
Clinical/Translational Research

Fetal Cells Traffic to Injured Maternal Myocardium and
Undergo Cardiac Differentiation
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Rationale: Fetal cells enter the maternal circulation during pregnancy and may persist in maternal tissue for
decades as microchimeras.

Objective: Based on clinical observations of peripartum cardiomyopathy patients and the high rate of recovery
they experience from heart failure, our objective was to determine whether fetal cells can migrate to the maternal
heart and differentiate to cardiac cells.

Methods and Results: We report that fetal cells selectively home to injured maternal hearts and undergo
differentiation into diverse cardiac lineages. Using enhanced green fluorescent protein (eGFP)-tagged fetuses, we
demonstrate engraftment of multipotent fetal cells in injury zones of maternal hearts. In vivo, eGFP� fetal cells
form endothelial cells, smooth muscle cells, and cardiomyocytes. In vitro, fetal cells isolated from maternal hearts
recapitulate these differentiation pathways, additionally forming vascular tubes and beating cardiomyocytes in
a fusion-independent manner; �40% of fetal cells in the maternal heart express Caudal-related homeobox2
(Cdx2), previously associated with trophoblast stem cells, thought to solely form placenta.

Conclusions: Fetal maternal stem cell transfer appears to be a critical mechanism in the maternal response to
cardiac injury. Furthermore, we have identified Cdx2 cells as a novel cell type for potential use in cardiovascular
regenerative therapy. (Circ Res. 2012;110:82-93.)
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Microchimerism results when two genetically disparate
populations of cells appear in the same tissue, organ, or

individual.1 This can be due to transfusion of blood products,
organ transplantation, or pregnancy. In this study, we refer to
microchimerism derived from the bidirectional trafficking
and stable long-term persistence of allogeneic fetal cells in
the maternal host, a phenomenon that is common to many
Eutheria.1 Microchimeric cells can modify immunologic
recognition or tolerance, affect the course and outcome of
various diseases, and demonstrate stem cell–like or regener-
ative properties.2

Fetal-maternal transfer of nucleated cells during pregnancy
is a common phenomenon involving multiple cell types, some
possessing multilineage potential,3,4 and these cells appear
transiently or persist for decades after delivery in some
women.5 The long-term survival of fetal CD34� hematopoi-
etic stem/progenitor cells, CD34� and CD38� lymphoid
progenitors, CD3� and CD14� mononuclear cells, CD19�
and IgM� B lymphocyte precursor cells, CD45� cells,

desmin� and mesenchymal stem cells have been reported in
maternal blood and tissues.3,5–11 Fetal chimeric progenitor
cells have been found in rodent brain,12 and additionally, fetal
cells with regenerative potential have been found in brain,
liver, kidney, and lung injuries.13–15 Fetal cells have also been
found to participate in maternal neoangiogenesis during
pregnancy at sites of skin inflammation.16

To our knowledge, the phenomenon of fetal maternal stem
cell transfer has never been explored in the realm of acute
cardiac disease. One group has reported that cells of male
fetus origin could be found in explanted hearts of 2 women
with idiopathic dilated cardiomyopathy many years after a
previous pregnancy.17 This observational study did not deter-
mine whether the fetal cells contributed to the development of
cardiomyopathy or if their presence represented an attempt at
cardiac regeneration. Peripartum cardiomyopathy is known to
have the highest recovery rate among all etiologies of heart
failure.18 These clinical observations have led us to hypoth-
esize that fetal or placental cells that enter the maternal
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circulation may be recruited to the sites of myocardial disease
or injury to assist in repair. Identification of the cell types
implicated in this process could lead to the development of
novel cell therapies for a broader spectrum of cardiovascular
disease states. Furthermore, significant controversy exists in
the field of stem cell biology as to whether a variety of stem
cell types other than embryonic stem (ES) cells, can give rise
to beating cardiomyocytes. Our study illustrates that experi-
mental myocardial injury, induced in a pregnant mouse,
triggers the flux of fetal cells via the maternal circulation into
the injured heart where they undergo differentiation into
diverse cardiac cell fates. Fetal cells isolated from the
maternal heart undergo clonal expansion and can differen-
tiate into beating cardiomyocytes in vitro. A significant
proportion of the fetal cells homing to the heart express
Caudal-related homeobox2 (Cdx2),19,20 suggesting for the
first time, that trophoblast stem cells are deserving of
further investigations for their potential role in organ
repair after acute injury.

