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Abstract

Reactive oxygen species (ROS) are typically elevated at inflammatory sites due to the influx of large numbers of neutrophils and other
myeloid cells that produce high levels of oxygen free radicals as microbicidal agents. Reactive oxygen intermediates are also generated as a
byproduct of cellular metabolism, due to mitochondrial damage, exposure to toxins or radiation, and are also frequently increased during
inflammatory reactions. However, although oxidative stress is often implicated as an initiator or amplifier of inflammation, particularly in the
context of cancer, how reactive oxygen modulates inflammatory signalling remains poorly understood. Here we discuss the diversity of
pathways and molecules implicated in promoting or suppressing inflammation in response to ROS. As we shall see, reactive oxygen has
been reported to influence inflammatory outputs through direct effects on phosphatases that regulate nuclear factor kappa B (NF-kB)
activation, through activation of the nuclear factor erythroid 2-related factor 2 (Nrf2) or hypoxia-inducible factor (HIF)-1 transcription factors
that can directly or indirectly promote inflammatory gene expression, by provoking DNA damage leading to activation of the cyclic
guanosine monophosphate (GMP)-adenosine monophosphate (AMP) synthase (cGAS)/stimulator of interferon genes (STING) pathway, or
through promoting assembly of inflammasomes. Thus, there are a multitude of routes by which ROS can influence inflammatory responses.
How reactive oxygen promotes inflammation in specific contexts is likely to be influenced by several factors, including the source of ROS,
whether intracellular or extracellular, the responding cell type, as well as the extent of deviation from normal homeostatic setpoints.
Understanding how reactive oxygen shapes inflammation has important implications for therapeutic intervention in multiple disease states.
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1. Introduction

Reactive oxygen species (ROS) are highly reactive metabolites of oxygen that possess strong oxidizing capabilities and are generated
as byproducts of cellular metabolism, particularly during mitochondrial respiration, but are also produced at high concentrations by
immune cells as microbicidal agents!!l. Thus, ROS are frequently elevated at inflammatory sites due to the rapid influx of large
numbers of neutrophils and other myeloid cells within minutes of the initiation of inflammation!?!. Activated neutrophils mount a
robust respiratory burst via the plasma membrane-associated nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
complex (NOX2) that produces large amounts of ROS, which have potent microbicidal effects, but can also provoke local tissue
damagel’l. At high concentrations, ROS are deleterious to cells, inflicting damage to cellular constituents and typically resulting in cell
death. However, at low or physiological concentrations, ROS can function as signalling intermediates, through post-translational
modification of redox-sensitive proteins including kinases, phosphatases, and transcription factors. Redox-sensitive proteins typically
contain functionally significant cysteine residues that can undergo oxidation, which can alter protein activity and function!*..

Oxidative stress is frequently implicated in promoting or enhancing inflammation, but the underlying mechanism(s) are still
unresolved>°l. Persistent reports also suggest that tumor necrosis factor (TNF) receptor stimulation can promote production of ROS
via activation of the NOX1 or NOX2 complexes, depending on the cell type, as well as through production of mitochondrial ROS!".
However, despite the association between elevated levels of reactive oxygen and inflammation, how ROS initiates or amplifies
inflammation, as well as the impact of cellular antioxidant defence systems on the pro-inflammatory effects of major cytokines such
as TNF and interleukin (IL)-1, are poorly understood. Here, we overview current data linking ROS-sensing pathways to inflammation.
As we shall see, elevated ROS can exert effects on inflammatory outputs through activating the nuclear factor erythroid 2-related
factor 2 (Nrf2) or hypoxia-inducible factor (HIF)-1 transcription factors, by provoking DNA damage leading to activation of the cyclic
guanosine monophosphate (GMP)-adenosine monophosphate (AMP) synthase (cGAS)/stimulator of interferon genes (STING) pathway,
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through promoting assembly of NOD-like receptor pyrin domain-containing 3 (NLRP3) inflammasomes, as well as by direct
modification of cysteine residues within phosphatases that influence activation of the nuclear factor kappa B (NF-KB) transcription

factor, a master regulator of inflammation (Figure 1).
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Figure 1. Diversity of pathways implicated in ROS-mediated regulation of inflammation. ROS: reactive oxygen species; ATM: ataxia-telangiectasia mutated; Nrf2: nuclear

factor erythroid 2-related factor 2; HIF: hypoxia-inducible factor; NIK: NF-kB-inducing kinase; Akt: protein kinase B; STING: stimulator of interferon genes; IKK: IkappaB kinase;

IL: interleukin; NF-kB: nuclear factor kappa B; IRF3: interferon-regulatory factor 3.

Generation of ROS extracellularly from immune cells (e.g. neutrophils) or intracellularly from mitochondria or NADPH oxidase
activates multiple pathways that stimulate inflammation. Oxidation of redox-sensitive protein tyrosine phosphatases can impair their
enzymatic activity, relieving inhibition of the downstream kinases NF-KB-inducing kinase (NIK) and protein kinase B (Akt) and
facilitating NF-KB activation. The transcription factor Nrf2 is stabilized in the presence of oxidative stress and can promote
inflammation directly by binding to the promoters of inflammatory genes, or indirectly via upregulation of p62 or light chain 3B
(LC3B). p62 can stimulate interferon (IFN) induction by promoting STING ubiquitination or NF-KB activation through ubiquitination of
tumor necrosis factor receptor-associated factor 6 (TRAF6). LC3B promotes NF-KB activation by mediating degradation of IkBa .
Activation of ataxia-telangiectasia mutated (ATM) in response to ROS-induced DNA damage stimulates NF-KB activation by
ubiquitination of TRAF6 and activation of NF-kappa B essential modulator (NEMO). Lastly, ROS-mediated hypoxia can stabilize HIF-1q,
which can promote inflammation directly by binding to the promoters of inflammatory genes or through activation of the NF-KB
signalling pathway.

