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Abstract

Until the advent of immune checkpoint inhibitors (ICls), definitive radiotherapy (RT) concurrently with chemotherapy
was recommended for unresectable, locally advanced non-small cell lung cancer (LA-NSCLC). The trimodality para-
digm with consolidation ICls following definitive concurrent chemoradiotherapy has been the standard of care since
the PACIFIC trial. Preclinical evidence has demonstrated the role of RT in the cancer-immune cycle and the synergistic
effect of RT combined with ICls (iRT). However, RT exerts a double-edged effect on immunity and the combination
strategy still could be optimized in many areas. In the context of LA-NSCLC, optimized RT modality, choice, timing,
and duration of ICls, care for oncogenic addicted tumors, patient selection, and novel combination strategies require
further investigation. Targeting these blind spots, novel approaches are being investigated to cross the borders of
PACIFIC. We discussed the development history of iRT and summarized the updated rationale for the synergistic
effect. We then summarized the available research data on the efficacy and toxicity of iRT in LA-NSCLC for cross-trial
comparisons to eliminate barriers. Progression during and after ICls consolidation therapy has been regarded as a dis-
tinct resistance scenario from primary or secondary resistance to ICls, the subsequent management of which has also
been discussed. Finally, based on unmet needs, we probed into the challenges, strategies, and auspicious orientations
to optimize iRT in LA-NSCLC. In this review, we focus on the underlying mechanisms and recent advances of iRT with
an emphasis on future challenges and directions that warrant further investigation. Taken together, iRT is a proven
and potential strategy in LA-NSCLC, with multiple promising approaches to further improve the efficacy.
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Background

Non-small cell lung cancer (NSCLC) accounts for
approximately 85% of all lung cancer cases, and nearly
one-third of patients have stage III, locally advanced
(LA) disease at diagnosis [1]. Encompassing a hetero-
geneous group of tumor presentations, a multidisci-
plinary approach to define the resectability of stage III
LA-NSCLC is mandatory [2]. Indeed, most LA-NSCLC
patients lose the opportunity for curative resection at
diagnosis. Radiotherapy (RT) has been used to cure
malignant cancers in the past century, and approxi-
mately half of the cancer patients are treated with RT,
which involves curative and palliative interventions
[3]. The anti-tumor effects of RT have historically been
regarded as radiation-induced deoxyribonucleic acid
(DNA) deadly functional and structural changes that
result in direct local cancerous cell apoptosis, senes-
cence, and autophagy [3-5]. For more than two dec-
ades, the standard treatment for unresectable NSCLC
has been thoracic RT [6].

Based on improved survival, definitive RT with con-
current platinum-based chemotherapy (concurrent
chemoradiotherapy, cCRT) has become the standard
of care (SoC) for unresectable LA-NSCLC [7, 8]. How-
ever, the outcome is still unsatisfactory, with the overall
survival (OS) rate of 15-25% [2]. After the combination
of targeted or chemotherapy consolidation treatment
failed to bring survival benefits, the PACIFIC trial,
like a huge "tsunami,’ completely revolutionized the
treatment of unresectable LA-NSCLC, accomplishing
the success of RT combined with immune checkpoint
inhibitors (ICIs) in stage III NSCLC [9]. ICIs combined
with RT (immunoradiotherapy, iRT) have doubled the
objective response rate (ORR) of advanced NSCLC in
the PEMBRO-RT trial compared to ICI monotherapy
[10]. It is believed that iRT can play a role of ‘1+1>2’
in treating tumors, for the synergistic anti-tumor effect
of RT and immunotherapy. To date, a series of preclini-
cal and clinical trials have been conducted to explore
the theoretical basis and maximize the efficacy of iRT.
Notably, for patients with unresectable LA-NSCLC,
more novel patterns of combining RT and ICIs follow-
ing the PACIFIC pattern are ongoing.

It is well known that RT should be administered in
doses and fractionations suitable to ignite tumor-tar-
geting immune responses, and innovative combination
therapies can further improve outcomes in patients
with unresectable LA-NSCLC. Herein, we review the
underlying mechanisms and recent advances in iRT,
summarize the current status and unmet needs of iRT
in unresectable LA-NSCLC, and provide an overview
of novel strategies for optimizing therapeutic effects.
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The history and development of iRT

Routinely, RT is a treatment against local lesions, bring-
ing damage to both tumor cells and normal cells; research
in this area has focused on the biological effects on tumor
cells induced by RT. Accidently, a special “abscopal
effect” was put forward by Mole in 1953 to describe the
inhibition of metastatic diseases distant from the irradi-
ated field [11]. In other words, apart from the role of local
control, RT is also a weapon that provokes a systemic
response. Naturally, changes in the surrounding stroma
and tumor microenvironment (TME) triggered by dam-
aged or necrotic tumor cells have gradually attracted the
attention of researchers [12]. Meanwhile, efforts to elimi-
nate resistance to RT have never ceased, which is closely
related to the original TME and dynamic alterations in
response to RT [13]. Moreover, in addition to novel RT
modalities such as stereotactic body radiation therapy
(SBRT) and charged particle RT, combining other treat-
ments has been an effective strategy. For decades, RT has
been successfully integrated with surgery, chemotherapy,
and molecular-targeted therapy.

Antibodies against programmed cell death 1 (PD-1),
programmed cell death-ligand 1 (PD-L1), and cytotoxic
T-lymphocyte antigen 4 (CTLA-4) aim to block negative
checkpoints of immune homeostasis and reinvigorate
exhausted CD8+T cells [14]. These ICIs have reshaped
the treatment landscape of multiple solid tumors, includ-
ing NSCLC [15]. Clearly, there is considerable interest in
combination regimens of RT and ICIs [16]. PEMBRO-RT,
the first phase II randomized trial in advanced NSCLC
by Welsh et al., validated the safety of combining RT with
pembrolizumab, but the benefits in survival deserve fur-
ther exploration [10]. Subsequently, a pooled analysis of
PEMBRO-RT and MDACC (phase I/II) by the team fur-
ther demonstrated that pembrolizumab combined with
RT significantly improved the efficacy and survival of
patients with advanced NSCLC and confirmed that iRT
enhanced the abscopal effect for the first time, raising the
ORR of lesions out of the irradiated field from 19.7% to
41.7% [17]. In addition, a secondary analysis of the KEY-
NOTE-001 study also found that patients who had pre-
viously received RT achieved longer progression-free
survival (PFS) and OS after treatment with pembroli-
zumab, with acceptable safety [18]. However, no large-
scale phase III clinical studies have verified the efficacy
of RT combined with ICIs in metastatic NSCLC, which
requires further validation.

The PACIFIC trial verified the benefits of ICIs consoli-
dation after definitive cCRT [9], initiating the applica-
tion of iRT in LA-NSCLC [8]. Of course, no matter what
type of tumor and stage, to achieve an effect of “1+1>2"
of iRT, it is necessary to determine optimal dose and
fractionation, irradiated site and field, RT modality,
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Fig. 1 The history and development of iRT, along with shifts in SoC of unresectable LA-NSCLC. RT has experienced several technological revolutions
though more than 100 years of development, from first use of radiation to to SBRT and image-guided RT. Cancer immunotherapy also has a history
of more than 100 years, until PD-1/PD-L1 inhibitors were approved. On the other hand, RT has been the cornerstone of unresectable LA-NSCLC,
while the amazing result from PACIFIC trial opened a new era of iRT in LA-NSCLC. Abbreviations: RT Radiotherapy, ICls Immune checkpoint inhibitors,
PD-1 Programmed cell death 1, PD-L1 Programmed cell death-ligand 1, iRT ICls combined with RT, SoC Standard of care, LA-NSCLC Locally advanced
non-small cell lung cancer, cCRT Concurrent chemoradiotherapy, mPFS, Median progression-free survival, OS Overall survival, mOS Median overall

survival, yr Year, SBRT Stereotactic body radiation therapy

sequence of RT and ICIs, type of combined ICI, and suit-
able patients. In addition, attention should be paid to the
safety of combined therapy, secondary resistance, and
other promising combination strategies. We depict the
history and development of iRT along with shifts in the
SoC of unresectable LA-NSCLC in Fig. 1.

Current cognitions of the effects of RT on immunity

RT participates in the cancer-immune cycle to exert

a systemic anti-tumor effect

Although known for decades, abscopal responses
induced by RT are rare and there is a lack of adequate
explanation for this phenomenon. An estimated 46 cases
of abscopal effects were reported between 1969 and 2014
[19]. A literature analysis reported that 7 (14%) cases of
primary tumors and 41% of metastases were recorded in
the lungs, among 51 cases of the abscopal effect at vari-
ous locations [20]. After entering the era of immuno-
therapy, this phenomenon was confirmed to be mediated

by immunity, as no abscopal effect was observed in
immunodeficient mice [21]. RT is believed to induce a
systemic, immune-mediated anti-tumor effect by par-
ticipating in the cancer-immunity cycle, as illustrated in
Fig. 2 In general, the series of reactions induced by RT
provides a more supportive immune microenvironment
for anti-tumor immunity, turning a “cold” tumor into a
“hot” tumor, and the immunoregulatory effect of RT is
exactly the theoretical basis of its abscopal effect [13].

Essential immune-associated pathways activated by RT

RT activates multiple immune-associated pathways
by damaging tumor cells, including cyclic guanosine
monophosphate (GMP)-adenosine monophosphate (AMP)
synthase (Cyclic GMP-AMP synthase, cGAS), and stimu-
lator of interferon genes (STING) protein (cGAS-STING
pathway) [22]. The cross-priming capacity of DCs induced
by RT requires the activation of cGAS-STING and subse-
quent type I interferon signaling [23]. It is widely believed
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Fig. 2 RT participates in the cancer-immune cycle. RT participates in the cancer-immune cycle, inducing a series of reactions for anti-tumor
immunity activation. Abbreviations: ICD Immunogenic cell death, DCs, Dendritic cells, APCs Antigen-presenting cells, CTLs Cytotoxic lymphocytes

that the accumulation of cytoplasmic DNA, notably in
the form of micronuclei, is essential for the cGAS-STING
sensor [24]. Recently, Deng et al. found that released mito-
chondrial DNA (mtDNA), induced by the ZBP1-MLKL
necroptotic signaling cascade, played a parallel role in trig-
gering the cGAS-STING pathway in response to RT [25].
However, the latest research has also shown that cGAS-
STING activation facilitated breast tumor progression in
mouse xenograft models [26, 27], and knockdown of cGAS
or STING expression prevents tumor metastasis [27]. Acti-
vation of cGAS-STING signaling may differentially affect
diverse cell types in the TME, but how cGAS-STING
activation mediates immunosuppression, conveying a

tumor-promoting effect, remains poorly defined. Moreo-
ver, TLR 9, absent in melanoma 2 (AIM?2), interferon-
inducible protein 16 (IFI16), and others, could also sense
the accumulation of DNA (extracellular or intracellular)
and TLR 9 could heighten the downstream interferon regu-
latory factor (IRF) pathway, while AIM2 and IFI16 induced
the secretion of inflammatory cytokines such as IL-1p and
IL-18 [13].

