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Abstract: Radiation pneumonitis is a common and serious complication of radiotherapy for thoracic tumours. Although radiotherapy
technology is constantly improving, the incidence of radiation pneumonitis is still not low, and severe cases can be life-threatening.
Once radiation pneumonitis develops into radiation fibrosis (RF), it will have irreversible consequences, so it is particularly important
to prevent the occurrence and development of radiation pneumonitis. Immune checkpoint inhibitors (ICIs) have rapidly altered the
treatment landscape for multiple tumour types, providing unprecedented survival in some patients, especially for the treatment of non-
small cell lung cancer (NSCLC). However, in addition to its remarkable curative effect, ICls may cause immune-related adverse
events. The incidence of checkpoint inhibitor pneumonitis (CIP) is 3% to 5%, and its mortality rate is 10% to 17%. In addition, the
incidence of CIP in NSCLC is higher than in other tumour types, reaching 7%—13%. With the increasing use of immune checkpoint
inhibitors (ICls) and thoracic radiotherapy in the treatment of patients with NSCLC, ICIs may induce delayed radiation pneumonitis in
patients previously treated with radiation therapy, or radiation activation of the systemic immune system increases the toxicity of
adverse reactions, which may lead to increased pulmonary toxicity and the incidence of pneumonitis. In this paper, the data about the
occurrence of radiation pneumonitis, immune pneumonitis, and combined treatment and the latest related research results will be
reviewed.
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Introduction

Lung cancer still has the highest mortality rate among all cancers and is the second most common malignant tumour in
the world."''* Approximately 85% of lung cancers are non-small cell lung cancer (NSCLC), and nearly 50% of the
patients have distant metastasis at the time of diagnosis, so the overall prognosis is not ideal. In recent years, immune
checkpoint inhibitors (ICISs) have become the treatment of choice for advanced recurrent or metastatic cancer.*” At
present, the most widely used drugs are cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4) and programmed death
receptor-1 (PD-1) inhibitors and programmed death receptor ligand-1 (PD-L1) inhibitors. More and more studies have
shown that tumor microenvironment is related to immune environment, and immunotherapy can intervene to play a role
in it.'"

As a traditional treatment method, radiotherapy not only can kill the tumour directly and effectively but can also
activate the body’s antitumor immune system and inhibit tumour growth, playing an important role in survival. In recent
years, the combined treatment mode of radiotherapy and ICI has attracted great attention in the treatment of NSCLC, and
it has been confirmed in clinical trials that there is indeed a synergistic effect between the two treatment strategies.
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A single-centre, randomized Phase II trial was conducted to evaluate the major pathological response (MPR) in patients
with stage I~III A operable NSCLC treated with durvalumab versus SBRT combined with durvalumab neoadjuvant
therapy. The results showed that the major pathological response (MPR) of patients treated with SBRT combined with
durvalumab was significantly better than that of patients treated with durvalumab monotherapy (53.3% vs 6.7%,
P<0.0001).° However, while playing a synergistic effect, radiotherapy combined with ICIs may also lead to the
occurrence of pneumonitis, which not only limits the implementation of the combined treatment plan and reduces the
tumour control rate but also leads to systemic, potentially fatal immunosuppressive pneumonitis combined with radiation
pneumonitis, which is life-threatening in severe cases.’ In this review, the pneumonitis incidence data and related studies
of various treatment options were summarized in terms of different treatment modes of NSCLC: thoracic radiotherapy,
ICIs treatment and a combination of the two treatments.

Radiation Pneumonitis

Radiotherapy is an effective treatment for prolonging survival and improving the local control rate of tumours under
certain conditions.® Radiation-induced lung injury remains the most common lung dose-limiting toxicity. Radiation
pneumonitis (RP) is considered an early manifestation of radiation-induced lung injury. Approximately 10% to 30% of
patients develop radiation pneumonitis after receiving thoracic radiotherapy.”'® In addition to chest tumours, breast
cancer, oesophageal cancer, rectal cancer, lymphoma and other cancers can also develop after receiving
radiotherapy.'"""'? The occurrence of pneumonitis not only limits the treatment dose and reduces the probability of
tumour control (TCP) but may also develop into radiation fibrosis, reducing the quality of life and even causing
death.'>"?

Radiation pneumonitis is generally considered to be caused by reactive oxygen species generated by the body after
radiotherapy that cause DNA damage, inflammation, fibrosis and other reactions, the exact pathogenesis of which is still
unclear.'*'> RP usually occurs within hours to months after irradiation and is characterized by damage to alveolar
epithelial cells and vascular endothelial cells as well as the release, infiltration and aggregation of inflammatory
cells.'®!7

Radiation can damage normal alveolar epithelial and endothelial cells, accelerate cell senescence, destroy alveolar
barrier function, and induce increased vascular permeability, the release of macrophages, the production of reactive
oxygen species and acute inflammation. The production of reactive oxygen species causes type I and type II alveolar
epithelial cell damage and releases cytokines such as transforming growth factor-B (TGF-B), platelet-derived growth
factor, and IL, further aggravating the injury. Inadequate synthesis of surfactant in type II alveolar epithelial cells after
radiation results in a weakened alveolar barrier effect, inflammatory exudation changes, and radiation pneumonitis
(Figure 1).'”"' The damaged tissues enter into a continuous disordered process, which manifests as tissue fibrosis,
necrosis, atrophy and vascular damage over time.?® These changes are mainly characterized by extensive proliferation of
fibroblasts, matrix proteins and collagen and structural rearrangement of the lung tissue that eventually develops into
radioactive pulmonary fibrosis.'’

