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Fetal microchimerism persists at high levels
in c-kit* stem cells in sensitized mothers
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We previously showed that fetal and maternal exposure to non-inherited maternal antigens (NIMA) during gestation
and nursing resulted in lifelong tolerance to NIMA in some offspring. This NIMA-specific tolerance was mediated by
regulatory T cells (Tregs) and was correlated with the level of multi-lineage maternal microchimerism (Mc) indicating a
causative link between Mc and Treg development. To determine if transfer of fetal cells into mothers resulted in a similar
tolerance to fetal cells, we used qPCR to detect rare fetal derived cells and a delayed type hypersensitivity (DTH) assay
to detect fetal alloantigen-specific effector and regulatory T cells in mothers. We found that 5/8 B6 mothers of H2>¢
offspring were sensitized to the alloantigens H2¢ and HY, indicating a dominance of alloantigen-specific effector T cells.
Though these sensitized mothers did not have detectable fetal Mc (FMc) in any of the organs tested, they had very high
levels of fetus-derived c-kit* stem cells in their bone marrow. The remaining 3/8 B6 mothers that were not sensitized to
the fetal antigens had detectable FMc found mostly in heart, lungs and liver, and in 2/3, we could detect alloantigen-
specific regulatory T cells. This data indicates that, as in NIMA-specific tolerance, tolerance in multiparous females to
inherited paternal antigens (IPA) expressed by the fetus is associated with the presence of fetal Mc in differentiated
cell subsets. Surprisingly, robust lin‘c-kit" bone marrow cell fetal Mc can occur in sensitized mothers. This suggests a
continuous source of allospecific priming, coupled with active elimination of mature IPA-expressing lin* cells by effector
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T cells of the maternal host.

Introduction

Although fetal and maternal circulations are completely separated,
fetal tissue is bathed with maternal blood in animals having a
hemochorial placenta (mouse and human)."* Exchange of cells at
the fetal-maternal interface during pregnancy is bidirectional®*
and includes both stem cells’ and multilineage mature popula-
tions.® Chen et al.” showed that injected human mesenchymal
stem cells crossed the placenta of pregnant rats and differenti-
ated into different human mesenchymal cells in the organs of
the offspring. In a separate study, we detected maternally derived
stem cells including mesenchymal stem cells, cardiac stem cells
and hematopoietic stem cells in adult murine offspring.’ These
maternally derived stem cells differentiate into mature lineages
throughout the lifespan of an offspring. In addition to in-utero
exposure, the offspring may be exposed to maternal cells and
antigens during nursing, which may also contribute to maternal
microchimerism (MMc).5'° The role of microchimerism in tol-
erance has been suggested by different studies'"> and MMc has
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most recently been linked to the development of NIMA-specific
Treg cells in mice.?

Fetal cells may also cross the placenta and give rise to fetal
microchimerism (FMc) in mothers.*" There is evidence
that stem cells of fetal origin are present in mothers.”'*2
Khosrotehrani et al.?! crossed Rag-deficient 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
indicating transfer of fetal progenitor cells in the female mice.
Bianchi et al.® using a nested PCR, detected CD34* male pro-
genitor cells in the peripheral blood of one out of eight women
who were previously pregnant with male offspring at least >27
years before the blood sampling.

FMc may have deleterious effects. Involvement of FMc in
systemic sclerosis has been implicated by different studies.>*¢
Nelson et al.** initially reported that women with systemic scle-
rosis who had given birth to sons had higher levels of male DNA
in their blood than healthy women who had sons. Some women
with systemic sclerosis who gave birth decades previously had
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pathway. Using this assay, three phe-
notypic responses can be found: reg-
ulator (no response to donor antigen
and bystander suppression), non-
regulator (no donor antigen-specific
response and no bystander suppres-
sion) and sensitized (positive response
to donor antigen, no bystander sup-
pression). Representative data for
each of these phenotypes are shown in
Figure 1A. Splenocytes from moth-
ers #1 and 2 did not respond to the
fetal antigens (non-sensitized to fetal
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antigens). Furthermore, splenocytes

Figure 1. Trans-vivo DTH reveals maternal effector and regulatory T cells specific for fetal alloantigens.
(A) Example of regulator, non-regulator and sensitized phenotypes in tvDTH assay. Splenocytes (SC) col-
lected from multiparous female mice immunized with tetanus toxoid (TT) were injected along with dif-
ferentantigens (TT, BDF, cell sonicate or TT + BDF)) or PBS into footpads of naive B6 mice. Net footpad
swellings (over PBS + SC control) were measured after 24 hours. (B) Dot plot summarizing responses to
BDF, Ag (left) and % suppression of TT-specific DTH induced by co-injection of BDF, Ag (right) of indi-
vidual mice are shown. Open symbols = regulator or non-sensitized; closed symbols = sensitized mice.

