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Abstract
Radiation-induced lung fibrosis (RILF) is a common side 

effect of thoracic irradiation therapy and leads to high 
mortality rates after cancer treatment. Radiation injury 
induces inflammatory M1 macrophage polarization 
leading to radiation pneumonitis, the first stage of RILF 
progression. Fibrosis occurs due to the transition of M1 
macrophages to the anti-inflammatory pro-fibrotic M2 
phenotype, and the resulting imbalance of macrophage 
regulated inflammatory signaling. Non-coding RNA 
signaling has been shown to play a large role in the 
regulation of the M2 mediated signaling pathways that 
are associated with the development and progression 
of fibrosis. While many studies show the link between 
M2 macrophages and fibrosis, there are only a few that 
explore their distinct role and the regulation of their 
signaling by non-coding RNA in RILF. In this review we 
summarize the current body of knowledge describing 
the roles of M2 macrophages in RILF, with an emphasis 
on the expression and functions of non-coding RNAs.
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Core tip: We discuss the mechanisms of initiation and 
progression of radiation-induced lung fibrosis. First 
we summarize the role of M2 macrophages in the 
initiation and development of pulmonary fibrosis with 
an emphasis on their function in radiation-induced 
lung fibrosis. We then examine the growing evidence 
describing non-coding RNAs in the development and 
progression of radiation-induced lung fibrosis.
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INTRODUCTION
Ionizing radiation (IR) is one of the most common 
methods of treatment for breast and lung cancer[1]. 
While effective at treating thoracic cancers, IR damages 
the cells of the lung epithelium, resulting in the chronic 
accumulation of inflammatory cytokines. In 10%-20% 
of patients who receive thoracic radiotherapy, the 
dysregulation of the immune microenvironment results 
in radiation-induced lung fibrosis (RILF)[2]. RILF is a 
progressive disease that occurs in two distinct phases. 
The first stage of RILF is pneumonitis, which occurs 
within the first six-months post-treatment. Pneumonitis 
is characterized by shortness of breath, cough, and 
fever. Patients with severe radiation pneumonitis 
experience an almost 50% mortality rate[3]. After 6-12 
mo (up to two years after irradiation) pneumonitis 
progresses to fibrosis[4]. Fibrosis is the result of excess 
wound healing, characterized by the accumulation 
of fibroblasts and myofibroblasts, and high levels 
of extracellular matrix (ECM) deposition and ECM 
remodeling[5]. 

Many factors affect the development and pro
gression of RILF. These include radiation dose, 
volume of the irradiated parenchyma, adjuvant use 
of chemotherapy, age, and genetic predisposition of 
the patient. Furthermore, IR induces the activation of 
several cell types which affect RILF in a variety of ways, 
including pneumocytes, endothelial cells, myofibroblasts 
and immune cells[4]. The most important cells for 
the development of RILF are immune cells, which 
secrete fibrosis activating cytokines, and fibroblasts, 
which are the predominant cell type of the stromal 
microenvironment and are necessary for the production 
and maintenance of the extracellular membrane and 
wound healing response[6]. While the mechanisms 
of RILF development and progression remain poorly 
understood, research into general fibrosis has laid a 
strong foundation for further work. Significant evidence 
demonstrates the critical role that macrophage polari
zation plays in the development of a pro-fibrotic 
microenvironment, and early studies have demonstrated 
the impact that radiation has on the balance of M1 and 
M2 macrophages. Moreover, noncoding RNAs have 
been shown to be critical regulators of most signaling 
pathways, including in fibrosis development and RILF. 

