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NF-kB/Rel transcription factor family participates in the hematopoietic lineage (Licet al, 1994). By contrast,
diverse  biological processes including embryo RelB preferentially complexes with p52 (or p100) and the
development, hematopoiesis, immune regulation, as well as p52/RelB complexes have unique roles in splenic and thymic
neuronal functions. In this review, the NFKB/Rel signal  architecture (see below). It has yet to determine thexBIF-
transduction pathways and their important roles in the  Rel composition in different cell types and which kB#Rel
regulation of immune system will be discussed. NikB/Rel complexes are activated by a given receptor signaling pathway
members execute distinct functions in multiple immune  (see below).

cell types via the regulation of target genes essential for cell  In resting cells, N/B/Rel dimers are retained in the
proliferation, survival, effector functions, cell trafficking cytoplasm by complex with eithesBs or with the precursors,
and communication, as well as the formation of lymphoid p105 and pl100 (Liowet al, 1992; Naumanret al, 1993;
architecture. Consequently, proper activation of NFkB/ Scheinmaret al, 1993). These various complexes respond
Rel during immune responses to allergens, auto-antigens, differently to a variety of receptor signals (see below). The
allo-antigens, and pathogenic infection is crucial for the IKBs contains five membersgBa, IKBpB, IkBy, IkBg, and

integrity of host innate and adaptive immunity. Bcl-3. Except for Bcl-3 that functions as co-activators
(Franzoscet al, 1992; Fujitaet al, 1993; Nolaret al, 1993),
Keywords: 1kB, NFKB the other kBs mainly serve inhibitory functions.kBa

contains a nuclear export sequence (NES) and can shuttle NF-
KB/Rel complexes in and out of the nucleus (Krappmann and
Scheidereit, 1997; Phelpsal, 2000; Tanet al, 2000, 2001).

By contrast, kB3 does not contain NES and retains hg7-

The discovery of the nuclear factor KB-that binds to the ~Rel complexes exclusively in the cytoplasm via masking both
kB site of the immunoglobulin kappa light chain gene nuclear localization signals (NLS) of the d|njers (Madehl,
enhancer in 1986 has since revolutionized the biologicaf?01; Tam and Sen, 2001). Hence, distinct KBFRel
aspects of transcriptional regulation (Sen and Baltimorecomplexes would be activated differently depending on
1986). NFKB has since become one of the most widelyWhether it associates witlkBa or kBB and which kB is
studied transcription factors with regard to its complex signafubjected to phosphorylation and degradation by the particular
transduction pathways (see review (Karin and Delhase, 2006€C€Ptor. o

Ghosh and Karin, 2002)), role in hematopoiesis (Grossmann Many receptors are capable of transducing signals for NF-
et al, 1999), innate and adaptive immunity, as well asK.B/Rel activation. Despite S|gnal_|ng gomponents utilized by
potential involvement in neuro-degeneration. In mammalsdifferent receptors may vary, all signaling pathways eventually
there are five members identified thus far for thek@fRel ~ converge to the activation of IKK complexes, the central
family: p50 (NFkB1), p52 (NFKB2), p65 (RelA), c-Rel, and regulators_ of NB/Rel (Karin .and. Delhase, 2000; Ghosh
Rel-B. These members can form 5 kinds of homodimers angnd Karin, 2002). IKK activation can lead toBl

at least 7 preferential hetero-dimers. While p50/p65 and theiPhosphorylation and degradation by the ubiquitin-proteosome
corresponding homodimers are widely expressed in mostyStem (Ben-Neriah, 2002). Using gene-targeted deletion of
cells, the c-Rel containing complexes (e.g. p50/c-Rel and thkCK components, it is evident that the Icomplexes of

c-Rel homodimers) are predominantly expressed in cells ofn€ beta, one alpha, and two gamma subunits, are primarily
responsible for the activation of canonical KkB/Rel

*To whom correspondence should be addressed. complexes (e.g. pS0, p65, c-Rel) (Zaadal, 1998; Liet al,
Tel: 212-746-4451; Fax: 212-746-8167 1999). By contrast, a distinct IKK containing complex
E-mail: hcliou@med.cornell.edu exhibits a unigue function for pl00 processing and the
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Fig. 1. Distinct receptors and NEB/Rel signaling pathways. Summarized here are three classes of receptors that can triggfer NF-
Rel activation in a variety of immune cell types. Although they each utilize different adaptors, the converging pointrigitthented

