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Bone marrow—derived hematopoietic cells generate
cardiomyocytes at a low frequency through cell fusion,

but not transdifferentiation

Jens M Nygrenl, Stefan ]ovingel’z, Martin Breitbach3, Petter Sawén!, Wilhelm Rol1%, Jirgen Hescheler,
Jalal Taneeral, Bernd K Fleischmann? & Sten Eirik W Jacobsen!

Recent studies have suggested that bone marrow cells might possess a much broader differentiation potential than previously
appreciated. In most cases, the reported efficiency of such plasticity has been rather low and, at least in some instances, is a
consequence of cell fusion. After myocardial infarction, however, bone marrow cells have been suggested to extensively
regenerate cardiomyocytes through transdifferentiation. Although bone marrow—derived cells are already being used in clinical
trials, the exact identity, longevity and fate of these cells in infarcted myocardium have yet to be investigated in detail. Here we
use various approaches to induce acute myocardial injury and deliver transgenically marked bone marrow cells to the injured
myocardium. We show that unfractionated bone marrow cells and a purified population of hematopoietic stem and progenitor
cells efficiently engraft within the infarcted myocardium. Engraftment was transient, however, and hematopoietic in nature. In
contrast, bone marrow-derived cardiomyocytes were observed outside the infarcted myocardium at a low frequency and were

derived exclusively through cell fusion.

Hematopoietic stem cells (HSCs) residing in adult bone marrow pos-
sess the unique ability to self-renew and differentiate into multiple
lineages. In humans, HSCs are both necessary and sufficient for the
lifelong regeneration of more than 1 million blood cells per second
(ref. 1). A number of recent studies have suggested that bone marrow
cells or enriched HSCs, upon transplantation into adult recipients,
might also transdifferentiate and contribute to the regeneration of a
variety of nonhematopoietic lineages in multiple organs>®. These
initial findings have provoked extensive follow-up studies; some cast
doubt on the biological significance and even the existence of such
transdifferentiation®~!3, and others suggest alternative mechanisms
for the observed developmental plasticity of transplanted bone mar-
row cells'*18, In parallel, another line of studies has continued to
support and extend the concept of the developmental plasticity of
bone marrow—derived cells!®-2>. The reported ability of bone marrow
cells to regenerate cardiomyocytes upon transplantation into
infarcted myocardium remains to date unsurpassed, not only with
regard to the level of potential transdifferentiation observed’, but also
in that this regeneration has been suggested to result in improved car-
diac function?®. Based on these studies, but without further evalua-
tion of the functionality and durability of bone marrow—derived
cardiomyocytes, a number of clinical trials have been initiated world-
wide in which patients undergoing acute myocardial infarction have

been transplanted with autologous bone marrow cells?’~2°, Using dif-
ferent acute cardiac injury models, including ischemic myocardial
infarction, we have evaluated the ability of bone marrow cells to
regenerate and sustain reconstitution of cardiomyocytes. Our aim
was to establish in detail the extent and durability of the bone
marrow—derived reconstitution of cardiomyocytes, and the cellular
mechanism responsible for the observed developmental plasticity.

RESULTS

No mobilization of hematopoietic progenitors following infarction
HSCs have recently been shown to migrate continually from bone
marrow into peripheral blood, under steady-state conditions®’. We
thus argued that if transplantation of HSC-enriched bone marrow
cells can restore cardiac function after infarction”?°, myocardial
infarction might itself trigger physiological mechanisms that promote
hematopoietic stem and progenitor cell mobilization. To investigate
this possibility, we examined the peripheral blood of mice which had
undergone myocardial infarction for potential increases in
hematopoietic stem and progenitor cells (Fig. 1). In agreement with
previous studies, steady-state peripheral blood contained low levels of
in vivo reconstituting cells and myeloid progenitors, which increased
considerably upon in vivo treatment with cytokines (Fig. la—c). In
contrast, mice which had undergone left coronary artery (LCA) liga-
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tion or sham operation did not show any increase in peripheral blood
cellularity or progenitor and stem cell activity, as evaluated in vitro
and in vivo (Fig. la—c). This failure to detect hematopoietic stem or
progenitor cell mobilization after LCA ligation was not caused by
trapping of potentially mobilized cells in the infarcted myocardium,
as we did not observe any c-Kit* stem or progenitor cells in the
infarcted myocardium unless they were mobilized with cytokine
treatment (<1 cell per 8-Um section; Fig. 1d). Similarly, analysis of
progenitor cell activity (colony-forming cells) and stem or progenitor
cell (CD34%c¢-Kit*) frequency by FACS did not reveal any trapping of
hematopoietic stem or progenitor cells in the spleen after myocardial
infarction (data not shown).

