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Abstract
Background  Observational studies and experimental evidence have shown that chemokines play important roles 
in lung cancer development, progression, and treatment. However, few studies have examined the causal association 
between them.

Methods  Summary data of chemokines and lung cancer were obtained from genome-wide association studies. 
Mendelian randomization (MR) analyses were performed by five methods, Inverse variance weighted (IVW), Weighted 
median estimation, MR-Egger, Simple mode and Weighted, with IVW as the primary analysis method. Sensitivity 
analysis was used to assess the reliability of the MR results. Multivariate Mendelian randomization studies were used 
to infer whether causality was influenced by potential mediators. The expression levels of CCL21 were analyzed by 
quantitative real-time PCR.

Results  We found that CCL21 was negatively associated with lung adenocarcinoma risk. CCL25 was positively 
associated with lung squamous cell carcinoma risk. CCL5 was negatively associated with small cell lung cancer 
risk. CCL21, CCL24, CCL27, and CCL28 was positively associated with small cell lung cancer risk. After multivariate 
Mendelian randomization adjustment for smoking behavior, it was found that the effect of CCL25 on lung squamous 
cell cancer disappeared, and the effect of CCL21 on small cell lung cancer was quite opposite to the univariate. The 
receiver operating characteristic curve indicated that chemokines had high accuracy in the diagnosis of lung cancer. 
CCL21 expression levels showed large differences in lung adenocarcinoma cells.

Conclusion  These results highlighted the causal effects of chemokines on lung cancer and suggested a mediating 
role of smoking behavior in the association between chemokines and lung cancer.
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Introduction
Lung cancer (LC) is one of the most common malig-
nancies in the world and has become one of the leading 
causes of malignant death annually worldwide [1–3]. 
Statistics show that in 2020, there were about 2.2  mil-
lion new cases of LC and about 1.8 million deaths world-
wide, and its incidence and mortality rates rank first in 
the world [4]. Smoking remains the major risk factor 
for LC, and other non-tobacco factors include occupa-
tional exposure, air pollution, chronic lung disease, and 
infection [5]. While the evidence for a causal effect of 
inflammatory carcinogenesis remains limited [6, 7]. To 
prevent the incidence of LC and find potential therapeu-
tic targets, we need a better understanding of the role of 
inflammatory biomarkers in LC.

Chronic inflammation may play an important role 
in the occurrence, development, and prognosis of LC 
[8], in which chemokines may regulate the migration of 
immune cells to tumor cells. Studies have shown that 
some important chemokines can be used not only as 
prognostic biomarkers for LC, but also as modulators 
in cancer immunotherapy [9, 10]. However, traditional 
observational studies are susceptible to reverse causa-
tion and confounding factors [11]. Analysis of chemokine 
expression levels and prognosis of chemokines using bio-
informatics tools may lead to inconsistent results. There-
fore, a complete understanding of the causal association 
between chemokines and LC remains a challenge.

Mendelian randomization (MR) uses genetic variation 
as an instrumental variable to infer causal association 
between exposure and outcome, where genetic varia-
tion and outcome are unaffected by confounding factors, 
as a novel research method to infer causal association 
between chemokines and LC [12, 13]. In this study, we 
performed univariate and multivariate MR analyses using 
summary statistics from genome-wide association stud-
ies (GWAS) to investigate the risk effects of chemokines 
on LC and histological subtypes, further providing more 
robust evidence of the potential role of chemokines in LC 
development.

Method
Research design
In this study, we used GWAS-derived chemokines as 
instrumental variables (IVs) to investigate the causal 
effects of chemokines on LC using two-sample MR [14]. 
The positive results were validated with additional LC 
samples. Subsequently, the effect of chemokines medi-
ated by smoking behavior (including ever smoker, cur-
rent cigarette smokers, light smokers, cigarettes smoked 

per day) on LC was assessed. Finally, it predicted the 
accuracy of the discovered chemokines to diagnose LC. A 
graphical overview of the study design is shown in Fig. 1.

