Requirement for NF-kB in osteoclast
and B-cell development
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NF-kB is a family of related, dimeric transcription factors that are readily activated in cells by signals
associated with stress or pathogens. These factors are critical to host defense, as demonstrated previously with
mice deficient in individual subunits of NF-kB. We have generated mice deficient in both the p50 and p52
subunits of NF-kB to reveal critical functions that may be shared by these two highly homologous proteins.
We now demonstrate that unlike the respective single knockout mice, the p50/p52 double knockout mice fail
to generate mature osteoclasts and B cells, apparently because of defects that track with these lineages in
adoptive transfer experiments. Furthermore, these mice present markedly impaired thymic and splenic
architectures and impaired macrophage functions. The blocks in osteoclast and B-cell maturation were
unexpected. Lack of mature osteoclasts caused severe osteopetrosis, a family of diseases characterized by
impaired osteoclastic bone resorption. These findings now establish critical roles for NF-kB in development
and expand its repertoire of roles in the physiology of differentiated hematopoietic cells.
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Mammalian NF-«B transcription factors are dimers com-
posed of various combinations of the structurally related
proteins p50 (NFKB1), p52 (NFKB2), p65 (RelA), c-Rel
(Rel), and RelB. These proteins all share a so-called “Rel
homology domain,” that encodes DNA-binding motifs,
the dimerization interface, and a nuclear localization se-
guence. p65, c-Rel, and RelB, but not p50 and p52, also
contain transcriptional activation domains unique to
each of these proteins. p50 and p52 are generated by pro-
teolytic processing from p105 and p100 precursors, re-
spectively. NF-«B dimers are generally retained in the
cytoplasm by association with the inhibitory IkB pro-
teins. Upon appropriate cellular stimulation, most often
by signals related to stress or pathogens, the inhibi-
tors are proteolytically degraded and the NF-«kB fac-
tors translocate to the nucleus. There they bind to xB
DNA elements to induce transcription of a large number
of genes, especially those concerned with immune or
stress responses (for review, see Baeuerle and Henkel
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1994; Siebenlist et al. 1994; Verma et al. 1995; Baldwin
1996).

Analyses of mice deficient in individual members of
the NIF-kB and IkB families of polypeptides have revealed
essential roles for these factors in immune responses; in
particular, they indicate a need for NF-xB in signal-in-
duced responses of differentiated cells of the immune
system. Each of these knockout mice presented with a
distinct spectrum of defects (Beg et al. 19953a,b; Burkly et
al. 1995; Kontgen et al. 1995; Sha et al. 1995; Weih et al.
1995, 1996, 1997; Gerondakis et al. 1996; Grigoriadis et
al. 1996; Klement et al. 1996; Michaelson et al. 1996;
Snapper et al. 1996a,b; DeKoning et al. 1997; Doi et al.
1997; Franzoso et al. 1997; Horwitz et al. 1997; Schwarz
et al. 1997; Franzoso et al. 1998). Thus, individual mam-
malian NF-kB proteins have unique and essential func-
tions in defense of the host against pathogens.

Little is known of the possible roles of NF-«kB in mam-
malian development. Although the Drosophila NF-«B
homolog Dorsal is responsible for development of all em-
bryonic ventral structures (Belvin and Anderson 1996), a
similar role has not been shown in mammals. Neverthe-
less, recent studies in mice are beginning to uncover
other developmental roles for NF-«kB. Mouse fetal liver
cells deficient in both p50 and p65 have been postulated
to lack an extracellular-acting factor necessary for devel-
opment of early lymphocyte precursors, although nei-
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ther cellular origin nor identity of this factor is known
(Horwitz et al. 1997). Lack of p65 results in hepatocyte
apoptosis in utero (Beg et al. 1995b), but it remains to be
determined whether this reflects a developmental defect
intrinsic to these cells. Finally, transgenic mice express-
ing a dominant-negative IkB-a protein in T cells are im-
paired, albeit only partially, in generation of mature, pe-
ripheral T cells, in particular CD8" cells (Boothby et al.
1997).

Because mammalian NF-kB complexes may have re-
dundant activities, mice lacking individual family mem-
bers may not reveal the full range of critical functions
executed by this transcription factor family. To elimi-
nate possible redundancies and to better understand
the biologic roles of NF-kB factors in vivo, including
possible developmental roles, we have generated mice
deficient in both p50 and p52. These two subunits are
highly homologous and are usually coexpressed, and
they are the most frequent partners of the transacti-
vating family members p65, c-Rel, and RelB (for review,
see Baeuerle and Henkel 1994; Siebenlist et al. 1994;
Verma et al. 1995; Baldwin 1996). Consistent with
the elimination of a majority of partly redundant NF-
kB complexes, the double knockout mice exhibited de-
fects not seen with either the p50 or the p52 single
knockout mice (Sha et al. 1995; Franzoso et al. 1998).
Double knockout mice are impaired in the development
of osteoclasts and B cells, and the defects appear to lie
within the respective cell lineages. Mutant mice also
displayed multiple defects in differentiated cell func-
tions not seen in the single knockout mice. The inability
to generate mature osteoclasts in double knockout mice
resulted in severe osteopetrosis. A critical involvement
of NIF-kB in osteoclast development and, therefore, bone
remodeling was unexpected, and a necessary role in de-
velopment of mature B cells had not been shown previ-
ously.

Results

Severe osteopetrosis in p50 and p52 double
knockout mice

Double knockout mice were derived from p50 and p52
single knockouts by interbreeding first generation mice
heterozygous for each locus (Sha et al. 1995; Franzoso
et al. 1998; see Materials and Methods). In the progeny,
double knockout mice were identified with the ex-
pected frequency of Il in 16. However, they had re-
tarded growth, which became apparent within 1 week
of birth. Typically, the pups succumbed shortly after
weaning when they were 3-4 weeks old, presumably
because of failure of their incisor teeth to erupt (al-
though other defects probably contributed; see be-
low). Failure of tooth eruption is characteristic of os-
teopetrosis, a disorder of bone remodeling caused by
impaired osteoclast formation or function (Popoff and
Marks 1995). These cells normally function to re-
sorb bone. Mice in which any three of the four alleles
for p50 and p52 were mutant also had retarded growth
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and reduced survival but generally lived up to a few
months and their teeth erupted normally.

Further indication of osteopetrosis was obtained by
whole-body anteroposterior radiographs of 2- to 4-week-
old double knockout mice and their littermate con-
trols. The mutant mice had shortened long bones
that were radio-opaque and lacked proper bone mar-
row cavities, (Fig. 1A, left panels). Furthermore, lateral
radiographs of mutant animals showed that the incisors
had failed to erupt into the oral cavity (Fig. 1A, right
panels). Histologic analysis of longitudinal sections
cut through fore- and hindlimbs of the double knock-
out mice confirmed severe osteopetrosis, the marrow
cavities being filled with unremodeled osteocartilagi-
nous matrix (Fig. 1B). Staining of bone sections for
tartrate-resistant acid phosphatase (TRAP)—an enzyme
that is highly expressed in osteoclasts (Minkin et al.
1982)—showed abundant, strongly TRAP™ cells in the
metaphyseal bone of wild-type mice. No TRAP* osteo-
clasts were seen in most sections cut from the bones of
double knockout mice (Fig. 1C; occasionally, one or
two osteoclasts were seen in sections of osteopetrotic
limbs, but the intensity of the TRAP staining in these
few cells was very weak). Multinucleated mature os-
teoclasts (TRAPY), as well as their mononuclear, TRAP*
precursors, were missing in mutant but not wild-type
mice, suggesting that p50 or p52 is required for TRAP*
osteoclast precursor formation. Furthermore, we saw
no evidence of apoptosis of osteoclasts or of their mono-
nuclear precursors to account for the absence of os-
teoclasts. Thus, in the absence of these transcription
factors, osteoclast development was halted at a stage
prior to expression of TRAP, resulting in severe osteope-
trosis.

