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Aberrant inflammation is a hallmark of inflammatory bowel disease (IBD) and colorectal cancer. IRAK-M is a crit-
ical negative regulator of TLR signaling and overzealous inflammation. Here we utilize data from human studies
and Irak-m−/−mice to elucidate the role of IRAK-M in themodulation of gastrointestinal immune systemhomeo-
stasis. In human patients, IRAK-M expression is up-regulated during IBD and colorectal cancer. Further functional
studies inmice revealed that Irak-m−/− animals are protected against colitis and colitis associated tumorigenesis.
Mechanistically, our data revealed that the gastrointestinal immune system of Irak-m−/− mice is highly efficient
at eliminatingmicrobial translocation following epithelial barrier damage. This attenuation of pathogenesis is as-
sociatedwith expanded areas of gastrointestinal associated lymphoid tissue (GALT), increased neutrophilmigra-
tion, and enhanced T-cell recruitment. Further evaluation of Irak-m−/− mice revealed a splice variant that
robustly activates NF-κB signaling. Together, these data identify IRAK-M as a potential target for future therapeu-
tic intervention.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Crohn's disease (CD) andulcerative colitis (UC) represent the clinical
manifestations of inflammatory bowel disease (IBD). In humans, there
is a strong association in patients afflicted with IBD to further develop
colitis associated cancer (CAC) (Greten et al., 2004). Gastrointestinal
(GI) immune homeostasis is, in part, maintained by pattern recognition
receptors (PRRs); including, but not limited to the Toll-like receptors
(TLRs). There are 10 known TLRs in humans that recognize pathogen as-
sociated molecular patterns (PAMPs) associated with invading mi-
crobes (Kawai and Akira, 2011). In the gut, TLRs sense and respond to
commensal flora translocation, resulting from damage to the epithelial
cell barrier during the course of disease progression (Saleh and Elson,
2011). Following TLR engagement to its pathogenic ligand, a highly co-
ordinated signaling cascade leads to the activation of specific transcrip-
tion factors including nuclear factor-κB (NF-κB), activating protein-1
(AP-1), or in the case of viral recognition, interferon regulatory factor-
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3 (IRF-3). The signaling pathway utilized depends upon which TLR is
stimulated in response to the pathogenic ligand; however, all TLRs,
with the exception of TLR-3, signal through the myeloid differentiation
factor 88 (MyD88) adaptormolecule (Kawai et al., 1999; Takeuchi et al.,
2000; Jiang et al., 2006). A MyD88 independent pathway exists for
both TLR-3 and TLR-4 that has been shown to signal through the adap-
tor molecule TIR-domain-containing-adapter-inducing interferon-β
(TRIF) (Yamamoto et al., 2003; Hoebe et al., 2003; Kawai et al., 2001).
In healthy individuals, these TLR signaling cascades are responsible for
rapid activation of innate host defenses and further activation of the
adaptive immune response (Medzhitov and Janeway, 1997). However,
uncontrolled activation of TLR signaling promotes chronic inflammation
and is associated with a variety of autoimmune diseases, including IBD
(Cook et al., 2004).

The TLRs that utilize the MyD88 dependent pathway have been re-
ported to signal through a family of Interleukin Receptor Associated Ki-
nases (IRAKs), which contain four known family members being: IRAK-
1, IRAK-2, IRAK-M, and IRAK-4 (Wesche et al., 1997; Muzio et al., 1997;
Wesche et al., 1999; Li et al., 2002). IRAK-1, IRAK-2, and IRAK-4 have
been described to play a role in the transduction of downstream signal-
ing from MyD88; conversely, IRAK-M is rather unique and has been
shown to be a negative regulator of TLR signaling (Kobayashi et al.,
2002). The initial reports pertaining to IRAK-Mdescribed it as amember
of the Pelle/IRAK family, and when overexpressed in mammalian cells,
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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had the capacity to activate NF-κB through interactions with TNF re-
ceptor associated factor-6 (TRAF-6) (Wesche et al., 1999). Following
the generation of an Irak-m−/− mouse, IRAK-M was confirmed to
function as a negative regulator of TLR signaling (Kobayashi et al.,
2002).

Here we report that IRAK-M is significantly up-regulated in human
patients with IBD and colitis associated neoplasia. We also show that
IRAK-M is up-regulated in advanced stages of colorectal cancer (CRC).
Prior studies have evaluated IRAK-M in models of experimental colitis
and colitis associated tumorigenesis utilizing Irak-m−/− mice and
shown that these animals are highly sensitive to both inflammation
and neoplasia. However, contrary to these prior observations, more re-
cent studies have revealed that Irak-m−/− mice are actually protected
from inflammation driven tumorigenesis in the colon (Kesselring et
al., 2016). IRAK-M was found to support colorectal cancer progression
through the reduction of antimicrobial defenses and the stabilization
of STAT-3 (Kesselring et al., 2016). Due to these conflicting reports, we
sought to better elucidate the contribution of IRAK-M during IBD and
colitis associated tumorigenesis. Our studies are, in general, comple-
mentary to the more recent findings that support a role for IRAK-M in
disease pathogenesis. Here we report that Irak-m−/− mice were signif-
icantly protected against dextran sulfate sodium (DSS)-mediated GI in-
flammation and azoxymethane (AOM)/DSSmediated tumor formation.
We further show that the immune system in the GI tract of Irak-m−/−

mice is primed and highly efficient at eliminating components of the
microbiome translocating from the GI lumen following damage to the
epithelial barrier. This priming and attenuation of disease appears to
be associated with expanded areas of gastrointestinal associated lym-
phoid tissue (GALT), increased and efficient neutrophil migration, and
enhanced T-cell recruitment.

