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Abstract Although bone marrow-derived mononuclear
cells (BMNC) have been extensively used in cell therapy
for cardiac diseases, little mechanistic information is
available to support reports of their efficacy. To address
this shortcoming, we compared structural and functional
recovery and associated global gene expression profiles in
post-ischaemic myocardium treated with BMNC transplan-
tation. BMNC suspensions were injected into cardiac scar
tissue 10 days after experimental myocardial infarction. Six
weeks later, mice undergoing BMNC therapy were found to
have normalized antibody repertoire and improved cardiac
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performance measured by ECG, treadmill exercise time and
echocardiography. After functional testing, gene expression
profiles in cardiac tissue were evaluated using high-density
oligonucleotide arrays. Expression of more than 18% of the
11981 quantified unigenes was significantly altered in the
infarcted hearts. BMNC therapy restored expression of
2099 (96.2%) of the genes that were altered by infarction
but led to altered expression of 286 other genes, considered
to be a side effect of the treatment. Transcriptional
therapeutic efficacy, a metric calculated using a formula
that incorporates both recovery and side effect of treatment,
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was 73%. In conclusion, our results confirm a beneficial role
for bone marrow-derived cell therapy and provide new
information on molecular mechanisms operating after BMNC
transplantation on post ischemic heart failure in mice.

Keywords Heart failure - Microarray analysis - Immune-
inflammatory response - Cardiac function

Introduction

Ischaemic heart disease is a leading cause of morbidity and
mortality worldwide. In the United States, the estimated
incidence of myocardial infarction is approximately 600
000 new attacks and ~300 000 recurrent attacks each year
[1]. Currently, survival rates are dismal and treatment
options limited. The ability to heal diseased heart tissue
by cell therapy is therefore a tantalizing prospect. Bone
marrow-derived stem cell (BMSC) therapy has been under
investigation for treatment of myocardial infarction and
heart failure for almost a decade. Early studies in animal
models provided striking evidence that BMSC transplanta-
tion has the potential to improve cardiac function and
survival through repair and regeneration of infarcted
myocardium [2, 3]. Clinical studies using BMSCs for the
treatment of myocardial infarction showed similar benefi-
cial results [4, 5]. Recent meta-analyses of human trials
suggest that BMSC transplantation is associated with
modest, but significant, levels of cardiac rehabilitation
following acute myocardial infarction and chronic ischae-
mic heart disease [6, 7]. While this notion is not without
controversy [8—10], the potential efficacy of BMSC therapy
cannot be ignored.

At present, however, mechanistic understanding of stem
cell treatment and cardiac repair and regeneration is poor. A
fundamental point of conflict is the disproportionate
improvement in heart function given an almost negligible
degree of BMSC engraftment. Typically, human imaging
studies document that fewer than ~5% of transplanted
BMSCs are detectable in infarcted myocardium after 24 h.
Thus, in addition to conventional roles in tissue regenera-
tion through direct BMSC differentiation [2, 3, 11] attention
is now also focused on their potential function in rescue and
repair of damaged tissue through alternative mechanisms
[2, 11-17]. These include, among other possibilities, the
secretion of paracrine factors that mobilize endogenous
stem cell populations and ameliorate deleterious remodeling
processes while enhancing beneficial mechanisms.

In a previous study, we characterized the systemic immune-
inflammatory response in chronically ischaemic myocardium
following acute myocardial infarction, and profiled associated
transcriptomic changes [18]. We discovered significant
alterations to the anti-heart reactive antibody repertoire and
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to levels of circulating inflammatory cytokines. Concordant
with these findings, genes involved in complement activation
and immune-inflammatory response were significantly upre-
gulated amidst widespread transcriptomic changes. Together,
these data indicated that post-ischaemic heart remodeling is
accompanied by immune-mediated mechanisms that act both
systemically and locally. The goals of the present study were
to evaluate the therapeutic potency of bone marrow
mononuclear cell (BMNC) transplantation, and assess the
extent to which therapy augments pathophysiological remod-
eling in the post-ischaemic heart with regards to cardiac gene
expression and the immune-inflammatory response. BMNC
contain small numbers of hematopoietic stem cells, endothe-
lial cell precursors and mesenchymal stem cells, and are the
most common cell population used in clinical studies [7, 19].
Our findings demonstrate that BMNC therapy completely
reversed the majority of infarction-related changes to gene
expression with little cell engraftment, thereby supporting a
paracrine role for BMNC in the prevention of disease-
associated remodeling of gene expression.

