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Interleukin-10 and TGF-p-Activated
Protein Kinase 1 Binding Protein 2
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State Key Laboratories for Agrobiotechnology, Key Laboratory of Animal Epidemiology and Zoonosis, Ministry of Agriculture,
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Mycobacterium avium subspecies paratuberculosis (MAP) persistently survive and
replicate in mononuclear phagocytic cells by adopting various strategies to subvert
host immune response. Interleukin-10 (IL-10) upregulation via inhibition of macrophage
bactericidal activity is a critical step for MAP survival and pathogenesis within the host
cell. Mitogen-activated protein kinase p38 signaling cascade plays a crucial role in the
elevation of IL-10 and progression of MAP pathogenesis. The contribution of microRNAs
(miRNAs) and their influence on the activation of macrophages during MAP pathogenesis
are still unclear. In the current study, we found that miRNA-27a-3p (miR-27a) expression
is downregulated during MAP infection both in vivo and in vitro. Moreover, miR-27a
is also downregulated in toll-like receptor 2 (TLR2)-stimulated murine macrophages
(RAW264.7 and bone marrow-derived macrophage). ELISA and real-time gRT-PCR
results confirm that overexpression of miR-27a inhibited MAP-induced IL-10 production
in macrophages and upregulated pro-inflammatory cytokines, while miR-27a inhibitor
counteracted these effects. Luciferase reporter assay results revealed that IL-10 and
TGF-p-activated protein kinase 1 binding protein 2 (TAB 2) are potential targets of miR-
27a. In addition, we demonstrated that miR-27a negatively regulates TAB 2 expression
and diminishes TAB 2-dependent p38/JNK phosphorylation, ultimately downregulating
IL-10 expression in MAP-infected macrophages. Furthermore, overexpression of miR-
27a significantly inhibited the intracellular survival of MAP in infected macrophages. Our
data show that miR-27a augments antimicrobial activities of macrophages and inhibits
the expression of IL-10, demonstrating that miR-27a regulates protective innate immune
responses during MAP infection and can be exploited as a novel therapeutic target in the
control of intracellular pathogens, including paratuberculosis.

Keywords: Mycobacterium avium subspecies paratuberculosis, microRNAs, miR-27a, mitogen-activated protein
kinase p38, TAK1 binding protein 2, interleukin-10
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INTRODUCTION

Paratuberculosis or Johne’s disease is characterized by chronic
granulomatous enteritis predominantly observed in ruminants.
It is caused by an obligate non-tuberculous Mycobacterium avium
subspecies paratuberculosis (MAP), a member of M. avium com-
plex. Paratuberculosis has a global distribution and is listed under
the World Organization for Animal Health (OIE) Terrestrial
Animal Health Code. Studies demonstrated that more than 50% of
dairy cattle herds were positive for MAP antibodies in Europe and
USA (1, 2). In addition, the USDA reports suggested an increasing
trend of MAP infections in US dairy herds, from 21.6% in 1996
to 91.1% in 2007 (3). A recent study from northeastern part of
China reported that the prevalence of paratuberculosis is 4.8% at
the animal level and 50.0% at the herd level (4). Paratuberculosis
inflicts heavy economic losses to the dairy industry in terms of
weight loss, reduced milk production, infertility, culling of young
animals, and the treatment of secondary diseases (2). Animals of
all ages are susceptible to paratuberculosis, and the infection is
acquired by fecal-oral route or ingestion of contaminated milk
in young animals (5, 6). MAP infection poses a serious threat to
human population apart from affecting a range of animal species.
Contaminated food or water is the major source of MAP infection
in humans (7). The relation between MAP and Morbus Crohn’s
disease (CD) of humans was reported for the first time by Dalziel
in 1913 (8). Various studies have documented the involvement
of MAP in CD, but the causation of CD by MAP has not been
confirmed (7, 9). In light of the current knowledge about MAP
and its relationship with human disease, the majority of research-
ers support the theory that MAP causes CD in some genetically
susceptible human hosts, but additional proof is needed for the
confirmation of MAP as a causative agent of CD (10).
Macrophages are important cells in the regulation of pro-
tective immune responses for the elimination of intracellular
pathogens. On the other hand, they are the key cells involved
in the pathogenesis of paratuberculosis by providing a suitable
intracellular environment for the persistent survival and growth
of MAP (11). Pattern recognition receptors (PRRs) are crucial in
the phagocytosis of mycobacterium by mononuclear phagocytic
cells such as macrophages (12). Toll-like receptors (TLRs) are a
group of important PRRs involved in the activation of various
signaling pathways in macrophages during mycobacterium infec-
tion (13). It has been reported that the signaling cascades initiated
by TLR2 are important for the pathogenesis of mycobacterium
via inhibition of antimicrobial responses in macrophages (14).
Mitogen-activated protein kinase p38 (MAPK-p38) signaling
pathway in bovine mononuclear phagocytic cells is activated by
MAP via TLR2, resulting in overexpression of interleukin (IL)-10
and downregulation of IL-12 (15, 16). In addition, the binding
of antigens to TLR2/4 and CD14 receptors of phagocytic cells
induces an increased production of IL-10, while inhibiting the
development of protective immune responses, ultimately pro-
moting the survival and growth of intracellular pathogens (17).
Cytokines are a diverse group of secretory proteins playing
an important role in intercellular signaling mechanisms for the
generation of immune responses in various diseases. As a result
of the use of immunomodulatory drugs, some cytokines inhibit

