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Notch signaling in differentiation and function of dendritic cells
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Abstract

Hematopoietic stem cells give rise to multiple lineages of cells. This process is governed by a tightly
controlled signaling network regulated by cytokines and a direct cell-cell. Notch signaling represents
one of the major pathways activated during direct interaction between hematopoietic progenitor cells
and bone marrow stroma. A critical role of Notch signaling in differentiation of T and B lymphocytes
has now been established. Until recently, the role of Notch signaling in the development of myeloid
cells and particular dendritic cells remained unclear. In this review we discuss recent exciting findings
that shed light on the critical role of Notch in differentiation and the function of dendritic cells and
its impact on immune responses.
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Main characteristics of Notch family of transcriptional regulators and

receptors

The Notch family of transcriptional regulators is highly conserved from C. elegans to humans
(reviewed in (1-3)). Notch signals influence multiple processes that govern normal
morphogenesis, including the lineage specification among bipotent progenitor cells,
programmed cell death, and cellular proliferation. Notch signaling is initiated by the binding
of the extracellular domain of Notch to a Notch ligand. At present, two Notch ligand families,
Delta and Jagged have been described (4). The Notch receptors family includes four members
(Notch-1 to 4). Each member is a large single heterodimeric receptor comprised of
noncovalently associated extracellular (ECN), transmembrane (TMN) subunits, and
intracellular subunit (ICN). The extracellular subunits contain 11-36 tandem epidermal growth
factor (EGF)-like repeats that bind ligand. The intracellular region contains a RAM domain
that binds transcriptional repressor CSL/CBF-1, a series of cdc10/ankyrin repeats that
participate in protein-protein interactions with CSL/CBF-1 and other polypeptides, and a C-
terminal PEST sequence. Multiple lines of investigation have converged on a model in which
the intracellular domain of Notch (ICN) translocates to the nucleus in a ligand-dependent
fashion (5). Ligand/receptor interactions initiate two successive proteolytic cleavages within
the TMN subunit. The protease responsible for the first cleavage, which occurs just external
to the transmembrane domain, is an ADAM metalloprotease. Subsequently, a second cleavage
within the transmembrane domain release ICN. This cleavage requires the function of two
different classes of transmembrane proteins y-secretase presenilins and nicastrin (6), which
represent two components of a multisubunit complex that processes a number of
transmembrane proteins in addition to Notch.
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Intracellular Notch translocates to the nucleus where it interacts with a transcriptional repressor
CSL also known as CBF-1 (RBP-J). In the absence of ICN, CSL/CBF-1 acts as a transcriptional
repressor due to its ability to bind transcriptional corepressor (CoR) and histone deacetilase-1
(HDAC-1). Binding of ICN displaces co-repressor complexes, thereby derepressing
transcription from promoters with CSL binding elements. In addition, the ankyrin repeats and
C-terminal transcriptional activation domains of ICN recruit several different transcriptional
coactivators, providing an additional stimulus for transcription (7,8). One functionally
conserved protein that may act as a Notch-specific coactivator is mastermind, an adaptor
molecule that stabilizes CSL/ICN interaction and potentiates ICN stimulation of transcription
from CSL-sensitive promoters. The more variable sequences C-terminal of the ankyrin repeats
of Notch1 have been shown to interact with the general transcriptional coactivators p300,
PCAF, and GCN5. Importantly, all four mammalian Notch receptors bind and activate CBF-1
leading to transactivation (Fig. 1). Targets of ICN/CSL signals in mammals include genes of
the Hairy/Enhancer of Split (HES) family, which encode bHLH-type transcription factors, as
well as the recently described HRT/HERP genes. Other ICN/CSL targets that may explain the
effects of Notch on cell cycle kinetics in certain contexts are cyclin D1 and p21. Upregulated
expression of cyclin D1 promotes G1 progression, and has been proposed to contribute to the
transformation of BHK cells (9). In contrast, upregulation of p21 may promote the cell cycle
exit of keratinocytes during differentiation (9). These opposing effects further illustrate the
diverse context-specific responses induced by Notch signaling. A more detailed description of
the Notch structure and function is provided in recent reviews (10,11).