Data sources and instrumental variables
IVs for chemokines were determined from public GWAS 
summary statistics and did not require individual-level 
data [15]. After literature search and GWAS database 
screening, we identified 38 chemokines. GWAS summary 
data for LC were obtained from UK Biobank, Transdis-
ciplinary Research in Cancer of the Lung (TRICL) and 
International Lung Cancer Consortium (ILCCO) [16]. 
All participants were of European descent. Association 
analyses were performed for lung cancer (2671 cases, 
372016 controls), lung adenocarcinoma (LUAD) (3442 
cases, 14894 controls), lung squamous cell carcinoma 
(LUSC) (3275 cases, 15038 controls), and small cell lung 
cancer (SCLC) (2791 cases, 20580 controls). Validation 
analyses were performed in another dataset, including 
lung cancer (11348 cases, 15861 controls), lung adeno-
carcinoma (11245 cases, 54619 controls), lung squamous 
cell carcinoma (7704 cases, 54763 controls), and small 
cell lung cancer (179 cases, 174006 controls). The TCGA-
LUAD and TCGA-LUSC datasets were downloaded from 
the UCSC Xena database (https://xena.ucsc.edu), and 
the expression matrix of the GSE149507 small cell lung 
cancer dataset was downloaded from the GEO website 
(https:/​/www.nc​bi.nlm.​nih.​gov/geo/).

Genome-wide single-nucleotide polymorphisms 
(SNPs) associated with chemokines were generated from 
the full-site significance threshold P < 1.0 × 10− 8 [14, 17]. 
However, CCL1, CCL13, CCL20, CXCL9, CXCL10, 
CCL13, and CXCL14 had no associated SNPs, so the 
threshold P < 5.0 × 10− 6 was chosen. The following qual-
ity control steps were used to select SNPs to ensure the 
stability and accuracy of the causal association results 
between chemokines and LC risk. (1) Excluding SNPs 
with allelic inconsistency between the exposure and 
outcome samples (such as A / C); (2) Removing palin-
dromic SNPs; (3) Eliminating SNPs causing linkage dis-
equilibrium by employing the PLINK clumping method 
(r2 < 0.001 and clump window = 10,000 kb); (4) Removing 
SNPs with minor allele frequency (MAF) < 0.01; (5) Using 
the PhenoScanners V2 database (phenoscanner.medschl.
cam.ac.uk) [18], removal of mixed exposure and outcome 
related SNPs, such as two SNPs-rs508977 and rs1973612 
of growth-regulated protein alpha levels were associated 
with exposure, thus excluding growth-regulated protein 
alpha levels. Abnormal SNPs were detected using MR-
pleiotropy residual sum and outlier (MR-PRESSO) and 
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pleiotropy was eliminated by removing outliers, followed 
by MR analysis after removing SNPs with pleiotropy. The 
R2 and F statistics were used to assess weak instrumen-
tal deviation [19], and the F statistic was calculated using 
this formula: R2 (n-k-1) / k (1-R2). Where n represents 
the number of samples, k represents the number of IVs, 
and R2 represents the variance explained by the IVs.

MR analysis
In this study, five methods, random or fixed effects 
inverse variance weighted (IVW) [20], weighted median 
estimation (WME) [20], MR-Egger [12], Simple mode 
(SM) [21], and Weighted mode (WM) [21], were used 
to verify whether there is a causal association between 

chemokines and lung cancer. IVW method, which uses 
the Wald ratio method for the association of individual 
SNP followed by meta-aggregation of multiple locus 
effects using a choice of fixed or random effects models, 
is able to provide the most accurate estimates of effects 
[20]. The premise of the WME method is to give an accu-
rate assessment based on the assumption that at least 
50% of IVs are valid [20]. MR-Egger method takes into 
account the presence of an intercept term that detects 
and adjusts for horizontal pleiotropy, and if horizontal 
pleiotropy is not present, then MR-Egger regression and 
IVW results are essentially identical [22]. SM and WM 
methods are also two important statistics in MR analysis. 

Fig. 1  A graphical overview of the study design
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In this study, the IVW method was used as the main 
method, and other methods were used as supplements.

