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Abstract
Research on tumour cell-derived small extracellular vesicles (sEVs) that regulate
tumour microenvironment (TME) has provided strategies for targeted therapy of
head and neck squamous cell carcinoma (HNSCC). Herein, we demonstrated that
sEVs derived from HNSCC cancer cells carried CD73 (sEVsCD73), which promoted
malignant progression and mediated immune evasion. The sEVsCD73 phagocytosed
by tumour-associated macrophages (TAMs) in the TME induced immunosuppres-
sion. Higher CD73high TAMs infiltration levels in the HNSCC microenvironment
were correlated with poorer prognosis, while sEVsCD73 activated the NF-κB pathway
in TAMs, thereby inhibiting immune function by increasing cytokines secretion such
as IL-6, IL-10, TNF-α, and TGF-β1. The absence of sEVsCD73 enhanced the sensitiv-
ity of anti-PD-1 therapy through reversed immunosuppression.Moreover, circulating
sEVsCD73 increased the risk of lymph node metastasis and worse prognosis. Taken
together, our study suggests that sEVsCD73 derived from tumour cells contributes to
immunosuppression and is a potential predictor of anti-PD-1 responses for immune
checkpoint therapy in HNSCC.
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 INTRODUCTION

Immune checkpoint blockade (ICB) is an effective strategy to reverse immunosuppression in tumour therapy (Poggio et al.,
2019). Anti-programmed cell death protein 1 (PD-1) therapy has been approved by the Food and Drug Administration (FDA)
as a first-line treatment of patients with metastatic or unresectable recurrent head and neck squamous cell carcinoma (HNSCC)
(Cohen et al., 2019; H. H. Lee et al., 2019; H. Lee et al., 2019), an aggressive cancer (Y. Tang et al., 2021) with an overall 5-year
survival rate of approximately 50%, while more than 65% of patients show local recurrence or lymph node metastasis (Chow,
2020; Leemans et al., 2011; Lu et al., 2020). Although the overall treatment efficiency is improved with anti-PD-1 therapy, only
15%–20% of patients benefit from it (L. Zhou et al., 2020). Therefore, strategies for reactivating the immune response in patients
insensitive to anti-PD-1 therapy are urgently needed.
The tumour microenvironment (TME) influences patients’ response to ICB. As a courier for substance transformation, extra-

cellular vehicles (EVs) are important contributors to immune evasion and are valuable for guiding patient selection and therapy
decisions (Chen et al., 2018). Small EVs (sEVs) have a diameter range of 30–150 nmand regulate cell function through autocrine or
paracrine pathways (M. Li et al., 2021; Raposo& Stoorvogel, 2013; Théry et al., 2018). sEVs carrying abundant bioactivemolecules
such as proteins, nuclear acids, and lipids propagate signals to reshape TME and accelerate tumour progression (Brown et al.,
2021; Qu et al., 2015; Xiao et al., 2019), which may hinder immunotherapy. For instance, activation of CD8+ T cells is inhibited
by sEVs in the TME, resulting in insensitivity to anti-programmed death-ligand 1 (PD-L1) therapy (Chen et al., 2018). Tumour-
associated macrophages (TAMs) play vital roles in the TME (Y. Zhang et al., 2018) and may be polarized by sEVs toward an
immunosuppressive phenotype, which are associated with poor prognosis (Gu et al., 2016; Mantovani et al., 2017; Mei et al., 2016;
Ngambenjawong et al., 2017; Quail & Joyce, 2017; Quail & Joyce, 2013; Ruffell et al., 2012). Accumulating evidence has shown that
oncoproteins anchored on the tumour cell membranes are released into the TME and induce a series of downstream cascades,
which involves sEVs, that change the function of immunocytes. Therefore, emerging treatment strategies beyond T cell corecep-
tors are focusing on TME remodellings, such as reappropriating TAMs or other transportation hubs, including sEVs, to promote
ICB efficiency (Hume & Macdonald, 2012; Morrison et al., 2004; Poggio et al., 2019; Whiteside, 2016; Willingham et al., 2012).
However, the complexity of the interactions between sEVs, immune cells, and the TME should be considered when developing
anticancer treatment strategies.
In this study, we found that CD73 protein levels were significantly higher in HNSCC-derived sEVs than in normal cell-derived

sEVs. CD73, encoded by NTE, is an ectonucleotide present mainly in the membrane-bound form (Yegutkin, 2008), overex-
pressed in various types of tumours, and is associated with adenosine (ADO)metabolism and poor prognosis (Meng et al., 2019).
In the TME, CD73 was detected on the membranes of various cells, including tumour cells, T regulatory cells (Tregs), natural
killer (NK) cells, and macrophages (Roh et al., 2020), thereby inducing immunosuppression and immune escape and promoting
tumour progression (Neo et al., 2020). A recent study showed that CD73 was a specific immunotherapeutic target for improving
antitumour immune responses to immune checkpoint therapy (Goswami et al., 2020). Clinical trials on anti-CD73 agents remain
in the early stages (B. Allard et al., 2020). We found that CD73 in sEVs (sEVsCD73) polarized TAMs toward an immunosuppres-
sive phenotype and triggered tumour escape mechanisms. Moreover, our results suggest that sEVCD73 is a potential combined
target for ICB in HNSCC and improves the response to ICB.

 MATERIALS ANDMETHODS

. Ethics statement

This study was approved by the Ethics Committee of the Ninth People’s Hospital, Shanghai Jiao Tong University School of
Medicine (Shanghai, China). Informed consent was obtained before starting the experiments. All animal studies were performed
in accordance with the NIHGuide for the Care and Use of Laboratory Animals, with the approval of the Ninth People’s Hospital,
Shanghai Jiao Tong University School of Medicine Institute Animal Care and Use Committee.

. Patients and specimens

All clinical samples were obtained from the Department of Oral and Maxillofacial-Head & Neck Oncology, Ninth People’s Hos-
pital, Shanghai Jiao Tong University School of Medicine. Tumour tissues (n = 92) from patients with HNSCC were collected
between September 2011 and June 2015 alongwith complete follow-up data. As controls, 10 normalmucosa samples were obtained
from patients who underwent periodontal surgery. Paired tumour and adjacent normal tissues for conditional reprogramming
(CR) cell culture were obtained from patients diagnosed with HNSCC that underwent initial surgery between March 2018 and
January 2021. Serum samples frompatients withHNSCC (n= 54) were collected, and healthy controls were from 22 donors at the
Ninth People’s Hospital, from January 2021 to February 2021. Additionally,World Health Organization Classification of Tumours
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and the tumour nodemetastasis (TNM) staging system (8th edition) were used to determine the pathological differentiation and
the clinical stage.

. Cell culture

TheHNSCC cell linesHN6,HN30, CAL27, SCC9, and SCC25were used in this study. The SCC7 cell line is amurineHNSCC cell
line, which is syngeneic to C3Hmice (Ruan et al., 2020). Human bone marrow-derived cells (hBMSCs) were kindly provided by
Guangzhou ELGBIO Company (Guangzhou, China). Mouse BMSCs (mBMSCs) were extracted from the bone marrow of C3H
mice. After 14 days of culture, mBMSCs were amplified for further experiments. All cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, USA) with 10% foetal bovine serum (FBS; Gibco, USA), 100 U/mL penicillin, and 100 μg/mL
streptomycin in a humidified 5% CO2 atmosphere at 37◦C.

. Macrophage culture and treatment

Macrophages were transformed from a human monocyte leukaemia cell line (THP-1), kindly provided by Guangzhou ELGBIO
Company (Guangzhou, China). Cells were cultured in RPMI 1640medium (Gibco, USA) supplemented with 10% FBS at 37◦C in
a humidified 5% CO2 atmosphere. To transform the cells into macrophages, THP-1 monocytes were cocultured with 100 ng/mL
phorbol 12-myristate 13-acetate (PMA, Sigma, USA) in RPMI 1640mediumwithout FBS for 48 h (Park et al., 2007).Macrophages
treated with 20 ng/ml interleukin 4 (IL-4) (Sigma, USA) for 24 h were polarized into M2 phenotype.

. CR cell culture

CR cells were prepared as previously described (Tjin et al., 2018). Tissues frompatients withHNSCCwere rinsedwith phosphate-
buffered saline (PBS) and disinfected with 75% anhydrous alcohol. The samples were cut into pieces and digested with a mixture
containing collagenase/hyaluronidase solution, dispase (Sigma, USA), and DMEM at 37◦C for 2 h. The samples were centrifuged
at 1,000×g for 8min, and the supernatant was removed. The pellet was resuspended and treated with collagenase IV (1 mg/mL) at
37◦C for 15 min. After adding 10 mLDMEM, the resuspended pellet was filtered through 70 μm cell strainers (SORFA, Zhejiang,
China). After centrifugation for 10 min at 1,000×g, the cells were seeded into culture medium with processed Swiss 3T2 J2 as
feeder cells to prevent the cells from ageing. According to the pathological state of the patients, the CR cells were classified
into three groups: para-cancerous epithelial cells, tumour cells without lymph node metastasis, and primary tumour cells with
evidence of lymph node metastasis. To accumulate the supernatant for sEVs extraction, the feeder cells were digested, and CR
cells were cultured in serum-free DMEMmedium for 48 h.

