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Lipopolysaccharide-induced Maturation of Bone
Marrow-derived Dendritic Cells Is Regulated by Notch
Signaling through the Up-regulation of CXCR4™
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Dendritic cells (DCs) are professional antigen presenting cells
to initiate immune response against pathogens, but mechanisms
controlling the maturation of DCs are unclear. Here we report
that, in the absence of recombination signal binding protein-Jx
(RBP-J, the transcription factor mediating Notch signaling),
lipopolysaccharide-stimulated monocyte-derived DCs are
arrested at a developmental stage with few dendrites, low major
histocompatibility complex II (MHC II) expression, and
reduced motility and antigen presentation ability. RBP-J null
DCs had lower expression of CXCR4. Transduction with a
CXCR4-expressing lentivirus rescued developmental arrest of
RBP-J-deficient DCs. Activation of Notch signaling in DCs up-
regulated CXCR4 expression and increased the outgrowth of
dendrites and the expression of MHC II. These effects were
abrogated by a CXCR4 inhibitor. Therefore, Notch signaling is
essential for DCs to transit from a dendrite'®*MHC II'** imma-
ture state into a dendrite"&"MHC II"#" mature state, during the
lipopolysaccharide-induced DC maturation, most likely
through the up-regulation of CXCR4.

Dendritic cells (DCs)* are professional antigen-presenting
cells that initiate specific immune responses against pathogens
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such as bacteria, viruses, fungi, and parasites (1). Although sev-
eral types of DCs participate in host resistance to microbial
infections (2), myeloid DCs play a primary role to reject
microbes invading into tissues. The precursors of myeloid DCs
move to the sites of infection using signaling through chemo-
tactic receptors. Immature DCs, which are offspring of DC pre-
cursors, recognize microbial structures (pathogen-associated
molecular patterns) using pattern recognition receptors (3)
such as Toll-like receptors, and capture antigens by phagocyto-
sis, micropinocytosis, and endocytosis. Antigen uptake triggers
the maturation of DCs, which is characterized by decreased
endocytosis capacity, up-regulation of MHC II and co-stimula-
tory molecules, outgrowth of dendrites, and modulation of che-
mokine receptor expression patterns to facilitate the migration
of antigen-loaded DCs to the T-cell zone in local lymph nodes
(4). These changes finally cause DCs to prime certain types of
T-cell responses against the invading microbes. However, the
mechanisms controlling DC maturation have not been fully
understood.

The Notch signaling pathway is an evolutionarily highly con-
served pathway that mediates direct cell-cell interaction and
signaling (5). Both Notch receptors and ligands are type I trans-
membrane proteins. When Notch receptors are triggered by
ligands on neighboring cells, the intracellular domain of Notch
receptors, or NIC, is released upon intra-membrane proteolysis
executed by a y-secretase-containing proteinase complex. NIC
then translocates into the nuclear and associates with the DNA-
binding protein recombination signal binding protein-Jk
(RBP-]) (6, 7). This protein-protein interaction transactivates
downstream genes associated with cell differentiation, prolifer-
ation, and apoptosis. Although four Notch receptors have been
identified in mammals, it is believed that RBP-] mediates the
transcriptional activation of all four Notch receptors (8).

Notch signaling plays an important role in DC genesis.
Cheng et al. (9) showed that Notch1-deficient embryonic stem
cells or hematopoietic progenitor cells were unable to differen-
tiate into DCs. These authors further showed that different
Notch ligands exhibited different effects on DC differentiation:
Delta-likel promoted the generation of fully differentiated
DCs, whereas Jagged1 stimulated the accumulation of DC pre-
cursors but prevented their transition into terminally differen-
tiated DCs (10). Other studies have shown roughly consistent
findings showing that Notch signaling favors DC generation.
For example, Weijzen et al. (11) reported that Jagged1 was able
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to induce the maturation of monocyte-derived human DCs,
whereas Ohishi et al. showed that Delta-likel inhibits the dif-
ferentiation of monocytes into macrophages but permits their
differentiation into DCs (12, 13). Recently, using a conditional
knockout mouse of RBP-J and a DC-specific Cre transgenic
mouse (CD11c-Cre), Caton et al. found that the deletion of
RBP-J in DCs did not preclude DC lineage commitment, but
could result in the reduction of spleen DC fraction, and specif-
ically, could lead to the loss of spleen CD8™ DCs (14). In addi-
tion, Notch signaling has also been implicated in the develop-
ment of plasmacytoid DCs (15, 16).

Mouse bone marrow (BM) cells can generate DCs when cul-
tured in the presence of granulocyte macrophage-colony stim-
ulating factor (GM-CSF) and interleukin (IL)-4, mimicking the
process of differentiation of monocytes into DCs (17-20). Win-
zler et al. have divided this differentiation process into three
stages: immature stage (stage 1), mature stage (stage 2), and
apoptotic stage (stage 3) (21). In this study, using this system,
we show that lipopolysaccharide (LPS)-induced maturation of
monocyte-derived DCs is regulated by the Notch signaling
through the up-regulation of CXCR4.

