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Tuberculosis (TB) is one of the prevalent causes of death worldwide, with 95% of 
these deaths occurring in developing countries, like India. The causative agent, 
Mycobacterium tuberculosis (MTb) has the tenacious ability to circumvent the host’s 
immune system for its own advantage. Macrophages are one of the phagocytic cells 
that are central to immunity against MTb. These are highly plastic cells dependent on 
the milieu and can showcase M1/M2 polarization. M1 macrophages are bactericidal 
in action, but M2 macrophages are anti-inflammatory in their immune response. 
This computational study is an effort to elucidate the role of miRNAs that influences 
the survival of MTb in the macrophage. To identify the miRNAs against critical 
transcription factors, we selected only conserved hits from TargetScan database. 
Further, validation of these miRNAs was achieved using four databases viz. DIANA-
microT, miRDB, miRanda-mirSVR, and miRNAMap. All miRNAs were identified 
through a conserved seed sequence against the 3′-UTR of transcription factors. This 
bioinformatics study found that miR-27a and miR-27b has a putative binding site at 
3′-UTR of IRF4, and miR-302c against IRF5. miR-155, miR-132, and miR-455-5p are 
predicted microRNAs against suppressor of cytokine signaling transcription factors. 
Several other microRNAs, which have an affinity for critical transcription factors, are 
also predicted in this study. This MTb-associated modulation of microRNAs to modify 
the expression of the target gene(s) plays a critical role in TB pathogenesis. Other 
than M1/M2 plasticity, MTb has the ability to convert macrophage into foam cells that 
are rich in lipids and cholesterol. We have highlighted few microRNAs which overlap 
between M2/foam cell continuums. miR-155, miR-33, miR-27a, and miR-27b plays a 
dual role in deciding macrophage polarity and its conversion to foam cells. This study 
shows a glimpse of microRNAs which can be modulated by MTb not only to prevent 
its elimination but also to promote its survival.
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inTrODUcTiOn

Tuberculosis (TB) is an infectious disease which is caused by 
strains of genus Mycobacteria. The predominant pathogenic 
species that infects humans is Mycobacterium tuberculosis 
(MTb). It is a pulmonary pathogen as its typical life cycle begins 
in lungs of human but can spread to other organs and tissues 
and causes extra-pulmonary TB (1). It spreads through the air 
when diseased person coughs or sneezes (2). In 2014, 9.6 million 
new cases of TB were diagnosed and TB was a cause of death 
for 1.5 million patients worldwide (3). One-third of the world’s 
populations, that is, nearly 2.5 billion individuals are infected 
with MTb, but remain asymptomatic; among them, only 10% 
will develop clinically active TB in their lifetime (1). Though 
TB cases are declining due to effective antibiotic regiments, 
interest in TB has resurfaced due to the global emergence of 
multiple drug-resistant (MDR) and extreme drug-resistant 
(XDR) strains. As new resistant strains are making antibiotics 
obsolete, it has become pertinent to study the host–pathogen 
interaction to develop strategies which could augment host to 
fight against the pathogen. To achieve this, understanding of the 
host immune dynamics at its fundamental level is essential. The 
evolutionary arms race has endowed both the pathogen and host 
with several advantages to counter each other strategies. The 
fight between pathogen effectors and host immunity determines 
whether the pathogen is eliminated, made ineffective, or causes 
disease. When MTb is inside the human lung, phagocytic cells 
act as antigen-presenting cells (APCs) to neutralize the pathogen. 
APCs, such as neutrophils, dendritic cells, and macrophages, 
are known to concomitantly act to initiate T cell-based adaptive 
immunity to clear out the infection (4). Macrophages are of 
central importance as they possess a battery of immunological 
processes to kill the pathogen. Macrophages normally generate 
toxic nitrogen and oxygen radicals and induce autophagy and 
apoptosis to eliminate the pathogen. These capabilities are 
severely compromised by MTb and can, in turn, be manipulated 
for its survival. MTb has been experimentally shown to evade 
both apoptosis and autophagy by altering the intracellular 
machinery of the macrophage (5). In macrophage, a pathogen is 
normally phagocytosed and gets encased in endosome inside the 
cytosol. When this endosome matures, it fuses with the lysosome 
whereby the pathogen is neutralized, but MTb has the capacity to 
perturb the intracellular trafficking. It incapacitates phagosomal 
acidification by arresting its fusion with the lysosome (6). This 
crucial hindrance, which prevents phagolysosome maturation, 
leads to the survival of MTb inside the macrophage. This feat is 
achieved by MTb due to its interference with several intracel-
lular pathways. It inhibits Rab5-dependent endosome matura-
tion, modulates Ca2+ and PI3P-based signaling along with the 
modification of the actin cytoskeleton to prevent its fusion 
with the lysosome (7). By modulating intracellular mediators, 
MTb establishes an immunological block that leads to a chronic 
inflammatory condition in which it continues to persist. Host 
counteracts the onslaught and initiates an adaptive immune 
response by forming a granuloma, an immunological barricade 
to contain the further infection. By the time infection progresses, 
T-helper (TH1) cell with its cytokine secretions, such as tumor 

necrosis factor-alpha (TNF-α) and interferon-gamma (IFN-γ), 
propagates the adaptive limb of the immunity (8). The granu-
loma is established when a sufficient inflammatory response is 
generated by TH1 cells along with the expression of inflamma-
tory chemokine (9). The main effector cells which are affected 
by cytokines of TH1 cells are macrophages. TH1 response primes 
macrophages by upregulating major histocompatibility complex 
(MHC)-2 and activating appropriate signaling pathways neces-
sary for the elimination of intracellular pathogens. MTb has the 
capacity to resist the deadly assault of the macrophage. Other 
than that, macrophages show a high level of plasticity and can 
differentiate into two opposite phenotypes (10). M1 macrophages 
are classically activated macrophages, which are immune-
stimulatory and are influenced by cytokines, such as IFN-γ and 
TNF-α. M2 cells are alternatively activated macrophages, which 
are characterized by their immuno-suppressive properties, such 
as enhanced IL4, IL10, and IL-13 response (11). There is a lot 
of ambiguity in M1/M2 nomenclature, but certain transcription 
factors and cytokines have been shown to differentiate these 
extreme phenotypes (Figure 1).

Apart from M1/M2 plasticity, macrophages can also trans-
form into foam cells, which are rich in lipid and cholesterol (12). 
Foamy macrophages are cells with deregulated lipid metabolism 
(13, 14). The homeostatic balance between the influx and 
efflux of low-density lipoprotein (LDL) comprising cholesterol, 
triacylglycerides, and phospholipids, is compromised in these 
cells. This modification is achieved in two steps, first, scavenger 
receptors and CD36, leads to increased uptake of LDLs by the 
macrophages. Second, transporters like ABCA1 that regulate the 
efflux of excess cholesterol are affected inside these macrophages. 
ABCA1 knockdown has been associated with exacerbated 
conditions of foam cells. Increased uptake of LDLs and later its 
compromised efflux suits the nutritional requirement of MTb 
(13). MTb has also been shown to modulate the ketone body 
synthesis to accumulate lipid bodies inside the macrophages 
(14). Peroxisome proliferator-activated receptor (PPAR) group 
of transcription factors have also been implicated in both M2 
transition and later in foam cell formation. PPARs upregulate 
metabolism genes and also represses M1 phenotypic marker 
(15). All of these factors are susceptible to modulation by MTb 
for its survival. These modified macrophages in the form of 
foamy cells are shown to be a predominant niche for MTb in 
granuloma (16) (Figure 1).

