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Abstract

Biglycan, a ubiquitous proteoglycan, acts as a danger signal when released from the extracellular
matrix. As such, biglycan triggers the synthesis and maturation of interleukin-1p (IL-1p) in a Toll-
like receptor (TLR) 2-, TLR4-, and reactive oxygen species (ROS)-dependent manner. Here, we
discovered that biglycan autonomously regulates the balance in IL-1f production /in vitroand in
vivo by modulating expression, activity and stability of NADPH oxidase (NOX) 1, 2 and 4
enzymes via different TLR pathways. In primary murine macrophages, biglycan triggered
NOX1/4-mediated ROS generation, thereby enhancing IL-1f expression. Surprisingly, biglycan
inhibited IL-1p due to enhancement of NOX2 synthesis and activation, by selectively interacting
with TLR4. Synthesis of NOX2 was mediated by adaptor molecule Toll/IL-1R domain-containing
adaptor inducing IFN-p (TRIF). Via myeloid differentiation primary response protein (MyD88) as
well as Racl activation and Erk phosphorylation, biglycan triggered translocation of the cytosolic
NOX2 subunit p47PhoX to the plasma membrane, an obligatory step for NOX2 activation. In
contrast, by engaging TLR2, soluble biglycan stimulated the expression of heat shock protein
(HSP) 70, which bound to NOX2, and consequently impaired the inhibitory function of NOX2 on
IL-1p expression. Notably, a genetic background lacking biglycan reduced HSP70 expression,
rescued the enhanced renal IL-1p production and improved kidney function of Nox2™¥ mice ina
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model of renal ischemia reperfusion injury. Here, we provide a novel mechanism where the danger
molecule biglycan influences NOX2 synthesis and activation via different TLR pathways, thereby
regulating inflammation severity. Thus, selective inhibition of biglycan-TLR2 or biglycan-TLR4
signaling could be a novel therapeutic approach in ROS-mediated inflammatory diseases.
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Introduction

Inflammation can be triggered by a broad spectrum of stimuli, ranging from external
pathogenic factors to endogenous molecules such as damage-associated molecular patterns
(DAMPs) [1]. One such molecule is the small leucine-rich proteoglycan (SLRP) biglycan,
which carries one or two covalently linked glycosaminoglycan chains at its N-terminus [2].
Biglycan, together with its closest SLRP decorin, is involved in a variety of biological
functions [3-10]. Biglycan is ubiquitously distributed and can be proteolytically released
from the extracellular matrix upon tissue injury [11-13]. When soluble, biglycan can bind to
TLR2/4 [14], thereby inducing the phosphorylation of extracellular signal-regulated kinases
(Erk), p38 mitogen-activated protein kinase (MAPK) as well as nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-xB) in a MyD88- and TRIF-dependent manner
[15,16]. This process induces transcription and secretion of tumor necrosis factor a. (TNF-
a), chemokine (C-C motif) ligand (CCL) 2, CCL5, chemokine (C-X-C motif) ligand
(CXCL) 1, CXCL2 or CXCL13[11,14,15]. Various studies have clearly demonstrated, that
overexpression of biglycan is associated with a number of pathological conditions, such as
acute kidney failure, lupus nephritis, and diabetic nephropathy, suggesting a central role of
biglycan in renal inflammation [11,15-18]. However, to date the exact molecular
mechanisms of how the pro-inflammatory signaling of soluble biglycan might be regulated
and inhibited in these pathologies remains elusive.

Previously, we demonstrated that soluble biglycan regulates the activation of pro-caspase-1
through the NOD-like receptor protein 3 (NLRP3) inflammasome and consequently the
maturation of IL-1p [15,19]. Notably, this process is associated with enhanced ROS
generation, implicating ROS in biglycan-mediated IL-1p production [19]. However, the
source of ROS in this pro-inflammatory signaling event triggered by biglycan, remained
unrevealed.

NOX enzymes are the major producers of ROS within immune cell phagosomes in response
to inflammation [20], as they transfer electrons to reduce oxygen and thus produce
superoxide [21]. The NOX family comprises seven members, NOX1 to NOX5, as well as the
dual oxidases DUOX1 and DUOX2. NOX2, the prototype of these transmembrane proteins,
requires the assembly of its subunits to gain catalytic activity. This process involves the
association of p22PhoX with the catalytic subunit at the cell surface forming the heterodimer
flavocytochrome 555 complex. Subsequently, the cytosolic p47P1°X is phosphorylated,
leading to its translocation to the plasma membrane and interaction with p22Pho%, This
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results in the activation of NOX2 and consequently in ROS generation [22-26]. The
expression of p22PoX js crucial for NOX1-4 activity, but its association with the individual
regulatory subunits is relevant only in the activation of NOX1 and NOX2 [27]. In contrast,
NOX4 is constitutively active and generates hydrogen peroxide [28,29].

The production of ROS by NOX enzymes relies on tightly-regulated molecular mechanisms
and even small imbalances often lead to pathological consequences. The regulation of
ROS/NOX axis occurs at various levels, including transcription and translation as well as the
formation of alternatively-spliced variants and protein degradation. Proper expression of
NOX1 and NOX4 is critical for the development of inflammatory diseases such as liver and
lung fibrosis or diabetic nephropathy, and genetic targeting or pharmacologic inhibition of
these enzymes is beneficial for the clinical outcome [30-33]. On the other hand, deletion of
NOX2 as well as mutations in its regulatory subunits cause chronic granulomatous disease,
characterized by an excessive inflammatory response [34]. In the same line, loss of NOX2 in
mice leads to increased levels of IL-1p in the early onset of arthritis leading to a more severe
inflammatory phenotype, indicating a protective role of NOX2-generated ROS [35]. The
stability of NOX2 is essential for ROS production and therefore for its function in
inflammatory response. HSP70 has been suggested to bind and to regulate the stability of
NOX2 by facilitating ubiquitination and proteasomal degradation [36].

Here we show a novel molecular mechanism where biglycan regulates the balance in IL-1p
synthesis and maturation in macrophages by modulating expression, activity, and stability of
NOX enzymes via different TLR-pathways. Biglycan triggers the expression and the
maturation of IL-1p by inducing the activation of NOX1/4 in macrophages. Moreover,
biglycan directly induces synthesis of Mox2 mRNA via TLR4/TRIF and its activation in a
TLR4/MyD88-dependent manner, thereby attenuating expression of the pro-inflammatory
cytokine IL-1p. We further show that, by engaging TLR2 and triggering Hsp70 mRNA
expression, biglycan impairs the function of NOX2 and thus regulates the balance in IL-1p
expression. Finally, under pathological conditions, such as in renal ischemia reperfusion
injury (IRI), lack of biglycan in ANoxZ¥ mice, protects the mutant mice from hyper-
inflammation and massive macrophage infiltration and consequently improves renal
function. Thus, inhibition of biglycan-mediated signaling might be a potential therapeutic
strategy in renal inflammation evoked by impaired NOX2 function.

