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Pre–B Cell Colony-Enhancing Factor/Visfatin, a New Marker of
Inflammation in Rheumatoid Arthritis With

Proinflammatory and Matrix-Degrading Activities

Fabia Brentano,1 Olivier Schorr,1 Caroline Ospelt,1 Joanna Stanczyk,1 Renate E. Gay,2

Steffen Gay,2 and Diego Kyburz2

Objective. To study possible mechanisms that
mediate induction of the recently described adipocyto-
kine pre–B cell colony-enhancing factor (PBEF) in
joints of patients with rheumatoid arthritis (RA),
and to analyze whether levels of PBEF correlate with
disease severity and whether PBEF itself has the poten-
tial to act as a proinflammatory and destructive medi-
ator in RA.

Methods. RA synovial fibroblasts (RASFs) and
monocytes were stimulated with Toll-like receptor
(TLR) ligands, cytokines, and recombinant human
PBEF or were transfected with PBEF expression con-
structs or with PBEF-specific small interfering RNA.
Production of interleukin-6 (IL-6), IL-8, and tumor
necrosis factor � (TNF�) was measured by enzyme-
linked immunosorbent assay, and expression of matrix
metalloproteinases (MMPs) was assessed by real-time
polymerase chain reaction. PBEF expression in synovial
tissue, synovial fluid, serum, and SFs was assessed by
immunohistochemistry, in situ hybridization, Western
blotting, and enzyme immunoassays.

Results. In RASFs, PBEF was up-regulated by
TLR ligands and cytokines that are characteristically
present in the joints of patients with RA. In synovial
tissue, RASFs were the major PBEF-expressing cells. A

predominance of PBEF was found in the synovial lining
layer and at sites of invasion into cartilage. Levels of
PBEF in serum and synovial fluid correlated with the
degree of inflammation and clinical disease activity.
Moreover, PBEF itself activated the transcription fac-
tors NF-kB and activator protein 1 and induced IL-6,
IL-8, MMP-1, and MMP-3 in RASFs as well as IL-6 and
TNF� in monocytes. PBEF knockdown in RASFs signif-
icantly inhibited basal and TLR ligand–induced produc-
tion of IL-6, IL-8, MMP-1, and MMP-3.

Conclusion. Our findings establish PBEF as a
proinflammatory and destructive mediator of joint in-
flammation in RA and identify PBEF as a potential
therapeutic target.

Rheumatoid arthritis (RA) is a chronic inflam-
matory disease that ultimately leads to the progressive
destruction of joint cartilage and bone. Synovial fibro-
blasts (SFs) and inflammatory cells such as macrophages
and T cells play key roles in this process. There is
mounting evidence for an important function of innate
immunity in the pathogenesis of RA (1). Activation of
cells by microbial components and also by endogenous
molecules via pattern recognition receptors, such as
Toll-like receptors (TLRs), results in the production of a
variety of cytokines, chemokines, and matrix metallopro-
teinases (MMPs), some of which are characteristically
observed in patients with RA (2). We previously re-
ported induction in SFs of the proinflammatory cytokine
interleukin-6 (IL-6) and the chemokines IL-8, granulo-
cyte chemotactic protein 2, macrophage chemotactic
protein 2, and RANTES by the TLR-2 ligand bacterial
peptidoglycan (3,4). In a subsequent study, we demon-
strated overexpression of TLR-3 in RA synovial tissue
and established that RNA released by necrotic synovial
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fluid cells can act as endogenous ligand for TLR-3 on
cultured RASFs (5). In the current study, we performed
subtractive hybridization experiments with untreated
and poly(I-C)–treated RASFs to investigate novel TLR-
3–dependent gene regulation. We observed that pre–B
cell colony-enhancing factor (PBEF) was up-regulated
by the TLR-3 ligand poly(I-C).

PBEF was originally cloned from a complemen-
tary DNA (cDNA) library of activated human peri-
pheral blood mononuclear cells (PBMCs) and identified
as a secreted protein that enhances the effect of stem
cell factor and IL-7 on pre–B cell colony formation (6).
Later, it became evident that PBEF is a multifunctional
protein, having nicotinamide phosphoribosyltransferase,
adipokine, and cytokine activities. In smooth muscle
cells (SMCs), intracellularly located PBEF regulates
NAD�-dependent reactions and promotes the acquisi-
tion of a mature SMC phenotype (7,8). Fukuhara et al
reported the expression of PBEF in visceral fat adipo-
cytes and noted that its insulin-like effect is dependent
on binding to the insulin receptor (9). Because of its
presence in visceral fat, PBEF is also referred to as
visfatin. Furthermore, antiapoptotic effects of PBEF are
documented in neutrophils (10). Regarding cytokine
activities, PBEF induces IL-6 and IL-8 in amniotic cells
(11), whereas down-regulation of PBEF results in inhi-
bition of the thrombin-stimulated increase of IL-8 secre-
tion in pulmonary artery endothelial cells (12).

