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Abstract

Programmed Death Receptor-1 (PD-1) is an immune checkpoint receptor expressed on the surface of T cells. Monoclonal
antibodies targeting PD-1 and its ligand, PD-L1, are among the most widely utilized immune checkpoint inhibitors
in cancer immunotherapy, dramatically improving the prognosis of patients with various malignancies. Traditionally,
platelets, which are cytoplasmic fragments derived from megakaryocytes, have been primarily recognized for their
roles in hemostasis and coagulation. However, recent studies have highlighted the emerging role of platelets in cancer
biology and therapy. Platelets can modulate immune cell functions through various mechanisms, including the release
of bioactive molecules and direct interactions with immune cells. A deeper understanding of the interplay between
platelets and immune responses could pave the way for novel therapeutic strategies in cancer treatment. In our research,
in patients with better treatment responses, there are higher levels of mature and activated CD8+ T cells in their PBMCs
prior to treatment. Additionally, the activation of platelets is also more pronounced, and the proteins expressed on these
platelets may modulate immune cells. After receiving immunotherapy, patients in the responsive (R) group exhibited
a higher abundance of activated effector CD8+ T cells, which demonstrated stronger immune response capabilities.
Furthermore, the increased levels of activated platelets in the R group may contribute to the regulation of CD8+ effector
memory T cells, influencing their quantity and function. Our study suggests that the functional state of CD8+ T cells and
the level of activated platelets prior to treatment may serve as predictive indicators for the efficacy of PD-1 inhibitors
in head and neck cancer patients. Activated CD8+ effector T cells may contribute to the differences in immunotherapy
responses, with activated platelets playing a role in promoting the maturation and activation of CD8+ effector memory T
cells.These insights help better understand the interactions between platelets and immune cells, particularly emphasizing
the role of CD8+ effector memory T cells in immunotherapy. Additionally, they offer potential strategies for predicting
patient responses to PD-1 inhibitor treatment and optimizing the efficacy of immunotherapy.
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Abbreviations

HNSCC Head and neck squamous cell carcinoma
PBMC  Peripheral blood mononuclear cell
CyTOF  Cytometry by time-of-flight

PD-1 Programmed cell death protein 1

PD-L1T  Programmed death-ligand 1

ICB Immune checkpoint blockade
NR Non-responder

R Responder

TCEP Tris(2-carboxyethyl)phosphine
PRP Platelet-rich plasma

TGF-B  Transforming growth factor beta

1 Introduction

Cancer remains a significant global health challenge. The latest cancer statistics report indicates that nearly 10 million
people die from cancer annually, with almost 20 million new cases diagnosed worldwide each year [1]. HNSCC, including
oral cancer, pharyngeal cancer, laryngeal cancer, nasopharyngeal cancer, thyroid cancer, and salivary gland cancer [2],
account for over 600,000 new cases globally each year. Many HNSCC patients are diagnosed at an advanced stage.
Although treatments like radiotherapy, surgery, and chemotherapy can offer some degree of control over HNSCC, most
patients suffer from various long-term side effects. The development of new treatment strategies is currently the top
priority in HNSCC research [3].

Immunotherapy has emerged as a pivotal approach in cancer treatment, leveraging the body’s immune system to
identify and target tumors while restoring its natural anti-tumor capabilities. This approach is particularly beneficial in
advanced and metastatic cancers [4], where traditional therapies often fall short. Among the various immunotherapeutic
strategies, immune checkpoint inhibitors, especially those targeting the PD-1/PD-L1 pathway, have become integral to
cancer treatment. However, monotherapy with immune checkpoint blockade (ICB) may take longer to achieve effective
clinical responses. Therefore, combining other therapeutic modalities with immunotherapy has become a major focus
in both clinical and preclinical research [5].

Platelets, as a crucial component of the blood system, are primarily recognized for their roles in hemostasis and
coagulation [6]. Beyond these traditional functions, they are also involved in immune regulation and vascular repair.
Within tumor tissues, platelets can protect tumor cells from immune system attacks, facilitate angiogenesis, and promote
metastasis. However, recent research has uncovered a more complex interaction between platelets and immune cells,
particularly within the context of cancer. Platelets may directly or indirectly activate immune cells, contributing to anti-
tumor effects. This emerging understanding is significant for enhancing the efficacy of tumor immunotherapy and for
the development of novel therapeutic strategies [7].

