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Figure 2. (A): In vitro colony formation by bone marrow cells from Stat37°~ and Mx1:Stat3%°* mice. Bone marrow cells (1 x 105/
plate) from Stat37°*~ or Mx1:Stat37%°%~ mice were plated in methylcellulose containing IL-3 (20 ng/ml), stem cell factor (20 ng/ml),
and erythropoietin (4 U/m1) for the CFU-GM and BFU-E assays or G-CSF (50 ng/ml) only for the CFU-G assay. CFU-GM, BFU-E,
and CFU-G were measured after 10 days in culture. (B): Proliferative activity of bone marrow cells in response to IL-3 and G-CSF.
Bone marrow cells (1 x 10%/ml) were incubated for 3 days in the presence of IL-3 (1 ng/ml) or G-CSF (10 ng/ml). Proliferative activity
was measured by *H-thymidine incorporation. (C): Survival of neutrophils due to G-CSF stimulation. Neutrophils from the perito-
neal cavity were cultured in IMDM supplemented with 10% FCS and 10 ng/m1 G-CSF. Apoptosis of neutrophils was examined by
flow cytometry after staining with PIand FITC-conjugated Gr! on day 2. (D): Prevention of apoptosis of neutrophils inresponse to G-
CSF. Neutrophils from the peritoneal cavity were cultured in IMDM supplemented with 10% FCS and 10 ng/ml G-CSF. Cell viability
was determined by the trypan blue exclusion assay on the indicated days. Abbreviations: CFU-GM, colony-forming unit-granulo-
cyte, macrophage; FCS, fetal calf serum; FITC, fluorescein isothiocyanate; IL, interleukin; IMDM, Iscove’s modified Dulbecco’s

medium; PI, propidium iodide.

an increased number of apoptotic neutrophils (21%) from
wild-type mice. In contrast, almost all of the neutrophils
from Stat3-deficient mice were protected from apoptosis
(Fig. 2C). Consistent with this observation, the survival of
Stat3-deficient neutrophils was enhanced in culture with
G-CSF (especially after a 2-day incubation) (Fig. 2D).

Stat3 Deficiency Enhances the Mobilization of
Hematopoietic Progenitor Cells into the Peripheral
Blood after In Vivo Administration of G-CSF

To assess the role of Stat3 in the G-CSF signaling pathway,
we first treated mice with pIpC and then, after 14 days,
treated them with daily injections of G-CSF for 7 days.
After G-CSF treatment, the number of neutrophils was
measured. Control littermates responded to G-CSF, and the

number of peripheral blood neutrophils increased. Mx1:
Stat3ex~ mice also responded to G-CSF, and the number
of neutrophils after G-CSF treatment was almost the same
in both cases (Fig. 3A). In addition to increasing the num-
ber of mature neutrophils in the peripheral blood, G-CSF
also mobilizes hematopoietic progenitor cells from the
bone marrow into the peripheral blood. Before treatment
with G-CSF, no colony-forming hematopoietic progenitor
cells were found in the peripheral blood (data not shown).
In vivo G-CSF administration to control mice mobilized
hematopoietic progenitor cells into the peripheral blood;
this phenomenon could be assessed by colony-forming
assay. In Mx1:Stat3%*~ mice, the number of hematopoietic
progenitor cells mobilized by G-CS8F was increased com-
pared with the number mobilized in control mice (Fig, 3B).
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However, the chemotactic activity of neutrophils toward
fMLP was almost identical in wild-type and Stat3-defi-
cient cells (Fig. 3C).

In addition to G-CSF, TPO also activates Stat3 in hema-
topoietic cells. Administration of TPO for 5 days increased
the number of platelets in mice, and the deletion of Stat3 in
hematopoietic cells did not alter this effect (Fig. 3D).
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Figure 3. (A): In vivo administration of G-CSF. Stat3fo*- and
Mx1:Stat3%°*-mice were injected subcutaneously with G-CSF
from days 1 through 7 at 50 pg/kg. Peripheral blood was col-
lected on the indicated day, 6 hours after G-CSF injection. (B):
Mobilization of progenitor cells after administration of G-CSF
in vivo. Stat3%°%- and Mix1:Stat3™°*-mice (n = 5) were injected
subcutaneously with G-CSF from days 1 through 5 at 50 ug/kg.
At day 5, peripheral blood mononuclear cells (2 x 10° cells/
plate) were plated in methylcellulose containing interleukin-3
(20 ng/m1), stem cell factor (20 ng/ml), and erythropoietin (4
U/ml). The number of mobilized progenitor cells (CFU-C) was
measured after 10 days in culture. (C): Chemotactic activity of
neutrophils. Neutrophils from the peritoneal cavity were placed
in the upper chamber and were attracted by fMLP in the lower
chamber for 1 hour. The cells that passed through the membrane
were counted, and the results are shown as the chemotactic
index. (D): In vivo administration of TPO. Stat3ex~and Mx1:
Stat3™*-mice were injected intraperitoneally with TPO from
days 1 through 5 at 30 pg/kg. Peripheral blood was collected at
the indicated day, 6 hours after TPO injection. Abbreviations:
CFU-C, colony-forming unit-culture; TPO, thrombopoietin.
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Stat3-Deficient Mice Develop Enterocolitis and
Are Susceptible to DSS-Induced Colitis

Because mice with conditional deletion of Stat3 in macro-
phages and neutrophils (generated using LysM-Cre) devel-
oped colitis [26] and mice with conditional deletion of Stat3
in the bone marrow and endothelial cells (generated using
Tie2-Cre) developed Crohn’s-like disease [33], we performed
histological analysis on the Mx1cre:Stat37°*~ mice 2 weeks
after pIpC treatment. This histological analysis demonstrated
areduction in goblet cell number, inflammatory cells infiltrat-
ing the lamina propria, and formation of crypt abscesses (Fig.
4A). Neutrophils and monocytes infiltrated the submucosal,
muscular, and serosa layers. These observations indicate that
Stat3 deficiency in hematopoietic lineages enhanced inflam-
mationinthe intestine.

Next we investigated the role of Stat3 in an experimental
inflammatory bowel disease model, DSS-induced colitis.
Seven days after DSS administration, Mx1:Stat3%%- mice
developed severe colitis characterized by loss of weight (Fig.
4B), extensive leukocyte infiltration, and necrosis of the
lamina propria (Fig. 4A). These changes were also observed
incontrol mice, but the degree of weight loss and inflamma-
tion were extremely mild compared with the Mx1:Stat3flo~/-
mice. Two of five Mx1:Stat3%* mice after DSS administra-
tion died, whereas all of the control mice survived. These
data suggest that Stat3 plays a negative regulatory role in
intestinal inflammation.

Absence of SOCS3 Induction by G-CSF in Stat3-
Deficient Bone Marrow Cells

The cytokine signaling is negatively regulated by SOCS fam-
ily protein. Among them, SOCS3 is induced by G-CSF, and
SOCS3 binds to phosphorylated G-CSR receptors to prevent
Jak kinase activation. As shown in Figure 5, SOCS3 was
induced by G-CSF stimulation in bone marrow cells from
wild-type mice. By contrast, the expression level of SOCS3
protein in Stat3-deficient bone marrow cells is a trace, and itis
not augmented by G-CSF stimulation.

Enhanced ERK Phosphorylation in

Stat3-Deficient Bone Marrow Cells

Neutrophilia and colitis are observed in mice with condi-
tional deletion of Stat3 in hematopoietic cells. G-CSF is the
main cytokine regulating the proliferation and differentia-
tion of cells in the granulocyte lineage [1], and the binding
of G-CSF to its receptor activates the Ras—mitogen-acti-
vated protein kinase (MAPK) signaling cascade and the
Jak-Stat signaling pathway [13, 14]. Therefore, we exam-
ined the intracellular signaling pathways induced by G-
CS8F. In bone marrow cells from control mice, G-CSF stim-
ulation promptly activated extracellular regulated kinase 1
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Figure 4. (A): Histological analysis of colitis. Stat3"*~ and Mx1:Stat3°*~mice were treated with or without 4% DSS for 7 days. At
day 7, mice were euthanized, and histological analysis was performed. Histological sections of the colon were stained with hema-
toxylin and eosin. Magnification x200. (B): Time course of DSS-induced body weight loss. Stat37*~ and Mx1:Stat37% mice (n=
5) were treated with 4% DSS for 7 days, and body weight was measured at the indicated day. Relative body weight compared with the
day-1 baseline was plotted. Abbreviation: DSS, dextran sulfate sodium.
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(ERK1)/ERK?2, and the activation diminished 60 minutes
after stimulation (Fig. 6A). Stat3 activation occurred 30 min-
utes after G-CSF stimulation and was still apparent 120 min-
utes after G-CSF stimulation. In bone marrow cells from Mx1:
Stat3%*~ mice 14 days after pIpC treatment, G-CSF-induced
activation of Stat3 did not occur. However, ERK phosphory-
lation was observed in the absence of G-CSF stimulation.
Furthermore, G-CSF stimulation increased the already high
basal levels of ERK phosphorylation, and the activation was
prolonged until 120 minutes after stimulation (Fig. 6A).
ERK1/2 is autonomously activated in bone marrow cells
with specific deletion of Stat3; therefore, it is possible that
the G-CSF-mediated hyperproliferation in Stat3-deficient
bone marrow cells is attributable to the augmented activation
of MAPK. We next examined the effects of MAPK activa-
tion on the G-CSF-mediated proliferation of bone marrow
cells. G-CSF induced the proliferation of bone marrow cells
from control mice, and the MEK kinase inhibitor U0126
almost completely inhibited this proliferative activity (Fig.
6B). Stat3-deficient bone marrow cells showed an enhanced
proliferative activity after G-CSF treatment compared with
wild-type cells. A large part of the augmented proliferative
activity induced by G-CSF in Stat3-deficient bone marrow
cells was abolished by the addition of U0126. These data
indicate that MAPK activation is responsible for most of the
enhanced proliferative activity of G-CSF-stimulated Stat3-
deficient bone marrow cells. Furthermore, the activation of
Stat3 by G-CSF negatively regulates the MAPK activation.

