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Background and Objective: Radiation-induced lung injury (RILI) is often found in thoracic tumor
patients after thoracic radiation therapy, and influences patient quality of life. However, systematic
exploration of RILI, including its molecular biological mechanisms and standardized treatment, has not
yet been fully elucidated. The main objective of the narrative review was to describe the available evidence
concerning RILI, from the biological mechanism to the clinical management. The underlying causes of
RILI are multifactorial, including gene-level changes, the influence of signaling pathways, the convergence
of various cells, as well as the expression of cytokines and chemokines. Based on the various mechanisms of
RILI, several novel treatment strategies have been proposed and gradually applied in clinical practice.
Methods: PubMed was used to collect articles about RILI from 1995 to 2021. The papers included clinical
trials, reviews, as well as systematic reviews and meta-analyses. Based on the mechanism, diagnosis, and
treatment, we synthesized and analyzed these papers to form a clearly logical and normative suggestion to
guide clinical application.

Key Content and Findings: RILI is a constantly developing and changing process including radiation
pneumonitis and radiation lung fibrosis. Different kinds of inflammatory and immune cells such as
macrophages, fibroblasts, and T cells play key roles in the development of RILI, and transforming growth
factor-p (TGF-p), interleukin-4 (IL-4), IL.-13, and interferon-y (IFN-y) are also participants in this process.
At present, glucocorticoids are mainly therapeutic drugs for the early stage of RILI, and drugs treatment
should abide early period, sufficient doses, and the individual principles. Other novel drugs such as
Azithromycin also have been tried in clinical application. radiation dose, combination therapy modality, the
condition of the tumor, and the age and underlying conditions of patients all effect the occurrence of RILI.
Importantly, RILI has a relatively higher incidence in patients who received radiotherapy combined with
other treatments, especially immunotherapy.

Conclusions: The occurrence of RILI after radiotherapy will greatly affect the prognosis and quality of life of

patients. In clinical practice, early intervention, active treatment, and more effective therapeutic drugs should be found.
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Introduction

Radiation therapy is an integral part of oncologic treatment
for thoracic tumors. With the advancement of therapeutic
technology and radiotherapy methods, the adverse effects
of radiotherapy have gradually decreased. However, when
ionizing radiation kills tumor cells, it also causes damage
to healthy cells. We recognize the damage in lung tissue as
radiation-induced lung injury (RILI), which occurs due to
exposure to ionizing radiation, leading to pathophysiological
and interstitial changes on imaging. As a key potential
adverse event of thoracic radiotherapy, the incidence of
RILI has reached as high as 30% in some settings (1).

RILI is divided into two stages: radiation pneumonia (RP)
in the early stage, and radiation lung fibrosis (RLF) in the
later stages. This is marked by a series of pathophysiological
changes, including epithelial and endothelial cell damage,
infiltration of inflammatory cells, release of cytokines,
differentiation of fibroblasts, deposition of extracellular
matrix (ECM), and synthesis of collagen. These processes
ultimately lead to imaging and clinical changes. On the
molecular level, these changes correspond to a series of
non-specific symptoms including cough, weakness, dyspnea,
fever, abnormal imaging, and others. Thus, research into
treatments and prevention of these diseases is crucial.

Over the past few decades, an enormous amount of
research based on RILI has been conducted from different
angles (2-4). Different radiotherapy doses and radiomics
parameters affected the development of RILI has been
described in prior literature. In recent years, the advent of
contemporary chemo and immune therapeutics has also
shifted our understanding of the development of RILI.

Table 1 The search strategy summary

Yan et al. Exploration of RILI

Herein, we comprehensively review RILI, from mechanism
to treatment, and analysis the predisposing factor of RILI.
We observed that prescriptive therapy was more helpful
in reducing the severity of RILI including early detection
of disease, and application of glucocorticoids (GCs) or
other novel drugs. Moreover, while recognizing that
immunotherapy combined with radiotherapy can bring
greater survival benefits to patients, we are always vigilant
against the occurrence of treatment-related pneumonia (5).

The review describes the molecular and cellular
mechanisms of RILI, focuses on the current clinical
treatment methods for RILI and puts forward reasonable
suggestions for drug treatment doses, and emphasizes the
occurrence of RILI under combined immunotherapy and
radiotherapy. We present the following article in accordance
with the Narrative Review reporting checklist (available at
https://tlcr.amegroups.com/article/view/10.21037/tlcr-22-
108/rc).

Methods

This narrative review was conducted using the PubMed
website. We collected articles about RILI from 1995 to
2021. The following search terms were used: “RILI” [All
fields] AND “radiotherapy” [All fields] AND “radiation
pneumonia” [All fields]. This review contains a detailed
introduction into the mechanism, diagnosis, and treatment
of RILI, and we synthesized and analyzed these papers to
form a clearly logical and normative suggestion to guide
clinical application. The specific screening method is shown
in Table 1.

ltems

Specification

Date of Search (specified to date, month and year)
Databases and other sources searched

Search terms used (including MeSH and free text search terms
and filters)

Timeframe

Inclusion and exclusion criteria (study type, language
restrictions, etc.)

Selection process (who conducted the selection, whether it was
conducted independently, how consensus was obtained, etc.)