Notch and myeloid cell differentiation

Maintenance of hematopoietic stem cells (HSC) and their differentiation are controlled by a
combined effect of network of soluble factors and direct cell-cell contact between HSC and
bone marrow stroma (12-14). HSCs expressing all four members of Notch family (15-17) are
located in bone marrow where they constantly interact with surrounding stromal cells
expressing Jagged-1 (13,15,18), Delta-1 (18), and Delta-4 (19). This results in an activation of
Notch pathway in HSC. Most of the available data suggests that Notch activity in HSCs
promotes self-renewal rather than lineage commitment (20). Bernstein and colleagues found
that transduction of HSCs with ICN1 resulted in the outgrowth of immortalized, cytokine-
dependent cell lines with the capacity to yield cells of lymphoid and myeloid lineages (21).
Unlike long-term HSCs, however, these cells did not rescue radiation chimeras, suggesting
that ICN1 activity had immortalized late-stage HSC. Varnum-Finney et al have shown that cell
lines with constitutive Notch signaling could generate progeny with either lymphoid or myeloid
characteristics both in vitro and in vivo indicating a role for Notch signaling in regulating HSC
self-renewal (21). Consistent with this concept Calvi et al observed that osteoblasts expressing
Jagged-1 were a regulatory component of the HSC niche in vivo that influenced stem cell
function through Notch activation (13). Normally, HSCs express higher levels of Notch-2 than
Notch-1 (15) raising the possibility that the individual Notch family members might have
distinct roles in HSC self-renewal and differentiation.

The role of Notch signaling in myeloid cell differentiation remains controversial. Most in
vitro experiments have shown that active Notch-1 expands the stem cell compartment but
blocks or delays terminal myeloid cell differentiation. Overexpression of constitutively active
Notch-1 (ICN1) in 32D myeloid progenitor cell line inhibited granulocytic differentiation and
permitted expansion of undifferentiated cells (22—24). This was probably mediated through
RBP-J-Hes1 pathway since overexpression of Hes-1 had similar to ICN1 effect on 32D cell
differentiation (23-25). ICN1 inhibited erythroid differentiation of F5-5 mouse erythrolekemia
cells through sustained activity of GATAZ2 transcription factor (24). ICN1 also blocked
differentiation of human myeloid cell line HL60 to granulocytes induced by all-trans retinoic
acid (ATRA) or to monocytes induced by tetradecanoylphorbol acetate (TPA) (26,27).
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Consistent with these results inhibition of Notch-1 expression in K562 cells resulted in the
induction of spontaneous erythroid maturation.(27). Block of hematopoietic cell differentiation
and promotion of HSC self-renewal was observed when Notch signaling was activated via
overexpression of Notch-2 (23,28) or via interaction with Notch ligands Jagged-1 (13,15,25),
Jagged-2 (26), Delta-1 (29,30), or Delta-4 (31-33).

However, there are several reports that may suggest an opposite role of Notch signaling in
myeloid cell differentiation. In 32D cells active form of Notch-1, transcriptionally active
derivative of RBP-J, or activation of Notch by ligation of Jagged-1 increased myeloid
differentiation (25). Notch induced activation of PU.1, a critical transcription factor involved
in myeloid cell differentiation.(17). The similar phenomenon was observed in human CD34*
progenitor cells. Under serum-deprived conditions, soluble human Notch ligand Jagged-1
inhibited self-renewal of human cord blood CD34" cell-derived macrophage progenitors
(34). In the loss of function experiments using deficient mice in Notch-1 (35) and RBP-J
(36), it has been reported that myeloid cell lineages are normal.

