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Abstract

Delivery of bone marrow cells (BMCs) to the heart has substantially improved cardiac function in
most rodent models of myocardial infarction (M), but clinical trials of BMC therapy have led to
only modest improvements. Rodent models typically involve intra-myocardial injection of BMCs
from distinct donor individuals that are healthy, unlike autologous BMCs used for clinical trials
that are from post-MI individuals. Using BMCs from post-MI donor mice, we discovered that
recent MI impaired BMC therapeutic efficacy. Ml led to myocardial inflammation and an
increased inflammatory state in the bone marrow, changing the BMC composition and reducing
their efficacy. Injection of a general anti-inflammatory drug or a specific interleukin-1 inhibitor to
post-MI donor mice prevented this impairment. Our findings offer an explanation of why human
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trials have not matched the success of rodent experiments, and suggest potential strategies to
improve the success of clinical autologous BMC therapy.

INTRODUCTION

Cell therapy for cardiac remodeling after myocardial infarction (MI) has been the focus of
intense research and debate in the last several years (Z,2). Delivery of bone marrow-derived
cells (BMCs) to the infarcted myocardium has been reported to be therapeutic in the
improvement of post-MI cardiac function in most animal experiments, improving pump
capacity and myocardial wall thickness, and limiting infarct size, although the mechanism of
the therapeutic effect has been controversial. BMCs may be therapeutic by playing a stem
cell role and differentiating (or fusing) to regenerate cardiomyocytes, playing a paracrine
role by delivering cytoprotective compounds or growth factors to the injured myocardium,
or both. Importantly, we and others have shown that delivery of products of cell secretion
can be therapeutic in a cell-free setting, and even injection of cell-free extract from BMC
lysates can be beneficial to the same degree as intact cells for most functional parameters
studied (3-5).

The results of human clinical trials have been less compelling than the preclinical rodent
experiments (6-9). A modest improvement in cardiac function post-MI has been reported in
some (6, 7) but not all double-blind placebo-controlled clinical trials (8). Clearly, there is a
need for a greater understanding of the mechanisms behind the therapeutic effects observed
in rodents, and of what can thwart them in a clinical setting. Notably, harvest of bone
marrow from mice requires euthanasia of the donor mouse, so rodent BMC therapy
experiments cannot be autologous and typically involve healthy donor mice. However,
clinical patients undergoing autologous BMC therapy have had a recent MI. Therefore, the
cells being used in rodent experiments may be a poor approximation of actual BMCs used
for clinical autologous cell therapy, regardless of the state of the recipient heart.

Supporting this hypothesis, various functional properties of certain populations of cells
isolated from bone marrow or blood of patients with c/ronic ischemic heart disease are
impaired (10,11). However, the effect of acute M1 on the therapeutic properties of the bone
marrow is relatively unexplored, other than efforts concentrating on molecular changes that
prevent mobilization of cells like putative progenitor cells into the blood (12).

Acute cardiomyocyte death immediately initiates a robust host reaction involving regional
myocardial inflammation and a systemic inflammatory response (Z3). This includes
stimulation of the bone marrow, leading to an increased hematopoietic and putative
progenitor cell migration from the bone marrow to the circulation (Z4-17) and resulting in
cellular and molecular alterations within the bone marrow compartment (22). We therefore
hypothesized that acute MI influences the therapeutic efficacy of the donor BMCs,
irrespective of the state of the recipient heart. Using a rodent model in which the BMC
donors and recipients are separate individuals, which is not practical in autologous human
cell transplants, we show here that the therapeutic potential of BMCs is impaired in donors
with M1, and that acute M1 leads to an increased inflammatory state in the bone marrow that
is responsible for the impairment of BMC-based therapy, in association with interleukin-1
(IL-1) mediated inflammatory response after MI.

