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Abstract

Background and aims: The therapeutic efficacy of single-dose mesenchymal stromal cell (MSC) therapy for heart
failure (HF) remains inconsistent. This study aimed to investigate whether infusion with two-dose human umbilical
cord MSC (hUCMSCs) could be therapeutically superior to single-dose therapy in a rat model of dilated cardiomyopa-
thy (DCM) and explored the underlying mechanisms.

Methods: Male Sprague—-Dawley rats were intraperitoneally injected with doxorubicin (DOX) to establish a DCM
model and randomized to intravenously receive single-dose or two-dose hUCMSCs at an interval of 14 days. Their left
ventricular (LV) systolic and diastolic functions were analyzed by echocardiography. The percentages of Th1,Th2,Th17,
and Treg cells in the heart, spleen, lymph nodes, and peripheral blood and the levels of serum cytokines in individual
rats were analyzed by flow cytometry and cytometric bead assay, respectively. The degrees of cardiac fibrosis and
cardiomyocyte apoptosis were examined by histology. The importance of indoleamine 2,3-dioxygenase (IDO), an
activator of Treg differentiation, in the therapeutic effect of hUCMSCs on inflammation and heart function of rats was
determined after induction of IDO over-expression (IDO-OE) using IFN-y (1 ng/ml) and TNF-a (10 ng/ml) stimulation
or silencing (IDO-KD) using small interfering RNA (siRNA) technology.

Results: Compared with the single dose, two-dose hUCMSCs were more effective in improving LV performance,
attenuating cardiac dilation, reducing cardiomyocyte apoptosis and cardiac fibrosis. Two-dose hUCMSC therapy
significantly increased Treg number in the heart and peripheral blood, accompanied by increased cardiac IDO expres-
sion. Compared with the control hUCMSCs, IDO-OE hUCMSCs significantly enhanced Treg and Th2 cell responses

and decreased systemic Th17 cell responses and Th1 cell numbers in the mediastinal lymph nodes. Treatment with
IDO-OE hUCMSCs significantly improved LV remodeling and dysfunction. However, treatment with IDO-KD hUCMSCs
had opposite effects in rats.
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Conclusions: Administration of two-dose hUCMSCs has better therapeutic effects than single-dose therapy for
inhibiting myocardial inflammation to improve LV function in DCM rats. These effects are associated with upregulat-
ing IDO expression and its systemic anti-inflammatory activities.

Keywords: Human umbilical cord mesenchymal stem cells, Rat dilated cardiomyopathy, Myocardial inflammation,

Indoleamine 2,3-dioxygenase, Regulatory T cells

Introduction

Inflammation is crucial for the pathogenesis of chronic
heart failure (HF) [1]. Low-grade chronic inflamma-
tion contributes to the pathogenic progression of estab-
lished chronic HF in human patients [2], while emerging
elevated inflammatory biomarkers become a hallmark of
chronic HF [3, 4].

Due to the limited self-regenerative capacity of the
heart, several preclinical studies have attempted to
explore the potential mesenchymal stromal cell (MSC)-
based therapies for promoting myocardial self-repair
and restoring cardiac function in the injured heart of
rodents [5-10], as MSCs are easy to be isolated from
multiple sources and have low immunogenicity, mini-
mum ethical concerns, and greater proliferative capacity
[11]. However, the therapeutic effects of MSCs on HF in
human randomized clinical trials remain controversial
or inconsistent [4]. Considering its technical difficulty
and related risk of intracoronary or intramyocardial
injection with MSCs, most clinical trials apply intrave-
nous injection with single-dose MSCs, which might lead
to poor engraftment of MSCs into the heart, as most of
the infused MSCs usually accumulate in the lung and
die soon after transplantation [12]. Currently, there is
still limited information on the therapeutic efficacy of
repeated dosing of MSCs on HF, although the intrave-
nous route of repeated dosing of MSCs is possible and
safe.

MSCs have been demonstrated to have immunosup-
pressive capability that is licensed by pro-inflammatory
interferon-y (IFN-y) and tumor necrosis factor-a (TNEF-
a) and dependent on upregulated indoleamine 2,3-dioxy-
genase (IDO) expression and activity [13]. The IDO and
its metabolite kynurenic acid are activators of Treg dif-
ferentiation [14—16]. Tregs can migrate and be resident
in the heart to promote functional repair and to pro-
tect from myocardial infarction and ischemic injury in
humans and rodents [17-19]. However, it is still unclear
whether infusion with two-dose human umbilical cord
MSCs (hUCMSCs) is more effective than one dose in
improving cardiac function and whether this benefit
depends on the expression of IDO and its modulation on
inflammation.

Given that repeated intravenous administrations
of MSCs are feasible and can be routinely applied in

clinical practice, this study aimed to compare the effects
of two-dose with one dose hUCMSCs on inflamma-
tory responses in a rat model of dilated cardiomyopa-
thy (DCM) induced by doxorubicin (DOX). The results
revealed that intravenous treatment with two-dose hUC-
MSCs led to a better therapeutic efficacy in promot-
ing functional repair and mitigating inflammation in rat
hearts by upregulating IDO expression. These findings
may be valuable for clinical translation.

Materials and methods

All procedures involving animals were approved by the
Institutional Ethics Committee of Nanjing Drum Tower
Hospital (Approval No. 20210116) and performed in
accordance with the guidelines of the Guide for the Care
and Use of Laboratory Animals published by the National
Institutes of Health (Eighth Edition).

Animals

Eight-week-old male Sprague—-Dawley (SD) rats at
200+20 g were purchased from the Model Animal
Research Center of Nanjing University and maintained in
a controlled environment at ~23 °C with 40-50% humid-
ity under a 12/12 h dark/light cycle.

Isolation and identification of hUCMSCs

All umbilical cord (UC) samples were taken after their
parents signed the written informed consent, and
the study was approved by the Research Ethics Board
of Nanjing Drum Tower Hospital (permit number:
2017-161-01).

Briefly, a 15-cm-long fresh UC was obtained from
a full-term delivery donor, stored in sterile PBS sup-
plemented with 100 IU/mL of penicillin and 100 pg/
mL of streptomycin (PS, Gibco, USA), and immediately
transferred to the GMP cell facility in a shipment box at
2-6 °C. All samples were negative for hepatitis B virus
(HBV), hepatitis C virus (HCV), human immunodefi-
ciency viruses (HIV I and II), syphilis, cytomegalovirus
(CMV), and Epstein—Barr virus (EBV).

MSCs were isolated from individual UC samples and
cultured as described previously [20]. Briefly, MSCs were
cultured into cell culture flasks in low-glucose DMEM
supplemented with 10% fetal bovine serum (FBS, com-
plete medium) in a 5% CO, incubator at 37 °C. The
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medium was changed every two days. At 80-90% con-
fluency, the monolayer of cells was digested with Try-
pLE (Gibco, USA) and harvested as the first passage. The
cells at passages 3—-5 were used for subsequent experi-
ments. The hUCMSCs were identified by flow cytometry
using specific cell surface markers, including CD105(+),
CD73(+), CD90(+), CD11b(—), CD34(—), CD45(—),
CD19(—), and HLA-DR(—).