One possible mechanism of myeloid cell differentiation involving Notch signaling has been
recently described. Mast cells are myeloid cells that are usually found in tissues in response to
pathogens as first line of inflammation. Mast cells arise from the common myeloid progenitor
(CMP) in bone marrow (37,38). Several transcription factors and cytokines are involved in
differentiation of these cells including GATA-1, GATA-2, PU.1, MITF, IL-3 and stem cell
factor (39-41). Mast cells express specific pattern of Notch family members, low level of
Notch-1, high level of Notch-2 and detectable level of Notch-3 (42). Mast cells also express
Jagged-1 (43). It is well-known that GATA-3 and Notch are indispensable for T cell
development, because deficiency of either of them blocks T cell development at earliest
progenitor stage (35,44). Recently, Taghon et al have found that overexpression of GATA-3
acts as antagonist of Notch, blocking pro-T cell survival. In the absence of Notch signaling,
GATA-3 overexpression differentiates lymphoid progenitors from fetal liver and T precursors
to mast cell through upregulation of GATA-1 and GATA-2 (45), the genes that are essential
for mast cell development (41,46).

Erythrocytes share with myeloid cells CMP for their lineage commitment (47). Erythroid
colony forming cells (ECFC) generated from peripheral blood express Notch-1 and Notch-2,
Delta-1, Delta-4, and Jagged-1 (48). Recently Lam et al have shown that Notch signaling
inhibits erythroid development. In erythroleukemia K562 cell line ICN1 inhibited erythroid
maturation. Interestingly, it did not affect GATA-1 and GATA-2 transcription factors (49).
Consistent with these data downregulation of Notch-1 with antisense constructs caused
differentiation of erythroid cells (27). Jagged-1 expressing feeder cells increased the erythroid
colony formation from human CD34* progenitor cells in the presence of stem cell factor
(50). Delta-1 had a similar effect on erythroid cell differentiation from CD34* HPC (19,31).
Tachikawa et al. also demonstrated that immobilized Delta-1 and Delta-4 inhibited erythroid
cell maturation from ECFCs (48).

Thus, available data provide a consensus view on a critically important role of Notch signaling
in myeloid cell differentiation. However, the exact nature of Notch effects remains
controversial. Existing findings to date can be split into two groups: one demonstrating a critical
role of Notch in maintenance of progenitor cells and block of terminal differentiation of
myeloid cells and the other one showing requirements of Notch signaling for differentiation
of mature myeloid cells. This controversy currently is not resolved. One possible explanation
can be derived from the fact that the effect of Notch signaling on different cells is highly context
dependent. It appears that impact of Notch signaling on myeloid cell differentiation depends
on the stage of myeloid cell differentiation when Notch activation is triggered, the presence of
specific cytokines, and on whether activation of Notch signaling was triggered by soluble or
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immobilized ligands. Elucidation of the specific conditions influencing the effect of Notch
signaling on myeloid cells could be very important for understanding the overall biology cell
differentiation and is a subject of ongoing and future studies.

Notch signaling and dendritic cell differentiation

Dendritic cells (DC) are professional antigen presenting cells that play a central role in the
induction of immune responses against various pathogens, tumor cells, and self-antigen. DCs
are differentiated in bone marrow mainly from common myeloid progenitors, although the
proportion of DCs is also originated from common lymphoid progenitors. Two major subsets
of DCs are currently recognized: conventional (myeloid) and plasmacytoid (lymphoid) DCs.
The mechanisms of differentiation of these two subsets of DCs are different, although they
may share some common pathways (51-53). In recent years clear evidence was obtained
demonstrating an important role of Notch signaling in DC development. However, similar to
a situation with other myeloid cells a great deal of controversy regarding specific impact of
Notch signaling on DC differentiation remains.