Methods
An expanded Methods section is available in the Data Supplement at
http://circres.ahajournals.org.

Animal Studies
Wild-type (WT) B6CBA virgin female mice and enhanced green
fluorescent protein (eGPF) transgenic male mice (C57BL/
6tg(ACTbeGFP)10sb/J from Jackson Laboratories) were mated and
pregnant females subjected to midgestation cardiac injury. All
animal care was in compliance with the Guide for the Care and Use
of Laboratory Animals by the US National Institutes of Health, and
institutional guidelines at Mount Sinai School of Medicine.

DNA Extraction
Total DNA was prepared from cells/tissues using the Dneasy mini kit
according to manufacturer’s instructions (Qiagen, Valencia, CA).

RNA Extraction
Total RNA was extracted from cells/tissue using the Rneasy micro
kit (Qiagen, Valencia, CA). cDNA was reverse transcribed from
RNA using the SensiScript RT kit (Qiagen, Valencia, CA).

Real-Time Quantitative PCR
Quantitative PCR reactions were performed (SYBR Green Super-
mix, Biorad, Hercules, CA), using either DNA or cDNA, on the iQ5
Real-Time PCR Detection System (Bio-Rad, Hercules, CA). Fold
changes in gene expression were determined using the ��Ct method
with normalization to either ApoB or GAPDH endogenous controls.
Absolute cell numbers for eGFP cells homing to maternal hearts
were also assessed.

Immunofluorescence
Maternal heart ventricular sections were fixed and incubated with
primary antibody for 1 hour at room temperature, followed by
secondary antibody for 1 hour at room temperature and counter-
stained with DAPI. Sections were then incubated with Sudan black
(0.7–70% EtOH) and cover-slipped. See full list of antibodies in
Online Supplement Material. Fluorescence in situ hybridization was
performed with mouse DNA probes for chromosomes X and Y (see
Online Supplement Material for details).

Fluorescence Activated Cell Sorting
Cardiac and skeletal muscle tissue was digested with pronase;
solution was filtered through a 70-�m mesh filter to remove residual
tissue and underwent several spin cycles to obtain a cell suspension.
Cells were sorted utilizing a MoFlo high speed cell sorter (Dako
Cytomation, Carpinteria CA). Both eGFP� (cells of fetal origin) and
eGFP� (cells of maternal origin) populations were collected.
Data analysis was performed using FlowJo Software (Treestart,
Ashland, OR). Analysis of specific cell markers on previously
sorted eGFP� cells was performed with the use of the BD LSR
II (BD Biosciences, San Jose, CA). See Online Supplement
Material for full antibody list.

Cell Culture
The sorted eGFP� fetal cells were cultured on cardiac mesenchymal
feeders (CMFs) and on neonatal cardiomyocytes. Live cell imaging
was performed using an Olympus IX-70 Live cell imaging system
(Olympus, Center Valley, PA).

Data Analysis
Statistical analysis was performed with the Student’s t test.

Results
Fetal Cells Home to and Engraft in Injured
Maternal Myocardium
WT virgin female mice, age 3– 6 months, were crossed
with heterozygous eGFP transgenic male mice. The female
mice underwent ligation of the left anterior descending
artery in order to induce an anterolateral myocardial
infarction (MI) at gestation day 12 (Figure 1A). Consistent
with our previous work, this results in approximately 50%
left ventricular infarction.21 In accordance with Mendelian
autosomal inheritance, approximately 50% of embryos
were eGFP�.

