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�
 ABSTRACT 

Background: The role of activating Q5 alterations in the MAPK 
pathway Q6 in predicting immunotherapy efficacy in patients with 
lung squamous cell carcinoma (LSCC) is largely unknown. The 
aims of the randomized, phase II SQUINT trial were to assess the 
efficacy of nivolumab plus ipilimumab (NI) versus platinum- 
based chemotherapy plus nivolumab (N-CT) and to identify 
clinically available biomarkers of response to immunotherapy in 
patients with advanced or metastatic LSCC. 

Patients and Methods: SQUINT was an openQ7 -label, random-
ized, parallel, noncomparative, phase II trial of NI versus N-CT in 
chemo-näıve adult patients with metastatic or recurrent LSCC. The 
study was conducted across 15 Italian centers from September 
2017 to February 2022 (ClinicalTrials.gov ID: NCT03823625). 

Results: Forty-five patients were included in the NI arm and 
46 patients in the N-CT arm. At 12 months, the overall survival 

(OS) rate was 62% in the NI arm and 50% in the N-CT arm. In 
total, 74 patients were included in the analyses for individual 
biomarkers. In patients with mutations or copy-number varia-
tions of genes involved in the MAPK pathway, we observed 
higher response to immunotherapy (43% vs. 15%), longer 
progression-free survival (P ¼ 0.03), and OS (P < 0.001). A higher 
density of CD8+PD1+ T cells (P ¼ 0.04) among MAPK-altered 
tumors versus that in wild-type tumors, together with an in-
creased CD8+PD1+/FOXP3 ratio (P ¼ 0.047), was observed. In 
the validation cohort of patients not exposed to immunotherapy, 
OS was similar between MAPK1/3-mutant and wild-type LSCC. 

Conclusions: We showed for the first time that MAPK 
pathway–activating alterations influence the outcome of LSCC 
treated with immunotherapy, highlighting the relevance of gene 
profiling. 

Introduction 
Immunotherapy alone or in combination with chemotherapy is 

the current first-line standard of care in advanced non–small cell 
lung cancer without targetable molecular alterations (1, 2). The PD- 
L1 axis inhibitors pembrolizumab, cemiplimab, or atezolizumab are 
now approved for patients with high (≥50%) PD-L1 expression 
levels, whereas the same agents in combination with platinum-based 
chemotherapy have demonstrated efficacy regardless of PD-L1 ex-
pression (3–7). Other effective strategies include the possibility of 
combining different immunotherapeutic agents with cytotoxic 
chemotherapy. The CheckMate 9LA was a randomized phase III 
study comparing the combination of the anti–PD-1 nivolumab plus 
the anti–cytotoxic T lymphocyte–associated protein 4 antibody 
ipilimumab and two cycles of platinum-based chemotherapy versus 
chemotherapy alone. The study showed a significant survival benefit 
in the favor of the experimental arm regardless of PD-L1 expression 
(8). Of note, in the recent update of this study, the median overall 
survival (OS) for patients receiving immunotherapy combination 
plus chemotherapy were 17.8 and 14.5 months in nonsquamous and 
squamous histology, respectively (9), suggesting a clearer benefit 
from the addition of anti–cytotoxic T lymphocyte–associated pro-
tein 4 inhibition in nonsquamous histology. Consistently, in the 
POSEIDON trial, progression-free survival (PFS) and OS benefits of 
durvalumab + tremelimumab + chemotherapy versus chemotherapy 
alone seemed more prominent in the subgroup with nonsquamous 
histology (10). 
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However, although immunotherapy has improved the outcomes 
of advanced non–small cell lung cancer, a large fraction of patients 
rapidly progress, with only 15% to 20% experiencing long-term 
survival (11). In addition, for patients with squamous histology, 
survival is invariably shorter compared with patients with non-
squamous histology. Limited therapeutic options, together with a 
distinct biology of the disease, could account for this difference 
(8, 12). 

In the past decade, several predictors for immunotherapy efficacy 
have been extensively investigated, including PD-L1 expression, 
microsatellite instability, and tumor mutational burden (TMB). In 
the United States, TMB ≥10 is used as a selection criterion for 
pembrolizumab monotherapy across all cancer types according to 
FDA and NCCN recommendationsQ8 ; in Europe, PD-L1 expression is 
the only biomarker used in clinical practice to guide treatment se-
lection for immunotherapies (13). However, PD-L1 inadequately 
predicts the benefit from immunotherapy as PD-L1–negative tu-
mors may respond to the treatment, whereas among patients with 
high PD-L1 expression, primary resistance is seen in >45% of cases. 
TMB also failed to demonstrate clinical utility for patient selection 
across different cancer types, including lung squamous cell carci-
nomas (LSCC) in which the smoking-related mutational load is 
predominant (14). In addition, although several molecular alter-
ations have been evaluated, many events, such as STK11 or 
SMARCA4 mutations, are typically associated with nonsquamous 
histology, making them unsuitable in guiding LSCC therapy 
(15–18). The MAPK pathway regulates the EGF- and IFN- 
γ–induced PD-L1 expression in lung adenocarcinoma, and addi-
tional findings suggested that activating alterations in the MAPK 
pathway, including the amplification of KRAS, BRAF, and RAF1 
genes and truncations of NF1, could modify sensitivity to immu-
notherapy (19–21). However, the role of MAPK-activating alter-
ations as potential molecular predictors of immunotherapy efficacy 
in patients with LSCC is still in need of investigation. 

The aims of the randomized, phase II SQUINT trial were to 
assess the efficacy of nivolumab plus ipilimumab (NI) versus 

platinum-based chemotherapy plus nivolumab (N-CT) and to 
identify molecular determinants that are able to predict sensitivity to 
immunotherapy in patients with advanced or metastatic LSCC. 

