(28), whereas A/WySnJ 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 defined, 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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An Essential Role for BAFF in
the Normal Development of B
Cells Through a
BCMA-Independent Pathway
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The B cell activating factor BAFF (BlyS/TALL-1/zTNF4) is a tumor necrosis factor
(TNF)-related ligand that promotes B cell survival and binds to 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 in 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 pro-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 (3, 6). In the
spleen, newly formed (B220*, IgM™) 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 zZTNF4 (8-11). BAFF specifi-
cally binds to B lymphocytes, costimulates
their proliferation, and promotes the sur-
vival of splenic B cells in vitro (/2). 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 (5, 16), there
has been great interest in further under-

REPORTS

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 (I7), and a transmembrane
activator and calcium-modulating cyclophilin
ligand interacting protein, TACI (/8), 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

models (11, 20), and inhibiting humoral im-
mune responses (27). 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 (/8).

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).

Immunohistochemical 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~/~
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 CD11c, MAdCAM-1,
and FDC-M1 demonstrated essentially nor-

-mal $plenic 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

BAFF KO

Spleen, MOMA-1 + B Lymph node, B+ T

Fig. 1. Immunohistochemistry. Micrographs showing wild-type (WT) or BAFF~/~ (BAFF KO) tissue
sections, as indicated at left. Antigens detected are shown below the panels (27). (A) Spleen B cells
were stained for B220 (brown); T cells were stained for CD4 and CD8 (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 B220 (brown); T cells were stained
for CD4 and CD8 (blue). '

Spleen,B+ T

Table 1. B and T cells from wild-type and BAFF~/~ mice. Cell numbers are X107¢. Cells from six
wild-type and six BAFF~/~ 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%, CD23'; newly formed = CD21~, CD237; T1 = IgM", CD21~; T2 = IgM", CD21%; pro-B
= CD43*, IgM~; pre-B = CD43~, IgM™*; recirculating B = 1gb™*, 1gM'®; immature B = IgD™, IgM*. P
values were determined by Student's t test; *P < 0.05.

Cell type _& BAFF KO P B cells in BAFF™/~ animals. Staining for
Mean sD Mean sD mature follicular (CD21™, CD23") and mar-
ginal zone (CD21M, CD23%) splenocytes
B lvmohoid Spleen showed almost complete loss of these cells
g;"z%f' 490 165 6.5 48 0.002* (Fig. 2A). The remaining B lymphocytes
Follicular 396 16.9 0.2 03 0002* Mmostly exhibited staining similar to that of
Marginal zone 17 0.7 002 0.02 0.003* recently described T1 transitional B cells
Newly formed 49 1.7 53 38 0796  (Fig. 2B). Although these cells (CD21%",
T1 transitional 38 14 29 2.1 0.498 IgM™) were normal in number, there were
T2 tran;itional 5.9 36 0.1 0.1 0.011*  almost no cells of a T2 phenotype (CD21M,
T lé'gg:f id 283 110 18.7 70 . IgMM) thought to represent the immediate
D4+ 175 76 11 53 0.107 next stage of B cell development (6, 28).
cD8* 9.0 30 63 19 0.131 Other hematopoietic cell lineages were not
CDe9* 33 14 1.9 0.8 0063  affected in BAFF~/~ mice. Bone marrow
Bone marrow -cells were present in nearly normal numbers;
Total nucleated cells 413 15.2 59.6 19.4 0.121 only the normal population of recirculating
Pro-B 1.9 09 17 0.7 0405  mature B lymphocytes was absent (26). In
'F:;ec-i?culéting B ‘:’g 3; gg (Z)g gggg* addition, there ‘were- 1o statistically'signiﬁ-
Immature B 13 11 17 09 0.448 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 A/WySnJ 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~/~ splenocytes, using
FACS analysis (Fig. 2, A and B). Follicular
and marginal zone B cells from homozygous
A/WySnJ mice were substantially reduced as
compared with either mixed wild-type (129/
Sv, C57BL/6) or parental (A/J) animals of
identical age, but less severely affected than
in mice lacking BAFF. By contrast, cells
from BCMA ~/~ 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 (37) but included markedly fewer cells
of the B2 lineage (B220*, CD23M) (Fig. 2C).
Again similar to the A/WySnJ strain, mice
lacking BAFF exhibited no abnormalities in
the ratios of Bla and B1b cells recovered.

