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Abstract

Although genetic polymorphisms in NODZ2 (nucleotide-binding oligomerization domain-
containing 2) have been associated with the pathogenesis of Crohn’s disease (CD), little is known
regarding the role of wild-type (WT) ANODZin the gut. To date, most murine studies addressing
the role of WT Nod2 have been conducted using healthy (ileitis/colitis-free) mouse strains. Here,
we evaluated the effects of ModZ deletion in a murine model of spontaneous ileitis, 7.e., the
SAMPLYit/Fc (SAMP) strain, which closely resembles CD. Remarkably, AMod2 deletion improved
both chronic cobblestone ileitis (by 50% assessed, as the % of abnormal mucosa at 24 wks of age),
as well as acute dextran sodium sulfate (DSS) colitis. Mechanistically, Th2 cytokine production
and Th2-transcription factor activation (7.e., STAT6 phosphorylation) were reduced.
Microbiologically, the effects of Nod2 deletion appeared independent of fecal microbiota
composition and function, assessed by 16S rRNA and metatranscriptomics. Our findings indicate
that pharmacological blockade of NOD2 signaling in humans could improve health in Th2-driven
chronic intestinal inflammation.

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research,
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms
Corresponding Author: Fabio Cominelli, M.D., Ph.D., Case Western Reserve University School of Medicine, Division of
Gastroenterology, 11100 Euclid Avenue, Cleveland, Ohio 44106 5066. Phone: (216) 844 7344, Fax: (216) 844 7371,
fabio.cominelli@uhhospitals.org.

Co First Authors
Conflicts of Interests: None
Author Contributions
DC, AR-P, EBC, KOA, TTP and FC designed experimental studies, analyzed data and wrote the manuscript. DC, AR-P, GDS, LDM
and DAA conducted experiments, acquired and analyzed data.

SUPPLEMENTARY MATERIAL is linked to the online version of the paper.


http://www.nature.com/authors/editorial_policies/license.html#terms

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Corridoni et al.

Page 2

Introduction

Nucleotide-binding oligomerization domain containing 2 (NOD?2) is a cytosolic pattern
recognition receptor (PRR) expressed in both hematopoietic and non-hematopoietic cellular
compartments®. The primary role of NOD2 is to detect muramyl-dipeptide (MDP), the
breakdown product of peptidoglycan, which is present in the cell wall of Gram-positive and
Gram-negative bacteria2. Upon bacterial sensing, NOD2 binds directly to receptor-
interacting protein 2 (RIP2) kinase to form the active NOD2:RIP2 signaling complex, which
ultimately leads to downstream activation of both nuclear factor (NF)-xB and mitogen-
activated protein kinase (MAPK), and subsequent induction of cytokine production3-5. The
importance of NOD2 in inflammation was originally highlighted when detailed mapping of
chromosome 16 identified polymorphisms in CARD15 (Nod2) as the most frequent genetic
alteration associated with Crohn’s disease (CD). Specifically, these CD-associated NODZ2
polymorphisms cause loss-of-function, impairing both MAPK and NF-xB activation and
their downstream effects®®.

Although NodZ variants have gathered much attention, up to 85% of CD patients have wild-
type (WT) Noad?. Either insufficient or overly robust activation of NOD2 signaling has been
attributed to downstream deleterious effects that influence the development and progression
of CD19, To date, several studies have examined the role of WT ANod2in mice, primarily
using ileitis-free C57BL/6J knockout (KO) strains exposed to acute forms of chemical-
induced colitis (e.g., dextran sodium sulfate [DSS]). The objective of the present study was
to determine the effects of WT AMoadZ2 deletion in a spontaneous mouse model of chronic
intestinal inflammation (/.e., SAMP1/YitFc [SAMP]), characterized by a progressive
cobblestone CD-like ileitis that develops in the absence of chemical, genetic, or
immunological manipulation. Our group and others have extensively described this model,
demonstrating that SAMP ileitis shows striking similarity to CD, including disease location,
histological features, extra-intestinal manifestation and response to therapies effective in
treating the human condition!!. Importantly, intestinal inflammation progresses to a chronic
state that is maintained throughout the lifespans of these mice, and uniquely displays CD-
like cobblestone lesions!2.

Herein, we provide evidence that genetic deletion of NMod2in SAMP mice decreases the
severity of chronic intestinal inflammation, indicating that NOD2 has a proinflammatory
role during the chronic phase of CD-like SAMP ileitis and in the development of
cobblestone lesions. Using reciprocal bone marrow chimeras of Nod2-deficient (NOD27")
and WT SAMP mice, we show that NOD2 production is necessary in both the hematopoietic
and non-hematopoietic cellular compartments to fully elicit its pro-inflammatory role.
Importantly, we demonstrate that Mod”2 deletion markedly suppresses classic Th2-type
cytokines, supporting the previously published role for Th2 immune predominance during
chronic SAMP ileitis!3. In addition, SAMP x NOD2~~ mice exposed to DSS (a model of
acute colitis/tissue injury) show reduced levels of total, chronic, and active colitis, as well as
reduced expression of the Th2 cytokine IL-13. Finally, we found that gut dysbiosis does not
contribute to this response. Overall, this study shows for the first time that Moa2 deletion
improves chronic CD-like ileitis, and suggests that blocking this signaling pathway may be
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efficacious as a potential therapeutic intervention for established, chronic inflammation in
certain subgroups of patients with CD.