We have previously shown that Notch-1 is necessary for DC development. Differentiation of
DC was significantly impaired in Notch-1 anti-sense mice that have about half of the normal
level of Notch-1 in HPC (54). These findings were further confirmed in an experimental model
of DC differentiation of embryonic stem (ES) cells. ES cells lacking Notch-1 had dramatically
reduced capacity to generate DCs (55). Different results were obtained by Radtke et al. They
generated Notch-1 conditional knockout mice using Lox-Cre system and demonstrated that T
cell development was blocked in these mice (56). However, the number of thymic DCs,
conventional DCs, and Langerhans DCs in skin was normal. Detailed analysis of the effect of
Notch signaling on DC development was recently performed by Caton et al. They used
conditional deletion of RBP- J in bone marrow cells and DCs. Since RBP-J is an essential
mediator of signaling by all Notch receptors this eliminated the potential redundancy in the
effects of different members of the Notch family. Caton et al found a substantial reduction in
the presence of conventional DCs in spleens of the knockout mice. This decrease affected
primarily CD8™ DC subset in the marginal zone of spleen (36). In a reconstituted chimeras,
RBP-J/~ donor derived DCs in spleen were reduced to the same extent as in RBP-J~/~
conditional knockout mice and a noticeable increase of plasmacytoid DC (pDC) was observed.
Thus, it appears that Notch signaling controls the homeostasis of CD8-DC and plays an
inhibitory role for pDC in spleen (36). Authors suggested that this DC loss might not necessarily
reflect impaired DC lineage commitment. RBP-J—deficient bone marrow gave rise to all DC
subsets, essentially similar phenotypes were caused by RBP-J deletion in the bone marrow
hematopoietic progenitors (Mx1-Cre) and in committed DCs (CD11c-Cre), and immediate DC
progenitors in the spleen were not affected.

Notch ligands Jagged-1 and Delta-1 both can activate Notch signaling through RBP-J.
However, it appears that their effect on DC differentiation is different. Incubation of HPC on
fibroblasts expressing Delta-1 induced DC differentiation, whereas Jagged-1 expressing
fibroblasts had an opposite effect. They inhibit DC differentiation and instead promoted an
accumulation of immature myeloid cells (57). The distinct effect of the two ligands may reflect
their physiological function in the body. Bone marrow environment is conducive for generation
of precursors for macrophages and DCs. About 40% of mouse bone marrow cells are
Gr1*CD11b* immature progenitor cells. In contrast, in spleens the environment promotes
differentiation of mature myeloid cells. As a result less than 5% of splenocytes are
Gr1*CD11b* cells. The expression pattern of Notch ligands in bone marrow and splenic stroma
cells is different. Bone marrow stroma expresses a substantially higher level of Jagged-1 than
Delta-1 whereas splenic stroma has substantially higher level of Delta-1 expression than
Jagged-1 (57). Delta-1 could be involved in loss of CD8™ DCs observed in Caton’s study
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(36). CD8™ DCs are located in the marginal zone of the spleens, the compartment shown to
contain Delta-1-expressing cells. CD8™ DCs in the marginal zone were found to reside in close
contact with Delta-1-expressing cells, likely non-hematopoietic stromal cell types such as
reticular fibroblasts and/or endothelium of the marginal sinus (36).

Effects of Notch ligands on DC differentiation were reported by several other groups. In a
culture system containing IL-6, CD34*CD38~ human cord blood HPC differentiate into
CD14* monocytes and CD15* granulocytes. Delta-1 shifted cell differentiation towards
CD14 CD1a* DCs. These cells expressed DC-related markers CD11c¢, CD80, CD86 and HLA-
DR (18). Ohishi et al have also shown that Delta-1 promotes DC differentiation. Monocyte
precursors from blood can differentiate to macrophages and DCs depending on cytokine
provided. GM-CSF supported primarily macrophages differentiation. Immobilized Delta-1
induced differentiation of DCs with characteristics similar to those observed in immature DCs
derived from monocytes cultured with GM-CSF and IL-4 (58). The active form of Notch-1
increases IL-4 production through RBP-J binding to IL-4 promoter region (59). This may help
to explain the observed effect in the shift in DC differentiation induced by Delta-1. The
mechanism of the opposite effect of Jagged-1 on DC differentiation remains unclear. It is
possible that this effect could be mediated by RBP-J independent pathway since RBP-J was
equally activated by both ligands (57).

