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Summary

The lymphotoxin-g receptor (LTBR) plays critical roles
in inflammation and lymphoid organogenesis through
activation of NF-kB. In addition to activation of the
classical NF-kB, ligation of this receptor induces the
processing of the cytosolic NF-xkB2/p100 precursor to
yield the mature p52 subunit, followed by translocation
of p52 to the nucleus. This activation of NF-«kB2 re-
quires NIK and IKK«, while NEMO/IKKY is dispensable
for p100 processing. IKKpB-dependent activation of ca-
nonical NF-kB is required for the expression but not
processing of p100 and for the expression of proin-
flammatory molecules including VCAM-1, MIP-13, and
MIP-2 in response to LTBR ligation. In contrast, IKK«
controls the induction by LTBR ligation of chemokines
and cytokines involved in lymphoid organogenesis,
including SLC, BLC, ELC, SDF1, and BAFF.

Introduction

The lymphotoxin (LT)-B receptor, a member of the TNF
receptor superfamily, controls processes of differentia-
tion crucial for the development and organization of
lymphoid tissue (Locksley et al., 2001; Shakhov and
Nedospasov, 2001). Mice deficient in the LTBR gene or
genes encoding one of its ligands, LTa or LTB, exhibit
a complex phenotype characterized by a failure to form
lymph nodes and Peyers’s patches and the absence of
natural killer (NK) and NK-T cells (reviewed in Ansel and
Cyster, 2001; Fu and Chaplin, 1999). In the adult, LTBR
signaling is required for maintaining the splenic architec-
ture, the integrity of the marginal zone, and compart-
mentalization of T and B cells. During antigen-depen-
dent responses, germinal centers and networks of
follicular dendritic cell networks fail to form in LTRR-
deficient mice. Chemokines such as secondary lymphoid
tissue chemokine (SLC/CCL21) and Epstein-Barr virus-
induced molecule 1 ligand (ELC/CCL19) play crucial
roles in secondary lymphoid development and may re-
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quire LTBR signaling for their expression in development
(Ngo et al., 1999; Luther et al., 2000; Vassileva et al.,
1999).

The NF-«B family of transcription factors regulates
expression of genes crucial to innate and adaptive im-
mune responses, cell growth, and apoptosis (Barkett
and Gilmore, 1999; Silverman and Maniatis, 2001). In
mammals, this family consists of five members that form
homo and heterodimeric complexes including NF-xB1
(p50 and its precursor p105), NF-kB2 (p52 and its precur-
sor p100), RelA (p65), RelB, and Rel (c-Rel). NF-«B activ-
ity is tightly controlled by a collection of inhibitory pro-
teins that belong to the kB family, which include IkBa,
IxBB, IkBe, Bcl-3, p100, and p105 (Siebenlist et al., 1994).

In most cells, the NF-xB dimer p50:RelA is seques-
tered in the cytosol and its nuclear translocation can
be induced by a wide variety of stimuli. These stimuli
activate the IkB kinase (IKK) complex, which contains
two catalytic subunits, IKKa and IKKB, and the regula-
tory subunit IKKy (also called NEMO) (DiDonato et al.,
1997; Regnier et al., 1997; Rothwarf and Karin, 1999;
Rothwarf et al., 1998; Woronicz et al., 1997; Yamaoka
etal., 1998; Zandi et al., 1997), responsible for phosphor-
ylation of IkBa, IkBB, or IkBe (Karin and Ben-Neriah,
2000). The disruption of genes encoding individual IKK
subunits have demonstrated that IKKB and IKKy trans-
mit the response to most common NF-kB-inducing
agents, whereas IKKa has an unexpected role in kera-
tinocyte differentiation (Hu et al., 1999, 2001; Li et al.,
1999a, 1999b, 1999c; Makris et al., 2000; Rudolph et al.,
2000; Takeda et al., 1999; Tanaka et al., 1999; Yamaoka
et al., 1998). IKK« kinase activity is essential for induc-
tion of IkB degradation in mammary epithelial cells in
response to RANK ligand (Cao et al., 2001) and in the
basal processing of the NF-«B2/p100 precursor to p52
in B lymphocytes (Senftleben et al., 2001). Processing of
p100 is negatively regulated by a processing-inhibitory
domain (PID) and positively regulated by the NF-«B-
inducing kinase (NIK) (Xiao et al., 2001). Using an overex-
pression system, Xiao and coworkers initially proposed
that NIK is the direct upstream kinase involved in p100
processing. However, another study has shown that
NIK-induced p100 processing in B cells depends on
IKKa (Senftleben et al., 2001). The physiological regula-
tors of this pathway have not been described.

Results

The Control of Gene Expression following

Ligation of LTBR

We assessed the effect of LTBR ligation on the expres-
sion of several genes with roles in inflammation and
immune development using an agonistic, LTRR-specific
monoclonal antibody (see Experimental Procedures).
In mouse embryonic fibroblasts (MEF), this antibody
induced the expression of the adhesion molecule
VCAM-1, one of the known target genes downstream
of LTBR (Matsumoto et al., 1999), induced by NF-«B
(Shu et al., 1993) (Figure 1A). This effect was not seen
in MEFs lacking LTRR.
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Figure 1. LTBR-Induced VCAM-1 Expression Depends on IKKB and RelA but Not on NIK or IKKa

(A) Ligation of LTBR induces VCAM-1 mRNA upregulation. Wild-type and LTBR-deficient MEFs were treated (+) or not (-) for 3 hr with 2 png/
ml of agonistic anti-LTBR antibody prior to RNA extraction. VCAM-1 mRNA expression level was monitored by real-time PCR. Absolute
VCAM-1 mRNA values were determined and reported relative to the basal expression level detected in untreated LTBR ™/~ MEF.

(B) VCAM-1 mRNA expression is induced in aly/aly MEFS upon LTRR ligation. Cells were treated as analyzed as described in (A).

(C) LTBR-mediated VCAM-1 mRNA upregulation requires IKKB and RelA. Wild-type, IkkB~'~, Ikka.~'~, and rela~’~ MEFs were treated as in (A).
VCAM-1 mRNA expression level was monitored by real-time PCR. Absolute VCAM-1 mRNA values were determined and reported relative to

the basal expression level detected in untreated wt MEF.

Recently it was suggested that VCAM-1 expression
is dependent on the function of NIK as cells from NIK
mutant aly/aly mice (Shinkura et al., 1999) did not upreg-
ulate this protein upon LTBR ligation (Matsumoto et al.,
1999). We therefore examined the expression of VCAM-1
mRNA by real-time PCR in aly/aly MEFs. Ligation of
LTBR induced increased expression of VCAM-1 mRNA
(Figure 1B). In addition, anti-LTBR induced IkB-kinase
activity in both wt and aly/aly MEF (data not shown).
Therefore, the aly/aly mutation does not inhibit the ca-
nonical NF-kB activation pathway that leads to expres-
sion of this gene. The lack of upregulation of VCAM-1
by FACS in aly/aly cells observed by others (Matsumoto
et al.,, 1999), which we have also observed (data not
shown), may represent posttransciptional regulation of
VCAM-1.

We therefore examined the expression of VCAM-1
mRNA by real-time PCR in MEFs deficient for proteins
involved in NF-kB activation. Ligation of LTBR in wt
MEFs induced a pronounced increase in expression of
VCAM-1 mRNA, which was not seen in cells lacking
IKKB or RelA (Figure 1C). In contrast, constitutive ex-
pression of VCAM-1 mRNA was elevated in cells lacking
IKKa and this was substantially increased by ligation of
LTRR. Therefore, induction of NF-kB (p50:RelA) by anti-
LTBR is responsible for the upregulation of VCAM-1
expression. Our results show that transcriptional induc-
tion of VCAM-1 requires neither IKKa nor NIK but does
require both IKKB and RelA.

