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ABSTRACT
Specific roles have been attributed to the TNF-superfamily member APRIL in B 
cell biology, though its role in autoimmunity remains elusive. Here we report that 
APRIL-transgenic (Tg) mice display a strongly reduced incidence and severity of 
collagen-induced arthritis (CIA) in comparison with littermates that was marked 
by decreased collagen-specific autoantibody titers. This protective effect was 
specifically mediated by APRIL, as adenoviral delivery of APRIL decreased CIA 
in a therapeutic setting. Notably, we found that APRIL promotes also the down-
regulation of antibody production in T cell dependent humoral responses. Moreover, 
APRIL Tg mice showed decreased severity of two other inflammatory diseases, 
experimental autoimmune encephalomyelitis (EAE) and contact hypersensitivity 
(CHS). In accordance with accumulating evidence that IL-10 producing B cell 
populations can regulate inflammatory diseases, including CIA, EAE and CHS, we 
detected increased IL-10 production by CD5+ B1 cells in APRIL Tg mice. Depletion 
of peritoneal B-1 cells abolished the inflammation modulating function of ectopic 
APRIL expression. Finally, we found that APRIL stimulated IL-10 production by 
human B cells in vitro and notably, that APRIL and IL-10 expression levels strongly 
correlated in inflamed joints of arthritis patients. Collectively, our data identify APRIL 
as a negative regulator of inflammatory disease. 
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INTRODUCTION
The TNF-like ligand APRIL (A PRoliferation-Inducing Ligand) shows high homology 
(30%) to another member of the TNF superfamily, B cell activating factor (BAFF or B 
Lymphocyte stimulator, BLyS), and was named for its capacity to stimulate tumor cell 
proliferation in vitro (1). APRIL acts as a secreted factor (2) and under physiological 
conditions, it is produced mainly by hematopoietic cells (reviewed in (3)). APRIL and 
BAFF both bind to two receptors of the TNF receptor superfamily: B cell maturation 
antigen (BCMA) and transmembrane activator and cyclophilin ligand interactor 
(TACI) (4-7). APRIL additionally binds to heparin sulfate proteoglycans (HSPGs) (8, 
9) whereas BAFF also binds with high affinity to a unique receptor, BAFF-receptor 
(BAFF-R) (10, 11). BAFF is a critical regulator of B cell homeostasis and it is thought 
that its signaling is mediated mainly by binding to BAFF-R (10, 11). APRIL is less 
critical than BAFF in B cell maintenance and APRIL knockout mice reveal no gross 
abnormalities in lymphoid homeostasis or activation (reviewed in (12)). It has been 
shown, however, that APRIL can trigger different B cell responses in vitro including 
proliferation and survival of human and murine B cells (reviewed in (3)). 

To clarify the functions of APRIL in vivo, we established transgenic mice expressing 
the human APRIL protein (13). Sera from these mice have detectable circulating 
human APRIL levels confirming that APRIL is secreted and acts systemically in the 
transgenic (Tg) mice (13). Young APRIL Tg mice display no mayor abnormalities 
but an increased activity of B1 B cells, a subpopulation of B cells particularly 
implicated in innate immune responses. Old APRIL Tg mice, i.e. mice that are at 
least 12-months-old, develop lymphoid tumors that originate from an expansion of 
the peritoneal B1 B cell population. These tumors are highly reminiscent of human 
B cell chronic lymphoid leukemia (CLL) (14, 15) and it is notable, that many recent 
clinical studies have reported associations between APRIL and cancer, in particular 
with B cell malignancies (reviewed in (12)). 

The reported capacity of APRIL to stimulate B cells in vitro (3) raised the hypothesis 
that APRIL may be a disease promoter in autoimmune diseases such as rheumatoid 
arthritis where both the presence of autoantibodies and clinical responses to B cell 
depletion emphasize the pathogenic role of B lymphocytes (16). Indeed, elevated 
APRIL levels have been detected in synovial fluid of patients with inflammatory 
arthritis (17). Additionally, inhibition of APRIL and BAFF with TACI-Ig was found 
to prevent disease progression and to lower disease scores in collagen-induced 
arthritis (CIA), the most common animal model used to study human RA (18, 19). 
However, it is not clear whether this effect is due to the capacity of TACI to block 
both APRIL and BAFF or just one of the ligands. Moreover, a study in TACI-Ig 
treated human rheumatoid synovium SCID mouse chimeras displayed pro-and 
anti-inflammatory activities in RA (20). Elucidation of the function of each TACI-
ligand has, however, important clinical implications as soluble TACI receptors are 
presently being evaluated in clinical trials for treatment of patients with RA and 
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other autoimmune diseases. In this study we analyzed the role of APRIL in vivo in 
arthritis and other immune-mediated inflammatory diseases.