Patients and Methods 
Study design and patients 

SQUINT was an open-label, randomized, parallel, non-
comparative, phase II trial of nivolumab plus ipilimumab versus 
platinum-based chemotherapy plus nivolumab in chemo-näıve 
adult patients with metastatic or recurrent LSCC. The study was 
conducted across 15 Italian centers from September 2017 to Feb-
ruary 2022 (see Appendix I for the centers’ list). Inclusion criteria 
were a histologically confirmed diagnosis of stage IIIB LSCC ineli-
gible for treatment with definitive chemoradiation, stage IV LSCC, 
or recurrent LSCC (according to the seventh edition of the lung 
cancer stage classification), availability of tumor tissue, Eastern 
Cooperative Oncology Group performance status ≤1, adequate bone 
marrow (absolute neutrophil count ≥1.5 � 109/L, platelets ≥100 � 109/L, 
and hemoglobin >9 g/dL) and liver functions (bilirubin <G2 and 
transaminases no more than Q9 3 � ULN/<5 � ULN in the presence 
of liver metastases), and normal level of alkaline phosphatase and 
creatinine. Adjuvant/neoadjuvant chemotherapy was allowed if 
therapy was completed at least 6 months before trial inclusion. 
Prior palliative radiotherapy for non–central nervous system 
lesions must have been completed at least 2 weeks prior to 
treatment. Patients with tumor negative for p63 (or p40) or 
positive for TTF1, untreated brain metastases, diagnosis of any 
other malignancy during the last 2 years (except for in situ 
carcinoma of cervix uteri and cutaneous squamous cell carci-
noma), and pregnant or in breastfeeding stage were excluded. 
The study was performed in line with Good Clinical Practice 
guidelines and the Declaration of Helsinki, and the study pro-
tocol was approved by independent ethics committees at each 
site. This study is registered with ClinicalTrials.gov, number 
NCT03823625. Written informed consent was obtained from the 
patients. 

Treatment and procedures 
All eligible patients were randomly assigned to the NI arm or the 

N-CT arm. Nivolumab was administered at the standard dosage of 
360 mg every 3 weeks. Ipilimumab was administered at the dosage 
of 1 mg/kg every 6 weeks. Platinum-based chemotherapy was 
chosen by the investigator from the following regimens: cisplatin 
80 mg/mq (i.v.) on day 1 and gemcitabine 1,250 mg/m2 (i.v.) on 
days 1 and 8 for every 21 days; carboplatin AUC 5 mg/mL minutes 
(i.v.) on day 1 and gemcitabine 1,000 mg/m2 (i.v.) on days 1 and 
8 for every 21 days; and carboplatin AUC 6 mg/mL minutes (i.v.) on 
day 1 and paclitaxel 200 mg/m2 (i.v.) on day 1 for every 21 days. In 
both arms, immunotherapy was given until disease progression, 
toxicity, or patient refusal and, in any case, for up to 24 months. 
Platinum-based chemotherapy was administered for up to six cycles. 

Disease assessment was performed every 8 weeks with a confir-
matory evaluation in all patients with response or disease stabili-
zation no less than 4 weeks after the response assessment, according 
to RECIST version 1.1 criteria. A complete disease staging was 
performed in the case of progressive disease and, in every case, at 
the time of patient withdrawal from the trial. Following completion 
of protocol therapy, patients were followed up for survival every 
12 weeks. Toxicity was evaluated according Q10to NCI Common Ter-
minology Criteria for Adverse Events version 4.0. 

Translational Relevance 
This study provides critical insights into the role of MAPK 

pathway–activating alterations as predictive biomarkers for im-
munotherapy efficacy in lung squamous cell carcinoma (LSCC). 
The findings from the SQUINT trial demonstrate that patients 
with LSCC with activating mutations or copy-number variations 
in MAPK-related genes exhibit a higher response rate, improved 
progression-free survival, and overall survival when treated with 
immunotherapy, compared with those without these alterations. 
Additionally, the study identified immunologic differences, such 
as increased CD8+PD1+ T-cell density and a higher CD8+PD1+/ 
FOXP3 ratio, in MAPK-altered tumors, suggesting enhanced 
immune activation in these patients. These results underscore 
the importance of molecular profiling in tailoring immuno-
therapy strategies, offering a potential pathway for more per-
sonalized and effective treatment approaches in LSCC. The 
ability to identify patients who may benefit from immunother-
apy based on MAPK pathway alterations could significantly 
impact clinical decision-making and improve patient outcomes. 
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Biomarkers analyses 
SQUINT cohort 

Archive tumor tissues were collected for studies on biomarkers 
and efficacy in the SQUINT study. Patient specimens from 87 in-
dividuals were used to generate libraries using the hybrid capture- 
based OncoKey SL 525 Library Preparation Kit (Vela Diagnostics 
Germany GmbH) following the manufacturer’s protocol. A total of 
87 DNA and 87 RNA libraries were sequenced on a NovaSeq 
(Illumina). The fastQ files were processed with Vela SentosaSQ 
Reporter software developed by Vela Diagnostics. A small variants 
variant call file was generated, including SNPs, indels, frameshifts, 
truncations, and a JSON file including fusions and copy-number 
variations (CNV). The variant call and JSON files were subsequently 
imported to Vela Analytics software for interpretation. Actionable 
variants were identified for each patient. Patients with 
TMB ≥50 mutations/Mb were excluded from the subsequent bio-
marker analysis, which was considered to fail the quality control of 
the sequencing. Genes with actionable variants were used to per-
form pathway analysis by Reactome (https://reactome.org/ 
PathwayBrowser/#/DTAB¼MT&TOOL¼AT). Fifteen submitted 
genes were found mapping to 23 Reactome genes in the MAPK1/ 
MAPK3 signaling pathway. This gene list was selected a priori based 
on the biological hypothesis that activating MAPK alterations can 
associate with an immune-inflamed tumor microenvironment and 
therefore potentially improved outcomes to immunotherapy. Those 
genes were BRAF, EGFR, ERBB2, FGFR1, FGFR2, FGFR3, JAK3, 
KRAS, MET, NF1, NRAS, NRG1, PIK3CA, PIK3R1, and RAF1. Pa-
tients with oncogenic mutations or CNVs in these 15 genes in the 
MAPK1/MAPK3 signaling pathway were included in the genomic 
analysis. 

