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Notch is a major factor mediating interac-
tion between hematopoietic progenitor
cells (HPCs) and bone marrow stroma
(BMS). However its contribution to den-
dritic cell (DC) differentiation is controver-
sial. We found that main Notch ligands
Delta-1 and Jagged-1 had the opposite
effect on DC differentiation. Delta-1 pro-
moted generation of fully differentiated
DCs, whereas Jagged-1 stimulated accu-
mulation of DC precursors but prevented
their transition to terminally differenti-
ated DCs. BMS expressed a substantially

higher level of Jagged-1 than Delta-1.
Just the opposite expression pattern was
observed in spleen stroma (SS). The BMS
effect on DC differentiation was similar to
that of Jagged-1, whereas the effect of SS
was similar to the effect of Delta-1. Down-
regulation of Jagged-1 in BMS substan-
tially increased DC differentiation. Experi-
ments in vivo with adoptive transfer of DC
precursors further supported the differ-
ent roles of BMS and SS in DC develop-
ment. Jagged-1 and Delta-1 equally acti-
vated CBF-1/RBPJ� transcription factor,

which is a major Notch target. However,
they produced a different pattern of acti-
vation of Notch target gene Hes1. Overex-
pression of Hes1 resulted in increased
DC differentiation from HPCs. Thus, this
study not only revealed the different role
of Notch ligands in DC differentiation but
also may provide a new insight into regu-
lation of DC differentiation by BMS.
(Blood. 2007;109:507-515)
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Introduction

It is widely accepted that differentiation of dendritic cells (DCs)
critically depends on bone marrow microenvironment, which
consists of 2 major components: a complex network of cyto-
kines and direct physical interaction between hematopoietic
progenitor cells (HPCs) and hematopoietic stem cells (HSCs)
with bone marrow stroma (BMS). Currently, the number of
cytokines involved in DC differentiation has been identified.1-4

However, surprisingly little is known about the direct effect of
bone marrow microenvironment on DC differentiation and
especially the role of direct cell-cell contact between HPCs and
BMS. One of the major factors that mediates interaction
between BMS and HPCs is the Notch family of receptors/
transcriptional regulators. Notch signals influence multiple
processes that govern lineage specification among progenitor
cells, programmed cell death, and cellular proliferation. At present,
2 Notch ligand families, Delta and Jagged, have been described.5

HPCs express primarily Notch-1 and Notch-2 receptors. Each
member is a large single heterodimeric receptor composed of
noncovalently associated extracellular, transmembrane, and intra-
cellular subunits (ICNs). Notch signaling is initiated by the binding
of the extracellular domain of Notch to a Notch ligand. After ligand
binding to Notch receptor, ICN is cleaved and translocates to the
nucleus.6 All mammalian Notches seem to use the same basic
signaling pathway via CBF-1/RBP-J� transcription factors.7,8 This
results in the activation of transcription of target genes including
bHLH transcription factors HES, STAT3,9-11 as well as p21Cip/Waf,
cyclin D1, cyclin A, NF-�B, and others.8,12-14

An important role of Notch signaling in differentiation of
lymphocytes is established.5,15-17 The role of Notch signaling in DC
differentiation is more controversial. In vivo experiments with a

conditional knock out of the Notch-1 gene showed no effect on
myeloid development15,18 or differentiation of plasmacytoid DCs
(pDCs).19 However, constitutive expression of the activated intra-
cellular domain of mouse Notch-1 in 32D myeloid progenitors
inhibits granulocytic differentiation and permits expansion of
undifferentiated cells.20 Conditional induction of the constitutively
active intracellular domain of Notch-1 promoted myeloid differen-
tiation via RBP-J transactivation21 and DC differentiation via
up-regulation of NF-�B.12 Incubation of murine bone marrow
precursors with Notch ligand Delta-1 and growth factors inhibited
myeloid differentiation and promoted an increase in the number of
precursors capable of short-term lymphoid and myeloid repopula-
tion.22 At the same time, immobilized Delta-1 inhibited differentia-
tion of monocytes into mature macrophages with GM-CSF and
permitted differentiation into mature DCs.23 Recent studies have
demonstrated that Delta-1 affected differentiation of pDCs24,25 and
Langerhans cells.26 In contrast, another Notch ligand, Jagged-1,
inhibited the differentiation of DCs and promoted accumulation of
DC precursors.27

We sought to understand the role of BMS in DC differentiation
in vitro and in vivo and the role of different Notch ligands in this
process. Here, we report surprising findings that different Notch
ligands had the opposite effect on DC differentiation. We have
demonstrated that although both BMS and splenic stroma (SS)
promoted accumulation of DC precursors, BMS but not SS
prevented terminal differentiation of DCs and that this effect was
mediated by Jagged-1. These experiments may suggest a model for
spatial control of DC differentiation and the role of different Notch
ligands in this process.
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Materials and methods

This study was approved by University of South Florida Institutional
Animal Care and Use Committee (IACUC).

Animals

Six- to 8-week-old female BALB/c and C57B/6 mice were purchased from
Harlan (Indianapolis, IN); female Swiss mice (6-8 weeks old), from Charles
River Laboratories (Wilmington, MA); and B6.SJL-PtrcaPep3b/BoyJ mice
(CD45.1�) mice, from the Jackson Laboratory (Bar Harbor, ME). All mice
were housed in pathogen-free units of the Division of Comparative
medicine at H. Lee Moffitt Cancer Center, University of South Florida.

Reagents

The following antibody-producing hybridomas were purchased from the
American Type Culture Collection (Manassas, VA) and used as superna-
tants: anti-CD4 (L3T4, TIB-207), anti-CD8 (Lyt-2.2, TIB-210), and
anti–MHC II (TIB-120). Anti-IAb, anti-IAd, anti-CD11b, anti-CD86 (B7-2),
anti-CD45, anti-CD45.2, anti-CD11c, anti-CD34, anti–Sca-1, anti–c-Kit,
and isotype control antibodies were obtained from PharMingen (San Diego,
CA). Anti-F4/80 and antineutrophil (Neu) (clone 7/4) antibodies were
purchased from Serotec (Raleigh, NC); antiphycoerythrin (anti-PE) mi-
crobeads, from Miltenyi Biotec (Auburn, CA); and anti–mouse Jagged-1
and anti–mouse Delta-1, from Santa Cruz Biotechnology (Santa Cruz, CA).
Low-Tox rabbit complement and Lympholyte M were purchased from
Cedarlane Laboratories (Hornby, ON). Recombinant murine GM-CSF and
IL-4 were obtained from Research Diagnostics (Flanders, NJ); and LPS,
from Sigma (St Louis, MO). Mouse Jagged 1 smartpool siRNA was
purchased from Dharmacon (Chicago, IL). The monomeric form of the
Notch ligand Delta-1 was made by fusing the extracellular domain of
Delta-1 to a series of myc epitopes Delta-1ext-myc28 and was a gift from
Dr I. Bernstein.