DiscussioN

G-CSF specifically stimulates the proliferation and differen-
tiation of cells that are committed to the neutrophil-granulocyte
lineage. Because mice lacking G-CSF or the G-CSF receptor
had impaired production of mature granulocytes [34, 35], G-
CSFis thought to be the major regulator of differentiation and
activationin the granulocyte lineage. The binding of G-CSF to
the G-CSF receptor induced activation of the Jak-Stat pathway
[3-6, 10, 11] and the Ras-Raf-ERK pathway {10, 11]. Inthe Jak-
Stat pathway, Jak1, Jak2, Tyk2, Statl, Stat3, and Stat5 are tyro-
sine phosphorylated in response to G-CSF [3-6, 10, 11]. Among
the Stats, Stat3 is mainly tyrosine phosphorylated [4, 10], and
transgenic mice with a targeted mutation of the G-CSFreceptor
(d715F) that abrogates Stat3 activation have granulopenia [24].
We now report the generation of mice lacking Stat3 in the hema-
topoietic system to analyze Stat3 functionsin vivo.

Although mice lacking G-CSF or the G-CSF receptor
showed a decrease in peripheral neutrophils [34, 35], mice
with the Stat3 deficiency in the hematopoietic system do
not have neutropenia. Rather, these mice have granulocy-
tosis, consistent with the result reported by Welte et al. [33]
or Lee et al. [36]. Furthermore, the number of neutrophils in
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Figure 5. Induction of the SOCS3 protein in response to G-
CSF stimulation of bone marrow cells from Stat3™¥-and Mx1:
Stat3fet-mice. Bone marrow cells from Stat3°%- and Mx1:
Stat3f°*- mice were incubated for 8 hours in the absence of G-
CSF and were then stimulated with G-CSF (50 ng/m}) for the
indicated period. Total cell lysates were analyzed by Western
blot with the indicated antibodies.
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Figure 6. (A): Phosphorylation of ERK1/2 in response to G-
CSF stimulation of bone marrow cells from Stat3**and Mx1:
Stat3f°*- mice. Bone marrow cells from Stat3%°%- and Mx1:
Stat3™*-mice were incubated for 8 hours in the absence of G-
CSF and were then stimulated with G-CSF (50 ng/m1) for the
indicated period. Total cell lysates were analyzed by Western
blot with the indicated antibodies. (B): Inhibition of G-CSF—-
mediated proliferative activity by the MEK1/2 inhibitor U0126.
Bone marrow cells (1 x 106/ml) were incubated for 3 days in the
presence of G-CSF (10 ng/ml) with 1 uM of the MEK1/2 inhibi-
tor U0126 or DMSO. Proliferative activity was measured by
*H-thymidine incorporation. Abbreviations: DMSO, dimethyl
sulfoxide; ERK, extracellular regulated kinase.
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the bone marrow was greater in mice deficient for Stat3 in
the hematopoietic system (Fig. 1B). There was no difference
in the number of progenitor cells (CFU-G, CFU-GM) in the
bone marrow between wild-type mice and mice deficient for
Stat3 in the hematopoietic system, as assessed by the number
of colony-forming cells (Fig. 2A). Therefore, we next exam-
ined the proliferative response of bone marrow cells to G-
CSF stimulation. As shown in Figure 2B, bone marrow cells
from the mice deficient for Stat3 in the hematopoietic system
responded more strongly to G-CSF stimulation than cells
from wild-type mice. Furthermore, apoptosis in cultures sup-
plemented with G-CSF was suppressed by ablation of $tat3
in neutrophils (Fig. 2C). Thus, the enhanced proliferation of
neutrophils observed in mice deficient for Stat3 in the hema-
topoietic system is attributable both to the augmented prolif-
eration of neutrophilic progenitor cells in response to G-CSF
and prolonged neutrophil survival inresponse to G-CSF.

The G-CSF-induced mobilization of hematopoietic pro-
genitor cells from the bone marrow into the peripheral blood
is also augmented by the absence of Stat3 in hematopoietic
cells (Fig. 3B). The mechanism by which hematopoietic pro-
genitor cells are mobilized from the bone marrow into the
peripheral blood in response to G-CSF has not been eluci-
dated. G-CSF causes neutrophils to secrete proteases, which
allows hematopoietic progenitor cells to release from the
bone marrow microenvironment into the peripheral blood.
Because the absence of Stat3 in hematopoietic cells had no
effect on the number of hematopoietic progenitor cells in the
bone marrow (Fig. 2A), the augmented mobilization induced
by G-CSF in Stat3-deficient mice must be attributable to
hyperactivity of the Stat3-deficient neutrophils in response
to G-CSF stimulation. On the other hand, the fMLP-induced
chemotactic activity of neutrophils was not affected by the
absence of Stat3 in neutrophils (Fig. 3C).

We assessed the presence of pathological abnormali-
ties caused by the deletion of Stat3 in the hematopoietic sys-
tem. There was some infiltration of inflammatory cells into
the mucosa propria in the stomach and small intestine (data
not shown), and moderate inflammation and the disappear-
ance of goblet cells were observed in the colon (Fig. 4A). No
inflammation was observed in the brain, liver, or lung. Welte
etal. [33] also reported that pathological abnormalities simi-
lar to those observed in Crohn’s disease occurred in mice
with conditional deletion of Stat3 driven by the Tie2 promoter
(Stat3CFF) [33]. Stat3CFF mice had widespread inflamma-
tory disease in the digestive tract, and close to 100% of the
animals died by 4— 6 weeks after birth. Although our Stat3-
deficient mice developed colitis, they survived under spe-
cific pathogen-free conditions. Because Tie-2 is expressed in
hemangioblasts [37], the deletion of Stat3 in the blood vessels
may lead to severe inflammation in the digestive tract.

Roles of Stat3 and ERK in G-CSF Signaling

Conditional knockout of Stat3 in macrophages and neu-
trophils resulted in chronic enterocolitis with age [26]. Mice
deficient for Stat3 in hematopoietic cells developed colitis
in their youth. Thus, the deletion of Stat3 not only in mature
neutrophils and macrophages but also in immature myeloid
cells might augment the development of colitis.

We next investigated the role of Stat3 in the pathology of
DSS-induced colitis. Stat3 is mainly activated by G-CSF, IL-
6,and IL-10, and elevation of IL-6 levels has been reported
in DSS-induced colitis. The degree of emaciation after DSS
treatment is more severe in mice lacking Stat3 in hematopoi-
etic cells than in control mice, and two of five Stat3-deficient
mice died during DSS administration (Fig. 4B). After DSS
treatment, the disappearance of the gland duct, necrosis of
the proper mucosa, and infiltration of inflammatory cells
into the serosa were observed in mice deficient for Stat3 in
the hematopoietic system, although moderate infiltration
also occurred in wild-type mice (Fig. 4A). The deletion of
Stat3 in hematopoietic cells augmented the infiltration of
inflammatory cells into the digestive tract in DSS-induced
colitis. Taken together, these data indicate that the ablation
of Stat3 in hematopoietic cells enhanced the response (pro-
liferation and inflammation) to cytokines, including G-CSF,
which is likely due to the loss of negative regulatory signals.

The suppressor of cytokine signaling (SOCS) familyis a
group of negative regulators of cytokine signaling [38-42].
These proteins are induced as part of the cellular response
to cytokines. In particular, SOCS3 expression is induced by
G-CSF stimulation [43]. SOCS3 binds selectively to phos-
phorylated tyrosine residues in the G-CSF receptor (Y729
in human and Y728 in murine G-CSF receptor) through its
SH2 domain and inhibits the catalytic activity of Jaks [43].
Therefore, we examined whether the expression level of
SOCS3 was affected by the deletion of Stat3 in hematopoi-
etic cells. Only trace levels of SOCS3 were expressed in bone
marrow cells from mice deficient for Stat3 in the hemato-
poietic system, and this expression was not induced by G-
CSF stimulation. In contrast, G-CSF treatment induced the
expression of SOCS3 in bone marrow cells from wild-type
mice (Fig. 5). Taken together, these data indicate that Stat3
is required for induction of SOCS3 in response to G-CSF
signaling. Furthermore, the absence of SOCS3 negative
feedback may allow prolonged Jak activation, resulting in
enhanced signaling and increased proliferation. Certainly
the phenotype of mice deficient for SOCS3 in hematopoietic
cells [44, 45] is extremely similar to the phenotype of mice
deficient for Stat3 in hematopoietic cells, SOCS3-deficient
mice developed neutrophilia, and cells from the neutrophil-
granulocyte lineage of mice deficient for SOCS3 in hemato-
poietic cells displayed an enhanced cellular response to in
vitro stimulation with G-CSF.
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Stat3 is the principal protein activated by G-CSF [6, 10].
32Dcl3 cells normally differentiate into neutrophils after
treatment with G-CSF; however, when these cells express
dominant-negative Stat3 (32Dcl3/DNStat3), they proliferate
in the presence of G-CSF, but they maintain immature mor-
phologic characteristics without evidence of differentiation
[23]. Additionally, transgenic mice with a targeted mutationin
the G-CSFreceptor, which abolishes G-CSF~dependent Stat3
activation, have severe neutropenia with an accumulation of
immature myeloid precursors in the bone marrow [24]. These
data suggest that Stat3 transduces the differentiation signal of
G-CSF. However, our study clearly shows that Stat3 actually
transduces an inhibitory signal by the induction of SOCS3 in
response to G-CSF signaling. This observation led us to ask
what molecule transduces the proliferation and differentiation
signals of G-CSF. G-CSFis known to activate Statl and Stat5,
each of which might be involved in regulating cell prolifera-
tion. However, the deletion of Statl does not affect granulo-
poiesis [18]. The Stat5a/Stat5b double-knockout mouse has
normal levels of neutrophils and monocytes, although G-
CSF-stimulated colony formation of bone marrow cells is
slightly affected by the absence of both Stat5a and StatSb [21].
These phenotypes, together with the phenotype of mice defi-
cient for Stat3 in the hematopoietic system, strongly suggest
that ERK is a plausible candidate as adownstream mediator of
G-CSFsignaling responsible for proliferation and differentia-
tion. This is consistent with a recent report indicating that Tyr-
764 of the G-CSF receptor is the most important element for
G-CSF-induced proliferation, which was reversed by inhibi-
tion of ERK activity [46].
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Therefore, we evaluated the role of MAPK in the G-CSF
signaling pathway (Figs. 6A, 6B). Wild-type bone marrow
cells displayed a transient activation of ERK1/2 after G-CSF
stimulation. In contrast, Stat3-null bone marrow cells dis-
played a significant activation of ERK1/2 even under basal
conditions. In these cells, ERK activation was enhanced by
G-CSF stimulation, and it was more sustained, remaining
significantly elevated 60 minutes after G-CSF stimulation
(Fig. 6A). Because enhanced proliferation of granulocytes in
response to G-CSF in Stat3-null cells might result from the
enhanced and prolonged activation of ERK, we studied the
effects of the MEK 1 inhibitor U0126, which blocks activa-
tion of ERK 1 and ERK2, on G-CSF-induced proliferation of
wild-type and Stat3-deficient bone marrow cells. As shown
in Figure 6B, addition of U0126 to the cultures inhibited G-
CSF-induced cell proliferation in wild-type mice. Surpris-
ingly, the proliferative activity of Stat3-deficient bone marrow
cells in response to G-CSF was dramatically decreased upon
addition of U0126. These data indicate that MAPK activation
is responsible for most of the proliferative activity of hemato-

