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Abstract 

Early diagnosis and in utero hematopoietic stem cell transplantation (IUHSCTx) have the 

potential to reduce fetal/neonatal morbidity/mortality due to hematological and 

immunological disorders. In some instances, IUHSCTx could also prevent disease-

dependent organ damage/failure that many genetic diseases can exert during gestation. 

Clinical experiences show that IUHSCTx can successfully treat certain immune 

deficiencies. However, the relatively low levels of engraftment of hematopoietic stem 

cells (HSC) following IUHSCTx have precluded it from being curative for other diseases 

in which there is no selective advantage for the transplanted donor HSC. The goal of the 

projects and experiments presented in this dissertation was to build new tools and use 

them to develop and test novel strategies to improve IUHSCTx outcome. Here, we 

conducted studies to delineate the steps and key cellular elements in the emergence of 

the BM HSC niche, and the onset of marrow hematopoiesis during fetal life. We 

identified the existence of a functional human mesenchymal niche, which contributes to 

cartilage, bone, and vasculature, and we demonstrated that the fetal Stro-1+ cell 

population contains hematovascular mesoderm progenitors. Of particular note, we 

showed that adult Stro-1+ cells are phenotypically/functionally different from their fetal 

counterpart, but when placed in vivo in a fetal environment, they reprogram to a more 

primitive phenotype, and generate HSCs capable of robust, serial, multilineage 

hematopoietic reconstitution. By studying the HSC niche during ontogeny, we also 

identified a highly potent hematopoietic stem/progenitor cell (HSPC) subpopulation 

(CD166+CD34+), which we then found are also present within the adult-BM. We 

demonstrated that fetal CD166+CD34+ cells from different organs are functionally 

different, and also foundthat adult BM CD166+CD34+ cells are exclusively hematopoietic, 

and, surprisingly, possess higher clonogenic potential compared with their fetal 

counterparts. Finally, using the ovine model of in utero transplantation, we demonstrated 
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that manipulation/priming of the fetal HSC niches, by transplanting adult stromal/ 

endothelial cells prior to IUHSCTx, improves the outcome of IUHSCTx significantly. 

Taken together, studying fetal HSCs niches during development and adult life, we 

identified a primitive HSC population with high clonogenic potential, which could be used 

as a source of highly enriched HSCs to treat/cure a broad variety of blood disease, and 

also discovered a unique non-hematopoietic, epigenetically primed, adult somatic cell 

that is able to generate functional HSC in vivo. We also showed that creating adult-BM-

derived HSC niches in the fetal microenvironment significantly improves IUHSCTx 

outcome, increasing donor hematopoietic engraftment to levels that would likely be 

therapeutic in many of the major genetic diseases.  
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Introduction: 

The goals of the projects and experiments presented in this dissertation are to 

build the necessary tools to develop and test novel strategies to improve the 

outcome of in utero hematopoietic stem cell transplantation (IUHSCTx) and to 

identify novel markers for hematopoietic stem cells (HSCs) during ontogeny and 

adult life. 

Congenital hematological disorders and genetic birth defects account for a large 

percentage of pediatric hospital admissions, and are one of the most common 

causes of infant mortality during the first year of life (1-3). Current options for 

most parents facing congenital hematological diseases following prenatal 

diagnosis are to either terminate or continue with a known affected pregnancy.  

For many of the congenital hematological disorders, postnatal hematopoietic 

stem cell transplantation is the only curative therapy. However, identifying a 

human leukocyte antigen-matched donor, the possiblity of infection during the 

period of myeloablation/conditioning-induced leukopenia, the development of 

graft versus host disease (GvHD), and organ damage are only a few amongst 

the many challenges and complications that must be addressed/overcome to 

achieve a successful postnatal hematopoietic stem cell transplantation.  

IUHSCTx is a promising alternative to its postnatal counterpart, which could 

potentially provide successful treatment for many genetic and developmental 

diseases affecting the immune and hematopoietic system. Advances in prenatal 

diagnosis, such as chorionic villous sampling (CVS), amniocentesis, and PCR-

based molecular analysis of fetal cells present within the maternal circulation, 
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allow the diagnosis of the majority of congenital hematologic disorders as early 

as 10 to 12 weeks of gestation (g.w) (5). At this age, the fetus is still relatively 

immunologically immature, and as such, is uniquely tolerant to foreign antigens 

(6). This state of immunonaïveté enables the fetus to accept allogeneic cells 

without the need for immunosuppression or myeloablation. Successful prenatal 

transplantation could prevent the organ damage that occurs in many genetic 

diseases during gestation, and thereby preempt clinical manifestation of the 

disease (1, 7). Furthermore, compared with postnatal hematopoietic stem cell 

transplantation (HSCT), in utero treatment requires much smaller cell doses to 

achieve a therapeutic effect, due to the small size of the fetus. Lastly, the early 

gestational period is the only time during life in which the natural large-scale 

migration of stem cells to different tissue compartments takes place(8, 9), and 

exploring and understanding the natural mechanisms regulating the migration of 

native stem cells during fetal development could potentially be utilized to achieve 

a selective advantage for donor cells to home and engraft into the expanding 

fetal microenvironment. A clinically successful IUHSCTx could promise the birth 

of a healthy infant, who required no postnatal treatment, dramatically reducing 

treatment costs, and eliminating the other complications associated with post-

natal HSCT due to chemotherapy, myeloablation, and immunosuppression.  

Experiments of nature:  

The first proof in principle supporting the potential of IUHSCTx to achieve mixed 

allogeneic chimerism with associated donor-specific tolerance was the 

“experiments of nature” described by Owen in 1945, when he observed that 
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dizygotic cattle twins that share cross-placental circulation were natural blood 

chimeras, immunologically tolerant, and maintained stable levels of 

hematopoietic chimerism for life (10) .  

This natural chimerism has been observed in other species and most notably in 

humans (11, 12). The level of chimerism is relatively high (8%) in the cases of 

dizygotic human twins, and even higher (21%) for triplets (12) . In some of these 

cases, the chimerism levels have been high enough that they would be 

therapeutic for most hematological disorders (13). These findings provide the 

proof of principle for the therapeutic potential of IUHSCTx. However, because of 

very early and continuous exposure of the fetus to allogeneic blood components 

via placental vascular anastomoses, replicating these experiments of nature 

have been extremely difficult. 

Barriers to fetal transplant: 

To date, despite the unique opportunities offered by the fetal microenvironment, 

the promise of IUHSCTx remains unfulfilled, due to the presence of several 

barriers to prenatal engraftment. These barriers can be categorized as: 1) The 

availability, maturity, and receptivity of the hematopoietic microenvironments for 

the donor cells to home and engraft; 2) The competition between the host and 

donor hematopoietic cells resulting from the proliferative advantage of fetal over 

adult cells; and 3) Unforeseen innate immunologic barriers. 

Availability and receptivity of host hematopoietic compartment: 

Early in gestation, the hematopoiesis/HSC-supporting niche shifts from yolk sac, 

placenta, and aorta-gonad-mesonephros (AGM) region to the fetal liver, and 
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finally, at 10-11 g.w. in humans, the HSCs migrate to the developing BM, in 

which they reside throughout adult life (14, 15). During this time, the 

hematopoietic compartments must also be expanding exponentially to create 

adequate niches for engraftment of circulating HSC. Therefore, it has been 

assumed that, compared to the postnatal setting, more supportive hematopoietic 

niches are available in these developing prenatal hematopoietic compartments; 

hence, enough “space” should be available in the expanding host hematopoietic 

compartment for homing and engraftment of both the migrating native cells as 

well as transplanted donor cells. Studies in nonmyeloablated mouse syngeneic 

model, in which the postnatal hematopoietic niches have not been irradiated and 

donor and recipient cells are genetically matched, have described a dose-

dependent increase in donor cell engraftment (16, 17). The effect of maximizing 

cell dosage and serial transplantation in improving donor cell engraftment has 

also demonstrated in the sheep model of IUHSCTx (18), suggesting that a 

steady-state of open receptive sites is available in normal nonmyeloablated pre- 

and postnatal bone marrow (BM). 

It is important to mention that the availability of niches for donor cell engraftment 

after IUHSCTx depends on the dynamic balance between the expansion of 

circulating HSCs and the formation of new receptive sites. During gestation, 

mesenchyme formation precedes hematopoiesis in both fetal liver and BM (14, 

19); however, after the establishment of the stromal bed, hematopoietic activity 

increases much faster than the formation of new stromal receptive sites (19). 

Hence, during this time, the fetal hematopoietic compartment is overloaded, with 
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the native HSCs occupying a very limited number of developing niches, leaving 

very little or no space for engraftment of the transplanted donor HSC.  

Competition between host and donor HSC: 

The second significant barrier to donor cell engraftment following IUHSCTx is the 

competition from a pre-existing, vigorous, host hematopoietic compartment that 

does not exist in postnatal transplantation, which is conducted after 

myeloablation. Assuming that the donor cells can engraft and expand in the 

existing host hematopoietic niches, then even engraftment of relatively limited 

number of donor HSC could ultimately reconstitute the recipient. For example, in 

1984, Mintz et al. reported a complete reconstitution of the hematopoietic 

compartment after in utero transplantation of as few as 1 or 2 normal HSCs in c-

kit deficient mice (20).  However, clinical IUHSCTx has thus far only been 

successful in cases of severe combined immunodeficiency (SCID), in which 

donor cells have a clear selective advantage over the host cells; attempts to use 

IUHSCTx to treat diseases other than SCID have been unsuccessful (21-24).  

Multiple investigators have shown that adult stem cells can engraft in the fetal 

environment at very low levels (25). In contrast, transplantation of fetal liver (26, 

27) and cord blood (CB) cells (28, 29), both of which exhibit more rapid cycling 

and expansion kinetics than adult cells, resulted in higher engraftment levels. 

Therefore, the competition between host and donor HSCs, resulting from the 

proliferative advantage of fetal over adult cells, is another major obstacle that 

must be overcome to achieve clinical success following IUHSCTx. 
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Another relevant observation indicating the importance of the competitive 

capacity of fetal over adult cells, when both stem cell populations are present, 

came from the previously discussed results obtained in a syngeneic 

nonmyeloablated mouse model. Stewart et al. reported that when non-irradiated 

or minimally irradiated syngeneic donor cells were transplanted, into minimally 

myeloablated syngeneic mice, 7-fold higher engraftment levels were seen with 

the non-irradiated cells (30). Thus, the final host: donor ratios are determined by 

the ability of the transplanted donor stem cells to effectively compete with those 

of the host. 

Therefore, IUHSCTx success is limited by not only the inability of the 

transplanted cells to engraft in adequate numbers because of the limited 

available receptive sites, but also due to the inability of the engrafted adult HSCs 

to expand sufficiently within the host (fetal) hematopoietic compartment due to a 

competitive disadvantage. 

Native immunological barriers: 

One of the major touted advantages of IUHSCTx is that this approach takes 

advantage of the normal ontogeny of the fetal immune system. In other words, 

the relative immunological immaturity of the early gestational fetus should allow 

the engraftment of allogeneic cells without the need for myeloablation or 

immunosuppression. IUHSCTx typically takes place at the beginning of the 

second trimester, following prenatal diagnosis at the end of the first trimester, 

when hematopoiesis has already ceased in the yolk sac and AGM, and is 

transiently proceeding in the liver, and T cell education is commencing within the 
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thymus (14, 15). Theoretically, in the beginning of the second trimester, when the 

fetal immune system is still immature and is not yet fully able to discriminate 

between “self” and “non-self”, introduction of foreign antigens should result in 

presentation of donor antigens in the thymus with clonal deletion of alloreactive 

T-cells (31). However, experimental efforts to induce tolerance by prenatal 

presentation of antigens have yielded inconsistent results. In studies by Hedrick 

et al in the sheep model, using IUHSCTx to induce hematopoietic chimerism 

failed to induce a robust enough state of donor-specific tolerance to permit 

postnatal acceptance of allogeneic renal grafts (32). Other studies in mice 

reported that IUHSCTx resulted in donor-specific tolerance to skin grafts in only 3 

out of 22 animals with micro-chimerism after IUHSCTx (33). A possible 

explanation for these results came from another study in mice which 

demonstrated that induction of donor-specific tolerance correlates directly with 

chimerism levels (34, 35). Further murine studies performed by Chen et al. 

showed that there is a correlation between peripheral blood (PB) chimerism, 

thymic chimerism, and donor-specific tolerance, as measured by skin graft 

acceptance (36).  

Other studies in mouse model of IUHSCTx, comparing engraftment of allogeneic 

and congenic stem cells, showed that although all of the transplanted animals 

demonstrated engraftment at 1 week of age, 70% of allogeneic recipients lost 

engraftment by 1 month of age, and 80% ultimately failed to sustain long-term 

engraftment. In contrast, all of the congenic recipients maintained stable, long-

term, multilineage engraftment (37). In these studies, both congenic and 
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allogeneic animals exhibited measurable levels of chimerism at birth and during 

the early neonatal period, and the loss of graft seems to be a postnatal effect. 

Further studies in murine model of IUHSCTx by Merianos et al. showed that loss 

of donor cell engraftment after birth is due to the transmission of maternal 

alloantibodies to pups through breast milk, inducing a postnatal adaptive immune 

response (38). 

However, since IUHSCTx has only been clinically successful in fetuses that were 

affected by X-SCID (21) and has failed in patients with diseases other than 

immunodeficiencies, could raise the possibility of existence of an immunological 

barrier at the time of transplant, which prevents the engraftment of the 

transplanted cells. Fetal immunologic tolerance is known to be temporally related 

to thymic development (39). In the human fetus, T cell receptor (TCR) 

rearrangements occur during the first trimester of pregnancy, and single positive 

lymphocytes can be identified as early as 13-14 g.w (40) Moreover, during the 

first trimester in the human fetus, NK cells and T cells that have undergone TCR 

rearrangements and are alloreactive against MHC in vitro, are already present in 

the fetal liver (41-43). Therefore, IUHSCTx attempts to introduce allogeneic cells 

into the fetal thymic microenvironment should be performed during the first 

trimester so that donor cells would be identified as “self” and donor antigens 

would undergo appropriate thymic antigen presentation resulting in clonal 

deletion of donor alloreactive host T-cells.  

Taken together, these studies support the notion that immunological tolerance 

can be induced via cell transfer in utero, but also argue that this fetal tolerance 
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might be conditional and highly dependent on transplantation timing. In summary, 

one can conclude that while the level of engraftment after IUHSCTx is limited by 

the availability of empty “space” and donor/host cell competition, loss of 

engraftment and absence of long-term hematopoietic chimerism is due to failure 

to overcome the innate and/or adaptive immune barrier.  

Overcoming engraftment barriers: 

To achieve the full potential of IUHSCTx for diseases other than 

immunodeficiencies, selective strategies to (i) improve receptivity of the host 

microenvironment to increase the number of donor cells engrafted (44); (ii) 

elevating the competitive capacity of donor HSC to allow the expansion of 

engrafted cells; and (iii) overcoming the innate and adoptive immunological 

barriers to improve the frequency of successful engraftment are of particular 

interest. 

Improving receptivity of the host’s microenvironment to increase the levels of 

donor HSC engraftment will require the development of highly selective and 

minimally myeloablative techniques in the fetus. By creating empty space in the 

fetal hematopoietic compartment, donor cells could engraft at higher levels after 

transplantation. Although minimal myeloablation of the fetus is theoretically 

attractive and potentially powerful, current standard regimens for vacating BM 

niches would be excessively toxic during fetal development. Therefore, new 

methods to safely and selectively create empty space in the fetal 

microenvironment will need to be developed. One less dramatic, and much less 

toxic, strategy to improve the receptivity of the host microenvironment would be 
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the mobilization of fetal HSC into the circulation, thereby providing the space 

needed for donor cells to engraft after transplantation. The administration of 

agents to mobilize HSC and thus vacate the recipient’s niche has been proven to 

be safe in pediatric patients as young as 2 months of age (44), and in utero in 

sheep fetuses (45). In this scenario, after stem cell transplantation, when the 

mobilizing drug’s effect starts to diminish, donor and recipient HSCs in circulation 

would both home to the fetal BM. In this manner, donor cells would have better 

access to the vacated recipient HSC niches. However, because of the faster 

cycling and expansion kinetics of the fetal HSC compared to adult HSCs, the 

endogenous fetal cells would still have the competitive advantage over the 

transplanted adult cells. Thus, establishing strategies to increase the receptivity 

of the fetal microenvironment, while simultaneously providing a competitive 

advantage for donor cells, would be particularly attractive.  

Another powerful and somewhat successful strategy to improve the receptivity of 

the host microenvironment is to create additional sites for the transplanted cells 

to engraft by co-transplanting donor HSC with donor-derived stromal cells. Our 

group has previously demonstrated, in the sheep model of IUHSCTx, that co-

transplantation of marrow stromal cells (MSC) increases both short- and long-

term donor cell expression in the sheep model (46, 47). MSC’s effect in elevating 

HSC engraftment might be due, at least in part, to the establishment of a donor 

microenvironment within the host BM, which creates additional/donor-derived 

space for the donor cells to engraft and proliferate. However, in order to 

efficiently establish donor-derived niches, it is possible that MSCs and/or other 
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niche-derived cells might need to be transplanted a few days prior to IUHSCTx, 

to ensure the donor-derived microenvironment was sufficiently established at the 

time of HSC delivery. 

The simplest manipulation to provide a competitive advantage for donor cells is 

to maximize the numbers of transplanted HSC. This could be accomplished by 

simply increasing the number of transplanted cells in a single transplant, by 

performing multiple transplants, or both (16-18, 30, 47). Another attractive 

strategy to increase the donor HSC competitive capacity is the in vitro 

manipulation of donor cells to enhance their homing/engraftment potential 

without exerting any toxicity on the fetus. For example, Christopherson et al. 

reported that blocking the dipeptidyl peptidase CD26 on cord blood-derived 

CD34+ cells increased the homing of these cells to the fetal liver by enhancing 

their chemotactic response to CXCL-12/SDF-1α  (48). Other strategies to 

increase the competitive capacity of transplanted cells include pre-incubating 

donor HSCs with hematopoietic growth factors and cytokines (49, 50), or co-

transplanting HSCs with stroma (46, 47) to stimulate donor HSCs and increase 

their competitive capacity. In this context, the stromal cells could promote HSC 

engraftment through the expression and release of hematopoiesis-supporting 

cytokines. It is important to note that the successful development of strategies 

that could provide an actual competitive advantage for donor cells would 

eliminate the need to increase the numbers/levels of engrafted HSC, since 

relatively few engrafted cells would theoretically be able to expand to repopulate 

the host compartment. 
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It is important to note that the establishment of minimal chimerism in host, even 

in the absence of obtaining therapeutic levels of engraftment, may result in the 

reliable induction of donor specific tolerance and allow for post-natal boosting 

with minimally ablative regimens to enhance engraftment to target levels with 

minimal treatment toxicity.  

It was stated earlier that the immunological barrier is perhaps the most important 

hurdle to overcome in IUHSCTx. In the presence of this barrier, engrafted donor 

cells will not survive to repopulate the recipient’s hematopoietic niches. As noted 

earlier, central thymic tolerance begins early in gestation, during the first 

trimester of pregnancy. Currently, IUHSCTx takes place in the beginning of the 

second trimester. This relatively late presentation of donor cells may enable 

interaction of allogeneic antigens with TCRs of varying frequency and affinity for 

the antigen in question. Therefore, it is possible for donor-reactive T-cells to 

escape thymic deletion because of the inadequate or late presentation of donor 

antigen in the thymus.  Hence, earlier diagnosis and therapeutic intervention 

(IUHSCTx) before or during the early stages of thymic selection may provide a 

better opportunity for pro-tolerogenic presentation of donor antigens in the 

thymus. 

Another attractive but challenging strategy to overcome the fetal immune barrier 

would be using MHC-matched, or autologous, cells for in utero transplantation. 

One approach would be performing gene therapy with autologous HSCs in utero, 

which would allow early correction prior to disease onset, without the need to 

overcome the immune barrier. Despite the myriad advantages of gene therapy, 
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however, safely achieving a therapeutic level of gene-modified HSCs in vivo 

remains a major hurdle, due largely to the low transduction efficiency of HSCs 

with many types of viral vectors (51). Besides, HSCs cannot be easily removed 

from fetal peripheral blood or BM. However, in a recent study, Shaw et al. 

successfully isolated functional hematopoietic CD34+ cells from first trimester 

sheep amniotic fluid, and demonstrated that these cells can reconstitute 

hematopoiesis in primary and secondary NOD-SCID-gamma (NSG) mice after 

overnight transduction with green fluorescent protein (GFP). Moreover, 

autologous IUHSCTx transplantation of these cells into fetal sheep recipients 

resulted in long-term engraftment in PB and hematopoietic organs for up to 6 

months after birth (52). These promising findings suggest that improved 

techniques for isolating, expanding, and transducing amniotic fluid-derived 

CD34+ cells could pave the way to successful IUHSCTx. 

