Immunology

The Journal of cells,

les, systems and technol

« British Society for

mmunologﬂ

WA ANIOIROIeA @ ORIGINAL ARTICLE

miR-155 deficiency protects mice from experimental colitis by
reducing T helper type 1/type 17 responses
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Introduction

Summary

Inflammatory bowel disease (IBD), a chronic intestinal inflammatory con-
dition that affects millions of people worldwide, results in high morbidity
and exorbitant health-care costs. The critical features of both innate and
adaptive immunity are to control inflammation and dysfunction in this
equilibrium is believed to be the reason for the development of IBD.
miR-155, a microRNA, is up-regulated in various inflammatory disease
states, including IBD, and is a positive regulator of T-cell responses. To
date, no reports have defined a function for miR-155 with regard to cellu-
lar responses in IBD. Using an acute experimental colitis model, we found
that miR-155"'" mice, as compared to wild-type control mice, have
decreased clinical scores, a reversal of colitis-associated pathogenesis, and
reduced systemic and mucosal inflammatory cytokines. The increased fre-
quency of CD4" lymphocytes in the spleen and lamina propria with dex-
tran sodium sulphate induction was decreased in miR-155"'" mice.
Similarly, miR-155 deficiency abrogated the increased numbers of inter-
feron-y expressing CD4" T cells typically observed in wild-type mice in
this model. The frequency of systemic and mucosal T helper type
17-, CCR9-expressing CD4" T cells was also reduced in miR-155"'" mice
compared with control mice. These findings strongly support a role for
miR-155 in facilitating pro-inflammatory cellular responses in this model
of IBD. Loss of miR-155 also results in decreases in T helper type 1/type
17, CD11b" and CDI11c' cells, which correlated with reduced clinical
scores and severity of disease. miR-155 may serve as a potential therapeu-
tic target for the treatment of IBD.

Keywords: Crohn’s disease; inflammatory bowel disease; miR-155"'""; T
helper type 1/type 17; ulcerative colitis.

immune responses, the overall mechanism responsible for
IBD is believed to involve a complex interplay between

Inflammatory bowel disease (IBD), a relapsing inflamma-
tory condition of unknown aetiology, is characterized as a
common yet serious chronic condition of the human
bowel. Although the exact cause of IBD remains unknown,
epidemiological and experimental studies suggest that
both environmental and genetic factors associated with
dysregulation of the mucosal immune system are involved
in the pathogenesis of this disease.' > Mucosal changes in
IBD are characterized by prominent infiltration into the
colon of various cells, including T lymphocytes, macro-
phages and neutrophils. Although chronic IBD inflamma-
tion is maintained by T helper type 1 (Thl) -driven

varieties of inflammatory mediators. Recently, Th17 infil-
trating cells have received significant attention because
increased expression of these cells is evident in patients
with Crohn’s disease, as well as experimental models of
colitis.*® However, the function of interleukin-17 (IL-17)
in intestinal inflammation remains controversial, as IL-17
has been shown to be important in both inducing and
abating chemically induced colitis in mice.”®

MicroRNAs (miRNAs) are endogenous small RNA
molecules of 22 nucleotides in length that post-transcrip-
tionally regulate multiple genes by binding to target
mRNAs, thereby inhibiting their translation. To date,
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more than 100 miRNAs have been identified in cells of
the innate and adaptive immune systems. Given its recent
association with the regulation of immune function, as
well as cancer development,9 miR-155 has received a
great deal of interest. For example, miR-155 has been
reported to be expressed by both B and T lymphocytes,
as well as macrophages, following bacterial and viral
activation.'™"! In addition, miR-155""" mice exhibit an
impaired immune response to various pathogens and
immunizations, demonstrating an alteration in Th cell
subset polarization.'” In monocytes, miR-155 expression
increases after Toll-like receptor activation.'> Upon matu-
ration, this expression similarly increases in various
subsets of mouse and human dendritic cells (DCs) in
response to various Toll-like receptor ligands and inter-
feron-o. (IFN-2).'*!> Moreover, DCs lacking miR-155 fail
to effectively activate T cells.'” These findings suggest that
miR-155 is critically important in T-cell and monocyte
activation, as well as in DC maturation.

Increased expression of miR-155 has been reported in
many inflammatory diseases, including ulcerative colitis
and Crohn’s disease.'®'” However, relatively little is known
about the capacity of miR-155 to regulate mucosal immu-
nity, particularly in IBD.'® Therefore, during the genesis
and effector phases, we examined the role of miR-155 in
intestinal inflammation in an experimental model of colitis.
Using miR-155-deficient and BL/6 mice, we examined
and characterized the cellular populations known to take
prominent roles in experimental colitis development,
including Th1/Th17, CCR9, macrophages and DCs.