the production of other cytokines, either by inverse-regulatory
function or sharing a common signaling pathway in similar types
of cells (18). IL-10 is one of the potent inhibitory cytokines that
inversely regulate the expression of various pro-inflammatory
mediators induced by TLR signaling cascades in immune-
modulating cells (19). IL-10 also plays an important role in
repairing tissue injury, but on the other hand it is involved in
the persistent survival of mycobacterium in macrophages (20).
IL-10 promotes the ability of Mycobacterium tuberculosis (M.tb)
to evade immune responses and mediate long-term pathogenesis
in the lungs (21). Furthermore, anti-IL-10 antibodies treatment
increased immunological balance and controlled M.tb burden
and pathogenesis in monkeys (22). In addition, IL-10 produc-
tion is highly specific to MAP infection in comparison to other
Mycobacterium species, suggesting that IL-10 detection can be
used as a diagnostic tool in subclinical paratuberculosis (20).
Overall, IL-10 promotes anti-inflammatory genes and is associ-
ated with a dampening of the protective immune responses (23).
Mitogen-activated protein kinase p38 signaling pathway is
implicated as an emerging signaling pathway involved in the
pathogenesis of MAP in mononuclear phagocytic cells (24, 25).
MAPK-p38 signaling can be pro-apoptotic or anti-apoptotic,
depending on the cell type and stimulus strength (26). MAP
infection leads to the activation of MAPK-p38 pathway by altering
antibacterial activity of macrophages and promoting IL-10 pro-
duction required for the survival of MAP in infected macrophages
(15, 27). Furthermore, a set of six recombinant proteins of MAP
promote MAPK-p38 phosphorylation and strongly induce IL-10
transcription in bovine monocyte-derived macrophages (16).
MicroRNAs (miRNAs) are small non-coding endogenous
RNA fragments, 21-25 nucleotides in length, regulating gene
expression by binding at the 3'-UTR of the targeted mRNA genes
(28, 29). Recent studies have determined the role of miRNAs as
a key mediator of the host immune response to infection, mostly
by regulating proteins involved in innate and adaptive immune
pathways (30). In addition, miRNAs are involved in macrophage
polarization and T cell and B cell differentiation (31, 32). The
miR-24 and miR-27a modulate immune response by inhibiting
Th2 regulation through targeting IL-4 and GATA binding protein
3 (GATA3) of mouse CD4 T cells (33). Early studies reported that
miR-27a and miR-27b have antiviral activities against murine
cytomegalovirus infection in different mouse cell lines (34). Jiand
colleagues determined that both miR-27a and miR-27b target the
3’-UTR of the retinoid X receptor o and play a similar role in
regulating fat metabolism and cell proliferation during rat hepatic
stellate cell activation (35). In addition, Tak et al. reported that
miR-27a/b similarly promotes mitochondrial membrane poten-
tial and mitochondrial ATP level by targeting the 3’-UTR of the
mitochondrial fission factor (36). Recent studies reported the pro-
file of miRNA’s in MAP-infected animals that can be considered
as an emerging strategy for the control of paratuberculosis. These
miRNAs maintain their integrity during long-term storage and
are considered an effective diagnostic tool (37, 38). However, the
regulatory mechanism of innate immunity in paratuberculosis by
miRNAs is unclear. IL-10 is an important mediator to suppress
the early innate immune responses against paratuberculosis (20).
Recent studies have demonstrated that miR-27a participates in
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the inflammatory responses of macrophages stimulated by LPS
(39). In addition, miR-27a is one of the differentially regulating
miRNAs in U937 macrophages activated with M.tb heat shock
protein Hsp16.3 (40).

The main objective of our study was to evaluate the effect
of miR-27a on the production of IL-10, the IL-10 regulatory
pathway—especially MAPK-p38—and macrophages antimicro-
bial response for the control of MAP pathogenesis. We observed
a gradual decrease in the level of miR-27a in MAP-infected
murine macrophages and in the spleen and intestinal tissues of
MAP-challenged mice. Overexpression of miR-27a decreased the
production of IL-10 in MAP-infected macrophages. Also, miR-
27a significantly inhibited the expression of TGEF-p-activated
protein kinase 1 (TAK1) binding protein 2 (TAB 2)/3, an impor-
tant component of the MAPK signaling pathway (Figure 1).
Upregulation of miR-27a diminished TAB 2-dependent p38/

JNK phosphorylation, subsequently downregulated IL-10 in
MAP-infected macrophages. Our results provide a novel role for
miR-27a as a potential biomarker that can be exploited for control
strategies of MAP infection.

MATERIALS AND METHODS

Ethics Statement

Animal experiments were performed according to the protocols
for the care of laboratory animals, Ministry of Science and
Technology People’s Republic of China and approved animal
care and use committee (IACUC) protocols at China Agricultural
University of Beijing (20110611-01). All other experiments
were carried out in accordance with the University Institutional
Biosafety Committee approved protocol number 20110611-0.
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FIGURE 1 | Schematic diagram depicting the role of miR-27a in Mycobacterium avium subspecies paratuberculosis (MAP)-mediated signaling pathways in
macrophage. Mitogen-activated protein kinase (MAPK) pathway is triggered by toll-like receptors (TLRs), and TLR2/4 is more critical in signaling through various
adopter proteins. A complex of protein integrations are involved in the downsignaling cascades consisting of TGF-p-activated protein kinase 1 (TAK1), TAK binding
protein 1 (TAB 1), and TAB 2 or TAB 3. This interaction induces phosphorylation of TAK1, which results in the activation of the MAPK-p38 (mitogen-associated
protein kinases). This leads to the activation and nuclear translocation of transcription factors, which play a critical role in the expression of pro-inflammatory and
anti-inflammatory cytokines such as interleukin (IL)-10. MAP predominantly induces an immunosuppressive cytokine, IL-10, which subverts protective immune
responses and promotes MAP growth and survival. MAP downregulates the expression of miR-27a, while miR27a inhibits the activation of the MAPK-p38 signaling
pathway by targeting TAB 2. Furthermore, miR-27a negatively regulates the expression of IL-10 by directly targeting IL-10 mRNA at its 3’-UTR.
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Reagents

MicroRNA miR-27a negative control, mimic, inhibitor control,
and inhibitor were purchased from Shanghai GenePharma.
Pam3Cys-Ser-(Lys)4 (ab142085), a TLR1/TLR2 agonist, was
purchased from Abcam Biotechnology; lipofectamine 2000
from Invitrogen Thermo Fisher Scientific; and BBL Middlebrook
OADC (211886) enrichment and mycobactin ] from Becton,
Dickinson and Sparks Company (USA), respectively. Macrophage
colony-stimulating factor (M-CSF) was purchased from
Peprotech Technology and total RNA extraction kit (ca. RN2802)
from Aidlab Biotechnologies. The miR-27a (CD202-0033) and
internal control S5 (CD202-0012) primers were from TIANGEN
BIOTECH (Beijing). Primers for IL-1p, IL-6, IL-10, IL-12,
interferon (IFN)-p, TNF-a, and GAPDH were purchased from
Genewiz Technology. The calorimetric mouse IL-10, TNEF-a,
and IL-6 ELISA kit (KE10008, KE10007, and KE10002) were
from Proteintech. Mouse IL-12 ELISA kit (ca. CSB-E07360m)
was from Cusabio Co. Ltd. Rabbit polyclonal anti-p38 MAPK
antibody (9211), rabbit polyclonal anti-phospho-p38 antibody
(9211), rabbit monoclonal anti-phospho-JNK antibody (4668T),
and rabbit monoclonal anti-phospho-ERK antibody (4370) were
purchased from Cell Signaling Technology. Rabbit polyclonal
anti-TAB 2 (MAP3K7IP2) polyclonal antibody (14410-1-Ap),
rabbit polyclonal anti-GAPDH antibody (10494-1-AP), and goat
anti-rabbit IgG (heavy and light chains) peroxidase-conjugated
secondary antibody (SA000012) were purchased from Proteintech
Biotechnology. Rabbit polyclonal anti-MAP3K7IP3 (TAB 3)
antibody (bs5424R) was from Beijing Biosynthesis Biotechnology.
Plasmid of mRNA for IL-10 and TAB 2 wild and mutant were
constructed by Synbio Technology. Dual luciferase Reporter
Assay kit (RFE: E1910, 205415) from Promega technology, USA.
CellTiter 96Aqueous one solution cell proliferation assay kit
(ca. G3580, 0000180214) from Promega technology, USA.

