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Abstract
Background: The study focuses on PD-L1 expression as an essential biomarker 
for gauging the response of EGFR/ALK wild-type NSCLC patients to FDA-
approved immune checkpoint inhibitors (ICIs). It aims to explore clinical, mo-
lecular, and immune microenvironment characteristics associated with PD-L1 
expression in EGFR/ALK wild-type lung adenocarcinoma patients eligible for 
ICI therapy.
Methods: In this retrospective study, tumor samples from 359 Chinese EGFR/
ALK wild-type lung adenocarcinoma patients underwent comprehensive eval-
uations for PD-L1 expression and NGS-targeted sequencing. The investigation 
encompassed the analysis and comparison of clinical traits, gene mutations, path-
ways, and immune signatures between two groups categorized by PD-L1 status: 
negative (TPS < 1%) and positive (TPS ≥ 1%). Additionally, the study explored the 
link between genomic changes and outcomes following immunotherapy.
Results: High tumor mutational burden correlated significantly with PD-L1 
positivity in patients with EGFR/ALK wild-type lung adenocarcinoma. Gene 
alterations, including TP53, KRAS, and others, were more pronounced in the 
PD-L1 positive group. Pathway analysis highlighted higher frequencies of altera-
tions in pathways like RTK/RAS, p53, and Hippo in PD-L1-positive patients. The 
Hippo pathway's relevance was confirmed in separate immunotherapy cohorts, 
associated with better outcomes. In terms of immune cell infiltration, Hippo mu-
tants exhibited higher levels of CD68+PD-L1+ macrophages, CD8+ T cells, and 
CD8+PD-1− T cells.
Conclusions: This study offers insights into genomic features of Chinese EGFR/
ALK wild-type lung adenocarcinoma patients based on PD-L1 expression. 
Notably, Hippo pathway alterations were linked to improved immunotherapy 
outcomes. These findings suggest connections between the Hippo pathway and 
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1   |   INTRODUCTION

In the past decade, new therapies for advanced NSCLC, 
including tyrosine kinase targeted therapies and im-
mune checkpoint inhibitors (ICIs) based immunother-
apy, have led to substantial improvements in clinical 
effectiveness, including higher objective response rates 
and prolonged survival.1,2 Targeted therapies have been 
developed against oncogenic drivers in NSCLC, such as 
mutations in epidermal growth factor receptor (EGFR), 
and gene rearrangement of anaplastic lymphoma kinase 
(ALK) and ROS oncogene 1 (ROS1).1,3,4 However, these 
oncogene-driven tumors exhibit a poor response to ICIs.5 
Several studies showed an inverse relationship between 
PD-L1 expression and EGFR mutations. Moreover, an 
uninflamed tumor microenvironment is often reported 
in the context of oncogenic addiction.6,7 Accordingly, 
NCCN guidelines recommend ICIs as the standard care 
of EGFR or ALK wildtype NSCLC patients. However, it's 
important to note that not all patients benefit equally 
from immunotherapy.

In the KEYNOTE-042 clinical trial, pembrolizumab 
showed superior clinical outcomes to platinum-based 
chemotherapy in patients with metastatic NSCLC exhib-
iting positive PD-L1 expression (TPS ≥ 1%).8 Subsequent 
studies have further supported the predictive role of TPS 
in NSCLC patients without EGFR or ALK genetic alter-
ations. Prior research has established connections between 
PD-L1 expression and genetic mutations in driver genes, 
like EGFR, ALK, TP53, KRAS, STK11, and PTEN,9–12 as 
well as the activation of various oncogenic pathways, like 
PI3K/AKT/mTOR, JAK/STAT, and Wnt.10,13–16 However, 
all these studies included patients with EGFR/ALK al-
terations who are preferentially treated with targeted 
therapy rather than immunotherapy. Given this, further 
characterization of factors associated with PD-L1 expres-
sion specifically in NSCLC patients lacking EGFR or ALK 
mutations is warranted.

