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Abstract

Objectives

Induction of the immune response is a major problem in replacement therapies for inherited

protein deficiencies. Tolerance created in utero can facilitate postnatal treatment. In this

study, we aimed to induce immune tolerance towards a foreign protein with early gestational

cell transplantation into the chorionic villi under ultrasound guidance in the murine model.

Methods

Pregnant C57BL/6 (B6) mice on day 10 of gestation were anesthetized and imaged by high

resolution ultrasound. Murine embryos and their placenta were positioned to get a clear

view in B-mode with power mode of the labyrinth, which is the equivalent of chorionic villi in

the human. Bone marrow cells (BMCs) from B6-Green Fluorescence Protein (B6GFP)

transgenic mice were injected into the fetal side of the placenta which includes the labyrinth

with glass microcapillary pipettes. Each fetal mouse received 2 x 105 viable GFP-BMCs.

After birth, we evaluated the humoral and cell-mediated immune response against GFP.

Results

Bone marrow transfer into fetal side of placenta efficiently distributed donor cells to the fetal

mice. The survival rate of this procedure was 13.5%(5 out of 37). Successful engraftment of

the B6-GFP donor skin grafts was observed in all recipient (5 out of 5) mice 6 weeks after

birth. Induction of anti-GFP antibodies was completely inhibited. Cytotoxic immune reactivi-

ty of thymic cells against cells harboring GFP was suppressed by ELISPOT assay.
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Conclusions

In this study, we utilized early gestational placental injection targeting the murine fetus, to

transfer donor cells carrying a foreign protein into the fetal circulation. This approach is suffi-

cient to induce both humoral and cell-mediated immune tolerance against the

foreign protein.

Introduction
Induction of immunologic response is a major problem in replacement therapies for inherited
disorders such as hemoglobinopathies, immune deficiencies, or certain inborn errors of metab-
olism. When allogeneic transplantation is performed after birth, intensive immunosuppression
and myeloablation is required to avoid rejection or graft versus host disease.

Immune tolerance created by in utero exposure to antigen may facilitate postnatal replace-
ment therapies.[1,2] It is well known that under specific circumstances, early gestational expo-
sure to a specific antigen can induce antigen specific tolerance. In humans, the window for
tolerance induction is thought to be limited to the first trimester, ending after approximately
14 weeks gestation.[3,4]

Chorionic villus sampling (CVS) is widely utilized for prenatal diagnosis and has been dem-
onstrated to be feasible and safe when performed at 10 to 14 weeks of gestation. Thus, the tech-
nique used for CVS is an attractive approach to deliver cells and or foreign antigens to the fetus
with appropriate timing to achieve fetal tolerance.

Historically, there have been previous studies utilizing intraplacental bone marrow trans-
plantation in the early gestational mouse model. The classical studies of Fleischman and Mintz
[5,6] demonstrated hematopoietic engraftment and chimerism after intraplacental injection of
hematopoietic cells, but tolerance was not investigated. However, in those studies, the placenta
was blindly injected, and delivery of the cells to the fetal circulation was inconsistent.

In this study, we utilized high-resolution ultrasound guidance in the murine model to inject
bone marrow cells expressing a foreign protein (GFP) into the fetal side of the placental circula-
tion, mimicking the CVS procedure. We then analyzed tolerance for the immunogenic GFP
protein after birth.

Methods

Ethical Statement
All procedures in this study were carried out in strict accordance with the guidelines for animal
experimentation from the Animal Research Committee of Osaka University and that of Na-
tional Cerebral and Cardiovascular Center. The protocol was approved by the Animal Research
Committee, Osaka University (Pemit Number: 24-079-018), and National Cerebral and Car-
diovascular Center (Permit Number: 13018). All surgery was performed under anesthesia, and
all efforts were made to minimize suffering.

