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Abstract 
Background:  Left ventricular hypertrophy and heart failure with preserved ejection fraction (HFpEF) are primary manifestations of the cardiorenal 
syndrome in patients with chronic kidney disease (CKD). Therapies that improve morbidity and mortality in HFpEF are lacking. Cell-based ther-
apies promote cardiac repair in ischemic and non-ischemic cardiomyopathies. We hypothesized that cell-based therapy ameliorates CKD-induced 
HFpEF.
Methods and Results:  Yorkshire pigs (n = 26) underwent 5/6 embolization-mediated nephrectomy. CKD was confirmed by increased cre-
atinine and decreased glomerular filtration rate (GFR). Mean arterial pressure (MAP) was not different between groups from baseline to 4 
weeks. HFpEF was evident at 4 weeks by increased LV mass, relative wall thickening, end-diastolic pressure, and end-diastolic pressure-
volume relationship, with no change in ejection fraction (EF). Four weeks post-embolization, allogeneic (allo) bone marrow-derived mesen-
chymal stem cells (MSC; 1 × 107 cells), allo-kidney-derived stem cells (KSC; 1 × 107 cells), allo-cell combination therapy (ACCT; MSC + KSC; 1:1 
ratio; total = 1 × 107 cells), or placebo (Plasma-Lyte) was delivered via intra-renal artery. Eight weeks post-treatment, there was a significant 
increase in MAP in the placebo group (21.89 ± 6.05 mmHg) compared to the ACCT group. GFR significantly improved in the ACCT group. EF, 
relative wall thickness, and LV mass did not differ between groups at 12 weeks. EDPVR improved in the ACCT group, indicating decreased 
ventricular stiffness.
Conclusions:  Intra-renal artery allogeneic cell therapy was safe in a CKD swine model manifesting the characteristics of HFpEF. The beneficial 
effect on renal function and ventricular compliance in the ACCT group supports further research of cell therapy for cardiorenal syndrome.
Key words: chronic kidney disease (CKD); heart failure with preserved ejection fraction (HFpEF); cardiorenal; allogeneic cell combination therapy; cell-based 
therapy; mesenchymal stem cells (MSCs); kidney-derived stem cells (KSCs).
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Graphical Abstract 

This study describes the development of a novel large animal model of chronic kidney disease (CKD)-induced heart failure with preserved ejec-
tion fraction (HFpEF). Renal intra-arterial delivery of allogeneic MSCs and KSCs improved glomerular filtration rate (GFR). RNA-Seq data showed 
decreased podocyte apoptosis, reactive oxygen species, inflammatory pathways, and renin-angiotensin system activation. Allogeneic cell com-
bination therapy (ACCT) restored diastolic function toward normal and decreased titin protein markers of stiffness. Cell therapy also prevented 
the increase in blood pressure over time.

Significance Statement
Renal intra-arterial delivery of allogeneic mesenchymal stem cells (MSCs) and kidney-derived stem cells (KSCs) was safe and improved 
renal function and ameliorated diastolic dysfunction function in a large animal model of chronic kidney disease (CKD)-induced heart failure 
with preserved ejection fraction (HFpEF). Cell therapy also prevented the increase in blood pressure over time. These findings illustrate 
the importance of the interaction between different populations of progenitors and the safety of allogeneic cell therapy, encouraging the 
further development of preclinical and clinical trials in the HFpEF and CKD populations.

Introduction
Meaningful advances in cardiology have reduced the mor-
bidity and mortality of ischemic heart disease and heart 
failure with reduced ejection fraction (HFrEF). However, 
there is a pressing need to develop therapeutic approaches 
for heart failure with preserved ejection fraction (HFpEF),1 
which affects ~50% of patients with heart failure,2 carries a 
similar morbidity and mortality to HFrEF, and has a prognosis 
that has not improved over the last 3 decades.1,3-6 HFpEF is 
a heterogeneous condition involving multiple comorbidities, 
including chronic kidney disease (CKD), metabolic syndrome, 
and pulmonary hypertension. Therefore, novel interventions 
that specifically target the pathophysiologic mechanisms 
underlying HFpEF are crucial to reduce its associated mor-
bidity and mortality.

Left ventricular hypertrophy (LVH), the primary manifest-
ation of CKD-associated cardiomyopathy, occurs in 60%-
80% of patients with end-stage renal disease (ESRD) and is 
an independent risk factor for mortality. LVH in these patients 
is approximately 15 times higher than in the general popula-
tion.7 Interestingly, patients with kidney transplant show de-
creased LVH and improved cardiac function,8-10 indicating 
that renal function is a main determinant of LVH.11,12 The 
mechanisms underlying LVH and HFpEF in CKD patients 
include pressure and volume overload, anemia, “uremic” 
state, neurohormonal dysregulation, oxidative stress, and 
inflammatory state.13,14 Phenotypic classification of HFpEF 
associated with CKD includes pathologic LV remodeling 
characterized by increased LV mass index and relative wall 

thickness, impairment of right ventricular relaxation, in-
creased stroke work, and impaired ventricular arterial coup-
ling. Importantly, CKD-associated HFpEF manifests worse 
adverse outcomes, including hospitalization and deaths, com-
pared to other phenotypes of HFpEF.15