. sEVs isolation and identification

CR cells without feeder cells, HNSCC cells (HN6, SCC25, CAL27, and SCC7) and h/mBMSC (2 × 106 cells) prepared for sEVs
extraction were cultured in 10 mL DMEM without FBS or penicillin-streptomycin. Conditioned media (CM) were collected
after 48 h of cell culture via centrifugation at 300×g for 5 min, followed by 3,000×g for 15 min to remove cell debris. The
CM was purified through a 0.22 μm polyvinylidene fluoride filter (Millipore, Billerica, MA, USA), followed by ultracentrifu-
gation spins at 100,000×g for 70 min to pellet the sEVs using a Beckman Coulter Type 55.2 Ti Rotor (Brea, CA, USA). The
pellets were washed with PBS and centrifuged at 100,000×g for 70 min to obtain purified sEVs. Finally, the sEVs were resus-
pended in PBS or other buffers as necessary. The sEVs were quantified using micro-bicinchoninic acid. The initial cell number
in the culture, expected doubling time, and collection frequency were the same in all groups to remove potential confounding
factors.
For transmission electron microscopy, 5 μL of tumour-derived sEVs suspension was dropped on a copper wire and incubated

at room temperature for 5 min. Next, 2% uranyl acetate was added to the copper mesh and incubated at room temperature
for 1 min. After incubation at room temperature for approximately 20 min, samples were observed using a Nano transmission
electron microscope (Tecnai G2 Spirit BioTwin, FEI, Hillsboro, OR, USA).
For nanoparticle tracking analysis, isolated samples were appropriately diluted in 1×PBS buffer (Biological Industries, Beit-

Haemek, Israel) to measure the particle size and concentration. The nanoparticle tracking measurements were recorded and
analyzed at 11 positions. The ZetaView system was calibrated using 110 nm polystyrene particles. The temperature was main-
tained at approximately 25◦C. The particle size and concentration were measured using a ZetaView PMX 110 (Particle Metrix,
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Meerbusch, Germany) and corresponding software ZetaView 8.04.02. To isolate sEVs from the serum of patients with HNSCC,
we usedMinute™Hi-Efficiency Exosome Precipitation Reagent (Cat. No. EI-027, Invent Biotechnologies, Plymouth,MN, USA),
a non-PEG-based reagent. Briefly, 1 mL serum samples stored at -80◦C were thawed and centrifuged at 2,000×g for 10 min to
remove large debris. The supernatant was then mixed with two volumes of exosome precipitation reagent and incubated for 1 h.
The sample was centrifuged at 10,000×g for 30 min at 4◦C, washed with PBS, and recentrifuged at 100,000×g for an additional
70 min to obtain purified sEVs.

. LC-MS/MS-based proteomics and proteogenomics

The sEVs were extracted from the supernatant of eighteen CR cultures obtained from six patients with nonmetastatic HNSCC,
six patients with metastatic HNSCC, and six normal mucosa samples. The CR cells were divided into three categories: normal
control cells from adjacent tissues, nonmetastatic HNSCC cells from patients without metastasis, and metastatic HNSCC cells
from in situ tumours with lymph node metastasis. The sEVs from three different subjects in the same group were pooled to form
the samples, which were isolated from the CR cell culture medium via ultracentrifugation.
After protein extraction, the samples were subjected to liquid chromatography-tandem mass spectrometry (LC-MS/MS)-

based proteomics and proteogenomics. The sEVs from HN6, SCC25, and CAL27 were evaluated in the same experiments. LC-
MS/MS analysis was performed on aQExactivemass spectrometer (ThermoFisher Scientific,Waltham,MA,USA) coupled to an
Easy nLC (Thermo Fisher Scientific). TheMS data were analysed usingMaxQuant software version 1.5.3.17 (Max Planck Institute
of Biochemistry,Martinsried, Germany).MASCOT engine (Matrix Science, London,UK; version 2.2) was used to searchMS/MS
spectra embedded into Proteome Discoverer 1.4 (Thermo Electron, San Jose, CA.), against Uniprot Human database (133549
sequences, download on March 3rd, 2013) and the decoy database. The following options were used for protein identification.
Peptide mass tolerance = 20 ppm, MS/MS tolerance = 0.1 Da, Missed cleavage = 2, Enzyme = Trypsin, Fixed modification:
Carbamidomethyl (C), Variable modification: Oxidation(M), FDR ≤ 0.01.

. CRISPR/Cas knockout system

The type II CRISPR system was selected according to the literature (Cong & Zhang, 2015). LentiCRISPRv2 was used
as a vector. Three single-guide RNAs (sgRNAs) were selected for human NTE/mouse Nte and human RABA/mouse
Raba. The sgRNAs were designed using the online Benchling CRISPR sgRNA design tool (http://www.benchling.com)
and are listed in Table S1. The efficiency of depletion was evaluated using immunoblotting. After sequencing to screen
for positive expression and plasmid extraction by endotoxin transfection, we selected one of the sequences showing high
activity (human NTE sgRNA: 5′-CACCGGATCGAGCCACTCCTCAAAG-3′, 5′-AAACCTTTGAGGAGTGGCTCGATCC-
3′; mouse Nte sgRNA: 5′-CACCGCAAGGTGCAGCAGATCCGCA-3′, 5′-AAACTGCGGATCTGCTGCACCTTGC-3′), and
knocked down NTE. Then, single-cell clones were prepared using these sequences. Similarly, the human RABA
sgRNA (5′-CACCGAATATGCATGCATCTGTAGC-3′, 5′-AAACGCTACAGATGCATGCATATTC-3′) and mouse Raba
sgRNA (5′- CACCGGTTTCCTCAATGTCCGAAAC-3′, 5′-AAACGTTTCGGACATTGAGGAAACC-3′) showed the highest
RABA/Raba knockout (KO) efficiency. A nontargeting control sgRNA was also used to rule out phenotypes resulting from
nonspecific editing. A high concentration of puromycin (Yeasen, Shanghai, China) (HN6: 4 μg/mL, SCC25: 2 μg/mL, SCC7:
12 μg/mL) was used to select stably expressing cells: HN6NTEKO, SCC25NTEKO, SCC7NteKO, HN6RABAKO, SCC25RABAKO,
SCC7RabaKO.

. NT5E/Nt5e overexpressing lentivirus construction and cell transfection

Lentivirus overexpressing NTE-GFP/Nte-GFP (GPF, Green fluorescent protein) was purchased from Hanyin Biotechnology
(Shanghai, China). CMV-MCS-ZsGreen1-PGK-Puro was used as a vector for human andmouseNTE/Nte overexpression. The
restriction enzyme sites were XhoI and EcoRI. The oligosaccharide single-strand DNA sequence (5′ to 3′) for XhoI and EcoRI
used in the experiments is listed in Table S1.
The HNSCC cells with NTE/Nte knockout, including HN6NTEKO, SCC25NTEKO, SCC7NteKO, and BMSCs cells from

human or mouse were transfected with lentivirus using polybrene (Yeasen, Shanghai, China). Overexpression of CD73 was
confirmed via immunoblotting assay. A high concentration of puromycin (Yeasen) (HN6: 4 μg/mL, SCC25: 2 μg/mL, SCC7:
12 μg/mL, BMSC: 10 μg/mL) was used to select stably expressing cells: HN6NTEOE, SCC25NTEOE, SCC7NteOE (SCC7CD73-GFP),
hBMSCNTEOE (hBMSCCD73-GFP), mBMSCNteOE (mBMSCCD73-GFP).

http://www.benchling.com
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. Immunohistochemistry

For the specimens collected from 10 normal mucosa donors and 92 patients with HNSCC, all patients had clinical information
available, including age, gender, tumour size, location, pathologic stage, number of lymph nodemetastases, and 5-year follow-up
information. Paraffin-embedded slides were deparaffinized using graded xylene. After blocking with 10% bovine serum albu-
min, the slides were incubated with primary antibodies at 4◦C overnight. The secondary antibody (Yeasen, Shanghai, China)
was incubated with the slides for 30 min at room temperature (25◦C). Hematoxylin and dehydration were used to counterstain
the nuclei. The antibodies used in these assays are listed in Table S2. The sections were scanned using a panoramic slice scanner
(PannoramicMIDI, 3DHISTECH, Budapest, Hungary) and analyzed using Aipathwell software (Servicebio Technology,Wuhan,
China). We determined the histochemistry score (H-score) for each slide to evaluate the relationship between the staining inten-
sity of CD73 and prognosis of HNSCC: H-score=∑(pi× i)= (percentage of weak intensity area× 1)+ (percentage of moderate
intensity area × 2) + (percentage of strong intensity area × 3), where PI represents the percentage of the positive signal pixel
area and I represents a positive grade. In addition, the staining intensity of CD73 varied in different samples and was classified
as weakly positive, modestly positive, and strongly positive.

. Immunofluorescence

Tumour tissues from patients with HNSCC or subcutaneous SCC7 tumours were prepared as paraffin-embedded slides. The
SCC7 tumour tissues and draining lymph nodes (DLNs) within sEVsCD73-GFP were snap-frozen in liquid nitrogen and stored
at -80◦C. After attaching and fixing the tissue sections on the slides, antigen retrieval was performed. The sections were sealed
with 10% normal goat serum at room temperature for 1 h and then incubated with specific primary antibodies overnight at 4◦C.
For HNSCC patient’s tumour tissues, CD73, CD68, CD4, CD8, Foxp3, and α-SMA were analysed. CD73, CD4, CD8, F4/80, and
Foxp3 were detected on subcutaneous SCC7 tumour tissues. The sample was incubated with a fluorescent secondary antibody.
Cellular nuclei were stained with DAPI (CST, USA). Images were acquired using BioTek Cytation 5 (BioTek, Winooski, VT,
USA).
For cellular immunofluorescence, macrophages were seeded into 35-mm confocal dishes (Corning, USA). The sEVs (CD73-

GFP labelled or labelled with anti-CD73-FITC) were cocultured with macrophages for 1 h. After washing the cells three times,
CellMask Plasma Membrane Stains (Thermo Fisher, USA) (5 μg/mL) were added and incubated for 1 h. The 4% paraformalde-
hyde was used to fix the macrophages. Images were taken using Leica Microsystems confocal fluorescence imaging microscope
with LAS AF software (version 2.0; Wetzlar, Germany).
Macrophages were seeded in 24-well plates and cocultured with sEVs for 3 h with or without 100 μM pyrrolidine dithiocar-

bonate (PDTC, Abmole, USA). The 4% paraformaldehyde was used for cell fixation. The samples were permeabilized with 0.2%
Triton X-100 and blocked with 10% goat serum. After incubating with specific primary antibodies (anti-p65) overnight at 4◦C,
cells were incubated with a fluorescent secondary antibody. Images were taken using BioTek Cytation 5. The antibodies used are
shown in Table S2.

