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Simple Summary

Immune checkpoint inhibitors (ICIs) targeting the PD-1/PD-L1 axis have revolutionised
the landscape of cancer treatment. PD-L1 is an established biomarker used to guide im-
munotherapy decisions in several types of cancer. However, its value in predicting patient
survival remains inconsistent and may vary between cancer types. In this study, we evalu-
ated PD-L1 expression in patients with advanced lung, breast, and head and neck cancers
and examined its relationship with clinicopathological features, overall survival and sys-
temic inflammatory blood markers. Although PD-L1 expression was common across the
three cancer groups, it was not significantly associated with overall survival in any of them.
In contrast, the platelet-to-lymphocyte ratio, a simple blood-based inflammatory marker,
showed a significant association with PD-L1 expression in lung cancer and emerged as an
important prognosticator, particularly in lung and breast cancers. Complementary bioin-
formatics analysis revealed that PD-L1 is linked to immunoregulatory gene network and
positively correlated with CD8+ T cell, neutrophil and dendritic cell infiltration across all
three cancer types. Collectively, these findings highlight the limited standalone prognostic
utility of PD-L1 in advanced solid tumours and suggest that integrating tumour biomarkers
with systemic inflammatory markers may offer a more comprehensive and clinically useful
approach for predicting outcomes in patients with advanced cancers.

Abstract

Introduction: Immunotherapy with immune checkpoint inhibitors (ICIs) targeting the PD-
1/PD-L1 axis has become an established treatment strategy across various malignancies. In
this context, PD-L1 expression plays a key role in the clinical management of cancer patients.
However, the prognostic significance of PD-L1 expression remains inconsistent across
different cancer types. This study aimed to evaluate the prevalence of PD-L1 expression in
three cancer types and to examine its association with key clinicopathological parameters,
systemic inflammatory markers and patient outcomes. Methods: A retrospective cohort
of 141 patients with lung, breast and head and neck cancers diagnosed between 2016
and 2021 was analysed. PD-L1 expression was analysed by immunohistochemistry using
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clone 22C3 and the scoring system for positivity was determined according to standard
clinical scoring practices for each tumour type. Systemic inflammatory markers, including
the platelet-to-lymphocyte ratio (PLR), were calculated from pre-treatment blood counts.
Correlation and survival analyses were performed to evaluate the associations between
PD-L1 expression levels, clinicopathological characteristics and prognosis. Bioinformatics
analyses using GeneMania, STRING and TIMER (v.3) databases were conducted to explore
functional enrichment, protein–protein interactions and immune-cell infiltration associated
with PD-L1 expression. Results: PD-L1 positivity (≥1%) was observed in 56.75% of lung
cancer cases, 44% of breast cancer cases and 92.85% of head and neck cancer cases. PD-L1
expression alone was not significantly associated with overall survival across the cancer
cohorts. However, it was significantly associated with PLR in the lung cancer cohort
(p = 0.036). Notably, low PLR was associated with improved survival in both lung cancer
(p = 0.007) and breast cancer (p = 0.031). Bioinformatics analysis identified several PD-L1-
interacting genes, including PD-1, CTLA4 and PTPN and demonstrated strong positive
correlations between PD-L1 expression and the infiltration of CD8+ T cells, neutrophils and
dendritic cells across the analysed malignancies. Conclusions: Despite its high expression
in advanced solid tumours, PD-L1 showed limited prognostic value in our cancer cohort.
In contrast, systemic inflammatory markers particularly PLR, emerged as a potential
indicator of clinical outcome. Our data suggest that integrating PD-L1 status with systemic
inflammatory markers may improve outcome prediction and help inform therapeutic
decision-making in patients with advanced malignancies.

Keywords: PD-L1; biomarker; cancers; prognosis; platelet-to-lymphocyte ratio; bioinformatics
analysis

1. Introduction
Cancer remains a major global health challenge and is a leading cause of morbidity

and mortality worldwide [1]. According to the International Agency for Research on
Cancer (IARC) reports, approximately 20 million new cancer cases and nearly 10 million
cancer-related deaths were reported in 2022 [2]. Although lung cancer screening has sig-
nificantly improved early detection, many patients still present with advanced disease
at diagnosis, which directly affects clinical management and survival [3,4]. Similarly,
breast cancer screening has markedly improved early detection worldwide including in
Saudi Arabia in particular with a 5-year survival exceeding 80% of breast cancer patients
across most regions and exceeding 90% in the United States [5,6]. Despite these advances,
a substantial proportion of patients continue to be diagnosed with locally advanced or
metastatic disease, for which prognosis remains poor [7,8]. For most patients with locally
advanced or metastatic disease chemotherapy remains a mainstay of treatment. However,
its severe side effects and the emergence of drug resistance highlight the growing need
for alternative therapeutic strategies [9]. Immunotherapy has emerged as a promising
approach to cancer treatment providing unprecedented efficacy and improved therapeutic
comfort, and has rapidly been adopted as a preferred treatment option for patients with
various malignancies [10,11]. Immune checkpoint inhibitors (ICIs) exploit interactions
between immune cells and cancer cells to disrupt the inhibitory signals used by tumours
to evade immune detection [12]. Accumulating evidence showed that ICIs enhance the
cytotoxic efficiency of CD8+ and reverse the immunosuppressive environment within the
immune-rich tumour microenvironment (TME). Therefore, the immune-cell composition
of the TME plays an important role in the success of ICI therapy [13–15]. Targeting Pro-
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grammed Cell Death Protein-1 (PD-1) and its ligand Programmed Cell Death Ligand-1
(PD-L1) using FDA-approved agents has become a standard first-line treatment for locally
advanced and metastatic tumours [16–18]. Assessing PD-L1 expression is therefore im-
portant in clinical decision-making, as it helps identify patients who are more likely to
benefit from ICI therapy. Recent studies have demonstrated the prognostic significance
of PD-L1 expression and its predictive value as a biomarker associated with improved
outcomes after anti-PD-L1 therapy [19,20]. The KEYNOTE-024 study indicated that PD-L1
expression is a prerequisite for improved OS and PFS with Pembrolizumab in NSCLC [10].
However, high PD-L1/PD-1 co-expression has been associated with significantly lower
survival rates, marking this combination as a poor prognostic indicator in breast cancer and
oral squamous cell carcinoma patients [21,22]. In advanced NSCLC, PD-L1 positivity has
been associated with larger tumour size, increased rates of neural and vascular invasion,
lymph node metastasis and worse prognosis in patients with advanced-stage disease [23].
These inconsistent findings may be partly explained by the recent evidence suggesting
that changes in the peripheral blood content, including exosomes and ctDNA, may in-
fluence cancer progression and therapeutic response. Emerging evidence also suggests
that systemic inflammatory markers such as the neutrophils-to-lymphocyte ratio (NLR)
and platelet-to-lymphocyte ratio (PLR) may be implicated in the immunotherapy response
and could serve as potential indicators for monitoring disease progression and patients’
outcomes across multiple malignancies [24–26]. Based on these findings, we conducted a
retrospective study to evaluate the prognostic significance of PD-L1 expression in cancer
patients diagnosed with advanced diseases including lung, breast and head and neck
cancers. Furthermore, we investigated the association between PD-L1 expression and
various clinical and pathological parameters, including the relationship with systemic
inflammatory indices such as PLR and NLR. In addition, we aimed to provide a broader
understanding of the role of PD-L1 within the TME by integrating bioinformatics analyses
of immune infiltration, gene ontology enrichment and protein–protein interactions.