Hematopoietic stem cell niche: 

The HSC niche is an anatomical location in the bone marrow (BM) cavity, in 

which HSCs reside and undergo self-renewal, proliferation, and differentiation 

(53, 54). In the BM, HSCs are not only dividing and differentiating to give rise to 

all of the mature circulating blood and immune cells, but they must also undergo 

self-renewal to maintain a stable pool of functional stem cells. For this reason, 

interaction of HSCs with this supportive microenvironment is critical for 

sustainability of the stem cell pool throughout life. The concept of the HSC niche 

was first proposed by Ray Schofield in 1978 to describe a specialized BM 

environment that could preserve the reconstituting ability of HSCs (55). Since 
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then, the niche hypothesis has been supported by variety of co-culture 

experiments in vitro (56-59). In 2001, Nilsson et al. demonstrated that HSCs 

home and engraft to the endosteal region after transplantation into nonablated 

mice (60). However, the exact location, cellular composition, and molecular 

signals of the HSC niche remained unclear until relatively recently. Results of 

recent studies investigating marrow physiology have provided evidence that 

different populations of hematopoietic stem and progenitor cells appear to reside 

in different anatomical niches; and that each of these niches is composed of 

multiple cell types that contribute to the hematopoietic niche in a unique as well 

as redundant ways (61-63) Current data suggest the presence of at least three 

hematopoietic niches within the BM: the osteoblastic niche (64, 65), the vascular-

endothelial niche (66), and the mesenchymal-stromal niche (67-70). The 

interactions amongst the different cell types in these niches results in the 

maintenance of a dynamic balance between self-renewal, differentiation, and 

quiescence of HSCs (61, 71). 

The osteoblastic niche is thought to be the primary site for very primitive, 

quiescent HSC. Imaging studies displaying the presence of HSCs in the 

trabecular region of the BM suggest that HSCs may be directly or indirectly 

regulated by factors present near the bone surface (72, 73). The role of 

osteoblasts in supporting HSCs was first confirmed by in vitro evidence that 

osteoblasts, differentiated from human BM stromal mesenchymal cells, can 

produce hematopoietic cytokines needed to support hematopoietic cells in 

culture (74, 75). Later, 2 different in vivo studies in engineered mouse strains by 
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Calvi et al. and Zang et al. showed that the conditional ablation of osteoblasts 

leads to depletion of hematopoietic cells, demonstrating the role of osteoblasts in 

supporting HSCs (73, 76). However, several lines of evidence subsequently 

raised the concern that the role of osteoblasts in supporting HSC might not be 

direct. For example, in vivo imaging studies found only a few HSCs adjacent to 

the osteoblasts (77-79). Moreover, in several in vivo studies in which osteoblasts 

were whether inactivated (80, 81) or depleted (82) , or even increased in number 

(83), no acute effect on HSC frequency was seen. Several studies suggest that 

there is an indirect role for osteoblasts or osteolineage cells in HSC 

maintenance. For instance, Raaijmakers et al. reported that genetic modification 

that impairs osteoblastic differentiation capacity of primitive osteolineage cells 

disrupts the integrity of hematopoiesis in mouse, but the same modification in 

mature osteoblasts did not have any effect on HSC proliferation and 

differentiation (4). Furthermore, it has been shown that more HSCs could be 

found in the trabecular metaphysis (78, 84) compared to the diaphysis, indicating 

that the presence of maturing osteoblasts in the endosteum might be 

fundamental for hematopoiesis. These and many other studies imply that the 

osteoblasts might not be the regulatory elements of the osteoblastic niche, but 

they certainly play an important role in supporting HSC in the BM. 

It is important to note that the marrow niche is composed of multiple cell types 

and anatomical elements other than osteoblasts, including mesenchymal stromal 

cells (MSCs) with osteolineage potential. MSCs are also present around the 

blood vessels (pericytes) throughout the BM, and are known to support HSCs 
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maintenance in culture (85). In the BM, HSCs are detected adjacent to CXCL12-

abundant reticular (CAR) cells in mice (86) or CD146+ pericytes in human (87). 

These cells are localized adjacent to BM sinusoids and express high levels of 

factors needed for HSC maintenance including stem cell factor (SCF) and 

CXCL12 (87). Moreover, Mendez-Ferrer et al. reported that MSCs in the BM, 

identified using Nestin expression, are localized around blood vessels, and 

express high levels of HSC maintenance genes (74). These studies provided 

strong evidence that MSCs constitute another essential hematopoietic niche 

component in the BM. 

The vascular-endothelial niche is known to be the predominant site for 

activated/cycling HSC (88, 89). Imaging studies to identify HSCs within the BM 

has revealed that most HSCs are localized adjacent to sinusoid vessels, and 

nearly all are within five cells diameters of a sinusoid (77, 82). Imaging studies 

also indicate that HSCs are distributed throughout the BM, with less than 20% 

within 10 µm of the endosteum (77, 78, 82). Moreover, HSCs are five times more 

likely to be found adjacent to sinusoids than other hematopoietic cells (82) This 

frequent localization of HSCs next to the blood vessels suggests that HSC might 

be maintained in a perivascular niche by endothelial or perivascular cells (77, 

86). Another possibility is that HSCs in the perivascular area might be the 

activated HSCs that are on their way to be released into circulation (53, 90).  

Given the wide array of cell types and complex interactions that are involved in 

HSC regulation and maintenance in the BM, it can be concluded that there is no 

singular niche or niche cell. Rather, the BM hematopoietic stem cell niche is 
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composed of multiple niches, integrating the function of multiple participant cells. 

It is also important to note that niche composition and niche function may change 

under different physiological conditions or in response to stress. There is also 

supportive evidence demonstrating that long-range signals circulating through 

the blood, such as hematopoietic cytokines or even hormones, are responsible 

for HSC regulation and/or niche function (91-93). With the pace of current work, 

defining additional components of HSC niche is possible over the next few years.   

Hematopoietic stem cell niche during fetal development: 

During mammalian ontogeny, hematopoiesis occurs during overlapping waves at 

different anatomical locations (94) and is categorized into primitive and definitive 

hematopoiesis, based on the types of blood cells generated (94). Primitive 

hematopoiesis gives rise to transient populations of progenitor cells 

differentiating into erythrocytes and macrophages (94, 95) while definitive 

hematopoiesis generates HSCs, which give rise to the full range of cell types 

present during later ontogeny and throughout adulthood (94). 

The earliest hematopoietic activity in mouse and human is defined by the 

appearance of large nucleated erythroblasts generated in blood islands in the 

mesoderm of the extra-embryonic yolk sac (96, 97). Primitive hematopoiesis in 

the yolk sac results in the generation of transient hematopoietic cells, including 

primitive red cells (98), macrophages (99), and unique primitive megakaryocytes 

(100), providing the developing embryo with oxygen and its first line of defense. 

Later on in gestation, waves of definitive hematopoiesis occur in the AGM region 

(101, 102), yolk sac (96, 97, 103), and placenta (104, 105).  
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Based on the current data, HSCs emerge from specialized vascular endothelial 

cells that acquire blood forming potential, called hemogenic endothelium (HE), in 

the AGM region, yolk sac, and placenta of the developing embryo (106, 107). 

The HSC from these sites then migrate to the fetal liver to support hematopoiesis 

during ontogeny from 6-22 g.w. (61,108). The fetal liver is considered the primary 

fetal hematopoietic organ, and is the main site for true HSC expansion and 

differentiation. The early development of BM begins as early as 8 g.w., and is 

marked by the rapid invasion of long bone cartilaginous rudiments by CD68+ 

osteoclast precursors, CD34+ endothelial cells, and by preosteoblasts, leading to 

the development of a vascular bed within the trabeculae (109). The vascular bed 

forms in the developing bone at 11 g.w., which establishes circulation throughout 

the bones, resulting in migration of HSCs from fetal liver to the BM. This process 

is mediated through CXCL12 production by BM-stromal cells, which attracts 

CXCR4-expressing HSCs (110). Later in gestation (14-15 g.w.), chondrocytes 

are replaced by osteoblasts that generate calcified bone through the process of 

endochondral ossification. 

Readiness of the microenvironment for IUHSCTx: 

Another important aspect of the developing fetus that should be taken into 

consideration in the context of IUHSCTx is the degree of maturity and receptivity 

of nascent BM niches for donor HSC engraftment. Temporal studies delineating 

the time points at which various components of the BM microenvironment 

develop during human ontogeny by different groups have demonstrated that the 

vascular, osteoblastic/endosteal, and stromal niche reach maturity at different 
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points during gestation: the stromal niche develops first, and facilitates the 

formation of the vascular bed; the vascular niche develops next, between 9-11 

g.w. (109), at a time when neither osteoblasts nor mineralized structures are 

present in the BM; and the osteoblastic niche only commences development 

around 14-15 g.w. (111, 112). During fetal development, vascular networks are 

one of the first structures to arise in tissues, including the bones, in order to 

provide oxygen and nutrients to the developing tissues (113). Moreover, the early 

formation of the vascular network/niche within the BM is required for cell 

trafficking to the medullary cavity, allowing the migration of the cells required for 

BM hematopoiesis and for tissue formation and differentiation. In addition, 

several other studies have demonstrated that the first step towards the initiation 

of the bone ossification process and trabecular bone formation is the invasion of 

blood vessels into the cartilaginous matrix (114). However, concomitant 

appearance of the vascular niche and the developing osteoblastic niche at 14-15 

g.w. does not imply that the hematopoietic microenvironment in the BM has 

reached maturity and is receptive to/can support homing of native or transplanted 

HSC. It has been proposed that the BM niche is reaching maturity when 

hematopoietic cells appear in the medullary space (76), interact with other niche 

components and set the stage for permanent hematopoiesis. Therefore, it seems 

plausible to conclude that BM niche maturity can be characterized by the 

simultaneous presence of stromal, vascular, and osteoblastic niche maturity, and 

the presence of hematopoietic cells in these niches (115).  

Allogeneic and xenogeneic in utero transplantation of HSC to fetal sheep 
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revealed that no engraftment occurs at 45 gestational days (41), when only the 

vascular niche is present (115). However, when transplantation was performed at 

later gestational ages, when both vascular and osteoblastic niches are 

concurrently present, successful engraftment of both allogeneic and xenogeneic 

cells was detected (115). However, with further advance in gestational age, at 

least in the sheep model, it has been demonstrated that the incidence of 

chimerism decreases significantly (116). In this model, the optimal age for 

IUHSCTx appears to be at 55-65 days of gestation. During this period, the sheep 

fetus has proven to be immunologically naïve enough to accept allogeneic and 

xenogeneic cells, the vascular and osteoblastic niches are both established, and 

hematopoietic cells can be detected in both niches. These data support the 

concept that during fetal life, there is a “window of opportunity”, during which the 

HSC niche is primed to receive the transplanted cells, when the natural migration 

of stem cells from the fetal liver to the BM is still occurring, but the fetal immune 

system is still sufficiently immature.  

Another possible approach to achieve clinically meaningful levels of 

hematopoietic engraftment following IUHSCTx was recently proposed by 

Vrecenak et al., who transplanted cells at the early phase of rapid expansion of 

CD4+ CD8+ T-cells in the thymus, prior to onset of the transition of hematopoiesis 

to the fetal BM (117). Using this approach, Drs. Vrecenak and Pearson reported 

a significant improvement in the levels of donor chimerism and immune tolerance 

in the dog model of IUHSCTx, when maternal BM cells were transplanted via the 

intra-cardiac (IC) route. However, comprehensive studies of the ontogeny of the 
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adaptive immune system during human fetal development have shown that T-cell 

progenitors begin migrating to the thymus as early as 8-9 g.w. (118), and 

circulating mature T-cells can be detected in fetal blood by 15-16 g.w. (6). It is 

important to mention that, in the early second trimester fetus, there is only limited 

diversity and uneven distribution of antigen receptors specificities; more 

diversified and evenly distributed repertoires are only attained by 22-26 g.w. 

(119). Therefore, very early diagnosis of the patient and stem cell transplantation 

during the first trimester of pregnancy, when HSCs have not yet migrated to the 

fetal BM, could be the “window of opportunity” for IUHSCTx in human, and the 

key to a successful treatment.  

Sheep as a preclinical model for IUHSCTx:  

Since sheep and human share important physiological and developmental 

characteristics, the fetal sheep model has been used extensively to study 

mammalian fetal physiology, growth, and development (120). The fetal sheep 

model has served as a biologically relevant and translational model to study 

IUHSCTx, because the development of the immune system (121-124) and 

hematopoietic (115) system in sheep and human closely parallel one another. 

Moreover, in contrast to the valuable small animal models, sheep have the 

advantage of body size, which solves technical transplant issues, such as the 

ultrasound-guided collection and injection of cells from early gestational fetus. 

The relatively long lifespan (8-12 years) of the animal allows the study of long-

term engraftment of transplanted cells, loss of graft, and tumorigenesis. The long 

gestational period in sheep (145 days) provides enough temporal resolution to 
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translate findings obtained in sheep into human parameters. Furthermore, the 

pattern of fetal to adult hemoglobin switching, the migration of the hematopoietic 

stem cell niche from yolk sac to fetal liver and BM (125), and the ontogeny of the 

hematopoietic niche (115) in sheep all closely parallel these same events in 

human, validating this model for investigating IUHSCTx. 

IUHSCTx has been studied in a variety of small and large animal models over 

the past 40 years (126-131). The most encouraging data have been generated in 

the ovine model, in which transplantation of allogeneic HSCs into normal sheep 

fetuses at early gestational ages resulted in sustained multilineage hematopoietic 

chimerism (132, 133). Moreover, the fetal sheep model has been shown to be 

permissive for xenogeneic (human) HSC engraftment, with persistent, 

multilineage hematopoietic chimerism (134, 135). It was from the knowledge 

obtained from the ovine model that enabled Flake et al to achieve the first 

curative IUHSCTx in 1996, completely correcting a patient with X-SCID (21). 

Other normal large animal models such as non-human primates (136), pigs 

(129), goats (128), and dogs (137) have shown higher resistance to engraftment, 

with significantly lower levels of chimerism compared to sheep.  Nonetheless, 

despite the encouraging results obtained from the ovine model, the efficiency of 

engraftment in animal model systems, including the ovine model, remains low, 

raising the challenge of how to achieve consistent donor cell engraftment after 

IUHSCTx. 
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Goals of the project: 

The goals of the projects and experiments presented in this dissertation are to 

build the necessary tools to develop and test novel strategies to improve the 

outcome of IUHSCTx, and to identify novel markers for HSCs during ontogeny 

and adult life. 

In chapter 2, to better define the IUHSCTx “window of opportunity”, we 

investigated the steps and key cellular players in the emergence of the BM HSC 

niches and in the onset of marrow hematopoiesis during the fetal life.  

In chapter 3, to decrease the competition between host and donor HSC, we 

further explored the HSC niche in fetal liver and BM, during ontogeny and in adult 

BM, to identify highly potent hematopoietic stem/progenitor cell (HSPC) 

populations existing in fetal and adult BM.  

In chapter 4, in order to increase the receptivity of the fetal microenvironment 

prior to IUHSCTx, we studied the effects of manipulation/priming of fetal niches 

with adult stromal and endothelial cells before IUHSCTx, using the ovine model 

of in utero transplantation. 

Finally, in the appendix, to better understand the immune barrier in IUHSCTx, we 

studied and extensively characterized the immune cells in different hematopoietic 

organs during ontogeny.  
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ABSTRACT  

Current belief holds that during human ontogeny, prior to the establishment of 

bone marrow hematopoiesis, the environment is mainly vascular. Here we show 

the coexistence of a functional human mesenchymal niche, contributing to 

cartilage, bone, and vasculature, and demonstrate that the fetal Stro-1+ cell 

population contains primitive APLNR+PDGFRα+ mesodermal progenitors, as 

well as the more differentiated VE-Cadherin+/VEGFR2+ hematovascular 

mesodermal precursors. We also demonstrate that adult BM-derived Stro-1+ 

cells are phenotypically and functionally different from their fetal counterpart, but 

when placed in vivo in a fetal environment, reprogram, even at the clonal level, to 

a more primitive phenotype, and generate hematopoietic stem cells (HSC) 

capable of robust, serial, multilineage reconstitution. These studies provide new 

understanding of human fetal BM development, and identify a non-

hematopoietic, epigenetically primed, adult somatic cell that is able to generate 

functional HSC in vivo, opening new prospects for blood generation through in 

vitro reprogramming.  
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INTRODUCTION  

During ontogeny, definitive hematopoietic stem/progenitor cells (HSC) are 

thought to arise from vascular endothelial cells, through an endothelial-to-

hematopoietic transition, a natural process that occurs in specialized embryonic 

hemogenic endothelial cells (1- 3). These unique cells have been identified in 

tissues such as the dorsal aorta, the placenta, the yolk sac, and the cranial 

vitelline and umbilical arteries (4-8), and express CD34, VEGFR2 (CD309), c-Kit 

(CD117), and VE-Cadherin (CD144) (5, 9, 10). Studies using pluripotent stem 

cells demonstrated that hematovascular precursors emerge from lineage 

negative, APLNR+, PDGFRa+ mesodermal cells following up-regulation of 

VEGFR2 and decrease of PDGFRa expression, and that the initiation of lineage 

commitment towards an endothelial and/or hematopoietic phenotype arises when 

VE-Cadherin expression commences (11-13).  Although the hemogenic 

endothelium is thought to constitute a transient population of cells within the 

embryo that disappear during development (5), in humans, it has been reported 

that extremely rare subsets of bone marrow endothelial cells, both fetal (14) and 

adult, (15) are endowed with hematopoietic differentiation capacity. Thus, it is 

possible that the emerging bone marrow vascular network, which provides a 

suitable environment for the lodging of HSC emigrating from other fetal sites, 

contains cells with a hemato-endothelial signature that persist as a vestigial 

population of cells. Within the adult bone marrow, Stro-1 was initially identified as 

a marker of marrow stromal elements, mesenchymal cells, which are 100-fold 

enriched in CFU-F activity, and support the growth and differentiation of 
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hematopoietic progenitor cells in vitro (16, 17). Furthermore, Stro-1 has also 

been described to identify perivascular (18-20) and endothelial cells (21) within 

the bone marrow and in other organs.  Here, we show how Stro-1+ cells 

contribute to the developing bone marrow, and that a subpopulation of Stro-1+ 

cells express APLNR, a marker of early mesoderm. In addition, we demonstrated 

that Stro-1+ APLNR+ cells identify a subpopulation of cells that are VEGFR2+ 

VE-cadherin+, and express low levels of CD140a. Moreover, we determined that 

Stro-1+, VE-cadherin+ cells contribute to the developing marrow vasculature, 

and that their frequency decreases with age, yet to persist as a rare population of 

cells within the adult bone marrow. We additionally established that cultured adult 

Stro1+ isolated stromal progenitors (SIPs), although unable to generate 

hematopoietic colonies in semisolid media, when transplanted into a fetal 

environment, contribute to both the vasculature and the stromal compartment, 

and they efficiently generate, at a clonal level, HSC that are capable of robust, 

hematopoietic reconstitution, with generation of both myeloid and lymphoid cells 

upon serial transplantation. Our studies have thus uncovered the latent potential 

of a highly expandable population of adult human somatic cells, which 

ontogenetic history shows to have a hematovascular phenotype, and to therefore 

be potentially more amenable to reprogramming technologies, to produce bona 

fide HSC that could be used to treat/cure a broad variety of blood diseases (22-

24).  
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RESULTS  

During development Stro-1 defines a population of APLNR+ bone marrow cells 

that express CD309+ and VE-Cadherin. 

 Apelin Receptor (APLNR), vascular endothelial growth factor receptor 2 

(VEGRF2/ KDR/CD309), (11, 25) and platelet-derived growth factor receptor-α 

(PDGFR-α/ CD140a) (26), have been used, to define mesodermal lineages that 

give rise to mesenchymal, endothelial, and hematopoietic cells, thus we started 

by examining whether cells expressing these markers were present within the 

fetal bone marrow. As can be seen in Figure1A, APLNR+ Stro-1+ cells can be 

identified at 8-10g.w. in the inner part of the developing bone marrow. Flow 

cytometric analysis of freshly isolated cells performed at the later time points of 

17-22g.w. (n=3), confirmed that APLNR+ cells are present and that the majority 

of these cells express Stro-1. In addition, more than 90% of APLNR+, Stro-1+ 

cells were VE-Cadherin+, expressed CD309+ and a small percentage also 

expressed PDGFR-α (Figure 1B). By contrast, the Stro-1+ population that was 

APLNR-negative, was composed of a mixture of VE-Cadherin positive and 

negative cells, with only a smaller fraction expressing of the CD309 and none 

found to be positive for PDGFR-α after subtracting the isotype control. (Figure 

1B).  

Therefore, during fetal development Stro-1+ cells contain cells with a phenotype 

similar to those of hematovascular progenitors.  
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Figure 1. During development Stro-1 identifies a population of APLNRa+ in the 

BM. (A). Confocal microscopy of fetal bone section at 8-10 g.w. (B). Flow 

cytometric analysis of freshly isolated fetal BM at 17-22 g.w.  

 

 

A	  
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Confocal microscopy of human fetal bone shows the localization of Stro-1+ 

during ontogeny and that Stro-1+ cells contribute to vascular development.  

During ontogeny, VEGFR2, VE-Cadherin (13, 27) and CD34+ (28) define 

populations of cells with a hemato-endothelial phenotype. Therefore we 

performed confocal microscopic analysis of human fetal bones starting at 10 

gestational weeks (g.w) and for a period of approximately 10 weeks in order to 

determine the location of these cells within the fetal bone marrow. At 10-12 g.w, 

Stro-1+ cells could be identified alongside sinusoidal endothelial cells, co-

expressing CD34+ (Figure 2A**)(n=4).  

