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Expression profiles of miRNAs in polarized macrophages
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Abstract. microRNAs (miRNAs) play a crucial role in tissue
development and the pathology of various diseases. However,
the effects and roles of miRNAs in macrophage polarization
have yet to be investigated. In this study, we analyzed and
compared the miRNA expression profiles of bone marrow-
derived macrophages (BMDMs) with two distinct polarizing
conditions (classical macrophage activation ‘M1’ and alterna-
tive activation ‘M2’) using miRNA microarray. In total, 109
miRNAs were differentially expressed between M1 and M2.
The differential expression of selected miRNAs was validated
by real-time qRT-PCR: miR-181a, miR-155-5p, miR-204-5p
and miR-451 were upregulated (fold change >2, P<0.05) and
miR-125-5p, miR-146a-3p, miR-143-3p and miR-145-5p were
downregulated (fold change <-2, P<0.05) in M1 compared
with M2. In conclusion, our study may be useful for exploring
the precise roles of miRNAs in macrophage differentiation
and polarized activation processes in the future.

Introduction

Macrophages are abundant in diverse tissues and organs
where they can function as immune effectors, immune regu-
lators, tissue remodelers, or quiescent scavengers. External
stimuli can cause macrophages to undergo a marked and coor-
dinated change in the expression of multiple gene products,
changing the functional capacity of the cell. The diversity of
environments surrounding macrophages in different tissues
corresponds to an equally diverse constellation of macro-
phage phenotypes in the host (1). In the context of specific
immune response, the cytokine milieu compels mononuclear
phagocytes to express specialized and polarized functional
properties. Since they mirror the Th1/Th2 nomenclature,
polarized macrophages are regarded as classical macrophage
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activation (known as M1 activation) and alternative activation
(known as M2 activation) cells (2-5). Classically polarized
activated M1 macrophages have long been known to be
induced by IFN-vy alone or in combination with microbial
stimuli as LPS, or cytokines as TNF-a and GM-CSF. M1
cells have an IL-12"e" TL-23Meh T[.-10"" phenotype, are profi-
cient producers of effector molecules (reactive oxygen and
nitrogen intermediates) and inflammatory cytokines (IL-1§,
TNF-a and IL-6), contribute as inducer and effector cells
in polarized Thl responses, and mediate resistance against
intracellular parasites and tumors (6-10). By contrast, the
alternative M2 form of macrophage activation is a generic
name used for various forms of non-classically activated
macrophages resulting from cell exposure to IL-4 or IL-13,
immune complexes, IL-10, glucocorticoid, or secosteroid
(vitamin D3) (3,9,11). The various forms of M2 macrophages
share an IL-12'" and IL-23"" phenotype, generally exhibit
high levels of scavenger, mannose (12), and galactose-type
receptors (3), while arginine metabolism is shifted to the
production of ornithine and polyamines via arginase (13).
However, the regulatory mechanisms controlling the expres-
sion of the constellation of genes in macrophages responding
to activating conditions are not fully defined.

microRNAs (miRNAs) are small, endogenous non-coding
RNA molecules (18-25 nucleotides) that post-transcriptionally
regulate gene expression (14). miRNAs identify target mRNA
through 5'-seed sequence interactions with miRNA regula-
tory elements located in the 3'-untranslated region of target
mRNA (15). Evidence has indicated that miRNAs play a critical
role in regulating cell processes such as cell proliferation, apop-
tosis, and differentiation (16-18), leading to the hypothesis that
miRNAs are partially responsible for the coordinated changes
in gene expression occurring during macrophage polarization.
This hypothesis is supported by a number of published studies
suggesting different miRNAs in the human monocyte/macro-
phage response to inflammatory stimuli (19-23).

In this study, we employed a miRNA microarray-based
profiling assay to document changes in the abundance of
miRNAs induced by the activation of primary bone marrow-
derived macrophages (BMDMs) with two distinct polarizing
conditions to span the spectrum of described activation
patterns (M1 and M2). Our data revealed that a number of
miRNAs were consistently altered under distinct polarizing
conditions. Thus, the present study may be useful for exploring
the precise roles of miRNAs in macrophage differentiation
and polarized activation processes in the future.
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Materials and methods

Isolation and cultivation of murine BMDMs. Bone marrow
cells were obtained by flushing the femurs from Balb/c mice
with Dulbecco's modified Eagle's medium (DMEM)-HEPES
medium (Gibco, Eggenstein, Germany). Cells were collected
in 50 ml tubes and centrifuged for 10 min at 100 x g. The
supernatant was removed, and cells were suspended in
DMEM (10% FCS; 20% 1929 supernatant). Cells (1x10°)
were cultured in 6-well plates at 37°C and 5% CO, for 7 days
(MO0). Macrophage polarization was obtained by removing the
culture medium and culturing cells for an additional 18 h in
RPMI-1640 supplemented with 5% FCS and 100 ng/ml LPS
plus 20 ng/ml IFN-y (for M1 polarization) or 20 ng/ml IL-4
(for M2 polarization).

