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Abstract

The intracellular sensor Nod2 is activated in response to bacteria, and the impairment of this
response is linked to Crohn’s disease. However, the function of Nod2 in host defense remains
poorly understood. We found that Nod2~/~ mice exhibited impaired intestinal clearance of
Citrobacter rodentium, an enteric bacterium that models human infection by pathogenic
Escherichia coli. The increased bacterial burden was preceded by reduced CCL2 chemokine
production, inflammatory monocyte recruitment, and Th1l cell responses in the intestine. Colonic
stromal cells, but not epithelial cells or resident CD11b* phagocytic cells, produced CCL2 in
response to C. rodentium, which was impaired in Nod2~/~ cells. Unlike resident phagocytic cells,
inflammatory monocytes produced IL-12, a cytokine that induces adaptive immunity required for
pathogen clearance. Adoptive transfer of Ly6CN monocytes restored the clearance of the pathogen
in infected Ccr2~/~ mice. Thus, Nod2 mediates CCL2-CCR2-dependent recruitment of
inflammatory monocytes, which is important in promoting bacterial eradication in the intestine.
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INTRODUCTION

Members of the nucleotide-binding oligomerization domain (NOD)-like receptor family
function as intracellular pattern recognition receptors and regulators of host immunity by
sensing microbial products and damage-associated signals (Shaw et al., 2008). The NOD-
like receptor family member Nod2 recognizes peptidoglycan-derived molecules containing
muramy| dipeptide (MDP) that are produced by both Gram-negative and Gram-positive
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bacteria (Girardin et al., 2003; Inohara et al., 2003) and may also sense viruses and oil
adjuvants independently of MDP (Moreira et al., 2008; Sabbah et al., 2009). Upon MDP
recognition, Nod2 induces the activation of the transcription factor NF-xB and the mitogen-
activated protein kinases (MAPKS) (Inohara et al., 2003; Kobayashi et al., 2002; Park et al.,
2007). The importance of Nod2 in inflammatory homeostasis is underscored by the
observation that loss-of-function mutations in the NOD2 gene increase the susceptibility to
Crohn’s disease (CD), a common inflammatory disorder of the bowel (Hugot et al., 2001,
Ogura et al., 2001). In the small intestine, Nod2 has been suggested to control the normal
microflora and bacterial pathogens by regulating the expression and/or release of anti-
microbial peptides in Paneth cells (Biswas et al., 2010; Petnicki-Ocwieja et al., 2009). In the
colon, Nod2-deficient mice are susceptible to colitis induced by trinitrobenzene sulfonate
and adoptive transfer of OVA-specific CD4* T cells followed by rectal administration of
recombinant E. coli expressing OVA peptide (Penack et al., 2009; Watanabe et al., 2006).
Thus, Nod2 may regulate the induction of pathogenic T helper 1 (Th1) cells in the intestine.
However, the roles of Nod2 in the regulation of innate and adaptive immune responses
triggered by bacterial pathogens remain poorly understood.

In the intestine, resident macrophages and dendritic cells (DCs) are hyporesponsive to
microbial stimulation, which is thought to be important for preventing inappropriate
activation of inflammatory responses to the normal microflora (Denning et al., 2007;
Smythies et al., 2005). In response to inflammatory stimuli, circulating Gr1*CCR2*
monocytes that are proinflammatory migrate to tissues (Peters et al., 2004; Serbina et al.,
2008). Gr1* monocytes are recruited to the ileum after oral infection with the protozoan
parasite Toxoplasma gondii, the cause of toxoplasmosis (Dunay et al., 2008). In this parasite
model, the recruitment of Gr1* monocytes to the small intestine is mediated by the
expression of CCR2 on the monocyte population and local production of the ligand CCL2
(Dunay et al., 2008). Importantly, Gr1* monocytes have been shown to control replication of
T. gondii and tissue damage in the small intestine (Dunay et al., 2008). However, the innate
immune sensors and cellular mechanisms that orchestrate the recruitment of Gr1*
monocytes to the sites of bacterial infection in the intestine remain poorly defined.

Citrobacter rodentium, a bacterial pathogen that naturally colonizes mice, is widely used to
model human infections with enterohemorragic Escherichia coli (EHEC) and
enteropathogenic E. coli (EPEC) (Borenshtein et al., 2008). Similar to the related EPEC and
EHEC, C. rodentium induces marked infiltration of inflammatory cells 8-10 days after
infection which correlates with the peak of bacterial colonization (Mundy et al., 2005). In
wild-type mice, colonization of C. rodentium is resolved by day 21-23 after inoculation
(Mundy et al., 2005). The mechanism by which C. rodentium is eradicated from the intestine
remains poorly understood, but development of CD4* T cell-dependent IgG responses
against C. rodentium, but not CD8* T cells or secretory IgA, are required for clearance (Bry
and Brenner, 2004; Maaser et al., 2004; Simmons et al., 2003). However, the mechanisms
that control the induction of protective adaptive immunity against C. rodentium remain
poorly defined. In the current work, we showed that Nod2 controlled the clearance of C.
rodentium by regulating the production of CCL2, the influx of Gr1* inflammatory
monocytes to the colon, and the induction of Th1l immune responses in the intestine.

