JIOMICS | VOL 9 | ISSUE 1 | JUNE 2019 | 258 | 1-9

- JOURNAL OF INTEGRATED OMICS
G v A METHODOLOGICAL JOURNAL
HTTP:/ / WWW.JIOMICS.COM

ORIGINAL ARTICLE | DOI: 10.5584/jiomics.v9i1.258

Therapeutic potential of autologous bone marrow mononuclear cells
preconditioned with Erythropoietin implantation in laser channels in
patients with Cardiac arteria disease

Alexander Lykov '?*, Olga Poveshchenko 2, Maria Surovtseva 2, Alexander Cherniavsky !, Alexei Fomichev .

'Meshalkin National Medical Research Center, Ministry of Health of Russian Federation, Rechkunovskaya Str., 15, Novosibirsk,
630055, Russian Federation; ?Research Institute of Clinical and Experimental Lymphology — Branch of the Institute of Cytology
and Genetics, Siberian Branch of Russian Academy of Science, Timakova Str., 2, Novosibirsk, 630090, Russian Federation

Received: 10 July 2018 Accepted: 31 December 2018 Available Online: 08 March 2019

ABSTRACT

The problem of incomplete myocardial revascularization for diffuse and distal lesions of the myocardium is still relevant. We assessed the clinical and
instrumental long-term results of autologous bone marrow mononuclear cell (BM-MNCs) implantation in laser channels in ischemic heart disease with diffuse
and distal coronary disease. In 2015-2018, 50 ischemic heart disease patients with diffuse and distal coronary arterial disease during coronary artery bypass
grafting (CABG) underwent BM-MNCs short-term pre-treated with Erythropoietin implantation in laser channels (BM-MNCs group) and in 50 patients only
CABG was done in the clinic of National Medical Research Center n.a. E.N. Meshalkin (Novosibirsk, Russia). Therapeutic potential of pre-treated BM-MNCs
with Erythropoietin implantation was carried out at two weeks, six and twelfth months after surgery. Changes on morphofunctional properties of BM-MNCs
after pre-treatment with Erythropoietin was carried out on basis phenotype, cell cycle, cell death, proliferation, migration, tube formation and cytokine
production. In this study, we observed the presence in cellular graft of the hematopoietic stem cells (HSCs), and endothelial progenitor cells (EPCs) at the
different stage of maturation/differentiation, and mesenchymal stem cells (MSCs). Precondition BM-MNCs with Erythropoietin increased number of HSCs
carrying erythropoietin receptor (EpoR), and EPCs carrying CD184. Also, Epo detained CB34+ cells in a rest phase of cell cycle (GOG1). Condition media from
BM-MNC:s treated with Erythropoietin augment tube formation and wound healing by EA.hy 929. After six months postoperatively, the severity of angina and
heart failure based NYHA functional class (NYHA FC) was significantly less in the BM-MNCs group than in control group (p=0.04). according to perfusion
scintigraphy, there was a slight decrease of stable perfusion defects (SPD) in the early postoperative period. Left ventricular ejection fraction in BM-MNCs group
have tendency to increase six months after treatment.

AHHOTaIMA

IIpo6eMa HeEMOJHOI peBacKy/IsApu3aLmy Muokappa npu And@ysHbIX M AMCTAIBHBIX MOPAXKEHMAX MMOKApia OCTaeTcs aKTyanbHON. IIpoBefieHa OlleHKa
K/IHMKO-MHCTPYMEHTA/IbHBIX OT/Ja/leHHBIX Pe3y/IbTaToOB MMIIIAHTALMM AyTOJIOIMYHBIX MOHOHYK/IEAPHBIX KJIeTOK KocTHoro mosra (KM-MHK) B masepubie
KaHaJIbl TPV MIIeMIYecKoit 6ojiesHn ceppua ¢ AndQysHolt 1 FUCTATBHONM UIlIeMUYecKoii 6oesHbio cepana. B 2015-2018 rogax, y 50 GONbHBIX C MIleMmeit
cepaa, 06ycnoBIeHHOI TU(OY3HBIM M AUCTATBHBIM KOPOHAPHBIM aTePOCK/IEPO30M BO BpeMsl a0pTOKOpoHapHoro imyHTuposanus (AKIII) Obuta npoBefena
umitantanys KM-MHK npensapuTe/ibHO IpOMHKYOMPOBAHHBIX C SpUTPOIIOITMHOM B nasepHble kaHambl (KM-MHK rpymma) u y 50 60/1bHBIX ITPOBeIeHO
tonbko AKIII Ha 6ase kmmHMKM HalpmoHanmbHOrO MEIMIMHCKOTO HayYHO-MCCIIE0BATENbCKOTO 1ieHTpa uM. akajl. E. H. MemankuHa (HoBocubupck, Poccus).
TeparneBTueckuit MOTeHIMAN MMIVIAHTALMU HpefBapuTenbHo obpaboranHpix KM-MHK ¢ 9puTpONOSTMHOM OLIEHMBAIM depe3 JiBe Hefie/y, LIeCTb U
JBEHAJLIAThIil MecslieB Iocine onepauun. Vismenenuss mopdodynkimonanpubix cpoitcre KM-MHK mocre npepBaputenbHoit 06paboTKyt SpUTPONIOSTHHOM
OCYILIeCTB/IA/IM HA OCHOBe (DEHOTUIIA, KJIETOYHOrO LMK/IA, rmbem KeTok, Iposmdepannn, MUrpanmy, o0pasoBaHUA COCYAMUCTO-IIOROOHBIX CTPYKTYp U
HPOYKIMM LIMTOKMHOB. B JJaHHOM McCeioBaHMM Mbl HAONMIOfAMN HamMyMe B KJIETOYHOM TPAHCIUIAHTAaTe IeMOIo3THYecknux crBonobbix knerok (I'CK) n
9HJ/IOTeIMANBHBIX IPOreHUTOpHbIX Kiaerok (OIIK) Ha pasHoit cragum cospeBanus/anuddepeHunpoBKy, a Tak)Ke Me3eHXMMAIbHBIX CTBOJIOBBIX KJ/IETOK.
IIpensapurenbHas Kynbrupauus KM-MHK c spurponostrHoM crioco6crBoBana yBenmuennto komdecrsa I'CK, Hecymux peuenrop sputponosrusa, u JlIK,
Hecyux CD184. Kpome Toro, 06paboTka K/IeToK 9puTpONnoaTHHOM yaepxuBano CD34+ kerok B dpase mokost kneroynoro umkiaa (GOG1). Koupnionnas
cpena o1 KM-MHK npoyHKy61pOBaHHBIX C 3pUTPONOITUHOM YBETMYNBATIO GOPMUPOBAHME COCYUCTO-MOJOOHBIX CTPYKTYD M 3aXKMBJIEHUE PAaHEBOTO fiedeKTa
MoHocnost EA.hy 929. Yepes monrojia mocjie onepaunuy TsSXKeCTb CTEHOKAPAMU M CepAeYHOI HeJ0CTAaTOYHOCTH 10 (yHKIMOHanbHOMY kinaccy NYHA 6bura
nocroBepHO MeHblile B rpyniie KM-MHK, dem B koHTponbHOI rpymie (P=0,04). ITo faHHbIM nepdy3MOHHOI CLMHTUTPAdUN B PAHHEM IOC/IE0IIePALIOHHOM
epyojie OTMEYEHO He3HAUNTENbHOe CHIDKeHMe CTabunbHbIX 1epdysnoHHbIX jedekroB. Opakimsa BbiGpoca eBoro xemypouka B rpynne KM-MHK umeer
TEeHJIEHLIVIO K YBE/IMYEHNIO Yepes3 MO/ro/ia Mocie IeYeHns.