. poieticcells in response to G-CSF.
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Development of functional human blood and immune systems
in NOD/SCID/IL2 receptor y chain™! mice

Fumihiko Ishikawa, Masaki Yasukawa, Bonnie Lyons, Shuro Yoshida, Toshihiro Miyamoto, Goichi Yoshimoto, Takeshi Watanabe,
Koichi Akashi, Leonard D. Shultz, and Mine Harada

Here we report that a new nonobese dia-
betic/severe combined immunodeficient
(NOD/SCID) mouse line harboring a com-
plete null mutation of the common cyto-
kine receptor y chain (NOD/SCID/interleu-
kin 2 receptor [IL2r] y™!} efficiently
supporis development of functional hu-
man hemato-lymphopoiesis. Purified hu-
man (h) CD34* or hCD34*hCD38~ cord
blood (CB) cells were transplanted into
NOD/SCID/IL2ry"ul newborns via a facial
vein. In all recipients injected with 10°
hCD34* or 2 x 10* hCD34+hCD38~ CB
cells, human hematopoietic cells were
reconstituted at approximately 70% of
chimerisms. A high percentage of the

human hematopoietic cell chimerism per-
sisted for more than 24 weeks after trans-
plantation, and hCD34* bone marrow
grafts of primary recipients could recon-
stitute hematopoiesis in secondary NOD/
SCID/IL2ry"!l recipients, suggesting that
this system can support self-renewal of
human hematopoietic stem cells.
hCD34ThCD38~- CB cells differentiated
into mature blood cells, including my-
elomonocytes, dendritic cells, erythro-
cytes, platelets, and lymphoeytes. Differ-
entiation into each lineage occurred via
developmental intermediates such as
common lymphoid progenitors and com-
mon myeloid progenitors, recapitulating

the steady-state human hematopoiesis. B
cells underwent normal class switching,
and produced antigen-specific immuno-
globulins (lgs). T cells displayed the hu-
man leukocyte antigen (HLA)-dependent
cytotoxic function. Furthermore, human
lgA-secreting B cells were found in the
intestinal mucosa, suggesting reconstitu-
tion of human mucosal immunity. Thus,
the NOD/SCID/IL2ry™! newborn system
might be an important experimental model
to study the human hemato-lymphoid sys-
tem. (Blood. 2005;106:1565-1573)

© 2005 by The American Society of Hematology

Introduction

To analyze human immune and hematopoietic development and
function in vivo, a number of studies have been tried to reproduce
human hematopoiesis in small animal xenotransplantation models.!
Successful transplantation of human hematopoietic tissues in
immune-compromised mice was first reported in late 1980s by
using homozygous severe combined immunodeficient (C.B.17-
SCID) mice. In the first model of a humanized lymphoid system in
a SCID mouse (SCID-hu model), McCune et al simultaneously
transplanted human fetal tissues, including fetal liver hematopoi-
etic cells, thymus, and lymph nodes, into SCID mice and induced
mature human T~ and B-cell development.? Mosier et al success-
fully reconstituted human T and B cells by transferring human
blood mononuclear cells into SCID mice.? These initial studies
suggested the usefulness of immunodeficient mice for reconstitu-
tion of the human lymphoid system from human bone marrow
hematopoietic stem cells (HSCs).

After these initial reports, a number of modified SCID models
have been proposed to try to reconstitute human immunity.* In
addition, recombination activating gene (RAG)-deficient strains

have been used as recipients in xenotransplantation: T- and
B-cell-deficient Prkdcs<®, Ragl=~, or Rag2~/~ mutant mice5”’
were capable of supporting engraftment of human cells. The
engraftment levels in these models, however, were still low,
presumably due to the remaining innate immunity of host animals.!
Nonobese diabetic/severe combined immunodeficient (NOD/
SCID) mice have been shown to support higher levels of human
progenitor cell engraftment than BALB/¢/SCID or C.B.17/SCID
mice.? Levels of human cell engraftment were further improved by
treating NOD/SCID mice with anti-asialo GMI1 (ganglioside-
monosialic acid) antibodies® that can abrogate natural killer (NK)
cell activity. Recently, NOD/SCID mice harboring either a null
allele at the B,-microglobulin gene (NOD/SCID/B2m~~)!0 or a
truncated common cytokine receptor vy chain (yc) mutant lacking
its cytoplasmic region (NOD/SCID/vy,~~)!112 were developed. In
these mice, NK- as well as T- and B-cell development and functions
are disrupted, because f2m is necessary for major histocompatibil-
ity complex (MHC) class I-mediated innate immunity, and because
e (originally called IL-2Rvy chain) is an indispensable component
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of receptor heterodimers for many lymphoid-related cytokines (ie,
IL-2, IL-7, TL-9, IL-12, IL-15, and IL-21).13 Injection of human
bone marrow or cord blood (CB) cells into these mice resulted in
successful generation of human T and B cells. In our hands,
efficiencies of CB cell engraftment represented by percentages of
circulating human (h) CD45* cells were significantly (2- to 5-fold)
higher in NOD/SCID/B2m ™~ newborns than those in adults (F.I.,
M.H., and L.D.S., unpublished data, April 2003). More recently,
transplantation of hCD34+ CB cells into Rag2~/~ yc =/~ newborns
regenerated adaptive immunity mediated by functional T and B
cells,!* suggesting heightened support for xenogeneic transplants
especially in the neonatal period. Efficiency of reconstitution of
human hematopoiesis may be, however, still suboptimal in these
models because chimerisms of human cells are not stable in each
experiment.!11214 Furthermore, there is little information regarding
reconstitution of human myeloerythroid components in these
xenogeneic models.

Two types of mouse lines with truncated or complete null yc
mutant!517 have been reported. NOD/SCID/y,~/~ and Rag2~/~
yc™/~ mouse strains harbor a truncated yc mutant lacking the
intracellular domain,!® and therefore, binding of -yc-related cyto-
kines to each receptor should normally occur in these models.'8 For
example, IL-2R with the null yc mutations would be an off
heterodimer complex with an affinity approximately 10 times
lower than that of the high affinity oy heterotrimer complex in
mice with the truncated yc mutant.!® yc has also been shown to
dramatically increase the affinity to its ligands through the recep-
tors for IL-4, IL-7, and IL-15.20-23 Previous studies suggested that
vye-related receptors including IL-2RB chain and IL-4Ro chain
could activate janus-activated kinases (JAKs) to some extent in the
presence of the extracellular domain of yc, independent of the
cytoplasmic domain of yc.2*25 Thus, in order to block the signaling
through ~yc-related cytokine receptors more completely, we made
NOD/SCID mice hatboring complete null mutation of yclé (the
NOD/SCID/TL2ry™! gtrain). By using NOD/SCID/IL2ry™ new-
borns, we successfully reconstituted myeloerythroid as well as
lymphoid maturation by injecting human CB or highly-enriched
CB HSCs at a high efficiency. Reconstitution of human hematopoi-
esis persisted for a long term. The developing lymphoid cells were
functional for immunoglobulin (Ig) production and human leuko-
cyte antigen (HLA)-dependent cytotoxic activity. Our data show
that the NOD/SCID/IL2ry™! newborn system provides a valuable
tool to reproduce human hemato-lymphoid development.

Materials and methods
Mice

NOD.Cg-Prkdc™#[L2rg™WiSz (NOD/SCID/IL2ry™#) and NOD/LtSz-
Prikdcss4/B2m™! (NOD/SCID/B2m™") mice were developed at the Jackson
Laboratory (Bar Harbor, ME). The NOD/SCID/IL2ry™! strain was estab-
lished by backcrossing a complete null mutation at yc locus!é onto the
NOD.Cg-Prkdc*® strain. The establishment of this mouse line has been
reported elsewhere.? All experiments were performed according to the
guideline in the Institutional Animal Committee of Kyushu University.

Cell preparation and transplantation

CB cells were obtained from Fukuoka Red Cross Blood Center (Japan). CB
cells were harvested after written informed consent. Mononuclear cells
were depleted of Lin* cells using mouse anti-hCD3, anti-hCD4, anti-hCD8,
anti-hCD11b, anti-hCD19, anti-hCD20, anti-hCD56, and anti-human gly-
cophorin A (hGPA) monoclonal antibodies (BD Immunocytometry, San
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Jose, CA). Samples were enriched for hCD34* cells by using anti-hCD34
microbeads (Miltenyi Biotec, Auburn, CA). These cells were further stained
with anti-hCD34 and hCD38 antibodies (BD Immunocytometry), and were
purified for Lin"CD34*CD38~ HSCs by a FACS Vantage (Becton Dickin-
son, San Jose, CA). Lin~ hCD34* cells (105 or 2 X 10%
Lin"hCD34"hCD38~ cells were transplanted into irradiated (100 cGy)
NOD/SCID/IL2ry™! or NOD/SCID/B2m™! newborns via a facial vein?’
within 48 hours of birth.