Materials and methods

Animals

Our research team bred female miR-155"'" mice on a
C57BL/6 background. Female wild-type C57BL/6 mice,
aged 8-12 weeks, were purchased from Jackson Laborato-
ries (Bar Harbor, ME). Animals were housed at the Uni-
versity of South Carolina’s School of Medicine Animal
Facility. To minimize their pain and distress, mice were
maintained in isolator cages under normal light and dark
cycles and conventional housing conditions. Experimental
groups consisted of six mice; studies were repeated at
least three times. The University of South Carolina’s
Institutional Animal Care and Use Committee approved
all animal experimentation used in this study.

Colitis induction by dextran sodium sulphate

Experimental colitis was induced using dextran sodium
sulphate (DSS) as previously described.'” Briefly, 8-12-
week-old miR-155""" mice and C57BL/6 mice received
either plain water or drinking water containing 1% DSS
(MP Biomedical, LLC, Solon OH) ad libitum for 7 days,

miR155~/~ protected from experimental colitis

followed by 7 days of plain water. This routine was
repeated for three cycles totalling 42 days. The body
weight of mice was monitored every 2 days after the initi-
ation of DSS. Other symptoms of sickness, including
diarrhoea, stool consistency and blood in faecal matter
were monitored during this time. At the end of the
experimental period, blood was collected and colon sam-
ples were washed with PBS, cut longitudinally, fixed in
formalin, and embedded in paraffin.

Cell isolation

At the experimental end point, spleens and mesenteric
lymph nodes (MLN) from individual mice in all groups
were dissociated; red blood cells were lysed using lysis buf-
fer (Sigma, St Louis, MO). After centrifugation, single-cell
suspensions of spleen and MLN were passed through a
sterile filter (Sigma) to remove any debris. Subsequently,
cell suspensions were washed twice in RPMI-1640 (Sigma)
and stored in medium containing 5% fetal bovine serum
on ice or at 4° until later use on the same day. Cells from
the intestinal lamina propria (LP) were isolated as
described previously.”® In brief, the small intestine/colon
was cut into 1-cm strips and stirred in PBS containing
1 mm EDTA at 37° for 30 min. The intestinal tissue was
digested with collagenase type IV (Sigma) in RPMI-1640
(collagenase solution) for 45 min at 37° with moderate
stirring. After each 45-min interval, the released cells were
centrifuged and stored in complete medium. Mucosal
pieces were again treated at least twice with fresh collage-
nase solution and cells were then pooled. LP cells were
further purified using a discontinuous Percoll gradient
(Pharmacia, Uppsala, Sweden) collecting at the 40-75%
interface. Lymphocytes were maintained in complete med-
ium as described in detail in our earlier publications.'**'

Flow cytometry staining and analysis

Cells from the spleen, MLN and LP for each experimental
group were isolated as described in the preceding section.
For three- to four-colour FACS cell-surface antigen stain-
ing, cells were pre-blocked with Fc receptors for 15 min at
4°. The cells were washed with FACS staining buffer (PBS)
with 1% fetal bovine serum, then stained with the manu-
facturer’s suggested concentration for FITC- or allophyco-
cyanin-conjugated anti-CD4 (GK1.5) (Biolegend, San
Diego, CA), CD11b (M1/70) (BD-PharMingen, San Diego,
CA), FITC-conjugated IFN-y (XMG-1-2) (e-Bioscience,
San Diego, CA), phycoerythrin (PE) -conjugated anti-IL-
17A monoclonal antibody (TC11-18H10.1) (Biolegend),
PE-conjugated anti-mouse CCR9 (clone 242503; R & D
Systems, Minneapolis, MN) and PE-conjugated anti-
mouse CD11c (HL3) (BD-PharMingen) for 30 min at 4°
with occasional shaking. The cells were washed twice with
FACS staining buffer and thoroughly re-suspended in BD
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Cytofix/Cytoperm (BD-PharMingen) solution for 20 min.
The cells were again washed twice with BD perm/wash
solution after storage for 10 min at 4°. Intracellular stain-
ing for IFN-y and analysis was performed according to the
BD Bioscience protocol. Cells were then washed thor-
oughly with FACS staining buffer and analysed by flow
cytometry (FC 500 by Beckman Coulter, Fort Collins
CO).