Keywords: Coronary artery disease, erythropoietin, bone marrow mononuclear cells, intramyocardial injection, NYHA class, Borg class
*Corresponding author: Alexander Lykov, Ph.D., e-mail: aplykov2@mail.ru

258 1-9: 1



Aleksandr Lykov et al., 2019 | Journal of Integrated Omics

1. Introduction

In Cardiovascular diseases are the leading cause of
morbidity, and mortality, and development of heart failure
(1-2). The lack of capillary network and perfusion after acute
myocardium infarction (AMI) caused oxygen and nutrients
deficiency and leads to endothelial apoptosis, and an
increase in the area of heart attack and left ventricular
dysfunction. Also, after AMI, several processes occurred,
including the irreplaceable loss of a part of cardiomyocytes,
structural remodeling of a myocardium associated with
inflammation, scar formation, and development of
interstitial fibrosis in peri-infarction zone, and remodeling
of blood supply of a myocardium, that are also the starting
factors of heart failure development (3-4). Although
pharmacological and surgical treatments can significantly
improve patient outcomes, no treatment currently available
is able to generate new contractile myocardium or revers
ischemic myocardium, therefore new methods of therapy
are necessary to repair myocardium function. In many
reports the successful use of the stem cells to regenerate
damaged myocardium in both animal and human AMI has
been shown (5-6). Stem cell-based therapy is emerging as a
potential therapeutic approach for damaged tissue
regeneration and an important strategy for the treatment of
heart failure (7-10). Implantation of autologous bone
marrow stem cells into injured myocardium may be
considered as a promising therapy for myocardium
regeneration and ventricular contractility restoration (11-
19). Analysis of obtained data from randomized clinical
trials of intramyocardial bone marrow cells to treat ischemic
heart disease showed increased left ventricular ejection
fraction (LVEF), reduced left ventricular end-systolic
volume (LVESV), and trend toward the decrease of left
ventricular end-diastolic volume (LVEDV). The best efficacy
of intramyocardial bone marrow cells injection observed on
the left ventricular ejection fraction in patients with suitable
for revascularization with coronary artery bypass grafting
compared with patients unsuitable for revascularization
(20). Numerous clinical trials have previously investigated
the clinical outcomes in patients after myocardium
infarction and reported significant efficacy in improving
contractility and reducing infarction scar (13, 15, 18-19, 21).
However, there was a problem of the limited efficacy:
improvement of left-ventricular ejection fraction and
reduction of infarction size, viability of stem cells. Under
this situation, precondition of the adult stem cells before
implantation would be a very feasible and safe way to
augment the therapeutic efficacy. Erythropoietin (Epo),
cytokine that controls erythropoiesis, also appears to have
pleiotropic effects, such as anti-ischemic and anti-apoptotic
properties, promotion of neovascularization, mobilization of
EPCs, and enhancement of angiogenesis (22). The aim of
this study was to investigate the therapeutic efficiency of
intramyocardial administration of short-term

preconditioning autologous bone marrow mononuclear cells
in patients with cardiac arteria disease.

