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Abstract
Immunotherapy targeting the programmed death ligand-1/programmed cell death protein-1 (PD-L1/PD-1) pathway exhibits 
limited effectiveness in individuals with recurrent and metastatic nasopharyngeal carcinoma (NPC). Recent studies have 
noted that hypoxia within the tumor microenvironment (TME) triggers intricate interplay, termed “hypoxia-induced exosome-
mediated communication”, between cancer cells and various immune cells. However, the role of hypoxia in modulating the 
immunosuppressive environment and its implications on the efficacy of immunotherapy in NPC remains poorly understood. In 
this study, we found hypoxia inducible factor-1 (HIF-1α) was positively associated with increased PD-L1 levels and decreased 
CD8+ T cell infiltration, and correlated with a poor prognosis. Mechanistically, we demonstrated that hypoxia regulated the 
expression of PD-L1 in NPC cells and their exosomes by activating the binding of HIF-1α to the PD-L1 promoter. Meanwhile, 
using in vitro approaches, we found that macrophages could upregulate their PD-L1 expression through the phagocytosis 
of exosomal PD-L1 derived from NPC cells. Furthermore, we confirmed that PD-L1+ macrophages could induce CD8+ T 
cell exhaustion and reduce their proliferation. In conclusion, our study revealed that hypoxia (via HIF-1α) upregulated the 
expression of PD-L1 in exosomes derived from NPC cells, while macrophages induce the suppression of CD8+ T cells by 
phagocytosis of exosomal PD-L1. Targeting the PD-L1+ macrophages could potentially serve as a promising approach to 
augment the effectiveness of immune checkpoint blockade in NPC.
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Introduction

Nasopharyngeal carcinoma (NPC) is an epithelial squa-
mous cell carcinoma originating from the nasopharyn-
geal mucosa, characterized by a significant infiltration of 
immune cells in the tumor microenvironment (TME) [1]. 
Metastasis and recurrence are the predominant contribu-
tors to mortality in NPC [2]. In the past decade, immune 
checkpoint blockade (ICBs), such as blocking programmed 
death ligand-1/programmed cell death protein-1 (PD-L1/
PD-1) immune checkpoints, have achieved great success in 
many solid tumors [3]. PD-1/PD-L1 blockade therapy has 
been approved for the treatment of metastasis and recur-
rence NPC [4]. However, the therapeutic efficacy of PD-1/
PD-L1 blockade therapy is limited by the TME, especially 
the tumor immune microenvironment (TIME), with only 
20–30% objective response rates (ORR) among metastasis 
and recurrence NPC [5, 6]. Therefore, investigating the 
immune microenvironment of NPC can provide insights 
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into immune evasion mechanisms and an effective strategy 
for the immunotherapy of NPC.

Hypoxia is prevalent in a majority of TMEs due 
to the uncontrolled growth and rapid proliferation of 
cancer cells [7]. Among the microenvironmental factors 
influencing neoplasia, hypoxia is considered one of the 
most significant in affecting the neoplastic response of 
tumor cells [8]. Several studies have implicated hypoxia-
inducible factor 1α (HIF-1α) can upregulate PD-L1 
expression in tumor cells [9–11]. However, the potential 
for hypoxia to induce the upregulation of PD-L1 in NPC 
has not yet been reported. Therefore, investigating anti-
tumor immunity under hypoxia may help to develop novel 
approaches for NPC immunotherapeutic strategy.

Currently, clinical observations have revealed 
inconsistencies between the expression levels of PD-L1 
in tumor cells and the treatment outcomes [12]. This 
discrepancy may result from various types of immune 
cells and tumor cells in the TME cooperatively inhibit 
the immune response, rather than the immunosuppressive 
effect of individual cells. Macrophages are the most 
abundantly infiltrating immune cells within the TME 
[13]. Instead of triggering antitumor immune responses, 
they can also undergo training within the TME to drive 
disease progression through varied mechanisms, which 
encompass tumor angiogenesis, tumor cell invasion, 
and metastasis [13]. Moreover, macrophages exhibit 
an immunosuppressive function by facilitating the 
recruitment of other immunosuppressive cells (such as 
regulatory T cells and myeloid-derived suppressor cells) 
[14]. In recent years, PD-L1+ macrophages for immune 
escape were investigated in various cancers [15, 16]. In 
our previous study [17], we also found that a substantial 
infiltration of PD-L1+ macrophages in NPC. However, 
the immunosuppressive effect of PD-L1+ macrophages 
in NPC remains unclear. Additionally, it is yet to be 
determined whether signaling interactions between NPC 
cells and macrophages within the TME contribute to the 
upregulation of PD-L1 on macrophages.

Exosomes, which are small vesicles ranging in size 
from 30 to 150 nm, have recently been identified as crucial 
mediators of intercellular communication [18]. They 
play an important role in facilitating hypoxia-induced 
communication within the TME by transferring miRNAs, 
proteins, and mRNAs [19]. Recent studies have revealed 
that exosomal miRNAs secreted by tumor cells can induce 
the upregulation of PD-L1 in macrophages [15, 16]. 
Additionally, existing literature indicates that exosomes 
in NPC can carry PD-L1 protein on their surface, which 
can bind to PD-1 on T cells, thereby promoting immune 
evasion [20]. Whether macrophages phagocytose exosomal 
PD-L1 secreted by NPC cells to upregulate their own PD-L1 
expression deserves further study.

Therefore, we conducted this study to verify the impact 
of hypoxia (via HIF-1α) on PD-L1 expression in the TME 
of NPC and to elucidate the specific mechanisms underlying 
the generation of PD-L1+ macrophages. In addition, we 
further explored the effect of PD-L1+ macrophages on 
CD8+ T cells. This study aims to identify new therapeutic 
targets and provide a theoretical foundation for improving 
the response rate to immunotherapy in NPC.

Materials and methods

Clinical samples

NPC tissue specimens (n = 32) for  mult iplex 
immunohistochemistry (mIHC) were collected from 
biopsies of patients diagnosed with NPC in 2021 at Nanfang 
Hospital of Southern Medical University (Guangzhou, 
China). These specimens were obtained through biopsies 
from patients diagnosed with NPC between 2005 and 
2015, and all cases were pathologically confirmed as 
NPC. Detailed pathological assessments, clinical data, 
and survival information were comprehensively collected 
through outpatient consultations and telephone follow-ups. 
The clinical characteristics of these patients with NPC are 
shown in Supplementary Table 1.

The NPC tissue specimens (n = 32) used for multiplex 
immunohistochemistry (mIHC) were collected from 
the Nanfang Hospital of Southern Medical University 
(GuangZhou, China). These specimens were obtained from 
biopsy samples collected in 2021 from patients diagnosed 
with NPC. The eighth edition of the American Joint 
Committee on Cancer (AJCC) staging system was used for 
stage classification. This study was approved by the Ethics 
Committee of Nanfang Hospital of Southern Medical 
University (Approval no.: NFEC-2017-165), and written 
informed consent was obtained from all participants prior 
to sample collection and data use.

Cell culture

The human NPC cell lines HK-1 and HNE-1, as well as the 
human monocytic leukemia cell line THP-1, were obtained 
from the Cancer Research Center of Southern Medical 
University. Macrophages were differentiated from THP-1 
cells. Peripheral blood mononuclear cells (PBMCs) were 
isolated from the peripheral blood of healthy donors. NPC 
cells and PBMCs were cultured in RPMI-1640 medium 
(11,875,176, Gibco, USA) supplemented with 10% fetal 
bovine serum (FSP500, ExCell Bio, China), 100 mg/mL 
streptomycin, and 100 U/mL penicillin (C125C5, NCM 
Bio, China) at 37 °C. Under normoxic conditions, the gas 
mixture consisted of 74% N2, 21% O2 and 5% CO2, while 
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under hypoxic conditions, the composition was adjusted to 
94.9% N2, 0.1% O2, and 5% CO2. For exosome extraction, 
cells were cultured in medium containing exosome-
depleted FBS. The culture conditions for THP-1 cells 
were the same as for NPC cells, except for the addition 
of β-mercaptoethanol (M917637, Macklin, China). THP-1 
cells were differentiated into macrophages by incubation 
with 100 ng/ml phorbol 12-myristate 13-acetate (PMA) 
(M4647, Abmole, USA) for 48 h.