Preparation of Bacterial Culture

We used two strains of MAP (MAP-0908 and MAP k-10).
MAP-0908 was isolated from a naturally infected cattle farm in
the Shandong province of China. Molecular characterization of
the MAP-0908 strain was done at the Transmissible Spongiform
Encephalopathy Diagnostic Laboratory (China Agricultural
University Beijing). Organisms were confirmed as MAP by
cultural characteristics, while further species-specific DNA
sequences by a standard PCR were performed for molecular
characterization (41). K-10 strain of MAP 35716 was a kind gift
from Prof. Paul Barrow, from the University of Nottingham at
Leicestershire, UK. A stock culture of both strains of MAP was
maintained in Middlebrook 7H9 medium supplemented with
1% glycerol, 10% oleic-acid-dextrose-catalase (OADC), and
mycobactin J (2.0 mg/l) (Allied Monitor, Fayette, MO, USA) at
37°C. The organisms were grown to a concentration of 10%/ml for
2-3 weeks before being used for cell infection.

Isolation of Bone Marrow-Derived

Macrophages (BMDMs)
We used murine macrophages (RAW264.7 and BMDM) for
our experiments. It has been demonstrated that MAP-infected

RAW264.7 cells and sheep blood monocyte-derived macrophages
show similar expression of TLR2 receptors (42). Furthermore,
RAW264.7 cells are more differentiated than THP-1 cells, thus hav-
ing higher phagocytic ability (43). Mouse bone marrow-derived
macrophages were prepared and cultured as described previously
(44). In brief, BMDMs were prepared from cells obtained from
femurs, tibia, and humerus of 6- to 8-week-old C57BL/6] mice
and cultured in RPMI supplemented with 10% heat-inactivated
FBS (Hyclone) in the presence of 10 ng/ml of M-CSF (Peprotech)
or GM-CSF (Peprotech) and 1% Penicillin-Streptomycin. At day
four, non-adherent cells were collected and cultured for three more
days in the presence of fresh RPMI containing M-CSF (10 ng/ml).
These primary macrophages were cultured for 7-10 days in cell
culture flasks. After that, the adherent BMDM cells (6-8 x 10°
cells per dish) were collected and plated in 12-well cell culture
plates for further experiments (45). RAW264.7 macrophages
were taken from cold storage (—80°C) and cultured in cell culture
flask in DMEM supplemented with 10% FBS and 1% penicillin-
streptomycin for 3 days. The cells were transferred to 12-well cell
culture plates 12-18 h before transfection.

Cells Transfection and Infection

Cells were allowed to attach overnight in 12-well plates (2 x 10°
cells in each well). The following day, miR-27a mimic, inhibi-
tor, and control were individually transfected into RAW264.7
and BMDM cells using lipofectamine 2000 reagent, according
to manufacturer’s instructions. After 6 h, the original medium
was replaced with fresh medium supplemented with 10% FBS
(46). After 48 h post-transfection, macrophages were infected
at a multiplicity of infection (MOI) 20:1 (bacteria/cell) with live
MAP in cell culture medium without antibiotic (47). Following
incubation for 3 h at 37°C in 5% CO,, the supernatant was
discarded and each well was washed three times with sterile
phosphate-buffered saline (PBS) to remove non-adherent MAP
bacilli. After washing, fresh DMEM medium supplemented with
10% serum was added for the specified time period. The cells
were harvested 6 and 18 h postinfection for analysis of total
protein, total RNA, and cell supernatant. All samples were stored
at —80°C until further use.

Quantitative Real-time PCR

Total RNA (including miRNA) was extracted from RAW264.7
and BMDM cells with TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s guidelines. To evaluate the
expression levels of miRNAs and mRNAs, reverse transcription
was done by using miRcute Plus miRNA First strand cDNA
synthesis kits (obtained from Thermo Scientific and TIANGEN
BIOTECH Beijing, China). To construct cDNA we used Thermo
Scientific RevertAid First Strand cDNA synthesis kit according
to the manufacturer’s instructions. Quantitative real-time PCR
was performed by means of the miRcute miRNA qPCR detection
kit (SYBR Green) for miRNA’s [miR-27a and internal references,
small nucleolar S5 (mouse)]. Sybr Green Master Mix Kit (Vazyme
Biotech Co., Ltd.) was used for the amplification of mRNA’s
genes, including cytokines, by using the 700 Fast Real-Time PCR
Systems (ViiA7 Real-time PCR, ABI). GAPDH was selected as
housekeeping gene for the normalization of various cytokine
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genes because it is considered one of the most stable endogenous
controls (48).

To normalize the expression of miRNAs, Ct values were
obtained to calculate fold change for miRNA. A universal miR
qPCR primer (possessing the binding site with universal adaptor
primer, included in the kit), miRNA-27a primer, and 5S primer as
internal reference (sequence complementary to the miRNA) were
used to complete the real-time PCR reaction. miRNA qRT-PCR
cycle parameters were as follows: 94°C for 2 min, followed by 45
cycles at 94°C for 20 s and 60°C for 34 s. The expression of mRNAs
for various cytokines was determined by conducting qRT-PCR as
described before (49). All the primers used in the present study
for cytokines detection are mentioned in Table 1. To normalize
the expression level of miRNAs and mRNAs, internal controls
of S5 and GAPDH were used. The relative expression levels of
miRNAs and mRNAs were determined as fold change, ACt values
were obtained as follows: ACt = Ct of miRNAs or mRNAs — Ct of
small nucleolar RNA S50r GAPDH. AACt values were obtained
as follows: AACt = ACt of treated groups — ACt of untreated
control groups. Fold change was calculated by the 2724 method
(50, 51).

ELISA for Cytokines

The concentration of cytokines in the cells supernatant was
measured by using an ELISA kit. Cells supernatant was collected
at various time intervals (6 and 18 h) post-MAP (k-10 and 0908
strains) infection of different miR-27a transfected groups. All
reagents, standard, and samples were prepared according to
the manufacturer’s protocols. Standards and samples (100 pl
each) were added into appropriate wells of 96-well ELISA plates
and incubated for 2 h at 37°C in a humid environment. After
incubation, the liquid was discarded and the plates washed 4-5
times with washing buffer. Then, 100 ul of detection antibody
solution was added into each well, incubated in humid condi-
tions at 37°C for 1 h, and washed as previously. Then we added
100 pl of HRP-conjugated antibodies to each well for 40 min and
incubated at 37°C in a humid environment and washed again.
After that, we added 100 ul of TMB substrate for 10-30 min at
room temperature in the dark. To stop the reaction, we added
100 pl stop solution to each well. A standard curve was obtained

TABLE 1 | Primers used in this study.