Arginase activity assay. To prepare cell lysates for the arginase
activity assay, cells were first rinsed with ice-cold DPBS twice
after each specified treatment and then scraped into 300 ml
of lysis buffer containing 50 mM Tris-HCI (pH 7.5), 0.1 mM
EDTA, 0.1 mM EGTA, 1 mg/ml leupeptin, 1 mg/ml aprotinin,
and 0.1 mM phenylmethylsulfonyl fluoride (PMSF; Sigma,
St. Louis, MO, USA). Cells were then lysed by sonication at
the frequency of 20 kHz (Sonic and Materials, Inc., Danbury,
CT, USA) for 30 sec (10 sec/cycle). Arginase activity in the cell
lysates was measured as previously described (24,25). Briefly,
cell lysate (50 ml) was added to 50 ml of Tris-HCI (50 mM,;
pH 7.5) containing 10 mM MnCl,. Macrophage arginase was
then activated by heating this mixture at 55-60°C for 10 min.
The hydrolysis reaction of L-arginine by arginase was carried
out by incubating the mixture containing activated arginase
with 50 ml of L-arginine (0.5 M; pH 9.7) at 37°C for 1 h and
was stopped by adding 400 ml of the acid solution mixture
(H,SO,:H,PO,:H,0, 51:3:7). For the colorimetric determina-
tion of urea, a-isonitrosopropiophenone (25 ml, 9% in absolute
ethanol) was then added, and the mixture was heated at 100°C
for 45 min. Samples were placed in the dark for 10 min at
room temperature, and the urea concentration was determined
spectrophotometrically by the absorbance at 550 nm measured
with a microplate reader (Molecular Devices, Sunnyvale, CA,
USA). The amount of urea produced was used as an index for
arginase activity.

ELISA assay. Cell culture supernatant was collected and
stored at -80°C until assayed. IL-12 and IL-10 concentrations
were measured with specific ELISA kits according to the
manufacturer's instructions (R&D Systems, USA).

FACS analysis. BMDMs were stained with the following
monoclonal antibodies diluted in 1% FBS in PBS: FITC
anti-F4/80 and PE anti-F4/80 (both from eBioscience Inc.,
USA), purified anti-inducible nitric oxide synthase (iNOS)
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA); PE
anti-CD16/32, PE anti-CD206 and PE anti-CD301. Cell fluo-
rescence was measured using FACS analysis and data were
analyzed using CellQuest software (all from BD Biosciences,
San Jose, CA, USA).

miRNA microarray analysis. The miRNA microarray analysis
was performed by the Phalanx Biotech Group (Hsinchu,
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Taiwan). Total RNA was extracted from BMDMs using TR1zol
reagent (Invitrogen, Burlington, ON, USA) according to the
manufacturer's instructions. Total RNA (2.5 ug) was labeled
with Cy5 fluorescent dyes using a miRNA ULSTM labeling
kit (Kreatech Diagnostics, Amsterdam, The Netherlands).
Labeled miRNA targets enriched by NanoSep 100K (Pall
Corporation, Port Washington, NY, USA) were hybridized
to the MRmiOA-mmu-r1-3.0, which contains triplicate 1111
unique miRNA probes from mouse (miRBase Release 17.0),
in technical replicates. Following overnight hybridization at
37°C, non-specific binding targets were washed away, and
the slides were dried by centrifugation and scanned using
an Axon 4000B scanner. The Cy5 fluorescent intensities of
each spot were analyzed by GenePix4.1 software (both from
Molecular Devices). The signal intensity of each spot was
processed by the R program (version 2.12.1). The fine signals
(flag=0) were extracted and processed by log2 transformation,
and the quantile normalization method and ANOVA test.
Experiment data were saved as Microsoft Excel files.