T cell activation

T cells were activated following a standardized protocol 
to ensure reproducibility. Briefly, a 6-well flat-bottom 
plate was first coated with anti-human CD3 monoclonal 
antibody (clone OKT3, 16-0037-81, eBioscience, USA) 
at 1 µg/mL diluted in sterile PBS, and incubated either 
overnight at 4 °C or for 2 h at 37 °C. After incubation, wells 
were washed twice with sterile PBS to remove unbound 
antibody. Subsequently, Anti-human CD28 monoclonal 
antibody (16-0289-81, eBioscience, USA) was added at 
3 µg/mL in complete RPMI-1640 medium supplemented 
with 10% FBS. Freshly isolated T cells were resuspended 
in pre-warmed complete RPMI-1640 medium at a density 
of 1 × 106 cells/mL, and 2–3 mL of the cell suspension was 
seeded into each well. The T cells were then incubated at 
37 °C in a humidified 5% CO₂ incubator for 72 h to ensure 
full activation. After activation, T cells were harvested 
for downstream applications such as flow cytometry or 
co-culture experiments.

Co‑culture experiment

In the co-culture experiments, macrophages were seeded in 
the lower chamber of a 6-well plate, while nasopharyngeal 
carcinoma (NPC) cells (HK-1 or HNE-1) were seeded in the 
upper chamber of a Transwell insert with a 0.4-μm pore size. 
This setup allowed the diffusion of soluble factors while 
preventing direct cell–cell contact. Additionally, exosomes 
(10 μg/105 cells) isolated from NPC cells under different 
treatment conditions were added to macrophages in a sepa-
rate co-culture system to investigate the role of exosomes 
in macrophage regulation. In subsequent co-culture experi-
ments, macrophages pretreated either with NPC cells (via 
Transwell) or NPC cell-derived exosomes were co-incubated 
with PBMCs freshly isolated from healthy donors. Further-
more, CD8+ T cells isolated from PBMCs using magnetic 
bead separation were co-cultured with the pretreated mac-
rophages to assess their cytokine production (e.g., IL-2, 
IFN-γ, and Granzyme B) and activation status (e.g., PD-1 

expression). All co-culture experiments were conducted for 
48 h.

RNA extraction, reverse transcription and qRT‑PCR

The cellular RNA was extracted from HK-1, HNE-1 
NPC cells, and THP-1-derived macrophages using an 
RNA isolation kit (RC112-01, Vazyme, China) and 
subsequently reverse transcribed into cDNA utilizing 
a reverse transcription kit (R323-01, Vazyme, China). 
ChamQ SYBR RT-qPCR Master Mix (Low ROX Premixed) 
(Q331-02, Vazyme, China) was employed to prepare a 20 
μL reaction amplification system for conducting reverse 
transcription quantitative polymerase chain reaction 
(RT-qPCR) on an ABI QuantStudio 6 System. GAPDH 
were used as the internal control for normalization, and the 
relative expression levels were determined using the 2−△△CT 
method. The primer sequences for RT-qPCR are shown in 
Supplementary Table 2a.

Western blot

The proteins were extracted from NPC cell lines (HK-1 
and HNE-1), THP-1-derived macrophages, and exosomes 
derived from NPC cells using the radioimmunoprecipitation 
assay (RIPA) lysis buffer (P0013B, Beyotime, China), 
supplemented with a protease-inhibitor cocktail (HY-
K0010, MCE, USA). The protein samples were mixed with 
loading buffer (LT101S, Epizyme, China), separated by 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred onto polyvinylidene fluoride 
(PVDF) membranes (IPVH00010, Millipore, USA). The 
membranes were incubated with primary antibodies against 
HIF-1α (20960-1-AP, Proteintech, USA), PD-L1 (13,684, 
Cell Signaling Technology, USA), and GAPDH (60004-
1-Ig, Proteintech, USA), followed by HRP-conjugated 
secondary antibodies. Signals were detected using enhanced 
chemiluminescence (ECL) reagents (SQ101, Epizyme, 
China).

Isolation and characterization of exosomes

Exosomes were isolated from NPC cell culture supernatants 
by differential centrifugation. Briefly, collected culture 
supernatants were differentially centrifuged at 300 × g for 
10 min, 2000 × g for 20 min, and 10,000 × g for 45 min, 
and the supernatant was filtered and ultracentrifuged 
at 110,000 × g for 75 min (all steps were per formed at 
4 °C). The exosomes were collected and resuspended in 
phosphate-buffered saline (PBS). The size distribution and 
concentration of exosomes were measured by nanoparticle 
tracking analysis (NTA) by using the Nanosight NS300 
(Malvern, England) or Zeta View nanoparticle tracking 
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analyzer (Particle Metrix, Germany). And the exosome 
morphology was observed under the transmission electron 
microscope (HT-7700, Hitachi, Japan). The characteristics of 
exosome marker proteins TSG101 (28283-1-AP, Proteintech, 
USA), CD9 (20597-1-AP, Proteintech, USA), and Calnexin 
(2679 T, Cell Signaling Technology, USA) were analyzed 
by Western blot.

Macrophage phagocytosis experiment

To investigate macrophage phagocytosis of exosomal PD-L1, 
NPC cells were transfected to overexpress mCherry-tagged 
PD-L1. After 48-h, the culture supernatant was collected 
and exosomes were isolated by ultracentrifugation. The 
purified exosomes were stained with the green fluorescent 
dye PKH67 (MIDI67-1KT, Sigma, USA) according to the 
manufacturer’s instructions. The labeled exosomes were 
incubated with macrophages at 37 °C for 6 h. Following 
incubation, cells were washed with PBS, fixed with 4% 
paraformaldehyde for 15  min, and stained with DAPI 
to visualize nuclei. Internalization of mCherry-PD-L1-
containing exosomes by macrophages was observed using 
confocal microscopy (LSM980, Zeiss, Germany).

Immunofluorescence staining (IF)

The pretreated HK-1 and HNE-1 cells and THP-1-
derived macrophages were seeded onto sterilized glass 
coverslips placed in 24-well plates and allowed to adhere. 
After appropriate treatment, cells were fixed with 4% 
paraformaldehyde for 15  min at room temperature. 
Following fixation, cells were washed three times with 
PBS and then blocked with 5% goat serum for 1 h at room 
temperature to reduce nonspecific binding. Subsequently, 
cells were incubated overnight at 4 °C with primary antibody 
against HIF-1α (20960-1-AP, Proteintech, USA) diluted in 
1% BSA/PBS. The next day, cells were washed three times 
with PBS and incubated with Alexa Fluor 488-conjugated 
secondary antibody (A0423, Beyotime, China) for 2 h at 
room temperature in the dark. After additional PBS washes, 
cells were counterstained with DAPI-containing mounting 
solution (S2110, Solarbio, China) to visualize nuclei. 
Coverslips were mounted onto slides, and fluorescence 
images were captured using a fluorescence scanning 
microscope (BX63, Olympus, Japan).

ChIP‑PCR

The EZ-Magna ChIP™ A/G kit (17-10086, Millipore, USA) 
was used to conduct perform chromatin immunoprecipitation 
(ChIP) assays according to the manufacturer’s instructions 
HK-1 and HNE-1 nasopharyngeal carcinoma cells were 
cultured under hypoxic conditions (0.1% O₂) for 24 h prior 

to ChIP. Cells were crosslinked with 1% formaldehyde at 
room temperature for 10  min to preserve protein-DNA 
interactions, and the reaction was quenched with 125 mM 
glycine. Nuclei were isolated and chromatin was sheared 
to an average length of 200–500  bp using sonication. 
Immunoprecipitation was carried out using anti-HIF-1ɑ 
antibody (36,169, Cell Signaling Technology, USA) 
overnight at 4 °C with rotation. Normal IgG served as the 
negative control. After extensive washing, the protein-DNA 
complexes were eluted and reverse crosslinked at 65 °C. 
DNA was purified using spin columns provided in the kit. 
Enrichment of HIF-1ɑ binding to the PD-L1 promoter 
region was assessed by qPCR using three primer sets 
(Supplementary Table 2b) targeting distinct sites within the 
human PD-L1 promoter.