Cell lines expressing Notch ligands

The expression plasmid of murine Delta-1 (pEF-BOS neo/Delta1-gene 10)
was a gift from Dr Honjo (Kyoto University, Kyoto, Japan). The NIH
3T3-Delta-1–expressing cell line (3T3-Delta-1) was established by transfec-
tion of NIH 3T3 cells with pEF-BOS neo/Delta1-gene 10 and selection with
1 mg/mL G418. A control fibroblast cell line (3T3-EF) for 3T3-Delta-1 was
made using pEF-BOS neo. NIH-3T3-Jagged-1–expressing cell line (3T3-
Jagged) was a gift from Irwin D. Bernstein (Fred Hutchinson Cancer
Center, Seattle, WA) and the generation of a control fibroblast cell line for
3T3-Jagged (3T3-MSCV) was described previously.27

Bone marrow and spleen stromal cell culture

Bone marrow cells were enriched for HPCs using depletion of lineage-
specific cells as described previously.27 Enriched population of HPCs
contained less than 1% lymphocytes and less than 20% mature myeloid
cells (Figure S1, available on the Blood website; see the Supplemental
Figures link at the top of the online article). BMS and SS cells were
obtained as described previously with some modification.23,29 Briefly, 30
million bone marrow cells from Balb/c, C57BL/6, or B6.SJL-PtrcaPep3b/
BoyJ mice were cultured in a T-25 culture flask using Iscoves medium
(12.5% FCS, 12.5% horse serum, 1% MEM-nonessential amino acids, 1%
MEM-vitamins, 106 M hydrocortisone, 101 M 2-ME, 100 mM Na-
Pyruvate), at 34°C, 5% CO2. Culture medium was changed every 4 days.
Spleens from C57BL/6 or B6.SJL-PtrcaPep3b/BoyJ mice were cut into
small pieces and cultured in a T-25 flask with RPMI medium (20% FBS, 1%
MEM-nonessential amino acids, 1% MEM-vitamins, 106 M hydrocorti-
sone, 101 M 2-ME, 100 mM Na-Pyruvate), at 37°C and 5% CO2. Culture
medium was changed every 4 days. Stromal cells were used in experiments
after 2- to 3-week culture.

Generation of DCs, cell isolation, and the analysis
of phenotype

Stroma cells were irradiated at 25 Gy and cultured overnight in 24-well
plates (1.5 � 105 cells/well). Half million HPCs were placed into each well
in 2 mL 10% fetal bovine serum (FBS) RPMI supplemented with 20 ng/mL
GM-CSF (and in some experiments with 10 ng/mL IL-4) for 7 days. Every
3 days, cells were transferred onto new stroma and medium was replaced. In
some experiments, 1 �g/mL LPS was added for 24 hours to achieve DC
activation. CD45� cells were isolated using microbeads and MiniMACS
columns according to the manufacturer’s protocol (Miltenyi Biotec). Purity
for CD45� was more than 93% in all samples. The phenotype of DCs and
myeloid cells was analyzed on FACSCalibur flow cytometer (BD Bio-
sciences, Mountain View, CA) using a CellQuest program (Becton Dickin-
son, Mountain View, CA). In the experiments of DC coculture with 3T3
fibroblasts or bone marrow stroma, CD45� or CD45.2� cells were gated for
the analysis.

Allogeneic mixed leukocyte reaction (MLR)

DCs were sorted using FACSVantage SE cell sorter (BD Biosciences) and
were cultured for 4 days in triplicate in U-bottom 96-well plates with lymph
node cells (105/well) obtained from allogeneic BALB/c or C57BL/6 mice
depending on the nature of stimulator cells. [3H]-thymidine (1 �Ci [0.037
MBq]) was added to each well 18 hours before cell harvest. T-cell
proliferation was measured by [3H]-thymidine incorporation using a liquid
scintillation counter (Packard Instrument, Meriden, CT).

Retroviral constructs

The retroviral bicistronic constructs containing EGFP were described
previously: active form of Notch 1 (NIC1),12 Notch-2 (NIC2; gift from Dr
Klug, University of Alabama at Birmingham, Birmingham, AL),30 and
Deltex-1 (gift from Dr Pear, University of Pennsylvania Medical Center,
Philadelphia, PA).31 Human HES1 was excised from pCMV-SPORT6-Hes1
(Open Biosystems, Huntsville, AL) and subcloned into pMSCV2.2. These
constructs were cotransfected with pCL-Eco into the packaging cell line
293T cells, or transfected into Bosc 23. The retroviral supernatants were
harvested 48 hours after transfection and used for infection of HPC-
enriched bone marrow cells. On day 1 and day 2, HPCs were infected with
retroviruses for 4 hours at 32°C in the presence of 4 �g/mL polybrene
(Sigma). Viral supernatants were removed and culture medium supple-
mented with GM-CSF was added. Cells were cultured for 20 hours at 37°C,
and then infection was repeated.

Luciferase reporter assay, electrophoretic mobility shift assay
(EMSA), and Western blot assay

For the analysis of CBF-1 luciferase activity, we used Notch reporter
construct containing CBF-1 responsive element. The retroviral reporter
plasmid p6�CBF1-IL-2-Luc was constructed from pKA9 plasmid (IL-2-
Luc) containing luciferase gene under control of minimal IL-2 promoter (a
gift from T. J. Murphy, Emory University, Atlanta, GA) and described in
detail previously.32 To measure NF-�B transcriptional activity, plasmid
6�IFN-�tkLuc–containing luciferase reporter gene under NF-�B–
dependent promoter from IFN-� and pGL3-basic plasmid–containing only
luciferase gene as control were used as described previously.12 EMSA was
performed as previously described27 using double-stranded oligonucleo-
tides containing the specific binding site for CBF-1. Western blotting was
performed as described previously.12 For the detection of intercellular
domain of Notch-1 and Notch-2, 25 �g nuclear protein per sample was
used. Samples were subjected to electrophoresis on 10% sodium dodecyl
sulfate–polyacrylamide gels followed by transfer to a polyvinylidene
difluoride membrane and probing with specific antibody. Equal loading was
determined by �-actin level for whole-cell lysates and anti–histone H3 for
nuclear protein. The specific bands were visualized by an enhanced
chemiluminescence (ECL) detection kit (Amersham Life Sciences, Arling-
ton Heights, IL).
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Assessment of gene expression by real-time PCR

RNA was extracted with Trizol (Invitrogen, Frederick, MD); cDNA was
synthesized and used for the evaluation of gene expression as described
previously.32 Polymerase chain reaction (PCR) was performed with 2.5 �L
cDNA, TaqMan Universal PCR Master Mix (Applied Biosystems, Foster
City, CA), and target gene assay mix containing sequence-specific primers
and 6-carboxyfluorescein (6-FAM) dye–labeled TaqMan minor groove
binder (MGB) probe (Applied Biosystems). Amplification with 18S
endogenous control assay mix was used for controls. In order to determine
the copy number of Jagged-1 or Delta-1, partial sequences of these genes,
which spanned the regions used for real-time PCR, were cloned into
pCR2.1-TOPO and used as a standard for the calculation of copy number.
PCR was carried out in triplicate for each sample. Data quantitation was
performed using the relative standard curve method.33 Expression levels of
the genes were normalized by 18S mRNA.

To calculate the number of cDNA copies per cell, standard curve was
established using the plasmids whose copy number was calculated as
described previously, copies/ng � (base pairs of plasmid � 660 Da)/
(Avogadro constant � 10�9).34 The copy numbers of test RNA samples
were obtained after real-time PCR amplification from regression of the
corresponding standard curve, and then converted to copies per cell based
on the RNA yield of per million cells.35

Adoptive transfer of Gr-1� cells in vivo

Gr-1� cells were isolated from bone marrow of C56BL/6 (CD45.2�) mice
on MiniMACS columns using biotinylated anti–Gr-1 antibody and strepta-

vidin magnetic beads. More than 92% of isolated cells were Gr-1�CD11b�.
Immature myeloid cells (ImCs; 15 � 106/mouse) were injected intrave-
nously into congenic CD45.1� mice. Spleen and bone marrow were
collected 2 to 72 hours after the injection. Cells were labeled with
antibodies against different surface markers, and the proportion of DCs,
macrophages, and ImCs was evaluated within the population of CD45.2�

donor cells.