Macrophage polarization
Macrophages are phagocytic white blood cells that have 
important roles in inflammation and wound healing. 
They are necessary in the innate immune response, 
and function in adaptive immunity as well through 
recruitment of other immune cells. When dysregulated, 

macrophages and macrophage activated signaling 
pathways play a key role in the development of RILF[7]. 
There are independent macrophage populations in most 
tissues, including alveolar macrophages in the lungs. 
The origin of tissue resident macrophages is not fully 
understood. Initial reports described tissue resident 
macrophage populations that were renewed through the 
constant recruitment and differentiation of bone-marrow 
derived circulating monocytes[8]. However, recent 
data has shown that mature macrophage populations 
may also originate during fetal development and are 
maintained through self-renewal within each tissue[9,10]. 
The true origin of tissue specific macrophages is likely 
a combination of the two. Primitive macrophages are 
derived from the yolk-sac, and are directly formed 
through a rapid differentiation mechanism without 
monocyte formation. However, after maturation the 
primary macrophage source switches to embryonic 
progenitor cells, which dilute the population of original 
yolk-sac derived macrophages[11,12].

Macrophages are known for their heterogeneity 
and plasticity, and classified based on their phenotypic 
differences in response to stimuli. They are separated 
into two general groups, classically activated M1 macro
phages and alternatively activated M2 macrophages[13]. 
M1 macrophages are inflammatory, antigen presenting 
cells that are activated by stimulation with interferon-γ 
(IFN-γ), toll-like receptor (TLR) ligands and microbial 
products such as lipopolysaccharide (LPS)[14]. They can 
be identified by their expression of CD80, CD86, IL-
1R, TLR2, TLR4 and iNOS, and secrete inflammatory 
cytokines and chemokines including TNF-α, IL-1β, 
IL-6, IL-12, IL-23, CCL2-CCL5, and CCL8-CCL11. M1 
macrophages also produce toxic intermediates such as 
nitric oxide (NO) and reactive oxygen intermediates[15]. 
There are three sub-groups of M2 macrophages. M2a 
are induced by IL4 and IL13, M2b by antigen-antibody 
immune complexes and LPS, and M2c by IL-10 and 
transforming growth factor beta (TGF-β). M2a and 
M2c macrophages secrete low levels of inflammatory 
cytokines, while M2b produce inflammatory cytokines 
while still protecting from LPS. Th2 cytokines IL-4 and 
IL-13 preferentially stimulate arginase-1 activity in pro-
fibrotic M2 macrophages[16]. Expression of mannose 
receptor-1 (CD206), the lectin-binding protein Ym1, 
the resistin-like protein Fizz1, and the chemokine 
CCL18 are also associated with M2 macrophages. All 
M2 macrophages promote angiogenesis and tissue 
remodeling, and regulate inflammation and immune 
responses[15]. 

M2 macrophages secrete pro-fibrotic growth factors 
including TGF-β, fibroblast growth factor, platelet derived 
growth factor (PDGFα), and vascular endothelial growth 
factor (VEGF). Stimulation by these cytokines enhances 
fibroblast proliferation, and can induce differentiation 
into myofibroblasts, a highly active fibroblast-like cell. 
Myofibroblasts’ rapid proliferation, excessive deposition 
of ECM proteins such as collagen and fibronectin, and 
high contractile ability are critical to the development of 
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fibrosis[17]. 
Macrophage polarization is predominantly governed 

by several signaling pathways: The C-Jun N-terminal 
kinase signaling pathway, PI3K/AKT signaling pathway, 
Notch signaling pathway and the JAK/STAT signaling 
pathway[18]. While these signaling pathways are 
activated by their respective ligands and cytokines, 
non-coding RNA signaling also plays a large role in their 
regulation[19].

Non-coding RNAs
When the human genome project was completed, 
researchers found that less than 2% of the human 
genome is composed of protein-coding genes[20]. 
The large majority of non-protein coding genes are 
still actively transcribed and make up a new class of 
molecule, non-coding RNAs (ncRNA). There are many 
different species of ncRNA that are commonly divided 
based on size into short noncoding RNA and long-
noncoding RNAs (lncRNA). 