In preclinical studies and clinical trials, cell-based therapy 
has produced encouraging results, including reduced car-
diac fibrosis, decreased inflammation, and increased 
neovascularization, thus promoting reverse remodeling and 
improving cardiac structure and function in ischemic (ICM) 
and non-ischemic (NICM) cardiomyopathies with HFrEF.16-21 
Importantly, intramyocardial delivery of bone marrow-derived 
mesenchymal stem cells (MSCs) enhances the proliferation 
and differentiation of endogenous stem cells,22-24 supports the 
stem cell niche, stabilizes the extracellular matrix, and pro-
motes degradation of fibrotic tissue in the myocardium.25-27 
Allogeneic MSCs restore endothelial function in ICM and 
NICM patient populations as measured by flow-mediated 
vasodilatation and endothelial progenitor cell (EPC) colony 
formation.23 In addition, allogeneic MSCs ameliorate chronic 
inflammatory responses by decreasing TNF-α and reversing 
the exhausted immune phenotype in a NICM population.18

Kidney-derived stem cells (KSCs) were initially described 
by Rangel et al as CD117 (c-kit+) cells present in the thick 
ascending limb of Henle’s loop that exhibit stem cell prop-
erties in vitro, including self-renewal capacity, clonogenicity, 
and multipotentiality.28,29 In an acute ischemia-reperfusion 
rat model, these cells promoted renal recovery compared 
to placebo by improving proliferation of epithelial tubular 
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cells resulting in less tubular damage.28 Further studies found 
that these kidney-derived cells improved podocyte foot 
process effacement and autophagy in an acute puromycin 
aminonucleoside nephropathy rat model.30 Together, these 
beneficial cardiac and renal findings raise the question of 
whether allogeneic cell therapy is effective in cardiorenal syn-
dromes, specifically CKD-associated HFpEF.

Large animal models are essential to investigate the mech-
anisms underlying HFpEF and to develop novel therapies 
prior to conducting human clinical trials. However, there are 
few established large animal models of HFpEF.31-33 We have 
previously shown using an angiography-guided embolization 
approach to produce a 5/6 nephrectomy in a swine model, 
that the remnant kidney mass remaining after embolization 
compensates through hyperfiltration, which contributes to 
the development of CKD33-36 and associated HFpEF.33 Four 
weeks after embolization, swine were randomized to receive 
placebo, allogeneic bone marrow-derived MSCs, allogeneic 
KSCs, or allogeneic cell combination therapy (ACCT; MSCs 
+ KSCs) via the renal artery of the remnant kidney. We sought 
to determine whether: (1) ACCT and allogeneic single-cell 
therapy are safe; (2) ACCT ameliorates HFpEF to a greater 
extent than single-cell therapy and placebo; and (3) ACCT 
improves renal function compared to single-cell therapy and 
placebo.

Materials and Methods
All animal protocols were reviewed and approved by the 
University of Miami Institutional Animal Use and Care 
Committee. The study was conducted in a blinded fashion. 
One investigator, who did not conduct the experiments or 
analyses, was responsible for the randomization. The animal 
caretakers and investigators conducting the experiments, as-
sessments, measurements, and quantification of all results 
were blinded to the intervention until all analyses were com-
pleted. The data were collected and processed and only when 
analyses were completed was the data grouped for statistical 
analyses by the investigator responsible for the randomization.

CKD Induction and Stem Cell Injection
Female Yorkshire swine underwent angiographically guided, 
catheter-induced 5/6 nephrectomy.33 One complete kidney 
and 2/3 of the other underwent polyvinyl alcohol (PVA) 
particle33,34,37 and ethanol infusion33 into the renal arteries 
to create a CKD model (Supplementary Fig. 1). Four weeks 
after embolization, 26 animals were randomized to receive 
delivery of either: allogeneic bone marrow-derived MSCs (n = 
6, 1 × 107), allogeneic KSCs (n = 6, 1 × 107), ACCT (MSCs + 
KSCs; n = 7, 1:1 ratio [total = 1 × 107 cells]), or placebo (n = 
7, Plasma-Lyte, Baxter, IL, USA) via the patent renal artery of 
the remnant kidney (Supplementary Fig. 2).

Cell Manufacturing and Delivery
KSCs were isolated from cortical and medullary kidney biop-
sies from 2 male Yorkshire Swine using magnetic selection for 
CD117 (c-kit). After magnetic selection, KSCs were expanded, 
characterized by flow cytometry, and cryopreserved after the 
third passage (see Supplemental Methods). MSCs were manu-
factured from bone marrow aspirates collected from the femur 
of the same 2 swine donors. Upon collection of bone marrow as-
pirates, the product was centrifuged on top of lymphocyte sep-
aration media (Ficol Hypaque) and processed to obtain MSCs 

as previously described22,24,38-40 (see Supplemental Methods). 
Cell characterization was performed by flow cytometry be-
fore cryopreservation and after third passage. On the day of 
injection, cells were thawed and tested to determine viability 
(≥70%), sterility for STAT gram stain (negative), mycoplasma 
(negative), and endotoxins (<5 EU/mL). Injectate (placebo or 
re-suspended cells) was divided into 10 syringes of 0.5 mL each 
and administered slowly into the different patent segmental ar-
teries to cover all the remnant parenchyma. Cell therapy or 
placebo delivery was performed at 4-week post-embolization 
using a soft tip cobra catheter (4-5 Fr Johnson & Johnson, 
New Brunswick, NJ, USA) into the patent 1/6 kidney, guided 
by contours of an angiogram and MRI.

