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Abstract
Rabbits are widely used for vaccine development, and investigations of human infectious and
autoimmune diseases such as Systemic Lupus Erythematosus (SLE). For these applications, we
cloned, sequenced and expressed rabbit B-Cell Activating Factor (BAFF), and localized BAFF in
cells and tissues of the rabbit immune system. The rabbit homolog of the human BAFF binding site
(miniBR3 peptide) within the BAFF-specific receptor BR3 was synthesized. This 26-residue core
domain binds to recombinant rabbit BAFF protein. Flow cytometric analyses using purified
recombinant rabbit BAFF combined with real-time PCR findings revealed that BAFF detected on
peripheral blood B cells from normal rabbits is probably complexed to BAFF receptors rather than
produced by the B cells. BAFF was detected in developing appendix of young rabbits by
immunohistochemical staining suggesting that BAFF plays a role during the period following birth
when rabbit B-cell development and pre-immune antibody repertoire diversification and selection is
occurring.
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Introduction
Members of the TNF/TNF-R superfamily have been shown to play significant roles in B-cell
differentiation. B-cell activating factor of the TNF family (BAFF; also termed TNFSF13b,
BLyS, TALL-1, and zTNF4) is a TNF-like cytokine that is essential for the survival and
homeostasis of B lymphocytes [1–3] (reviewed in [4] and cited articles). BAFF is a type II
transmembrane protein but also becomes a soluble ligand after cleavage at the cell surface by
a furin-like protease. BAFF was initially found to be expressed and secreted by cells of the
myeloid lineage [5], but there have been recent reports that BAFF is also expressed by
neutrophils [6], neoplastic B cells [7,8], activated mouse B cells [9], T cells from patients with
autoimmune disorders [10], as well as by non-hematopoietic cells including astrocytes [11],
and fibroblast-like synoviocytes of mesenchymal origin [12]. These mesenchymal-derived
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cells were shown to express functional BAFF in vitro after induction with proinflammatory
cytokines such as IFN-γ and TNF-α[12]. Although BAFF is essential for development and
maintenance of most B-cells, CD5-positive B-1 cells develop in mice lacking either BAFF or
BAFF-receptor (BR3) [13,14]. Since BAFF was dispensable for B-1 B-cell development in
mice, we investigated whether functional BAFF and it receptors are present in rabbits where
the majority of B cells are CD5 positive [15]. We report here, comparative sequence and
expression analyses of rabbit BAFF, and BR3 and production of recombinant BAFF (rBAFF)
protein.

BAFF can bind to three distinct receptors, the BAFF receptor (BR3, BAFF-R), the
transmembrane activator and calcium-modulator and cyclophilin ligand interactor (TACI) and
the B cell maturation Ag (BCMA)[16,17]. BR3 binds BAFF with high affinity and is
considered the only BAFF-specific receptor [18]. Failure of survival of peripheral B cells from
immature transitional to mature naïve stages is observed in mice lacking BAFF or with
defective BR3 [19]. TACI and BCMA bind BAFF with intermediate and low affinity,
respectively. TACI plays a key role in negatively regulating mature B-cell homeostasis, but
TACI also plays an important role in T-cell independent B-cell responses and class switch
recombination [20,21]. Much less is known about BCMA, but recent reports suggest a role of
BCMA in controlling the lifespan of long-lived plasma cells [22]. All three receptors are mainly
expressed on B cells, but their expression levels change with B cell maturation.

The early development of B cells in the rabbit initiates in sites including fetal liver, omentum
and bone marrow (reviewed in Mage et al.)[23]. After birth, the pre-immune antibody (Ab)
repertoire is expanded and diversified in gut-associated lymphoid tissue (GALT). The
molecular events that occur during Ab diversification have been intensively studied in rabbit,
but less is known about the control at functional checkpoints and B-cell survival.

The present report provides the basis for further studies of the function of BAFF and its
receptors in rabbit immune responses that are particularly needed now because in addition to
being a valuable resource for development of diagnostic and therapeutic antibodies, rabbits are
important for vaccine development and as animal models of human diseases. Our laboratory
has described a model of the autoimmune disease SLE in allotype-defined pedigreed rabbits
[24,25] and (Yang, J. et al. ms in preparation). Before we could investigate the specific roles
of BAFF and its receptors in rabbit B-cell development, maturation and Ab production in
normal and autoimmune animals, it was necessary to first determine their cDNA and encoded
protein sequences and their expression patterns in hematopoietic cells. In this study, we used
a cross-species comparison strategy to design PCR primers, amplify, clone, and sequence rabbit
BAFF and BR3. We found BAFF protein in developing appendix of young rabbits suggesting
that BAFF plays a role during the period following birth when B-cell development, pre-immune
Ab repertoire diversification, selection and expansion is occurring. We quantitated BAFF and
BR3 mRNA expression and detected staining patterns on peripheral blood mononuclear
(PBMC) and spleen cells of adult rabbits, expressed recombinant rabbit BAFF protein and
utilized the protein for further investigations of BAFF and BR3 interactions.

Materials and methods
Animals

Rabbits were obtained from the allotype-defined pedigreed colony maintained at the National
Institute of Allergy and Infectious Diseases. The animal studies described here were reviewed
and approved by the animal care and use committees of NIAID/NIH (ASP LI6) and of the
Spring Valley Laboratories, Inc. where the NIAID allotype-defined rabbit colony was housed.
Normal adult rabbits of known Ig allotypes from our breeding colony, provided whole blood
and spleens for flow cytometry, immunohistochemistry, and mRNA detection. In addition, one
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spleen from a 7-week old rabbit and appendix tissues of young rabbits at 4, 8 and 10 days of
age were studied by immunohistochemistry.

