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Abstract

Aims: To elucidate the role of reactive oxygen species (ROS) in arthritis and to identify targets of arthritis
treatment in conditions with different levels of oxidant stress. Results: Through establishing an arthritis model by
injecting arthritogenic serum into wild-type and NADPH oxidase 2 (NOX2)-deficient mice, we found that arthritis
had a neutrophilic infiltrate and was more severe in Ncf1 - / - mice, a mouse strain lacking the expression of the
NCF1/p47phox component of NOX2. The levels of interleukin-1b (IL-1b) and IL-6 in inflamed joints were higher
in Ncf1 - / - than in controls. Antagonists of tumor necrosis factor-a (TNFa) and IL-1b were equally effective in
suppressing arthritis in wild-type mice, while IL-1b blockade was more effective than TNFa blockade in Ncf1 - / -

mice. A treatment of caspase inhibitor and the combination treatment of a caspase inhibitor and a cathepsin
inhibitor, but not a cathepsin inhibitor alone, suppressed arthritic severity in the wild-type mice, while a treatment
of cathepsin inhibitor and the combination treatment of a caspase inhibitor and a cathepsin inhibitor, but not a
caspase inhibitor alone, were effective in treating Ncf1 - / - mice. Consistently, cathepsin B was found to pro-
teolytically process pro-IL-1b to its active form and this activity was suppressed by ROS. Innovation: This novel
mechanism of a redox-mediated immune regulation of arthritis through leukocyte-produced ROS is important for
devising an optimal treatment for patients with different levels of tissue ROS. Conclusion: Our results suggest that
ROS act as a negative feedback to constrain IL-1b-mediated inflammation, accounting for the more severe arthritis
in the absence of NOX2. Antioxid. Redox Signal. 23, 973–984.

Introduction

Immune-mediated arthritis, including rheumatoid ar-
thritis (RA) and juvenile idiopathic arthritis ( JIA), is a family

of chronic inflammatory diseases of the joints, which affects up
to 1% of the human population worldwide. These debilitating
diseases not only decrease personal productivity and worsen life
quality but also incur enormous medical cost. With the in-
creasing use of biological response modifiers (biologics) in the

treatment of immune-mediated arthritis, the financial burden on
healthcare systems is likely to continue growing (15, 24, 29).

The pathogenic mechanisms of immune-mediated arthritis
have been intensively investigated, establishing roles for
autoreactive T cells and autoantibodies in local and systemic
inflammation (16, 28). The importance of innate immune
cells, including neutrophils, mast cells, and innate lymphoid
cells in the initiation and perpetuation of immune-mediated
arthritis, has also been revealed in recent years (5, 11, 41).
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Cytokines produced by leukocytes play a critical role in the
pathogenesis of immune-mediated arthritis (4, 53). Innate im-
mune cells produce inflammatory cytokines and other media-
tors to initiate tissue inflammation when they encounter
activation signals such as pathogen-associated molecule pat-
terns or damage-associate molecular patterns. Tumor necrosis
factor-a (TNFa) and interleukin-1b (IL-1b), produced in
abundance by phagocytic leukocytes (e.g., neutrophils and
macrophages), are the most studied acute inflammatory cyto-
kines in immune-mediated arthritis and have been used as
therapeutic targets in clinical treatment (53). TNFa is synthe-
sized as a peptide with a signal sequence in the endoplasmic
reticulum and is released through the classical secretory path-
way of Golgi apparatus and secretory vesicles (32). In contrast,
IL-1b lacks a secretory signal peptide and is externalized
through a still poorly defined pathway. Pro-IL-1b is synthesized
in the cytosol as an inactive precursor that is then activated by
catalytic proteases before it is secreted as active IL-1b (2, 38).

Among the phagocytic leukocytes, neutrophils have been
noted to be preferentially recruited into the inflamed joint (27,
30, 57). These activated neutrophils produce a large amount of
reactive oxygen species (ROS) in inflammatory tissues and lead
to a state of oxidant stress in the inflammatory arthritis (19). The
major source of these oxidants is NADPH oxidase 2 (NOX2),
which is highly expressed in leukocytes and comprises a
membrane-bound flavocytochrome b558 (assembled from
gp91phox and p22phox) and at least four cytosolic components
(p67phox, p47phox, p40phox, and Rac GTPases) (3, 46). Al-
though the ROS produced by leukocytes have been reported to
be proinflammatory in many immune-mediated diseases (23),
the role of leukocyte-produced ROS in the pathogenesis of im-
mune-mediated arthritis has been questioned from the early
studies (56). Antioxidants have been shown to reduce cartilage
damage in animal models of RA (1, 62). However, some recent
studies have shown that low oxidant stress in the joint tissue may
increase arthritis susceptibility and disease severity (21, 42).

How the oxidant stress in joint inflammation affects the
pathogenesis of arthritis remains to be unraveled. In this
study, we used the K/BxN serum-induced arthritis model in
wild-type and NOX2-deficient mice to ask whether and how
leukocyte-mediated redox regulation plays a role in the
pathogenesis of immune-mediated arthritis.

