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Abstract

183-glycyrrhetinic acid (GRA) is a pharmacologically active component of licorice root with documented immunomod-
ulatory properties. We reported that GRA administered orally to mice induces B cell recruitment to isolated lymphoid
follicles (ILF) in the small intestine and shortens the duration of rotavirus antigen shedding. ILF are dynamic lymphoid
tissues in the gut acquired post-natally upon colonization with commensal bacteria and mature through B cell recruitment
to the follicles, resulting in up-regulation of IgA synthesis in response to changes in the composition of microbiota. In this
study, we investigated potential mechanisms by which GRA induces ILF maturation in the ileum and the colon using mice
depleted of enteric bacteria and a select group of mice genetically deficient in pattern recognition receptors. The data show
GRA was unable to induce ILF maturation in ileums of mice devoid of commensal bacteria, MyD88/~ or NOD2 /™ mice,
but differentially induced ILF in colons. Increased expression of chemokine and chemokine receptor genes that modulate B
and T cell recruitment to the mucosa were in part dependent on NOD2, TLR, and signaling adaptor protein MyD88.
Together the results suggest GRA induces ILF through cooperative signals provided by bacterial ligands under normal
conditions to induce B cell recruitment to ILF to the gut, but that the relative contribution of these signals differ between
ileum and colon.
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following oral delivery has been documented [5,12]. There are
significant advantages to orally administered compounds in the
context of development of adjuvants and immunomodulatory
therapeutics, and GRA has potential to function in this capacity.

We reported that GRA administered orally to mice induces B
cell recruitment to isolated lymphoid follicles (ILF) in the gut and
does so in the absence of external antigenic stimulus [12]. ILF are
dynamic B cell-rich lymphoid tissues that, in contrast to secondary
lymphoid tissues including Peyer’s Patches (PP) and lymph nodes,
develop post-natally upon acquisition of commensal bacteria

Introduction

18B-glcyrrhetinic acid (GRA) is the aglycone metabolite of
glycyrrhizin, a pharmacologically active component of licorice
root. Glycyrrhizin is rapidly hydrolyzed in the gut by bacterial
glucuronidases to GRA [1], and data continue to accumulate that
suggest this compound modulates several parameters of the
immune response to both infectious and non-infectious diseases.
Antibacterial, antiviral, anti-allergic, anti-inflammatory, and some
pro-inflammatory properties have been described i vitro in various

cell types and lines, and i vivo in mouse models (reviewed in [2]).
Of note, glycyrrhizin has been in use for many years in Japan as an
intravenous treatment for chronic hepatitis [3,4]. Activation or
inhibition of transcription factors, phosphatases, kinases and nitric
oxide synthase all have been reported [5—11]. How all of these key
observations coalesce into what can be considered typical
responses to GRA is important to understand, and is complicated
by experiments performed in different cell lines or animal models
that utilize different stimuli and routes of administration.
Regardless, there are sufficient data to support i vive biological
activity of GRA, making this an attractive compound to investigate
for its ability to induce or modulate beneficial immune responses.
Importantly, experimental evidence for activity in the intestine
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(reviewed in [13]). ILF are present in both the small intestine and
colon, and numbers of ILF increase in the ileum extending in to
the colon as the concentration of bacteria increases distally
[14,15]. ILF consist of a spectrum of structures with size and
cellular composition that is characteristic of maturation status [16].
The number of ILF in the gut is invariant, but those present are
morphologically dynamic, and thus have been collectively termed
solitary isolated lymphoid tissue (SILT) [16]. SILT initially derive
from cryptopatches, precursor structures located at the base of the
crypts that are formed independently of bacterial colonization
[16,17]. Immature ILF are induced by initial acquisition of enteric
microbiota and consist of few B220* B cells framed by CD11c*
dendritic cells (DC), and few CD3" T cells. Upon induction with
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appropriate signals, B cells are recruited to ILF to form germinal
centers that displace the lamina propria, and by mechanisms not
entirely understood, develop a follicle-associated epithelium
containing M cells similar to PP [18]. ILF serve as inductive sites
for IgA synthesis, and their maturation to large B cell follicles
occurs at least in part in response to changes in the composition of
bacterial populations and some dietary ligands [14,19-21]. ILF
thus play a significant role in maintenance of intestinal inflam-
matory homeostasis by regulating mucosal IgA synthesis to control
potentially damaging fluctuations in the microbiome.

