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   Abstract   Humanized mice are useful for studying human hematopoietic stem 
cells (HSCs) and their niche. In particular, clonal study of human HSC enables 
precise comparison of in vivo behavior between murine and human HSCs. A single 
HSC is able to reconstitute hematopoiesis even after serial transplantations in mice. 
While the life span of somatic cells is over that of individual in mice, this is not the 
case in humans. Clonal studies of human HSCs clearly demonstrated their aging in 
hosts. Since murine studies have demonstrated that HSCs are protected from aging 
by their niche in bone marrow, the humanizing niche model will reveal the precise 
mechanism by which human HSCs are protected from exhaustion in vivo. Direct 
transplantation of human mesenchymal stem cells into mouse bone marrow results 
in reconstitution of the functional human hematopoietic microenvironment com-
prised of pericytes, myofibroblasts, reticular cells, osteocytes in bone, bone-lining 
osteoblasts, and endothelial cells. These humanized mouse models are essential for 
testing whether the insights on hematopoiesis from mouse studies are applicable to 
humans before clinical application.   

  Abbreviations    ALP:   alkaline phosphatase ;  BM:   bone marrow ;  DP:   double 
positive ;  FACS:   fluorescence-activated cell sorter ;  GFP:   green fluorescent 
protein ;  HME:   Hematopoietic microenvironment ;  HMRC:   hematopoietic 
microenvironment-reconstituting cells ;  HSC:   hematopoietic stem cell ;  IBMT: 
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  intra-bone marrow transplantation ;  IL-2:   interleukin 2 ;  LAM-PCR:   linear 
amplification-mediated-PCR ;  MSC:   mesenchymal stem cell ;  PCR:   polymerase 
chain reaction ;  PHA:   phytohemagglutinin ;  SDF-1:   stromal cell-derived factor 1 ; 
 SRC:   severe combined immunodeficiency ( scid ) mouse-repopulating cells ;  YFP  : 
  yellow fluorescent protein    

  1  Introduction 

 Production of blood cells over a lifetime is sustained by hematopoietic stem 
cells (HSCs) that are defined as cells having both the capacity for self-renewal 
and the ability to produce all mature hematopoietic lineages. The presence of 
HSCs was first demonstrated retrospectively by a gene-marking study [28]. 
Prospective identification was impossible until the successful purification of a 
single HSC with defined surface markers [30, 39, 50]. Then clonal studies of 
serial transplanted HSCs demonstrated that they intrinsically limit their poten-
tial for self-renewal, and the mean activity of individual stem cells was reduced 
with cell division [15]. Therefore, HSCs cannot maintain their immaturity by 
themselves but require a special environment, or niche, to keep themselves 
dormant in vivo for protection from exhaustion. Recent studies identify two 
types of stem cell niche in bone marrow (BM), the osteoblastic niche and the 
vascular niche, and several key molecules such as jagged-1, N-cadherin, 
CXCR-4, and angiopoietin-1 for niche function [3, 9, 25, 48, 55]. All of these 
essential findings on HSCs and the niche come from mouse studies. It is not 
clear whether these findings can be extrapolated to large animals including 
humans, since it is reported that HSCs behave differently between mice and 
felines [1]. Therefore, these findings must be tested in human HSCs before 
translation into clinical application. 

 To evaluate human HSC activity, xenotransplantation models are recog-
nized as the most reliable surrogate assay. Immune-deficient mice have been 
widely used as recipients, since myeloid and lymphoid reconstitution can be 
easily attained in these mice by the transplantation of human HSCs [27, 45]. 
Severe combined immunodeficiency ( scid ) mouse-repopulating cell (SRC) 
assay has demonstrated characteristic features of human HSCs such as self-
renewal and multilineage differentiation ability, frequency, surface markers, 
organization of hierarchy, and dynamic behaviors in vivo [5, 6, 7, 12, 16, 20, 
31, 40, 49]. On the other hand, the human hematopoietic microenvironment 
has not been studied in vivo because of the lack of an appropriate model. 
Recently, Muguruma et al. established a human mesenchymal stem cell 
(MSC)-derived hematopoietic microenvironment-reconstituting cell (HMRC) 
model in immune-deficient mice [35]. 