EXPERIMENTAL PROCEDURES

Mice—Mice were maintained in a specific pathogen-free
environment. The RBP-J-floxed mouse was described previ-
ously (22). For the induction of RBP-] deletion, RBP-J-floxed
mice and Mx-Cre mice were mated. One-month-old mice with
suitable genotypes were induced with poly(I)-poly(C) as
described (22). Two months after the first injection, mice were
used for further analysis. All animal experiments, including
maintenance, injection, BM transplantation, and so on, were
approved by and performed in accordance with a guideline
from the Animal Experiment Administration Committee of the
Fourth Military Medical University, to comply with the inter-
national humanitarian standards.

Flow Cytometry—Mice were sacrificed humanly by cervical
dislocation. Single cell suspensions were prepared from cul-
tured cells, or collected from mouse tissues by passing
minced tissues through a stainless mesh, followed by treat-
ment with buffered 0.14 m NH,CI. Cells (3-5 X 10°) were
stained with antibodies for 30 min on ice, and were analyzed
using a FACSCalibur™ (BD Immunocytometry Systems,
San Jose, CA). Data were analyzed using the CellQuest™
software. Dead cells were excluded by propidium iodide
staining. Anti-mouse-CD11¢-FITC (N418), anti-mouse-
CD11c-PE (HL3), biotinylated anti-mouse-I-A" (KH174),
biotinylated anti-mouse-CD184 (CXCR4, 2B11), and
streptavidin-antigen-presenting cells were from BD Pharm-
ingen (San Diego, CA). Biotinylated anti-mouse CCR7 anti-
body was purchased from eBioscience (San Diego, CA).

Production of Recombinant Human Delta-likel (hDIl1)—
The Delta-Serrate-Lag2 (DSL) domain (amino acids 127-225)
of hDIl1 was inserted in-frame into the polyclonal site of
pET32a(+) (Novagen, Darmstadt, Germany), which contains
326-bp Trx coding sequence before a His tag, by routine DNA
recombination technology. Production of the recombinant
Trx-His-hDII1P5" (described as hDII1PS" hereafter) and the
Trx-His protein (Trx, as a control) was performed following the
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protocol from Novagen, and the biological activity of hDII1”5"
was determined essentially as described (23).

RT-PCR—DCs were sorted from BM cells using anti-CD11c
magnetic beads (Miltenyi Biotec GmbH, Germany) following
the recommended protocol. Sorted or cultured DCs (see below)
were disrupted in the TRIzol reagent (Invitrogen), and total
cellular RNA was prepared according to the manufacturer’s
instructions. cDNA was prepared from the total RNA using a
reverse-transcription kit from TOYOBO (Osaka, Japan). Real-
time PCR was performed using a kit (SYBR Premix EX Tagq,
TaKaRa) and the ABI PRISM 7300 Real-Time PCR system, with
B-actin as a reference control. Primers used in real-time PCR
were as follows: CXCR4-F, 5'-GTTGCCATGGAACCGATCA;
CXCR4-R, 5'-TGCCGACTATGCCAGTCAAGA; B-actin-F,
5'-CATCCGTAAAGACCTCTATGCCAAC; and B-actin-R,
5'-ATGGAGCCACCGATCCACA.

Western Blot—Whole cell extracts were prepared by lysing
cells with the RIPA buffer (50 mm Tris-HCI, pH 7.9, 150 mm
NaCl, 0.5 mm EDTA, and 0.5% Nonidet P-40, 0.1 mm phenyl-
methylsulfonyl fluoride). Proteins were separated by 12% SDS-
PAGE and were electroblotted onto polyvinylidene difluoride
membrane. Membranes were probed using rabbit-anti-mouse
CXCR4 (Thermo Fisher Scientific, Fremont, CA), monoclonal
anti-tubulin (Tu-02, Santa Cruz Biotechnology), or mono-
clonal anti-B-actin (AC-74, Sigma) at appropriate dilutions, fol-
lowed by incubation with horseradish peroxidase-conjugated
secondary anti-rabbit or anti-mouse IgG antibody (Sigma).
Blots were developed using an enhanced chemiluminescence
system (Roche Applied Science).

Scanning Electron Microscope—Cells grown on coverslips
were fixed in 3% glutaraldehyde overnight at 4 °C. Cells were
then routinely osmicated and dehydrated. Samples were incu-
bated in hexamethyldisilazane, mounted on stubs, splutter-
coated with gold, and examined under a scanning electron
microscope (SEM, S-3400N, Hitachi, Japan).