Biglycan-induced IL-1p production in macrophages is regulated by NOX-derived ROS

We have previously linked biglycan-induced IL-1f production in macrophages to ROS-
dependent NLRP3 inflammasome activation [19], and thus postulated that NOX-derived
ROS might be involved in this process. Therefore, murine peritoneal macrophages isolated
from wild-type (WT) C57BL/6 mice were stimulated with soluble biglycan in the presence
of the ROS-inhibitor diphenyleneiodonium (DPI) [37] and the NOX inhibitor VAS2870 [38]
(Fig. 1A). After 16 h of continuous stimulation with biglycan, we found markedly increased
levels of secreted mature IL-1p in the conditioned media (Fig. 1A). Addition of DPI
significantly attenuated secretion of mature IL-1, and this was totally abolished by
VAS2870, indicating a critical role for NADPH oxidases in biglycan-induced IL-18
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production (Fig. 1A). Western blot analysis revealed increased levels of both pro- and
mature IL-1p after stimulation with biglycan. Of note, application of VAS2870 was able to
inhibit about 50% of pro-1L-1p gene and protein expression while the maturation of the
cytokine was fully abolished by the NOX inhibitor (Fig. 1B to E). Thus, NOX enzymes are
required for biglycan-mediated IL-1p expression and maturation.

Biglycan-mediated IL-1f production in macrophages is differentially regulated by NOX1/4

and NOX2

Next, we identified the members of the NOX family specifically involved in the regulation
of biglycan-induced IL-1p expression and maturation. As NOX1, NOX2 and NOX4 are the
major sources of ROS, we isolated peritoneal macrophages from NoxZ™¥, NoZ™% and
Nox4" mice and stimulated the primary cultures with soluble biglycan. Both, MoxZ™¥ and
Nox4~~ macrophages displayed a 2-fold decrease in //18 synthesis as compared to WT,
while it was about 4-fold upregulated in Nox2¥ macrophages after stimulation with
biglycan (Fig. 2A). The same pattern was observed for mature IL-1p as measured by ELISA
(Fig. 2B). Interestingly, biglycan failed to induce the release of mature IL-1p in NOX1-
deficient macrophages, indicating a crucial role for NOX1 in the regulation of biglycan-
mediated synthesis and maturation of IL-1p. This effect was further confirmed using specific
inhibitors for NOX1 and NOX1/4, ML-171 [39] and GKT137831 [40], respectively. The
application of ML-171 as well as GKT137831 on biglycan-treated macrophages led to an
impaired IL-1p release (Fig. 2C and D). On the other hand, administration of the peptidic
NOX2 inhibitor Nox2ds-tat [41] on primary WT macrophages resulted in significantly
increased IL-1p production after stimulation with biglycan (Fig. 2C and D). These results
demonstrate that NOX1/4 and NOX2 have opposite effects on biglycan-induced IL-1p
expression and secretion in macrophages.

Biglycan specifically induces NOX2 expression via TLR4/TRIF-signaling

Next, we investigated whether biglycan induces the expression of the NOX catalytic
subunits MoxI-4, and Duox1-2by quantitative RT-PCR. While we detected a 2-fold increase
of Nox2 mRNA upon stimulation with biglycan, the expression of the other NOX subunits
was not affected (Fig. 3A). Western blot analysis confirmed that biglycan can induce NOX2
expression not only at the mRNA, but also at the protein level (Fig. 3B).

As soluble biglycan signals via TLR2 and TLR4 [14], we investigated the receptor involved
in biglycan-mediated NOX2 expression. Interestingly, quantitative RT-PCR revealed that
Nox2 mRNA expression was only induced in WT and 77727~ but not in 7/r4'~ and T/r2"/
Tlr4-m macrophages after stimulation with biglycan (Fig. 3C). Hence, biglycan regulates the
expression of Mox2 only through TLR4.

To investigate the downstream mechanisms, we next examined the involvement of the TLR4
adapter molecules MyD88 and TRIF [42]. While the inhibition of MyD88 had no effect on
the biglycan-induced Aox2 mRNA expression, no induction was detected in 77/~
macrophages (Fig. 3D), demonstrating that biglycan-mediated NMoxZ2expression is TLR4/
TRIF-dependent. The successful MyD88 inhibition was confirmed by reduced TNF-a
release upon stimulation with biglycan (Suppl. Fig. S1).
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Biglycan promotes p47PhoX translocation to the NOX2 subunit p22PhoX via a TLR4/MyD88-
dependent mechanism

The formation of the NOX2 complex is a crucial step for its activation, and consequently for
ROS production. Confocal analysis of WT macrophages revealed that biglycan promoted a
time-dependent redistribution of the intracellular regulatory subunit p47Pho* from the
cytosolic compartment to the plasma membrane (Fig. 4A, upper panel). Efficient p47Phox
translocation was evident as early as 20 min and this further increased at 40 min. The
specificity of our anti-p47P"°X was validated by utilization of p47°19X8/ macrophages, which
showed a total lack of immunoreactive p47P"°X (Fig. 4A, lower panel). Additionally,
membrane translocation of p47Ph°% was corroborated by co-localization of p47Pho% with the
macrophage-specific surface marker F4/80 (Fig. 4B). Quantification of the confocal images
showed a significant co-localization index evoked by biglycan (Fig. 4C). Consistently,
biglycan did not induce translocation of p47Ph%% in 7/r4~/~ and T/r2""=/Tir4-m macrophages
(Fig. 4B and C), emphasizing the TLR4 dependency of biglycan-evoked NOX2 activation.
Importantly, biglycan was not only able to mediate p47P"°% membrane shift but also its
association with the NOX2 subunit p22PhX after a 40 min treatment (Suppl. Fig. S2). A
similar redistribution was also observed after incubation of WT macrophages with phorbol
12-myristate 13-acetate (PMA), which induces ROS generation (data not shown). Absence
of p47Pho* membrane occupancy was found when NOX2 activity was depleted in Nox2™Y
macrophages followed by stimulation with biglycan for 40 min (data not shown).

The underlying mechanism was further investigated in WT and 7777/~ macrophages and by
addition of a MyD88 inhibitor. Confirming the solely TLR4/MyD88-dependency of
biglycan-mediated p47Pho* translocation, the MyD88 inhibitor blocked redistribution of
p47PhoX to the cell membrane, while in 77if/~ macrophages p47Pho* translocation was
comparable to WT (Fig. 5A and B). These data emphasize that activation of NOX2 is
mediated by biglycan in a TLR4/MyD88-dependent manner by inducing the translocation of
p47PhoX and consequently the association with the membrane-bound p22PM°X subunit.

Biglycan-evoked p47PhoX redistribution is Erk and Racl dependent

The translocation of p47P"% to the membrane and the formation of active NOX2 is induced
by phosphorylation of this subunit [43,44]. To identify the intracellular kinase responsible
for phosphorylating p47P"°X in response to biglycan, we screened a range of protein kinase
and GTP-binding protein inhibitors (Fig. 6). In WT macrophages, biglycan failed to induce
translocation of the p47Ph°% subunit after application of either Racl or MEK1/2 inhibitors
(Fig. 6A and B). In contrast, other kinase inhibitors, p38 MAPK as well as protein kinase C
(PKC) inhibitors had no effect on biglycan-mediated p47PhX redistribution, and thus NOX2
activation (Fig. 6A and B). Moreover, Akt and phosphatidylinositol 3-kinase (PI13K)
inhibitors were also ineffective (data not shown). Thus, biglycan-induced redistribution of
p47PNoX js mediated by Racl and Erk activation.

Biglycan accentuates the inflammatory phenotype of NOX2-deficient macrophages

Impaired NOX2 activity as a result of reduced p47P"°X translocation leads to severe
consequences, such as hyper-inflammation observed in patients with chronic granulomatous
disease [34,45]. Consistently, inhibition of p47Ph°% translocation upon pathogen infection is
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associated with elevated expression of pro-inflammatory cytokines [46]. Therefore,
activation of NOX2 and consequently NOX2-mediated ROS production is crucial for the
balance in the pro-inflammatory response. To uncover the role of NOX2 in biglycan-
mediated IL-1B maturation, we investigated the role of the upstream mediators caspase-1
and NLRP3 in NOX2-deficient macrophages. In these mutant cells, CaspZ and Nirp3 mRNA
levels were constitutively elevated vis-a-vis WT controls and further enhanced by biglycan
(Fig. 7A and B). Thus, NOX2 inhibits the maturation of biglycan-induced IL-1p by
regulating the expression of NLRP3 and caspase-1 in physiological and in pathological
conditions when soluble biglycan is overexpressed.

