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Reducing IRF5 expression attenuates colitis in mice,
but impairs the clearance of intestinal pathogens

Surya P. Pandey', Jie Yan', Jerrold R. Turner® and Clara Abraham'’

IRF5 genetic variants leading to decreased IRF5 expression reduce risk for ulcerative colitis. However, how IRF5 regulates intestinal
inflammation and contributes to the balance between defenses against intestinal pathogens and inflammation in vivo, and the cells
mediating this balance, are not known. We found that deleting IRF5 in mice led to reduced intestinal inflammation in the T cell
transfer colitis model, with reduced Th1 and Th17, and increased Th2 cytokines. However, with orally-administered invasive S.

Typhimurium, IRF5~/~ mice demonstrated an increased bacterial burden in the context of reduced Th1 and Th17 cytokines. IRF5 in
macrophages was required for PDK1-dependent phagocytosis and for NFkB-dependent pathways mediating intracellular bacterial
clearance. Despite reduced bacterial clearance pathways, in IRF5~/~ mice exposed to high levels of resident intestinal bacteria after
DSS-induced injury, the lower levels of inflammatory cytokines were associated with reduced intestinal permeability, and in turn,
reduced bacterial translocation and intestinal inflammation. Consistent with the myeloid cell-intrinsic roles for IRF5 in vitro, mice
with IRF5 deleted from myeloid cells demonstrated outcomes similar to those observed in IRF5~/~ mice. While these data suggest
that inhibition of IRF5 may be therapeutic in colitis, this needs to be balanced with the identified IRF5 role in protecting against

intestinal pathogens.
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INTRODUCTION

Upon infectious challenges, the immune system must respond in a
manner that clears microbes while minimizing excessive inflam-
mation and tissue injury. The importance of this balance is
particularly pertinent at mucosal surfaces, including the intestine,
where the immune system is continuously exposed to microbes.
Host pattern recognition receptors (PRRs) provide the initial
recognition and response to microbes; this response includes
induction of cytokine secretion and of microbial clearance
pathways. Polymorphisms in genes that modulate PRR- or
cytokine-initiated responses are frequently associated with
immune-mediated diseases, including IBD."! In these cases,
reduced PRR responses may decrease IBD risk, but increase
susceptibility to pathogens. However, immunological pathways
can be more complex in intestinal tissues where there is ongoing
microbial exposure, as a decreased ability to clear microbes can
also result in uncontrolled inflammation (e.g. variants in NOD2 or
in the NADPH complex®®). Therefore, the manner in which a
particular gene confers risk for IBD is not necessarily readily
apparent. As such, a significant challenge has been to determine
the mechanism(s) through which genes conferring altered IBD
susceptibility contribute to intestinal immune homeostasis and
disease pathogenesis.

IRF5 is required for optimal responses to PRRs.*”” Genetic
variants in IRF5 that decrease IRF5 mRNA® and protein’ expression
are associated with reduced susceptibility to ulcerative colitis, as
well as to multiple other immune-mediated diseases, including
SLE, rheumatoid arthritis, primary biliary cirrhosis, Sjogren'’s

disease, and systemic sclerosis.” This broad range of immune-
mediated diseases highlights a critical role for IRF5 in immunity
and suggests that IRF5 may represent a nodal point for therapy of
immune-mediated diseases.

Despite a paucity of information on intestinal IRF5 function, a few
studies have examined IRF5 in bacterial clearance. In mice, IRF5 is
required for optimal control of Leishmania donovani infection in the
liver.'® In vitro, IRF5 in mouse myeloid cells is required for type | IFN
induction following Mycobacterium tuberculosis'" or S. pyogenes'*'3
co-culture. In these limited studies identifying contributions for IRF5
in bacterial clearance, the myeloid cell-intrinsic role for IRF5 in
bacterial clearance in vivo was not examined. Further, the
mechanisms through which IRF5 mediate this clearance were not
broadly examined; myeloid cells, including macrophages, are critical
in regulating bacterial infection and in IBD pathogenesis. Despite the
IRF5 genetic associations with IBD,%'* to our knowledge there are no
reports clearly defining the role of IRF5 in intestinal inflammation or
the cell subsets through which IRF5 might be mediating its
contributions to intestinal responses in vivo. Such studies are critical
given the distinct regulation and outcomes that can be observed
between systemic versus intestinal immune responses (e.g. IL23)."?

Here we asked if IRF5 contributes to the balance of intestinal
inflammation and clearance of intestinal bacteria and also sought
to define mechanisms and cell subsets through which IRF5
contributes to these functions. Using IRF5~/~ mice, we show that
IRF5 is required for PDK1-dependent phagocytosis of microbes
and for the induction of antimicrobial pathways, including ROS
(upregulation of NADPH complex members), RNS (upregulation of
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NOS2) and autophagy (induction of ATG5, ATG16L1 and IRGM),
leading to clearance of intracellular bacteria in bone marrow-
derived macrophages (BMMs). We also demonstrate that while
IRF5 is important for regulating invasive enteric pathogens such as
S. Typhimurium, during exposure to resident intestinal luminal
bacteria in the setting of acute epithelial injury or chronic colitis,
IRF5 contributes to the proinflammatory response to microbes and
to the increased intestinal inflammation under these conditions.
Finally, we show that myeloid cell-intrinsic IRF5 is required for
regulation of invasive intestinal bacteria on the one hand, and for
the inflammation observed upon exposure to high levels of
resident intestinal luminal bacteria with epithelial injury on the
other hand. These studies therefore define mechanisms by
which the IBD-associated gene [RF5 regulates the balance
between bacterial clearance and intestinal bacterial-induced
inflammation.