METHODS
Mice

The generation of APRIL transgenic (Tg) C57BL/6 mouse line has been described 
(13, 14). For CHS and CIA experiments respectively, APRIL Tg mice were 
backcrossed onto BALB/c and DBA/1 background for 15 generations. APRIL Tg 
mice are heterozygous for the transgene. DBA/1 mice were obtained from Charles 
River (L’Abresle, France). Animal experiments were performed in compliance with 
national and institutional guidelines. Experiments were authorized by the respective 
French authorities (Départementale des service vétérinaires de la Prefecture de 
l’Herault), Permit number D 34-172-16.

Induction of CIA, CHS and EAE

To induce CIA mice were immunized intradermally with bovine collagen type II (CII; 
mdbiosciences, Switzerland) emulsified in a proportion 1:1 with complete Freund’s 
adjuvant (CFA, Sigma-Aldrich) and the severity of arthritis was graded as previously 
described (39). Each limb was graded, resulting in a maximal clinical score of 16 per 
animal and expressed as the mean score ± SEM on a given day. In addition, serum 
samples were taken every seventh day for analysis of antibody levels. Mice were 
sacrificed at different time points after first immunization for histological analysis of 
the paws and analysis of the lymphocyte populations. CHS reactions were induced 
with oxazolone as described (29). The thickness of the central portion of each ear lobe 
was measured with a constant-force, calibrated digital thickness gage (Mitsutoyo 
Corp., Tokyo, Japan). Each ear lobe was measured three times at each time interval in 
a blinded fashion, with the mean of these values used for analysis. EAE was induced 
as previously described (44). The development of EAE and the weight of the animals 
was monitored daily for 30 days. Neurological signs of disease were scored using 
a five-point scale (0: normal, 1: flaccid tail, 2: partial hind limb paresis/paralysis, 3: 
complete hind limb paralysis, 4: front limb paralysis, 5: moribund). 

Anti-type II collagen antibody-induced arthritis (CAIA)

The arthritogenic monoclonal antibody (mAb) cocktail was purchased from 
MD Biosciences (Zurich, Switzerland). Arthritis was induced according to the 
manufacturer’s protocol. Briefly, 9 to 10 week-old APRIL Tg DBA/1 mice and 
littermates were injected intravenously (iv) with 1.5 μg per mouse of the arthritogenic 
mAb cocktail into the tail vein; 9 days later, 50 μg per mouse of lipopolysaccharide 
(LPS; Escherichia coli O111:B4) were injected intra-peritoneally (ip). The severity of 
arthritis were evaluated by clinical scoring according as described above.
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Generation and administration of adenoviral APRIL encoding vector

The cDNA encoding soluble extracellular receptor binding domain of mouse APRIL 
was fused after a hemaglutinin signal for induction of secretion. This construct was 
cloned into an adenoviral shuttle vector (Gateway Adenoviral Expression System; 
Invitrogen, USA) and the recombinant adenoviral vector was generated by co-
transfection of 293T cells with the linearized shuttle vector containing APRIL with the 
large fragment of the adenovirus DNA according to the manufacturer’s instructions. 
Secretion of soluble APRIL protein of the expected molecular weight was confirmed 
by Western blot analysis of supernatant of AdAPRIL transduced 293T HEK cells 
as well as the activity of the secreted APRIL protein was validated by stimulating 
mouse B cells as previously described (data not shown) (45). 

Depletion of peritoneal B-1 cells by hypotonic shock

Peritoneal B cells were depleted, as previously described (27). Mice received 
intraperitoneal injections of distilled water (0.5 ml) twice a week and 3 weeks prior 
to CIA or EAE. Control mice were injected with 0.5 ml PBS. Depletion of peritoneal 
B-1 cells after injection with water was confirmed by FACS analysis.

Statistical analysis

Unpaired t-test, paired t-test and two-way ANOVA followed by Bonferroni post-
tests and areas under the curve (AZUC) were calculated using GraphPad Prism 
version 4.00 (GraphPad Software, San Diego, CA). Data are mean ± SEM. p < 0,05 
was considered as significant, p < 0,01 as very significant and p<0.0001 as 
extremely significant. Incidence was compared using Kaplan-Meier survival analysis. 
Correlations were determined by Spearman’s rank order correlation for ordinal data.

Other methods are described in SI Materials and Methods.

RESULTS
APRIL Tg mice are less susceptible to CIA

To clarify the role of APRIL in arthritis, we backcrossed APRIL Tg mice on the CIA 
susceptible mouse strain DBA/1. In contrast to littermates, APRIL Tg mice displayed 
only moderate phenotypic signs of arthritis and thus significantly decreased 
clinical disease scores (Figure 1A). Accordingly, the area under the curve (AUC) for 
the disease scores, which measures the overall disease over time rather than at 
one single time point, was significantly lower in APRIL Tg mice than in wild type 
littermates (p<0.01) (Figure 1B). This coincided with a highly significant reduction 
of joint damage in APRIL Tg mice as compared to littermates (Figures 1D-F). In 
addition, lower incidence of arthritis was observed in APRIL Tg mice as compared 
to control mice (Figure 1C). Thus, the clinical and histological data indicated that 
APRIL Tg mice were largely protected from CIA.
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Decreased arthritis in APRIL Tg mice is related to impaired anti-CII antibody 
production 