In TB, granuloma formation is an immunologically dynamic 
process which involves both innate and adaptive mechanisms. 
Few studies have focused on M1 and M2 macrophages bias in 
granuloma (17). The confirmed presence of M1, M2, and foamy 
macrophages in granuloma warrants further investigations 
to understand its transition and its role in the pathology of 
the disease. We have suspected the role of microRNAs against 
some transcription factors which transcribe critical genes that 
affect the M1/M2/Foamy macrophage continuum. miRNAs are 
evolutionarily conserved, 20–24 nucleotide small non-coding 
RNA, which inhibits the expression of genes by binding to the 
3′-UTR of the transcribed mRNAs. The recognition of mRNA 
nucleotides by 6–8 nucleotides long seed region of miRNA is suf-
ficient to inhibit the gene expression (18). The miRNA–mRNA 
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FigUre 1 | microrna overlapping M2 and foam cell formation promotes Mycobacterium tuberculosis survival.
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complex leads to mRNA destabilization, translational inhibition, 
or mRNA degradation. miRNA has been shown to play diverse 
roles from affecting developmental pathways to immunological 
mechanisms (19). The specific variations in miRNA expression 
during immune cell development are increasingly being appreci-
ated. Its aberrant expression has been linked to infections, aging, 
and other pathological outcomes (20). As monocyte transition to 
macrophage is a continuous process, the perturbed expression of 
miRNA can influence its phenotype under certain temporal and 
spatial conditions. In this study, we have identified transcription 
factors which can regulate macrophage polarization during MTb 
infection. In fact, several studies have corroborated that levels of 
transcription factors present in cytosol influence the gene expres-
sion profile of a particular cell (21, 22). MTb-associated miRNA 
modulation can lead to a quantitative variation of transcription 
factors inside the macrophage either by directly altering the 
transcription factor or by influencing other proteins interacting 
with the transcription factors. There has been evidence that PtpA 
secreted by MTb directly dephosphorylates p-Jnk and p-p38, thus 
modulating cytokine expression (23).

In this computational study, we have identified key miRNAs 
that can be upregulated or repressed to skew the macrophage 
polarity to pro-survival M2 phenotype. Transcription factors 
like IRF5, IRF1, SOCS1, STAT1, and STAT2 promotes inflam-
matory M1 macrophage, and its MTb-based suppression 
enhances its survival. Transcription factors expressed by M2 
macrophages, such as IRF4, SP1, SP3, STAT6, SOCS 2, SOCS 3, 
PPAR, and KLF6, were also analyzed in this study. Their upregu-
lation boosts the survival of MTb (Figure 1). This study revealed 
novel MTb-associated miRNAs which bind to the 3′-UTR of 
the aforesaid transcription factors. The variation in the miRNA 
profile decides the fate of the macrophage to which survival of 

MTb is intertwined. Later, we analyzed few microRNAs which 
fulfills the dual role of transition from M2 phenotype to nutri-
tional rich foam cells. Similar computational approaches have 
been used in deciphering the role of miRNAs in other human 
disorders (24, 25).

MaTerials anD MeThODOlOgY

identification of Target Transcription 
Factors
MTb survival is greatly enhanced when macrophage polar-
ity is shifted toward M2 macrophage. We have identified key 
transcriptional factors from the published literature that were 
experimentally shown to affect macrophage polarization state 
and are listed in Table 1.

resources Used for mirna Prediction
We have used five freely accessible databases which are avail-
able online to predict potential miRNAs against target genes 
(Table 2). For this study, first, we submitted target gene ID into 
TargetScan database to identify matching conserved miRNA 
sequences. TargetScan returned queries in two sets, first set, 
conserved sequences with a high probability of binding between 
seed region of mRNA and second set comprised of poorly con-
served miRNA. The algorithm threshold was set automatically 
according to the length of the seed sequence. In all the resulting 
hits of the miRNAs, the length of the seed sequence matching 
the mature mRNA was ≥7mers. The context ++ percentile score 
was used to curate results on the basis of a statistical model to 
predict miRNA/mRNA interaction (34). Context ++ percentile 
score ranks microRNAs according to its efficacy of binding. Only 
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TaBle 2 | list of online resources used for microrna prediction.

s. 
no.

Tool name Uniform resource locator reference

1 TargetScan http://www.TargetScan.org (34)
2 miRDB http://miRDB.org/miRDB (39)
3 miRANDA-

mirSVR
http://www.microrna.org (40)

4 DIANA-
microT

http://diana.imis.athena-innovation.gr/
DianaTools/index.php?r=microT_CDS/index

(35)

5 miRNAMap http://mirnamap.mbc.nctu.edu.tw (38)

TaBle 1 | Transcription factors and their functional aspects toward the plasticity of M1 or M2 phenotype.

s. 
no.

Type of 
phenotype

Transcription 
factors

Full name Function reference

1 M1 
phenotype

IRF5 Interferon regulatory factor 5 Required for MyD88 signaling and drives pro inflammatory 
response

(26)

2 IRF1 Interferon regulatory factor 1 Interacts with Myd88 and activates pro-inflammatory genes (27)
3 SOCS 1 Suppressor of cytokine signaling 1 High SOCS 1/SOCS 3 ratio drives toward M1 (28)
4 STAT1 Signal transducer and activator of transcription 1 Required for interferon-gamma-based pro-inflammatory 

genes activation
(29)

5 STAT2 Signal transducer and activator of transcription 1 Forms heterodimer with STAT1 (29)

6 M2 
phenotype

IRF4 Interferon regulatory factor 4 Promotes M2 (29)
7 SP1 Specificity protein 1 Transcription factor for IL-10 gene (30)
8 SP3 Specificity protein 3 Transcription factor for IL-10 gene (30)
9 PPAR-δ Peroxisome proliferator-activated receptor delta Promotes anti-inflammatory M2 phenotype (31)

10 PPAR-α Peroxisome proliferator-activated receptor alpha Promotes M2 (32)
11 PPAR-γ Peroxisome proliferator-activated receptor gamma Leads in fatty acid metabolism and sustains M2 phenotype (15)
12 SOCS2 Suppressor of cytokine signaling 2 Highs SOCS 2 leads to M2 (28)
13 SOCS 3 Suppressor of cytokine signaling 3 High SOCS 3/SOCS 1 ratio drives toward M2 (28)
14 STAT6 Signal transducer and activator of transcription 6 Induces M2 specific genes (29)
15 KLF4 Kruppel-like factor 4 Inhibits M1 promotes M2 (33)
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conserved hits (with context ++ score ≥90%) were filtered and 
authenticated in other databases. Other four web servers used 
in this study were: DIANA-microT, which identifies miRNA 
recognition elements by comparing given miRNA with mock 
miRNA sequence (35), miRDB utilizes support vector machines 
for target prediction (36), miRanda-mirSVR is an online miRNA 
analysis tool which utilizes a new machine learning method 
which is trained on in vitro miRNA transfection experiments on 
HeLa cells (37), and miRNAMap primarily considers Gibbs free 
energy and miRanda score to predict target sites (38).

resUlTs

The MTb-Dependent Downregulation of 
M1 Phenotypic Properties
Macrophage polarization leads to two states, one is a pro-
inflammatory M1 state, which encompasses IFN-γ-mediated 
response and microbicidal action. The second state is an M2 state, 
which is an anti-inflammatory state pre-dominated by IL4- and 
IL10-mediated cell profile. MTb-dependent perturbations in 
the host’s microRNA profile would enhance its survival only if 
it could negate the host’s lethal response. To identify microRNAs 
against transcription factors required for M1 cell, we submitted 
IRF5 (GENE ID 3663) for miRNA search in TargetScan database. 

