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Novel Function of TNF Cytokines in Regulating Bone Marrow B 
Cell Survival  
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Lijun Shen1, Bojian Zheng2, Gopesh Srivastava1 and Liwei Lu1, 3 

 
Two newly identified tumor necrosis factor (TNF) family cytokines, B cell activation factor from the TNF 
family (BAFF) and a proliferation-inducing ligand (APRIL), have recently been shown to enhance the 
maturation and survival of peripheral B cells. However, whether BAFF and APRIL are expressed in the bone 
marrow (BM) microenvironment and if these two cytokines modulate early B cell development remain unclear. 
In the present study, we have detected the abundant expression of BAFF and APRIL transcripts in BM 
non-lymphoid cells. Low levels of BAFF and APRIL mRNA are also found in developing B cells. Furthermore, 
we have determined the expression patterns of BAFF receptors during B lymphopoiesis. In cultures, both 
recombinant BAFF and APRIL significantly promote the survival of precursor B cells whereas only BAFF can 
suppress apoptosis of immature B cells. These findings suggest that BAFF and APRIL, in addition to their well 
established role in regulating peripheral B cell growth, can modulate the survival of developing B cells in the 
BM. Cellular & Molecular Immunology. 2004;1(6):447-453. 
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Introduction 
 
B cell development in mouse bone marrow (BM) is a 
complex process that depends critically upon control of cell 
production by proliferation and cell loss by apoptosis, 
leading to the generation of a functional B cell repertoire. 
Developing B cells progress through a series of 
differentiation stages defined by Ig gene rearrangements, 
cell surface determinants and growth factor requirements. 
During ontogeny, progenitor B cells undergo IgH chain 
gene rearrangement and further differentiate into precursor 
B cells that synthesize cytoplasmic µΗ chains and transiently 
express the pre-B cell receptor on the membrane (1-3). 
Following the rearrangement of IgL chain genes, immature 
B lymphocytes are formed with the cell surface expression 
of IgM (4, 5). Self-reactive B cells are eliminated when 
they encounter membrane-bound self-antigens. After 
extensive selection against those immature B cells with 
autoreactivity, newly-generated functional B cells then 

leave the BM and migrate via the blood stream to the 
peripheral lymphoid organs, where they finally become 
mature B lymphocytes (6). While proliferative factors that 
modulate B cell production have been extensively studied, 
much less is known of the factors that regulate B cell 
selection during development (2, 7-9). Our previous studies 
have shown that precursor B cells in the BM are prone to 
apoptotic selection at two differentiation stages, associated 
with IgH chain gene rearrangement and B cell receptor 
expression, respectively (10). These findings indicate that 
selection by apoptosis is a primary mechanism for 
eliminating aberrant or autoreactive B cells. Intrinsic and 
extrinsic signals that can trigger or inhibit lymphocyte 
apoptosis have been recently identified, but current 
understanding of lymphocyte selection and its implication 
in autoimmune development is still limited (11-15). Further 
studies on novel factors that can modulate B cell 
maturation and apoptosis will provide deeper insight into 
the mechanisms of lymphocyte development and selection. 

The tumor necrosis factor (TNF) cytokine superfamily 
plays a crucial role in immune regulation by modulating 
lymphocyte proliferation and apoptosis, which is 
implicated in maintaining immune homeostasis and self- 
tolerance (16). B cell activation factor from the TNF family 
(BAFF, also known as B lymphocyte stimulator, THANK, 
TALL-1 and zTNF4) is a newly discovered TNF family 
cytokine that has been found to promote survival and 
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expansion of mature B cells (17). BAFF binds to three 
distinct TNF receptors named BCMA (B cell maturation 
antigen), TACI (transmembrane activator and CAML 
interactor) and BR-3 (BAFF receptor-3) on mature B cells 
in the periphery and exhibits a strong function for B cell 
activation and survival both in vitro and in vivo (18, 19). 
Moreover, TACI and BCMA also bind to APRIL (a 
proliferation-inducing ligand), a TNF cytokine that shares 
high sequence homology with BAFF (20). Both membrane- 
bound and soluble BAFF can induce proliferation of anti- 
IgM-stimulated peripheral B lymphocytes, and in vivo 
administration of recombinant BAFF protein to mice 
enhances B cell production and polyclonal hypergamma- 
globulinemia (21). Like BAFF, APRIL is also released as a 
biologically active protein and has been found to enhance 
the proliferation of peripheral B and T cells in cultures (22). 
Available data indicate that BAFF is produced by myeloid 
cells such as macrophages, neutrophils and dendritic cells. 
Although several lines of evidence reveal that BAFF can 
promote maturation and survival of newly formed 
immature B cells from BM, it remains unclear whether 
BAFF and/or APRIL are expressed in the BM and if these 
cytokines can modulate the survival and growth of 
developing B cells (23-25).  