Sci Transl Med. Author manuscript; available in PMC 2012 May 13.
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RESULTS

Impairment of BMC therapeutic efficacy by donor Ml

To determine if donor Ml influences the therapeutic efficacy of BMCs for treatment of M,
we implanted BMCs into groups of infarcted recipient mice, keeping the recipient conditions
constant but varying the donor conditions with respect to MI (no Ml vs. 3 days post-Ml).
The recipients were all injected on day 3 post-MI (a stage of physiological response to Ml
comparable to that used in the clinic) using ultrasound-guided intra-myocardial injection
(Z8). The recipient echocardiographic parameters at baseline and day 2 post-MI were similar
between experimental groups. Differences in recipient myocardial function after
implantation of BMCs from healthy and infarcted donors are shown in Fig. 1. In all groups,
the recipient left ventricular ejection fraction (EF) declined uniformly from a baseline of
50.2+3.9% to 31.8+3.7% on day 2 post-MI before cell injection. Injection of Hank's
buffered saline solution (HBSS) vehicle on day 3 was associated with continued
deterioration of EF by day 28 post-MI. In contrast, injection of healthy donor BMCs
significantly improved the 28 day post-MI EF (Fig. 1A), as we have reported previously (4).
However, the 28 day post-MI EF in the infarcted donor group was not improved and
significantly worse than the healthy donor group, despite good viability (98% assessed by
trypan blue staining) in all BMCs assessed before implantation.

By day 28 post-Ml, healthy donor BMCs, but not infarcted donor BMCs, prevented an
increase in the recipient end-systolic volume (ESV), although the ESV in both healthy and
infarcted donor groups was significantly different from the deterioration seen in the group
from HBSS (Fig. 1B). None of the donor BMC conditions prevented an increase in the
recipient end-diastolic volume (EDV), although the 28 day post-MI EDV of groups
receiving BMCs from healthy and infarcted donors was significantly smaller than in those
receiving HBSS (Fig. 1C). In the healthy and infarcted donor groups, recipient anterior wall
thickness at the infarct and border zone was significantly thicker and infarct size was
significantly smaller than those in the HBSS group, and the border zone wall thickness
showed a significant difference between healthy and infarcted donor groups (Fig. 1, D and
E).

These results demonstrate that donor MI reduces BMC therapeutic efficacy, leaving them
less capable of preventing the decline in recipient cardiac function post-Ml.

Morphology and proliferation of implanted BMCs

To track the implanted BMCs, we used healthy and infarcted donor mice that were
transgenic for enhanced green fluorescent protein (GFP) for one experiment. Many round
and irregular GFP* BMCs from healthy and infarcted donors were found around the infarct
border zone of recipient hearts on days 3 and 14 after cell injection (Fig. 2, A and B). On
day 3 post-injection, there was no significant difference in proliferation between the healthy
and infarcted donor BMCs; while on day 14 post-injection, the healthy donor BMCs showed
a trend toward increased proliferation versus infarcted donor BMCs, in which proliferation
was barely detectable; and there was also a trend on day 14 toward a greater percentage of
irregular BMCs from infarcted donors versus healthy donors (Fig. 2, C and D, and fig. S1),
although statistical significances were not reached. Round BMCs tended to be CD45*, while
irregular BMCs were either CD45* or CD45" with no apparent pattern based on donor
condition (Fig. 2E). No evidence of differentiation into cardiomyocytes was observed,
consistent with our previous findings (4).

Sci Transl Med. Author manuscript; available in PMC 2012 May 13.
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Greater impairment of BMCs by severe donor Ml

If donor MI was the cause of reduction in BMC therapeutic efficacy, we reasoned that donor
infarcts of greater severity would lead to greater impairment. To test this, donor mice
randomly underwent the MI surgery but with ligation at different positions of the left
anterior descending (LAD) artery to induce different infarct sizes (described in
Supplementary Methods). Donor BMCs were harvested from these mice on day 3 post-
donor-MlI, and injected into recipient hearts on day 3 post-recipient-MI. BMCs from donors
with small infarcts were only partially impaired while BMCs from donors with large infarcts
were more impaired (Fig. 3A).

We next tested whether impairment of BMCs was specifically due to severe donor Ml and/
or simply reflected the consequences of surgical manipulation in this model. Donor mice
underwent either thoracotomy (no bone injury) Ml, parasternotomy MI, or sham surgery that
damaged skin, bone, and myocardium but did not occlude coronary blood flow (described in
Supplementary Methods). Donor BMCs were harvested from these mice on day 3 post-
donor-MlI or post-sham surgery, and injected into recipient hearts on day 3 post-recipient-
MI. As shown in Fig. 3B, both MI procedures led to similar reductions in BMC therapeutic
efficacy, which was only slightly reduced by sham surgery.