Anti-CII antibodies play a critical role in the initiation of CIA by mimicking 
autoantibody production (21). APRIL Tg mice displayed significantly lower titers 
of anti-CII IgG antibodies, both IgG1 and IgG2a subtypes, than control mice from 
day 27 onwards (Figure 2A), while total IgG levels were similar between transgenic 
and control mice (Figure 2B). One of the main effector mechanisms in experimental 
arthritis is the release of inflammatory mediators such as TNF and IL-1 by mast 
cells upon activation by autoantibody containing immune-complexes (21). Joints 
of CII-treated APRIL Tg mice displayed decreased IgG levels (data not shown) and 

Figure 1. Mice were immunized at day 1 and 21 with type II collagen. Disease score and 
histological damage were assigned as described in material and methods. (A) APRIL Tg 
mice (n=16) display only moderate phenotypic signs of arthritis in contrast to littermates 
(n=14). (B) The area under the curve for the disease score of APRIL Tg mice is lower than for 
littermates. The area under the curve of the disease score was calculated for each mouse 
and compared between the two cohorts of mice. (C) Lower incidence of arthritis observed 
in APRIL Tg mice compared to control mice. (D - F) Histological damage in APRIL Tg mice 
is lower compared to control mice. Representative sections of the joints of an littermate (D) 
and APRIL Tg mice (E) are shown stained with hematoxylin (staining of nuclei in blue), fast 
green (staining of bone in green) and safranin O (staining of cartilage in orange) 49 days 
after the first immunization with type II collagen. (F) Quantitative analysis of histological 
damage in both cohorts of mice at days 35 (Co: n = 4; Tg: n = 6), 49 (Co: n = 9; Tg: 
n = 8) and 64 (Co: n = 10; Tg: n = 10) after the first immunization. Data are the mean ± 
SEM for each group of mice. The statistical significance of the data was determined using 
Mann-Whitney U test. Asteriks indicates p < 0.05, i.e. statistically significant; two asteriks 
indicate p < 0.01, i.e. statistically very significant and three asteriks indicate p < 0.0001, i.e. 
statistically extremely significant.
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a lower incidence of mast cell degranulation as compared to littermates (Figure 
2C). In addition, APRIL Tg mice had increased mast cell numbers in the joints of 
at later time points (Figure 2D). Thus, the development of lower autoantibody 
titers in APRIL Tg mice during CIA is associated with a decreased activation of 
downstream effector mechanisms.

To evaluate the impact of APRIL on autoantibody production during CIA and whether 
the decreased activation of downstream effector mechanisms is a consequence of 
lower autoantibody titers, we employed the collagen antibody-induced arthritis 
(CAIA) model. In this model, a cocktail of type II collagen-specific antibodies are 
injected into mice leading to activation of downstream effector pathways and 
joint inflammation even in the absence of an endogenous autoantibody response 
(22). Indeed, in sharp contrast with the active collagen immunization model, we 
observed a similar disease development in APRIL Tg and wild type mice in the CAIA 
model (Figure 2E). Taken together, ectopic APRIL expression appears to control 
CIA by negatively regulating anti-CII antibody levels, while the downstream effector 
pathways induced by anti-CII antibodies remain intact. 

Figure 2. (A, B) Sera of APRIL Tg mice (n = 16) and littermates (n = 14) immunized twice 
with collagen type II at days 0 and 21 were analyzed for total anti-CII antibodies IgG (A), as 
well as total IgG levels (B). (C, D) Quantitative analysis of total and degranulating mast cell 
numbers in littermates and APRIL Tg mice at days 35 (Co: n = 4; Tg: n = 6), 49 (Co: n = 9; 
Tg: n = 8) and 64 (Co: n = 10; Tg: n = 10) after the first immunization. Data are the mean 
± SEM. The statistical significance of the data was determined using Mann-Whitney U test. 
Asterisks indicates p < 0.05, i.e. statistically significant. (E) Equal development of collagen 
antibody-induced arthritis in APRIL Tg and control mice (n = 6 in each group). Disease score 
was assigned as described in Figure 1.
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APRIL-administration decreases CIA severity after disease initiation

To confirm that the observed effects in transgenic mice were due to APRIL itself 
and not due to potential differences in the development of the lymphoid system in 
the transgenic mice, we employed an adenoviral shuttle vector encoding secreted 
mouse APRIL (AdAPRIL). CII-immunized DBA/1 mice were separated into two 
groups 1 day before re-immunization and were inoculated with 1.5x109 particles of 
AdAPRIL or a control adenoviral vector encoding GFP (AdGFP). Mice treated with 
AdAPRIL developed less severe arthritis than mice receiving AdGFP (Figures  3A 
and  B) and significantly reduced anti-CII antibody titers (Figure 3C). Moreover, 
disease development was significantly delayed when AdAPRIL was administered 3 
days after disease onset (data not shown). Thus, APRIL can dampen inflammation 
and disease severity in a therapeutic as well as a preventive setting. 