Initially, we quantified eGFP expression in injured mater-
nal hearts relative to sham-operated pregnant mice and
controls in which no injury was induced. Postpartum females
were euthanized at 1 or 2 weeks after MI. Total DNA was
extracted from each total heart and eGFP expression
analyzed22 (Figure 1B). Infarcted hearts harvested at 1

Non-standard Abbreviations and Acronyms

�-sarc alpha-sarcomeric actin

�-SMA alpha-smooth muscle actin

Cdx2 Caudal-related homeobox2

CMFs cardiac mesenchymal feeders

cTnT cardiac troponin T

Cx43 connexin 43

eGFP enhanced green fluorescent protein

ES embryonic stem

FACS fluorescence activated cell sorting

MI myocardial infarction

TS trophoblast stem

VE-cad VE-Cadherin

WT wild-type
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week after MI contained 120 times more eGFP than
controls (P�0.0003) and 20 times more eGFP than shams
(P�0.0027). Infarcted hearts harvested at 2 weeks after MI
contained 12 times more eGFP than controls (P�0.0001) and
8 times more eGFP than shams (P�0.0001) (Figure 1C). The
absolute numbers of eGFP cells in control, sham-operated,
and MI hearts were also computed based on quantitative PCR
(Online Table I), and 1.7% of the total heart at 2 weeks after
injury was composed of eGFP cells.

Fetal Cells Adopt Diverse Cardiac Lineages
In Vivo
In a separate group of infarcted and control mice, immuno-
fluorescence analysis with confocal microscopy was utilized
to detect eGFP� cells in ventricular tissue sections of
maternal hearts at various time points subsequent to myocar-
dial injury (Figure 1B and 1D). EGFP� cells were noted in
infarct zones and peri-infarct zones of infarcted maternal
hearts at 1, 2, 3, or 4 weeks after MI (Figure 1D and Online
Table II, A). Negligible numbers of eGFP cells were noted in
noninfarct zones of the infarcted maternal hearts (Online
Table II, B). We further sought to determine whether the
eGFP� cells were differentiating into more mature cardiac
cells as we noted a decrease in nuclear to cytoplasmic ratio
with an increase in postinjury time (Figure 1D). At 3 and 4
weeks after MI, eGFP� cells observed in the infarct zones of
maternal hearts also expressed markers of cardiomyocytes
(�-sarcomeric actin and �-actinin), smooth muscle cells
(�-smooth muscle actin), and endothelial cells (CD31 and
VE-cadherin) (Figure 2A). At 3 weeks after MI, 50% of all
eGFP-positive nuclei belonged to cells that also stained

positive for �-actinin, implying that 50% of eGFP cells
homing to the heart may have differentiated to cardiomyo-
cytes (Online Table II, C). These results suggest that fetal
cells differentiated into diverse lineages within maternal
cardiac tissue.

Spectral profiles were obtained from paraffin-embedded
ventricular tissue sections of infarcted maternal hearts. This
measure was taken, in addition to the use of Sudan black, to
ensure that native autofluorescence of cardiomyocytes was
not affecting fluorescence images. A representative section is
depicted in Figure 2B, and the mean intensities of the spectral
scans for this section are plotted versus wavelength in
Figure 2C. The mean intensities of the sample regions are
significantly higher than the mean intensities of the control
regions.

Fetal Cells Isolated From Injured Maternal Hearts
Differentiate to Endothelial Cells, Smooth Muscle
Cells, and Spontaneously Beating Cardiomyocytes
In Vitro
We next used fluorescence activated cell sorting (FACS) to
isolate fetal eGFP� cells that had homed to maternal
hearts and analyzed their in vitro behavior. When plated on
CMFs, we noted clonal expansion of the fetal cells (Figure
3A), their differentiation into smooth muscle cells (Figure
3B) and endothelial cells (Figure 3B), and the formation of
vascular structures (Figure 3A and 3C). Other unidentified
cellular phenotypes were also observed in these in vitro
experiments with CMFs (data not shown). Because we did
not observe differentiation of fetal cells into cardiomyo-
cytes on CMFs, we used cardiomyocytes isolated from
neonatal cyclin A2 transgenic mice21 as feeders. When