Study Endpoints
Each animal underwent extensive safety evaluation of allo-
geneic cell delivery including mixed lymphocyte reaction 
(MLR), macroscopic evaluation at necropsy, and histologic 
evaluation of liver, spleen, heart, kidney, lung, and ileum by 
a specialized pathologist for evaluation of neoplastic tumor 
formation and signs of acute or chronic rejection. Kidney 
functional, structural, and molecular measurements for val-
idation of the CKD model and evaluation after cell treat-
ment included: glomerular filtration rate (GFR) measurement 
using inulin, anatomical and perfusion evaluation by renal 
MRI (3.0T clinical scanner, Magnetom, Siemens AG, Munich, 
Germany), laboratory measurements, including serum cre-
atinine and blood urea nitrogen (BUN), protein and creatinine 
in urine, hematology, and chemistry, histology, and RNA-Seq 
analyses (see Supplemental Methods). In addition, to evaluate 
HFpEF characteristics, we used cardiac MRI to assess car-
diac function and morphology, including cardiac volumes, LV 
ejection fraction (EF), wall thickness, chamber diameters, and 
Eulerian circumferential strain. Pressure-volume (PV) Loops 
(Millar Instruments Inc., Houston, TX, USA) were used to 
evaluate end-diastolic pressure (EDP), end-diastolic pressure-
volume relationship (EDPVR), end-systolic pressure (ESP), 
and end-systolic pressure-volume relationship (ESPVR). We 
also performed cardiac histology and tissue analysis for fi-
brosis, cardiomyocyte area, capillary density, and titin phos-
phorylation (see Supplemental Methods).

Statistics
Data distribution, for continuous measures, was assessed 
using the Pearson normality test. Continuous variables non-
normally distributed were examined by Mann-Whitney U 
test and described by median and interquartile range (IQR). 
Normally distributed variables were evaluated by two-way 
ANOVA and multiple comparisons were estimated using the 
Bonferroni and Tukey corrections and expressed as mean ± 
SE. Within data, normally distributed were analyzed by paired 
t test, otherwise by Wilcoxon matched-pairs test. Categorical 
variables were evaluated by the Pearson’s chi-squared test and 
Fisher’s exact test as corresponding. Imputation was not per-
formed for missing data. All statistics were tested using two-
sided at alpha = 0.05. Analyses were done using GraphPad 
Prism7 (GraphPad Software, Inc. La Jolla, CA, USA).

Results
The renal embolization was performed in female Yorkshire 
swine (30-35 kg). This procedure to create a remnant kidney 
model of CKD carries a high mortality rate, as previously 
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described by Misra et al and our group.33,34 Seventeen ani-
mals died before cell therapy administration, the majority 
within the first week, as expected, from which: 1 was eu-
thanized after lower limb paralysis, 1 had a complication 
after anesthesia, and 15 died as a complication of acute 
kidney injury within the first week after embolization. 
Twenty-six animals successfully completed the study and 
were included in this analysis. Follow-up evaluations were 
done weekly until cell therapy or placebo delivery at 4-week 
post-embolization. Animals were studied for a total of 12 
weeks post-embolization (8 weeks post-cell therapy or pla-
cebo delivery) (Supplementary Fig. 2).

Development of CKD After Embolization
The CKD model was confirmed by an increase in creatinine 
from baseline (1.25 ± 0.04 mg/dL) to 4-week post-embolization 
(2.37 ± 0.1 mg/dL; 95% CI: 0.85 to 1.40, n = 26; P < .0001; 
Fig. 1A), increase in BUN from 9 mg/dL (8, 11) to 23.5 mg/
dL (18.7, 30, n = 26; P < .0001; Fig. 1B), and decrease in GFR 
from 111.4 ± 6.4 mL/minute to 46.03 ± 4.58 mL/minute (95% 
CI: −79.31 to −48.51, n = 26; P < .0001; Fig. 1C). Similarly, 
renal perfusion decreased from baseline (130.1 ± 7.3 ROI) to 
4-week post-embolization (91.4 ± 8.8 ROI [95% CI: −55.73 
to −21.75]; P < .0001; Fig. 1D). However, the protein/cre-
atinine ratio did not change between baseline (0.38 [0.18, 
0.58]) and 4 weeks post-embolization (0.59 [0.38, 0.82]; P = 
.42; Fig. 1E). Similarly, mean arterial pressure (MAP) was not 
different between baseline (48.32 ± 2.08 mmHg) and 4 weeks 
post-embolization (46.19 ± 1.92 mmHg [95% CI: −7.23 to 
2.98]; P = .4; Fig. 1F).