Impaired clearance of C. rodentium in Nod2~/~ mice

To assess the contribution of Nod2 to host defense against C. rodentium, we infected wild-
type (WT) and Nod2~/~ mice orally and the number of pathogenic bacteria in the feces was
monitored for up to 36 days. Consistent with previous studies (Mundy et al., 2005), C.
rodentium reached approximately 108 colony-forming units (CFU)/g on days 7-9 and the
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bacterial load declined over time to become undetectable by day 30 after infection in WT
mice (Figure 1A). In contrast, the burden of C. rodentium in the feces of Nod2~/~ mice
remained 4-5 logs higher than in WT mice until day 20 and then declined reaching complete
clearance by day 36 after infection (Figure 1A). As expected, WT mice developed an
increase in the weight of the colons, reflecting inflammation, on days 7, 9, and 12; however,
the colon weight of Nod2~/~ mice remained largely unchanged despite comparable or even
higher number of enteric pathogenic bacteria (Figure 1B). Another feature of inflammation,
a decrease in colon length, was observed on day 12 after infection in WT, but not Nod2~/~,
mice (Figure 1C). Consistently, there was inflammation in the colons of wild-type mice on
day 12 after infection, but this was greatly attenuated in Nod2~~ mice (Figures 1D and 1E).
However, there was overt colitis in Nod2 ~~ mice on day 22 post-infection when colonic
inflammation had declined in WT mice (Figures 1D and 1E). Thus, the increased bacterial
load in Nod2~/~ mice was associated with reduced colonic inflammation during the early
phase of the infection, but overt colitis at the late phase of infection. Overall, these results
indicate that Nod2 deficiency results in impaired clearance of C. rodentium.

CCL2 production is reduced in Nod2~/~ mice infected with C. rodentium

To begin to understand the impairment of C. rodentium clearance in Nod2~/~ mice, we
examined the production of chemokines as these molecules drive the recruitment of
inflammatory cells to the intestine in response to bacterial infection (Johnston and Butcher,
2002). Production of CXCL1, a chemokine that mediates the influx of neutrophils, was
comparable in the sera of uninfected and infected WT and Nod2~/~ mice (Figure 2A).
Similarly, production of CXCLZ2, another chemakine involved in neutrophil recruitment,
was comparable on day 3, 6, and 9 in the sera of WT and Nod2~/~ mice, although it was
significantly elevated in Nod2~~ mice on day 12 post-infection (Figure 2B). Notably, the
amounts of CCL2, a monocyte chemoatractant, were reduced in the serum of Nod2~/~ mice
on day 3 and 6 after infection when the bacterial burden was comparable in WT and mutant
mice (Figure 2C). CCL2 production was also impaired in the colon of Nod2~/~ mice on day
5, 7 and 9 after infection when compared to WT mice (Figure 2D). These results indicate
that Nod2 positively regulates the production of CCL2 during the early phase of C.
rodentium infection.

Recruitment of CD11b*Gr1*F4/80* phagocytic cells to the colon is impaired in Nod2~/~

mice

We assessed the influx of monocytes and neutrophils in peripheral blood of WT and
Nod2~/~ mice after oral infection with C. rodentium. On day 9 after infection, there was an
increased in monocytes in WT, but not Nod2~/~ mice (Figure 3A). Although Nod2~/~ mice
had a mild elevation in the number of peripheral blood neutrophils before infection, the
number of neutrophils after infection was comparable in WT and Nod2~/~ mice (Figure 3A).
In the absence of infection, the number of resident cells that co-express CD11b and F4/80,
that are markers of monocytes and macrophages, was comparable in the colons of WT and
Nod2~/~ mice (Figure 3B). Similarly, the percentage of neutrophils (CD11b*Gr1hiF4/807)
was similar in the colons of uninfected WT and Nod2~/~ mice (Figure S1). In infected
animals, there was an increase in the influx of neutrophils (CD11b*Gr1MiF4/80~ ) to the
colon; however, this was minimally affected by the absence of Nod2 (Figure S1). When the
intestinal cells were analyzed 12 days after infection, there was a robust increase in the
percentage of CD11b*F4/80* phagocytic cells in the colons of WT mice that included Grihi
and Gr1!° as well as CD11c" and CD11c'° cell populations (Figures 3B and 3C). Notably,
the influx of CD11b*F4/80* Gr1Mi cells (inflammatory monocytes) and CD11b*F4/80*Gr1'0
cells (macrophages or DCs) was reduced in the colons of Nod2~/~ mice (Figures 3B and
3C). Furthermore, CD11b*F4/80*CD11cM DCs increased after infection, and this population
was also reduced in the infected colons of Nod2~~ mice (Figures 3B and 3C). In contrast,
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the influx of CD11b*F4/807CD11c'® (macrophages) was not affected by the absence of
Nod2 (Figures 3B and 3C). These studies indicate that Nod2 regulates the influx of
circulating monocytes to the blood and colon in response to C. rodentium infection.

CCL2 and CCR2 regulate the colonic recruitment of CD11b*F4/80* phagocytic cells and
clearance of C. rodentium