 In this review, we summarize recent results on clonal analysis of human HSCs 
and human microenvironment in the xenotransplantation model.  
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 2  Clonal Analysis of Human Hematopoietic 
Stem Cells in NOG Mice 

 Unlike murine HSCs that have been purified and analyzed at the single-cell level, 
retrovirus-mediated gene marking is the only strategy for in vivo clonal analysis of 
human HSCs. Since retrovirus vectors essentially integrate at random, each 
genomic integration site serves as a distinct clonal marker that can be used to trace 
the progeny of individual stem cells after transplantation. Gene-marking studies in 
SRC assays have successfully elucidated the in vivo kinetics of human HSCs such 
as proliferation, self-renewal, and multilineage differentiation [2, 18, 32, 33, 37]. 

 A major shortcoming of using the NOD/SCID mouse model is a lack of repro-
ducible human T-lymphocyte repopulation. Consequently, the multilineage differ-
entiation capacity of SRCs in NOD/SCID recipients has been assessed by 
reconstitution of only B-lymphoid and myeloid lineages. Since a close relationship 
between B-lymphocyte and macrophage differentiation has been indicated [8, 14, 
21, 34], current analyses cannot clearly distinguish true HSCs from lineage-
restricted progenitors such as B-lymphocyte/macrophage progenitors. Thus, the 
multilineage differentiation and self-renewal of HSCs represented by a single SRC 
are yet to be proven. 

 NOD/SCID/γc null  (NOG) mice were recently generated by crossing NOD/Shi-
 scid  mice with mice expressing a form of the IL-2R g chain lacking the cytoplasmic 
region that were reported to have defective NK cells [22]. They have defective 
T, B, and NK cell activities so that they demonstrate human T cell development in 
their thymus, in addition to myeloid and B-lymphoid reconstitution, when trans-
planted with CD34 +  cells. Furthermore, these T cells bear polyclonal αβ TCR and 
respond not only to mitogenic stimuli, such as PHA and IL-2, but also to allogenic 
human cells. These results indicate that functional human T lymphocytes can be 
reconstituted from CD34 +  cells in NOG mice [19, 46, 52]. 

 HSCs can be identified as thymus-repopulating cells and distinguished from 
short-lived oligo- or monopotent progenitors in NOG mice. Thymopoiesis requires 
constant recruitment of progenitors into the thymus, which eventually produces 
mature T-lymphocytes in a relatively short period of time [17]. Therefore, to main-
tain thymopoiesis in recipient mice, transplanted HSCs must divide without loss of 
thymus-repopulating activity. While several classes of SRCs that differ in their 
proliferative and self-renewal potential have been reported [16, 20, 31], analyzing 
the thymus-repopulating activity of these cells provides a unique way to distinguish 
and identify long-term self-renewing stem cells within the SRCs. 

 Yahata et al. established a novel strategy to analyze both self-renewal and multi-
lineage differentiation of a single human thymus-repopulating SRC clone in NOG 
recipient mice [54] using linear amplification-mediated-PCR (LAM-PCR) that veri-
fies individual genomic virus integration sites by direct sequencing [44] (Fig.  1 ). The 
identification of specific clones in fluorescence-activated cell sorter (FACS)-sorted 
lymphomyeloid lineage populations by their unique molecular markers allowed us 
to assess how individual clones contribute to the specific lineages during long-term 
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hematopoiesis in vivo. They focused on the CD4/CD8 double-positive (DP) immature 
thymocyte population as a starting point for analysis of the clonal capacity of human 
HSCs. The study presents direct clonal evidence that a single human HSC had the 
capacity to produce lymphoid and myeloid lineage cells and that self-renewal divi-
sion of multilineage clones resulted in expansion of SRC populations in primary and 
secondary NOG recipients during long-term hematopoiesis. 

 The finding that the same multipotent HSC clone was detected in paired second-
ary recipients (MTB-MTB type) indicates that a single SRC clone can self-replicate 
to produce two daughter cells with multilineage differentiation and self-renewal 
potential, leading to the in vivo expansion of SRCs. On the other hand, one of the 
daughter clones of the pair was no longer found in the CD34 +  cell population in 
approximately half of MTB-MTB clone pairs. Furthermore, the phenotype was not 
retained in 11.1% of MTB-MTB clones. Considering that 100% of MTB clones in 
primary recipients possess the stem cell phenotype, these results indicate that SRCs 
with the stem cell phenotype progressively decrease during serial transplantation, 
leading to exhaustion of SRCs. This is consistent with the finding that the propor-
tion of clones with the stem cell phenotype decreased as the clone committed to 
specific lineages. By assessing the phenotype of self-replicated multilineage clone 