. Western blot analysis

The CR cells/HNSCC/BMSC cells-derived sEVs and cell lysates from M2 were collected in sodium dodecyl sulfate lysis buffer
(Beyotime, Shanghai, China) and stored at -80◦C until use. The cell lysates (20 μg) and sEVs proteins (3 μg), were separated
using sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred onto 0.22-μm polyvinylidene fluoride
membranes (Merck Millipore, Billerica, MA, USA). Membranes were blocked with nonfat milk for 2 h at room temperature
and incubated overnight at 4◦C with primary antibodies. β-Actin and GAPDH were used as loading controls. The membranes
were treated with secondary antibodies and visualized using ECLUltra (New Cell and Molecular Biotech, Suzhou, China). The
antibodies used are listed in Table S2.

. Co-culture assay

Macrophages were differentiated from THP-1 cells for 48 h prior to the experiment. Macrophages (1 × 106 cells) were cocultured
in a six-well format with Transwell membranes (0.4-μmpores, MerckMillipore, USA), whereas macrophages were placed below
themembranes and theHNSCC cell lines HN6, HN6NTEKO, HN6NTEOE, HN6RABAKO, SCC25, SCC25NTEKO, SCC25NTEOE,
SCC25RABAKO (1 × 105 cells) were placed on the permeable membranes. All cells were cultured with medium without FBS for
24 h and the macrophages were digested for flow cytometry analysis.
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The sEVs were extracted from HN6 cells, HN6NTEKO cells, SCC25 cells, SCC25NTEKO cells, hBMSCs, and hBMSCNTEOE.
The sEVs (50 μg) were mixed into M2 macrophages (1 × 106 cells) and cultured for 24 h. All cells were cultured with medium
without FBS.

. RNA extraction and quantitative real-time PCR

Total RNAwas extracted from the cells using TRIzol reagent (Invitrogen, Carlsbad, CA,USA) and reverse-transcribed into cDNA
using a Prime Script RT reagent Kit (Takara, Shiga, Japan). A SYBR Premix Ex Taq reagent kit (Takara) was used to amplify the
cDNA according to the manufacturer’s protocol. The specific primers used for quantitative real-time PCR are shown in Table
S3. GAPDH (Sangon Biotech, Shanghai, China) was used as an internal control. The 2ΔΔct method was used to calculate the
relative expressions of the genes (Biray Avci et al., 2020).

. Cell proliferation assay

RABA in HNSCC cells (HN6, SCC25, and SCC7) was knocked out by transfection with LentiCRISPRv2. Three vectors car-
rying RABA sgRNA were used. The RABAKO cells or their wild-type control cells were seeded into 96-well plates (1 × 103
cells/well). CCK-8 (NCM Biotech, Suzhou, China) was added to the plate, and the optical density value was measured at 450 nm
for 3 days post-seeding. All experiments were performed in triplicate.

. ELISA

Macrophages (1× 106 cells/well) were seeded into six-well plates and coculturedwith 50 μg sEVs derived fromHN6,HN6NTEKO,
SCC25, SCC25NTEKO, BMSC, and BMSCNTEOE. The experiments were divided into seven groups: M0, M2, M2+sEVsHNSCC,
M2+sEVsHNSCC-NTEKO, M2+sEVsBMSC, M2+sEVsBMSC-NTEOE, and M2+sEVsBMSC-NTEOE

+ Lat A (30 μM, MedChemEx-
press, Monmouth Junction, NJ, USA). The CM was composed of RPMI1640 medium without FBS and was collected after incu-
bation for 24 h. After centrifugation at 10,000×g for 10 min at 4◦C, the coculture supernatant was added to a 96-well plate to
detect human IL-6, IL-10, TNF-α, and TGF-β1 using a human IL-6 enzyme-linked immunosorbent assay (ELISA) kit (R&D Sys-
tems, Minneapolis, MN, USA), human IL-10 ELISA kit (R&D Systems), human TNF-α ELISA kit (R&D Systems), and human
TGF-β1 ELISA kit (R&D Systems) according to the manufacturer’s instructions.

The procedure for extracting sEVs from serum samples has been previously described in 2.6. A human CD73 ELISA kit (R&D
Systems) and ELISA ancillary reagent kit (R&D Systems) were used to measure the CD73 level in sEVs from the serum.

. Flow cytometry

The samples were processed into single-cell suspensions and stained with antibodies for 20 min on ice. After washing with PBS
and centrifugation for 5 min at 1,000×g, the pellet was suspended in 200 μL PBS and evaluated using a flow cytometer (FACS
Calibur, BD Biosciences, Franklin Lakes, NJ, USA). CD68+ were used to label human macrophages, CD68+ CD163+ CD206+
to label human M2 macrophages. F4/80+ CD45+ or F4/80+ to label mouse macrophages, and CD8+ or CD45+ CD3+ CD8+
to gate mouse CD8+ T cells. In addition, CD4+ or CD45+ CD3+ CD4+ cells were used to gate mouse CD4+ T cells, whereas
CD4+ Foxp3+ or CD45+ CD3+ CD4+ Foxp3+ cells were used to label Tregs. For mouse tissues, a fixable viability stain (BD
Pharmingen, San Diego, CA, USA) was used. The expression of PD-1, PD-L1, and CD73 was also detected using flow cytometry.
The antibodies used are listed in Table S1.

. Phagocytosis analysis

Macrophages (1 × 106 cells/well) were seeded into six-well plates. The sEVs (50 μg) from HNSCC cell lines (HN6 and SCC25)
were added tomacrophages and cultured for 24 h. Latrunculin A (Lat A, 30 μM)was co-inoculated with sEVs into macrophages.
For phagocytosis analysis, 1 mg/mL pHrodo™Deep Red Escherichia coli BioParticles Conjugate (P35364, Invitrogen) was added
to the macrophages (1 × 106 cells) and incubated for 2 h at 37◦C according to the manufacturer’s instructions. The macrophages
were then rinsed with PBS and digested for flow cytometry analysis. Red fluorescence represents macrophages that took up the
E. coli BioParticles.



LU et al.  of 

. In vivo sEVs injection and tumorigenicity assay

C3H/He mice aged 6–8 weeks were used for the animal experiments. The sEVs from SCC7NteOE-GFP cells were injected
into tumours from mice that underwent subcutaneous tumorigenesis. After 24 h, the tumours were dissected and frozen for
immunofluorescence analysis.
In experiments involving sEVs foot pad injection, SCC7, SCC7CD73-GFP, mBMSC, and mBMSCCD73-GFP cells were prepared

for sEVs extraction. First, sEVs derived from SCC7CD73-GFP (10 ng-50 μg) were injected into foot pads to determine the optimum
concentration of sEVs injection and the DLNs were dissected after 24 h. GFP fluorescence was detected using flow cytometry.
The sEVs derived from SCC7CD73-GFP (10 μg) were injected, and the DLNs were harvested at 30 and 60 min. Immunofluores-
cence was performed to examine the presence of sEVs in the DLNs. The sEVs derived from SCC7CD73-GFP (25 μg) were injected
into the foot pad, and GFP fluorescence was detected using flow cytometry after 24 h. The sEVsSCC7 (25 μg) were injected, 24 h
later, flow cytometry analysis was performed. The percentages of CD73+/PD-1+ in CD4+ T cells, CD8+ T cells, macrophages,
and Tregs were determined. Next, sEVsSCC7, CD73-GFP+ sEVs from mouse bone marrow stromal cells (sEVsmBMSC), and
sEVsmBMSC-NteOE (25 μg) were injected every day, and DLNs were harvested at different time points for flow cytometry analysis.
The percentages of CD4+ T cells, CD8+ T cells, macrophages, M2 macrophages, and Tregs were determined. In addition, sub-
cutaneous tumorigenesis experiments using SCC7 and SCC7NteKO cells (2 × 105) were performed. The sEVs release inhibitor
GW4869 (2 mg/kg) was administered intraperitoneally every 2 days. After 21 days, the DLNs were dissected for flow cytometry
to analyse the infiltrations of macrophages and CD8+ T cells.
In the first subcutaneous tumorigenesis experiment, SCC7 and SCC7RabaKO cells (8 × 105) were injected into the backs of

mice. Meanwhile, the sEVs (50 μg) from SCC7, SCC7NteKO, and SCC7NteKO+NteOE (abbreviated as SCC7NteOE) were injected
into the tumour every 2 days starting on day 3. Lat A (0.15 mg/kg) was injected intraperitoneally every 2 days starting on day
0. Tumour volumes were measured every 3 days after treatment. Mice were sacrificed at 15 days after injection and the tumours
were removed for further analysis.
In the second subcutaneous tumorigenesis experiment, SCC7 and SCC7RabaKO cells (8 × 105) were injected into the backs

of mice. The sEVs (50 μg) from mBMSCs and mBMSCNteOE cells were injected into the tumour every 2 days starting on day
3. Tumour volumes were measured every 3 days after treatment. Mice were sacrificed at 15 days after injection and the tumours
were removed for further analysis.
Finally, in the third subcutaneous tumorigenesis experiment, SCC7 and SCC7RabaKO cells (8 × 105) were injected into the

backs of mice. The sEVs (50 μg) from SCC7NteKO and SCC7NteOE were injected into the tumour every 2 days starting on day 3.
Anti-PD-1 drugs (10mg/kg) (BioXcell, Lebanon, NH, USA) were injected intomice intraperitoneally every 2 days starting on day
0. Tumour volumes were measured every 3 days after treatment. Mice were sacrificed at 15 days after injection and the tumours
were removed for further analysis.

