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Lung cancer remains the leading cause of cancer incidence
and mortality, with an estimated over 2 million new cases
and 1.8 million deaths worldwide in 2018 (1). The number
of deaths due to lung cancer in 2018 was close to one-fifth
of all cancer deaths (1). The main pathological types of
lung cancer include non-small cell lung cancer (NSCLC)
and small cell lung cancer (SCLC), and NSCLC accounts
for approximately 80-85% of all cases (2). The treatment
of NSCLC is stage-specific. For patients with stage I or 11
disease, complete surgical resection should be performed if
there are no contraindications. Patients with unresectable
disease should be considered for chemotherapy with/
without radiotherapy. For a long time, platinum-based
chemotherapy has been the main option for the first-
line treatment of metastatic NSCLC patients (3). Since
the 1990s, with the understanding of lung cancer driver
genes, targeted therapies [including but not limited to
drugs targeting epidermal growth factor receptor (EGFR)
mutations, KRAS mutations, ALK gene rearrangements
and ROSI rearrangements] have changed the treatment of
NSCLC with driver gene mutations, which has significantly
prolonged survival (4,5). However, despite considerable
progress and the development of new drugs, the estimated
S-year overall survival (OS) rate remains at 18% (6). Thus,
there is an urgent need to develop valid NSCLC therapies
with low toxicity.

In 2011, the immune checkpoint inhibitor (ICI)
ipilimumab, an anti-cytotoxic T lymphocyte-associated
protein 4 (CTLA-4) antibody, was approved for the

treatment of metastatic melanoma, resulting in a revolution
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in cancer treatment (7). To date, ICIs, mainly targeting
programmed death 1 (PD-1), programmed death-ligand 1
(PD-L1), or CTLA-4, are transforming treatment strategies
for multiple cancer types, especially advanced NSCLC
(8,9). Radiotherapy has also developed rapidly in the past
two decades, especially stereotactic body radiation therapy
(SBRT), which is now widely accepted as an alternative
primary treatment for NSCLC patients who are not
suitable for surgery (10). Currently, there are a number of
clinical trials on immunotherapies alone or in combination
with other treatments for lung cancers, and radiotherapy
combined with immunotherapy has attracted increasing
attention (10). Tzble 1 shows a summary of ongoing
randomized studies combining immunotherapies and
radiotherapy in lung cancer. According to current clinical
trial data, radiotherapy combined with immunotherapy can
significantly improve the survival of lung cancer patients
without significantly increasing adverse reactions (9,11,12).
Shaverdian et 4/. (11) confirmed that the combination
of radiotherapy and pembrolizumab for the treatment
of advanced NSCLC can prolong progression-free
survival (PFS) and OS with an acceptable safety profile
in KEYNOTE-001, a phase I trial. Compared with the
patients who received pembrolizumab only, the patients
who received radiotherapy as a precondition prior to
pembrolizumab showed a significantly longer PFS (4.4 vs.
2.1 months) and OS (10.7 vs. 5.3 months). There was no
significant difference in the frequency of any pulmonary
toxicity or the frequency of grade 3 or worse pulmonary
toxicity between patients who had received previous
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Table 1 Summary of ongoing randomized studies of combined radiotherapy and immunotherapy in lung cancer
Clinical trials gov  Estimated = Pathological Primary )
identifier enroliment (n) types Stage Arms Phase endpoint Immunotherapy Radiotherapy
NCT03867175 116 NSCLC v RT+IO vs. IO 1] PFS Pembrolizumab SBRT
NCT03811002 506 SCLC I-lIC CT+RT vs. CT+RT+IO  1I/1ll PFS Atezolizumab 3D-CRT or
0S IMRT
NCTO03774732 510 NSCLC v RT+IO vs. 10 n oS Nivolumab, 3D-CRT or
atezolizumab or SABR
pembrolizumab
NCT03540420 212 SCLC I-11 CT+RT+IO vs. Il 2-year Atezolizumab 45 Gy/30
CT+RT survival fractions
NCT03446911 20 NSCLC | RT+I0O vs. RT 17N AE Pembrolizumab SABR
NCT03446547 216 NSCLC | RT vs. RT+IO I TTP Durvalumab SBRT
NCT03223155 80 SCLC v RT+IO (sequential) vs. | AE Nivolumab or SBRT
RT+IO (concurrent) Ipilimumab
NCT03110978 140 NSCLC I-IA NSCLC, RT vs. RT+ 10 Il EFS Nivolumab SBRT
recurrent lung
cancer