   Fig. 1  Clonal analysis of primary transplanted SRCs [54].  a  Study design.  b  Representative 
LAM-PCR profiles of SRCs. Each band represents a different insertion locus in the assayed mate-
rial.  c  DP-derived T-lymphoid insertion sites were traced by PCR. The clones detected in all lym-
phomyeloid lineage cells were designated as multipotent type (MTB). Clones restricted in 
T-lymphoid and B-lymphoid cells were p-TB. Clones detected in T-lymphoid cells were p-T.  
d  Relative frequencies of each clone type detected in primary SRCs.  e  The proportion of clones 
detected in the CD34 +  cell population.  Gray bars  represent the clones detected in CD34 +  cells.  
Black bars  represent the clones not detected in CD34 +  cells 
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pairs, determined by the presence of common clones in the CD34 +  cell population, 
they were able to reveal the status of HSCs during aging. It is possible that the 
extensive replication required for hematopoietic reconstitution in the recipient may 
result in loss of the stem cell phenotype. The data indicate that although the total 
SRC population appears to expand, the ability of individual SRCs may become 
restricted during long-term hematopoiesis in vivo.  

 3  Humanizing Hematopoietic Microenvironment in Mice 

 The stem cell niche is a key determinant of stem cell development. We are begin-
ning to understand the murine HSC niche and the molecular mechanisms that gov-
ern the fate of murine HSCs [3, 9, 25, 48, 55], but there exists a paucity of data on 
the cellular and molecular microenvironmental regulation of human hematopoiesis 
in vivo , due largely to a lack of good experimental tools. Although the identifica-
tion of SRCs has facilitated detailed characterization of human HSCs in vivo, the 
key niches that function in human cell repopulation have not been identified. 

 Mesenchymal stem cells (MSCs) present in BM are thought to give rise to cells 
that constitute the hematopoietic microenvironment (HME) [43]. MSCs have been 
isolated from BM and various tissues from humans and many other species, 
expanded in culture, and shown to differentiate into osteocytes, chondrocytes, adi-
pocytes, and myoblasts under defined conditions in vitro [41]. In culture, MSCs 
produce a number of cytokines and extracellular matrix proteins and express cell 
adhesion molecules, all of which are involved in the regulation of hematopoiesis 
[13, 29]. They also support the development of hematopoietic colonies in vitro. 
However, in contrast to HSCs, MSCs have only been defined and isolated by physi-
cal and functional properties in vitro. Consequently, little is known about their phe-
notypic and functional characteristics in vivo. 

 Systemic administration of MSCs for facilitation of BM transplantation has been 
proposed based on the in vitro characteristics of MSCs [23]. In recent studies, 
cotransplantation of human MSCs and HSCs resulted in increased chimerism or 
accelerated hematopoietic recovery (or both) in animal models and in humans [26, 
38], suggesting a role for MSCs in the engraftment and repopulation of HSCs. 
Although the existence of donor MSCs has been documented in the BM of recipient 
animals after MSC infusion [4], the methods used to detect engraftment, such as 
polymerase chain reaction (PCR) or staining of cytospin samples, could not unam-
biguously distinguish engraftment from cell survival or nonspecific lodgment on 
the vascular bed. There is no physical evidence that transplanted human MSCs have 
indeed engrafted in the BM of adult animals and directly participated in the 
enhanced engraftment of HSCs. 

 To assess the engraftment, spatial distribution, and lineage commitment of 
MSCs as well as their roles in hematopoiesis in vivo, Muguruma et al. transplanted 
green fluorescent protein (GFP)-marked human MSCs into the tibiae of NOD/
SCID mice by intra-bone marrow transplantation (IBMT) [35], a method previously 
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shown to improve the engraftment of both hematopoietic and nonhematopoietic 
cells in mice [24, 53]. 

 The phenotypes of transplanted MSCs and their progeny at 10 weeks after trans-
plantation were investigated in detail. MSCs were preferentially localized to 
the endosteal region (73.8 ± 18.4%), frequently within five cells from the surface of 
the bone. When human MSC-derived GFP-expressing cells (GFP +  cells) were 
found away from the endosteum, they were often associated with the vasculature. 