Abs and reagents for flow cytometry, cell isolation and ELISA
BAFF was detected using biotin-conjugated goat anti-human BAFF polyclonal Ab (pAb)
(Antigenix America Inc.) and rat anti-mouse BAFF monoclonal antibody (mAb) (clone 121809
R&D Systems) that we found to cross-react with rabbit BAFF. BR3 was detected using purified
goat anti-human BR3 pAb (R&D Systems) that also cross-reacts with rabbit BR3. Also used
were FITC-labeled mouse anti-rabbit CD14 (clone K4), FITC-labeled mouse anti-rabbit CD4
(clone KEN-4), FITC-labeled mouse anti-rabbit CD8 (clone C7) (Antigenix America Inc.),
FITC-labeled goat anti-rabbit IgM, FITC-labeled goat anti-rabbit IgG (Southern
Biotechnology Associates), biotin-labeled donkey anti-goat IgG, biotin-labeled goat IgG,
normal goat IgG (Jackson ImmunoResearch Laboratories, Inc.), and FITC-labeled mouse
IgG2a (BD Pharmingen). Biotinylated Abs were visualized by phycoerythrin-(PE)-conjugated
streptavidin (Jackson ImmunoResearch Laboratories, Inc).

Isolation of cell subpopulations
For quantitative analyses of mRNA expression in cell subpopulations, spleen tissues were
chopped in small pieces in PBS and pressed through a stainless steel mesh screen with rubber-
tipped syringe plunger. Debris and cell clumps were removed by passing the suspension
through 70 μm nylon mesh. Freshly isolated spleen cells were stained with mouse anti-rabbit
CD14 (Antigenix America) or mouse anti-rabbit CD4 (Serotec) Ab and CD4+ or CD14+ cell
subpopulations were isolated with goat anti-mouse IgG covalently bound to Dynabeads
(Dynal). To isolate IgM positive B cell subpopulations, cells were stained with biotin-
conjugated polyclonal μ-heavy chain specific goat anti-rabbit IgM (Southern Biotechnology
Assoc.) followed by Streptavidin-Dynabeads. Viable peripheral blood mononuclear cells
(PBMC) were isolated from heparinized blood by density gradient centrifugation on
Lympholyte-Mammal (Cedarlane Laboratories Limited). This permitted recovery of
lymphocytes and monocytes but eliminated most red cells and granulocytes. IgM positive
subpopulations from PBMC were isolated as described above. IgM depleted PBMC (IgM−

cells) were then stained with mouse anti-rabbit CD14 mAb and separated into two populations,
IgM−CD14+ and IgM−CD14− using anti-mouse IgG-Dynabeads. Upon analyses by flow
cytometry, fractions were shown to be at least 90% pure. After isolation, cells were immediately
placed into TRIzol™ reagent (Invitrogen) for RNA isolation.

Rabbit BAFF and BR3 cloning
Total RNA was obtained from normal rabbit PBMCs that were immediately placed in TRIzol
reagent. PBMC were homogenized and filtered with Qiashredder column (Qiagen). Total RNA
was isolated by RNeasy spin column (Qiagen) and precipitated with ethanol. First-stand cDNA
was synthesized using the SuperScript first-strand synthesis kit (Invitrogen). The BAFF
primers (Table 1A) were designed after searching the rabbit whole genome shotgun (WGS)
trace archives database and aligning the sequence with the highly conserved BAFF domains
of multiple species. The cDNA was amplified by Platinum® pfx DNA polymerase (Invitrogen).
PCR conditions were first melting at 94°C for 2 min, then 30 cycles of amplification: 15 sec
at 94°C, 30 sec at 55°C, and 1 min at 68°C. A final extension was at 72°C for 10 min. The
rabbit BR3 primers (Table 1A), were designed based on the ‘working draft’ sequence of
genomic DNA in Oryctolagus cuniculus clone LB1-145O11 (AC145540.1) positions 124760
to 123559 on the reverse strand, that appears to contain the sequence of the rabbit homolog of
human BR3. Touchdown PCR conditions were melting at 94°C for 30 sec, annealing and
elongation at 72°C for 3 min. The annealing temperature was dropped from 72°C at a rate of
2°C for five cycles to 68°C for the remaining 30 cycles. The rabbit BAFF PCR products were
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cloned into pCR-Blunt II-TOPO (Invitrogen), and sequenced from SP6 and T7 promoter sites
with SP6 and T7 primers. The rabbit BR3 PCR products were cloned into pCR 2.1 vector
(Invitrogen), and sequenced from the M13 reverse priming and T7 promoter sites with M13
reverse and T7 primers. At least three independent PCR cloning and sequencing experiments
were conducted to rule out errors introduced by PCR.

Construction, expression, and purification of recombinant rabbit BAFF protein
A construct was designed with a signal sequence of human Ig heavy chain (VH1), a (His)6 tag
at the N-terminus, followed by the cDNA sequence of the predicted rabbit BAFF extracellular
domain (amino acids 139-290) and a stop codon. The desired product was amplified by two-
rounds of PCR from the pCR-Blunt II-TOPO-BAFF construct using primers shown in Table
1B. After the second-round overlapping PCR, the specific DNA fragment was cloned by
KpnI/XhoI ligation into the mammalian cell expression vector pCEP4 (Invitrogen). Following
transient transfection, the (His)6-tagged rabbit BAFF protein was expressed and secreted by
HEK293F cells (Invitrogen) cultured in free-Style serum-free medium (Invitrogen).
Supernatants were collected after 3, 6 and 9 days of culture by centrifugation, filtered through
a 0.45-μm membrane, and concentrated tenfold using an ultrafiltration device with a 5-kDa
cutoff membrane (Millipore). The concentrate was loaded on a 1-ml HisTrap FF crude column
(GE Healthcare) and washed with 40-volumes of washing buffer (PBS containing 500 mM
NaCl and 30 mM imidazole, pH 7.4). The purified protein was eluted with elution buffer (PBS
containing 500 mM NaCl and 500 mM imidazole, pH 7.4), the imidazole was immediately
removed and the protein was concentrated using 5-kDa cut off centrifugal filters (Millipore).
The quality and quantity of purified rabbit recombinant BAFF protein ((His)6rBAFF) was
monitored by SDS-PAGE, Western blotting and A280 absorbance.