Results

Serum-induced joint inflammation was more severe
in NOX2-deficient mice

To address the role of leukocyte-induced oxidant stress in
joint inflammation, we used the K/BxN serum-induced ar-

thritis mouse model, which has been shown to be a good model
for studying systemic as well as local inflammation in arthritis
(39). We induced arthritis in Ncf1- / - and Cybb- / - mice (the
strains with defects in genes encoding p47phox and gp91phox
of NOX2, respectively) and Nos2- / - (the strain with the de-
fective gene encoding inducible nitric oxide synthase [iNOS])
along with control wild-type mice. The functional defects of
the leukocytes from their respective mouse strains were con-
firmed with direct measurement of ROS or NO production
from the leukocytes (Supplementary Fig. S1; Supplementary
Data are available online at www.liebertpub.com/ars). The
severity of the serum-induced arthritis was measured with joint
swelling (thickening) and clinical scores of each mouse for 7
days. We found that the severity of joint swelling was similar
in wild-type and Nos2- / - mice. However, the joint swelling in
both Ncf1- / - and Cybb- / - mice was significantly more se-
vere when compared with wild-type controls (Fig. 1). We also
tested the potential interaction between ROS and reactive ni-
trogen species (RNS) by inducing arthritis in Ncf1- / - Nos2- / -

mice. We found that the arthritic severity in Ncf1- / - Nos2- / -

mice was similar to that in Ncf1- / - or Cybb- / - mice. These
data suggested that NOX2-produced ROS may ameliorate
serum-induced arthritis, whereas iNOS-produced RNS are less
important in this disease process.

Serum-induced arthritis was a neutrophil-dominant
tissue inflammation in both Ncf1 - / - and wild-type mice

We then analyzed the histology of the inflamed joints of
these arthritic mice. We found that while there was no apparent
tissue inflammation at the baseline (Fig. 2A, left panels), in-
flammatory changes were apparent in both wild-type and
Ncf1- / - mice 7 days after the arthrogenic serum injection (Fig.
2A, middle two panels). The cell infiltration and pannus for-
mation, however, were more severe in Ncf1- / - mice than in
wild-type mice (Fig. 2A, middle two panels). Neutrophils (vi-
sualized as myeloperoxidase [MPO]-positive cells) were the
dominant infiltrating immune cells in both genotypes, with even
more neutrophils in inflammatory joint tissues of Ncf1- / - mice
in comparison with the arthritic tissues of wild-type mice (wild-
type mice, 179 – 50.99 MPO-positive cells/mm2; Ncf1- / - mice,
373.4 – 60.29 MPO-positive cells/mm2, Fig. 2A, right panels).

Granulocyte depletion abrogated serum-induced
arthritis in both Ncf1 - / - and wild-type mice

To address whether neutrophils play an essential role in the
pathogenesis of serum-induced arthritis in Ncf1 - / - mice as
well as in wild-type mice, we depleted granulocytes with
anti-Gr1 antibody before serum injection in both strains of
mice and then analyzed the severity of arthritis (Fig. 2B, C).
We found that the neutrophil depletion almost completely
suppressed joint inflammation in both Ncf1 - / - and wild-type
mice, which suggested that the presence of granulocytes is
essential for the induction of serum-induced arthritis in the
presence or absence of leukocyte-produced ROS.

Higher levels of some proinflammatory cytokines
in joints of Ncf1 - / - mice than in wild-type mice

To unravel how leukocyte-produced ROS modulates in-
flammation in the arthritis model, we compared the cytokine
profiles of inflamed joints from wild-type and Ncf1 - / - mice.

Innovation

By addressing the role of redox regulation in immune-
mediated joint inflammation, this current investigation re-
vealed a novel mechanism through which NADPH oxidase
2 (NOX2)-deficient individuals with early arthritis produce
higher levels of interleukin-1b (IL-1b) and hence more
severe arthritis. A previously overlooked negative feedback
loop through which leukocyte-produced reactive oxygen
species help to moderate the severity of tissue inflammation
was delineated, which may help to define optimal treatment
for patients with immune-mediated arthritis.
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We found that tissue levels of proinflammatory cytokines,
including IL-1b, IL-6, TNFa, and IL-17, and keratinocyte-
derived chemokine (KC) tend to increase after serum injec-
tion. On day 7, the levels of IL-1b and IL-6 were significantly
higher in arthritic Ncf1 - / - mice than in wild-type mice,
while the levels of TNFa were similar (Fig. 3A–C). These
results suggest that IL-1b and IL-6 may be more important in
increasing the severity of arthritis in ROS-deficient condi-
tions. We also analyzed levels of IL-17 and KC, which are
associated with neutrophil recruitment. We found that IL-17
increased in inflamed joints after induction with serum, and
KC trended in the same direction, but there was no difference
between these two strains of mice on day 7 (Fig. 3D, E). IL-4
was elevated on day 11 after the serum injection in Ncf1 - / -

mice, but did not significantly change in the wild-type group.

TNFa neutralization and IL-1b depletion differentially
suppressed the severity of arthritis in wild-type
and Ncf1 - / - mice

We went on to test the effects of TNFa neutralization and
IL-1b depletion on disease severity in vivo. We found that
antagonism of TNFa or IL-1b significantly reduced the se-
verity of arthritis in wild-type and Ncf1- / - mice (Fig. 4A–D).
By comparing the relative suppression of anti-IL-1b antibody
and TNFa antagonist in Ncf1- / - and wild-type mice, we
found that the reduction of arthritis severity from TNFa neu-
tralization was similar to that of IL-1b blockade in wild-type
mice, whereas IL-1b blockade was more effective than TNFa
neutralization in NOX2-deficient animals. Whereas the TNFa
antagonist, etanercept, suppressed the paw thickening by
around 48% in wild-type mice, it only suppressed the paw
thickening by around 23% in Ncf1- / - mice (Fig. 4E). The
relative inefficacy of etanercept in the Ncf1- / - mice, along
with the marked effectiveness of anti-IL-1b antibody in de-
creasing the joint thickness in these mice, suggests that IL-1b,
which is significantly higher in the inflammatory joints of
Ncf1- / - mice (Fig. 3), plays an important role in enhancing
arthritis severity in these mice.