Modulation of IDO expression in hUCMSCs

The hUCMSCs were treated with IFN-y (1 ng/ml)
and TNF-a (10 ng/ml) for 24 h to induce IDO over-
expression [13]. The control hUCMSCs were treated
with vehicle. Alternatively, hUCMSCs were transfected
with control scramble siRNA or IDO-specific siRNA
(5"-GAACGGGACACUUUGCUAAJATAT-3’, RiboBio,
Guangzhou, China) using Lipofectamine 2000, accord-
ing to the manufacturer’s instruction (11668-019;

Page 3 of 16

Invitrogen, Carlsbad, CA, USA). Briefly, hUCMSCs
in the logarithmic phase of growth were trypsinized,
harvested, and cultured into a 6-well plate overnight.
At~80% confluence, the cells were transfected with
each type of siRNA at 50 nM and cultured for 24 h.
Other control hUCMSCs were treated with vehicle.

A DCM rat model and hUCMSCs administration

To induce DCM, SD rats were injected intraperitoneally
with 1.75 mg/kg doxorubicin (DOX, Sigma, St. Louis,
USA) in saline for four times with an interval of seven
days [21]. Subsequently, the rats were randomized and
administered intravenously with control PBS, single
dose of hUCMSCs (2 x 10° in 500 ul PBS) at 4 weeks
post-beginning induction or two-dose hUCMSCs at 4
and 6 weeks post-induction into the tail vein (Fig. 1A)
[22]. All rats were euthanized at 60 days post-induction.
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Echocardiography

Individual rats were sedated with 2—2.5% isoflurane, and
their cardiac function was evaluated by 2-dimensional
transthoracic echocardiography using a Visual Sonic
Ultrasound system with a 30-MHz transducer. The heart
was imaged in the parasternal short-axis view at the level
of papillary muscles to record M-mode measurements
and to determine heart rate, wall thickness, and end-
diastolic and end-systolic dimensions. The left ventricu-
lar ejection fraction (EF%) and left ventricular fractional
shortening (FS%) were calculated as indexes of cardiac
contractile function. The diastolic function of rats was
assessed by trans-mitral flow Doppler from the apical
4-chamber view to measure the E/A ratio, isovolumic
relaxation time (IVRT), and E/E’ ratio.

Immune cell isolation and flow cytometry

Live mononuclear cells were isolated from the periph-
eral blood, heart, spleen, and lymph nodes (LNs) for flow
cytometry, as previously described [23]. Briefly, the col-
lected hearts were digested with collagenase and filtered
through 40 pm filters to remove extracellular connec-
tive tissue debris, followed by centrifugation. The spleen
and LNs were finely minced using a scalpel and filtered
through 100 pm filters. The cells were fixed with 1% para-
formaldehyde and stained with FITC-anti-CD4 for 1 h
on ice. The cells were permeabilized with 0.5% Tween-20
for 20 min and intracellularly stained with PE-anti-CD25,
APC-anti-Foxp3, APC-anti-IFNy, PE-anti-IL-4, and
PE-Cy7-anti-IL-17 for 45-60 min on ice. Finally, the cells
were stained with the Fixable Viability Dye eFluor 506
(eBioscience) to exclude dead cells. After being washed,
the cells were analyzed by flow cytometry using a BD
FACS Aria II Flow Cytometer. The data were analyzed
using FlowJo software v10.0.6.

Western blot

Rat hearts were homogenized in RIPA buffer supple-
mented with protease inhibitors and centrifuged at
15,000 g for 10 min at 4 °C. After determination of pro-
tein concentrations by the BCA method, individual
heart lysates (30 pg/lane) were separated by sodium
dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) on 10% gels and transferred onto a polyvi-
nylidene difluoride (PVDF) membrane. The membranes
were blocked with 5% BSA in TBST for 2 h at room tem-
perature and incubated overnight at 4 °C with primary
antibodies. The primary antibodies were against cleaved
caspase-3, caspase 3, Bax, Bcl-2, MMP9, a-SMA, and
GAPDH at 1:1000 dilution (Cell Signaling Technology).
After being washed, the bound antibodies were detected
with horseradish peroxidase (HRP)-conjugated second-
ary antibodies at room temperature for 2 h and visualized
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with the ECL reagent. The relative levels of protein
expression to the control GAPDH were quantified by
densitometric scanning using Image]J software.

Gene expression analysis by real-time quantitative PCR
(RT-qPCR)

Total RNA was extracted from rat hearts, spleens, or
LNs using Total RNA Extraction Reagent (Vazyme Bio-
tech, Nanjing, China) and reverse-transcribed into cDNA
using the HiScript III RT SuperMix for qPCR (Vazyme
Biotech, Nanjing, China). The relative levels of interest-
ing gene to the control GAPDH mRNA transcripts were
quantitated by RT-qPCR in an Applied Biosystems using
ChamQ Universal SYBR qPCR Master Mix (Vazyme Bio-
tech, Nanjing, China) and specific primers (Table 1). The
obtained experimental data were analyzed by the 2744t
method.

Histological analysis

The collected heart tissues were fixed in 4% forma-
lin overnight and paraffin-embedded. The paraffin-
embedded heart sections (4—5 um) were deparaffinized,
and rehydrated, followed by routine hematoxylin and
eosin (H&E) staining and Sirius Red staining to evalu-
ate the cardiac dilation and tissue fibrosis, respectively.
Furthermore, the heart sections were subjected to anti-
gen retrieval and stained with anti-CD3 and anti-CD68
to evaluate the contents of infiltrated T cells and mac-
rophages. The frequency of apoptotic cells in heart
tissue sections was quantified by terminal deoxynucle-
otidyl transferase-mediated deoxyuridine triphosphate
nick-end labeling (TUNEL) assay using the TUNEL
BrightGreen Apoptosis Detection kit (Vazyme Biotech,
Nanjing, China), following the manufacturer’s protocol.
Apoptotic nuclei were labeled with red fluorescein, and
total nuclei were stained with DAPI. To visualize cardio-
myocytes, the heart tissue sections were co-stained with
FITC-anti-TnT (green) and examined under a confocal
microscopy (LSM700, Zeiss, Jena, Germany). The per-
centages of apoptotic cells were calculated.

Statistical analysis

Data from at least five independent experiments are pre-
sented as mean=+ SEM, unless otherwise indicated. The
difference among groups at a single time point was ana-
lyzed by two-tailed unpaired Student’s ¢ test or one-way
analysis of variance (ANOVA) and post hoc Tukey’s mul-
tiple comparisons test. The differences among groups at
multiple time points were analyzed by two-way ANOVA
and post hoc Bonferroni’s multiple comparison test. All
analyses were performed using the Prism 8 software
(GraphPad), and a P value of less than 0.05 was consid-
ered statistically significant.