RESULTS

IRF5 contributes to chronic intestinal inflammation

To address the role of IRF5 in chronic colitis, we crossed
IRF5~/~ mice to RAG-1"'~ mice and examined IRF5™", IRF5"~
and IRF5~'~ x RAG-17~ littermate control mice in the adoptive T
cell transfer model of chronic colitis. Relative to IRF5™*RAG-1""~
mice, IRF5~/"RAG-1""~ mice adoptively transferred with CD45RB"
CD4" T cells demonstrated less weight loss, less severe
histological inflammation, and lower levels of mucosal myeloper-
oxidase (MPO) activity (measure of myeloid cells) and stool
lipocalin (measure of intestinal inflammation’®) (Fig. 1a—e). More-
over, these mice demonstrated reduced levels of the Thi-
associated cytokines IL12 and IFNy, the proinflammatory cytokine
TNF, and the Th17-associated cytokine IL17 in colon (Fig. 1f). In
contrast, and consistent with select prior reports of IRF5~/~ mice
infected with L. donovani'® or in models of lupus and asthma,'’~"®
the Th2-associated cytokine IL13 and the anti-inflammatory
cytokine IL10 in colon were increased (Fig. 1f). Serum of
IRF5~/"RAG-1""" recipients demonstrated similar cytokine pat-
terns (Fig. 1g). IRF57/~RAG-17/" recipient mice generally demon-
strated an intermediate phenotype (Fig. 1). Therefore, consistent
with the reduced susceptibility to chronic ulcerative colitis in IRF5
genetic variant carriers with low IRF5 expression,>%”'* |RF5~/~
mice demonstrate a decreased severity of experimental chronic
colitis with reduced Th1 and Th17 cytokines.

IRF5~/~ mice infected with oral S. Typhimurium demonstrate
impaired immune responses and an increased bacterial burden
As IRF5 regulates PRR-induced outcomes, and PRR-initiated
responses are critical in mediating bacterial clearance, we next
assessed if IRF5 regulates responses to intestinal pathogens. IRF5*/™,
IRF5*/~ and IRF5~/~ littermate control mice were orally infected
with the enteric pathogen Salmonella enterica serovar Typhimurium
and assessed 6 days later. IRF5~~ mice had a higher bacterial
burden in the colon and feces, as well as in systemic organs
including the liver and spleen relative to IRF5™* mice (Fig. 2a).
Myeloid cells such as neutrophils play an important role in the
clearance of acute enteric pathogens, including S. Typhimurium.?°
Mucosal MPO levels were reduced in S. Typhimurium-infected
IRF5~/~ relative to IRF5™" mice (Fig. 2b). Immune cell-derived
cytokines are also critical in regulating enteric pathogens, including
S. Typhimurium.>° Colon and serum from S. Typhimurium-infected
IRF5~/~ mice demonstrated decreased levels of Th1 (IL12, IFNy),
Th17 (IL17), and proinflammatory (TNF) cytokines relative to infected
IRF5* mice (Fig. 2¢, d). In contrast, and similar to what we
observed with chronic colitis (Fig. 1f, g), the Th2-associated cytokine
IL13 was elevated, as was the anti-inflammatory cytokine IL10
(Fig. 2¢, d). IRF5/~ mice infected with S. Typhimurium generally
demonstrated an intermediate phenotype (Fig. 2). Therefore, IRF5 is
required for optimal production of Th1 and Th17 cytokines,
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reduction of Th2 cytokines, induction of colonic myeloid responses,
and clearance of the enteric pathogen S. Typhimurium upon oral
infection.

IRF5 promotes bacterial uptake in macrophages

Myeloid cells, including macrophages, are critical for the response
to and clearance of enteric S. Typhimurium.?° We therefore first
assessed the role of IRF5 in mediating phagocytosis and bacterial
entry in macrophages in vitro. We confirmed reduced IRF5
expression in IRF5/~ compared to IRF5™" BMMs both at
baseline and under lipid A (TLR4 ligand)-treated conditions
where IRF5 expression is increased; IRF57/~ BMMs were
intermediate in expression (Supplementary Fig. 1a). Myeloid cells
in the intestinal lamina propria are continuously exposed to
microbial ligands, and we?' and others?*** have found that
chronic PRR stimulation of macrophages increases anti-microbial
mechanisms and efficacy of bacterial clearance. Chronic lipid A-
treatment of MDMs similarly enhanced bacterial uptake (Fig. 3a).
S. Typhimurium (GFP) entry at 20 min was decreased in IRF5~/~
compared to IRF5* BMMs in both untreated and chronic lipid
A-treated conditions (Fig. 3a, Supplementary Fig. 1b); IRF5/~
BMMs generally demonstrated intermediate levels of bacterial
entry (Fig. 3a). Similar results were observed with E. coli and S.
aureus particles (Fig. 3a, Supplementary Fig. 1b). The PI3K
pathway contributes to phagocytosis,”* such that we asked if
IRF5 regulation of the PI3K pathway might be a mechanism
through which IRF5 regulates bacterial phagocytosis. Lipid A
treatment of both untreated and chronic lipid A-treated BMMs
activated PDK1 (Fig. 3b), a contributor to PI3K pathway activation.
This activation was reduced in IRF5~/~ BMMs (Fig. 3b). Moreover,
live bacterial and bacterial particle entry was reduced with either
a PDK1 inhibitor or the PI3K pathway inhibitor wortmannin in
chronic lipid A-treated BMMs (cell survival was intact with these
inhibitors [Supplementary Fig. 1c]) (Fig. 3c). Therefore, IRF5 is
required for optimal PDK1 activation and PI3K/PDK1-dependent
bacterial entry into macrophages.