Double-edged sword function of RT on immunity

Both clinical and experimental observations suggest
that RT may stimulate cancer cell metastasis and induce
cancer-promoting effects. The double-edged sword
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Fig. 3 The double-edged sword immunomodulatory function of RT on TME. RT can exert a potent antitumor immune response by influencing
almost all steps in the cancer-immunity cycle, from the first step of releasing antigens to the final immunomodulatory response. Some essential
immune-associated pathways are activated by RT in the process, such as cGAS-STING pathway. However, RT may also induce a suppressed TME

in the presence of overactivated MDSCs, TAMs, CAFs and Tregs. Such double-edged sword role would determing the final effect of combining RT
and ICls. Abbreviations: RT radiotherapy, TME Tumor microenvironment, /CD Immunogenic cell death, GMP Cyclic guanosine monophosphate, AMP
Adenosine monophosphate, cGAS Cyclic GMP-AMP synthase, STING Stimulator of interferon genes, MDSCs Myeloid-derived suppressor cells, DCs
Dendritic cells, Tregs The regulatory T cells, CTLs Cytotoxic lymphocytes, TAMs Tumor-associated macrophages, CAFs Cancer-associated fibroblasts

immunomodulatory function of RT in TME is presented
in Fig. 3. Myeloid-derived cells include tumor-associated
macrophages (TAMs), DCs, polymorphonuclear neu-
trophils (PMNs), and myeloid-derived suppressor cells
(MDSCs) [28, 29]. They are essential for facilitating anti-
tumor immunity; however, a plastic immunomodula-
tory phenotype can be influenced by certain treatment
factors. MDSCs are increased in the TME following RT
in mouse models, the accumulation of which is through
CCL2 - CCR2 signaling and CCL2 may be derived from
tumor cells [30]. TAMs generally exhibit pro-tumor

(M2-phenotype) properties, inducing angiogenesis and
secreting immunosuppressive mediators such as IL-10
and TGEF-P. They inhibit T cell function and anti-tumor
immunity, and promote a radioresistant phenotype [31].
Stromal-derived factor 1 (SDF-1), colony stimulating
factor-1 (CSF-1), and C-X-C chemokine receptor type 4
mediate the recruitment of TAMs and MDSCs, which are
upregulated in the irradiated TME [32-34]. The regula-
tory T cells (Tregs) are also increased in the TME fol-
lowing RT, inducing immunosuppression by CTLA-4
expression, IL-10 release, and adenosine production
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by CD39 and CD73 ectonucleotidases [35]. Increased
TGF-B and hypoxia-inducible factor 1-a (HIF-1a) levels
can inhibit DCs maturation and induce radioresistance in
endothelial cells. TGEF-f can not only affect CD8+ T cell
proliferation and function, but also induce CD4+ T cells
to adopt a regulatory phenotype (Treg), thus dampen-
ing the radiation-induced anti-tumor immune response.
Evidence indicates that hypofractionated radiation can
result in a significant increase in TGF-p [36]. Typically,
increased TAMs promote tumor growth, invasion, and
metastasis by negatively regulating anti-tumor immu-
nity, thus leading to worse tumor suppression [37].
Moreover, evidence has shown that SBRT with a single
dose of 12 Gy or 15 Gy can result in the recruitment of
CD4+T cells mainly composed of Foxp3+ Tregs [36].
Furthermore, a study indicated that the increase in Tregs
induced by radiation was dose-dependent, with a single
dose of 20 Gy doubling that of a single dose of 2 Gy [38].
The accumulation of Tregs in the TME significantly abro-
gated anti-tumor immune responses, which confers sur-
viving tumor cells with potent resistance to RT.

The synergia of RT and ICls

Most patients currently cannot benefit from IClIs, as they
either do not respond to ICIs at all (innate or primary
resistance) or acquire secondary resistance (acquired or
secondary) after an initial period of response [39, 40].
Additionally, a fixed treatment duration for ICIs is being
increasingly utilized in adjuvant and neoadjuvant set-
tings. In parallel, the progression arising from resistance
to ICIs during and after adjuvant therapy could have ele-
ments of either primary or secondary resistance, which is
difficult to define. After considerable discussion, progres-
sion or resistance after treatment discontinuation for any
reason has recently been distinguished from the above
two resistance scenarios by the Society for Immuno-
therapy of Cancer [41]. The timeframe between the last
dose of adjuvant therapy and disease progression further
defined resistance in this setting. The taskforce ultimately
agreed on 12 weeks as a cutoff to classify resistant disease
in the adjuvant setting into “adequate treatment expo-
sure” and “inadequate treatment exposure [41]”

The response rate is limited to 8-30% in unselec-
tive NSCLC patients with treatment of ICI monother-
apy [42, 43]. RT participates in the cancer-immunity
cycle by activating the immune system and provid-
ing a more supportive immune microenvironment for
anti-tumor immunity, which alleviates primary resist-
ance and delays the development of secondary resist-
ance to ICIs. In addition, RT can be used to trigger an
immune response after ICIs resistance. Elevated levels
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of PD-L1 can promote T cell exhaustion, a state charac-
terized by dysfunction in T cell proliferation and effec-
tor function, related to immune escape and tolerance
[44]. It has been observed in multiple cancer types that
upregulated PD-L1 on tumor cells can be a dominant
resistance mechanism to RT and CTLA4, demonstrat-
ing persistent T cell exhaustion and rapid progression
[45]. Several studies have shown that PD-L1 upregula-
tion can be detected after RT, which contributes to an
explanation for tumor resistance to RT [23, 46, 47].
However, the addition of PD-L1 blockade can reverse
T cell exhaustion to mitigate depression in the CD8-to-
regulatory T cell ratio and further promote response
and immunity through distinct mechanisms [23, 45, 47,
48]. Notably, it is generally accepted that as a leading
biomarker, a relatively high expression of PD-L1 indi-
cates a better response to ICIs, which also supports the
use of ICIs to overcome resistance to RT [42, 43]. Thus,
it can be assumed that PD-L1 upregulation induced by
RT gives rise to an immunosuppressive tumor microen-
vironment, which, on the one hand, impairs the efficacy
of RT but supports the use of ICIs in RT to overcome
resistance. Similarly, the PEMBRO-RT trial showed
that patients with low levels of PD-L1 expression ben-
efit more from the combination of RT and ICIs in OS
compared with patients with higher PD-L1 expression
levels [10].

Many types of T cells, especially CD8 + T cells, which
play a major role in the anti-tumor immune response,
are activated and begin to reproduce via initiation of
the cancer-immune cycle induced by RT. This assump-
tion has been demonstrated in numerous studies and
has been used to explain the abscopal effect of RT, a rare
but promising phenomenon. Theoretically, the abscopal
effect will be amplified with ICIs, which has also been
shown in several preclinical studies [23, 25, 47]. The
number of cases reporting abscopal effects at the begin-
ning of the twentieth century increased significantly
with the advent of immunotherapy [20]. Besides, the
time of manifestation of the abscopal effect with regres-
sion of distant metastases was also reduced from 5.4 to
3.3 months, although statistically insignificant [20]. In
addition, a study conducted by Deng et al. also found
that RT alone cannot produce sustained anti-tumor
immune effects, but a combination with PD-1/PD-L1
inhibitors can induce an increase in memory CD8+T
cells, resulting in long-lasting immune memory effects
[23]. In general, RT combined with ICIs can overcome
resistance to RT and ICIs, enhance the abscopal effect of
RT, and strengthen the immune memory effect, generat-
ing a synergistic role in the anti-tumor response.
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IRT in unresectable LA-NSCLC

Therapeutic efficacy

Consolidation ICls after CRT

The traditional SoC for unresectable LA-NSCLC is defin-
itive cCRT, with an unsatisfactory 5-year OS rate of 15%—
25% [2]. However, the end of the patient’s survival curve
was relatively flat, suggesting that there is still hope for a
cure. After the combination of targeted or chemotherapy
consolidation treatment failed to bring conspicuous sur-
vival benefits, the PACIFIC trial, like a huge “tsunami’,
completely revolutionized the treatment of unresectable
stage III NSCLC, and durvalumab as consolidation ther-
apy for patients whose disease had not progressed after
cCRT quickly became the new standard of care [9]. The
last update with 5-year survival outcomes demonstrated
that consolidation treatment with durvalumab brought
robust and sustained OS and PFS benefits after cCRT
compared with placebo, with median OS of 47.5 months
(vs. 29.1) and 5-year OS rate of 42.9% (vs. 33.4%) [49].
In addition, the risk of death or distant metastasis was
also reduced by 41% compared to placebo (stratified
hazard ratio [HR], 0.59). However, an unplanned post
hoc analysis showed that OS did not improve in tumors
with PD-L1 expression<1% (HR, 1.15) [50]. The ongoing
international retrospective PACIFIC-R study is assessing
the real-world efficacy of durvalumab in patients from an
early access program, which has also allowed sequential
chemoradiotherapy (sCRT) in some countries [51]. The
preliminary analysis of 1399 patients who received at
least one cycle of durvalumab presented a median PFS
of 21.7 months in the full population, with 23.7 months
in patients treated with cCRT (77%) versus 19.3 months
in patients treated with sCRT (14%). Notably, mirror-
ing PACIFIC, the PFS was numerically longer among
patients with PD-L1 expression>1% versus<1% (22.4
vs. 15.6 months). LUN 14-179 is a phase II study aimed
at evaluating the safety and efficacy of pembrolizumab
as consolidation therapy after cCRT [52]. The results
showed that consolidation pembrolizumab after cCRT
prolonged the time to metastatic disease or death, PES,
and OS in comparison with historical controls of chem-
oradiotherapy (CRT) alone, and it did not increase the
rates of grade 3—5 pneumonitis.