  Fig. 2  Expression of N-cadherin and SDF-1 by HMRCs that interact with human hematopoietic 
cells [35].  a  CD34 +  cells ( arrowheads ) appear to colonize near the bone-lining HMRCs.  b–c  
Bone-lining HMRCs colocalize with CD34 +  cells ( arrowheads ) through the asymmetrical expres-
sion of N-cadherin.  d–e  Higher magnifications of  b  and  c .  f–h  An HMRC in the endosteal hemat-
opoietic parenchyma ( arrow ) expresses SDF-1 and interacts with a few YFP +  hematopoietic cells. 
All  bars  represent 10 µm  
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Those vasculature-associated GFP +  cells expressed a-SM actin, the expression of 
which has been documented in pericytes, SM cells of the vascular wall, as well as 
myofibroblasts in BM [11]. A total of 59.9 ± 21.6% of GFP +  cells found in BM 
were positive for a-SM actin. 

 Two other types of GFP +  cells that were negative for a-SM actin were also 
present in BM: flattened cells located in the hematopoietic cords but not specifically 
associated with the vasculature and cells characterized by long cytoplasmic exten-
sions, so-called reticular cells that are considered to be the predominant cells of the 
HME [51]. BM was often interspersed with a fine network of cell processes that 
expressed alkaline phosphatase (ALP), an enzyme that distinguishes reticular cells 
from the stromal component of acid phosphatase- or nonspecific esterase-expressing 
macrophages. A total of 28.2 ± 11.2% of GFP +  cells in BM were ALP positive. 

 In addition, GFP +  cells were found within or on the surface of the bone. Cells in 
the bone stained positive for osteocalcin, a specific marker of mature osteoblasts 
and osteocytes, indicating an active participation in skeletal remodeling. Furthermore, 
GFP +  cells on the bone surface resembled spindle-shaped osteoblasts, a key com-
ponent of the stem cell niche in murine hematopoiesis [3, 9, 55]. These cells 
expressed osteopontin and N-cadherin, both of which are involved in regulating 
murine HSCs [36, 47]. These results indicate that within 10 weeks after transplanta-
tion, human MSCs differentiated into pericytes, myofibroblasts, reticular cells, 
osteocytes in bone, bone-lining osteoblasts, and endothelial cells, which constitute 
the three-dimensional structure of hematopoietic parenchyma and provide the 
milieu of hematopoiesis. These cells were designated as human MSC-derived 
hematopoietic microenvironment-reconstituting cells (HMRCs). 

 CD34 +  cells adhered to HMRCs on the bone surface and appeared to proliferate 
along the endosteal surface, suggesting the existence of specific local signals 
between CD34 +  cells and bone-lining HMRCs (Fig.  2 a). Bone-lining HMRCs asso-
ciated with CD34 +  cells through the colocalization of N-cadherin (Fig. 2b-e). In 
addition, an HMRC in the endosteal hematopoietic parenchyma expressed stromal 
cell-derived factor 1 (SDF-1) and interacted with a few YFP +  human hematopoietic 
cells (Fig. 2f-h), although SDF-1 was not detected in ex vivo expanded MSCs by 
immunofluorescence analysis. In BM, SDF-1 is constitutively expressed by osteob-
lasts, endothelial cells, and BM stromal cells [42]. In addition to its well-established 
role in homing and retention of HSCs in BM, SDF-1 has been implicated in regulating 
the status of primitive HSCs both in vitro and in vivo [10]. Therefore, HMRCs may 
contribute to the maintenance of primitive human HSCs through N-cadherin-mediated 
interactions and the production of SDF-1.  

 4  Conclusion 

 Clonal study of human HSCs enables precise comparison of in vivo behavior 
between murine and human HSCs. A single HSC is able to reconstitute hematopoi-
esis even after serial transplantations in mice. While the life span of somatic cells 
is over that of individual in mice, this is not the case in humans. Clonal studies of 
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human HSCs clearly demonstrated their aging in hosts. Since mouse studies have 
been demonstrated that HSCs are protected from aging by their niche in BM, the 
humanizing niche model will reveal the precise mechanism by which human HSCs 
are protected from exhaustion in vivo .    