The hyper-inflammatory phenotype of NOX2-deficient macrophages was confirmed by the
increased constitutive Cc/2ZmRNA expression in these cells, which was similarly enhanced
by biglycan (Fig 7C). Of note, Cc/2 mRNA expression was also up-regulated by biglycan in
the presence of the specific NOX2 inhibitor in WT macrophages, confirming that the hyper-
inflammatory phenotype in Mox2™¥ macrophages is due to the anti-inflammatory role of
biglycan-induced NOX2 (Fig. 7D).

Collectively, these data suggest a negative regulatory role for NOX2 in biglycan-mediated
NLRP3/caspase-1 inflammasome induction and pro-inflammatory cytokine expression.

To unravel upstream mechanisms involved in the hyper-inflammation of Nox2™Y
macrophages, we analyzed the activation and phosphorylation of Racl, Erk and p38. By
pull-down assays, we observed Racl activation in WT macrophages already at 5, and 30 min
after stimulation with biglycan (Fig. 7E and F). Additionally, Western blot analysis revealed
phosphorylation of Erk (Fig. 7G and H) and p38 MAPK (Fig. 71 and J) after 15 and 30 min
stimulation with biglycan. Interestingly, in NOX2-deficient macrophages Racl activation
and Erk phosphorylation were already constitutively increased under resting conditions.
Furthermore, upon biglycan stimulation Erk phosphorylation was more enhanced in NOX2-
deficient macrophages compared to WT controls, yet no difference was detected in p38
phosphorylation in these cells. This indicates that biglycan-mediated NOX2 activation can
selectively signal through the MEK/Erk pathway, thereby attenuating the expression of pro-
inflammatory cytokines.

Biglycan evokes HSP70 expression, alters NOX2 activity and promotes IL-1p production

A recent study has linked NOX2 stabilization to the HSP70 co-chaperone system [36].
Enhanced HSP70 expression leads to its binding to NOX2, followed by ubiquitination and
proteasomal degradation of the oxidase. Thus, we hypothesized that biglycan could bypass
the inhibitory effect of NOX2 in IL-1f production by inducing the expression of HSP70.
Quantitative RT-PCR revealed that biglycan induced Hsp70 mRNA expression in a time-
dependent manner that peaked between 1 and 2 h, then declined (Fig. 8A). Interestingly,
Hsp70 mRNA expression was solely triggered through the TLR2 pathway, as the time-
dependent induction was only present in 7/r4/~, but not in 7/r2~ and T/r2"~/Tlr4-m
macrophages (Fig. 8A). Consequently, biglycan-evoked Hsp70 expression correlated with
increased //18 mRNA expression at early time points (Fig. 8B), indicating this process is an
early pro-inflammatory response.
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Co-immunoprecipitation studies of NOX2 and HSP70 confirmed that biglycan induced an
enhanced binding of these two proteins (Fig. 8C). Addition of the HSP70 inhibitor 2-
phenylethyne-sulfonamide (PES) reduced the binding of HSP70 to NOX2 after stimulation
with biglycan, thereby stabilizing NOX2 activity and inhibiting the biglycan-mediated pro-
inflammatory response. Consequently, secretion of mature IL-1p after 16 h of biglycan-
stimulation was decreased by PES (Fig. 8D). These data demonstrate that biglycan regulates
the balance of IL-1p production, and thus pro-inflammatory signaling in macrophages, and
that this biological process requires specific Toll-like receptors to activate and
simultaneously inhibit NOX2.

Lack of biglycan in NOX2-deficient mice rescues the hyper-inflammatory phenotype in
renal ischemia reperfusion

We have previously shown that biglycan exacerbates the pathophysiology of renal ischemia
reperfusion injury in a TLR2/4-dependent manner [11]. Given the fact that impaired NOX2
activation has pathologic consequences [34,45], and that biglycan triggers activation of
NOX2, we postulated that genetic ablation of biglycan in NOX2 knockout mice might be
beneficial for the pathophysiology. To this end we generated Nox2¥/Bgr"¥ mice (Fig. 9A).
Nox2™Y/Bgr™¥ mice have unchanged body weight, fertility, and life span compared to the
parental genotypes. To investigate the regulatory role of NOX2 on biglycan-mediated renal
inflammation in IRI, we determined mRNA expression of /15 and Cc/2, protein expression
of HSP70 as well as renal macrophage infiltration in WT, Bgr ™Y, Nox2™¥ and Nox2™¥IBgn
¥ mice. In reperfused kidneys of NOX2-deficient mice /78 mRNA expression was
significantly higher than in WT kidneys, while biglycan-deficient mice had lower //13 levels
after IRI (Fig. 9B). Interestingly, ablation of biglycan in NOX2-deficient mice rescued the
hyper-inflammatory phenotype by impeding the expression of //13 (Fig. 9B). Similarly to
1118, markedly elevated Cc/Z mRNA expression was observed in NOX2-deficient mice after
IRI, while biglycan-deficient mice expressed significantly lower levels compared to WT
mice (Fig. 9C). Of note, the knockout of biglycan in NOX2-deficient mice resulted in
reduced Cc/2expression after IRI, comparable to that in Bgr"Y mice (Fig. 9C), and was
therefore protective in renal inflammation.

As biglycan regulates the /n vitro expression of IL-1p through the induction of HSP70, we
tested whether this mechanism would be also operational /7 vivo. HSP70 protein expression
was markedly decreased in both Bgrr"Y and Nox2¥/Bgr!¥ mice; however, in NOX2-
deficient mice, HSP70 expression was comparable to that in WT mice (Fig. 9D), confirming
that biglycan triggers HSP70 expression /n vivo. In agreement with previous studies [47], 20
h of IRI did not result in enhanced HSP70 expression (Fig. 9D).

Infiltration of immune cells is an important contributor to ischemia reperfusion injury [48].
Since Cc/2mRNA expression was increased in Nox2™¥ mice after IRI, we analyzed
macrophage infiltration into the kidney 20 h after ischemia reperfusion by
immunohistochemistry. As expected, all analyzed genotypes displayed an increased
macrophage infiltration 20 h after IRI compared to control (Fig. 9E and F). Interestingly,
kidneys of NMoxZ™!¥Y mice displayed a significantly higher constitutive macrophage
infiltration compared to WT mice, which was absent in Nox2™¥/Bgn™ kidneys (Fig. 9E and
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F). Consistent with the renal expression of the chemoattractant Cc/2in Bgri’Y mice after IRI
(Fig. 9C), macrophage infiltration was significantly lower in these kidneys compared to
those of WT (Fig. 9E and F). On the other hand, deletion of Mox2resulted in a massive
macrophage infiltration after IRI, which could be rescued in Nox2¥/Bgr™¥ kidneys.
Additionally, serum creatinine levels reflected the hyper-inflammatory phenotype of NOX2-
deficient mice (Fig. 9G). While Nox2™¥ mice had significantly higher serum creatinine level
after IRI compared to WT mice, biglycan-deficient mice were protected from this increase
(Fig. 9G). Additionally, biglycan-knockout in Aox2"¥ mice significantly reduced the serum
creatinine level after IRI, indicating that inhibition of biglycan might be beneficial to the
clinical outcome in sterile inflammatory kidney disease.