. Transcriptome analysis of NT5E based on TCGA datasets

TheTimer2.0 platformwas used for transcriptional analysis of CD73 (NTE) across published datasets fromTheCancerGenome
Atlas (TCGA), and the Spearman correlation coefficient was determined to evaluate the NTE expression level and TME cell
compositions in the HNSCC cohort (T. Li et al., 2020). Transcriptome data of TCGA HNSCC were downloaded from the GDC
portal via TCGA biolinks following a standard protocol (Mounir et al., 2019), and correlation analysis of the NTE expression
level and TME cell compositions was performed using the R package immunedeconv (Sturm et al., 2019). The TME matrix was
calculated using the CIBERSORT algorithm (Newman et al., 2015). Kaplan–Meier and Cox regression analyses were performed
to investigate the prognosis and clinical significance of NTE expression levels, and the results are shown as survival curves.

. Cell line transcriptome analysis

sEVs secreted by HNSCC cell lines (HN6, HN6NTEKO, SCC25, SCC25NTEKO, CAL27, and CAL27NTEKO) were harvested and
cocultured with macrophages, and the total RNAwas sequenced using the Illumina HiSeq 2500 platform (San Diego, CA, USA).
Raw readswere processed into fragments per kilobase of exonmodel permillionmapped reads (FPKM) values for further investi-
gation. The expression levels of immune checkpoint markers were shown in a heatmap to determine the effect of incubation with
sEVsHNSCC or sEVsHNSCC-NTEKO. Genes upregulated by sEVsHNSCC and downregulated by sEVsHNSCC-NTEKO were screened,
and 143 genes were identified. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was performed using
cluster profiler as previously described (Yu et al., 2012), and the enriched pathways and correlated genes are shown in a Circos-
gram. Regulatory factors were analyzed using the Metascape platform (Y. Zhou et al., 2019). The results indicated that NFκB1
was significantly enriched with the highest gene counts. Gene Set Enrichment Analysis was performed to validate the status of
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IκB phosphorylation and NIK NF-κB signalling pathway. Changes in the downstream factors IL, IL, TNFA, TGFB, CD,
CD, and lymphocyte-activation gene 3 (LAG) were detected using quantitative real-time PCR.

. Validation of CD as a marker for immune checkpoint blockade therapy via published data

The Tumour Immune Dysfunction and Exclusion (TIDE; http://tide.dfci.harvard.edu) platform was used to evaluate the poten-
tial of CD73 as an ICB predictor (P. Jiang, Gu, et al., 2018), the data of provided clinical trials included Glioblastoma, Melanoma,
HNSCC, NSCLC, Kidney cancer, Bladder cancer, Gastric cancer, while data from both pre and post ICB were available in some
studies, the targeted immune check point or immunotherapy strategies are not limited to PD-1, PD-L1, CTLA4 and ACT (Adop-
tive immune Cell Therapy). The area under curve (AUC) values from different indices or markers were compared with CD73
(NTE), including TIDE score, MSI.Score, TMB, CD274 CD8, IFNG, T. Clonality, B. Clonality, and Merck18. As described by
Mariathasan et al. (2018), the R package IMvigor210CoreBiologies was downloaded to investigate the relationship betweenNTE
and the tumour response to PD-L1 blockade, as well as response to therapy and immune phenotype.

. Statistical methods

SPSSV.21.0 statistical software (SPSS, Inc., Chicago, IL,USA)was used to analyze themeasurement data, and themean± standard
deviation is shown in the figures. Student’s t-test and Mann–Whitney test were used to compare the means of two or more
groups depending on whether the data was normally distributed. Spearman’s correlation test was used for correlation analysis.
Significance was determined as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Statistical software R (The R Group for
Statistical Computing, Vienna, Austria) and GraphPad Prism 9 (GraphPad, Inc., La Jolla, CA, USA) were used to visualize the
data.

 RESULTS

. CD is overexpressed in sEVs derived from HNSCC tumour cells

Primary tumour and paired epithelial cells were obtained from HNSCC tumour tissues and adjacent tissues using a previously
established CR cell system, which enabled epithelial cells from patients to rapidly generate and propagate indefinitely in vitro
(X. Liu et al., 2012) (Figure 1a,b; Tjin et al., 2018). sEVs were isolated from the CR cell culture medium using ultracentrifugation.
Transmission electronmicroscopy and particle size analysis confirmed the bilayer-enclosedmorphology of sEVs with an average
diameter of 122.5 nm (Figure 1c,d). After validating the quantification of sEVs based on the positive expression of HSP90, CD9,
CD63, HSP70, and Rab5 and negative expression of GRP94 (Greening et al., 2015) (Figure 1e; Witwer et al., 2013), we performed
quantitative proteomic analysis of the sEVs from three different groups (NC sEVs from adjacent tissues, nonmetastatic HNSCC
tumour cell-derived sEVs, and sEVs from primary tumour cells with evidence of metastasis). The Venn diagram shows the
identified proteins (Figure 1f and S1A,B). A total of 66 unique proteins were identified in both the nonmetastatic and metastatic
HNSCC-derived sEVs group, while 336 were found only in the metastatic sEVs group, in which CD73 was detected (Table S4).
CD73 was found in all samples from the metastatic sEVs group and one sample from the nonmetastatic sEVs group, but not in
sEVs from adjacent epithelial cells (Figure 1f,g).Western blot analysis showed that CD73 was overexpressed in sEVs from tumour
tissues compared to in adjacent tissues (Figure 1h). In addition, both quantitative mass spectrometry and western blot analysis
revealed that sEVs from HNSCC cell lines carried varying amounts of CD73, among which sEVs from HN6 and SCC25 cells
showed higher expression of CD73 (Figure S1C–E).

. CD is internalized by macrophage through sEVs to promote HNSCCmalignancy

Analysis of TCGA dataset showed that NTE was highly expressed in different types of tumours, including HNSCC (Figure
S2A). Moreover, higher NTE levels were associated with a poorer overall survival rate of patients with HNSCC (p = 0.0039)
(Figure S2B). Next, we investigated the correlation betweenCD73 protein levels inHNSCC tissues and sEVs inmalignant tumour
progression.
We first characterized CD73 expression via immunohistochemistry in 92 HNSCC tumour tissues and 10 oral epithelial tissues

from healthy donors. The expression of CD73 varied across different HNSCC samples and was markedly increased compared to
that in the normal oral mucosa (Figure 2a). Based on the staining intensity, analysis of CD73 expression with clinical information
of patients with HNSCC revealed that subjects with higher levels of CD73 had an increased risk of lymph node metastasis,

http://tide.dfci.harvard.edu
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F IGURE  CD73 was overexpressed in the tumour cells derived sEVs of HNSCC patients. (a) Schematic of the progress of extracting sEVs from
Conditional Reprogramming (CR) cells. (b) The histological and morphological characteristics of CR coculture of keratinocytes and feeder cells from HNSCC
and adjacent normal tissues. (c) Electron microscopy images of sEVs from HNSCC. Scale bar, 100 and 200 nm. (d) Nanoparticle tracking analysis (NTA) of
sEVs from HNSCC. (e) Immunoblotting for sEVs biomarkers. (f) Quantitative proteome results of cells released sEVs from HNSCC or adjacent normal tissues,
shown by venn diagram. (g) The mass spectrum identified CD73 in sEVs derived from HNSCC cells. (h) Representative western blotting for CD73 in sEVs
from six pairs of HNSCC samples

larger tumour size, poorer pathologic stage, and lower 5-year overall survival rate (Figure 2b; Table 1). Taken together, these data
indicate that CD73 is overexpressed in HNSCC tissues and is associated with a poor prognosis and high possibility of lymph
node metastasis.
By retrieving methods integrated with R package immunedeconv, the relationship between CD73 (NTE) and tumour-

infiltrating immune cells in HNSCCwas analyzed. Different deconvolution algorithms showed thatNTE expression was closely
related to the macrophage composition (Figure 2c). The result suggests that macrophages had the highest sensitivity to NTE
than other immunocytes in HNSCC. Immunofluorescence staining of HNSCC tumour tissues confirmed that the CD73 signal
was mostly overlapped with macrophages (Figure 2d,e), suggesting that macrophages were strongly correlated with CD73 in
HNSCC.
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F IGURE  CD73 in sEVs was closely contributed to tumour associated macrophages and HNSCC malignant progress. (a) IHC analysis of CD73
expression levels in tissue microarrays, containing 10 normal tissues and 92 HNSCC tissues. Representative immunohistochemistry images of normal tissue,
weak positive, modest positive, and strong positive CD73 staining were shown. Scale bar: 200 μm, 40 μm. (b) Statistical analysis about lymph node metastasis
(LN metastasis), tumour stage, pathologic stage and overall survival rate with CD73 stain intensity in HNSCC tissues. (c) The correlation of NTE expression



LU et al.  of 

TABLE  Relationship between CD73 level and clinicopathologic features in HNSCC tumour tissues (n = 92)