gRT-PCR for miRNAs. Small RNA was extracted from
BMDMs as described above. RNA (2.5 ug) was then subjected
to cDNA synthesis, using either miRNA specific primers
or U6 snRNA. Reactions were performed using a TagMan®
MicroRNA reverse transcription kit following the manufac-
turer's instructions. gqRT-PCR was performed using TagMan®
Universal Master Mix on an Applied Biosystems 7500 Real-
Time PCR Systems. The 20 ul PCR reaction mix included
1 ul RT products, 10 ul TagMan® Universal PCR Master Mix,
No AmpErase® UNG (all from Applied Biosystems, USA),
and 1 pl TagMan probe mix. The reactions were incubated
in 96-well plates at 95°C for 10 min, followed by 40 cycles of
95°C for 15 sec and 60°C for 1 min. Calculations of miRNA
expression levels (M1 vs. M2) were performed using the
comparative CT (AACT) method and normalized against U6
snRNA levels. Reactions were run in triplicate.

Statistical analysis. Data were shown as the mean = SEM.
Statistical analysis of the data was performed using the
two-tailed independent Student's t-test or the ANOVA analysis
using the GraphPad Prism (version 4.0) statistical program.
P<0.05 was considered statistically significant.

Results

Identification of ex vivo-programmed M1 and M2 macro-
phages. To screen for miRNAs whose abundance was altered
significantly following incubation of BMDMs in two distinct
polarizing conditions, we first generated M1 and M2 macro-
phages in vitro. M1 macrophages induced by IFN-y and LPS
produced a larger number of proinflammatory cytokines IL-12,
while M2 macrophages, polarized by IL-4, showed increased
IL-10 production (Fig. 1B) and high levels of arginase activity
(Fig. 1A). By assessing F4/80 expression, results of the FACS
analysis showed that the purity of BMDMs was ~96% (Fig. 1C).
Moreover, FACS analysis showed high levels of iNOS and
CD16/32 expression in M1 macrophages and increased CD206
and CD301 expression by M2 macrophages (Fig. 1D). These
data confirmed that the polarization conditions used in this
study resulted in distinct macrophage phenotypes.
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Figure 1. Identification of ex vivo-programmed M1 and M2 macrophages. BMDMs were cultured in the presence of IFN-y (20 ng/ml) plus LPS (100 ng/ml)
or IL-4 (20 ng/ml). (A) Arginase activity and (B) IL-12 and IL-10 in the supernatant were assayed. (C) F4/80 and (D) CD16/32, CD206, CD301 and iNOS
expression was evaluated by FACS analysis. MFI is the mean fluorescence intensity. Data are representative of three separate experiments, and show the

means + SEM. "P<005; “"P<001.

miRNA microarray results analysis. To identify miRNAs
that are differentially expressed among MO, M1 and M2, we
prepared a mouse miRNA microarray containing 1111 oligo-
nucleotide probes complementary to known mammalian
miRNAs. Probes were repeated three times in each microarray
and each microarray contained controls. The miRNA expres-
sion patterns for M1 and M2 were compared. Significance
analysis of microarray and a fold change criterion (M1/M2
ratio) of >2 or <0.5 and P<0.05 were used to identify significant
differences. Using these criteria, we identified 109 miRNAs that
were differentially expressed between M1 and M2. Of these,
104 miRNAs were upregulated and 5 miRNAs were down-
regulated in M1 compared with M2 (Fig. 2, Tables I and II).

To evaluate the function categories of miRNAs, we used
the bioinformatics tool, TAM (http://202.38.126.151/hmdd/
tools/tam.html) (26), to integrate differentially expressed
miRNAs into different sets according to various rules and
provide information to mine potential biological meaning
behind the list of miRNAs studied. Significantly enriched
terms in the miRNAs with increased or decreased expression
were apoptosis, cell differentiation, cell proliferation, immune
response and inflammation (Table I1I).

gRT-PCR confirmation of the miRNA microarray results.
According to the function classification of differentially
expressed miRNAs, sets of miRNAs were selected and

gRT-PCR was used to confirm the results of the miRNA
microarray analysis. Of the nine miRNAs identified by the
microarray as being the most overexpressed in M1 compared
to M2 (miR-155-5p, miR-181a, miR-204-5p, miR-92a, miR-
221-5p, miR-451, miR-124-3p, miR-25 and miR-127-3p),
gRT-PCR confirmed that five (miR-181a, miR-155-5p, miR-
204-5p, miR-451 and miR-127-3p) were overexpressed (Fig. 3).
Of the four miRNAs identified as being underexpressed in M1
by the microarray (miR-125-5p, miR-146a-3p, miR-143-3p and
miR-145-5p), the QRT-PCR analysis confirmed that all four
were underexpressed (Fig. 3). Overall, the qRT-PCR analysis
showed that the miRNA microarray results had some small
errors, however, it confirmed that a significant number of
miRNAs were differentially regulated in macrophages that
responded to M1 and M2 polarizing conditions.