2. Materials and Methods
2.1. Sample and Data Collection

The current study was conducted under a retrospective cohort design and included
141 patients diagnosed with various advanced malignancies at King Abdulaziz Medical
City, NGHA- Jeddah, between March 2016 and April 2021. The study population includes
patients diagnosed with lung cancer, breast cancer and head and neck cancer. This study
was approved by the institutional ethics committee (IRB N. 0342/23) and was conducted
in accordance with the Declaration of Helsinki. The Institutional Review Board waived
the requirement for informed consent. Clinical and pathological characteristics were
collected retrospectively through review electronic medical records using the BestCare data
management system.

2.2. Immunohistochemistry Staining and Scoring

Samples from patients diagnosed with three different cancer types were tested for PD-
L1 expression status as part of their clinical management of these patients. PD-L1 staining
was performed on formalin-fixed paraffin-embedded tissue sections at Targos Molecular
Pathology GmbH (Kassel, Germany) using the FDA-approved pharmDx assay (Agilent
Technologies, Santa Clara, CA, USA) with the PD-L1 22C3 clone antibody. Stained slides
were evaluated and scored by experienced clinicians from Targos Molecular Pathology
GMBH, and results were disseminated in standardised electronic reports.

The cut-off for PD-L1 staining positivity, defined as protein expression on the cell
membrane of cancer cells, depends on the cancer type. For instance, breast and head and
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neck cancers were assessed using the Combined Positive Scoring (CPS) system, whereas
lung cancer cases were evaluated using the Tumour Proportion Scoring (TPS) system.
Staining positivity cut-off follows the scoring guidelines used by the laboratory. Briefly, for
the TPS system, the pathologist assesses PD-L1 positivity by counting viable tumour cells
demonstrating complete or partial membrane staining. Positivity in the tumour-associated
immune cells such as macrophages was excluded from evaluation. The tumour proportion
score (TPS) was determined as follows: TPS (%) = (Positive PD-L1 tumour cells/Total
number of tumour cells) × 100. All tumours with TPS ≥ 1% were considered PD-L1
positive. For the CPS, PD-L1 expression in both tumour cells and associated immune cells
was calculated using the following formula: CPS (%) = Number of PD-L1-positive cells
(tumour cells and immune cells)/total number of viable tumour cells × 100.

Because immunohistochemical (IHC) images from the patient cohort were not avail-
able, images from the Human Protein Atlas (HPA) database were used as representative
examples of positive and negative PD-L1 expression patterns in lung and breast cancers
(https://www.proteinatlas.org/, accessed on the 17 May 2026). The HPA represents a com-
prehensive publicly available database that provides high-resolution protein expression
data covering a wide range of cancer types. As shown in Figure 1, PD-L1 expression can be
found in the tumour cells exhibiting both cytoplasmic and membranous positivity and/or
in cells associated with the microenvironment.

 

Figure 1. Representative immuno-staining patterns of PD-L1 expression in the tumour cells and/or
stroma cells of lung and breast cancers extrapolated from the Human Protein Atlas Database
(https://www.proteinatlas.org. Accessed on the 17 May 2026).

2.3. PD-L1 and Immune-Cell Ratios

Additional information related to the immune-cell laboratory counts was collected
prior to patients receiving any treatment. The CBC counts were retrieved from patients’
medical records through the BestCare system and included neutrophil, monocyte, lym-
phocyte and platelet counts. The immune-cell ratios were calculated as previously de-
scribed [27], briefly:

• Neutrophil-to-lymphocyte ratio (NLR): the result of absolute neutrophil count divided
by absolute lymphocyte count.

• Platelet-to-lymphocyte ratio (PLR): the result of absolute platelet count divided by
absolute lymphocyte count.
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• Lymphocyte-to-monocyte ratio (LMR): the result of absolute lymphocyte count divided
by absolute monocyte count.

Kaplan–Meier survival curves were used to assess the relationship between PLR ratio
and overall survival. Receiver operating characteristic (ROC) curve analysis was under-
taken to determine the cut-off values defining high and low PLR across the cancer cohorts.

2.4. Functional Enrichment and PPI Analysis

Next, we sought to perform functional enrichment analysis using the GeneMa-
nia database to identify neighbouring and target gene networks associated with PD-L1
(https://genemania.org/search/homo-sapiens/PD-L1. Accessed on the 23 March 2026).
Gene Set Enrichment Analysis (GSEA) was then performed on the PD-L1-interacting
network to identify significantly associated biological processes and cellular compo-
nents. The STRING platform was then used for protein–protein interaction analysis
(https://string-db.org. Accessed on the 20 March 2026). In order to focus the network
list to the strongest and most reliable interactions we adopted a strict confidence cut-off
(>0.900) and limited the first shell to no more than 20 interactions. TIMER (v.3) was used to
evaluate immune-cell infiltration.

2.5. Statistical Analysis

Data analysis was carried out using JMP Pro statistical software version 18.0. Frequen-
cies and percentages were used to summarise categorical variables included in the study,
while means and standard deviations (SDs) were calculated for the continuous variables.
Association between PD-L1 expression and study variables were evaluated using the Chi-
square test and Fisher’s exact test, as appropriate. An unpaired t-test was used to examine
the significant differences in blood parameters according to PD-L1 status. Kaplan–Meier
curves were used to illustrate the overall survival (OS) by the PD-L1 status. Predictors
of OS were identified by a Cox-regression model adjusted for patient age and gender. A
p-value of less than or equal to 0.05 was set to be a statistically significant result.