Engraftment of bone marrow cells in infarcted myocardium

Previous studies had suggested that HSC-enriched (Lin~c-Kit") bone
marrow cells efficiently engraft infarcted myocardium, resulting in
regeneration of cardiomyocytes as early as 9 d after infarction”, but
the durability of this engraftment was not investigated. Ongoing clin-
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Figure 1 Evaluation of hematopoietic stem and progenitor cell mobilization
after myocardial infarction. (a) Contribution of transplanted peripheral blood
from steady state (n = 6), cytokine-mobilized mice (CM; n = 3) or LCA-ligated
mice (5 or 7 d after ligation; n=4 and 3, respectively) to total peripheral blood
cellularity of irradiated recipients 6-8 weeks after transplantation. As a
reference, steady-state peripheral blood was transplanted together with
approximately two purified HSCs (n = 2). (b) Lineage distribution of
reconstituting cells (B, B cell; T, T cell; M, myeloid cell). Contribution to
myeloid lineage is a requisite hallmark of HSC reconstitution. (c) Fold increase
of peripheral blood white blood cells (WBC) and colony-forming cells (CFU-GM)
after cytokine treatment or LCA ligation. Data are from one of three experiments
with similar results. Values are presented as mean + s.e.m. (d) No c-Kit* (red)
cells are observed in infarcted myocardium (left) unless mobilized by treatment
with cytokines (right). Hoechst nuclear stain is in blue. Magnification, x400.

ical trials of bone marrow transplantation into myocardial infarction
patients use unfractionated bone marrow cells?’~%° that include
Lin~c-Kit" hematopoietic stem and progenitor cells”*!. We therefore
transplanted 1 x 106 unfractionated bone marrow cells containing a
GFP transgene under the control of a 3-actin promoter®? (this popu-
lation contains (110,000 Lin—c-Kit" cells and (1100 HSCs; ref. 33) into
infarcted mouse myocardium after LCA ligation (Fig. 2), and investi-
gated the engraftment and fate of those cells. In accordance with Orlic
et al.’, high levels of GFP* cells were detected within the infarcted
myocardium of all mice investigated after 9 d (Fig. 2a,b). However,
the engraftment was sustained only at very low levels after 28 d
(Fig. 2¢). Staining revealed that all of the engrafted GFP™ cells were
positive for the pan-hematopoietic cell surface antigen CD45
(Fig. 2b—e) and negative for cardiac-specific 0-actinin (Fig. 2f-h),
troponin T and connexin-43 (data not shown). At both 9 and 28 d
after infarction, the cells were small and round, a morphology
consistent with that of CD45% hematopoietic cells. We repeated the
analysis on hearts of mice subjected to myocardial damage through

Table 1 Engraftment of mobilized GFP* bone marrow cells into infarcted myocardium

Cardiac lesion

Donor cells

Transgene % BM GFP
Expt? Source marker chimerism nP Procedure
1 WBM B-GFP 76.1+£5.5 4 LCA/Mob
2 WBM B-GFP 76.1+5.5 4 LCA/Mob
3 WBM B-GFP 84.5+4.2 5 Cryo/Mob
4 WBM a-GFP 79.0+2.2 2 LCA/Mob
5 WBM a-GFP 86.5+2.3 5 Cryo/Mob
6 LSKCD45  B-GFP 64.6 £6.2 3 LCA/Mob
7 LSKCD45  B-GFP 64.6£6.2 3 LCA/Mob

% of GFP* cells

Time of % GFP a-actinin™  a-actinin™ Cardiac x40 fields
analysis ~ chimerism CD45* CD45- marker (sections)d
positive®

9d 484 +7.1 99.9 0.1 0 47 (19)
28d 28.6+6.1 99.9 0.1 0 58 (26)
28 d 36.8+3.3 99.8 0.2 0 62 (25)
28d 0 NA NA NA NA (40)
28d 0 NA NA NA NA (25)

9d 59.0+9.5 99.8 0.2 0 10 (10)
28 d 18.2+9.9 99.8 0.2 0 12(12)