Figure 1. Experimental model and
tracking of eGFP� fetal cells in mater-
nal heart. A, Schematic of the experi-
mental protocol. B, Mice were killed at
several time points for molecular and cel-
lular analyses to track eGFP� cells in
maternal hearts and to assess their differ-
entiation pathways. C, Quantitative PCR
demonstrates significantly greater levels
of eGFP expression in pregnant mice
subjected to cardiac injury (1 wk �
120.0�17.0; 2 wks � 12.0�1.6; n�3)
compared with shams (1 wk � 6.0�1.7; 2
wks � 1.6�0.4; n�3) and noninfarcted
controls (1 wk � 1.0�0.6; 2 wks �
1.0�0.7; n�3). Error bars are SEM. D,
Ventricular sections from maternal hearts
analyzed at 1, 2, 3, and 4 wks postinjury
illustrate eGFP� cells engrafting within
infarct and periinfarct zones. Fetal cells
are positive for eGFP (bright green), nuclei
are stained with DAPI, and light green
background fluorescence is noted in
maternal cardiomyocytes.
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plated on these feeders with standard medium consisting of
DMEM supplemented with FBS, the isolated eGFP� fetal
cells differentiated into spontaneously beating cardiomyo-
cytes (�48 bpm, Figure 3D and Online Supplement
Movies SI, SIA, Movie Still Image SIB, and Movies SII
and SIII). The resulting lineages also expressed cardiac
troponin T (Figure 3E). Further analysis of eGFP� fetal
cells cultured for 5 weeks in chamber slides indicated
expression of the gap junction marker connexin 43 (Figure
3E). This provides compelling evidence for formation of
electromechanical connections between the cardiomyo-
cytes derived from eGFP� fetal cells and the feeder
cardiomyocytes.

Fetal Cells Exhibit Clonality and Undergo
Cardiac Differentiation in a
Fusion-Independent Manner
Clonal analysis was performed to confirm the “stemness”
of the fetal cells giving rise to cardiac cells (Figure 4A).
FACS for eGFP� cells was performed and single cells
were seeded in 96-well plates containing WT neonatal
cardiomyocytes as feeders. Clones derived from eGFP�

fetal cells were expanded for 14 days and total clones
counted in each colony. Two 96-well plates were used, and
4 wells in each plate gave rise to colonies after 7 days
(approximately 50% of the wells in each plate contained

Figure 2. Fetal cells differentiate into diverse cardiac lineages after homing to maternal heart. A, In vivo analysis demonstrates
that fetal cells (eGFP�) differentiate into cardiomyocytes expressing �-sarcomeric actin (�-sarc) and �-actinin, smooth muscle cells
expressing �-smooth muscle actin (�-SMA), and endothelial cells expressing CD31 and VE-cadherin (VE-cad). B, Paraffin-embedded
ventricular sections obtained from infarcted hearts of pregnant mice 1 wk after injury; stained with rabbit anti-GFP primary antibody
and donkey anti-rabbit Alexa Fluor 568 secondary antibody. Circled regions represent regions of interest (ROIs) 1–6 that were sub-
jected to spectral scanning. C, Mean intensities of the spectral profiles from ROIs 1–6, where ROI 1, 2, and 6 are control areas and
ROI 3, 4, and 5 represent eGFP� cells.
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viable cells at this time point), yielding an approximate
cloning efficiency of 8.3%.

To mechanistically assess whether fusion rather than dif-
ferentiation was the cause of the appearance of eGFP�

cardiomyocytes in our in vitro assays, we analyzed the
number of nuclei present within our fetal cell-derived cardio-
myocytes and consistently noted that these cardiomyocytes
were mononuclear (Figure 4B). In the first 2 panels of Figure