Down-regulation of Jagged-1 in bone marrow stromal cells

One million BMS cells were mixed with Jagged-1 siRNA (Dharmacon) at
100-nM concentration in 100 �L mouse macrophage nucleofactor solution,
and transfection was performed using Nucleofector I (Amaxa, Gaithers-
burg, MD). The expression of Jagged-1 was verified by Western blot.

Results

Jagged-1 and Delta-1 had opposite effects on differentiation of
myeloid but not plasmacytoid DCs

To evaluate the effect of different cell-bound Notch ligands on
HPCs, NIH 3T3 fibroblasts expressing Jagged-1 or Delta-1 were
used. Fibroblasts transfected with corresponding empty vectors
served as controls in all experiments (Figure 1A). Jagged-1 and
Delta-1 cell lines expressed comparable level of these genes:

Figure 1. Jagged-1 and Delta-1 had opposite effects
on DC generation. (A) Expression of Notch ligands on
cell lines used in this study. Whole-cell lysates were
prepared. Jagged-1 and Delta-1 proteins were detected
by Western blotting using specific antibodies as de-
scribed in “Materials and methods.” M indicates 3T3-
MSCV control cell line; J, 3T3-Jagged-1 fibroblasts; E,
3T3-EF control cell line; and D, 3T3-Delta-1 fibroblasts.
(B) HPCs were cultured on irradiated 3T3 fibroblasts in
24-well plates with GM-CSF (20 ng/mL) for 7 days. A
typical example of the analysis of cell phenotype is
shown. (C) Phenotype of DCs. Cells were labeled with
APC-conjugated anti-CD11c or anti–Gr-1 antibodies; PE-
conjugated anti-CD45 antibody; FITC-conjugated anti-
IAd, anti–B7-2, and anti-CD11b; and PerCp-conjugated
anti-B220 and anti-CD11b antibodies and analyzed on a
FACSCalibur flow cytometer. Only CD45� cells were
evaluated. Values are the average 	 SE from 7 experi-
ments. (D) Allogeneic MLR. CD45� cells from experi-
ments described in panel C were isolated using PE-
conjugated anti-CD45 antibody, anti-PE beads, and
magnetic-activated cell sorting (MACS) columns. The
isolated cells were irradiated at 25 Gy and cultured with
lymph node cells isolated from control allogeneic C57BL/6
mice at different ratios. DCs generated from BALB/c
using GM-CSF and IL-4 were used as a control. Cell
proliferation was measured in triplicate with [3H]-thymi-
dine uptake. Values are the mean 	 SE. (E) HPCs were
cultured on different fibroblasts in the presence of 100
ng/mL FL for 10 days and analyzed as described in Figure
2B. Mean 	 SE of 3 experiments is shown.

REGULATION OF DC DIFFERENTIATION BY STROMA 509BLOOD, 15 JANUARY 2007 � VOLUME 109, NUMBER 2

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/109/2/507/1284884/zh800207000507.pdf by guest on 01 June 2024



3T3-Jagged-1 had 9.5 copies of Jagged-1 cDNA per cell and
3T3-Delta-1 had 6.6 copies of Delta-1 cDNA per cell. HPCs were
cultured on the monolayer of fibroblasts and several experimental
conditions were tested. First, cells were cultured in the presence of
GM-CSF for 6 days. The total number of cells generated from
HPCs was not changed (data not shown). However, striking
differences were found in the proportion of generated DCs. Delta-1
significantly increased the proportion of DCs, whereas Jagged-1
substantially decreased it (Figure 1B-C). Jagged-1 substantially
increased the population of Gr-1�CD11b� ImCs. In contrast,
Delta-1 significantly reduced the proportion of these cells (Figure
1C). The opposite effect of 2 Notch ligands on DC differentiation
was confirmed in allogeneic MLR, the hallmark of DC activity.
Cells generated on Delta-1 fibroblasts stimulated allogeneic T cells
much more strongly than the cells generated on control fibroblasts,
whereas just the opposite effect was observed in cells generated on
Jagged-1 fibroblasts (Figure 1D).

The effect of Delta-1 on lymphocyte differentiation may depend
on the density of the ligand.36 Therefore, it was possible that lower
Delta-1 density could mimic the effect of Jagged-1. To test this
possibility, plates were coated with Deltaext-myc protein. Enriched
HPCs were cultured for 6 days with GM-CSF. Deltaext-myc at
5-�g/mL concentrations induced DC differentiation similar to the
effect of 3T3-Delta-1 cells. At a lower concentration of Deltaext-myc,
this effect has disappeared and the proportion of DCs returned to
the control level. No decrease in the presence of DCs or the
accumulation of ImCs was observed (data not shown).

Incubation of HPCs with GM-CSF results in differentiation of
myeloid DCs. To evaluate possible effects of Notch ligands on
pDCs, HPCs were cultured with FLT-3 ligand (FL). Effect of Notch
ligands on myeloid cells was the same as in the presence of
GM-CSF. However, neither Jagged-1 nor Delta-1 changed the
proportion of CD11c�Gr-1�B220� pDCs (Figure 1E).

To investigate whether DCs generated in the presence of
different Notch ligands had a similar function, enriched HPCs were
cultured for 5 days with GM-CSF on top of the monolayer of
fibroblasts expressing different Jagged-1 or Delta-1. CD11c� DCs
were isolated and then activated by incubation with LPS for
24 hours. No differences in the expression of MHC class II and
costimulatory molecule (CD86, CD40) or the ability of these cells
to stimulate allogeneic T cells were found (data not shown). To
investigate whether cell-bound Notch ligands could induce DC
activation, DCs were generated from HPCs using 5-day culture
with GM-CSF and IL-4. CD11c� DCs were isolated and plated on
top of 4 different fibroblast cell lines. After 24- to 72-hour
incubation, cells were collected and evaluated. Neither Jagged-1
nor Delta-1 induced DC activation (data not shown).

Effect of bone marrow and spleen stroma on DC differentiation

Next, we studied the effect of BMS and SS on DC differentiation
using a congenic system to distinguish between stroma cells and
HPCs. BMS or SS was generated from CD45.1� mice. Enriched
CD45.2� HPCs were placed on the monolayer of CD45.1� BMS or
SS and incubated for 7 days with GM-CSF. CD45.2� cells were
analyzed. The proportion of DCs differentiated from HPCs on
BMS was significantly lower than the cells cultured without
stroma. This was associated with a significant increase in the
proportion of ImCs (Figure 2A). These results resembled those
obtained with cell-bound Jagged-1. Similar data were obtained
when enriched HPCs were cultured with GM-CSF and IL-4 (data
not shown). In parallel, we evaluated the effect of BMS on DC
differentiation without addition of cytokines. No viable cells were

present after a 7-day culture of HPCs in medium alone. The total
number of hematopoietic cells recovered after a 7-day culture on
BMS without cytokines was very small (5.2 � 104 per well)
compared with 1.22 � 106 cells/well (P 
 .001) recovered from
cultures on BMS with GM-CSF. No differences in the proportion of
DC subsets were seen between the cells cultured with and without
GM-CSF with the exception of a population of CD11c�CD45RB�

regulatory DCs, which was significantly higher among cells
generated on BMS without cytokines (Figure 2A). It was consistent
with a recent report that cultured SS could support differentiation
of regulatory DCs from HSCs without the presence of cytokines.29

We compared side by side the effect of BMS and SS on DC
differentiation. No difference in the total number of cells was found

