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Short-Term Culture of Umbilical Cord Blood-Derived CD34
Cells Enhances Engraftment into NOD/SCID Mice Through
Increased CXCR4 Expression

Norioki Ohno, Teruyuki Kajiume, Yasuhiko Sera, Takashi Sato, and Masao Kobayashi

Human umbilical cord blood (CB) has been used successfully in stem cell transplantation. A subpopulation of
CD34* cells expresses chemokine receptor CXCR4 on the cell surface that is critical for bone marrow engraftment
in human hematopoietic stem cells. Here, we demonstrate the effect of short-term culture on CXCR4 expression
on umbilical CB-derived CD34* cells and subsequent engraftment capability in nonobese diabetic/severe com-
bined immunodeficient (NOD/SCID) mice. Surface CXCR4 expression on CD34* cells increased after incubating
the cells in medium alone for 2 h; this effect was blocked by the addition of AMD3100. No difference in CXCR4
mRNA expression was noted after incubating CD34* cells in culture for 2 h, although these cells showed signifi-
cantly increased transmigrational activity toward SDF-1 and homing activity in NOD/SCID mice. Furthermore,
cultured human CD34* cells showed improved engraftment into the bone marrow of NOD/SCID mice com-
pared to noncultured or AMD3100-treated CD34* cells. These observations suggest that increased cell surface
expression of CXCR4 on CD34* cells improved the engraftment of human umbilical CB cells into bone marrow
through enhanced homing activity.

Introduction to be essential for the homing and repopulation of HSCs
transplanted into immunodeficient NOD/SCID mice [89].
Recently, Kollet et al. [10] demonstrated that CD34+/
CXCR4- cells expressed intracellular CXCR4, the cell sur-
face expression of which was stimulated by cytokines. The
overexpression of CXCR4 on CD34* cells via gene transfer
improved human stem cell motility, retention, and multilin-
eage repopulation [11].

HUMAN corD BLOOD (CB), collected from the post-
partum placenta and umbilical cord, is a rich source
of hematopoietic stem cells (HSCs) and provides an attrac-
tive alternative to bone marrow or mobilized peripheral
blood transplantation. However, a major disadvantage of
CB transplantation is the relatively low number of HSCs in

each CB unit that severely limits its usefulness in clinical In the present study, we examined the effect of short-
transplantation [1]. Therefore, the development of ex Vivo  yarm culture on CXCR4 expression and engraftment in
culture systems to expand CB HSC numbers is important to  CB_derived CD34* cells transplanted into NOD/SCID mice.
stem cell research and clinical application. Previous studies Oy results demonstrated that short-term culture increased

showed that the transplantation of HSCs into nonobese dia-  ce]] surface CXCR4 expression in CD34* cells and enhanced
betic/severe combined immunodeficient (NOD/SCID) mice  the retention of these human cells in mouse bone marrow

was shown to be a reliable model for the detection of regen- through enhanced homing activity.
erative human HSCs [2,3].

' C_XCR4 isthe seve_n-transx.nembrane receptor 9f SDF-land  pa aterials and Methods
is widely expressed in a variety of hematopoietic cell types,

neuronal cells, and immature CD34* progenitor cells. The [so/ation of CD34* cells

chemokine receptor, CXCR4, and its ligand, stromal cell-de-

rived factor-1 (SDF-1, also known as CXCL12), play a central Umbilical CB was obtained from normal full-term deliv-
role in the migration, proliferation, differentiation, and sur- eries, after first obtaining informed consent from all partici-
vival of both murine and human hematopoietic stem/pro- pants and the approval of the Chugoku-Shikoku Regional
genitor cells [4-7). The SDF-1-CXCR4 axis has been proposed  Cord Blood Bank (Hiroshima, Japan). Mononuclear cells
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(MNCs) from CB samples were isolated using Lymphoprep
(Axis-Shield PoC AS, Oslo, Norway) density gradient cen-
trifugation and washed three times in phosphate-buffered
saline (PBS). MNCs were then enriched for CD34* cells
using the CD34 Progenitor Cell Selection System (Dynal,
Oslo, Norway) according to the manufacturer’s instructions.
The purity of CD34* cells (>90%) was determined by flow
cytometry.

Cell cultures

Enriched CD34* cell populations were divided into three
aliquots. They were cultured with or without AMD3100
(10 mM; Sigma Chemicals) for 2 h in RPMI-1640 (Sigma
Chemicals, St. Louis, MO) without serum at 1 X 106 cells/ml
(10° to 2 X 10° cells per well) in 96-well round bottom micro-
titer plates (Costar; Corning, Inc., Corning, NY). All cultures
were performed at 37°C under a humidified atmosphere of
5% CO,. A third aliquot was neither treated nor cultured and
used immediately for all experiments without preservation.

Flow cytometric analysis

The presence of cell surface antigens was determined with
a FACSCalibur (BD Biosciences, San Jose, CA) using the fol-
lowing fluorescein-conjugated monoclonal antibodies (m Abs):
FITC-labeled anti-CD45 (2D1; BD Biosciences), PE-labeled anti-
CD34 (AC136; Miltenyi Biotec, Bergisch-Gladbach, Germany),
APC-labeled anti-CXCR4 (12G5; BD Biosciences), PE-labeled
anti-CD26 (M-A261; BD Biosciences), APC-labeled anti-CD38
(HIT2; BD Biosciences), PE-labeled anti-CD33 (WM53; BD
Biosciences), PE-labeled anti-CD19 (§]25C1; BD Biosciences),
and PE-labeled anti-CD3 (UCHT]1; BD Biosciences). To iden-
tify and disregard dead cells from our analyses, cell cultures
were stained with propidium iodide (PL; Sigma Chemicals, St.
Louis, MO) at a concentration of 1 pg/mL.

Reverse transcription-polymerase chain reaction
(RT-PCR) analysis

RT-PCR was used to determine CXCR4 mRNA expres-
sion in cultured versus noncultured cells. Total RNA from
cultured CD34* cells was extracted using the acid-phenol
technique. RT-PCR was performed according to the manu-
facturer’s protocol (Takara Bio, Inc,, Shiga, Japan). The fol-
lowing specific primers were used to amplify CXCR4: sense,

"-ggc cct caa gac cac agt ca-3’; antisense, 5™-tta get gga gtg aaa
acttga ag-3’ [12]. As an internal control, we also examined the
expression of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) in all samples. Amplified DNA fragments were
then electrophoresed on an agarose gel and visualized by
ethidium bromide staining.

Migration assay

Cells were incubated for 30 min at 37°C in 5% CO, in
the upper chambers of a 96-well transwell apparatus (1 X
10° cells per well; QCM™ Chemotaxis 5 pm 96-Well Cell
Migration Assay; Chemicon, Temecula, CA) containing
RPMI-1640 medium supplemented with 10% fetal calf serum
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(FCS; StemCell Technologies, Vancouver, BC, Canada) and
then allowed to migrate to the lower chamber containing 125
ng/ml SDF-1a (Sigma Chemicals). The number of cells that
migrated to the lower chamber was scored visually with a
light microscope.

Transplantation into mice

NOD/Shi-scid jic mice obtained from CLEA (Kawasaki,
Japan) were bred and maintained under controlled condi-
tions in individually ventilated (high-efficiency particle-
arresting filtered air), sterile microisolator cages at the
Hiroshima University Animal Institute. Before transplan-
tation, 6- to 8-week-old mice were subjected to a sublethal
dose of 300 cGy total-body irradiation. Then, 1 X 10° cul-
tured or noncultured CD34* cells were injected into the tail
veins of irradiated mice.

Homing assay

Sixteen hours after tail vein injection, the mice were
killed and PBS was used to flush bone marrow cells from
femurs and tibias. The cells obtained in this manner were
analyzed by flow cytometry for the presence of human cells
using human-specific anti-CD45-FITC and anti-CD34-PE.
Atleast 1 X 10° cells were analyzed.

Engraftment analysis

To assess the engraftment of human cells into murine
bone marrow, cell populations obtained from the murine
marrows were incubated with antihuman, fluorescein-con-
jugated mAbs against CD45, CD34, CD33, CD19, and CD3
and then analyzed via flow cytometry. Engraftment analysis
was performed 8 weeks after transplantation.

Secondary transplantation

Bone marrow cells were harvested from NOD/SCID mice
in which CB CD34* cells had previously engrafted. Three
mice were injected with 1 X 10" MNCs after sublethal irra-
diation at 300 cGy. Eight weeks after secondary transplanta-
tion, human cells in murine bone marrow were labeled with
the same antihuman mAbs used in the primary engraftment
analysis and subjected to flow cytometry.