In clinical practice, radiation pneumonitis may be graded in several ways. The following is the Common Terminology
Criteria for Adverse Events (CTCAE) 5.0:

Grade 0: No changes

Grade 1: Asymptomatic, radiographic changes only, no intervention

Grade 2: Symptomatic, but not interfering with activities of daily living

Grade 3: Severe symptoms and interfering with activities of daily living, oxygen indicated

Grade 4: Life threatening, ventilator support and urgent intervention are indicated

Grade 5: Death

The typical manifestations of RP on CT are usually related to the stage of the lung injury, and the imaging
manifestations may show ground-glass opacities and airspace consolidation within the irradiated field (Table 1).>° The
diagnosis of radiation pneumonitis is based on imaging findings and is supported by the associated clinical presentation.
Clinical symptoms include low-grade fever and non-productive coughing, dyspnoea (on physical exertion or at rest),
pleuritic pain, and chest discomfort. Shortness of breath and cyanosis are signs of disease development. The clinical
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Figure | Radiation-induced early and late alveolar cell changes, from radiation pneumonia to radiation pulmonary fibrosis.

Notes: Radiation can damage normal alveolar epithelial and endothelial cells. (A) Normal alveolar cell morphology. (B) Early phase of radiation-induced pulmonary injury
(radiation pneumonitis). At this stage, the lung parenchyma, epithelial cells, vascular endothelial cells and stroma are mainly damaged. This involves proinflammatory
induction. Cytokines and chemokines that recruit immune cells in lung tissue activate and aggregate. Peripheral blood neutrophils are recruited, and monocyte-differentiated
macrophages and cytokines produce different types of cells that lead to inflammation. (C) Radiation lung injury, fibrosis stage. During this period, many fibroblasts and
myofibroblasts accumulate. Alveolar cell; alveolar type | cell; alveolar type Il cell; monocyte; endothelial cells; alveolar macrophages; Tlymphocyte; Blymphocyte.

diagnosis is combined with radiotherapy history, laboratory research and the exclusion of other causes of lung diseases,
followed by comprehensive evaluation and timely treatment and intervention.'*'3

It was found that female sex,'®'*"*? lung function®>** and pre-existing lung diseases
28,29 30-33

227 may be related to the

occurrence of radiation pneumonitis. Age, tumour volume,?® primary tumour location, mean lung dose,*** lung

V20Gy, V5Gy,***’ and cardiac radiation dose®®*° are risk factors for RP. However, numerous studies assessed

40,41

smoking and IMRT radiotherapy technology,®* and most notably found a reduced inflammatory response and

a reduced risk of radiation pneumonitis.

Table | Radiographic Changes of Radiation Pneumonitis in Different Periods

Early stage Uniform patchy, small nodule-like pattern, diffuse ground-glass opacities or pleural effusion.
Late stage Alveolar infiltration, diffuse or patchy compaction
Fibrosis stage Lung volume decreased, diffuse or patchy ground-glass opacity, linear scar with consolidation

Notes: Radiographic changes of radiation pneumonia in different periods. Radiographic changes; early stage; late stage; fibrosis stage; diffuse
ground-glass opacities; patchy compaction; consolidation.
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With the development of radiation technology, intensity-modulated radiation therapy (IMRT) has been widely used in
the treatment of lung cancer. IMRT can greatly increase the conformality of the irradiated target, reduce the radiation
dose and damage to normal lung tissue, and it has advantages in avoiding the danger to adjacent organs. Chun performed
a secondary analysis of the RTOG 0617 trial, which showed a significant reduction in the incidence of grade III or higher
RP in NSCLC patients treated with IMRT compared to 3D conventional radiotherapy (3.5% vs 7.9%).4* At present, the
exact parameter threshold cannot be determined, so additional prospective experiments are required to explore the dose
threshold leading to the occurrence of radiation pneumonitis to guide clinical radiotherapy planning. The main treatment
methods of RP include oxygen support therapy and glucocorticoid therapy, but the effect is not good, and there are many
complications, which seriously affect the quality of life of patients. At present, there is no effective treatment for RF.

Checkpoint Inhibitor Pneumonitis

Immune-related pneumonitis refers to a syndrome in which the immune defence mechanism of the body is damaged by
various factors. There are two kinds of immune-related pneumonitis encountered in the clinic: autoimmune pneumonitis
and immune-associated pneumonitis caused by immune checkpoint inhibitors.

