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Fractionation of mouse bone-marrow cells limits functional efficacy
in non-reperfused mouse model of acute myocardial infarction
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Background and objectives. Clinical trials of bone-marrow (BM)-
derived cells for therapy after acute myocardial infarct (MI) have
been controversial. The most commonly used cells for these trials
have been mononuclear cells (MNC), obtained by fractionation
of BM cells (BMCs) via different protocols. In this study, we per-
formed a head-to-head comparison of: 1) whole BMC; 2) frac-
tionated BM (fBM) using the commonly used Ficoll protocol; 3)
the extract derived from the fBM (fBM extract) versus 4) saline
(HBSS) control for treatment of acute MI. Methods. In total, 155
male C57BL/6J (10-12-week old) mice were included. Echocar-
diography was performed at baseline and 2 days after perma-
nent ligation of the left anterior descending artery to induce MI.
Echocardiography and histology were employed to measure out-
come at 28 days post-MI. Results. Whole BMC therapy improved
left ventricular ejection fraction (LVEF) post-Ml, but fBM or fBM
extract was not beneficial compared to control (change of LVEF of
4.9% * 4.6% (P = 0.02), —0.4% *+5.8% (P = 0.86), —2.0% = 6.2%
(P=0.97) versus —1.4% = 5.3%, respectively). The histological
infarct size or numbers of arterioles or capillaries at infarct or bor-
der zone did not differ between the groups. Conclusions. Clinical
studies should be performed to test whether whole BMC therapy
translates into better outcome also after human MI.

Key words: Cardiac regeneration, cell therapy, extract, mononuclear
cell, mouse, myocardial infarction, progenitor cell, unfractionated

Introduction

Coronary artery disease and its clinical outcomes such as myo-
cardial infarction (MI), ischemic cardiomyopathy, and congestive
heart failure remain prominent health challenges worldwide. De-
spite therapeutic advances, there are currently no approaches in
clinical practice that replace infarct scar with functional myocar-
dium (1-3). Recently, cell-based treatments have raised hope for
such a therapy. However, clinical trials of bone-marrow-derived
cell therapy for acute MI have been controversial in terms of their
cardiac functional benefit (4-10). In addition, the mechanisms of

o Clinical trials of bone-marrow-derived cell therapy for
acute myocardial infarct have been controversial in
terms of functional benefit.

o Ficoll-fractionated bone-marrow cells, the most
commonly used cell population in clinical trials, have
not previously been compared head to head with whole
bone-marrow cells and extract derived from fractionated
bone-marrow cells (absence of live cells).

e In this translational study, only whole bone-marrow cell-
based therapy showed benefit after myocardial infarct,
whereas fractionated bone-marrow cell populations were
not better than saline. This underscores the importance
of using different cell populations also in clinical trials.

any clinical benefit remain controversial, and many groups, in-
cluding our own, support a paracrine theory (11-13). In fact, we
have recently shown that whole bone-marrow cell (BMC) extract
has almost comparable beneficial effects on cardiac functional
improvement in the absence of any live cells in a mouse model
of acute MI (13).

It is not known, however, which cell(s) obtained from the
bone-marrow is/are ‘ideal’ for cardiac therapeutic purposes
post-MI. Bone-marrow is an attractive source for cellular thera-
pies as the stem and progenitor cells are easily accessible in high
numbers without the need for prolonged ex-vivo manipulations.
The majority of published clinical trials post-MI have reported
gradient centrifugation of the bone-marrow as the main method
for obtaining mononuclear cells (MNC) without red blood cells,
granulocytes, and platelets. Interestingly, red blood cell contami-
nation of the final cell product has been shown to impair its ef-
ficacy (14). Unfortunately, at the same time, this method results in
the loss of lobulated multinuclear cells such as granulocytes that
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have been shown to prevent cardiac remodeling when stimulated
using granulocyte colony-stimulating factor (15,16). A recent ani-
mal study proposed that mononuclear BMCs survive better in an
ischemic milieu compared to other cells (17). Enhanced cell sur-
vival leads to more robust repopulation and also improves pro-
tective paracrine action of the cells. To our knowledge, there has
been no head-to-head trial comparing the efficacy of whole BMC
versus BM fraction (fBM) obtained by the commonly used Ficoll
protocol versus the extract derived from fBM (in the absence of
live cells) in a clinically relevant time point post-MI.

