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ABSTRACT 
MiR-511-3p is embedded in intron 5 of the CD206/MRC1 gene Mrc1, expressed by 
macrophage and dendritic cell populations. CD206 and miR-511-3p expression are 
co-regulated, and their contribution to intestinal inflammation is unclear. We 
investigated their roles in intestinal inflammation in both mouse and human systems. 
Colons of CD206-deficient mice displayed normal numbers of monocytes, 
macrophage, and dendritic cells. In experimental colitis, CD206-deficient mice had 
attenuated inflammation compared with wild-type (WT) mice. However, neither a 
CD206 antagonist nor a blocking antibody reproduced this phenotype, suggesting that 
CD206 was not involved in this response. Macrophages isolated from CD206-deficient 
mice had reduced levels of miR-511-3p and Tlr4 compared with WT, which was 
associated with reduced pro-inflammatory cytokine production upon 
lipopolysaccharides (LPS) and faecal supernatant stimulation. Macrophages 
overexpressing miR-511-3p showed 50% increase of Tlr4 mRNA, whereas knockdown 
of miR-511-3p reduced Tlr4 mRNA levels by 60%, compared with scrambled 
microRNA (miRNA)-transduced cells. Response to anti-tumor necrosis factor (TNF) 
treatment has been associated with elevated macrophage CD206 expression in the 
mucosa. However, in colon biopsies no statistically significant change in miR-511-3p 
was detected. Taken together, our data show that miR-511-3p controls macrophage-
mediated microbial responses and is involved in the regulation of intestinal 
inflammation. 
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INTRODUCTION 
The macrophage mannose receptor CD206 is a pattern recognition receptor 
expressed by macrophage and dendritic cell (DC) populations (Martinez-Pomares 
2012; Gordon and Martinez 2010). CD206 recognizes a broad range of microbes 
including fungi, protozoa, bacteria, parasites, and viruses (Martinez-Pomares 2012). 
Although it is unclear whether this receptor is capable of signal transduction, it has 
been shown to mediate endocytosis and influence antigen processing upon ligand 
recognition (Burgdorf et al. 2006; Burgdorf et al. 2007). Owing to its ability to recognize 
a large diversity of microbes and modulate immune responses, we hypothesized that 
CD206 may be an important factor in intestinal inflammation.  
An additional interesting feature of CD206 is that it harbors a microRNA (miRNA), miR-
511-3p, within intron 5 of the gene (Mrc1). MiR-511-3p expression has profound 
functional effects on macrophages (Squadrito et al. 2012). MiRNAs are short (18–24 
nucleotides in length), endogenous, noncoding single-stranded RNAs that regulate 
gene expression by controlling the stability and translation of protein-coding mRNAs. 
MiR-511-3p is the functional miRNA strand in the precursor (pre)-miR-511. MiR-511-3p 
levels correlate with CD206 expression and control the activation of tumor-associated 
macrophages (Squadrito et al. 2012). Inhibiting the pre-miR-511 has been shown to 
decrease Toll-like receptor-4 (TLR4) levels in human monocytes (Tserel et al. 2011). 
Aberrant TLR signaling contributes to intestinal inflammation (Carlo 2010), indicating 
that miR-511-3p may interact with TLR4 gene expression to control macrophage 
activation and differentiation.  
In the current study, we show that Mrc1-/- mice develop less severe dextran sulfate 
sodium (DSS)-induced colitis in both acute and chronic colitis settings. We 
demonstrate that the CD206-binding site seems not to be directly involved in this 
response, as blocking this site with a CD206-specific antibody or chemical antagonist 
did not affect the course of colitis. Instead, we show that CD206-deficient 
macrophages have reduced levels of miR-511-3p (confirming recent studies) 
(Squadrito et al. 2012; Squadrito et al. 2014) and Tlr4, and display a reduced 
inflammatory response to lipopolysaccharides (LPS) stimulation. When miR-511-3p 
expression was experimentally reduced in bone marrow-derived macrophages 
(BMDMs), these cells had an impaired cytokine response to LPS. These data suggest 
that miR-511-3p is an important determinant of macrophage responses to LPS.  
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MATERIALS AND METHODS 
!Mice  
Breeding colonies of C57BL/6 and C57BL/6/Mrc1-/- kindly provided by Dr Michel 
Nussenzweig (Lee et al. 2002), were housed and maintained under specific pathogen-
free conditions in our animal facility at the Academic Medical Center in Amsterdam. 
Mice were kept and handled in accordance with the guidelines of the Animal Research 
Ethics Committee of the University of Amsterdam.  
 
Coli t is experiments  
Mice were sex-matched male or female and between 8 and 12 weeks of age at the 
time of study. For DSS colitis experiments 1.5% (w/v) DSS (TdB Consultancy, Uppsala, 
Sweden) was added to the drinking water for 7 days. Fresh DSS solutions were 
prepared daily. Mice received drinking water for the following days of the experiments. 
In the experiment using anti-CD206 antibody (clone 5D3, Serotec, Puchheim, 
Germany) and IgG2a isotype control antibody (produced in-house), 1 mg was injected 
intraperitoneally on days 3 and 10 of the experiment. In the experiment using mannan 
to antagonize CD206, Saccharomyces cerevisiae mannan (Sigma, Zwijndrecht, The 
Netherlands) was dissolved and 1 mg was given daily by oral gavage. One milligram 
per day was previously shown to suffice to neutralize CD206 and induce immune-
modulating effects in mice for similar carbohydrates (Rice et al. 2005). Mice were pre-
treated with mannan in the drinking water for 14 days before inducing DSS colitis. 
Mannan-containing drinking water was refreshed daily. Body weights were recorded 
daily. At the end of the study, mice were killed and organs collected. Wet weights of 
the spleen and colon were recorded together with the total length of the colon. Colon 
weight per 6 cm was used as a disease parameter. Faeces were scored as follows: (0) 
normal faeces, (1) soft pellets, (2) thin faeces, (3) watery diarrhea, and (4) bloody 
diarrhea. The score indicators for intestinal inflammation are summarized in 
Supplementary Table I.  
 
Histology  
The longitudinally divided colons were rolled, fixed in 4% formalin, and embedded in 
paraffin for routine histology. An experienced pathologist evaluated formalin-fixed 
hematoxylin tissue sections microscopically, in a blinded manner. Colons were 
evaluated and graded from 0 to 4 as an indication of incidence and severity of 
inflammatory lesions based on the extent of the area involved, the number of follicle 
aggregates, edema, fibrosis, hyperplasia, erosion/ ulceration, crypt loss and infiltration 
of granulocytes, and mono- nuclear cells as indicated in Supplementary Table I. The 
total inflammation score was calculated as the average score of the above.  
 
Fluorescent immunohistochemistry  
Sections were acetone-fixed and blocked in 10% normal rabbit serum for 15 min. 
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Slides were drained and incubated with purified monoclonal antibody 5D3 (AbD 
Serotec) or the rat isotype control at 10 μg mL-1 for 1 h. After washing in hosphate-
buffered saline (PBS), the sections were incubated with Alexa 568-labeled goat anti-rat 
IgG (Molecular Probes, Leiden, The Netherlands) for 1 h. After washing, the sections 
were incubated with fluorescein isothiocyanate-conjugated anti-mouse CD11b for 1h. 
Slides were washed and mounted in a medium containing 4,6-diamidino-2-
phenylindole (Vectashield, Burlingame, CA).  
 
