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Abstract. The combination of thoracic radiotherapy and
immune checkpoint inhibitors (ICIs) has emerged as a novel
treatment approach for malignant tumors. However, it is
important to consider the potential exacerbation of lung
injury associated with this treatment modality. The neutro-
phil-to-lymphocyte ratio (NLR), an inflammatory marker,
holds promise as a non-invasive indicator for assessing the
toxicity of this combination therapy. To investigate this
further, a study involving 80 patients who underwent thoracic
radiotherapy in conjunction with ICIs was conducted. These
patients were divided into two groups: The concurrent therapy
group and the sequential therapy group. A logistic regression
analysis was conducted to ascertain risk factors for grade =2
pneumonitis. Following propensity score matching, the NLR
values were examined between the concurrent group and the
sequential group to evaluate any disparity. A mouse model of
radiation pneumonitis was established, and ICIs were admin-
istered at varying time points. The morphological evaluation
of lung injury was conducted using H&E staining, while the
NLR values of peripheral blood were detected through flow
cytometry. Logistic regression analysis revealed that radiation
dosimetric parameters (mean lung dose, total dose and V20),
the inflammatory index NLR at the onset of pneumonitis, and
treatment sequences (concurrent or sequential) were identified
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as independent predictors of grade =2 treatment-related pneu-
monitis. The results of the morphological evaluation indicated
that the severity of lung tissue injury was greater in cases
where programmed cell death protein 1 (PD-1) blockade was
administered during thoracic radiotherapy, compared with
cases where PD-1 blockade was administered 14 days after
radiotherapy. Moreover, the present study demonstrated that
the non-invasive indicator known as the NLR has the potential
to accurately reflect the aforementioned injury.

Introduction

The advent of immune checkpoint inhibitors (ICIs) represents
a groundbreaking development in cancer treatment. ICIs
have found extensive application in various forms of cancer
therapy, including palliative treatment, neoadjuvant therapy
and adjuvant therapy. Nevertheless, the efficacy of ICIs as a
monotherapy is limited, as evidenced by a response rate of
20% or lower in patients with cancer (1-3). It has been reported
in several preclinical studies that the combination of ICIs with
radiotherapy or chemotherapy is increasingly being employed
since it can lead to the release of tumor antigens and result in
a therapeutic synergistic effect (4,5). As of November 2023,
more than 600 clinical trials of radiotherapy in combination
with ICIs had been registered in the National Institutes of
Health clinical trials (clinicaltrials.gov). However, due to the
potential overlap in pulmonary toxicity induced by thoracic
radiotherapy and ICIs, studies have also reported an elevated
incidence of pneumonitis (6,7). In a comprehensive examina-
tion of 1,113 patients diagnosed with non-small cell lung cancer
across 11 clinical studies, it was observed that concurrent treat-
ment exhibited a higher occurrence of adverse pneumonitis at
all grades (25.8 vs. 21.3%) compared with sequential therapy.
Therefore, modifying the timing of medication administration
has emerged as a potential strategy for mitigating lung injury.

The neutrophil-to-lymphocyte ratio (NLR) serves as a
marker of systemic inflammation. It has previously been used as
a robust indicator to assess the severity of community-acquired
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pneumonia (8), chronic obstructive pulmonary disease (9) and
COVID-19 (10). Moreover, a previous study has revealed that
during thoracic radiotherapy, NLR levels were elevated in
patients who developed pneumonitis following radiotherapy (11).
Additionally, increased NLR levels during ICIs treatment
also served as a biomarker for early diagnosis of checkpoint
inhibitor-related pneumonitis (CIP) in a recent study (12).

As the combination of thoracic radiotherapy and ICIs
becomes more widely used, it is imperative to address two
noteworthy aspects: The optimal timing for administering
these treatments and the non-invasive methodology for
assessing lung injury. To that end, patients that underwent
thoracic radiotherapy plus immunotherapy were retrospec-
tively analyzed and animal models were established to evaluate
the effect of timing of combination therapy on the occurrence
of pneumonitis, and it was observed that NLR is a promising
predictor of lung inflammation caused by ICIs combined with
radiotherapy.