Manifestations of CKD-Induced HFpEF in a Swine 
Model
LVH was evidenced by an increase in left ventricular end-
diastolic (LVED) mass to body surface area (BSA) ratio 

from baseline (72.69 ± 2.47 g) to 4 weeks post-embolization 
(81.38 ± 2.91 g [95% CI: 4.8 to 12.57], n = 26; P < .0001; Fig. 
2A) and increased relative wall thickness from 0.26 ± 0.01 to 
0.31 ± 0.01 mm (95% CI: 0.03 to 0.07, n = 26; P < .0001; 
Fig. 2B).

LV diastolic function was evaluated by PV loops. EDP was 
significantly increased from baseline (10.6 ± 0.87 mmHg) to 
4 weeks post-embolization (13.23 ± 1.12 mmHg [95% CI: 
0.07 to 5.14], n = 13; P = .045; Fig. 2C). Similarly, EDPVR 
increased from baseline (0.19 [0.14, 0.24]) to 4 weeks post-
embolization (0.31 [0.23, 0.38], n = 13; P = .0002; Fig. 2D). 
Finally, isovolumetric relaxation measured by dP/dtmin was 
reduced after 4 weeks post-embolization by −229.7 ± 96.08 
(95% CI: −437.3 to −22.12, n = 13; P = .03).

Systolic function was preserved during the study, as evidenced 
by maintenance over time of EF and stroke volume (SV) (Table 
1). Contractility evaluated by ESPVR increased from baseline 
(0.79 ± 0.08) to 4 weeks post-embolization (1.13 ± 0.11 [95% 
CI: 0.15 to 0.52], n = 13; P = .0017). Tagged harmonic phase 
cardiac magnetic resonance strain maps demonstrated a main-
tained LV peak Eulerian circumferential shortening strain (Ecc) 
from baseline to 4 weeks post-embolization.

Characterization of Allogeneic MSCs and KSCs
Swine MSCs used for cell therapy were characterized by 
flow cytometry, as previously described.22,24,38-40 The MSCs 
expressed CD105 and CD90 but not CD45 (Supplementary 
Fig. 3). KSC characterization28 by flow cytometry showed 
expression of CD117, CD90, and CD133 but not CD45 
(Supplementary Fig. 4).

Safety of Allogeneic Cell Single and Combination 
Therapy
After intra-arterial cell delivery at 4 weeks post-embolization, 
animals were followed for 8 weeks post-cell/placebo delivery 

Figure 1. Development of chronic kidney disease (CKD) after embolization.The CKD model was validated from baseline (N = 26) to 4 weeks by an 
increased (A) creatinine (P < .0001) and (B) blood urea nitrogen (BUN, P < .0001) and decreased (C) glomerular filtration rate (GFR) (P < .0001) and (D) 
renal perfusion (P < .0001). (E) Urine protein/creatinine ratio and (F) mean arterial pressure (MAP) did not change over time.
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and found to have no signs of hyper-acute, acute, or chronic 
allergic reaction. Histologic evaluation of the remnant kidney 
and the heart was performed by 2 different pathologists that 
were blinded to treatment. No signs of lymphocytic infiltra-
tion or necrosis within the tissue were reported. MLR assays 
did not show any acute immune response compared to phyto-
hemagglutinin (PHA) (the 26 animals were included in MLR 
assays) (Fig. 3A). No ectopic tissue formation, remote areas 
of inflammation, or tumors were observed in any group by 
necropsy or histology. In a subgroup of animals (n = 4), cells 
were labeled with iron nanoparticles and tracked by MRI im-
mediately, 30 minutes, 24 hours, and 1 week after delivery. A 
concentration of the cells was present in the cortex area of the 
patent kidney (Fig. 3B). The distribution of the product was 
not different between the groups.

Renal Functional Improvement in Response to 
Allogeneic Cell-Based Therapy
At 12 weeks post-embolization, the MAP showed signifi-
cant difference between the groups (delta between groups; 
P = .031), with an increase predominantly in the placebo 
group (Δ21.89  ±  6.05 mmHg; 95% CI: −32.25 to −10.19; 
P < .0001; Fig. 4A). This increase was significant compared 
to the ACCT group, which maintained stable MAP over time 
after the 4-week post-embolization time point (Δ2.42 ± 2.86; 
95% CI: −14.33 to 9.494, n = 6-7; P = .94; two-way ANOVA 
0.006, multiple comparison ACCT vs. Placebo, P = .04; Fig. 
4A). Also, MSC- and KSC-treated groups exhibited no change 
in MAP over time from 4-week post-embolization to 12-week 
post-embolization (end of the study). Kidney function, dir-
ectly measured by GFR, improved only in the ACCT group 
by 67.21 ± 21.35 mL/minute (95% CI: −112.9 to −21.5, n = 
6; P = .002) from 4- to 12-week post-embolization (Fig. 4B). 
Other parameters such as BUN, creatinine, urine protein to 
creatinine ratio (Fig. 4C), total kidney volume (Fig. 4D), and 
kidney perfusion did not change for any group from 4-week 

post-embolization to the end of the study (Table 1). Total 
kidney mass was similar between the groups at 12 weeks 
post-embolization.