We then examined the effect of an intraperitoneal in-
jection of the agonistic anti-LTBR antibody on expres-
sion of several genes that are likely to be involved in
inflammation, lymphoid organ development, and ho-
meostasis. The anti-LTBR caused a significant upregula-
tion in the spleens of wt mice of the mRNA for the
chemokines macrophage inflammatory protein-13 (MIP-

1B/CCL4), macrophage inflammatory protein-2 (MIP-2),
secondary lymphoid tissue chemokine (SLC/CCL 21),
EBI-1-ligand chemokine (ELC/CCL 19) B lymphocyte
chemoattractant (BLC/CXCL 13), and stromal cell-
derived factor-1 « (SDF-1-a/CXCL 12) (Figures 2A and
2B). We also found that the B cell activation factor BAFF
(BlyS/TALL-1/THANK) (Moore et al., 1999) was upregu-
lated by ligation of LTBR.

Recently, a knockin mouse strain in which two serines
within the activation loop of IKKa are replaced by ala-
nines (lkkoa*) was generated (Cao et al., 2001). Unlike
Ikko- animals, lkko™ mice are viable but show defects
in basal processing of p100 to the p52 subunit of NF-
kB2, the maturation of B lymphocytes, and the develop-
ment of lymphoid organs (Senftleben et al., 2001). In the
Ikko** knockin mice, the anti-LTBR antibody failed to
stimulate the expression of SLC, ELC, BLC, SDF-1-q,
or BAFF mRNA (Figure 2B). In contrast, the mutation in
the activation loop of IKKa enhanced the upregulation
of MIP-18 and MIP-2 mRNAs following ligation of LTRR
(Figure 2A). An increase in NF-xB activity in these
knockin mice has been described (Senftleben et al.,
2001). Further, we observed that NFkB2/p100 mRNA
was upregulated by ligation of LTBR in the spleens of
both wild-type and knockin lkka* mice (Figure 2C).

Ligation of the LTBR Stimulates NIK- and
IKKa-Dependent p100 Processing

The processing of p100 to p52 is an important step in
the activation of NF-kB2. Therefore, wt and mutant
MEFs were treated with anti-LTBR and the processing
of p100 was examined by immunoblotting. The low level
of constitutive processing of p100 to p52 was dramati-
cally enhanced by ligation of LTBR in wild-type (wt) but
not LTBR~'~ MEFs (Figure 3A). Recently, cells from NIK
mutant aly/aly mice were shown to lack spontaneous
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Figure 2. Expression of Chemokines and Cytokine in Wild-Type and lkka* Knockin Splenocytes following Intraperitoneal Injection of Agonistic

Anti-LTBR Antibody

Wild-type (n = 3) and lkka™ knockin (n = 3) mice were injected intraperitoneally (as described in Experimental Procedures) with an isotype
control antibody (-) or with an agonistic LTBR antibody (+). RNAs were isolated from spleens, reverse-transcribed, and analyzed by real-time
PCR for (A) inflammatory chemokines MIP-13 and MIP-2; (B) for chemokines SLC, ELC, and the cytokines SDF-1a and BAFF; and (C) for NF-
«kB2/p100. For each gene, absolute mRNA values were determined and reported relatively to the basal expression (-) detected in wt IKKa

mice. One representative experiment out of three is shown.

processing of p100 to p52 (Xiao et al., 2001), and ligation
of the LTBR on aly/aly MEFs failed to induce the pro-
cessing of p100 to p52 (Figure 3A). Therefore, the aly
mutation appears to affect both basal and LTBR-
induced processing of p100.

This effect of ligation of LTBR was not restricted to
MEF. In the human colon carcinoma cell line HT-29,
ligation of LTBR with an agonistic antibody for human
LTBR or with the ligand LTa2 also resulted in the induc-
tion of processing of p100 to p52 (Figure 3B). This was
inhibited by the proteasome inhibitor MG-132 (Xiao et
al., 2001) but not by the caspase inhibitor zZVAD-fluoro-
methylketone.

Cytokine-induced NF-kB activation is mediated by a
high molecular weight IKK complex composed of IKKq,
IKKB, and NEMO/IKKy. Using cells genetically deficient
in these components (Hu et al., 1999; Li et al., 1999c,
2000; Makris et al., 2000), we examined their respective
roles in the induction of processing of p100 to p52 fol-
lowing ligation of LTBR. Anti-LTBR stimulated the pro-
cessing of p100 to p52 in wt MEFs but not in MEFs
lacking IKKa (Figure 3C). Examination of the processing
of p100 in wt MEFs suggests that new synthesis of p100
contributes to the increased accumulation of p52, and
this was not seen in the cells lacking IKKB. Nevertheless,
in MEFs lacking IKK, the p100 was almost completely
processed by 24 hr after ligation of LTBR. This pattern
is consistent with NF-«B2 as a NF-«B target gene (Liptay
et al., 1994), as the activation of NF-xB depends on
IKKB. Indeed, ligation of LTRBR in MEFs lacking RelA
(rela='") failed to induce the accumulation of NF-xB2
although the processing of p100 remained intact (Figure
3D). This was the same pattern of p100 processing as
was seen in MEFs lacking IKKB (Figure 3C).

B cells from mice with a knockin mutation of IKKa
(IKKa* mice) show a reduced constitutive processing
of p100 (Senftleben et al., 2001). lkka~/~ MEFs were
therefore reconstituted with retroviral expression vec-
tors encoding wt IKKa or the IKKa mutant harboring the
point mutations S176A and S180A in the activation loop
(IKKa™) (Delhase et al., 1999) and stable lines were se-
lected for GFP expression. In each case the stably trans-
duced lines expressed similar amounts of IKKa protein
(Figure 3E) and cell-surface LTBR by FACS (data not
shown). lkka™'~ cells showed neither constitutive nor
LTBR-induced p100 processing, while reconstitution
with wt IKKa restored this activity (Figure 3E). However,
the IKKo* mutant did not, indicating that activation of
IKKa by phosphorylation within the T loop is required
for the LTBR-induced of p100 processing.

Further, MEF lacking wt IKKa showed an increased
level of p100 expression 24 hr after LTBR ligation (Fig-
ures 3C and 3E), consistent with the observations on
p100 expression after in vivo administration of anti-LTBR
(Figure 2C). Thus, while IKKB and RelA participate in the
regulation of the level of p100 available for processing
to p52, IKKB is dispensable for the induction of p100
processing in response to ligation of LTBR. IKKa, how-
ever, is required for the induction of this processing
event.

LTBR Ligation Induces Nuclear Translocation

of RelB-p52 and RelA-p52

As previously reported (Dejardin et al., 1998; Dobrzanski
et al., 1995), RelB is mainly sequestered by the inhibitor
p100, but the physiological signals that control RelB
expression and nuclear translocation are still poorly
characterized. We therefore examined the nuclear trans-
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Figure 3. NIK and IKKa Are Required for the Inducible p100 Processing through Activation of the LTBR

(A) NIK is involved in LTBR-mediated p100 processing. Embryonic fibroblasts from LTBR ™/, wild-type, or aly/aly mice were treated with an
agonistic LTBR antibody (2 w.g/ml) for 0, 8, or 24 hr. Whole cell extracts were separated by SDS-PAGE and p100/p52 proteins were analyzed
by immunoblotting using an amino-terminal p52:p100-specific antibody.