Plasmacytoid dendritic cells (pDC) are phenotypic and functionally distinct subset of DCs.
Several reports described the possible effect of Notch signaling on their differentiation. Oliver
et al reported that Notch signaling via one of the Notch ligands Delta-1 promote differentiation
of pDC (60). Human CD34* HPC and bone marrow CLP were cultured on Delta-1-expressing
OP9 stroma in the presence of Flt-3 ligand and IL-7. These conditions provided for
differentiation of BDCA-2*CD123*CD4*CD11c™ cells with complete characteristics of pDC
including morphology, expression of toll-like receptor-9 (TLR9), pre-T mRNAs, and secretion
of IFN-a in response to CpG (60). Delta-1 enhanced the numbers of pDC by promoting the
differentiation rather than affecting cell proliferation. Inhibition of Notch signaling by y-
secretase inhibitor blocked pDC development. A significant increased in pDC in this
experimental system was observed at the expense of B cell development (60). T cell fate was
not clear because they could not be generated under those experimental conditions. In a
different study, stromal cells expressing Delta-1 promoted differentiation of CD34*CD1a~
thymic progenitor cells to CD4*CD8* T cells and blocked pDC development. In that study
activation of Notch signaling through Delta-1 controlled the two alternative pathways of cell
differentiation by preferentially activating GATA-3, a critical transcriptional factor for T-cell
development and inhibiting the ETS family member Spi-B, a key regulator of pDC
development. The Notchl-induced block in pDC development can be relieved through the
ectopic expression of Spi-B (61). Inactivation of Notch-1 (62,63) through the Mx-Cre
recombinase did not affect the development of pDC suggesting that that this receptor is not
essential for differentiation of these cells. In contrast, RBP-J deficient mice have shown an
increased level of pDC (36) suggesting that Notch signaling may play an inhibitory role in the
development of these cells.

Thus, most of the experiments with “gain of function” where Notch signaling is activated by
Delta-1 demonstrate the induction of differentiation of pDCs. In contrast most of the
experiments with “loss of function” based on knockout mice showed that Notch signaling either
did not have the effect or inhibited pDC development. It is possible that redundancy in the
function of Notch receptors may contribute to the results of these experiments. However, it is
likely that lack of Notch-1 or RBP-J in knockout mice may result in the activation of RBP-J
independent pathways of Notch signaling, which may have opposite functional consequences.
The nature of these effects remains to be elucidated.
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Notch and NF-«B are two evolutionally conserved pathways of gene regulation that determine
fate and the survival of different cells. NF- kB family has five members (p50, p52, RelA, RelB
and cRel) (64). These different family members can associate in various homo- or heterodimers
through a highly conserved N-terminal Rel homology domain. In the cytoplasm of quiescent
cells, they are associated with inhibitory molecules of the 1kB family. Cell activation by various
stimuli including TNFa, LPS, IL-1, and CD40 results in serine phosphorylation and
degradation of IkB with subsequent nuclear translocation and specific DNA binding of NF-
kB dimers (65). Mice deficient in NF-xB components have impaired DC differentiation (66).
Interestingly, RelB deficient mice lacked CD11c*CD8™ but not CD11c*CD8* DCs in spleen
marginal zones (67). This resembles the effect of RBP-J deletion (36). We have previously
demonstrated that DNA binding of NF-«xB as well as its ability to activate transcription was
dramatically decreased in HPC from Notch-deficient mice (68). NF-xB driven transcriptional
activity was completely restored after transduction of the cells with retroviral constructs
containing activated Notch-1 gene. HPC from Notch deficient mice had decreased levels of
several members of NF-«xB family: p65, p50, RelB, and c-Rel and this was due to down-
regulation of the gene expression (68). Differentiation of DCs inhibited in these mice was
restored by transduction of activated Notch-1 into HPC. This data was consistent with
observation made in previous studies that NF-«B is a putative Notch target gene, regulated by
Notch signaling through RBP-J (69) and that Notch-3 sustained activity of NF-«xB (70).
Jagged-1 derived peptide activated Notch and induced IKKo mediated NF-xB activation
(71). In addition, Notch-1 may physically interact with NF-xB subunits in T cells (71,72). A
recent study suggested that Notch and NF-«B signaling may synergize in the development of
marginal zone B cells (73).

