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ABSTRACT
Background  Immune checkpoint inhibitors (ICI) improved 
survival of patients with non-small cell lung cancer 
(NSCLC), yet many patients do not respond to treatment. 
The identification of markers for ICI response remains an 
unmet clinical need. This study hypothesizes that host 
genetics influences the response to ICI, contributing to the 
variability in efficacy among individuals.
Methods  We conducted a genome-wide association study 
(GWAS) in patients with NSCLC on ICI monotherapy with 
nivolumab, pembrolizumab, or atezolizumab, to identify 
germline variants associated with objective response 
rate (ORR), progression-free survival (PFS), and overall 
survival (OS) at 24 months after the start of ICI therapy. 
Genomic DNA was genotyped using Axiom Precision 
Medicine Research Arrays. Raw data were processed 
with Axiom Analysis Suite, and quality checked with 
PLINK software. Imputation to the whole genome was 
done on the Michigan Imputation Server. Association 
analyses were performed for ORR (logistic regression 
with PLINK2 software) and survival (Cox proportional 
hazards model, with GenAbel package in R environment), 
with appropriate covariates. Variants were annotated for 
functional significance using SNPnexus and FUMA. Post-
GWAS analyses, including colocalization, were performed 
to explore the function of the identified variants. Their 
possible role as expression quantitative trait loci was 
investigated in different databases (GTEx, eQTLGen, TCGA).
Results  No genome-wide significant associations were 
found for ORR or PFS, while a locus on chromosome 2 
(lead variant: rs111648355) showed near genome-wide 
significance (p value=6.3×10⁻⁸) for OS. Patients with 
minor alleles of these variants exhibited significantly 
worse OS (HR=5.1, 95% CI: 2.9 to 9.2). Functional 
annotation linked these variants to regulatory effects 
on genes including MSH2, MSH6, PPP1R21, FBXO11, 
and STON1. These genes play a role in mismatch repair, 
endosomal trafficking, or major histocompatibility complex 
class II regulation, and might influence the response to 
immunotherapy.
Conclusions  This study identifies an association between 
a genomic locus on chromosome 2 and OS in patients 
with NSCLC treated with ICI. Although these results need 
validation in larger cohorts and functional studies to 

elucidate the underlying mechanisms, they highlight the 
potential of germline variants as predictive biomarkers of 
response to ICI.

BACKGROUND
In recent years, immune checkpoint inhib-
itors (ICI), therapeutic monoclonal anti-
bodies targeting immune checkpoint 
proteins such as cytotoxic T-lymphocyte asso-
ciated protein 4, programmed cell death 1 
(PD-1), and programmed death-ligand 1 (PD-
L1), have revolutionized cancer treatment, 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Immune checkpoint inhibitors (ICI) have improved 
survival rates in non-small cell lung cancer (NSCLC), 
but only 27–46% of patients respond effectively. 
Existing biomarkers like tumor programmed death-
ligand 1 expression, tumor microsatellite instability, 
and tumor mutation burden have limitations in pre-
dicting ICI response, particularly in clinical settings. 
The role of host genetics in influencing ICI response 
remains underexplored.

WHAT THIS STUDY ADDS
	⇒ This study identifies a genomic locus on chromo-
some 2 where variants are associated with overall 
survival in patients with NSCLC treated with ICI. 
In silico functional analyses link these variants to 
regulatory effects on genes such as MSH6, MSH2, 
PPP1R21, and others, highlighting their potential 
roles in mismatch repair and immune modulation.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ These findings suggest germline genetic variants 
may serve as predictive biomarkers for ICI response, 
paving the way for personalized cancer immuno-
therapy. Further validation in larger cohorts could 
refine patient stratification and treatment optimiza-
tion strategies.
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including non-small cell lung cancer (NSCLC). Namely, 
these drugs are nivolumab, pembrolizumab, ipilim-
umab, atezolizumab, and cemiplimab. Several clinical 
trials have demonstrated the beneficial effects of these 
drugs, in terms of overall survival (OS), for patients with 
NSCLC, as compared with traditional chemotherapy1–4. 
In the first-line setting, in particular, several studies have 
demonstrated how ICI in monotherapy or in chemo-free 
combinations can determine a significant impact in terms 
of increasing median OS, leading to a long-term 5-year 
survival rate of over 30% in patients with PD-L1 tumor 
proportion score ≥50%.1–5

Despite the benefits of ICI, only approximately 
27%–46% of patients with NSCLC effectively respond to 
these therapies.6–8 Consequently, increasing emphasis is 
being placed on identifying biomarkers that can predict 
which patients are most likely to benefit from immuno-
therapy, allowing for better patient stratification. The 
US Food and Drug Administration has approved three 
biomarkers to predict responses to ICI: intratumoral 
PD-L1 expression,9 tumor microsatellite instability,10 and 
tumor mutation burden.11 However, these markers are 
not yet fully standardized in clinical practice for patient 
selection and, in Italy, only tumor PD-L1 expression is 
considered in clinical practice.

Emerging research on host genetics suggests a poten-
tial genetic predisposition that influences individual 
response to immunotherapy, both in terms of efficacy 
and toxicity. This may be linked to variations in genes 
encoding proteins that interact with the immune system 
and tumors, such as checkpoint inhibitors,12–15 human 
leukocyte antigen class I and II,16 17 or those related to 
immune cell recruitment within tumors, as chemok-
ines and their receptors.18 19 Furthermore, genetic vari-
ants associated with autoimmune diseases could have 
an impact on the individual responses to ICI, at least in 
terms of toxicity.20 21 Recently, H Carter’s group investi-
gated the role of 525 germline variants, affecting gene 
expression in the tumor immune microenvironment, on 
the response to immunotherapy, mainly in patients with 
melanoma.22 23 However, a comprehensive study investi-
gating the association of all the germline variants with the 
response to ICI in patients with lung cancer, specifically, 
has yet to be performed.

Here, we carried out a pilot genome-wide association 
(GWAS) study in 152 Italian patients with NSCLC, treated 
with ICI in monotherapy, looking for germline vari-
ants associated with the objective response rate (ORR), 
progression-free survival (PFS), and OS at 24 months 
after the start of immunotherapy.