Signals that stimulate induction and maturation of ILF have
been revealed through studies in knockout mice as well as germ-
free, and differentially colonized mice [13,14,19,22-26]. Chemo-
kines and chemokine receptors associated with B cell recruitment
including CXCL13, CXCR5, CCL20 and CCR6 are important
for ILF maturation in the ileum, as are receptor activator of NFxB
ligand RANKL and B-defensin 3 [19,24,25,27]. Importantly, and
consistent with a primary role of bacterial flora in ILF
development in the small intestine, ILF are not present in ileums
of mice deficient in intracellular pattern recognition receptor
NODI [22]. Notably, ILF appear altered either in total numbers
of immature and mature ILF, or as proportional changes between
the two in mice deficient in other pattern recognition receptors or
signaling molecules including TLR2/4, NOD2, MyD88 and Trif,
and these proportions vary between ileum and colon [22]. For
example, although ILF are not present in ileuns of NOD1 ™/~
mice, mature ILF are hypertrophic in the colons [22], illustrating
the involvement of multiple signaling molecules with prominent
roles in the innate immune response that contribute to ILF
maturation.

We reported that GRA administered orally induces ILF
maturation in the ileum and in addition, shortens the duration
of rotavirus antigen shedding in the mouse model [12]. The
experiments described in the current study investigated whether
GRA influences ILF maturation in the colon, and sought to
understand mechanisms by which GRA induces B cell recruitment
to ILF.

Materials and Methods

GRA

18B-glycyrrhetinic acid was purchased from Sigma-Aldrich.
Stock solutions were prepared to a concentration of 100 mg/mL
in DMSO and diluted to working concentration in calcium and
magnesium-free phosphate buffered saline (PBS). Endotoxin levels
were measured by Limulus Amoebocyte Lysate Assay (Associates
of Cape Cod, Inc), and the final amount of endotoxin present in
doses delivered to mice was <0.025 EU.

Mice and GRA treatments

Ethics statement. All animal experiments were performed
according to the NIH Guidelines for Care and Use of Animals
with protocol approval from the Montana State University
(Protocol number 2011-44) and Washington State University
(Protocol number 00453-004) Institutional Animal Care and Use
Committees. Male C57Bl/6, C3H/He], NOD2 /", and
MyD887/7 mice were obtained from Jackson Laboratories.
Animals were co-housed according to treatment group under
SPF conditions, with ad libitum access to food and water. All
experiments were performed when animals were eight weeks of
age and all groups contained five mice/group. GRA treatments
and rotavirus infections were performed as previously described
[12]. Briefly, mice were administered 50 mg/kg of GRA by oral
gavage on day one and then a second time on day three. No
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adverse effects were observed in GRA treated mice. In experi-
ments where groups included rotavirus infected mice, 10°
shedding dose 50 (SDs5p) of murine rotavirus strain EW was
administered by oral gavage on day two. EW does not cause
diarrhea or other illness in mice >15 days of age, and infection is
measured by antigen shedding in feces. Mice were sacrificed on
day eleven by overdose COjy inhalation.

Histology

Tissue sections from ileum and colon were harvested as
described previously [12]. Sections were rinsed with PBS to
eliminate intestinal contents, and then infused with OCT. Tissue
sections were coiled into a cryomold with the proximal end at the
center, covered with OCT, and then snap frozen in liquid
nitrogen. Five uM thick sections were mounted on Superfrost
slides (Fisher), and fixed with 75% acetone/25% ethanol for five
minutes, air dried and then stained with antibodies to B220
(A488), CDllc (PE), CD35 (PE) or CD3e (PE), all from

eBiosciences.

Ablation of intestinal bacteria

Bacteria were ablated from the intestines of C57Bl/6 mice as
previously described [28]. Mice were administered an antibiotic
cocktail containing 10 mg each of ampicillin, vancomycin,
metranidozol and neomycin by oral gavage daily for five days,
followed by five days of continuous administration in the drinking
water. The same cocktail was present continuously in the drinking
water at a concentration of one gram/L through the course of the
experiment. No adverse affects of daily oral gavage or continuous
antibiotic treatment were observed. The absence of bacteria was
confirmed by plating 10% fecal homogenates on bovine heart
infusion agar containing 10% FBS.

