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Abstract

Background In the context of nasopharyngeal carcinoma (NPC) treatment, radiotherapy combined with immu-
notherapy (IR+RT) is gaining traction. This study focuses on analyzing exosomal proteins, particularly Phosphatase
and Tensin Homolog (PTEN), for predicting the efficacy of NPC treatments. Serum samples from NPC patients

and IR+ RT recipients were utilized for exosome (Exo) extraction and subsequent transcriptomic and proteomic
analyses to identify treatment-related proteins. Flow cytometry of cells and exosomal analysis were performed

to examine these proteins. In vitro experiments using C666-1 cells and their Exos explored various cellular
responses, while a murine subcutaneous NPC model investigated the impact of PTEN modulation on tumor growth
and the immune microenvironment.

Results The study demonstrated that PTEN serves as a crucial predictive biomarker, with its expression changes cor-
related with M2 macrophage polarization and CD8+ T cell activity. This highlights the potential significance of PTEN
in predicting treatment outcomes and influencing the immune response in NPC.

Conclusion The findings suggest that PTEN could play a key role in enhancing the efficacy of NPC radiotherapy
and immunotherapy. By shedding light on PTEN's impact on tumor growth and the immune microenvironment, this
study lays the groundwork for future personalized therapeutic strategies in NPC treatment.
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Introduction

Nasopharyngeal carcinoma (NPC) is a malignant
tumor characterized by significant geographic and
ethnic disparities in incidence, with notably higher
rates in Southeast Asia and Southern China [1-3]. The
principal treatment modalities for NPC include radio-
therapy, chemotherapy, and, more recently, immuno-
therapy [4—6]. Despite advances in treatment options,
the five-year survival rate for NPC patients has not sig-
nificantly improved, partly due to substantial individual
variations in treatment response [7, 8]. Radiotherapy
combined with Immunotherapy (RT+IT) is a criti-
cal strategy in NPC treatment, yet assessing its effec-
tiveness remains challenging [9]. The lack of effective
biomarkers hampers accurate prediction of treatment
outcomes, thereby affecting the selection and adjust-
ment of therapeutic strategies [10].

Recent advances in biotechnology, especially the appli-
cation of nanofluidic technology and machine learning,
have provided new methodologies for analyzing com-
plex biological samples [11-13]. Nanofluidic technology,
known for its high sensitivity and throughput, is particu-
larly suitable for detecting minute biomarkers in body
fluids. Moreover, machine learning has demonstrated
substantial potential in processing biological informa-
tion and pattern recognition, offering a new perspective
for data-driven disease diagnosis and prediction of treat-
ment outcomes [11-13]. Integrating these technologies
to screen and analyze exosomal proteins in NPC treat-
ment can significantly enhance biomarker identification
accuracy and predictive power [14, 15].

Exosomes (exos) are small vesicles released into the
extracellular environment by cells, containing proteins,
RNA, and DNA, and are crucial sources of disease
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biomarkers [16, 17]. In NPC, exos modulate the tumor
microenvironment, influencing tumor development
and response to therapy [18—-20]. Particularly, the Phos-
phatase and Tensin Homolog (PTEN) protein, a sig-
nificant tumor suppressor, is closely associated with
the proliferation, migration, and invasion capabilities
of cancer cells across various cancers [21-23]. Further-
more, PTEN also regulates cells within the immune
system, such as T cells and macrophages, affecting the
outcome of immunotherapy [24-26]. Therefore, the
expression of PTEN protein and its presence in exos
may serve as a critical indicator for predicting the effi-
cacy of radiotherapy and immunotherapy in NPC [27].

Although current research has revealed the potential
role of exos in cancer therapy, studies on their ability to
accurately predict treatment outcomes in clinical settings
remain limited [28]. Moreover, much of the research has
focused on analyzing single biomarkers, overlooking
the complexity and dynamic changes within the tumor
microenvironment. Existing technologies also have not
fully exploited the richness of information within exos,
particularly in terms of comprehensive proteomic analy-
sis [29-31]. Consequently, there is a need for a systematic
approach that integrates advanced technologies to thor-
oughly assess the potential applications of exosomal pro-
teins in the treatment of NPC [32-34].

This study aims to utilize nanofluidic technology and
machine learning to select and analyze exosomal pro-
teins, especially PTEN, from the serum of NPC patients
to predict the efficacy of RT +IT. Through precise bio-
marker identification and functional validation, we hope
to provide a scientific basis for personalized treatment
of NPC, optimize treatment protocols, and enhance the
accuracy of treatment outcome predictions. Additionally,
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the results are expected to deepen our understanding
of the regulatory mechanisms within the NPC tumor
microenvironment, potentially leading to the develop-
ment of new therapeutic targets. From a clinical perspec-
tive, the findings of this study are likely to enhance the
individualization of NPC treatment, ultimately improv-
ing patient prognosis and quality of life.

Materials and methods

Patient samples and ethical statement

Serum samples were collected from six NPC patients and
six patients who received IR+ RT treatment at our hospi-
tal from January 2022 to December 2023. Samples were
taken at diagnosis and post-treatment. After collection,
serum samples were allowed to clot at room temperature
for 30 min, then centrifuged at 3000xg for 10 min to sep-
arate the serum. The serum was transferred to sterile cen-
trifuge tubes and stored at —80 °C to prevent biomarker
degradation until analysis. Patient details are presented
in Table S1. Written informed consent was obtained from
all participants, and the study was approved by our insti-
tution’s Scientific Research Ethics Committee.

Isolation and purification of exos

Exos were prepared and purified using a previously
described exo Trajectory Etching Magnetic Nanopore
(ExoTENPO) chip, following protocols from the lit-
erature. Serum samples from six NPC patients and six
IR+RT NPC patients were processed using nanoflu-
idic technology. Before exo isolation, all samples were
vortexed to resuspend exos that might have aggregated
due to freezing conditions. Magnetic labeling was per-
formed using antibiotic ultrapure microbeads (130-
090-485, Miltenyi Biotec, Germany) and biotinylated
antibodies. Human-specific biotinylated anti-CD9 (13-
0098-80, ThermoFisher, USA), anti-CD63 (353017,
BioLegend, USA), and custom biotinylated anti-CD81
antibodies (BioLegend, USA) were used. Initially, 2.5 pL
of biotinylated antibody was added per 20 mL of culture
medium or 1 mL of plasma, and the sample was incu-
bated at room temperature for 20 min. Then, antibiotic
ultrapure microbeads were added, and the mixture was
incubated at room temperature for another 20 min. Sub-
sequently, the sample was placed into the storage reser-
voir of the ExoTENPO chip, and negative pressure was
applied using a programmable syringe pump (Braintree
Scientific). As the sample passed through the chip, mag-
netically labeled exos were captured at the edges of the
chip pores.
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Transmission electron microscopy (TEM)

Exos were fixed in 2.5% glutaraldehyde in PBS for 2 h,
washed, and ultracentrifuged. The pellet was resus-
pended in 100 pL of PBS, and 20 pL of this suspension
was placed onto a carbon-coated grid. The samples
were then negatively stained with a 3% aqueous solu-
tion of phosphotungstic acid (79690, Sigma, USA) for
1 min and examined under a TEM (JEM-1230, JEOL,
Tokyo, Japan).

Nanoparticle tracking analysis (NTA)

Exos from each group were resuspended in PBS and
diluted 500 times using Milli-Q water. The diluted
exos were then loaded into the sample chamber of the
NanoSight LM10 (Malvern, UK) using a sterile syringe,
ensuring the absence of air bubbles until the chamber
was full. Videos were analyzed using NanoSight version
2.3 software (Malvern, UK).

Western blot (WB) for exosomal surface markers

Exos were resuspended in RIPA lysis buffer (P0013C,
Beyotime, China) and analyzed via WB to identify exo-
somal markers CD81, CD63, Alix, and the endoplasmic
reticulum marker Calnexin. Refer to the WB section
for details on the antibody. Each experiment was con-
ducted in triplicate.