2. The NF-kB Pathway as a Key Driver of Inflammation

Although several transcription factors can influence the production of inflammatory cytokines and other inflammatory mediators, as
we shall discuss below, the NF-KB transcription factor is a major driver of the production of numerous inflammatory cytokines,
chemokines, adhesion molecules, and other inflammatory factors!® ', Indeed, the most potent pro-inflammatory cytokines, including
TNF and members of the extended IL-1 family, all exert their pro-inflammatory effects through activating NF-KB!'!" 3], Thus, much of
the following discussion will focus on interactions between ROS and NF-KB activation pathways.
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The NF-KB transcription factor family includes several members, including: v-rel avian reticuloendotheliosis viral oncogene homolog
A (RelA) (p65), p50, v-rel avian reticuloendotheliosis viral oncogene homolog B (RelB), p52 and cellular Rel (c-Rel)l'%'3l, The two
primary NF-KB transcriptional complexes, comprised of p65: p50 heterodimers (the canonical pathway) or p52: RelB heterodimers
(the non-canonical pathway), are responsible for the majority of NF-KB-dependent inflammation!'*. Canonical NF-KB activation
typically occurs downstream of the IkappaB kinase (IKK) complex (Figure 2), which is comprised of inhibitor of nuclear factor kappa-B
kinase subunit alpha (IKKa), inhibitor of nuclear factor kappa-B kinase subunit beta (IKKf) and their associated regulatory subunit
inhibitor of nuclear factor kappa-B kinase subunit gamma (IKKY) (NEMO). Activation of the IKK complex, which is frequently achieved
through recruitment of NEMO/IKKY to linear ubiquitin chains, or through phosphorylation of NEMO by upstream kinases, results in
phosphorylation and degradation of the NF-KB inhibitor, IKB, which liberates p65: p50 heterodimers or p65 homodimers that can
then translocate to the nucleus and promote inflammatory gene expression downstream!'®'7l. In contrast, the non-canonical NF-KB
pathway is typically activated through stabilization of the NIK (Figure 2), which can in turn activate IKKa leading to
proteasome-mediated degradation of the p52 precursor, p100, resulting in formation of non-canonical RelB: p52 complexes that can
also induce transcription of a panoply of inflammatory genes!'®!°l. As we shall discuss below, increased generation of intracellular
ROS, or exposure to extracellular ROS, can lead to direct or indirect activation of NF-KB, resulting in inflammation.
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Figure 2. NF-kB activation pathways. TNF-a, LPS and IL-Ta stimulate the canonical NF-kB pathway. K63 polyubiquitination of IKKy activates the IKK complex which
phosphorylates IkBa, promoting its proteasomal degradation and nuclear translocation of NF-kB p50:p65 heterodimers. Activation of the non-canonical NF-«kB pathway by
lymphotoxins or BAFF stabilizes NIK levels which phosphorylates IKKa. Activated IKKa phosphorylates p100, stimulating the proteasomal-mediated processing of p100 to
p52. The p52 subunit forms a heterodimer with the NF-kB subunit RelB, and translocates to the nucleus to regulate expression of numerous inflammatory genes.
NIK: NF-kB-inducing kinase; IKK: IkappaB kinase; IL: interleukin; RelB: v-rel avian reticuloendotheliosis viral oncogene homolog B; IKKa: inhibitor of nuclear factor kappa-B

kinase subunit alpha; IKKB: inhibitor of nuclear factor kappa-B kinase subunit beta; IKKy: inhibitor of nuclear factor kappa-B kinase subunit gamma.

3. ROS-Induced Activation of NF-kB Through Direct Effects on Upstream Phosphatases

A number of reports have suggested that reactive oxygen can activate inflammatory signalling pathways through phosphorylation of
NF-KB signalling proteins (Figure 1), although there is disagreement on the precise mechanism!?’"?’. Some studies suggest that H,0,
promotes NF-KB activation via phosphorylation of the IKK complex, through activation of NIK or Akt!>?!:22], while others suggest that
H,0, activates NF-KB through activating a kinase that phosphorylates IkBa at tyrosine 42, rather than at the canonical
phosphorylation sites serine 32 and 34>2°l, Furthermore, ROS was also reported to promote phosphorylation of NF-KB p65 (RelA)
through activating cAMP dependent protein kinase A (PKAc)?’l. Thus, it has been suggested that ROS can promote phosphorylation of
multiple NF-KB regulators by several different mechanisms. One possibility, which might account for the diversity of mechanisms, is
that elevated ROS inhibits multiple protein tyrosine phosphatases, which are highly sensitive to oxidation (Figure 1). Protein tyrosine
phosphatases are redox-sensitive due to their active site cysteine residues, which exhibit a notably low pKa in comparison to other
cysteine residues, thereby rendering the cysteine molecule vulnerable to oxidation?®2%l, For example, the phosphatase phosphatase
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and tensin homolog (PTEN), an inhibitor of Akt, contains a catalytic cysteine molecule that is ROS sensitive. Oxidation of PTEN impairs
its phosphatase activity, thereby promoting Akt kinase activity*! (Figure 1). Depending on the severity of ROS exposure, inhibition of
multiple phosphatases may, in turn, lead to an increased activity of several distinct kinases promoting NF-KB activation and
inflammation downstream (Figure 1). Aside from general phosphatase inhibition, ROS may also promote inflammation via activation
of specific molecular pathways including Nrf2/Keap1, HIF, NLRP3, and cGAS-STING, as we shall see below.