The data search revealed that miR-302c and miR-520b were 
conserved with the high context ++ score. But only miR-302c, 
which targets 3′-UTR position at 452–459 of IRF5, was validated 
on miRanda-mirSVR and miRDB databases (Table 3).

IRF1 has been associated with M1 macrophages. IRF1 interacts 
with Myd88 and activates inflammatory genes. miR-454, miR-
130a, and mir-130b have binding affinity for 3′-UTR position at 
394–401 of IRF1. Its downregulation will prevent M1-specific 
response (Table 3).

The STAT family of transcription factors plays a differential 
role in the outcome of macrophage. miR-1252 and miR-3202 
showed complementarity for STAT1 and STAT2, respectively in 
≥2 databases. Downregulation of these transcription factors will 
lead to a reduced inflammatory response (Table 3).

Suppressor of cytokine signaling (SOCS) affects signaling 
cascade influencing M1 and M2 outcome. SOCS 3 is an essential 
transcription factor for M1 macrophage conversion. The miR-
455-5p was found to possess an affinity for position 1564–1570 
of 3′-UTR of SOCS3. The miR-455-5p target site was confirmed 
in four databases except for miRNAMap. The expression of miR-
455-3p will downregulate SOCS 3 expression which is essential 
for M1 phenotype, thus promoting M2 phenotype (Table  3; 
Figure 2).

MTb-Dependent Macrophage imbalance 
toward M2 Phenotype
IRF4 is an essential transcription factor for M2 phenotype 
generation but is dispensable for M1 development. Two micro-
RNAs, miR-27a and miR-27b, showed conserved binding to 
position 437–444 of IRF4 3′-UTR with high PCT (Probability of 
Conservation) and context ++ percentile score. The binding of 
these miRNAs was corroborated on miRanda-mirSVR, miRDB, 
and microT databases. Among the STAT family of transducers, 
STAT6 has been positively associated with an M2 cell type. 
TargetScan, miRDB, and miRanda-mirSVR revealed putative 
binding sites for miR-135a-5p and miR-135b-5p at position 

http://www.TargetScan.org
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TaBle 3 | Predicted microrna against different transcription factors playing role in M1/M2 plastcity.

s. no. Transcription factors Targetscan miranda–mirsVr mirDB microT mirnaMap

1 IRF5 miR-302c
miR-520b

miR-302c
miR-520b

miR-302c
–

–
–

–
–

2 IRF1 miR-454
miR-130a
miR-130b

miR-454
miR-130a
miR-130b

miR-454
miR-130a
miR-130b

miR-454
miR-130a
miR-130b

–
–
–

3 SOCS 1 miR-155
–

miR-155
miR-7c

–
miR-7c

miR-155
–

miR-155
–

4 STAT1 – – miR-1252-5p miR-1252 –

5 STAT2 miR-3202 – miR-3202 miR-3202 –

6 IRF4 miR-27a
miR-27b

miR-27a
miR-27b

miR-27a
miR-27b

miR-27a
miR-27b

–
–

7 SP1 miR-135a-5p
miR-135b-5p

miR-135a-5p
miR-135b-5p

miR-135a-5p 
miR-135b-5p

miR-135a-5p
–

–
–

8 SP3 miR-129-5p miR-129-5p miR-129-5p – –

9 SOCS2 miR-132
miR-212

–
–

–
–

miR-132
miR-212

miR-132
miR-212

10 SOCS 3 miR-455-5p miR-455-5p miR-455-5p miR-455 –

11 KLF4 miR-34c
miR-449

miR-34c
miR-449

miR-34c
miR-449

miR-449
–

miR-34c
miR-449

12 STAT6 miR-135a-5p
miR-135b-5p

miR-135a
miR-135b

miR-135a-5p
miR-135b-5p

–
–

–
–

13 Peroxisome proliferator-activated receptor (PPAR)-δ miR-138-5p miR-138 miR-138-5p miR-138-5p –

14 PPAR-γ miR-454 
miR-301a

miR-454 
miR-301a

miR-454 
miR-301a

–
–

miR-454
–

15 PPAR-α miR-19a
miR-19b

–
–

miR-19a
miR-19b

–
–

miR-19a
miR-19b

5

Ahluwalia et al. microRNA-Mediated Immunological Plasticity

Frontiers in Immunology | www.frontiersin.org February 2017 | Volume 8 | Article 107

1100–1107 of STAT6. These microRNA when upregulated, would 
promote M2 phenotype (Table 3).

High SOCS1 to SOCS3 ratio affects signaling cascade dif-
ferentially by promoting M2 macrophage. When submitted in 
TargetScan, miR-155-5p binds at position 24–31 of SOCS1 3′-
UTR. Its affinity was confirmed on miRanda-mirSVR, microT, 
and microRNAMap. Conserved microRNAs predicted on 
TargetScan for SOCS2 3′-UTR at position 1535–1542 was miR-132 
and miR-212. Its affinity was simultaneously confirmed through 
TargetScan, microT, and miRNAMap databases (Table 3).

SP1 and SP3 are known to transcriptionally upregulate IL-10 
gene. TargetScan output has shown that SP1 has a conserved 
target at 344–350 nucleotide position of 3′-UTR for miR-135a-5p 
and 135b. The validation of miR-135a-5p was confirmed in all the 
four databases except miRNAMap. For SP2, miR-129-5p at 93-99 
position of 3′-UTR was confirmed in TargetScan, miRanda-
mirSVR, and miRDB. Downregulation of microRNAs against 
SP1 and SP2 leads to upregulation of IL10 expression, in turn, 
promoting M2 phenotype (Table 3).

High activity of KLF4 is associated with M2 macrophages 
but is significantly reduced in M1. Its 3′-UTR sequence at 25–32 
nucleotides shows conserved targets for miR-449b-5p and miR-
34c-5p (Table 3; Figure 2).

microRNA have been also implicated in lipid metabolism and 
can potentially assist in the transition of M2 cell to foamy mac-
rophage. Our data-mining in multiple databases confirmed that 
miR-155 has the conserved binding site against ABCA1. miR-33 
which play a role in lipid deregulation binds to the 3′-UTR of 
NOD2. Another critical microRNA, miR-27a/b has a putative 
binding site at 3′-UTR of IRF4.

Among all the 15 transcription factors analyzed, 1 had hit in 
all five databases, 7 microRNAs were positively authenticated 
on four databases and 6 had hits in three databases. Except for 
one gene all the microRNAs were validated in ≥3 databases with 
different algorithms.