DC Culture—To culture DCs (24), mice were sacrificed
humanely by cervical dislocation. BM was flushed from femurs
and tibias, and single-cell suspension was obtained by passing
through an 18-gauge needle and filtered with a nylon filter,
followed by erythrolysis in buffered 0.14 m NH,CI. Cells (2 X
10°) were counted and cultured in 24-well plates in 1 ml of
RPMI1640 medium containing 20% fetal calf serum and 2 mm
L-glutamine, and supplemented with 20 ng/ml mouse GM-CSF
and 10 ng/ml mouse IL-4 (Pepro Tech, Inc.) for the indicated
times. LPS (1 pug/ml, Sigma) was added 12 h before the end of
the culture. In some experiments, the recombinant hDII1”5,
GSI (7y-secretase inhibitor IX, Calbiochem), or a CXCR4 inhib-
itor AMD3100 (Sigma) was added at concentrations of 1.5
pg/ml, 75 um, or 10 wg/ml, respectively.

Cell Migration Assays—Cultured DCs (2 X 10°) were incu-
bated with carboxyfluorescein diacetate succinimidylester
(CESE, Sigma) at 37 °C for 10 min, followed by incubating with
5 ml of ice-cold Dulbecco’s modified Eagle’s medium for 5 min
on ice. Cells were washed with cold Dulbecco’s modified Eagle’s
medium and were injected into the hind footpads of C57BL/6
mice. One day later, cells were collected from draining lymph
nodes and then analyzed by FACS.
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Chemotaxis experiments were performed in polycarbonate
Transwell inserts (8-um pore, Corning Costar Corp.). HeLa
cells (2 X 10°) transfected with pMikNeo-Fc-SDF1a or pMik-
Neo-Fc® were planted in the lower chamber. DCs (1 X 10°)
were seeded on the next day in the upper compartment
and were cultured at 37 °C overnight. Cells in the lower cham-
ber were harvested and counted, and analyzed by FACS.

Contact Sensitization—Contact sensitization assay was con-
ducted as described (25) by painting an FITC solution (10 mgin
1 ml of acetone dibutylphalate) on the ears of mice. The man-
dibular lymph node cells were collected 48 h later and analyzed
by FACS.

Lentivirus—The coding region of the mouse CXCR4 cDNA
was amplified by PCR from a mouse embryonic cDNA library
using primers 5'-GCCATGGAACCGATCAGTGTGAG and
5'-TGCATAAGTGTTAGCTGGAGTG. The CXCR4 cDNA
fragment was fused with an internal ribosome entry site-EGFP
unit and was inserted into pLenti-EGFP (kindly provided by Dr.
X.-B. Wu) to replace the EGFP gene and, thus, to generate
pLenti-CXCR4. pLenti-EGFP and pLenti-CXCR4 were trans-
fected into 293FT cells using Lipofectamine 2000™, together
with the packaging plasmids (Invitrogen), according to the
manufacturer’s protocols. Supernatants were collected 48 h
after the transfection, and the virons were concentrated by
ultracentrifugation at 70,000 X g, at 4 °C for 2 h. Pellets were
resuspended in Dulbecco’s modified Eagle’s medium and
stored at —80 °C. For infection, BM cells were co-cultured with
the viron suspensions for 48 h, and then cultured in normal
medium until further analysis.

Mixed Lymphocyte Reaction—BM-derived DCs (2 X 10°),
which were stimulated with LPS, were seeded in 24-well plates.
Syngeneic T-cells (2 X 10°) labeled with CFSE were mixed with
irradiated allogenic BM-derived DCs, and were added to each
well. Five days later, the proliferation of T-cells was detected by
FACS.

In Vivo Antigen Presentation Assay—Escherichia coli (2 X
10°) was lysed by ultrasound. The supernatant was collected
after centrifugation, and was used as E. coli super-antigens.
Mice were injected in the left hind footpad with 5 X 10° BM-
derived DCs pulsed with the E. coli super-antigens. Meanwhile,
BrdUrd (0.6 mg) was administered by intraperitoneal injection
every 6 h. Mice were sacrificed 3 day later, and draining lymph
nodes were harvested. CD3* T-cells were stained using FITC-
labeled anti-BrdUrd antibody (Sigma), and were analyzed by
FACS.

Delayed-type Hypersensitivity Assay—Mice were injected at
hind footpads with 5 X 10° E. coli antigen-pulsed DCs. Seven
days after the initial DC injection, the mice were challenged by
injection of 50 ul of E. coli super-antigen into one rear footpad,
while the other rear footpad received 50 ul of phosphate-buff-
ered saline. Twenty four hours later, footpad swelling was
measured using a Vernier caliper. The magnitude of the DTH
responses was determined by the footpad thickness.