Thus, Notch signaling plays an important role in regulation of NF-xB. It is conceivable that
Notch signaling may exert their effect on DC development through NF-xB. Since NF-xB is a
major transcription factor involved in Toll-like receptor (TLR) signaling in DCs this may affect
not only DC differentiation but also the function of these cells.

Notch signaling and dendritic cell function

As we mentioned above, the main function of DCs is the induction and/or activation of antigen-
specific immune responses, which takes place during direct interaction of DCs with T cells.
The quality and strength of immune responses depends in large degree on the type of surface
molecules expressed on DCs. Several major types of CD4* T cells with distinctive functions
are currently recognized. Thl cells are primarily involved in cellular immunity against
intracellular pathogens and tumors and Th2 are primarily involved in humoral immunity
against extracellular infection agents (74). Notch receptors are expressed on CD4* T cells
(75,76). A number of studies have identified the expression of Notch ligands on the surface of
DCs (Table 1). Those ligands can cause Notch activation in T cells during interaction between
DCs and T cells. It has been proposed that polarizing T-cell responses can be controlled by
Notch signaling. Recent studies support the hypothesis that Notch signaling instructs Th1/Th2
response switch although the nature of this regulation remains controversial (59,75-78).

Unstimulated macrophages and DCs express low level of Delta and Jagged. Under different
conditions, the expression of Notch ligands can be induced towards preferential expression of
either Jagged or Delta and their ratio may change in response to different stimuli.
Lipopolysaccharide (LPS) can induce both Th1-type response that depends on MyD88 and
Th2-type response independent on Myd88 (79-81). Stimulation of DCs with LPS resulted in
up-regulation of Delta-4 and Jagged-1, which lead to Thl-type responses (59,82,83). The
expression of Delta-4 depended on MyD88 since in MyD88~/~ DCs LPS failed to induce up-
regulation of the ligand and Th1 polarization (59,75,84). In mouse DC, the pattern of Notch
ligands” expression seems to be associated with pattern of Th1/Th2 responses. Surface
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expression of Delta-1 on DC stimulated Th1-type responses whereas Jagged-1 induces Th2-
type responses (59). Stallwood et al used synthetic small interfering RNA (siRNA) sequences
targeting the human Notch ligands Delta-1, Jagged-1, or Jagged-2. Transfection of these
siRNAs into human primary CD4" T cells and monocyte-derived DCs lead to the knockdown
of endogenous Notch ligand message. Knockdown of any one of these three Notch ligands in
DCs enhanced IFN-y production from allogeneic CD4* T cells. In contrast, Delta-1 knockdown
in CD4* T cells selectively enhanced production of IFN-y, IL-2, and IL-5 in response to
polyclonal stimulation, while Jagged-1 or Jagged-2 knockdown had no effect. The blockade
of Notch cleavage with a y-secretase inhibitor failed to affect cytokine production in this
system, implying that Delta-1 can influence cytokine production via a Notch cleavage-
independent mechanism (85). PGE2 and forskolin induces Th2 response by increasing only
Delta-1 but not Jagged-2. Probiotic bacteria inducing Delta-1 or Delta-4 expression of DCs
correlated with Th1 or Th2 activities (82).