DiscUssiOn

Tuberculosis involves combined effort of innate and adaptive 
immunity to clear out the infection. Macrophages are the central 
immune cells, as they possess an arsenal of toxic mechanisms 
sufficient to kill the pathogen. MTb-dependent modulation of 
macrophage, whereby it not only survives but also thrives, is 
one of the great evolutionary adaptations. In the host, mac-
rophages’ plasticity yields predominantly pro-inflammatory 
M1 macrophages and anti-inflammatory M2 macrophages. 
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FigUre 2 | microrna promoting M2 phenotype for Mycobacterium 
tuberculosis survival.

6

Ahluwalia et al. microRNA-Mediated Immunological Plasticity

Frontiers in Immunology | www.frontiersin.org February 2017 | Volume 8 | Article 107

For MTb, the advantage of M2 cells could be gauged by the 
fact that it downregulates the antigen presentation molecules 
and co-stimulatory receptors, in turn impairing the activation 
of TH1 cells (41). The absence of TH1 response coupled with 
immune manipulation to generate M2 creates a comfortable 
niche for this pathogen. Add to it, the capacity to transform 
macrophage into a foam cell, MTb successfully manipulates the 
host to generate a safe harbor for its long-term survival (16).  
The crucial molecular factors which are essential for deciding 
the phenotypic outcome of a macrophage is of great interest 
as the survival of pathogens is dictated by the lethality of 
macrophage response. As infection by MTb progresses, the 
defensive action of host creates an immunological barricade 
called a granuloma. There has been evidence suggesting the 
presence of both types of macrophages in the granuloma (17). 
During the initial stages of infection, M1 type of macrophages 
predominates, but loses out to M2 as the infection progresses 
(17). M1/M2 polarization is based on the differential expression 
of genes in a macrophage. For example, IL-23- and IL-12-
secreting M1 macrophages promote mycobacterial killing, 
but IL-10-secreting M2 expression subverts its killing (41). 
Expression of these genes is controlled by specific transcription 
factors, which express a single gene or a set of genes (42). The 
fine-tuning of gene expression with respect to transcription 
factors could be achieved in two ways. First, the downregulation 
or upregulation of the transcription factors in the cell leads to 
the corresponding effect on the quantity of the gene product. 

Second, modification of transcription factor also influences the 
gene expression. Certain transcription factor such as NFAT 
must be dephosphorylated before they can translocate to the 
nucleus (43). Some studies have shown that the quantity of 
transcription factor as a key variable in deciding the inflam-
matory status of the macrophage (21, 22). We have pointed 
out that MTb-dependent miRNAs modulation of transcription 
factors might be one of the molecular factors that have the 
capacity to tip the balance toward pro-survival M2 phenotype.

In this computational study, we have uncovered few critical 
transcription factors which influence the M1/M2 plasticity and 
are potential targets modulated by MTb. Indeed, many other stud-
ies are also pointing at the role of microRNAs in various immune 
cells, including macrophages (20). Experimentally several studies 
have documented MTb-dependent miRNA modulation (44, 45). 
The pathogen downregulates inflammatory molecules IFN-γ, 
TNF-α, and IRAK1 by modulating several miRNAs (46–48). 
In this study, by analyzing multiple databases, we have filtered 
critical micro RNAs that can affect the availability of TFs. Initial 
hits were selected from TargetScan as it uses PCT and context ++ 
percentile score. Higher score translates to a better probability 
of binding with the given mRNA. These filtered miRNAs were 
further analyzed by other databases.

The interferon regulatory elements (IRF) are transcription 
factors which upregulate the transcription of a specific set of 
genes and play a significant role in deciding the outcome of 
macrophage phenotype. For M1 macrophage, IRF5 is the critical 
transcription factor which influences the inflammatory response 
of the macrophage (26). IRF5 depended production of IL-12 
by M1 macrophage is required to IFN-γ-dependent pathway in 
TH1 cells. IFN-γ then potentiates the macrophages to unleash its 
antibacterial arsenal (49). IRF5 also inhibits the transcription of 
IL10, thus negatively regulates M2 phenotype. Its upregulation 
is synonymous with M1 and down regulation leads to M2 cells. 
IRF1 also plays its part by inducing Myd88-dependent pathway, 
but recent evidence has also suggested its association with BATF1 
which leads to the expression of several host protective genes 
against MTb (50). Its knockdown lead to severe downregulation 
of IFN-γ-dependent pro-inflammatory limb (50). IRF5 and IRF1 
down-modulation by miRNAs prolong the survival of MTb in 
macrophages.

IRF4, another transcription factor is essential for generating 
M2 phenotype. IRF 4 is known to associate with Jmjd3, an H3K27 
demethylase, and has been implicated in the promotion of M2 
phenotype (51). We found out that miR-302c putatively controls 
IRF5 expression, and miR-27a and miR-27b regulate IRF4 
expression. For the promotion of M2 macrophage, it is essential 
to downregulate IRF5 by upregulating miR-302c. Expression of 
IRF4 can be affected by downregulating miR-27a and miR-27b. 
When perturbed by MTb, these miRNA can significantly alter the 
macrophage polarization status, thus providing a means to MTb 
for its survival.

STATs are an intracellular transducer that regulates the expres-
sion of several immune genes in macrophages. These participate 
by expressing higher MHC-2, IL-12, and Nitric oxide synthase 
(NOS), necessary for killing of the pathogen (52). STAT1 and 
STAT2, transducers play their part in M1 polarization, they form 
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a heterodimer to induce transcription of several microbicidal 
genes. miR-1252 and miR-3202 against STAT1 and STAT2 will 
downregulate M1-specific response.

Suppressor of cytokine signaling proteins has been shown to 
play a key role in M1 and M2 macrophage polarization. Expression 
of SOCS is highly context dependent and is actively triggered 
once the macrophage is activated. SOCS plays a dampening 
effect on JAK/STAT signaling pathways through its association 
with phosphorylated tyrosine. SOCS also utilizes proteasome 
machinery to degrade signaling molecules. High SOCS1 and 
SOCS2 have been associated with M2 polarization, and high 
SOCS3 promotes M1 phenotype (53, 54). Downregulation of 
miR-155-5p against SOCS1 will result in corresponding increase 
in SOCS1. The down-modulation of miR-132 will increase 
SOCS2. High SOCS1 and SOCS2 will promote pro-survival M2 
phenotype. At the same time, MTb has the capacity to increase 
miR-455 expression which possesses conserved complementa-
rity against SOCS3 and thus, prevents the cell from generating 
M1-specific response.

As IFN-γ and TNF-α are associated with M1 macrophages, 
IL-4 and IL-10 are known to be associated with M2 macrophages 
(10). SP1 and STAT6 both play an important role in the outcome 
of the M2 phenotype. STAT6 plays its part in IL-4-dependent 
cell signaling (55). SP1 has been shown to bind to IL10 motif, 
thus regulating its expression which is critical for M2 cell (30). 
IL-10 promotes anti-inflammatory genes and is associated with 
a dampening of the immune response. Our computation study 
predicted the affinity of miR-135a and miR-135b to these mRNA. 
MTb-dependent downregulation of this microRNA will be 
advantageous to MTb as it greatly enhances the formation of M2 
phenotype.

KLF4 is also essential for M2 as it is highly expressed in M2 
macrophages but is significantly reduced in M1 macrophages 
(33). It binds to STAT6 and sequesters co-activators required for 
NF-κB. As it is an important transcription factor which expresses 
an inflammatory gene, its unavailability shifts the macrophage 
toward M2 path. Our study found that miR-34c and miR-449 
have conserved targets against KLF4. MTb-dependent upregula-
tion of KLF4 through negative modulation by these microRNAs 
might lead to M2 phenotype.

