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(28),whereas AlWySnJ mice have normal T 
cell-independent responses, but impaired T 
cell-dependent responses (25) and TACI 
knockout mice are only deficient in the T- 
independent response (34). 

We have identified BAFF-R, a previously 
unknown receptor specific for BAFF that has a 
role in BAFF signaling which is distinct from 
the two other known receptors for BAFF, 
BCMA, and TACI. A functional role for BCMA 
has not yet been defmed, and even though TACI 
may play a role in T cell-independent respons- 
es, BAFF-R appears to be the principal receptor 
required for BAFF-mediated mature B cell sur- 
vival and for generating an effective T cell- 
dependent immune response. Future studies on 
BAFF-R will more precisely elucidate its role in 
BAFF signaling. 
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The B cell activating factor BAFF (BlySITALL-lIzTNF4) is a tumor necrosis factor 
(TNF)-related ligand that promotes B cell survival and binds t o  three receptors 
(BCMA, TACI, and the recently described BAFF-R). Here we report an absolute 
requirement for BAFF in  normal B cell development. Examination of secondary 
lymphoid organs from BAFF-deficient mice revealed an almost complete loss 
of follicular and marginal zone B lymphocytes. In contrast, mice lacking BCMA 
had normal-appearing B lymphocyte compartments. BAFF therefore plays a 
crucial role i n  B cell development and can function through receptors other than 
BCMA. 

B cell development is a temporally and spa- 
tially regulated process that begins in the 
bone marrow, where common lymphoid pro- 
genitors differentiate into pr*B cells, pre-B 
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cells, and later, B lymphocytes (1 ,2 ) .After B 
cell receptor expression, rearrangement, and 
deletion of autoreactive clones (3, 4), a frac- 
tion of the cells migrate to secondary lym- 
phoid organs. There, they may encounter an- 
tigen and undergo clonal selection and dele- 
tion in a complex series of steps (5, 6). In the 
spleen, newly formed (B220', IgMhi) cells 
acquire more mature phenotypes with down- 
regulation of IgM and up-regulation of mol- 
ecules including CD21, CD23, and IgD. 

A 	new TNF ligand thought to play a 
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central role in B cell development is BAFF 
(7), also known as BlyS, . TALL-1, 
THANK, or zTNF4 (8-11). BAFF specifi- 
cally binds to B lymphocytes, costimulates 
their proliferation, and promotes the sur- 
vival of splenic B cells in vitro (12). Over- 
expression studies in mice established that 
BAFF can cause a systemic lupus erythe- 
matosis (SLE)-like syndrome (13,14). Be- 
cause circulating levels of BAFF are ele- 
vated in some lupus patients (15,16), there 
has been great interest in further under- 

standing the possible roles of this ligand in 
human disease and B cell development. 

Three TNF receptors are known to specif- 
ically bind BAFF. The B cell maturation 
antigen, BCMA (17), and a transmembrane 
activator and calcium-modulating cyclophilin 
ligand interacting protein, TACI (18), have 
been previously described. The BAFF recep- 
tor, BAFF-R, was only recently identified 
(19). Derivatives of BCMA and TACI have 
been implicated in reducing peripheral B cell 
numbers, prolonging survival in mouse SLE 

S p m ,  8 + T S p l m  MOMA-1 + 8 Lymph node, B + T 

Fig. 1. lmmunohistochemistry. Micrographs showing wild-type (WT) or BAFF-I- (BAFF KO) tissue 
sections, as indicated at left. Antigens detected are shown below the panels (27). (A) Spleen B cells 
were stained for B22O (brown: T cells were stained for CD4 and C D ~  .(blue).' (B) Spleen 
metallophilic macrophages were stained for MOMA-1 (brown, ring-shaped structures); B cells were 
stained for B220 (blue). (C) Lymph node B cells were stained for B22O (brown); T cells were stained 
for CD4 and CD8 (blue). 

Table 1. B and T cells from wild-type and BAFF-I- mice. Cell numbers are X10-=. Cells from six 
wild-type and six BAFF-I- mice were counted and analyzed by FACS to enumerate the indicated 
populations of cells. B220+ B cells include the following categories: follicular = CD21+, CD23+; marginal 
zone = CD21+, CD23I0; newly formed = CD21-, CD23-; TI = IgMh', CD21-; T2 = IgMh', CD21+; pro-B 
= CD43+, IgM-; pre-B = CD43-, IgM+; recirculating B = IgD+, IgMb; immature B = IgD-, IgM+. P 
values were determined by Student's t test; *P 5 0.05. 