Mouse Recipients and Donors
Accurately time-dated pregnant C57BL/6 mice were used as recipients at embryonic day 10
(E10; 10 days post conception). Donor cells were from C57BL/6TgN(act-EGFP) OsbY01 mice
(kindly provided by Dr. Okabe, Osaka University, Genome Information Research Center—re-
ferred to as B6GFP in this report) that have been maintained in our breeding colonies. Injected
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mice were housed in the Laboratory Animal Facility at National Cardiovascular Center Re-
search Institute. The experimental protocols were approved by the Institutional Animal Care
and Use Committee at the National Cardiovascular Center Research Institute.

Preparation of Donor BMCs
Adult GFP+ BMCs (B6GFP-BMCs) were isolated from 8 week old B6GFP mice by flushing the
tibiae, femurs and iliac bones with Ca/Mg-free phosphate-buffered saline (PBS) using a
26-gauge needle. After filtration through a 40-μm nylon mesh filter, B6GFP-BMCs were centri-
fuged at 440 x g for 5 minutes at 4°C. After the red blood cells were lysed with lysing buffer, the
B6GFP-BMCs were counted and suspended in PBS at a density of 4 x 107 cells/ml for injection.

Intra-Chorionic Villi Injection (ICVI)
We used an ultrasound-guided injection system (Vevo 2100, VisualSonics, Toronto, Canada)
to precisely identify two layers of the murine placenta, which consist of the labyrinth and spon-
giotrophoblast layer and the maternal decidua (Fig 1). The labyrinth is the area of nutrient and
gas exchange between the fetal and maternal circulations. It exists on the fetal side of the pla-
centa and is equivalent to the chorionic villi in the human placenta. Thus, we defined cell

Fig 1. E10 embryo imaged by power Doppler mode. The two layers of the placenta, which consist of the labyrinth and spongiotrophoblasts layer and the
maternal decidua. The white dotted line indicates the border between these two layers.

doi:10.1371/journal.pone.0123712.g001
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transplantation into the labyrinth as intra-chorionic villi injection (ICVI) in this study. Preg-
nant mice at E10 were anesthetized with isoflorane (3.5% for induction, 2% for maintenance)
and placed supine on a platform. A 1-cm ventral midline incision was made through the skin,
abdominal wall, and peritoneum. One horn of the uterus was exteriorized and covered in pre-
warmed sterile ultrasound gel (Aquasonic, Parker Laboratories, Fairfield, NJ). The fetal mice
were scanned using an 80 MHz probe. Pulled and beveled glass microcapillary pipettes (diame-
ter, 75μm) were loaded with B6GFP bone marrow cells at the beginning of each procedure.
The fetal mice and placenta were positioned to get clear views of the fetal side of placenta in B-
mode with power mode (Fig 1). Under two-dimensional visualization, the micropipette tip was
physically inserted into the labyrinth on the fetal side of the placenta and 2 x 105 viable
B6GFP-BMCs in a volume of 5μl was injected into each fetus. A new fetus was positioned and
the procedure was repeated. After injections, the fetal mice were placed back into the abdomi-
nal cavity and the abdominal incision of the dam was closed with 3–0 vicryl continuous suture.
The overall time of the procedure was limited to 30 min, from incision until closure.

Fluorescence Stereoscopic Microscopy
The whole embryo and dissected organs were analyzed under a fluorescence stereoscopic mi-
croscope (Leica Microsystems AG, Wetzlar, Germany) and GFP filters to detect migrated GFP
positive cells, 30 minutes, 1 week (Fig 2), and 7–9 weeks after ICVI.

Flow cytometry
Chimerism of bone marrow cells and blood of 6–8 weeks old injected mice was analyzed with a
flow cytometer (FACS CantoⅡ, BD, NJ, USA) by detecting GFP+ cells.