Evidence of systemic inflammatory state and pro-inflammatory changes in bone marrow
composition after Ml

We hypothesized that the decreased efficacy of harvested BMCs might be a result of MI-
induced systemic inflammatory changes that influence the composition of the bone marrow.
To confirm that BMC therapeutic efficacy was impaired during a period of active
inflammation, both in the bone marrow and systemically, we first asked whether donor
BMC composition is altered at 3 days post-MI in a manner consistent with an acute
inflammatory response. BMCs harvested at this time were quantitatively analyzed by flow
cytometry. Comparison of forward and side characteristics, markers of cell size and
granularity respectively, revealed a decrease in small cells and an increase in larger cells
post-MI BMCs (Fig. 4A). Both sham and post-MI BMCs had increased side scatter
properties relative to BMCs from healthy mice. Consistent with loss of a population of small
cells, there was a significant decrease in CD19" B cells in post-MI mice relative to controls.
Interestingly, major histocompatibility complex class 11 (MHC-II) expression was
upregulated on these B cells (Fig. 4B). The increase in larger cells with increased side
scatter properties suggests an impact on the myeloid compartment in the bone marrow. We
thus compared the frequency of myeloid subsets as defined by the cell surface expression of
the myeloid markers CD11b, Gr1, and/or Ly6Chidh. The frequency of myeloid cells was
increased in both sham and post-MI mice relative to healthy controls (Fig. 4C). However, as
reported in human Ml patients (Z9) and consistent with Ml-induced systemic inflammation,
MHC-I11 expression was downregulated on myeloid cells in post-MI but not sham treated
bone marrow (Fig. 4D).

The donor Ml-induced inflammatory state was also reflected by an increase in immature
intermediate myeloid cells in bone marrow cytospins (Fig. 4E), which showed a trend
toward more of several classes of inflammatory cells (including mature granulocytes and
myeloid cells at an intermediate stage of maturation) in the BMCs from post-MI donors,
although with the small number of donors analyzed statistical significance was not reached.
To confirm that day 3 post-MI was a period of active systemic inflammation, we harvested
spleens from healthy and infarcted mice to seek differences in inflammatory state. Upon
blinded examination of tissue sections by a trained pathologist (S.K.), the spleens of the Ml
donors were observed to have increased intrasplenic hematopoiesis, especially
erythropoiesis (Fig. 4F), with modest germinal center reactive changes in the white pulp,
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relative to the healthy donor spleens; suggestive of increased systemic inflammatory
response in the M1 donors. While we do not propose that these changes specifically are
responsible for the impairment of donor BMC therapeutic efficacy in recipients, these
changes, which coincide with the point at which donor BMCs were therapeutically impaired,
are consistent with a systemic inflammatory response in progress.

Timing correlations between BMC impairment and inflammatory response post-donor-Mi

If acute inflammation caused by M1 is responsible for the observed reduction in BMC
therapeutic efficacy, then the therapeutic impairment of BMCs should develop and then
resolve with increasing time of BMC harvest post-donor-MI as the inflammatory response
develops and resolves. BMCs were harvested from donor mice undergoing the
parasternotomy large Ml at varying times for 21 days post-donor-MI, along with a no-Ml
donor positive control. Recipients always received BMC injections on day 3 post-recipient-
MI, and EF was always measured on day 28 post-recipient-MI (Fig. 5A). The therapeutic
efficacy of BMCs harvested 1 hour post-donor-MI were similar to those from non-Ml
donors but only preserved recipient 28 day post-MI function relative to day 2; BMCs
harvested 1 day post-donor-MI were significantly impaired. BMCs harvested at 3 and 5 days
post-donor-MI were the most impaired, leading to a significant decline in recipient 28 day
post-MI function. BMCs from 7 day post-MI donors were still impaired, but less so. BMCs
from 21 day post-MI donors showed even less impairment and a significant increase in
efficacy versus 3 day post-MI donors. BMCs harvested from 1 hour to 21 day post-Ml
donors did not prevent an increase in the ESV and EDV (Fig. 5A and Table S2). These
results show that donor BMCs harvested at varying times post-MI are increasingly impaired
over the first 3 days but are less impaired when harvested after 7 days, consistent with the
time course of a post-MI inflammatory response as reported in the literature (20,21).