Materials and Methods
Animals

Male and female C57BL/6 mice, aged from 8-10 weeks
(20.5-25.5 g) were obtained from the Animal Facility of
the Federal University of Rio de Janeiro. Mice were housed
at controlled temperature (23°C) with a 12:12 h light-dark
cycle and received standard mouse chow and water ad
libitum. This investigation conformed to the Guide for the
Care and Use of Laboratory Animals (Institute of Laboratory
Animal Research, Commission on Life Science, National
Research Council, USA) and was approved by the Institu-
tional Animal Committee at the Federal University of Rio de
Janeiro.

Post-ischaemic Heart Failure

Mice underwent infarction by surgical ligation of the
descending branch of the left coronary artery as described
previously [20-22]. Post-surgical procedures to assess
myocardial damage were performed as described previously
[18]. To ascertain that myocardial infarction was properly
induced, electrocardiograms (ECG) were recorded 24 h after
MI in conscious mice with a subcutaneous electrode
implanted 1 day before surgery. In addition, blood samples
obtained from caudal vein 3 days after MI were used to
determine levels of the myocardial damage marker cardiac
troponin I (cTnl). Only animals demonstrating pathological
Q waves in ECG and elevation of cTnl levels above 0.3 pg/
dl were included in the infarcted group.
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Functional Assessment

Electrical function was evaluated by electrocardiogram 24 h
after MI, 25 and 45 days after cell injection. Echocardio-
grams were obtained before, 22 and 37 days after MI in
anesthetized mice. Treadmill exercise testing [23] was
performed just before (day 0) and 7, 23, 44 and 54 days
post M1, in all groups. The last three time points correspond
to 13, 34 and 44 days after cell therapy or placebo, which
was applied at 10 days post MI. All anatomical and
functional parameters were calculated using standard
methods [24] as described previously [18].

Bone Marrow Mononuclear Cell Transplantation

Mononuclear bone marrow cell isolation was performed as
described by Barbash et al. [25]. Briefly, femurs and tibia of
2 month old wild-type or GFP mice were excised under
sterile conditions, with special care to remove all connective
tissue attached to the bones. Bone marrow was extracted by
flushing the cavity with sterile phosphate-buffered saline
(PBS). Bone marrow aspirates were subject to Ficoll density
gradient centrifugation to eliminate unwanted cell types and
to select the mononuclear bone marrow cell fraction. Cells
were collected by centrifugation (1500 rpm for 5 min) and
re-suspended in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco, Grand Island, New York, USA) supple-
mented with 10% Fetal Bovine Serum, 100 U/ml penicillin
and 100 mg/ml streptomycin. Matrigel (BD Biosciences)
diluted 1:2 with medium or with medium containing 1.5x
10° BMNC was directly injected using a 10 ul syringe into 3
different regions (30 pl total) at the borders of cardiac scar
tissue 10 days after experimental infarction.

Fluorescence Imaging

GFP-expressing BMNC were injected as described above and
the animals were sacrificed 1, 2 and 7 weeks after cell injection.
The hearts were excised, fixed with formaldehyde (4% [w/v]
prepared fresh from paraformaldehyde powder) overnight at 4°
C and embedded in OCT (Tissue Tek), before sectioning
(5 wm) under freezing conditions. Sections were inspected by
epifluorescence microscopy (Axiovert 100, Carl Zeiss,
Germany) to evaluate the presence of GFP-expressing cells.