4. Nrf2 as a Key Effector of ROS-Mediated Inflammatory Signalling

Previous reports have also implicated the key ROS sensor, Nrf2 (Figure 3), as a modulator of inflammation in a number of contexts[*!l.
On the one hand, Nrf2 has been implicated as a negative regulator of inflammation in response to lipopolysaccharide (LPS) or TNF
stimulation®?*4. However, Nrf2 has also been reported to serve as an enhancer of inflammation in the context of wound healing!3>-3¢l.
Cellular context and/or reactive oxygen concentration may dictate whether Nrf2 activation results in pro-inflammatory or
anti-inflammatory effects, but this remains unclear at present.
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Figure 3. Nrf2 activation and inflammatory pathways. (A) Under basal conditions, the stability of Nrf2 is regulated by Keap1, an adaptor molecule for the Cullin-3 (Cul3)

ubiquitin ligase complex. Keap1 constitutively promotes the ubiquitination and proteasomal degradation of Nrf2. In response to oxidative stress, oxidation of cysteine
molecules in Keap1 disrupts its ability to interact with Nrf2, leading to stabilization of the latter. Once liberated from Keap1, Nrf2 translocates to the nucleus and upregulates
a battery of antioxidant genes; (B) Nrf2 can stimulate inflammation directly through its effects on inflammatory gene promoters or indirectly via the upregulation of target
genes. Nrf2 directly induces inflammation by binding to the promoters of inflammatory genes and initiating or enhancing their transcription. The Nrf2 target gene p62 can
induce inflammation by promoting ubiquitination of TRAF6 and STING, thereby activating the NF-kB and IFN pathways, respectively. The Nrf2 target gene LC3B promotes
NF-kB activation by mediating degradation of IkBa. Nrf2: nuclear factor erythroid 2-related factor 2; IFN: interferon; IRF3: interferon-regulatory factor 3; NF-kB: nuclear factor

kappa B; LC3B: light chain 3B; STING: stimulator of interferon genes; TRAF6: tumor necrosis factor receptor-associated factor 6.

Nrf2/antioxidant response element (ARE) signalling plays a key role in the protection against oxidative stress and is responsible for
the maintenance of homeostasis and redox balance in cells and tissuesl®’l. The Nrf2 transcription factor is stabilized through oxidative
or electrophilic stress and its activation is typically cytoprotective due to its ability to regulate a battery of antioxidant response
genes*l Nrf2 is regulated through the Keap1/Cullin-3 axis, where Keap1 acts as an adaptor for the Cullin-3 ubiquitin ligase complex
to promote constitutive ubiquitin-dependent degradation of Nrf2 at steady state (Figure 3a)l**%l In response to oxidative or
electrophilic stresses, Keap1 is inactivated, leading to stabilization of Nrf2 and upregulation of Nrf2-regulated genes such as HO-1 and
the autophagy adaptor p62[*142l. Previous studies have shown that induction of Nrf2 results in the suppression of apoptosis in
response to multiple stress-inducing agents, including H,0,, RSL3 and proteasome inhibitors[*3*5l. In addition, Nrf2 has also been
implicated as a modulator of inflammation in a number of contextsl*>1-48l, However, despite the importance of Nrf2 as a sensor of
oxidative stress, how this transcription factor exerts its influence on inflammatory signalling pathways is still poorly understood, with
evidence supporting a pro- as well as an anti-inflammatory role for Nrf2 in the context of oxidative stress, as noted earlier7l,

4.1 Pro-inflammatory effects of the Keap1/Nrf2 pathway

While Nrf2 is primarily known for regulating genes that protect against oxidative stress, it is becoming increasingly apparent that
Nrf2 can also regulate the expression of a number of genes beyond its canonical anti-oxidant targets (Figure 3b)*°l. Several studies
suggest that Nrf2 can modulate the expression of pro-inflammatory cytokines and chemokines by binding to their proximal
promoters3%47:591, Overexpression of Nrf2 has been reported to be sufficient to activate the interleukin (IL)-6 promoter, which was
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attenuated upon mutation of the ARE within the latter promoter!’’l. Furthermore, chromatin immunoprecipitation sequencing
(ChIP-Seq) analysis of Nrf2 in M1 macrophages revealed that Nrf2 binds to the promoter regions of the IL-6 and IL-13 genes, while
deletion of the Nrf2-binding ARE motif within the IL-6 promoter attenuated LPS-induced IL-6 expression in macrophages[®2.
Consistent with this and the prior study of Wruck and colleagues, overexpression of Nrf2 was also found to be sufficient to induce IL-6
promoter activity, which once again was dependent on the ARE sequence within the IL-6 promoter(*2l.

