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Abstract: Background: Radiotherapy (RT) is essential in the treatment of thoracic neoplasms. Immune checkpoint 
inhibitors targeting programmed cell death protein 1 (PD-1) and programmed death-ligand 1 (PD-L1) have signifi-
cantly improved the clinical management of non-small cell lung carcinoma (NSCLC). Objective: This study aimed to 
investigate the impact of combining anti-PD-1 (αPD-1) immunotherapy with radiotherapy on lung injury. Additionally, 
it investigates the role and mechanism of interleukin (IL)-17A, a pro-inflammatory cytokine involved in immune 
regulation, in lung injury arising from this combination treatment. Methods: Experiments were conducted using a 
PD-1 deficient mouse model to simulate acute radiation-induced lung injury. Inbred female BALB/c wild-type (WT) 
mice and PD-1-/- mice were divided into six groups: WT group, PD-1-/- group, WT_LIR + IgG group, PD-1-/-_LIR + IgG 
group, WT_LIR + αIL-17A group, and PD-1-/-_LIR + αIL-17A group. The mice were subjected to 8 Gy × 3 irradiation in 
both lungs. Various methods including histological scoring, immunofluorescence, qPCR, and flow cytometry were 
employed to analyze the role of IL-17A in lung injury and the effect of PD-1 gene deletion on the severity of radiation-
induced lung injury. Results: The PD-1-/-_LIR mice exhibited evident radiation-induced lung injury after receiving 
8 Gy × 3 doses in both lungs. The expression level of IL-17A peaked at 2 weeks. Lung injury-related factors IFN-γ, 
TNF-α, IL-6, and RORγt in the PD-1-/-_LIR groups increased 2 weeks after irradiation. The CD4+ and CD8+ T cells in 
lung tissue of the PD-1-/-_LIR mice significantly increased. Post αIL-17A administration, the incidence of alveolitis in 
the treatment group decreased, the expression levels of lung injury-related factors IFN-γ, TNF-α, IL-6, RORγt, TGF-β1, 
and IL-17A decreased, and the CD4+ and CD8+ T cells in lung tissue significantly declined. Throughout the observa-
tion period, the survival rate of the mice in the treatment group was significantly higher than that of the isotype 
control group (60% vs 0%, P = 0.011). Conclusion: Combining αPD-1 immunotherapy with radiotherapy in mice 
can induce radiation-induced lung injury, with IL-17A playing a critical role in this process. αIL-17A administration 
significantly mitigated radiation-induced lung injury caused by the combination of αPD-1 immunotherapy and radio-
therapy, improving mouse survival. This finding offers a promising treatment target for lung injury resulting from the 
combination of αPD-1 immunotherapy and radiotherapy.
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Introduction

Radiotherapy (RT) essential in the treatment of 
thoracic neoplasms [1]. However, radiation-
induced lung injury (RILI) can lead to complica-
tions such as cough, shortness of breath, pant-
ing, or respiratory failure, limiting the dose of 
thoracic RT [2-4]. Immune checkpoint inhibitors 
targeting programmed cell death protein 1 (PD-
1) and programmed death-ligand 1 (PD-L1) 

have significantly improved the clinical manage-
ment of non-small cell lung carcinoma (NSCLC) 
[5]. The combination of RT with PD-1/PD-L1 
blockade has remarkably improved the overall 
survival (OS) and progression-free survival 
(PFS) rates among NSCLC patients [6, 7]. 
However, the impact of concurrent anti-PD-1 
(αPD-1) therapy and RT on non-malignant lung 
tissue toxicity has not been thoroughly investi-
gated in clinical studies. Therefore, investigat-
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ing the potential risks and benefits of this com-
bined therapy is essential to refine the clinical 
outcomes of NSCLC patients.

