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Abstract 
Immune checkpoint inhibitors (ICIs) have achieved impressive success in lung adenocarcinoma (LUAD). However, the 
response to ICIs varies among patients, and predictive biomarkers are urgently needed. PCDH11X is frequently mutated in 
LUAD, while its role in ICI treatment is unclear. In this study, we curated genomic and clinical data of 151 LUAD patients 
receiving ICIs from three independent cohorts. Relations between PCDH11X and treatment outcomes of ICIs were examined. 
A melanoma cohort collected from five published studies, a pan-cancer cohort, and non-ICI-treated TCGA-LUAD cohort 
were also examined to investigate whether PCDH11X mutation is a specific predictive biomarker for LUAD ICI treatment. 
Among the three ICI-treated LUAD cohorts, PCDH11X mutation (PCDH11X-MUT) was associated with better clinical 
response compared to wild-type PCDH11X (PCDH11X-WT). While in ICI-treated melanoma cohort, the pan-cancer cohort 
excluding LUAD, and the non-ICI-treated TCGA-LUAD cohort, no significant differences in overall survival (OS) were 
observed between the PCDH11X-MUT and PCDH11X-WT groups. PCDH11X mutation was associated with increased 
PD-L1 expression, tumor mutation burden (TMB), neoantigen load, DNA damage repair (DDR) mutations, and hot tumor 
microenvironment in TCGA-LUAD cohort. Our findings suggested that the PCDH11X mutation might serve as a specific 
biomarker to predict the efficacy of ICIs for LUAD patients. Considering the relatively small sample size of ICI-treated 
cohorts, future research with larger cohorts and prospective clinical trials will be essential for validating and further explor-
ing the role of PCDH11X mutation in the context of immunotherapy outcomes in LUAD.

Key messages  
• PCDH11X mutation is associated with better clinical 

response compared to wild type PCDH11X in three ICIs-
treated LUAD cohorts.

• In ICIs-treated melanoma cohort, the pan-cancer cohort 
excluding LUAD, and non-ICIs-treated TCGA-LUAD 
cohorts PCDH11X mutation is not associated with better 
clinical response, suggesting PCDH11X mutation might 

be a specific biomarker to predict the efficacy of ICIs 
treatment for LUAD patients.

• PCDH11X mutation is associated with increased PD-L1 
expression, tumor mutation burden, and neoantigen load 
in TCGA-LUAD cohort.

• PCDH11X mutation is associated with hot tumor micro-
environment in TCGA-LUAD cohort.
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Introduction

Lung cancer is the most commonly diagnosed cancer and 
the leading cause of cancer-related death worldwide, caus-
ing approximately 1.8 million deaths each year [1]. Lung 
cancer is divided into two broad histological categories: 
non-small cell lung carcinoma (NSCLC) and small-cell 
lung carcinoma (SCLC). NSCLC represents more than 80 
to 85% of lung cancers. Most common histological subtype 
of NSCLC is adenocarcinoma (LUAD, 40%), followed by 
squamous cell carcinoma (LUSC, 25%) [2, 3]. It is widely 
speculated that LUAD and LUSC arise from distinct cells 
of origin: LUAD is considered to arise mainly from alve-
olar epithelial cells, whereas LUSC is from basal cells 
[4]. However, mixed histology non-small cell lung can-
cer and histologic transdifferentiation of LUAD to LUSC 
have been observed [4, 5]. Also, transition of LUSC to 
LUAD has been reported, although the evidences are 
limited [6]. Treatment options for LUAD usually include 
surgery, radiotherapy, chemotherapy, molecularly targeted 
therapy, and immunotherapy, based on the stage, histology, 
genetic alterations, and patient’s condition. According to 
the study in the United States, survival after diagnosis with 
LUAD has improved substantially along with treatment 
advances: among men, incidence-based mortality from 
NSCLC decreased 6.3% annually from 2013 through 2016 
[7]. In recent years, immune checkpoint inhibitors (ICIs) 
targeting programmed cell death (ligand)-1 (PD-1/PD-L1) 
and cytotoxic T lymphocyte-antigen 4 (CTLA-4) have 
substantially improved outcomes of NSCLC treatment 
[8, 9]. However, despite the promising antitumor effects 
exhibited by ICIs, the objective response rate (ORR) of 
ICI treatment is only about 20% [10]. Currently, several 
biomarkers have showed potential to identify patients 
who response better to ICI treatment. These biomarkers 
include PD-L1 expression, neoantigen load (NAL), TMB, 
and DDR pathway. However, it is important to note that 
the predictive utility of these biomarkers still has some 
limitations [11]. In light of this, there is an urgent need 
to discover more potential biomarkers that can effectively 
screen patients who would derive the greatest therapeutic 
benefit from ICIs.