2Each experimental approach (combination of transgene, myocardial injury and time of analysis) was repeated at least once with similar results. PNumber of mice in each experiment. SExpression
of cardiac markers (cardiac troponin T, a-actin, connexin-43 and Nkx-2.5) on GFP* cells. Specificity of each marker was confirmed using control antibodies and positive and negative control
tissues (see Methods). INumber of x40 fields (total number of sections screened given in parenthesis) analyzed within the cardiac lesion for GFP chimerism and coexpression of GFP with
a-actinin and CD45. WBM, whole bone marrow cells; LSKCD45, Lin—c-Kit*Sca-1*CD45* cells; B-GFP, GFP under control of B-actin promoter; a-GFP, GFP under control of a-actin promoter;
LCA/Mob, LCA ligation and cytokine mobilization; Cryo/Mob, cryoinjury and cytokine mobilization; NA, not applicable. Values are presented as mean = s.d.
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cryoinjury, and again found high engraftment within the damaged
myocardium of GFPTCD45%a-actinin™ cells that declined in numbers
between 9 and 28 d after infarction (data not shown).

Because other types of bone marrow cells might negatively affect
the ability of hematopoietic stem and progenitor cells to engraft and
transdifferentiate, we next transplanted 2 x 10° purified Lin~c-Kit"
bone marrow cells into the hearts of LCA-ligated mice and evaluated
their engraftment after 9 d (as in ref. 7). Similar to what was observed
after transplantation of whole bone marrow cells, donor GFP* cell
engraftment was extensive at the sites of injection (infarction border
zone and infarcted myocardium). The engrafted cells proved to be
exclusively of the hematopoietic lineage, as they expressed CD45
(100%) as well as the specific myeloid blood lineage marker Gr-
1/Mac-1 (99%), but never the cardiac markers 0-actinin, troponin T,
connexin-43 or Nkx-2.5 (Supplementary Table 1 online).

Engraftment in infarcted myocardium after mobilization

We next applied a noninvasive and highly efficient technique to
deliver hematopoietic stem and progenitor cells to the infarcted
myocardium. The physiological migration of bone marrow
hematopoietic stem and progenitor cells into peripheral blood and
peripheral sites®® can be markedly enhanced by administering
hematopoietic cytokines®*. This procedure, which has few side
effects, is used routinely in the clinic to mobilize stem and progenitor
cells to peripheral blood in HSC transplant donors®®, and recent
studies have suggested that the technique might also be an efficient
way to repair infarcted myocardium?®. To specifically investigate the
potential contribution of mobilized bone marrow cells to cardiomy-
ocyte regeneration, we first generated mice chimeric for GFP* bone
marrow by transplanting lethally irradiated (bone marrow ablated)
lacZ-transgenic®® Rosa26 mice with whole bone marrow cells or
purified Linc-Kit*Sca-17CD45" (LSKCD45%) HSCs (ref. 6) from
mice transgenic for GFP under the control of

a B-actin promoter32. Four weeks after trans-

plantation, blood cells were confirmed tobe Q@

predominantly derived from transplanted
GFP™ cells (experiments 1 and 2 in Table 1)
and contributed to all blood cell lineages (B
cells, 49%; T cells, 16%; myeloid cells, 22%).
Six weeks after transplantation, LCA ligation
and treatment of the mice with cytokines
(Fig. 3a) resulted in high and prolonged lev-
els of hematopoietic stem and progenitor

Figure 2 Direct transplantation and engraftment
of B-actin/GFP-transgenic bone marrow cells into
infarcted myocardium. (a) Engraftment of GFP*
cells (green, indicated by arrows) predominantly
within infarcted myocardium (IM) rather than
viable myocardium (VM), 9 d after infarction and
transplantation. (b) GFP* cells in region boxed in
a expressed CD45 (red; inset). EP, epicardium;

EN, endocardium. (c) Reduced engraftment of
GFP* cells on day 28; GFP* cells still expressed
CD45 (inset). (d—f) Engrafted bone
marrow—derived cells in infarcted myocardium
expressed GFP (d) and CD45 (blue; e), but not
a-actinin (red; f). (g) Merger of images in d—f.
(h) Positive control for a-actinin staining in viable
myocardium. Panels show representative images
from six mice on day 9 and nine mice on day 28
after transplantation. Magnification, x20 (a),
x120 (b,c), x200 (d-h) or x500 (insets in b,c).