Characteristics Number of patients % proportion CD expression of tissues p-Value

Age (years) 0.982

≥60 87 94.57 9.94

<60 5 5.43 9.82

Gender 0.743

Male 48 52.17 10.50

Female 44 47.83 9.67

Lymph node metastasis 0.029

Non-metastasis 64 69.57 8.26

Metastasis 28 30.43 14.19

Tumour size 0.018

I 13 14.13 3.87

II 41 44.57 10.50

III 30 32.61 11.06

IV 8 8.69 27.37

Pathologic stage <0.0001

I 29 31.52 9.37

II 53 57.61 11.22

III 10 10.87 33.39

IV 0 0 0

In addition, HNSCC samples from TCGA database were distributed into groups based on the level of macrophage infiltra-
tion and NTE expression level. Without considering the macrophage composition, the NTEhigh group showed a lower overall
survival rate (Figure S2B). The samples were then divided into highmacrophage infiltration (Machigh) and lowmacrophage infil-
tration (Maclow) groups. Subjects with highermacrophage levels and higherNTE expression exhibited the lowest overall survival
rate (Figures 2f and S2C). In addition, through the analysis of data on tumour ICB in metastatic urothelial cancer (Mariathasan
et al., 2018), we found that higher expression level of NTE reduced the sensitivity of anti-PD-L1 treatment (Figure 2g), which
illustrated the important role of NTE in attenuating the effect of immune therapy. In the TME, macrophages tend to differen-
tiate into M2 macrophages, which play a central role in tumour propagation (H. W. Wang & Joyce, 2010). The influence of M2
polarization and NTE expression on clinical prognosis was similar to that of macrophages (Figures 2f and S2E,F). These data
demonstrate that the levels of macrophages andNTE have the potential to be used as biomarkers for predicting the survival rate
and metastasis risk in HNSCC.
Studies have shown that the expression level of CD73 in immunocytes from patients with cancer is significantly higher and

associated with poor prognosis (Neo et al., 2020). Since sEVs derived from HNSCC cells carried CD73, we determined whether

with immune infiltration level in HNSCC investigated in TCGA database based on six deconvolution algorithms. (d) Immunofluorescence staining of CD73
distribution (green) and different resident immune-associated cell types (red), including macrophages (CD68+), CD4+ T cells, CD8+ T cells, Tregs (Foxp3+)
and CAFs(α-SMA+) in tissues from HNSCC patients. Scale bar: 40 μm. (e) The percentage of costaining of CD73 with macrophages, CD4+ T cells, CD8+ T
cells, Tregs and CAFs in HNSCC patient tumour samples. (f) NTE expression (NTEhigh, NTElow) as a marker for prediction of overall survival rate in TCGA
HNSCC cohort. Data were classified into low macrophage/low M2 macrophage signature (Maclow/M2low) and high macrophage/high M2 macrophage
signature (Machigh/M2high). Log-rank Mantel-Cox test was used to assess significance. (g) The association between sensitivity of anti-PD-L1 treatment and
NTE expression were studied through the public data of IMvigor210CoreBiologies, lower NTE group exhibited increased sensitivity to PD-L1 blockade than
higher NTE group. (h) The percentage of SCC7NteOE-GFP-derived sEVsCD73-GFP signal that distributed on macrophages (F4/80+), CD4+ T cells, CD8+ T
cells, Tregs (Foxp3+) in SCC7 tumour-bearing C3H mice. (i) The SCC7NteOE-GFP-derived sEVsCD73-GFP were injected into tumours on C3H mice. After 24 h,
fluorescence visualization identified the coexpression of CD73-GFP in sEVs (green) with immunocytes(red) in tumours. Scale bar: 20 μm. (j) Schematic of
sEVs injection through foot pad and its draining lymph node (DLNs). (k) Fluorescence microscopy showed sEVsCD73-GFP (green) in whole DLNs imaging after
30 or 60 min of sEVsCD73-GFP (10 μg) injection. Scale bar: 200 μm, 50 μm. (l) Flow cytometry analysis for subpopulation in CD73-GFP+ cells of DLNs
(sEVsCD73-GFP: 25 μg, 24 h). (m) The sEVsSCC7 (25 μg) were injected into foot pads. After 24 h, flow cytometry analyzed the expression of CD73+ or
PD-1+ immunocytes in DLNs. (n) Flow cytometry analysis for percentage of macrophages in DLNs after injecting sEVs (25 μg) derived from SCC7 cells
(sEVsSCC7), mBMSC cells (sEVsmBMSC) or mBMSC-NteOE cells (sEVsmBMSC-NteOE) every day. DLNs were harvested at different time point. Lymph nodes
from untreated mice were used as normal control. CD4+ T: CD4+ T cells, CD8+ T: CD8+ T cells, Mac: Macrophages. Data were analysed by Mann-Whitney
test. (ns, no significant difference, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001)
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sEVsCD73 could be further taken up by immunocytes and affect the tumour-related immune response. To identify the immuno-
cytes closely related to sEVsCD73, sEVsCD73-GFP was injected into subcutaneous SCC7-derived tumours in C3Hmice. After 24 h,
the tumours were removed, and immunofluorescence analysis was performed. Remarkably, sEVsCD73-GFP were most colocalized
with macrophages (Figure 2h,i), suggesting that sEVsCD73-GFP was mainly phagocytosed by macrophages.
As sEVsCD73 are closely related to lymph node metastasis, SCC7-derived sEVs were injected through the mouse foot pads to

explore the effect of sEVsCD73 on DLNs (Figure 2j). At the lowest concentration of sEVsCD73 (10 μg), green fluorescence was
observed in the DLNs at 30 min after sEVsCD73-GFP injection (Figures 2k and S2G). Flow cytometry revealed that the CD73-GFP
signal was mostly distributed in the macrophages (Figure 2l). In addition, CD73 and PD-1 were upregulated in CD4+ T cells,
CD8+ T cells, macrophages, and Tregs at 24 h post injection (sEVsCD73, 25 μg) (Figure 2m). To detect the effects of CD73 in
sEVs on immunocytes, we introduced engineered mBMSCCD73-GFP. Compared with sEVmBMSC, sEVsmBMSC-NteOE enhanced
the infiltration of macrophages, CD4+ T cells, and Tregs, with fewer CD8+ T cells in the DLNs (Figures 2n and S2H,I). Next,
subcutaneous tumour was performed in C3H mice for 21 days (Figure S2J,K), and DLNs were dissected to analyse the effect of
tumour cell-derived sEVsCD73 on lymph nodes microenvironment. GW4869 was introduced as an sEVs releasing inhibitor. In
DLNs, HNSCC-derived sEVsCD73 polarized macrophages toward an immunosuppressive phenotype and depleted CD8+ T cells,
with increased expression of CD73 and PD-1 (Figure S2L,M). These results indicate that tumour cell-derived sEVs transform the
microenvironment of DLNs into an immunocompromised niche to facilitate tumourmetastasis, in a process that involved CD73
in sEVs.

. HNSCC-derived sEVs regulate macrophage-mediated immunosuppression through CD

sEVsCD73 was closely related to TAMs, hence we next evaluated the impact of CD73 in HNSCC-derived sEVs on macrophages.
We utilized CRISPR/Cas9-mediated mutagenesis to knock out RABA from HNSCC cells (HN6, SCC25) to remove the sEVs
(Figure S3A).Deletion ofRABAdid not affect cell proliferation (Figure S3B).Moreover,NTE inHNSCCcell lineswas knocked
out usingCRISPR/Cas9, withCD73 vanishing in sEVs (Figure S3C).NTEwas overexpressed inNTEKOcells through lentivirus
transfection, and the level of CD73 in sEVs was measured using western blotting (Figure S3D).

To investigate how HNSCC-derived sEVsCD73 modulates TAMs, macrophages were cocultured with tumour cells (HN6,
SCC25) under different conditions for 24 h (Figure 3a). Compared with NC cell medium, the tumour cell culture medium
increased the level of CD73 in macrophages and had a stronger effect than the NTEKO cell medium (p < 0.0001), whereas
the percentage of CD73+ macrophages did not significantly differ between the NC cell medium and RABAKO cell medium
(p = 0.093), suggesting that CD73 is mainly released through sEVs (Figures 3b and S3E,F). The rescue experiment between
HNSCC cell medium and HNSCCNTEOE cell medium showed no significant difference (p = 0.5837) (Figure 3b). The percent-
age ofM2macrophages showed a similar trend, suggesting that sEVsCD73 can transformmacrophages into amalignant phenotype
(Figure 3b).

In the TME, TAMs account for the largest proportion of immunocytes andM2macrophages have tumour-promoting proper-
ties (W. Li et al., 2019).M2macrophages are narrowly defined as TAMs (Laviron&Boissonnas, 2019); therefore,M2macrophages
were evaluated to assess the function of macrophages under various treatments. The level of CD73 in sEVs affected the propor-
tion of CD73+ macrophages, which increased with the accumulation of sEVsCD73 in the medium and peaked after treatment
with 50 μg sEVsHNSCC. At 100 μg/L sEVs, the ratio of CD73+ macrophages decreased, although not significantly (p = 0.1235)
(Figure S3G), possibly because of a negative feedback regulation mechanism. Escherichia coli (E. coli) pHrodo, which shows red
fluorescence, was added to macrophages 2 h before cell harvest to analyze phagocytosis of macrophages cocultured with purified
sEVs (50 μg) for 24 h. Fluorescence-activated cell sorting revealed that phagocytosis was significantly enhanced in the pres-
ence of sEVsCD73 (p < 0.0001), and downregulated by the phagocytosis inhibitor Lat A (30 μM). (Figure 3c). In addition, M2
macrophages had a higher level of CD73 thanM0macrophages, and sEVsCD73 increased the percentage of CD73+ macrophages
and induced the production of more M2 macrophages (Figure 3d).

