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BTN3A1 expressed in cervical cancer 
cells promotes Vγ9Vδ2 T cells exhaustion 
through upregulating transcription factors 
NR4A2/3 downstream of TCR signaling
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Abstract 

Background Clinical trials have shown that immunotherapy based on Vγ9Vδ2 T cells (Vδ2 T cells) is safe and well-tol-
erated for various cancers including cervical cancer (CC), but its overall treatment efficacy remains limited. Therefore, 
exploring the mechanisms underlying the suboptimal efficacy of Vδ2 T cell-based cancer immunotherapy is crucial 
for enabling its successful clinical translation.

Methods Tumor samples from CC patients and CC cell line-derived xenograft (CDX) mice were analyzed using 
flow cytometry to examine the exhausted phenotype of tumor-infiltrating Vδ2 T cells. The interrelationship 
between BTN3A1 expression and Vδ2 T cells in CC, along with their correlation with patient prognosis, was analyzed 
using data from The Cancer Genome Atlas (TCGA) database. CC cell lines with BTN3A1 knockout (KO) and overex-
pression (OE) were constructed through lentivirus transduction, which were then co-cultured with expanded Vδ2 T 
cells, followed by detecting the function of Vδ2 T cells using flow cytometry. The pathways and transcription factors 
(TFs) related to BTN3A1-induced Vδ2 T cells exhaustion and the factors affecting BTN3A1 expression were identified 
by RNA-seq analysis, which was confirmed by flow cytometry, Western Blot, and gene manipulation.

Results Tumor-infiltrating Vδ2 T cells exhibited an exhausted phenotype in both CC patients and CDX mice. BTN3A1 
expressed in CC is highly enhancing exhaustion markers, while reducing the secretion of effector molecules in Vδ2 T cells. 
Blocking TCR or knocking down nuclear receptor subfamily 4 group A (NR4A) 2/3 can reverse BTN3A1-induced exhaus-
tion in Vδ2 T cells. On the other hand, IFN-γ secreted by Vδ2 T cells promoted the expression of BTN3A1 and PD-L1.

Conclusions Through binding γδ TCRs, BTN3A1 expressed on tumor cells, which is induced by IFN-γ, can pro-
mote Vδ2 T cells to upregulate the expression of TFs NR4A2/3, thereby affecting their activation and expression 
of exhaustion-related molecules in the tumor microenvironment (TME). Therefore, targeting BTN3A1 might overcome 
the immunosuppressive effect of the TME on Vδ2 T cells in CC.
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Introduction
Cervical cancer (CC) is a malignant tumor of the repro-
ductive system that is caused mainly by HPV infec-
tion. Every year, more than 500,000 women worldwide 
are diagnosed with CC, resulting in 300,000 deaths [1]. 
Unfortunately, the prognosis for women with metastatic 
or recurrent cancer remains unfavorable, despite the 
use of novel immune checkpoint inhibitors (ICIs) [2, 3]. 
Therefore, it is crucial to explore effective and innova-
tive treatment strategies to improve the outlook for CC 
patients.

Recent study has shown that γδ T cells are strongly 
associated with a favorable prognosis in patients with 
benign tumors across 39 different types of cancers and 
approximately 18,000 samples [2]. Notably, γδ T cells 
have demonstrated potent anti-tumor effects on various 
types of cancer cells, independent of the major histo-
compatibility complex (MHC) restriction [4]. As a result, 
there is a renewed interest in utilizing γδ T cells for 
cancer immunotherapy, including CC [5, 6]. Currently, 
the most commonly used subset of γδ T cells for immu-
notherapy is the Vδ2 T cell subset. These cells can be 
manipulated through in vivo stimulation with amino-bis-
phosphonates or through adoptive cell transfer therapy 
after in  vitro activation and expansion with amino-bis-
phosphonates or synthetic phosphorantigens (pAgs).

Despite the potential of Vδ2 T cell-based immuno-
therapy as a promising therapeutic strategy for cancers, 
its overall efficacy remains relatively low in several cancer 
types [6]. This limited efficacy is likely attributable to the 
poor infiltration of adoptively transferred Vδ2 T cells and 
the influence of the immunosuppressive TME. Indeed, 
functional impairment of γδ T cells has been observed 
in terminal cancer patients with B cell tumors [7]. Addi-
tional studies have demonstrated that γδ T cells exhibit 
reduced infiltration and frequently undergo immune tol-
erance and exhaustion within the TME of various solid 
tumors [8–10]. The underlying mechanisms contributing 
to the exhaustion or dysfunction of γδ T cells warrant 
further investigation [11].

