, Egger’s regression analysis indicated geneic MSC treatment resulted in a significant
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Source iD Mean difference Lower Upper
Allo RIMECARD -6.40 -20.20 7.40
Danish Phase II -0.17 -9.09 8.75
Perin et al. -1.30 -16.28 13.68
SCIENCE 0.40 -0.80 1.60
DREAM~-HF -2.90 -8.44 2.64
Subgroup Overall -0.08 -1.87 1.71
Auto =-28.90 =-36.49 -21.31
-7.53 -13.84 -1.22
Athena 6.00 -11.88 23.88
Subgroup Overall -11.26 -30.68 8.16
Overall «5:70 =13.26 1.85
Heterogeneity: I-squared = 0.90
Homogeneity: Q = 62.59, p-value = 0.00
Test of between-subgroup homogeneity: Q = 1.26, p-value = 0,26
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Fig. 8 Forest plot of the weighted mean difference (WMD) for LVESV meta-analysis

reduction in LVEDV, with a subgroup WMD —2.08mL
(95% CI —3.52-(—0.64) mL) (Fig. 9). Moderate het-
erogeneity with I>=0.35 was observed. Egger’s regres-
sion analysis indicated a low risk of publication bias
(p-value=0.121), although the funnel plot showed
a risk of bias (Supplementary Table 6, Fig. 6).

6-Minute walking distance test

Only four RCTs included in the analysis, each with six
arms, documented the changes observed from base-
line to the follow-up period. The RIMECARD, Athena,
PRECISE, and DREAM-HEF trials did not consider the
6-MWD as an end-point in their respective trials. The
6-MWD is a widely used measure of functional capac-
ity and is an essential indicator of the patient’s ability to

Source ID Mean difference Lower Upper

Allo RIMECARD 0.80 -19.70 21.30
Danish Phase II -5.69 -16.53 5.15
Perin et al. 7.20 -13.65 28.05
SCIENCE -2.10 -3.58 -0.62
DREAM-HF -1.40 -9.14 6.34
Subgroup Overall -2.08 -3.52 -0.64

Auto MSC-HFT -1.00 -11.84 9.84
TAC-HFT -9.00 -13.92 -4.08
Athena 7.70 -15.33 30.73
Subgroup Overall -4.75 -12.74 3.23

Overall -3.28 -6.64 0.08

Heterogeneity: I-squared = 0.35

Homogeneity: Q = 9.14, p-value = 0.24

Test of between-subgroup homogeneity: Q = 0.42, p-value = 0.52

Fig. 9 Forest plot of the weighted mean difference (WMD) for LVEDV meta-analysis
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perform daily activities. Although the remaining trials
measured the distance at baseline and follow-up, they
did not report any data on the change. Despite multiple
attempts to contact the corresponding authors for the
necessary information, no response has been received
thus far. Overall, MSC treatment increased the 6-MWD
by 29.48 m (95% CI 10.03-48.93 m), with no hetero-
geneity (I=0.00) (Fig. 10). The funnel plot and Egg-
er’s regression suggested a low risk of publication bias
(p-value=0.754), with consistent findings across sub-
groups. Subgroup analysis showed higher heterogeneity
between studies using autologous MSCs (Supplementary
Table 7, Figs. 7 and 8). Subgroup analysis further dem-
onstrated a significant increase in 6-MWD compared to
controls, with 31.88 m (95% CI 5.03—-58.74 m) for allo-
geneic sources and 31.17 m (95% CI —8.91-71.25 m) for
the autologous source (Fig. 9). A summary of the effects
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of both treatments on the primary parameters is pre-
sented in Table 3.

Discussion

With the rapid emergence of regenerative medicine, vari-
ous types of stem cells have progressed to the final phases
of clinical trials. Notably, some of these cell types, par-
ticularly mesenchymal stem cells (MSCs), have already
received clinical approval for use as living biodrugs, such
as Prochymal (Osiris Therapeutics, Canada), Cartistem
(Medipost Co Ltd, Korea), Stempeucel (Stempeutics
Research), and Cellgram-AMI (FCB Pharmicell, South
Korea) (Alliance for Regenerative Medicine; https://allia
ncerm.org/available-products/). However, their perfor-
mance continues to be monitored closely. Our systematic
review of published randomized controlled trials (RCTs)
and meta-analysis aims to compare the clinical safety
and efficacy of autologous (*'*°MSCs) and allogeneic