Synthesis of miniBR3
Biotinylated miniBR3 [26] was synthesized as the C-terminal amide on a 433A peptide
synthesizer (Applied Biosystems) using standard Fmoc (fluorenylmethoxy carbonyl)
chemistry[26] (Research Technology Branch, NIAID Peptide Synthesis and Analysis Unit).
MiniBR3 was biotinylated at the amino terminus while on the resin using NHS-LC-Biotin
reagent (Pierce). The peptide was cleaved from the resin using a mixture of 92% trifluoroacetic
acid (TFA; Aldrich), 5% thioanisole (Aldrich), and 3% 3,6-dioxa-1,8-octanedithiol (DODT,
Aldrich) for 2.5 hr at room temperature. After removal of TFA by rotary evaporation, the
peptide was precipitated by addition of methyl t-butyl ether (MTBA, Burdick & Jackson), then
purified by reversed-phase HPLC (acetonitrile/H2O/0.1% TFA). Peptide identity was
confirmed by MALDI-TOF mass spectrometry. Spontaneous folding of the fully unprotected
peptide in aqueous solution under redox control of reduced and oxidized glutathione was
carried out as described [27]. The progress of the oxidation was monitored by analytical HPLC,
and the final product was again purified by HPLC.

ELISA
Purified rabbit (His)6rBAFF protein was analyzed by sandwich-ELISA. Briefly, polystyrene
96-well plates (Corning) were coated with 50 μl/well of purified goat anti-human BAFF
polyclonal Ab (Antigenix America Inc.) at 2 μg/ml in bicarbonate buffer (pH 9.6) and incubated
overnight at 4 °C. All subsequent incubations were done for 1 h at room temperature. Plates
were washed six times with 1x TBS (pH 7.4) and blocked with 100 μl of SuperBlock T20 PBS
Blocking Buffer (Pierce). Wells were then incubated with serial tenfold-diluted BAFF protein
or with serial tenfold-diluted human BAFF recombinant protein as a control. After washing
six times with 1x TBS (pH 7.4), wells were further incubated with 50μl/well of 1/1000 diluted
rat anti-mouse BAFF mAb (clone 121809, R&D Systems), then detected by horse radish
peroxidase-(HRP)-conjugated goat anti-rat IgG secondary Ab (Jackson ImmunoResearch
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Laboratories). After washing as above, wells were developed with 3,3′, 5,5′-
tetramethylbenzidine (TMB) (INOVA Diagnostics) and the resulting OD read at 450 nm. In
order to detect the interaction between rabbit (His)6rBAFF and the synthesized rabbit miniBR3
homolog, rBAFF or control rabbit (His)6rCD5 [28] (600 ng/well) in carbonate buffer (pH 9.6)
were coated on plates at 4 °C overnight. After washing as above, the plates were blocked with
100 μl of blocking buffer (Pierce). Wells were incubated with serial twofold dilutions of biotin-
labeled miniBR3. After washing as above, wells were incubated with 40 mU/ml of streptavidin-
β-peroxidase (POD) conjugate (Roche), developed with TMB and the resulting OD read at 450
nm.

Western blotting
Purified expressed rabbit (His)6rBAFF and control human (hBAFF) (Antigenix) protein were
first analyzed using SDS-PAGE 4–15% Tris-HCl Ready gels (Bio-Rad, Hercules, CA) and
stained with Coomassie blue. Additional separate sets of SDS gels were electrophoretically
transferred onto nitrocellulose membranes and analyzed using cross-reacting biotin-conjugated
polyclonal goat anti-human BAFF Ab (Antigenix) and BM Chemiluminescence Blotting kit
according to the manufacturer’s instructions (Roche).

Detection of expression levels of BAFF and BR3 mRNA
Quantitative PCR to determine the relative expression levels of BAFF and BR3 mRNA was
performed on a 9700HT Sequence Detection System (Applied Biosystems). Synthesized
cDNA from isolated PBMCs, and subpopulations of PBMCs and splenocytes was directly used
as template for real time PCR using TaqMan 2x PCR Master Mix Reagents Kit (Applied
Biosystems). The total volume of the PCR was 25 μl and the PCR conditions were: 50°C for
2 min, 95°C for 10 min, followed by 40 cycles of 95°C, 15 s for denaturation and 60°C, 1 min
for annealing and extension. The primers and probes for BAFF and BR3 and the primers for
the control housekeeping gene Peptidylprolyl isomerase A (PPIA) are shown in Table 1C. Each
sample from three independent experiments was run in duplicate. The unit number showing
relative mRNA levels in each sample was determined as a value of mRNA normalized against
PPIA. Previous studies in our laboratory (Rai G et al., ms in preparation), showed that there
was very uniform expression of PPIA in PBMCs collected from rabbits at different time points
prior to and after immunization.