Figure 2. Effect of BMS and SS on DC differentiation. (A) Differentiation of DCs on
the cultured BMS. BMS was prepared as described in “Materials and methods.”
HPCs were placed on top of the BMS monolayer and cultured for 7 days with or
without GM-CSF. Cells were collected and analyzed by flow cytometry as described
in Figure 1. To eliminate the effect of possible contamination by fibroblasts, only
CD45.2� hematopoietic cells were analyzed. Values are the mean 	 SE from 3
experiments. (B) Differentiation of HPCs on BMS or SS with GM-CSF. Cells were
labeled with APC-conjugated anti-CD11c or anti–Gr-1 antibodies; FITC-conjugated
anti-CD45.2 antibody; PE-conjugated anti-IAb, anti–B7-2, CD11b, and F4/80; and
PerCp-conjugated anti-B220 and anti-CD11b antibodies and analyzed on a FACSCali-
bur flow cytometer. Only CD45.2� cells were evaluated for cell phenotype. Values are
the mean 	 SE from 3 experiments. (C) Allogeneic MLR. Cells from the cultures
described in panel B were isolated using PE-conjugated anti-CD45.2 antibody,
anti-PE beads, and MACS columns. The isolated cells were irradiated at 25 Gy and
cultured with lymph node cells isolated from control allogeneic C57BL/6 mice at
different ratios. Cell proliferation was measured in triplicate by [3H]-thymidine uptake.
Values are the mean 	 SE. (D) Gr-1� cells were isolated from bone marrow of control
C57BL/6 mice using magnetic bead separation technique. More than 92% of these
cells were Gr-1�CD11b�. Fifteen million of the cells were injected intravenously into
congenic CD45.1� mice. Spleen and bone marrow were collected 24, 48, and 72
hours after the injection. Each time point included 3 mice. Cells were labeled with
antibodies against different surface markers, and the proportions of CD11c�IAb�

DCs, F4/80�Gr-1� macrophages, and Gr-1�CD11b� immature myeloid cells were
evaluated within the population of CD45.2� donor cells. (E) Splenocytes (SP) and
bone marrow cells (BM) were collected 24 hours after transfer of Gr-1�CD11b� ImCs
as described in panel D. Cells were labeled with APC-conjugated anti–Gr-1,
PE-conjugated anti-Neu, PerCp-conjugated anti-CD11b, and FITC-conjugated CD45.2
antibodies and analyzed on a FACSCalibur flow cytometer. The proportions of cells
were calculated within the population of donor’s CD45.2� cells. Before indicates cells
analyzed prior to the transfer. Results of 2 performed experiments are shown.
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(data not shown). The proportion of CD11c� DCs generated from
HPCs on SS was similar to that in cells cultured without stroma and
significantly (P 
 .01) higher than on BMS (Figure 2B). Cells
generated on SS had significantly higher activity in stimulation of
allogeneic T cells than cells generated on BMS (Figure 2C).

These in vitro experiments demonstrated that BMS and SS had
similar effects on generation of precursors of myeloid cells.
However, their effect on DC differentiation was very different.
BMS, in contrast to SS, prevented transition of ImCs to terminally
differentiated DCs. We asked whether similar effects could be seen
in vivo. CD45.2� Gr-1�CD11b� ImCs were isolated from BM of
C57BL/6 mice with a purity more than 92% (Figure S2), and
1.5 � 107 cells were transferred intravenously into CD45.1�

congenic mice. BM cells and splenocytes were analyzed 2 hours,
24 hours, 72 hours, and 120 hours after intravenous injection. After
2 hours, slightly more CD45.2� donor cells migrated to BM than to
spleens. However, those differences were not statistically signifi-
cant (Table 1). Twenty-four hours after the transfer, ImCs repre-
sented the majority of donors’ cells in BM but only 20% of donors’
cells in spleens (Figure 2D). The total number of ImCs in BM was
5-fold higher than in spleen (Table 1). Most of the donors’ cells in
spleen differentiated into F4/80�Gr-1� macrophages or
CD11c�IAb� DCs within 3 days, whereas in BM most of the cells
retained the phenotype of ImCs (Table 1; Figure 2D). More than
50% of CD45.2� ImCs expressed neutrophil marker Neu. To
investigate the fate of neutrophils after the transfer, we evaluated 3
populations of the cells: immature Gr-1�Neu�, intermediate Gr-
1�Neu�, and mature Gr-1�Neu� cells. In 24 hours after the
transfer, the proportions of both population of immature cells
(Gr-1�Neu� and Gr-1�Neu�) among donors’ cells in spleens was
substantially reduced. In BM, the decrease was much smaller
(Gr-1�Neu�) or even absent (Gr-1�Neu�) (Figure 2E). In contrast,
the proportion of mature Gr-1�Neu� cells increased substantially
in spleen. In BM, this increase was significantly smaller (Figure
2E). These data supported the hypothesis that the BM environment,
however, promoted the accumulation of precursors of DCs, while
preventing their terminal differentiation. In this regard, what is the
possible role of Notch ligands on BMS?

The role of Notch ligands in the effects of stroma
on DC differentiation

We examined the expression of the 2 ligands in cultured BMS.
Both proteins were present in BMS derived from BALB/c and
C57BL/6 mice. However, the level of Delta-1 was significantly
lower than Jagged-1 (Figure 3A). These results were confirmed by
gene expression analysis. The expression of Jagged-1 in BMS was
much higher than Delta-1 as assessed by cDNA copies per cell

basis in real-time reverse-transcription (RT)–PCR. In BALB/c
BMS, 1.43 copies of Jagged-1 cDNA per cell were detected,
compared with only 0.002 copies of Delta-1. In C57BL/6 mice,
2.29 copies per cell of Jagged-1 cDNA were detected compared
with only 0.009 copies of Delta-1 (Figure 3B). Both Jagged-1 and
Delta-1 were present in SS. However, substantially more Delta-1
was found in SS than Jagged-1 (Figure 3C). As a result, the ratio of
Jagged-1 to Delta-1 protein levels in BMS was more than 2.5,
whereas in SS it was less than 0.5. The level of Jagged-1 protein in
BMS was similar to that in 3T3-Jagged-1 cells, whereas 3T3-
Delta-1 cells had a higher level of Delta-1 expression than both
BMS and SS (Figure 3C). A similar expression pattern of Notch
ligands was observed when whole cell populations from bone
marrow and spleens were studied. Expression of Notch ligands in
lymph node cells was similar to that in spleen (Figure 3D).

To investigate further the potential contribution of different
Notch ligands in DC differentiation, HPCs were cultured with
GM-CSF on a monolayer formed from a mixture of Jagged-1 and
Delta-1 fibroblasts. As a control, we used a mixture of Delta-1 and
control fibroblasts. The proportion of CD11c� DCs among CD45�

hematopoietic cells generated after 6-day culture was calculated.
Jagged-1 suppressed DC differentiation stimulated by Delta-1
fibroblasts only if present on more than 50% of the cells (Figure
3E). Of interest, those proportions were similar to those observed in
BMS but not in SS (Figure 3C-D).

To clarify the role of Jagged-1 in BMS effect on DC differentia-
tion, Jagged-1 was knocked down by siRNA (Figure 3F). BMS
cells cultured for 2 weeks were transfected with control or Jagged-1
siRNA. HPCs were cocultured on the monolayer of transfected
BMS in the presence of GM-CSF. Cells were transferred to a new
monolayer of freshly prepared stroma cells every 2 days and
analyzed on day 7. Down-regulation of Jagged-1 in BMS resulted
in moderate but significant increase in the proportion of differenti-
ated DCs (Figure 3G). The results were more dramatic when cell
function was evaluated in allogeneic MLR. Down-regulation of
Jagged-1 in BMS significantly increased the presence of cells able
to stimulate allogeneic T cells, the function specifically attributed
to DCs (Figure 3H). Taken together, these data indicate that
Jagged-1 may play an important role in BMS-mediated suppression
of DC differentiation.