Other studies also argue a role for Nrf2 in driving inflammatory gene expression through direct promoter binding. Using transcription
factor binding analysis combined with chromatin immunoprecipitation followed by quantitative polymerase chain reaction
(ChIP-qPCR), Nrf2 has been shown to directly interact with the IL-17D promoter and regulate expression of the latter cytokine, which
has been implicated in promoting tumor rejection by enhancing the recruitment of natural killer cells to the tumours®l. In response
to chemotherapy, Nrf2 was shown to promote the expression of CCL2, CXCL2 and CXCL5 chemokines by binding to their enhancer
regionsl>!l. Nrf2 has also been reported to bind to the promoter region of the CCL2 gene in wound-associated keratinocytes,
stimulating macrophage recruitment and promoting wound healing®*®. Nrf2 has also been implicated in promoting expression of
plasminogen activator inhibitor-1 (PAI-1) to stimulate tissue repair and wound healing in fibroblasts!*>l. Thus, multiple studies
indicate a role for Nrf2 as a positive regulator of inflammation through direct binding to inflammatory gene promoters.

In addition to promoting expression of genes encoding inflammatory cytokines directly, Nrf2 target genes have also been implicated
as modulators of inflammation. Nrf2 upregulates many autophagy-related proteins as part of its anti-oxidant function>?l. Autophagy is
activated as an adaptive response to increase the clearance of damaged organelles and protein aggregates that can arise during
oxidative stress. p62/sequestosome 1 (SQSTM1) is an autophagy cargo protein and an established Nrf2 target genel*?l. While p62 is well
known to function as a major autophagy cargo adaptor, this multifunctional protein has also been implicated as a regulator of
inflammatory signalling pathways!>>>!, p62 has recently been reported to regulate type I IFN production through activation of the
cytosolic DNA sensor STING, by binding to the latter and displacing NBRI, an autophagy adaptor which promotes lysosomal
degradation of STINGEY. Binding of p62 to STING was reported to stimulate the ubiquitination and oligomerization of STING, leading
to the activation of TBK1 and downstream transcription factor interferon-regulatory factor 3 (IRF3), subsequently stimulating the
release of type I interferons (Figure 1)1l Several studies also propose that p62 can activate NF-KB signalling. As previously discussed,
the canonical NF-KB heterodimer, p65:p50, is typically held inactive in the cytoplasm by its cognate inhibitor IkBa. Phosphorylation of
IkBa by the upstream kinase complex IKK, stimulates proteasomal degradation of IkBa and translocation of NF-KB to the nucleus!!*l.
Several studies suggest that p62 can promote NF-KB activation by binding to and promoting ubiquitination of the E3 Ub-ligase TRAF6,
resulting in activation of its E3 ligase activity to generate K63 polyubiquitin chains that recruit and activate the IKK complex, leading
in turn to NF-KB activation downstream!>’l. Consistent with this, activation of NF-KB in response to nerve growth factor, oncogenic
Ras or in polarized Th2 cells, was blunted in p62-deficient cellsl>°->%], In all cases, inhibition of NF-KB in p62-deficient cells correlated
with a decrease in TRAF6 polyubiquitination, which blunted activation of the IKK complex and NF-KB downstream. Furthermore,
secretion of IL-4, IL-6 and cell survival were impaired in p62-deficient cellst>>>7), In addition to the p62-dependent routes discussed
above, Nrf2 has also been implicated as a regulator of the NF-KB pathway through upregulation of LC3B, an autophagy adaptor
protein involved in autophagosome formation and maturation. In response to proteasome inhibition, Nrf2 was reported to activate
NF-KB through upregulation of LC3B and promoting the degradation of IkBal>’l. It is evident that Nrf2 plays a crucial role in
promoting inflammation in a variety of contexts. However, as we will discuss below, there is also a body of evidence to suggest that
ROS-mediated Nrf2 activation functions to suppress inflammation.

4.2 Anti-inflammatory effects of the Nrf2/Keap1 pathway

A number of studies have implicated Nrf2 as a restraining influence on inflammation, possibly through regulating the expression of
cellular antioxidants, thereby counteracting the effects of ROS. It has been reported that Nrf2”~ mice displayed increased cytokine
production, immune cell infiltration, and mortality in response to LPS stimulation, compared to their wildtype counterpartsl?3:¢0,
Similarly, Nrf2 deficiency enhanced inflammatory signalling in monocytes following TNF-¢ treatment!®*Y. Given that ROS can promote
inflammation, the anti-inflammatory effects of Nrf2 may be a direct consequence of its antioxidative activity, rather than a direct role
for Nrf2 as a suppressor of inflammation. In line with this interpretation, the antioxidant N-acetyl cysteine (NAC) was reported to
suppress LPS-induced inflammation and mortality in Nrf2-deficient mice, as well as TNF-driven inflammation[?4¢0-¢1l, Furthermore,
upregulation of the Nrf2-inducible antioxidant genes heme oxygenase 1 (HO-1) and NADPH quinone oxidoreductase (NQO1) also
reduced inflammation following LPS exposurel‘°l. Thus, the reported anti-inflammatory effects of Nrf2 may be a secondary outcome of
its antioxidant activity, rather than a direct role for Nrf2 as a transcriptional suppressor of inflammatory genes.