cells in peripheral blood. Nine days after infarction, high levels of
GFP™ cells were observed within the infarcted myocardium (Fig. 3b
and Table 1), whereas very limited engraftment was observed within
the uninjured, viable part of the heart and the infarction border
zone. GFP* cells within the infarcted myocardium had a morphology
resembling that of hematopoietic cells, rather than cardiomyocytes,
and >99% expressed CD45 but did not express 0-actinin, troponin T
or Nkx-2.5 (Fig. 3b and Table 1). In further support of their
hematopoietic nature, the engrafting GFPTCD45% cells also
expressed markers specific for myeloid cells (Gr-1/Mac-1, 80%),
T cells (CD4/CD8, 17%) or B cells (B220, 5%; Supplementary Fig. 1
online). The initial engraftment of GFP* cells on day 9 decreased but
remained high in the infarcted myocardium on day 28 (Fig. 3¢ and
Table 1), and virtually all GFP* cells continued to express CD45
(Fig. 3c) but did not express a-actinin (Fig. 3d), troponin T or
Nkx-2.5 (Table 1). Similar data were obtained after cryoinduced
myocardial injury (Table 1).

In four experiments (n = 21), we treated mice with cytokines
before, rather than only after, infarction. In these experiments,
cytokine mobilization of mice transplanted with whole bone marrow
was initiated 2 d before LCA ligation and continued for 5 d afterward.
The results were similar to those obtained when mobilizing only after
the infarction (data not shown).

The typical difference in morphology between engrafted GFP™* cells
and native cardiomyocytes was corroborated at the single-cell level
after dissociation with Langendorf perfusion on day 28 (Fig. 3e).
GFP* cells were small and round, whereas native cardiomyocytes had
a typical rod shape and cross-striation.

Further evidence that mobilized bone marrow—derived cells could
not adapt a cardiomyocyte fate was obtained by transplanting
lethally irradiated wild-type mice with bone marrow cells from mice
expressing GFP under the control of the muscle-specific a-actin
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promoter?”. After myocardial infarction and cytokine-induced
mobilization, we examined the hearts of recipients for potential
regeneration with GFP* cardiomyocytes. In a total of 54 sections
analyzed from seven hearts, we observed no cells within the infarcted
myocardium that had the high GFP expression levels observed in all
cardiomyocytes from O-actin/GFP-transgenic mice (Table 1 and
Supplementary Fig. 2 online). However, large numbers of small,
round GFPICD45% cells were observed in the infarcted
myocardium, indicating engraftment of the mobilized a-actin/GFP-
transgenic bone marrow cells. The low levels of GFP observed in
these CD45% cells (most likely caused by promoter leakiness) were
comparable to those observed in the peripheral blood and bone
marrow of the 0t-actin/GFP-transgenic mice.

Fusion of bone marrow-derived cells with cardiomyocytes

Cytokine-mobilized bone marrow cells (derived from GFP-
transgenic whole bone marrow or purified LSKCD45* cells) engraft-
ing within the myocardial infarction did not acquire a cardiomyocyte
morphology or phenotype. However, a low frequency of distinct

ARTICLES

GFP* cells with characteristic cardiomyocyte morphology, including
cross-striation, was observed outside or in the border zone of the
myocardial infarction. GFP expression by these cells was confirmed
by staining with GFP-specific antibodies (Fig. 4a), and their car-
diomyocyte identity was further confirmed by their expression of
o-actinin (Fig. 4b), a-actin (Fig. 4c), cardiac troponin T (Fig. 4d) and
connexin-43 (Fig. 4e), as well as their lack of expression of CD45
(Fig. 4f). Although they were rare, multiple GFP* cardiomyocytes
were identified in all infarcted mice analyzed on day 28, representing
0.75% of all GFP* cells and 0.0065% of all cardiomyocytes in mice
reconstituted with whole bone marrow cells. Similar frequencies were
observed in the bone marrow of mice reconstituted with whole bone
marrow cells and purified LSKCD45* cells.

Because the mobilized bone marrow cells were GFP* and the
endogenous cardiomyocytes carried the lacZ transgene, we were
able to address whether GFP* cardiomyocytes were derived through
cell fusion rather than transdifferentiation. Notably, whereas con-
trol X-gal staining of cardiomyocytes from B-actin/GFP-transgenic
donor mice was negative, all GFP* cardiomyocytes in the infarcted

Rosa26 mice, which were reconstituted with
whole bone marrow cells or purified

LSKCD45" cells, were positive for X-gal
staining (Fig. 5a—d). Confocal microscopy
detected the X-gal precipitate within the
cytoplasm of the GFP* cardiomyocytes (Fig.
5e and Supplementary Fig. 3 online), indi-
cating conclusively that they were generated
through fusion rather than transdifferentia-

= tion. In addition, bone marrow—derived car-
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diomyocytes were typically binucleated
when stained with Hoechst 33342 (Fig. 5f).
In contrast to bone marrow—reconstituted
mice, we did not observe any bone mar-
row—derived cardiomyocytes in mice in
which whole bone marrow cells or Lin~c-
Kit" cells were transplanted directly into the
infarcted myocardium (J.M.N., unpub-
lished observations).