Transfections and reporter assays

HEK?293 cells were cultured in DMEM containing 10% FBS.
Cells were co-transfected with NOD2 expression plasmid pUNO-
mNOD2 (InVivoGen), pNIF«kB-luc-cis reporter and phRL renilla
luciferase reporter plasmids (Promega). Twenty-four hours post-
transfection, cells were treated with GRA and reporter gene
expression was measured with the Dual-Glo Luciferase Assay
(Promega). Data are presented as percent response relative to the
NOD?2 ligand muramyl dipeptide control set to 100%. Data were
analyzed by unpaired ¢ test. Error bars represent standard error of
the mean of three separate experiments; p<0.05.

Quantitative PCR and cytokine arrays

Gene expression in intestinal tissue induced by GRA was
measured by RT-qPCR and custom gene arrays as previously
described [12]. Ten hours post-GRA administration, sections of
ileum and colon were collected and stored in RNAlater (Qiagen).
RNA was extracted with the RNeasy system (Qiagen) and
quantified with a Nanodrop 1000 (Fisher Scientific). Cytokine
transcripts were measured with the SABiosciences Custom Mouse
RT? Profiler™., Custom arrays included Cxcrd, Ccll9, Ccl21b,
Cxcll3, Lta, Ltb, Ccr6, Ccr7, Cer9, 1110, 116, Ccl20, and Ccl25.
One pg of RNA was reverse transcribed with RT? First Strand kit
(SABiosciences) and PCR reactions were performed on an
Eppendorf Realplex 4s under reaction conditions of 95°C for
10 minutes, followed by 40 cycles of 95°C for 15 seconds, and
60°C for one minute. Data are from a minimum of three mice per
group and are expressed as fold-change over vehicle-treated
animals. Fold-changes >2 were considered significant.
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Results

ILF are not induced by GRA in ileums of antibiotic treated
mice, but are induced in colons

Toward a goal of understanding mechanisms by which GRA
induces ILF by defining signaling pathways involved and the initial
role of commensal bacterial ligands, intestinal bacteria were
ablated with an antibiotic cocktail, and then administered GRA
orally on day one, and then a second time two days later. Tissue
sections from the distal ileum and colon were harvested on day
eleven. As reported previously, histological staining for B cells
(B220), DC (CD1lc), and T cells (CD3) in the ileum revealed that
GRA induced B220" cell recruitment to lamina propria ILF
(Figure 1A). However, GRA did not induce ILF in the ileum in
antibiotic treated mice, as indicated by the lack of B cell
aggregates. (Figure 1B). Colonic ILF maturation was induced by
GRA in mice with normal flora (Figure 1C), and in contrast to
results in the ileum, induced significant B220" B cell recruitment
to ILF in the absence of bacteria (Figure 1D). Small ILF are
present in colons of vehicle treated mice as a result of original
bacterial colonization. CD35" follicular dendritic cells indicative of
more mature ILF also were observed, consistent with previous
observations that colonic ILF are inherently larger in the steady
state than ileal ILF. We further note that colonic ILF appear
somewhat larger in antibiotic treated mice than in normal mice,
but the basis for this difference is not clear.

We reported a notable increase in B220" cell clusters in the
ileums of rotavirus infected C57Bl/6 mice nine days post-
infection, and sizes of B220" aggregates were enhanced by GRA
treatment [12]. In rotavirus infected mice absent enteric bacteria,
virus infection alone induced a noticeable, but small increase in
B220" cell aggregates in both ileum and colon (Figure 1B&D).
Enhancement of B cell recruitment in GRA treated, rotavirus
infected mice was not apparent when compared to GRA treated,
uninfected mice in either tissue.

Taken together, these data are consistent with those reported by
others that describe differential roles of commensal bacteria in
modulating ILF development between the ileum and colon
[19,22,26]. The data suggest that in the ileum, GRA does not
stimulate signaling pathways that can bypass the need for bacterial
ligands to induce B cell recruitment to ILF. In contrast, GRA-
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mediated B cell recruitment to colonic ILF is largely independent
of substantial bacterial ligand-responsive signaling. This conclu-
sion is drawn with the caveat that there may be residual bacteria
not ablated by the antibiotic treatment regimen that could
contribute to TLR mediated signaling that would drive B cell
recruitment.