MATERIALS AND METHODS
Patient enrollment and research ethics
This multicenter study was done in a real-world setting, 
recruiting patients with NSCLC, treated with ICI in mono-
therapy, in five hospitals in Milan metropolitan area: 
Fatebenefratelli Hospital, Milan; Fondazione IRCCS San 

Gerardo dei Tintori, Monza (MB); IRCCS Istituto Clinico 
Humanitas, Rozzano (MI); Fondazione IRCCS Ca’ Granda 
Ospedale Maggiore Policlinico, Milan; Legnano Hospital, 
Legnano (MI). Patients were retrospectively and prospec-
tively enrolled from 2019, including patients undergoing 
immunotherapy in the years from 2017 to 2024. Patients 
were considered eligible for enrollment into the study if 
they met all the inclusion criteria in online supplemental 
table 1. Patients provided written informed consent to the 
collection and use of their biological samples and data for 
research purposes, according to the European General 
Data Protection Regulation. The study was conducted in 
accordance with the Declaration of Helsinki and approved 
by the ethics committees of the recruiting centers (see 
Ethical approval details in Declarations section).

Clinical data and biological samples
The following personal and clinical information was 
collected: age at immunotherapy start, sex, smoking 
status, ECOG (Eastern Cooperative Oncology Group) 
performance status, clinical/pathological stage, previous 
treatments (chemotherapy and/or radiotherapy), 
NSCLC histotype, result of immunohistochemical testing 
for PD-L1 in tumor specimens, tumor mutational status 
of lung cancer driver genes (ie, KRAS, EGFR, ALK, 
ROS1, RET), administered ICI, line of treatment (first 
or further), disease response to ICI treatment evaluated 
according to the Response Evaluation Criteria in Solid 
Tumors (RECIST V.1.124), and live/dead status after 24 
months of ICI treatment, or at least until disease progres-
sion or end of treatment due to severe immune-related 
toxicity.

For each patient, a peripheral blood sample was 
collected at enrollment. Genomic DNA was extracted 
using the DNeasy Blood and Tissue (Qiagen) or Maxwell 
RSC Blood DNA (Promega) kits. DNA was fluorimet-
rically quantified with the Quant-iT PicoGreen dsDNA 
assay kit (Thermo Fisher Scientific) on a VarioSkan LUX 
multiplate reader (Thermo Fisher Scientific).

Genome-wide genotyping
DNA samples from 166 patients were genome-wide geno-
typed using Axiom Precision Medicine Research Arrays 
(PMRA; Thermo Fisher Scientific) on GeneTitan instru-
ment (Thermo Fisher Scientific). Axiom Analysis Suite 
software (AxAS, Thermo Fisher Scientific) was used 
to call genotypes of these samples using the “best prac-
tice” workflow. Genotype data were subject to quality 
control (QC) using PLINK V.1.9 software.25 In detail, in 
the per-sample QC steps, we filtered out samples with a 
sample call rate <98%, sex discrepancies, and excessive 
heterozygosity rate. In detail, the mean heterozygosity 
rate for an individual was calculated using the formula: 
(N(NM)−O(HM))/N(NM), where N(NM) represents 
the proportion of non-missing genotypes for the indi-
vidual, and O(HM) denotes the observed proportion of 
homozygous genotypes for the individual. We removed 
samples for which heterozygosity rate was found to 
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differ by three SDs from the population average. We also 
excluded related patients and duplicates, identified using 
an identity-by-descent test (as described in26). Per-marker 
QC filters were genotyping call rate <95%, a minor allele 
frequency (MAF)<1%, or a Hardy-Weinberg equilibrium 
(HWE) test p<1.0×10−10. Principal component analysis 
(PCA) was performed using PLINK2, to identify non-
European patients by plotting the principal components 
of our samples together with those of 2,504 individuals 
from five different populations (Africans, Americans, 
East Asians, Europeans, and South-East Asians) selected 
from the 1,000 Genomes Project.27

The clean dataset was used for imputation to whole 
genome sequence (for autosomal variants). We used the 
Minimac4 algorithm on the Michigan Imputation Server, 
setting GRCh37/hg19 as array build. The HRC r1.1 2016 
(GRCh37/hg19) was used as reference panel. Data were 
phased with Eagle V.2.4.28–32 The imputed genotypes were 
then filtered to exclude variants with an MAF<5% and a 
low-quality imputation (R2 info score ≤0.7).33

Statistical analyses
Patient distributions among the recruiting centers 
and between our patient series and the validation one 
(from phs002822.v1.p1 dataset34 in dbGap; see below), 
according to the different personal and clinical variables 
were compared using the Fisher’s exact test (categor-
ical variables) and Kruskal-Wallis test (quantitative vari-
ables). Logistic regressions between ORR (defined as 
the percentage of patients who completely or partially 
responded to immunotherapy per RECIST V.1.1 criteria) 
and personal and clinical variables were done using 
the generalized linear model, glm function of the stats 
package in R environment. Univariable Cox proportional 
hazard models35 were tested using the coxph function of 
the survival package36 in R. We analyzed OS and PFS, at 
24 months of follow-up after immunotherapy start, testing 
the effect of the following variables as possible prognostic 
factors: age, sex, smoking habit, ECOG performance 
status, previous chemotherapy and/or radiotherapy, 
NSCLC histotype, tumor stage, PD-L1 tumor expression, 
administered ICI, and line of treatment (patients with 
missing data were excluded). We also evaluated differ-
ences among the recruiting centers. The significant vari-
ables were then tested in multivariable Cox proportional 
hazard models (with stepwise model selection, based on 
Akaike information criterion) to identify independent 
prognostic factors, for both PFS and OS. The survfit func-
tion of the same survival package was used to plot Kaplan-
Meier curves and to perform log-rank test. For these 
analyses, the statistical significance threshold was set at p 
value<0.05.