Upon further evaluation of the Irak-m−/− mice, we discovered the
formation of a Irak-m splice variant. The splicing event joins exon 8
with exon 12, splicing around the neomycin resistance cassette
(Kobayashi et al., 2002), forming a Irak-mrΔ9–11 truncation mutant.
This truncation mutant functions to robustly induce NF-κB signaling
when overexpressed in HEK293T cells. Together, our data confirms pre-
vious findings that IRAK-M functions as a critical mediator of inflamma-
tory signaling pathways and is essential tomaintaining immune system
homeostasis in the GI system.
2. Materials and Methods

2.1. Human Metadata Analysis

IRAK-M expressionwas assessed using a publicly accessiblemicroar-
ray metadata analysis search engine (http://www.nextbio.com/b/
nextbioCorp.nb), as previously described (Kupershmidt et al., 2010).
The following array data series were analyzed to generate the human
patient and cell expression data: GSE10714; GSE59071; GSE9686;
GSE13367; GSE36807; GSE16879; GSE10191; GSE52746; GSE9452;
GSE38713; GSE4183; GSE37283; GSE37364; GSE10715.
2.2. Experimental Animals

All mouse studies were approved by the Institute for Animal
Care and Use Committee (IACUC) at Virginia Tech and in accor-
dance with the Federal NIH Guide for the Care and Use of Laboratory
Animals. The Irak-m−/− mice were generated as previously de-
scribed (Kobayashi et al., 2002) and purchased from The Jackson
Laboratory. All studies were controlled with either littermate
and/or co-housed WT animals that were maintained under specific
pathogen-free conditions and received standard chow (LabDiet)
and water ad libitum. All experiments described utilized age
matched male mice.
2.3. Experimental Colitis and Colitis Associated Tumorigenesis

In order to assess acute experimental colitis, mice were given either
3 or 5%DSS dissolved in drinkingwater available ad libitum for 5 days as
previously described (Williams et al., 2015b; Schneider, 2013). On day
5, mice were withdrawn from DSS and given regular drinking water
ad libitum until euthanasia was performed on day 7. Cumulative semi
quantitative clinical scores for acute experimental colitis were assessed
as previously described (Williams et al., 2015b; Schneider, 2013). Tu-
morigenesis was induced via a single intraperitoneal (i.p.) injection of
AOM (10mg/kg of total bodyweight) and supplementedwith three cy-
cles of 2.5% DSS in drinking water available ad libitum for 5 days with
2 weeks of recovery between cycles, as previously described (Neufert
et al., 2007; Allen et al., 2010). While subjected to DSS, mice were mon-
itored for weight loss, physical body condition, stool consistency, and
rectal bleeding. Upon completion of each model, whole blood was col-
lected by cardiac puncture for bacterial counts, flow cytometry assess-
ments of leukocyte populations, and serum isolation. Colon sections
were collected for H&E staining. Blinded to treatment and mouse geno-
type, examination of histopathologywas conducted by a board-certified
veterinary pathologist (T.L.). Colon H&E sections were evaluated and
scored as previously described (Williams et al., 2015b). Additional
colon sections were further prepared for immunohistochemistry and
stained with anti-β-catenin and DAPI to determine β-catenin levels in
the AOM + DSS studies.

2.4. FACS

Leukocytes and lymphocyteswere evaluated from either: bonemar-
row, spleen, or whole blood utilizing flow cytometry. Cells were immu-
nostained with antibodies for the respective cell surface markers prior
to FACS analysis. Sorted cells were further evaluated for CXCR2, CD14,
CD11b+, Ly6G+, CD4+, CD8+, Ly6C+, IAE, and CD62L.

2.5. ELISA

Cell culture supernatants or colon organ culture supernatants were
collected from each individual well in 1.7 ml tubes and centrifuged at
300 ×g for 10 min to remove residual cells. Cell-free supernatants
were then assayed formouse IL-6 and/ or IL-10 (BDBiosciences) accord-
ing to the manufacturer's instructions.

2.6. Statistical Analysis

Data are represented asmean± standard error ofmean (S.E.M.) un-
less otherwise indicated. Graphs and statistical analysiswere conducted
via GraphPad PRISM software. Complex data sets were analyzed by 1
way analysis of variance (ANOVA) and followed by either Tukey-
Kramer HSD or Newman-Keuls method. The Kaplan-Meier test was
conducted to determine group survival. A value of p b 0.05 was consid-
ered statistically significant.