from mother #1 were able to suppress
a recall tetanus (TT)-induced DTH
swelling by 40% in the presence of
BDF, antigens, indicating predomi-
nance of Tregs over T effector cells
responsive to inherited paternal anti-
gens of the offspring. Splenocytes

male DNA at levels as high as that which is found in healthy
women who are currently pregnant with a male fetus. Other
studies identified male DNA in skin biopsies*? with higher levels
in systemic sclerosis patients compared to controls.”> MMc has
also been implicated in systemic sclerosis, reported by Lambert
et al.® The frequency of MMc in peripheral blood mononu-
clear cells was greater in women suffering from systemic scle-
rosis than healthy controls. Other studies have implicated FMc
in other autoimmune diseases, e.g., Hashimoto disease?® and
Graves disease.”’ How FMc contributes to autoimmune diseases
is not clear.

In addition to deleterious effects of FMc, beneficial effects
of FMc have also been suggested. Fetal stem cells may have
tissue regeneration capability by differentiating into organ-spe-
cific cells in some patients with thyroid and liver damage.?®%
Involvement of FMc in protecting against breast cancer has also
been suggested.*

In chis study, we investigated whether exposure to fetal
antigens via pregnancy can induce maternal Tregs specific for
inherited paternal antigens of the offspring, and if the Treg
induction is correlated with establishment of multilineage FMc
in the mother.
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from mother #3 produced a positive
swelling response to fetal (BDF ) antigens, which indicated domi-
nance of fetal antigen-specific effector T cells. Of the eight moth-
ers tested, we found five mothers were sensitized to BDF, antigens
at the DTH level (Fig. 1B). Of these five mice, two were tested
with B6 male antigens and both were found to be sensitized also
to the fetal H-Y antigens (data not shown). Of the three B6 moth-
ers that were not sensitized to fetal antigens, two were regulators
(amount of DTH suppression= 40% and 100%) and one was a
non-regulator (Fig. 1B).

Fetal microchimerism (FMc) in B6 mothers. To determine
the level and location of FMc, we collected various organs from
the B6 mothers of H2"4 offspring and performed qPCR for H2D*
genomic DNA. We found that only the non-sensitized B6 moth-
ers (i.e., the two regulators and one non-regulator) had detectable
FMc, whereas all sensitized mothers were negative for FMc in the
organs tested (Fig. 2A). When present, FMc was prevalent in the
heart, lungs and liver (Fig. 2A), similar to the distribution pat-
tern for MMc in murine offspring.® Nulliparous B6 female mice
had no detectable levels of H2D genomic DNA and served as a
control. When we averaged the total FMc found in all organs,
the non-sensitized mothers had significantly higher levels of FMc
than the sensitized mothers (p = 0.02) (Fig. 2B).
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IPA-sensitized B6mothers have high levels of
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In previous studies, we found that the level of non-sensitized sensitized naive B6 female

systemic MMc in F1 backcross offspring was

directly correlated with the level of Treg cells spe-
cific for non-inherited maternal antigens as mea-
sured by several different methods.® While FMc
could potentially induce a similar immune-reg-
ulatory response to fetal antigens in mothers, we
considered this unlikely due to the maturity of
mother’s immune system at the time of Ag expo-

Figure 2. Fetal microchimerism (FMc) in NIPA D mothers. (A) DNA was extracted from
different organs of mothers and naive (nulliparous) B6 females. Fetal-derived H2D¢ DNA
was quantified with a qPCR assay. FMc is expressed as gene equivalents in 10° maternal
cells (GEq/10° cells). (B) FMc in different organs was averaged and the means in indi-
vidual mice plotted. p value by Wilcoxon rank sums test, where mean values below de-
tection level were assigned a value of 0.001. Open circles = regulator or non-sensitized
mothers, closed circles = sensitized mothers, and open triangles = naive B6 females.