Levels of PBEF in serum and synovial fluid are
elevated in patients with RA (13,14). Furthermore,
Nowell et al (13) demonstrated increased synovial ex-
pression of PBEF in antigen-induced arthritis in mice.
The up-regulation of PBEF was shown to be regulated
by IL-6 trans-signaling via STAT-3. However, the role of
PBEF in joint inflammation remains to be determined.

We investigated whether PBEF is involved in the
inflammatory and destructive processes in the rheuma-
toid joint. The expression of PBEF was examined in
synovial tissue, serum, and synovial fluid obtained from
patients with RA. We showed that levels of PBEF
correlate with the degree of inflammation and clinical
disease activity in patients with RA. Stimulation of
RASFs and primary monocytes with recombinant hu-
man PBEF (rHuPBEF), as well as PBEF overexpression
and knockdown experiments, revealed that PBEF acts as
a proinflammatory mediator by triggering the release of
cytokines, chemokines, and destructive enzymes that are
characteristically observed in the inflamed joints of
patients with RA. Thus, our findings indicate that PBEF
is a marker of inflammation, and that PBEF itself

promotes inflammatory and destructive processes in the
joints of patients with RA.

PATIENTS AND METHODS
Patients and tissue preparation. Synovial tissue spec-

imens were obtained during synovectomy or joint replacement
surgery from patients with RA and patients with osteoarthritis
(OA), after informed consent had been obtained (Department
of Orthopedic Surgery, Schulthess Clinic, Zurich, Switzer-
land). RASFs and OASFs were isolated from synovial tissue,
digested by collagenase, and used after passages 4–8, as
previously described (5). To obtain tissue sections, synovial
specimens were fixed in paraformaldehyde and embedded in
paraffin. Sera and synovial fluid from patients with RA and
patients with OA were collected, centrifuged, and stored at
�80°C until analyzed. Before analysis, synovial fluid samples
were pretreated for 1 hour at 37°C with 1 mg/ml of hyaluron-
idase (Fluka, Buchs, Switzerland). All patients with RA ful-
filled the American College of Rheumatology (formerly, the
American Rheumatism Association) criteria for the classifica-
tion of RA (15).

Stimulation assays. RASFs and OASFs were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Basel, Switzerland) supplemented with 10% fetal calf serum
(FCS) and stimulated with the following agents: poly(I-C)
(20 �g/ml; Invitrogen, San Diego, CA), lipopolysaccharide
(LPS) from Escherichia coli (100 ng/ml; List Biological Labo-
ratories, Campbell, CA), palmitoyl-3-cysteine-serine-lysine-4
(bacterial lipoprotein [bLP]) (300 ng/ml; Invitrogen), IL-1�
(1 ng/ml; R&D Systems, Abington, UK,) and TNF� (10 ng/ml;
R&D Systems).

PBMCs were isolated by standard Ficoll density-
gradient centrifugation from blood samples from healthy do-
nors. CD14� monocytes were separated using CD14 MACS
MicroBeads according to the manufacturer’s protocol (Milte-
nyi Biotec, Gladbach, Germany). The purity of the CD14� cell
fraction, as assessed by flow cytometry, was consistently �90%.
CD14� cells were cultured in RPMI 1640 supplemented with
5% FCS. RASFs and CD14� cells were stimulated with
rHuPBEF (Phoenix Pharmaceuticals, Belmont, CA) in the
presence of polymyxin B sulfate (5 �g/ml) (Sigma, Basel,
Switzerland).

Real-time polymerase chain reaction (PCR). Quanti-
fication of specific PBEF and MMP messenger RNA (mRNA)
was performed by SYBR Green and TaqMan real-time PCR,
respectively. The primer sequences used are as follows: for
PBEF, forward 5�-AATACCCACCCAACACAAGC-3�, re-
verse 5�-TCACGGCATTCAAAGTAGGA-3�; for MMP-1,
forward 5�-TGTGGACCATGCCATTGAGA-3�, reverse 5�-
TCTGCTTGACCCTCAGAGACC-3�, probe 5�-AGCCT-
TCAAACTCTGGAGTAATGTCACACC-3�; for MMP-3,
forward 5�-GGGCCATCAGAGGAAATGAG-3�, reverse 5�-
CACGGTTGGAGGGAAACCTA-3�, probe 5�-AGCTGG-
ATACCCAAGAGGCATCCACAC-3�. The endogenous con-
trol 18S cDNA was used for correcting the results with the
comparative threshold cycle method for relative quantification,
as described by the manufacturer.

In situ hybridization. PBEF sense and PBEF antisense
probes for in situ hybridization were prepared according to
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methods previously described (16). In situ hybridization
was performed using the method described by Kriegsmann
et al (17).