Figure 3. In vitro behavior of eGFP� cells isolated from maternal hearts. A, In vitro analysis of fetal cells isolated from mater-
nal hearts demonstrates clonal expansion on CMFs. 14 days after plating, vascular tube formation is noted in a 3-dimensional
collagen matrix. B, Fetal cells isolated from maternal hearts and plated on CMFs undergo differentiation into smooth muscle cells (�-SMA)
and endothelial cells (CD31). C, Vascular tube formation is noted from fetal cells isolated from maternal hearts and plated on CMFs with
expression of �-SMA and CD31. D, Fetal cells isolated from maternal hearts and plated on cyclin A2 neonatal cardiomyocytes differentiate
into beating cardiomyocytes (Online Movies I, IA, Online Movie still image IB, and Online Movies II and III). E, Cardiomyocytes arising from
fetal cells isolated from maternal hearts express cardiac troponin T (cTnT) and connexin 43 (Cx43).
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4B, where only GFP and DAPI staining is seen, still
pictures were taken from the Online Supplementary Mov-
ies that accompany this manuscript depicting the beating
of these cells (Online Movies II and III). Furthermore,
fluorescence in situ hybridization (FISH) for X- and
Y-chromosomes revealed 1 set of sex chromosomes within
the eGFP� cardiomyocyte nuclei, establishing the diploid
nature of these nuclei and effectively ruling out fusion
between eGFP� fetal cells and feeder cardiomyocytes as
the source of eGFP� cardiomyocytes (Figure 4C). The

panels immediately beneath each figure depict only the
nuclei of the cells, and as the X, Y probes exhibit
fluorescence at different wavelengths (FITC: 520 nm, Cy3:
550 nm, respectively), their signals can be easily distin-
guished from the green fluorescence of the GFP (Alexa
488: 488 nm) and the secondary antibody to cardiac
troponin T (Texas Red: 568 nm). The ease of detecting
tetraploid nuclei with this assay is shown in the last panel
of Figure 4C depicting cells that were found in a region
where GFP cells were not detected.

Figure 4. Fetal cells exhibit clonality
and undergo cardiac differentiation in
a fusion-independent manner. A,
Single-cell sorting of eGFP� fetal cells
from maternal hearts into 96-well plates
demonstrates clonal expansion with a
clonal efficiency of �8.3% on feeder cell
layers made with WT neonatal cardiomy-
ocytes. B, Cardiomyocytes derived in
vitro from fetal cells isolated from mater-
nal heart are mononuclear. C, Fetal cell-
derived cardiomyocytes have diploid
nuclei, with one set of sex chromosomes
detected per cell. The first two panels
depict eGFP� cells (488 nm) that differ-
entiated into cardiomyocytes as deter-
mined with cTNT staining (568 nm). The
panels immediately beneath them depict
the same cells with different red and
green wavelength filters to detect the X
chromosome (520 nm) and the Y chro-
mosome (550 nm). The last panel dem-
onstrates a tetraploid nucleus in a non-
eGFP cell.
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Fetal Cells Selectively Home to the Injured
Maternal Heart and Not to Noninjured Organs
To assess whether eGFP� cells from the fetus were homing
selectively to the injured heart, we used FACS to sort eGFP�
cells from a variety of organs and tissues harvested from
pregnant mice subjected to cardiac injury. These organs and
tissues were minced and triturated to generate cell suspen-
sions (Figure 5A). Corresponding cell populations were
obtained from age-matched pregnant WT female mice mated
with WT males and used as controls to establish the appro-
priate FACS gates to select eGFP� cells. Cells were isolated
from the injured heart, blood, skeletal muscle, chest wall,
eGFP� littermates, liver, lung, and placenta. FACS to select
eGFP� cells was performed at 2 time points, 4.5 days after
injury (before delivery) and 7 days after injury (after delivery)
for all of these tissues except placenta (analyzed before
delivery only) as it is resorbed by the mother in mice at time
of delivery (Figure 5B). The low quantity of eGFP� cells in
all tissues, including injured heart, before 4.5 days after injury
precluded any detailed phenotypic analyses. Therefore, it
appears that mobilization of fetal cells in response to maternal
injury takes approximately 4.5 days. In the injured heart,
�1.1% of the cells were eGFP� before delivery and this
number rose significantly to �6.3% just after delivery. In
blood, �1.3% of cells were eGFP� before delivery and this
number rose to �3.6% after delivery, although this increase
was not statistically significant. Delivery therefore seems to
cause the numbers of fetal cells entering the maternal circu-
lation to rise, and this corresponds with a significant increase
in fetal cells homing to the injured heart. There were
negligible numbers of eGFP� cells noted in skeletal muscle
before and after delivery. The chest wall, where a lesser
degree of injury was induced as an incision had to be
performed to induce cardiac injury, exhibited a relatively
smaller percentage of fetal cells compared with heart and
blood. There was no increase in the number of fetal cells
homing to the chest wall after delivery, likely due to healing
in the 7 days after injury. EGFP� littermates were also
examined for the presence of eGFP� cells. Although a few
cells were noted before delivery, probably as the result of the
shared circulation with the eGFP� littermates, eGFP cells
were not detected in these littermates after delivery. Liver and
lung exhibited negligible numbers of fetal cells. As expected,
placenta exhibited the largest percentage of eGFP cells with
approximately 36% of placenta cells expressing eGFP. Over-
all, the results provide clear evidence for the selective and
specific homing of eGFP� fetal cells to the injured heart of
the mother, and not to other noninjured maternal tissues
(Figure 5B).