2. Material and Methods
2.1. Ethics Statement and Patients Characteristics

The Research involving humans was performed with the
prior approval of the Ethics Committee of Institute of
Clinical and Experimental Lymphology-Branch of National
Research Centre Institute of Cytology and Genetics Siberian
Division of Russian Academy of Sciences, and of the Ethics
Committee of Meshalkin National Medical Research Center,
Ministry of Health of Russian Federation, and all procedure
was conducted in accordance with the principles and
guidelines of the Declaration of Helsinki. All participants
signed written informed consent prior to the study. One
hundred ischemic heart disease patients with diffuse and
distal coronary arteria disease (CAD) were enrolled from
Meshalkin National Medical Research Center, Ministry of
Health of Russian Federation (Novosibirsk, Russian
Federation) in January 2016 — May 2018. Patients had to be
at least 50 years old, suffering from chronic ischemic heart
disease, and receiving constant state-of-the-art
pharmacotherapy for at least 3 months prior to enrolment.
95% were men. All were in angina NYHA functional class II-
III. Arterial hypertension was presented in 90%, peripheral
atherosclerosis in 60%. The inclusion criteria were as follows:
age 250 and <75 years; presence of coronary artery lesions;
chronic ischemia heart failure; myocardial infarction within
previous 12 months; New York Heart Association (NYHA)
functional class II-III within last 6 months; systolic
dysfunction with LVEF <35%; fixed perfusion defect on Tc-
99m  technetril  single-photon  emission computed
tomography (SPECT). The exclusion criteria comprised the
following factors: eligibility for percutaneous coronary
intervention; eligibility for coronary artery bypass grafting;
previous valve surgery; surgical remodeling of the left
ventricle or cardiac resynchronization therapy; hemorrhagic
symptoms; severe renal and liver dysfunction; malignancy.
Patients who meet eligibility criteria will be scheduled for
bone marrow harvest. Indications for surgery were: severe
angina refractory to clinical antianginal therapy; diffuse
coronary artery lesion of the distal bed or small coronary
vessel diameter (less than 1 mm) or a viable (hibernating)
myocardium. 50 patients received only coronary artery
bypass grafting (CABG) - control group, 50 patients during
CABG underwent autologous bone marrow mononuclear
cells pre-treated with Epo implantation in laser channels —
BM-MNCs group. Clinical and instrumental assessment of
the therapeutic efficiency was carried out at two weeks, six
and twelfth months after surgery. One of the main
conditions of the operation was the presence of a viable
myocardium in the revascularization area. In this regard, we
analyzed two-staged myocardial scintigraphy with Tc-99
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data for myocardial viability, as well as to assess the
effectiveness of indirect revascularization. The status of the
infarction was assessed on a 5-point scale: 4 - rule; 3 -
ischemia (hibernating myocardium); 2 - small focal
scarring; 1 - tripe; 0 —aneurysm. The main parameters were
stable perfusion defect (SPD, %) and transient perfusion
defect (TPD, %).

2.2 Human Bone Marrow Mononuclear Cells
Morphofunctional Properties

Bone marrow samples of fifty patients with CAD were
harvested for autologous transmyocardial implantation.
Bone marrow aspirates were diluted with PBS and bone
marrow mononuclear cells (BM-MNCs) were isolated by
density gradient centrifugation with Ficoll-Paque. The BM-
MNCs were washed three times with 50 mL of PBS, counted,
and viability testing was performed with trypan blue
exclusion (= 95%), and used for the experiments. The 106
BM-MNCs/cm?2 from patients with CAD were plated in PBS
supplemented completed with 10% autologous serum and
Epo (33.4 IU/mL of Recormon) for 1 hour. BM-MNCs
phenotype was performed for CD18 (Integrin (2), CD29
(Integrin P1), CD31 (Platelet endothelial cell adhesion
molecule-1, PECAM-1), CD34 (Glycoprotein), CD44 (Cell-
surface glycoprotein), CD45 (Transmembrane
glycoprotein), CD49a (Integrin alpha-1), CD54 (Inter-
cellular adhesion molecule 1), CD62E (E-selectin), CD73
(68kDa GPI-anchored cell-surface protein with enzymatic
and signal transduction activities), CD90 (GPI-anchored
membrane glycoprotein of the Ig superfamily, Thy-1),
CD105 (Endoglin, a major glycoprotein of human vascular
endothelium), CDI31(BIL-3 (AIC2A) and Pc (AIC2B)
cytokine receptor subunits), CD133(Promenin-1), CD146
(Cell surface glycoprotein MUCI18), CD184 (CXC
chemokine receptor, CXCR4), CD202b (Angiopoetin-1
receptor), KDR (Vascular endothelial growth factor receptor
-2), and Erythropoietin-receptor (EpoR) expression. Cell
cycle distribution were performed by using Propidium
Iodide. The apoptosis assay was performed using an
Annexin V-FITC/PI Apoptosis Detection kit. Proliferative
potential of 2 x 105 BM-MNCs/well were done with
Concanavalin A (10 ug/mL), Phytohemagglutinin A (10 ug/
mL), Lipopolysaccharide (1 pg/mL), Epo (33.4 IU/mL of
Recormon), and H202 (1, 3, and 5 mM) in DMEM plus 10%
FCS, 0.3 mg/mL L-glutamine, 5 mM HEPES buffer), and 80
pg/mL of gentamycin during 72 hours in CO2-incubator,
then cells were supplemented with fresh medium containing
5 mg/mL 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl-
tetrazolium bromide (MTT) and incubated for 4 hours at 37
0C. The formazan in viable cells was dissolved with 100 uL of
dimethyl sulfoxide and determined by reading optical
densities (OD) in microplate reader (Stat Fax 2100) at an
absorption wave length of 570 nm. For enzyme-linked
immunosorbent assay (ELISA), and wound healing test, and
tubule-formation, media were collected from plates of BM-

MNCs (CM-MNCs) after 72 hours of culture in DMEM plus
10% FCS, 0.3 mg/mL L-glutamine, and 80 pg/mL of
gentamycin, and Epo (0 and 33.4 IU/mL of Recormon),
aliquoted and storage at -70 0C before using in testing in
vitro. IL-1B, TNF-a, TGF-B1, IL-6, IL-8, IL-10, PDGF-AB,
VEGF, basal GFG, IGF-1, Epo, CXCL-12/SDF-1a, MMP-9,
TIMP-1, and NO in CM-MNCs were determined by ELISA.
NO inhibition assay was conducted using Griess reagent kit
for nitrite determination. Wound healing was tested on
EA.hy 926 cells (kindly gifted by Dr. C.J. Edgel, Caroline
University, USA) scratched monolayer cultured or tubule-
formation on In vitro angiogenesis assay kit in 100 pL of
DMEM plus 0% or 10% FCS (negative and positive control),
in mixture of 70% DMEM and 30% of CM-MNCs growth in
the presence or absence of Epo (experimental wells) in CO2-
incubator for 24 hours.