We investigated the association between polymor-
phisms (tested in an additive model) and ORR, PFS 
and OS. Association with ORR was tested in a genome-
wide logistic regression, using PLINK software (with no 
covariates, since they were not statistically significant). 
Two genome-wide survival analyses for PFS and OS were 

carried out using the GenABEL package in R V.4.1.137 to 
test multivariable Cox proportional hazard models. For 
PFS, age, sex, administered ICI, and the recruiting center 
were used as covariates; the same variables as above, 
except for the center, and with the addition of the ECOG 
performance status, were included in the Cox model for 
OS analysis. The selected covariates were those passing 
Akaike stepwise model selection. A p value<5.0×10−8 was 
conventionally set as the genome-wide statistical signifi-
cance threshold. A suggestive threshold was considered at 
p<1.0×10−5. Manhattan and QQ plots were obtained using 
the library qqman in R.

In silico functional analyses
Identified variants were annotated using SNPnexus tool38 
(accessed on September 16, 2024). We functionally anno-
tated and prioritized the results obtained in the genome-
wide OS analysis using the FUMA platform,39 with our 
summary statistics as input data (accessed on June 30, 
2025). With the SNP2GENE function, we performed 
both positional mapping (with a maximum distance of 
250 kb) and expression quantitative trait locus (eQTL) 
mapping (cis-eQTL within 10 kb; using GTEx V.8 for all 
tissues and the other default databases). Default settings 
were used for both SNP2GENE and GENE2FUNC, except 
for maximum p value for lead single nucleotide polymor-
phisms (SNPs) set at the suggestive significance threshold 
(p value<1.0×10−5), and for MAGMA analysis. In addition, 
variants were searched in QTLbase V.2.0 database (down-
loaded on November 13, 2024).

The coloc package,40 in R, was used for colocalization 
analyses and plots, with default priors and incorporating 
our GWAS summary statistics alongside data from the 
eQTLGen dataset. This analysis evaluated four hypotheses 
in addition to the null hypothesis (H0), which states there 
is no association with either trait. The other hypotheses 
included: association with gene expression only (H1), or 
with OS only (H2), association with both traits through 
independent causal variants (H3), and a shared causal 
variant affecting both traits (colocalization, H4). A poste-
rior probability ≥0.8 for H4 indicated strong evidence of 
colocalization, while values between 0.5 and 0.8 suggested 
moderate colocalization.41

Genes reported as being regulated by the most signifi-
cant variants in our OS GWAS were further investigated 
with the Kaplan-Meier Plotter online tool (accessed 
on November 20, 2024). We looked for associations 
between survival and the expression levels of these genes 
according to published gene expression data from lung 
tumor tissue (both adenocarcinoma and squamous cell 
carcinoma).42 We selected the option of using only the 
best probe set and a follow-up threshold of 24 months. 
Multivariable Cox regression with sex, stage, smoking 
status, and histology as covariates was performed. The 
other settings were the default ones. A two-sided p 
value<0.05 was set as the significance threshold for this 
analysis.
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eQTL detection in lung tumor tissue
To test whether the significant eQTLs identified in data-
bases were also present in lung tumor tissue, we used The 
Cancer Genome Atlas (TCGA) RNA-sequencing data 
(phs000178.v11.p8) from lung adenocarcinoma (LUAD) 
and squamous cell lung carcinoma (LUSC) tissues and 
germline genotyping data from the same patients.43 44 
Genotyping and gene expression data were downloaded 
from the National Cancer Institute Genomic Data 
Commons portal,45 accessed on October 25, 2024 (data 
access request number 131208). In the downloaded germ-
line variants files, for each SNP was reported the genotype 
and a confidence score. Genotype calls with a score larger 
than 0.1 were set as missing and the data was processed to 
be used in PLINK V.2. Samples with call rates <95% were 
discarded, as well as duplicates and samples with excess 
of heterozygosity and sex inconsistencies. Variants with 
call rate <95%, MAF<0.01, and HWE test p value<1×10−10 
were filtered out. PCA was carried out to identify and 
remove non-European patients. Imputation to whole 
sequence for chromosome 2 variants only was carried out, 
as described above for the whole genome, using the Mich-
igan imputation server (V.2.0.6). From the downloaded 
RNA sequencing data, unstranded counts were normal-
ized using Variance Stabilizing Transformation function 
of DESeq2 R package.46 Expressed transcripts were anno-
tated using GENCODE Release 36 (GRCh38.p13). Linear 
regressions, between the expression levels of candidate 
genes on chromosome 2 (ie, coding genes in a region 
1 Mb spanning the investigated SNPs; online supple-
mental table 2) and the genotypes (coded as numerical 
variables from 0 to 2 indicating an increasing number of 
minor alleles) of the top-10 SNPs identified as associated 
with OS, were carried out using Matrix eQTL package 
in R,47 with sex, age, stage, and analysis batch (LUAD or 
LUSC) as covariates. A two-sided p value<0.05 was set as 
the significance threshold for this analysis.

Validation series, genotype imputation and association with OS
We obtained access to the exome sequencing data and 
clinical information (including OS data) from normal 
samples of 182 patients with NSCLC treated with ICI 
from phs002822.v1.p1 dataset34 in dbGap. SRA files, 
obtained using SRA toolkit V.2.11.3, were converted into 
bam files and germline variants on chromosome 2 were 
called using DeepVariant V.1.6.1 (b37 genomic release, 
as reference) with the nf-core/sarek V.3.5.1 workflow.48 
The merged vcf file with passed variants was processed 
with Conform-gt (Apache License, V.2.0) and then used 
as input for the Michigan Imputation Server (refer-
ence panel: 1000 Genome Project, phasing: Eagle) for 
SNP imputation. Variants with MAF<5% and imputation 
quality score R2<0.3 were filtered out. Linkage disequi-
librium (LD) between imputed variants and our top 
significant SNPs was calculated using the LDmatrix tool 
of LDlink.49 Variants in LD (D’>0.8) with our top signif-
icant SNP were tested for association with OS in Cox 
proportional hazard model, with histotype, line of ICI 

treatment, and recruiting center, as covariates in R with 
survival package (covariates were selected following the 
same method described above for the discovery series). 
Kaplan-Meier curves were drawn to compare individuals 
carrying at least one minor allele with patients homozy-
gous for the major allele and log-rank p values were calcu-
lated, as above in R environment with survival package.