3. Results

3.1. IRAK-M Expression Is significantly Increased in Human Patients with
IBD and CRC

Previous studies have shown that IRAK-M expression is increased in
IBD patients (Fernandes et al., 2016; Gunaltay et al., 2014). Thus, we ini-
tially sought to evaluate these findings and expand our analysis to fur-
ther evaluate IRAK-M expression in the context of colitis associated
neoplasia and CRC using a retrospective metadata analysis of publicly
available gene expression data (Kupershmidt et al., 2010). Our analysis
revealed that the relative expression of IRAK-M is significantly increased
in human patients with active forms of IBD (Fig. 1A). Patients that suffer
from IBD have a higher predisposition to CAC (Karlen et al., 1999); thus,
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Fig. 1. IRAK-M expression is increased during inflammatory bowel disease exacerbation and in advanced colorectal cancer patients. A. Retrospective analysis of metadata from colonic
biopsies revealed that IRAK-M expression was significantly increased in Crohn's disease (CD) and ulcerative colitis (UC) patients during exacerbation, compared to biopsies from
currently diagnosed IBD patients during inactive disease (inactive) and patients not diagnosed with IBD (healthy). IRAK-M was also significantly up-regulated in UC patients with
neoplasia (UC + Neo). The fold-change values were extracted and averaged from 7 separate datasets and reflect the change in IRAK-M expression between each patient population
and the respective healthy controls. *, †, ‡, §, ¶, #p b 0.05. B. Colorectal cancer (CRC) patients were stratified based on the Dukes' staging system (A/B) and (C/D). IRAK-M expression was
significantly increased in patients with more advanced disease (CRC C/D) compared to the less advanced (CRC A/B) patients and patients not diagnosed with CRC (healthy). The fold-
change values were extracted and averaged from 2 separate datasets and reflect the change in IRAK-M expression between each patient population and the respective healthy
controls. *, † p b 0.05. C. IRAK-M is differentially expressed in multiple human cell types of relevance to IBD and CRC, with the highest levels of expression in cells of the myeloid
lineage. The mean expression of IRAK-M in all human cell types is identified by the dotted line (218).
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we also included CAC patients in our data analysis and found that IRAK-
M is also significantly increased in patientswith active UCwith inclusive
areas of neoplasia (Fig. 1A). Independent of CAC, we were also interest-
ed in evaluating IRAK-M expression in the context of CRC. Thus, we also
analyzed expression levels of IRAK-M in patients diagnosed with both
low and high-grade CRC. CRC patients were stratified based on the
Dukes' staging system (A/B) and (C/D). From these data, it is apparent
that IRAK-M expression is significantly increased in patients with
more advanced CRC (grades C/D) compared to the patientswith less ad-
vanced CRC (grades A/B) and patients not diagnosedwith CRC (Fig. 1B).
To gain greater insight into IRAK-M function,we next sought to evaluate
IRAK-M expression in different human cell types of relevance to IBD,
CAC, and CRC, with particular emphasis on specific immune cell popula-
tions and colon epithelial cells (Fig. 1C). Prior literature documents the
expression of IRAK-M in cells of the myeloid linage (Wesche et al.,
1999). This is supported by our metadata analysis (Fig. 1C). However,
our findings further revealed that IRAK-M is also highly expressed in eo-
sinophils and neutrophils (Fig. 1C). We also found IRAK-M expressed in
all of the other cell types assessed, albeit at lower levels than themacro-
phages, myeloid progenitor cells and granulocytes (Fig. 1C). Together,
these data suggest that IRAK-M plays a significant role in modulating
the immune response in the GI system and is up-regulated in the con-
text of IBD and CRC. This up-regulation is likely in response to increased
TLR and interleukin 1 receptor (IL-1R1) signaling in these disease states.

3.2. Irak-m−/− Mice Are Protected against DSS Induced Colitis

We next sought to better characterize the contribution of IRAK-M in
the context of IBD. Prior studies have evaluated Irak-m−/− mice in both
dextran sulfate sodium (DSS) and Il10−/− colitismodels (Berglund et al.,
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2010; Biswas et al., 2011). These prior studies revealed that IRAK-M
functions to attenuate the progression of experimental colitis
(Berglund et al., 2010; Biswas et al., 2011). Here we utilized Irak-m−/−

mice in an acute colitis model induced with 5% DSS (Okayasu et al.,
1990). This is a standard model utilized previously by our laboratory
in similar studies evaluating mediators of innate immunity in IBD
(Williams et al., 2015a, 2015b; Allen et al., 2012, 2010). We found that
Irak-m−/− mice are protected in this experimental colitis model (Fig.
2). Clinically, the Irak-m−/− mice demonstrate significant improve-
ments inweight change and clinical parameters associatedwith disease
progression compared to the wild-type (WT) animals (Fig. 2A and B).
Consistentwith our clinical observations, Irak-m−/−mice also displayed
significantly increased colon length and less severe tissue damage as ev-
ident by histopathology evaluation of H&E stained colon sections com-
pared to the WT counterparts (Fig. 2C and D). Interestingly, when
viewing the histopathology of the colon from Irak-m−/− mice we ob-
served localized and highly structured areas of lymphoid cells through-
out the colon. These structures were identified and confirmed to be
expanded areas gut associated lymphoid tissue (GALT) by a board certi-
fied veterinary pathologist (T.L.) (Fig. 2E). We hypothesized that the
protective phenotype observed in the Irak-m−/− mice following acute
DSS exposure was due, in part, to the significant increase in GALT in
the colon of the Irak-m−/− mice, which were present irrespective of
DSS treatment (Fig. 2E). To test this hypothesis, we measured the sys-
temic bacteremia in whole blood of both WT and Irak-m−/− mice fol-
lowing the acute DSS model. Our data lend support to this hypothesis
as bacterial counts were significantly reduced in Irak-m−/− mice (Fig.
2F). Further, we observed increased levels of IL-6 from Irak-m−/−

colon organ culture supernatant following DSS treatment, which is con-
sistent with the increased GALT (Fig. 2G). While increased IL-6 is typi-
cally associated with detrimental inflammation, our histopathology
assessments revealed that the inflammation was highly localized to
these areas of GALT, with minimal damage to the epithelial cell barrier
(Fig. 2D). Collectively, our data suggest that Irak-m−/− mice are
protected against DSS induced colitis by displaying increased resistance
to bacterial translocation and bacteremia.