In this study, we utilized the ultrasound-guided injection
technique in a clinically relevant time point post-MI to evaluate
the efficacy of therapy with whole BMC versus fBM versus fBM
extract versus saline control in preventing infarct expansion and
post-MI cardiac remodeling.

Methods

Animals and study groups

In total, 155 male C57BL/6] (10-12 weeks old) mice were included
in the study. Twenty-four mice served as donors for bone-marrow
transplantation. All experimental procedures and handling of the
animals were performed in accordance with Guide for the Care
and Use of Laboratory Animals published by the US National
Institutes of Health, and UCSF’s Institutional Animal Care and

Use Committee approved the protocol. A study flow chart is
presented in Figure 1.

Myocardial infarction and echocardiography

MI was surgically induced as previously described (18). Briefly, the
infarct was induced by permanent ligation of the left anterior
descending artery at 50% of the length of the heart from the anterior-
inferior edge of the left atrium to the apex. Echocardiography was
accomplished under isoflurane anesthesia (isoflurane 1.5%/0, 1.0
L/min) with the use of a Vevo 660 (VisualSonics, Toronto, Cana-
da) equipped with a 30 MHz transducer using maximal frame rate
(18-20). Echocardiograms were obtained at baseline, 2 days post-
MI (before injection), and at day 28 post-MI. Two-dimensional
echocardiography was used to determine left ventricular ejection
fraction (LVEF) from end-diastolic and end-systolic volumes (EDV
and ESV). Three cycles were measured for each assessment, and
the average values were obtained. To confirm integrity of echocar-
diography data, two blinded, experienced clinicians (J.W.K. and
Y.Z.) analyzed all echocardiographic studies independently, and
consistent results were found (data not shown).

Ultrasound-guided injections

It has also been shown that the timing of the stem cell therapy
post-MI is important (21). A recent clinical trial suggests that
the optimal time for cell therapy is 5 days or more after MI with

Baseline echocardiography
(10-12 weeks old C57BL/6J male mice) (n = 131)

Exclusion of 7 mice due to
poor image quality in echo

[ Induction of acute MI by permanent ligation of the LAD (n = 124) ]

Total operation related mortality (n = 24); [

Echocardiography at day 2 post-MI (n = 100) ]

Tension pneumothorax 4
Failure in in/extubation 3
Bleeding 7

Other/died before therapy 10

echocardiography due to

Exclusion of 12 mice by
unsuccessful Ml induction

Matching animals (except BMC group) for echoguided intramyocardial
injection therapy by ejection fraction at baseline and day 2 post-MI (n = 88)

10-12 weeks old C57BL/6J male mice used as donors
for harvesting bone marrow for therapies

BMF extract (lysate) therapy

BMF therapy at day 3
at day 3 post-MI (n = 25)

post-MI (n = 30)

)

BMC therapy at day 3] [

HBSS control therapy ]

post-MI (n = 8) at day 3 post-MI (n = 25)

[1 mouse died at day 28]

[ Evaluation of functional outcome at day 28 post-MI using echocardiography (n = 87) ]

[ Sacrifice at day 28 ]

Evaluation of anatomical outcome (infarct size, arterioles and capillaries) at
day 28 post-MI using histology (n = 7-8 per therapy group except BMC group)

Figure 1. Study flow chart. (BMC = bone-marrow cells; fBM = Ficoll fractionated BMCs, i.e. mononuclear bone-marrow cells; fBM extract = fBM cells;

HBSS = saline).



little benefit derived from early treatment (21). Our group has not
only confirmed the importance of timing of cell-based therapy
post-MI, but additionally we have shown that multiple injections
of BMC did not have an additive effect on improving LVEF com-
pared to monotherapy at day 3 (22), which was therefore chosen
to be the point of time for therapy in the current study. Further
delaying the time of cell therapy post-MI resulted in no functional
benefit (22).