Primer name and sequence (5'-3')

5-AAGGAGAACCAAGCAACGACAAAATA-3
5-TTTCCATCTTCTTCTTTGGGTATTGC-3

Interleukin (IL)-1p (forward)
IL-1p (reverse)

IL-6 (forward) 5-CCCAATTTCCAATGCTCTCCTA-3
IL-6 (reverse) 5-AGGAATGTCCACAAACTGATATGCT-3
IL-10 (forward) 5-AGCATTTGAATTCCCTGGGTGA-3
IL-10 (reverse) 5-CCTGCTCCACTGCCTTGCTCTT-3
IL-12 (forward) 5-CCAAATTACTCCGGACGGTTCAC-3

5-CAGACAGAGACGCCATTCCACAT-3
5-AGAGCTACAAGAGGATCACCAGCAG-3
5-TCAGATTTACGGGTCAACTTCACAT-3
5-AAGAGTTACACTGCCTTTGCCATC-3
5-CACTGTCTGCTGGTGGAGTTCATC-3
5-CGACTTCAACAGCAACTCCCACTCTTCC-3
5-TGGGTGGTCCAGGGTTTCTTACTCCTT-3

IL-12 (reverse)

TNF-a (forward)

TNF-« (reverse)

Interferon (IFN)-p (forward)
IFN- (reverse)

GAPDH (forward)

GAPDH (reverse)

using twofold dilutions of the standard for each independent
experiment. To obtain the optical density (OD), plate was read
at 450 nm with a wavelength correction of 630 nm by using an
ELISA plate reader. The ELISA results were obtained from two
independent experiments. Samples were added into triplicate
wells in each independent experiment.

Western Blot Analysis

For total protein extraction, cells were washed twice with ice-cold
PBS and homogenized with RIPA buffer containing a cocktail of
protease and phosphatase inhibitor (Sigma Aldrich, St. Louis,
MO, USA) for 20 min on ice. Afterward, samples were sonicated
for 20 s and then centrifuged at 12,000 X g for 20 min at 4°C. The
resulting supernatants were collected and boiled for 10 min after
the addition of loading buffer (250 nM Tris HCI 6.8 pH, 10%
sodium dodecyl sulfate, 0.5% bromophenol blue, 50% glycerol,
and 0.5 M dithiothreitol) (52). Equal amounts of protein were
separated by 12% or 10% sodium dodecyl sulfate polyacrylamide
gel electrophoresis and transferred onto polyvinylidene difluoride
membranes (Millipore, Billerica, MA, USA). After blocking
with 5% skim milk prepared in Tris buffered saline Tween-20,
membranes were incubated overnight at 4°C with primary anti-
bodies. After incubation, membranes were rinsed three times in
TBST and then incubated for 60 min at 37°C with HRP-labeled
secondary antibodies. Signals were detected using an enhanced
chemiluminescence detection kit (Bio-Rad, USA).

Dual-Luciferase Reporter Assay

The binding elements for miR-27a at the 3’-UTR of IL-10 and
TAB 2 mRNAs were obtained by PCR amplification using mouse
genomic DNA as template and cloned into pMir-Reporter
Luciferase vector (Synbio Tech). A mutant form of mouse
IL-10 and TAB-2 3’-UTR was cloned into a pmirGLO vector
by site-directed mutagenesis using a WT clone. HEK293 and
BMDM cells were cultured in 24-well plates (2.5 x 10* cells/
well) overnight and transfected with 50 nM control mimics or
50 nM/ml miR-27a mimics using a Lipofectamine 2000. Six
hours post-transfection, cells were again transfected with 100 ng
pMir-Reporter constructs of IL-10 and TAB 2 wild- and mutant
type of plasmid. Twenty-four hours after transfection, cells were
lysed in lysis buffer, and a luciferase assay was performed using
the Dual Luciferase reporter system (Promega), according to the
manufacturer’s instructions (53). The results were obtained from
three independent experiments, and all samples were collected in
three replicates in each experiment.

CFU Assay

To assess bacterial viability, BMDM and RAW264.7 mac-
rophages (2 X 10° cells in each well) were cultured in 12-well
plates overnight and infected with MAP (0908 and k-10, MOI
is 20:1) strains for 3 h and then washed thrice with warm PBS to
remove extracellular bacteria. Thereafter, the infected cells were
incubated for the indicated time periods and lysed at the specified
time points with 0.1% Triton X 100. Appropriate dilutions were
prepared for all transfected groups and plated on Middlebrook
7H10 agar plates supplemented with mycobactin-J and OADC in
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triplicate. Inoculated plates were incubated at 37°C, and colonies
were counted 5 weeks after plating.

Cell Viability Assay

Cell viability was assessed by the MTS tetrazolium assay. BMDM
and RAW264.7 cells were cultured in 96-well plates overnight
before transfection. Cells were transfected with mimic control,
mimic, inhibitor control, and inhibitor of miR-27a for 48 h.
MTS reagent (20 pl) was added in each well, and then cells were
incubated at 37°C for 3 h in a humidified, 5% CO, atmosphere.
OD was quantified by measuring the absorbance at 490 nm
wavelength with an ELISA plate reader.

Statistical Analysis

All experiments were performed on three separate occasions.
Data are expressed as mean + SD. Student’s t-test was used for
comparison between two groups. One-way ANOVA followed by
Bonferroni’s multiple comparison tests was performed for mul-
tiple-group comparisons. Statistical analysis was carried out by
using GraphPad Prism 5 software (GraphPad, La Jolla, CA, USA).
Densitometric analysis of digitalized images was done by using
Image] software (National Institute of Health, Bethesda, MD,
USA). p Values < 0.05 were considered statistically significant.

RESULTS

MAP Infection Decreases miR-27a

Expression in Macrophages and Mice

To determine whether miR-27a plays a role in the immune
responses against MAP infection, we investigated the expression
of miR-27a in vivo and in vitro. We infected murine BMDMs
and RAW264.7 cells with two strains of MAP (MAP k-10 and
MAP 0908) at MOI 20:1 (bacteria/cell) and with TLR2 agonist.
To ensure maximum infection of macrophages with MAP, we
conducted phagocytosis assays at different levels of MOI (5:1,
10:1, and 20:1) before establishing the dose of infectivity (Figures
S1A,B in Supplementary Material). The expression of miR-27a
was measured by using qRT-PCR analysis. MAP infection
decreased the expression of miR-27a in a time-dependent manner
in BMDM (Figures 2A,B) and RAW264.7 cells (Figures 2D,E).
Additionally, TLR2 agonist also showed a decrease in the expres-
sion of miR-27a in both types of macrophages (Figures 2C,F).
The minimum level of miR-27a was detected at 12-24 h time
intervals in all groups. Moreover, for in vivo determination of
miR27a we challenged mice with MAP (0908) via intraperito-
neal route. After 4 weeks postinfection, the expression level of
miR-27a was significantly downregulated in different tissues of
infected mice (Figures 2G-I). Various studies have reported that
TLR2 receptors play an important role in the initiation of signal-
ing cascades in macrophages to favor the persistent survival and
growth of MAP (17). Our data suggest that downregulation of
miR-27a in response to MAP strains and TLR2 treatment shares
a common response in both types of macrophages and indicate
that the expression of miR-27a in MAP- and TLR2-treated cells
may share a common signaling mechanism.