Higher activities of cathepsin B and caspase-1
in arthritic tissue of Ncf1 - / - mice than
in wild-type mice

To investigate the mechanism underlying the increased IL-
1b production after inflammatory stimulations, we measured
the relative amount of pro-IL-1b mRNA in mouse leukocytes
treated with inflammatory stimulations (lipopolysaccharide
[500 ng/ml] and/or alum [100 lg/ml]) in the presence or ab-
sence of exogenous 1 mM hydrogen peroxide (H2O2). We
found that the presence of H2O2 did not affect the induction
of pro-IL-1b transcription in leukocytes after inflammatory
stimulations (Supplementary Fig. S2). As pro-IL-1b may be
processed by cysteine proteases, including caspase-1 and
cathepsin B, to produce active IL-1b, we analyzed the ac-
tivity of these relevant proteases in inflamed joint tissues
from wild-type and in Ncf1 - / - mice with serum-induced
arthritis. We found that both active cathepsin B and caspase-1
levels were significantly higher in Ncf1 - / - arthritic tissue
than those in wild-type mice (Fig. 5).

Cathepsin inhibitor was more effective in inhibiting
the severity of arthritis in Ncf1 - / - mice, while pan-caspase
inhibitor treatment was more effective in wild-type mice

We further investigated the role of cysteine proteases
in vivo by treating wild-type mice and ROS-deficient Ncf1 - / -

mice with cysteine protease inhibitors. We treated wild-type
and ROS-deficient mice with two cysteine protease inhibi-
tors, z-VAD-FMK and z-FA-FMK, before serum induction
of arthritis. Z-VAD-FMK is a pan-caspase inhibitor, while
Z-FA-FMK is a cysteine cathepsin inhibitor that can antag-
onize cathepsin B, S, and L. We found that inhibition of
caspase activity with Z-VAD-FMK, but not inhibition with
cysteine cathepsins, reduced the arthritis severity in wild-
type mice (Fig. 6A). In contrast, the inhibition of cysteine
cathepsins, but not caspase, suppressed the joint inflamma-
tion in Ncf1 - / - mice (Fig. 6B). In wild-type mice, combined
treatment with Z-VAD-FMK and Z-FA-FMK suppressed the

FIG. 1. Increased severity of serum-induced arthritis in NOX2-deficient mice. The severity of arthritis was measured
on days 0–7 with increase in thickness (A) and clinical scores (B) after the injection of K/BxN serum. The figures indicate
the sum of the thickening and clinical scores of all four paws of each mouse. Asterisks indicate significant differences
between gene-modified mice and wild-type mice. The results are the combined measurements of five experiments with
similar results and shown as mean – SEM (wild-type, n = 22; Ncf1 - / - , n = 30; Cybb - /y, n = 16; Nos2 - / - , n = 19; Ncf1 - / -

Nos2 - / - double knockout, n = 8). The statistically significant differences between groups are indicated with *, **, and ***
(*p < 0.05, **p < 0.01, ***p < 0.001), while – indicates lack of statistical significance ( p ‡ 0.05). NOX2, NADPH oxidase 2.
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severity of arthritis to a level similar to Z-VAD-FMK treat-
ment alone, while in Ncf1 - / - mice, the combined treatment
suppressed the severity of arthritis to a level lower than the
level in Z-FA-FMK treatment alone. Taken together, these
data suggest that while active caspases are important in both
wild-type and NOX2-deficient mice, active cysteine cathep-
sins are more important in causing the joint inflammation in
mice lacking leukocyte-produced ROS.

ROS inhibited the capacity of cathepsin B to process
human pro-IL-1b to produce active IL-1b

We further examined whether redox regulation of pro-IL-
1b-processing proteases may affect the production of active
IL-1b in human cells. To show the protease activity of
caspase-1 and cathepsin B to process pro-IL-1b, we treated
human pro-IL-1b protein (molecular weight 34 kDa) with
cathepsin B and caspase-1. We found that after treatment of

human pro-IL-1b with caspase-1, products of 17 and 15 kDa
can be visualized with SDS-PAGE, followed by Western blot
with anti-IL-1b antibody detection (Fig. 7A, second lane).
The production of these bands was not affected by the pres-
ence of ROS when exogenous hydrogen peroxide (up to
0.5 mM) was added (data not shown). After treating human
pro-IL-1b with cathepsin B, two products with apparent
molecular weights of 20 and 15 kDa, which are different from
the 17 to 15 kDa products after caspase-1 treatment, were
detected with anti-IL-1b antibody (compare second and third
lanes on Fig. 7A). The production of these bands was in-
hibited by the presence of cathepsin inhibitor, Z-FA-FMK,
and hydrogen peroxide (Fig. 7A, fourth to seventh lanes). To
analyze whether human cathepsin B has the catalytic activity
to produce bioactive IL-1b from pro-IL-1b to activate in-
flammatory responses in parenchymal cells (e.g., fibroblasts)
such as caspase-1, we analyzed IjB degradation and NFjB
phosphorylation in cells treated with pro-IL-1b after different