RT, radiotherapy; 10, immunotherapy; PFS, progression-free survival; SBRT, stereotactic body radiation therapy; CT, chemotherapy; OS,
overall survival; 3D-CRT, 3-dimensional conformal radiation therapy; IMRT, intensity-modulated radiotherapy; SABR, stereotactic ablative
radiotherapy; TTP, time to progression; AE, adverse events; EFS, event-free survival.

thoracic radiotherapy and those who did not (11). Theelen
et al. (12) found similar results in a randomized phase 11
trial, PEMBRO-RT. Seventy-six patients with metastatic
NSCLC enrolled in the study were randomly assigned in a
1:1 ratio to receive pembrolizumab without (control arm)
or with (experimental arm) SBRT to a single metastatic site
within 7 days before immunotherapy. The experimental arm
showed an increase in the overall response rate (18% uvs.
36%; P=0.07), disease control rate (40% vs. 64%; P=0.04)
at 12 weeks, median PFS (1.9 vs. 6.6 months) and median
OS (7.6 vs. 15.9 months), as compared with the control
arm. The increased PFS and OS in the experimental arm
was not statistically significant. The most common adverse
events were fatigue, flu-like symptoms, and cough, among
which fatigue (27% wvs. 51%; P=0.05) and pneumonia (8%
vs. 26%; P=0.06) occurred more often in the experimental
arm than in the control arm. Grade 3 to 5 pembrolizumab-
related toxic effects were reported in 12 patients (17%),
with no significant difference between the experimental arm
and the control arm. The combination of radiotherapy and
immunotherapy appeared to be very well tolerated.

The well-known PACIFIC trial conducted by SJ Antonia
is a recent phase III randomized trial designed to compare
durvalumab (an anti-PD-L1 antibody) with placebo in stage
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IIT unresectable NSCLC patients who did not progress
after 2 or more cycles of definitive concurrent platinum-
based chemoradiotherapy (9). A total of 713 patients were
enrolled in the study, and were randomized in a 2:1 ratio
to receive durvalumab (within 1-42 days after receiving
concurrent chemoradiation) or placebo, with stratification
factors including age (<65 vs. =65 years), sex and smoking
history (current or former smoker vs. never smoker).
Most patients were current or former smokers and did
not have EGFR mutations, and their PD-L1 status was
typically less than 25% or unknown. The median PFS
from randomization was 16.8 months for the durvalumab
group vs. 5.6 months for the placebo group (hazard ratio,
0.52; 95% CI, 0.42-0.65; P<0.001), with a three-fold
increase. The response rate was significantly higher in the
durvalumab group than in the placebo group (28.4% wvs.
16.0%; P<0.001) (9). The 24-month OS rate was 66.3%
(95% CI, 61.7-70.4) in the durvalumab group vs. 55.6%
(95% CI, 48.9-61.8) in the placebo group (P=0.005) (13);
the median time to death or distant metastasis was 28.3
vs. 16.2 months. Durvalumab significantly prolonged OS,
compared with placebo (hazard ratio, 0.68; 99.73% CI,
0.47-0.997; P=0.0025). In terms of safety, 96.8% of the
patients in the durvalumab group and 94.9% of those in
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the placebo group had adverse events of any cause and
grade, and grade 3 or 4 adverse events occurred in 29.9%
and 26.1%, respectively (9). However, 15.4% and 9.8% of
the patients in the durvalumab group and placebo group,
respectively, discontinued the trial regimen because of
adverse events. There were no significant differences in the
incidences of pneumonitis (4.8% vs. 2.6%) and radiation
pneumonitis (1.3% wvs. 1.3%), which were the most frequent
adverse events leading to the discontinuation of the trial
regimen. Therefore, the addition of durvalumab did not
significantly increase the toxicity. The results indicated that
combining radiotherapy and immunotherapy is effective
and well tolerated for advanced NSCLC patients. Based on
the breakthrough result of the PACIFIC trial, the US Food
and Drug Administration (FDA) approved durvalumab for
the treatment of advanced NSCLC without progression
after platinum-based chemoradiation therapy in July 2017.