Impaired development of osteoclasts tracks with this
cell lineage in adoptive transfers

Previous studies of naturally occurring or genetically en-
gineered forms of osteopetrosis indicate that failure of
osteoclast formation may result from defects associated
with either accessory (osteoblast/stromal) cells or with
cells of the osteoclast lineage (Yoshida et al. 1990; Sori-
ano et al. 1991; Takahashi et al. 1991; Wang et al. 1992;
Grigoriades et al. 1994; Tondravi et al. 1997). To address
this issue we performed in vitro coculture experiments
in which the generation of functional osteoclasts from
splenic precursors is dependent on supportive stromal
cells/osteoblasts. Primary osteoblasts, derived from cal-
variae of newborn mice were cocultured with spleno-
cytes on thin slices of dentine, the bone-like matrix of
teeth. Functional osteoclasts were formed from wild-
type precursors present in spleen, regardless of the
source of osteoblasts, wild-type or mutant, as deter-
mined by TRAP positivity and formation of resorption
pits (Fig. 2A). However, functional, mature osteoclasts
were not formed with splenocytes of double knockout
mice as the source of osteoclast precursors (Fig. 2A).
These findings suggest that the primary defect tracks
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Figure 1. Severe osteopetrosis in p50 and p52
double knockout mice. (A) Radio-opaque long bone
shafts and failure of incisor teeth to erupt in double
knockout mice. Shown are whole body anterior—pos-
terior (left panels) and skull lateral (right panels) ra-
diographs of a 4-week-old double knockout mouse
(dKO, bottom panels) and a wild-type littermate
control (WT, top panels). (Middle panels) Enlarge-
ment of the boxed areas in the left panels to docu-
ment the absence of a normal marrow cavity in the
femur of a mutant mouse. (B) Normal marrow cavity
of an 8-day-old control heterozygote mouse (WT)
(p50(+/-), p52(+/-), which was indistinguishable
from a true wild-type mouse) and marrow cavity
from an 8-day-old double knockout (dKO) mouse,
which is largely filled with unremodeled osteocarti-
laginous matrix. Shown are hematoxylin and eosin
(HE) (B) and TRAP (C) staining of longitudinal sec-
tions through proximal tibiae. (C) Absence of TRAP*
cells in double knockout mice. A different pair of
8-day-old mutant mouse (dKO) and control litter-
mate (WT) was used in C [WT control in C was
p50(+/+), p52(+/-)], which was indistinguishable
from a true wild-type animal). Osteopetrosis and
lack of osteoclasts were confirmed histologically in
six double knockout mice, aged 3-4 weeks. Mean
values (+s.D.) are for cancellous bone volumes in sec-
tions of humeri from five dKO mice 42 + 7% vs.
3.4 = 1% in seven p50(+/+), p52(+/-) mice. Original
magnifications were 4x (HE) and 40x (TRAP).

with cells of the osteoclast lineage, rather than with cells
of stromal origin, such as osteoblasts.

If defects reside in the osteoclast lineage, then the os-
teopetrotic phenotype should be rescued by adoptive
transfers into newborn double knockout animals of cells
from wild-type fetal livers, which contain osteoclast and
other hematopoietic precursors but not stromal precur-
sors (Lowe et al. 1993). When wild-type fetal liver cells
were injected into lethally irradiated 3- to 6-day-old
double knockout mice, tooth eruption was observed in
these mice 5 weeks after birth, a finding consistent with
rescue of the osteoclast defect (Fig. 2B, right panels). Res-
cue of the osteopetrosis could also be demonstrated both
radiologically and histologically by the appearance of
normal bone marrow cavities and cortices of normal
thickness (Fig. 2B, left panels). Numerous TRAP™ osteo-
clasts and mononuclear cells were now observed along
the bone surfaces (Fig. 2C). Rescue of the osteopetrosis
was also observed in mutant mice given a transfer of
wild-type bone marrow cells (data not shown). These re-
sults support the conclusion that a defect tracking with
the osteoclast lineage is responsible for the developmen-
tal block in osteoclast formation in p50 and p52 double
knockout mice.
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Impaired macrophage functions

To address whether development in p50- and p52-defi-
cient mice might be arrested at a precursor common to
both macrophages and osteoclasts (Yoshida et al. 1990;
Takahashi et al. 1991; Tondravi et al. 1997), we stained
liver and spleen sections for the macrophage marker F4/
80 (Leenen et al. 1994). As we observed F4/80" cells in
both of these organs of double knockout mice, the block
to osteoclast formation could not have occurred at an
early precursor stage common to both cell types (for
spleen sections, see Fig. 4B, below).

Although macrophage development was not halted at
an early stage in double knockout mice, some mature
macrophage functions were impaired. Following stimu-
lation with lipopolysaccharide (LPS), thioglycollate-elic-
ited mutant macrophages failed to induce significant lev-
els of granulocyte-macrophage colony-stimulating factor
(GM-CSF) and G-CSF mRNA (Fig. 2D). Also, induction
of M-CSF mRNA appeared to be defective in mutant
macrophages, although the basal level of expression of
this mRNA was already increased over that of control
macrophages. In addition to these dramatic changes,
LPS-mediated induction of mMRNAs for several other
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Figure 2. The osteopetrotic phenotype is due to a
dKa defect intrinsic to the osteoclast cell lineage. (A) Im-
dK paired development of double knockout osteoclasts
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in vitro. Primary osteoblasts (OBI) isolated from the
calvariae of newborn wild-type (WT) or double
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cytokines appeared to be either partially blocked (1L12/
p35, IL10) or partially increased [B-interferon (IFN-B),
IFN-vy, and tumor necrosis factor-g (TNF-B)], although
more quantitative analyses are required to confirm these
less dramatic changes. Together, these data indicate that
p50- and p52-containing complexes play important roles
in differentiated functions of macrophages, where they
may act either directly or indirectly as both transcriptional
repressors or activators.

Impaired development of B cells and defects in
splenic architecture

Flow cytometric (FCM) analyses of splenocytes from [2-

the culture period. Means and standard errors were
calculated from six dentine slices per group. Data
shown are representive of three separate experi-
ments. (B) Osteopetrosis is cured by wild-type fetal
liver transfer. Formation of radiologically clear mar-
row cavities within the shafts of long bones (left and
middle panels) and normal tooth eruption (right pan-
els) in adoptively transferred double knockout (dKO,
bottom panels) and littermate control (WT, p50(+/-),
p52(+/-), top panels) mice. Four-day-old double
knockout mice and littermate controls were lethally
irradiated and injected intraperitoneally (i.p.) with
wild-type fetal liver cells (day 14). Whole body (left
and middle panels) and skull lateral (right panels)
radiographs were taken 4.5 weeks after injection.
Middle panels represent an enlargement of the inset
in the left panels. (C) Presence of numerous TRAP*
osteoclasts in proximal tibia sections of adoptively
transferred double knockout mice. The control lit-
- termate that was adoptively transferred was a p50(+/
+), p52(+/-) mouse. Mice were analyzed 3.5 weeks
after fetal lever cell transfer, when their cancellous

bone volumes were 7.8% and 4.7% in two rescued
" double knockout mice and 5.5% and 6.2% in two
rescued wild-type mice. (D) Altered gene expression
in double knockout mice. RT-PCR was performed
on RNA extracted from thioglycollate-elicited mac-
rophages obtained from two pairs of 3-week-old lit-
termates (WT, p50(+/+), p52(+/-), and dKO). Cells
were isolated from the peritoneal cavity, allowed to
adhere to plastic, and then treated with LPS for 2 hr
or left untreated, as indicated. PCR primers and ani-
mal genotypes are as indicated. Identical results were
obtained in two independent experiments, and data
from a representative pair of mice are shown. Data
shown in the left and right panels are from two in-
dependent RT reactions (GAPDH controls at the bot-
tom of each set).

