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Abstract
BACKGROUND—In utero transplantation (IUT) has the potential to treat birth defects early
before full development of the immune system. Relatively small grafts, that are not matched for
major histocompatibility antigens, can be delivered even before onset of disease symptoms. IUT
of hematopoietic stem cells is usually performed via intraperitoneal injection, yet the fate of donor
cells in the peritoneal cavity is not fully understood. We review our recent work and present new
data demonstrating that the peritoneum can be a site of ectopic hematopoiesis with implications
for IUT and immune tolerance induction.

STUDY DESIGN AND METHODS—Haplogeneic and allogeneic fetal transplants were
performed in mice and engraftment tracked by flow cytometry. Immune tolerance was studied by
mixed lymphocyte reactions and skin transplantation. Adult syngeneic murine transplants and
xenogeneic human into immunodeficient-mouse transplants were performed to follow
hematopoietic retention in the peritoneum and engraftment of the bone marrow.

RESULTS—Although most transplanted cells rapidly clear the peritoneum, hematopoietic cells
and cells with the phenotype of hematopoietic precursors can remain in the peritoneal cavity for
months after transplant. The presence of donor cells in the peritoneum can contribute to donor-
specific tolerance but sufficient peripheral blood chimerism is required to ensure acceptance of
donor skin grafts.

CONCLUSION—Ectopic hematopoiesis and the survival of stem cells in the peritoneum offers
the possibility of better using the peritoneal cavity to delivery stem cells and foster the
development of immune tolerance to alloantigens or other foreign antigens.
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INTRODUCTION
Cellular therapy, and stem cell transplantation in particular, offers the possibility of
providing a life-long cure for inherited diseases. In many cases the ideal therapy treats a
disease as early as possible, perhaps even before clinical symptoms of the disease have
manifested. This idea is among the reasons that have spurred consideration of prenatal
transplantation as a way to treat genetic or developmental birth defects. A number of
successful attempts at treating immunodeficiencies have been reported, but for many other
diseases, such as hemoglobinopathies and enzyme storage diseases, in utero transplantation
(IUT) has failed to generate the levels of donor cell chimerism that can significantly
improve the clinical course of the disease.1 This has spurred those of us interested in
developing fetal cell-therapy to gain a better understanding of the development of the human
immune system and re-evaluate our approaches and assumptions surrounding the
transplantation of foreign cells into a developing fetus.

There are a number of arguments in favor of prenatal transplantation, chief among these is
the immaturity of the fetal immune system that should allow for transplantation allogeneic
cells. Thymic maturation around 14 weeks’ of gestation marks the time of a rapid rise in
peripheral T-cell numbers. 2, 3 Thus, transplantation prior to this time should avoid any
possible rejection by host T-cells. As genetic testing by chorionic villous sampling is first
feasible at 10 weeks’ gestation, this presents a few weeks during which IUT may be
performed. As the fetal patient weighs >100g during this time period, it is possible to deliver
a relatively much larger dose of stem cells than one can later in ontogeny.4 In the case of
hematopoietic stem cell transplants, the beginning of the second trimester is a time when
stem cells seed the bone marrow and hematopoiesis begins to shift from the liver to the bone
marrow.5 The growth of the hematopoietic system results in a high frequency of circulating
stem cells and it is believed that donor stem cells could simply join this procession of host
cells to engraft new sites of hematopoiesis as they develop. Stem cell engraftment at such an
early stage of development would also allow the donor cells to participate in the dramatic
growth of tissues and organs that occurs in the second and third trimesters of development.
Ideally, this leads to sufficient levels of chimerism in the target tissue to eliminate or
alleviate clinical symptoms of disease. Additionally, the presence of donor cells during the
period of immune development can also lead to immune tolerance towards the donor cells.
For diseases such as immunodeficiencies, hemoglobinopathies and some metabolic diseases,
the period of engraftment and expansion of donor cells would take place while the patient
remains protected from infection and on maternal life-support. Thereby, the impact of the
disease is lessoned during the early stages of donor engraftment.

In practice, IUT has only been successful in cases were the donor stem cells have a profound
proliferative and survival advantage over host stem cells and/or their progeny. Patients
transplanted for X-linked severe combined immunodeficiency (SCID) show evidence of T-
cell engraftment but very little, or no, myeloid or B-cell engraftment.6 Referred to as mixed
chimerism, this outcome points to a very low incidence of donor stem cell engraftment that
only yields clinically significant chimerism because of the extensive proliferation that the
donor cells undergo as hematopoietic progenitors and mature T-cells.