To date, the most commonly studied ncRNA are 
microRNAs, a short (approximately 22 nucleotides) 
noncoding RNA molecules that binds specifically to a 6-9 
base pair seed sequence in the 3’ untranslated region 
(UTR) of messenger RNAs. miRNAs are transcribed 
primarily by RNA polymerase II, and after nuclear 
processing and cleavage are exported to the cytosol. 
In the cytosol miRNA precursors undergo further 
cleaving before being incorporated into the RNA induced 
silencing complex (RISC). miRNAs then guide the RISC 
to specific mRNAs through binding to the 3’UTR seed 
sequence, and silence the mRNA through degradation 
or inhibition of translation via steric hindrance[21]. Since 
their discovery, miRNAs have been widely studied in 
cancer and disease, and have been shown to regu
late numerous physiological processes at the post-
transcriptional level. 

LncRNAs are an abundant type of ncRNA that is 
increasingly well studied. lncRNA are defined as any 
non-coding RNA that is > 200 base pairs in length. The 
majority of lncRNAs are transcribed by RNA polymerase 
II, followed by polyadenylation, splicing, and the addition 
of a 5’ Cap. lncRNA have great functional diversity, 
and interact with genomic DNA, other non-coding 
RNAs (including miRNA), mRNA and proteins while 
including functioning as epigenetic modulators, scaffold 
molecules, or as competitive endogenous sponges[22]. 

Despite the prevalence and high morbidity of RILF, 
very few studies have interrogated the processes of 
RILF development. It is increasingly evident that RILF 
occurs through a model of progressive macrophage 
polarization and temporal regulation of cytokines and 
ncRNAs in complex signaling pathways. Therefore, 
it is critical that further studies are performed using 
in vivo models of RILF to determine the intricate 
mechanisms behind RILF. Here, we review the function 
of macrophages in RILF with a focus on the roles of 
alternatively activated M2 macrophages and discuss 
the involvement of ncRNAs in RILF development and 

progression.

MACROPHAGES PROMOTE LUNG 
FIBROSIS
Lung fibrosis is caused by repetitive injury to the 
epithelial cells lining the alveoli, resulting in scarring 
of the lung tissue. A delicate balance between pro- 
and anti-inflammatory macrophages maintains the 
physiological roles of wound healing and inflammation, 
and is necessary to avoid fibrosis. Animal studies 
and clinical data suggest that M1 macrophages are 
associated with pneumonitis, and alternatively activated 
M2 and M2-like macrophages are associated with lung 
fibrosis. 

Role of M2 macrophages in lung fibrosis in animal 
models
Animal models have been commonly used to demon
strate the involvement of alternatively activated alveolar 
macrophages in the development and progression of 
lung fibrosis. These studies provide insights into the 
macrophage polarization pathways and identify the 
crucial roles of M2 and M2-like macrophages in lung 
fibrosis. 

One animal model used to study the mechanisms 
of lung fibrosis is Cu,Zn-SOD-/- mice, which do not 
develop fibrosis[23]. In wild-type populations, mito
chondrial Cu,Zn-superoxide dismutase (Cu,Zn-SOD)-
mediated production of H2O2 leads to DNA damage 
and the development of lung fibrosis. Cu,Zn-SOD 
is able to facilitate the nuclear translocation and 
enhance the transcriptional activation of STAT6 through 
the modulation of the redox status of Cys528 in the 
SH2 domain of STAT6, resulting in polarization of 
macrophages towards the M2 phenotype. Furthermore, 
CuZnSOD-transgenic (Cu,Zn-SODTg) mice, which have 
more than a 3-fold increase of Cu,Zn-SOD protein 
expression and activity, had high activation of pro-
fibrotic signaling pathways in their lungs. This resulted 
in a pro-fibrotic microenvironment and enhanced 
development of lung fibrosis. These data describe the 
role of Cu,Zn-SOD in M2 polarization, and suggest that 
polarization of macrophages towards the M2 phenotype 
in a Th2-independent manner contributes to the 
development of lung fibrosis[24].