3.3. Attenuation of Experimental Colitis in the Irak-m−/−Mice Is Associated
with Enhanced Neutrophil and T-Cell Responses

Wehypothesized that the increasedGALT observed in the Irak-m−/−

mice was a significant contributing factor in protecting these animals
during experimental colitis. To test whether Irak-m−/− protection
from acute DSS was associated with increased leukocyte recruitment
and function, we evaluated the leukocyte composition in whole blood
using flow cytometry (Fig. 3A). Under basal conditions, we found the
neutrophil count was significantly higher in the blood from naïve Irak-
m−/− mice compared to WT animals (Fig. 3A). Interestingly, following
exposure to DSS the number of neutrophils significantly increased in
WT mice; however, the number of neutrophils in the Irak-m−/− mice
maintained elevated levels with or without exposure to DSS (Fig. 3A).
We furthermeasured the levels of CXCR2 and CD14 from both naïve an-
imals and mice in the experimental colitis model (Fig. 3B and C). Under
both naïve and DSS treated conditions, we observed increased levels of
CXCR2 and CD14 from Irak-m−/− Ly6G+/CD11b+ leukocytes, suggest-
ing Irak-m−/− neutrophils are primed prior to tissue insult, which likely
improves the efficiency in recruitment to a site of infection, such as the
colon when bacterial translocation occurs. To further support this hy-
pothesis, we performed a neutrophil chemotaxis assay in response to
macrophage inflammatory protein 2 (MIP-2). When bone marrow
from WT and Irak-m−/− mice was primed with doses of LPS and sub-
jected to the chemotaxis assay, we observed increases in neutrophils
in a dose dependent manner for Irak-m−/− mice (Fig. 3D). Further, we
also observed increased numbers of CD4+, CD8+ T-cells andmonocytes
isolated from the spleen of Irak-m−/− mice following exposure to DSS
(Fig. 3E). This finding is consistent with prior studies that indicated
increased T-cell recruitment in Irak-m−/− mice in the experimental co-
litis model (Berglund et al., 2010; Klimesova et al., 2013). Monocytes
isolated from the spleen of Irak-m−/− mice following DSS exposure
displayed increased cell surface expression of IAE anddecreased expres-
sion of CD62L (Fig. 3F). Further, we hypothesized that the differences in
neutrophil and T-cell recruitment in Irak-m−/− mice was the result of
differences associated with the GI microbiota composition. When mice
were treatedwith antibiotics for twoweeks prior toDSS administration,
similar susceptibilities to pathogenesis were observed betweenWT and
Irak-m−/− mice (Fig. S1A\\C). Collectively, our data suggests that Irak-
m−/− mice are protected from experimental colitis due to efficient re-
cruitment of neutrophils and T-cells following microbial translocation.
These data provide a mechanism of acute colitis protection and lend
support to the phenotype that GALT in Irak-m−/− mice contributes to
the overall protection observed in the experimental colitis model.

3.4. Irak-m−/− Mice Are Protected against Inflammation Driven Colon
Tumorigenesis

Our retrospective metadata analysis revealed that IRAK-M likely
modulates IBD, CAC, and CRC in human patients (Fig. 1A and B). Based
on our findings in the IBD model, we next sought to evaluate the Irak-
m−/− mice in a model of colitis associated tumorigenesis. Here we uti-
lized the AOM + DSS model (Williams et al., 2015a; Allen et al., 2012,
2010). Irak-m−/− mice displayed improved morbidity and mortality
throughout the course of the model compared to the WT animals, sug-
gesting attenuation of disease progression compared to the WT coun-
terparts (Fig. 4A-C). When colon organ culture supernatants were
assayed for IL-6 and IL-10, Irak-m−/− mice displayed significant in-
creases in both cytokines (Fig. 4D–E). Beyond the significant attenua-
tion of clinical features and enhanced cytokine responses, the Irak-
m−/− mice displayed dramatic resistance to tumorigenesis (Fig. 5).
The overall gross polyp formation was significantly higher in WT
mice; conversely, no polyps were detected in Irak-m−/− mice over the
course of the study (Fig. 5A–C). Decreased tumor burden was further
supported by histopathology assessments of H&E stained colon sections
(Fig. 5D). As described for the experimental colitis model, GALT forma-
tion was prominent in Irak-m−/− mice (Fig. 5E). Consistent with the
macroscopic colon evaluation, histopathology scoring revealed signifi-
cant reductions in areas of hyperplasia and dysplasia in Irak-m−/−

mice (Fig. 5F and G). Likewise, we found that the levels of β-catenin
are also markedly reduced in Irak-m−/− mice following AOM + DSS
(Fig. 5H). Collectively, our data indicates that the Irak-m−/−mice are re-
sistant to both experimental colitis and inflammation driven
tumorigenesis.

3.5. Identification of a Splice Variant of the Irak-m Gene in Irak-m−/− Mice

Expression levels of IRAK-M are highest in macrophages and previ-
ous studies have utilized both human and mouse macrophages to
study IRAK-M function (Wesche et al., 1999; Kobayashi et al., 2002).
Thus, wewere interested in determining the response of IRAK-M inmu-
rine bone marrow derived macrophages (BMDM) when challenged
with diverse PAMPs. In our hands, BMDM from our Irak-m−/−mice dis-
play significantly increased levels of IL-6 compared toWTBMDMswhen
stimulated for 24 h with different TLR ligands, specifically the TLR1/2 li-
gand Pam3CSK4 (Fig. 6A). Further, we assessed a broad panel of secret-
ed cytokines following 24 h treatment with TLR 1–9 agonists.
Specifically, Irak-m−/− BMDMs display increased levels of TNF with
TLR1/2 agonists and decreased IL-10 with TLR 1/2, 7, and 9 agonists
(Fig. S2A–E). This is consistent with prior reports pertaining to IRAK-
M being a negative regulator of TLR signaling (Kobayashi et al., 2002).
We also observed differences in IL-6 secretion betweenmale and female
Irak-m−/− BMDMs when stimulated with Pam3CSK4 (Fig. S3). Howev-
er, during routine follow-up studies, we observed IRAK-M protein in-
duction in both the WT and Irak-m−/− strains when stimulated with