Flow cytometric analysis confirmed that the large majority of the CD34+ cells 

isolated from fetal bones at 11-12 g.w (47±4%) were vascular cells (did not 

express CD45), of which 74±5.4% were CD106+ (VCAM-1), 65±7.2% CD102+ 

(ICAM-1), and 10±0.5% CD31+ (PECAM-1) (Figure 2B) (n=4).  

At 10-12 g.w, and in the vascular area of the bone (Figure 3, labeled**), Stro-1+, 

CD34+, VEGFR2+ cells could be readily identified in forming vascular structures 

(n=3). Later on in gestation, at 14 (n=3) (Figure 4A) and 18 g.w (n=3) (Figure 

4B), cells co-expressing Stro-1+, CD34+, and VEGFR2+ were also identified in 

specific locations within the vascular structures. We next visualize the presence 

of Stro-1+, VE- Cadherin+ cells within the vasculature and confirmed the 

existence of these cells, that VE-Cadherin expression mirrored that of Stro-1, 

being highly expressed early in gestation and decreasing with fetal bone 

maturation (Figure 4C) (n=4). The percentage of Stro-1+ cells peaked at 11-12 
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g.w. to reach 27.47±0.49%, and then decreased progressively over time, due to 

the relative increase in hematopoietic cellularity of the BM, to 7.81±0.6% at 20 

g.w. (Figure 4D). We also investigated whether Stro-1+ cells VE- cadherin+ cells 

expressed markers of more mature endothelium. As can be seen in Figure 2D, 

some these cells co-expressed the endothelial lineage markers CD31.  

 

Figure 2. Stro-1+ cells contribute to vascular development during ontogeny. (A) 

Confocal microscopy of 10g.w fetal bone. (B). Flow cytometric analysis of freshly 

isolated BM from 10-12 g.w fetal bone. 

Flow cytometric evaluation (Figure 5) of freshly isolated Stro-1+ cells (n=3) 

confirmed the results obtained by confocal microscopy, and showed that 7.6-39% 

of CD34+, Stro- 1+ cells express VEGFR2/KDR/CD309 and that 23.9-42.3% of 

Stro-1+, CD34+ cells co- express CD31. Our data also shows that Stro-1+, 

CD31+ cells that do not express CD34 are also present (4-19.7%) and that 7.8-

19.0% of Stro-1+, CD34+ cells are also positive for other 

A	   B	  
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endothelial/mesenchymal marker CD146. Of note is that CD49f, a marker of 

primitive HSC (29) and marker of multipotency in mesenchymal cells (30), is 

expressed in 30.8-38-3% of Stro-1+, CD34+ cells. Stro-1+ cells also express 

other markers that have been used to identify primitive stem cell populations in 

the hematopoietic vascular and mesenchymal lineage such as CD90 and CD117 

(Figure 5). 

 

 

 

 

 

 

 

 

 

Figure 3. Contribution of Stro-1+ cells to vascular development at 10-12 g.w. 
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Figure	   4.	   Stro-‐1+	   cells	  

contribute	   to	   vascular	  

development	   during	  

intogeny.	   (A)	   Confocal	  

imaging	   of	   human	   fetal	   bone	  

section	  at	  	  14	  g.w	  (B)	  Human	  

fetal	   bone	   at	   18	   g.w	   (C)	   VE-‐

Cadherin	   mirrors	   Stro-‐1	  

expression	  during	  gestation	  (D)	  confocal	  image	  of	  human	  fetal	  bone	  section	  indicating	  

presence	  of	  Stro-‐1+	  mature	  endothelial	  cells. 

B	  
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Figure 5. Flow cytometric analysis of freshly isolated human fetal BM at 18 g.w. 

 

In situ analysis of human fetal bone shows that during development Stro-1+ cells 

contribute to bone development. 

Since not all Stro-1+ cells existent in the developing marrow had markers of 

hematovascular precursor, and within the adult human BM, the Stro-1+ fraction 

includes osteogenic precursors (31), we investigated the contribution of Stro-1+ 

for the formation of bone during development. At 10-12 g.w., Stro-1+ CD34Dim/neg 

chondrocytes (32) (Figure 2A*) were detected within the cartilaginous areas, 

while later on in gestation and in the developing bone marrow area, Stro-1+ cells 

also expressed osteopontin and N-cadherin in areas of bone formation (Figure 

6).  
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Therefore, Stro-1+ cells are present within the bone marrow at early stages of 

marrow development, prior to the onset of fully established hematopoietic 

production, express marker or early mesoderm and contribute to both developing 

bone and emerging vasculature.  

Figure 6. Contribution of Stro-1+ cells to the osteoblastic niche in fetal bone 

section at 17 g.w. 
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Within the adult bone marrow freshly isolated APLNR+, Stro-1+, VE-Cadherin+ 

cells constitute rare population of cells.  

We next evaluated whether Stro-1+ cells freshly isolated from the adult bone 

marrow expressed markers identical of those found in fetal Stro-1+ cells during 

development. Flow cytometric analysis of confirmed that Stro-1+APLNR+ cells 

are present (n=3), but constitute a rare population in the adult (Figure 7 A). While 

only Stro-1+APLNR+ cells expressed VE-Cadherin, VEGFR2 expression 

decreased to almost insignificant levels. In addition, and in contrast to fetal Stro-

1+ cells, adult BM-derived Stro-1+ cells did not express significant levels of VE-

Cadherin (Figure 7 A), they expressed less CD117 (1- 5.1%), CD31 (0.83-1.2%), 

and less than 0.5% expressed CD34+ (n=3) (Figure 7B).  

Figure 7. Flow cytometric analysis indicated that APLRa+ Stro-1+ cells constitute 

a rare population in the adult BM. 
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Characterization of fetal and adult Stro1+ cells expanded in culture.  

Our experiments up to this point had enabled us to characterize Stro-1+ cells 

throughout development, and to uncover their potential. Combining these data 

with the knowledge that adult BM-derived Stro-1+ cells can be extensively 

expanded in culture, and thus potentially generate sufficient numbers of cells for 

therapeutic use, we next investigated whether culture conditions altered the 

phenotype of these cells. Immunofluorescence microscopy of cultured fetal Stro-

1+ cells (P4) demonstrated that, as was seen in freshly isolated cells, clusters of 

cultured fetal Stro-1+ cells co- expressed CD34+ while the cultured adult BM 

derived Stro-1+ cells at the same passage (P4) did not (Figure 8A) (n=3). These 

results were confirmed by RT-PCR, which demonstrated the presence of CD34 

mRNA transcripts in cultured fetal, but not cultured adult, Stro-1+ cells (Figure 

8B) (n=3). However, both adult and fetal cells upon culture expressed other 

markers such as CD140a, CD49f, CD90, CD117 and CD146 but lacked 

expression of CD309 and CD144 (Figure 8 C). Cultured cells were considered 

positive if the ratio between the Median Fluorescence Intensity (MFI) for the 

specific marker and the MFI of the isotype control was ≥ 1.5.  

In addition since we, and others have reported on the ability of Stro-1+ cells to 

differentiate into osteocytes when cultured under appropriate culture conditions, 

we confirmed that the cells isolated in this study had identical properties. (data 

not presented). 
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Figure 8. Characterization of in vitro expanded Stro-1+ cell. (A) Immunostaining 

of fetal (left) and adult (right) Stro-1+ cells. (B) Real-time PCR confirmed CD34 

expression by fetal but not adult Stro-1+ cells. (C). Flow cytometric analysis of 

fetal and adult Stro-1+ cells expanded in culture 

Adult Stro1+ isolated stromal progenitors (here abbreviated as SIPs for 

convenience) generate cells of the hematopoietic lineage after in vivo 

transplantation into fetal sheep.  

SIPs isolated from human adult BM were grown in vitro and transplanted into a 

total of 10 sheep fetuses at the following concentrations: 3.25x105/fetus (n=3), 

F	  BM
	  

A	  BM
	  

+	  Ctrl	  

-‐	  Ctrl	  

A	   B	  

C	  
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1.3x106/fetus (n=3) and 1x107/fetus (n=4), as described in the materials and 

methods. Analysis of euthanized animals’ peripheral blood (PB) and bone 

marrow (BM) for human hematopoietic engraftment, as determined by the total 

percentage of human myeloid and lymphoid cells at 2 months post-transplant, is 

shown in Figure 9A. In the PB, the percentage of human hematopoietic cells 

varied from 0.47 to 6.54%, and in BM from 0.68 to 10.72%. While all transplanted 

animals harbored donor-derived lymphocytes, human myeloid and lymphoid cells 

were concurrently detected in 9 out of 10 of the recipients. Engraftment of 

lymphoid and myeloid cells, with reconstitution of both granulocytic and erythroid 

compartments, was detected in 50% of the animals, and 90% of recipients had 

donor-derived lymphoid and erythroid cells. Human CD34+ cells were found in 

60% of the transplanted animals at levels ranging from 0.02 to 1.65%, and their 

levels did not directly correlate with either overall or multilineage engraftment. 

The overall percentage of engraftment within the different hematopoietic lineages 

is detailed in the left bar of Figure 9B.  

Hematopoietic stem cells generated by in vivo in primary recipients are serially 

transplantable. 

In order to investigate whether serially transplantable HSC were being generated 

from SIPs within primary recipients, we performed serial transplantation studies 

in which BM from primary SIPs recipients were transplanted into 8 secondary 

recipients.  

Analysis of human hematopoietic engraftment in PB and BM in secondary 
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recipients, as determined by the percentage of human myeloid and lymphoid 

cells at 2 months post- transplant, is shown in Figure 9C. Human hematopoietic 

cells were detected in the PB and BM of all of the transplanted animals. The 

range of human hematopoietic cells was 2.17-6.86%, and 0.46-3.14% in the PB 

and BM, respectively. All transplanted animals harbored donor-derived 

lymphocytes and erythroid cells, while 80% had lymphocytes, granulocytes, and 

erythrocytes. Human CD34+ cells (0.09-1.07%) were present in 60% of the 

transplanted animals, and the overall percentage of engraftment within the 

different hematopoietic lineages is detailed in the right bar of Figure 9B. A panel 

with representative dot plots from flow cytometric analysis of BM and PB of 

primary and secondary recipients, as well a non-transplanted control, is provided 

in Supplementary Figure 2. Since, in the sheep model, cell transplantation must 

be performed during early gestation to avoid rejection of human cells, the 

possibility existed that the ability of in vivo generate HSC able to serially 

repopulate the hematopoietic system was unique to the fetal sheep bone marrow 

environment. To address this possibility, we used frozen bone marrow from 

primary SIPs recipients and isolated human CD34+CD45+ cells to perform a 

secondary transplant of these cells into NSG mice. Putative HSC generated by 

reprogramming of SIPs within the fetal sheep (labeled as “Donor (Ch)imeric 

(Sh)eep” in Figure 9D) were capable of engrafting human CD45+ cells in 2 of 3 

NSG mice for at least 8 wks.  

SIPs also contribute to the vascular and mesenchymal niches after 

transplantation and Stro-1+ stromal cells harvested from primary recipients are 
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also serially transplantable. We also investigated whether SIPs could contribute 

to the vascular and mesenchymal niche of the transplanted animals.  

In order to facilitate the detection of engrafted Stro-1+ cells we performed 

confocal microscopy on sections of bone marrow harvested from animals 

transplanted with SIPs transduced with a lentiviral vector encoding Green 

Fluorescent Protein (GFP)(n=2). As it can be seen in Figure 9E, Stro-1+GFP+ 

cells can be identified contributing to the vasculature and to the stromal 

compartment of the transplanted animal.  

In order to determine if Stro-1+ stromal cells, could be serially transplanted we 

collected BM from 2 of these primary recipients that had received SIPs 

transduced with a lentiviral vector encoding Green Fluorescent Protein (GFP), 

and transplanted them into 2 additional secondary recipients at a concentration 

of 3.7x106 cells/fetus.  

Stro-1+ cells were then sorted from the BM of these secondary recipients (n=2) 

at 30 months post-transplant and grown in culture. As can be seen in Figure 9F, 

human Stro- 1 positive, GFP positive cells were detected in culture. The human 

origin of these cells was confirmed by PCR analysis, using human-specific 

primers for GAPDH (data not shown).  
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Evaluation of clonally-derived Stro1+ isolated stromal progenitors (SIPs) for in 

vivo reprogramming to cells of the hematopoietic lineage after transplantation 

into fetal sheep. 

To definitively show that the observed donor-derived hematopoiesis did not arise 

from undetectable levels of already committed hematopoietic cells, clonally-

derived SIPs, obtained as described in detail in the materials and methods, were 

expanded until sufficient cells were obtained from each clone for the experiments 

described below. Phenotypic characterization of the various resultant clones 

demonstrated these cells to be similar to non-clonally derived SIPs (data not 

shown). Each-clonally derived SIP population was transplanted into one fetal 

sheep at a concentration of 106 cells/fetus (n=8). Evaluation of the recipients 75 

days post-transplantation for the presence of in vivo-induced human 

hematopoietic cells showed that all 8 transplanted SIP clones generated 

hematopoietic cells (Figure 9G) at levels ranging from 1.25 to 7.63% and 8 to 

13.73% in the BM and PB, respectively, including both myeloid and lymphoid 

cells, as determined by flow cytometry (Figure 9G left column). All transplanted 

animals harbored donor-derived myeloid and lymphoid cells. In 88% of the 

animals, donor-derived contribution to the granulocytic and erythroid 

compartments was also detected, and CD34+ cells were detected in all 

transplanted animals (0.22±0.05%). Transplantation into secondary fetal sheep 

recipients (n=12) confirmed that the HSC generated from clonally-derived SIPs in 

the primary fetal sheep recipients were able to serially engraft; the total 

percentage of human cells in the PB (0.57-35%) and BM (0.45- 25%), as 
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detected by flow cytometry, is depicted in Figure 9C. CD34+ cells were present in 

60% of these secondary recipients (0.53±0.14), and the animals with the highest 

levels of engraftment also exhibited expansion of either the erythroid (Gly-A) or 

lymphoid (CD7) lineage (Figure 9I right column).  

Figure 9. SIPs contribute to the vasculature and to stromal cells that are serially 

transplantable and even at the clonal level generate bona fide HSC.  

(A) Upper panel: percentage of total human hematopoietic (myeloid and 

lymphoid) engraftment at 2 months post-transplant in animals transplanted with 

SIPs. Each star represents levels of engraftment within one animal. (B) Overall 

percentage of engraftment within the different hematopoietic lineages. SIPs 
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generated HSC with multilineage differentiation capability in primary and 

secondary recipients; (C) HSC generated in primary recipients are serially 

transplantable, and analysis of human hematopoietic engraftment in PB and BM 

in secondary recipients, as determined by the percentage of human myeloid and 

lymphoid cells at 2 months post-transplant, is shown. (D) CD34+CD45+ cells 

isolated from bone marrow of primary SIPs recipients (labeled as “Donor Ch Sh”) 

were transplanted into NSG mice. Cells were gated based upon FSC, SSC, 

Ter119-, and 7AAD-. Positive control animals received CD34+CD117+ selected 

human mobilized peripheral blood stem cells; negative controls were non- 

transplanted animals. Percentages shown are based on the total number of 

CD45+ cells in the plot. (E) Stro-1+ cells transduced with a lentiviral vector 

encoding Green Fluorescent Protein (GFP) are seen contributing to the 

vasculature. (F) SIPs that did not maintaining a stromal phenotype are also 

serially transplantable. At 2.5 years post- transplant, BM from 2 of the secondary 

recipients that had received SIPs transduced with a lentiviral vector encoding 

Green Fluorescent Protein (GFP), were sorted based on Stro-1 and grown in 

culture. Human-derived Stro-1 positive, GFP positive cells were detected in 

culture. (G) Clonally-derived SIPs generate serially transplantable HSC after 

transplantation. Left panel: percentage of total human hematopoietic (myeloid 

and lymphoid) engraftment at 75 days post-transplantation in animals 

transplanted with clonally-derived SIPs. (H) Overall percentage of engraftment 

within the different hematopoietic lineages. Clonally-derived SIPs generated HSC 

with multilineage differentiation capability in primary and secondary recipients. (I) 
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HSC generated by in vivo reprogramming of clonally-derived SIPs are serially 

transplantable; human hematopoietic engraftment in PB and BM in secondary 

animals, as determined by the percentage of human myeloid and lymphoid cells 

at 2 months post-transplant can be seen.  

DISCUSSION  

Hematopoietic development within the human fetus requires the migration of 

HSC generated within the yolk sac, AGM region, and other hemogenic sites, to 

subsequent locations of definitive hematopoiesis, such as the liver and the fetal 

bone marrow (33- 38). Although in humans little evidence has been provided that 

a cell population with hemogenic properties exists within the fetal bone marrow, 

this possibility has not been entirely excluded (39). Given the relative intractability 

of working with human tissues, when compared to the ease with which the 

murine system can be genetically manipulated to express reporters within 

specific lineages during discrete phases of development, it is unlikely that it will 

ever be possible to directly demonstrate hemogenic potential in situ during 

human ontogeny. However, the demonstration that cells isolated from the human 

fetal bone marrow are primed to give rise to hematopoietic cells would be an 

important first step. More importantly, if these cells were to be found within the 

adult bone marrow, it would allow the isolation of cells that would be biased 

towards the generation of blood, and could therefore be used for therapeutic 

platforms of reprogramming. Morphologic studies investigating human fetal bone 

marrow hematopoietic ontogeny have shown that the development of the 

vascular bed occurs between 9-10.5g.w., and precedes establishment of 
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hematopoiesis (40, 41). Here, we provide the first evidence that that at these 

early time points of gestation, APLNR+ a marker of angiogenic mesoderm (11) is 

co-expressed with Stro-1+ cells, in the inner part of the developing bone marrow 

and that Stro-1+ APLNR+ cells exhibit other markers similar to those described 

to hemogenic endothelium. These cells all express VE-Cadherin, the majority 

expresses VEGFR2/CD309 a small population also expresses 

PDGFRa/CD140a. Stro-1 cells which are negative for APLNR, express lower 

levels of Ve-Cadherin, but a small population still expresses VEGFR2/CD309. 

Although lineage tracing studies would be necessary for definitive proof, we 

hypothesize that Stro-1+ APLNR+ constitute a primitive population of cells within 

the fetal bone marrow that give rises to cells within hematovascular phenotype 

that contribute to the vascular niche, and to cells of the mesenchymal lineage 

that contribute to the mesenchymal and bone niches. To support this hypothesis 

we demonstrate the sites where Stro- 1+, VEGFR2+, CD34+ localize during fetal 

BM development, and that they appear to contribute to the vasculogenic process. 

We also showed VE-Cadherin+, Stro-1+ cells contributing to the vasculature and 

that some of these cells are expressing CD31. Further, we unveil that Stro-1+ 

cells can also be identified, in chondrogenic-forming areas, and later as 

osteoblastic cells expressing osteopontin and N-cadherin. Therefore, during fetal 

development, cells, identified by the Stro-1 marker, have the ability to 

differentiate/contribute to vasculature, cartilage, and bone. We also showed for 

the first time that the percentage of Stro-1+ cells decreases during development 

to constitute a small population within the adult bone marrow, but that a 
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subpopulation of Stro-1+ cells still expressed APLNR+, and VE-Cadherin, 

although they were negative for PDGFRα and VEGFR2.  

Having determining that Stro-1+ cells during development had a phenotype of 

angiogenic mesoderm, and demonstrating that in the adult bone marrow a 

subpopulation of Stro-1+ still expressed APLNR+ and VE-Cadherin we next 

investigated whether cells isolated based on Stro-1+, after culture and expansion 

maintained the same properties. Characterization of fetal cells isolated based on 

Stro-1 positivity and after in vitro expansion, show that they continue to express 

CD34+, lose expression of VEGFR2+ and VE-Cadherin, but express CD140a. 

However, upon methylcellulose culture they are unable to produce hematopoietic 

colonies in (data not shown). Stro-1+ adult cells upon expansion in vitro (SIPs), 

displayed a phenotype identical to those of fetal origin, and like their fetal 

counterpart they did not give rise to hematopoietic colonies when tested by 

clonogenic assays.  

Studies have shown that only by using a co-culture system using OP9 cells were 

they able to demonstrate the hematopoietic and endothelial potential of 

hematovascular mesodermal precursors (13). Here, we used an in vivo sheep 

model to test the hemogenic and vasculogenic potential of in vitro expanded 

SIPs and showed that these cells generated hematopoietic cells are capable of 

robust multilineage reconstitution of the hematopoietic systems of primary and 

secondary recipients, therefore demonstrating that HSC obtained from the initial 

transplanted SIPs have behavior identical to that of true HSC. Of concern was 

the possibility that the ability of HSC generated from SIPs to serially repopulate 
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the hematopoietic system was unique to the fetal sheep milieu. However 

secondary transplantation of NSG mice with human HSC generated in primary 

sheep SIP recipients demonstrated that these cells were also able to engraft and 

generate CD45+ cells in this model. Further support that this inherent hemogenic 

potential is unique to Stro-1+ cells, comes from studies in which we showed that 

transplantation of human BM-derived stromal cells that were not isolated based 

upon Stro1-positivity, were unable to generate detectable levels of hematopoietic 

cells in this same fetal model (42). The ability of clonally-derived SIPs to 

generate HSC that were serially transplantable provides critical proof that SIPs 

have the ability to generate hematopoietic cells if primed with the necessary 

factors. In addition we show for the first time that these cells upon transplantation 

also contribute to the vasculature and that they can also be serially transplanted.  