Discussion

Mammalian macrophages are induced to adopt a spectrum of
widely divergent phenotypes in response to diverse external
stimuli. The present study was based upon the hypothesis that
miRNAs are regulators that coordinate, in part, the global
changes in the expression of a number of genes that occur after
macrophage exposure to different activating conditions.
Expression profiling experiments have reported changes
in miRNA expression in human and murine monocytic cells
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Table I. The number of microRNAs differentially expressed in
polarized macrophages (expression fold of >2).

No. Comparison Upregulation Downregulation
1 M1 vs. MO 120 1
2 M2 vs. MO 4 2
3 M1 vs. M2 104 5
101
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Figure 3. Confirmation of the differential expression of miRNAs using
qRT-PCR. BMDMs were cultured in the presence of IFN-y (20 ng/ml) plus
LPS (100 ng/ml) or IL-4 (20 ng/ml). Relative expression folds of selected
miRNAs were determined by TagMan miRNA assays after normalization to
U6 snRNA. Data are representative of three separate experiments, and show
the means = SEM.

responding to selected inflammatory conditions (19-23,27-33).
In these experiments, a subset of miRNAs was repeatedly
found to be induced following inflammation-inducing stimuli,
which caused induced differentiation towards the M1 pheno-
type. We hypothesized that miRNAs are involved, not only
in macrophage responses to inflammatory conditions, but also
in the modifications of gene expression required to generate a
spectrum of macrophage activation patterns.

The aim of this study was to identify miRNAs that respond
to stimuli inducing two different patterns of macrophage acti-
vation (M1 and M2). We profiled the expression of a number of
miRNAs using miRNA microarray and demonstrated that the
expression of 109 miRNAs was significantly different in M1
compared with M2. Using function classification, we were able
to correlate the upregulation and downregulation of miRNAs
to the inflammation-related processes, such as apoptosis,
cell differentiation, cell proliferation, immune response, and
inflammatory response. However, few regulatory pathways
have been experimentally validated, the functional confirma-
tion of which is to be confirmed in subsequent studies.

Figure 2. Clustering analysis of differential miRNA expression in mac-
rophages with distinct polarizing conditions. BMDMs were cultured in
the presence of IFN-y (20 ng/ml) plus LPS (100 ng/ml) or IL-4 (20 ng/
ml). Clustering was performed to visualize the correlations among the
replicates and varying sample conditions. The same amount of total RNA
was used on each slide, thus the hybridization signals were normalized
according to the total RNA concentration. Upregulated and downregulated
genes are shown as red and green, respectively. MO, BMDMs; M1, BMDMs
were cultured in the presence of IFN-y (20 ng/ml) plus LPS (100 ng/ml);
M2, BMDMs were cultured in the presence of IL-4 (20 ng/ml).
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Upregulated

mmu-miR-155-5p
mmu-miR-451
mmu-miR-363-5p
mmu-miR-3100-5p
mmu-miR-5617-3p
mmu-miR-7b-5p
mmu-miR-448-3p
mmu-miR-1947-5p
mmu-miR-141-3p
mmu-miR-1950
mmu-miR-2139
mmu-miR-3093-3p
mmu-miR-883a-3p
mmu-let-7f-1-3p
mmu-miR-2861
mmu-miR-202-3p
mmu-miR-5105
mmu-miR-880-3p
mmu-miR-1953
mmu-miR-691
mmu-miR-146a-3p
mmu-miR-876-3p
mmu-miR-431-3p
mmu-miR-1948-5p
mmu-miR-127-3p
mmu-miR-1897-3p
mmu-miR-291a-5p
mmu-miR-1298-3p
mmu-miR-471-3p
mmu-miR-204-5p
mmu-miR-5626-5p
mmu-miR-23b-5p
mmu-miR-124-3p
mmu-miR-3106-3p
mmu-miR-25-5p