Materials and methods

Patients. Patients who underwent thoracic radiotherapy
combined with ICIs treatments at the Central Hospital
Affiliated to Shandong First Medical University (Jinan, China)
between January 2019 and May 2022 were reviewed. The sites
targeted for radiotherapy encompassed intrapulmonary or
mediastinal tumors, such as primary lung cancer, metastatic
lung cancer and esophageal cancer, among others. All patients
were treated with intensity-modulated radiotherapy using a
linear accelerator (Synergy/Infinity, Elekta, Sweden). The
purpose of radiotherapy included radical or palliative therapy.
The present study was approved (approval no. R202303060092)
by the Ethical Committee of Central Hospital Affiliated to
Shandong First Medical University (Jinan, China). Oral and
written informed consents were obtained from patients and
their surrogates in person.

Herein, ICIs agents included antibodies targeting
programmed cell death protein 1 (PD-1) or programmed
death-ligand 1. There exist two distinct classifications of sequen-
tial approach. The first category bore resemblance to the study of
Antonia et al (13), wherein patients were administered ICIs subse-
quent to the completion of a radiotherapy course. The second
category entailed the suspension of ICIs during the initiation
of radiotherapy. Meanwhile, the concurrent treatment approach
followed that of the ETOP NICOLAS trial (14) and Keynote-799
study (15), with ICIs being used during radiotherapy.

Data collection and outcome assessment. Patients and treat-
ment characteristics were retrospectively collected from each
patient's medical records, including patient demographics,
smoking history, tumor types and Eastern Cooperative
Oncology Group Performance Status (ECOG PS). Lung V20
(the percentage of lung volume received >20 Gy), the mean
lung dose (MLD) and total dose were evaluated on the treat-
ment planning workstation.

Diagnosis of treatment-related pneumonitis (TRP). The
patients underwent evaluation one month following radio-
therapy, with subsequent evaluations conducted concurrently
with tumor assessment. Additional examinations were
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Figure 1. Establishing the model of different timing of administration after
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thoracic irradiation.

Administered on the 14th, 16th and 18th
day after irradiation

conducted in patients exhibiting respiratory disease-related
symptoms. TRP was diagnosed by experienced pulmonolo-
gists and radiologists. TRP was defined as new-onset infiltrates
on thoracic imaging and/or clinical symptoms such as cough,
shortness of breath, or wheezing, while excluding other
etiologies (disease progression, infection, or heart failure).
Pneumonitis severity was graded using the Common Toxicity
Criteria for Adverse Events version 5.0 (https://ctep.cancer.
gov/protocoldevelopment/electronic_applications/docs/ctcae_
v5_quick_reference_5x7.pdf). NLR was collected from a
patient's blood routine at the time of diagnosis of TRP.

Establishment of the acute radiation lung injury mice model.
A total of 16 male C57BL/6 mice (6-8 weeks old, weighing
~18-22 g) were purchased from SiPeiFu Biotechnology
Co., Ltd (Beijing, China). Mice were housed under
standard light-dark cycle (12/12-h light/dark cycle) and temper-
ature (22+2°C) conditions with sterilized food and water
provided ad libitum, following institutional and office of
laboratory animal welfare guidelines. All animal experiments
were approved (approval no. INCHIACUC2021-26) by the
Ethical Committee of Central Hospital Affiliated to Shandong
First Medical University (Jinan, China).

Irradiation. Mice were anesthetized by intraperitoneal injec-
tion of pentobarbital sodium (50 mg/kg). The acute radiation
pneumonitis model was established following established
protocols (16). Mice were anesthetized and exposed to whole
thorax radiation by X-ray at a dose rate of 600.00 cGy/min and
a cumulative radiation dose of 18 Gy from a linear accelerator
(Elekta Synergy, Sweden) at our institution. Mice were randomly
assigned to two groups prior to irradiation initiation: The concur-
rent group and the sequential group (n=8 in each group).