Any additional considerations, if applicable

1995 to 2021
the PubMed website

“RILI” [All fields] AND “radiotherapy” [All fields] AND “radiation
pneumonia” [All fields]

The development of RILI: the mechanism, diagnosis, and treatment

The clinical trial, literature review, and review paper; no language
restriction

The first author conducted the selection independently, and obtained
the consensus by sending to other authors

N/A

RILI, radiation-induced lung injury; MeSH, Medical Subject Headings.
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Mechanism exploration

After irradiation, tissues are damaged either directly or
indirectly. Ionizing radiation leads to direct deoxyribonucleic
acid (DNA) damage, including base deletion, DNA single-
strand break (SSB), and DNA double-strand break (DSB) (2).
These damages can be detected by various technical methods
involving single-cell gel electrophoresis (known as a comet
assay) and pulsed-field gel electrophoresis (PFGE), etc.
Tissue repair mechanisms, such as base excision repair
(BER), nucleotide excision repair (NER), homologous
recombination repair (HRR), and non-homologous end-
joining (NHE]J), are seen to relieve tissue injury. The bulk
of injuries are repaired through cellular repair functions, and
residual damaged cells are induced to apoptosis or mutation,
which may contribute to tumor development.

Another indirect damage of DNA is activated by reactive
oxygen species (ROS), which are primarily produced by
mitochondrial oxidative metabolism to participate in the
growth, differentiation, progression, and death of cells in
the biological process (6). Furthermore, water molecules
of irradiated cells are ionized to generate an excessive
number of ROS, including superoxide, hydrogen peroxide,
hydroxyl radicals, and nitrogen species (NGS), which
indirectly cause DNA damage (7,8). Except for analogous
nuclear DNA damage with direct impacts, ROS also
induces mitochondrial DNA (mtDNA) damage, which
leads to protein carbonylation, lipid peroxidation, increased
oxidative metabolism, and enhanced rates of spontaneous
gene mutations and neoplastic transformation. Moreover,
DNA damage and ROS activation stimulate series of
intracellular signaling pathways and signal factors including
transforming growth factor-p (TGF-p), platelet-derived
growth factor (PDGF), and interleukin 1 (IL-1) (9).

The source of cellular ROS can be divided into two
main categories: first, normal biological processes, mainly
mitochondrial oxidative metabolism, release ROS as a
byproduct or a waste product of various necessary reactions.
In addition, there are other processes in the cellular response
to xenobiotics, cytokines, and bacterial invasion, which
intentionally generate ROS, either in molecular synthesis or
in breakdown as part of a signal transduction pathway or a
cell defense mechanism. Numerous studies found that ROS
have a substantial influence on nuclear factor kappa B (INF-
«B) signaling pathways (6,10). NF-«B, a transcription factor
that participates in immune and inflammatory responses,
is activated by IxB kinase (IKK) complex, which consists
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of the IKKa and IKKp catalytic subunits and the IKKy
regulatory subunit, catalyzing the phosphorylation of IxBs
polyubiquitination and subsequent degradation by the 26S
proteasome to translocate to the nucleus, thereby binding
DNA and activating gene transcription. Additionally,
tumor necrosis factor receptor (I'NFR), Toll-like receptor
(TLR), and IL-1 are also involved in this process. The
activation and nuclear translocation of NF-«B can stimulate
inflammatory-mediated effects and result in the occurrence
of chemokines, cytokines [intercellular adhesion molecule
1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-
1), and endothelial-leukocyte adhesion molecule 1
(ELAM1)]. In the lung tissue, ROS generation is derived
from endothelial cells, neutrophils, eosinophils, alveolar
macrophages, and alveolar epithelial cells (AECs). ROS
generation causes damage to the endothelial barrier, as well
as an increase in vascular permeability and trans-endothelial
migration of enormous leukocyte (Figure I).

The development of RILI is divided into various stages
by different scholars. Arroyo-Herndndez et al. distributed
RILI to five phases based on the molecular changes:
early phase, latent phase, exudative phase, intermediate
phase, and fibrotic phase (4). Hanania et a/. posited that
RILI is made up of three stages: latent phase, acute-phase
pneumonitis, and late-phase pulmonary fibrosis (3). Most
people regarded this classification as the classic channel,
and the sporadic classification also has been raised, which
includes other types of pneumonia such as hypersensitivity
pneumonitis.

We divided the development of RILI into two stages. In
the early stage (RP), damage-associated molecular pattern
molecules (DAMPs) are released from cells to recruit
many immune effector cells to accumulate the damage of
lung tissue and contribute to tissue remodeling. Under
the induction of intercellular cell adhesion molecule-1
(ICAM-1) and platelet endothelial cell adhesion molecule-1
(PECAM-1/CD31), neutrophils and macrophages arrive
one after another and release IL-3, IL-6, IL-7, TNF-a,
and TGF-B to produce an inflammatory reaction. In the
late stage (RLF), T helper 2 (Th2) cells participate in
the profibrotic process. Neutrophils and macrophages
induced profibrotic effects via the secretion of TGF-p,
IL-6, and PDGE. Blood monocytes are recruited to lungs
and differentiate into fibroblasts and myofibroblasts.
Neutrophils secrete elastase and matrix metalloproteinases
to contribution to accumulation ECM. Finally, pulmonary
fibrosis occurs.
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Figure 1 The mechanism of DNA damage and ROS generation. ROS, reactive oxygen species; RNS, reactive nitrogen species; DNA,

deoxyribonucleic acid; mRNA, messenger RNA; IKK, I«xB kinase; TNFR, tumor necrosis factor receptor; TLR, Toll-like receptor;