Statistics

All data are expressed as the mean *standard devia-
tion (SD). Statistically significant differences within the data
set were detected using the Student’s t-test and Wilcoxon’s
signed-ranks test. All analyses were performed using the
StatView software (version 5.0; SAS Institute, Cary, NC).

Results

Flow cytometric analysis of CXCR4 expression on
CD34* cells from umbilical cord blood

Consistent with previous studies, a subpopulation of
CD34+ cells from umbilical CB constantly expressed CXCR4
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PERCENTAGE OF CB CD34' CELLS THAT ARE
CXCR4',CD26', AND CD38~

TaBLE 1.

Incubation
(=) (+)
Surface AMD3100
markers (-) (+)
CXCR4' 80=%50 19.8 + 8.7* 52+ 34
CD26* 7.7 *35 77 £ 47 76 3.6
CD38* 43+20 55+3.2 53+28

Data represent the mean =SD of six independent experiments.
CD34" cells from CB were incubated with or without 10 mM
AMD?3100 for 2 h. *p < 0.05, compared to noncultured and
AMD3100-treated cells.

on the cell surface (7.7 + 3.6%). The cell surface expression of
CXCR4 increased after culturing CD34* cells for 2 h (19.8 -
8.6%, Fig. 1, p <0.05). It increased to >30% after 6 h in culture,
but PI staining showed that the nonviable cells at 6 h were
>30% relative to <10% at 2 h. Viability of the cultured cells at
for 2 h was not different from that of the noncultured cells.
Culturing for 6 h, therefore, was not done after this first ex-
periment. The increase in the CXCR4 level was not exhibited
in the presence of AMD3100, a CXCR4 antagonist. Next, we
cultured CD34+ cells in the presence or absence of AMD3100
and examined the expression of CD26, CD38, and CXCR4.
As shown in Table 1, a 2-h incubation with AMD3100 did not
affect the expression of CD26 or CD38.

RT-PCR analysis of CXCR4 expression

The expression of CXCR4 mRNA during short-term in-
cubation was examined via RT-PCR. As shown in Figure 2,
the addition of AMD3100 had no affect on CXCR4 mRNA
expression after a 2-h incubation. A quantitative real-time
RT-PCR analysis using the same samples showed no differ-
ence in CXCR4 expression after a 2-h incubation (data not
shown). Thus, the observed increase in cell surface expres-
sion was not the result of increased mRNA expression.

Migration and homing activity of cultured cells

Because 2-h incubation increased CXCR4 expression on
the surface of CD34* cells, we examined the in vitro mi-
gration of these cells toward the CXCR4 ligand, SDF-1. As
shown in Figure 3, over 25% of CD34* cells cultured for 2
h showed transmigration in response to SDF-1. However,
transmigrational activity was significantly lower in non-
cultured cells and in cells which had been cultured in the
presence of AMD3100 (p < 0.05). Furthermore, the effect of
increased CXCR4 expression on homing activity was deter-
mined by evaluating the presence of human CD45+/CD34+
cells in mouse bone marrow 16 h after tail vein injection.
As shown in Figure 4A, a cluster of CD45+/CD34+ cells (R1)
was detected in the bone marrow of mice injected with cul-
tured CD34+ cells. Homing activity was compared among
cells cultured in the presence and absence of AMD3100 and
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FIG. 1. Effect of short-term culture with or without
AMD3100 treatment on CXCR4 expression on CD34* cells.
Representative flow cytometry profiles for CXCR4 expres-
sion in cultured cells with or without AMD3100 treatment
(A). CXCR4 expression on CD34* cells during short-term in-
cubation with AMD3100 (#) or without AMD3100 (#) (B).
Data represent the mean *SD of six independent experi-
ments. And, CXCR4 expression increased significantly on
the surface of CD34* cells (*p < 0.05, **p < 0.01).

noncultured cells. Cultured CD34+ cells demonstrated sig-
nificantly greater homing activity compared to noncultured
cells and to cells cultured in the presence of AMD3100 (p <
0.05 in each case).

Engraftment of cultured CD34+* cells
into NOD/SCID mice

Figure 5 shows a representative FACS analysis of human
marrow cells in bone marrow from identical NOD/SCID
mice after CD34* cell transplantation. The presence of
human cells was detected by the cell surface expression of
CD45, CD34, CD33, CD19, and CD3. The recipients exhibited

CD45*/CD19* B-lymphoid cells, CD45*/CD33* granulomo-

nopoietic cells, and CD45*/CD34* immature cells, but not
CD3* T cells. The percentage of CD34*/CD19* positive cells
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FIG. 2. Effect of short-term incubation on CXCR4 mRNA
expression in CD34* cells. Total RNA was extracted from
cells after the cells were incubated under the indicated cul-
ture conditions, RT-PCR was performed. GAPDH was used
as an internal control. Short-term culture had no effect on
CXCR4 mRNA expression in CD34* cells.

in the CD45* cells was 6-12%, consistent with the report of
Kobari et al. [13]. Next, at 8 weeks, we performed a secondary
transplant of engrafted cells from previously transplanted
mice to determine if long-term engraftment of self-renew-
ing cultured CB cells had occurred. Successful secondary
engraftment occurred as shown by the presence of CD45*/
CD19* cells and possibly CD45*/CD34* cells (Fig. 5B).

To assess the effect of short-term culture and AMD3100
interference on engraftment, CD34* cells were cultured with
or without AMD3100 as indicated and injected into NOD/
SCID mice via the tail vein. Eight weeks after transplantation,
engraftment was assessed based on the expression of the
human CD45 antigen. As shown in Figure 6, cultured CD34*
cells showed increased engraftment into murine bone mar-
row compared to noncultured CD34* cells (32.0 + 21.4% vs.
171 * 15.7%), p < 0.01, or to CD34* cells from AMD3100-
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FIG.3. Effectof short-term incubation and AMD3100 treat-

‘ment on transmigrational activity in CD34* cells. CD34* cells

were loaded into the upper wells of a transwell apparatus
and incubated for 2 h. Migration was assessed according to
the percentage of cells migrated to lower wells containing
SDF-1. The data represent the mean * SD of six indepen-
dent experiments. * p < 0.05, significant increase compared
to noncultured and AMD3100-treated cells.
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treated cultures (129 * 11.1%), p < 0.01, as determined by
Wilcoxon's signed-ranks test.

Discussion

Umbilical CB contains hematopoietic cells capable of
engrafting into NOD/SCID mice in vivo. Our results dem-
onstrate that short-term culture in the absence of serum and/
or cytokines induced the expression of CXCR4 on umbilical
CB-derived CD34* cells, resulting in enhanced homing ac-
tivity and subsequently improved engraftment into NOD/
SCID mice. The enhanced homing and engraftment of short-
term cultured CD34+ cells was abolished by the addition
of AMD3100 to the cultures, suggesting that improved en-
graftment was dependent upon increased CXCR4 expression.

Lataillade et al. [14] reported that cell surface expression
of CXCR4 increased significantly when purified progenitor
cells were incubated overnight in serum. Peled et al. [9] dem-
onstrated that human CD34* cells incubated with stem cell
factor and IL-6 for 48 h showed increased CXCR4 expres-
sion, resulting in enhanced in vitro migration toward an
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FIG.4. Homing activity of CD34* cells in NOD/SCID mice.
CD34* cells were cultured as indicated and then injected into
the tail veins of NOD/SCID mice. After 16 h, the mice were
killed and human-derived cells in the bone marrow were
quantified based on the presence of a CD45*/CD34* cluster
(R1) in flow cytometry (A). The fold-increase compared to
noninjected mice was calculated (B). The data represent
the mean +SD of six independent experiments. *p < 0.05,
significantincrease compared to noncultured and AMD3100-
treated cells.
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FIG.5. Representative flow cytometry profiles of human CD45*, CD34*, CD33*, and CD19* cells obtained at 8 weeks after
transplantation. The following fluors were coupled to each antibody: CD45-FITC, CD34-PE, CD33-PE, and CD19-PE. Similar
results were obtained in 12 additional experiments (A). Secondary transplantation of bone marrow cells obtained from
previously transplanted mice (B). Marrow cells obtained at 8 weeks.