PD-1 blockade is administered at different intervals after
irradiation. The two dosing strategies used in the present
study are demonstrated in Fig. 1. In the concurrent group, the
anti-PD-1 antibody (200 pg/mouse; Bio X Cell, cat. no. BE0146;
1:12.5 resuspended with fresh PBS) was administered intraperi-
toneally on days 1, 3 and 5 after irradiation. In the sequential
group, the anti-PD-1 antibody was injected intraperitoneally on
days 14, 16, and 18 after irradiation.

Sample collection. Mice were sacrificed by cervical disloca-
tion on the 28th day after irradiation. The lungs were then
removed and immersed in 4% paraformaldehyde for 48 h
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before being embedded in paraffin. Peripheral blood samples
were collected from the mice after euthanasia via the orbital
sinus using ethylenediaminetetraacetic acid tubes. All mice
were euthanized by dislocating cervical vertebra under general
anesthesia at the end of experiments or if a humane endpoint
was reached. Humane endpoint was defined as the occurrence
of severe dyspnea, vomiting, inability to ambulate or rise for
food and water, or a loss of >15% of body weight. However,
none of the animals reached these humane endpoints.

Histopathological analysis. Histopathological changes were
evaluated following H&E staining. Alveolar congestion,
hemorrhage, aggregation of inflammatory cells in airspaces
or vessel walls and the thickness of the alveolar walls were
assessed using a 0-4-point semi-quantitative histological
analysis method (17) (4: Extremely serious; 3: Serious; 2:
Middle; 1: Slight; 0: Normal). In total, five fields of view were
randomly selected, and the histology score of each sample was
determined using an average of all the scores.

Circulating leukocytes were analyzed using flow cytometry.
Neutrophil counts were determined by quantifying Ly6G*
CD11b* cells in peripheral blood using flow cytometric
analysis, following established methodologies (18). For the
analysis of lymphocyte populations in peripheral blood,
a lymphoid gate (low-side scatter) was applied to exclude
cells of monocytic origin (19). The following antibodies
were utilized: APC-Cy7 anti-mouse CD45 (cat. no. 557659;
BD Biosciences), PE anti-mouse CD11b (cat. no. 24965) and
PerCP-cy5.5 anti-mouse ly6G (cat. no. 63460) both from Cell
Signaling Technology, Inc.). Cell counts were analyzed using
a BD Canto II flow cytometer, and the analysis was performed
with FACS Diva software (version 6.1.2; BD Biosciences).

Statistical analysis. Univariate and multivariate logistic
regression analyses were conducted to identify the independent
risk factors for TRP. In addition, the proportional hazard ratio
(HR) and 95% confidence intervals (CIs) were also calculated.
Receiver operating characteristic (ROC) curves were employed
to assess the effects of lung V20, total dose, MLD and NLR
on TRP. Propensity score matching (PSM) was adopted to
match subjects in the concurrent and sequential groups. A
paired Student's t-test was performed after matching. All data
represent the mean =+ standard error of Mean (SEM) from at
least three independent experiments. P<0.05 was considered
to indicate a statistically significant difference. All statistical
analyses were conducted using SPSS 27.0 software (IBM
Corp.) and/or Prism GraphPad 8.0 (Dotmatics).

Results

Patient characteristics. The clinicopathological characteris-
tics of the 80 patients included in the present study are listed in
Table I. Among them, 31 patients were <70 years old, while the
remaining were >70 years old. There were 21 (26.25%) patients
with an ECOG PS of 0,42 (52.5%) patients witha PS of 1,and 17
(21.25%) patients with a PS of 2. In terms of tumor categories, a
total of 31 instances of intrapulmonary tumors were observed,
constituting 38.75% of the cases, predominantly manifesting
as lung metastases. Additionally, there were 29 occurrences
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Table I. Clinicopathological characteristics of patients.

