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Abstract

Interferon regulatory factor 5 (IRF5) is a key signal-dependent transcription factor in myeloid cells. Its
expression is induced by granulocyte-macrophage colony stimulating factor and interferon-gamma.
IRF5 protein is further activated in response to stimulation, translocating to the nucleus where it
mediates inflammatory responses. IRF5 is capable of both the up-regulation of pro-inflammatory
genes and repressing anti-inflammatory mediators, thus polarising macrophages to a pro-
inflammatory phenotype. We discuss IRF5 interactions with a wide range of transcriptional regulators
that give rise to its diverse effects at the level of chromatin.

Introduction

Interferon Regulatory Factors (IRFs)

The interferon regulatory factor (IRF) transcription factor family comprises nine members in mammals
(IRF1-9), which were originally described for their role in the induction of type | interferons (IFNs)
(Miyamoto et al., 1988) (Wathelet et al., 1998). IRFs bind to consensus interferon stimulated response
element (ISRE) motifs, consisting of two GAAA repeats, via their shared N-terminal DNA binding
domain (DBD) (Tanaka et al., 1993). ISRE motifs are widely enriched at regulatory sites of immune
genes, leading to the functional diversity of the IRFs and their key roles as master regulators of the
innate immune responses (Honda and Taniguchi, 2006). The role of IRFs in the context of immune cell
activation has been extensively studied and of the IRFs four have been implicated as core molecules
in the induction of type I IFNs: IRF1, IRF3, IRF5, and IRF7. IRFs are activated in response to a diverse
array of pattern recognition receptors (PRRs), including Toll like receptors (TLR) and cytosolic PRRs, in
response to pathogen associated molecular patterns (PAMPs). In the case of TLR4 ligation by
lipopolysaccharide (LPS) two major signaling pathways are activated, mediated by the key adaptor
molecules MyD88 and TRIF. Activation of IRF1 and IRF5 is dependent on their binding MyD88,
whereas IRF3 and IRF7 are activated downstream of TRIF via TBK1. Phosphorylation of these IRFs
initiates their homo- and hetero-dimerization and translocation to the nucleus, where they elicit
expression of type | IFNs (Honda and Taniguchi, 2006). IRF1 and IRF5 have both been demonstrated to
contribute to type | IFN gene expression (Barnes et al., 2001) (Yie et al., 1999) (Fujita et al., 1989).
However, Newcastle disease virus infection of IRF1-deficient fibroblasts, vesicular stomatitis virus
infection of fibroblasts from IRF5” knockout mice and CpG stimulation of IRF5 7 plasmacytoid
dendritic cells (pDCs) indicate that these factors aren’t crucial for type | IFN induction as IFNB & IFNa
are still up-regulated in their absence (Matsuyama et al., 1993) (Yanai et al., 2007) (Takaoka et al.,
2005). Thus implicating the highly homologous IRF3 and IRF7 as the core IRFs in mediating anti-viral
responses. IRF5 on the other hand has much broader activity. It is widely expressed by immune cells,
including macrophages, B cells, monocytes, and dendritic cells (Heng et al., 2008), and can be used as
a marker of inflammatory macrophages both in vitro and in vivo (Weiss et al., 2013).

Studies in Irf5'/' mice highlight the importance of IRF5 to macrophage function. /rf5'/' mice are
resistant to lethal endotoxic shock (Takaoka et al., 2005). This is due to a crucial role for IRF5 in
promoting pro-inflammatory responses as a consequence of TLR activation. Stimulation of splenic
macrophages with ligands for TLR3, TLR4, TLR7/8, and TLR9 all result in in IRF5 activation, via its direct
interaction with the MyD88 and TRAF6 adaptors, which are required for IRF5 phosphorylation and
ubiquitination (Takaoka et al., 2005). Interestingly, IRF4 binds to the same site on MyD88 as IRF5,
competing with IRF5 for activation (Negishi et al., 2005). In addition, Lyn, a Src family kinase, was
shown to physically interacted with IRF5 and inhibit its activation via the TLR-MyD88 pathway (Ban et
al., 2016). IRF5 contains two nuclear localization signals (NLS), IRF5 phosphorylation results in the 5
NLS becoming exposed, mediating the nuclear translocation and retention of IRF5 in activated cells
(Barnes et al., 2002). The precise mechanisms of IRF5 activation are reviewed fully by Ryzhakov et al.
(Ryzhakov et al., 2015). Once activated IRF5 reaches the nucleus where it mediates transcription of



inflammatory cytokines such as TNF, IL12b, and IL-6, all of which are drastically reduced in cells
derived from lrf5'/' mice (Takaoka et al., 2005). The transcriptional activity of IRF4 closely mirrors that
of IRF5, downregulating IRF5 target genes (Negishi et al., 2005), the IRF4-IRF5 axis is therefore
integral for the polarization of macrophage responses.