IL, interleukin; TNF-a, tumor necrosis factor-a; GM-CSE, granulocyte-macrophage colony stimulating factor; MIP-1a, macrophage

inflammatory protein-lo; MCP-1, monocyte chemoattractant protein-1; INOS, inducible nitric oxide synthase; COX-2, cyclooxygenase-2;

PLA, polylactic acid; VACM-1, vascular cell adhesion molecule-1; ICAM-1, intercellular adhesion molecule 1.

Cellular changes

Epithelial and endothelial cells

The human alveolar epithelium consists of type-1 and II
pneumocytes, which make up 90% and 10% of cells in
the alveoli, respectively. Ionizing radiation induces direct
DNA damage as well as the generation of reactive oxygen,
which contribute to the apoptosis of the sensitive type-I
pneumocytes within minutes (11). As the precursors of
type-I cells, type-II pneumocytes increase and drive re-
epithelialization of the alveolus. Moreover, ionization of water
molecules generates ROS. ROS also causes edema of the
alveolar walls, increased vascular permeability, and exudation
of proteins into the alveolar space, which further reduces
the alveolar septa. The process of epithelial and endothelial
cell damage manifests as damage to the connections between
cells, accompanied by impaired regulation of myofibroblasts
and deposition of excessive ECM (12). A large number
of blood exudate and inflammatory cells accumulate in
the alveolar cavity, which leads to intra-alveolar edema
and aggregates numerous fibroblasts and induces their
differentiation into myofibroblasts. Activated myofibroblasts
then secrete angiotensin and hydrogen peroxide, which in
turn induce AECs apoptosis (13). The following cytokines are
released during this process: tumor necrosis factor-o (INF-o),
IL-1, IL-6, high-molecular-weight mucin-like antigen KIL.-6,
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PDGF-B, and basic fibroblastic growth factor (bFGF) (14,15).

Th1 and Th1 cells

The involvement of lymphocytes plays an important role
in radiation-induced early lung inflammation, which has
been demonstrated by accumulating evidence (16-18). Thl
cells secrete IFN-y, which contributes to significant anti-
fibrosis and immunomodulatory activity. Th2 cells mainly
secrete IL-4 and IL-13, which co-stimulate with TGF-f1
in collagen synthesis (19). An imbalance between Th1 and
Th2 cells promotes the development of RP. T regulatory
(Treg) cells can express a series of inflammatory chemokines
receptors (e.g., CCR2, CCR4, and CCR5) (20), which
strengthen the inflammatory response after tissue injury.
Furthermore, Treg cells also participate in the promotion
of fibrocyte accumulation, promotion of epithelial-
mesenchymal transition (EMT), modulation of Th1/Th2
balance, and suppression of Th17 responses. Immune-cell-
mediated immune response can drive the development
of RP, suggesting the application of immune checkpoint
inhibitors (ICIs) for tumor treatment (21-23).

Macrophages and fibroblasts
Macrophages and fibroblasts are activated under the
inducements of ILs, TNE, TGE, and PDGF to synthetize
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ECM. Macrophages are divided into two types, including
classic-activated macrophages (M1), which is regulated
by Thl-derived cytokine IFN-y, and bypass-activated
macrophages (M2), which is regulated by Th2-derived
cytokines IL.-4 and IL-13. Macrophages have been implicated
in carcinogenesis, angiogenic switch, local invasion, and
metastasis (24). In the early stage of RILI, M1 macrophages
secrete pro-inflammatory cytokines to induce inflammation
and produce massive ROS (via a ROS-induced cascade) to
further impair lung tissue. In the late stage of RILI, M2
macrophages secrete profibrotic cytokines to promote the
development of RLF (25). M2 macrophages express Arg-
1, which controls L-proline production that is required for
collagen synthesis by activated myofibroblasts to induce
mesenchymal transition of epithelial cells. The TGF-p
secretion of M2 macrophages has a similar effect (26). These
cytokines promote radiation-induced fibrosis in the late stage.

Under the action of chemokines, various types of
inflammatory cells, such as lymphocytes, macrophages,
neutrophils, and mononuclear cells, proliferate, aggregate,
and migrate into the pulmonary interstitial tissue, release
various cytokines, and cause alveolar edema, eventually lead
to the occurrence of pulmonary fibrosis. In addition, under
the inducing function of cytokines including TGF-B1,
PDGTF, and stromal cell derived factor-1 (SDF-1/CXCL12),
fibroblasts and myofibroblasts accumulate in the three ways:
in situ proliferation, epithelial-mesenchymal transformation,
and derivation from bone marrow to synthetize and secrete
collagen, which is the main component of the ECM (27).
After radiation, lung tissue produces massive fibroblasts and
myofibroblasts, causing extensive production of collagen,
infiltration of inflammatory cells, and remodeling of the
ECM (28). Fibrosis of the alveolar septum subsequently
leads to extensive occlusion of the alveoli.