Clinicopathological Total number  Percentage
characteristics (n=80) (%)
Age

<70 31 38.75

=70 49 61.25
Sex

Male 52 65.00

Female 28 35.00
Smoking History

None 38 47.50

Yes 42 52.50
ECOG

0 21 26.25

1 42 52.50

2 17 21.25
Tumor types

Intrapulmonary 31 38.75

Mediastinal 29 36.25

Both 20 25.00
V20

<20% 59 73.75

=20% 21 26.25
Therapeutic modalities

Concurrent 14 17.50

Sequential 66 82.50
Neutrophil-to-lymphocyte ratio

<5 44 55.00

=5 36 45.00
Mean lung dose

<10 Gy 63 78.75

=10 Gy 17 21.25
Grade =2 pneumonitis

Yes 14 17.50

No 66 82.50

of mediastinal tumors, encompassing esophageal cancer,
gastroesophageal junction tumors and mediastinal lymph node
metastases. A total of 20 cases involved both intrapulmonary
and mediastinal lymph node metastases, accounting for
25.00% of the total. In total, three dose-volumetric parameters
were selected: Whole lung V20, total dose and MLD. Of the
total, 59 patients had V20 <20% (73.75%), while 21 patients
had V20 =20% (26.25%). For MLD, 63 patients (78.75%) had
MLD <10 Gy, and 17 patients (21.25%) had MLD =10 Gy.
Regarding treatment approach, 14 patients (17.50%) received
concurrent ICIs and radiotherapy, while 66 patients did not
undergo concurrent administration of thoracic radiotherapy
and ICIs. On peripheral blood testing onset of pneumonitis
(Mindary Blood Cell Analyzer), 44 (55.00%) had NLR <5 and
36 (45.00%) had NLR =5. During follow-up period, a total of
14 patients (17.50%) developed grade =2 pneumonitis.
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A Variables HR (95% Cl) P value
Age | - 3.1 (0.56-6.79) 0.29
Gender | - i 1.39 (0.28-2.99) 0.88
EcoG | - . 1.698 (0.36-3.59) 0.82
Smoking history F i i 0.79 (0.17-1.68) 0.29
V20 HH 1.16 (1.05-1.27) 0.002**
Total dose HEH 1.13 (1.01-1.26) 0.031*
Timing sequence il 0.14 (0.04-0.50) 0.002**
NLR —8— 1.38 (1.12-1.68) 0.002**
MLD T 1.004 (1.002—1.006) <0.001***
r 1 T T 1
0 1 2 3 4
Hazard ratio
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Gender | i 2.50 (0.02-7.08) 0.54
ECOG | il { 0.33 (0.04-2.63) 0.30
Smoking history | L i 0.65 (0.01-1.84) 0.13
V20 —— 1.23(1.02-1.46)  0.03*
Total dose —a— 1.36 (1.02-1.81) 0.04*
Timing sequence  Hill— 0.17 (0.002-0.47) 0.01*
NLR - " 1.47 (1.004-2.15) 0.048*
MLD - 1.004 (1.00-1.008) 0.039*
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Figure 2. Results of (A) univariate and multivariate (B) logistic regression analyses. ‘P<0.05, “P<0.01 and "“P<0.001.

Univariate and multivariate analysis of TRP. The relation-
ships between TRP and clinical characteristics are revealed
in Fig. 2. In the univariate analysis, V20, total dose, MLD,
sequence of administration and NLR were found to be indepen-
dent predictive factors for TRP. Univariate logistic regression
identified that the HR value of whole lung V20 was 1.16 (95%
CI, 1.05-1.27; P=0.002), the HR value of MLD was 1.004 (95%
CI, 1.002-1.006; P<0.001), the HR value of total dose was 1.13
(95% CI, 1.01-1.26; P=0.031), the HR value for administration
sequence was 0.14 (95% CI, 0.04-0.5; P=0.002) and the HR
value of NLR was 1.38 (95% ClI, 1.12-1.68; P=0.002).