Mass cytometry utilizes metal isotope-conjugated antibodies to label proteins on both the surface and within cells,
which are then quantified through mass spectrometry [8]. Traditional fluorescence flow cytometry encounters limitations
such as fluorescence signal overlap and the need for compensation, which restrict the number of detectable parameters.
In contrast, mass cytometry leverages the distinct molecular weights of isotopes, allowing for the simultaneous detection
of over 40 parameters. This capability significantly expands the range of proteins that can be analyzed concurrently [9].
Mass cytometry is particularly valuable for in-depth analysis of cell phenotypes, investigating immune cell diversity,
and exploring tumor microenvironments. It has substantial potential for assessing responses to immunotherapy and
analyzing immune cell heterogeneity.

In our study, we evaluated the impact of PD-1 therapy on peripheral blood mononuclear cells (PBMCs) in patients with
HNSCC, focusing on the differences in PBMC composition and function between non-responders (NR) and responders (R)
prior to treatment. We also assessed variations in platelet characteristics and explored the relationship between platelets
and immune cell maturation. Additionally, we examined the differential responses of PBMCs to PD-1 therapy in the NR
and R groups, with particular attention to the role of platelets in this process. Our findings indicate that, before treatment,
CD8T cells in the NR group were predominantly in an initial, less mature state, whereas those in the R group exhibited
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a more mature phenotype. Following PD-1 therapy, the function of CD8T cells significantly improved in the R group,
while no notable changes were observed in the NR group. These disparities in immune cell function and phenotype
may be associated with varying activation states of platelets. Therefore, monitoring and analyzing PBMCs and platelets
in cancer patients prior to PD-1 treatment could be pivotal in predicting treatment efficacy.

Experimental Design and Statistical Rationale: Patients diagnosed with stage IV HNSCC were enrolled in this study,
with all participants providing informed consent. Blood samples were collected at two time points: one day before the
initiation of PD-1 inhibitor therapy and after completing four cycles of treatment. Peripheral blood mononuclear cells
(PBMCs) were isolated using density gradient centrifugation and cryopreserved for subsequent analysis. Platelet-rich
plasma (PRP) was also prepared from the blood samples by centrifugation and used for platelet activation assays and
protein expression analysis. To assess the molecular phenotype and heterogeneity of immune cells and platelets, CyTOF
(Cytometry by Time-Of-Flight) was performed, enabling the simultaneous detection of multiple proteins at the single-cell
level. A correlation matrix was generated to evaluate the relationship between platelet activation levels and immune cell
function, particularly focusing on the influence of activated platelets on CD8+ effector memory T cell maturation and
function. Statistical analyses were performed using t-tests or ANOVA where applicable, with a p-value <0.05 considered
statistically significant, and correlation coefficients (r-values) were calculated to explore the relationships between
variables.

2 Materials and methods
2.1 Patients

This study included 23 patients with HNSCC who received immunotherapy at Harbin Medical University Cancer Hospital.
These patients, all diagnosed with stage IV disease, were ineligible for surgical intervention at the time of enrollment.
The primary treatment goal was to reduce tumor burden sufficiently to enable subsequent surgical procedures. Patients
received PD-1 inhibitor therapy, specifically camrelizumab from Hengrui Medicine, administered at a dose of 200 mg
via intravenous infusion every 21 days. The patient received two or three cycles of treatment, with blood samples
collected the day before treatment and 21 days after the last treatment. Exclusion criteria included a history of severe
thrombocytopenia, significant liver dysfunction, previous severe pulmonary diseases, current respiratory complications,
or any known allergic reactions to PD-1 inhibitors or their components. In addition to the patient cohort, 10 healthy
individuals were recruited as controls. According to the RECIST 1.1 criteria, a tumor shrinkage of >30% or complete
disappearance is classified as the response group (R). If there is no significant shrinkage (tumor reduction less than 30%)
or no notable change in tumor size, it is defined as the non-response group (NR). All participants provided informed
consent. Clinical details of the patients are provided in Supplementary Table 1. The study was conducted in accordance
with the principles of the Helsinki Declaration and was approved by the Ethics Committee of Harbin Medical University
Cancer Hospital.

2.2 Agents

The antibodies used for the detection of proteins in peripheral blood mononuclear cells (PBMCs) and platelets are
detailed in Supplementary Tables 2 and 3. Some of these antibodies were acquired as commercially available metal-
conjugated antibodies, while others were custom-conjugated using metal-conjugation technology provided by Standard
Biotools. Additional reagents and tools utilized in the study included the Maxpar X8 Multi-Metal Labeling Kit, EQ Four
Element Calibration Beads, Fix|, Fix and Perm solutions, Cell-ID Intercalator-IR, and the 20X barcoding kit, all of which
were sourced from Standard Biotools. Dulbecco’s Phosphate-Buffered Saline (DPBS) was purchased from Corning, and
EDTA anticoagulant tubes were obtained from BD. TCEP was supplied by Thermo Fisher Scientific, cell cryopreservation
solution was sourced from Stemcell Technologies, antibody storage solution was acquired from Candor Bioscience, and
3k and 50k molecular weight cutoff filters were obtained from Amicon Ultra.
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2.3 Antibody metal labeling

