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Abstract
Exposure to non-inherited maternal antigens (NIMA) in fetal and neonatal life of an F1 backcross
(BDF1 female × B6 male) mouse can result in lifelong tolerance to allografts expressing the
NIMA (H2d). We have recently shown that the NIMA-specific regulatory T cells were directly
correlated with level of maternal microchimerism (MMc) in adult mice, indicating a causative link
between the two, and that both Tregs and multi-lineage MMc were dependent on ingestion of milk
from a NIMA+ mother during nursing. Yet how maternal cells obtained in fetal and neonatal life
are maintained in adult life remains unclear. Since stem cells are deficient in MHC class I & II
expression, we hypothesized that maternally derived stem cells that replenish MMc remain
throughout life without eliciting immunity, but differentiated maternal cells can either be deleted
by alloreactive T and B effector cells or persist, inducing NIMA-specific tolerance. Consistent
with this hypothesis, we found maternally-derived lineageneg c-kit+ cells in the bone marrow of
most of adult offspring by quantitative PCR; however, only 50% had detectable MMc in lineage+

bone marrow cells. Mesenchymal stem cells (lineageneg and plate-adherent cells) propagated from
the bone marrow also contained maternally-derived cells, albeit in 10-fold lower frequency
compared with MMc in myeloid lineage (CD11b+ and CD11c+) cells. Maternally-derived cardiac
stem cells were also detected in lineageneg c-kit+ cells purified from heart tissue of NIMA-exposed
mice, indicating a local pool of stem cells sustaining MMc in a non-lymphoid tissue. Cardiac stem
cell MMc correlated with the presence of maternally derived cardiomyocytes. Lastly, liver MMc
increased after nursing suggesting a seeding of maternal cells into the liver via breast milk.
Whether orally-derived liver MMc also included maternal stem cells, was not determined.
Maternal stem cells in bone marrow and tissues of NIMA-exposed mice are likely responsible for
sustaining MMc in adult mice, but their presence alone does not guarantee multi-lineage MMc and
tolerance.
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Introduction
Tolerance to non-inherited maternal antigens (NIMA) was first demonstrated by Owen et al.
1 who showed that most Rh− women born of a Rh+ mother failed to produce antibody
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against Rh antigen when they gave birth to Rh+ children, whereas Rh− women from Rh−
mothers did make anti Rh Ab. Similar observations of a privileged status for NIMA were
made 34 years later by Claas et al.2 in studies of anti-HLA antibody responses in adults. In
clinical studies of HLA haploidentical kidney allografts between siblings, graft survival was
significantly better when the mismatched HLAs were NIMAs, than when noninherited
paternal antigens (NIPA) were mismatched.3 Similarly, graft-versus-host disease after bone
marrow transplantation was significantly less in NIMA-HLA-mismatched siblings than in
other haploidentical donor-recipient combinations.4 The benefit of NIMA-HLA-mismatch
has recently been found to extend to unrelated umbilical cord blood transplants for
hematologic malignancies.5

We have reproduced the beneficial NIMA effect in an F1 backcross breeding (B6 male ×
BDF1 female) and heterotopic heart Tx model.6 About 57% of the NIMA-H2d-exposed
offspring (H2b/b) accepted DBA/2 heart allografts, whereas non-exposed control F1
backcross mice rejected the allograft uniformly within 11 days post transplant. The exposure
to NIMAd resulted in CD4+ T regulatory cells (TR) development in some but not all mice.7
This variability in TR induction could account for the variability in allograft tolerance, since
only those NIMAd-exposed mice with strong mobilization of CD4+ TR to the graft were able
to accept heart allografts long-term.6 Recently, we found that even before transplantation,
TR-mediated suppression of DTH and in-vivo lymphoproliferation responses to maternal
antigens were directly correlated with level of maternal microchimerism (MMc), suggesting
a causative link between the two.8 We also found that adult offspring which had the highest
levels of MMc also had the most CD4+ TGFβ+ T regulatory cells. Similarly Mold et al.9
showed that high levels of maternal microchimerism promoted NIMA-specific CD4+

Foxp3+ TR cell proliferation and specific suppression of MLR in human fetal lymph nodes.