To determine whether CCL2 and its receptor CCR2 regulate the intestinal influx of
monocytes in response to C. rodentium infection, we evaluated mononuclear phagocytic cell
populations in the colons of WT, Ccl2~/~, and Ccr2~/~ mice after oral inoculation with the
pathogen and compared that with Nod2~/~ mice, which were used as a reference control.
The recruitment of CD11b*F4/80* Gr1N (inflammatory monocytes), CD11b*F4/80*Gr1!°
(macrophage or DCs) and CD11b*F4/80*CD11cM (DCs) to the colon was reduced in both
Ccl27/~ and Ccr2/~ mice (Figure 4A). In contrast, the influx of CD11b*F4/80*CD11c!®
(macrophage) cell population was not altered in Ccl2~/~, Ccr2~/~, and Nod2~/~ mice
(Figure 4A). Analysis of CCR2 expression in bone marrow monocytes revealed comparable
amounts in WT and Nod2~/~ cells (Figure 4B). To determine whether CCL2 and CCR2
regulate the clearance of C. rodentium, we infected WT and mutant mice with the pathogen
and monitored the bacterial burden in the feces. The number of C. rodentium on day 7 after
infection was comparable in WT, Ccl2~/~ and Ccr2~/~ mice (Figure 4C). Importantly, the
bacterial burden was increased ~ 3—4 log on day 14 and ~2—4 log on day 21 in the feces of
Ccr2~/~ and Ccl2/~ mice when compared to wild-type mice (Figure 4C). The clearance of
C. rodentium in Ccr2~/~ mice was comparable to that observed in Nod2~/~ mice, although
we observed a slightly greater impairment in Ccl2~/~ mice than in Nod2~/~ and Ccr2~/~
mice on day 21 after infection (Figure 4C). Thus, the CCL2-CCR2 axis regulates the influx
of inflammatory monocytes to the colon in response to C. rodentium infection, and this
correlates with impaired clearance of the pathogen.

The regulation of CCL2 by Nod2 is independent of T cells and mediated by hematopoietic
and non-hematopoietic cells

Because T cell-dependent responses are critical for C. rodentium clearance, we asked
whether the regulation of CCL2 and monocyte influx by Nod2 in the colon requires T cells.
To address this question, we generated Nod2~/~ mice in the Tcrb™~ background that lack
peripheral T cells and compared the response of these animals to Nod2*/*Tcrb™~ mice. As it
was observed in mice with intact numbers of T cells, Nod2 was important for the colonic
production of CCL2 in response to oral infection with C. rodentium despite the absence of T
cells (Figure S2A). Furthermore, Nod2 regulated the influx of mononuclear phagocytic cells
to the colon in infected animals in the absence of T cells (Figure S2B). To determine
whether Nod2 acts in bone marrow-derived cells or in stromal or epithelial cells to regulate
the production of CCL2, we generated chimeric mice by reciprocal bone marrow transfer
into lethality-irradiated recipients to generate four groups of chimeric mice. Because Nod2
exhibits an intrinsic function in T cells to regulate T cell survival and/or proliferation during
homeostatic proliferation (Shaw et al., 2009), we used Nod2~/~Tcrb™~ and Nod2**Terb™~
to construct the chimeric animals to avoid secondary effects related to the intrinsic function
of Nod2 in T cells. These experiments revealed that both bone marrow-derived and radio-
resistant cell populations contribute to Nod2-dependent CCL2 production in response to
intestinal infection with C. rodentium, although non-hematopoietic cells appear to play a
more important role (Figure S2C).

Nod2~/~ intestinal stromal cells are impaired in CCL2 production

To determine which cells produce CCL2 in response to C. rodentium, we infected colonic
epithelial cells, intestinal stromal cells and resident CD11b* mononuclear cell populations
with C. rodentium and measured CCL2 in the culture supernatants. Because primary
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epithelial cells are not suitable for analysis due to loss of viability during cell isolation, we
infected MC38, an epithelial cell line derived from the mouse colon. Infection of MC38
cells with C. rodentium elicited CXCL1 production, but not CCL2 (Figures 5A and 5B).
Similarly, CD11b* intestinal cells that are comprised largely of resident macrophages and
DCs did not produce CCL2 in response to C. rodentium infection (Figure 5C), although they
secreted TNF-a which was reduced in Nod2~/~ cells (Figure 5D). Notably, infection of
primary stromal cells isolated from the mouse colon with C. rodentium or EPEC elicited
robust amounts of CCL2 (~ 20-40 ng/ml), which was significantly reduced in stromal cells
deficient in Nod2 (Figure 5E and Figure S3). Furthermore, stimulation of stromal cells with
TNF-a induced the production of CCL2, although this was independent of Nod2 (Figure
5F). Nod2 mRNA was expressed in intestinal stromal cells, although at lower levels than in
bone-marrow macrophages (Figure 5G). Importantly, stimulation of stromal cells with MDP
induced MAPK activation and degradation of I1xB-a (Figure 5H). Furthermore, MDP
induced secretion of CCL2 which was abrogated in stromal cells deficient in Nod2 (Figure
51). These results indicate that colonic stromal cells are important producers of CCL2 in
response to C. rodentium infection and this process is regulated by Nod2.

Impaired colonic Th1 cell responses and antibody production against C. rodentium in
Nod2~/~ mice

Development of T-cell mediated IgG production against C. rodentium is critical for
pathogen eradication (Bry and Brenner, 2004; Maaser et al., 2004; Simmons et al., 2003).
Infection of bone marrow CD11b phagocytes with C. rodentium elicited significantly more
IL-12, a cytokine that is important for Th1l cell responses, than in resident CD11b cells
purified from the colon of uninfected mice (Figure 6A). Notably, CD11b* cells isolated
from infected colons produced IL-12 at amounts comparable to those elicited in bone
marrow-derived CD11b* cells, and at much higher levels than colonic CD11b* cells from
uninfected mice (Figure 6B). Further analysis revealed that CD11b™ cells purified from
infected colons expressed markers of classically activated macrophages and increased
expression of Argl and Ym1 that are induced by microbial stimulation (Qualls et al., 2010),
when compared to those found in cells isolated from the colons of uninfected animals
(Figure S4A). To determine whether Nod2 regulates Th1 cell responses in vivo, we purified
CD4* T cells from the colons of WT and Nod2~/~ mice after infection. On day 12 after
infection, the induction of IFN-y-producing CD4* T cells and doubly producing IFN-y- and
IL-17 CD4* T cells was impaired in the colon of infected Nod2~/~ mice when compared to
WT mice (Figures 6C and 6D). However, similar numbers of IFN-y-and IL-17-producing
CD4* T cells were noted in WT and Nod2~/~ mice on day 22 after infection when reduced
loads of the pathogen were observed in both WT and mutant mice (Figure S4B) [Au: lease
see comment above.]. The reduction in Thl responses was specific in that the induction of
IL-17-producing CD4* T cells was comparable in Nod2~/~ and WT mice (Figures 6C and
6D). Importantly, serum IgG concentrations against C. rodentium were reduced significantly
in Nod2~/~ mice, when compared to WT mice (Figure 6E). Collectively, these results
indicate that Nod2 regulates intestinal Thl cell responses and 1gG production against C.
rodentium in vivo.