Clinical experience with IUT points to deficiencies in our understanding of the fate of cells
transplanted into fetal recipients. Are these cells destroyed by immune mechanisms or do
they simply fail to engraft appropriate stem cell niches that support their survival and
growth? It is important to emphasize that prenatal transplants are performed without any
cytoablation or immune suppression. Either of these factors or some combination must be
preventing engraftment of transplanted cells. The focus of our National Blood Foundation
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grant was on the fate of the transplanted cells in the peritoneal cavity, the site of injection,
and the effects of chimerism levels on the induction of immune tolerance.

MATERIALS AND METHODS
Mice and animal husbandry

All mice were obtained from The Jackson Laboratory (Bar Harbor, ME or Sacramento, CA).
Adult female C57BL/6J mice were obtained for use as recipients of murine cell transplants.
Transgene-homozygous breeding pairs of C57BL/6-Tg(UBC-GFP)30Scha/J, expressing
enhanced green fluorescent protein (eGFP) under the direction of the human ubiquitin C
promoter,7 and immunodeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice8 were
bought and adult (≥8 weeks old) experimental animals bred at our institute. Animals were
maintained in microisolator cages (Innovive Inc., San Diego, CA) under specific-pathogen
free conditions as previously described.9 Research was performed under approval of the
Institutional Animal Care and Use Committee at ISIS Services LLC (San Carlos, CA).

Isolation and transplantation of murine primitive hematopoietic precursors
Femoral bone marrow was extracted from C57/BL/6-Tg(UBC-GFP)30Scha/J mice. Light
density cells were collected by 25 minute centrifugation at 600x g over a layer of 1.077 g/
mL Lymphoprep (Axis-Shield PLC AS, Oslo, Norway) and suspended in blocking buffer
consisting of phosphate buffered saline, calcium and magnesium free, (PBS; HyClone
Laboratories, Inc., Logan, UT) containing 5% normal mouse serum, 2 μg/ml mouse CD16/
CD32 and 0.01% NaN3 (Sigma Chemical Co., St. Louis, MO). All monoclonal antibodies
(mAbs) recognizing murine antigens were purchased from BioLegend (San Diego, CA).
Cells were stained with saturating levels of pacific blue (PB)-conjugated anti-mouse
TER-119 (clone TER-119), anti-mouse Ly-6G/Ly-6C (Gr-1) (clone RB6-8C5), anti-mouse
CD3 (clone 17A2), anti-mouse CD11b (clone M1/70) and anti-mouse CD45R/B220 (clone
RA3-6B2) mAbs for at least 30 minutes. Collectively, these antigens are referred to as
lineage (Lin) markers. Stained cells were washed twice with PBS. Magnetic sheep anti-rat
IgG Dynabeads (Invitrogen, Carlsbad, CA) were used to deplete Lin+ cells. Linlow cells
were collected, suspended in blocking buffer and stained with allophycocyanin (APC) anti-
mouse CD117 (clone 2B8) and phycoerythrin (PE) anti-mouse CD150 (clone
TC15-12F12.2). Cells were washed with PBS and suspended in PBS and propidium iodide
(PI) buffer for fluorescence activated cell sorting (FACS). CD117+CD150+Linlow cells were
isolated using a FACSAria (BD Biosystems, San Jose, CA) flow cytometer. Sorted cells
were counted using a hemacytometer. 1.1×104 cells in 0.2mL of PBS were injected into the
peritoneal cavity of C57BL/6J mice using a 28g insulin syringe (BD Biosystems, San Jose,
CA).

Isolation and transplantation of human fetal bone marrow
Human fetal bone marrow was obtained from elective abortions at San Francisco General
Hospital under a protocol approved by the University of California San Francisco
Committee on Human Research and with permission of the women undergoing the abortion.
The age of the tissues ranged from 23 to 24 weeks of gestation and was estimated based on
the foot-length of the fetus. The bone marrow was harvested as previously described.10

Light-density cells were isolated and cells counted, as for the murine bone marrow, and
suspended in PBS for i.p. injection in a volume of 0.2 ml.

