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Figure 5. Hematopoietic celis expressing NP-1 in-
duce angiogenesis in corneal heovascularization as- A
say. {A) Gross appearance of neovascularization in the
cornea. Pellets containing control butter (i) or a low-dose
VEGF {20 ng/mL} with CD45'NP-1" hematopoietic
cells {ii) did not induce corneal neovascularization; on the
other hand, peliets containing a low-dose VEGF with
CD45 ' NP-1* hematopotetic cells (iii) or high-dose VEGF
(100 ng/mL} (iv} induced cormeal neovascularization.
(B) Histologic analysis in mouse cornea. Seclions were
stained with anti-PECAM-1 (i-il), anti-VEGFRA-2 {iil-iv}, or
anli-VE-cadherin (v-vi) anlibody, and positive cells are
visualized as dark blue preducts. Pellets containing a low
dose of VEGF and CDA45* cells (ii.iv.vi) induced the blood
vessel formation composing with PECAM-1* (i),
VEGFR-2* (iv), or VE-cadhenn* () ECs into cornea;
however, pellets containing PBS alcne did not {i,ii,v).
Agrows indicate newly formed vessels into cornea. Scale
bar indicates 50 um.

cells {data not shown). Therefore, it seems that membrane-bound
NP-1 on hematopoietic cells stimulates VEGFR2 on ECs.

In this study, we used the B220* B-lymphocyte lineage for the
analysis of binding with VEGF )¢ and phosphorylation of VEGFR-2.
The reason we selected this lineage is that this lineage expresses
NP-1 but does not express other VEGF receptors, which was
confirmed by RT-PCR analysis. If we had used a myeloid lineage
(Mac-1*) or erythroid lineage (Ter1197), the abundant endogenous
production of VEGF might alter the phosphorylation of VEGFR-2.
However, such myeloid and erythroid cells also express NP-1 on
their surface (Figure 1A); therefore, they might be able to
effectively support vascular development through an autocrine
loop in vivo.

The other question that we have to address is the effect of NP-1
on hematopoiesis, because NP-1 expression is observed in mature
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hematopoietic lineages other than hematopoietic stem cell popula-
tions during embryogenesis. The number of hematopoietic cells
and maturation of hematopoietic cells in the fetal liver of NP-1
mutant embryos, however, did not differ from those in the
wild-type embryos (data not shown). Moreover, we analyzed the
role of NP-1 in hematopoiesis using hematopoietic cells from
wild-type and NP-1 mutant embryos in an in vitro colony assay
{culture colony-forming unit [CFU-c]), and we did not detect a
large difference in the number of CFU-c or any difference in
lineage commitment (data not shown). Therefore, we concluded
that the NP-1 on hematopoietic cells does not alter hematopoiesis,
at least during embryogenesis. Recently, it was shown that NP-1
was expressed by human dendritic cells (DCs) and T cells both in
vitro and in vivo.?” The initial contact between DCs and T cells led
to NP-1 polarization on T cells and induced proliferation of T cells.

. . K

Flgure 6. Dimerization of NP-1 is important for inducing endothelial cell growth. ECs developed in P-Sp cultures weare stained with anti-PECAM-1 mAb. PECAM-1* cells
are visualized as dark blue products. Upon the addition of L cells that pessessed only the "a" domain (data not shown) or “a" and "b" domains of the NP-1 protein (A-C) to an
NP-1-/~ P-Sp cuMure {2 x 1{P cells per well) on the fourth P-Sp culture day, the defective vascularity was not rescued at either the areas that were adherent to the L cells (red
dashed line {B]) or the areas that were not adherent to the L cells (C), Small numbers of ECs make cordlike structuras, indicated by arrow in panels Band C. Panels B and C are
higher magnifications of the areas indicated by the boxes in panel A. On the ofher hand, upon the addition of L cells that possessed the “a," “b,” and “¢” domains (D-F) 1o
an NP-1-/- P-Sp culture (2 X 107 cells per well} on the fourth P-Sp culture day, the defectivae vascularily was rescued at the areas that were adherant to the L cells {red dashed
line [E]}; however, it was nol rescusd at the areas that were not adherent ta the L cells (F). Sheetlike structures of ECs (white dashed line) and network forration of ECs (yeflow
dashed line} are observed (E). Panels E and F are higher magnifications of the areas Indicated by the boxes in panel D. Scale bar indicates 400 pm [A.D) and 200 um

(B-C.E-F).



1808  YAMADAetal

Endogenous effect

VEGFR-2 VEGFR-2
A B NP1
» domaln
VEGF10s b domaln
© domain
ECs
U ﬂ proliferation
Exogenous effect
npafe D

Figure 7. Effect of NP-1 expressed on ECs and non-ECs on the proliferation of
ECs. The proliferation of ECs expressing NP-1 together with VEGFR-2 (B) is
enhanced compared with that of ECs expressing VEGFR-2 alone (A). Soluble
clustered NP-1 effectively enhances the signating of VEGFR-2 (C). Thess findings
suggest that hematopoietic cells expressing NP-1 a'so enhance the signaling of
VEGFR-2 on ECs (D).

In our experiments, abundant expression of NP-1 was detected in
CD45+*B220* cells (B-cell fraction); on the other hand, T cells
(CD45+CD4*/CD8*) in fetat liver did not express NP-1 highly. By
contrast, in adult bone marrow, abundant expression of NP-1 was
detected in T-cell fractions {data not shown). Therefore, correlation
between expression and function of NP-1 on T and B cells should
be addressed in the future.

1t has been reported that the mesenchymal cells surrounding
ECs'® and stromal cells?® also express NP-1. Moreover, such
mesenchymal celis are one of the major sources of VEGF
production. This indicates that mesenchymal cells that coexpress
VEGF and NP-! enhance vascular development locally, This
hypothesis is supported by 2 analyses reported by Kitsukawa et al'?
and the present results. When NP-1 was overexpressed under the
transcriptional control of the actin promoter, excess capillaries and
blood vessels were observed in such transgenic mice.'® Our study
also showed that ectopic overexpression of NP-1 on OP9 stromal
cells enhanced vascular development in P-Sp culture (data not
shown). Taken together, the mesenchymal cells surtounding a
blood vessel are one of the key regulators of normal vascular

References

BLOOD, 1 MARCH 2003 « VOLUME 101, NUMBER &

development. However, our discovery that the NP-1 on cells other
than ECs has the capacity to induce vascular development came
from in vitro findings. Therefore, it is not clear whether this effect
of NP-1 is actually involved in normal vascular development. The
best way to observe the function of NP-1 on nonendothelial
lineages, especially hematopoietic cells, is to construct and anatyze
the vascularity in mice harboring an NP-1 gene with a mutation in
hematopoietic cells alone using a promoter gene that is specifically
expressed in hematopoietic cells. However, such promoter gene is
not currently available; therefore, instead of gene targeting, we are
currently planning to transplant NP-1 null hematopoietic cells from
NP-17/~ fetal liver into irradiated recipient mice. Using these
chimeric mice having NP-1~'~ hematopoietic cells, we will study
whether NP-1 on hematopoietic cells contributes to new vessel
formation under physiological conditions such as wound healing
and ontageny of tumor.

Recently, double NP-1/NP-2 knock-out mice have been re-
ported to show more severe defects of vascular formation than
other NP-1 or NP-1 single knock-outs.3 Although in this study we
did not examine the role of NP-2 in VEGF-induced angiogenesis, a
recent report showed that VEGF-induced cellular response was
lacking in ECs expressing NP-2 alone. In addition, NP-2 seems to
have a minor contribution in embryonic vasculogenesis and
angiogenesis, because NP-2 expression is not detected in the heart
or capillaries of embryo*® and NP-2 knock-out mice are viable and
fertile.*' Moreover, in NP-1 knock-out mice, the NP-2 expression
was not compensated in hematopoietic cells (data not shown),
However, the precise role of NP-2 in angiogenesis is still unknown.
Therefore, effects for vascular formation by hematopoietic cells
from single NP-1 or NP-2 knock-out mice or double NP-I/NP-2
mutant mice should be compared in the future. Finally, we suggest
that induction of the NP-1 gene in particular locations might be a
useful gene therapy in concert with VEGF administration for
ischemic diseases.

Acknowledgments

The authors thank Drs Hiroaki Kodama and Masaru Okabe for
providing us with OP% stromal cells and GFP transgenic mice,
respectively. We also thank Dr Shin-Ichiro Hayashi for critical
technical advice.

1.

Risau W. Mechanisms of angiogenasis. Nature.
1997;386:671-674.

geted inactivation of the VEGF gene. Nature.
1996;380:430-442,

. Shalaby F, Rossant J, Yamaguchi TP, et al. Fail-

2. Yancopoulos GD, Davis S, Gale NW, Rudge JS, 7
Wiegand SJ, Holash J. Vascular-specific growth wre of blood-island formation and vasculogenesis
factors and blood vessel formation. Nature. 2600; in Flk-1-deficient mice. Nalure. 1995;376:62-66.
407:242.248, 8. Takakura N, Watanabe T, Suenobu S, et al. Arole
: for hematopoietic stem cells in promoeting angio-
3. Gale NW, Yancopoulos GD. Growth factors acting . g,
via endothelial cell-specilic recaptar tyrosine li- genesis. Cell. 2000;102:199-205.
nases: VEGFs, angiopoietins, and ephrins invas- 9. Tordiman R, Delaire S, Plouet J, et al. Erythro-
cular development, Genes Dev. 1999;13:1055- blasts are a source of angiogenic factors. Blood.
1066. 2001;9?.1968'1 974,
4. Fong GH, Rossant J, Gertsenstein M, Breitman 10. Coussens LM, Raymond WW, Bergers G et al.
ML. Role of the Fit-1 receptor tyrosine kinase in Inflammatory mast cells up-regulate angiogen-
) " esis during squamous epithelial carcinogenesis,
requlating the assembly of vascular endathelium. Genes Dav. 1999:13:1382-1397
Nature. 1995;376:66-70. : T :
) . . 11. Fujisawa H, Takagi S, Hirata T. Growth-associ-
5. Carmaliet P, Ferreira V, Breier G, et al. Abnormal ated expression of a mambrana protein, neuropi-
blood vessel dev_alopment and lethality in em- lin, in Xenopus optic nerve tibers. Dev Neurosci.
bryos lacking a single VEGF allele. Nature. 1996; 1995;17:343-349.
380:435-439. 12. Kolodkin AL, Levengood DV, Rowe EG, Tai YT,
6. Femara N, Carvar-Moora K, Chen H, et al. Het-

erozygous embryonic lethality induced by tar-

Giger RJ, Ginty DD. Neuropilin is a semaphorin Il
receptor, Coll. 1997,90:753-762.

15.

16.

17.

. He Z, Tessier-Lavigne M. Neuropilin is a receptor

for the axonal chemorepsllent sarmaphorin NIl
Cell. 1997;90:739-751.

. Tessiar-Lavigna M, Goodman CS. The melecular

biology of axon guidance. Science. 1996;274:
1123-1133.

Soker S, Takashima S, Miao HQ, Neufeld G,
Klagsbrun M. Neuropilin-1 is expressed by ende-
thelial and tumor cells as an isoform-specific re-
ceptor for vascular endothelial growth facter, Cell.
1988;92:735-743.

Miao HQ, Saoker S, Feiner L, Alonso JL, Raper
JA, Klagsbrun M. Neuropilin-1 mediates collap-
sin-1/semaphorin i inhibition of endotheliat cell
motility: tunctional competition of collapsin-1 and
vascular endothelial growth factor-165. J Cell
Biol. 1999;146:233-242,

Giger RJ, Urquhart ER, Gillespis $X, Levengood
DV, Ginty DD, Kolodkin AL. Neuropilin-2 is a re-
ceptar for samaphoring [V: insight into the struc-
tural basis of receptor function and specificity.
Neuron. 1998;21:1079-1092,



BLOOD, 1 MARCH 2003 - VOLUME 101, NUMBER 5

-

20.

21.

22,

23,

24,

25,

26.

8.

Kitsukawa T, Shimono A, Kawakami A, Kondoh H,
Fujisawa H. Overexpression of a membrane pro-
tein, neuropilin, in chimeric mice causes anoma-
lies in the cardiovascular system, nervous system
and limbs. Cevelopment. 1§95;121:4309-4318.