Results

Nod2 deletion in SAMP mice decreases the severity of chronic ileitis

Little is known regarding the mechanisms of NOD2 signaling in modulating the chronic
phase of spontaneous intestinal inflammation, as most studies have been performed in
murine models of chemically-induced acute colitis}4. We have previously demonstrated that
SAMP mice possess WT Nod?Z, but have abnormal NOD2 signaling and loss-of-response to
MDP stimulation before the onset of diseasel®. To test the role of WT Noa2in chronic
SAMP ileitis, we utilized a speed congenic approach to delete ModZ2 from the SAMP
genomic background (SAMP x NOD2~/~, Figure 1A). We then performed time course
studies with histological evaluation at early and late stages of disease (4, 10, 20-30 weeks of
age), and showed that SAMP x NOD2~~ mice exhibited a significant decrease in chronic
ileitis compared to age-matched SAMP WT mice (Figure 1B-C). The severity of intestinal
inflammation during the chronic phase of disease (20-30 weeks of age) was also assessed by
measuring tissue myeloperoxidase (MPQO) enzyme activity, and showed a significant
reduction compared to SAMP WT mice (Figure 1D). Overall, the loss of Noa”2 decreased the
histological and biochemical severity of disease, suggesting that NOD2 plays a pro-
inflammatory role during chronic ileitis.

Nod2 deletion prevented the progression of cobblestone lesion formation in SAMP mice
and reduced the amount of MPO activity within these lesions

By using 3D-SMAPgutto characterize and quantify the percentage of abnormal gut
mucosal?, we found potent attenuation of ileal disease severity in SAMP x NOD27/~
compared to WT mice, at both the individual (reduced mean % of abnormal mucosa) and
population levels. The latter were characterized by the disappearance of bimodality in
disease severity, which is a feature of WT SAMP ileitis in which ~50% of mice are affected
with a severe form of the disease, while the remaining had milder disease. Mod?2 deletion led
to the generation of a population of mice with healthier intestinal 3D structure and a wider
normalized distribution for the percent of abnormal mucosa (Figures 2A-C). Using a
stereomicroscopy (SM)-guided sampling strategy, we next determined the biochemical
severity of intestinal inflammation in cobblestone lesions compared to normal areas of the
ileal mucosa by measuring tissue MPO activity. MPO, primarily located inside cytosolic
granules of neutrophils, is a biochemical marker of neutrophilic infiltration and therefore of
active inflammation. Thus, areas with abnormal gut mucosa characterized by distortion of
villous appearance (cobblestone-involved areas) were compared to areas exhibiting normal
3D villous morphology (normal uninvolved areas). Although the extent of biochemical
inflammation in areas of normal mucosa (low MPO activity) was comparable for SAMP x
NOD2~/~ and WT SAMP mice, involved areas of mucosa exhibited significantly less
inflammation (lower MPO activity) in SAMP x NOD2~/~ (Figure 2D).
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Bone marrow transplantation of SAMP x NOD27/~ cells into irradiated SAMP x NOD2™/~
mice exerted maximal anti-inflammatory effects

Because NOD?2 is expressed in both non-hematopoietic intestinal epithelial cells (IECs) and
hematopoietic antigen presenting cells (APCs)16, we quantified separately the contribution
of NOD2 that is derived from either cellular compartment in the development of chronic
intestinal inflammation by generating reciprocal bone marrow (BM) chimeric mice (Figure
S1). Of note, as shown by histologic assessment of ileitis and colitis, SAMP x NOD2~/~
BM—SAMP x NOD2™'~ recipients had significantly lower inflammation compared to
SAMP WT BM—SAMP WT mice, indicating that the anti-inflammatory role of Nod2
deletion could be due to NOD2-dependent signaling mechanisms in both the hematopoietic
and non-hematopoietic compartments (Figure 2E). No differences were observed in
heterologous transplants (SAMP x NOD2~/~ BM—SAMP WT and SAMP WT
BM—NOD2~~ mice), supporting the concept that Nod2 deletion in both compartments
exerts the greatest anti-inflammatory effect.

Nod2 deletion reduces Th2 cytokine expression during the chronic phase of CD-like ileitis

Our group has previously shown that both Th1 and Th2 immune responses play an important
inflammatory role in the pathogenesis of SAMP ileitisl3. During the early inductive phase of
intestinal disease in SAMP mice (4-6 wks of age), there is a predominant mucosal Thl
immune response. In contrast, during chronic inflammation in adult mice (20-30 wks old),
the established Th1 response is coupled with a marked increase in Th2 effector

pathways1 13, To explore the effect of Nod2deletion on the types of immune responses
during different stages of ileitis, we measured cytokine secretion from activated mesenteric
lymph node (MLN) cells isolated from SAMP x NOD2~/~ and WT mice during the pre-
inflammatory phase at 4 weeks of age, and in the established chronic phase at 30 weeks of
age. Mod?2 deletion had no significant effect on either Th1 or Th2 cytokines at 4 weeks of
age. However, SAMP x NOD2~/~ mice exhibited a significant decrease in secretion of Th2-
type cytokines at 30 weeks of age (/.e., IL-4, IL-5 and IL-13), but not Thl-type cytokines
(Figure 3A, B). Altogether, these results strongly indicate that blockade of WT Noad?2
decreases Th2 mediated immunity during chronic SAMP ileitis and ameliorates disease
severity.