Effect of Jagged-1 and Delta-1 on downstream targets of Notch

HPCs express primarily 2 members of the Notch family: Notch-1
and Notch-2. Using bicistronic retroviral constructs containing
GFP and active forms of Notch 1 or Notch 2, we evaluated their
effect on DC differentiation. The active form of Notch-1 and
Notch-2 significantly and equally increased the proportion of

Table 1. Differentiation of myeloid cells in vivo

Cells

CD45.2 cells, � 106, by time after cell transfer

2 h 24 h 72 h 120 h

Bone marrow Spleen Bone marrow Spleen Bone marrow Spleen Bone marrow Spleen

All cells 1.27 	 0.13 0.97 	 0.10 2.5 	 0.29 1.82 	 0.18 1.53 	 0.16 0.85 	 0.09* 3.12 	 0.32 1.06 	 0.11*

Gr-1�CD11b� 0.55 	 0.04 0.43 	 0.04 0.93 	 0.09 0.14 	 0.04* 0.77 	 0.06 0.02 	 0.01* 2.52 	 0.26 0.3 	 0.31*

CD11c�1Ab� 0.10 	 0.01 0.16 	 0.01 0.18 	 0.02 0.37 	 0.03 0.28 	 0.02 0.35 	 0.04 0.37 	 0.04 0.67 	 0.06*

F4/80�Gr-1� 0.32 	 0.03 0.36 	 0.03 0.75 	 0.08 1.15 	 0.12 0.42 	 0.04 0.48 	 0.05 0.43 	 0.04 0.54 	 0.06

Gr-1� cells were isolated from bone marrow of control C57BL/6 mice using magnetic beads. More than 92% of these cells were Gr-1�CD11b�. Fifteen million of the cells
were injected intravenously into congenic CD45.1� mice. Spleen and bone marrow were collected 2, 24, 48, and 72 hours after the injection. Each time point included 3 mice.
Cells were labeled with antibodies against different surface markers and the total number of CD45� donors’ cells as well as CD45�CD11c�1Ab� DCs, CD45�F4/80�Gr-1�

macrophages, and CD45�Gr-1�CD11b� immature myeloid cells were calculated. Mean 	 SE of 3 performed experiments is shown.
*Statistically significant differences between bone marrow and spleen (P 
 .05).
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CD11c� DCs as well as the populations of CD11c�IAd� or
CD11c�CD86� activated DCs (P 
 .05) (Figure 4A). We com-
pared the ability of Delta-1 and Jagged-1 to activate Notch
signaling via transcription factor CBF-1/RBP-J�. HPCs were
cultured for 16 hours on the monolayer of different 3T3 cell lines,
CD45� hematopoietic cells were isolated, and nuclear protein was
extracted and used for evaluation of CBF-1 binding activity in

EMSA. Both Jagged-1 and Delta-1 strongly and equally increased
CBF-1 binding to the specific DNA probe (Figure 4B). Similar
results were obtained in CBF-1–luciferase reporter assay using
HPCs transduced with CBF-1–luciferase retrovirus (Figure 4C).
Transcription factor NF-�B plays a critical role in DC differentia-
tion. Previously, we have demonstrated that Notch-1 may regulate
expression levels of different NF-�B members.12 We tested the
hypothesis that Jagged-1 and Delta-1 induced different levels of
NF-�B activation. Both Jagged-1 and Delta-1 equally activated
NF-�B in HPCs (Figure 4D), and the expression of NF-�B
members was not changed until at least after a 72-hour culture
(Figure 4E).

Hes1 is one of the main target genes regulated by Notch. We
evaluated Hes1 expression after the incubation of HPCs on
fibroblasts with different Notch ligands. Jagged-1 and Delta-1
induced Hes1 expression that oscillated following different pat-
terns. Jagged-1 induced repeated peaks of expression with 2-hour
intervals, which then slowly decreased after 12 hours in culture
(Figure 5A). Delta-1 induced much stronger Hes1 expression. It
followed the pattern of 3 hours of oscillation and remained strong

Figure 3. Role of Notch ligands in the effect of BMS and SS on DC differentia-
tion. (A) Expression of Notch ligands in cultured BMS. Whole-cell lysates of BMS
(2-week culture) were prepared and used to determine the expression of Jagged-1
and Delta-1 by Western blot. (B) RNA samples were extracted from BMS; cDNA was
synthesized and used to determine expression of Jagged-1 and Delta-1. The number
of gene copies per cell was determined using Jagged-1 and Delta-1 plasmids as
described in “Materials and methods.” The Jagged-1–Delta-1 ratio was presented
based on copy number per cell. (C) Expression of Jagged-1 and Delta-1 in 3T3 cell
lines expressing Jagged-1 or Delta-1, BMS, and SS. Whole-cell lysates of 2-week
cultured BMS or SS were prepared and used to determine the expression of
Jagged-1 and Delta-1 by Western blotting as described in “Materials and methods”
using indicated antibodies. BMS indicates bone marrow stroma; and SS, spleen
stroma. Quantification was performed using densitometry. Levels of proteins were
quantitated by using UN-Scan-IT software (Silk Scientific, Orem, UT). Expression in
each sample was normalized for �-actin and was expressed as an arbitrary unit. It
was calculated as follows: (intensity of Jagged-1 or Delta-1 bands)/(intensity of
�-actin bands) � 100. (D) Expression of Jagged-1 and Delta-1 in bone marrow,
spleens, and lymph nodes. RNA was extracted from tissues, and gene expression
was evaluated as described in Figure 4B. (E) 3T3-Jagged-1 and 3T3-Delta-1 cells
were mixed together at indicated ratios and then used to form a monolayer in 24-well
plates. HPCs were isolated from bone marrow and cultured on a monolayer of
fibroblasts in the presence of GM-CSF as described in the legend to Figure 1. Cells
were collected on day 6 and analyzed by flow cytometry. Only CD45� hematopoietic
cells were analyzed, and the proportion of CD11c� DCs was calculated. M indicates
cells cultured on control 3T3-MSCV fibroblasts; D, cells cultured on Delta-1
fibroblasts; D/M, mixture of 3T3-Delta-1 and control 3T3-MSCV fibroblasts; and D/J,
mixture of 3T3-Delta-1 and 3T3-Jagged-1 cells. (F) BMS cells were transfected with
Jagged-1 or control siRNA. Twenty-four hours later, whole-cell lysates were prepared
and the level of Jagged-1 in the cells was evaluated in Western blotting. The
membranes were also probed with anti–Delta-1 antibody to assess potential
off-target effect of siRNA. (G) HPCs were cultured on a monolayer of BMS
transfected with Jagged-1 or control siRNA as well as on the monolayer of SS for 7
days in the presence of 20 ng/mL GM-CSF. Cells were transferred every 2 days on
freshly prepared BMS. On day 7, cells were collected, labeled with different
antibodies, and analyzed by flow cytometry. Only hematopoietic CD45.2� cells were
evaluated. Average 	 SE of 3 experiments is shown. (H) CD45.2� cells from the
experiments described in Figure 4F were isolated using magnetic beads and cultured
with allogeneic lymph node cells at different ratios. Cell proliferation was measured in
triplicate using [3H]-thymidine uptake. Data represent the average 	 SE of 3
experiments.