Histologic analyses revealed mild global sclerosis and seg-
mental sclerosis in the remnant kidneys of all the treatment 
groups. Interstitial fibrosis and inflammation, subcapsular 
region edema, tubular injury, vascular calcification, and ar-
teriosclerosis were similarly mild in all treatment groups 
(Supplementary Fig. 5). Glomerular area was increased in the 
placebo-treated group, which, together with the functional 
data, suggests that even with greater hypertrophy the placebo 
group was not able to compensate for the reduced functional 
capacity compared to the cell-treated groups (Fig. 4E).

Differential expression analysis by RNA-Seq revealed a sig-
nificant (P < .05) decrease in 1645 genes and an increase in 
206 genes in the kidneys of the ACCT-treated groups com-
pared to placebo (Fig. 5A). Gene set enrichment analysis 
(GSEA) showed a significant decrease in multiple pathways. 
Of the top 10 significantly downregulated and upregulated 
pathways, there were decreases in genes normally increased 
in kidney transplant rejection (q < 10−6, NES = −2.32) and in 
genes involved in extracellular matrix disassembly (q < 10−6, 
NES = −2.20), and an increase in oxidative respiration (q < 
10−6, NES = 3.45) (Fig. 5B). Complementary to our GSEA 
results, ingenuity pathway analysis (IPA) of the placebo and 
the combination group showed that ACCT administration 
downregulated genes related to oxidative stress (fold change 
= −4.6, P < .0001), fibrosis, inflammatory response (fold 
change = −4.760, P < .05), and apoptosis of various kidney 
cell types (fold change = −24.89, P = .004) (Fig. 5C), including 
podocytes (fold change = −2.065, P = .04) and mesangial cells 
proliferation (fold change = −2.530, P < .05). Consistent 
with these results, there was a downregulation of canon-
ical drivers of tubular damage and regeneration including 
SOX9 (fold change = −2.39, P = .0004) and TGF-β (fold 
change = −1.69, P = .006) after ACCT treatment. Exploring 

Figure 2. Signs of CKD-induced heart failure with preserved ejection fraction (HFpEF).HFpEF was demonstrated at 4 weeks by increases in (A) left 
ventricular (LV) mass (P < .0001), (B) relative wall thickness (P < .0001) as evaluated by MRI (N = 26), (C) end-diastolic pressure (EDP; P = .045), and (D) 
end-diastolic pressure-volume relationship (EDPVR; P = .0002) as evaluated by pressure-volume (PV) loops (N = 13).
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this further, subpathway IPA revealed that the ACCT group 
manifested downregulated renin-angiotensin signaling (fold 
change = −3.162, P = .024; angiotensinogen; fold change = 
−5.332) (Fig. 5D), endothelin-1 signaling, pro-inflammatory 
cytokines, WNT, and FGF-2, all of which are related to car-
diac hypertrophy (cardiac hypertrophy signaling canonical 
pathway; fold change = −7.23, P < .0001).

Combination Cell-Based Therapy Restores Diastolic 
Function
We examined cardiac function after cell delivery. EF remained 
stable over time in all groups. LVED mass corrected by body 
weight (Fig. 6A) and relative wall thickness (Table 1) was stable 
from 4- to 12-week post-embolization, with no difference be-
tween the groups. Diastolic evaluation revealed stable EDP in all 
groups from 4- to 12-week post-embolization (Fig. 6B). However, 
the ACCT group showed improvement in passive diastolic func-
tion as shown by the decrease of EDPVR from 4 weeks to 12 
weeks (Δ0.23 ± 0.13; 95% CI: 0.078 to 0.386; n = 3; P = .003; 
Fig. 6C). Contractility evaluated by ESPVR and dP/dtmax was pre-
served over time with no change between groups (Table 1).

Titin Isoform Phosphorylation
There was an increase in the N2BA/N2B phosphorylation/
total protein ratio, indicating a “stiff” N2B titin isoform in the 
placebo group compared to a normal control not embolized 
(n = 3; P ≤ .0001; Fig. 6D and Supplementary Fig. 6). The 
MSC-treated group had the lowest ratio compared to control 
(n = 3; P = .023) with the MSC group exhibiting a reduction 
compared to the placebo group (n = 3; P = .012; Fig. 6D and 
Supplementary Fig. 6). These results are consistent with the 
increase in EDP and EDPVR in the placebo group, indicating 
cardiac muscle stiffening and decreased relaxation character-
istic of diastolic dysfunction.

Fibrosis, Capillary Density, and Cardiomyocyte 
Evaluation
Intra myocardial and perivascular fibrosis and collagen de-
position evaluated by trichrome staining and picrosirius red, 
respectively, was mild in the left atrium and left ventricle, and 
similar between the groups (Supplementary Fig. 7). Collagen 
III, as quantified by Western blot, showed a trend toward 
increasing in the placebo group; however, no statistically sig-
nificant change was seen compared to control or any other 
group (Supplementary Fig. 7).