Reporter Assay—The 5' flanking sequence (—703~+77) of
the mouse CXCR4 gene was amplified by PCR from mouse
genomic DNA. The resulting fragment was inserted into pGL3-

5Y.-C. Wang, P. Zhang, and H. Han, unpublished observation.
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basic, to generate a reporter construct pGL-CXCR4. Different
truncates of the 5’ flanking fragment, as depicted in Fig. 7B,
were also generated by PCR, and fused with the basic promoter
(—53~+77) of CXCR4 to generate different truncated reporter
constructs. DC2.4, HEK293, and HeLa cells were cultured in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum and 2 mm L-glutamine. Cells (2 X 10%) were
transfected with 0.1 ug of reporter construct, different amounts
of pEFBOS-NIC that expresses NIC, and 5 ng of Renilla lucif-
erase vector (phRL-TK, Promega, Madison, WI) using Lipo-
fectamine 2000™ (Invitrogen). Forty-eight hours after the
transfection, luciferase activity was assessed using Luminoskan
Ascent (Labsystems, Helsinki, Finland) and a Dual-Luciferase
Reporter Assay Kit (Promega) according to the manufacturer’s
protocol. All luciferase activity was normalized to Renilla lucif-
erase activity. NF-kB inhibitor (I«B kinase inhibitor peptide),
phosphatidylinositol 3-kinase inhibitor (Ly294002), MEK
inhibitor (PD98059), and p38 inhibitor (SB203580) were all
from Calbiochem.

Statistics—Statistical analysis was performed with the SPSS
12.0 program. Results were expressed as means = S.D. Com-
parisons between groups were undertaken using unpaired Stu-
dent’s ¢ test. p < 0.05 was considered statistically significant.

RESULTS

RBP-] Deletion Interrupts Dendrite Outgrowth and MHC II
Up-Regulation during LPS-induced DC Maturation—To
examine the role of Notch signaling in DC maturation, we
employed homozygous RBP-J-floxed mice bearing Mx-Cre
transgene (RBP-J/7), with heterozygous mice (RBP-J™/7) as
controls (22). We cultured BM cells from the poly(I)/poly(C)-
induced RBP-] knockout and control mice, in the presence of
GM-CSF and IL-4, and stimulated DC maturation with LPS
(24). RBP-J~/~ BM cells produced significantly less CD11c™
DCs (supplemental Fig. S1) after being cultured for 9 days. No
differences in cell apoptosis and proliferation during the cul-
ture were found between the RBP-] knockout and control cells
(data not shown).

When RBP-J*/~ and RBP-J/~ DCs (CD11c™") were stimu-
lated with LPS and were plotted for forward scattering and side
scattering (SSC), we found that RBP-J '~ DCs were deficient in
a population of cells with high SSC (R2 in Fig. 1A4). As shown in
Fig. 1 (A and B), on the 3rd day of the culture, RBP-J*/~ and
RBP-]J~/~ BM cells generated similar number of DCs with low
SSC (R1). On the 6th and 9th days of the culture, LPS induced
an increase of SSCMe" DCs derived from RBP-J*/~ BM, with a
concomitant decrease of SSC'*" DCs. In contrast, however, LPS
stimulation did not induce the increase of SSC"€" DCs derived
from RBP-]~/~ BM, although SSC'** DCs decreased as in RBP-
J*/~ BM culture.

SSC reflects cell irregularity, which might correlate with
the outgrowth of dendrites of DCs. We then examined dendrite
outgrowth of normal DCs stimulated with LPS. DCs with more
than 50 dendrites and DCs with less than 50 dendrites were
counted under an SEM. Indeed, as shown in supplemental Fig.
S2A, LPS induced dendrite outgrowth: the number of DCs with
more than 50 dendrites increased while the number of DCs
with less than 50 dendrites decreased. This tendency of den-
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FIGURE 1. RBP-J-deficient DCs showed maturation defects upon LPS stimulation. 4, cells (2 X 10°) were obtained from BM and cultured in 24-well plates
in the presence of GM-CSF and IL-4. Aliquots of cells were stimulated with LPS for 12 h on day 3, 6, and 9 of the culture, and were analyzed by FACS. B, number
of CD11c¢* DCs with low SSC (R7) and high SSC (R2). The number of cells per well in R1 and R2 in A was calculated and compared between RBP-J knockout and
control mice. C, typical appearance of DCs from RBP-J knockout and control mice under an SEM. D, comparison of dendrite number between DCs from RBP-J
knockout and control mice. DCs were cultured as above, and the number of dendrites of each DC was counted under an SEM. The average dendrite number was
compared between RBP-J knockout and control DCs (n = 25). E, RBP-J knockout and control cells were cultured as in Fig. 1A. DCs with >50 dendrites and DCs
with <50 dendrites were counted under an SEM. F, LPS-stimulated DCs were analyzed by FACS using anti-MHC Il. The result represents three independent

experiments. Bars represent means = S.D. (n = 5). **, p < 0.01.

drite outgrowth correlated well with the change in SSC: LPS
stimulation increased DCs with high SSC (R2) and decreased
DCs with low SSC (R1) (supplemental Fig. S2B), suggesting that
a transition of SSC'** DCs into SSC"#" DCs might reflect the
increase of dendrites. We compared RBP-] '~ DCs with RBP-
J*/~ DCs under an SEM. As shown in Fig. 1C, a typical LPS-
stimulated DC had a stellate appearance with many dendrites.
However, most RBP-J ™/~ DCs lost their dendrites, as demon-
strated by counting dendrites under an SEM (Fig. 1D). Direct
counting and comparison of the number of dendrites of RBP-
J*/~ and RBP-J/~ DCs on different culturing days led to a
similar conclusion (Fig. 1E). These data suggested that RBP-]J
might be essential for the maturation of DCs in terms of den-
drite outgrowth, upon LPS stimulation.