In a recent study, conditional Src homology domain-
containing tyrosine phosphatase (Shp2) mutant 
mice were generated by selective removal of Shp2 
in monocytes/macrophages through lysozyme M 
promoter-driven Cre recombinase. These mice were 
used to investigate the role of Shp2 in M2 polarization 
and the development of lung fibrosis. When Shp2 
knockout was induced in mature mouse macrophages, 
IL-4 mediated M2 polarization was increased. Moreover, 
arginase activity, a marker of M2 polarization, was 
enhanced in Shp2 conditional mutant mice after 
intraperitoneal (i.p.) injection of chitin, an inducer of 
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expression of CD206 as well as enhanced production of 
pro-inflammatory cytokines CCL17, CCL18 and CCL22. 
To confirm M2 polarization during lung inflammation, 
they stimulated normal human alveolar macrophages 
in vitro with Th2 cytokine IL-4 by itself or with both 
IL-4 and IL-10. Stimulation with IL-4 induced the 
polarization towards the M2-phenotype, demonstrating 
that healthy alveolar macrophages could be induced for 
M2 polarization. Furthermore, co-stimulation with IL-10 
increased the IL-4 mediated expression of CCL18 and IL-
1RA and decreased the production of CCL17 and CCL22. 
Additional data showed that IL-10 differentially regulates 
CCL18 and IL-1RA expression in vitro, suggesting that it 
effects IL-4 polarization of M2 macrophages[28]. 

Patients with lung fibrosis have increased CCL18 
gene and protein expression, which is a marker of 
alternative activation. Expression of CCL18 is increased 
in normal alveolar macrophages when they were 
stimulated with Th2 cytokines or co-cultured with 
human lung fibroblasts. In addition, co-culture of normal 
lung fibroblasts with cell supernatants from alternatively 
activated alveolar macrophages of lung fibrosis patients 
increased collagen production compared to co-culture 
of cell supernatants from alveolar macrophages of 
healthy individuals. These results indicate that alveolar 
macrophages of patients with lung fibrosis display an 
alternative activation phenotype[29]. 

A recent study investigated the role of macrophages 
in acute exacerbation (AE) of idiopathic pulmonary 
fibrosis (IPF). The levels of several cytokines including 
IL-1ra, CCL2, CCL17, CCL18, CCL22, TNF-α, IL-1β, 
CXCL1 and IL-8 were measured in BAL fluids of IPF 
patients with or without AE. The results showed that 
pro-inflammatory cytokines CXCL1 and IL-8 as well 
as all tested M2 cytokines were upregulated in BAL-
cells from IPF patients. Furthermore, they found that 
increased production of CCL18 in BAL-cells were a 
strong indicator for the development of AE. Their data 
suggest that M2 macrophage activation has a large 
impact on the development of IPF acute exacerbation[30]. 

M2 macrophages in RILF
To test the hypothesis that classically activated 
macrophages (M1) are associated with radiation-
induced pneumonitis and alternatively activated macro
phages (M2) are associated with RILF, C57BL/6 mice 
were treated with 12 Gy of X-rays to their thoracic 
region. Control and irradiated mice were sacrificed 
at different time-points ranging from 1 h to 24 wk, 
and the expression of M1 and M2 markers, inducible 
nitric oxide synthase (iNOS) and arginase type 1 
(Arg-1) respectively, were assessed at the mRNA and 
protein level. The analyses showed the enhanced 
expression of iNOS at the early time-points post 
irradiation (the pneumonitis stage), and enhanced 
expression of Arg-1 at later time points (the fibrotic 
phase). Further experiments confirmed that these 
markers were differentially expressed and were specific 
to macrophages[31]. The same group in a similar 

M2 macrophage polarization. Finally, when treated with 
bleomycin, Shp2 mutant mice were more susceptible 
to develop inflammation and lung fibrosis compared to 
control mice. Further mechanistic studies showed that 
loss of Shp2 leads to the association of JAK1 with IL-
4Rα, causing IL-4-mediated JAK1/STAT6 activation and 
eventually M2 polarization. These data suggest that 
Shp2 is necessary to prevent the development of lung 
fibrosis through the inhibition of M2 polarization[25]. 