High-throughput transcriptomic sequencing data
acquisition

Serum exo samples from three NPC patients (NPC exo)
and three patients who underwent RT +IT (RT +IT-
NPC exo) were immediately transported to the labo-
ratory for sample processing and RNA extraction.
According to the manufacturer’s instructions, total
RNA was extracted from each sample using Trizol rea-
gent (Catalog No. 16096020, ThermoFisher, New York,
USA). RNA concentration, purity, and integrity were
assessed using a Qubit® 2.0 Fluorometer® (Q33216,
Life Technologies, CA, USA) with a Qubit® RNA Assay
Kit (HKR2106-01, Shanghai Biogene Biotech, China),
a Nanodrop spectrophotometer (IMPLEN, CA, USA),
and an RNA Nano 6000 Assay Kit (5067-1511) on the
Bioanalyzer 2100 system. Upon meeting the experi-
mental standards for concentration, purity, and integ-
rity, 3 pg of total RNA from each sample was used as
input material for RNA library preparation. Librar-
ies were prepared using the NEBNext® UltraTM RNA
Library Prep Kit (E7435L, NEB, Beijing) for Illumina®
(The state of Nebraska, USA), recommended by the
manufacturer, and their quality was evaluated on an
Agilent Bioanalyzer 2100 system. Indexed samples were
clustered using the TruSeq PE Cluster Kit v3 cBot HS
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(PE-401-3001, Illumina) on a cBot clustering system.
Following cluster generation, libraries were sequenced
on an Illumina HiSeq 550 platform.

Quality control of high-throughput sequencing data

The quality of raw paired-end sequencing reads was
checked using FastQC software v0.11.8. Raw data pre-
processing was performed with Cutadapt software
1.18 to remove Illumina sequencing adapters and poly
(A) tails. Reads with an N-content exceeding 5% were
removed using a Perl script. The FASTX-Toolkit soft-
ware 0.0.13 was employed to retain reads, with at least
70% of bases having a quality score above 20. Paired-end
sequences were repaired using BBMap software. Finally,
filtered high-quality reads were aligned to the human
genome using HISAT?2 software (version 0.7.12).

Transcriptomic sequencing data bioinformatics analysis
Differentially expressed genes (DEGs) between NPC exo
samples and RT +IT-NPC exo samples were identified
using the Xiantao academic website with a threshold of
|log2FC|>2 and p-value<0.05. Volcano plots and heat-
maps were generated to visualize these DEGs.

Proteomics sample preparation and analysis

Proteomic analysis of exos from the serum of NPC
patients (NPC exo, n=6) and patients post-RT+IT
(RT+IT-NPC exo, n=6) was conducted using nanoflu-
idic technology. Initially, exos were isolated and puri-
fied using the previously described methods. Exos from
the serum of NPC patients (both NPC exo and RT +1T-
NPC exo samples) were subjected to cryogrinding, and
the resultant powder was transferred to 5 cm3 centri-
fuge tubes. The samples underwent ultrasonic disruption
in an ice bath using a sonicator (SCIENTZ-IID, Sci-
entz, Ningbo, China) in an extraction buffer containing
10 mM DTT (R0861, MBI, Beijing, China), 1% protease
inhibitor mixture (P6731, Solarbio, Beijing, China), and
2 mM EDTA (E1170, Solarbio, Beijing, China) in phe-
nol (100206, Merck, USA). This step was repeated eight
times. Subsequently, an equal pH 8.0 Tris-saturated phe-
nol (HC1380, BIOFOUNT, Beijing, China) was added,
followed by vortexing for 4 min. The samples were cen-
trifuged at 5000 g for 10 min at 4 °C, and the phenolic
layer was transferred to a new centrifuge tube. To the
phenolic solution, 0.1 M ammonium sulfate (101217,
Merck, USA) saturated methanol (106035, Merck, USA)
was added in a 1:5 volume ratio and left overnight to pre-
cipitate proteins. After centrifugation at 4 °C for 10 min,
the supernatant was discarded. The remaining residue
was washed once with ice-cold methanol and three times
with ice-cold acetone. The washed protein was redis-
solved in 8 M urea (U8020, Solarbio, Beijing, China), and
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the protein concentration was determined using a BCA
kit (23227, ThermoFisher, USA), following the manufac-
turer’s instructions.

Proteolysis, peptide labeling, and nano-LC-MS/MS analysis
For each sample, 50 pg of protein was subjected to enzy-
matic digestion. The protein solution was first mixed with
DTT to achieve a final concentration of 5 mM and incu-
bated at 56 °C for 30 min. Acetamide was added to a final
concentration of 11 mM, and the mixture was allowed to
stand at room temperature for 15 min. Subsequently, the
urea concentration in the sample was diluted to below
2 M, and trypsin (25200056, Thermo Fisher Scientific,
USA) was added at a 1:50 (w/w) enzyme-to-protein ratio,
followed by overnight incubation at 37 °C. Additional
trypsin was added at a 1:100 enzyme-to-protein ratio,
and the digestion continued for 4 h.

Following trypsin digestion, peptides were desalted
using HyperSep  C18 columns (60108-302, Thermo
Fisher Scientific, USA) and vacuum dried. The peptides
were redissolved in 0.5 M TEAB (90114, Thermo Fisher
Scientific, USA) and processed according to the manu-
facturer’s instructions provided with the TMT reagent kit
(90064CH, Thermo Fisher Scientific, USA). Briefly, a unit
of TMT reagent was thawed and reconstituted in ace-
tonitrile (113212, Merck, USA). The peptide mixture was
incubated at room temperature for 2 h, then desalted and
dried using a vacuum centrifuge. The labeled peptides
from each group were mixed in equal amounts and frac-
tionated using a Pierce’" High pH Reverse-Phase Peptide
Fractionation Kit (84868, Thermo Fisher Scientific, USA).
The fractions were collected and combined into 15 com-
ponents, and each component was dried and redissolved
in 0.1% formic acid (159002, Merck, USA).

Each sample was subjected to 2 ug of peptides sepa-
rated on a nano-UPLC system, the Easy nLC 1200
(Thermo Fisher Scientific, USA). The samples were
first loaded onto a Trap C18 column (100 pmXx20 mm,
5 um) and then separated on an analytical C18 column
(75 pm X 150 mm, 3 pm) with a flow rate of 300 nL/min.
The mobile phase A consisted of 0.1% formic acid in
water, and mobile phase B consisted of 0.1% formic acid
in acetonitrile (95% acetonitrile). The gradient elution
program was as follows: 0—2 min, 2% to 8% B; 2—71 min,
8% to 28% B; 71-79 min, 28% to 40% B; 79—-81 min, 40%
to 100% B; 81-90 min, maintained at 100% B. The eluted
peptides were analyzed by a Q-Exactive HFX mass spec-
trometer (Thermo Fisher Scientific, USA). The analy-
sis lasted 60 min, with an electrospray voltage of 2.1 kV.
The detection mode was positive ion, with a parent ion
scan range of 350-1200 m/z. The primary mass spec-
trometry resolution was 60,000 @ m/z 200, AGC target:
3e6, maximum IT: 30 ms. Secondary mass spectrometry
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resolution: 15,000 @ m/z 200, AGC target: le6, maxi-
mum IT: 25 ms, MS2 Activation Type: HCD, Isolation
window: 20 Th, and Normalized collision energy: 32.

Database retrieval and data processing

LC-MS/MS data were processed using MaxQuant soft-
ware (v.1.5.2.8), including peptide identification and pro-
tein quantification. Searches were conducted against the
UniProt 14.1 (2009) Gossypium hirsutum and reverse
decoy databases. Trypsin/P was specified as the cleavage
enzyme with allowance for up to two missed cleavages.
The initial search tolerance was set at 20 ppm, with the
main search at 5 ppm and a fragment ion mass tolerance
of 0.02 Da. The search was validated with a peptide false
discovery rate (FDR)<0.01 and protein FDR<0.01, and
peptide score distribution was used as a filtering crite-
rion. Differentially expressed proteins (DEPs) between
samples were identified using the "Limma" package in R,
with a threshold of |log2FC|>1 and p-value<0.05, and
differential expression was visualized using volcano plots
and heatmaps.