Figure 4. Effect of Notch ligands on downstream targets of Notch signaling. (A)
Effect of ICN1 and ICN2 on differentiation of DCs. HPCs were transduced with either
ICN1 or ICN2 using retroviruses as described in “Materials and methods” and
differentiated to DCs with GM-CSF for 7 days. After that time, cells were collected and
the phenotype of GFP-positive cells was evaluated by flow cytometry. The results of 4
experiments are shown. (B) CBF-1 binding activity. HPCs were cultured on a
monolayer of different 3T3 fibroblast cell lines for 8 hours. Nuclear protein was
extracted and used for evaluation of CBF-1 binding to 32P-labeled specific DNA probe
in EMSA. (C) CBF-1 reporter luciferase activity induced by Notch ligands. HPCs from
Balb/c mice were infected with control KA9 virus or CBF-1 reporter virus twice on day
0 and day 1 with a 16-hour interval. After second infection, cells were cultured for 48
hours. To activate Notch signaling, infected HPCs were cultured for 8 hours on 3T3
fibroblasts expressing different ligands. Luciferase activity was normalized on protein
concentration. Mean 	 SE of 3 performed experiments is shown. (D) HPCs were
electroporated with pGL3 or NF-�B reporter plasmids and 40 hours later were placed
on top of a monolayer of different fibroblast cell lines. M indicates 3T3-MSCV; J,
3T3-Jagged-1; E, 3T3-EF; and D, 3T3-Delta-1. After overnight incubation, cells were
collected, CD45� cells were isolated using magnetic beads, whole-cell lysates were
prepared, and luciferase activity was measured as described in “Materials and
methods.” The results were normalized for protein concentrations. (E) HPCs were
cultured for 72 hours on different cell lines, whole-cell lysates were performed, and
protein level was evaluated by Western blotting using indicated specific antibodies.
Data represent the average 	 SE of 3 experiments.

512 CHENG et al BLOOD, 15 JANUARY 2007 � VOLUME 109, NUMBER 2

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/109/2/507/1284884/zh800207000507.pdf by guest on 01 June 2024



after 12 hours of culture (Figure 5A). Deltex-1 is another important
factor of Notch signaling pathway with possible antagonistic
activity against Notch-1. In our experiments, both Delta-1 and
Jagged-1 induced Deltex-1 transcription. However, the effect of
Delta-1 was much faster and much stronger (more than 1000-fold)
than that of Jagged-1 (Figure 5B).

Since cell-bound Delta-1 induced substantially higher levels of
Hes1 and Deltex-1 expression than Jagged-1, we investigated the
possibility that Hes1 or Deltex-1 could be directly involved in DC
differentiation using bicistronic retroviral constructs expressing
GFP and either Hes1 or Deltex-1. HPCs infected with different
retroviruses were cultured for 7 days with GM-CSF and the
phenotype of GFP-positive cells was analyzed. There was no
difference between cells infected with control virus and Deltex-1
virus (Figure 5C). Although the total cell number remained
unchanged, the proportion of DCs differentiated from HPCs
transduced with Hes1 was significantly higher (Figure 5C). This
was observed for the total population of CD11c� cells as well as for
the populations of mature DCs (CD11c�IAb�, CD11c�CD86�, and
CD11c�CD40�). Not surprisingly, the proportion of ImCs was
significantly reduced (P 
 .05). The effect of Hes-1 on DC

differentiation was confirmed in allogeneic MLR. GFP-positive
cells were sorted and then used as stimulators of allogeneic T cells.
HPCs transduced with Hes1 produced cells with much greater
ability to stimulate allogeneic T cells than HPCs transduced with
control or Deltex-1 vectors (Figure 5D).

We evaluated the effect of BM and spleen on Hes1 expression in
donors’ cells after adoptive transfer. Twenty-four hours after
transfer of ImCs, CD45.2� donors’ cells were collected from spleen
and BM, RNA was extracted, and the level of Hes1 mRNA was
measured in real-time PCR. Hes1 expression was found to be
substantially higher in donors’ cells recovered from spleens than
from BM (Figure 5E).

Discussion

Notch signaling is an important element mediating the effect of
BMS on HPCs. It is closely involved in DC differentiation.12,21,27

However, the nature of this effect remains controversial. A number
of studies have demonstrated that Notch ligand Delta-1 promotes
differentiation of myeloid DCs,23,37 pDCs,25 and Langerhans cells.26

In contrast, another Notch ligand Jagged-1 was shown to inhibit
differentiation of DCs and promote accumulation of DC precur-
sors. These precursors differentiated to DCs as soon as Jagged-1–
mediated signaling was terminated.27 It was not clear whether the
observed differences were just the result of different experimental
conditions or the complex nature of Notch signaling in HPCs. The
biologic significance of these phenomena was also not clear since
all of these experiments were performed with cell lines expressing
artificially high levels of Notch ligands. To address these questions,
we have compared side by side the effect of 2 main Notch ligands
Jagged-1 and Delta-1 on DC differentiation from HPCs. These 2
ligands were expressed on the same type of cells (3T3 fibroblasts)
at similar levels. However, their effect on DC differentiation was
totally opposite. Delta-1 increased accumulation of differentiated
DCs, whereas Jagged-1 decreased their presence. This was associ-
ated with accumulation of Gr-1�CD11b� ImCs previously shown
to be precursors of DCs, macrophages, and granulocytes.38 Jagged-
1–induced accumulation of ImCs was consistent with the previ-
ously published observation that Jagged-1 promoted increase in the
formation of primitive precursor cell populations.39

Different effects of Notch ligands on lymphocytes have been
reported previously. Delta-1 allowed the emergence of cells with
characteristics of T/natural killer (NK) precursors, while Jagged-1
did not interfere with lymphoid development.40 The majority of
BM-derived stem cells did not respond to Jagged-1 signal, whereas
the Delta-1–expressing stroma cells promote the proliferation and
maturation of T-cell progenitors.41 Expression of Delta on antigen-
presenting cells induced Th1-type T cells, while expression of
Jagged induced Th2-type T cells.42 These data raised the question,
how can distinct ligands of the same receptor family induce such
diverse biologic outcomes of the Notch signaling pathway? Notch
ligands share a conserved extracellular domain containing multiple
EGF repeats and a Delta-Serrate-Lag2 (DSL) motif that is required
for receptor binding. It is known that Jagged proteins have a
distinct cysteine-rich region proximal to the transmembrane do-
main absent in Delta ligands.16 This structural difference can
represent one explanation for Delta and Jagged distinct biologic
functions. Apparently, the whole ligand sequence is necessary to
generate a specific signal by a given ligand.43

What could be the biologic significance of the observed effects
of Jagged-1 and Delta-1 on DC differentiation? First, we asked,