The animal table was set at a 30-40° angle, so that the ani-
mal head is up. The anterior myocardium with the target area
was visualized using a modified parasternal long axis view. A
transducer holder was used to confirm image stability. A 50-uL
Hamilton syringe fitted with a sterile disposable 30-gauge needle
was secured in a micromanipulator, and the needle was aligned
before the injection procedure such that the needle was at 60° to
the mouse surface. The needle was advanced with the use of the
micromanipulator under echo guidance through the chest wall
until the needle tip was in the desired location within the heart.
All injections were documented as video clips on the Vevo 660
computer. Animals received ultrasound-guided injection of fBMs
(n=130), fBM extract (n=25), whole BMCs (unfractionated)
(n=18), or Hanks’ buffered salt solution with 0.5% bovine serum
albumin (HBSS/BSA) (n=25) into myocardium as previously
described (18). Each heart was injected at day 3 post-MI with
10 UL of 1 X 10° cells, or the extract from 1 X 10 cells in 10 UL,
or 10 uL HBSS/BSA, divided into two 5-puL injections into the
peri-infarct zone of anterior wall.

Cell and extract preparation

Bone-marrow was harvested from 10-12-week-old C57BL/6 mice.
Briefly, the mouse BMCs were flushed from tibias and femurs with
cold HBSS/BSA and then strained through a 70-puim-nylon filter and
washed twice with HBSS/BSA. Ficoll density gradient centrifuga-
tion was performed using Fico/Lite LM mouse® (Atlanta Biological
Inc (Lawrenceville, GA, USA)) (density of 1.086 = 0.001 g/mL in
20°C and an osmolality of 280 =10 mOs/kg H,0) to select fBM
population from unfractionated BMC population. Fico/Lite LM®
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and HBSS + 0.5% BSA was placed at room temperature before use.
A 50-mL sterile centrifuge tube was filled with 15 mL of Fico/Lite
solution before adding the cell suspension on it. Centrifugation was
performed at 1000 g with brake off at 20°C. An upper layer contain-
ing plasma and platelets was carefully aspirated without disturbing
the mononuclear cell layer at the interface. The mononuclear cell
layer was carefully aspirated minimizing the amount of Fico/Lite in
the sample and washed twice by HBSS + 0.5% BSA. Concentrations
of the BMCs and fBMs were adjusted to 10° cells/uL. Phycoeryth-
rin or allophycocyanin-conjugated rat anti-mouse Sca-1, CD45,
c-kit, CD133, CD34, Flk-1, and CD31 antibodies (eBioscience (San
Diego, CA, USA) or BD Biosciences (San Jose, CA, USA)) were
used for staining BMC and fBM cell populations and analyzed
by fluorescence-activated cell sorter (FACS) (FACSCabilur with
CellQuest software, BD Biosciences). The viability of BMCs and
fBMs was checked using Trypan Blue staining with an average of
95% and 90% viability before injection. Cell-free fBM extract was
prepared by subjecting the fBMs to three freeze—thaw cycles using
an ethanol/dry ice bath, followed by microcentrifugation at 14,000
rpm to remove insoluble material (13).

Tissue analysis

All animals were sacrificed at day 28, and eight animals from the
fBM, fBM extract, and control groups were selected for histol-
ogy including infarct size and vessel count analysis for arterioles
and capillaries. Histology was not performed for the whole BMC
group, since extensive histologic evaluation had already been
reported previously (13), and the group was included mostly to
confirm previously published improved ejection fraction. Briefly,
picrosirius-red staining was employed for infarct visualization,
and the infarct size was measured as described previously (19).
Sections from the mid-ventricular level were stained using anti-
bodies to CD31 (Biocare, Concord, CA, USA) and alpha-smooth
muscle actin (SMA) (Sigma-Aldrich, St Louis, MO, USA) for
capillaries and arterioles, respectively, to examine blood vessel
densities. Blood vessel density was analyzed separately from the
infarct zone (IZ), the border zone (BZ), and the remote zone (RZ).

p=0.02
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Figure 2. Diastolic and systolic B-mode echocardiography are presented as pairs at baseline before MI (top) and 28 days post-MI after fractionated bone-
marrow cell therapy (left to right in upper row) by using Vevo 660 (VisualSonics, Toronto, Canada) high-resolution 30 MHz ultrasound system. Bottom row
shows M-mode echo at day 2 after MI and changes in left ventricular parameters after the therapies. Individual changes were calculated by subtracting day

28 values from day 2 values.
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Border zone was defined as a high-power field containing one-
third infarct scar and the other two-thirds normal myocardium.
Adjusted capillary density counts were measured by calculating a
ratio between IZ and BZ capillary density over RZ.