However, only half of the patients with stage III
NSCLC are treated with radical intent in clinical prac-
tice, and only 2/3 receive cCRT [53]. Many patients are
unable to tolerate cCRT owing to substantial toxicities
and a high rate of treatment-related mortality [6, 54].
Thus, sCRT is widely used in clinical practice around
the world as an option for patients who cannot tolerate
or access cCRT. Whether PD-1 or PD-L1 inhibitors can
prolong the survival of these patients is of great concern.
GEMSTONE-301 is the first randomized, double-blind,
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multicenter, phase III trial to report adjuvant single-agent
ICI for patients with stage III NSCLC whose disease had
not progressed after sequential or concurrent CRT [55].
Updated data showed that the median PFS was signifi-
cantly longer with sugemalimab as consolidation treat-
ment than with placebo (10.5 vs. 6.2 months, P=0.0012)
[56]. The median PFS was 8.1 and 15.7 months in the
sCRT and cCRT arms, respectively. The results demon-
strated that sugemalimab is an effective consolidation
therapy for patients with unresectable LA-NSCLC with-
out disease progression after either cCRT or sCRT. In
addition, the survival curves of PACIFIC-R for patients
treated with sCRT also suggested a plateau and long-term
benefit, similar to PACIFIC [51]. The primary safety and
secondary efficacy analyses from the single-arm phase
II open-label PACIFIC-6 trial were recently reported,
and the primary endpoint was the incidence of grade>3
treatment-related adverse events (TRAEs) within 6
months [57]. Overall, 117 patients with ECOG PS<2
who did not have any progressive disease after sCRT
received adjuvant durvalumab for up to 2 years. As a
result, 22 (18.8%) patients developed grade 3 or 4 adverse
events (AEs), and only 5 (4.3%) experienced grade 3 or 4
possibly related AEs within 6 months of starting treat-
ment, revealing that consolidation durvalumab was well
tolerated following sCRT. In terms of survival, median
PES and OS were 10.9 and 25 months, respectively. In
general, cCRT followed by ICIs consolidation remains
the first choice; however, consolidation after sCRT is also
a priority treatment option in frailer populations if cCRT
cannot be tolerated.

The combination of monoclonal antibodies has dem-
onstrated a sustained long-term response and survival in
patients with stage IV disease [58—60]. In theory, if tol-
erable, a dual combination of immune strategies in the
consolidation setting with complementary mechanisms
of action may also overcome resistance to anti-PD-(L)-1
antibodies and further enhance the benefits of immu-
notherapy in LA-NSCLC. CTLA-4 suppresses T cell
activity and inhibits immune responses by inhibiting the
binding of the costimulatory molecules CD80 or CD86,
found on the surface of antigen-presenting cells (APCs)
in the tumor-draining lymph nodes (TDLNs), to the
coactivation receptor CD28 [61]. It has been found that
RT to a metastatic site of NSCLC could act as an in situ
vaccine and synergize with anti-CTLA-4 antibodies [62].
Furthermore, anti-CTLA-4 inhibitors might mitigate the
immunosuppressive effects exerted by irradiation on the
TDLNSs, thus of particular attention [63]. RT and dual
checkpoint blockade, which is expected to cross the bor-
ders of PACIFIC, have gained attention. The open-label,
randomized, phase II BTCRC-LUN 16-081 trial was
designed to explore the combination of nivolumab plus
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ipilimumab for a shorter treatment duration of 6 months
as consolidation treatment compared to nivolumab alone
after cCRT [64]. A total of 115 patients were randomized
to receive nivolumab (arm A) or nivolumab plus ipili-
mumab (arm B) after completion of CRT. The percentage
of patients completing the full 6 months of treatment was
70.4% in arm A and 56.9% in arm B (P=0.15). Despite
a shortened interval of ICIs treatment, an improved
18-month PFS was achieved in both arms (63.7% in arm
A and 67.6% in arm B) compared with historical controls
(18-month PFES of 30%). The median PFS and 2-year OS
rates were both similar in arm A and arm B. However,
the incidence of grade 3 AEs (52.9% vs. 38.9%), grade
3 TRAEs (27.5% vs. 18.5%), and grade 3 pneumonitis
(17.6% vs. 9.3%) were higher in arm B than in arm A. It
appears that the combination shows no additive value in
this setting. The phase III CheckMate 73 L trial will com-
pare the PFS and OS of nivolumab plus cCRT, nivolumab
plus ipilimumab consolidation (arm A), nivolumab plus
cCRT, nivolumab consolidation (arm B), and the stand-
ard PACIFIC strategy (arm C) in unresectable stage III
NSCLC [65].

Monalizumab is an immunoglobulin that targets
NKG2A receptors. The COAST trial was a three-arm
randomized (1:1:1) phase II study of consolidation dur-
valumab alone (control, arm C) or in combination with
the anti-CD73 monoclonal antibody oleclumab (arm A)
or the antiNKG2A monoclonal antibody monalizumab
(arm B) in LA-NSCLC patients without disease progres-
sion after cCRT [66]. After a limited median follow-up
of 11.5 months, ORR was 17.9%, 30.0% and 35.5% in the
control arm, arm A, and arm B, respectively. PES was
significantly prolonged in both combinations compared
to durvalumab alone. The incidence of serious TRAEs,
all-cause grade >3 AEs, and all-grade pneumonitis were
similar between the treatment arms. The clinical ben-
efit of the combinations appeared to be persistent in an
exploratory subgroup analysis, regardless of PD-L1 sta-
tus, which certainly needs to be further verified in more
patients. Indeed, the durvalumab arm in the COAST
trial heavily underperformed as compared to that in the
PACIFIC trial, which may be mainly related to differ-
ent patient characteristics. In general, such combination
approaches are feasible, safe, and may have the potential
to improve the prognosis of patients with LA-NSCLC.
Notably, the currently recruiting phase III PACIFIC-9
trial will further evaluate these combinations. The T-cell
immunoglobulin and immunoreceptor tyrosine-based
inhibition motif domain (TIGIT) is a novel inhibitory
immune checkpoint expressed on CD8+T cells and NK
and T regulatory cells in multiple cancers [67]. Cancer
cells and cancer antigen-presenting cells express CD155
and CD112, which bind TIGIT, decreasing T cell activity,
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and coordination with PD-1 or PD-L1 inhibitors shows
promising early results [68]. Based on the improved
ORR with atezolizumab plus the anti-TIGIT antibody
tiragolumab, compared to atezolizumab and placebo, in
the metastatic NSCLC setting, two randomized phase
I clinical trials, the PACIFIC-8 with domvanalimab
(AB154) plus durvalumab and the Skyscraper-03 with
tiragolumab plus atezolizumab, are testing this approach
as consolidation treatment after cCRT in unresectable
stage IIIl NSCLC. However, as the combination of atezoli-
zumab plus tiragolumab has neither been reported to
improve the PES in the first-line setting in PD-L1 =50%
metastatic NSCLC (phase III RCT, SKYSCRAPER-01),
PES, and OS in advanced small cell lung cancer (phase III
RCT, SKYSCRAPER-02), the anti-TIGIT enthusiasm has
now decreased [69]. In our view, anti-TIGIT in stage III
NSCLC is still unclear, as patients with stage III NSCLC
represent a different patient population.

Concurrent ICIs with CRT

Upon the success of ICIs consolidation following CRT, a
series of upcoming clinical trials are investigating novel
approaches to explore the best mode of application of
ICIs in patients with LA-NSCLC. Representative com-
pleted and ongoing clinical trials investigating RT com-
bined with ICIs are shown in Table 1.

Nearly half of the patients with unresectable stage III
NSCLC who received CRT did not meet the PACIFIC
criteria for durvalumab eligibility [78, 79]. The most
common reason for durvalumab ineligibility was dis-
ease progression during CRT followed by therapy-
related pneumonitis [78]. Concurrent ICIs with CRT
would offer all patients eligible for cCRT the opportu-
nity to receive ICIs and may also exploit the potential
synergism between chemotherapy and ICIs [80, 81]. In
a phase I trial to study the safety and efficacy of using
pembrolizumab concurrently with CRT in LA-NSCLC,
the 12-month PFS rate was 69.7%, higher than the 55.7%
reported in the PACIFIC trial, and the median OS and
1-year OS rate were 29.4 months and 85.2%, respectively
[82]. The incidence of irAEs above grade 2 was 67% and
the incidence of pneumonia above grade 2 was 33%. The
phase II, nonrandomized, 2-cohort (arm A, squamous
and non-squamous histology; arm B, non-squamous his-
tology), open-label KEYNOTE-799 study showed that
pembrolizumab plus cCRT provided robust anti-tumor
activity (ORR, 70.5%) with a manageable safety profile
for patients with previously untreated, stage III, unre-
sectable LA-NSCLC, regardless of tumor histologic type
and PD-L1 expression [71]. In the most recent two-year
update, a median PFS of 30.6 months was reported in
cohort A with 2-year OS of 64.3%, and the median PFS
was not reached in cohort B, with 2-year OS of 71.2%
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[72]. DETERRED is a phase II study designed to evalu-
ate the efficacy and safety of atezolizumab combined
with cCRT in patients with LA-NSCLC [75]. Part 1, with
10 evaluable patients, was administered conventionally
fractionated cCRT followed by two cycles of chemo-
therapy plus atezolizumab, followed by consolidation
atezolizumab for up to 1 year. Part 2, with 30 evaluable
patients, involved the administration of ¢cCRT concur-
rently with atezolizumab followed by the same main-
tenance therapies as in part 1. The median OS in part
2 has not yet been reached, suggesting better efficacy
than combining atezolizumab sequentially with cCRT
in part 1. The single-arm phase II NICOLAS trial evalu-
ated the use of nivolumab concomitant with ¢cCRT in 79
LA-NSCLC patients [73]. After receiving one cycle of
chemotherapy, the patients were treated with two cycles
of nivolumab concurrently with cCRT, and then treated
with nivolumab as consolidation therapy for 12 months.
Overall, nine (11.7%) patients experienced grade 3 pneu-
monitis. The 1-year PFS was 53.7% (95% CI, 42.0—64.0)
with a median PFS of 12.7 months (95% CI, 10.1-22.8),
and the median OS was 38.8 months (95% CI, 26.8—NR)
[74]. The results of the three non-randomized phase II
trials cannot be compared directly with PACIFIC (rand-
omization after cCRT) due to the design and small sam-
ple sizes. However, these data suggest the feasibility and
safety of the concurrent administration of ICIs and cCRT
in LA-NSCLC. Except for KEYNOTE-799, the 1-year
PFS was approximately equal to that of PACIFIC. Of
course, the actual efficacy of the triplet regimen should
be compared with the PACIFIC status in phase III rand-
omized controlled trials.