Clinical studies have gradually confirmed the remarkable efficacy of ICIs in the treatment of tumours, and the
accompanying adverse reactions of immunotherapy have also attracted the attention of clinicians.''®> Immune checkpoint
inhibitors (ICIs) enhance the antitumor immune response of T cells by blocking the activity of immune checkpoint-
related proteins and blocking the immunosuppressive signal to inhibit the immune escape of tumour cells and realize the
antitumor effect. ICIs block the negative regulatory signals of T cells to relieve immunosuppression and enhance the
antitumor effect of T cells.

Meanwhile, ICIs may also induce overactivation of specific immune responses, resulting in immune regulation
imbalance and autoimmune-like adverse reactions in normal tissues. Immune-related adverse events (irAEs) can involve
multiple systems and organs, such as the skin, digestive tract, liver, endocrine system and lung.** **> Most irAEs are mild
and reversible, and only a few irAEs, such as immune pneumonitis, may evolve into severe pneumonitis or even a life-
threatening condition. Checkpoint inhibitor pneumonitis (CIP), a type of irAE, has an incidence of 2.7% to 3.5%, with
a median onset time of 2.3 months,*? but it is found clinically to have a higher incidence, even as high as 20%.** In
addition, the incidence of CIP in NSCLC is higher than that in other tumour types, reaching 7% to 13%, and is positively
associated with a decrease in the survival rate.

The specific pathogenesis of CIP is still not completely clear. Studies have found the following potential pathogenesis
of irAEs: (1) after overactivation, T cells attack normal tissues expressing the same antigens as cancer cells in the human
body, and autoantibody activity is activated along with an increase in inflammatory cytokines, further infiltrating normal

46748 (2) the level of pre-existing antibodies increases, which may trigger irAEs;* (3) ICI

tissues and triggering irAEs;
treatment activates the release of inflammatory cells and increases the level of inflammatory cytokines, which may trigger
irAEs.”

CIP mainly occurs in the first 6 months after the start of immunotherapy. Compared with other types of cancers, CIP
occurs earlier and more frequently in NSCLC and appears to occur earlier in patients treated with multiagent combination
therapy.”'>* The main clinical symptoms are dyspnoea, chest distress, cough, and fever. Imaging manifestations are
usually nonspecific. The main differential diagnostic diseases are diffuse pulmonary parenchymal diseases, such as
nonspecific interstitial pneumonitis and organizing pneumonitis.”*>*

Pre-existing lung diseases, such as chronic inflammatory respiratory diseases, interstitial pneumonitis,” pulmonary
fibrosis, or radiation pneumonitis (RP), may affect the accuracy of CIP diagnosis.”> >’ The diagnostic criteria of CIP
include the following: (1) history of immunotherapy; (2) new respiratory symptoms or persistent aggravation of existing
clinical symptoms after immunotherapy; (3) chest X-ray or CT showing new lung consolidation or diffuse ground-glass
opacities; and (4) differential diagnosis of disease progression, infection and radiation pneumonitis. CIP can be divided
into five subtypes: (1) acute interstitial pneumonitis, characterized by ground-glass opacities involving most of the lungs
(69); (2) acute respiratory distress syndrome, characterized by diffuse and patchy lung consolidation;*® (3) nonspecific
interstitial pneumonitis, characterized by ground-glass opacities in the peripheral lung and lower lobe;**%° (4) allergic

pneumonitis, characterized by diffuse ground-glass opacities and small centrilobular nodules;* and (5) occult
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pneumonitis, characterized by multifocal pulmonary parenchymal changes.®® According to the evaluation criteria for
common adverse reactions,’’ CIP can be divided into five grades. Patients with no clinical symptoms or imaging changes
confined to a single lung lobe or involving less than 25% of the lung parenchyma are grade I, and continuous follow-up
and close monitoring and suspension of immunotherapy are recommended. For new respiratory symptoms, imaging
changes involving more than one lobe or involving the lung parenchyma up to 25% to 50% are grade II. The clinical
symptoms are obvious, involving more than 50% of the lung parenchyma, and the life-threatening grades are IlI-IV.

It was found that the incidence of CIP may be closely related to smoking history, advanced age (>70 years), and
female sex.>®* Lung diseases in NSCLC patients prior to ICI treatment, including interstitial lung disease (ILD),
chronic obstructive pulmonary disease (COPD), asthma, pneumothorax, pleural effusion, and pulmonary fibrosis, may
increase the incidence of CIP.*>"®® Ryota conducted a retrospective analysis of the relationship between prior ILD and
pneumonitis in NSCLC patients receiving anti-PD-1 antibody inhibitors, showing that among 331 patients, 17 had prior
interstitial lung disease.® Among 331 patients, 17 had prior interstitial lung disease. The incidence of pneumonitis in
patients with a prior ILD history was nearly three times higher than that in patients without an ILD history (29% vs 10%,
P =0.027). Multidrug therapy with different immune checkpoint inhibitors and combined immunosuppressants may also
be associated with CIP incidence.®