Immunohistochemical analysis. Synovial tissue sec-
tions were deparaffinized and pretreated with trypsin (1 mg/
ml; Sigma). After blocking endogenous peroxidase and non-
specific binding, slides were incubated overnight at 4°C with
anti-human PBEF antibodies (5 �g/ml; Bethyl Laboratories,
Montgomery, TX). Sections were then incubated with biotin-
ylated goat anti-rabbit IgG (Jackson ImmunoResearch, So-
ham, UK) in Tris buffered saline with 3% bovine serum
albumin for 30 minutes at room temperature, followed by
incubation for 30 minutes with horseradish peroxidase (HRP)–
conjugated streptavidin complex at room tempera-
ture (ABC kit; Vector, Peterborough, UK). HRP-labeled cells
were visualized using aminoethylcarbazole substrate–chromogen
(Dako, Glostrup, Denmark). Nuclei were counterstained
with hematoxylin. To identify subsets of synovial cells
expressing PBEF, slides were additionally incubated with
monoclonal mouse anti-human CD68 or anti-human vimentin
antibodies (2 �g/ml; Dako), respectively. Bound mouse pri-
mary antibodies were detected using alkaline phosphatase–
conjugated goat anti-mouse IgG antibodies (Jackson Immuno-
Research). Alkaline phosphatase–labeled cells were visualized
using Fast Blue B reagent. In control experiments, rabbit IgG
and isotype-matched mouse IgG were used instead of the
primary antibodies.

Western blotting. Protein preparation from superna-
tants. Cultured SFs were grown in T75 culture flasks (7 � 105

cells/flask) in DMEM supplemented with 0.5% FCS and
subsequently were stimulated for 24 hours with poly(I-C) or
were left untreated. Supernatants were collected and concen-
trated using an Amicon Ultra-15 centrifugal filter device
(Millipore, Billerica, MA).

Protein preparation from tissue. Protein was extracted
by resuspending the crushed snap-frozen tissue in extraction
buffer, with subsequent aceton precipitation overnight at
�20°C. Proteins were separated on 10% sodium dodecyl
sulfate–polyacrylamide gels and blotted on Protran nitro-
cellulose transfer membranes (Schleicher & Schuell, Dassel,
Germany). Membranes were probed with anti-PBEF anti-
bodies (0.5 �g/ml; Bethyl Laboratories) and detected with
HRP-conjugated secondary antibodies, using an enhanced
chemiluminescence Western blotting detection system (Amer-
sham Pharmacia Biotech, Little Chalfont, UK). Blots were
stripped and reprobed with monoclonal mouse anti-human
�-tubulin antibodies (Sigma) to confirm similar loading of
the gels.

Construction of PBEF plasmids. Total RNA from
RASFs was extracted, and 1 �g RNA was transcribed to
first-strand cDNA using the Moloney murine leukemia virus
reverse transcriptase system (Invitrogen). The cDNA was
amplified with the upstream primer, 5�-GCGGGATCCGC-
GATGATGTGCTGCTTCCAGTTC-3�, containing a Bam H1
restriction site and a Kozak sequence for eukaryotic transla-
tion. The downstream primer was 5�-CCGCTCGAGCGGC-
CCGAGATGAATCCTGCG-3�, containing an Xho I restric-
tion site. Full-length PBEF fragments, including the signal
sequence and fragments encoding the mature PBEF peptide

sequence, were cloned into pcDNA3.1/myc-His vector. The
recombinant plasmids were transfected into DH5�-competent
cells (Invitrogen), and colonies were identified by restriction
enzyme digestion and sequencing.

Transfection of PBEF small interfering RNA (siRNA)
into RASFs. PBEF stealth siRNAs were designed based on the
human PBEF cDNA reference sequence (NM_005746.1), us-
ing the BLOCK-iT RNAi Designer (Invitrogen). Stealth106
siRNA PBEF 5�-AAUAAACUUUGCUUGUGUUGGGUGG-
3� and stealth 106 scrambled PBEF 5�-CCACAACAACAA-
ACGUUGAUCCAUU-3� were used. One day before trans-
fection, RASFs were plated in DMEM/10% FCS without
antibiotics, in a 24-well plate (30,000 RASFs per well). For
each transfection, 50 nM PBEF stealth siRNA was diluted in
50 �l Opti-MEM I (Invitrogen) without serum and mixed with
1 �l Lipofectamine 2000 in 50 �l Opti-MEM I. After incuba-
tion for 20 minutes at room temperature, PBEF stealth
siRNA–Lipofectamine 2000 complexes were added to each
well. Transfected cells were further incubated at 37°C for 48
hours before culture medium was replaced and RASFs were
used for further experiments.