Microarray Analysis

Whole heart RNA samples were profiled and compared using
AECOM mouse 32 K microarrays spotted with Operon
version 3.0 70-mer oligonucleotides (description of this
platform may be found at http://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GPL5371). Samples were extracted from
MI animals treated with BMNC or vehicle for comparison

with samples extracted from control animals (4 replicas were
prepared for each experimental and control group). The
hybridization protocol, slide type and scanner settings were
uniform throughout the entire experiment to minimize
technical noise [18, 26, 27]. All target genes with statistically
significant changes (p<0.05) of at least 1.5-fold were
considered to be differentially expressed. GenMapp [28]
and MappFinder (www.genmapp.org) software and associat-
ed databases were used to identify the most affected GO
(Gene Ontology) categories. Experiments were performed
according to MIAME standards [29] and all results deposited
at http://www.ncbi.nlm.nih.gov/sites/entrez?db=geo as series
GSE 29769. In order to determine whether genes differen-
tially expressed in untreated and treated infarcted hearts with
respect to control hearts were disproportionately affected in
specific pathways, we used GenMAPP and MappFinder
software (Gladstone Institute; San Fransciso: www.genmapp.
org) to provide the statistics of affected GO categories. GO
sets with fewer than 10 analyzed members were excluded
from this analysis. The transcriptomic recovery efficacy
(TRE) was computed as:

DX +UX — XD - XU

TRE =
DX 4+ UX + XD+ DD + DU 4 UD + UU

x 100%

where: D, U, X indicate whether the gene was down-, up- or
not-regulated in the untreated (first position) or treated
(second position) infarcted hearts.

Reactive Antibody Repertoire

Serum IgM and IgG concentrations were determined by
ELISA, using anti-mouse isotype specific reagents (South-
ern Biotechnology Associates, Birmingham, AL). A semi-
quantitative immunoblot analysis of cardiac antibody
reactive repertoire was performed 49 days after treatment
as previously described [30].

Cytokine Analysis

Plasma levels of cytokines and chemokines, including IL-
13, IL-4, IL-6, KC (IL-8), IL-10, IL-12 (p40), IFN-y, TNF-
« and monocyte chemoattractant protein (MCP-1) were
measured before, 1 day after MI and 49 days after cell
treatment using an immunofluorescence assay (Luminex
Inc. Austin, TX, USA) with multiplex cytokine reagents
supplied by Biosource International, (Camarillo, CA, USA)
as previously described [31].

Statistical Analysis

All values are expressed as mean = SD. Differences
between groups were evaluated by two-way ANOVA for
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treadmill exercise test, and unpaired ¢-test for other
variables. Statistical significance was defined by p<0.05.

Results

BMNC Transplantation Prevents Functional Remodeling
of the Post-ischaemic Heart

To evaluate the therapeutic potential of BMNC therapy in
chronic ischaemic heart disease, acute myocardial infarction
was induced in mice prior to intramyocardial injection with
BMNC or control vehicle. Surgical mortality was 22% (11/
50 mice). Non-infarcted mice were separated and ischemic
injury animals were stratified by c¢Tnl levels into BMNC
and vehicle-treated groups. Following injection, immediate
mortality was 41% (16/39 mice). Remodeling of heart
function was assessed using electrocardiograms and echo-
cardiography. Quantification of electrocardiogram and
echocardiograph parameters obtained in BMNC and
vehicle-treated groups 45 days after treatment are provided
in Tables 1 and 2 respectively. Infarcted mice treated with
BMNC demonstrated electrocardiographic improvement
25 days after cell therapy, evidenced by the absence of
pathological Q wave. In contrast, the vehicle-injected group
displayed a persistent pathological Q wave throughout the
study. Moreover, cell therapy improved systolic perfor-
mance and prevented ventricular dilation. However, both
groups displayed equal thinning of the anterior wall,
compared to the posterior wall. Together these data indicate
that BMNC therapy prevents the electrical and anatomical
remodeling normally associated with chronic ischaemic
heart disease following acute myocardial infarction.