IRF5 and Macrophages in Inflammation

Macrophage inflammatory responses have typically been defined as fitting either the M1 (classically)
or M2 (alternatively) activated phenotypes. However, appreciation of the in vivo complexity of the
milieu of polarizing factors macrophages are exposed to and the resulting heterogeneity in
macrophage responses is growing (Murray et al., 2014). The classic view of macrophage activation
corresponds to in vitro polarization with pro-inflammatory stimuli such as IFNy and LPS, leading to
robust inflammatory responses, which are characterized by key cytokines such as TNF and IL12b; or
alternative treatment with IL-4 or IL-13, which stimulates IL-10 secretion. These alternatively
activated macrophages are more capable at handling parasitic infection, wound healing, and repair
related functions than their inflammatory counterparts, which mediate sterilizing inflammation for
the efficient killing of bacterial and intracellular pathogens. Within this context IRF5 has been shown
to be a crucial mediator of inflammatory macrophages in vivo and classical macrophage activation in
vitro.

IRF5 expression is induced during differentiation from human monocytes and murine bone marrow to
macrophages (Krausgruber et al., 2011). Its activation leads to TNF, IL-6, IL-12 and IL-23 secretion
whilst simultaneously repressing IL-10 and TGF-&I (Krausgruber et al., 2011) (Ouyang et al., 2007)
(Dalmas et al., 2015) (Figure 1). IRF5 expression is therefore integral for the inflammatory polarization
of macrophages and has an immunomodulatory role, promoting Th1l and Th17 responses. Conversely,
IRF4 has been implicated in alternative macrophage activation, its induction leading to the expression
of key M2 markers (Satoh et al., 2010) and dampening of inflammatory responses. Supporting this
IRF5 has been identified as one of the top expression quantitative trait loci’s associated with TLR4
induced human monocyte inflammatory responses (Kim et al., 2014). Further single nucleotide
polymorphisms (SNPs) affecting Irf5 expression have been linked with increased susceptibility to:
systemic lupus erythematosus (SLE), rheumatoid arthritis, and inflammatory bowel disease (Eames et
al., 2016). This has been reinforced by work demonstrating the pro-inflammatory activity of IRF5 in
vivo: in acute antigen-induced arthritis (AIA) lrf5'/' mice have reduced neutrophil influx into the joint
protecting it from damage, and in the pristine model of SLE the T cell response in lrf5'/' mice is shifted
from a Th1 to Th2 phenotype, this was coupled with decreased pDC recruitment and IFNa levels.
Interestingly, both of these studies demonstrate an effect of IRF5 on recruitment of effector cells
implicating a role for IRF5 in the secretion of chemokines. Homeostatic macrophage functions are also
impacted by IRF5, in the lung global IRF5 depletion results in increased extracellular matrix deposition
and fibrosis, and in atherosclerosis lrf5’/’ mice exhibited decreased lesion and necrotic cores sizes, due
to the increased efferocytosis and clearance of debris by macrophages derived from the lrf5'/'
compared to wild type macrophages (Seneviratne et al., 2017). Together these data can be taken to
indicate that IRF5 promotes a pro-inflammatory macrophage phenotype at the expense of their
homeostatic activity.

Figure 1. IRF5 is a key mediator of inflammatory macrophages. IRF5 induction leads to TNF, IL-6, IL-
12 and IL-23 secretion whilst simultaneously repressing IL-10, TGF-b. In vitro macrophages can be
polarised to a classic (M1) state or alternatively activated (M2) phenotype by culture with either LPS
and IFN-g or IL-4 and IL-13. IFN-B and GM-CSF induce expression of IRF5 mRNA, while LPS induces
post-translational modifications of IRF5 protein.