Enzyme-linked immunoabsorbant assay (ELISA) and
enzyme immunoassay (EIA). IL-6 and TNF� proteins were
detected by ELISA with the OptEIA Kit (BD PharMingen,
San Diego, CA), and PBEF/visfatin protein was detected using
a human EIA kit (Phoenix Pharmaceuticals), according to the
manufacturer’s instructions. Absorption was measured at 450
nm, and data were analyzed using Revelation version 4.22
software (Dynex Technologies, Denkendorf, Germany).

Electrophoretic mobility shift assay (EMSA). For
EMSA, RASFs were cultured to 80–90% confluency in culture
flasks (75 cm2) and incubated with 100 ng/ml of rHuPBEF.
Cells were collected by scratching in ice-cold phosphate buff-
ered saline, at different time points (0, 10, 30, and 90 minutes
after stimulation). DNA-binding proteins were extracted from
RASFs according to the method described by Andrews and
Faller, which utilizes hypotonic lysis followed by high-salt
extraction of nuclei (18). The binding EMSA was carried out
using a Panomics EMSA Gel Shift kit, according to the
manufacturer’s instructions (Panomics, Redwood City, CA).

Statistical analysis. The Mann-Whitney U test,
Wilcoxon’s test, and the nonparametric Spearman’s correla-
tion were used, as appropriate, for statistical evaluation of the
data by SPSS software (SPSS, Chicago, IL). P values less than
0.05 were considered significant.

RESULTS

Induction of PBEF in synovial fibroblasts by
TLR ligands and inflammatory cytokines. In order to
investigate novel TLR-3–dependent gene regulation, we
performed subtractive hybridization between cDNA
prepared from poly(I-C)–stimulated and unstimulated
RASFs. PBEF was one of the transcripts shown to be
up-regulated by TLR-3 activation. The induction of
PBEF mRNA in RASFs was validated at various time
points after poly(I-C) treatment, by real-time PCR (Fig-
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ure 1A). The expression of PBEF was significantly
up-regulated after 5, 10, and 24 hours of poly(I-C)
stimulation, with a peak at 10 hours after stimulation. To

investigate the regulation of PBEF expression by other
TLR ligands and proinflammatory cytokines present in
RA synovial fluid, SFs were additionally treated with the
TLR-2 ligand bLP, the TLR-4 ligand LPS, IL-1�, TNF�
at optimal concentrations, and PBEF itself. IL-1� po-
tently up-regulated PBEF mRNA, to levels similar to
those reached with poly(I-C) stimulation. The stimula-
tory effects of TNF�, LPS, bLP, and PBEF on the
expression of PBEF mRNA were less prominent but
were significant 10 hours following stimulation.

To analyze the expression of PBEF at the protein
level, cell lysates from RASFs and OASFs treated with
the indicated stimuli were subjected to Western blot
analysis (Figure 1B). PBEF was found to be constitu-
tively expressed by SFs, and its expression was further
increased following stimulation with bLP, poly(I-C),
LPS, TNF, IL-1�, or rHuPBEF. Additionally, we ob-
served a tendency toward higher PBEF levels in RASFs
compared with OASFs.

In previous studies, PBEF was shown to be a
secreted protein, despite the lack of the typical signal
peptide that is common to other secreted proteins (10).
To analyze whether SFs have the potential to secrete
PBEF protein as a cytokine, we performed Western blot
analyses for PBEF using supernatants of unstimulated
and poly(I-C)–stimulated RASFs and OASFs. Cultured
RASFs released PBEF protein constitutively, as shown
in the supernatants of unstimulated RASFs (Figure 1C).
In the supernatants of unstimulated OASFs, PBEF
protein was not detectable. However, in response to
stimulation with poly(I-C), both RASFs and OASFs
clearly showed up-regulated secretion of PBEF. Collec-
tively, the results indicate that SFs secrete PBEF pro-
tein, and that the production of PBEF is up-regulated by
TLR ligands, most notably by poly(I-C), as well as by the
cytokines IL-1� and TNF�.

Predominant expression of PBEF in RASFs in
the synovial lining and at sites of invasion. Next, we
analyzed the expression of PBEF in synovial tissue from
patients with RA. In situ hybridization revealed pro-
nounced expression of PBEF mRNA predominantly
in the synovial lining and at sites of attachment and
invasion of RASFs into cartilage or bone (Figure 2A).
The expression of PBEF protein in RA synovia was
also confirmed by immunohistochemistry, documenting
abundant expression of PBEF in RA synovium (Figure
2B). PBEF expression was found to be highest at sites
of invasion and in the synovial lining layer, and it was
detected to a lesser extent in the sublining and peri-
vascular regions. Double-labeling revealed that PBEF