3. Results
3.1. Baseline Characteristics of the Cohort

Between March 2016 and April 2021, a total of 141 patients were tested for PD-L1
and included in this study of whom 62 were females (44%) and were 79 males (56%).
Patients were diagnosed with lung cancer (52.5%), breast cancer (17.7%) or head and neck
cancer (29.8%) and were treated at King Abdulaziz Medical City—Jeddah. The lung cancer
cohort included 74 patients with a mean age of 62.4 years; 57 patients (77.0%) were male.
The median duration from diagnosis to last follow-up was 11.0 months (IQR 5.0–16.0),
the median months of survival was 6.5 months (IQR 2.8–10.2) and 45.4% of patients
were smokers. The baseline characteristics of the analysed cohort are summarised in
Table 1. The most prevalent comorbidities were diabetes (56.8%), hypertension (47.3%) and
dyslipidaemia (21.6%). The majority of these patients were diagnosed with advanced-stage
diseases (stage 3/4). The cohort was further characterised according to the most common
disease-specific mutations or biomarker expression patterns. Lung cancer patients harbour
mutations of TTF1 (18.9%), CK7 (18.9%) and TP53 (17.6%) genes. The breast cancer cohort
included 25 patients, with a mean age of 57.5 years. Among these patients, 60% were alive
at last follow-up, the median duration from diagnosis to last follow-up was 10.0 months
(IQR 7.0–45.0) and the median survival was 22.5 months (IQR 12.3–40.3). Hypertension
(48.0%), diabetes (28.0%) and dyslipidaemia (28.0%) were the most prevalent comorbidities.
PR positivity was the predominant biomarker status identified (52.0%), ER positivity and
triple-negative cases represented 28.0% and 4.0% of the analysed cohort, respectively. The
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head and neck group exhibited mutation of the P63 and CK5/6 genes (Table 2). The head
and neck cancer cohort included 42 patients of whom 52.4% were male, with a mean
age of 63.9 years. The median duration from diagnosis to last follow-up was 17.0 (IQR
12.0–36.0) months and the median survival was 17.0 months (IQR 4.5–37.5). Hypertension
(42.8%), diabetes (40.5%) and IHD (14.3%) were the most common comorbidities. Genetic
testing revealed P63 (4.8%), CK5/6 (4.8%) and EML4-ALK (2.4%) as the most common
reported mutations.

Table 1. Baseline characteristics of participants summarising the clinical and pathological features of
the cancer cohort.

Variable Lung Cancer
Patients (n = 74)

Breast Cancer
Patients (n = 25)

H&N Cancer
Patients (n = 42)

Age 62.4 ± 11.2 57.5 ± 13.4 63.9 ± 15.5

Gender
Female 17 (23.0%) 25 (100%) 20 (47.6%)
Male 57 (77.0%) - 22 (52.4%)

Smoking status
Yes 16 (21.6%) 2 (8%) 6 (14.3%)
No 25 (33.8%) 21 (84%) 23 (54.8%)
Ex 14 (18.9%) 0 (0%) 2 (4.7%)

Unknown 19 (25.7%) 2 (8%) 11 (26.2%)

Status
Live 44 (59.5%) 15 (60) 21 (50)
Died 30 (40.5%) 10 (40) 21 (50)

Tumour Grade
Well tumour differentiation 4 (5.4%) 0 (0%) 9 (21.4%)

Moderate tumour differentiation 19 (25.7%) 8 (32%) 20 (47.6%)
Poor tumour differentiation 16 (21.6%) 16 (64%) 5 (11.9%)

Undifferentiated 2 (2.7%) 1 (4%) 5 (11.9%)
Unknown 33 (44.6%) - 3 (7.2%)

Comorbidities
Diabetes 56.8% 28% 40.5%

Hypertension 47.3% 48% 42.8%
Dyslipidaemia 21.6% 28% 11.9%

Ischemic Heart Disease 8.1% - 14.3%
Hypothyroidism 2.7% 8% 7.1%

Chronic Kidney Disease 2.7% 12% 7.1%

3.2. PD-L1 Expression Across Malignancies

The cut-off point for PD-L1 expression was largely based on the antibody clone tested
and the type of tumour analysed. In general, positivity was determined at ≥1% positive
tumour cells. In the lung cancer cohort, positive PD-L1 expression was reported in 42
of 74 (56.75%) patients whereas in the breast cancer and head and neck cancer cohorts,
PD-L1 positivity was identified in 44% (11/25) and 92.85% (39/42) of patients, respectively.
Representative images of positive and negative PD-L1 expression patterns in lung and
breast cancers, assessed by immunohistochemistry were adopted from the Human Protein
Atlas (HPA) database (https://www.proteinatlas.org/. Accessed on the 17 May 2026). The
HPA represents a comprehensive publicly available database containing high-resolution
protein expression images covering several cancer types [28]. As shown in Figure 1,
PD-L1 expression can be observed in the tumour cells exhibiting both cytoplasmic and
membranous positivity and/or in cells associated with the tumour microenvironment.
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Table 2. List of common mutations and biomarker expression profile across the cancer cohorts.
* Denotes biomarker status in cancer rather than gene mutation.

Mutations/Expression (%)

Genes Lung Cancer (%) Head and Neck Cancer (%) Breast Cancer (%)

BRAF 2.7 - -

TTF1 18.9 - -

KRAS 17.6 - -

Napsin A 12.2 - -

EGFR 12.1 - -

P63 9.5 4.8 -

EML4-ALK 8.1 2.4 4

CK5/6 5.4 4.8 12

CK7 18.9 - 52

BRCA-1 - - 8.1

Ki-76 * - - 20

ER+ * - - 28

PR+ * - - 52

Triple Negative * - - 4

3.3. Association Between PD-L1 Expression and Clinicopathological Characteristics

Statistical analysis was carried out to assess associations between PD-L1 expression
status (positive vs. negative) and selected clinical and pathological variables. Our data
indicated that PD-L1 expression did not correlate with any of the tested variables in the
lung cancer cohort (Table 3). In the breast cancer cohort, PD-L1 expression was significantly
associated with disease recurrence (p = 0.049). Patients with high PD-L1 expression were
also more likely to receive immunotherapy in both the lung cancer (p = 0.05) and breast
cancer (p = 0.014) cohort.

3.4. Association Between PD-L1 Expression and Survival

Then, we sought to investigate the prognostic value of PD-L1 expression in all cancer
sub-groups (Figure 2). Our data indicated that PD-L1 expression had no prognostic value
in lung cancer patients (log-rank p = 0.501). Similar findings were observed in breast cancer
(log-rank p = 0.448) and head and neck cancer (log-rank p = 0.084).

Figure 2. Impact of PD-L1 expression on patient’s survival in lung cancer (A), breast cancer (B) and
head and neck cancer (C). Kaplan–Meier survival curves indicated no significant association between
PD-L1 expression and overall survival in any cohort.
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Table 3. Association analysis between the expression level of PD-L1 and clinicopathological variables.