IRF5 enhances intracellular bacterial clearance in macrophages

We next assessed if IRF5 was required for clearance of bacteria
that have entered macrophages. We first confirmed enhanced
bacterial clearance in chronic lipid A-treated macrophages (Fig. 4a),
as per our prior studies.?’ IRF5~/~ BMMs demonstrated less
effective clearance of intracellular S. Typhimurium both under
untreated and chronic lipid A-treated conditions (Fig. 4a). This less
effective bacterial clearance extended to additional bacteria,
including adherent invasive E. coli (AIEC), a strain of E. coli
enhanced in the ilea of Crohn’s disease patients,® S. aureus, a
resident bacteria (Fig. 4a), and E. faecalis, a resident intestinal
luminal bacteria (Supplementary Fig. 2a). Therefore, despite a
reduced level of bacterial entry, IRF5~/~ BMMs demonstrate
impaired clearance of those bacteria that do enter the cells.
Consistent with the reduced cytokine secretion upon in vivo
infection with S. Typhimurium in IRF5~/~ mice (Fig. 2), IRF5~/~
BMMs demonstrated reduced proinflammatory cytokine secretion
upon co-culture with S. Typhimurium (Fig. 4b). Cytokine secretion
was similarly reduced upon co-culture with AIEC and S. aureus
(Fig. 4b). Anti-inflammatory cytokine secretion was also reduced
(Fig. 4b). We further confirmed that IRF5 was required for cytokine
secretion in BMMs upon exposure to a broad range of PRRs
(Supplementary Fig. 2b). In contrast, cholera toxin-induced
cytokines (Supplementary Fig 2c) and cholera toxin-induced
bacterial clearance (Supplementary Fig 2d) were not regulated
by IRF5 genotype. Importantly, IRF5 was required for optimal
uptake and clearance of intracellular S. Typhimurium in colonic
lamina propria macrophages (Fig. 4c). Moreover, IRF5~'~ colonic
macrophages demonstrated reduced S. Typhimurium-induced
proinflammatory but increased anti-inflammatory IL10 cytokine
secretion (Fig. 4d). Therefore, macrophage-intrinsic IRF5 promotes
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live bacterial-induced inflammatory cytokine secretion and
clearance of intracellular bacteria.

IRF5 promotes induction of ROS, RNS and autophagy pathways in
macrophages

We next assessed mechanisms through which IRF5 contributes to
intracellular bacterial clearance in macrophages. Reactive oxygen
species (ROS) can contribute to microbial clearance.' Furthermore,
polymorphisms in genes in the NADPH complex required for ROS
production are associated with increased risk for both the
common form of IBD? and early-onset IBD.> ROS production is
induced with chronic PRR ligand exposure?®; to our knowledge
how IRF5 regulates ROS production has not been reported. With
chronic lipid A treatment ROS was induced in IRF5™* BMMs,
whereas IRF5~/~ BMMs demonstrated a less effective increase and
IRF5™~ BMM ROS induction levels were intermediate (Fig. 5a).
Chronic lipid A treatment of BMMs induced expression of p40phox,
p47phox, p67phox, p22phox and gp91phox transcripts, whereas
expression of these NADPH oxidase complex members was less
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effectively induced in IRF5*~ and IRF5~/~ BMMs (Fig. 5b). We
confirmed that ROS pathways were required for the clearance of
the bacteria examined using a ROS inhibitor (Fig. 5¢, Supplemen-
tary Fig. 3a).

Reactive nitrogen species (RNS) can also contribute to bacterial
clearance, and a combination of ROS and RNS pathways is central
in maintaining homeostasis in the intestinal mucosa.”” IRF5 plays a
role in NOS2 upregulation in mice following L. donovani
infection,'® such that we examined if IRF5 regulates nitric oxide
production and NOS2 expression, the molecule regulating its
production, directly in macrophages in vitro. With chronic lipid A
treatment, nitrite, a product of nitric oxide, was induced in WT
BMMs, whereas IRF5~/~ BMMs demonstrated a less effective
increase in nitrite (Fig. 5d) and Nos2 expression (Fig. 5e). We
confirmed that RNS pathways were required for optimal bacterial
clearance using a RNS inhibitor (Fig. 5f, Supplementary Fig. 3b).
Cholera toxin-induced ROS and RNS pathways were unimpaired in
IRF5~/~ BMMs, demonstrating that these pathways remained
functional in these cells (Supplementary Fig 4a, b).
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Autophagy is another key bacterial clearance mechanism
induced with PRR stimulation®® and polymorphisms in the
autophagy-associated gene ATG16L1 confer altered susceptibility
to Crohn’s disease.® A prior report examined the relationship
between IRF5 and autophagy; it found that IRF5 inhibits Hepatitis
C virus-induced autophagy in MH-14 and C-5B cell lines.?® In
contrast, with 48 h lipid A treatment, LC3Il expression (a marker of
autophagy) increased in WT BMMs, whereas IRF5~/~ BMMs did
not as effectively induce LC3Il (Fig. 5g). To address the pathways
leading to autophagy induction, we examined select autophagy-
associated molecules. Atg5, Atgl16/1 and Irgm transcripts were
induced with lipid A treatment, and this induction was impaired in
IRF57~ and IRF5~/~ BMMs (Fig. 5h). We confirmed that autophagy
pathways were required for optimal bacterial clearance using the
autophagy inhibitor 3-methyladenine (3-MA) (Fig. 5i, Supplemen-
tary Fig. 3c). Therefore, IRF5 is required for optimal PRR induction
of multiple bacterial clearance pathways and for intracellular
bacterial clearance in macrophages.

SPRINGER NATURE & SOCIETY FOR MUCOSAL IMMUNOLOGY

IRF5 promotes TLR4-induced NFkB activation and binds to the
promoters of antimicrobial pathway transcripts

To address additional mechanisms through which IRF5 regulates
the identified antimicrobial pathways, we considered that it might
contribute through its ability to both regulate essential PRR-
induced proximal signaling pathways (at earlier times) and
function as a transcription factor (at later times).

With respect to its ability to regulate PRR-induced proximal
signaling pathways, IRF5 can form a complex with IRAK1 and
TRAF6,%°%3" and enhance PRR-induced NFkB signaling in human
macrophages.®” An IRF5 requirement for PRR-induced signaling in
mouse macrophages has not been reported. IRF5 phosphorylation
was observed within 15min of lipid A treatment (Fig. 6a).
However, lipid A-induced NFkB activation at 15 min was reduced
in IRF5™~ BMMs (Fig. 6b). Further, NFKB activation was required
for optimal levels of baseline and TLR4-induced intracellular
bacterial clearance and of the antimicrobial pathways we had
defined to be IRF5-dependent (Fig. 6¢c-h). BMM viability remained

Mucosal Immunology _#############HH####E_
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intact under these conditions (Supplementary Fig 4c). Therefore,
early PRR-induced signaling pathways regulated by IRF5 are, in
turn, required for the induction of IRF5-dependent antimicrobial
pathways.