miR-27a Attenuates the Regulation of
IL-10 in Macrophages Infected with MAP

It has been reported that TLR2-activated macrophages elevate
the expression of IL-10 in response to MAP infection (20). IL-10
is one of the potent anti-inflammatory mediators that prevent tis-
sue injury from excessive inflammatory reactions and also con-
tribute to the pathogenesis of MAP (15, 54). More recently, it has
been reported that miR-27a controls various targets to regulate
the immune system (34, 39). We asked whether miR-27a partici-
pates in inflammatory responses associated with MAP (0908 and
k-10) infection. We found that the level of miR-27a in BMDM
cells increased by transfecting the cells with miR-27a mimic. We
also found that upregulation of miR-27a reduced MAP-induced
IL-10 expression at both 6 and 18 h postinfection (Figure 3A)
and simultaneously reduced L-10 protein levels in BMDM cells
after infection with MAP (Figure 3B). A similar IL-10 expression
was recorded in RAW264.7 macrophages treated with miR-27a
at both protein and mRNA levels (Figure 3D). In contrast, an
upregulation of IL-10 was observed at protein and mRNA levels
in both BMDM and RAW264.7 macrophages transfected with
miR-27a inhibitor (Figures 3E,EH). To check the transfection
efficiency, BMDM cells were transfected with miR-27a con-
trol, mimic, and inhibitor for 48 h and then the expression of
miR-27a observed with or without MAP infection (0908). The
expression level of miR-27a was significantly higher in MAP-
infected groups than in the MAP non-infected mimic-treated
group (Figure 3C). In addition, miR-27a was downregulated in
inhibitor treatment of both MAP-infected and MAP non-infected
groups (Figure 3G). These data suggest that miR-27a negatively
regulates the expression of IL-10 at both mRNA and protein
levels in MAP-infected macrophages. We further analyzed the
effects of miR-27a transfection on macrophage viability. BMDM
and RAW264.7 cells were transfected with miR-27a (control,
mimic, control-inhibitor, and inhibitor) for 48 h, and then cell
viability was assessed by using the MTS assay (see Materials and
Methods). Cell viability among all transfected groups showed no
significant difference after miR-27a transfection (Figures S4A,B
in Supplementary Material).

miR-27a Upregulation Improves
Macrophage Activation in Response

to MAP Infection

We have already shown that miR-27a is downregulated in MAP-
infected macrophages and also observed the inhibitory effects of
miR-27a on IL-10 expression. Previous studies reported that MAP
inhibit the activation of macrophages by upregulating the expres-
sion of IL-10 while downregulating various pro-inflammatory
mediators (15). The downregulation of miR-27a in MAP infec-
tion suggested that miR-27a could participate in the activation
of macrophages. To test this hypothesis, we investigated whether
miR27a participates in the expression of inflammatory mediators
during MAP infection. First, we increased the level of miR-27a in
BMDM cells by transfecting with miR-27a mimics for 48 h, and
then cells were infected with MAP 0908 strain. After 6 h postin-
fection, we found a high level of pro-inflammatory cytokines,
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derived macrophage (BMDM) and (D,E) RAW264.7 cells were infected with MAP (k-10 and 0908) for the indicated time period, and miR-27a expression was
subsequently evaluated by using gRT-PCR. (C) RAW264.7 and (F) BMDMs were stimulated with 1 pg/ml Pam3Cys-Ser-(Lys)4 [PAM toll-like receptor (TLR)1/2
agonist] for the indicated time period, and miR-27a expression was examined using gRT-PCR. (G-l) The expression levels of miR-27a were measured in the
intestine (ilium) (G), spleen (H), and liver (l) of negative control or MAP (0908)-infected C57BL/6 mice by gRT-PCR analysis. All data above represent mean + SD for

three independent experiments. *p < 0.05 and **p < 0.001.

including IL-1p, IL-6, IL-12, IFN-B, and TNF-a in BMDM at both
translational and transcriptional levels (Figures 4A,B). Similar
results were observed for k-10 strain of MAP in infected mac-
rophages (Figures 4C,D). Consistent with the findings in BMDM
cells, upregulation of miR-27a also enhanced MAP-induced
expression of IL-1p, IL-6, IL-12, IFN-f, and TNF-o in RAW264.7
cells (Figures 4E-H). In addition, we found that miR-27a also
upregulates the expression of pro-inflammatory cytokines after
18 h of MAP infection, compared to miR-27a control (Figure S2
in Supplementary Material). These data suggest that miR-27a is a
positive regulator for the induction of inflammatory cytokines in
macrophages infected with MAP.

Downregulation of miR-27a Inhibits
Inflammatory Responses of MAP-Infected

Macrophages
We observed that mimic treatment of miR-27a promoted
inflammatory responses of macrophages infected with MAP

and then asked whether downregulation of miR-27a will affect
macrophage response against MAP. The level of miR-27a
decreased in BMDM cells by transfecting the cells with miR-27a
inhibitor for 48 h and then infected them with MAP 0908. After
6 h of infection, we found significantly decreased levels of pro-
inflammatory cytokines, including IL-1p, IL-6,IL-12, IFN-f, and
TNF-a induced by MAP 0908 in BMDM at both translational
and transcriptional levels (Figures 5A,B). Similar findings were
observed for MAP k-10-infected macrophages (Figures 5C,D).
In addition, the downregulation of miR-27a also inhibited
various cytokines expression in RAW264.7 macrophages after
infection with MAP 0908 and k-10 strains (Figures 5E-H).
Furthermore, we found that downregulation of miR-27a also
inhibited the expression of pro-inflammatory cytokines after
18 h of MAP infection (Figure S3 in Supplementary Material).
These findings suggest that miR-27a regulates macrophage
activation by abrogating the anti-inflammatory environment
created by MAP in infected macrophages for prolonged survival
and growth.
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FIGURE 3 | miR-27a attenuates regulation of interleukin (IL)-10 in macrophages infected by Mycobacterium avium subspecies paratuberculosis (MAP). Bone
marrow-derived macrophage (BMDM) (A,B) and RAW264.7 (D) cells were transfected with 50 nM control mimics or miR-27a mimics. After 48 h, cells were infected
with MAP (0908 or K-10) strain for 6 and 18 h. The mRNA and protein levels of the anti-inflammatory cytokine IL-10 were calculated by using gRT-PCR and ELISA.
BMDM (E,F) and RAW264.7 (H) cells were transfected with 50 nM control inhibitors or miR-27a inhibitors. After 48 h, cells were infected with MAP (0908 or K-10)
strain for 6 and 18 h. The mRNA and protein levels of the anti-inflammatory cytokine IL-10 were determined by gRT-PCR and ELISA. (C,G) BMDMs were
transfected with miR-27a control, mimic (C), or inhibitor (G) and then infected with MAP. The expression levels of miR-27a were determined by gRT-PCR analysis.
Statistical analysis was carried out by using one-way ANOVA followed by Bonferroni’s multiple comparison tests. *p < 0.05, *p < 0.001, and ***p < 0.001.
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miR-27a Modulates MAPK Signaling
Cascade by Targeting TAB 2 and TAB 3
in MAP-Infected Macrophages