Machine learning for feature gene selection

Feature genes were selected from DEGs using a least
absolute shrinkage and selection operator (LASSO)
logistic regression analysis performed with the "glmnet"
package in R, applying a binomial logistic regression.
The minimum binomial deviation determined the opti-
mal penalty parameter A. In the support vector machine-
recursive feature elimination (SVM-RFE) process, the
"e1071" package in R was used to identify optimal vari-
ables, while the "kernlab" and "caret" packages were uti-
lized to select the minimum cross-validation error. Genes
identified by both algorithms were intersected to filter
out characteristic genetic biomarkers.

Receiver operating characteristic (ROC) curve analysis

The ROC curves were plotted, and the area under the
curve (AUC) was calculated using the "pROC" package in
R. This analysis assessed the predictive utility of the iden-
tified biomarkers.

Lentiviral infection

Lentiviral packaging services were provided by Sangon
Biotech (Shanghai, China). The pHAGE-puro vector
series, along with helper plasmids pSPAX2 and pMD2.G
and the pSuper-retro-puro vector series with helper
plasmids gag/pol and VSVG, were co-transfected into
HEK293T cells (Catalog No: CRL-11268, purchased
from ATCC, USA). 48 h post-transfection, the superna-
tant was collected and filtered through a 0.45 pm filter.
The virus was collected again after 72 h, centrifuged to
concentrate, and the viruses from both collections were
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mixed and titrated. For lentiviral-mediated transduc-
tion, cells were seeded in 6-well plates and infected with
the packaged virus (MOI=10, working titer approxi-
mately 2x109 TU/mL) supplemented with 5 pg/mL
polybrene (Merck, TR-1003, USA). Four hours post-
infection, an equal medium volume was added to dilute
the polybrene, and the medium was replaced with fresh
culture medium after 24 h. For the generation of stable
cell lines, cells were selected with 10 pg/mL puromycin
(Sangon Biotech, E607054, Shanghai, China). Silencing
lentiviral sequences are listed in Table S2, and sequences
with superior silencing efficacy were selected for further
experiments.

Cell culture

C666-1 cells (SNLM-516, SUNNCELL, China) were
cultured in RPMI 1640 medium (R4130, Sigma, USA)
supplemented with 10% FBS (F8318, Sigma, USA), 1%
penicillin and streptomycin (V900929, Sigma, USA) at
37 °Cin a 5% CO2 incubator.

For radiotherapy, C666-1 cells were exposed to verti-
cal radiation from a Varian"™ TRUEBEAM " linear accel-
erator, receiving a localized dose of 6 Gy at a radiation
intensity of 400 cGy/min for 1 min. For immunotherapy,
C666-1 cells were co-cultured with Nivolumab (T9907,
TargetMol, USA) at a concentration of 10 uM for 24 h.

Cells were randomly divided into the Control and
RT +1IT groups (cells subjected to RT +1T). The RT +IT
group was further divided into four subgroups: PBS
group (cells treated with PBS), RT +IT exo group (cells
treated with exos from cells subjected to RT+IT),
sh-NC+RT +IT exo group (cells treated with non-tar-
geting control shRNA and exos from RT +1IT), and sh-
PTEN+RT +IT exo group (cells with PTEN knockdown
treated with exos from RT +1IT).

Subcutaneous xenograft model

huHSC-C-NKG-ProF mice (6 to 8 weeks old) (Cyagen,
USA) were housed in a specific pathogen-free environ-
ment. All mouse experiments were conducted in accord-
ance with institutional guidelines and approved by our
Institutional Animal Care and Use Committee. A sub-
cutaneous xenograft model was established by inject-
ing 1x106 C666-1 cells mixed with an equal volume of
Matrigel subcutaneously into humanized mice. When
tumor volumes reached 100 mm3 for radiotherapy, a
localized dose of 8 Gy at 600 cGy/min was administered
daily for 1 min [35]. For immunotherapy, Nivolumab
(5 mg/kg, twice weekly) was administered intraperito-
neally for four consecutive weeks after tumor implanta-
tion [36]. For Exo treatment, Exos (20 pg of total protein
in 200 pL of PBS) was injected intravenously every five
days for six doses, starting after cell injection. Tumor
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growth, body weight, and signs of illness were monitored
every five days using calipers, and all mice were eutha-
nized 30 days post-tumor inoculation [37].

Mice were randomly divided into the following groups:
Control group, RT+IT group (mice receiving RT +1T);
the RT +1IT group was further subdivided into four sub-
groups: PBS group (mice treated with PBS), RT +IT exo
group (mice treated with exos from cells subjected to
RT +1IT), sh-NC+RT +IT exo group (mice treated with
non-targeting control shRNA and exos from RT +IT),
and sh-PTEN+RT+IT exo group (mice with PTEN
knockdown treated with exos from RT +1T).

Uptake of exos by tumor cells

C666-1 cells were seeded at a density of 5x105 cells/
well on cell culture slides and grown to 75% confluence.
Following the manufacturer’s instructions, Cy5.5 (HY-
D0924, MedChemExpress, USA) was mixed with RT +1T
exo (5 pg/ml), sh-NC+RT+IT exo (5 pg/ml), and sh-
PTEN+RT +1IT exo (5 pg/ml), resulting in Cy5.5-labeled
exos. These exos were then co-cultured with C666-1 cells
for 24 h. The cell nuclei were stained with DAPI (C1002,
Beyotime, China), and the slides were washed three times
before DAPI staining. Images were captured using an
Olympus IX81 fluorescence microscope and analyzed
using Image ] software. Following the manufacturer’s
instructions,

Tumor targeting specificity of exo

To evaluate the in vivo targeting capability of cell-
derived exos towards tumor cells, Cy5.5-labeled exos
(RT +IT exo, sh-NC+ RT +IT exo, sh-PTEN+RT +IT
exo) were prepared according to the manufacturer’s
instructions (HY-D0924, MCE). Post-injection, tissues
from the tumor, heart, liver, spleen, lung, and kidney
were dissected, and fluorescence images of the Cy5.5-
labeled exos were captured using the IVIS Spectrum
Imaging System (PerkinElmer, Waltham, MA, USA)
(38, 39].

RT-qPCR analysis of target gene expression

Total RNA was extracted from tissues or cells using
Trizol reagent (15596026, ThermoFisher, USA),
and its concentration and purity were measured at
260/280 nm using a NanoDrop LITE spectrophotome-
ter (ND-LITE-PR, ThermoFisher, USA). cDNA synthe-
sis was performed using the PrimeScript RT reagent
Kit with gDNA Eraser (RR047Q, TaKaRa, Japan).
RT-qPCR was conducted on the 7500 Fast Real-Time
PCR System (4351106, ThermoFisher, USA) under the
following conditions: 95 °C for 10 min, followed by
40 cycles of 95 °C for 10 s, 60 °C for 20 s, and 72 °C
for 34 s. TaKaRa (Table S3) synthesized primers for
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each gene, with GAPDH as the internal control. Rela-
tive gene expression was analyzed using the 2—AACt
method, where AACt=(Average Ct of the target gene
in the experimental group — Average Ct of housekeep-
ing gene in the experimental group)— (Average Ct of
the target gene in the control group — Average Ct of
housekeeping gene in the control group). All RT-qPCR
assays were performed in triplicate.