Protocadherin 11 X-linked (PCDH11X), a non-clustered 
δ-protocadherin belonging to the cadherin superfamily,  
is frequently mutated in lung cancer [12]. Some stud-
ies have shown that PCDHs regulate immune processes. 
For example, PCDH15 is expressed in cytotoxic tumor-
derived T- and NK-cell lines instead of normal T, B, or  
NK lymphocytes [13]. PCDH18 has been reported to inter-
act with  p56lck kinase to block proximal TCR signaling 
and plays a key role to regulate  CD8+ tumor-infiltrating T 
cell function [14, 15]. In addition, cadherin superfamily 

members FAT1/2/3/4 are proposed to be potential immu-
nological biomarkers to screen non-small cell lung cancer 
(NSCLC) patients who may benefit from ICI treatment 
[16, 17]. However, the role of PCDH11X mutation in 
LUAD patients is not clear.

In this study, we found that PCDH11X mutation was 
associated with better clinical benefits in three independ-
ent ICI-treated LUAD cohorts. Subsequently, we assessed 
immunogenic features based on PCDH11X status to explore 
the possible underlying mechanism using TCGA datasets. 
We found that PCDH11X mutation is associated with higher 
PD-L1 expression, TMB, neoantigen load, DNA damage 
repair (DDR) mutations, and hot microenvironment in 
TCGA-LUAD cohort. Our current evidence suggests that 
PCDH11X mutation yields promising predictive value for 
ICI treatment in LUAD patients.

Materials and methods

Clinical cohort

The present study used four ICI-treated cohorts and one 
non-ICI-treated cohort for analysis (Tables S1 and S2). The 
ICI-treated cohorts included the following: (1) the Hellmann 
cohort [18] included 75 LUAD patients received combined 
anti-PD-1 and CTLA-4 treatment; (2) the Miao cohort [19] 
included 249 patients (47 LUAD, 202 non-LUAD) with vari-
ous types of cancer received anti-CTLA-4 and/or anti-PD-L1 
or PD-L1 treatment; (3) the Rizvi cohort [20] included 34 
NSCLC (29 LUAD, 5 LUSC) received pembrolizumab treat-
ment; and (4) melanoma cohort included 424 patients with 
melanoma collected from five published studies [21–25]. 
All these cohorts included response data and mutation data 
obtained from exome sequencing. TCGA-LUAD cohort was 
a non-ICI-treated cohort. It included whole exome sequenc-
ing data of 567 patients and RNA-seq data of 509 patients. 
TCGA-LUAD cohort was used to explore the possible 
underlying mechanism. Data from ICI-treated cohorts was 
downloaded from cBioPortal (https:// www. cbiop ortal. org/) 
or supplementary materials from published articles. Data 
from TCGA-LUAD cohort was downloaded from UCSC-
XENA (https:// xenab rowser. net/ datap ages/).

Somatic variant analysis and genomics 
characteristics

We analyzed the somatic mutation distribution of PCDH11X 
gene in the Hellmann and TCGA-LUAD cohorts using the 
R package Maftools [26]. The MAF file was download from 
cBioPortal and UCSC-XENA database, respectively. The 

https://www.cbioportal.org/
https://xenabrowser.net/datapages/
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ComplexHeatmap function was used to draw a oncoPrint 
plot that displayed the top 10 most frequently mutated genes 
and clinical features for two cohorts [27].

Copy number variation analysis in TCGA 

The copy number variation (CNV) data of TCGA-LUAD 
cohort were downloaded from the GDC portal using R pack-
age TCGAbiolinks [28]. GSITIC 2.0 was adopted to detect 
significant amplified and deletion in genomic region with 
default parameter (confidence level was 0.9) [29]. Regions 
with an FDR value less than 0.01 were visualized using R 
package Maftools.

Assessment of clinical response

The clinical indicators used to assess clinical response of 
immunotherapy included overall survival (OS), progression-
free survival rate (PFS) and objective response rate (ORR). 
For cohorts with OS available (Miao cohort, Melanoma 
cohort, TCGA-LUAD cohort), OS was regarded as the main 
endpoint; otherwise, PFS was regarded as the main endpoint 
(Hellmann cohort, Rizvi cohort). ORR was defined as the per-
centage of patients who have confirmed complete response 
(CR) or partial response (PR) according to RECIST V.1.1. 
For the ICI-treated cohorts, PFS and OS were calculated 
from the start date of treatment. For non-ICI-treated cohorts, 
namely, TCGA-LUAD, OS were calculated from the date of  
the first diagnosis.