• PD-L1 assessment 

The PD-L1 tumor proportion score was assessed by trained pa-
thologists with the help of IHC using validated monoclonal anti– 
PD-L1 antibodies: E1L3N (Cell Signaling Technology), 22C3 (Dako 
North America Inc.), and 28-8 (Epitomics Inc.). 

• Tumor genomic profiling 

Targeted exome next-generation sequencing (NGS) was per-
formed using the validated OncoPanel assay in the Center for 
Cancer Genome Discovery at the Dana-Farber Cancer Institute 
(DFCI) for 277 (POPv1), 302 (POPv2), or 447 (POPv3) cancer- 
associated genes, as previously described and reported (PMID: 
28557599, PMID: 36775193, and PMID: 34740862). Tumor DNA 
was prepared and hybridized to custom RNA bait sets (Agilent 
SureSelectTM) and sequenced using Illumina HiSeq 2500 with 
2 � 100 paired-end reads. Sequence reads were aligned to refer-
ence sequence b37 edition from the Human Genome Reference 
Consortium, using bwa, and further processed via Picard (version 
1.90; http://broadinstitute.github.io/picard) and Genome Analysis 
Toolkit (version 1.6-5-g557da77). Single-nucleotide variants were 
called using MuTect v1.1.46, and insertions and deletions were 
called using Genome Analysis Toolkit Indelocator. CNVs and 
structural variants were called using the internally developed al-
gorithms RobustCNV and BreaKmer. For each gene, the absolute 
copy number was estimated based on the tumor purity (p) and the 
weighted average of segmented log2 ratios across the gene (L) 
using the following formula: absolute copy number ¼ [2∧((I+1))- 
2(1�p)]/p. TMB, defined as the number of somatic mutations per 

Mb of the genome examined (including coding, base substitution, 
and indels), was determined using OncoPanel as previously 
described (22). 

Multiplexed immunofluorescence (ImmunoProfile) 
Multiplexed immunofluorescence was performed on samples 

from the DFCI by staining 4 or 5-micron formalin-fixed, paraffin- 
embedded whole-tissue sections with standard, primary antibodies 
sequentially and paired with a unique fluorochrome followed by 
staining with nuclear counterstain 40,6-diamidino-2-phenylindole 
(DAPI). All samples were stained for PD-L1 (clone E1L3N, Cell 
Signaling Technology), PD-1 [clone EPR4877(2)], CD8 (clone 4B11, 
Thermo Fisher Scientific), FOXP3 (clone D608R, Thermo Fisher 
Scientific), and cytokeratin (clone AE1/AE3, Thermo Fisher Scien-
tific). Regions of Interest (ROI) were defined for each image, and 
only these regions were used for quantitative image analysis. InForm 
Image Analysis software (PerkinElmer/Akoya) was run within each 
ROI to phenotype and score cells based on biomarker expression. A 
custom script quantified the number/percentage of positive cells for 
relevant biomarkers in specific tissue regions. The cell count was 
calculated per ROI, averaged across ROIs, and reported as counts 
per millimeter squared ±SE. Tumor cells were defined as cells with 
DAPI+CK (AE1/AE3, Thermo Fisher Scientific) staining. Nontumor 
(inflammatory) cells were defined as cells without CK staining. 

Analyses of individual biomarkers and genes 
Quality sequencing outputs with high coverage were selected for 

survival analysis. Stratification analysis was used to estimate the 
association between clinical parameters and OS and PFS by ana-
lyzing the parameters in subgroups. For subgroup analyses, patients 
were stratified according to TMB status (TMB high: ≥10 mutations/ 
Mb and TMB low: <10 mutations/Mb), PD-L1 expression 
(<1%, <50%, and ≥50%), and MAPK1/3 genomic status (presence 
vs. absence of mutations or copy number alterations). Comparisons 
between arms were performed using the stratified log-rank test. 
P < 0.05 was considered statistically significant. Statistical analyses 
were conducted using JMP, version 16, SAS Inc. 

Study endpoints 
The primary study endpoint was the OS rate at 12 months. 

Secondary endpoints included (i) the median OS, response rate 
(RR), median PFS, median time-to-treatment response, duration of 
response in both NI and N-CT arms, and median OS in patients 
with or without bone metastases and (ii) correlation of OS and PFS 
with gene deregulations identified by NGS, including TMB status, 
PD-L1 expression, and MAPK1/3 genomic status. Subsequent 
treatments, safety, and toxicity were also assessed. A key exploratory 
endpoint included the OS in different subgroups on the basis of 
patient characteristics. 

Statistical analysis 
The study was initially sized according to the crude PFS at 

12 months using the Fisher exact test, resulting in 170 patients, 
drop-out included. It was later amended in a noncomparative trial 
with OS at 12 months as the primary endpoint. A sample size of 
45 patients was needed to reject the null hypothesis of an OS rate at 
12 months of 40% under the hypothesis of a 60% OS rate at 
12 months. The treatment was considered active if at least 25 pa-
tients were alive at 12 months. 