Analysis of engraftment
Cells were harvested at the indicated times after transplantation. Peritoneal cells were
recovered by flushing the peritoneal cavity with 10mL of PBS using a syringe and 18g
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needle. The volume recovered was measured to allow estimation of the overall number of
cells retained in the peritoneal cavity. Additionally, hematopoietic tissues such as the
peripheral blood, femoral bone marrow, spleen and liver were also harvested and light-
density cells isolated. Spleens and livers were passed through 40 μm and 100 μm nylon
sieves (BD Biosystems, San Jose, CA), respectively, and liver cells washed once prior to
centrifugation over a layer of Lymphoprep medium. Cells were suspended in blocking
buffer and enumerated.

Cells harvested from C57BL/6J mice transplanted with CD117+CD150+Lin− cells were
stained with PB-labeled anti-Lin mAbs, CD117-APC, CD150-PE and PE-cyanine dye 7
(PE-Cy7) anti-mouse CD48 (clone HM48-1). Cells harvested from NSG mice transplanted
with human cells were stained with a panel of antibodies recognizing stem cells, progenitors
and mature blood elements as previously described.9 Only samples from healthy appearing
mice with no obvious signs of ill health such as tumor formation were considered in the
study. Samples were suspended in buffer containing PI to label dead cells and analyzed
using LSR II flow cytometer (BD Biosystems). Data were analyzed using FlowJo software,
version 9.2 (Tree Star, Inc., Ashland, OR).

RESULTS AND DISCUSSION
Resident hematopoietic cells in the peritoneum

IUT has been performed primarily by intraperitoneal (i.p.) injection of the graft because this
route of administration is considered to be the simplest and safest. The peritoneum is a site
of a resident population of hematopoietic cells that in adults includes mostly macrophages
and T-lymphocytes but also small populations of B-cells, NK-cells, dendritic cells and can
include neutrophils that infiltrate the peritoneal cavity in response to infection.11 The main
sources of these cells are milky spots in the omentum representing clusters of immune and
mesenchymal cells that are fed by peripheral blood.12 Hematopoietic cells transplanted into
the peritoneum enter the venous blood circulation together with the drainage of peritoneal
serous fluid into the right lymphatic duct and, less so, the thoracic duct (Fig. 1). Indeed, the
passage of blood from the peritoneal cavity into the circulation is efficient enough that blood
transfusions in fetuses and children has in the past been performed using this route of
administration.13 Accordingly, not much attention has been focused on cells found in the
peritoneal cavity after IUT as it was generally assumed that the transplanted cells are rapidly
cleared into the peripheral circulation after transplant.

Persistence of bone marrow cells in the peritoneum
We were surprised when we examined cells recovered from the peritoneal cavity of mice
that had been transplanted in utero with haplogeneic cells (H-2b/d B6D2F1 donor cells into
H-2b C57BL/6 recipients)to discover that in some 3–5 month old recipients donor cells
comprising as high as 25% of all cells could be recovered.14, 15 Although in most animals
the levels of chimerism were ≤1%, the frequency of donor cells in the peritoneum was
higher than in the bone marrow, peripheral blood or spleen. The peritoneal cells consisted of
B-cells, T-cells, F4/80-antigen+ macrophages and Gr1+ myeloid cells. We observed a
correlation between the presence of chimerism in the peritoneum and the presence of donor
cells in the circulation, spleen and bone marrow. Moreover, donor cells in the bone marrow
consisted of mature blood cells, not hematopoietic precursors, suggesting that hematopoietic
reconstitution of the bone marrow was not the source of circulating donor cells. This further
indicated that the peritoneum was acting as a reservoir, and/or potential source of newly
formed hematopoietic cells, that could enter the systemic circulation leading to observed
chimerism in the spleen, blood and bone marrow.
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These observations led us to investigate in greater detail the fate of transplanted cells in the
peritoneum with support of a grant from the NBF. We focused on early time points after
transplantation to determine to what degree donor cells remain in the peritoneum after fetal
transplantation.16 Light-density bone marrow cells were transplanted into embryonic day 13
mice. The haplogeneic transplant model used allowed for graft rejection by host T-cells, but
not graft-versus host disease. Donor cells were followed for 4 weeks after transplant and
were found in the peritoneal cavities of recipients for at least 2 weeks after transplant, after
which levels declined. The levels of donor cells in the peripheral blood, spleen, liver and
bone marrow trended with peritoneal chimerism, also peaking at 2 weeks post transplant.
Donor cells were nearly undetectable 2 weeks after analogous transplants into adult
recipients, indicating that rejection of mismatched cells in the peritoneum occurs relatively
quickly in immune competent animals.