Flow cytometry
Purified cells were stained using standard flow cytometric methodology. Briefly, cells were
incubated on ice for 40 min with primary Ab before washing twice with cold PBS containing
1% FCS, followed by incubation with various secondary reagents or secondary Ab. A
biotinylated donkey anti-goat IgG Ab (Jackson ImmunoResearch Laboratories, Inc) was used
as secondary Ab to detect BR3 on cells stained with purified goat anti-human BR3 Ab (R&D
Systems) that cross-reacts with rabbit BR3. Biotinylated Abs were visualized by PE-conjugated
streptavidin (Jackson ImmunoResearch Laboratories, Inc). After washing, cells were analyzed
using a FACS-Calibur flow cytometer (BD Pharmingen) and FlowJo analytical software (Tree
Star). In order to test whether recombinant rabbit BAFF (rBAFF) would influence staining by
anti-BAFF, a fixed quantity of biotin-labeled goat anti-human BAFF polyclonal Ab (Antigenix
America Inc.) was incubated with different dosages of rBAFF protein on ice for 40 min, then
transferred to isolated PBMC for another 30 min on ice. In additional experiments, different
dosages of rBAFF were incubated with isolated rabbit PBMC on ice for 40 min. After washing,
a fixed amount of biotin-labeled goat anti-human BAFF pAb was added. Biotinylated Ab was
visualized by PE-conjugated streptavidin (Jackson ImmunoResearch Laboratories, Inc).
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Immunohistochemistry
Cryostat serial sections (7 μm) of rabbit appendix tissues were cut and stained with primary
reagents, mouse anti-human CD79a specific for the cytoplasmic domain that cross reacts with
rabbit (BD Pharmingen), mouse anti-rabbit CD5 mAb (clone 2B10) [28] followed by biotin-
conjugated goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, Inc.) or with cross-
reacting biotin-conjugated goat anti-human BAFF pAb (Antigenix). The sections were then
incubated with ABC-Alkaline phosphatase kit, labeled cells visualized by Vector blue alkaline
phosphatase substrate kit III, and counterstained with Nuclear Fast Red (Vector, Laboratories,
Inc.). In other experiments, spleen sections were first stained with mouse anti-rabbit CD14
(Antigenix America) or mouse anti-rabbit CD4 (Serotec) Ab followed by peroxidase-
conjugated goat anti-mouse IgG Ab (Jackson ImmunoResearch Laboratories, Inc.) and ABC-
Peroxidase kit. Labeled cells were visualized by ABC-DAB substrate kit III. Sections were
then stained with biotin-conjugated polyclonal goat anti-human BAFF Ab followed by ABC-
Alkaline phosphatase kit, labeled cells were visualized by Vector blue alkaline phosphatase
substrate kit III and counterstained with Nuclear Fast Red (Vector, Laboratories, Inc.).

Results
Rabbit BAFF and BR3 cloning and sequence comparison

The full-length rabbit BAFF, part of BR3 cDNA sequences obtained by reverse transcriptase
PCR and the conceptual amino acid sequences deduced from the cDNA sequences are shown
in Figures 1A and B and Figure 2. At the protein level, full-length rabbit BAFF is five amino
acids longer than human BAFF and there are two potential N-linked glycosylation sites
(asterisks in Figure 1A) similar to those found in human BAFF. Because rabbit BAFF protein
also contains a furin-like protease site (arrow in Figure 1A), rabbit BAFF cleaved from the
membrane is predicted to become a soluble protein with a molecular weight of ~17 kDa. The
deduced conceptual BAFF protein sequence we found differs by four amino acids from that
reported by Guan et al. [29] (L79>P; E187>V; S209>N; P269>L). There are two amino acids
not predicted by automated analysis of the low coverage trace archives of rabbit (2x) genome
sequence (AAGW01000000) in Ensembl (G118 and K186) (Figure 1B). The alignments of
full-length rabbit BAFF with BAFF sequences from human, mouse, and chicken are shown in
Figure 1C. Rabbit BAFF cDNA sequences are 84.7 %, 65.8%, and 56.6% identical to those of
human, mouse, and chicken, respectively. At the protein level, rabbit BAFF amino acid
sequences shown are 82.4%, 58.8%, and 47.7% identical to human, mouse, and chicken BAFF,
respectively.

By cDNA cloning, we confirmed the sequences in BAC clone LB1-145O11 (AC145540.1) at
the 5′-end and 3′-ends of rabbit BR3 that contain predicted exon 1 and the last exon of rabbit
BR3 (Figure 2A). The alignment of rabbit BR3 encoded protein sequence with corresponding
sequences from human, mouse, and chicken is shown in Figure 2B. Studies of human BR3
[26] reported that the BAFF binding site is contained within a 26-residue core domain (amino
acids 17-42) TPCVPAECFDLLVRHCVACGLLRTPR stabilized by two disulfide bonds
connecting Cys19/Cys32 and Cys24/Cys35. This miniBR3 was reported to not only adopt
essentially the same structure as the full-length protein in that region, but also to bind to BAFF
with the same affinity as full-length BR3 (~ 70 nM IC50). Our reported rabbit BR3 5′-end
sequence encodes a similar miniBR3 core domain and conserved Cys19, Cys32, Cys24, and
Cys35 residues (enclosed in a box in Figure 2). The rabbit BR3 5′-end sequence (Figure 2A)
has 60.8% amino acid identity to human, 42.6% to mouse, and 32.7% to chicken BR3 and 3′-
end sequence (Figure 2B) has 74.3% amino acid identity to human, 61.8% to mouse, and 26.7%
to chicken BR3.
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Characterization of recombinant BAFF and miniBR3
A diagram of the construct used for expression of the extracellular domain of rabbit BAFF is
shown in Figure 3A. Western blotting of purified rabbit (His)6rBAFF detected a specific band
at ~17 kDa (Figure 3B). The purified rBAFF was further analyzed by ELISA (Figure 3C). In
a sandwich ELISA, (left panel), purified rBAFF could be captured by goat anti-human BAFF
pAb and detected by rat anti-mouse mAb in a linear manner comparable to the human BAFF
control. In order to prove the specificity of BAFF and BR3 interaction, 96-well plates were
coated with (His)6rBAFF or control (His)6rCD5 overnight. Then serial two-fold dilutions of
biotin-labeled synthesized rabbit miniBR3 peptide were added and detected by streptavidin-
peroxidase peptide (right panel). The data clearly show that our synthesized miniBR3 peptide
bound to (His)6rBAFF in a dose-dependent manner and not to control (His)6rCD5 at
concentrations between 0.015–0.030 and 3.75 μg/ml although at higher excess concentrations,
miniBR3 binding was non-specific.