The changes of cytokines

TGF-p

As a powerful pro-fibrotic growth factor, TGF-p has
some functions, including inducing proliferation and
differentiation of fibroblasts, promoting synthesis of
collagen by fibroblasts, inhibiting synthesis of collagenase
and plasminogen activator, and aggregating considerable
amounts of inflammatory cells and cytokines (PDGE,
TNF-a, IL-4, etc.). Increased TGF-p levels after
radiotherapy accompanies elevated collagen IV gene
expression (28), which leads to septal thickening and
is indicative of microvascular injury. By stimulating
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metalloproteinase inhibitors (TIMPs), TGF-p inhibits
collagen catabolism, which results in collagen accumulation
and conversion of fibroblasts into myofibroblasts, leading to
lung architecture remodeling. Increased fibroblasts with the
loss of functional cells lead to loss of respiratory capacity,
tissue atrophy, and necrosis. When TGF-p is overexpressed
in tumor tissues, it will facilitate the process of EMT (29).

IL-4 and IL-13

IL-4 is mainly expressed by Th2 cells, and also secreted
by innate immune cells including mast cells, basophils,
and eosinophils via the signal transducer and activator of
transcription 5/GATA binding protein 2 (Stat5/GATA2) or
GATA1 pathway, to drive the production of macrophages,
fibroblasts, and epithelial cells (12,30). IL-4 participates in
the differentiation of Th2 cells and inhibits the activities
of Thl cells. IL-4 stimulates arginase activity and converts
arginine to ornithine in macrophages. Ornithine serves
as a precursor of polyamines and collagen, and ultimately
contributes to the deposition of ECM (31). IL-13 is mainly
secreted by Th2 cells, and has similar functions as IL-4.
IL-4 and IL-13, as important pro-fibrotic cytokines, are
required for the initiation and maintenance of pulmonary
fibrosis, as well as other organs (liver, skin) (32,33).

IFN-y

IFN-y is produced by Thl1 cells and plays a key role in anti-
fibrosis and immunomodulatory effects. IFN-y can induce
M1 macrophages to express a high level of inflammatory
cytokines, such as IL-2, IL-23, and nitric oxide (NO),
and promote inflammatory processes (30). In addition,
related research has reported that IFN-y has anti-fibrotic
effects. IFN-y treatment inhibits the TGF-B-induced
phosphorylation of Smad3 and its attendant events, and
mediates the downregulation of bleomycin (BL)-induced
overexpression of TGF-p, which is a powerful pro-fibrotic
growth factor in BL-induced lung fibrosis mouse model
(34,35), it suggests that IFN-y has a favorable influence on
the anti-fibrotic progress of RP.

Prostaglandin E2 (PGE2)

PGE2 is a pro-inflammatory mediator in a variety of
diseases. It can inhibit the secretion of TGF-p and the
differentiation of fibroblasts into myofibroblast in lung
tissue to effect anti-fibrotic activity (36). By stimulating
E prostanoid 2 (EP2) and EP4 receptors and downstream
protein kinase (PK) or exchange protein, cyclic adenosine
monophosphate (cCAMP) is activated to mediate anti-fibrotic
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actions of PGE2 (37). PGE2 are classified as an endogenous
negative regulator of forkhead box M1 (FOXM1),
which drives the activation of lung fibroblasts to inhibit
radiation-induced fibrosis, including decreasing fibroblast
chemotaxis, fibroblast proliferation, fibroblast growth factor
receptor expression, collagen synthesis and myofibroblast
differentiation, and increasing collagen degradation (38-40).

In conclusion, the pathological change of RILI is
mediated by a series of cells and cytokines. Radiation
induces DNA damage, and the generation of reactive
oxygen stimulates the activation of inflammatory pathways.
Direct damage to epithelial alveolar and endothelial cells
leads to pro-inflammatory and pro-fibroblast activity.
The release of a variety of cytokines drives the action of
macrophages and the differentiation of fibroblasts. Thl
and Th2 cells participate in the polarization and infiltration
of cytokines. TGF-B plays a key role in this process, and
IFN-y, macrophages, and PGE2 have a positive impact in
inhibiting lung fibrosis. However, IL-4 and IL-13 secreted
by Th2 cells exert a contrary effect. Fibroblasts proliferate
and differentiate to drive collagen synthesis and ECM
deposition under the influence of TGF-f, IL-4, IL-13,
IFN-y, PGE2, and others. A variety of chemokines promote
the development of RILI.

Certainly, there are many microvariations that have not
been found or demonstrated; for example, more signaling
pathways are yet to be explored. Building related animal
models can assist in the investigation of further mechanisms,
which can be utilized to conduct clinical practice.