Measurements of colonic cytokines  
Frozen colonic tissue was homogenized on ice in Greenberger Lysis Buffer (150mM 
NaCl, 15 mM Tris, 1 mM MgCl.6H2O, 1 mM CaCl2, and 1% Triton) with protease 
inhibitor cocktail from Roche (Woerden, The Netherlands; 11697498001), pH 7.4, 
diluted 1:1 with PBS. Cytokine levels of interleukin (IL)-12, interferon-γ (IFN-γ), TNF-α 
(tumor necrosis factor-α), IL-10, CCL2, and IL-6 were measured in homogenates using 
ELISA kits (R&D, Abingdon, UK) according to the manufacturer’s protocol.  
 
Lentiviral vector production and transduction  
Vesicular stomatitis virus-pseudotyped, third-generation lentiviral vectors (LVs) were 
produced by transient four-plasmid co-transfection into 293T cells and concentrated 
using ultracentrifugation, as described (De Palma and Naldini 2002). Expression titers 
of LVs expressing fluorescent proteins were determined on 293T cells by limiting 
dilution assays. LV stocks were stored at -80 °C.  
 
Primary mouse macrophage culture  
Bone marrow cells were isolated from tibiae and femurs of C57BL/6 and 
C57BL/6/Mrc1-/- mice. Cells were cultured for 8 days in RPMI-1640 (Invitrogen) 
supplemented with 100 U mL-1

 
penicillin/streptomycin (GIBCO Invitrogen), 2mM 

glutamine (Invitrogen, Bleiswijk, The Netherlands), 10% heat-inactivated fetal calf 
serum (FCS; GIBCO Invitrogen, Merelbeke, Belgium), and 15% (vol/vol) L929-cell-
conditioned medium as a source of macrophage colony-stimulating factor. Fresh 
medium was added on day 4 after isolation. On day 7 after isolation, cells were 
harvested with PBS containing 4 mg mL-1 lidocaine-HCl, plated at 107 macrophages in 
10-cm2 culture plates and differentiated into M2 macrophages by culture for 2 days in a 
medium containing 40 ng mL-1 IL-4 (Peprotech, London, UK).  
 
BMDM cell l ines  
We used the following mouse BMDM cell lines, which have been described recently in 
(Squadrito et al. 2014) (1) miR-511-3p cell line, which was obtained by stably 
transducing immortalized BMDMs (Squadrito et al. 2014)

 
with a LV overexpressing 

miR-511-3p (Squadrito et al. 2012). (2) miR-control cell line, which was obtained by 
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stably transducing immortalized BMDMs (Squadrito et al. 2014) with a LV expressing a 
mutated form of miR-511-3p (Squadrito et al. 2012). (3) miR-511-3p sponge cell line, 
used to knockdown miR-511-3p. This cell line was obtained by stably transducing 
immortalized BMDMs (Squadrito et al. 2014) with a LV expressing eight tandem 
sequences perfectly complementary to miR-511-3p (Squadrito et al. 2014). The robust 
overexpression of miR-511-3p target sequences detectably decreases endogenous 
miR-511-3p levels likely through a ‘miR sponge effect’ (Ebert and Sharp 2010; 
Squadrito et al. 2014). (4) miR-control sponge cell line, obtained by transducing 
immortalized BMDMs

 
(Squadrito et al. 2014) with a LV expressing scrambled miR-511-

3p antisense sequences (Squadrito et al. 2014). Transduced immortalized BMDM lines 
were cultured in RPMI-1640 (Invitrogen) supplemented with 100 U mL-1 

penicillin/streptomycin (GIBCO Invitrogen), 2 mM glutamine (Invitrogen), 10% FCS 
(GIBCO Invitrogen), and 20% (vol/vol) L929-cell-conditioned medium as a source of 
macrophage colony-stimulating factor. Before experiments, 107 macrophages were 
cultured in 10-cm2 culture plates and differentiated into M1 or M2 macrophages by 
culturing them for 2 days in a medium containing 50 ng mL -1 IFN-γ (Peprotech) or 40 
ng mL -1 IL-4 (Peprotech), respectively.  
 
Determination of macrophage metabolic activity  
One day prior to analysis, macrophage cell lines were plated in XF96 cell culture 
microplates (Bioscience, Leiden, The Netherlands) and polarized using 50 ng mL -1 

IFN-γ (Peprotech) and 10 ng mL -1 LPS for differentiation into M1 macrophages or 40 ng 
mL -1 IL-4 (Peprotech) for differentiation into M2 macrophages. After 24 h, the culture 
medium was replaced by unbuffered DMEM (Sigma) supplemented with 25 mM 
glucose and 200 mM glutamine. Cells were incubated at 37°C without CO2 for 1h to 
allow the medium temperature and pH to reach equilibrium. Subsequently, the oxygen 
consumption rate (OCR) and extracellular acidification rates were measured using a 
Seahorse Extracellular Flux (XF) Analyzer (Seahorse Bioscience, Copenhagen, 
Denmark), following the manufacturer’s instructions. Basal OCR and extracellular 
acidification rate as well as response to sequential incubation with oligomycin (15 μM), 
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP, 1.5 μM), and antimycin A 
(2.5 μM) with rotenone (1.25 μM) were recorded. Oligomycin is an ATP synthase 
inhibitor and differentiates oxygen consumption that is used for ATP synthesis from 
proton leak across the inner mitochondrial membrane. FCCP uncouples the proton 
transport from ATP synthesis, resulting in maximal oxygen consumption without 
mitochondrial ATP generation, reflecting the maximal respiratory capacity of the cells. 
The difference between maximal OCR (after addition of FCCP) and basal OCR is the 
mitochondrial spare respiratory capacity. Antimycin A and rotenone mix inhibits 
mitochondrial complex I and III, which interferes with the use of NADH for ATP 
synthesis. The antimycin A and rotenone-insensitive OCR reflects nonmitochondrial 
respiration, which was used to normalize OCR and extracellular acidification rate data.  
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LPS and faecal content st imulation  
Overall, 1.5 x 106 macrophages were plated in six-well tissue culture plates with RPMI 
containing 50 IU mL -1 penicillin, 50 IU mL -1 streptomycin, and 2 mM L-glutamine at 
37°C in 5% CO2. After 2 h, once macrophages had adhered, LPS (500 ng mL -1) or 
faecal supernatants were added and incubated with the cells for 4 h. Faecal 
supernatant was produced by suspending the contents of a mouse cecum in 50 mL 
PBS, which was subsequently filtered over a 40-μm filter and frozen at -20°C and used 
in a 1:1,000 dilution. After 24 h incubation, no growth of microorganisms was found in 
the wells and no cell death was observed by microscopic check for floating cells. 
Supernatants of cell stimulation were kept at -20°C till the determination of cytokine 
levels using ELISA kits (R&D) according to the manufacturer’s protocol. Cells were 
stored in Tripure (Roche) at -80°C for RNA isolation.  
 