Ly6C" monocytes traffic to the colon and restore clearance of C. rodentium in Ccr2 =~

mice

We next assessed the ability of monocytes to promote the clearance of C. rodentium in
infected mice. To address this question, we took advantage of our observation that the influx
of monocytes to the colon in response to C. rodentium infection is impaired in Ccr2~/~ mice
(Figure 4A). Using an adoptive transfer protocol, we found that intravenous injection of
bone marrow monocytes into Ccr2~~ mice induced the influx of CD11b*F4/80*Gr1Ni cells
into the colon of previously infected Ccr2~/~ mice whereas mock transfer did not (Figure
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7A). In addition, transfer of monocytes from Ccr2~/~ mice also induced the influx of
CD11b*F4/80*Gr1N cells (Figure 7A). The latter is consistent with previous observations
that CCR2 is critical for monocyte emigration from the bone marrow, but not for circulation
into tissues in response to Listeria or T. gondii infection (Dunay et al., 2008; Serbina and
Pamer, 2006). Importantly, adoptive transfer of monocytes from Nod2~/~ mice was as
effective as that of wild-type monocytes in eliciting the influx of CD11b*F4/80*Gr1Mi to the
colon of infected Ccr2~/~ recipient mice (Figure 7A). These results indicate that Nod2
controls the colonic recruitment of monocytes through the production of CCL2, but Nod2 is
not required within monocytes to traffic to the intestine in response to pathogen infection.
Ccr2~/~ mice transferred with monocytes from wild-type, Ccr2~/~ and Nod2 ™/~ mice
effectively cleared C. rodentium with a kinetics comparable to that observed in intact WT
mice (Figure 7B). In contrast, the bacterial burden in the feces of Ccr2~/~ mice that did not
receive monocytes was 2-3 logs higher than in mice injected with either wild-type, Ccr2/~
or Nod2~/~ monocytes at day 16, 20, and 24 following infection (Figure 7B). To determine
the ability of monocyte populations to promote pathogen clearance, we sorted bone marrow
monocytes into Ly6CN'CD11b* and Ly6C!°CD11b* subsets and adoptively transferred the
purified cells to Ccr2~/~ mice previously infected with C. rodentium. Ly6CMNCD11b*
monocytes expressed higher amounts of CCR2 than Ly6C!°CD11b* monocytes (Figure 7C).
Importantly, Ly6CNiCD11b*, but not Ly6C'°CD11b* monocytes, promoted the clearance of
the pathogen (Figure 7D). These results indicate that the influx of Ly6CM monocytes to the
colon is important to clear C. rodentium in the intestine.

DISCUSSION

We demonstrate that Nod2 regulates the clearance of C. rodentium by controlling the
production of CCL2 and the influx of inflammatory monocytes to the site of infection.
Unlike resident macrophages and DCs isolated from uninfected colons, monocytes and
CD11b™* phagocytic cells purified from colons infected with C. rodentium elicited the
production of robust amounts of IL-12, a cytokine that is critical for the induction of Thl
cell immune responses and eradication of this pathogen (Bry and Brenner, 2004; Maaser et
al., 2004; Simmons et al., 2003). Consistently, we found that Nod2 regulates the
development of Th1 cells in response to C. rodentium in the intestine and the production of
IgG against the bacterium. Adoptive transfer experiments demonstrated the critical role of
Ly6Chi inflammatory monocytes in the clearance of C. rodentium in vivo. These findings
reveal a previously unrecognized role for Nod2 in the regulation of protective Th1 cell
responses against an enteric pathogen in the intestine via CCL2-dependent recruitment of
inflammatory monocytes.

Recent studies have revealed the presence of two major subsets of circulating monocytes
with different surface markers and functions (Geissmann et al., 2003; Geissmann et al.,
2010). The inflammatory Gr1*Ly6C" inflammatory monocyte subset gives rise to
macrophages and DCs in systemic and lung infection models (Peters et al., 2004; Serbina
and Pamer, 2006) and is required for resistance against T. gondii in the small intestine of
mice (Dunay et al., 2008). We showed here that Nod2 regulates the influx of Gr1*
inflammatory monocytes to the colon in the setting of infection with C. rodentium. In
addition to Gr1* monocytes, the presence of CD11b*F4/80*Gr1!° and
CD11b*F4/80*CD11cM cells was reduced in the colon of Nod2 ™/~ infected animals.
Because Gr1* inflammatory monocytes differentiate into resident CD11b*F4/80*Gr1lo
macrophages or DCs and CD11b*F4/80*CD11c" DCss under basal conditions (Bogunovic
et al., 2009; Varol et al., 2009), Nod?2 likely controls the presence of CD11b*F4/80*Gr1!°
and CD11b*F4/80*CD11cMi cells in the colon by inducing the influx of Grl* monocyte
progenitors into the peripheral blood and into the colon. This possibility is also supported by
the observation that the influx of monocytes in peripheral blood triggered by infection is
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impaired in Nod2~/~ mice. Furthermore, the increased number of colonic
CD11b*F4/80*Gr1'° and CD11b*F4/80*CD11cM elicited by C. rodentium infection is
reduced in Ccl2/~ and Ccr2~/~ mice, consistent with the known role of CCL2 in controlling
the influx of Grl* monocytes to sites of infection (Dunay et al., 2008; Serbina and Pamer,
2006). In contrast, neither Nod2 nor CCL2-CCR2 affected the increase of colonic
CD11b*F4/80*CD11c'° cells induced by C. rodentium infection. The latter population is
heterogenous, but is likely to include resident macrophages that are derived from circulating
Gr1~CCR2™ monocytes that patrol the luminal surface of vascular endothelium and traffic
to surrounding tissues for damage or infection (Auffray et al., 2007).