αPD-1 therapy has demonstrated efficacy in 
treating lung cancer by blocking the PD-1/
PD-L1 interaction and enhancing the immune 
response against cancer cells. Several clinical 
trials have established the efficacy of αPD-1 
therapy in treating NSCLC. For example, in the 
phase III clinical trial KEYNOTE-024, pembroli-
zumab, an αPD-1 therapy, was found to be 
superior to standard chemotherapy in treat- 
ing NSCLC with high PD-L1 expression [8]. 
Furthermore, radiotherapy can enhance the 
immunogenicity of tumors by promoting tumor 
cell death and the release of tumor antigens, 
which can serve as targets for immune cells, 
triggering anti-tumor immune responses. In 
addition to these advancements, several recent 
clinical trials have made notable contributions 
to the field. The “Pacific” trial, for example, 
investigated the efficacy of combining radio-
therapy with the PD-L1 antibody durvalumab in 
NSCLC patients. The results showed a signifi-
cant improvement in PFS compared to radio-
therapy alone, leading to the approval of dur-
valumab as a standard treatment for locally 
advanced NSCLC patients who are not eligible 
for surgical resection [9]. Another significant 
clinical trial, the “Keylynk” study, explored the 
combination of radiotherapy and the αPD-1 
antibody pembrolizumab as a treatment for 
advanced NSCLC patients. Preliminary results 
demonstrated substantial improvements in 
PFS and OS, providing important evidence  
for the further application of this treatment 
strategy [10]. Additionally, the “Keynote-799” 
trial assessed the efficacy of combining radio-
therapy with pembrolizumab on advanced 
NSCLC [11]. In conclusion, recent clinical trials 
such as “Pacific”, “Keylynk”, and “Keynote-799” 
have further validated the potential of com-
bined radiotherapy and immunotherapy in the 
treatment of lung cancer, offering new avenues 
for improving patient outcomes and revolution-
izing cancer treatment strategies.

The combination of αPD-1 immunotherapy  
and radiotherapy has emerged as an effective 
treatment for certain cancers. However, this 
treatment can induce lung injury as an adverse 
side effect [12]. The underlying mechanism is 
not fully understood, but it is thought to be 

related to the immune response elicited by  
the treatment, which can cause inflammation. 
Studies have suggested that IL-17A, a cytokine 
that promotes inflammation, may contribute to 
the development of lung injury induced by 
αPD-1 immunotherapy combined with radio-
therapy [13]. Abhishek et al. summarized in a 
review that IL-17A may enhance the infiltration 
of inflammatory cells and increase oxidative 
stress in lung tissue, resulting in lung injury 
[14]. Furthermore, IL-17A may impair the effica-
cy of αPD-1 immunotherapy, increasing the risk 
of tumor cells evading from immune surveil-
lance and causing lung injury. To mitigate the 
risk of lung injury, physicians are advised to 
closely monitor patients for signs of lung injury 
during treatment and adjust treatment proto-
cols as needed. In some cases, treatment may 
need to be temporarily or permanently discon-
tinued to prevent further lung damage.

The aim of this study is to investigate the role 
and mechanism of interleukin (IL)-17A in pre-
venting lung injury induced by deletion of the 
PD-1 gene and radiotherapy. IL-17A is a cyto-
kine that promotes inflammation and regulates 
immune cell function. High levels of IL-17A  
can cause inflammation and oxidative stress  
in lung tissue, leading to lung injury [15]. 
Additionally, IL-17A can reduce the effective-
ness of PD-1 immunotherapy and increase the 
ability of tumor cells to escape immune attack 
[16]. Therefore, understanding the role and 
mechanism of IL-17A in preventing lung injury 
induced by PD-1 immunotherapy and radiother-
apy is crucial for developing more effective pro-
tective measures.