Fig. 2. Attenuated experimental colitis pathogenesis in Irak-m−/− Mice. A. Irak-m−/− mice demonstrated significantly improved weight change following DSS exposure compared to
similarly treated WT mice. Irak-m−/− mock weight is not included for simplicity. B. Clinical features associated with disease progression were significantly attenuated in Irak-m−/−

mice. C. Irak-m−/− mice had significantly increased colon length compared to WT animals. D. Representative H&E stained histopathology images of colon sections from WT and Irak-
m−/− mice following the acute colitis model. Scale bars = 100 μm E. Irak-m−/− mice displayed large areas of Gut Associated Lymphoid Tissue (GALT), regardless of exposure to DSS.
Scale bars = 100 μm. F. Bacteria count in 25 μl of blood from WT (n = 5) and Irak-m−/− mice (n = 5) with DSS induced colitis. G. IL-6 levels were significantly increased in colon
sections harvested from Irak-m−/− mice following DSS exposure. Data are represented as mean ± SEM. *p b 0.05; †p b 0.05 by 1 way ANOVA, Newman-Keuls post-test. WT mock, n =
3; WT DSS, n = 6; Irak-m−/− mock, n = 3 (not shown); Irak-m−/− DSS, n = 5. Data are representative of 3 independent studies.
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Fig. 3. Increased neutrophil and t-cell function in Irak-m−/− Mice. A. Representative FACS plots of neutrophils and the percentage of neutrophils (Ly6G+ CD11b+) in the blood of naïve
mice and mice with DSS-induced ulcerative colitis. B. The expression of CXCR2 on the Ly6G+ CD11b + cells in the blood. C. The expression of CD14 on the Ly6G+ CD11b+ cells in the
blood. *p b 0.05, **p b 0.01, ***p b 0.001, n=5. D. Chemotaxis of neutrophils toMIP-2. Neutrophils purified from the bonemarrowwere primedwith different doses of LPS, then subjected
to chemotaxis assay. PBS is used as control. *p b 0.05, **p b 0.01, ***p b 0.001, n=5. Scale bars=10 μm. E. Percentages of CD4+, CD8+T cells andmonocytes in the spleen frommicewith
DSS-induced ulcerative colitis. F. The expression of IAE and CD62L on Ly6G-Ly6C+ CD11b+monocytes in the spleen frommicewith DSS-induced ulcerative colitis. *p b 0.05, **p b 0.01,
n = 4.
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Fig. 4. Colitis associated tumorigenesis progression is significantly reduced in Irak-m−/− mice. A. Kaplan-Meier plot of Irak-m−/− and WT survival. *p b 0.05; †p b 0.05. B. WT mice
demonstrated significant weight loss throughout the AOM/DSS model, whereas weight loss in the Irak-m−/− mice was minimal. All mock and mock + AOM mice gained weight
throughout the duration of the model, regardless of genotype. The WT mock + AOM are shown for comparison. C. Clinical features associated with disease progression were
significantly improved in Irak-m−/− mice. Data shown reflect the clinical scores on the final day of the model (Day 65). D–E. Both IL-6 and IL-10 levels were significantly increased in
colons harvested from Irak-m−/− mice compared to mock, mock + AOM, and WT AOM + DSS treated mice. Data are represented as mean ± SEM. *p b 0.05; †p b 0.05; p b 0.05 by 1
way ANOVA, Newman-Keuls post-test. Mock WT, n = 5 (not shown); mock Irak-m−/−, n = 5 (not shown); AOM + mock WT, n = 5; AOM + mock Irak-m−/−, n = 5 (not shown);
AOM + DSS WT, n = 18; AOM + DSS Irak-m−/−, n = 5. Data are representative of 3 independent studies.
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various TLR ligands using an antibody specific for the C-terminus of
IRAK-M (Fig. S4). This was unexpected, as our Irak-m−/− mice were ac-
quired from a commercial vendor, albeit reconstituted from frozen em-
bryos, and previously characterized (Kobayashi et al., 2002). It was
previously reported that generation of the Irak-m−/− mouse targeted
exons 9–11 for deletion by homologous recombination inserting the
neomycin resistance cassette in place of these three exons (Kobayashi
et al., 2002). In order to test the hypothesis that IRAK-M was present
in ourmutantmice, we proceeded by further investigating the phenom-
ena at themRNA level.When BMDMswere stimulated for 24 hwith the
TLR1/2 ligand Pam3CSK4 to induce Irak-m transcription, we observed
an amplification band corresponding specifically to exon 12 of Irak-m
by RT-PCR (Fig. 6B). PCR primers were further designed to amplify the
region spanning the length of exons 5 and 12 (Fig. 6C). Interestingly, a
shift of approximately 400 bp was observed in the BMDMs from our
Irak-m−/− animals, which suggested a splice variant had been generat-
ed. This was indeed confirmed by Sanger sequencing, which revealed a
splice occurred after exon 8 and connecting it with exon 12 in the am-
plification band (Fig. 6D). Loss of the neo cassette only occurred at the
mRNA level, likely after exon splicing, and not at the DNA level. This is
evident because the genotyping primers are targeted against a portion
of the neo cassette, which is present in the genotyping for the Irak-
m−/−mice. Based on this revelation, we have defined this splice variant
as Irak-mrΔ9–11. In order to test the functionality of this truncated tran-
script, we cloned both the WT and mutant Irak-mrΔ9–11 transcripts.
Overexpression in HEK293T cells of both the WT and truncated Irak-
mrΔ9–11 transcripts both had the capacity to activate an NF-κB depen-
dent luciferase reporter. However, NF-κB activation was robustly in-
creased following overexpression of Irak-mrΔ9–11 compared to the WT
(Fig. 6E), suggesting a functional and potent role for thismutant protein.
We further validated the specificity of the commercially available IRAK-
M antibody used in Fig. S1, which displayed no specificity for the WT-
IRAK-M or Irak-mrΔ9–11 overexpression constructs (data not shown).