(B) p100 processing is inhibited by the proteasome inhibitor MG-132 but not by the caspase inhibitor ZVAD. HT-29 cells were treated with a
human LTBR agonistic antibody (1 pg/ml) for 0, 3, or 6 hr in the presence or absence of MG-132 or zZVAD-fmk. Whole cell extracts were
analyzed as in (A).

(C) IKKa but not IKKB is required to trigger p100 processing. Embryonic fibroblasts from wild-type, lkka ™'~ Ikkg~'~, or Ikka™'~ IkkB~'~ mice
were treated and analyzed as described in (A).

(D) RelA is involved in the sustained production of p100 following LTBR ligation. Embryonic fibroblasts from rela~~ mice were treated and
analyzed as described in (A).

(E) LTBR-induced p100 processing requires activation of IKKa. Embryonic fibroblasts from IKKa-deficient mice were infected with either an
IRES-GFP control retrovirus or an IRES-GFP retrovirus expressing either wt IKKa or the mutant IKKa**. Stably infected cells were sorted by
FACS to >95% GFP-expressing cells. Cells were treated with agonistic anti-LTBR (2 ..g/ml) and cell extracts were subjected to immunoblotting.

location of RelB and p52 following ligation of the LTRR. the 1 hr extracts with antibody to RelA reduced (super-
The levels of RelB and p52 in the nucleus increased shifted) the band indicated by the upper (filled) arrow in
within 1-2 hr after LTBR ligation and continued to accu- Figure 5A; this was not seen with antibody to RelB, and
mulate over 24 hr (Figure 4A). In addition, the overall only slightly with antibody to p52. In contrast, at 6 hr
level of RelB expression increased following stimulation this band was effectively supershifted with antibodies
with anti- LTBR. In contrast, RelA translocated to the to p52, RelA, or RelB.
nucleus within 1-2 hr of anti-LTBR treatment and then To determine whether RelA or RelB associate with
decreased, while in LTBR™'~ MEFs RelA and RelB re- p52, cytosolic and nuclear extracts from HT29 were pre-
mained in the cytosol (data not shown). The same pat- cipitated with anti-RelA or -RelB antibodies and immu-
terns of nuclear translocation of NF-kB subunits were noblotted for p52 (Figure 5B). After 1 hr ligation of LTBR,
also seen upon LTBR ligation in HT29 cells (data not p52 was found in association with RelA in the nucleus;
shown). The upregulation and translocation of RelB in after 6 hr ligation p52 was found in association with RelB,
response to LTPR-ligation occurred in Ikkp~'~ MEFs, consistent with the patterns of nuclear translocation of
but not in MEFs lacking IKKa (Figure 4B). each of these proteins (Figure 5C). Conversely, immuno-
The DNA binding activity of the nuclear NF-xB com- precipitation of p52 from nuclear extracts coprecipitated
plexes was analyzed by electromobility shift assay (Fig- with RelA and RelB at the appropriate time points (data
ure 5A). Nuclear extracts from untreated HT29 cells con- not shown). Therefore, while we suspect that RelA is
tained only low levels of NF-kB DNA binding activity, associated predominantly with p50 after ligation of LTRR
which increased after 1 or 6 hr of treatment with agonis- as described by others (Force et al., 2000), the p52
tic anti-LTRR antibody, and this binding was effectively that translocates to the nucleus following LTRR ligation

competed with unlabeled oligonucleotide. Treatment of appears to associate with both RelA and RelB.
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Figure 4. Nuclear Translocation of p52 and
RelB Is Dependent on IKKa but Not on IKKB

(A) Ligation of LTBR triggers p52, RelB, and
RelA nuclear translocation. Mouse embryonic
fibroblasts were treated with an agonistic
LTBR antibody for the indicated period of
time. Cytoplasmic and nuclear extracts were
prepared as previously described (Dejardin
et al., 1995) and analyzed by immunoblotting
for p100:p52, RelB, and RelA proteins. As

— A ——— — ——> RclB control for cytoplasmic contamination in the
nuclear fractions, we used an anti-Hsp60
e a1 i i | REIA antibody.
(B) LTBR ligation-induced RelB nuclear trans-
location and RelB protein level upregulation
— — ————— Hsp60 are IKKa dependent but IKKB independent.
Embryonic fibroblasts from Ilkkg~’~ and
Ikka~'~ mice were treated as described in (A)
and analyzed for RelB protein expression in
both cytoplasmic and nuclear fractions.
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Interestingly, nuclear p100 (also seen in Figure 4) co-
precipitated with RelB but not with RelA (Figure 5B).
This is consistent with a recent report that p100 may
function in nuclear export of RelB (Solan et al. 2002).

C-Terminal Phosphorylation of p100 following
Ligation of LTBR by an IKK«a-Associated

Kinase Activity

In most cultured cell types, IKKa and IKKB are predomi-
nantly found in equimolar ratios within a high molecular
weight IKK complex that also contains IKKy (Rothwarf
et al., 1998). To determine if ligation of LTBR activates
IkB and p100 kinase activities, cytoplasmic extracts
from MEFs stimulated for 0, 15, or 180 min with agonistic
anti-LTBR antibody or with TNF were prepared. Extracts
were immunoprecipitated with anti-IKKa and phosphor-
ylation of IkBa and p100 were assessed. As shown in
Figure 6A, both TNF and anti-LTRR triggered IKK kinase-
mediated IkBa phosphorylation. In contrast, the ligation
of LTBR but not the TNFR induced IKKa-associated
p100 kinase activity (Figure 6B).

Treatment of IKKy-deficient MEFs with agonistic anti-
LTBR antibody also led to p100 kinase activity (Figure
6C). Interestingly, the activation of the IKKa-associated
p100 kinase activity and p100 processing were elevated
in cells lacking IKKy. Moreover, despite the absence of
IKKy, ligation of LTBR further increased p100 pro-
cessing. In each case, the activation of p100 kinase
activity preceded the appearance of processed p100.

To gaininsights into the possible complex responsible
for p100 phosphorylation, 293T cells were transfected
with expression constructs for flag-NIK, HA-IKK«, and/
or HA-p100. Precipitation of NIK with anti-flag coprecipi-
tated IKKa and p100, as expected from other studies
(Matsushima et al., 2001; Xiao et al., 2001) (Figure 6D).

To determine if all three proteins can form a complex,
the precipitated NIK was eluted with flag peptide and
the released proteins were then bound to anti-IKKa. The
p100 coprecipitated with IKKa under these conditions
(Figure 6D), indicating that it was in a complex with both
NIK and IKKa. While we do not know if this complex
forms physiologically, it raises the possibility that a NIK-
IKKa-p100 complex is involved in the activation of
NF-«B2 independently of IKKy.

Discussion

Here we have studied the signaling events mediated by
ligation of the LTBR that lead to the expression of genes
involved in inflammation and secondary lymphoid or-
ganogenesis and homeostasis (Figure 7). We have ob-
served that the induction of these genes occurs via
the activation of two NF-kB pathways: the formation of
p50:RelA heterodimers and the processing of the NF-
kB2 gene product p100 to active p52.