Complex signaling cascades are triggered by MAP after interac-
tion with TLR2/4 for the activation of MAPK-p38 pathway (15).
TAB 1, TAB 2, and TAB 3 are involved in the activation of TAK1
(55). Various kinases are activated by downstream signaling of
TAKI including MAPKs. We investigated whether miR-27a par-
ticipates in the regulation of signaling cascades of MAPK pathway
in MAP-infected macrophages. BMDM cells were transfected
with miR-27a control, mimic, and inhibitor. Forty-eight hours
after transfection, cells were infected with MAP 0908 strain,
and the expression of various proteins of the MAPK pathway
was determined by immunoblot assays. As shown in Figure 6A,
upregulation of miR-27a diminished MAP (0908) induced TAB
2 (Figure 6B) and TAB 3 (Figure 6C) expression, while down-
regulation of miR-27a counteracted these effects. Furthermore,
we examined whether miR-27a affects the components of MAPK
pathway that regulate the expression of IL-10 during MAP infec-
tion. We found that upregulation of miR-27a reduced the expres-
sion of phosphorylated p38 (Figure 6D) and p-JNK (Figure 6E),
while downregulation of miR-27a significantly promoted the
expression of p-p38 and p-JNK at all time intervals. However,
no significant difference was observed in p-ERK (Figure 6F) in
BMDM cells at various time intervals among all treated groups
after MAP (0908) infection. These findings suggest that miR-
27a modulates MAPK signaling pathways activated by MAP in
infected macrophages.

IL-10 and TAB 2 Are Direct Targets of
miR-27a

To clarify whether miR-27a targets IL-10 alone or IL-10 and
TAB 2 together at their 3'-UTR region, we used TargetScan
and miRanda algorithm to predict miRNA targets as previously
described (56, 57). We identified a putative binding site of miR-
27a/b at the 3’-UTR of IL-10 and TAB 2 transcript in mice and
also in other species (Figure 7A). Luciferase reporter vectors
were constructed for wild and mutant 3’-UTR for IL-10 and TAB
2 target site of miR-27a (Figure 7B). We found that upregula-
tion of miR-27a reduced the activity of the luciferase reporter in
BMDM and HEK293 cells containing IL-10 wild-type reporter,
while miR-27a failed to inhibit luciferase activity in cells having
IL-10 mutant-type reporter (Figures 7D,E). We also found that
miR-27a decreased the activity of the luciferase reporter that
contained the wild-type 3’-UTR of TAB 2 mRNA in both BMDM
and HEK293 cells. However, miR-27a had no effect on the activity
of a luciferase reporter that contained the mutant 3’-UTR of TAB

2 mRNA (Figures 7F,G). Additionally, qRT-PCR data demon-
strated that BMDM transfected with miR-27a mimic significantly
increased the expression levels of miR-27a. On the other hand,
BMDMs transfected with miR-27a inhibitor significantly reduced
the expression level of miR-27a (Figure 7C). These findings sug-
gest that both IL-10 and TAB 2 are direct targets of miR-27a.

miR-27a Promotes Antimicrobial
Properties of Macrophages and Inhibits

Intracellular Survival of MAP

Mycobacterium avium subspecies paratuberculosis adopts vari-
ous strategies for intracellular survival in mononuclear phago-
cytic cells. The activation of MAPK-p38 signaling pathway and
upregulation of IL-10 is one of the important strategies of MAP
survival and pathogenesis (58, 59). We already found that miR-
27a positively regulates the expression of pro-inflammatory
cytokines in MAP-infected macrophages and that overexpres-
sion of miR-27a promotes macrophage activation by inhibition
of IL-10. We next investigated whether miR-27a affects the
intracellular survival of MAP. To test this hypothesis, BMDM
cells were transfected with miR-27a control, mimic, and inhibi-
tor. Upregulation of miR-27a reduced the survival of MAP
(0908) in BMDM cells, while miR-27a inhibitor counteracted
that effect (Figure 8A). Additionally, transfection of RAW264.7
cells with miR-27a mimic showed a clearer difference in the
intracellular survival of MAP than cells transfected with miR-
27a inhibitor (0908) (Figure 8C). We observed similar results
between miR-27a mimic and inhibitor for MAP (k-10)-infected
macrophages (Figures 8B,D). Although the difference for total
viable bacterial count between the control and miR-27a inhibitor
was less evident, there was a clear significant difference between
miR-27a mimic and inhibitor group (Figures 8B,C). These
results indicate that miR-27a inhibits the intracellular survival
of MAP by promoting bactericidal activities of macrophages.

