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There is an imbalance in asthma between classically activated macrophages (M1 cells) and alternatively activated

macrophages (M2 cells) in favor of the latter. MicroRNAs (miRNAs) play a critical role in regulating macrophage

proliferation and differentiation and control the balance of M1 and M2 macrophage polarization, thereby controlling

immune responses. 
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1. MiRNAs Polarizing Macrophages Towards a Pro-Inflammatory M1
Phenotype

The miRNAs that polarize macrophages towards a pro-inflammatory M1 phenotype (Table 1, Figure 1) are important in

balancing the anti-inflammatory/regulatory M2 macrophages which promote Th2 immune responses. In addition, pro-

inflammatory M1 macrophages promote T helper/cytotoxic type 1 antiviral responses, and virus infections are the most

common cause of asthma exacerbations. An excessive macrophage pro-inflammatory response could, however, play a

role in severe asthma and, particularly, in neutrophilic asthma.

Figure 1. miRNAs, via their targets, influence pro-inflammatory M1-macrophage polarization.

Table 1. Pro-inflammatory miRNA levels in asthma.

miRNA Macrophage
Type

miRNA Levels in Asthma

Polarization Serum/Plasma
Brushing
Airway
Cells

Biopsies Nasal
Mucosa Sputum

BAL
Exosomes/Exhaled
Breath

let-7f M1/M2a M1/M2  ↑     

miRNA-

9
M1 M1     ↑  

miRNA-

18a
M1 M1  ↓  ↓   
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miRNA Macrophage
Type

miRNA Levels in Asthma

Polarization Serum/Plasma
Brushing
Airway
Cells

Biopsies Nasal
Mucosa Sputum

BAL
Exosomes/Exhaled
Breath

miRNA-

19a
M1 M1   ↑    

miRNA-

19b-3p
M1 M1  ↓     

miRNA-

26a/b
M2c M1 ↓ ↓    ↓

miRNA-

27a/b
M2b M1  ↓     

miRNA-

125b
M1/M2a/M2c M1 ↑      

miRNA-

155
M1 M1 ↓   ↓ ↓ ↓

1.1. MiRNA let-7f

Let-7f miRNAs belong to a highly conserved let-7 (lethal-7) microRNA family consisting of 12 genes encoding for nine

different miRNAs (let-7a to let-7i). Although the members share the same “seed region” (similarities in nucleotides 2–8 at

their 5′ end), let-7 family members are each unique and encoded on different chromosomes . Among the tumor

suppressor miRNAs, reduced let-7 expression occurs most frequently in cancer and typically correlates with poor

prognosis.

Let-7f appears to polarize macrophages towards an M1 phenotype.

In the THP1 cell line, pri-let-7f levels were increased in response to LPS while the corresponding mature miRNA let-7f

levels were reduced. The overexpression of let-7f in THP-1 differentiated macrophages led to a reduction in SOCS4

protein levels .

When individual members of the let-7 family were measured, the expression of let-7f was reported to be higher in cultured

epithelial brushings from asthmatic donors .

IL-17A is associated with severe asthma and requires IL-23R signaling, which is negatively regulated by let-7f miRNA in

CD4+ lymphocytes . Let-7f was negatively regulated by estrogen receptor signaling in the MCF-7 breast cancer cell

line . Women have an increased prevalence of severe asthma compared with men. In patients with severe asthma, IL-

17A production was increased to a greater degree in TH17 cells from women compared with those from men . Let-7f

expression was lower and IL-23R expression was higher in TH17-differentiated cells from women compared with men with

severe asthma .

1.2. MiRNA-9

Expression of miRNA-9 was found higher in pro-inflammatory M1 than M2 macrophages, and promoted human M1

polarization  and miRNA-9 levels correlated with levels of peroxisome proliferator-activated receptor-δ (PPAR-δ, also

known as PPAR-β) in M1 macrophages .