The conversion of p100 to p52 has been shown to
be negatively controlled by a C-terminal processing-
inhibitory domain of p100 and activated by phosphoryla-
tion, with subsequent ubiqutination and degradation by
the proteasome (Xiao et al., 2001). In that study, overex-
pression of either LTBR and/or NIK in HEK 293T cells
resulted in p100 processing. Our observation that LTER
ligation leads to p100 processing in wt but not NIK mu-
tantaly/aly MEFs is consistent with these results. Subse-
quent studies have demonstrated that NIK-induced
p100 processing is IKKa dependent (Senftleben et al.,
2001). Here we have shown that LTRR-induced p100
phosphorylation and processing are dependent on IKKa
but independent of IKKB. In addition, we have now
shown that IKKy is dispensable for p100 processing. The
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Figure 5. LTBR Ligation Induces Distinct p52-Containing Complexes
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(A) DNA binding activity of NF-kB complexes following LTBR ligation. HT29 cells were treated with an agonistic anti-human LTBR antibody
(10 pg/ml) for the indicated times and nuclear extracts were prepared and analyzed by electromobility shift assay for NF-xB binding activity.
For supershift, samples were incubated with the indicated antibody prior to incubation with the labeled probe. Arrowheads show the NF-«B

complexes.

(B) Identification of p52:RelA and p52:RelB complexes. HT29 cells were treated with agonistic anti-human LTBR antibody as in (A). Cytosolic
(cyt.) and nuclear (nucl.) extracts were subjected to immunoprecipitation with anti-RelA or anti-RelB antibody and analyzed for associated
p52/p100 by immunobilot. C, control extract; C Ab, immunoprecipitation of control cytostolic extract with control antibody.

(C) Nuclear translocation of p52, RelA, and RelB after LTBR ligation The cytosolic and nuclear extracts from the experiment shown in (B) were

immunoblotted for the indicated proteins.

elevated p100 processing we observed in the absence of
IKKy may be a consequence of an increase in IKK«a
kinase activity as proposed previously (May et al., 2000).
Although the absence of IKKy/NEMO or the disruption
of the interaction between IKKy/NEMO and IKKs prevent
TNF-induced IxB kinase activity (Makris et al., 2000; May
et al., 2000), ligation of LTBR nevertheless induces p100
phosphorylation in the absence of IKKy/NEMO. This
provocative result suggests that IKKy/NEMO is not a
universal integrator for all NF-«xB signaling pathways
and it is possible that other IKK complexes exist.
Animals lacking LTa, LTRB, LTBR, or NIK have severe
defects in secondary lymphoid organogenesis (Alimzha-
nov et al., 1997; Banks et al., 1995; De Togni et al., 1994;
Futterer et al., 1998; Koni et al., 1997; Yin et al., 2001).
This phenotype includes an absence of lymph nodes,
Peyer’s patches, germinal centers, and a disorganized
splenic architecture. In the adult, LTBR signaling is re-
quired for maintaining the architecture of the white pulp
in the spleen and is necessary for integrity of the mar-
ginal zone and segregation of T and B cells into discrete

compartments. Although T and B cells develop normally
and populate the spleen, during antigen-dependent re-
sponses germinal centers do not form and networks of
follicular dendritic cells fail to form in LTBR-deficient
mice (Futterer et al., 1998).

Similarly, animals lacking p100/p52 show a marked
reduction in the B cell compartments of the spleen,
bone marrow, and lymph nodes, and display an altered
splenic and lymph node architecture, lacking B cell folli-
cles and germinal centers (Caamano et al., 1998;
Franzoso et al., 1998). Mice deleted for RelB are also
unable to form germinal centers upon antigen challenge
and display abnormal splenic architecture (Burkly et al.,
1995; Weih et al., 1995). In addition, animals deficient
in IKKa have defects in secondary lymphoid tissue, es-
pecially in Peyer’s patch development, germinal center
formation, and B cell development (Kaisho et al., 2001;
Matsushima et al., 2001; Senftleben et al., 2001).

Cytokine-induced NF-«B activation through IkBa deg-
radation does not require IKKa kinase activity and in-
stead is dependent on IKKp (Delhase et al., 1999; Hu et
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Figure 6. LTBR Ligation Induces p100 Processing through an IKKa-Containing Complex

(A) LTBR induces IkB-a kinase activity. Wild-type MEFs were treated for the indicated period of time with TNF (0.5 nM) or agonistic LTBR
antibody (2 png/ml). Cell extracts were subjected to immunoprecipitation with either anti-IKKa antibodies or anti-IKKy antibody prior to kinase
assays using a GST-IkB-a 1-54 substrate.

(B) LTBR but not TNFRI signals through IKKa to trigger p100 phosphorylation. Wild-type and IKKy-deficient MEFs were stimulated as described
in (A). Cell extracts were subjected to IKKa immunoprecipitation prior to kinase assays with a GST-p100 substrate.

(C) IKKy is dispensable for LTBR-mediated p100 phosphorylation and processing. Wild-type and IKKy-deficient embryonic fibroblasts were
treated for the indicated period of time with 2 p.g/ml of agonistic anti-LTBR. Cell extracts were immunoprecipitated with anti-IKKa antibodies
and used for kinase assays with a GST-p100 substrate. The same extracts were analyzed by Immunoblotting to detect IKKa and p100:p52
protein expression.

(D) NIK, IKKa, and p100 can form a complex. 293T cells were transfected with constructs for expression of flag-NIK, HA-IKKa, and/or HA-
p100, as indicated. Total expression of the proteins in whole cell extracts (WCE) is shown in the upper panel. In the lower panel, extracts
were precipitated with anti-flag and tagged proteins detected by immunoblot with anti-HA antibody. In the lane on the far right, protein was
precipitated with anti-flag, then eluted by incubation with flag peptide. The supernatants were then immunoprecipitated with anti-IKKa, and
tagged proteins were detected by immunoblot with anti-HA antibody.

al., 1999; Li et al., 1999a; Takeda et al., 1999). Con- Using mice with a knockin mutation within the T loop
versely, the processing of p100 is dependent on IKK« domain of IKKa (Cao et al., 2001), we observed that
kinase activity but not on IKKp (Senftleben et al., 2001). IKKa activation is also required for LTBR-induced ex-
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Figure 7. Model for Lymphotoxin-3 Receptor-Mediated NF-xB Activation
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Upon LTRR ligation, two NF-«B activating pathways are engaged. The first leads to activation of IKKB and RelA, which control expression of
inflammatory genes such as VCAM-1, MIP-13, and MIP-2. In addition, this pathway leads to an increase of NF-kB2/p100 precursor. The
processing of the latter is controlled by a second pathway that involves the activation of NIK which in turn activates IKKa for generating
active p52. p52 in association with its partners (e.g., RelB) translocates to the nucleus and activates the transcription of genes implicated in
secondary lymphoid organogenesis and homeostasis such as SLC, ELC, BLC, SDF-1«, and BAFF.

pression of the chemokines ELC, SLC, BLC, and SDF-
1-a and the cytokine BAFF (Figure 2). SLC and ELC act
via the CCRY7 receptor and have been shown to have
important functions in lymphoid homing to secondary
lymphoid tissues (Forster et al., 1999; Gunn et al., 1999;
Ngo et al., 2001; Reif et al., 2002). Similarly, it has been
observed that expression of SLC and ELC, which play
important roles in the organization of lymphoid organs,
is reduced in p52 and RelB-deficient mice (Weih et al.,
2001). SDF-1 plays roles in the early stages of B cell
development (Egawa et al., 2001; Luther et al., 2000). In
addition, BAFF has a critical role in B cell development,
in the formation of germinal centers, and in B cell survival
(Batten et al., 2000; Schiemann et al., 2001). The ability
of LTBR to stimulate production of these mediators is
consistent with its role in secondary lymphoid organo-
genesis and homeostasis.