Examination of hematopoietic chimerism

At 3 months after transplantation, samples of peripheral blood, bone
marrow, spleen, and thymus were harvested from recipient mice. Human
common lymphoid progenitors were analyzed based on the expression of
hCD127 (IL-7 receptor o chain) and hCD10 in Lin (hCD3, hCD4, hCD8,
hCD11b, hCD19, hCD20, hCD56, and hGPA)~ hCD34+thCD38* frac-
tion.?82° Human myeloid progenitors were analyzed based on the expres-
sions of hCD45RA and hCD123 (IL-3 receptor o« chain) in Lin-
CD10-CD34*CD38" fractions. For the analysis of megakaryocyte/
erythroid (MegE) lineages, anti-hCD41la (HIP8), anti-hGPA (GAR-2),
anti-mCD41a (MW Reg30), and anti-mTer119 (Ter-119) antibodies were
used. Samples were treated with ammonium chloride to eliminate mature
erythrocytes, and were analyzed by setting nucleated cell scatter gates. For
the analysis of circulating erythrocytes and platelets, untreated blood
samples were analyzed by setting scatter gates specific for each cell
fraction. Human B lymphoid progenitors were evaluated according to the
criteria proposed by LeBien.*

Methylcellulose culture assay

Bone marrow cells of recipient mice were stained with anti-hCD34, hCD38,
hCD45RO0, hCD123, and lineage antibodies. Human HSCs, CMPs, GMPs,
and MEPs were purified according to the phenotypic definition?8%° by using
a FACSVantage (Becton Dickinson). One hundred cells of each population
were cultured in methylcellulose media (Stem Cell Technologies, Vancou-
ver, BC, Canada) supplemented with 10% bovine serum albumin (BSA), 20
pg/mL steel factor, 20 ng/mlL IL-3, 20 ng/mL IL-11, 20 ng/mL Fms-like
tyrosine kinase 3 (Fit3) ligand, 50 ng/mL granulocyte-macrophage colony-
stimulating factor (GM-CSF), 4 U/ml erythropoietin (Epo), and 50 ng/mL
thrombopoietin (Tpo). Colony numbers were enumerated on day 14
of culture.

Histologic analysis

Tissue samples were fixed with 4% paraformaldehyde and dehydrated with
graded alcohol. After treatment with heated citrate buffer for antigen
retrieval, paraformaldehyde-fixed paraffin-embedded sections were immu-
nostained with mouse anti-hCD19, anti-human IgA, anti-hCD3, anti-
hCD4, anti-hCD8, and anti-hCD11c antibodies (Dako Cytomation, Carpinteria,
CA). Stained specimens were observed by confocal microscopy (LSMS510
META microscope; Carl Zeiss, Oberkochen, Germany). Image acquisition
and data analysis were performed by using LSMS5 software. Numerical
aperture of the objective lens (PlanApochromat X63) used was 1.4.

ELISA

Human Ig concentration in recipient sera was measured by using a human
immunoglobulin assay kit (Bethyl, Montgomery, IL). For detection of
ovalbumin (OVA)-specific human IgM and IgG antibodies, 5 recipient
mice were immunized twice every 2 weeks with 100 ug of OVA (Sigma, St
Louis, MO) that were emulsified in aluminum hydroxide (Sigma). Sera
from OVA-treated mice were harvested 2 weeks after the second immuniza-
tion. OVA was plated at s concentration of 20 pug/mL on 96-microtiter wells
at 4°C overnight. After washing and blocking with bovine serum albumin,
serum samples were incubated in the plate for 1 hour. Antibodies binding
OVA were then measured by a standard enzyme-linked immunosorbent
assay (ELISA). :
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Cytotoxicity of alloantigen-specific human CD4+ and CD8+
T-cell lines

Alloantigen-specific human CD4* and CD8* T-cell lines were established
according to the method as reported.3! After stimulation with an Epstein
Barr virus—transformed B lymphoblastoid cell line (TAK-LCL) established
from a healthy individual (TAK-LCL) for 6 days, 100 hCD4* T cells or
hCD8* T cells were plated with 3 X 10% TAK-LCL cells in the presence of
10 U/mL human IL-2 (Genzyme, Boston, MA), and were subjected to a
chromium 51 (*!Cr) release assay. A Limiting number of effector cells and
10" *'Cr-labeled allogeneic target cells were incubated. KIN-LCLs that do
not share HLA with effector cells or TAK-LCL were used as negative
controls. Cytotoxic activity was tested in the presence or absence of
anti-HL.A class I or anti-HLA-DR monoclonal antibodies.

Results

Reconstitution of human hematopoiesis is achieved
in NOD/SCID/IL2ry™! mice

NOD/SCID/IL2ry™! mice lacked mature murine T or B cells
evaluated by fluorescence-activated cell sorting (FACS), and
displayed extremely low levels of NK cell activity.3! This mouse
line can survive more than 15 months?! since it does not develop
thymic lymphoma, usually a fatal disease in the immune-
compromised mice with NOD background.??

Lin~hCD34* CB cells contain HSCs, and myeloid and
lymphoid progenitors.?®?® We and others have reported that
engraftment of human CB cells, which contain hematopoietic
stem and progenitor cells, was efficient in NOD/SCID/B2m '~
and RAG2~/~/y.~/~ mice, especially when cells were trans-
planted during the neonatal period.!433 We therefore trans-
planted purified Lin"hCD34* CB cells into sublethally irradi-
ated NOD/SCID/IL2ry™!! newborns via a facial vein.?’

We first transplanted 10° Lin"hCD34* CB cells from 3
independent donors into 5 NOD/SCID/IL2ry™! newborns, and
found that the NOD/SCID/IL2ry™! newborn system is very
efficient for supporting engraftment of human hematopoietic
progenitor cells. Table 1 shows percentages of hCD45* cells in
these mice 3 months after transplantation. Strikingly, the average

Table 1. Chimerism of human CD45+ cells in NOD/SCID/B2m™! mice
and NOD/SCID/IL2ry™! mice

% nucleated cells

Mouse no. (donor no.) PB BM Spleen
NOD/SCID/IL2pynull
1(1) 71.2 70.9 66.8
2(1) 81.7 81.4 471
3(2) 50.1 58.8 49.5
4(3) 68.0 83.1 51.1
5 (3) 73.3 70.1 58.1
Mean = 8D 68.9 = 11.6* 72.9 +9.8* 54,5 + 8.0*
NOD/SCID/p2mmult
1.{1) 104 46.1 220
2(2) 11.6 315 24.3
3(3) 6.9 18.1 20.7
4 (3) 20.7 30.4 31.2
Mean = 8D 12.4 £5.9* 31,5+ 11.5* 226 2477

To compare the engraftment levels in the two strains, 1 X 105 Lin~ CD34+ cells
derived from 3 CB samples were transplanted into 5 NOD/SCID/IL.2ry"* mice and 4
NOD/SCID/p2mnul mice. At 3 months after transplantation, BM, spleen, and periph-
eral blood (PB) of the recipient mice were analyzed for the engraftment of human
celis. Data show percentages of human CD45* cells in each tissue.

*P < .05,
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engraftment levels were approximately 70% in both the bone
marrow and the peripheral blood. Compared with 4 control
NOD/SCID/B2m™/~ recipient mice given transplants from the
same donors, engraftment levels of hCD45% cells in NOD/SCID/
IL2ry™! mice were significantly higher (Table 1).

Table 2 shows the analysis of human hematopoietic cell
progeny in mice that received transplants of human Lin"hCD34*
CB cells. In the peripheral blood, hCD45% cells included hCD33+
myeloid, hCD19* B cells, and hCD3* T cells in all mice analyzed
(Figure 1A and Table 2). We then analyzed the reconstitution of
erythropoiesis and thrombopoiesis in these mice. Anti-human
glycophorin A (hGPA) antibodies recognized human erythrocytes,
while mTer119 antibodies?* recognized GPA-associated protein on
murine erythrocytes, respectively (Figure 1B). Human and murine
platelets could also be stained with anti-human and anti-murine
CD41a, respectively (Figure 1B). Circulating hGPA™ erythrocytes
and hCD41a" platelets were detected in all 3 mice analyzed (Figure
1B, right panels). hGPA* erythroblasts and hCD41a™ megakaryo-
cytes were detected as 9.5% * 6.2% (n = 5) and 1.64% =+ 0.42%
(n=15) of nucleated bone marrow cells, respectively. Thus,
transplanted human Lin~hCD34% CB cells differentiated into
mature erythrocytes and platelets in NOD/SCID/IL2ry™! recipients.

In all engrafted mice, the bone marrow and the spleen contained
significant numbers of hCD11c* dendritic cells as well as hCD33*
myeloid cells, hCD19* B cells, and hCD3* T cells (Table 2 and
Figure 1C). hCD1lc* dendritic cells coexpressed HLA-DR that is
essential for antigen presentation to T cells (Figure 1D). In contrast,
in the thymus, the majority of cells were composed of hCD3+ T
cells and rare hCD19+ B cells (Table 2).

Figure 2A shows the change in the percentage of circulating
hCD45% cells in another set of NOD/SCID/IL2ry™! newborns
injected with 2 X 10* LinhCD34*hCD38~ CB cells. Surpris-
ingly, the level of hCD45* cells in the blood was unchanged, and
was maintained at a high level even 24 weeks after transplantation.
Mice did not develop lymphoid malignancies or other complica-
tions. Furthermore, we tested the retransplantability of human
HSCs in primary recipients. We killed mice at 24 weeks after the
primary transplantation of hCD34* cells, purified 1 to 5 X 104
hCD34% cells from primary recipient bone marrow cells, and
retransplanted them into NOD/SCID/IL2ry™! newborns. In all 3
experiments, secondary recipients successfully reconstituted hu-
man hematopoiesis at least until 12 weeks after transplantation,
when we killed mice for the bone marrow analysis (Figure 2B).
Thus, the NOD/SCID/IL2ry™! newborn system can support human
hematopoiesis for the long term.