Further insight is expected from the ongoing phase III
KEYNOTE-012 study comparing pembrolizumab plus
cCRT followed by pembrolizumab with or without the
poly adenosine diphosphate-ribose polymerase (PARP)
inhibitor olaparib with cCRT followed by durvalumab
in patients with unresectable stage III LA-NSCLC.
KEYVIBE-006 evaluated MK-7684A (co-formulation
of vibostolimab-anti-TIGIT plus pembrolizumab) plus
cCRT, followed by MK-7684 versus cCRT followed by
durvalumab. Other phase III clinical trials, including the
CheckMate 73 L (concurrent nivolumab with or with-
out ipilimumab followed by nivolumab), ECOG-ACRIN
EA5181 (concurrent and consolidation durvalumab),
and PACIFIC2 trial (concurrent and consolidation dur-
valumab) are also ongoing. The results of these trials will
elucidate whether more intensive treatment improves
outcomes without compromising safety.

Induction ICls followed by CRT
Similarly, induction ICIs followed by CRT also enable
more patients to benefit from ICIs treatment. Moreover,
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both RT and chemotherapy play a double-edged role in
the immune system. Effective T cell infiltration triggered
by RT or chemotherapy only occurs when the immune
system is not destroyed. The direct killing effect of RT
and chemotherapy on circulating lymphocytes and stem
cells cannot be disregarded [5, 83]. Hence, the approach
of using ICIs before CRT has the advantage of an intact
and healthy immune system. The AFT-16 trial is the
first phase II trial to explore induction ICIs before CRT
in stage III NSCLC [76]. Enrolled patients first received
two cycles of atezolizumab and were then restaged. Two
more atezolizumab treatments were delivered if not pro-
gressive, followed by standard cCRT and consolidation
atezolizumab for up to 1 year. Patients who had pro-
gressed at the first restaging point immediately received
cCRT. The primary endpoint was the disease control
rate at the end of induction atezolizumab, and an inspir-
ing result of 77.4% was reported. A remarkable median
PES of 23.7 months was observed. The PFS at 12 months
after the completion of cCRT was 78%, which is impres-
sive compared with PACIFIC (12 months PFS=55%).
Although the AFT-16 population was highly selected, the
study did not limit the eligibility to responders to cCRT,
as in the PACIFIC trial [9, 49, 70]. Similarly, the ongoing
phase II SPRINT trial is evaluating a chemotherapy-free
strategy in PD-L1 =50% tumors (n=25), with sequential
three cycles of induction pembrolizumab followed by
risk-adapted thoracic RT and followed by 12 additional
cycles of pembrolizumab [77]. The trial also enrolled
patients with tumors with PD-L1 expression<50% who
were treated with standard cCRT to serve as a non-ran-
domized comparison group (n=38). In the first interim
analysis of patients with PD-L1 >50%, 48% achieved
partial response (PR), with 1-year PFS and OS rates
of 73% and 91%, respectively. Intriguingly, after three
cycles of pembrolizumab induction, patients with PR at
the restaging positron emission tomography/computed
tomography (PET-CT) (n=12) had a 1-year PFS of 100%,
compared to 61% in patients with stable or progressive
disease. Thus, the response observed by PET following
pembrolizumab induction may be useful for identifying
patients who can be successfully treated without chemo-
therapy. Similarly, the NRG-LU004 trial assesses the com-
bination of durvalumab concomitantly with RT followed
by durvalumab for 1 year in patients with PD-L1 =50%
NSCLC. The phase II APOLO trial assessed neoadjuvant
atezolizumab plus chemotherapy followed by cCRT and
the maintenance of atezolizumab for 12 months. Another
phase II trial evaluated the same treatment strategy as
nivolumab. The difference is that a comparator arm
without nivolumab maintenance was included. Moreo-
ver, three single-arm phase II trials (NCT05128630,
NCT04765709, and PACIFIC-BRAZIL) evaluated the
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induction of durvalumab plus chemotherapy, followed by
RT (cCRT in PACIFIC-BRAZIL) concurrently with dur-
valumab followed by durvalumab consolidation. We are
conducting a phase II, multicenter, randomized, open-
label, controlled trial comparing induction treatment
with camrelizumab combined with chemotherapy follow-
ing cCRT and maintenance camrelizumab with standard
CRT for LA-NSCLC. It is expected that ICIs and chem-
otherapy can work synergistically to better play the role
of neoadjuvant therapy. In addition, it has been proven
in resectable NSCLC that ICIs combined with chemo-
therapy can achieve tumor downstaging and provide a
more supportive immune microenvironment [84]. Thus,
a reasonable hypothesis would be that induction ICIs and
chemotherapy in unresectable LA-NSCLC can not only
downsize initial tumors, but also reduce resistance to RT.
The preliminary results demonstrated that induction ICls
with chemotherapy followed by radical cCRT yielded an
inspiring median PFS of 20.4 months for unresectable
LA-NSCLC, which was markedly superior to most of the
results in the aforementioned studies with other treat-
ment regimens.

Toxicity and safety

Enhanced anti-tumor immune surveillance upon treat-
ment with ICIs is inherently at the expense of immune-
related adverse events (irAEs), which affect virtually
every organ system and are a proposed Achilles’ heel of
this class of therapeutic agents [85, 86]. It is estimated
that 50% of patients treated with ICIs will experience
some form of irAEs [85, 87]. Compared to other irAEs,
ICIs-related pneumonitis (CIP) is characterized by rapid
onset and high fatality, warranting early detection. CIP
is defined as the development of dyspnea and/or other
respiratory symptoms in the presence of new infiltrates
on chest imaging without the presence of new infec-
tions[88]. Chest CT scans currently play a major role in
the diagnosis of CIP because of the difficulty in predicting
the development of irAEs prior to starting therapy [89].
A meta-analysis reported that the incidence of all-grade
CIP during PD-1 inhibitor monotherapy for NSCLC was
4.1%, which is higher than the overall incidence of mul-
tiple advanced cancers [90]. Similarly, the reported inci-
dence of any grade pneumonitis without RT was 3.8% in
the largest pooled analysis to date of AEs risk associated
with the use of RT prior to ICIs [91]. Moreover, patients
who received RT before ICIs had similar rates of vari-
ous AEs, including pneumonitis. However, the incidence
of CIP was found in 10% of the entire population from
a single institute retrospective study, higher than that
reported for other irAEs (1-5% of all malignancies) [88].
The population included 151 lung cancer patients and
the incidence of CIP was even higher (12.6%) in these
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patients. This discrepancy could mainly arise from the
drawbacks of the small sample. On the other hand, a
higher incidence in lung cancer patients could arise from
the dominance of male lung cancer patients, a large pro-
portion of whom are smokers [92]. Additionally, com-
bination immunotherapy (vs. monotherapy), the use of
PD-1 inhibitors (vs. PD- L1 inhibitors), and the use of ICI
as a first-line therapy (vs. second-line or further) are also
associated with a higher risk of CIP [93]. Notably, the
incidence of other irAEs was also significantly higher in
patients with patients who did not develop CIP [88]. In
general, due to the variety of local or systemic treatments
that act together on lung tissue, CIP in NSCLC is worthy
of close attention.

A phase II study with multisite SBRT and pembroli-
zumab treatment, as well as the PEMBRO-RT phase 2
randomized trial, showed concordant results with tolera-
ble irAEs [10, 94]. As reported in the PACIFIC trial, grade
3 or 4 AEs occurred in 29.9% of patients who received
durvalumab after cCRT; the most common grade 3 or
4 AE was pneumonia, with an incidence of 4.4% [9]. A
total of 15.4% of the patients discontinued durvalumab
because of AEs. In the GEMSTONE-301 trial, grade 3
or 4 treatment-related irAEs occurred in 22 (9%) of 255
patients in the sugemalimab group compared with seven
(6%) of 126 patients in the placebo group [55]. The most
common, pneumonitis or immune-mediated pneumo-
nitis, occurred in 7 (3%) patients. The rate of grade 2 or
higher pneumonitis was 10% in the DETERRED trial,
demonstrating good tolerance [75]. However, a second-
ary analysis by KEYNOTE 001 proposed that the treat-
ment-induced pulmonary toxicity rate differed between
the two groups (13% with combination vs. 1% with ICIs
only, P=0.046) [95]. Another multicenter analysis of
safety and toxicity reported that the rates of related suba-
cute grade>3 irAEs in the SBRT combined with ICIs
and SBRT alone groups were 26.8% and 2.9%, respec-
tively, and the rates of grade >3 pneumonitis were 10.7%
vs. 0 with P<0.01 [96]. IrAEs can also induce fatal out-
comes, reminding us of cautious surveillance. Many fac-
tors could contribute to the disparate results, such as
prior lung disease, prior treatment, previous or current
smoking, age > 70 years, type of inhibitor, and histological
type [97]. Moreover, the timing of RT may be important,
and the sequence of combining RT and ICIs remains
controversial.

Interestingly, several publications have proposed
that irAEs might be related to significantly better ORR,
PFS, and OS in NSCLC patients who received PD-1/
PD-L1 inhibitor monotherapy [87, 98, 99]. In combina-
tion therapy, this finding was also observed. In a retro-
spective study of 201 patients with nivolumab combined
with prior thoracic RT, longer mPFS and lower disease
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progression rates were found in those who experienced
therapy-associated pneumonitis compared with those
who didn’t (3.6 vs. 2.3 months, P=0.023; 29.4% vs. 47.9%,
P=0.059) [100]. Hwang et al. proposed that patients
with grade 2 or higher irAEs, especially pneumonitis,
had better survival benefits [101]. Based on preclini-
cal theory, some studies have speculated that the occur-
rence of irAEs might reflect a much more active immune
response, indicating a strong anti-tumor immunity func-
tion under combination treatment [89]. Therefore, the
observation of irAEs may not only be induced by overlap-
ping toxicity, but also contribute to outcome prediction.