IKK complexes to the receptor membrane proximal region, leading to IKK kinase activation. ConventickBIREF-activatio
pathway involves the IKK3 containing complexes, which mediate8 Idegradation and release of p50/p65, and p50/c-Rel dimers. Th
alternative pathway is controlled by IKé-containing complex that has unique role in p100 processing and generation of p52/RelB
dimer. It remains unclear whether p105 processing is constitutive or subjected to signaling regulation. In addition, tiemsechan
responsible for differential phosphorylation and degradatiorEol and kB-B by distinct receptor signals have yet to be defined.

formation of p52/RelB complex (Senftlebenal, 2001). have helped delineate the signaling pathways fokBiRel

One of the challenging issues of the field is to understandctivation. PI3 kinase is central to MB/Rel activation as
how different receptor signals engage various IKK and NFdymphocytes derived from PI3 kinase knockout mice are
KB/Rel complexes. Here, we summarize the current views ofinable to activate NkB/Rel (Frumaret al, 1999; Suzuket
several receptors signaling pathways that are crucial for thal., 1999). Furthermore, the PI3K-NdB/Rel pathway is
regulation of immune responses (Fig. 1). responsible for BCR, CD40, and LPS induced proliferation

(Andjelic et al, 2000). It is still unknown whether PI3K
Antigen receptors Antigen receptors on lymphocytes (TCR directly associate with IKK complex or indirectly through Akt
and BCR) represent one of the most important receptoor Btk, as Btk deficient B lymphocytes are also defective in
signals for the initiation of an immune response. The antigeNF-kB/Rel activation (Solvasost al, 1998; Craxtoret al,
receptor signals are required for positive selection during earl$999; Marshalkt al, 2000).
lymphocyte development, for clonal expansion and terminal Recently, several PKCs have been implicated in directing
differentiation of mature lymphocytes upon encounteringNF-kB/Rel activation in response to antigenic signals
specific antigens, as well as for negative selection of self{krappmanret al, 2001). PKO3 deficient mature T cells are
reactive lymphocytes. unable to activate NkB/Rel by TCR signals (Suet al,

In mature lymphocytes, TCR and BCR can trigger severa000; Villalbaet al, 2002). PKOB (-/-) B cells fail to recruit
signaling pathways that involve the activation of tyrosinethe IKK complex into lipid raft upon BCR ligation (%1 al,
kinases (e.g. Lyn, Syk, Btk), Cainflux, production of 2002). In a similar manner, loss of PKGmpairs BCR-
phospho-inositol derivatives, activation of MAP kinases, andinduced NF«B/Rel activation and target gene expression, as
nuclear translocation of several transcription factorswell as inhibits cell proliferation and survival (Mart al,
(Benschop and Cambier, 1999; Monroe, 2000; Yankee and002). In contrast to the proliferative response of mature B
Clark, 2000). Recent studies on transgenic and knockout miceells, antigenic stimulation of immature B cells leads to