Quantitat ive PCR  
Tlr2, Tlr4, Mcp1, Il6, Tnfα, and Ccl2 transcript levels were determined in macrophage 
lysates using quantitative polymerase chain reaction (qPCR). Two micrograms of RNA 
was treated with DNase (Promega, Leiden, The Netherlands) and reverse-transcribed 
with oligo (dT) and random primers and Superscript II reverse transcriptase 
(Invitrogen). One microliter of the complementary DNA (cDNA) solution was subjected 
to real-time qPCR in a Roche Lightcycler PCR, using Lightcycler SYBR Green (Roche). 
Expression levels were analyzed using the LinRegPCR software and normalized for 
housekeeping genes Hprt and Gapdh. To determine the levels of miR-511-3p in cells 
and tissue, cDNA was produced using the Universal cDNA synthesis kit II (Exiqon). 
Subsequently, 1μL of cDNA solution was subjected to real-time qPCR in a Roche 
Lightcycler PCR as above, using ExiLENT SYBR Green master mix (Exiqon, Vedbaek, 
Denmark). Expression levels were analyzed using the LinRegPCR software and 
normalized for human tissues using SNORD38B (a small nuclear RNA) and for mouse 
samples using 5S.  
 
Human macrophage culture  
Human monocytes were obtained from normal blood donor buffy coats by Ficoll-Paque 
PLUS (GE Healthcare, Breda, The Netherlands) separation. Monocytes were adhered 
to tissue culture plastic for 90 min, after which unattached cells were removed by 
washing with PBS. Macrophages were obtained by culturing monocytes in IMDM 
containing 100 U mL-1 penicillin/streptomycin (GIBCO Invitrogen), 2 mM glutamine 
(Invitrogen), 10% FCS (GIBCO Invitrogen) supplemented with 50 ng mL -1 IFN-γ 
(PeproTech; M1) or 40 ng mL -1 IL-4 (PeproTech; M2) for 4 days. Cells were detached 
using 10 mM EDTA and suspended in 48-well tissue culture plastic at 5 x 105 cells per 
well. Human macrophages treated with anti-TNF antibody (adalimumab) were 
produced as described (Vos et al. 2011). Briefly, PBMCs from two healthy donors were 
cultured in a 1:1 ratio in RPMI 1640 culture medium. After 48 h, cells were treated with 
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10 μg mL-1 anti-TNF antibody (adalimumab) for 7 days. Adalimumab-treated 
macrophages were isolated using CD14 microbeads according to the manufacturer’s 
protocol (Miltenyi Biotech, Leiden, The Netherlands).  
 
Isolation and sort ing of colonic lamina propria cells  
Colons of mice were removed and cleaned from fat and faeces. Colons were opened 
longitudinally, washed in PBS, and cut into 0.5-cm pieces. Colon pieces were washed 
several times by vigorous shaking in Hanks’ balanced salt solution (HBSS) (Invitrogen) 
with 2% FCS (GIBCO Invitrogen). Tissue pieces were incubated shaking for 20 min at 
37°C in calcium/magnesium-free HBSS supplemented with 2% FCS and 5 mM EDTA 
(Sigma). Tissues were washed with ice-cold PBS and subsequently cut into 0.1-cm 
pieces. Tissue pieces were incubated for 40 min under vigorous shaking at 37°C with 
calcium/magnesium-free HBSS supplemented with 2% FCS, 5 mg mL-1 Liberase 
Blendzyme (Roche), and 10 μg mL -1 DNAse (Roche). After complete digestion, the cell 
suspension was passed through a 100-μm cell strainer.  
Cells were stained for 30 min on ice in PBS containing 1% FCS, 0.5 μg mL-1 anti-
CD16/CD32 (FCblock, BD Pharmingen, Breda, The Netherlands), PerCP-conjugated 
anti-CD11c (Biolegend, Uithoorn, The Netherlands), APC-conjugated anti-Ly6C 
(eBioscience, Vienna, Austria), APC-Cy7-conjugated anti-CD45 (Biolegend), PE-Cy7-
conjugated anti-MHCIIa (Biolegend), fluorescein isothiocyanate-conjugated anti-Ly6G 
(Biolegend), PE-conjugated anti-CD64 (Biolegend), and Alexa700-conjugated anti-
CD11c (eBioscience). Cells were washed two times in PBS with 2% FCS. Cells were 
resuspended in 2 mL PBS with 2% FCS and 40 μg mL-1 RNAse inhibitor (Ribolock, 
Thermo Scientific, Breda, The Netherlands). Before sorting, 4,6-diamidino-2-
phenylindole Nucleic Acid Stain (Invitrogen) was added at a concentration of 0.5 μg 
mL -1. Cells were sorted using FACS Aria cell sorter (BD Bioscience), and monocyte, 
macrophage, and DC populations were collected in PBS with 2% FCS and 20 μg mL-1 

Ribolock. RNA was isolated using a miRNeasy micro kit (Qiagen, Venlo, The 
Netherlands) following the total RNA, including the miRNA isolation protocol.  
 
Biopsies from CD patients  
Crohn’s disease (CD) patients scheduled for colonoscopy because of clinical 
symptoms suggestive of active disease all gave informed consent before participation. 
The study protocol was approved by the Academic Medical Centre’s ethical 
committee. Patient characteristics are given in Supplementary Table II.  
Patients were included when active disease was observed during colonoscopy and/or 
imaging by CD disease activity index (CDAI), and new remission induction therapy was 
initiated. Before colonoscopy, blood for c-reactive protein determination, the CDAI, and 
IBD questionnaire (IBDQ) were obtained from every patient. During colonoscopy, the 
CDEIS was obtained and biopsies collected from inflamed and non-inflamed regions of 
the intestine. After 8 weeks, patients again completed the CDAI and IBDQ, and 
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donated blood. Furthermore, a second colonoscopy was performed after 8 weeks of 
induction therapy including scoring of the CDEIS and collection of biopsies of inflamed 
and non-inflamed regions, when applicable.  
Response to the induction therapy was determined primarily by the changes in CDEIS 
and secondly by c-reactive protein after 8 weeks of therapy. Furthermore, CDAI and 
IBDQ scores were obtained before and after 8 weeks. The CDEIS was considered to 
be ‘gold standard’; however, patients classified as ‘responders’ should show at least 
20% improvement on all activity scores. Patients were classified as ‘non-responders’ 
when CD activity scores remained equal or deteriorated after 8 weeks of therapy. 
Biopsies were completely immersed in RNAlater RNA stabilization reagent (Qiagen), 
and miRNA isolation was performed using the miRNeasy minikit (Qiagen) according to 
the manufacturer’s protocol.  
 