2.3 Indirect Method of Coronary Revascularization and Short
-term Preconditioning Autologous Bone Marrow
Mononuclear Cells with Erythropoietin Intramyocardial
Implantation

In fifty patients with CAD after performed the distal
anastomoses, 5-7 radially arranged blind laser channels in
fifth points were formed by using laser surgical unit of LSP-
IRE-Polus (Russia) with wavelength of 1.56 microns with a
power of 15 watts. Laser was applied in pulsed mode, with a
pulse duration of 20 ms and an interval between pulses of 20
ms. Channel length was determined by the size of scar area.
Further, in order to create a closed cavity in the channel
mouth, an n-stitch was superimposed, the 20 x 106 BM-
MNCs pre-treated with Epo infusion was performed, and
the n-stitch arose. The efficacy of treatment was assed in 2
weeks, 6 and 12 months by changes in the LVEF, LVESV,
LVEDV by echocardiography and myocardial perfusion by
ECG-synchronized SPECT using technetium (Tc-99m
technetril) at rest and during pharmacological stress caused
by intravenous administration of adenosine (0.14 mg/kg/
min over 6 min). The results were assessed in 10 segments;
score range in each segment from 0 to 4 (0 — normal activity,
4 - no activity). Also, efficiency of treatment was estimated
using NYHA FC, and Borg dyspnea scale.

2.4 Statistical Analysis

All data analyses were performed by Statistica 10 statistical
program. In this study, the normality of the distribution was
determined by the w-Shapiro-Wilkes criterion, in tables the
obtained data were presented as median with lower and
upper quartiles (Me; LQ-UQ) with no less than three
replicates for each experimental condition, the data were
analyzed by Mann-Whitney U test for pairwise comparisons
data, and correlation coefficient using the Spearman rank
correlation (Rs). If p-value was less than 0.05, it was
considered statistically significant.
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3. Results and discussion

3.1. Morphofunctional properties of Bone Marrow
Mononuclear Cells from Patients with CAD

Among mononuclear cells derived from bone marrow
samples from patients with CAD we observed a higher
number of hematopoietic stem cells (HSCs), endothelial
progenitor cells (EPCs) and mesenchymal stem cells
(MSCs). So, among HSCs the number of CD45+/CD34- cells
were more than 30%, CD45+/CD184+ cells more than 16%,
and CD45+/EpoR+ more than 3%. Among EPCs the
number of CD45-/CD34+ cells were more than 0.6%,
CD34+/CD31+ cells more than 0.9%, CD34+/VEGFR2+
cells more than 1.25%, CD34+/CD133+ cells more than
0.95%, CD34+/CD131+ cells more than 1.15%, CD34+/
CD184+ cells more than 2.6%, CD34+/EpoR+ cells more
than 0.85%, and CD31+/CD184+ cells more than 5.5%.
Among MSCs the number of CD73+/CD90+ cells were
more than 1.3%, CD73+/CD105+ cells more than 3.7, and
CD90+/CD105+ cells more than 0.9%. These findings
indicated that BM-MNCs from patients with CAD
contained  heterogeneous stem cells  populations.
Information on BM-MNCs phenotypes changes after short-
term conditioning with Erythropoietin was summarized in
Table 1. Conditioning BM-MNCs with Epo significantly
increased the number of HSCs expressed EpoR (CD45+/
EpoR+ cells), and the number of EPCs expressed CD184

Table 1 | The effect of short-term preconditioning of the bone mar-
row mononuclear cells on the number of stem cells (%, Me; LQ-
UQ). Oddexr xparkoBpemeHHoit skcnosuumyu KM-MHK ¢
9PUTPOIIOSTVHOM Ha KOJIMYECTBO CTBOJIOBBIX KIIETOK.

(CD31+4/CD184+ cells), wherease the number of EPCs
expressed CDI133 (CD34+/CD133+ cells) significantly
decreased. Also, we find a trend towards the decrese of the
number of CD34+/CD133+ cells, CD34+/EpoR+ cells,
CD34+/CD184+ and CD34+/CD131+ cells, and the trend
towards the increase of the number of CD34+/VEGFR2+
cells and MSCs with CD73+/CD90+, CD73+/CD105+ and
CD90+/CD105+ phenotype. We showed strong correlation
between the number of CD34+/CD133+, and the number of
CD34+/EpoR+ cells with the age of patients (R=0.52 and
R=0.49, p <0.05). We found that pre-treatment of BM-
MNCs with Epo significantly increased the number of
CD34+ cells in subGOG1, GOG2 cell cycle phase, and
significantly decreased the number of CD34+ cells in G2/M
and S cell cycle phase (Table 2). Whereas, we did not
observe any significant difference in the number of CD34+
cells in apoptosis and necrosis when we used an Annexin V-
FITC/PI Apoptosis Detection kit, but we observed the trend
towards the decrease of the number of CD34+ cells after pre-
treatment with Epo on apoptosis/necrosis. Data of the effect
of pre-treatment of BM-MNCs with Epo on expression of
CD18, CD54, CD29, CD44, CD49a, CD62E, CD146,
CD202b was summarized in Table 3. We found the trend
towards the increase in the number of CD34+/CD54+,
CD34+/CD18+, CD49a and CD202b cells among BM-
MNCs after pre-treatment with Epo. Whereas, the number
of CD18+/CD54+, CD29+, CD44+, CD62E+ and CD146+
cells tend to reduce among BM-MNCs after pre-treatment
with Epo. BM-MNCs proliferation spontaneous or in the
presence of stimulating factors or inductors of oxidative
stress after pre-treatment with Epo was significantly reduced
compared with basal and stimulated proliferation capacity of
BM-MNCs without pre-treatment with Epo (Table 4). We