In addition to dendrite outgrowth, the expression of MHC II
molecules is another hallmark of DC maturation. We com-
pared the expression of MHC II between RBP-J ™/~ and RBP-
J*/~ DCs. RBP-J/~ DCs had lower MHC II expression than
RBP-J*/~ DCs (Fig. 1F, panel a). A detailed analysis suggested
that RBP-J"/~ DCs could be divided into two populations, one
with low MHC II and the other with high MHC IL. In RBP-] ~/~
DCs, however, only the MHC II-low population was detected
(Fig. 1F, panel a). To confirm that the low expression of MHC I
on RBP-J~/~ DCs was due to the lack of MHC II"¢" sub-popu-
lation, we compared MHC II expression between DCs with low
SSC and with high SSC (RI and R2 in Fig. 14, respectively) in
the control (RBP-J*/7). The result showed that on day 9 of the
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culture, LPS-stimulated DCs in R2 had a significantly higher
level of MHC II expression compared with DCs in R1 (Fig. 1F,
panel b). When CD11c* DCsin R1 and R2 were gated, and their
MHC II expression was compared between RBP-J ~/~ and RBP-
J*/~ DCs, we failed to detect significant difference in MHC II
expression between RBP-J ™/~ and RBP-J™/~ DCs in either R1
or R2 (Fig. 1F, panels c and d). Therefore, the deletion of RBP-]
might block DC maturation at a state with low dendrites and
low MHC II. However, other DC maturation-related mole-
cules, such as CD80 and CD86, did not changed significantly
upon RBP-] deletion (data not shown).

RBP-] Disruption Blocks the Up-regulation of CXCR4 during
LPS-induced DC Maturation—Pathogen-triggered DC matu-
ration is accompanied by modified expression of chemokine
receptors. In RBP-J-deleted DCs, whereas the expression of
CCR7 was not damaged (data not shown), the expression
CXCR4 (CD184) was significantly reduced upon LPS stimula-
tion when compared with the control (Fig. 24). At the mRNA
level, quantitative RT-PCR (Fig. 2B) demonstrated that knock-
out of RBP-] down-regulated CXCR4 expression in DCs. This
was further confirmed by Western blot analysis of cell lysates of
RBP-J ™/~ and RBP-J"/~ DCs with anti-CXCR4 antibody,
which showed that RBP-J~/~ DCs had lower level of CXCR4
(Fig. 2C). We further examined the expression of CXCR4 on
DCs freshly isolated from RBP-J ™/~ mice. FACS analysis
showed that, in BM and the peripheral blood of RBP-] '~ mice,
CXCR4 expression was significantly reduced in CD11c™ DCs
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anti-CD11c plus anti-CD184 (CXCRA4). B, total RNA was prepared from DCs, reverse-transcribed, and then analyzed by real-time PCR for relative levels of CXCR4
mRNA, with B-actin as a reference control. C, Western blot. Total cell lysates were prepared from cultured DCs and were subjected to Western blot analysis using
an anti-CXCR4 antibody, with tubulin as a control. D, single cell suspension was prepared from BM and peripheral blood and was analyzed by FACS. E, real-time
RT-PCR. Total RNA was prepared from magnetically isolated DCs and was analyzed as in B. F, cell migration assay. In vitro cultured DCs were seeded in the upper
chamber of a Transwell culture system, with HeLa cells expressing SDF 1 in the lower chamber. CD11¢™ DCs migrating into the lower chamber were analyzed
by FACS and cell counting. G, in vivo migration assay. DCs cultured from RBP-J knockout and control mice were labeled with CFSE and were injected into the
hind foot pads of normal mice. Cells migrating into the draining lymph nodes (LN) were analyzed by FACS. H, contact sensitization assay. FITC solution was
painted on mouse ears. CD11c™ FITC* cells at the draining lymph nodes (LN) were analyzed by FACS 48 h later. The results represent three independent

experiments. Bars represent means = S.D. (n = 5).