Immunohistochemical detection of BAFF protein in B-cell areas of developing neonatal
rabbit appendix

We stained sections from frozen 4-, 8- and 10-day-old rabbit appendix with mouse anti-CD79a
mAb (Figure 4, left panels), goat anti-human BAFF pAb (middle) or mouse anti-rabbit CD5
mAb (right). We previously reported that B cells exhibiting VHa allotype develop later in some
follicles than in the others in parallel with CD5+ cells.30 Here we show that BAFF+ and
CD5+ cells also appear to develop in parallel. Particularly at day 8, some follicles that already
show presence of cells of the B-lineage detected by anti-CD79a, have less evident staining by
both anti-BAFF and anti-CD5 (arrows in day 8 panels).

Detection of BAFF and BR3 protein on the surface of cell populations in peripheral blood
and spleen by flow cytometry

We stained for BAFF on various cell populations to further determine which cell subsets in
PBMC and spleen had detectable surface BAFF using cross-reactive anti-human reagents. In
peripheral blood (Figure 5A upper panels), a high percentage of IgM+ B cells (~91%),
monocytes (~75% of CD14+ cells) and some IgG+ B cells had detectable surface BAFF.
Although the proportions of CD4+ T cells recovered from peripheral blood were less than 5%
of total PBMC, we also observed that some CD4+ T cells stained positively for BAFF protein
on their cell surface. Estimates of percentages of BAFF positive cells in the gated populations
of PBMC that were IgG+ or CD4+ and all cells from spleen cannot be made accurately because
fluorescent intensities were low when using these cross-reactive reagents. We lacked the
necessary reagents to conduct BR3 double staining of B cells but detected a large proportion
of CD14+ monocytes that expressed BR3 (Figure 5E, left) and BR3 can also be detected on
some CD4+ T cells in peripheral blood (Figure 5E, right).

Recombinant BAFF binds to PBMC
In the experiments shown in Figure 5B (left panel), we first incubated a fixed amount of biotin-
labeled goat anti-human BAFF pAb with different dosages of rBAFF on ice for 40 min, then
transferred to isolated PBMC for another 30 min. Instead of inhibiting the binding of goat anti-
human BAFF Ab to membrane associated BAFF, the staining intensity of BAFF was
significantly increased as compared to no addition of rBAFF or addition of isotype control
(Figure 5B, left panel). In the same experiment, addition of recombinant rabbit (His)6CD5 as
a negative control, had no effect (Figure 5C). We further investigated the observation that
addition of rBAFF increased anti-BAFF binding to the cell membrane. PBMC were incubated
with different dosages of rBAFF and after washing, a fixed amount of biotin-labeled goat anti-
human BAFF Ab was added. Even after the washing step, BAFF staining intensity was
enhanced by addition of rabbit (His)6rBAFF in a dose-dependent manner Figure 5B (right
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panel). Figure 5D shows the concentration dependent increases in median fluorescence
intensities (MFI) under the two conditions compared to flat MFI for all concentrations of
control (His)6rCD5. These results suggest that the BAFF detected on some PBMC could be
bound to surface receptors rather than synthesized and expressed on the cell surface.

Measurement of rabbit BAFF and BR3 expression in mRNA extracted from normal PBMC and
purified subpopulations

To further investigate whether the BAFF we detected by flow cytometry and
immunohistochemistry was produced by these cells or simply complexed to its receptors, we
purified IgM+ B cells and macrophage/monocytes (CD14+ cells) from PBMC and spleen and
analyzed expression of BAFF and BR3 mRNA by real-time PCR. Figures 6A and B show the
relative expression levels of BAFF and BR3 mRNA in PBMCs of 23 normal rabbits. The mean
value is shown as the last bar in each graph. BAFF and BR3 mRNA were detected in PBMC
from all normal rabbits and the relative expression levels of BR3 mRNA are ~20 fold higher
than levels of BAFF mRNA (note the 20 fold difference in scales of panels A and B). Figures
6C and D show the relative expression levels of BAFF and BR3 mRNA in cells positive or
negative for IgM and CD14 as well as splenic CD4+ T cells. From spleen, BR3 mRNA was
highly enriched in the IgM+ B cell population, and was also detectable in CD4+ T cells, and
CD14+ macrophage/monocytes. Levels of BAFF message in the identical samples (splenic
mRNA from IgM+ B cells, CD4+ T cells, CD14+ macrophage/monocytes) were very low or
below the limits of detection. From PBL, BR3 message was again found enriched in IgM+ B
cells, and BAFF message was undetectable in the identical samples. BAFF mRNA was
relatively abundant in the IgM−CD14+ cell fraction, and lower levels were present levels in
IgM− CD14− cells. Low levels of BR3 mRNAs were found within the populations contained
in the IgM− CD14− cell fraction, but as this is likely to be a heterogeneous group of cells, BAFF
and BR3 mRNA may or may not be produced by the same cell type.