In the present study, we have characterized the 
expression patterns of BAFF and APRIL and their 
receptors during normal B cell development in the BM. 
Our results from semi-quantitative RT-PCR analyses have 
demonstrated that BM B cells express both BAFF and 
APRIL transcripts and that the expression of receptors for 
BAFF and APRIL is developmentally regulated among B 
cells at various differentiation stages. Furthermore, both 
recombinant BAFF and APRIL markedly enhance the 
survival of precursor B cells whereas only BAFF can 
suppress apoptosis of immature B cells. These results 
provide new insight in understanding B cell growth and 
apoptosis during normal development. 
 
Materials and Methods 
 
Mice  
Male Balb/c mice at 12-16 weeks of age were obtained 
from the Jackson Laboratory (Bar Harbor, ME, USA) and 
maintained in a pathogen-free animal facility at the 
University of Hong Kong. All experimental procedures 
were approved by the University Committee on the Use of 
Live Animals in Teaching and Research. 
 
Preparation of cell suspensions  
BM cells were collected by flushing femoral shafts with 
cold MEM supplemented with 10% heat-inactivated FCS 
(Life Technologies, Grand Island, NY). Cell suspensions 
from the thymus (THY) and spleen (SP) of normal mice 
were prepared by mechanical disruption of the tissue 
through a cell strainer. Red blood cells were lysed by 
incubating cells in 1 ml ACK buffer (155 mM NH4Cl, 10 
mM KHCO3 and 0.1 mM EDTA) for 3 min on ice. After 
the lysis of erythrocytes, the number of nucleated cells was 
determined using a hematocytometer. Aliquots of cell 
samples were either assayed immediately or incubated at 
37oC in a humidified atmosphere with 5% CO2, as 

described (10).  
 
Immunostaining and flow cytometry 
For phenotypic analysis, single-cell suspensions were 
stained with the following mAbs: FITC-B220 (RA3-6B2) 
and phycoerythrin-conjugated IgM (R6-60.2) purchased 
from PharMingen (San Diego, CA). Cells were incubated 
with combinations of labeled antibodies in PBS containing 
2% FCS. Immunostained cells were analyzed with an 
EPICS-Altra flow cytometer (Beckman Coulter). A minimum 
of 10,000 events per sample were collected from various 
phenotypically defined cell subpopulations. Cell debris and 
clumps were excluded by setting a gate on forward scatter 
vs. side scatter, as described (10). BM precursor B cells 
(B220+IgM-) and immature IgM+ B cells from normal mice 
were purified by cell sorting. When reanalyzed after 
sorting, sorted cell fractions were routinely > 96% pure.  
 
Cell culture  
Purified BM B220+IgM- precursor B cells and IgM+ 
immature B cells were cultured for 5 days in RPMI 1640 
medium supplemented with 2% heat-inactivated FCS unless 
otherwise specified. Recombinant BAFF, APRIL and 
BCMA-Fc (Alexis Co, Switzerland) were used at 200 
ng/ml. Total cell numbers were monitored daily and cell 
viability was determined by tryphan blue staining. Cultures 
were performed in triplicate, and results are presented as 
the mean ± SD of each triplicate. 
 
Apoptotic assay 
Freshly prepared splenic cell suspensions were cultured in 
serum-free RPMI 1640 medium with or without recombinant 
BAFF, APRIL and BCMA-Fc. After various time intervals 
of culturing, cell samples were phenotypically labeled and 
resuspended in the binding buffer (10 mM HEPES/NaOH, 
pH 7.4, 140 mM NaCl and 2.5 mM CaCl2). Two microliters 
of FITC-Annexin V (PharMingen) were added and incubated 
for 15 min in the dark at room temperature before flow 
cytometric analysis was performed, as described (10). 
 
Cell cycle analysis   
Phenotypically labeled and ethanol-fixed cell samples from 
the BM were suspended in 50 µg/ml RNase (Boehringer 
Mannheim Co., Mannheim, Germany) and 50 µg/ml 
propidium iodide (Sigma) in PBS and kept on ice in the 
dark until flow cytometric analysis, as described (10). 
 