The Kaplan–Meier method was used to estimate the survival 
curves. OS was calculated from the date of randomization to the 
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date of death due to any cause. OS was censored on the last date the 
subject was known to be alive. PFS was calculated from the date of 
randomization to the first documented evidence of progressive 
disease or death due to any cause (whichever occurs first). Subjects 
who died without a reported progression were considered to have 
progressed on the date of their death. Subjects who did not progress 
or die were censored on the date of their last evaluable tumor 
assessment. 

The RR was defined as the number of subjects with the best 
overall response Q11 (BOR) of complete response or partial response 
divided Q12 by the number of randomized subjects for each treatment 
arm. BOR was defined as the best response designation recorded 
between the date of randomization and the date of objectively 
documented progression per RECIST 1.1, the date of initiation of 
palliative local therapy, or the date of subsequent anticancer ther-
apy, whichever occurs first. All available response designations 
contributed to the BOR determination for subjects without docu-
mented progression or palliative local therapy or subsequent anti-
cancer therapy. For subjects who continued on study medication 
beyond progression, the BOR was determined based on response 
designations recorded at the time of the initial RECIST 1.1–defined 
progression. For subgroup analyses, patients were stratified 
according to bone metastases (yes vs. no). Safety was measured by 
the incidence of adverse events (AE), serious AEs, discontinuation 
due to AEs, and deaths and laboratory abnormalities. Statistical 
analyses were conducted using IBM SPSS Statistics for Windows, 
version 28.0. Armonk, NY e R v.4.1.2 (www.R-project.org). The P 
value < 0.05 was considered statistically significant. 

In the multivariate analysis, event–time distributions were esti-
mated using Kaplan–Meier methodology. Log-rank tests were used 
to test for differences in event–time distributions, and Cox pro-
portional hazards models were fitted to obtain estimates of HRs in 
multivariable analysis after testing for Cox regression assumptions. 
Clinically relevant variables including age, sex, smoking history, PD- 
L1 expression, and TMB were chosen as covariates to adjuvant 
clinical outcomes. 

Data availability 
The datasets generated during and/or analyzed during the current 

study, including clinical outcomes, genomic, and immunopheno-
typic data, are available from the corresponding author on reason-
able request. 

Results 
A total of 91 patients with advanced LSCC were included in the 

study; 45 were assigned to the NI arm and 46 to the investigator’s 
choice of the N-CT arm. Patient characteristics were balanced be-
tween the two arms (Supplementary Table S1). The majority of 
patients were males (84.4% and 73.9% in NI and N-CT arms, re-
spectively) and current or former smokers (95.6% and 95.7%, re-
spectively; Supplementary Table S1). Brain, liver, or bone metastases 
were present in 4.4%, 8.9%, and 22.2% of patients in the NI arm and 
in 8.7%, 15.2%, and 30.4% of patients in the N-CT arm, respectively 
(Supplementary Table S1). PD-L1 expression was ≥1% in most 
patients in both arms (62.2% in the NI arm and 73.9% in the N-CT 
arm; Supplementary Table S1). Carboplatin or cisplatin in combi-
nation with gemcitabine was the most common chemotherapy 
regimen (98.0%; 70.0% carboplatin and 28.0% cisplatin-based 
chemotherapy). 

Clinical activity 
OS 

At 12 months, the OS rate was 62% in the NI arm and 50% in the 
N-CT arm (Fig. 1A). The median OS was numerically in the favor 
of the NI arm [14.7 months; 95% confidence interval (CI), 11.1– 
18.3 months] compared with that in the N-CT arm (12.0 months; 
95% CI, 10.1–13.9 months). Exploratory subgroup analyses of OS 
found that current smoker status (HR ¼ 0.45; 95% CI, 0.21–0.98) 
and the presence of bone metastases at the baseline (HR ¼ 0.19; 95% 
CI, 0.04–0.86) were factors favoring the NI combination treatment 
(Fig. 1B). The risk of death was also decreased in patients with PD- 
L1 <1% treated with NI (HR ¼ 0.54; 95% CI, 0.18–1.61; Fig. 1B). 

In the NI arm, the median OS of patients with bone metastases 
was not reached in the study period, whereas it was 14.0 months 
(95% CI, 10.7–17.3) in patients without bone metastases (Supple-
mentary Fig. S1). Among N-CT patients, the presence of bone 
metastases did not have any impact on the median OS (Supple-
mentary Fig. S1). 

The RR (Supplementary Table S2) and related OS, PFS (Sup-
plementary Fig. S2), time to response, and duration of response 
(Supplementary Fig. S3) are presented in the supplementary mate-
rial, as well as subsequent treatment (Supplementary Table S3), 
safety, and toxicity data are also provided (Supplementary Table S4). 

OS and PFS for individual biomarkers and genes 
A total of 74 of 91 intention-to-treat patients were included in the 

analyses for individual biomarkers and genes. We report the analysis 
in the aggregate form without distinction between NI and N-CT 
arms, considering the similar outcomes of the two populations. 
Analyses on clinical outcomes in the two treatment arms were 
provided according to PD-L1, TMB, and MAPK status with an 
explorative intent only. 

PD-L1 and TMB 
PD-L1 expression was evaluable in 69 patients. As expected, 

patients with PD-L1–positive (≥1%) expression had significantly 
longer PFS and numerically longer OS than PD-L1–negative (<1%) 
patients, as illustrated in Supplementary Fig. S4. Supplementary 
Figure S5 reports an exploratory analysis of the impact of NI versus 
N-CT on clinical outcomes according to the PD-L1 status. 

Overall, 53 patients presented with high TMB (≥10 mutations/ 
Mb; see Appendix II for details). The full list of analyzed genes and 
related mutational rates are reported in Supplementary Fig. S6. In 
patients with high TMB, the median OS was significantly longer 
[14.0 months (95% CI, 13.1–20.5)] compared with that in low TMB 
patients [11.3 months (95% CI, 4.1–12.1); P ¼ 0.038; Fig. 2A]. The 
TMB status did not impact the PFS in our cohort (Fig. 2B). Clinical 
outcomes were explored according to TMB alterations in each 
treatment arm. Improved outcomes were observed among NI pa-
tients (Supplementary Fig. S7). 