Discussion

In this study, we describe a novel concept whereby the danger signal biglycan can either
promote or self-limit inflammation by specifically targeting a single TLR and diverse
downstream signaling pathways involving various NOX family members. A major biological
effect of this complex interplay is the biglycan-triggered synthesis and maturation of IL-1p.
A working model of our findings is provided in Fig. 10.

We show for the first time how soluble biglycan autonomously regulates the balance in
IL-1B production /in vitroand in vivo by modulating expression, activity and stability of
NOX enzymes via different TLR-pathways. We further demonstrate that in primary murine
macrophages soluble biglycan not only induces a pro-inflammatory response via NOX1/4,
but it can also inhibit the synthesis and maturation of IL-1p by triggering NOX2 activation
(Fig. 10). Additionally, biglycan directly induces Mox2 mRNA expression via TLR4/TRIF,
while the activation of this oxidase is TLR4/MyD88-dependent. Notably, by binding to
TLR4/MyD88, soluble biglycan activates Rac1 and induces Erk phospho-rylation, which
promote the translocation of the cytosolic NOX2 subunit p47Pho% to the plasma membrane.
The latter binds p22Ph% and thus activates NOX2 [49]. In turn, active NOX2 inhibits
biglycan-mediated expression of IL-1f (Fig. 10). In contrast, by engaging TLR2, soluble
biglycan triggers the expression of HSP70, which binds to NOX2, and consequently impairs
the inhibitory function of NOX2 on IL-1p expression (Fig. 10). These /n vitro studies were
corroborated by robust evidence utilizing a genetic background lacking endogenous
biglycan. Lack of biglycan in Mox2™¥ mice protects from hyper-inflammation as well as
from massive macrophage infiltration after renal ischemic-reperfusion injury and
consequently improves renal function.

It is well established that ROS production is involved in the control of IL-1p synthesis and
secretion [50]. However, the exact stimuli and mechanisms in this redox-regulated IL-1p
expression remain elusive [50,51]. In macrophages, biglycan-evoked IL-1p production is
associated with ROS-dependent NLRP3 inflammasome activation [15,19]. In this study we
discover that NOX enzymes are the major source of ROS in biglycan-mediated I1L-1f
expression and maturation. When ROS is inhibited in primary murine macrophages,
biglycan-mediated IL-1p expression and maturation are concurrently suppressed. VAS2870,
which inhibits ROS generation by NOX enzymes [38], fully abolishes this process,
indicating that NOX enzymes are involved in biglycan-mediated IL-1f expression and
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maturation. Moreover, primary macrophages isolated from NoxZ™"Y, Nox2™, and Nox4™~
mice and application of specific NOX1/4 and NOX2 inhibitors reveal opposing effects for
NOX1/4 and NOX2 in biglycan-mediated pro-inflammatory signaling. NOX1- and NOX4-
derived ROS is implicated in the development of inflammatory diseases and mediates
inflammation as well as cell death in macrophages [52-55]. Therefore, it is not surprising
that genetic ablation of NOX1 and NOX4 or inhibition of these enzymes in primary murine
macrophages results in a decreased biglycan-mediated IL-1p production. Of note, Nox4
expression in murine macrophages is not detectible by quantitative RT-PCR, implying
biglycan-mediated IL-1p production is mainly dependent on NOX1. In contrast to NOX1
and NOX4, loss of NOX2 significantly increases the release of the pro-inflammatory
cytokine IL-1p after stimulation with biglycan. This is in agreement with the previous
findings that NOX2 deficiency in mice leads to increased levels of IL-1p in the early onset
of arthritis and therefore to a more severe inflammatory phenotype [35]. Moreover, NOX2-
derived ROS is essential for the phagosome function and it has been considered as a barrier
of sustained inflammation [56-58]. Hence, we hypothesize that this protective role of
NOX2-generated ROS in inflammation and IL-1p production could be regulated by
biglycan.

Interestingly, Mox2 mRNA expression is induced by biglycan in a TLR4/TRIF-dependent
manner, while NOX2 activation [49] is triggered by biglycan through TLR4/MyD88, by
promoting the translocation of the cytosolic subunit p47Ph°X to the plasma membrane (Fig.
10). To date, various pathogenic agonists of TLR2 [59] and TLR4 [60,61] can induce NOX2
activation by triggering phosphorylation of p47Ph%, In addition, activation of TLR adapter
molecules, such as MyD88 and TRIF, is crucial to this process [62,63]. Of note, ROS
stimuli, such as PMA, induce p47P"°X phosphorylation [64—69], and facilitate p47Phox
translocation from the cytosol to the plasma membrane in a TLR4/MyD88-dependent
manner. Our present findings posit soluble biglycan as the endogenous danger signal that
differentially induces and regulates NOX2-dependent pro-inflammatory signaling. We
clearly demonstrate that binding of soluble biglycan to TLR4/MyD88 leads to activation of
Rac1 and Erk phosphorylation, which both promote the redistribution of p47Ph to the
plasma membrane. Upon translocation, p47PhoX binds p22P"X and thus activates NOX2 [49].
Our data suggest that ROS produced by active NOX2 inhibits biglycan-mediated expression
of IL-1B. Therefore, biglycan not only triggers the pro-inflammatory response, but it also
autonomously controls the fine balance of pro-inflammatory cytokine production by
modulating the expression and activity of NOX2, albeit through different pathways.

The activity of the NADPH oxidase NOX2 is tightly-regulated [49]. Impaired NOX2 activity
due to reduced p47Ph* translocation can cause pathological consequences such as the hyper-
inflammatory phenotype of patients with chronic granulomatous disease [34,45,46].
Interestingly, we could show that biglycan accentuates the hyper-inflammatory phenotype in
NoxZ™"¥ macrophages or after application of the specific NOX2 inhibitor. This is associated
with increased mRNA expression of NM/rp3as well as the IL-1p converting enzyme
caspase-1, hyper-phosphorylation of Erk, and Rac1 activation. Additionally, inhibition of
NOX2-generated ROS increases biglycan-mediated IL-1p secretion. Thus, biglycan acts as a
crucial regulator of IL-1p synthesis and maturation promoting inflammation via NOX1/4-
mediated ROS production and self-limiting IL-1f synthesis by inducing NOX2. It is likely
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that the imbalance of this biglycan-mediated process, i.e., loss of NOX2 activity, could lead
to severe pathological consequences.

There is growing clinical evidence that alterations in NOX2 activity lead to enhanced
inflammation [34,35,45]. As a consequence, the lack of functional NOX2 leads to chronic
granulomatous disease and patients with this condition are not only prone to serious
infections, but they also exhibit chronic inflammatory conditions [34,45]. However, the role
of biglycan as a potential trigger of these disorders has not been addressed yet. It is
conceivable that in pathological conditions associated with enhanced levels of soluble
biglycan [11,14-16,19], biglycan-mediated NOX2 expression and activation could provide a
protective mechanism to limit IL-1p synthesis and maturation.