Methods

Radiation schedule 

This study was approved by Harbin Medical 
University Cancer Hospital. 6 to 8-week-old 
female BALB/c mice, both wild-type (WT) and 
PD-1-/- mice models were purchased from 
Beijing Vitonglihua Experimental Animal Te- 
chnology Co., LTD. The mice were housed in a 
specific pathogen-free (SPF) facility. For the 
radiation exposure, were immobilized the mice 
on a linear accelerator (Xstrahl, UK) and 
scanned using cone-beam computed tomogra-
phy with the small animal radiation research 
platform (SARRP) under anesthesia (pento- 
barbital sodium, 30-90 mg/kg; i.p.). The CT 
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images were then used to develop a treatment 
plan using the Muriplan (Camberley, UK) treat-
ment planning system for contouring of the  
lung tissues. An eight-field conformal radiation 
therapy technique was used to treat both  
lungs, and the treatment plan was transferred 
to the treatment system. The mice underwent 
radiation therapy using a single high-dose frac-
tionation approach, with each fraction deliver-
ing 8 Gy, for a total of three fractions. Control 
mice were exposed to 0 Gy using the same  
procedure. WT and PD-1-/- mice were randomly 
divided into six groups after a 7-day adaptation 
period: (1) WT group; (2) WT_LIR + IgG group 
with bilateral lung irradiation of 8 Gy × 3  
under anesthesia; (3) PD-1-/- group; (4) PD-1-/-_
LIR + IgG group; (5) WT_LIR + αIL-17A group;  
(6) PD-1-/-_LIR + αIL-17A group. Additionally,  
WT mice and PD-1-/- mice were prepared to 
investigate the effects and mechanisms of 
IL-17A blockade in combination with αPD-1 
immunotherapy and radiation-induced lung 
injury. These mice were divided into six groups 
and their survival times were observed. 

The mice received intraperitoneal injections 
one day prior to irradiation and twice a week  
for four consecutive weeks. These injections 
included either 200 μg of immunoglobulin G 
(IgG) isotype or αIL-17A (Bio X Cell, clone:  
17F3, catalog number BP0173) dissolved in 
200 μl of physiological saline to maintain circu-
lating levels.

Histological analysis 

Mice were humanely euthanized using carbon 
dioxide (CO2) asphyxiation on days 7, 14, 28, 
and 56 following the initial exposure to irradia-
tion. The left lungs were fixed, embedded in 
paraffin, and sectioned for hematoxylin and 
eosin (HE) staining. The pathological grades of 

injury were assessed blindly by two indepen-
dent investigators using the criteria outlined in 
previous reports: 0 = no lung abnormality, 1 = 
inflammation involving less than 25% of the 
lung parenchyma, 2 = lesions involving 25-50% 
of the lung, 3 = lesions involving more than 
50% of the lung [17, 18]. The mean pathological 
grade for each mouse was determined from 
two sections. Histological analysis of the lungs 
was conducted as described [19].

RNA isolation and real-time polymerase chain 
reaction (PCR) 

Total RNA was extracted from the lung tissu- 
es using TRI Reagent® (Sigma, cat#T9424) fol-
lowing the manufacturer’s protocol. The cDNA 
was synthesized using High-Capacity cDNA 
Reverse Transcription Kit (Applied Biosyste- 
ms™, cat#4368814). The primer sequences 
are listed in Table 1. Quantification was per-
formed using SYBR™ Green PCR Master Mix 
(Applied Biosystems™, cat#4309155). Each 
sample was determined in triplicates. The rela-
tive mRNA levels were calculated based on 
β-actin according to the report. 

Cell preparation from lung organs 

The lungs of the mice were cut into small piec- 
es and digested in 1 mg/mL collagenase D 
(Roche, Basel, Switzerland) and 40 U/mL 
DNase I (Roche, Basel, Switzerland) for 30 min-
utes at 37°C while shaking. After digestion, 10 
mM EDTA was added to stop the enzymatic  
process. The lung and spleen tissues were trit-
urated and filtered through 70 μm cell strain-
ers. Erythrocytes were lysed in red blood cell 
lysing buffer (Sigma-Aldrich, St Louis, MO, USA).