Figure 3 Engraftment of cytokine-mobilized
B-actin/GFP-transgenic bone marrow cells in
infarcted myocardium. (a) Left, experimental
design. Small arrows indicate cytokine
injections. Right, typical heart 9 d after LCA
ligation, stained with picric acid and Sirius red to
assess collagen content (red) in injured (IM) and
viable (VM) myocardium. (b) Infarcted
ventricular myocardium after 9 d (left), with
engrafting GFP* cells (green; middle) expressing
CDA45 (red; right). Inset shows merger of middle
and right images of boxed region. (c) Reduced
but sustained engraftment of GFP*CD45* cells
after 28 d, analyzed as in b. (d) Expression of
a-actinin (red) in surviving endogenous (GFP~)
cardiomyocytes but not in bone marrow—derived
(GFP*) cells in infarcted myocardium (left) and
infarct border zone (right). (e) Isolated cells
obtained by Langendorf perfusion 28 d after
infarction. Viability of dissociated cells was
confirmed by propidium iodide (red) staining.
Magnification, x50 (b and c, left), x80 (b and c,
middle and right), x200 (d), x320 (e) or x400
(insets in b,c).
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Figure 4 Bone marrow—derived GFP*
cardiomyocytes in viable myocardium. Data
were obtained 28 d after LCA ligation and
cytokine mobilization of Rosa26 mice
reconstituted with whole bone marrow cells
transgenic for B-actin/GFP. (a) Candidate
cardiomyocyte stained positively with GFP-
specific antibodies (red) and exhibited GFP
fluorescence (green). (b—e) Cardiomyocytes in
viable myocardium were positive for a-actinin
(red; b), a-actin (red; c), cardiac troponin T
(red; d), and gap junction protein connexin-43
(red; e; indicated by arrowheads). Right panels
in b—e show merger with GFP fluorescence
(green). (f) No expression of panhematopoietic
marker CD45 (blue) was observed on GFP*
cardiomyocytes (green). Arrow indicates donor-
derived (GFP*) CD45* hematopoietic cell;
arrowheads indicate endogenous (GFP~) CD45*
cells along the GFP* cardiomyocyte.
Magnification is x160 in all panels. Images
were acquired using confocal microscopy.

DISCUSSION

Our studies confirmed the ability of bone
marrow—derived hematopoietic cells to
engraft when transplanted directly into the
hearts of mice subjected to acute myocardial
infarction. In agreement with Orlic et al.”, we
found that the engraftment was highly selec-
tive for the damaged myocardium. But whereas Orlic et al. investi-
gated reconstitution only 9 d after transplantation’, we observed that
most of the engraftment within the myocardial infarction was lost by
day 28. Unexpectedly, both 9 and 28 d after transplantation, all
engrafted bone marrow—derived cells within the injured
myocardium, whether they were derived from whole bone marrow or
purified Lin~c-Kit* cells, expressed the pan-hematopoietic marker
CD45, coexpressed myeloid blood lineage markers (Gr-1/Mac-1),
failed to express cardiac-specific markers, and displayed a cell mor-

phology typical of blood cells rather than cardiomyocytes. These data
show that hematopoietic cells, rather than cardiomyocytes, accounted
for the transient engraftment observed after direct transplantation of

bone marrow—derived cells into infarcted myocardium. The data are

in agreement with our earlier findings of scar formation in mice’®,

which points to an invasion by inflammatory cells and their disap-
pearance toward the end of this process.