Figure 1. Pre–B cell colony-enhancing factor (PBEF) induction in
rheumatoid arthritis synovial fibroblasts (RASFs) by Toll-like receptor
(TLR) ligands and cytokines. A, RASFs (n � 5) were treated for 5, 10,
and 24 hours with the indicated stimuli or were left untreated. Bars
show the mean and SEM. � � P � 0.05, treated versus untreated
cultures. B, Western blot analysis of PBEF expression in RASF and
osteoarthritis SF (OASF) cell lysates, 24 hours following stimulation
with the indicated TLR ligands and cytokines (�-tubulin served as a
loading control). Protein levels were evaluated using densitometry.
Results are representative of 3 individual experiments. C, Western blot
analysis of secreted PBEF protein in supernatants of RASFs (n � 2)
and OASFs (n � 2) stimulated for 24 hours with poly(I-C). bLP �
bacterial lipoprotein; LPS � lipopolysaccharide; IL-1� � interleukin-
1�; TNF� � tumor necrosis factor �; OD � optical density.
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was more frequently expressed in vimentin-positive
SFs than in CD68-positive monocyte/macrophages
(Figure 2C).

To study the association of PBEF levels with
chronic joint inflammation, we compared the expression
of PBEF protein in RA and noninflammatory OA
synovial tissue. Analysis of OA synovial tissue sections
revealed reduced expression of PBEF protein compared
with that in RA synovial tissue, with PBEF being mainly
expressed around small vessels (Figure 2D). Western
blot analysis of total protein extracted from synovial
tissue from 3 individual patients with RA and 3 patients
with OA confirmed increased expression of PBEF pro-
tein in synovial tissue from the joints of patients with RA
compared with patients with OA (Figure 2E).

Positive correlation of PBEF with the C-reactive
protein (CRP) level and clinical disease activity in
patients with RA. Because of the abundant expression of
PBEF in the joints of patients with RA compared with
that in the joints of patients with OA, we investigated
whether serum and synovial fluid levels of PBEF might
also reflect the severity of inflammation. Levels of PBEF
were significantly higher in serum and synovial fluid
samples from patients with RA compared with those in
samples from patients with OA (Figure 3A). However,
high variability in PBEF levels was observed among
individual patients with RA. Using correlation analysis
with the CRP level and PBEF, we analyzed whether
these varying levels of PBEF might be associated with
the degree of inflammation (Figure 3B). A significant

Figure 2. PBEF overexpression in synovial tissue samples from patients with RA. A, Representative section of RA synovial
tissue specimens (n � 5) hybridized in situ with specific antisense RNA probes for PBEF mRNA. As negative control, tissue
sections were hybridized with the sense probes. Cells expressing PBEF mRNA appear as dark blue. B, Representative section
of RA synovial tissue (n � 10) stained for PBEF protein, with the corresponding tissue sections stained with isotype antibodies.
PBEF protein appears as red. Nuclei were stained with hematoxylin. C, Double-labeling in RA synovial tissue. PBEF appears
as red, and vimentin and CD68 appear as blue. D, Representative section of OA synovial tissue stained for PBEF (n � 5).
Corresponding tissue sections were stained with isotype control antibodies. PBEF protein appears as red. Nuclei were stained
with hematoxylin. E, Western blot showing the expression of PBEF protein in synovial tissue samples obtained from 3 patients
with RA and 3 patients with OA; �-tubulin served as a loading control. (Original magnification � 400 in A and C; � 100 in
B and D.) See Figure 1 for definitions.
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positive correlation between the CRP level and PBEF in
serum and in synovial fluid samples was observed.
Additionally, the levels of PBEF in serum and synovial
fluid and the Disease Activity Score in 28 joints (19) in
individual patients with RA also showed a significant
positive correlation (Figure 3C). Therefore, our results
demonstrated that PBEF is associated with serum
markers of inflammation as well as clinical disease
activity in RA.

PBEF-induced production of IL-6, MMP-1,
and MMP-3 in RASFs. To investigate the functional
role of PBEF secreted in joints of patients with RA,
RASFs were stimulated with increasing amounts of

rHuPBEF for 24 hours. Recombinant human PBEF
induced a dose-dependent increase in the levels of IL-6,
MMP-1, and MMP-3. Already after stimulation with
physiologic concentrations of rHuPBEF (50–200 ng/ml),
IL-6 production was significantly up-regulated (Figure
4A). Similarly, RASFs treated with rHuPBEF showed
significantly up-regulated expression of MMP-1 and
MMP-3 mRNA upon incubation with 100 and 200 ng/ml
of rHuPBEF (Figure 4B). To ascertain that the stimu-
latory effect was not attributable to contamination with
endotoxin, RASFs were cultured in the presence of
polymyxin. Polymyxin neutralized the stimulatory effect
of 10 ng/ml of LPS, whereas the effect of PBEF on IL-6,
MMP-1, and MMP-3 production remained unchanged
(data not shown).