Systemic cytokine measurement by Luminextm analysis

Levels of T helper cell-derived cytokines IL-6, tumour
necrosis factor-a (TNF-o), IL12-p40, IL12-p70, IL-17 and
IFN-y in the serum were determined using a luminex
ELISA kit (Bio Rad, Hercules, CA). In brief, IL-6, TNF-o,
IL-12-p40, IL-12-p70, IL-17 and IFN-y analyte beads con-
tained in assay buffer were added to pre-wetted vacuum
wells followed by 50 pl of assay beads. The buffer was
then removed and the wells underwent a wash cycle.
Next, 50 pl of standard or serum was added to each well
and the plate was incubated for 1 hr and subjected to
continuous shaking (at setting #3) using a Lab-Linerm
Instrument Titer Plate Shaker (Melrose, IL). The filter
bottom plates were then washed and vortexed at 300 g
for 30 seconds. Subsequently, 25 pl of anti-mouse detec-
tion antibody was added to each well and incubated for
30 min at room temperature. Then, 50 pl of streptavidin-
phycoerythrin solution was added and each plate was
again incubated for 10 min at room temperature with
continuous shaking. We then added 125 pl of assay buf-
fer; we measured BioRadt™m readings using a Luminext™
System (Austin, TX) and calculated using BioRad soft-
ware. The Ab BioRadtv Multiplex Analysis Pathways
(MAP) assays are capable of detecting > 10 pg/ml for
each analyte.

Systemic IL-23 and latent transforming growth factor-f
ELISA

Serum IL-23 and latent transforming growth factor-f
(TGEF-p) levels were determined by an ELISA kit, accord-
ing to the manufacturer’s protocol (Biolegend). In brief,
after washing of pre-coated wells with 300 pl of washing
buffer, 50 pl of serum sample (undiluted for IL-23 and
1 : 50 dilution for latent TGF-f3), standards, and 50 pl of
assay buffer were added to appropriate wells. Micro-plates
were covered and incubated for 2 hr at room temperature
with constant shaking. After washing with the wash buf-
fer, 100 ul of mouse detection antibody was added to
micro-plate wells, which were then incubated with con-
stant shaking for 1 hr at room temperature. After wash-
ing with buffer, 100 pl of avidin-HRP A (IL-23) and
avidin-HRP D (TGF-f) were added and samples were
incubated for 30 min at room temperature. After washing
with buffer, 100 ul of substrate solution (E for IL-23) and

substrate (D for TGF-f§) were added to the wells and
incubated at room temperature for 20 min. After that,
the reaction was stopped by adding stop solution, and
the plates were read at 450 nm.

miR-155 gene expression after DSS induction

Briefly, at the end of experiments spleen cells were iso-
lated from mice in all groups. The cells were stained with
CD4 antibody and sorted on the FACS Aria II sorter.
After purity was checked, more than 96% pure cells were
used for total RNA isolated from CD4" T cells using a
Qiagen miRNeasy Mini Kit (Valencia, CA) according to
the manufacturer’s instructions. RNA was reverse tran-
scribed into cDNA using a TagMan® MicroRNA reverse
transcription kit (Applied Biosystems, Foster City, CA).
Briefly, RNA was reverse transcribed into ¢cDNA in a 15-
pl reaction volume containing 5 pl RNA (100 ng) in
RNase-free water, 1-5 pl 10 x room temperature buffer,
0-15 pl  deoxyNTPs mixture, 0-19 ul RNase inhibitor,
1-0 pl multiscribe reverse transcriptase (50 U/ul), 4-16 pl
RNase-free water, and 3 pl of primers [either snoRNA202
(as an internal control) or mmu_miR-155 (Applied Bio-
systems)]. Reverse transcription was performed at 16° for
30 min, 42° for 30 min and 85° for 5 min, followed by
quick chilling on ice and storage at —20° until subsequent
amplification. Quantitative real-time RT-PCR analysis was
performed according to the manufacturer’s instructions
(Applied Biosystems). DNA amplification was carried out
in 10-00 pl Tagman Universal PCR Master Mix (AmpliT-
aq Gold DNA Polymerase, Passive Reference 1, buffer,
dNTPs, AmpErase UNG), 1-33 pl cDNA, 7-67 pl RNase-
free water, and 1-00 pl primer [either snoRNA202 (inter-
nal control) or mmu_miR-155 in a final volume of 20 pl/
well]. Samples were loaded in a MicroAmp 96-well reac-
tion plate. Plates were run using the Applied Biosystems
Sequence Detection System. After 2 min at 50° and
10 min at 95°, samples were co-amplified by 40 repeated
cycles, one of which consisted of a 15-second denaturing
step at 95° and a 1-min annealing/extending step at 60°.
Data were analysed with Applied Biosystems software
using the cycle threshold, which is the value calculated
and based on the time (measured by PCR cycle number)
at which the reporter fluorescent emission increases
beyond a threshold level based on the background fluo-
rescence of the system. This reflects the cycle number at
which ¢cDNA amplification is first detected. Samples were
run in duplicate.