Statist ical analysis  
Data are expressed as mean±s.d. Statistically significant (P<0.05) differences between 
two groups were evaluated using a two-tailed unpaired t-test, when comparing multiple 
groups a one-way analysis of variance (ANOVA) with Bonferroni multiple comparison 
test was used.   
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RESULTS 
!CD206-deficient mice are protected against DSS-induced coli t is  
To address the role of CD206 in intestinal immune homeostasis, we first determined the 
presence of CD206-expressing cells in the colon lamina propria of wild-type (WT) 
mice. Around 2% CD45-expressing lamina propria cells express CD206 in healthy 
conditions. In the course of DSS-induced colon inflammation, the number of CD206-
expressing cells increased significantly (Figure 1A). In both healthy (Figure 1B) and 
colitic (Figure 1C) mice, CD206 and CD11b immunolabeling showed the clear 
presence of CD206-positive cells that co-stained with CD11b (Figure 1A and B). We 
next aimed to test CD206 involvement in colitis. Colitis in WT and Mrc1-/- mice was 
induced using DSS in the drinking water in an acute (7-day DSS) and chronic (30 days 
after start of DSS) colitis setting. Both WT and Mrc1-/- mice started losing weight on day 
5; weight recovery started on day 10, and on day 17 both groups of mice had regained 
100% of their initial body weight (Figure 2B). The course of colitis was determined at 3, 
7, and 30 days after DSS administration by determining colon weight and inflammation 
score. On day 7, we observed a significantly lower colon weight and lower 
inflammation score in Mrc1-/- mice compared with WT mice (Figure 2C and D), 
indicating that Mrc1-/- mice are protected from colitis. Histological inflammation scoring 
of the intestine showed that Mrc1-/- mice had a reduced influx of inflammatory cells, 
less crypt loss, and less epithelial erosion on day 7 (Figure 2D and D). Signs of 
inflammation were still noticeable on day 30 in WT mice, whereas Mrc1-/- mice had 
recovered from DSS colitis as indicated by significantly lower colon weight and lower 
inflammation scores at this time point of analysis.  
We next assessed more specific parameters of inflammation on day 7 of DSS colitis 
(Figure 2F). At this time point, WT mice often had soft and sometimes even bloody 
stools with a score of 2 and higher, whereas the faeces score of Mrc1-/- mice was close 
to untreated (non-colitis) mice, which have a score of 0 (Figure 2F). Pro-inflammatory 
cytokines were measured in colon lysates, showing that Mrc1-/- mice had significantly 
attenuated levels of CCL2 and IL-6 compared with WT (Figure 2F). Consistent with 
reduced colonic inflammation, colon infiltrates of CD45+CD11b+ CD11c+, 
CD45+CD11b+ CD11c- immune cells, were significantly reduced in Mrc1-/- mice 
compared with WT mice (Supplementary Figure 1 online). Together, these data 
indicate that Mrc1-/- mice, in comparison with WT mice, have reduced inflammatory cell 
infiltrates and histological signs of colitis, and thus are protected against colonic 
inflammation.  
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Figure 1. CD206 expression in healthy and inflamed mouse colon. (A) Flow cytometry 
analysis of the expression of CD206 in healthy mouse colon and in inflamed colon after 7 days of 
dextran sulfate sodium (DSS)-induced colitis. N = 3 for each group. A t-test was used for 
statistical analysis. *P < 0.05. (B) Fluorescent immunohistochemistry showing 4,6-diamidino-2-
phenylindole (DAPI), CD11b, and CD206 in the healthy intestine showing that CD206-expressing 
cells also express CD11b (arrowheads). Not all cells that express CD11b express CD206 
(arrows). (C) Representative image of inflamed colon after 7 days of DSS-induced colitis showing 
an increase in CD11b- and CD206-expressing cells in the lamina propria.  

A 

B 

C 
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Figure 2. CD206-deficient mice develop less dextran sulfate sodium (DSS)-induced 
intestinal inf lammation. (A) DSS colitis was induced by giving 1.5% (w/v) DSS in drinking 
water. Mice were killed after 3, 7, and 30 days to determine colon weight and inflammatory 
scores. (B) Body weights were measured as indication of disease severity in this model; weights 
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are shown as percentage of weight compared with those on day 1. (C) Colons were weighed as a 
measure of inflammation, shown as weight per 6-cm colon. (D) Colon inflammation scores were 
determined by an experienced pathologist. Colons were gradedfrom 0 to 4 points as indicated in 
Supplementary Table I. (E) Representative picture of WT and  Mrc1-/- colon after 7 days of DSS-
induced inflammation. In both groups, areas of cryptloss (asterisk) and edema were present 
(arrowheads). Gut-associated lymphoid tissue was found in areas of extensive inflammation 
(arrows). (F) Faeces scores and cytokine protein concentrations in colon lysates after 7 days with 
DSS. The sample means are indicated with a line. A t-test was used for statistical analysis. *P < 
0.05.  
 
 
Blocking CD206 does not affect the course of inf lammation.  
The carbohydrate recognition domains of CD206 mediate microbial recognition. We 
therefore hypothesized that blocking these domains would alternatively reduce 
intestinal inflammation and replicate the phenotype observed in Mrc1-/- mice. To this 
aim, we use both a blocking antibody and soluble Saccharomyces cerevisiae mannan 
to antagonize CD206 carbohydrate recognition. The antibody, 5D3, binds and blocks 
the carbohydrate recognition domains, which are involved in microbial recognition 
(Martinez-Pomares et al. 2003). Mice were given DSS in the drinking water from day 1 
up to day 7. On days 3 and 10, the mice received an intraperitoneal injection of 1-mg 
5D3 or isotype control (Figure 3A), a dose shown appropriate to neutralize CD206 
protein systemically (Martinez-Pomares et al. 2003). Intestinal inflammation was evident 
from body weight loss, compared with mice without DSS in their drinking water (Figure 
3B). No significant difference in body weight loss was found between mice treated with 
5D3 or isotype control antibody. Similarly, we found no difference between isotype-
treated and 5D3-treated WT mice in body weight, colon weight, and inflammation score 
in DSS colitis (Figure 3C). Next, we assessed the effect of blocking CD206 using 
soluble S. cerevisiae mannan. Mannan is widely used as an antagonist of CD206 to 
inhibit microbial recognition (Heinsbroek et al 2008; Miller et al 2008; Nguyen and 
Hildreth 2003; Van de Veerdonk et al. 2009). One milligram soluble S. cerevisiae 
mannan was given to the mice daily for 14 days by oral gavage, followed by 7-day DSS 
treatment (Figure 3D). No significant difference in body weight loss was found between 
vehicle and mannan-fed mice (Figure 3E). We also did not detect any difference 
between vehicle and mannan-fed mice in colon weight and inflammation score (Figure 
3F). Together, these data show that the carbohydrate recognition domain of CD206 is 
not involved in the pathogenesis of DSS-induced intestinal inflammation and that the 
lack of CD206 does not readily explain protection against colitis.   
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Figure 3. CD206 antagonists do not affect dextran sulfate sodium (DSS)-induced 
intestinal inf lammation. (A) DSS colitis was induced by giving 1.5% (w/v) DSS in drinking 
water. On days 3 and 10, mice were injected intraperitoneally with 1 mg 5D3 or isotype control 
antibody. After 12 days, colon weight and inflammatory scores were determined, n = 10 for mice 
receiving DSS and n = 5 for no DSS control. (B) Body weights were measured as an indication of 
disease severity in this model; weights are shown as percentage of weight compared with those 
on day 1. (C) Colons were weighed as a measure of inflammation, shown as weight per 6-cm 
colon and colon inflammation scores were determined by an experienced pathologist. Colons 
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were graded from 0 to 4 points as indicated in Supplementary Table I. (D) Mice were given 1 mg 
soluble Saccharomyces cerevisiae mannan a day for 14 days after which DSS colitis was induced 
by giving 1.5% (w/v) DSS in drinking water for 7 days, n = 8 for each group. (E) Body weights 
were measured at the end of this experiment as an indication of disease severity; weights are 
shown as percentage of weight compared with those on day 1. (F) Colons were weighed as a 
measure of inflammation, shown as weight per 6-cm colon, and colon inflammation scores were 
determined by an experienced pathologist. Colons were graded from 0 to 4 points as indicated in 
Supplementary Table I. The sample means are indicated with a line. A one-way analysis of 
variance (ANOVA) with Bonferroni multiple comparison test was used for statistical analysis. *P < 
0.05.  
 