GRA induces ILF in ileums and colons of C3H/HeJ mice
GRA did not induce ILF in the ileums of mice in the absence of
bacteria, but induced significant B cell recruitment to colonic ILF.
To further investigate a role for TLR signaling in GRA-mediated
ILF maturation, the ability of GRA to induce ILF maturation in
C3H/HeJ mice was tested. C3H/He] mice harbor a spontaneous
mutation that renders animals defective in TLR4 responses [29].
In these mice, GRA induced B cell recruitment to both the ileum
and colon, and numerous CD35" cells were observed (Figure 2).
ILF in rotavirus infected mice were not appreciably different than
uninfected mice in either ileum or colon, and were not enhanced
beyond those induced by GRA alone. The ability of GRA to
induce ILF maturation in ileum and colon of C3H/He] mice
suggests robust TLR4 responses do not play a significant role in
GRA-mediated B cell recruitment in either tissue, but these results
do not rule out a role for other TLR. In addition, these
observations further reinforce that reactivity to any incidental
introduction of endotoxin is not an explanation for induction of

ILF maturation by GRA.

MyD88 is required for GRA induced B cell recruitment to
ILF in ileum and colon

The signaling adaptor protein MyD88 is required to propagate
most TLR responses, as well as for signaling through the IL-1
receptor [30]. Immature ILF are present in MyD88™ ™ mice, but
MyD88 is required for authentic ILF maturation in both ileum
and colon [26]. Consistent with this, B220" cell aggregates
indicative of ILF were virtually absent in the ileums of MyD88™/~
mice and were not induced by GRA treatment or by rotavirus
infection (Figure 3). Small B220" cell aggregates were present in
the colons of vehicle treated MyD88 ™/~ mice, but there were not
appreciable increases in size upon administration of GRA. Some
CD35" cell staining associated with B cell aggregates was observed
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Figure 1. GRA induces ILF in the colon, but not in the ileum of antibiotic treated mice. Intestinal bacteria were ablated by daily oral gavage
with an antibiotic cocktail daily for five days and then with the same cocktail in the drinking water for an additional five days prior to administration
of GRA. The same cocktail was maintained in the drinking water through the course of the experiment. Animals infected with rotavirus strain EW were
given 10° SDsq of virus inoculum by oral gavage. A) ileum; normal flora, B) ileum; antibiotic treated, C) colon; normal flora and D) colon; antibiotic
treated. Tissue sections in (A) were stained for B cells (B220), T cells (CD3e) and dendritic cells (CD11c). Panel (B) does not include CD3e staining
because T cells were not located in the absence of B220" aggregate staining. Sections in C) and D) were strained for B cells, dendritic cells, T cells, and
follicular dendritic cells (CD35). The labels on the left indicating treatments apply across rows for A-D. Magnification 10X.
doi:10.1371/journal.pone.0100878.g001
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Figure 2. GRA induces ILF maturation in ileum and colon of C3H/HeJ mice. Mice were administered GRA according the schedule described
in the materials and methods. Animals infected with rotavirus strain EW were given 10° SDs, of virus inoculum by oral gavage. Tissue sections were
stained for B cells (B220), dendritic cells (CD11¢), T cells (CD3), and follicular dendritic cells (CD35). A) ileum and B) colon. Magnification 10X.

doi:10.1371/journal.pone.0100878.9g002

in colon tissue under both conditions, but assessment of additional
cellular markers is required to determine whether GRA induces
significant maturation in the absence of enhanced B cell
recruitment. These data suggest MyD88 is indispensable for
GRA-mediated B cell recruitment to ILF in both tissues,
suggesting a role for TLR signaling, without excluding a potential
role for MyD88 signaling through the IL-1R.