To begin the antibody metal labeling process, 95 pL of L-Buffer was added to the X8-polymer tube and mixed until
the polymer was fully dissolved, followed by the addition of 5 pL of a 50 mM lanthanide metal solution. The mixture
was then incubated in a 37 °C water bath for 30 min. Meanwhile, 100 ug of the antibody, with a total volume not
exceeding 400 uL, was placed into a 50k filter column, and R-Buffer was added to bring the total volume to 400 pL. The
filter column was centrifuged at 12,000xg at room temperature for 10 min. TCEP was diluted to a final concentration
of 4 mM (1:100) in R-Buffer. Next, 200 pL of L-Buffer was added to a 3k filter column, and the metal-polymer mixture
was transferred to the 3k filter column, which was then centrifuged at 12,000xg at room temperature for 30 min.
Afterward, 100 pL of the 4 mM TCEP solution was added to the antibody-containing 50k filter column, mixed
thoroughly, and immediately incubated in a 37 °C water bath for 30 min. The waste liquid from the collection tube
of the 3k filter column was discarded, and 400 pL of C-Buffer was added to the filter column, which was centrifuged
at 12,000xg at room temperature for 30 min. Subsequently, 300 pL of C-Buffer was added to the 50k filter column,
centrifuged at 12,000xg at room temperature for 10 min, followed by a second wash with an additional 400 pL of
C-Buffer, and centrifuged again at 12,000xg for 10 min. The correct correspondence between each antibody and
metal was confirmed, after which 60 uL of C-Buffer was added to the 50k filter cartridge, the liquid was transferred,
gently mixed by pipetting, and incubated in a 37 °C water bath for 90 min. Following incubation, 300 uL of W-Buffer
was added to the filter cartridge, which was then centrifuged at 12,000xg at room temperature for 10 min, the waste
liquid was discarded, and the filter cartridge was washed three times with W-Buffer. Finally, 100 pL of antibody storage
solution was added to the filter cartridge, which was inverted over a new collection tube and centrifuged at 1000xg
at room temperature for 2 min to collect the labeled antibody for storage.

2.4 PBMC and platelet-rich plasma preparation

Whole blood collected in EDTA anticoagulant tubes was initially centrifuged at 200xg for 15 min to separate the platelet-
rich plasma (PRP), which was then collected. The PRP was subjected to a second centrifugation at 800xg for 15 min,
after which 200 uL of the platelet-rich pellet was retained. For the preparation of peripheral blood mononuclear cells
(PBMCs), Ficoll-Paque density gradient centrifugation was employed. Lymphocyte separation solution was added to the
Sepmate tube chamber until it covered the divider (15 mL). An equal volume of blood cells mixed with DPBS containing
2% FBS was carefully layered on top of the Sepmate tube. Gradient centrifugation was performed at 1200xg for 15 min,
with acceleration to speed level 3 and deceleration to speed level 1. The white PBMC layer was aspirated, resuspended
in DPBS containing 2% FBS, and centrifuged at 400xg for 8 min. Red blood cells were lysed by adding 3 mL of red blood
cell lysis solution, mixing, and allowing it to react for 5 min, followed by the addition of 3 mL of DPBS containing 2% FBS.
This mixture was then centrifuged at 500xg for 5 min. To label live cells, 500 uL of 0.01% cisplatin was added, mixed, and
incubated at room temperature for 2 min. Following this, DPBS containing 5% FBS was added and centrifuged at 500xg
for 5 min. To fix the cells, 500 pL of 1.6% paraformaldehyde was added, mixed, and incubated for 15 min. Afterward,
1 mL of DPBS containing 5% FBS was added, and the mixture was centrifuged at 500xg for 5 min. The supernatant was
discarded, and 1 mL of cell storage solution was added to each sample before storing at —80 °C.