Multiple cell types were retained short-term in the peritoneum including B-cells,
macrophages and several subsets of Gr-1 expressing myeloid cells.16 T-cells appeared to be
cleared rapidly from the peritoneum and represented less than 0.02% of donor cells. The
presence of Gr-1 antigen on multiple cell populations, including cells with the light-scatter
properties of progenitor cells, suggested the interesting possibility that hematopoietic
precursors may survive and grow in the peritoneum.

Ectopic hematopoiesis in the peritoneum
To test the hypothesis that transplanted hematopoietic precursors may survive, grow and
differentiate within the peritoneum, i.p. injections of 1.1×04 CD117+CD150+ donor cells
into adult mice were performed and peritoneal fluid and other hematopoietic tissues were
harvested from recipient mice after 24 hours and one week (Fig. 2). Donor cells were
obtained from syngeneic mice expressing an eGFP transgene in all tissues. Peritoneal cells
and light density cells from peripheral blood, femoral bone marrow and spleens were
counted and analyzed by flow cytometry. Although variable, all tissues at both time points
had detectable levels of eGFP+ cells. It has been reported by Kiel et al.17 that both CD117
(c-kit) and CD150 (signaling lymphocyte activation molecule) are markers for
hematopoietic stem cells. CD117 is a cytokine receptor on hematopoietic stem cells whereas
CD150 is best known for regulating the proliferation and activation of lymphocytes.
Analysis of the donor cells after isolation confirmed the purity of the isolated
CD117+CD150+Linlow cells and enriched for hematopoietic stem cells and early progenitor
cells. The migration and evolution of cell differentiation of the i.p transplanted cells was
followed over time.

Assessment of lineage antigen expression at both 24 hours and one week showed that
differentiation of eGFP+ cells had occurred, indicating that the donor cells both survived and
gave rise to mature cells (Fig. 2). A higher abundance of lineage positive cells was observed
in all tissues at one week than at 24 hours including the peritoneum, indicative of active
hematopoiesis in the peritoneum. Additionally, the presence of lineage positive cells
observed after 24 hours shows that activation and differentiation began quickly.

The first and perhaps the most obvious observation was the elevated concentration of eGFP+

cells in the peritoneum at both time points. Because the donor cells were injected i.p., it was
hypothesized that a population of the donor cells would remain localized in the peritoneum
with a trend of slowly diffusing to other tissues as well as starting to produce mature cells.
The latter part of the expectation was verified by the increased frequency of lineage positive
cells in the peritoneum. The former part of the expectation was evaluated by using the
calculated number of cells per tissue and the numbers obtained from the flow cytometric
analyses to formulate the frequency of eGFP+ distributed to each of the tissues. The average
percentage of total eGFP+ cells found in the peritoneum at 24 hours was 62.0% (n=2) and
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decreased to an average of 56.4% (n=2) at one week (Fig. 3). The decrease in donor cells
from 24 hours to one week indicates that overtime cells likely continued to exit the
peritoneum.

The prevalence of eGFP+ donor cells in hematopoietic tissues generally increased from 24
hours to one week after transplant. The frequency of eGFP+ cells relative to the number of
injected cells present in the blood increased from 15.3% to 19.1%; 15.1% to 23.8% in the
bone marrow; and decreased from 7.6% to 6.7% in the spleen (Fig. 3, n=2 for all tissues and
time points). The increase observed in the peripheral blood and bone marrow fits with the
hypothesized continued migration and expansion of cells from the peritoneum. However, a
slight decrease in eGFP+ cells from 24 hours to one week in the spleen was observed, which
may or may not be representative of the distribution trend due to the small sample size. The
prevalence of donor cells in the peritoneum and the distribution of donor cells to peripheral
tissues seem to be inversely related, suggesting that primitive hematopoietic precursors
injected i.p. tend to have slow efflux from the peritoneum to the peripheral tissues.

Intraperitoneal transplantation of human cells in immunodeficient mice
To understand the behavior of human cells transplanted into the peritoneal cavity, we
examined the fate of human bone marrow cells transplanted into immunodeficient NSG
mice. Adult mice approximate the size of a human fetus at the end of the first trimester,
when most fetal transplants have been performed, and their complete lack of lymphoid cells
prevents rejection of the donor cells. Thus, this model approximates, in size and immune
function, the human fetus before maturation of the thymus.