SDF-1 gradient and increased homing and repopulating po-
tential in NOD/SCID and NOD/SCID/beta2-microglobulin
null mice. In contrast, the long-term culture of CD34* cells
in a cytokine cocktail decreased CXCR4 expression and led
to reduced repopulating potential in immunodeficient mice
[15]. The mechanism underlying CXCR4 up-regulation dur-
ing incubation remains unclear, although various factors,
including cell surface adhesion molecules, cell-cell contact
between CD34* and low-density MNCs, growth factor pro-
duction, and adhesion molecule interactions, may be in-
volved [4,5,16]. Our RT-PCR results showed that cell surface
CXCR4 expression increased in cultured CD34* cells without
concomitant increases in mRNA expression.

CXCR4 is thought to play a crucial role in the homing
and retention of HSCs in murine bone marrow [9] and is re-
quired for the retention of B-lineage and myeloid precursors
in the bone marrow [16]. Recently, Kahn et al. [11] reported
that the overexpression of CXCR4 in human CD34* cells
via gene transfer increased proliferation, migration, and
NOD/SCID repopulation. Similarly, we confirmed the im-
portance of CXCR4 expression in CD34* cell in NOD/SCID
marrow homing through the inhibitory effect of AMD3100.
AMD3100, a small bicyclam molecule, reversibly inhibits
SDF-1-CXCR4 binding [17].

In conclusion, we demonstrated that short-term culture
of CB-derived CD34* cells increased CXCR4 expression on
these cells, resulting in increases in in vivo homing and en-
graftment into NOD/SCID mice. Thus, short-term culture of
hematopoietic stem/progenitor cells in the absence of sera
and cytokines may serve as a simple but effective way to en-
hance their repopulating activity.
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FIG.6. Engraftmentof CD34*cells with or without the pres-
ence of AMD3100 into NOD/SCID mice. CD34* cells were
cultured as indicated and then injected into the tail veins of
NOD/SCID mice. Eight weeks after transplantation, the mice
were killed and percentage of human CD45* cells was deter-
mined. The data represent the percentage of human CD45*
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differences among cultured, noncultured, and AMD3100-
treated cells were analyzed using Wilcoxon’s signed-ranks
test. *p < 0.0, significant increase compared to noncultured
and AMD3100-treated cells.
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Notch Activation Induces the Generation of Functional NK Cells
from Human Cord Blood CD34-Positive Cells Devoid of IL-15"
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The development of NK cells from hematopoietic stem cells is thought to be dependent on IL-15. In this study, we demonstrate
that stimulation of human cord blood CD34% cells by a Notch ligand, Deltad, along with IL-7, stem cell factor, and Fms-like
tyrosine kinase 3 ligand, but no IL-15, in a stroma-free culture induced the generation of cells with characteristics of functional
NK cells, including CD56 and CD161 Ag expression, IFN-y secretion, and cytotoxic activity against K562 and Jurkat cells.
Addition of y-secretase inhibitor and anti-human Notch1 Ab to the culture medium almost completely blocked NK cell emergence.
Addition of anti-human IL-15-neutralizing Ab did not affect NK cell development in these culture conditions. The presence of
IL-15, however, augmented cytotoxicity and was required for a more mature NK cell phenotype. CD56* cells generated by culture
with IL-15, but without Notch stimulation, were negative for CD7 and cytoplasmic CD3, whereas CD56™ cells generated by culture
with both Delta4 and IL-15 were CD7* and cytoplasmic CD3* from the beginning and therefore more similar to in vivo human
NK cell progenitors. Together, these results suggest that Notch signaling is important for the physiologic development of NK cells

at differentiation stages beyond those previously postulated. The Journal of Immunology, 2009, 182: 6168—6178.

atural killer cells are critical for host immunity because
N they rapidly mediate cellular cytotoxicity against patho-

gen-infected or malignantly transformed cells and pro-
duce a wide variety of cytokines and chemokines that influence
other components of the immune system. Unlike other lympho-
cytic lineages, however, the continuous staging scheme of human
NK cell development in vivo has yet to be elucidated (1). One
reason for this may be the difficulty in closely correlating our
knowledge of mouse NK cell biology with human NK cell biology
(2), because mouse NK cells do not express a homolog of CD56,
which is the marker most representative of human NK cells; in-
stead, the most widely used markers of NK cells in various mouse
strains are NK1.1 and DX5, mouse-specific Ags. Among the mol-
ecules involved in NK cell development, IL-15 has a particularly
important role. For example, IL-15-deficient mice lack NK1.1"
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cells (3), indicating that IL-15 is essential for NK cell development
in mice. The requirement of IL-15 for mouse NK cell development
has also been demonstrated by other studies (4, 5). In humans,
IL-15 is considered to be required for in vitro NK cell development
and virtually most current protocols for human NK cell differen-
tiation culture depend on IL-15. IL-15-independent NK cell dif-
ferentiation has been reported in which human cord blood (CBY?
cells are cocultured with murine stromal cell lines (6). Signaling,
however, substituting IL-15 signaling that is responsible for the
NK cell differentiation in this culture system was not described.
NK cells are thought to be derived from hematopoietic stem
cells through a T/NK precursor stage. The Notch signaling path-
way influences cell fate decisions in numerous cellular systems,
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including various hematopoietic and immune cells (7-9). To date,
four Notch receptors (Notchl— Notch4) and at least four Notch
ligands (Deltal, Delta4, Jagged1, and Jagged2) have been identi-
fied in mammals. Signaling through Notchl is crucial in the early
stages of T cell development (10-12). In culture, ligand-induced
Notch signaling drives human CB CD34" cells to differentiate into
T/NK cell precursors (13). Furthermore, Notch signaling drives the
T/NK precursors toward differentiation into T and NK cells, although
the results for the NK cells are controversial. For example, inhibition
of Notch signaling suppresses T cell development and stimulates NK
cell development (14—16), whereas activation of Notch signaling con-
tributes to the efficient development of NK cells in mice (17, 18) and
humans (19). It is not concluded, however, whether Notch signaling
is involved in the function of NK cells or whether IL-15 is necessary
for NK cell development in culture.

In this report, to gain further insight into the physiologic sig-
nificance of Notch signaling in NK cell development, we examined
whether IL-15 is dispensable for the generation of functional NK
cells and whether Notch signaling has a role in the later stages of
NK cell development. Our results indicated that Notch signaling,
but not IL-15 stimulation, was essential for inducing CD34™" cells
to give rise to. CD7" and cytoplasmic (cy) CD3™ cells that express
CD56 in stroma-free culture. Surprisingly, cells cultured with
Delta4-coated plates, but lacking IL-15 in the medium, were func-
tional NK cells with cytotoxic activity. IL-15, along with Delta4,
further augmented NK cell activity and phenotypic maturation.

The addition of IL-15 without exogenous Notch ligand, however, -

did not allow CD34™ cells to take a NK cell developmental path-
way resembling physiologic NK cell precursors. Notch signaling
might have a significant role in the development of NK cells
in vivo.

Materials and Methods
Reagents and Abs

Recombinant human Delta4-Fc chimeric protein was generated as de-
scribed previously (20). Recombinant human IL-7 and IL-15 were pur-
chased from R&D Systems. Human stem cell factor and human Fms-like
kinase 3 ligand (FL) were a gift from Amgen. Human IL-6/IL-6 receptor
fusion protein (FP6) and human thrombopoietin were provided by Kirin
Pharma. Anti-IL-15 Ab (MAB2471) and isotype control mouse IgG1 were
purchased from R&D Systems. Anti-CD3 (UCHTI), CD8 (SK1), CD14
(M5E2), CD44 (G44-26), CD45 (HI30), CD45RA (HI100), CD56 (B159),
CD9% (HP-3D9), CD161 (DX12), NKG2D (1D11), CCR7 (3D12),
granzyme B (GB11), and IFN-y (25723.1) Abs were purchased from
BD Biosciences. Anti-CD2 (T11), CD4 (13B8.2), CD7 (8H8.1), CDl 1a
(25.3), CD11b (Bearl), CD25 (B1.49.9), CD27 (1A4CD27), CD33
(D3HL60.251), CD57 (NC1), CD62L (DREGS56), CD117 (YB5.B8),
CDI122 (CF1), CD158a (EB6), and CD158b (GL183) Abs were pur-
chased from Beckman Coulter. Anti-CD34 and CD133 Abs were pur-
chased form Miltenyi Biotec. RIK-2, anti-TRAIL mAb, was prepared as
described previously (21).