The efficacy and safety of radiotherapy combined
with immunotherapy for lung cancer treatment has
been confirmed according to these studies, but the best
treatment regimen for combining radiotherapy and ICIs
is currently unclear, and this may significantly affect the
generation of a durable therapeutic antitumor immune
response. A preclinical study by Dovedi et a/. showed
that the simultaneous delivery of radiotherapy and
immunotherapy is superior to their sequential delivery (14).
They evaluated three distinct combination schedules in
which mice with colon carcinoma CT26 tumors established
by subcutaneous inoculation received local radiotherapy
with immunotherapy. Administration of the aPD-L1 mAb
was initiated on the first day of fractionated radiation
therapy (schedule A), on the fifth day of radiation therapy
(schedule B), or 7 days after the completion of radiation
therapy (schedule C). The results showed that the OS rates
were significantly higher for both schedules A and B than
for schedule C, and there was no significant difference in
OS between schedules A and B, with long-term survival
(LTS) rates of 60% and 57%, respectively (P>0.05) (14).

In 1953, Mole noticed tumor regression located
far outside the radiation field in a patient receiving
radiotherapy to a single site of metastatic disease, and he
first described this phenomenon as an “abscopal effect” (15).
This phenomenon was not commonly observed in the
following decades, until ipilimumab was approved for
the treatment of metastatic melanoma in 2011, and
immunotherapy began to be used clinically. These “abscopal
effects” were observed in an increasing number of patients
receiving radiotherapy with or without immunotherapy (16).
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Since then, a large number of clinical trials have been
conducted to evaluate the safety and effectiveness of
radiotherapy combined with immunotherapy, almost all
of which use this single-site irradiation. However, Brooks
et al. (17) demonstrated that radiation therapy should be
delivered to all targetable disease sites instead of a single site
when combined with immunotherapy, which was supported
by both clinical data and biological rationale. Preclinical
studies have revealed that radiation improves the ability of
the immune system to recognize solid tumors by uncovering
or releasing previously hidden tumor-associated antigens
(TAAs) and immunostimulatory molecules from within the
tumor that can activate and prime an antitumor immune
response (Figure 1) (17-19). Radiotherapy for all targetable
disease sites increases the unveiling of TAAs and hence
increases the possibility of eliciting an immune response
successfully by TAAs. In addition, multifocal radiotherapy
may overcome the obstacle of tumor heterogeneity because it
may induce immune cells to recognize a wider range of TAAs
and may also destroy or enhance the destruction of resistant
subclones, which may reduce the complete response rate
of ICI therapy. In addition, radiotherapy for all targetable
disease sites stimulates the tumor vasculature and has
negative feedback immunosuppressive properties for large
tumors, providing optimal conditions for immune cells to
enter the entire tumor, thereby enhancing the osmotic effect
on tumors and overcoming the inhibition of the antitumor
immunosuppressive effect of the immune response (17).
Studies in patients with advanced solid tumors have
shown that a T cell-inflamed tumor microenvironment
has a more favorable response to immunotherapy (20,21).
Tumors with a high proportion of tumor-infiltrating
lymphocytes (TILs) are often referred to as ‘hot’ tumors
and are associated with a better prognosis (20). ‘Cold’
tumors describe a phenotype of solid tumors with scanty
T lymphocytes, which may not benefit from ICIs (21).
Radiotherapy can induce DNA damage and then result in
cell death. During tumor cell death induced by ionizing
radiation, tumor antigens are released and presented
to dendritic cells and other antigen-presenting cells,
which activate the adaptive immune system, stimulate
the proliferation of T cells and finally initiate a tumor-
specific response (17,22,23). In this way, radiation can
prime the innate immune system, recruiting T" lymphocytes
and turning ‘cold’ tumors into ‘hot’ tumors, which are
more likely to respond to systemic immunotherapy (23).
Similarly, Bernstein ez al. (18) suggested that SABR results
in immune activation by inducing tumor cell death,
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Figure 1 Antitumor effect of combining immunotherapies and radiotherapy. Radiation can induce tumor cell death, apoptosis and