The graft consisted of the light-density cell fraction of fetal bone marrow containing a range
of hematopoietic precursors and mature blood cells (Fig. 4). The frequency and number of
cells recovered from 3 transplanted animals were measured to evaluate the retention of bone
marrow cells in the peritoneum. Eighteen hours after transplantation mean cell-enrichments
of 1.7-fold for CD19+ B-cells, 3.2-fold for CD3+ T-cells, 2.0-fold for CD15+ granulocytes,
1.9-fold for CD14+ monocytes was observed. CD235a+ erythrocytes were the only defined
cell population observed to dimmish in frequency. However, overall the number of
transplanted cells recovered from the peritoneum was only 1.2% (range 0.7 – 1.9%),
indicating that most donor cells rapidly exit the peritoneal cavity after transplant. It is
uncertain how many cells were not recovered because they firmly adhered to the mesothelial
layer that lines the peritoneum, but it is unlikely that such adherence could account for the
majority of transplanted cells. Therefore, the bulk of transplanted cells rapidly exit the
peritoneal cavity, including all the cell types that were preferentially retained in the
peritoneum.

Hematopoietic precursors were among the cell types found in the peritoneum as evinced by
the spectrum of cells at different stages of differentiation indicated by their different levels
of CD34 and CD38 expression (Fig. 4).18–20 Human hematopoietic stem cells are enriched
among cells expressing high levels of CD34 and express CD133 but low, or negligible,
levels of CD38.21 Cells with this phenotype were also observed in the peritoneum 18 hours
after transplant at a slightly higher frequency than in the fresh graft. In a second similar
experiment, the frequency of CD133+CD34++ cells was approximately 3 times higher 20
hours after transplant (data not shown). Nonetheless, the notable clearance from the
peritoneum of most transplanted cells in less than a day indicates that most hematopoietic
stem cells rapidly clear the peritoneum.

Despite the rapid emigration of hematopoietic cells from the peritoneum, we were interested
in determining if some human cells remain in the peritoneum as suggested by the murine
transplant studies. Mice were analyzed at a number of time points up to 321 days after
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transplantation (Fig. 5). At least some recipient mice at all time points had evidence of
CD133+CD34++ cells present in the peritoneum. At 85 days after transplant, the total
number of CD133+CD34++ cells recovered from 5 transplanted mice represented a mean
4.6% of the number of CD133+CD34++ cells in the original graft. Until 105 days after
transplantation all mice (n = 4 or 5) had CD133+CD34++ cells present. However, by 223
days after transplant only half of the 8 mice transplanted continued to show evidence of
hematopoietic stem cell engraftment in the peritoneum. At the final time point, 2 of 4
healthy mice had any detectable events that could be defined as CD133+CD34++ cells,
although the number of events detected was too few to conclusively demonstrate continued
engraftment by these cells. Thus, CD133+CD34++ cells persist in the peritoneum for at least
3 months after transplant along with evidence of intermediate hematopoietic progenitor
populations, which express various levels of CD34 but don’t express CD133, also evident
thereby suggesting ongoing hematopoiesis. In some cases the hematopoietic engraftment of
the peritoneum lasted over 7 months.

Despite the lack of any preconditioning before transplant, NSG mice transplanted by the i.p.
route of administration with human fetal bone marrow could result in bone marrow
engraftment. Three of 4 mice analyzed 321 days after transplantation had evidence of human
cells in their bone marrow and spleen. Multilineage reconstitution was confirmed by the
observation of CD34+ progenitors, B-cells (including CD34+CD19+ B cell progenitors),
CD14+ monocytes, CD7++CD56+ NK-cells, CD41+CD42b+ platelets, CD235a+

erythrocytes, and single positive CD3+ T-cells expressing either CD4 or CD8 (Fig. 6).

There was no evidence for recirculation of CD133+CD34++ cells from the bone marrow
back into the peritoneum. Among 5 mice transplanted by intravenous (i.v.) injection only 2
mice each had a single event detected by flow cytometry within the region defining
CD133+CD34++ cells (data not shown). Thus, there is no convincing evidence that mice
transplanted by standard i.v. administration yield engraftment of the peritoneum by cells
with the phenotypic properties of hematopoietic stem cells. These results are in line with
expectations that the peritoneum is not naturally a site of extramedullary hematopoiesis
beyond the proliferation of some mature blood cells that can occur in the peritoneum.