2.5 Metal-conjugated antibody labeling of PBMCs and platelets

To prepare PBMCs, mix Barcode Perm with the isolated PBMCs, centrifuge at 800xg for 5 min, and repeat this step twice.
Next, add 100 pL of Barcode Perm to the 20-Plex Pd Barcoding Sets, mix well, and combine with the PBMC samples
according to the experimental grouping plan. Vortex to ensure thorough mixing and incubate at room temperature
for 30 min. To terminate the reaction, add 1 mL of DPBS containing 5% FBS, centrifuge at 800xg for 5 min, discard the
supernatant, and resuspend the cells in 1 mL of DPBS containing 5% FBS. Centrifuge at 800xg for 5 min twice, discard
the supernatant, and resuspend each sample tube in 100 pL of DPBS containing 5% FBS. Combine all tubes, centrifuge
at 800xg for 5 min, and add the antibody mix (Supplementary Table 2). Incubate at room temperature for 30 min. After
incubation, add 1 mL of DPBS containing 5% FBS, centrifuge at 800xg for 5 min, and discard the supernatant. Add 1 mL of
Fixl fixative, mix thoroughly, and centrifuge at 800xg for 5 min, discarding the supernatant. Wash the samples twice with
1 mL of DPBS, then mix with 100 pL of DPBS, vortex, and add 0.1% Ir500 pL. Incubate overnight at 4 °C. Before analysis,
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wash the samples three times with pure water. Mix with cell collection buffer containing 10% EQ beads, filter through a
40 ym mesh, and keep on ice until further analysis on the instrument.

For platelet-rich plasma (PRP), mix directly with the antibody mix (Supplementary Table 3). Incubate at room
temperature for 30 min, then resuspend in 1 mL of DPBS and centrifuge at 800xg for 10 min. Resuspend the pelletin 1 mL
of Fixl fixative and centrifuge at 800xg for 10 min. Wash twice with pure water. Mix with cell collection buffer containing
10% EQ beads, filter through a 40 um mesh, and keep on ice until further analysis on the instrument.

2.6 CyTOF data analysis

CyTOF 7.0 software was used to process the FCS files obtained from the Helios (Standard Biotools) instrument. Raw files
were normalized to produce standardized FCS files, and individual PBMC sample files were separated using the debarcode
tool. The processed data were then uploaded to Cytobank (https://www.cytobank.org) for further data cleaning. Signals
from EQ beads were removed, and cell debris and aggregates were excluded based on event length. Dead cells were
identified and removed using platinum labeling signals, and CD45-positive immune cells were selected for analysis.
The cleaned FCS files were subsequently exported. For platelet data, the FCS files were also uploaded to Cytobank,
where CD41a-positive platelets were identified based on surface protein expression. Further analysis was conducted
using R (https://bioconductor.org/packages/cytofkit/). Data visualization and interpretation were enhanced through
the application of Phenograph clustering and t-SNE (t-distributed Stochastic Neighbor Embedding) for dimensionality
reduction. Additional analyses of cluster subpopulation content, protein expression statistics, and correlation analysis
were performed using Sangbox (http://www.sangerbox.com/login.html) and GraphPad Prism.

2.7 Correlation analysis

The Pearson correlation coefficient, denoted as r, measures the strength and direction of the linear relationship between
two continuous variables. It ranges from —1 to 1, where —1 indicates a perfect negative correlation, 0 indicates no
correlation, and 1 indicates a perfect positive correlation. The magnitude of r indicates the strength of the correlation,
with values closer to -1 or 1 signifying stronger correlations.

3 Results
3.1 Immune cell composition in PBMCs and its association with PD-1 therapy response in HNSCC

PBMCs from healthy individuals, as well as from patients before and after PD-1 treatment, were collected and analyzed
using mass cytometry, focusing on the expression of specific surface proteins on immune cells. The initial analysis
identified a total of 13 distinct cell subpopulations (Fig. 1A). Protein expression patterns are shown in the t-SNE heatmaps
(Fig. 1B), more detailed protein expression patterns are shown in Supplementary materials (Supplementary Fig. 1A).
Based on the protein expression patterns of each subpopulation, immune cells were defined and their proportions
were statistically analyzed (Supplementary Fig. 1B). The highest proportion was activated CD4+ helper T cells, which
accounted for about 20%, while the lowest proportion was terminally differentiated CD4+ T cells, which accounted for
about 2% (Fig. 1C, D). Significant variations in the proportion of cell subpopulations were noted across different groups
(Fig. TE). Comparing the immune cell proportions in PBMCs from healthy individuals and patients before and after
treatment, we found that, compared with healthy individuals, the proportion of terminally differentiated CD4+ T cells
and myeloid dendritic cells was significantly increased in patient samples, while CD4+ memory helperT cells, regulatory
T cells, and memory B cells were significantly reduced. After PD-1 inhibitor treatment, the proportions of CD8+ effector T
cells, neutrophils, and memory B cells were significantly increased, while terminally differentiated CD8+ T cells and NKT
cells were significantly reduced. In summary, there were significant differences in the composition of PBMCs between
healthy individuals and patients before and after treatment. These differences may be related to tumor progression and
treatment response. To better analyze and utilize these differences, we grouped the patients based on their treatment
responses and conducted further analysis.
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Fig. 1 Analysis of peripheral blood mononuclear cells (PBMC) differences in healthy donors and patients before and after treatment. »
A Clustering analysis of PBMCs from healthy controls, pre-treatment, and post-treatment patients based on cell surface proteins using
CyTOF, generating a t-SNE plot (HD healthy donors, PRE pre-treatment patients, POST post-treatment patients). B Protein expression
levels are displayed using a t-SNE heatmap. Color bars range from red to blue, with red indicating high expression. C Expression of
PBMC subpopulation markers is shown in a heatmap format. Color bars range from red to white, with red indicating high expression. D
The proportions of PBMC subpopulations are displayed in a bar chart, with cells defined based on the protein expression levels of each
subpopulation. E Proportions of PBMC subpopulations in each sample are shown in stacked bar graphs