Dual‑luciferase assay

293 T cells were seeded in 24-well plates at a density of 
1 × 105 cells per well and cultured for 24 h until reaching 
appropriate confluency. For transfection, Lipofectamine 
2000 reagent (116,680,119, Invitrogen, USA) was 
used following the manufacturer’s protocol. Cells were 
co-transfected with 4.0 μg/ml of either the control pcDNA3.1 
plasmid or the HIF-1α expression plasmid, together with 
4.0 μg/ml of either the pGL3-basic control vector or the 
pGL3-PD-L1 promoter luciferase reporter plasmid. After 
36 h of transfection, the cells were lysates, and luciferase 
activity was measured using the Dual-Luciferase Reporter 
Assay System (E1910, Promega, USA) according to the 
manufacturer’s instructions. Firefly luciferase activity was 
normalized to Renilla luciferase activity to control for 
transfection efficiency. The specific primer sequences used 
for cloning the PD-L1 promoter constructs are provided in 
Supplementary Table 2c.

Immunohistochemistry (IHC) and multiplex 
immunohistochemistry (mIHC)

IHC was performed on 4-μm sections of paraffin-embedded 
tissue samples, including 152 NPC tissue samples collected 
from patients diagnosed with nasopharyngeal carcinoma 
(2005–2015). Primarily, sections were deparaffinized, 
rehydrated and immersed in 10 mM citrate buffer for heat-
induced antigen recovery. Antigen blocking was carried out 
using 10% goat serum (SP-9000, Zsbio, China). Overnight 
at 4 °C, the sections were subjected to probing with primary 
antibodies against HIF-1α (20,960–1-AP, Proteintech, USA), 
PD-L1 (ET1701-41, Huabio, China), and CD8 (AF5126, 
Affinity, USA). Then, staining was performed using the 
DAB color reagent kit (ZLI-9018, Zsbio, China). For 
mIHC assays, a multiple fluorescent immunohistochemical 
staining kit (abs50028, Absin, China) was used for 
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immunofluorescence staining on 32 NPC tissue samples 
collected in 2021, also from nasopharyngeal carcinoma 
patients. Primary antibodies against CD68 (ER1901-32, 
Huabio, China), PD-L1 (13,684, Cell Signaling Technology, 
USA), and CD8 (AF5126, Affinity, USA) were applied. 
The evaluation criteria of IHC and mIHC were shown in 
Supplementary Materials and Methods.

Flow cytometry (FC)

Macrophages were labeled with fluorescently tagged 
monoclonal antibodies targeting HLA-DR (555,811, BD 
Pharmingen, USA) and CD163 (333,606, Biolegend, USA) 
following the guidance provided by the manufacturer. 
PBMCs were extracted from the peripheral blood of 
healthy donors with a mononuclear cell isolation reagent 
(abs9645, Absin, China). PBMCs were stained with 
fluorochromeconjugated monoclonal antibodies against 
CD8a (300,912, Biolegend, USA) and PD-1 (329,906, 
Biolegend, USA). Staining of cells with IgG isotype were 
considered as negative control. The cells were then subjected 
to flow cytometric analyses on a BD LSRFortessa cytometer 
and analyzed using FlowJo software (10.9.0).

Enzyme linked immunosorbent assay (ELISA)

Cytokine levels of human IFN-γ, IL-2, and Granzyme B in 
the culture supernatants of CD8⁺ T cells co-cultured with 
macrophages under different conditions were quantified 
using ELISA DuoSet kits (Multi Sciences, China), follow-
ing the manufacturer’s protocol. Briefly, 96-well plates were 
pre-coated with capture antibodies and incubated overnight 
at 4 °C. After blocking, culture supernatants were added to 
the wells and incubated at room temperature. Biotinylated 
detection antibodies and streptavidin-HRP were then added 
sequentially. After substrate development, absorbance was 
measured at 450 nm using a microplate reader, with 570 nm 
used as the reference wavelength for background correction. 
All samples were analyzed in duplicate or triplicate to ensure 
reliability.

Statistical analysis

Statistical analyses were performed using SPSS version 
23.0. All data were obtained from at least three independent 
experiments. Experimental results are presented as 
mean ± SEM. A two-tailed Student’s t test or the Wilcoxon-
Mann–Whitney test was used to evaluate differences between 
two groups, and one-way analysis of variance (ANOVA) was 
used for comparisons among three or more groups. Overall 
survival (OS) and progression-free survival (PFS) were 

analyzed using the Kaplan–Meier method, and differences 
were assessed by the log-rank test. Correlation analyses were 
performed using the Pearson’s correlation method. All data 
statistical tests were two-tailed, and p < 0.05 was considered 
statistically significant.

Results

Result 1 The expressions of HIF‑1α, CD8, 
and PD‑L1 are interrelated in NPC, among which 
the expressions of HIF‑1α and CD8 are associated 
with patient prognosis

Immunohistochemistry (IHC) analysis of 152 NPC tissues 
revealed significant correlations among HIF-1α, CD8, and 
PD-L1 expression. Specifically, HIF-1α expression was 
positively correlated with PD-L1 expression (r = 0.6799, 
p < 0.001) and negatively correlated with CD8 expres-
sion (r = −0.4143, p < 0.001) (Fig. 1a–c). PD-L1 expres-
sion CD8 expression also showed a negative correlation 
(r = −0.5105, p < 0.001) (Fig. 1d). In addition, PD-L1 
expression was significantly upregulated in patients with 
advanced-stage NPC (clinical stage III-VI) compared with 
those in early-stage (clinical stage I-II) (Fig. S1).

Prognostic analysis revealed that higher expression of 
HIF-1α or CD8 was associated with worse overall survival 
(OS) and progression-free survival (PFS), whereas PD-L1 
expression was not associated with prognosis (Fig. 1e, f). 
Together, these findings suggest that HIF-1α is positively 
correlated with increased PD-L1 expression and decreased 
CD8 expression in NPC tissues, with both HIF-1α and 
CD8 serving as potential prognostic markers in NPC.

Result 2 Hypoxia up‑regulates expression of PD‑L1 
on NPC cell lines via transcriptional regulatory 
factor HIF‑1α

To investigate the impact of hypoxia on PD-L1 expression 
in NPC cells, HK-1 and HNE-1 cells were cultured under 
hypoxic (0.1% O₂) and normoxic (21% O₂) conditions. 
Western blot analysis revealed significantly higher levels 
of HIF-1α and PD-L1 under hypoxia at both 24 h and 
48 h compared with normoxia (Fig. 2a, b). Based on these 
findings, 0.1% O₂ for 48 h was selected for subsequent 
experiments.