To investigate the function of increased IL-9 in lung 
fibrosis, Arras et al[26] compared the development of 
fibrosis in transgenic IL-9 overexpressing C57BL/6 
mice vs their wild-type counterparts after 5 mg silica 
(DQ12) was implanted intratracheally. When the mice 
were sacrificed after 4 and 6 mo of DQ12 implantation, 
the transgenic mice had a decreased level of silica-
induced lung fibrosis compared to their wild-type 
counterparts as evidenced by the histologic examination 
and measurement of lung hydroxyproline content. To 
further confirm the effect of increased IL-9 production 
in fibrosis, they compared wild-type C57BL/6 mice that 
were i.p. injected either with recombinant IL-9 or with 
PBS three times a week for 2 mo to mice that had been 
implanted with DQ12 and also received IL-9 during the 
second month of implantation. Mice were sacrificed 
after 2, 4 and 6 mo of DQ12 implantation and the 
results showed that IL-9 dosed mice had a decreased 
level of silica-induced lung fibrosis compared to their 
non-dosed counterparts. Moreover, the silica-induced 
fibrosis that developed in wild-type mice was associated 
with Th2 markers including the upregulation of IL-4 in 
inflammatory alveolar macrophages. On the other hand, 
in the IL-9 transgenic mouse model IL-4 levels were not 
changed significantly in macrophage populations. These 
results suggest that upregulation of IL-9 exerts an anti-
fibrogenic effect in silica-induced lung fibrosis through 
the inhibition of M2 macrophage polarization[26].

Studies of a mouse model with long-term over
expression of IL-10 provided evidence for the role of 
IL-10 in the induction of lung fibrosis. Bronchoalveolar 
lavage (BAL) samples of mice overexpressing IL-10 
had enhanced infiltration of T and B-lymphocytes as 
well as increased number of collagen-producing cells 
and fibrocytes. Additionally, CCR2 and its ligand, CCL2 
were found to be significantly upregulated in IL-10 
overexpressing mice. Interestingly, the proportion of 
M2 macrophages was significantly higher in both BAL 
and whole lung tissue of IL-10 overexpressing mice 
compared to wild-type ones, and administration of 
anti-CCL2 antiserum decreased fibrosis. These results 
suggest that chronic overexpression of IL-10 in mice 
causes the induction of lung fibrosis, increased M2 
macrophages and high levels of CCR2 and CCL2[27].

Clinical data supporting the role of M2 macrophages in 
lung fibrosis
Clinical data also support the role of alternatively 
activated alveolar macrophages in lung fibrosis. Alveolar 
macrophages of patients with lung fibrosis had increased 
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study showed that the expression of factors that 
are associated with Th2-immune response including 
GATA-3, hydroxyproline, IL-3, and Arg-1 reached their 
maximum levels at week 16 post-irradiation. These 
data indicate that thoracic irradiation first induces Th1 
polarization during pneumonitis, followed by transition 
to Th2 polarization at later time points that correspond 
to fibrosis. While the immediate response to irradiation 
involves classically activated macrophages, alternatively 
activated macrophages are predominant during fibrosis 
and likely have an important role in its development 
and progression[32]. 

Ym-1 positive M2 macrophages were shown 
to be elevated in response to radiation in murine 
lungs. Furthermore, fibrotic lungs had higher level of 
gal-3 expression, which is mainly expressed by M2 
macrophages. The proliferation of fibroblasts and expre
ssion of α-SMA was induced by mouse recombinant 
gal-3. In vitro studies showed that when gal-3 was 
knocked-down the radiation-induced expression of YM-1 
in Raw 264.7 cells was also decreased, indicating that 
gal-3 might be involved in the development of RILF 
through the regulation of the alternative activation of 
M2 macrophages[33]. 