Phenotype Basal Epo -preconditioning | p-value o
Table 2 | The effect of short-term preconditioning of the bone mar-
— row mononuclear cells on the cell cycle distribution and apoptosis/
Hematopoietic stem cells . .
necrosis. O¢dekr KparkocpouHoit skcmosuumn KM-MHK ¢
CD45+/EpoR+ .76 (05-6.25) | 1091 (1.75-16.24) 001159 SPUTPOIIOITVHOM Ha paclpefienieHye KIeToK B ¢$a3ax KIeTOYHOTo
L[MK/Ia U1 alIONTO3/HeKpo3
Endothelial progenitor cells Parameters Basal Epo - p-value
preconditioning
CD34+/CD31+ 0.94 (0.4-1.0) 0.92 (0.5-1.0) 0.41699
Cell cycl
CD34+/CD133+ | 0.87(05-1.06) | 0.33(0.1-0.7) 0.01052 o
subGOG1 5.58 (5.0-5.0) 6.12 (6.0-6.0) 0.011975
CD34+/VEGFR2+ 1.09 (0.5-1.3) 1.51 (0.1-2.5) 0.29870
GOG1 78.25 (78.0-78.0) | 85.29 (85.0-85.0) 0.001914
CD34+/EpoR+ 0.8 (0.4-0.9) 0.55 (0.3-0.55) 0.14634
G2/M 15.85 (13.0-13.0) | 7.1(7.0-7.0) 0.000052
CD34+/CD184+ 2.46 (1.0-3.0) 1.69 (0.4-2.0) 0.19361
CD34+/CD131+ 0.78 (0.2-1.45) | 0.55(0.2-0.5) 0.97278 s 325 (30-3.0) 108 (10-1.0) 0.000052
Apoptosis/Necrosis
CD31+/CD184+ 6.13 (2.0-8.5) 11.48 (5.0-11.0) 0.02778
Annexin V+/PI- 6.98 (1.7-10.0) 5.47 (0.85-5.0) 0.076424
Mesenchymal stem cells
(early apoptosis)
CD73+/CD90+ 0.85 (0.25-2.2) 1.15(0.1-2.7) 0.96 Annexin V+/PI+ 3.07 (0.1-3.6) 4.2 (0.6-2.95) 0.310768
CD73+/CD105+ 1.75(0.35-7.2) | 2.0(0.1-5.4) 0.91 (apoptosis)
Annexin V-/PI+ 2.72(0.25-1.05) 1.58 (0.2-1.0) 0.966427
CD90+/CD105+ 0.5(0.21-1.3) 0.95 (0.6-2.0) 0.34
(necrosis)
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Table 3 | Effect of short-term preconditioning of the bone marrow
mononuclear cells on the expression of adhesion molecules.
AddexT KpaTkocpouyHoit akcnosuimyu KM-MHK Ha skcnpeccuio
MOJIEKyI ajire3un

Table 4 | Effect of short-term preconditioning of the bone marrow
mononuclear cells on proliferative  activities. ekt
KpatkocpouHoit akcnosunun KM-MHK ¢ spurpomnostmHoM Ha
nponudepanuo

Phenotype Basal Epo -preconditioning | p-value
CD34+/CD54+ | 1.77 (0.55-3.0) 2.0 (0.7-3.9) 0.67
CD34+/CD18+ | 1.4(0.55-2.25) 1.7 (0.2-4.2) 0.52
CD18+/CD54+ | 59.47 (43.9-75.0) 54.27 (34.8-70.7) 0.94
CD29a+ 97.27 (95.8-98.75) | 89.2(75.8-96.7) 0.83
CD44+ 91.25 (84.6-97.9) 86.97 (64.5-99.8) 0.28
CD49a+ 37.92 (22.65-53.2) | 56.0 (51.1-63.4) 0.62
CD62E+ 44.6 (21.95-67.25) | 42.4 (8.4-73.7) 0.57
CD146+ 6.85 (1.0-12.65) 5.9(0.1-12.1) 0.94
CD202b+ 13.65 (3.75-23.55) 17.63 (9.3-24.1) 1.0

established the trend to increase TNF-a, Epo, PDGF-AB and
IGF-1production by BM-MNCs after pre-treatment with
Epo (Table 5). Whereas, levels of IL-1p, IL-8, IL-10 and TGF
-B1 production by BM-MNCs pre-treated with Epo did not
change. Also, we did not establish significant differences
between the basal levels of cytokines production by BM-
MNCs and by BM-MNCs cultured in the presence of Epo
(p>0.05). Conditioned media from BM-MNCs cultured with
or without Epo stimulated vessel-like structures formation
(Table 6). In the presence of CM from pre-treated with Epo
BM-MNCs we observed increased wound healing (Figure 1)
and tend to increase vessel-like structures formation (Figure
2).

3.2. Efficacy of intramyocardial administration of autologous

Parameters Basal Epo -conditioning | p-value
Spontaneous 0.66 (0.58-0.68) 0.45 (0.4-0.45) 0.00072
Concanavalin A 0.57 (0.56-0.6) 0.42 (0.36-0.46) 0.011384
(10 pg/mL)

Phytogemagglutinin A 0.61 (0.6-0.67) 0.44 (0.37-0.46) 0.000083
(10 pg/mL)

Lipopolysaccharide 0.69 (0.66-0.7) 0.49 (0.44-0.51) 0.00057
(10 pg/mL)

Hydrogen peroxide 0.65 (0.57-0,76) 0.34 (0.32-0.36) 0.0000001
1 uM

Hydrogen peroxide 0.55 (0.51-0.57) 0.35 (0.3-0.42) 0.000541
3 uM

Hydrogen peroxide 0.48 (0.48-0.57) 0.37 (0.34-0.38) 0.048652
5uM

Erythropoietin 0.69 (0.57-0.82) 0.5 (0.49-0.54) 0.006027
(33.41U/mL)

bone marrow mononuclear cells pre-treated with
Erythropoietin

Six months after treatment, the severity of angina and
heart failure based on NYHA FC significantly reduced in
BM-MNCs group than in control group (0 £ 0 vs 1.6 + 0.1,
p=0.01). 12 months after surgery angina and heart
insufficiency were at the same levels. Additionally, in BM-
MNCs group we observed the increase in exercise tolerance
from 321 m (285 - 385 m) to 356.5 m (325 - 420 m) during
the 6 minutes walking test, and reduced Borg dyspnea scale