Immunofluorescence analysis showed that HIF-1α 
was primarily localized in the cytoplasm under normoxic 
conditions but translocated to the nucleus under hypoxia, 
suggesting its role in transcriptional regulation (Fig. 2c). 
Using UCSC and JASPAR databases, three putative HIF-1α 
binding sites were identified within the PD-L1 promoter 
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Fig. 1   HIF-1α expression was positively correlated with elevated 
PD-L1 expression and reduced CD8 expression, and high HIF-1α or 
CD8 expression was associated with a negative prognosis. a Repre-
sentative pictures of PD-L1 and CD8 expression in NPC patients in 
HIF-1α-low and high expression groups. Scale bars represented 50 
or 100um. b Pearson correlation analysis of the association between 
HIF-1α and PD-L1 (r = 0.6799, p < 0.001). c Pearson correlation 

analysis of the association between HIF-1α and CD8 (r = −0.4143, 
p < 0.001). d Pearson correlation analysis of the association between 
PD-L1 and CD8 (r = −0.5105, p < 0.001). e Kaplan–Meier curves for 
OS between high HIF-1α, PD-L1 or CD8 groups and low HIF-1α, 
PD-L1 or CD8 groups. f Kaplan–Meier curves for PFS between 
high HIF-1α, PD-L1 or CD8 groups and low HIF-1α, PD-L1 or CD8 
groups
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Fig. 2   Hypoxia upregulated PD-L1 expression in NPC cells through 
HIF-1α. a, b Western blot analysis of HIF-1α and PD-L1 within nor-
moxia condition or different hypoxia conditions in HK-1 and HNE-1 
cells. c IF staining localization of HIF-1α expression in within nor-
moxia condition or hypoxia condition in HK-1 and HNE-1 cells. d 
The binding motif of HIF-1α from JASPAR database. e The CHIP-
PCR assay was used to assess the binding of PD-L1 promoter region. 
f Anti-HIF-1α-pulled down chromatins were analyzed by qRT-PCR. 

g A diagram showing the relationship of full-length and mutant 
PD-L1 promoters. h Dual-luciferase reporter gene assay was per-
formed to indicate the interaction between HIF-1α and PD-L1. i, j 
Western blot analysis of HIF-1α and PD-L1 within normoxia condi-
tion or hypoxia condition after silencing HIF-1α in HK-1 and HNE-1 
cells. Notes: *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant



	 Cancer Immunology, Immunotherapy          (2025) 74:220   220   Page 8 of 18

region. Chromatin immunoprecipitation (ChIP) assays 
confirmed direct binding at the second site (Fig. 2d–f). 
Luciferase reporter assays further demonstrated that HIF-1α 
significantly enhanced the transcriptional activity of PD-L1 
through this binding site, while mutation at this site (Mut-2) 
led to reduced activity (Fig. 2g, h).

Finally, shRNA-mediated knockdown of HIF-1α in NPC 
cells resulted in a marked decrease in PD-L1 expression under 
hypoxia conditions (Fig. 2i, j). These findings demonstrate that 
hypoxia promotes PD-L1 expression in NPC cells through 
HIF-1α–mediated transcriptional regulation.

Result 3 Hypoxia NPC cells up‑regulate 
the expression of PD‑L1 in macrophages

Immunohistochemistry (IHC) revealed a noteworthy phenom-
enon: PD-L1 was highly expressed not only in NPC cells but 
also in immune cells infiltrating the vicinity of PD-L1-positive 
NPC cells (Fig. 3a). As macrophages are the most abundant 
immune cells in the tumor microenvironment (TME), we 
hypothesized that PD-L1+ NPC cells could induce the upreg-
ulation of PD-L1 expression in macrophages. To test this 
hypothesis, THP-1-derived macrophages were co-cultured 
with NPC cells pretreated under different conditions. The 
results showed that macrophages incubated with NPC cells 
under hypoxic conditions (0.1% O₂) exhibited significantly 
higher PD-L1 expression compared with those incubated with 
NPC cells under normoxic conditions (21% O₂) or untreated 
macrophages (Fig. 3b).

Furthermore, multiplex immunofluorescence (mIF) staining 
revealed an inverse correlation between the percentages 
of PD-L1+ macrophages and CD8+ T cells in NPC tissues, 
suggesting that PD-L1+ macrophages suppress CD8+ T cell 
infiltration in the TME (Fig. 3c, d). To confirm the role of 
HIF-1α in this process, macrophages were co-cultured with 
NPC cells pretreated under various conditions (shCTRL/21% 
O₂, shHIF-1α/21% O₂, shCTRL/0.1% O₂, shHIF-1α/0.1% 
O₂). Macrophages co-cultured with hypoxic NPC cells 
(shCTRL/0.1% O₂) exhibited the highest PD-L1 levels, 
whereas macrophages co-cultured with NPC cells in other 
conditions showed significantly lower PD-L1 expression 
(Fig.  3e, f). Interestingly, macrophages incubated with 
hypoxia-pretreated NPC cells displayed a shift toward the 
HLA-DR^low/CD163^high phenotype compared to untreated 
macrophages. However, there were no significant differences 
in HLA-DR and CD163 expression among the different 
treatment groups (Fig. 3g, h).

Collectively, these findings indicate that hypoxic NPC cells 
enhance PD-L1 expression in macrophages without signifi-
cantly affecting their HLA-DR or CD163 expression. These 
results highlight the interaction between hypoxic NPC cells 
and macrophages in the TME, where in hypoxia-induced 

mechanisms contribute to the immunosuppressive phenotype 
of macrophages.

Result 4 PD‑L1+ macrophages induced by hypoxic 
NPC cells can inhibit CD8+ T cells

To investigate whether PD-L1+ macrophages induced by 
NPC cells exert immunosuppressive effects in the tumor 
microenvironment (TME) by regulating CD8+ T cells, 
untreated macrophages and macrophages preconditioned 
with NPC cells under different conditions were individu-
ally co-cultured with freshly isolated human PBMCs. The 
results showed that macrophages co-cultured with NPC cells 
under hypoxic conditions (shCTRL/0.1% O₂) significantly 
reduced the proportion of CD8 + T cells while increasing the 
proportion of PD-1+ CD8+ T cells compared to untreated 
macrophages or macrophages co-cultured with NPC cells 
under normoxic conditions (shCTRL/21% O₂) or with 
HIF-1α knockdown (shHIF-1α/21% O₂, shHIF-1α/0.1% O₂). 
Importantly, these immunosuppressive effects were almost 
completely abrogated by the addition of anti-PD-L1 antibod-
ies (Fig. 4a, c).

To further evaluate the effects of PD-L1+ macrophages 
on CD8+ T cell effector functions, untreated macrophages 
and macrophages precultured with NPC cells under various 
conditions were separately co-cultured with CD8+ T cells. 
The results demonstrated that macrophages co-cultured 
with NPC cells under hypoxic conditions (shCTRL/0.1% 
O₂) significantly reduced the production of IL-2, IFN-γ, 
and Granzyme B by CD8+ T cells compared to untreated 
macrophages or macrophages co-cultured with NPC cells 
under normoxic or HIF-1α knockdown conditions. Similarly, 
these inhibitory effects were nearly completely reversed by 
the addition of anti-PD-L1 antibodies (Fig. 4b, d).

Together, these findings demonstrate that PD-L1+ 
macrophages, induced by hypoxic NPC cells, suppress the 
activity and effector functions of CD8+ T cells in the NPC 
TME through PD-L1-mediated mechanisms.

Result 5 Hypoxia increases exosomal PD‑L1 
levels in NPC cells, macrophages increase PD‑L1 
expression by phagocytizing PD‑L1 in exosomes

To investigate the mechanism underlying the upregula-
tion of PD-L1 in macrophages induced by NPC cells, 
we first measured PD-L1 mRNA levels in macrophages 
co-cultured with NPC cells using qRT-PCR. The results 
showed a significant reduction in PD-L1 mRNA expres-
sion in macrophages co-cultured with NPC cells compared 
with untreated macrophages, with the lowest expression 
observed in macrophages co-cultured with hypoxic NPC 
cells (Fig. 5a). These findings indicates that the upregula-
tion of PD-L1 protein in macrophages is not mediated by 
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Fig. 3   Hypoxia NPC cells upregulate the expression of PD-L1 in 
macrophages. a IHC staining of PD-L1+ NPC cells and PD-L1+ 
immune cells. b Western blot analysis of PD-L1 in macrophages 
co-cultured with differently pretreated HK-1 and HNE-1 cells (nor-
moxia and hypoxia) for 48  h. c The mIF staining of PD-L1+ mac-
rophages and CD8+ T cells was performed in NPC tissue samples. 
d Pearson correlation analysis of the association between the levels 
of PD-L1+ macrophages and CD8+ T cells (r = −0.7080, p < 0.001). 