4. Discussion

Overzealous inflammation associated with dysregulated innate im-
mune signaling is a significant component of IBD pathogenesis. This
hyper-inflammation is often associated with aberrant TLR signaling.
There is significant interest in better characterizing the contribution of
proteins, like IRAK-M, that regulate PRR signaling in IBD, CAC, and
CRC. This interest is due to the revelation that these regulatory proteins
significantly attenuate disease pathogenesis in IBD mouse models. For
example, prior studies by our group and others have shown that a di-
verse group of negative regulatory proteins, including NLRP12, NLRX1,
TOLLIP, A20, and GIT2, also function to maintain immune system ho-
meostasis in the gut through the attenuation of hyper-responsive in-
flammation (Mukherjee and Biswas, 2014; Vereecke et al., 2014;
Hammer et al., 2011; Boj et al., 2015; Allen et al., 2012; Zaki et al.,
2011; Soares et al., 2014; Singh et al., 2015).Many of these negative reg-
ulatory proteins have been found dysregulated in IBD and CRC patients.
For example, previous reports have indicated that IRAK-M expression is
significantly increased in IBD patients with both UC and CD (Fernandes
et al., 2016; Gunaltay et al., 2014). These findings are consistent with
our analysis of retrospective metadata that revealed increased IRAK-M
expression, not only in active UC and CD patients, but also in the context
of colitis associated neoplasia (Fig. 1). Our retrospective metadata anal-
ysis revealed that IRAK-M expression increaseswith severity of CRC pro-
gression (Fig. 1). Together these data likely reflect an increase in the
innate immune response during both IBD and CRC that is driven by
PRR activation. These data are consistent with recent findings that re-
vealed increased IRAK-M induction in colon tumor cells associated

Image of Fig. 4


Fig. 5. Irak-m−/− mice display attenuated polyp formation in the colitis associated tumorigenesis model. A. Representative image of macroscopic polyp formation in WT and Irak-m−/−

mice. Black arrows indicate macroscopic polyps in WT mice, with none found in Irak-m−/− animals. Scale = mm. B. Average number of macroscopic polyps per colon of WT and Irak-
m−/− mice following the AOM/DSS model. ND = none detected. C. Average macroscopic polyp size between WT and Irak-m−/− mice. D. Representative H&E stained histopathology
images of colon sections from WT and Irak-m−/− mice following the AOM/DSS model. Scale bars = 100 μm. E. Representative H&E staining of Gut Associated Lymphoid Tissue (GALT)
from the colon of Irak-m−/− mice following the AOM/DSS model. Areas of expanded GALT were detected in the Irak-m−/− mice irrespective of exposure to AOM/DSS. Scale bar =
100 μm F. Irak-m−/− mice demonstrated a significant attenuation in histopathological features associated with the AOM/DSS model, as indicated by the histopathological activity index
(HAI) score. G. Histopathology assessments also revealed that Irak-m−/− mice had significantly attenuated development of hyperplasia and dysplasia compared to the WT animals. H.
Representative images of immunofluorescence staining of the colon sections from WT and Irak-m−/− mice following the AOM/DSS treatment. The tissue sections were fixed and
stained with anti–β-catenin (red) and DAPI (blue). Scale bars = 30 μm. Data are represented as mean ± SEM. *p b 0.05; p b 0.05 by 1 way ANOVA, Newman-Keuls post-test. Mock
WT, n = 5 (not shown); mock Irak-m−/−, n = 5 (not shown); AOM + mock WT, n = 5; AOM + mock Irak-m−/−, n = 5 (not shown); AOM + DSS WT, n = 18; AOM + DSS Irak-
m−/−, n = 5. Data are representative of 3 independent studies.
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with the combined effects of Wnt and TLR activation (Kesselring et al.,
2016). The increase in IRAK-M expression, as well as the expression of
other genes that encode negative regulators of PRRs, is likely an attempt
to reign in overzealous inflammation and maintain some level of im-
mune system homeostasis during IBD and CRC.