Semi-quantitative RT-PCR analysis 
Total RNA was isolated from BM, THY, SP, peripheral 
blood mononuclear cells (PBMCs) prepared from Ficoll- 
Paque centrifugation as well as cell sorting-purified BM B 
cell fractions with Trizol reagent (Invitrogen, Carlsbad, 
CA). Samples were processed according to the manu- 
facturer’s protocol. RNA was precipitated by adding 
isopropanol. RNA was pelleted at 12,000 g for 10 min at 
4°C, and washed with 70% ethanol. After drying in the 
vacuum concentrator (5301; Eppendorf, Germany) at 30°C, 
resuspended in diethylpyrocarbonate (DEPC)-treated water, 
and the quality of RNA isolation was confirmed by 1.5% 
agarose gel in TRIS acetate EDTA buffer. cDNA was 
synthesized with random primers and M-MLV-RT as 
described by the manufacturer (Invitrogen). PCRs were 
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made semi-quantitative by varying the number of 
amplification cycles and performing dilutional analysis so 
that there was a linear relationship between the amount of 
cDNA used and the intensity of the PCR product. BAFF, 
APRIL, BCMA, BR-3, TACI, Bcl-2, Bcl-xL and β-actin 
sequences were amplified by PCR using the following 
gene-specific forward and reverse primers (Invitrogen): 
BAFF (347 bp), 5’-TGT TGT CCA GCA GTT TCA C-3’, 
5’-CTG CAG ACA GTC TTG AAT GA-3’; APRIL (700 
bp), 5’-AGC CTC ATC TCC AGG CCA GAT-3’, 5’-AAA 
CCC CAG GAA TGT TCC ATG CG-3’; TACI (263 bp), 
5’-GCG CAC CTG TAG AGA CTT C-3’, 5’-GCC TCA 
ATC CTG GAC CAT G-3’; BR-3 (605 bp), 5’-GCC CAG 
ACT CGG AAC TGT CCC A-3’, 5’-GCC CAG TAG AGA 
TCC CTG GGT TCC-3’; BCMA (304 bp), 5’-GGC GCA 
ACA GTG TTT CCA CA-3’, 5’-CTC GGT GTC GGC 
CTT GTC CA-3’; Bcl-2, 5’-TCG CTA CCG TCG TGA 
CTT C-3, 5’-AAA CAG AGG TCG CAT GCT G-3’; Bcl-xL, 
5’-TAA GTG AGC AGG TGT TTT GGA C-3’, 5’-GGG 
AGG TGA GAG GTG AGT GG-3’; β-actin (166 bp), 
5’-GCA TTG CTG ACA GGA TGC-3’, 5’-CCT GCT TGC 
TGA TCC ACA TC-3’. PCR reactions were performed 
using 0.5 mM of each deoxynucleotide triphosphate, and 
0.5 µM sense and anti-sense primers with 1 U Taq poly- 
merase (Promega) under the following conditions: BAFF, 
55°C annealing temperature, 35 cycles; APRIL, 57°C 
annealing temperature, 38 cycles; TACI, 50°C annealing 
temperature, 35 cycles; BR-3, 55°C annealing temperature, 
35 cycles; BCMA, 55°C annealing temperature, 35 cycles; 
β-actin, 50°C annealing temperature, 25 cycles. All reactions 
were performed using a thermal cycler for PCR (RoboCycler 
Gradient 96, Stratagene). The RT-PCR products were 
separated on 1.5% agarose gel in 1 × TAE buffer, and 
visualized by 1 µM ethidium bromide. Subsequently, the 
identity of RT-PCR products was confirmed by sequencing. 
All experiments were repeated at least three times. 
Controls were performed by applying the whole PCR 
master mix without cDNA. Base pair (bp) length was 
determined by using a DNA marker (Invitrogen). 
 
Statistical analysis 
Student’s t test was performed where appropriate. Data are 
presented as the mean ± SEM. p values of < 0.05 were 
considered statistically significant. 