e, f Western blot analysis of PD-L1 in macrophages co-cultured with 
differently pretreated HK-1 and HNE-1 cells (normoxia, normoxia/
shHIF-1α, hypoxia and hypoxia/shHIF-1α) for 48 h. g, h Flow cytom-
etry was performed to detect the expression of HLA-DR and CD163 
in in macrophages co-cultured with differently pretreated HK-1 and 
HNE-1 cells (normoxia, normoxia/shHIF-1α, hypoxia and hypoxia/
shHIF-1α). Notes: *p < 0.05, **p < 0.01, ***p < 0.001; ns, not signifi-
cant
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Fig. 4   PD-L1+ macrophages induced by hypoxic NPC cells could 
inhibit CD8+ T cells. a Flow cytometry was performed to detect 
the levels of CD8+ T cells and PD-1+ CD8+ T cells in PBMCs co-
cultured with differently pretreated macrophages (macrophages were 
co-cultured with differently pretreated HK-1 cells). b IL-2, IFN-γ 
and Granzyme B levels were detected in the culture supernatants of 
human peripheral CD8+ T cells co-cultured with macrophages that 
underwent different pretreatments (macrophages were co-cultured 
with differently pretreated HK-1 cells) by ELISA. c Flow cytom-

etry was performed to detect the levels of CD8+ T cells and PD-1+ 
CD8+ T cells in PBMCs co-cultured with differently pretreated mac-
rophages (macrophages were co-cultured with differently pretreated 
HNE-1 cells). d IL-2, IFN-γ and Granzyme B levels were detected 
in the culture supernatants of human peripheral CD8+ T cells co-cul-
tured with macrophages that underwent different pretreatments (mac-
rophages were co-cultured with differently pretreated HNE-1 cells) by 
ELISA. Notes: *p < 0.05, **p < 0.01, ***p < 0.001; ns, not significant
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transcriptional activation. We therefore hypothesized that 
the increased PD-L1 expression in macrophages may result 
from the phagocytic uptake of exogenous PD-L1.

To test this hypothesis, exosomes secreted by NPC cells 
(HK-1 and HNE-1) were characterized using transmission 
electron microscopy, nanoparticle tracking analysis (NTA), 
ZetaView, and western blotting (Fig. 5b–d). PD-L1 was 
overexpressed in NPC cells with a red fluorescent protein 
tag. After incubating macrophages with PKH67-labeled 
exosomes derived from PD-L1-overexpressing NPC cells 
(HK-1/OE-PD-L1 and HNE-1/OE-PD-L1), colocalization 
of PD-L1 (red) and exosome (green) signals was observed 
within macrophages, confirming the delivery of PD-L1 via 
exosome uptake (Fig. 5e).

We next evaluated whether hypoxia affects PD-L1 levels 
in NPC cell-derived exosomes. Western blot analysis 
revealed significantly higher PD-L1 levels in exosomes 
from hypoxic NPC cells (shCTRL/0.1% O₂) compared with 
exosomes from normoxic cells (shCTRL/21% O₂) or from 
cells with HIF-1α knockdown under either normoxic or 
hypoxic conditions (Fig. 5f–g). Furthermore, macrophages 
co-cultured with exosomes derived from hypoxic NPC cells 
(shCTRL/0.1% O₂) exhibited higher PD-L1 expression 
than those exposed to exosomes from normoxic NPC cells 
(shCTRL/21% O₂) or from HIF-1α knockdown NPC cells 
(Fig. 5h, i).

Interestingly, macrophages incubated with exosomes from 
hypoxic NPC cells exhibited an HLA-DR^low/CD163^high 
phenotype compared with untreated macrophages. However, 
no significant differences in HLA-DR or CD163 expression 
were observed between macrophages treated with exosomes 
from differently preconditioned NPC cells (Fig. 5j, k).

Altogether, these findings demonstrate that NPC cells 
enhance PD-L1 expression in macrophages through the 
uptake of PD-L1-containing exosomes, revealing a novel 
mechanism by which hypoxic NPC cells modulate the tumor 
microenvironment in vitro.

Result 6 PD‑L1+ macrophages induced by hypoxic 
NPC cell exosomes can inhibit CD8+ T cells

To investigate the immunosuppressive role of PD-L1+ 
macrophages induced by exosomes from hypoxic NPC 
cells in the tumor microenvironment (TME), particularly 
their regulatory effects on CD8+ T cells, untreated mac-
rophages and macrophages preconditioned with exosomes 
from NPC cells under different conditions were co-cultured 
with freshly isolated human PBMCs. The results showed 
that macrophages co-cultured with exosomes from hypoxic 
NPC cells (shCTRL/0.1% O₂) significantly decreased the 
proportion of CD8+ T cells and increased the proportion of 
PD-1+ CD8+ T cells compared to untreated macrophages 

or macrophages co-cultured with exosomes from normoxic 
NPC cells (shCTRL/21% O₂) or HIF-1α knockdown NPC 
cells (shHIF-1α/21% O₂, shHIF-1α/0.1% O₂). Notably, these 
immunosuppressive effects were almost completely abol-
ished by the addition of anti-PD-L1 antibodies (Fig. 6a, c).

To further examined whether PD-L1+ macrophages 
affect the effector functions of CD8+ T cells, untreated 
macrophages and macrophages precultured with exosomes 
from NPC cells under various conditions were individually 
co-cultured with CD8+ T cells. The results revealed that 
macrophages co-cultured with exosomes from hypoxic 
NPC cells (shCTRL/0.1% O₂) significantly reduced the 
production of IL-2, IFN-γ, and Granzyme B by CD8+ T 
cells compared with untreated macrophages or macrophages 
co-cultured with exosomes from normoxic or HIF-1α 
knockdown NPC cells. These inhibitory effects were also 
almost completely reversed by the addition of anti-PD-L1 
antibodies (Fig. 6b, d).

Together, these findings indicate that exosomes derived 
from hypoxic NPC cells, with elevated PD-L1 levels, induce 
PD-L1 expression in macrophages, which subsequently 
suppresses CD8+ T cell activity and effector functions. This 
highlights a critical mechanism by which hypoxic NPC cells 
contribute to immunosuppression in the TME.

Discussion

The immune evasion of malignant tumors is a complex 
process involving multiple factors, steps, and stages, 
characterized by the dynamic interaction between tumor 
cells and the TME across both temporal and spatial 
dimensions [21]. Numerous factors contribute to immune 
escape in NPC at various stages of the immune response. 
Therefore, this study investigates the interactions among 
NPC tumor cells, macrophages, and CD8+ T cells within a 
hypoxic microenvironment, aiming to elucidate the specific 
mechanisms underlying immune escape during the immune 
response.

Hypoxia is a common feature of solid tumors. Increased 
expression of HIF-1α is a key marker of tumor cell 
adaptation to hypoxic stress, promoting tumor growth, 
invasion, and metastasis, and contributing to resistance to 
immunotherapy and radiotherapy, failure of immunotherapy, 
and poor prognosis [22]. Over the past decade, research 
on hypoxia and HIF-1α has predominantly focused on the 
regulation of genes involved in angiogenesis, glucose and 
energy metabolism, and tumor cell growth and survival, 
such as vascular endothelial growth factor (VEGF), 
glucose transporter (GLUT), lactate dehydrogenase A 
(LDHA), and epithelial-mesenchymal transition (EMT) 
genes [23]. However, increasing evidence suggests that 
hypoxia facilitates immune evasion in malignant tumors 
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[24, 25]. HIF-1α signaling enables cancer cells to escape 
immune surveillance in the hypoxic TME by upregulating 
immunosuppressive molecules, impairing tumor antigen 
presentation, and disrupting immune cell activity [7]. 
Despite these advances, the role of the hypoxic TME in 
immune escape in NPC remains largely unclear.