. Kitsukawa T, Shimizu M, Sanbo M, el al. Neuropi-

fin-semaphorin [Il/D-mediated chemecrepulsive
signals play a crucial role in peripheral nerve pro-
jection in mice. Neuron. 1997;19:995-1005,
Kawasaki T, Kitsukawa T, Bekku Y, et al, Are-
quirement for neuropilin-1 in embryonic vessel
formation. Development. 1959;126:4895-4902,
Yamada Y, Takakura N, Yasue H, Ogawa H, Fuji-
sawa H, Suda T. Exogenous clustered neuropi-
lin-1 enhances vascutogenesis and angiogen-
esis. Blood. 2001;97:1671-1678.

Tordjman R, Ortaga M, Coulombel L, Plouet J,
Romec PP, Lemarchandel V. Neuropilin-1 is ex-
pressed cn bone marrow stromal cells: a novel
inferaction with hematepoietic ¢ells? Biood. 1999,
94:2301-2309.

Okabe M, Ikawa M, Kominamni K, Nakanishi T,
Nishimune Y. 'Green mice' as a source of ubiqui-
tous green cells. FEBS Lett. 1957;407:313-319.

Takakura N, Huang XL, Naruse T, et al. Critical
role of the TIE2 endothelial cell receptor in the
development of definitive hematopoiesis. Immu-
nity. 1998;%:677-686.

Yoshida H, Nishikawa SI, Okumura T, Kusakabe
M, The role of ¢-kit proto-oncogene during mela-
nocyte development in mouse: in vivo approach
by the in utero microinjeciion of anti-c-kit anti-
body. Dev Growth Differ. 1993;35:209-220.

lwama A, Yamaguchi N, Suda T. STK/RON re-
ceptor tyrosine kinase mediates both apoptotic

27.

28,

29.

30.

i,

32.

33.

NP-1 ON HCs REGULATES VASCULAR FORMATION

and growth signals via the multifunclional docking
site conserved among the HGF receptor family,
EMBOC J. 1996;15:5866-5875.

Nakano T, Kodama H, Honjo T. Generation of
lymphohematepoietic cells from embryonic stem
cells in cullure. Science. 1994,;265:1098-1101,

Passaniti A, Taylor RM, Pili R, et al. A stmple,
quantitative methed for assessing angiogenesis
and antiangiogenic agents using reconstituied
basement membrane, heparin, and hibroblast
growth tactor. Lab Invest, 1992;67:519-528,

Kenyon BM, Veest EE, Chen CC, Flynn E, Folk-
manJ, ¥ Amato RJ. A model of angiogenesis in
the mouse cornea. Invest Ophthaimol Vis Sci.
1996,37:1625-1632,

Asahara T, Chen D, Takahashi T, et a!. Tie2 re-
ceplor ligands, angicpoietin-1 and angiopoietin-2,
medulate VEGF-induced postnatal neovascular-
ization. Circ Res. 1998;83:233-240.

Shimizu M, Murakami Y, Suto F, Fujisawa H. De-
termination of cell adhesion site of neuropilin-1.
J Cell Biol. 2000;148;1283-1293.

Katoh K, Takahashi Y, Hayashi 5, Kondoh H. im-

praved mammalian vectors for high expression of
(G418 resistance. Cett Struct Funct, 1987,12:575-
580,

Barlecn B, Sozzani §, Zhou [, Waich HA, Man-
tovani A, Marme D. Migration of human mono-
cyles in response to vascular endothelial growth
factor (VEGF) is mediated via the VEGF receptor
fit-1. Blood. 1996;87:3336-3343.

Hiratsuka H, Minowa O, Kuno J, Noda T, Shibuya
M. Fli-1 lacking the tyrosine kinase domain is suf-
ficient for normal development and angiogenesis

35.

36.

3.

38.

39,

40,

41,

1809

in mice, Proc Natl Acad Sci U S A. 1995;95:9349-
8354,

Gagnon ML, Bielenberg DR, Gechtman Z, et al,
Identification of a natural soluble neuropilin-1 that
binds vascular endathelial growth factor: in vivo
expression and antitumor activity. Proc Natl Acad
Sci U S A. 2000,25:2573-2578.

Miao HQ, Lee P, Lin H, Soker S, Klagsbrun M,
Neuropilin-1 expression by tumor cells promates
tumor angiogenesis and progression. FASEB J.
2000;14:2532-2539.

Torgjman R, Lepelletier Y, Lemarchandel V, et al.
A neuronal receptor, neuropilin-1, is essential for
tha initiation of the primary immune response,
Nat lmmuncd. 2002;3:477-482.

Takashima S, Kitakaze M, Asakura M, el al. Tar-
geting of both mouse neuropilin-1 and neurapi-
fin-2 genes severely impairs developmental yotk
sac and embryonic angiogenesis. Proc Natf Acad
Sci U S A, 2002;99:3657-3662.
Gluzman-Paltorak Z, Cohen T, Herzog Y, Neufeld
G. Neuropilin-2 and neuropilin-1 are receptors for
1he 165-amino acid form of vascular endothelial
growth factor (VEGF) and of placenta growth fac-
tor-2, but only neuropilin-2 functions as a receplor
for the 145-aming acid form of VEGF. J Biol
Cherm. 2000,275:18040-18045.

Chen H, Chedotal A, He Z, Goodman CS,
Tessier-Lavigne M. Neuropilin-2, 2 navel rmermbar
of the neurcpilin family, is a high atfinity receptor
for the semaphorins Sema £ and Sema IV but not
Sema lll. Neurcn. 1997;19:547-559,

Chen H, Bagri A, Zupicich JA, et al. Neuropilin-2
regulates the development of select cranial and
sensory nerves and hippocampal mossy fiber
projections. Neuron, 2000;25:43-56.



ELSEVIER

TRENDS in Immunoiogy Vol.24 No.11 Navember 2003 589
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Hematopoietic stem cells (HSCs) are at the forefront of
hoth basic stem cell research and clinical applications.
Regenerative medicine has recently become a viable
form of therapy and can potentially cure several dis-
eases. The generation of blood cells from embryonic
stem cells and the manipulation of HSCs continue to
provide insights into other stem cell systems. The
importance of HSCs as a model of an ideal source for
cell therapy is increasing.

Since its inception in the 1960s, the hematopoietic
stem-cell (HSC) research community has accumulated
a tremendous amount of knowledge regarding stem-cell
systems, as well as developing a large number of tech-
niques with uses for both basic research and clinical
application [1]. HSCs are defined as self-renewing cells
with the capacity to differentiate into any of more than
eight distinet blood-cell lineages {2,3]. The most stringent
way to evaluate the characteristic abilities of HSCs is
by transplantation into myeloablated animals. Colony-
forming units of the spleen (CFU-S), that is, cells that
produce macroscopic hematopoietic-cell colonies in the
spleens of lethally irradiated mice, were initially regarded
as HSCs. Later, long-term repopulating (LTR) cells, which
can reconstitute hematopoiesis over the long-term, were
recognized as more immature cells and were thought of as
real HSCs. Mouse LTR cells can be purified using a cell
scrter and monoclonal antibodies and are the only stem
cells that can be purified as a single cell type without
contaminating cells,

From the standpoint of hematopoietic development,
there exist two types of LTRs, the adult HSC and the
embryonic HSC in mouse development [4,5]. Adult HSCs
emerge in the AGM (aorta, gonads, mesonephros) region
around embryonic day 10 (E10) and possess the ability to
reconstitute the hematopoiesis of lethally irradiated adult
mice. By contrast, embryonic HSCs develop in the yolk sac
at E9. The embryonic HSCs can reconstitute hematopoi-
esis after the injection to neonatal mice but the cells cannot
reconstitute the irradiated adult host. Although these two
mouse HSCs are considered distinct cells, differences other
than repopulating ability are not yet clear. Also, none
of this information is available about human embryonic
HSCs. As for adult HSCs, human HSCs are considered as
essentially the same as mouse HSCs, although there has

Corresponding author: Toru Nakano (tnakano@biken oaaka-u.ac.jp).

been no robust proof. However, it is impossible to examine
the repopulating activity of human HSCs experimentally
by syngeneic or allogenic transplantation. For in vive
analysis of human HSCs, transplantation into immuno-
deficient NOD (non-obese diabetic) or SCID (severe
combined immunodeficiency) mice is well used. It should
be mentioned again that the cells detected by transplan-
tation into the NOD or SCID mice might not be precisely
equal to human HSCs.

Compared to in vivo transplantation, in vitro experi-
mental systems are insufficient to establish the self-
renewing capacity of HSCs. Although it is difficult to
induce the ex vivo expansion of HSCs simply by adding
cytokines |61, information regarding the molecules that
induce the selfrenewal of HSCs has been reported
recently and is discussed later. In mice, the long-term
maintenance of stem cells can be achieved by co-culture of
HSCs on a stromal-cell layer 17,81, Stromal cells can be
used not only for maintaining hematopoietic cells but also
for inducing hematopoietic development from embryonic
stem (ES) cells.

Development of lympho-hematopoietic cells

from ES cells

Mouse ES cells are pluripotent cells that can differentiate
in vivo into any somatic lineage cell or germ cell [9].
Although the in vitro differentiation ability of the ES cells
is rather limited, their in vitro differentiation into several
kinds of cell, such as blood cells, cardiomyocytes, endo-
thelial cells, neuronal cells, glial cells, insulin-secreting
cells and oocytes, has been reported. In most cases, dif-
ferentiation from ES cells is achieved by the combination of
relatively random differentiation and selection to specific
lineages. From this point of view, differentiation ‘induc-
tien’ from ES cells might not be an appropriate semantic
word usage. In this Review, however, ‘induce’ and ‘induction’
are adopted for convenience and because generally used.
One conventional and frequently used method for indue-
tion is embryoid body (EB) formation |10]. When ES cells
are cultured in suspension without leukemia inhibitory
factor (LIF; the cytokine necessary to keep mouse ES cells
immature), the cells aggregate, development proceeds to
some extent and EBs appear. Inside EBs, various lineages
of cells develop and the addition of the appropriate cyto-
kines facilitates hematopoietic development. Not only
mouse but also human ES cells give rise to hematopoietic
differentiation with EB develecpment in the presence of
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bone morphogenetic protein-4 (BMP-4) and hematopoietic
cytokines [11].

Another induction method is the co-culture of ES cells
with a stromal cell line. OP9 stroma cells that are deficient
in macrophage-colony stimulating factor (M-CSF) induce
efficient differentiation; this induction method was named
the OP9 system [12,13]. Although lymphoid lineage cells
are difficult to induce with the EB method under normal
culture conditions [14], the OP9 system efficiently gives
rise to pre-B cells with characteristics equivalent to those
of bone marrow cells [15). Simple co-culture cannot give
rise to T lymphoid cells but T lymphocytes are generated
from the pre-hematopoietic progenitors produced by the
OP9 system after the maturation step in fetal thymic
organ cultures [16]. It was recently found that the OP9
system also induced mesodermal cells and hematopoietic
cells from cynomolgus monkey ES cells. Moreover, the
induced cells could be transplanted into fetal sheep
where they contributed sipnificantly to hematopoiesis
(Y. Hanazono et al., pers. commun.). Mouse stromal cells
are also effective for hematopoietic induction from human
ES cells [17]. Although normal stroma cells were used in
this study, we, and others, have discovered that M-CSF
has some deleterious effects on in vitro hematopoietic
development [12,18,19]). It is likely that hematopoietic
differentiation from human ES cells would be induced
more efficiently with the OP9 system.

Development of HSCs from ES cells

Lymphopoiesis can be reconstituted by ES-derived
hematopoietic cells [14,20,21]. However, neither the EB
formation method nor the OP9 system gives rise to trans-
plantable HSCs from mouse ES cells (Figure 1). To improve
the hematopoietic activity of the induced hematopoietic
cells, several attempts at genetic manipulation have been
performed using, for example, transcription factors, such
as Lhx-2 and GATA-2, and the oncogenic chimeric gene
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Figure 1. Differentiation induction of hematopoietic stem cells [HSCs) from
embryonic stem (ES) calls and its genatic manipulation. ES cslls give risa to
hamatopoietic proganitor cells in vitre by embryoid body {EB) formation and
co-culture with OP9 stroma cells. Howevar, neither long-term repopulating {(LTR}
cells nor colony farming unlte of the spleen (CFU-S} can be induced. Genatic
manipulation can alter tha hematopoiatic activity of the ES-induced hamatopoiatic
progenitors cells.
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ber-abl. These genes produced limited improvement in the
hematopoietic activities of the ES-induced cells, For
example, the overexpression of Lhx-2 in a retrovirus
vector gave rise to stem-cell factor (SCF)-dependent
hematopoietic progenitor lines that could differentiate
into different blood cell types with addition of the appro-
priate cytokines [22|. The expression of GATA-2 in the
tetracycline conditional gene expression system increased
the number of hematopoietic progenitor cells by up to
tenfold [23]. ES-derived hematopoietic progenitors con-
taining retrovirally introduced ber-abl repopulated irradi-
ated animals, presumably by transforming the embryonic
hematopoietic progenitors into adult HSCs [24].