Results 
 
Expression of BAFF and APRIL and their receptors during 
B cell development  
To determine whether BAFF and APRIL are expressed in 
various lymphoid organs, we examined the transcript levels 
of these two genes by semi-quantitative RT-PCR. Both 
BAFF and APRIL mRNA levels were readily detected in 
the BM, SP and PBMCs from normal mice. In contrast, 
only a minimal amount of BAFF and no detectable APRIL 
were expressed in the thymus (Figure 1). Furthermore, 
levels of BAFF and APRIL mRNA were highly expressed 
in B220- non-lymphoid cells but only traceable amount of 
transcripts were detected in B220+ B lineage cells in the 
BM (Figure 2). The PCR products for BAFF and APRIL 
were excised and sequenced to confirm their identity (data 
not shown). To establish the expression patterns of BAFF 
receptors among developing B cells, we purified B220+ 

IgM- precursor B cells and IgM+ immature B cells from 
freshly prepared BM suspensions by cell-sorting. Among 
three receptors for BAFF, BR-3 mRNA expression was 
detected exclusively in B lineage cells, with a higher level 
expressed at the immature B cell stage. Interestingly, 
BCMA was highly expressed in precursor B cells and then 
significantly down-regulated among IgM+ immature B 
cells; in contrast, TACI expression was low in precursor B 
cells but markedly upregulated at the immature B cell stage. 
These findings suggest that expression of BAFF receptors 
is developmentally regulated during B lymphopoiesis in 
BM. 

The mechanisms by which BAFF enhances peripheral 
B cell survival appears to be achieved through modulating 
expression of the Bcl-2 family molecules (26). To examine 
the expression patterns of Bcl-2 family genes during B cell 
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Figure 2. Transcript levels of BAFF receptors among developing 
B cells in the BM. Cell-sorting purified B220+ B cells, B220-

non-B cells and B cell subsets (B220+IgM- precursors and IgM+

immature B cells) were obtained from freshly prepared BM 
suspensions of normal mice. BAFF and APRIL transcripts were 
detectable in developing B cells whereas mRNA levels of BAFF 
receptor expression were developmentally regulated. Moreover, 
Bcl-2 family genes were differentially expressed in developing B 
cells in the BM. Data are representative of three independent 
experiments. 
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Figure 1. Expression of BAFF/APRIL in the immune system 
analyzed by semi-quantitative RT-PCR analysis. RNA was 
extracted from various lymphoid organs as well as PBMCs. Both 
BAFF and APRIL messengers were readily detected in BM, SP 
and PBMCs whereas only minimal amount of BAFF but not 
APRIL were expressed in THY. Data are representative of two
independent experiments. 
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development, we detected that Bcl-xL transcripts were 
highly expressed in B220+IgM- precursor B cells and 
significantly down-regulated in immature B cells. However, 
levels of Bcl-2 mRNA remained similar between precursors 
and immature B cells, consistent with previous findings 
that Bcl-xL was involved in regulating the survival of early 
precursor B cells (27) . 
 
BAFF and APRIL enhance the survival of developing B 
cells  

To directly assess whether BAFF can modulate the survival 
of developing B cells, we cultured freshly prepared BM 
cell suspensions in serum-free RPMI medium with or 
without recombinant BAFF (200 ng/ml) or APRIL (200 
ng/ml) for 16 h, a sensitive short-term culture system that 
allows the accumulation of apoptotic cells without being 
phagocytosed by macrophages (10). As shown in Figure 3, 
BAFF significantly suppressed apoptosis of IgM+ immature 
B cells as compared to the control value (48.2 ± 6.8% vs. 
72.5 ± 5.9%, p < 0.01). This protective effect of BAFF on 
B cell survival was specifically blocked by a soluble decoy 
receptor BCMA-Fc, suggesting that BAFF binding to its 
receptors is essential for its effect on B cell growth. Similar 
results were obtained among IgM+ B cells when cultured 
with APRIL. To determine if BAFF can differentially affect 
the survival of developing B cells at various stages of 
differentiation, we purified BM B220+IgM- precursor B 
cells and IgM+ immature B cells by cell-sorting and 
cultured cell fractions for 5 days in 2% FCS-RPMI media 
with recombinant BAFF and APRIL, respectively. As 
shown in Figure 4, BAFF showed potent activity in 
enhancing the survival of both precursor B cells and 
immature B cells, whereas APRIL appeared to only prolong 
the survival of B220+IgM- precursors but not IgM+ B cells. 
 