To confirm that the time course of donor BMC impairment post-MI is consistent with the
development of donor myocardial inflammation specifically in our mice, the extent of local
inflammation was determined over time by estimating the percent volume of the left
ventricle composed of inflammatory infiltrate in post-MI and sham surgery hearts. A
concentrated inflammatory cell infiltrate was evident by hematoxylin and eosin staining in
the infarct beginning on day 3 post-MlI, which gradually lessened over subsequent days (Fig.
5B). There was no measurable concentrated area of inflammation on day 1, so the assay
assigned a value of 0 at this time point, but there was an increase in cellular infiltration
between cardiomyocytes, indicating that inflammatory response had indeed started by day 1.
Sham-operated hearts showed only a few extremely small regions of inflammation
corresponding to the suture being passed through myocardium without ligation. This
histological study indicates that post-MI myocardial inflammation significantly increases
over the first 3 days, consistent with the time course of BMC impairment.

We anticipated that the progressive increase in localized myocardial inflammation would
reflect changes over time in the systemic inflammatory response, providing the link between
tissue injury in the donor heart and changes in the donor bone marrow. To test this, we
measured serum levels of a panel of cytokines at varying times post-donor-MI. Serum at 1
and 3 days post-MI but not 7 days showed an increase in several pro-inflammatory
cytokines, chemokines, and related proteins (Fig. 5C and fig. S2). Notably, there was an
increase in three members of IL-1 family at 1 to 3 days post-MI relative to no-MI controls.
IL-1B and IL-1 receptor antagonist (IL-1Ra) were increased by 354% to 725% at 1 to 3 days
post-Ml; but IL-1a was transiently increased by 223% only on day 3 post-MI. A number of
others such as granulocyte colony stimulating factor (G-CSF), IL-6, and monocyte
chemoattractant protein (MCP)-1 were also transiently increased on day 1 and/or day 3;
most of which were back to near baseline levels by day 7. Several cytokines showed no
notable changes, and several others decreased over time post-MI (Fig. S2). These observed
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changes in cytokine levels further confirm that donor BMC impairment post-MI peaks and
resolves over the natural time course of the inflammatory response, consistent with the
hypothesis that donor localized myocardial inflammation leads to pro-inflammatory changes
in the bone marrow that impair therapeutic efficacy of BMCs harvested during this time
(Fig. 5D).

IL-1-mediated inflammatory response as a mechanism for donor Ml induction of BMC

impairment

We endeavored to establish a mechanistic link of pro-inflammatory cytokine signaling
between the post-MI inflammation and BMC impairment by injection of anti-inflammatory
drug or inhibitor into the infarcted donor mice. We used a broad-spectrum anti-inflammatory
drug, dexamethasone; and an IL-1 inhibitor, IL-1Ra (a receptor antagonist), to see if the
donor inflammatory response mediated by the activated inflammatory cytokines (such as
IL-1) is associated with the donor BMC impairment. As expected, BMCs from vehicle
(DMSO)-injected post-MI donors did not prevent a significant decline in recipient 28 day
post-MI EF (26.4%9.2% versus 32.6+5.3% for day 2, £<0.05), similar to non-injected post-
MI donor BMCs. However, BMCs from dexamethasone-injected post-MI donors improved
recipient 28 day post-MI EF (38.5+6.3% versus 26.4+9.2% for DMSO-injected post-Ml
donors, A<0.001), comparable to the therapeutic effect of implanting no-MI donor BMCs,
and showed a trend toward reduced recipient infarct size although significance was not
achieved (Fig. 6A). This demonstrates that post-MI donor inflammation plays a role in the
therapeutic impairment. In testing effects of the IL-1 inhibitor, BMCs from vehicle (H,0)-
injected post-MI donors also did not prevent a significant decline in recipient 28 day post-
MI EF (25.5+8.9% versus 32.2+4.8% for day 2, A<0.05). Notably, BMCs from IL-1Ra-
injected post-MI donors improved recipient 28 day post-MI EF (34.3+3.8% versus
25.5+8.9% for H,O-injected post-MI donors, £<0.05; Fig. 6B). As a confirmation of
bioactivity, serum levels of IL-6 were reduced in IL-1Ra-injected post-MI donors, although
statistical significance was not reached due to the small group size. These findings suggest
that MI-induced BMC impairment is caused by a process inhibitable by dexamethasone (22)
or IL-1Ra, such as IL-1-mediated inflammation.