Wild type BAFF KO 
Cell type P 

Mean SD Mean SD 

B lymphoid 
B220+ 
Follicular 
Marginal zone 
Newly formed 
TI transitional 
T2 transitional 

T lymptioid 
CD3e+ 
CD4+ 
CD8+ 
CD69+ 

Total nucleated cells 
Pro-B 
Pre-B 
~ecirculating B 
Immature B 

Spleen 

11.0 
7.6 
3.0 
1.4 

Bone marrow 
15.2 
0.9 
3.1 
0.9 
1.1 

models (11, 20), and inhibiting humoral im- 
mune responses (21). However, their mecha- 
nism of action has been unclear for several 
reasons. (i) In contrast to BAFF-R, both 
BCMA and TACI have also been identified 
as receptors for the more broadly expressed 
TNF ligand APRIL (22, 23). (ii) Only low 
levels of BCMA on developing B lympho- 
cytes have been demonstrated (24). (iii) 
TACI was originally reported to be present 
not only on B cells, but also on activated T 
lymphocytes (18). 

To better determine the importance and 
mechanism of BAFF function, we generated 
mice that were deficient either in BAFF or in 
BCMA (25). All were outwardly normal and 
survived to at least 6 to 8 months of age 
without unusual morbidity. At necropsy, all 
major organs including thymus, spleen, and 
lymph node were present, although average 
spleen weights of BAFF-"'- animals were 
significantly reduced (26). 

Immunohistochernical studies of second- 
ary lymphoid tissues from BAFF-/- mice 
revealed severe losses of B220+ cells (Fig. 
1A) (27). In the spleen, those that remained 
were in regions directly adjacent to the peri- 
arterial T cell zones, which appeared largely 
normal. Simultaneous detection of MOMA-1 
and B220 (Fig. 1B) suggested that BAFF-I- 
mice have significantly fewer marginal zone 
and follicular B cells than wild-type animals; 
this was confirmed by fluorescence-activated 
cell sorting (FACS) analysis (see below). By 
contrast, staining for other antigen-presenting 
cell markers including CD 1 1 c, MAdCAM- 1, 
and FDC-M1 demonstrated essentially nor- 
mal splenic architecture outside the B cell 
compartment (26): In lymph nodes from mu- 
tant mice, the few remaining B220+ cells 
tended to localize at the subcapsular locations 
normally occupied by follicular B cells (Fig. 
1C). 

FACS analysis revealed very marked re- 
ductions in specific populations of peripheral 
B cells in BAFF-'- animals. Staining for 
mature follicular (CD21hi, CD23hi) and mar- 
ginal zone (CD21hi, CD23I0) splenocytes 
showed almost complete loss of these cells 
(Fig. 2A). The remaining B lymphocytes 
mostly exhibited staining similar to that of 
recently described T1 transitional B cells 
(Fig. 2B). Although these cells (CD211", 
IgMhi) were normal in number, there were 
almost no cells of a T2 phenotype (CD21hi, 
IgMhi) thought to represent the immediate 
next stage of B cell development (6, 28). 
Other hematopoietic cell lineages were not 
affected in BAFF-'- mice. Bone marrow 
cells were present in nearly normal numbers; 
only the normal population of recirculating 
mature B lymphocytes was absent (26). In 
addition, there were.no statistically signifi- 
cant abnormalities in the proportions of 
CD4-, CD8-, and CD69-expressing cells in 
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thymus (20) or spleen (Table 1). 
These findings in BAFF-deficient mice 

bear marked similarities to previous descrip- 
tions of the mutant AiWySnJ mouse strain 
(29). These mice were reported to exhibit an 
-10-fold loss of splenic B cells (30) and 
were recently shown to be mutant in the 
newly identified BAFF receptor, BAFF-R 
(19). We therefore directly compared their 
splenocytes to BAFF-I- splenocytes, using 
FACS analysis (Fig. 2, A and B). Follicular 
and marginal zone B cells from homozygous 
AiWySnJ mice were substantially reduced as 
compared with either mixed wild-type (1291 
Sv, C57BLl6) or parental (A19 animals of 
identical age, but less severely affected than 
in mice lacking BAFF. By contrast, cells 
from BCMA-I- mice were similar in number 
and in staining to wild-type controls (Fig. 2) 
(26). 