Ectopic APRIL expression decreases disease severity in CHS and EAE 

To test whether APRIL can also dampen T cell-mediated inflammatory diseases, we 
next assessed the effect of ectopic APRIL expression on contact hypersensitivity (CHS) 
and experimental autoimmune encephalomyelitis (EAE). The former is a cutaneous 
inflammatory immune reaction dependent on dendritic cells and mediated by T cells 
(19). APRIL Tg mice and littermates were epicutaneously sensitized on the abdomen 
and challenged 5 days later at one ear with oxazolone. Ear swelling was maximal 24 
hours after challenge gradually decreasing afterwards and was significantly lower in 
APRIL Tg mice (Figure 4A).

Experimental autoimmune encephalomyelitis (EAE) is a T cell-mediated autoimmune 
disease, which is commonly used as model for human multiple sclerosis (23). 
Immunization with the immunodominant peptide of myelin oligodendrocyte 
glycoprotein (MOG) in adjuvant results in acute inflammation of the central nervous 
system, demyelination, and paralysis mediated by autoantigen specific CD4+ T cells. 
MOG peptide immunized APRIL Tg mice manifested a significantly lower disease 

Figure 3. CIA was induced in DBA/1 mice and mice were inoculated with AdGFP (solid 
squares, n = 5) or AdAPRIL (solid triangles, n = 5) one day before CII-challenge (A, B, C). 
(A) Disease score, (B) AUC and (C) anti-CII antibody levels were assessed as described in 
figure legends 1 and 2.
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Figure 4. (A) Sensitized littermates (n = 4) and APRIL Tg mice (n = 5) were challenged with 
oxazolone and ear thickness was measured 1, 2 and 3 days after the challenge. (B, C, D) 
EAE was induced in APRIL transgenic (n = 10) and wild type mice (n = 9). APRIL Tg mice 
had a decreased disease development, determined by disease score (B) and area under 
the curve for disease score (C), and a lower weight loss compared to control mice (D). 
The weight loss is given by the ratio of weight at the indicated time point versus original 
weight. The statistical significance of the data was determined using Mann-Whitney U test. 
Asterisks indicates p < 0.05, i.e. statistically significant.

score and weight loss as compared to littermate controls (Figure 4B-D). Of note, 
overall disease score as well as disease severity were lower in affected APRIL Tg 
mice. Thus, the CHS and EAE experiments confirmed the anti-inflammatory effects 
of APRIL in different types of immune-mediated inflammatory disease.

Ectopic APRIL expression promotes IL-10 production by B cells during 
inflammation

Though B cells play an essential role in CIA, it is known that T cell immunity 
contributes to the pathogenesis (24). Analysis of the cytokine production of CD4+ 
and CD8+ T cells from the draining lymph nodes of wild-type and APRIL Tg mice 
during CIA (Table 1) and of CD4+ during EAE (Table 2) did not reveal an altered 
polarization towards Th1, Th2 or Th17 responses in APRIL Tg mice. In line with our 
original description of APRIL Tg mice (13), we detected increased production of IL-2 
in CD4+ T cells of APRIL Tg mice. In addition, CD4+CD25highFoxp3+ regulatory T cells 
were elevated in the draining lymph nodes of APRIL Tg mice (n=6; p=0.009). No 
significant differences of other T cell populations were detectable between the two 
groups of mice (data not shown). 
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Evidence is accumulating that autoimmune diseases can be modulated by IL-10 
producing B cells, so-called regulatory B cells (Bregs), which appear in different 
phenotypic forms including CD1dhighCD5+ B cells and CD5+B1 cells (25). It has been 
shown that the transfer of IL-10 producing B cells prevents arthritis development 
and is able to ameliorate already established disease (26). The activity of B1 cells 
is elevated in APRIL Tg mice (14) and we therefore analyzed whether their IL-10 

Table 1. Cytokine production of CD4+ and CD8+ positive T cells in draining lymph node of 
littermates and APRIL Tg mice 35 days after the first immunization with collagen. Cells were 
stimulated in vitro for 5h with PMA/ionomycin and subsequently analyzed for their cytokine 
production. ND: Non-detectable.

 

Littermate APRIL Tg

MEAN SEM n MEAN SEM n p

CD4+ draining lymph node T cells 

IL2 1,8 0,2 6 3,0 0,3 6 0,015

IL4 ND ND

IL17 0,2 0,1 6 0,3 0,2 6 0,59

IFNγ 0,2 0,1 6 0,3 0,0 6 0,18

TNFα 9,2 0,9 6 7,2 0,5 6 0,13

 

Littermate APRIL Tg

MEAN SEM n MEAN SEM n p

CD8+ draining lymph node T cells 

IL2 0,5 0,2 6 1,0 0,2 6 0,09

IL4 ND ND

IL17 ND ND

IFNγ 0,6 0,1 6 0,6 0,1 6 0,94

TNFα 4,1 0,7 6 2,5 0,3 6 0,09

Table 2. Cytokine production of CD4+ and CD8+ positive T cells in spleen of littermates and 
APRIL Tg mice 33 days after immunization with MOG peptide. Cells were stimulated in vitro 
for 5h with PMA/ionomycin and subsequently analyzed for their cytokine production. 