3.2 Immune cell subpopulations and their correlation with PD-1 therapy response in HNSCC

Comparative analysis of PBMC samples from healthy individuals and pre-treatment samples from PD-1 therapy
patients clustered into 12 distinct cell subpopulations based on protein expression levels (Fig. 2A). The cells were
categorized according to their protein expression profiles, with the highest proportion being monocytes and
the lowest proportion being myeloid dendritic cells (DCs). CD8+ T cells, a key player in immune therapy, are one
of the primary cell subpopulations where therapeutic effects are exerted. In our analysis, two subpopulations,
possibly corresponding to CD8+ T cells, were identified. Comparing their protein expression profiles revealed
that subpopulation 1 expressed higher levels of proteins such as CD57 and CD27, suggesting a more mature and
functionally active state. In contrast, subpopulation 12 expressed PD-1, indicating a potentially immunosuppressive
or exhausted state due to prolonged stimulation. When comparing the abundance of these cell subpopulations, we
observed that, unlike our previous comparison between healthy individuals and pre-treatment patient samples,
the abundance of subpopulation 12 was significantly higher in the non-responder (NR) group compared to the
responder (R) group. Conversely, subpopulation 1 was more prevalent in the R group (Fig. 2B, C). Additionally, we
found differences in the functional activity of cell subpopulation 1 between pre- and post-treatment samples (Fig. 2D).
Subpopulation 1 in the R group, which exhibited higher expression levels of functional proteins such as CD28, CD127,
ICOS, CD27, and CD197 compared to the NR group, is likely to represent CD8+ effector memory T cells. Moreover, PD-1
expression was notably higher in subpopulation 1 of the NR group (Fig. 2E). In summary, patients who responded
well to PD-1 inhibition therapy had a higher abundance of activated CD8+ T cells in their pre-treatment blood, and
these cells also exhibited stronger functional activity.

3.3 Platelet activation and its potential role in predicting response to PD-1 inhibition in HNSCC

Platelets play a complex role in immune responses, interacting with various immune cells to modulate immune
functions [10]. To explore the role of platelets in cancer immunotherapy and their impact on therapeutic outcomes,
we isolated platelets from patient plasma and examined their functionality and key activation markers. Mass
cytometry was used to analyze the platelet-rich plasma (PRP) from healthy individuals and patients prior to PD-1
inhibitor treatment. Based on platelet function and the expression of activation-related proteins, the samples were
analyzed and clustered into 13 platelet subpopulations (Fig. 3A). The protein expression patterns are shown in the
t-SNE heatmaps (Fig. 3B), and more detailed protein expression patterns can be found in the supplementary materials
(Supplementary Fig. 2A). Clustering analysis revealed that several platelet activation markers, such as CD62P, CD63,
and CD29, were highly expressed in platelet subpopulations 3, 6, and 8, indicating that these subpopulations likely
represent activated platelets (Fig. 3B). Compared to other platelet subpopulations, subpopulation 6 was found to
simultaneously express high levels of CD183, CD184, and CD185, which may be involved in regulating the chemotaxis
of platelets in immune responses. Additionally, CD51/61 enables faster aggregation, CD107A confers enhanced
functionality, and CD31 promotes closer interactions between this subpopulation and immune cells. The distribution
of platelet subpopulations differs significantly between the groups (Supplementary Fig. 2B). Upon comparing the
distribution of these activated platelet subpopulations across different groups, we found that subpopulations 6 and
8 were more abundant in healthy individuals and samples from responders (R) to therapy. To determine whether
platelet activation is associated with the functional state of T cells, we compared the protein expression levels in these
platelet subpopulations across different patient groups. Proteins involved in T cell function, including TLR4, TLR2,
CD62P, and CD107A, were upregulated in the responder (R) group (Fig. 3C, F). Therefore, we propose that activated
platelets may influence immune cells in the PBMCs, particularly T cells. In abundance correlation analysis, we observed
a positive correlation between platelet subpopulations 6 and 8 and T cell subpopulation 1 in the R group (Fig. 3G,
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Fig.2 Analysis of PBMC subpopulations before PD-1 treatment in NR and R groups. A Clustering analysis of PBMCs from each group based »
on cell surface proteins using CyTOF, generating a t-SNE plot (HD healthy donors, PRE_NR pre-treatment samples from the Non-response
group, PRE_R pre-treatment samples from the Response group) B Expression of PBMC subpopulation markers is shown in a heatmap
format. Color bars range from yellow to violet, with yellow indicating high expression. C Proportions of PBMC subpopulations are displayed
in a donut chart. D Box plot comparing the proportions of PBMC subpopulations among the groups. E Comparison of expression levels of
CD28, CD127, ICOS, CD27, CCR7, and PD-1 in PBMC subpopulation 1 across groups. (0.01 <p <0.05: significant difference; 0.001<p<0.01:
strong significant difference; p <0.001: extremely significant difference; p <0.0001: very extremely significant difference)