The Th2-type immune system response has been 
suggested to be involved in the development of lung 
fibrosis[34,35]. IL-4, which is a Th2 cytokine, is induced 
in fibrosis and enhances extracellular matrix protein 
synthesis, including collagen and fibronectin[36], 
polarization of T cells toward the Th2 phenotype, and 
alternative activation of macrophages[37]. Furthermore, 
when rats were treated with a single 20 Gy dose of 
IR to the thoracic region, IL-4 levels increased and 
reached their plateau 3 wk after irradiation. The 
cellular origin of IL-4 was determined to be mainly 
the macrophages[38]. To study the role of radiation in 
the activation of type-2 immune response, mice with 
Lewis lung cancer received radiation therapy alone 
or radiation combined with Th1 immunomodulator 
unmethylated cytosine-phosphorothioate-guanine 
containing oligodeoxynucleotide (CpG-ODN). The mice 
were sacrificed 3-wk post-irradiation and the immune 
status of tumors as well as the histological grade of 
lung fibrosis was assessed. Lung fibrosis in tumor-
bearing mice was more progressed compared to normal 
mice after radiation treatment. Th2-immune response 
associated markers hydroxyproline and gata-3 had 
higher expression in the lung tissues of tumor-bearing 
mice post-radiation. Furthermore, CpG-ODN weakened 
fibrosis by significantly decreasing gata-3 expression. 
The levels of IL-13 and IL-5 were increased, while the 
levels of INF-γ and IL-12 expression was decreased in 
irradiated tumor-bearing mice, which was reversed 
with CpG-ODN treatment. These results indicate that 
Type-2 immunity in tumors effects the development 
and progress of RILF[39] and provides further evidence 
for the association of M2 macrophages, Th2 immune 
system and development of RILF.

To investigate the role of fractionated irradiation 

(FIR) on macrophage recruitment and phenotype, 
human monocyte derived-macrophages were treated 
with a FIR of 2 Gy/d, mimicking the radiotherapy that 
cancer patients would go through. Although their DNA 
was damaged upon irradiation, the macrophages 
remained viable and metabolically active and at 10 
Gy cumulative dose a significant increase in pro-
inflammatory macrophage markers CD80, CD86 and 
HLA-DR was observed, while anti-inflammatory markers 
CD163, MRC1, VCAN and IL-10 decreased. These 
results suggest that FIR facilitates the polarization of 
macrophages towards pro-inflammatory phenotype[40]. 

Accumulating evidence clearly indicate the role of 
alternative activation of M2 and M2-like macrophages 
in development and progress of lung fibrosis; however, 
the mechanisms leading to M2 polarization are poorly 
identified and further work is necessary to detail the 
role of M2 macrophages in RILF.

NON-CODING RNA IN FIBROSIS
While non-coding RNAs have been well characterized 
in cancer, relatively few have been shown to directly 
influence RILF. In addition to directly affecting known 
fibrotic signaling pathways, it is likely that non-coding 
RNA regulation of macrophage polarization and induction 
of pro-fibrotic alternatively activated macrophages 
affects RILF. Therefore, we will focus on miRNAs and 
lncRNAs with defined roles in RILF, pulmonary fibrosis 
and alternative activation of alveolar macrophages 
(Figure 1). Please refer to the cited reviews for a broader 
review of the roles of non-coding RNAs in fibrosis[41-43] 
and macrophage polarization[19].

miRNA in RILF
To study the roles of miRNAs in RILF, Xie et al[44] treated 
adult male rats with 20 Gy of radiation. Using miRNA 
microarray analysis, they examined the differential 
miRNA expression at 3, 12, and 26 wk post-irradiation. 
While the authors observed minor physiological changes 
after 3 wk, significant fibrosis was not seen until the 
26-wk time point. At the 3-wk time point, the authors 
found 7 upregulated miRNAs and 4 downregulated, at 12 
wk 10 upregulated and 4 downregulated, and at 26 wk 7 
upregulated and 4 downregulated. The authors validated 
the expression levels of only two miRNAs, miR-21 and 
let-7i and identified novel temporal regulation of miRNAs 
during fibrosis initiation and progression. At the 3-wk 
time-point let-7i was highly expressed and miR-21 had 
low expression, whereas after 26 wk let-7i expression 
decreased and miR-21 was upregulated. Furthermore, 
let-7i targets TGFBR1, inhibiting TGF-β signaling, while 
miR-21 degrades the TGF-β inhibitor SMAD7. Moreover, 
miR-21 has been shown to be upregulated in several 
models of fibrosis[45,46], and to be activated by pro-
fibrotic TGF-β. The authors postulate that the temporal 
regulation of let-7i and miR-21 is a mechanism for 
regulating TGF-β signaling. Early inhibition of TGF-β 
allows for lung regeneration and healing, followed by an 
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increase in TGF-β signaling that leads to lung fibrosis[44]. 
Kalash et al[47] performed similar animal model time-