Detect of BAFF protein on cells in normal spleen by immunohistochemistry
Spleens from normal rabbits were first stained with biotin-labeled goat anti-human BAFF pAb
(Figure 7A). In normal rabbit spleen, macrophages usually surround follicles that are mainly
composed of CD5+ B cells (Figure 7B). Most cells both within and outside of follicles were
BAFF+ (Figure 7B). Based on the structure of rabbit spleen shown in Figure 7B, BAFF is
associated with most IgM+ B cells as well as with macrophage/monocytes in spleen. We further
stained the spleen with mouse anti-rabbit CD14 (Figure 7C) and anti-CD4 (Figure 7D). Figures
7C and D showed that in normal spleen many CD14+ cells and a few CD4+ T cells also have
detectable surface BAFF. Arrows in the high magnification panels point to double-stained cells
where BAFF positive cells are stained blue. Double stained CD14 positive cells also appear
brown and CD4 positive cells dark red. This supports our flow cytometry data that BAFF could
be detected on the surface of both CD14+ and CD4+ T cells.

Discussion
BAFF and its receptors are important for B-cell homeostasis. Discovery of the BAFF system
has provided immunologists with new insight into the mechanisms that control B-cell survival
during maturation in the periphery. Although BAFF is a beneficial factor that promotes B-cell
survival and enhances immune responses, excessive BAFF production seems to be able to
subvert B-cell tolerance. Thus BAFF and its receptor expression must be carefully regulated,
and decoy receptors based on TACI, BCMA, and BR3, or antibodies directly against BAFF,
are potential therapeutics against B cell-mediated autoimmune diseases (reviewed in [31]). For
studies conducted in rabbit models of infectious and autoimmune diseases, and for vaccine
research, additional information about the roles of BAFF and its receptors in B-cell
development and homeostasis in rabbits is needed.
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A recent report of a rabbit BAFF cDNA sequence and distribution of mRNA, included no
information about protein expression and distribution of rabbit BAFF and BR3 in
hematopoietic cells [29]. The four amino acid replacements they reported (Figure 1B) may be
due to differences between the Chinese (Jiangsu Academy of Agricultural Sciences) strain and
the NIAID rabbit. However a third unrelated rabbit of the Thorbecke partially inbred strain
was the donor of DNA for the Rabbit Genome sequence. This rabbit’s BAFF DNA sequence
appears to encode amino acids identical to those we found.

Although only the 3′ end of the BR3 sequence was in the archives of the 2x sequence and
assembly of the rabbit genome, we did find sequences corresponding to the entire putative
rabbit BR3 homolog of human BR3 in the trace archive of the deeper coverage in progress to
generate a high quality draft sequence. These sequences, although not available as an assembly
yet, correspond well to those in BAC clone LB1-145O11 (AC145540.1) from a fourth unrelated
rabbit. We documented (Figure 2B) that exon1 encoded a functional BAFF binding site
(minBR3) as previously described for human BR3 [26] by ELISA using a biotin-labeled
synthesized rabbit homolog of the miniBR3 peptide. Specific dose dependent binding to
purified rabbit (His)6rBAFF was observed although non-specific binding to control
(His)6rCD5 occurred at high concentrations where binding to rBAFF also increased (Figure
3C).

When we tried to clone rabbit BR3 cDNA and obtain the full cDNA sequence with the primers
described here, we consistently obtained sequence for exon 1 and the last exon, but the
sequences between those two exons were of variable length. The explanation may be alternative
splicing or deletion during cloning due to repetitive low complexity sequences in the regions
predicted to encode internal exon(s) in the genomic DNA sequence of the BAC clone. Different
internal exon structures and/or alternatively spliced forms of BR3 are found in Ensembl Release
50, Ensembl Human AlignSliceView comparisons of several species including mouse (Mus
musculus) and dog (Canis familiaris) (at:
http://www.ensembl.org/Homo_sapiens/alignsliceview?
l=22:40650991-40652728;align=opt_align_342).

Most studies of BAFF have been conducted in mouse and human, and less is known about the
functional roles of BAFF and its receptors in other species. The early development of B-cell
pre-immune Ab repertoire in rabbit GALT [23] has similarity to that described in chicken
[32]. It was recently suggested that chicken BAFF is mainly produced by B cells both in
peripheral lymphoid organs and in the bursa of Fabricius, the chicken’s unique primary
lymphoid organ [33]. The rabbit appendix has structural and functional homology to the
chicken bursa [32]. Our finding of BAFF in appendix of 4–10-day old rabbits suggests that
BAFF functions during the neonatal period when B-cell expansion is occurring rapidly.
Because BAFF is detected as early as 4-days after birth, before we detect expression of rabbit
Activation Induced Deaminase (AID) protein [34] and IgA [32] in developing appendix, BAFF
may initially support B-cell expansion and survival. The complexities of B-cell expansion, pre-
immune repertoire development, T-independent, but AID-dependent gene conversion,-somatic
hypermutation and -class-switch recombination in the gut mucosal environment make it
difficult to predict what additional roles BAFF may play.