Figure 5. Effect of Notch ligands on Hes-1 and Deltex-1. (A) Expression of Hes1
was evaluated in HPCs cultured on Jagged-1 or Delta-1 fibroblasts at indicated time
points using real-time RT-PCR. The data are presented as fold increase over the level
of Hes1 expression in HPCs cultured on control fibroblasts. Two experiments with the
same results were performed. (B) Expression of Deltex-1 was measured in HPCs at
indicated time points using real-time RT-PCR. The data are presented as fold
increase over the level of Deltex-1 expression in HPCs cultured on control fibroblasts.
Two experiments with the same results were performed. (C) HPCs were transduced
with Hes1 or Deltex-1 and cultured with GM-CSF for 7 days. The phenotype of
transduced GFP-positive cells was evaluated using multicolor flow cytometry. The
results of 2 experiments are shown. (D) GFP-positive cells from experiments
described in panel C were sorted and used as stimulator of allogeneic lymph node
cells. Cell proliferation was evaluated in triplicate using [3H]-thymidine uptake. Two
experiments with similar results were performed. (E) Gr-1� ImCs isolated from BM of
CD45.2� mice were injected intravenously into CD45.1� recipients as described in
Figure 2D. Donors’ CD45.2� cells were isolated from spleens and BM of recipients 24
hours after the transfer. RNA was extracted and expression of Hes1 was measured in
triplicate in real-time PCR as described in “Materials and methods.” Hes1/18S ratio is
shown. Data represent the average 	 SE of 3 experiments.
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what was the level of expression of Notch ligands in bone marrow
and spleen stroma? We found that in contrast to SS, BMS had a
much higher level of Jagged-1 than Delta-1. Of importance, the
effect of BMS and SS on DC differentiation was also different.
BMS promoted accumulation of ImCs but prevented their transi-
tion to differentiated DCs. This resembled the effects of Jagged-1
ligands. SS did not prevent DC differentiation. Down-regulation of
Jagged-1 expression on BMS significantly improved DC differen-
tiation. This was consistent with data obtained in vitro using the
mixture of Delta-1 and Jagged-1 fibroblasts. This indicates that
observed effects of different Notch ligands on DC differentiation
could be biologically relevant and may suggest a model of Notch
involvement in compartmentalization of DC differentiation. The
bone marrow environment promoted accumulation of DC precur-
sors but prevented terminal DC differentiation. This could be
mediated by predominant expression of Jagged-1 on BMS. When
DC precursors leave bone marrow they rapidly undergo final steps
of differentiation. This could be due to the termination of Jagged-1
signaling as well as predominant expression of Delta-1 in periph-
eral lymphoid organs. The fact that normal bone marrow contains a
significant proportion of ImCs (30%-40%), whereas spleen con-
tains only 3% to 5% and lymph nodes contain less than 1%,
partially supports this hypothesis. However, one can argue that
those differences could be due to the high rate of cell production
and turnover in bone marrow. Our experiments with adoptive
transfer of ImCs demonstrated that most of the donors’ cells in
spleen differentiated into mature DCs or macrophages within 3
days after adoptive transfer, whereas the majority of donors’ cells
in bone marrow retained an immature phenotype. The analysis of
an absolute number of donors’ cells in spleens and BM as well as
the data on phenotype of these cells strongly suggest that the
observed differences between spleen and BM were not due to a
preferential loss of cells in spleens but rather to a different pattern
of cell differentiation in these sites. It is plausible that ImCs could
migrate between bone marrow and spleen and thus affect the cell
number in these organs during the experiment. However, this
possibility does not contradict the overall hypothesis.

What could be the mechanism of different effects of Delta-1 and
Jagged-1 on DC differentiation? Previous studies have shown the
possibility that the different members of Notch family may have
unique function.44,45 However, our data indicate that both Notch-1
and Notch-2 promoted DC differentiation. Jagged-1 and Delta-1
equally activated CSL/CBF-1 and NF-�B transcription factors—
important targets for Notch signaling. Notch signaling could be
regulated by the quantity of Notch-ICN present in the nucleus via
Deltex. Deltex can act as a positive or negative regulator of
Notch.46 However, in our study, Deltex-1 did not affect DC

differentiation. Hes1 transcription factor is a major target for Notch
signaling. Jagged-1 induced an oscillatory pattern of Hes1 expres-
sion consistent with a previous report.47 The pattern of Delta-1–
induced activation was different. The intervals between peaks were
longer and the intensity of the signal was higher. The splenic
environment provides much stronger up-regulation of Hes1 than
BM, which is consistent with a predominant effect of Delta-1 in
spleens. Could these differences in Hes1 expression contribute to
the different effects of Notch ligands on DC differentiation? Our
data suggest that it may be the case. Overexpression of Hes1 in
HPCs resulted in a substantial increase in DC differentiation
similar to the effect of Delta-1 and Notch-1/2. It appears that low
expression of Hes-1 prevents transition of ImCs to DCs. However,
these data cannot fully explain the observed biologic effects since
down-regulation of Jagged-1 in BMS was sufficient to significantly
enhance DC differentiation, and addition of Jagged-1–containing
fibroblasts to Delta-1–expressing cells blocked Delta-1–stimulated
DC differentiation. It is likely that Jagged-1 directly or indirectly
affects a different set of transcription factors and target genes
important for DC differentiation. It is possible that in addition to a
direct cell-cell contact Jagged-1–expressing cells could affect DC
differentiation via soluble factors. More studies are needed to
clarify this question.

Acknowledgments

This work was supported by National Institutes of Health (NIH)
grant 1R01CA100062 (D.I.G.).

We thank Dr Bernstein (Fred Hutchinson Cancer Center,
Seattle, WA) for Jagged-1–expressing cells, Deltaext-myc protein,
and valuable suggestions; Dr Honjo (Kyoto University, Kyoto,
Japan) for Delta-1 construct; Dr Klug (University of Alabama at
Birmingham, Birmingham, AL) for Notch-2 ICN retrovirus; and Dr
Pear (University of Pennsylvania Medical Center, Philadelphia,
PA) for Deltex-1 retrovirus.

Authorship

Contribution: P.C. collected data, analyzed data, and wrote the
paper; Y.N. and C.A.C. collected data; D.I.G. designed research,
analyzed data, and wrote the paper.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: Dmitry I. Gabrilovich, H. Lee Moffitt Cancer
Center, MRC 2067, 12902 Magnolia Dr, Tampa, FL 33612; e-mail:
dgabril@moffitt.usf.edu.

References

1. Steinman RM. Some interfaces of dendritic cell
biology. Apmis. 2003;111:675-697.

2. Banchereau J, Briere F, Caux C, et al. Immunobi-
ology of dendritic cells. Annu Rev Immunol. 2000;
18:767-812.

3. Shortman K, Liu YJ. Mouse and human dendritic
cell subtypes. Nat Rev Immunol. 2002;2:151-161.

4. Vuckovic S, Clark GJ, Hart DN. Growth factors,
cytokines and dendritic cell development. Curr
Pharm Des. 2002;8:405-418.

5. Osborne B, Miele L. Notch and the immune sys-
tem. Immunity. 1999;11:653-663.

6. Kopan R, Goate A. A common enzyme connects
notch signaling and Alzheimer’s disease. Genes
Dev. 2000;14:2799-2806.

7. Maillard I, Fang T, Pear WS. Regulation of lym-
phoid development, differentiation, and function
by the Notch pathway. Annu Rev Immunol. 2005;
23:945-974.

8. Miele L. Notch signaling. Clin Cancer Res. 2006;
12:1074-1079.

9. Artavanis-Tsakonas S, Rand M, Lake RJ. Notch
signaling: cell fate control and signal integration
in development. Science. 1999;284:770-776.

10. Allman D, Punt J, Izon DJ, Aster JC, Pear WS. An
invitation to T and more: Notch signaling in lym-
phopoiesis. Cell. 2002;109:S1-S11.

11. Kamakura S, Oishi K, Yoshimatsu T, Nakafuku M,
Masuyama N, Gotoh Y. Hes binding to STAT3
mediates crosstalk between Notch and JAK-
STAT signalling. Nat Cell Biol. 2004;6:547-554.

12. Cheng P, Zlobin A, Volgina V, et al. Notch-1 regu-
lates NF-kappa B activity in hematopoietic pro-
genitor cells. J Immunol. 2001;167:4458-4467.

13. Rangarajan A, Talora C, Okuyama R, et al. Notch
signaling is a direct determinant of keratinocyte
growth arrest and entry into differentiation. EMBO
J. 2001;20:3427-3436.

14. Ronchini C, Capobianco AJ. Induction of cyclin
d1 transcription and cdk2 activity by Notch (IC):
implication for cell cycle distribution in transfor-
mation by Notch (IC). Mol Cell Biol. 2001;21:
5925-5934.

15. Radtke F, Wilson A, Stark G, et al. Deficient T cell
fate specification in mice with an induced inacti-
vation of Notch1. Immunity. 1999;10:547-558.