MAPK1/MAPK3 signaling pathway 
MAPK1/MAPK3 signaling pathway status was available for 

74 patients (Supplementary Table S5). Among them, 68.9% (n ¼ 51) 
presented with at least one mutation and/or oncogenic CNV in 
genes belonging to the MAPK1/MAPK3 signaling pathway. Clinical 
characteristics of MAPK1/MAPK3-positive and -negative patients 
were balanced (Supplementary Table S5), with a predominance of 
males in the MAPK1/MAPK3-positive subgroup. NF1 gene muta-
tion was the most common event (14.9%, n ¼ 11), followed by 
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mutations in PI3KCA (8.1%, n ¼ 6) and KRAS (6.8%; n ¼ 5) genes 
(Supplementary Fig. S8). Patients positive for mutation and/or CNV 
in MAPK1/MAPK3 signaling pathway genes had significantly lon-
ger OS [16.3 months (95% CI, 13.5–30.6) vs. 10.7 months (95% CI, 
6.1–13.3); P < 0.001] and PFS [6.3 months (95% CI, 4.1–10.5) vs. 
4.2 months (95% CI, 3.0–8.6); P ¼ 0.03] than individuals without 
any MAPK1/MAPK3 mutation or CNV (Fig. 3). 

Clinical outcomes were explored according to MAPK alterations 
in each treatment arm. Improved outcomes were reported in both 
groups. However, the magnitude of this effect was significant among 
N-CT patients (Supplementary Fig. S9). 

We further evaluated whether excluding patients with CNV in genes 
belonging to the MAPK1/MAPK3 pathway (n ¼ 18) affected immu-
notherapy outcomes. Again, a significantly longer PFS (HR ¼ 2.48, 
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Figure 1. 
Overall survival. A, OS rates at 12, 18, and 24 months. B, Exploratory subgroup analyses of OS. Mets, metastases.Q19 
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P ¼ 0.001) and OS (HR ¼ 2.45, P ¼ 0.005) were observed in patients 
with a MAPK1/MAPK3 mutation compared with those in individuals 
without any MAPK1/MAPK3 mutation (Supplementary Fig. S10). In 
addition, RRs to the therapy were higher in MAPK1/MAPK3-positive 
versus those in MAPK1/MAPK3-negative patients (43% vs. 15%). 

Lastly, we conducted an exploratory analysis of the survival 
outcomes according the most common alterations reported in the 
MAPK1/MAPK3 signaling pathway, including NF1, EGFR family, 
and FGFR family gene mutations. We reported a stronger associa-
tion between NF1 and FGFR family mutations and improved out-
comes with immunotherapy. By contrast, there was no association 
between EGFR alterations and outcomes (Supplementary Fig. S11). 

• Validation cohort 

To further confirm the predictive value of MAPK-activating 
alteration, we analyzed the clinical outcomes of an independent 

cohort of 63 patients with advanced LSCC treated at DFCI (see 
supplementary material and Supplementary Table S6 for details). 
Among them, 29 (46.0%) presented with mutation and/or CNV in 
genes belonging to the MAPK1/MAPK3 signaling pathway. In this 
independent validation cohort, patients positive for mutation or 
CNV in MAPK1/MAPK3 genes had longer OS [23.4 months (95% 
CI, 11.9–41.2) vs. 9.1 months (95% CI, 5.9–26.0); P < 0.001] than 
individuals without any MAPK1/MAPK3 mutation or CNV 
(Fig. 4). 

This result was also observed in the combined SQUINT and 
DFCI cohort, including 80 (58.3%) patients with MAPK1/MAPK3 
mutation or CNV who achieved longer OS [16.3 months (95% CI, 
13.9–30.6)] compared with 57 (41.7%) patients without MAPK1/ 
MAPK3 mutations or CNV [10.7 months (95% CI, 6.1–13.3); 
P ¼ 0.0005; Fig. 5A]. Comparable results were observed after ex-
cluding patients with CNV [16.3 (95% CI, 13.8–41.2) vs. 11.7 (95% 
CI, 9.1–14.3) months; P ¼ 0.006; Fig. 5B]. 
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Median OS (A) and PFS (B) according to TMB status. High TMB (≥10 mut/Mb; yellow line, n ¼ 53) versus low TMB (<10 mut/Mb; blue line, n ¼ 21). mut, 
mutations. 
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Multivariable analysis for OS and PFS in the SQUINT and 
combined SQUINT + DFCI cohorts supported these results and 
reported a significant decrease in the risk of death in patients with 
MAPK1/MAPK3 mutation or CNV versus that in MAPK1/ 
MAPK3 wild-type patients (adjusted HR ¼ 4.02, P < 0.001; Sup-
plementary Fig. S12A–S12D). 

To further discriminate the predictive versus the prognostic value 
of MAPK1/MAPK3 alterations, we analyzed an independent, control 
cohort of 79 patients with advanced LSCC who did not receive PD- 
L1–based therapies at DFCI. As illustrated in Supplementary Fig. 
S13, there was no difference in the median OS between patients with 
versus without MAPK1/MAPK3 alterations, supporting the predic-
tive rather than simply prognostic role of such molecular events 
[HR ¼ 0.74 (95% CI, 0.43–1.27); P ¼ 0.28]. 