It is therefore tempting to conclude that the NF-kB2
signaling pathway we have described links the LTRR
receptor to critical chemokines and cytokines that ac-
count for the phenotypes of the knockouts discussed
above. However, this is probably overly simplistic. IKK«
plays important roles in signaling from receptors other
than LTBR; for example, B cells (which lack LTBR) show
IKKa-dependent p100 processing (Senftleben et al.,
2001). Further, IKKa can function in the activation of
conventional NF-«xB as well (Cao et al., 2001). Several
of the chemokines and cytokines we have examined
may be produced in response to signals distinct from
those of the LTBR -IKKa - NF-kB2 pathway we have
discussed. For example, as in LTBR-deficient animals,
we observed normal numbers of CD3* and CD19" cells
in the spleens of 5-week- old knockin lkka** mice (data

not shown). A defect in B cells observed in the latter
animals appears around 9 weeks and becomes signifi-
cant 12 weeks after bone marrow transfer (Senftleben
et al.,, 2001), and may therefore be due to signaling
defects that are distinct from those of the LTBR. In addi-
tion, and apart from these considerations, the cell types
responsible for LTBR-ligation-dependent cytokine and
chemokine production in the spleen have yet to be defin-
itively determined, as this receptor has been identified
on both stromal and myeloid cells (Browning and
French, 2002).

Recent evidence has shown that although tnfri~/~
mice have minor defects in splenic architecture and
Peyer’s patch development (Neumann et al., 1996),
tnfrl~'~ rela~’~ mice lack the same secondary lymphoid
organs and structures that are absent in LTRR-deficient
mice (Alcamo et al., 2001, 2002; Futterer et al., 1998).
In contrast, animals lacking p50 do not show these de-
velopmental defects (Sha et al., 1995). Therefore, the
RelA-p52 complex that we have observed following liga-
tion of LTBR (Figure 5B) may be important in at least
some of the IKKa-dependent gene expression required
for organogenesis. However, the ability of RelA to induce
p100 mRNA upregulation required for a sustained p52
production (Figures 2 and 3) may also play a significant
role in LTBR-mediated lymphoid organogenesis.

It may also be that p52:RelB, induced by LTBR, tem-
pers the inflammatory effects of LTBR-mediated signal-
ing pathways, such as the canonical NF-xB activation
pathway. We observed that the ability of ligated LTRR to
induce the expression of the inflammatory chemokines
MIP-18 and MIP-2 was enhanced in animals lacking
inducible IKKa kinase activity (Figure 2). Interestingly,
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RelB-deficient mice display a generalized inflammation
(Burkly et al., 1995; Weih et al., 1996). Thus, p52:RelB,
induced by LTBR, may function in the repression of
these and other inflammatory chemokines. Therefore,
the interplay of the different NF-«kB pathways engaged
by ligation of LTBR may be complex and contribute to
inflammation and immune development in diverse ways.

Experimental Procedures

Plasmid Constructs and Retrovirus Gene Transfer

Wild-type human lkka and mutant lkka** (Delhase et al., 1999) were
cloned into pMX-IRES-GFP retroviral vector. The following primers
were used to PCR amplify human IKKa: S-5'-TATAGAATTCATG
GAGCGGCCCCCGGGG-3' and AS- 5'-TATAGTCGACTCATTCTGT
TAACCAACTCC-3'. PCR products were digested with EcoRI and
Sall and cloned into the retroviral vector digested with EcoRI-Xhol.
Retroviral constructs in combination with the pEC-ampho expres-
sion vector were transfected by the calcium phosphate method into
the 293T cell line. Two days later, the supernatants were collected
and filtered prior to transduction of lkka~/~ MEFs. GFP positive cells
were sorted to reach >95% GFP expressing cells. Expression vector
for human p100 was used as template to PCR amplify the carboxy-
terminal region (from amino acid 690 to 900) of p100 using the
following primers: S-5'-TATAGGATTCGCTGGTGCTGACATCCATG
CTG-3', AS-5'-TATAGAATTCTCAGTGCACCTGAGGCTGGGGGT
GCC-3'. The PCR product was digested by BamHI and EcoRI and
cloned into pGex-4T1 (Pharmacia).

Generation of the LTBR Agonistic Antibodies

The anti-mouse LTBR monoclonal antibody (IgG1) was produced
from a Sprague-Dawley rat immunized with mouse LTBR-Fc decoy
protein (Force et al., 1995). This antibody is agonistic for the murine
LTBR and does not ligate other TNFR family proteins (data not
shown). Methods for endotoxin-free production and characteriza-
tion have been described previously (VanArsdale and Ware, 1994).
Mouse and goat anti-human LTBR has been described (Browning
et al., 1995; Force et al., 2000).

Analysis of In Vivo Gene Expression

Five-week-old wt lkka mice and lkka™ knockin mice (Cao et al.,
2001) were injected intraperitoneally either with 50 g of isotype
control antibody (purified rat IgG1 K, 553921, Pharmingen) or with
50 pg of agonistic anti-LTBR monoclonal antibody. Eight hours later,
splenocytes were isolated and RNA was reverse-transcribed using
M-MLYV reverse transcriptase and random hexamers (Gibco BRL).
Real Time PCR was performed in a PE Biosystems 5700 thermocy-
cler using SyBr Green detection protocol as outlined by the manu-
facturer. In brief, 12 ng of total cDNA, 50 nM of each primer, and
1X SyBr Green mix were used in a total volume of 25 pl. 18S RNA was
used as reference. Primer sequences are available upon request.

Immunoblot, Coimmunoprecipitation, and Kinase Assays

Cell extracts were prepared as described previously (Dejardin et al.,
1995) and analyzed by SDS-PAGE and immunoblotting with specific
antibodies. For kinase assays, cells were lysed in a buffer containing
Tris 20 mM (pH 7.6), NaF 20 mM, B-glycerolphosphate 20 mM,
sodium orthovanadate 0.5 mM, EDTA 1 mM, EGTA 0.5 mM, glycerol
10%, CHAPS 0.5%, DTT 2 mM, PNPP 1 mM, NaCl 10 mM, and a
cocktail of protease inhibitors. Samples were incubated on ice for
15 min and then centrifuged for 10 min at 14000 rpm. 50 pg of
protein extract was immunoprecipitated overnight at 4C with a mix
of two different anti-IKKa antibodies (M-280 and H-744, St-Cruz)
or with anti-IKKy antibody (Pharmingen) and protein A/G agarose
beads. Kinase assay reactions and GST fusion protein production
were as previously described (Delhase et al., 1999).

Electrophoretic Mobility Shift Assays

Nuclear extracts were prepared and analyzed as previously de-
scribed (Dejardin et al., 1999) using the probe: 5’AGTTGAGGGGAC
TTTCCCAGGC3'.

Cell Culture and Cell Lines

Embryos from LTBR~/~ (from Klaus Pfeffer, University of Munich,
Munich, Germany) and Nik®# (from CLEA Japan, Osaka, Japan)
mice were used to prepare MEFs, expanded for two passages before
doing an assay. IKKa, IKKB, and IKKy-deficient cells were described
(Hu et al., 1999; Li et al., 1999c; Makris et al., 2000). MEF were
cultured in DMEM (Gibco BRL) supplemented with 10% heat-inacti-
vated FCS, 2 mM L-glutamine, 1 mM sodium pyruvate, 100 U/ml
penicillin, and 100 p.g/ml streptomycin. HT29 (ATCC) was cultured
in McCoy’s 5a with the same supplements.