WwB

Total protein was extracted from tissues using RIPA
lysis buffer containing PMSF (P0013C, Beyotime,
China), incubated on ice for 30 min, and then centri-
fuged at 8000g for 10 min at 4 °C to collect the super-
natant. Protein concentration was determined using a
BCA Protein Assay Kit (23227, ThermoFisher, USA).
Samples containing 50 pg of protein were resolved in
2x SDS sample buffer and boiled at 100 °C for 5 min.
Proteins were then separated by SDS-PAGE and
transferred onto a PVDF membrane (88,518, Ther-
moFisher, USA). The membrane was blocked with 5%
BSA (9048-46-8, Sigma-Aldrich, USA) at room tem-
perature for 1 h and incubated overnight at 4 °C with
diluted primary antibodies against CD63 (ab315108,
1:1000, Abcam, UK), CD81 (ab109201, 1:1000, Abcam,
UK), Alix (ab275377, 1:1000, Abcam, UK), Calnexin
(ab22595, 1:1000, Abcam, UK), GAPDH (ab181602,
1:10,000, Abcam, UK), and PTEN (ab267787, 1:1000,
Abcam, UK). After washing thrice with TBST for
10 min each, the membrane was incubated with HRP-
conjugated secondary antibodies: goat anti-rabbit IgG
H&L (ab97051, 1:2000, Abcam, UK) and goat anti-
mouse IgG (ab205719, 1:2000, Abcam, UK) for 1 h.
After rinsing with TBST, the membrane was placed
on a clean glass plate. Solutions A and B from the
ECL WB Substrate Kit (abs920, Absin Bioscience Inc.,
Shanghai, China) were mixed and applied to the mem-
brane in a dark room. Protein bands were visualized
using the Bio-Rad Imaging System (Bio-Rad, USA) and
analyzed with Quantity One v4.6.2 software. Relative
protein levels were quantified based on the grayscale
intensity of the target protein bands normalized to
GAPDH. The experiment was conducted in triplicate,
and results were averaged.

EdU incorporation assay

Well-grown CD8+ T cells and C666-1 cells were incu-
bated with 10 pmol/L EdU solution (ST067, Beyotime,
China) for 2 h in a culture incubator. The medium was
then aspirated, and the cells were fixed with 4% para-
formaldehyde in PBS at room temperature for 15 min,
followed by two washes with 3% BSA in PBS. Cells were
permeabilized with 0.5% Triton X-100 in PBS for 20 min
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at room temperature, washed twice with 3% BSA in PBS,
and then stained with 100 pL of detection solution per
well in the dark at room temperature for 30 min. Nuclei
were stained with DAPI (C1002, Beyotime, China) for
5 min, and cells were examined under a fluorescence
microscope (Model: FM-600, Shanghai Pudan Optical
Instrument Co., Ltd.) across 6—10 random fields. Posi-
tive cell counts were recorded, and the EdU incorpora-
tion rate was calculated as (Number of EdU-positive
cells/(Number of EdU-positive cells+Number of EdU-
negative cells)) X 100%. Each experiment was performed
in triplicate.

Flow cytometry for apoptosis detection

Cells and tumor tissues from various groups were col-
lected, and apoptosis was assessed using an Annexin
V-FITC Apoptosis Detection Kit (C1062M, Beyotime,
China). Collected cells were stained with Annexin V and
PI in 1xbinding buffer at room temperature for 15 min.
Stained cells were analyzed on a FACSCelesta flow
cytometer (BD Biosciences, San Jose, CA, USA) equipped
with FlowJo V10 software (FlowJo, OH, USA). Apoptotic
cells were identified in the Q2 and Q3 quadrants, with
late apoptotic cells in Q2 and early apoptotic cells in Q3.

Colony formation assay

Cells were washed twice with PBS (P2272, Sigma, USA)
and digested with trypsin (T2600000, Sigma, USA). Sin-
gle-cell suspensions were prepared by resuspending in a
complete medium. Cell suspensions (2 mL at 500 cells/
mL) were seeded into six-well plates and gently agitated
to ensure even distribution. Cells were cultured at 37 °C
with 5% CO2 for 7-14 days until visible white colonies
formed. After two PBS washes, cells were fixed with 4%
paraformaldehyde (158127, Sigma, USA) and stained for
15 min with 0.5% crystal violet solution (V5265, Sigma,
USA). Colonies consisting of more than 50 cells were
counted under a stereo microscope.

Transwell assay

Cells were counted in a medium containing 10% FBS and
adjusted to 1x 105 cells/mL in a serum-free medium. For
the invasion assay, Matrigel (354234, Corning, USA) was
applied to the upper porous membrane of the Transwell.
100 pL of cell suspension was added to the upper cham-
ber, while the lower chamber was filled with a complete
medium containing 10% FBS as a chemoattractant. After
24 h at 37 °C and 5% CO2, non-invasive cells in the upper
chamber were removed with a cotton swab, and cells that
migrated to the lower surface were stained with 0.1%
crystal violet. Five random fields were counted under
an inverted microscope. Matrigel coating was omitted

Page 7 of 24

for the migration assay, but all other steps remained the
same.

Wound healing assay

Cells from each group exhibiting good growth were pre-
pared into single-cell suspensions using the previously
described method. The cells were then counted and inoc-
ulated into six-well plates at a density of 2 mL per well
(8x105 cells/mL). Cells were cultured at 37 °C and 5%
CO2 until they reached 90%-100% confluence. A sterile
200 pL pipette tip was used to scratch two parallel lines
across the well. After washing twice with PBS to remove
floating cells, the cells were cultured in a serum-free
medium. Photographs were taken after 24 h, and the rate
of wound closure was calculated.

Hematoxylin and eosin (H&E) staining

Following the manufacturer’s instructions, the tissue sec-
tions were deparaffinized to water and stained using an
H&E Staining Kit (PT001, Shanghai Bogoo Biotech Co.,
China). The key steps included: staining with hematoxy-
lin at room temperature for 10 min, followed by rinsing
under running water for 30-60 s; differentiation in 1%
hydrochloric acid in ethanol for 30 s, then a 5-min soak
in running water; eosin staining at room temperature for
1 min; dehydration through an alcohol gradient (70%,
80%, 90%, 95%, and 100%), 1 min at each concentration;
clearing in xylene substitute for 1 min, two changes in
xylene I and 11, each for 1 min; and mounting with neu-
tral resin in a fume hood. Finally, photographs were
taken using an optical microscope (BX50; Olympus Corp,
Tokyo, Japan) to observe morphological changes across
groups.

Immunofluorescence staining

Cells were fixed with 4% paraformaldehyde at room tem-
perature for 15 min, washed twice with PBS, and per-
meabilized with 0.5% Triton X-100 (P0096, Beyotime,
China) for 10 min. The cells were then incubated over-
night at 4 °C with primary antibodies against CD206
(ab64693, 1:100, Abcam, UK), IL-10 (ab133575, 1:100,
Abcam, UK), and Arg-1 (ab96183, 1:100, Abcam, UK).
After three PBS washes, cells were incubated with Goat
anti-rabbit IgG (Alexa Fluor 488) (ab150077, 1:1000,
Abcam, UK) for 1 h, followed by three more PBS washes.
Cells were stained with DAPI (C1002, Beyotime, China)
at room temperature for 10 min. The cells were stored at
4 °C and observed under a Zeiss Axiovert 123 M fluores-
cence microscope (Germany). Fluorescence intensity was
quantitatively analyzed using Image] software, averaging
results from six fields per group.
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Immunohistochemical staining

After embedding and sectioning, samples from each
group were baked at 60 °C for 20 min. Sections were
then sequentially immersed in xylene (two changes,
15 min each), absolute ethanol (two changes, 5 min
each), and rehydrated in 95% and 70% ethanol for
10 min each. To block endogenous peroxidase activity,
3% H202 was applied to each section at room temper-
ature for 10 min. Sections were then placed in citrate
buffer and microwaved for 3 min for antigen retrieval,
followed by a 10-min incubation at room temperature
and three PBS washes. Blocking was performed using
normal goat serum blocking solution (E510009, San-
gon Biotech, Shanghai, China) at room temperature
for 20 min. Primary antibodies, diluted appropriately,
were added: rabbit anti-Ki67 (ab15580, 1:100, Abcam,
UK), rabbit anti-PTEN (ab267787, 1:2000, Abcam, UK),
rabbit anti-CD206 (ab64693, 1:100, Abcam, UK), and
mouse anti-CD86 (MA1-10293, 1:100, ThermoFisher,
USA). Sections were incubated overnight at 4 °C. The
following day, sections were washed three times with
PBS and incubated with goat anti-rabbit IgG second-
ary antibody (ab6721, 1:1000, Abcam, UK) for 30 min.
After washing with PBS, Add one drop each of chromo-
gens A, B, and C from the DAB Chromogen Kit (P0203,
Beyotime, Shanghai, China) to the specimen, develop
the color for 6 min, and then stain in hematoxylin for
30 s. Sections were dehydrated through graded etha-
nol (70%, 80%, 90%, 95%, and absolute ethanol, 2 min
each), cleared in xylene (two changes, 5 min each), and
mounted with neutral resin. Observations were made
using an upright microscope (BX63, Olympus, Japan),
and staining intensity in each field was quantified
using Image] software. Six mice were analyzed for each
group, with three sections per mouse and five fields per
section. The average staining intensity across all fields
per mouse was used as the representative value.