   References 

  1. Abkowitz JL, Golinelli D, Harrison DE, Guttorp P. In vivo kinetics of murine hematopoietic 
stem cells. Blood 2000; 96:3399-3405 

  2. Ailles L, Schmidt M, Santoni de Sio FR, Glimm H, Cavalieri S, Bruno S, Piacibello W, Von 
Kalle C, Naldini L. Molecular evidence of lentiviral vector-mediated gene transfer into human 
self-renewing, multi-potent, long-term NOD/SCID repopulating hematopoietic cells. Mol 
Ther 2002; 6:615-626 

  3. Arai F, Hirao A, Ohmura M et al. Tie2/angiopoietin-1 signaling regulates hematopoietic stem 
cell quiescence in the bone marrow niche. Cell 2004; 118:149-161 

  4. Bensidhoum M, Chapel A, Francois S et al. Homing of in vitro expanded Stro-1− or Stro-1+ 
human mesenchymal stem cells into the NOD/SCID mouse and their role in supporting 
human CD34 cell engraftment. Blood 2004;103:3313-3319 

  5. Bhatia M, Wang JC, Kapp U, Bonnet D, Dick JE. Purification of primitive human hematopoi-
etic cells capable of repopulating immune-deficient mice. Proc Natl Acad Sci USA 1997; 
94:5320-5325 

  6. Bhatia M et al. Quantitative analysis reveals expansion of human hematopoietic repopulating 
cells after short-term ex vivo culture. J Exp Med 1997; 186:619-624 

  7. Bhatia M et al. A newly discovered class of human hematopoietic cells with SCID-repopulat-
ing activity. Nat Med 1998; 4:1038-1045 

  8. Borrello MA, Phipps RP. The B/macrophage cell: an elusive link between CD5+ B lym-
phocytes and macrophages. Immunol Today 1996; 17:471-475 

  9. Calvi LM, Adams GB, Weibrecht KW et al. Osteoblastic cells regulate the haematopoietic 
stem cell niche. Nature 2003; 425:841-846 

 10. Cashman J, Clark-Lewis I, Eaves A, Eaves C. Stromal-derived factor 1 inhibits the cycling of very 
primitive human hematopoietic cells in vitro and in NOD/SCID mice. Blood 2002; 99:792-799 

 11. Charbord P, Tavian M, Humeau L, Peault B. Early ontogeny of the human marrow from long 
bones: an immunohistochemical study of hematopoiesis and its microenvironment. Blood 
1996; 87:4109-4119 

 12. Christopherson KW, Hangoc G, Mantel CR, Broxmeyer HE. Modulation of hematopoietic 
stem cell homing and engraftment by CD26. Science 2004; 305 : 1000-1003 

 13. Conget PA, Minguell JJ. Phenotypical and functional properties of human bone marrow mes-
enchymal progenitor cells. J Cell Physiol 1999; 181:67-73 

 14. Cumano A, Paige CJ, Iscove NN, Brady G. Bipotential precursors of B cells and macrophages 
in murine fetal liver. Nature 1992; 356:612-615 

 15. Ema H, Sudo K, Seita J, Matsubara A, Morita Y, Osawa M, Takatsu K, Takaki S, Nakauchi 
H. Quantification of self-renewal capacity in single hematopoietic stem cells from normal and 
lnk-deficient mice. Dev Cell 2005; 8:907-914 

 16. Glimm H, Eisterer W, Lee K, Cashman J, Holyoake TL, Nicolini F, Shultz LD, von Kalle C, 
Eaves CJ. Previously undetected human hematopoietic cell populations with short-term 
repopulating activity selectively engraft NOD/SCID-beta2 microglobulin-null mice. J Clin 
Invest 2001; 107:199-206 

 17. Goldschneider I, Komschlies KL, Greiner DL. Studies of thymocytopoiesis in rats and mice. 
I. Kinetics of appearance of thymocytes using a direct intrathymic adoptive transfer assay for 
thymocyte precursors. J Exp Med 1986; 163:1-17 



Humanizing Bone Marrow in Immune-Deficient Mice 85

 18. Guenechea G, Gan OI, Dorrell C, Dick JE. Distinct classes of human stem cells that differ in 
proliferative and self-renewal potential. Nat Immunol 2001; 2:75-82 

 19. Hiramatsu H, Nishikomori R, Heike T, Ito M, Kobayashi K, Katamura K, Nakahata T, 
Complete reconstitution of human lymphocytes from cord blood CD34+ cells using the NOD/
SCID/gammacnull mice model. Blood 2003; 102:873-880 

 20. Hogan CJ, Shpall EJ, Keller G. Differential long-term and multilineage engraftment potential 
from subfractions of human CD34+ cord blood cells transplanted into NOD/SCID mice. Proc 
Natl Acad Sci USA 2002; 99:413-418 