RESULTS
In this study, we genotyped genomic DNA samples from 
166 patients with NSCLC, treated with ICI in mono-
therapy. Two samples did not pass the QC filters of the 
AxAS software. PLINK per-sample QC steps excluded two 
samples with a genotyping call rate <98%, seven samples 
with inconsistencies between recorded sex and sex 
imputed by the genotypes, and three samples for hetero-
zygosity issues (online supplemental figure 1a). Thus, we 
analyzed the genotyping data from 152 patients.

Exploratory analyses of the effects of personal and clin-
ical variables on ORR, PFS and OS.

Clinical characteristics of the patients are reported in 
table 1. The median age at enrollment was 72 years and 
two-thirds of patients were men. Most patients (85%) 
were former or current smokers and, as expected, of 
advanced stages (∼90%), but with good performance 
status (ECOG=0 or 1; 93%). More than two-thirds of 
patients were diagnosed with LUAD (68%) and ∼64% of 
patients received previous chemotherapy and/or radio-
therapy. From a molecular point of view, 64% of patients 
were strong PD-L1 expressors. About 20% of the patients 
carried a mutation in the KRAS gene, whereas EGFR 
mutations and ROS1 rearrangements were less frequent. 
However, the mutational status was not available for~18% 
of the patients. Patients were unevenly distributed among 
the recruiting centers, according to their performance 
status (Fisher’s exact test p value=0.0052), PD-L1 expres-
sion in their tumors (Fisher’s exact test p value=0.011), 
and type and line of administered ICI (Fisher’s exact test 
p values<0.001 and =0.0012, respectively; table 1). Patients 
enrolled in the study received ICI in monotherapy; in 
detail, pembrolizumab was administered to more than 
half of patients (mostly as first-line treatment), 27% 
received nivolumab in second line, as per Agenzia Ital-
iana del Farmaco (AIFA) indications, and the remaining 
were treated with atezolizumab (mostly as second-line 
treatment; Table 1). Overall, the ORR to immunotherapy 
was 20%, similar to that reported in previous studies.50 
The median follow-up time of our patient series was 21.6 
months (range 0.26–84) and, at 24 months of follow-up, 
about 54% of patients had disease progression and 43% 
of patients had died.

(AIFA) indications, and the remaining were treated 
with atezolizumab (mostly as second-line treatment; 
table 1). Overall, the ORR to immunotherapy was 20%, 
similar to that reported in previous studies. The median 
follow-up time of our patient series was 21.6 months 
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(range 0.26–84) and, at 24 months of follow-up, about 
54% of patients had disease progression and 43% of 
patients had died.

We performed exploratory analyses (in univariable 
and multivariable models) to identify clinical variables 
associated with ORR, PFS, and OS, which might be 
confounding factors in the genetic analyses. Although 
some ORR univariable analyses gave significant results, 
the multivariable analysis did not show any significant 
association between clinical variables and the response to 
ICI (p value>0.05; online supplemental table 3). There-
fore, the GWAS with ORR phenotype was not corrected 
for any covariate. Instead, the multivariable Cox model, 
with the variables significantly associated with PFS in the 
univariable analyses (ie, age, performance status, PD-L1 
expression, ICI drug, and the recruiting center), indi-
cated that the administered ICI and the recruiting center 
were significant independent confounding factors for 
PFS (table 2). Similarly, among the variables significantly 
associated with OS in the univariable analyses (ie, perfor-
mance status, PD-L1 expression, and ICI), the adminis-
tered ICI and the performance status were significant 
independent confounding factors (table  2). Therefore, 
we corrected the genetic analyses for these confounders, 
by adding these covariates to the genome-wide Cox 
models with the genotypes. Kaplan-Meier curves are 
shown in figure 1.

GWAS identifies variants on chromosome 2 associated with 
OS of patients with ICI-treated lung cancer
For each patient we genotyped 855,568 variants. In the 
per-marker QC steps, 420 markers with missing rates >5% 
were removed, 439,253 polymorphisms with MAF<1% 
were filtered out, and 208 variants were excluded because 
in Hardy-Weinberg disequilibrium (p value<1.0×10−10). 
The clean dataset, including 152 patients and 415,687 
SNPs, was used for imputation to whole genome sequence. 
Imputation quality and MAF filters left 5,313,198 poly-
morphisms that were used in the genome-wide analyses 
(online supplemental figure 1b).

We first performed the GWAS for the ORR phenotype. 
No genome-wide statistically significant variants were 
identified. Two SNPs, on chromosomes 7 and 20, passed 
the suggestive threshold (p value<1.0×10−5, (online 
supplemental figure 2a), but they were isolated variants, 
and no peaks of associations were distinguishable.

Then, we analyzed the association between polymor-
phisms and PFS. Although this analysis did not identify 
genome-wide statistically significant variants, 44 SNPs 
passed the suggestive threshold, set at p value<1.0×10−5 
(online supplemental table 4 and figure 2b). Among 
these, there were 19 variants mapping in an intergenic 
region, spanning 10 kb, on chromosome 8, ahead of 
MCPH1 gene, previously proposed as a putative tumor 
suppressor gene in lung cancer.51 The minor alleles of 
these variants were associated with a higher risk of disease 
progression (HR>1), suggesting a possible role as nega-
tive prognostic factors.

Interestingly, the OS genome-wide analysis identified 
10 nearly significant variants (p value=6.3× 10−8) on chro-
mosome 2, in complete LD with each other (figure 2). 
Patients heterozygous or homozygous for the minor alleles 
of these SNPs had a higher risk of death than patients 
homozygous for the major alleles (HR=5.1, 95% CI: 2.9 
to 9.2). A Kaplan-Meier curve was plotted, showing the 
survival probability curves of patients, grouped according 
to the genotype at rs111648355. As in a dominant model, 
heterozygotes and patients homozygous for the minor 
allele were grouped and compared with patients homo-
zygous for the major allele (online supplemental figure 
3). In the same region on chromosome 2, spanning 
from position 48,163,611 to 48,755,968 bp, further 274 
variants, in high LD with the top 10 (R2≥0.6, D’≥0.8), 
were found to be associated with OS, at p value<1.0×10−5 
(online supplemental table 5). All these polymorphisms 
had HR>1, indicating that they were all negative prog-
nostic markers.