We additionally analyzed whether comparable
results could be obtained by overexpressing PBEF in
RASFs, using a eukaryotic expression vector. When a
pcDNA3.1/PBEF/His expression construct was trans-
fected into RASFs, the resulting protein could be dem-
onstrated in the cell lysate by Western blotting (Figure
4C). Supernatants from RASFs obtained 48 hours after
transfection with the PBEF/His construct showed signif-
icantly higher levels of IL-6 compared with that in
RASFs transfected with the empty pcDNA3.1/His
vector (Figure 4D). Additionally, levels of MMP-1 and
MMP-3 were significantly higher in PBEF/His vector–
transfected RASFs compared with those in controls
(Figure 4E). These results demonstrated that PBEF
induces proinflammatory cytokines and destructive en-
zymes in RASFs.

Reduction of basal and TLR ligand–induced
IL-6, MMP-1, and MMP-3 levels by PBEF knockdown.
PBEF is expressed in unstimulated RASFs, and we
demonstrated that PBEF regulates IL-6, MMP-1, and
MMP-3 production. Therefore, we investigated whether
PBEF knockdown inhibits the characteristically high
basal production of IL-6, MMP-1, or MMP-3 in RASFs.
For this purpose, RASFs were transfected with PBEF-
specific siRNA (siPBEF) or with nonspecific scrambled
siRNA (scrambled) as a control. To ensure that re-
sponses to siPBEF transfection reflected PBEF knock-
down, PBEF protein in cell lysates was quantified 72
hours after transfection. In 3 different RASF cultures
analyzed, the inhibition of PBEF by specific siRNA was
69%, 59%, and 74%, respectively, as compared with that
in controls (Figure 5A). Basal secretion of IL-6 was
measured in the culture supernatants of siRNA-
transfected RASFs (n � 6), 4, 6, and 24 hours after
medium replacement. The basal production of IL-6 was

Figure 3. Correlation of elevated PBEF levels and disease severity in
patients with RA. A, Serum and synovial fluid levels of PBEF in
patients with RA and patients with OA, as measured by enzyme
immunoassay. Horizontal bars show the means. B, Significant corre-
lation of C-reactive protein (CRP) levels and PBEF concentrations in
serum and synovial fluid from patients with RA. C, Significant
correlation of the Disease Activity Score in 28 joints (DAS28) and
PBEF concentrations in serum and synovial fluid from patients with
RA. See Figure 1 for other definitions.
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significantly lower in RASFs with down-regulated PBEF
compared with controls at all time points analyzed. The
most pronounced effect was seen 6 hours following
medium replacement, with a mean � SEM inhibition of
48.8 � 7.2% (Figure 5B). Additionally, basal levels of
MMP-1 and MMP-3 mRNA were down-regulated 4.7 �
1.6–fold and 2.8 � 0.6–fold, respectively, 48 hours
following siPBEF transfection (Figure 5C).

In previous studies, we demonstrated that TLR-2,
TLR-3, and TLR-4 ligands induce high amounts of
cytokines and matrix-degrading enzymes in RASFs
(3,5,20). In order to investigate whether PBEF is in-
volved in the up-regulation of these effector molecules,
we treated siPBEF-transfected RASFs with bLP,
poly(I-C), and LPS, and analyzed the induction of IL-6,
IL-8, MMP-1, and MMP-3, 24 hours after TLR ligand

stimulation. PBEF knockdown significantly inhibited the
up-regulation of all measured effector molecules (Fig-
ures 5D and E). These data indicated that PBEF is
implicated in basal as well as TLR ligand–induced
production of proinflammatory cytokines and matrix-
degrading enzymes.

PBEF induction of TNF� and IL-6 in primary
human monocytes. It has been demonstrated that pri-
mary blood monocytes express PBEF (10). However, it
has not been determined whether monocytes are respon-
sive to PBEF. Because we observed high levels of PBEF
in serum obtained from patients with RA, we analyzed
whether human primary blood monocytes are activated
either by rHuPBEF or by overexpression of PBEF.
Monocyte cultures treated with 50 ng/ml of rHuPBEF, a
concentration that corresponds to the level of PBEF in