To establish the function of the remaining
B cells in BAFF~/~ 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~/~ 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~/~ mice, the bone mar-
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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 A/WySnJ 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 BAFF~/~
spleens by both FACS and immunohisto-
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%, IgMM,
CD21%) cells may require BAFF for progres-

. BAFF KO B _ wt . BAFF KO
2 AE

=402 . o8 =1 164 =

o e R O ey o |

L )| B[Thusiee |

ST LT T ST

BCMA KO

T

e e
w0
CcD23

Fig. 2. FACS analysis. Cells from 7-week-old
mice 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, C57BL/6) control
cells, which exhibited staining similar to cells
from the A/] strain (parental to A/WySn]). The
numbers within each panel are percentages of
ated events. (A) Reduced follicular B cells
CD21*, CD23"; circular regions) and marginal
zone B cells (CD21*, CD23'; rectangular re-
gions) from BAFF~/~ and A/WySn| spleens are
compared to wild-type and BCMA™/~ cells. (B)
Reduced T2 B cells (CD21", IgM™; upper rect-
angular regions) and preserved T1 B cells
(cD21 ", IgM"; lower rectangular regions) from
BAFF /~ and A/WySn] spleens are compared to
wild-type and BCMA / cells. (C) Preserved B1 20 0! 1
B cells (B220", CD23 ) and reduced B2 B cells igM -
(B220*, CD23*) in peritoneal lavage from
BAFF /~ mice are compared to wild-type cells. After gating on B1 cells, CDS and IgM staining
reveals Bla and B1b cells, as indicated. Results represent stainings from eight mice of each
genotype.

gl s

A 800 B c
” _
__7003 2500- . wt :12- . wt
Eeoo] ® %,,00. (ko %10— [Jko
Ed v 2 2
25004 = < 8]
2 4004 n 23004 2
€ 300 ® £ 200 g5
E €
@ 00y P B 1004 S 2]
0 + 0] o]
WT HET KO 3 7 14 21 28 0 7 14

Days after immunization Days after immunization

Fig. 3. Serum immunoglobulin (Ig) levels. (A) Resting total Ig levels from BAFF~/~ (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~/~ 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).

2113



2114

sion to the T2 stage, and then beyond.

A notable feature of BAFF deficiency is
its minimal effect on the bone marrow and on
peritoneal populations of Bl cells. The bone
marrow’s nearly normal percentage of imma-
ture (B220™", CD43") cells suggests that mar-
row B lymphopoiesis proceeds in a BAFF-
independent manner. Similarly, the peritoneal
population of B1 B cells is far less sensitive
to BAFF deficiency than are peritoneal B2
lymphocytes, consistent with both major
views of Bl cell development (26, 34, 35).

These results illuminate several important
aspects of the mechanism by which BAFF
functions in vivo. The phenotype of BAFF-
deficient mice is similar to, but more severe
than, that of a previously identified mutant
mouse strain, A/WySnJ (Fig. 2) (29).
A/WySnJ] mice express a mutated form of
BAFF-R, a recently cloned member of the
TNF receptor superfamily of proteins that
binds only to BAFF (/9). The phenotypes of
BAFF '~ and A/WySnJ mice, combined
with the binding specificity of BAFF-R,
strongly suggest that BAFF primarily acts to
promote survival and maturation of B2 cells
through the newly identified receptor. This
hypothesis is consistent with the more subtle
B cell phenotypes that we and others have
observed in animals lacking BCMA and
TACI (36, 37). The persistence of some
splenic B cells in A/WySnJ mice might result
from strain-specific effects, redundant signal-
ing through TACI and BCMA, or mutated
BAFF-R that reaches the surface of the cells
but cannot properly signal.