This study analyzed EGFR/ALK wild-type lung ad-
enocarcinoma patients to explore correlations between 
gene/pathway alterations and PD-L1 TPS. We also investi-
gated associations between TPS-related genomic changes 
and immunotherapy outcomes, as well as effects on the 
tumor immune microenvironment. By focusing on EGFR/

ALK wild-type patients, we aimed to elucidate molecular 
mechanisms and potential biomarkers related to PD-L1 
expression and the response to immunotherapy within 
this specific and clinically significant subgroup of lung 
adenocarcinoma patients.

2   |   MATERIALS AND METHODS

2.1  |  Patients and cohorts

In this study, we included patients diagnosed with lung 
adenocarcinoma who had undergone PD-L1 testing. To 
research the targeted population for ICIs, we excluded 
ALK fusion-positive or EGFR mutation-positive patients 
for whom targeted therapies are recommended in clini-
cal guidelines. The tissues we performed NGS testing si-
multaneously were limited to the primary tumor. Ethical 
approval for this study was obtained from the Medical 
Ethics Committee of Tongji Hospital, Tongji Medical 
College, Huazhong University of Science and Technology 
(TJ-IRB20220971). Prior to enrollment, written informed 
consent was collected from all patients or their represent-
atives prior to enrollment. All experimental procedures 
associated with this manuscript were conducted in strict 
accordance with relevant regulatory guidelines. In total, 
359 patients were enrolled, and NGS testing was carried 
out between February and May 2022 (Table S1). For con-
firmation of tumor histology and tumor content, all cases 
underwent a thorough review by pathologists from the 
Department of Pathology of Tongji Hospital.

To investigate the association between genomic al-
terations correlated with PD-L1 expression and immu-
notherapy outcomes, we utilized three independent 
immunotherapy cohorts: the Rizvi.JCO.cohort, the 
Hellmann. Cancer Cell. cohort and the Gandara.Nat 
Med.OAK cohort, all of which had been published sep-
arately.17–19 At the same time, the patients with ALK fu-
sions or EGFR mutations were also excluded, as shown 
in Figure S1A; Figure S4A. A new lung adenocarcinoma 
cohort of 129 patients (TJ-IRB20220971) with corre-
sponding immunohistochemical staining results was 
analyzed to explore the effects on tumor-infiltrating im-
mune cells.

PD-L1 expression, warranting further clinical and functional investigations. The 
research advances our understanding of PD-L1 expression's genomic context and 
immunotherapy response in EGFR/ALK wild-type lung adenocarcinoma.
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2.2  |  Gene and pathway analysis

Formalin-fixed paraffin-embedded (FFPE) tissue speci-
mens of the primary tumors and matched whole blood 
DNA were collected from each patient for analysis, and 
targeted gene capture sequencing was performed to as-
sess tumor mutational burden (TMB) using established 
protocols.20,21 DNA was isolated from FFPE tissue speci-
mens with the black PREP FFPE DNA Kit (Analytik Jena, 
Germany) according to the manufacturers' instructions. 
FFPE sample-matched blood lymphocytes were isolated 
by centrifugation of whole blood at 1600g for 10 min 
at room temperature. Tiangen whole blood DNA kits 
(Tiangen, Beijing, PRC) were used to extract DNA from 
the FFPE sample-matched peripheral blood lymphocytes 
according to the manufacturer's instructions. Genomic 
DNA was shewered into 150- to 200-bp fragments 
with a Covaris M220 Focused-Ultrasonicator (Covaris, 
Massachusetts, USA). Fragmented DNA libraries were 
constructed with a KAPA HTP Library Preparation Kit 
(Illumina Platform) (KAPA Biosystems, Massachusetts, 
USA) according to the manufacturer's instructions. DNA 
libraries were constructed using a custom-designed panel 
of 607 genes (see Table S2 for a list of genes), encompass-
ing 1.7 Mb of the entire genome, with a primary focus 
on genes associated with tumorigenesis. The sequencing 
depth exceeded 500×, ranging from 552× to 8645×, with 
a median sequencing depth of 2402×. The signaling path-
way analysis was based on a list of critical tumor-related 
signaling pathway genes (Table S3). The captured sam-
ples underwent sequencing using the Illumina NovaSeq 
6000 platform, employing the paired-end sequencing 
method. After filtering germline mutations, we selected 
SNV mutations of all samples according to the following 
rules: (i) splicing type or exonic region; (ii) depth ≥ 100× 
and allele frequency ≥ 5%; (iii) allele frequency ≤ 0.2% in 
the database Exome Aggregation Consortium (ExAC) 
and Genome Aggregation Database (gnomAD); (iv) mu-
tations without strand bias. Then we got the absolute 
mutation counts of the tumor samples to calculate TMB 
with the formula: Absolute mutation counts × 1000,000/
Panel exonic base num. TMB was measured in muta-
tions per Mb.