The most successful HSC production method involves
the conditional expression of the HoxB4 gene [25]. Pre-
vious studies suggested that HoxB4 could enhance the
potential of hematopoietic cella. The retroviral-mediated
overexpression of HoxB4 enhances hematopoietic repopu-
lation, probably through enhancement of self-renewing
activity, without inducing leukemia or abnormal differen-
tiation (26-28]. In addition, the constitutive expression
of HoxB4 enhanced the formation of immature mixed
hematopoietic colonies [29].

The EB method of induction and the OP9 system were
combined in the HoxB4 expression experiment {25). The
induction of differentiation was initiated with EB for-
mation, Subsequent differentiation and/or maintenance of
hematopoietic cells were achieved by co-culture with OP9.
HexB4 expression transformed ES cell-derived hemato-
poietic progenitors into HSCs and, surprisingly, the tran-
sient expression of HoxB4 for several weeks was sufficient
for the conversion. That is, the overexpression of HoxB4
for several weeks in hematopoietic progenitors seemed to
reprogram the differentiation program from hematopoietic
progenitors to immature transplantable hematopoietic
stem cells. The other possibility is that HoxB4 expanded
the ES-induced HSCs, which have not been detected yet
because of the low number of the cells,

Although transplantations into primary and secondary
recipients were successful, it remains unelear whether the
ES cell-derived transplantable cells are authentic LTR
cells. LTR cells in the bone marrow have the ahility to
reconstitute the hematopoietic system over the long-term,
even when only a single cell is transplanted. However, the
percentage of the contribution by ES cell-induced hema-
topoietic cells to hematopoiesis in the HoxB4 experiment
was low despite the transplantation of a relatively large
number of cells (105). It is intriguing to speculate on the
differentiation atatus of the hematopoietic cells induced by
HoxB4; the cells could be HSCs, hematopoietic progeni-
tors, cells intermediate between the two or cells with dif-
ferent characteristics. This experiment also raises the
interesting pessibility that hematopoietic progenitors might
be able to remodel to HSCs during embryogenesis [5,30).

Molecules involved in HSC self-renewal

Transformation from hematopoietic progenitor cells to
HSCs is equivalent to granting self-renewing activity to
hematopoietic progenitor cells, Although gene-targeting
analyses have revealed that many molecules are involved
in the development and differentiation of hematopoietic



cells, only a few molecules are directly involved in the
self-renewal of HSCs. The primary difficulty lies in defining
the self-renewing activity of HSCs. Even if a gene is
indispensable for hematopoietic development, it would not
be essential for self-renewal [31|. However, a few genes
seem to be involved in self-renewal.

Polycomb group (Peg) proteins, which form DNA-binding
protein complexes with gene-suppressing activity, are
involved in lympho-hematopoiesis [32]. Mice with null
mutations of some PcG genes, for example, rae28, Bmi-1
and Mel-18, show hypoplasia of lympho-hematopoietic
organs [33-35]. Among these genes, Bmi-1 is a crucial
regulator of the self-renewal of adult HSCs [36.27]. Bmi-1
expression is detected in mouse fetal and bone marrow
HSCs, as well as in human normal and leukemic stem
cells, and its level of expression declines as differentiation
progresses. In Bmi-1 ~/~ mice, although the fetal liver con-
tains a normal number of HSCs, the number is markedly
reduced after birth and the HSCs can contribute to hema-
topoiesis only transiently after transplantation. These
observations demonstrate that Brmi-1 is not necessary for
development but is crucial for the self-renewal of HSCs.

Because rae28 also has important reles in the prolifer-
ation of HSCs [38], it is conceivable that some common
downstream molecules are vital for the self-renewal of
HSCs. Both p16™¥% and p19*FF, negative regulators of
the cell cycle, are strong candidates for such molecules.
The levels of p16™%*® and p19** were increased in the
bone marrow of adult Bmi-1 =/~ mice [36], and defective
hematopoiesis in Bmi-1 ~'~ mice was corrected by crossing
with mutant mouse lines deficient in pl6™X4: and
p19AFF (39,40]. Other candidates include the homeobox
genes because PcG genes suppress previously silenced
homeobox genes and some members of the Hox gene family
are also targets of Bmi-1. In Bmi-1 ~'~ bone marrow cells,
HoxB4 expression is not altered but the expression of
HoxAS9, which functiens in determining hematopoietic-cell
fate |36, is upregulated.

Ancther interesting example of HSC maintenance
is a G1 checkpoint regulator, the cyclin-dependent kinase
inhibitor p219P¥afl (p21) [41], In p21 '~ mice, the
number of HSCs is increased in constitutive hematopoiesis
but hematopoietic failure occurs under conditions of
stress, such as myeloablative drug administration. HSC
self-renewal failure has been observed during the serial
transplantation of p21 ~'~ cells. These observations sug-
gest that p21 keeps the cell cycle status of HSCs quiescent
and is important for the self-renewal of HSCs.

Considering the multitude of biological and ethical
challenges facing the use of human ES cells at present,
expansion of HSCs represents a more realistic and feasible
goal than does de novo production of H3Cs from ES cells
|42|. Based on the rationale of HSC self-renewal, it is
reasonable to consider whether manipulation of Bmi-1 or
p21 could induce expansion of HSCs. Bmi-1, however, is
not a good candidate for ex vivo expansion because the
gene is highly leukemogenic [43]. However, the lentiviral
introduction of anti-sense p27 into human hematopoietic
cells enhances the NOD or SCID repopulation capacity to
some extent [44].
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Ex vivo expansion of HSCs by genetic manipulation
After bone marrow transplantation, HSC expansion of
~100-fold can be achieved [17]. Although the co-culture of
murine HSCs with stroma cells can maintain HSC activity
over the long-term, the efficacy of ex vive expansion is
rather poor compared to in vivo expansion, Assorted
signaling molecules and transcription factors have been
introduced into HSCs to induce ex vive expansion or
immortalization of cells. However, many attempts were
unsuccessful because of the poor expansion of HSCs or the
undesirable induction of a leukemic phenotype, HoxB4
brought about the best results in HSCs as well as
ES-induced hematopoietic cells [28].

The Hox family of transcription factors is reported
to be involved in both normal and leukemic hemato-
poiesis. The functions of several Hox genes, especially
those genes highly expressed in immature hematopoietic
cells (e.g. HoxA9, A10, B3 and B4), have been studied
extensively. The overexpression of each Hox gene provides
a different effect on lympho-hematopoiesis. For example,
HoxB3 impairs lymphoid development but enhances
myeloid cells [46]; HoxB4 enhances the in vivo repopulat-
ing activity of HSCs [26.27|. HoxB4 also induces a 40-fold
ex vivo expansion of mouse HSCs in cultures containing
interleukin-3 (IL-3), IL-6 and SCF (28|, HoxB4 enhances
HSC proliferation or the probability of self-renewal,
although the gene is not leukemogenic. Overexpression
of HoxC4, a paralog of HoxB4, also induces ex vive
expansion of human immature hematopoietic progenitors
[47]. These findings suggest the importance of the fourth
paralogous group of Hox genes for HSC expansion,
Although there seem to be no obvious hematological
abnormalities in the mice deficient in HoxB4 alone,
HSCs and progenitor cells deficient in HoxB3 and HoxB4
displayed impaired activity both in vitre and in vivo [48].
Interestingly, PBX1, a transcriptional partner of HOX
proteins, is dispensable for the HoxB4-induced HSC
expansion |44]. It is possible that HoxB4 (and presumably
HoxB3 and HoxC4) activates a set of genes that are not
involved in HSC self-renewal under physiological con-
ditions. Further evidence, such as enhanced HoxB4
expression by thrombopoietin and the effect of HoxB4 on
human HSCs, imply the significance of HoxB4 in HSC
activities 150.51].

Two other genes have succeeded in expanding therange
of HSCs that could be transplanted without causing
leukemia. One is Lhx2, a LIM domain-containing tran-
scription factor. HSC cell lines were established from bone
marrow HSCs by retroviral introduction of Lhx2 in the
presence of IL-3, IL-6, and SCF. The cells gave rise to
mature blood cells in not only primary, but also secondary
and tertiary, recipients |52]. Although Lhx-2-targeted
mice showed defective hematopoiesis, the abnormality
was not due to hematopoietic cells, but was due instead to
non-hematopoietic stromal cells [53]. It is likely in this
case that overexpression of Lhx-2 activated genes that are
irrelevant to the physiclogical role of Lhx-2.

The other gene that has been used to establish HSC
lines is the dominant active form of Notch |54]. The Notch
pathway regulates cell-fate determination in a wide variety
of cell lineages, including neurogenesis, eye development,
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Figure 2. Threa important signaling pathways involvad in ex-vivo expansion of hernatopoietic stem or proganitor cells. (a) Notch and Netch ligands. Various Noteh ligands
anhsnce the self.renewsl of hematopoistic cells. Homatopoietic stem cell {HSC) lines can be astablished by the deminant sctive form of Notch. {b) Wnt. Wnt 3 enhsnces the
salf-renewal of H5Cs from Bcl-2 transgenic mouse. Simitarly, overexprassion of p-catenin induces the self.ranawa! of HSCs. {c) Sonic hedgehog {SHH). SHH madifies the
axpression of bons morphogenstic protein-4 {BMP-4) and its inhibitor noggin through the SHH receptor, patchad {Pic), Self-ranewsl of hematopoietic cells is achioved by
appropriate signaling of BMP-4 produced by the balance of BMP-4 and noggin. Abbreviations: GSK-3, glycogen synthase kinase-3; RBP-J, recombination signal sequence-

binding protein-J.

myogenesis and lymphopoiesis [55-57]. The Notch path-
way is evolutionally conserved from Caenorhabditis
elegans to humans and often controls the differentiation
program by balancing differentiation and self-renewsl
through cell--cell interactions. There are four Notch family
members, Notch 1 through 4, in mammals. Notch signal-
ing enhances the in vitro generation of human and mouse
hematopoietic precursors, determines T and B lineage
specification, and promotes the expansion of CD8* T cells
[55,56]. Retroviral overexpression of a dominant active
form of Notch established immortalized HSCs that were
dependent on a cytokine cocktail of SCF, IL-6, I1-11 and
F1t3 ligand. The cell line differentiated into both lymphoid
and myeloid cells after transplantation. These results
show that signating by Notch ligands could be a regulator
of the self-renewal of HSCa,

Ex vivo expansion of HSCs by extracellular signaling
The use of extracellular signaling molecules to enhance
self-renewal is ideal for clinical applications because it
avoids retroviral gene introduction, which is potentially
leukemogenic. Recent studies have implied that some
extracellular signaling molecules can induce ex vive
expansion of HSCs (Figure 2). The modulation of Notch
signaling would have some effects on the enhancement
of HSCs. There are six Notch ligands in vertebrates:
Delta-like 1 through 4 and Jagged 1 and 2. The effects of
the Notch ligands Delta-like 1 and 4 and Jagged 1 have
beent analyzed [58—63]. In general, Notch ligands enhance
the repopulating activity of hematopoietic cells. However,
ex vivo expansion has not been definitively proven.

Wnt signaling is invelved in several events during
animal development, including the proliferation of stem
cells and the determination of mesodermal-cell fate, both
of which are important for the establishment of the
hematopeietic system. There are many Wnt molecules in
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the mouse and at least two members, Wnt3a and Wnt5a,
have augmenting effects on hematopoietic cells [64-66].
Although Wnt5a-conditioned medium did net shew any
effect on hematopoietic cells in vitro, the in vivo admin-
istration of Wnt5a-conditioned medium increased the
repopulation of human HSCs in NOD or SCID mice. By
contrast, Wnt3a enhanced the in vitro self-renewal of
mouse HSCs by roughly tenfold in the presence of SCF.
Furthermore, the overexpression of 8-catenin, one of the
central molecules of the Wnt signaling pathway, upregu-
lated the expression of two important molecules in the
self-renewal of HSCs, HoxB4 and Notchl, The possible
significance of Wnt signaling is exciting but it should be
noted that this result was primarily obtained with the
HSCs of Bel-2 transgenic animals, in which apoptosis of
HSCs was prevented [64,65]. And the crucial competitive
repopulation assay of HSCs expanded with Wnt3a has
not been reported. Thus, ex vivo expansion of normal
HSCs by Wnt3a should be regarded as not yet definitively
demonstrated.