Nod2 deletion modulates Th2 cytokine signaling

To determine the effects of Mod2 deletion on Th2-dependent cytokine signaling pathways in
SAMP mice, we first determined whether NOD2-driven Th2 gene expression varied
between normal and abnormal intestinal mucosa in SAMP WT versus SAMP x NOD2~/~
mice. The expression of GATA-3, a signature master regulator of Th2 activationl’, and the
production of the Th2 cytokines were measured in SM-micro-dissected areas from the ilea
of SAMP x NOD2~/~ and age-matched WT mice (Figure 4A). Abnormal areas of mucosa
from SAMP WT mice exhibited increased expression of GATA-3, IL-4, IL-5, and IL-13
compared to normal areas. In contrast, cytokine expression in abnormal areas of tissue from
SAMP x NOD2~/~ was significantly attenuated and comparable to levels expressed in
uninvolved mucosal areas (Figure 4B,C).
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To determine if the absence of NOD2 in SAMP mice resulted in the inability to activate
Th2-positive regulators during the chronic stage of ileitis, we measured protein levels of
phosphorylated-STAT6 compared to total STAT6 in SM-micro-dissected areas of ilea that
displayed abnormal mucosa (involved areas) and normal villous morphology (uninvolved
area) from 30-wk old SAMP x NOD2~/~ and age-matched WT mice. Importantly, increased
levels of STAT6 phosphorylation were detected in the cobblestone lesions versus normal
mucosa of SAMP WT mice, and were not detectable in either tissue type in SAMP x
NOD2~/~ mice (Figure 4D). We next determined the levels of phosphorylated-STAT6 in
MLNs isolated from 30-wk old SAMP x NOD2~/~ compared to WT mice. High levels of
phosphorylated STAT6 were detected in SAMP WT MLNSs, but not in MLNs from SAMP x
NOD2~/~ mice, whereas levels of total-STAT6 were unchanged between the two groups.
Consistently, high protein levels of GATA-3 and I1L-13 were also detected in the MLNs of
SAMP WT, but not SAMP x NOD2~/~ mice (Figure 4E). Collectively, these data provide
evidence that NOD2 regulates activation of specific Th2 transcription factors and
downstream Th2 cytokines in adult SAMP mice with established inflammatory lesions, thus
contributing to the severity of chronic intestinal inflammation.

The anti-inflammatory effects of Nod2 deletion are not attributable to gut dysbiosis

Recent studies have shown that deletion of NMod2in healthy C57BL/6J mice plays a
proinflammatory role via the induction of proinflammatory and transmissible gut microbiota
perturbation18, Because the SAMP ileitis is progressive and spontaneous with 100%
penetrance, we determined whether the NOD2-driven, Th2-mediated proinflammatory
effects in chronic stages of SAMP ileitis were dependent on gut microbiota changes within
the intestinal tract. Given that the mouse gut microbiome quickly responds to dietary
changes within 24 hrs of feeding manipulation, we quantified the extent of compositional
and functional divergence in the gut microbiomes of 6-wk old SAMP WT and SAMP x
NOD2~/~ mice (i.e., during the induction phase of disease, when the percent of abnormal
mucosa is negligible). Seven days after the inter-subject pre-experimental fecal
homogenization (IsPreFeH protocol, Figure $2)1°, fecal samples were collected from each
individually-caged mouse for 16S rRNA-based microbiome analysis of the gut microbial
community, and functional and metabolic metatranscriptome analysis. Interestingly, no acute
fecal microbiota community or functional changes (dysbiosis) were detected in 6-wk old
SAMP x NOD2~/~ mice compared to WT mice, consistent with our findings that Nod?2
deletion did not affect ileitis severity or Thl and Th2 cytokine production during this early,
inductive stage of SAMP ileitis. Metabolically, no dysbiosis was detected at the family-level
between groups based on metatranscriptome profiles, indicating that the community
composition of the fecal microbiota is functionally similar between WT and SAMP x
NOD2~ mice (Figure 5A-5B). MG-RAST visualization of normalized transcript functional
abundance (%) from the 6 individual metatranscriptomes illustrated that no major
differences in metabolism were evident (subsystem levels 1 and 2), including microbial
virulence markers, to explain differences in disease severity between WT and SAMP x
NOD2~/~ mice (Figure 5C). Analysis of the metatranscriptomes revealed a trend in the 50
most expressed functional roles (specific enzymatic reactions within the subsystems
framework) detected between SAMP WT and SAMP x NOD2~/~ mice; however, none
exhibited significant differences in their fold-changes (Figure 5D). Agglomeration of the

Mucosal Immunol. Author manuscript; available in PMC 2017 June 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Corridoni et al.

Page 6

7,473 functional roles detected at a higher-level classification (subsystems level 2) revealed
differences (P < 0.05) in the log-fold changes between groups for only a minimal fraction
(n=4; 2.07%) of 193 level 2 categories identified, indicating that Moa’? deletion does not
change the overall metabolic role of the gut microbiota. An example of the magnitude of
functional changes (e.g., sugar phosphotransferase systems) is depicted in Figure 5E.