Macrophage culture

THP-1 cells (SCSP-567, Cell Bank of the Chinese Acad-
emy of Sciences, China) were incubated for 24 h in a
medium containing 100 ng/mL PMA (P8139-10MG,
Sigma-Aldrich, Shanghai, China) to differentiate into
adherent THP-1 macrophages (MO macrophages). MO
macrophages were then incubated for 48 h in a medium
containing 20 ng/mL IL-4 (AF-200-04, PeproTech, USA)
to obtain M2 macrophages (M2-CM). Subsequently,
MO macrophages were treated with PBS, RT+IT exo
(5 pg/mL), sh-NC+RT+IT exo (5 pg/mL), or sh-
PTEN+RT +1IT exo (5 pg/mL) for 24 h before harvesting
for analysis.
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T cell culture

CD8+ T lymphocytes were purified from the spleens
of C57BL/6 mice (6-8 weeks old, 213, Vital River
Laboratory Animal Technology Co., China) using
the EasySep Mouse CD8+T Cell Separation Kit
(19853_C, StemCell Technologies). The isolated
CD8+T cells were incubated with CD3-FITC antibody
(11-0032-82, 1:50, ThermoFisher, USA) and CD8-APC
antibody (47-0081-82, 1:50, ThermoFisher, USA), and
their purity was confirmed by flow cytometry, show-
ing>97% CD8+ T cells.

CD8+ T cells were cultured in RPMI-1640 medium
(R4130, Sigma, USA) and activated by adding CD3 anti-
body (2 pg/mL; 11-0032-82, 1:50, ThermoFisher, USA),
CD28 antibody (1 pg/mL, 12-0281-82, ThermoFisher,
USA), and interleukin-2 (IL-2, 5 ng/mL; 402-ML-100/
CF, R&D Systems, USA).

Activated CD8+ T cells were then treated with PBS,
RT +IT exo (5 ug/mL), sh-NC+RT +IT exo (5 pg/mL),
or sh-PTEN+RT +IT exo (5 pg/mL) for 24 h before T
cells being harvested for analysis.

Flow cytometry phenotype analysis

Single-cell suspensions from various cell groups or
mouse tumor tissues were prepared for flow cytom-
etry phenotype analysis. For T cell analysis, cells
were stained with antibodies against PE-CD8 (12-
0081-82, 1:50, ThermoFisher, USA), FITC-CD45
(11-0451-82, 1:50, ThermoFisher, USA), FITC-Ki67
(11-5698-82, 1:50, ThermoFisher, USA), eFluor = 450-
IEN-y (48-7311-82, 1:50, ThermoFisher, USA), and
FITC-Granzyme B (11-8898-82, 1:50, ThermoFisher,
USA). The proportion of CD8+ T cells, Ki67+CD8+
T cells, IEN-y+Granzyme B+CD8+ T cells, Gran-
zyme B+CD8+ T cells, and IEN-y+CD8+ T cells were
analyzed using a FACSCalibur flow cytometer (BD
Biosciences, USA) and CellQuest Pro software (BD Bio-
sciences, USA).

For macrophage analysis, cells were stained with
antibodies against PE-CD206 (12-2069-42, 1:50, Ther-
moFisher, USA) and FITC-CD86 (MHCDS8601, 1:50,
ThermoFisher, USA). Flow cytometry was performed
using a FACSCalibur flow cytometer (BD Biosciences,
USA), and data were analyzed using CellQuest Pro soft-
ware (BD Biosciences, San Jose, CA, USA).

ELISA

Cell supernatants from each group were collected and
analyzed using ELISA kits according to the manufactur-
er’s instructions for Granzyme B (ab238265, Abcam, UK)
and INF-y (ab100689, Abcam, UK).
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Statistical analysis

All data were processed using SPSS 22.0 (SPSS, Inc., Chi-
cago, IL, USA) and GraphPad Prism 9.5 software. Quan-
titative data were expressed as mean + standard deviation
(SD). Comparisons between two groups were performed
using an unpaired t-test, while comparisons among mul-
tiple groups were conducted using a one-way analysis of
variance (ANOVA). The homogeneity of variance was
tested using Levene’s test. When variances were equal,
Dunnett’s t and LSD-t tests were used for pairwise com-
parisons. When variances were unequal, Dunnett’s T3
test was used. A p-value<0.05 was considered statisti-
cally significant.

Results

Preparation and characterization of serum exos

from patients

Nasopharyngeal carcinoma (NPC) treatment faces chal-
lenges, as cancer cells can evade immune detection,
reducing the effectiveness of immunotherapy. More bio-
markers are needed to predict treatment outcomes and
monitor progress. Exosomes, which carry proteins and
RNA, play a key role in communication between cells
and could serve as biomarkers for disease monitoring
and therapy assessment. These exosomal proteins regu-
late tumor growth, immune response, and metastasis,
making them valuable for cancer diagnosis and treatment
[40-42].

This study utilizes advanced nanofluidic technology
and machine learning methods to screen key protein bio-
markers from exosomes of nasopharyngeal carcinoma
(NPC) patients that can predict the efficacy of radiother-
apy combined with immunotherapy (RT +IT). By system-
atically collecting and analyzing exosomes from patients
before and after treatment, the study will explore and
compare the dynamic changes of exosomal proteins and
mRNA before and after NPC treatment and their corre-
lation with treatment outcomes. Initially, exosomes were
extracted from the serum of NPC patients and RT +1T-
treated NPC patients (NPC exo, RT +IT-NPC exo). TEM
revealed heterogeneous lipid bilayer vesicles with approx-
imately 30—-100 nm diameters, exhibiting cup-shaped or
irregular morphologies (Fig. 1A). WB results showed that
both exo types were highly enriched in exosomal markers

(See figure on next page.)
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CD63, CD81, and Alix, with minimal expression of Cal-
nexin (Fig. 1B). NTA indicated that the diameters of both
exo types ranged from 30 to 100 nm (Fig. 1C). To further
investigate the uptake of NPC exo and RT +IT-NPC exo
by NPC cells, we labeled NPC exo and RT +IT-NPC exo
with Cy5.5 and co-incubated them with C666-1 cells.
Fluorescence microscopy revealed that both NPC exo
and RT+IT-NPC exo were internalized by C666-1 cells
(Fig. 1D). To confirm the in vivo tumor-targeting abil-
ity of NPC exo and RT+IT-NPC exo, we intravenously
injected Cy5.5-labeled exos into mice with subcutaneous
tumors. In vitro fluorescence imaging showed that the
fluorescence signals of NPC exo and RT +IT-NPC exo
were primarily enriched in the tumors, liver, and lungs
(Fig. 1E).

These results indicate that we successfully isolated
NPC exo and RT +IT-NPC exo, which can recognize and
target tumor cells.

Transcriptomic and proteomic screening of DEGs/DEPs
After successfully preparing and characterizing exos
from NPC patients and post-RT +IT, we utilized tran-
scriptomic sequencing and proteomic methods to
investigate the differential expression in NPC exo and
RT +IT-NPC exo. The study workflow is illustrated in
Figure S1. We performed transcriptomic sequencing
and proteomic analysis on NPC exo and RT +IT-NPC
exo samples. Transcriptomic sequencing revealed 1,088
DEGs between NPC exo and RT + IT-NPC exo (Fig. 2A).
A heatmap of the top 50 upregulated and downregulated
genes, ranked by the degree of differential expression,
was generated (Fig. 2B). Proteomic analysis identified
1,120 DEPs between the two exo types (Fig. 2C), and a
heatmap of the top 50 upregulated and downregulated
proteins was created (Fig. 2D).