week-old double knockout mice consistently revealed a
modest reduction (1.3- to 2.6-fold) in the relative amount
of B220" B cells when compared to wild-type controls
(Fig. 3, spleen, left panels). The IgM™ B cells were, how-
ever, significantly reduced and IgD* cells were nearly
undetectable (Fig. 3, spleen, left panels), suggesting an
absence of mature IgM and IgD double-positive B cells.
In support of this notion, splenocytes from double
knockout mice exclusively expressed lower levels of
B220 and profoundly reduced levels of I-AP [major histo-
compatibility complex (MHC) class I1] per cell and were
nearly negative for CD23 (Fig. 3, spleen, left panels). The
data indicate the absence of mature cells and the pres-
ence only of pro-B, pre-B, or immature B cells. In con-
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Figure 3. Defects of B and T lymphocytes in double knockout
mice. Three-color FCM analysis of spleen and BM cell suspen-
sions from 13- to 15-day-old double knockout mice (dKO, left
panels) and p50(+/+), p52(+/-) littermate controls (WT, right
panels). Two-color profiles or single-color histograms are dis-
played. The data are taken from analyses of three representative
sets of mice, but the results were confirmed with two additional
pairs. The following antibodies (listed top to bottom and left to
right) were used. Spleen: B220-biotin, IgD-FITC vs. IgM-biotin;
IgD-FITC vs. B220-PE; IgM-biotin vs. B220-PE; «k-light chain
(LC)-FITC vs. B220-PE; \-LC-FITC vs. B220-PE; CD23-FITC
vs. B220-biotin; I-A°-biotin vs. B220-FITC; B220-FITC vs. Mac-
1-PE; Gr-1-FITC; Thyl.2-biotin; and CD4-biotin vs. CD8a-PE.
Bone marrow: IgM-biotin vs. B220-PE; B220-FITC vs. class Il
(1-AP)y-biotin; and Gr-1-FITC vs. Mac-1-PE. Numbers reflect the
percentage of positively stained cells. The percentage of B220*
BM cells was modestly increased in mutant mice, whereas class
Il expression was more intense in wild-type BM, even though
fully mature cells were nearly absent, as judged by lack of ex-
pression of gD (not shown).
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development of double knockout B cells is halted at an
immature stage (CD19*, B220'°%, CD23", IgM*, IgD",
and class 11" expression; for review, see Rajewsky 1996;
Duchosal 1997; Melchers 1997).

Previous studies with cultured cell lines have sug-
gested that NF-«B is required for expression of the Igk
locus, controlling rearrangement and/or transcription of
the locus (Kirillov et al. 1996; Scherer et al. 1996). Nev-
ertheless, k light chains were expressed on splenocytes of
double knockout mice, as determined by FCM analyses,
and although the number of positive cells was low, con-
sistent with the reduced number of IgM* cells, the
amount expressed per cell appeared normal (Fig. 3,
spleen, left panels). Furthermore, no skewing toward \
light-chain expression was noted. These results were
confirmed by immunohistochemical analyses of spleens
of double knockout mice (data not shown). Therefore,
NF-kB complexes containing p50 or p52 are not essential
for k expression.

FCM analyses of bone marrow (BM) cells revealed no
further obvious deficiencies of mutant mice, although
considerably fewer cells were recovered from these mice
than from littermate controls. As expected, mature B
cells were absent in mutant BM, as judged by the mark-
ers shown (Fig. 3, bone marrow panels), as well as by lack
of expression of IgD (data not shown); however, mature
cells were usually present at only low levels in wild-type
BM as well, at least in these very young mice (Fig. 3,
bone marrow panels). We conclude that absence of p50
and p52 blocks the development of mature B cells at a
stage that normally coincides approximately with exit of
normal B cells from the BM. B cells appear to progress to
an immature stage, as indicated by the presence of IgM*
cells. Progression past the pro-B cell stage in BM was also
confirmed by the presence of B220*, CD43™ cells, as
CD43 is down-regulated as B cells advance past the pro-
B-cell stage (data not shown). Although it is possible that
progression through early stages of development may
have been quantitatively affected in double knockout
mice, the data suggest that a definite block occurred only
at the immature IgM* stage of B-cell development.

Spleens of double knockout mice contained a higher
proportion of Mac-1* monocyte/macrophages and GR-1"
granulocytes than those of wild-type littermates, but
this was likely a reflection of the relative decrease in
other cells: In addition to the noted decrease in B cells,
we observed almost no T cells in mutant spleen, a point
that will be discussed in more detail below (Fig. 3,
spleen, right panels; Thyl.2, CD4, and CD8 markers).
No signs of inflammation were noted (data not shown).
Unlike spleens, BM of double knockout mice contained
near normal proportions of GR-1" and Mac-1" cells (Fig.
3, bone marrow panels).

Histologic analysis demonstrated a severely disrupted
splenic architecture in double knockout mice, with no
white pulp present [Fig. 4A, hematoxylin/eosin (HE)
stain]. Furthermore, no lymph node structures could be
identified in double knockout mice upon gross anatomic
examination. In spleens, weakly staining B220* B cells
were diffusely distributed and only a few rare T cells
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Figure 4. Histological abnormalities in spleens of double
knockout mice. (A) Spleens of mutant mice lack white pulp.
Bouin’s-fixed paraffin-embedded sections were obtained from
spleens of a 10-day-old double knockout mouse (dKO, right pan-
els) and a wild-type littermate (WT, left panels) and stained with
HE, as indicated. (B) Absence of B- and T-cell areas in spleens
from 2- to 4-week-old double knock-out mice (dKO) and litter-
mate controls (WT) (right and left panels, respectively). Control
littermates in A and B were p50(+/+), p52(+/-), except for mac-
rophage marker panels, in which the control was p50(+/-),
p52(+/+). Acetone-fixed, frozen sections were processed with
anti-B220, anti-CD3, anti-macrophage (Mac-1 and F4/80) or
anti-dendritic cell (M342) antibodies, as indicated. HRP-conju-
gated secondary antibodies were used, except for the B220 stain-
ing where the secondary antibody was AP conjugated. Stained
cryosections from representative pairs of littermates are shown.

were noted (Fig. 4B, B220 and CD3 markers; see below).
Mac-1* and F4/80" macrophages were present through-
out the spleen, whereas these cells are normally ex-
cluded from the white pulp, as seen in control mice (Fig.
4B). M342* interdigitating dendritic cells (DCs) were pre-
sent in mutant spleens, but they were generally fewer in
number and were not as organized as those seen in lit-
termate controls (Fig. 4B; Breel et al. 1987; Agger et al.
1992).