No metatranscriptome-based studies were conducted in advanced stages of disease (e.g., 30-
wk old mice) since the genetic deletion inherently results in less inflammatory changes in
SAMP x NOD2~/~ mice, which would have confounded interpretation of any outcome
derived from studies comparing inflamed and less-inflamed mice. However, because our
microbial studies supported the concept that the gut microbiota remains stable for at least 7
days following fecal homogenization, we used the same protocol to assess susceptibility to
DSS-colitis in young mice in order to determine if ModZ2 deletion also protects SAMP mice
from chemically-induced acute intestinal injury.

Nod2 deletion minimizes the severity of DSS colitis in young SAMP mice

Based on the observation that no significant changes were found in the composition or
function of the gut microbiota in young mice, we then determined how NOD2 deficiency
intrinsically modulates the risk of disease using a chemically-induced model of colitis.
Following 7 days of exposure to a composite mixture of feces and bedding material from
both WT and SAMP x NOD2~~ mice (IsPreFeH protocol, Figure S2), animals were
exposed to 3% DSS in drinking water for 7 days. As shown in Figure 6A, DSS-treated
SAMP x NOD2~/~ mice lost significantly less body weight compared to WT mice, and had
less evidence of mucosal colonic lesions as assessed by endoscopy (Figure 6B-6C). SAMP x
NOD2~/~ mice displayed milder inflammation, slight vascular changes, and granularity,
whereas SAMP WT mice showed thickened mucosa, irregular vascular patterns, and a
higher number of ulcers. Similarly, histology and MPO activity showed SAMP x NOD2~/~
mice were less likely to develop severe DSS colitis compared to WT mice (Figure 6D-6F).

In the same experiment, we also measured colonic expression of 1L-13, a prototypic Th2
cytokine, to determine if the NOD2-driven Th2 cytokine induced in spontaneous chronic
SAMP ileitis also occurred in DSS-induced colitis. As shown in Figure 6G, colonic I1L-13
expression was significantly decreased in SAMP x NOD2~/~ compared to WT mice. By
comparison, no differences were detected in colonic TNF-a expression (a prototypic Thl
cytokine) in WT or SAMP x NOD2~/~ mice (Figure S3). Together, these data confirm that
NOD2 plays a pro-inflammatory role during acute intestinal injury caused by DSS-induced
colitis in SAMP mice by modulating Th2-type immune responses, an effect that cannot be
attributed to changes in the gut flora.

Microbiome 16S composition between SAMP x NOD2~/~ and SAMP WT mice cannot predict
the Nod2 deletion

In order to directly determine whether NModZ2 deletion diminishes the severity of DSS-
induced colitis independent of dysbiosis, we conducted two additional DSS experiments to
evaluate the 16S microbiome composition before and after DSS administration. Pooled
statistical analysis of the 16S data, controlling for experimental replica, indicated that the
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fecal microbiome differences between SAMP x NOD2™~ and WT mice were negligible and
could not predict the MoaZ2 deletion using logistic regression despite the microbiome
differences attributed to DSS-induced colitis (Figure 7A). These data provide further
evidence that the anti-inflammatory effects of Mod2 deletion in DSS colitis are not
statistically associated with a genetically-driven intestinal dyshiosis pattern (logistic
regression model; P> 0.1; NModZ2 deletion as outcome; bacterial phyla as dependent
variables). Principal coordinate analysis illustrated that SAMP x NOD2~/~ and WT mice
cluster together, with most of the community composition differences attributable to the
induction of DSS colitis, and not to NModZ2 deletion (Figure 7A-7B).

Altogether, these results support the concept that the clinical effect of Mod2 deletion on
intestinal severity, at least in young SAMP mice and during the acute phase of intestinal
inflammation, occurs in a manner that cannot be attributed to changes in the gut microbiota,
either naturally due to the gene deficiency, or inducibly due to DSS administration.

Discussion

In the present study, we demonstrate that deletion of WT ANodZ markedly ameliorates
chronic CD-like ileitis in SAMP mice, with ~50% mucosal damage prevention by 24 wks of
age. We also determine that the anti-inflammatory effects of Mod”2 deletion involve
suppression of Th2-type immune responses, previously hypothesized to be an important
mediator of disease during the chronic stage of SAMP ileitis. In addition, we showed that
Noa? deletion does not result in acute dysbiotic changes in SAMP mice, indicating that
NOD? itself is a driving force behind Th2-mediated chronic SAMP ileitis, independent of
gut microbial composition.