Modulation of Transcription Factors for 
Foam cells in the granuloma
Foam cells are lipid-rich macrophages and are abundantly 
present in the granuloma (12). These are nutritionally rich cells 
where phagocytic and bactericidal activities are permanently 
compromised (16). MTb has remarkably long survival time in 
foam cells. It is a nutritionally rich microenvironment for MTb. 
In this safe haven, MTb can enter dormancy and can actively 
reproduce when suitable conditions emerge (56). Molecular fac-
tors affecting foam cell formation are of critical interest. PPARs 
are nuclear receptors, which act as transcription factors for genes 
playing an essential role in cellular metabolism, predominantly, 
glucose and lipid metabolism. Apart from this function, PPAR-α, 
-δ, -γ has shown the capacity to influence macrophage plasticity. 
They actively promote M2 phenotype by repressing inflamma-
tory genes through interference with the pro-inflammatory 

transcription factors, such as NF-κB (15). Development of 
human monocyte is skewed toward anti-inflammatory M2 when 
in presence of PPAR-γ. PPAR-γ activation correlates positively 
with M2 phenotypic markers. In one step ahead, PPAR-α and 
PPAR-γ have been implicated in ABCA1-mediated cholesterol 
efflux from macrophages (57). Thus, PPAR-mediated pathways 
play a role both in M2 macrophage generation and foam cell 
formation by regulating cholesterol efflux. MTb has been shown 
to depend on cholesterol metabolism for its long-term persis-
tence (58). Our data mining in multiple databases confirmed 
that miR-155 has the conserved binding site against ABCA1. By 
upregulating miR-155 late in infection, MTb has the capacity 
to block cholesterol efflux, by downregulating ABCA1, thus, 
securing its cholesterol requirements inside the foam cells. 
Experimental evidence has also suggested that miR-155 acts by 
directly repressing HBP1 expression, in turn, promoting lipid 
uptake (59). Interestingly, in TB patients, studies have shown 
increased expression of miR-155 (60, 61). By expressing miR-155, 
MTb can negate microbicidal cytokines and on the same hand 
prime foam cell formation. There is also a report which shows 
that mir-155 enhances autophagy (23) but autophagy itself is 
modulated in the presence of anti-inflammatory cytokines (62). 
miR-155 play role in suppressing inflammation and later lipid 
uptake creates ideal conditions for its survival and abrogates 
autophagy.

One of the transcription factors related to lipid metabolism 
is SREBP. It is required for upregulation of fatty acid and cho-
lesterol metabolism genes. SREBP1 and SREBP2 also express 
miR-33 which is present in its intronic region. miR-33 binds 
to ABCA1 and prevents the efflux of cholesterol from the cell 
(63, 64). Increased SREBP expression will not only extend 
lipolytic machinery but, through miR-33 expression, can also 
block cholesterol efflux, thus promoting foam cell formation. 
The modulation of miR-33 will again serve dual purposes for 
MTb by increasing fatty acid metabolism genes and at the same 
time reducing the outflow of cholesterol. Cholesterol and fatty 
acids are known to be nutrients for MTb, and its accumulation 
enhances its survival. Our database search also found that miR-33 
binds to 3′-UTR of NOD2. Downregulation of NOD2 dampens 
the inflammatory response (65). In fact, a recent study found 
out that MTb induced expression of miR-33 lead to deregulated 
autophagy, a protection strategy for the MTb. It also enhanced 
lipid catabolism which is essential for its nourishment (66). 
miR-27a/b has been experimentally shown to regulate choles-
terol homeostasis in THP1-macrophages (67). Our analysis has 
revealed that miR-27a/b has a putative binding site at 3′-UTR 
of IRF4. Pathogen-mediated modulation of this microRNA will 
subvert the immune response along with metabolic perturba-
tions required for its survival. Further experiments are required 
to fill the gaps in our current understanding of the microRNAs 
role in M1/M2 polarization and subsequently foam cell forma-
tion in granulomatous conditions.

Computational investigations have been conducted in cancer 
biology to identify critical microRNAs and their role in disease 
pathogenesis (25). The criteria followed in these studies are 
variable and at times is analyzed using a single database. In this 
study, the computational approach followed is highly stringent 
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and requires the hit to be identified and validated by ≥3 data-
bases. The hits in multiple databases are important as various 
databases use different algorithms and selection criterion to find 
microRNA/mRNA match, thus, strengthening its probability 
of function in  vivo. Using this approach, we have shown that 
multiple microRNAs can be modulated by MTb for its survival 
(Table  3). MTb has adapted to manipulate host metabolism 
and immune response at the same time by modulating its 
overlapping transcription factors. Experimental evidence must 
corroborate the role of microRNAs that are found in this in silico 
study. Further investigations should decipher novel miRNAs 
that influences TB pathogenesis. Future studies might document 
the use of microRNAs as novel therapeutic targets for curbing 
the spread of TB.

aUThOr cOnTriBUTiOns

PA, RP, PS, and VP conceived and designed the experiments, 
contributed reagents/materials/analysis tools, and wrote the 
paper. PA and RP performed the experiments. PA, RP, and VP 
analyzed the data.

FUnDing

PA is thankful to Council of Scientific and Industrial Research, 
Govt. of India for providing Senior Research Fellowship. RP 
is thankful to the Department of Science and Technology 
for providing INSPIRE fellowship. VP is thankful to SERB 
(YSS/2015/000716) for providing start-up grant.

reFerences

1. O’Garra A, Redford PS, McNab FW, Bloom CI, Wilkinson RJ, Berry MP. The 
immune response in tuberculosis. Annu Rev Immunol (2013) 31:475–527. 
doi:10.1146/annurev-immunol-032712-095939 

2. Bates JH, Potts WE, Lewis M. Epidemiology of primary tuberculosis 
in an industrial school. N Engl J Med (1965) 272:714–7. doi:10.1056/
NEJM196504082721403 

3. World Health Organization. Global Tuberculosis Report. (2016).
4. Zumla A, Rao M, Wallis RS, Kaufmann SH, Rustomjee R, Mwaba P, et  al. 

Host-directed therapies for infectious diseases: current status, recent prog-
ress, and future prospects. Lancet Infect Dis (2016) 16:e47–63. doi:10.1016/
S1473-3099(16)00078-5 

5. Srinivasan L, Ahlbrand S, Briken V. Interaction of Mycobacterium tubercu
losis with host cell death pathways. Cold Spring Harb Perspect Med (2014) 
4:a022459. doi:10.1101/cshperspect.a022459 

6. Armstrong J, Hart PA. Response of cultured macrophages to Mycobacterium 
tuberculosis, with observations on fusion of lysosomes with phagosomes. 
J Exp Med (1971) 134:713–40. doi:10.1084/jem.134.3.713 

7. Vergne I, Fratti RA, Hill PJ, Chua J, Belisle J, Deretic V. Mycobacterium 
tuberculosis phagosome maturation arrest: mycobacterial phosphati-
dylinositol analog phosphatidylinositol mannoside stimulates early 
endosomal fusion. Mol Biol Cell (2004) 15:751–60. doi:10.1091/mbc.E03- 
05-0307 