Fig 2. Successful delivery of GFP-BMCs to mouse embryos by ICVI at E10. A: GFP positive cells were detected in the fetal body and heart at 30 minutes
after injection (x10). B: Naïve fetus at E10 (x10). C-D: E17 mouse liver and thymus at 1 week after ICVI (x40).

doi:10.1371/journal.pone.0123712.g002
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Skin Graft
Full thickness tail skin from B6GFP mice isolated by excision under anesthesia was cut into
10 x 10-mm squares. The cut tail skin was engrafted onto the back of recipient mice at 6 weeks
after birth just above the muscular fascia and secured with a bandage for 7 days. Transplanted
GFP-skin graft integrity was evaluated under UV light at 7 weeks after skin grafting.

Measurement of Anti GFP Antibody Generation
At 4 weeks after GFP skin grafting, a blood sample was collected from each animal by tail snip
and stored at -20°C. Recombinant GFP was diluted to a working concentration of 0.2 μg/ml in
PBS, and 96-well microtiter plates were coated with 100 μl of the diluted GFP solution per well
and incubated at 4°C overnight. The plates were rinsed twice with washing buffer (0.05%
Tween 20 in PBS), and 200 μl of blocking buffer (1% BSA in PBS) was then added to each well,
and the plates were incubated at room temperature for 2 hours. The whole blood harvested
from the mice grafted with B6GFP skin was diluted 1:200 in PBS, and 100 μl per well was
added for a 1 hour incubation at room temperature. After rinsing with washing buffer, 100 μl
of secondary antibody (anti-mouse IgG, horseradish peroxidase, diluted 1:2500 in PBST) was
added to each well for 1 hour. The microplates were washed and the levels of antibody generat-
ed against GFP were measured with a microplate reader (Berthold Japan K.K., Tokyo, Japan).
The methods of skin grafting and measurement of anti-GFP antibody generation were de-
scribed in detail previously by Chino et al. [7].

Cytotoxic T-Cell (CTL) Assay against GFP
CTL activity was evaluated by enzyme-linked immunospot assay (ELISPOT). ICVI mice and
naïve mice were immunized by intraperitoneal injection with 100 μL of B6GFP-splenocytes as
immunogen at both 10 and 11 weeks after birth. Two weeks after the last immunization, mice
were anesthetized and splenocytes harvested from isolated spleens by passage through a sterile
strainer. The splenocytes were then sedimented by centrifugation at 440 x g for 10 minutes and
red blood cells were depleted using ACK buffer for 10 minutes. The B6GFP- BMCs were har-
vested, sedimented by centrifugation at 440 x g for 5 minutes at room temperature, resus-
pended in RPMI 1640, and incubated with Mitomycin C for 20 minutes. Finally, isolated
splenocytes (5 x 106/ml) were co-cultured with B6GFP-BMCs (5 x 105/ml) in 58-cm2 BD Fal-
con dishes with rhIL-2 at 37°C. After sensitization by the B6GFP- BMCs (the stimulator) in
vitro for 4 days, the effector splenocytes and B6GFP-BMCs were seeded onto 96-well tissue cul-
ture plates (Millipore Ireland B.V.,Germany) coated with anti-IFN-γ specific primary antibod-
ies, at 37°C for 48 hours. The secreted IFN-γ was detected as spots by staining with
phosphatase-labeled secondary antibodies and BCIP/NBT solution. The number of spots in
each well were counted.

Statistical analysis
Data are graphically represented as the mean of the respective group plus or minus SEM. Statis-
tical comparisons between groups were performed using a Kruskal-Wallis test and either a Stu-
dent-t test or a Mann-Whitney U test. Calculation of P value was performed using Microsoft
Excel software (Redmond. WA).
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Results

Ultrasonographic view of the placenta
Pregnant mice were imaged by high resolution ultrasound at E10. When the probe was placed
on the surface of the uterus, the fetus, placenta, and umbilical cord could be readily seen. Fetal
mice at E10 correspond to Carnegie stage 10, as documented by closure of the posterior neuro-
pore. The umbilical cord was seen inserting into the middle of each placenta. With power
Doppler mode, the two layers of the placenta were clearly distinguished; one included the laby-
rinth and spongiotrophoblast, and the other was the maternal decidua layer. The labyrinth cor-
responded to the chorionic villi and we could detect fetal blood flow to the umbilical cord with
power Doppler mode (Fig 1). The labyrinth was the target site for intra-chorionic villi injection
(ICVI). During successful ICVI, the injectate could be observed entering into the fetal circula-
tion through the umbilical cord.