Isolation of CD34™ and CDI133" cells

Human CB samples were collected from normal full-term deliveries. The
parents of all donors provided written informed consent to participate in the
study. The procedures were approved by the institutional review board.
Mononuclear cells were separated from blood samples by density gradient
centrifugation (Lymphoprep; AXIS-SHIELD PoC). CD34- and CDI133-
enriched cells were separated from mononuclear cells using a MACS Di-
rect CD34 Progenitor Cell Isolation Kit and MACS CD133 MicroBead Kit
(Miltenyi Biotec), respectively, according to the manufacturer’s protocol.
The purity of the CD34 " and CD133™ cells was 97.3 £ 2.3% (n = 15) and
95.4 * 3.2% (n = 4), respectively. Residual CD3™ and CD56™ cells were
0.73 = 0.42% and 041 * 0.32%, respectively, in either purification
strategy.

Cell culture

Nontissue culture-type 24-well plates were precoated by applying 10
pg/ml Deltad-Fe or control Fc fragments of human Ig G (Fc) (Athens

6169

Research & Technology) to the plates at 37°C for 1 h. Cells were cultured
in MEM Eagle, « modification (Sigma-Aldrich) supplemented with 20%
FBS (Thermo Trace) and penicillin-streptomycin at 37°C in a humidified
atmosphere flushed with 5% CO, in air. The number of CD34 or CD133
magnetic bead-sorted cells seeded in each well was 0.25-1.2 X 10°. Cy-
tokines were added at concentrations of 10 ng/ml for IL-7, 100 ng/ml for
stemn cell factor and 100 ng/ml for FL. one-half of the culture medium was
changed every 3 or 4 days. Ten nanograms of thrombopoietin per ml and
100 ng/ml FP6 were added only into the starting culture medium for ef-
fective proliferation, although they were not essential (data not shown).
IL-15 was added at 5 ng/ml when indicated. Anti-IL-15 or isotype IgG was
added at 10 pg/ml when indicated. To inhibit Notch signaling, 10 pmol/L
y-secretase inhibitor N-[N-(3,5-difluorophenacetyl-L-alanyl)]-S-phenylgly-
cine tert-butyl ester (DAPT; Calbiochem) was added to the culture me-
dium. CD161" and CD161 " cells from the culture were isolated using
FACSAria (BD Biosciences) after staining with anti-CD161-PE Ab.

Phenotyping assay

Immunofiuorescence staining for flow cytometry was performed according to
standard procedures. To exclude dead cells from the analysis, 7-aminoactino-
mycin D (Beckman Coulter) was used. Cytoplasmic staining was performed as
follows: after staining the cells with anti-CD56-allophycocyanin and fixing
with FACS lysing solution (BD Biosciences), the cells were permeabilized
using FACS permeabilizing solution (BD Biosciences) and stained with anti-
CD3-PE Ab. For staining for granzyme B, the same fixing and permeabilizing
procedure was performed after cell surface staining with anti-CD56-PE and
anti-CD3-allophycocyanin. For staining for TRAIL, the cells were incubated
with 1 pg of RIK-2 for 30 min at 4°C followed by anti-mouse IgG1-PE
(A85-1). Cells were analyzed by flow cytometry using FACSCalibur and
CellQuest software (BD Biosciences).

Cytotoxicity assays

A 3'Cr release assay to determine cytotoxicity was performed using stan-
dard Procedures. In brief, 5 X 10° K562 or Jurkat cells were labeled with
Na,*'CrO; (Amersham Biosciences) and cocultured with effector cells at
various ratios in 96-well round-bottom microtiter plates in 200 ul of cul-
ture medium. The cocultured cells were incubated for 4 h, and 100 wl of
supernatant was collected from each well and counted with a Packard
COBRA gamma counter (Packard Instruments). The percentage of specific
3ICr release was calculated as follows: [epm experimental release — cpm
spontaneous release]/(cpm maximal release — cpm spontaneous release) X
100. The ratio of spontaneous release to maximal release was <20% in all
experiments. In experiments to test the mode of cytotoxicity, we used con-
canamycin A (CMA; Sigma-Aldrich) as a selective inhibitor of the per-
forin-mediated cytotoxicity, and anti-TRAIL Ab RIK-2. Effectors were
pretreated with 100 nmol/L. CMA for 2 h before the cytotoxicity assays
(22). RIK-2 was added at a final concentration of 10 wg/ml at the start of
the cytotoxicity assay.

Intracellular cytokines

The cells were stimulated by PMA (25 ng/ml; Sigma-Aldrich) and iono-
mycin (1 ug/ml; Sigma-Aldrich) in the presence of monensin (2 pmol/L;
Sigma-Aldrich) for 4 h. After staining the cells with anti-CD56-PE, they
were fixed and permeabilized as described above and stained with anti-
IEN-y-FITC Ab. The cells were analyzed on a FACSCalibur using
CellQuest software.

Anti-Notch Abs

For cell surface staining, we used biotinylated Abs and streptavidin-PE
(BD Biosciences). To block Notchl, we added 10 (pg/ml) MHN1-519 to
the medium. Mouse IgG1 (R&D Systems) was used as the control. The
anti-human Notchl (MHN1-519, mouse IgG1), Notch2 (MHN2-25, mouse
1gG2a), and Notch3 (MHN3-21, mouse IgGl) mAbs were generated by
immunizing BALB/c mice with human Notchl-Fc (R&D Systems),
Notch2-Fc (the Fc portion of human IgG1 was fused to the 22nd epidermal
growth factor repeat of the extracellular region of human Notch2), or
Notch3-Fc (R&D Systems) and screening hybridomas producing mAbs
specific for Notch1-Fc, Notch2-Fc, or Notch3-Fc by ELISA. MHN1-519,
MHN2-25, and MHN3-21 reacted with CHO(r) cells (23) expressing hu-
man Notchl, Notch2, and Notch3, respectively, as demonstrated by flow
cytometry (supplemental Fig. $44'%). MHN1-519 and MHN3h21 blocked
Notchl-Fc and Notch3-Fc binding to CHO(r) cells expressing human
Deltad, respectively, but MHN2-25 did not block Notch2-Fc binding (sup-
plemental Fig. S4B).

' The online version of this article contains supplemental material.
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FIGURE 1. Phenotypic and functional analysis of cells derived from CD34™ cells on Deltad-Fc-coated plates. A, Representative dot plot illustrating CD161
vs CD56 expression in the cells generated on Deltad-Fc-coated plates from CD34™" CB cells after culture for 3 wk, and dot plot illustrating CD161/CD3 vs CD34
of the sorted CB population before culture. B, Various phenotypic analyses of the 3-wk cultured cells that were gated on CD161 " events. Results are representative
of at least four experiments. C, The 2.5-wk cultured cells were cytotoxic against K562 target cells at the indicated E:T ratios. The ratio of CD161% cells cultured

on Deltad-Fc-coated plates and those Fc-coated plates in this experiment was 40 and 0%, respectively. Results are representative of four experiments. D, IFN-y

production by the 3-wk culture cells, as analyzed by intracellular expression. The histogram plots were gated on CD56 " events. Results are representative of five
experiments.
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4%

FIGURE 2. Phenotypic analysis of
cells cultured in the presence of

y-secretase inhibitors. Representative
dot plots of CB CD34™ cells that
were cultured for 2.5 wk on Deltad-
Fc-coated plates with DMSO (the sol-
vent for the #y-secretase inhibitors:

-
39%| =70.6% 0.4%] =¥0.1% 0.2%

D4-Fc with DMSO), Deltad-Fc-
coated plates with DAPT (D4-Fc with
DAPT), and Fc-coated plates (Fc).
Results are representative of three
experiments.

Results

Human CB CD34" and CDI133™ cells gave rise to functional
NK cells by Notch signaling in a stroma-free culture without
exogenous IL-15

CD34™ or CD133™ cells were cultured on Deltad-Fc-coated
plates. The cells became almost immunophenotypically homo-
geneous after culture for ~3 wk (Fig. 14). The proliferation
efficiency depended on CB batches; fold increases in the cell
number after the 3-wk culture were 10.3 = 7.74-fold (n = 11).
These cells expressed CD56 and CD161, but did not express
surface CD3 or TCRa/B (data not shown). CD56/CD161 dou-
ble-positive cells also expressed NKG2D and CD117, but were
essentially negative for CD16 and killer Ig-like receptors
(CD158a and CD158b). The cells had cytotoxic activity against
K562 (Fig. 1C) and Jurkat cells (see Fig. 5Bii), and secreted
IFN-vy (Fig. 1D). These results indicate that the culture products
meet the general criteria for functional NK cells. The products
generated from CB CD34" and CD133™ had the same charac-
teristics (data not shown).