point studies. They irradiated C67BL/6NTac mice with 
20 Gy to the thoracic area, and at 2, 14, 28, 75, 110, 
150 and 200 d post-irradiation isolated RNA from the 
lungs of irradiated and control mice. Using RT-PCR, 
they examined miRNA expression, focusing on miRNAs 
known to target toll-like receptor 4 (Tlr4, an activator 
of the innate immune system), vascular endothelial 
growth factor α (Vegfa, a pro-angiogenic factor), and 
TGF-b, three transcripts that they had observed to be 
differentially expressed in irradiated tissues. They found 
that miR-107 and miR-511, both of which are known 
to target Tlr4, were upregulated in the first 50 day 
after irradiation, followed by downregulation during the 
later time points that correspond with fibrosis. miR-126 
has been shown to stimulate expression of Vegfa, and 
was upregulated during the immediate post-irradiation 
inflammatory phase, but expression decreased during 
later stages. Interestingly, the levels of Vegfa remained 
elevated throughout the entire time course, indicating 
that miR-126 regulation of Vegfa is not important 
during RILF, and that miR-126 may have some other 
action in the development of RILF. Finally, miR-155, 
which targets Tgfb, was decreased during the early 

inflammatory phase, but starting at day 75 miR-155 
levels were increased. While Tgfb expression matches 
that of miR-155 before day 75, it is upregulated in 
conjunction with miR-155 in the late fibrotic phase. This 
study demonstrates the significant differences in several 
distinct miRNAs that happens both in the inflammatory 
phase immediately post-irradiation, and in the late 
term fibrotic phases. It also demonstrates complexity 
of miRNA-mRNA regulatory networks in RILF. As the 
expression changes of mRNA and miRNA do not always 
match their previously defined functions, this points to 
the involvement of other currently unknown factors.  

Ezzie et al[48] directly used irradiated cell models 
to examine miRNA function. miR-15b/16-2 was pre
viously shown to be upregulated in fibrotic regions 
of human lung tissue, and to target TGF-β signaling 
inhibitor SMAD7. To examine the role of miR-15b/16-2 
in radiation-induced fibrosis, Rahman et al[49] treated 
human lung epithelial cells with 1 Gy of radiation, 
and after 24 h isolated RNA for RT-PCR. In contrast 
to previous findings showing chronic upregulation of 
miR-15b/16-2 in fibrotic tissue, they showed that miR-
15b/16-2 was induced directly after irradiation followed 
by a gradual decrease. Moreover, they identified Wip1 
as a novel target of miR-15b/16-2. Wip1 inactivates the 
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Figure 1  Non-coding RNAs regulation of macrophage 
polarization in radiation-induced lung fibrosis. Radiation 
pneumonitis develops approximately 3 mo after ionizing 
radiation, resulting from the accumulation of M1 macrophages. 
Six to twelve months after ionizing radiation (IR) the 
accumulation of M2 macrophages activates myofibroblast 
differentiation, resulting in a fibrotic microenvironment and 
radiation-induced lung fibrosis (RILF). Non-coding RNAs 
regulate the pathways involved in RILF, and are temporally 
regulated through RILF development and progression. ECM: 
Extracellular matrix. This figure was produced using Servier 
medical art, available from http://www.servier.com/Powerpoint-
image-bank.
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DNA damage response through dephosphorylation of 
p53, γ-H2AX, and ATM. Upregulation of miR-15b/16-2 
therefore activates the DNA damage response, pro
tecting cells from radiation damage. It is likely that 
while miR-15b/16-2 is initially activated to protect the 
cell from radiation-induced fibrosis, it’s activation results 
in increased TGF-β signaling through degradation of 
SMAD7. 