We next considered the role of IRF5 as a transcription factor in
the antimicrobial pathways identified. Consistent with its role as a
transcription factor, IRF5 translocates to the nucleus 2-6 h after
activation,>? and we had previously found that this translocation
peaks in human macrophages 4 h after PRR stimulation.” IRF5
binding to the promoters of the upregulated ROS, RNS and
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autophagy-associated genes was enhanced 4h after lipid A
treatment of BMMs, and further enhanced 4 h after treatment of
48 h lipid A pre-treated BMMs (Fig. 6i).

Finally, we assessed the role of IRF5 in broader TLR4-induced
transcriptional pathways, and the degree to which these might be
shared with NFkB, given the IRF5-dependent role in NFkB
activation. A previous study conducted TLR4-induced transcrip-
tional analysis in IRF5™, IRF5™~ and IRF5~/~ BMMs.> We
therefore selected the top 20 TLR4-induced transcripts and an
additional 36 transcripts highlighted in this prior study®
(accession # E-MTAB-2032) for further analysis. We observed an
IRF5-dependency for a broad range of TLR4-induced transcripts as
per the prior study (Supplementary Fig 5a-c). Induction of the
majority of these transcripts was also dependent on NFkB
(Supplementary Fig 5a), such that IRF5 regulation of these
transcriptional pathways might be through its role in regulating
proximal signaling or its role as a transcription factor. However, in
some cases NFkB regulation of the transcripts was reciprocal to
that of IRF5 (Supplementary Fig 5b). Moreover, there were also
transcripts that were IRF5-dependent and NFkB-independent
(Supplementary Fig 5c) and those that were IRF5-independent,
but NFkB-dependent (Supplementary Fig 5d). Taken together,
these studies demonstrate that IRF5 regulates proximal, early
signaling pathways required for antimicrobial clearance mechan-
isms, and at later times binds to the promoters of genes regulating
these antimicrobial mechanisms.

IRF5 is required for optimal induction of anti-microbial pathways
and intracellular bacterial clearance in LPS, IFNy-differentiated
(M1) macrophages

Macrophages can be polarized to a range of subtypes
depending on environmental conditions, and one such subtype
is the proinflammatory LPS, IFNy-conditioned macrophage
subset (also referred to as M1 macrophages). LPS, IFNy-
conditioned macrophages increase during infection with intest-
inal pathogens, including S. Typhimurium, and are particularly
effective at clearing bacteria.?®3** We’ and others® have found
that IRF5 is required for optimal LPS, IFNy-conditioned macro-
phage differentiation. Therefore, we assessed if IRF5 was
required for optimal bacterial clearance and induction of
antimicrobial pathways after culture in LPS, IFNy-differentiating
conditions. LPS, IFNy-conditioned macrophages demonstrated
appropriate induction of various M1 markers>> (Supplementary
Fig. 6a) and of IRF5 expression (Supplementary Fig. 6b), as well
as enhanced bacterial clearance (Supplementary Fig. 6¢) and
bacterial clearance pathways relative to non-polarized macro-
phages (Supplementary Fig. 6d-i). Moreover, we confirmed the
requirement for IRF5 in the differentiation of LPS, IFNy-
conditioned macrophages (Supplementary Fig. 6a). In LPS,
IFNy-conditioned macrophages IRF5 was required for optimal
intracellular bacterial clearance (Supplementary Fig. 6¢) and for
the specific antimicrobial pathways (Supplementary Fig. 6d-i)
we had defined above. Therefore, in addition to the requirement
for IRF5 in LPS, IFNy-mediated macrophage differentiation, it is
required for the optimal upregulation of antimicrobial pathways
and bacterial clearance observed in these cells.

IRF5 promotes intracellular bacterial clearance and induction of
antimicrobial pathways in additional myeloid cell subsets

As multiple myeloid cell subsets can participate in microbial
clearance, we assessed if IRF5 was required for microbial clearance
in neutrophils and in dendritic cells. IRF5 was required for optimal
intracellular bacterial clearance and TLR4-induced ROS and RNS
pathways in neutrophils (Supplementary Fig. 7a-c) and BMDCs
(Supplementary Fig. 7d—f). Therefore, IRF5 contributes to microbial
clearance pathways in multiple different myeloid cell subsets,
which likely function in a combined manner to mediate bacterial
clearance in vivo.
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Fig. 4 BMMs and intestinal myeloid cells from IRF5~/~ mice are less effective at clearance of intracellular bacteria and production of bacterial-
induced inflammatory cytokines in vitro. a, b BMMs from IRF5*/", IRF5~ or IRF5/~ mice were: (a) left untreated or treated for 48 h with 0.1
pg/ml lipid A and then co-cultured with S. Typhimurium, AIEC or S. aureus as per Methods for ‘Intracellular bacterial clearance’ Bacterial CFU (4
replicates, representative of 3 independent experiments). b Co-cultured with S. Typhimurium, AIEC or S. aureus and supernatants were

assessed for cytokines 24 h later (4 replicates). Significance for A & B is compared to IRF

5"+ macrophages for each respective treatment

condition or as indicated. ¢, d Colonic lamina propria macrophages were co-cultured with S. Typhimurium and gentamicin was added 20 min
later. ¢ Bacterial CFU (6 replicates) assessed at the indicated times after gentamicin. d Cytokines (4 replicates) at 20 h. Mean + SEM. *p < 0.05;

**p <0.01; ***p <0.001; p<1x107% Tp<1x107°

Myeloid cell-intrinsic IRF5 is required for optimal clearance of S.
Typhimurium in vivo