It has been suggested that both ligand
(BAFF and APRIL) and receptor (BCMA
and TACI) redundancy may support B cell
development (27). 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,
BCMA, or any other receptor in BAFF-defi-
cient mice.

Numerous details of the mechanism of
BAFF signaling remain to be elucidated (26).
In addition to a central role in regulating
splenic B cell development shown here,
BAFF could have further importance to
events including secondary immune respons-
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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.

References and Notes
1. R. R. Hardy, C. E. Carmack, S. A. Shinton, J. D. Kemp,
K. Hayakawa, /. Exp. Med. 173, 1213 (1991).
2. Y. S. Li, R. Wasserman, K. Hayakawa, R. R. Hardy,
Immunity 5, 527 (1996).
3. E. Meffre, R. Casellas, M. C. Nussenzweig, Nature
Immunol. 1, 379 (2000).

. D. Nemazee, Adv. Immunol. 74, 89 (2000).

. J. G. Cyster, Science 286, 2098 (1999).

. F. Loder et al., J. Exp. Med. 190, 75 (1999).

. P. Schneider et al., J. Exp. Med. 189, 1747 (1999).

. P. A. Moore et al., Science 285, 260 (1999).

. H. B. Shu, W. H. Hu, H. Johnson, J. Leukocyte Biol. 65,

680 (1999).

10. A. Mukhopadhyay, ). Ni, Y. Zhai, G. L. Yu, B. B.
Aggarwal, /. Biol. Chem. 274, 15978 (1999).

11. J. A. Gross et al., Nature 404, 995 (2000).

12. M. Batten et al., J. Exp. Med. 192, 1453 (2000).

13. S. D. Khare et al., Proc. Natl. Acad. Sci. U.S.A. 97,
3370 (2000).

14. F. Mackay et al., J. Exp. Med. 190, 1697 (1999).

15. G. S. Cheema, V. Roschke, D. M. Hilbert, W. Stohl,
Arthritis Rheum. 44, 1313 (2001).

16. ). Zhang et al., J. Immunol. 166, 6 (2001).

17. C. Madry et al., Int. Immunol. 10, 1693 (1998).

18. G. U. von Bulow, R. J. Bram, Science 278, 138 (1997).

19. J. S. Thompson et al., Science 293, 2108 (2001);
published online 16 August 2001 (10.1126/
science.1061965).

20. S. Kalled, L. C. Wang, unpublished data.

21. G. Yu et al., Nature Immunol. 1, 252 (2000).

22. M. Hahne et al., J. Exp. Med. 188, 1185 (1998).

23. P. Rennert et al., J. Exp. Med. 192, 1677 (2000).

24. M. P. Gras et al., Int. Immunol. 7, 1093 (1995).

25. For the BAFF and BCMA knockouts, mouse 129Sv)
genomic DNA contained in separate bacterial arti-
ficial chromosomes (Genome Systems) was sub-
cloned into high-copy number plasmids, then tar-
geted by bacterial recombinational cloning to in-
sert a tailless human CD2 reporter at each initiat-
ing ATG. The wild-type and knockout sequences for
each construct are available on request. For the
BAFF knockout, the final construct was deleted in
732 nucleotides of genomic DNA encoding the first
134 amino acids of BAFF; the deletion ends in the
second intron downstream of the ATG. The BCMA
knockout construct was deleted in the initiating
ATG and 1.38 kb of downstream sequence corre-
sponding to nucleotides 145 to 383 of the mouse
cDNA (GenBank AF061505). This deletion removes
amino acids 1 to 87, including the putative trans-
membrane domain. Further details are provided in
Web fig. 1 (26).