We also investigated the potential of bone marrow cells to engraft as
cardiomyocytes after cytokine mobilization of GFP-transgenic bone

Figure 5 Fusion of bone marrow—derived cells
with cardiomyocytes in viable myocardium, 28 d
after LCA ligation and cytokine mobilization of
Rosa26 (lacZ-transgenic) mice reconstituted
with whole B-actin/GFP-transgenic bone marrow
cells. (a) a-actinin-positive cardiomyocytes (red)
in the infarct border zone and viable myocardium
(VM). Strong but unspecific staining was
observed within the scar tissue (ST). (b) CD45*
(blue) cells in scar tissue. (c,d) Cardiomyocyte in
viable myocardium, positive for GFP (c; green;
merger of a and b) and X-gal (d). X-gal staining of
Rosa26 cardiomyocytes gives strong blue
punctuate staining in addition to weaker blue
staining of the whole muscle fiber. (e) Confocal
three-dimensional view showing X-gal precipitate
(arrow, inset) surrounded by GFP* cytoplasm in
all dimensions (see also Supplementary Fig. 3
online). (f) GFP* cardiomyocytes in longitudinal
sections were binucleated when stained with
Hoechst 33342 (blue). Magnification, x160
(a—e) or x200 (f). Images were acquired using
confocal (a—c,e), transmission light (d) or
fluorescence (f) microscopy.
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marrow cells (derived from whole bone marrow cells or purified
HSCs) into peripheral blood and the infarcted myocardium. Although
cytokine treatment resulted in higher and more sustained levels of
engraftment of bone marrow—derived cells in the infarcted
myocardium, the engrafted cells, like those observed after direct injec-
tion, retained their hematopoietic identity and no evidence of bone
marrow—derived cardiomyocytes was observed within the infarcted
myocardium. These data suggest that the enhanced survival and
improved cardiac function observed after bone marrow mobilization
of infarcted mice?® is not likely to be mediated by transdifferentiation
of bone marrow cells into cardiomyocytes.

In contrast to what we observed within the infarcted myocardium,
after cytokine mobilization we consistently observed a very low num-
ber of bone marrow—derived GFP* cardiomyocytes outside the infarc-
tion area. These cells had a morphology typical of cardiomyocytes,
expressed a number of cardiomyocyte-specific markers and lacked
expression of CD45, strongly supporting their identity as cardiomy-
ocytes. Using different transgenic marker genes in the transplanted
bone marrow cells and in the infarcted myocardium, we showed that
these cardiomyocytes were derived not from transdifferentiation of
bone marrow cells, as had been suggested in previous studies using
ischemic and non-ischemic cardiac injury models®*°, but from cell
fusion. Our findings that bone marrow—derived cardiomyocytes were
observed only at a low frequency and were generated through cell
fusion provides an explanation for why we and others® had not
observed bone marrow—derived cardiomyocytes within the infarcted
myocardium, where few or no intact cardiomyocytes are available as
targets for fusion. Notably, whereas bone marrow—derived cardiomy-
ocytes were observed in mice whose bone marrow had been reconsti-
tuted with whole bone marrow cells or purified HSCs before
infarction, they were not observed in mice in which bone marrow cells
were transplanted directly into the infarcted myocardium. This differ-
ence could be explained by the delivery of greater numbers of bone
marrow cells to the infarcted myocardium in the reconstituted mice,
or by more sustained or optimal delivery of these cells. It could also,
however, be a consequence of the bone marrow transplantation proce-
dure or the conditioning procedure used before transplantation.

A low frequency of cell fusion in vivo has also been reported between
bone marrow cells and hepatocytes'®!7, suggesting that cell fusion
events involving bone marrow—derived cells might occur commonly
after different types of tissue damage. Recent studies suggest that bone
marrow—derived cells can fuse with cardiomyocytes'® in noninjury
models, and that progenitors isolated from the myocardium can gener-
ate new cardiomyocytes through cell differentiation as well as fusion?.
But considering the low frequency of these events, in those studies and
ours, and the apparent inability of cardiomyocytes generated by cell
fusion to expand—solitary fused cardiomyocytes were typically
observed in our studies (J.M.N., unpublished observations)—we feel
that it is unlikely that generation of cardiomyocytes by cell fusion could
significantly improve cardiac function after myocardial infarction.
However, the functional consequences (positive or negative) of bone
marrow—derived cardiomyocyte fusion need to be investigated in more
detail, particularly in light of recent reports of adverse effects after bone
marrow transplantation of myocardial infarction patients*142,

Our studies focused on the reported ability of hematopoietic stem
or progenitor cells to form cardiomyocytes through transdifferentia-
tion, as this ability is the experimental basis for ongoing clinical bone
marrow transplantation trials in myocardial infarction patients.
Although beyond the scope of our studies, bone marrow transplanta-
tion could potentially contribute to endogenous cardiomyocyte repair
through other mechanisms. Although inspection of the infarcted
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hearts did not reveal signs of substantial endogenous repair after
transplantation of bone marrow—derived cells (J.M.N., unpublished
observations), the well-known variation in infarct size in rodents after
LCA occlusion would not have allowed us to detect limited endoge-
nous repair. Clearly, other models will be required to carefully address
the role of endogenous repair after bone marrow transplantation.