There is enough evidence supporting the hypothesis that Notch signaling mediates primarily
Th1-type differentiation. Co-culture of CD4 T cells with Delta-1-Fc soluble protein induced
differentiation of IFN-y secreted Th1 cells (76). In gain-of-function experiment, Notch-3 but
not Notch-1loverexpression in CD4 T cells directed Thl-type polarization. This was
accompanied by the up-regulation of T-bet transcription factor critical for Th1 development.
(86). Inanother study, CD4 Th1 polarization was blocked by y-secretase inhibitors and Notch-1
antisense (78). Intercellular Notch-1 expression in T cells induced expression of Thx21
encoding T-bet. There is also strong evidence in favor of the requirement of Notch signaling
for Th2-type response. Amsen et al have shown abrogation of Th2-type response in CD4* T
cells that were deficient for Notch-1 and Notch-2. The role of Notch signaling in the
development of Th2 cells was further supported using the conditional knockout of RBP-J, a
factor involved in signaling from all four Notch family members. CD4* T cells lacking RBP-
J differentiated poorly into IL-4 producing Th2-type cells. In contrast, differentiation of IFN-
vy producing Th1-type cells was enhanced (59,75,77). Consistent with these findings dominant-
negative Mastermind abrogated Th2 response (87).

Both CD8* and CD8™ splenic DC can induce Th1l response but using different mechanisms.
LPS induces IL-12 production of CD8* DC, leading to Th1-type response. This response
depends on TLR ligation and adaptor MyD88. However, LPS does not increase expression of
Delta-4 on CD8* DCs (84), a critical ligand accounting for Th1 polarization (59,84). In
contrast, Delta-4 expression on CD8 DCs rapidly increased when induced by LPS, and lead
to Thl response. Blockade the Notch—Delta interaction with soluble Delta-Fc mutant protein
abolished induction of Thi response. Using MyD88~/~ and IL-12 deficient CD8~ DCs, Skokos
et al demonstrated that LPS-inducible Delta-4 expression on DCs depended on TLR-MyD88
pathway. (59,84). DCs can direct Th polarization using different mechanism. Th1-type
response can be induced by CD8* DCs via TLR and production of IL-12 (88). However, Thl
response may also occur in the absence of 1L-12 (89) via Notch signaling dependent pathway
(84).

Taken together, this data provides a strong indication that polarization of Th-type responses
indeed depends on the activation of Notch signaling. However, itis unlikely that there is a clear
specialization in individual Notch ligands expressed on DCs that define one type of response
rather than another. It appears that as it is the case with other experimental systems involving
DCs the effect of Notch ligands on T-cell responses depends on the context of DC activation,
the nature of other receptors expressed on their surface and cytokines produced.

In addition to defining the nature of the T-cell response Notch signaling may also be involved
in the activation of DCs. Activation of Notch signaling by Jagged-derived peptide can induce
the activation of human DCs (90). These DCs expressed maturation markers, produced IL-12,
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and were able to activate allogeneic T cells (90). As was discussed above Notch signaling might
activate NF-kB and thus stimulate DC activation. However, DC activation was not observed
in response to cell-bound ligands Jagged-1 and Delta-1 (18). Recent studies have demonstrated
that Notch signaling may activate signal transducer and activator of transcription 3 (STAT3)
in different cells (91,92). STAT3 has been shown to block DC activation partially via regulation
of NF-«xB pathway (57,93-95). These results may explain the lack of DC activation by Notch.
Apparently, DC activation depends on the context and strength of Notch activation. It is
conceivable that peptide-mediated Notch activation may provide a stronger signal than cell-
bound ligands, which is sufficient to overcome negative regulatory mechanisms. However,
whether the same mechanism exist in vivo is not clear at this time.

