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Impact of NF-kB and reactive
oxygen species on intracellular
BAFF/APRIL expression in ANCA-
associated vasculitis: focusing on
the effect of resveratrol

Yasuhiro Shimojima @7, Dai Kishida, Takanori Ichikawa
and Yoshiki Sekijima

Department of Medicine (Neurology and Rheumatology), Shinshu University School of Medicine,
Matsumoto, Japan

Increased expression of B-cell activation factor of the tumor necrosis factor
family (BAFF) and a proliferation-inducing ligand (APRIL) expression, which have
been observed not only in the active phase of antineutrophil cytoplasmic
antibody (ANCA)-associated vasculitis (AAV) but also in remission, may cause
relapse by activating autoreactive B cells that produce ANCA. It is necessary to
identify a therapeutic target related to the production of BAFF and APRIL in
immune cells, particularly monocytes which play a crucial role in mediating the
pathological processes of AAV. We previously demonstrated the efficacy of
resveratrol (RVL) in restoring the function of regulatory T cells in AAV. This
study examined the effects of RVL on the expression of BAFF and APRIL in
monocytes as well as their related signaling factors in patients with AAV. This
study used peripheral blood mononuclear cells (PBMCs) from 35 patients with
AAV and 22 healthy controls. After incubating PBMCs with and without RVL or
tempol, BAFF, APRIL, reactive oxygen species (ROS), and nuclear factor-kB (NF-
kB) in CD14+ cells were analyzed using flow cytometry. Additionally, BAFF and
APRIL in CD14+ cells were assessed in PBMCs treated with the NF-xB inhibitor,
SN50. Significantly higher BAFF, APRIL, ROS, and NF-xB expression were
observed in CD14+ cells in patients with AAV than in healthy controls. In CD14
+ cells treated with RVL, patients with AAV exhibited significant increases in BAFF
and NF-kB expression but significant decreases in APRIL and ROS expression. In
patients with AAV, there was a positive correlation between NF-xB and BAFF in
CD14+ cells, regardless of RVL treatment. Patients with AAV showed a significant
decrease in APRIL expression without significant changes in BAFF expression in
CD14+ cells treated with tempol; whereas there was a significant decrease in
BAFF and APRIL expression in CD14+ cells treated with SN50. NF-kB may be a
crucial signaling factor in BAFF production. RVL induces BAFF expression in
monocytes by stimulating NF-xB in AAV, while its redox reaction reduces
APRIL expression.
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1 Introduction

Antineutrophil cytoplasmic antibody (ANCA)-associated
vasculitis (AAV) is a systemic autoimmune disorder that is
clinically categorized into three types: microscopic polyangiitis
(MPA), granulomatosis with polyangiitis (GPA), and eosinophilic
granulomatosis with polyangiitis, which can lead to serious or
irreversible damages. AAV is pathologically characterized by a
pauci-immune and necrotizing small- to medium-sized vasculitis
(1, 2). Moreover, immunological cross-talks participates in the
development of inflammatory vessel damage (2, 3). This process
involves the participation of ANCA targeting myeloperoxidase
(MPO) and proteinase 3 (PR3) via innate immune priming.
Activation of neutrophils and the complement pathway leads to
the promotion of neutrophil extracellular traps and an increased
production of proinflammatory cytokines, chemokines, and
reactive oxygen species (ROS). Multiple factors, such as polygenic
genetic susceptibility, epigenetic impairment, and several
environment factors, have also been suggested in the development
of AAV. MPO- and PR3-ANCA have been found to be pivotal in
the pathogenesis of AAV, suggesting that the activation signal of the
B-cell lineage is also potentially involved in producing ANCA as an
upstream factor in the pathological signaling pathway.

B-cell activation factor of the tumor necrosis factor family
(BAFF) and a proliferation-inducing ligand (APRIL) are well-
known as survival and activating factors for B-cells (4-6).
Increased production of BAFF and APRIL has been identified in
AAV (7-10) and is significantly correlated with circulating B cell
expression and the expression of relevant receptors in patients with
AAV (11). Additionally, significantly increased serum BAFF and
APRIL levels have been still observed even in the remission phase of
AAV (10-12), suggesting that persistent increases in BAFF and
APRIL levels may cause relapse by activating B cells, leading to the
production of ANCA. In real-world practice, some practical
antagonists for BAFF, APRIL, and their binding receptors, such
as belimumab, blisibimod, tabalumab, or atacicept (13-16), can be
considered as the potential remedies. The efficacy of belimumab can
be achieved under concomitant use of rituximab, although
belimumab alone with conventional immunosuppressive agents
does not reduce AAV relapse (17). This suggests that autoreactive
B cells remain persistently activated in the environment with high
production of BAFF and APRIL. Rituximab has enough clinical
evidence supporting its effectiveness for both inducing remission
and maintaining therapy in AAV (18-20), indicating that depleting
autoreactive B cells, even those activated by persistent BAFF/APRIL
expression, may be one of the most useful therapeutic strategies in
AAV. However, administration of rituximab requires regular
repetition to maintain remission, which leads to adverse effects,
particularly frequent infections. It may be necessary to identify a
therapeutic method that fundamentally inhibits the production of
BAFF and APRIL by immunocompetent cells, including
monocytes, to prevent the activation of B cells due to the
involvement of BAFF and APRIL. To the best of our knowledge,
the distinct intracellular signaling pathways that lead to the
production of BAFF and APRIL remain to be elucidated.
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We have previously demonstrated the efficacy of resveratrol
(RVL), a phenolic compound with antioxidant, anti-inflammatory,
and anti-immune aging properties, in restoring the regulatory
function and recovery from effector plastic changes in regulatory
T cells in AAV (21). Moreover, the suppression of increased
intracellular ROS expression by RVL treatment was useful for
repairing regulatory T cell function in patients with AAV. Herein,
we assume that RVL may also be useful for regulating enhanced
intracellular signaling of BAFF/APRL production, potentially
through redox reactions. In this study, we assessed the influence
of RVL on intracellular BAFF and APRIL expression in the
circulating monocytes of patients with AAV. Additionally, the
pivotal intracellular signaling factors for BAFF and APRIL
production were identified through theexperiments with RVL
treatment. Moreover, we focused on the expression of NF-xB in
monocytes because it is a crucial intracellular factor involved in
producing several cytokines, which can be modulated by ROS
(22, 23).