normalization of the aberrant tumor vasculature, which in turn activates the immune system. After tumor cell death, apoptotic bodies,

danger signals, tumor-associated antigens (TAAs) and inflammatory cytokines are released, which activate dendritic cells (DCs) and other

antigen-presenting cells (APCs). Activated dendritic cells and other APCs present TAAs to immune cells in lymph nodes and then stimulate

the proliferation of polyclonal antigen-specific T cells. These T cells can attack both primary tumors located in the radiation field and

distant tumors. These tumor-specific responses induced by radiation can be augmented by immunotherapy such as ICIs, by activating the

immune microenvironment. CTLA-4, cytotoxic T lymphocyte-associated protein 4; PD-1, programmed cell death 1; PD-L1, programmed

death-ligand 1.

modulating the tumor cell phenotype and normalizing
aberrant tumor vasculature. After cell death, tumor debris
carrying associated danger signals, TAAs, and inflammatory
cytokines are recognized by dendritic cells and other
antigen-presenting cells, promoting antigen presentation to
the cells of the immune system. Then, polyclonal antigen-
specific T cells are generated, some of which can attack
tumors located in the radiation field as well as distant
tumors (Figure 1) (24).

Preclinical studies also described the synergistic activity
between radiation and PD-1 inhibition. Herter-Sprie
et al. (25) observed significant tumor regression of the
target lesion 4 weeks after combined radiotherapy and
immunotherapy, and this remained stable with very low
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tumor burden 12 weeks after the end of treatment in Kras
mice. To further explore how radiotherapy affects the
quantity and subsequent recruitment of tumor-associated
immune cell populations, they used flow cytometry to
analyze the total numbers of tumor-infiltrating lymphoid
and myeloid cell populations before and after radiotherapy.
The results showed a significant decline in all lymphoid
populations 24 hours after radiotherapy, indicating their
radiosensitivity. Studies of cell count at 96 hours after
radiotherapy showed that B, NK and T cell subsets
began to increase, although only NK cells were no
longer significantly reduced compared to that in naive
tumors (25). They also observed a 65% reduction in the
T regulatory (Treg) cell population in Kras tumors after
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radiotherapy, which caused an increase in the CD8+/Treg
ratio 96 hours after radiotherapy (25). Lazzari et al. (3)
suggested that radiotherapy might favor the release of
TAAs, which stimulate a systemic immune response.
Furthermore, radiotherapy might reduce the number of
Tregs, upregulate MHC class I molecules on cancer cells,
and further induce immunogenic cell death. These effects
stimulate the recruitment and maturation of dendritic cells
as well as other antigen-presenting cells, and promote
antigen presentation by inducing the release of antigens and
damage-associated molecular patterns.

Mounting preclinical evidence indicates that the
synergistic effect of radiotherapy combined with
immunotherapy can enhance the tumor killing effect.
The safety and efficacy of the strategy of combining
radiotherapy and immunotherapy in the treatment of
NSCLC was verified by several clinical trials as described
above. In the near future, ICIs alone or in combination
with radiotherapy, chemotherapy or other immunotherapy
may become the standard care in the first-line treatment
of advanced NSCLC patients without driver genes.
Although radiotherapy combined with immunotherapy
has made a breakthrough in the treatment of NSCLC, it
is urgent to identify the population who may best benefit
from combination therapy in clinical applications because
there is currently no single biomarker that can serve
as the sole marker of a radiotherapy-induced immune
response to accurately evaluate the immune response to
radiotherapy. The effects of radiotherapy on the tumor
microenvironment are becoming clearer, but the interaction
between radiotherapy and immunization may be much more
complex, and more pathways involving interactions may
not have been discovered yet. Preclinical and clinical trials
are urgently needed to further clarify these unanswered
questions, including the use of biomarkers, the synergy
between radiotherapy and immunotherapy, the optimal
schedule for combining radiotherapy, and the sequence
of the combination of radiotherapy and immunotherapy.
We are convinced that we are entering an exciting era for
transforming cancer into a chronic disease in the near future.
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