Regulation of the Immune System by KB-and kB 539

growth arrest and apoptosis (Monroe, 2000). TheProliferation, Survival, and Cellular Responses
unresponsive nature of immature B cells has been attributed Mediated by NFkB/Rel
their inability to recruit PKC and BCR to the lipid rafts (King
et al, 1999; Sprouét al, 2000; Chengt al, 2001). It has yet NF-kB/Rel activation by the aforementioned receptors leads
to be determined whether PKC is directly involved in IKK to its nuclear translocation and induction of target genes. The
activation and which PKC isoforms are selectively suppressedrowing list of NFkB/Rel target genes include cytokines,
in immature and anergic B lymphocytes. Also, thechemokines, cytokine/chemokine receptors, adhesion
relationship between PI3K, Btk, and PKCs on the activatiormolecules, survival genes, cell cycle regulators, acute phase
of NF«kB/Rel pathway remains to be established. proteins, and inducible effector enzymes. It is important to
note that, due to differential tissue expression pattern and
TNF receptor family Thus far, most of the TNF receptor DNA binding specificity, each NkB/Rel member induces
family members are shown to activate kKBfRel signaling  distinct profiles of target gene expression. This is evident from
pathway via TRAFs (Fig. 1). TRAFs may help recruit IKK the studies on NKB/Rel knockout mice that manifest distinct
complexes to the proximity of the receptor signalingphenotypes, as summarized below.
components and  allow  auto-phosphorylation  or
phosphorylation by associated kinases, such as RIP (Bevin Cytokines and immune receptors Cytokines and their
al., 2001). TNFR1, TNFR2, and CD40 activate KB7/Rel corresponding receptors are key mediators of the immune
via the IKKB containing complex. In addition to the system that are crucial for immune cell communication and
conventional NF«B/Rel activation pathway, several TNF effector functions during an active immune response. For
receptor members, including &T Blys, and RankL, are able example, T helper (Th) cells produce cytokines, such as IL-2,
to engage the so-called “alternative pathway” that involves théo facilitate the clonal expansion and differentiation of both T
activation of the IKKx containing complex (Ghosh and Karin, helper cells and cytotoxic T lymphocytes (CTL) (Smith,
2002). Activation of this IKK complex leads to the processing1986). Cytokines, such as TNEFandy-IFN, produced by Thl
of pl00/RelB into p52/RelB complexes. This has beercells can lead to activation and maturation of CTLs and
supported by the observation that liKKchimeric mice  macrophages that are specialized for cellular immunity
display defective splenic architecture and absence of folliculagGlimcher, 2001). By comparison, cytokines produced by Th2
dendritic cells, similar to the p100 and RelB knockout micecells, such as IL-4, IL-5, IL-6, can facilitate B cell mediated
(Senftleberet al, 2001). humoral immunity.

Collective studies thus suggest that different receptors are NF-kB/Rel plays key roles in regulating the expression of
wired to activate different IKK complexes through associationmany cytokine genes. Studies on c-Rel deficient mice have
with unique adaptor molecules that each receptor has affinitdemonstrated that c-Rel is essential for IL-2, IL-3, GM-CSF,
for. It will be important to sort out whether different IKK y-IFN expression in T lymphocytes, IL-6 expression in B
complexes exist in cells and whether they are coupled witleells, TNFea expression in macrophages, and IL-12
distinct KB-p50/p65 (and WB-p50/c-Rel) or pl00/RelB expression in dendritic cells (Gerondagtsal, 1996; Liouet
complexes as they are apparently regulated differently. al.,, 1999; Sanjabiet al, 2000; Weinmanret al, 2001)

(Tumang, J.et al, Cell Immunal In press). IL-2 receptor
Toll-like receptor family The expanding Toll-like receptor alpha chain is also under the regulation by c-Rel (Tunefng
(TLR) family members represent the first line of host defenseal., 1998). It remains to be determined which c-Rel dimers
mechanism against invading pathogens via the recognition ¢ghomo- or hetero-) bind to the promoters of these cytokine
pathogen-associated molecular patterns, including LPSyenes and why, in some cases, othekBRel members fail
lipoproteins, peptidoglycan, dsRNA, unmethylated DNA with to compensate for the function of c-Rel.
CpG motif (Akiraet al, 2001; Beutler, 2002). TLRs and IL-1  Using KBa and p65(-/-) cells, it has been reported that NF-
receptor trigger similar signaling pathways by utilizing KB/Rel is also involved in the regulation of MHC class |,
signaling molecules, including IRAK, MyD88 (Fig. 1). IRAK CD40, CD86 expression (Beg al, 1995a, 1995b; Hinet
is essential for NkB/Rel activation by IL-1R and TLR2/6, al., 2002), confirming its role in enhancing interaction
whereas MyD88 is essential for TLR3 and TLR9 mediatecbetween T cells and antigen presenting cells during an
IKK activation (Wagner, 2002). LPS is recognized by TLR4 immune response.
that mediates IKK activation via TIRAP and PKR (Beuder
al., 2001). Lymphocytes and dendritic cells deficient in severaBurvival and apoptotic proteins The role of NF<B/Rel in
NF-kB/Rel components are no longer responsive to LPS¢ell survival was first demonstrated by the report that inhibition
TLR-4 mediated activation signals. It has yet to determineof NFkB/Rel activity led to decreased expression of TRAF1,
whether some of the TLR signaling pathways also activate th& RAF2, c-IAP-1, clAP-2, X-IAP, and subsequent apoptosis of
alternative NF«B/Rel pathway through the IKiK containing  the tumor cell lines (Wanet al, 1998). Further studies on p65
complex. (RelA) knockout mice indicated that deleted of p65 gene in
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mice led to death at embryonic stage due to TNF-mediatedroliferation is evident from the knockout mouse studies. P50
toxicity of hepatocytes (Beg and Baltimore, 1996). Thedeficient B lymphocytes have specific impaired proliferation
embryonic lethality can be prevented by crossing the p65(-/-n response to LPS, but the response to anti-IgM and CD40 is
mice with TNF or TNF receptor knockout mice (Dti al, normal (Sheet al, 1995; Snappeet al, 1996; Horwitzet al,
1999; Alcamoet al, 2001). These studies suggest that p65 is1999). By comparison, c-Rel and RelB deficient lymphocytes
required for protecting liver cells from TNF induced apoptosis.are unable to proliferate in response to antigenic and