Figure 4. Up-regulation of proinflammatory cytokines and matrix-degrading enzymes in RASFs
by recombinant human PBEF (rhPBEF) and PBEF overexpression. A, RASF cultures (n � 5) were
incubated with the indicated concentrations of rhPBEF. Twenty-four hours following stimulation,
levels of IL-6 were measured by enzyme-linked immunosorbent assay (ELISA). B, RASF cultures
(n � 5) were incubated with 100 ng/ml and 200 ng/ml of rhPBEF. Up-regulation of matrix
metalloproteinase 1 (MMP-1) and MMP-3 mRNA was determined by real-time polymerase chain
reaction. C, Western blot showing detection of PBEF with anti-His antibody at 55 kd in cell lysates
from PBEF/His–transfected RASFs, but not from RASFs transfected with plasmid containing His
alone (pcDNA3.1/His). D, Levels of IL-6 in supernatants (as measured by ELISA), following
24-hour incubation of RASF cultures overexpressing PBEF (n � 5). E, Up-regulation of MMP in
RASF cultures overexpressing PBEF (n � 5) compared with that in mock-transfected RASFs (as
measured by real-time polymerase chain reaction), following incubation for 24 hours. Bars show
the mean and SEM. � � P � 0.05 versus control cultures. See Figure 1 for other definitions.
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serum from patients with RA, showed significantly
higher production of IL-6 and TNF� as compared with
that in untreated cultures. The stimulatory effect of
rHuPBEF on monocytes was dose dependent (Figures
6A and B). Similarly, overexpression of PBEF in mono-
cytes resulted in a 5.0 � 1.5–fold increase in TNF�
secretion (Figure 6C). Thus, PBEF is a potent activator
of human monocytes, inducing the production of key
proinflammatory cytokines such as IL-6 and TNF�.

PBEF stimulation of RASFs via NF-�B and AP-1.
Activation of the transcription factors NF-�B and AP-1
is a principal step in the initiation and maintenance of
inflammatory responses. Therefore, we studied whether
rHuPBEF activates NF-�B and AP-1 signaling pathways
in RASFs. Nuclear extracts of RASFs stimulated with
rHuPBEF (100 ng/ml) were subjected to EMSA. Ninety
minutes following stimulation, the activation of RASFs
resulted in translocation of NF-�B and AP-1 from the

cytoplasm to the nucleus (data not shown). Therefore,
PBEF has the capacity to activate 2 major transcription
factors, NF-�B and AP-1.

DISCUSSION

In the present study, we demonstrated induction
of the adipocytokine PBEF in RASFs via TLR stimula-
tion as well as by stimulation with IL-1� and TNF�.
Furthermore, we observed potent proinflammatory and
matrix-degrading activities of PBEF and showed that in
patients with RA, levels of PBEF correlate with the
severity of inflammation.

Using a subtractive hybridization assay of RASFs
stimulated with poly(I-C), we found PBEF to be up-
regulated. However, PBEF induction in RASFs is not
restricted to TLR-3 activation, as shown by stimulation
experiments with other TLR ligands and proinflamma-

Figure 5. Inhibition of basal and TLR ligand–induced cytokine and matrix metalloproteinase (MMP) production by PBEF knockdown. A, RASFs
transfected with PBEF-specific small interfering RNA (siRNA; Si1–3) and nonspecific scrambled siRNA (Sc1–3) were subjected to Western blot
analysis for PBEF; �-tubulin served as a loading control. B, RASF cultures (n � 5) with down-regulated PBEF and corresponding control cultures
were incubated for 4, 6, and 24 hours, followed by measurement of IL-6 in the culture supernatant. C, MMP-1 and MMP-3 mRNA up-regulation
in siPBEF-transfected RASFs compared with scrambled siRNA–transfected RASFs was measured by real-time polymerase chain reaction (n � 5
cultures for 5 different patients). D, RASFs with down-regulated PBEF and corresponding controls were stimulated with the indicated TLR ligands
for 24 hours, and levels of IL-6 and IL-8 were determined in the culture supernatants. E, RASFs with down-regulated PBEF and corresponding
controls were stimulated with the indicated TLR ligands for 24 hours. MMP-1 and MMP-3 mRNA up-regulation in siPBEF- and scrambled
siRNA–transfected RASFs compared with untreated RASFs is shown. Bars show the mean and SEM. � � P � 0.05 versus control-transfected
RASFs. See Figure 1 for other definitions.
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tory cytokines that can be found in the joints of patients
with RA (1). Interestingly, PBEF itself induces its own
production, indicating the existence of a positive
feedback-regulating mechanism. Expression and up-
regulation of human PBEF has previously been docu-
mented in neutrophils by IL-1� and LPS, in amniotic
cells by TNF�, in monocytic cells by nitric oxide, in
adipocytes by hypoxia, and in RASFs by IL-6 trans-
signaling (10,11,13,21–23). Taken together, these data
show that signaling pathways of the innate immune
system have a strong regulatory effect on the expression
of PBEF in a variety of cell types.

Our study demonstrates accumulation of PBEF
in the joints of patients with RA and identifies SFs as the
major PBEF-producing cells in the rheumatoid syno-
vium. PBEF expression is predominantly localized at the
site of invasion into cartilage and in the synovial lining.
This staining pattern may reflect the local availability of
PBEF-stimulating agents such as cytokines and TLR

ligands in the lining layer. Additionally, hypoxic condi-
tions that are most marked at the site of invasion into
cartilage may drive local PBEF expression, as has been
shown previously in adipocytes (22).