Cardiomyocyte hypertrophy, as evaluated by cardiomyocyte 
area measurement, did not show any difference between the 
groups (Fig. 6E). Capillary density showed a trend toward 
higher density in the ACCT and lower density in the placebo 
group, however, there was no statistically significant differ-
ence between the groups (Fig. 6F).

Discussion
This blinded, placebo-controlled, preclinical study tested the 
safety and effectiveness of ACCT compared to single-cell 
therapy on renal and cardiac functional parameters in a large 
animal model of CKD-induced HFpEF we developed.33 The 
results support the feasibility of a large animal model of CKD 
due to nephron loss, which develops characteristic structural 
and functional signs of HFpEF, including increases in rela-
tive LV wall thickness, EDP, and EDPVR and modification 
in titin phosphorylation. Furthermore, we demonstrate that 
delivery of allogeneic MSCs and KSCs is safe as single-cell 
or combination therapy, as shown by the lack of an immune 
response by histologic analyses and MLR assays. Moreover, 
ACCT improved kidney function (GFR) and ameliorated car-
diac diastolic function compared to single-cell therapy and to 
placebo. Combination and single-cell therapy had a beneficial 
effect on blood pressure compared to placebo.

Figure 3. Safety of allogeneic cell single and combination therapy.The absence of immune response to allogeneic cell therapy. (A) Allogeneic MSCs, 
KSCs, or combination cell therapy did not elicit an acute immune response, evaluated by mixed lymphocyte reaction (n = 26). Positive control used was 
phytohemagglutinin (PHA). (B) Evidence of cell localization in the cortex of the remnant kidney 24 hours after cell delivery.

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szab004#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szab004#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szab004#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szab004#supplementary-data
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Although our animal model manifested CKD, as dem-
onstrated by decreased GFR, this effect was not associated 
with the development of hypertension at 4 weeks post-
embolization. Similar results were shown by Zakeri et al in 
an experimental hypertensive renal wrapping canine model, 
which at 4 weeks had decreased blood pressure, but further 
follow-up at 7 weeks demonstrated an increase in blood pres-
sure,41 comparable to our placebo group at the final 12-week 
post-embolization time point. In our study, despite the absence 
of hypertension at 4 weeks post-embolization, extracellular 
structural changes were demonstrated by mild collagen de-
position in the atria and left ventricle. Moreover, as reported 
in patients with HFpEF,42 the placebo group exhibited alter-
ations in titin phosphorylation, in agreement with previous 
investigations, including a higher phospho-N2BA/phospho-
N2B ratio, secondary to a relative total hypophosphorylation 
of the N2B titin isoform, which is related to increased 

stiffness.43 These cellular and molecular changes are associ-
ated with increases in left ventricular end diastolic pressure, 
a leftward shift in the EDPVR, and increases in relative wall 
thickness and LV mass.

HFpEF is a complex disease process with limited treatment 
options that include symptomatic treatment with diuretics.44 
Multiple approaches are under investigation to manage the 
LV diastolic dysfunction and increased left atrial pressure, 
volume overload, pulmonary and right ventricular dysfunc-
tion, and decipher the underlying mechanisms, including 
cellular and extracellular changes, cardio-metabolic abnor-
malities, and microvascular inflammation.6,45 Translating 
therapies that improve HFrEF have, to date, been unsuc-
cessful in similarly treating HFpEF.46 In preclinical and 
clinical studies of ICM and NICM, cell therapy exerts 
beneficial effects on several of the pathophysiologic fac-
tors also underlying HFpEF, including extracellular matrix 

Figure 4. Renal functional improvement in response to allogeneic cell single and combination therapy.Improvement in blood pressure and kidney 
function. (A) There was a significant difference in MAP between groups (P = .04), with an increase in the placebo group (P < .0001). (B) GFR had the 
greatest improvement in the combination group (P = .002). (C) Urine protein/creatinine ratio and (D) total kidney volumes did not change significantly 
in any group after cell delivery. (E) Glomerular area in the placebo group was higher, albeit not significantly, than other groups without compensation of 
renal function. Abbreviations: MSC, allogeneic mesenchymal stem cells; KSC, allogeneic kidney-derived stem cells; ACCT (MSCs + KSCs), allogeneic 
cell combination therapy.
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remodeling,47 inflammatory response,18 endothelial dysfunc-
tion,23 and mitochondria energetics.48,49 Our findings suggest 
that cell-based therapy may be a promising therapeutic for 
both HFrEF and HFpEF.