8. Pandey RK, Sundar S, Prajapati VK. Differential expression of miRNA 
regulates T cell differentiation and plasticity during visceral leishman-
iasis infection. Front Microbiol (2016) 7:206. doi:10.3389/fmicb.2016. 
00206 

9. Hasan Z, Jamil B, Ashraf M, Islam M, Yusuf MS, Khan JA, et  al. ESAT6-
induced IFNγ and CXCL9 can differentiate severity of tuberculosis. PLoS One 
(2009) 4:e5158. doi:10.1371/journal.pone.0005158 

10. Mantovani A, Sica A, Locati M. Macrophage polarization comes of age. 
Immunity (2005) 23:344–6. doi:10.1016/j.immuni.2005.10.001 

11. Gordon S. Alternative activation of macrophages. Nat Rev Immunol (2003) 
3:23–35. doi:10.1038/nri978 

12. Ramakrishnan L. Revisiting the role of the granuloma in tuberculosis. Nat Rev 
Immunol (2012) 12:352–66. doi:10.1038/nri3211 

13. Galkina E, Ley K. Immune and inflammatory mechanisms of athero-
sclerosis (*). Annu Rev Immunol (2009) 27:165–97. doi:10.1146/annurev.
immunol.021908.132620 

14. Singh V, Jamwal S, Jain R, Verma P, Gokhale R, Rao KV. Mycobacterium 
tuberculosis-driven targeted recalibration of macrophage lipid homeostasis 
promotes the foamy phenotype. Cell Host Microbe (2012) 12:669–81. 
doi:10.1016/j.chom.2012.09.012 

15. Bouhlel MA, Derudas B, Rigamonti E, Dièvart R, Brozek J, Haulon S, et al. 
PPARγ activation primes human monocytes into alternative M2 macro-
phages with anti-inflammatory properties. Cell Metab (2007) 6:137–43. 
doi:10.1016/j.cmet.2007.06.010 

16. Peyron P, Vaubourgeix J, Poquet Y, Levillain F, Botanch C, Bardou F, et al. 
Foamy macrophages from tuberculous patients’ granulomas constitute a 

nutrient-rich reservoir for M. tuberculosis persistence. PLoS Pathog (2008) 
4:e1000204. doi:10.1371/journal.ppat.1000204 

17. Huang Z, Luo Q, Guo Y, Chen J, Xiong G, Peng Y, et  al. Mycobacterium 
tuberculosis-induced polarization of human macrophage orchestrates the 
formation and development of tuberculous granulomas in vitro. PLoS One 
(2015) 10:e0129744. doi:10.1371/journal.pone.0129744 

18. Ellwanger DC, Buttner FA, Mewes HW, Stumpflen V. The sufficient minimal 
set of miRNA seed types. Bioinformatics (2011) 27:1346–50. doi:10.1093/
bioinformatics/btr149 

19. Bartel DP. microRNAs: genomics, biogenesis, mechanism, and function. Cell 
(2004) 116:281–97. doi:10.1016/S0092-8674(04)00045-5 

20. Mehta A, Baltimore D. microRNAs as regulatory elements in immune system 
logic. Nat Rev Immunol (2016) 16:279–94. doi:10.1038/nri.2016.65 

21. Baer M, Dillner A, Schwartz RC, Sedon C, Nedospasov S, Johnson PF. Tumor 
necrosis factor alpha transcription in macrophages is attenuated by an auto-
crine factor that preferentially induces NF-kappaB p50. Mol Cell Biol (1998) 
18:5678–89. doi:10.1128/MCB.18.10.5678 

22. Roy S, Charboneau R, Cain K, DeTurris S, Melnyk D, Barke RA. Deficiency 
of the transcription factor c-fos increases lipopolysaccharide-induced mac-
rophage interleukin 12 production. Surgery (1999) 126:239–47. doi:10.1016/
S0039-6060(99)70161-3 

23. Wang J, Li BX, Ge PP, Li J, Wang Q, Gao GF, et al. Mycobacterium tubercu
losis suppresses innate immunity by coopting the host ubiquitin system. Nat 
Immunol (2015) 16:237–45. doi:10.1038/ni.3096 

24. Dai Y, Zhou X. Computational methods for the identification of microRNA 
targets. Open Access Bioinformatics (2010) 2:29–39. doi:10.2147/OAB.S6902 

25. To KK. microRNA: a prognostic biomarker and a possible druggable target 
for circumventing multidrug resistance in cancer chemotherapy. J Biomed Sci 
(2013) 20:99. doi:10.1186/1423-0127-20-99 

26. Krausgruber T, Blazek K, Smallie T, Alzabin S, Lockstone H, Sahgal N, et al. 
IRF5 promotes inflammatory macrophage polarization and TH1-TH17 
responses. Nat Immunol (2011) 12:231–8. doi:10.1038/ni.1990 

27. Negishi H, Fujita Y, Yanai H, Sakaguchi S, Ouyang X, Shinohara M, et  al. 
Evidence for licensing of IFN-gamma-induced IFN regulatory factor 1 
transcription factor by MyD88 in toll-like receptor-dependent gene induc-
tion program. Proc Natl Acad Sci U S A (2006) 103:15136–41. doi:10.1073/
pnas.0607181103 

28. Wilson HM. SOCS proteins in macrophage polarization and function. Front 
Immunol (2014) 5:357. doi:10.3389/fimmu.2014.00357 

29. Lawrence T, Natoli G. Transcriptional regulation of macrophage polariza-
tion: enabling diversity with identity. Nat Rev Immunol (2011) 11:750–61. 
doi:10.1038/nri3088 

30. Tone M, Powell MJ, Tone Y, Thompson SA, Waldmann H. IL-10 gene expres-
sion is controlled by the transcription factors Sp1 and Sp3. J Immunol (2000) 
165:286–91. doi:10.4049/jimmunol.165.1.286 

31. Odegaard JI, Chawla A. Alternative macrophage activation and metabolism. 
Annu Rev Pathol (2011) 6:275–97. doi:10.1146/annurev-pathol-011110-130138 

32. Straus DS, Glass CK. Anti-inflammatory actions of PPAR ligands: new 
insights on cellular and molecular mechanisms. Trends Immunol (2007) 
28:551–8. doi:10.1016/j.it.2007.09.003 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1146/annurev-immunol-032712-095939
https://doi.org/10.1056/NEJM196504082721403
https://doi.org/10.1056/NEJM196504082721403
https://doi.org/10.1016/S1473-3099(16)00078-5
https://doi.org/10.1016/S1473-3099(16)00078-5
https://doi.org/10.1101/cshperspect.a022459
https://doi.org/10.1084/jem.134.3.713
https://doi.org/10.1091/mbc.E03-05-0307
https://doi.org/10.1091/mbc.E03-05-0307
https://doi.org/10.3389/fmicb.2016.00206
https://doi.org/10.3389/fmicb.2016.00206
https://doi.org/10.1371/journal.pone.0005158
https://doi.org/10.1016/j.immuni.2005.10.001
https://doi.org/10.1038/nri978
https://doi.org/10.1038/nri3211
https://doi.org/10.1146/annurev.immunol.021908.132620
https://doi.org/10.1146/annurev.immunol.021908.132620
https://doi.org/10.1016/j.chom.2012.09.012
https://doi.org/10.1016/j.cmet.2007.06.010
https://doi.org/10.1371/journal.ppat.1000204
https://doi.org/10.1371/journal.pone.0129744
https://doi.org/10.1093/bioinformatics/btr149
https://doi.org/10.1093/bioinformatics/btr149
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.1038/nri.2016.65
https://doi.org/10.1128/MCB.18.10.5678
https://doi.org/10.1016/S0039-6060(99)70161-3
https://doi.org/10.1016/S0039-6060(99)70161-3
https://doi.org/10.1038/ni.3096
https://doi.org/10.2147/OAB.S6902
https://doi.org/10.1186/1423-0127-20-99
https://doi.org/10.1038/ni.1990
https://doi.org/10.1073/pnas.0607181103
https://doi.org/10.1073/pnas.0607181103
https://doi.org/10.3389/fimmu.2014.00357
https://doi.org/10.1038/nri3088
https://doi.org/10.4049/jimmunol.165.1.286
https://doi.org/10.1146/annurev-pathol-011110-130138
https://doi.org/10.1016/j.it.2007.09.003