In support of the clinical relevance of these findings, there is evidence that some CD patients
display overexpression and hyperactivity of small intestinal NOD?2 signaling, as well as its
obligate kinase, RIP2, in the presence of WT NODZ0. As such, it has been suggested that
increased expression of WT NODZ may represent a mechanism by which inflammation is
intensified in humans that are prone to CD6. In mice, previous studies of Nod?2 deletion,
primarily using mice on an intestinal disease-free genetic background (e.g., C57BL/6J), have
shown complementary results. ModZ2 deletion ameliorates the severity of intestinal
inflammation in IL-10~"~ mice, a model in which the development of colitis is dependent on
gut microbiota composition2. In the present study, using an ileitis-prone mouse model, we
found that ModZ deletion significantly attenuated the severity of spontaneous disease in adult
SAMP mice. In accordance with the central role played by NOD2 in orchestrating innate
inflammatory responses and protecting the intestinal mucosa under normal physiological
conditions, we propose that WT NVODZ2, on a human genetic background that could
predispose to CD, may have dichotomous roles such that any deviation, either positive or
negative, may cause immunological dysfunction promoting chronic intestinal inflammation.
Of note, this dichotomous role has been described, not only for NOD2 signaling, but also for
other important proinflammatory cytokines, such as TNF, IL-1, 1L-18, and IL-33, as well as
important transcription factors activated by NOD2 signaling, such as a NF-xB22,
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Our results show that different components of the mucosal immune system’s signaling
pathways are affected by the absence of NOD2. In fact, we demonstrated that Nod?2 deletion
was associated with inhibition of the Th2 cytokines IL-4, IL-5, and IL-13, which are
important in fibrosis, eosinophilia and Th2 immunity23, whereas no effect was observed in
Th1 cytokine expression, including TNF-a and IFN-y. Recent studies have shown that
neutrophils can be associated with type 2 immunity and Th2 immune responses?4. In
addition, eosinophils have been shown to play an important role in type 2 immune responses
and pathologic conditions, including allergy, asthma and Crohn’s disease?®. In regards to the
role of PMNSs in chronic ileitis, the role of both neutrophils and eosinophils in this condition
remains controversial. While both cell types have been shown to play a protective role in
certain mouse models of intestinal inflammation (primarily DSS colitis), it is clear that in
conditions of chronic gut inflammation, both neutrophils and eosinophils can play a
pathogenic role26. The role Th2 effector signaling pathways were also affected by NOD2
deletion, with decreased phosphorylated-STAT6 and GATAS3 in the gut mucosa of SAMP x
NOD2~ mice. Consistently, we found that NOD2 requires both hematopoietic and non-
hematopoietic compartments to fully mediate its anti-inflammatory effects within the
intestinal mucosa, as demonstrated by bone marrow chimera experiments. These results are
in line with other studies showing that direct triggering of NOD2 by its ligand, MDP,
generates a specific Th2-type immune response, and that NOD2 expression within the
stromal compartment is necessary for priming of effector CD4* Th2 responses and sensing
of MDP by dendritic cells, but not sufficient to induce Th2 immunity® 27. However, the
detailed mechanisms that underlie the beneficial effects of NOD2 blockade in intestinal
health remain unclear. It is possible that NOD2 blockade or suppression acts synergistically
with other components of the innate immune system, such as other PRRs, to diminish
inflammatory responses against intestinal microorganisms in a manner resembling that
which is seen in SAMP mice raised under germ-free conditions, which have dramatically
reduced disease severity in adulthood?8,

Several studies have reported that NOD2 deficiency causes dysbiosis of the gut microbiota,
which in turn has been linked to CD2% 30, A recent fecal material transfer study in mice
based on 16S microbiome analysis showed that ANodZ2 deletion in otherwise healthy
C57BL/6J mice increased the severity of DSS-induced colitis by inducing a particular
dysbiosis within the gut microbiota, which appeared to cause disease in recipient mice after
transplantation with dysbiotic feces (/.e., transmissible DSS-colitis risk)18. In our study, we
demonstrated that the effects of Mod”2 deletion in SAMP mice had no significant effect on
the microbial composition or bacterial transcriptomic functionality of the fecal flora by
analyzing >1.57 billion metatranscriptomic illumina sequence reads. Most importantly, we
illustrated that by using the same samples and 16S microbiome analysis, the microbiota was
different. Because the cost of metatranscriptome analysis is prohibitive, we performed and
pooled 16S data from a total of three independent DSS colitis experiments, following our
IsPreFeH protocol (as an alternative to mouse co-housing) to determine if the 16S
microbiome profile would be reproducible and predictive of Mod2 deletion in SAMP mice.
Of relevance, logistic regression of the pooled data, controlling for all variables, mouse
individuality and experiment replica, showed that no single microbial phyla could predict the
presence or absence of ANod2 deletion. These data support the findings of the
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metatranscriptomic analysis, showing that no community changes or clinical effects of
intestinal inflammation can be induced by microbiota changes attributable to Nod?2 deletion.
Our results are consistent with a recent report showing that Mod2 deficiency does not alter
the composition of intestinal bacterial communities in homeostatic states, when controlling
for housing conditions31.