Subsequently, it has been reported that several survivahitogenic stimuli (Snappeat al, 1996; Grumongt al, 1998;
genes are regulated by MB/Rel. In B lymphocytes, Tumanget al, 1998; Liouet al, 1999). The defect in c-Rel(-/-)
blocking NFkB/Rel impaired the expression of Bcl-X and T cell proliferation can be attributed to the lack of IL-2
Bfl-1 genes (Leeet al, 1999; Zonget al, 1999; Andjelicet production, as IL-2 is the key growth factor for T cells
al., 2000; Owyanggt al, 2001). As a result, c-Rel(-/-) B cells (Kontgenet al, 1995; Liouet al, 1999). While the cytokines
are sensitized to several apoptotic stimuli, including gammaesponsible for B cell proliferation are not yet identified,
irradiation, dexamethasone, and antigenic signals (Owstang studies on cell cycle proteins have indicated that c-Rel is
al., 2001). Of interest however, c-Rel is dispensable fomecessary for promoting cell cycle progression. Specifically,
protection from TNE and Fas mediated apoptosis. Thus, c-c-Rel(-/-) B cells have impaired cyclin D3 and E expression,
Rel may be specialized in protecting cells from mitochondrialCDK kinase activation, Rb hyper-phosphorylation, and E2F
apoptotic pathway through the induction of survival proteinsexpression (Hsit al, 2002). However, the degradation of
of the Bcl-2 family. By contrast, other NéB/Rel members, CDK inhibitors appears to be normal. This suggests that c-Rel
such as p65, may protect cells from TNF or Fas mediatethediates cell cycle progression through the induction of
apoptosis through the induction of distinct anti-apoptoticpositive regulators, directly or indirectly.
molecules, such as c-FLIP, TRAFs, and IAPs. In fibroblasts, myoblasts, and mammary carcinomas, NF-

Despite the prevailing data that support the anti-apoptoti€B/Rel has been shown to regulate cyclin D1 gene
roles for NFkB/Rel, NFkB/Rel members may play a role in transcription (Guttridgeet al, 1999; Hinzet al, 1999).
apoptosis under certain circumstances. For example, it hdurthermore, cyclin D2 expression was diminished in
been shown that p65(-/-) MEF cells have reduced Faslodgkin tumor cells by overexpressingBl super-repressor
expression and are resistant to Fas-mediated apoptosis (Zheftdinz et al, 2001). It will be important to determine if NdB
et al, 2001), suggesting that p65 induces apoptosis via Fasinding sites are functionally active in cyclin D2, D3, E and
induction. Studies on T cell lines also suggest thakRiRel E2F promoters and which NéB/Rel dimers are responsible
participates in the expression of Fas and Fas ligand genésr the transcriptional regulation of these cell cycle genes.
(Dudleyet al, 1999; Hstet al, 1999; Kasibhatlat al, 1999).