MiRNA-9 levels were synergistically increased following IFNγ/LPS co-exposure in isolated macrophages and in vivo, in an

IFN-γ/LPS–induced mouse model of steroid-resistant airway hyperresponsiveness (AHR) . MiRNA-9 production

decreased protein phosphatase 2A (PP2A) activity and also inhibited steroid-induced glucocorticoid receptor (GR) nuclear

translocation. AntagomiRNA-mediated inhibition of miRNA-9 increased both PP2A activity and GR nuclear translocation in
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macrophages, and restored steroid sensitivity in isolated macrophages and in several mouse models of steroid-resistant

AHR .

The pro-inflammatory miRNA-9 was found to be increased in sputum samples from patients with neutrophilic asthma,

which is often resistant to corticosteroid therapy, compared with eosinophilic asthma . Animal studies suggest that

targeting miRNA-9 could be an effective treatment for steroid-resistant asthma.

1.3. MiRNA-17-18-19-20-92

The miRNA-17-92 cluster (miRNA-17-5p, miRNA-17-3p, miRNA-18a, miRNA-19a, miRNA-19b, miRNA-20a, and miRNA-

92-1) or oncomiRNA-1 increases cell proliferation or inhibits apoptosis by suppressing pro-apoptotic Bcl2 protein Bim,

transcription factor E2 factor 1 (E2F1), and tumor suppressor phosphate and tensin homolog (PTEN). Downregulation of

miRNA-17-92 is critical for normal myeloid differentiation via induction of PU.1 . PU.1 transcription factor has been

reported to play an important role in the differentiation of macrophages towards the pro-inflammatory M1-like phenotype

.

MiRNA-19 has a direct role in upregulating NF-κB signaling and pro-inflammatory cytokine production. miRNA-19a-3p is

capable of inducing an M1 phenotype by targeting Fos-related antigen-1 (Fra-1) transcription factor which plays a key role

in the polarization of the M1 to the M2 phenotype and, consequently, decreasing the expression of the Fra-1 downstream

genes VEGF, STAT3, and pSTAT3 .

The available studies concerning the levels of individual miRNAs of the miRNA-17-92 cluster in different biological

specimens in asthma report decreased levels of miRNA-17, miRNA-18, miRNA 19b, and miRNA-20. On the contrary, one

study reported increased miRNA-19a levels. miRNA-17-5p was reported downregulated in brushing bronchial epithelial

cells cultured in vitro from severe asthmatics compared to cells from healthy donors . Downregulation of miRNA-18a
was observed in nasal mucosa biopsies in patients with asthma in comparison with control subjects , and in bronchial

epithelial cells, obtained by brushing and cultured in vitro, from patients with asthma with different degrees of severity

compared to cells from healthy donors . Upregulation of miRNA-19a was found in epithelial cells isolated from biopsies

of subjects with severe asthma (only 6) compared with cells from subjects with mild asthma (9) and healthy controls (9),

and miRNA-19a was shown to enhance proliferation of bronchial epithelial cells from patients with severe asthma by

targeting the TGF-β receptor 2 gene . The levels of miRNA-19b-3p were found to be decreased in bronchial cells

obtained by bronchoscopic brushing from patients with steroid-naïve asthma  and in brushing bronchial epithelial cells

from severe asthmatics cultured in vitro compared to cells from healthy donors . miRNA-20a-5p levels were found to be

downregulated in brushing bronchial epithelial cells cultured in vitro from severe asthmatics compared to cells from

healthy donors . In another study, miRNA-20 was expressed at the same level in primary bronchial epithelial cells of

patients with severe or difficult-to-treat asthma, treated with inhaled corticosteroids and subjects without asthma .

1.4. MiRNA-26a/b

It was shown that miRNA-26a directly downregulated IFN-β in human macrophages . miRNA-26a induced a pro-

inflammatory M1-type of human macrophage activation by downregulating M2-polarizing macrophage colony-stimulating

factor (M-CSF) and IL-10 expression . Kruppel-like factor 4 (KLF4) was a target of miRNA-26a-5p in primary human

macrophages .