Sensitivity analysis
To further test the accuracy and stability of the findings, 
we performed sensitivity analysis using heterogeneity 
test, horizontal multiple validity test, and leave-one-out 
method. Cochrane’s Q test was used to assess the het-
erogeneity of each chemokine-associated SNPs; if het-
erogeneity existed (P < 0.05), a randomized IVW method 
was used; if heterogeneity did not exist (P > 0.05), a fixed 
IVW method was used. The MR-Egger method means 
that when the intercept term is very different from 0, it 
indicates the presence of horizontal pleiotropy, in which 
case it is necessary to eliminate the horizontal pleiotropy 
by removing the abnormal SNPs with MR-PRESSO and 
re-performing the MR analysis [23, 24]. The leave-one-
out method was used to assess whether MR causality was 
driven by a single SNP. To avoid false positive results, the 
false discovery rate (FDR) adjusted p-value in the main 
analysis was calculated using the fdrtool package [25]. 
Reverse MR analysis of chemokines causally related to 
LC in the forward MR analysis. Considering that smok-
ing is a risk factor for LC, we performed a multivariate 
Mendelian randomization (MVMR) analysis to estimate 
the effect of each chemokine on LC after adjusting for 
smoking status. Further predicting the accuracy of the 
discovered chemokines to diagnose LC, we performed 
sensitivity and specificity analysis using expression matri-
ces from the TCGA and GEO data.

Lung adenocarcinoma cell lines
HBE, A549, H1299, H1975, and PC9 cell lines were 
acquired from the China Cell Resource Center (Shang-
hai, China). The cells were cultured in RPMI 1640 (Solar-
bio) supplemented with 10% fetal bovine serum (Procell). 
The cells were then incubated in a humidified incubator 
(Thermo Scientific, China) with 5% CO2 at 37 °C.

RNA extraction and quantitative real-time PCR (qRT-PCR) 
assay
RNA extraction from cells was performed using the 
TRIzol reagent (Vazyme). The cDNA was synthesized 
using the Hifair® III 1st Strand cDNA Synthesis SuperMix 
for qPCR (gDNA digester plus) (Yeasen Biotechnology, 
Shanghai, China). The quantitative real time PCR was 
carried out with Hieff®qPCR SYBR Green Master Mix 
(High Rox Plus) (Yeasen Biotechnology, Shanghai, China) 
in the StepOne Plus Real-Time PCR System (Applied Bio-
systems). The relative expression levels of CCL21 mRNA 
were normalized to GAPDH as endogenous control 
respectively by using the 2−△△ct method. The primer 
sequences were as follows: CCL21: F: 5ʹ- ​G​T​T​G​C​C​T​C​A​
A​G​T​A​C​A​G​C​C​A​A​A-3ʹ, R: 5ʹ- ​A​G​A​A​C​A​G​G​A​T​A​G​C​T​G​G​
G​A​T​G​G-3ʹ; GAPDH: F: 5ʹ-​T​C​A​T​T​T​C​C​T​G​G​T​A​T​G​A​C​A​
A​C​G​A-3ʹ, R: 5ʹ-​G​T​C​T​T​A​C​T​C​C​T​T​G​G​A​G​G​C​C-3ʹ.

Statistical analysis
All MR statistical analyses were performed using the 
R software (version 4.2.0). MR analysis was performed 
using the TwosampleMR (version 0.5.7) and MR-
PRESSO (version 3.6.0) R packages. The code used to 
perform all the analysis steps can be found in the online 
GitHub repository ​(​​​h​t​​t​p​s​​:​/​/​g​​i​t​​h​u​b​.​c​o​m​/​j​m​z​e​n​g​1​3​1​4​/​G​E​
O​​​​​)​. The receiver operating characteristic (ROC) analysis 
of the data was performed using pROC [1.18.0], and the 
results were visualized with ggplot2 [3.3.6]. Dunnett’s test 
in Ordinary one-way ANOVA to compare differences 
between multiple groups.

Results
Characteristics of the SNPs used for the analysis
Table 1 showed the source of the GWAS outcome data. 
Each SNP extracted from the different chemokines and 
its F statistic and R2 are shown in Supplementary file 
Table S1. There were 173 SNPs in chemokine-LC, 149 
chemokine-LUAD, 153 chemokine-LUSC, and 167 SNPs 
in chemokine-SCLC. The F-statistics ranged from 21 to 
1484 and represent strong tools in MR analysis.