The diagnosis of RILI

RILI is divided into two stages: RP in the early stage and
RLF in the late stage. RP most frequently occurs within
1-6 months, while the onset of RLF occurs as a late toxicity
beyond 6 months. There are non-specific symptoms that
occur in both stages: fever, chest pain, cough, fatigue,
tachypnea, and others. Patients may express aggravation
of original respiratory symptoms and/or new clinical
manifestations. For example, the frequency and degree
of cough and phlegm increases with severe symptoms,
such as hypoxemia and newly occurred respiratory failure
(4,41). Physical examination may include pleural friction
rub or moist rales. Laboratory testing sometimes reveals
a high percentage of neutrophils. Most relevant, imaging
classically demonstrates findings most typically consist of
development of a diffuse a ground-glass opacity or mass-
like consolidation in the field of radiation treatment, with
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bronchial pull and scar-like changes (42). RLF has similar
clinical symptoms and physical examination, but fever is
rare. Imaging cross-sectional imaging classically shows
ventilated bronchial signs, strip shadows, lung consolidation
shadows, or honeycomb changes within the irradiated lung
tissue.

According to the clinical manifestation and imaging
performance, some researchers have divided RILI into four
grades to guide treatment. There are many classifications
in the field; currently, the most commonly used criteria
are the Common Terminology Criteria for Adverse Events
(CTCAE-5.0) (1able 2). Here, RILI is graded based on the
existence and severity of the clinical symptoms, whether
pneumonitis intervention is required, and on the extent
of pulmonary fibrosis and accompanying symptoms.RILI
could be diagnosed based on the clinical manifestations and
imaging. RP usually occurs in the radiotherapy area and
rarely accumulates in distant lung tissues. Only patients
with a history of radiotherapy exposure may develop RP.
RP is often accompanied by bacterial, viral, or fungal
infections, such as Pneumocystis carinii, and is treated
with antibiotics together. Immune pneumonitis should be
distinguished from RP, and it also manifests as interstitial
lung changes, but appearance of it is irregular in time,
and is not limited to one place, often accompanied by
immune diseases of other organs or tissues. Malignant lung
tumor patients may experience specific pneumonitis when
immunotherapy immunomodulatory agents [PD-1, PD-L1,
and cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4)
inhibitors] are used in the concurrent or adjuvant setting
to treat disease. Immune-related pneumonitis also presents
clinically with cough and/or shortness of breath, as well as
lung interstitial findings on cross-sectional imaging. Further
study is required to help clinicians better distinguish
between RILI and other pulmonary ailments to help
guide clinical decisions making surrounding management
options, such as discontinuation of immunotherapies, use of
steroids or prompt initiation of antibiotics (43) In addition,
RP should also be differentiated from other lung diseases
such as tumor progression, pulmonary embolism, and
tuberculosis.

The treatment of RILI

RILI is treated according to the grade conditions: grade 1
RILI is usually not treated but actively monitored in case
symptoms in case developing develop; and > grade 2 patients
who experience classical clinical manifestation and imaging
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Table 2 The RILI grade in CTCAE-5.0
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Adverse event Grade 1 Grade 2 Grade 3 Grade 4 Grade 5
Pneumonitis (definition: Asymptomatic;  Symptomatic; Severe Life-threatening respiratory  Death
a disorder characterized clinical or medical symptoms; compromise; urgent
by inflammation focally or  diagnostic intervention limiting self-care intervention indicated (e.g.,
diffusely affecting the lung observations indicated; limiting ~ ADL; oxygen tracheotomy or intubation)
parenchyma) only; instrumental ADL indicated

intervention

not indicated
Pulmonary fibrosis Radiologic Evidence of Severe hypoxia; Life-threatening Death
(definition: a disorder pulmonary pulmonary evidence of consequences (e.g.,
characterized by the fibrosis <25% hypertension; right-sided hemodynamic/pulmonary
replacement of the lung of lung volume  radiographic heart failure; complication); intubation
tissue by connective tissue, associated pulmonary radiographic with ventilatory support
leading to progressive hypoxia fibrosis 25-50% pulmonary indicated; radiographic
dyspnea, respiratory associated with fibrosis >50-75%  pulmonary fibrosis >75%
failure, or right heart failure) hypoxia with severe honeycombing

RILI, radiation-induced lung injury; ADL, activities of daily living.

Table 3 RILI treatment

Grade

Treatment

Grade 1: no symptom

Grade 2: symptom (cough, shortness of breath, chest pain)

> Grade 3: hypoxia, respiratory failure, life threatening, ARDS

No treatment required

Radiotherapy pauses

Monitor every 2-3 days

Delay oncological treatment

GCs treatment: prednisone 0.5-1 mg/kg/day orally
Start antibiotics if infection is suspected

Alert pneumocystis prophylaxis

Stop oncological treatment

Hospitalization

Respiratory support

Imaging, bacterial, hematological examination
Application of broad-spectrum antibiotics

GCs treatment: methylprednisolone 2-4 mg/kg/day IV

Alert pneumocystis prophylaxis and Gl prophylaxis

RILI, radiation-induced lung injury; GCs, glucocorticoids; ARDS, acute respiratory distress syndrome; Gl, gastrointestinal; IV, intravenous.

changes prompting the need for timely treatment. The
first step is to cease anti-tumor therapy, followed by
comprehensive measures, including anti-inflammatory (e.g.,
oral prednisone 0.5-1 mg/kg/day) and other symptomatic-
based treatments. Drugs should also be used to prevent. In

the case of prolonged steroid use, pneumocystis prophylaxis.
and gastrointestinal (GI) stress-ulcer prophylaxis should be
considered. Patients of > grade 3 should be evaluated for
urgent hospitalization and supplemental oxygen requirements