However, there are reports that suggest Nrf2 may suppress inflammation independently of its antioxidant functions. One study
reported that Nrf2 can downregulate the expression of IL-6 and IL-13 in macrophages through inhibiting the recruitment of RNA
polymerase II to the promoter regions of the genes encoding the latter cytokinesl*?. Other studies have described an antagonistic
relationship between Nrf2 and the NF-KB subunit p65, further supporting an anti-inflammatory role for Nrf2[°?. Nrf2 and p65 compete
for the same co-transcriptional activator cAMP response element-binding protein (CREB) binding protein (CBP/p300). Upon
phosphorylation, p65 has a higher affinity for CBP/p300 and therefore sequesters CBP/p300 from Nrf2. p65 has also been reported to
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recruit histone deacetylase 3 (HDAC3) to promoters which impairs acetylation of the Nrf2-MafK heterodimer, thereby reducing Nrf2
mediated ARE transcription!®?l. Furthermore, NF-KB p65 can inhibit Nrf2 activity by binding to Keap1 and facilitating Nrf2
ubiquitination and degradation!®*l. Conversely, Nrf2 has also been described to inhibit NF-KB activation. It has been reported that
Nrf2”~ mouse embryonic fibroblasts (MEFs) exhibit greater NF-KB binding to DNA, increased degradation and phosphorylation of IkBa,
and increased activity of the IKK complex in response to LPS and TNF-¢ treatment in comparison to their wild type counterparts(®!l,
However, considering that NF-KB is more readily activated in an oxidative environment, the inhibitory effects of Nrf2 on NF-KB
activity may again be a secondary outcome of its anti-oxidant function, similar to the inhibitory effects of Nrf2 on inflammation as
discussed above. In support of this idea, the Nrf2 antioxidant gene HO-1 has also been reported to inhibit NF-KB activation[®l.
Notably, Nrf2 may adopt an alternative role in regulating NF-KB activation under basal conditions. In Nrf2 deficient cells, reduced
basal levels of p65 and p50 were observed[°l. Additionally, a ChIP-seq analysis of Nrf2 revealed that steady-state Nrf2 activity
preferentially regulates genes involved in cell proliferation while inducible Nrf2 activity regulates oxidative stress response genes!*’l.
Thus, Nrf2 activity can be context-dependent and further investigation is required, in the absence of oxidative stress, to fully dissect
the relationship between Nrf2 and NF-KB.

The dual and often contradictory role of Nrf2 in inflammation is well illustrated by the findings of Yamamoto and colleagues!*?. While
the main conclusion of the latter study is that Nrf2 activation can blunt transcription of pro-inflammatory genes through inhibition of
RNA Polymerase II recruitment, several observations from the same study indicate that Nrf2 activation can also promote
inflammation*?. These opposing functions are likely context-dependent, with the degree of oxidative stress and/or the level of Nrf2
activation in specific cell types all influencing the effect of Nrf2 on inflammatory outcomes. In many studies that describe an
anti-inflammatory role for Nrf2, these studies have been conducted under highly oxidizing conditions, for example in response to
high doses of LPSI*233l. Considering that ROS is a potent inducer of inflammation and that Nrf2 activation can reduce ROS levels, Nrf2
activity may inhibit inflammation in the latter contexts simply through upregulating antioxidant defence pathways. On the other
hand, the pro-inflammatory role of Nrf2 has primarily been illustrated under sustained activation of Nrf2 in the absence of exogenous
stimuli, for example through overexpression or constitutive activation of Nrf23%35471, In the absence of oxidative stress, Nrf2 may shift
its primary role towards promoting inflammation, as supported by CHIP-seq analysis comparing basal versus inducible Nrf2
activityl*’l.

5. The HIF-1 Pathway as a Modulator of Inflammation Associated with ROS Production

Oxygen homeostasis and ROS generation are inherently interlinked within the cell. Hypoxia can stimulate ROS production by
dysregulating the mitochondrial electron transport chain, generating unpaired electrons that react with cellular oxygen to produce
superoxide ions. ROS can also promote tissue hypoxia by impairing endothelial function, thereby limiting oxygen delivery, or by
altering mitochondrial function, leading to increased oxygen consumption. Cellular oxygen homeostasis is tightly monitored by the
transcription factor HIF. HIF is a heterodimeric protein composed of two subunits, a constitutively expressed HIFb subunit and an
oxygen sensitive a-subunit, that can be either of the three isoforms that have been identified (HIF-1a, HIF-2¢, HIF-30)°7l. HIF-1a is
ubiquitously expressed, whereas HIF-2o and HIF-3a are expressed within specific cells, such as macrophages. However, all isoforms
can regulate the transcriptional response to hypoxia. Under normoxic conditions, HIF-1a stability is tightly regulated by
prolyl-hydroxylases (PHD) enzymes and Von Hippel-Lindau protein (pVHL), a component of the E3 ubiquitin ligase complex. PHD
enzymes hydroxylate proline residues of HIF-1q, thereby promoting HIF-1a ubiquitination by pVHL and subsequent proteasomal
degradation!®®:*°l. Because the hydroxylation activity of PHD is oxygen-dependent, in hypoxic conditions HIF-1a accumulates and
translocates to the nucleus along with HIF-1f3 to upregulate genes in response to hypoxic stress!’’l. Although HIF is primarily an
oxygen-sensing pathway, ROS can also directly inhibit the hydroxylation activity of PHD and promote HIF-1qa stabilization and
activation!’!l.