ILF are not induced by GRA in NOD2 /™ mice

Pattern recognition receptors NOD1 and NOD2, in addition to
TLR, play critical roles in driving innate immune responses in the
gut, in part through interactions with membrane components of
commensal bacteria [31,32]. NOD1 is key to ILF development in
the small intestine because ILF are not induced in the ileums of
NOD1™"~ mice [22]. NODI also functions in ILF development
in the large intestine because mature ILF are hypertrophic.
Induction of ILF in the ileum or in the colon is not substantially
altered in NOD2™"™ mice, but progression to mature ILF in both
tissues is incomplete [22,26]. Given the role for both TLR and
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NOD receptors in ILF maturation, we tested reactivity of GRA
with selected receptors in reporter systems i vitro. GRA did not
activate TLR reporter gene expression in the THP-1 Blue NI'xB
reporter activation system that responds to TLR2, TLR1/2,
TLR2/6, TLR4, TLR5 and TLR8 ligands (InVivoGen), nor did it
activate NODI-mediated reporter gene expression in transient
transfections (data not shown). However, GRA did activate
NOD2-mediated gene expression (Figure 4). Based on these data,
the ability of GRA to induce B cell recruitment to ILF in NOD2 ™/
~ mice was tested. Few B cell aggregates also staining positive for
CD35 were observed in the ileums and colons of both vehicle
treated and GRA treated mice (Figure 5). There were no
appreciable differences in size between treated and vehicle treated
mice. Similar to MyD88™/~ mice, delineation of additional
markers of maturation status are required to determine whether
GRA can induce maturation independently of enhanced B cell
recruitment. Together, the data suggest that NOD2 activation as
well as TLR signaling, plays a role in GRA-mediated ILF
maturation.

B220 (g)
CD35 (1)

Figure 3. GRA does not induce B cell recruitment to ILF in MyD88 '~ mice. Mice were administered GRA according the schedule described
in the materials and methods. Animals infected with rotavirus strain EW were given 10° SDs, of virus inoculum by oral gavage. Tissue sections from
the ileum (A) were stained for B cells (B220) and dendritic cells (CD11c). Panels for T cell (CD3a) and CD35 staining were negative and so not included
in the figure. Tissue sections from the colon (B) were stained for B cells, T cells, and follicular dendritic cells. Magnification 10X.
doi:10.1371/journal.pone.0100878.g003
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Figure 4. GRA activates NOD2-mediated reporter gene expres-
sion in vitro. Cells were co-transfected with NOD2 expression plasmid
PUNO-mNOD2 (InVivoGen), NFkB-luc-cis reporter and phRL renilla
luciferase reporter plasmids. Twenty-four hours post-transfection, cells
were treated with GRA and reporter gene expression was measured
with Dual-Glo Luciferase Assay (Promega). Data are expressed as
percent response relative to the NOD2 ligand muramyl dipeptide
control set to 100%. Error bars represent standard error of the mean of
three separate experiments. P<<0.05.
doi:10.1371/journal.pone.0100878.g004

GRA-induced chemokine and chemokine receptor gene

expression in ileum and colon of mouse models

We previously reported that GRA induced a specific pattern of
chemokine and chemokine receptor gene expression in the ileum
that was predictive of B cell recruitment to the gut [12]. A similar
analysis was performed on RNA collected from ileum and colon
10 hours following oral administration of GRA in each of the
mouse models studied here. The gene expression pattern in ileums
of antibiotic treated mice, C3H/He]J, and MyD88™ ™ mice was
similar to that of wild type mice (Table 1). In contrast, this pattern
of expression was not observed in ileum from NOD2 ™/~ mice.
Opposing results were observed in colon tissue. Increased
expression of selected genes was not observed in colons of
antibiotic treated, C3H/HeJ, or MyD88 ™"~ mice, but expression
in NOD2 ™/~ mice was similar to wildtype mice. These data again
suggest a cooperative role for NOD2 and TLR signaling in the
mechanism of GRA-mediated ILF maturation because GRA
induced gene chemokine and chemokine receptor gene expression
in the absence of TLR signaling, but was unable to induce B cell
recruitment to ILF. The presence of NOD2 appears to be required
for gene expression in the ileum and also required cooperatively
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for ILF maturation. In contrast, TLR signaling appears required
for GRA-induced gene expression and for robust B cell
recruitment to ILF in the colon. The latter conclusion is based
primarily on observations in the MyD88 ™/~ and NOD2 ™’ mice,
since it is possible that residual bacteria following antibiotic
ablation that are not readily cultivatable may provide sufficient
signaling through TLR.

Discussion

The contributions of dietary ligands to modulation of dynamic
lymphoid tissue in the gut are just beginning to be explored. Mice
fed diets free of defined phytochemicals have reduced numbers of
both cryptopatches and ILF, implicating a key role for nutrients in
maintaining (or disrupting) intestinal inflammatory homeostasis
[20,33]. We have explored the mechanisms by which dietary
ligand GRA induces B cell recruitment to ILF. Our initial studies
on GRA focused on the small intestine, yet it is clear that many of
the molecular signals required for ILF development in the ileum
are dispensable in the colon. Given the tissue-specific signaling
requirements, we extended our studies to include analysis of GRA-
mediated B cell recruitment to ILF in the colon. We tested the
ability of GRA to induce ILF in mice depleted of enteric bacteria,
and in mice with genetic deficiencies in components of the innate
immune response to define potential mechanisms of action.