The resulting single-cell suspensions were 
washed twice in phosphate-buffered saline 

Table 1. The sequence of primers
Gene Forward sequence (5’-3’) Reverse sequence (5’-3’)
IL-17A TCCCTCTGTGATCTGGGAAG AGCATCTTCTCGACCCTGAA
β-actin TCCTTCGTTGCCGGTCCACCA ACCAGCGCAGCGATATCGTCTC
IFN-γ AACGCTACACACTGCATCTTGGG GCCGTGGCAGTAACAGCCGCC
IL-6 GGCCCTTGCTTTCTCTTCG ATAATAAAGTTTTGATTATGT
IL-1β CACAGCAGCACATCAACAAG GTGCTCATGTCCTCATCCTG
RORγt CCTGGGCTCCTCGCCTGACC TCTCTCTGCCCTCAGCCTTGCC
TGF-β1 GGCCAGATCCTGTCCAAGC GTGGGTTTCCACCATTAGCAC
TNF-α GGTGCCTATGTCTCAGCCTCTT GCCATAGAACTGATGAGAGGGAG
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(PBS) and resuspended in fluorescence-acti-
vated cell sorting (FACS) buffer (PBS containing 
2% fetal bovine serum). Flow-cytometric analy-
ses of lung tissue were performed using spe-
cific antibodies against CD3 (labeled with CY7, 
clone: 17A2), CD8a (labeled with FITC, clone: 
YTS169.4), and CD4 (labeled with APC/CY5.5, 
clone: GK1.5), which were obtained from 
BioLegend. The samples were then analyzed 
using a CytoFLEX S flow cytometer from 
Beckman Coulter. The FACS results were ana-
lyzed using FlowJo software, version 10.4.0 
(RRID: SCR_008520).

Immunostaining

Lungs were cryopreserved and cut into 6  
μm thick sections. Frozen sections were fixed 
with 4% paraformaldehyde for 30 minutes. 
Staining was performed with IL17A (ab79056 
from abcam), anti-CD4 (GK1.5 from Thermo 
Scientific) and anti-CD8a (ab270926 from 
abcam). The stained slides were subsequen- 
tly imaged using an Applied biosystems 
microscope.

Gene Ontology (GO) and Kyoto Encyclopaedia 
of Genes and Genomes (KEGG) pathway en-
richment analyses

The GO and KEGG enrichment were performed 
on the Database for Metascape (https://
metascape.org). The KEGG enrichment analy-
sis reveals potential biological processes with 
critical targets. The bioinformatics platform 
(https://www.bioinformatics.com.cn/) was us- 
ed to generate the bubble chart of GO and 
KEGG enrichment analyses. 

Tumor infiltration analysis

Tumor Immune Estimation Resource (TIMER) 
database (https://cistrome.org/TIMER/) [20, 
21], a database of immune cells that infiltrate 
tumors, was used to investigate immune cell 
infiltration into tumors. The TIMER database 
uses TCGA data to analyze gene expression 
associations between cancer and immune infil-
tration. The correlation coefficients for gene 
expression were calculated with Spearman’s 
correlation and displayed as log2 RSEM. 

Statistical analysis

All analyses were performed using GraphPad 
Prism version 7.0 (RRID: SCR_002798). The 

unpaired two-tailed Student’s t-test was used 
for two-group comparison. One-way ANOVA  
with Dunnett (for comparing each group to con-
trol group) or Tukey (for comparisons between 
every two groups) was used to compare multi-
ple groups. Survival data were compared using 
the log-rank test. P < 0.05 was considered 
significant.