Under basal conditions, lamina propria CD11b*F4/80"CD11¢c™ macrophages express several
anti-inflammatory molecules including IL-10, but little or no proinflammatory cytokines
even after microbial stimulation (Denning et al., 2007). In contrast, lamina propria
CD11b*CD11c™ cells comprised several DC subpopulations that promote Th17 cell
differentiation, T cell regulatory activity and activation of T cells in mesenteric lymph nodes
(Denning et al., 2007; Murai et al., 2009; Schulz et al., 2009). In line with previous
observations that lamina propria macrophages and DCs are poor drivers of Th1 cell
responses (Monteleone et al., 2008), infection of the resident CD11b* colonic population
with C. rodentium elicited significantly less IL-12 production than bone marrow CD11b*
phagocytes. Furthermore, C. rodentium induced robust production of I1L-12 from CD11b*
cells isolated from infected colons, but not from CD11b* cells residing in the uninfected
intestine. Although the CD11b* population isolated from infected colon contain multiple
subsets, our results suggest that the inflammatory monocyte population recruited to the site
of bacterial infection can induce Th1 cell responses. Consistent with a role of inflammatory
monocytes in eliciting Thl cell responses against the pathogen, IFN-y-producing T cells and
IL-17-producing T cells were induced in the colon after C. rodentium. However, only T cells
producing IFN-y were significantly reduced early in the colon of infected Nod2~/~ mice
which correlated with impaired influx of inflammatory monocytes. Although Nod2 is likely
to influence host defense against enteric pathogens by several mechanisms (Biswas et al.,
2010; Cruickshank et al., 2008; Watanabe et al., 2006), these results suggest that Nod2
controls through CCL2 the recruitment of Gr1* monocytes to drive Thil cell responses
locally in the intestine. Thus, Gr1* inflammatory monocytes may control infection not only
by promoting intracellular killing of microbes (Dunay et al., 2008), but also by inducing
specific adaptive immunity against the invasive pathogen. In the infection model of C.
rodentium, CD4"-dependent IgG production against the pathogen is critical for pathogen
clearance (Bry and Brenner, 2004; Bry et al., 2006; Simmons et al., 2003). Importantly, the
IgG response against C. rodentium was impaired in Nod2~/~ mice. Collectively, these
results suggest that by regulating the influx of inflammatory monocytes is important for the
development of Th1l responses that mediate the enteric eradication of C. rodentium.

Intestinal stromal cells are comprised of several populations including myofibroblasts
located directly subjacent to the epithelial basement membrane and interstitial fibroblasts
(Powell et al., 1999; Smith et al., 1997). Intestinal stromal cells can produce several pro-
inflammatory mediators including cytokines, chemokines, and metabolites of arachidonic
acid in response to various TLR ligands (Otte et al., 2003). We found that infection of
colonic stromal cells with C. rodentium elicited copious amounts of CCL2 while resident
CD11b* cells did not. Given the close contact of stromal cells with the epithelium and their
abundance in the lamina propria, these results suggest that these cells are critically important
for the initial sensing of invasive pathogens and eliciting the influx of Gr1* inflammatory
monocytes. A role of stromal cells in CCL2 production in response to C. rodentiun is further
supported by several findings. First, CCL2 levels were greatly attenuated in intestinal
stromal cells from Nod2~/~ mice. Second, the mouse chimeras experiments revealed that
Nod2 acts in both radiation-resistant non-hematopoietic cells and bone-marrow derived cells
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to induce CCL2 in response to C. rodentium infection, although the role of non-
hematopoietic cells was more important. The mechanism by which Nod2 impacts on CCL2
production via hematopoietic cells remain to be further investigated. Because infection of
resident CD11b™ cells with C. rodentium elicited TNF- o production and this response was
attenuated in Nod2 cells, it is possible that the mechanism involves impaired secretion of
CCL2 by stromal cells in response to TNF- a stimulation. Although our results are
consistent with stromal cells being important drivers of CCL2 production in the intestine,
our results may not apply to all tissues given that CCL2 is produced by several cell types
and that the location and abundance of stromal cells vary among different organs (Colotta et
al., 1992; Struyf et al., 1998). Further studies using different models of microbial infection
will be necessary to understand the role of different cell types in the production of CCL2.