FIG. 2. Serum-induced arthritis is a neutrophil-dominant tissue inflammation, which can be abrogated by gran-
ulocyte depletion in both Ncf1 - / - and wild-type mice. (A) The characteristic histopathological images of H&E-stained
joint tissues from wild-type and Ncf1 - / - mice with or without serum-induced arthritis are shown on the three left panels.
Images of immunohistochemial staining with anti-MPO staining are shown in the right panels. The severity of arthritis in
wild-type and Ncf1 - / - mice with or without anti-Gr1 treatment was compared. The figures indicate the sum of the
thickening (B) and clinical scores (C) of all four paws of each mouse. Asterisks indicate differences between the same mice
strains in the presence or absence of anti-Gr1 antibody treatment. The results represent the combined measurements of three
experiments with similar results and are shown as mean – SEM. Wild-type, n = 8; wild-type + anti-Gr1 Ab, n = 6; Ncf1- / - ,
n = 15; Ncf1- / - + anti-Gr1 Ab, n = 10. The statistically significant differences between groups are indicated with *, **, and ***
(*p < 0.05, **p < 0.01, ***p < 0.001), while – indicates lack of statistical significance ( p ‡ 0.05). MPO, myeloperoxidase.
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processing. Our results revealed that similar to caspase-1-
treated pro-IL-1b, cathepsin B-treated pro-IL-1b induced
IjB degradation and NFjB phosphorylation in the IMR90
human fibroblast line (Fig. 7B, lanes 1–3). Compatible with
the lack of anti-IL-1b-reactive cleavage products on the right
three lanes of Figure 7A, no induction of IjB degradation and
NFjB phosphorylation was found in cells treated with pro-
IL-1b processed in the presence of hydrogen peroxide (Fig.
7B, lanes 5 and 6). We also tested the activity of the processed
pro-IL-1b to induce NFjB translocation in human fibro-
blasts. We found that in comparison with nonprocessed
pro-IL-1b, caspase-1-processed pro-IL-1b induced strong
localization of NFjB in the nuclei (Fig. 7C, panels 1 and 2).
Similarly, cathepsin B-processed pro-IL-1b induced nuclear
translocation of NFjB (Fig. 7C, panel 3). This induced NFjB
nuclear localization, however, was inhibited by the presence
of cathepsin inhibitor, Z-FA-FMK, or hydrogen peroxide
(1 mM) (Fig. 7C, panels 4 and 5).

Discussion

To investigate the unique role of ROS in joint inflamma-
tion, we used a serum-induced arthritis model in NOX2-
deficient mouse strains to dissect the effect of oxidative stress
in the tissue inflammation in the joints. Based on the findings
that mice with deficiencies in NOX2 have more severe ar-
thritis, while mice with defective iNOS have similar re-
sponses to wild-type controls, we found that NOX2 plays a
more important role in comparison with iNOS and went on to
show a characterization of the Ncf1 - / - strain in comparison
with the wild-type mice in this study. Our data indicate that
the net effect of ROS is to suppress arthritis severity, while
RNS play no similar role. Further, cytokine quantitation and
inhibitor studies suggest that this effect is likely mediated, at
least in part, by the modulation of the activity of cysteine
proteases by ROS and therefore the production of active IL-
1b. These results define a new mechanism through which

oxidant stress downregulates acute immune-mediated in-
flammation of the joints.

The pathogenesis of immune-mediated arthritis is com-
plex. Although many mediators and mechanisms have been
reported to be involved in the initiation of joint damage and
perpetuation of arthritis, the key factors leading to acute in-
flammation in joints remain elusive. We used the K/BxN
serum-induced arthritis mouse model, which has been shown
to be a good model for studying systemic as well as local
inflammation in arthritis in this study. This model avoids the
prolonged process of sensitization required for autoantigen-
induced arthritis (e.g., collagen or peptide-induced arthritis),
which makes it difficult to investigate the initiation of the
diseases, and facilitates the investigation on the early in-
flammatory responses in immune-mediated arthritis. Mice
were induced to develop erosive arthritis through injection of
autoantibody-containing serum to trigger the induction of
inflammatory arthritis (6, 26, 39, 56). Our results confirm that
this disease model represents an effective tool to examine the
role of innate immune mechanisms in the early effector phase
of autoimmune arthritis. While Cybb (encoding gp91phox)
has a more restricted expression in leukocytes, Ncf1 (en-
coding p47phox) is more widely expressed in both leukocytes
and nonleukocytes. As most in vivo experiments in this study
were performed with Ncf1-deficient mice, the possibility that
lack of p47phox on nonimmune cells may contribute to the
differences in wild-type and NOX2-deficient groups cannot
be ruled out. However, since we observed a decrease in the
severity of arthritis in mice deficient in Cybb and Ncf1 to a
similar extent (Fig. 1), the defect in leukocyte NADPH oxi-
dase is likely to be the major factor regulating the joint in-
flammation. A recent study by Kelkka et al. used the collagen
antibody-induced arthritis model to show the higher level of
antibody-induced arthritis in mice lacking ROS production
and the role of Toll-like receptors (TLRs) in this process (25).
Consistent with the findings in this study, their results also
showed that neutrophils are crucial for the characteristic