BAFF is mainly but not exclusively, expressed by cells of myeloid origin [5]. Recent studies
have shown other cell types may also express BAFF under some conditions [6–12,33]. These
reports prompted us to first explore the expression pattern of BAFF and BR3 in peripheral cells
of blood and spleen from normal unstimulated rabbits. We used anti-human or mouse BAFF
and BR3 antibodies that cross-react with rabbit BAFF and BR3 because of lack of
commercially available antibodies specific for rabbit BAFF and BR3. This is the probable
explanation for the relatively low fluorescent intensities of BAFF and BR3 staining in our flow
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cytometry analyses. We were able to purify subpopulations of cells from PBMC and spleen
and investigate BAFF and BR3 mRNA expression levels in normal rabbits. We found no
evidence that BAFF message was present in non-activated IgM+ B cells. The BAFF detected
on these cells appears to be present bound to BAFF receptors. Normal human peripheral blood
B cells and tonsillar naïve and memory B cells were also found to have pre-bound BAFF
although tonsillar activated B cells did not [35]. Occupancy of BR3 by BAFF on B-cells from
Systemic Lupus Erythematosus (SLE) patients was observed to correlate with disease activity
[36].

Our laboratory and others have described rabbit models of SLE. Autoantibody production and
peripheral white blood cell activation is observed after immunization with branched Multiple
Antigen Peptides [24,25,37]. A report of our studies of potential immunopathological roles of
BAFF and its receptors in rabbits that produced lupus-like autoantibodies is in preparation.
The identification of rabbit BAFF and BR3 cDNA and protein sequences will not only further
our understanding of BAFF and its receptors in rabbit models of SLE, but permit investigations
of their roles during normal immune responses, and generation of better specific antibodies in
rabbits.
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Abbreviations
Ab  

Antibody

AID  
Activation Induced Deaminase

BAFF  
B-Cell Activating Factor

BR3  
BAFF receptor

GALT  
gut-associated lymphoid tissue

HRP  
horse radish peroxidase

mAb  
monoclonal antibody

MFI  
median fluorescent intensity (or intensities)

pAb  
polyclonal antibody
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PBMC  
peripheral blood mononuclear cells