In conclusion, compositional analysis of the microbial community and its function in SAMP
x NOD2~/~ and WT mice revealed that NOD2 does not have an acute impact on the
metatranscriptome composition or function of the commensal flora. This was confirmed by
the observation that SAMP x NOD2~/~ and WT mice, following exposure to an identical
fecal composite, exhibited different susceptibility to DSS-induced colitis. The fact that
SAMP x NOD2~/~ mice showed decreased severity of inflammation compared to WT mice
in the presence of the same bacterial flora strongly suggests that changes in the bacterial
community are not associated with the effects of NOD2 in ameliorating intestinal
inflammation in this model, and that NOD2 regulates Th2 responses in the intestine
independent of acute dyshiosis. To further test the efficacy of suppressing NOD2 in treating
CD, we are currently conducting experiments to describe in greater detail the mechanisms
specifically linked to the clinical benefits observed in SAMP mice, and ultimately to
translate these findings to humans carrying the WT NODZ gene, in the total absence of gut
commensal microorganisms. These investigations are particularly relevant since we
previously documented that Th2 effector pathways require the presence of the gut
microbiota?8. In fact, compared to specific pathogen-free (SPF) SAMP mice, ileitis in germ-
free SAMP is attenuated and associated with delayed lymphocytic infiltration and reduced
expression of Th2 cytokines. However, the results of the current study clearly demonstrate
that NOD2 regulates Th2 immune responses in the gut, independent of acute changes in the
composition or function of the gut microbiome. With the availability of new drug
compounds that target inhibition of NOD2 and RIP2-signaling3234, the present work
indicates that potential pharmacologic inhibition of NOD2 signaling may be a reasonable
therapeutic strategy to prevent Th2-driven intestinal inflammation, at least in a sub-group of
patients with CD.

Experimental Procedures

Experimental Animals

SAMP1/YitFc (SAMP) mice were propagated at Case Western Reserve University, with
founders obtained from the University of Virginia. A marker-assisted selection protocol was
used to generate congenic SAMP mice carrying deletion of the ModZ2 gene. SAMP WT
littermates were used as controls. SAMP WT and SAMP x NOD2~/~ mice were maintained
under SPF conditions, fed standard chow (Harlan Teklad, Indianapolis, IN), and kept on 12-
hr light/dark cycles.

Induction of DSS colitis

DSS colitis was induced as previously reported®. Briefly, sterilized 3% (w/v) DSS was
added to the drinking water of mice for 7 days. Adult SAMP x NOD2~/~ and SAMP WT
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mice were allowed ad /ibitum access to water. Daily monitoring was performed for body
weight, fecal bleeding and the presence of loose stools.

llea and colons from SAMP WT mice and SAMP x NOD2™/~ mice were removed, flushed
of fecal contents, opened longitudinally, and placed in Bouin’s fixative. Tissues were
embedded in paraffin and stained with hematoxylin and eosin. Inflammation was evaluated
by a trained pathologist in a blinded fashion using a previously described scoring system?°.
The total inflammatory score for ileal specimens was the sum of four individual indices for
active and chronic inflammation, villous distortion and mononuclear inflammation. The
colon total inflammatory score represented the sum of sub-indices for active and chronic
inflammation, percent re-epithelialization, and percent ulceration.

Stereomicroscopic 3D-pattern profiling of intestinal inflammation

Three dimensional-SM Assessment and Pattern Profiling (3D-SMAPgui) protocol was used
to map and quantify the intestinal health in SAMP mice and to determine the extent of
mucosal involvement that occurs with acute and chronic inflammation as previously
described?2.

Cytokine protein measurements

IFN-y, TNF-a, IL-4, IL-5 and IL-13 were measured by ELISA (eBioscience, San Diego,
CA) from MLN cell supernatants following 72-hr stimulation with coated with anti-mouse
CD3 (1pg miI~1) and soluble anti-CD28 (0.5 ug mI~1) (BD Bioscience, San Jose, CA).

MPO Assay Activity

Miniature specimens (10+6mg) were obtained by SM-microdissection according to 3D
morphology?2, weighed, diluted 20-fold in 0.5% hexadecyl-trimethil-ammonium bromide
buffer, and homogenized by bead beating using a tissue homogenizer. Samples were
processed and loaded in triplicate into a 96-well plate and exposed to 5mM potassium
phosphate buffer containing 0.0005% H,05 and 0.167 mg/ml O-dianisidine. Data were
obtained by time series spectrometry changes in absorbance over 5 minutes of incubation at
28 °C. OD changes were automatically recorded every 30 seconds to create a kinetic curve
from which the steepest slope was used to perform quantifications.

Generation of bone marrow (BM) chimeric mice

Generation of BM chimeric mice was conducted as previously described and depicted in
Figure S11°. Mice receiving BM transfer were irradiated (900 radiation absorbed dose)
immediately before transplantation. BM was harvested from femurs and tibias of 10-wk old
SAMP WT or SAMP x NOD2~/~ donor mice in RPMI medium, and cell suspensions were
washed and diluted to a concentration of 30 x 106 cells/ml of HBSS. A total of 8 x 108
cells/250 ml were injected into the lateral tail vein of recipient mice. BM recipient mice
were placed on antibiotic water (0.7 mM neomycin sulfate, 80mM sulfamethoxazole, and
0.37 mM trimethoprim) for 2 weeks after irradiation and then given autoclaved water for 4
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weeks to reconstitute normal gut flora. After 6 weeks, ilea and colons were harvested for
fixation (Bouin’s solution), SM assessment and histology.

gRT-PCR

SM-micro-dissected samples from ilea and colons were subjected to physical
homogenization (with 100 mg of 1.4-mm ceramic beads, 4,000 rpm), and total RNA was
isolated using an RNAeasy Miniprep kit (Qiagen, Valencia, CA). Reverse transcription was
performed using the High Capacity RNA-to-cDNA Kit (Applied Biosystems, Carlsbad, CA).
gPCR amplification of cDNA samples was performed using clear 96-well plates (Roche,
Branchburg, NJ,) and the Roche 480 LightCycler SYBR Green (Roche) run template
settings (hot start 95 °C, 10 min, 40 amplification cycles; 95 °C, 15 s; 60 °C, 30 s; 72 °C, 30
s); 18S was used as a reference gene.