Results

Role of IL-17A in lung cancer revealed by KEGG 
pathway enrichment analysis and its signifi-
cant alteration post anti-PD-1 therapy

According to an extensive literature review con-
ducted by Abhishek et al. [14], a total of 34 
genes related to Immunogenic Cell Death (ICD) 
were identified and filtered. These genes, 
including ATG5, BAX, CALR, CASP1, CASP8, 
CD4, CD8A, CD8B, CXCR3, EIF2AK3, ENTPD1, 
FOXP3, HMGB1, HSP90AA1, IFNA1, IFNB1, 
IFNG, IFNGR1, IL10, IL17A, IL17, RAIL1B, IL1R1, 
IL6, LY96, MYD88, NLRP3, NT5E, P2RX7, 
PDIA3, PIK3CA, PRF1, TLR4, and TNF, were 
analyzed using bioinformatics tools and 
Metascape, including the Kyoto Encyclopedia 
of Genes and Genome (KEGG), pinpointing 
IL-17A pathway as a critical component in lung 
cancer, particularly in lung adenocarcinoma 
(LUAD) samples from The Cancer Genome Atlas 
(TCGA) database (Figure 1) [22].

The absence of PD-1 exacerbated acute radia-
tion-induced lung injury (RILI). We subjected  
the thoracic area of WT or PD-1-/- mice to 8  
Gy × 3 irradiation treatment (Figure 2A). The 
irradiated mice were monitored for 56 days. 
Histopathological evaluation of lung tissue 
damage post irradiation showed a time-depen-
dent increase in tissue injury. On day 14, obser-
vations included alveolar collapse, lung capil-
lary hyperemia, hemorrhage, and inflammatory 
exudate (Figure 2B). The percentage of pulmo-
nary inflammatory lesions was calculated, and 
histological scoring criteria for RILI were used 
[23]. RILI histological score was higher in the 
irradiated mice compared to those treated with 
irradiation plus isotype (Table 2). Inflammatory 
cell infiltration increased on days 14 and 28 
post-irradiation, along with thickened alveolar 
septum, with PD-1-/- mice exhibiting a more 
severe response (Figure 2B).

Based on H&E staining (Figure 2B) and lung 
inflammation score results (Table 2), treatment 
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Figure 1. Pathway analysis of 34 ICD-related genes in cancer patients. A. Functional network analysis conducted using GeNet reveals several distinct communities. 
B. Gene Ontology (GO) processes enriched analysis. C. GO terms enriched using the ClueGO Cytoscape plug-in. The above results were analyzed using Metascape. 
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with αIL-17A effectively mitigated the severity of 
mouse lung inflammation. Pathological chang-
es in lung tissues were significantly reduced in 

the PD-1-/-_LIR + αIL-17A group at 4 weeks, with 
only mild thickening of alveolar septa and 
destruction of alveolar structures observed. 

Figure 2. Scheme for treatments and analyses of the animal model. A. Illustration depicting the treatment scheme 
and experimental setup for the animal model. The mice received a total of 8 Gy × 3 irradiation focused on the 
thoracic area. The treatment involved a combination of radiotherapy and αIL-17A administration. Analyses were 
performed at specified time points post-irradiation to evaluate lung tissue changes and immune responses. B. 
Pathological changes in Lung. Tissue in different groups post-radiotherapy (H&E Staining, 20 × Magnification).
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Notably, lung inflammation in the PD-1-/-_LIR + 
αIL-17A group was significantly alleviated com-
pared to that in the PD-1-/-_LIR + IgG group.

Subsequently, we used qPCR and immunofluo-
rescence to detect the expression of IL-17A in 
mouse lung tissue after irradiation. qPCR 
results indicated a significant increase in IL- 
17A expression after irradiation, with higher 
expression levels observed in the PD-1-/- group 
compared to the WT group (Figure 3).

These findings suggest that the loss of the  
PD-1 gene leads to an increase in IL-17A expres-
sion, emphasizing the critical role of KEGG and 
other methods in filtering out the IL17A path-
way. Additionally, the results hint at the exacer-
bated acute RILI experienced by PD-1-/- mice 
and the significant alleviation provided by αIL-
17A treatment.