In the present study, we observed that advanced-
stage NPC patients exhibited significantly higher PD-L1 
expression than early-stage patients. Additionally, higher 
HIF-1α expression was positively correlated with increased 
PD-L1 and negatively correlated with CD8 expression 
in NPC tissues. Although HIF-1α is expressed in both 
cancer cells and stromal immune cells within the TME, 
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our in vitro experiments focused on hypoxia-exposed NPC 
cells, supported by IHC results showing predominant 
HIF-1ɑ expression in NPC cells rather than in infiltrating 
immune cells. Further mechanistic investigation revealed 
that hypoxia upregulated PD-L1 expression via the HIF-1α 
signaling pathway. Although the ability of HIF-1α to 
induce PD-L1 has been demonstrated in other solid tumors, 
its role in NPC had not been well characterized [10, 11]. 
In the hypoxic TME, stabilized HIF-1α drives PD-L1 
expression on tumor and regulatory immune cells (e.g., 
macrophages and MDSCs), thereby suppressing T cell 
activity and facilitating immune escape. As highlighted by 
Shurin and Umansky (2022) [26], inhibition of HIF-1α can 
downregulate PD-L1 expression, positioning HIF-1α as a 
promising target for enhancing the efficacy of anti-PD-1/
PD-L1 immunotherapies. Targeting the HIF-1α/PD-L1 
axis may therefore improve anti-tumor immune responses, 
overcome therapy resistance, and provide novel therapeutic 
strategies for NPC, ultimately supporting the development 
of more personalized treatment approaches.

Despite NPC tumor cells exhibiting high PD-L1 expres-
sion rates of 89% to 100%, only 20% to 30% of NPC patients 
respond favorably to anti-PD-L1/PD-1 therapy [12, 27]. rec-
ognition of antigenic peptides presented by antigen-present-
ing cells (APCs) via the T cell receptor (TCR), as well as 
binding of costimulatory molecules (such as B7) on APCs 
by costimulatory receptors (such as CD28) on T cells [28]. If 
T cell activation is impaired during interactions with APCs, 
then regardless of the level of PD-L1 expression by tumor 
cells, the response rate to PD-1/PD-L1 blockade will remain 
low. Macrophages, a key type of APC, can be categorized 
into M1 and M2 subtypes based on their distinct functional 
phenotypes [29]. In solid tumors, macrophages constitute 
over 50% of immune-related stromal cells within the TME. 

These macrophages are predominantly of the M2 subtype 
and are often referred to as tumor-associated macrophages 
(TAMs) [30]. TAMs generally possess anti-inflammatory, 
tissue repairing, pro-tumorigenic, and immunosuppressive 
properties [30]. With the advancement of single-cell technol-
ogies, an increasing number of studies have moved beyond 
the simplistic M1/M2 dichotomy, adopting surface markers 
or functional characteristics for more precise categorization 
of macrophage subsets [13]. In recent years, PD-L1+ mac-
rophages have been identified in various solid malignancies 
and are closely associated with suppression of the TIME 
[15, 16, 31, 32]. However, the generation and function in 
NPC remain poorly understood. In the current study, we 
demonstrated that hypoxic NPC cells can upregulate PD-L1 
expression in macrophages, which in turn induces CD8+ T 
cell exhaustion and suppresses their proliferation. These 
findings suggest that PD-L1+ macrophages play a critical 
role in mediating immune escape within the NPC TME. It 
is well known that macrophages, particularly those with an 
M2 phenotype, are capable of expressing PD-L1. However, 
our study does not focus solely on this intrinsic property. 
Instead, we aimed to investigate whether hypoxic NPC 
cells could further enhance macrophage PD-L1 expression 
through the delivery of exosomal PD-L1, thereby amplify-
ing their immunosuppressive capacity. Our findings revealed 
that PD-L1 mRNA levels in macrophages were downregu-
lated despite increased protein expression, suggesting a post-
transcriptional mechanism involving exosomal transfer. Sim-
ilar phenomena have been reported in other malignancies. 
In colorectal cancer, tumor-derived exosomes upregulate 
PD-L1 expression in macrophages, resulting in the formation 
of a PD-L1+CD206+ subset associated with poor prognosis, 
and these macrophages inhibit CD8+ T cell activity [15]. In 
ICC, tumor-derived exosomes also promote PD-L1 expres-
sion in macrophages, contributing to an immunosuppressive 
environment [16]. These findings suggest that hypoxic NPC 
cells may drive PD-L1 expression in macrophages, thereby 
collectively support the hypothesis that hypoxic NPC cells 
may drive PD-L1 expression in macrophages, thereby facili-
tating immune evasion. Targeting these PD-L1⁺macrophages 
may represent a promising therapeutic strategy to enhance 
anti-tumor immunity in NPC.

Increasing evidence indicates that tumor-derived 
exosomes play a crucial role in the upregulation of PD-L1 
expression in macrophages across various cancers, such 
as colorectal cancer [15], intrahepatic cholangiocarci-
noma [16], and ovarian cancer [31]. These studies have 
demonstrated that tumor-derived exosomal miRNAs can 
upregulate PD-L1 mRNA expression in macrophages, 
leading to immune evasion. In our study, we also investi-
gated the mRNA expression of PD-L1 in macrophages co-
cultured with NPC cells. However, unexpectedly, PD-L1 
mRNA expression in these macrophages was found to be 

Fig. 5   Hypoxia increases exosomal PD-L1 levels in NPC cells, mac-
rophages increase their PD-L1 expression by phagocytizing PD-L1 
in exosomes. a The PD-L1 mRNA expression of macrophages co-
cultured with differently pretreated HK-1 and HNE-1 cells (nor-
moxia and hypoxia) for 48 h by qRT-PCR. b Transmission electron 
micrograph of HK-1 or HNE-1 cells-derived exosomes. c Exosomes 
released by HK-1 cells or HNE-1 cells were detected by nanosight 
particle tracking analysis or ZETA view analysis. d Exosome mark-
ers CD9, TSG101 and Calnexin proteins were detected by western 
blot. e IF detection of macrophages phagocytosing exosomal PD-
L1(exosomes: green fluorescent; PD-L1: red fluorescent). f, g West-
ern blot analysis of PD-L1 in exosomes derived from differently 
pretreated HK-1 and HNE-1 cells (normoxia, normoxia/shHIF-1α, 
hypoxia and hypoxia/shHIF-1α). h, i Western blot analysis of PD-L1 
in macrophages co-cultured with exosomes derived from differently 
pretreated HK-1 and HNE-1 cells (normoxia, normoxia/shHIF-1α, 
hypoxia and hypoxia/shHIF-1α) for 48  h. j, k Flow cytometry was 
performed to detect the expression of HLA-DR and CD163 in in 
macrophages co-cultured with exosomes derived from differently 
pretreated HK-1 and HNE-1 cells (normoxia, normoxia/shHIF-1α, 
hypoxia and hypoxia/shHIF-1α). Notes: *p < 0.05, **p < 0.01, 
***p < 0.001; ns, not significant

◂
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Fig. 6   PD-L1+ macrophages induced by exosomal PD-L1 derived 
from hypoxic NPC cells could inhibit CD8+ T cells. a Flow cytom-
etry was performed to detect the levels of CD8+ T cells and PD-1+ 
CD8+ T cells in PBMCs co-cultured with differently pretreated mac-
rophages (macrophages were co-cultured with exosomes derived from 
differently pretreated HK-1 cells). b IL-2, IFN-γ and Granzyme B 
levels were detected in the culture supernatants of human peripheral 
CD8+ T cells co-cultured with macrophages that underwent different 
pretreatments (macrophages were co-cultured with exosomes derived 
from differently pretreated HK-1 cells) by ELISA. c Flow cytom-