(Fig. 2D). When DCs were gated using another DC marker,
CD205, we found that CD205™" cells from RBP-J ™/~ mice also
showed reduced expression of CXCR4, as compared with the
control (data not shown). We again compared the mRNA level
of CXCR4 between magnetically sorted RBP-J /~ and RBP-
J*/~ DCs using quantitative real-time RT-PCR. Both experi-
ments showed that CD11c™ DCs from RBP-J~/~ mice had
lower level of CXCR4 mRNA than the RBP-J*/~ control (Fig.
2E). These results led to a conclusion that, in RBP-] knockout
mice, the expression of CXCR4 was reduced in DCs.

Reduced CXCR4 expression will predict a reduced chemo-
tactic migration capacity. We then examined the migration
of LPS-stimulated RBP-J~/~ and RBP-J™/~ DCs in response
to SDF1q, the ligand of CXCR4. In a Transwell culture sys-
tem, in vitro cultured RBP-J™/~ and control DCs were
seeded in the upper chamber, and HeLa cells transfected

AV DN
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with an SDF1a-expressing vector were cultured in the lower
chamber. CD11c¢™ DCs in the lower chamber were counted
12 h after the starting of the co-culture. The result indicated
that RBP-J~/~ DCs had lower migrating ability in response
to SDF-1a (Fig. 2F). We also studied in vivo migration of
RBP-J /" and RBP-J*/~ DCs by injecting CFSE-loaded DCs
into the hind footpads of normal mice, and subsequently
examined DCs arriving at the draining lymph nodes by
FACS. As shown in Fig. 2G, significantly less RBP-J '~ DCs
arrived at the draining lymph nodes, compared with RBP-
J*/~ DCs. Moreover, we performed a contact-sensitization
assay, which reflects the migration of mature DCs in vivo. The
result showed that a similar fraction of CD11c™ DCs were
loaded with FITC at the site of FITC painting (data not shown),
but less FITC-loaded RBP-J/~ DCs migrated to the draining
lymph nodes (Fig. 2H).
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Reduced Antigen Presentation Ability of RBP-J-deficient DCs—
We accessed the immunological function of the RBP-J-defi-
cient DCs using several methods. As shown in Fig. 34, in mixed
lymphocyte reaction assay, T-cells cultured with RBP-J ™/~
DCs, which were activated with LPS, showed remarkably less
proliferation, compared with the control. To examine the in
vivo antigen presentation capacity, normal mice were injected
with Escherichia coli antigen-pulsed RBP-J*/~ or RBP-J /'~
DCs, and the proliferation of T-cells in the draining lymph
nodes was examined (26, 27). The results showed that RBP-
J~/~ DCs stimulated significantly weaker T-cell proliferation
response, as assessed by the size of draining lymph nodes (Fig.
3B) and BrdUrd incorporation by CD3™* T-cells in the draining
lymph nodes (Fig. 3C). We also performed a DTH assay. The
results showed that RBP-J~/~ DCs invoked a weaker DTH than
RBP-J*/~ DCs (Fig. 3D). Therefore, RBP-J-deficient DCs had
reduced antigen presentation capacity.

Overexpression of CXCR4 Rescues the Maturation Defects of
RBP-J /"~ DCs—CXCR4 was shown to influence DC differenti-
ation (28-31). To decide whether lowered expression of
CXCR4 accounted for the maturation arrest of RBP-J~/~ DCs,
we transduced the cultured DCs from BM of RBP-J™/~ and
RBP-J~/~ mice with a lentivirus expressing the mouse CXCR4
and GFP, with virus expressing GFP only as a control. Virus-
transduced HeLa cells and BM-derived DCs from normal mice
showed the expression of GFP and the mouse CXCR4 (Fig. 4A).
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When CD11c*GFP™ cells were gated and compared, we
found that, although the GFP expression did not influence
the differentiation of either RBP-J*/~ or RBP-J /™ DCs, the
transduction of CXCR4-expressing vector rescued the den-
drite outgrowth in RBP-]/~ DCs, as represented by DCs
with high SSC (Fig. 4B). Moreover, the expression of CXCR4
also rescued MHC II expression in RBP-] "/~ DCs (Fig. 4C).
Therefore, RBP-J deletion-induced maturation arrest of DCs
could be attributed to the down-regulation of CXCR4
expression.

Notch Triggering Up-regulates CXCR4 Expression in DCs and
Promotes DC Development—RBP-] mediates canonical Notch
signaling. We generated a recombinant soluble truncated
Notch ligand protein, hDI11°5", which could trigger Notch sig-
naling in a y-secretase-dependent manner (Ref. 23 and data not
shown). We compared the expression of CXCR4 on DCs cul-
tured in the presence of hDII1”*" with those cultured with the
control Trx. FACS analysis showed that DCs cultured with
hDII1P*" had a mildly higher level of CXCR4 on their surface
than DCs in the control culture (Fig. 54). GSI, which blocks
Notch signaling, abrogated hDII1”*"-induced CXCR4 up-reg-
ulation in DCs, suggesting that the hDII1”*"-induced up-regu-
lation of CXCR4 was dependent on Notch activation. By quan-
titative real-time RT-PCR (Fig. 5B), we further showed that
triggering of Notch receptors could up-regulate the expression
of CXCR4 mRNA in DCs. Moreover, in a mouse DC line,
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DC2.4, hDII1P%" up-regulated the expression of CXCR4 on the
cell surface and at the mRNA level, as shown by FACS analysis
(Fig. 5C) and real-time RT-PCR (Fig. 5D), respectively.