DISCUSSION

Emerging evidence suggested that miRNAs are key regulators
of genes involved in immune cell differentiation, effectors func-
tions, and modulation of the host defense mechanism against
pathogenic infection (60, 61). However, the biological role of
miRNAs in the specific context of macrophage activation during
MAP infection remains poorly understood. Macrophages are
not only involved in the elimination of intracellular pathogens
but also provide a niche for the survival of MAP organisms.
Classically activated macrophages (M1) are pro-inflammatory
and are involved in tissue damage in high population numbers
(62), while alternatively activated macrophages (M2) are poorly
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FIGURE 4 | miR-27a upregulation improves macrophage activation in response to Mycobacterium avium subspecies paratuberculosis (MAP) infection. (A-D) Bone
marrow-derived macrophage (BMDM) cells were transfected with 50 nM miR-27a control or miR-27a mimic. After 48 h, cells were infected by MAP (0908 or k-10) strain for
6 h. The mRNA and protein levels of pro-inflammatory cytokines interleukin (IL)-1p, IL-6, IL-12, interferon (IFN)-B, and TNF-a were determined by gRT-PCR (A,C), and IL-6,
IL-12, and TNF-a were determined by ELISA (B,D). (E-H) RAW264.7 cells were transfected with 50 nM miR-27a control or miR-27a mimic. After 48 h, cells were infected
by MAP (0908 or k-10) strain for 6 h. The mRNA and protein levels of pro-inflammatory cytokines IL-1p, IL-6, IL-12, IFN-B, and TNF-a were determined by gRT-PCR (E,G),
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FIGURE 5 | Downregulation of miR-27a inhibits inflammatory responses of Mycobacterium avium subspecies paratuberculosis (MAP)-infected macrophages. (A-D)
Bone marrow-derived macrophage (BMDM) cells were transfected with 50 nM control inhibitors or miR-27a inhibitors. After 48 h, cells were infected by MAP (0908
or k-10) strain for 6 and 18 h. The mRNA and protein levels of pro-inflammatory cytokines interleukin (IL)-18, IL-6, IL-12, interferon (IFN)-B, and TNF-a were
determined by gRT-PCR (A,C), and IL-6, IL-12, and TNF-a were determined by ELISA (B,D). (E-H) RAW264.7 cells were transfected with 50 nM control inhibitors
or miR-27a inhibitors. After 48 h, cells were infected by MAP (0908 or k-10) strain for 6 and 18 h. The mRNA and protein levels of pro-inflammatory cytokines IL-1,
IL-6, IL-12, IFN-B, and TNF-a were determined by (E,G) gRT-PCR, and IL-6, IL-12, and TNF-a were determined by (F,H) ELISA. Similar results were observed in
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microbicidal (63, 64). In infectious diseases, the control of tissue
inflammation might lead to uncontrolled pathogen multiplica-
tion (65). Macrophage activation in M1 or M2 must be tightly
regulated and can be used as a therapeutic target. Recent studies
mentioned that miR-27a and miR-27b play an important role in
macrophage polarization by targeting the 3'-UTR of IRF4 (23).
In addition, miR-27a is a member of the miR-23a/27a/24-2 gene
cluster, promoting the expression of M1 cytokines while reducing
the expression of M2 cytokines, suggesting that it plays an impor-
tant role in the activation and polarization of macrophages (39).
Similarly, our results show that miR-27a (miR-27a-3p; a mature
form of miR-27a) promotes pro-inflammatory cytokines while
inhibiting anti-inflammatory ones and modulating macrophage
activation after MAP infection.

We found that the expression of miR-27a was downregulated
by MAP (0908 and k-10 strain of MAP) both in vitro and in vivo.
Our results are in accordance with Ma and colleagues findings,
where they demonstrated that miR-23a/27a/24-2 was down-
regulated in mouse peritoneal macrophages stimulated with
LPS (39). Similarly, murine cytomegalovirus downregulated the
expression of miR-27a in various mouse cell lines and primary
macrophages (34).

Several miRNAs are induced by TLR signaling in macrophages
and target the 3’-UTR of mRNAs encoding key molecules
involved in macrophage polarization (66). TLR2 and TLR4 are

important PRRs of phagocytic cells activating MAPK pathway
after ligation with the cell wall component Man-LAM and the
19 kDa lipoprotein of MAP (15). Our results revealed that miR-
27a is downregulated in BMDM and RAW264.7 cells activated
with MAP and TLR2 agonist. Similarly, the study of Xie et al.
reported that miR-27a was downregulated in mouse BMDM and
human macrophages stimulated by TLR4 and TLR2 agonists (51).
Therefore, the regulation of miR-27a appears to be fundamental
in keeping macrophage modulation and inflammatory responses.

Farrell and colleagues demonstrated the existence of novel
miRNAs in MAP-infected bovine serum and explored the
potential of miRNAs as biomarkers for infectious diseases in
cattle (37). Our data provide confirmation of the important role
of miR-27a in the regulation of IL-10 expression in MAP-infected
macrophages. We found that enforced expression of miR-27a
suppressed IL-10 protein expression, whereas transfection of
cells with an inhibitor of miR-27a resulted in increased IL-10
expression in MAP-infected macrophages. Similarly, it has been
shown that miR-27a inhibits the production of IL-10 at both
mRNA and protein levels and enhanced the signaling of NF-kB
for cytokines production in hypoxia and reperfusion injury (67).
Liu and colleagues showed that miR-98 inhibits TLR4-dependent
IL-10 production in LPS-stimulated macrophages (68). For the
progression of pathogenesis, MAP overexpresses the production
of IL-10 that gradually shifts protective Thl-type cell-mediated
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Species IL-10 Predicted target sequence Species TAB2 Predicted target sequence
Human 5 .....AUJUACUGAGCUUCUCUGUGAACGAU... Human 5l s GAACGUGUCUCCACUCUGUGAAGCAUC...
Chimp <ere AUUUACUGAGCUUCUCUGUGAACGGU.... Chimp ... GAACAUGUCUCCACUCUGUGAAGCAUC...
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FIGURE 7 | Interleukin (IL)-10 and TGF-p-activated protein kinase 1 binding protein 2 (TAB 2) are direct targets of miR-27a. (A) The mature sequences of miR-27a/b
and the conserved sequences of the 3’-UTR of IL-10 and TAB 2 from various species are illustrated. The seed sites of miR-27a/b and its binding sites at the 3’-UTR
of IL-10 and TAB 2 are shown in blue and red color, respectively. (B) Schematic illustration of the miR-27a targeting site at 3’-UTR of the mouse IL-10 and TAB 2
gene. The created mutation is represented in green color. (C) Bone marrow-derived macrophage (BMDM) cells were transfected with 50 nM miR-27a control,
mimic, and inhibitor. Forty-eight hours after transfection, cells were lysed and the expression levels of miR-27a were determined by real-time PCR assay. Data
represent mean + SD from two independent experiments. (D) BMDM cells were transfected with 50 nM miR-27a control, miR-27a mimic and a wild-type (IL-10 WT)
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cells were assessed 24 h after transfection. Similar results were observed in three independent experiments. “o < 0.05, *p < 0.01, and ***p < 0.001.
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FIGURE 8 | miR-27a promotes antimicrobial properties of macrophages and inhibits intracellular survival of Mycobacterium avium subspecies paratuberculosis
(MAP). Bone marrow-derived macrophages (BMDM) (A,B) and RAW 264.7 (C,D) cells were transfected with 50 nM miR-27a control, mimic, and inhibitor.
Forty-eight hours after transfection cells were infected by MAP (0908 and k-10) strains at multiplicity of infection (MOI) of 20:1 (bacteria/cells) for 18 h. After that,
cells were lysed, and intracellular survival of MAP was determined by CFU. Mean + SD values were obtained from three independent experiments. “p < 0.05 and
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response to a humoral Th2 response (69). Cho and colleagues
reported that miR-24 and miR-27a collectively inhibit the dif-
ferentiation of CD4 T cells into Th2 cells by targeting IL-4 and
GATA3 (33). Similarly, we found that overexpression of miR-27a
modulated the immune responses during MAP infection by
targeting IL-10 at the 3’-UTR or by inhibiting the regulatory
pathway for the expression of IL-10. Previously, it was shown
that the regulation of IL-10- and IL-10-dependent MAPK-p38 is
required for the control of persistent survival and growth of MAP
in infected macrophages (16, 20).