HSP70 can bind and regulate the stability of NOX2 by facilitating ubiquitination and
proteasomal degradation [36]. With respect to stress responses, we identified a rapid
induction of HSP70 upon stimulation with biglycan as an early pro-inflammatory event,
along with increased //1f expression. Interestingly, soluble biglycan can trigger HSP70
expression in a TLR2-dependent manner, and can induce the binding of this chaperone
protein to NOX2. We hypothesize that this could lead to NOX2 degradation and subsequent
overexpression of IL-1f. Thus, by inducing NOX2 activation via TLR4 and by inhibiting
NOX2 activity through HSP70 induction via TLR2, biglycan can autonomously orchestrate
the balance of IL-1p expression and maturation in macrophages. Collectively, our results
provide a novel negative mechanism through which biglycan regulates the severity of tissue
inflammation by activating and inhibiting ROS production and pro-inflammatory signaling
via different TLRs. Moreover, our new finding of the dual role of biglycan expands the
knowledge regarding the biological role of this SLRP solely considered, up to now, as a pro-
inflammatory danger molecule [11,14-16,19].

Excessive ROS production is one of the hallmarks of ischemia reperfusion injury
particularly during the early phase of reperfusion, leading to oxidative stress, which further
contributes to tissue damage [70]. Among potential sources of ROS, NOX1, NOX2 and
NOX4 are the major ROS producing oxidases in the kidney [71-74]. However, the
mechanism of how these enzymes are regulated upon tissue injury and inflammation and
how they might contribute to inflammatory signaling is not completely understood. In
inflammatory response, macrophages are recruited to the place of tissue damage where they
secrete pro-inflammatory cytokines and produce ROS [75-77]. Accordingly, we observed a
massive macrophage infiltration in WT kidneys 20 h post IRI, and this process was more
pronounced in NOX2-deficient mice, along with increased levels of //18and Cc/2. It is well
established that in the course of renal IRI, the endogenous danger signal biglycan is released
to induce pro-inflammatory signaling in a TLR2/4 dependent manner [11]. Consequently,
we show here that biglycan-deficient mice are protected from excessive //15and Ccl2
induction and massive macrophage infiltration in IRI. Furthermore, we provide an important
genetic proof for a crucial role of biglycan in the hyper-inflammatory phenotype of Nox2"¥
mice.

Several studies have addressed the role of NOX enzymes in IRI, but often with contradictory
results [78,79]. Especially unresolved is the role of NOX2 in different organs and cell types
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[80]. In the present model of renal IRI, impaired NOX2 function results in severe
inflammation and macrophage infiltration in a biglycan-dependent manner, especially in the
early stages of acute kidney failure. Here we confirm that genetic ablation of biglycan
protects against the severe Cc/2expression and macrophage infiltration as well as elevated
/113 in the reperfused kidney of NOX2-deficient mice and consequently improves renal
outcome. This correlated with decreased levels of HSP70 in kidneys of Aox2™¥ mice when
biglycan was depleted. Interestingly, in all analyzed genotypes no induction of HSP70 was
observed in the reperfused kidneys compared to sham-operated controls. Of note, this
observation is in line with a previous report, which demonstrated that the protein expression
of HSP70 was not significantly increased in IRl compared to sham-operated kidneys on days
1to 5 [47]. Nevertheless, we show that loss of biglycan leads to reduction of HSP70
expression, which is associated with a decreased pro-inflammatory signaling and a less
severe inflammation. Several studies have shown that pharmacological HSP70 induction
protects renal tissue from IRI damage [81-83]. Our data suggest that in ROS-mediated renal
inflammation targeting biglycan and consequently inhibiting HSP70 expression might limit
renal pathology.

In conclusion, we provide new insights on how different NADPH oxidases are involved in
biglycan-mediated pro-inflammatory signaling in health and disease. We show for the first
time how the endogenous danger molecule biglycan autonomously regulates the
physiological balance in pro-inflammatory signaling by triggering NOX enzymes via
different TLR pathways. As loss of biglycan in ROS-mediated pathological conditions such
as renal IRI is beneficial to the clinical outcome, a selective inhibition of biglycan-TLR2 or
biglycan-TLR4 signaling could represent a novel therapeutic approach in inflammatory
diseases.

Experimental procedures

Animal experiments

8-week old male wild-type C57BL/6 mice were purchased from Charles River Laboratories
(Sulzfeld, Germany). Nox1™", NoxZ2™"¥ and Nox4™~ were provided by Prof. R. P. Brandes
(University of Frankfurt, Frankfurt, Germany). 7/727/~ and T/r4'~ mice were generously
provided by Prof. M. Freudenberg (Max Planck Institute for Immunology, Freiburg,
Germany). 7/r2"=/Tir4-mmice (T/r2"'~ mice carrying a TLR4 mutation) were generously
provided by Prof. C. Kirschning (Technical University of Munich, Munich, Germany). 7rif
=/~ mice were a generous gift from Prof. H. H. Radeke (University of Frankfurt, Frankfurt,
Germany). Nox2™"¥/Bgr™¥ mice were generated by intercrossing Nox2™"¥ mice with Bgr"Y
mice. Biglycan-deficient mice were described previously [84]. Total genomic DNA was
isolated from tail clippings by KAPA Mouse Genotyping Hot Start Kit (PEQLAB,
Germany). DNA was subjected to PCR amplification of exon 2 of the Bgn gene and the
following primers were used: forward primer 5-CAG GAA CAT TGA CCA TG-3” and a
reverse primer 5" -GAA AGG ACA CAT GGC ACT GAA G-3’, yielding a PCR product of
238 base pairs (bp) [85]. Another primer complementary to the PGKneo cassette 5'-TGG
ATG TGG AAT GTG TGC GAG G-3” was added to amplify the inserted PGKneo cassette
within the exon 2 of Bgn gene resulting in a PCR product of 161 bp. For amplification of
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exon 3 of the MoxZ2gene as well as the inserted PGKneo cassette [86] the following primers
were used: forward primer 5'-AAG AGA AAC TCC TCT GCT GTG AA-3’,5'-GTT CTA
ATT CCA TCA GAA GCT TAT CG-3’, and reverse primer 5'-CGC ACT GGA ACC CCT
GAG AAA GG-3', yielding bands of 240 bp for Nox2gene, and 195 bp when the PGKneo
cassette was inserted [87]. All animal work was conducted in accordance with the German
Animal Protection Law and was approved by the Ethics Review Committee for laboratory
animals of the District Government of Darmstadt, Germany.

Induction of renal ischemia reperfusion injury

For induction of kidney ischemia reperfusion injury, mice were anesthetized with Ketamin/
Xylazin (100 mg/kg and 10 mg/kg, respectively; Ketavet from Pfizer, Germany and Rompun
from Bayer, Germany). A midline incision was made, the left renal pedicle was tied off with
a suture, then distally sectioned and the kidney was removed. Next, renal artery of the right
kidney was clamped for 25 min with an atraumatic microaneurysm clamp. After clamp
removal kidneys were inspected for 1 min for restoration of blood flow and returning to their
original color, then the incision was closed. Sham-operated mice (control, n = 7 per group)
received identical surgical procedures except that neither nephrectomy nor application of the
microaneurysm clamps was performed. Mice were sacrificed 20 h after reperfusion. Serum
was taken for ELISA. Kidney tissues were divided to snap frozen for subsequent RNA
extraction and Western blot analysis, and fixation in 4% paraformaldehyde for histological
and immunohisto-chemical analysis.