Gong et al. Stem Cell Research & Therapy ~ (2022) 13:409 Page 5 of 16
Table 1 Real-time RT-PCR Primers

Gene Forward primer Reverse primer

Human

Gapdh TCAAGAAGGTGGTGAAGCAGG TCAAAGGTGGAGGAGTGGGT

Ido1 GCCCTTCAAGTGTTTCACCAA CCAGCCAGACAAATATATGCGA
Rat

Gapdh TGTGAACGGATTTGGCCGTA ATGAAGGGGTCGTTGATGGC

Ido1 AGCACTGGAGAAGGCACTG CGTGGAAAAAGGTGTCTGG

Nppb CAATCCACGATGCAGAAGCTG GGCGCTGTCTTGAGACCTAA
Nppa TGGGTCTTGTTAGGGCTCAAACCT TGAAACTCAAGGGACACCCATCGT
Mmp2 ACAACAGCTGTACCACCGAG GGACATAGCAGTCTCTGGGC
Mmp?9 GATCCCCAGAGCGTTACTCG GTTGTGGAAACTCACACGCC
Acta? CGCCATCAGGAACCTCGAGAAG ATCATCACCAGCAAAGCCCG
Collal GACTGTCCCAACCCCCAAAA CTTGGGTCCCTCGACTCCTA
Col3al TCCCCTGGAATCTGTGAATC TGAGTCGAATTGGGGAGAAT
Timp1 CAGCAAAAGGCCTTCGTAAA TGGCTGAACAGGGAAACACT

Tbet AACCAGTATCCTGTTCCCAGC TGTCGCCACTGGAAGGATAG
Gata3 AGCCAGGAGAGCAGGGACG CTGTTAATATTGTGAAGCTTGTAGTAGAG
Roryt CCCATCTATGAGGGTTACGC TTTAATGTCACGCACGATTTC
Foxp3 ACCGTATCTCCTGAGTTCCAT GTCCAGCTTGACCACAGTTTAT
Ifng TACACGCCGCGTCTTGGT GAGTGTGCCTTGGCAGTAACAG
Tnfa AACTCGAGTGACAAGCCCGTAG GTACCACCAGTTGGTTGTCTTTG
12 GATCCAGCGATACGAGAACTT CTCTGCATCTGGACCGTCA

114 AGCGGATCTCGGAAACTCAAT CTGGCAGTCTGACATC

15 GAGGGGGCACTGTGGAAATA ACTCATCACGCCAAGGAACT

ll6 GCCTATTGAAAATCTGCTCTGG GGAAGTTGGGGTAGGAAGGA

1o GAAGATCTCAATAGCGTCA AATCTCTCAATCCTCGTC

112rB2 TTGCATCGCTATCATCGTGG CCTCTTTTGAAGCAATAGGG

3 CCTGGAATCCCTGACCAACA GCCATAGCGGAAAAGTTGCT

nmz GGTACTCATCCCTCAAAGTTCA CTCTTCAGGACCAGGATCTCT

1133 GTGCAGGAAAGGAAGACTCG TGGCCTCACCATAAGAAAGG

Cers CACCCTGTTTCGCTGTAGGAATG GCAGTGTGTCATCCCAAGAGTCTC
Tgfb CTGCTGACCCCCACTGATAC AGCCCTGTATTCCGTCTCCT

cnl AAAAAGTCTAAGATCTCCGCCTCCA GGTTTTCCTTCTCAATGTCCTCCTT
cInT CGTAGAAGAGGTTGGTCCTGATGAA TGTACCCTCCAAA

Results single- or two-dose hUCMSCs improved LV function

Two-dose intravenous administration of hUCMSCs
improves cardiac function in DCM rats

Compared with the DCM control group, intravenous
treatment with single-dose hUCMSC:s failed to change
60-day mortality rate, but treatment with two-dose hUC-
MSCs tended to reduce 60-day mortality rate (30.77%
vs. 42.86% in the DCM group) (Fig. 1B). Next, we exam-
ined the impact of hUCMSC treatment on DOX-related
cardiotoxicity in rats by echocardiography. The results
indicated overt LV systolic and diastolic dysfunctions,
including reduced EF% (45.70%) and FS% (24.09%) and
elevated IVRT (21.33 ms) and E/E’ (46.56) in the DCM
group on day 56 post-induction, while treatment with

(Fig. 1C-E, G, H). Furthermore, the therapeutic effects of
two-dose hUCMSCs on enhancing EF%, IVRT, and atten-
uating cardiac dilation were obviously better than single-
dose hUCMSCs in rats (Fig. 1F). Therefore, two-dose
intravenous administration with hUCMSCs improved
cardiac function in DCM rats.

Treatment with hUCMSCs increases treg responses

and IDO expression in the heart

Tregs can negatively regulate inflammation that is
essential in the progression of many cardiovascu-
lar diseases [24]. Numerous studies have shown that
down-regulated Treg infiltrates and impaired function



Gong et al. Stem Cell Research & Therapy ~ (2022) 13:409

of Tregs are associated with the development of HF
[25-27]. Accordingly, we analyzed the proportions of
CD4 + Foxp3 + Tregs in peripheral blood and the heart
of rats at 8 weeks post-induction by flow cytometry. We
found that hUCMSC therapy significantly increased
the percentages of Tregs in both types of samples and
the effects of two-dose hUCMSC therapy were signifi-
cantly stronger than that of single-dose therapy in rats
(Fig. 2A-D). As IDO enhances the differentiation of
Tregs [14, 15, 28], we analyzed IDO expression in the
heart of rats by Western blot. The results revealed that
the levels of IDO expression in the hearts of rats, par-
ticularly in the two-dose hUCMSC group, significantly
increased, relative to that in the DCM group of rats
(Fig. 2E, F). These data indicated that two-dose hUC-
MSC treatment significantly upregulated IDO expres-
sion and increased the percentages of Treg infiltrates in
the heart and circulation of DCM rats, which may alle-
viate systemic inflammation.
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Treatment with hUCMSCs attenuates cardiac inflammation
and modulates inflammation in rats, dependent

on the levels of IDO expression in hUCMSCs

To determine the importance of IDO expression in the
therapeutic effect of hUCMSCs in DCM rats, we treated
hUCMSCs with IEN-y and TNF-a to induce IDO over-
expression (DO-OE) or transfected hUCMSCs with IDO-
specific siRNA to knockdown IDO expression (IDO-KD)
(Fig. 3A). Compared with other group of cells, treatment
with IDO-OE hUCMSCs obviously increased systolic
and diastolic functions in DCM rats (Fig. 3B-E, Addi-
tional file 1: Fig. S1A, B). Flow cytometry revealed that
compared with the NC group, the DCM group of rats dis-
played significantly higher frequency of cardiac Th1, Th2,
Th17 cells, and Tregs, while treatment with hUCMSCs
further increased the percentages of cardiac Th2 cells and
Tregs, but decreased the frequency of Th1 and Th17 cells,
particularly in the two-dose treatment group of rats at
8 weeks post-induction (Fig. 3F-I, Additional file 1: Fig.
S1C-F). Immunohistochemistry revealed that hUCMSC
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treatment reduced CD3+T cell infiltrates in heart tis-
sues of rats (Additional file 2: Fig. S2). Interestingly,
treatment with two-dose IDO-OE hUCMSCs greatly
enhanced the therapeutic effects on modulating cardiac
T cell infiltrates, which were dramatically mitigated by
treatment with IDO-KD hUCMSCs. Similarly, treatment
with single-dose hUCMSCs increased IL-10, IL-5, and
IL-33 mRNA transcripts in the heart of rats, relative to
that of the DCM group of rats (Fig. 3]). Treatment with
two-dose hUCMSC:s also significantly increased the rela-
tive levels of IL-10 and TGEF-f, but not IL-4, IL-5, IL-13,
and IL-33 mRNA transcripts in the heart of rats, which
were modulated by IDO-OE or IDO-KD, compared with
the single-dose group. Moreover, compared with the NC
group, the DCM group of rats exhibited significantly
higher levels of cardiac IFN-y, IL-12R2, IL-2, TNF-q,

IL-17, and CCR5 mRNA transcripts, which were sig-
nificantly mitigated or abrogated by treatment with sin-
gle- or two-dose hUCMSCs (Fig. 3K). While treatment
with two-dose IDO-OE hUCMSC:s further decreased the
relative levels of those pro-informatory mediator mRNA
transcripts, except for the relative levels of IL-17 mRNA
transcripts, treatment with IDO-KD hUCMSCs dra-
matically rescued the levels of those pro-inflammatory
mediator mRNA transcripts, except for slightly reduced
levels of cardiac IFN-y and TNF-a mRNA transcripts in
rats. Finally, Western blot analysis revealed that the rela-
tive levels of cardiac IDO protein expression gradually
increased in the listed groups, but decreased in the rats
received two-dose IDO-KD hUCMSCs (Fig. 3L, M). Col-
lectively, these data indicated that treatment with hUCM-
SCs inhibited pro-inflammatory Th1 and Th17 responses
and enhanced anti-inflammatory Th2 and Treg responses
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in a trend of dose-dependence and its therapeutic effects
were dependent on IDO expression in hUCMSCs.