Fetal Cells Isolated From Maternal Hearts
Express a Variety of Progenitor Markers, Most
Notably Cdx2
To establish the identity of the cell type(s) involved in fetal
maternal transfer, we analyzed FACS-sorted, eGFP� cells
isolated from maternal hearts 1 week after injury for stem/
progenitor cell markers (Figure 6A). 80% of these cells
expressed Nkx2.5,23–25 implying that cardiomyogenic differ-

entiation had begun as soon as these cells entered the injured
maternal heart. Consistent with this, negligible expression of
Nkx2.5 was found in eGFP� cells isolated from end-gestation
placentas from mice that had undergone cardiac injury
(Online Table IV and Online Figure I). Additionally, 46% of
cells homing to the maternal heart expressed CD31,26,27

which was not surprising given the degree of fetal cell-
mediated vasculogenesis we observed in injured maternal
hearts. The next most common marker found was Cdx2 (38%
of fetal cells). Cdx2 regulates trophoblast stem (TS) cell
development and proliferation19,20 and has never previously
been associated with cardiomyogenic differentiation. The
latter finding raises the possibility that in the setting of acute
injury, TS cells from placenta can give rise to various cardiac
lineages in addition to forming placenta. Fetal cells isolated
from maternal hearts also displayed lower levels of several
markers of endogenous cardiac progenitors, namely Sca-128,29

(21%), cKit30 (25%) and Islet131 (3%), as well as ES cell
markers Pou5f1 (2%), Nanog (3%), and Sox2 (24%).32,33 The
higher expression of Sox2 is consistent with its expression in
non-ES cells as well. Finally, hematopoietic stem cell factor
CD3434,35 was expressed in 15% of the eGFP� cells, which
was not surprising as the placenta is a rich source of
hematopoietic stem cells36 (Figure 6A).

As the eGFP� cells were traversing through or derived
from the placenta, we analyzed gene expression of known
“stemness” factors in eGFP� cells. We sorted eGFP� cells
from end-gestation placentas from three different pregnant
mice that had been subjected to myocardial injury. RNA
expression of 92 known pluripotency genes was analyzed
(Online Table III), and gene expression relative to GAPDH
expression for the most prevalent transcripts is plotted in
Figure 6B. These mRNA array studies confirmed the pres-
ence of Cdx2 and Eomesodermin (Eomes),20 another marker
of TS cells, in the eGFP� placenta cells.