In the multivariate analysis, V20, MLD, total dose, admin-
istered sequence and NLR remained independent predictive
factors for TRP. Multivariate logistic regression revealed
that the HR value of whole lung V20 was 1.23 (95% ClI,

1.02-1.46; P=0.03), the HR value of MLD was 1.004 (95% CI,
1.002-1.008; P=0.039), the HR value of total dose was 1.36
(95% CI, 1.02-1.81; P=0.04), the HR value of administration
sequence was 0.17 (95% CI, 0.002-0.47; P=0.01) and the HR
value of NLR was 1.47 (95% CI, 1.004-2.15; P=0.048).

ROC curve analyses were constructed to determine the area
under the ROC curve (AUC) for each variable (Fig. 3). Based
on the results of the ROC curve test, the AUC for V20 was
0.769 (22.87% was used as the cutoff value). The AUC for total
dose was 0.683, with 54 Gy used as the cutoff value. The AUC
for MLD was 0.786, with 10.47 Gy used as the cutoff value. The
AUC for NLR was 0.796, with 6.08 used as the cutoff value.

Effect of combination therapy on lung injury with different
time intervals. To evaluate pathological changes, H&E
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Figure 3. Receiver operating characteristic curve for treatment-related pneu-
monitis. NLR, neutrophil-to-lymphocyte ratio; MLD, mean lung dose.

staining was utilized in mouse models (Fig. 4). The staining
was quantified by pathologists to assess lung injury. Notably,
the concurrent treatment group exhibited more severe lung
tissue injury compared with the sequential treatment group,
with a score of 3.2+0.2 in the concurrent treatment group vs.
2.2+0.3 in the sequential treatment group (P<0.05).

NLR in patients and animal models with different treatment
timing sequence. In the patients reviewed, baseline character-
istics were not initially balanced. To address this, PSM was
performed using SPSS software (version 27.0; IBM Corp.).
Ultimately, 26 patients were successfully matched. A paired
Student's t-test revealed that the NLR in the concurrent
treatment group was significantly higher compared with the
sequential group (T=2.27, P=0.043) (Fig. 5A). In the animal
model of combination treatment, the NLR was 0.58+0.08 in
the concurrent treatment group and 0.26+0.06 in the sequen-
tial treatment group (P<0.01) (Fig. 5B).

Discussion

The treatment approach of ICIs combined with radiotherapy
in several types of cancer has demonstrated significant clinical
benefits. Studies have reported that irradiation may increase
non-synonymous mutation burden and trigger neoantigen
production in cancer cells, possibly favoring in situ vaccine
development and tumor microenvironment (TME) reprogram-
ming (20). The combination of ICIs with radiotherapy has been
revealed to reverse the suppressive TME, potentially making
a significant difference in cancer treatment. Currently, two
combination therapy strategies are widely employed clinically,
namely sequential utilization of radiotherapy and ICIs, and
concurrent implementation of both modalities. Previously, the
therapeutic strategy of radiotherapy combined with ICIs for
thoracic cancer was centered on understanding the influence
of radiotherapy on the immune response in patients (21,22).
Nevertheless, it is essential to acknowledge the deleterious
effects induced by combination therapy on patients' quality of
life. Pneumonitis is a common and potentially lethal complica-
tion in the treatment of patients with thoracic tumors using
radiotherapy or ICIs. Radiation-induced pneumonitis stands
out as a significant toxicity in thoracic radiotherapy, occurring
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in ~5-15% of patients (23,24). Although CIP is not frequently
observed in patients treated with ICls, it remains the leading
cause of ICI-related death, with a fatality rate ranging from
10-17% (25). Due to the overlapping toxicity profiles of the two
treatment modalities in the lungs, interest has been drawn to
the approach of reducing lung toxicity when combining these
two treatments.