The Hedgehog family of proteins is involved in the
organization of early mesoderm and embryonic specifi-
cation of non-hematopoietic tissue. Sonie hedgehog (Shh),
one of three mammalian hedgehog proteins, induces
the expansion of pluripotent human hematopoietic-
repopulating cells in NOD or SCID mice [67]. Noggin, a
specific inhibitor of BMP-4, inhibits Shh-induced prolifer-
ation, suggesting that Shh acts through downstream
BMP signals. Different combinatorial cocktails of cyto-
kines, including SCF, interleukins (IL-1, -3 and -6), Flt3
ligand, thrombopoietin (TPO) and granulocyte-colony
stimulating factor (G-CSF), have been used in attempts
to expand human HSCs ex vivo (these were summarized in
a previous comprehensive review [68]). Recently, novel
transmembrane protein mKirre, which supports HSCs,
has been cloned from OP9 cells with a signal sequence trap
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Table 1. Molecules possibly involved in hematopoiaetic stem cell (HSC) self-renewal

Molecules Category Evidence Refs

Wnt Soluble factor Self-renew of Bel-2 transgenic mouse HSC in vitro |64.65]
Enhancement of human HSC in SCID {severe combined |66}
immunadeficiancy¥NOD (non-obese diabetic) mouse

Shh Soluble factor Self-reanew of human HSC or preganitors through bone 1671
morphogenetic protein {BMP) signaling

LIF {leukemis inhibitory factor) Soluble factor Reduction of HSCs in knockout mouse |701

IL-5 Soluble factor Proliferation of hematopoietic ¢ells in collaboration with the 1621
soluble intertaukin-6 {IL-6) receptor

Notch ligands Trans-membrane protein Proliferation of hematopoietic progenitors |56-63]

Mkirre Trans-membrane protein Maintenance of HSCs 169i

gp130 Receptor Essential for self-renswing division in conjunction with pther 171,72}
cytokines

c-mpl Receptor Reduction of HSCs in knockout mouse {73)

Notch Receptor Establishment of HSC line by a dominant active form |52 -55]

B-catentn Cytoplasmic protein Self-renew of HSCs |64}

HoxB4 Transcription factor Self-renew of HSCs 128}
‘Re~-programming’ from hematepoistic proganitors to HSCs 125}

Bmi-1 Chromatin or gene silencing Lack of HSC salf-ranewal activity in knockout mouse {36,37]

rae28 Chromatin ar gene silencing Reduction of HSCs in knockout mouse [38]

p21 Cell cycle regulator Failure of H5C maintenance in knockout mousa [47]

method [69]. Other yet unknown molecules could have
crucial roles in hematopoietic-cell maintenance. Molecules
that are potentially involved in HSC expansion are
listed in Table 1.

Perspective

A limited number of signaling pathways governs the
generation of many cell types and patterns in animais.
Most cell—cell interactions during embryonic development
involve the Hedgehog, Wnt, BMP, Notch, JAK (Janus
family kinase)-STAT (signal transducer and activator of
transcription), receptor tyrosine kinase (e.g. SCF—c-Kit),
and nuclear hormone pathways. In addition, Homeobox
genes have major roles in body patterning. From an
evolutionary point of view, it is neither surprising nor
coincidental that all of these signaling pathways are
involved in the maintenance and proliferation of HSCs.
Because the majority of important molecules belonging to
these signaling pathways seem to have been identified, itis
reasonable to search within these signaling systems for
the molecules involved in providing the characteristics of
HSCs. The combinatorial regulation of known signaling
molecules is a crucial next step in these studies. Although
it has been suggested that progress in HSC research over
the past five years has been slower than thatin other stem-
cell systems, such as neuronal and mesenchymal stem
cells, this is incorrect. Studies of the generation and
manipulation of HSCs will continue to provide new insights
into many stem-cell syatems.
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A highly sensitive strategy for SCID-repopulating cell assay by direct injection of
primitive human hematopoietic cells into NOD/SCID mice bone marrow
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To measure the ability of human hemato-
poietic stem cells {HSCs), the SCID-
repopulating cell (SRC) assay has been
widely used. Conventionally, human HSCs
are transplanted into a nonobese diabetic/
severe combined immunodeficient (NOD/
SCID) mouse via a tail vein. However,
those cells must go through various ob-
stacles until they reach the mouse mar-
row environment, which could explain the
generally low homing efficiency in this
system. Thus, the capability of HSCs may
not be studied accurately by this intrave-
nous transplantation method. In our at-
tempt to reveal actual SRC potential, ie,
self-renewal and multilineage differentia-

tion in recipient bone marrow, we intro-
duced cells into mouse marrow directly
(intrabone marrow [iBM]) to minimize the
effect of factors that may interfere with
the homing of HSCs and compared the
results obtained by intravenous and iBM
methods. When cord blood CD34+CD38~
cells were transplanted in NOD/SCID mice
by iBM, a 15-fold higher frequency of
SRC, 1 in 44 CD34*CD38- cells, was
achieved compared with 1 in 660 by the
intravenous method. Furthermore, the iBM
transplant showed high levels of engraft-
ment in the secondary transplantation.
Pretreatment of CD34+ cells with antibod-
ies that block either very late antigen 4

(VLA-4) or VLA-5 reduced engraftment
partially, whereas blockage of both mol-
ecules resulted in complete inhibition of
engraftment, which suggests that VLA-4
and VLA-5 are involved in different pro-
cesses in engraftment or have comple-
mentary roles. Our results indicate that
the iBM injection strategy is a more sensi-
tive and direct way to measure the capabil-
ity of human SRCs and is useful to inves-
tigate the interaction of HSCs and marrow
environment in vive. (Blood. 2003;101;
2905-2913)
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Introduction

Measurement of human hematopoietic stem cell (HSC) activity has
been greatly facilitated by the development of xenotransplantation
assay. Especially. nonobese diabetic/severe combined immunodefi-
cient (NOD/SCID) mice have proven to be a reliable recipient for
detecting human hematopoietic-repopulating cells that differentiate
into multilineage mature cells and self-renew in mice.* Human
hematopoietic-repopulating cells identified in this assay, operation-
ally defined as SCID-repopulating cells (SRCs). have been shown
to be enriched among an extremely rare CD34+CD38~ subfraction
of lineage-depleted (Lin~"1") cells, and the frequency of SRCs was
1in 617 Lin~"*CD34*CD38" cord blood (CB) cells.?

This assay, however. quite possibly underestimates human
hematopoietic-repopulating cell frequencies. When candidate hu-
man stem cells are transferred by intravenous injection, cells travel
into the right atrium, ventricle, and lungs in which most of the cells
are trapped, then to the systemic circulation and lodge in organs
according to organ blood flow; therefore. only a small fraction of
injected cells can lodge in bone murrow (BM).5¥ The marrow
seeding efficiency of murine repopulating stem cells was reported
around 20% %" and that of human stem cells in the sublethally
irradiated NOD/SCID mouse was even lower than in the syngeneic
murine situation. van Hennik et al'? demonstrated that the seeding
efficiencies of human CB CD34* cells in NOD/SCID mice were
4.4% by week 6 cobblestone area—forming cell (CFAC) assay and

2.3% by flow cytometry analysis. Cashman and Eaves'? reported
that the proportion of total injected human CB competitive
repopulating units (CRUs) in the marrow of mice was 7%. as
determined by limiting-dilution assays in NOD/SCID mice.

To exclude stem cell homing interference (eg. stem cell trapping
in lung and/or liver, ransendothelial migration step) and focus on
the phases of the stem cell and BM siromal cell interaction, we
carried out direct injection of human hematopoietic cells into
mouse BM (intra-BM [iBM] injection). as previously reported by
Kushida et al.™ and compared it with the SRC assay conducted by
intravenous injection. IBM injection is revealed to be sensitive and
adequate means to measure human HSC capability and enabled us
to investigate the interaction of HSCs and marrow environment in
vivo directly.

Materials and methods

Collection and purification of human CB CD34* cells

CB sumples were obtained from full-term deliveries according 1o the
institwtional guidelines approved by Toksi University Commitiee on
Clinical Investigation. Mononuclear cells (MNCs) were isolaled by Ficoll-
Hypague (Lymphoprep. 1077 £ 0,001 g/mL: Nycomed, Oslo, Norway)
density gradient centrifugation. Cells were washed and suspended in
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phosphate-buflered saline (PBS) containing 0.1% of human serum albumin
(HSA; Sigma, St Louis, MO). CD347 cell fractions were prepared from
Ficoll-separated MNCs using the CD34 Progenitor Cell Isolation Kit
{Miltenyi Bioteg, Sunnyvale, CA) according to the manufacturer's direc-
tions. For isolation of Lin™wCD34'CD38~ and CD34°CD3I8* cells,
CD34" -enriched cells were stained with fluorescein isothiocyanate {FITC)—
conjugated antilineage-specific antipens; CD3 (UCHTI), CD41 (P2),
flycophorin A (11E4B-7-6) (all Coulter/Emmunotech, Marseille Cedex,
France), CD4 (SK3), CD7 (4H9), CD14 (MP9), CDI16 (3G8), CDI19
(8125C1) CD20 (2ZH7), CD33 (WMS53), and CD56 (NCAM16.2) (all BD
Biosciences, San Jose, CA), and phycoerythrin (PE}—conjugated ami-CD38
(HB7, BD Biosciences), phycoerythrin-Texas Red (ECD)—conjugated
anti-CD34 {581; Coulier/lmmunotech), and allophycocyanin (APC)—
conjugated anti-CD45 (1.33; Coulier/immunaiech) monoclonal antibodies
(mAbs). Cells were sorted using FACSVantage flow cytometer (BD
Biosciences) equipped with HeNe and argon lasers. CD38™ region was
defined as below isotype control. The expression of CD34 and CD38 cell
surface antigens on a representative Lin™* population is shown in Figure
1A-B. Lin~™*CD34*CD38~ cells, which comprise 5% 10 8% of totat
CD34* population, was isolated with 97% to 99% (n = 16) purity using
FACSVantage (Figure 1C).

NOD/SCID mice

Male or female NOD/Shi-scid (NOD/SCID) mice were obtained from
CLEA JAPAN (Tokyo, Japan) and were maintained until use in the animal
facility of Tokal University School of Medicine in microisolator cages.
Mice were fed ad libitum with autoclaved food and water. All experiments
were approved by the animal care committee of Tokai University.

Intrabone marrow or intravenous injection of human
hematopoietic cells

NOD/SCID mice (7-9 weeks old) were irradiaied with 300 ¢Gy X-rays and
thereafter received acidified water containing 1.1 g/L neomycin sulfate and
131 mg/LL polymyxin B sulfate (Sigma). Within a few hours after
irradiation, the mice were injected intravenously or by iBM with human CB
Lin~1“CD34+CD38 " cells along with 10¢ irradiated (15 Gy) CD34*CD38*
cells as cammier cells to support engraftment and expansion of immature
CD34*CD38" cells.!%!® IBM injection was carried owt as described
previcusly with slight modifications." In brief, a 29-gauge needie was
inserted into the joint surface of the right tibia of anesthetized mice, and
human hematopoietic cells in 40-pL suspension were injected into the BM
cavity. For the punctures and injections, 1-mL insulin syringe with fixed
29-gauge needle (Terumo, Tokyo, Japan) was used. The advantage of this
needle is the absence of dead space at the connection between the needle
and the syringe, which minimizes the loss of samples.