Western Blot analysis

SM-dissected areas of ilea and isolated MLNs were lysed and centrifuged. Supernatants
were standardized through the Bradford assay (BioRad, Hercules, CA), and Western blot
was completed on 0.45-um pore-size nitrocellulose membranes (Thermo Scientific,
Rockford, IL) and blotted with anti-phopsho-STAT6, anti-total-STAT6, anti-GATA3, anti-
IL-13, and anti-actin (AbCam, Cambridge, MA). Immunoreactive bands were revealed with
an enhanced chemiluminescent substrate for detection of HRP (Thermo Scientific, Waltham,
MA), and blots were exposed to blue basic autorad films (Bioexpress, Kaysville, UT).

Endoscopic Investigation

Colonoscopy was performed on day 7 of DSS treatment using a flexible digital ureteroscope
(URF-V, Olympus America) under general anesthesia with inhaled isofluorane, USP
(Webster Veterinary), as previously described. Inflammation was evaluated using a decimal-
scoring system validated for the integrated endoscopic assessment of colonic inflammation
and colorectal cancer in mice®.

Inter-subject fecal homogenization (IsPreFeH) protocol

Using our previously published IsPreFeH protocol'2: 19 single mice from diverse cages
representing both the SAMP WT and SAMP x NOD2~/~ colonies were exposed to a
composite of fecal sample and pooled bedding material prior to the beginning of the
indicated experiments, as an alternative to co-housing. The experimental procedure is
illustrated in Figure S2.

16S rRNA encoding gene sequencing and microbial community analyses

Community metagenomic DNA was extracted from fecal samples using the PowerSoil®-htp
96 Well Soil DNA Isolation Kit (MO BIO Laboratories, Inc., Carlshad, CA). Amplicons
targeting the V4 region of 16S rRNA encoding genes from members of the Bacteria and
Archaea using the 515F-806R primer set36 were generated by PCR.
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Metatranscriptome sequencing and analyses

Samples were homogenized and stored in RNAlater (Ambion, Foster City, CA) at —80°C.
RNA was extracted from the re-suspended samples using the MOBIO PowerMicrobiome
RNA extraction kit, with a final elution volume of 75 pl. RNA quality was assessed via RNA
integrity number (RIN) values obtained using Agilent Bioanalyzer software (average RIN =
6.4; n=6). Metatranscriptome libraries were generated following standard protocols in the
Argonne NGS core laboratory at the University of Chicago3’. Completed metatranscriptome
libraries were quality checked on the Agilent Bioanalyzer, quantified using Qubit
(Invitrogen, Carlsbad, CA), diluted to 2 nM and denatured for sequencing on the Illumina
MiSeq. Libraries were sequenced 2 per run on a 151x151 Illumina MiSeq run. Storage and
base analyses of the data were provided by the MG-RAST server at Argonne38,

Statistics
Statistical analyses were performed using the two sided unpaired Student’s ftest or pairwise
Mann-Whitney test, with an a level of 0.05. Logistic regression was conducted following
the assumption and principles described in Dohoo et al 2003, using STATA software (v.13
Intercooled, College Station, TX).

Study approval

All experiments were approved by the Institutional Animal Care and Use Committee at Case
Western Reserve University and conducted following the Association for Assessment and
Accreditation of Laboratory Animal Care guidelines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SAMP x NOD2~/~ mice show decreased severity of inflammation compared to SAMP
WT mice

(A) PCR genotyping of mouse tail DNA showing the generation of SAMP x NOD2~/~ mice
using speed congenic techniques. (B) Ileal total inflammatory scores at different time points
(4, 10 and 20-30-wk old), as determined by the sum of chronic inflammation, active
inflammation, villous distortion and mononuclear inflammation. ** £< 0.001 (n=17-24),
unpaired Student’s ftest; data are represented as mean + SEM. (C) Representative
histopathological sections show significant villous blunting and a significant increase of
inflammatory cells in the lamina propria of 20-30-wk old SAMP WT compared to SAMP x
NOD2/~ mice. (D) MPO activity in ilea of SAMP WT and SAMP x NOD2~/~ mice at 30
wks of age. * P< 0.05 (n=13), pairwise Mann-Whitney test; data are represented as mean +
SEM.
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Figure 2. Deletion of Nod2 in SAMP mice decreases the extension of abnormal mucosa
(A) Three-dimensional stereomicroscopic (3D-SM) images of fixed specimens to visualize

the architecture of ilea in SAMP WT and SAMP x NOD2™/~ mice. (B) Percentage of 3D
abnormal mucosa in ilea of SAMP WT and SAMP x NOD2~/~ mice. * < 0.05 (n=17-18),
Student’s ttest; data are represented as mean £ SEM. (C) Density plot analysis of data with
a bimodal distribution for SAMP WT (with ~ 50% of mice affected with severe disease) and
normalized (predictable Gaussian) healthy population of SAMP x NOD2~/~ mice. (D) MPO
activity in uninvolved and involved areas of ilea from SAMP WT and SAMP x NOD2™/~
mice. ** P<0.001, *** P<0.0001 (n=7), pairwise Mann-Whitney test; data are
represented as mean + SEM. (E) lleo-colitis total inflammatory scores of the following
groups of chimeric mice: SAMP WT BM—SAMP WT, SAMP x NOD2/"BM—SAMP
WT, SAMP WT BM—SAMP x NOD27~, and SAMP x NOD2~/~ BM—SAMP x
NOD27~. * P<0.05. (n=7), Student’s ttest; data are represented as mean + SEM.
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IL-13