Our findings regarding the role of Nod2 in this model of intestinal infection with C.
rodentium may have implications for understanding the pathogenesis of CD. A remarkable
finding was that Nod2 7~ mice exhibited reduced inflammation during the early phase of the
C. rodentium infection, but at later stages the colon of mutant mice developed severe colitis.
Because the induction of colitis in Nod2~/~ was preceded by impaired clearance of the
enteric bacterium, a possible interpretation is that the failure to clear the bacterium elicited
the over activation of Nod2-independent pathways to clear the pathogen. This scenario is
consistent with the observation that Nod2 7~ mice exhibited impaired clearance of C.
rodentium, but ultimately the mutant mice eliminated the bacterium. Because C. rodentium
can be recognized by several pattern recognition receptors including TLR2 and TLR4
(Gibson et al., 2008; Khan et al., 2006), we suggest that in the absence of Nod2, the mutant
mice mount a compensatory inflammatory responses that leads to pathogen eradication.
Consistent with this model, colitis triggered by adoptive transfer of OVA-specific T cells
into Nod2 ™~ recipient mice followed by challenge with recombinant E. coli expressing
OVA peptide is attenuated in the absence of TLR2 (Watanabe et al., 2006). Although
several interpretations of the latter experiments are possible including a regulatory role for
Nod2 in TLR-mediated responses (Watanabe et al., 2006), one possibility is that TLR2 is
needed to drive pro-inflammatory T cells in the absence of Nod2. We have shown that Nod2
is important to induce Th1 responses in the colon of mice infected with C. rodentium.
However, the impairment of both Th1 responses and pathogen clearance was partial,
indicating that other innate signaling pathways activated by the pathogen can contribute to
drive Th1 responses leading to pathogen clearance. Because human CCR2* inflammatory
monocytes, but not resident macrophages/DCs, can respond robustly to microbial
stimulation and accumulate in intestinal tissue of CD (Kamada et al., 2008), one interesting
possibility is that CCR2* inflammatory monocytes maintain Th1 responses that are
characteristic of IBD.

EXPERIMENTAL PROCEDURES

Infection of Mice

C57BL/6 mice were from Jackson Laboratories. Nod2~/~ mice in C57BL/6 background

have been described (Kim et al., 2008). Ccl2~~ and Ccr2~/~ mice in C57BL/6 background
were a gift of Dr. Kenneth James Pienta, the University of Michigan. Mice were orally
inoculated with kanamycin (Kn)-resistant wild-type C. rodentium strain DBS120, a gift of
Dr. David Schauer, Massachusetts Institute of Technology. Mice were infected by oral
gavage with 0.2 ml of PBS containing approximately 1 x 10 CFU of C. rodentium.
Histologic assessment was performed in a blinded fashion by using a scoring system (Chen
et al., 2008). EPEC strain MORG6 was a gift of Dr. M. O’Riordan, the University of
Michigan. The animal studies were conducted under approved protocols by the University of
Michigan Committee on Use and Care of Animals.
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Cytokine Levels

Mouse chemokines and cytokines were measured with enzyme-linked immunoabsorbent
assay (ELISA) kits (R & D Systems, Minneapolis, MN).

Bone marrow and Intestinal Cell Isolation

Colonic cells were isolated using a modified protocol described previously (Takada et al.,
2010). Colonic macrophage/DCs cells or bone marrow monocytes were further purified by
positive selection using a magnetic cell separation system (MACS; Miltenyi Biotec, Auburn,
CA) with anti-mouse CD11b microbeads (Takada et al., 2010). Analyses of purified
populations showed that the purified BM cells were > 80% CD11b*F4/80* while the
intestinal cells were > 80% CD11b* and contained both F4/80* and CD11c™ cells. Stromal
cells were isolated from the intestinal mononuclear cell fraction by plating and incubating
intestinal mononuclear cells overnight. The attached fibroblast-like cells were further culture
for 7 days before use (Lawrance et al., 2003).

Flow Cytometric Analysis

Cells were stained with labeled mAbs for mouse F4/80, CD11b, CD11c, and Gr-1
(purchased from BD Pharmingen or eBiosciences [San Diego, CA]) for 20 min at 4°C. After
staining, cells were analyzed using a FACS Calibur system. CellQuest (BD Biosciences, San
Jose, CA) or Flowjo (TreeStar, Ashland, OR) software was used for data analysis.

In vitro bacterial Infection

MC38 cells (a gift of Dr. Yang Liu from the University of Michigan), monocytes,
macrophages/DCs, or stromal cells were infected for 60 min at 37° C, and 50 g/ml of
gentamycin was added to limit the growth of extracellular bacteria.

cDNA synthesis and real-time RT-PCR

Total RNA was extracted using Total RNA Kit | (OMEGA Bio-Tek. Inc.) according to the
manufacturer’s instructions and cDNA was synthesized using High Capacity RNA-to-cDNA
Kit (Applied Biosystems). Real-time PCR was performed using SYBR Green master mix
(Applied Biosystems). Expression of each target gene was normalized to that of -actin.

Immunoblotting

Cell lysates were probed with antibodies specific for mouse 1xB-a, p38, phospho-p38,
phospho-ERK, and phospho-JNK (Cell Signaling Technology, Beverly, MA).

ELISA for anti-Citrobacter IgG

C. rodentium-specific 1gG was quantified by coating 96-well plates with heat-killed C.
rodentium as described (Bry and Brenner, 2004).

Bone Marrow Chimeric Mice

To generate BM chimeric mice, Nod2*/*TCR 7~ or Nod27~TCR ~~ recipients received a
single lethal dose of 9 Gy total body irradiation from a 13’Cesium source. On the same day,
mice were injected i.v. with 5 x 106 BM cells from Nod2*+*TCR ~~or Nod27~TCR 7/~
mice and then rested for 8 weeks before use.