Table 5 | Effect of Erythropoietin on the cytokines production by bone marrow mononuclear
cells. 9¢p ekt spuTponosTriHa Ha ypoBHU HpoayKuuy unutoknaos KM-MHK

Cytokine Basal (1) Epo in culture media (2) Epo -conditioning (3) p-value

IL-1B 22.3(12.3-51.2) 34.25(2.67-67.95) 26.8 (0.15-40.2) 0.93/0.54
TNF-a 7.04 (1.31-21.85) 7.9 (2.54-22.85) 10.3 (0.42-369.7) 0.97/0.69
IL-6 1615 (1208-1743) 1651 (1208.5-1776) 1560 (824-1666) 0.85/0.25
IL-8 1260 (1225-1320) 1270 (1164-1353) 1268 (1218-1280) 1.0/0.9

IL-10 164.15 (13.95-269) 62 (12.7-193.7) 13.9 (4.84-57) 0.65/0.39
Epo 240.9 (46.8-650.25) 843.7 (557.7-848.65) 561 (180.9-822.4) 0.07/0.06
PDGEF-AB 97.5(76,8-153.1) 95.4 (65.5-736.8) 66.8 (46.8-1240) 0.95/0.32
IGF-1 0.18 (0.15-0.21) 0.23 (0.18-0.28) 0.22 (0.16-0.25) 0.13/0.43
TGF-B1 7.7 (2.73-31.4) 2.36 (1.52-4.94) 5.7 (2.04021.2) 0.09/0.17
NO 1.1(1-1.2) 1.05 (0.95-1.2) 1(0.5-1.20 0.92/0.41
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Table 6 | Effect of conditioned media from bone marrow mononu-
clear cells on vessel formation in vitro. 9pdexT KOHAMIIMOHHBIX
cper ot KM-MHK Ha ¢opmupoBanue cocynucTo-mogoOHbIX

CTPYKTYp

Hours Basal Epo -conditioning p-value
Vessel length

On 3 hours 20.58 (17.77-25.35) 19.78 (18.24-22.9) 0.849995

On 24 hours 43.3 (34.97-45.91) 41.43 (35.21-49.46) 0.969827
Vessel width

On 3 hours 12,81 (10.05-16.98) 13.18 (12.02-14.08) | 0.849995

On 24 hours 32.09 (27.24-33.53) 30.22 (23.94-38.31) | 0.909654

the 6 minutes walking test, and reduced Borg dyspnea scale
from 2 (2 -3) to 1 (0 -1). In BM-MNCs group we detected a
slight decreased stable perfusion defects, reflecting
irreversible scarring of the myocardium and partially
hibernating myocardium, (7.9 * 5.1% vs 7.4 * 3.9% in
control group and BM-MNCs group respectively).
Intramyocardial implantation of BM-MNCs pre-treated
with Epo additional to CABG increased left ventricule
contractility (LVEDV 91 + 45 mL and LVEF 63 + 28% in
control group vs LVEDV 83 + 34 mL and LVEF 65 + 25% in
BM-MNCs group). There was an inversed correlation
between the number of CD45+/EpoR+, the number of

Figure 1 | Effect of condition media from BM-MNCs treated with
Erythropoietin on EA.hy 929 wound healing. a, micrograph of a
wound closure in media without growth factors at 24 hours
(negative control). b, micrograph of a wound closure in media with
10% FSC at 24 hours (positive control). ¢, micrograph of a wound
closure in media with 30% (v/v) conditioned media from Erythro-
poietin treated BM-MNCs at 24 hours. 9¢¢deKT KOHAMIVOHHOI
cpenst or KM-MHK mponHKy6MpOBaHHBIX C 9PUTPONOITMHOM Ha
3a)XMBJIEHNe paHeBOro fedekra MOHOCIOs KneTok EA.hy 929. a -
3aKpBITHE paHeBOro fiedekTa yepes 24 yaca B Ky/JIbTypaIbHOI cpefie
6e3 pocTOBBIX (aKTOPOB (OTPMLIATENBHBI KOHTPOIb). b —
3aKpBITHe paHeBOro jedexTa B mpucyrcreue 10% ITC uepes 24
yaca (TIONOKUTEIbHBII KOHTPO/Mb). C — 3aKpbITHE pPaHEBOTO
medexra B mpucyrcTBue 30% OT 00beMa KOHAULIMOHHON CPefibl OT
KM-MHK mponHKy6MpOBaHHBIX C 9PUTPOIIOITHHOM UYepes 24 Jaca

CD34+/EpoR+ cells, and NYHA (R=-0.49 and R=-0.43, p
<0.05).

4. Discussion

Ischemic heart failure (IHF) is an important cause of
morbidity and mortality (13). The main reason of IHF
development is myocardium infarction, because of the
structural remodeling of a myocardium associated with
inflammation, formation of scar, and development of
interstitial fibrosis in peri-infarct zone, with the remodeling
of blood supply of a myocardium (4). Bone marrow
mononuclear cells contain EPCs and MSCs valuable in stem
cell therapy for enhanced postischemic neovascularization
(15, 18). Numerous clinical trials have previously
investigated the clinical outcomes in patients after
myocardium infarction and reported significant efficacy in
improving contractility and reducing infarction scar (4, 13,
15, 18-19, 21). But the problem was in the limited efficacy:
the improvement of left-ventricular ejection fraction and the
reduction of infarction size, the viability of stem cells. Under
this situation, precondition of the adult stem cells before
implantation would be a very feasible and safe way to
augment the therapeutic efficacy. Epo, cytokine that controls
erythropoiesis, appears to have pleiotropic effects, such as