Treatment with IDO-OE hUCMSCs modulates the frequency
of splenic and mediastinal LN CD4 +T cells in DCM rats

We further analyzed the frequency of splenic and medias-
tinal LN Th1, Th2, Th17 cells, and Tregs in rats at 8 weeks
post-induction by flow cytometry. As shown in Fig. 4A,
B, compared with the NC group, significantly reduced
frequency of splenic Tregs was detected in the DCM
group of rats and the frequency of splenic Tregs signifi-
cantly increased in all of the hUCMSC-treated groups.
While treatment with IDO-OE hUCMSC:s further signifi-
cantly increased the percentages of splenic Tregs, treat-
ment with IDO-KD hUCMSCs decreased the frequency
of splenic Tregs, relative to that of treatment with unma-
nipulated hUCMSCs in rats. Furthermore, while com-
pared with the NC group, significantly higher frequency
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of splenic Th1, Th2, and Th17 cells in the DCM group of
rats further increased, percentages of splenic Th2 cells
were detected in the two-dose hUCMSC-treated groups,
particularly in the IDO-OE hUCMSC-treated rats
(Fig. 4C-E). Compared with the DCM group, treatment
with hUCMSC:s failed to later the frequency of splenic
Thl cells. Treatment with two-dose hUCMSCs signifi-
cantly decreased the percentages of splenic Th17 cells in
DCM rats, particularly in the group received IDO-OE
hUCMSCs, which were partially rescued in the rats
received IDO-KD hUCMSCs. In contrast, the frequency
of Tregs in the mediastinal LNs of DCM rats was sig-
nificantly higher than that in the NC group, while treat-
ment with hUCMSCs further increased the frequency of
LN Tregs in rats in a trend of dose-dependence (Fig. 4F,
G). Treatment with IDO-OE hUCMSCs further sig-
nificantly increased the percentages of LN Tregs in rats,
while treatment with IDO-KD hUCMSCs dramatically
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reduced the frequency of LN Tregs in rats, relative to that
in other hUCMSCs-treated groups. Moreover, compared
with the NC group, the DCM group of rats displayed
significantly higher frequency of LN Thl and Th17 cells
(Fig. 4H-J). Treatment with two-dose, but not single-
dose, hUCMSCs significantly decreased the frequency
of LN Thl and Th17 cells in rats, and treatment with
IDO-OE hUCMSC:s further reduced the frequency of LN
Thl and Th17 cells. In contrast, treatment with IDO-KD
hUCMSCs partially rescued the percentages of LN Thl
and Th17 cells in rats, relative to that in the rats receiv-
ing two-dose hUCMSCs. Furthermore, compared with
DCM group, treatment with two-dose hUCMSCs signifi-
cantly increased the frequency of LN Th2 cells regardless
of the levels of IDO expression (Fig. 4I). Similar patterns
of the relative levels of splenic and LN Tbet (Thl cell
transcription factor), GATA-3 (Th2 cell transcription fac-
tor), RORyt (Th17 cell transcription factor), and FoxP3
(Treg cell transcription factor) gene mRNA transcripts
were detected by RT-qPCR in the different groups of
rats (Additional file 3: Fig. S3, Additional file 4: Fig. S4).
Together, the results indicated that treatment with hUC-
MSCs, particularly with IDO-OE cells, modulated the
frequency of systemic CD4" T cell subsets by inhibiting
pro-inflammatory Th1l and Th17 responses, but enhanc-
ing anti-inflammatory Th2 and Treg responses in DCM
rats.

Infusion with IDO-OE hUCMSC changes circulating CD4+T
cell subsets and cytokine levels in DCM rats

First, we longitudinally measured the frequency of cir-
culating Th1, Th2, Th17 cells, and Tregs in the different
groups of rats by flow cytometry. As shown in Addi-
tional file 5: Fig. S5D-@, following induction of DCM,
the frequency of circulating Thl, Th2, Th17 cells, and
Tregs gradually increased and the percentages of Tregs
peaked at 4 weeks post-induction and declined gradually
with time, except that the frequency of Tregs continu-
ally increased in the rats receiving two-dose hUCMSCs.
Similarly, the frequency of circulating Th2 cells gradu-
ally increased in the rats receiving IDO-OE hUCMSCs,
but only slightly increased in other groups of DCM rats.
In contrast, the percentages of circulating Th1 and Th17
cells gradually increased in the different groups of DCM
rats and ranked from the highest in the DCM, single-
dose, IDO-KD to the two-dose and IDO-OE groups.
Flow cytometry revealed that compared with the NC
group, the DCM group of rats at 8 weeks post-induction
had significantly higher frequency of circulating Tregs,
Th1, Th2, and Th17 cells (Fig. 5A-E, Additional file 5: Fig.
S5A—C). The percentages of Tregs significantly increased
in the rats with two-dose hUCMSCs and further elevated
in the rats receiving IDO-OE hUCMSCs, but reduced
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in the rats with IDO-KD hUCMSCs (Fig. 5B). Similarly,
treatment with hUCMSCs also increased the frequency
of Th2 cells in a trend of dose-dependence, particularly
in the rats receiving IDO-OE hUCMSCs, but decreased
in the rats with IDO-KD hUCMSCs (Fig. 5D). Moreo-
ver, treatment with two-dose hUCMSCs significantly
decreased the percentages of Thl and Thl7 cells, par-
ticularly with IDO-OE hUCMSCs, while treatment with
IDO-KD hUCMSCs partially rescued the frequency of
Th1 and Th17 cells in rats (Fig. 5C, E). Analysis of serum
cytokines indicated that compared with the NC group,
the DCM group of rats exhibited significantly higher lev-
els of serum IFN-y, IL-17, TNFa, IL-6, GM-CES, but not
IL-10 and IL-4 (Fig. 5F-L). Compared with that in the
DCM group, treatment with hUCMSCs increased the
levels of serum IL-10, particularly with IDO-OE hUCM-
SCs, while treatment with IDO-KD hUCMSCs decreased
serum IL-10 levels in rats, relative to that in the rats with
two-dose hUCMSCs (Fig. 5F). Treatment with two-dose
hUCMSCs significantly decreased the levels of serum
IEN-y, IL-17, and TNF-a, particularly with hUCM-
SCs, while treatment with IDO-KD hUCMSCs partially
rescued serum IL-17 and GM-CSE, but not IFN-y and
TNEF-q, levels in rats, relative to that in the DCM group
(Fig. 5G, L, J, L). Treatment with IDO-OE or IDO-KD
hUCMSCs significantly increased serum IL-4 although
treatment with any type of hUCMSC:s failed to alter the
levels of serum IL-6 in rats (Fig. 5H-K). Thus, treatment
with IDO-OE hUCMSCs significantly enhanced circu-
lating anti-inflammatory Th2 and Treg responses, but
reduced pro-inflammatory Thl and Th17 responses in
rats.