Analysis of immune-related factors, cell infiltra-
tion in mouse lung tissue post-radiotherapy

IL-17A is a potent stimulant that triggers vari- 
ous cell types to product pro-inflammatory  
cytokines and attracts T cells, notably CD4+ 
and CD8+ T cells, thereby establishing an IL- 
17A-driven cytokine network that actively par-
ticipates in inflammation [12, 15]. In this  
study, we employed the TIMER database to 
compute the Spearman correlation between 
the expression of CD4+ and CD8+ T cell infiltra-
tion. The results revealed a non-significant (P > 
0.05) infiltration of CD4+ and CD8+ T immune 
cells in lung cancers (Figure 4A).

Subsequently, we evaluated the levels of in- 
flammatory cytokines and associated T cells. 

Firstly, we investigated the infiltration of CD4+ 
and CD8+ T cells in mouse lung tissue at 2 
weeks post-radiotherapy using immunofluores-
cence (Figure 4B) and flow cytometry (Figure 
4C). In unirradiated mice, there was no signifi-
cant difference in the total number of CD8+ or 
CD4+ T cells in lung tissue between the WT  
and PD-1-/- mice (Figure 4B). However, follow- 
ing radiation treatment, there was a significant 
increase in the total number of CD8+ or CD4+ T 
cells in the lung tissue of both WT and PD-1-/- 
mice, with a more pronounced infiltration in 
PD-1-/- mice (Figure 4B, 4C). Moreover, flow 
cytometry analysis demonstrated a significant 
difference in CD4+ or CD8+ T cells between 
untreated mice and the other groups (Figure 
4C). Our results indicate that radiation therapy 
induces the secretion of substantial amounts 
of inflammatory cytokines and chemokines in 
mouse lung tissue, leading to the recruitment 
of a considerable proportion of CD8+ or CD4+ T 
cells.

We further examined the expression of inflam-
mation-related factors in lung tissue post-irra-
diation. Through qPCR, we observed an upregu-
lation of inflammatory cytokines and chemo-
kines, including IFN-γ, TNF-α, IL-6, RORγt, TGF-
β1, and IL-17A. Interestingly, this upregulation 
was more pronounced in PD-1-/- mice than in 
the WT group (Figure 5).

Furthermore, we investigated the expression  
of inflammation-related factors in lung tissue 
after irradiation under the influence of αIL-17A. 
Employing qPCR, we observed a decrease in 
the expression of inflammatory cytokines  
and chemokines, including IFN-γ, TNF-α, IL-6, 
RORγt, TGF-β1, and IL-17A (Figure 5). Moreover, 
αIL-17A significantly reduced the infiltration of 
CD8+ or CD4+ T cells in the lung tissue of WT 
and PD-1-/- mice after radiation treatment 
(Figure 4B). Flow cytometry analysis also indi-
cated a reduction in the percentage of CD8+ or 
CD4+ T cells in PD-1-/-_LIR + αIL-17A mice (Figure 
4C).

Mouse survival curves indicated no significant 
difference in survival between WT mice and 
PD-1-/- mice. However, following radiation thera-
py, the PD-1-/- mice exhibited a significantly 
reduced survival rate. The addition of αIL-17A 
treatment improved survival, with the survival 
rate increasing from 0% in the isotype control 
group to 60% (P = 0.011; Figure 6). This further 

Table 2. Comparison of the degree of radiation-
induced lung injury in each group after IL-17A 
antibody according to Szapiel scoring system 
(4W)