Since MMc can be detected in different organs of NIMAd-exposed offspring including heart,
lungs and liver, and in various lymphoid and myeloid lineages, including CD4, CD11b and
CD11c cells,8 we wondered how these maternal cells are renewed and maintained in adult
mice. One possible explanation would be engraftment of maternal progenitor cells that
differentiate into the microchimeric cells throughout the life of the offspring.

We found maternally derived lin− c-kit+ stem cells in the bone marrow and the heart of
NIMA-exposed F1 backcross offspring. Mesenchymal stem cells derived from the bone
marrow also contained rare maternal cells. We also found that exposure to a H-2d

heterozygous mother by nursing alone could induce MMc in the liver, suggesting that
besides transplacental migration of maternal stem cells during gestation mother’s milk may
also contain stem cells capable of traversing the gut barrier of the newborn and colonizing
the liver.

Results and Discussion
Bone marrow of NIMAd-exposed offspring contains maternally derived stem cells

We previously detected maternally derived CD4, CD11b and CD11c cells in the adult
offspring.8 These maternal lymphoid cells can be obtained during fetal and neonatal life of
the offspring. However, it is not clear how the maternal cells obtained in fetal and neonatal
lives can persist in adult offspring since lymphoid cells generally have a relatively short life
span. We hypothesized that the maternal stem cells can cross the placenta, occupy a niche
within the host, and give rise to differentiated maternal cells throughout the life of the
offspring. We wanted to investigate whether maternally derived stem cells are present in the
bone marrow (BM) of offspring since BM contains progenitors of both lymphoid and
myeloid lineages. Figure 1A shows the purity of the c-kit+ cells isolated from BM cells,
which was typically greater than 90%. We found that 10/14 NIMAd-exposed offspring had
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maternally derived lin− c-kit+ stem cells in their BM, as detected by a sensitive quantitative
PCR technique (Fig. 1B). In contrast, none of the BM cells of NIPAd control mice had any
detectable H2Dd Mc in the sorted lin−c-kit+ population. When we checked for MMc in lin+

BM cells, we found that only half (5/10) of NIMAd-exposed offspring that had MMc in the
c-kit+ cells also had MMc in the lin+ cells (Fig. 1C). As expected, NIMAd-exposed offspring
that lacked MMc in BM c-kit+ cells also lacked detectable MMc in the lin+ cells. This data
indicates that: (1) MMc in maternally derived hematopoetic stem cells are required for MMc
in leukocytes (lin+) and (2) maternal c-kit+ cells present in the offspring BM give rise to
viable lin+ cells in some but not all the offspring.

Maternally derived mesenchymal stem cells (MSCs) NIMAd-exposed offspring
After we detected maternal c-kit+ stem cells in the bone marrow, we wanted to know
whether the bone marrow also contains maternally derived MSCs. For this, we cultured bone
marrow cells in MSC media. Figure 2A shows representative images of the culture at day 3
and day 44. At day 3, most of the plate adherent cells are round indicating that they are
macrophages/dendritic cells. By day 44, MSCs grow and become dominant in the culture.
After 6 weeks, we sorted lin− cells from the plate adherent cells using an autoMACS sorter.
We used different cell surface markers of mouse MSCs to determine whether the lin− plate
adherent cells contained MSCs. The cells expressed stem cell antigen 1 (Sca-1) and CD44
(Fig. 2B), which are considered as important markers for mouse MSCs.10 Unlike
hematopoietic stem cells mouse MSCs do not express c-kit.11 The cells did not contain
CD11b+ (macrophages) and CD11c+ (dendritic cells) cells (Fig. 2B), which are major
contaminants in MSC culture.11 We checked for maternal H2Dd signal in the DNA extracted
from MSCs and plate adherent lin+ cells using the qPCR technique. We had very weak
H2Dd signals in the MSCs and about ten-fold stronger signals in the plate adherent lin+ cells
(Fig. 2C). We found that the plate adherent lin+ cells were mostly CD11b+/CD11clow (Fig.
2D), which confirms our previously published data that maternal cells were mostly found in
the CD11b+ and CD11c+ populations of the bone marrow.8 We did not detect any H2Dd

microchimerism in any of the cell populations in NIPAd control group (data not shown).