26. Supplemental information is available on Science
Online at www.sciencemag.org/cgi/content/full/
1061964/DC1.

27. For (A) and (C), frozen tissue sections were incubated
for 45 to 60 min with a mixture of fluorescein
isothiocyanate (FITC)-tagged antibodies (each at
1:50 dilution) (Pharmingen) including anti-CD4-FITC
(RM4-5), anti—CD8a-FITC (53-6.7), anti-CD8b.2-FITC
(53-5.8), and anti-CD45R/B220-biotin (RA3-6B2).
After washing, horse radish peroxidase (HRP)-cou-
pled streptavidin (Jackson Immunoresearch, 016-
030-084) and anti-FITC-AP (AP, alkaline phos-
phatase) (Roche Molecular Biochemicals, catalog
number 1 426 338) secondary reagents (1:50) were
added for 30 to 60 min. After washing, HRP (brown)
color reactions were developed with diaminobenzi-
dine substrate (DAKO, K3465); after further washing,
AP (blue) color reactions were developed with BCIP-
NBT (bromochloroindolyl phosphate—nitro blue tet-
razolium) substrate (Vector, SK5400). For (B), the
primary antibody mixture included neat anti-
MOMA-1 (Serotec, MCA 947) and anti-CD45R/B220,
as described above. The secondary reagents were
peroxidase-coupled mouse F(ab’)2 anti-rat IgG (Jack-
son, 212-036-082) and avidin-AP complex (DAKO
K0376), used and developed as described above.

28. R. R. Hardy, K. Hayakawa, Annu. Rev. Immunol. 19,
595 (2001).

29. D. ). Miller, C. E. Hayes, Eur. J. Immunol. 21, 1123
(1991).

30. V. M. Lentz, M. P. Cancro, F. E. Nashold, C. E. Hayes,
J. Immunol. 157, 598 (1996).

31. F. Martin, J. F. Kearney, Curr. Opin. Immunol. 13, 195
(2001).

32. At 6 to 9 weeks of age, mice were immunized intra-
peritoneally with 100 pg of alum-precipitated
NP,,)-KLH or 50 g of TNP-Ficoll. Antibodies from
retro-orbital sinus bleeds were captured with NP ;-
BSA or TNP ,,-BSA (Biosearch Technologies), detect-
ed with pooled anti-\ and anti-k AP-conjugated an-
tibodies (Southern Biotechnology Associates), and
quantified by comparison with total mouse 1gG
(Jackson Immunoresearch Laboratories). Anti-TNP
antibodies were detected with anti-IgG+IgM biotin-
ylated antibody (Jackson) and streptavidin-AP (SBA),
and then quantified by comparison with pooled TNP-
specific IgG1N and IgG2a,k isotype standards
(Pharmingen). Resting total Ig levels were determined
by capture and detection with goat anti-mouse an-
tibodies (SBA) and quantified by comparison to total
mouse Ig (Jackson).

33. K. A. Vora et al., J. Exp. Med. 189, 471 (1999).

34. R. R. Hardy, C. E. Carmack, Y. S. Li, K. Hayakawa,
Immunol. Rev. 137, 91 (1994).

35. S. H. Clarke, L. W. Arnold, /. Exp. Med. 187, 1325
(1998).

36. S. Xu, K. P. Lam, Mol. Cell. Biol. 21, 4067 (2001).

37. G. von Bulow, J. M. van Deursen, R. J. Bram, Immunity
14, 573 (2001).

38. We gratefully acknowledge J. Browning, C. Ambrose,
S. Kalled, P. Rennert, F. Mackay, B. Horwitz, and S.
Fawell for helpful comments on the manuscript. S.
Bixler, S. Mohan, A. Szilvasi, T. Crowell, and R. Tizard's
DNA sequencing group provided much appreciated
technical contributions to this work.

25 April 2001; accepted 27 July 2001

Published online 16 August 2001;
10.1126/science.1061964

Include this information when citing this paper.

VOL 293 SCIENCE www.sciencemag.org