The role of NF«B/Rel in neuron degeneration has also Chemokines and receptors NF-kB/Rel also participates in
been investigated. Increased KiB/Rel levels are observed in leukocyte trafficking through the regulation of chemokines
dying neurons exposed to trauma and ischemia, as well as and receptors. For example, in an allergic inflammation
brains of Alzheimer and Parkinson disease patients. Usingnodel, p50(-/-) airway have reduced expression of eotaxin,
mouse models of cerebral ischemia, it was found that deletioMIP-1a, and MIP-B (Yanget al, 1998), whereas c-Rel(-/-)
of p50 gene in mice alleviated the ischemic damagelead to decreased MCP-1 expression (Don@iaal, 1999).
suggesting that p50 may facilitate neuronal death in focal'he reduction of chemokine production may in part explain
ischemia perhaps through TNF production (Botchlehal, the absence of eosinophilia and pulmonary inflammation in
1999; Schneideet al, 1999). these NF«<B/Rel knockout mice. Using trans-dominakBb

Our recent study revealed a dichotomy between p65 and cautant, it was shown thatBa completely inhibited TNFx
Rel in neuronal survival (Pizzet al, 2002). It has been mediated induction of eotaxin-1 and CCR3 (Huberal,
established that glutamate can elicit neural toxicity, wherea2002).

IL-13 promotes neuronal survival. While glutamate induces RelB, however, may play a negative role in chemokine gene
nuclear translocation of p50 and p65, it fails to activate c-Relexpression. Stimulation of RelB(-/-) fibroblagtsvitro with
IL-1[3, however, is able to activate the nuclear translocation oEPS led to persistent induction of several chemokines,
c-Rel, p50, and p65. Interestingly, c-Rel deletion (using c-Reimplying a suppressive role of RelB that may be needed for
knockout mice) abolishes the survival effect of [B-1 resolving acute inflammation in tissues. This hypothesis has
supporting c-Rel’s function in conferring neuronal survival. Inyet to be testeth vivo. P100 and RelB knockout mice exhibit
contrast, p65 was involved in glutamate-mediated cell deattimpaired splenic and thymic micro-architecture due the
Future studies are required to identify the survival anddefects in medullary epithelial cells, thymic dendritic cells,
apoptosis genes in neurons induced c-Rel and p69nd follicular dendritic cells (see below). The expression of
respectively. chemokine, BLC, by stromal cells is reduced, which is in part

responsible for the inability to recruit B cells into follicles
Cell cycle regulators The role of NFkB/Rel in cell (Poljaket al, 1999).
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Fig. 2. Regulation of hematopoiesis by KB/Rel members. Distinct NkB/Rel dimers are responsible for different stagés o
hematopoiesis as supported by studies on single and double knockout mice and adoptive transfer chinBRel. ddfes not affec
the potency of hematopoietic stem cells (HSC) to differentiate into common lymphoid progenitors (CLP) and commaon myeloi
progenitors (CMP). However, p50/p65 is crucial for lymphopoiesis, whereas p65 and c-Rel complexes are complementand for myeloi
development. C-Rel expression in lymphoid lineages occurs in later and more mature stages and is mainly responsible for mature
lymphocyte activation, clonal expansion, and effector functions. It also plays an important role in the survival and eseigetiqor
capacity of myeloid cells (e.g. macrophages and dendritic cells). The boxed dimers (mostly containing p52 or RelB) diwmite that
roles in lymphopoiesis is mostly due to the extrinsic effects on stromal and dendritic cell network that are necessariofor lymp
development in bone marrow, thymus, and follicles in spleen.

Regulation of Hematopoiesis by NB/Rel Lymphopoiesis It has been demonstrated that the fetal liver
cells derived from p50/p65 double knockout embryos are

The roles of NFRB/Rel in hematopoiesis have been unable to generate T and B lymphocytes with a block at early
addressed using either single or double knockout mice and, pprecursor stages (Horwitet al, 1997). These defects,
some cases, fetal liver cells were utilized for adoptive transfenowever, are not cell-intrinsic since co-transferring normal
experiments to overcome the lethality resulted from p65tetal liver cells can correct the deficiency. The studies suggest
deletion. that p50 and p65 regulates the expression of an extracellular
It appears that p50/p65 is crucial for the development ofactor that is required for lymphopoiesis.