We have recently shown that miR-140 plays a key 
role in protection of RILF[50]. We irradiated the thoracic 
region of C57BL/6 mice with 13 Gy, and after 1 year 
sacrificed them for histological examination. RNA 
in situ staining using a DIG labeled probe revealed 
that irradiated lung tissue had higher expression of 
miR-140, and through in vitro characterization we 
found that miR-140 expression is activated by nuclear 
factor-erythroid2-related factor 2 (NRF2). NRF2 is a 
transcription factor that activates antioxidant and anti-
inflammatory genes, and is upregulated in response 
to the free radicals created after IR[50]. Recently we 
have continued these studies, and found that lung 
tissue with RILF isolated from C57BL/6 mice one year 
after 13 Gy of radiation had significantly abrogated 
miR-140 expression. Moreover, we treated lung 
fibroblasts isolated from wild-type and miR-140 knock-
out mice[51] with 20 Gy of radiation, and demonstrated 
that miR-140 knock-out fibroblasts were more sus
ceptible to radiation-induced fibrosis as evidenced by 
increased myofibroblast population, TGF-β expression 
and enhanced contraction ability (unpublished data). 
miR-140 has been demonstrated to target the TGF-β 
pathway through degradation of SMAD3 in chondrocytes 
and TGF-β receptor TGFBR1 in preadipocytes[52]. We 
have also identified that miR-140 also targets fibronectin, 
a key member of the extracellular matrix, in pulmonary 
fibroblasts (unpublished data). This indicates that 
miR-140 regulates RILF in multiple ways, both through 
inhibition of myofibroblast differentiation and through 
degradation of fibronectin, which is highly upregulated 
in fibrotic tissue and a key factor in development of the 
stiff extracellular matrix. 

lncRNAs in RILF
One study has examined the expression changes 
of lncRNAs in response to lung irradiation. Twenty-
four hours after exposing C57BL/6 mice to 12 Gy of 
whole body irradiation, lncRNAs LIRR1 and LIRR5 
were upregulated whereas LIRR2, 3, 4, and 6 were 
downregulated. The authors chose lncRNA LIRR1 for 
further study. LIRR1 is on chromosome 1, and is co-
expressed with 27 coding genes. Through in vitro studies 
using the human bronchial epithelial cell line BEAS-2B, 
lncRNA LIRR1 upregulation was validated, and they 
demonstrated that overexpression of LIRR1 affects the 
radiosensitivity of BEAS-2B cells. After exposing BEAS-
2B to 4 Gy of IR, they found decreased cell survival, 
and an increased number of cells in the G1 phase. To 
further interrogate DNA repair, they examined γ-H2AX 
foci formation and found it was significantly increased in 

irradiated cells that overexpressed LIRR1. Finally, LIRR1 
overexpression decreased the protein expression of 
several DNA Repair proteins, including KU70, KU80, and 
RAD50. While the authors suggest that LIRR1 mediates 
the cellular DNA damage response after irradiation, the 
more specific mechanisms of this regulation remain 
unknown[53]. 

CONCLUSION
It is clear that both macrophages and ncRNA are 
critical for the initiation and progression of radiation 
induced lung fibrosis. While radiation first induces 
inflammatory M1 macrophages leading to pneumonitis, 
dysregulation of M1 inflammatory signaling pathways 
leads to the transition to M2 macrophages, prompting 
the development of fibrosis. Non-coding RNAs appear 
to have distinct and critical roles in this transition and 
the development of RILF through regulation of the key 
inflammatory and fibrotic signaling pathways. However, 
while fibrosis continues to be thoroughly investigated, 
there are few published studies examining the specific 
mechanisms occurring due to exposure to radiation 
that lead to fibrosis. RILF is an important and deadly 
pathology of thoracic irradiation, however the lack of 
mechanistic information means there are no effective 
treatments. Due to the difficulty and length of in vivo 
radiation studies, most investigations of the mechanisms 
of fibrosis use methods other than radiation to induction 
fibrosis. However, long-term radiation work is necessary 
to truly investigate the mechanisms of RILF. These 
studies will likely lead to the discovery of key molecular 
targets in the protection and treatment of RILF.
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