Statistical analysis

The results are expressed as mean = SD. The Shapiro-Wilk
procedure was applied to determine whether data are normally
distributed. FACS data were compared using the chi-square test or
Fisher’s exact test as appropriate. Linear model of two-way repeated
measures analysis of variance (ANOVA) with Dunnett’s correction
was used to test our hypothesis that experimental stem cell thera-
pies have an effect on cardiac function and anatomy compared
to control group. Statistical analysis was performed using either
SPSS 16 (SSPP Inc., Chicago, IL, USA) or SAS (SAS Institute, Cary,
NC, USA). A P-value less than 0.05 was considered significant.

Results

Bone-marrow-derived stem cell populations

The unfractionated mouse BMC population included the
following: 2.13% Sca-1+/CD45+, 2.1% c-kit+/CD45+, 0%
CD133 +, 1.35% CD34 +, 0.18% Flk-1 +, 13.66% CD31 +, and
54.6% CD45 +. After Ficoll centrifugation, the composition of
the cells was: 2.67% Sca-1+/CD45 + (P =0.02 for comparison
to unfractionated cell population), 3.04% c-kit+/CD45+ (P<
0.001), 0% CD133 + (P =1.00), 6.28% CD34 + (P<0.001), 0.1%
Flk-1 + (P =0.18), 17.17% CD31 + (P<0.001), and 81.9% CD45
+(P<0.001).

b
o
]

2.54

Arterioles per HPF

Normalized capillary
density

S = =N

e o o

0.0-

Border zone Infarct zone

Mortality and animal and heart weight

In our study, surgical inductions of MI led to 20.7% mortality.
To avoid referral bias, we also excluded 12 additional animals
(10.3%) before therapy when MI induction failure was detected
or suspected by normal contraction at the left ventricular apex.
Treatment had no influence on mortality (Figure 1). The fBM,
fBM extract, or whole BMC treatment had no effect over control
treatment on animal weights (A animal weights after treatment:
43+15¢g 45-19 g 39+14 g and 4019 g P=0.88,
P = 0.66,and P =1.00) or heart weights at sacrifice (117 = 17 mg,
118 =20 mg, 109 £ 9 mg, and 119 *= 15 mg; P=0.92, P= =1.00,
and P = 0.46), respectively.

Echocardiography

All animals had a similar preserved left ventricular function at base-
line. At day 2 post-MI, EF decreased to a mean of 36% in all groups
(P=ns). High-resolution B-mode echocardiography images at
baseline and 28 days after left anterior descending coronary artery
(LAD) ligation are presented in Figure 2. Whole BMC therapy had a
positive effect on LVEF, but fBM or fBM extract were not beneficial
compared to HBSS control (4.9% * 4.6% (P =0.02), -0.4% * 5.8%
(P=0.86), -2.0% *=6.2% (P=10.97) versus —1.4% =* 5.3%, res-
pectively) (Figure 2). Echocardiography data are presented in
detail in the Supplemental Table I to be found online at http://
informahealthcare.com/ann/doi. 10.3109/07853890.2012.672026

Histology

Histology was performed on the fBM, fBM extract, and HBSS
groups and as noted in the Methods section. Infarct sizes were

I BM
[ fBM extract
[CJHBSS

Border zone Infarct zone Remote zone

Figure 3. Basal section at midventricular short axis orientation demonstrates basal extent of myocardial infarct including infarct, border, and remote zone at
the same slice from an animal with fBM treatment. Infarct size was measured by applying picrosirius staining (left) and capillary density by CD31 staining
(right). Capillary densities at border zone and infarct zone are normalized individually to remote zone capillary density (left). Mean arteriole density in
border zone, infarct zone, and remote zone measured by fluorescent microscopy from five high-power (40 X) fields (right). Data are expressed as mean = SD.