Virtually no NK cells developed in culture on control Fc-
coated plates; the vast majority of the cells were CD33" my-
eloid cells, a significant part of which expressed CD14 (Fig. 2).
The absolute cell numbers with control Fc are ~5-fold higher
than that with Deltad-Fc, and the fold increases in the cell num-
ber after the 3-wk culture were 45.7 = 31.6-fold (n = 11). To
confirm that the NK cell differentiation was Notch dependent,
we added a y-secretase inhibitor, DAPT, which strongly inhib-
its ligand-dependent Notch activation (24, 25). The cells cul-
tured on Deltad-Fc-coated plates in the presence of DAPT had
the same immunophenotype as those cultured on the control
Fc-coated plates and did not give rise to NK cells (Fig. 2),
indicating that the observed NK cell development was Notch
activation dependent. The number of cells generated increased
to the level of that in the control Fc protein-coated plates (data
not shown). ’

We cultured CD34™" cells and CD133™ cells purified from G-
CSF-mobilized peripheral blood cells. Both cell types gave rise to
CD567CD161"% NK cells that were similar to those derived from
CB CD34" or CD133™ cells. The amount of time required for
mobilized peripheral blood CD34" or CD133™ cells (~5 wk) to

develop to a major population of CD56"CD161% NK cells was
greater than that required for CB CD34™ or CD133" cells (sup-
plemental Figs. S1A and S2 and Fig. 3), although the time courses
varied to some degree from batch to batch (supplemental Fig. S2
and data not shown).

We next examined the effects of other soluble Notch ligands,
human Deltal-Fc and Jaggedl-Fc, on NK cell development from
CB CD34™ cells. Deltal-Fc had an effect similar to that of Delta4-
Fc, although with lower efficiency (supplemental Fig. S1B), and
Jagged1-Fc showed no potential to induce NK cell development
(data not shown). Therefore, we used Deltad-Fc as the soluble
Notch ligand and CB CD34 ™ cells as the starting material for the
remaining experiments.

IL-15 is dispensable for in vitro NK cell development from CB
CD34™ cells in the presence of Deltad stimulation, whereas
Notch stimulation appears to be essential for physiologic NK
cell development '

When IL-15 was added to the culture medium on control Fc-
coated plates, CD56"CD161" NK cells emerged (Fig. 3 and
supplemental Fig.S2, Fc plus IL-15; cf with Fig. 3 and supple-
mental Fig.S2, Fc); this effect was blocked by anti-IL-15- neu-
tralizing Ab (Fig. 3 and supplemental Fig.S2, Fc plus IL-15 plus
anti-IL-15). IL-15 does not affect the absolute cell number; fold
increases in the cell number after the 3-wk culture were 46.8 =
36.3-fold, 43.1 * 35.7-fold, and 48.4 * 9.48-fold with IL-15
(n = 7), without IL-15 (n = 7), and with IL-15 and anti-IL-15
(n = 3) in the control Fc-coated plate condition. The rate of NK
cell development by IL-15 stimulation, however, was much
slower than that by Deltad-Fc stimulation. In the absence of
Notch stimulation, but with IL-15, the percentage of total NK-
lineage cells represented by positive CD161 was only 2.6 *
2.9%, 6.3 = 4.6%, and 9.0 £ 4.5% at 2, 3, and 4 wk, respec-
tively (Fig. 3 and supplemental Fig.S2, Fc plus IL-15); whereas

- in Delta4-Fc with IL-15 (Fig. 3 and supplemental Fig.S2, D4-Fc

plus IL-15) or without IL-15 (Fig. 3 and supplemental Fig.S2,
D4-Fc), the percentage of total NK-lineage cells was 56 * 17%,
77 = 11%, and 81 * 5.8% (with IL-15) or 52 = 18%, 74 *
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Fc+IL-15 Fc Fc+IL-15 D4-Fc D4-Fc D4-Fc +1L-15
+migG1 + migG1 + anti-IL-15 + migG1 + anti-IL-15 +migG1

1w

%

&?’ 10
FIGURE 3. Phenotypic analysis during culture under several culture conditions. Representative dot plots illustrating CD161 vs CD56 and CD7 vs CD56 of
cells that wete cultured from CB CD34™ cells for the indicated number of weeks on Fc-coated plates with IL-15 and mouse (m) IgG 1-containing medium
(Fc + IL-15 + migGl), Fe-coated plates with mouse IgG 1-containing medium (Fc + mlgG1), Fc-coated plates with anti-lL.-15 Ab-containing medium (Fc +
anti-IL-15), Deltad-Fc-coated plates with mouse IgG I-containing medium (D4-Fc + migG1), Deltad-Fc-coated plates with anti-IL-15 Ab-containing medium
(D4-Fc + anti-IL-15), and Deltad-Fc-coated plates with IL-15 and mouse IgG I-containing medium (D4-Fc + IL-15 + mlgG1). Results are representative of at
least three experiments. The means and SD of each CD161 vs CD56 quadrant in replicate experiments are shown in supplemental Fig. S2.
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FIGURE 4. Phenotypic analysis of cells after various culture conditions. A, Representative dot plots illustrating CD7 vs CD56 cells that were cultured
from CB CD34™ cells for 4 wk on Deltad-Fc-coated plates (D4, Ai) and for 6 wk on Fc-coated plates in the presence of IL-15 (Fc, Aii). Histogram plots
illustrating cyCD3 of the same cells that were gated on CD56™ events. Results are representative of six and five experiments, respectively. B, Representative
dot plots of cells that were cultured from CB CD34™ cells for 2 or 1 wk on Fc-coated plates with IL-15-containing medium and were then transferred to
Deltad-Fe-coated plates and cultured for 2 or 3 wk, respectively, with IL-15-free medium (Bi and Bii). Results are representative of three experiments. C,
Representative dot plots illustrating CD7 vs CD161 expression in the cells that were sorted into CD161™ or CD161~ after 2-wk culture from CB CD34™
cells on Deltad-Fc-coated plates, and dot plots of cells that were cultured another week on Fc-coated plates with IL-15-free medium. Results are repre-

sentative of three experiments.

11%, and 88 * 6.7% (without IL-15) at 2, 3, and 4 wk, respec-
tively. (supplemental Fig. S2Bi) The differences were statisti-
cally significant between the D4-Fc group and the Fc group
(p < 0.001). The adjusted absolute numbers of NK-lineage
cells cultured on Deltad-Fc tended to be greater than those
cultured on Fc with IL-15, although the differences were not
always statistically significant (supplemental Fig. $3C). CD56™
CD161% NK cells eventually comprised a major population af-
ter 6 wk of culture with IL-15 but without Notch stimulation
(Fig. 4Ai). No CD56"CD7™ (Fig. 3, Fc plus IL-15) or CD56™
cyCD3™ (Fig. 4Aii) cells were detected during culture with
IL-15 but without Delta4-Fc, whereas Delta4-Fc stimulation in-
duced the generation of CD7 cyCD3™ cells, which could rep-
resent naturally arising T/NK cell progenitors (26, 27), at the
early phase of the culture. Although CD7'° cells appeared in
culture with IL-15 alone, they might represent monocytes, be-

cause a substantial amount of CD14™ cells emerged regardless
of the presence of IL-15 when Delta4-Fc was absent and pe-
ripheral blood monocytes express CD7 at low levels.
Delta4-Fc stimulation without IL-15 efficiently induced NK
cell development (Figs. 1 and 3 and supplemental Fig. S2, D4-
Fc). Most of the cells became CD7™" in the first 2 wk. A few
CD161" cells were detected at the first week, the number of
which increased at the next week. Only a part of the CD161™
cells was positive for CD56 during the early phase of the cul-
ture, but at the later time points, most CDI1617" cells were
CD56™. This observation may indicate that CD161"CD56~
cells emerge at first and they gradually become CD161%
CD56™, although there is another interpretation such as simul-
taneous generation of double-positive and CD161 single-posi-
tive cells, expansion of double-positive cells, and apoptotic
disappearance of the single-positive cells. Given the previous
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FIGURE 5. Phenotypic and functional differences between cells cultured in IL-15-containing and IL-15-free medium on Delta4-Fc-coated plates. A,
Representative dot plots illustrating CD56 vs indicated Ags of cells cultured for 3 wk from CB CD34" cells in IL-15-containing or IL-15-free medium on
Deltad-Fc-coated plates. Results are representative of six experiments. B, Cytotoxicity against K562 (Bi) or Jurkat (Bii) target cells at an E:T ratio of 5:1.
Effectors were developed in the indicated conditions for 2.5 wk. In this experiment, the ratio of CD1617 cells cultured on Deltad-Fc-coated plates with
or without IL-15 condition and those cultured on Fc-coated plates with or without IL-15 condition were 53, 46, 0.6, and (%, respectively. Effectors were
pretreated with CMA or DMSO (the solvent for CMA) (Bi). Anti-TRAIL RIK-2 or its isotype control mouse IgG1 was added at the start of the cytotoxicity
assay (Bii). Results are representative of three (Bi) and six (Bii) experiments. Batch to batch variation can be seen by comparing this figure with Fig. 1.
C, Representative dot plots illustrating intracellular granzyme B (Ci) or TRAIL (Cii) vs CD56 of the cells cultured for 3 wk in medium with or without
IL-15 on Deltad-Fc-coated plates and without IL-15 on Fc-coated plates. Results are representative of four experiments. D, Representative dot plots
illustrating intracellular IFN-y vs CD56 of cells cultured for 3 wk in medium with or without IL-15 on Deltad-Fc-coated plates and without IL-15 on