Lung Cancer Head and Neck Cancer Breast Cancer

Parameters n = 74 Neg. PD-L1 Pos.
PD-L1 p-Value n = 42 Neg. PD-L1 Pos.

PD-L1 p-Value n = 25 Neg. PD-L1 Pos.
PD-L1 p-Value

LN Metast. 15 (20.3) 6 (18.8) 9 (21.4) 0.776
Lung Metast. 6 (8.1) 3 (9.4) 3 (7.1) 0.782
Liver Metast. 7 (9.5) 2 (6.3) 5 (11.9) 0.342
Bone Metast. 20 (27.0) 7 (21.9) 13 (31.0) 0.384
Brain Metast. 18 (24.3) 10 (31.3) 8 (19.1) 0.227

No Mets 23 (31.1) 7 (21.9) 16 (38.1) 0.135

Curative treat. 17 (37.0) 7 (35.0) 10 (38.5) 0.809 9 (33.3) 1 (50.0) 8 (32.0) 0.897 9 (60.0) 4 (57.1) 5 (62.5) 0.622
Palliative treat. 29 (63.0) 13 (65.0) 16 (61.5) 18 (66.7) 1 (50.0) 17 (68.0) 6 (40.0) 3 (42.9) 3 (37.5)

Chemotherapy 51 (73.9) 21 (75.0) 30 (73.2) 0.865 30 (76.9) 2 (100) 28 (75.7) 0.587 24 (96.0) 14 (100) 10 (90.9) 0.440
Surg. therapy 12 (17.4) 6 (21.4) 6 (14.6) 0.464 22 (56.4) 1 (50.0) 21 (56.8) 0.688 15 (60.0) 11 (78.6) 4 (36.4) 0.042
Radiotherapy 28 (40.5) 9 (32.1) 19 (46.3) 0.238 30 (76.9) 1 (50.0) 29 (78.4) 0.413 11 (44.0) 6 (42.9) 5 (45.5) 0.607
Targ. therapy 14 (20.3) 6 (21.4) 8 (19.5) 0.846 2 (5.1) 0 (0) 2 (5.4) 0.899 5 (20.0) 5 (100) 0 (0) 0.038
PDL therapy 26 (38.2) 8 (29.6) 18 (43.9) 0.236 15 (39.5) 0 (0) 15 (41.7) 0.359 7 (28.0) 2 (14.3) 5 (45.5) 0.101

Hormone ther. 3 (4.3) 1 (3.6) 2 (4.9) 0.641 1 (2.6) 0 (0) 1 (2.7) 0.948 4 (16.0) 4 (100) 0 (0) 0.079

Recurrence 7 (11.7) 2 (8.3) 5 (13.9) 0.511 15 (41.7) 1 (33.3) 14 (42.4) 0.627 3 (13.0) 0 (0) 3 (100) 0.049

Well diff. tumour 4 (9.7) 2 (12.5) 2 (8.0) 0.995 9 (23.1) 1 (33.3) 8 (22.2) 0.187 0 (0) - - 0.658
Mod. dif. tumour 19 (46.3) 7 (43.8) 12 (48.0) 20 (51.3) 2 (66.7) 18 (50.0) 8 (32.0) 5 (35.7) 3 (27.3)
Poor diff. tumour 16 (39.0) 6 (37.5) 10 (40.0) 5 (12.8) 0 (0) 5 (13.9) 16 (64.0) 9 (64.3) 7 (63.6)
Undiff. tumour 2 (4.9) 1 (6.3) 1 (4.0) 5 (12.8) 0 (0) 5 (13.9) 1 (4.0) 0 (0) 1 (9.1)

Immunotherap. 32 (43.2) 10 (31.3) 22 (52.4) 0.050 19 (45.2) 0 (0) 19 (48.7) 0.154 11 (44.0) 3 (21.4) 8 (72.7) 0.014
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3.5. PD-L1 and Immune-Cell Ratios

Since the ratios of inflammatory markers are associated with immunotherapy treat-
ment efficacy, we conducted an in-depth analysis to further explore the role of PD-L1
expression in cancer. We therefore assessed the relationship between PD-L1 expression and
immune-cell ratios, including LNR, PLR and LMR across the three cohorts. In the lung
cancer cohort, our data demonstrated a significant association between PD-L1 expression
and PLR ratio (p = 0.036), whereas no significant association was observed with LNR or
LMR (Table 4A). PLR was not associated with PD-L1 expression in breast or head and neck
cancers (Table 4B,C). ROC curve analysis identified PLR threshold values of 234.5, 135.7 and
192.1, as the optimal cut-offs for the best sensitivity and specificity in lung, head and neck
and breast cancers, respectively. In lung cancer, PLR was found to be associated with pa-
tients’ outcome as patients with low PLR exhibited significantly better overall survival than
those with high PLR (log-rank p = 0.007) compared with the high PLR group (Figure 3A).
Similarly, breast cancer patients with low PLR ratio had better outcomes (log-rank p = 0.031)
(Figure 3B). However, the PLR ratio did not show any prognostic value in head and neck
cancer with a log-rank p = 0.52. To delve deeper into the relationship between PD-L1
expression level and immune cells, we used the TCGA data and the TIMER (v.3) program
to investigate associations between PD-L1 expression and immune-cell infiltration in lung,
breast and head and neck cancers. Our data revealed a significant positive correlation
between PD-L1 expression and neutrophils, CD8+ T cells and dendritic cells in all cancer
types (Figure 4A–C). CD4+ T cells were positively correlated with PD-L1 expression only in
breast and head and neck cancers. A positive association between macrophages and PD-L1
expression was found in the lung cancer cohort only. In the lung cancer cohort, an inverse
relationship was observed between PD-L1 expression and B-cell infiltration (Figure 4A).

Figure 3. Overall survival analysis based on PLR ratio. (A) lung cancer and (B) breast cancer. Kaplan–
Meier curves indicated that the high expression level of the PLR ratio is correlated with poor overall
survival in lung cancer patients compared to patients with a low PLR ratio (log-rank p = 0.007).

3.6. Protein Network and Functional Enrichment Analysis

We then used the GeneMania database to determine the full interacting gene network
of the PD-L1 gene (CD274). The list of interacting genes included the PDCD1 gene, which
encodes programmed cell death-1 (PD-1), as well as CD80, CD4, CD3, CMTM6, SLC12A7,
DECR1, ECI1, CTNNA3 and other genes. These genes shared either physical interactions,
co-expression, co-localisation, pathway involvement or shared protein domains (Figure 5A).
Furthermore, protein–protein interaction (PPI) analysis using the STRING database further
indicated that PD-L1 interacts with several immune checkpoint proteins including PD-1,
PD-L2, TIGIT, CTLA4, LAG3, CD4, CD8, CD28, CD80, CD86, immune-related antigens
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such as PTPN11, BTLA and HAVCR2, in addition to transcription factors such as STAT3 and
FOXP3 (Figure 5B). Functional enrichment analysis of PD-L1-interacting genes using the
GSEA database showed that these genes are mainly involved in many biological processes
related mainly to immune-response regulation, lymphocyte activation and cellular adhesion
(Figure 5C). At the level of cellular localisation (GO:CC), the interacting proteins were
enriched in membranes of either plasma cell, Golgi vesicles, endoplasmic reticulum and
clathrin-coated vesicles (Figure 5D).