TMB, neoantigen load, PD‑L1 gene 
expression, and DDR pathway gene 
mutation frequency

Tumor mutation burden (TMB) was defined as the num-
ber of mutations (SNV or indels) per million bases (MB) 
of interrogated genomic sequencing. The TMB of the two 
groups of PCDH11X-MUT and PCDH11X-WT was com-
pared by Mann–Whitney-Wilcoxon test. Predicted neoanti-
gen load was extracted from a previous TCGA pan-cancer 
study conducted by Thorsson et al. [30]. PD-L1 expression 
(FPKM) between PCDH11X-MUT and PCDH11X-WT 
groups was compared by Mann–Whitney-Wilcoxon test in 
TCGA-LUAD cohort.

We used the combined ICI-treated dataset (combing 
Hellmann cohort, Miao cohort, and Rizvi cohort) to per-
form multivariable Cox regression analysis. TMB above the 
median was defined as high TMB; otherwise, it was defined 
as low TMB. PD-L1 expression level data (negative, weak, 
strong) was available in Rizvi (29 samples) and Hellmann 

(68 of 75 samples) cohorts. We obtained the data from the 
supplementary material of the published papers, where 
PD-L1 expression was assessed by immunohistochemistry, 
and strong staining represented ≥ 50% PD-L1 expression, 
weak represented 1 to 49%, and negative represented < 1%.

The gene set related to the DDR pathway came from 
the Broad Institute MSigDB database (https:// www. gsea- 
msigdb. org/ gsea/ msigdb/, Table S3). For each sample, we 
counted the mutation occurred in each DDR pathway. The 
Mann–Whitney-Wilcoxon test was used to compare the 
mutation counts of each pathway between the PCDH11X-
MUT and PCDH11X-WT groups.

Tumor microenvironment analysis 
of TGCA‑LUAD cohort

The immune infiltration scores of 29 cell types estimated 
using CIBERSORT were extracted from a previous TCGA 
pan-cancer study conducted by Thorsson et al. [31]. Eight-
een immune signatures collected from published articles 
were calculated using FPKM values and compared by 
Mann–Whitney-Wilcoxon test (Table S4). R package edgeR 
[32] was used to perform differentially expressed gene 
(DEG) analysis between PCDH11X-WT (408 samples) and 
PCDH11X-MUT (101 samples) groups in TCGA-LUAD 
cohort using htseq-count data. Genes with FDR value less 
than 0.05 were considered as DGEs. The differences in the 
expression levels of 78 immune-related genes defined by 
Thorsson et al. [31] were also studied.

Gene set variation analysis (GSVA)

Hallmark and KEGG pathway gene sets were downloaded 
from the molecular signature database MSigDB (http:// softw 
are. broad insti tute. org/ gsea/ msigdb). The gene set variance 
analysis (GSVA) score of each gene set for each sample 
in TCGA-LUAD cohort was obtained using the R pack-
age GSVA. The GSVA score could represent the degree of 
enrichment of gene sets. Then, R package limma was used 
to compare the GSVA score between PCDH11X-MUT and 
PCDH11X-WT groups. Gene sets with adjusted P value 
lower than 0.05 were considered as significantly different 
between groups.

Statistical analysis

Associations between the PCDH11X mutation status and OS 
or PFS were analyzed via the Kaplan–Meier method using 
R packages survminer; survival curves were compared via 
the log-rank test. Multivariate Cox regression analysis was 

https://www.gsea-msigdb.org/gsea/msigdb/
https://www.gsea-msigdb.org/gsea/msigdb/
http://software.broadinstitute.org/gsea/msigdb
http://software.broadinstitute.org/gsea/msigdb
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performed in the combined ICI-treated cohort, adjusting 
factors including age, gender, smoking history, TMB, and 
PD-L1 level. Statistical analysis for comparisons between 
two groups was conducted using the Wilcoxon test. R soft-
ware (version 3.6.3) was applied to perform all statistical 
analyses, and P values were two-tailed. A P value < 0.05 was 
considered to indicate significance.

Results

Landscapes of PCDH11X gene mutations in LUAD

We first explored the mutation distribution located in the pro-
tein structures and somatic mutation rate of PCDH11X gene 
in the Hellmann and TCGA cohort (Fig. 1A, B). The somatic 
mutation rates in the patients from Hellmann cohort were 
13.33% and 14.64% in the TCGA-LUAD cohort. The most 
frequent somatic mutation of PCDH11X gene in both two 
cohorts was missense mutations spanned entire gene, sug-
gesting that it may function as a tumor suppressor in LUAD 
as previously reported [12]. Then, we divided patients into 
PCDH11X-MUT (mutant type) and PCDH11X-WT (wild 
type) groups and compared the mutational events and clinical 
characters between the two groups. Figure 1C, D shows the 
summary of the top 10 most commonly mutated genes and 
clinical information of LUAD patients from Hellmann and 
TCGA cohorts using oncoPrint plot. Eight genes overlapped 
between Hellmann and TCGA cohorts, including TP53, 
TTN, MUC16, KRAS, RYR2, LRP1B, XIRP2, and ZFHX4. 
The mutation rates of them in the patients with PCDH11X 
mutation were higher than those in patients with wild-type 
PCDH11X, suggesting PCDH11X mutation was associated 
with higher tumor mutation burden (TMB). For clinical char-
acters, we found in Hellmann cohort, ORR and the propor-
tion of patients with progression free in the PCDH11X-MUT 
group were higher than those in the PCDH11X-WT group, 
suggesting that PCDH11X mutation may be related to the 
response to ICIs in patients with LUAD.