The three validation cohorts used a different DNA 
library from the NSCLC AD cohort, Rizvi.JCO.cohort18 
used IMPACT341/410/468, the Hellmann. Cancer Cell. 
cohort17 performed WES in the original study and the 
Gandara.Nat Med.OAK cohort used FoundationOne (F1) 
CDx NGS assay.19 For consistency, we used the DNA li-
brary and pathway gene list applied in the NSCLC AD 
cohort to intersect and apply to the three immunother-
apy cohorts.

2.3  |  Immunohistochemical staining

IHC staining was performed to assess the PD-L1 ex-
pression on the surface of tumor cells (TC). FFPE tis-
sue blocks were sliced up into 4-μm thick sections and 
stained with anti-PD-L1 22C3 primary antibody (1:50, 
Dako, M3653) using a Ventana GX automated system 
(Ventana, AZ, USA). PD-L1 TPS was calculated as the 
number of PD-L1 positive tumor cells divided by the 
total number of tumor cells.

2.4  |  Multiplex 
immunohistochemical staining

For multiplex immunohistochemical staining, FFPE tis-
sue blocks were sliced up into 4-μm thick sections. Tissue 
sections with more than 100 tumor cell counts were con-
sidered QC-qualified for subsequent staining. The immune 
biomarker panel included CD68 (1:500, Beijing Zhongshan 
Golden Bridge Biotechnology, ZM0060), CD8 (1:100, Beijing 
Zhongshan Golden Bridge Biotechnology, ZA0508), PD-1 
(1:50, Beijing Zhongshan Golden Bridge Biotechnology, 
ZM0381) and PD-L1 (1:50, Beijing Zhongshan Golden Bridge 
Biotechnology, ZA-0629). TSA visualization was performed 
using an Opal™ 7-color IHC Kit (PerkinElmer Inc., Boston, 
MA, USA) according to the manufacturer's instructions and 
established standard protocols.21 The fluorophores used in 
the experiment were Opal 520 (CD8), Opal 570 (PD-L1), 
Opal 650 (CD68), and Opal 690 (PD-1), with intensity values 
fixed at 81%. Nuclear counterstaining was performed with 
DAPI. A PerkinElmer Vectra imaging system (Vectra3.0.5; 
PerkinElmer, Massachusetts, USA) was used to scan the 
sections. Regions of interest (ROI) were selected using the 
Phenochart viewer (Akoya Bioscience) and analysed using 
inForm Advanced Image Analysis software (InForm 2.3.0; 
PerkinElmer, Massachusetts, USA). Experienced patholo-
gists circled out multiple tumor and stromal regions on dif-
ferent visions for algorithm training, and then the inForm 
image analysis software generated a tissue recognition algo-
rithm. The algorithm can be applied to other vision images 
to recognize tumor and stromal regions in all images. The 
density of positively stained cells was counted for tumor pa-
renchyma (tumor), distant stroma, and total regions, respec-
tively. In our study, all the specimens were stained with the 
same panel in the same batch to avoid the batch bias effect.