Overall, 406 variants were associated with OS at p 
value<1.0×10−5 (figure  2 and online supplemental table 
5). Among them, 53 SNPs mapped on chromosome 4, in 
the region spanning from 70,045,614 to 70,356,404 bp, 
and other 20 were on the long arm of chromosome 2 
(from position 210,393,521 to 210,450,687 bp). Other 
suggestive association signals were on chromosomes 3, 5, 
7, 11, 12, 13, 14, 16, 17, 18, 20, and 22. Except for the 
three variants on chromosome 17, the minor alleles of 
all the other SNPs were associated with a higher risk of 
death (HR>1).

Then, we wanted to understand whether the identi-
fied locus was specifically associated with OS after ICI 
treatment. To do this, we took advantage of our previous 
results of a survival GWAS in a large series of patients with 
LUAD who were not treated with ICI (and not overlap-
ping with the series herein investigated).52 We compared 
the summary statistics of 207 out of 406 SNPs associated 
with OS in patients treated with ICI obtained in the two 
studies (the summary statistics of the remaining 199 
variants were not available in the previous study). Only 
rs59650998 on chromosome 22 was nominally significant 
in the previous analysis (p value=0.02). Looking at the top 
10 SNPs (nearly significant at genome-wide level), only 5 
were analyzed also in the previous analysis, and they had 
p values ranging from 0.5 to 0.7, thus confirming that the 
SNPs identified in this study are specifically associated 
with OS in the ICI context. Online supplemental table 
6 shows the p values, obtained in our previous genome-
wide OS analysis, of the 207 SNPs associated with OS after 
ICI treatment; p values obtained in this new study are also 
reported for comparison.

In silico functional annotation suggests a possible regulatory role 
for OS-associated variants
We annotated the results obtained from the genome-wide 
OS analysis using FUMA. Looking at the most significant 
locus on chromosome 2, whose regional plot is reported 
in figure  3, two independent SNPs were identified 
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(rs111648355 and rs7819296) and the SNP rs111648355 
was prioritized as lead variant. Positional mapping of the 
SNPs was performed: FBXO11 is the coding gene closest 
to the top-significant variants and contains most of the 
SNPs of the locus passing the suggestive threshold of 
significance.

Among the SNPs in the identified genomic locus at p 
value<1.0×10−5, there was an exonic variant of PPP1R21 
gene, rs76587580 (NM_001135629.3:c.261C>G); it is a 
synonymous variant (NP_001129191.1:p.Gly87=) with a 
Combined Annotation Dependent Depletion (CADD) 
score=12.29, and reported as benign in ClinVar. All the 
other polymorphisms, including the 10 top-significant 
ones, mapped in non-coding regions of the genome 
(mainly in introns and intergenic regions). In addition, 
rs10495950 had the highest RegulomeDB ranking score 
(=1 b), meaning that it is likely to affect transcription 
factor binding, gene expression, or chromatin accessi-
bility. Other three variants (rs7583719, rs11683689, and 
rs11692537) are likely to be functional regulatory vari-
ants, having a RegulomeDB ranking score=1 f.

All the 284 variants in the region were reported to be 
eQTLs of at least 1 of the 11 genes mapping in this same 
region (STPG4, alias C2orf61, CALM2, FOXN2, FSHR, 
GTF2A1L, LHCGR, MSH2, MSH6, PPP1R21, STON1, 
and STON1-GTF2A1L) in several tissues (false discovery 
rate (FDR)<0.05; online supplemental table 7). Only 
three eQTLs were reported in lung tissue: rs11693533, 
rs77902227, and rs6747738 associated with GTF2A1L 
expression. The most numerous eQTLs were those of 
PPP1R21, followed by GTF2A1L, MSH6, STON1, and 
STON1-GTF2A1L, while the most significant ones (p 
value<5.0×10−8) were those of MSH6, followed by PPP1R21 
and STON1. Our 10 top-significant variants associated 
with OS were most significantly associated with MSH6 
expression in blood tissue. Mainly, the minor alleles of 
these SNPs were significantly associated with lower gene 
expression levels.

In addition, we searched our OS-associated variants in 
the QTLbase dataset, where data about different types of 
QTLs are recorded, such as, for example, QTLs of meth-
ylation (mQTLs), splicing, and chromatin accessibility, 
just to cite some of them. Moreover, QTLbase includes 
eQTLs data not considered by FUMA. This is particularly 
relevant for the FBXO11 gene for which FUMA did not 
report eQTLs. We observed that our top-significant vari-
ants were already reported as eQTLs also of the FBXO11 
gene, in blood (online supplemental table 8). In this 
same tissue, the 10 SNPs most significantly associated with 
OS were also reported as mQTLs of MSH6, FBXO11, and 
STON1-GTF2A1L.

We then used the eQTLGen data to perform colocaliza-
tion analyses and test whether the genetic factors associ-
ated with OS in our patients with ICI-treated cancer were 
the same as those regulating the expression of MSH6, 
MSH2, PPP1R21 and STON1 genes (ie, the four eQTL 
target genes in blood). The highest posterior probabili-
ties (PP) for shared variants regulating both expression 
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Figure 1  Variables associated with PFS and OS in univariable Cox models. Kaplan-Meier (KM) survival curves (at 24 
months of follow-up) of patients with lung adenocarcinoma treated with ICI, according to their ECOG performance status (a, 
d), programmed death-ligand 1 expression level in their tumors (b, e), and taken ICI (c, f). PFS and OS KM are reported in the 
left and right panels, respectively. Crosses denote censored samples. Below each plot are indicated the numbers of patients 
at risk in each group. Log-rank p values are shown. ECOG, Eastern Cooperative Oncology Group; OS, overall survival; PFS, 
progression-free survival.
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and OS (H4) were found for PPP1R21 (PPH4=66.8%) and 
MSH2 (PPH4=66.2%), followed by MSH6, with PPH4=46.2%; 
finally, the PPH4 for STON1 was the lowest (23.3%). The 
results of colocalization analyses are reported in online 
supplemental table 9, while figure 4a–d shows the colo-
calization plots. We carried out the same analysis for 
the FBXO11 gene, using the expression data of this 
gene in blood, reported in the dataset described in.53 
Low evidence for shared variants affecting both OS and 
FBXO11 expression was observed (PPH4=33.2%; online 
supplemental table 9 and figure 4e).