9

Ahluwalia et al. microRNA-Mediated Immunological Plasticity

Frontiers in Immunology | www.frontiersin.org February 2017 | Volume 8 | Article 107

33. Liao X, Sharma N, Kapadia F, Zhou G, Lu Y, Hong H, et  al. Kruppel-like 
factor 4 regulates macrophage polarization. J Clin Invest (2011) 121:2736–49. 
doi:10.1172/JCI45444 

34. Agarwal V, Bell GW, Nam JW, Bartel DP. Predicting effective microRNA target 
sites in mammalian mRNAs. Elife (2015) 4:e05005. doi:10.7554/eLife.05005 

35. Maragkakis M, Alexiou P, Papadopoulos GL, Reczko M, Dalamagas T, 
Giannopoulos G, et  al. Accurate microRNA target prediction correlates 
with protein repression levels. BMC Bioinformatics (2009) 10:295. 
doi:10.1186/1471-2105-10-295 

36. Wang X, El Naqa IM. Prediction of both conserved and nonconserved 
microRNA targets in animals. Bioinformatics (2008) 24:325–32. doi:10.1093/
bioinformatics/btm595 

37. Betel D, Koppal A, Agius P, Sander C, Leslie C. Comprehensive modeling 
of microRNA targets predicts functional non-conserved and non-canonical 
sites. Genome Biol (2010) 11:R90. doi:10.1186/gb-2010-11-8-r90 

38. Hsu SD, Chu CH, Tsou AP, Chen SJ, Chen HC, Hsu PW, et al. miRNAMap 2.0: 
genomic maps of microRNAs in metazoan genomes. Nucleic Acids Res (2008) 
36:D165–9. doi:10.1093/nar/gkm1012 

39. Wang X. miRDB: a microRNA target prediction and functional annotation 
database with a wiki interface. RNA (2008) 14:1012–7. doi:10.1261/rna.965408 

40. Miranda KC, Huynh T, Tay Y, Ang YS, Tam WL, Thomson AM, et  al. A 
pattern-based method for the identification of microRNA binding sites and 
their corresponding heteroduplexes. Cell (2006) 126:1203–17. doi:10.1016/j.
cell.2006.07.031 

41. Verreck FA, de Boer T, Langenberg DM, Hoeve MA, Kramer M, Vaisberg 
E, et  al. Human IL-23-producing type 1 macrophages promote but IL-10-
producing type 2 macrophages subvert immunity to (myco)bacteria. Proc 
Natl Acad Sci U S A (2004) 101:4560–5. doi:10.1073/pnas.0400983101 

42. Latchman DS. Transcription factors: an overview. Int J Biochem Cell Biol 
(1997) 29:1305–12. doi:10.1016/S1357-2725(97)00085-X 

43. Rao A, Luo C, Hogan PG. Transcription factors of the NFAT family: reg-
ulation and function. Annu Rev Immunol (1997) 15:707–47. doi:10.1146/
annurev.immunol.15.1.707 

44. Furci L, Schena E, Miotto P, Cirillo DM. Alteration of human macrophages 
microRNA expression profile upon infection with Mycobacterium tubercu
losis. Int J Mycobacteriol (2013) 2:128–34. doi:10.1016/j.ijmyco.2013.04.006 

45. Zheng L, Leung E, Lee N, Lui G, To KF, Chan RC, et al. Differential microRNA 
expression in human macrophages with Mycobacterium tuberculosis infection 
of Beijing/W and non-Beijing/W strain types. PLoS One (2015) 10:e0126018. 
doi:10.1371/journal.pone.0126018 

46. Rajaram MV, Ni B, Morris JD, Brooks MN, Carlson TK, Bakthavachalu B, 
et  al. Mycobacterium tuberculosis lipomannan blocks TNF biosynthesis 
by regulating macrophage MAPK-activated protein kinase 2 (MK2) and 
microRNA miR-125b. Proc Natl Acad Sci U S A (2011) 108:17408–13. 
doi:10.1073/pnas.1112660108 

47. Xu G, Zhang Z, Wei J, Zhang Y, Zhang Y, Guo L, et  al. microR-142-3p 
down-regulates IRAK-1 in response to Mycobacterium bovis BCG infection 
in macrophages. Tuberculosis (Edinb) (2013) 93:606–11. doi:10.1016/j.
tube.2013.08.006 

48. Ni B, Rajaram MV, Lafuse WP, Landes MB, Schlesinger LS. Mycobacterium 
tuberculosis decreases human macrophage IFN-gamma responsiveness 
through miR-132 and miR-26a. J Immunol (2014) 193:4537–47. doi:10.4049/
jimmunol.1400124 

49. Borden EC, Sen GC, Uze G, Silverman RH, Ransohoff RM, Foster GR, et al. 
Interferons at age 50: past, current and future impact on biomedicine. Nat Rev 
Drug Discov (2007) 6:975–90. doi:10.1038/nrd2422 

50. Roy S, Guler R, Parihar SP, Schmeier S, Kaczkowski B, Nishimura H, et al. 
Batf2/Irf1 induces inflammatory responses in classically activated macro-
phages, lipopolysaccharides, and mycobacterial infection. J Immunol (2015) 
194:6035–44. doi:10.4049/jimmunol.1402521 

51. Satoh T, Takeuchi O, Vandenbon A, Yasuda K, Tanaka Y, Kumagai Y, et al. 
The Jmjd3-Irf4 axis regulates M2 macrophage polarization and host responses 
against helminth infection. Nat Immunol (2010) 11:936–44. doi:10.1038/
ni.1920 

52. Darnell JE Jr, Kerr IM, Stark GR. Jak-STAT pathways and transcriptional 
activation in response to IFNs and other extracellular signaling proteins. 
Science (1994) 264:1415–21. doi:10.1126/science.8197455 

53. Whyte CS, Bishop ET, Ruckerl D, Gaspar-Pereira S, Barker RN, Allen JE, et al. 
Suppressor of cytokine signaling (SOCS)1 is a key determinant of differen-
tial macrophage activation and function. J Leukoc Biol (2011) 90:845–54. 
doi:10.1189/jlb.1110644 

54. Arnold CE, Whyte CS, Gordon P, Barker RN, Rees AJ, Wilson HM. A critical 
role for suppressor of cytokine signalling 3 in promoting M1 macrophage 
activation and function in vitro and in vivo. Immunology (2014) 141:96–110. 
doi:10.1111/imm.12173 