Table 1  Characteristics of lung cancer in UK Biobank and lung cancer consortium
test set GWAS ID Consortium Cases/control Population
Lung cancer ieu-b-4954 UK Biobank 2671/372,016 European
Lung adenocarcinoma ieu-a-965 ILCCO 3442/14,894 European
Lung squamous cell carcinoma ieu-a-967 ILCCO 3275/15,038 European
Small cell lung cancer ieu-a-988 TRICL 2791/20,580 European
validation set
Lung cancer ieu-a-966 ILCCO 11,348/15,861 European
Lung adenocarcinoma ieu-a-984 TRICL 11,245/54,619 European
Lung squamous cell carcinoma ieu-a-989 TRICL 7704/54,763 European
Small cell lung cancer finn-b-C3_SCLC_EXALLC NA 179/174,006 European
ILCCO: International Lung Cancer Consortium, TRICL: Transdisciplinary Research in Cancer of the Lung
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Univariable MR analysis
The results of assessing the effect of chemokines on LC 
risk using methods such as Wald ratio or IVW analysis 
are shown in Fig. 2 and Supplementary file Table S2. After 
FDR correction, the test set showed CCL1[OR = 1.001, 
95%CI (1.000,1.002), P = 0.015] was positively associated 
with LC risk, CCL15[OR = 0.999, 95%CI (0.998,1.000), 
P = 0.014] was negatively associated with LC risk, and 
CCL21[OR = 0.999, 95%CI (0.998,1.000), P = 0.014] was 
negatively associated with LC risk. However, the valida-
tion set did not find any statistical evidence that CCL1, 
CCL15, and CCL21 were associated with LC risk. In 

addition, the forest plot showed that CXCL13[OR = 1.003, 
95%CI (1.001, 1.005), P = 0.008] was positively associ-
ated with LC risk. Although there was no heterogeneity 
by Cochran’s Q test (Supplementary file Table S3), sig-
nificant horizontal pleiotropy was found by MR-Egger 
regression intercept analysis (Supplementary file Table 
S4). Thus, there is insufficient evidence for a causal 
association.

IVW results showed that CCL21[OR = 0.801, 95%CI 
(0.686, 0.935), P = 0.005] was negatively associated 
with LUAD risk, but positively associated with SCLC 
risk [OR = 5.346, 95%CI (1.005, 28.450), P = 0.009]. 

Fig. 2  Mendelian analysis of chemokines on lung cancer risk
OR: Odds Ratio, CI: Confidence Interval

 



Page 6 of 10Wang et al. Journal of Cardiothoracic Surgery          (2024) 19:627 

CCL25[OR = 1.145, 95%CI (1.021, 1.283), P = 0.007] was 
positively associated with LUSC risk. CCL5[OR = 0.237, 
95%CI (0.080, 0.704), P = 0.005] was negatively associ-
ated with SCLC risk. CCL24[OR = 1.262, 95%CI (1.002, 
1.591), P = 0.008], CCL27[OR = 2.647, 95%CI (1.040, 
6.740), P = 0.008] and CCL28[OR = 2.02, 95%CI (1.046, 
3.903), P = 0.008] were positively associated with SCLC 
risk. Similar results were obtained in the validation set. 
The Cochran’s Q test results indicated that none of these 
chemokines were heterogeneous (Supplementary file 
Table S3). The results of MR-Egger regression intercept 
analysis indicated that there was no significant horizontal 
pleiotropy was present (Supplementary file Table S4). No 
horizontal pleiotropy was found by MR-PRESSO analysis 
(global test p > 0.05, Supplementary file Table S4, S5).

Reverse MR analysis
The reverse MR analysis showed that LC and histological 
subtypes had no significant causal association with the 
above six chemokines (Table  2). No heterogeneity was 

detected by the Cochran’s Q test analysis (Supplementary 
file Table S6). The results of MR-Egger regression inter-
cept and MR-PRESSO analysis indicated that there was 
no horizontal pleiotropy (Supplementary file Table S7, 
S8).