Human cord blood hematopoietic stem celis produced myeloid
and lymphoid cells via developmental intermediates
in the NOD/SCID/IL2ry"" bone marrow

The Lin~hCD34* CB fraction contains early myeloid and lym-
phoid progenitors as well as HSCs.2® To verify that differentiation
into all hematopoietic cells can be initiated from human HSCs in
the NOD/SCID/IL2ry™!! newborn system, we transplanted
Lin"hCD34*hCD38-CB cells that contain the counterpart popula-
tion of murine long-term HSCs,35 and are highly enriched for
human HSCs.3637 hCD34+ CB cells (15%-20%) were hCD38~
(data not shown). Mice given transplants of 2 X 104
Lin~"hCD34*hCD38~ cells displayed successful reconstitution of
similar proportion of human cells compared with mice reconsti-
tuted with 1 X 105 Lin"hCD34" cells at 12 weeks after transplan-
tation (Table 2). In another experiment, mice injected with 2 X 104
Lin"hCD34ThCD38~ cells exhibited the high chimerism (> 50%)
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Table 2. Cellular number and composition in tissues of engrafted NOD/SCID/AL2ry™" mice

BLOOD, 1 SEPTEMBER 2005 - VOLUME 106, NUMBER 5

% nucleated cells (% hCD45* celis)

Injected cells, mice, and tissue type Total no. cells CD33 cD19 cD3 CDite
1 % 10°Lin-CD34+

Mouse no. 1/ donorno. 1
BM 2.4 X 107 8.2 (11.6) 54.8 (77.6) 10.7 (15.1) 1.1(1.6)
Spleen 41 %107 4.3 (6.4) 33,5 (50.1) 26.1 (39.1) 2.2 (3.3)
Thymus 3.9 x 105 NE 1.3(1.3) 96.2 (98.7) NE
PB NE 4,0(5.6) 35.1-{49.3) 19.8 (27.8) NE

Mouse no. 2/donor no. 1
BM 1.8 % 107 5.5 (6.8) 56.5 (67.6) 9.9 (12.2) 2.9 (3.6)
Spleen 3.2 x 107 2.1 (4.5) 27.7 (58.8) 15.9 (33.8) 1.3 (2.8)
Thymus 4.5 % 108 NE 1.1 (1.2) 90.4 (98.8) NE
PB NE 6.1 (7.5) 53.8 (65.9) 21.6 (40.1) NE

Mause no. 4/ donor no.:3
BM 1.9 X 107 9.4 (11.3) 52.9 (63.7) 15.9 (19.1) 0.62 {0.75)
Spleen 4.4 %107 3.5 (6.8) 24.2 (47.4) 20.8 (40.7) 1.5 (2.9)
Thymus . 0.8 X 105 NE 0.88 (1.1) 78.2 (98.9) NE
PB NE 3.2{4.7) 61,3 (90.1) 5,3 (7.8) NE

Mouse no. 5/donor no. 3
BM 2.1 %107 10,2 (14.6) 48.8 (82.0) 9.4 (13.4) 1.3(1.8)
Spleen 2.7 x 107 6.6 (11.4) 30.4 (52.3) 18.6 (32.0) 1.1(1.9)
Thymus i 1.1 %108 NE 3.4 (3.7) 811 (96.3) , U NE
PB NE 9.8 (13.4) 40.4 (55.1) 16.8 (22.9) NE

2 x 104 Lin-CD34+CD38- ‘

Mouse no. 6/donorno. 4 i -
BM 2.6 X 107 3.1 (6.3) 46.1 (78.7) 8.1 (13.8) 1.3(2.2)
Splean Shogevter 3@ 40,2 (83.9) 5.9(12:3) 0.54(1.1)
Thymus 1.9 X 105 NE 2.1 (2.3) 89.4 (97.7) NE
BB ‘ NE . BA(122) 28.9 (66.3) 93 (2te) e

Mouse no. 7/donor no. 5
BM 1.4 x 107 7.2 (14.9) 39.6 (78.1) 81(61). 0B2 {18
Spleen 2.2 X 107 2.4 (5.1) 37.2 (79.3) 6.8 (14.5) 0.52 (1.1)
Thymus - 1.3 X108 NE 0.6(0.7) 85109921 . U NE
PB NE 2.3 (41.7) 49.3 (89.5) 3.5 (6.4) NE

Mouse no; B/donorno. & , . L ..
BM 1.1 X 107 6.1 (11.7) 36.8 (70.6) 7.7 (14.8) 2.5 (4.8)
Spleen 2.9 % 107 2.9 14.5) 33.8(53.1) 246(3806) . 24(38).
Thymus 1.9 x 108 NE 1.1 (1.2) 94.1 (97.0) NE
PB : : i NE 2 8.1(11.9) i - 50.2(735) to.0(148; . . NE

BM, spleen, and thymus were harvested from engrafted NOD/SCID/IL2ry" mice at 3 months after transplantation. Total cell numbers in BM and thymus represent the cells
harvested from 2 femurs for BM and those harvested from a hemilobe for thymus. Recipients 1, 2, 4, and 5 received transplants of 1 X 105 Lin-CD34+ cells. Recipients 6, 7,
and 8 received transplants of 2 X 104 Lin-CD34+CD38 cells, NE indicates not examined.

of circulating human blood cells even 24 weeks after transplanta-
tion (not shown), suggesting the long-term engraftment of self-
renewing human HSCs.

In all mice injected with Lin"hCD34*hCD38~ cells,
hGPA* erythroid cells and hCD41a* megakaryocytes were
present (not shown). We then tested whether differentiation of
Lin"hCD34*hCD38~ HSCs in the NOD/SCID/IL2ry™! mouse
microenvironment can recapitulate normal developmental pro-
cesses in the human bone marrow. We and others have reported
that phenotypically separable myeloid and lymphoid progeni-
tors are present in the steady-state normal bone marrow in both
mice3*3 and humans.?$?° Figure 2C shows the representative
FACS analysis data of recipient’s bone marrow cells. In all 3
mice tested, the bone marrow contained the hCD34*hCD38~
HSC3637 and the hCD34+*hCD38* progenitor fractions.?® The
hCD34*hCD38*hCD10*hCD127 (IL-7Ra)* common lym-
phoid progenitor (CLP) population® was detected (Figure 2C, top
panels). According to the phenotypic definition of human myeloid
progenitors,? the hCD34+*hCD38* progenitor fraction was subfrac-
tionated into hCD45RA~hCD123 (IL-3Ra)*® common myeloid
progenitor (CMP), hCD45RA~hCD123~ megakaryocyte/erythro-

cyte progenitor (MEP), and hCD45RA*hCD123 granulocyte/
monocyte progenitor (GMP) populations (Figure 2C, bottom
panels). We then purified these myeloid progenitors, and tested
their differentiation potential. As shown in Figure 2D, purified
GMPs and MEPs generated granulocyte/monocyte (GM)- and
megakaryocyte/erythrocyte (MegE)-related colonies, respectively,
while CMPs as well as HSCs generated mixed colonies in addition
to GM and MegE colonies. These data strongly suggest that
hCD34*hCD38~ human HSCs differentiate into all myeloid and
lymphoid lineages tracking normal developmental steps of the
steady-state human hematopoiesis within the NOD/SCID/IL2ry"!
mouse bone marrow.

Development of human systemic and mucosal immune
systems in NOD/SCID/IL2ry" mice

We further evaluated development of the human immune system in
NOD/SCID/IL2ry™! recipients. In the thymus, thymocytes were
mostly consisted of hCD3* T cells with scattered hCD19* B cells
(Figure 3A-B). This is reasonable since the normal murine thymus
contain a small number of B cells in addition to T cells.*®
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Figure 1. Analysis of human hematopoietic cells in NOD/
SCID/IL2ryM! recipients. (A) In the scatter gates for nucle-
ated cells, anti-hCD45 and anti-mCD45 antibodies (Abs) . A
reacted exclusively with human and murine leukocytes, re- : :
spectively. In the recipient blood, the majority of nucleated ;
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ment by hCD33+ myelomonacytic cells, h\CD19+ B cells, and 73
hCD3* T cells were achieved in peripheral blood of recipient
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mice given transplants of Lin"hCD34* CB cells (bottom row).

(B) Analysis of circulating erythrocytes (top row) or platelsts
(bottom row) in a NOD/SCID/IL2ry"! recipient. In the blood,
Ter118* murine erythrocytes as well as hGPA* human eryth-
rocytes were detected. mCD41a* murine platelets were also
reconstituted. (C) Multilineage engraftment of human cells in
the NOD/SCID/IL2ry™! murine bone marrow. hCD33* my-
elomonocytic cells, hCD19* B cells, and hCD3* T cells were
present. hGPA* erythroid cells and hCD41a* megakaryo-
cytes were also seen in the nucleated cell gate of the bone
marrow. (D, left}y HLA-DRThCD11c* dendritic cells were
detected in the spleen by a flow cytometric analysis. (Right)
Immunohistochemical staining of CD11¢in the spleen. CD11c*
cells displayed dendritic cell morphology.
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Thymocytes consisted of immature hCD4*hCD8* double-positive
(DP) T cells (Figure 3C) as well as small numbers of hCD4* or
hCD8* single-positive (SP) mature T cells (Figure 4A, top panel),
while hCD3* human T cells in spleen were mainly constituted of
either hCD4+ or hCD8* single positive T cells (Figure 4A, bottom
panel). These data suggest that normal selection processes of T-cell
development may occur in the recipients’ thymi.

In the spleen, lymphoid follicle-like structures were seen
(Figure 3D-E), where predominant hCD19* B cells were associ-
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ated with surrounding scattered hCD3* T cells (Figure 3F).
Development of mesenteric lymph nodes was also observed, where
the similar follicle-like structures consisted of human B and T cells
were present (not shown). In the bone marrow and the spleen,
nucleated cells in each organ contained hCD34+thCD19* pro-B
cells, hCD10*hCD19* immature B cells, and hCD19*hCD20*
mature B cells (Figure 4B). Figure 4C shows the expression of
human immunoglobulins on hCD19+ B cells. A significant fraction
of hCD19* B cells expressed human IgM on their surface. A
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Figure 2. Purified LinThCD34*hCD38~ CB cells reconstitute hematopoiesis via physiological intermediates, and display long-term reconstitution in the
NOD/SCID/IL2ry™! newborn system. (A} Serial evaluation of chimerism of human cells in peripheral biood of recipient mice injected with 2 X 104 Lin~hCD34+hCD38~ CB
cells. White, gray, and black dots represent 3 individual recipients. (B) hCD34* cells purified from a primary recipient marrow (left) were successfully engrafted into the
secondary newborn recipients. hCD19* B cells (middle) and hCD3* T cells (right) in a representative secondary recipient is shown. (C) The Lin~ bone marrow cells
contained hCD34+hCD38+*hCD10*hCD127 (IL-7Ra)* CLPs (top row). In the Lin~hGD10-fraction, hCD34+*hCD38+hCD45RA-hCD123 (IL-3Ra)l CMPs,
hCD34+*hCD38+*hCD45RA+hCD123"° GMPs, hCD34+hCD38+hCD45RA-hCD123~ MEPs were present. Each number for progenitors indicates percentages of hCD45+
cells. 8SC indicates side scatter. (D) Colony-forming activity of purified myeloid progenitor population in the methylceliuiose assay. Representative data from 1 of 3 recipients

are shown. Error bars represent standard deviation.
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A

Figure 3. Histology of lymphoid organs in engrafted NOD/SCID/IL2ry™! recipi-
ents. (A) The thymus showed an increased cellularity after reconstitution. (B) The
thymus stained with anti-hCD3 (green) and anti-hCD19 (red) antibodies. (C) The
thymus stained with anti-hCD4 (green) and anti-hCD8 (red) antibodies. The majority
of thymocytes are doubly positive for hCD4 and hCD8. (D-E} Lymphoid follicle-like
structures in the spleen of a recipient. (F) The lymphoid follicles mainly contained
hCD19* B cells (red) that were surrounded by scattered hCD3* T cells (green). (G)
Histology of the intestine in an engrafted NOD/SCID/IL2ry ¥ recipient (left). (H) In the
intestine, DAPI* (4’,6-diamidino-2-phenylindole}-nucleated cells (blue) contained
both scattered hCD3* T cells (green) and human IgA* cells (red). (1) The DIC image
of the same section shows that IgA* B celis were mainly found in the interstitial region
of the intestinal mucosal layer. White bars inside panels represent 80 pm (C), 100pum
(F), and 20um (i),

fraction of cells expressing IgD were also observed in the blood
and the spleen, suggesting that class switching occurred in these
developing B cells. As reported in the Rag2~'~ yc~/~ mouse
models, %1214 hCD19*IgA* B cells were detected in the bone
marrow and the spleen in NOD/SCID/IL2ry™! recipients. We then
evaluated concentrations of human immunoglobulins in sera of
mice given transplants of human Lin~hCD34" CB cells by ELISA.
In all sera from 3 NOD/SCID/IL2ry™! recipients, a significant
amount of IgG (257 = 76 ug/mL) and IgM (600 = 197 pg/mL)
were detectable, whereas sera from the control NOD/SCID/
B2m™'~ mice contained lower levels of IgM (76 * 41 pg/mL) and
little or no IgG (Table S1, available on the Blood website; see the
Supplemental Table link at the top of the online article). These data
collectively suggest that class-switching can effectively occur in
NOD/SCID/IL2ry™! mice.