2 Materials and methods
2.1 Patients and samples

A total of 35 patients (median age: 71 years; 22 women) without
any immunosuppressive treatment, 21 with MPA and 14 with GPA,
were enrolled in this study. The classification of MPA or GPA was
determined according to the criteria of the Chapel Hill Consensus
Conference (1), the consensus algorithm proposed by the European
Medicines Agency (24), and/or the 2022 American College of
Rheumatology/European Alliance of Associations for
Rheumatology classification criteria (25, 26). The median
(interquartile range, IQR) Birmingham Vasculitis Activity Score
(BVAS) (27) was 15 (9-19). Relevant manifestations based on
BVAS and laboratory findings, including the number of white
blood cells, neutrophils, and lymphocytes; serum levels of C-
reactive protein; estimated glomerular filtration rate (eGFR); and
positivity for MPO-ANCA or PR3-ANCA, were also evaluated
before initiating treatment (Supplementary Table 1). Peripheral
blood samples were collected simultaneously from all the patients.
Peripheral blood samples were also obtained from 22 healthy
controls (HC), whose median age (64 years) and sex (12 women)
were not significantly different from those of patients with AAV (p
=0.085 and p = 0.587, respectively). This study was approved by the
local ethics committee of Shinshu University (approval number:
5787). All the participants provided written informed consent.

2.2 Isolation of blood samples and
incubation

Peripheral blood mononuclear cells (PBMCs) were isolated
from whole blood samples collected in ethylenediaminetetraacetic
acid-coated tubes through gradient centrifugation using Ficoll-
Hypaque PLUS (GE Healthcare, Pittsburgh, PA, USA). PBMCs
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B-cell activation factor of the tumor necrosis factor family (BAFF) and a proliferation-inducing ligand (APRIL) expression in untreated CD14+ cells.

(A) The representative histograms of BAFF or APRIL expression in CD14+ cells without any treatment. Range bars indicate the proportion of BAFF or
APRIL positive in CD14+ cells. (B) The median fluorescence intensity (MFI) of BAFF or that of APRIL in CD14+ cells without any treatment between
patients with antineutrophil cytoplasmic antibody-associated vasculitis (AAV, n = 35) and healthy controls (HC, n = 22). (C) The proportion of BAFF or
that of APRIL in CD14+ cells without any treatment between patients with AAV and HC. FMO, fluorescence minus one. **p < 0.005, ***p < 0.001,

*xx5p < 0.0001.

were incubated on a 24-well plate (1 x 10%/well) with and without
100 uM RVL (Sigma-Aldrich, St. Louis, MO, USA) at 37°C for 24 h
based on the method that we previously described (21).
Alternatively, for reducing intracellular ROS, PBMCs were
incubated on a 24-well plate (1 x 10%/well) with and without 50
UM tempol at 37°C for 24 h based on our previous experiment (28).
The dosages of RVL and tempol were established through
preliminary experiments in our previous studies as the most
effective for reducing ROS without causing toxic adverse effects.
In the experiment aimed at inhibiting intracellular nuclear factor-
kB (NF-xB), 18 uM SN50 (Selleck Chemicals, Houston, TX, USA)
was added simultaneously while incubating PBMCs with RVL, a
dosage commonly used in related previous experiments (29, 30).

2.3 Cell treatment and flow cytometry

Incubated PBMCs with and without RVL, tempol, or SN50 were
stimulated with 0.5 mg/mL lipopolysaccharide (LPS) (Sigma-
Aldrich) and 2 pM monensin (BD Biosciences, San Diego, CA,
USA) at 37°C for 4 h. Stimulated PBMCs were stained with FITC-
conjugated anti-CD14 (BD Biosciences, San Diego, CA, USA). The
stained PBMCs were permeabilized with Cytofix/Cytoperm (BD
Biosciences) and then stained with PE-conjugated anti-BAFF
(BioLegend, San Diego, CA, USA), APC-conjugated anti-APRIL
(Miltenyi Biotec, Bergisch Gladbach, Germany), and PE/Cy7-
conjugated anti-NF-xB (BD Biosciences) (Supplementary
Table 2). Alternatively, for measuring cellular ROS expression,
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incubated PBMCs with and without RVL or tempol were
stimulated with 200 uM tert-butyl hydroperoxide at 37°C for 60
min. Treated PBMCs were stained with CellROX Deep Red Reagent
(Invitrogen, Carlsbad, CA, USA) and FITC-conjugated anti-CD14.
The proportion and median fluorescence intensity (MFI) of
targeted markers in the gated CD14+ population (Supplementary
Figure 1) were evaluated. Stained cells were acquired on a
FACSCanto II flow cytometer (BD Bioscience), and the data were
analyzed using FlowJo software version 10.5.3 (Tree Star Inc.,
Ashland, OR, USA).

2.4 Statistical analysis

All data are presented as medians and interquartile range (IQR).
Statistical significance was set at p < 0.05. The Mann-Whitney U
test was used to compare two independent groups. The Kruskal-
Wallis test was performed to compare three independent groups,
and the Steel-Dwass test was subsequently used for multiple
comparisons. Consecutive data, with and without treatment, were
compared using the Wilcoxon signed-rank test and two-way
analysis of variance. Regression analyses were used to evaluate the
associations of BAFF and APRIL in CD14+ cells with BVAS or
relevant manifestations. We estimated a partial regression
coefficient (coefficient) or odds ratio (OR), respectively, together
with a 95% confidence interval (CI). The Spearman’s rank
correlation coefficient test was performed to evaluate the
association of BAFF and APRIL expression with NF-xB
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TABLE 1 Regression analysis of the impact of BAFF and APRIL expression in monocytes on BVAS in AAV.

Variables

Simple regression analysis

Coefficient 95% ClI

MFI-BAFF 0.0002 0.0001 to 0.0003

MFI-APRIL -0.0214 -0.0391 to -0.0037

P value

0.0002

0.019

Multiple regression analysis

Coefficient 95% ClI P value

0.0002 0.0001 to 0.0003 0.0004

-0.0159 -0.0309 to -0.0009 0.039

BVAS, Birmingham Vasculitis Activity Score; AAV, ANCA-associated vasculitis; MFI, median fluorescence intensity; CI, confidence interval.

<0.05 was considered statistically significant.

expression in CD14+ cells. The cutoff thresholds for the proportion
of BAFF or APRIL in CD14+ cells were calculated using the receiver
operating characteristic (ROC) curve. Statistical analyses were
performed using JMP software version 14.3.0 (SAS Institute Inc.,
Cary, NC, USA) and BellCurve for Excel (SSRI, Tokyo, Japan).