Then, we performed the analysis of copy number varia-
tion events in TCGA-LUAD dataset. As shown in Fig. 1E, 
F, the number of significantly amplified and deletion peaks 
in the PCDH11X-WT group was notably more compared to 
the PCDH11X-MUT group. In the PCDH11X-MUT group, 
the top five significant genomic events were composed of 
four amplified regions and one deleted region. They were 
located in 1q21.3, 12p12.1, 12p11.21, 14q13.3, and 9p21.3, 
respectively. In the PCDH11X-WT group, three most signifi-
cantly amplified events were located in 5p15.33, 8q24.21, 
and 14q13.3; the two deleted events were located in 9p21.3 
and 9p23.

PCDH11X mutation is associated with better 
clinical outcomes in ICI‑treated lung 
adenocarcinoma

We investigated the association between PCDH11X muta-
tion and ICI treatment benefits in Hellmann cohort. In 
the cohort, the mutation frequency of PCDH11X was 
20% (15/75). Patients in the PCDH11X-MUT group 
experienced longer PFS than those in the PCDH11X-WT 
group (median: not reached versus 6.8 months, P = 0.02; 
Fig. 2A). The ORR of patients with PCDH11X-MUT was 
also higher than that of patients with PCDH11X-WT, 
although the P value is slightly higher than 0.05 (Fig. 2E; 
53.33% (8/15) versus 26.66% (16/60), odds ratio = 3.089, 
P = 0.065).

To further evaluate the predictive value of PCDH11X, 
Miao and Rizvi cohorts were analyzed. In Miao cohort, 
mutation frequency of PCDH11X was 12.5% (6/48) in 
LUAD patients. The OS benefit was more prominent in 
the PCDH11X-MUT group than that in the PCDH11X-WT 
group (Fig. 2B; median: not reached versus 12.6 months, 
P = 0.033). The ORR of patients with PCDH11X-MUT 
was also higher than that of patients with PCDH11X-
WT, although the P value is slightly higher than 0.05 
(Fig.  2E; 66.67% (4/6) versus 26.19% (11/42), odds 
ratio = 5.40, P = 0.07). In Rizvi cohort, mutation fre-
quency of PCDH11X was 13.8%. The PFS was longer in 
the PCDH11X-MUT group than that in the PCDH11X-WT 
group, although the P value is not significant (Fig. 2C; 
median: 8.6 months versus 6.3 months, P = 0.27). In terms 
of ORR, the rate in the PCDH11X-MUT group is also 
higher than that in the PCDH11X-WT group (Fig. 2E; 50% 
(2/4) versus 22.9% (8/25), odds ratio = 5.40, P = 0.59).

In the combined dataset, the PFS of the PCDH11X-
MUT group was longer than that of the PCDH11X-
WT group (Fig. 2D; 21.71 months versus 7.82 months, 
P = 0.034). In terms of ORR, the rate of the PCDH11X-
MUT group is nearly twice than that of the PCDH11X-WT 
group (Fig. 2E; 54.55% (12/22) versus 27.10% (29/107), 
odds ratio = 3.19, P = 0.02).

PCDH11X mutation is an independent 
predictive biomarker

We used multivariable Cox regression to assess the effect of 
multiple factors, including PCDH11X mutational status, age, 
gender, smoking history, TMB, and PD-L1 expression for 
predicting PFS of ICI therapy in the combined dataset. The 
results showed that PCDH11X mutational status remained 
an independent predictive factor for PFS (Table 1).
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Fig. 1  Genomic variation landscapes associated with PCDH11X 
mutations in the Hellmann and TCGA cohorts. A, B Lollipop plots 
display the amino acid changes induced by somatic mutation in the 
longest isoform of PCDH11X in both Hellmann and TCGA cohort. 
Different color boxes are shown for protein structures, and the lolli-
pops indicate the types and location of mutation. C, D Top 10 genes 
with the highest number of mutation in the Hellmann (n = 75) and 
TCGA cohorts (n = 567). The PCDH11X mutational status and clini-

cal features are annotated together. E, F CNV analysis using GISTIC 
2.0 for TCGA LUAD dataset grouping into PCDH11X-MUT and 
PCDH11X-WT. Peaks colored by red and blue represent the ampli-
fications and deletions in the copy number segment, respectively. 
The top 5 most significantly mutational sites have been labeled. The 
G-score means the probability of copy number alterations in a chro-
mosomal location
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PCDH11X mutation is a specific biomarker 
for ICI treatment response in lung 
adenocarcinoma