Multiplexed immunofluorescence 
We lastly examined whether MAPK1/3 pathway alterations were 

associated with tumor microenvironment parameters. Among 
60 tumor samples, 28 (46.7%) had oncogenic alterations in the 
MAPK1/3 pathway, including mutations and CNV (Supplementary 
Fig. S14). We noted a significantly higher density of CD8+PD1+ 

T cells (P ¼ 0.04; Fig. 6A) and an increased CD8+PD1+/ 
FOXP3 ratio (P ¼ 0.047; Fig. 6A) among MAPK-altered tumors 
versus those of MAPK wild-type tumors. After excluding samples 
with only oncogenic CNV in the MAPK1/3 pathway, we confirmed 
that MAPK-altered squamous cancers have a higher density of 
CD8+ and CD8+PD1+ T cells (Fig. 6B) compared with MAPK wild- 
type cancers. Although these data are exploratory and should be 
interpreted cautiously, given the small sample size, they suggest that 
MAPK1/3 alterations may be associated with a distinct 
immunophenotype. 

Other mutations 
TP53 mutations were the most frequently reported mutations 

(55.4% of patients; Supplementary Fig. S4). Mutational events 
associated with failure of immunotherapy in nonsquamous his-
tology (e.g., STK11 or KEAP1 mutations) were not reported in 
our cohort given the differences in prevalence and context (e.g., 
association with KRAS mutation) among LSCC cases. OS and 
PFS were not statistically different among TP53-positive and 
-negative patients (OS: P ¼ 0.826; PFS: P ¼ 0.343; Supplementary 
Fig. S15). 
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Median OS (A) and PFS (B) according to MAPK status in the DFCI validation cohort. MAPK1/3 WT (yellow line; n ¼ 34) versus MAPK1/3 altered (blue line; 
n ¼ 29). WT, wild-type. 
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Discussion 
In the present study, we observed that activating alterations of 

genes involved in the MAPK pathway identify a group of patients 
with LSCC particularly sensitive to checkpoint inhibitors. In pa-
tients with mutations or CNV of MAPK genes who respond to the 
therapy, PFS and OS were increased than those in the counterpart 
lacking MAPK alterations, and these findings were confirmed in 
independent cohorts. 

In patients with nonsquamous histology, tumor drivers or 
specific mutations, such as STK11 or SMARCA4, predict a lack of 
immunotherapy efficacy. Such molecular events are rare in pa-
tients with squamous histology, with an urgent need for pre-
dictive factors (15–18). To identify potential biomarkers of ICI 
response, we conducted an extensive NGS analysis specifically 
focusing on MAPK-activating alterations. The MAPK pathway is 
a key signaling hub integrating extracellular signals to control 
cell proliferation, survival, differentiation, and drug resistance 
(23, 24). Previous studies showed that head and neck cancers 
harboring MAPK alterations are CD8+ T-cell inflamed, positively 
impacting immunotherapy efficacy. Recent bioinformatic anal-
ysis in patients with head and neck squamous cell carcinoma 
showed that MAPK-mutant head and neck squamous cell car-
cinoma tumors, irrespective Q13 of human papillomavirus status, 
have elevated CD8+ T-cell and dendritic cell infiltrations sug-
gestive of active cytolytic CD8+ T cell–inflamed status in these 
tumors (25). In our study, we analyzed the outcome in terms of 
RR, PFS, and OS in patients with or without MAPK alterations, 
and individuals harboring MAPK mutations or CNV had the best 
outcome for all clinical endpoints. In addition, we noted a sig-
nificantly higher density of CD8+PD1+ T cells among MAPK- 
altered tumors versus those in wild-type tumors, together with 
an increased CD8+PD1+/FOXP3 ratio in samples with mutations 

and/or CNV as well as in samples with mutations only, providing 
a mechanistic explanation on the higher immunotherapy effi-
cacy. To confirm our findings and to clarify the predictive versus 
the prognostic effect of MAPK-activating alterations, we ana-
lyzed two independent cohorts of patients with LSCC followed at 
DFCI. In the cohort of patients exposed to immunotherapy, we 
confirmed that MAPK mutations and CNV were significantly 
associated with longer survival. In the cohort of LSCCs not ex-
posed to immunotherapy, survival was similar between MAPK1/ 
MAPK3-mutant and wild-type LSCCs, suggesting that these al-
terations are predictive rather than prognostic factors. These 
findings have important implications. First, our results suggest 
that tumor genomic profiling may also play a role in LSCC. 
Differently from lung adenocarcinoma, actionable driver muta-
tions are exceedingly uncommon in LSCC and tumor genomic 
profiling is not routinely offered to these patients. This study 
indicates that MAPK1/3 pathway alterations may be easily 
identified using targeted exome sequencing panels, and these 
alterations may possibly inform clinical decisions. Second, our 
findings suggest that MAPK1/MAPK3 alterations can be inde-
pendent predictive factors of ICI efficacy Q14; thus, further study can 
be planned to define whether future ICI clinical trials should 
employ stratification measures to ensure that treatment arms are 
well balanced in terms of MAPK1/MAPK3 oncogenic events to 
avoid treatment outcomes affected by imbalances in these events. 
Lastly, as adjuvant and neoadjuvant PD-L1 blockade is increas-
ingly being used in clinical practice, we still do not have bio-
markers that help identify patients at high risk of relapse. Our 
data highlight the importance of also exploring the impact of 
MAPK1/MAPK3 pathway–activating alterations in patients with 
early-stage LSCC. 

In this study, with the limitation of the noncomparative design of 
the trial, no difference in terms of efficacy was observed among 
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Figure 6. 
Representative cases of MAPK-altered including CNV (A) and excluding CNV (B) and WT LSCC which underwent multiplexed immunofluorescence. WT, wild- 
type. 
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individuals treated with NI versus N-CT combination. This finding 
agrees with all available clinical data showing no substantial dif-
ference in PFS or OS between immunotherapy and chemo-
immunotherapy combinations (8, 10, 26). No unexpected toxicities 
potentially impacting study results were observed. 