For in vivo blocking experiments, column-enriched whole CD347 cells
(> 95% purity, n = 10) were preincubated with 20 pg/mL antihuman-
CXCR4 (12G5: BD Biosciences), antihuman-VLA-4 (HP2/1; Coulter/
Immunotech). or antihuman-VLA-5 (SAM-1; Coulter/Immunotech) mAbs
for 30 minutes on ice. After washing, 2 X 10%0r 2 X 10° CD34* cells were
injected imo mice intravenously or by iBM, respectively. All blocking
antibodies used in this study were nontoxic to human CD34* cells as
determined by colony-forming assays and our stromal cell-dependent
culture system as described previously {(data not shown).)? For cell surface
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Figure 1. Representative FACS profile of sorted CB Lin-"**CD34+CD38" cells.
(A} Column-enriched CD34* cells were stained with anti-CD45 mAb and antilineage-
specific mAb cocktail and were gated on lineage marker-negative and/or low
expression region {R1). (B} R1 cells were further gated on CD34*CD38 - region (R2).
{C) Re-analysis of isolated CD34*CD38~ cells from B2 (99.8% purity).
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analysis, column-enriched CD34% cells were again stained with APC.
conjugated antihuman CD34 mAb and with FITC-conjugated antihumaun—
VLA-4, =VLA-5 mAbs, or PE-conjugated antihuman CXCR4 mAb. Cells
labeled with mouse jsotype control antibodies were used as negative
control. Fluorescence-activated cell sorter (FACS) analysis was performed
using FACSCalibur (BD Biosciences).

Tracing of intrabone marrow-injected CD34* cells

Column-enriched CB CD34” cells (> 95% purity, & = 16}, washed once
with PBS, were suspended in PKH diluent, and the PKH26 dye (Sipma) at
20 pM was added. Cells were incubated at room 1emperature for 3 minutes
with gentle agitation. Fetal calf serum (FCS; 2 mL) was added 10 cel
suspension Lo stop the reaction, and then cells were centrifuged and washed
twice with alpha-minimal essential media containing 10% FCS. PKH26-
stained cells, 10° cells per animal, were injected iBM or intravenously into
irradiated NOD/SCID mice. Aliquots of cells were reserved for staining
control. At 5 minutes and 20 hours after transplantation, BM samples were
aspirated from the human cell noninjected side tibia through the knee joint,
as previously described.’!® Peripheral blood (PB) was aspirated from
retroorbital sinus, After washing and hemolysis, sumples were suspended in
PBS containing propidium-icdide (PI) for flow cytometric analysis using
FACSCalibur {BD Biosciences). Dead cells stained with P1 were excluded
from the analysis.

Flow cytometric analysis

Six to 9 weeks after transplamatidn, mice were killed, and BM, spleen, and
PB were collected for analyzing the presence of human cells by flow
cytemetry. Human hematopotetic cells were distinguished from mouse cells
by the expression of human CD45. BM cells were collected separately from
tibia of human cell-injected side and noninjected side and suspended in
PBS using a 27-gange needle. Spleen was teased apart. PB was aspirated
from retroorbital sinus. Samples were prepared as single celi suspensions in
PBS containing 0.1% HSA and passed through a nylon filter to remove
debris. Cells were stained with mAbs to human leukocyte differentiation
antigens. FITC-conjugated antihuman CD34 (Coulter/Immunotech), CD14,
CD19, CD33, CD56 (all BD Biosciences) mAbs, PE-conjugated antihuman
CD38 (BD Biosciences), and APC-conjugated antihuman CD45 mAbs
(Coulter/Immunotech) were used. Four-color flow cytometric analysis was
conducted using FACSCalibur or FACSVantage (BD Biosciences). Quad-
rants were set to include at least 97% of the i1sotype-negative cells. Dead
cells stained with PI were excluded from the analysis.

Analysis of human cell engraftment in mice receiving
transplants by polymerase chain reaction (PCR)

Genomic DNA was isolated from the BM of mice receiving transplanis by
standard extraction protocols. DNA samples (100 ng) were subjected to
PCR to detect a 1171-bp fragment of human chromosome 17-specific
a-satellite using the primers: forward 5'-ACACTCTTTTTGCAG-
GATCTA-3" and reverse 5’ -AGCAATGTGAAACTCTGGGA-3' under the
following conditions: 94°C for 2 minutes (1 cycle): 94°C for 1 minnte,
65°C for 1 minute, 72°C for 2 minutes (30 cycles); and 72°C for 7 minutes
(1 cycle). PCR was performed using the RNA PCR kit (TAKARA SHUZO,
Tokyo, Japan). PCR products were separated on 1.0% agarose gel and
visualized by ethidium bromide staining. The level of human cell engraft-
ment was determined by comparing the characteristic 1171-bp PCR product
with that of human/mouse DNA mixture control (detection limit of 0.001%
human DNA),

Analysis of the integration site of lentivirally marked
CD34+ cells

Transduction of enhanced green fluorescent protein (EGFP) encoded gene
to CD34* cells by recombinant lentivirus infection was carried out as
described previously.2’ Briefly, CB CD34* cells were prestimulated by
incubating in StemPro-34 medium {(Invitrogen, Carlsbad, CA) containing
cytokines at 37°C in 5% CO; for 24 hours. Recombinant human thrombo-
poietin (TPO; 30 ng/mL; kindly donated from Kirin Brewery, Tokyo,
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Japan), stem cell facter (SCF: 50 ng/mL; donated from Kirin Brewery ). and
FIk-2/FIt-3 ligand (FL: 50 ng/mL; R&D Systems, Minncapolis, MN) were
vsed. Prestimulated CD34* cells were cullured for 12 hours under the same
conditions in the presence of highly concentruted lentiviral supernatant al
an MOI tmultiplicity of infection) of 500, Lentiviral-infecled CI334 cells
were transplanted into irradiuted NOD/SCID mice by iBM injection.
Genomic DNA was extracted Trom the injected side tibiu, noninjecied side
tibiz, and spleen of mice receiving transplants at § weeks after tansplanta-
tion. DNA (10 g ) was digested with EcoR1, which recognizes a unique site
in viral gerome. and wus electraphoresed on (17%: agarose pel. After
transferring to nylon membranes, DNA was hybridized with *P-labeled
random-primed EGFP probe.

Secondary transplantation

BM cells were obtained from tibiae and femurs of highly engrafied primary
mice that received iBM transplants (23%-87% chimerism of human CD45*
cells, n = 10) a1 6 weeks after ransplantation, and cells were injecied
intravenously or by iBM into irradiated secondary NOD/SCID recipients.
Six weeks after transplantation. presence of twransplanted human cells in
recipient tlibiae was analyzed by flow cytometry, as was described for
primary recipients.

Statistical analysis

Engraftment was determined positive when more than 0.01% human
CD45* cells in FACS or 0.01% human satellite PCR products in PCR were
detected. For himiting dilution analysis, results of mice that received
transplants scored positive by both methods were used. The data from
several limiting dilution experiments were combined and used for analysis.
The frequency of SRCs in the test BM sample was calcolated by applying
Poisson statistics to the proportion of negative recipients at different
dilutions using L-Calc software (StemCell Technologies, Vancouver, BC,
Canada). Data are represented as mean = SD. The 2-sided P value was
determined, testing the null hypothesis that the 2 population medians are
equal. P < .05 was considered significant.

Results

Tracking intravenous or iBM transplanted human primitive
hematopoietic cells

We first examined the distribution of infused human primitive
hematopoietic cells. PKH26-stained CB CD34+ cells (10° cells per
mouse)} were transplanted to irradiated NOD/SCID mice by direct
injection into a BM cavity (iBM) or conventional tail vein infusion
(intravenous). PB from retroorbital sinus and BM cells from
noninjected side tibia were aspirated from each animal at 5 minutes
and 20 hours after transplantation. The donor cells were detected by
PKH26 fluorescence using FACS analysis (Figure 2A). As ex-
pected, PKH26* donor cells appeared in the blood stream of
intravenously injected animals at 5 minutes (0.6% = 0.39%) and,
albeit fewer, at 20 hours after transplantation (0.047% * 0.025%).
However, in the BM, intravenously injected donor cells could be
detected only at 20 hours after transplantation (0.078% = 0.016%)
(Figure 2B). Because one tibia contains approximately 5% of the
total BM cellularity of a mouse,?! a calculated seeding efficiency of
intravenously injected PKH26* donor cells at 20 hours afier
transplantation is 1.56% = 0.32% and is consistent with a previous
report by van Hennik et al'? However, in mice receiving iBM
transplants, very few donor cells were present in the blood stream
at both time points analyzed: 5 minutes (0.008% = 0.008%), 20
hours (0.002% =+ 0.004%). In addition, none, at 5 minutes, or very
few, 0.006% = 0.005% at 20 hours, of donor cells were detected in
the noninjected side tibia (Figure 2B). The levels of iBM-
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Figure 2. Tracing of Intravenously or iBM-injected PKHZ6-labeled CB CD34*
cells. (A) Representative FACS analysis of PKH26-labeled cells. Column-gnriched
CB CD34+ cells (i) were stained with PKH26E (i) and were lransplanted into irradiated
NOD/SCID mice by intravenous (i} or iBM (iv) injection. Five minutes later, PKH26"
cells circulating into peripheral blood stream were identified by flow cytometry. The
number at each pangl represents the percentage of PKH26 bright cells detected. (B)
Compatison of the percenlage ol PKH26' cells detected in PB and BM from
intravencus {filled bars; M} or iBM (open bars: [J) injected NOD/SCID mice at 5
minutes and 20 hours after transplantation. BM cells were aspirated from left
{noninjected side) tibia. Filty thousand evenls were acquired 1o calculate the
proportion of PKH26" cells. Data shown are the mean = 5D values of 3 independent
experiments {n = §}. The numker above each bar represents the mean percentage
of PKH26* cells.

transplanted PKH26* cells in PB and left {noninjected side) BM
were significantly lower than those of intravenously transplanied
cells on either time points {P < .01). The results confirmed that
there was little, if any, leakage of the injected cells when iBM
strategy was used.

IBM injection of CB Lin~"°*CD34+CD38- cells resulted in the
higher frequency of engrafting human hematopoietic cells in
NOD/SCID mice

No or very little leakage of injected cells in iBM method may result
in more efficient engraftment than intravenous transplantation. To
compare the frequency of CB Lin™*CD34*CD38~ cells capable
of engrafting NOD/SCID mice, cells were transplanted by iBM or
intravenous injection for limiting dilution assay. In the human-
specific PCR-based method. mice were scored positive for engraft-
ment when more than 0.01% human DNA was detected in the
murine BM (detection limit of human DNA is 0.001%) (Figure
3C). In FACS analysis, more than 0.01% of human CD45* dots
was considered positive. Statistical analysis was performed using
data from 84 recipients receiving transplants of pooled CB from
multiple donors (Figure 3; Table 1), and the frequency of human
cells capable of engraftment was calculated as described. ™ As
determined by FACS and human DNA measurements, the fre-
quency of CB Lin~"*CD34*CD38~ cells capable of engrafting
NOD/SCID mice was 1 in 44 by iBM injection {$3% confidence
intervals, 1 in 27 to 1 in 70). In contrast, the frequency by
intravenous injection {95% confidence intervals, 1 in 289 to 1 in
1510y was | in 660 Lin~/**CD34+CD38" cells, which is consistent
with the previous report by Bhatia et al* By using the iBM
transplantation method, more than 15-fold higher frequency of
human SRCs could be detected in NOD/SCID mice.

Higher levels of human hematopoietic cell engraftment by
iBM injection

The level of hematopotetic repopulation is a critical parameter in
stem cell transplantation. Therefore, we compared the engrafiment
levels of mice that received transplants in both injection strategies
using the same number of Lin~"*CD34*CD38~ cells. Transplan-
tation of CB Lin=""*CD34*CD38" cells into NOD/SCID mice by
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Figure 3. Summary of human cell engraftment levels in the BM of NOD/SCID mice. {A-B) NOD/SCID mice were given transplants of CB Lin" #*CD34 'CD38 cellfractions
by iBM (@) (A} or intravenous (C) (B). Eight weeks after iransplantation, BM cells obtained from NOD/SCID mice were analyzed by FACS and PCR. Numbers indicate the dose
of Lin ™®*CD34°'CD38" cells transplanted. Number “0" means mice were given transplants of 10 irradiated CD34* CD38* carrier cells alone. Each dot represents 1 mouse,
and bars indicale the average levels of engraftment. The harizontal lines indicate threshold of posifive engraftment. (C) Representative PCR anaiysis of individual NOD/SCID
mice given transplants of CB Lin **CD34' CD38" cells by iBM (lanes 1-3 indicate 100 cells injected, lanes 6-10 indicate 10 cells injecied). DNA was extracted from the BM
cells B weeks after transplantations and amplified using a human chromosome 17 w-satellite specific primer. Representative PCR analysis of 5 independent experiments is
shown. M, size marker; P, 100% human DNA; Mo, 100% mouse DNA; N, distilled water (DW).

iBM injection achieved higher levels of engraftment than by
intravenous injection in NOD/SCID mice (Figure 3; injected cell
number, 500 cells, P <.04; 100 cells, P < .03; 50 cells, P < .05).
Furthermeore, the engraftment level of mice injected with 1000 cells
by iBM was significantly higher than those injected intravenously
with 2000 or 5000 cells (2000 cells, P < .02; 5000 cells, P < .03).