Determination of renal function and histopathology

Serum creatinine was determined by colorimetric Microplate Assay (Cayman Chemical,
Germany). Sections (4 um) of paraffin-embedded kidneys from mice were blocked with 5%
milk in TBS with 0.05% Tween 20 for 1 h at room temperature and incubated with the
primary antibody rat anti-mouse F4/80 (MCA497, AbDSerotec, Germany) for 2 h at room
temperature. The staining was developed with 3,3”-diaminobenzidine (Vector Laboratories,
UK). Counterstaining was performed with Mayer’s Hematoxylin (Sigma Aldrich, Germany).
Specificity controls included omitting or replacement of primary antiserum with rat 19G or
goat serum. The number of macrophages was estimated per high-power field (HPF 400x,
with a minimum of 7 fields counted) (Soft Imaging System, Olympus, Germany).
Histological examinations were performed by two observers blinded to the conditions.

Purification of human biglycan

Expression of human biglycan in 293 HEK cells has been described previously [88]. For
purification of the native proteoglycan with attached glycosaminoglycan chains, the
conditioned medium was supplemented with 0.1% Triton X-100, 20 mM Tris/HCI pH 7.4
and proteinase inhibitors (0.1 M amino-7-caproic acid, 10 mM EDTA, 5 mM benzamidine,
10 mM AN-ethylmaleimide, and 1 mM phenyl-methylsulfonyl fluoride); further passed over a
DEAE-Trisacryl-M packed column (Tosoh Bioscience, Japan). Elution was performed with
1 M NaCl in the same isotonic condition. The eluent was dialyzed overnight against 20 mM
Tris/HCI, pH 7.4, containing 150 mM NaCl and separated by high performance liquid
chromatography (Prominence LC; Shimadzu) on a TSK-GELDEAE-5PW, 7.5 mm inner
diameter x 7.5 cm, 10-um column (Tosoh Bioscience, Japan) by a discontinuous binary
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NaCl gradient. The protein purity was confirmed by silver staining on SDS gel
electrophoresis after dialysis against phosphate-buffered saline (PBS).

Cell culture and stimulation

Murine thioglycolate-elicited macrophages were isolated from peritoneal lavage and grown
in RPMI 1640 (Life Technologies, Germany) supplemented with 1% penicillin and
streptomycin and 2% fetal bovine serum (Biochrom, Germany). Cells were stimulated with
4 pg/ml (80 nM) human biglycan in serum-free medium for indicated time periods. Phorbol
12-myristate 13-acetate (PMA) (100 nM; Sigma, Germany) served as positive control for
p47PoX translocation studies. For ROS inhibition diphenyleneiodonium chloride (DPI, 0.5
UM; Sigma, Germany), VAS2870 (5 uM; Sigma, Germany), ML-171 (10 nM; Merck,
Germany), Nox2ds-tat (40 uM; AnaSpec, USA) and GKT137831 (200 pM) were applied to
the macrophages 1 h prior to stimulation with biglycan. For immunofluorescence studies
Akt inhibitor 124008 (1 uM; Calbiochem, Germany), p38 MAPK inhibitor SB203580 (10
uM; Calbiochem, Germany), MEK1/2 inhibitor UO126 (10 uM; Cell Signaling, Germany),
PI3K inhibitor LY 294002 (10 uM; Cell Signaling, Germany), Rac1 inhibitor (50 uM;
Calbiochem, Germany), PKC inhibitor GO6976 (20 nM; Sigma, Germany) and MyD88
inhibitor peptide NBP2-29328 (50 uM; Novus Biologicals, Germany) were applied 1 h prior
to stimulation with biglycan. For HSP70 inhibition phenylsulfonamide (PES, pifithrin-p)
(200 pM; Sigma, Germany) was applied to the cells in addition to biglycan.

Pull-down assay

Macrophages were stimulated with 4 pg/ml soluble biglycan for indicated time points and
subsequently lysed in the buffer supplied by either active Rac1 pull-down and detection kit
(Thermo Fisher Scientific, Germany) or Pierce Co-immunoprecipitation kit (Thermo Fisher
Scientific, Germany) according to manufacturer’s instructions. 500 ug of cell lysate was
incubated with 20 g purified GST-Pak1-protein binding domain and Glutathione Resin
overnight at 4 °C. For NOX2 co-immunoprecipitation studies, NOX2 antibody (ab80508,
Abcam, Germany) was coupled with AminoLink Plus Coupling Resin before use. 500 ug
lysate was applied to antibody-coupled resin overnight at 4 °C. All steps were performed
according to the manufacturer’s protocol.

RNA isolation and quantitative real-time PCR

Total RNA was isolated using the TRI Reagent (Sigma Aldrich, Germany). cDNA was
reverse transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Germany). Real-time quantitative PCR was performed using AbiPrism 7500
Sequence Detection System. Quantitative RT-PCR was performed using TagMan Fast
Universal PCR Master Mix and the following primers: Caspasel (Mm00438023_m1), Cc/2
(MmO00441212_m1), Gapdh (Mm99999915_g1), //13 (Mm00434228_m1), Nirp3
(MmO00840904_m1), and Nox2(Mm01287743_m1) (Applied Biosystems, Germany).
Alternatively, Luminaris High Green Low ROX gPCR Mastermix (Thermo Fisher Scientific,
Germany) with the following primer pairs was used: mouse Gapah, 5’-CAT GGC CTT CCG
TGT TCC TA-3” and 5'-CCT GCT TCA CCA CCT TCT TGA T-3"; mouse NoxI, 5'-AGG
TCG TGA TTACCA AGG TTG TC-3" and 5"-AAG CCT CGC TTC CTC ATC TG-3';
mouse Nox3, 5'- GCT GGC TGC ACT TTC CAA AC-3” and 5'-AAG GTG CGG ACT
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GGA TTG AG-3’; mouse Nox4, 5'-CCA GAA TGA GGA TCC CAG AA-3” and 5'-TGG
AAC TTG GGT TCT TCC AG-3’; mouse Duox1, 5 -CCA CCATGC TGT ACATCT
GTG A-3’, and 5"-AGG GAG GGC GAC CAA AGT-3’; mouse Duox2, 5'-TCC AGA
AGG CGC TGA ACA G-3” and 5'-GCG ACC AAA GTG GGT GAT G-3"; mouse Hsp70,
5-GCA AGG CCA ACA AGA TCA CCAT-3" and 5-GGC GCT CTT CAT GTT GAA
GC-3’. Relative changes in gene expression compared to control and normalized to Gapah
were quantified by the 2-2ACt method.

SDS-PAGE and Western blot

ELISA

Total kidneys as well as macrophage were lysed in buffer containing 50 mM Tris/HCI (pH
8), 150 mM NacCl, 0.02% NaN3, 0.1% SDS, 1 pg/ml aprotinin, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 100 ug/ml phenyl methyl sulphonyl fluoride and protease inhibitors
consisting of 0.1 M e-amino-ncaproic acid, 13 uM EDTA, 5 mM benzammoniumchloride
monohydrate and 10 mM N-ethyl maleimide. Alternatively, conditioned media collected
from biglycan-stimulated macrophages were precipitated with 100% trichloroacetic acid and
further washed twice with cold acetone. For SDS-PAGE and Western blotting, 100 ug of
total protein from each sample were mixed with loading buffer (250 mM Tris/HCI pH 6.8,
8% sodium dodecyl sulfate, 40% Glycerol, 8% p-mercaptoethanol, 0.02% Bromo phenol
blue) and boiled at 95 °C for 5 min.