Littermate APRIL Tg

  MEAN SEM n MEAN SEM n p

CD4+ splenic T cells

IL17 1.8 0.2 10 1.5 0.1 9 0,58

IFNγ 9.1 0.6 10 8.7 0.6 9 0,72

TNFα 39.9 3.0 10 38.2 3.4 9 0,91
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production is increased during CIA. Indeed, APRIL Tg mice displayed increased 
percentages of CD5+ B-1 cells in the spleen and peritoneum as compared to 
control mice (n=6; p=0.002 and p=0.02 respectively). FACS analysis also revealed 
significantly increased IL-10 production in splenic as well as peritoneal B cells in 
APRIL Tg mice (Figures 5A, B, D). The majority of IL-10-producing B cells in spleen 
and peritoneum were CD5+ (Figures 5C and data not shown). No differences in 
IL-10 production in B1 cells were detected between non-treated APRIL Tg mice and 
littermates (data not shown). Taken together, these data indicate that the capacity 
of ectopic APRIL expression to suppress CIA correlates with increased numbers of 
IL-10 producing B cells. 

To confirm the inflammation modulating role of B-1 cells in APRIL Tg mice we 
decreased B-1 cell numbers by hypotonic shock with repeated intraperitoneal 
injection of distilled water. This protocol has been described to eliminate peritoneal 
cells and to result in lower B-1 cell numbers in the peritoneum, as the B-1 cell pool 
is at least in part dependent on self-renewal (27). In fact, we observed an about 
50% decrease of peritoneal B-1 cell numbers in mice that had received twice a 
week distilled water during CIA starting two weeks before the first collagen injection 
(Figure 5E). Distilled water treated APRIL Tg mice developed arthritis with a disease 
severity comparable to that of control mice (Figure 5F). In addition, titers of anti-
collagen IgGs were similar in APRIL Tg and control mice (Figure 5G).

Regulatory B cells have also been shown to play an important role in suppressing T cell 
mediated inflammation including CHS and EAE (25, 28-30). Indeed, the percentages 
of IL-10 producing peritoneal and splenic B cells were significantly higher in APRIL Tg 
as compared to littermates 3 days after oxazolone challenge (Figures 5H, I). Again, 
the level of IL-10 production in B cells of untreated APRIL Tg and control mice were 
not significantly different (Figure 5J). We also observed an increased expression of 
IL-10 by splenic B cells/accumulation of IL-10 producing B-cells in APRIL Tg mice 
following MOG peptide-induced EAE (data not shown). Taken together, the capacity 
of ectopic APRIL expression to modulate inflammation is correlated with increased 
numbers of IL-10 producing peritoneal and/or splenic B cells. 

APRIL stimulates IL-10 production by human B cells and increased APRIL 
expression correlates with IL-10 levels in the affected joints of patients with 
inflammatory arthritis

Following our observation that APRIL stimulates IL-10 production by murine B cells 
in several mouse models of inflammation, we assessed whether a similar mechanism 
may be present in humans. First, we tested whether APRIL affects IL-10 production 
by peripheral blood B cells of healthy donors. Indeed, costimulation of peripheral 
blood mononuclear cells (PBMCs) with APRIL and CpG oligonucleotides induced 
a significantly higher expression of IL-10 than CpG alone (Figure 6A). To evaluate 
the contribution of B cells in CpG stimulated IL-10 production, we analyzed sorted 
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Figure 5. Increased IL-10 production of peritoneal B cells in APRIL Tg mice during CIA and 
CHS (A-D) Control and APRIL Tg mice were immunized with collagen following the CIA 
protocol and 40 days after the first collagen injection, peritoneal exudate cells (PEC) and 
splenocytes were stimulated and analyzed for IL-10 production as described in materials and 
methods. (A) IL-10 expression on CD19+ gated peritoneal cells is shown in littermates and 
APRIL Tg mice. Staining of an isotype control antibody versus CD19 is shown. (B) Quantitative 
analysis of IL-10 expressing CD19+ peritoneal B cells in littermates (n =  8) and APRIL Tg 
mice (n = 8). (C) The majority of IL-10 producing peritoneal B cells in APRIL Tg mice is CD5+. 
Representative FACS plot showing the phenotype of IL10+ and IL10- peritoneal B cells. (D) 
Quantitative analysis of IL-10 expressing CD19+ CD5+ splenic B cells in littermates (n = 8) and 
APRIL Tg mice (n = 8). (E, F, G) Decreased B-1 cell numbers in distilled water treated mice. 
A representative FACS staining of peritoneal CD5+ B-1 cells of untreated and water-treated 
mice is shown (E). Numbers shown in the dot blots represent the percentage of CD5+ B 
cells. Distilled water treated APRIL Tg and control mice display similar disease scores (F) and 
anti-CII antibody titers (G). Disease score and anti-CII antibody titers were determined as 
described before. (H, I) Control and APRIL Tg mice were immunized with oxazolone following 
the CHS protocol. Representative FACS staining of IL-10 producing splenic B cells in APRIL 
Tg and littermate mice 3 days after the challenge (H). Quantitative analysis of peritoneal 
B cells for IL-10 production in sensitized mice 3 days after oxazolone challenge (n=5) (I). 
(J) No altered IL-10 production in splenocytes of untreated APRIL Tg and control mice. A 
representative FACS staining is shown. (A, C, E, H, J) Numbers shown in the dot and contour 
blots represent the percentage of the respective population. (B, D, F, G, I) Data are the mean 
± SEM. The statistical significance of the data was determined using Mann-Whitney U test. 
Asterisks indicates p < 0.05, i.e. statistically significant.