Treatment with IDO-OE hUCMSCs mitigates the severity

of myocardial fibrosis in DCM rats

Because long-term DOX exposure can induce myocar-
dial fibrosis, we tested whether treatment with hUCM-
SCs could modulate the severity of myocardial fibrosis
in rats. H&E staining displayed obvious cardiomyocyte
degeneration and injury, which were reduced in the
rats receiving hUCMSCs, particularly in those with
IDO-OE hUCMSC:s (Fig. 6A). Sirius staining exhibited
that compared with the NC group, many collagen fib-
ers were presented in cardiac tissues of the DCM group
of rats. While the collagen deposition was significantly
reduced in the rats receiving hUCMSCs, particularly in
those receiving IDO-OE hUCMSCs (Fig. 6B—C). How-
ever, the anti-fibrotic effect of hUCMSCs was partially
mitigated by treatment with IDO-KD hUCMSCs. West-
ern blot analysis revealed that while the relative levels
of MMP9, MMP2, and a-SMA expression in heart tis-
sues of the DCM group of rats were significantly higher
than that in the NC group, the levels of MMP2 and
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a-SMA, but not MMP9, were significantly reduced in
the rats receiving two-dose hUCMSC:s, particularly in
those with IDO-OE hUCMSCs (Fig. 6D—E). Treatment
with IDO-KD hUCMSCs only partially rescued the lev-
els of MMP2 and a-SMA expression in heart tissues of
DCM rats. RT-qPCR revealed that compared with the
NC group, significantly higher levels of Colla, Col3a,
MM?2, MMP9, a-SMA, and TIMPI mRNA transcripts
were detected in heart tissues of DCM group, which
were significantly reduced, except for Col3a, in the rats
with IDO-OE hUCMSC:s (Fig. 6F). However, treatment
with IDO-KD hUCMSC:s significantly rescued the rela-
tive levels of Colla, MM2, MMP9, a-SMA, and TIMPI
mRNA transcripts in heart tissues of DCM rats. There-
fore, treatment with IDO-OE hUCMSCs significantly
mitigated the DCM-related myocardial fibrosis in DCM
rats.

Treatment with IDO-OE hUCMSCs reduces cardiomyocyte
apoptosis in DCM rats

Finally, we examined the effect of treatment with
hUCMSCs on cardiomyocyte apoptosis in the differ-
ent groups of rats. TUNEL assays indicated that while
there were few apoptotic TnT + TUNEL + cardiomyo-
cytes in the NC group, many apoptotic cardiomyo-
cytes were detected in the DCM group of rats (Fig. 7A,
B). Treatment with two-dose hUCMSCs significantly
decreased the percentage of apoptotic cardiomyocytes
in DCM rats, particularly with IDO-KD hUCMSCs,
but treatment with IDO-KD hUCMSCs partially res-
cued the frequency of apoptotic cardiomyocytes in
DCM rats. Western blot revealed that compared with
the NC group, the DCM group of rats displayed higher
levels of Bax, but lower levels of BcL-2 expression in
their hearts (Fig. 7C, D). Treatment with hUCMSCs,
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particularly with IDO-OE hUCMSCs, significantly
decreased the relative levels of Bax expression, but
increased BcL-2 in heart tissues of DCM rats. Treat-
ment with IDO-KD hUCMSCs failed to significantly
alter the relative levels of Bax, and BcL-2 expression in
heart tissues of DCM rats, relative to that in the DCM
group of rats. Similarly, co-culturing with hUCMSCs,
particularly with IDO-OE hUCMSCs, significantly
mitigated the DOX-induced cardiomyocyte apopto-
sis by decreasing pro-apoptotic Bax expression, but
enhancing anti-apoptotic BcL-2 expression in vitro
(Fig. 7E, F). These data clearly demonstrated that
treatment with IDO-OE hUCMSC:s significantly mini-
mized cardiomyocyte apoptosis in DCM rats.

Discussion

In this study, the main finding indicated that (1) treat-
ment with two-dose hUCMSCs achieved a better thera-
peutic efficacy than single-dose therapy in restoring
cardiac functions, attenuating cardiac dilation, and
reducing cardiomyocyte apoptosis and fibrosis; (2) two-
dose therapy with hUCMSCs had stronger capacity than
single-dose therapy to significantly increase the fre-
quency of Tregs in the heart and peripheral blood and
cardiac expression of IDO; (3) hUCMSC treatment sig-
nificantly decreased the number of Thl cell infiltrates in
the heart, dependent on IDO expression levels in hUC-
MSCs; and (4) induction of IDO over-expression in hUC-
MSCs enhanced their suppressive activity by enhancing



Gong et al. Stem Cell Research & Therapy ~ (2022) 13:409 Page 12 of 16
DCM DCM DCM DCM DCM
A +UCMSC once +UCMSC twice +IDO-OE UCMSC twice +IDO-KD UCMSC twice B
60 ******
i Sk
T .
A
o A
3
@ 40
@
o
2
o
g 20 :
<
o_
& 0‘-: °°°O° 6‘\:? & 6‘\0
& ‘s"o &
] Q 00 Q(a 00
< ©
E Rl
= DCM
15
Cc 0.@“? 0@“‘ 1.0 mNC
@ & & F T DCM+PBS
& & T el DCM+UCMSC
& Q° 00“ S & & % =1 once
BCL2 [ - | 26kD Q064 e DCM+UCMSC twice
° e EmDCM+IDO-OE UCMSC twice
BAX | - -l 23kD 2 044 )
g DCM+IDO-KD UCMSC twice
GAPDHI- - e .- -I37kD &
E - DOX F
O
& N 10 08 s
) Ak
o & o
o <@ (}gb o o;l-° 5 os 5 3
S & & LS %os %10 S04 e EmNC
BAX| we @ &= = @ |230D %9 g% 8% B DOX+PBS
oy 2% ag
BCL2[ W W == @B = | 26kD S04 205 S0z = DOX+UCMSC
5., s g DOX+IDO-OE UCMSC
0.0 0.0 0.0
Fig. 7 Treatment with IDO-OE hUCMSC inhibits cardiomyocyte apoptosis in DCM rats. A, BTUNEL (red) and anti-TnT (green) co-staining of heart
samples and quantitative analysis of the percentages of apoptotic cardiomyocytes in rats at 8 weeks post-induction, scale bar=>50 um. C, D
Western blot and quantitative analysis of the relative levels of BAX and BclL-2 expression in heart tissues of rats. E, F Western blot analysis of the
relative levels of IDO, BAX and Bcl-2 expression in cardiomyocytes. Data are mean = SEM of each group (N=3-5 rats per group) from two separate
experiments. *P<0.05, **P<0.001, ***P<0.001 by one-way ANOVA

anti-inflammatory Treg and Th2 responses and inhibit-
ing pro-inflammatory Thl and Th17 responses in DCM
rats. Hence, during the pathogenic process of DCM, the
damaged cardiomyocytes induce inflammation, which
recruits pro-inflammatory Th1, Th17, and other cell infil-
trates that secrete pro-inflammatory IFN-y and TNF-a
as well as others to upregulate IDO expression in the
lesion, including infiltrates and treated hUCMSCs. The
increased IDO expression and its mediated metabolites
enhance Treg differentiation to enhance Treg and Th2
responses, inhibiting pro-inflammatory T cell responses,
limiting cardiac dilation and restoring LV function (Cen-
tral illustration: Fig. 8). Therefore, our findings may shed
lights on the pathogenesis of DCM and uncover new
therapeutic targets for intervention of DCM.