Table 4. Association analysis between PD-L1 expression and immune-cell ratios in (A) lung cancer,
(B) breast cancer and (C) head and neck cancer.

(A)

Parameter n = 74 Negative PD-L1 Positive PD-L1 p-value

LNR 4.52 ± 0.57 4.69 ± 0.88 4.40 ± 0.76 0.806
PLR 214.8 ± 13.0 242.5 ± 23.6 90.5 ± 14.2 0.036
LMR 3.01 ± 1.99 2.62 ± 1.69 3.29 ± 2.15 0.162

(B)

Parameter n = 25 Negative PD-L1 Positive PD-L1 p-value

LNR 2.5 ± 1.7 2.7 ± 1.8 2.3 ± 1.8 0.632
PLR 173.9 ± 21.4 174.7 ± 29.3 173.0 ± 32.7 0.970
LMR 4.2 ± 2.3 4.5 ± 2.1 3.9 ± 2.6 0.540

(C)

Parameter n = 42 Negative PD-L1 Positive PD-L1 p-value

LNR 5.9 ± 1.3 4.3 ± 1.0 6.0 ± 1.3 0.775
PLR 235.8 ± 38.6 294.5 ± 28.6 253.8 ± 40.5 0.735
LMR 2.5 ± 1.5 1.6 ± 0.5 2.6 ± 1.5 0.267

 

Figure 4. Analysis of immune-cell infiltration in cancer cohorts. Correlations between PD-L1 expres-
sion and the abundance level of six immune-cell populations. The data demonstrated significant
associations between PD-L1 expression and B cells, CD8+ T cells, CD4+ T cells, macrophages, neu-
trophils and dendritic cell infiltration in lung cancer (A), breast cancer (B) and head and neck cancer
(C) as revealed by the TIMER (v.3) database (https://compbio.cn/timer3/, accessed on 13 April 2026).
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Figure 5. Functional enrichment analysis of the PD-L1 network. (A). Construction of PD-L1-
interacting gene network generated using the GeneMania database. (B) Protein–protein interaction
network of PD-L1 showing the top 20 PD-L1-interacting proteins. The figure was generated using the
online STRING database with the highest confidence score (>0.9). (C). GSEA analysis depicting the
most significant biological functions of PD-L1-interacting genes (D). Chart demonstrating the most
common cellular components in GO analysis.

4. Discussion
Cancer immunotherapy with immune checkpoint inhibitors (ICIs) has revolution-

ized cancer treatment strategies and has provided an unprecedented breakthrough in
the management of multiple malignancies, particularly locally advanced and metastatic
disease [29,30]. FDA-approved drugs targeting PD-1 such as Pembrolizumab, Nivolumab
and Cemiplimab and PD-L1 such as Atezolizumab, Avelumab and Durvalumab have
been approved as first-line therapies for several solid and haematological malignancies
and have been associated with significant treatment responses and improved patient out-
comes [10,11,31]. However, the limited efficacy of ICIs poses a major clinical challenge as
only 20–40% of cancer patients achieve a sustained therapeutic response [32]. These anti-
bodies modify the anti-tumour immunity by deactivating the inhibitory signals generated
through the interaction between PD-1 and its ligands PD-L1 and PD-L2. This interaction
weakens the cytotoxic T-cell activity, promotes a condition of immune tolerance and exhaus-
tion and creates an immunosuppressive microenvironment that supports tumour growth.
PD-L1 plays an important role in immune evading, a complex phenomenon involving
crosstalk between tumour cells, the TME and immune cell, mediated through a plethora of
cytokines and chemokines that enable uncontrolled tumour growth and progression [33].
Targeting the PD-1/PD-L1 axis therefore represents a prominent and effective strategy
in cancer therapy strategy, especially in patients with advanced-stage and metastatic dis-
ease [34,35]. It has been shown that PD-L1 expression is upregulated in a spectrum of
solid and liquid malignancies underscoring its significance in selecting the most appropri-
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ate immunotherapeutic agents [36,37]. Accordingly, IHC testing for PD-L1 has become a
clinical standard and is currently used as a diagnostic biomarker and an important tool
in the clinical management of multiple tumours. Additionally, PD-L1 expression holds a
prognostic special value particularly in lung cancer where increased PD-L1 expression has
been significantly associated with disease aggressiveness and poor outcomes and has been
approved as a predictive biomarker for anti-PD-L1 therapy [38,39].

In our study, we retrospectively investigated the expression of PD-L1 in patients with
lung, breast and head and neck cancers, most of whom were diagnosed with advanced
diseases and correlated the findings with a set of clinicopathological features. PD-L1
expression demonstrated varied expression patterns across the tested cancer types, with the
highest positivity in head and neck cancer (92.85%) followed by lung cancer (56.75%) and
breast cancer (44%). These rates are comparable with published data from Li et al. (2022)
who reported that nearly 50% of the lung cancer patients tested with clone 22C3 exhibited
positive PD-L1 expression [40]. In a meta-analysis of PD-L1 expression, Petrelli et al. (2018)
revealed that 38% (5066/13,279) of NSCLC cases were PD-L1 positive [41]. In contrast, Liu
et al. (2022) reported PD-L1 positivity in only 24.9% of lung cancer cases tested by IHC using
clone SP263 from Ventana with a cut-off point of ≥1% [42]. Cross-study variation in PD-L1
expression is widely recognised and depends heavily on the scoring system used (TPS or
CPS) and the applied cut-off points. In head and neck cancer, findings from the Keynote-048
clinical trial revealed that 23% of patients were PD-L1 positive using TPS > 50 system,
while 43% scored positive using CPS > 20 [43]. In the current study, PD-L1 expression alone
did not confer prognostic value across the analysed cancers, despite its established role
as a predictive biomarker role for ICI therapy. The prognostic value of PD-L1 expression
remains inconclusive when used as a standalone determinant of clinical outcome. For
instance, in a pan-cancer study, Wang et al. (2024) reported that high PD-L1 expression was
associated with better OS and RFS in breast, bladder, ovarian, sarcoma and kidney cancers,
a finding consistent with recent clinical data from Wheatley-Price et al. (2025) [44,45].
Conversely, the same study showed that increased PD-L1 expression was significantly
associated with unfavourable outcomes in patients with thyroid, pancreatic, lung, head and
neck and cervical cancers [45]. This was further supported by a recent finding by Ma and
Gu (2026) who demonstrated that high PD-L1 expression was associated with poor outcome
in lung cancer during 5 years of follow-up (p = 0.008) [46]. In a meta-analysis covering
17 cohort studies, Blazek et al. (2023) demonstrated that PD-L1 had prognostic value when
only expressed on immune cells, whereas tumour-cell PD-L1 expression had no prognostic
value [47]. Other investigations have reported no significant survival benefit between PD-
L1-positive and PD-L1-negative tumours. For example, Ohkuma et al. (2023) demonstrated
that PD-L1 expression was not associated with overall survival or progression-free survival
in lung cancer patients [48], which is in line with our findings in the lung and breast
cancer cohorts. In head and neck cancer, patients showed a trend toward better outcomes
with high PD-L1 expression. A recent investigation by Takahashi et al. (2024) found
that 43.3% of patients with positive PD-L1 expression had no significant correlation with
survival outcomes, further highlighting the limited prognostic utility of PD-L1 [49]. These
discrepancies suggest that PD-L1 represents only a limited facet of tumour biology and
lacks sufficient depth as standalone prognostic or predictive biomarker. On the other hand,
this inconsistency may partially reflect the complexity of the TME, cancer heterogeneity
and the influence of systemic inflammation on PD-L1 dynamics.