Maternally derived cardiac stem cells in NIMAd-exposed offspring
We previously found that the heart is one of the organs exhibiting a high frequency of MMc
and that it contained maternal cells in both lineage− and lineage+ fractions.8 We wanted to
know whether heart tissue contained maternally derived stem cells. We sorted different cell
fractions from the heart: lin−c-kit+ (cardiac stem cells), lin−c-kit− (mainly cardiomyocytes)
and lin+ (hematopoietic cells) using a MACS sorter (Fig. 3A and B). Different cell
populations were further purified using a FACS sorter to obtain >99% purity of the cell
populations. DNA was extracted from lin−c-kit− cells and checked for MMc using a qPCR
technique (Fig. 3A). The different cell fractions from offspring having detectable MMc in
their cardiomyocytes (lin−c-kit− cells) were pooled and represented as MMc+ in Figure 3C,
whereas the cell fractions from offspring without detectable MMc in the lin−c-kit− cells
were pooled and represented as MMc−. The pooled samples were then checked for MMc in
both lin+ and lin− fractions (Fig. 3C), We found that offspring with a maternal DNA signal
in their cardiomyocytes also had maternally derived cardiac stem cells (Fig. 3C). Pooled
samples from hearts that were MMc− in their cardiomyocytes also did not have detectable
maternal cells in cardiac stem cell or lineage+ populations (Fig. 3C). This data suggests that
the maternally derived cardiac stem cells replenish the supply of maternally derived
cardiomyocytes in the offspring.

Oral exposure to NIMA increases MMc in the liver
We previously showed that in absence of oral exposure to maternal antigens offspring lost
not only regulation to maternal antigens but also MMc, indicating a critical role of oral
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exposure to maternal antigens in maintaining MMc.8 We wanted to investigate whether oral
exposure to maternal antigens alone could induce maternal microchimerism. For this, we
switched the mothers of NIMAd-exposed and NIPAd control offspring just after their birth
so that they were foster nursed by B6 female and BDF1 female mice, respectively (Fig. 4A).
We used NIMAd-exposed and NIPAd control offspring nursed by their biological mothers as
controls for this experiment. When the NIPAd control offspring were foster nursed by BDF1
female mice, some (3/8) of them had H2Dd microchimerism in the liver, which was
significantly different (p = 0.047) from that in NIPAd control offspring (n = 16) nursed by
their own mothers, none of which had any detectable level of H2Dd microchimerism (Fig.
4B). This data indicates that oral exposure to maternal antigens alone can induce MMc in
the liver. We also found a significant (p = 0.05) loss of H2Dd microchimerism in the livers
of NIMAd-exposed offspring in the absence of oral exposure to H2d antigens (Fig. 4B).
About 40% (16/41) of the NIMAd-exposed offspring nursed by their biological mothers had
detectable levels of H2Dd microchimerism in the livers, whereas none of the NIMAd-
exposed offspring foster nursed by B6 female mice had detectable levels of H2Dd

microchimerism in the livers, which confirms our previously published data that oral
exposure to maternal antigens is necessary to maintain MMc in offspring.

Figure 5 shows a hypothetical model of maternal-fetal cell trafficking that could account for
the data presented here and previous papers by our lab and others. Transfer of fetal stem
cells across the placenta into the mother has been suggested by different researchers.12-14 By
simultaneous immunohistochemistry and in-situ hybridization of X and Y chromosomes,
Stevens et al.15 found maternally-derived cardiomyocytes, hepatocytes, renal tubular cells
and beta cells in pancreas of male infants. It is unlikely that offspring would obtain
parenchymal cells from their mother in fetal life since these cells are not present in maternal
blood, suggesting a pluripotent maternal stem cell engraftment that is supported by the
murine data presented here.