Figure 2 | Effect of condition media from BM-MNCs treated with
Erythropoietin on EA.hy 929 vessel-like formation. A, - micrograph
of a vessel-like formation by EA.hy 929 at 0 hour. B, - micrograph
of a vessel-like formation by EA.hy 929 in presence of 30% (v/v)
conditioned media from BM-MNCs with Erythropoietin 0 IU/mL
at 24 hours (negative control). ¢, - micrograph of a vessel-like for-
mation by EA.hy 929 in presence of 30% (v/v) conditioned media
from BM-MNCs with Erythropoietin 33.4 IU/mL at 24 hours.
Sddext KOHJVIIVIOHHO cpensl or KM-MHK
IIPOMHKYOMPOBAHHBIX C SPUTPONO3TMHOM Ha (opMupoBaHye
COCYAUCTO-NIOAOOHBIX CTPYKTYp Kimetkammu EAhy 929. a -
ucxopHast KapTuHa (0 4yacoB). b — QopMupoBaHMe COCYRUCTBIX
obpasoBanmit kierkamu EA.hy 929 B nmpucyrcrBuu 30% ot o6pema
KoHAMIoHHOM cpenbl oT KM-MHK mnpounnky6upoBaHHbIX ¢ 0
ME/Mn  sputpomostMHa depe3 24 dyaca (OTpMIATE/NTbHBII
KOHTpPO/b). C — COCymo-obpasoBaHue Kinetkamum EA.hy 929 B
npucyrctBuy 30% o o6beMa KOHAMIMOHHOI cpenpl or KM-MHK
IpOMHKY6MpOBaHHbIX C 33,4 ME/M aputponoaTnHa yepes 24 yaca
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anti-ischemic and anti-apoptotic properties, promotion of
neovascularization, mobilization of EPCs, and enhancement
of angiogenesis (22). This article presents the results of 6-12
months follow-up of patients who underwent coronary
bypass surgery and transmyocardial laser revascularization,
combined with implantation of autologous bone marrow
mononuclear cells short-term pre-treated with Epo. We
analyzed effect of short-term pre-treatment BM-MNCs with
Epo on morphofunctional properties in vitro, and the
clinical status of the patients, the dynamics of myocardium
contractility, and local contractility of the left ventricule on
echocardiography, as well as myocardium perfusion
changes. Through this study we have showed the beneficial
effect of in vitro Epo treatment to increase the vasculogenic
potential of human bone marrow stem cells. First of all, we
established that in bone marrow of patients with CAD there
are three main stem cells populations (HSC, EPCs and
MSCs). Moreover, BM-MNCs presented a higher number of
‘early’, and a lower number of ‘late’ EPCs (CD34-/CD133+,
and CD34+/CD133- cells, respectively). Also, in BM-MNCs
from patients with CAD there are ‘mature’ EPCs (CD34+/
KDR+, and CD34+/CD31+ cells). Moreover, BM-MNCs
from patients with CAD is characterized as a high
proliferating cells, because 12% of CD34+ cells are in G2/M
phase of cell cycle and spontaneous proliferation measured
by MTT test was OD=0.66. Moreover, we observed that
among CD34+ BM-MNCs there is very low number of
apoptotic cells.

Ahmed and coworkers (2015), also Hur and coworkers
(2004) demonstrated that EPCs expressed CD34 or VEGFR-
2(KDR), and EPCs, which carried both surface markers
(CD34+/KDR+ EPCs) is an independent predictor of clinical
performance at cardiovascular pathology (23-24). About 1%
of BM-MNCs were positive for EpoR and these cells were
used to evaluate the specific effects of Epo treatment through
its receptor. Epo treated BM-MNCs show the increase in
HSCs bearing EpoR (increased in a 6.87-fold). Epo
treatment also induced CD34+/CD133+ - EPCs decrease (on
30%) and increase CD31+/CD184+ (“homing-receptor”) -
EPCs (in a 5-fold). Epo treatment also leads to accumulation
of CD34+ cells in GOG1 phase of cell cycle (on 8.97%). Epo
treated BM-MNCs produced angiogenic factors, because
addition of 30% (v/v) of the conditioned media from Epo
treated BM-MNCs augment capillary-like structure
formation by EA.hy 929, hybridoma cell line with a “mature”
EPCs phenotype properties. Bone marrow cells can migrate
from niches into blood stream through “homing” involve
CXCR-4 (CD184), a specific receptor for the SDEF-1/
CXCL12, and CD144 to engraftment onto target organs,
including ischemic tissues (25). The results of presented
study show that a large number of HSCs and EPCs expressed
CD184.

Moreover, Epo treatment of BM-MNCs increased a count
of EPCs co-expressed CD31 and CD184 surface markers. It
is well known, that EpoR is expressed on surface not only of
erythroid progenitor cells, but also on other type of cells [16-