Compared with PD-L1 inhibitors, patients treated with PD-1 inhibitors appeared to have a higher probability of
developing any grade of pneumonitis (3.6% vs 1.3%, P =0.001) and were also associated with a higher incidence of grade
3—4 pneumonitis (1.1% vs 0.4%, P =0.02). Patients who received immunotherapy for the first time were more likely to
develop grade 1-4 pneumonitis than those who had previously received immunotherapy (4.3% vs 2.8%, P =0.03).
Different ICIs reflect the toxicity specificity, with CTLA-4 inhibitors (ipilimumab and tremelimumab) showing higher
toxicity than PD-1 and PD-L1 inhibitors. In addition, the incidence of CIP in NSCLC patients treated with a combination
of multiple inhibitors increased by two to three times compared to treatment with a single inhibitor,**”°

Currently, corticosteroids are the mainstay treatment, according to the CIP treatment guideline recommendation
issued by the American Society of Clinical Oncology. Grade 1 CIP generally does not require intervention and
suspension of ICI treatment; however, low doses of steroids (0.5 to 1 mg/(kg-d)) should be given when the condition
worsens. Grade 2 CIP requires suspension of ICI treatment, oral medium dose of prednisone 1~2 mg/(kg-d), tapering
within 4 to 6 weeks, giving 5 to 10 mg/(kg-7d). ICIs should be stopped immediately and permanently with grade 3—4
CIP, and methylprednisolone (1~2 mg/(kg-d)) should be given intravenously. Additional immunizing agents, such as
infliximab and cyclophosphamide, should be considered if the disease is not in remission within 2 days. Most patients
with mild immune pneumonitis have a good prognosis after hormone withdrawal, while a few patients with severe CIP
have a poor prognosis, which may be related to secondary infection or tumour disease progression. Some studies have
reported that the incidence of recurrent pneumonitis in CIP patients after restarting ICI treatment is approximately 25%.
At present, restarting ICI treatment after CIP should be done with great caution.”!

Pneumonitis Occurring After Radiotherapy Combined with

Immunotherapy

Immune checkpoint inhibitors have significantly improved the outcomes of patients with non-small cell lung cancer
(NSCLC). Patients with advanced NSCLC who had previously received first-line nivolumab plus ipilimumab showed
lasting efficacy even after at least 2 years with no immunotherapy. The results of the PEMBRO-RT Phase 2 randomized
clinical trial showed that radiotherapy combined with ICI treatment further improved the response rate compared with
ICI monotherapy. At present, there is no clear conclusion as to whether radiotherapy combined with immunotherapy
superposes toxic reactions, but an increasing number of studies and experimental studies have shown that radiotherapy
combined with immune checkpoint inhibitors has an increasing trend of pneumonitis incidence in NSCLC patients.

Pathogenesis and Influencing Factors
Ionizing radiation damages tumour cells to produce reactive oxygen species (ROS), which further interact with tumour
cell DNA and other cell components to cause radiation-induced damage and indirectly damage normal human cells.
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Subsequently, antigen-presenting cells remove the damaged tumour cells, further promoting the activation and recruit-
ment of T cells by antigen-presenting cells. ICI therapy, by disabling immunosuppressive signals such as CTLA-4 and
PD-1/PDL1, continuously releases T cells that are overactivated. By targeting the negative feedback loop of T cells, ICIs
can impair tumour immune tolerance and induce immune cell infiltration into normal tissues, leading to adverse toxic
reactions such as pneumonitis (Figure 2).”>

Cell damage caused by radiotherapy and T-cell reactivation caused by immunotherapy both lead to a common event
endpoint: the activation and release of a large number of cytokines. These cytokines can not only directly damage lung
tissue through the TGF-f/Smad and TNF-o/NF-kf signalling pathways but also induce lung injury indirectly by
recruiting neutrophils, macrophages and lymphocytes. Among these cytokines, IL-4, IL-6, IL-10, and IL-17 have been
shown to be associated with radiation pneumonitis and immune checkpoint inhibitor pneumonitis, which may cause
concurrent superposition damage to normal tissue.”*”’> Other studies have revealed the potential mechanism of the
increased risk of pneumonitis after combined therapy. For example, Deng observed synergistic promotion of antitumor
immunity in mice by radiotherapy combined with ICls.”® Combined therapy plays an antitumor role by activating
cytotoxic T-cell-derived TNF to mediate the reduction of myeloid suppressor cells (MDSCs) in the tumour microenvir-
onment. However, TNF, as an inflammatory mediator, can reverse mediate inflammation and participate in the occurrence
and development of pneumonitis when it is overactivated. Naqash reported a case of immune pneumonitis in a patient
receiving immunotherapy.”’ After receiving PD-L1 inhibitors, the IL-6 and CRP levels were significantly increased in
this NSCLC patient. While IL-6 is a risk factor for radiation pneumonitis, it is thought that patients with pneumonitis
after receiving immunotherapy also have an increased risk of pneumonitis after receiving radiation therapy. Voong found
that among 188 subjects, 36 (19.1%) developed pneumonitis, of which 53% (19/36) had received thoracic radiotherapy,

microenvironment

Figure 2 The mechanism of side effects induced by radiotherapy and immunotherapy.
Notes: Radiation therapy and immune checkpoint inhibitors evoke an inflammatory microenvironment in previously irradiated fields. Tumour cell damage, overactivation of
immune cells, inflammatory microenvironment.
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and patients who received radical thoracic RT (17/19, 89%) were more likely to develop pneumonitis than those who
received palliative THORACIC RT (2/19, 11%).”® This shows that the occurrence of pneumonitis is closely related to the
radiation dose. However, the results of the study showed that pneumonitis mainly occurred in the areas of medium and
low doses of lung radiation, rather than the area of high doses of radiation, suggesting that pneumonitis that occurs after
combined treatments may be a specific type of pneumonitis, and it is likely that ICIs combined with RT weakens the
tolerance of lung tissues in areas of low doses, resulting in toxic superposition.