NF-kB in development of osteoclasts and B cells

Defective maturation of B cells tracks with this cell
lineage in adoptive transfers

Mice deficient in RAG-1 (recombination activation
gene-1, hereafter referred to as RAG-1 mice) lack both T
and B cells (Mombaerts et al. 1992). To test whether the
defect in development of B cells is associated with these
hematopoietic cells or due to defects in other cells
known to interact with B cells, that is, stromal cells,
irradiated RAG-1 mice were reconstituted with BM of
double knockout mice. FCM analyses of adoptively
transferred RAG-1 mice revealed engraftment of hema-
topoietic cells from double knockout BM. CD3*/T-cell
receptor (TCR") double knockout T cells were abundant
in spleen and lymph nodes of chimeric mice (Fig. 5A,B,
see below for further discussion). In contrast, B220* B
cells and, in particular, IgM* B cells were reduced in
number in spleens of RAG-1 mice having received mu-
tant BM, as compared to RAG-1 mice having received
wild-type BM (Fig. 5A, spleen, left panels). Importantly,
the B cells generated from mutant precursors were pro-
foundly lacking in IgD and CD23 and expressed only low
levels of B220 and I-A® (Fig. 5A, spleen, all panels) indi-
cating the absence of mature B cells, whereas B cells of
earlier developmental stages were present. These data
demonstrate that the developmental arrest of double
knockout B cells occurred in the RAG-1 background as
well, suggesting that the defect tracks with the B-cell
lineage. Development is halted at an immature stage,
prior to expression of mature B-cell markers. The imma-
ture mutant B cells, though present in spleens of RAG-
1-recipient mice, failed to populate lymph nodes, as de-
termined by FCM (Fig. 5A, lymph nodes) and immuno-
histochemistry (not shown).

Immunohistochemical analyses of spleens of RAG-1
mice adoptively transferred with double knockout BM
showed organized T cells (CD3" T cells; see below) in the
periarterial lymphoid sheaths (PALS) but only few, rela-
tively disorganized B220" B cells (Fig. 5B). In further
agreement with the FCM analyses, these B cells did not
express IgD™ (not shown); they were also unable to form
peanut agglutinin (PNA)* clusters, a hallmark of germi-
nal centers, following challenge of the chimeric mice
with 2, 4, 6-trinitro-phenyl-keyhole limpet hemocyanin
(TNP-KLH) (MacLennan 1994; Liu and Banchereau
1996). As expected, PNA™ germinal centers were readily
detected in the control RAG-1 mice that had received
BM from wild-type mice (Fig. 5B, double staining for
B220 and PNA). We conclude that double knockout B
cells arrest at an immature stage of development, appar-
ently because of a defect associated with this lineage,
and that the arrested cells are not immunocompetent, as
they are unable to form germinal centers in response to
antigen, a function of mature B cells.

T cells and defective thymic architecture

Thymus glands of double knockout mice yielded be-
tween 10- and 30-fold fewer cells than those of their
control littermates (Fig. 6A). FCM analyses revealed a
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Figure 5. Developmental arrest of B cells is due to defects that track with to the B-cell lineage. Lethally irradiated RAG-1-deficient
mice were injected with BM cells isolated from 22-day-old double knockout mice (dKO) or p50(+/+), p52(+/-) or p50(+/-), p52(+/+) (WT,;
these mice are indistinguishable from wild type) littermate control donor mice, as indicated. Fifteen weeks later mice were challenged
i.p. with TNP-KLH (100 pg) adsorbed to alum. Mice were analyzed 9-days after challenge. (A) Three-color FCM analysis of spleen and
lymph nodes of adoptively transferred RAG-1-deficient mice. Two-color profiles or single-color histograms are displayed in black and
white, and genotypes of donor animals are as indicated. The following antibodies (listed top to bottom and left to right) were used.
Spleen: IgM-biotin vs. B220-PE; IgD-FITC vs. B220-PE; IgD-FITC vs. lgM-biotin; CD23-PE vs. B220-biotin; I-A°-biotin vs. B220-PE,
and CD4-biotin vs. CD8a-PE. Lymph nodes: CD4-biotin vs. CD8a-PE and IgM-biotin vs. B220-PE. Numbers in the quadrants reflect
the percentage of total spleen and lymph node cells in that quadrant. FCM data are representative of three paired sets of adoptively
transferred RAG-1 mice. (B) Stained cryosections from representative double knockout (dKO, right panels) and p50(+/-), p52(+/+) (WT,
left panels) control littermate marrow-transferred RAG-1-deficient animals are shown. Splenic cryosections were stained with PNA

(brown) and anti-B220 antibodies (red) (top panels) or anti-CD-3 antibodies (blue; bottom panels), as indicated.

relative decrease in CD4" and CD8" single-positive T
cells in mutant mice, although the extent of this de-
crease varied somewhat with age and among individual
mice (Fig. 6B). We also noted a relative reduction in the
population of dull-staining double-positive T cells
(CD4%! cpgUlly (Fig. 6B) and less intense staining for
TCR, CD5, and CD69 in these thymocytes (data not
shown), suggesting that positive selection may be par-
tially impaired (Robey and Fowlkes 1994; Jameson et al.
1995; Anderson et al. 1996). Consistent with this and the
exceedingly low absolute numbers of single-positive T
cells present in thymus glands, we detected almost no
peripheral T cells in double knockout mice, as deter-
mined by FCM analysis of spleens or blood (Fig. 3,
spleen, right panels; Thyl.2, CD4, and CD8 markers) or
by immunohistochemical analysis of spleen (Fig. 4B,
CD3 marker).

As noted, adoptive transfers of double knockout BM
cells failed to generate mature B cells, but they generated
abundant amounts of CD4" and CD8" T cells in spleen
and lymph nodes of RAG-1 mice (Fig. 5A, FCM for CD4
and CD8; Fig. 5B, immunohistochemistry for CD3). This
finding argues against the notion that developmental de-
fects intrinsic to T cells might have been responsible for
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lack of peripheral T cells in double knockout mice. Nev-
ertheless, it remains to be determined whether differen-
tiated functions of double knockout T cells are defective.

Medullary structures of the thymus appeared pro-
foundly defective in double knockout mice (Fig. 6C, HE
staining). Although thymic medullary DCs were de-
tected by immunohistochemical analysis [Fig. 7A, M342
marker (Agger et al. 1992)], they were not as clearly or-
ganized as those seen in control littermates and appeared
to be reduced in numbers. Furthermore, mutant mice
completely lacked medullary epithelial cells (MECs), as
determined by staining with Ulex europaeus lectin
(UEA-1) (Farr and Anderson 1985; Surh et al. 1992) and
4F1 antibodies (Kampinga et al. 1989) (Fig. 7A). Further-
more, the intense medullary staining for I-A° seen in con-
trol littermates was absent in double knockout mice.
MHC class Il is known to be highly expressed in wild-type
MECs and thymic medullary DCs (Burkly et al. 1995;
Laufer et al. 1996). This suggests that the thymic DCs of
mutant mice express less I-A°, reflecting perhaps a func-
tional impairment of these cells (see also below). In con-
trast to MECs, thymic cortical epithelial cells (CECs) were
present in double knockout mice (Fig. 7A), although they
were more randomly distributed, in line with the loss of
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Figure 6. Impaired thymus glands in double knockout mice.
(A) Macroscopic appearance of thymic glands obtained from a
pair of 17-day-old littermates: (right) double knockout; (left)
p50(+/+), p52(+/-). Original magnification was 1.3x. The dKO
thymus shown is one of the larger ones seen in mutant mice. (B)
FCM analysis of a thymic cell suspension from a 5-day-old
double knockout mouse (dKO, right panel) and a littermate con-
trol (p50(+/+), p52(+/-); WT, left panel). CD4-biotin vs. CD8a—
PE two-color profiles are displayed. Results were confirmed
with two additional pairs of mice. Numbers in the quadrants
reflect the percentage of total cells in that quadrant. (C) Altered
microarchitecture in thymic glands of double knockout mice.
Representative, Bouin’s-fixed paraffin-embedded sections were
obtained from thymic glands of a 10-day-old double knockout
mouse (dKO, right) and a wild-type littermate control (WT, left)
and stained with HE, as indicated.

the thymic architecture. Thus, p50 and/or p52 are re-
quired for normal thymic architecture (in addition to
splenic architecture), possibly by contributing to the de-
velopment, differentiation, and/or localization of MECs
and DCs.