Then, we used TCGA expression and genotyping data 
from patients with lung cancer (n=709, including 358 
LUAD and 351 LUSC; online supplemental figure 4 shows 
the quality check steps followed to filter the downloaded 
data) to look for the same eQTLs reported in blood. In 
online supplemental table 10, the characteristics of this 
patient series are summarized. Of note, these patients are 
quite different from ours since most of them had tumors 
at lower stages than those in our study. Nevertheless, the 
eQTL analysis in lung tumor tissue, investigating the 
10 top-significantly OS-associated SNPs and 17 coding 

Figure 2  A nearly significant locus on chromosome 2 is associated with overall survival of patients with immune checkpoint 
inhibitor-treated lung adenocarcinoma. Manhattan plot of the results of the genome-wide association for overall survival, at 
24 months of follow-up, with age, sex, drug, and ECOG as covariates (n=150, due to missing ECOG data for two patients). 
Imputed variants are plotted along the x-axis according to their genomic position (GChr37, hg19 release). On the y-axis 
is reported the level of association (− log10(p values)) with survival probability of each single nucleotide polymorphism. The 
horizontal red and blue lines represent the threshold of genome-wide significance (p< 5.0×10−8) and a suggestive threshold at 
p<1.0×10−5, respectively. In the upper-right corner the QQ plot of observed and expected p values is shown. Genomic inflation 
factor (λ) is reported. ECOG, Eastern Cooperative Oncology Group.

Figure 3  Regional plot of the locus on chromosome 2 identified in the genome-wide association. Plot spans the region from 
47.15 Mbp to 49.25 Mbp (GRCh37/hg19), containing the mapped genes and the analyzed imputed variants. SNPs are plotted 
on the x‐axis according to their position on chromosome 2. Dot color represents the level of linkage disequilibrium, expressed 
as R2 between each SNP and the lead variant (rs111648355, purple dot). SNP, single nucleotide polymorphism.

Journal for Im
m

unoT
herapy of C

ancer: first published as 10.1136/jitc-2025-011526 on 1 S
eptem

ber 2025. D
ow

nloaded from
 https://jitc.bm

j.com
 on 24 N

ovem
ber 2025 by guest.

P
rotected by copyright, including for uses related to text and data m

ining, A
I training, and sim

ilar technologies.

https://dx.doi.org/10.1136/jitc-2025-011526
https://dx.doi.org/10.1136/jitc-2025-011526
https://dx.doi.org/10.1136/jitc-2025-011526
https://dx.doi.org/10.1136/jitc-2025-011526
https://dx.doi.org/10.1136/jitc-2025-011526
https://dx.doi.org/10.1136/jitc-2025-011526


12 Esposito M, et al. J Immunother Cancer 2025;13:e011526. doi:10.1136/jitc-2025-011526

Open access�

genes in the same region of chromosome 2, found asso-
ciations between the genotypes of these variants and the 
expression levels of STON1-GTF2A1L, MCFD2, FOXN2, 
PPP1R21, GTF2A1L, and LHCGR (p value<0.05; online 
supplemental table 11). A negative correlation between 
the number of minor alleles and the expression levels of 
STON1-GTF2A1L, GTF2A1L, and LHCGR was observed, 
whereas for the remaining genes, there was a positive 
correlation.

Finally, taking advantage of public gene expression data 
in lung tumor tissue42 we looked for associations between 
OS (at 24 months of follow-up) and the expression levels 
of genes, in the locus on chromosome 2, for which a 
possible regulatory role of the identified variants was 
described. Although the probability of survival of patients 
expressing high or low levels of MSH2, MSH6, MCFD2, 
GTF2A1L, STON1-GTF2A1L, and LHCGR in lung tumor 
tissue was not significantly different, low levels of FBXO11, 

Figure 4  The evidence for shared variants between OS and gene expression is moderate. Colocalization plots for the 
(a) PPP1R21, (b) MSH2, (c) MSH6, and (d) STON1 genes using the whole-blood tissue expression data from the eQTLGen 
database (numbers of SNPs included in the analyses were 190); (e) colocalization plot for FBOX11, with expression data from,53 
including 180 SNPs. Dots represent variants along the portion of chromosome 2 spanning from 48.0 to 48.2 Mb and are colored 
based on linkage disequilibrium (R2) with the lead variant of our genome-wide association for OS, rs111648355 (purple dot). 
Dot coordinates are defined, on the x-axis, by the p values (−log10-transformed) of association with OS, whereas, on the y-axis, 
those with the gene expression levels. OS, overall survival; SNP, single nucleotide polymorphism.
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PPP1R21, FOXN2, and STON1 were associated with a poor 
prognosis (online supplemental figure 5). The associa-
tions with OS were significant with both the log-rank test 
and multivariable Cox proportional hazard model, with 
sex, stage, smoking and histotype as covariates.