H). In contrast, no such correlation was observed in the NR group (Supplementary Fig. 2C). This suggests that the
activation state of specific platelet subpopulations before immunotherapy may potentially facilitate the maturation
of CD8+ T cells. Thus, assessing platelet activation levels and the activation state of CD8+ T cells could serve as a
useful reference for predicting the response to immunotherapy in HNSCC.

3.4 Differential response of activated CD8 + effector memory T Cells following immunotherapy

To evaluate the impact of immunotherapy on patients’ PBMCs and identify the main functional cells involved in
immunotherapy, we analyzed PBMCs from patients before and after treatment, based on protein expression profiles.
Clustering analysis identified 11 immune cell subpopulations (Fig. 4A). Based on their protein expression profiles, we
defined and quantified the subpopulations. The most abundant subpopulation was CD4+ naive T cells, while NK cells
accounted for the lowest proportion. Among the CD8+ T cells, we focused on two subpopulations: CD8+ effector memory
T cells and activated CD8+ effector memory T cells (Fig. 4B, C). Comparison of immune cell abundances between groups
revealed that in the R group, immunotherapy led to a decrease in the abundance of CD4+ memory helperT cells. In the
NR group, there was no significant difference in the abundance of this cell population before and after treatment, but a
marked decrease in initial CD4+ T cells was observed. In the R group, the abundance of activated CD8+ effector memory T
cells increased after treatment, significantly higher than both pre-treatment levels and those in the NR group. In contrast,
the abundance of another CD8+ effector T cell subpopulation significantly decreased in the NR group post-treatment,
which may indicate that this subpopulation of CD8+ effector T cells failed to recover effectively after immunotherapy,
suggesting insufficient immune reserve and weaker response capability to immunotherapy (Fig. 4D). We performed
paired comparisons of Subpopulation 4 (activated CD8+ effector memory T cells) before and after treatment. In the
R group, the abundance of this subpopulation generally increased, with statistically significant differences observed,
while in the NR group, the changes in abundance were highly variable across individual samples, with no significant
differences detected (Supplementary Fig. 3A). Subpopulation 4 in the R group exhibited higher levels of T cell function-
related proteins, including CD27, CD25, CD57, CD28, CD127, and ICOS, compared to the NR group, indicating a stronger
response capability (Fig. 4E). In contrast, the NR group showed no significant changes in the proportion of Subpopulation
4 or in the expression levels of T cell function proteins before and after treatment (Supplementary Fig. 3B). These findings
suggest that immunotherapy significantly increased the abundance of activated CD8+ effector memory T cells in the R
group, reflecting a stronger immune response triggered by the treatment. In contrast, the NR group showed no significant
changes inimmune cell subpopulations, and the recovery of CD8+ effector T cells was insufficient, which may contribute
to a weaker response to immunotherapy. Additionally, the increase in activated CD8+ effector memory T cells in the R
group was associated with elevated expression levels of T cell function-related proteins, further supporting its stronger
immune response capability.