3 Results

3.1 BAFF and APRIL expression in CD14+
cells and their impacts on clinical findings
in AAV

The MFIs of BAFF and APRIL in CD14+ cells were significantly
higher in patients with AAV than in HC (p = 0.0001 and p = 0.001,
respectively) (Figure 1A, B). The proportions of BAFF and APRIL
in CD14+ cells were also significantly higher in patients with AAV
than in HC (BAFF: median [IQR], 80.2 [59.2-91.8] % vs. 67.5
(47.9-70.6] %, p = 0.001; APRIL: 15.8 [6.6-22.9] % vs. 4.5 [1.7-8.2]
%, p < 0.0001) (Figure 1A, C). In the ROC curve analyses for
determining the significant proportions of BAFF and APRIL in
patients with AAV (the cutoff proportion) using AAV as the
objective variable and HC as the control variable, the AUCs for
BAFF and APRIL were 0.764 (sensitivity 0.686, specificity 0.783, P <
0.0001) and 0.808 (sensitivity 0.657, specificity 0.827, P < 0.0001),
respectively (Supplementary Figure 2). The cutoff proportions of
BAFF and APRIL in CD14+ cells were estimated to 70.9% and 9.0%,
respectively. In the analysis for the impacts on clinical findings, the
MFI of BAFF in CD14+ cells was positively correlated with BVAS
(coefficient 0.0002, 95%CI 0.0001 to 0.0003, p = 0.0004), while that
of APRIL was inversely correlated with BVAS (coefficient -0.0159,
95%CI -0.0309 to —0.0009, p = 0.039) (Table 1). Additionally, the
MFI of BAFF in CDI14+ cells was positively associated with
pulmonary and renal involvements (OR 1.0001, 95%CI 1.0000 to
1.0002, p = 0.037; OR 1.0001, 95%CI 1.0000 to 1.0001, p = 0.015,
respectively) (Supplementary Table 3). The MFI of APRIL in CD14
+ cells was inversely associated with renal involvement (OR 0.9925,
95%CI 0.9851 to 0.9999, p = 0.047).

Taken together, patients with AAV showed significantly higher
expression of BAFF and APRIL in CD14+ cells compared to HC.
These findings may have implication for pulmonary and
renal involvement.
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3.2 BAFF and APRIL expression in CD14+
cells treated with RVL in AAV

We evaluated the changes in BAFF and APRIL expression in
CD14+ cells after RVL treatment. In patients with AAV, the MFI of
BAFF was significantly higher in CD14+ cells treated with RVL than
in those not treated with RVL (p < 0.0001), whereas that of APRIL
was significantly lower in CD14+ cells treated with RVL than in
those not treated with RVL (p < 0.0001) (Figure 2A). The
proportion of BAFF was significantly increased in CD14+ cells
treated with RVL compared with those without RVL treatment (p =
0.007), whereas that of APRIL was significantly decreased in CD14+
cells treated with RVL compared with those without RVL treatment
(p < 0.0001) (Figure 2B). In the analysis of HC, the MFI and the
proportion of BAFF were not significantly different between CD14+
cells with and without RVL treatment (p = 0.452 and p = 0.137,
respectively), whereas those of APRIL were significantly lower in
CD14+ cells treated with RVL than in those without RVL treatment
(p < 0.0001 and p = 0.026, respectively) (Figure 2B). In CD14+ cells
treated with RVL, the MFIs of BAFF and APRIL were significantly
higher in patients with AAV than in HC (p < 0.0001 and p < 0.0001,
respectively) (Figure 2A), and the proportions of BAFF and APRIL
were also significantly higher in patients with AAV than in HC (p <
0.0001 and p < 0.0001, respectively) (Figure 2B).

Overall, RVL treatment increased intracellular BAFF expression
in patients with AAV, while it reduced intracellular APRIL
expression in both patients with AAV and HC.

3.3 ROS expression in CD14+ cells treated
with RVL and tempol in AAV

The MFI of ROS in CD14+ cells without RVL treatment was
significantly higher in patients with AAV than in HC (p = 0.0002)
(Figure 3). In patients with AAV, the MFI of ROS was significantly
lower in CD14+ cells treated with RVL than in CD14+ cells not
treated with RVL (p < 0.0001). The MFI of ROS in CD14+ cells
treated with RVL from patients with AAV was not significantly
different from that in CD14+ cells without RVL treatment from HC
(p = 0.622).

Additionally, we treated CD14+ cells with tempol in patients
with AAV. The MFI of ROS was significantly lower in CD14+ cells
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FIGURE 2

B-cell activation factor of the tumor necrosis factor family (BAFF) and a proliferation-inducing ligand (APRIL) expression in CD14+ cells with and
without resveratrol (RVL) treatment. (A) Representative histograms of BAFF or APRIL expression in CD14+ cells with and without RVL treatment (left
panels) in a patient with antineutrophil cytoplasmic antibody-associated vasculitis (AAV), and median fluorescence intensity (MFI) of BAFF or that of
APRIL in CD14+ cells before and after RVL treatment in patients with AAV (n = 35) and in healthy controls (HC; n = 22) (right graphs). (B) The
proportions of BAFF or APRIL in CD14+ cells before and after RVL treatment in patients with AAV and HC. Comparison before and after RVL
treatment in patients with AAV (#1), that in HC (#2), and comparison between patients with AAV and HC after RVL treatment (#3). FMO,
fluorescence minus one. *p < 0.05, **p < 0.01, ****p < 0.0001. n.s., not significant.

treated with tempol than in those not treated with tempol (p =
0.012) (Figure 4). The MFI of ROS in CD14+ cells treated with
tempol from patients with AAV was not significantly different from
that in CD14+ cells not treated with tempol from HC (p = 0.721).
The proportion and MFI of BAFF in CD14+ cells treated with
tempol were not significantly different from those in CD14+ cells
not treated with tempol (p = 0.929 and p = 0.859, respectively). The
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proportion and MFI of APRIL in CD14+ cells treated with tempol
were significantly lower than those in CD14+ cells not treated with
tempol (p = 0.016 and p = 0.008, respectively).