Peritoneal chimerism and immune tolerance
Long-term acceptance of a foreign graft requires the host immune system to be tolerant of
the graft. One of the lures of prenatal transplantation is that immune tolerance may be
achieved, without any enforced immune suppression, if the graft can take during the early
development of the immune system when self-tolerance normally develops. Natural
examples of prenatal tolerance induction include the classic studies of immune tolerance in
freemartin cattle performed by Owen.22 These animals share blood circulation in utero and
are exposed to each other’s antigens resulting in immune tolerance towards each other’s
tissues. Another example is the case of maternal chimerism that occurs when maternal cells
cross over into the fetus during gestation.23 Chimerism resulting from maternal cells is
orders of magnitude lower than from placental cross-circulation and its effects on immune
development can differ. Transplant studies that have evaluated the effects of noninherited
maternal antigens (NIMAs) have shown that maternal chimerism can lead to immune
tolerance or at least hypo-responsiveness towards NIMAs.24–26

The development of the cellular immune system in humans is only partially understood.
Many studies have been performed on umbilical cord blood cells harvested at birth under the
presumption that these fetal cells are representative of immunologically naïve and
unactivated cells found throughout fetal development. That this assumption was incorrect
was documented by Byrne et al.27 when they demonstrated a higher frequency of CD45RO+

‘memory’ T-cells in tissues from early gestation specimens than from the blood harvested at
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term births. Fetal CD4+ T-cells expressed CD25, a component of the interleukin-2 receptor,
and the authors speculated that these represented anergic auto-reactive T-cells. Our own
study confirmed the unique properties of fetal T-cells demonstrating the expression of a
number of T-cell markers associated with T-cell activation at frequencies much higher than
at term and, sometimes, even higher than found in adult peripheral blood.28 We speculated
that the presence of a high number of T-cells expressing interleukin-2 receptors might be
indicative of the presence of CD4+ T-regulatory cells (Tregs), which could play a role in the
development of fetal self-tolerance. Indeed, several groups soon went on to demonstrate an
early wave of Treg production in the human fetus that likely plays a key role in the
establishment of peripheral tolerance.29–31

Understanding the development of the human immune system is important to identify and
overcome the barriers to successful prenatal cellular therapy. How the presence of a high
frequency of Tregs in the human fetus may affect the outcome of IUT is hinted at by the
response of fetal and neonatal T-cells towards maternal cell antigens. Study of term
umbilical cord blood lymphocytes revealed a reduced response by T-cells in mixed
lymphocyte reactions (MLRs) towards NIMAs.32 Thus, exposure to maternal cells during
fetal development is likely responsible for promoting specific immune tolerance towards
NIMAs. With support of the National Blood Foundation, we collaborated with Mold and his
colleagues to demonstrate that human fetal Tregs can specifically inhibit responses towards
NIMAs, a response that can persist throughout at least childhood.33 These results
demonstrated that prenatal exposure to foreign antigens can result in specific immune
tolerance that is in part conferred by Tregs. T-cells are not the only branch of the cellular
immune system to show diminished responses towards foreign antigens that were present
during gestation as reduced antibody responses by B cells towards NIMAs have also been
reported.34

Donor-specific tolerance induction mediated by IUT, used to expose the developing immune
system to antigens, is envisioned as a method to prepare for secondary transplantation after
birth of either hematopoietic stem cells, to boost engraftment, or other tissues or organs. We
studied this approach in mice, which although differing from humans in the kinetics of
immune system development because of the short murine gestational period, have been
shown to share many similarities in immune function. For instance, mice also show a
specific tolerance towards NIMAs owing to prenatal exposure just as in humans.35, 36

However, murine studies have also shown that prenatal exposure to NIMAs can also induce
sensitization to maternal antigens.37, 38 The specific question we were interested in was if
persistent hematopoietic chimerism in the peritoneum following IUT could benefit immune
tolerance induction.

Our initial observations using the haplogeneic mouse transplant model (H-2b/d into
H-2b)demonstrated a correlation between peritoneal chimerism and T-cell tolerance.14, 15

MLRs were performed 3–5 months after IUT and responses categorized as normal
responsiveness (relative to 3rd party allogeneic stimulator cells), hyper-responsiveness or
hypo-responsiveness. Donor chimerism in the bone marrow, blood and spleen in this set of
transplants was low (<1%) or absent. Peritoneal chimerism was also generally low, with
some exceptions, but the presence of donor cells in the peritoneum correlated with hypo-
responsive T-cell reaction towards donor cells. Some transplanted mice also exhibited
hyper-responsiveness, suggesting that low or transient chimerism owing to IUT may act to
sensitize mice to donor antigen, similar to what was reported in some studies of prenatal
exposure to NIMAs. Thus, in the absence of significant chimerism, the effect of IUT on the
host’s T-cell response to donor cells may either be tolerance or sensitization.
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We further evaluated the relationship of chimerism and tolerance in an allogeneic mouse
model in which C57BL/6 (H-2Kb) cells were transplanted into FVB/N (H-2Kq) recipients.
In this model, clinically relevant levels of chimerism (>10%) could be achieved in some
recipients with transplantation of a high dose of donor cells (≥5 × 106 cells/embryo).39