Macrophage Chromatin Landscape and Mechanisms of IRF5 Action




IRF5 Function at Promoters

The capacity of macrophages to respond dynamically to change is dependent not only on the inducing
stimuli and the reactive transcription factors, but also on the chromatin state of the responding cell. It
was first noted that NFkB could bind to some genes very rapidly, but was delayed in reaching others,
indicating that chromatin remodeling was required to reveal the cognate binding site (Saccani et al.,
2001). Reflecting this, macrophage gene transcription can be broadly divided into two categories;
primary response genes (PRGs), the promoters of which are associated with permissive chromatin
and are rapidly induced in response to stimuli, and secondary response genes (SRGs), requiring
chromatin remodeling at promoters for their induction. DNA has an inherent affinity for the core
histone subunits (H1, H2a, H2b, H3, and H4) allowing the spontaneous assembly and packaging of
DNA around nucleosomes in a highly ordered structure, with ~147b.p. DNA wrapping around each
nucleosome, sequestering it from damage and preventing the binding of other factors. Cis-regulatory
regions have an increased affinity for nucleosomes, whereas promoters of housekeeping and
constitutively active genes are often associated with very high CG dinucleotide enrichment, these
features are known as CpG islands and constrain the ability of DNA to bind nucleosomes, resulting in
nucleosome depletion (Fenouil et al., 2012) (Ramirez-Carrozzi et al., 2009). Approximately seventy
percent of mammalian gene promoters contain CpG islands, allowing dynamic turnover of histones
and competition with transcription factors for binding.

In macrophages, many PRGs have accessible promoters and are basally associated with Pol Il and
markers of active gene transcription such as histone3 lysine27 (H3K27) acetylation (Ramirez-Carrozzi
et al., 2009) (Adelman et al., 2009) (Hargreaves et al., 2009) (Bhatt et al., 2012). Genes falling in this
category are poised for transcription and are rapidly induced after sufficient stimulus. Whereas
promoters at SRGs are dependent on nucleosome remodeling and protein synthesis for increased
chromatin accessibility and transcription (Ramirez-Carrozzi et al., 2006) (Ramirez-Carrozzi et al.,
2009). However, it is worth noting that the rate of gene induction by LPS doesn’t closely correlate
with promoter CpG content (Bhatt et al., 2012), with both PRGs and SRGs having a high number of
promoters with CpG islands. This indicates that more is at play in terms of chromatin remodeling and
gene induction than solely promoter architecture.

IRF5 binds to promoters of both rapidly induced PRGs (such as TNF and IL1a) and to SRGs (e.g. IL6,
IL12b) as a consequence of LPS stimulation, leading to large increases in Pol Il recruitment
(Krausgruber et al., 2011) (Saliba et al., 2014) . Of the IRF5 up-regulated genes, those exhibiting the
highest increases in expression with LPS stimulation are also targets of NF-ZB RelA, the binding sites
of which coincide with those of IRF5 and are centered on the promoters of these genes (Figure 2A).
Interestingly, RelA peaks not overlapping with IRF5 are more evenly distributed across both LPS up-
and down- regulated genes (Saliba et al., 2014). This fits with other reports indicating that the
majority of RelA binding sites are not associated with transcriptional changes (Lim et al., 2007).
Similar IRF5-RelA interactions were observed at the TNF loci in monocyte-derived dendritic cells
(mDDCs) (Krausgruber et al., 2010). Removal of RelA from this system results in a reduction in IRF5
binding and subsequent Pol Il recruitment at IL-6, IL-1a, and TNF promoters (Saliba et al., 2014), it is
therefore likely that RelA aids in IRF5 recruitment to these regions. This poses an additional
mechanism of regulation, with IRF5 activation and binding to promoters being required for high levels
of Pol Il recruitment and gene expression.

Figure 2. Mechanisms of IRF5 action. A) IRF5 acts co-operatively with RelA to recruit Pol Il to the
promoters of pro-inflammatory genes. B) IRF5 interacts with epigenetic co-activators such as
CBP/p300, the recruitment of which results in H3K27 acetylation and is associated with the activation
of enhancers. C) IRF5 may participate in long distance interactions between promoters and enhancers
of target genes. D) IRF5 also interacts with negative epigenetic modulators such as SETDB1, which
acts to deposit repressive histone marks mediating decreased gene expression.