Primary antibodies used were: mouse anti-B-actin (A5441, Sigma Aldrich, Germany),
mouse anti-HSP70/HSP72 (C92F3A-5, Enzo Life Sciences, Germany), rabbit anti-mouse
IL-1B (12507S, Cell Signaling, Germany), rabbit anti-NOX2 (ab80508, abcam, Germany),
rabbit anti-p38 MAPK (9212, Cell Signaling, Germany), rabbit anti-P-p38 MAPK (T180/
Y182) (9215, Cell Signaling, Germany), rabbit anti-p44/42 MAPK (9102, Cell Signaling,
Germany), rabbit anti-P-p44/42 MAPK (Thr202/Tyr204) (9101, Cell Signaling, Germany).
Secondary antibodies were HRP-coupled donkey anti-rabbit (NA934V, GE Healthcare, UK)
and HRP-coupled sheep anti-mouse (NA931V, GE Healthcare, UK).

Cell culture media were collected from biglycan-stimulated macrophages. Mouse IL-1p/
IL-1F2 DuoSet (R&D Systems, Germany) ELISA kit was employed and followed according
to the manufacturer’s protocol.

Immunofluorescence

Macrophages (4 x 10° cells/ml) were seeded on tissue culture treated eight-chamber glass
slides (BD Falcon, USA). Following stimulation, cells were washed with PBS and fixed for
30 min with 4% paraformaldehyde at 4 °C. After permeabilization with 0.2% Triton X-100
for 30 sec and blocking in 5% albumin fraction V containing PBS for 1 h, cells were
incubated overnight with primary antibodies rat anti--mouse F4/80 (MCA497, AbDSerotec,
Germany) or goat anti-mouse p22P"°X and rabbit anti-mouse p47P"°X (sc-11,712 and
sc-14,015, Santa Cruz Biotechnology, Germany). After washing with PBS, cells were
stained with donkey anti-rat or anti-goat Alexa Fluor 488 and donkey anti-rabbit Alexa Fluor
594 secondary antibodies (Life Technologies, Germany) for 1 h in the dark. Nuclei were
visualized with DAPI (Vector Laboratories, UK). A Zeiss LSM-510 confocal laser-scanning
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microscope was utilized for the image acquisition with a x63, 1.3 oil-immersion objective.
Merged images represent single optical sections (<0.8 um), collected with the pinhole set to
1 airy unit for the red channel, and adjusted to give the same optical slice thickness in the
green and blue channels. Images were acquired in single confocal planes to determine
association of the proteins using Zeiss LSM-510 software, with filters set to 488/594 nm for
dual-channel imaging. All images were analyzed using ImageJ and Adobe Photoshop CS6.
Line scanning was used to further quantify co-localization of p47PhX with F4/80 or p22Phox
[89]. This allows the measurements of pixels on a single defined axis along the specimen in
order to define localization of two differentially labeled fluorophores. A qualitative
assessment of a proximity-dependent localization between the two potentially interacting
molecules is obtained from measuring the extent of overlap, defined as two different
fluorescent labels displaying independent emission wavelengths that occupy the same pixel.
In addition, the ImageJ co-localization color map plugin was utilized to corroborate our
analysis. The index of co-localization (ICorr value) is represented on the y-axis. Co-
localization analysis was performed on single, segmented cells.

All data are expressed as means + S.D. Two-sided Student’s t-test was used to evaluate
significance of differences between groups. Differences were considered significant at A<
0.05.
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Refer to Web version on PubMed Central for supplementary material.
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DAMPs damage-associated molecular patterns
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Erk extracellular signal-regulated kinases
HSP heat shock protein
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IL-1B8 interleukin-1p
IRI ischemia reperfusion injury
MAPK mitogen-activated protein kinase
NOX NADPH oxidase
NLRP3 NOD-like receptor protein 3
PES 2-phenylethynesulfonamide
Phox phagocytic oxidase
ROS reactive oxygen species
SLRP small leucine-rich proteoglycan
TLR Toll-like receptor
TNF-a tumor necrosis factor a
MyD88 myeloid differentiation primary response protein
TRIF Toll/IL-1R domain-containing adaptor inducing IFN-p
WT wild-type
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Fig. 1.
Biglycan-induced IL-1p expression and maturation in macrophages is regulated by NAPDH

oxidase-derived ROS. (A) ELISA for mature IL-1p in the cell culture media from wild-type
macrophages pre-treated for 1 h with DPI (0.5 uM) or VAS2870 (5 uM), followed by 16 h
biglycan (4 pg/ml) stimulation; n = 5. (B) Western blot analysis of pro- and mature IL-1p in
macrophages after 1 h pre-incubation with VAS2870 and stimulation with biglycan for 6 h
for pro-1L-1p and 16 h for mature IL-1p. p-actin served as loading control. (C)
Quantification of pro-IL-1p normalized to B-actin and given as fold induction to untreated
control from 3 independent experiments. (D) Quantification of mature IL-1p normalized to
[B-actin and given as fold induction to untreated control from 3 independent experiments. (E)
Quantitative RT-PCR for //28 mRNA expression in primary murine macrophages after 6 h
stimulation with soluble biglycan and 1 h pre-incubation with VAS2870, normalized to
Gapdh and given as fold induction over untreated controls; n = 5. (A, C-E) Data are given as
means + S.D.; *P< 0.05.
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Biglycan-induced IL-1f production in macrophages is differentially regulated by NOX1/4
and NOX2. (A) Quantitative RT-PCR for //18 mRNA expression in macrophages isolated
from wild-type (WT), Nox2™, Nox2™¥ and Nox4~'~ mice before and after stimulation with

biglycan for 6 h (4 ug/ml). (B) ELISA for mature IL-1p in cell culture media from

macrophages isolated from WT, NoxZ™", NoxZ™!¥ and Nox4~'~ mice before and after
stimulation with biglycan for 16 h. (C) Quantitative RT-PCR for //158 mRNA expression in
WT macrophages after 1 h pre-incubation with NOX1 inhibitor ML-171 (10 nM), NOX2
inhibitor Nox2ds-tat (40 uM) or NOX1/4 inhibitor GKT137831 (200 uM), with or without
biglycan treatment for 6 h; scrambled Nox2ds-tat peptide (40 pM) was used as respective
control. (A, C) mRNA expression was normalized to Gapdhand is given as fold induction
compared to untreated or scrambled Nox2ds-tat WT controls. (D) ELISA for mature IL-1p
in cell culture media of WT macrophages pre-treated with the inhibitors ML-171 (10 nM),
Nox2ds-tat (40 uM) or GKT137831 (200 uM), with or without biglycan treatment for 16 h.
(A-D) n = 5; data are given as means + S.D.; *P< 0.05.
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Fig. 3.

Biglycan specifically induces NOX2 expression in a TLR4/TRIF-dependent manner. (A)
Quantitative RT-PCR for Nox1, Nox2, Nox3, Nox4, Duox1 and Duox2 mRNA expression in
WT macrophages after stimulation with biglycan for 6 h (4 pg/ml), normalized to Gapahand
given as fold induction to untreated control; n = 5. (B) Western blot analysis for NOX2
expression in WT and Aox2™Y macrophages after stimulation with biglycan for 16 h,
NOX2-deficient macrophages were used as control for the specificity of the NOX2 antibody;,
and B-actin served as loading control. (C, D) Quantitative RT-PCR for Nox2 mRNA
expression in (C) WT, T/r2=, Tir4”~ and TIr2""=/TIr4-m macrophages and (D) WT and
7rif !~ macrophages pre-incubated for 2 h with a MyD88 inhibitor (50 uM). Macrophages
were stimulated with biglycan for 6 h. (C, D) mRNA expression normalized to Gapdh and
given as fold induction to untreated WT control. (A, C, D) n = 5; data are given as means +
S.D.; *P<0.05.
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Fig. 4.