Validation and comparison with previously reported associations
To validate our findings, we used an independent 
series of 182 patients with NSCLC treated with ICI, 
with publicly available data from exome sequencing of 
normal samples (blood or lung tissue).34 From these 
exome data, we called 516,386 germline variants, which 
were used to impute genomic variants on chromosome 
2 (n=3,788,689). Imputation quality filtering retained 
39,813 variants and only 19,293 of them passed the MAF 
filter. Unfortunately, none of the SNPs significantly associ-
ated with OS in our GWAS study at p value<1.0×10−5, were 
imputed with sufficient quality. This was quite expected 
as they were mainly intergenic variants, far from exonic 
regions. Therefore, we searched for imputed variants in 
LD with our top significant SNPs in a region spanning 
from 47.15 Mbp to 49.25 Mbp. This region contained 18 
SNPs and only four of them were in LD (D’>0.8) with 
our 10 OS-associated variants (online supplemental table 
12). Therefore, we tested the association with OS, at 24 
months of follow-up, of these four polymorphisms in a 
subset of 142 patients with complete OS information, of 
Caucasian origin (considering the ethnicity reported in 
the dataset), and who received monotherapy ICI (online 
supplemental table 13). This subset was selected for 
homogeneity with our series. Nonetheless, the two series 
were significantly different, mainly in terms of age, sex, 
and administered ICI (Kruskal-Wallis or Fisher’s exact test 
p values<0.001; online supplemental table 13). In addi-
tion, they significantly differ for the median follow-up 
time (10.5 months in the validation series vs 21 in our 
series; Kruskal-Wallis test p value<0.001). Having at least 
one minor allele of rs2072447 or rs3136316, two MSH6 
intronic variants, was a positive prognostic factor (log-
rank p values=0.014 and 0.15, respectively; Kaplan-Meier 
curves are shown in online supplemental figure 6). Also, 
multivariable Cox models with clinical variables resulted 
significantly associated with OS (ie, histotype, line of treat-
ment, and recruiting center, (online supplemental table 
14) as covariates, showed the association of the minor 
allele of rs2072447 and rs3136316 with better prognosis 
(rs2072447: HR=0.53, 95% CI: 0.3 to 0.91, p value=0.02; 
rs3136316: HR=0.55, 95% CI: 0.31 to 0.97, p value=0.04).

We searched the literature for previously reported asso-
ciations between germline variants and the response to 
ICI treatment (in terms of OS or PFS) in patients with 
lung cancer. Several candidate gene studies, mainly 
focused on variants in CD274 (PD-L1), but also in ERCC1, 
ALDH2, CD47, TLR4, LEP, and ABO genes, reported 
some significant associations (at p value<0.05).12 14 19 54–63 
We compared the reported p values and HR with the 
results from our OS GWAS. Online supplemental table 
15 summarizes the results of these comparisons. Briefly, 

5 of 15 previously reported variants had a nominal p 
value<0.05 also in our genome-wide analysis: 4 were 
located in PD-L1 variants and 1 is in ABO gene. However, 
only for rs7041009 in PD-L1, the direction of the effect of 
the minor allele (A) was consistent across both studies, 
being associated with a poor prognosis.56

Furthermore, we compared the statistics of associations 
with the response to immunotherapy (but not in terms 
of OS) reported in a study including 279 patients with 
different types of cancer, that investigated 525 SNPs acting 
as tumor immune microenvironment eQTLs.22 The 
authors reported 32 variants associated with ICI response 
(at p value<0.05) and, among them, only 1 (rs2070746) 
had nominally significant p value (=0.031) in our study, 
with the T allele associated with a better OS (HR=0.64) 
in our study, and with a better response in the study by 
Pagadala et al (Z score=2.18). In a subsequent article,23 
the same authors re-analyzed their data and reported an 
extended list of 229 variants associated with ICI response. 
10 of them had p value<0.05 also in our genome-wide OS 
analysis and some displayed concordant effects (online 
supplemental table 16).

Finally, we checked whether associations reported by 
other groups,64 65 investigating the genetics of antitumor 
immunity in general and broadly across different tumor 
types, showed nominal significance in our study. The two 
SNPs (rs3366 and rs4819959), associated with the amount 
of infiltrating follicular helper T cells and with the T helper 
17 cell signature in the study by Shahamatdar et al, were 
not significantly associated with the OS of our ICI-treated 
patients (p value=0.85 and =0.081, respectively). Among 
the 598 SNPs, identified by Sayaman et al as genome-wide 
significantly associated with 10 immunological traits in 30 
different solid tumors, 10 had a p value<0.05 also in our 
study (online supplemental table 16).

DISCUSSION
In this study, we investigated germline genetic factors asso-
ciated with the response to immunotherapy, in terms of 
ORR, PFS, and OS at 24 months of follow-up, of patients 
with lung cancer treated with ICIs, adjusting for possible 
confounders such as age, sex, the recruiting center, and 
the administered drug. As expected from a small sample 
size, we did not find significant associations for ORR 
and PFS. Nevertheless, we identified a nearly genome-
wide significant locus on chromosome 2 associated with 
the OS of patients with lung cancer, 24 months after the 
beginning of ICI treatment. This association is specific 
to patients with ICI-treated lung cancer, as the variants 
herein identified were not reported as prognostic factors 
for patients with lung cancer in a previous GWAS.52 Of 
note, the identified germline variants had already been 
reported as regulatory polymorphisms of the expres-
sion, in blood tissue, of the genes mapping in the locus, 
including MSH6, MSH2, FBXO11, PPP1R21, and STON1.

The minor alleles of the identified variants were asso-
ciated with low messenger RNA (mRNA) levels of mutS 
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homolog 6 (MSH6) and high levels of mutS homolog 
2 (MSH2) genes, two key players in the DNA mismatch 
repair system. The proteins encoded by MSH6 and MSH2 
heterodimerize to form a complex that binds and disso-
ciates mismatches. When these genes are mutated and 
their function is reduced, mismatches are not properly 
repaired and there is a hypermutability condition called 
microsatellite instability (MSI), which predisposes to 
several types of tumors,66 but not lung cancer. Clin-
ical studies of the efficacy of pembrolizumab including 
patients harboring cancers with MSI have reported good 
responses to immunotherapy (as reviewed in67). There-
fore, the US Food and Drug Administration has approved 
MSI as a biomarker for pembrolizumab indication regard-
less of the primary tumor site.10 68 The available eQTL 
data indicated that the minor alleles of our top-significant 
variants, associated with negative response to ICI in terms 
of OS, were associated with reduced MSH6 expression 
and with higher levels of MSH2 in blood. Therefore, we 
could not rule out the possibility that patients with these 
germline variants have a more efficient mismatch repair 
system that might predispose to a poor response to ICI.