2.5  |  Statistical analysis

Multi-group bioinformatics analysis was used to confirm 
the association of biomarkers with patient outcomes after 
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immunotherapy.22,23 Statistical analyses were carried 
out using R 4.0.4. Survival analysis was conducted using 
Kaplan–Meier curves, with p-values determined by the 
log-rank test. Fisher's exact test was employed to assess 
statistical heterogeneity, and the Wilcoxon test was used 
for the comparison of continuous variables. All reported 
p-values were two-tailed, and significance was defined as 
p < 0.05. Propensity score matching (PSM) was used to ex-
clude the influence of clinical confounding variables.

3   |   RESULTS

3.1  |  Clinical features and PD-L1 
expression

359 NSCLC AD patients who did not possess EGFR mu-
tations or ALK rearrangements were enrolled. Figure 1A 
shows the immunohistochemical staining of PD-L1 at dif-
ferent TPS levels. To facilitate our analysis, patients were 

F I G U R E  1   Correlation between PD-L1 expression and clinical characteristics in the NSCLC AD cohort. (A) PD-L1 
immunohistochemical staining of TPS levels from low to high. (B) PD-L1 expression in patients with NSCLC AD. (C) Distribution of PD-L1 
expression levels in males and females. (D) Comparison of gender distribution on PD-L1-negative and positive subgroups (p = 5.81E-5). (E) 
Comparison of age distribution on PD-L1 negative and positive subgroups (p = 9.11E-4). (F) Comparison of clinical stages on PD-L1 negative 
and positive subgroups (p = 3.35E-11).
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categorized into two groups based on PD-L1 levels: those 
classified as PD-L1 negative (TPS <1%) and those as PD-
L1 positive (TPS ≥1%). Among the 359 patients, 247 (69%) 
were PD-L1 negative, 65 (18%) had a TPS between 1 to 
50%, and 47 (13%) had a TPS ≥50% (Figure 1B,C). Of all 
patients, 193 (66%) were male, and 166 (34%) were female. 
Notably, the proportion of male patients was significantly 
higher in the PD-L1 positive group compared to the PD-L1 
negative group (p = 5.81E-5, Figure 1D). The median age 
of all lung adenocarcinoma patients was 58 years (range 
from 25 to 89). Patients over 58 years old were more preva-
lent in the PD-L1 positive group (Figure 1E). Moreover, 
259 patients (72%) had stage I-II disease while 100 (28%) 
had stage III-IV disease. The proportion of patients with 
advanced lung adenocarcinoma was significantly higher 
in the PD-L1 positive group compared to the negative 
group (p = 3.35E-11, Figure 1F). The detailed distribution 
of clinical factors is presented in Table S4.

3.2  |  Genomic mutations associated with 
PD-L1 expression

In this study cohort, copy number burden (CNburden) was 
not significantly associated with TPS levels (Figure 2A–C). 
However, tumor mutational burden (TMB) displayed 
a noteworthy positive correlation with TPS (R = 0.308, 
p = 2.41e-9, Figure  2D). TMB was obviously higher in 
PD-L1-positive patients versus PD-L1-negative patients 
(Figure 2E), with 8% of PD-L1-positive patients having a 
TMB ≥10 compared to only 2% of PD-L1-negative patients 
(Figure 2F).

Figure 3A shows mutated genes with a frequency ≥ 3% 
across all patients. The most commonly altered genes 
(≥5%) were TP53 (22%), KRAS (19%), ERBB2 (12%), BRAF 
(8%), NF1 (6%), HMCN1 (6%), STK11 (5%), GNAS (5%) 
and FAT1 (5%). Thirteen mutated genes were different 
(p < 0.1) between the two groups, all of which were more 
prevalent in the PD-L1 positive group. These genes com-
prised TP53 (46% vs. 12%), KRAS (31% vs. 13%), NF1 (12% 
vs. 4%), HMCN1 (9% vs. 4%), FAT1 (8% vs. 3%), RBM10 (8% 
vs. 2%), PTPRD (11% vs. 0.8%), SETD2 (9% vs. 2%), ATM 
(9% vs. 1%), PTPRT (6% vs. 2%), PDGFRA (7% vs. 0.8%), 
CDKN2A (5% vs. 2%), and KDR (6% vs. 0.8%) (Figure 3B). 
Alterations in tumor-related signaling pathways were 
more frequent in the PD-L1 positive group compared to 
the negative group, including RTK/RAS (62% vs. 47%), 
p53 (46% vs. 12%), DDR (35% vs. 13%), HMT (22% vs. 9%), 
SWI/SNF (17% vs. 6%), Cell cycle (12% vs. 4%), and KDM 
(8% vs. 2%). Furthermore, there was a noticeable trend 
of enrichment in Hippo pathway alterations in the PD-
L1 positive versus negative group (11% vs. 5%, p = 0.07) 
(Figure 3C,D).