Nonetheless, a spectrum of chimerism levels was achieved among recipients, which allowed
us to determine the effects of chimerism levels in different tissues on long-term
hematopoietic engraftment and tolerance. A threshold level of ≥2% donor cells in the
peripheral blood at 1 month of age was correlated with lasting hematopoietic chimerism.
Less than this level of chimerism and the graft would be at risk of failure. A focus on the
importance of peripheral blood chimerism levels was made because clinically the blood is
the easiest and safest tissue to measure.

We evaluated tolerance using skin grafts originating from host, donor and allogeneic 3rd

party mouse strains.39 Survival of skin grafts is considered one of the most stringent tests of
immune tolerance. Survival time of donor-type skins was clearly correlated with both
peripheral blood and peritoneal chimerism. Higher levels of donor cells in the peripheral
blood at the time of skin transplant predicted graft acceptance. Transient peripheral blood
chimerism that had faded by the time of skin grafting sometimes correlated with prolonged
skin graft survival, but didn’t predict long-term skin tolerance. For those animals that lacked
detectable donor cells in peripheral blood, the presence of donor cells in the peritoneum
correlated with increased skin survival, whereas rapid skin rejection occurred in
untransplanted animals and animals with no blood or peritoneal chimerism. Thus, even
when donor cells are restricted to the site of injection, the presence of hematopoietic cells in
the peritoneum alone contributes to a hypo-responsive state.

We explored the relationship further between chimerism and the timing of skin grafts in a
recently published study using the same murine allogeneic prenatal transplant model.40 Skin
transplants were performed at three different time points to test if grafting sooner after the
fetal hematopoietic transplant would improve graft survival over later transplants. Mice
were grouped based on their levels of peripheral blood cell chimerism at 1 month of age.
The survival of skin grafts was observed when peripheral blood chimerism was observed at
the time of skin transplantation. The initial exposure to donor antigens from the fetal
transplant or donor chimerism measured at an early time point that faded before skin
transplantation did not promote acceptance of the skin graft. Thus the presence of donor
hematopoietic cells at the time of transplant was a critical factor in tolerance induction. At
≥3% blood chimerism, acceptance of donor-type skin was assured. At this level of
chimerism, donor cells were also found in the thymus, likely helping to promote central
tolerance. There was about a 1 in 3 chance of skin graft acceptance if blood chimerism was
between 0.2% and 3%.

The utility of MLRs in predicting skin tolerance as well as the role of peritoneal chimerism
in skin tolerance was also studied.40 Lack of response in MLRs did not fully predict skin
graft survival. Mice with donor cells present in the blood that demonstrated tolerance by
MLR did not always accept donor skin grafts. Likewise, the correlation between peritoneal
chimerism and lack of an MLR response was confirmed, but peritoneal chimerism alone did
not ensure skin graft acceptance. These findings point to a hierarchy of immune tolerance as
summarized in Fig. 7. T-cell tolerance as measured by MLR can occur after transient or
persistent low-level chimerism. Persistence of donor cells in the peritoneum helps to
promote tolerance or hypo-responsiveness. However, sufficient blood chimerism is needed
for full tolerance that allows for skin grafts. The mechanism for this tolerance is likely
complex involving both central and peripheral tolerance.
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Summary
IUT remains an alluring frontier in the realm of cellular therapy. Over a decade ago
encouraging results from animal studies led to a number of attempts at transplanting highly
purified stem cells in human fetuses with some success in treating severe immune
deficiencies,6, 41, 42 but other ailments failed to be significantly affected by IUT. Our own
attempt at treating a patient with chronic granulomatous disease with purified stem cells
failed to detect any chimerism.43 These results underscored the difficulties in achieving
clinically significant engraftment with a simple stem cell transplant. More research was, and
still is, required to understand the development of the human immune system to better
design cellular therapies that can exploit the opportunity of IUT and donor-specific tolerance
induction to treat diseases of the hematopoietic system as well as diseases that require post-
natal tissue or organ transplantation. Support of the National Blood Foundation has helped
us continue to study this unique approach to the treatment of birth defects. Our work has
shown the benefit of high-dose transplants containing mature and immature blood cell
elements as opposed to the highly purified grafts tried in humans. Engraftment of multiple
cells types in the peritoneum and their gradual dissemination to the peripheral circulation
benefits the establishment of immune tolerance and offers the possibility engineering grafts
to further use the peritoneal cavity as way station towards successful IUT.
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Fig. 1.
Overview of cell migration after IUT. IUT via the i.p route results in a population of donor
cells residing in the peritoneum (P), whereas most transplanted cells rapidly leave the
peritoneum and enter the circulation from were the can seed the liver (L), bone marrow
(BM) and thymus (T).
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Fig. 2.
Short-term retention of eGFP+ early progenitor cells in the murine peritoneum. 1.1×04