FIG. 3. Different cytokine
expression profiles in serum-
induced arthritis in Ncf1- / -

and wild-type mice. Wild-
type and Ncf1- / - mice wrist
homogenates before (day 0)
and after (days 7, 11) arthrito-
genic serum injection were
quantified for (A) IL-1b, (B)
IL-6, (C) TNFa, (D) IL-17a,
(E) KC, and (F) IL-4 with
ELISA. The statistically sig-
nificant differences between
groups are indicated with *,
**, and *** (*p < 0.05, **p <
0.01, ***p < 0.001). IL, inter-
leukin; KC, keratinocyte-
derived chemokine; TNFa,
tumor necrosis factor-a.
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enhancement of arthritis severity in mice lacking NOX2
activity. Our results revealing the role of ROS in modulating
the processing of pro-IL-1b (Fig. 7 and Supplementary Fig.
S3) may partly explain the downstream effects of TLR2 on
regulating joint inflammation shown in that study. More-
over, we characterized the different roles of macrophages
and neutrophils and found that neutrophils, with or without
activation, produced low amount of IL-1b, while macro-
phages can be induced to produce large amounts of IL-1b
after activation in both wild-type and Ncf1 - / - mice. In-
terestingly, when activated macrophages were cocultured
with activated wild-type neutrophils, the IL-1b secretion
was significantly suppressed. The Ncf1 - / - neutrophils,

which are defective in the ability to produce ROS, had a
weaker activity to suppress the macrophage-produced IL-1b
(Supplementary Fig. S3).

Activated innate immune cells, especially phagocytic
leukocytes, including granulocytes and macrophages, are
known for their ability to produce large amounts of ROS
(termed the respiratory burst) to kill infecting microbes (3,
40, 51). In addition to host defense, oxidative stress conferred
by activated leukocytes has been known to play an im-
portant role in affecting many physiological processes,
including leukocyte trafficking, cell death, antigen presen-
tation, wound healing, and glucose regulation (35, 45, 47,
50, 55). Oxidative stress also has been implicated in many

FIG. 4. TNFa neutralization and IL-1b depletion suppress the severity of arthritis in wild-type and Ncf1 - / - mice to
different extents. The effect of TNFa antagonist, etanercept, and anti-IL-1b antibody on the severity of serum-induced
arthritis was measured with increase in thickness and clinical scores after the arthritogenic serum injection with or without
the treatments. The effects of TNFa neutralization with etanercept in the severity of arthritis in wild-type mice and in
Ncf1 - / - mice are shown in (A, B). The effect of anti-IL-1b antibody on the severity of arthritis in wild-type mice and in
Ncf1 - / - mice is shown in (C, D). Asterisks indicate differences between the same genotype of mice strains in the presence
or absence of cytokine neutralization treatment. Wild-type, n = 16; wild-type + etanercept, n = 15; Ncf1 - / - , n = 17; Ncf1 - / -

+ etanercept, n = 15 for (A, B). Wild-type, n = 10; wild-type + anti-IL-1b Ab, n = 5; Ncf1 - / - , n = 27; Ncf1 - / - + aIL-1b Ab,
n = 4 for (C, D). (E) The relative suppression activity by etanercept and anti-IL-1b treatments on paw thickening in wild-
type mice and in the Ncf1 - / - group on day 7 were compared. The statistical differences between groups are indicated with
*, **, and *** (*p < 0.05, **p < 0.01, ***p < 0.001), while – indicates lack of statistical significance ( p ‡ 0.05).
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autoimmune inflammatory diseases, most of which are thought
to be aggravated by excessive oxidant stress (23, 54). In-
creased neutrophil infiltration is observed in the joints of both
wild-type and NOX2-deficient mice with serum-induced ar-
thritis, but was more apparent in the NOX2-deficient mice.
Changes in the redox condition in the inflammatory tissue have
been reported to modulate the activity of leukocyte adhesion
molecules and may directly affect the recruitment of granu-
locytes into the inflammatory tissues (12, 34). Moreover,
higher inflammation states in NOX2-deficient mice may in-
directly increase the overall infiltration of leukocytes, includ-
ing neutrophils in the joints.

The role of ROS in the pathogenic process of autoimmune
arthritis, however, has been debated. Some studies support a
proinflammatory effect of oxidant stress in arthritis. Kundu
et al. found the basal levels of total ROS in neutrophils of
patients with RA to be higher than in healthy controls (31).
However, other evidence has suggested a potentially pro-
tective role for ROS in inflammatory arthritis. Patients with
chronic granulomatous disease (CGD), a primary immuno-
deficiency disease caused by mutations in genes encoding
NOX2 components resulting in a deficiency of ROS, not only
suffer from recurrent microbial infections but also experience
a hyperinflammation state manifesting as sterile granuloma

FIG. 6. Cathepsin inhibitor effectively reduces the severity of arthritis in Ncf1 - / - mice. The effect of protease
inhibitor treatment in the severity of arthritis in wild-type mice and Ncf1 - / - mice. The severity of arthritis was measured
with increase in thickness in wild-type B6 mice (A) or Ncf1 - / - mice (B) in the presence of pan-caspase inhibitor (Z-VAD-
FMK), cathepsin B inhibitor (Z-FA-FMK), or combined treatment. Asterisks indicate differences between the same ge-
notype of mice strains in the presence or absence of protease inhibitor treatment. Wild-type B6, n = 5; B6 + Z-VAD-FMK,
n = 5; B6 + Z-FA-FMK, n = 5; B6 + Z-VAD-FMK + Z-FA-DMK, n = 5; Ncf1 - / - , n = 5; Ncf1 - / - + Z-VAD-FMK, n = 5;
Ncf1 - / - + Z-FA-FMK, n = 4; Ncf1 - / - + Z-VAD-FMK + Z-FA-FMK, n = 10. The statistical differences between groups are
indicated with *, **, and *** (*p < 0.05, **p < 0.01, ***p < 0.001).