A key observation in the current study was the significant association between PD-L1
expression and the prognostic value of the systemic inflammatory marker platelet-to-
lymphocyte ratio (PLR), suggesting that the functional dynamics of PD-L1 may depend,
at least in part, on its interaction with the systemic inflammatory indices such as platelet–
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lymphocyte ratio (PLR). This interpretation is supported by recent data highlighting the
importance of systemic immune markers in cancer progression and tumour–immune-cell
interactions. A recent study by Kim et al. (2024) demonstrated that combining immune
checkpoint expression with both PLR and NLR in pre-ICI-treated patients improved the
prognostic stratification in head and neck carcinoma patients [50]. The authors showed that
patients with high PLR and NLR had poorer treatment response and shorter progression-
free survival [50]. Our data extend this concept by demonstrating that lung cancer patients
with high PLR and breast cancer patients with high PLR and high NLR had unfavourable
outcomes, suggesting a potential mechanistic link between tumour immune evasion and
systemic inflammatory responses. Emerging evidence also suggested that PLR may serve
as a prognostic marker in metastatic breast cancer patients and as a response biomarker in
TNBC subjected to ICI-based therapy [51,52].

The exact underlying mechanisms are not fully understood. However, experimen-
tal evidence from preclinical studies implicates platelet activation, immune-cell regu-
lation and suppression of NK cell function, collectively in tumour development and
progression [53–55]. Platelet-induced cancer-cell growth has been shown to be mediated
through the release of a plethora of chemokines and cytokines, including TNF-α and
IL-6 [56–58]. Several other studies have also indicated a role for platelet-related genes
and their association with immune checkpoint expression in cancer prognosis [59,60].
Onagi et al. (2023) revealed that patients with elevated PLR and NLR had increased
CD3+CD4+FOXP3+ T cells, suggesting that high PLR may create a suppressive immune
environment in TNBC [52]. A recent investigation highlighted the critical mechanism
by which platelets regulate infiltration by dendritic cells, T cells and tumour-associated
macrophages (TAMs), thereby affecting cancer patient outcomes [61]. Importantly, the
integration of bioinformatics analysis in our study provided additional insight into the
biological role of PD-L1 expression within the TME. We observed that PD-L1 correlated
positively with several tested immune-cell populations, including CD4+ T cells, CD8+ T
cells, macrophages, B cells and dendritic cells in lung, breast and head and neck cancers.
This is consistent with previous reports in hepatocellular carcinoma and cervical carcinoma
showing that PD-L1 is closely associated with immune-cell infiltration [62,63]. However,
the presence of immune infiltration does not necessarily translate into an effective anti-
tumour response as PD-L1-mediated immune suppression often induces T-cell immune
exhaustion and impairs anti-tumour immunity [64]. The association between PD-L1 and
immune-cell infiltration may reflect either immune activation or immune suppression,
which may explain why some PD-L1-positive tumours do not respond to ICIs, while some
PD-L1-negative tumours still derive clinical benefit [65,66]. This topic remains insufficiently
studied and warrant further research to elucidate the biological function and clinical utility
of PD-L1 and the cellular composition of the TME. Recent TCGA-based studies support
holistic data interpretation of immune checkpoint molecules, TME composition and gene-
expression networks. In our study, PPI analysis demonstrated that PD-L1 is embedded
within complex immunoregulatory pathways and cellular processes, in specific locations,
which may determine its function. GO mapping analysis identified pathways and genes T
cells with physical, co-localisation or co-expression interactions, including PDCD1, CTLA4,
CD-80, TIGIT, LAG-3 and PDCD1LG2, which encodes the PD-L2 protein. These findings
suggest that PD-L1 does not act in isolation but forms part of a dynamic immunological
orchestra. Several PD-L1-interacting genes have already been associated with inhibition
of T-cell function and the formation of an immunosuppressive environment in multiple
cancers [67]. Moreover, many of these genes serve as prognostic markers in various malig-
nancies and are being actively investigated as targets for cancer therapy [68,69]. Therefore,
an in-depth analysis of the complex interactions between these genes and pathways across
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different cancer types may help clarify mechanisms of resistance in ICI-treated patients,
improve survival and maximise the benefit of combination therapeutic strategies.

5. Conclusions
In conclusion, our findings highlight the limitations of relying solely on PD-L1 ex-

pression for patient stratification. The results underscore the need for an integrated mul-
tidimensional approach that incorporates systemic inflammatory markers, immune-cell
infiltration and molecular network analysis of genes and pathways. This perspective is
supported by recent advances in TME scoring systems and modelling approaches, which
consistently demonstrate the superiority of composite biomarkers over single-parameter
models as powerful predictors of immunotherapy response [70–72]. Despite these insights,
this study has several limitations that warrant consideration, including the small sample
size, limited subgroup representation and heterogeneity of the analysed cancer cohorts.
Furthermore, the investigation was based on the retrospective data from a single-centre
database, which may limit the generalisability and the statistical robustness of the findings.
Larger prospective multicentre studies are therefore warranted to validate the prognostic
value and clinical utility of PD-L1 expression. Finally, the molecular mechanisms governing
the relationship between PD-L1 and immune-cell infiltration and gene signature related to
anti-tumour immunity require further comprehensive characterisation through integrated
multi-OMICs approaches.