In conclusion, we have demonstrated the existence of a highly expandable 

population of adult human somatic cells, which ontogenetic history demonstrate 

to have a phenotype identical to those of what has been described for hemogenic 

endothelium and that are able to contribute to vascularization and generate bona 

fide HSC upon transplantation. Therefore these cells could potentially be more 

amenable to reprogramming technologies, to produce HSC that could be used to 

treat/cure a broad variety of blood diseases. 

MATERIALS AND METHODS  

Isolation, characterization, and culture of bone marrow-derived Stro1+ isolated 

stromal progenitors (abbreviated as SIPs for convenience) Heparinized human 
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bone marrow was obtained from healthy donors after informed consent according 

to guidelines from the Office of Human Research Protection at the University of 

Nevada, Reno, Wake Forest Health Sciences, or from commercially available 

sources (AllCells, LLC. Alameda CA). Low density BM mononuclear cells 

(BMNC) were separated by Ficoll density gradient (1.077 g/ml Sigma, St.Louis, 

MO) and washed twice in Iscove's modified Dulbecco's medium (Invitrogen, 

Carlsbad, CA). BMNC were first enriched for the Stro-1+ fraction using a Stro-1 

antibody (R&D Systems, Minneapolis, MN) and magnetic bead cell sorting. 

(Miltenyi Biotec, Inc., Auburn, CA). In order to obtain clonally-derived cells, Stro-

1+CD45 -Gly-A- cells were sorted into fibronectin-coated 96 well plates by single 

cell deposition using a FACSVantage (BD Biosciences, San Jose, CA). 24 hours 

after single cell deposition, wells were visually inspected by phase contrast 

microscopy (Olympus IX70, Melville, NY) to confirm the presence of a single 

cell/well. Only wells containing single cells were used to establish the clones 

employed in these studies. The number of wells positive for cellular growth that 

initially contained a single cell was 83%. Single cell populations were expanded 

in vitro at 37°C in 5% CO2 humidified air, in the presence of pre-screened 

mesenchymal stem cell growth media (MSCGM, Cambrex, Walkersville, MD). At 

a cell confluence of 60-75%, clonal cells were detached with 0.25% trypsin 

(Invitrogen Corp., Carlsbad, CA) for 3-5 minutes at 37ºC. Trypsin was neutralized 

with media containing FBS, and cells were passaged at a 1:3 ratio in gelatin-

coated tissue culture flasks.  
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Transduction of SIPs with Lentiviral vectors expressing GFP  

Transduction of SIPs with the pEGFP-Lv105 vector (10^10 pfu/ml) (Capital 

Biosciences, Rockville, MD) was performed using subconfluent cultures of SIPs 

for 6 hours in QBSF60 (Quality Biological) and 8 µg/mL protamine sulfate 

(Calbiochem, San Diego, CA, USA) at a MOI of 100. After transduction, cells 

were washed and media was changed to MSCGMTM. Efficiency of transduction 

(>95%) and viability of cells (>95%) was assessed prior to cell transplantation.  

Transplantation of SIPs into fetal sheep recipients.  

Fetal sheep (n=40) were injected intra-peritoneally by ultrasound-guided 

transabdominal percutaneous injection (43, 44), with SIP populations in QBSF 

serum-free media (Quality Biological, Gaithersburg, MD) at the concentrations 

indicated in the results section, at 55-62 days of gestation and according to 

University of Nevada approved Institutional Animal Care and Use Committee 

(IACUC) guidelines. Briefly, after fetal visualization, a 22-gauge 15cm echo-tip 

needle (Cook Medical Inc. Bloomington, IN) was inserted through the skin and 

the uterine wall into the amniotic cavity and then into the fetal peritoneal cavity 

under continuous ultrasound guidance. After confirmation of the appropriate 

positioning of the needle, the graft was injected slowly. The fetus was then 

checked to ensure adequate heartbeat after transplantation, just prior to 

anesthetic being withdrawn from the ewe.  
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Assessment of human donor hematopoietic cell engraftment.  

BM and PB from animals transplanted with human cells were analyzed for the 

presence of donor (human) hematopoietic cells by flow cytometry using 

monoclonal antibodies (directly conjugated with FITC or PE) to CD3, CD7, CD10, 

CD13, CD20, CD34, CD45, CD33 (BD Biosciences, San Jose, CA), and 

glycophorin A (Beckman Coulter, Miami, FL) according to the manufacturers’ 

recommendations. Flow cytometric analysis was performed using a FACScan 

(BD Biosciences), and the results were compared to those obtained when 

identical staining was performed with an aged-matched non-transplanted control 

animal.  

Immunofluorescence of bone marrow stromal cells. Stro-1+ human cells were 

isolated from bone marrow of secondary recipients using magnetic sorting as 

described above. Sorted cells were grown in chamber slides and fixed in 1% 

paraformaldehyde in PBS. Slides were washed, blocked in PBS containing 2% 

bovine serum albumin (BSA) (Sigma), and incubated in PBS containing 2% BSA 

and primary antibody overnight at 4°C. Primary antibodies were against Stro-1 

(R&D Systems, Minneapolis, MN) and GFP (BioLegend,San Diego, CA). Slides 

were washed with PBS with 2% BSA and then incubated with secondary 

antibodies in PBS with 2% BSA for 1 hour at 4°C. Slides stained with secondary 

antibodies alone served as negative controls. Finally, cell nuclei were stained 

with DAPI (BioGenex, Fremont, CA, USA) and coverslips mounted with Cytoseal 

60 (Thermo Fisher Scientific Inc. Waltham, MA, USA). An identical protocol was 

used for staining human fetal and adult Stro-1 positive cells, and in addition to 
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the Stro-1 antibody, an anti-CD34 antibody (Abcam, Cambridge, MA) was also 

used. Transplantation of CD34+CD45+ cells isolated from bone marrow of 

primary sheep SIPs recipients into NOD/scid/γ(c)(-/-) (NSG) mice.  

Newborn NSG mice (1–3 day old) were irradiated with 100 cGy and injected 

intrahepatically as previously described (45) with human CD34+CD45+ cells 

isolated from bone marrow of primary sheep SIPs recipients at the following 

doses: 2.5x104, 1x105, and 2.4x105. In addition, and as a positive control, 

newborn NSG mice received 5.6x104 (n=2) or 3.9x105 (n=2), CD34+CD117+ 

human mobilized peripheral blood stem cells, while non-transplanted mice 

served as negative controls (n=2). Mice were maintained for 7-8 weeks in the 

Yale animal facility before being sacrificed for bone marrow and spleen analysis. 

Blood was collected at 5 and 7 weeks of age to test for human cell engraftment. 

All procedures were performed in compliance with relevant laws and institutional 

guidelines and were approved by the Yale University IACUC.  

Flow Cytometry Analysis of Transplanted NSG Mice. Peripheral blood was lysed 

twice using 1xBD Pharm Lyse solution (BD Biosciences, San Jose, CA) and 

resuspended in PBS+ 2% FBS. Cells were stained with antibodies against 

mouse CD45, and human MHC I, CD33, CD19, and CD3 (All from (Biolegend 

San Diego, CA)). For analysis of BM and spleen, mice were euthanized at either 

7 or 8 weeks of age. BM was recovered by flushing 1 femur and 1 tibia. Spleens 

were passed through 100µM mesh in order to obtain a cell suspension of 

splenocytes. Cells were stained for flow cytometric analysis as described for 

peripheral blood above, additionally staining with antibodies against human CD2, 
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CD7, CD11b, CD14, CD15, CD45RA, and CD34 (from BD and Biolegend San 

Diego, CA); anti-sheep CD45 (AbD Serotec); and anti-mouse CD45 and Ter-119. 

Cells were analyzed using a Stratedigm flow cytometer equipped with 4 lasers/13 

detectors. Data were analyzed using FlowJo software. Viable cells were gated 

based on FSC and SSC parameters. Doublets were excluded by comparing 

FSC-H vs. FSC-A. When possible, unused fluorescence channels were used to 

exclude autofluorescent cells before gating for human and mouse CD45+ cells.  

Preparation, Immunofluorescence and flow cytometric analysis of bone tissue. 

Human bone tissue was obtained from Advanced Bioscience Resources 

(Alameda, CA). Bone tissue older than 15g.w was decalcified using Decalcifying 

Solution-Lite (Sigma) until soft enough to be cut by a surgical blade. Bone tissue 

was then fixed in 10% neutral buffered formalin and paraffin embedded. Paraffin 

embedded 6 µm sections were prepared by de-waxing in xylene, rehydrating in 

decreasing concentrations of ethanol, and immersing in PBS. The primary 

antibodies used were: anti-Stro-1 (R&D Systems, Minneapolis, MN); anti-

VEGFR2/FlK-1/KDR (Abcam, Cambridge, MA); anti-CD34 (Abcam, Cambridge, 

MA); anti-CD31 (Santa Cruz Biotechnology Dallas, TX); anti-VE- Cadherin 

(Abcam, Cambridge, MA); anti-N-Cadherin (BD Transduction Laboratories, San 

Jose, CA); anti-Osteopontin (Abcam, Cambridge, MA) and anti-CD45 

(ABDSerotec, Raleigh, NC). Controls included slides stained in parallel, in which 

the primary antibody was either absent or was replaced by a non-specific 

isotype-matched primary antibody. An Olympus Fluoview 1000 confocal system 

was used to visualize and capture the fluorescent images. The number of total 
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cells counted per tissue varied from 652-16,303 depending on the number of 

cells/slide and the numbers of positive cells in each section were determined as 

a percentage of the total number of cells. Flow cytometric analysis of fresh cells 

harvested from bone tissue was performed after bones were either minced or 

flushed with sterile media, and cells collected and stained, as described above, 

with antibodies against human Stro-1, APLNR (R&D Systems, Minneapolis, MN), 

CD31, CD34 CD49f, CD90, CD117, CD140a, CD144, CD146, CD309, (All from 

(BD Biosciences San Jose, CA)). Cells were analyzed using a FACSCalibur and 

data analyzed using FlowJo software.  

Statistics and data analysis.  

Experimental results are presented as the mean plus/minus the standard error of 

the mean (SEM). Comparisons between experimental results were determined 

by two-sided non-paired Student’s t-test analysis. A p value <0.05 was 

considered statistically significant. We also validated the power of our statistical 

analysis by using the two-sided Wilcoxon Rank Sum Test for independent 

samples.  
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ABSTRACT: 

Alcam (CD166) is expressed during ontogeny by the endothelium within the yolk 

sac and dorsal aorta, and plays a key role in capillary tube formation and 

differentiation.  In the adult bone marrow, CD166 has been shown to be 

expressed by both highly primitive hematopoietic stem cells (HSC) and 

mesenchymal cells of the microenvironment, and to mediate homophilic 

adhesion between these two cell types.  Here, we investigated the emergence of 

CD166+ cells during ontogeny, and extensively characterized the origin, function, 

and subpopulations of CD166+ cells in different hematopoietic organs. Our data 

demonstrate that, although CD166+ cells exist in the fetal liver, the majority of 

CD166+, CD34+ cells in the fetal liver at this age are endothelial. In the fetal bone 

marrow (BM), both hematopoietic and stromal cell populations express CD166. 

In the BM, CD166 expression is associated with CD34 and CD309, and CD166 

expressing HSCs only commence later in gestation. In contrast, in the adult BM, 

CD166+, CD34+ cells are exclusively hematopoietic and possess far greater 

clonogenic potential than their counterparts in the fetal BM. These studies thus 

provide new understanding of human fetal BM development, and identify a 

primitive hematopoietic population, which could potentially be used as a source 

of highly enriched HSCs to treat/cure a broad variety of blood disease. 
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INTRODUCTION 

The hallmark of hematopoietic stem cells (HSCs) is their ability to reconstitute 

lifelong multilineage hematopoiesis in transplanted hosts (1, 2). For more than 

three decades, researchers have been uncovering novel markers to enable the 

identification and purification/enrichment of HSCs from murine and human 

hematopoietic tissues. However, despite many exhaustive studies, to-date, no 

single antigen/surface marker has been identified that is expressed exclusively 

by HSC. Therefore, in order to isolate a relatively homogeneous population of 

hematopoietic stem and progenitor cells (HSPCs), a combination of multiple cell 

surface markers is currently used. 

Activated leukocyte cell adhesion molecule (ALCAM), or CD166, is a cell surface 

immunoglobulin superfamily member that mediates homophilic adhesion and 

heterotypic interactions with CD6 (3, 4). CD166 is reported to be involved in axon 

guidance (5-7), immune response (8-10), and tumor metastasis (11, 12). While 

CD166 has been reported as a functional marker of the most primitive HSCs in 

fetal and adult BM (13-16), CD166 homozygous knockout mice are viable and 

fertile, with no apparent major blood defects, but their HSC display poor 

engraftment in lethally-irradiated mice and fail to provide radioprotection, and 

their hematopoietic niche also fails to support long-term repopulating HSC from 

healthy wild-type mice (13). 

CD166 is also expressed on both murine and human hematopoietic niche 

elements such as stromal cells (17), endothelial cells (18, 19) and osteoblasts 

(20, 21). In 1999, Cortés et al reported that CD166 is present on non-
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hematopoietic stromal cells in all of the primary hematopoietic tissues such as 

para-aortic mesoderm, liver, thymus, and BM (15). Later studies by Ohneda et al. 

demonstrated that CD166 is highly associated not only with embryonic 

hematopoiesis but also vasculoangiogenesis (18). In more recent studies by 

Chitteti et al., it has been demonstrated that CD166 also identifies immature 

osteoblasts in the hematopoietic niche (21). 

In the present study, for the first time, we define the functional role of CD166 in 

hematopoiesis during human ontogeny by comparing subpopulations of CD166+ 

cells isolated from human fetal liver, fetal BM, and adult BM. Here, we 

demonstrate that, during ontogeny, CD166 expression in fetal liver is mostly 

associated with vascular/endothelial cells. In the BM, expression of CD166 is 

associated with CD34 and Flk-1 at 15 weeks of gestation (g.w.), and its 

expression on HSC only commences later in gestation. Furthermore, we 

demonstrate that the population of CD166+ CD34+ cells present in adult BM has 

a markedly enhanced clonogenic potential when compared with the same 

population of cells isolated from fetal liver or fetal BM.  Our novel findings on the 

late emergence of CD166+ HSC during marrow ontogeny may suggest that 

CD166 expression is triggered at a certain time point in gestation, probably 

associated with the rapid proliferation of HSC that occurs during this time period, 

or, alternatively, that these cells arise in the BM. If the latter proves correct, these 

studies would represent a major paradigm shift, displacing the long-held dogma 

that all hematopoietic cells present in the BM originate within the fetal liver and 

migrate during gestation to colonize the nascent marrow.  
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RESULTS: 

During development, CD166 defines a population of vascular/endothelial cells in 

the fetal liver. 

CD166 has been reported to be a marker for identifying functional murine and 

human hematopoietic stem cells (HSC) with long-term repopulating ability in the 

adult marrow (13, 14), and has also been shown to be expressed by multiple cell 

types within the hematopoietic niche (15, 18, 19) . However, very little is known 

about its expression pattern or function during human development. To begin to 

define the origin of CD166+ cells and delineate the role of this adhesion molecule 

in hematopoietic ontogeny, we started by examining whether cells co-expressing 

CD166 and CD34 are present within the fetal liver and bone marrow (BM). 

Asahina et al. previously reported that, in the fetal mouse liver, CD166 is 

expressed by submesothelial and mesothelial cells, and by a cell type that 

appeared to be in the process of transitioning from a submesothelial identity to 

that of a hepatic stellate cell (22). As can be seen in Figure 1, confocal 

microscopic analysis of human fetal liver sections at 18 weeks of gestation (g.w.) 

(n=3) revealed the existence of 2 distinct populations of CD166+ cells. The first 

population was localized to forming vascular structures, and co-expressed the 

endothelial markers CD34, CD31, and Flk-1 (Figure 1A). The second population 

was situated within the fetal liver parenchyma, and some, but not all, of the 

CD166+ cells in fetal liver parenchyma express Stro-1 (Figure 1B).  However, as 

can also be seen in this same figure, all of the EpCAM+ epithelial cells expressed 

CD166. 
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Figure 1. Presence of hematopoietic 

and endothelial CD166+ cells in fetal 

liver. (A and B). Confocal image of fetal 

liver section at 18 g.w., stained with A) 

endothelial cell markers, and B) 

mesenchymal and epithelial markers. (C) Flow cytometric analysis of fetal liver 

derived MNC (hematopoietic fraction) (D) Comparison of the parenchymal 

fraction (white bars) and hematopoietic fraction (dark gray bars) for CD166+ cells 

in human fetal liver after Ficoll density gradient separation. 
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Flow cytometric analysis of freshly obtained mononuclear cells (MNC) from fetal 

livers at 18 g.w. (n=5) confirmed the presence of  CD166+, CD34+ cells, of which 

about 50% were CD31+, and 50% expressed CD45 (Figure 1C). By contrast, in 

the parenchymal fraction (n=2), 3.03±0.97%  of cells were CD166+. However, 

only 0.32±0.27% of the total parenchymal cells were CD34+, and less than 1% of 

the CD166+ cells within the fetal liver parenchyma co-expressed CD34 and CD45 

(Figure 1D). 

Therefore, CD166+ cells can be readily identified in the human fetal liver at 18 

g.w. contributing to the liver vascular-endothelial compartment, but also 

constitute a small population of hematopoietic cells.  

 

Hematopoietic/endothelial origin of CD34+CD166+ cells in fetal liver. 

To functionally characterize fetal liver-derived CD166+ cells, we isolated 

CD166+CD34+ and CD166+CD34- cells from 18 g.w. (n=5) human fetal liver, as 

described in the Materials and Methods section. Freshly isolated cells were 

seeded in endothelial growth medium supplemented with 10% fetal bovine serum 

(EGM-10), mesenchymal stromal cell growth medium (MSCGM), and complete 

methylcellulose (MC). 

Flow cytometric analysis of the CD166+CD34+ population expanded in EGM-10 

at passage 2 (P2) indicated that 95.61±1.59% of adherent cells (n=3) retained 

CD166 expression; however, only 2.69±0.76% of cells remained CD34+. Our 

data also show that, following expansion in EGM-10, 12.66±1.28% of the CD166+ 

cells co-expressed CD31, and 8.72±0.12% co-expressed Flk-1, consistent with 
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an endothelial identity.  Flow cytometric analysis of the same population 

expanded in MSCGM showed that, by the second passage, less than 1% of cells 

continued to express the hematopoietic and endothelial markers CD34, CD31, 

and Flk-1, yet 95.24±4.03% of the cells retained CD166 expression (Figure 2A). 

As can be seen in Figure 2A, at P2, flow cytometric analysis of CD166+CD34- 

cells grown in EGM-10 revealed that 87.17±6% of the adherent cells retained 

CD166 expression. Of these, less than 1% co-expressed CD34, 3.1±0.45% co-

expressed CD31, and 1.54±1.13% co-expressed Flk-1. When this same 

population was expanded in MSCGM, 97.34±5.02% retained CD166 expression, 

of which 2.12±0.76 co-express CD31 and only 2.03±0.93% co-express CD309 

(Figure 2A). 

To ascertain whether the fetal liver-derived CD166+ cells were mesenchymal in 

origin, flow cytometric analysis was performed on the culture-expanded cells at 

P2 to assess CD146 expression. As can be seen in Figure 2A, in all of the 

populations, more than 50% of the CD166+ cells were also expressing CD146+ 

and all of the CD146+ cells co-expressed CD166 (Figure 2A). 

Quantification of the hematopoietic colony-forming potential of freshly isolated 

fetal liver-derived cells (n=3) demonstrated that the CD166+CD34+ population 

generated 6.18± 0.12 blasts, 2.71±1.81 CFU-GEMM, 9.65±0.36 CFU-GM, and 

no BFU colonies (per 1000 cells plated), while the CD166+CD34- population 

generated 21.73± 0.1 blast, 23.89±2.27 CFU-GEMM, 19.58±4.82 CFU-GM, and 

7.75±0.35 BFU colonies (per 1000 cells plated) (Figure 2B). 
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Figure 2. Characterization of CD166+ cells isolated from human fetal liver. (A) 

Flow cytometric analysis of CD166+ cells cultured in endothelial and 

mesenchymal media at P2. (B) MC clonogenic assay results. 
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In situ analysis of human fetal bone shows that, during development, 

CD166+CD34+ cells contribute to both vascular and hematopoietic populations. 