Histology

The colon was preserved using 10% buffer neutral forma-
lin followed by 4% paraformaldehyde, then embedded in
paraffin. Fixed tissues were sectioned at 6 pm and stained
with haematoxylin & eosin for microscopic examination.
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Intestinal sections were graded according to the number
and severity of lesions.

Quantifying inflammatory score

The histological slides from intestinal tissues and livers
(quality control) were examined and scored by two indi-
viduals in a blinded fashion. A score (0-12) was given
based on previously established criteria.”® The summation
of scores provided a total colonic disease score per
mouse. Inflammation was graded by extent (focal, multi-
focal, diffuse or extensive areas) and depth or penetration
of inflammation (into the lamina propria, submucosa
and subserosa), then given a numerical value of 0-12
based on the following criteria: grade 0, no change
observed from normal tissue; grade 1, 1 to few multifocal
mononuclear cell infiltrates in the lamina propria, mini-
mal hyperplasia; grade 2, intestinal lesions involved with
several multifocal, mild inflammatory cell infiltrates in
the lamina propria; grade 3, lesions with moderate
inflammation and epithelial hyperplasia; grade 4, inflam-
mation involves most of the intestinal sections. The sum-
mation of these scores provided a total colonic disease
score that ranging from 0 to 12, with grade 4 lesions in
proximal, middle and distal colon segments.

Statistics

The data are expressed as the mean £ SEM and com-
pared using a two-tailed Student’s -test, analysis of vari-
ance, and/or an unpaired Mann-Whitney U-test. The
results were analysed using the Starview II statistical pro-
gram (Abacus Concepts, Berkeley, CA) for Macintosh
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computers, and were considered statistically significant if
P values were < 0-05.

Results

Changes in body weight during experimental colitis

Previous studies have suggested that a reduction in body
weight is the hallmark for monitoring the severity of
experimental colitis. Here, we examined the effect of DSS
on changes in body weight in miR-155""", wild-type, and
naive (i.e. with no DSS exposure) C57BL/6 mice. Because
we observed no significant changes in body weight in
naive C57BL/6 mice throughout the study, statistical
comparisons were made only between the miR-155"""
and wild-type mice given DSS exposure. In wild-type
mice, the development of chronic colitis was shown by
c.14-17% decreases in body weight, which continued to
decline throughout the study (Fig. 1). These mice also
had occasional rectal bleeding. In contrast, miR-155"~
mice had modest decreases in body weight and little or
no evidence of rectal bleeding. These results suggest that
miR-155 deficiency abrogates colitis-induced weight loss
in these mouse cohorts.

Alterations in T-helper cell responses in miR-155"""
mice after DSS induction

Previous studies have shown that T cells express the miR-
155 transcript following bacterial or viral challenge and
activation.'? Further, miR-155 deficiency has been linked
to impairments in immune pathways related to antigen
presentation and T-cell immunity.'®'* Given that miR-155

BL/(i mice

Mir1557 mice
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Figure 1. Change in body weight of BL/6, wild-type, and miR-155"'" mice after dextran sodium sulphate (DSS) exposure. Control BL/6, wild-

type and miR-155""~

mice were given no treatment (m control). Others were given DSS alone (1%) in drinking water for 7 days (o wild-type

mice; 0 miR-155"'" mice). After 7 days, DSS was replaced with a water cycle (ad libitum) for another 7 days. This was repeated for two more

cycles of 7 days. The body weight of mice was recorded every 2 days. Changes in body weight were expressed as the percentage of baseline body

weight. The statistical significance between values for each group was assessed by analysis of variance. Data represent the mean of three experi-

ments involving six mice per group (n = 18).
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can influence T-cell responses and that Thl activity is
thought to be a hallmark of colitis progression, we exam-
ined these mice for the presence of CD4" T-cell subpopula-
tions in the spleen, MLN, and LP, using flow cytometric
analysis. After DSS induction, the frequency of CD4" T
cells increased in the spleen and LP of wild-type mice com-
pared with naive mice; however, no increases were
observed in miR-155""" mice (Fig. 2a). Conversely, upon
DSS exposure, the percentage of CD4" T cells in MLN
declined in wild-type mice compared with naive BL/6 mice,
while this effect was not evident in miR-155"" mice.