The timing of combination therapy may also be a potential factor in the development of pneumonitis. It has been
reported in the literature that NSCLC patients with irAEs receiving immunotherapy have a significantly increased risk of
pneumonitis following thoracic radiotherapy.”” Shaveprdian evaluated the safety of chest radiotherapy in patients with
immune-related adverse events caused by immune checkpoint inhibitors. The study included 496 patients, 41 of whom
had a history of irAEs, and 25 (61%) developed grade >2 radiation pneumonitis after radiotherapy. Among the 25
patients with pneumonitis, 5 had >2 immune pneumonitis. This may indicate that patients with a history of irAEs who
have previously received immunotherapy are at a very high risk of developing pneumonitis following thoracic radiation
therapy.

However, in KEYNOTE-001 Phase I* and Phase III PACIFIC,®' the treatment sequence was reversed, with patients
receiving radiotherapy followed by immunotherapy. In the KEYNOTE-001 trial, a secondary analysis was performed on
97 patients. Radiation pneumonitis occurred after radiotherapy in 15 of the 24 patients (63%) who had previously
received chest radiotherapy and it recurred after sequential immunotherapy in 3 patients (13%) who had previously
received chest radiotherapy. The incidence of pneumonitis of all grades was significantly higher among patients receiving
combination therapy (13% versus 1%, P =0.046). The phase III PACIFIC trial assessed the safety and toxicity of
immunotherapy in 713 patients treated within 2 months after radiotherapy. The incidence of full-scale pneumonitis was
significantly higher in the combination therapy group than in the radiotherapy group alone (33.9% vs 24.8%).

Recent studies have found that some serological indicators may have predictive effects. Schoenfeld reported a patient
with advanced melanoma who developed pneumonitis after radiotherapy combined with the PD-1 inhibitor nivolumab
and found that increased levels of CXCR2, IL-1 receptor antagonists, and IL-2 receptor antagonists were consistent with
the occurrence and development of pneumonitis.®” Jing also found that four cytokines, GM-GSF, CD62E, IL-6 soluble
receptor and stem cell factor, were associated with the occurrence of pneumonitis in inoperable stage III NSCLC patients
treated with concurrent chemoradiotherapy and durvalumab.®’

Radiation recall pneumonitis (RRP), which is considered a radiation-related lung injury characterized by acute
inflammation limited to previously irradiated lung fields, occurs weeks, months or even years after the completion of
radiation therapy. It is a kind of delayed radioactive pulmonary toxicity caused by systemic drugs, usually anticancer
drugs. Immune checkpoint inhibitors (ICIs) have recently been identified as potential causal agents of RRP, but their
actual incidence, potential risk factors, and mechanisms of action remain unclear.**%¢ For example, in the Pacific trial,
the safety of 713 patients treated with ICIs between Days 1 and 42 after completion of chemoradiotherapy was
analysed.®! Compared with the radiotherapy alone group, the incidence of grade >3 pneumonitis (3.4% vs 2.6%) and
the incidence of pneumonitis of any grade were significantly higher in the combined treatment group than in the
radiotherapy alone group (33.9% vs 24.8%), suggesting that patients who had previously received chest radiotherapy
and then received immunotherapy had an increased risk of pneumonitis. It has been suggested that radiotherapy may play
a negative role in eliciting an immune response, and there is a possibility of toxicity superposition in the later stages of
combined therapy, which should be closely monitored and followed up.

The difference in the incidence of pneumonitis caused by different combination treatment sequences may be related to
the difference in the immune and radiation sensitivity and tolerance of individual patients, as well as the degree of disease
progression and different immune checkpoint inhibitors of each patient. In general, irradiated lungs exhibit an acute
radiation-induced inflammatory response, or latent inflammatory response, for a period of time after radiotherapy, and ICI
treatment after radiotherapy may enhance the immune system while increasing the risk of all levels of toxicity in the
combination therapy group. Therefore, pneumonitis after combined therapy may not be a simple superposition mode of
RP and CIP. In the future, large clinical studies are needed to compare the imaging features of patients with CIP alone,
RP alone and RP+CIP after combined therapy to help clinicians identify and more comprehensively treat patients. The
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possibility of toxic reactions in patients at different times needs to be analysed, and the types and incidence of
pneumonitis should be predicted by evaluating the tumour characteristics, underlying pulmonary diseases, clinical
symptoms, imaging characteristics and autoimmune status of the patients.