Multilineage differentiation and distribution of human
hematopoietic cells in NOD/SCID mice that received
transplants by iBM injection

Multilineage differentiation of iBM-injected SRCs was observed in
the injected side BM of NOD/SCID mice that received transplants,
which included lymphoid CD45*CD19* B cells, CD45*CD36*
natural killer (NK) cells (Figure 4Aiii,v), and myeloid
CD45+CD14*, CD45*CD33* cells (Figure 4Aii,iv). In addition,
presence of primitive Lin~"**CD34*CD38" cells were evident in
the marrow of these mice (Figure 4Avi,vii). To examine the
distribution of reconstituted human hematopoietic cells in iBM or
intravenously injected NOD/SCID mice, BM cells were collected
separately from injected (right leg) and noninjected (left leg) side

Table 1. Comparison of the frequency of SRCs by limiting dilution assay

Route Nao. cells injected No. engrafted mice No. transplantations
iBM 10 000 2 2
1000 6 6
500 4 4
250 5 5
100 8 10
50 7 12
10 5 10
5 2 L}
Intravenous 10 000 2 2
5000 5 5
2000 3 4
500 3 5
100 z 5
50 1 5

NCD/SCID mice (n = 84) were transplanted wilh various numbers of Lin“ %%
CD34'CD38 CB cells by iBM or intravenous injection. Engrattment in murine BEM
was analyzed at 8 weeks. Mice were considered to be engrafted when they were
determined positive by both FACS and PCR analysis. The frequency of engrafting
cells in CB Lin~#%w CD34*CD38" cells transplanted by iBM and intravenously was
found to be 1 in 44 Lin-%*CD34" CD38- cells {95% confidence limits, 1in27to 1in
70) and 1 in 660 Lin-"~C034* CD38" cells (95% confidence kmits, 1in 288 to 1 in
1510}, respectively. SRC frequencies were calculaled using Poisson statistics and
the method of maximum likelihood with the assistance of the L-Caic software
(StemCell Technologies},

of tibia. Lymphoid, myeloid, and stem/progenitor cell lingages are
defined as CD19%/CD457 cells, CD33%/CD45* cells, und CD34%/
CD45% cells, respectively. As shown in Table 2, human hematopoi-
etic cells with the ability of lymphomyeloid differentiation were
detected not only in the injected side tibia but also in the
noninjected side tibia. spleen, and PB in all animals analyzed
(Figure 4B: Tables 2-3). Multilineage differentiation was also
detected in mice with low chimerism of human cell (Table 2, mouse
iBM-injected mice 1, 8, 9). In the spleen, lymphoid cells were
85.64% * 6.31% (iBM) and 90.65% = 5.91% (intravenous), and
myeloid cells were 1.85% * 1.13% (iBM) and 2.064% * 1.59%
(intravenous). In the PB, lymphoid cells were 71.19% * 6.23%
(iBM) and 74.84% =* 14.51% (intravenous), and myeloid cells
were 4.16% * 2.63% (iBM) and 8.21% * 4.22% (intravenous)
(data not shown). Although 10 times more CD34% cells were
transplanted by intravenous injection (2 X 10° eells), the levels of
engraftment were the same as the cases of iBM injection (2 x 104
cells) (Table 2; iBM injected right tibia, 45.51% * 26.96% versus
intravenously injected BM, 27.93% * 13.56% [mean percentage

w* n
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Figure 4. Representative FACS profile of human multilineage engraftment in a
NQD/SCID recipient given transptants of Lin—""™CD34+CD38- cells by iBM. (A)
Al B weeks after transplantation of 500 Lin-**CD34*CD38- human CB cells, BM
cells were removed from iBM-injected side tibia of a NOD/SCID mouse and analyzed
for the presence of human CD457 cells {i). Human lineage-specific mAbs were used
to detect lymphoid CD45*CD19" {iii), CD45'CD56' (v), myeioid CD45°*CD14" and
CD45*CD33" (i,iv), and immature CD34'CD38%» (vivii) progenitor cells in the
marrow of engrafted NOD/SCID mice. (B) Distribulion of human hematopaoietic celis
in iBM-injected NOD/SCID mice. Eight weeks afler transplantation, BM cetls (i, i},
spleen cells {iv), and PB {v) of NOD/SCID mice were stained with antihuman CD45
mAbs and analyzed by flow cytometry. BM cells were collected separately from
injected (i) and noninjected (jii) tihiae. BM cells that were injected with irragiated
CD341CD38* (used as carrier cells in these experiments) alene were used as
negative control (i), The relative frequencies of each population are ingicated.
Representative FACS analysis of 5 independent experiments is shown,
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Table 2. Distribution of human hematopoietic cells in iBM or intravenously injected NOD/SCID mice

Percentage of human CD45" cells Lymphoid Myeloid Stem/pregenitor
Mouse Right Left Spl 23] Right Lett Right Left Right Left
iBM
1 44.21 C.60 2.486 ND 67.13 63.26 6.96 16.68 28.94 1398
2 1583 12.00 0.85 ND 82.82 82.79 3.64 954 19.62 6.09
3 34.85 77.90 34.65 ND 69.43 59.60 4.39 557 20.66 2992
4 55.73 50.43 31.92 ND 62.21 65.69 7.22 896 19.86 22.83
5 17.57 4.76 2.42 ND 69.35 70.87 8.62 16.00 26.59 22.68
B 77.81 8474 41.83 14.48 65.16 B4.50 31.78 8.53 13.28 22.75
7 96.07 34.23 3415 11.67 67.21 63.01 14.64 13.89 24.83 21.56
B 28.40 1.84 4.33 .97 57.12 62.66 12.41 10.76 12.84 10.89
9 39.11 1.87 4,04 2.05 70.45 68.73 a4 5.96 22.37 28.04
Mean (= SD] 4551 (26.96) 29.82(33.79) 17.41(17.52) 7.29(6.79) 67.88(6.99) 69.35(8.88) 10.49(8.79) 10.88 (4.47) 21.00(5.48) 19.86{7.91)
Intravenous
1 49.10 52.46 39,18 819 74.02 75.04 14.40 11.50 12,71 19.36
2 32.29 2177 .64 1.97 86.51 B5.86 4.08 5.07 6.00 9.03
3 4237 39.48 18.35 5.52 €9.54 71.22 6.99 9.32 11.59 14,02
4 22.69 16.63 9.20 2.01 86.32 73.07 10.38 12.67 19.31 21.79
5 28.16 22.76 21.16 4.85 80.36 79.76 13.65 15.07 16.88 14.22
B 19.67 22.54 7.55 1.36 68.41 65.59 7.98 11.65 19.28 16.71
7 12.8¢ 8.92 6.50 t.74 62.05 95.64 30.65 3.18 1118 9.29
Mean (= SD}  29.6(1277) 26.37 (14.72) 15.08{1241) 3.66(2.58) 75.32(9.40) 78.03(10.08) 12.58(8.76) 978 (4.26) 13.85(4.89) 14.92(4.79}

BM cells, spleen cells, and PB of NOD/SCID mice 6 to 9 weeks after iBM orintravenous transplantation of column-enriched but unsoned whole CD34* cell populaticns (20
000 cell for iBM and 200 600 ceils for intravencus) were stained with antihuman CD45 mAbs and analyzed. BM cells were collected separately from injected (right leg) and
noninjected (ieft leg) side tibia. Lymphoid, myeloid, and stem/progenitor cell lineages are defined as CD19*/CD45~ cells, CD33*/CD45* cells, and CD34+/CD45* cells,
respectively, and each number indicates the percentage of human CD45* cells expressing respective surface marker. The proportion of each lineage was calculated from 50

000 ta 100 000 events acquired using CELLQuest software.
ND indicaies noi determined.

of sum of 2 legs), P = .14). Human hematopoietic cells were also
detected in noninjected side tibia, spleen, and PB of Lin=/o%-
CD34*CD38~ cells transferred to NOD/SCID mice (Table 3). As
few as 5 Lin~"**CD34*CD38" cells successfully engrafted in the
noninjected side tibia (data not shown). These results suggested
that the engrafied human hematopoietic cells in the injected side
BM migrate 1o a noninjected BM by blood flow circulation and
differentiate into multilineage cells even when the human hemato-
poietic cell chimerism showed low level.

Clonal analysis of engrafted human hematopoietic celis
transplanted by iBM injection

Relatively high frequencies of human hematopoietic cells found in
noninjected BM might suggest that cells entering the blood stream
because of the pressure applied in iBM procedure or release after
engraftment in injected side tibia. Although we found little
evidence of leakage (Figure 2), we proceeded in examining the
clonalities of cells present in different hematopoietic organs.
Retroviral gene marking provides the ideal tool for studies of clonal

Table 3. Distribution of human hematopoietic cells (CD34*CD387) in IBM-
injected NOD/SCID mice

Percentage of human CD45* cells

No. cefls Injected tibia Noninjected tibia Spteen PB
10 000 8813 57.91 64.68 27.86
1000 33.62 5.28 3.80 0.85
500 47.94 1.28 244 ND
250 5.00 0.1¢ 0.10 0,04
100 5.58 012 0.35 0.02

BM cells, spleen cells, and PB of NOD/SCID mice 8 weeks after transplantation
of CB Lin"*CD34+CD38" cells by iBM were stained with artihuman CD43 mAbs
and analyzed. BM cells were collected separately from tibiae of injected and
noninjecied side.

ND indicates not determined.

analysis because they randomly and permanently integrate into the
genome of the host cell. Thus, each genomic integration site is a
distinct clonal marker that can be used 1o trace the progeny of
individual stem cells after transplantation.’??*% Therefore, we
transduced the EGFP gene to CB CD34* cells by lentiviral
infection and transplanted them into NOD/SCID mice by iBM
injection. Eight weeks after transplantation, BM and spleen were
isolated and analyzed by flow cytometry. BM cells were isolated
separately from tibiae of injected side and noninjected side. High
frequencies of EGFP* cells were demonstrated in the engrafted
mice (61.16% = 23.99%, n = 4) (Figure SA). As shown in Figure
5B, common clones were evident among the injected side BM and
other hematopoietic organs. The results suggest that HSCs, directly
injected into BM, engraft in the marrow environment and migrate
to other hematopoietic organs by mebilization through a systemic
circulation.

Higher engraftment in secondary NOD/SCID mice that recelved
transplants by iBM injection

Self-renewal of hematopoietic stem cells can be assessed by serial
transplantation in SRC assay. A theory behind this assay is that
stem cells which give rise to multilineage hematopoiesis in primary
recipients are also capable of repeating this process in recipients of
secondary transplants. The proportion of human cells in the
secondary mice, however, is usually more than 10 times lower than
in the primary mice. Consistent with previous studies, secondary
mice that received intravenous transplants showed low levels of
engraftment (Figure 6A). In contrast, engraftment levels in second-
ary recipients were significantly higher when they received trans-
plants by iBM (Figure 6B: the reduction rate in chimerism from
first to second recipients is 0.031 = 0.018 in intravenous versus
0.546 * 0.268 in iBM; P < .01). Thus, human cells recovered
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Figure 5. Clonal analysis of iBM-injected SACs. {A] The proporion of EGFP*
human cells was analyzed al B weeks after iBM transplantation. Samples were
obtained from injecled side tibia (i), noninjected side tibia (i), and spleen {iii). Cells
were stained with antihuman CD45 mAb and analyzed by flow cytemetry. Represen-
tative FACS profiles are shown from 4 independent experiments. The relative
frequencies of each population are indicated. (B) Southern blot analysis for lentivirus
integration siles. Genomic DNA extracted from samples indicated easlier was
digested with EcoRl, which recognizes a unigque site i lenlivirus vector, and was
hybridized with an EGFP probe. Each band represents a unique lentiviral integration
site, and it corresponds to each clone, Arrowheads indicate common integralion sites.
Representative Southern blot analysis of 2 independent experiments is shown.

from BM of primary NOD/SCID mice that received iBM trans-
plants possessed sufficient ability for consecutive muliilineage
engraftment in secondary recipients (Figure 6C). suggesting that
human HSCs transplanted by iBM injection can self-renew in
murine BM.