PE  
phycoerythrin

POD  
streptavidin-β-peroxidase conjugate

rBAFF  
recombinant BAFF

SLE  
Systemic Lupus Erythematosus

TBS  
Tris buffered saline

TMB  
5,5′-tetramethylbenzidine

TNF  
Tumor Necrosis Factor
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Figure 1.
BAFF Sequences. (A) DNA and deduced protein sequences of rabbit BAFF. The predicted
transmembrane domain (line), the potential N-glycosylation sites (stars), and the predicted
natural processing site of rabbit BAFF (arrow) are indicated. Lowercase letters at the 3′ and 5′
ends indicate the location of the primer sequences used for initial PCR amplification. Our BAFF
sequence was submitted to GenBank and given accession number EU982819. (B) Comparison
of the predicted rabbit BAFF protein sequences from our study (Yang), reported paper (Guan)
[29], and Ensembl (Ensembl). Identical residues are represented in black boxes. (C)
Comparison of the BAFF protein sequences among different species. Identical residues are
represented in shaded areas.
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Figure 2.
BR3 Sequences. (A) DNA and deduced protein sequences of rabbit BR3 5′-end (BAC
AC145540.1 124760-124625 and 124437-124421 on reverse strand) and 3′-end (BAC
AC145540.1 124150-124126 and 123740-123559 on reverse strand). Lowercase letters at the
3′ and 5′ ends indicate the location of the primer sequences used for initial PCR amplification.
(B) Comparisons of rabbit BR3 protein sequences with corresponding sequences from human,
mouse and chicken. Identical residues are represented in shaded areas. Red box indicates the
amino acid sequences of miniBR3 homologs among different species. Amino acid numbers
are shown based on the human protein sequence (GenBank accession AAK91826.1 GI:
15208475) [17].
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Figure 3.
Characterization of recombinant rabbit BAFF and a synthetic rabbit miniBR3 homolog. (A)
Schematic representation of BAFF expression construct. The construct encodes a human Ig
heavy chain N-terminal signal peptide, a (His)6 tag, and the soluble recombinant extracellular
domain of BAFF starting at Ala 139 (ECD). The construct was cloned by KpnI/XhoI ligation
into the mammalian cell expression vector pCEP4. (B) Western blotting of purified
recombinant rabbit BAFF (rBAFF). Recombinant human BAFF (hBAFF) was used as positive
control for the detection of rabbit BAFF. (C) Left panel. For sandwich-ELISA, a 96-well plate
was coated with goat-anti-human BAFF pAb overnight, then serial tenfold dilutions of
recombinant rabbit BAFF were added. Rat-anti-mouse BAFF mAb was added and detected by
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HRP-conjugated goat anti-rat pAb. Recombinant human BAFF (hBAFF) was used as positive
control. (C) Right panel. ELISA studies of the specificity of BAFF and BR3 interaction. In an
initial experiment, (Exp 1), 96-well plates were coated with (His)6rBAFF overnight. In a
second experiment, (Exp 2), plates were coated with (His)6rBAFF or control (His)6rCD5. In
both experiments, serial two-fold dilutions of biotin-labeled rabbit miniBR3 homolog were
then added and detected by streptavidin-peroxidase. Data shown have background OD 450
subtracted. The background was below 0.1.
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Figure 4.
Immunohistochemical staining of serial sections from frozen 4, 8 and 10-day-old rabbit
appendix. Serial sections were incubated with mouse anti-CD79a or mouse anti-rabbit CD5
mAbs followed by biotin-conjugated goat anti-mouse IgG and ABC-Alkaline phosphatase kit
or with biotin-conjugated polyclonal goat anti-human BAFF Ab. Labeled cells visualized by
Vector blue alkaline phosphatase substrate kit III and counterstained with Nuclear Fast Red.
Positive cells are stained blue. Note that BAFF+ and CD5+ cells develop in some follicles but
not in the others (arrows). Scale bar represents 200 μm.
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Figure 5.
Rabbit BAFF and BR3 protein detected on the surfaces of PBMC and spleen. (A)
Representative histograms showing BAFF protein on the surfaces of gated cell populations
from PBMC (upper) and spleen (bottom). Data shown represent one of at least three rabbits
studied. (B) Interaction of recombinant rabbit BAFF and BR3 on the cell membrane. (B left
panel) A fixed quantity of biotin-labeled goat anti-human BAFF pAb was incubated with
different dosages of recombinant BAFF protein on ice for 40 min, then directly transferred to
isolated rabbit PBMC for further incubation on ice for 30 min. In the same experiment, addition
of recombinant rabbit (His)6CD5 [28] as a negative control, had no effect (C). (B right panel)
Different dosages of recombinant rabbit BAFF were incubated with isolated rabbit PBMC on
ice for 40 min. After washing, a fixed amount of biotin-labeled goat anti-human BAFF pAb
was added. (D) BAFF staining intensity was enhanced by addition of rabbit (His)6rBAFF in a
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dose-dependent manner. (E) BR3 protein on the surfaces of CD14+ cells and CD4+ T cells
from PBMC. Data shown represent one of at least three rabbits studied.
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Figure 6.
Results of quantitative real time PCR analyses. Q-PCR detecting BAFF (A) and BR3 (B)
mRNA levels in Ab (PBMC, n=23) and isolated cell populations of normal rabbits (C, D).
Isolated IgM−CD14+ cells and IgM−CD14− cells from peripheral blood are enriched for BAFF
mRNA compared to total PBMC. Isolated IgM+ cells from peripheral blood and spleen are
enriched for BR3 mRNA compared to total PBMC.
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Figure 7.
BAFF protein is found associated with B cells and monocytes in normal spleen. Detection of
BAFF and other markers by immunohistochemistry. (A) Rabbit spleen section stained with
biotin-conjugated polyclonal goat anti-human BAFF Ab followed by ABC-Alkaline
phosphatase kit. Labeled cells were visualized by Vector blue alkaline phosphatase substrate
kit III and counterstained with Nuclear Fast Red. BAFF-positive cells (blue) in follicles
surrounding the central arteriole (CA) and splenic lymphocytes in red pulp are also stained
blue. (B) Rabbit B cells (CD5+) detected by mouse anti-rabbit CD5 (blue), and macrophages
surrounding follicles detected by mouse anti-rabbit macrophage (DAKO clone RAM11)
(brown). (C) and (D). Double staining for rabbit BAFF in blue and CD14 (C) or CD4 (D) in
brown. Prior to BAFF staining, tissue sections were first incubated with mouse anti-CD14 (C)
or mouse anti-CD4 monoclonal Ab (D) followed by peroxidase-conjugated goat anti-mouse
IgG. Labeled cells (brown) were visualized by ABC-DAB substrate kit III. Sections were then
stained with biotin-conjugated polyclonal goat anti-human BAFF followed by ABC-Alkaline
phosphatase kit. Labeled cells were visualized by Vector blue alkaline phosphatase substrate
kit III and counterstained with Nuclear Fast Red. Scale bar for (A, B, C and D) represents 100
μm, and 10 μm in high magnification images. Boxes show regions displayed at high
magnification captured from C and D in order from left to right. Arrows in high magnification
panels point to examples of double-stained cells.
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Table 1
Primers and probes for cloning, expression and quantitation of rabbit BAFF and
BR3

A. Primers for cloning rabbit BAFF and BR3

Name Sequence

BAFF forward 5′ ATGGATGACTCCACGGAAAGGGA 3′

BAFF reverse 5′ TCACAACAGCTTCAGTGCACCGA 3′

BR3 forward 5′ ATGAGGCGAGGAGGACGCA 3′

BR3 reverse 5′ CTACTGTTGCTCAGGGCCGGCCGTCTT 3′

B. Primers for construction of pCEP4-BAFF mammalian expression vectora

P1 5′ AGCAGCCACAGGAGCTCACTCCGAGCACCATCACCATCACCATGCCGTTGAGGGTGTGGAAGA 3′

P2 5′ GggtaccATGGACTGGACCTGGAGGATCCTCTTCTTGGTGGCAGCAGCCACAGGAGCTCACT 3′

P3 5′ GAGActcgagTCACAACAGCTTCAGTGCA 3′

C. Primers and probes for detection of rabbit BAFF and BR3 mRNA by Q-PCR

BAFF forward 5′ TGGTCAAAGAAACTCGGGTACTT 3′

BAFF reverse 5′ TGTTTTGAATGCAACGGAACA 3′

BAFF probe 5′ TCATATACGGTCAGGTCTT3′

BR3 forward 5′ CGGGACGGAGACCAGGA 3′

BR3 reverse 5′ TGAGTTGGGAGCTGTGGCA 3′

BR3 probe 5′ AGTCCCTGGATGATGTCA 3′

PPIA forward 5′ CAACACAAATGGCTCCCAGTT 3′

PPIA reverse 5′ CATGGCTTCCACAATGCTCAT 3′

PPIA probe 5′ ATCTGCACTGCCAAGAC 3′

a
Sequences in lower case indicate KpnI and XhoI sites. Sequences in italics indicate signal peptide, underlined (His)6 tag, in bold from rabbit BAFF

extracellular domain. Sequences in red are overlapping segment for first- and second-round PCR.
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