Morbidity

Radiotherapy Combined with CTLA-4 Inhibitors

Radiotherapy combined with CTLA-4 inhibitors has shown good efficacy and tolerance in melanoma and prostate cancer,
but there are relatively few studies on the application of CTLA-4 inhibitors in non-small cell cancer.?”*® Chen retro-
spectively analysed two prospective trials of radiotherapy combined with anti-CTLA-4 or anti-PD-1 for the treatment of
metastatic NSCLC patients.*” SBRT was administered in combination with the CTLA-4 inhibitor ipilimumab (n=17) and
the PD-1 inhibitor pembrolizumab (n=16). The results showed that in the SBRT combined with CTLA-4 inhibitor group,
there were 2 cases of any-grade pneumonitis (n = 17, 11.8%) and 1 case of grade >3 pneumonitis (n= 17, 5.9%).
However, in the SBRT combined with PD-1 inhibitor group, there were 5 cases of any grade pneumonitis (n = 16, 31.3%)
and 3 cases of > 3 grade pneumonitis (n=16, 18.8%). Previous studies have proven that the risk of CIP caused by PD-1
inhibitors is higher than that of CTLA-4 inhibitors during the treatment of NSCLC.’**? To prove that the incidence of
pneumonitis during radiotherapy combined with PD-1 inhibitors/PD-L1 inhibitors is higher than that in combination with
CTLA-4 inhibitors, further exploration in large studies and additional prospective experiments are required to compare
the incidence of pneumonitis in different radiotherapy techniques combined with PD-1 inhibitors, PD-L1 inhibitors and
CTLA-4 inhibitors.

Radiotherapy Combined with PD-1/PD-LI Inhibitors

In recent years, an increasing number of clinical trials have focused on the efficacy and safety of new models of NSCLC
using PD-1/PD-L1 inhibitors in combination with RT.”* The early KEYNOTE 001%® and Pacific trial®' showed that the
combination therapy was well tolerated and that the toxicity was within an acceptable range. For example, the results of
the Phase 3 PACIFIC” study confirmed that CRT sequential ICI (duvalizumab) treatment had a better 3-year survival
rate and established the role of RT combined with ICIs in the clinical treatment of unresectable stage III non-small cell
lung cancer patients without progression after radiotherapy and chemotherapy. Data from current clinical trials suggest
that adjuvant duvalizumab is the standard treatment after concurrent chemotherapy (CRT) for stage III non-small cell
lung cancer (NSCLC) and it does not significantly increase the incidence of pneumonitis. Chang conducted a phase 1I
trial to study the efficacy and safety of SABR combined with nivolumab in patients with early inoperable NSCLC, while
the control group received SABR alone.” The incidence of grade >2 pneumonitis was similar in both groups (4.4% vs
2.1%). The incidence of grade >2 pneumonitis was approximately 6.7% in previously reported studies of SBRT for the
treatment of early NSCLC.”® SABR combined with ICIs did not significantly increase the risk of pneumonitis in patients
with early NSCLC.

However, when RT combined with ICIs was used to treat locally advanced NSCLC patients, the results were less
favourable. Moore analysed 39 stage III NSCLC patients who received sequential CRT and durvalumab, and up to
54% developed grade >2 pneumonitis, suggesting that the incidence of pneumonitis might be higher when CRT
followed by durvalumab was used to treat locally advanced NSCLC patients.”’ It seems safe to restart durvalumab
therapy after high-dose steroid treatment of pneumonitis, but due to the small number of clinical studies and their
small sample sizes, the safety of restarting immunotherapy has not been fully proven. The safety of adjuvant
duvalizumab combined with radiotherapy and whether it will continue to be a useful ICI treatment in the later stages
needs further exploration.

Barron retrospectively analysed and assessed the development of pneumonitis in patients with prior radiotherapy for
non-small cell lung cancer who received second-line immunotherapy.”® The results showed that sequential PD-1
inhibitors significantly increased the risk of pneumonitis in patients who had previously received radiotherapy at any
site. The incidence of pneumonitis of any grade (40% vs 9.8%) and >3 grade (10% vs 0%) between the combined
radiotherapy group and the single immunization group was statistically significant (all P < 0.01). Similarly, Botticella
assessed the effect of previous chest radiotherapy on the occurrence of pneumonitis after combined therapy in 318
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NSCLC patients and found that the incidence of grade >3 pneumonitis was significantly higher in patients who received
chest radiotherapy than in those who did not (11.1% vs 0.4%, P < 0.01).”

There seems to be some difference in the incidence of pneumonitis in NSCLC patients treated with CRT concurrently
or with sequential PD-1/PD-L1 inhibitors. Jabbour performed a Phase 1 nonrandomized controlled trial of PD-1
inhibitors combined with radiotherapy and chemotherapy for the treatment of locally advanced non-small cell lung
cancer.'® The overall incidence of grade >2 immune-related adverse events was 67% (n=14), among which 7 patients
had pneumonitis (n=14, 33%), and patients with CRT concomitant treatment with PD-1 had an increased risk of
pneumonitis. In a phase II clinical trial study of atezolizumab combined with chemoradiotherapy for the treatment of
unresectable non-small cell lung cancer, the experimental group was set as CRT synchronous atezolizumab, and the
control group was set as CRT sequential atezolizumab.'?! The incidence of any grade and grade >3 pneumonitis was 23%
and 3%, respectively, in the synchronous group and 30% and 0%, respectively, in the sequential group. The results
showed that there was no significant difference in the incidence of grade >3 pneumonitis between the two groups, while
the incidence of grade <2 pneumonitis was relatively high after sequential treatment. More prospective studies are needed
to explore the effect of timing on the incidence of pneumonitis during combination therapy.