DISCUSSION

Our results indicate that donor MI-induced inflammatory response leads to the therapeutic
impairment of BMCs, making them less able to prevent a decline in cardiac function when
implanted into post-MI recipient hearts. We and others have demonstrated that BMCs from
healthy donor animals exert a therapeutic effect (3,4,9,23 24). However, in human
autologous BMC therapy clinical trials (6, 7), in which the donor BMCs and recipient heart
belong to the same individual, the effect of MI on the (donor) BMCs cannot be distinguished
from the effect of MI on the recipient heart. Notably, the experiments described here with
inbred mice used different animals as donors and recipients, which enabled us to vary the
disease state of the donors while keeping the recipient conditions constant throughout. As a
result, any differences between groups were entirely due to differences in the donor BMCs,
a situation that cannot be assessed in patients receiving autologous cells because they are
their own donors. Our results reveal that one reason that clinical autologous cell trials have
shown less obvious therapeutic effects than most rodent experiments may be that the BMCs
used in the human acute Ml trials are impaired by the post-MI condition of the patients.

Literature suggests that chronic disease conditions can cause reductions in functional
properties of cells from the bone marrow and peripheral blood (10,25,26). However, the
acute nature of the BMC response to donor Ml is unlikely to be explained thoroughly by
these functional declines. Because Ml is a highly inflammatory event that occurs rapidly and
causes inflammatory changes in the bone marrow (20,21,27), we hypothesized that these
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inflammatory changes underlie the reduction in BMC therapeutic efficacy. It is well-known
that acute M1 activates innate immune mechanisms immediately initiating the host
inflammatory response that increases the number or activation state of inflammatory cells in
the circulation and the infarcted heart itself (13), as well as distant sites such as the spleen
(28). Moreover, donor bone marrow on day 3 post-MI showed several characteristics
consistent with an inflammatory reaction. Notably, there is a consistent correlation between
the time courses post-MI of impairment and subsequent restoration of BMC therapeutic
efficacy, appearance of inflammatory infiltrate in the heart, and elevation and subsequent
reduction in levels of many pro-inflammatory cytokines, which supports a link between the
inflammatory response and the therapeutic changes in the BMCs (Fig. 5D).

Moreover, the therapeutic impairment induced by donor M1 is prevented by injection of
either a broad-spectrum anti-inflammatory drug or an IL-1 inhibitor into the infarcted donor
mice, which suggests the existence of an inflammatory cytokine signaling link between the
infarcted heart and the bone marrow. Following MI, dying myocytes trigger an exuberant
systemic and loco-regional inflammatory response through activating the nuclear factor-xB
system, which induces activation and upregulation of chemokines, as well as release of
many pro-inflammatory cytokines such as IL-1p, IL-6, and tumor necrosis factor-a.. IL-1
signaling is known to play a significant role in initiating and regulating the inflammatory
response post-MI (13). Therefore, based on our finding that administration of exogenous
IL-1 receptor antagonist (IL-1Ra) to the infarcted donor mice prevents the therapeutic
impairment of BMCs and reduces the IL-6 serum level of the infarcted donors, we conclude
that Ml-induced IL-1-mediated inflammatory response leads to pro-inflammatory changes in
donor bone marrow composition and reduced BMC therapeutic efficacy. A caveat to this
experiment is that measurement of cytokines in serum rather than plasma can be confounded
by cytokines released during the clotting process, so absolute cytokine levels as measured
may be inaccurate. However, the relative change in levels over time normalized to the
healthy baseline value clearly shows the expected increase and decrease of members of the
IL-1/6 pathway in agreement with several published reports (29-31). Because the more
general anti-inflammatory drug dexamethasone is more effective than IL-1Ra in preventing
the BMC impairment, other pathways may also play a role. It should be emphasized that we
do not propose anti-inflammatory drug treatment as a clinical solution due to known dangers
of anti-inflammatory drugs in post-MI patients (32), but these experiments clearly illuminate
a mechanistic link between inflammation and the reduced BMC efficacy.