We assessed whether PCDH11X mutation was a specific 
biomarker for ICI treatment response in LUAD. We first 
assessed the value of PCDH11X mutation in predicting ICI 

treatment response in melanoma data combined from five 
cohorts and in Miao cohort excluding LUAD. The associa-
tion of PCDH11X mutation and better OS was not observed 
in melanoma (Fig. 3A). Also, in pan-cancer (Miao) cohort 
excluding LUAD, no significant difference was found in OS 
between the PCDH11X-WT and PCDH11X-MUT groups 
(Fig. 3B). Then, we assessed the potential prognosis value 

Fig. 2  Association of PCDH11X mutation and ICI treatment response 
in LUAD. A Kaplan–Meier curves comparing PFS of patients with 
or without PCDH11X mutation in Hellmann cohort. B Kaplan–Meier 
curves comparing OS of patients with or without PCDH11X muta-
tion in Miao cohort. C, D Kaplan–Meier curves comparing PFS of 

patients with or without PCDH11X mutation in Rizvi cohort and 
combined ICI treated cohort. E ORR were compared between the 
PCDH11X-MUT and PCDH11X-WT groups in Hellmann, Miao-
LUAD, Rizvi, and combined cohorts
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of PCDH11X mutation in TCGA-LUAD cohort, which is a 
non-ICI-treated cohort. OS between the PCDH11X-WT and 
PCDH11X-MUT groups was not significantly different in 
TCGA-LUAD cohort (Fig. 3C). These results suggested that 
PCDH11X mutation was a specific biomarker for predicting 
ICI treatment response in LUAD.

PCDH11X mutation is associated 
with increased PD‑L1 expression, TMB, 
neoantigen load, and DDR mutations  
in lung adenocarcinoma

PD-L1 expression is currently the most widely validated 
and accepted biomarker of ICI treatment. To investigate 
the possible mechanism underlying the predictive role of 
PCDH11X mutation, we firstly compared the expression of 
PD-L1 between the PCDH11X-WT and PCDH11X-MUT 
groups. We found that PCDH11X mutation was associated 
with higher PD-L1 expression (Fig. 4A). Tumors with higher 
TMB are thought to produce more neoantigens, be more 
immunogenic, and consequently have better response to 
ICIs [33, 34]. Neoantigen load, which represents the num-
ber of tumor mutations actually targeted by T cells, has also 
been reported to be related to the response to ICIs [35]. So, 
we next compared TMB and neoantigen load between the 
PCDH11X-WT and PCDH11X-MUT groups. We found 

Table 1  Multivariable Cox regression analysis of PFS in combined 
ICI-treated cohorts

Variable N HR 95% CI P value

PCDH11X (mutated vs. wild 
type)

22 /106 0.415 0.19–2.41 0.02

  Age (≥ 65 vs. < 65 years) 54/62 0.838 0.50–1.19 0.51
  Gender (female vs. male) 70/58 0.85 0.51–1.18 0.53
  Smoking (ever vs. never) 100/28 0.6 0.33–1.67 0.1
  TMB (high vs. low) 104/24 1.014 0.46–0.99 0.97
  PD-L1 (weak vs. negative) 45/29 1.005 0.57–0.99 0.99
  PD-L1 (strong vs. negative) 20/29 0.426 0.18–2.35 0.05

Fig. 3  Association of PCDH11X mutation and prognosis in ICI-
treated non-LUAD patients or non-ICI-treated LUAD patients. A–C 
Kaplan–Meier curves comparing OS of patients with or without 

PCDH11X mutation in ICI-treated melanoma cohort, ICI-treated 
Miao cohort excluding LUAD, and TCGA non-ICI-treated LUAD 
cohort
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that PCDH11X-MUT was associated with both higher TMB 
(Fig. 4B) and neoantigen load (Fig. 4C).

Considering that DDR gene alterations may explain the 
higher level of TMB and was reported to associated with the 
response to ICIs in tumors [36], we further examined the 
association of the PCDH11X mutation status and DDR gene 
mutations. We observed a trend towards an enrichment of 
DDR gene alterations in the PCDH11X-MUT group. Seven 
pathways (i.e., base excision repair (BER), homologous 
recombination (HR), mismatch repair (MMR), Fanconi ane-
mia (FA), non-homologous end join (NHEJ), DNA repair 
(DR), and nucleotide excision repair (NER) demonstrated 
enrichment for mutations in the PCDH11X-MUT group ver-
sus the PCDH11X-WT group (Fig. 4D).