We then examined whether triggering of Notch signaling
might promote DC maturation through increasing dendrite
outgrowth and MHC II expression. When BM cells from nor-
mal mice were cultured in the presence of GM-CSF and IL-4,
and stimulated with LPS, inclusion of hDII1P5" could increase
the production of DCs (Fig. 5E). We also found that, in the
presence of hDII1%", DCs grew more dendrites than DCs cul-
tured with the control tag peptide (Fig. 5F). This was supported
by monitoring dendrite outgrowth of CD11c™ DCs by SSC (Fig.
5G): a time course analysis of cell number with SSC'*% and
SSCMigh showed that, although the number of CD11c* DCs
with SSC'* did not show much difference, the number of DCs
with SSCM" in hDII1”5"-stimulated culture was significantly
higher than DCs in the control culture after 9-day culture.
These results suggested that triggering Notch receptors mainly
increased DCs with more dendrites. Staining of surface MHC II
expression showed that triggering of Notch receptors with
hDII1P5" increased the expression of MHC II on the surface of
DCs (Fig. 5H).

Finally, we co-cultured normal BM cells with OP9 cells
expressing membrane-anchored hDII1 (OP9-hDII1) in the
presence of GM-CSF and IL4, with OP9-GFP as a control (32).

AV DN
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DC maturation was stimulated with LPS as above. As shown in
supplemental Fig. S3 and Fig. 51, co-culture with OP9-DIl1 gen-
erated higher percentage and number of DCs than co-culture
with the control. The expression of CXCR4 (Fig. 5/) and MHC
II (Fig. 5K) on DCs cultured on OP9-DIl1 were also up-regu-
lated, compared with the control. These results further con-
firmed that Notch triggering promoted DC maturation.

A CXCR4 Inhibitor Abrogates Notch Activation-induced DC
Maturation—We next examined the effect of an inhibitor of
CXCR4 on LPS-induced DC maturation in the presence of
Notch activation. DCs were cultured from BM cells of normal
mice in the presence of hDII1P5", which promoted LPS-in-
duced DC differentiation, as shown in Fig. 64 and described
above. A CXCR4 inhibitor significantly blocked the dendrite
outgrowth (Fig. 6, A and B), as well as the up-regulation of MHC
II (Fig. 6C), induced by hDII1PS", These results further con-
firmed that the induction of DC maturation by Notch activa-
tion could be dependent on CXCR4 activity.

Notch Signaling Activates CXCR4 Promoter—To examine
whether Notch signaling could activate the CXCR4 promoter,
we cloned the —703~+77 fragment of the 5’-flanking
sequence of the mouse CXCR#4 gene by PCR. The fragment was
inserted into the pGL3-basic vector to generate pGL-CXCR4.
We co-transfected DC2.4, HEK293, or HeLa cells with pGL-
CXCR4 and pEFBOS-NIC (the latter expresses NIC) and exam-
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ined the transactivation of the mouse CXCR4 promoter by NIC
using luciferase assay.”™ As shown in Fig. 74, in all three types
of cells, co-transfection of the NIC-expressing vector induced
the expression of luciferase from pGL-CXCR4 in a dose-de-
pendent manner, suggesting that NIC could transactivate the
CXCR4 promoter. To further identify the cis-element that
responds to Notch signaling, we truncated the CXCR4 pro-
moter. Reporter assay confirmed that one or more elements
responding to Notch signaling were located in the —335~—54
fragment (Fig. 7B). These results indicated that, although the
exact cis-element(s) is/are unclear, the CXCR4 promoter could
be transactivated directly or indirectly by Notch signaling.

DISCUSSION

Previous studies have shown that Notch signaling is not
essential for lineage commitment of DCs (14). Consistently, we
found that, when BM cells from RBP-]J knockout mice were
cultured in vitro in the presence of GM-SCF and IL-4, a sub-
stantial fraction of DCs could be generated, although at a less
efficiency in terms of DC number. We further characterized
phenotypic changes of these RBP-J null DCs and found that
RBP-J-deficient DCs possess significantly less dendrites, lower
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level of surface MHC II molecules, and reduced capacity of
migration and antigen presentation both in vitro and in vivo.
On the other hand, cultured DCs with activated Notch signal-
ing could increase the dendrite outgrowth and MHC II expres-
sion, indicating that Notch triggering promoted DC matura-
tion. By monitoring the dynamic changes during DC
differentiation, we found that the deficiency of RBP-J-mediated
Notch signaling arrested LPS-induced DC maturation at a stage
before the outgrowth of dendrites and the up-regulation of
MHC II molecules, while triggering of Notch signaling pro-
moted DC differentiation by passing through this checkpoint.
Because no significant change in proliferation and apoptosis
between RBP-J~/~ and RBP-J ™/~ DCs were detected (data not
shown), our results suggested that Notch signaling might be
essential for the LPS-induced DC maturation.