We investigated whether the same variants regulated 
the expression levels of MSH2 and MSH6 in lung tumor 
tissue (from the TCGA dataset), but we did not find 
any significant associations. However, patients from the 
TCGA dataset were not treated with immunotherapy and 
prevalently had stage I tumors; in addition, data were 
only available for 709 patients, which is a limited number 
as compared with that of eQTLGen, which reported 
the above-mentioned eQTLs. Thus, a better and larger 
dataset should be needed. Further functional investiga-
tions should also be carried out to understand the mecha-
nism by which the identified variants negatively affect OS.

The identified polymorphisms were also reported to 
regulate the expression of STON1; in particular, there 
was an inverse correlation between the number of minor 
alleles of the identified SNPs and the expression level of 
STON1 in blood. To the best of our knowledge, no infor-
mation is available on the role of this gene in lung cancer, 
but a study in renal clear cell carcinoma69 showed that 
patients with low STON1 expression had a worse prog-
nosis than those with high levels of this gene and a greater 
tumor infiltration of immune cells. This latter observa-
tion led those authors to hypothesize that low STON1 
expression might be a marker of good response to immu-
notherapy. Although that hypothesis seems to contrast 
with our findings, it would be necessary to investigate the 
negative correlation between STON1 expression in lung 
cancer tissue of patients treated with ICIs and the alleles 
associated with poor OS. So far, we know that low levels 
of STON1 in lung tumor tissue were negative prognostic 
factors. Our eQTL analysis in lung tumor tissue from 
TCGA patients did not identify a statistically significant 
association between OS-associated SNPs and STON1 levels 
but, as mentioned above, a more appropriate dataset of 
patients with lung cancer treated with ICI and with geno-
typing and expression data would be needed to better 

investigate the regulatory role of the identified polymor-
phisms in tumor tissue.

The OS-associated variants were also reported as eQTLs 
of FBXO11 gene, with minor alleles, here identified as 
negative prognostic factors, inversely correlated with 
the expression of this gene. A previous study showed 
that FBXO11 binds to class II major histocompatibility 
complex (MHC-II) transactivator (CIITA), mediating its 
ubiquitination and degradation, and thus contributing 
to the negative regulation of MHC-II in normal cells 
and breast cancer.70 However, the authors did not find 
a significant association between FBXO11 expression 
and survival of patients with breast cancer. Here, using 
already reported expression data in lung tumor tissue, we 
observed that low FBXO11 expression was associated with 
poor prognosis. Unfortunately, the analysis with TCGA 
data did not find significant eQTLs in lung tumor for this 
gene. Further studies are needed to confirm the hypoth-
esis that the mechanism underlying the associations 
observed herein between germline variants and poor OS 
in ICI-treated patients is exerted, at least in part, through 
their regulatory effect on FBXO11 gene expression.

Finally, we cannot exclude a role of the PPP1R21 
gene, for which the strongest colocalization signal was 
measured. Very little is known about the function of its 
encoded protein. It has been implicated in mRNA trans-
port across early endosomes, as part of the five-subunit 
endosomal Rab5 and RNA/ribosome intermediary 
complex.71 This has been observed in neurons, but no 
studies have been reported in other tissues. It has been 
shown that endosomal trafficking of plasma membrane 
PD-L1 in tumor cells is mediated by Rab5.72 Therefore, 
further studies are needed to elucidate the role of the 
PPP1R21 gene and its regulatory variants in the response 
to ICI in patients with lung cancer.

To the best of our knowledge, no GWAS has been 
performed thus far that specifically looks for germline 
variants modulating the response to ICI in patients with 
lung cancer. Our pilot GWAS represents the first attempt 
in this direction, though it is limited by its small sample size 
and lack of a validation series. Unfortunately, no publicly 
available dataset currently includes genotyping data from 
patients with NSCLC treated with ICI that can be used for 
validation. In an attempt to confirm our results, we used 
exome sequencing data from normal samples of patients 
with NSCLC treated with ICI (accessible from dbGap).34 
As expected, imputing intergenic variants from this type 
of data was unsuccessful. Then, we tested the association 
of four imputed polymorphisms mapping in the region 
identified in our GWAS and in LD with our top signifi-
cant variants with OS at 24 months after ICI treatment. 
Although two of these SNPs were significantly associated 
with OS, at a nominal p value<0.05 in the validation series, 
these results are not a full validation. Thus, further studies 
with large and homogeneous patient series are needed.

Previous studies in patients with lung cancer under-
going immunotherapy have investigated candidate genes, 
typically focusing on a small number of variants in genes 

Journal for Im
m

unoT
herapy of C

ancer: first published as 10.1136/jitc-2025-011526 on 1 S
eptem

ber 2025. D
ow

nloaded from
 https://jitc.bm

j.com
 on 24 N

ovem
ber 2025 by guest.

P
rotected by copyright, including for uses related to text and data m

ining, A
I training, and sim

ilar technologies.



15Esposito M, et al. J Immunother Cancer 2025;13:e011526. doi:10.1136/jitc-2025-011526

Open access

involved in immune regulation or checkpoint pathways. 
We compared the reported associations with our results, 
which confirmed a possible prognostic role of rs7041009 
in PD-L1 and of rs2070746 in FPR1. However, given the 
low significance and limited sample size, validation in 
other patient series is necessary.

In conclusion, we are aware that the results presented 
herein need further validation in larger cohorts of 
patients with lung cancer treated with ICI as mono-
therapy. Indeed, the most significant locus identified by 
our analysis did not reach the genome-wide significance, 
and the moderate evidence of colocalization between the 
leading variants and gene expression is also likely due to 
the low statistical significance of our OS GWAS results. 
Indeed, the posterior probabilities of the hypotheses of 
an involvement of the analyzed variants only in the OS 
phenotype were very low. Also, functional studies will 
be helpful in understanding the biological mechanism 
underlying the observed association with OS. However, 
our findings of a nearly genome-wide significant peak of 
association with OS in patients treated with ICI are very 
promising and should prompt the scientific community 
to further study the pharmacogenomics of cancer immu-
notherapy, also in patient series of different ancestries, 
and its potential for personalized medicine.
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