We observed a nearly complete lack of RelB and c-Rel
protein in thymus extracts of double knockout mice,
whereas expression of p65 was near normal (Fig. 7B, thy-
mus). We also observed a roughly corresponding decrease
in MRNA levels as judged by preliminary RT-PCR as-
says (data not shown). High levels of RelB in wild-type
animals have been reported for DCs (Carrasco et al. 1993)
and for MECs (Burkly et al. 1995) and high levels of c-Rel
have been noted in MECs (Carrasco et al. 1994). The lack

NF-kB in development of osteoclasts and B cells

of c-Rel is consistent with loss of MECs, whereas lack of
RelB may reflect a loss of MECs and a defect in the re-
duced number of thymic DCs present (see above). Ex-
pression of RelB was also nearly undetectable in splenic
extracts of double knockout mice and c-Rel was mark-
edly reduced, whereas p65 was near normal (Fig. 7B,
spleen). In wild-type spleen, high levels of RelB have
been associated primarily with DCs (Carrasco et al.

A WT dK
F ' g
|, Tl
i r.""' -
LIE &-1 |-='" 1:-' __:'... ] - |
- WS
G ) r -
e

aF1
¥ A
. T Lr:
6C3 I'? -
- ."\- .1".- - : +
e 3
s
M4z ot ] &
- r 4
aliE s i ¥
A : B .-'.--~ s
e i A .‘- o r 'h-::'
Mk Lo 5 i .'_{I_-:'E W ' W
[l i 4 = % f o .
e ; b=, ’
1 ' 1
B Thyrmius Splean
F¢& £+ F£4 F& F& Fa
— —-— i - - |--|- ‘ A
"pEE  cAcl RelB pES  chel AmB

Figure 7. Histologic abnormalities in thymus glands of double
knockout mice. (A) Thymic glands were obtained from 15- to
17-day-old double knockout mice (dKO, right) and littermate
controls [WT, left; all controls were p50(+/+), p52(+/-), except
for the I-AP staining where the genotype of the control mouse
was p50(+/-), p52(+/+)]. Acetone-fixed, frozen sections were
processed with UEA-1 (staining MECs) or anti-MEC (4F1), anti-
cortical ephitelial cell (6C3), anti-dendritic cell (M342), and
anti-class 11 (I-A°) antibodies, as indicated. Stained cryosections
from representative pairs of littermates are shown. (B) Reduced
expression of RelB and c-Rel in spleens and thymus glands of
double knockout mice. Western blot analyses of thymus glands
(left panels) and spleens (right panels) from 13-day-old double
knockout (dKO) and control littermates [WT, p50(+/+), p52(+/
-)] mice are shown. Antibodies to various NF-kB family mem-
bers were used as indicated.
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1993) and folicular dendritic cells (FDCs) (Feuillard et al.
1996), whereas high levels of c-Rel have been associated
with FDCs (Feuillard et al. 1996) and mature B cells (Liou
et al 1994; Miyamoto et al. 1994). The results with
double knockout splenic extracts are therefore consis-
tent with loss of FDCs [previously noted in p52-deficient
mice (Franzoso et al. 1998] and lack of mature B cells,
and they suggest potential defects in splenic DCs as well,
in line with the immunohistochemical analysis.

Discussion

The present study demonstrates that NF-xB transcrip-
tion factors carry out essential functions in develop-
ment. Mice lacking both the p50 and p52 subunits of
NF-kB have arrested development of osteoclasts and B
cells. The defects appear to track with the affected he-
matopoietic lineages, as demonstrated by adoptive trans-
fer experiments. Mice deficient in either the p50 or p52
subunit did not present with such defects (Sha et al.
1995; Franzoso et al. 1998), implying redundant func-
tions of these two highly homologous subunits in devel-
opment of cell lineages. The role of NF-kB in osteoclast
formation was unanticipated, and a role in B cell matu-
ration had not been shown previously. As a consequence
of the osteoclast deficiency, double knockout mice de-
veloped osteopetrosis and succumbed within 3-4 weeks
of birth.

Loss of both p50 and p52 profoundly reduces the rep-
ertoire of NF-kB dimers available in mutant mice. In
addition to forming homodimers, which have diverse
functions (Franzoso et al. 1992, 1993; Bours et al. 1993;
Fujita et al. 1993), these two subunits are usually the
primary partners for p65 and c-Rel and likely the exclu-
sive partners for RelB. The only complexes that form in
the absence of p50 and p52 are homo- or heterodimers of
p65 and c-Rel, which normally represent only a minor
proportion of DNA-binding NF-kB complexes (for re-
view, see Baeuerle and Henkel 1994; Siebenlist et al.
1994; Verma et al. 1995; Baldwin 1996) and are present in
mutant stimulated splenocytes at levels not dramati-
cally different from those of control cells (save for some
reduction of c-Rel complexes because of partial loss of
c-Rel protein), at least as judged by electrophoretic mo-
bility shift assays (data not shown). Double knockout
mice also lack the precursor forms of the p50 and p52
proteins (p105 and p100, respectively), which contain
IkB-like domains and are retained in the cytoplasm until
processed (see Baeuerle and Henkel 1994; Siebenlist et al.
1994; Verma et al. 1995; Baldwin 1996).

Impaired osteoclast development

Osteopetrosis, a disease characterized by impaired bone
resorption (Popoff and Marks 1995), can result from de-
fects in the bone-forming stromal osteoblasts that are
required for osteoclast formation or from defects in the
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osteoclast lineage itself (Yoshida et al. 1990; Soriano et
al. 1991; Takahashi et al. 1991; Wang et al. 1992; Grigo-
riades et al. 1994; Tondravi et al. 1997). Adoptively trans-
ferred hematopoietic precursors from wild-type mice res-
cued osteopetrosis in double knockout mice, implying
that these mice harbored a defect that tracked with the
osteoclast lineage rather than with the osteoblast lin-
eage, because the latter cells were not transferred (Lowe
et al. 1993). In vitro coculture experiments supported
this conclusion: Mature osteoclasts could not be gener-
ated from splenic precursors of double knockout mice,
even when cocultured with wild-type osteoblasts (see
Fig. 2A). Furthermore, histochemical staining for TRAP
activity demonstrated that mature multinucleated os-
teoclasts as well as their immediate mononuclear pre-
cursors were absent from bones of double knockout
mice. Therefore, the block in osteoclast development oc-
curs prior to the appearance of TRAP-positive mono-
nuclear cells.

Recent studies have shown that NF-«B inhibitors can
induce apoptosis of mature osteoclasts and inhibit bone
resorption by isolated osteoclasts (Ozaki et al. 1997).
However, we found no clear evidence that the failure of
osteoclast formation in double knockout mice was due
to increased apoptosis of these cells or their precursors.
Although it is possible that there was increased apopto-
sis of TRAP™ osteoclast mononuclear precursors, we saw
no obvious evidence of this in bone sections of the
double knockout mice.