It is known that IL-6 exerts stimulatory effects on
T cells and B cells, thus favoring chronic inflammatory
responses, whereas MMPs have been closely linked to
the progressive destruction of articular cartilage in rheu-
matoid joints. A hallmark of RASFs is the high basal
production of IL-6 and MMPs (24). We showed that
PBEF has an important role in the regulation of these
key proinflammatory and matrix-degrading molecules.
Recombinant human PBEF induces the expression of
IL-6 and MMPs in RASFs, suggesting that secreted
PBEF contributes to the local inflammatory and de-
structive processes in arthritic joints. Moreover, in our
experiments, down-regulation of PBEF in RASFs by
siRNA not only decreased basal IL-6, MMP-1, and
MMP-3 levels but also significantly inhibited TLR
ligand–induced production of cytokines and destructive
enzymes. TLRs were shown to be key players in inflam-
matory and destructive processes in RA (3,4,20,25).
TLR ligands of microbial origin as well as endogenous
TLR ligands were demonstrated to be present in RA
synovial fluid as possible drivers of inflammatory pro-
cesses (1,26). Our findings suggest that the stimulation
of RASFs by TLR ligands is at least partially dependent
on PBEF expression. Therefore, targeting PBEF not
only might counteract its direct stimulatory effect on
RASFs but also reduces TLR-driven proinflammatory
and destructive responses.

Peripheral blood monocytes have been shown to
be a source of PBEF in the blood circulation. Our study
shows that primary human monocytes are responsive to
PBEF, suggesting that PBEF acts in an autocrine man-
ner to increase serum levels. Notably, activation of
monocytes by PBEF results in the production TNF�, a
key cytokine in the pathogenesis of RA (27). Moreover,
PBEF present in synovial fluid might trigger chronic
inflammation not only via induction of proinflammatory
cytokine production by RASFs but also by a direct
antiapoptotic effect on neutrophils (10). Neutrophils are
abundant in the synovial fluid of patients with RA and
are less susceptible to TNF�-induced apoptosis than are
blood neutrophils. In this regard, it has been shown that
synovial fluid from patients with RA exhibits an anti-
apoptotic effect on neutrophils (28).

The possible mechanisms by which PBEF exerts
its proinflammatory effects in the arthritic joint are
incompletely understood. The identification of PBEF in

Figure 6. Up-regulation of key proinflammatory cytokines in human
primary monocytes by recombinant human pre–B cell colony-
enhancing factor (rHuPBEF) and PBEF overexpression. Monocytes
were incubated with the indicated concentrations of exogenously
added rHuPBEF (n � 5 cultures for 5 different patients). A and B,
Twenty-four hours following stimulation, levels of interleukin-6 (IL-6)
and tumor necrosis factor � (TNF�) were measured in the culture
supernatants. C, Monocytes transfected with PBEF/His expression
constructs and monocytes transfected with plasmids containing His
alone (pcDNA3.1/His) were incubated for 24 hours. Levels of TNF�
were measured in the culture supernatants (n � 5). Bars show the
mean and SEM. � � P � 0.05 versus control cultures.
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the visceral fat added PBEF to a growing list of adipo-
cytokines with potent effects on immunity and inflam-
mation in addition to their metabolic activity (9). Leptin,
adiponectin, resistin, and most recently PBEF have been
shown to be up-regulated in patients with RA compared
with healthy control subjects (14,29,30). PBEF mimics
insulin signaling by binding to the insulin receptor with
an affinity similar to that of insulin but does not share
the binding site with insulin on the insulin receptor. In
contrast, previous studies have shown intracellular ex-
pression of PBEF and have demonstrated that PBEF is
a nicotinamide phosphoribosyltransferase (7,8). Overex-
pression of PBEF in human vascular SMCs induced
enhanced survival by its regulatory effect on NAD-
dependent deacetylase activity. Moreover, it has been
shown that subcellular localization of PBEF is depen-
dent on the cell cycle, suggesting a role for PBEF in cell
cycle regulation (31). Using immunohistochemical ana-
lysis, we observed nuclear and cytoplasmic expression of
PBEF. Whether the effects provoked by PBEF are
dependent on binding to the insulin receptor or an as yet
unknown receptor, or alternatively by its enzymatic
activity, needs to be determined in further studies.

Elevated levels of PBEF in serum and synovial
fluid from patients with RA have been observed in this
and previous studies (13,14). Our new finding of a strong
correlation of PBEF with markers of inflammation such
as the CRP level provides support for an important role
of this cytokine in inflammatory reactions. This is fur-
ther underscored by the correlation of PBEF concentra-
tions with scores for clinical disease activity (comprising
the tender and swollen joint counts and the erythrocyte
sedimentation rate) (32). These findings suggest that
PBEF is a marker of the severity of inflammation in
patients with RA.

Taken together, our results suggest that PBEF
plays a key role as a mediator of innate immune
pathways in chronic synovial inflammation and joint
destruction, and identify this adipocytokine as a possible
therapeutic target for the treatment of RA.
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