Integrating transcriptomic and proteomic data, we ana-
lyzed the intersections of differentially expressed mRNAs
and proteins between NPC exo and RT +IT-NPC exo.
The Venn diagram identified 60 commonly expressed
genes/proteins (Fig. 2E). A radar plot was created based
on the log2 fold change (log2FC) of these genes/proteins,
displaying their quadrant information (Fig. 2F).

Fig. 1 Preparation and characterization of NPC exo and RT+IT-NPC exo. A TEM observation of the morphological characteristics of NPC exo

and RT+IT-NPC exo (scale bar=100 nm); B WB analysis for the expression of CD63, CD81, Calnexin, and Alix in NPC exo and RT+IT-NPC exo; C NTA
to assess the particle size distribution of NPC exo and RT +IT-NPC exo; D Immunofluorescence detection of C666-1 cells'uptake of Cy5.5-labeled
exos (scale bar=25 um), with Cy5.5 marking NPC exo and RT+IT-NPC exo in red, and DAPI staining the nuclei in blue; E In vivo fluorescence
imaging to track the biodistribution of exos in major organs and tumors across groups. Cell experiments were repeated three times, and each

mouse group consisted of six individuals
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Our integrated transcriptomic and proteomic data
analysis revealed significant differences between NPC
exo and RT +IT-NPC exo samples. The 60 commonly
expressed genes/proteins may play crucial roles in the
efficacy of RT +IT for NPC.

Machine learning analysis to identify exosomal proteins
predictive of RT + IT NPC efficacy

We applied two machine learning algorithms to screen
the 60 intersecting DEGs/DEPs: LASSO regression and
SVM-REE. These two methods are effective in handling
high-dimensional data, enabling efficient variable selec-
tion and regularization to avoid overfitting and enhance
model prediction accuracy and interpretability. In the
LASSO regression model, the Lambda parameter was
optimized through cross-validation to minimize error,
identifying three key genes (Fig. 3A). Using the "svmRa-
dial” method, the SVM-RFE algorithm identified 31 key
genes (Fig. 3B). The intersection of genes identified by
both algorithms, represented in a Venn diagram, revealed
a single feature gene: PTEN (Fig. 3C). To enhance the
robustness of the model, sequencing results from repeat
samples were used as training data. Although this may
affect sample independence, repeated sequencing helps
reduce random errors and improve data reliability. This
strategy provided sufficient information for model train-
ing, facilitating a better understanding of the complex
patterns in the data.

To further validate the feature gene’s diagnostic capa-
bility and expression level, ROC curve analysis showed
that PTEN, identified through machine learning, pos-
sesses strong diagnostic and predictive power, with an
AUC value of 1 (Fig. 3D). PTEN expression was sig-
nificantly upregulated in the RT+IT-NPC exo group
compared to the NPC exo group, consistent with the pro-
teomic expression trend (Fig. 3E, F).

(See figure on next page.)
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These results indicate that PTEN, identified through
machine learning, is a key biomarker for predicting the
efficacy of RT+IT in NPC. Its expression level is sig-
nificantly elevated in exos from NPC cells undergoing
RT+IT.

Increased PTEN expression in NPC patients

following RT+IT

To further verify the expression levels of PTEN in
IR+ RT NPC, we assessed its expression in NPC and
IR+RT NPC tissues using immunohistochemistry, RT-
qPCR, and WB. PTEN expression significantly increased
in IR4+RT NPC tissues compared to NPC tissues (Figure
S2A-C). These findings indicate a significant elevation in
PTEN expression in tissues of NPC patients following
IR+RT.

Preparation and characterization of cell-derived exos

In the preliminary bioinformatics analysis, this study uti-
lized exos derived from patients to screen for potential
biomarkers. To further investigate and validate the func-
tion of the key protein PTEN within exos, cell-derived
exos were used in subsequent experiments.

We employed a sh-PTEN lentivirus to infect C666-1
cells and harvested sh-PTEN + RT +IT exos post-RT +1T,
selecting the most effective shRNA sequence for further
use (Figure S3A-B).

Exos were isolated from the supernatants of C666-1
cells post radiotherapy and immunotherapy, both
transfected with sh-NC lentivirus and sh-PTEN
lentivirus (RT+IT exo, sh-NC+RT+IT exo, sh-
PTEN+RT+IT exo). TEM revealed these as het-
erogeneous lipid bilayer vesicles characterized by
cup-shaped or irregular morphologies (Figure S4A).
WB results showed that exos were highly enriched
in exosomal markers CD63, CD81, and Alix, while

Fig. 2 Intersection of DEGs/DEPs in NPC exo and RT +IT-NPC exo samples identified through transcriptomic and proteomic analysis. A Volcano
plots of DEGs from transcriptomic sequencing data in NPC exo and RT +IT-NPC exo groups (NPC exo group =3, RT+IT-NPC exo group = 3). Red dots
represent significantly upregulated genes, blue dots represent significantly downregulated genes, and black dots indicate no differential expression.
B Heatmap of the top 50 most significantly upregulated and downregulated genes from transcriptomic sequencing data, with red indicating

high expression and blue indicating low expression. C Volcano plots of DEGs from proteomic sequencing data in NPC exo and RT+IT-NPC

exo groups (NPC exo group=6, RT+IT-NPC exo group=6). Red dots signify significantly upregulated genes, blue dots signify significantly
downregulated genes, and black dots show no expression difference. D Heatmap of the top 50 most significantly upregulated and downregulated
genes from proteomic sequencing data, with red representing high expression and blue representing low expression. E Venn diagram showing

the intersection of DEGs from transcriptomic sequencing data and DEPs from proteomic sequencing data. F Analysis of the correlation

between log2FC of intersecting DEGs/DEPs from transcriptomic and proteomic datasets. Quadrants 1 and 9: mRNA and corresponding proteins are
inconsistent, indicating post-transcriptional or post-translational regulation, such as miRNA targeting genes. Quadrants 2 and 8: mRNA expression
differences with no corresponding protein change, suggesting post-transcriptional or translational-level regulation. Quadrants 3 and 7: mRNA

and corresponding proteins show the same pattern of expression differences, indicating simultaneous transcriptional and translational changes.
Quadrants 4 and 6: Protein expression differences with no corresponding mRNA changes, potentially due to translational regulation or protein
accumulation. Quadrant 5: Co-expressed mRNA/proteins do not show differential expression; most genes and proteins show no differential

expression
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Calnexin was barely expressed. Additionally, we con-
firmed that the exos used in the tumor implantation
mouse model exhibited significantly reduced PTEN
expression in the sh-PTEN+RT +1IT exo group (Fig-
ure S4B). NTA indicated that the diameter of these
exos ranged from 30-200 nm (Figure S4C).

To further investigate the uptake of RT+IT exo,
sh-NC+RT+IT exo, and sh-PTEN+RT+IT exo
by NPC cells, we incubated C666-1 cells with these
exos labeled with Cy5.5 for 1 h. Fluorescence micros-
copy revealed that all exo variants were internalized
by C666-1 cells (Figure S4D). To validate the in vivo
tumor-targeting capabilities of these exos, we intrave-
nously injected Cy5.5-labeled exos into mice bearing
subcutaneous xenografts. In vitro fluorescence imag-
ing demonstrated that the signals from RT +1IT exo,
sh-NC+RT +IT exo, and sh-PTEN+RT +1IT exo were
predominantly localized in the tumor, liver, and lungs
(Figure S4E).

Additionally, H&E staining indicated that the major
organs of the mice (including the heart, liver, spleen,
lungs, and kidneys) exhibited normal histological struc-
tures (Figure S4F). This suggests that the three types
of exos do not adversely affect the function of these
organs, indicating good biocompatibility.