3.5 Platelet subpopulation activation may affect PD-1 therapy efficacy through CD8 T cell function

To explore the potential reasons behind the different immune cell functional states in patients, we separated platelets
from both responder (R) and non-responder (NR) groups before and after treatment. Based on platelet function and
the expression of activation-related proteins, the samples were analyzed and clustered into 10 platelet subpopulations
(Fig. 5A). The protein expression patterns are shown in the t-SNE heatmaps (Fig. 5B), and more detailed protein expression
patterns can be found in the supplementary materials (Supplementary Fig. 4A). Clustering analysis revealed that several
platelet activation markers, such as CD62P, CD63, and CD29, were highly expressed in platelet subpopulations 6, 7, and
8, indicating that these subpopulations likely represent activated platelets (Fig. 5B and Supplementary Fig. 4B). Analysis
of platelet subpopulations revealed that in the NR group, subpopulations 1 and 4 significantly increased after treatment.
Platelet subpopulations 6 and 8 showed a significant increase in the R group post-treatment (Fig. 5C). To investigate the
roles of these activated and non-activated platelets in the immune response, we compared the expression of several
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platelet-associated immune markers. Compared to other subpopulations, TLR4, TLR2, CD40L, CD107A, CD62P, and CD61
were highly expressed in platelet subpopulations 6 and 8 (Supplementary Fig. 4C-F). We also found that in the R group,
TLR4 and TLR2 expression in platelet subpopulation 6 significantly increased post-treatment, whereas in the NR group,
although there was an upward trend, the difference was not significant (Fig. 5D, E). To explore the relationship between
platelet activation and PBMC components, we conducted a correlation analysis between immune cells and activated
platelets. The analysis revealed a positive correlation between the abundance of activated platelets in the R group and
the proportion of activated CD8+ effector memory T cells, while no significant correlation was detected in the NR group
(Fig. 5F, G). These findings suggest that the expression of immune markers on activated platelets may have a potential
impact on immune cells, particularly the quantity and function of CD8+ effector memory T cells. The expression of Toll-like
receptors on platelets may reflect the regulatory capacity of the immune response, and their interaction with immune
cells could provide new insights for predicting and improving the efficacy of immunotherapy.

4 Discussion

Programmed cell death protein-1 (PD-1) is a surface receptor on T cells that interacts with its ligands, PD-L1 or PD-L2,
to inhibit T cell activity [11]. This mechanism, under normal conditions, effectively prevents the immune system from
attacking healthy tissues. However, in the context of tumor development, tumors exploit this pathway to evade immune
system eradication. In immune checkpoint blockade (ICB) therapy, monitoring peripheral blood mononuclear cells is
crucial for revealing the trajectory and functional evolution of T cells within the tumor [12]. By tracking different cell
subsets, especially T cells, we can follow the dynamic changes of tumor-reactive T cell clones in both peripheral blood
and the tumor microenvironment. This process not only helps in understanding the mechanisms of immune response
but also provides key insights for predicting immune therapy outcomes and optimizing treatment strategies [13]. CD8+
T cells, as primary effector T cells, play a crucial role in immune responses, and the expression of PD-1 on activated CD8+
T cells is a key mechanism by which tumors achieve immune escape. Numerous studies have highlighted the significant
relationship between CD8+ T cells and immune therapies across various cancers [14-16]. Recent advancements in
immune checkpoint inhibitors have been notable, with over ten PD-1 monoclonal antibodies now approved for clinical
[17]. Despite the introduction of these novel therapeutic strategies and some degree of success in cancerimmunotherapy,
challenges such as low response rates and acquired resistance persist [18]. Thus, exploring the role of CD8+ T cells in PD-1
therapy for cancer and understanding the reasons behind incomplete responses in non-responding patients remain
critical research priorities.

Platelets, originating from megakaryocytes in the bone marrow, primarily function in hemostasis and coagulation.
Recently, their role in immune modulation has gained considerable attention. The complex interactions between
platelets and immune cells can influence disease progression and treatment, including innate immune diseases and
cancerimmunotherapy [19]. Platelets exert intricate regulatory effects on T cells; for example, they secrete transforming
growth factor-beta (TGF-), which can contribute to tumor evasion of immune system recognition, while also releasing
interleukins that may promote T cell activation and proliferation. Additionally, PD-L1 on the platelet surface binds to PD-1
onT cells, inhibiting T cell activation and effector functions and inducing T cell exhaustion [20]. Platelets also express
CDA40L, which binds to CD40 on T cells, thereby promoting T cell proliferation and effector functions [21]. Within tumor
tissues, extensive research suggests that platelets may facilitate tumor progression. However, the lack of specificity in
targeting tumor-associated platelets and the high risk of systemic complications from anti-platelet therapies highlight
the need for targeted interventions that focus on the specific mechanisms of different platelet subpopulations [22].
Furthermore, platelets are an important component in liquid biopsy studies. Variations in platelet RNA and protein
profiles can impart functional changes, making this non-invasive detection approach a promising avenue for early cancer
detection, prognosis assessment, and personalized treatment [23].