Our data shows that maternally-derived c-kit+ stem cells are present in the bone marrow and
heart of adult offspring (Fig. 5, left). Although not depicted in Figure 5, stem cell and
mature leukocyte traffic across the placental barrier is bi-directional. For example,
Khosrotehrani et al.16 crossed Rag-deficient (lack T and B cells) female mice with wild type
male mice and recovered functional T and B cells of fetal origin from the spleen of the
female mice during pregnancy. Bianchi et al.12 detected CD34+ male progenitor cells in the
peripheral blood of one woman out of eight women who were pregnant with male offspring
at least twenty seven years before the blood sampling. Our finding of rare mesenchymal
stem cells of maternal origin in the bone marrow of NIMA-exposed mice (Fig. 2C) is
paralleled by the demonstrated presence of MSCs of fetal origin has been in the bone
marrow of women decades after pregnancy with male fetuses.17 However, since the
frequency of maternally derived MSCs is very low and the isolated MSCs are not 100%
pure, we cannot rule out the possibility of lin+ cell contamination in MSCs. Similarly, other
stem cells sorted using a MACS sorter are presumed stem cells since they are not 100%
pure. As shown in the model, mature T, B and myeloid cells may also cross placental
barrier; however, these cells would be expected to be relatively short lived (Fig. 5, right).

We found that 70% (10/14) of the NIMAd-exposed adult offspring had maternally derived
lin− c-kit+ stem cells in their bone marrow, which were probably obtained during fetal life
since 100% of mice had MMc in at least one of their organs when tested just after the birth.8
Only 50% (5/10) had MMc in the lin+ cells. This finding indicates that maternally derived c-
kit+ cells engraft in most of the offspring; however, in only 50% of the offspring can they
successfully colonize the host with lin+ cell progeny. Stem cells are immune privileged (Fig.
5, left): for example embryonic stem cells have been shown to express low levels of MHC
class I and no MHC class II and thus, can avoid adaptive immune-mediated rejection,18

Dutta and Burlingham Page 4

Chimerism. Author manuscript; available in PMC 2010 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



while still subject to innate (NK-cell)19 immune surveillance. Hematopoietic stem cells
expressing minor hitocompatibility antigens, e.g., H60 can also be targeted by NK cells.20
Some stem cells, e.g., MSCs evade destruction by host immune cells by inhibiting Th1
cytokines, e.g., IFNγ and producing immunosuppressive cytokines, e.g., TGFβ and IL-10
favoring regulatory T cell induction.21,22 However, when self-renewing stem cells
differentiate into mature cell lineages, they express MHC class I and in some lineages, class
II molecules and thereby can easily be detected by offspring effector T cells (Fig. 5).
However, deletion of differentiated maternal cells depends upon NIMA-specific effector and
regulatory T cell balance (Fig. 5, right). The finding that in 50% of the offspring maternally
derived c-kit+ cells can give rise to lin+ cells is consistent with our previous finding that
about 50% of the NIMAd-exposed offspring had NIMA-specific regulatory T cells.8

In the current paper, we also demonstrated that nursing alone could generate MMc in the
offspring liver without any transfer of maternal cells during fetal life, which was consistent
with the finding by Zhou et al.23 Therefore, we proposed two ways of obtaining maternal
cells by offspring (Fig. 5): (1) In fetal life, offspring obtain maternal stem cells, which can
replenish MMc throughout the life of the offspring. (2) In neonatal life, offspring may get
maternal cells through nursing. However, oral exposure to the maternal antigens alone was
not enough to induce NIMA-specific tolerance (data not shown). Offspring that were
exposed to maternal antigens through placenta during fetal life, but were not nursed by their
biological mothers (so no oral exposure to maternal antigens) exhibited neither MMc nor
NIMA-specific tolerance.8 Exposure to the maternal antigens both through placenta during
fetal life and through nursing during neonatal life were required to induce NIMA-specific
tolerance. From these findings, we conclude that maternally derived stem cells obtained
during pregnancy engraft into different organs of offspring, which give rise to differentiated
maternal cells. Deletion of maternal cells by NIMA-specific effector T cells is blocked by
NIMA-specific regulatory T cells that are generated by oral exposure to NIMA (Fig. 5).8,24

The liver of the newborn mouse may be analogous to the human fetal lymph node9 as the
anatomic site for preferential induction of NIMA-specific Treg cells.