(1able 3).
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Table 4 Glucocorticoid action efficiency reference table
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Anti-inflammatory

Anti-inflammatory Serum half-life Pharmacological

Category Drug equivalent dose (mg) strength (min) half-life (h)
Short efficiency Cortisone 25 0.8 30 8-12
Hydrocortisone 20 1 90 8-12
Medium efficiency Prednisone 5 4 60 12-36
Metacortandralone 5 4 200 12-36
Hydroprednisone 5 4 60 12-36
Methylprednisolone 4 5 180 12-36
Large efficiency Dexamethasone 0.75 25 100-300 36-54
Betamethasone 0.75 25 100-300 36-54

Suitable doses and treatment with GCs drugs are often
used to heal RILI patients, which has been confirmed by
multiple studies (4,44,45). GCs exert inhibitory effects on
a series of pro-inflammatory genes including cytokines,
chemokines, and receptors (46). NF-kB and activator
protein-1 (AP-1) are inhibited to reduce histone acetylation,
chromatin remodeling, and RNA polymerase II actions.
GCs can inhibit mitogen-activated protein kinase (MAPK)
signaling pathways via the induction of mitogen-activated
protein kinase (MAPK) phosphatase-1 (MKP-1), which
has also important anti-inflammatory activity (47). Some
studies have shown that the binding of GCs receptor (GR)
homodimers and GC response elements can promote
GC gene expression enhancement, which is known as
transactivation (TA) (48,49). Also, monomeric GR binds
transcription factor (e.g., NF-«kB or AP-1) to mediate GR
gene regulation.

There are various GC drugs with different efficiencies
and mechanisms (some examples are shown in Table 4).
Patients with > grade 2 are suggested to take GC drugs.
Mild symptomatic patients are suggested to take prednisone
0.5-1 mg/kg/day orally, while severe symptomatic patients
are suggested to take methylprednisolone 2—-4 mg/kg/day
by intravenous injection over 6 weeks. When symptoms and
imaging changes release and stabilize, patients can begin to
gradually reduce drug treatment to avoid rebounding (4).
RILI therapy should be early, sufficient, and based on
individual principles to get achieve treatment results. As
powerful anti-inflammatory and immunosuppressive drugs,
long-term and high-doses use of GCs will lead to a high
incidence of adverse effects. Also, dosage, dosing regime,
specific drug used, and individual patient variability are also
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important influencing factors (47). Inappropriate application
of GCs could cause various systemic disorders, including
cardiovascular system, central nervous system (CNS), eye,
immune system, skin, and others. Common side effects of
GCs are glaucoma, cataracts, tissue atrophy and extended
wound healing, adrenal suppression, and osteoporosis (50).
During the application of GCs antibiotics should be used
if infection is suspected. Other adjutant therapies including
oxygen inhalation, atomization, and nutritional support
should be applied.

Other than GC drugs, other new drugs used to treat
RILI have also been reported. Some reports have noted
that mesenchymal stem cells (MSCs) can prevent lung
fibroblasts from myofibroblasts to inhibit lung fibrosis.
Human umbilical cord MSCs (HUMSCs) co-cultured with
irradiated human lung fibroblasts (HLFs) could attenuate
Wnt/B-catenin signaling in HLFs, which is activated by
radiation and inhibits frequently rearranged in advanced
T cell lymphomas-1 (FRAT'1) expression, as a protein
of increasing Wnt/B-catenin signaling, to retard fibrosis
process (51). TGF-B1 can regulate the transformation of
fibroblasts into myofibroblasts and induce type II AECs to
develop EMT in myofibroblasts via the phosphorylation of
the Smad2/3 signaling pathway. Hepatocyte growth factor
(HGF) can attenuate BL-induced EMT in type II AECs
with increasing expression of Smad7 upon binding to c-Met,
and upregulate the expression of matrix metalloproteinases
to promote the apoptosis of myofibroblasts. PGE2 can
inhibit the synthesis of collagens by elevating intracellular
cAMP levels, and inhibit activation and proliferation of
fibroblasts (40). It has been reported that irradiated rats
injected into human adipose tissue-driven MSCs increase
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secretion of HGF and PGE2 and decrease the expression
of TNF-a and TGF-B1. MSCs were also suggested to
potentially exert lung fibrosis-limiting activity (52).

Pentoxifylline (Ptx) is an ethyl xanthine derivative that
has been demonstrated to exert a prostacyclin-like effect by
inhibiting platelet aggregation and enhancing microvascular
blood flow. Some studies have also shown that Ptx can
promote immunomodulatory and anti-inflammatory
activations by inhibiting TNF and IL-1 (53,54). Moreover,
Ptx has been suggested to have a potential function in
alleviating damage of RILI. Ozturk er /. conducted a
randomized clinical study and found that patients with
Ptx in the irradiation groups have a marked decrease in
severe RILI (P<0.05) (55). Moreover, they suggested a
concomitant use dose of Ptx with radiation of 1,200 mg/day,
in order to achieve minimal side effects. Other studies have
demonstrated the Ptx treatment effect in RILI (56,57); a
positive outcome was observed in a randomized, place-
controlled clinical trial that Ptx combined with alpha-
tocopherol [vitamin E (Vit E)] in the treatment of lung
fibrosis after radiation.