19]. Epo maintains survival of different types of cells through
interaction with EpoR (26). Epo binding with EpoR alone or
in cooperation with CD131 leads to cytoprotective effect
(27). Bennis and coworkers (2012) demonstrated that Epo in
dosage of 5 IU/mL stimulates proliferative potential,
migration, tubule-formation capacity, closure of wound
made in monolayer of EPCs, and increased resistance of
EPCs to oxidation stress (27). The unfavorable
microenvironment present in the ischemic tissue might
impair the effectiveness of stem cell transplantation.
Additionally, the results of presented study shown that Epo
treatment of BM-MNCs prevent cells from oxidative stress
(proliferative activity of Epo treated BM-MNCs in the
presence of H,0,). Kang and coworkers (2014)
demonstrated that treatment of bone marrow stem cells with
Epo increased the expression of pro-angiogenic factors,
including IL-8, and IL-10, and b-FGF, and PDGF, and MMP
-9, and levels of adhesion molecule such as integrin (28).
Taken together, the presented study demonstrated that Epo
has the potential to augment regenerative effect of BM-
MNCs. CABG is preferred method for treatment of patients
with ischemic heart disease, but sometimes coronary vessel
diameter is insufficient for direct myocardium
revascularization. Laser channels accompanied with stem
cells implantation can improve the quality of life in patients
with ischemic heart disease. Our data indicates that laser
indirect revascularization with BM-MNCs pre-treated with
Epo improves NYHA FC, exercise tolerance, dyspnea, and
left ventricule contractility. Intramyocardial implantation of
stem cells is used for restoring of ischemic myocardium
microvasculature. There are no publications on pre-treated
BM-MNCs with Epo and laser revascularization. It’s known
that pre-treatment with Epo of the organ injured and
dysfunctionalized by hemorrhagic shock exerts tissue-
protective effect as a result of mobilization of bone marrow
endothelial progenitor cells (29). In animal model of
myocardium infarction therapy with Epo and Granulocyte
colony stimulating factor stabilized LVEF and improved
LVEDV, and histopathology revealed increased areas of
viable myocardium and vascular density (30). Authors
evaluated therapeutic efficiency on animal model after
systemic administration of Epo. But there is no information
on the effect of the pre-treatment of bone marrow
mononuclear cells with Epo and its implantation on laser
channels into ischemic myocardium in human yet.
Currently, in this article we have not studied enough
patients, and so the results are contradictory. The small
sample size, the number of BM-MNCs necessary for
implantation, survival rate of implanted BM-MNCs do not
allow to conclude that the pre-treatment with Epo BM-
MNCs is really effective. Also, the effect of laser exposure on
myocardium is not studied yet. We believe that our results
suggest a cumulative effect of laser revascularization and
short-term pre-treatment of bone marrow mononuclear
cells, and they will improve the surgical treatment results of
coronary arteria disease in the near period.
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5. Concluding Remarks

Summarizing all the above, we can conclude that the short
-term pre-treatment of bone marrow mononuclear cells with
Epo increased count of EPCs with CD31+/CD184+
phenotype, increased a count of CD34+ cells in GOG1 phase
of cell cycle, increased vasculogenic effect of conditioned
media from Epo treated BM-MNCs on tube formation by
EA.hy 929. Also, direct revascularization and combination of
direct and indirect (laser channels) revascularization with
Epo pre-treated bone marrow mononuclear cells
implantation of the ischemic myocardium leads to
myocardium perfusion improvement, and left ventricular
contractility. Myocardial perfusion improvements at the
early period after surgery is a result of direct
revascularization, whereas at the long-term period it is a
result of angiogenesis and vasculogenesis in the hibernate
area, and the reduction of perfusion defects due to BM-
MNCs implantation in laser channels. These findings
strongly suggest that in vitro Epo treatment of BM-MNCs
can be a feasible and effective method to augment the
efficacy of BM-MNCs stem cells therapy for patients with
CAD

3axkmoueHne

ITokasaHo, YTO KpaTKOBpeMeHHas SKCIIO3UIS
KOCTHOMO3TOBBIX ~MOHOHYK/IEAPOB C  9PUTPOIOITHMHOM
CIIoco6CTBYeT YBe/IMYEHNIO KO/IMYeCTBa myna

9HJOTENMNATbHbIX IPOTeHUTOPHBIX KIETOK ¢ (DeHOTUIIOM
CD31+/CD184+, xomnyecrBa CD34+ xnerok B ¢ase GOG1
KJIeTOYHOTO IMK/Ia M BO3PAcCTaHMIO BaCKYJIOTEHHOTO
HOTEeHIMa/a  KOHAMIVIOHHBIX  Cpel  KOCTHOMO3TOBBIX
MOHOHYK/IapOB, IpefoOpab0TaHHBIX C SPUTPOIOITUHOM B
Mofiem in vitro o00pa3soBaHMA  COCYAMCTO-IIOFOOHBIX
CTPYKTYp 9HAOTeNnManbHbIMy Knetkamyu EA.hy 929. Kpome
9TOTO, IPAMasA PeBacKy/IApPU3aLNA ¥ COYeTaHNe C IPAMOIL U
HempsAMOJ  (jlasepHble  KaHAIbI)  peBacKylIApU3allny,
006yC/I0BIEHHO UMIIIaHTalyen 9PUTPOIIOITUH
npefoOpabOTaHHBIX KOCTHOMO3LOBBIX MOHOHYK/IEapOB B
UIIEeMU3VPOBAHHBI  MMOKaph BefeT K  YIYYIIeHUIO
nepdysun MMOKapfa M COKPaTMMOCTb JI€BOTO >Kely[ouKa.
[Tapamerpnl nepdy3nun MMOKapfia Ha paHHNE CPOKM IIOC/Ie
XMPYPIMUECKOTO BMeIIATeNbCTBA ABJIAIOTCA  CIeICTBUEM
IpAMOIL peBacKy/ApU3aly MUOKapAa, TOT[ja Kak Ha 6oee
HO3THUX CPOKaxX HAONMIONeHMS S5TO C/IeACTBME AaHTUO- MU
BacKy/IoreHe3a B I'MOepPHMPOBAHHON 00/IacTy MMOKappa, a
Taloke OTBETOM Ha MMIUIAHTAIMI0 KOCTHOMO3TOBBIX
MOHOHYK/ICapOB B JIa3epHble KaHaybl. [loy4eHHble TaHHbIE,
YKa3bIBaIOT, YTO in vitro mpefo6paboTka KOCTHOMO3TOBBIX
MOHOHYK/IeapoB 0e30macHblit ¥ 3(PQPEeKTUBHBI C110co6
YBe/IMYeHNA TepaleBTMYeCKOr0 IIOTeHIMala KIeTOYHOI
Tepaluy CTBOJIOBBIMY K/IeTKaMy OO/IbHBIX C MIIeMIYeCKON
6071e3sHbIO cepaLa
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