The Irak-m−/−mousemodel has been an essential tool to determine
the negative regulatory mechanisms underlying TLR signaling. Irak-
m−/−mice have proven to bemore sensitive to TLR stimulation and dis-
play impaired endotoxin tolerance, likely due to the hyper-activation of
NF-κB signaling (Kobayashi et al., 2002). In addition to negatively regu-
lating canonical NF-κB signaling, IRAK-M inhibits the non-canonical NF-
κB cascade, in part, throughmodulating thedegradation of NF-ĸB induc-
ing kinase (NIK) (Su et al., 2009). In prior tumor injectionmodels, loss of
Irak-m−/− has been shown to result in enhanced innate immune re-
sponses and the attenuation of tumor growth (Xie et al., 2007;
Standiford et al., 2011). These studies were based on tumor injection
models with Irak-m−/− mice. However, the overall conclusions of each
study are consistent with the observations reported here. In both prior
studies, the Irak-m−/− animals demonstrated significant resistance to
tumor growth and pathogenesis following inoculation. Mechanistically,
the attenuation of tumorigenesis was associated with increased activa-
tion and proliferation of B cells and T cells, specifically CD4+ and CD8+
T cells (Xie et al., 2007). Our group has previously shown that Irak-m−/−

macrophages display enhanced uptake of acLDL, as well as increased
percentages of macrophages that uptake apoptotic thymocytes (Xie et
al., 2007). Reports have demonstrated IL-10R signaling plays a dramatic
role inmacrophage function (Shouval et al., 2014); additionally, IL-10 is
produced from macrophages following the uptake of apoptotic cells
(Chung et al., 2007; Zhang et al., 2010). Therefore, though we have
not explicitly tested, we speculate that increased phagocytosis of apo-
ptotic cells by Irak-m mutant macrophages results in increased IL-10
leading towards a tolerant, and potentially protective phenotype.

Ourfindings in the experimental colitis and colitis associated tumor-
igenesis models were initially surprising, as Irak-m−/− mice appear to
have increased inflammation. However, upon further investigation we
discovered that the inflammation is actually highly compartmentalized
and isolated to regions of enhanced GALT, with little damage or effect to
the epithelial cell barrier. As we detail in the currentmanuscript, we be-
lieve that these expanded areas of GALT are actually beneficial to these
mice and function to improve the efficiency of the immune response to
translocating microbes from the GI lumen. This is further supported as
(Kesselring et al., 2016) described increased GI epithelial barrier perme-
ability in Irak-m−/− mice using FITC labeled dextran.

IRAK-Mmodulation of experimental colitis and colitis associated tu-
morigenesis has been previously evaluated in Irak-m−/− mice
(Berglund et al., 2010; Biswas et al., 2011; Klimesova et al., 2013). In
the initial study that evaluated IRAK-M function duringDSS-induced co-
litis, Irak-m−/− mice were treated with 3% DSS for 5 days and allowed
2 days to recover prior to harvest (Berglund et al., 2010). In this
model, Irak-m−/−micewere found to be sensitive to DSS and presented
Fig. 6. Disruption of the murine Irak-m locus results in the formation of an Irak-mrΔ9–11 splice v
increased production of IL-6 following 24 h stimulationwith specific PAMPs. Data shown are poo
of the Irak-m locus resulted in the loss of Exons 9–11. BMDM from WT and Irak-m−/− litterm
harvested for RNA and RT-PCR was utilized to amplify Irak-m corresponding to exons: 5–8, 9
corresponding to Exons 5–12 between WT and Irak-m−/− BMDMs treated for 24 h with Pam3
to the deleted exons 9, 10 and 11. D. Sequencing of the exon 5–12 RT-PCR product revealed a
BMDM, whereas Irak-m−/− BMDM splice around the inserted Neo-cassette after exon 8 and g
of HEK293T cells transfected for 24 h with equal amounts of NF-κB-firefly luciferase reporter
or CMV-Irak-mrΔ9–11-HA plasmid (2500 ng–40 ng) from three independent and pooled expe
positive control for transfection. A separate β-Galactosidase-HA transfection was treated wit
control for NF-kB-firefly luciferase activation. All treatment groups received a constant am
normalized to the Renilla luciferase activity. (Right) Representative western blot of WT IRAK-
terminus and β-actin is shown as a loading control. The WT IRAK-M expresses readily as see
the long exposure migrating at ~38 kDa. Data in panel A. is represented as mean ± SEM. *
mean ± SEM. *p b 0.001, †p b 0.01 by 1 way ANOVA, Tukey-Kramer post-test. Statistical sign
independent experiments were conducted for all assays.
with significantly increased clinical and histopathological features asso-
ciated with disease progression (Berglund et al., 2010). This study also
found elevated cytokine, chemokine, and T-cell transcription factor
mRNA expression in Irak-m−/− colon tissue and increased systemic IL-
6 and TNF levels in the plasma following DSS administration
(Berglund et al., 2010). Subsequent studies by a different group utilizing
the AOM+DSS colitis associated tumorigenesis model in both conven-
tional and germfree conditions also reported increased sensitivity and
tumorigenesis in the Irak-m−/− mice (Klimesova et al., 2013). Similar
to the study by Berglund et al., the Irak-m−/− mice were shown to
have enhanced pro-inflammatory responses and increased T-cell accu-
mulation in the tumor tissue and local lymph nodes (Klimesova et al.,
2013). The mechanism associated with the increased sensitivity was
correlated with altered commensal microbe metabolic activity in Irak-
m−/− mice, suggesting a difference in the microbiome between the
WT and Irak-m−/− animals (Klimesova et al., 2013). Beyond DSS
based models, IRAK-M has also been evaluated in the Il-10−/− model
of spontaneous colitis (Biswas et al., 2011). Similar to the findings
from theDSSmodels, loss of IRAK-M resulted in increased TLR signaling,
resulting in increased inflammation and expression of pro-inflammato-
ry signaling pathways (Biswas et al., 2011). The Il-10−/−model is highly
dependent on the intestinal commensal flora and subsequent germfree
studies evaluating Irak-m expression further suggest that Irak-m−/−

sensitivity in this experimental colitis model is dependent on the com-
position of the resident GImicrobiota (Biswas et al., 2011). Themicrobi-
ota composition cannot be underestimated for DSS basedmodels as the
severity to DSS colitis can drastically change based on the microbiota
composition (Hernandez-Chirlaque et al., 2016). We postulate that dif-
ferences observed between labs utilizing Irak-m−/−mice in DSSmodels
could be due to altered microbiome compositions or differing percent-
ages and lots of DSS used among labs.