 21. Hou YH, Srour EF, Ramsey H, Dahl R, Broxmeyer HE, Hromas R. Identification of a human 
B-cell/myeloid common progenitor by the absence of CXCR4. Blood 2005; 105:3488-3492 

 22. Ito M, Hiramatsu H, Kobayashi K, Suzue K, Kawahata M, Hioki K, Ueyama Y, Koyanagi Y, 
Sugamura K, Tsuji K, Heike T, Nakahata T. NOD/SCID/g 

c
  null  mouse: an excellent recipient 

mouse model for engraftment of human cells. Blood 2002; 100:3175-3182 
 23. Javazon EH, Beggs KJ, Flake AW. Mesenchymal stem cells: paradoxes of passaging. Exp 

Hematol 2004; 32:414-425 
 24. Kawada H, Fujita J, Kinjo K et al. Nonhematopoietic mesenchymal stem cells can be mobi-

lized and differentiate into cardiomyocytes after myocardial infarction. Blood 2004; 
104:3581-3587 

 25. Kiel M, Ylimaz OH, Iwashita T, Ylimaz OH, Terhorst D, and Morrison SJ. SLAM family 
receptors distinguish hematopoietic stem and progenitor cells and reveal endothelial niches 
for stem cells. Cell 2005; 121:1109-1121 

 26. Koc ON, Gerson SL, Cooper BW et al. Rapid hematopoietic recovery after coinfusion of 
autologous-blood stem cells and culture-expanded marrow mesenchymal stem cells in 
advanced breast cancer patients receiving high-dose chemotherapy. J Clin Oncol 2000; 
18:307-316 

 27. Larochelle A, Vormoor J, Hanenberg H, Wang JC, Bhatia M, Lapidot T, Moritz T, Murdoch 
B, Xiao XL, Kato I, Williams DA, Dick JE. Identification of primitive human hematopoietic 
cells capable of repopulating NOD/SCID mouse bone marrow: implications for gene therapy. 
Nat Med 1996; 2:1329-1337 

 28. Lemischka IR, Raulet DH, Mulligan RC. Developmental potential and dynamic behavior of 
hematopoietic stem cells. Cell 1986; 45:917-972 

 29. Majumdar MK, Thiede MA, Mosca JD, Moorman M, Gerson SL. Phenotypic and functional 
comparison of cultures of marrow-derived mesenchymal stem cells (MSCs) and stromal cells. 
J Cell Physiol 1998; 176:57-66 

 30. Matsuzaki Y, Kinjo K, Mulligan RC, Okano H. Unexpectedly efficient homing capacity of 
purified murine hematopoietic stem cells. Immunity 2004; 20:87-93 

 31. Mazurier F, Doedens M, Gan OI, Dick JE. Rapid myeloerythroid repopulation after intrafem-
oral transplantation of NOD-SCID mice reveals a new class of human stem cells. Nat Med 
2003; 9:959-963 

 32. Mckenzie JI, Gan OI, Doedens M, Wang JCY, Dick JE. Individual stem cells with highly vari-
able proliferation and self-renewal properties comprise the human hematopoietic stem cell 
compartment. Nat Immunol 2006; 11:1225-1233 

 33. Miyoshi H, Smith KA, Moiser DE, Verma IM, and Torbett BE. Transduction of human CD34 +  
cells that mediate long-term engraftment of NOD/SCID mice by HIV vectors. Science 1999; 
283:682 

 34. Montecino-Rodriguez E, Leathers H, Dorshkind K. Bipotential B-macrophage progenitors are 
present in adult bone marrow. Nat Immunol 2001; 2:83-88 

 35. Muguruma Y, Yahata T, Miyatake H, Sato T, Uno T, Itho J, Itho M, Kato S, Hotta T, Ando 
K. Reconstitution of the functional human hematopoietic microenvironment derived from 
human mesenchymal stem cells in the murine bone marrow compartment. Blood 2006; 
107:1878-1887 

 36. Nilsson SK, Johnston HM, Whitty GA et al. Osteopontin, a key component of the hematopoi-
etic stem cell niche and regulator of primitive hematopoietic progenitor cells. Blood 2005; 
106:1232-1239 