Because bone marrow—derived HSCs continually migrate into
peripheral blood, and because this process can be enhanced by soluble
factors®4, it would seem natural that such signals would be upregulated
in response to acute tissue damage if hematopoietic cells had a role in
the normal repair process. Although we used highly sensitive methods,
such as competitive in vivo reconstitution assays, in vitro colony-
forming assays and FACS analysis, to detect low levels of mobilized
hematopoietic stem and progenitor cells, we did not observe any
hematopoietic stem-progenitor cell mobilization in response to acute
myocardial infarction. We also found no evidence for trapping of stem
and progenitor cells in the damaged myocardium or spleen of
infarcted mice. However, because previous studies had implicated
bone marrow—derived hematopoietic stem or progenitor cells as a
source of transdifferentiated cardiomyocytes”®, we investigated
infarcted mice only for potential mobilization of progenitors of the
hematopoietic lineage. Thus, ischemic myocardial injury might elicit
signals that mobilize nonhematopoietic progenitors from the bone
marrow—particularly endothelial progenitors, as previously shown*3.

Our results are in agreement with two recent reports (published
online while our manuscript was under review) that transplanted
hematopoietic cells are unable to transdifferentiate into cardiomy-
ocytes after myocardial infarction*#*>. Our studies extend these find-
ings in several ways. First, in addition to using purified hematopoietic
stem cells, we also transplanted unfractionated bone marrow—derived
cells into the infarcted myocardium, similar to the procedure used in
ongoing clinical trials*~2°. We found no evidence for the generation
of cardiomyocytes in the infarcted region of the myocardium with
either type of cell population. Second, we extended the observation
that bone marrow—derived cardiomyocytes can be found at low fre-
quency outside the infarcted myocardium*® by demonstrating that
such cardiomyocytes are generated through cell fusion rather than
transdifferentiation. Finally, we showed that the reported improve-
ment in cardiac function after cytokine mobilization” is unlikely to be
the result of generation of bone marrow—derived cardiomyocytes.

In conclusion, although high levels of engraftment of hematopoietic
cells were achieved in the ischemic myocardium, this engraftment was
transient and entirely hematopoietic, and no bone marrow—derived
cardiomyocytes were observed in the damaged myocardium. In
contrast, very low levels of cardiomyocytes derived from fusion with
bone marrow—derived cells were observed outside the infarction area.
Our findings challenge some of the experimental bases for the ongoing
extensive clinical bone marrow transplantation trials of myocardial
infarction patients?’~%%, as these trials were initiated largely on the
assumption that bone marrow—derived cells generate high levels of
cardiomyocytes through transdifferentiation”°.

METHODS

Mice. We used mice transgenic for GFP (driven by the B-actin®? or a-actin’’
promoters) and lacZ (Rosa26; ref. 36) on a C57Bl/6 background. All mice were
given sterile food and autoclaved acidified water, and housed under pathogen-
free conditions. All experiments were approved by the ethical committees at
Lund and Cologne Universities.

Bone marrow and HSC isolation. Bone marrow cells were isolated, and Lin™c-
Kit* and Lin7c-Kit"Sca-1"CD34~ HSCs were purified as previously
described®!. In some experiments, Lin—c-Kit*Sca-1*CD45* HSCs® were sorted
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to show that the cardiomyocytes derived through fusion with bone
marrow—derived cells were of hematopoietic (CD45%) origin.

Surgical procedures. Surgical procedures were performed as previously
described*®. Myocardial infarctions were generated by ligation of the LCA or
through cryoinduced injury. Control (sham-operated) mice underwent the
same surgical procedure, but without injury induction.