5.1 Direct regulation of inflammatory genes by HIF-1o and HIF-1p

Inflammatory sites are typically associated with hypoxia due to immune cell infiltration, vascular impairment, and elevated ROS
production. HIF has previously been implicated as a key driver of inflammation by stimulating cytokine production, promoting
immune cell function, and initiating NF-KB activation!’273], Thus, HIF represents a molecular link through which ROS and hypoxia can
induce inflammation. Multiple studies have previously described a central role for HIF-1a in stimulating pro-inflammatory cytokine
production. In response to hypoxia, the expression of vascular endothelial growth factor (VEGF), CXCL8 and IL-1[3 were reduced in the
absence of HIF-1al’%. Similarly, LPS-induced IL-1B release was markedly impaired in HIF-1a null macrophages compared to wild type
cells!”l, Loss of HIF-1q also impaired IL-6 and IL-8 secretion in Rheumatoid Arthritis synovial fibroblasts, while overexpression of the
transcription factor enhanced cytokine signallingl’°l. In a mouse model of colitis, constitutive activation of HIF by VHL deletion
correlated with increased inflammatory cytokine production and more severe clinical symptoms, effects that were reversed following
deletion of HIF-1Bl77. At the molecular level, HIF-10 appears to directly regulate the expression of pro-inflammatory cytokines by
binding to promoter elements within these inflammatory genes (Figure 1). HIF-1a regulation of IL-13 was dependent on the hypoxic
response element within the proximal regions of the IL-1B promoter!’®l. HIF-2a was also reported to mediate expression of
inflammatory mediators in M1 macrophages in response to hypoxia, also through direct promoter binding!7"l.
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5.2 Indirect regulation of inflammation by HIF-1u through activation of NF-kB and induction of glycolysis

Aside from directly regulating the expression of pro-inflammatory cytokines, HIF-1o may also mediate inflammation indirectly,
through activation of NF-KBI7?! (Figure 1). Although it is well established that NF-KB can positively modulate HIF expression, the role of
HIF in the regulation of NF-KB remains largely obscurel’>8l, Scortegagna and colleagues illustrated that constitutive HIF-1x
expression in keratinocytes enhanced cytokine secretion in response to an inflammatory challenge, which could be reversed upon
co-expression of the IkBa super-repressor!®!l. Constitutive expression of HIF-1¢ also correlated with increased phosphorylation of
IkBa, IKK{, and p65 suggesting that HIF-1ot may promote inflammation via NF-KB activation®!l. Furthermore, in response to hypoxia,
NF-KB activation was observed following suppression of PHD hydroxylation activity and enhanced phosphorylation of IKKB®?. Thus,
there are some indications that the HIF pathway may positively regulate NF-KB activity. However, further investigation is required to
fully characterise the relationship between these two pathways.

HIF-1a has frequently been reported to be an important regulator of immune cell function!’3#3, possibly via its effects on NF-KB
activation. Decreased levels of IKKf, IkBa and p65 were observed in HIF-1a-deficient neutrophils following hypoxic stress!®!l. This
reduction in NF-KB signalling correlated with an increase in apoptosis in HIF-1o-null neutrophils compared to their wild-type
counterparts®*l. HIF-1¢ can also modulate immune cell function by promoting a metabolic shift from oxidative phosphorylation to
glycolysis during immune cell activation. Because oxygen deprivation is a common feature of inflamed tissues, activation of glycolysis
is an essential adaptive mechanism to ensure proper immune cell function at hypoxic sites. HIF-1a has been reported to regulate
glycolysis in multiple immune cell types through direct transcriptional upregulation of key glycolytic genes including glucose
transporters (e.g. GLUT-1) and glycolytic enzymes (e.g. pyruvate kinase M2 (PKM2))I’3l. In macrophages, HIF-1a deficiency has been
reported to reduce cellular adenosine triphosphate (ATP) levels, which correlated with impaired mobility and phagocytosis in
response to bacterial infection!®]. In dendritic cells, loss of HIF-1a impaired LPS-induced GLUT-1 expression, which correlated with a
decrease in dendritic cell maturation and T cell activation!®°l. Thus, HIF-10a can modulate inflammation through a variety of
mechanisms and represents a key mechanistic link between ROS and inflammation.

6. ROS-Mediated Activation of Inflammasomes

Inflammasomes are complexes between Nod-like receptor (NLR) proteins and inflammatory caspases (predominantly caspase-1) that
form in response to homeostatic disturbances associated with stress and infection!®’l. Assembly of inflammasomes leads to
recruitment and activation of Caspase-1, which can directly promote inflammation through proteolytic processing of the potent
inflammatory cytokines IL-1f3 and IL-18, which are then liberated through assembly of Gasdermin D pores within plasma membranes
as a consequence of Caspase-1-mediated cleavage of the latter protein(®®8°l, A very well studied NLR complex, the NLRP3
inflammasome, is assembled in response to LPS in combination with bacterial virulence factors and is a key driver of inflammation in
numerous contexts. However, for full activation of the NLRP3 inflammasome and liberation of IL-1f, a second signal in the form of a
membrane damaging bacterial toxin (which can also be mimicked by a variety of noxious agents) is typically required. This second
signal appears to permit the efflux of K* ions from the cytosol, which permits full assembly of the inflammasome, caspase-1 activation
and processing of IL-13 and IL-18 downstream. Several studies have suggested that ROS can serve as a second signal for
inflammasome assemblyl°°?2l. Inhibition of ROS by the antioxidants NAC or (2R, 4R)-4-aminopyrrolidine-2,4-dicarboxylate (APDC)
impaired NLRP3 mediated IL-1f release and caspase-1 activation following asbestos exposurel’!l. Loss of mitochondrial ROS, through
silencing of voltage-dependent anion channels or inhibition of mitophagy, impaired inflammasome activation in response to various
stimuli including LPS and monosodium urate (MSU) crystals [°°].