Author Contributions: T.N. participated in study design, data collection and manuscript drafting.
W.A., S.A. (Sultanah AlBoraie), R.A. (Raghad Alkharouby) and L.A. actively participated in clinical
and pathological data collection. M.E.A. performed the statistical analysis. S.A. (Samera Alosairi)
and A.S. helped revise the clinicopathological data, data interpretation and manuscript drafting.
D.M. and M.B.N. actively participated in immune data collection and analysis. R.A. (Rawiah Alsiary)
and M.R. helped with TCGA data collection and analysis. All authors have read and agreed to the
published version of the manuscript.

Funding: The authors would like to thank King Abdullah International Medical Research Cen-
tre, Kingdom of Saudi Arabia, for the funding provided to support this study (protocol number#
NRJ22J/244/07). The funding body had no role in the study design, data collection and analysis, or
manuscript preparation.

Institutional Review Board Statement: This study was conducted in accordance with the principles
of the Declaration of Helsinki. Approval was obtained from the Institutional Ethics Committee
of King Abdullah International Medical Research Centre, King Saud Bin Abdulaziz University for
Health Sciences, Jeddah, Saudi Arabia (Protocol N: IRB/1462/24, approval date: 23 November 2024).

Informed Consent Statement: Patient consent was waived because this study was based on retrospec-
tive analysis of existing clinical data and archived samples. Both clinical and follow-up data were han-
dled in a fully anonymised manner and patient confidentiality was strictly maintained throughout.

Data Availability Statement: The datasets generated during and analysed during the current study
are available from the corresponding authors upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Siegel, R.L.; Giaquinto, A.N.; Jemal, A. Cancer statistics, 2024. CA Cancer J. Clin. 2024, 74, 12–49. [CrossRef]
2. Bray, F.; Laversanne, M.; Sung, H.; Ferlay, J.; Siegel, R.L.; Soerjomataram, I.; Jemal, A. Global cancer statistics 2022: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA A Cancer J. Clin. 2024, 74, 229–263. [CrossRef]
3. de Koning, H.J.; van der Aalst, C.M.; de Jong, P.A.; Scholten, E.T.; Nackaerts, K.; Heuvelmans, M.A.; Lammers, J.J.; Weenink, C.;

Yousaf-Khan, U.; Horeweg, N.; et al. Reduced Lung-Cancer Mortality with Volume CT Screening in a Randomized Trial. N. Engl.
J. Med. 2020, 382, 503–513. [CrossRef]

https://doi.org/10.3390/cancers18111819

https://doi.org/10.3322/caac.21820
https://doi.org/10.3322/caac.21834
https://doi.org/10.1056/NEJMoa1911793
https://doi.org/10.3390/cancers18111819


Cancers 2026, 18, 1819 15 of 18

4. Adams, S.J.; Stone, E.; Baldwin, D.R.; Vliegenthart, R.; Lee, P.; Fintelmann, F. JLung cancer screening. Lancet 2023, 401, 390–408.
[CrossRef]

5. Ibrahim, H.S.; Albeshan, S.M.; ElRefaei, M.A. Transforming Breast Cancer Care and Clinical Outcomes: Local Experience in
Yanbu Industrial City, Saudi Arabia. Clin. Breast Cancer 2024, 25, e240–e248.e2. [CrossRef] [PubMed]

6. Tang, D.-D.; Ye, Z.-J.; Liu, W.-W.; Wu, J.; Tan, J.-Y.; Zhang, Y.; Xu, Q.; Xiang, Y.-B. Survival feature and trend of female breast
cancer: A comprehensive review of survival analysis from cancer registration data. Breast 2024, 79, 103862. [CrossRef] [PubMed]

7. Trabulsi, N.H.; A Shabkah, A.; Ujaimi, R.; Iskanderani, O.; Kadi, M.S.; Aljabri, N.; Sharbatly, L.; AlOtaibi, M.N.; Farsi, A.H.;
O Nassif, M.; et al. Locally Advanced Breast Cancer: Treatment Patterns and Predictors of Survival in a Saudi Tertiary Center.
Cureus 2021, 13, e15526. [CrossRef]

8. Monk, B.J.; Tan, D.S.P.; Chagüi, J.D.H.; Takyar, J.; Paskow, M.J.; Nunes, A.T.; Pujade-Lauraine, E. Proportions and incidence of
locally advanced cervical cancer: A global systematic literature review. Int. J. Gynecol. Cancer 2022, 32, 1531–1539. [CrossRef]
[PubMed]

9. Liu, B.; Zhou, H.; Tan, L.; Siu, K.T.H.; Guan, X.-Y. Exploring treatment options in cancer: Tumor treatment strategies. Signal
Transduct. Target. Ther. 2024, 9, 175. [CrossRef]

10. Carbone, D.P.; Reck, M.; Paz-Ares, L.; Creelan, B.; Horn, L.; Steins, M.; Felip, E.; van den Heuvel, M.M.; Ciuleanu, T.-E.;
Badin, F.; et al. First-Line Nivolumab in Stage IV or Recurrent Non–Small-Cell Lung Cancer. N. Engl. J. Med. 2017, 376, 2415–2426.
[CrossRef]

11. Voelker, R. Immunotherapy Is Now First-line Therapy for Some Colorectal Cancers. JAMA 2020, 324, 433. [CrossRef]
12. Han, Y.; Liu, D.; Li, L. PD-1/PD-L1 pathway: Current researches in cancer. Am. J. Cancer Res. 2020, 10, 727–742. [PubMed]
13. Liu, C.; Li, Y.; Xing, X.; Zhuang, J.; Wang, J.; Wang, C.; Zhang, L.; Liu, L.; Feng, F.; Li, H.; et al. Immunogenomic landscape

analyses of immune molecule signature-based risk panel for patients with triple-negative breast cancer. Mol. Ther. Nucleic Acids
2022, 28, 670–684. [CrossRef]

14. Gong, L.; Tian, L.; Li, H.; Zhou, K.; He, H.; Xiao, S.; Zhu, Y.; Gong, Z.; Cui, K.; Zhang, Y. FK228 reshapes tumor microenvironment
to enhance anti-PD-L1 efficacy. Oncogene 2025, 44, 3665–3678. [CrossRef] [PubMed]

15. Sun, T.; Liu, B.; Cai, L.; Zhou, Y.; Yang, W.; Li, Y. Suberanilohydroxamic acid (SAHA), a HDAC inhibitor, suppresses the effect of
Treg cells by targeting the c-Myc/CCL1 pathway in glioma stem cells and improves PD-L1 blockade therapy. J. Neuro-Oncol. 2024,
168, 457–471. [CrossRef]