Multivariable MR analysis
Since smoking was a high risk factor for LC, we further 
analyzed the effects of ever smoker, current cigarette 
smokers, light smokers and cigarettes smoked per day 
on LC by MVMR (Table  3, Supplementary file Table 
S9). After adjustment for cigarettes smoked per day 
[OR = 2.412, 95%CI (1.743, 3.337), P = 1.094E-07], CCL21 
remained protective against this LUAD with the smok-
ing status adjustment [OR = 0.799, 95%CI (0.657, 0.971), 
P = 0.024]. After adjusting for four smoking statuses, the 
risk of LUSC by CCL25 was found to disappear, suggest-
ing that the increased risk of LUSC by CCL25 is likely 
to be mediated by smoking. CCL5, CCL24, CCL27, 
and CCL28 for the risk of SCLC had similar results to 

Table 2  Full result of MR estimates for the association between lung cancer and chemokines
Exposure Outcome Method No.of snp OR (95% CI) P-value
Lung adenocarcinoma CCL21 IVW 2 0.976 (0.792–1.204) 0.822
Lung squamous cell carcinoma CCL25 MR Egger 4 1.024 (0.620–1.692) 0.933

WME 0.950 (0.823–1.095) 0.478
IVW 0.995 (0.858–1.153) 0.947
SM 0.944 (0.771–1.156) 0.614
WM 0.946 (0.801–1.117) 0.560

Small cell lung cancer CCL5 MR Egger 10 1.054 (0.986–1.126) 0.162
WME 1.019 (0.986–1.054) 0.265
IVW 1.020 (0.993–1.049) 0.154
SM 1.009 (0.957–1.064) 0.740
WM 1.015 (0.963–1.069) 0.596

CCL21 MR Egger 10 0.991 (0.917–1.071) 0.830
WME 0.964 (0.924–1.005) 0.081
IVW 0.973 (0.944–1.004) 0.086
SM 0.939 (0.869–1.013) 0.140
WM 0.940 (0.865–1.021) 0.176

CCL24 MR Egger 9 1.064 (0.908–1.246) 0.467
WME 1.033 (0.966–1.104) 0.343
IVW 1.020 (0.968–1.075) 0.455
SM 1.048 (0.954–1.151) 0.358
WM 1.042 (0.961–1.130) 0.344

CCL27 MR Egger 10 1.066 (0.997–1.139) 0.097
WME 1.039 (0.998–1.081) 0.066
IVW 1.021 (0.993–1.050) 0.143
SM 1.052 (0.988–1.120) 0.146
WM 1.051 (0.992–1.112) 0.124

CCL28 MR Egger 10 0.972 (0.910–1.039) 0.428
WME 0.988 (0.955–1.023) 0.504
IVW 0.988 (0.961–1.016) 0.392
SM 1.005 (0.952–1.061) 0.856
WM 0.989 (0.943–1.037) 0.668

snp: single-nucleotide polymorphism, OR: Odds Ratio, CI: Confidence Interval
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the univariate MR analysis. After adjusting for current 
cigarette smokers, CCL21[OR = 34.858, 95%CI (17.093, 
71.085), P = 1.550E-22] on the risk of SCLC [OR = 0.807, 
95%CI (0.681, 0.957), P = 0.013] was contrary to the uni-
variate results [OR = 34.858, 95%CI (17.093, 71.085), 
P = 1.550E-22] in contrast, suggesting that smoking most 
likely as a mediator to regulate the effect of CCL21 on 
SCLC.

The diagnostic performance of the chemokines and 
expression levels of CCL21
We further explored the accuracy of the discovered 
chemokines in diagnosing LC using ROC curves. The 
results are shown in Fig. 3, The area under curve (AUC) 
of CCL21 predicted LUAD is 0.754 (CI: 0.694–0.813) 
(Fig.  3a), CCL25 predicted that the AUC of LUSC is 
0.777 (CI: 0.720–0.835) (Fig. 3b), the AUC of CCL5 pre-
dicted SCLC is 0.769 (CI: 0.584–0.953) (Fig. 3c), the AUC 
of SCLC predicted by CC21 is 0.836 (CI: 0.709–0.964) 
(Fig.  3d), CCL24 predicted that the AUC of SCLC is 
0.596 (CI: 0.404–0.787) (Fig. 3e), that the AUC of SCLC 
for CC27 is 0.682 (CI: 0.494–0.870) (Fig.  3f ), the AUC 
of SCLC predicted by CC28 is 0.722 (CI: 0.547–0.898) 

(Fig. 3g). The above results indicated the high diagnostic 
performance of the discovered chemokines for the corre-
sponding outcome. The qRT-PCR indicated that CCL21 
expression was lower in A549 and PC9 cells and higher 
in H1299 and H1975 cells (Fig.  3h), demonstrating the 
specificity of CCL21 expression levels in lung adenocar-
cinoma cells.