sure. To investigate this, we tested eight B6 moth-
ers exposed to fetal H2¢ antigens during multiple
(minimum of four) pregnancies with 10-12 offspring in each
pregnancy. About half of them were male offspring. We found
that 5/8 had a positive response and only 2/8 suppressed a recall
TT response in presence of fetal (H-2¢ and HY) antigens. This
result indicates a predominance of effector T cells specific for IPA
antigens expressed by the fetus in most parous females exposed to
H24 via pregnancy. These T effectors may then proceed to delete
multi-lineage FMc in sensitized mothers’ since antigen-specific T
effector cells may participate in active deletion of microchimeric
cells expressing the fetal antigens. Why FMc mostly induced an
effector response while MMc induced a regulatory response is an
interesting question. Offspring are exposed to maternal antigens/
cells in fetal and neonatal life when their immune systems are
immature. Exposure to an alloantigen in fetal life often results
in lifelong tolerance to allograft containing the alloantigen.’!
However, mothers are exposed to fetal antigens/cells when their
immune systems are mature, resulting mainly in sensitization to
fetal antigens, which was supported by a study done more than
fifty years ago.”> Most Rh" women born of a Rh* mother failed
to produce antibody (Ab) against the Rh antigen when they gave
birth to Rh* children indicating that exposure to the maternal
Rh antigen in these Rh- women resulted in tolerance to the Rh
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antigen. In contrast, Rh" women birthed by Rh™ mothers did
produce anti-Rh Ab when exposed to fetal Rh antigen indicating
that in absence of regulation to maternal Rh antigen the women
were sensitized to fetal Rh antigen.

Another possible explanation for sensitization to fetal anti-
gens is absence of oral exposure to the antigens. We previously
found that, in absence of nursing by biological mothers, offspring
became sensitized to maternal antigens and deleted MMc.® Since
oral tolerance is known to generate TGFB-producing Tregs,*>*¢
oral exposure to maternal MHC antigens present in breast milk’
may generate maternal antigen-specific Tregs, which may prevent
deletion of maternal cells by maternal antigen-specific effector T
cells resulting in high level of MMc. In the current study most
(5/8) of the B6 mothers were sensitized to their fetal antigens.
However, it is clear that 2/8 B6 mothers developed a regulatory
response to the H2¢ antigens of the fetus, a response that was
correlated with multi-lineage Mc. Since the number of parities
in all of the B6 mothers tested was similar (4-5), we can rule out
the difference in Ag exposure to explain why some mothers could
develop tolerance instead of becoming sensitized. A similar het-
erogeneity in response to HY minor histocompatibility antigens
in mothers of male children was recently reported.® In this regard,
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FMc in c-kit* cells
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Figure 3. FMc in lin- c-kit" cells. Hematopoietic progenitor c-kit" cells
were sorted from lineage  bone marrow cells of multiparous (back
crossed to BDF, male) female B6 and naive B6 females. Levels of H-2D¢
Mc in DNA from lin- c-kit* cells and lin* cells are shown. Open circles =
regulator or non-sensitized mothers, closed circles = sensitized moth-
ers, and open triangles = naive B6 females

the finding that BDF and B6 male Ag elicited a positive DTH
response in sensitized mothers indicates that minor HY-specific
responses parallel those to the major histocompatibility complex
antigens of the fetus. However, we did not test HY reactivity
in B6 regulator mothers, which would be necessary to confirm
HY-specific regulation in the latter mice.

We previously found that while 50% of NIMA-exposed
offspring had detectable MMc in differentiated lineage* cells, the
majority (85%) had maternally derived lineage” c-kit* stem cells
in bone marrow.”> When we analyzed FMc in the B6 mothers, all
had high levels (100 GEq/10° cells) of fetus-derived stem cells in
their bone marrow, even though the sensitized mothers did not
have detectable FMc in any of the organs tested. This remarkable
finding may be due to inability of fetal antigen-specific mater-
nal effector T cells to recognize fetal stem cells since stem cells
are immune privileged. 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.?
they can be recognized by innate immune system, e.g., NK
cells.’”3® Presence of fetal mesenchymal stem cells in women
decades after pregnancies with male children has been reported.?’
Mesenchymal stem cells are considered immunosuppressive since
they produce low levels of Thl cytokines, e.g., IFNvy and high
levels of immunosuppressive cytokines, e.g., TGFB and IL-10
340 and thus, can evade

However,

favoring regulatory T cell induction
maternal immune system. 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 maternal effector T cells. Unilineage Mc as
FMc only in c-kit* cells in the sensitized B6 mothers may result in
sensitization to the antigens, which is known as ‘split tolerance’.”!
However, multilineage FMc in different organs of non-sensitized
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B6 mothers may induce regulatory response to the antigen (a
robust tolerance).