FIG. 5. Higher activities of cathepsin B and caspase-1 in arthritic tissue of Ncf1 - / - mice than in wild-type mice. (A)
Cathepsin B activities in inflamed joint tissues of Ncf1 - / - and wild-type mice were measured with specific substrate, Z-RR-
AMC. The graphs show the combined measurements of three experiments with similar results as mean – SEM. **p < 0.01
compared with the wild-type control group. Wild-type, n = 7; Ncf1 - / - , n = 14. (B) The protein expression of procaspase-1
and active caspase-1 (p10) in inflammatory joint tissues of Ncf1 - / - and wild-type mice was analyzed with SDS-PAGE and
Western blot. The experiment was repeated thrice with similar results.
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formation in many different organs (20, 48). Moreover, the
CGD gene carriers and patients exhibit a higher incidence of
autoimmune arthritis and other autoimmune diseases in
comparison with healthy controls (10, 13). The recent finding
that RA patients tend to have lower copy numbers of the
NCF1 gene, which encodes the p47phox component of the
NOX2 complex, further suggests that NOX2-produced ROS
may be protective against the development of RA (43). In-
deed, mice with defective NOX2 oxidase may even develop
arthritis spontaneously (33). Moreover, NOX2-deficient mice
tend to have more severe joint inflammation when they are
induced to develop collagen-induced arthritis when compared
with control mice (22). By using the serum-induced arthritis
model in this study, we were able to pinpoint redox regulation
of IL-1b production as the likely cause of increased joint in-
flammation in ROS-deficient conditions and unravel a potential
immune mechanism underlying this unique redox-regulated
immune process. Although it has been postulated that ROS
may act as second messengers leading to NFjB activation,
more recent evidences have shown that NFjB can be acti-
vated normally in cells lacking NADPH oxidase (18). NFjB-
mediated inflammatory signals hence can still be transduced in
cells without activation-induced ROS production.

Elevated IL-1b secretion by innate immune cells has been
reported in human joint inflammation, including RA and JIA
(44). IL-1b production requires two signaling steps: tran-
scription of pro-IL-1b (signal 1) and enzymatic cleavage of
immature pro-IL-1b (signal 2) to produce the biologically
active IL-1b. Proteolysis of pro-IL-1b can be mediated by

caspase-1, which is in turn activated by the assembly of the
NLRP3/NALP3 inflammasome complex (52). In addition to
caspase-1, other proteases can also process pro-IL-1b (17).
Proteases, including elastase, chymase, neutrophil protease 3,
matrix metalloproteases, cathepsin B, cathepsin C, cathepsin
G, and chymotrypsin, have been reported to directly or in-
directly participate in the proteolytical processing of pro-IL-
1b to IL-1b (8, 9, 17, 49). Among them, cathepsin B has been
predicted to be susceptible to redox control based on the
presence of critical cysteine residues (59). Our results
showing the activity of cathepsin B to proteolytically process
human pro-IL-1b and produce active IL-1b strongly suggest
that cathepsin B (and other potential cysteine proteases that
are regulated by ROS) is responsible for the increased joint
inflammation in NOX2-deficient conditions. A potential ap-
proach to address the interaction between oxidant stress and
cathepsin B is using mice defective in both the genes en-
coding NOX2 and cathepsin B. Different from NOX2, which
has a more restricted tissue distribution, cathepsin B has a wide
tissue distribution. Although mice with homozygous cathepsin
B gene-targeted null mutations (gene knockout) are viable and
without gross abnormalities (available from the Jackson La-
boratory, Bar Harbor, ME), leukocyte-specific double knock-
out mice for NOX2 and cathepsin B are currently not available
for these experiments. As an alternative, we performed the
pan-caspase inhibition and cysteine cathepsin inhibition ex-
periments in wild-type and Ncf1- / - mice to show the relative
role of these proteinases in the presence or absence of func-
tional leukocyte, NOX2, shown in Figure 6.