16. Filho, P.N.; Albuquerque, C.; Capella, M.P.; Debiasi, M. Immune Checkpoint Inhibitors in Breast Cancer: A Narrative Review.
Oncol. Ther. 2023, 11, 171–183. [CrossRef] [PubMed]

17. Chen, B.; Zhao, J.; Lv, H.; Xu, W.; Wang, J.; Nie, C.; He, Y.; Zhang, B.; Huang, J.; Liu, Y.; et al. Single-arm, open-label, multicentre
phase 1b/2 study to evaluate the safety and efficacy of fruquintinib combined with sintilimab and CAPEOX as a first-line
treatment for advanced gastric or gastroesophageal junction adenocarcinoma (FUNCTION study): A study protocol. BMJ Open
2025, 15, e100241. [CrossRef]

18. Georgy, J.T.; Regi, S.S.; Georgy, R.V.; Sasidharan, B.K.; Joel, A.; Philip, D.S.J.; John, A.O.; Thumaty, D.B.; Marimuthu, P.K.;
Jambunathan, P.; et al. Low-dose nivolumab plus induction chemotherapy for locally advanced or unresectable head and neck
cancer is associated with high response rates and conversion to definitive therapy. Sci. Rep. 2025, 15, 35110. [CrossRef]

19. Matsuki, T.; Kawakita, D.; Takahashi, H.; Okada, T.; Sakai, A.; Ueki, Y.; Tsuge, H.; Hanyu, K.; Momiyama, K.; Shodo, R.; et al.
PD-L1 expression as a predictive biomarker in patients with recurrent or metastatic salivary gland carcinoma treated with
pembrolizumab. Sci. Rep. 2024, 14, 19794. [CrossRef]

20. Hijazi, A.; Antoniotti, C.; Cremolini, C.; Galon, J. Light on life: Immunoscore immune-checkpoint, a predictor of immunotherapy
response. OncoImmunology 2023, 12, 2243169. [CrossRef]

21. Cirqueira, M.B.; Mendonça, C.R.; Noll, M.; Soares, L.R.; Cysneiros, M.A.d.P.C.; Paulinelli, R.R.; Moreira, M.A.R.; Freitas-Junior, R.
Prognostic Role of PD-L1 Expression in Invasive Breast Cancer: A Systematic Review and Meta-Analysis. Cancers 2021, 13, 6090.
[CrossRef]

22. Todoroki, K.; Abe, Y.; Matsuo, K.; Nomura, H.; Kawahara, A.; Nakamura, Y.; Nakamura, M.; Seki, N.; Kusukawa, J. Prognostic
effect of programmed cell death ligand 1/programmed cell death 1 expression in cancer stem cells of human oral squamous cell
carcinoma. Oncol. Lett. 2024, 27, 1–12. [CrossRef]

23. Zhao, Y.; Shi, F.; Zhou, Q.; Li, Y.; Wu, J.; Wang, R.; Song, Q. Prognostic significance of PD-L1 in advanced non-small cell lung
carcinoma. Medicine 2020, 99, e23172. [CrossRef] [PubMed]

24. Yoo, S.-K.; Fitzgerald, C.W.; Cho, B.A.; Fitzgerald, B.G.; Han, C.; Koh, E.S.; Pandey, A.; Sfreddo, H.; Crowley, F.;
Korostin, M.R.; et al. Prediction of checkpoint inhibitor immunotherapy efficacy for cancer using routine blood tests and clinical
data. Nat. Med. 2025, 31, 869–880. [CrossRef]

25. Jung, I.; Shin, S.; Baek, M.-C.; Yea, K. Modification of immune cell-derived exosomes for enhanced cancer immunotherapy:
Current advances and therapeutic applications. Exp. Mol. Med. 2024, 56, 19–31. [CrossRef]

https://doi.org/10.3390/cancers18111819

https://doi.org/10.1016/S0140-6736(22)01694-4
https://doi.org/10.1016/j.clbc.2024.10.011
https://www.ncbi.nlm.nih.gov/pubmed/39567338
https://doi.org/10.1016/j.breast.2024.103862
https://www.ncbi.nlm.nih.gov/pubmed/39701013
https://doi.org/10.7759/cureus.15526
https://doi.org/10.1136/ijgc-2022-003801
https://www.ncbi.nlm.nih.gov/pubmed/36241221
https://doi.org/10.1038/s41392-024-01856-7
https://doi.org/10.1056/NEJMoa1613493
https://doi.org/10.1001/jama.2020.13299
https://www.ncbi.nlm.nih.gov/pubmed/32266087
https://doi.org/10.1016/j.omtn.2022.04.034
https://doi.org/10.1038/s41388-025-03558-y
https://www.ncbi.nlm.nih.gov/pubmed/40940553
https://doi.org/10.1007/s11060-024-04689-0
https://doi.org/10.1007/s40487-023-00224-9
https://www.ncbi.nlm.nih.gov/pubmed/36917399
https://doi.org/10.1136/bmjopen-2025-100241
https://doi.org/10.1038/s41598-025-19197-y
https://doi.org/10.1038/s41598-024-70779-8
https://doi.org/10.1080/2162402X.2023.2243169
https://doi.org/10.3390/cancers13236090
https://doi.org/10.3892/ol.2024.14213
https://doi.org/10.1097/MD.0000000000023172
https://www.ncbi.nlm.nih.gov/pubmed/33158004
https://doi.org/10.1038/s41591-024-03398-5
https://doi.org/10.1038/s12276-023-01132-8
https://doi.org/10.3390/cancers18111819


Cancers 2026, 18, 1819 16 of 18

26. Vellanki, P.J.; Ghosh, S.; Pathak, A.; Fusco, M.J.; Bloomquist, E.W.; Tang, S.; Singh, H.; Philip, R.; Pazdur, R.; A Beaver, J. Regulatory
implications of ctDNA in immuno-oncology for solid tumors. J. Immunother. Cancer 2023, 11, e005344. [CrossRef] [PubMed]

27. Yuan, Q.; Xu, C.; Wang, W.; Zhang, Q. Predictive Value of NLR and PLR in Driver-Gene-Negative Advanced Non-Small Cell Lung
Cancer Treated with PD-1/PD-L1 Inhibitors: A Single Institutional Cohort Study. Technol. Cancer Res. Treat. 2024, 23. [CrossRef]

28. Uhlen, M.; Oksvold, P.; Fagerberg, L.; Lundberg, E.; Jonasson, K.; Forsberg, M.; Zwahlen, M.; Kampf, C.; Wester, K.; Hober, S.; et al.
Towards a knowledge-based Human Protein Atlas. Nat. Biotechnol. 2010, 28, 1248–1250. [CrossRef]
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