Heart function was further assessed by treadmill exercise
test and oxygen consumption (Fig. 1). One week after MI
surgery, both experimental groups displayed similar decrease

in oxygen consumption during exercise test. However, while
the vehicle-treated group showed a subsequent, progressive
drop in oxygen consumption, treatment with BMNC arrested
this change and prevented further decrease in oxygen
consumption until the end of the study. Although this
difference between infracted hearts with and without BMNC
treatment was significant, therapy did not completely restore
the parameters to pre-infarction levels.

Functional Improvement Disproportionately Exceeds
Numbers of Transplanted BMNC Retained in Damaged
Myocardium

To investigate the extent of cell engraftment after intra-
myocardial injection, GFP-expressing BMNC were injected
into infarcted hearts (Fig. 2). One week after injection, large
numbers of GFP-positive cells were identified at the injection
site, near the healed infarct border zone (Fig. 2a). Two weeks
after injection only a few cells with an elongated morphol-
ogy could be identified at the injection site (Fig. 2b), none
being detected at remote areas. After 7 weeks no GFP-
positive cells were detected at the site of injection (results not
shown).

Stem Cell Therapy Reverses Disease-Associated Alterations
to Cardiac Gene Expression

Whole heart tissues from mice were profiled by microarray
analyses to examine changes in gene expression associated
with ischaemic heart disease and response to reparative cell
therapy. As shown in Fig. 3, ischaemic heart disease
following acute myocardial infarction is characterized by
extensive remodeling of cardiac gene expression. 11981
distinct genes were probed in all samples. Of these, a total of
2181 genes were significantly regulated; 2080 (17.4%) were
upregulated and 101 (0.8%) were downregulated in post-

Table 1 Electrocardiographic
analysis 45 days post-

Myocardial Infarction+Vehicle (n=11)

Myocardial Infarction+BMNC (n=12)

myocardial infarction in mice

treated with vehicle or BMNC Heart Rate (bpm)

Amplitude
P wave (mV)
Q wave (mV)
QRS complex (mV)
P (ms)
ST segment (mV)
Abbreviation: BMNC, Bone T wave (mV)
Marrow Mononuclear Cells. Duration
Data are reported as mean + SD. PR (ms)
QT corrected interval (QTc)
calculated by Bazett formula. QRS (ms)
Statistical significance was QT (ms)

determined at p<0.05 (*) by QTc
Student’s t-test.

532477 683+70
0.15+0.07 0.10+0.05
—0.368+0.269 —0.060+0.106*

0.36+0.31 0.20+0.15
0.014+0.002 0.011+0.002
0.397+0.363 0.206+0.182
—0.14+0.27 -0.12+0.14
0.037+0.006 0.018+0.003
0.015+0.002 0.013+0.003
0.068+0.049 0.049+0.008
0.201+0.143 0.163+0.023
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Table 2 Echocardiographic analysis 37 days post-myocardial infarc-
tion in mice treated with vehicle or BMNC

Myocardial Infarction+  Myocardial Infarction+

Vehicle (n=11) BMNC (n=12)

Heart Rate 249+41 311+86
(bpm)

Diameters
Awthd (cm) 0.06+0.01 0.06+0.01
Pwthd (cm) 0.08+0.04 0.08+0.03
LVDd (cm) 0.40+0.05 0.32+0.12%
LVDs (cm) 0.324+0.05 0.224+0.12*
Fractional 22+7 34+14%*

Shortening (%)

Abbreviations: BMNC, Bone Marrow Mononuclear Cells; Awthd,
diastolic Anterior wall thickness; Pwthd, diastolic Posterior wall
thickness; LVDd, diastolic Left Ventricular Dimension; LVDs, systolic
Left Ventricular Dimension. Data are reported as mean + SD. Statistical
significance was determined at p<0.05 (*) by Student’s-test.