Discussion
The selective homing of eGFP� cells in our model to the site
of maternal cardiac injury with lack of such homing to
noninjured tissues points to the presence of precise signals
sensed by cells of fetal origin that enable them to target
diseased myocardium specifically and to differentiate into
diverse cardiac lineages (Figure 7). Most notable is their
differentiation into functional cardiomyocytes that are able to
beat in syncytium with neighboring cardiomyocytes (Online
Movie I, IA, and Movie Still Image IB), thus potentially
uncovering an evolutionary mechanism whereby the fetus
assists in protecting the mother’s heart during and after
pregnancy. These studies were inspired by the recovery noted
in peripartum cardiomyopathy, whereby a remarkable 50% of
women recover from heart failure spontaneously.37–39 Peri-
partum cardiomyopathy has the highest rate of recovery
among all etiologies of heart failure,18 and the reasons for this
high rate of recovery are not understood. In fact, it was this
very observation that prompted us to hypothesize that there
might be a fetal or placental contribution to counteract
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Figure 5. Fetal cells selectively home to injured
maternal hearts and not to noninjured organs
and express various stem cell markers, includ-
ing Cdx2. A, eGFP� cells were sorted from cell
suspensions prepared from various organs and
tissues. B, Fetal cell numbers in injured heart and
blood increased immediately after delivery. Repre-
sentative FACS profiles are shown for eGFP� cell
sorting from injured heart and blood and nonin-
jured organs with mean percentages of eGFP�
cells (minimum, n�3). Mean percentages of fetal
cells plus SEM plotted for each organ as follows:
MI heart � 1.10�0.90 before delivery (n�10) and
6.32�0.90 after delivery (n�19), P�0.001; blood �
1.34�0.81 before delivery (n�10) and 3.59�2.30
after delivery (n�15) P�NS; placenta �
35.6�11.47 after delivery (n�3). Very low to unde-
tectable numbers are found for all other organs.
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maternal cardiac injury. Our mouse injury model is not a
precise representation of peripartum cardiomyopathy, rather,
it is a model system of murine fetomaternal microchimerism
that can help identify appropriate cell types for cardiac
regeneration.

To this end, a far greater spectrum of potential applications
to the field of heart disease emerges from these studies. The
challenge of cardiovascular regenerative medicine is to de-
velop novel therapeutic strategies to facilitate regeneration of
normally functioning cardiomyocytes in the diseased heart.
Thus, many investigators have explored a myriad of ap-
proaches in the last decade, many of which we have recently
reviewed.40 Despite investigations with a wide variety of cell
types as candidates to attain this goal, the results of stem
cell transplantation are somewhat ambiguous and the ideal cell type
has yet to be established. The use of bone marrow cells to
regenerate infarcted myocardium has been investigated in
numerous studies since the initial findings of Orlic et al.41

Currently, however, a consensus has emerged that the ability

of bone marrow–derived stem cells to differentiate into
cardiomyocytes is questionable. Less controversy surrounds
evidence from several groups demonstrating that ES cells42–45

and endogenous populations of cardiac stem cells28,30,31,46,47

have replicative and potentially regenerative capacities. De-
spite promising results with ES cells, there are ethical issues
regarding the use of embryonic material as well as the
tendency of ES cells to form teratomas.42 Native cardiac
progenitors, left in their natural milieu at their naturally
occurring frequency, are clearly inadequate in reversing the
downward spiral of events culminating in heart failure. Many
of these progenitor types have not been reported to differen-
tiate to functional beating cardiomyocytes when tested ex
vivo. Utilizing live imaging, we have demonstrated that fetal
cells differentiate into spontaneously beating cardiomyocytes
after homing to the heart. The demonstration of spontaneous
beating ex vivo has been a major stumbling block in the
field. Coculture with neonatal cardiomyocytes was neces-
sary in our study to induce beating, but we did not find any

Figure 6. Fetal cells selectively homing to injured
maternal hearts express various stem cell markers,
including Cdx2. A, eGFP� fetal cells were sorted from
maternal hearts 1 wk after injury. By using FACS analy-
sis, we quantitated percentages of eGFP� cells
expressing various stem/progenitor cell surface markers
and transcription factors. Quantitation for each marker
was performed in triplicate, and mean percentage plus
SEM was plotted as follows: Nkx2.5 79.69�8.08; CD31
46.40�8.77; Cdx2 38.39�5.70; Sca-1 20.73�0.80;
c-Kit 25.39�2.99; Islet1 2.99�0.97; Pou5f1 1.97�0.82;
Nanog 2.72�0.49; Sox2 23.52�1.85; CD34
14.90�2.97. B, eGFP� cells were sorted from end-
gestation placentas from 3 pregnant mice subjected to
myocardial injury. RNA expression array of 92 pluripo-
tency genes was performed; gene expression relative to
GAPDH is plotted for genes with the highest expression
levels. Of note, TS cell markers Cdx2 and Eomes are
among genes with highest expression.
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examples of nuclear fusion among the cardiomyocytes that
were also GFP-positive. We cannot rule out “transient cell
fusion” as described by Dimmeler et al,48 but they noted
that the nanotubular structures underlying these intercel-
lular connections had declined by 48 hours after coculture.
We did not observe any beating GFP� cells until at least
4 weeks after coculture, implying that true differentiation
took place. Further studies and perhaps novel methods are
needed to surmount these challenges in ascertaining true
differentiation.