Fc-coated plates. Results are representative of four experiments.

demonstration that CD161 is expressed on the cell surface ear-
lier than CD56 (28), the former possibility appears more likely.
To explore the possibility that IL-15 is secreted by a certain
population of cells during culture and contributes to NK cell
development, we added anti-IL-15-neutralizing Ab to the cul-
ture. The addition of anti-IL-15-neutralizing Ab to the culture
medium blocked NK cell development in the presence of IL-15
(Fig. 3, IL-15 plus anti-IL-15), but did not affect either the rate
or efficiency of Deltad-Fc-dependent NK cell emergence (Fig.
3, D4-Fc plus anti-IL-15, fold increase in the cell number after
3-wk culture on Deltad-coated plate with anti-IL-15 was 8.75 =
4.18-fold (n = 5), which was not statistically different from
those cultured on Deltad4-coated plates without anti-IL-15 or
with IL-15), further supporting the possibility that IL-15 is dis-
_ pensable for NK cell development from human CB CD347
- cells.
IL-2 is also suggested to be involved in the NK cell develop-
. ment. To examine whether IL-2, which might be secreted by a
certain population of the cells, was present in the culture, the IL-2
concentration in the supernatant was measured by ELISA. No IL-2
was detected (cutoff level, 7 pg/ml; data not shown), indicating that
IL-2 was not involved in the NK cell development induced by
Delta4-Fc. '
To -examine the NK cell developmental stages that are criti-
cally dépendent on Notch signaling, we cultured CB CD34™

cells on control Fc-coated plates with IL-15 for 1 or 2 wk and
then transferred them onto Delta4-Fc-coated plates and cultured
them further for 3 or 2 wk without IL-15, respectively (cultur-
ing for a total of 4 wk). Approximately 50% of the CD56™
CD1617" population expressed CD7 ™" at 4 wk in the 1-wk IL-15
condition (Fig. 4Bii). In contrast, very few CD56" cells that
emerged in the 2-wk IL-15 condition expressed CD7 (Fig. 4Bi).
These observations indicated that CB CD34" cells cultured
with IL-15, but without Notch stimulation, for 1 wk retained the
capacity to generate CD56"CD7™ cells, but that they lost this
capacity when cultured without Notch stimulation for 2 wk. We
also examined whether the Notch stimulation at early phases of
the culture irreversibly determines NK cell developmental fate.
To examine the early phase of NK cell development, we cul-
tured CB CD34" cells for 2 wk on Delta4-Fc-coated plates and
sorted the product into CD161" and CD161™ cells, because
CD161 is known to be expressed earlier than CD56 on the cell
surface (28). We then transferred each population onto control
Fc-coated plates and cultured them for another week without
IL-15. More than 80% of the population derived from the
CD161" cells expressed CD7 ™. Interestingly, the CD161~ cells
also gave rise to CD1617CD7™ cells among one of the two
major populations (Fig. 4C). These observations indicate that
Notch activation irreversibly drives a subset of CD34" cell
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D4 + anti-Notch1

A D4 + mouse IgG1
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FIGURE 6. Phenotypic analysis of
cells cultured in the presence of hu-
man Notchl-blocking Ab. A, Repre-
sentative dot plots of cells that were
cultured for 3 wk from CB CD34*
cells on Deltad-Fc-coated plates with
mouse IgGl-containing medium,
Deltad-Fc-coated plates with anti-
human Notchl-containing medium,
and Fc-coated plates. Results are rep- B
resentative of six experiments. B,

Fc + IL-15 + mouse IgG1

Fc + IL-15 + anti-Notch1
A

Representative dot plots of cells that
were cultured for 5 wk from CB
CD34™" cells on Fc-coated plates with
IL-15 and mouse IgGl-containing
medium and Fc-coated plates with
IL-15 and anti-human Notchl-con-
taining medium. Results are represen-
tative of three experiments.

% oy

42%|

progenies to the CD161"CD7" NK cell fate within 2 wk, pre-
sumably before CD161% is expressed.

IL-15, along with Delta4 stimulation, induces phenotypic
maturation and functional augmentation of CB CD34™
cell-derived NK cells

We compared the immunophenotype of the CB CD34™ cell-de-
rived NK cells generated in the culture with Delta4-Fc but lacking
IL-15 (D4-Fc) and in culture with Deltad-Fc and IL-15 (D4-Fc
plus IL-15). IL-15 does not affect the absolute cell number; fold
increases in the cell number after the 3-wk culture were 10.6 =
6.16-fold and 10.2 = 6.71-fold with and without IL-15 in the
D4-Fc-coated plate condition (n = 8). The cells grew slightly
faster with D4-Fc plus IL-15 than with D4-Fc alone, but there were
no significant differences in the frequency of CD56"CD161™ pop-
ulation in both conditions after 3 wk (cf Fig. 3 and supplemental
Fig. S24, D4-Fc and D4-Fc plus IL-15; supplemental Fig. S2Bii;
and Fig. 5). The expression levels of CD7 and NKG2D were sim-
ilar. CD94 was expressed at a higher level in the D4-Fc plus IL-15
condition. CD16 and CD158 were not expressed in the D4-Fc con-
dition, but were expressed at low levels in the D4-Fc plus IL-15

condition. The expression levels of adhesion molecules, i.e.,
CDl11a, CD11b, and CD62L, were higher in the D4-Fc condition
(Fig. 5A). The other markers shown in Fig. 1 (CD2, CD7, CD25,
CD27, CD44, CD45RA, CD57, CD117, CD122, and CCR7; data
not shown), as well as IFN-y (Fig. 5D), were expressed at similar
levels under both conditions. There was a remarkable difference in
the expression level of CD56, which was markedly higher in the
D4-Fc plus IL-15 condition. .

Cytotoxic activity against K562 cells was significantly higher in
NK cells generated in the D4-Fc plus IL-15 condition than that in
the D4-Fc condition. CMA, an inhibitor of perforin-mediated cy-
totoxicity, had a stronger suppressive effect on the cytotoxic ac-
tivities of NK cells generated in the D4-Fc plus IL-15 condition
(Fig. 5Bi). Interestingly, granzyme B, which enhances the per-
forin-mediated cytotoxicity and whose expression was not de-
tected in the D4-Fc condition, was up-regulated in the D4-Fc plus
IL-15 condition (Fig. 5Ci). This might explain the stronger sup-
pression of NK cell cytotoxic activity by CMA when generated in
the D4-Fc plus IL-15 condition compared with the D4-Fc condi-
tion. In contrast, there was no significant difference in the killing
activities against Jurkat cells of the NK cells generated under
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either condition (Fig. 5Bii), and CMA did not affect the cytotoxic
activities against Jurkat cells, irrespective of the culture conditions
(data not shown). This finding suggests that perforin or granzyme
B does not have a major role in killing Jurkat cells. We evaluated
whether TRAIL had a role by adding anti-TRAIL-blocking Ab
RIK2 to the medium. RIK2 partially but clearly suppressed the
cytotoxic activities against Jurkat cells generated in both condi-
tions without significant differences (Fig. 5Bii), although TRAIL
expression was slightly higher in the NK cells generated in the
D4-Fc plus IL-15 condition (Fig. 5Cii). From these observations,
we concluded that IL-15 does not influence the killing activity
through TRAIL but does enhance the killing activity through per-
forin/granzyme B. The cytotoxic activity of immature NK cells is
TRAIL dependent, while that of mature NK cells is mainly de-
pendent on perforin (29). Therefore, IL-15 might contribute to the
maturation of NK cells and confer on them the capacity to exact
perforin/granzyme B-medicated cytotoxicity.