Next, we examined the numbers of Thl cells in these
mice. As shown in Fig. 2b, irrespective of the tissue site
examined, the number of CD4" T cells expressing IFN-y
was lower in miR-155"'" mice than in wild-type mice
(Fig. 2b). These findings clearly indicate that in wild-type
mice, DSS-induced colitis leads to a considerable increase
in the Thl response and the percentages of T-helper
lymphocytes in the spleen and LP, but decreases the

frequency of CD4" T cells in the MLN. However, using
miR-155"'" mice, the DSS-induced increase in CD4" T
lymphocytes in the spleen and LP, as well as the decrease
in MLN, was abrogated.

miR-155"'" mice demonstrate impairment in the
Th17 response associated with colitis

The expression of both mucosal and systemic Th17 (IL-17A)
CD4" cells decreased in the spleens and LP of miR-155"~
mice compared with wild-type mice (Fig. 3a). In contrast,
we found an increase in Th17 cells in the MLN of miR-
155"~ mice compared with wild-type mice. We found a
significant decline in the number of Th17-expressing CD4"
T cells in the spleens and LP of miR-155"'" mice compared
with those in wild-type mice (Fig. 3b). However, we again
found significant increases in the numbers of Th17 cells in
MLN of miR-155"'" mice. The altered numbers and fre-
quency of Th17 cells in MLN with miR-155"'" suggests
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Figure 2. Changes in CD4" T cells and T helper type 1 (Thl) response after dextran sodium sulphate induction. Spleen cells, mesenteric lymph

nodes (MLN) and lamina propria (LP) lymphocytes were isolated from three groups of mice as described in Fig. 1, stained for CD4" and inter-

feron-y (IFN-y) cell markers, and analysed by flow cytometry. The numbers in the lower right quadrant indicate the total percentage of CD4" T

cells (a). The changes in the number of IFN-y-expressing CD4" T cells are shown in (b). Data from a representative of three independent experi-

/—

ments involving six mice per group are shown. Asterisks indicate statistically significant differences between wild-type and miR-155""" groups;

*P < 0-01.
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Figure 3. miR-155"'" mice show diminished expression of interleukin-17A" (IL-17A") expressing CD4" T cells. Spleen, mesenteric lymph nodes

(MLN) and lamina propria (LP) lymphocytes were isolated from all groups of mice at the experimental end point, as described in Fig. 1.

Changes in the frequency and expression of IL-17A" expressing CD4" T cells from spleen lymphocyte, MLN and LP are shown in (a). The num-
bers in the upper right quadrant indicate the total percentage of IL-17A" cells (a). Changes in the number of CD4" T cells expressing IL-17A are

shown in (b). Experiments involved six mice per group. Asterisks indicate statistically significant differences between wild-type and miR-155"/"

groups; i.e. *P < 0-01.

that these cells increase at the inductive stage of colitis in
response to DSS, but do not migrate to the LP to carry out
their effector functions.

miR-155""" mice show diminished CD11b* and
CD11c" responses

It has been shown that miR-155 expression is up-regu-
lated upon activation of macrophages'® and monocytes in
response to TLR."> Moreover, given that DCs lacking
miR-155 fail to activate T cells effectively,'” miR-155 up-
regulation appears to be a defining feature in DC matura-
tion and function. Based on these findings, we next
examined the changes in numbers of CDI11b" and
CD11c" cells in wild-type and miR-155"'" mice in
response to DSS-induced colitis. miR-155"'"" mice, as
compared to wild-type mice, showed decreased frequency
of both CD11b" and CDI11c" cells in the spleen and
MLN (Fig. 4). However, we observed a slight increase in
CD11c" cells in the LP of miR-155"'" mice as compared
to wild-type mice. This finding indicates that miR-155'"
mice experience a decline in their populations of CD11b"
and CD11c¢" cells after colitis induction, suggesting a

mechanism that possibly contributes to the observed
decrease in colitis in these mice.