We next investigated when and where CD166+ cells emerged within the fetal BM 

by performing confocal microscopy and flow cytometry on human long bones 

collected from fetuses at 11 to 20 g.w.. Confocal imaging revealed that CD166+ 

cells do not appear within the fetal BM until 15 g.w. At 15 g.w. (n=2), CD166+ 

cells co-expressing, Flk-1 and CD34 were detected in specific locations within 

the vascular structures, but at this age, no CD166+ cells were detected in the BM 

stroma (Figure 3). Confocal imaging of human fetal long bones at later 

gestational ages suggested a progressive increase/expansion of the CD166+ cell 

population and the emergence of CD166+CD34+ cells in the BM stroma with 

increasing gestational age. As can be seen in Figure 4, at 20 g.w. (n=3), three 

distinct populations of CD166+ cells were detected in the fetal bone. The first 

population was identified within the vascular structures, and co-expressed CD34, 

CD31, and Flk-1; the second population was found within the BM stroma; and the 

third population was comprised of the bone-lining cells forming the calcified bone 

(Figure 4). 

We next investigated the emergence/presence of CD166+ cells in the fetal BM by 

flow cytometry. The results with flow cytometry confirmed our earlier studies with 

confocal microscopy, showing that CD166+ cells are not present in the fetal BM 

until 15 g.w. Flow cytometric analysis of freshly isolated 15 g.w. and older fetal 

BM showed that the CD166+ cell population increased progressively with 

advancing gestational age, such that by 20 g.w. (n=3), 12.32±3.4% of the freshly  
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isolated BM-MNC were CD166+ (Figure 5A). These analyses also revealed that 

almost half of CD166+CD45+ cells present within the 20 g.w. fetal BM also 

expressed CD34. We also identified a small population of CD166+Flk-1+ cells that 

were CD31+ at this age (Figure 5B). 

 

 Figure 3. Confocal microscopic analysis of 15 g.w. human fetal bone sections, 

indicated contribution of CD166+ cells to the developing vascular structures. 

 

Therefore, CD166+ cells are present in the BM starting from 15 g.w., and they 

express markers such as CD34 and Flk-1, that are normally associated with 

vascular endothelial cells. Later in gestation, however, CD166+ cells contribute to 

the developing vascular system, bone, and the hematopoietic compartment. 
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Figure 4. Confocal imaging of human fetal bone sections at 20 g.w. identified 

three distinct populations of CD166+ cells. (i) Vascular/endothelial population 

expressing CD34, CD31, and CD309 (Flk-1) marked by white triangles (22) 

Stromal CD166+ cells marked by white arrows; and (iii) bone-lining osteoblasts 

marked by white arrowheads. 
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Figure 5. Detection of CD166+ cells in the fetal BM during development. (A) 

Gradual increase in CD166+ during ontogeny. (B) Flow cytometric analysis of 

hematopoietic (top) and endothelial (bottom) CD166+ cells in 20 g.w. fetal BM. 
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Hematopoietic/endothelial origin of CD166+CD34+ cells in fetal BM: 

Using antibodies against CD166 and CD34, we next fractionated freshly isolated 

20 g.w. fetal BM (n=3) by fluorescence-activated cell sorting (FACS) into 

CD166+CD34+ and CD166+CD34- subpopulations. The sorted cells were then 

immediately seeded in EGM-10, MSCGM, and MC to functionally characterize 

the origin and potential of these two subpopulations of fetal BM-derived CD166+ 

cells.  

Quantification of the FACS-sorted subpopulations from fetal BM cultured in 

complete MC demonstrated that the CD166+CD34+ population of cells generated 

4.6±2.77 blast, 16.6±5.3 CFU-GEMM, 40.7±10.04 CFU-GM colonies (per 1000 

cells plated), while the CD166+CD34- fraction generated only 0.25±0.2 CFU-

GEMM and 2.5±1.22 CFU-GEM (per 1000 cells plated). We were not able to 

detect BFU colonies generated from any of the above populations (Figure 6A and 

6B).  

Freshly isolated CD166+ CD34+ and CD166+CD34- cells did not grow in either 

EGM-10 or MSCGM, however, at day 12 of MC cultures, adherent stromal cells 

were detected underneath the hematopoietic colonies (Figure 6C). To 

characterize these adherent, non-hematopoietic cells from the MC cultures, we 

next isolated and seeded these cells in endothelial and mesenchymal growth 

media. Flow cytometric analysis of cultured cells at P2 demonstrated that, 

regardless of the starting cell population or the media employed, the stromal cells 

that arose in the MC cultures maintained expression of CD166 during culture 

expansion. Almost all of the CD166+ adherent cells from the MC cultures that had 
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originally been established with FACS-sorted CD166+CD34- fetal BM cells 

expressed CD146. However, less than 50% of cells from other cultures 

expressed this mesenchymal/endothelial marker (Figure 4C).  
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Detection and characterization of CD166+ cells in adult BM: 

Our experiments up to this point have focused on characterizing CD166+ cells 

during fetal liver and fetal BM ontogeny, with the goal of determining their origin 

and potential. We next investigated the presence of CD166+ cells within the adult 

human BM, and asked whether adult BM-derived CD166+CD34+ cells contribute 

to vascular cells, hematopoietic cells, or both. Flow cytometric analysis of adult 

BM-derived MNC (n=2) demonstrated that 30.5±3.78% of the cells were CD166+, 

of which about one-third (9.9±2.27%) were CD34+. Interestingly, we also found 

that, within the adult BM, CD166+CD45+ hematopoietic cells consist of two 

subpopulations: CD166+CD45+CD34+ cells and CD166+CD45+CD34- cells 

(Figure 7A). Therefore, CD166+ cells are present within the adult BM, expressing 

hematopoietic cell markers. 

We next fractionated adult BM-MNC into the CD166+CD34+ and CD166+CD34- 

fractions by magnetic sorting and seeded these freshly isolated populations in 

“complete” MC media. Scoring of hematopoietic colonies at day 14 demonstrated 

that the CD166+CD34+ cells generated 0.37±0.3 blast, 25.66±3.73 CFU-GEMM, 

and 104.33±11.58 CFU-GM colonies (per 1000 cells plated), while the 

CD166+CD34- cells generated no blasts, 14.66±2.64 CFU-GEMM, and 24± 4.58 

CFU-GM (per 1000 cells plated). No BFU colonies were detected from either of 

these populations (Figure 7B). 
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Figure 7. Detection and characterization of CD166+ cells in adult BM. (A) Flow 

cytometric analysis of adult BM after Ficoll density gradient. (B) Clonogenic 

potential of adult BM-derived CD166+ cells. 
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Finally, we compared the clonogenic potential of freshly isolated CD166+CD34+ 

cells from fetal liver, fetal BM, and adult BM. As can be seen in figure 7C, of the 

three tissues, adult BM had the greatest clonogenic potential, giving rise to 

significantly higher numbers of CFU-GM colonies (p < 0.005) compared to both 

fetal liver and fetal BM, and significantly more (p < 0.05) CFU-GEMM compared 

to this same cell population within the fetal liver. However there was no 

statistically significant difference in the CFU-GEMM potential when comparing 

adult BM- and fetal BM-derived CD166+CD34+ cells (Figure 8).   

 

 

 

 

 

 

 

 

 Figure 8.  Comparison of clonogenic potential between fetal liver, fetal BM, and 

adult BM. 
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DISCUSSION: 
 
CD166 is known to be expressed on primitive human HSCs (15, 23), endothelial 

cells (18, 24), MSCs (25, 26), and osteoblasts (16, 21). However, its functional 

contribution to hematopoiesis during fetal development has not been explored in 

any detail. This paper provides a comprehensive characterization of the role of 

CD166 in regulating fetal and adult HSC function. To our knowledge, this is the 

first report exploring CD166 expression and function during human fetal 

development in definitive hematopoietic organs, and the first direct comparison of 

the differentiative capacity of various subpopulations of fetal and adult CD166+ 

cells. 

During ontogeny, HSCs relocate between extra-embryonic and embryonic 

compartments (27, 28). While the aorta-gonad-mesonephros (AGM), fetal liver, 

and neonatal BM all provide a supportive microenvironment for hematopoiesis. 

The fetal liver is the main site of HSC expansion and hematopoietic 

differentiation during human fetal life, starting at roughly 6 g.w. (29, 30). Our 

results indicate that in the 18 g.w. fetal liver,  CD166+CD34+ cells contribute to 

the vascular/endothelial compartment, with around 50% expressing CD45 

hematopoietic cell  marker. Functional in vitro culture studies on fetal liver-

derived CD166+ subpopulations confirmed that the majority of these cells are 

either mesenchymal or endothelial in origin, and that they can be expanded in 

MSCGM or EGM. Furthermore, methylcellulose colony-forming assays indicated 

that CD166+CD34- subpopulation possesses a higher clonogenic potential than 

the CD166+CD34+ population, confirming the vascular/endothelial origin of 
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CD166+CD34+ cells in the fetal liver at this age. Our findings are thus in 

agreement with prior work by Cortés et al., who reported the presence of CD166+ 

hepatocytes intermingling with CD166- hematopoietic cells in the human fetal 

liver at 17 g.w. (15). Our findings on the apparent absence of CD166+ 

hematopoietic cells within the human fetal liver is also in agreement with studies 

in the murine model performed by Asahina et al., in which CD1666 was found to 

be expressed on mesothelial, submesothelial, and transitional cells (22).  

We also detected CD166+ cells in the fetal BM. Confocal imaging on fetal bone 

sections showed expression of CD166 by a subset of vascular/endothelial cells 

starting as early as 15 g.w. The percentage of cells expressing CD166 increased 

progressively with advancing gestational age, and by 20 g.w., CD166+ 

hematopoietic cells co-expressing CD34 and CD45 were detectable in the fetal 

BM, suggesting that these cells either arise within the fetal BM, or that CD166 

expression is triggered at a certain time point during gestation. These results 

were confirmed by in vitro cultures of fetal BM in which we were not able to 

expand primary CD166+ cell sub-populations from 20 g.w. fetal BM in either 

endothelial or mesenchymal culture mediums. In contrast, the results of our 

methylcellulose assays indicate a higher clonogenic potential for the 

CD166+CD34+ subset from 20 g.w. fetal BM compared with the CD166+CD34- 

fraction from this same source/age. Taken together, these in vitro culture results 

imply that in the fetal BM at 20 g.w., the majority of CD166+CD34+ cells are 

hematopoietic in nature. Further in vivo investigations are required, however, to 
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rigorously test and compare the hematopoietic potential of the CD166+CD34+ 

population within the fetal liver and fetal BM.  

We also assessed CD166 expression in adult BM to ascertain its function in adult 

hematopoiesis. Our flow cytometric analysis and functional studies on adult BM-

derived CD166+ subpopulations indicated that nearly all of the CD166+CD34+ are 

hematopoietic. CD166 was originally used to identify a subset of adult human BM 

and mobilized peripheral blood (mPB) CD34+ cells enriched for progenitor activity 

(23). Our findings in the adult BM agree with previous functional studies by 

Chitteti et al., which indicated that CD166 is a putative HSC marker, identifying 

long-term repopulating cells in adult murine and human BM. Comparing the 

clonogenic potential of CD166+ subpopulations isolated from fetal and adult BM 

and fetal liver, showed that adult BM-derived CD166+ cells have the highest 

clonogenic potential amongst the three populations. However, further 

experiments are necessary to compare the hematopoietic potential of CD166+ 

subpopulations from adult and fetal sources, using the accepted “gold standard” 

assay for HSC function; in vivo reconstitution.  

This study provides direct evidence that, during ontogeny, cells that are present 

at different hematopoietic compartments at the same time point may express the 

same surface markers, but play different roles in hematopoietic ontogeny and 

have different functions. Moreover, we have demonstrated the existence of a 

subpopulation of hematopoietic cells present within the adult human BM, which 

possesses pronounced clonogenic/colony-forming potential. Once the 

repopulating potential of these cells has been established, they could potentially 
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serve as a source of highly-enriched HSCs to treat/cure a broad variety of blood 

disease. 

 

MATERIALS AND METHODS 

Cell preparation: 

Human fetal bones from 11 to 22 gestational weeks (g.w.) and livers from 18 to 

20 g.w. fetuses were purchased from Advanced Bioscience Resources (17), Inc 

(Alameda, CA). Single cell suspensions of fetal bone marrow (BM) were 

prepared by flushing the long bones using a 19-gauge needle into Iscove's 

Modified Dulbecco's Medium (IMDM) (Life technologies, Norwalk CT) containing 

10% fetal bovine serum (FBS) (Life technologies, Norwalk CT). After flushing the 

bone marrow, bones were crushed and bone segments were subjected to 

collagenase II (Worthington Biochemical Corporation, New Jersey) digestion for 

1 hour at 37ºC on shaker. Cells from crushed bone pieces were collected after 

digestion, pooled with the flushed BM cells, and used for flow cytometric analysis 

and isolation of CD166+CD34+ and CD166+CD34- cells. 

In order to obtain single cell suspension from fetal livers, non-hepatic tissue was 

removed by scalpel and livers were enzymatically digested at 37°C with 

collagenase type IV (Worthington Biochemical Corporation, New Jersey) and 

deoxyribonuclease (DNase). Following digestion, hematopoietic and non-

parenchymal cells were separated from the parenchymal cell fraction by density 

gradient centrifugation using Histopaque-1077 (Sigma-Aldrich, Saint Louis, MO). 
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The hematopoietic fraction of the cells was used for flow cytometric analysis and 

CD166+ cell isolation. 

Heparinized adult human BM was obtained from healthy donors after informed 

consent according to guidelines from the Office of Human Research Protection at 

Wake Forest Health Sciences. Low-density BM mononuclear cells (BM-MNC) 

were separated by density gradient centrifugation using Histopaque-1077 

(Sigma-Aldrich, Saint Louis, MO), washed twice in IMDM (Life Technologies, 

Norwalk CT), and were used for flow cytometric analysis and CD166+ cell 

isolation. 

 

Immunostaining and flow cytometric analysis: 

Fetal and adult BM and fetal liver cell suspensions were stained with saturating 

concentrations of fluorophore-labeled CD166, CD34, CD45, CD146, CD309/Flk-1 

and CD31 antibodies and appropriate isotype controls (BD Biosciences, San 

Jose, CA) for 15 minutes at room temperature in the dark. Samples were then 

washed, resuspended in FACS staining buffer, and analyzed by FACScaliber 

(BDIS, San Jose, CA). 

 

CD166+CD34+ cell isolation and expansion: 

Fetal BM cell suspensions (n=3) were stained with saturating concentrations of 

FITC-conjugated anti-CD34 and PE-conjugated anti-CD166 antibodies  (BD 

Biosciences, San Jose, CA), or appropriate isotype controls, for 20 minutes at 

room temperature in the dark. Samples were then washed, and the following cell 
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populations were isolated using a BD FACSAria cell sorter: (1) CD166+CD34+; 

(2) CD166+ CD34-; (3) CD166- CD34+; and (4) CD166- CD34-. The same 

populations were also isolated from fetal liver (n=5) and adult BM (n=3) cell 

suspensions using the CD34 MultiSort magnetic kit (Miltenyi Biotec, Auburn, CA), 

according to manufacturer’s instructions, followed by a second magnetic 

labeling/sorting of the CD34+ and CD34- populations with a PE-conjugated 

CD166 antibody  (BD Biosciences, San Jose, CA) and anti-PE microbeads 

(Miltenyi Biotec, Auburn, CA). 

Isolated populations from BM and liver were then plated in gelatin-coated 24-well 

plates (BD Falcon, San Jose, CA, USA) in mesenchymal stromal cell growth 

medium (MSCGM) (Lonza, Walkersville, MD), endothelial growth medium (EGM-

10) (Lonza, Walkersville, MD), and in complete methylcellulose (MC) (StemCell 

Technologies, Vancouver, BC, Canada) in 4 well plates designed for in vitro 

fertilization (Nunc, Roskilde, Denmark). 

 

Methylcellulose colony assay: 

Methylcellulose colony assays were performed by plating 1,000 of freshly 

isolated cells from fetal or adult BM or fetal liver in MethoCult GF H4434 (Stem 

Cell Technologies). The cultures were maintained at 37°C in a humidified 

atmosphere of 5% CO2 in air, and hematopoietic colonies were identified and 

enumerated in situ at day 14 after seeding, with an Olympus IX71 inverted 

fluorescence microscope.  
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Immunofluorescent staining of fetal tissues: 

Human fetal long bones from 11 to 20 g.w. (n=4) and livers 18 to 22 g.w. (n=5) 

were purchased from ABR. Fetal bones were partially decalcified with 0.25 M 

EDTA for 6-8 hours prior to fixation. Fetal bones and livers were fixed with 10% 

Neutral Buffered Formaldehyde (NBF) (Sigma-Aldrich, Saint Louis, MO) 

overnight, and preserved in paraffin blocks using standard methodology. 6-

micron tissue sections were prepared from paraffin blocks and immunostained. 

Briefly, following bone tissue deparaffinization and rehydration, slides were 

washed with PBS and blocked with protein block (Dako, Carpinteria, CA) for 20 

minutes at room temperature to prevent non-specific binding. The sections were 

then incubated overnight with antibodies against CD166, Flk-1 (CD309), CD34, 

and CD31 (Abcam, Cambridge, MA) at 4°C. Liver tissues were deparaffinized, 

rehydrated, and treated with antigen retrieval solution (Dako, Capinteria, CA) for 

15 minutes prior to incubation with the following primary antibodies overnight at 

4°C: (1) EpCAM, (2) CD166, (3) CD31, (4) Flk-1 (CD309), (5) CD34 (Abcam, 

Cambridge, MA), or (6) Stro-1 (R&D Systems, Minneapolis, MN). Negative 

control slides were incubated with antibody diluent (Dako) without primary 

antibodies. Sections were then washed and incubated with appropriate 

AlexaFluor-conjugated secondary anibodies (Life Technologies, Grand Island, 

NY) for 1 hour at room temperature, followed by nuclei counterstaining with DAPI 

(Biogenex, San Ramon, CA). Coverslips were then mounted with Cytoseal60 

(Thermo Fisher Scientific, Pittsburgh, PA) and stained tissues were examined 
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using confocal microscopy (Olympus, Center Valley, PA) and FluoViewTM 

software. Confocal images were then processed using Adobe Photoshop.  

 

Statistics and Data Analysis: 

Experimental results are presented as the mean plus/minus the standard error of 

the mean (SEM). Comparisons between experimental results were determined 

by two-sided non-paired Student’s t-test analysis. A p value <0.05 was 

considered statistically significant. 
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ABSTRACT 

In utero hematopoietic stem cell transplantation (IUHSCT) is a promising 

approach for correcting selected congenital hematologic and immunologic 

disorders. However, if higher levels of donor hematopoietic stem/progenitor 

(HSC) cell engraftment could be achieved, a wider range of inherited disorders 

could be targeted.  Here, we demonstrate that by transplanting sheep bone 

marrow (BM)-derived endothelial progenitor cells (sEPC) or mesenchymal 

stromal cells prior to, or in combination to HSC transplantation, respectively, we 

can achieve statistically significant higher levels of HSC engraftment when 

compared to HSC alone. We also demonstrated for the first time that sEPC and 

sMSC engraftment sites after in utero transplantation differ from that of the sHSC 

as the former localized primarily in the bone diaphysis, and in the liver of the fetal 

recipients, while HSC were found primarily in the metaphysis of long bones. In 

addition we showed in the metaphysis, that a correlation exists between the 

levels of hyaluronan and HSC engraftment, and in the diaphysis that the levels of 

donor derived sEPC and/or sMSC cells integrated in the vasculature, correlate 

with levels of donor derived HSC located in the perivascular area.  
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INTRODUCTION 
 
In utero hematopoietic stem cell transplantation (IUHSCT) is a clinically viable 

therapeutic option, which could potentially provide successful treatment for many 

genetic and developmental diseases affecting the immune and hematopoietic 

systems1. IUHSCT has safely been performed for decades in humans, and it is 

the only approach that can promise the birth of a healthy infant2.	   To date, its 

success has been limited to recipients with severe combined immunodeficiency 

disorders where there is a selective advantage of donor cell engraftment/survival 

over host cells 3-7. Because IUHSCT must be performed without myeloablation or 

immunosuppression, immunologic barriers and absence of stress-induced 

signaling have been considered as significant contributors to the limited donor 

HSC engraftment 8-10. Other challenges observed with IUHSCT depend upon the 

unique intricacies of fetal hematopoietic stem/progenitor cell (HSC/HSPC)) 

biology and the fetal microenvironment. Transplanted adult cells are out-

competed by endogenous fetal HSC, because the latter are actively cycling and 

undergo symmetric self-renewal divisions more efficiently than adult HSC11. Also, 

the fetal microenvironment might not support engraftment and/or expansion of 

donor HSC derived from ontogenically disparate sources, as differences in 

membrane composition and response to cytokines, such as SCF, exist between 

fetal and adult cells11-13. Although the cytoarchitecture of fetal bone marrow (BM) 

14,15, in similarity to that of adult15-23, is comprised of functional cellular entities, 

independently but cooperatively preserving HSC maintenance, maturation, and 

differentiation, little is known about the preferential engraftment sites of donor-
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derived HSC after IUHSCT. For instance, in adults, in addition to the distinctive 

endosteal15-17, vascular18,19, and perivascular20-23 niches, specific anatomic 

locations within the adult marrow such as the trabecular-rich area of cortical bone 

or of the metaphysis, constitute the preferential dwelling sites of primitive 

resident24, and transplanted HSC24-26.  The slower blood flow, the discontinuity of 

the capillary endothelial lining, and the increase in sinusoidal hyaluronan (HA) 

expression, all contribute to the increased homing of transplanted HSC to the 

metaphysis26-28. Here, the absence of distinct microenvironmental niches 26 also 

facilitates intimate contact of HSC with both endothelial and stromal cells 

promoting HSC regenerative and self-renewal capabilities29.   