In the present study, an escalation was observed in the
severity of pulmonary inflammation when thoracic irradia-
tion and ICIs were administered concurrently. The collected
data revealed that among the examined cases, 50% (7/14)
of patients in the concurrent treatment group experienced
grade 2 or higher pneumonitis. By contrast, only 10.6% (7/66)
of patients in the sequential treatment group exhibited the
same level of pneumonitis. Furthermore, in mouse models of
acute radiation pneumonitis, the group receiving PD-1 within
14 days exhibited more severe lung injury compared with the
group receiving PD-1 after 14 days.

As the mechanism of pneumonitis in combination therapy
remains unclear, it is known that radiation induces inflamma-
tory cell infiltration (26), DNA damage and reactive oxygen
species generation, which further leads to the release of
various cytokines to promote inflammation (27,28). It was
reasoned that ICIs administered in this inflammatory environ-
ment can lead to an immune-boosting effect through a series
of processes involving autoreactive lymphocytes, autoanti-
bodies and cytokines, such as IL-3, -6, -10 and -17, TNF-a
and TGF-f (29). It was concluded that the possible crosstalk
among signaling pathways was inflammatory cell infiltration
and numerous cytokines released. Besides, the administration
of ICIs could also amplify the inflammatory response in irra-
diated healthy tissues. After a certain period of time, the local
inflammatory response was reduced, using of ICIs might not
lead to the aforementioned inflammatory cascade. This could
potentially account for the relatively low prevalence of pneu-
monitis observed in patients undergoing sequential treatment.

In addition, the current investigation also delved into the
potential of NLR as a non-invasive measure for detecting
treatment-related lung injury. The present findings revealed
that V20, total dose, MLD and NLR were significant indepen-
dent predictors of treatment-associated pneumonitis. Based
on the ROC curves for V20, total dose, MLD and NLR, the
optimal cut-off values in the present study were determined
to be 22.87%, 54 Gy, 10.47 Gy and 6.08, respectively. Notably,
a previous study reported consistent cut-off values of 24%
for V20 and 12.26 Gy for MLD in relation to grade =2
radiation pneumonitis (30). Alongside dosimetric parameters,
the present study revealed that the NLR is an independent
prognostic factor for the development of treatment-associated
pneumonitis in combination therapies. Importantly, this was
the inaugural identification of such associations.

Previous studies have established that the NLR can
partially reflect the systemic inflammation status (31-33).
Given its demonstrated ability to reflect the severity of
radiation pneumonitis and predict the occurrence of CIP, it
was hypothesized that NLR could serve as a highly efficient
indicator for pneumonitis in patients receiving combination
therapy. Herein, the NLR value =6.08 was used as a reference
to reflect lung injury in patients treated with thoracic radio-
therapy and ICIs. Furthermore, in vivo models were used to
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phil-to-lymphocyte ratio.

further demonstrate that NLR could effectively serve as an  not randomized. Following the matching process, the concur-
indicator of pulmonary damage resulting from the administra-  rent and sequential groups consisted of only 26 patients each.
tion of combination therapy. Additionally, the investigation did not explore the optimal

Nonetheless, the present study has certain limitations. timing for administering ICIs in patients undergoing thoracic
Firstly, the study sample size was small, and patients were  radiotherapy. The study also lacked a dynamic observation of
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NLR, preventing the establishment of a correlation between
pre- and post-treatment NLR values and pneumonitis occur-
rence. Lastly, while it has been documented in numerous
studies that NLR can serve as an independent indicator for
evaluating inflammatory status (34,35), a more precise deter-
mination of inflammatory states can potentially be achieved
by combining NLR with comprehensive markers of inflamma-
tion, including C-reactive protein, IL-6, IL-10, IL-17 and other
inflammatory cytokines.

In conclusion, the findings of the present study indicated
that the simultaneous administration of ICIs and thoracic
radiation therapy may elevate the likelihood of grade 2 and
higher pneumonitis. Additionally, the NLR exhibited promise
as a non-invasive method for monitoring lung damage in
real-time during combination therapy.
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