Mechanistically, how ROS promotes inflammasome activation is unclear, but cysteine oxidation has been suggested as a potential
mechanism. It has been reported that ROS induces phosphorylation of related kinase 7 (NEK7), a key component of the NLRP3
inflammasome, promoting NEK7 binding to the leucine-rich repeat (LRR) domain of NLRP3 and subsequent inflammasome
activation!®’l. Mitochondrial ROS has also been implicated in promoting assembly of the NEK7-NLRP3 inflammasome through
oxidation of active site cysteines within phosphatases!”!l. Direct binding of oxidized mitochondrial DNA (ox-mtDNA) to NLRP3 has also
been postulated as a potential mechanism for ROS-mediated inflammasome activation[®>l. The release of ox-mtDNA to the cytoplasm
may serve as a Damage-Associated Molecular Pattern (DAMP) and a secondary signal to stimulate inflammasome activation[®®7],
Colocalization experiments or use of recombinant NLRP3 demonstrated binding of ox-mtDNA to NLRP3, while sequence alignment of
the pyrin domain of NLRP3 with 8-oxoguanine DNA glycosylase 1 (0GG1), an enzyme that repairs oxidative DNA lesions, identified this
region as the potential site of ox-mtDNA bindingl°’*%]. Indeed, Lackner et al, demonstrated that NLRP3 could cleave ox-DNA and use of
0GG1 inhibitors could impair this function!®’l. Further work is required to confirm the interaction between ox-mtDNA and the pyrin
domain of NLRP3, however, this may represent a potential molecular mechanism underlying ROS-mediated inflammasome activation.
ROS has been reported to promote inflammasome activation by mediating the dissociation of the TXNIP-Thioredoxin (TRX) complex.
Under basal conditions, TXNIP constitutively binds to and inhibits the antioxidant protein TRX. However, an increase in cellular ROS
promotes the dissociation of TXNIP from TRX, and the association of TXNIP with NLRP3. TXNIP was reported to be essential for NLRP3
activation as caspase-1 processing, IL-13 secretion and neutrophil influx are impaired in Txnip™™ mice compared to their wildtype
counterparts!'9,
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7. DNA damage-Initiated Routes to Inflammation

Reactive oxygen can also result in genotoxic damage, either through direct modification of DNA, or through depletion of nucleotide
pools in the cytoplasm as a consequence of oxidation and this can lead to DNA damage due to misincorporation of nucleotides during
DNA replication!!°!l. DNA damage can, in turn, promote inflammation in a number of ways. First, activation of the DNA damage sensing
kinase ATM has been directly implicated in activating the NF-KB-activating kinase IKKg (NEMO) through direct phosphorylation of the
latter within the nucleus, leading to its transport into the cytoplasm and activation of the IKK complex downstream!!°>"104], DNA
damage-induced activation of ATM has also been reported to lead to formation of an ATM-TRAF6 signalling complex that can
promote NF-KB activation!!?>"1%7]. The latter complex has also been implicated in NF-KB-dependent upregulation of TNF, which can
induce feed-forward inflammatory signalling by promoting further NF-KB activation downstream!'°’l. ATM has also been implicated in
mediating inflammation through promoting the formation of an NF-KB-activating complex containing p530induced deathOdomain
(PIDD) and receptorOinteracting protein kinase 1 (RIPK1), called the PIDDosome, in response to DNA damaging agents such as
etoposide, as well as centrosome duplication-associated with polyploidy!!?%10%,

Second, extensive DNA damage can trigger entry of cells into a non-replicating state, called premature replicative senescencel'!l,
Senescence is a radical departure from normal cellular function, as these cells typically exit the cell cycle, greatly increase in size,
activate DNA sensing kinases, and secrete a range of pro-inflammatory and proliferative factors, collectively called the
‘Senescence-Associated Secretory Phenotype’ (SASP)[!!1112], Due to their highly inflammatory phenotype, senescent cells are a double-
edged sword, as these cells can promote tissue repair but can also exacerbate disease if they persist in damaged tissues or within the
tumor microenvironment!'3-11%l, How the SASP is turned on in response to DNA damage and other genomic perturbations appears to
be complex, depending on the nature and scale of the damage, as well as the cell type.

Campisi and colleagues have published a series of studies suggesting that IL-1qa is an important driver of senescence-associated
inflammation in response to DNA damage, oncogene activation or chromatin perturbation!!!-117.118], Although the upstream initiators
of IL-1a expression in this context remain obscure, the DNA damage-sensing kinase, ATM, was again implicated!!'®l. ROS-mediated
DNA damage has also been reported to trigger the SASP through promoting the release of genomic DNA into the cytoplasm as
cytoplasmic chromatin fragments. The latter event leads to activation of the cGAS/STING pathway, leading to inflammatory cytokine
production through activation of STING, which is well established to promote NF-KB- and IRF-dependent inflammatory pathways
downstream!!19°1221, Cytoplasmic DNA fragments are a well-established feature of senescence and accumulate in the cytoplasm
following the loss of nuclear envelope integrity, driven by lamin B1 degradation. Activation of the autophagy-lysosome pathway has
been reported to mediate lamin B1 degradation in senescent cells!'?3124. Autophagy-related 7 (ATG7) deficiency has been reported to
attenuate lamin B1 loss in the context of oxidative stress-induced senescence, as well as delay the onset of senescence in response to
oncogene activation!'?3l. Given that reactive oxygen is a potent activator of autophagy!'?’l, ROS-mediated autophagy activation may
be an important regulator of senescence and the SASP through degradation of lamin B1, leading to the escape of chromatin into the
cytoplasmic compartment leading to cGAS/STING-initiated inflammation.