29.4783

- 1-1---% -

|

Source ID Mean difference Lower Upper
Allo Butler et al. 38.23 3.61 72.85
Perin et al. 22.30 -20.25 64.85
Subgroup Overall 31.88 5.03 58.74
Auto CONCERT-HF 16.41 -15.99 48.81
TAC-HFT 59.50 2.10 116.90
Subgroup Overall 31.17 -8.91 71.25
Overall 29.48 10.03 48.93
Heterogeneity: I-squared = 0.00
Test of overall effect size: z = 2.97, p-value = 0.00
Test of between-subgroup homogeneity: Q = 0.00, p-value = 0.98

Fig. 10 Forest plot of the weighted mean difference (WMD) for 6-MWD meta-analysis

Table 3 A summary of the effects of both treatments on the primary parameters

Summary of effect sizes

Parameter\Source A“"°MSCs Allopmscs Comparison Results
Result 95% Cl Result 95% Cl
MACE 0.90 RR 0.63-1.30 1.06 RR 087-129  Safer trend with "“°MSCs treatment
LVEF 2.17% -1.33-567 0.86% —1.21-2.94 Non-significant difference between groups, with a trend of superior
efficacy with "“"°MSCs treatment
6-MWD 31.17m  —891-7125 31.88m 503-58.74  Significant improvement with A'°MSCs treatment compared to non-

significant improvement with A1°MSCs treatment
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MSCs (A°MSCs). The key findings of our study include:
(1) this is the first systematic review and meta-analysis
to compare A"°MSCs with 21°MSCs for cardiovascular
applications directly; (2) as autologous cells are gener-
ally regarded as a safer and more practical choice, most
reported clinical trials have focused on *“**MSCs, result-
ing in limited evidence regarding efficacy based on the
source; (3) both A°MSCs and A“°MSCs exhibited simi-
lar safety profiles; and (4) our analysis demonstrated the
non-inferiority of °MSCs compared to their autologous
counterparts.

Different mechanisms contribute to HFpEF than those
of HFrEF; hence, the mechanisms by which cell therapy
exerts its effects in both states appear to differ [31, 32].
Therefore, we restricted our study to the group with
HFrEF for analysis. The unique cell biology and morpho-
logical features of MSCs delineate them from other stem
cell types used in cell-based therapy and distinguish the
mechanisms through which they exert their effects [33].
Studies utilizing additional concurrent interventions
were not included to eliminate confounding effects. Our
safety analysis, which included parameters such as death,
hospitalization, and MACE, indicated that both Autopf_
SCs and Al’MSCs are safe. However, A*°MSCs showed
protective effects after excluding ADRCs, with a 35%
reduction in hospitalization rate. This thorough safety
analysis, a cornerstone of our study, reassures the reader
of the reliability and robustness of our findings, instilling
confidence in the study’s conclusions.

LVEF was significantly improved with A1°MSCs com-
pared to non-significant improvement with A“°MSCs.
Additionally, LVEDV showed a significant reduction
with A°MSCs, and A°MSCs significantly improved the
6-MWD compared to “**MSCs by 31.88 m. Although
preclinical studies have extensively used both ““°M-
SCs and A°MSCs, none of these studies have directly
compared both types of MSCs [34—38]. Similarly, trans-
lational studies yielded the same conclusions without
head-to-head comparisons between the two cell types
[39-42]. The POSEIDON trial, a phase I/II study in 30
patients, is the only one that directly compared A"*°M-
SCs to A°MSCs [43]. 1t is also a dose-escalation study
in which 20 million, 100 million, or 200 million cells
were delivered through trans-endocardial injection.
The results indicated that both A*°MSCs and *'"°MSCs
were safe and exhibited potential regenerative bioactiv-
ity. However, it was excluded from our analysis due to
it lacking a control group [43]. One systematic review
and meta-analysis, including 82 studies from large ani-
mal models of ischemic heart disease, showed significant
improvement in LVEF irrespective of the cells’ origin
[44]. A couple of recently published systematic reviews
and meta-analyses have reported the non-significant

Page 12 of 16

superiority of A"°MSCs over their A°MSCs counterparts
in the functional improvement and pain relief in osteoar-
thritis and spinal cord injury [45, 46]. It is important to
mention that the SCIENCE II pilot trial was published
after the conduction of our current study. Interestingly,
the study used allogeneic stem cells and showed mean-
ingful increases in LVEF of 6.5%, while LVESV signifi-
cantly decreased by 25 mL. These results support the
current findings of our study on the efficacy and possible
superiority of A1°MSCs.