Lymph node and peritoneal B cells ob- 
tained from BAFF-'- mice exhibited further 
abnormalities consistent with those observed 
in their spleens. Although lymph nodes were 
present and were readily identified, they ex- 
hibited an -10-fold reduction in B cell num- 
bers (20). Of note, peritoneal lavage of these 
animals returned normal-appearing B1 B 
cells (31) but included markedly fewer cells 
of the B2 lineage @220+, CD23hi) (Fig. 2C). 
Again similar to the A/WySnJ strain, mice 
lacking BAFF exhibited no abnormalities in 
the ratios of B la and B lb  cells recovered. 

To establish the function of the remaining 
B cells in BAFF-I- mice, we determined 
their serum antibody levels at baseline and in 
response to both T-dependent and T-indepen- 
dent antigens (32). The results from assays of 
resting wild-type, heterozygous, and knock- 
out mouse sera are shown in Fig. 3A. Ho- 
mozygous BAFF knockout mice exhibited a 
profound reduction (10-fold) in total serum 
immunoglobulin and in each subclass with 
the exception of immunoglobulin A (IgA), 
which was only moderately reduced in 
knockout animals. Also of note was the find- 
ing that heterozygous (BAFF+'-) mice ex- 
hibited a reproducible, roughly twofold base- 
line reduction in IgG subclasses and IgM 
present in their sera (26). 

Reduced serum antibody responses to in- 
traperitoneal immunization with a T-depen- 
dent antigen, NP-KLH (33), were also appar- 
ent in BAFF-I- mice. Thus, BAFF knockout 
mice failed to produce a measurable specific 
antibody response at early time points, al- 
though they were able to mount a very small 
detectable response at later times (Fig. 3B) 
(20). Similar results were obtained after im- 
munization of additional mice with the T- 
independent antigen TNP-Ficoll (Fig. 3C). 

To better understand BAFF-dependent 
signaling, we also generated mice deficient in 
BCMA, one of three proposed receptors for 
BAFF. As for BAFF-I- mice, the bone mar- 

row of BCMA-/- animals contains normal 
proportions of B cells and their readily iden- 
tifiable precursors. However, they exhibited 
neither significant loss of splenic B cells (Fig. 
2A) (26), nor loss of the T2 transitional B 
cells that occurred in mice lacking BAFF and 
in AiWySnJ mice. 

Targeted mutation of the BAFF locus es- 
tablished that the encoded protein is neces- 

sary to support normal B cell development 
and function in vivo. Analysis of BAFFyl- 
spleens by both FACS and irnmunohisto- 
chemistry revealed loss of follicular and mar- 
ginal zone B cells. Our results are consistent 
with the suggestion that T2 transitional B 
cells are a primary target for'BAFF action 
(12). Alternatively, T1 (B220+, IgMhi, 
CD211°) cells may require BAFF for progres- 

A wt BAFF KO B wt 

4-z1-1 "17 4-1 -z~-~ BAFF KO 

BCMA KO W n J  BCMA KO 4-'1-1 -el-l 4bj-l AMlVsnJ 

Fig. 2. FACS analysis. Cells from 7-week-old C 
mlce of the genotypes shown above each panel 
were stained for the indicated antigens, and 
then analyzed after electronic scatter gating. 
wt: wild-type (mixed 129/Sv, C57BU6) control 
cells, which exhibited staining similar to cells 
from the A/] strain (parental to AIWySnJ). The 
numbers within each panel are percentages of 
gated events. (A) Reduced follicular B cells 
(CD21'. CD23+, circular regions) and marginal 
zone B cells (CD21 ', cD23I0; rectangular re- 
gions) from BAFF-'- and AIWySnJ spleens are 
compared to wild-type and BCMA-' cells. (B) 
Reduced T2 B cells (CD21'. IgMh'; upper rea- & 
angular regions) and preserved T1 B cells 
(CD21 , I ~ M ~ ' ;  lower rectangular regions) from 
BAFF I and AlWySnJ spleens are compared to 
wild-type and BCMA ' cells. (C) Preserved B1 
B cells (B22O+, CD23 ) and reduced B2 B cells IgM 
(B22O+, CD23') in peritoneal lavage from 
BAFF I mice are compared to wild-type cells. After gating on B1 cells, CD5 and IgM staining 
reveals Bla and Blb cells, as indicated. Results represent stainings from eight mlce of each 
genotype. 