 
CD206-deficient macrophages display a reduced pro-inf lammatory 
cytokine response compared with !  WT macrophages upon LPS stimulation  
!We next investigated cytokine production in response to microorganisms in CD206-
deficient macrophages. To study the role of CD206 in this process, mouse WT or Mrc1-

/- BMDMs were polarized into M1 (CD206low) or CD206high-expressing M2 macrophages 
by using either IFN-γ or IL-4, respectively. To simulate a microbial encounter, LPS was 
added to the cells. Mrc1-/- macrophages showed more than 50% reduced levels of Il6 
and Tnfα mRNA compared with WT, irrespective of their M1/M2 differentiation (Figure 
4A). Levels of Tnfα were similar between M1 and M2 macrophages, and Il6 levels were 
lower for M2 macrophages. Ccl2 mRNA levels were significantly higher in M2 
macrophages but no differences were found in Ccl2 levels between WT and Mrc1-/- 

macrophages. In contrast, Ccl2 levels were reduced in colon tissues from Mrc1-/- mice, 
compared with WT mice, in DSS-induced colitis, which likely represents reduced colitis 
in the Mrc1-/- mice. Interestingly, Mrc1-/- macrophages also showed reduced levels of 
Tlr2 and Tlr4 mRNA, in parallel with the reduced LPS responses (Figure 4B and C). 
Notably, Tlr2 levels were higher in M1 WT macrophages compared with Mrc1-/-, and 
Tlr2 levels were less abundant on M2 macrophages of either WT or Mrc1-/- genotype 
(Figure 4C). It has been shown that the mature miR-511-3p, located within the fifth 
intron of the mouse and human Mrc1/MRC1 genes, is the functional miRNA strand in 
the precursor (pre)-miR-511 (Squadrito et al. 2012; Wong and Wang 2014; Chang et al. 
2012). Inhibiting the pre-miR-511 has been shown to indirectly decrease Tlr4 levels in 
monocytes/macrophages (Tserel et al. 2011). Therefore, we hypothesized that miR-
511-3p, rather than CD206 itself, is responsible for the reduced inflammatory 
responses observed either upon LPS stimulation in Mrc1-/- macrophages or in DSS-
induced colitis in Mrc1-/- mice. We found that Mrc1-/- macrophages have at least five 
times lower levels of miR-511-3p than WT macrophages, irrespective of M1 or M2 
maturation (Figure 4D and E). This confirms that the activity of the Mrc1 gene positively 
co-regulates miR-511-3p expression and that genetic Mrc1 deletion abates miR-511-
3p expression in our model. Whereas CD206 was strongly upregulated in M2-polarized 
cells (Figure 4D), miR-511-3p expression increased in both M1 and M2 macrophages 
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compared with unstimulated cells (Figure 4E). Hence, in contrast to two earlier reports 
(Squadrito et al. 2012; Karo-Atar et al. 2014) the expression of miR-511-3p and CD206 
does not tightly correlate in our M1/M2 differentiation systems, possibly explained by 
differences in miRNA vs. protein stability and turnover, or the cytokine-polarisation 
protocol used. 
 

 
Figure 4. CD206-deficient macrophages produce less cytokine and contain 
reduced  levels of TLR2, TLR4 and miR-511-3p. (A) Bone marrow-derived macrophages 
(BMDMs) from wild-type (WT; black bars) or Mrc1-/- (white bars) mice were cultured for 2 days 
with interferon-γ (M1) or interleukin-4 (M2) and subsequently stimulated for 4 h with LPS. RNA 
levels of Ccl2, Tnfα, and Il-6 were measured in cell lysates. (B) Tlr4, (c) Tlr2, (d) Mrc1, and (e) 
miR-511-3p levels were determined in WT (black bars) or Mrc1-/- (white bars) BMDMs cultured for 
2 days with interferon-γ (M1) or IL-4 (M2). These data are representative for four independent 
experiments; error bars indicate the s.d. A one-way analysis of variance (ANOVA) with Bonferroni 
multiple comparison test was used for statistical analysis. *P < 0.05.   
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miR-511-3p is expressed in WT, but not in Mrc1 - / - macrophages  
We next examined the exact subpopulation of lamina propria mononuclear phagocytes 
that express CD206 and miR-511-3p. As CD206 expression is restricted to 
macrophage and DC populations (Martinez-Pomares 2012; Gordon and Martinez 
2010), we focused on colonic CD11b+ Ly6G- CD64- CD11c+ DCs, CD11b+ Ly6G- CD64+ 

Ly6C+ MHCII- monocytes, CD11b+ Ly6G- CD64+ Ly6C+ MHCIIa+ maturing monocytes 
and CD11b+ Ly6G- CD64+ Ly6C- MHCIIa+ macrophages, as established earlier (Figure 
5a) (Bain et al. 2013; Cerovic et al. 2014). No differences in the relative distribution of 
DC, monocyte, maturing monocyte, and macrophages in the lamina propria were 
found between WT and Mrc1-/- mice (Figure 5B—top graphs), indicating that Mrc1 
deficiency does not affect resident myeloid populations under control conditions. We 
found that mainly macrophages and, to a lesser extent, maturing monocytes expressed 
Mrc1, whereas monocytes and DCs express minimal levels of Mrc1. MiR-511-3p was 
only detected in macrophages (Figure 5B). Mrc1-/- macrophages are not only deficient 
for Mrc1 but also lack miR-511-3p (Figure 5b). Consistent with our BMDM experiments, 
expression of Trl4 was reduced in Mrc1-/- monocyte and macrophage subsets 
compared with WT, although this difference only reached significance in the Mrc1-/- 

monocyte fraction (Figure 5B).  
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Figure 5 !.  Mrc1 and miR-511-3p levels in colonic lamina propria cells. (A) Colonic 
CD11b+ CD64- CD11c+ DCs, CD11b+ CD64+ Ly6C+ MHCa- monocytes, CD11b+ CD64+ Ly6C+ 

MHCa+ maturing monocytes and CD11b+ CD64+ Ly6C- MHCa+ macrophages were isolated using 
flow cytometry sorting. Debri was excluded using FSC-H and SSC-A gating, followed by excluding 
doublets by FSC-A and FSC-H gating. Live leukocytes were selected as DAPI- CD45+. The 
resulting cells were then analyzed for CD11b, Ly6G, CD11c, CD64, MHCII, and Ly6C. (B) 
Percentage of colonic monocytes, maturing monocytes, dendritic cells (DCs), and macrophages 
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in mouse colons and levels of Mrc1, miR-511-3p, and Tlr4 in these populations. These data are 
representative for two independent experiments with 5–11 mice per group. Error bars indicate the 
s.d. A one-way analysis of variance (ANOVA) with Bonferroni multiple comparison test was used 
for statistical analysis. *P < 0.05.  
 