Initially we were puzzled by the finding that B6 mothers
maintain sensitization to the fetal antigens in absence of detect-
able FMc in differentiated cells. Finding FMc in the lin~ c-kit*
cells of bone marrow, but nowhere else in sensitized mothers,
suggests that the cells which differentiated from the stem cells
of fetal origin were being produced, but were continuously being
eliminated by maternal effector T and B cells, while boosting
the immunity to fetal (inherited paternal) antigens. If correct,
this hypothesis has important implications in solid organ and
hematopoietic cell transplantation since mothers are commonly
used as transplant donors and memory T cells may be an impor-
tant risk factor in determining outcome. There may be impor-
tant implications for autoimmunity here also, since the tolerant
mothers, in whom fetal stem cells give rise to immunocompetent
T and B cell progeny, may be at risk for low-level chronic graft

versus host disease, which may activate autoimmune T cells.*>4?

Materials and Methods

Source of mice and breeding. C57 BL/6 (B6; H-2"*), DBA/2
(H-24) and B6D2F, (BDF,; H-2"¢) were purchased from
Harlan Sprague Dawley (Indianapolis, IN). B6 female mice
were crossed with BDF, male mice resulting in approximately
50% of the offspring inheriting H2*. During pregnancy, B6
mothers might receive H2** cells from the fetuses, which would
result in FMc. We tested eight B6 females who were mated with
BDF, males. All the experimental B6 mothers experienced at
least four or five pregnancies. Each B6 female had 10-12 off-
spring on average in each pregnancy. About half of the offspring
were males. Naive B6 females served as controls. B6 male mice
were used as a source of HY antigens to test for reactivity to
inherited paternal minor H antigen (Ag) of male offspring in
multiparous female responders.

DNA extraction and quantitative polymerase chain reac-
tion (qQPCR) and analysis. The detailed technique of DNA
extraction, qPCR and the sequences of primers and probe spe-
cific for H2D? sequence were described in detail previously in
reference 8. Briefly, DNA was extracted from different tissues
(heart, lungs, liver, brain, blood, spleen, lymph nodes, bone mar-
row and thymus) and sorted cells using QIAamp DNA extrac-
tion kit (Qiagen, Valencia, CA) according to the manufacturer’s
protocol. The extracted DNA was quantified using a nanodrop
(NanoDrop products, Wilmington, DE). DNA (1 pg) was
amplified by qPCR using an iCycler thermal cycler (Bio-Rad
Laboratories, Hercules, CA). BDF, DNA was diluted into B6
DNA in different ratios (1:10-1:10°) and run with the samples
to obtain a standard curve. Fetal H2D? DNA in the maternal
samples was quantified using the standard curve. The reaction
was performed in 50 pl of total reaction volume with 20 pm of
each primer, 7.5 pm of probe and 25 pl of Tagman Universal
PCR Mastermix (Applied Biosystem, Carlsbad, CA). The qPCR
program used was 50°C for 2 minutes, 95°C for 10 minutes, fol-
lowed by fifty cycles of 95°C for 15 seconds and 60°C for 1 min-

ute. A qPCR was performed at least twice for each sample.
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tibia and radius of B6 mothers. Single cell suspension from bone
marrow was prepared and the cells were stained with magnetic
bead-conjugated lineage cockrail antibodies [CD5, CD45R
(B220), CD11b, Gr-1 (Ly-6G/C), 7-4 and Ter-119] (Miltenyi
Biotech, Auburn, CA). The lin* and lin" cells were sorted using a
MACS sorter (Miltenyi Biotech, Auburn, CA) according to the
manufacturer’s protocol. Lin cells were stained with magnetic

Cell sorting. Bone marrow cells were collected from femur,

bead-conjugated anti-c-kit antibody and the stained cells were
sorted using the MACS sorter.

Adoptive transfer delayed type hypersensitivity (DTH)
assay. Splenocytes were collected from TT/DT vaccinated B6

female breeders, two weeks after the vaccination. Ten million
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splenocytes were injected into footpads of naive B6 recipients
with coinjection of PBS, BDF Ag (20 pg) or 0.25 If of TT/
DT. In some cases, B6 male Ag (splenocyte sonicate from a B6
male mouse) was tested to see if there was male-specific Ag sen-
sitization. To measure bystander suppression, splenocytes were
co-injected with BDF Ag and 0.25 If of TT/DT. Changes in
footpad swelling were measured after 24 hours post-injection
using a dial-thickness gauge to measure DTH reaction.
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