ischemic hearts treated with vehicle alone (A). In striking
contrast, however, few of these changes were observed in
post-ischaemic hearts treated with BMNC injection. BMNC
therapy normalized the expression of 2099 (96.2%) of these
genes altered by disease (B). Interestingly, the recovery was
so strong for 23 genes that their expression changed from
upregulated in the untreated infarcted heart to downregulated
after BMNC therapy (Table 3). In addition, a further 286
genes had their expression modified by the cell injection as
shown in Fig. 3b. Overall, cell therapy with MNC resulted in
the remarkable reestablishment of expression of genes
altered in infarction to control levels, so that transcriptomic
modification after myocardial infarction and BMNC injec-
tion was only 3.4%, compared to 18.2% in MI alone.
Therapeutic efficacy, a novel metric that quantifies tran-
scriptomic recovery by taking into account both restorative
and side effects of treatment was calculated as 73,4%. When

150
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l -0- BMNC

-

o

o
A

(2.
o
A

Oxigen consunption
(mL/Kg/min)

*p<0.05

0 L) L) L
0 20 40 60

Days post myocardial infarction

Fig. 1 Functional evaluation of post-ischaemic heart failure. Tread-
mill exercise test on myocardial infarction mice treated with
mononuclear cells (BMNC) or vehicle (VEH). Data are reported as
means + SD. Arrow indicates treatment day with vehicle or bone
marrow-derived mononuclear stem cells (10 days post myocardial
infarction). p<0.05 (*) vs VEH (two-way ANOVA)

BMNC therapy was applied to a normal non-infarcted heart
gene expression was also altered. Over 500 genes were
down-regulated while 136 were up-regulated as shown in
Fig. 3c. Growth factors, cell adhesion, signal transduction
and G protein coupled receptors were the main up-regulated
categories, while cell cycle was the main down-regulated
process.

Using GenMapp software to categorize Gene Ontology
(GO) terms, we examined whether certain cellular pathways
encoded by altered genes were prominently affected in the
infarcted vehicle and BMNC treated groups. In the infarcted
and vehicle treated group prominently upregulated pathways
were those involved in regulation of programmed cell death
and apoptosis including DNA fragmentation, mitochondrial
cytochrome c release, and activation of protein kinase C and
RAS components. Angiogenesis and vessel morphogenesis
components were similarly upregulated (4ngptl, Bmp4,
Clgaltl, Casp8, Fgfrl, Hifla, Nargl, Pnpla6, Pten, Rbpj,
Rtind, Tnfrsfl2al, Vegfa, Vegfc, Gnal3, Semada, Tgfbr2,
Htatip2, Rnhl, Serpin\el, Tek, Nfq, Stabl and Sphkl), as
were immune system process/acute phase response/comple-
ment activation (Bnip3, Egin2, Ep300, Hifla, Nfl, Rnase4
and Sod3), regulation of striated muscle development (Bmp4,
Hdac9, Luc71 and Mki2), and cation channel activity (Snc7a,
Trpm7, Cnga3, Kencd, Itpr2, Pkd2 and Tpcnl). In addition, a
disproportionate number of genes involved in circadian
rhythm were up-regulated (4Arntl, Clock, Perl, Per3,
Timeless and Npas?2).

As shown in the Supplementary Table, genes encoding a
number of pathways were primary targets of cell therapy
after myocardial infarction. Following treatment with mono-
nuclear cells, upregulated categories included processes
related to angiogenesis and blood vessel development and
particularly genes related to embryonic epithelium morpho-
genesis and keratinocyte differentiation (e.g., Apafl,
Aldhlal, and Psen?), and negative regulation of the acute
inflammatory response. Interestingly, different apoptotic
genes were more highly expressed with than without BMNC
treatment (Aldhlal, Erechb and Spn),. Because such a small
number of genes were downregulated as compared with
upregulation, the GenMapp analysis consists of too few
genes to provide reliable Z-scores. However, it is worth
noting that many of the downregulated genes represented
mitochondrion function and respiratory chain function,
including glucose metabolism and acetyl-coA biosynthesis;
additionally, neuron regeneration and dendritic spine forma-
tion genes were decreased.