Collective interpretation of data regarding GRA-induced gene
expression and B cell recruitment to ILF leads us to propose that a
mechanistic role for both TLR signaling and NOD2 signaling
differs between small intestine and colon. GRA-induced chemo-
kine and chemokine receptor gene expression in ileums of
antibiotic treated mice and 1\/IyD887/ ~ mice suggest TLR
signaling is not required for up-regulation of gene expression,
but is required for B cell recruitment to ILF because ILF were not
observed. Activation of NOD2 also is implicated because GRA
was unable to induce chemokine and receptor gene expression in
ileums of NOD2™/~ mice, nor were B cells recruited to ILF even
though these mice are normally colonized. Cellular responses to
NOD?2 activation are propagated through activation of NFxB
[34,35]. We and others have reported that GRA activates NFxB
both wn vitro and i vivo [36] [5] supporting sthe suggestion that
GRA may interact directly or indirectly with this receptor. If so,
GRA thus represents a unique NOD2-activating dietary ligand.

In contrast to the ileum, GRA did not induce chemokine and
chemokine receptor gene expression in colons of antibiotic treated
or MyD88™/™ mice, whereas B cell recruitment was induced in
the former, but not the latter. The lack of induced gene expression
and ILF maturation in colons of MyD88 ™/~ mice points to a role
for TLR signaling, or alternatively, signaling through the ILIR. In
contrast, although gene expression was up-regulated in colons of
NOD2 /" mice, robust B cell recruitment to ILF was not
observed. The difference in gene expression in ileum and colon

8220 (g)
C€D35 (1) DAPI

Figure 5. GRA does not induce B cell recruitment to ILF in NOD2 '~ mice. Mice were administered GRA according the schedule described in
the materials and methods. Tissue sections were stained for B cells (B220), dendritic cells (CD11c), T cells (CD3), and follicular dendritic cells (CD35). A)

ileum and B) colon. Magnification 10X.
doi:10.1371/journal.pone.0100878.9g005
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compared to the other mouse models is not clear, but in the
NOD2 ™/~ mice, induction may be driven more by signaling
through TLR in the presence of expanded bacterial colonization
in these mice, although such differences recently have been called
to question [37]. In the context of a mechanism for the ability of
GRA to induce B cell recruitment, our data significantly implicate
both TLR and NOD2 signaling similar to previous studies
suggesting synergistic roles for NOD2 and TLR in innate immune
responses in the gut [38], but the precise mechanisms and cell
types acted on remain to be determined.

ILF function as inductive sites for IgA synthesis in part in
response to changes in gut microbiota [13]. While the ability of
GRA to induce B cell recruitment to ILF is clear, the mechanism
by which recruitment takes place is not known. We have shown
that GRA induces a pattern of gene expression in ileums of
C57Bl/6 mice, and now colons, within ten hours following oral
administration. This pattern is predictive of B cell recruitment,
namely CXCR5, CXCL13, CCR6, CCL19/20 and lymphotoxin
a and b, all known to play key roles [13]. Consistent with
differences between ILF development in ileum and colon, the
CXCR5-CXCLI13 and CCR6-CCL20 axes are indispensable for
authentic ILF maturation in the ileum, but not in the colon
[19,22,26]. GRA may directly induce B cell recruitment to ILF by
inducing expression of these genes, posing the question of what cell
types are responsive. In this context, it is tempting to speculate that
DC are a prominent source of chemotactic cytokines. GRA has
been shown to promote DC maturation i vitro [39,40], but studies
to support DC maturation from antigen processing to antigen
presenting functions i vivo following exposure by the oral route
have not been reported.

Evidence for NOD2 activation both i vitro and in vivo brings
forth the intriguing possibility that GRA induces secretion of
antimicrobial peptides that result in alterations in the composition
of the microbiota. NOD2 is highly expressed in Paneth cells
localized in the small intestinal crypts and play a prominent role in
controlling both commensal and pathogenic bacteria through up-
regulated expression of antimicrobial peptides [41]. Whether
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