All P values are non-significant (> 0.05).



similar in fBM and fBM extract groups compared to the HBSS
control group. Percentage infarct area were 12.1% *=11.2%,
5.8% * 3.0% versus 12.2% = 7.0%, P = 1.00 and P = 0.27, respec-
tively. Vascularity with respect to arteriole and capillary count at 1Z,
BZ, or RZ did not differ between these three therapies (Figure 3).
Numbers of arterioles per high-power field in fBM and fBM
extract groups compared to control group were at IZ 3.52 =1.86
and 2.34 =1.40 versus 3.88 =2.12 (P=0.97 and P=0.25) and at
BZ 3.13£0.65 and 3.17 =1.24 versus 3.33 +0.60 (P =0.98 and
P=0.98). Capillary density at IZ or BZ did not differ significantly
between treatment groups (Figure 3).

Discussion

The main finding of this report is that fractionation of the mouse
bone-marrow cells, as opposed to using the whole bone-marrow,
limits cardiac functional improvement in a non-reperfused mouse
model of MI. We performed cell therapy at a clinically relevant
time period without a re-sternotomy by using ultrasound-guided
cell delivery 3 days post-MI to mimic human clinical trials as
closely as possible.

The regenerative capacity of different stem cells such as he-
matopoietic (CD34 +, Sca-1 +, c-Kit +), endothelial (CD133 +/
KDR +, CD34/KDR +), mesenchymal and adipose tissue (CD34-,
CD45-, c-Kit +, CD90 +, Sca-1 +), cardiac stem (c-Kit + /CD45-,
Sca-1+/CD45-, Isl-1 +, MDR-1+), and embryonic stem cells
(23,24) have been tested in translational settings and/or in clini-
cal trials, but which cell is the ‘ideal’ cell for cardiac therapeutic
purposes is not known. BM-derived mononuclear cells have been
used in most human clinical trials, but in this study we show for
the first time that whole mouse BMC therapy is in fact superior to
mouse fBM therapy with respect to cardiac functional improve-
ment post-MI. In this study, Ficoll density gradient centrifugation
was applied to separate red blood cells, granulocytes, and plate-
lets from whole bone-marrow. Paracrine factors and cytokines,
including but not limited to tumor necrosis factor-o,, transform-
ing growth factor-f, and basic fibroblast growth factor, might
be differentially expressed with whole BMCs versus fBMs (25).
Although it is not known whether an early inflammatory reaction
post-MI is a cause or consequence of the myocyte loss, it is asso-
ciated with accumulation of neutrophil granulocytes and release
of cytotoxic factors such as oxygen free radicals and arachidonic
acid metabolites. On the other hand, neutrophil lineage cells produce
high levels of serine proteases, collagenases, and gelatinases that
prevent cardiac remodeling in the long term (26).

Our results using fBMs and corresponding cell extract for car-
diac repair are in line with some placebo-controlled, randomized
trials in animals and humans (8-10). The histological infarct size
or numbers of arterioles and capillaries at infarct zone or border
zone did not differ between the fBM, fBM extract, and control
groups. However, our prior publication showed that treatment
with whole BMC resulted in a smaller infarct size compared to
saline control (13). In addition, whole BMC therapy at an early
time point (day 6) post-MI, but not at day 28, led to significantly
higher capillary area and number of arterioles versus control (13).
It should be noted, however, that there are also clinical studies
showing improved cardiac function and reduced infarct size
after MI (4-7). Previous studies have reported variable findings
in regard to cardiac outcomes after cell therapy post-MI. In our
study, the fBM cell population was not beneficial. There are po-
tentially many reasons for the discrepancy in the reports—cell
preparation, cell number, mouse strain, and injection methods
might all influence outcome. For example, compared to the study
by Swijnenburg and colleagues (27), our study was carried out
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using C57BL/6] mice without using GFP-expressing donor cells,
whereas they used FVB-NJ mice with GFP-expressing donor cells.
Mouse-strain-dependent heterogeneity of angiogenesis capacity
may also influence the different outcomes. C57BL/6] mice had
three times lower angiogenic response compared to FVB-NJ mice
(28), and the low regenerative potential of the C57BL/6] strain
versus other mouse strains has also been demonstrated by experi-
mental wound repair study (29). Moreover, there were substan-
tial (>2-fold) inter-strain variation in 8 out of 118 tested genes
involved in angiogenesis or vessel growth. Interestingly, some pro-
angiogenic considered genes such as vascular endothelial growth
factor and placental growth factor were expressed at higher levels
in low vascular growth strains such as C57BL/6] that describes
complexity of this issue. Cell isolation and preparation techniques
appear to influence clinical outcome after therapy (30). For ex-
ample, the REPAIR-AMI and ASTAMI trials showed differences
in left ventricular function after stem cell therapy for acute MI
(7,31). Retrospectively, the different protocols for cell isolation
and storage (REPAIR-AMI: Ficoll, storage in X-vivo 10 medium
plus serum; ASTAMI: Lymphoprep, storage in NaCl plus plasma)
were found to have profound impact on functional outcome (30).
The authors pointed out that the cell number and viability may
not entirely reflect the functional capacity of cells in vivo. In our
study, fractioning BMCs using the Ficoll method led to enrich-
ment of CD34 + (1.35% to 6.3%), CD45 + (54.6% to 81.9%), and
CD45/Sca-1 double-positive cells (2.13% to 2.67%), whereas a de-
creasing trend type was noted within Flk-1 + cells, from 0.18% to
0.10%. Notably, the proportion of CD45 + cells was comparable
to an earlier animal study (27), and the proportion of CD45 + /
CD34 + cells were within the same level as in some human clinical
studies (7,31). Clearly, it should be kept in mind that human and
mouse stem cell markers are not fully comparable. Additionally,
previous studies have shown that progenitor cells derived from
patients with ischemic heart disease are dysfunctional and there-
fore may have limited regenerative capacity (32,33). The systemic
inflammatory phase of acute MI may also potentially further re-
duce stem cells’ proliferative capacity and cytokine responses. In
contrast to clinical studies with bone-marrow aspiration at the
time of acute or sub-acute MI, we used healthy young mice with
the same strain in donors and recipients.