Azithromycin, as a macrolide antibiotic, exhibits
immunomodulatory and anti-inflammatory effects. Azithromycin
inhibits inflammatory signaling by suppressing the expression
of lipopolysaccharide (LPS)-induced macrophage-driven
chemokines (MDC) via the c-Jun N-terminal kinase (JNK)
and NF-xB p65 pathway, and suppressing LPS-induced
IFN-inducible protein-10 (IP-10/CXCL10) to achieve
asthmatic airway inflammation and hypersensitivity via
the MAPK-JNK/ERK and NF-kB p65 pathways (58).
Azithromycin also has a different influence on cell levels
including promoting macrophage polarization, inhibiting
the effects of neutrophils, and inhibiting autophagosome
clearance. Moreover, it can downregulate the expression
of IL-1B, IL-6, TNF-a, TGF-B1, and a-SMA, which all
are pro-fibroblasts and pro-inflammatory cytokines (59).
However, we have not chosen suitable doses to guide
treatment of RILL

Numerous studies have shown that multiple drugs play
a positive role in RILI, but they rarely apply to clinical
practice. Angiotensin-converting enzyme inhibitors (ACEIs)
can release pulmonary collagen deposition and fibrosis
in the process of radiation (60-62). Berberine applied to
non-small cell lung cancer (NSCLC) patients can reduce
the prevalence of acute RILI, which may decrease the
expression of ICAM-1 and TGF-B1 (63). The application
of anti-TGF- also prevents RILI by inhibiting the TGF-f
receptor.
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Amifostine, as a radioprotective agent, reduces
irradiation-induced DNA damage by eliminating superoxide
dismutase 2 (SOD2) and lowers the oxygen concentration
around normal tissue (64). The above-mentioned drugs
may have positive influences on the mechanism of RILI;
however, these effects have been rarely seen in clinical
practice. More research is needed to estimate their actual
value.

Predisposing factor of RILI
Treatment factors

Radiation therapy can cause damage to normal tissues
around tumors cells. Currently, a variety of radio-
technologies [e.g., intensity-modulated radiation therapy
(IMRT), volumetric arc radiotherapy (VMAT), and image-
guided radiotherapy (IGRT)] applied in clinical practice
have helped improve upon this problem, but the incidence
of RILI has been reported in up to 30% of patients. Many
factors can impact the outcome, including radiation dose,
fractionation, lung dose, and combined treatment. Based
on fractionation, fraction dose, and the effects of early- and
late-response tissues, radiotherapy methods can be divided
into conventional fractionated radiotherapy (2 Gy/Fra/day,
five times/week), hyperfractionated radiotherapy (1.2 Gy
x2/day), and hypofractionated radiotherapy (3-10 Gy/Fra).

Conventional fractionated therapy is the primary method
for locally advanced patients. Accelerated hyperfractionated
radiotherapy can be applied for late-stage patients to
obtain a good local control rate by escalating total dose
and shortening the overall time (65). Stereotactic body
radiation therapy (SBRT), as a hypofractioned way of high-
dose radiation delivered over 1-5 treatments, has prominent
advantages for medically inoperable early-stage lung cancer
patients (66). A related analysis of two randomized trials
indicated that compared to surgery, SBRT for I stage
NSCLC showed analogous local control and overall survival
rates.

"The percentage of lung receiving a dose in excess of 20 Gy
(V20) and the mean lung dose (MLD) have been viewed
as predictors of RILI after irradiation, and numerous trials
have been performed to confirm this. Patients who received
higher V20 values showed high grades radiation pneumonitis
(P<0.001). V20 has also been shown to be a predictor
for > grade 2 RP (67). Another retrospective analysis
for locally advanced NSCLC treated with concurrent
chemoradiotherapy (CCRT) reported that V20 >26% was
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an independent predictive factor for > grade 3 RP, and
suggested that the V20 dose constraint should be less than
30-35% for CCRT patients (68). Some researchers have
used the large multi-institutional analysis standard of Kwa to
analyze a logistic regression fitted to RP vs. MLD date from
all published large-sized studies. They found that an absolute
safe MLLD for which there is no risk for RILI is non-existent,
and the risk-benefit ratio in individual cases should be used
to drive clinical decision making (69). In addition to MLD
and V20, V5 and V30 have also been correlated with RILI
(Figure 2).

Some reports have indicated that radiation associated
with other treatment methods may impact the incidence
of RILI. Radiotherapy connected with concurrent or
sequential chemotherapy is often used to treat locally
advanced lung cancer. However, this multimodality
approach is associated with more serious adverse responses
than radiotherapy alone. Fournel et #/. developed a
phase III clinical trial regarding concurrent or sequential
chemoradiotherapy (cisplatin and vinorelbine) for locally
advanced NSCLC patients (70). Compared with the
sequential group, the concurrent group showed a better
survival rate at 2, 3, and 4 years, despite lacking statistical
significance. The concurrent chemotherapy arm, however,
demonstrated a higher incidence of adverse events
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compared with the sequential group.

On the contrary, the meta-analysis of Vogelius et al.
regarding the clinical risk factors for RP surprisingly
reported that more adverse events occurred with sequential
chemotherapy than concurrent chemotherapy (71).
They speculated that the reason for this is due to the
fact that the biological effects of radiation continue for
several weeks after the last fraction, as well as the lower
dose chemotherapy in sequential groups, and suggested
that more data is needed to explore interaction between
chemoradiotherapy.