All of the above were retrospective studies, and more prospective trials and clinical trials need to be conducted in the
future to analyse the mechanisms of increased pulmonary toxicity during combined treatment with different radiotherapy
techniques, the interval between radiotherapy and ICI treatment, the treatment sequence, and different ICI drugs.

SBRT Combined with ICls

Tian evaluated and analysed the safety and toxicity reports of SBRT combined with ICIs in multicentre treatment,
including acute (within 30 days) and subacute (within 180 days) toxicity reports.'®> Compared with monotherapy of ICIs
or SBRT combined with immunotherapy of SBRT, the incidence of >3 adverse reactions was 2.9% and 26.8%,
respectively. However, the incidence of >3 pneumonitis cases treated with SBRT combined with ICIs was significantly
different and statistically significant (10.7% vs 0%, P <0.01). Miyamoto reported 6 patients with advanced NSCLC who
received pulmonary SBRT and maintenance therapy with nivolumab (PD-1), of whom 1 patient (n=6, 16.7%) developed
grade 3 pneumonitis.'®® A recent meta-analysis also found an association between the combination therapy pattern with
an anti-CTLA-4 inhibitor (ipilimumab) and radiation pneumonitis in patients with brain metastases treated with ICI and
SRS." Qin conducted a prospective study of low-fraction, image-guided radiotherapy (HIGRT) combined with
atezolizumab (PD-L1) for patients with metastatic non-small cell lung cancer.'®> The results showed that 2 patients
(n=12 16.7%) developed grade 3 pneumonitis, and the incidence of grade 3 adverse events was similar to that of
atezolizumab alone. There was no significant increase. According to the above results, the incidence of lung toxicity of
SBRT combined with ICIs is not significantly increased in NSCLC, but radiotherapy combined with CTLA-4 may
increase the risk for some specific tumours compared to the risk of immunization or radiotherapy alone. More clinical
studies are needed to analyse the optimal mode of SBRT and ICI combination therapy to improve the tumour control rate,
reduce the toxicity and side effects during combination therapy, and accurately grasp the most likely occurrence of
pneumonitis for timely intervention and treatment.

Low-Dose Radiotherapy Combined with ICls
Low-dose radiation (LDR) refers to a dose of low linear energy conversion (LET) radiation < 0.2 Gy or a dose of high
LET radiation < 0.05 Gy, while the radiation dose rate is higher than 0.05Gy/min.

Low-dose radiation can promote the growth of normal human cells but has no stimulating effect on the growth of
tumour cells.'® The cytological basis of low-dose radiation is to activate immune organ cells; activate the T-cell signal
transduction pathway; increase the expression of cytokines such as IL-2, IFN-y, TNF-a and GM-CSF; enhance the role of
NK cells, cytotoxic T lymphocytes and macrophages; accelerate the apoptosis of tumour cells; and enhance the antitumor
immune effect in the body. To date, there are few studies on low-dose irradiation combined with anti-PD-1/PD-L1
therapy, and they have primarily been conducted on mice. In studies of tumour-bearing mice, PD-1 knockout T cells
combined with low-dose radiotherapy produced highly effective antitumor effects.'®” When low-dose radiotherapy was
combined with ICIs, low-dose radiation promoted the body’s immune system, and the ICIs played a role in synergistic
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treatment at the same time. T cells were excessively activated and released, leading to immune adjustment. In normal
tissue, the damage triggers an inflammatory reaction, but there are too few studies. This speculation needs to be further
explored by medical workers in future experiments and clinical studies to control the incidence of adverse events while
ensuring the synergistic effect of the two to improve the tumour control rate and increase the overall survival of patients,
thus providing new methods and ideas for the treatment of NSCLC.

|dentification and Treatment

CIP is a type of systemic immune system overactivation that causes potentially fatal systemic immunotoxic adverse
reactions. CIP above grade 3 indicates an urgent need to stop ICI treatment permanently, while CIP below grade 3 can be
treated with temporary interruptions of ICI to allow for the recovery of patients followed by restarting treatment. Patients
with RP can continue to receive ICI and RT treatment after recovering from hormone therapy. In cases of pneumonia
after combined therapy, close attention should be given to the changes in lung imaging and clinical symptoms before
making a differential diagnosis. First, the pneumonia caused by RP is mostly confined to the radiation field of the lung,
and any pulmonary inflammatory changes in the radiation field can be considered CIP caused by ICIs. The differential
diagnosis of patients with pneumonia after RT combined with ICIs is not only CIP and RP but also infection (bacteria,
fungi, virus, tuberculosis, etc.) and tumour progression.