In humans at least 50,000 cells per kg of weight has been sug-
gested to be the minimum effective dose for cardiac repair (34). In
viable cell injection groups of this study, 10° cells were injected for
animals with an average weight of 25 g, indicating that we injected
an 800-times higher cell count compared to the recommended
minimum. All cell injections were performed using echo-guided
technique with a micromanipulator, allowing us to confirm suc-
cessful intramyocardial injections. Survival of intramyocardially
injected hematopoietic cells have been superior to mesenchymal
cells and skeletal myoblasts, indicating that they have at least more
time to mediate paracrine factors such as vascular endothelial
growth factor and fibroblast growth factor, whose concentrations
increase at border and infarct zones after hematopoietic stem cell
injection therapy (17,35).

In a recent meta-analysis of cardiac stem cell therapy in hu-
mans, cell type (fBM versus mesenchymal or circulating periph-
eral progenitor) did not significantly influence the changes in EF
or infarct size (36). However, to our knowledge, there are no stud-
ies in human using unfractionated BMC. This report has clinical
implications in that most human clinical trials are currently being
performed using selected MNC from the bone-marrow rather
than whole BMC. We propose that the assumption should not be
made that, in humans, fBM is the ‘ideal therapeutic cell of choice
over whole BMC injection.
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Limitations

We recognize the limitations of simulating human coronary artery
disease and MI using a mouse model of acute MI induced by per-
manent ligation of coronary artery. It does not reflect contempo-
rary medical practice where patients with an acute MI undergo
early reperfusion of the culprit artery. However, this animal model
is reproducible and well-established, allowing direct comparison
to earlier results. We did not use GFP or any other cell-tracking
methods after treatment to evaluate cell fate in the myocardium or
other organs. However, our prior report (13) suggests, and growing
consensus exists, that implanted stem cells are not retained or do not
survive for long periods (9,37-41). Moreover, changes in apoptosis
frequency were not evaluated, as determining apoptosis is preferred
atan early time point, and this was outside of the design of this study.
On-going work in our laboratory is currently evaluating the
proteomic differences between whole BMC versus fBM extracts.

Our results elucidate existing controversy around cell therapy
for acute myocardial infarct by showing differences between
therapeutic potential of different bone-marrow-derived cell
populations. There is a need for characterizing temporal changes
in local myocardial metabolism after these therapies in relation to
cardiac function and remodeling to define the key modulators of
the process. Clinical studies should be performed to test whether
whole BMC therapy versus bone-marrow fraction translates into
better outcome after human MI.
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