Given that CD73+ macrophages induce immunosuppression in some tumours, we analysed the secretion of macrophage-
related cytokines, including IL-6, IL-10, TNF-α, and TGF-β1, which indicate the malignant phenotype of TAMs (Q. Liu et al.,
2020; Wan et al., 2014; Yang et al., 2021; H. Zhang et al., 2020). These inflammatory cytokines increased significantly in the
supernatant of macrophages cocultured with sEVs containing CD73 (Figure 3e), indicating that macrophages with higher levels
of CD73 have stronger tumour-promoting effects compared to normal M2macrophages. To examine the effect of CD73 in sEVs,
sEVs derived from hBMSCNTEOE was introduced. CD73 was present in hBMSC-derived sEVs but showed lower expression
than in sEVsHNSCC (Figure S3H). The expression of cytokines also increased when macrophages were cocultured with sEVs
derived from hBMSCs overexpressing CD73, whereas this trend was reversed by Lat A (Figure 3f). These results demonstrate
that engineered sEVs mimic the malignant effect on macrophages caused by sEVsHNSCC through CD73.

CD73 is a transmembrane protein, and immunofluorescence showed that sEVsCD73 could be taken up by macrophages and
presented on the membrane and within vesicle-like structures (Figure 3g). Similarly, sEVs derived from hBMSCs transfected
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F IGURE  The effect of CD73 in sEVs derived from HNSCC cells on the function of macrophages. (a) Macrophages were cocultured with DMEM or two
HNSCC lines (SCC25, HN6) with or without NTE/RABAKO for 24 h. HNSCCNTEOE, referred to overexpression of NTE performed on HNSCCNTEKO

cells. (b) Flow cytometry analysis for percentage of CD73+ macrophages and M2 macrophages (CD163+CD206+) in coculture system. (c–i) The sEVs (50 μg)
were cocultured with macrophages (1 × 106) for 24 h. The sEVsHNSCC derived from two HNSCC lines: SCC25 and HN6. The sEVshBMSC-NTEOE derived from
hBMSC cells with NTE overexpression. Latrunculin A (Lat A, 30 μM) was used as the inhibitor of sEVs uptaken. (c) Compromised phagocytosis of M2
macrophages treated with or without sEVs or Lat A. The percentage of pHrodo dyes of M2 macrophages was analyzed by flow cytometry. (d) The percentage of
CD73+ macrophages and M2 macrophages after macrophages cocultured with sEVs. (e, f) Concentration of IL-6, IL-10, TNF-α, and TGF-β1 levels in
macrophages conditional medium after sEVs education by ELISA. (e)The sEVs were derived from HNSCC cells or HNSCCNTEKO cells. (f) The sEVs were
derived from HNSCC, hBMSC or hBMSCNTEOE cells with or without Lat A (30 μM). (g) Macrophages were cocultured with anti-CD73-FITC labelled sEVs
from HNSCC cell lines control or RABAKO, CD73-GFP labelled sEVs from hBMSC treated with or without Lat A were cocultured with macrophages for 1 h,
and Laser Scanning Confocal Microscopy was used to analyze the internalization of HNSCC-derived sEVs into macrophages (Scale bar = 25 μm). (h) Flow
cytometry analysis for differential expression of immune check point (PD-1, PD-L1, LAG3, CTLA-4, VISTA) comparing M0 and M2 macrophages which were
educated with sEVs from HNSCC cells (h) or hBMSC with or without Lat A (i). Data were analysed by Mann-Whitney test (ns, no significant difference,
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001)

with GFP-labeled CD73 were phagocytosed, and green fluorescence was observed on the macrophage surface. However, these
phenomena disappeared following knock out of RABA or treatment with Lat A (Figure 3g).
Next, we determined whether sEVsCD73 functions similarly to cell surface CD73 to influence classic immune checkpoints in

macrophages. Flow cytometry showed that sEVsCD73 enhanced the expression of LAG3, PD-1, and PD-L1, but had little effect
on VISTA and CTLA-4 expression (Figure 3h). Macrophages were further classified into CD73high and CD73low groups based
on their CD73 expression levels using flow cytometry analysis, with the negative control used as a cut-off point. LAG3, PD-
1, PD-L1, and VISTA were clearly upregulated in CD73high macrophages compared to in CD73low macrophages (Figure 3h),
suggesting thatmacrophages can acquire CD73 from sEVsCD73 and facilitate the immunosuppressive function in tumours.When
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CD73 was overexpressed in engineered sEVs, the expression of CD73, LAG3, PD-1, and PD-L1 increased significantly, and more
macrophages were differentiated into the M2 subtype, compared with sEVsBMSC group (Figure 3i). These results were consistent
with tumour-derived sEVsCD73 and indicate that sEVsCD73 is a key suppressor of the tumour immune microenvironment.

. CD-deficient sEVs fail to trigger immune suppression and aggressive tumour growth in
vivo

We next evaluated the effects of the absence of CD73 in sEVs versus that of Raba in tumorigenesis to determine whether sEVs
function specifically throughCD73 tomediate immunosuppression and tumour progression in vivo.Raba andNtewere stably
knocked out in SCC7 cells using the CRISPR/Cas9 technique (Figure S3A, C), and Nte was rescued by CD73-GFP lentivirus
transfection (Figure S3D).
Intratumoral injection of sEVs from SCC7, SCC7-NteKO, or SCC7-NteOE cells was performed in a tumour-bearing mouse

model (Figure 4a). Compared with the SCC7 control group, the growth rate was slower, and size of tumours was significantly
smaller in SCC7RabaKO group, whereas RabaKO did not affect SCC7 proliferation in vitro (Figure S3B). Furthermore, com-
pared with control group, the infiltration of CD8+ T cells increased, whereas TAMs, CD4+ T cells, and Tregs decreased in the
SCC7RabaKO group, expressing lower levels ofCD73 andPD-1 (Figures 4e–g and S4A–D). Thus, sEVsmay be important in form-
ing the immunosuppressive microenvironment during neoplasia. Injection of sEVs from SCC7 (sEVsSCC7) significantly acceler-
ated tumour growth compared to sEVs from SCC7NteKO (sEVsSCC7-NteKO) (Figure 4b–d). Exogenous sEVsCD73 recruited more
TAMs, CD4+ T cells, and Tregs and accelerate the exhaustion of CD8+ T cells, attenuating the immune defence (Figures 4e–g
and S4D). In addition, a rescue experiment involving injection of sEVsSCC7-NteOE showed similar results as observed for the
sEVsCD73 group (Figures 4e–g and S4C,D), suggesting that CD73 in HNSCC-derived sEVs play a main role in this model. The
Lat A-treated group exhibited a smaller tumour size and less immunosuppression than control group (Figures 4b–g and S4C,D),
suggesting the importance of sEVs internalized by TAMs.
sEVs derived frommBMSC cells overexpressing CD73 by lentivirus transfection (sEVsmBMSC-NteOE) were used as engineered

sEVs to determine the in vivo function of sEVsCD73 (Figure 4h). The sEVsmBMSC enhanced tumour progression but did not
increase the tumour size (p = 0.1788) (Figure 4i–k). However, overexpression of sEVsCD73 prominently promoted tumorigene-
sis in the sEVsmBMSC-NteOE group, similar to the effects of SCC7-derived sEVs carrying abundant CD73 (Figure 4i–k). Com-
pared with the sEVsmBMSC group, infiltration of TAMs increased significantly (p = 0.0004), and CD8+ T cells were remarkably
decreased (p = 0.0024), whereas significant difference in CD4+ T (p = 0.0138) and Tregs (p = 0.0044) in the sEVsmBMSC-NteOE

group (Figures 4l–n and S4G) was also observed. In addition, the percentage of CD73 increased more prominently in TAMs
(p = 0.0038) than in CD8+ T cells (p = 0.027), CD4+ T cells (p = 0.0288), and Tregs (p = 0.0198) (Figures 4m and S4F,H). The
results suggested that CD73 in sEVs was mainly phagocytosed by TAMs, whereas engineered sEVs with high levels of CD73
further converted TAMs into TAMsCD73high, which exhibited a more malignant phenotype.

. sEVs carrying CD functionally regulate TAMs via NF-κB pathway

HNSCC sEVs-treated M2 macrophages were subjected to RNA sequencing. The sEVs were harvested from HN6, HN6NTEKO,
SCC25, SCC25NTEKO, CAL27 and CAL27NTEKO. The 511 upregulated genes from the comparison between the NC group and
M2+sEVs group were screened, and 204 downregulated genes were selected from the comparison between theM2+sEVsNTEKO
and M2+sEVs groups. The 143 common genes in these two groups are shown in a Venn diagram (Figure 5a), and differen-
tially expressed genes were found to be involved in macrophage regulation by sEVsCD73 (Table S5). Using the Metascape plat-
form, NFκB1 was identified as the most closely related transcription factor among 143 differentially expressed genes (Figure 5b).
NFκB1 activates the classic NF-κB pathway, which is involved in inflammation, the immune response, and tumour progression
(Cartwright et al., 2016); NF-κB-related transcription factors such as RELA, SP1, and STAT3 were also identified. The Circos-
gram including pathways and gene shown in Figure 5c also indicate the highest enrichment for the NF-κB pathway. The Gene
Set Enrichment Analysis results showed that IκB phosphorylation andNIK were promoted whenHNSCC sEVs were mixed with
macrophages (Figure 5d); this trend was reversed when macrophages were treated with sEVsNTEKO (Figure 5e). The regula-
tory flow of sEVsCD73, NF-κB pathway, and macrophages was studied. Macrophages were cocultured with sEVs for 3 h to assess
the effect of sEVsCD73 on translocation of p65 into the nucleus, which represented NF-κB pathway activation. Immunofluores-
cence revealed that complete nuclear accumulation of p65 was only observed when exogenous sEVs carrying CD73 were added
(Figure 5f). To evaluate the role of the CD73-p65-NF-κB axis in this process, M2 macrophages were treated with 100 μM PDTC
for 1 h, which inhibited sEVCD73-induced p65 nuclear translocation (Figure 5f). Therefore, CD73 carried by sEVs activated the
NF-κB pathway in macrophages.
The NF-κB-activating effect of sEVCD73 also stimulated the phosphorylation of p65 and IκBα, further terminating the degra-