In patients with AAV, treatments with RVL and tempol
significantly reduced intracellular ROS levels, while also
demonstrating a significant decrease in intracellular
APRIL expression.
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Reactive oxygen species (ROS) expression in CD14+ cells with and without resveratrol (RVL) treatment. The left panel shows representative
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histograms of ROS in CD14+ cells with or without RVL treatment from a patient with antineutrophil cytoplasmic antibody-associated vasculitis (AAV),
and ROS expression in those without RVL treatment from healthy control (HC). The middle graph displays the median fluorescence intensity (MFI) of
ROS in CD14+ cells before and after RVL treatment in patients with AAV (n = 22). The right graph indicates the comparisons of the MFls of ROS in
CD14+ cells with and without RVL treatment from patients with AAV (n = 22), and those without RVL treatment from HC (n = 9). FMO, fluorescence
minus one. ***p < 0.001, ****p < 0.0001. n.s., not significant.
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FIGURE 4

Reactive oxygen species (ROS), B-cell activation factor of the tumor necrosis factor family (BAFF), and a proliferation-inducing ligand (APRIL)
expression in CD14+ cells with and without tempol treatment. (A) The left panel shows representative histograms of ROS in CD14+ cells with or
without tempol treatment from a patient with antineutrophil cytoplasmic antibody-associated vasculitis (AAV), and ROS expression in those without
tempol treatment from a healthy control (HC). The middle graph displays the median fluorescence intensity (MFI) of ROS in CD14+ cells before and
after tempol treatment in patients with AAV (n = 8). The right graph indicates the comparisons of the MFls of ROS in CD14+ cells with and without
RVL treatment from patients with AAV, and those without RVL treatment from HC (n = 9). (B) The proportion and median fluorescence intensity
(MFI) of BAFF, and (C) those of APRIL in CD14+ cells before and after tempol treatment in patients with AAV. FMO, fluorescence minus one. *p <

0.05, **p < 0.005. n.s., not significant

3.4 NF-xB and its relationship with BAFF
and APRIL expression in CD14+ cells

LPS for stimulating monocytes, namely Toll-like receptor (TLR)
4 ligation stimulation, participates in activating its downstream
signaling, including NF-xB pathways. Moreover, the LPS-induced
TLR4 binding cascade is involved in BAFF/APRIL signaling
through the activation of the NF-xB pathway (31, 32).
Accordingly, we investigated NF-xB expression in CD14+ cells
from patients with AAV and HC. In untreated CD14+ cells, the
MFI of NF-kB was significantly higher in patients with AAV than in
HC (p = 0.0002) (Figure 5A). In patients with AAV, the MFI of NF-
KB was significantly higher in CD14+ cells treated with RVL than in
those not treated with RVL (p = 0.002) (Figure 5B). The MFI of NF-
KB was significantly correlated with that of BAFF in both
populations of CD14+ cells with and without RVL treatment (p <
0.0001 and p < 0.0001, respectively) but was not correlated with that
of APRIL (p = 0.272 and p = 0.353, respectively) (Figure 5C). In the
evaluation of HC, the MFI of NF-kB was not significantly different
in CD14+ cells treated with RVL and in those without RVL
treatment (p = 0.136); nevertheless, in both CD14+ cells with and
without RVL treatment, the MFI of NF-xB was significantly
correlated with that of BAFF (p = 0.0001 and p = 0.0003,
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respectively) and with that of APRIL (p < 0.0001 and p = 0.047,
respectively) (Supplementary Figure 3).

Taken together, in patients with AAV, intracellular NF-kB
expression was significantly higher compared to HC, and this
expression significantly increased with RVL treatment. Patients
with AAV exhibited significant correlations between intracellular
BAFF and NF-xB expression, regardless of RVL treatments;
however, no correlations were found between intracellular APRIL
and NF-kB expression.

3.5 Changes of BAFF and APRIL expression
in CD14+ cells after treatment with SN50
in AAV

Next, we analyzed the BAFF and APRIL expression in CD14+
cells by inhibiting NF-kB expression using SN50 in patients with
AAV. The MFI of NF-«xB was significantly lower after SN50
treatment than before SN50 treatment in CD14+ cells without
RVL treatment (p = 0.0015) (Figure 6A) and in those treated with
RVL (p = 0.0015) (Figure 6B). In CD14+ cells without RVL
treatment, the MFIs of BAFF and APRIL were significantly lower
after SN50 treatment than before SN50 treatment (p = 0.0019 and p
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FIGURE 5

Nuclear factor-xB (NF-xB) expression and its correlations with B-cell activation factor of the tumor necrosis factor family (BAFF) or a proliferation-
inducing ligand (APRIL) in CD14+ cells. (A) The left panel is representative histograms of NF-kB expression in CD14+ cells without any treatment,
and the right graph is the comparison of median fluorescence intensity (MFI) of NF-kB in CD14+ cells without any treatment between patients with
antineutrophil cytoplasmic antibody-associated vasculitis (AAV, n = 13) and healthy controls (HC, n = 12). (B) The left panel is representative
histograms of NF-«B expression in CD14+ cells with and without resveratrol (RVL) treatment, and the right graph shows MF| of NF-kB in CD14+ cells
before and after RVL treatment in patients with AAV. (C) Correlations between MFI of NF-kB and that of BAFF or that of APRIL in CD14+ cells with
and without RVL treatment in patients with AAV. FMO, fluorescence minus one. **p < 0.005, ***p < 0.001.

= 0.0024, respectively) (Figure 6A). In CD14+ cells treated with
RVL, the MFIs of BAFF and APRIL were also significantly lower
after SN50 treatment than those before SN50 treatment (p = 0.0015
and p = 0.0019, respectively) (Figure 6B). The MFI of BAFF was
positively correlated with that of NF-kB in both CD14+ cells with
and without RVL treatment after SN50 treatment (p = 0.0001 and p
= 0.0001, respectively), whereas the MFI of APRIL was not
correlated with that of NF-xB (p = 0.275 and p = 0.476,
respectively) (Figure 7).

The SN50 treatment significantly reduced the expression of
BAFF and APRIL, together with decrease in NF-kB expression,
regardless of RVL treatment. Of those, a significant correlation was
found between BAFF and NF-xB expression; however, no
correlation was observed between APRIL and NF-kB expression.

4 Discussion

This study demonstrated significant increases in BAFF and
APRIL expression in monocytes from patients with AAV.
Additionally, our study suggests that intracellular BAFF
production is robustly associated with the NF-kB signal in AAV
because significant correlations between NF-xB and BAFF
expression were universally found in monocytes with and without
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inhibition treatment of NF-kB. RVL treatment induced intracellular
BAFF production in monocytes and increased NF-xB expression in
patients with AAV. However, no significant differences in BAFF
expression were observed in monocytes from healthy individuals,
regardless of RVL treatment. This demonstrated that the NF-kB
signal is pivotal for producing BAFF, and RVL may act on inducing
BAFF expression through the NF-xB signal in AAV. The NF-xB
binding site is located in the BAFF promoter region, resulting in
regulating BAFF expression (33, 34). Some anti-inflammatory
reagents, such as the phenolic compound chlorogenic acid and
chicoric acid, have been found to suppress intracellular BAFF
expression by regulating NF-kB (34, 35), explaining that the NF-
KB signal pathway is implicated in BAFF expression. In the
experiment for activating pattern recognition receptors using
OM-85, which is a standardized lysate of human airways bacteria
but does not act on LPS receptors (36), induction of BAFF via the
activation of NF-kB was demonstrated in dendritic cells (37).
However, the effects of RVL on BAFF and NF-«B in monocytes
were not observed in healthy individuals. This suggests that the
effect of RVL on the immunity of AAV, which increases
intracellular BAFF expression through the stimulation of NF-kB
signaling, is different from that of the physiological environment.
Our results also suggested that NF-xB is a physiologically
crucial factor for both producing BAFF and APRIL in monocytes
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B-cell activation factor of the tumor necrosis factor family (BAFF) and a proliferation-inducing ligand (APRIL) expression in CD14+ cells treated with
nuclear factor-«B (NF-kB) inhibitor with and without resveratrol (RVL) treatment in patients with antineutrophil cytoplasmic antibody-associated
vasculitis. (A) Representative histograms and median fluorescence intensity (MFI) of NF-kB, BAFF, and APRIL in untreated CD14+ cells with and
without SN50 treatment. (B) Representative histograms and median fluorescence intensity (MFI) of NF-xB, BAFF, and APRIL in CD14+ cells with and
without SN50 treatment, which were simultaneously treated with RVL. FMO, fluorescence minus one. **p < 0.005.