BAFF and APRIL do not promote the maturation of 
precursor B cells 
To determine whether BAFF-induced proliferation accounts 
for increased numbers of viable B cells in culture, we 
purified B220+IgM- precursor B cells by cell-sorting and 
performed cell cycle analysis on cultured B cell samples by 
flow cytometry. Cell cycle distributions in B220+IgM- 
precursor B cells did not show any obvious change after 
being cultured with BAFF and APRIL. No difference in the 
cycling population (S + G2/M) was found between precursor 
B cells treated with or without BAFF (12.4 ± 2.5% vs. 11.7 
± 3.2%, p > 0.05). Similar results were observed among 
precursor B cells cultured with recombinant APRIL. As 
shown in Figure 5, B220+IgM- precursor B cells cultured 
with media in the absence of IL-7 for 72 h maintained their 
pre-B cell phenotype. However, cultures of precursor B 
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Figure 4. Enhanced survival of BM developing B cells by BAFF and APRIL in cultures. Sorting-purified BM B220+IgM- precursors (A) 
and IgM+ immature B cells (B) were cultured with 2% FCS-RPMI for 5 days in the absence and presence of BAFF and APRIL, 
respectively. Viable cells were daily enumerated. Data represent the mean value of triplicate cultures, representative of two independent 
experiments. 
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Figure 3. Effects of BAFF and APRIL on suppressing apoptosis 
of BM B cells. Freshly prepared BM cell suspensions were 
cultured for 16 h in serum-free RPMI medium alone (A) or with 
recombinant BAFF (B), APRIL (C) and BAFF plus BCMA-Fc 
(D), respectively. Flow cytometric analysis showed significantly 
reduced apoptotic incidence of IgM+ immature B cells when 
cultured with BAFF and APRIL. Moreover, the protective effect 
of BAFF on B cell apoptosis was specifically blocked by 
treatment with BCMA-Fc. Data are representative of two
independent experiments. 
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cells with either BAFF or APRIL for 72 h did not result in 
increased frequency of IgM+ immature B cells, suggesting 
that BAFF and APRIL do not enhance the differentiation 
process of precursor B cells. When cultured with 
recombinant IL-7, 55 ± 12.5% of B cells became IgM+ 
immature B lymphocytes. These results indicate that BAFF 
and APRIL may function merely as survival factors for 
developing B cells in BM. 
 
Discussion 
 
In the present study, we have determined the expression 
patterns of BAFF and APRIL and their receptors during B 
lymphopoiesis in BM. Our studies in vitro demonstrated 
that both recombinant BAFF and APRIL significantly 
enhance the survival of precursor B cells while only BAFF 
can increase longevity at the immature B cell stage, 
indicating a previously unrecognized role for BAFF and 
APRIL in regulating early B cell development in normal 
mouse BM.  

B cell development in BM is a very selective process 
that requires finely tuned differentiation and survival 
signals to maintain a delicate balance between cell 
production by proliferation and cell loss by apoptosis (7, 
11). Our recent studies support the notion that apoptosis is 
an important mechanism in modulating normal B 
lymphopoiesis (28). TNF family cytokines play a crucial 
role in the development of the immune system and the 
maintenance of lymphocyte homeostasis, and BAFF in 
particular has been shown to enhance the survival of newly 
generated immature B cells from BM as well as splenic B 
cells at the transitional stage (23). In the current study, we 
have revealed that BAFF and APRIL transcripts are 
abundantly expressed by BM “B220-” non-lymphoid cells. 

Moreover, receptors for BAFF and APRIL are 
differentially expressed at various stages of B cell 
differentiation, suggesting a mechanism by which BAFF 
and/or APRIL may modulate early B cell development in 
the BM. Our findings indicate that these two TNF 
cytokines derived from non-lymphoid cells and BM 
stromal microenvironment may constitute important niches 
for B cell survival. Current studies have clearly demon- 
strated that BAFF is predominantly expressed in myeloid 
lineage cells such as macrophages, dendritic cells and 
granulocyte colony stimulating factor-treated neutrophils. 
Interestingly, we have detected low levels of both BAFF 
and APRIL mRNA expression in BM developing B cells 
while the transcripts of these two genes are not detectable 
in splenic B lymphocytes (L Lu et al., unpublished). It 
remains to be determined whether constitutive expression 
of BAFF transcripts in developing B cells has any 
functional implication in modulate cell survival in an 
autocrine fashion. Further studies are being performed to 
confirm the expression of BAFF and APRIL at the protein 
level.  