Development along the macrophage/osteoclast lin-
eage requires the activity of transcriptonal factors, PU.1
and c-Fos, as well as production of M-CSF by stromal
cells. PU.1 knockout mice have cell-autonomous defects
in the myeloid/monocyte lineage. They do not form os-
teoclasts or macrophages and develop severe osteopetro-
sis (Tondravi et al. 1997). op/op mice, which lack func-
tional M-CSF (Yoshida et al. 1990; Takahashi et al.
1991), and c-Fos knockout mice also fail to generate os-
teoclasts and become osteopetrotic, but these animals
produce macrophages (Felix et al. 1990; Wang et al. 1992;
Grigoriades et al. 1994), suggesting that c-Fos and M-CSF
are required for commitment to the osteoclast lineage.
Osteopetrosis also occurs in c-Src knockout mice (Sori-
ano et al. 1991), but here osteoclast function, rather than
development, is impaired (Boyce et al. 1992). In our mu-
tant mice, Mac-1* and F4/80" mature macrophages were
detected in both liver and spleen, although differentiated
functions of peritoneal macrophages were impaired (see
below). While the precise role for NF-«kB factors in for-
mation and function of the various tissue macrophages
remains to be determined, a PU.1-like defect in an early
multipotential precursor is ruled out. NF-«kB factors may
be required as early as the point of commitment to the
osteoclast lineage or as late as the mitotic phase, which
occurs just prior to generation of postmitotic TRAP"
mononuclear osteoclasts (Fig. 8).

Macrophages of double knockout mice were function-
ally impaired. Thioglycollate-elicited, mutant macro-
phages failed to respond normally to LPS. Induction of
several cytokine mMRNAs appeared to be altered and, in a
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Figure 8. Model for osteoclast development indicating stage at
which NF-«B appears to be required (see text).

few cases, dramatically so (decrease in GM-CSF and G-
CSF, and increase in IFN-B). Increased IFN-B production
has been noted previously in virally challenged p50
knockout mice, possibly because of the release from the
transcriptional repression exercised by p50 homodimers
on this gene (Sha et al. 1995; Franzoso et al. 1992, 1993).
An equally complex, but different, pattern of altered cy-
tokine regulation has been observed previously in c-Rel
knockout mice (Kontgen et al. 1995; Gerondakis et al.
1996; Grigoriadis et al. 1996). Together, these and our
findings reveal intricate gene-specific uses of NF-«B fac-
tors in both positive and negative transcriptional regula-
tion.

Discovery of the role of NF-kB in osteoclast develop-
ment may open up new avenues for investigation of the
pathogenesis and treatment of postmenopausal osteopo-
rosis, the most common bone disease in the developed
world (Melton 1995), in which bone is lost due to in-
creased resorbing activities of osteoclasts (Horowitz
1993). Recent studies suggest that the increased activity
of osteoclasts is mediated by cytokines interleukin-1 (IL-
1), IL-6, TNF, and GM-CSF (Pacifici et al. 1991; Jilka et
al. 1992; Kitazawa et al. 1994; Jimi et al. 1995; Kimble et
al. 1995). These cytokines are known transcriptional tar-
gets of NF-kB in differentiated cells and are induced to
high levels during inflammatory reactions; however,
with the exception of IL-6, these cytokines are also po-
tent activators of NF-kB (Baeuerle and Henkel 1994;
Siebenlist et al. 1994; Verma et al. 1995; Baldwin 1996),
and as such they may stimulate osteoclast formation and
survival (E. Jimi, . Nakamura, T. Ikeber, N. Takahashi,
and T. Suda, unpubl.). Therefore, these studies, together
with our findings, implicate NF-xB and cytokines in
both the formation of osteoclasts and in the regulation of
their activity, particularly under conditions such as post-
menopausal osteoporosis and rheumatoid arthritis, in
which increased production of cytokines is associated
with bone loss. Consequently, NF-kB may provide a new
multifunctional target for therapeutic intervention to re-
duce abnormally high bone-resorbing activity in human
diseases.

Impaired B-cell development

Loss of p50 and p52 also blocks B-cell development, with
cells of this lineage progressing only to an immature
stage (CD19*, IgM*, B22094" CD43", IA° 9! CD23",
IgD7), devoid in expression of any mature B-cell markers
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(such as CD23, IgD, B220°"9ht | AP Pright: for review, see
Rajewsky 1996; Duchosal 1997; Melchers 1997).
Whether loss of p50 and p52 affects progression of B cells
through earlier stages of development (without blocking
it) remains to be explored. Previous studies of mice de-
ficient in various subunits of NF-kB did not uncover an
involvement of this transcription factor in maturation of
B cells. However, such a role is consistent with the ob-
servation that only mature B cells contain constitutive
NF-kB activity, whereas primary pre-B/immature B cells
do not (Liou et al. 1994; Miyamoto et al. 1994). The con-
stitutive activity consists primarily of c-Rel/p50 com-
plexes, in line with increased levels of expression of c-
Rel in these cells. In agreement with the lack of mature
B cells in double knockout mice, c-Rel expression in to-
tal spleen extracts was markedly reduced. Although
little is known about the transition of B cells from an
immature to a mature stage, it has been speculated that
positive selection occurs, as only few of the numerous,
short-lived immature BM B cells are rescued to become
longer-lived mature, peripheral B cells (Rajewsky 1996;
Duchosal 1997; Melchers 1997). The transition may in-
volve the B-cell receptor-associated Syk kinase (Turner
et al. 1995), and maintenance of mature B cells, if not
also their generation from immature cells, has been
shown to require a functional B-cell receptor (Lam et al.
1997). p50- and p52-containing NF-«B factors could play
adirect role in the transition/maintenance and rescue of
B cells to become longer-lived cells, consistent with
demonstrated anti-apoptotic functions of NF-«B (Beg and
Baltimore 1996; Liu et al. 1996; Van Antwerp et al. 1996;
Wang et al. 1996; Wu et al. 1996). Alternatively, they
could play an indirect role, for example, by regulating
proper homing of, or signaling within, maturing cells.

In contrast to the critical roles of p50- and p52-con-
taining NF-«xB factors in generation of mature B cells,
these factors are not absolutely required for expression of
k light chains. A requisite role for NF-«B factors in ex-
pression and/or rearrangement of the x locus has been
proposed based on ex vivo studies (Kirillov et al. 1996;
Scherer et al. 1996; see also Shaffer et al. 1997). It is
possible that p65 and c-Rel complexes that remain pre-
sent in p50 and p52 double knockout mice are sufficient
to execute this function.

The developmental defect of double knockout B cells
appears to track with this lineage, as indicated by failure
of mutant stem cell precursors to fully mature, even on
a RAG-1 mouse background. Recipient RAG-1 mice con-
tained only immature double knockout B cells, which
were present in spleen but were unable to populate
lymph nodes. In contrast, adoptively transferred RAG-1
mice readily supported the generation of double knock-
out T cells, as judged by the abundance of single-positive
(CD4 or CD8), CD3" T cells in both spleen and lymph
nodes of these mice. It is worth noting that whereas the
adoptive transfer experiments clearly suggest defects ly-
ing within the osteoclast and B-cell lineages, it remains
theoretically possible that other hematopoietic cells are
required for development of these lineages and are defec-
tive, although no such cells are known to exist. Our ex-
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periments furthermore do not address whether the de-
fects are cell autonomous or not, because even if the
primary defect lay within the B-cell lineage, for example,
it may or may not involve defective production of a B-
cell lineage-derived extracellular-acting factor required
to promote further B-cell development, acting directly or
indirectly.