The observed effects on IL-10 expression prompted us to
examine whether miR-27a influences the activation of mac-
rophages induced by MAP infection. We demonstrated that
the expressions of pro-inflammatory cytokines were upregu-
lated by overexpression of miR-27a, whereas these cytokines
were reduced by inhibition of miR-27a by transfection with
miR-27a inhibitor. Our work is in line with a previous report
showing the effects of miR-23a/27a/24-2 on the expression
of pro-inflammatory cytokines in murine macrophages (39).
In addition, the expressions of various pro-inflammatory cyto-
kines were suppressed by IL-10 (70). Similarly, the blocking of
IL-10 resulted in overexpression of IL-12 and TNF-a in bovine
monocyte-derived macrophages infected with MAP or purified
protein derivative (or Johnin) (71). Overall, IL-10 is an important

anti-inflammatory mediator (72) that blocks the release of vari-
ous pro-inflammatory cytokines and promotes the survival of
MAP in mononuclear phagocytic cells (73). Our data also suggest
that mimic treatment of miR-27a inhibits the expression of IL-10,
while promoting the regulation of various pro-inflammatory
cytokines in murine macrophages results in line with the study
reported by Xie and colleagues (51).

Mitogen-activated protein kinase signaling pathways are
playing an important role in the regulation of cell death and cell
survival depending on the type of stimulus and type of cells (26).
The function of the MAPK-p38 branch in the regulation of pro-
and anti-inflammatory genes expression is distinct in various cell
types (74). In MAP infection, the activation of the MAPK-p38
pathway promotes the production of IL-10 and inhibits anti-
microbial activity of macrophages (59). Furthermore, other
studies have reported that p38, JNK, and ERK play a dual role in
regulating the expression of cytokines, especially IL-12 and IL-10
(75). TAB 2 and its closely related protein, TAB 3, are essential
for the activation of TAK1, a major downstream molecule for
IkB-kinases and MAPKs including p38 and JNK (76). Previously,
it has been shown that TAB 1 and TAB 2 are essential for the
survival of LPS-activated macrophages by inhibiting apoptotic
cell death via preventing reactive oxygen species production (77).
Our analysis has revealed that miR-27a significantly inhibited
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the expression of TAB 2 and TAB 3 and has a putative binding
site at the 3’-UTR of TAB 2. These observations prompted us
to examine whether miR-27a influences the activation of the
MAPK pathway during MAP infection. We found that miR-27a
mimic-transfected BMDM cells after infection with MAP (0908)
significantly reduced the phosphorylation of p38 and JNK at
different times, while no significant difference was recorded
for phosphorylated ERK. Previously, it was reported that the
inhibition of MAPK-p38 activity promotes the microbicidal
ability of bovine monocyte-derived macrophages to eliminate
intracellular bacteria (78). In addition, MAP recombinant
proteins are involved in the activation of MAPK-p38 in bovine
macrophages and resulted in enhanced production of IL-10 (16).
We have shown here that miR-27a inhibits IL-10 expression by
targeting mRNA at the 3’-UTR of IL-10 as well as inhibition of
p38 phosphorylation by targeting TAB 2 mRNA at its 3'-UTR
in MAP-infected macrophages. Our results are in line with the
finding of Pan and colleagues’ that miR-27a inhibits JNK/p38
expression by targeting MAP2K4 mRNA at its 3'-UTR in human
osteosarcoma cells (46).

Macrophages are not only killing mycobacteria by promot-
ing inflammatory mediators but also provide a favorable hiding
site for intracellular multiplication and survival of pathogenic
mycobacteria (79). Therefore, macrophage activation should
be tightly regulated for the development of protective immune
responses against mycobacterial infection. An early study
reported that miR-27a upregulated the expression of TNF-a
in BMDM cells treated with LPS (51), while TNF-a played a
crucial role in macrophage activation in killing intracellular
mycobacteria (80), indicating that miR-27a might be required
in the macrophage-mediated immune defense against infection.
We demonstrated that miR-27a enhances pro-inflammatory
cytokines, while decreasing IL-10 production and the intra-
cellular survival of MAP, indicating that miR-27a promoted
macrophage-mediated bacterial elimination. Similarly, over-
expression of miR-27a substantially decreased viral infectivity
by repressing the expression of many lipid metabolism-related
genes, which are essential for the production of HCV parti-
cles. Furthermore, miR-27a enhanced in vitro IFN signaling,
and patients who expressed high levels of miR-27a in the
liver showed a more favorable response to antiviral therapy
(81). Forced expression of miR-155 reduced the intracellular
growth of mycobacteria by promoting autophagic response
in macrophages (82). These studies imply a potential role of
miRNAs in the regulation of immune response against invading
pathogens. Our results indicate that miR-27a negatively regu-
lates the expression of IL-10 and hence promotes the ability of
macrophages to eliminate intracellular MAP.

Emerging evidence suggests the importance of thelink between
inflammatory mediators and miRNAs during pathogenic infec-
tions (83). miR-23a is a member of miR-23a/27a/24-2 cluster,
which has been shown to promote macrophage polarization by
targeting JAK1 and STAT-6 directly in murine macrophages (39).
Previous studies also showed that several pathogens, including
mycobacteria, inhibit the classical activation of macrophages
and diminished bactericidal activity of macrophages, through
the induction of some miRNAs such as miR-125a (84, 85).

Similarly, MAP inhibits the expression of multiple miRNAs,
which may contribute to MAP evasion strategies from the host
defense mechanisms (37, 86, 87). Our findings show that MAP
infection inhibits the regulation of miR-27a and that miR-27a is
a key mediator of macrophage polarization into M1 phenotype.
Therefore, identification of miRNAs related to the dynamic
changes of macrophage polarization and understanding their
immune regulating functions are important for discussing the
molecular basis of disease progression and the development of
novel miRNA-targeted therapeutic strategies. Several research
groups have explored the role of miRNAs in vitro models but
few research groups have achieved promising results with
miRNAs in vivo experiments. Zheng and colleagues reported
that the silencing of miR-195 reduced lung and liver injuries
and improved the survival of septic mice (88). In addition, the
downregulation of miR-328-3p by intratracheal administration
of antagomirs of miR-328-3p enhanced bacterial killing when
mice were infected with non-typeable Haemophilus influenza
(89). In the present study, we investigated the role of miR-27a
in macrophages infected with MAP in vitro, but further studies
are required to explore the role of miR-27a in an in vivo model
of MAP infection.

In conclusion, the interaction between macrophages and MAP
remains a challenging subject. However, there is evidence suggest-
ing that macrophages are critical immune-mediating cells playing
an important role in the control of MAP infection. Our findings
explore the essential role for miR-27a in macrophage activation
and MAP elimination and provide important information for the
development of therapeutic interventions in paratuberculosis.
Although major milestones have been achieved regarding the
study of macrophages as an integral part of the innate immune
responses against MAP, further molecular research is required
to determine whether therapeutic interventions with miR-27a
in the modulation of macrophage activation could be a realistic
approach for the control of MAP infection in humans and large
animals.
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