Progression during and after ICls consolidation therapy

Resistance to ICIs remains a key clinical barrier to fur-
ther improving the outcomes of patients with advanced
or metastatic lung cancer. Approximately 80% of patients
with unselected advanced NSCLC do not respond to sin-
gle-agent nivolumab [102]. As mentioned above, progres-
sion after ICIs discontinuation is classified into a distinct
resistance scenario, from primary or secondary resist-
ance [41]. Progression during ICIs therapy can be defined
based on the presence of more than 6 months of disease
control. In terms of LA-NSCLC, more than half of the
patients would progress within 2 years of the start of
treatment [49, 55]. Updated data from the PACIFIC trial
showed that 49.0% of patients completed 12 months of
ICIs treatment, and 31.3% discontinued owing to disease
progression [49]. In the PACIFIC trial, 7.1% of patients in
the ICIs arm received durvalumab retreatment and com-
pleted the initial 12 months of durvalumab with disease
control and progressed during follow-up, and the median
time to second progression measured from the random
assignment was 48.0 months [49]. Subsequent ICIs were
less commonly used among patients randomly assigned
to the durvalumab arm than those in the placebo arm
(12.6% vs. 29.1%). A real-world multicenter retrospective
study of 116 patients with unresectable stage III NSCLC
treated with CRT followed by at least one dose of dur-
valumab reported no significant difference in response
and time of treatment with combined chemotherapy and
ICIs vs. chemotherapy alone, which was posted in 2022
European Lung Cancer Congress [103]. Another phase II,
single-arm, multi-center trial of consolidation pembroli-
zumab for up to one year following concurrent chemo-
RT in unresectable stage III NSCLC reported in the 2019
World Lung Cancer Congress that response rates with
chemotherapy were similar to what is expected in the
second-line setting for patients with disease progres-
sion after consolidation pembrolizumab, and only 1 of 6
patients rechallenged with ICIs responded [104]. Apart
from these, no other data were available on rechallenge
with ICIs at progression after completion of 12 months
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of durvalumab treatment in LA-NSCLC. Therefore,
rechallenge with ICIs or immunochemotherapy was less
encouraging at progression during and after the ICIs
consolidation therapy in a locally advanced setting.

The relative prevalence of oligometastatic disease is
estimated to range from 30 to 50% in advanced NSCLC
[105]. Oligoprogression, a more specific concept, is
increasingly encountered in patients treated with ICls,
which may be a common pattern of acquired resistance
to ICIs [106, 107]. Unlike systemic treatment options, RT
not only eradicates local lesions but also plays a role in
overcoming resistance to ICIs. In a retrospective study of
26 patients with acquired resistance to anti-PD-1 inhibi-
tors, 88% had recurrence limited to one (54%) or two
(35%) sites, and local RT to oligo-progression with the
continuation of ICIs achieved superior survival [108].
Similarly, local RT plus continued ICIs led to significantly
longer PFS and OS in patients with oligo-progression
from ICIs treatment compared with those who received
no local RT [109]. In theory, chemo-RT provides a sup-
portive TME for ICIs consolidation treatment, reducing
primary or acquired resistance to ICIs to some extent,
while the addition of RT during or after ICIs helps over-
come the developed resistance. Promising clinical evi-
dence highlights the superiority of iRT in LA-NSCLC
and the role of RT in oligo-progressive NSCLC after ICIs
treatment.

Challenges, strategies, and auspicious orientations
Optimal dose and fractionation of RT

Regarding RT, the dose and fraction scheme are essential
in the lesion local control and outcome, while enhanced
immunity probably plays a mediating role. Hyper-
fractionation RT (HyperRT) and hypofractionated RT
(HypoRT) are the concepts of conventional fractionation.
SBRT is a typical representation of hypo-RT, consisting
of the administration of high doses of RT with a narrow
margin and a strong gradient to protect the surrounding
healthy tissues, also known as stereotactic ablative radio-
therapy (SABR). Siva et al. proposed that conventional
fractionation was detrimental to RT-induced anti-tumor
immune responses, as irradiation intervention would
frequently purge local immune lymphocytes [110]. Their
research demonstrated that a single high-dose RT could
release more TAAs without depleting immunocytes,
shielding CD8+T cells and NK cells to a certain extent
[110]. Chen et al. also confirmed that SBRT can better
protect lymphocytes than conventional fractionation
[111]. However, a higher dose in a single fraction is not
always preferable. However, an excessive dose in a sin-
gle fraction may induce a suppressive TME. It has been
reported that high dose irradiation such as 20 Gy induced
expression of three prime repair exonuclease 1 (Trex1),
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which bears the function of degrading the dsDNA in the
cytoplasm, and thereby weakened the immunomodula-
tory effects of RT [112]. Therefore, SBRT has been the
standard therapy for early NSCLC patients who are not
suitable for surgery, allowing the delivery of high doses to
relatively small target lesions [8, 113]. Notably, the latest
revised STARS study provided a higher level of evidence
for its use in patients with operable early NSCLC [114].
In the randomized phase I/II MDACC trial for metastatic
NSCLC with lung and liver lesions, compared to tradi-
tional RT with 45 Gy in 15 fractions, 50 Gy in 4 fractions
led to better out-of-field ORRs (38% vs. 10%) and longer
median PFS (20.8 vs. 6.8 months) when combined con-
currently with pembrolizumab [115]. The pooled analy-
sis of the PEMBRO-RT (24 Gy in 3 fractions, sequential
with pembrolizumab) and MDACC trials showed that
pembrolizumab plus RT with 50 Gy in 4 fractions cor-
responded to the best PFS [17]. However, better survival
over 24 Gy in three fractions may mostly derive from the
concurrent delivery of RT and ICIs. In conclusion, these
data indicate that SBRT and HypoRT are not only promi-
nent in local control but can also better coordinate the
effect of ICIs. In addition, it seems that a high single dose
of 8-10 Gy is the optimal dose to activate the anti-tumor
immune response, in contrast to conventional fractiona-
tion [5, 37]. This hypothesis warrants further corrobora-
tion in a dedicated, large-volume, phase III, randomized
trial.

The current standard of CRT for unresectable LA-
NSCLC consists of 6-7 weeks of RT with a dose of
60-70 Gy in 2 Gy daily fractions and chemotherapy
administered at a reduced dose, as opposed to the sys-
temic dose when chemotherapy is administered by itself
[8]. The RTOG 0617 trial reported the highest OS (5-year
OS rate, 32.1%) of any phase III trial without the addition
of ICIs for stage III NSCLC patients, strongly supporting
a SoC RT with 60 Gy given to a target volume directed
at the tumor plus margin on the basis of CT and PET/
CT, excluding elective nodal irradiation (ENI) [116].
Secondary analysis suggested that a higher RT dose to
immune cells correlated with worse tumor control and
OS [117]. However, the controversy regarding the ben-
efits of dose escalation remains open. These poor results
may be attributed to the prolongation of the global treat-
ment time, which leads to an accelerated repopulation of
cells. A meta-analysis examining different RT schemes,
including regimens with splits, hypoRT, hyperRT, and
dose escalation with conventional fractionation, found
that an increased biologically effective dose adminis-
tered without chemotherapy improved survival [118].
Therefore, the role of SBRT in LA-NSCLC has become
an area of great interest. Several studies have examined a
combination of conventional and SBRT boost for locally
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advanced disease, but there are limited data regarding
SBRT as a complete replacement for conventional radia-
tion. Recently, safety results of NRG-LU004 reported
that chemotherapy-free thoracic accelerated fraction-
ated RT (60 Gy/15F) was safe when administered with
concurrent durvalumab in LA-NSCLC patients with high
PD-L1 expression [119]. Another single-arm phase II
study showed that a combination of SBRT and systemic
dose chemotherapy was a safe and effective treatment for
LA-NSCLC [120]. Of course, the results warrant further
investigation, owing to the small sample size.

SBRT may increase local control in patients with LA-
NSCLC with an acceptable safety profile, although the
level of evidence is still deficient. Further, given the
immunomodulatory role of RT, especially SBRT, it is pre-
sumable that novel treatment schemes for LA-NSCLC
integrating hypoRT or SBRT with ICIs will be proposed
in the coming years. Moreover, low-dose irradiation
(LDI) ranging from 0.5 Gy to 2 Gy has recently been
proposed, which can reshape the TME, including the
polarization of M1 macrophages and homing of T cells.
The results of a clinical trial of SBRT combined with
ipilizumab for advanced malignant tumors found that
tumors exposed to low-dose scattered radiation (close to
the SBRT-targeted region) were more likely to respond
to therapy than lesions far from the target [121]. Based
on these, a novel treatment modality with LDI combined
with SBRT was proposed, in which SBRT irradiates pri-
mary lesions to ignite the “in situ vaccine” effect and LDI
reshapes the stroma of other metastases [122]. Recently,
a novel strategy of high- and low-dose RT combined with
anti-TIGIT and anti-PD1 monoclonal antibodies in lung
adenocarcinoma cell lines revealed further improved
efficacy, providing a new treatment alternative for cases
refractory to other checkpoints [123]. Hence, a high-plus
low-dose RT strategy for LA-NSCLC may also be worth
exploring. Notably, although controversial, single-frac-
tion SBRT has also been evaluated for negative regulation
of TME in peripheral early-stage NSCLC and metastatic
lesions [124, 125]. Of course, there is a long way to go for
the use of SBRT or even one-stop SBRT in LA-NSCLC.