lymphoid lineages that cannot be compensated by other NF- Deletion of both p50 and RelB genes in mice affects
KB/Rel members. In contrast, either p65 or c-Rel containindymphoid lineage development, however, this may in part
complexes can compensate for the development of myeloicesult from defective stromal environment. The p50/RelB
lineages (Fig. 2). This is supported by the observation thadouble knockout mice have impaired development of B220+
p65(-/-) derived fetal liver cells have severe deficit in cells in bone marrow, traced as early as pre-B or pro-B stage
lymphopoiesis, but relatively normal development of myeloid(Weih et al, 1997). Consequently, there are very few
and granulocyte lineage. By comparison, deletion of both p68etectable B220+ cells in bone marrow and spleen. For T cell
and c-Rel led to defect in lymphopoiesis, reduced colonydineage, these mice reveal thymic atrophy and lacking
forming unit progenitors for myeloid cells, impaired CD4+CD8+ DP thymocyte population. The deficiency may
erythropoiesis, and expansion of granulocytes. Here, | wilhot be intrinsic to lymphoid progenitors. Instead, the
first review the role of NfB/Rel in lymphoid lineage cells phenotype is consistent with the role of RelB in dendritic and
followed by their role in the development and function of stromal cell populations residing in thymus, spleen, and bone
myeloid cells. marrow that are necessary for supporting lymphopoiesis (see
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below). common myeloid progenitors, leading to reduced colony-

Deletion of both p50 and p52 affects further maturation offorming unit progenitors, impaired erythropoiesis, aberrant
committed progenitors of the lymphoid and osteoclastexpansion of granulocytes, and macrophage apoptosis
lineages (lotsovat al, 1997; Franzoset al, 1998). The B (Grossmanrt al, 1999) (Fig. 2). These data suggest that p65
cell development is arrested in the discrete immature T1 stagend c-Rel serve overlapping roles in regulating differentiation
(B220-lo, IgM+, IgD-, CD23-). Naturally, the double and survival of multiple committed progenitors without
knockout mice are unable to form germinal centers inaffecting the pluripotent stem cells.
response to antigen challenge. Further experiments are As described earlier, p50 and p52 double deletion affects
awaited to determine whether the defect is intrinsic tothe maturation of committed progenitors of both lymphoid
immature B cells or to stromal cells that support the survivabnd osteoclast lineages. The most striking defect of the p50/
of immature B cells in bone marrow. The p50/p52 doublep52 double knockout mice is their failure to generate mature
knockout mice have no detectable peripheral T cells, howevegsteoclasts (lotsovet al, 1997; Franzoset al, 1998). As a
the defect is not intrinsic to T cell development. Rather, it isresult, the mice develop osteopetrosis. The double knockout
due to impaired thymic and splenic architectures resulted frormacrophages also have defects in the production of IL-6 and
the lack of medullary epithelial cells (MEC) and non- GM-CSF, suggesting that p50/p52 is also required for
functional thymic dendritic cells (DC). Thus, p50 and p52macrophage activation.
containing complexes (which may include RelB) play major The p52 and RelB (conjuction with Bcl-3) have a unique
roles in the development, differentiation and trafficking ofrole in the formation of thymic and Iymphoid
MECs and DCs. microenvironment that is required for supporting

Deletion of both p65 and c-Rel appears to only affect latetymphopoiesis and germinal center immune response. This is
developmental stages of lymphoid lineages, unlike theievident from the studies on p52, RelB, and Bcl-3 single
essential role in myeloid development (see below). It has bedknockout mice that they all have impaired B cell follicle
demonstrated that fetal liver cells derived from c-Rel/p65formation and are unable to establish proper follicular
double knockout mice are blocked at immature B cell stagelendritic cell (FDC) networks upon antigenic challenge
(CD24-hi, IgM-hi, IgD-hi) that is similar to the defined T1 (Burkly et al, 1995; Caamanet al, 1998; Franzoset al,
stage (Grossmanet al, 2000). The block is partly due to 1998; Poljaket al, 1999). The defects in B cell follicles are in
increased apoptosis in this stage of immature B cellspart attributed to impaired production of BLC chemokine by
Overexpression of Bcl-2 can induce further maturation toFDCs.
IgM-lo, IgD-hi phenotype. Similarly, combined deletion of  Further studies reveal that RelB is crucial for dendritic cell
both c-Rel and p65 leads to decreased peripheral CD4+ afC) development (Burklgt al, 1995). RelB knockout mice
CD8+ T cell number but does not seem to affect T cellhave defective development of thymic medullary epithelial
viability. cells and dendritic cells. In addition, the development of