Impaired thymic and splenic microarchitecture

The splenic white pulp is missing and the thymic me-
dulla is disrupted in double knockout mice. Thymic
MECs are absent, and both thymic and splenic DCs ap-
pear to be functionally impaired, specific defects that
resemble those noted in RelB-deficient mice (Burkly et
al. 1995; Weih et al. 1995; DeKoning et al. 1997) but not
in p50- or p52-deficient mice. In support of the notion
that a defect common to both the double knockout and
RelB-deficient mice may be responsible for some shared
thymic and splenic abnormalities, RelB function may be
completely deficient in double knockout mice, as p50
and p52 are the only known dimeric partners of RelB.
Beyond this, expression of RelB was extremely low in
extracts of double knockout thymus glands or spleen.
Lack of RelB is explained in part by loss of RelB-contain-
ing cell types, but in addition, the data imply a defect in
the reduced number of double knockout DCs that were
present, as such cells normally produce high levels of
this protein. Thus, it is possible that expression of RelB
in DCs depends on p50- and p52-containing complexes.

Although adoptive transfers of wild-type fetal liver or
BM rescued the osteopetrotic phenotype, they did not
change the small size of the thymus or the impaired
architecture of thymus and spleen. Although the time
between adoptive transfer and sacrifice may have been
too short to observe rescue, some defects may not be
rescued using this approach, because they may lie in
nonhematopoietic cells, such as MECs. It is also possible
that rescue requires the presence of wild-type cells dur-
ing an early phase of development, a phase that had been
completed prior to transfer. In any case, the thymic im-
pairment is not likely to be due to defects intrinsic to T
cells, because adoptive transfers of double knockout BM
into RAG-1-deficient mice generated apparently mature
T cells from mutant precursors. Consequently, lack of
peripheral T cells in double knockout mice may simply
reflect the low absolute numbers of single-positive thy-
mic cells and the short time for accumulation prior to
sacrifice.

Altogether, the results presented with p50 and p52
double knockout mice reveal an extensive and complex
involvement of NF-«B factors in development and func-
tion of hematopoietic cells and generation of lymphoid
organ architecture. NF-«B factors are thus central to the
establishment and responses of the host defense system,
perhaps reflecting an intricate, underlying regulatory
network. Generation of mice lacking other combina-
tions of NF-«kB factors may reveal yet more critical roles
of this transcription factor family, especially in develop-
ment, where utilization of redundant functions of the

3492 GENES & DEVELOPMENT

various factors may be the rule rather than the excep-
tion.

Materials and methods
Generation of p52/p100-deficient mice

p52/p100-deficient mice were generated in a manner analogous
to that described previously for Bcl-3 knockout mice (Franzoso
et al. 1997), as described in detail elsewhere (Franzoso et al.
1998). As a result of the deletion of the exons encoding the p52
dimerization domain and the first seven ankyrin repeats of the
p100 precursor, homozygous mice lacked expression of func-
tional protein.

Preparation and staining of bone sections

Bones (calvariae, fore- and hindlimbs, and lumbar vertebrae)
were fixed in 10% buffered formalin, decalcified in 10% EDTA,
and embedded in paraffin. Sections (4 pm thick) were then
stained either with HE or for TRAP activity, as described pre-
viously (Hughes et al. 1996).

Generation of osteoclasts in coculture experiments

Primary osteoblasts were isolated from calvariae of 3- to 5-day-
old mice using a sequential collagenase/protease digestion
(Lowe et al. 1993). Primary osteoblasts (10* cells/well) and
spleen cells (5 x 10° cells/well) from either wild-type or p50(-/
-) p52(-/-) mutant mice were cocultured on dentine slides in
48-well plates for 20 days in a-minimum essential medium con-
taining 10% fetal calf serum (FCS) and 1078 m 1,25 dihydroxyvi-
tamin D;. Cells on dentine slides were then fixed in culture
wells with 3% paraformaldehyde and 2% sucrose and stained
for TRAP activity (Lowe et al. 1993). TRAP* cells containing
three or more nuclei were counted as osteoclasts. After count-
ing, cells were removed and the number of resoption pits formed
quantified as described previously (Lowe et al. 1993).

Fetal liver adoptive transfer

Liver cell suspensions were prepared from 14-day wild-type em-
bryos. Cells were then injected intraperitoneally (i.p.) into 4-
day-old double knockout and wild-type control animals that
had been lethally irradiated (800 rads) 24 hr earlier (see Soriano
et al. 1991). Bones were collected and analyzed 3-4 weeks after
the transfer. As discussed in the text, recipient double knockout
mice were rescued from osteopetrosis, and recipient controls
showed no obvious deterioration as a result of the procedure.

Bone marrow adoptive transfer

Bone marrow cells (107), isolated from femora of 22-day-old
p50(-/-) p52(-/-) double knockout or p50(+/+) p52(+/-) (indis-
tinguishable from wild type) donor mice were injected intrave-
nously into RAG-1 mice (Jackson Laboratory) that had been
lethally irradiated at 900 rads 24 hr earlier. Fifteen weeks later,
adoptively transferred RAG-1 mice were injected i.p. with TN-
P-KLH (100 pg) adsorbed to alum. For cryosections, spleens and
lymph nodes were collected 9 days after injection.

Preparation of TNP conjugates

TNP-KLH was prepared as described previously (Franzoso et al.
1998). Briefly, 20 mg of lyophilized KLH (Pierce Chemical Co.)



was dissolved in 4 ml of potassium borate buffer (0.25 m at pH
9.2), and 3 mg of TNBS (2,4,6-trinitro-benzyl sulfonic acid,
Sigma Chemical Co.) was added along with 16 ul of sodium
carbonate (1 m). The reaction was allowed to take place over-
night, after which the protein derivatives were dialyzed against
PBS (pH 7.4). TNP-KLH conjugates were frozen at —20°C until
use.

Preparation and culture of thioglycollate-elicited peritoneal
macrophages

Mice were sacrificed 5 days after i.p. injection of 1 ml of a 2.95%
thioglycollate solution in water. Peritoneal exudate cells were
harvested by washing the peritoneal cavity with 2 ml of cold
RPMI medium supplemented with 2% FCS (Hyclone), B-mer-
captoethanol (50 mwmy), penicillin G (100 U/ml), and streptomy-
cin (100 pg/ml). Cells were then incubated in 24-well plates
(108/well) at 37°C for 2 hr. Nonadherent cells were removed by
washing with complete RPMI medium, and the remaining cells
treated with 50 pg/ml of LPS (Escherichia coli serotype
0111:B4, Sigma Chemical Co.) or left untreated for an additional
2 hr before harvesting.