Radiotherapy and immunotherapy have become a focal
point in recent years. However, the interaction between
both therapies in terms of the mechanism, application,
and toxicity remains unclear. A study has observed that
radiotherapy activates innate and adaptive immune
responses by exposure to immunogenic molecules, thus
releasing damaged-associated molecular patterns (DAMPs)
including uric acid, S100 protein, adenosine triphosphate
(ATP), high mobility group protein BI (HMGB1), or tumor
antigens (72).

ICIs are increasingly used as effective cancer treatments
with intensifying immune recognition and killing of tumor
cells (73). The application of radiation and immunotherapy
has clearly improved the total survival rate, which has been
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confirmed in multiple large trials (74). In the KEYNOTE-001
trial, 24 of 97 patients who received radiotherapy had a median
of 11.5 months prior to ICI. Researchers observed pulmonary
toxicity in 63% of combined therapy patients versus 40%
in patients who did not receive radiotherapy. The PACIFIC
trial, which included 713 patients who received sequential ICI
treatment between 1-42 days after chemoradiotherapy, also
observed that pneumonitis was more frequent in the combined
treatment than in radiotherapy alone (33.9% vs. 24.8%).
Thus, with the wider application of immunotherapy in clinical
practice, we should be more alert to the occurrence of high-
grade RILI (75,76).

Currently, targeted drugs have been used as effective
cancer treatments, mainly including vascular endothelial
growth factor receptor (VEGFR) pathway (bevacizumab),
and epidermal growth factor receptor (EGFR) pathway
(necitumumab). VEGF can induce the growth and survival
of the vascular endothelium and promote angiogenic
growth, modulate the immune microenvironment, and
inhibit the differentiation and function of diverse immune
cells, such as dendritic cells, macrophages, and others (77).
EGFR can promote proliferation, invasion, metastasis,
anti-apoptotic signaling, and angiogenesis in tumor cells.
A meta-analysis regarding EGFR tyrosine kinase inhibitors
(EGFR-TKIs) treatment for late-stage lung cancer
observed an incidence of > grade 3 pneumonitis of up to
0.9% [95% confidence interval (CI): 1.0-2.4%], with a
mortality of 13.0% (95% CI: 7.6-21.6%). They concluded
that treatment with EGFR-TKIs was associated with a
significantly increased risk of pneumonitis (78).

We did not find surgery to be associated with a risk
of RILI. However, the type of surgery may impact the
outcome. A recent study found overall survival was
improved in patients receiving tri-modality therapy with
chemoradiotherapy, followed by lobectomy, compared with
chemoradiotherapy alone (79). The overall survival was not
improved for patients undergoing pneumonectomy. The
surgery group showed lower pulmonary toxicity than the
chemoradiotherapy group (9% wvs. 14%). We hope there are
more studies exploring this with stronger results.

Patient factors

Age, comorbidities, tumor location, and smoking habits
are all RP risk factors. Among these, smoking habit is
surprisingly a protective factor. Apparently, radiation
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pneumonitis could occur more easily in older patients
compared with younger patients because of weak pulmonary
function and more complications. However, a retrospective
study by Moreno et al. of late-stage NSCLC patients
indicated that patients with chronic obstructive pulmonary
disease (COPD) experienced higher pulmonary toxicity
than patients without complications (80). They believed
that COPD was independently associated with > grade
3 [odds ratio (OR) =10.5, P=0.007]. Other studies have
also reported similar conclusions (81,82). This suggests
that patients with poor lung function or underlying lung
disease may be at higher risk for RILL Some studies have
investigated the interaction between tumor location in
the middle or inferior part of the lung and RILI. They
found that middle or inferior lung tumors had an increased
risk of RILI compared with upper lung tumors (P=0.002)
(80,83,84). However, the mechanism at play here remains
unelucidated. Some people believe that the difference is
possibly driven by physiological motion, which enables the
middle or inferior lung to accept a higher irradiation dose.
A number of have studies testified that ongoing smoking
could prevent RILI, and a history of smoking could be a
protective factor (85-87). The reason for this may be that
the lung tissue of long-term smoker is relatively insensitive
to radiation or long-term cough symptoms, thus masking
the clinical symptoms of RILI.

Conclusions

In this review, we investigated the mechanism of RILI
occurrence, treatment methods, and predisposing factors.
RILI is the result of inflammatory cells and chemokines,
which has been affirmed in numerous studies. Stratifying by
CTCAE 5.0 RP grade, we described various management
approaches to different severities of RP and RLE. Notably,
there are side effects in this process, especially for patients
with long-term medication use. Newer treatments have
shown promise, but application in clinical practice is still
pending further study. For now, the continued study of
clinical and dosimetric factors associated with RP and RLF
are vital to the prevention and early diagnosis of RILI. The
combination of radiotherapy and immunotherapy appears
to be associated with higher rates of RP, but future research
is warranted. Lastly, continued studies utilizing cell lines,
animal models, and clinical trials should continue to be
carried out to explore effective and suitable therapeutic
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measures (Figure 3).
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