dation of IκBα (Figure 5g). Among the 143 differentially expressed genes selected, IL, IL, TNFA, TGFB, andCD have been
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F IGURE  Absence of CD73 in sEVs rescues immune suppression and restrains tumour growth in vivo. (a) Schematic of subcutaneous tumorigenesis in
vivo experiment, followed with intratumoral injection of sEVs which were collected from SCC7, SCC7-NteKO or SCC7-NteOE cells grown in vitro. (b) The
exhibition of isolated tumours. (c and d) The tumour weight and the time course of tumour growth in grams for 15 days postinjection with SCC7 or
SCC7RabaKO cells with or without CD73 in sEVs. Lat A was used as inhibitor of sEVs uptaken. (e) Flow cytometry analysis for infiltration of macrophages and
percentage of CD73+/PD-1+macrophages in tumours. (f). Flow cytometry analysis for infiltration of CD8+ T cells and percentage of CD73+/PD-1+ CD8+ T
cells in tumours. (g) Flow cytometry analysis for infiltration of Tregs and percentage of CD73+/PD-1+ Tregs in tumours. (h) Schematic of subcutaneous
tumorigenesis followed with intratumoral injection of engineered sEVs from mBMSC or mBMSCNteOE. (i) The exhibition of dissected tumours. (j and k) The
tumour weight and tumour growth curve of SCC7 control or SCC7RabaKO with indicated treatment. (l and m) Flow cytometry analysis for infiltration of
macrophages and percentage of CD73+ macrophages in tumours. (n) Flow cytometry analysis for infiltration of CD8+ T cells and Tregs in tumours. Data were
analysed by Mann-Whitney test (ns, no significant difference, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001)

reported as downstream genes of the NF-κB pathway (Antonangeli et al., 2020; Rong et al., 2020; Zheng et al., 2020). Cytokines
such as IL, IL, TNFA, and TGFBwere upregulated by sEVsCD73, but the effect was partially reversed whenmacrophages were
treated with sEVsNTEKO or PDTC (Figure 5h). The immune checkpoint molecules LAG, CD, and CD exhibited similar
trends (Figure 5h). Thus, sEVsCD73 influencedmacrophages to promote the expression of immunosuppressive molecules (LAG,
CD, and CD) and related cytokines (IL, IL, TNFA, and TGFB) and activated the NF-κB pathway, resulting in immune
escape and tumour progression.

. sEVsCD is a potential checkpoint and therapeutic target for enhancing the antitumour
efficacy of anti-PD- therapy

The proportion of CD73high macrophages was higher in PBMCs from patients with HNSCC than in healthy donors (Figures 6b
and S5A). To further explore the potential of CD73 as a target for clinical diagnosis and treatment, CD73 in circulating sEVs
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F IGURE  CD73 in sEVs regulates the immune functions of TAMs through NF-κB pathway. (a) Venn diagram showing the differential expressed gene
(DEG) of M2 macrophages depending on the regulation by sEVsCD73 or sEVsNTEKO, the numbers of shared and exclusive genes were exhibited. (b) Bubble
plot showing the predicted transcription factors of shared DEGs from AC. The shared DEGs and the signalling pathways which they belonged to were shown
in circos gram, the number of genes was represented by node size. (d and e) GSEA analysis of up-stream events of NF-κB regulation. IκB phosphorylation and
NIK signaling activity was measure after sEVsCD73 (up regulated) or sEVsNTEKO (down regulated) incubation. (f) M2 macrophages were treated by HNSCC
cell lines-derived sEVs with or without CD73 for 3 h, with or without pretreatment of 100 μMPDTC for 1h. IF was applied for assessing the translocation of p65
in M2 macrophages (Scale bar = 40 μm). (g) Western blot was performed to validate the status of IκBα degradation, IκBα phosphorylation, p65 and
phosphorylated p65 in M2 macrophages following treatment with sEVs or sEVsNTEKO from HNSCC cell lines. (h) The heatmap showed the mRNA levels of
IL, IL, TNFA, TGFB, CD, CD, and LAG in M2 macrophages which were stimulated by HNSCC derived sEVs, the expressions were partially
downregulated when sEVsNTEKO were added, and further inhibited when pretreated with PDTC

from patients with HNSCC was evaluated using ELISA (Figure 6a). sEVs were purified from the serum. Detection of circulating
sEVsCD73 using ELISA demonstrated that the concentration of CD73 in sEVs was significantly higher in patients with HNSCC
than normal people (Figure 6c). In addition, high levels of circulating sEVsCD73 may predict poorer lymph node metastasis and
larger tumour size (Figure 6d; Table 2).
The TIDE analysis platform was used to predict the response to ICB (P. Jiang, Gu, et al., 2018). CD73 was further validated as

a marker for predicting the response to immune checkpoint therapy based on different indices, which effectively predicted the
sensitivity to anti-PD-1 therapy in HNSCC (pre-PD-1 treatment AUC = 0.76). Data on the indices as TMB, T. Clonality, and B.
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F IGURE  The sEVsCD73 predicts HNSCC metastasis and targeting sEVsCD73 abolishes immunotherapy resistance. (a) Schematic of the circulating sEVs
from HNSCC patients processing. (b) Percentage of CD73+ macrophages in PBMC. (c) The concentration of CD73 in serum sEVs (log2 TPM) detected by
ELISA from HNSCC patients. (d) Level of CD73 (log2 TPM) on serum sEVs predicts higher risk of lymph node metastasis and larger tumour size. (e) CD73
indicated as a potential candidate to predict anti-PD-1 therapy response for HNSCC patients compared to other existed biomarkers, analysis by TIDE
framework (http://tide.dfci.harvard.edu), TIDE, tumour immune dysfunction and exclusion. (f) The exhibition of isolated tumours 15 days after injection of
SCC7 or SCC7RabaKO cells with or without CD73 absent in sEVs combined with anti-PD-1 therapy. (g and h) The tumour weight and tumour growth curve of
SCC7 control or SCC7RabaKO with indicated treatment combined with anti-PD-1 therapy. (j) Flow cytometry analysis for infiltration of macrophages and
percentage of CD73+ macrophages in tumours. (k) Flow cytometry analysis for infiltration of CD8+ T cells and Tregs in tumours. Data were analyzed by
Mann–Whitney test (ns, no significant difference, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001)

Clonality were unavailable and thus, were omitted from the chart. Moreover, CD73, a singlemolecular, predicted the outcomes of
patients with HNSCC treated with first-line anti-PD-1 more accurately than other common biomarkers such as themicrosatellite
instability score, PD-L1 and IFNR levels, CD8, Merck18, and TIDE indices (Figure 6e). Because CD73 is released through sEVs
and facilitates tumour immune evasion, we investigated whether targeting of sEVsCD73 could reverse the resistance to anti-PD-1
therapy in patients with HNSCC.
To explore the therapeutic potency of sEVsCD73 in anti-PD-1 therapy, an anti-PD-1 agent (BioXcell, USA) was injected into

mice with SCC7 or SCC7RabaKO cells, along with sEVs with or without CD73 (Figure S5B). After 15 days of anti-PD-1 therapy,
the growth rate and weight of the tumour were not significantly different from those in the SCC7 control group (p = 0.0709)
(Figure 6f–h). However, the resistance to anti-PD-1 therapy was reversed when CD73 in sEVs was knocked out (Figure 6f–h),
demonstrating the important function of tumour cell-derived sEVsCD73. In addition, for anti-PD-1 therapy without the partic-
ipation of sEVsCD73, infiltration of TAMs, CD4+ T cells and Tregs decreased remarkably, whereas the number of CD8+ T cells
increased, with decreased expression of CD73 and PD-1 (Figures 6i–k and S5C–F). Compared with sEVsNteKO, the presence of
CD73 in sEVs significantly reduced the therapeutic effect of RabaKO combined with anti-PD-1 and aggravated suppression
of the immune microenvironment. Among these immunocytes, TAMs and CD8+ T cells were more sensitive to sEVsCD73, pro-
moting the immunosuppressive process, as PD-1 and CD73 were upregulated in CD8+ T cells, Tregs, and TAMs (Figures 6i–k
and S5C–F).

http://tide.dfci.harvard.edu
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TABLE  Relationship between sEVs CD73 in serum and clinicopathologic features (n = 54)

Characteristics
Number of
patients % proportion

CD expression of
serum sEVs (pg/ml) p-Value

Age (years) 0.2974

≥60 22 40.74 140.76

<60 32 59.26 138.24

Gender 0.2251

Male 37 68.52 142.39

Female 17 31.48 138.61

Lymph node metastasis 0.0003

Non-metastasis 34 62.96 67.14

Metastasis 20 37.04 262.97

Tumour size 0.0043

I 5 9.26 35.22

II 31 57.41 85.60

III 18 33.33 262.62

IV 0 0 0

Overall, CD73 in tumour cell-derived sEVs attenuated the therapeutic effect of anti-PD-1 by exacerbating immunosuppression.
The level of sEVsCD73 predicts HNSCCmetastasis and is a potential combined immunotherapeutic target with anti-PD-1 therapy
in HNSCC.