Given the importance of IRF5 in regulating bacterial clearance in
myeloid-derived cells in vitro, we asked if myeloid cell-intrinsic
IRF5 contributes to the clearance of S. Typhimurium in vivo. To
address this, we crossed IRF5"" mice with LysM-Cre mice
(IRF524™€) mice. We confirmed reduced IRF5 expression in BMMs
from IRF5°™° mice with and without lipid A treatment
(Supplementary Fig. 8a). IRF5 expression in skin fibroblasts from
IRF5°™¢ mice was not decreased (Supplementary Fig. 8b), thereby
demonstrating expected cell subset selectivity in IRF5 deletion in
these mice. We further confirmed that BMMs from IRF5“™¢ mice
demonstrated decreased cytokine secretion to a range of PRR
ligands (Supplementary Fig. 8c). BMMs from IRF5™® mice also
demonstrated decreased efficacy in intracellular bacterial clear-
ance, along with reduced induction of ROS, RNS and autophagy
bacterial clearance pathways (Supplementary Fig. 9). Similar to
IRF5~'~ colonic myeloid cells (Fig. 4c—d), IRF5°™¢ colonic myeloid
cells demonstrated reduced S. Typhimurium entry and clearance,
as well as reduced S. Typhimurium-induced proinflammatory and
increased anti-inflammatory cytokines (Supplementary Fig. 10).
Finally, IRF5™¢ mice demonstrated decreased LPS-induced
serum cytokines compared to IRF5™" controls (Supplementary
Fig. 11). These studies verify that IRF5“™° mice demonstrate
effective IRF5 deletion in myeloid cells and functional conse-
quences of this deletion in vitro and in vivo.

Similar to IRF5~/~ mice, IRF5°™¢ mice orally infected with S.
Typhimurium demonstrated an increased burden of S. Typhimur-
jum in colon and feces, as well as systemically compared to IRF5™"
controls (Fig. 7a). Also similar to IRF5~'~ mice, S. Typhimurium-
infected IRF5°™® mice demonstrated decreased mucosal MPO
activity (Fig. 7b) and decreased Th1-associated (IL12, IFNy), Th17-
associated (IL17) and additional proinflammatory (TNF) cytokines

SPRINGER NATURE & SOCIETY FOR MUCOSAL IMMUNOLOGY

in both colon (Fig. 7c) and serum (Fig. 7d), whereas Th2-associated
(IL13) and anti-inflammatory (IL10) cytokines were increased
relative to IRF5™" controls (Fig. 7c, d). Therefore, myeloid cell-
intrinsic IRF5 is required for the induction of inflammatory
responses and optimal regulation of oral S. Typhimurium infection
in mice in vivo.

The burden of S. Typhimurium measured in intestinal tissues
reflects a combination of mechanisms, including dissemination
(e.g. intestinal barrier permeability), bacterial uptake, and intra-
cellular bacterial clearance (e.g., intracellular bacterial growth,
intracellular bacterial killing). We therefore assessed if enhanced
intestinal barrier permeability under these infected conditions
might allow for increased S. Typhimurium dissemination. FITC-
dextran in the serum was equivalent in S. Typhimurium-infected
IRF57 and IRF52™¢ mice (Fig. 8a). Interestingly, the burden of
intestinal luminal commensal bacteria in intestinal lymphoid
structures during S. Typhimurium infection was reduced relative
to that in uninfected mice, and this reduction was greater in
IRF5°™¢ mice where the S. Typhimurium burden is greater
(Fig. 8b). This is consistent with prior reports which highlighted
more effective competition by enteric pathogens for the
environmental niche.*® IRF5“™¢ mice demonstrated increased
fecal S. Typhimurium compared to IRF5" mice as infection
progressed (Fig. 8c). Finally, we examined the levels of S.
Typhimurium in IRF52™¢ macrophages in vitro over time so as
to integrate the consequences of bacterial uptake, bacterial
growth and bacterial clearance in these cells. As expected based
on Fig. 3a, the levels of S. Typhimurium in IRF5™® macrophages
were lower 20 min after co-culture due to the reduced ability of
the cells to take up bacteria (Fig. 8d). Over the next 2 h the rate of
intracellular growth was similar in IRF5"" and IRF52™¢ macro-
phages (Fig. 8d). However, after 2 h IRF5" macrophages began to
reduce intracellular bacteria, whereas IRF5°™* macrophages were
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unable to do so as effectively, such that the intracellular bacterial
load in IRF54™¢ macrophages surpassed that in IRF5"" macro-
phages at these later times (Fig. 8d). Therefore, the increased
bacterial burden in tissues of S. Typhimurium-infected IRF5%™¢

Mucosal Immunology _############HHH######E_

Reducing IRF5 expression attenuates colitis in mice, but impairs the...
SP Pandey et al.

Fig. 5 BMMs from IRF5~/~ mice demonstrate impaired PRR-induced
ROS, RNS and autophagy pathways. BMMs from IRF5*/*, IRF5*/~ or
IRF5 '~ mice were left untreated or treated with 0.1 pg/ml lipid A for
48 h and assessed for: (@) ROS production. Representative flow
cytometry plot with mean fluorescence intensity (MFI) values and a
summary graph of MFI (5 replicates, representative of 3 indepen-
dent experiments). b, e, h Fold mRNA expression normalized to
Gapdh (4 replicates, representative of 2 independent experiments). ¢,
f, i Cells were treated for 1 h with inhibitors blocking the (c) ROS
(NAQ), (f) RNS (L-NAME), or (i) autophagy (3-MA) pathways and then
intracellular bacterial clearance was assessed as in Fig. 4a (4
replicates). d Nitrite (4 replicates, representative of 2 independent
experiments), (g) LC3Il by Western blot (representative of 2
independent experiments). Mean + SEM. *p < 0.05; **p < 0.01; ***p

. <0001; 'p<1x107% Mp<ix107®

mice is likely a combination of reduced cellular bacterial uptake
leading to increased bacterial exposure and reduced intracellular
bacterial clearance mechanisms.