IRF5 Function at Enhancers




Distal cis-regulatory elements known as enhancers offer a dynamic platform for transcription factor
binding, which is subject to much regulation and change; leading to the wide heterogeneity exhibited
by macrophages. Closed chromatin regions are characterized by DNA methylation and the repressive
H3K27me3 mark. These areas of heterochromatin are not accessible to low-order signal-dependent
transcription factors (SD-TFs), which require exposed DNA to bind (Lone et al., 2013). However, the
pioneer factor PU.1 is able to bind partially exposed DNA in heterochromatin, in a sequence-specific
manner, facilitating nucleosome removal and maintaining nucleosome depletion at these sites
(Barozzi et al., 2014) (Soufi et al., 2015). These distal regulatory elements exhibiting diminished
nucleosome occupancy and PU.1 binding are classed as enhancers, acting as platforms for subsequent
binding of inducible transcription factors (Schmidt et al., 2016) (Ghisletti et al., 2010). PU.1 is an Ets
transcription factor family member and is well known as a lineage-determining transcription factor,
induced early in hematopoiesis due to its requirement for both myeloid and lymphoid cell
development (Olson et al., 1995) (Back et al., 2005) (Nutt et al., 2005). However, PU.1 expression is
ten-fold higher in macrophages than B cells (DeKoter and Singh, 2000) and is crucial for the
delineation of macrophage-specific enhancers with the H3K4me1 histone mark (Heinz et al., 2010)
(Ghisletti et al., 2010), which distinguishes them from promoters (Heintzman et al., 2007). PU.1
designated enhancers encompass the core macrophage regulatory landscape, which is tailored in
accordance with micro environmental signals to yield wide heterogeneity and specialization
dependent on tissue location, prior exposure to inflammatory signals, and corresponding
transcription factor expression profile (Lavin et al., 2014) (Ostuni et al., 2013). In the context of
inflammatory responses PU.1 has been shown to be crucial in the recruitment of chromatin
remodelers BAF and PBAF (of the SWI/SNF family), to establish and maintain low nucleosome
occupancy of enhancers corresponding to pro-inflammatory cytokines (McAndrew et al., 2016). PU.1
therefore designates and maintains the landscape in which SD-TFs such as IRF5 are free to operate,
supporting the specific initiation of gene expression upon stimulation and the successful recruitment
of transcription factors. Of relevance, the regions of simultaneous IRF5 and RelA binding described
above are located in the PU.1-marked regulatory elements (promoters and enhancers) of
inflammatory genes, 70% of which are induced upon LPS stimulation (Saliba et al., 2014). Moreover,
the IRF5:RelA cistrome is best explained by the presence of consensus NF-kB and noncanonical
composite PU.1:ISRE sites (Saliba et al., 2014).

In response to activation H3K4mel defined enhancers and latent, unmarked enhancers (Ostuni et al.,
2013), undergo modification mediated by inducible recruitment of the histone acetlytransferases
(HATSs) p300/CBP (Ghisletti et al., 2010), and GCN5/PCAF (Schiltz et al., 1999)1. Resulting in
acetylation of histones H3K27 (H3K27Ac) and H3K9 (H3K9Ac), by either p300/CBP or PCAF/GCNS5,
respectively (Jin et al., 2011). Little is known about the precise function of these markers, but distinct
roles have been reported, with H3K27ac at specific enhancers being required for target gene
activation (Jin et al., 2011). H3K27ac has further been shown to be associated with active enhancers
in macrophages (Kaikkonen et al., 2013), and is commonly used as a marker for enhancer activation
(Glass and Natoli, 2015) (Zhu et al., 2013). Intriguingly CBP and p300 interact directly with IRF5, as
does the histone deacetylase HDAC1 (Feng et al., 2010), suggesting that IRF5 may contribute to the
recruitment of epigenetic modulators to enhancers, eliciting histone acetylation, activation, and
subsequent transcription of corresponding genes (Figure 2B).

The contribution of distal enhancers to gene induction is believed to be mediated via a process known
as looping, in which the intervening DNA is looped out, bringing the enhancer and associated
promoter into close proximity and aiding the assembly of the transcriptional pre-initiation complex
(Garcia-Gonzalez et al., 2016). The specificity of an enhancer to its cognate promoter is mediated, in
part, by the transcription factors and epigenetic mediators binding to the cis-regulatory regions,
which participate in protein-protein interactions (van Arensbergen et al., 2014). IRF5 has been shown
to be required for sustained high levels of TNF expression in human mDDCs, and it is hypothesized
that the observed binding of IRF5 to both the promoter and to an enhancer (downstream of the TNF
gene) mediates looping and augmented gene expression (Krausgruber et al., 2010) (Figure 2C).