The treatment process of radiotherapy combined with immunotherapy for pneumonia is similar to that of RP or CIP,
and radiotherapy or immunotherapy should be stopped immediately if pneumonia develops. Second, cough relief,
expectorants, bronchodilators and other treatments can be applied (Table 2). For pneumonia patients with mild symptoms
below grade 2, especially those with small pneumonia lesions, symptomatic treatment and close monitoring and
observation can be given first. Some patients will be relieved and recover, while glucocorticoid therapy should be
given to those who do not respond or worsen. Patients with grade >3 are recommended to be given oxygen inhalation or
mechanical support ventilation to ensure airway patency and remove life-threatening risks.

In the treatment of pneumonia, in addition to cough and expectorant treatment, glucocorticoid treatment is key. It
is recommended to use long-acting dexamethasone or prednisone, individualized treatment starting from a small dose
and then adjusted according to the development of the disease and maintaining it for 3 to 4 weeks, with a slow

Table 2 Classification, Symptoms and Treatment of Combined Pneumonitis

Grade Symptoms and Imaging Findings Therapies
Grade | |. Asymptomatic or radiographic changes only I. No intervention, close monitoring
2. Uniform patchy, small nodule-like pattern, symptoms for 2-3 days
diffuse ground-glass opacities 2. Pay attention to the development of pneumonia
3. Low doses of steroids should be given as the disease progresses
Grade 2 I. Non-productive cough or low grade fever, no |. Radiotherapy or immunotherapy should
impact on daily life be stopped immediately after pneumonia
2. Small nodule-like pattern, diffuse ground-glass 2. Antitussive, expectorant, bronchodilator
opacities or pleural effusion. 3. Those with poor results were given
glucocorticoids, oral steroids over
at least 6weeks
Grade 34 |. Severe symptoms, affect daily life, sustainable I. Oxygen inhalation or mechanical support
development endangers life ventilation to ensure airway patency and
2. Alveolar infiltration, diffuse or patchy remove life-threatening risks.
compaction 2. Long-acting dexamethasone or prednisone over 8weeks
3. Lung tissue gradually shrinks with 3. Adjust to the effective dose and maintain it for 3—4 weeks
consolidation according to the development of the disease, then slowly reduce
the hormone

Notes: Classification, symptoms and treatment of combined pneumonitis. Grade of pneumonitis; symptoms and imaging findings of pneumonitis; therapies and
management of pneumonitis.
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reduction of the hormone to avoid recurrence. In cases where a definite diagnosis is not possible, oxygen support
therapy and/or glucocorticoids may be prescribed, as appropriate, depending on the severity of the condition.'%%1%% At
present, there is no clear conclusion on the specific principles of whether patients can resume radiotherapy and
immunotherapy again after recovering from pneumonia during combination therapy. It is suggested clinicians should
consider whether to continue to deliver an additional radiotherapy dose according to the clinical remission degree of
radiation pneumonia after treatment and the recovery from inflammation in the irradiation field. It is recommended to
evaluate whether to continue using immunotherapy drugs according to the remission degree of immune pneumonia
after preclinical treatment: for patients who achieve a complete remission in the early stage, try to use drugs after
observation; patients with early disease progression are no longer considered eligible to receive immunotherapy; and
for those who have achieved a partial remission or disease stabilization, reintroducing immunotherapy may be
considered. In addition to regular evaluation of efficacy, patients receiving immunotherapy should also be closely
monitored for toxicity and side effects, including immune pneumonia and other irAEs. If immune pneumonia recurs
again, immunotherapy needs to be permanently stopped.

Summary

Radiotherapy may improve the antigens presented by in situ vaccine release and help remove the inhibitory immune
microenvironment, influence the tumour immune status, improve the immune system response to immune therapy,
increase the efficacy of immune therapy, promote tumour cells to release tumour-specific antigens, improve the killing of
tumour cells, and increase the immune response to treatment. Combination therapy can further promote the immune
system’s antitumor processes and even increase the incidence of “distant effects”.!'®!"! However, when we use
combination therapy to increase the distant effect, we should pay more attention to whether there will be a distant
toxic reaction or metastasis. The future development of radiotherapy combined with ICIs in NSCLC is still worth looking
forward. Most clinical studies showed that SBRT combined with immunotherapy did not significantly increase the
incidence of pneumonia in early NSCLC, but a small number of studies showed that combined therapy increased the
incidence of pneumonia in patients with advanced NSCLC. It is believed that with the innovation of radiotherapy
technology, the continuous optimization of the timing of combination therapy and the exploration of more personalized
dose parameters, the incidence of toxic reactions in the later stage of combination therapy can be reduced while
improving the tumour control rate and the overall survival of patients.

The existing research results are mostly retrospective. Given the lack of a large amount of prospective data, future
research should concentrate on exploring additional ICIs combined with radiotherapy technology for late adverse reaction
mechanisms and how to accurately identify CIP, RP and combined treatment of pneumonia according to individual patient
factors to achieve the ideal treatment plan. In addition, in view of the potentially high mortality of immune-mediated
pneumonia, NSCLC patients receiving chest radiotherapy combined with ICIs should be more cautious in choosing the dose
and timing of radiotherapy to complement the ICI treatment after the occurrence of relevant irAEs.
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