IRF5 contributes to the inflammation observed during colonic
injury with influx of resident colonic bacteria

Given the importance of IRF5 in regulating inflammatory
responses to the invasive intestinal pathogen S. Typhimurium,
we assessed if IRF5 also regulates inflammatory responses to high
levels of resident intestinal luminal bacteria in the context of acute
intestinal injury. While IRF5-deficiency reduced inflammation in
chronic colitis (Fig. 1), the role of a given pathway may be very
different during acute colitis or with distinct triggers. If the ability
to clear acutely high levels of resident intestinal bacteria is
impaired, the increased bacterial tissue burden may result in
compensatory immune responses leading to increased inflamma-
tion. Therefore, the balance in the inflammatory response to and
clearance of translocated resident luminal bacteria is critical in
determining the outcome of intestinal injury. We therefore
selected an intestinal injury model that disrupts the intestinal
epithelial barrier and results in increased influx of intestinal
resident bacteria, the dextran sodium sulfate (DSS) model of
intestinal injury. IRF5~'~ mice administered DSS in drinking water
demonstrated less weight loss, histologic injury, mucosal myelo-
peroxidase and fecal lipocalin compared to IRF5™* mice
(Fig. 9a-e). IRF5™~ mice generally demonstrated an intermediate
phenotype in these measures (Fig. 9a—e). Consistent with reduced
histological intestinal inflammation in IRF5~/~ mice, colonic
(Fig. 9f) and serum (Supplementary Fig. 12) proinflammatory
(TNF), Th1-associated (IL12, IFNy) and Th17-associated (IL17)
cytokines were decreased compared to IRF5*/* mice administered
DSS. In contrast, the Th2-associated cytokine IL13 was increased,
and IL10 was not different compared to IRF5/* mice (Fig. of,
Supplementary Fig. 12).

We next assessed how select myeloid cells in the colonic lamina
propria were regulated. We focused on Gr1™ neutrophils and the
proinflammatory P1 and P2 and anti-inflammatory P3/4 macro-
phage subsets as previously described.>” These lamina propria
myeloid-derived cell subsets were not different between IRF5/*,
IRF5*/~ and IRF5~/~ mice at baseline (data not shown). Following
oral DSS, the percent of Gr1™ neutrophils and proinflammatory
macrophages (P1, P2) were reduced, whereas the anti-
inflammatory P3/4 macrophage subset was increased in the
lamina propria of IRF5~/~ mice relative to IRF5'" mice
(Supplementary Fig. 13a, Fig. 9g), consistent with the reduced
inflammatory responses observed (Fig. 9a-f).

IRF5~/~ mice demonstrated a reduced inflammatory immune
response along with a decreased ability to clear the invasive
pathogen S. Typhimurium (Fig. 2). However, resident luminal
bacterial burdens can be more complex given the interplay
between proinflammatory cytokines, the epithelial barrier, and
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Fig. 6

IRF5-dependent NFxB activation regulates antimicrobial pathways in BMMs. a BMMs from IRF

Time (h) 0 4 48+4

5™+ mice were treated with 0.1 pg/ml

lipid A for the indicated times. Phospho-IRF5 was assessed by Western biot. b BMMs from IRF5*/*, IRF5*/~ or IRF5~/~ mice were left untreated
or treated with 0.1 pg/ml lipid A for 15 min and assessed for phospho-lkBa by Western blot. c-h BMMs were treated with 0.1 ug/ml lipid A for
48 h £ BAY 11-7082 (NFkB inhibitor). (c) Cells were co-cultured with S. Typhimurium, AIEC or S. aureus. Bacterial CFU (4 replicates). d ROS
production (3 replicates). f Nitrite (3 replicates). e, g, h Fold mRNA expression normalized to Gapdh (4 replicates). i BMMs from IRF5/* mice
were treated with 0.1 ug/ml lipid A for the indicated times. IRF5 binding to antimicrobial pathway gene promoters was assessed by ChIP (3

replicates). Mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.001

bacterial translocation. In particular, inflammatory cytokines such
as IFNy and TNF can modulate epithelial tight junctions to increase
intestinal permeability.>® Administration of DSS to WT mice
increases intestinal permeability, which we confirmed by FITC-
dextran (Supplementary Fig. 13b), and this was accompanied by
increased bacterial translocation to mesenteric lymph nodes
(MLNs), as well as systemicall)/ to spleen (Supplementary Fig. 13c).
IRF5™*, IRF57~ and IRF5~'~ mice did not differ in intestinal
permeability (Supplementary Fig. 13d) or bacterial CFU in MLN or
spleen (data not shown) under baseline conditions. However, with
DSS-induced injury, bacterial levels in MLNs and spleen were
reduced in IRF5~/~ mice relative to IRF5™* mice (Fig. 9h). We
therefore assessed if the reduced colonic proinflammatory
cytokines observed under these conditions in IRF5~/~ mice was
associated with a decreased epithelial barrier defect. This could
then lead to decreased bacterial translocation, and to the reduced
bacterial burden observed in IRF5~/~ mice. We found this to be
the case (Fig. 9i). Therefore, despite the impaired bacterial
clearance in IRF5~/~ macrophages in vitro and in IRF5~/~ mice

SPRINGER NATURE o SOCIETY FOR MUCOSAL IMMUNOLOGY

in vivo upon infection with the invasive pathogen S. Typhimurium,
the resident bacterial burden upon DSS exposure was actually
reduced in the context of the reduced proinflammatory cytokines.
As such, IRF57/~ mice demonstrate less DSS-induced intestinal
injury and inflammation with decreased colon inflammatory
cytokines, and this is associated with a reduced barrier defect,
and in turn, a lower bacterial burden in intestinal lymphoid organs
and systemically.

Myeloid cell-intrinsic IRF5 contributes to inflammation during
colonic injury and to the influx of resident colonic bacteria

We next assessed if myeloid cell-intrinsic IRF5 contributes to the
inflammation observed with DSS-induced injury. Upon adminis-
tration of DSS to IRF5°™¢ mice, outcomes were similar to that
observed in IRF5~/~ mice, with decreased intestinal inflammation
and inflammatory cytokines (e.g. TNF, Th1 and Th17 cytokines),
increased anti-inflammatory colonic macrophages, reduced intest-
inal permeability, and reduced levels of intestinal bacteria in MLN
and spleen (Fig. 10, Supplementary Fig. 14). Therefore, upon
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Fig. 7 IRF5™® mice demonstrate less effective clearance of oral S. Typhimurium infection. IRF5"T or IRF54™® mice (n = 7-11; 2.5-3 months
of age) were orally inoculated with S. Typhimurium and assessed 5 days later. a S. Typhimurium CFU. b Colon myeloperoxidase. ¢ Colon
cytokines. d Serum cytokines. Representative of 3 independent experiments. Mean + SEM. *p < 0.05; **p < 0.01; ***p <0.001; 'p<1x107% Tp

<1x107°

intestinal injury leading to increased intestinal luminal resident
bacterial exposure, myeloid cell-intrinsic IRF5 contributes to the
increased inflammation, barrier defect, and intestinal luminal
bacterial burden observed.