Engraftment of CD34* cells by iBM injection is dependent on
CXCR4, VLA-4, and VLA-5

Stem cell engraftment involves multistep processes, including
activation of specific adhesion molecules. A number of studies have
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Figure 6. Secondary transplantation. (A-B) Whole human BM cells obtained from
each primary recipiani mouse given an iBM transplant (n = 10) were transplanted to
a secondary recipient mouse by intravenous injection {n = 5) (A) or iBM injection
(n = 5) (B). Secondary recipient mouse BM cells were analyzed for the expressions
of human CD45 at & weeks after transplantation. Each symbol represents 1 mouse,
and bars indicate the average engraftment level in 3 independent experiments. {C)
Representative FACS analysts of a NOD/SCID mouse that received a secondary
transplant. Human CD45* cells in BM were analyzed for the expression of CD19 (i),
CD33 (i, and CD34 {iv}. The relative frequencies of each population are indicated.
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reported crucial roles of VLA-4, VLA-5, and other molecules in
interaction of HSCs and microenvironment during homing and
engraftment processes (reviewed in Prosper and Verfaillie2® and in
Lapidot??y. Up-regulation of these molecules through SDF-1-
CXCR4 (stromal cell-derived factor | and CXC chemokine
receplor 4) interaction is reporied to increase homing and engraft-
ment of primitive SRCs.2™2 Primitive human CB CD34% cells
express a chemoking receptor CXCR4 and major Bl integrin
VLA-4 and VLA-5 (Figure 7A). The iBM transplantation offers the
opportunity to investigate the interaction hetween stem cells and
BM stromal cells in vivo by eliminating the processes before
entering marrow environmeni. To determine the in vivo role of
CXCR4. VLA-4, and VLA-5 during the engraftment process of
human SRCs, enriched CB CD34* cells were pretreated with
antibodies against the cell surface molecules mentioned and then
transplanted, When CB CD34" cells were transplanted intrave-
nously, neutralizing antibodies to CXCR4, VLA-4, and VLA-5
completely blocked BM engraftment as described previously
(Figure 7, indicated as open circles, P < .01),”® whereas neutral-
izing antibodies to either VLLA-4 or VLA-5 caused only partial
inhibition of engraftment in iBM transplants (Figure 7, indicated as
filled circles, P << .05). However, when CD34* cells were pre-
treated with anti-CXCR4 or with both anti-VLA-4 and anti-
VLA-5 antibodies, human SRCs engraftment was blocked com-
pletely (Figure 7, indicated as filled circles, P < .01).

Discussion

Primitive human hematopoietic cells can be assayed on the basis of
their ability to repopulate immune-deficient NOD/SCID mice and
have been termed SCID-repopulating cells (SRCs).'* By using this
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Figure 7, Effect of antibodies to CXCR4 and B1 integrins on engraftment of cord
blood CD34* cells in NOD/SCID mice BM. (A) Expression of CXCRA4 (i), VLA-4 (i),
and VLA-5 (i) on enriched CD34" cells. Expression levels of CXCR4, VLA-4, and
VLA-E on gated CD34" population are shown. A represeniative FACS analysis of 3
independent experiments is shown. The white histogram indicates negalive control
staining with isotype contro! antibody; the black histogram indicates CXCR4 (i),
VLA-4 (i), and VLA-5 {iii). {B) Percentage of engraftment in murine BM by CB CD34+
cells pretreated with antibodies 1o either CXCR4 (R4}, VLA-4 («d), VLA-5 (u5), or
VLA-4 + VLA-5 (24 + o5) was quantified at 6 weeks after transplantation by
immunostaining with antihuman CD45 mAb. Open circles () represent the mouse
that received a transplant ¢f 2 x 105 of CD34* cells intravenously. Filled circles {#)
represent the mouse that received a transplant of 2 x 10° CD34" cells by iBM, Each
circle represents 1 mouse, and bars indicate the average of engrafiment. Resulis
were combined from 3 independent experiments.
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human-to-mouse  xenogeneic transplantation model. studies 1e-
poried substantiadly low recoveries of SRCs.'™! These resulls
imply that homing of primitive hematopoietic cells 1o the BM is
nonselective andfor an inefficient process. A number of factors,
such as entrapment in liver and/or lung. molecular incompatibility
between human integrins and its ligands expressed on mousc,
would interfere with homing and engrafiment of HS3Cs. Therefore,
it hus been speculated that if one could eliminate such factors, SRC
frequency should become markedly higher than thut reported
previously, 2% Here we report that by intreducing cells directly
into the marrow environment with the use of the iBM method, the
frequency of SRCs became more than 15-fold higher (1 in 44
Lin~+CD34*CD38" cells; Y5% confidence intervals, 1in 27 1o ]
in 70) than intravenous injection (I in 660 Lin~*~CD34*CD38~
cells; 95% confidence intervals, 1 in 289 10 | in 1510} (Figure 3;
Table }). This finding is compatible with the previous speculation
that the SRC frequency could become 10 to 20 times higher,
assuming there is no interference. Furthermore, multilineage
reconstitution (Figure 4: Table 2) and self-renewal (Figure 6) were
demonstrated by human SRCs injected by iBM method. One might
argue that iBM injection crealed a hematoma in the injected site
and reflected survival of human cells. However, the results clearly
demonstrated maintenance of hematopoiesis as was seen in intrave-
nous injection of kuman HSCs. Detection of no human cells in
mice given transplants of 10% irradiated CD34*CD38* carrier cells
alone also eliminated the former possibility (Figure 3). Further-
more, a mouse given a transplant of 5 human CD34*CD38 cells
showed 0.04% of chimerism in the injected tibia (Figure 3}. On the
basis of the number of cells recovered from the tibia (2 X 10%), a
calculated value of human cells was approximately 800, which
could represent a 160-fold proliferation of injected cells.

In addition, human hematopoietic cells with the ability of
multilineage differentiation were detected in the noninjected side
tibia, spleen, and PB (Figure 4; Tables 2-3). In cur iBM strategy,
there was little, if any, leakage of the injected cells into the
peripheral circulation (Figure 2). In much the same way, recently
Zhong et al,*! using the mouse-to-mouse intrafemur injection
method, demonstrated that the donor murine cell in PB was
undetectable at early points. At the late time points, transplanted
donor cells in the neninjected femur were detected as the same
level to the injected femur. In our experiments, however, engraft-
ment in the noninjected BM tends to be low (Tables 2-3). The
discrepancy may come from the lowering ability of human HSCs to
home to the noninjected BM in xenoenvironment. Importantly, we
confirmed the exisience of common clones in the injected BM and
other hematopoietic organs using a retroviral gene marking (Figure
5). We speculate that the human cells introduced directly into the
murine marrow environment proliferate, migrate through a physi-
ologic circulatory system, and engraft in other hematopoietic
spaces. The level of chimerism may depend on the ability of
proliferation and survival in each engrafied ¢lone.' Independent
clones were also present in the injected side and the noninjected
side of legs (Figure 5). There may be 2 possibilities: Jeakage of
HSCs during iBM injection and behavioral differences in SRC
clones engrafted in the injected BM. The results of our tracing
experiments (Figure 2) strongly support the later possibility. Atso,
Wright et al® demonstrated a dynamic circulation of HSCs. HSCs
rapidly and constitutively migrate from BM to blood stream, and
this circulation plays a physiologic role in the functional re-
engrafiment of another place of BM. Using this iBM method, we
might shed light on the mechanisms of human HSCs homing
(noninjected side BM) and engraftment (injected side BM).
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Self-renewal is a hey charucteristic of primitive siem cells and
distinguishes them from short-lived progenitor cells. However,
assessment of self-renewal in SRC assay requires transplantation
into secondary recipients and has been difficult because of the lack
of a sensitive and reliable method. Treatment of marrow cells
derived from primary recipient mice with imerleukin 6 (1L-6) and
SCF up-reguluted the surface expression of CXCR4 and resulted in
higher engrattment levels than those of untreated cells when cells
were transplanted in secondary recipients.?*2° Thus. the expression
af CXCR4 appeurs essential Tor homing. and thereflore engrafl-
ment, of human cells, In other words, reduced expression of
CXCR4 and other homing-related molecules in primary-engrafted
SRCs may be a reason for the diminished level of human cells in a
secondary recipient. The iIBM strategy we used in this study can
disregard the effect of homing factors, and we successfully
demonsirated high levels of engraftment and multilineage differen-
tiation of HSCs in secondary recipient (Figure 6).

Homing and lodgement of transplanted HSCs to recipient BM
are critical sleps in engraftment and initiation of marrow reconstitu-
tion. In the first phase “homing.” transplanted cells must kome 0
vascular sites and need to penetrate the basal lamina thai is
composed of extracellular matrix (ECM) proteins. In the second
phase “lodgement,” HSCs must stay in the appropriate niches of
microenvironment where these cells survive, proliferate, and
differentiate to reconstitute hematopoiesis. that is, “engrafiment.”
Human HSC engraftment in NOD/SCID mice depends on the
expression of the chemokine SDF-1 and its receptor CXCR4 28293
The SDF-1 activates the integrins lymphocyte function antigen 1
(LFA-1), VLA-4, and VLA-5 on human CD34* cells. HSCs
polarize and migrate through the ECM toward local gradients of
SDF-1, which are produced by specialized stromal cells, and orient
themselves through the different elements of the BM microenviron-
ment and settle in the stem cell niches.*™?? Although previous
studies showed the inhibition of engrafiment in Ab blocking
experiments,’®*>*** whether each molecule contributes to either
the homing or lodgement step or both has not been clarified,
because this system could not differentiate the homing and
lodgement. Our iBM strategy is useful to evaluate jodgement as it
bypasses the homing step.

In line with the previous studies by Peled et al,***? intravenous
injection of human CD34* cells pretreated with anti-CXCR4,
~VLA-4, and —VLA-5 mAbs resulted in complete inhibition of
engraftment in NOD/SCID mice (Figure 7). However. the same
researchers demonstrated that pretreatment with anti-integrin mAbs
reduced homing. but not engraftment, of human cells into BM by
approximately 30% to 50%.% From these results, we hypothesize
that VLA-4 and VLA-5, expressed on HSCs, are involved in part in
both homing and lodgement processes. With the use of the iBM
strategy, blocking of either VLA-4 or VLA-5 affected engraftment
only partially, whereas neutralization of CXCR4 or VLA-4 and
VLA-5 together completely inhibited human HSC engraftiment
(Figure 7). Therefore, engraftment requires inleraction between
integrins expressed on BM microenvironment and each VLA-4 and
VLA-5 expressed on human HSCs. A number of in vitro studies
sugeested the importance of integrin-mediated signaling pathways
for loczlization of HSC in BM microenvirenment™® as well as
survival and proliferation of human HSCs.*%* To our knowledge,
the results of cur iBM strategy are the first to demonstrate directly
the important in vivo roles of integrins and chemokine receptor for
not only homing but also lodgement of HSCs in BM microenviron-
ments. Further studies will determine the molecular mechanisms
concerning the HSCs lodgement by our iBM strategy. We are in the
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process of examining the molecules participsting only in
HSC lodgement.