We previously reported that in utero transplantation of HSC with 

marrow/mesenchymal stromal cells (MSC), components of the perivascular 

niche, improves hematopoietic engraftment, and that the transplanted stromal 

cells produced SCF 30,31. However, we were unable to determine the anatomical 

localization of the engrafted HSC, the integration/contribution of MSC to specific 

cellular niches, or whether there was direct interaction between transplanted 

MSC and HSC.  Because the vascular niche also plays an important role in 

regulating HSC proliferation, differentiation32-35, and quiescence 36,37, here we 

transplanted either bone-marrow derived endothelial progenitor cells (BMEPC) or 

MSC simultaneously or prior to HSC transplantation, and investigate the 

contribution of EPC and MSC to specific niches within the recipients’ marrow.  

We also assessed whether this approach could alter the patterns or levels of 

engraftment of subsequently transplanted HSC. 



	   	  110	  

RESULTS 
 
Characterization of sheep marrow stromal/mesenchymal cells (sMSC) and bone 

marrow-derived endothelial progenitor cells (sBMEPC).  

Sheep bone marrow-derived endothelial progenitor cells (sBMEPC) were isolated 

by collagen adherence, using a method previously described for blood derived-

EPC 38. sBMEPC colonies began to appear at day 4 of culture in EGM-2 media, 

and by day 10 confluent cultures were obtained. Flow cytometric analysis using 

sheep-specific antibodies demonstrated that sBMEPC (P=4) express CD44 

(98.57±0.31%), CD90 (57.91±2.89%), lack expression of CD14, or CD45, while 

9.11±0.43% express CD34 (Figure 1A, top panel)(n=4). Immunofluorescence 

microscopy of sBMEPC (P=4) demonstrated that these cells were also positive 

for CD146, fetal liver kinase-1 (Flk-1/KDR), and von Willebrand factor (vWF) 

(Figure 1B) (n=4); markers previously described for sBMEPC44. sBMEPC were 

also found to produce stromal cell-derived factor 1 (SDF1/CXCL12) (Figure 1B). 

In order to determine whether sBMEPC had angiogenic potential, tube formation 

assays using Matrigel-based media were performed (n=3). sBMEPC (P=4) 

initiated formation of endothelial tubules at  2–4h of culture, which fully developed 

by 6h, with the presence of nodes of four or more branches. Tubes were 

visualized using both phase-contrast, and immunofluorescence microscopy, 

visualizing viable cells using Calcein AM (Figure 2A, right panel). Human 

umbilical vein endothelial cells and human adult BM-derived MSC were used as 

positive and negative control, respectively (data not shown). 
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Figure 1. Characterization of sBMMSC and sBMEPC by (A) flow cytometry (B 

and C) immunostaining.  

Bone marrow-derived sheep MSC  (sMSC) were isolated and cultured as 

described in the material and methods. Primary sMSC cultures were successfully 

established, maintained fibroblast-like phenotype, and were expanded without 

losing proliferation capacity during all sub-passages. Flow cytometric analysis 

with sheep-specific antibodies demonstrated that the stromal layers (P=4) 

expressed CD44 (99.09±0.13%), CD90 (31.88±0.77%), and were devoid of 

contaminating hematopoietic cells, as evidenced by the lack of cells expressing 

Figure 2. Characterization of sBMEPC (top) and sBMMSC by Flow cytometry 	   
A	  

B	  

C	  
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CD14 or CD45 (Figure 1A, bottom panel) (n=4). Anti-ovine antibodies to other 

antigens regularly used to identify MSC, such as CD105 and CD73, are not 

currently available. Immunofluorescence microscopy showed that sMSC 

expressed other markers such as CD146 (Figure 1C), and cytoskeleton proteins 

such as vimentin and alpha-smooth muscle actin (Figure 2B) (n=5). sMSC also 

expressed SDF-1 (Figure 1C), but not Flk1 or vWF (Figure 1C), and were unable 

to form vascular tubes ( Figure 2A, left panel).  
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To further characterize the mesenchymal/stromal characteristics of sMSC, we 

tested their ability to differentiate into adipocytes and osteocytes (n=4). As early 

as 1 week after adipogenic induction, lipid vacuoles were detected. The number 

of cells committed to the adipocyte lineage and the size of lipid droplets 

increased overtime until day 10, when the cultures were analyzed by Oil-red-o 

staining (Figure 2C top panel). sMSC induced to the osteocytic lineage, lost their 

spindle-like shape morphology by day 7 of culture. Calcium deposits and alkaline 

phosphatase (ALP) activity were clearly visible by day 14 (Figure 2C bottom 

panel). 

Mapping engraftment sites of sBMEPCs and sMSC by confocal microscopy  

We first determined the sites of engraftment/localization of donor-derived 

sBMEPCs and sMSC, at 2-2.5 months after in utero transplantation of 

nonconditioned fetal sheep recipients.  To facilitate their tracking following 

transplantation, sBMEPC and sMSC were transduced with an mKate-expressing 

lentiviral vector, as described in the Materials and Methods section, and the 

spatial distribution of the fluorescently-labeled cells was visualized by confocal 

microscopy. Within the bone, and regardless of the transplant schedule/regimen 

(i.e. 3 days prior to, or simultaneously with, sHSC), donor derived-sMSC (Figure 

3A central panel) and sBMEPC (Figure 3B central panel), were localized 

primarily in the diaphysis of the transplanted animals. Very few, if any, mKate-

expressing cells were detected in the metaphysis of animals transplanted with 

MSC (Figure 3C) or BMEPC (Figure 3D). In the diaphysis, donor-derived sMSC 

and sBMEPC integrated into the vascular and perivascular niches, and, in 
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similarity to the endogenous vascular/perivascular cells throughout the bone 

marrow (Figure 3 A, B, E, and F; Left panel), produced SCF (Figure 3A, B right 

panel) and SDF-1 (Figure 3 E and F; right panel), both of which are vital to the 

support of endogenous and transplanted HSC45-47.	   In addition, donor-derived 

sMSC (Figure 4A), but not sBMEPC (Figure 4B) were found to be present within 

the osteoblastic layer of the diaphysis.  

 

 

m

mKate	  

mKate	  

A	  

B	  

C	  

D	  

E	  

F	  

Figure 3. Mapping 

engraftment sites of sBMMSC 

and sBMEPC by confocal 

microscopy. (A and B) 

Engraftment in the diaphysis 

in vascular niche. (C and D) 

No engraftment in the  

metaphysis. (E and F) 

expression of SDF-1 by 

endogenous and transplanted 

cells. 
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Figure 4. Engraftment of sBMMSC (top) but not sBMEPC in the osteoblastic 

niche after transplantation. 

 

Quantification of hematopoietic engraftment in fetal recipients transplanted with 

adult CD34+GFP-labeled sHSC/HSPC alone, simultaneously with sBMEPC, or 

with sEPC 3 days prior to sHSC/HSPC transplant.  

We next investigated the effect of transplanting sBMEPC simultaneously, or 3 

days prior to, eGFP-labeled CD34+ hematopoietic stem/progenitor cells (eGFP-

HSC) on the levels of hematopoietic engraftment. At 70-75 days post-transplant, 

the levels of hematopoietic engraftment were compared between: 1) animals that 

were transplanted with eGFP-HSC alone (HSC); 2) animals that received 

simultaneously eGFP-HSC in combination with sBMEPC (HSC+EPC0); and 3) 

A	  

B	  
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animals that received eGFP-HSC 3 days after sBMEPC transplant (HSC+EPC3). 

Flow cytometric evaluation of GFP+ cells in bone marrow (BM), and peripheral 

blood, demonstrated that HSC+EPC3 recipients had significantly higher levels of 

total hematopoietic engraftment (p<0.05), than those receiving HSC alone or 

HSC+EPC0 (Figure 5). Separate analysis of PB and BM, showed robust 

presence of donor-derived hematopoietic cells in the PB and BM of HSC+EPC3 

animals. Colony-forming assays performed using freshly collected BM, and 

quantified as described in the Materials and Methods, showed that HSC+EPC3 

animals contained a significantly (p<0.05) higher number of donor-derived 

(GFP+) CFC than the other transplanted groups, attesting to the higher 

clonogenic potential of the engrafted cells in the HSC+EPC3 group. Of note is 

that concurrent transplantation of sHSC and sBMEPC did not lead to a significant 

increase in engraftment or in clonogenic potential of the engrafted cells when 

compared with the group receiving HSC alone. 
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Quantification of hematopoietic engraftment in fetal recipients transplanted with 

adult sMSC and CD34+, GFP-labeled sHSC/HSPC simultaneously, or sMSC 3 

days prior to sHSC/HSPC transplant.  

We previously described that co-transplantation of sheep BM-derived stromal 

cells with T cell-depleted BMMNC resulted in increased donor cell engraftment in 

fetal sheep recipients48. Here, we investigated the effect of administering sMSC 3 

days prior to eGFP-HSC, (HSC+MSC3), on levels of hematopoietic engraftment, 

and compared the results with animals transplanted either simultaneously with 

sMSC and eGFP-HSC (HSC+MSC0), or with eGFP-HSC alone (HSC). 

Consistent with our prior studies, recipients in the HSC+MSC0 group had 

significantly (p<0.05) higher levels of total engraftment than those receiving HSC 

alone (Figure 6). In addition, the increased engraftment levels in the HSC+MSC0 

group were due to higher numbers of donor-derived cells in both their PB and 

BM. In contrast to the results obtained with animals transplanted with sBMEPC, 

recipients of HSC+MSC3 did not display a statistically significant increase in 

donor-derived cell engraftment in BM over animals transplanted with HSC alone. 

Comparison of overall donor-derived hematopoietic cell engraftment between 

HSC+MSC0 and HSC+MSC3 groups demonstrated that, despite the higher 

levels of engraftment in the HSC+MSC0 transplanted animals, a statistically 

significant difference was not achieved between the two groups. In similarity, 

levels of donor-derived (GFP+) CFC were not significantly different between 

animals transplanted with HSC+MSC0 and HSC+MSC3. 
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Relationship between transplanted hematopoietic, and mesenchymal and/or 

endothelial cells. 

Using confocal microscopy, we next studied the relationship between the 

transplanted cell populations to determine whether the higher levels of 

engraftment seen in some of transplant groups was due to a preferential 

interaction between GFP+ donor-derived HSC/HSPC, and mKate+ donor-derived 

MSC or BMEPC. Regardless of the type of cell used for the combined transplant, 

donor-derived GFP+ hematopoietic cells localized predominantly to the 

metaphysis (Figure 7 A and B), an area where neither donor-derived (mKate+) 

MSC nor sBMEPC were found. The absolute levels of donor-derived-GFP+ 

HSC/HSPC engraftment in the metaphysis, as determined by confocal 

microscopy, were higher, but the differences between the groups paralleled 

those seen in sBMEPC transplanted animals when their BM was analyzed by 

flow cytometry (Figure 7 C). In the metaphysis of sMSC transplanted animals, the 

percentage of donor-derived-GFP+ engraftment, as determined by confocal 
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microscopy, was also higher, with a slight, but not statistically significant, 

advantage seen in HSC+MSC3 transplanted animals.  

 

 

Confocal microscopy also showed that, in the diaphysis all of the fetal sheep 

recipients, small numbers of GFP+ cells were present (Figure 8 A, B). Moreover, 

in areas close to the bone and/or the vasculature, GFP+ hematopoietic cells 

were often found in clusters in close proximity to mKate+ donor niche cells 

(Figure 4 A and B). In addition, characterization of mKate+ cells integrated within 

the vasculature showed that these cells expressed CD146+, a marker of 

subendothelial sinusoidal cells (Figure 8 C), Quantitative analysis of 

mKate+CD146+ cells in forming vasculature demonstrated that, in the diaphysis, 

there was a direct correlation between the levels of donor-derived 
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and/or endothelial (A and B) Localization of transplanted HSC in the metaphysis 
(C) Quantification of transplanted HSC by confocal microscopy. 
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CD146+mKate+ cells engrafted within the vasculature, and the numbers of donor-

derived GFP+ hematopoietic cells present in the perivascular areas (defined as 

being within 5 nuclei distance from vessel) (Figure 8 D). 
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 Hyaluronan synthesis is higher in the metaphysis of fetal recipients  

It has previously been reported that the strong expression of hyaluronan (HA) in 

the trabecular bone-rich metaphysis, is one of the main factors responsible for 

the preferential distribution of HSC to this area26, and that both endothelium and 

the endosteum express high levels of this molecule28,49. Therefore, we 

investigated if there were differences in the expression of Hyaluronan synthases 

(HAS) between the metaphysis and the diaphysis of fetal animals that could 

explain the higher levels of HSC engraftment seen in this area. As can be seen in 

Figure 9, and in agreement with prior studies in adults, much higher levels of 

HAS were expressed in the metaphysis than the diaphysis of fetal sheep.  

 

 

 

 

Figure 9. HAS 

1/2/3 expression 

is higher in 

metaphysis (top) 

compared with 

diaphysis 

(bottom) in the 

fetal recipients. 
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Donor-Derived HSC/HSPC were not detected within the fetal liver of transplanted 

animals 

We next performed studies to confirm that donor-derived hematopoiesis was 

localized to the BM, and that the higher levels of overall engraftment seen with 

some of the transplanted groups were not due to establishment of donor-derived 

hematopoiesis within the liver of the fetal recipients. No GFP+ cells were 

detected in the liver of any of the transplanted animals, regardless of the 

transplantation scheme (Figure 10A), despite the detection of host/recipient-

derived CD45+ cells within the same tissue (Figure 10 B). Of note is that, after in 

utero transplantation, both donor-derived mKate+ MSCs and BMEPCs were 

detected within the hepatic parenchyma (Figure 10 C and D), in agreement with 

previously published studies42
 
50 . Elevation of SDF-1 levels in PB have been 

shown to increase mobilization of HSC to circulation, with a concomitant 

decrease of HSC within the BM51.  Because mkate+ sMSC and sBMEPC had a 

robust presence in the liver of transplanted animals, we investigated whether 

these cells were contributing significantly to the production of SDF-1. As 

previously described52, SDF-1 positive cells were present within the fetal hepatic 

parenchyma, but very few of the mKate+ BMEPCs or MSC that engrafted in this 

organ expressed this chemokine (Figure 10E and F).  
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DISCUSSION 

In utero hematopoietic stem cell transplantation (IUHSCTx) is a clinically viable 

therapeutic option for inherited diseases, which has safely been performed for 

decades in humans 52. Because IUHSCTx allows correction prior to disease 

onset, it is one of the few therapies that can promise the birth of a healthy infant 

1. To-date, IUHSCTx has been performed in 46 human patients for 14 different 

genetic disorders, yet it has only proven clinically successful/curative in cases of 

Figure 10. Detection of mKate+ cells 

but not GFP+ cells in the fetal liver (A 

and B) No GFP+ cells were detected in 

the fetal liver regardless of 

transplantation regimen, but native 

CD45+ cells were detected in the fetal 

liver (C and D) Detection of mKate+ 

cells in liver parenchyma after 

transplantation (E and F) Low SDF-1 

expression in the fetal liver by 

engrafted mKate+ cells. 
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X-linked SCID, in which the transplanted donor cells would be predicted to 

possess a marked survival/proliferative advantage over endogenous/host 

hematopoiesis 53. The understanding of how transplanted cells engraft in a non-

ablated fetal host, and the development of strategies to increase pre-natal 

engraftment through modulation of the immune system, or microenvironmental 

niches, in such a way that donor-derived cells can effectively compete in this 

unique setting, would open the door to using this potentially curative therapy to 

treat a wide array of hematological diseases and inborn errors of metabolism 

prior to birth. 

In prior studies, we demonstrated that co-transplanting stromal elements with 

HSC resulted in significantly higher levels of donor (human) hematopoietic 

engraftment in the fetal sheep model of in utero HSC transplantation (IUHSCTx), 

and accelerated the appearance of donor (human) hematopoietic cells in the 

circulation 31. Since the human cells represent a xenograft in this model system, 

it was assumed that the stromal were exerting their effects, at least in part, via 

secretion of hematopoietic-supporting niche-derived factors/cytokines that did not 

exhibit sheep/human cross-reactivity.  In other studies involving allogeneic 

sheep-to-sheep IUHSCTx 30, we found that the co-transplantation of stromal 

elements exerted a similar, albeit less pronounced, effect on hematopoietic 

engraftment, suggesting that the production of species-specific hematopoietic 

cytokines was not the sole mechanism by which the transplanted stromal 

elements were affecting hematopoietic engraftment.  Moreover, these allogeneic 

studies also revealed that the co-transplantation of stromal cells derived from 
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adult BM exerted a far more pronounced effect on the engraftment of 

transplanted adult HSC than did the co-transplantation of fetal BM-derived 

stromal cells, keeping with the idea that the relatively immature host (fetal) niches 

likely lacked specific factors/molecules needed to support adult hematopoiesis 30.  

However, studies were not performed to define the fate/localization of the 

transplanted stromal cells, leaving the question of if and where within the bone 

marrow these cells engrafted. 

In the present studies, we performed allogeneic (sheep-to-sheep) in utero 

transplants, in which HSC were administered alone, or in combination with MSC 

or EPC, bothe essential components of the HSC niche, to ascertain the 

fate/persistence of the transplanted stromal elements, their anatomic localization 

within the nascent marrow niches, and the degree to which these transplanted 

stromal elements interacted with the co-transplanted HSC.  We also examined 

whether the timing of the delivery of niche cells impacted on the ultimate levels of 

donor hematopoietic engraftment.  We reasoned that, if the transplanted MSC 

and EPC were indeed exerting their effects by establishing a “donor-primed” 

niche to support the engraftment of the transplanted HSC, administering these 

niche cells prior to (3 days before) the HSC transplant should produce a more 

pronounced effect than administering the HSC and niche cells simultaneously. 

By performing both flow cytometric analysis and confocal microscopy, we were 

able to precisely quantitate the levels of donor (GFP+) hematopoietic 

engraftment, and define the exact localization of the transplanted HSC (GFP+) 

and niche cells (MSC and EPC; mKate+).  Our results show that the co-
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transplantation of either MSC or EPC results in a significant increase in the levels 

of hematopoietic engraftment.  However, these two niche cells appear to exert 

their effects on engraftment via different mechanisms, since EPC only produced 

a statistically significant increase in donor hematopoietic engraftment if they were 

administered 3 days prior to the HSC, while MSC markedly enhanced 

hematopoietic engraftment whether they were administered 3 days prior to the 

HSC graft, or concomitantly with it. Indeed, MSC actually produced a larger effect 

when they were transplanted simultaneously with the HSC graft, although this 

difference was not statistically significant, due to the relatively small “n” 

associated with large animal studies.  The ability of MSC to enhance 

hematopoietic engraftment when transplanted simultaneously with the HSC 

suggests that their effect is likely mediated, at least in part, by their 

immunomodulatory properties, perhaps protecting the transplanted HSC from the 

rudimentary immune elements present within the fetus at this stage of gestation. 

Since EPC have never been documented to possess any immunomodulatory 

capacity, their effects on hematopoiesis are most likely due to establishment of 

supportive niches for the subsequently transplanted HSC. 

While co-transplanting MSC with HSC enhanced hematopoietic engraftment by 

up to ~6-fold, transplanting EPC 3 days prior to HSC exerted the most 

pronounced effect on hematopoietic engraftment, allowing us to achieve over 

20% donor cell engraftment; a level that would be predicted to be therapeutic in 

the vast majority of genetic diseases that are considered promising candidates 

for treatment with IUHSCTx. Moreover, since these high levels of donor-derived 
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hematopoietic cells were present in both the BM and the peripheral blood, this 

approach to IUHSCTx would make it possible to treat non-hematopoietic 

diseases, such as the lysosomal storage diseases, in which the presence of the 

therapeutic enzyme in the systemic circulation is required to mediate correction 

throughout the body. 

To begin to delineate the mechanism whereby the transplanted MSC and EPC 

were enhancing hematopoietic engraftment, we performed detailed confocal 

microscopy studies on the diaphysis and metaphysis of the long bones of the 

IUHSCTx recipients at 65-75 days post-transplant.  Our results revealed that the 

vast majority of the transplanted HSC lodged/engrafted within the metaphysis.  

Since our analysis was performed at over 2 months after IUHSCTx, the results 

obtained reflect an examination into the localization of the transplanted HSC in 

the “steady-state”, once durable engraftment had taken place. The selective 

engraftment of the transplanted HSC to the metaphysis is not surprising, given 

the trabecular bone-rich nature of this area, and prior reports that primitive HSC 

reside within the endosteal niche in close proximity to trabecular bone 17.  

Moreover, our studies examining the expression of hyaluronan synthases (HAS) 

revealed that these enzymes are expressed at the highest levels within the 

metaphysis.  Our findings in this in utero model thus agree well with prior studies 

demonstrating that hyaluronan levels play a critical role in determining the site of 

HSC lodgment/engraftment following postnatal transplantation 27. Similarly, HSC 

have also been reported to exhibit preferential engraftment within sites of active 

bone remodeling 54. The maturing metaphysis at the time IUHSCTx, could also 
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contribute for the predilection of HSC for engrafting within this region of the 

nascent marrow.  It is important to note, however, that our analysis of the 

localization of HSC was performed at only a single time point after IUHSCTx.  It 

is therefore certainly possible that, were we to perform additional studies at later 

time points post-transplant, once the bone has undergone further 

maturation/ageing, the localization of the donor-derived HSC might differ, and 

locate to the axial skeleton.  