All available studies report decreased levels of miRNA-26 in asthma. miRNA-26a has been found to be decreased in

bronchial epithelial cells obtained by brushing from patients with steroid-naïve asthma . Levanen and colleagues

demonstrated for the first time the presence of miRNAs in exosomes from BAL fluid of both healthy and asthmatic

subjects with mild intermittent stable disease . They showed that exosomal miRNA profiles at baseline are different, and

in asthma the expression profiles of the identified miRNAs were highly correlated with forced expiratory volume in 1 s

(FEV1). Levels of miRNA-26a were downregulated in BAL fluid exosomes in patients with mild asthma . Decreased

expression of serum miRNA-26a was observed in a very small group of mild persistent or moderate persistent asthmatic

patients (n = 10, 8/10 allergic, smokers 4/10), compared to control subjects (n = 10, 3 being allergic, smokers 5/10) . In

another study of the same group, the plasma levels of miRNA-26b, but not miRNA-26a, were decreased in patients with

asthma .

1.5. MiRNA-27a/b

In human MDM, miRNA-27a expression was higher in M2b macrophages . Treatment with LPS, IFN-β, or IFN-γ

repressed accumulation of miRNA-27a during human monocyte-to-macrophage differentiation (IFN-β more than IFN-γ)
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. The stimulation through Toll-like receptor TLR2/TLR4 (not TLR3) decreased miRNA-27a in human MDM (monocytes

were cultured with M-CSF). Upregulation of miRNA-27a enhanced the expression of pro-inflammatory cytokines in

TLR2/4-activated macrophages.

The expression levels of miRNA-27a and miRNA-27b-3p in freshly isolated bronchial epithelial brushings were lower in

patients with steroid-naïve asthma and steroid-using asthma, compared to healthy control subjects . miRNA-27a and

miRNA-27b-3p expression was downregulated in bronchial epithelial cells obtained by brushing and cultured in vitro from

patients with asthma with different degrees of severity, compared to cells obtained from healthy donors .

1.6. MiRNA-125b

In vitro, miRNA-125b-5p was significantly upregulated in M1 and M2a/M2c-polarized macrophages compared with

unpolarized macrophages . MiRNA-125b was significantly upregulated by TLR4 engagement in THP-1 cells and

miRNA-125b overexpression induced M1 polarization in THP-1 cells, mimicking the IFN-γ/LPS stimulation effect .

Circulating plasma miRNA-125b levels were most predictive of asthmatic status, being increased in patients with asthma

who had high eosinophil counts .

1.7. MiRNA-155

MiRNA-155 was increased in M1 and was downregulated in IL-10-polarized human M2c macrophages .

miRNA-155 promotes pro-inflammatory classical M1 activation by blocking anti-inflammatory signals and transcription

factors, but it can also prevent excessive TLR signaling. Early during TLR activation, miRNA-155 expression is

upregulated and inhibits the expression of the negative regulators, such as IL-10, allowing TLR signal transduction and

type I IFN-mediated antiviral response. Later on, the increase in anti-inflammatory miRNA-21 induces IL-10 production,

and increased IL-10 reduces miRNA-155 expression, limiting the TLR signaling pathways . miRNA-155 also enhances

M1-polarization by the repression of negative regulators of pro-inflammatory responses including SOCS1, SH2 domain-

containing inositol 5-phosphatase 1 (SHIP1), and BCL6 in various diseases. The serine-threonine kinases Akt contribute

to macrophage polarization, and miRNA-155 was found to be essential in serine-threonine kinase Akt–dependent M1/M2

polarization of macrophages (with Akt1 involved in M2- and Akt2 in M1-polarization) by targeting CCAAT/enhancer binding

protein-β (C/EBPβ), a key regulator of M2 polarization . SOCS2, a marker of M2, is an essential controller of

macrophage activation and function, and also regulates SOCS1 and SOCS3 expression levels through proteasomal

degradation .

In human macrophages, but not in BEAS-2B bronchial epithelial cell line, miRNA-155 downregulated the levels of IL-

13Rα1, thus reducing the phosphorylation of STAT6 .

Data regarding the levels of miRNA-155 in asthma are divergent. In primary non-asthmatic and asthmatic human airway

smooth muscle cells (hASMCs) isolated from non-transplantable donor lungs or resected lung tissue by enzymatic

digestion, miRNA-155 expression was higher in IL-1β/TNF-α/IFN-γ-treated asthmatic cells as compared to normal cells

.