With the rapid advancements in proteomics and flow cytometry techniques, the analysis of cellular subpopulations
has become a crucial area of focus. This refined approach allows for precise heterogeneity analyses and cellular mapping,
enabling more accurate tracing of molecular-level scientific issues and enhancing our understanding of cellular functional
changes. Consequently, it facilitates the development of more targeted intervention strategies. In this study, we
employed CyTOF analysis to investigate protein changes in PBMCs and platelets from cancer patients undergoing PD-1
therapy. Our aim was to explore how immune cell and platelet heterogeneity impacts treatment response. We observed
notable differences in CD8+ T cell subpopulations between non-responders (NR) and responders (R) prior to treatment.
Specifically, the R group exhibited a significant increase in mature CD8+ T cells, whereas the NR group showed a notable

@ Discover



Research
Discover Oncology (2025) 16:760 | https://doi.org/10.1007/512672-025-02596-y

rise in naive CD8+ T cells. We further examined the functionality of mature CD8+ T cells. In the R group, the expression
levels of CD28, CD127, ICOS, CD27, and CD197 were significantly higher compared to the NR group. These proteins are
crucial for T cell activation, proliferation, and effector functions. Specifically, CD28 is a co-stimulatory molecule essential
for T cell effector responses [24]. CD127, the alpha chain of the IL-7 receptor, supports T cell survival and proliferation
[25]. 1COS, another co-stimulatory molecule, enhances the retention of CD8+ T cells in tissues through PI3K signaling
[26]. CD27, a member of the TNF receptor family, is involved in forming memory T cells and maintaining long-term
immune memory [27]. CD197, a chemokine receptor, facilitates the localization and homing of T cells to lymph nodes
[28]. Additionally, we observed a significant reduction in PD-1 expression in the R group compared to the NR group. PD-1
is an inhibitory receptor that suppresses T cell activation through interaction with its ligands. Blocking PD-1 can restore
T cell anti-tumor activity and is a widely utilized strategy in cancer immunotherapy [29].

To investigate the causes of differences in CD8+ T cell subpopulations, we assessed the expression levels of surface
proteins on patient platelets. We observed that platelet activation markers, including CD63, CD62P, and CD29, were
significantly higher in the R group compared to the NR group, reflecting greater platelet activation [30, 31]. Additionally,
several proteins mediating T cell function, such as TLR4, TLR2, CD62P, and CD107A, were found to be highly expressed.
The activation of TLR4 primarily enhances antigen presentation, indirectly influencing T cell activation and function by
promoting anti-tumor T cell immunity through immune stimulation and macrophage activation [32, 33]. TLR2 plays a
critical role in both innate and adaptive immunity; its activation leads to the release of various inflammatory mediators
from platelets, including cytokines and chemokines, which further activate immune cell functions [34, 35]. Platelet CD62P
activation may facilitate the recruitment and localization of CD8+ T cells, modulating their functions and enhancing anti-
tumor immune responses [36]. CD107A, located on the a-granules and lysosomal granules of platelets, is associated with
platelet activation. Platelets participate in immune modulation through the release of microparticles or exosomes, with
CD107A involved in the formation and release of these vesicles [37].

To explore the reasons behind different responses to PD-1 therapy, we analyzed protein changes in PBMCs and
platelets from the NR and R groups before and after PD-1 treatment. We investigated the relationship between immune
cells, platelets, and treatment response. Our analysis revealed a significant increase in the proportion of mature CD8+ T
cells in the R group, while no significant changes were observed in the NR group. Functional analysis of the CD8+ T cell
subpopulation in the R group showed significantly higher expression levels of CD27, CD25, CD57,CD28, CD127, and ICOS
compared to the NR group. CD25-positive CD8+ T cells, which rapidly proliferate and exert potent cytotoxic effects with
IL-2 support, play a crucial role in anti-tumor and anti-infection immunity [38, 39]. CD57-positive CD8+ T cells, a distinct
subset typically associated with terminal differentiation, reduced proliferative capacity, and strong cytotoxic functions,
are likely to represent mature, activated CD8+ effector memory T cells. Analyzing platelet surface proteins revealed
that, in the NR group, the two platelet subpopulations that increased were non-activated. In contrast, activated platelet
subpopulations in the R group showed a marked increase post-treatment, and the abundance of these activated platelets
positively correlated with the quantity of activated CD8+ effector memory T after treatment.

Based on these findings, we hypothesize that the abundance of CD8+ effector memory T cells play a central role in
immunotherapy, particularly in predicting therapeutic efficacy. The activation of these T cells is crucial for the effectiveness
of immune treatments, and activated platelets may contribute significantly to this process. Toll-like receptors (TLRs) on
platelets could play a key role in this interaction, influencing the activation of CD8+ T cells and thereby impacting the
overall immune response. Understanding the relationship between platelet activation and T-cell functionality could offer
valuable insights into predicting and improving the outcomes of immunotherapy.

This study has certain limitations. The relatively short treatment period, designed to prepare patients for surgery
following tumor downstaging, may restrict the ability to comprehensively evaluate the long-term immune responses
associated with patient outcomes. As a result, this timeframe may introduce potential biases or limitations in interpreting
the findings and drawing broader conclusions. Future studies with extended treatment durations could offer further
insights into the dynamic changes in immune responses and their correlation with clinical outcomes.
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