BMNC Transplantation Diminishes the Immune-
Inflammatory Response to Chronic Ischaemic Heart Disease

In order to assess the impact of cell therapy on the
inflammatory response to ischaemia we compared the
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Fig. 2 Histological assessment of GPF/BMNC engraftment. (a and b) 7 days and (c and d) 14 days after GFP-BMNC injection into the hearts of
post-infarction mice fluorescent cells were still detectable. (a and ¢) fluorescence and (b and d) bright field

reactive antibody repertoires and circulating cytokine
profiles of both experimental groups. Sera of post-
ischaemic mice treated with BMNC or vehicle were
analyzed for total IgM and IgG levels by quantitative
ELISA tests. An increase in both immunoglobulin
isotypes was identified in the sera of all vehicle treated
mice 49 days post-ischaemia (control levels are repre-
sented by the dotted line in Fig. 4). Levels of IgM did
not reach significant differences between vehicle and cell
treated groups (A) but IgG levels decreased in the cell
treated group (B). To evaluate further the impact of
chronic ischemic myocardial injury on the serum levels
of anti-heart reactive antibodies we performed semi-
quantitative immunoblot analyses. Both BMNC and
vehicle treated mouse groups exhibited comparable anti-
heart serum IgM and IgG repertoires, characterized by
natural antibody repertoire reactive to heart antigens with
no significant difference between groups (data not
shown).

The two groups exhibited persistently elevated circu-
lating levels of IL-1(3, IL-12 and TNF-« that were not
altered by cell therapy. Moreover, cell therapy did not
increase the levels of anti-inflammatory cytokines (IL4,
IL6 and IL10) or switch immune response to a Th2 type
(data not shown). Infarction induced persistent increase
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of INF-v, a typical T helper Thl response mediator, and
treatment with BMNC attenuated it (Fig. 5). Additionally,
the use of MNC did not affect circulating levels of KC or
MCP-1 (Fig. 5).

Discussion

Despite the proven efficacy of bone marrow-derived stem cell
transplantation in the treatment of ischaemic heart disease [7,
8], the underlying mechanisms are poorly understood.
Original reports hinted that transplanted cell populations
regenerated damaged tissue directly through differentiation
and formation of de novo myocardium and blood vessels [2,
3]. However, current thinking favors the hypothesis that
exogenous stem cell therapy promotes and propagates
endogenous repair and regeneration mechanisms [10], (1)
e.g. the recruitment of existing, autologous stem cell pools
and other beneficial paracrine effects [13, 32]. Therefore, in
order to evaluate the potential paracrine influence of stem
cell therapy on the overall health of post-ischaemic myocar-
dium, we investigated the functional and transcriptomic
consequences of intramyocardial injection with bone marrow
mononuclear cells in a setting of chronic ischaemic heart
disease following acute myocardial infarction.
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Log, (INFARCTED NOT TREATED)

Log, (INFARCTED TREATED BMNC)

Log, (NOT INFARCTED TREATED BMNC)

5 0 5

0
Log, (CONTROL)

4 Fig. 3 BMNC therapy reverses disease-associated changes to cardiac
gene expression profiles. Significantly regulated genes in untreated (a)
and treated (b) infarcted hearts with respect to controls. Note the
substantial reduction of the number of regulated genes in treated
hearts. In normal hearts treated with BMNC the majority of genes is
down-regulated (c). Genes on the diagonal were not significantly
regulated

We found that BMNC therapy either arrested or
completely prevented remodeling of cardiac function.
Electrocardiograms revealed normal physiological parame-
ters. Evidence from echocardiography demonstrated that
therapy prevented left ventricular dilatation. Together, these
findings suggest that cell therapy preserved the excitatory
and contractile properties of ventricular myocardium.
However, comparable anterior wall thinning was detected
in both experimental groups, suggesting that injected
BMNC were unable to regenerate damaged tissue. This
loss of muscle mass is a likely reason for the decreased
cardiac output recorded in vehicle and BMNC treated
animals, as evidenced by the results of the treadmill
exercise test. Both groups suffered a precipitous drop in
oxygen consumption following myocardial infarction. In
vehicle treated animals, a subsequent, progressive decline
was also observed throughout the remainder of the study.
This was not the case for BMNC treated animals. While the
performance of BMNC-treated animals did not recover to
pre-infarction levels, neither did it decline further in the
same manner observed in vehicle-treated animals. Thus, the
emergent picture is that while injected BMNC are not able
to regenerate tissue damaged by the initial ischaemic insult,
it appears possible to prevent further disease-related
structural and functional remodeling in the post-ischaemic
heart.