DCM is the most common cardiomyopathy worldwide
with structural and functional abnormalities [29]. Cur-
rently, there are few effective therapeutic strategies for
DCM. HUCMSCs have the potential for multipotent
differentiation and have been considered as a promis-
ing cell-based therapy [30]. A previous study has shown
that treatment with single-dose hUCMSCs can improve
LV function, functional status, and life quality of patients
with HF with reduced ejection fraction (HFrEF) [31].
However, this therapeutic strategy does not significantly
reduce mortality and hospital admission of HF patients.
In DCM animal models, treatment with single-dose
hUCMSCs preserves cardiac function [6, 7, 9, 10]. A
single treatment with MSCs may be modestly effective
due to its short-lived nature and potentially obstructed
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in the lung, making the cells hard to reach the targeted
lesion [12, 32]. Hence, repeated administration of MSCs
may be necessary and quite effective [12, 33]. Actually,
repeated infusions with BM-MSCs improve cardiac func-
tion in DOX-induced DCM rats [8]. However, it is still
unclear whether therapeutic efficacy of repeated infu-
sions with hUCMSCs is better than single-dose ther-
apy. In this study, we found that two-dose infusion of
hUCMSCs resulted in better therapeutic efficacy than
single-dose therapy in inhibiting inflammation, enhanc-
ing anti-inflammatory Treg and Th2 responses, restor-
ing LV function, and limiting myocardial dilation in rats.
Our novel findings fill the knowledge gap and may help
in designing new MSC-based therapeutic strategies for
DCM and other types of inflammatory diseases.
Inflammation is crucial for the development and pro-
gression of HFrEF, which is associated with elevated lev-
els of circulating pro-inflammatory cytokines [4]. MSC
administration attenuates the process of inflammatory
cardiomyopathy in rodents [5, 34]. Several studies have
shown that single-dose hUCMSC therapy improves car-
diac function and structure in animals with HF [35-37],

associated with reducing cardiomyocyte apoptosis,
myocardial fibrosis, and inflammation by modulating
cytokine responses. We found that two-dose infusion
of hUCMSCs significantly increased anti-inflammatory
Treg and Th2 responses and inhibited pro-inflammatory
Thl and Th17 responses in DCM rats, accompanied by
reducing cardiac fibrosis and cardiomyocyte apoptosis.
These may be directly attributed to inhibitory cytokines
secreted by infused hUCMSCs and/or indirectly medi-
ated by the hUCMSCs-enhanced Treg responses. There-
fore, infusion of two-dose hUCMSCs led to potent
anti-inflammatory, anti-apoptotic, and anti-fibrotic
effects in DCM rats.

IDO and its mediated metabolites can induce the dif-
ferentiation of Tregs, which suppress pro-inflammatory
T cell responses [15]. A previous study has indicated that
IDO and its metabolite of KYNA are responsible for the
TSG-6-mediated anti-inflammatory effects of human
MSCs in a mouse model of acute lung injury induced by
lipopolysaccharide [13]. In this study, we observed that
treatment with two-dose hUCMSC:s significantly upregu-
lated IDO expression and Treg infiltrates in the heart of
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DCM rats. Furthermore, treatment with IDO-OE hUC-
MSCs further enhanced anti-inflammatory activities and
restored cardiac function by increasing Treg responses,
while treatment with IDO-KD hUCMSCs had a reduced
therapeutic effect on cardiac function in DCM rats. The
powerful therapeutic effects of IDO-OE hUCMSCs may
stem from the fact that IDO and its metabolites can
induce strong Treg responses that attenuate pro-inflam-
matory responses to restore cardiac function. These
findings support the notion that IDO is critical for the
control of aberrant inflammation and may be a therapeu-
tic target for intervention of inflammatory diseases.

Infusion of MSCs is safe for humans and obviates the
invasive delivery of cells to the target tissues, making
cell therapy simpler, and also feasible for multiple dos-
ing [12]. Our findings indicated that infusion of two-dose
hUCMSC:s effectively reduced inflammation in the heart
to restore cardiac function in DCM rats. Therefore, our
findings may help in designing a multiple dosing delivery
of cell therapy in future preclinical and clinical trials.

Conclusion

Our data indicated that treatment with two-dose hUC-
MSCs, particularly with IDO-OE hUCMSCs, was more
effective than single-dose therapy for restoring LV func-
tion in DCM rats, which were associated with enhancing
anti-inflammatory Treg responses and inhibiting pro-
inflammatory Thl and Th17 responses. The therapeu-
tic efficacy of hUCMSCs was dependent on their IDO
expression levels. Therefore, our findings may be valuable
for design of clinical trials to test the therapeutic efficacy
of hUCMSC:s in HF and other inflammatory diseases.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513287-022-03101-w.

Additional file 1: Figure S1. (A) A line graph of EF% in six groups of rats
measured by echocardiography at 0, 2, 4, 6, or 8 weeks post induction. (B)
Aline graph of E/E’ in six groups of rats measured by echocardiography at
0,2,4,6 or 8 weeks post induction. (C-F) Representative flow-cytograms
of the frequency of Treg, Th1,Th2, and Th17 cells in the heart of rats at
week 8 post induction. Data are mean = SEM of each group (N=3-5 rats
per group).

Additional file 2: Figure S2. (A, B) Immunohistochemical and quantita-
tive analysis of CD3 expression in rat hearts at 8 weeks post induction. (C)
Immunohistochemical analysis of CD68 expression in rat hearts at 8 weeks
post induction. Data are mean & SEM of each group (N =3-5 rats per
group) from at least two independent experiments. *P < 0.05, **P < 0.001,
***P<0.001 by one-way ANOVA.

Additional file 3: Figure S3. (A-C) Representative flow cytometry

charts of the frequency of Th2, Th1, and Th17 cells in the spleens of rats
at 8 weeks post induction. (D-G) RT-gPCR analyses of the relative levels
of FOXP3 (Treg), GATA3 (Th2), TBET (Th1), and RORyI (Th17) mRNA
transcripts in the spleens of rats at 8 weeks post induction. Data are
mean £ SEM of each group (N=3-5 rats per group). *P < 0.05, **P < 0.001,
**¥P<0.001 by one-way ANOVA.
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Additional file 4: Figure S4. (A-C) Representative flow cytometry

charts of the frequency of Th2, Th1,and Th17 cells in the lymph nodes

of rats at 8 weeks post induction. (D-G) RT-qPCR analyses of the relative
levels of FOXP3 (Treg), GATA3 (Th2), TBET (Th1), and RORyT (Th17) mRNA
transcripts in the lymph nodes of rats at 8 weeks post induction. Data are
mean = SEM of each group (N=3-5 rats per group). *P< 0.05, **P < 0.001,
***P<0.001 by one-way ANOVA.