In Figure  1D–F, PD-L1 expression levels were found 
to be significantly correlated with gender, age, and clini-
cal stage. In order to control the influence of these con-
founding variables, propensity score matching (PSM) was 
performed (Table  S5). Based on the matched patient's 
data (n = 226), comparative analyses of pathways among 
patients with different PD-L1 expression levels were con-
ducted. The results (Figure S3) indicated that alterations 
in tumor-related signaling pathways were more frequent 
significantly in the PD-L1 positive group compared to the 
negative group, including RTK/RAS, p53, DDR, and HMT, 
which is consistent with the previous results before PSM, 
and the Hippo pathway alteration remains elevated trend 
in PD-L1-positive patients (p = 0.06).

3.3  |  Hippo pathway mutation is 
associated with immunotherapy efficacy

Due to the small sample sizes for individual gene muta-
tions, we explored the impact of pathway mutations on 
immunotherapy outcomes in EGFR/ALK wild-type lung 
adenocarcinoma patients. We utilized two published co-
horts with clinical treatment and outcome data: the Rizvi.
JCO.cohort (n = 132)18 and the Hellmann. Cancer Cell. co-
hort (n = 49).17

Firstly, we examined the association of pathway mu-
tations with the durable clinical benefit (DCB) of immu-
notherapy. Although Cell cycle, DDR, Notch, and Wnt 
pathway mutations had a higher trend to occur more 
commonly in patients with DCB in one or both cohorts 
(p < 0.1, black borders, Figure S1B), only Hippo pathway 
mutations were validated as associated with DCB in both 
immunotherapy cohorts. In the Hellmann. Cancer Cell. co-
hort, 20% of DCB patients had Hippo mutations versus 0% 
of non-DCB patients (p = 0.05). And in the Rizvi.JCO.co-
hort, 29% of DCB patients had Hippo pathway mutations 
versus 12% of non-DCB patients (p = 0.02, Figure 4A,B). 
Among the panels used for NGS analysis in this study, 
four genes belong to the Hippo pathway, namely FAT1, 
LATS1, LATS2, and NF2. FAT1 mutations were most fre-
quent in both Chinese and Western cohorts (Figure 4C,D; 
Figure S2). Due to the small Hellmann cohort size, LATS1 
mutations were not observed. Consistent with DCB, 
Hippo pathway mutations were associated with superior 
progression-free survival (PFS) in the Rizvi.JCO.cohort 
(p = 0.043) and Hellmann. Cancer Cell. cohort (p = 0.074), 
suggesting the Hippo pathway may predict immuno-
therapy response in lung adenocarcinoma (Figure  4E,F; 
Figure S1C). Although the lists of Hippo pathway genes 
included in the panels used by several cohorts are not en-
tirely consistent, they all encompass key mutated genes 
such as LATS1, LATS2, NF1, and FAT1 (Figure 4C,D). The 
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correlation between Hippo pathway mutations in tumor 
tissues and the efficacy of immunotherapy could be vali-
dated in the Hellmann. Cancer Cell. cohort and Rizvi.JCO.
cohort indicating the Hippo pathway plays an important 
role in regulating cancer cell fate and its communication 
with TIME.