The intestinal tract is one of the major sites for supporting host
defense against exogenous antigens. Since bone marrow and spleen
hCD19* B cells contained a significant fraction of cells expressing
IgA, we tested whether reconstitution of mucosal immunity could
be achieved in the NOD/SCID/IL2ry™! recipients. Immunohisto-
logic analyses demonstrated that the intestinal tract of recipient
mice contained significant numbers of cells expressing human IgA
in addition to hCD3* T cells (Figure 3G-I). Thus, human CB cells
could reconstitute cells responsible for both systemic and mucosal
immunity in the NOD/SCID/IL2ry™! newborn system.

Function of adaptive human immunity in engrafted
NOD/SCID/L2ry™! mice

Five NOD/SCID/IL2ry™! mice reconstituted with 3 independent
human CB samples were immunized twice with ovalbumin (OVA)
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at 3 months after transplantation. Two weeks after immunization,
sera were collected from these immunized mice, and were sub-
jected to ELISA to quantify OVA-specific human IgG and IgM. As
shown in Figure 5A, significant levels of OVA-specific human IgM
and IgG were detected in all serum samples from immunized mice,
but not in samples from nonimmunized engrafted mice. Thus, the
adaptive human immune system properly functioned in the NOD/
SCID/IL2ry™! strain to produce antigen-specific human IgM and
IgG antibodies.

We next tested the alloantigen-specific cytotoxic function of
human T cells developed in NOD/SCID/IL2ry™! recipients. hCD3*
T cells isolated from the spleen of NOD/SCID/IL2ry™! recipients
were cultured with allogeneic B-LCL (TAK-LCL). We established
8 hCD4* and 10 hCD8* T-cell clones responding LCL-specific
allogeneic antigens. We then estimated cytotoxic activity of these
T-cell clones in the presence or absence of anti-HLA-DR and
anti~HLA class I antibodies. We randomly chose 3 each of CD4
and CDS8 clones for further analysis (Figure 5B). A 5ICr release
assay revealed that both hCD4* and hCD8* T cell clones exhibited
cytotoxic activity against allogeneic TAK-LCL, whereas they
showed no cytotoxicity against KIN-LCL, a cell line not sharing
HLA classes I or I with TAK-LCL. Cytotoxic activity of hCD4+
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Figure 4. Development of lymphocytes in NOD/SCID/IL.2ry"! recipients. (A) The
flow cytometric analysis of human T cells in recipients. The majority of cells in the
thymus were hCD4*hCD8* double-positive thymocytes (top). The CD3* spleen cells
contained hCD4* or hCD8" single-positive mature T cells (bottom). (B)
hCD34+hCD19* pro-B, hCD10+hCD19* pre-B, and hCD19+hCD20M mature B cells
were seen in different proportions in the bone marrow and the spleen of recipient
mice. Numbers represent percentages within total nucleated cells. (G) B cells
expressing each class of human immunoglobulin heavy chain were seen in the bone
marrow, the peripheral blood (PB), or the spieen of engrafted NOD/SCID/IL2rynul
mice. Numbers represent percentages out of nucleated cells.
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Figure 5. Functional analysis of human T and B cells
developed in NOD/SCID/IL2ry"! recipients. (A) Produc-
tion of OVA-specific human immunogloblins. Two weeks
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after immunization with OVA, sera of 5 independent recipi- b
ents were sampled, and were evaluated for the concentra- ¢
tion of OVA-specific human IgM (L) and IgG (&) by ELISA,
Sera of 3 nonimmunized NOD/SCID/IL2ry™! recipients
were used as controls. O.D. indicates optical density. (B) ©
Cytotoxic activity of human T cells generated in NOD/SCID/
IL2rg-nult mice. hCD4* and hCD8* T-gell clones derived
from the recipient spleen were cocultured with allogeneic
target cells {TAK-LCLs). KIN-LCLs that do not share any
HLA type with effector cells or TAK-LCLs (X) were used as
negative controls. Both hCD4* and hCD8* T-ceil lines

2

3

displayed cytotoxic activity against TAK-LCL in a dose- Controt

dependent manner. in hCD4* T-cell clones, this effect was
blocked by anti~-HLA-DR antibodies (4), whereas in hCD8*
T-cell clones, the effect was blocked by anti-HLA class |
antibodies (B). ¢ indicates cytotoxic response to TAK-LCLs
without addition of antibodies.

and hCD8* T cell clones was significantly inhibited by the addition
of anti-HLA-DR and anti-HLA class [ antibodies, respectively.
These data clearly demonstrate that human CB-derived T cells can
exhibit cytotoxic activity in an HLA-restricted manner.

Discussion

Xenogeneic transplantation models have been extensively used to
study human hematopoiesis in vivo.!#142 In the present study, we
describe a new xenogeneic transplantation system that effectively
supports human hemato-lymphoid development of all lineages for
the long term.

NOD/SCID/IL2ry™! newborns exhibited very efficient reconsti-
tution of human hematopoietic and immune systems after intrave-
nous injection of a relatively small number of CB cells. In our
hands, NOD/SCID/IL2ry™l newborns displayed a significantly
higher chimerism of human blood cells compared with NOD/SCID/
B2m~'~ newborns under an identical transplantation setting (Table
1). This result directly shows that the IL2ry™! mutation has a merit
on human cell engraftment over the B2m~/~ mutation.

One of the critical problems in the NOD/SCID strain for the use
of recipients is that this mouse line possesses a predisposition to
thymic lymphoma due to an endogenous ectropic provirus (Emv-
30).32 Because of this, NOD/SCID and NOD/SCID/B2m ™~ mice
have the short mean lifespan of 8.5 and 6 months, respectively,
while NOD/SCID/IL2ry™! mice did not develop thymic lym-
phoma surviving more than 15 months,3! which allows a long-term
experimentation.

In our study, NOD/SCID/IL2ry™!! newborns injected with 103
hCD34* CB cells via a facial vein consistently displayed high
levels of chimerism of human hematopoiesis (50%-80%; Table 1).
This model is comparable to, or may be more efficient than the
Rag2~/~ yc™~ newborn model where intrahepatic injection of 0.4
to 1.2 X 105 hCD34* CB cells generated variable levels of
chimerism of human cells (5%-65%).!4 This slight difference of
engraftment efficiency, however, could reflect the homing effi-
ciency of HSCs by each injection route. The NOD/SCID/IL2ry™!!
newborn model might be more efficient than the NOD/SCID/y,~/~
adult model in which the majority of recipients showed approxi-
mately 30% chimerism of human cells after transplantation of
5 X 104 hCD34* CB cells.!! Although we did not test NOD/SCID/
Y./~ newborns side by side in this study, we have found that the
engraftment level of hCD34* cells of human acute myelogenous
leukemia is approximately 3-fold higher in newborns than adults in
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the NOD/SCID/IL2ry™! strain (F.I, TM., S.Y.,, M.Y.,, M.H., K.A,,
and L.D.S., manuscript in preparation). Therefore, it remains
unclear whether the IL2ry™! mutation has a significant advantage
over the truncated yc mutation!! for human cell engraftment. It is
still possible that the improved engraftment efficiencies in the
NOD/SCID/TL2ry™! newborn system as compared to those in the
NOD/SCID/y,~/~ adult system reflect the age-dependent matura-
tion of the xenogeneic barrier.

The Rag2~/~ yc~~ newborn and NOD/SCID/~,~/~ adult mod-
els have provided definitive evidences that functional T cells, B
cells, and dendritic cells can develop from hematopoietic progeni-
tor cells in immunodeficient mice. Class-switching of immunoglobu-
lin in CB-derived B cells properly occurred in the NOD/SCID/
IL2ry™! but not in the NOD/SCID/B2m~'~ newborns (Table S1),
further confirming the advantage of the NOD/SCID/IL2ry™ll
model. We also showed that, consistent with a previous report using
the Rag2~/~ yc™/~ model,'* human T and B cells developed in
NOD/SCID/IL2ry™! mice are capable of mounting antigen-
specific immune responses. Interestingly, human T and B cells
migrated into murine lymphoid organs and into the intestinal
tissues to collaborate in forming lymphoid organ structures.
Furthermore, we found that IgA-secreting human B cells can
develop in the murine intestine, suggesting that human mucosal
immunity could be generated. Thus, the cellular interaction and the
lymphocyte homing could occur at least to some extent across the
xenogenic barrier in this model. It is also of interest that developing
human cells in the thymus displayed normal distribution of SP and
DP cells (Figure 4A), and that mature human T cells displayed
cytotoxic functions in an HLA-dependent manner (Figure 5B).
This suggests that positive and/or negative selection of human T
cells could occur in NOD/SCID/IL2ry™! recipients. Thymic epithe-
lial cells in recipients reacted with anti-murine but not anti-human
centromere probes in a FISH assay (FI. and M.H., unpublished
data, September 2004), confirming their recipient’s origin. Thus, it
remains unclear how these human T cells effectively educated and
developed in murine thymus. It is also possible that human mature
T cells developed by extrathymic education and selection.