This might result in an increased number or activation state of inflammatory cells among the
BMCs that get implanted into the infarcted recipient heart. In support of this reasoning, the
day 3 post-MI BMCs include more Ly6CNi9" inflammatory myeloid cells. Ly6Cnigh
monocytes are reported to be the pro-inflammatory arm of the monocyte response to Ml
(33), and might impair healing when implanted into the infarcted myocardium. The decrease
in MHC-I11 expression was also intriguing. This has been reported in post-MI human patients
(Z9) and would be consistent with the increase in the immunosuppressive cytokine 1L-10
observed at day 3 in post-MI mice. Alternatively, local signals from the Ml that trigger the
egress of potentially beneficial cells from the bone marrow could also reduce therapeutic
efficacy of the remaining BMCs. Accordingly, while most cytokines peaked on day 3 post-
M, a small number of cytokines induced by MI such as G-CSF and MCP-1 showed an
increase beginning on day 1. G-CSF and MCP-1 have the potential to enhance cell migration
and have been reported to mediate mobilization of bone marrow stem cells in experimental
studies (34-36) and clinical trials (37). Hence, it is possible that the BMCs on day 3 post-MI
are less therapeutic due to mobilization of stem cells and other cells away from the bone
marrow. A third possibility is that, because we transfer a constant total number of cells, the
local increase in inflammatory cells may dilute, out-compete, or even suppress the beneficial
cells. While it is currently unclear which of these explanations, which are not mutually
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exclusive, predominates in the decreased efficacy of post-MI BMCs, it is clear that the
composition of implanted BMCs is altered by the MI-induced inflammatory response.
Future studies will focus on elucidating the exact changes that occur within this cellular
compartment and how each of those changes influence the therapeutic effects of the
implanted BMCs.

In summary, we have shown that acute Ml results in specific changes in the bone marrow,
such that implantation of BMCs from these mice into infarcted hearts of other mice is less
able to prevent the decline in cardiac function. The impairment in therapeutic efficacy
caused by donor Ml correlates well with the development and resolution of the acute
inflammatory response, and is prevented by injection of IL-1Ra to the donor MI mice. Based
on these results, we propose that the donor M1 increases the inflammatory state of the
BMCs, which alters their composition and/or activation state to leave them less therapeutic.
Of clinical relevance, it has been reported in human trials that autologous BMC therapy is
more effective if performed several days after acute Ml (6, 7), but our findings suggest that
the optimal time for post-MI harvest of autologous BMCs may be different than the optimal
time for the administration of such BMCs to the heart. Optimal therapy may require either
that one consideration be prioritized over the other, or that steps are taken to prevent these
changes in the bone marrow.

MATERIALS AND METHODS

All animal experiments were approved by the Institutional Animal Care and Use Committee
of the University of California, San Francisco.

Donor and recipient mice

Male C57BL/6J mice at age 10 weeks (Jackson Laboratory, Bar Harbor, ME) were
randomly assigned to BMC donor and recipient groups. Male C57BL/6-Tg (CAG-EGFP)
10sb/J age 10 weeks mice (Jackson Laboratory) were used for GFP* BMC tracking.

Myocardial infarction

MI was surgically induced as described previously (Z8). Briefly, mice were anesthetized
with 2% isoflurane and received analgesics (buprenorphine 0.1 mg/kg, subcutaneous
injection) at time of surgery. The heart was exposed via a parasternotomy and the LAD was
permanently ligated ~3 mm below the tip of the left atrium. Recipient mice underwent the
same parasternotomy MI and were under consistent conditions from experiment to
experiment. The mortalities during and after MI surgery were 2% and 1%, respectively.

BMC harvest and injection

The protocol for BMC harvest and injection can be found in the Supplementary Methods.
Each donor mouse provided BMCs for 5 recipient mice in order to have multiple donors per
group and to aid in blinding. Recipient mice were always injected at 3 days post-Ml.
Injection of HBSS served as a negative control. The allocation of BMC treatment for Ml
recipients was random, and investigators were blinded to the identity of BMCs during
harvest and injection. The quality of all injections was assessed according to ultrasound
images as they occurred, and 98% of intramyocardial injections were judged to be optimal.

Echocardiography

Echocardiography of recipients anesthetized with 1.25% isoflurane was performed at
baseline, 2 days post-MI (one day before BMC injection) and 28 days post-MI using a
Vevo660 micro-ultrasound system (VisualSonics Inc., Toronto). Echocardiograms were
obtained in 2-D mode at parasternal long-axis view to measure the left ventricular ESV and
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EDV. EF was calculated with the formula: EF (%) = [(EDV - ESV)/ EDV] x 100. Wall
thickness was measured at the apical-segment (infarct) and mid-segment (infarct border
zone) of the anterior wall and at the basal segment of the anterior and posterior walls,
respectively. The investigator who performed echocardiograms and measured
echocardiographic parameters was blinded to the identity of BMC treatment among groups.
Echocardiographic parameters were re-measured by one additional blinded researcher and
found to be consistent.