55. Takeda K, Tanaka T, Shi W, Matsumoto M, Minami M, Kashiwamura S, 
et  al. Essential role of Stat6 in IL-4 signalling. Nature (1996) 380:627–30. 
doi:10.1038/380627a0 

56. Daniel J, Maamar H, Deb C, Sirakova TD, Kolattukudy PE. Mycobacterium 
tuberculosis uses host triacylglycerol to accumulate lipid droplets and acquires 
a dormancy-like phenotype in lipid-loaded macrophages. PLoS Pathog (2011) 
7:e1002093. doi:10.1371/journal.ppat.1002093 

57. Chinetti G, Lestavel S, Bocher V, Remaley AT, Neve B, Torra IP, et al. PPAR-
alpha and PPAR-gamma activators induce cholesterol removal from human 
macrophage foam cells through stimulation of the ABCA1 pathway. Nat Med 
(2001) 7:53–8. doi:10.1038/83348 

58. Miner MD, Chang JC, Pandey AK, Sassetti CM, Sherman DR. Role of 
cholesterol in Mycobacterium tuberculosis infection. Indian J Exp Biol (2009) 
47:407–11. 

59. Tian FJ, An LN, Wang GK, Zhu JQ, Li Q, Zhang YY, et  al. Elevated 
microRNA-155 promotes foam cell formation by targeting HBP1 in athero-
genesis. Cardiovasc Res (2014) 103:100–10. doi:10.1093/cvr/cvu070 

60. Kumar R, Halder P, Sahu SK, Kumar M, Kumari M, Jana K, et al. Identification 
of a novel role of ESAT-6-dependent miR-155 induction during infection 
of macrophages with Mycobacterium tuberculosis. Cell Microbiol (2012) 
14:1620–31. doi:10.1111/j.1462-5822.2012.01827.x 

61. Wu J, Lu C, Diao N, Zhang S, Wang S, Wang F, et al. Analysis of microRNA 
expression profiling identifies miR-155 and miR-155* as potential diagnostic 
markers for active tuberculosis: a preliminary study. Hum Immunol (2012) 
73:31–7. doi:10.1016/j.humimm.2011.10.003 

62. Harris J, De Haro SA, Master SS, Keane J, Roberts EA, Delgado M, et  al. 
T helper 2 cytokines inhibit autophagic control of intracellular Mycobac
terium tuberculosis. Immunity (2007) 27:505–17. doi:10.1016/j.immuni.2007. 
07.022 

63. Najafi-Shoushtari SH, Kristo F, Li Y, Shioda T, Cohen DE, Gerszten RE, et al. 
microRNA-33 and the SREBP host genes cooperate to control cholesterol 
homeostasis. Science (2010) 328:1566–9. doi:10.1126/science.1189123 

64. Rayner KJ, Suarez Y, Davalos A, Parathath S, Fitzgerald ML, Tamehiro N, 
et al. miR-33 contributes to the regulation of cholesterol homeostasis. Science 
(2010) 328:1570–3. doi:10.1126/science.1189862 

65. Brooks MN, Rajaram MV, Azad AK, Amer AO, Valdivia-Arenas MA, Park 
JH, et  al. NOD2 controls the nature of the inflammatory response and 
subsequent fate of Mycobacterium tuberculosis and M. bovis BCG in human 
macrophages. Cell Microbiol (2011) 13:402–18. doi:10.1111/j.1462-5822.2010. 
01544.x 

66. Ouimet M, Koster S, Sakowski E, Ramkhelawon B, van Solingen C, Oldebeken 
S, et al. Mycobacterium tuberculosis induces the miR-33 locus to reprogram 
autophagy and host lipid metabolism. Nat Immunol (2016) 17:677–86. 
doi:10.1038/ni.3434 

67. Zhang M, Wu JF, Chen WJ, Tang SL, Mo ZC, Tang YY, et al. microRNA-27a/b 
regulates cellular cholesterol efflux, influx and esterification/hydrolysis 
in THP-1 macrophages. Atherosclerosis (2014) 234:54–64. doi:10.1016/j.
atherosclerosis.2014.02.008 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2017 Ahluwalia, Pandey, Sehajpal and Prajapati. This is an openaccess 
article distributed under the terms of the Creative Commons Attribution License (CC 
BY). The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) or licensor are credited and that the original publication in this 
journal is cited, in accordance with accepted academic practice. No use, distribution 
or reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1172/JCI45444
https://doi.org/10.7554/eLife.05005
https://doi.org/10.1186/1471-2105-10-295
https://doi.org/10.1093/bioinformatics/btm595
https://doi.org/10.1093/bioinformatics/btm595
https://doi.org/10.1186/gb-2010-11-8-r90
https://doi.org/10.1093/nar/gkm1012
https://doi.org/10.1261/rna.965408
https://doi.org/10.1016/j.cell.2006.07.031
https://doi.org/10.1016/j.cell.2006.07.031
https://doi.org/10.1073/pnas.0400983101
https://doi.org/10.1016/S1357-2725(97)00085-X
https://doi.org/10.1146/annurev.immunol.15.1.707
https://doi.org/10.1146/annurev.immunol.15.1.707
https://doi.org/10.1016/j.ijmyco.2013.04.006
https://doi.org/10.1371/journal.pone.0126018
https://doi.org/10.1073/pnas.1112660108
https://doi.org/10.1016/j.tube.2013.08.006
https://doi.org/10.1016/j.tube.2013.08.006
https://doi.org/10.4049/jimmunol.1400124
https://doi.org/10.4049/jimmunol.1400124
https://doi.org/10.1038/nrd2422
https://doi.org/10.4049/jimmunol.1402521
https://doi.org/10.1038/ni.1920
https://doi.org/10.1038/ni.1920
https://doi.org/10.1126/science.8197455
https://doi.org/10.1189/jlb.1110644
https://doi.org/10.1111/imm.12173
https://doi.org/10.1038/380627a0
https://doi.org/10.1371/journal.ppat.1002093
https://doi.org/10.1038/83348
https://doi.org/10.1093/cvr/cvu070
https://doi.org/10.1111/j.1462-5822.2012.01827.x
https://doi.org/10.1016/j.humimm.2011.10.003
https://doi.org/10.1016/j.immuni.2007.07.022
https://doi.org/10.1016/j.immuni.2007.07.022
https://doi.org/10.1126/science.1189123
https://doi.org/10.1126/science.1189862
https://doi.org/10.1111/j.1462-5822.2010.01544.x
https://doi.org/10.1111/j.1462-5822.2010.01544.x
https://doi.org/10.1038/ni.3434
https://doi.org/10.1016/j.atherosclerosis.2014.02.008
https://doi.org/10.1016/j.atherosclerosis.2014.02.008
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Perturbed microRNA Expression by Mycobacterium tuberculosis Promotes Macrophage Polarization Leading to Pro-survival Foam Cell
	Introduction
	Materials and Methodology
	Identification of Target Transcription Factors
	Resources Used for miRNA Prediction

	Results
	The MTb-Dependent Downregulation of M1 Phenotypic Properties
	MTb-Dependent Macrophage Imbalance toward M2 Phenotype

	Discussion
	Modulation of Transcription Factors for Foam Cells in the Granuloma

	Author Contributions
	Funding
	References