We then explored the effect of Hippo alterations com-
bined with TMB levels on the survival of patients after 
immunotherapy. A stratified analysis was performed on 
Rizvi.JCO.cohort18 and Gandara.Nat Med.OAK cohort19 
(Figure S4A) according to the TMB cutoff values reported 
in the original article. Although in the Gandara.Nat Med.
OAK cohort, Hippo mutations were not significantly as-
sociated with better survival (Figure S4B), patients with 
both high TMB and Hippo alterations had the best sur-
vival, and patients with low TMB and Hippo wild-type 
had the worst survival, whereas others had survival curves 
in between (p = 0.086). Consistent results were also ob-
tained for the Rizvi.JCO.cohort (p < 0.001) (Figure 4G,H). 
Hellmann. Cancer Cell. cohort was too small for further 

TMB stratified analysis. Thus, Hippo mutations are as-
sociated with better survival in NSCLC adenocarcinoma 
patients receiving immunotherapy, but this may be influ-
enced by TMB levels.

3.4  |  Hippo pathway mutation impacts 
on tumor immune microenvironment

Building upon our earlier findings, we investigated the in-
fluence of the Hippo pathway alteration on the immune 
microenvironment. Among 129 patients with immuno-
histochemistry data, seven patients had Hippo pathway 
gene mutations (Hippo mutant group) while 122 were 
Hippo wild-type. In the total area, we observed higher 
densities of PD-L1+ cells (p = 0.00019) and CD8+ T cells 
(p = 3.3e-05) in the Hippo mutant group, with a signifi-
cant trend. However, no significant difference was noted 
in the density of PD-1+ cells (p = 0.6). Notably, the den-
sity of CD68+PD-L1+ macrophage cells in the total area 

F I G U R E  2   Correlation between PD-L1 expression and CN burden and TMB in the NSCLC AD cohort. (A) Correlation between copy 
number burden and TPS. (B) Correlation between copy number gains and TPS. (C) Correlation between copy number losses and TPS. (D) 
Correlation between the TMB and TPS. (E) Comparison of TMB distribution on PD-L1 negative and positive subgroups (p = 3.3E-8). (F) 
Comparison of the proportion of patients with TMB≥10 and TMB < 10 in PD-L1 positive and negative groups (p = 0.02).
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was substantially greater in the Hippo mutant group com-
pared to the Hippo wild-type group (p = 0.0039). In con-
trast, there was no significant difference in the density of 
CD68+PD-L1− macrophages (p = 0.95). Furthermore, the 
density of CD8+PD-1− T cells was significantly elevated 

in the Hippo mutant group in the total area (p = 2.3e-05), 
while the density of CD8+PD-1+ T cells did not exhibit an 
obvious difference (p = 0.16) (Figure  5A). The immuno-
histochemical staining images are shown for Hippo mu-
tant (Figure 5B) and Hippo wild-type (Figure 5C) patients.

F I G U R E  3   Gene and pathway alterations in different PD-L1 expression levels in the NSCLC AD cohort. (A) The altered landscape of 
genes with population frequencies greater than or equal to 3% and in PD-L1 positive and negative groups. (B) The scatter plot of the altered 
genes with population frequencies greater than or equal to 3% and in PD-L1 positive and negative groups. (C) The altered landscape of 
tumor alterations harboring pathways in PD-L1 positive and negative groups. (D) Population percentage and forest plot of tumor alterations 
harboring pathways in PD-L1 positive and negative groups.
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4   |   DISCUSSION

Although some studies have indicated either a positive 
or no correlation between PD-L1 and EGFR mutations,24 
clinical evidence demonstrates the lack of efficacy of ICI 
monotherapy in TKI-naive, PD-L1-positive, and EGFR-
mutant patients with advanced NSCLC.25 Independent 
studies have consistently revealed a strong association 
between PD-L1 positivity and the absence of EGFR mu-
tations in NSCLC patients.26–28 Moreover, the combina-
tion of ICI and TKI resulted in an increased incidence 

of adverse events without evident benefits.29 Therefore, 
our research focuses on patients with EGFR/ALK wild-
type lung adenocarcinoma who may benefit from ICI 
treatment. The PD-L1 IHC companion diagnostic has 
been acknowledged for NSCLC patients undergoing ICI 
treatment, and positive PD-L1 expression is associated 
with a higher response rate and prolonged survival dur-
ing ICI therapy.30,31 However, PD-L1's utility as a bio-
marker is hindered by instability and heterogeneity.32,33 
Hence, we attempt to explore the association between 
genomic alterations and PD-L1 expression in the hope 

