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response. One way in which that might be achieved is via

microRNAs (miRNAs), key regulators of gene expression whose



Figure 2. miR-29 Regulates Immune and Inflammatory Mediator Expression in DCs

(A) The ratio of live to dead cells assessed with trypan blue staining, in DCs transfected with miR-29 premiR or antimiR or controls for 24 hr before stimulation with

MDP + Pam3CSK



miR-155 expression, NOD2 played a dominant role in the induc-

tion of miR-29, where greatest upregulation was observed with

either NOD2 + TLR2 triggering or NOD2 + TLR5 triggering (Fig-

ure 1I). NOD2 was absolutely required for this effect because

combined TLR2 + TLR5 triggering did not result in miR-29 upre-

gulation (Figure 1J).

NOD2 signaling requires RIPK-2, but not the TLR adaptor

MyD88. To test whether miR-29 expression required either of

these signaling mediators for its upregulation upon MDP +

Pam3CSK4, we knocked down MyD88 or RIPK-2 in DCs by using

siRNAs (Figure 1K). We then undertook qPCR analysis of miR-29

expression following MDP + Pam3CSK4 exposure and da3lCC
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miR-29 Downregulates IL-23
IL-12p40 is a subunit of both IL-12 and IL-23, the other subunits

being IL-12p35 and IL-23p19, respectively. We investigated

whether miR-29 controlled expression of either of these other

two subunits that act in concert with IL-12p40. miR-29 premiR
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in murine DCs, miR-29 premiR or control were transfected into





miR-29 KO mice, providing further parallels between miR-29 tar-

geting in the murine model and human DCs (Figure S7).

Defective miR-29 Expression and Increased IL-12p40
Release in Human DCs Expressing NOD2 Variants
We next investigated whether Crohn’s patient DCs expressing

variants of NOD2 associated with the disease exhibited defects

in miR-29 upregulation on either NOD2 or NOD2 + TLR trig-

gering. Patient DCs either homozygous for 1007fsinsC NOD2

expression or compound heterozygous for any of the Crohn’s-

associated NOD2 polymorphisms fail to induce miR-29 on

stimulation of NOD2, NOD2 + TLR2, or NOD2 + TLR5 combined

stimulation (Figures 7A and 7B). In contrast, these Crohn’s donor

DCs induced miR-155 similarly to WT NOD2 expressing DCs

following PRR triggering (Figure 7C). Restoring miR-29 expres-

sion in Crohn’s donor DCs expressing associated NOD2 poly-

morphisms effectively downregulated IL-12p40 (Figure 7D) as

previously observed in healthy donors. We explored whether

loss of miR-29 induction by CD DCs expressing NOD2 polymor-

phisms might contribute to dysregulated IL-12p40 release from

these cells on exposure to intestinal bacteria. We challenged

healthy or CD DCs with adherent invasive E. coli (AIEC) and

measured release of IL-12p40 at day 3, day 5, and day 7 after

exposure. We found enhanced release of IL-12p40 in CD donor

cells at days 5 and 7 after challenge (Figure 7E). AIEC treatment
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Calmette-Guerin (BCG) (Ma et al., 2011). Furthermore, miR-29

represses T-bet and Eomes in T cells to regulate helper T cell

differentiation (Steiner et al., 2011). In addition, miR-29 targets

IFN-a expression by thymic epithelium to increase the threshold

for infection-associated thymic involution (Papadopoulou et al.,

2012). Our work adds an immunoregulatory function for miR-

29 to this repertoire in human antigen-presenting cells mediated

by NOD2.

miR-29 is a key miRNA in a number of other cellular processes,

and it is possible that NOD2 may function via modulation of miR-

29 in other settings. For example, miR-29 regulates methylation

of target genes by controlling expression of DNMT3A (Fabbri

et al., 2007), which is also a recently described Crohn’s-suscep-

tibility gene (Franke et al., 2010). Altered DNA methylation via this

pathway could modulate epigenetic pathways, maturation of

DCs, and thus influence the nature of the adaptive immune

response. miR-29 also associates with fibrosis via control of

collagen expression (Maurer et al., 2010; Roderburg et al.,

2011). NOD2 polymorphisms in Crohn’s are associated with a

subphenotype of the disease—stricturing disease (Seiderer

et al., 2006)—where fibrosis occurs in the small bowel causing

obstructive symptoms and requiring surgical intervention. It is

possible that the inability of Crohn’s NOD2 to induce miR-29

might contribute to this phenotype. NOD2 mutations are also

strongly associated with disease of the terminal ileum (Cuthbert

et al., 2002), and our data is compatible with this phenotype as

IL-12p40 and IL-23p19 are most highly constitutively expressed

in the terminal ileum (Becker et al., 2003), increasing the need for

effective regulatory mechanisms in this mucosa.

NOD2 also influences the composition of the microbiome

(Rehman et al., 2011). Although some of this effect might be

explained by reduced expression of Paneth cell defensins

(Wehkamp et al., 2004) observed in the presence of Crohn’s

variant NOD2, it is possible that increased basal IL-23 in the

mucosa mediated by loss of miR-29 might facilitate this effect.

It will be interesting to see the effect of NOD2 expression on

miRNAs in epithelial cells and Paneth cells, in which expression

of factors affecting barrier function might be controlled.

In summary, we have shown that NOD2 is critical for induction

of miR-29 in DCs and defined a number of new miR-29 regulated

genes in these cells, including those affecting IL-23 expression.

Simultaneous expression by NOD2 of the key immune effector
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