Levels of miRNA-155 were lower in asthmatic bronchial epithelial cells obtained by brushing and cultured in vitro, than in

cells from healthy donors . miRNA-155 expression was also found downregulated in the nasal mucosa , in exhaled

breath condensates , and in cell-free induced sputum in patients with asthma in comparison to control subjects . Low

levels of miRNA-155 were reported also in plasma of patients with asthma . In a recent report, patients with severe

asthma had higher plasma levels of miRNA-155 when compared with mild-to-moderate asthmatics and non-asthmatic

control subjects, suggesting that miRNA-155 may contribute to the severity of inflammation .

Recent animal data showed increased expression of miRNA-155 in an ovalbumin (OVA)-induced mouse model of asthma,

and lentiviral vector-delivered small interfering (si)RNA targeting miRNA-155 resulted in reduced AHR, airway

inflammation, and Th2 cytokine production . These data suggest that miRNA-155 could be involved in asthma severity

and that targeting miRNA-155 could be a novel approach for the treatment of allergic asthma .

In conclusion, pro-inflammatory miRNA-9, miRNA-18/19, miRNA-26, miRNA-27, miRNA-125b, and miRNA-155 have

been shown in vitro to polarize macrophages towards a pro-inflammatory M1 phenotype and their levels were generally

found to be decreased in various tissues in asthma. Theoretically, M1-polarized macrophages balance M2 macrophages

and play a positive role in both normal individuals and in patients with asthma. However, these pro-inflammatory miRNAs

in excess may play a detrimental role in severe asthma.
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MiRNA-9 was increased in patients with neutrophilic asthma and the targeting of miRNA-9 has been suggested for the

treatment of steroid-resistant asthma.

MiRNA-125b and miRNA-155 were increased in severe asthma, which would suggest that in this situation targeting these

miRNAs could be an additional tool in its treatment.

2. MiRNAs Polarizing Macrophages towards an anti-
Inflammatory/Suppressor M2 Phenotype

Certain miRNAs may prove to play an important role in the pathogenesis of allergic inflammation in asthma by polarizing

macrophages towards the M2 phenotype (Table 2, Figure 2).

Figure 2. miRNAs, via their targets, influence anti-inflammatory M2-macrophage polarization.

Table 2. Anti-inflammatory miRNA levels in asthma.

miRNA Macrophage
Type

miRNA Levels in Asthma

Polarization Serum/Plasma
Brushing
Airway
Cells

Biopsies Nasal
Mucosa Sputum

BAL
Exosomes/Exhaled
Breath

Monocytes

let-7a M2 M2 ↓     ↓  

let-7b M2 M2 ↑       

let-7c M2a M2 ↑ ↓      

let-7e M2 M2 ↑   ↓    

miRNA-

21
M2c M2 ↑ ↑    ↓  

miRNA-

34
M2c M2 ↓ ↓      

miRNA-

124a
M2b M2       ↑

miRNA-

146a
M1 M2 ↑  ↓     
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miRNA Macrophage
Type

miRNA Levels in Asthma

Polarization Serum/Plasma
Brushing
Airway
Cells

Biopsies Nasal
Mucosa Sputum

BAL
Exosomes/Exhaled
Breath

Monocytes

miRNA-

223  M2 ↑    ↑   

miRNA-

511
M2a M2 ↓       

2.1. MiRNA let-7a/b/c/d/e

The miRNA let-7 family members are generally implicated in regulating the TLR/NF-κB signal pathway and are known as

tumor suppressor miRNAs, participating in cell differentiation, proliferation, and apoptosis . The levels of let-7a/b/c/e

were found upregulated in tumor-associated macrophages (TAMs), which displayed characteristics of anti-inflammatory

M2 macrophages .

Let-7 decreased the expression of TLR4 in various cell types .

Levels of let-7a were significantly decreased in exosomes isolated from BAL fluid in patients with mild intermittent asthma

 and in exhaled breath condensates from patients with asthma . Serum levels of miRNA-7a were reported to be

decreased in patients with asthma .