Survival rate after ICVI
A total of 37 fetal mice from 4 pregnant dams were injected with B6GFP-BMCs on E 10. Sur-
vival rate assessed at birth of this procedure was 13.5% (5 out of 37).

ICVI distributes donor cells to the fetus
To assess the accessibility of the fetal circulation by ICVI at E10, we analyzed the B6GFP cell
injected fetal mice under fluorescence stereomicroscopy. Within 30 minutes after successful
ICVI, distribution of the injected BMCs to the embryonic yolk sac and fetal circulation was
confirmed by observing GFP+ cells on the surface of the yolk sac and in the fetal heart (Fig
2A). At E17, 7 days after ICVI, there were fewer cells detectable, however, GFP+ cells could still
be detected in the skin, liver, spleen and thymus (Fig 2C and 2D).

We also analyzed recipient mice at 6–8 weeks of age. However, GFP+ cells could not de-
tected in the skin, liver, spleen and thymus by fluorescence stereomicroscopy, or in the bone
marrow and blood by flow cytometry. (data not shown)

Humoral and Cellular Immune Tolerance Induction against GFP by ICVI
Previous studies have indicated that GFP protein is an immunogenic antigen that evokes both
cellular and humoral immune response in mice. We evaluated whether ICVI of congenic
B6GFP-BMCs can induce immune tolerance against GFP. First, ICVI mice that received
2 x 105 congenic B6GFP-BMCs were transplanted with the skin from a congenic B6GFP-trans-
genic mouse. Engrafted GFP-skin persisted at 7 weeks after grafting in all the mice undergoing
ICVI (5 out of 5, data was not shown) whereas, all skin grafts were rejected in naïve mice within
8 weeks (N = 8). Induction of anti-GFP antibodies, which was observed in all naive mice receiv-
ing GFP skin grafts, was completely inhibited in the mice undergoing ICVI (Fig 3, P = 0.009).
Furthermore, cytotoxic immune reactivity of host T-cells against cells expressing GFP was re-
duced in mice undergoing ICVI as assessed by the ELISPOT assay (Fig 4, P = 0.13). These data
suggested that ICVI with congenic B6GFP-BMCs is sufficient to induce both humoral and cel-
lular immune tolerance against GFP.

Discussion
In this study, foreign protein-expressing bone marrow cells were transplanted into fetal mice
by intra-placental injection at a very early gestational stage using an ultrasound-guided injec-
tion system. This mimics the clinical technique of CVS which is the earliest fetal intervention
in humans. The high-resolution ultrasound system allowed the fetal side of the placenta,

Immune Tolerance with Intraplacental Injection

PLOS ONE | DOI:10.1371/journal.pone.0123712 April 13, 2015 6 / 10



specifically the labyrinth, to be clearly distinguished from the maternal decidua. This allowed
accurate injection of BMCs which subsequently migrated into and engrafted the fetus. The en-
grafted GFP+BMCs were able to induce immune tolerance against GFP. Thus, we demonstrat-
ed that antigen exposure using the ICVI technique is sufficient to induce antigen-specific
immune tolerance in utero.