mmu-miR-3091-3p
mmu-miR-301b-5p
mmu-miR-153-5p
mmu-miR-33-3p
mmu-miR-542-5p
mmu-miR-1930-5p
mmu-miR-3109-3p
mmu-miR-1298-5p
mmu-miR-344d-2-5p
mmu-miR-714
mmu-miR-3086-3p
mmu-miR-465a-5p
mmu-miR-221-5p
mmu-miR-381-3p
mmu-miR-551b-5p
mmu-miR-212-5p
mmu-miR-301a-5p
mmu-miR-33-5p
mmu-miR-379-3p
mmu-miR-3067-3p
mmu-miR-1199-5p
mmu-miR-592-3p
mmu-miR-433-5p
mmu-miR-491-5p
mmu-miR-3079-3p
mmu-miR-3104-3p
mmu-miR-410-5p
mmu-miR-1955-5p
mmu-miR-200b-3p
mmu-miR-804
mmu-miR-3082-3p
mmu-miR-122-3p
mmu-miR-205-5p
mmu-miR-92a-1-5p
mmu-miR-107-5p

mmu-miR-410-3p
mmu-miR-544-3p
mmu-miR-675-5p
mmu-miR-1932
mmu-miR-1197-5p
mmu-miR-1969
mmu-miR-3970
mmu-miR-5709
mmu-miR-3095-5p
mmu-miR-5617-5p
mmu-miR-1955-3p
mmu-miR-223-5p
mmu-miR-191-3p
mmu-miR-181d-3p
mmu-miR-152-5p
mmu-miR-683
mmu-miR-344b-5p
mmu-miR-205-3p
mmu-miR-453
mmu-miR-432
mmu-miR-291b-5p
mmu-miR-190b-3p
mmu-miR-409-3p
mmu-miR-652-5p
mmu-miR-421-3p

mmu-miR-450a-2-3p

mmu-miR-3080-3p
mmu-miR-876-5p

mmu-miR-181a-1-3p

mmu-miR-551b-3p
mmu-miR-299-5p
mmu-miR-136-5p

mmu-miR-128-1-5p

mmu-miR-3094-3p

Downregulated

mmu-miR-125b-5p
mmu-miR-466f-5p
mmu-miR-466h-3p
mmu-miR-145-5p
mmu-miR-143-3p
mmu-miR-574-5p

Table III. Functional categories of differentially expressed microRNAs strictly associated with macrophage polarization.

Functions

microRNAs

Apoptosis

Cell differentiation
Cell proliferation
Immune response
Inflammation

miR-181a, miR-155, miR-204, miR-92a, miR-146a, miR-221

miR-145, miR-155, miR-143, miR-127
miR-125b, miR-451, miR-145, miR-143, miR-124, miR-221, miR-92a

miR-25, miR-125b, miR-181a, miR-223, miR-155, miR-143, miR-146a, miR-92a
miR-25, miR-125b, miR-181a, miR-223, miR-155, miR-146a, miR-143

According to the function analysis of differentially
expressed miRNAs, 13 of the 109 miRNAs were selected

and qRT-PCR was used to confirm the results of the miRNA
microarray analysis. In total, 9 of the 13 miRNAs tested were
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identified as being differentially expressed in M1 by the micro-
array and qRT-PCR. Similarities between our microarray data
and those of previous studies have been identified. Previous
studies have shown that several miRNAs, including miR-29b,
miR-146a, miR-155, miR-193b, miR-222 and miR-125b,
were elevated during monocytic cell differentiation towards
macrophages (21,23,33-35). These miRNAs appeared to be
regulated in monocyte-derived macrophages (MDMs). In our
study, in addition to miR-146a, miR-155 and miR-125b, high
levels of miR-181a, miR-204-5p, miR-451 and miR-127-3p in
M1 cells, and miR-143-3p and miR-145-5p in M2 cells were
detected. Although there were discrepancies in the results of
the microarray and the qRT-PCR analyses, the miRNA micro-
array provided a rapid method for identifying a large number of
differentially expressed miRNAs in M1, which was confirmed
by qRT-PCR.

This study has examined the global expression patterns of
miRNAs in macrophage polarization and contributed to the
growing understanding of the role of miRNAs in macrophage
exposure to different activating conditions. Thus, miRNA
profiling reveals novel molecules and signatures associated
with differentiation of BMDMs and polarized activation which
may be candidate targets in pathophysiology.
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