Inhibitory effect of anti-Notchl Ab on Delta4-dependent NK cell
development

We prepared mAbs specific for the extracellular domain of
Notchl, Notch2, and Notch3 (supplemental Fig. S4A). The ex-
pression patterns of Notchl, Notch2, and Notch3 in fresh CB
mononuclear cells, CD34™ cells, and products during the cul-
ture of CD34™ cells are shown in supplemental Fig. S3, A and
B. Notchl was expressed at higher levels on NK and T cells
than on B cells and monocytes. Notch2 was expressed at higher
levels on monocytes than on lymphocytes. Notch3 expression
was virtually negative on all types of lymphocytes and positive
on monocytes. Notchl and Notch2, but not Notch3, were ex-
pressed on CD34™ cells. The CD34™ cell-derived CD56" NK
cells also expressed Notchl and Notch2, but not Notch3. All
three Notch receptors were expressed on cells grown on the
control Fe-coated plates (supplemental Fig. S3B).

Because CD34™ cells expressed Notchl and Notch2, but not
Notch3 (supplemental Fig. S3B), and the established anti-Notch1
Ab, but not anti-Notch2 Ab, blocked binding of the cognate sol-
uble Notch receptor to the ligands (supplemental Fig. S4B), we
cultured CB CD34" cells on Deltad-Fc-coated plates in anti-
Notchl Ab-containing medium. Remarkably, the immunopheno-
type of the cells grown under the presence of anti-Notchl Ab was
almost the same as that of cells grown on control Fe-coated plates,
indicating that the effect of Delta4 was completely blocked and NK
cell development was shut down by the anti-Notchl Ab (Fig. 64).
Anti-Notch2 Ab did not have such an effect, consistent with the
fact that it did not block ligand binding to the cognate receptors
(data not shown). CB CD34" cells cultured with IL-15 on Fc-
coated plates in the presence of the anti-Notchl Ab gave rise to
NK cells in a manner indistinguishable from that of cells grown
without the Ab (Fig. 6B). These results suggest that Notchl might
be a physiologic Notch receptor that mediates Delta4 signaling for
NK cell development from CB CD34" cells and further support
the notion that Notch signaling has a role distinct from that of
IL-15.

Discussion

In the present study, we demonstrated that functional NK cells
developed from CB CD34™ cells when stimulated with the Notch
ligand Delta4. Previous reports indicated that NK cells can be de-
rived from in vitro culture of human CD34" cells prepared from
fetal liver, bone marrow, or CB with either IL-2 or IL-15 (30-33),
which signal through the shared IL-2/IL-15 receptor B-chain and
the common y-chain. IL-15 has been considered to have a more
physiologic role than IL-2 in NK development (30). Notably, IL-

NK CELL DIFFERENTIATION BY NOTCH STIMULATION

15-independent NK cell differentiation has recently been published
(6). This culture system, however, has been reported to be stromal
cell dependent while the potential molecules and signaling path-
ways are unknown and, thus, the conclusion whether IL-15 is in-
dispensable is yet to be determined. Notch signaling has been ex-
amined in the context of NK cell development as well and appears
to affect the very early phase of progenitor development (17-19).
In studies of human NK cell development, however, culture sys-
tems containing IL-15 and/or a coculture system with the fetal
thymus organ or stromal cells are used exclusively. A novel and
unexpected finding in the present study was the fact that stimula-
tion of CB CD34" cells with a soluble Notch ligand, Deltad-Fc,
coated onto the plate in the presence of stem cell factor, FL, and
IL-7 was sufficient to induce the development of functional NK
cells.

Our data do not officially exclude the possibility that endoge-
nous IL-15 is involved in NK cell development in a manner, e.g.,
that cell-autonomously produced IL-15 activated the signaling by
binding to the receptor intracellularly. Given the fact, however,
that the exogenous addition of IL-15 resulted in the qualitative
rather than quantitative difference in the NK cells developed in the
presence of Deltad-Fc, in addition to inefficient blockade by anti-
IL-15-neutralizing Ab, IL-15 is likely to be dispensable for human
NK cell development in the presence of Deltad-Fc.

The finding that IL-15 is not necessary for human NK cell de-
velopment in culture contrasts with the absolute necessity of IL-15
signaling for NK development in some mouse phenotypes; mice
lacking a gene for IL-15 (3) (34, 35), IL-15 receptor a-chain (36),
common fB-chain (37), or common y-chain (38, 39) lack NK cells.
This might be due to differences between the in vitro culture con-
ditions and the in vivo environment in which NK cells develop.
Another explanation might be a difference between mice and hu-
mans, as in the case of IL-7 requirement for T cell development;
IL-7 is required for the V-D-J rearrangement of the TCR B-chain
gene in humans, whereas it is dispensable in mouse T cell devel-
opment (40).

Previous studies reported that the effect of Notch signaling in
the presence of IL-15 on NK cell development is confined to the
very early stages of development. In the present study, we dem-
onstrated that Notch signaling confers CD7 expression compe-
tence on cells cultured with or without IL-15 for 1 wk or less,
but not for 2 wk, unless also stimulated by Notch. This finding
is similar to that in a previous report demonstrating that Notch
signaling confers cyCD3 expression competence only on pr-
ethymic but not thymic NK cell progenitors or peripheral blood
cyCD3™ NK cells (19). We confirmed the Notch signal depen-
dency of cyCD3 expression during NK cell development. Co-
expression of CD7 and CD45RA on CD34™ cells might be as-
sociated with a restriction toward NK cell development (26,
33). Our data strongly suggest that the vast majority, if not all,
of the NK cells derived from CD34™" cells without Notch sig-
naling were generated through CD7™ cells. Therefore, although
it is yet to be elucidated whether all of the NK cell progenitors
are CD7" (41), NK cells established in vitro without Notch
stimulation might not develop from a physiologic NK progen-
itor or might skip the physiologic NK/T progenitor stage. Fur-
thermore, our data suggest that the effect of Notch stimulation
on CD7 expression is imprinted on cells only if it is adminis-
tered at the initial stage of the CD34™ cell culture. We, how-
ever, failed to prospectively identify the subpopulations in the
CD347 cells that are targets of Delta4 to develop NK-lineage
cells. Delta4 stimulation induced NK cell development from
both the most immature CD34"CD38” and more mature
CD34*CD38% progenitor populations and both CD34%
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CD45RA™ lymphoid progenitors and CD34"CD45RA™ popu-
lations (data not shown).

The findings of the present study extend our understanding to
more mature stages of NK cell differentiation: the presence of
Notch signaling induces generation of functional NK cells in cul-
ture conditions that do not generate CD56™ cells without Notch
stimulation per se. The precise stages of NK cell development
during which Notch signaling determines the progression toward
functional NK cells is not known.

In our experiments, even cells cultured with a Notch ligand
alone had cytotoxic activity. The level of this activity, however,
was weaker than that in NK cells generated by Notch stimulation
with IL-15. Indeed, the perforin-mediated cytotoxicity of NK cells
generated in the absence of IL-15 was significantly weaker, despite
the fact that this is the major pathway of mature NK cells to kill
target cells (42). In contrast, the TRAIL-mediated cytotoxicity was
almost the same regardless of presence or absence of IL-15. This
finding, along with the change in the expression level of CD56,
might indicate that IL-15 induces the maturation of CD56""
CD161% immature NK cells generated by Notch stimulation with-
out IL-15. Another difference between the cells cultured with or
without IL-15 was the down-regulation of adhesion molecules
(CD11a, CD11b, CD62L) on the cell surface. These molecules
might be important for homing of the NK cells to the sites at which
they function.

To our surprise, cytotoxic activities were not detected in the cell
populations generated in the control Fc plus IL-15 condition at
either 3 or 6 wk (Fig. 5B and data not shown), although these
results might be affected by the facts that the frequency of
CD567CD1617 cells was very low at 3 wk and that culture for 6
wk might be too long to evaluate cytotoxic activities while the
frequency of CD36*CDI161 cells was much greater. In any case,
when clinical application of progenitor-derived NK cells is con-
sidered, a Deltad-Fc-coating system would give a significant
advantage.