F I G U R E  4   Relationship exploration between Hippo pathway and treatment effect in two external immunotherapy cohorts. Comparison 
of the proportion of Hippo-enriched alterations in durable clinical benefit (DCB) and No DCB groups in Hellmann. Cancer Cell. cohort (A) 
and Rizvi.JCO.cohort (B). The landscape of the four genes belonging to the Hippo pathway in Hellmann. Cancer Cell. cohort (C) and Rizvi.
JCO.cohort (D). PFS comparison of Hippo pathway mutant and wild-type groups in Hellmann. Cancer Cell. cohort (E) and Rizvi.JCO.cohort 
(F). PFS comparison of TMB high and Hippo mutant group, TMB low and Hippo wild-type group, and the remaining patients in Gandara.
Nat Med.OAK cohort (G) and Rizvi.JCO.cohort (H).

F I G U R E  5   The association between PD-L1 expression levels and tumor-infiltrating lymphocytes (TILs) or immune checkpoints 
in a new lung adenocarcinoma cohort. (A) Comparison of PD-1+, PD-L1+ cell density and CD68+, CD68+PD-L1−, and CD68+PD-
L1+macrophage, CD8+, CD8+PD-1−, and CD8+PD-1+ T cell density between the Hippo mutant and Hippo wild-type groups in the entire 
region. (B) Immunohistochemical staining and merge Images of CD8, CD68, PD-1, and PD-L1 in tissues from a patient with Hippo 
mutation. (C) Immunohistochemical staining and merge Images of CD8, CD68, PD-1, and PD-L1 in tissues from a patient with Hippo wild 
type. Bar = 50 μm.
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of unveiling novel insights for the treatment of this pa-
tient subgroup.

Adam J. Schoenfeld and colleagues investigated PD-
L1 expression in 1586 lung adenocarcinoma patients,10 
categorizing them into high (≥50%), low (1%–49%), and 
negative (<1%) expression groups, with a focus on dis-
cerning differences between the high and negative ex-
pression groups. While acknowledging the 18% with low 
PD-L1 expression, our study primarily compares PD-L1 
negative (<1%) and positive (≥1%) groups to identify dis-
tinctions, broadening the scope of potential biomarkers, 
which is consistent with the KEYNOTE-042 trial, it ex-
pands the population of patients benefiting from pem-
brolizumab monotherapy to TPS≥1%.8 Approximately 
30% of our lung adenocarcinoma cohort exhibited 
positive PD-L1 expression, consistent with previous 
reported.10 Male gender, advanced age, and high TMB 
levels were remarkably correlated with positive PD-L1 
expression, aligning with established trends.16 At the 
level of individual gene mutations, our study unveiled 
that KRAS and TP53 mutations were more prevalent in 
PD-L1-positive patients, corroborating findings in the 
broader NSCLC population. RAS signaling/TP53 upreg-
ulates tumor cell PD-L1 expression through increases in 
transcription of PD-L1 and PD-L1 mRNA stability.34–36 
Intriguingly, we identified novel molecular alterations 
linked to varying PD-L1 expression, including PTPRD 
phosphatase, RNA-binding protein RBM10, and Hippo 
pathway members NF1 and FAT1. In addition to DDR, 
p53, RTK/RAS, and cell cycle pathways, pathways that 
mediate chromatin remodeling such as HMT, SWI_SNF, 
and KDM had higher mutational frequency in the PD-
L1-positive group. This supports previous findings that 
histone deacetylase (HDAC1/2),37 histone methyltrans-
ferase EZH2,38 KMT2A39 regulate the transcription of 
PD-L1. Collectively, these findings suggest that genomic 
mutations exert specific effects on PD-L1 expression 
within the EGFR/ALK wild-type population.