Systemic cytokine levels did not change in miR-155"""
mice

It has been shown that IL-12, IL-23 (with a IL-12p40
subunit) and IFN-y are critical in the induction and
progression of colitis.”*** Increased expression of TNF-x,
IL-6 and IL-17 in inflammatory diseases, including IBD
and experimental colitis, has been well documented.***
Therefore, we next determined whether miR-155 defi-
ciency could affect the increase in systemic cytokine con-
centrations that is characteristic of IBD. Our results
showed that serum IL-6, TNF-o, IEN-y, IL-12p70 and
IL-17 levels increased in wild-type mice as compared to
miR-155""" mice (Fig. 5). Surprisingly, we observed an
increase in serum levels of IL-12p70 in miR-155""" mice
compared with wild-type mice (Fig. 5). These results
indicate that the absence of miR-155 leads to a reduction
in systemic inflammatory cytokine levels in a model of
experimental colitis and may explain, at least in part, the
improved clinical outcomes observed in these mice.
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Figure 4. Dextran sodium sulphate exposure is ineffective in macrophages and dendrites of miR-155"'" mice. Spleen, mesenteric lymph nodes
(MLN), and lamina propria (LP) immune cells were isolated from all groups of mice at the experimental end point as described in Fig. 1.
Changes in the frequency and expression of CD11b" and CD11c" cells from spleens, MLN and LP are shown (a). Changes in the number of
CDlIc are shown in (b). Asterisks indicate statistically significant differences between wild-type and miR-155"'" groups; i.e. P < 0-01 (*).

miR-155 expression and systemic IL-23 and latent
TGF-p level during colitis

Several lines of evidence indicate that TGF-f} is important
in inducing tolerance and control of autoimmune inflam-
mation in the gut. TGF-f signalling in T cells blocks the
induction of inflammation at gut mucosal sites.*® Increased
expression of miR-155 has been reported in many inflam-
matory diseases, but relatively little is known regarding the
capacity of miR-155 to regulate mucosal immunity, partic-
ularly in IBD.'® Therefore, we next examined whether DSS
induction increases miR-155 expression in CD4" T cells.
Our results clearly show that mice treated with DSS have
enhanced expression of miR-155 compared with naive
counterparts (Fig. 6a).

The results also show that serum IL-23 level increased
in wild-type mice compared with miR-155"'" mice given
DSS (Fig. 6b). Further, we observed a slight increase in
serum levels of latent TGF-f in miR-155"'"" mice com-
pared with wild-type mice (Fig. 6b). Taken together, all
of these findings indicate that DSS induction enhances
the expression of miR-155, and that the absence of

miR-155 leads to a reduction in IL-23 cytokine levels and
a slight increase in the latent TGF-f level in a model of
experimental colitis which may explain the beneficial
effect in mice.

Severity of colitis is diminished in miR-155""" mice

At the experimental end point, changes in colon pathology
were examined in the three groups of mice. As expected,
the colons of naive mice exhibited hypertrophied epithelial
layers at multiple sites with only a few inflammatory infil-
trates composed mainly of lymphocytes. The colon histol-
ogy of wild-type mice treated with DSS showed extensive
small to multifocal cellular infiltrates composed mainly of
lymphocytes and macrophages (Fig. 7 middle panel). In
contrast, lack of miR-155 reversed the observed increase
in cellular infiltrates and severity of disease after DSS
treatment (Fig. 7 right panel). These results, together with
reduced disease severity and inflammatory infiltrates, sup-
port a protective effect of miR-155 deficiency in experi-
mental colitis.
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Figure 6. Systemic level of interleukin-23 (IL-23), and transforming
growth factor-f§ (TGF-f}), as well as miR-155 expression, during coli-
tis. After sacrifice, serum levels of IL-23 and TGF-f§ were determined
using a Biolegend ELISA assay kit. The data presented are the mean
concentrations of IL-23 and TGF-ff = SEM from three separate
experiments. Asterisks (*) indicate statistically significant differences
(P < 0-01) between wild-type and miR-155"'" mouse groups. The
data presented are the mean concentrations of IL-23 and TGE-f8
involving six mice per group.
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DSS induction increased homing in MLN and LPL of
BL/6 mice

We also examined whether DSS exposure induces T-cell
homing or migration to inductive and effector sites. In all
groups of mice, expression of CCR9" CD4" cells changed
little in the spleen (Fig. 8). In contrast, there was a signifi-
cant increase in these populations in MLN and LPL of
BL/6 mice given DSS as compared to the frequency of
these cells in miR-155"'"-treated mice (Fig. 8). The
altered frequency of CCR9" CD4" cells in the MLN and
LPL in mice that received DSS compared with the fre-
quency of these cells in miR-155"'" mice suggested that
CCR9" CD4" cells increase at both inductive and effector
sites for their effector functions.