because intracellular expression of NF-xB was significantly
correlated with that of BAFF and APRIL in healthy individuals.
In patients with AAV, exposure to RVL and SN50 conversely
affected NF-kB expression, whereas SN50 decreased it. However,
both treatments significantly reduced APRIL expression in
monocytes. This indicates that other factors may play a more
significant role in intracellular APRIL production, although the
influence of NF-«xB on APRIL production remains in patients with
AAV. Ultimately, the redox reactions mediated by RVL and tempol
were found to play a critical role in reducing intracellular
APRIL expression.

A significant increase in ROS expression was observed in
monocytes from patients with AAV compared with those in
healthy individuals. AAV pathogenesis is robustly associated with
excessive oxidative stress, and activated neutrophils are pivotal for
ROS production (38). Persistent increased ROS expression in
immunocompetent cells leads to the excessive promotion of
immune responses, such as the production of inflammatory
cytokines and other inflammatory factors, in autoimmune
diseases, including AAV (21, 39). Monocytes play a crucial role as
innate immune priming cells in mediating the pathological
processes associated with AAV (40). Moreover, ROS production
can be induced in monocytes primed by ANCA (41). Intracellular
APRIL expression was reduced when monocytes were treated with
RVL in both patients with AAV and healthy individuals, whereas
the suppressive effect of RVL on BAFF expression was not observed,
suggesting that RVL can constitutively regulate APRIL production
in monocytes. RVL is known to act as an antioxidant and anti-
inflammatory mediator and has multimodal properties, including
regulation of oxidative stress, modulation of the energy metabolic
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system and nutrient sensing, and activation of senescence-related
genetic and epigenetic factors (42, 43). In the immune system, RVL
plays a role in the intracellular regulation of the immune pathway
by suppressing not only oxidative stress but also various key
signaling molecules. To our knowledge, the impact of ROS on
intracellular APRIL expression has not been reported, although a
previous study has indicated that oxidative stress induces BAFF
expression in adipocytes (44). However, our study demonstrated
that intracellular ROS expression was not associated with BAFF
production in monocytes from patients with AAV. In contrast,
treatment with tempol, a representative ROS-scavenging nitroxide
compound that acts as a superoxide dismutase (45), led to a
significant decrease in APRIL expression and reduced ROS levels.
This suggests that increased intracellular ROS expression may
significantly influence APRIL production in monocytes, as two
different types of ROS-scavengers, RVL and tempol, yielded
similar results.

Our study indicated a significant correlation between BAFF
expression in monocytes and BVAS, along with renal and
pulmonary involvements, suggesting that BAFF-expressing
monocytes may be biological marker of affecting disease activity
in AAV. A previous study has shown that BVAS was significantly
correlated with serum levels of BAFF, although it was not correlated
with APRIL levels in patients with ANCA-associated renal vasculitis
(8). In contrast, no significant correlations between serum BAFF or
APRIL levels and BVAS have been reported in other AAV studies
(11, 12). To the best of our knowledge, a specific AAV manifestation
significantly associated with serum BAFF or APRIL levels has not
yet been demonstrated. The increased production of BAFF and
APRIL can contribute to the development of AAV by promoting
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(BAFF), and a proliferation-inducing ligand (APRIL) expression in CD14+ cells with and without resveratrol (RVL) treatment, which were
simultaneously treated with SN50, in patients with antineutrophil cytoplasmic antibody-associated vasculitis (AAV).

autoreactive B cells, whereas BAFF and APRIL are produced by
various types of myeloid cells, including monocytes, macrophages,
neutrophils, and dendritic cells (5, 6, 46). Some studies have
reported that the dominant infiltration of monocytes/
macrophages in biopsied renal tissues in ANCA-associated
glomerulonephritis (40, 47, 48). Given our results and the
associated pathological aspects, investigating the implication of
BAFF-expressing monocytes in the targeted organ, including
pulmonary and renal lesions, may clarify a more precise
immunopathologic mechanism of AAV. APRIL expression in
monocytes was found to be inversely associated with BVAS and
renal involvement. We assumed that APRIL expression in
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monocytes might be inversely regulated, depending on the
predominant production of APRIL in other types of
immunocompetent cells and the disease activity.

Our study had some limitations. First, we focused exclusively on
the expression of intracellular BAFF and APRIL in CD14+
monocytes, although other immunocompetent cells are also
involved in producing BAFF and APRIL. Second, we conducted
in vitro experiments using LPS stimulation on PBMCs to investigate
the expression of BAFF, APRIL, and other relevant factors in
monocytes. It may be necessary to consider multiple priming
factors in the immune systems to fully understand the signal
transduction pathways that lead to BAFF and APRIL production.
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Third, our experiment used PBMCs for treatments with various
reagents, indicating that monocytes may be influenced by other
types of immune cells. To better understand the specific
intracellular mechanisms involved in BAFF/APRIL signaling, an
alternative experimental design that isolates and treats monocytes
alone may be necessary. Fourth, the very small number of samples
from patients with AAV and healthy individuals might be
insufficient to analyze the relationships between intracellular
BAFF/APRIL expression and clinical findings.