Additional file 5: Figure S5. (A-C) Representative flow cytometry charts
of the frequency of Th2, Th1, and Th17 cells in peripheral blood of rats at
8 weeks post induction. (D-G) Line graphs of the proportions of periph-
eral blood Treg, Th2, Th1 and Th17 cells measured by flow cytometry in
rats at 0, 2, 4, 6 or 8 weeks post induction. Data are mean = SEM of each
group (N=3-5 rats per group).

Acknowledgements
Not applicable.

Author contributions

CG contributed to conception; design of the study; and acquisition, analysis,
and interpretation of data; drafted the manuscript; approved the submitted
version; and agreed both to be personally accountable for the author’s own
contributions and to ensure that questions related to the accuracy or integrity
of any part of the study are appropriately investigated and resolved. LC was
involved in acquisition, analysis of data; approved the submitted version; and
agreed both to be personally accountable for the author’s own contributions
and to ensure that questions related to the accuracy or integrity of any part
of the study are appropriately investigated and resolved. XS contributed to
analysis, interpretation of data; approved the submitted version; and agreed
both to be personally accountable for the author’s own contributions and

to ensure that questions related to the accuracy or integrity of any part of
the study are appropriately investigated and resolved. YQ was involved in
analysis, interpretation of data; approved the submitted version; and agreed
both to be personally accountable for the author’s own contributions and to
ensure that questions related to the accuracy or integrity of any part of the
study are appropriately investigated and resolved. RH contributed to analysis,
interpretation of data; approved the submitted version; and agreed both to
be personally accountable for the author’s own contributions and to ensure
that questions related to the accuracy or integrity of any part of the study
are appropriately investigated and resolved. KC was involved in acquisition

of data; approved the submitted version; and agreed both to be personally
accountable for the author’s own contributions and to ensure that questions
related to the accuracy or integrity of any part of the study are appropriately
investigated and resolved. BW contributed to acquisition of data; approved
the submitted version; and agreed both to be personally accountable for the
author’s own contributions and to ensure that questions related to the accu-
racy or integrity of any part of the study are appropriately investigated and
resolved. LK: Acquisition was involved in analysis of data; approved the sub-
mitted version; and agreed both to be personally accountable for the author’s
own contributions and to ensure that questions related to the accuracy or
integrity of any part of the study are appropriately investigated and resolved.
WL contributed to conception and design of the study, drafted the manu-
script, approved the submitted version, and agreed both to be personally
accountable for the author’s own contributions and to ensure that questions
related to the accuracy or integrity of any part of the study. XB was involved
in conception and design of the study, approved the submitted version, and
agreed both to be personally accountable for the author’s own contributions
and to ensure that questions related to the accuracy or integrity of any part of
the study. All authors read and approved the final manuscript.

Funding

This work was supported by Grants from the Natural Science Foundation of
China (Grant Nos. 81870204, 82070366) and Medical Science and Technology
Development Foundation, Department of Health, Nanjing (ZKX19017).

Availability of data and materials
The datasets analyzed in the current study are available upon reasonable
request from the corresponding authors.


https://doi.org/10.1186/s13287-022-03101-w
https://doi.org/10.1186/s13287-022-03101-w

Gong et al. Stem Cell Research & Therapy ~ (2022) 13:409

Declarations

Ethics approval and consent to participate

All procedures involving human-derived materials were approved by the
Research Ethics Board of Nanjing Drum Tower Hospital (Permit Number: 2017-
161-01). Animal experiments were performed, according to the guidelines

of the National Institutes of Health and approved by the Institutional Ethics
Committee of Nanjing Drum Tower Hospital (Approval No. 20210116).

Consent for publication
Not applicable.

Competing interests
All authors declare that they have no competing interest.

Author details

'Department of Cardiology, Nanjing Drum Tower Hospital, State Key Labora-
tory of Pharmaceutical Biotechnology, Medical School of Nanjing University,
No. 321 Zhongshan Road, Nanjing 210008, China. 2Department of Cardiology,
Nanjing Drum Tower Hospital, Clinical College of Nanjing Medical University,
Nanjing 210008, Jiangsu, China. *Clinical Stem Cell Centor, Nanjing Drum
Tower Hospital, Medical School of Nanjing University, No. 321 Zhongshan
Road, Nanjing 210008, China.

Received: 29 March 2022 Accepted: 28 July 2022
Published online: 12 August 2022

References

1. Heymans S, Hirsch E, Anker SD, Aukrust P, Balligand JL, Cohen-Tervaert
JW, et al. Inflammation as a therapeutic target in heart failure? A scientific
statement from the Translational Research Committee of the Heart
Failure Association of the European Society of Cardiology. Eur J Heart Fail.
2009;11:119-29.

2. Dick SA, Epelman S. Chronic heart failure and inflammation: what do we
really know? Circ Res. 2016;119:159-76.

3. Dunlay SM, Weston SA, Redfield MM, Killian JM, Roger VL. Tumor necrosis
factor-alpha and mortality in heart failure: a community study. Circula-
tion. 2008;118:625-31.

4. Adamo L, Rocha-Resende C, Prabhu SD, Mann DL. Reappraising the role
of inflammation in heart failure. Nat Rev Cardiol. 2020;17:269-85.

5. Martire A, Bedada FB, Uchida S, Poling J, Kruger M, Warnecke H, et al.
Mesenchymal stem cells attenuate inflammatory processes in the heart
and lung via inhibition of TNF signaling. Basic Res Cardiol. 2016;111:54.

6. Gong X, Wang P, Wu Q Wang S, Yu L, Wang G. Human umbilical cord
blood derived mesenchymal stem cells improve cardiac function in
cTnT(R141W) transgenic mouse of dilated cardiomyopathy. Eur J Cell Biol.
2016,95:57-67.

7. Mao C, Hou X, Wang B, Chi J, Jiang Y, Zhang C, et al. Intramuscular injec-
tion of human umbilical cord-derived mesenchymal stem cells improves
cardiac function in dilated cardiomyopathy rats. Stem Cell Res Ther.
2017,8:18.

8. YuQLiQ NaR,LiX LiuB MengL, etal Impact of repeated intravenous
bone marrow mesenchymal stem cells infusion on myocardial collagen
network remodeling in a rat model of doxorubicin-induced dilated
cardiomyopathy. Mol Cell Biochem. 2014;387:279-85.

9. Zhang C, Zhou G, ChenY, Liu S, Chen F, Xie L, et al. Human umbilical cord
mesenchymal stem cells alleviate interstitial fibrosis and cardiac dysfunc-
tion in a dilated cardiomyopathy rat model by inhibiting TNFalpha and
TGFbetal/ERK1/2 signaling pathways. Mol Med Rep. 2018;17:71-8.

10. Zhang C, Zhou'Y, Lai X, Zhou G, Wang H, Feng X, et al. Human umbilical
cord mesenchymal stem cells alleviate myocardial endothelial-mesen-
chymal transition in a rat dilated cardiomyopathy model. Transplant Proc.
2019;51:936-41.

11. Golpanian S, Wolf A, Hatzistergos KE, Hare JM. Rebuilding the damaged
heart: mesenchymal stem cells, cell-based therapy, and engineered heart
tissue. Physiol Rev. 2016;96:1127-68.

20.

AR

22.

23.

24.

25.

26.

27.

28.

29.
30.

31

32.

33

34.

35.

Page 150f 16

Wysoczynski M, Khan A, Bolli R. New paradigms in cell therapy: repeated
dosing, intravenous delivery, immunomodulatory actions, and new cell
types. Circ Res. 2018;123:138-58.