The present study did not primarily intend to assess
efficacy, as evidence already exists in this regard [6, 47—
49]. Instead, it provides a head-to-head comparison of
autologous and allogeneic MSCs in treating HFrEE. As
addressed by previous studies, MSC treatment for HF is
safe and effective. The results of our analysis are in line
with these findings. MSC-based treatment, regardless
of the source, was found to be safe. Improvements in
6-MWD are significant, and an increase of more than
30 m crossed is a meaningful result for HF patients
that can positively impact their quality of life. However,
it is impossible to draw conclusive evidence from this
data, given the small sample size and number of studies
included in the analysis. Such results should be inter-
preted with caution and considered preliminary evidence.
Although an improvement of 2.78% in LVEF was found
overall, along with similar subgroup results, the ques-
tion remains whether these improvements are meaning-
ful. Clinically, an increase of >5% in LVEF is considered
meaningful [50-52]. So far, studies that have conducted
rigorous analysis have not found such an outcome using
MSCs in HE. This highlights the current state of the art
in cell therapy for HF and the need to recognize it as
an adjuvant rather than sole treatment. Translating MSC-
based therapies into clinical practice faces significant
practical challenges, including standardizing cell prepa-
ration following good manufacturing practices (GMP),
ensuring consistent quality control and potency, and
curtailing variability in therapeutic outcomes. Addition-
ally, logistical hurdles, such as large-scale cell production,
storage, transportation, and off-the-shelf ready-to-use
availability, complicate their routine clinical use. Regula-
tory complexities and high costs also limit accessibility
and scalability.

Despite promising results, the lack of comprehensive
cost-effectiveness analyses hinders informed decision-
making regarding their adoption. Future research must
prioritize economic evaluations to assess the feasibility
of MSC-based therapies in real-world settings, ensur-
ing they deliver both clinical benefits and sustainable
value for healthcare systems. As of the time of writing
this revised version of the manuscript, no new advanced-
phase clinical study has been reported providing a
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head-to-head comparison of A*°MSCs vs. A°MSCs. This
lack of direct comparison evidence has already hindered
a definitive conclusion about the superiority of one over
the other. The use of ~“*°MSCs faces several potential lim-
itations. Firstly, sourcing sufficient quantities of **"*°MSCs
from patients is challenging, particularly in cases where
the source is compromised, such as in thin individu-
als or patients with myelofibrosis. Secondly, the biologi-
cal activity and stemness of *“®MSCs decrease with age
and the morbid health status of the donor, thus making
it a challenge to acquire enough healthy and therapeuti-
cally effective ****MSCs. [53], Therefore, it is challenging
to acquire enough healthy and therapeutically effective
AWONISCs [54, 55]. Moreover, A“°MSCs are logistically
time-intensive, requiring longer waiting to isolate, purify,
and expand the cells to achieve the required cell number,
rendering their emergency room utility very minimal
and difficult in treating acute conditions, e.g., stroke and
myocardial infarction. On the contrary, A°MSCs provide
an off-the-shelf, ready-to-use availability of cells to over-
come logistic issues. Also, their use may help avoid donor
age and health-related issues. Although most in vitro
studies have highlighted the immunosuppressive prop-
erties of Al’MSCs, several studies have evidenced their
immunogenicity, which is accentuated in the proinflam-
matory milieu [56]. Preclinical investigations showed
alloantibodies after A'°MSCs delivery [57, 58] besides
an increased number of neutrophils, monocytes, and T
cells at the site of intracranial injection of Allon1SCs [59].
There is evidence of productive allorecognition by B cells
and anti-donor T-cell and NK-cell responses to Al°M-
SCs delivery in immuno-competent rhesus macaques
[60]. The magnitude of the host allo-response was influ-
enced by the degree of MHC class I and II mismatch
between the donor and host.