RT target and target volume

It is certain that a consensus on the definition of the
target volume is key to avoiding excess toxicity due to
large volumes. As mentioned before, the RTOG 0617
trial excluded ENI without targeting areas of high FDG
uptake and denied dose escalation [116]. TDLNs are
important sites for the activation and accumulation of
anti-tumor T lymphocytes; therefore, ENI may affect the
adaptive immune response to some extent. Accordingly,
by irradiating TDLNs, the adaptive immune response
was attenuated in a transplantable mouse model treated
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with SBRT and ENI, especially when RT and ICIs were
combined [126]. A multicenter open-label, randomized,
controlled trial PET-Plan (ARO-2009-09) suggested
that [18] F-FDG PET-based planning could potentially
improve local control without increasing CRT-related
toxicity in patients with LA-NSCLC. Our phase II ran-
domized trial also found that [18] F-FDG PET/CT adap-
tive shrinking field and simultaneous integrated boost
RT technique can improve ORR, OS, and PFS without
increasing the risk of RT-related toxicity [127]. However,
van Diessen et al. reported higher rates of acute and late
toxicity in a randomized phase II dose escalation trial
that used PET boost. The results of the RTOG 1106 trial
were also reported, in which a mid-treatment PET/CT
was used to allow a hypofractionated boost over the last
2 weeks to escalate the RT dose to residual disease, fail-
ing to achieve improved local control and OS [128]. In
general, randomized data support the omission of ENI
from PET information, but whether to boost the RT dose
deserves further investigation.

Charged particle therapy

Charged particle therapies, such as protons and heavy
ions, have rapidly developed to play a vital role in tumor
therapy. Compared with photon RT, the most notable
feature of charged-particle therapy is the sharper dose
distribution derived from the spread-out Bragg peak,
which could significantly reduce the radiation beam on
adjoint normal tissues. Both early stage and LA-NSCLC
are suitable for proton RT [129]. However, there is a lack
of strong evidence to prove the superiority of proton RT
over photon RT. Some phase I/II trials are attempting
to hypofractionate RT dose by proton RT, with a focus
on the ability of protons to limit the normal tissue dose
[130]. Another ongoing phase III trial, RTOG 1308, com-
paring photons to protons, allows a higher dose of 70 Gy
to be delivered to the appropriate arm when normal tis-
sue dose constraints are met. Carbon-ion RT (CIRT), a
type of heavy ion RT, not only has the Bragg peak char-
acter but also influences the immune response differ-
ently from photon RT. Preclinical studies have proposed
that carbon-ion beams render complex and difficult-to-
repair DNA double-strand breaks in irradiated tumor
cells [131]. This could enhance the release of HMGBI by
increasing linear energy transfer in tumor cells, indicat-
ing that the combination of ICIs and CIRT is a promising
point to investigate.

Choice, timing, and duration of ICIs

Although numerous trials have confirmed that combined
ICIs and CRT would benefit patients with LA-NSCLC,
the optimum mode of combination therapy remains con-
troversial. The first question was which type of ICI could
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match better with CRT. In metastatic NSCLC, two sin-
gle-institution prospective trials showed a significantly
better PES with anti-PD-1 combined with SBRT than
with anti-CTLA4 (6-month PFS, 87% vs. 52%; 18-month
PES, 63% vs. 23%; P=0.02) [132]. In terms of LA-NSCLC,
all published and ongoing trials have selected anti-PD-
(L)-1 antibodies as monotherapy for efficacy intensifi-
cation. Interestingly, the optimal timing of anti-CTLA4
combined with RT was different from that of anti-PD-
(L)-1 antibodies. The stimulatory effect of RT on the
TME can be exploited when anti-PD-(L)-1 antibodies are
used concurrently with or after RT because they function
to limit T cell activity, whereas anti-CTLA4 targeting
Tregs should be administered before RT to assist antigen
presentation [133, 134]. For patients with LA-NSCLC,
ICIs may be administered before, after, or concurrently
with RT. PACIFIC has laid a framework for administer-
ing ICIs after RT in this setting [9]. Subgroup analysis
of the PACIFIC study showed that receiving ICIs within
0-14 days after the end of cCRT correlated with better
PES and OS than patients receiving ICIs between 15-42
days [9]. Similarly, a retrospective observational study of
patients with stage III unresectable NSCLC who received
durvalumab after cCRT from 2018 to 2021 was recently
reported; patients who received durvalumab 30-60 days
after cCRT had lower OS rate at 30 months compared to
those who started durvalumab before 30 days (44% vs.
90%) [135]. However, this difference was not statistically
significant (P=0.45). Additionally, as the TROG1937
(DATE study, jRCTs031190117) reported, a phase II
study, durvalumab can be safely administered immedi-
ately after completion of cCRT for patients with unresect-
able stage III NSCLC, with no additional or unexpected
toxicity as a reference to PACIFIC [136]. In contrast, a
retrospective analysis of 371 patients treated with ICIs
after SBRT showed that administration of ICIs for at least
21 days after SBRT had longer OS [133]. However, this
was a retrospective study with several confounding fac-
tors. In contrast, the pooled analysis mentioned before
of AEs associated with the use of RT prior to ICIs dem-
onstrated that patients receiving RT prior to ICI gener-
ally had similar rates of AEs compared with those who
did not receive prior RT [91]. The administration of ICI
within 90 days generated a slightly numerically higher
rate of AEs, and this difference was attributed to low-
grade AEs. Thus, they concluded that it would appear
safe to administer ICI within 90 days of receiving RT. It
appears that the administration of ICIs after RT is gener-
ally safe for both locally and advanced NSCLC patients.
Nevertheless, a retrospective analysis of patients with
prior irAEs found that thoracic RT resulted in a very high
risk of clinically significant and persistent RP [137]. How-
ever, it remains unclear whether pneumonitis is caused
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by RT. With regard to ICIs concurrent with CRT, data
from three main non-randomized phase II trials sug-
gested tolerable toxicity and at least comparable efficacy
in LA-NSCLC [71-75].

Taken together, both preclinical and clinical evidence
tends to support RT prior to or concurrently with anti-
PD-(L)-1 antibodies, and in consolidation schemes, it
seems that early addition after RT improves survival
However, as elaborated previously, induction ICIs before
RT also have unique advantages, such as the potential
to mitigate resistance to RT and retain intact immunity.
Concerns regarding toxic effects have focused on the
synchronous administration of ICIs and CRT. There may
be no difference in toxicities between the two sequential
schemes before or after CRT. Which strategy is superior
or inferior warrants a detailed comparison in prospec-
tive head-to-head trials. A comprehensive evaluation
and consideration of the efficacy, side effects, and actual
conditions of patients should be adopted in clinical prac-
tice. Specifically, when combined with anti-CTLA4, the
mainstream view supports the delivery of ICIs prior to
RT. Strategies with dual checkpoint blockade could con-
sider using anti-CTLA4 first, which needs to be validated
in randomized clinical trials.

The optimal treatment duration for ICIs consolida-
tion remains to be determined. In the PACIFIC trial,
durvalumab was scheduled to be administered every
2 weeks for up to 12 months; however, only 43% of
the enrolled patients completed the planned therapy
[9]. In the first-line advanced setting, PD-1 or PD-L1
inhibitor treatment often lasted up to 2 years (KEY-
NOTE-024, KEYNOTE-189) or until disease progression
(IMpower150) [55]. Accordingly, in the GEMSTONE-301
trial, the patient received sugemalimab treatment
for up to 24 months [55]. Nevertheless, the percent-
age of patients completing the 2 years of therapy is still
unknown, as at the data cutoff, 43% of patients in the sug-
emalimab arm were still on treatment. We need to know
whether a longer treatment duration correlates with a
higher benefit from ICIs or whether a shorter duration
of treatment is also feasible. A retrospective study of
1006 patients with stage III NSCLC who received cCRT
and at least one dose of adjuvant durvalumab suggested
that PFS was similar for 9 months versus 12 months of
durvalumab treatment, and PFS for 6 months was infe-
rior versus 12 months [138]. The most common reasons
for early discontinuation were tumor progression (22%),
irAEs (15%), and non-immune-related toxicities (6.0%).
In the absence of conclusive evidence from prospective
randomized controlled studies, further consideration is
required to make clinical decisions. For example, opin-
ions were divided on whether ICIs consolidation should
be used in PD-L1 negative patients. Therefore, we may

Page 17 of 28

choose to administer a shortened course of ICIs treat-
ment, especially when toxicities are severe. The role of
the dynamic circulating tumor DNA (ctDNA), other than
PD-L1 expression, is also of relevance. Growing evidence
has demonstrated that ctDNA minimal residual disease
(MRD) following treatment for solid tumors can predict
relapse [139]. According to the MRD status after CRT,
early intervention may be feasible in patients at high risk
of progression, and the dynamic evolution of ctDNA car-
rying more information may facilitate personalization of
the duration of ICIs. For NSCLC, a study of patients with
metastatic NSCLC receiving pembrolizumab or a com-
bination of pembrolizumab and chemotherapy indicated
that serial monitoring of ctDNA may serve as a non-inva-
sive predictor of response [140]. In LA-NSCLC, ctDNA
has also been shown to predict significantly better clini-
cal outcomes, which may allow for personalized adjuvant
treatment [141]. In terms of RT, Bi et al. performed tar-
geted next-generation sequencing (NGS) of serial plasma
samples from NSCLC patients who received front-line
CRT or RT and found that ctDNA collected 1 month
after treatment was optimal for predicting patient sur-
vival [142]. As mentioned before, the BTCRC LUN
16-081 trial investigated a shortened interval (6 months)
of treatment with nivolumab or nivolumab plus ipili-
mumab, and improved 18-month PFS was achieved in
both arms [64]. Analysis of ctDNA in the BTCRC LUN
16-081 trial found that MRD-positive patients after
completion of CRT were strongly associated with infe-
rior PFS compared to MRD patients (1-year 29% vs. 76%,
2-year 29% vs. 68%, respectively, P=0.003) [143]. Specifi-
cally, patients with undetectable MRD at the end of con-
solidation ICIs therapy demonstrated a 2-year OS of 91%.
However, all patients with increasing ctDNA levels after
two cycles of ICIs treatment experienced disease pro-
gression within 10.8 months of starting ICIs treatment.
Similarly, a study applied ctDNA analysis to 218 samples
from 65 patients with LA-NSCLC receiving CRT, and
28 patients receiving consolidation ICIs were included
[144]. The results revealed that patients with undetecta-
ble ctDNA after CRT (no MRD) had excellent outcomes,
regardless of whether they received consolidation ICIs. In
contrast, patients with detectable ctDNA showed signifi-
cant benefits with ICIs consolidation ICIs treatment. All
these data suggest that MRD detection after CRT might
be capable of distinguishing the cured population from
the population who require enhanced ICIs consolidation.
In addition, changes in ctDNA levels during consolida-
tion treatment could serve as an early biomarker of dis-
ease progression and long-term outcomes. In an ongoing
clinical trial (NCT04585490), consolidation ICIs will be
personalized according to MRD after CRT. MRD-posi-
tive patients will receive four cycles of platinum doublet
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chemotherapy and durvalumab, whereas MRD patients
will only receive durvalumab monotherapy.