Phenotypic and morphological evaluation. Hearts were subjected to
Langendorf dissociation or in situ perfusion, post-fixation at 4 °C with
Stefanini solution, equilibration in 20% sucrose and cryosectioning (8-30 pm).
Sections were permeabilized and stained with X-gal® (Rosa26 recipients)
and/or stained with primary antibodies to CD45 (Neomarkers), c-Kit (Santa
Cruz Biotechnology), 0i-actinin (Sigma), a-actin (Sigma), cardiac troponin T
(Neomarkers), connexin-43 (BioTrend), Nkx-2.5 (Santa Cruz Biotechnology),
hematopoietic lineage markers (CD4, CD8, B220, Gr-1 and Mac-1; all from
PharMingen) and GFP (Chemicon). Primary antibodies were visualized with
secondary antibodies conjugated to Cy3 and Cy5 (Jackson ImmunoResearch
Laboratories), Alexa Fluor 555 (Molecular Probes) or Texas red (Jackson
ImmunoResearch Laboratories). Finally, sections were stained with Hoechst
33342 (Sigma). For picric acid and Sirius red staining, sections were incubated
with 0.1% Direct Red 80 (Sigma) in aqueous picric acid (Sigma; pH 2.0),
washed in 0.01 M HCl and dehydrated before mounting. Staining with control
antibodies, as well as staining of negative and positive control tissues, was done
to verify the specificity of all antibodies and the X-gal staining. Cardiac-specific
antibodies were titrated on viable myocardium from untreated adult mice, with
the exception of Nkx-2.5, which was titrated on heart tissue from embryonic
day 9.5. Hematopoietic marker—specific antibodies were titrated on samples
from bone marrow and spleen. Images were taken using fluorescence
(Olympus) or confocal (Leica) microscopy. Frequency of donor-derived
cardiomyocytes was determined as previously described®. All data were
independently confirmed by at least two investigators, and investigators from
both the Lund and Cologne laboratories confirmed key data independently.

Mobilization of hematopoietic progenitors after myocardial infarction. For
evaluation of potential HSC mobilization from bone marrow to peripheral
blood in response to myocardial infarction, peripheral blood cells were col-
lected from C57Bl/6 mice (CD45.2%) in steady state, 5 and 7 d after LCA liga-
tion and 6 d after cytokine mobilization (see below). For all groups, 250 pl
peripheral blood cells were transplanted into each lethally irradiated (925 rad)
C57Bl/6  congenic  (CD45.1*CD45.2%)  recipient, together  with
150,000-200,000 unfractionated bone marrow competitor cells (CD45.1%).
For each donor, peripheral blood was transplanted into one recipient. The
activity of 20 purified Lin~c-Kit"Sca-17CD34~ bone marrow cells*?, contain-
ing approximately two HSCs, transplanted together with 250 pl of steady-state
peripheral blood, was used as a reference. Hematopoietic reconstitution and
blood cell lineage distribution was evaluated in peripheral blood 3 and
6-8 weeks after transplantation by flow cytometry (FACSCalibur, Becton
Dickinson) of donor-derived (CD45.2%) and competitor-derived (CD45.1%)
reconstitution, as previously described®!. Peripheral blood cellularity was
measured on a Sysmex Kx 21N (Sysmex), and peripheral blood progenitor
colony-forming activity (colony-forming unit granulocyte/macrophage) was
determined using semisolid clonogenic assays*’. Only colonies with >50 cells
were scored.

Bone marrow transplantation of infarcted mice. Myocardial injuries were
induced through LCA ligation or cryoinjury as described above. GFP* whole
bone marrow cells (1.0 X 10°) or Lin~c-Kit" cells (2 % 10°) were transplanted,
through two 2.5-pl injections, into the injured myocardium and the bordering
viable myocardium immediately after injury induction. The infarcted area was
identified by the abrupt change in color. Hearts were collected after 9 or 28 d.

Generation of bone marrow—chimeric mice. Whole bone marrow cells
(3 % 10°) or Lin~c-Kit*Sca-17CD45* cells (3,000) from GFP-transgenic (under
control of B-actin or O-actin promoter) mice were transplanted into lethally
irradiated (925 rad) wild-type C57Bl/6 or Rosa26 recipients. Hematopoietic
reconstitution was evaluated in peripheral blood 4—6 weeks after transplanta-
tion as described above.

Cytokine mobilization after myocardial injury. Wild-type or Rosa26 mice
with GFP* multilineage hematopoietic chimerism >60% underwent myocar-
dial injury, as described above. Bone marrow cells were mobilized to the
peripheral blood by five daily injections (starting 1 h after or 2 d before injury
induction; 5 pg/mouse/d) of recombinant human Flt-3 ligand and recombi-
nant mouse granulocyte/macrophage colony-stimulating factor (gifts of
Immunex). Hearts were collected after 9 or 28 d.

Note: Supplementary information is available on the Nature Medicine website.
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