PCDH11X mutation is associated with hot 
tumor microenvironment in TCGA‑LUAD cohort

High immunogenicity caused by high TMB and neoanti-
gen load may lead to a hot tumor microenvironment (TME), 
which is characterized by T cell infiltration, molecular sig-
natures of immune activation and association with better 
response to ICIs [37, 38]. To investigate whether PCDH11X 
mutation is associated with hot TME and further investi-
gate the possible mechanism underlying the predictive role 
of PCDH11X mutation, we first calculated 18 reported 
immune signatures in TCGA-LUAD cohort and compared 
the scores between the PCDH11X-MUT and PCDH11X-WT 
groups. We found that multiple T cell or CD8 T cell–related 

signatures, including T cell activation, T-effector (Teff), 
CD8 T cytotoxic, and cytotoxic T lymphocyte (CTL) level, 
were significantly higher in the PCDH11X-MUT group 
(Fig. 5A, B). Besides, IFNγ signature, which is a critical 
driver of programmed death ligand-1 (PD-L1) expression 
in cancer and host cells, was also higher in the PCDH11X-
MUT group (Fig. 5A, B).

Tumor-infiltrating immune cells, especially CD8 T cells, 
have an important effect on the prognosis of patients receiv-
ing ICI treatment. We thus continued to survey the rela-
tionships between PCDH11X mutation and immune cell 
infiltration in TCGA-LUAD cohort. As shown in Fig. 5C, 
in consistent with the higher CD8 T cell–related signature 
scores in the PCDH11X-MUT group, infiltration level of 
CD8 T cell was significantly higher in the PCDH11X-MUT 
group. Besides, follicular helper T cells were higher in the 
PCDH11X-MUT group. For CD4 memory cells, activated 
CD4 memory T cell was higher in the PCDH11X-MUT 
group, while resting CD4 memory T cell was lower in the 
PCDH11X-MUT group. M0 and M1 macrophage cells were 
higher in the PCDH11X-MUT group. Infiltration levels of 
dendritic cell, mast cells, monocytes, and neutrophils were 
lower in the PCDH11X-MUT group.

The relative expressions of 78 immune-related genes 
in the TCGA-LUAD cohort in the PCDH11X-WT and 
PCDH11X-MUT groups were analyzed (Fig.  5D). The 
result showed that the expression levels of several ligands 
that function as stimulatory immune checkpoints, including 
CXCL10, CXCL9, IFNG, IL1B, TNF, and LI12A, were sig-
nificantly higher in the PCDH11X-MUT group. In addition, 

Fig. 4  Association of PCDH11X 
mutation and established predic-
tors for ICI treatment response. 
A–D Comparison of PD-L1 
expression (A), TMB (B), neo-
antigen load (C), and mutation 
rate in the DDR-related pathways 
(D) between the PCDH11X-
MUT and PCDH11X-WT 
groups in the TCGA cohort. 
*P < 0.05; ***P < 0.001; ns, no 
significance
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EDNRB, an immune inhibitor highly expressed in immuno-
logically quiet subtype of cancers [31], was down-regulated 
in the PCDH11X-MUT group.

Overall, these results suggested that PCDH11X mutation 
was associated with hot TME.

PCDH11X mutation affect the tumor‑related 
biological pathways

The mechanism of how PCDH11X mutations positively 
affect the immunogenicity and tumor microenvironment is 
unknown. In order to understand this mechanism, GSVA was 
carried out in TCGA-LUAD cohort. As shown in Fig. 6A, 
GSVA for hallmark gene signatures showed that “SPER-
MATOGENESIS” and cell cycle–related gene sets, includ-
ing “E2F TARGETS” and “G2M CHECKPOINT,” were 
significantly upregulated in the PCDH11X-MUT group, 

while “HEDGEHOG SIGNALING,” which is responsible 
for tumorigenesis and interplays with autophagy in multiple 
cancers, was significantly down-regulated in the PCDH11X-
MUT group. Besides, “BILE ACID METABOLISM,” 
which was associated with migration of LUAD [39], was 
also significantly down-regulated in the PCDH11X-MUT 
group. Figure 6B shows GSVA results for KEGG pathway. 
“CELL CYCLE” and DDR-related pathways, including 
“HOMOLOGOUS RECOMBINATION” and “MISMATCH 
REPAIR,” were significantly upregulated in the PCDH11X-
MUT group. In the other hand, multiple metabolism-related 
pathways, including “ABC TRANSPOTERS,” “BILE ACID 
BIOSYNTHESIS,” “FATTY ACID METABOLISM,” and 
“DRUG METABOLISM CYTOCHROME P450,” were 
significantly down-regulated in the PCDH11X-MUT group. 
Besides, PPAR signaling pathway, which was identified as 
critical controllers for several key enzymes that catalyze the 
oxidation of fatty acids [40], and GnRH signaling pathway, 