Certainly, our study has some limitations, including the explor-
atory nature of biomarker analysis and the relatively small sample 
size. Lastly, we were powered to detect a class effect of MAPK1/ 
MAPK3 alterations on outcomes of ICI. However, whether specific 
genes are more associated with ICI efficacy than others remain to be 
determined in larger studies. 

Conclusions 
In conclusion, our study showed for the first time that MAPK- 

activating alterations influence the outcome of LSCC treated with 
immunotherapy, highlighting the relevance of gene profiling in in-
dividuals with squamous histology. 
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Pembrolizumab versus chemotherapy for PD-L1-positive non-small-cell lung 
cancer. N Engl J Med 2016;375:1823–33. 

4. Mok TSK, Wu Y-L, Kudaba I, Kowalski DM, Cho BC, Turna HZ, et al. 
Pembrolizumab versus chemotherapy for previously untreated, PD-L1- 
expressing, locally advanced or metastatic non-small-cell lung cancer (KEY-
NOTE-042): a randomised, open-label, controlled, phase 3 trial. Lancet 2019; 
393:1819–30. 

5. European Medicines Agency. KeytrudaTM (pembrolizumab) summary of 
product characteristics. Amsterdam (the Netherlands): European Medicines 

Agency; 2022. Available from: www.ema.europa.eu/en/documents/product- 
information/keytruda-epar-product-information_en.pdf Q18 

6. Ai L, Chen J, Yan H, He Q, Luo P, Xu Z, et al. Research status and outlook of 
PD-1/PD-L1 inhibitors for cancer therapy. Drug Des Devel Ther 2020;14: 
3625–49. 

7. Naimi A, Mohammed RN, Raji A, Chupradit S, Yumashev AV, Suksatan W, 
et al. Tumor immunotherapies by immune checkpoint inhibitors (ICIs); the 
pros and cons. Cell Commun Signal 2022;20:44. 

8. Paz-Ares L, Ciuleanu T-E, Cobo M, Schenker M, Zurawski B, Menezes J, et al. 
First-line nivolumab plus ipilimumab combined with two cycles of chemo-
therapy in patients with non-small-cell lung cancer (CheckMate 9LA): an 
international, randomised, open-label, phase 3 trial. Lancet Oncol 2021;22: 
198–211. 

9. Paz-Ares LG, Ciuleanu T-E, Cobo M, Bennouna J, Schenker M, Cheng Y, et al. 
First-line nivolumab plus ipilimumab with chemotherapy versus chemother-
apy alone for metastatic NSCLC in CheckMate 9LA: 3-year clinical update and 

AACRJournals.org Clin Cancer Res; XX(XX) XXX XX, 2025 9 

MAPK Activating Alteration and Immunotherapy Efficacy in LSCC 

http://clincancerres.aacrjournals.org/
http://www.ema.europa.eu/en/documents/product-information/keytruda-epar-product-information_en.pdf
http://www.ema.europa.eu/en/documents/product-information/keytruda-epar-product-information_en.pdf
https://aacrjournals.org/


642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671

672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701

outcomes in patients with brain metastases or select somatic mutations. 
J Thorac Oncol 2023;18:204–22. 

10. Johnson ML, Cho BC, Luft A, Alatorre-Alexander J, Geater SL, Laktionov K, 
et al. Durvalumab with or without tremelimumab in combination with che-
motherapy as first-line therapy for metastatic non-small-cell lung cancer: the 
phase III POSEIDON study. J Clin Oncol 2023;41:1213–27. 

11. Lahiri A, Maji A, Potdar PD, Singh N, Parikh P, Bisht B, et al. Lung cancer 
immunotherapy: progress, pitfalls, and promises. Mol Cancer 2023;22:40. 

12. Hellmann MD, Ciuleanu TE, Pluzanski A, Lee JS, Otterson GA, Audigier- 
Valette C, et al. Nivolumab plus ipilimumab in lung cancer with a high tumor 
mutational burden. N Engl J Med 2018;378:2093–104. 

13. Zhang Y, Wu J, Zhao C, Zhang S, Zhu J. Recent advancement of PD-L1 
detection technologies and clinical applications in the era of precision cancer 
therapy. J Cancer 2023;14:850–73. 

14. Paz-Ares L, Vicente D, Tafreshi A, Robinson A, Soto Parra H, Mazières J, et al. 
Pembrolizumab (pembro) + chemotherapy (chemo) in metastatic squamous 
NSCLC: final analysis and progression after the next line of therapy (PFS2) in 
KEYNOTE-407. Ann Oncol 2019;30:v851–934. 

15. Cho BC, Lopes G, Kowalski DM, Kasahara K, Wu Y-L, Castro G, et al. Abstract 
CT084: relationship between STK11 and KEAP1 mutational status and efficacy 
in KEYNOTE-042: pembrolizumab monotherapy versus platinum-based che-
motherapy as first-line therapy for PD-L1-positive advanced NSCLC; In: Pro-
ceedings of the Annual Meeting of the American Association for Cancer 
Research 2020; 2020 Apr 27–28 and Jun 22–24; Philadelphia (PA); Philadelphia 
(PA): American Association for Cancer Research (AACR); 2020. p. CT084. 

16. Lamberti G, Spurr LF, Li Y, Ricciuti B, Recondo G, Umeton R, et al. Clinicopath-
ological and genomic correlates of programmed cell death ligand 1 (PD-L1) ex-
pression in non-squamous non-small-cell lung cancer. Ann Oncol 2020;31:807–14. 

17. Liberini V, Mariniello A, Righi L, Capozza M, Delcuratolo MD, Terreno E, 
et al. NSCLC biomarkers to predict response to immunotherapy with 

checkpoint inhibitors (ICI): from the cells to in vivo images. Cancers (Basel) 
2021;13:4543. 