The engraftment of maternally derived stem cells may be critically important for HSC and
solid organ allograft outcome.3,5 However, maternally derived stem cells alone do not
induce NIMA-specific tolerance. They need to differentiate into certain lineages to induce
tolerance. However, at this point we don’t know which lineages are the important ones. We
anticipate that MHC class II+, including CD11b+ and CD11c+ maternal macrophages and
dendritic cells may be important since they may be involved in presentation of maternal
antigens to NIMA-specific Tregs that suppress T effector cells (Fig. 5) and protect a NIMA-
containing DBA/2 heart allograft from rejection.6

Materials and Methods
Source of mice, breeding and typing

C57 BL/6 (B6;H-2b/b), DBA/2 (H-2d/d) and B6D2F1 (BDF1;H-2b/d) were purchased from
Harlan Sprague Dawley (Indianapolis, IN). F1 backcross breeding was performed to obtain
offspring exposed or non-exposed to non-inherited maternal antigens as described
previously.6 Briefly, BDF1 female mice were crossed with B6 male mice (Fig. 1A). About
50% of the offspring were homozygous for H2b/b and would thus be exposed to maternal
H2d antigens in-utero during fetal life and orally in neonatal life. We call them NIMAd-
exposed offspring. We switched the breeding pair to obtain NIPAd control offspring; 50% of
these control mice were also H2b/b. They have the same genetic background as NIMAd-
exposed mice; however, they were not exposed to the H2d antigens since the mother (B6
female) does not have H2d antigens. All offspring were weaned after 21 days of birth and
typed by flow cytometry using anti-H2Kd antibody (BD Biosciences, San Jose, CA).
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DNA extraction and quantitative polymerase chain reaction (qPCR) and analysis
DNA was extracted from tissues using QIAamp DNA extraction kit (Qiagen, Valencia, CA)
according to the manufacturer’s protocol and quantified using a spectro-photometer
(Beckman Coulter, Fullerton, CA). The detailed technique of qPCR and the sequences of
primers and probe specific for maternal H2Dd sequence were described in details previously.
8 Briefly, DNA was amplified and quantified by qPCR using an iCycler thermal cycler (Bio-
Rad Laboratories, Hercules, CA). BDF1 DNA was diluted into B6 DNA in different ratios
(1:10–1:106) to obtain a standard curve. Maternal DNA in the samples was quantified using
the standard curve. The reaction was performed in 50 μl of total reaction volume with 1 μg
of genomic DNA (equivalent to about 106 cells), 20 pm of each primer, 7.5 pm of probe and
25 μl of Taqman Universal PCR Mastermix (Applied Biosystem). The qPCR program used
was 50°C for 2 minutes, 95°C for 10 minutes, followed by fifty cycles of 95°C for 15
seconds and 60°C for 1 minute.

Cell sorting
The heart was perfused using cold PBS through the ascending aorta after harvesting to
remove blood from coronary vessels. The heart was cut into half longitudinally and rinsed
with cold PBS to remove blood from the chambers of the heart. Single cell suspensions of
heart tissue were obtained using dispase II and collagenase (Roche, Indianapolis, IN)
according to the manufacturer’s direction. Bone marrow cells were collected from femur,
tibia and radius of offspring. The cardiac cells and bone marrow cells were stained with
magnetic bead-conjugated lineage cocktail antibodies [CD5, CD45R (B220), CD11b, Gr-1
(Ly-6G/C), 7-4 and Ter-119] (Miltenyi Biotech, Auburn, CA). The lin+ cells stained with
magnetic bead-conjugated antibodies and unconjugated lin− cells were sorted using a MACS
sorter (Miltenyi Biotech, Auburn, CA) according to the manufacturer’s protocol. Lin− cells
were stained with magnetic bead-conjugated anti-c-kit antibody and the stained cells were
sorted using the MACS sorter.

Culturing of mesenchymal stem cells (MSC)
Sterile single cell suspension was prepared from the bone marrow of NIMAd-exposed and
NIPAd control mice in mouse MSC media containing 5% horse serum, 5% fetal bovine
serum, 1% non-essential amino acids, 2 mM L-glutamine and 1% penicillin/streptomycin in
DMEM. The cells were cultured on plastic petri dishes in 37°C and 5% CO2 for 6 weeks.
The media was changed every 2–3 days and cells were checked under microscope.