Secretion levels of Thl-type cytokines (A), TNF-a and IFN-y, and Th2-type cytokines (B),

IL-4, IL-5 and IL-13 from MLN CD4* T cells isolated from pre-inflamed (4-wk old) and

inflamed (30-wk old) SAMP WT and SAMP x NOD2~/~, following polyclonal activation
with anti-CD3/anti-CD28. * £< 0.05, ** P< 0.01 (n=6-10), Mann-Whitney test; data are

represented as mean + SEM.
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Figure 4. NOD2 regulates Th2-mediated chronic intestinal inflammation
(A) Representative 3D-SM image of involved and uninvolved areas of SAMP WT and

SAMP x NOD2~/~ mice from which samples were derived. (B) GATA-3, (C) IL-4, IL-5, and
IL-13 expression during chronic ileitis (30 wks). *** P< 0.0001 (n=6-12), Student’s #test;
data are represented as mean + SEM. Protein lysates from (D) ilea and (E) MLNs from 30-
wk-old SAMP WT and SAMP x NOD2~/~ mice immunoblotted with antibodies against
phosphorylated-STATS, total-STAT6, GATA-3, IL-13, and actin (n>3).
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Figure 5. Gut metatranscriptome analysis indicates the Nod2 deletion did not have a significant
impact on fecal microbiota composition and function

Analysis on samples collected 7 days following IsPreFeH (3 mice/group). (A) Phylum-level
composition based on 16S rRNA amplicon libraries and phylogenomic taxonomic inference
from functional mMRNA metatranscriptome data. (B) Family-level composition based on 16S
rRNA amplicon libraries and phylogenomic taxonomic inference from functional mMRNA
metatranscriptome data (C) MG-RAST visualization of normalized transcript functional
abundance (%) from the 6 individual metatranscriptomes. (D) Metatranscriptome cluster
analysis of most expressed roles (specific enzymatic reactions). (E) Log-fold changes for the
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only 4 significantly detected functional roles (4 out of 193 level 2 categories). Pie charts,
relative metatranscript abundance for the sugar phosphotransferase system.
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Figure 6. Following IsPreFeH, SAMP x NOD2~/~ mice show reduced severity of DSS colitis
compared to WT mice

After 4 days of exposure to a composite mixture of feces and bedding material (orally
gavaged), SAMP WT and NOD2~/~ mice were treated with 3% DSS in their drinking water
for 7 days (n=6/group). (A) Changes in body weight during DSS treatment (AUC, Student’s
ttest P< 0.05). (B) Endoscopic score based on a distal-proximal endoscopic colitis scoring
system on day 7. (Mann-Whitney, ** P< 0.01); data are represented as mean + SEM. (C)
Endoscopic images of perianal, distal and proximal colon after DSS treatment show severe
inflammation in SAMP WT mice (thickened appearance of the mucosa, and numerous
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ulcers - yellow arrows) compared to mild inflammation in SAMP x NOD2~/~ mice. (D)
Representative histopathology images at same magnification show thickening and increased
cellular infiltration in lamina propria of SAMP WT mice. (E) Histological, total, chronic and
active colonic inflammation scores (Mann-Whitney, ** £< 0.01, * < 0.05). (F) MPO
activity in colonic tissue after DSS treatment. (G) IL-13 in colonic tissue after DSS
treatment (Mann-Whitney, * £< 0.05); data are represented as mean + SEM.
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Figure 7. 16S rRNA microbial community analysis shows that bacterial community changes
before and after DSS-induced colitis do not predict the presence of Nod2 deletion in SAMP mice

Following the fecal homogenization protocol, fecal samples from SAMP WT and SAMP x
NOD2~ mice were collected before and after 7 days of 3% DSS treatment (n=3-6/group,
2-3 experiments). (A) Principal coordinate analysis of 16S rRNA microbial community data
before and after DSS. (B) Box plot of the normalized 16S amplicon Log2 abundance for the
six most abundant bacterial phyla for all experimental mice.
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Absence of NOD2 During Chronic lleitis and
DSS-induced colitis
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Figure 8. Working hypothesis for the role of NOD2 signaling in experimental IBD
In the presence of WT NODZsignaling, SAMP mice with spontaneous chronic ileitis or

DSS-induced colitis show increased production of Th2 cytokines, such as IL-4, IL-5, and
IL-13, which is mediated by excessive NOD?2 signaling (left panel). In the absence of NOD2
signaling following NOD2 genetic deletion, there is inhibition of Th2 cytokine production
with attenuated gut inflammation (right panel). Mechanistically, these effects are mediated
by the activity of Th2 transcription factors, STAT6 and GATA-3 (left and right panel).
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