Adoptive Transfer

Bone-marrow cells from wild-type, Nod2 7=, Ccr2 7~ mice were harvested, washed in
FACS buffer and monocytes were isolated by The EasySep® mouse monocyte enrichment
Kit (STEMCELL Technologies Inc, Vancouver, Canada). To separate Ly6C"9" and
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Ly6C'°" monocytes, bone marrow monocytes were incubated with anti-CD11b and anti-
Ly6C mAb and double-positive (CD11b*Ly6C*) and single-positive (CD11b*Ly6C™) cells
sorted by flow cytometry. Monocytes were counted and transferred by i.v. inoculation of 1 x
108 cells in the tail vein of Ccr2 7~ mice 4 days after oral infection with C. rodentium.
Bacteria clearance was measured every week until 4 weeks after oral infection.
Alternatively, colons were collected 12 days after oral infection, and colonic cells were
isolated for flow cytometric analysis.

Statistical Analysis

Statistical significance between groups was determined by two tailed t-test with unequal
variance (Aspin-Welch’s t-test). In vivo chemokine production and bacterial counts of
infected mice were analyzed by Mann-Whitney test. Differences were considered significant
when p values were <0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Nod2 ™~ exhibit impaired clearance of C. rodentium

(A) Bacterial numbers in stool from WT (n= 10) or Nod2~/~ mice (n= 10) infected orally
with C. rodentium were determined by CFU assay. (B) Colon weight of uninfected wild-
type (WT) or Nod2~/~ mice, and infected WT (n=10) or Nod2~/~ mice (n=10) at days 1, 3,
5,7, 9, or 12 post-infection (p.i.). (C) Colon length of uninfected WT (n=10) or Nod2 7~
mice (n=10), and infected WT (n=10) or Nod2 7~ mice (n=10) at day 12 p.i. (D)
Histopathological scores of inflammation at day 0 and at day 12 and 22 p. i. of mice
inoculated with C. rodentium. Each dot represents an individual mouse. (E) H&E staining of
colon slides from representative uninfected and infected WT and Nod2 ~~ mice. Arrow
heads and arrows denote marked submucosal inflammatory cellular infiltrates/edema and
epithelial damage/inflammation in the mucosa, respectively. Magnification x200. Data are
means + SD. *,** and *** denote significant differences between WT and Nod2 ~~ mice at
p<0.05, p<0.01, and P<0.001, respectively. Results are representative of at least 3
independent experiments.
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Figure 2. Nod2 7~ mice are impaired in their ability to produce CCL2 in response to C.

rodentium

Serum CXCL1 (A), CXCL2 (B), and CCL2 (C) levels at day 0, 3, 6, 9, and 12 after
infection of WT (n=10) or Nod2 7~ mice (n=10) with C. rodentium. (D) CCL2 levels in
colon homogenates derived from WT and Nod2 7~ mice onday 0, 1, 3, 5, 7, 9, and 12 p. i.
with C. rodentium. Data are means + SE. * and ** denote significant differences between
WT and Nod2 ~~ mice at p<0.05 and p<0.01, respectively. Results are representative of at 2
independent experiments.
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Figure 3. Impaired influx of CD11b*Gr1*F4/80* cells to the colon in Nod2 @~ mice infected with

C. rodentium

(A) number of monocytes (CD11b*F4/80*Gr-1M) and neutrophils (CD11b*F4/80~Gr-1M) in
the blood of uninfected and infected WT or Nod2~/~ mice (n= 5-6 mice per group) at day 9
p.i. (B) Cells were isolated from the colon of WT or Nod2 7~ mice on day 0, and 12 after
oral infection with C. rodentium, and stained for CD11b, F4/80, and Gr-1 or CD11c mADb.
CD11b*F4/80" double-positive cells (Total fraction) were gated and percentage of
CD11b*F4/80*Gr-1'° (1), CD11b*F4/80*Gr-1M (2), CD11b*F4/80*CD11c"° (3), and
CD11b*F4/80*CD11cN (4) cells in the gated population was determined. (C) Quantitated
data pooled from several experiments; each dot represents one mouse. Horizontal bars
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indicate mean values. ** and *** denote significant differences between WT and

Nod2 7 ~mice at p<0.01, and P<0.001, respectively. Results are representative of at least 3
independent experiments.

Immunity. Author manuscript; available in PMC 2012 May 27.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al.

Page 18

Gated

-

[t -
[130 14) |22 127
w [ -

| 38 05 |11 32

Nod2*
Coi2+

Cor2*

8 Nod2:
« |3 cer2
e |0 Col2#

. 8
7 gs
gos | °
Zos | ge
o4 | 4
$o2 | g,
e’ |
)

wr Nod2*

7 14 21
Bone marrow monocytes Time after infection (days)

Figure 4. CCL2 and CCR2 regulate the colonic recruitment of CD11b*F4/80% cells and
clearance of C. rodentium

(A) Cells were isolated from the colon of WT, Nod2~~, Ccl2~~, or Ccr2 7~ mice on day 0,
and 12 after oral infection with C. rodentium, and stained for CD11b, F4/80, and Gr-1 or
CD11c mAb. CD11b*F4/80* double-positive cells (% of total cells, left panel) were gated
and percentage of CD11b*F4/80*Gr-1/°, CD11b*F4/80*Gr-1M, CD11b*F4/80*CD11c'°, and
CD11b*F4/80*CD11chi cells in the gated population was determined. (B) Gene expression
of Ccr2 was compared between bone marrow monocytes from WT or Nod2 ™~ mice by real-
time RT-PCR. mRNA expression of Ccr2 was normalized to that of -actin. (C) C. rodentium
numbers in stool from infected WT, Nod2 7=, Ccl27~, or Ccr2 7~ mice (n= 10/group) at
indicated time p. i. were determined by CFU assay. Data are means + SD. * and *** denote
significant differences between WT and Nod2 7=, Ccl2 7=, or Ccr2 7~ mice at p<0.05 and
P<0.001, respectively. Results are representative of at least 3 independent experiments.
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Figure 5. Nod2 7~ intestinal stromal cells are impaired in CCL2 production. robust amounts of
CCL2 in response to C. rodentium which is impaired in Nod2 ™~ mice