Discussion

Dysregulation of miR-155 is observed in several autoim-
mune diseases, including colitis.”**’ In fact, increased
expression of miR-155 has been reported in many inflam-
matory diseases, including IBD.'®'7 It has also been
demonstrated that miR-155 has a key role in Thl differ-
entiation and IFN-y production.”® For instance, a recent
study using a non-infectious disease model and miR-155
null mice confirmed the involvement of miR-155 in
mediating Th subset differentiation, including the defec-
tive development of Thl7 cells, which was linked to
experimental autoimmune encephalomyelitis resistance.
In the present study, we investigated the role of miR-
155 in protecting mucosa-associated immunity in a
chemically induced mouse model of colitis. We found
that miR-155-deficient mice are resistant to DSS-induced
colitis, demonstrating only mild colitis-associated symp-
toms (i.e. minor change in body weight and no diarrhoea
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Figure 7. Histological characterization and inflammation score. Histological sections of the colon from the groups of mice described in Fig. 1 are
presented. Wild-type mice (middle panel) showed significant lymphocyte infiltration and distortion of glands, while miR-155""" mice (a, left
panel) showed markedly decreased lymphocyte infiltration. Naive BL/6 mice showed no cellular infiltration. The pathological changes included

diffuse leucocyte infiltrates and thickening of the lamina propria in the area of distorted crypts in the colon. The inflammation score is depicted

(b, right panel). Representative sections from three separate experiments (20x magnification) are shown, with groups containing six mice each.
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Figure 8. miR-155"'" mice show reduced
homing of CCR9" expressing CD4" T cells.
Spleens, mesenteric lymph nodes (MLN) and
lamina propria (LP) lymphocytes were isolated
from all groups of mice at the experimental end
point as described in Fig. 1. Changes in the fre-
quency and expression of CCR9'-expressing
CD4" T cells from spleen, MLN and LPs are
shown. The numbers in the upper right quad-
rant indicate the total percentage of CCR9" cells
gated on CD4 cells.

or blood in faeces). On the cellular level, miR-155"" Several experimental models of IBD indicate that CD4"

mice exposed to DSS exhibit diminished frequencies of T cells play a major part in disease induction. Indeed, the

Th1/Th17 cells, macrophages, and dendritic cells, which intestinal damage associated with IBD is known to be a

correlates with reduced histological disease severity scores. consequence of T-cell-mediated injury.”” In support of
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this, we have shown that adoptive transfer of CD4" T
cells expressing CXCR3, a chemokine for Thl cells, results
in colitis in T-cell recepetor (f x 6)~'~ mice.”® Although
there are no reports that miR-155 plays a part in T-cell
responses in a colitis model, it has recently been shown
that miR-155 over-expression can lead to preferential dif-
ferentiation of CD4" T cells toward a Thl phenotype and
IEN-y production.'? Further, it has been shown that miR-
155 transcript expression positively correlates with protein
levels of IFN-.*" In the present study, we observed, fol-
lowing DSS exposure, a significant decrease in CD4" T
cells in the spleens and LP of miR-155"'"" mice compared
with wild-type mice. Similarly, we found a decrease in
IFN-y-expressing CD4" T cells in these tissues in miR-
155"’ mice. These findings suggest that miR-155 knock-
out leads to impairments in CD4" T cells that result in a
reduction in the differentiation of these cells at the effec-
tor site (colon), as well as to decreased IFN-y production
and, ultimately, protection from advanced development
of experimental colitis.

Increased activation of the IL-17 system in the mucosa
of IBD patients is not only linked to disease severity* and
inflammatory processes® but has also been shown to be
important for the induction of experimental colitis in
mouse models.” In contrast, one study has shown that
IL-17 may offer protection in the DSS-induced acute
model of colitis.® However, our current model is distinct
in that we used three cycles of a low dose of DSS, which
results in lower antigen exposure and activation of both
macrophages and T cells. Using this model, we found
that, following DSS exposure both mucosal and systemic
Th17 cell frequency is decreased in miR-155"'" mice
compared with wild-type mice. Our findings are corrobo-
rated by studies that used various disease models. For
example, a recent study documented a role of miR-155 in
Th17 differentiation and consequently reported that miR-
155"/~ mice are highly resistant to experimental autoim-
mune encephalomyelitis.'® Similarly, decreased gastric lev-
els of IL-17 in miR-155"'" mice suggest defective Th17
differentiation and function.'® It is also thought that
miR-155 plays a role in Th17 cell responses, the reason
being that these cells have been reported to unleash auto-
immune inflammatory processes involving miR-155, Etsl,
and the clinically relevant IL-23-IL-23R pathway.”> Our
data suggest that impairment of Th17 responses in miR-
155" mice is associated with protection from DSS-
induced colitis.