Discussion
As investigated, this is the first MR study to explore 
whether chemokines are causally associated with LC 
at the gene level. While randomized controlled trials 
(RCTs) can provide the most convincing evidence, they 
involve many ethical issues and are costly. For observa-
tional studies, although these results are observational 
studies freely adjusted for other relevant variables, some 
insignificant bias will be overlooked. Thus, the results 
provided by MR are the most convincing. To minimize 
bias such as reverse and confounders resulting from 
the MR hypothesis, we performed a series of sensitivity 
analyses. And multivariate MR was performed to adjust 
for smoking. In the study, the relevant SNPs exposed to 
growth-regulated protein alpha levels were all related to 

Table 3  The effect of smoking status on chemokines
Outcome Exposure method OR (95%CI) P-value
Lung
adenocarcinoma

CCL21 MVMR adjusted for ever smoker 0.818 (0.679–0.985) 0.034
MVMR adjusted for current cigarette smokers 0.795 (0.542–1.166) 0.240
MVMR adjusted for light smokers 0.829 (0.478–1.437) 0.504
MVMR adjusted for cigarettes smoked per day 0.799 (0.657–0.971) 0.024

Lung squamous
cell carcinoma

CCL25 MVMR adjusted for ever smoker 1.127 (0.996–1.274) 0.057
MVMR adjusted for current cigarette smokers 1.093 (0.893–1.339) 0.387
MVMR adjusted for light smokers 1.159 (0.819–1.639) 0.405
MVMR adjusted for cigarettes smoked per day 1.187 (0.890–1.582) 0.244

Small cell
lung cancer

CCL5 MVMR adjusted for ever smoker 0.612 (0.306–1.226) 0.166
MVMR adjusted for current cigarette smokers 0.225 (0.137–0.370) 0.000
MVMR adjusted for light smokers 0.244 (0.081–0.731) 0.012
MVMR adjusted for cigarettes smoked per day 0.212 (0.073–0.618) 0.004

CCL21 MVMR adjusted for ever smoker 0.755 (0.503–1.135) 0.177
MVMR adjusted for current cigarette smokers 0.807 (0.681–0.957) 0.013
MVMR adjusted for light smokers 0.858 (0.570–1.291) 0.462
MVMR adjusted for cigarettes smoked per day 0.903 (0.476–1.712) 0.754

CCL24 MVMR adjusted for ever smoker 1.197 (0.977–1.466) 0.082
MVMR adjusted for current cigarette smokers 1.250 (1.052–1.485) 0.011
MVMR adjusted for light smokers 1.213 (1.009–1.457) 0.040
MVMR adjusted for cigarettes smoked per day 1.209 (0.960–1.522) 0.107

CCL27 MVMR adjusted for ever smoker 1.617 (0.849–3.078) 0.144
MVMR adjusted for current cigarette smokers 2.875 (1.982–4.170) 0.000
MVMR adjusted for light smokers 2.799 (1.590–4.927) 0.000
MVMR adjusted for cigarettes smoked per day 2.311 (0.731–7.308) 0.154

CCL28 MVMR adjusted for ever smoker 1.700 (1.027–2.815) 0.039
MVMR adjusted for current cigarette smokers 1.687 (1.188–2.395) 0.003
MVMR adjusted for light smokers 2.029 (1.205–3.416) 0.008
MVMR adjusted for cigarettes smoked per day 1.588 (0.715–3.528) 0.256

OR: Odds Ratio, CI: Confidence Interval, MVMR: Multivariate Mendelian Randomization
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the exposure itself, which did not meet the independence 
hypothesis in the MR hypothesis, so it was not explored 
in depth. Analysis of 38 chemokines identified CCL21 
as a protective factor for LUAD and SCLC. CCL25 was 
a risk factor for LUSC. CCL5 was a protective factor for 
SCLC. CCL24, CCL27, and CCL28 were risk factors for 
SCLC. Meanwhile, these chemokines had high diagnostic 
performance in predicting the corresponding outcome. 
These results may be helpful for interventions conducted 
to reduce cancer risk.