Aside from its pro-inflammatory capacity, IRF5 is also able to as a negative regulator of transcription,
particularly in instances in which IRF5 binding is observed in the absence of RelA (Saliba et al., 2014).
This may be through the ability of IRF5 to recruit transcriptional repressors such as HDAC1 (Feng et



al., 2010) and TRIM28 (Eames et al., 2012). TRIM28 is associated with the establishment of
heterochromatin and resultant gene silencing via interactions with HP1 (Sripathy et al., 2006). TRIM28
is also associated with transient transcriptional changes, modifying histone tail residues, mediated by
recruitment of SETDB1 (Schultz et al., 2002). SETDB1 is a histone methyltransferase, responsible for
the establishment of the repressive H3K9me3 mark. In the context of TNF it has been shown that IRF5
mediates fine-tuned regulation of this cytokine by a combination of binding cis-regulatory elements
and the associated Pol Il recruitment (Krausgruber et al., 2010), and epigenetic modulation of the
underlying histones by SETDB1 recruitment and H3K9 methylation to limit aberrant over-production
of TNF (Eames et al., 2012) (Figure 2D).

Conclusions & Medical Perspectives

IRF5 is a potent pro-inflammatory transcription factor, orchestrating transcription of inflammatory
mediators and polarizing macrophages to a Th1/17 inducing phenotype. This translates to animal
models of disease, in which IRF5 function has been studied utilizing IRF57 mice. IRF5 has been show
to play a key role in both antigen-induced arthritis (AlA) and LPS-driven lung injury, in which mice
lacking IRF5 have decreased neutrophil influx in the acute phase (Weiss et al., 2015). Similar reduction
in neutrophil recruitment was observed in the K/B x N serum-transfer-induced arthritis model, mice
lacking IRF5 in this model also have reduced severity of arthritis (Duffau et al., 2015). Additionally,
IRF5” mice exhibit reduced Th1, Th17 and y&8 T cells in the chronic phase of AIA (Weiss et al., 2015).
IRF5 expression in macrophages is pathogenic in diet-induced obesity (Dalmas et al., 2015), but
protective against allergic airway inflammation (Byrne et al., 2016).

In humans IRF5 single nucleotide polymorphisms are associated with a range of autoimmune
diseases, including: systemic lupus erythematosus, rheumatoid arthritis, and inflammatory bowel
disease (Eames et al., 2016). Additionally, IRF5 has been reported as one of the most significant
expression quantitative trait loci (eQTL) in human myeloid cells stimulated with LPS (Lee et al., 2014)
(Kim et al., 2014) contributing to differences in immune responses; highlighting its role as a key
regulator of TLR induced inflammatory responses. IRF5 therefore presents a potential target for
disease modifying drugs for the treatment of autoimmune diseases, offering increased specificity and
selectivity over broad-spectrum targets.
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Figure legends

Figure 1. IRF5 is a key mediator of inflammatory macrophages. IRF5 induction leads to TNF, IL-6, IL-
12 and IL-23 secretion whilst simultaneously repressing IL-10, TGF-b. In vitro macrophages can be
polarised to a classic (M1) state or alternatively activated (M2) phenotype by culture with either LPS
and IFN-g or IL-4 and IL-13. IFN-g and GM-CSF induce expression of IRF5 mRNA, while LPS induces
post-translational modifications of IRF5 protein.

Figure 2. Mechanisms of IRF5 action. A) IRF5 acts co-operatively with RelA to recruit Pol Il to the
promoters of pro-inflammatory genes. B) IRF5 interacts with epigenetic co-activators such as
CBP/p300, the recruitment of which results in H3K27 acetylation and is associated with the activation
of enhancers. C) IRF5 may participate in long distance interactions between promoters and enhancers
of target genes. D) IRF5 also interacts with negative epigenetic modulators such as SETDB1, which
acts to deposit repressive histone marks mediating decreased gene expression.
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Figure 1. IRF5 is a key mediator of inflammatory macrophages. IRF5 induction leads to TNF,
IL-6, IL-12 and IL-23 secretion whilst simultaneously repressing IL-10, TGF-[3. In vitro
macrophages can be polarised to a classic (M1) state or alternatively activated (M2)
phenotype by culture with either LPS and IFN-y or IL-4 and IL-13. IFN-y and GM-CSF induce
expression of IRF5 mRNA, while LPS induces post-translational modifications of IRF5 protein.
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Figure 2. Mechanisms of IRF5 action. A) IRF5 acts co-operatively with RelA to recruit Pol Il to
the promoters of pro-inflammatory genes. B) IRF5 interacts with epigenetic co-activators such
as CBP/p300, the recruitment of which results in H3K27 acetylation and is associated with the
activation of enhancers. C) IRF5 may participate in long distance interactions between
promoters and enhancers of target genes. D) IRF5 also interacts with negative epigenetic
modulators such as SETDB1, which acts to deposit repressive histone marks mediating

decreased gene expression.