DISCUSSION

This study defines contributions for the IBD-associated gene IRF5
to intestinal inflammation in mice in vivo. It finds that while IRF5 is
required for optimal clearance of enteric invasive pathogens, it
also contributes to the cytokines and inflammation observed
during both acute and chronic intestinal inflammation in the
context of resident intestinal microbes. Furthermore, myeloid cell-
intrinsic IRF5 is critical in mediating this balance. Heterozygote
IRF5 mice generally demonstrate an intermediate phenotype.
These results are consistent with the increased risk for ulcerative
colitis observed in carriers with genetic variants leading to
increased IRF5 expression.””#1%3 However, these studies raise
the possibility that while IRF5 genetic variants resulting in
increased IRF5 expression confer a higher risk for UC, they may
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lead to improved clearance of invasive enteric pathogens; such
patterns have been recently found in studies in vitro with these
carrier cells.*® Conversely, similar to carriers of IRF5 genetic
variants resulting in decreased IRF5 expression and decreased risk
for UG, our studies highlight that reducing the IRF5 pathway may
be a beneficial therapy in IBD, but that such individuals may be at
higher risk for enteric infections.

We found that in the context of exposure to the invasive
intestinal pathogen S. Typhimurium, the absence of IRF5 leads to
decreased inflammatory (TNF), Th1 (IL12, IFNy) and Th17 (IL17)
cytokines, but also increased Th2 (IL13) and anti-inflammatory
(IL10) cytokines in intestinal tissues (Fig. 2). Interestingly, whereas
IRF5~/~ BMMs demonstrated reduced IL10 secretion to live
bacteria, IRF5~/~ intestinal macrophages demonstrated increased
IL10 secretion to live bacteria, thereby highlighting distinct
regulation in colonic macrophages. Prior reports examining
IRF5~/~ mice found reciprocal cytokine regulation (decreased
Th1 and Th17, and increased Th2 cytokines) with L. donovani'®
and in models of lupus and asthma.'”~"® In Th1- or Th17-mediated
disease models this can result in decreased disease
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Fig. 8 IRF5°™ mice demonstrate less effective clearance of oral S.
Typhimurium infection. a-c IRF5*'" or IRF54™® mice (2-2.5 months
of age) were orally inoculated with S. Typhimurium and assessed
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added 20 min later, and intracellular S. Typhimurium was then
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representative of 3 independent experiments). Mean + SEM. Sig-
nificance is compared to WT mice for each respective condition. *p
<0.05; **p < 0.01
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severity.''8142 |n contrast, in the Th2-mediated models of
asthma or Schistosoma japanicum this can lead to increased
disease severity.'** That we now observe a similar regulation
pattern of these cytokines in vivo with myeloid cell-intrinsic IRF5
deficient mice highlights the importance of IRF5 in myeloid cells
as a mechanism for increased Th1- and Th17-, and decreased Th2-
associated cytokines. Th2 pathway cytokines can contribute to
intestinal inflammation.** Therefore, the increased Th2 cytokines
observed in intestinal tissues of IRF5~/~ mice during both acute
and chronic experimental colitis models (Figs. 1 and 9) may be
contributing to some of the histological inflammation in the IRF57"
mice, given that the inflammation is not necessarily reduced to
the degree that might be expected relative to the reduction in Th1
and Th17 cytokines.

In this study we demonstrate that while the IBD-associated
gene IRF5, in particular, myeloid cell-intrinsic IRF5, contributes to a
robust induction of PRR-initiated proinflammatory and anti-
microbial pathways which leads to more effective clearance of
intestinal pathogens, it comes at the expense of disruption of the
intestinal epithelial barrier, ongoing exposure to resident luminal
microbes, and amplification of intestinal inflammation. Additional
mechanisms through which IRF5 may be contributing to intestinal
inflammation have yet to be determined, with considerations
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including roles in additional cell subsets and dysbiosis. The
differential regulation of inflammatory versus infectious disease
susceptibility and/or severity has been observed for SOCS1/LITAF/
RMI2, IL12B, and FOXO3 region polymorphisms associated with
IBD.>** Given the ability of IRF5 to regulate a broad range of
inflammatory pathways across multiple immune-mediated dis-
eases, it has promise as a nodal therapeutic target. As such, recent
pre-clinical studies have demonstrated that delivery systems
targeting IRF5 during inflammatory processes in vivo can improve
outcomes. For example, nanoparticle-delivered IRF5 siRNA during
acute myocardial infarction improved infarct healing*® and during
spinal cord injury reduced adverse outcomes and promoted
functional recovery.47 However, our studies indicate that when
considering targeting of this pathway for immune-mediated
diseases, including IBD, caution may be needed with respect to
the threshold at which one attenuates the IRF5 pathway given the
potential risk for microbial infections.

MATERIALS AND METHODS

Mice

IRF5~'~ mice (C57BL/6) were generously provided by Dr. Betsy J.
Barnes and were crossed with C57BL/6 mice to generate littermate
controls. IRF5~/~ mice were crossed into RAG-1~'~ mice. IRF5-/xP
mice (stock #017311, Jackson Laboratory) were crossed to LysM-
Cre mice (stock #004781; Jackson Laboratory). Mice were
maintained in a specific pathogen-free facility and cohoused,
littermate mice were used between 2-5 months of age, with
studies confirmed in both female and male mice. Experiments
were performed according to the Yale University Institutional
Animal Care and Use Committee and National Institutes of Health
guidelines for animal use.

Abs and staining reagents

Antibodies to the following were used on a FACS Calibur or LSR I
(BD Biosciences, San Jose, CA): fluorophore-labeled CD45, CD11c,
Ly6C (Biolegend), CD19, F4/80, CD11b, Ly6G (eBiosciences), MHCII
(BD Biosciences). The following were assessed by ELISA: IFNy (BD
Biosciences), IL6, IL12p40, IL13, IL17 (eBiosciences), IL10, TNF
(Biolegend), MIP2 (Peprotech).