In conclusion, significantly increased expression of BAFF and
APRIL in monocytes was observed in patients with AAV, and these
were positively and inversely correlated with disease activity,
respectively. RVL led to increased BAFF expression and decreased
APRIL expression in monocytes from patients with AAV.
Moreover, NF-kB was involved in the correlative impact on
increasing BAFF expression in monocytes in patients with AAV,
and RVL exerted its effect by promoting NF-kB expression. In
contrast, a redox reaction induced by RVL led to a decrease in
APRIL expression in monocytes from patients with AAV. Our
results indicated intracellular features of BAFF/APRIL signaling in
the monocytes of patients with AAV. It is necessary to clarify the
precise intracellular signaling pathways that produce BAFF/APRIL
in all relevant immunocompetent cells that contribute to the
development of AAV.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The local ethics committee of Shinshu University. The studies
were conducted in accordance with the local legislation and
institutional requirements. The participants provided their written
informed consent to participate in this study.

Author contributions

YaS: Conceptualization, Data curation, Formal Analysis,
Funding acquisition, Investigation, Methodology, Project
administration, Resources, Software, Supervision, Validation,
Visualization, Writing - original draft, Writing - review &
editing. DK: Resources, Writing - review & editing. TI:

References

1. Jennette JC, Falk RJ, Bacon PA, Basu N, Cid MC, Ferrario F, et al. revised
International Chapel Hill Consensus Conference Nomenclature of Vasculitides.
Arthritis Rheum. (2012) 65:1-11. doi: 10.1002/art.37715

Frontiers in Immunology

10

10.3389/fimmu.2025.1586158

Resources, Writing — review & editing. YoS: Conceptualization,
Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This study was supported
by JSPS KAKENHI Grant Number JP18K08385 and JP21K08455.

Acknowledgments

We thank all members of the Department of Medicine
(Neurology and Rheumatology) at Shinshu University Hospital
for treating the patients who participated in the study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.
1586158/full#supplementary-material

2. Jennette JC, Falk R]. Pathogenesis of antineutrophil cytoplasmic autoantibody-
mediated disease. Nat Rev Rheumatol. (2014) 10:463-73. doi: 10.1038/
nrrheum.2014.103

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1586158/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1586158/full#supplementary-material
https://doi.org/10.1002/art.37715
https://doi.org/10.1038/nrrheum.2014.103
https://doi.org/10.1038/nrrheum.2014.103
https://doi.org/10.3389/fimmu.2025.1586158
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Shimojima et al.

3. Zhao WM, Wang ZJ, Shi R, Zhu YY, Zhang S, Wang RF, et al. Environmental
factors influencing the risk of ANCA-associated vasculitis. Front Immunol. (2022)
13:991256. doi: 10.3389/fimmu.2022.991256

4. Vincent FB, Saulep-Easton D, Figgett WA, Fairfax KA, Mackay F. The BAFF/
APRIL system: emerging functions beyond B cell biology and autoimmunity. Cytokine
Growth Factor Rev. (2013) 24:203-15. doi: 10.1016/j.cytogfr.2013.04.003

5. Tangye SG, Bryant VL, Cuss AK, Good KL. BAFF. APRIL and human B cell
disorders. Semin Immunol. (2006) 18:305-17. doi: 10.1016/j.smim.2006.04.004

6. Mackay F, Schneider P. Cracking the BAFF code. Nat Rev Immunol. (2009) 9:491-
502. doi: 10.1038/nri2572

7. Krumbholz M, Specks U, Wick M, Kalled SL, Jenne D, Meinl E. BAFF is elevated
in serum of patients with Wegener’s granulomatosis. J Autoimmun. (2005) 25:298-302.
doi: 10.1016/j.jaut.2005.08.004

8. Nagai M, Hirayama K, Ebihara I, Shimohata H, Kobayashi M, Koyama A. Serum
levels of BAFF and APRIL in myeloperoxidase anti-neutrophil cytoplasmic
autoantibody-associated renal vasculitis: association with disease activity. Nephron
Clin Pract. (2011) 118:c339-45. doi: 10.1159/000323393

9. Shimojima Y, Kishida D, Sekijima Y. Increased BAFF and APRIL levels in the
cerebrospinal fluid of patients with anti-neutrophil cytoplasmic antibody-related
hypertrophic pachymeningitis. Cytokine. (2017) 99:305-9. doi: 10.1016/
j.cyt0.2017.08.013

10. Holden NJ, Williams JM, Morgan MD, Challa A, Gordon J, Pepper R], et al.
ANCA-stimulated neutrophils release BLyS and promote B cell survival: a clinically
relevant cellular process. Ann Rheum Dis. (2011) 70:2229-33. doi: 10.1136/
ard.2011.153890

11. Shimojima Y, Kishida D, Ichikawa T, Takamatsu R, Nomura S, Sekijima Y.
Features of BAFF and APRIL receptors on circulating B cells in antineutrophil
cytoplasmic antibody-associated vasculitis. Clin Exp Immunol. (2023) 213:125-37.
doi: 10.1093/cei/uxad024

12. Tsuboi K, Noguchi K, Kitano M, Furukawa T, Hashimoto T, Azuma N, et al.
Serum B cell activating factor (BAFF) as a biomarker for induction of remission with
rituximab in ANCA-associated vasculitis. Immunol Med. (2022) 45:238-43.
doi: 10.1080/25785826.2022.2094592

13. Stohl W, Hiepe F, Latinis KM, Thomas M, Scheinberg MA, Clarke A, et al.
Belimumab reduces autoantibodies, normalizes low complement levels, and reduces
select B cell populations in patients with systemic lupus erythematosus. Arthritis
Rheum. (2012) 64:2328-37. doi: 10.1002/art.34400

14. Merrill JT, Shanahan WR, Scheinberg M, Kalunian KC, Wofsy D, Martin RS.
Phase III trial results with blisibimod, a selective inhibitor of B-cell activating factor, in
subjects with systemic lupus erythematosus (SLE): results from a randomised, double-
blind, placebo-controlled trial. Ann Rheum Dis. (2018) 77:883-9. doi: 10.1136/
annrheumdis-2018-213032

15. Merrill JT, van Vollenhoven RF, Buyon JP, Furie RA, Stohl W, Morgan-Cox M,
et al. Efficacy and safety of subcutaneous tabalumab, a monoclonal antibody to B-cell
activating factor, in patients with systemic lupus erythematosus: results from
ILLUMINATE-2, a 52-week, phase III, multicentre, randomised, double-blind,
placebo-controlled study. Ann Rheum Dis. (2016) 75:332-40. doi: 10.1136/
annrheumdis-2015-207654

16. Dall’Era M, Chakravarty E, Wallace D, Genovese M, Weisman M, Kavanaugh A,
et al. Reduced B lymphocyte and immunoglobulin levels after atacicept treatment in
patients with systemic lupus erythematosus: results of a multicenter, phase Ib, double-
blind, placebo-controlled, dose-escalating trial. Arthritis Rheum. (2007) 56:4142-50.
doi: 10.1002/art.23047