By contrast to the pattern of HSC engraftment, our confocal analyses revealed 

that the transplanted MSC and EPC located almost exclusively within the 

diaphysis of the fetal BM, in both bone and perivascular regions, with negligible 

levels of either cell type being found in the metaphysis.  As such, it is difficult to 

explain how/why the transplantation of MSC or EPC 3 days prior to the HSC 

would exert any effect on HSC engraftment.  It bears mention, however, that 

HSC did engraft, albeit at low levels, within the diaphysis, and the transplantation 

of MSC and EPC 3 days prior to IUHSCTx enhanced the levels of diaphyseal 

HSC engraftment 2-3 fold. Moreover, the MSC an EPC that engrafted within the 

diaphysis both produced readily detectable levels of SCF and SDF-1, both of 

which are crucial players in the hematopoietic niche.  The importance of this 

finding is underscored by our data showing that a significantly higher percentage 

of the donor-derived HSC that engrafted within the diaphysis of recipients who 

received either MSC or EPC 3 days prior to IUHSCTx were in cell cycle (Ki67+) 

than in the groups receiving HSC alone or MSC/EPC concomitantly with HSC 

(data not shown). Given that blood flow through the long bones proceeds from 
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the diaphysis to the metaphysis, the engraftment of MSC and EPC within the 

diaphysis and their production of these hematopoiesis-supporting chemokines 

may serve to attract transplanted HSC to the marrow cavity, from whence they 

are then drawn to the metaphysis by the active bone remodeling and hyaluronan 

levels in that region. 

It is also interesting to note that we found a direct correlation between the levels 

of donor-derived CD146+ cells within perivascular regions of the diaphysis and 

the overall levels of donor hematopoietic engraftment.  This finding suggests that 

providing a donor-derived perivascular niche enables more donor-derived HSC to 

migrate to/engraft within the bone marrow.  This observation is particularly 

intriguing, however, given that direct interaction of the transplanted niche cells 

and HSC were never seen, although on occasion, clusters of donor-derived 

hematopoietic cells were seen in the vicinity (within 5 cell nuclei) of vasculature 

containing donor-derived niche cells. 

In summary, we have developed a co-transplantation strategy that significantly 

(>10-fold) enhances donor HSC engraftment following IUHSCTx.  While studies 

are still ongoing to elucidate the mechanism(s) by which transplanting MSC or 

EPC 3 days prior to IUHSCTx exerts such a profound effect on donor HSC 

engraftment, this straightforward and clinically viable approach results in levels of 

donor cell engraftment that would likely be therapeutic in many of the diseases 

that are candidates for treatment by IUHSCTx.       
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MATERIALS AND METHODS 

Isolation and expansion of sheep bone marrow-derived stromal progenitor cells 

(sMSPC), bone marrow derived-endothelial progenitor cells (sBMEPC) and 

hematopoietic stem/progenitor cells (HSC).  Sheep bone marrow (BM) 

mononuclear cells (BMMNC) were isolated from the BM of adult ewes by Ficoll 

density gradient (Histopaque 1077, Sigma, St Louis, MO, USA) centrifugation, 

according to approved Institutional Animal Care and Use Committee guidelines 

(IACUC). In order to isolate sheep marrow stromal cells (sMSC), BMMNC were 

first depleted of CD45 and Glycophorin-A positive cells using magnetic sorting, 

and the negative fraction was plated in gelatin-coated flasks (BD Falcon, San 

Jose, CA, USA) in MSC growth media (MSCGM; Lonza, Walkersville, MD, USA). 

Media was changed after 48 hours to remove non-adherent cells. Upon reaching 

70% confluence, cells were passaged using 0.05% trypsin-EDTA 

(Gibco/Invitrogen, Carlsbad, CA, USA). Bone Marrow Derived-Endothelial 

Progenitor Cells (sBMEPC) were isolated as previously described38 by plating 

BMMNC in collagen-coated flasks (BD Falcon, San Jose, CA, USA) in 

endothelial growth medium-2 (EGM-2; Lonza, Walkersville, MD, USA) 

supplemented with an additional 5% fetal bovine serum (Lonza, Walkersville, 

MD, USA), and passaged after reaching 70% confluence. Sheep CD34+ 

hematopoietic/progenitor cells, were isolated from BMMNC by positive selection 

using anti-sheep CD34 8D11 clone (Genovac, South Fargo, ND) as previously 

described 39, and using the MidiMACS system (Miltenyi Biotech, San Diego, CA). 
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Characterization of sheep MSC and BMEPC by immunohistochemistry and tube 

formation assay. Tube Formation assays were performed in 24 well plates by 

seeding each well with 1X104 cells (passage 3), onto 300μl of polymerized 

Matrigel (BD biosciences, Bedford, MA) at 37°C, in EGM-2 (Lonza, Walkersville, 

MD, USA) supplemented with an additional 10% FBS (Lonza, Walkersville, MD, 

USA). Cells were then incubated at 37°C, 5% CO2 for 3-6 hours. The tube 

network formation was observed using a Zeiss inverted microscope. HUVEC 

(ATCC, Manassas, VA) were used as positive controls. Sheep BMEPC were also 

cultured in chamber slides and evaluated by immunohistochemistry for the 

expression of von Willebrand factor (vWF) (Abcam, Cambridge, MA), VEGFR2 

(Abcam, Cambridge, MA), and CD146 (Abcam, Cambridge, MA). Briefly, 

following fixation with 4% paraformaldehyde (PFA) in PBS, slides were washed 

with PBS and blocked with serum-free protein block (Dako, Carpinteria, CA). 

Slides were incubated with primary antibodies overnight at 4°C, after which they 

were washed with PBS containing 2% normal goat serum (Sigma Aldrich, Saint 

Louis, MO) and incubated with appropriate Alexa-conjugated secondary 

antibodies (Life Technologies, Eugene, OR). Negative controls included slides 

stained in parallel with each one of the AlexaFluor-conjugated secondary 

antibodies, in the absence of primary antibody. Cell nuclei were counterstained 

with 4’,6-diamidino-2-phenylindole (DAPI; Biogenex, Fremont, CA), and 

coverslips were mounted with Cytoseal 60 (Thermo Fisher Scientific, Kalamazoo, 

MI). Cells were visualized with a Leica upright fluorescence microscope.  The 

absence of any contaminating hematopoietic cells in sheep MSC layers, was 
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confirmed by staining sMSC with anti-bovine CD11b FITC (Serotec, Raleigh, 

NC), anti-ovine CD45 RPE (Serotec, Raleigh, NC), and anti-ovine CD34-8D11 

antibody (Genovac, South Fargo, ND) and performing flow cytometric analysis  

on a FACScaliber (BD, San Jose, CA). In order to determine whether the isolated 

cells fulfilled the criteria of MSC, induction of these cells into adipocytes and 

osteocytes was performed as previously described 40. Briefly, sMSC were 

cultured in Media M199 (Sigma Aldrich, Saint Louis, MO) supplemented with 170 

µM insulin (Sigma Aldrich, Saint Louis, MO), 90 mM IBMX (Sigma Aldrich, Saint 

Louis, MO), 20 mM indomethacin (Sigma Aldrich, Saint Louis, MO), 2.5 mM 

dexamethasone (Sigma Aldrich, Saint Louis, MO), and 15% rabbit serum (Sigma 

Aldrich, Saint Louis, MO)) for 10-14 days. Adipocyte induced cells were then 

fixed with 4% PFA in PBS and stained with a freshly made 0.5% solution of Oil-

Red-O (Poly scientific R & D Corp, Bay Shore, NY) for lipid vacuole identification, 

and Hematoxylin (Sigma, Saint Louis, MO) to stain nuclei. Confluent sMSC were 

induced to an osteocytic phenotype by culturing these cells in low glucose DMEM 

(Invitrogen, Eugene, OR) supplemented with 10% FBS (Optima Atlanta 

Biological, Atlanta, GA), 100 nM Dexamethasone (Sigma Aldrich, Saint Louis, 

MO), 10 mM β-glycerophosphate (Sigma Aldrich, Saint Louis, MO), and 0.05 mM 

2-phospho-L-ascorbic acid (Sigma Aldrich, Saint Louis, MO), for 2 weeks. 

Differentiation into an osteogenic phenotype was confirmed by alkaline 

phosphatase (Sigma, Saint Louis, MO) and Fast Violet B (Sigma, Saint Louis, 

MO) staining, followed by silver nitrate (Sigma Aldrich, Saint Louis, MO) 
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treatment. Human bone marrow-derived Stro-1+ cells were used as a positive 

control for sMSC osteogenic and adipogenic differentiation. 

sMSC and sBMEPC transduction with lentiviral vectors. To facilitate tracking after 

transplantation sMSPC and sBMEPC were transduced with LVmKate-2 lentiviral 

vector (Capital Biosciences, Rockville, MD), in which mKate-2 expression is 

driven by the CMV IE promoter. Briefly, cells were subjected to two rounds of 

transduction over a 24h period, at an MOI of 100 in the presence of protamine 

sulfate (8µg/ml). At 72 hours after transduction, transduction efficiency was 

evaluated by confocal microscopy. CD34+ HSCs were transduced with the 

Lv105-eGFP lentiviral vector (Capital Biosciences) at an MOI of 300 after 

culturing these cells in serum free QBSF-60 (Quality biological INC., 

Gaithersburg, MD) supplemented with hSCF (50 ng/ml), hFlt-3 (50 ng/ml), and 

hTPO (20 ng/ml) (all from Pepro Tech, Rocky Hill, NJ), overnight at 37°C. After 

this prestimulation, cells were transduced for 48h, with fresh virus being added at 

the 24h time point. Cells were extensively washed, evaluation of transduction 

efficiency prior to cell transplantation demonstrated that more than 90% of sEPC 

and sMSP were expressing mKate, as assessed by confocal microscopy, and 

75% of HSC were expressing eGPP by flow cytometric analysis. Colony-forming 

unit assays were performed to confirm preservation of hematopoietic engraftment 

capability41. 

In utero transplantation and tissue collection. A total of 33 animals were used in 

these studies. Fetal sheep were injected intra-peritoneally at 60-65 days of 

gestation (g.d.), by ultrasound-guided transabdominal percutaneous injection as 
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previously described42 and in accordance with IACUC guidelines, with different 

subsets of cells derived from the same donor: sMSC+sHSC simultaneously 

(n=14); sMSC, followed by sHSC 3 days later (n=4); sBMEPC+sHSC 

simultaneously (n=5);  sBMEPCs followed by sHSC 3 days later (n=4); and 

sHSC alone (n=4); non-transplanted animals (n=2) were used as controls.   

sMSPC, sBMEPC and sHSC were administered at the concentration of 2.5 x 

106/kg, 7.1 x 106/Kg, and 2.1 x 106 /kg respectively. After fetal visualization by 

ultrasound, a 22-gauge 15-cm echo-tip needle (Cook Medical, Winston-Salem, 

NC) was inserted through the skin and the uterine wall into the amniotic cavity, 

and then into the fetal peritoneal cavity under continuous ultrasound guidance. 

After confirmation of appropriate positioning of the needle, the graft was injected 

slowly. The fetus was then checked to ensure adequate heartbeat after 

transplantation just prior to anesthetic being withdrawn from the ewe. Of the 33 

fetal sheep transplanted with the various cell preparations, 22 were informative 

with respect to cell engraftment. The rest of the animals were lost due to 

complications that were to unrelated to the procedure.  At 60-75 days post-

transplantation, (i.e., 120-140 gestational days), animals were euthanized and 

PB and BM were analyzed by flow cytometry for the presence of donor-derived 

HSC engraftment. In addition long bones were fixed in 4% PFA and paraffin 

tissue blocks were prepared for immunohistochemistry analysis. 

Colony forming cell assays. Methylcellulose colony assays were performed by 

plating 10,000 cells BMNC in MethoCult GF H4330 (Stem Cell technologies, 

Vancouver, BC, Canada) supplemented with sheep leukocyte-derived PHA-
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stimulated leukocyte conditioned medium (PHA-LCM) (5% vol/vol), as previously 

described43. The cultures were maintained at 37° C in a humidified atmosphere 

of 5% CO2 in air, and GFP+ and GFP- hematopoietic colonies were identified and 

enumerated in situ at day 8-12 after seeding, with an Olympus IX71 inverted 

fluorescence microscope. The percentage of GFP+ colonies was calculated by 

dividing the number of GFP+ colonies by the total number of GFP+ and GFP-  

colonies. 

Flow cytometry analysis. To assess levels of donor hematopoietic cell 

engraftment, flow cytometric analysis was performed. To evaluate the 

percentage of donor-derived GFP+ CD45+ cells within the PB and BM, cells were 

stained with RPE-conjugated anti-ovine CD45 (Serotec, Raleigh, NC) and FITC-

conjugated Anti-GFP antibody (Abcam, Cambridge, MA), and analyzed on a 

FACScaliber (BDIS, San Jose, CA). 

Immunohistochemistry. To examine the localization of the transplanted cells 

within the fetal sheep BM, long bones were collected, partially decalcified with 

0.25 M EDTA for 6-8 hours, fixed with 4% PFA overnight, and preserved in 

paraffin blocks using standard methodology. 6-micron tissue sections were 

prepared from paraffin blocks and immunostained. Briefly, following tissue 

deparaffinization and rehydration, slides were washed with PBS and blocked with 

serum-free protein block (Dako, Carpinteria, CA) to prevent non-specific binding. 

The sections were then incubated overnight at 4° C with one or more of the 

following antibodies: chicken anti-GFP (Abcam, Cambridge, MA), mouse anti-

RFP/mKate (Abcam, Cambridge, MA), rabbit anti-CD146 (Abcam, Cambridge, 
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MA), rabbit anti-SCF (LSBio. Seattle WA), mouse anti-SDF-1(R&D, Minneapolis, 

MN), diluted in background reducing antibody diluent (Dako, Carpinteria, CA). 

Negative control slides were incubated overnight with the same diluent without 

primary antibodies. The following day slides were washed with PBS containing 

2% normal goat serum (Sigma Aldrich, Saint Louis, MO) and incubated with 

appropriate AlexaFluor-conjugated secondary antibody (Life Technologies, 

Eugene, OR) for 1 hour at room temperature. Sections were washed, incubated 

with PBS containing DAPI (Biogenex Fremont, CA), and coverslipped with 

Cytoseal 60 (Thermo Fisher Scientific, Kalamazoo, MI) and analyzed with an 

Olympus Fluoview 1000 confocal system (Olympus, Tokyo, Japan). Confocal 

images were then processed using Adobe Photoshop.  

Staining for Hyaluronan synthases 1,2,3 was performed by incubating slides, 

overnight at 4ºC  with HAS1/2/3 antibody (Santa Cruz Biotechnology Inc., Dallas, 

TX), followed by  incubation with a biotinylated rabbit anti-goat IgG antibody 

(Vector labs, Burlingame, CA), for 30 minutes at RT and another 30 minutes 

incubation with VECTASTAIN ABC elite reagent ready to use kit (Vector labs, 

Burlingame, CA). Staining was completed after 2-3 minutes of incubation with 

DAKO liquid 3,3’-diaminobenzide Substrate-Chromogen System utilizing 3,3’-

diaminobenzide (DAB) chromogen (Dako, Carpinteria, CA) followed by 

hematoxylin nuclei counterstaining. Sections were mounted with MM24 mounting 

media (Leica-Biosystems, BuffaloGrove, IL) and visualized using Leica DM4000B 

microscope. Human fetal bone and liver were used as controls. 
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  Stem cells derived from multiple sources are currently being used or 

investigated for a wide array of clinical settings, ranging all the way from serving 

as vehicles for delivering therapeutic genes (3, 4) to regenerating entire organs 

(1, 2). The hematopoietic stem cell (HSC) is one of the best-characterized stem 

cells in the body, and has been clinically applied in the treatment of 

hematological disorders and cancer for decades (5, 6). In utero hematopoietic 

stem cell transplantation (IUHSCTx) has also been investigated in preclinical 

animal models and employed clinically in human patients for almost three 

decades as an alternate means of treating/curing a wide array of congenital 

hematologic disorders that can be diagnosed early in gestation and can be cured 

by HSC transplantation (7, 8). As more is learned about HSC (11, 12), 

hematopoietic niches (13, 14), and the development of the immune system (15) 

during ontogeny, and further advances are made in minimally invasive fetal 

diagnosis, the possibility of improving the outcome of in utero transplantation 

becomes more feasible. It is important to note, however, that in utero 

transplantation need not be limited to transplantation of HSC, although almost all 

studies and clinical attempts to-date have focused on this cell type.  Indeed, 

other stem cells from different sources such as mesenchymal stromal cells 

(MSC) could be, and have been, used to treat non-hematological congenital 

disorders including ontogenesis imperfecta (OI) (9), hemophilia A (HA) (4), and 

lysosomal storage diseases (10).  

This dissertation provides critical new tools that could be used to develop and 

test novel means to treat/cure diseases other than immunodeficiencies by 
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IUHSCTx. In our first set of studies, we investigated the steps and key cellular 

elements in the emergence of the BM HSC niche and the onset of marrow 

hematopoiesis during fetal life. In Chapter 2, we showed the existence of a 

functional human mesenchymal niche, contributing to cartilage, bone, and 

vasculature, and we demonstrated that the fetal Stro-1+ cell population contains 

primitive APLR+, PDGFRa+ mesoderm progenitors, as well as more differentiated 

VE-Cadherin+, VEGFR2+ hematovascular mesoderm progenitors. More 

importantly, we demonstrated that adult BM-derived Stro-1+ cells are 

phenotypically and functionally different from their fetal counterpart, but when 

placed in vivo in a fetal environment, these cells reprogram, even at the clonal 

level, to a more primitive phenotype, and generate bona fide HSCs, which are 

capable of mediating robust, serial, multilineage hematopoietic reconstitution. In 

summary, these studies provide a new understanding of human fetal BM niche 

development, and they identify a non-hematopoietic, epigenetically primed, adult 

somatic cell that is able to generate functional HSCs in vivo. 

Next, in Chapter 3, we further studied the HSC niches within the fetal liver and 

BM, in order to identify highly potent hematopoietic stem/progenitor cell (HSPC) 

subpopulations during fetal ontogeny and adult life, with the ultimate goal of 

using this information to produce HSC grafts that can more effectively compete 

against endogenous fetal hematopoiesis and thereby make IUHSCTx a clinically 

viable treatment option for diseases other than the immunodeficiencies. In this 

chapter, we investigated the origin of the CD166+ cells during ontogeny, and 

extensively characterized the origin, function, and subpopulations of CD166+ 
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cells in different hematopoietic organs. We also demonstrated that, although 

CD166+ cells exist in the fetal liver, the majority of CD166+, CD34+ cells in the 

fetal liver at this stage of development are endothelial. In the fetal BM, CD166 

expression is associated with CD34 and CD309, and its expression on HSC only 

commences later in gestation. We also demonstrated that adult BM-derived 

CD166+, CD34+ cells are exclusively hematopoietic, while this same population 

within the fetal BM contains hematopoietic and endothelial cell populations, and 

possesses significantly less clonogenic potential compared with the adult BM-

derived cells. These studies provide important new insights into human fetal BM 

development, and identify a primitive hematopoietic population that could 

potentially be used as a source of highly-enriched HSCs to treat/cure a broad 

variety of blood diseases.  

Finally, in Chapter 4, we studied the effects of manipulating/priming the fetal liver 

and BM HSC niches with adult stromal cells (MSC) or EPC before IUHSCTx, 

using the sheep model of in utero transplantation. These studies showed that 

delivering MSC or EPC to the fetal recipient 3 days prior to performing IUHSCTx 

creates donor-derived “micro-niches” within the recipient marrow, and results in 

markedly higher levels of long-term hematopoietic engraftment.  Interestingly, 

MSC were also able to exert a pronounced beneficial effect on HSC engraftment 

when administered simultaneously with the HSC graft, while EPC did not, 

suggesting MSC may utilize multiple means of enhancing hematopoietic 

engraftment.  While studies are still ongoing to define the mechanisms by which 

MSC and EPC are affecting hematopoietic engraftment, our findings represent a 
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significant step forward, as they have identified a straightforward and clinically 

viable means of enhancing donor HSC engraftment following IUHSCTx to levels 

that would likely be therapeutic in many hematological diseases. 

In the appendix, we studied and extensively characterized the immune cells in 

several hematopoietic organs, including fetal liver, fetal BM, and placenta, during 

ontogeny and at the time of birth, to better define the immune barrier in 

IUHSCTx. It is hoped these studies will ultimately pave the way for the 

development of novel means of defeating the aspects of the fetal immune system 

that have thus far thwarted efforts at achieving significant levels of engraftment of 

allogeneic HSC in the absence of immunodeficiency.      