It is well known that mucosal DCs can take up antigens
from the gut and present them to CD4" and CD8" T
cells.” After the early phase of acute inflammation, DCs
undergo maturation and migrate from non-lymphoid to
lymphoid tissues, where they stimulate naive T cells.**
DC activation is a critical step in colitis development and
reportedly is enhanced in the colons of CD patients.” In
this study, we observed significant decreases in both the

miR155~/~ protected from experimental colitis

frequency and number of CD11c" cells in the spleen and
MLN of miR-155""" mice compared with wild-type mice.
After DSS treatment, a similar pattern was found with
respect to CD11b" cells; there was a decrease in these cells
in the spleen, MLN and LP of miR-155"'" mice com-
pared with wild-type mice. These results suggest a dys-
function in both CD11b"* and CD11c" cells in miR-155""
mice, which probably offsets the promotion of colitis in
this model. It has been shown that miR-155 plays a regu-
latory role in DC maturation and optimal function of
DCs. Further, DCs lacking miR-155 fail to effectively acti-
vate T cells.'”> MiR-155 deficiency in DCs also leads to
reduced SOCS-1 expression and subsequent suppression
of IL-12p70 cytokine production in mature DCs.'* This
supports our observation of reduced systemic IL-12p70
cytokine levels in miR-155"'" mice. Although our data
support a function of miR-155 in reducing CD11b" cells,
which are linked to protection against colitis, in the
spleen, MLN, and LPs, a more detailed study on the pre-
cise mechanism by which miR-155 regulates these effects
on macrophages and DCs is necessary.

Increases in systemic levels and tissue expression of
TNF-o and IL-6 have also been reported in several mod-
els of colitis and in patients with Crohn’s disease.*>**7®
Interleukin-23 is essential to T-cell-mediated colitis and
promotes inflammation via IL-17 and IL-6.° Further, it is
well established that IL-12 drives Thl differentiation and
IFN-y production. Evidence indicates that these factors
play a central role in the progression of colitis.*>***
Here, we demonstrate decreased secretion of TNF-o, IL-6,
IL-12, IL-17 and IEN-y levels in the serum of miR-155"'"
mice, indicating the involvement of miR-155 in decreas-
ing Thl responses and reducing IFN-y. We also noted a
significant increase in IL-23 in the group of mice given
DSS compared with miR-155""" mice. This suggests that
IL-17 and IL-6 pathways activated by IL-23 may be
responsible for intestinal inflammation.

Both Thl and Th17-type effector cells have been impli-
cated in the progression of intestinal inflammation.®** It
has been shown that yd T-cell subsets are distinct and
express the receptor for IL-23, a cytokine known to stimu-
late these cells to produce IL-17.*"** CCRY is one of the
important chemokines involved in gut-specific migration
of leucocytes. The up-regulation of CCR9 regulates traf-
ficking of gut-specific memory or effector T cells to the
gut.*’ In the present study, we found that mice given DSS,
compared with miR-155"'" mice, showed increased
expression of CD4" CCR9" cells. This clearly suggests that
the subsets homing at MLN and LP enhance the IL-17
production mediated by IL-23 to increase chronic inflam-
mation in BL/6 mice compared with miR-155""" mice.

In summary, we have demonstrated that miR-155"~
mice are protected from advanced DSS-induced colitis
development. It is likely that miR-155 mediates this pro-
tection through multiple pathways, including impaired
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IL-17 production by CD4" T cells, a Thl-biased pheno-
type, diminished activation of T cells by DCs, and
reduced systemic cytokine production, presumably as a
consequence of the down-regulation of CD11b* (both
frequency and number). These combined effects are prob-
ably responsible for the reduced severity of colitis in
miR-155""" mice. In conclusion, intrinsic cellular expres-
sion of miR-155 is required for Th1/Th17 and DC differ-
entiation and function in colitis. However, a more
detailed study is needed before drawing any firm conclu-
sions regarding the clinical efficacy of miR-155 inhibition
in colitis and IBD.
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