During the developmental process, levels of BCMA 
transcripts are significantly higher in pre-B cells while 
TACI mRNA expression is upregulated upon B cell 
maturation in a gradual fashion. Further studies are 
required to address the differential roles of BAFF receptors 
in signaling B cell functions. Using a well-established 
sensitive culture system (10), we have shown that both 
recombinant BAFF and APRIL significantly promote the 
survival of B220+IgM- precursor B cells whereas only 
BAFF suppresses apoptosis of IgM+ B cells. Our previous 
studies have demonstrated that IL-7, a stromal cell-derived 
cytokine, can enhance survival of precursor B cells via 
modulating Bcl-2 family proteins (29). Members of the 
Bcl-2 family proteins are key regulators of the intrinsic cell 
death pathway. Expression of the anti-apoptotic genes 
including Bcl-2, Bcl-xL, Mcl-1 and A1 can prevent 
lymphocyte death to a variety of apoptotic stimuli. Several 
studies have reported that the action of BR-3 signaling is to 
enhance proliferation and survival of peripheral B cells by 
upregulating anti-apoptotic factors such as Bcl-2, A1 and 
Bcl-xL (26, 30). Thus, it is plausible to speculate that 
BAFF and APRIL may regulate survival of developing B 
cells by directly modulating the expression of Bcl-2 family 
genes. It has been well established that IL-7 plays many 
fundamental roles during murine B cell development (31). 
Apart from its trophic effect on B cell survival, IL-7 can 
enhance proliferation at discrete stages of B cell 
differentiation (32). However, it remains to be studied 
whether there are any cooperative interactions between 
IL-7 receptor- and BAFF receptor-mediated signaling 
pathways. Interestingly, both BAFF and APRIL have 
shown no effect on promoting the differentiation and 
maturation of precursor B cells in culture. Nevertheless, 
our data suggest that BAFF acts merely as a survival factor 
for developing B cells. Recent gene-targeting studies have 
shown that B cell development is not impaired in the BM 
of either BAFF or APRIL deficient mice, implying a 
dispensable role for either BAFF or APRIL in early B cell 
development (33-35). Nevertheless, these findings can not 
rule out the possibility that these two cytokines may play a 
complementary role in modulating B lymphopoiesis. BAFF 
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Figure 5. BAFF and APRIL do not enhance maturation of
precursor B cells. Sorting-purified BM B220+IgM- precursors 
were cultured with medium (2% FCS-RPMI), BAFF and APRIL 
for 3 days and analyzed by flow cytometry. (A) Cultured cells 
were performed with nuclear staining (propidium iodide) for cell 
cycle analysis. The frequencies of cycling B cells were indicated 
in the representative flow cytometric histograms. (B) Viable cells 
in the cultures were analyzed for the surface expression of IgM. 
Data are representative of three independent experiments. 
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transgenic mice have an elevated number of B lymphocytes 
in the periphery and secrete various autoantibodies while B 
cell compartment in the BM is not affected. It is still 
unclear whether enhanced emigration of newly formed B 
cells to the peripheral lymphoid organs accounts for 
seemingly unexpanded developing B cell populations in 
the BM. Furthermore, BAFF and/or APRIL might exert 
their trophic effects under non-physiological conditions, 
which is supported by recent findings that BAFF+/+ stromal 
cells are necessary and sufficient for complete reconstitution 
of the B cell compartment in lethally irradiated mice (36).  

Dysregulated B cell apoptosis has been implicated in 
the breakdown of immune tolerance and development of 
autoimmunity. Emerging evidence shows that serum levels 
of BAFF are elevated in human autoimmune disorders such 
as systemic lupus erythematosus, rheumatoid arthritis and 
Sjogren’s syndrome (37-39), and recent gene-targeting 
studies have suggested a potent role for BAFF in systemic 
autoimmune diseases. Transgenic expression of BAFF in 
mice leads to enlargement of the spleen and lymph nodes 
and increased numbers of peripheral B cells (19). In 
particular, B lymphoplasia is often accompanied by 
autoantibody production and hyperglobulinemia in these 
transgenic mice. Administration of recombinant BAFF into 
mice results in an enlarged pool of peripheral B cells and 
enhanced humoral immune responses (21). Therefore, 
elevated levels of BAFF proteins in inflamed tissue could 
lead to several consequences such as enhanced B cell 
survival and increased B cell activation and antibody 
production, resulting in lymphocyte-mediated tissue damage. 
Available information clearly demonstrates that BAFF is a 
crucial factor controlling B cell maturation and survival 
with the potential to break immune tolerance when 
overexpressed in vivo, but the biological role of APRIL 
remains poorly defined. Thus, elucidating the regulatory 
function of BAFF and APRIL in B cell differentiation and 
maturation may contribute to a fuller understanding of the 
development of autoimmune diseases (6, 24, 40).  