Adipose-derived regenerative cells (ADRCs) are valued
for their abundance and ease of availability with mini-
mal invasiveness, making them attractive candidates for
clinical applications. Their paracrine effects, similar to
BM-MSCs, promote angiogenesis, reduce apoptosis, and
enhance immunomodulation despite limited cardiomyo-
genic differentiation. Preclinical studies have demon-
strated significant cardiac improvements with ADRCs,
but phase I trials in HF patients reported limited func-
tional gains while confirming safety. In comparison, BM-
MSCs may offer better efficacy in treating HFrEF. These
findings necessitate phase II/III studies focusing on cell
dose-escalation to establish a dose—response relationship
for MSCs as living bio-drugs for better prognosis [61].

Although the study demonstrated promising safety and
efficacy data with improved functional outcomes, such
as the 6-MWD, it has certain limitations. For instance,
inconsistencies in reporting functional parameters,
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including the 6-MWD and New York Heart Association
(NYHA) class during follow-up, hindered the accurate
assessment of valuable clinical outcomes. Furthermore,
trials exploring head-to-head comparison of A*®MSCs vs.
AlloMSCs via multi-arm comparison were excluded, pri-
marily due to the absence of a control arm. Additionally,
variability in clinical design elements, such as the admin-
istration route, source, sampling site, and follow-up dura-
tion, may introduce bias and impact result reliability. The
findings offer initial insights into the dose—response rela-
tionship to inform future clinical trial designs.

It is pertinent to mention that few clinical trials have
observed the development of donor-specific antibodies in
Allon1SCs recipients. This development could potentially
lead to the rejection of the A°MSCs, which would sig-
nificantly impact the safety and efficacy of the treatment.
Moreover, there is a lack of clinical evidence about the
safety and effectiveness of the treatment after develop-
ing these antibodies. [62]. Other studies indicate that no
patients treated with allogeneic mesenchymal progenitor
cells (MPCs) produced donor HLA-specific antibodies
[63, 64]. These data suggest that alloantibodies formation
may not be as critical as initially believed but depends on
the phenotype of the administered cells and the specific
disease. However, the implications of developing donor-
specific allo-antibodies need to be evaluated over more
extended periods, besides the tolerability and efficacy of
single and repeated administration of A°MSCs, before
definitive conclusions can be made. The development
of donor-specific allo-antibodies could potentially lead
to rejection of the A1°MSCs, which would significantly
impact the safety and efficacy of the treatment.

Conclusion

In conclusion, despite progress to the advanced phases
of clinical assessment, the debate between ““°MSCs
and A°MSCs in treating patients with HFrEF remains
inconclusive. Both have their pros and cons. While the
immunosuppressive properties and lower immunogenic-
ity render “""*MSCs a superior choice, the challenges of
sourcing them from elderly patients with comorbidities
and the logistical issues they present make A""*MSCs less
practical. On the other hand, off-the-shelf, ready-to-use
availability is a big plus with *°MSCs. The published
preclinical and clinical data on the immunogenicity and
protective effects of A°MSCs are insufficient and incon-
sistent. Future research must address several issues,
including understanding the dynamic fate of implanted
AlloN[SCs, rejection by the recipient, maintenance of
stemness, and reparability. Concluding these issues is
crucial for establishing ideal cell-based therapy in clini-
cal settings. However, the inconsistent conclusions drawn
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from various studies regarding the therapeutic effects of
all MSCs highlight the need for further research.

Abbreviations

ADRCs Adipose-derived regenerative cells
CMs Cardiomyocytes

HF Heart failure

HFrEF HF with a reduced ejection fraction
HFpEF HF with a preserved ejection fraction

LVEF Left ventricle ejection fraction

LVESV Left ventricular end-systolic volume

LVEDV Left ventricular end-diastolic volume

MACE Major adverse cardiac events

MHC Major histocompatibility complex

MPCs Mesenchymal progenitor cells

MSCq Mesenchymal stem cells

AlopmSCs  Allogenic MSCs

AUOMSCs  Autologous MSCs

6-MWD 6-Minute walking distance

PRISMA Preferred reporting items for systemic review and meta-analysis

RR Risk ratio
RTCs Randomized control trials
WMD Weighted mean difference
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