(A, B) MC38 epithelial cells were infected with live C. rodentium at bacterial/macrophage
ratio (B/M) of 0 (uninfected), 1, or 10. Cell-free supernatants were analyzed by ELISA for
production of CXCL1 (A) and CCL2 (B). *** denotes significant differences between
uninfected and C. rodentium-infected cultures at p<0.001. (C) Purified intestinal CD11b*
cells from the colon were infected with C. rodentium at B/M of 0, 1, or 10. Cell-free
supernatants were analyzed by ELISA for production of CCL2. (D) Intestinal CD11b* cells
from the colons of WT or Nod2 7~ mice were infected with C. rodentium at B/M of 0, 1, or
10. Cell-free supernatants were analyzed by ELISA for production of TNF-a. (E) Colonic
stromal cells (Intestinal stromal cells) from WT or Nod2 7~ mice were treated with TNF- a
at concentration of 0, 0.1, 1, or 10 ng/ml. (F) Intestinal stromal cells from WT or Nod2 7~
mice were infected with C. rodentium at the indicated B/M. (G) Nod2 gene expression in
bone marrow-derived macrophages and intestinal stromal cells by real-time RT-PCR.
MRNA expression of Nod2 was normalized to that of -actin. (H) Intestinal stromal cells
were left untreated or stimulated with MDP (10 g/ml) for the indicated times. Cell extracts
were immunoblotted with Abs that detect total and phosphorylated (activated) forms of the
indicated proteins. (1) Intestinal stromal cells were stimulated with MDP or left untreated for
24 h. Data are means = SD. **, and *** denote significant differences between cell cultures
from WT and Nod2 7~ mice at p<0.01, or p<0.001, respectively. Results are representative
of at least 3 independent experiments.

Immunity. Author manuscript; available in PMC 2012 May 27.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 20

o 12040 g

8 40 N B

s
£ od;

&

s

TN

Figure 6. Impaired colonic Thl responses and antibody production against C. rodentium in
Nod2 ™~ mice

(A) Colonic (resident) and bone marrow CD11b* cells from WT mice were infected with C.
rodentium at a bacterial/macrophage ratio (B/M) of 0, 1, or 10. Cell-free supernatants were
analyzed by ELISA for production of IL-12p40. ** and ***, denote significant differences
between cell cultures from WT and Nod2 7~ mice infected with C. rodentium at p<0.01, or
p<0.001, respectively. (B) CD11b* cells purified from the colon of uninfected mice or mice
inoculated with C. rodentium for 12 days were infected with C. rodentium at indicated B/M.
Cell-free supernatants were analyzed by ELISA for production of 1L-12p40. ** and ***,
denote significant differences between cell cultures from uninfected and infected with C.
rodentium at p<0.01, or p<0.001, respectively. (C) Intracellular production of IFN-y, and
IL-17A was assessed in isolated colonic CD4* T cells from WT or Nod2 7~ mice on day 0
and 12 after oral infection with C. rodentium. Each dot represents one mouse and horizontal
bars indicate the mean values. (D) Raw data from representative experiment used to
generate results in C. Numbers indicate the percentage of cells in each quadrant. (E) Serum
levels of C. rodentium-specific 1gG response (mean OD plus SD) in samples from WT or
Nod2 7~ mice infected with C. rodentium on day 0, 3, 6, 9, and 12. Data are means * SD.
Results are representative of at least 3 independent experiments.
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Figure 7. LyGChi but not Ly6CI0 monocytes promote clearance of C. rodentium.

(A) Bone marrow monocytes from WT, Nod2 ™, and Ccr2 7~ mice were adoptively
transferred into Ccr2 7~ mice previously challenged orally with C. rodentium. Four days
after oral infection with C. rodentium, mice received the cells or received PBS (mock) by
i.v. injection. Cells were isolated from the colon of WT monocytes — Ccr2 7~ mice,

Nod2 ~~monocytes — Ccr2 7~ mice, Ccr2 7~ monocytes — Ccr2 7~ mice or received no
monocytes (mock) on day 0, and 12 after oral infection with C. rodentium. Intestinal cells
were stained for CD11b, F4/80, and Gr-1 or CD11c. CD11b*F4/80" double-positive cells
(% of total cells, left panel) were gated and percentage of CD11b*F4/80*Gr-1/°,
CD11b*F4/80*Gr-1M, CD11b*F4/80*CD11cl°, and CD11b*F4/80*CD11cM cells in the
gated population was determined. Results are representative of at least two experiments. (B)
C. rodentium numbers in stool from infected WT monocytes — Ccr2 7~ mice, Nod2 7~
monocytes — Ccr2 7~ mice, Ccr2 7~ monocytes — Ccr2 7~ mice or mock — Ccr2 7~ mice
were determined by CFU assay. (C) Expression of Ccr2 in bone marrow Ly6CN or Ly6C!©
monocytes by real-time RT-PCR. mRNA expression of Ccr2 was normalized to that of p-
actin. (D) C. rodentium numbers in stool from infected Ly6CM monocytes — Ccr2 7~ mice,
Ly6C!° monocytes — Ccr2 7~ mice, or mock — Ccr2 7~ mice were determined by CFU
assay (n=5 mice per group). Data are means + SD. Results are representative of 2
independent experiments.
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