etry was performed to detect the levels of CD8+ T cells and PD-1+ 
CD8+ T cells in PBMCs co-cultured with differently pretreated mac-
rophages (macrophages were co-cultured with exosomes derived from 
differently pretreated HNE-1 cells). d IL-2, IFN-γ and Granzyme B 
levels were detected in the culture supernatants of human peripheral 
CD8+ T cells co-cultured with macrophages that underwent different 
pretreatments (macrophages were co-cultured with exosomes derived 
from differently pretreated HNE-1 cells) by ELISA. Notes: *p < 0.05, 
**p < 0.01, ***p < 0.001; ns, not significant
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Fig. 7   The schematic diagram of this article. a Immune response process of NPC. b Hypoxia (via HIF-1α) upregulated the expression of PD-L1 
in exosomes derived from NPC cells, while macrophages induce the suppression of CD8+ T cells by phagocytosis of exosomal PD-L1
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downregulated. This discrepancy may be due to alterna-
tive mechanisms, such as protein-mediated regulation via 
exosomes. In addition to miRNAs, exosomes also carry 
proteins, including immune-related molecules, which could 
influence the immune response [33]. One possibility is that 
exosomal proteins, such as interferon-stimulated genes 
(ISGs), may be involved in the regulation of PD-L1 expres-
sion [34]. The activation of ISGs, particularly in the context 
of innate immunity and interferon signaling, may modulate 
the immune functions of macrophages, including their abil-
ity to upregulate PD-L1 expression in response to tumor-
derived signals. These interactions highlight the complexity 
of immune modulation within the tumor microenvironment 
and emphasize the need to explore both the miRNA and pro-
tein contents of exosomes in regulating PD-L1 expression. A 
recent study by Yang and colleagues showed that abundant 
PD-L1-enriched exosomes could derive from both NPC cells 
and the plasma of NPC patients [20]. Therefore, we hypoth-
esized that macrophages might upregulate their PD-L1 
expression through the phagocytosis of exosomal PD-L1 
secreted by NPC cells. In our study, we found that hypoxia 
enhanced the expression of exosomal PD-L1 secreted by 
NPC cells. We further confirmed that macrophages could 
upregulate their PD-L1 expression through internalization of 
exosomal PD-L1. In addition, macrophages that had phago-
cytosed exosomal PD-L1 could induce CD8+ T cell exhaus-
tion and reduce their proliferation. Our study elucidated the 
mechanisms underlying PD-L1+ macrophage formation and 
their immunosuppressive role in NPC, providing insight for 
the development of rationally designed therapies to counter-
act the immunosuppressive tumor microenvironment.

Furthermore, we observed interesting results indicating 
that NPC patients who exhibited higher HIF-1α expression 
or higher CD8 expression were closely associated with worse 
5-year PFS and OS. This finding reveals that the HIF-1α and 
CD8 expression display opposite trends in terms of their 
correlations and prognostic significance. The relationship 
between CD8+ T cells infiltration and cancer prognosis has 
long been controversial. In the study by Blessin et al. [35], 
high CD8+ T cells infiltration was associated with a better 
prognosis in colorectal carcinoma, a worse prognosis in 
renal cell carcinoma, and showed no significant association 
with prognosis in breast carcinoma, ovarian carcinoma, 
pancreatic carcinoma, or gastric carcinoma. Therefore, 
further in-depth research is warranted to elucidate the 
interactions and effects of CD8+ T cells on tuomor cells 
(including NPC) and within the TME.

In conclusion, considering the immune response process 
associated with NPC (Fig. 7a), we propose a novel model 
that incorporates progressive immunosuppression in NPC 
(Fig. 7b). Our study revealed that hypoxia, mediated by 
HIF-1α, induces upregulation of PD-L1 expression both in 

NPC cells and tumor-derived exosomes. Macrophages sub-
sequently upregulate PD-L1 expression through phagocyto-
sis of exosomal PD-L1. In addition, PD-L1+ macrophages 
promote immune escape by inducing CD8+ T cell exhaus-
tion and reducing their proliferation. These findings provide 
new insights into the mechanisms of resistance to anti-PD-1/
PD-L1 therapy in NPC, and suggest that targeting PD-L1+ 
macrophages may represent a promising strategy to enhance 
the efficacy of immune checkpoint blockade in NPC. Recent 
study suggests that antihistamines, such as cetirizine, may 
enhance the efficacy of immune checkpoint inhibitors by 
promoting M1 macrophage polarization in advanced can-
cers [36]. Although we did not assess antihistamine use or 
allergy status in our NPC cohort, this emerging evidence 
warrants future investigation into how concomitant medi-
cations might influence immunotherapy outcomes in NPC. 
However, it is important to note that our current study is 
limited to in vitro experiments and clinical sample analysis. 
The use of in vitro models may not fully recapitulate the 
complexity of the tumor microenvironment in vivo, includ-
ing immune system interactions and drug responses. While 
the findings are promising, future studies involving in vivo 
animal models will be essential to validate our results and 
better understand the therapeutic potential of targeting the 
HIF-1α pathway or PD-L1⁺ macrophages in NPC. In par-
ticular, combining HIF-1α inhibition or depletion of PD-L1⁺ 
macrophages with existing immune checkpoint blockade 
therapy may enhance treatment efficacy. However, the chal-
lenges of such combination approaches include potential off-
target effects, toxicity, and the need to optimize dosing and 
delivery methods. These animal studies will help confirm the 
role of these mechanisms in immune escape and the overall 
efficacy of immune checkpoint blockade therapies.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00262-​025-​04047-7.

Author contributions  X.Y., X.L. and D.J. contributed equally to 
this work. X.Y., X.L. and D.J.: Conceptualization; Methodology; 
Data curation; Formal analysis; Writing—Original Draft; Writing—
Review & Editing. Z.Z.: Conceptualization; Methodology; Writing—
Review & Editing. X.M. and S. W.: Resources: Statistic analysis; 
Visualization; Writing—Review & Editing. X.L., J.L.and M. F.: 
Conceptualization; Methodology; Supervision; Funding acquisition; 
Project administration; Writing—Review & Editing. All authors read 
and approved the final version of the manuscript.

Funding  This study was supported by Dongguan Science and 
Technology of Social Development Program (20231800940662), 
Guangdong Basic and Applied Basic Research Foundation 
(2021B1515140070), National Natural Science Foundation of China 
(82273444) and National Natural Science Foundation of China 
(82372938), Beijing Xisike Clinical Oncology Research Foundation 
(Y-HR2022MS-0437).

https://doi.org/10.1007/s00262-025-04047-7


Cancer Immunology, Immunotherapy          (2025) 74:220 	 Page 17 of 18    220 

Data availability  The data used to support the findings of this study are 
available from the corresponding author upon request.

Declarations 

Conflict of interest  The authors declare that there are no conflicts of 
interest regarding the publication of this paper.

Ethical approval  This study was approved by the Ethics Committee 
of Nanfang Hospital of Southern Medical University (Approval no.: 
NFEC-2017-165). All participants provided written informed consent 
for the use of their samples and data in research. The study adhered 
to the Declaration of Helsinki and ensured participant confidentiality.

Open Access   This article is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International 
License, which permits any non-commercial use, sharing, distribution 
and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a 
link to the Creative Commons licence, and indicate if you modified 
the licensed material. You do not have permission under this licence 
to share adapted material derived from this article or parts of it. The 
images or other third party material in this article are included in the 
article’s Creative Commons licence, unless indicated otherwise in a 
credit line to the material. If material is not included in the article’s 
Creative Commons licence and your intended use is not permitted by 
statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by-​nc-​nd/4.​0/.

References

	 1.	 Wong K, Hui EP, Lo KW et  al (2021) Nasopharyngeal 
carcinoma: an evolving paradigm. Nat Rev Clin Oncol 
18(11):679–695

	 2.	 Chen YP, Chan A, Le QT et al (2019) Nasopharyngeal carci-
noma. Lancet 394(10192):64–80

	 3.	 Robert C (2020) A decade of immune-checkpoint inhibitors in 
cancer therapy. Nat Commun 11(1):3801

	 4.	 Li W, Duan X, Chen X et  al (2022) Immunotherapeutic 
approaches in EBV-associated nasopharyngeal carcinoma. Front 
Immunol 13:1079515

	 5.	 Fang W, Yang Y, Ma Y et al (2018) Camrelizumab (SHR-1210) 
alone or in combination with gemcitabine plus cisplatin for 
nasopharyngeal carcinoma: results from two single-arm, phase 
1 trials. Lancet Oncol 19(10):1338–1350

	 6.	 Zhao Y, Ma Y, Zang A et al (2023) First-in-human phase I/Ib 
study of QL1706 (PSB205), a bifunctional PD1/CTLA4 dual 
blocker, in patients with advanced solid tumors. J Hematol 
Oncol 16(1):50

	 7.	 Terry S, Engelsen A, Buart S et al (2020) Hypoxia-driven intra-
tumor heterogeneity and immune evasion. Cancer Lett 492:1–10