Ouwr study indicates that iBM transplantation is a method that
can accurately evaluale the innate ability of human HSCs. By
using this highly sensitive method, more primitive human
hematopoietic stem cells, including cells that have lower
capability for homing. such as Lin~CD34- cells,***¥ can be
identified at a single cell level as previously demonstrated in the
murine experiment.* The iBM method is also suitable to
analyze BM cells and mobilized PB cells that exhibit low
engraftment capability compared with CB in the SRC assay.'>?
As shown by Kushida et al,'**? the iBM strategy makes it possible
to coadministrate hematopoietic and hematopoietic-supporting mesen-
chymal stromal cells into recipient BM, which in turn may facilitate the
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human hematopoietic cell engraftment in murine BM. These studies
would further our understandings of the mechanisms of homing
and engraftment of human HSCs and lead 1o possible applications
in clinical transplantation medicine.
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Development of both human connective tissue-type and mucosal-type
mast cells in mice from hematopoietic stem cells with identical
distribution pattern to human body

Naotomo Kambe, Hidefumi Hiramatsu, Mika Shimonaka, Hisanori Fujino, Ryuta Nishikomaori, Toshio Heike, Mamoru Ito, Kimio Kebayashi,
Yoshito Ueyama, Norihisa Matsuyoshi, Yoshiki Miyachi, and Tatsutoshi Nakahata

The transplantation of primitive human
cells into sublethally irradiated immune-
deficient mice is the well-established in
vivo system for the Investigation of hu-
man hematopoietic stem cell function.
Although mast cells are the progeny of
hematopoietic stem cells, human mast
cell development in mice that underwent
human hematopoietic stem cell transplan-
tation has not been reported. Here we
report on human mast cell development
after xenotransplantation of human hema-
topoietic stem cells into nonobese dia-
betic severe combined immunodeficient

(NOD/SCID)y. ™" (NOG) mice with severe
combined immunodeticlency and Interleu-
kin 2 (IL.-2) receptor y-chain allelic muta-
tion. Supported by the murine environ-
ment, human mast cell clusters developed
in mouse dermis, but they required more
time than other forms of human cell recon-
stitution. In lung and gastric tract, muco-
sal-type mast cells containing tryptase
but facking chymase located on gastric
mucosa and in alveoli, whereas connec-
tive tissue-type mast cells containing both
tryptase and chymase located on gastric
submucosa and around major airways, as

in the human body. Mast cell deveiop-
ment was aiso observed in lymph nodes,
spleen, and peritoneal cavity but not in
the peripheral blood. Xenotransplanta-
tion of human hematopoietic stem cells
Into NOG mice can be expected to result
in a highly effective model for the investi-
gation of human mast cell development
and function in vivo. (Blood. 2004;103:
860-867)

© 2004 by The American Soclety of Hematology

introduction

Mast cells are recognized as the principal cells which injtiate
immunoglobulin E (IgE)-dependent immediate hypersensitivity
and also as the cells which contribute to innate immunity and tissue
remodeling.12 There are 2 phenotypically distinct mast cell subpopu-
lations in rodents: connective tissne-type mast cells (CTMCs) and
mucosal-type mast cells (MMCs). These populations differ in
location, cell size, staining characteristics, ultrastructure, mediator
content, and T-cell dependency.? Proliferation of rodent MMCs is
dependent on T-cell-derived cytokines,>* whereas that of CTMCs
is supported by stemn cell factor (SCF). In humans, mast cells are
distingnished on the basis of their protease composition,>¢ MCre
contains tryptase and chymase in its granules and is predominant in
skin and intestinal submucosa, like CTMCs in rodents. MCy also
contains tryptase, but lacks chymase, and is predominant in the
alveolar wall and gastric mucosa, similar to MMCs in rodents.
Human mast cells were reported to develop only under the
influence of SCF, but T-cell-derived interleukin 3 (IL-3) has little
affect on their differentiation.” Recently, human intestinal mast
cells were reported to respond to IL-3 by enhancing their growth,?
but SCF is still an indispensable factor for human mast cells. Mast
cells are the progenies of hematopoietic stem cells (HSCs).>! In
mice, the progenitor cells capable of becoming mast cells leave the
bone marrow and enter the circulation but complete their differen-

tiation into mast cells only after arriving in peripheral tissues such
as lung, bowel, and skin.!®" Unfortunately, the developmental
mechanism of human mast cells remains far less clear, possibly
because the lack of an appropriate in vivo assay system.

The transplantation of primitive human cells into immune-
deficient C.B-17-Prkdc* (scid)'*? and into NOD/LtSz-scid or
NOD/Shi-scid (nonobese diabetic severe combined immunodefi-
cient [NOD/SCID]) mice'*# is thought to constitute an appropriate
functional in vivo system for human HSCs. However, it has been
suggested that residual natural killer (NK) cell activity in NOD/
SCID mice might interfere with engrafiment.'s!? Recently, we
developed NOD/SCID/y™" (NOG) mice by backerossing IL-2
receptor <y-chain deficient (y?") mice to NOD/Shi-scid mice.t#
Compared with NOD/SCID mice treated with anti-NK cell anti-
body!? and NOD/SCID/B; microglobulin®™! mice,!1%2° both of
which were established for reducing residual NK cell activity, the
newly developed NOG mice were superior in terms of efficiencies
of human HSC engraftment, because they lack NK cell activity and
show reduced interferon +y production from dendritic cells.’® In
addition, human CD3* T cells can be generated and matured from
human HSCs in NOG but not in other mice.22? These results
encouraged us to check human mast cell development in NOG
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mice. even though there are no reports of mast cell development
after human HSC transplantation into mice.

Thix ts, therefore, the first report of human mast celi develop-
ment in mice alter transplantation of kuman HSCs. with NOG mice
as recipients. Moreover. development of human mast cells in NOG
mice was supported by the murine environment. and, depending on
their protease compositions, the distntbution of human mast cells
was similar 1o that in the human body.

Materials and methods

Mice, human cell preparation, and xenotransplantation

NOG mice were established wt the Centraf Institute of Experimental
Animals (Kawasaki, Japan} by hackerossing y™ mice 10 NOD/Shi-seid
mice, as reported previously. ™ The mice were shipped wo the anima) facility
of Kyote University (Kyoto. Jupan) and kept under specitic pathogen-free
conditions in accordance with the facility's puideline.

Human cord blood was collected from healthy full-term deliveries afier
obtaining informed consent. Mononuclear cells were isolated on Ficoll-
Hypaque (Pharmacia. Uppsala. Sweden) after phagoeyte depletion with
silica tfmmunoBiological Luboratories. Guama, Japan).®® CD34* cell
fractions were further isolated by using AntoMACS (Miltenyi Bioec.
Bergisch Gludbach, Germany). Afier the errichment. assessment of their
purity by flow cytometry showed that approximately 95% of the cells were
CD34* cells. In the experiments using lineage-depleted cells (lin=/CD34*
cells). cord blood mononuclear cells were treated with StemSep (Stem Cell
Technologies, Vancouver. Canada), followed by CD34* selection.

Xenctransplantation of purified human cells into NOG mice was also
described previously.'®=! Mice were irradiated at 8 to 12 weeks of age with
240 ¢Gy. Enriched CD34* cells (50 000) were injected intravenously
through the 1ail vein. After the transplantation. mice were given sterile
water containing prophylactic neomycin sulfate (Invitrogen, Carlsbad. CA).
The experimental protocol was approved by the Human Studies Internal
Review Bourd at Kyoto University (no. 322).

Flow cytometry

Humun cell development in NOG mice was periodically monitored with a
flow cytometer (FACS Calibur; BD Cytometry. San Diego, CA) with
fluorescein isothiocyanate (FITC)}—conjegated antihuman CD45 monoclo-
nal amibody (mAb) and allo-phycocyanin (APC)—conjugated antimouse
CD45 mAb (BD Pharmingen, San Diego, CA). as previously reported.'83!
The lincage analysis was performed with APC-conjugated antihuman
CD45: phycoerythrin (PE)-conjugated anti-CD3, ami-CD33 (BD Pharmin-
gen), and anti-CD203c mAb which recognized both human mast cells and
basophils**3: PC5-conjugated anti-CD19. anti-CD56, and anti-Kit {cCD117)
mAb (Immunotech, Marseille. France); and biotin-conjugated anti-CD123
(1L.-3 receptor a-chain) und streptavidin-FITC (BD Pharmingen).

Murine mast cell determination

Tissue sumples were fruzen in O.C.T. Tissue-Tek compound (Miles Labs,
Elkhart, IN) or fixed in 10% buffered formalin or Carnoy solution (60%
ethanal. 30% chioroform. and 10% acetic acid). Those sections were
stained with acidic 1luidine bue. Carnoy fixed preparations were used for
safranin-O and Alcian blue staining.

To collect mast cells from the peritoneal cavity, 5§ mL prewarmed Hanks
bulanced sal solution containing 1% fetal calf serum was injecied into the
maouse peritoneal cavity. The ubdomen was gently massaged for | minute,
after which the peritoncul cavity was carefully opened, and the fluid
containing peritoneal cells was collected with a pipette. One part of the
collected cell suspension was used for direct counting of living cells, and
the remaining cells were used for staining with wluidine blue or with
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safranin-0 and Alcian blue on the cytospin preparations and oy cytomeltry.
On the eytospin preparation, @ propoertion o the positiveds stained cells
amuong the 200 nucleated cells wis determined.

Immunochemistry

To deteet unim mast cells, acetone-fined frozen sections were blocked
with denkey serum belore incubation with antiboman CIES mAb (Nichirei,
Tokye, Fapany and then incubuated with Cy 3-conjugated 2ad Ab (Jackson,
West Grove, PAY, FITC-conjugated avidin hound 10 must cells, 7 and
Hoechst 33342 (Molecular Probes, Eugene. OR). Specilicity of avidin
binding 1o mast cells was conlirmed with buth humaa ane mouse lissue
prepuritions from skin. lung. and gastric stomach.

We used acetone-fixed frozen sections Tor chymase. because the
routinely used Carnoy solution reduces the number of chymase ' cells.
Antihuman chymase mAb (Chemicon. Temeculu, CA) lubeled slides were
stained with alkaline phosphatase (AP —conjugated 2nd Ab (Vector, Burlin-
game. CAY For wyptase. fermalin-fixed paralfin-embedded sections and
methanol-fixed cytospin preparations were incubated with antitry prase
mAb (Chemicon) und with AP-conjugated 2nd Ab. The color wus devel-
oped with naphthel AS-Bl/new fuchsin. In some experiments. biotin-
conjugated unvchymase mAb-lubeled cells were mcubated with horserad-
ish peroxidase—conjugated strepraviding and the color was developed with
J-amine-9-gthyleabbazole (Vectory. The cells were sequentiully labeled
with AP-conjugated amitryptase mAb, and the color was developed with
fust blue substrate (Vector). We used healthy parts of skin oblained after
mastectomy us pusitive controls.

For SCF distribution in NOG mouse skin. we sequentially incubated
aceione-fixed frozen sections with antimouse SCF polyclonal Ab (R&D
systems, Mianeapolis, MN) and Cy3-conjugated 2nd Ab (Juckson) and
observed with a confocal laser microscopy (Olympus).

RNA purification and RT-PCR (reverse transcription—
polymerase chain reaction)

Cellular total RNA was isoluted with the phenol/euanidine isothiocyanate
method using a Trizol reagent {Invirogen) and reverse-transcribed to
complementary (¢DNA}) with oligo dT primess and SuperScript Synthesis
System (Invitrogen). Reaction mixtures were amplified with 0.2 U Taq
polymerase (Sigma) using 25 cycles for glyceraldehyde-3-phosphate dehy-
drogenase (G3PDH) and 40 cycles for others under the following condi-
tions; denaturation at 95°C for 30 secends, annealing a1 55°C for 30
seconds, and extension at 72°C for 30 seconds. Oligonucleotide primers for
SCF which recognized both humun and mouse SCF, 5'-TCTTCAGCT-
GCTCCTATTT-3' and 5'-ACTGCTACTGCTGTCATTC-3". human
tryplase. 5'-GGAAAACCACATTTGTGACG-3" and 5'-ATTCACCTTG-
CACACAGGG-3": and human chymase, 5'-AAGGAGAAAGCCAGCCT-
GACC-3 and 5'-TCCGACCGTCCATAGGATACG-3" were synthesized.

To evaluate the species origin of SCF. PCR products were puritied with
the QlAquick PCR purification kit (Qiagen, Valencia, CA) and digested for
I hour with restriction enzymes, Xmal and Neil. Mouse keratinocyte
Pam?212 and human keratinoeyte DIM-1 were positive comrols.

Human mast cell culture in vitro

Human cord blood CD34* cells were cultured in AIM-V medium (Invitro-
gen} with either human SCF (Amgen. Thousand Ouks. CA) or murine SCF
(Kirin Brewery, Gunmi, Japan) at concentration of 1 ng/mL (suboptimal)
or 100 ng/mL {optimal). as deseribed previously but with & minor
modification. ™ During the first week, 50 npg/mL humar IL-6 (Kirin
Brewery} was also added. Flow cytomeltry an the constant flow rale was
used to assess viable cell number with propidium iodide and mast cell
percentage with anti-Kit mAb,

Statistical analysis

Duta are presented as the mean = SD values. Statistical significance was
determined with the Student 1 test, und P <2 .0F was considered significant.