CD117+CD150+ donor cells from transgenic mice expressing eGFP in all tissues, were
phenotyped by flow cytometry and transplanted i.p. into C57BL/6 mice. Peritoneum cells
and hematopoietic cells were harvested, counted and phenotyped the same way after 24
hours and one week. Analysis of donor cells, peritoneum cells at 24 hours and one week,
spleen at one week and peripheral blood at one week are shown. Data in the two columns on
the left represent expression of CD150 and either CD117 or CD48 by viable cell (PI−),
eGFP+ events. Data in the middle column represent the frequency of lineage expression
from viable, eGFP+ events. Data in the two columns on the right represent CD150 and either
CD117 or CD48 expression by viable, eGFP+ Linlow cells.
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Fig. 3.
Tissue distribution of eGFP+ cells 24 hours and one week after transplantation. 1.1×04

eGFP+CD117+CD150+ murine donor cells were transplanted i.p. into Balb/c mice.
Peritoneal cells, bone marrow, spleen and blood were harvested at the indicated time points.
Total numbers of viable eGFP+ cells in each of these tissues, based on cell recoveries and
flow cytometric analyses, were used to calculate the distribution of donor cells. Results
represent the mean of n = 2 at each time point.
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Fig. 4.
Short-term retention of human hematopoietic cells in the murine peritoneum. Donor cells
consisted of human bone marrow cells, 23 weeks of gestation, which were phenotyped by
flow cytometry and 7.5 × 107 cells transplanted i.p. into NSG mice. Eighteen hours later,
cells were recovered from the peritoneum, counted and subjected to the same phenotypic
analysis. Analysis of fresh bone marrow cells and representative results of 3 transplanted
mice are shown. Results show live cell (PI−) events expressing human CD59 and lacking
high-level murine CD45 and TER-119 expression. Additionally, the analysis of CD3, CD56
and CD19 expression was limited to gated events with a typical lymphoid forward and side
light-scatter. Percentages reflect the number of events found in the associated region among
all PI− human cells. Percentages are derived from a single measurement of donor cells and
the mean of measurements from 3 transplanted mice.
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Fig. 5.
Long-term retention of human hematopoietic precursors in the murine peritoneum. 2 × 107

donor bone marrow cells, ranging from 23–24 weeks of gestation, were transplanted i.p. into
NSG mice. Peritoneal cells were harvest from untransplanted mice (top row) and
transplanted mice (bottom row) at the indicated time points. Data shown represent gated
human CD59+ events lacking PI and murine CD45 and TER119 antigen expression. As
staining with murine leukocyte and erythrocyte markers doesn’t strongly stain all murine
cells and CD59 expression on human cells is moderate, a small number of murine cells are
captured by the gating strategy represented by the events shown for untransplanted mice.
Arrows indicate candidate CD133+CD34++ hematopoietic stem cells.
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Fig. 6.
Hematopoietic reconstitution after i.p. transplantation of human cells in NSG mice. Results
are shown for a mouse transplanted with 2 × 107 fetal bone marrow cells and hematopoietic
engraftment evaluated after 321 days. Data shown represent gated PI-CD59+ single cells
lacking expression of murine CD45, H-2Kb and TER-119. CD4 and CD8 expression in the
spleen is shown on CD3+CD45+ cells defined by the indicated region.
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Fig. 7.
Relationship between chimerism and immune tolerance. Results of IUT studies performed
on mice were used to summarize the relationship between donor-cell chimerism levels,
location of chimerism and immune responses measured by MLR and donor-skin grafting.
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