Reagents and Antibodies

MG-132 and PNPP were from Calbiochem, zZVAD-fmk was from
Enzyme Systems Products. Recombinant human lymphotoxin o132
was from R&D Systems Inc.. Antibodies were from Imgenex (IKKa),
Upstate Biotech. Inc. (p52:p100), Pharmingen (IKKvy), Santa-Cruz
(RelA, RelB, p100/p52, NIK, IKKa), ICN (actin) and StressGen
(Hsp60). The anti-p52:p100 polyclonal antibody was generously pro-
vided by J. Hiscott and N. Rice (Pepin et al., 1994).

Acknowledgments

This work was supported by National Institutes of Health Grants
CA69381 and Al44828 to D.R.G., NIH CA69381, Al03368, and
Al48073to C.F.W., and NIH ES04151, Al43477, and grant 99-00529V-
10249 from the California Breast Cancer Research Program to M.K..
Fellowship support was by N.D. and E.H were supported by the
Fondation pour la Recherche Medicale (N.D.) the Deutsche
Forschungsgemeinschaft (E.H.), the Sontag Foundation Fellowship
of the Arthritis National Research Foundation (M.D.), the California
Breast Cancer Research Program (Y.C.), and the Cancer Research
Institute (Z.L. and C.M.). We thank I. Verma, A. Beg, K. Pfeffer, N.
Rice, and J. Hiscott for generously providing valuable cell lines,
mice, or reagents. We thank T. Banks, S. Rickert, C. Benedict, S.
Santee, and S. Granger for advice and helpful discussion. This is
publication no. 491 from the La Jolla Institute for Allergy and Immu-
nology.

References

Alcamo, E., Mizgerd, J.P., Horwitz, B.H., Bronson, R., Beg, A.A.,
Scott, M., Doerschuk, C.M., Hynes, R.O., and Baltimore, D. (2001).
Targeted mutation of TNF receptor | rescues the RelA-deficient
mouse and reveals a critical role for NF-kappa B in leukocyte recruit-
ment. J. Immunol. 7167, 1592-1600.

Alcamo, E., Hacohen, N., Schulte, L.C., Rennert, P.D., Hynes, R.O.,
and Baltimore, D. (2002). Requirement for the NF-kappaB family
member RelA in the development of secondary lymphoid organs.
J. Exp. Med. 195, 233-244.

Alimzhanov, M.B., Kuprash, D.V., Kosco-Vilbois, M.H., Luz, A., Turet-
skaya, R.L., Tarakhovsky, A., Rajewsky, K., Nedospasov, S.A., and
Pfeffer, K. (1997). Abnormal development of secondary lymphoid
tissues in lymphotoxin beta-deficient mice. Proc. Natl. Acad. Sci.
USA 94, 9302-9307.

Ansel, K.M., and Cyster, J.G. (2001). Chemokines in lymphopoiesis
and lymphoid organ development. Curr. Opin. Immunol. 13,172-179.

Banks, T.A., Rouse, B.T., Kerley, M.K., Blair, P.J., Godfrey, V.L.,
Kuklin, N.A., Bouley, D.M., Thomas, J., Kanangat, S., and Mucenski,
M.L. (1995). Lymphotoxin-alpha-deficient mice. Effects on second-
ary lymphoid organ development and humoral immune respon-
siveness. J. Immunol. 7155, 1685-1693.

Barkett, M., and Gilmore, T.D. (1999). Control of apoptosis by Rel/
NF-kappaB transcription factors. Oncogene 718, 6910-6924.
Batten, M., Groom, J., Cachero, T.G., Qian, F., Schneider, P.,
Tschopp, J., Browning, J.L., and Mackay, F. (2000). BAFF mediates
survival of peripheral immature B lymphocytes. J. Exp. Med. 192,
1453-1466.

Browning, J.L., and French, L.E. (2002). Visualization of lymphotoxin-
beta and lymphotoxin-beta receptor expression in mouse embryos.
J. Immunol. 168, 5079-5087.

Browning, J.L., Dougas, |., Ngam-ek, A., Bourdon, P.R., Ehrenfels,



Immunity
534

B.N., Miatkowski, K., Zafari, M., Yampaglia, A.M., Lawton, P., Meier,
W., et al. (1995). Characterization of surface lymphotoxin forms.
Use of specific monoclonal antibodies and soluble receptors. J.
Immunol. 154, 33-46.

Burkly, L., Hession, C., Ogata, L., Reilly, C., Marconi, L.A., Olson,
D., Tizard, R., Cate, R., and Lo, D. (1995). Expression of relB is
required for the development of thymic medulla and dendritic cells.
Nature 373, 531-536.

Caamano, J.H., Rizzo, C.A., Durham, S.K., Barton, D.S., Raventos-
Suarez, C., Snapper, C.M., and Bravo, R. (1998). Nuclear factor (NF)-
kappa B2 (p100/p52) is required for normal splenic microarchitec-
ture and B cell-mediated immune responses. J. Exp. Med. 187,
185-196.

Cao, Y., Bonizzi, G., Seagroves, T.N., Greten, F.R., Johnson, R.,
Schmidt, E.V., and Karin, M. (2001). IKKa provides an essential link
between RANK signaling and cyclin D1 expression during mammary
gland development. Cell 107, 763-775.

De Togni, P., Goellner, J., Ruddle, N.H., Streeter, P.R., Fick, A.,
Mariathasan, S., Smith, S.C., Carlson, R., Shornick, L.P., Strauss-
Schoenberger, J., et al. (1994). Abnormal development of peripheral
lymphoid organs in mice deficient in lymphotoxin. Science 264,
703-707.

Dejardin, E., Bonizzi, G., Bellahcene, A., Castronovo, V., Merville,
M.P., and Bours, V. (1995). Highly-expressed p100/p52 (NFKB2)
sequesters other NF-kappa B-related proteins in the cytoplasm of
human breast cancer cells. Oncogene 11, 1835-1841.

Dejardin, E., Deregowski, V., Greimers, R., Cai, Z., Chouaib, S., Mer-
ville, M.P., and Bours, V. (1998). Regulation of major histocompatibil-
ity complex class | expression by NF-kappaB-related proteins in
breast cancer cells. Oncogene 16, 3299-3307.

Dejardin, E., Deregowski, V., Chapelier, M., Jacobs, N., Gielen, J.,
Merville, M.P., and Bours, V. (1999). Regulation of NF-kappaB activ-
ity by | kappaB-related proteins in adenocarcinoma cells. Oncogene
18, 2567-2577.

Delhase, M., Hayakawa, M., Chen, Y., and Karin, M. (1999). Positive
and negative regulation of IkappaB kinase activity through IKKbeta
subunit phosphorylation. Science 284, 309-313.

DiDonato, J.A., Hayakawa, M., Rothwarf, D.M., Zandi, E., and Karin,
M. (1997). A cytokine-responsive lkappaB kinase that activates the
transcription factor NF-kappaB. Nature 388, 548-554.

Dobrzanski, P., Ryseck, R.P., and Bravo, R. (1995). Specific inhibition
of RelB/p52 transcriptional activity by the C-terminal domain of
p100. Oncogene 70, 1003-1007.

Egawa, T., Kawabata, K., Kawamoto, H., Amada, K., Okamoto, R.,
Fujii, N., Kishimoto, T., Katsura, Y., and Nagasawa, T. (2001). The
earliest stages of B cell development require a chemokine stromal
cell-derived factor/pre-B cell growth-stimulating factor. Immunity
15, 323-334.

Force, W.R., Walter, B.N., Hession, C., Tizard, R., Kozak, C.A.,
Browning, J.L., and Ware, C.F. (1995). Mouse lymphotoxin-beta re-
ceptor. Molecular genetics, ligand binding, and expression. J. Immu-
nol. 155, 5280-5288.