Fig. 5  PCDH11X mutations are 
associated with activated anti-
tumor immunity. A Comparison 
of the 18 immune signatures 
between the PCDH11X-MUT 
and PCDH11X-WT groups. 
B Comparison of the expres-
sion levels of genes used for 
immune signature calculation 
between the PCDH11X-MUT 
and PCDH11X-WT groups. C 
Comparison of the infiltration 
levels of 22 types of immune 
cells between the PCDH11X-
MUT and PCDH11X-WT 
groups. The blue color repre-
sents the PCDH11X-WT group, 
and the pink color represents 
the PCDH11X-MUT group. 
*P < 0.05; ***P < 0.001; ns, no 
significance. D Differences in 
the mRNA expression levels of 
immune-related genes between 
the PCDH11X-MUT and 
PCDH11X-WT groups
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which plays an important role in the control of tumorigen-
esis and progression in human cancers [41], were down-
regulated in the PCDH11X-MUT group.

Discussion

The discovery of predictive biomarkers is imperatively 
needed in developing clinical LUAD immunotherapy strat-
egy. In this study, we presented PCDH11X, a member of 
cadherin superfamily, as a biomarker indicating better 
clinical outcomes of the ICI treatment in LAUD. Three 

ICI-treated LAUD cohorts were used to investigate the asso-
ciation between PCDH11X mutation and treatment benefits. 
Survival analysis revealed that survival time (OS or PFS) 
was consistently longer in the PCDH11X-MUT group, espe-
cially for Hellmann cohort and Miao cohort, which showed 
significant differences. Then, the three cohorts were com-
bined to one dataset, and the analysis for PFS also confirmed 
the conclusion. ORR was compared respectively in three 
cohorts. The trends were consistent that the PCDH11X-
MUT group presented higher ORR, and the not significant 
P values may result from the limited sample size of each 
cohort. But the combined dataset showed a significantly 

Fig. 6  The GSVA results. A 
GSVA for hallmark gene sets. 
B GSVA for KEGG pathway 
gene sets. A, B t value < 0 (blue) 
represents that the scores of cor-
responding gene sets are higher 
in the PCDH11X-WT group; 
t value > 0 (pink) represents 
that the scores of correspond-
ing gene sets are higher in the 
PCDH11X-MUT group
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higher ORR in the PCDH11X-MUT group than that in the 
PCDH11X-WT group, almost twice as much.

Furthermore, our study also suggested the specificity of 
PCDH11X mutation for predicting ICI treatment response 
in LUAD. Firstly, we found that in Miao cohort, the patients 
with non-LUAD carcinoma did not exhibit different clini-
cal benefits depending on PCDH11X status. Secondly, 
melanoma is a type of cancer with relatively good response 
to ICIs, and datasets with mutation data based on whole 
exome sequencing are available. So, we include melanoma 
cohort for analysis. We found that in melanoma, the patients 
also did not exhibit different clinical benefits depending on 
PCDH11X status. Thirdly, the LAUD patients without ICI 
treatment from TCGA cohort also did not exhibit different 
clinical benefits depending on PCDH11X status.

Based on these findings, we further assessed the rel-
evance between PCDH11X mutation and several known 
predictors for ICI treatment in LUAD. PD-L1 expression, 
TMB, and neoantigen load are widely reported predictor 
for ICI treatment benefits [42–44]. Therefore, we specu-
lated whether the PCDH11X mutation was associated with 
PD-L1 expression, TMB, and neoantigen load and tried to 
find a clue for the prediction mechanism of PCDH11X. The 
statistical results confirmed our speculation and suggested 
that the higher expression of PD-L1 in the PCDH11X-MUT 
group might be responsible for the observed benefits of ICI 
treatment. Furthermore, the PCDH11X-MUT group was 
observed with higher mutation levels in DDR pathways, 
which could explain its high TMB [45]. And it was plausible 
to infer that the high neoantigen load of the mutant type was 
a result of genomic instability caused by gene mutations in 
DDR pathways [46]. These molecular characteristics collec-
tively contribute to the therapeutic benefits of ICI treatment 
in patients with PCDH11X mutation.

Since it is generally accepted that tumors with hot tumor 
microenvironment (TME), which is characterized by height-
ened immune activity, response better to ICI treatment [47], 
we next investigated whether PCDH11X mutation was 
associated with hot TME. Most of the immune signatures 
displayed higher scores in the PCDH11X-MUT group, and 
five of 18 signatures showed statistical significance. The T 
cell–related signatures, T cell activation, Teff signature, CD8 
T cytotoxic, and CTL levels indicated the immune response 
status of tumor-infiltrated T cell. Activated T cell immunity 
facilitates the ICIs working through T cell cytotoxic effects 
and cytokine secretion. IFNγ, which is a critical driver of 
PD-L1 expression in cancer and host cells, was also higher 
in the PCDH11X-MUT group [48, 49]. Higher expression of 
IFNγ may provide an explanation for the higher expression 
of PD-L1 in the PCDH11-MUT group. Immune cell infiltra-
tion analysis showed that the immune cells directly partici-
pating the antitumor immune response, such as CD8 T cell 
and macrophage (including M0 and M1 macrophage) were 