MSCs are suitable candidates for allogeneic transplantation due to their low 

immunogenicity and their ability to suppress T-cell proliferation (16, 17). As 

mentioned earlier, MSCs have already been used in an in utero setting to treat 

non-hematological congenital diseases such as OI and HA (18). In our studies in 

Chapter two, we demonstrated for the first time that, upon xenogeneic in utero 

transplantation, human Stro-1+ MSCs contribute to the osteoblastic and vascular 

niche in the BM. In Chapter 4, we showed that allogeneic in utero transplantation 

of sheep MSC resulted in engraftment of these cells in both the osteoblastic and 

vascular niches.  Therefore, future in utero transplant studies utilizing Stro-1+ 

cells could not only be advantageous for treatment of non-hematopoietic 

congenital diseases, but Stro-1+ cells could also be used to prime the fetal BM 

niche, and thereby enhance its “receptivity” to donor HSC prior to performing 

IUHSCTx.  
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As mentioned in Chapter 4, the majority of sheep MSC and endothelial 

progenitor cells (EPCs) migrated to the fetal liver following allogeneic in utero 

transplantation, and we only detected a relatively small percentage of donor MSC 

or EPC in the recipient’s BM. Currently, we do not have an explanation for this 

phenomenon. In the future, it would certainly be interesting to uncover the 

molecular mechanism behind MSC/EPC migration to the fetal liver upon in utero 

transplantation, and to investigate how to navigate these cells towards the fetal 

BM in order to either create extra donor-derived niches for adult hematopoietic 

cells to engraft or to treat/cure congenital diseases, such as OI, in which a high 

level of bone marrow engraftment of MSC is needed. 

As discussed in the Introduction of this dissertation, one advantage of IUHSCTx 

over postnatal stem cell transplantation is the small size of the fetus, which 

allows for transplantation of much smaller absolute numbers of donor HSC to 

achieve a therapeutic dosage. However, small cell number can also become a 

limitation when it comes to isolation of a highly pure population of HSCs for 

transplantation. Identification and isolation HSCs from larger pools of cells is one 

of the major obstacles for researchers using these stem cells, as true HSCs are 

very rare in the adult BM and PB. In addition, HSCs are morphologically very 

similar to white blood cells. Current techniques used for isolation and 

identification of HSCs is often dependent on the detection of cell surface markers 

cluster differentiation antigens. However, cells sorted based on these markers 

are heterogeneous and contain true, long-term self-renewing stem cells, some 

short-term progenitors, and some non-stem cells. In the process of studying the 
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hematopoietic niche during ontogeny, we also identified the existence of a highly 

potent population of hematopoietic cells, which began appearing in the fetal BM 

from 18 g.w. Furthermore, we identified the same population in the adult BM, but 

showed that these adult cells possessed a higher clonogenic potential than their 

fetal counterpart. In the future, we would like to determine whether the enhanced 

clonogenic potential of the adult BM-derived CD166+, CD34+ cells enables them 

to engraft at higher levels after IUHSCTx when compared with their fetal 

counterparts, and to ascertain how these cells compare to the adult BM-derived 

CD34+ cells which have been used in many of the clinical IUHSCTx trials to-date. 

As the competition between transplanted adult cells and host/fetal hematopoietic 

cells for the limited number of available niches is one of the major limitations to 

overcome in IUHSTx, perhaps in the future, it would also be interesting to 

investigate/compare the proliferative and competitive capacity of CD166+, CD34+ 

from adult and fetal BM. 

Recent studies have shown that terminally-differentiated somatic cells, under 

appropriate culture conditions with lineage-specific transcription factors, could be 

directly reprogrammed to a phenotype consistent with cardiac (19, 20), hepatic 

(21-23), or neural (24) lineages, and even to multilineage hematopoietic 

progenitors (25, 26). In Chapter 2 of this dissertation, we proved the existence of 

a highly expandable population of adult human somatic cells, whose ontogenic 

history includes a phenotype identical to that described for hemogenic 

endothelium, and we showed that these unique cells are able to contribute to 

vascularization and to generate bona fide HSC upon in utero transplantation. 
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Therefore, we think that these cells could potentially be more amendable to 

reprogramming technologies, to allow production of clinically relevant numbers of 

HSC that could be used to treat/cure a broad variety of blood diseases. 

Taken together, there are many aspects of these projects that could be further 

explored in the future and might lead to significant improvements in BM 

transplantation and IUHSCTx. First of all, further studies involving improving the 

IUHSCTx outcome by priming/manipulating the fetal microenvironment using 

adult BM-derived Stro-1+ MSC is of particular interest. We also hope to discover 

the molecular pathway responsible for stromal cell migration to the fetal liver, and 

then use this knowledge to shift stem cell migration from the fetal liver to the 

recipients’ BM in our future studies, thus not only improve IUHSCTx outcome by 

creating donor-derived niches prior to HSC transplantation, but also increase 

MSC engraftment in the BM to treat congenital diseases affecting the BM 

osteoblastic niche. Furthermore, success following IUHSCTx could perhaps be 

achieved by transplanting a highly pure HSC population. Based on the studies in 

this dissertation, we posit that investigating the proliferative and competitive 

capacity of the adult BM-derived CD166+ subpopulation, and comparing the 

engraftment levels of these cells after IUHSCTx will lead to new insights 

regarding overcoming the competition between transplanted and host cells for 

the available HSC niches. Last, but certainly not least, we hope that adult BM-

derived Stro-1+ will ultimately be used as a potential source for reprogramming 

technology, to produce HSCs in vitro that could be used to cure/treat a broad 

variety of blood diseases. 
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Extensive Characterization of Immune Cells Present within Hematopoietic Niches 

During Human Fetal Development 

Saloomeh Mokhtari1, Julie G. Allickson1, Shay Soker1, Christopher D. Porada1, and 

Graça Almeida-Porada1 

1Wake Forest Institute for Regenerative Medicine, Winston-Salem NC.  

Abstract: During ontogeny, there is a continuous modulation and maturation of the 

immune system that parallels hematopoietic development. Although the major parts of 

the immune system develop during fetal life, final maturation of the immune system 

continues during the neonatal period. Much of our knowledge about the ontogeny of 

immune system comes from the murine system, and relatively little is known about the 

development of the human immune system during fetal and neonatal life. In the present 

study, we investigated the presence of different lymphocyte lineages during human 

ontogeny in the fetal BM at 15 weeks of gestation (g.w.), fetal liver at 18 g.w., and 

human placenta at birth, with the overall goal of gaining a better understanding of human 

immune ontogeny.  

Flow cytometric analysis of single cell suspensions of 15 g.w. human fetal BM  to assess 

the presence of cells of the T-lymphocyte/natural killer (NK) lineages demonstrated that 

CD3+CD56+ (4.85%) NK cells are already present at this early gestational age, as is a 

small population of CD4+ T-helpers (3.28%). However, CD8+ T-effectors were very rare 

(<1% of whole BM cells) at this age. Flow cytometric analysis of the fetal BM at this 

gestational age using antibodies to markers of the B –lymphoid lineage showed that 

70.7% of the cells were CD10+ pre B-cells, 63.63% were CD20+ B-cells, and 58.39% 

were double-positive for CD10 and CD20. 
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Analysis of fetal livers at 18 g.w. by flow cytometry demonstrated that, at this age, 

27.06±2.8% of the mononuclear cells (MNCs) were CD45+, and 8.45±0.12% were 

CD45+CD34+. Analysis of NK cell frequency in fetal liver showed the presence of 

5.29±0.33% CD56+ cells, 18.91±0.18% CD3+ cells, and 2.8±0.46% CD3+CD56+ cells 

at this gestational age. T-cells and B-cells were also observed in the fetal liver at 18 

g.w., but, in general, at much lower levels than were present in the 15 g.w. fetal BM.  

Specifically, we observed 1.24±0.38% CD4+ T-helpers, 1.36±0.49% CD8+ T-cytotoxic, 

3.77±0.5% CD10+ pre B-cells, and 5.21±1.45% CD20+ B-cells in the fetal liver at this 

stage of development..  

To assess the immune state at birth, flow cytometric, analysis was performed on 

placenta-derived MNCs. This analysis revealed that 44.23±0.72% of the cells were 

CD45+ and nearly all (99.8%) of these cells co-expressed CD34. Of the total MNCs, a 

significant proportion were of the NK lineage, such that 35.85±7.93% were CD56+, 

39.69±2.71%  CD3+, and 27.89±6.79% were double positive for both markers. Looking 

at the lymphoid lineage, we found that, 1.64±0.44% were CD4+, 6.69±1.05% were 

CD8+, 17.36±3.98% were CD10+, and 7.57±2.27% were CD20+ in the placenta right 

after birth.  

In conclusion, we found that NK cells, T-cells, and B-cells at varying stages of 

differentiation/maturity are all present in the fetal BM as early as 15 g.w. Later in 

gestation, at 18 g.w., all three cell-types can be detected in the fetal liver. Not 

surprisingly, at birth, we were able to detect significantly higher levels of NK cells in the 

placenta compared to the fetal liver and BM during ontogeny. Studies are currently 

underway to further characterize these lineages during ontogeny and assess their 

degree of functionality.  
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A New Approach to Expand Cord Blood Derived Hematopoietic Stem Cells, 

Using Bioengineered Human Fetal Liver Tissue Constructs  

Mokhtari S1, Baptista P A2, Vyas D A1, Freeman C J1, Moran E1,  Porada C D1,  

Soker S1*, and Almeida-Porada G1*.  

1 Wake Forest Institute for Regenerative Medicine, Winston-Salem NC. USA 

2 Aragon Health Sciences Institute, Zaragoza, Spain 

Abstract: Despite advances in ex-vivo expansion of cord blood-derived 

hematopoietic stem/progenitor cells (CB-HSPC), challenges still remain 

regarding the ability to obtain, from a single unit, sufficient numbers of both long- 

and short-term repopulating cells, capable of functional engraftment, of an 

adolescent or adult patient. We have previously shown that CB-HSPC can be 

effectively expanded in a 2D serum-free culture system, using a feeder layer of 

adult human bone marrow-derived stromal cells; still, the percentage of the most 

primitive stem cells decreased with time. Because, during development, the fetal 

liver is the main site of HSC expansion and differentiation, we hypothesized that 

efficient expansion of functional HSPC could be achieved in vitro under more 

physiologic conditions provided by surrogate fetal liver microenvironments. 

Therefore, we compared bioengineered liver constructs made from a natural 3D 

liver extracellular matrix (3DExM) seeded with hepatoblasts (HB) or fetal liver-

derived stromal cells (FLSC), with a 2D culture system using FLSC or bone 

marrow-derived stromal cells (BMSC). In addition, we also tested BMSC seeded 

in the same 3DExM. Overall, 2D culture systems generated a higher yield of 
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mature blood cells, while the output and expansion of more primitive HSPC was 

significantly higher in 3D cultures, as determined by flow cytometry and colony-

forming assays. Of the cell populations tested, FLSC were the most efficient in 

promoting the expansion of mature and primitive cells, in both 2D and 3D 

cultures, reaching total fold increases of 16,000 and 490, respectively, at day 14 

of culture.  
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Characterization of the Intestinal stem cell niche during ontogeny  

and disease 

Mokhtari S1, Crowley C1, Porada C1, Hansen J2, Almeida-Porada G1 

1 WFIRM, Winston-Salem, NC 27101 

2 UNC Chapel Hill School of medicine, Chapel Hill, NC 27154 

Abstract: The intestinal epithelium undergoes rapid cellular turnover to replenish 

its mucosal layer every 3 to 5 days. This continuous and rapid renewal is driven 

by a small number of long-lived multipotent stem cells at the base of intestinal 

crypts called intestinal stem cells (ISC). These cells give rise to transient 

amplifying cells that proliferate, differentiate, and migrate out of the stem cell 

compartment along the crypt/villus axis. ISC are maintained and/or induced to 

differentiate by the niche, which is composed of pericytes, myofibroblasts, 

endothelial cells, and mesenchymal cells, each contributing through direct 

contact, or secreted factors, to the homeostasis of the intestinal crypt. Stro-1 is a 

marker of mesenchymal stromal cell progenitors (MSCs) within the BM. Our 

group has previously demonstrated that BM-derived Stro-1+ MSCs migrate and 

contribute to the intestinal mucosa after in utero transplantation and in a murine 

model of inflammatory bowel disease (IBD). Here, we investigated whether Stro-

1+ cells are native components of the fetal and adult human intestine, and 

characterized their phenotype in order to better understand their function within 

the ISC niche. To this end, we used confocal microscopy to analyze fetal and 

healthy adult intestine, and adult intestine from IBD patients. Our results indicate 

that Stro-1+ cells are present in the human intestine, and can be separated based 
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on phenotype and spatial localization. In the fetus, the majority of Stro-1+CD146+ 

cells are endothelial in nature, forming the vascular niche, and a population of 

Stro-1+CD146- cells is found in the intestinal crypt along the crypt axis. In the 

healthy adult intestine, we were able to detect a small population of Stro-

1+CD146+ cells situated along the crypt axis, which did not seem to contribute to 

the vascular niche While we were not able to detect Stro-1+CD146- cells in 

healthy adult intestinal tissue sections, the morphology of Stro-1+CD146+ cells 

resembled the morphology of Stro-1+CD146- cells in the fetal intestine, as Stro-

1+CD146- cells are distinctly morphologically bigger than other cells in the 

intestinal crypt. Interestingly, in patients with IBD, confocal microscopy indicated 

that the number of Stro-1+ cells decreased significantly in the patients’ intestine. 

In conclusion, we found that Stro-1 defines 2 distinct populations in the fetal 

intestine, one that seemingly associates with the vascular niche, and another 

localized along the intestinal crypt as progenitors contributing to the former. 

During adult life, we found a much smaller population of Stro-1+ cells localized 

along the intestinal crypt, presenting the same morphology as non-endothelial 

Stro-1+ cells in the fetal intestine. Intriguingly, we found that Stro-1+ cells were 

almost completely absent from the ISC niche in IBD patients. Studies are 

currently underway to further characterize Stro-1+ cell populations with respect to 

determine their specific role in the ISC niche. Identifying and characterizing these 

cells will help to better utilize novel stem cell therapies in various disorders like 

IBD, colon cancer, graft-versus-host disease, intestinal polyposis, and radiation-

related bowel injuries. 
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Wake Forest Institute for Regenerative Medicine, studying ontogeny of stem cell niche, to 
develop solutions to improve the outcome of in utero stem cell transplantation 

 

Education 
 

Ph.D. Molecular Medicine and Translational Sciences 
Wake Forest University, School of Medicine 

B.S of cell and molecular biology: Genetics 
University of Isfahan, Isfahan, Iran 
 

Thesis/Dissertation 

Title: Optimizing the Bone Marrow Stem Cell Niche to Promote Hematopoietic Engraftment after 
in utero Transplantation 

Early diagnosis and in utero therapy of hematological and immunological disorders have the 
potential to reduce fetal morbidity and mortality. In Utero hematopoietic stem cell transplantation 
(IUHSCTx) in some instances can also prevent disease dependent organ damage/failure during 
gestation. Clinical experiences show that IUHSCTx can successfully treat certain immune 
deficiencies. However, a remaining problem is the low levels of engraftment of hematopoietic stem 
cells (HSC), not curative for the disease to which there is no selective advantage. We investigate 
the potential role of optimizing the fetal bone marrow (BM) microenvironment prior to  
IUHSCTx by certain cell populations in order to enhance levels of long-term HSC engraftment. 
 

Fellowships and Awards 
• SENS Foundation travel award to attend Rejuvenation Biotechnology Conference in San 

Francisco, CA. August 18-21, 2015 
• MMTS Travel Award to attend In-Utero Transplantation meeting in San Francisco, CA, April 

18-19, 2014. 
• Grant award at the International Symposium in Applied Bioimaging 2013 meeting, held in 

Porto, Portugal, October 2013.  
• 3rd place poster presentation award for 2013 WFIRM retreat.  
• Fall 2012 MMTS Travel Award to attend American Society of Hematology meeting in 

Atlanta, GA, December 2012. 
• Outstanding Podium Talk in the 13th annual conference of the North Carolina Tissue 

Engineering and Regenerative Medicine Society. November 4, 2011 
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Experience 
Research Assistant/Graduate Student at Wake Forest Institute for Regenerative Medicine 2011-
now (Dr. Almeida-Porada lab) 

• Cell culture, Cell isolation, Cell based assays 
• Flow cytometry 
• Histology and microcopy 

Ø Fluorescent microscopy  
Ø Confocal imaging  

• Molecular biology 
• Working with small animal model (Mice) 

 
Research Assistant/ Graduate Student at University of Nevada Reno 2010-2011 (Dr. Almeida-
Porada lab) 

• Stem cell Isolation and characterization 
• Working with large animal model (sheep) 
• Immunofluorescent staining and confocal microscopy 

 
Internship at Isfahan Genetics lab (Isfahan, Iran) 2006-2008  

• Molecular biology 
• Cytogenetic 
• Genetic counseling 

 
Publications 

• Jeanblanc C, Goodrich AD, Colletti E, Mokhtari S, Porada CD, Zanjani ED, Almeida-Porada 
G. Temporal differentiation of hematopoietic stem cell niches in a large animal model of in 
utero stem cell transplantation. Br J Haematol. 2014 Mar 27. doi: 10.1111/bjh.12870. 

• Mokhtari S, Colletti E, Porada CD and Almeida-Porada G. Optimization of vascular niche 
to increase hematopoietic engraftment. 55th ASH annual meeting and exposition Dec 
2013. 

• Mokhtari S, Lamar ZS, Booth C, Marini III F, Porada CD, and Almeida-Porada G. 
CD166+CD34+ Cells exhibit Marked Functional Differences During Fetal and Adult Life. 
55th ASH annual meeting and exposition Dec 2013 

• Greenfield K, Mokhtari S, Haug M, Porada CD, Almeida-Porada G. Identification and 
genotypic characterization of a subpopulation of Acute Myelogenous Leukemia 
(AML) Cells with Increased Plastic Adherence. 54th ASH annual meeting and 
exposition Dec 2012. 

• Mokhtari S, Colletti E, Porada CD, Almeida-Porada G. Origin and characterization of 
CD166+ cells during human marrow ontogeny. 54th ASH annual meeting and 
exposition Dec 2012. 

• Colletti E, Mokhtari S, Sanada C, Zanjani ED, Porada CD, Almeida-Porada G. Timing of 
Mesenchymal stem cell co-transplantation and site of bone engraftment determine 
levels of hematopoietic engraftment and contribution of HSC to bone niche. 53rd 
ASH annual meeting and exposition Dec 2010 

• Colletti E, El Shabrawy D, Soland M, Yamagami T, Mokhtari S, Osborne C, Schlauch K, 
Zanjani ED, Porada CD, Almeida-Porada G. EphB2 isolates a human marrow stromal cell 
subpopulation with enhanced ability to contribute to the resident intestinal cellular 
pool. FASEB J. 2013 Jun; 27(6):2111-21. doi: 10.1096/fj.12-205054. Epub 2013 Feb 14 
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• Sanada C, Kuo CJ, Colletti EJ, Soland M, Mokhatari S, Knovich MA, Owen J, Zanjani ED, 
Porada CD, Almeida-Porada G. Mesenchymal stem cells contribute to endogenous 
FVIII Production. J Cell Physiol. 2012 Oct 5. doi: 10.1002/jcp.24247. [Epub ahead of print] 
PMID: 23042590 

• Fesharaki M, Nasimi A, Mokhtari S, Mokhtari R, Moradian R, Amirpoor N. Reactive oxygen 
metabolites and anti-oxidative defenses in aspirin-induced gastric damage in rats: 
Gastro-protection by Vitamin E. DOI: 10.1016/j.pathophys.2006.08.003 

 
Presentations 

• Podiums talk at Wake Forest Institute for Regenerative Medicine 2015 Annual meeting “A 
New Approach to Expand Cord Blood-Derived Hematopoietic Stem Cells, Using 
Bioengineered Human Fetal Liver Tissue Constructs” 

• Poster presentation at In-Utero Transplantation meeting in San Francisco, CA, April 18-19, 
2014. “Optimization of vascular niche to increase hematopoietic engraftment” 

• Poster presentation at 55th ASH annual exposition Dec 2013 "Optimization of vascular 
niche to increase hematopoietic engraftment" and "CD166+CD34+ Cells Exhibit 
Marked Functional Differences During Fetal and Adult Life" 

• Podiums talk at International Symposium in Applied Bioimaging 2013 meeting, held in Porto, 
Portugal, October 2013 "Optimizing The Bone Marrow Stem Cell Niche to Promote 
Hematopoietic Engraftment Following In-Utero Transplantation" 

• Poster presentation at 54th ASH annual exposition Dec 2012 "Origin and characterization 
of CD166+ cells during human marrow ontogeny"  

•  Poster presentation at 54th ASH annual exposition Dec 2012 "Identification and 
genotypic characterization of a subpopulation of Acute Myelogenous Leukemia 
(AML) Cells with Increased Plastic Adherence" 

• Podiums talk at 13th annual conference of the North Carolina Tissue Engineering and 
Regenerative Medicine Society. November 4, 2011 "Use of Mesenchymal and 
Endothelial Cells to Enhance Hematopoietic Stem Cell Engraftment" 

• Podiums talk at 52nd ASH annual exposition Dec 2010 " Timing of Mesenchymal Stem 
Cell co-transplantation and site of bone engraftment determine levels of 
hematopoietic engraftment and contribution of HSC to bone niche. "	  
 

 
 
 
   

 
 
 