monocytes, B and T cells for their contribution in APRIL-stimulated IL-10 production 
revealing B cells as the major source of IL-10 (Figure 6B). 

On the basis of our discovery that APRIL stimulates IL-10 production in human B cells, 
we investigated the expression profiles of APRIL and IL-10 in the joints of patients with 
inflammatory arthritis. In agreement with a previous report on the local production 
of APRIL in inflamed joints (17), we found that APRIL levels were significantly higher 
in synovial fluids of patients with inflammatory arthritis as compared to patients with 
osteoarthritis (OA) (Figure 6C). Notably, within the group of patients with inflammatory 
arthritis, there was a highly significant correlation between APRIL and IL-10 levels in 
the synovial fluid (Figure 6D). This correlation was also detected at the mRNA level in 
synovial tissue biopsies of 47 patients with inflammatory arthritis (Figure 6E). Thus, in 
humans with inflammatory arthritis, high APRIL expression correlates with increased 
IL-10 expression and secretion in the inflamed joint. 

DISCUSSION
Among the cytokines that regulate B cell homeostasis are the TNF family members 
BAFF and APRIL. Strong evidence exists that BAFF promotes pathological 
autoimmune B cell responses (reviewed in (3, 12, 31)). The role of APRIL in 
autoimmunity and inflammation is less evident. In fact, in contrast to mice 
overexpressing BAFF (31), APRIL Tg mice do not display clinical or immunological 
signs of spontaneous autoimmune disease (13). To elucidate the potential role of 
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APRIL during inflammation, we investigated the incidence and severity of several 
immune-mediated inflammatory diseases in APRIL Tg mice.

The experiments presented here strongly suggest that APRIL suppresses rather than 
promotes induced inflammatory disease by i) showing that disease incidence as 
well as clinical and pathological severity were decreased in APRIL Tg animals, ii) 
demonstrating that APRIL administration provides a protective effect in a therapeutic 
protocol for CIA and iii) confirming the effect of ectopic APRIL expression in three 
different inflammatory models (CIA, EAE and CHS). The consistent data emerging 
from the ensemble of our experiments clearly establish a role for APRIL as suppressor 
of immune-mediated inflammatory diseases. 

The immunomodulatory effect of APRIL in CIA is directly associated with the 
suppression of autoantibody production, as anti-CII antibody titers were significantly 
lower in APRIL Tg mice as well as in mice undergoing adenoviral APRIL delivery as 

Figure 6. (A) APRIL stimulates IL-10 production in human B cells. Human PBMCs were 
cultured for 24 hours with either APRIL conditioned or control medium, and for another 
6 hours with CpG and CD40 ligand and analyzed by qPCR for IL-10 transcripts revealing 
increased IL-10 RNA levels. (B) Sorted CD19+ B cells, CD3+ T cells and CD14+ monocytes 
were analyzed for IL-10 production as described in (A). (C) APRIL levels are elevated in the 
synovium of patients with inflammatory arthritis. Soluble APRIL levels were measured in the 
synovial fluids of patients with inflammatory arthritis (n = 23) and osteoarthritis (OA, n = 16) 
patients. Mean ± SEM is marked (solid line). (D) Concentrations of soluble APRIL and IL-10 
were measured in the synovial fluids of patients with inflammatory arthritis (n = 24). (E) 
mRNA levels of IL-10 and APRIL in synovial tissues (n=47) were determined by quantitative 
PCR. Correlations were calculated using Spearman’s rank order correlation. 
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compared to control mice. CII specific antibodies are known to play a crucial role 
in CIA, as disease can be transferred to recipient mice by sera, but not T cells 
from arthritic mice (21). One proposed model is that anti-collagen-antibodies form 
immune complexes, which subsequently activate Fc-receptor bearing immune 
cells such as neutrophils, macrophages and mast cells (32). This resembles the 
pathological importance of auto-immune complexes in human RA (33). Recent reports 
emphasize the role of mast cells as mediators of inflammatory processes that can, 
upon activation, secrete chemokines and pro-inflammatory cytokines such as TNFα 
(34, 35). In fact, APRIL Tg mice displayed lower numbers of degranulating synovial 
mast cells, as early as 35 days after immunization. This is most likely a consequence 
of the lower anti-collagen-antibody titers and thus, the lower frequency of formed 
immune complexes in the joints (data not shown). Interestingly, we found higher 
mast cell numbers in arthritic joints of littermates at later time points of analysis 
suggesting that this expansion of mast cell numbers is a consequence of their 
activation (36). The ability of APRIL to suppress clinical and histological symptoms 
of arthritis during CIA appears to be directly linked to its negative regulatory role 
in autoantibody production. This is further demonstrated by our data showing that 
APRIL Tg mice develop a similar level of arthritis as control mice under conditions 
where autoantibodies are administered, as in the CAIA model. 