 
miR-511-3p regulates TLR4 expression levels  
To further investigate the role of miR-511-3p in the control of Tlr4 expression, we used 
immortalized BMDMs engineered to overexpress or knockdown miR-511-3p levels 
(Squadrito et al. 2014). MiR-511-3p knockdown was achieved using a ‘sponge’ LV 
overexpressing an antisense miRNA complementary to miR-511-3p, which prevents 
binding of miR-511-3p to its natural targets (Ebert and Sharp 2010; Squadrito et al. 
2014). 
We first assessed whether overexpression of miR-511-3p modulated functional 
characteristics attributed to M1 and M2 macrophages. We made use of the fact that 
M1- and M2- polarized macrophages are functionally and metabolically characterized 
by distinct bioenergetics profiles (Tavakoli et al. 2013). Glucose uptake and oxidative 
phosphorylation were, therefore, evaluated using an extracellular flux analyzer in 
mouse macrophages stably transduced with LVs (in order to overexpress scrambled or 
specific miR511-3p) and further polarized to M1 or M2. Moreover, we analyzed the M1 
and M2 signature genes Irf4, Irf5, and Arg (Lawrence and Natoli 2011). No differences 
in bioenergetics capacities (Supplementary Figure 1A–D) and Irf4, Irf5, or Arg1 gene 
expression (Supplementary Figure 1E) was observed in these assays. Together, these 
findings suggest that miR-511-3p does not directly modulate M1/M2 polarization, 
consistent with previous reports (Karo-Atar et al. 2014; Squadrito et al. 2014) although 
it may influence the functions of alternatively activated macrophages (Squadrito et al. 
2012).

  

 

We next examined whether miR-511-3p affects Tlr4 expression in our in vitro M1 and 
M2 cell cultures. Mrc1-/- displayed lower levels of Tlr4, which was shown previously to 
be indirectly upregulated by transfection of pre-miR-511 in monocytes (Tserel et al. 
2011). As CD206 is more highly expressed in macrophages than monocytes, we 
focussed on the former cells. Overexpression of miR-511-3p in immortalized 
macrophages enhanced the levels of Tlr4 by 50% (Figure 6A). Upon LPS stimulation of 
the cells, Il6, Tnfα, and Ccl2 mRNA levels increased by 50% or more compared with 
unstimulated cells (Figure 6B). When faecal supernatant was added to the cells, Tnfα 
and Ccl2 levels were also significantly increased in cells overexpressing miR-511-3p 
(Figure 6C). Conversely, immortalized macrophages in which miR-511-3p levels were 
knocked down showed reduced levels of Tlr4 at baseline (Figure 6D) and reduced 
levels of Il6, Tnfα, and Ccl2 upon LPS (Figure 6E) or faecal supernatant stimulation 
(Figure 6F). These data suggest that miR-511-3p influences macrophage responses to 
LPS by regulating Tlr4 levels. 
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Figure 6. MiR-511-3p regulates TLR4 expression levels. Macrophage cell lines 
transduced to overexpress miR-511-3p (black bars) or transduced with control vector (white bars) 
were cultured for 2 days with interleukin (IL)-4 (M2). (A) Subsequently, levels of Tlr4 mRNA was 
determined. Matured M2 macrophages were also stimulated with LPS (B) or faecal supernatant 
(C) for 4 h. Il-6, Tnfα, and Ccl2 levels were determined using quantitative polymerase chain 
reaction (qPCR) on cell lysates. (D) Macrophage cell lines transduced to knockdown miR-511-3p 
(white bars) or transduced with scrambled control vector (black bars) were cultured for 2 days 
with IL-4, after which levels of Tlr4 mRNA were determined. Macrophage cell lines matured into 
M2 macrophages were stimulated with LPS (E) or faecal supernatant (F) for 4 h. Il-6, Tnfα, and 
Ccl2 levels were determined using qPCR. These data are representative of three independent 
experiments, error bars indicate the s.d. A t-test was used for statistical analysis. *P < 0.05. 
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miR-511-3p in human Crohn’s disease patients  
Anti-TNF treatment is the end stage therapy in CD, and previous work suggests that 
anti-TNF treatment in CD patients induces the recruitment of regulatory CD206-positive 
macrophages that contribute to local healing in patients; such macrophages were not 
found in patients without mucosal healing (Vos et al. 2011; Vos et al. 2012). As our data 
demonstrate that miR-511-3p has a role in intestinal inflammation in mouse models, we 
examined the role of miR-511-3p in CD patients treated with the anti-TNF adalimumab.  
We first determined miR-511-3p levels in blood monocyte-derived macrophages that 
were either activated with IFN-γ or IL-4, or were matured in the presence of anti-TNF 
treatment, i.e., macrophages produced in a mixed lymphocyte reaction after adding 
anti-TNF (Vos et al. 2012). Consistent with previous studies (Squadrito et al. 2012), the 
human miR-511-3p sequence was undetectable in human M1 macrophages. 
Conversely, miR-511-3p levels were increased in M2 macrophages as well as in anti-
TNF-treated macrophages (Figure 7A). We subsequently determined the levels of miR-
511-3p in biopsies of eight CD patients before and after an 8-week treatment with anti-
TNF (adalimumab; patient characteristics can be found in Supplementary Table II). 
Biopsies were taken from both inflamed and non-inflamed areas. After 8 weeks of 
treatment, five patients responded to therapy according to their improved CD 
endoscopic index severity score (CDEIS), blood CRP determination, CDAI score, and 
IBDQ score, whereas three patients did not respond to treatment. Out of the 16 paired 
measured biopsies, we found that on treatment, miR-511-3p levels decreased in 11 
measurements and increased in 5 (Figure 7b). Notably, baseline levels of miR-511-3p 
were higher in non-inflamed tissue of responders compared with that of non-
responders, whereas at 8 weeks responders and non-responders had similar levels of 
miR-511-3p (Figure 7B). In 80% of the responders, miR-511-3p levels decreased in 
non-inflamed tissue (Figure 7B); on average, expression was reduced by fourfold in 
these tissues. Such changes were less pronounced in non-responders (Figure 7C). 
This expression pattern may be due to higher level of expression of miR-511-3p in 
responders at the start of therapy. Consistent with this notion, a higher percentage of 
CD206-positive macrophages prior infliximab treatment was found in patients 
responding to anti-TNF in an earlier study (Vos et al. 2012). Together, these data 
suggest that a decrease in expression of miR-511-3p in non-inflamed tissues may be 
associated with response to anti-TNF treatment, although, because of the limited 
number of patients included (three to five in each group), we could not find differences 
that reached statistical significance.  
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Figure 7. miR-511-3p levels in Crohn’s disease (CD) patient biopsy material.  (A) 
miR-511-3p levels were determined in healthy donor human monocyte-derived macrophages 
cultured with interferon-γ (M1), interleukin-4 (M2), or macrophages produced by a mixed 
lymphocyte reaction cultured with adalimumab (TNF-α). Bars represent relative miR-511-3p levels. 
Error bars indicate the s.d. A t-test was used for statistical analysis. *P < 0.05. (B) miR-511-3p 
levels were determined in biopsies from patients before and after adalimumab treatment. Biopsies 
were taken from both inflamed and non-inflamed areas and patients were categorized into 