In summary, we have determined expression patterns of 
BAFF and APRIL and their receptors in developing B cells. 
Although the exact mechanisms still need to be uncovered, 
our in vitro studies have established the trophic effect of 
these two novel TNF cytokines in modulating the survival 
of developing B cells. Further characterization of BAFF- 
mediated B cell growth should shed new light on the 
molecular mechanisms involved in the generation of a 
functional B cell repertoire. 
 
Acknowledgement 
 
This work was supported by a grant from the Research 
Grants Council of Hong Kong Special Administrative 
Region, China (HKU7447/03M) to L Lu. 
 
References 
 

1. Osmond DG. B cell development in the bone marrow. Semin 
Immunol. 1990;2:173-180. 

2. Rolink AG, Schaniel C, Andersson J, Melchers F. Selection 
events operating at various stages in B cell development. Curr 
Opin Immunol. 2001;13:202-207. 

3. Zhang M, Srivastava G, Lu LW. The pre-B cell receptor and 
its function during B cell development. Cell Mol Immunol. 
2004;1:89-94. 

4. Osmond DG, Rolink A, Melchers F. Murine B lymphopoiesis: 
towards a unified model. Immunol Today. 1998;19:65-68. 

5. Hardy RR, Carmack CE, Shinton SA, Kemp JD, Hayakawa K. 
Resolution and characterization of pro-B and pre-pro-B cell 
stages in normal mouse bone marrow. J Exp Med. 1991;173: 
1213-1225. 

6. Rolink AG, Andersson J, Melchers F. Molecular mechanisms 
guiding late stages of B-cell development. Immunol Rev. 
2004;197:41-50. 

7. Lu L, Osmond DG. Apoptosis and its modulation during B 
lymphopoiesis in mouse bone marrow. Immunol Rev. 2000; 
175:158-174. 

8. Hirose J, Kouro T, Igarashi H, Yokota T, Sakaguchi N, 
Kincade PW. A developing picture of lymphopoiesis in bone 
marrow. Immunol Rev. 2002;189:28-40. 

9. Kincade PW, Lee G, Pietrangeli CE, Hayashi S, Gimble JM. 
Cells and molecules that regulate B lymphopoiesis in bone 
marrow. Annu Rev Immunol. 1989;7:111-143. 

10. Lu L, Osmond DG. Apoptosis during B lymphopoiesis in 
mouse bone marrow. J Immunol. 1997;158:5136-5145. 

11. Strasser A, Bouillet P. The control of apoptosis in lymphocyte 
selection. Immunol Rev. 2003;193:82-92. 

12. Fleming HE, Paige CJ. Cooperation between IL-7 and the 
pre-B cell receptor: a key to B cell selection. Semin Immunol. 
2002;14:423-430. 

13. Schultz DR, Harrington WJ Jr. Apoptosis: programmed cell 
death at a molecular level. Semin Arthritis Rheum. 
2003;32:345-369. 

14. Zhang Y, Lu L, Furlonger C, Wu GE, Paige CJ. Hemokinin is 
a hematopoietic-specific tachykinin that regulates B 
lymphopoiesis. Nat Immunol. 2000;1:392-397. 

15. Woo M, Hakem R, Furlonger C, et al. Caspase-3 regulates 
cell cycle in B cells: a consequence of substrate specificity. 
Nat Immunol. 2003;4:1016-1022. 

16. Cancro MP, Smith SH. Peripheral B cell selection and 
homeostasis. Immunol Res. 2003;27:141-148. 

17. Mackay F, Schneider P, Rennert P, Browning J. BAFF AND 
APRIL: a tutorial on B cell survival. Annu Rev Immunol. 
2003;21:231-264. 

18. Schneider P, MacKay F, Steiner V, et al. BAFF, a novel ligand 
of the tumor necrosis factor family, stimulates B cell growth. 
J Exp Med. 1999;189:1747-1756. 

19. Mackay F, Woodcock SA, Lawton P, et al. Mice transgenic 
for BAFF develop lymphocytic disorders along with 
autoimmune manifestations. J Exp Med. 1999;190:1697-1710. 