Oncogenic addicted tumors

To date, there is no current SoC for patients with onco-
genic driven stage III NSCLC. In the stage IV setting,
ICIs have not achieved the desired effect in the treat-
ment of oncogene-driven NSCLC, such as EGFR exon 19
and 21 mutations and ALK and ROS-I rearrangements,
either first- or second-setting [145, 146]. Although the
data are derived mostly from subgroup analyses of pro-
spective trials and retrospective studies, the mainstream
does not support the use of ICIs in unresectable stage
III NSCLC [147]. The PACIFIC trial enrolled 43 EGFR-
mutant patients, the results of which were not promising,
with a PFS HR of 0.84 (95% CI: 0.40—-1.75) and OS HR of
0.97 (95% CI: 0.40-2.33) [9]. Recently, a post hoc explora-
tory analysis of the PACIFIC trial evaluated the efficacy
and safety of durvalumab in 35 EGFR-mutant patients
[148]. In this subgroup, neither the PFS nor the OS was
observed to improve with durvalumab, compared with
the placebo. The safety profile of durvalumab was con-
sistent with that of the overall population. The incidence
of RP was 42% in the durvalumab arm versus 36% in the
placebo arm, and that of pneumonitis was 17% and 18%,
respectively. A multicenter retrospective study enrolled
323 patients treated with CRT and consolidation dur-
valumab, 43 (23%) of whom had oncogenic driver altera-
tions, mainly KRAS (n=26), followed by EGFR (n=8),
BRAF (n=5), and ALK (n=4) [149]. They observed lim-
ited activity in patients with EGFR mutations (mPFS,
8.1 months) and BRAF V600E mutation/ALK rearrange-
ments (mPFS, 7.8 months). Only those KRAS-mutant
tumors (n=26) benefited from durvalumab mainte-
nance. Another multi-institutional retrospective analysis
(n=37) also showed no statistically significant benefit
in EGFR-mutant patients treated with durvalumab after
cCRT [150]. Furthermore, real-world data including 16
EGFR-mutant patients in all 61 patients who received
consolidation durvalumab found that the presence of
an EGFR-mutation was the only independent predic-
tive factor for unfavorable PFS (6.5 vs. 33.63 months in
EGFR wild-type or unknown tumors; P<0.001) [151]. In
EGFR/HER2-mutant tumors, a significantly shorter DFS
with durvalumab was also obtained (7.5 vs. NR; P=0.04)
compared with wild-type tumors [152]. Poor survival
was independent of PD-L1 expression. For stage III
ALK rearranged NSCLC patients, a retrospective analy-
sis (n=20) of patients with stage III ALK-rearranged
NSCLC reached a similar conclusion [153]. Notably, the
evidence against the use of ICIs consolidation therapy
in this setting is also due to severe irAEs. Nearly 40% of
patients experienced severe irAEs [150]. On the other
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hand, receiving tyrosine kinase inhibitors (TKIs) such
as EGFR TKIs, during or after ICIs is also associated
with increased toxicity. Up to 15% of patients receiving
sequential osimertinib after ICIs treatment were reported
to develop severe irAEs, and most of them required hos-
pitalization [154]. When osimertinib is combined with
durvalumab, the risk of interstitial lung disease may be
higher [155].

Although larger prospective studies are urgently
needed to confirm these findings, based on published
data, in a recent ESMO consensus, over 90% of experts
did not recommend the use of consolidation ICIs ther-
apy after curative-intent CRT in EGFR-positive NSCLC
[155]. As for alterations that might benefit from ICIs
consolidation, as mentioned before, patients with a
KRAS mutation (n =26) may benefit from consolidation
durvalumab (PFS not reached vs. 8.1 months in EGFR-
mutant patients), similar to the metastatic setting [149].
In addition, durvalumab consolidation after cCRT sig-
nificantly improves local-regional control in KEAP1/
NFE2L2 mutant NSCLC tumors (1-year regional fail-
ure of 62% vs. 25%, P=0.021), which correlates with a
chemoradiation-resistant phenotype, with a higher risk
of locoregional failure [156]. These retrospective find-
ings certainly add to the complexity of whether onco-
genic addicted stage III NSCLC could derive benefits
from ICIs consolidation, including some rare muta-
tions, co-mutations, and other specifics. However, in
summary, patients harboring driver mutations face an
underwhelming prognosis with ICIs consolidation,
with a hindered survival and unfavorable safety profile.
Therefore, a better consolidative strategy for patients
with EGFR-mutations and other oncogenic drivers is
urgently needed. In this context, the role of targeted
therapies is anticipated. The feasibility of RT combined
with EGFR-TKIs has been reported in unresectable
stage III EGFR mutation-positive NSCLC, although
the sample size was limited [157, 158]. We should await
the results of the randomized phase III LAURA trial,
investigating the efficacy of adjuvant osimertinib after
cCRT in patients with the most common EGFR sensi-
tizing mutations (Ex19Del and L858R), which will pro-
vide evidence on the benefit of targeted therapy instead
of ICIs [159]. In addition, another recruiting phase III
multicenter study (NCT05170204) will evaluate the
efficacy and safety of multiple therapies (alectinib,
entrectinib, pralsetinib, and durvalumab) in cohorts
of patients with ALK-positive, ROS-1-positive, or RET
fusion-positive mutations in this setting [160]. Clearly,
there is still a long way to go for this population, since
genomic alterations are extraordinarily complex, and
we cannot be satisfied with extrapolating data from the
stage IV setting.
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Patient selection and biomarkers

Despite the increasing use of ICIs in patients with
NSCLC, most patients do not benefit from such ther-
apy. In addition, irAEs occurred in half of the patients,
and the significant economic burden of ICIs cannot be
ignored. Thus, it is imperative to develop suitable pre-
dictive biomarkers for efficacy and toxicity to select
appropriate patients. In fact, multiple biomarkers have
emerged as a research hotspot, which can be summarized
into five categories: tumor itself, TME, liquid biopsies for
circulating biomarkers, imaging biomarkers, and patient
characteristics.

Previous studies have mainly focused on PD-L1 expres-
sion, tumor mutation burden (TMB), and microsatel-
lite instability (MSI), but it is still far from the accurate
screening of patients most likely to benefit. Tumoral
PD-L1 immunohistochemistry was the first biomarker
approved by the FDA and has been widely used to assist
clinical decisions in the treatment of ICIs [8]. Multiple
clinical trials have demonstrated that advanced NSCLC
patients with relatively high tumoral PD-L1 expression
tended to show improved responses to ICIs and longer
survival [15, 161, 162]. Some studies have also reported
the predictive role of soluble or exosomal PD-L1 expres-
sion [44, 163]. However, PD-L1 expression alone is not
a perfect biomarker. First, several randomized trials dis-
puted PD-L1 as a viable predictive biomarker for ICIs
treatment, especially combined treatment [162]. For
instance, the PEMBRO-RT trial revealed that PD-L1 neg-
ative patients had a much better response to iRT treat-
ment than those positive [10]. Second, there is a lack of
standardized PD-L1 assessment methods, as many vari-
ables exist in tumor sampling, testing, and assessment,
as well as great heterogeneity across time and space in
clinical, pathological, and TME characteristics. Nota-
bly, the assessed range, tumor, or both tumor and cells
in the TME, and cut-off points remain to be unified.
Third, tumoral PD-L1 expression is dynamic and influ-
enced by multiple factors. In the non-metastatic set-
ting, durvalumab showed PFS benefit in tumors with
PD-L1<25% (HR, 0.59) in the PACIFIC trial [9]. How-
ever, post hoc analysis showed no OS benefit with dur-
valumab in tumors with PD-L1<1% (HR, 1.14; 95% CI:
0.71-1.84), although PFS benefit with durvalumab con-
tinued to be observed across all subgroups [50]. Con-
sequently, durvalumab is not approved for tumors with
PD-L1<1% in Europe, whereas it is approved irrespec-
tive of PD-L1 percentage in the US. The PACIFIC-R trial
supported the feasibility of durvalumab in PD-L1-neg-
ative tumors, however, the median PFS was indeed
shorter than PD-L1 =1% tumors [51]. The abstract 8550
posted in ASCO 2022 demonstrated that patients with
tumoral PD-L1 expression of<1% had a significantly
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lower survival probability, compared to those of 1-50%
and >50% in patients with stage III unresectable NSCLC
who received durvalumab post cCRT [135]. Low PD-L1
expression may originate from a lack of tumor infiltrating
lymphocytes (TIL) and expression of other co-inhibitory
checkpoints; therefore, strategies with dual checkpoint
blockade consolidation are expected. The combinations
from the COAST trial appeared to generate persistent
benefits regardless of PD-L1 status; however, such reli-
ability was limited by the number of patients available
[66]. Meanwhile, BTCRC-LUN 16-081 reported sig-
nificantly increased toxicity with the combination of
nivolumab and ipilimumab [64]. Whether the downward
trend of dual checkpoint blockade consolidation could be
reversed will depend on the results of the CheckMate 73
L trial with a 1% stratification of PD-L1 expression.

Tissue TMB (tTMB), mostly determined by next-gen-
eration sequencing, is another leading candidate bio-
marker that has been widely evaluated in clinical trials,
and the majority of the evidence comes from patients
with lung cancer and melanoma [164]. Recently, the FDA
approved pembrolizumab for patients with TMB>10
mutations/Mb in any tumor, following the results of the
KEYNOTE-158 trial [165]. However, the reproducibil-
ity of such a cut-off ignited great controversy due to its
arbitrariness and capriciousness [166]. There is no con-
sensus on gene panel size and methodology for measure-
ment [8]. Another major concern is that TMB assessment
and bioinformatics interpretation vary across different
cancer types as well as subgroups of different character-
istics from a single type of cancer [167, 168]. Thus, the
accuracy of blood TMB (bTMB) is worthy of verifica-
tion. The role of TMB in terms of RT or iRT is uncertain.
Generally, the predictive value of TMB alone is limited.
One study evaluated the incorporation of TMB and
PD-L1 expression into multivariable predictive models
and demonstrated a greater predictive power [169]. Mis-
match repair deficiency (AIMMR) and MSI have also been
considered to earn the competence in predicting ICIs
efficacy [170, 171]. Likewise, clinical application is diffi-
cult because of the lack of higher levels of evidence and
difficulties in detection, especially with repeated biopsy
sampling for dynamic monitoring.