FIG. 7. Oxidant stress inhibits
the protease activity of cathepsin
B in processing human pro-IL-1b
to produce active IL-1b. (A) Im-
munoblot analysis of the effect of
purified human cathepsin B in IL-
1b processing and the effect of
H2O2 in regulating cathepsin B
enzymatic activity. (B) Im-
munoblot analysis of NFjB phos-
phorylation and IjB degradation
demonstrated the biological effects
of cathepsin B-processed IL-1b
products in normal human lung fi-
broblast, IMR90 cells, in the ab-
sence or presence of H2O2. (C)
Immunostaining analysis of NFjB
nuclear translocation demonstrated
the effects of cathepsin B-processed
IL-1b products in IMR90 cells with
or without H2O2 treatment. Images
were captured and analyzed with a
linear sequential confocal laser
scanning microscope to detect the
protein localization. DAPI was used
for nuclear staining. Results are rep-
resentative of three independent ex-
periments. H2O2, hydrogen peroxide.
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It has been postulated that cysteine residues on cathepsins
confer on them redox responsiveness and add to the long-
understood pH and metal responsiveness of these proteases
through changing the conformation of these enzymes. The
metal, redox, and proton factors for the lysosomal cathepsins,
especially cathepsin B, have been elucidated in recent studies
(36). The newly discovered role for the redox regulation of
cathepsin B in this study hence implicates the potential im-
portance of redox modulation of cysteine protease activity as
a means of arthritis treatment. How cellular or subcellular
molecules mediating redox homeostasis, including thior-
edoxin (Trx), glutaredoxin, and thioredoxin-binding protein
2 (TBP-2), participate in this process merits further investi-
gation. Recent studies also showed that NLRP3 interacts
physically with thioredoxin-interacting protein (Txnip), a
key component of the thoredoxin1 (Trx1)-Txnip redox-
sensitive signaling complex (60). It has been postulated that
under oxidant stress, Txnip dissociates from Trx1 and binds
to NLRP3 to modulate the production of IL-1b through
caspase-1 (61). How these molecules participate in this crit-
ical redox regulation and whether oxidant stress regulates the
activity of other proteases (including cathepsins) through
similar mechanisms merit further investigation.

Owing to the improved understanding of the underlying
immune mechanisms of immune-mediated arthritis, several
new biologic agents have been used to treat the diseases.
Anti-TNFa therapy is still the most widely used biologic in
treating arthritis decades after it began to be used clinically
and has resulted in the reduction in inflammation and im-
provement in quality of life in many patients (14). However,
some RA or JIA patients do not respond to anti-TNFa treat-
ment and require other therapeutic methods. IL-1 and IL-6
inhibitors have been used in arthritic patients with favorable
results in some patients resistant to anti-TNFa treatment (7,
58). Hence, an immune mechanism-based method to deter-
mine the optimal treatment for patients with immune-
mediated arthritis not only will lessen the suffering and joint
disability of the patients but also will be critical for lowering
the cost of the treatment. Based on our findings that IL-1b
levels were higher in NOX2-deficient mice than in wild-type
mice after arthritis induction and that anti-IL-1b antibody is
more effective than TNFa antagonist in suppressing the se-
verity of serum-induced arthritis, it is reasonable to assume
that differences in ROS production by inflammatory cells in
individual patients may affect the response to these biologic
agents. Our new understanding that lack of redox regulation
of pro-IL-1b-processing proteases in human proteins leads to
increased IL-1b production suggests that medication target-
ing IL-1b-mediated inflammation is likely to be the treatment
of choice for immune-mediated arthritis in patients with re-
duced ROS production.

Cathepsin B has been previously reported to activate
caspase-1 through interacting with the NLRP3 inflamma-
some and facilitating the proteolytic processing of pro-IL-1b.
Proteolytic activation of caspase-11 by cathepsin B was re-
ported to be involved in this process (8, 9). Our results show
for the first time that cathepsin B may directly activate pro-
IL-1b to produce bioactive IL-1b. This redox-regulated ca-
thepsin B activity, thus may have both caspase-1-dependent
and caspase-1-independent pathways to regulate the pro-
duction of IL-1b. Our results (Fig. 6), showing the higher
effectiveness of the cathepsin inhibitor in suppressing the

joint swelling in NOX2-deficient mice, but the lack of effects
of a pan-caspase inhibitor, support the greater importance of
cathepsins in tissue inflammatory conditions lacking ROS-
mediated regulation for the pro-IL-1b-processing proteases.
Protease inhibition, which suppresses the activity of cathep-
sins in addition to the inhibition of caspases, hence may be
required to effectively inhibit the production of IL-1b in the
patients with lower ROS production.

In conclusion, we found that arthritis in NOX2-deficient
mice was more severe than wild-type controls, likely medi-
ated, in part, through the lack of oxidative stress-mediated
regulation of cathepsin B, resulting in an increase in IL-1b.
This study sheds important light on the long-sought mecha-
nism of arthritis in NOX2-deficient individuals and reveals a
new negative feedback loop through which leukocyte-
produced ROS help to moderate the severity of tissue in-
flammation. In the future, this new understanding of the close
relationship between oxidant stress and production of acute
inflammatory cytokines may help to define optimal treatment
for patients with immune-mediated arthritis.

Materials and Methods

Mice

K/BxN mice generated from breeding KRN TCR trans-
genic mice on a C57BL/6 background (kindly provided by
Dr. D. Mathis and Dr. C. Benoist, Harvard Medical School,
Boston, MA, and the Institut de Génétique et de Biologie
Moléculaire et Cellulaire, Strasbourg, France) with NOD
mice (purchased from the National Laboratory Animal
Center, NLAC, Taiwan) were generated and propagated
as previously described by Kouskoff and colleagues (37).
Mice deficient in Ncf1 [B6(Cg)-Ncf1m1J/J, No. 004742], in
Cybb (B6.129S-Cybbtm1Din/J, No. 002365), and in Nos2 (B6.
129P2-Nos2tm1Lau/J, No. 002609) were purchased from
Jackson Laboratory. The Ncf1 and Nos2 double gene-
deficient mice were generated by crossing Ncf1-deficient and
Nos2-deficient mice. All mice were routinely backcrossed to
C57BL/6 background and underwent genome-wide geno-
typing to confirm the genetic background and were housed in
the animal facility of the Laboratory Animal Center at Na-
tional Cheng Kung University. All procedures were approved
by the Institutional Animal Care and Use Committee of
National Cheng Kung University. Male mice, aged 10–12
weeks, were used for experiments.