Antigen recognition by T cell in peripheral lymphoid organs induces either productive immune
responses or tolerance. A number of studies have shown that Notch signaling may be required
for activation of peripheral T cells. When CD4* T cells incubated with antigen-presenting cells
loaded with OVA peptide or stimulated with anti-CD3 and anti-CD28 antibody, Notch 1
expression was up-regulated and cleaved form of Notch-1 was detected (96,97). Expression
of Hes-1 was also induced (97,98). Inhibition of Notch activation decreased T-cell proliferation
and blocked both NF-kB activity and IFN-y production in peripheral T cells (96,97).

However, in recent years several studies have suggested that Notch signaling could also be
involved in the induction of T-cell tolerance. Specifically, Notch was implicated in generation
of regulatory T cells (Treg). Early evidence supporting the possible role of Notch signaling in
Treg development came from studies by Hoyne et al. They showed that overexpression of
Jagged-1 in splenic DC could direct CD4* T cells to regulatory phenotype, inhibiting primary
and secondary antigen-specific responses (99). These findings were confirmed by experiments
from Yvon et al, in which they demonstrated that the overexpression of Jagged-1 in human B
lymphoblastoid cell line transfected with Epstein-Barr virus could induce Tregs in response to
virus-derived antigen (100). In a heart allograft mouse model, overexpression of Delta-1 on
alloantigen-bearing cells could induce specific unresponsiveness to the same alloantigen
(102). Furthermore, Notch ligands Delta-1 (102) and Jagged-1 (98,102,103) inhibited
proliferation, and/or cytokine production, after stimulation of CD4* T cells with different
stimuli, which correlated with suppression of transcription factors NF-AT, AP-1 and NF-xB
(102) and upregulation of GRAIL (gene related to anergy in lymphocytes) in CD4* T cells
(103). The inhibition of T cell proliferation was Notch signaling dependent because -
secreatase significantly block this effect. CD4*CD25* Treg isolated from human peripheral
blood expressed significantly higher level of Deltex comparing with CD4*CD25~ T cells
(104).

The apparent discrepancy in possible role of Notch signaling in regulation of T-cell responses
required further investigation. It is possible that different members of Notch family may have
different effect on T-cell function. For instance transgenic mice with expression of active form
of Notch-3 produce more CD4*CD25* T reg (105). At the same time, Notch-1 activation
showed an opposite effect (96,97). Activation of Notch by Jagged-1 and Delta-1 inhibited T
cell proliferation whereas Delta-4 enhanced T-cell activation and proliferation.(102). It is
possible that the discrepancies could also be due to the existence of Notch-independent effects
of some components of Notch signaling pathway such as Mastermind (106,107) and RBP-J
(108).

Conclusion

The wealth of available information clearly demonstrates an essential role of Notch signaling
in regulation of DC differentiation and function. Notch is involved in DC differentiation via
interaction with stromal cells, DC activation as well as in DC-mediated T-cell activation.
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However, the nature of this regulation remains largely unclear because of multitude of rather
contradictory results describing the effect of individual members of Notch family and Notch
ligands. These results are not surprising since the Notch effect is highly dependent on the
environment and the type of the cells where activation is taking place. Elucidation of the exact
nature of Notch effects on DC development and function is an arduous task but it is necessary
for understanding the function of the immune system in physiological and pathological
conditions.
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Figure 1. Schematics of Notch signaling pathway

Notch signaling is initiated through binding of Notch ligands expressed an adjacent cell,
followed by enzymatic cleavage and release of intercellular of Notch (ICN). The ICN then
translocates to the nucleus, where it binds to CSL transcription repressor and converts it to
activator by recruiting MAML (mastermind-like protein) to the complex including p300 and
co-activator. Notch signaling is also regulated by other cellular proteins including Deltex,
Nrarp (Notch-regulated ankyrin-repeat protein) and MINT (Msx2-interacting nuclear target
protein).
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