86 K. Ando et al.

 37. Nolta JA, Dao MA, Wells S, Smogorzewska EM, Kohn DB. Transduction of pluripotent 
human hematopoietic stem cells demonstrated by clonal analysis after engraftment in 
immune-deficient mice. Proc Natl Acad Sci USA 1996; 93 : 2414-2419 

 38. Noort WA, Kruisselbrink AB, in ‘t Anker PS et al. Mesenchymal stem cells promote engraft-
ment of human umbilical cord blood-derived CD34 +  cells in NOD/SCID mice. Exp Hematol 
2002; 30:870-878 

 39. Osawa M, Hanada K, Hamada H, Nakauchi H. Long-term lymphohematopoietic reconstitu-
tion by a single CD34-low/negative hematopoietic stem cell. Science 1996; 273: 242-245 

 40. Peled A et al. Dependence of human stem cell engraftment and repopulation of NOD/SCID 
mice on CXCR4. Science 1999; 283:845-848 

 41. Pittenger MF, Mackay AM, Beck SC et al. Multilineage potential of adult human mesenchy-
mal stem cells. Science 1999; 284:143-147 

 42. Ponomaryov T, Peled A, Petit I et al. Induction of the chemokine stromal-derived factor-1 
following DNA damage improves human stem cell function. J Clin Invest 2000; 
106:1331-1339 

 43. Prockop DJ. Marrow stromal cells as stem cells for nonhematopoietic tissues. Science 1997; 
276:71-74 

 44. Schmidt M, Hoffmann G, Wissler M, Lemke N, Mussig A, Glimm H, Williams DA, Ragg S, 
Hesemann CU, von Kalle C. Detection and direct genomic sequencing of multiple rare 
unknown flanking DNA in highly complex samples. Hum Gene Ther 2001; 12:743-749 

 45. Shultz LD et al. Multiple defects in innate and adaptive immunologic function in NOD/LtSz-
scid mice. J Immunol 1995; 154:180-191 

 46. Shultz LD, Lyons BL, Burzenski LM, Gott B, Chen X, Chaleff S, Kotb M, Gillies SD, King 
M, Mangada J, Greiner DL, Handgretinger R. Human lymphoid and myeloid cell develop-
ment in NOD/LtSz-scid IL2R gamma null mice engrafted with mobilized human hemopoietic 
stem cells. J Immunol 2005; 174:6477-6489 

 47. Stier S, Ko Y, Forkert R et al. Osteopontin is a hematopoietic stem cell niche component that 
negatively regulates stem cell pool size. J Exp Med 2005; 201:1781-1791 

 48. Sugiyama T, Kohara H, Noda M, Nagasawa T. Maintenance of the hematopoietic stem cell 
pool by CXCL12-CXCR4 chemokine signaling in bone marrow stromal cell niches. Immunity 
2005; 25:977-988 

 49. van der Loo JC et al. Nonobese diabetic/severe combined immunodeficiency (NOD/SCID) 
mouse as a model system to study the engraftment and mobilization of human peripheral 
blood stem cells. Blood 1998; 92:2556-2570 

 50. Wagers AJ, Sherwood RI, Christensen JL, Weissman IL. Little evidence for developmental 
plasticity of adult hematopoietic stem cells. Science 2002; 297:2256-2259 

 51. Westen H, Bainton DF. Association of alkaline-phosphatase-positive reticulum cells in bone 
marrow with granulocytic precursors. J Exp Med 1979; 150:919-937 

 52. Yahata T, Ando K, Nakamura Y, Ueyama Y, Shimamura K, Tamaoki N, Kato S, Hotta T. 
Functional human T lymphocyte development from cord blood CD34+ cells in nonobese dia-
betic/Shi-scid, IL-2 receptor gamma null mice. J Immunol 2002; 169:204-209 

 53. Yahata T, Ando K, Sato T et al. A highly sensitive strategy for SCID-repopulating cell assay 
by direct injection of primitive human hematopoietic cells into NOD/SCID mice bone mar-
row. Blood 2003; 101:2905-2913 

 54. Yahata T, Yumino S, Sheng Y, Miyatake H, Uno T, Muguruma Y, Ito M, Miyoshi H, Kato S, 
Hotta T, and Ando K. Clonal analysis of thymus-repopulating cells presents direct evidence 
for self-renewal division of human hematopoietic stem cells. Blood 2006; 108:2446-2454 

 55. Zhang J, Niu C, Ye L et al. Identification of the haematopoietic stem cell niche and control of 
the niche size. Nature 2003; 425:836-841   

   