Though our data provides contradictory evidence compared to
the previous findings pertaining to IRAK-M, (Berglund et al., 2010;
Biswas et al., 2011; Klimesova et al., 2013) our data is consistent
with a more recent study that also showed Irak-m−/− mice display
reduced tumor burden compared to their WT counterparts in the
AOM/DSS model (Kesselring et al., 2016). This was attributed to en-
hanced epithelial cell barrier function, specifically localized to tumor
sites in the GI tract of Irak-m−/− mice (Kesselring et al., 2016). This
was shown to be associated with reduced activity of the oncogene
STAT-3. Our findings described in the current manuscript lend sup-
port to this conclusion pertaining to Irak-m−/− mice challenged in
the AOM/DSS model (Figs. 4 and 5). We further confirm the findings
pertaining to decreased Wnt signaling (Kesselring et al., 2016) as
demonstrated by the reduced intracellular β-catenin in our study
(Fig. 5H). Finally, the analysis of human biopsies from this prior
study revealed that human patients with increased IRAK-M expres-
sion have worse cancer survival (Kesselring et al., 2016), which cor-
roborates our metadata analysis described (Fig. 1). Collectively, our
data pertaining to IRAK-M is complementary to the major findings
ariant. A. Bone marrow derived macrophages (BMDM) from Irak-m−/− mice demonstrate
led from3 separate and independent experiments. n=3mice per genotype. B. Disruption
ates were un-stimulated or stimulated for 24 h with Pam3CSK4. After 24 h, cells were

–10, 10–11 and 12, respectively. C. A size difference was detected in the RT-PCR product
CSK4. The shift of approximately 400 nucleotides in the Irak-m−/− BMDMs corresponds
splice immediately after exon 8 together with exon 12. Normal splicing occurs in the WT
enerates a splice variant connecting exon 8 with exon 12. E. (Left) Dual-Luciferase assay
plasmid and decreasing amounts of either CMV-WT Irak-m-HA plasmid (625 ng–10 ng)
riments. Empty Vector is shown as a negative control. β-Galactosidase-HA is shown as a
h 10 ng/mL human IL-1β for 6 h following 18 h of transfection, and serves as a positive
ount of plasmid DNA described in the Supplemental Experimental Methods and are
M and IRAK-MrΔ9–11 protein expression. Overexpression inserts are HA-tagged at the C-
n in the short exposure and migrates at ~68 kDa. The IRAK-MrΔ9–11 protein is present in
p b 0.05 by 1 way ANOVA, Tukey-Kramer post-test. Data in panel E. is represented as
ificance between all treatment groups in E is not shown for simplicity. A minimum of 3
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by Kesserlring et al. Together, these studies extend the mechanistic
insight associated with IRAK-Mmodulation of IBD and colitis associ-
ated tumorigenesis.

IRAK-M functions as a negative regulator of TLR and IL-1R1 signaling
by either attenuating the IRAK-1/IRAK-4 phosphorylation event or sta-
bilizing the TLR/MyD88/IRAK-4 complex (Kobayashi et al., 2002). Orig-
inally, we sought to better define themechanisms associatedwith IRAK-
M attenuation of inflammation in the context of experimental colitis
and colitis associated tumorigenesis. Through the course of our experi-
ments, our in vitro data suggested that BMDMs from Irak-m−/− mice
displayed an augmented inflammatory response (Fig. 6A),which is con-
sistentwith the initial reports characterizing IRAK-Mand the Irak-m−/−

mice (Kobayashi et al., 2002). However, wewere intrigued after discov-
ering a protein band pertaining to IRAK-M in BMDMs from the Irak-
m−/− mice after treating with specific pathogenic ligands (Fig. S1). As
previously described in the original manuscript reporting the genera-
tion of Irak-m−/− mice, exons 9–11 were targeted for deletion by ho-
mologous recombination and the insertion of a neo cassette
(Kobayashi et al., 2002). Our genotyping confirms the successful
targeting of Irak-m. However, aswe show in our current studies, a splice
variant of the Irak-m gene is formed following BMDMstimulation in the
targeted Irak-m−/− animals. The splicing event circumvents the neo
cassette and joins exon 8with exon 12, defined here as Irak-mrΔ9–11. To-
gether, our data suggests that the inclusion of exon 12 in the mRNA ef-
fectively stabilizes the transcript. Further functional studies using
overexpression systems revealed that this truncation has the potential
to robustly activate NF-κB signaling (Fig. 6E). If this splice variant is
present in the Irak-m−/− mice, then it is possible that the Irak-mrΔ9–11

variant could result in potential phenotypes not characteristic of a true
knockout mouse. These could include reduced or hyperactive activity
for IRAK-M functioning as either a dominant negative or potentially
even a dominant positive.

In conclusion, our data strongly suggests that IRAK-M functions to
modulate inflammatory signaling pathways and is critical in maintain-
ing immune system homeostasis in the gut. However, increased IRAK-
M is associated with increased disease pathogenesis and increased can-
cer severity in human patients. Our findings in mice revealed that the
immune system in Irak-m−/− animals is primed and highly efficient at
eliminating microbes translocating from the GI lumen. This increased
microbial clearance is associated with reduced experimental colitis
and colitis associated tumorigenesis. Together, our data identify IRAK-
M as an essential regulator of inflammation and is critical in themainte-
nance of mucosal immune system homeostasis in health and disease.
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