Serum-induced arthritis

Serum was obtained from K/BxN mice at 8–9 weeks of age
and stored at - 80�C. Pooled serum (75 ll) from several
batches was injected intraperitoneally on day 0 and again on
day 2. We used 10- to 12-week-old male mice housed in the
specific pathogen-free (SPF) facility in National Cheng Kung
University College of Medicine to perform the experiments.
Clinical scores were analyzed as the sum of the four limbs,
which were given a score of 0–3 per limb; 0, no observable
swelling; 1, one or two involved digits or mild swelling of the
larger structures of the wrist, foot, and ankle, but where the
foot shows its normal V shape; 2, between one and three,
the long edges of the foot are parallel to each other with dis-
appearance of the original V shape; and 3, severe arthritis, the
wrist shows swelling extending along the dorsum of the paw
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to the base of the digits, and the ankle shows the inversion of
the V shape by expansion of the ankle and hindfoot to greater
than the width of the forefoot often accompanied by digital
swelling. Joint swelling was quantitated as the change in
thickness of all four paws as measured with a caliper (Pea-
cock dial thickness gauge with flat anvils; Ozaki Mfg. Co.,
Ltd., Tokyo, Japan). The measurements were performed
before injection on day 0 and once a day after injection from
day 1 to 7 or 11 when the mice were sacrificed. Ankle tissues
were collected for histological analysis. The infiltration of
MPO-positive cells was quantified with TissueQuest cell
analysis software (TissueGnostics GmbH, Vienna, Austria)
by counting the positively stained cells in nine inflamed areas
with leukocyte infiltration from three different mice with
each genotype. Wrist tissues were collected for protein and
cytokine analysis. For neutrophil depletion or cytokine neu-
tralization experiments, mice were injected intraperitoneally
with anti-Gr1 (100 lg/mouse, roughly equivalent to 5 lg/g
body weight) or neutralizing antibodies or etanercept
(500 lg/mouse, roughly equivalent to 25 lg/g body weight)
on the day before serum injection (day 1) and on day 4. For
protease inhibitor treatment experiments, mice were injected
intravenously with protease inhibitors (160 lg/mouse,
equivalent to around 8 lg/g body weight) 3 h before serum
injection on day 0 and on day 4.

Preparation of protein extracts from wrists and ankles

The wrist and ankle joints were snap-frozen in liquid ni-
trogen, ground into a fine powder by mortar and pestle, then
lysed with protein lysis buffer (1% Triton X-100, 150 mM
NaCl, 10 mM Tris-base, 1 mM EDTA, 1 mM EGTA, pH 7.4,
protease inhibitor cocktail; 50 mg specimen per milliliter of
lysis buffer), and homogenized on ice for 20 s. The protein
extracts from wrist samples and ankle samples were collected
for cytokine and protein analysis. Cytokine levels in super-
natants (more than five samples for each condition) were
measured with ELISA kits (eBioscience, San Diego, CA) in
triplicates and performed with the protocols as described by
the manufacturer.

Reagents and cells

Reagents used for cytokine neutralization and cell deple-
tion were as follows: anti-mouse IL-1b (B122 [No. 503504];
BioLegend, San Diego, CA), the TNFa antagonist, soluble
TNFR:Ig protein etanercept (Enbrel�; Pfizer, New York,
NY), and anti-mouse Ly6C/G (Gr1) (RB6-8C5 [No. 16-
5931-85]; eBioscience). For protease inhibitor treatment
experiments, protease inhibitors, including pan-caspase in-
hibitor (Z-VAD-FMK [No. FMK001]; R&D Systems, Min-
neapolis, MN) and cathepsin B/S inhibitor (Z-FA-FMK [No.
FMKC01]; R&D Systems), were used. The IMR90 human
lung fibroblast cell line was obtained from ATCC (Manassas,
VA; CCL-186).

In vitro determination of protease activities

Fluorometric determination of cathepsin B activities was
performed by incubation of cell lysates in 0.1 M potassium
acetate (pH 5.5), 0.01% CHAPS, and DTT with 5 lM of
fluorogenic substrate, Z-RR-AMC (Sigma, St. Louis, MO).
The fluorescent products produced by the enzyme activity

were determined at excitation and emission wavelengths of
360 and 460 nm by using the Fluoroscan Ascent fluorometer
(Thermo Scientific, Inc., Waltham, MA) at 37�C for 1 h.

Statistical analysis

The statistical differences between groups on different
days after serum injection were analyzed with Student’s t-test
between two groups and one-way or two-way ANOVA when
comparing three or more groups using GraphPad Prism
software version 5.0 (GraphPad Software, Inc., La Jolla, CA).
p-Values < 0.05 were considered significant.
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IL¼ interleukin
iNOS¼ inducible nitric oxide synthase
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LCCM¼L929 cell-conditioned medium
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RNS¼ reactive nitrogen species
ROS¼ reactive oxygen species
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TBP-2¼ thioredoxin-binding protein 2
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TNFa¼ tumor necrosis factor-a
Trx¼ thioredoxin

Txnip¼ thioredoxin-interacting protein
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