Immunofluorescent histology

The protocols for detection of implanted GFP* BMCs, GFP* BMC proliferation and
detection of CD45"/GFP* BMCs in recipient hearts can be found in the Supplementary
Methods.

Flow cytometry

The fluorescent antibodies for cell-surface markers used for flow cytometry analysis can be
found in the Supplementary Methods.

Quantitation of tissue inflammation

For quantitative analysis of post-MI myocardial inflammatory state, mouse hearts were
arrested in diastole with saturated KCI injected into the left ventricular chamber and
removed. Hearts were embedded in O.C.T. compound, frozen in a bath of 2-methylbutane
with dry ice and stored at -80°C. Hearts were sliced transversely at 10 pm thickness with an
interval of 500 pum between each section. Seven sections evenly distributed from apex to
base of ventricle were stained with hematoxylin and eosin for inflammatory area analysis.
Inflammatory area (%) = [area of cellular accumulation/(whole myocardial area — cavities)]
x100. Sections were read blinded and scored for the extent of inflammation.

Quantitation of myocardial infarct size

Mouse hearts were arrested in diastole, embedded in O.C.T. compound and frozen. Hearts
were sliced transversely at 10 um thickness with an interval of 300 um between each
section. Seven sections from apex to base of ventricle were stained with Masson trichrome
for infarct size measurement by a midline arc length method (38). Sections were read
blinded and scored for the extent of fibrosis.

Anti-inflammatory drug and inhibitor

Statistics

Dexamethasone (Sigma-Aldrich) was dissolved in dimethyl sulfoxide (DMSO) at 50 mg/ml.
All dilutions were made in sterile phosphate-buffered saline, and all injections
(dexamethasone 2 mg/kg (22), 0.2 ml/mouse) were given intraperitoneally. The final
concentration of DMSO was 0.5%.

Recombinant mouse IL-1Ra (Prospec-Tany Technogene Ltd., Israel) was dissolved in sterile
H»0 at 250 pg/ml. All injections (IL-1Ra 50 .g/0.2 ml/mouse) were given intraperitoneally.

Variables in each group are presented as means + SD. Differences are determined by two-
way repeated measures ANOVA with subsequent Bonferroni's post hoc test to compare
means between multiple (>2) groups on days 2 and 28 post-Ml, by one-way ANOVA with
Bonferroni's post foc test to compare means between multiple groups and by two-tailed
paired ¢test to compare means between day 2 and day 28 post-MI in each group. A value of
£<0.05 is considered statistically significant. Each cardiac function experiment is a single

Sci Transl Med. Author manuscript; available in PMC 2012 May 13.
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experiment carried out with group sizes greater than needed for power of 0.8; flow
cytometry data are representative of 2 independent experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Effect of donor M1l on BMC therapeutic efficacy. Donor BMCs were harvested from healthy
and 3 day post-MI mice. Recipient and donor mice randomly underwent a parasternotomy
MI by the left anterior descending artery ligation ~3 mm below the tip of the left atrium. All
data are mean + SD. (A) Recipient EF. Healthy donor BMC:s significantly improved
recipient 28 day post-MI EF. However, 28 day post-MI EF in the infarcted donor group was
only preserved and significantly different from the healthy donor group. Recipient 28 day
post-MI EF in the negative control HBSS group was significantly reduced and significantly
different from the healthy and infarcted donor groups. Data are summarized numerically in
Table S1. (B) Recipient ESV. (C) Recipient EDV. (D) Recipient anterior wall thickness at
border zone and infarct area. (E) Recipient infarct size.
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Fig. 2.

Implanted donor BMCs in recipient infarcted hearts. BMCs harvested from GFP™* transgenic
mice under healthy and 3 day post-MI conditions were injected into myocardium of 3 day
post-MI wild-type mice. (A) By detection of endogenous GFP fluorescence and
immunofluorescence staining for GFP using a far-red secondary antibody and no red
fluorophores, GFP* cells were identified as those visible only by green and far red
fluorescence but not red fluorescence. (B) Confocal imaging reveals two categories of GFP*
BMC morphology, round and irregular. (C) Ki-67 immunofluorescence (magenta) revealed
proliferation in a subset of round and irregular GFP* BMCs. Arrows show proliferating
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GFP* BMCs. (D) Percentage distribution of proliferating and total (including non-
proliferating) round and irregular GFP* BMCs of healthy and infarcted donors on days 3
and 14 post-injection. (E) Examples of CD45* and CD45" implanted BMCs, taken from (left
to right) MI d3, healthy d14, and two examples from MI d14. For these images only,
brightness was optimized to demonstrate presence or absence of stain, rather than keeping it
constant for all images. Green=GFP; red=CD45.
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Fig. 3.