 DISCUSSION

Due to TME complexity, the efficiency of immune therapy is highly heterogeneous among patients. As important immunomod-
ulators of tumorigenesis, sEVs contribute to various hallmarks of cancer, particularly in TME remodelling to trigger tumour
metastasis and immune escape (Henrich et al., 2020). Studies have shown that cancer- and TME-derived sEVs carrying cargoes
are closely linked to immunosuppression, which may further modulate the response to ICB therapy (Marar et al., 2021). For
example, cancer-derived sEVs potently mediate immunosuppression by elevating the levels of the immunoregulatory molecule
PD-L1. PD-L1+ sEVs in the plasma are potential predictors of the response to anti-PD1 therapy, highlighting valuable thera-
peutic strategies for depleting cancer-derived sEVs. In addition, immunocyte-derived sEVs directly or indirectly suppress T cell
by antigen-presenting cell-mediated cross-priming, including antigen-presenting cell-derived sEVs that contain miR-142-3p to
induce apoptosis in T cells (O’ Reilly et al., 2009). Tregs can inhibit the activity of other immunocytes by secreting tRNA frag-
ments containing sEVs (Sakaguchi et al., 1995). In our study, HNSCC-derived sEVs carried abundant CD73, primarily taken up
by TAMs to facilitate formation of an immunosuppressive niche. Further elimination of sEVs secretion from primary tumour
cells decreased CD73 expression in macrophages, increased effector T cell infiltration, and improved the anti-PD-1theraputic
response. These results suggest a potential target of immunotherapy, as CD73+ sEVs aggravate the instability of the TME.
CD73 is an ectonucleotidase that, along with its upstream signalling molecule CD39, converts extracellular ATP to extracellu-

lar adenosine (eADO), which can be induced by inflammation, hypoxia, and specific oncogenic pathways (D. Allard et al., 2019).
Increasing evidence suggests the involvement of CD73-eADO is important for innate and adaptive immune responses regula-
tion, as well as immunosuppression (Bareche et al., 2021). Studies have linked high expression of CD73 with poor prognosis in
patients with cancer, such as melanoma, breast cancer, lung cancer, and glioblastoma (T. Jiang, Xu, et al., 2018; H. Wang et al.,
2012; Zhi et al., 2007). CD73 promotes the hijacking of NK cells for immune escape (Neo et al., 2020), while its upregulation
in Tregs generates an immunosuppressive phenotype and promotes tumour growth (Romio et al., 2011). Goswami et al. (2020)
found that CD73 was highly expressed in macrophages of glioblastoma, and the absence of CD73 provided better ICB thera-
peutic efficiency. The importance of CD73 in sEVs has also been reported, which affected immunocytes and caused immune
suppression. Human effector CD8+ T cells release sEVs containing CD73, which would promote the production of adenosine
andmediate immune suppression (Schneider et al., 2021). CD73 in sEVs fromTMEhas also been reported to enhance the expres-
sion of CD73 in DC cells, thereby inhibiting CD8+ T cell responses and causing immunosuppression in an adenosine-dependent
manner (Salimu et al., 2017). Not only did we explore the influence of tumour cell-derived sEVs on immune microenvironment,
but also demonstrated that CD73 was highly expressed in sEVs derived from HNSCC cells, which predicted a worse prognosis
and poorer response to anti-PD-1 therapies in HNSCC. To highlight the function of sEVsCD73, two independent strategies were
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applied. Endocytosis was inhibited by Lat A, while the production of sEVs was blocked by Raba knockout (Johnson et al.,
2016; Mulcahy et al., 2014). Considering that Lat A was also reported to have antitumour effects, these two strategies supported
the tumour-promoting effect of sEVsCD73 to some extent (Konishi et al., 2009). Following intratumoral injection of sEVsCD73,
TAMs showed the most significant correlation with sEVsCD73, with CD8+ T cells obviously exhausted when the immune check-
point receptors were upregulated, including PD-1, PD-L1, and LAG3, whereas CD4+ T cells and Tregs were rather insensitive. As
a membrane protein, CD73 reshaped TAMs mainly through HNSCC tumour cell-derived sEVs. In addition, engineered sEVs
from BMSCNTEOE cells were introduced, which overexpressed CD73 in released sEVs. Data on whether BMSC-derived sEVs
promote or inhibit tumour growth are conflicting (Vakhshiteh et al., 2019). BMSC-derived sEVs have been reported to induce
macrophages to the M2 subtype and enhance the levels of IL-10 and TGF-β1 to accelerate Treg proliferation. Our results indi-
cate that overexpression of CD73 in BMSC-derived sEVs imitated the immunosuppressive effect of HNSCC tumour cell-derived
sEVs, emphasizing the tumorigenic ability of sEVsCD73.

Moreover, the expression of coinhibitory receptors, including LAG3, VISTA, PD-1, and PD-L1, was significantly upregulated
in CD73-positive NK cells compared to in CD73-negative NK cells, suggesting that CD73 defined regulatory NK cells in the
immune-suppressive TME (Neo et al., 2020). A unique population of CD73high macrophages in glioblastomas has been identified
as a specific immunotherapeutic target (Goswami et al., 2020). In addition, sEVs derived from immunocytes, such as Tregs,
show outstanding tumour immunosuppressive ability in inducing effector T cell exhaustion by expressing IL-35, and accelerating
the expression of PD-1, T cell immunoglobulin, and mucin domain-containing protein 3 (TIM3), and LAG3 (Sullivan et al.,
2020). These findings suggest that CD73 from cancer-derived sEVs can be taken up by TAMs to define a specific subpopulation,
CD73high TAMs, which possess a more malignant phenotype than M2 macrophages. We examined TCGA database, focusing
on cohorts of patients with HNSCC, and showed that high infiltration of CD73high macrophages was closely associated with
poor prognosis and a high risk of metastasis. However, another HNSCC cohort of single-cell RNA-sequencing data showed
that the mRNA level of NTE in macrophages was extremely low (Cillo et al., 2020), suggesting that TAMs in HNSCC are
reprogramed by tumour-derived CD73+ sEVs toward a more malignant phenotype, CD73high TAMs. Co-culture experiments
with sEVsCD73 showed that the expression of PD-1, PD-L1, and LAG3 in TAMs was enhanced by sEVsCD73 via activation of
the NF-κB pathway. The associated mechanism includes inflammatory cytokines, such as TGF-β, IL-6, IL-10, and IL-8, which
further induce immunosuppression (Hugo et al., 2016; Mcdermott et al., 2018). Our study showed that sEVsCD73 also remodelled
the TME to support an immunosuppressive state by increasing the secretion of IL-6, IL-10, TNF-α, and TGF-β1 in HNSCC
TAMs. The attenuated sensitivity to anti-PD-1 therapy caused by CD73 was validated by in vivo findings. These results suggest
that the absence of CD73 in sEVs can reverse the immunosuppressive state and predict the efficacy of combined anti-PD-1 with
anti-CD73 therapy.
Tumour-derived sEVs can be taken up by organ-specific cells to form the premetastatic niche (Hoshino et al., 2015; Kang et al.,

2021). Lymphatic vessels are among the most common routes for the dissemination of HNSCC, which is important for treatment
design and is a factor for prognosis (Pascual et al., 2017). Tumour-derived sEVs drain into lymph nodes through lymph vessels
and exchangemolecules and information with immune cells in the lymph nodes to further remodel themicroenvironment (Page
et al., 2014; Poggio et al., 2019). However, constant stimulation of tumour sEVs causes immunosuppression (Frey, 2015). The sEVs
can suppress the activation and proliferation of T cells and promote metastasis (Poggio et al., 2019). A similar phenotype was
observed in DLNs following CD73+ sEVs injection: the proportion of CD8+ T cells decreased while the infiltration of CD73+
macrophages increased in lymph nodes with high expression of PD-1 to form an environment favourable for metastasis. Tumour
cell-derivedCD73+ sEVsmay be critical for reprogramming of the premetastatic niche in lymphnodes (Sleeman, 2015).However,
in-depth mechanistic studies are needed to explore the role of CD73 in sEVs in lymph node metastasis.
Circulating sEVs are useful for the early diagnosis of tumours and can be obtained noninvasively (De Abreu et al., 2020;

Möhrmann et al., 2018; T. T. Tang et al., 2020). Considering the role of CD73+ sEVs in immunosuppressive TME and ICB
therapeutic resistance, we measured the level of circulating sEVsCD73 in patients with HNSCC and showed that CD73 was more
enriched in serum sEVs from patients with HNSCC than healthy people, which was closely related to a late TNM stage and
lymph node metastasis. These findings suggest that sEVsCD73 is a marker for prognosis and metastasis risk in patients with
HNSCC. Moreover, we used TIDE, as reported by P. Jiang, Gu, et al. (2018), which reflected the power of biomarkers to predict
the sensitivity to immune therapy in different clinical trials. Compared with the diagnostic methods from TIDE, CD73 could
better predict the sensitivity of anti-PD-1 treatment in HNSCC.We also found that higher levels of HNSCC tumour cell-derived
sEVsCD73 hinders anti-PD-1 treatment. More CD73high TAMs were induced by HNSCC tumour cell-derived sEVsCD73, which
exhibited malignant phenotypes and affected the TME, leading to resistance to anti-PD-1 therapy. Thus, suppressing sEVsCD73
in HNSCC tumour cells can reverse immunosuppression and improve the sufficiency of anti-PD-1 therapy. These results provide
insight into combined treatment with anti-CD73 and anti-PD-1, particularly for patients with high levels of sEVsCD73. However,
the potential of circulating sEVsCD73 to predict the sensitivity of anti-PD-1 therapy in patients with HNSCC should be further
evaluated.
In conclusion, our study illustrated that HNSCC tumour cell-derived sEVsCD73 mediate phenotypic and functional changes

in TAMs to induce immune tolerance, and proposes that sEVsCD73 as a potential predictive marker and combined target for dual
blockade therapy with PD-1 against HNSCC.
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