This is the first preclinical study, to our knowledge, to in-
vestigate the efficacy of combination allogeneic KSCs and 
MSCs in a large animal model of CKD-induced HFpEF. 
Several studies, including clinical trials, have evaluated the 
safety and efficacy of allogeneic MSC delivery in ICM and 
NICM, demonstrating a reduction in fibrosis and improve-
ment in cardiac function.18,19,47 The mechanisms of action 
underlying the effects of MSCs include niche cell-to-cell con-
tact, stimulation of endogenous progenitors, and secretion 
of various paracrine mediators, such as anti-inflammatory, 
immunomodulatory, antifibrotic, proangiogenic, and other 
growth factors that promote ventricular reverse remodeling.50 
Our group showed that in a large animal model of ICM, the 
combination of allogeneic MSCs and cardiac progenitor cells 
was safe and lead to meaningful increases in cardiac volumes, 
perfusion, and cardiomyocyte mitosis compared to single-cell 
therapy or placebo.17 The process that boosts the repair mech-
anisms by these 2 cell types include cardiac progenitor mi-
gration and proliferation via the SDF1/CXCR4 and stem cell 
factor/c-kit pathways.44 Likewise, our previous study in an 
acute ischemia-reperfusion injury in rats demonstrated that 
KSCs and MSCs, each as single therapy, decreased the kidney 
injury score, tubular necrosis, brush-border loss, and tubular 
dilatation in comparison with placebo.28 KSCs upregulate the 
mTOR-Rictor pathway and modulate autophagy leading to 
the preservation of podocytes.29,51 We hypothesize that the 
interaction between KSCs and MSCs, perhaps via SDF1/
CXCR4, promotes kidney repair mechanisms like that ob-
served in the heart. However, this mechanism requires further 
study.52

It was recently proposed that microvascular coronary dys-
function, which is associated with decreased GFR,53 and in-
creased uremic toxins,54 systemic inflammation,55 and oxidative 

stress,56 is a common denominator in the main comorbidities 
affecting HFpEF.56 The injured renal parenchyma releases 
TNF-α, IFN-γ, monocyte chemoattractant protein (MCP-1), 
and interleukin (IL)-10, which may lead to myocardial injury.57 
Mechanisms underlying microvascular coronary dysfunction 
include reduced nitric oxide availability and increased forma-
tion of peroxynitrite in the adjacent endothelium.56 Our RNA-
Seq analyses support the notion that ACCT modulates oxidative 
stress and exerts an anti-apoptotic and immunomodulatory ef-
fect in the kidney. Furthermore, ACCT downregulated HIF-1α, 
TGF-β, and NF-κB, which are related pro-fibrotic signaling 
pathways implicated in CKD,58,59 as well as decreased renin-
angiotensin system activation. Together, these effects may have 
contributed to the improved kidney function. In contrast, the 
greater glomerular hypertrophy secondary to hyperfiltration in 
the placebo-treated group did not improve kidney function or 
reduce blood pressure. Consistent with these results, treatments 
that decrease glomerular hyperfiltration, such as inhibitors of 
the renin-angiotensin-aldosterone system slow progression of 
CKD.60

Saad et al61 assessed the safety and efficacy of intra-arterial 
infusion of autologous adipose tissue-derived MSCs into the 
post-stenotic renal artery versus standard therapy only in pa-
tients with renovascular disease (without revascularization). 
They demonstrated reduced renal tissue hypoxia in the 
post-stenotic kidney and increased cortical perfusion and 
renal blood flow (RBF) in the post-stenotic and the contra-
lateral kidneys. Single-kidney GFR remained stable after 
MSC treatment but fell in the standard therapy-only group. 
These findings are consistent with those in the present study. 
Moreover, a recent phase I study in patients with atheroscler-
otic renovascular disease showed that renal arterial infusion 
of autologous MSCs decreased inflammatory markers and 
improved GFR, blood pressure, RBF, and hypoxia 3 months 
after infusion.62

There is also evidence that cellular and extracellular struc-
tural changes in HFpEF are mediated via the activation of 

Figure 5. RNA data showing decreased inflammatory markers, oxidative stress, and renin-angiotensin signaling system in allogeneic cell combination 
therapy (ACCT) compared to placebo.RNA-Seq analysis: (A) Heat map showing the top 50 differentially expressed genes between placebo, to the left, 
and ACCT groups, to the right. (B) Pathways involving extracellular matrix disassembly (q < 10−6, NES = −2.20) and an increase in oxidative respiration 
(q < 10−6, NES = 3.45) are downregulated in the ACCT group compared to placebo. (C) Kidney RNA-Seq analysis of the placebo and combination groups 
showed that ACCT downregulated genes related to podocyte apoptosis. Importantly, the ACCT group downregulated renin-angiotensin signaling (P = 
.024) related to blood pressure and cardiac hypertrophy (D).
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the renin-angiotensin-aldosterone system. Angiotensin II is 
associated with upregulation of TGF-β in myofibroblasts and 
cardiomyocytes that suppresses matrix metalloproteinases 
(MMPs) thus causing net extracellular matrix buildup in 
the interstitial space,63,64 which in addition to cardiomyocyte 
hypertrophy, ultimately leads to diastolic dysfunction.1,65 
Importantly, ACCT downregulated the renin-angiotensin 
system,60,66 endothelin-1 signaling,62 pro-inflammatory cyto-
kines, WNT, TGF-β,67 and FGF-2, and could play a primary 
role in the improvement of cardiac diastolic function in the 