17. Jayne D, Blockmans D, Lugmani R, Moiseev S, Ji B, Green Y, et al. Efficacy and
safety of belimumab and azathioprine for maintenance of remission in antineutrophil
cytoplasmic antibody-associated vasculitis: A randomized controlled study. Arthritis
Rheumatol. (2019) 71:952-63. doi: 10.1002/art.40802

18. Jones RB, Tervaert JW, Hauser T, Lugmani R, Morgan MD, Peh CA, et al.
Rituximab versus cyclophosphamide in ANCA-associated renal vasculitis. N Engl |
Med. (2010) 363:211-20. doi: 10.1056/NEJM0a0909169

19. Stone JH, Merkel PA, Spiera R, Seo P, Langford CA, Hoffman GS, et al.
Rituximab versus cyclophosphamide for ANCA-associated vasculitis. N Engl ] Med.
(2010) 363:221-32. doi: 10.1056/NEJM0a0909905

20. Delestre F, Charles P, Karras A, Pagnoux C, Néel A, Cohen P, et al. Rituximab as
maintenance therapy for ANCA-associated vasculitides: pooled analysis and long-term
outcome of 277 patients included in the MAINRITSAN trials. Ann Rheum Dis. (2024)
83:233-41. doi: 10.1136/ard-2023-224623

21. Shimojima Y, Kishida D, Ichikawa T, Takamatsu R, Nomura S, Sekijima Y.
Oxidative stress promotes instability of regulatory T cells in antineutrophil cytoplasmic
antibody-associated vasculitis. Front Immunol. (2021) 12:789740. doi: 10.3389/
fimmu.2021.789740

22. Lingappan K. NF-xB in oxidative stress. Curr Opin Toxicol. (2018) 7:81-6.
doi: 10.1016/j.cotox.2017.11.002

23. Manoharan RR, Prasad A, Pospisil P, Kzhyshkowska J. ROS signaling in innate
immunity via oxidative protein modifications. Front Immunol. (2024) 15:1359600.
doi: 10.3389/fimmu.2024.1359600

24. Watts R, Lane S, Hanslik T, Hauser T, Hellmich B, Koldingsnes W, et al.
Development and validation of a consensus methodology for the classification of the

Frontiers in Immunology

11

10.3389/fimmu.2025.1586158

ANCA-associated vasculitides and polyarteritis nodosa for epidemiological studies.
Ann Rheum Dis. (2007) 66:222-7. doi: 10.1136/ard.2006.054593

25. Suppiah R, Robson JC, Grayson PC, Ponte C, Craven A, Khalid S, et al. American
College of Rheumatology/European Alliance of Associations for Rheumatology
classification criteria for microscopic polyangiitis. Ann Rheum Dis. (2022) 81:321-6.
doi: 10.1136/annrheumdis-2021-221796

26. Robson JC, Grayson PC, Ponte C, Suppiah R, Craven A, Judge A, et al. American
College of Rheumatology/European Alliance of Associations for Rheumatology
classification criteria for granulomatosis with polyangiitis. Ann Rheum Dis. (2022)
81:315-20. doi: 10.1136/annrheumdis-2021-221795

27. Mukhtyar C, Lee R, Brown D, Carruthers D, Dasgupta B, Dubey S, et al.
Modification and validation of the birmingham vasculitis activity score (version 3).
Ann Rheum Dis. (2009) 68:1827-32. doi: 10.1136/ard.2008.101279

28. Wen Z, Shimojima Y, Shirai T, Li Y, Ju J, Yang Z, et al. NADPH oxidase
deficiency underlies dysfunction of aged CD8+ Tregs. J Clin Invest. (2016) 126:1953—
67. doi: 10.1172/jci84181

29. Diya Z, Lili C, Shenglai L, Zhiyuan G, Jie Y. Lipopolysaccharide (LPS) of
Porphyromonas gingivalis induces IL-1beta, TNF-alpha and IL-6 production by THP-1
cells in a way different from that of Escherichia coli LPS. Innate Immun. (2008) 14:99—
107. doi: 10.1177/1753425907088244

30. Nie N, Bai C, Song S, Zhang Y, Wang B, Li Z. Bifidobacterium plays a protective role
in TNF-o-induced inflammatory response in Caco-2 cell through NF-«B and p38MAPK
pathways. Mol Cell Biochem. (2020) 464:83-91. doi: 10.1007/s11010-019-03651-3

31. Jablonska E, Wawrusiewicz-Kurylonek N, Garley M, Kretowski A. TLR4 ligation
induces expression of APRIL molecule in human neutrophils - a preliminary study.
Folia Histochem Cytobiol. (2012) 50:196-202. doi: 10.5603/thc.2012.0029

32. Balasubramaniam M, Mokhtar AMA. Past and present discovery of the BAFF/
APRIL system - A bibliometric study from 1999 to 2023. Cell Signal. (2024) 120:111201.
doi: 10.1016/j.cellsig.2024.111201

33. Huang Y, Fu X, Lyu X, Xu Z, He Z, Zhang Y, et al. Activation of LXR attenuates
collagen-induced arthritis via suppressing BLyS production. Clin Immunol. (2015)
161:339-47. doi: 10.1016/j.clim.2015.09.015

34. FuX, Lyu X, Liu H, Zhong D, Xu Z, He F, et al. Chlorogenic acid inhibits BAFF
expression in collagen-induced arthritis and human synoviocyte MH7A cells by
modulating the activation of the NF-kB signaling pathway. J Immunol Res. (2019)
2019:8042097. doi: 10.1155/2019/8042097

35. Chen L, Huang G, Gao M, Shen X, Gong W, Xu Z, et al. Chicoric acid suppresses
BAFF expression in B lymphocytes by inhibiting NF-«xB activity. Int
Immunopharmacol. (2017) 44:211-5. doi: 10.1016/j.intimp.2017.01.021

36. Marchant A, Goldman M. OM-85 BV upregulates the expression of adhesion
molecules on phagocytes through a CD 14-independent pathway. Int J
Immunopharmacol. (1996) 18:259-62. doi: 10.1016/0192-0561(96)84505-x

37. Parola C, Salogni L, Vaira X, Scutera S, Somma P, Salvi V, et al. Selective
activation of human dendritic cells by OM-85 through a NF-kB and MAPK dependent
pathway. PloS One. (2013) 8:¢82867. doi: 10.1371/journal.pone.0082867

38. Nakazawa D, Masuda S, Tomaru U, Ishizu A. Pathogenesis and therapeutic
interventions for ANCA-associated vasculitis. Nat Rev Rheumatol. (2019) 15:91-101.
doi: 10.1038/s41584-018-0145-y