increased in mutant type. T cell follicular helper, which pro-
vides essential help to B cells for potent antibody responses 
and associates with better response in ICI treatment [50], 
was also increased, indicating that the antibody producing 
was enhanced in the PCDH11X-MUT group. For CD4 mem-
ory cells, activated CD4 memory T cell was higher in the 
PCDH11X-MUT group while resting CD4 memory T cell 
was lower in the PCDH11X-MUT group. It was reported in 
gastric cancer that lower levels of resting CD4 + memory T 
cells and higher levels of activated CD4 + memory T cells 
were associated with better prognosis [51]. Infiltration of 
monocytes, which serves as precursors of macrophages, 
was lower in the PCDH11X-MUT group. In contrast to the 
increase of immune cells with immune-activating functions, 
immune cells with immune-suppressing functions, including 
dendritic cells [52, 53], resting mast cells [54], and neutro-
phils [55], were decreased in the PCDH11-MUT group. The 
78-gene expression detection showed 11 genes significantly 
higher in the PCDH11X-MUT group, and 7/11 of them are 
stimulatory immune checkpoint. These genes stimulated 
immune response contribute to hot immune microenviron-
ment and make the patients sensible to ICI treatment. The 
increased expression of PD-L1, LAG3, and PD-1 immune 
checkpoints in the PCDH11X-MUT group indicates an 
exhausted state of T cells within the pre-treatment tumors. 
This exhausted T cell phenotype is associated with a better 
clinical response to ICI treatment [56].

Although researchers have noticed that PCDH11X was 
frequently mutated in multiple types of cancers including 
LUAD [57], there have been limited reports on its function. 
We observed that the expression of PCDH11X was lower in 
LUAD tumors compared to normal samples, suggesting that 
PCDH11X may function as a tumor suppressor (Fig. S1). To 
further understand the function of PCDH11X and how its 
mutation affects immunogenicity and antitumor immunity, 
we performed gene set variation analysis (GSVA). We found 
that PCDH11X mutation was associated with multiple well-
known gene sets related to cancer occurrence and progres-
sion, such as “E2F TARGETS” and “G2M CHECKPOINT” 
and “HEDGEHOG SIGNALING,” confirming the role of 
PCDH11X mutation in cancer occurrence and progression. 
Interestingly, we also found that multiple metabolism-related 
gene sets were down-regulated in the PCDH11X-MUT 
group. It is widely recognized that metabolic changes occur 
in tumor cells and immune cells during cancer occurrence 
and development [58]. Recent studies have shown that meta-
bolic changes may influence the response to ICI treatment 
by altering the tumor microenvironment [58]. We speculate 
that PCDH11X mutation may lead to metabolic reprogram-
ming, thereby affecting ICI treatment response.

There are several limitations in our study. Firstly, the 
relatively small sample size of ICI-treated cohorts lim-
its the statistical power of our analysis. Therefore, the 
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predictive value of PCDH11X mutation for ICI treat-
ment needs to be confirmed in larger studies. Secondly, 
clinical features such as tumor stage may influence 
tumor microenvironment and play a role in the response 
of immunotherapy. Due to the low mutation frequency 
of PCDH11X, the sample size of the PCDH11X-MUT 
group is much smaller than the WT group. Therefore, 
we did not perform subgroup analysis to test whether 
PCDH11X-MUT was a robust predictor across sub-
groups, although we used multivariate Cox proportional 
hazards model to adjust potential variables. Thirdly, we 
used data collected from different studies to perform 
analysis. The retrospective design and cohort heterogene-
ity may introduce bias to this study. In addition, while we 
have obtained some hints by comparing the expression 
levels of immune-related genes and conducting GSVA 
between the PCDH11X-MUT and PCDH11X-WT groups, 
the underlying molecular mechanisms through which 
PCDH11X mutation improves the therapeutic effect of 
ICI are unclear and need further research.

Conclusion

Our study identifies PCDH11X mutation as a specific bio-
marker for predicting the benefit of ICI treatment in LUAD. 
PCDH11X mutation is associated with longer survival, 
increased PD-L1 expression, higher TMB, elevated neoan-
tigen load, and enhanced immune activity. Furthermore, we 
discovered association between PCDH11X mutation and 
pathways related to tumorigenesis and metabolism. Overall, 
our study provides a novel potential biomarker for predicting 
the efficacy of ICI treatment in LUAD. However, further 
studies are needed to confirm and explore the underlying 
mechanisms of the predictive effect of PCDH11X.
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