Group N
Szapiel scoring system
0 I II III

WT 20 20 0 0 0
PD-1-/- 20 18 2 0 0
WT_LIR + IgG 20 0 6 10 4
PD-1-/-_LIR + IgG* 20 0 4 4 12
WT_LIR + αIL-17A 20 0 10 8 2
PD-1-/-_LIR + αIL-17A** 20 0 8 8 4
*P < 0.05 PD-1-/-_LIR + IgG vs WT_LIR + IgG; **P < 0.05 
PD-1-/-_LIR + αIL-17A vs PD-1-/-_LIR + IgG.
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underscores the significant positive impact  
of αIL-17A treatment on mouse survival. Our 
study also revealed that although at the initial 
stages, there was no significant difference in 
survival rates between WT mice and PD-1-/- 
mice, after radiation therapy, PD-1-/- mice dis-
played a significantly decreased survival rate. 
This finding emphasizes the sensitivity of  
PD-1-/- mice to radiation therapy and confirms 
the significant role of αIL-17A treatment in 
improving mouse survival. In summary, our 
experiments demonstrate that αIL-17A can 
inhibit the secretion of inflammatory cytokines 
and chemokines, as well as the infiltration of 
CD8+ or CD4+ T cells in mouse lung tissue 
induced by radiation therapy combined with 
αPD-1.

Discussion

In this study, we aimed to investigate the safety 
of concurrent radiotherapy (RT) and αPD-1 
immunotherapy using a radiation-induced lung 
injury (RILI) mouse model. Our results indicate 
that concomitant RT in the absence of PD-1 
aggravates the severity of RILI. Further analysis 
revealed that the combination of αPD-1 anti-
body and RT resulted in a significant increase  
in IL-17A expression, which exacerbated acute 
RILI. However, RILI was reduced when αIL-17A 
was used. While immune checkpoint inhibitors 
have been approved for lung cancer treatment, 
their combination with radiotherapy and immu-
notherapy may result in worsened lung injury 
after radiotherapy. In our study, we examined 
the effect of combined chest radiotherapy and 

Figure 3. Changes in IL-17A immunofluorescence and mRNA expression levels in mouse lung tissue after radiother-
apy. A. Differential heatmap of gene expression for various immune-related genes at weeks 2 and 4 post-radiation 
in PD-1-/- group compared to WT group. B. Immunofluorescence was used to detect changes in IL-17A expression in 
PD-1 deficient and WT mice at baseline, 2 weeks post-radiotherapy, and 4 weeks post-radiotherapy. Right: Changes 
in IL-17A mRNA expression levels in mouse lung tissue following radiotherapy. Fold change data are presented as 
mean ± SEM. P values (ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001) were deter-
mined by two-tailed t-test.
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αIL-17A therapy to understand how this combi-
nation affects non-malignant lung tissue.

RILI is characterized by the destruction of lung 
structures and a sequence of inflammatory 

Figure 4. Changes in CD4 and CD8 immune-related cells in mouse lung tissue. A. TIMER based spearman correla-
tional analysis between the expression of IL17A genes, CD8+ and CD4+ T immune cell infiltration. B. Immunofluo-
rescence was used to measure the expression changes of CD4+ and CD8+ T cells in each group at 2 weeks after 
radiotherapy. C. Flow cytometry was used to measure the percents of CD4+ or CD8+ cells in mouse lung tissue. Fold 
change data are presented as mean ± SEM. P values (ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001) were determined by one-way ANOVA.

Figure 5. Changes in immune-related factors in mouse lung tissue after RILI. qPCR was used to measure the chang-
es in immune-related factors in mouse lung tissue at 2/4 weeks after radiotherapy. Fold change data are presented 
as mean ± SEM. P values (ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001) were deter-
mined by one-way ANOVA.
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events that involve the recruitment of diverse 
immune cells and a continuous cascade of 
cytokines and chemokines [24]. In accordance 
with prior studies, leukocytes were observed to 
infiltrate the lungs in a time-dependent manner 
after irradiation, likely in response to acute 
radiation-induced effects such as DNA dam-
age, reactive oxygen species (ROS) generation, 
and apoptosis [15, 24]. In the presence of 
αPD-1 antibodies or PD-1-/-, radiation-induced 
inflammatory cell infiltration in the lung tissue 
was increased, leading to worsened histopath-
ological changes.