Our study identified the Hippo pathway as a key pre-
dictor of sustained response to immune checkpoint in-
hibitor (ICI) therapy in EGFR/ALK wild-type cohorts. 
Mutations in FAT1, a gene of Hippo pathway, were as-
sociated with higher durable clinical benefit and sig-
nificantly improved survival outcomes than wild-type 
NSCLC patients, same results were also confirmed in 
melanoma patients and a pan-cancer cohort.40–42 It sug-
gested the possible generalizability of the study findings 
to other populations and clinical settings. In contrast to 
our findings, Talb et al. observed significant activation of 
the Hippo pathway in pembrolizumab-refractory patients, 
potentially influenced by a small cohort size (n = 19), eth-
nic variations, patient characteristics (including 3 squa-
mous cell carcinomas), and methodological disparities.43 

Further investigations into the role of the Hippo path-
way in the context of PD-1/immunotherapy are merited. 
Hippo pathway plays key roles across biological processes 
and diseases,44 Dysregulation of the Hippo signaling path-
way, a common occurrence in human malignancies, in-
volves YAP1 activation.45,46 Loss of function or genetic 
mutations in Hippo kinases like NF2 and LATS1/2 leads 
to the activation of YAP, fostering positive interactions 
with other pathways and driving tumor progression.47–49 
The Hippo pathway's role in immune regulation is com-
plex. In NSCLC tissues, co-expression of YAP and PD-L1 
is observed. YAP influences PD-L1 at the genetic level by 
attaching to the PD-L1 enhancer region to escape immune 
surveillance.50 The immune cells infiltration analysis also 
indicates that Hippo pathway mutation affects the CD8+ 
T cells infiltration, providing the “hot” environments for 
ICIs therapy. Guan et al. found that LATS1/2 knockdown 
in tumor cells enhanced immunogenicity and inhibited 
cell proliferation, highlighting the “oncogenic” role of 
LATS1/2 suppressing immunogenicity. This reveals an 
“oncogenic” phenotype of LATS1/2 that inhibits immuno-
genicity and identifies them as potential immunotherapy 
targets.51 NSCLC patients with FAT1 mutation exhibited 
increased M1 macrophage infiltration, decreased M2 
macrophage and T-regulatory cell infiltration, along 
significantly elevated activated dendritic cells in FAT1-
mutated LUAD patients.42,52 This supports the notion of 
a “hot” tumor microenvironment in tumors with Hippo 
pathway mutation. Several studies indicated Verteporfin 
could suppress the formation of YAP/TEAD complex,53,54 
and a peptide mimicking function of VGLL4 could disrupt 
YAP/TEAD interaction.55,56 Given these findings, it is evi-
dent that the Hippo pathway represents a promising target 
for the development of anti-cancer drugs, particularly for 
combinational therapy aimed at overcoming drug resis-
tance or achieving higher efficacy.

The relatively short follow-up limits our ability to as-
sess long-term treatment responses and overall survival 
benefits associated with observed PD-L1 expression pat-
terns. Further exploration is needed to determine the gen-
eralizability of our study findings to diverse populations 
and clinical settings.

5   |   CONCLUSION

To sum up, our research offers insights into the genomic 
landscape of Chinese lung adenocarcinoma patients 
without EGFR mutations or ALK fusions potentially 
treated with ICIs. We have specifically highlighted the 
significance of the Hippo pathway and its connection to 
the effectiveness of immunotherapy in two previously 
studied cohorts. Importantly, we have also established a 
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compelling association between Hippo pathway muta-
tions and the infiltration of CD68+PD-L1+ macrophages, 
CD8+ T cells, and CD8+PD-1− T cells. These findings hold 
promise for advancing the treatment of EGFR/ALK wild-
type lung adenocarcinoma patients who are being consid-
ered for ICI therapy.
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