Combined deletion of p50 and c-Rel does not affect earlynyeloid-derived CD11C+CD8- dendritic cells is impaired in
hematopoiesis because the double knockout mice have nornfaelB deficient mice (Wuet al, 1998). Recent reports
levels of erythrocytes, granulocytes, macrophages, and T celiemonstrate that p50/p65 are required for proper development
in bone marrow, thymus, and periphery (Pehlal, 2002).  of both lymphoid and myeloid DCs (Ouaat al, 2002).
Development to the mature B cell stage is normal, except witiCollectively, these studies suggest that at least RelB, p50, and
reduced marginal zone B cells and poor formation of germingh65 are required for dendritic cell development. By contrast,
center upon immunization, which is evident in c-Rel singleloss of p50 and/or c-Rel does not affect DC development, but
knockout mice (Tumangt al, 1998). Like the c-Rel singly instead, affecting the maturation and survival of DCs, in part
knockout mice, the lymphocytes derived from p50/c-Reldue to reduced Bcl-X expression. Our recent study
double knockout mice have impaired proliferation anddemonstrate that the loss of c-Rel in DCs compromises their
survival response to antigenic and mitogenic stimuli (Grumongbility to stimulate both allogeneic and antigen-specific
et al, 1998). Together, these studies suggest that the role alutologous T cell response, leading to reduce numbers of cell
p50 and c-Rel is primarily restricted to mature lymphocytescycle and Th1/Th2 cytokine production (Boffa, D., Liou, H.-
especially for mediating antigen-induced clonal expansionC. et al, manuscript submitted).
cytokine production, effector function, and terminal
differentiation that are necessary for germinal center immun%ﬁonclusion Remark
responses.

Significant progress has been made in recent years about NF-

Myelopoiesis As mentioned earlier, deletion of p65 or c-Rel kB/Rel signal transduction pathway and the roles okBF-
alone does not affect myelopoiesis, presumably due t&el dimers in cell proliferation, survival, and hemapotopiesis.
compensation from the remaining MB/Rel members. However, fundamental issues regarding the selective activation
However, NFkB/Rel does play a role in myeloid of distinct NFkB/Rel dimers by different receptors and
differentiation, as deletion of both p65 and c-Rel affects earlyunique target gene specificity of each kBRel complex



Regulation of the Immune System by KB-and kB 543

remain to be addressed. Beg, A. A, Sha, W. C., Bronson, R. T., Ghosh, S. and Baltimore,
The importance of NEKB/Rel in innate and adaptive D. (_1995b) Embryonic lethality and liver degeneration in mice
immunity has been evident in various disease and infection lacking the RelA component of NF-kappa Mature 376 167-
models (see review (Caamano and Hunter, 2002)). Deletion of 170. ] ) S
certain NFkB/Rel components has been shown to Ben-Ngnah, Y. (2002) Regulatory functions of ubiquitination in
compromise immune responses against T-dependent and _ the immune systeriat. Immunol3, 20-26.
. P . P 9 _p genschop, R. J. and Cambier, J. C. (1999). B cell development:
independent antigens (Tumaagal, 1998; Cariappat al,

- . X . signal transduction by antigen receptors and their surrogates.
2000), develop resistance to allergic pulmonary inflammation . Opin. Immunol11, 143-151.

and autoimmunity (Donovaet al, 1999; Pahan and Schmid, Beutler, B. (2002) Toll-like receptors: how they work and what
2000), and render tolerant to allograft transplantation (¥éang they do.Curr. Opin. Hematol9, 2-10.

al., 2002) (Finn, Pet al, J. Leuk. Biol.In press). Thus, it is Beutler, B., Du, X. and Poltorak, A. (2001) Identification of Toll-
conceivable that manipulating NB/Rel activity may like receptor 4 (TIr4) as the sole conduit for LPS signal
provide potential therapeutic means for the treatment of transduction: genetic and evolutionary studiés.Endotoxin.
infection, chronic inflammation, and autoimmune diseases, as Res7, 277-280. .

well as the basis for tumor immunotherapy and toleranc&0tchkina, G. 1., Geimonen, E., Bilof, M. L., Villarreal, O. and
induction during organ transplantation. The subject will be ~ 112c&¥% K. J. (1999) Loss of NF-kappaB activity during

discussed further in a separate article (Liou, H-C, review irbuflj;ebl_ral Egzggr']a ?:nd (T)Zl;;:ytgtoxllqc;lmsl. é/l edMSArg;Z“GEIS_l. A
preparation, BioEssays). L . o e e

Olson, D., Tizard, R., Cate, R. and Lo, D. (1995) Expression
) of relB is required for the development of thymic medulla and
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