PD-1 deficiency leads to reduced T cell prolifer-
ation, production of IFN, TNF, IL-2, and impaired 
T cell survival. PD-1 expression serves as a 
marker of “exhausted” T cells, a condition often 
triggered by high levels of stimulation or 
reduced CD4+ T cell help [25]. This exhaustion 
occurs in chronic infections and cancer, result-
ing in suboptimal control of infections and 
tumors. Within the tumor microenvironment 
(TME), tumor cells expressing PD-L1 promote  
T cell apoptosis and weaken the immune sys-
tem’s ability to eliminate tumor cells. PD-1 
knockout mice exhibit autoimmunity due to  
the breakdown of peripheral tolerance [26, 27]. 
RT has been demonstrated to enhance antitu-
mor immune responses by altering tumor phe-
notypes, rendering them more susceptible to 
cytotoxic T lymphocyte (CTL) killing [28]. 
However, the activity of CTLs can be limited by 
suppressive regulatory T cells (Tregs). The 
direct effects of radiation on Treg biology 
remain controversial. Hence, the blockade of 
IL-17A is currently undergoing testing in both 
preclinical and clinical settings. Recent studies 
have demonstrated that the combined treat-

IL-17A stimulates various cell types to produce 
pro-inflammatory cytokines, such as IL-1, IL-6, 
IL-8, IL-10, IL-12, and TNF-α, creating an IL- 
17A-based cytokine network to participate in 
inflammation [12, 15]. These cytokines recruit 
immune cells such as lymphocytes and neutro-
phils, promoting fibroblast activation and colla-
gen synthesis, ultimately leading to fibrosis. 
Th17 cells are associated with radiation-
induced lung fibrosis in mouse models, and 
IL-17 plays a crucial role in radiation-induced 
lung injury [13]. During pneumonia, TH1-type 
pro-inflammatory cytokines are secreted dur- 
ing the early stage, and both TH1 and TH17 
cells participate in the pro-inflammatory 
response [30, 31]. αIL-17A can significantly 
reduce radiation-induced pulmonary fibrosis 
and increase the survival period of irradiated 
mice by modulating cytokines IL-6 and TGF-β 
[32, 33]. 

In our study, we found that concurrent deletion 
of the PD-1 gene led to an increase in the infil-
tration of IL-17A-producing CD4+ and CD8+ T 
cells in irradiated lungs at days 14 after irradia-
tion. The levels of IL-17A in the PD-1-/- + LIR 
group gradually increased, peaking at day 14 
post-irradiation and remaining high at day 28 
post-irradiation. IL-17A plays a critical role in 
attracting myeloid cells, such as neutrophils, to 
the injured tissue. Deletion of the PD-1 gene 
significantly increased the number of neutro-
phils in lung tissue at day 14 and day 28 after 
irradiation.

In summary, our study suggests that the con-
current administration of αPD-1 treatment and 
irradiation can lead to an increase in the infil-
tration of IL-17A-producing cells in lung tissue 

Figure 6. Survival curve of mice. Survival status of mice in each group after 
radiotherapy, with 10 mice in each group. P values (ns, not significant; *P 
< 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001) were determined by 
log-rank test.

ment involving IL-17A block-
ade, along with anti-PD-1 
blockade, has resulted in a 
significant reduction in the 
proliferation of CD4+ and  
CD8+ T cells in the context of 
cancer as well as lung archi-
tecture [13, 29]. Our findings 
indicate that exposure to ion-
izing radiation results in an 
increased proportion of CD8+ 
and CD4+ T cells in lung tis-
sue. Therefore, further investi-
gation on the effect of IL-17A 
blockade on tumors is urgent-
ly needed.
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and an increase in neutrophil recruitment, 
which may contribute to lung injury. However, in 
this study, we only performed in vivo experi-
ments in mice and the mechanism still war-
rants further research. In the future, more clini-
cal study will be considered.
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