Biglycan triggers p47P"oX translocation in a TLR4-dependent manner. (A) Confocal images
of p47PhoX (red) in macrophages isolated from WT mice either untreated or stimulated with
biglycan (4 ug/ml) for 10, 20 and 40 min. White arrows indicate localization of p47Phox
(red) to the plasma membrane. Nuclei were stained with DAPI (blue). (B) Confocal images
of F4/80 (green) and p47P°X (red) in macrophages isolated from WT, 7/r27/~, Tir4”~ and
TIrZ”!=/Tir4-m mice either untreated or after 40 min treatment with biglycan (4 pg/ml).
Inserts in the confocal images represent line-scanned profiles, while the white arrows
indicate the distance within which the scans were generated. Bar = 10 um; *£ < 0.05. (C)
Quantification of p47P"°X co-localization with F4/80 from (B) given as dot plot for the mean
correlation index (Icorr) + S.D. of at least 10 cells per condition.
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Fig. 5.
Biglycan-dependent translocation of p47P"°X s mediated by MyD88. (A) Confocal images

of F4/80 (green) and p47P"°X (red) in macrophages isolated from WT and 77if/~ mice upon
2 h pre-incubation with MyD88 inhibitor (50 uM) or the scrambled MyD88 inhibitor
control, and treatment with biglycan for 40 min (4 pg/ml). Inserts in the confocal images
represent line-scanned profiles, while the white arrows indicate the distance within which
the scans were generated. Bar = 10 um. (B) Quantification of p47PhX co-localization with
F4/80 from (A) given as dot plot for the mean correlation index (Icorr) + S.D. of at least 10
cells per condition; * < 0.05.

Matrix Biol. Author manuscript; available in PMC 2020 January 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

p38 MAPK . " . - - - - ’ + .

Hsieh et al. Page 27

Without inhibitor Rac1 inhibitor MEK1/2 inhibitor p38 MAPK inhibitor PKC inhibitor

Control

Biglycan

15

BBEWD -
[__ 3

ICorr value

0.5

0
Biglycan - - = = = i Y
Rac1
inhibitor
MEK1/2
inhibitor

+
+
+

inhibitor
PKC - e = - + i = “ & +*
inhibitor

Fig. 6.

Bi%lycan-mediated NOX2 activation is dependent on Erk and Racl. (A) Confocal images of
F4/80 (green) and p47Pho% (red) in WT macrophages with or without biglycan treatment for
40 min, after 1 h treatment with Racl inhibitor (50 uM), MEK1/2 inhibitor (10 pM), p38
MAPK inhibitor (10 uM), or PKC inhibitor (20 nM). Inserts in the confocal images
represent line-scanned profiles, while the white arrows indicate the distance within which
the scans were generated. Bar = 10 um. (B) Quantification of p47PhX co-localization with
F4/80 from (A) given as dot plot for the mean correlation index (lcorr) + S.D. of at least 10
cells per condition; *~< 0.05.
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Biglycan accentuates the inflammatory phenotype of NOX2-deficient macrophages.
Quantitative RT-PCR for (A) Caspase-1, (B) Nirp3, and (C) Cc/2 mRNA expression in WT
and Nox2™¥ macrophages before and after 6 h stimulation with biglycan (4 pg/ml). (D) Ccl2
MRNA expression in WT macrophages pre-incubated with a NOX2 inhibitor (40 pM) or
scrambled Nox2ds-tat control for 1 h, and subsequently stimulated for 6 h with biglycan (4
pg/ml). (A-D) mRNA expression was normalized to Gapah and given as fold induction to
untreated WT control; n = 5. (E, G, 1) Western blot analysis for (E) Racl activation, (G) Erk
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phosphorylation, and (1) p38 phosphorylation in WT and Nox2™¥ macrophages before and
after stimulation with biglycan (4 pg/ml) for 5, 10 and 30 min. (F, H, J) Quantification of (E,
G, ) respectively, normalized to (E) total Racl, (G) total Erk and (1) total p38; n = 3; data
are given as means = S.D.; *P< 0.05.
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Fig. 8.

Bi%lycan induces the expression of HSP70 which subsequently binds to NOX2 and
potentiates biglycan-mediated IL-1p production. (A) Quantitative RT-PCR for Hsp70
mRNA expression in WT, 7/r27/=, Tir4'~ and TIr2"'=/Tlr4-m macrophages after biglycan (4
ug/ml) stimulation for 1, 2, 4, and 6 h, normalized to Gapadhand given as fold induction to
untreated control; n = 5. (B) Quantitative RT-PCR for //28 mRNA expression in WT
macrophages after stimulation with biglycan (4 pg/ml) for 1, 2, 4, and 6 h, normalized to
Gapadhand given as fold induction to untreated control; n = 5. (C) Co-immunoprecipitation
of NOX2 with HSP70 from lysates of WT macrophages after stimulation with biglycan for 1
h and treatment with HSP70 inhibitor PES (200 uM); n = 3. (D) ELISA for mature IL-1p in
cell culture media from WT macrophages before and after 16 h biglycan and PES
stimulation; n = 5. All data are given as means + S.D.; *P< 0.05.
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Fig. 9.
ngetic ablation of biglycan in NMox2™¥ mice rescues the hyper-inflammatory phenotype in
renal ischemia reperfusion injury. (A) Schematic drawing of the generation of Nox2"Y/Bgn
~/¥ mice and the control PCR. (B, C) Quantitative RT-PCR of (B) /1B and (C) Cc/ZmRNA
expression in sham-operated (Control) kidneys or kidneys 20 h after ischemia reperfusion
injury (IR1) in WT, Bgrr™™Y, Nox2™¥ and Nox2™"¥/Bgr™"¥ mice, normalized to Gapah and
given as fold induction to WT control mice; n = 7. (D) Western blot analysis for HSP70
expression in sham-operated control or 20 h reperfused IRI kidneys of WT, Bgri™"¥, Nox2™"¥
and NoxZ™¥/Bgr™¥ mice, B-actin served as loading control; n = 3. (E)
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Immunohistochemical staining for F4/80 (brown) in sham-operated control or 20 h
reperfused IRI kidneys of WT, Bgrr”Y, Nox2™¥ and Nox2™"¥/Bgr™¥ mice. Bar = 50 pm. (F)
Quantification of F4/80* cells in (E) given as cell count per high-power field (HPF); n=7.
(G) Serum creatinine levels from sham-operated or 20 h post IRl in WT, Bgr™, Nox2™"¥
and Nox2Y/Bgri¥ mice. Data are given as means + S.D.; *£< 0.05.
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Biglycan

Fig. 10.
Schematic drawing of biglycan-mediated balance in IL-1p production in macrophages

through regulation of NOX enzymes via different TLR-pathways. Soluble biglycan triggers
the expression and maturation of IL-1f in macrophages through TLR2/4 in a NOX1/4-
dependent manner. Moreover, biglycan directly induces the expression of Nox2 mRNA via
TLR4/TRIF and the activation of NOX2 in a TLR4/MyD88-dependent manner, thereby
attenuating the expression of the pro-inflammatory cytokine IL-1p. By binding to TLR4/
MyD88 soluble biglycan activates Racl and induces Erk phosphorylation, which promote
the translocation of the cytosolic NOX2 subunit p47Ph% to the membrane bound p22Phox,
thus activating NOX2. In turn, active NOX2 inhibits biglycan-mediated expression of IL-1p.
In contrast, by engaging TLR2, soluble biglycan triggers the expression of HSP70, which
binds to NOX2, and consequently impairs the inhibitory function of NOX2 on biglycan-
mediated IL-1p expression and maturation.
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