Our data directly show that the most primitive hCD34*hCD38~
CB cells are capable of generating the human myeloerythroid
system in addition to the immune system in the NOD/SCID/
IL2ry™! recipients. The emergence of circulating hCD33* my-
elomonocytic cells after transplantation of human CB cells has
been reported in the NOD/SCID/B2m™~ newborn® and the
NOD/SCID/y.~'~ adult!! systems. Development of human erythro-
poiesis, however, has not been obtained in previous models,
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although it has been reported that NOD/SCID mice can support
terminal maturation of hCD71% erythroblasts that were induced ex
vivo from human HSCs by culturing with human cytokines.*3 We
showed for the first time that human erythropoiesis and thrombopoi-
esis can develop in mice from primitive hCD34+*hCD38~ cells, as
evidenced by the presence of erythroblasts and megakaryocytes in
the bone marrow and of circulating erythrocytes and platelets in
NOD/SCID/IL2ry™! recipients. It is important to note that the
hCD34*hCD38~ CB HSC population generated myeloid- and
lymphoid-restricted progenitor populations such as CMPs, GMPs,
MEPs, and CLPs in the bone marrow (Figure 2E-F). Thus, the
NOD/SCID/IL2ry™! microenvironment might be able to support
physiological steps of myelopoiesis and lymphopoiesis initiating
from the primitive HSC stage.

In summary, we show that the NOD/SCID/IL2ry™! newborn
system efficiently supports hemato-lymphoid development from
primitive human HSCs, passing through physiological developmen-
tal intermediates. It also can support development of human
systemic and mucosal immunity, and therefore may be useful to use
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human immunity to produce immunoglobulins or experimental
vaccines. The NOD/SCID/IL2ry™!" newborn system might also
serve as an efficient tool for understanding malignant hematopoi-
esis in humans, since the analysis of human leukemogenesis has
mainly been dependent upon the NOD/SCID adult mouse sys-
tem.*-* Qur model might also be useful to reproduce the transform-
ing process of human hematopoietic cells, as transplanted murine
hematopoietic progenitor and stem cells can develop leukemia by
transducing oncogenic fusion genes in syngeneic mouse mod-
els.*7* Thus, the use of this system should open a more efficient
way to analyze normal and malignant human hematopoiesis.
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Mobilization of Human Lymphoid Progenitors after Treatment
with Granulocyte Colony-Stimulating Factor’

Rie Imamura,>*™* Toshihiro Miyamoto,?>" Goichi Yoshimoto,” Kenjiro Kémezaki,*f
Fumihiko Ishikawa,” Hideho Henzan,*" Koji Kato,” Ken Takase,*' Akihiko Numata,*"
Koji Nagafuji," Takashi Okamura,” Michioc Sata,* Mine Harada,” and Shoichi Inaba**

Hemopoietic stem and progenitor cells ordinarily residing within bone marrow are released into the circulation following G-CSF
administration. Such mobilization has a great clinical impact on hemopeoietic stem cell transplantation. Underlying mechanisms
are incompletely understood, but may invelve G-CSF-induced modulation of chemokines, adhesion molecules, and proteolytic
enzymes. We studied G-CSF-induced mobilization of CD34"CD167CD19 Lin~ and CD34*CD10"CD19* Lin~ cells (early B and
pro-B cells, respectively). These mobilized Iymphoid populations could differentiate only into B/NK cells or B cells equivalent to
their marrow counterparts. Mobilized lymphoid progenitors expressed lymphoid- but not myeloid-related genes including the
G-CSF receptor gene, and displayed the same pattern of Ig rearrangement status as their bone marrow counterparts. Decreased
expression of VLA-4 and CXCR-4 on mobilized lympheid progenitors as well as multipotent and myeloid progenitors indicated
lineage-independent involvement of these molecules in G-CSF-induced mobilization. The results suggest that by acting through
multiple frans-acting signals, G-CSF can mobilize not only myeloid-committed populations but a variety of resident marrow cell

poepulations including lymphoid progenitors.

emopoietic stem and progenitor cells (HPC),> which
usually reside within bone marrow (BM), can be re-
leased into circulation after treatment with cytokines,
cytotoxic agents, or both (1). Among a number of agents, G-CSF
is the cytokine most commonly used clinically to mobilize HPC in
a variety of transplantation settings because of its potency and lack
of serious toxicity. Especially in allogeneic stem cell transplanta-
tion, G-CSF-mobilized peripheral blood stem and progenitor cells
(PBPC) now are replacing marrow-derived HPC as a stem cell
source.

G-CSF acts by binding to its receptor (G-CSFR), a member of
the class I cytokine receptor family expressed on various hemo-
poietic cells such as stem cells, multipotent progenitors, myeloid-
committed progenitors, neutrophils, and monocytes (2—4). Liu et
al. (5) showed a significant effect of G-CSF signals on HPC mo-
bilization by demonstrating that mice deficient in G-CSFR failed
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to mobilize HPC in response to G-CSF. Conversely, they also
reported that chimeric mice with both wild-type and deleted G-
CSFR can mobilize equal numbers of HPC with or without the
receptor in response to G-CSF (6). Thus, G-CSFR expression on
HPC may not be crucial for their mobilization by G-CSF. These
data indicate that G-CSF can induce HPC mobilization by path-
ways not limited to transmittal of G-CSF signals directly onto the
target cells. Recent insights using experimental animal models are
provided suggesting that HPC mobilization by G-CSF could be
mediated by indirect effects involving generation of multiple trans-
acting signals in the marrow microenvironment (7-11). Proteolytic
enzymes such as neutrophil elastase, cathepsin G, and matrix met-
alloproteinase (MMP)-9 released from the activated neutrophils
and monocytes can degrade and/or inactivate the adhesion mole-
cules such as VCAM-1/VLA-4, chemokines such as stromal-de-
rived factor (SDF)-1/CXCR-4, and soluble Kit ligand, resulting in
the disruption of contact between HPC and the BM microenviron-
ment. HPC then would be released to migrate into peripheral blood
(PB). However, details of the mechanisms of HPC mobilization by
G-CSF are not yet fully understood, especially in humans.
Marrow is the primary lymphohematopoietic organ where B
lymphoid lineage development occurs. Under ordinary steady-state
conditions, immature lymphoid progenitors in various stages of
differentiation as well as multipotent and myeloid progenitors are
confined to BM microenvironments in which they undergo further
differentiation; then the mature cells leave the BM and circulate in
the blood. In this context, considering the broad spectrum of target
cells affected by G-CSF and involvement of changes affecting ad-
hesion molecules in HPC mobilization, G-CSF might be expected
to mobilize not only G-CSFR-possessing cells but a variety of cell
populations including lymphoid cells and nonhematopoietic cells
residing within the BM. Accordingly, we evaluated populations of
G-CSF-mobilized blood cells in detail using multicolor flow cy-
tometry to better understand the mechanism of G-CSF-induced
mobilization in humans. We identified small but significant pop-
ulations possessing immature lymphoid phenotypes such as
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CD347CD10"CD19 ™ and CD34*CD10*CD19* cells among G-
CSF-mobilized cells in blood; these have been defined as early B
and pro-B cells in the BM, respectively. The mobilized
CD34*CD10"CD19~ and CD347CD10¥CD19™ cells are capa-
ble of differentiation into B/NK cells or B cells that are equivalent
to their BM counterparts. Furthermore, these mobilized lymphoid
progenitors express lymphoid-related genes but not myeloid-affil-
iated genes including G-CSFR. In addition, Ig gene rearrange-
ments were detected in these mobilized progenitors. Expression of
adhesion molecules such as VLA-4 and CXCR-4 on the mobilized
lymphoid progenitors as well as multipotent and myeloid progen-
itors was down-regulated compared with their steady-state BM and
even G-CSF-treated BM counterparts. Thus, G-CSF can mobilize
not only myeloid progenitors but also early B and pro-B progenitor
cells by modulation of adhesion molecules in a lineage-indepen-
dent manner. These findings also support the hypothesis that G-
CSF can mediate HPC mobilization indirectly in humans as well
as mice.

Materials and Methods

Patients

G-CSF-mobilized PB samples were collected from 82 healthy allogeneic
PBPC donors who received G-CSF (Filgrastim; Kirin) s.c. at 400 pg/m?
per day for 5 days. G-CSF-treated BM samples also were collected from
three of these volunteer donors on day 5 of G-CSF administration. Steady-
state BM and PB samples were collected from 14 and 34 healthy adults,
respectively. Informed consent was obtained from all subjects.

Cell preparation and staining

PB and BM mononuclear cells (MNC) were prepared by gradient centrif-
ugation. For analysis of myeloid progenitor cells, cell samples were stained
with a Cy5-PE-conjugated lineage (Lin) mixture (anti-CD3, -CD4, -CDS,
-CD11b, -CD16, -CD20, -CD56, and glycophorin A; Caltag Laboratories),
FITC-conjugated anti-CD13 (BD Pharmingen), PE-conjugated anti-CD33
(BD Pharmingen), allophycocyanin-conjugated anti-CD34 (BD Pharmin-
gen), and biotin-conjugated anti-CD38 (Caltag Laboratories) Abs. B lym-
phoid progenitors were stained with the same Cy5-PE-conjugated lineage
mixture followed by FITC-conjugated anti-CD10 (Ancell), PE-conjugated
anti-CD19 (BD Pharmingen), and anti-CD38 and -CD34 as described
above. For analysis of T-lymphoid progenitors, Lin~ cells were stained
with FITC-conjugated anti-CD7 (BD Pharmingen), PE-conjugated anti-
CD2 (BD Pharmingen), and anti-CD38 and -CD34 as described above.
Streptavidin-conjugated Cy7-allophycocyanin (Caltag Laboratories) were
used for visualization of biotinylated Abs. Nonviable cells were excluded
by propidium iodide staining. Expression of adhesion molecules was de-
tected on progenitors staining by PE-conjugated anti-CXCR-4, VLA-4, and
¢-Kit (BD Pharmingen), together with anti-CD10 or -CD13 and anti-CD38
and -CD34 as described above.