In conclusion, Notch stimulation by Delta4 (or Deltal) was
required for initial NK cell differentiation and the development
of CD161*CD56'" immature NK cells. Among Notch recep-
tors, Notchl might be essential for physiologic NK cell devel-
opment, although the involvement of other Notch receptors is
yet to be elucidated. IL-15 was not essential for differentiation,
but was necessary for maturation. IL-15 might have an indis-
pensable role only in the later part of the NK development. This
knowledge might be useful for future approaches toward the ex
vivo generation and manipulation of NK cells and their thera-
peutic application.
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Lipopolysaccharide-Induced Monocytic Cell Death for the Diagnosis of
Mild Neonatal-Onset Multisystem Inflammatory Disease

HiDETOsH TAKADA, MD, PHD, MasaTAkA IsHIMURA, MD, HIROKO INaDA, MD, PHD, SHouicH OHca, MD, PHD,
KoicH! KusuHara, MD, PHD, YoicH Morol, MD, PHD, Masutaka Furug, MD, PHD, AND TosHIRO Hara, MD, PHD

In this report, we describe a boy who showed mild symptoms of neonatal-onset multisystem inflammatory disease.
Although his symptoms and laboratory findings were similar to those of systemic juvenile idiopathic arthritis, further
examinations revealed papilledema, meningitis, and a NLRP3 mutation. His peripheral blood monocytes died within 24 hours
after lipopolysaccharide stimulation, a test that may be useful for diagnosis even in mild cases. (J Pediatr 2008;152:885-7)

)

ryopyrin-associated periodic syndromes (CAPS), which include neonatal-onset multisystem inflammatory disease
‘ (NOMID), Muckle-Wells syndrome, and familial cold autoinflammatory syndrome, are autosomal-dominant autoin-
flammatory disorders caused by NLR family pyrin domain containing 3 (NLRP3) mutations.! NOMID, the most severe
form among them, is characterized by early onset of rash, fever, uveitis, chronic meningitis, and joint manifestations.’™ Head
enlargement, wide fontanel, hydrocephalus, hearing loss, blindness, poor growth, and mental retardation are also observed.!”
Because the diagnosis of CAPS is primarily clinical, it may be difficult when the patients show atypical manifestations.
Interleukin (IL)-18 oversecretion is the principal mechanism of CAPS.' Disease-associated NLRP3 mutations, most of
which were found in exon 3, have a profound intrinsic proinflammatory effect through oligomerization of NLRP3. This leads
to its binding to ASC (apoptosis-associated speck-like protein containing a card), the formation of a molecular platform for
caspase-1 activation called an inflammasome, and oversecretion of IL-1B that is cleaved from pro-IL-1B by activated
caspase-1."® It was recently reported that overexpression of mutated NLRP3 or LPS stimulation lead to a rapid death of human

THP-1 monocytic cells by necrosis.”

We report a boy with spiking fever and recurrent erythematous rashes that started when he was 10 months old. We found
a novel mutation of NLRP3 and a significant lipopolysaccharide (LPS)-induced death of monocytes in the patient.

CASE REPORT

An 11-month-old boy was referred to our hospital because he had prolonged
spiking fever and recurrent erythematous rashes for 1 month.

On physical examination, numerous areas of erythema were disseminated on the
trunk and extremities. Wide fontanel (3.5 X 4.7 cm) was observed. His joints were
normal. Leukocyte count was 23.74 X 10%/L, with 67.0% neutrophils. The erythrocyte
sedimentation rate was 73 mm/h. Serum C-reactive protein concentration was 10.5
mg/dL. There was no evidence of infection or malignant diseases. These clinical findings
strongly suggested systemic juvenile idiopathic arthritis (sJIA).

The ophthalmologic examination revealed bilateral papilledema, which is not usu-
ally observed in sJIA. Therefore, we decided to analyze the possibility of CAPS in this
patient. Histologic examination of the skin showed mild perivascular and interstitial
infiltrations of lymphocytes and polymorphonuclear cells with mild edema (data not
shown), which did not seem to be the typical findings of CAPS. On the other hand, the
cerebrospinal fluid (CSF) examination showed pleocytosis (198 cells/puL, with 80.8%
polymorphonuclear cells) with normal protein and glucose concentrations. Concentrations

CAPS Cryopyrin-associated periodic syndromes NLRP3 NLR family, pyrin-domain containing 3
CSF Cerebrospinal fluid NOMID  Neonatal-onset multisystem inflammatory
IL Interleukin disease

LPS Lipopolysaccharide sJIA Systemic juvenile idiopathic arthritis
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of serum and CSF IL-1B were 538.6 pg/mL and 245.6
pg/mL, respectively, and those of IL-6 were 27.3 pg/mL and
126.5 pg/mL, respectively (normal range: <20 pg/mL in
serum or CSF for both cytokines).

METHODS

All coding regions and intronic flanking sequences of
the NLRP3 gene were amplified by PCR? and sequenced
using ABI PRISM 3100 Genetic Analyzer (Perkin-Elmer;
Foster City, CA).

Peripheral blood mononuclear cells were incubated 24
hours in the presence or absence of LPS (0.1 ug/mL) (Slgma-
Aldrich; St Louis, MO). The cells were stained with PE-cyanin
5-1 (PC5)-conjugated anti-CD14 monoclonal antibody (Beck—
man Coulter; Miami, FL), and the percentage of monocytes was
analyzed by flow cytometer (EPICS XL, Beckman Coulter).

This study was approved by the Regional Committee of
Ethics for Human Research at the Faculty of Medicine of
Kyushu University. .
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Figure 2. Monocytic cell death induced by LPS in the patient. Peripheral
blood mononuclear cells were incubated for 24 hours in the presence or
absence of LPS (0.1 pg/mL). The percentage of monocytes (CD14-
positive cells) was analyzed by flow cytometer. The marked reduction of
percentage of CD14-positive cells was observed after LPS stimulation in
this patient and a typical NOMID patient. Representative data of the .
patient (A), a typical NOMID patient (B), a healthy control (C), and an
sJIA patient (D) are shown. The absolute monocyte number was
calculated before and after culture. Percentages of monocytic cell survival
after culture are shown (E). Each value is the mean of triplicate culture. In
a healthy control, the mean values and SD of 7 donors are shown. Closed
triangles indicate the patient, open triangles, a typical NOMID patient;
open circles, a healthy control; and open squares, patients with sJIA in the
acute phase.

RESULTS

NLRP3 Mutation in the Patient

We considered the possibility that the patient had
NOMID because he had prolonged fever, rash, wide fontanel,
papilledema, and meningitis. We found a heterozygous mutation
(1075 T > G, L359V) in his NLRP3 gene within the NACHT
(NAIP, CIITA, HET-E, and TP-1) domain in exon 3, which
was not reported previously (Figure 1; available at www.jped-
s.com). The mutation was not observed in parents or in 100
healthy control subjects by allele-specific PCR (data not shown).

Increased Monocytic Cell Death with LPS
Stimulation in the Patient

It was. recently reported that monocytes of CAPS pa-
tients underwent rapid cell death after LPS stimulation.” We
analyzed the survival of monocytes with LPS stimulation to
examine whether this feature is observed in the patient.
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Monocytes of the patient underwent cell death similar to
those from a typical NOMID patient.'® The cell death was
not observed in patients with sJIA (Figure 2).

DISCUSSION

The patient had fever, rash, wide fontanel, papilledema,
and chronic meningitis as manifestations of NOMID. All his
symptoms did not appear until he was 10 months of age. He
has had no other symptoms including joint manifestation at 2
years of age, and typical histological findings were not ob-
served in the skin. We diagnosed our patient as having variant
or mild NOMID by his symptoms and physical, laboratory,
and genetic findings. It is possible that the novel NLRP3
mutation is directly related to the mild manifestations. Fren-
kel et al'* reported variant NOMID caused by an NLRP3
mutation within the leucin-rich repeat domain in a patient
who was well until 2 years of age. Other genetic or environ-
mental factors may have had a role in the mild presentation
because it is reported that the clinical manifestation can differ
even with the same NLRP3 mutation.?

It may be difficult to diagnose atypical or mild NOMID
cases, and some of these patients might be misdiagnosed as
having sJIA, especially in early infancy. Our case suggests that
NOMID should be considered even if a child has only a
limited set of symptoms such as prolonged fever, rash, and
wide fontanel. Ophthalmologic examination and CSF analy-
sis would guide diagnosis. Early diagnosis and treatment are
necessary because NOMID patients can have serious compli-
cations such as stroke and seizures, poor growth, mental
retardation, blindness, hearing loss, and amiloidosis.® Fuji-
sawa et al’ reported that monocytes from CAPS patients
rapidly die by lysosomal cathepsin B-dependent necrosis after
LPS stimulation. CLASI overexpression caused by LPS stim-

ulation may lead to cell death.” Although the significance of
this feature is to be clarified in vivo, we have found that the
test was abnormal even in variant or mild NOMID and may
be useful for diagnosis.
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