CD45RB™ CD4 " T cell transfer colitis

Spleen-derived CD45RB™ CD4™ T cells were sorted utilizing the
FACSAria (BD Biosciences). Colitis was induced through the
transfer of CD45RB™ CD4™ T cells (5 x 10°) into IRF5™", IRF5™/~
or IRF5~/~ RAG-1"/~ mice. Mice were monitored for weight loss
and sacrificed after 6-7 weeks. H&E stained colon specimens were
examined by a gastrointestinal surgical pathologist (JRT) blinded
to the experimental treatment and activity was scored using a
five-tier scale with a score of 0-2 for each measure (mucin
depletion, proliferative response, surface damage, neutrophil
infiltration, mononuclear cell infiltration) for a total possible score
of 10.

Salmonella Typhimurium infection in vivo

Mice were orally inoculated with Streptomycin (20 mg/mouse)
(VWR International, Bridgeport, NJ) and 24 h later orally inoculated
with 1x10°% colony forming units (CFU) of Salmonella enterica
serovar Typhimurium (S. Typhimurium) grown under anaerobic
conditions.

Dextran sodium sulfate colitis

Dextran Sodium Sulfate, MW ca 40,000 (Alfa Aesar, Tewksbury,
MA) 2.5% (w/v) was added to the drinking water of mice with ad
libitum water access. Upon harvest, some tissues were plated on
brain heart infusion agar for bacterial colony counts. H&E stained
colon specimens were examined by a gastrointestinal pathologist
blinded to the experimental treatment (JRT), and activity was
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scored using a three-tiered scale with a 0-4 score for each
measure (damage, regeneration and ulcer repair) for a total
possible score of 12.

Generation and culture of BMMs

Bone marrow cell suspensions were cultured in complete DMEM
containing 10% L929-conditioned medium. Cells were used at 6 to
8 days. In some cases BMMs were first treated with lipid A
(Peptides International) for 48h. In other cases BMMs were
cultured with S. Typhimurium, Adherent Invasive Escherichia coli
(AIEC) strain LF82 (generously from Dr. Emiko Mizoguchi), or
Staphylococcus aureus at 5:1 MOl for 24h, with 30 ug/ml
gentamycin added after the first 20 min.

mRNA or DNA expression

RNA from cells was isolated (Trizol, Life Technologies, Carlsbad,
CA), reverse transcribed, and quantitative PCR was performed as
described.” Each sample was run in duplicate and normalized to
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Gapdh. Bacterial DNA in tissues was assessed by quantitative PCR
and normalized to Ptger. Primer sequences are available upon
request.

Protein analysis

For protein analysis, tissue was suspended in a Triton lysis buffer
and homogenized and ELISA for cytokines was performed. BMMs
were lysed and protein detected by Western blot as per’” with
antibodies to LC3lIl, phospho-PDK1, PDK1, phospho-IkBa, IRF5 (Cell
Signaling Technology), IkBa (Santa Cruz Technology), or phospho-
IRF5 (Invitrogen). Anti-GAPDH antibody (EMD Millipore, 6C5,
dilution) was used as a loading control.

Bacterial entry/phagocytosis

FITC-labeled S. aureus or FITC-labeled E. coli bioparticles (1.5 x 10°)
(Molecular Probes), or 5:1 MOI S. Typhimurium-GFP (generously
provided by Jorge E. Galan) were co-cultured with BMMs for 20
min, cell surface fluorescence was quenched with 0.25 mg/ml
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trypan blue, and cells were analyzed by flow cytometry. In some
cases inhibitors were added: 3 nM GSK 2334470 (Tocris) (PDK1
inhibitor) or 5 nM wortmannin (MP Biomedicals).

Intracellular bacterial clearance

BMMs were infected with S. Typhimurium, AIEC, S. aureus at 5:1
MOI for 20 min, washed three times with PBS, incubated in HBSS
medium containing 30 pg/ml gentamicin and then cultured for an
additional 4 h. Cells were washed, lysed with 1% Triton X-100
(Sigma) and plated on MacConkey or LB agar. In some cases 20
mM  N-acetylcysteine (NAC; Sigma-Aldrich), 10 mM N*-nitro-L-
arginine methyl ester hydrochloride (L-NAME), 10 mM 3-methyl
adenine (3-MA) (Acros Organics) or 20 uM BAY 11-7082 (Calbio-
chem) were added 1 h prior to bacterial infection.

Myeloperoxidase assay

Colon was homogenized in hexadecyltrimethylammonium bro-
mide (Sigma-Aldrich) buffer. MPO was assayed using o-dianisidine
dihydrochloride (Sigma-Aldrich) and H,0,, and the change in
optical density was measured at 450 nm.

FITC-dextran permeability assay

Mice were orally gavaged with FITC-dextran (40 mg/100g body
weight) 4 h before sacrifice. Serum concentration of FITC-dextran
was measured by fluorometer at 488 nm.

Lipocalin

Frozen fecal samples were reconstituted in PBS/0.1% Tween 20,
vortexed and supernatants were assessed for lipocalin concentra-
tions by ELISA (R&D).

Intestinal lamina propria cell isolation

Colonic lamina propria cells were isolated as previously
described.” CD11b beads (Miltenyi Biotech) were used to isolate
intestinal macrophages.

Intracellular ROS measurement
ROS was measured by flow cytometry using 1uM of 2/, 7/-
dichlorodihydrofluorescein diacetate (H,DCFDA) (Invitrogen).

Nitric oxide measurement

Griess reagent [0.1% N-(1-napthyl)ethylenediamine dihydrochlor-
ide + 1% sulfanilic acid in 5% phosphoric acid] (Sigma-Aldrich)
was incubated with samples and absorbance measured at 548 nm.

Chromatin immunoprecipitation (ChIP)
ChIP was performed according to a modified protocol*® with anti-
IRF5 (Abcam, Cambridge, MA) and an isotype control.

Statistical analyses

Statistical comparisons were assessed using a two-tailed Student’s
t test. Bonferroni-Holm correction was used for multiple compar-
isons. Values of p < 0.05 were considered significant.
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