Influence of donor M1 severity on BMC therapeutic impairment. All data are mean + SD.
(A) Injection of BMCs from small-MI donors led to preservation of recipient EF on day 28
post-MI; whereas injection of BMCs from large-MI donors resulted in a significant decrease
in the 28 day post-MI EF and there was a significant difference between small and large Ml
donor groups (£<0.05). Moreover, the injection of BMCs from healthy donors led to
recipient 28 day post-MI EF that was significantly higher than that of the small and large Ml
donor BMC groups and the HBSS group. The recipient 28 day post-MI EF in the small and
large MI donor BMC groups was significantly higher than that of the HBSS group (#<0.05).
(B) Thoracotomy MI led to the same reduction in BMC therapeutic efficacy as the original
parasternotomy MI and the sham surgery slightly reduced the BMC therapeutic efficacy.
The data are summarized numerically in Table S2.
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Fig. 4.

MI-induced systemic inflammatory changes and alteration in bone marrow composition. (A)
BMCs from healthy, sham, or post-MI donors (3 days post-MI/sham) were analyzed by flow
cytometry. Data is representative of two independent experiments, each involving 3-4 mice/
condition. For each parameter, histograms contain a representative curve from individual
healthy (red), sham (blue), or post-MI (green) donors in the live gate. Each graph represents
the results of 6-7 mice/condition. Error bars = SEM. (B) Contour plot depicts frequency of
CD19* B cells for individual mice. The right-most histogram depicts MHC-II expression on
CD19™ cells from the contour plot. Graphs are as in A. (C) Representative histograms of
CD11b, Grl and Ly6CNi9" of BMCs in the live gate. Tracings from two post-MI mice are
shown due to increased heterogeneity in this group. Graphs are as in A. (D) MHC-II
expression on myeloid cells. (E) Cytospin preparations of BMCs of healthy and 3 day post-
MI donor mice. Results are representative of three samples/group. (F) Representative spleen
histology. Increased erythropoiesis is evident as dense collections of darkly staining nuclei
in red pulp at upper left in post-MI image and higher-power view shows increased erythroid
cells and scattered granulocytes post-Ml.
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Correlations between BMC impairment and inflammatory response post-donor-Ml. All data

are mean + SD. (A) Time courses of BMC impairment post-donor-MI. Therapeutic changes

in BMCs were increasingly impaired over the first 3 days post-donor-MI but were less
impaired after 7 days. * £<0.05 (no MI donors versus 1d, 3d, 5d, 7d and 21d post-Ml

donors; 1h post-MI donors versus 3d and 5d post-MI donors); # £<0.05 (no MI donors
versus 3d, 5d and 21d post-MI donors). (B) Development of localized myocardial

inflammation post-donor-MI detected by hematoxylin and eosin staining. Note that
representative sections shown are from border zone rather than infarct scar. (C) Increased
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changes in pro-inflammatory cytokines and other proteins at varying times post-donor-Ml in
serum. Abbreviations of cytokines are shown in fig. S2. (D) A summarized illustration
originated from (A), (B) and (C) shows a consistent correlation between time courses post-
donor-MI of BMC therapeutic impairment and subsequent restoration (red line, EF),
appearance of donor localized myocardial inflammation (black line, percent volume of LV),
and elevation and subsequent reduction in serum levels of increased pro-inflammatory
cytokines and other proteins (thinner black lines). Because these are relative, units are not
shown on the Y-axis.
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Prevention of BMC impairment by injection of anti-inflammatory drug or inhibitor to Ml

donor mice. All data are mean £ SD. (A) Preventive effect of dexamethasone administrated
to post-MI donor mice on BMC impairment. BMCs were harvested from 3 day post-donor-

MI mice that were administered dexamethasone or DMSO (vehicle) immediately after the
left anterior descending artery ligation, and 24 and 48 hours post-MlI. (B) Preventive effect

of IL-1Ra injected into donor mice pre- and post-MI on BMC impairment. BMCs were

harvested from 3 day post-donor-MI mice that received IL-1Ra or H,O (vehicle) daily for 5

days (2 days pre-Ml, 1 hour pre-MI, and 24 and 48 hours post-Ml).
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