A B 

0 

WT HET KO 3 7 14 21 28 . . . . . - . . - - 
Days after irnrnunizatlon Days after irnrnunlzation 

Fig. 3. Serum immunoglobulin (Ig) levels. (A) Resting total Ig levels from BAFF-I- (KO), BAFF+/- 
(HET), and wild-type (WT) mice were determined by enzyme-linked immunosorbent assay (32) 
and are shown for individual mice. Horizontal bars indicate the average for each genotype. (B) The 
NP-specific antibody responses of BAFF-I- and wild-type animals to a T-dependent .antigen, 
NP-KLH, is shown. Bars represent the average of four mice for each genotype, and the error bars 
indicate +1 SD. (C) TNP-specific antibody responses to a T-independent antigen, TNP-Ficoll, are 
shown as described for (B). 
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\ion to tlie 1 2  stage. and then beyond 
4 notable feature of BAFF defic~ency 1s 

~ t zm ~ n ~ m a leffect on the bone marrow and on 
per~toneal populat~ons of B1 cells. The bone 
man.om '5 nearly normal percentage of Imma- 
ture (B220 '. CD43h')cells suggests that mar- 
lo\+ B Iymphopo~es~s proceeds In a BAFF- 
independent manner Sim~larly, the per~toneal 
pop~ilat~onof B1 B cells 1s far less sens~tlbe 
to BAtF defic~ency than are per~toneal B2 
l>nlphocyte5 ionslstent w ~ t h  both major 
\ Len \ of B 1 cell development (26.  34 3i) 

These ~esul ts  ~l lum~nateseberal important 
dspects ot the mechanism by w h ~ c h  BAFF 
funct~onsir i  Ii \o  The phenotype of BAFF- 
deiic~ent rnlce I S  s ~ m ~ l a rto. but more sebere 
than, that o f  a previously identified mutant 
rnouse strain. A:WySnJ (Fig. 2 )  (29). 
% \iySnJ n-uce express a mutated f o m ~  of 
H4FF-R. '1 recently cloned member of the 
ThF recepto~ superfam~ly of protelns that 
b~nd \  only to BAFF (19) The phenotypes of 
BAFI and A WySnJ mlce. combined 
aith the b ~ n d ~ n gspeclfic~ty of BAFF-R, 
dronglq suggest that BAFF pr~marlly acts to 
protnote s u m i ~ a l  and maturation of B2 cells 
through the newly identified receptor. This 
lhypothesls IS ions~stent uith the more subtle 
R cell phenotypes that u e  and others hake 
obsened in an~mals lacking BCMA and 
IAC 1 (36, 3- ) The persistence of some 
splen~c B cells In AlTVySnJ mlce m~gh t  result 
from $tram-specific effects, redundant slgnal- 
1ng through TACI and BCMA, or mutated 
RAFF-R that reaches the surface of the cells 
but cannot properly signal. 

I t  has been suggested that both ligand 
(BAFF and APRIL) and receptor (BCMA 
and TACI) redundancy may support B cell 
development (21). Our data demonstrate that 
there is no significant functional BAFF re- 
dundancy among TNF ligands in supporting 
B cell survival: APRIL cannot compensate 
for BAFF by signaling through TACI, 
HCMA, or any other receptor in BAFF-defi- 
cient mice. 

humerous deta~is of the mechan~sm of 
BAFF s ~ g n a l ~ n g  remam to be eluc~dated (26) 
In addition to a central role in regulating 
splen~c B cell development shown here, 
BAFF could have further importance to 
events including secondary immune respons- 

es, memory, and mature B cell survival that 
occur after the T2 developmental stage. Also, 
crosses of BAFF-deficient mice with animals 
prone to other B cell disorders (e.g.. malig- 
nancies) may soon validate clinical applica- 
tions involving the BAFF pathway beyond 
those already envisioned in autoimmune 
diseases. 
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