As key proteins of immune cell migration, chemokines 
have been demonstrated for their effects on inflamma-
tion-related cancers. Chemokines act in an autocrine or 
paracrine manner to attract other cytokines that pro-
mote growth and inflammation and mediate processes 
of angiogenesis and tumor growth, including pro-or 
anti-angiogenesis and activation or inhibition of tumor 
growth and survival [26, 27]. This is the first time to 
genetically predict the association between chemokines 
and LC, and thus requires detailed analysis and explo-
ration of the results of this study and previous studies, 
which will help us to further the understanding of the 
mechanism of chemokines in LC.

Our analysis found a negative association between 
CCL21 and both LUAD and SCLC. CCL21 may exert an 
antitumor effect, and the main mechanism was that the 
activated CCL21 / CCR7 axis increased CD4a expression 

in CD11+ T cells and promoted the interaction with 
CD20+ B cells, which can induce the formation of ter-
tiary lymphoid structures [28]. Tertiary lymphoid struc-
tures can inhibit the development of LUAD and improve 
patient survival [29, 30]. CCL21 was associated with 
immune cells [31], which may be an important reason for 
its protective effect against LUAD. However, how CCL21 
influences the development of SCLC is still not studied 
and needs to be further explored in the future.

CCL25 was positively associated with LUSC risk. The 
study found that CCL25 levels in cancer tissues and 
serum of LUSC patients were higher than normal con-
trols, its high expression promoted invasion of LUSC 
cells and metastasis, reduced patient survival [32, 33], 
and CCL25 promoted migration and invasion of sev-
eral other types of cancer [34]. Although our univariate 
results were consistent with them, multivariate analysis 
found a mediating role of smoking behavior, so whether 
CCL25 levels can serve as a biomarker for noninvasive 
diagnostic or prognostic purposes still needs to be deeply 
explored.

Biological information found that high expression of 
CCL5 was positively associated with survival in SCLC 
patients, and CCL5 was a potential biomarker for pre-
dicting the response of SCLC to immune checkpoint 
blockade [35]. Currently, there are few studies on the 
development and treatment of CCL24, CCL27, and 

Fig. 3  The ROC curve predicted the diagnostic performance of chemokines and the expression level of CCL21 as measured by qRT-PCR
ROC: Receiver Operating Characteristic, FPR: False Positive Rate, TPR: True Positive Rate, AUC: Area Under Curve, CI: Confidence Interval. *p < 0.05, **p < 0.01, 
***p < 0.001
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CCL28 affect the development of SCLC patients, but sev-
eral studies [36–38] have found the malignant biological 
behavior of CCL27 and CCL28 on non-small cell lung 
cancer cells, including proliferation, migration and inva-
sion. The mechanism of how CCL24, CCL27, and CCL28 
affect SCLC is still in large gaps, which deserve our fur-
ther exploration in the future. Moreover, the results of 
the diagnostic ROC curve indicate that these chemokines 
not only play a role in the development of LC, but also 
have a high accuracy performance in predicting LC.

However, this study also has several limitations. Firstly, 
subgroup analysis of differences including sex was impos-
sible because original summary statistics were used in the 
analysis, and potential bias caused could not be excluded. 
Secondly, for sensitivity analysis, we set a threshold of 
SNPs for genetic variants of individual chemokines to 
p < 5 × 10− 6, which may introduce a weak instrumental 
bias. Thirdly, although the data for chemokines and LC 
from the GWAS meta-analysis were of European ances-
try, there may still be population stratification interfer-
ence, which could lead to bias estimation and influence 
generalizability. Future studies of MR between chemo-
kines and LC need to be considered in populations of 
different ethnic groups in different countries to achieve 
better generalizability.

Conclusion
In conclusion, this study comprehensively analyzed the 
causal association of chemokines with LC by two-sample 
bidirectional MR methods. CCL21 decreased the risk of 
LUAD and SCLC. CCL25 increased the risk of LUSC. 
CCL5 reduced the risk of SCLC, and CCL24, CCL27, 
and CCL28 increased the risk of SCLC. The results sug-
gested that these findings may provide new insights into 
the mechanisms of chemokine-mediated cancer develop-
ment, while also facilitating the future discovery of more 
harmful and beneficial chemokines affecting LC progres-
sion, which was the most important clinical significance 
of this study.
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