Impact of PTEN knockdown on the efficacy
of exo-enhanced RT +IT in C666-1 cells
We conducted in vitro experiments to validate the
role of exosomal protein PTEN in predicting the effi-
cacy of RT+IT in NPC. Flow cytometry, EdU incor-
poration, and colony formation assays were used to
assess apoptosis and proliferation. Results indicated
that cells treated with RT+IT exhibited increased
apoptosis and reduced proliferation compared to the
control group. Cells treated with RT +IT exo showed
further increases in apoptosis and decreased prolif-
eration. Knocking down PTEN led to decreased apop-
tosis and increased proliferation compared to the
RT +IT +sh-NC+RT +1IT exo group (Fig. 4A-C).

Wound healing and Transwell assays demon-
strated that compared to the control group, the inva-
sive and migratory capabilities of cells were reduced
after RT +IT. These capabilities were further dimin-
ished following treatment with RT +IT exo. However,
knocking down PTEN enhanced invasion and migra-
tion capabilities compared to the group treated with
RT +IT +sh-NC+ RT +IT exo (Fig. 4D, E).

These findings suggest that knocking down PTEN
counteracts the therapeutic effects of exos in enhancing
the efficacy of RT + 1T in C666-1 cells.
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Impact of PTEN knockdown on exo efficacy in RT+IT

in subcutaneous tumor models

To further investigate the role of exosomal protein PTEN
in predicting the efficacy of RT+IT in NPC, tumor
growth was assessed through tumor weight measure-
ments and growth curves. Compared to the control
group, tumors in the RT+IT group showed reduced
growth rates and weights. Treatment with RT+IT exo
further decreased growth rate and tumor weight com-
pared to the RT+IT group. However, the knockdown
of PTEN resulted in increased tumor growth rates and
weights compared to the RT +IT +sh-NC+RT +IT exo
group (Fig. 5A, B).

H&E staining revealed that compared to the control
group, post-RT +IT tumors had reduced inflammatory
cell infiltration, tighter cellular arrangement, more nor-
malized cell morphology, more uniform nuclei, and visi-
ble nucleoli. These improvements were more pronounced
after RT +1IT exo treatment. In contrast, PTEN knock-
down increased inflammatory cell infiltration, looser cel-
lular arrangement, abnormal cell morphology, uneven
nuclear sizes, and indistinct nucleoli compared to the
RT +IT +sh-NC+RT +IT exo group (Fig. 5C).

Ki67 immunohistochemical staining results indicated a
significant reduction in Ki67 expression following RT + 1T
compared to the control group. This reduction was even
more significant after RT +IT exo treatment. Conversely,
PTEN knockdown significantly increased Ki67 expres-
sion compared to the RT+IT+sh-NC+RT+IT exo
group (Fig. 5D).

These findings suggest that knocking down exosomal
protein PTEN inhibits the efficacy of exos in enhancing
the outcome of RT +IT in NPC mouse models.

Knockdown of PTEN promotes M2 macrophage
polarization and inhibits T cell proliferation

M2 macrophages play an important role in tumor devel-
opment [43, 44]. In NPC, the accumulation of M2-type
macrophages is closely associated with tumor growth,
invasion, and poor prognosis. These cells support tumor
immune escape within the tumor microenvironment by
promoting tumor cell proliferation, invasion, and anti-
apoptotic capabilities and by producing immunosup-
pressive factors [45, 46]. Therapeutic strategies in NPC,
such as the use of RT +1T, can alter macrophage com-
position and functional states within the tumor micro-
environment. Therefore, targeting the polarization and
function of macrophages can significantly impact the
therapeutic outcomes in NPC, offering a vital perspective
for developing new treatment strategies. Recent studies
have also highlighted PTEN’s crucial role in macrophage
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polarization and function, with overexpression of PTEN
significantly inhibiting M2 macrophage polarization [47].
Subsequently, we explored the effects of knocking
down exosomal PTEN on M2 macrophage polarization.
IL-4 was used to differentiate MO macrophages into M2
macrophages, and different groups of exos were co-cul-
tured with M2 macrophages. Flow Cytometry results
showed that compared to the control group, the M2 mac-
rophage marker CD206 expression significantly increased
after IL-4 induction. Following co-culture with RT +IT
exo, there was a significant decrease in CD206 expression
compared to the IL-4 group. Conversely, CD206 expres-
sion significantly increased after PTEN knockdown com-
pared to the sh-NC+RT +IT exo group (Fig. 6A).
RT-qPCR and immunofluorescence assays dem-
onstrated that post-IL-4 induction, expressions of
M2 markers CD206, IL-10, and Arg-1 significantly
increased compared to the control group. These expres-
sions significantly decreased after co-cultivation with
RT+IT exo compared to the IL-4 group; however,
expressions significantly increased following PTEN

knockdown compared to the sh-NC+RT+IT exo
group (Fig. 6B, C).

These findings suggest that PTEN knockdown pro-
motes polarization of M2 macrophages.

Effective infiltration of CD8+ T cells is closely asso-
ciated with favorable prognoses in NPC, highlighting
their critical role in suppressing tumor progression.
Radiotherapy and immunotherapy strategies in NPC
aim to activate the CD8+ T cell response to improve
therapeutic outcomes. Radiotherapy enhances tumor
cells’ immunogenicity, promoting tumor antigens’ pres-
entation and activating CD8+ T cells. Therefore, opti-
mizing the activity and functionality of CD8+ T cells
and overcoming the immunosuppressive tumor micro-
environment is crucial for enhancing treatment efficacy
in NPC. Additionally, studies have shown that PTEN
mRNA nanoparticles can reverse the immunosuppres-
sive tumor microenvironment by promoting the infil-
tration of CD8+ T cells and enhancing the expression
of pro-inflammatory cytokines [48].
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We explored the effects of knocking down exosomal
PTEN on CD8+ T cells. EQU incorporation and flow
cytometry results indicated that the RT+IT exo group
exhibited increased T cell proliferation and decreased
apoptosis compared to the control group. How-
ever, knocking down PTEN reduced proliferation and
increased apoptosis compared to the sh-NC+RT+IT
exo group (Fig. 7A-B).

Flow cytometry analysis of T cell cytokines IFN-y and
Granzyme B expression and secretion showed that com-
pared to the control group, RT +IT exo enhanced IFN-y
and Granzyme B expression and secretion in T cells.
Conversely, PTEN knockdown reduced the expression
and secretion of IFN-y and Granzyme B compared to the
sh-NC+RT +1IT exo group (Fig. 7C, D).

These findings indicate that knocking down PTEN
inhibits CD8+ T cell proliferation and function and pro-
motes T cell apoptosis.

Remodeling of the immune microenvironment

in subcutaneous tumor-bearing mice following PTEN
knockdown-induced exo treatment with RT +IT

We explored the immunoregulatory effects of PTEN
knockdown in an in vivo IR+RT NPC model. Flow
cytometry and immunohistochemistry revealed that
compared to the control group, the proportion of CD86+
macrophages increased, and CD206+ macrophages
decreased following RT +IT. Treatment with RT +IT
exo increased the proportion of CD86+ macrophages
and decreased CD206+ macrophages compared to
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the RT+IT group. However, knocking down PTEN
resulted in a decrease in CD86+ macrophages and an
increase in CD206+ macrophages compared to the
RT +IT +sh-NC+RT +1IT exo group (Fig. 8A, B).

Flow cytometry also showed increases in the propor-
tions of CD8+ T cells, KI67+ CD8+ T cells, IFN-y+
Granzyme B+ CD8+ T cells, IFN-y+ CD8+ T cells, and
Granzyme B+ CD8+ T cells following rRT+IT com-
pared to the control. These increases were more pro-
nounced post-RT+IT exo treatment. In contrast, PTEN
knockdown led to reductions in these cell populations
compared to the RT+IT +sh-NC+RT+IT exo group
(Fig. 8C, E), indicating that knocking down PTEN sup-
pressed the content, proliferation, and function of CD8+
T cells.

These results demonstrate that PTEN knockdown
induces significant remodeling of the immune micro-
environment following RT +IT in subcutaneous tumor-
bearing mice.