16. Ohishi K, Varnum-Finney B, Bernstein ID. The

514 CHENG et al BLOOD, 15 JANUARY 2007 � VOLUME 109, NUMBER 2

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/109/2/507/1284884/zh800207000507.pdf by guest on 01 June 2024



notch pathway: modulation of cell fate decisions
in hematopoiesis. Int J Hematol. 2002;75:
449-459.

17. MacDonald HR, Wilson A, Radtke F. Notch1 and
T-cell development: insights from conditional
knockout mice. Trends Immunol. 2001;22:
155-160.

18. Radtke F, Ferrero I, Wilson A, Lees R, Aguet M,
MacDonald HR. Notch1 deficiency dissociate in-
trathymic development of dendritic cells and
T cells. J Exp Med. 2000;191:1085-1093.

19. Ferrero I, Held W, Wilson A, Tacchini-Cottier F,
Radtke F, MacDonald HR. Mouse CD11c�
B220� Gr1� plasmacytoid dendritic cells de-
velop independently of the T-cell lineage. Blood.
2002;100:2852-2857.

20. Milner LA, Bigas A, Kopan R, Brashem-Stein C,
Bernstein ID, Martin DI. Inhibition of granulocytic
differentiation by mNotch1. Proc Natl Acad Sci
U S A. 1996;93:13014-13019.

21. Schroeder T, Just U. mNotch1 signaling reduces
proliferation of myeloid progenitor cells by altering
cell-cycle kinetics. Exp Hematol. 2000;28:
1206-1213.

22. Varnum-Finney B, Brashem-Stein C, Bernstein
ID. Combined effects of Notch signaling and cyto-
kines induce a multiple log increase in precursors
with lymphoid and myeloid reconstituting ability.
Blood. 2003;101:1784-1789.

23. Ohishi K, Varnum-Finney B, Serda RE, Anasetti
C, Bernstein ID. The Notch ligand, Delta-1, inhib-
its the differentiation of monocytes into macro-
phages but permits their differentiation into den-
dritic cells. Blood. 2001;98:1402-1407.

24. Dontje W, Schotte R, Cupedo T, et al. Delta-
like1-induced Notch1 signaling regulates the hu-
man plasmacytoid dendritic cell versus T-cell lin-
eage decision through control of GATA-3 and
Spi-B. Blood. 2006;107:2446-2452.

25. Olivier A, Lauret E, Gonin P, Galy A. The Notch
ligand delta-1 is a hematopoietic development
cofactor for plasmacytoid dendritic cells. Blood.
2006;107:2694-2701.

26. Hoshino N, Katayama N, Shibasaki T, et al. A
novel role for Notch ligand Delta-1 as a regulator

of human Langerhans cell development from
blood monocytes. J Leukoc Biol. 2005;78:
921-929.

27. Cheng P, Nefedova Y, Miele L, Osborne BA,
Gabrilovich D. Notch signaling is necessary but
not sufficient for differentiation of dendritic cells.
Blood. 2003;102:3980-3988.

28. Varnum-Finney B, Xu L, Brashem-Stein C, et al.
Pluripotent, cytokine-dependent, hematopoietic
stem cells are immortalized by constitutive
Notch1 signaling. Nat Med. 2000;6:1278-1281.

29. Zhang M, Tang H, Guo Z, et al. Splenic stroma
drives mature dendritic cells to differentiate into
regulatory dendritic cells. Nat Immunol. 2004;5:
1124-1133.

30. Witt CM, Hurez V, Swindle CS, Hamada Y, Klug
CA. Activated Notch2 potentiates CD8 lineage
maturation and promotes the selective develop-
ment of B1 B cells. Mol Cell Biol. 2003;23:
8637-8650.

31. Izon DJ, Aster JC, He Y, et al. Deltex1 redirects
lymphoid progenitors to the B cell lineage by an-
tagonizing Notch1. Immunity. 2002;16:231-243.

32. Nefedova Y, Cheng P, Alsina M, Dalton WS,
Gabrilovich DI. Involvement of Notch-1 signaling
in bone marrow stroma-mediated de novo drug
resistance of myeloma and other malignant lym-
phoid cell lines. Blood. 2004;103:3503-3510.

33. Applied Biosystems User Bulletin no. 2: ABI
Prism 7700 Sequence Detection System. Foster
City, CA: Applied Biosystems; 2003.

34. Fey A, Eichler S, Flavier S, Christen R, Hofle MG,
Guzman CA. Establishment of a real-time PCR-
based approach for accurate quantification of
bacterial RNA targets in water, using Salmonella
as a model organism. Appl Environ Microbiol.
2004;70:3618-3623.

35. Bustin SA. Quantification of mRNA using real-
time reverse transcription PCR (RT-PCR): trends
and problems. J Mol Endocrinol. 2002;29:23-39.

36. Dallas MH, Varnum-Finney B, Delaney C, Kato K,
Bernstein ID. Density of the Notch ligand Delta1
determines generation of B and T cell precursors
from hematopoietic stem cells. J Exp Med. 2005;
201:1361-1366.

37. Rathinam C, Sauer M, Ghosh A, et al. Generation
and characterization of a novel hematopoietic
progenitor cell line with DC differentiation poten-
tial. Leukemia. 2006;20:870-876.

38. Kusmartsev S, Gabrilovich DI. Inhibition of my-
eloid cell differentiation in cancer: the role of reac-
tive oxygen species. J Leukoc Biol. 2003;74:
186-196.

39. Varnum-Finney B, Purton LE, Yu M, et al. The
Notch ligand, Jagged-1, influences the develop-
ment of primitive hematopoietic precursor cells.
Blood. 1998;91:4084-4091.

40. Jaleco AC, Neves H, Hooijberg E, et al. Differen-
tial effects of Notch ligands Delta-1 and Jagged-1
in human lymphoid differentiation. J Exp Med.
2003;194:991-1002.

41. Lehar SM, Dooley J, Farr AG, Bevan MJ. Notch
ligands Delta 1 and Jagged 1 transmit distinct
signals to T-cell precursors. Blood. 2005;105:
1440-1447.

42. Amsen D, Blander JM, Lee GR, Tanigaki K, Honjo
T, Flavell RA. Instruction of distinct CD4 T helper
cell fates by different notch ligands on antigen-
presenting cells. Cell. 2004;117:515-526.

43. Fleming RJ, Gu Y, Hukriede NA. Serrate-
mediated activation of Notch is specifically
blocked by the product of the gene fringe in the
dorsal compartment of the Drosophila wing imagi-
nal disc. Development. 1997;124:2973-2981.

44. Beatus P, Lundkvist J, Oberg C, Lendahl U. The
notch 3 intracellular domain represses notch
1-mediated activation through hairy/enhancer of
split (HES) promoters. Development. 1999;126:
3925-3935.

45. Bigas A, Martin D, Milner LA. Notch1 and Notch2
inhibit myeloid differentiation in response to differ-
ent cytokines. Mol Cell Biol. 1998;18:2324-2333.

46. Izon DJ, Aster JC, He Y, et al. Deltex1 redirects
lymphoid progenitors to the B cell lineage by an-
tagonizing Notch1. Immunity. 2002;16:231-243.

47. Hirata H, Yoshiura S, Ohtsuka T, et al. Oscillatory
expression of the bHLH factor Hes1 regulated by
a negative feedback loop. Science. 2002;298:
840-843.

REGULATION OF DC DIFFERENTIATION BY STROMA 515BLOOD, 15 JANUARY 2007 � VOLUME 109, NUMBER 2

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/109/2/507/1284884/zh800207000507.pdf by guest on 01 June 2024