RT-PCR analysis of gene expression

RNA was isolated from adherent thioglycollate-elicited macro-
phages obtained as described above. The peritoneal exudates
were analyzed by FCM analysis and found to be similar for
wild-type and double knockout mice (not shown). RNA was
isolated from the adherent monolayer of thioglycollate-elicited
peritoneal macrophages with or without stimulation of LPS by
using Trizol reagent (GIBCO BRL), as instructed by the manu-
facturer. cDNA synthesis was performed in 25 pl from 1 pg of
total RNA using the Superscript Il Moloney murine leukemia
virus reverse transcriptase (GIBCO BRL) and random primers
(Promega). The amount of 0.1-2 pl of the cDNA product was
amplified with the Amplitag DNA polymerase (Perkin Elmer)
in 50 pl, and conditions were experimentally assessed for each
pair of primers to allow for an analysis in the exponential range.
The annealing temperature was 62°C, except for G-CSF (56°C)
and IFN-y (58°C); and the MgCI, concentration was 1.5 mwm,
except for G-CSF and GM-CSF (2 mm), and IL-18 (2.8 mm). The
number of cycles varied between 30 and 35 (21 cycles for
GAPDH). The following primers were used: G-CSF (5'-
CCAACTTTGCCACCACCATCTG-3' and 5'-GGAGCAG-
CAGCAGGAATCAATA-3'); GM-CSF (5'-TGTGGTCTA-
CAGCCTCTCAGCAC-3' and 5-CAAAGGGGATATCAGT-
CAGAAAGGT-3'); M-CSF (5'-CAGATCAAGGAAGACA-
ACCG-3' and 5-ATGGTACATCCACGCTGCGT-3'); TNF-a
(5'-ATGAGCACAGAAAGCATGATCCGC-3' and 5'-CCAA-
AGTAGACCTGCCCGGACTC-3'); IL-6 (5'-ATGAAGTT-
CCTCTCTGCAAGAGACT-3' and 5-CACTAGGTTTGCC-
GAGTAGATCTC-3'); IFN-B (5'-CTCCAGCTCCAAGAAAG-
GACG-3' and 5-GAAGTTTCTGGTAAGTCTTCG-3'); IFN-y
(5’"-GACTTCAAAGAGTCTGAGG-3' and 5-AACGCTACA-
CACTGCATCTTGG-3); TNF-8 (5-TGACACTGCTCGGC-
CGTCTCCA-3' and 5'-GTTGCTCAAAGAGAAGCCATGTCG-
3"); IL-12/p40 (5'-CGTGCTCATGGCTGGTGCAAAG-3' and 5'-
GAACACATGCCCACTTGCTG-3"); IL-12/p35 (5'-GGCTAC-
TAGAGAGACTTCTTCC-3' and 5'-GTGAAGCAGGATGCA-
GAGCTTC-3'); IL-10 (5'-CACTACCAAAGCCACAAAGC-3'
and 5'-CATGGCCTTGTAGACACCTT-3'); IL-1a (5'-ATGGC-
CAAAGTTCCTGACTTGTTT-3' and 5-CCTTCAGCAACAC-
GGGCTGGTC-3'); IL-18 (5'-ATGGCAACTGTTCCTGAACT-
CAACT-3'" and 5-CAGGACAGGTATAGATTCTTTCCTTT-
3); i-NOS (5'-CAAAGTCAAATCCTACCAAAGTGACCTG-3'
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and 5-TGCTACAGTTCCGAGCGTCAAAGACCTG-3'); GAP-
DH(5'-GGTGAAGGTCGGTGTGAACGGA-3' and 5'-TGTTA-
GTGGGGTCTCGCTCCTG-3').

FCM analysis

Three-color FCM analysis of single cell suspensions of spleen,
lymph nodes, and BM was performed with the following anti-
bodies: anti-B220-phycoerythrin (PE), anti-Mac-1-PE, anti-
CD8a-PE, anti-CD23-PE, anti-B220-fluorescein isothiocyanate
(FITC), anti-lgD-FITC, anti-CD23-FITC, Gr-1-FITC, anti-k-
light chain (LC)-FITC, anti-A-LC-FITC, anti-B220-biotin, anti-
IgM-biotin, anti-class Il (I-A°)-biotin, anti-Thy1.2-biotin, and
anti-CD4-biotin; the biotin-conjugated antibodies were fol-
lowed by addition of streptavidin—Red 670 (GIBCO BRL), as de-
scribed previously (Shores et al. 1994). All antibodies were pur-
chased from Pharmingen, except for the anti-k-LC and anti-\—
LC antibodies, which were obtained from Southern Biotech-
nology.

HE staining of paraffin-embedded tissues

Spleens and thymic glands were fixed in Bouin’s fixative for 24
hr, rinsed, and transferred into 70% ethanol. Tissues were then
processed through alcohol and xylene, embedded in paraffin,
sectioned at 5 um, and stained with HE.

Immunoperoxidase staining of frozen sections

Spleens and thymic glands were extracted, placed in OCT freez-
ing medium (Miles Laboratories Inc.), and flash frozen. Ten mi-
crometers of acetone-fixed sections were stained as described
previously (Franzoso et al. 1997). Briefly, tissue sections were
rehydrated in PBS containing 0.1% BSA (fraction V, PBS/BSA,;
Sigma Chemical Co.) and blocked for 30 min with 10 pg/ml of
2.4G2 antibody (anti-Fc receptor, Pharmingen) diluted in Dako
antibody diluent (Dako Corporation) for staining of spleen sec-
tions or with Dako protein block for staining of thymus sec-
tions. After blocking, sections were incubated for 60 min with
the primary antibody prepared in Dako antibody diluent,
washed in PBS/BSA, and incubated for additional 30 min with
the biotinylated secondary antibody in Dako antibody diluent
(except for those stained with biotin- and HRP-conjugated an-
tibodies and with HRP-conjugated UEA-1). After quenching en-
dogenous peroxidase activity, tissue sections were incubated for
30 min with streptavidin-conjugated HRP (Vector Laboratories),
except for the CD45RB/B220 staining where the secondary an-
tibody was alkaline phosphatase (AP)-conjugated (see below).
Slides were then washed in PBS/BSA, and the avidin/biotin
complexes revealed with the DAB tetrahydrochloride chromo-
gen (Vector Laboratories), according to the manufacturer’s in-
structions. Finally, slides were rinsed, counterstained with
methyl green (Vector Laboratories), and mounted with Per-
mount (Fisher Scientific) (Franzoso et al. 1997). HRP-conjugated
UEA-1 (Sigma Chemical Co) and the following primary anti-
bodies were used: Mac-1 (anti-macrophages, Boehringer-
Mannheim), M342 (anti-dendritic cells, a kind gift of Dr. B.
Kelsall, National Institutes of Health, Bethesda, MD), 4F1 (anti-
thymic MECs, Biosource International), 6C3 (anti-thymic
cortical epithelial cells, Pharmingen), anti-I-A® (Pharmingen),
biotinylated anti-CD45RB/B220 (Pharmingen), biotinylated
anti-CD3 (Pharmingen), and biotinylated F4/80 (anti-macro-
phages, Caltag).
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Double staining of frozen sections

Double immunohistochemical staining was performed on ac-
etone-fixed cryosections as described previously (Franzoso et al.
1998). Briefly, tissue sections were rehydrated in PBS/BSA,
blocked for 20 min with Dako protein block, and subsequently
incubated for 1 hr with biotinylated anti-CD45R/B220 antibod-
ies (Pharmingen) followed by a 30-min incubation with AP-
conjugated streptavidin (Vector Laboratories). Sections were
then incubated for 1 hr with HRP-conjugated PNA (Dako Cor-
poration), and endogenous peroxidase activity quenched with
1% H,O, in PBS for 15 min. Washings were as described above.
AP and HRP enzymatic activities were finally revealed with the
Fast Red (Dako Corporation) and DAB (Vector Laboratories)
chromogens, respectively, and specimens mounted in agueous
mounting medium (Dako Corporation).

Western blot and antibodies

Whole-cell extracts were prepared as described previously (Dig-
nam et al. 1983) and proteins separated by SDS-PAGE. Proteins
were then blotted onto Immobilon-P membranes (Millipore)
and analyzed by the ECL Western blotting detection system
(Amersham), as instructed by the manufacturer. The antibodies
used were a rabbit anti-peptide antibody directed to the amino
terminus of human p65 (Franzoso et al. 1992), a commercial
rabbit antibody recognizing amino acids 152-176 of murine c-
Rel (Santa Cruz) and a commercial rabbit anti-murine Rel-B
carboxy-terminal peptide antibody (Santa Cruz).
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