Wang G, Cao K, Liu K, Xue Y, Roberts Al, Li F, et al. Kynurenic acid, an IDO
metabolite, controls TSG-6-mediated immunosuppression of human
mesenchymal stem cells. Cell Death Differ. 2018;25:1209-23.

Munn DH, Mellor AL. IDO in the tumor microenvironment: inflammation,
counter-regulation, and tolerance. Trends Immunol. 2016;37:193-207.
Munn DH, Mellor AL. Indoleamine 2,3-dioxygenase and tumor-induced
tolerance. J Clin Invest. 2007;117:1147-54.

Sorensen RB, Hadrup SR, Svane IM, Hjortso MC, Thor SP, Andersen MH.
Indoleamine 2,3-dioxygenase specific, cytotoxic T cells as immune regu-
lators. Blood. 2011;117:2200-10.

Xia N, LuY, Gu M, LiN, Liu M, Jiao J, et al. A unique population of regula-
tory T cells in heart potentiates cardiac protection from myocardial infarc-
tion. Circulation. 2020;142:1956-73.

Hammer A, Sulzgruber P, Koller L, Kazem N, Hofer F, Richter B, et al. The
prognostic impact of circulating regulatory T lymphocytes on mortality
in patients with ischemic heart failure with reduced ejection fraction.
Mediators Inflamm. 2020;2020:6079713.

LuY, Xia N, Cheng X. Regulatory T cells in chronic heart failure. Front
Immunol. 2021;12:732794.

Han YF, Tao R, Sun TJ, Chai JK, Xu G, Liu J. Optimization of human umbili-
cal cord mesenchymal stem cell isolation and culture methods. Cytotech-
nology. 2013;65:819-27.

Chua'S, Lee FY, Chiang HJ, Chen KH, Lu HI, Chen YT, et al. The cardiopro-
tective effect of melatonin and exendin-4 treatment in a rat model of
cardiorenal syndrome. J Pineal Res. 2016;61:438-56.

Xiang E, Han B, Zhang Q, Rao W, Wang Z, Chang C, et al. Human umbilical
cord-derived mesenchymal stem cells prevent the progression of early
diabetic nephropathy through inhibiting inflammation and fibrosis. Stem
Cell Res Ther. 2020;11:336.

Bansal SS, Ismahil MA, Goel M, Patel B, Hamid T, Rokosh G, et al. Activated
T lymphocytes are essential drivers of pathological remodeling in
ischemic heart failure. Circ Heart Fail. 2017;10:e3688.

Meng X, Yang J, Dong M, Zhang K, Tu E, Gao Q, et al. Regulatory T cells in
cardiovascular diseases. Nat Rev Cardiol. 2016;13:167-79.

Okamoto N, Noma T, Ishihara Y, Miyauchi Y, Takabatake W, Oomizu S, et al.
Prognostic value of circulating regulatory T cells for worsening heart
failure in heart failure patients with reduced ejection fraction. Int Heart J.
2014;55:271-7.

Bas HD, Baser K, Yavuz E, Bolayir HA, Yaman B, Unlu S, et al. A shift in the
balance of regulatory T and T helper 17 cells in rheumatic heart disease. J
Investig Med. 2014;62:78-83.

LuM,Qin X, Yao J,Yang Y, Zhao M, Sun L. Th17/Treg imbalance modulates
rat myocardial fibrosis and heart failure by regulating LOX expression.
Acta Physiol (Oxf). 2020,230:13537.

Matteoli G, Mazzini E, lliev ID, Mileti E, Fallarino F, Puccetti P, et al. Gut
CD103+ dendritic cells express indoleamine 2,3-dioxygenase which
influences T regulatory/T effector cell balance and oral tolerance induc-
tion. Gut. 2010,59:595-604.

Jefferies JL, Towbin JA. Dilated cardiomyopathy. Lancet. 2010;375:752-62.
Gubert F, Da SJ, Vasques JF, de Jesus GR, Martins RS, de Sa M, et al.
Mesenchymal stem cells therapies on fibrotic heart diseases. Int J Mol Sci.
2021,22:7447.

Bartolucci J, Verdugo FJ, Gonzalez PL, Larrea RE, Abarzua E, Goset C, et al.
Safety and efficacy of the intravenous infusion of umbilical cord mesen-
chymal stem cells in patients with heart failure: a phase 1/2 randomized
controlled trial (RIMECARD trial [Randomized clinical trial of intravenous
infusion umbilical cord mesenchymal stem cells on cardiopathy?). Circ
Res. 2017;121:1192-204.

Eggenhofer E, Luk F, Dahlke MH, Hoogduijn MJ. The life and fate of mes-
enchymal stem cells. Front Immunol. 2014;5:148.

Bolli R. Repeated cell therapy: a paradigm shift whose time has come.
Circ Res. 2017;120:1072-4.

Miteva K, Pappritz K, Sosnowski M, El-Shafeey M, Muller |, Dong F, et al.
Mesenchymal stromal cells inhibit NLRP3 inflammasome activation in a
model of Coxsackievirus B3-induced inflammatory cardiomyopathy. Sci
Rep. 2018;8:2820.

Wang J, Chen Z, Dai Q, Zhao J, Wei Z, Hu J, et al. Intravenously deliv-

ered mesenchymal stem cells prevent microvascular obstruction



Gong et al. Stem Cell Research & Therapy ~ (2022) 13:409 Page 16 of 16

formation after myocardial ischemia/reperfusion injury. Basic Res Cardiol.
2020;115:40.

36. Kanelidis AJ, Premer C, Lopez J, Balkan W, Hare JM. Route of delivery
modulates the efficacy of mesenchymal stem cell therapy for myocardial
infarction: a meta-analysis of preclinical studies and clinical trials. Circ Res.
2017;120:1139-50.

37. Abd AS, Hussein S, Hasan MM, Deraz R, Hussein WF, Sabik L. Functional
and structural assessment of the effect of human umbilical cord blood
mesenchymal stem cells in doxorubicin-induced cardiotoxicity. J Cell
Biochem. 2017;118:3119-29.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

e rapid publication on acceptance

e support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Infusion of two-dose mesenchymal stem cells is more effective than a single dose in a dilated cardiomyopathy rat model by upregulating indoleamine 2,3-dioxygenase expression
	Abstract 
	Background and aims: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Animals
	Isolation and identification of hUCMSCs
	Modulation of IDO expression in hUCMSCs
	A DCM rat model and hUCMSCs administration
	Echocardiography
	Immune cell isolation and flow cytometry
	Western blot
	Gene expression analysis by real-time quantitative PCR (RT-qPCR)
	Histological analysis
	Statistical analysis

	Results
	Two-dose intravenous administration of hUCMSCs improves cardiac function in DCM rats
	Treatment with hUCMSCs increases treg responses and IDO expression in the heart
	Treatment with hUCMSCs attenuates cardiac inflammation and modulates inflammation in rats, dependent on the levels of IDO expression in hUCMSCs
	Treatment with IDO-OE hUCMSCs modulates the frequency of splenic and mediastinal LN CD4 + T cells in DCM rats
	Infusion with IDO-OE hUCMSC changes circulating CD4 + T cell subsets and cytokine levels in DCM rats
	Treatment with IDO-OE hUCMSCs mitigates the severity of myocardial fibrosis in DCM rats
	Treatment with IDO-OE hUCMSCs reduces cardiomyocyte apoptosis in DCM rats

	Discussion
	Conclusion
	Acknowledgements
	References