These findings accord well with current thinking that the
underlying mechanism is based on paracrine influence of
transplanted BMNC on surrounding tissue. This hypothesis
is supported by our observations that very few transplanted
cells were retained within infarcted myocardium in the
short-term, and their long-term presence was undetectable,
a common finding in such studies [8]. The paracrine
influence may manifest in a number of ways, including
mobilization of resident progenitor cells, promoting secre-
tion of multiple factors favorable to repair, or likely, a
combination of both [12-14, 16, 17, 33]. In the present
study we did not examine the potential recruitment,
differentiation and proliferation of endogenous stem cell
pools. Instead, we focused on the downstream consequen-
ces of BMINC therapy to the overall homeostatic health of
ventricular myocardium by examining global gene expres-
sion profiles of treated hearts. Recent work by Richard
Lee’s group, using a double transgenic mouse model, shows
that endogenous repair of the heart is attained when c-kit
positive bone marrow-derived cells are injected immediately
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Table 3 Significant reversal of expression patterns of genes altered in post-ischaemic mice treated with BMNC or vehicle

Name Symbol GenelD VEH BMNC
Ankyrin repeat domain 1 (cardiac muscle) Ankrd] 107765 2.09 -2.29
CCAAT/enhancer binding protein (C/EBP), gamma Cebpg 12611 1.75 —-1.60
Centromere protein C1 Cenpcl 12617 1.59 -1.72
Cytochrome b5 reductase-like Cyb5rl 230582 1.61 -1.59
Epidermal growth factor receptor pathway substrate 15 Epsl5 13858 2.11 —2.96
GTPase activating Rap/RanGAP domain-like 1 Garnll 56785 1.61 -2.10
Interferon (alpha and beta) receptor 1 Ifnarl 15975 1.51 -3.56
Kinesin family member 21A Kif2la 16564 1.58 —-1.52
Matrix metallopeptidase 23 Mmp23 26561 1.83 —-1.56
Membrane protein, palmitoylated 6 (MAGUK p55 subfamily member 6) Mpp6 56524 1,57 —-1.57
Methyltransferase like 1 Mettl] 17299 1,62 —-1.56
Paired related homeobox 1 Prrxl 18933 1,91 -1.66
Phosphatase, orphan 2 Phospho?2 73373 1,54 -2.73
Ras-related GTP binding D Rragd 52187 1.52 -1.56
RUN and FYVE domain-containing 2 Rufy?2 70432 1.96 —2.42
Sorting nexin 5 Snx5 69178 1.90 -8.07
Structural maintenance of chromosomes 6 Smc6 67241 1.84 -1.95
Tetraspanin 7 Tspan7 21912 1.62 —6.67
Tetratricopeptide repeat domain 14 Ttcl4 67120 1.56 —2.64
Translocase of outer mitochondrial membrane 70 homolog A (yeast) Tomm?70a 28185 1.51 —-1.66
Transmembrane protein 176A Tmeml176a 66058 1.76 —4.57
WD repeat domain 4 wdr4 57773 1.73 —-1.56
Zinc finger, CCHC domain containing 10 Zcchel0 67966 1.74 -1.72

Fold difference in expression (negative for down-regulation) are compared between vehicle treated animals (VEH) and BMNC treated animals

(BMNC).

after the infarction. Injected cells do not differentiate or fuse
with resident cardiomyocytes and cannot be found 4 weeks
after cell therapy, supporting a paracrine mechanism of
action [32].