Flow cytometry
The purity of mouse MSCs was determined by a FACScaliber (BD Biosciences, San Jose,
CA). The cells were stained for 30 minutes with antibodies against Sca-1, CD-44, c-kit,
CD11b, CD11c, CD34 and CD45 (BD Biosciences, San Jose, CA). The data were analyzed
using either a Cellquest or FlowJo (Treestar, Ashland, OR) software.
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Abbreviations

Mc microchimerism

MMc maternal microchimerism
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NIMA non-inherited maternal antigen

NIPA non-inherited paternal antigen

TR T regulatory cells

TE T effector cells

Lin hematopoietic lineage
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Figure 1.
High incidence of MMc in bone marrow stem cells compared with lineage+ cells in the bone
marrow of NIMAd-exposed adult offspring. (A) The figure shows the breeding scheme of
NIMAd-exposed and NIPAd control offspring. Lineage−c-kit+ and lineage+ c-kit− cells from
the bone marrow of NIMAd-exposed and NIPAd control offspring were sorted using a
MACS sorter and the sorted cells were checked for purity using a flow cytometer. (B) DNA
was extracted from the sorted cells and checked for maternal H2Dd microchimerism by
qPCR. MMc was expressed in GEq/105 offspring cells. 1 GEq/105 offspring cells indicates
one maternal cell in 105 offspring cells. (C) Lin+ cells in the BM of NIMAd-exposed
offspring mice (either MMc+ or − in c-kit+ bone marrow cells) were checked for MMc.
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Figure 2.
Cultured Bone marrow cells of NIMAd-exposed offspring contain maternally-derived
mature myeloid lineages (CD11b+) and mesenchymal stem cells. (A) Bone marrow cells
from NIMAd-exposed offspring were cultured in MSC media for one and half months. (B)
Plate adherent lin− cells were sorted using a MACS sorter and checked for markers that
define mouse mesenchymal stem cells. The dark and light lines represent staining for
different cell surface antigens and corresponding isotypes, respectively. (C) Plate adherent
lin− and lin+ cells from four different NIMAd-exposed offspring were pooled, DNA was
extracted and MMc was checked by qPCR. Each dot represents a group of four NIMAd-
exposed offspring. (D) Plate adherent lin+ cells in the MSC culture was checked for their
CD11b and CD11c expressions. The dark and light lines represent staining for cell surface
antigens (CD11b and CD11c) and corresponding isotypes, respectively.
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Figure 3.
MMc in cardiac stem cells is associated with MMc in cardiomyocytes. (A) Lin+ cells were
sorted from cells extracted from the hearts of NIMAd-exposed offspring using a MACS
sorter. C-kit+ cells (cardiac stem cells) were sorted from the lin− fraction. The lin−c-kit−
cells are mostly cardiomyocytes. The cells were further sorted using a FACS sorter to obtain
100% purity. Cardiomyocytes were checked for MMc. Different cell fractions isolated from
the hearts of the offspring having detectable or undetectable MMc in the cardiomyocte
fractions were pooled and represented as MMc+ and MMc−, respectively. (B) Different
cardiac cell populations after MACS sorting. (C) DNA was extracted from the different
cardiac cell populations from MMc+ and MMc− offspring. They were checked for MMc.
Each dot represents MMc level in a pooled cell fraction of 4–5 NIMAd-exposed offspring.
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Figure 4.
Impact of nursing on liver microchimerism in adult offspring. (A) BDF1 female mice were
crossed with B6 male mice to obtain NIMAd-exposed offspring that were exposed to
maternal H2d antigens in-utero. The breeding pair was switched to obtain NIPAd control
offspring that were not exposed to H2d antigens in-utero. Just after their birth, the mothers of
the both kinds of offspring were switched so that NIMAd-exposed NIPAd control offspring
were nursed by B6 and BDF1 females, respectively. This resulted in only in-utero and oral
exposure to H2d antigens in foster nursed NIMAd and NIPAd offspring, respectively. (B)
DNA was extracted from the livers of the foster nursed offspring. NIMAd-exposed and
NIPAd control mice nursed by their biological mothers were used as controls.
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Figure 5.
Proposed model of microchimerism-induced tolerance to alloantigens. During fetal life,
maternal stem cells can cross placenta and engraft into different organs of offspring. They
are immune-privileged and lack MHC expression. Thus they can avoid immune mediated
rejection. However, the lineage+ cells differentiated from the stem cells can express MHC
class I/II and can be detected and killed by NIMA-specific T cells of the offspring. These
effector T cells can be blocked by NIMA-specific regulatory T cells generated via oral
exposure to NIMA and liver MMc engraftment during nursing.
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