20. Xu S, Lam KP. B-cell maturation protein, which binds the 
tumor necrosis factor family members BAFF and APRIL, is 
dispensable for humoral immune responses. Mol Cell Biol. 
2001;21:4067-4074. 

21. Moore PA, Belvedere O, Orr A, et al. BLyS: member of the 
tumor necrosis factor family and B lymphocyte stimulator. 
Science. 1999;285:260-263. 

22. Yu G, Boone T, Delaney J, et al. APRIL and TALL-I and 
receptors BCMA and TACI: system for regulating humoral 
immunity. Nat Immunol. 2000;1:252-256. 

23. Rolink AG, Tschopp J, Schneider P, Melchers F. BAFF is a 
survival and maturation factor for mouse B cells. Eur J 
Immunol. 2002;32:2004-2010. 

24. Sun XH, Kincade PW. Gatekeeper mechanisms for immature 
B cells. Nat Immunol. 2002;3:898-899. 

25. Batten M, Groom J, Cachero TG, et al. BAFF mediates 
survival of peripheral immature B lymphocytes. J Exp Med. 
2000;192:1453-1466. 

26. Amanna IJ, Dingwall JP, Hayes CE. Enforced bcl-xL gene 
expression restored splenic B lymphocyte development in 
BAFF-R mutant mice. J Immunol. 2003;170:4593-4600. 



Cellular & Molecular Immunology                                                                               453 

Volume 1  Number 6  December 2004 

27. Fang W, Mueller DL, Pennell CA, et al. Frequent aberrant 
immunoglobulin gene rearrangements in pro-B cells revealed 
by a bcl-xL transgene. Immunity. 1996;4:291-299. 

28. Lu L, Lejtenyi D, Osmond DG. Regulation of cell survival 
during B lymphopoiesis: suppressed apoptosis of pro-B cells 
in P53-deficient mouse bone marrow. Eur J Immunol. 1999; 
29:2484-2490. 

29. Lu L, Chaudhury P, Osmond DG. Regulation of cell survival 
during B lymphopoiesis: apoptosis and Bcl-2/Bax content of 
precursor B cells in bone marrow of mice with altered 
expression of IL-7 and recombinase-activating gene-2. J 
Immunol. 1999;162:1931-1940. 

30. Smith SH, Cancro MP. Cutting edge: B cell receptor signals 
regulate BLyS receptor levels in mature B cells and their 
immediate progenitors. J Immunol. 2003;170:5820-5823. 

31. Monroe JG, Allman D. Keeping track of pro-B cells: a new 
model for the effects of IL-7 during B cell development. Eur J 
Immunol. 2004;34:2642-2646. 

32. Milne CD, Fleming HE, Paige CJ. IL-7 does not prevent 
pro-B/pre-B cell maturation to the immature/sIgM(+) stage. 
Eur J Immunol. 2004;34:2647-2655. 

33. Varfolomeev E, Kischkel F, Martin F, et al. APRIL-deficient 
mice have normal immune system development. Mol Cell 

Biol. 2004;24:997-1006. 
34. Gross JA, Dillon SR, Mudri S, et al. TACI-Ig neutralizes 

molecules critical for B cell development and autoimmune 
disease: impaired B cell maturation in mice lacking BLyS. 
Immunity. 2001;15:289-302. 

35. Schiemann B, Gommerman JL, Vora K, et al. An essential 
role for BAFF in the normal development of B cells through a 
BCMA-independent pathway. Science. 2001;293:2111-2114. 

36. Gorelik L, Gilbride K, Dobles M, Kalled SL, Zandman D, 
Scott ML. Normal B cell homeostasis requires B cell 
activation factor production by radiation-resistant cells. J Exp 
Med. 2003;198:937-945. 

37. Cheema GS, Roschke V, Hilbert DM, Stohl W. Elevated 
serum B lymphocyte stimulator levels in patients with 
systemic immune-based rheumatic diseases. Arthritis Rheum. 
2001;44:1313-1319. 

38. Dorner T, Putterman C. B cells, BAFF/zTNF4, TACI, and 
systemic lupus erythematosus. Arthritis Res. 2001;3:197-199. 

39. Groom J, Kalled SL, Cutler AH, et al. Association of 
BAFF/BLyS overexpression and altered B cell differentiation 
with Sjogren's syndrome. J Clin Invest. 2002;109:59-68. 

40. Schneider P, Tschopp J. BAFF and the regulation of B cell 
survival. Immunol Lett. 2003;88:57-62. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