Trafficking of DCs is closely related to their differentiation
and function. Our culture system mimics the differentiation
from pre-DCs, specifically from monocytes, to DCs. Both
Notch ligands and receptors are cell surface-anchored proteins,
and Notch signaling therefore mediates direct cell-cell commu-
nication. It would be desirable to elucidate where DC precur-
sors receive the activation signal for Notch receptors during
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their differentiation. One possible cell type that provides Notch

sor populations in BM is comprised
of two distinct subsets according to
their B220 expression, and those DC
precursors exhibited different dif-
ferentiation pathways. A Notch
ligand-receptor interaction might
take place between BM stromal cells
and DC precursor to facilitate DC
maturation, as shown by Cheng et
al. (10). Another potential site that
DC precursors receive Notch acti-
vation might be during the trans-
endothelial trafficking. Randolph et
al. showed that monocytes cultured
on endothelial cells differentiated
into DCs within 2 days (34). Because
endothelial cells express high level
of Notch ligands, including D111, it is
likely that monocytes receive Notch
ligand stimulation as their traffick-
ing through endothelial cells.
Experiments are now under way to
test this hypothesis.

We have tried to unveil the
potential molecular mechanisms
underlying the Notch signaling-me-

ligands for DC precursors may be stromal cells such as those diated differentiation transition of DCs. We obtained a series of

within BM. Diao et al. (33) showed that DC-committed precur- evidence showing that

the chemokine receptor CXCR4 is
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downstream to canonical Notch signaling, either directly or
indirectly, and is responsible for Notch signaling-mediated dif-
ferentiation transition of DCs. Our results from RT-PCR,
Western blotting, and FACS analysis using in vitro cultured
DCs, freshly isolated DCs, as well as a DC line, have shown that
the expression of CXCR4 is down-regulated in RBP-J-deficient
DCs and up-regulated in a y-secretase-dependent manner
when DCs were stimulated with Notch ligands. By using virus-
mediated overexpression, we found that the forced expression
of CXCR4 rescued RBP-] deficiency-induced differentiation
block of DCs. Furthermore, Notch triggering-induced DC dif-
ferentiation is blocked by a specific inhibitor of CXCR4. These
results established a new signaling axis from Notch receptor to
chemokine receptor CXCR4, which is critical for DC differen-
tiation. We have tried to find out the mechanism of Notch-
mediated up-regulation of CXCR4. Although our reporter
assays supported that Notch signaling activates the CXCR4
promoter, this transactivation is most likely to be indirect. In
the —703~+77 promoter fragment of CXCR4, which is trans-
activated by NIC, there is no consensus RBP-] binding site. The
Notch signaling-mediated up-regulation of CXCR4 might not
depend on NF-«B (35), because the blocking of NF-kB by a
specific inhibitor did not abrogate up-regulation of CXCR4 in
DCs by hDII1P%", Moreover, Notch signaling might not up-reg-
ulate CXCR4 expression through p38, MEK, or phosphatidyl-
inositol 3-kinase pathways, because inhibitors of these path-
ways did not abrogated Notch signaling-stimulated CXCR4
up-regulation (supplemental Fig. S4). Given the fact that Notch
signaling and CXCR4 signaling have numerous overlapping
functions in the regulating development of immune system,
central nervous system, as well as stem cells, it is not surprising
that sophisticated mechanisms might be involved in the regu-
lation of CXCR4 by Notch signaling. Recently, Williams et al.
(36) reported that in human endothelial cells and glioblastoma
cells, overexpression of the human Notch ligand D114 results in
the down-regulation of human CXCR4 expression and the
repression of a human CXCR4 reporter construct. Further bio-
chemical analysis is now under way to identify the cis- and
trans-element(s) as well as regulation mechanism(s) involved in
the Notch-mediated transcriptional regulation of the CXCR4
promoter.

As the strongest professional antigen-presenting cells, DCs
are potentially useful in therapies of many human diseases,
including viral infections and cancer. Promoting DC matura-
tion is highly desirable in DC-involved cell therapies, because
immature DCs are actually immunorepressive. Our results
reported in this study have shown that Notch signaling is essen-
tial for the maturation of at least some populations of DCs, and
triggering Notch receptors can promote dendrite outgrowth
and MHC II expression on DCs. Both dendrite outgrowth and
MHC 1II expression are essential for DC migration, antigen
uptake, and/or antigen presentation. Therefore our findings
might have important therapeutic implications in promoting
DC maturation in vitro and in applying DCs in cell therapies.
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