Force, W.R., Glass, A.A., Benedict, C.A., Cheung, T.C., Lama, J.,
and Ware, C.F. (2000). Discrete signaling regions in the lymphotoxin-
beta receptor for tumor necrosis factor receptor-associated factor
binding, subcellular localization, and activation of cell death and
NF-kappaB pathways. J. Biol. Chem. 275, 11121-11129.

Forster, R., Schubel, A., Breitfeld, D., Kremmer, E., Renner-Muller, I.,
Wolf, E., and Lipp, M. (1999). CCR7 coordinates the primary immune
response by establishing functional microenvironments in second-
ary lymphoid organs. Cell 99, 23-33.

Franzoso, G., Carlson, L., Poljak, L., Shores, E.W., Epstein, S., Leo-
nardi, A., Grinberg, A., Tran, T., Scharton-Kersten, T., Anver, M., et
al. (1998). Mice deficient in nuclear factor (NF)-kappa B/p52 present
with defects in humoral responses, germinal center reactions, and
splenic microarchitecture. J. Exp. Med. 187, 147-159.

Fu, Y.X., and Chaplin, D.D. (1999). Development and maturation of
secondary lymphoid tissues. Annu. Rev. Immunol. 717, 399-433.

Futterer, A., Mink, K., Luz, A., Kosco-Vilbois, M.H., and Pfeffer, K.

(1998). The lymphotoxin beta receptor controls organogenesis and
affinity maturation in peripheral lymphoid tissues. Immunity 9, 59-70.

Gunn, M.D., Kyuwa, S., Tam, C., Kakiuchi, T., Matsuzawa, A., Wil-
liams, L.T., and Nakano, H. (1999). Mice lacking expression of sec-
ondary lymphoid organ chemokine have defects in lymphocyte hom-
ing and dendritic cell localization. J. Exp. Med. 189, 451-460.

Hu, Y., Baud, V., Delhase, M., Zhang, P., Deerinck, T., Ellisman, M.,
Johnson, R., and Karin, M. (1999). Abnormal morphogenesis but
intact IKK activation in mice lacking the IKKalpha subunit of lkappaB
kinase. Science 284, 316-320.

Hu, Y., Baud, V., Oga, T., Kim, K., Yoshida, K., and Karin, M. (2001).
IKKalpha controls formation of the epidermis independently of NF-
kappaB. Nature 410, 710-714.

Kaisho, T., Takeda, K., Tsujimura, T., Kawai, T., Nomura, F., Terada,
N., and Akira, S. (2001). IkappaB kinase alpha is essential for mature
B cell development and function. J. Exp. Med. 193, 417-426.

Karin, M., and Ben-Neriah, Y. (2000). Phosphorylation meets ubiqui-
tination: the control of NF-[kappa]B activity. Annu. Rev. Immunol.
18, 621-663.

Koni, P.A., Sacca, R., Lawton, P., Browning, J.L., Ruddle, N.H., and
Flavell, R.A. (1997). Distinct roles in lymphoid organogenesis for
lymphotoxins alpha and beta revealed in lymphotoxin beta-deficient
mice. Immunity 6, 491-500.

Li, Q., Lu, Q., Hwang, J.Y., Buscher, D., Lee, K.F., Izpisua-Belmonte,
J.C., and Verma, I.M. (1999a). IKK1-deficient mice exhibit abnormal
development of skin and skeleton. Genes Dev. 13, 1322-1328.

Li, Q., Van Antwerp, D., Mercurio, F., Lee, K.F., and Verma, .M.
(1999b). Severe liver degeneration in mice lacking the IkappaB ki-
nase 2 gene. Science 284, 321-325.

Li, Z.W., Chu, W., Hu, Y., Delhase, M., Deerinck, T., Ellisman, M.,
Johnson, R., and Karin, M. (1999c¢). The IKKbeta subunit of IkappaB
kinase (IKK) is essential for nuclear factor kappaB activation and
prevention of apoptosis. J. Exp. Med. 189, 1839-1845.

Li, Q., Estepa, G., Memet, S., Israel, A., and Verma, I.M. (2000).
Complete lack of NF-kappaB activity in IKK1 and IKK2 double-
deficient mice: additional defect in neurulation. Genes Dev. 14,
1729-1733.

Liptay, S., Schmid, R.M., Nabel, E.G., and Nabel, G.J. (1994). Tran-
scriptional regulation of NF-kappa B2: evidence for kappa B-medi-
ated positive and negative autoregulation. Mol. Cell. Biol. 14, 7695-
7703.

Locksley, R.M., Killeen, N., and Lenardo, M.J. (2001). The TNF and
TNF receptor superfamilies: integrating mammalian biology. Cell
104, 487-501.

Luther, S.A., Tang, H.L., Hyman, P.L., Farr, A.G., and Cyster, J.G.
(2000). Coexpression of the chemokines ELC and SLC by T zone
stromal cells and deletion of the ELC gene in the plt/plt mouse.
Proc. Natl. Acad. Sci. USA 97, 12694-12699.

Makris, C., Godfrey, V.L., Krahn-Senftleben, G., Takahashi, T., Rob-
erts, J.L., Schwarz, T., Feng, L., Johnson, R.S., and Karin, M. (2000).
Female mice heterozygous for IKK gamma/NEMO deficiencies de-
velop a dermatopathy similar to the human X-linked disorder inconti-
nentia pigmenti. Mol. Cell 5, 969-979.

Matsumoto, M., Iwamasa, K., Rennert, P.D., Yamada, T., Suzuki, R.,
Matsushima, A., Okabe, M., Fujita, S., and Yokoyama, M. (1999).
Involvement of distinct cellular compartments in the abnormal
lymphoid organogenesis in lymphotoxin-alpha-deficient mice and
alymphoplasia (aly) mice defined by the chimeric analysis. J. Immu-
nol. 163, 1584-1591.

Matsushima, A., Kaisho, T., Rennert, P.D., Nakano, H., Kurosawa,
K., Uchida, D., Takeda, K., Akira, S., and Matsumoto, M. (2001).
Essential role of nuclear factor (NF)-kappaB-inducing kinase and
inhibitor of kappaB (IkappaB) kinase alpha in NF-kappaB activation
through lymphotoxin beta receptor, but not through tumor necrosis
factor receptor I. J. Exp. Med. 793, 631-636.

May, M.J., D’Acquisto, F., Madge, L.A., Glockner, J., Pober, J.S.,
and Ghosh, S. (2000). Selective inhibition of NF-kappaB activation
by a peptide that blocks the interaction of NEMO with the lkappaB
kinase complex. Science 289, 1550-1554.



Distinct NF-«xB Signaling Pathways Induced by LTRR
535

Moore, P.A., Belvedere, O., Orr, A., Pieri, K., LaFleur, D.W., Feng,
P., Soppet, D., Charters, M., Gentz, R., Parmelee, D., et al. (1999).
BLyS: member of the tumor necrosis factor family and B lymphocyte
stimulator. Science 285, 260-263.

Neumann, B., Luz, A., Pfeffer, K., and Holzmann, B. (1996). Defective
Peyer’s patch organogenesis in mice lacking the 55-kD receptor for
tumor necrosis factor. J. Exp. Med. 184, 259-264.

Ngo, V.N., Korner, H., Gunn, M.D., Schmidt, K.N., Riminton, D.S.,
Cooper, M.D., Browning, J.L., Sedgwick, J.D., and Cyster, J.G.
(1999). Lymphotoxin alpha/beta and tumor necrosis factor are re-
quired for stromal cell expression of homing chemokines in B and
T cell areas of the spleen. J. Exp. Med. 189, 403-412.