It is well known that exposure to foreign antigen during the preimmune stage of fetal devel-
opment can establish antigen-specific immune tolerance. There have been several modes of an-
tigen exposure utilized for delivering donor cells or genes during early gestation in animal
models. These include intravascular[7,8], intracardiac[9], intraperitoneal[10,11], intraplacental
[5,6], and intraamniotic injection.[12] Because of technical limitations, most of the studies
were performed at later gestational stages than our study. However, the human fetal immune
system begins to develop from the late 1st trimester and is completely established during fetal
life. Thus, to induce immune tolerance in humans, it may be advantage to deliver the foreign
antigen during the 1st trimester. The only fetal intervention that is clinically applied during the
first trimester, is chorionic villous sampling, referred as CVS.

Fig 3. Generation of antibodies against GFP after GFP-skin grafting. Antibodies against GFP were
measured using ELISA 4 weeks after skin grafting. Non ICVI control mice (N = 5) produced significant
amounts of antibodies, whereas ICVI mice (N = 5) did not. The no treatment group consisted of naïve mice
that did not undergo ICVI or skin grafting as a negative control (N = 4). *Statistical significance was assessed
if P<0.0167 with Bonferroni correction. P = 0.008 from Kruscal-Wallis test indicating a global difference.

doi:10.1371/journal.pone.0123712.g003
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Fleischman et al. used the intraplacental route for injection of cells on day 11 of gestation in
the rodent model in 1979.[5] They demonstrated that efficient wild type donor cell chimerism
was achieved by intra-placental injection in homozygous anemic mice. However, they inserted
micropipettes through the uterine wall into each placenta directly under direct vision, and
therefore could not distinguish between the fetal or maternal side of the placenta. Thus, in-
jected cells could enter either the maternal or fetal circulations. The advent of high resolution
ultrasound makes it possible to directly image the two sides of the circulation in the murine
placenta allowing us in this study to precisely transplant donor cells into the fetal side of the
circulation. While the technique is similar to CVS, cells are injected rather than withdrawn po-
tentially converting the technique from a diagnostic endeavor to a therapeutic one.

This implications of this study are limited by the differences in the structure of the placenta
and the development of immune system between the mouse and human. In mice, the placenta
consists of 3 layers, which are the fetal labyrinth, the spongiotrophoblast layer, and the mater-
nal decidua. The former two layers belong to the fetal side of placenta. In the human, the fetal
blood vessels are covered by a layer of cytotrophoblast cells and an adjacent layer of

Fig 4. Cytotoxic T cell assay against GFP in ICVI mice (N = 4) and GFP-immunizedmice (N = 4). CTL
reactivity against GFP-BMCs were measured using ELISPOT which Indicated spot counts per 2.5 x 105

effector cells. ICVI mice had a tendency to generate less response than immunized controls (P = 0.13).

doi:10.1371/journal.pone.0123712.g004
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multinucleated syncytiotrophoblast. These structures, called placental villi, are bathed in ma-
ternal blood.[13,14] Because of this structural difference, it is unknown whether cells or other
antigens transplanted into the human placenta will migrate into the fetal circulation as effi-
ciently as observed in this murine study.

Development of the immune system also differs between humans and mice. Some form of
immune tolerance can be induced with exposure to foreign antigen as late as 1 week after birth
in mice.[15–17] However, in the human both T cells and B cells begin to develop from 10
weeks gestation with emergence of mature T-cells from the fetal thymus after 13–14 weeks ges-
tation.[3,4] Thus, it may be necessary to utilize ICVI during the 1st trimester, as proven feasible
by CVS, to enhance the probability of induction of immune tolerance.

Low fetal survival rate after ICVI was also of concern in our study. Each fetal mouse received
2 x 105 viable B6GFP-BMCs with a volume of 5μl, and the survival rate of this procedure was
13.5%(5 out of 37). In some fetal mice, bleeding was observed by ultrasound during the injec-
tion. This is probably related to the volume of injectate and we anticipate improvements in sur-
vival with further application of this technique.

In conclusion, we utilized a technique similar to CVS to transfer donor cells carrying a for-
eign protein into the fetal side of the placenta in the murine model. This approach proved suffi-
cient to induce both humoral and cell-mediated immune tolerance against the foreign protein.
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