In human macrophages, IFN-β upregulated the expression of let-7b, and let-7b directly downregulated IFN-β, suggesting

a negative feedback loop . LPS-preconditioned mesenchymal stromal cells containing exosome (extracellular vesicles

derived from cell endocytosis which act as transmitters between cells)-shuttled let-7b polarized THP-1 cells to a M2

phenotype via TLR4/NF-κB/STAT3/AKT regulatory signaling pathway . The upregulation of let-7b is characteristic of

prostatic TAMs. The downregulation of let-7b in TAMs leads to changes in the expression profiles of cytokines, such as

those of IL-12, IL-23, IL-10, and TNF-α .

In contrast to reports of mouse studies, TLR7/TLR8 activation triggered monocytes to differentiate into a M2 macrophage

surface phenotype with a mixed M1/M2 cytokine secretion profile .

Treatment with antagomiRNA against let-7b in a house dust mite-induced model of AHR did not suppress features of the

disease .

Plasma let-7b expression was found increased in patients with asthma who had high eosinophil counts .

Levels of let-7c were found decreased in bronchial cells obtained by bronchoscopic brushing from patients with steroid-

naïve asthma . let-7c levels were reported increased in plasma in asthmatic patients with high eosinophil counts .

Serum miRNA let-7d levels were reported decreased in patients with asthma .

let-7e targeted STAT3 inhibitor SOCS1 in human suppressor antigen-presenting cells (obtained by monocyte stimulation

with the TLR7/8- and NLR-activator R848 (Resiquimod)) . In primary nasal epithelial cells from patients with allergic

rhinitis, one pathway of the anti-inflammatory effect of miRNA-let-7e was via activation of the JAK1/STAT3 pathway, which

caused a decrease in SOCS4 expression .

In human THP-1 cells, let-7e targeted TLR4 and pro-inflammatory cytokines, suggesting a feedback mechanism TLR4-let-

7e-TLR4 .

In the nasal mucosa of patients with asthma, let-7e expression was lower than in control subjects , but plasma let-7e

levels were reported increased in asthmatic patients with high eosinophil counts .

2.2. MiRNA-21

In in vitro IL-10-stimulated macrophages (i.e., M2c macrophages), miRNA-21 was shown to be increased . The miRNA-

21-containing exosomes, engulfed in vitro by CD14  human monocytes, suppressed the expression of M1 and increased
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that of M2 markers .

By targeting transcripts of proteins that regulate cell division and apoptosis, such as PTEN and programmed cell death 4

(PDCD4) (negative regulators of cell death and cell cycle, respectively) miRNA-21 is considered an oncomiRNA. miRNA-

21 inhibited NF-kB and the production of IL-6 and increased IL-10 indirectly, via downregulation of the pro-inflammatory

molecule tumor suppressor PDCD4, a negative regulator of AP-1 and IL-10, in a macrophage cell line and bone marrow-

derived macrophages .

Upregulation of miRNA-21 was observed in diphenylcyclopropenone-challenged skin biopsies in human allergic contact

dermatitis .

The data available concerning miRNA-21 levels in human adult asthma are conflicting, with different degrees of

modulation being observed in different cell types and tissues.

Levels of miRNA-21 were found decreased in exosomes from BAL and exhaled breath condensates from patients with

asthma .

In contrast, miRNA-21 expression was increased in cultured epithelial cell specimens collected with a tracheal swab in

patients with asthma regardless of treatment with inhaled corticosteroids (ICS) compared to the normal subjects, and was

significantly higher in the ICS non-treated than the ICS-treated patients with asthma . When these epithelial cells were

cultured in vitro with IL-13, miRNA-21 expression increased with increasing IL-13 concentration.

Upregulation of plasma miRNA-21 was also reported in eosinophilic asthma, and it was suggested that miRNA-21

represents a profile of type 2 airway inflammation .

The miRNA-21 seems to reflect the type 2 environment characteristic to asthma, and targeting miRNA-21 could be

beneficial in asthma .
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