For sorting cells, CD34™ cells were enriched from MNC using immu-
nomagnetic beads according to the manufacturer’s instructions (CD34%
selection kit; Miltenyi Biotec) followed by staining specific for progenitors of each
lineage as described above. CD34*CD38~"°*CD13~CD10~CD19 Lin~ multi-
potent progenitor cells (MPP), CD34*CD387CD13*CD10"CD19 Lin™ my-
eloid progenitor cells, CD34*CD38*CD10*CD19~CD13 Lin™~ early B cells,
and CD34*CD38"CD10*CD19*CD13 Lin~ pro-B cells were sorted by a
highly modified triple laser (488-nm argon laser, 633-nm helium-neon laser, and
UV laser) FACS (FACSVantage SE; BD Pharmingen). Five-color sorting using
both positive and negative gates in multiple channels usually gives rise to cells with
>98% purity, avoiding cosorted cells stained in a nonspecific manner. The sorted
cells were subjected to an additional round of sorting using the same gate to elim-
inate contaminating cells and doublets (12).

In vivo and in vitro assays to determine differentiation potential

Clonogenic progenitor assay was performed using a methylcellulose cul-
ture system as reported previously (12, 13). Cells also were cultured on the
irradiated Sys-1 or MS-5 stromal cell layers (14, 15). Human cytokines
such as stem cell factor (SCF) (20 ng/ml), IL-3 (30 ng/ml), IL-2 (50 ng/ml),
GM-CSF (20 ng/ml), erythropoietin (2 U/ml), thrombopoietin (20 ng/ml;
Kirin), IL-7 (20 ng/ml), fit3/flk2-ligand (FL; 10 ng/ml), and TL-11 (10 ng/
ml; R&D Systems) were added at the start of the culture.

Long-term culture initiating-cell (LTC-IC) assays were performed in
human long-term culture medium (Myelocult H5100; StemCell Technol-

LYMPHOID PROGENITOR MOBILIZATION BY G-CSF

ogies) supplemented with hydrocortisone on irradiated M2-10B4 stromal
layers as described previously (13). At 6 wk of culture on the stromal
layers, cells were transfetred to the methyloellulose medium, and colonies
were counted 14 days later.

For limiting dilution analysis, variable numbers of double-sorted early B
cells were deposited on the MS-5 stromal cell layers in the presence of
IL-7, TIL-11, SCF, FL, and IL-2, using an automatic cell deposition unit
system (BD Pharmingen). All cultures were incubated at 37°C in a humid-
ified atmosphere including 7% CO,.

For reconstitution assays, FACS-sorted cells were injected into irradi-
ated (350 rad) NOD/SCID/B,-microglobulin knockout (NOD/SCID/
B27/7) mice as described previously (16). At 68 wk after transplantation,
BM and spleen were collected for analysis by flow cytometery. Cells were
stained with mAbs to human leukocyte differentiation Ags, including
CD45, CD19, CD10, CD15, CD56, and CD3.

Gene expression profile by RT-PCR

To examine gene expression profile of each population, total RNA was
purified from 1000 double-sorted cells and was amplified by RT-PCR (12).
The primer sequences were reported previously (13). PCR products were
electrophoresed on an ethidium bromide-stained 2.0% agarose gel. PCR
amplification was repeated at least twice for at least two separately pre-
pared samples.

PCR analysis of IgH gene rearrangement

To analyze IgH gene rearrangements status of each population, DNA was
extracted from double-sorted S000 cells, and PCR amplification of VDJy
and DJy rearrangement was performed as described previously (17, 18).
This PCR analysis can detect incomplete DJy rearrangements of IgH gene
with a mixtures of upstream Dy; primers and a consensus Jy; primer, re-
sulting in a ladder of different sized products ranging from 70 to 100 bp
depending on the length of the DJy rearrangements. The GAPDH gene
primers were used as control for DNA integrity.

Statistical analyses

Levels of significance were measured using paired ¢ test. p < 0.05 was
considered significant.

Results
Phenotypic analysis

Using a five-color cell sorter, we analyzed the distribution of each
cell population including multipotent, myeloid, and lymphoid pro-
genitors. Under unstimulated conditions, few CD34*Lin~ cells
circulated in the periphery (0.023 = 0.014% of MNC; n = 34),
whereas the number of circulating CD34*Lin~ cells increased up
to 0.59 % 0.35% of MNC after G-CSF administration (Table I).
CD34*Lin~ fractions are subdivided into two fractions according
to expression of CD38: CD34*CD38 °“Lin™ fractions contain
hemopoietic stem cells with multipotent, self-renewing capacity,
whereas CD347CD38*Lin~ cells include lineage-committed pro-
genitors that have lost self-renewing capacity (Fig. 14) (13).

In BM, G-CSF administration increased the number of MNC up
to ~2.4-fold, with dominant expansion of myeloid-committed pro-
genitors and mature granulocytes/macrophages; this reflected a rel-
atively reduced percentage of the primitive CD34TCD38 °"Lin~
population (Table I). Although CD347CD38 °"Lin™ cells were
mobilized into the periphery by G-CSF, their percentage was signif-
icantly lower than in steady-state BM (Table I). Following G-CSF,
most CD34™ cells were CD13"CD38" myeloid-committed progen-
itors, myeloid progenitors constituted 92.30 *+ 3.76% and 96.70 *
6.62% of CD34*CD38"Lin~ cells in BM and PB, respectively
(Table I and Fig. 1B). These data showed that myeloid-committed
progenitors expanded within BM and were the main population mo-
bilized by G-CSF administration.

Lymphoid progenitors mobilized by G-CSF

Under ordinary conditions, after commitment to the B lymphoid
differentiation pathway, CD34*"CD38 ~“Lin~ MPP cells be-
come CD34"CD38*CD10"CD19CD20™ early B cells or com-
mon lymphoid progenitors (CLP) (14, 19) and differentiate within
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Table I Subsets of CD34* CD38 " Lin™ fraction among cells from steady-state BM, G-CSF-treated marrow, and G-CSF-mobilized PB*

Steady-State PB Steady-State G-CSF-Treated G-CSF-Mobilized PB
(n = 34) BM (n = 14) BM (n =3) (n = 82)
% CD34"Lin~ cells/MNC 0.023 £ 0.014 1.49 +0.62 1.03 £0.12 0.59 * 0.35%
% CD34*CD38 Lin~/MNC ND 0.15 = 0.072 0.078 + 0.015 0.060 + 0.036"
% CD13%/CD34*CD38"Lin~ 80.51 = 7.59 89.21 £ 691 923 +3.76 96.70 * 6.622
% CD10"CD19%/CD34*CD38 Lin~ ND 8.93 £ 537 552 £3.04 1.49 * 1.30°
% CD10"CD197/CD34"CD38 *Lin~ ND 0.82 *+ 0.56 044 +0.11 0.14 = 0.09°

¢ Data are expressed as mean * SD. ND, not detected.
b Significantly different from steady-state BM (p < 0.05).

the BM throngh a CD347CD38*CD10"CD19"CD20~ pro-B
phenotype into a CD34~"°*CD38*CD10 CD19*CD20* pre-B
phenotype (Fig. 14) (20). Then mature B cells are released from
the BM into the circulation. In our analysis, early B and pro-B cells
were undetectable in the PB of 34 healthy volunteers (data not
shown). In the steady-state BM, early B cells and pro-B cells com-
prised 0.82 = 0.56% and 8.93 = 5.37% of CD34*CD38"Lin~
cells, respectively (n = 14; Table I). Following G-CSF adminis-
tration, despite the relatively reduced percentage of lymphoid pro-
genitors reflecting expansion of myeloid lineage cells, absolute
numbers of early B and pro-B cells in BM were not significantly
different from those in steady-state BM (Table I).

Surprisingly, the G-CSF-mobilized PB contained small but sig-
nificant populations possessing the same lymphoid phenotypes as
BM early B and pro-B cells in the CD347CD38*Lin~ fractions:
CD10*CD19~ and CD10*"CD19™ cells were detectable in 60 and
80 of 82 cases, respectively. A representative FACS analysis is
shown in Fig. 1B. These CD10"CD19~ and CD10*CD19" cells
constituted 0.14 £ 0.09% (0-0.68%) and 1.49 = 1.30%
(0-8.58%) of CD34*CD38"Lin~ cells, and ~0.001% and 0.01%
of G-CSF-mobilized PB MNC, respectively (Table I). The per-
centage of circulating lymphoid progenitors was 10 and 6 times
less than that in steady-state BM and in G-CSF-treated BM, re-
spectively. T-lineage progenitor coexpressing CD34 and CD7 or
CD2 was undetectable in the G-CSF-mobilized PB (data not
shown). These lymphoid progenitors were doubly sorted and sub-

A Steady-state BM
MNG

FIGURE 1. Five-color flow cyto-
metric analyses of BM (A) and
G-CSF-mobilized PB cells (B). Cells
first were gated by lack of expression
of lineage-related Ags. Most
CD34"CD38" BM cells are CD13"
myeloid-committed cells. Small lym-
phoid-committed populations such as
CDIO*CD19” early B  and
CD10*CD19" pro-B cells exist in
the CD34*CD38" fraction but are
absent from the peripheral circulation
under steady-state condition (A). Fol-
lowing G-CSF administration, minor
populations possessing the same phe-
notype of BM early B and pro-B cells )
were mobilized into the PB (B). L

FSC

Lineage

B G-CSF-mobilized PB
PBMNG

jected to analyses of differentiation capacity and gene expression
profiles as follows.

Change in expression of adhesion molecules during G-CSF
mobilization

We next evaluated expression of c-Kit and adhesion molecules
such as VLA-4 and CXCR-4 on different progenitors during G-
CSF administration. Fig. 2 shows the mean fluorescence intensity
(MFI) for these molecules among MPP, myeloid progenitors, and
lymphoid progenitors.

Under physiological conditions, c-Kit was expressed at a low
level on the BM CD34"CD38 "°"Lin~ primitive MPP. Its ex-
pression was up-regulated in myeloid progenitors but shut down in
CD10* lymphoid progenitors (Fig. 24); these results are consis-
tent with those reported previously (14, 21). CXCR-4, a receptor
for SDF-1 that is critical for homing of HPC as well as B lym-
phopoiesis (22), was highly expressed on lymphoid progenitors,
whereas MPP and myeloid progenitors showed low CXCR-4 ex-
pression (Fig. 2B). VLA-4 was expressed on all three types of
progenitors; frequency of expression did not differ significantly
among them (Fig. 2C).

Following G-CSF administration, MFI for ¢-Kit expression on
MPP and myeloid progenitors was decreased in PB compared with
that in steady-state BM (Fig. 24). In contrast, lymphoid progeni-
tors showed low to absent c-Kit expression, and MFI between the
tissues was not different. As shown in Fig. 2, B and C, MFI for
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