A crucial factor in the anti-inflammatory function of APRIL identified in this study is 
the triggering of IL-10 production by B1 cells. IL-10 is an important anti-inflammatory 
cytokine (33, 37), which can be produced by a variety of cell types. A specific role 
for IL-10 producing B cells has been firmly established by transfer experiments in a 
variety of models including CIA, CHS and EAE (25, 26, 28-30). We have previously 
described an increased activity of peritoneal B1 cells in APRIL Tg mice (13). It is 
important to note, however, that IL-10 production by splenic and peritoneal CD5+ 
B1 cells in APRIL Tg mice was not modulated under homeostatic conditions, but 
was augmented only after induction of inflammation. In fact, we found that in vitro 
APRIL stimulates IL-10 production in B cells only in the presence of the TLR-ligand 
CpG, i.e. an additional stimulus. B-1 cells appear to be important in controlling 
inflammation as their depletion by hypotonic shock made APRIL Tg mice more 
susceptible to CIA and EAE. Notably, B-1 cell depletion adjusted anti-CII antibody 
titers in CIA between littermates and APRIL Tg mice. 

Though CIA is a systemic antibody-mediated disease, transfer experiments revealed 
that CD4+CD25highFoxp3+ Tregs can slow down disease progression (38, 39). In fact, 
we detected an increase of regulatory T cells in the draining lymph node of APRIL 
Tg mice during CIA suggesting that this might contribute to the capacity of ectopic 
APRIL expression to control CIA. IL-2 can support development and function of 
regulatory T cells (40). It is tempting to speculate that the increased production 
of IL-2 in T cells is associated with the increased numbers of regulatory T cells 
detected in the draining lymph nodes of APRIL Tg mice.
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Interestingly, APRIL can regulate both autoantibody (CIA) as well as T cell mediated 
(CHS, EAE) inflammatory disease models by modulating IL-10 producing B cells. 
Additionally, while we did not observe significant effects on T cell cytokine 
production, one report on APRIL deficient mice suggests that APRIL can suppress 
T cell cytokine responses in Th2 conditions and thereby inhibit allergic lung 
inflammation (41). Thus, while the positive role of ectopic APRIL on IL-10 producing 
B cells is prominent across the different models of inflammation employed in this 
study, additional mechanisms may be operative in specific disease conditions. 

Our analysis of human tissue samples from inflammatory arthritis patients suggests 
that the immunoregulatory effects of APRIL on IL-10 producing B cells is not 
restricted to mouse models, but is also functional in human diseases. A direct 
functional relationship is indicated by the induction of IL-10 mRNA in human B 
cells after exposure to APRIL and TLR ligands in vitro. Moreover, ex vivo analysis of 
autoimmune synovitis indicated that APRIL was not only significantly expressed in 
inflamed joints but also correlated strongly with IL-10 expression. Importantly, an 
immunoregulatory role for APRIL implies that combined BAFF and APRIL blockade 
may have paradoxical effects under conditions where IL-10 producing regulatory 
B cells play an important role. With both TACI-Fc (atacicept) and an anti-BAFF 
monoclonal antibody (belimumab) moving forward in clinical trials for autoimmune 
diseases such as SLE and RA (42, 43), our findings that APRIL suppresses immune-
mediated inflammatory diseases by modulating antibody and IL-10 production by B 
cells has important clinical implications. 

SUPPORTING INFORMATION

Materials and Methods

Flow cytometric analysis

FACS analysis was performed as previously described (13, 14). For intracellular 
cytokine detection lymph nodes, spleen and PEC cells were resuspended at a 
2x106 cells/ml and activated with PMA (50ng/ml), ionomycin (500 ng/ml) for 6 hours 
and Brefeldin A (10 µg/ml) was added the last 2 hours. B cells were stimulated 
with 10µg/ml LPS (O55:B5, Sigma-Aldrich). Fc receptors were blocked with mouse 
IgG before cell surface staining. Intracellular cytokine staining was performed 
using the Cytofix/Cytoperm kit (BD Biosciences) according to the manufacturer’s 
specifications. Respective isotype controls were used as a negative control. 