As previously mentioned, the SASP is a double-edged sword. While SASP release has been reported to facilitate immune-mediated
clearance of pre-malignant cells, thereby contributing to tumour suppression!!'”, chronic SASP production has been implicated in
tumour progression and the pathogenesis of a range of age-related diseases!?*!27], ‘Inflammaging’ was coined by Franceschi and
colleagues to describe the low grade chronic inflammation that typically develops with age and can exacerbate diseasel!?8l.
Accumulation of senescent cells in many tissues, including the immune system, is suspected to be a central driver of
inflammaging!'?’l. Significantly, elimination of senescent cells in mice has been reported to reverse various aging phenotypes!3%131,
In one human cohort study, analysis of plasma senescence biomarkers in participants aged 70-79 years, identified elevated SASP
protein levels as an indicator of all-cause mortality!'*?l. In a separate study, analysis of blood samples from ~1,000 individuals
implicated the CXCL9 chemokine as a key driver of inflammaging, in part through its role in promoting cellular senescencel'33l,
Human cohort studies have also identified an association between elevated oxidative stress, as measured by lipoprotein-associated
phospholipase A2 (Lp-PLA2) and 8-isoprostane, with accelerating aging and increased frailty!!3+!35l. The co-existence of oxidative
stress and SASP markers in ageing individuals could indicate that ROS and chronic inflammation act in concert to mediate the
progression of many age-related diseases.

8. Therapeutic Implications of ROS-induced Inflammation

It is well established that ROS and oxidative stress play a central role in a wide range of pathologies. ROS can act as the primary cause
of pathology, as in paraquat poisoning or radiation-induced lung damage, or act as a secondary amplifier in conditions such as
cancer and inflammatory diseases!!3%1%7], Thus, identifying the key ROS sensing pathways that promote inflammation has important
therapeutic implications. The use of antioxidants to treat various conditions has yielded little clinical success to date due to the
diverse sources of intracellular ROS and the robustness of endogenous antioxidant defence systems, which minimize the overall
impact of exogenous ROS scavengers!!37-13], Activation of endogenous antioxidant defence systems, such as the Nrf2 pathway, may be
a more fruitful approach to tackling ROS and its downstream consequences!'*’l. For example, the Nrf2 activator dimethyl fumarate
(DMF) has shown promising results in relapsing-remitting multiple sclerosis (MS)!'40142, Conversely, in situations where Nrf2
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activation is associated with poor prognosis, such as in cancer!!314 Nrf2 inhibitors may have therapeutic benefits by reducing
inflammation and disease progression. NLRP3 represents another attractive target for the suppression of ROS-driven inflammation.
To date, no Food and Drug Administration (FDA)-approved NLRP3 inhibitors are available. Although initially promising results were
seen with MCC950, a small molecular NLRP3 inhibitor which traps the latter in an inactive statel!*], this compound was ultimately
discontinued due to liver toxicity!'*?l. While the optimization of compounds with greater specificity towards NLRP3 is underway,
targeting ROS-mediated activation of NLRP3 may represent an alternative strategy!°®l. Other approaches to ameliorate the
downstream effects of ROS involve the identification of ‘senolytics’ or ‘senomorphics’, compounds that can eliminate or modify the
behaviour of senescent cells, thereby suppressing their pro-inflammatory effectsl!!*147.148],

9. Concluding Remarks

Reactive oxygen has been implicated as an important modulator of inflammation for many years. Despite this, the molecular
mechanisms of ROS-driven inflammation have remained relatively obscure. Here, we have discussed how ROS may influence
inflammatory outputs by a diversity of mechanisms, including activation of the major ROS-sensing transcription factor Nrf2, as well as
the key oxygen sensor HIF-1. ROS can also shape inflammatory responses through initiating DNA damage, leading to activation of the
cGAS/STING pathway, by influencing assembly of NLRP3 inflammasomes, as well as via direct effects on phosphatases that influence
activation of NF-KB (Figure 4). The specific route to ROS-mediated inflammation that is employed in a particular context is likely to
depend on several factors, including the source of ROS, whether intracellular or extracellular, the responding cell type (whether a
professional immunocyte, such as a macrophage, or an epithelial cell) and its natural ROS-buffering systems, as well as the degree of
ROS elevation relative to normal setpoints in the cell type or tissue in question. Further work is clearly required to clarify the precise
nature of the ROS-sensing pathways that serve to initiate or escalate inflammation in specific disease contexts, such as cancer, or in
the context of age-related inflammation (inflammaging) where excessive ROS production and/or reduced antioxidant capacity are
suspected to be contributing factors. Clarifying the major pathways linking ROS sensing to inflammatory outputs would undoubtedly
have very significant benefits for the treatment of multiple conditions where ROS is a major factor in driving inflammation.
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Figure 4. Summary of pathways linking ROS generation to inflammatory outputs. See main text for further details. ROS: reactive oxygen species; Nrf2: nuclear factor
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