	 8.	 Abou KR, Brodaczewska K, Filipiak A et al (2020) Tumor 
hypoxia regulates immune escape/invasion: influence on angio-
genesis and potential impact of hypoxic biomarkers on cancer 
therapies. Front Immunol 11:613114

	 9.	 Ding XC, Wang LL, Zhang XD et al (2021) The relationship 
between expression of PD-L1 and HIF-1alpha in glioma cells 
under hypoxia. J Hematol Oncol 14(1):92

	10.	 Chen ZQ, Zuo XL, Cai J et  al (2023) Hypoxia-associated 
circPRDM4 promotes immune escape via HIF-1alpha regulation 

of PD-L1 in hepatocellular carcinoma. Exp Hematol Oncol 
12(1):17

	11.	 Sun W, Cheng Y, Ma X et al (2024) Photodynamic therapy 
upregulates expression of HIF-1alpha and PD-L1 in related 
pathways and its clinical relevance in non-small-cell lung can-
cer. Eur J Med Res 29(1):230

	12.	 Lee HH, Wang YN, Xia W et al (2019) Removal of N-linked 
glycosylation enhances PD-L1 detection and predicts anti-PD-1/
PD-L1 therapeutic efficacy. Cancer Cell 36(2):168-178.e4

	13.	 Pan Y, Yu Y, Wang X, Zhang T (2020) Tumor-associated mac-
rophages in tumor immunity. Front Immunol 11:583084

	14.	 Mantovani A, Marchesi F, Malesci A, Laghi L, Allavena P 
(2017) Tumour-associated macrophages as treatment targets in 
oncology. Nat Rev Clin Oncol 14(7):399–416

	15.	 Yin Y, Liu B, Cao Y et al (2022) Colorectal cancer-derived 
small extracellular vesicles promote tumor immune evasion 
by upregulating PD-L1 expression in tumor-associated mac-
rophages. Adv Sci (Weinh) 9(9):2102620

	16.	 Luo C, Xin H, Zhou Z et al (2022) Tumor-derived exosomes 
induce immunosuppressive macrophages to foster intrahepatic 
cholangiocarcinoma progression. Hepatology 76(4):982–999

	17.	 Deng R, Lu J, Liu X et al (2020) PD-L1 Expression is highly 
associated with tumor-associated macrophage infiltration in 
nasopharyngeal carcinoma. Cancer Manag Res 12:11585–11596

	18.	 Pegtel DM, Gould SJ (2019) Exosomes. Annu Rev Biochem 
88:487–514

	19.	 Zhang L, Yu D (2019) Exosomes in cancer development, 
metastasis, and immunity. Biochim Biophys Acta Rev Cancer 
1871(2):455–468

	20.	 Yang J, Chen J, Liang H, Yu Y (2022) Nasopharyngeal cancer 
cell-derived exosomal PD-L1 inhibits CD8+ T-cell activity and 
promotes immune escape. Cancer Sci 113(9):3044–3054

	21.	 Giraldo NA, Sanchez-Salas R, Peske JD et al (2019) The clinical 
role of the TME in solid cancer. Br J Cancer 120(1):45–53

	22.	 Jing X, Yang F, Shao C et al (2019) Role of hypoxia in cancer 
therapy by regulating the tumor microenvironment. Mol Cancer 
18(1):157

	23.	 You L, Wu W, Wang X et  al (2021) The role of hypoxia-
inducible factor 1 in tumor immune evasion. Med Res Rev 
41(3):1622–1643

	24.	 Meng X, Grotsch B, Luo Y et al (2018) Hypoxia-inducible fac-
tor-1alpha is a critical transcription factor for IL-10-producing 
B cells in autoimmune disease. Nat Commun 9(1):251

	25.	 Li LL, Dai B, Sun YH, Zhang TT (2020) Monocytes undergo 
functional reprogramming to generate immunosuppression 
through HIF-1alpha signaling pathway in the late phase of sep-
sis. Mediators Inflamm 2020:4235909

	26.	 Shurin MR, Umansky V (2022) Cross-talk between HIF and 
PD-1/PD-L1 pathways in carcinogenesis and therapy. J Clin 
Investig 132(9):e159473

	27.	 Ma XM, Luo YF, Zeng FF et al (2022) TGF-beta1-Mediated 
PD-L1 Glycosylation Contributes to Immune Escape via c-Jun/
STT3A Pathway in Nasopharyngeal Carcinoma. Front Oncol 
12:815437

	28.	 Philip M, Schietinger A (2022) CD8+ T cell differentiation and 
dysfunction in cancer. Nat Rev Immunol 22(4):209–223

	29.	 Gordon S, Martinez FO (2010) Alternative activation of mac-
rophages: mechanism and functions. Immunity 32(5):593–604

	30.	 Noy R, Pollard JW (2014) Tumor-associated macrophages: from 
mechanisms to therapy. Immunity 41(1):49–61

	31.	 Li X, Wang S, Mu W et al (2022) Reactive oxygen species 
reprogram macrophages to suppress antitumor immune response 
through the exosomal miR-155-5p/PD-L1 pathway. J Exp Clin 
Cancer Res 41(1):41

http://creativecommons.org/licenses/by-nc-nd/4.0/


	 Cancer Immunology, Immunotherapy          (2025) 74:220   220   Page 18 of 18

	32.	 Pan C, Wang Y, Liu Q et al (2021) Phenotypic profiling and 
prognostic significance of immune infiltrates in esophageal 
squamous cell carcinoma. Oncoimmunology 10(1):1883890

	33.	 Filipazzi P, Burdek M, Villa A, Rivoltini L, Huber V (2012) 
Recent advances on the role of tumor exosomes in immu-
nosuppression and disease progression. Semin Cancer Biol 
22(4):342–349

	34.	 Jiang Y, Yang Y, Hu Y et al (2022) Gasdermin D restricts anti-
tumor immunity during PD-L1 checkpoint blockade. Cell Rep 
41(4):111553

	35.	 Blessin NC, Li W, Mandelkow T et al (2021) Prognostic role of 
proliferating CD8(+) cytotoxic Tcells in human cancers. Cell 
Oncol 44(4):793–803

	36.	 Mallardo D, Simeone E, Vanella V et  al (2022) Concomi-
tant medication of cetirizine in advanced melanoma could 
enhance anti-PD-1 efficacy by promoting M1 macrophages 
polarization. J Transl Med 20(1):436. https://​doi.​org/​10.​1186/​
s12967-​022-​03643-w

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1186/s12967-022-03643-w
https://doi.org/10.1186/s12967-022-03643-w

	Exosomal PD-L1 derived from hypoxia nasopharyngeal carcinoma cell exacerbates CD8+ T cell suppression by promoting PD-L1 upregulation in macrophages
	Abstract
	Introduction
	Materials and methods
	Clinical samples
	Cell culture
	T cell activation
	Co-culture experiment
	RNA extraction, reverse transcription and qRT-PCR
	Western blot
	Isolation and characterization of exosomes
	Macrophage phagocytosis experiment
	Immunofluorescence staining (IF)
	ChIP-PCR
	Dual-luciferase assay
	Immunohistochemistry (IHC) and multiplex immunohistochemistry (mIHC)
	Flow cytometry (FC)
	Enzyme linked immunosorbent assay (ELISA)
	Statistical analysis


	Results
	Result 1 The expressions of HIF-1α, CD8, and PD-L1 are interrelated in NPC, among which the expressions of HIF-1α and CD8 are associated with patient prognosis
	Result 2 Hypoxia up-regulates expression of PD-L1 on NPC cell lines via transcriptional regulatory factor HIF-1α
	Result 3 Hypoxia NPC cells up-regulate the expression of PD-L1 in macrophages
	Result 4 PD-L1+ macrophages induced by hypoxic NPC cells can inhibit CD8+ T cells
	Result 5 Hypoxia increases exosomal PD-L1 levels in NPC cells, macrophages increase PD-L1 expression by phagocytizing PD-L1 in exosomes
	Result 6 PD-L1+ macrophages induced by hypoxic NPC cell exosomes can inhibit CD8+ T cells

	Discussion
	References