39. Kesarwani P, Murali AK, Al-Khami AA, Mehrotra S. Redox regulation of T-cell
function: from molecular mechanisms to significance in human health and disease.
Antioxid Redox Signal. (2013) 18:1497-534. doi: 10.1089/ars.2011.4073

40. Brunini F, Page TH, Gallieni M, Pusey CD. The role of monocytes in ANCA-
associated vasculitides. Autoimmun Rev. (2016) 15:1046-53. doi: 10.1016/
j.autrev.2016.07.031

41. Weidner S, Neupert W, Goppelt-Struebe M, Rupprecht HD. Antineutrophil
cytoplasmic antibodies induce human monocytes to produce oxygen radicals in vitro.
Arthritis Rheum. (2001) 44:1698-706. doi: 10.1002/1529-0131(200107)44:7<1698::Aid-
art294>3.0.Co;2-j

42. Bonnefont-Rousselot D. Resveratrol and cardiovascular diseases. Nutrients.
(2016) 8:250. doi: 10.3390/nu8050250

43. Pyo IS, Yun S, Yoon YE, Choi JW, Lee SJ. Mechanisms of aging and the
preventive effects of resveratrol on age-related diseases. Molecules. (2020) 25:4649.
doi: 10.3390/molecules25204649

44. Tada F, Abe M, Kawasaki K, Miyake T, Shiyi C, Hiasa Y, et al. B cell activating
factor in obesity is regulated by oxidative stress in adipocytes. J Clin Biochem Nutr.
(2013) 52:120-7. doi: 10.3164/jcbn.12-115

45. Wilcox CS. Effects of tempol and redox-cycling nitroxides in models of oxidative
stress. Pharmacol Ther. (2010) 126:119-45. doi: 10.1016/j.pharmthera.2010.01.003

46. Mackay F, Ambrose C. The TNF family members BAFF and APRIL: the growing
complexity. Cytokine Growth Factor Rev. (2003) 14:311-24. doi: 10.1016/S1359-6101(03)00023-6

47. Zhao L, David MZ, Hyjek E, Chang A, Meehan SM. M2 macrophage infiltrates
in the early stages of ANCA-associated pauci-immune necrotizing GN. Clin ] Am Soc
Nephrol. (2015) 10:54-62. doi: 10.2215/c¢jn.03230314

48. Aendekerk JP, Timmermans S, Busch MH, Potjewijd J, Heeringa P, Damoiseaux
J, et al. Urinary soluble CD163 and disease activity in biopsy-proven ANCA-associated
glomerulonephritis. Clin ] Am Soc Nephrol. (2020) 15:1740-8. doi: 10.2215/
¢jn.07210520

frontiersin.org


https://doi.org/10.3389/fimmu.2022.991256
https://doi.org/10.1016/j.cytogfr.2013.04.003
https://doi.org/10.1016/j.smim.2006.04.004
https://doi.org/10.1038/nri2572
https://doi.org/10.1016/j.jaut.2005.08.004
https://doi.org/10.1159/000323393
https://doi.org/10.1016/j.cyto.2017.08.013
https://doi.org/10.1016/j.cyto.2017.08.013
https://doi.org/10.1136/ard.2011.153890
https://doi.org/10.1136/ard.2011.153890
https://doi.org/10.1093/cei/uxad024
https://doi.org/10.1080/25785826.2022.2094592
https://doi.org/10.1002/art.34400
https://doi.org/10.1136/annrheumdis-2018-213032
https://doi.org/10.1136/annrheumdis-2018-213032
https://doi.org/10.1136/annrheumdis-2015-207654
https://doi.org/10.1136/annrheumdis-2015-207654
https://doi.org/10.1002/art.23047
https://doi.org/10.1002/art.40802
https://doi.org/10.1056/NEJMoa0909169
https://doi.org/10.1056/NEJMoa0909905
https://doi.org/10.1136/ard-2023-224623
https://doi.org/10.3389/fimmu.2021.789740
https://doi.org/10.3389/fimmu.2021.789740
https://doi.org/10.1016/j.cotox.2017.11.002
https://doi.org/10.3389/fimmu.2024.1359600
https://doi.org/10.1136/ard.2006.054593
https://doi.org/10.1136/annrheumdis-2021-221796
https://doi.org/10.1136/annrheumdis-2021-221795
https://doi.org/10.1136/ard.2008.101279
https://doi.org/10.1172/jci84181
https://doi.org/10.1177/1753425907088244
https://doi.org/10.1007/s11010-019-03651-3
https://doi.org/10.5603/fhc.2012.0029
https://doi.org/10.1016/j.cellsig.2024.111201
https://doi.org/10.1016/j.clim.2015.09.015
https://doi.org/10.1155/2019/8042097
https://doi.org/10.1016/j.intimp.2017.01.021
https://doi.org/10.1016/0192-0561(96)84505-x
https://doi.org/10.1371/journal.pone.0082867
https://doi.org/10.1038/s41584-018-0145-y
https://doi.org/10.1089/ars.2011.4073
https://doi.org/10.1016/j.autrev.2016.07.031
https://doi.org/10.1016/j.autrev.2016.07.031
https://doi.org/10.1002/1529-0131(200107)44:7%3C1698::Aid-art294%3E3.0.Co;2-j
https://doi.org/10.1002/1529-0131(200107)44:7%3C1698::Aid-art294%3E3.0.Co;2-j
https://doi.org/10.3390/nu8050250
https://doi.org/10.3390/molecules25204649
https://doi.org/10.3164/jcbn.12-115
https://doi.org/10.1016/j.pharmthera.2010.01.003
https://doi.org/10.1016/S1359-6101(03)00023-6
https://doi.org/10.2215/cjn.03230314
https://doi.org/10.2215/cjn.07210520
https://doi.org/10.2215/cjn.07210520
https://doi.org/10.3389/fimmu.2025.1586158
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Impact of NF-κB and reactive oxygen species on intracellular BAFF/APRIL expression in ANCA-associated vasculitis: focusing on the effect of resveratrol
	1 Introduction
	2 Materials and methods
	2.1 Patients and samples
	2.2 Isolation of blood samples and incubation
	2.3 Cell treatment and flow cytometry
	2.4 Statistical analysis

	3 Results
	3.1 BAFF and APRIL expression in CD14+ cells and their impacts on clinical findings in AAV
	3.2 BAFF and APRIL expression in CD14+ cells treated with RVL in AAV
	3.3 ROS expression in CD14+ cells treated with RVL and tempol in AAV
	3.4 NF-κB and its relationship with BAFF and APRIL expression in CD14+ cells
	3.5 Changes of BAFF and APRIL expression in CD14+ cells after treatment with SN50 in AAV

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