ACCT group. Although EDP over time did not significantly 
decrease, its downward trend correlates with the significant 
decrease of EDPVR in the ACCT group. This improvement 
in the relationship between cardiac and renal function was 
evident initially in patients with ESRD after kidney trans-
plantation, who manifested a reversal of cardiac remodeling 
patterns.68 Similarly, in a non-atherosclerotic renovascular 
hypertensive porcine model, percutaneous transluminal renal 
artery angioplasty (PTRA) therapy improved diastolic func-
tion and cardiomyocyte hypertrophy.69 MSC delivery in renal 

Figure 6. Allogeneic cell combination therapy (ACCT) restores diastolic dysfunction.Improvement in diastolic dysfunction. (A) Left ventricular end-
diastolic (LVED) mass and (B) end-diastolic pressure (EDP) did not change significantly at 12 weeks. However, (C) ACCT improved EDPVR significantly 
(ΔEDPVR; P = .003). (D) Molecular analyses demonstrated the changes in titin phosphorylation in the placebo- compared to the MSC-treated group. 
(E) Cardiomyocyte area did not differ between groups. Cardiomyocytes (n = 50 per sample) were evaluated by WGA rhodamine immunofluorescent 
staining (n = 5 per group). (F) Capillary density showed a trend toward higher capillary density in the ACCT group; however, there was no significant 
difference between groups. Three random areas were evaluated by Alexa Fluor 488 isolectin immunofluorescent staining (N = 5 per group). 
Abbreviations: MSC, allogeneic mesenchymal stem cells; KSC, allogeneic kidney-derived stem cells; ACCT (MSCs + KSCs), allogeneic cell combination 
therapy.
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artery stenosis decreased secretion and tissue expression of 
TNF-α, IFN-γ, and MCP-1 and increased IL-10 compared to 
placebo.70 Eirin et al demonstrated that a decrease in renal 
inflammatory markers and an increase in IL-10 was asso-
ciated with increased IL-10 expression in cardiac tissue.57 
Furthermore, clinical trials have shown that allogeneic MSCs 
ameliorate chronic inflammatory responses by decreasing 
TNF-α and reversing the exhausted immune phenotype in a 
non-ischemic dilated cardiomyopathy population.18

Importantly, in our study, blood pressure remained within 
normal parameters in the combination and single-cell 
therapy groups compared to placebo, which may be due to 
a cell therapy-mediated amelioration of vasoconstriction.57 
Previous studies demonstrated the association of decreased 
TNF-α and microvascular remodeling.71 Allogeneic MSCs re-
store endothelial function, as assessed by improved EPC bio-
activity and flow-mediated vasodilation.23 Accordingly, the 
placebo group, which had a marked increase in blood pres-
sure, had a substantial proportional change in titin phosphor-
ylation at 12 weeks, indicative of ventricular stiffness and 
impaired relaxation. These immunomodulatory and vascular 
effects16,72,73 could have therapeutic importance in HFpEF, a 
disorder with marked chronic inflammation and endothelial 
dysfunction as an underlying etiology.

Taken together, ACCT improved the reparative capacity to a 
greater extent than single-cell therapy in various large animal 
studies of ICM17,25,74 as well as in the recently published, 
double-blind, placebo-controlled clinical trial in patients 
with ICM, CONCERT-HF (Combination of Mesenchymal 
and Cardiac Stem Cells as Regenerative Therapy for Heart 
Failure).75,76 Our study is the first to evaluate allogeneic MSCs 
and KSCs both in combination and as single-cell therapy in 
a CKD-induced HFpEF large animal model and supports the 
safety and feasibility of this approach.

Limitations
Limitations of the study include the young age of the animals 
and lack of associated comorbidities in comparison with the 
patients that typically develop CKD and HFpEF. The devel-
opment of HFpEF was mild due to the relatively short period 
of time of the study (12 weeks) and the moderate stage of 
the CKD. Indeed, the natural history of HFpEF associated 
with CKD requires longer follow-up time to evaluate the 
progressive remodeling of the cardiac ventricles and induc-
tion of fibrosis and extracellular matrix changes. However, 
swine cardiac anatomy and physiology are similar to that in 
humans and even mild changes translate to patients. In sep-
arate studies, we recently demonstrated that follow up for up 
to 18 weeks resulted in further increases in LVED mass/BSA 
and maintenance of significant diastolic dysfunction, assessed 
through hemodynamic and molecular methods, and CKD, 
consistent with the notion that longer follow-up results in 
progressive cardiac remodeling.33

Conclusion
Renal intra-arterial delivery of allogeneic MSCs and KSCs 
was safe and improved renal function and ameliorated dia-
stolic function in a large animal model of CKD-induced 
HFpEF. Cell therapy also prevented the increase in blood 
pressure over time. These findings illustrate the importance of 
the interaction between different populations of progenitors 
and the safety of ACCT, encouraging the further development 

of preclinical and clinical trials in the HFpEF and CKD 
populations.
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