18. Aggarwal C, Thompson JC, Chien AL, Quinn KJ, Hwang W-T, Black TA, et al. 
Baseline plasma tumor mutation burden predicts response to pembrolizumab- 
based therapy in patients with metastatic non-small cell lung cancer. Clin 
Cancer Res 2020;26:2354–61. 

19. Stutvoet TS, Kol A, de Vries EG, de Bruyn M, Fehrmann RS, Terwisscha van 
Scheltinga AG, et al. MAPK pathway activity plays a key role in PD-L1 ex-
pression of lung adenocarcinoma cells. J Pathol 2019;249:52–64. 

20. Ngan H-L, Liu Y, Fong AY, Poon PHY, Yeung CK, Chan SSM, et al. MAPK 
pathway mutations in head and neck cancer affect immune microenviron-
ments and ErbB3 signaling. Life Sci Alliance 2020;3:e201900545. 

21. Bedognetti D, Roelands J, Decock J, Wang E, Hendrickx W. The MAPK 
hypothesis: immune-regulatory effects of MAPK-pathway genetic dysregula-
tions and implications for breast cancer immunotherapy. Emerg Top Life Sci 
2017;1:429–45. 

22. Garcia EP, Minkovsky A, Jia Y, Ducar MD, Shivdasani P, Gong X, et al. 
Validation of OncoPanel: a targeted next-generation sequencing assay for the 
detection of somatic variants in cancer. Arch Pathol Lab Med 2017;141:751–8. 

23. Braicu C, Buse M, Busuioc C, Drula R, Gulei D, Raduly L, et al. A compre-
hensive review on MAPK: a promising therapeutic target in cancer. Cancers 
(Basel) 2019;11:1618. 

24. Dhillon AS, Hagan S, Rath O, Kolch W. MAP kinase signalling pathways in 
cancer. Oncogene 2007;26:3279–90. 

25. Ngan H-L, Law C-H, Choi YCY, Chan J-YS, Lui VWY. Precision drugging of 
the MAPK pathway in head and neck cancer. NPJ Genom Med 2022;7:20. 

26. Brahmer JR, Lee J-S, Ciuleanu T-E, Bernabe Caro R, Nishio M, Urban L, et al. 
Five-Year survival outcomes with nivolumab plus ipilimumab versus chemo-
therapy as first-line treatment for metastatic non-small-cell lung cancer in 
CheckMate 227. J Clin Oncol 2023;41:1200–12. 

10 Clin Cancer Res; XX(XX) XXX XX, 2025 CLINICAL CANCER RESEARCH 

Cappuzzo et al. 



If you have no corrections to the proofs, please insert a “No corrections” comment 
or sticky note on page 1 and upload the proof. If you do not respond with an upload, 
you will receive repeated reminders to return your proof. 

Q1—Please shorten the running head so that it does not exceed “60” characters. 

Q2—Please check all author names to ensure that Firstname and Surname data are accurately reflected, 
and correct errors as needed. If the names are not segmented correctly, indexing by PubMed and 
other services will be incorrect upon publication. 

Q3—Please verify the affiliations and their corresponding author links. 

Q4—We have followed abbreviations usage as per style and removed the list of abbreviations provided 
in the manuscript. Please check if it is fine to proceed. 

Q5—Per journal style, genes, alleles, loci, and oncogenes are italicized; proteins are roman. Please 
check throughout to see that the words are styled correctly. AACR journals have developed 
explicit instructions about reporting results from experiments involving the use of animal models 
as well as the use of approved gene and protein nomenclature at their first mention in the 
manuscript. Please review the instructions at http://aacrjournals.org/content/authors/editorial- 
policies#genenomen to ensure that your article is in compliance. If your article is not in com-
pliance, please make the appropriate changes in your proof. 

Q6—Please verify the drug names and their dosages used in the article. 

Q7—As per style, we have changed the abstract subheading “Methods” to “Patients and Methods.” 
Kindly check. 

Q8—Please provide the expansion for the abbreviation "NCCN". 

Q9—Please provide the expansion for the abbreviation "ULN". 

Q10—The abbreviation "CTCAE" has been expanded as "Common Terminology Criteria for Adverse 
Events" as per the accepted abbreviation list in the style guide. Please check whether this is okay. 

Q11—The abbreviation "CR" has been expanded as "complete response" as per the accepted abbre-
viation list in the style guide. Please check whether this is okay. 

Q12—The abbreviation "PR" has been expanded as "partial response" as per the accepted abbreviation 
list in the style guide. Please check whether this is okay. 

Q13—The abbreviation "HPV" has been expanded as "human papillomavirus" as per the accepted 
abbreviation list in the style guide. Please check whether this is okay. 

Q14—Please provide the expansion for "ICI". 

Q15—Please check whether the section “Authors’ Disclosures” is displayed correctly. 

QUERIES AND CORRECTIONS 

AUTHOR: PLEASE ANSWER ALL QUERIES THAT APPEAR BELOW. 1 



Q16—The contribution(s) of each author are listed in the proof under the heading “Authors’ Con-
tributions.” If you need to make a change to these contributions, you must first inform the 
affected author(s). Any changes to the contributions will also undergo review by the Managing 
Editor. 

Q17—Note that as per AACR style, the author names in references should be “6 authors” followed by 
“et al.” Therefore, the author names in references with three authors + et al. have been updated 
as per PubMed. Please verify. 

Q18—Please provide the cited date for Reference (5). 

Q19—Please confirm quality/labeling of all images included within this article. Figure labels should be 
legible at 100% zoom of the PDF file to ensure readability in print. Please flag any figures and/or 
label font sizes that should be adjusted. 

QUERIES AND CORRECTIONS 

AUTHOR: PLEASE ANSWER ALL QUERIES THAT APPEAR BELOW. 2 