Ngo, V.N., Cornall, R.J., and Cyster, J.G. (2001). Splenic T zone
development is B cell dependent. J. Exp. Med. 194, 1649-1660.

Pepin, N., Roulston, A., Lacoste, J., Lin, R., and Hiscott, J. (1994).
Subcellular redistribution of HTLV-1 Tax protein by NF-kappa B/Rel
transcription factors. Virology 204, 706-716.

Regnier, C.H., Song, H.Y., Gao, X., Goeddel, D.V., Cao, Z., and Rothe,
M. (1997). Identification and characterization of an lkappaB kinase.
Cell 90, 373-383.

Reif, K., Ekland, E.H., Ohl, L., Nakano, H., Lipp, M., Forster, R., and
Cyster, J.G. (2002). Balanced responsiveness to chemoattractants
from adjacent zones determines B-cell position. Nature 4716, 94-99.

Rothwarf, D.M., and Karin, M. (1999). The NF-kappa B activation
pathway: a paradigm in information transfer from membrane to nu-
cleus. Sci STKE 1999, RE1.

Rothwarf, D.M., Zandi, E., Natoli, G., and Karin, M. (1998). IKK-
gamma is an essential regulatory subunit of the lkappaB kinase
complex. Nature 395, 297-300.

Rudolph, D., Yeh, W.C., Wakeham, A., Rudolph, B., Nallainathan,
D., Potter, J., Elia, A.J., and Mak, T.W. (2000). Severe liver degenera-
tion and lack of NF-kappaB activation in NEMO/IKKgamma-deficient
mice. Genes Dev. 14, 854-862.

Schiemann, B., Gommerman, J.L., Vora, K., Cachero, T.G., Shulga-
Morskaya, S., Dobles, M., Frew, E., and Scott, M.L. (2001). An essen-
tial role for BAFF in the normal development of B cells through a
BCMA-independent pathway. Science 293, 2111-2114.

Senftleben, U., Cao, Y., Xiao, G., Greten, F.R., Krahn, G., Bonizzi,
G.,Chen, Y., Hu, Y., Fong, A., Sun, S.C., and Karin, M. (2001). Activa-
tion by IKKalpha of a second, evolutionary conserved, NF-kappa B
signaling pathway. Science 293, 1495-1499.

Sha, W.C., Liou, H.-C., Tuomanen, E.l., and Baltimore, D. (1995).
Targeted disruption of the p50 subunit of NF-B leads to multifocal
defects in immune responses. Cell 80, 321-330.

Shakhov, A.N., and Nedospasov, S.A. (2001). Expression profiling
in knockout mice: lymphotoxin versus tumor necrosis factor in the
maintenance of splenic microarchitecture. Cytokine Growth Factor
Rev. 12, 107-119.

Shinkura, R., Kitada, K., Matsuda, F., Tashiro, K., lkuta, K., Suzuki,
M., Kogishi, K., Serikawa, T., and Honjo, T. (1999). Alymphoplasia
is caused by a point mutation in the mouse gene encoding Nf-kappa
b-inducing kinase. Nat. Genet. 22, 74-77.

Shu, H.B., Agranoff, A.B., Nabel, E.G., Leung, K., Duckett, C.S.,
Neish, A.S., Collins, T., and Nabel, G.J. (1993). Differential regulation
of vascular cell adhesion molecule 1 gene expression by specific
NF-kappa B subunits in endothelial and epithelial cells. Mol. Cell.
Biol. 13, 6283-6289.

Siebenlist, U., Franzoso, G., and Brown, K. (1994). Structure, regula-
tion and function of NF-kappa B. Annu. Rev. Cell Biol. 70, 405-455.

Silverman, N., and Maniatis, T. (2001). NF-kappaB signaling path-
ways in mammalian and insect innate immunity. Genes Dev. 15,
2321-2342.

Solan, N.J., Miyoshi, H., Carmona, E.M., Brean, G.D., Paya, C.V.
(2002). RelB cellular regulation and transcriptional activity are regu-
lated by p100. J. Biol. Chem. 277, 1405-1418.

Takeda, K., Takeuchi, O., Tsujimura, T., ltami, S., Adachi, O., Kawai,
T., Sanjo, H., Yoshikawa, K., Terada, N., and Akira, S. (1999). Limb
and skin abnormalities in mice lacking IKKalpha. Science 284,
313-316.

Tanaka, M., Fuentes, M.E., Yamaguchi, K., Durnin, M.H., Dalrymple,
S.A., Hardy, K.L., and Goeddel, D.V. (1999). Embryonic lethality,
liver degeneration, and impaired NF-kappa B activation in IKK-beta-
deficient mice. Immunity 70, 421-429.

VanArsdale, T.L., and Ware, C.F. (1994). TNF receptor signal trans-
duction. Ligand-dependent stimulation of a serine protein kinase
activity associated with (CD120a) TNFR60. J. Immunol. 153, 3043—
3050.

Vassileva, G., Soto, H., Zlotnik, A., Nakano, H., Kakiuchi, T., Hedrick,
J.A., and Lira, S.A. (1999). The reduced expression of 6Ckine in the
plt mouse results from the deletion of one of two 6Ckine genes. J.
Exp. Med. 790, 1183-1188.

Weih, D.S., Yilmaz, Z.B., and Weih, F. (2001). Essential role of RelB
in germinal center and marginal zone formation and proper expres-
sion of homing chemokines. J. Immunol. 167, 1909-1919.

Weih, F., Carrasco, D., Durham, S.K., Barton, D.S., Rizzo, C.A., Ry-
seck, R.P., Lira, S.A., and Bravo, R. (1995). Multiorgan inflammation
and hematopoietic abnormalities in mice with a targeted disruption
of RelB, a member of the NF-kappa B/Rel family. Cell 80, 331-340.
Weih, F., Durham, S.K., Barton, D.S., Sha, W.C., Baltimore, D., and
Bravo, R. (1996). Both multiorgan inflammation and myeloid hyper-
plasia in RelB-deficient mice are T cell dependent. J. Immunol. 157,
3974-3979.

Woronicz, J.D., Gao, X., Cao, Z., Rothe, M., and Goeddel, D.V. (1997).
IkappaB kinase-beta: NF-kappaB activation and complex formation
with IkappaB kinase-alpha and NIK. Science 278, 866-869.

Xiao, G., Harhaj, E.W., and Sun, S.C. (2001). NF-kappaB-inducing
kinase regulates the processing of NF-kappaB2 p100. Mol. Cell 7,
401-409.

Yamaoka, S., Courtois, G., Bessia, C., Whiteside, S.T., Weil, R.,
Agou, F., Kirk, H.E., Kay, R.J., and Israel, A. (1998). Complementation
cloning of NEMO, a component of the lkappaB kinase complex
essential for NF-kappaB activation. Cell 93, 1231-1240.

Yin, L., Wu, L., Wesche, H., Arthur, C.D., White, J.M., Goeddel, D.V.,
and Schreiber, R.D. (2001). Defective lymphotoxin-beta receptor-
induced NF-kappaB transcriptional activity in NIK-deficient mice.
Science 291, 2162-2165.

Zandi, E., Rothwarf, D.M., Delhase, M., Hayakawa, M., and Karin,
M. (1997). The IkappaB kinase complex (IKK) contains two kinase
subunits, IKKalpha and IKKbeta, necessary for IkappaB phosphory-
lation and NF-kappaB activation. Cell 97, 243-252.