Gene expression profiles were determined 59 days
after induction of myocardial infarction and 49 days after
cell therapy of the infarcted hearts. Although no cells
could be found in the injected hearts, gene expression

was significantly altered in the cell treated group. This
finding indicates that BMNC treatment produces a
change in gene expression that long outlasts their
presence in the tissue. The analysis showed that a vast
number of genes that were upregulated by myocardial
infarction were restored to normal by cell therapy, 23 of
them being even downregulated. Among these last genes
we found some intimately related to important processes
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Fig. 4 Immunoglobulin detection. Increased levels of serum IgM and
IgG in mice with post-ischemic heart failure reverted by MNC therapy.
Serum IgM (lef?) and IgG (right) concentrations in post-ischemic heart
failure treated with mononuclear cells (black column) or with vehicle
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(white column) were tested by ELISA 7 weeks after myocardial
infarction. Solid line represents data for non-manipulated age-matched
control C57BL/10 mice. Data are reported as means = SD for at least 5
mice per group. ¥*P=0.0183 vs MI (unpaired Student’s 7" test)
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INFy

ng/mL

KC MCP-1

Fig. 5 Serum cytokines in mice with post-ischemic heart failure
treated with vehicle (MI) or mononuclear (MNC). Real-time multiplex
of Thl-related cytokines IL-1{3 (a), IFN~y (b), TNF- (¢) and IL-12
(d) in circulating plasma from heart failure mice treated with

involved in the remodeling of the infarcted heart, such as cell
cycle regulation (Ankrdl), cell adhesion (tetraspanin 7),
matrix degradation (Mmp23) and inflammatory response
(Ifnarl). We also found genes that were not altered by
myocardial infarction and that were up and downregulated
by cell therapy in the infarcted hearts. These included genes
related to cell cycle and energy metabolism, respectively.

The significant number of up and mainly down-regulated
genes after BMNC injection into normal hearts may reflect
just the presence of a new cell population in the organ,
since we could not detect alterations in organ physiology,
by electro and echocardiogram. Nonetheless, a detrimental
effect of cell therapy cannot be discarded, since cell cycle
processes were strongly down-regulated by cell injection.
Furthermore, apoptosis related genes were up-regulated in
the infarct and cell treated hearts. The apoptosis related
genes that were up-regulated after cell therapy in the
infarcted hearts were distinct and in smaller number than
the ones up-regulated by infarction alone, and we speculate
that they could be related to inflammatory cell apoptosis, as
observed during BMNC therapy in the chagasic mouse
model [34], where we have also observed substantial
transcriptomic recovery [35].

In that regard, a notable finding of our previous gene
expression studies was that approximately 40% of all
sampled genes related to immune-inflammatory-defense

IL12 L4 IL6

BMNC

IL10

300

ng/mL

mononuclear cells (MNC) or vehicle (MI) 7 weeks after surgery.
Solid line represents normal plasma measurement. Data are reported
as means = SD of least 5 mice per group. *P<0.05 vs MI (unpaired
Student’s T test)

response e.g. chemokines, interferon receptors, interleukin
receptors and tumor necrosis factor receptors, were signif-
icantly upregulated in post-ischaemic heart. These eleva-
tions indicate pro-inflammatory properties within
chronically injured myocardial tissue [18]. The expression
of almost all of these genes was also normalized by BMNC
therapy, suggesting a deactivation of a pro-inflammatory
environment, and a return to an almost normal, physiolog-
ical homeostatic environment.

Although cell therapy did not increase serum anti-
inflammatory cytokines levels (IL4, IL6 and IL10) or
switch immune response to a Th2 type, it was able to
attenuate the infarction-induced increase in INF-y, a typical
T helper type 1 (Thl) response mediator (Fig. 5). These
results indicate that systemic inflammatory responses are
not significantly altered, but downregulation of immune-
inflammatory cardiac receptor genes in the arrays suggest
that local cardiac inflammatory responses may in fact be
modulated by cell therapy.

BMNC are an attractive cell source for MI therapy
because they induce significant improvement in cardiac
function, they are able to modulate gene reprogramming in
an infarcted model, they are easily isolated from the bone
marrow and they require minimal manipulation. Moreover,
BMNC induced an astonishing reprogramming of ~95% of
the genes altered by infarction even 7 weeks after cell

@ Springer



260

Stem Cell Rev and Rep (2012) 8:251-261

engraftment, a time at which BMNC were no longer
detectable.
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