159

Role of miR-511-3p in intestinal inflammation

7

treatment responders and non-responders. (C) Fold change of miR- 511-3p levels after 8 weeks 
of adalimumab treatment for inflamed and non-inflamed areas in treatment responders and non-
responders. A t-test was used for statistical analysis. *P < 0.05.  
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DISCUSSION 
CD206 is an endocytic receptor expressed by maturing monocytes and macrophages 
in the mouse colonic mucosa. In this study, we show that mice lacking the gene for 
CD206, Mrc1, display reduced sensitivity to DSS-induced colitis, a phenotype not 
mediated by the absence of CD206 itself but by the decreased expression of miR-511-
3p, a miRNA co-regulated with Mrc1 gene expression (Squadrito et al. 2012; Karo-Atar 
et al 2014). We show that Mrc1-/-

 
macrophages have reduced levels of miR-511-3p as 

well as reduced levels of Tlr4 and that miR-511-3p enhances the macrophage 
response to LPS by controlling Tlr4 levels. This report is the first to demonstrate that 
macrophage miR-511-3p expression mediates the course of experimental colitis. Mrc1-

/- mice were generated by inserting an enhanced green fluorescent protein (eGFP) 
complementary DNA (cDNA) at the CD206 start codon; the eGFP has its own stop 
codon, which abolishes CD206 expression (Lee et al. 2002). Several studies using 
Mrc1-/- mice suggest that CD206 is involved in ligand binding and subsequent 
responses (Lee et al. 2002; Court et al. 2010; Chavele et al. 2010; Heinsbroek et al 
2008). However, it is important to revisit these results, given that these effects may 
rather be caused by the reduced levels of miR-511-3p, which affects expression of 
other pattern recognition receptors (Martinez-Pomares 2012). In general, this warrants 
caution in the interpretation of studies using knockout mice, as phenotypes could be 
mediated by miRNAs hosted in the gene locus. Mrc1-/- mice have delayed clearance of 
serum lysosomal hydrolases, but otherwise appear healthy (Lee et al. 2002). In 
infection studies with different fungi or Leishmania, these mice showed no differences 
in disease severity compared with WT mice (Swain et al. 2003; Lee et al. 2003; Akilov 
et al. 2007); however, Mrc1-/- mice were protected in a crescentic glomerulonephritis 
model because of a requirement for CD206 in mediating FcR-mediated functions 
(Chavele et al. 2010). 
CD206 is involved in the presentation of mannosylated proteins to naive T cells and, as 
CD patients appear to have lost tolerance to mannan-exposing fungi, it is plausible that 
CD206 has a role in this process (Schaffer et al. 2007; Apostolopoulos et al. 2000). In 
the context of colitis, mannan, a major ligand of the CD206 that blocks its function, has 
been shown to reduce inflammation in 2,4,6-trinitrobenzenesulfonic acid colitis (Liu et 
al. 2008). CD206 has a role in microbial binding and, furthermore, has been shown to 
regulate subsequent cytokine responses and intracellular microbial killing (reviewed in 
Gazi and Martinez-Pomares 2009). As CD206 does not contain any known signaling 
motifs, it is likely that the CD206 is located in a signaling synapse enabling proximity by 
binding. This functionality would enable interaction with other pattern recognition 
receptors without the need for CD206 to induce its own signaling. In this study, we 
show that Mrc1-/- mice are less sensitive to experimental colitis compared with WT, 
whereas the in vivo application of a CD206-neutralizing antibody or an antagonist had 
no effect. We observed that Mrc1-/-  BMDMs have a reduced response to LPS 
associated with reduced levels of TLR4, an effect that may be explained by the 
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reduction of miR-511-3p. Consistently, blocking the miR-511 precursor (which 
produces both 3p and 5p mature strands) in human blood monocyte-derived DCs 
reduced TLR4 levels in these cells (Tserel et al. 2011). We now show that specifically 
the functional miRNA strand, miR-511-3p Squadrito et al. 2012; Wong and Wang 2014; 
Chang et al. 2012), regulates TLR4 RNA levels in mouse macrophages and likely 
controls the course of colitis.  
Although miR-511 was shown to regulate TLR4 expression (Tserel et al. 2011), this 
precursor miR-511 strand is increasingly recognized as a non-functional miRNA 
Squadrito et al. 2012; Wong and Wang 2014; Chang et al. 2012). On the other hand, 
TLR4 is not a predicted target of miR-511-3p according to Targetscan; therefore, it is 
likely that miR-511-3p downregulates a negative regulator of TLR expression. miRNAs 
are often fine-tuning regulators of several targets and hundreds of miR-511-3p targets 
can be found in databases; it is possible that other targets also have a role in 
inflammation and further studies are needed to determine this.  
The role of TLR4 has been studied extensively in experimental and human IBD. In the 
intestine, both immune cells and intestinal epithelial cells (IEC) express TLR4, which is 
important in maintaining barrier function and an optimal IEC proliferation (Wagner 
2012). In human studies, TLR4 is clearly upregulated during inflammation and various 
single nucleotide polymorphisms in the TLR4 gene have been implicated in CD (Cario 
2010). Mouse colitis studies show conflicting results of susceptibility and resistance in 
Tlr4-/-

 
mice (Cario 2008).

 
Upon DSS injury, TLR4-/- mice have aggravated disease 

(Rakoff-Nahoum et al. 2004; Fukata et al. 2005), caused by increased epithelial 
damage due to decreased epithelial proliferation (Rakoff-Nahoum et al. 2004). Several 
other studies show that TLR4 antagonists ameliorate inflammation in DSS-treated mice 
by reducing the inflammatory cell influx and reducing their pro-inflammatory cytokine 
and chemokine production (Ungaro et al 2009; Liu et al. 2010; Fort et al. 2005). In our 
experiments with Mrc1-/- mice, we found that TLR4 expression is reduced in 
macrophages. We also observed reduced influx and cytokine production during DSS-
induced inflammation, supporting the idea that TLR4 on inflammatory macrophages is 
detrimental during intestinal inflammation. As we now provide in vitro and in vivo data 
that miR-511-3p positively regulates TLR4 levels on macrophages, this may represent 
a therapeutic target for treating IBD patients.  
It was shown earlier that the upregulation of CD206, and miR-511-3p, is associated 
with the alternative activation of protumoral tumor associated macrophages (Squadrito 
et al. 2012). Similarly, we observed upregulated expression of CD206 along with 
miRNA-511-3p in human and mouse M2-polarized macrophages. We show that in the 
mouse colonic mucosa-maturing monocytes and macrophages express CD206 with 
only the later containing miR-511-3p. It is interesting to note that in IBD mucosa, the 
efficacy of treatment with TNF-neutralizing medication is associated with an enhanced 
expression of CD206 on regulatory macrophages found in responsive treated mucosa 
(Vos et al. 2011; Vos et al. 2012). In fact, it is suggested that the potential of anti-TNF 
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antibody ligation to give rise to CD206-positive regulatory macrophages is an 
explanation for the clinical effect of anti-TNF medication in IBD (Vos et al. 2011; Vos et 
al. 2012). In our study, we analysed the expression of miR-511-3p levels in CD patients 
treated with adalimumab, and correlated expression to the response rate of this 
treatment. We confirmed that anti-TNF-treated macrophages upregulated miR-511-3p 
expression in vitro. We did not find significant differences in miR-511-3p levels 
between responders and non-responders before or at 8 weeks into treatment. Overall, 
we did observe reduced miR-511-3p levels during anti-TNF treatment, which appeared 
more pronounced in non-inflamed biopsies of responding patients. However, patient 
numbers were not high enough for a sufficient power to achieve statistical significance. 
Whether miR-511-3p could serve as a predictive biomarker for response to anti-TNF 
treatment in IBD will be a subject of future studies.  
A recent study by (Puimége et al. 2015) suggested that Tnfrsf1a is a naturally 
occurring target of miR-511 passenger strand miR-511-5p. The authors found that 
selective miR-511-5p inhibition decreases survival of lethally TNF-α-treated mice. This 
observation may suggest that miR-511-3p and miR-511-5p may have complementary 
and/or opposite functions to regulate macrophage activation and inflammatory 
responses. Thus, while miR-511-3p promotes expression of pro-inflammatory cytokines 
in macrophages, miR-511-5p might downregulate TNFR1 and thus attenuate 
inflammation (Puimége et al. 2015). However, experiments using reporter vectors to 
measure miRNA activity, as well as miRNA expression analysis using qPCR, have 
shown that miR-511-3p is the active and more expressed strand of pre-miR-511 in IL-4-
polarized macrophages, tissue macrophages and tumor-associated macrophages 
(Squadrito et al. 2012). In agreement with these initial findings, the current version of 
the miRNA registry miRBASE (v21, year 2015) shows that out of the 6229 reads 
mapped in the mouse miR-511 locus, 129 reads correspond to the -5p strand and 
5,606 reads correspond to the -3p strand (Griffiths-Jones 2004). Together, these data 
suggest that miR-511-3p is the most abundant, and likely only active, strand of pre-
miR-511. However, it cannot be excluded that in selected cell types and/or 
differentiation/activation states, miR-511-5p may function as the active product of pre-
miR-511. Further studies are, therefore, warranted to understand whether miR-511-5p 
and miR-511-3p differentially modulate inflammatory responses in different contexts, 
and the underlying mechanism of strand selection during pre-miR-511 processing.  
To avoid excessive inflammation while enabling protection against pathogens, 
inflammatory responses to LPS need to be tightly regulated, particularly in the intestine. 
We found that miR-511-3p is an unexpected regulator of this process, and as such is a 
potential mediator of inflammation in the colon and the course of IBD.  
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SUPPLEMENTARY INFORMATION 
 