Antibody and cytokine detection

Murine serum immunoglobulins were quantitated by standard ELISA techniques 
using isotype-specific capture antibodies, bovine CII (coated at 1 μg/ml on ELISA 
plates) for capturing of antigen specific antibodies (13, 39). ELISA for detection of 
soluble APRIL levels was performed as previously described using BCMA (0.2 mg/ml;  
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Peprotech) for APRIL capture (14, 15). Serum dilutions used for quantification 
were within the linear absorbance range at 492 nm, and recombinant APRIL (R&D 
Systems) was used for standardization. Assay sensitivity was 750 pg/ml.

IL-10 levels in synovial fluids were determined using the Cytometric Bead Array (CBA) 
human inflammation kit and analyzed using FCAP Array™ Software (Becton Dickinson).

Patients, synovial fluids and synovial biopsies

Synovial fluids (SF) were obtained in the CHU Montpellier and the Academic Medical 
Center Amsterdam from 28 RA patients (median age 57 years, range 22 to 75 years 
and median disease duration of 7 years, range from 4 to 34 years), 16 patients with 
osteoarthritis (OA) (median age 63 years, range 43 to 79 years) and 25 patients with 
spondyloarthritis (SpA) (median age 41 years, range 22 to 65 years and median disease 
duration of 3 month, range from 1 to 9 month). SF were centrifuged to remove cells 
(400g, 10 minutes) and treated with hyaluronidase (20 units/ml) for 30 minutes at 
37°C, followed by centrifugation (10,000g, 5 minutes) to reduce viscosity of SF. 

Histological analysis of arthritic mice

Histological analysis of arthritic mice was done to determine the extent of joint 
damage. The hind paws of the mice were removed post mortem, cleaned from skin 
and muscles and stored in formaldehyde (4% in PBS) overnight in order to fix the 
tissue. After fixation, the joints were decalcified by incubation for 11 days in 14% 
EDTA (pH 7.4).Samples were embedded in paraffin and cut into 4 mm sections, 
deparaffinized, and subjected to staining with hematoxyline (staining of nuclei in 
blue), fast green (staining of bone in green) and safranin O (staining of cartilage 
in orange). Joints were blindly examined for inflammation and joint damage by a 
certified pathologist and scored for disease manifestations such as infiltration of 
inflammatory cells, cartilage degradation, loss of joint space, and bone erosion as 
follows: 0 = negative, 1 = faint, 2 = mild, 3 = moderate, and 4 = severe. Slides were 
scanned with a virtual slide scanner and ndpi viewer (NanoZoomer, Hamamatsu, 
Bridgewater, NJ) was used to acquire histopathologic images of arthritic limbs. 
Safranin O/Fast Green staining was also used to quantify mast cells on the hind 
paws, Safranin O stains mast cells in orange. Scanned slides were processed with 
ndpi viewer to establish the area to quantify degranulating mast cells. 

Quantitative PCR (qPCR)

Total RNA was isolated from 6-8 snap frozen synovial tissue biopsies per patient using 
RNA Stat-60 (Tel-Test Inc, Friendswood, Tx, USA), treated with DNase I (Invitrogen, 
Carlsbad, CA, USA), and reverse transcribed using RevertAid™ H Minus First Strand 
cDNA Synthesis Kit (Fermentas, St. Leon-Rot, Germany). RNA concentration was 
determined with the Nanodrop (Nanodrop Technologies, Wilmington, DE USA). 
The messenger RNA levels were quantified by real time PCR using commercially 
designed primer and probe sets for IL-10 (Hs00961622_m1), TNF (Hs00174128_m1),  
and IL-6 (HS00174131_m1) (Applied Biosystems, Foster City, California, USA) on a 
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StepOnePlus™ Real-Time PCR detection system (Applied Biosystems, Foster City, 
CA, USA) according to manufacturer’s protocol. Fold induction was calculated by 
2−(∆∆Ct), normalizing to GAPDH (4310884E).

Culturing of PBMCs

Peripheral Blood mononuclear cells were isolated from healthy donors, using Ficoll 
(Pharmacia) density gradient. The cells were cultured with either APRIL conditioned 
or control medium in 96-well plates (5x106 cells/ml). After 24 hours, CpG 
oligonucleotides (Invivogen, 1µg/ml) and CD40L (Alexis Biochemicals, 250ng/ml) 
were added simultaneously to the cell cultures. Cells were harvested 2 and 6 hrs after 
the addition of CpG/CD40L. Subsequently, RNA was extracted using the GenElute 
mammalian total RNA miniprep kit (Sigma) and IL-10 levels were determined by 
quantitative PCR. In another set of experiments FACS sorted monocytes, B and T 
cells were analyzed.

Statistical analysis

Unpaired t-test, paired t-test and two-way ANOVA followed by Bonferroni post-
tests and areas under the curve (AZUC) were calculated using GraphPad Prism 
version 4.00 (GraphPad Software, San Diego, CA). Data are mean ± SEM. p < 0,05 
was considered as significant, p < 0,01 as very significant and p < 0.0001 as 
extremely significant. Incidence was compared using Kaplan-Meier survival analysis. 
Correlations were determined by Spearman’s rank order correlation for ordinal data.
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