TILs, such as CTLs, reflect the TME more directly, and
adequate lymphocyte infiltration is necessary for ICls to
exert anti-tumor effects. A small population of progeni-
tor exhausted cells among exhausted CD8+ TILs medi-
ates long-term tumor control and responses to anti-PD-1
therapy [172]. It has been found that a TIL density of
over 10% could predict better survival benefits from ICIs
[173]. In terms of RT, CD8 + TIL density increased after
cCRT and higher density post-cCRT predicted favora-
ble clinical outcomes [174]. The characteristics of TILs,
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including their composition, organization, density, and
functional state, may jointly predict responses to iRT. Of
note, similar to tumoral PD-L1 expression, difficulties in
detection resulting from limited histologic material from
the biopsy restrict direct evaluation of TIL. The predic-
tive roles of Tregs, MDSCs, and some immunoregulatory
pathways, such as CD28/B7 and TIM-3, which together
constitute and regulate the TME, are also being studied
[175]. In addition, multiple patient-specific gene expres-
sion profiles (GEPs) characterizing the TME have been
investigated, such as targeting T-cell inflammation, anti-
gen processing and presentation, and immunosuppres-
sive molecules. An 18-gene profile of T cell inflammation
demonstrated strong correlations with clinical outcomes
in a wide variety of solid tumors treated with pembroli-
zumab [176]. As for RT, with further exploration of radi-
obiology, individualized RT with dose adjustment based
on genomes is also being developed [177]. Although not
nearly enough, these multigene signatures characterizing
radiosensitivity, TME, and immune-related mechanisms
hold tremendous potential to predict RT, ICIs, and com-
bination therapy strategies. In addition, some specific
oncogenic alterations in pivotal signaling pathways have
been reported to predict responses to ICIs, such as Wnt/
[B-catenin, PTEN, PI3BK-AKT, EGFR, c-Met, ALK, and
KRAS [175].

Difficulties in detection include the use of biomark-
ers for restrictions in lung biopsy. Liquid biopsy, devel-
oped to solve pain, has attracted great attention and
has become increasingly popular owing to its feasibil-
ity and ease of operation. Of note, it has brought about
a dynamic evaluation of the responses of possibility.
In principle, any tumor-derived material circulating in
peripheral blood can be analyzed, including ctDNA,
circulating tumor cells (CTCs), circulating tumor RNA
(ctRNA), tumor endothelial cells (TRCs), and exosomes.
Among these, ctDNA derived from tumor cells is the
most commonly used modality [139]. The prognostic
value of MRD detection in patients with LA-NSCLC and
the role of dynamic ctDNA in facilitating personalized
consolidation IClIs strategies have been elaborated previ-
ously, which is of great potential from our point of view.
However, factors such as assay type, amount of ctDNA
released, and technical and biological background can all
impact ctDNA MRD results. Therefore, the clinical utility
of ctDNA MRD for the personalized treatment of solid
tumors, including NSCLC, remains to be fully estab-
lished. Another alternative marker from non-invasive
detection, CTCs, may be used to evaluate dynamic varia-
tions in immune checkpoint expression during treatment
[178]. Concordance between tumoral PD-L1 expression
and CTCs has been reported to be as high as 93% in
advanced NSCLC. Nevertheless, a common limitation of
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biomarkers for LA-NSCLC is that the low tumor burden
in already-treated localized diseases would impact the
isolation of CTCs. In addition, peripheral blood cells and
lymphocytes are thought to indirectly reflect immune
responses; however, they are not clinically applicable.
ctRNAs with the advantages of stability have also been
recognized as potential biomarkers, which need to be
validated in larger cohorts. It is conceivable that dynamic
liquid biopsy will guide the duration of ICIs or combined
treatment in the future, with validation in larger prospec-
tive trials. At present, including in LA-NSCLC, dynamic
ctDNA is undoubtedly the most promising for clinical
applications.

Imaging information is the standard assessment of
treatment efficacy and image-guided RT, including CT,
MR, and PET/CT was the basis for precision RT. PET/
CT, which integrates metabolic and anatomical infor-
mation and is also called functional imaging, naturally
reflects the TME. Several studies have explored the pos-
sible correlation between [18]F-FDG-uptake and existing
ICIs sensitivity markers, such as PD-L1 and CD8+ TILs
in tumor tissues [179, 180]. Our previous study also
indicated a correlation between [18]F-RGD uptake and
tumor PD-L1 expression [181]. Notably, benefiting from
its non-invasiveness, PET/CT may also reflect dynamic
changes in the TME under ICIs. In addition, a predic-
tive model based on high-throughput image characteris-
tics, namely radiomics, is a promising method. A recent
study indicated that tumor radiomics of pretreatment CT
images was a prognostic factor for outcomes in patients
with stage III unresectable NSCLC treated with CRT fol-
lowed by durvalumab or CRT alone [182].

It is evident that a single biomarker cannot serve a
powerful and comprehensive predictive function, even
beyond PD-L1 expression. However, a variety of bio-
markers have emerged as complementary predictors of
response, including combining two or more biomarkers
to increase accuracy. It is foreseeable that the integration
of multi-omics information, including patient character-
istics, imaging, pathology, peripheral blood, and genomic
information, as a predictive tool to guide comprehensive
treatment, will be the direction of development. Machine
learning that integrates multimodal features can be a
prospective approach for predicting treatment response
[183]. Meanwhile, non-invasive and real-time monitoring
for prediction requires technological advances.

Novel combination strategies

Although the combined treatment improved responses
in irradiated and non-irradiated tumors, resistance was
also common. Owing to the distinct mechanisms of
action, dual or triple checkpoint blockade is expected
to work synergistically. Except for the molecules
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mentioned before, there are also some other co-inhib-
itory receptors including Lag-3, Tim-3 and B7-H3 are
being explored [184, 185]. Costimulatory molecules
such as the CD122 agonists NKTR-214, 4-1BB, OX-40,
GITR, TLRY, and STING have also been exploited to
enhance anti-tumor activity [186]. In practice, these
agents are usually first tested in advanced NSCLC,
and only successful applications will help them move
forward to LA-NSCLC. Notably, bispecific antibodies
(BsAbs) targeting two different checkpoints are emerg-
ing, which have significant advantages over combi-
nation therapy using two different mAbs, including
reduced development and therapeutic costs, higher
binding specificity and obligate effects [187].
Antiangiogenic agents targeting the vascular endothe-
lial growth factor and its receptor are promising agents
in combination with ICIs and RT. It is assumed that
anti-angiogenic agents promote the trafficking of
immune effector cells, drive DC maturation, reduce
MDSCs and Tregs, and limit hypoxia partly via vessel

re-normalization, thereby functioning as ideal partners
for ICIs and superior radiosensitizers [186]. A quadru-
ple combination regimen of antiangiogenic atezolizumab
and carboplatin—paclitaxel chemotherapy in non-squa-
mous NSCLC (ABCP regimen) has achieved great suc-
cess in advanced non-squamous NSCLC [188]. Based on
this clinical and preclinical evidence, RT is expected to
further potentiate the anti-tumor effects of ICI and angi-
ogenesis dual blockade. Such a triple combination ther-
apy for LA-NSCLC is a promising direction for future
research. In contrast, molecular-targeted agents com-
bined with ICIs have been hampered by severe toxicities,
and their addition to the treatment of LA-NSCLC seems
a long way off.

Hypoxia is an important obstacle contributing to
resistance to RT and immunosuppression, facilitating
tumor recurrence and metastasis [189]. Radiosensitiz-
ers can sensitize hypoxic or radioresistant tumors to
RT. With advancements in nanotechnology, the applica-
tion of nanoparticles to overcome resistance to RT and
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enhance RT efficacy against tumors has become an area
of intense research, as radiosensitizers are usually loaded
or engineered into nanocarriers for delivery [190]. For
example, a multifunctional nanoprobe, based on quan-
tum dots emitting in the near-infrared IIb window, can
effectively aggregate at the tumor site to precisely image
the tumor region with high resolution, promote the
radio-sensitivity and immunogenicity of cancer cells,
and relieve intratumoral hypoxia to enhance RT-based
therapy strategies [191]. Nanoprode-mediated immu-
nogenic RT can exert a more intense and enduring
anti-tumor effect when combined with immunotherapy.
Several nanoscale metal-organic frameworks also nota-
bly enhance the effects of ionizing radiation, serving as a
powerful adjuvant therapy to synergize with iRT, termed
RT-radiodynamic therapy [192, 193]. Although more
clinical trials are needed, novel materials, especially
nanomaterials, are rapidly emerging as the frontier of
cancer treatment and have immense potential. We sum-
marize the challenges, strategies and auspicious orienta-
tions of iRT in LA-NSCLC in Fig. 4.

Conclusions and future perspectives

Definitive RT plays a major role as a local therapy in
unresectable LA-NSCLC. In addition, RT promotes
tumor regression via ICD, whereas the recruitment of
immunosuppressive cell populations and exacerbation of
tumor hypoxia can engender a radioresistant phenotype.
Boosting these positive effects while mitigating undesira-
ble effects can be exploited to improve clinical responses.
Combining ICIs with RT is a proven and potential syn-
ergy through the mutually beneficial remodeling of the
TME, which is expected to overcome resistance to RT
and ICIs and augment the abscopal effect of RT and the
immune memory effect. However, issues remain regard-
ing the rational dosage and fractionation of RT and tim-
ing of combined IClIs, relying on further understanding
of the paradoxical effects of RT on TME and direct com-
parison both in preclinical and clinical studies. Notably,
hypofractionated regimens and SBRT combined with
LDI are superior. In addition, TME heterogeneity within
and between patients directly influences the effects of
combined therapy. Effective biomarkers guiding patient
selection assist precision therapy, and the integration of
multi-omics information for prediction is the way for-
ward. Finally, novel RT technologies and innovative com-
bination strategies are promising approaches to exploit
the untapped therapeutic potential. In general, iRT is a
proven and potential strategy in LA-NSCLC, with multi-
ple promising approaches to further improve the efficacy.
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