Discussion

NPC is a malignant tumor predominantly occurring
in the nasopharynx, exhibiting significant geographi-
cal and ethnic variations in incidence rates globally,
particularly prevalent in Southeast Asia and southern
China [49, 50]. The treatment of NPC typically includes
radiotherapy, chemotherapy, and immunotherapy.
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However, there are substantial individual differences in
treatment outcomes, and the recurrence rate remains
high [4-6]. Consequently, developing effective methods
to predict treatment outcomes is crucial for providing
more personalized treatment plans for patients [51]. In
this context, our study explores nanofluidic technology
combined with machine learning to screen and analyze
exosomal proteins, specifically focusing on PTEN pro-
tein as a potential predictive biomarker for NPC treat-
ment outcomes, aiming to enhance the selectivity and
predictability of treatment.

This study employs nanofluidic technology and
machine learning to predict the efficacy of RT +IT in
NPC, representing a significant advancement beyond
traditional biomarker research. Traditional methods
typically rely on the expression levels of a single or a
few biomarkers, whereas our approach allows for an
integrated analysis across multiple data layers, enhanc-
ing the accuracy and reliability of predictions. Further-
more, nanofluidic technology significantly increases
the quantity and quality of detectable exos from mini-
mal sample volumes, improving experimental sensi-
tivity and efficiency [52]. The introduction of machine
learning further optimizes the data analysis process,
enabling the extraction of useful information from
complex biological data [53, 54]. The application of this
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integrated technology is relatively rare in previous stud-
ies, highlighting the innovative nature of our research.

Exos play a crucial role in intercellular communica-
tion and hold significant positions in cancer biomarker
research [55—-57]. In this study, the PTEN protein, a key
tumor suppressor, is closely linked to the outcomes of
radiotherapy and immunotherapy in NPC through its
expression in exos. Unlike other studies, we not only
focus on the quantity of PTEN expression but also inves-
tigate its forms and functional mechanisms within exos,
which have been less explored in previous research [22,
58, 59]. Additionally, through machine learning analy-
sis, we can predict its therapeutic role more accurately, a
capability often lacking in traditional biomarker research.

Integrating nanofluidic technology and machine learn-
ing in this study provides a novel perspective for screen-
ing and analyzing tumor biomarkers. This technological
synergy enhances the precision of sample processing and
optimizes the data analysis process, enabling the han-
dling of large datasets and the identification of poten-
tial biomarkers. Compared to previous studies reliant
on single technologies, this research demonstrates the
advantages of integrating multiple technologies, particu-
larly in efficiently and accurately processing high-dimen-
sional biological data. This level of integration is often
challenging to achieve in other studies, showcasing the
forward-looking nature and application potential of our
methodology [60, 61].

In this study, the consistency between in vitro and
in vivo experimental results validates our research meth-
ods’ reliability and underscores the rigor of our experi-
mental design. By knocking down PTEN protein, we have
closely observed the specific role of exos in modulating
the tumor microenvironment, particularly highlighting
their critical influence on M2 macrophage polarization
and CD8+T cell activity. This finding is prominently
featured in our research and aligns closely with existing
literature. Interestingly, as shown in Fig. 1E, compared
with the NPC exo group, the RT +IT-NPC exo group was
more enriched in the tumor. Transcriptomic and prot-
eomic analyses revealed significant differences between
NPC exo and RT+IT-NPC exo samples. The 60 co-
expressed genes/proteins may play a critical role in NPC
combined radiotherapy and immunotherapy (Fig. 2).
Therefore, in addition to PTEN, there may be other genes
regulating Exo uptake by tumors, further influencing
the effectiveness of radiotherapy and immunotherapy in
NPC, although this still needs to be confirmed by further
experiments. Our approach employs a more systematic
experimental design and complex data analysis meth-
ods, comprehensively explaining PTEN’s mechanisms
in the tumor microenvironment. This depth of mecha-
nistic study is relatively rare in existing literature, which
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typically focuses more on describing phenomena than
exploring the detailed biological processes behind them
[62-64].

The application of machine learning in this research
significantly enhances the efficiency and accuracy of
protein predictions, revolutionizing the screening of
biomarkers. By constructing complex predictive mod-
els, we can accurately identify proteins closely related
to the treatment efficacy of NPC from a vast biomarker
database. The effectiveness of this method surpasses tra-
ditional biomarker screening approaches, which often
show limitations in handling large datasets. Our study
utilizes advanced algorithms to optimize the predictive
models, significantly improving the models’ accuracy
and application scope. The introduction of this method
provides robust technological support for personalized
and precision medicine in cancer treatment, demonstrat-
ing the broad prospects and potential value of machine
learning in biomedical research.

Although this study has achieved certain outcomes,
it still has some limitations. For instance, the relatively
small sample size may restrict the results’ general appli-
cability and statistical power. Future research should
expand the sample size and attempt to validate our find-
ings across diverse ethnic and geographical patient popu-
lations. Additionally, while this study primarily focused
on the PTEN protein, future investigations could explore
the predictive effects of a broader range of exosomal
proteins and their combinations. Technologically, future
studies could further optimize data analysis algorithms to
enhance the generalizability of predictive models.

This research confirms that the exosomal protein
PTEN can be an effective predictive biomarker for
RT +1IT in NPC. These findings enrich the field of tumor
biomarkers and offer new strategies for treating NPC.
PTEN enhances the effectiveness of Exos in radiotherapy
and immunotherapy, especially in regulating M2 mac-
rophage polarization and T cell proliferation. PTEN reg-
ulates the remodeling of the immune microenvironment,
which may provide a new regulatory mechanism for
combined radiotherapy and immunotherapy. These find-
ings emphasize the importance of further studying the
role of exosomal proteins in tumor therapy mechanisms
and provide new insights for optimizing NPC treatment
strategies. Particularly in immune microenvironment
regulation, PTEN’s role not only influences the biological
behavior of tumor cells but also significantly affects the
host immune response.

Scientifically, this study demonstrates the potential
application of nanofluidic technology and machine learn-
ing in predicting treatment outcomes, fostering the inter-
section of biomedical engineering and clinical medicine.
Clinically, by accurately predicting treatment responses,
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Fig. 9 Schematic of the molecular mechanism for predicting the efficacy of RT+IT in NPC using exosomal protein PTEN

more personalized treatment plans can be devised for
patients, optimizing treatment efficacy, minimizing
unnecessary side effects, and ultimately enhancing the
quality of life for patients. Looking ahead, the outcomes
of this study hold promise for further development and
broader clinical application, potentially revolutionizing
cancer treatment.

Conclusion

Based on the results, we can preliminarily conclude that
Exosomal protein PTEN can be utilized to predict the
efficacy of RT +IT in NPC (Fig. 9). In both in vitro and
in vivo experiments, knocking down PTEN affected the
influence of exos on the combined treatment, particularly
in regulating M2 macrophage polarization and T cell
proliferation. The knockdown of PTEN led to a remod-
eling of the immune microenvironment, potentially offer-
ing a new regulatory mechanism for RT +IT.

These findings underscore the importance of in-depth
research into the mechanisms of exosomal proteins in
cancer therapy, providing fresh insights for optimizing
NPC treatment strategies. Notably, the role of PTEN
extends beyond influencing the biological behaviors of
tumor cells; it also significantly affects the host’s immune
response.

Despite the promising prospects of this study, there
are several limitations. For instance, the study primarily
relied on specific cell lines and mouse models, which may
limit the general applicability of the findings. Moreover,
while PTEN, identified through machine learning as a
potential biomarker, holds promise, its clinical applica-
tion still needs validation in larger-scale and multicenter
clinical trials. Additionally, the safety and efficacy of exos
as therapeutic vehicles also warrant further investigation
in future studies.

In summary, this study reveals the potential role of
PTEN in RT +IT for NPC and emphasizes the need for

further research into exo-mediated cell communication
in cancer treatment. Future research should focus on
the detailed mechanisms of action of exosomal proteins
and their potential for clinical application, thus provid-
ing more precise and effective treatment options for NPC
patients.
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