Our identification of Cdx2 as a unique and highly prevalent
marker expressed on fetal cells in the maternal myocardium
offers a new perspective regarding the appropriate cell type
that might achieve these aims. The Cdx family of transcrip-
tion factors consists of 3 mouse homologues (Cdx 1, 2, and 4)
of the Drosophila caudal homeobox genes, which are in-
volved in specifying cell position along the anteroposterior
axis, with similar functions in the later developmental stages
of the mouse embryo20,49 as well as morphological specifica-
tion of murine gut endoderm.50,51 Cdx2 is also required for
trophectoderm fate commitment in the developing blasto-
cyst.19,20,52 The trophectoderm gives rise to the trophoblast
stem cells which have previously been associated solely with
differentiation to the placenta lineage.53,54

Bianchi et al found that fetal cells that traffic to maternal
blood and organs comprise a mixed population of progenitor
and differentiated cells, with different relative proportions in
different maternal organs3 in a study that was performed in
the noninjured state. In accordance with prior studies dem-
onstrating a variety of different phenotypes in fetal microchi-
meric cells, our results also point toward the transfer of
several populations of progenitor cells, but our finding of
Cdx2 cells of fetal or placental origin in the heart may have
uncovered a novel cell type that is capable of cardiac
differentiation under injury conditions that can be readily
isolated from placenta.
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Novelty and Significance

What Is Known?

● Microchimerism is the result of 2 genetically distinct populations of
cells that appear in the same tissue, organ, or individual.

● Fetal cells can enter maternal blood and tissues and persist for
decades as microchimeras.

● Fetal maternal transfer of cells can involve multiple cell types, some
with regenerative properties, but this phenomenon had not been
previously explored in acute cardiac injury.

What New Information Does This Article Contribute?

● Fetal cells selectively home to sites of cardiac injury and not to
noninjured sites within the heart nor to noninjured organs; these
fetal cells subsequently differentiate into diverse cardiac cell
types.

● Fetal cells isolated from the maternal heart can form vascular tubes
and spontaneously beating cardiomyocytes in vitro.

● Although these fetal cells are a heterogeneous mix of pluripotent
cells, Cdx2 is a highly prevalent marker amongst the fetal cells
that home to the injured heart.

It has been reported that women with peripartum cardiomyop-
athy enjoy a high rate (�50%) of spontaneous recovery. This
prompted us to hypothesize that there might be a fetal or
placental contribution to maternal cardiac repair. Although our
mouse injury model cannot precisely represent peripartum

cardiomyopathy, it is a model of fetal maternal cell transfer
which we believe may have identified appropriate cell types for
cardiac regeneration. We induced mid-gestation myocardial
infarction in pregnant female mice and euthanized them at
various time points. Cells of fetal origin, marked by green
fluorescent protein, homed to the injured areas of the heart but
not to noninjured areas. They did not home to noninjured organs
within the mouse either, and this suggests that precise signals
are “sensed” by the fetal cells which enable them to target
diseased tissue specifically. On homing to the heart, they
differentiated into diverse cardiac lineages, including endothelial
cells, smooth muscle cells, and cardiomyocytes. In vitro analysis
of fetal cells isolated from maternal hearts demonstrated that
they can recapitulate these differentiation pathways, forming
vascular tubes in a 3D collagen matrix and spontaneously
beating cardiomyocytes when co-cultured with neonatal cardio-
myocytes. Although fetal cells isolated from maternal heart
express a variety of pluripotency markers, a notable new finding
was the finding that �40% of these cells expressed Caudal-
related homeobox2 (Cdx2), previously associated with tropho-
blast stem (TS) cells and other aspects of non-cardiac develop-
ment. This knowledge will spur further investigations into a
potential role for TS cells in cardiac regeneration and further
studies of the signaling mechanisms of cells that “naturally”
home to the diseased heart.
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