 
Supplementary f igure 1. Colonic lamina propria cells in mouse colon. Cells were 
isolated from mouse colons and stained for CD45, CD11b, CD11c and GR1. The percentage of 
CD11b+CD11c+, CD11b+CD11c- and CD11b+GR1+ cells was determined in healthy colons and 
after 7 days of DSS. Black bars represents WT data and white bars represent data from Mrc1-/- 
mice. Error bars indicate the SD. A one-way ANOVA with Bonferroni multiple comparison test was 
used for statistical analysis. *, p < 0.05. 
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Supplementary f igure 2. MiR-511-3p does not affect macrophage differentiation. 
(A) Mitochondrial bioenergetics showing real-time analysis of oxygen consumption rate (OCR) for 
M1 and M2 differentiated macrophages for both miR-511-3p overexpressing macrophages and 
control macrophages. (B) Oxidative phosphorylation versus glycolysis ratios in M1 versus M2 
macrophages in control and miR-511-3p overexpressing macrophages. (C) Real-time analysis of 
OCR for M1 and M2 differentiated macrophages for both miR-511-3p sponge expressing 
macrophages and control macrophages. (D) Oxidative phosphorylation versus glycolysis ratio for 
M1 and M2 macrophages in control and sponge expressing macrophages. (E) mRNA levels of 
Irg5, a M1 specific marker, and the M2 specific markers Irf4, and Arg1. This was done in M1 and 
M2 macrophages with either miR-511-3p overexpression or control vector. Error bars indicate the 
SD. A one-way ANOVA with Bonferroni multiple comparison test was used for statistical analysis. 
*, p<0.05.  
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Supplementary table 1. Colit is total inf lammation score 

 
The total inflammation score was determined by the average score of the following criteria: area 
involved, the number of follicle aggregates, oedema, fibrosis, hyperplasia, erosion/ulceration, 
crypt loss and infiltration of granulocytes and mononuclear cells. 
  

Score 0 1 2 3 4 

Area involved 0% 1-10% 10-25% 25-50% > 50% 

Foll icles 
Normal 

(0-1) 
Minimal  

(2-3) 
Mild  
(4-5) 

Moderate  
(6-7) 

Severe 
(>7) 

Edema Absent Minimal Mild Moderate Severe 

Fibrosis Absent Minimal Mild Moderate Severe 

Erosion/ 
ulceration 

0% 1-10% 10-25% 25-50% >50% 

Crypt loss 0% 1-10% 10-25% 25-50% > 50% 

Granulocytes Normal 
Minimal 
increase 

Mild increase 
Moderate 
increase 

Severe 
increase 

Mononucl. 
cells 

Normal 
Minimal 
increase 

Mild increase 
Moderate 
increase 

Severe 
increase 
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Supplementary table 2. Patient characterist ics at baseline and after 8 weeks of 
treatment 

 Responder
s 
(n=5) 

Non-
responders 
(n=3) 

P-value  

Age at inclusion  
(mean years, ±SD) 

37.3 (13.2) 41.6 (20.5) 0.65# 

Gender  
(% female) 

40 33 0.85## 

Disease duration at inclusion  
(mean years, ±SD) 

13.2 (10.4) 15.6 (12.9) 0.66# 

Montreal classif ication* (n) 
- A1 / A2 / A3  
- L1 / L2 / L3 / L4  
- B1 / B2 / B3 / +p 

 
1/4/0 
4/1/0 
3/1/1/+1 

 
0/3/0 
1/1/1 
0/1/2/+1 

 
- 
- 
- 

Anti-TNF therapy before start ** 
(n) 

1 1 0.67 ## 

Concomitant medication (n) 
- Budesonide 

 
1 

 
0 

 
- 

CRP (baseline)  
Mean (SD) 

14.3 (8.0) 18.0 (20.0) 0.71# 

CRP (T= 8 weeks)  
Mean (SD) 

2.2 (1.8) 10.2 (8.1) 0.07# 

CDEIS (baseline)  
Mean (SD) 

11.5 (4.6) 8.4 (8.3) 0.51# 

CDEIS (T= 8 weeks) 
Mean (SD) 

4.6 (2.7) 6.1 (2.3) 0.46# 

CDAI (baseline)  
Mean (SD) 

161.0 (60.6) 162.1 (150.1) 0.99# 

CDAI (T= 8 weeks) 
Mean (SD) 

86.8 (53.7) 162.4 (122.7) 0.31# 

IBDQ (baseline)  
Mean (SD) 

154.8 (19.2) 147.0 (10.4) 0.55# 

IBDQ (T= 8 weeks) 
Mean (SD) 

192.8 (13.8) 75.0 (46.0) 0.49# 

 
* Montreal classification: Age at diagnosis: A1: <17 years, A2: 17–40 years, A3: >40 years; 
Maximal location of disease: L1: ileal, L2: colonic, L3: ileocolonic, L4: upper disease; Maximal 
disease behaviour: B1: non-stricturing, non-penetrating, B2: stricturing, B3: penetrating, p: 
perianal disease. 
** Previous use of anti-TNF ended at least one year before the start of the current induction 
therapy. #t-test; ##Chi-square test  
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