Studies on αβ T cells have demonstrated that the pri-
mary cause of T cells exhaustion is prolonged antigenic 
stimulation of TCR, which triggers the phosphorylation 
of the kinases Lck and ZAP70. This activation triggers a 
cascade of pathways that regulates TFs and genes related 
to the effector or exhaustion functions of T cells [12, 13]. 
Among these TFs, members of the NR4A family have 
garnered particular attention due to their stable expres-
sion in tolerant  CD8+ T cells. In addition, elevated levels 
of NR4A TFs have been observed in T cells from indi-
viduals with cancer or chronic viral infections [14]. Nota-
bly, NR4A TFs are overexpressed in exhausted T cells, 

which is associated with increased expression of PD-1 
and TIM3, and diminished cytotoxicity [15]. Therefore, 
NR4A TFs are the main participants in T cell exhaustion. 
However, it is uncertain if Vδ2 T cell exhaustion follows 
the same mechanism, requiring further study.

BTN3A1, a B7 immunoglobulin superfamily mem-
ber widely expressed on immune cells including antigen 
presentation cells (APCs), is an important TCR ligand 
for pAg-induced Vδ2 T cell activation [16, 17]. Interest-
ingly, BTN3A1 is highly expressed in many cancers and 
is linked to clinical outcomes of 13 types of cancer [18]. 
B7 family proteins, known for their immune regulatory 
roles, are targets for immune checkpoint therapy [19, 20]. 
It is speculated that chronic BTN3A1 binding with γδ 
TCRs in the TME may cause γδ T cell dysfunction [21], 
although this is unconfirmed.

To address these challenges, our study clarified the 
exhaustion of tumor-infiltrating Vδ2 T cells in CC, and 
investigated how BTN3A1 expression in CC cells induces 
this exhaustion. We found that Vδ2 T cells in CC tissue 
show higher levels of exhaustion markers (e.g., PD-1, 
TIM3, and LAG3) compared to those in peripheral blood 
mononuclear cells (PBMCs). BTN3A1 expressed in CC 
cells can promote the exhaustion of in  vitro–amplified 
Vδ2 T cells by impacting the TCR and NF-κB signaling 
pathways and regulating the expression of TFs, including 
NR4A2/3, TOX, and EOMES, and exhaustion markers. 
In turn, the IFN-γ secreted by activated Vδ2 T cells boots 
the expression of PD-L1 and BTN3A1 in tumor cells and 
immune cells, thereby increasing the immunosuppres-
sive capacity of TME. Therefore, BTN3A1 may serve as 
a novel immune checkpoint molecule that could poten-
tially synergize with anti-PD-1/PD-L1 antibodies.

Materials and methods
Human samples
This study was approved by the Medical Ethics Commit-
tee of Tongji Medical College, Huazhong University of 
Science and Technology (Approval No. [2021] S034). A 
total of 20 patients with CC were included in this study 
(20 samples of peripheral blood and 13 specimens of 
tumor tissue were collected). The patient demographics 
is presented in Table  S1. In addition, peripheral blood 
samples were collected from healthy adult donors. All 
the required samples were obtained after signing a writ-
ten informed consent form from the participants. A 
density gradient centrifugation method based on Ficoll-
Paque was used to separate PBMCs of healthy donors 
and CC patients, and the obtained PBMCs were used for 
flow cytometry detection and expansion of Vδ2 T cells 
in vitro.
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Preparation of tissue single‑cell suspension
Using ophthalmic scissors cut the tumor tissue specimen 
into approximately 1  mm3 pieces and place them into C 
tubes. Add digestive solution (collagenase I + collagenase 
IV + EDTA (Ethylene diamine teraacetic acid) solu-
tion + HBSS) and shake with a tissue disintegrator (Milte-
nyi Biotec) for 30  s, then incubate on a shaker at 37  °C 
for 30 min. Add complete culture medium to terminate 
digestion, filter out cell clumps using a 70  μm ster-
ile cell filter, centrifuge at 1500 rpm for 5 min. Add red 
blood cell lysis buffer to the cell precipitate for 3–5 min, 
wash with sterile PBS, centrifuge at 1500 rpm for 5 min. 
Resuspend the cell precipitate in cell cryopreservation 
protective solution, and freeze it in liquid nitrogen for 
subsequent experiments. The cell viability is (mean ± SD) 
67.09 ± 20.64%.

Tumor cell lines and cell culture
Cervical cancer cell lines (SiHa, HeLa-luci, CasKi, C33A, 
MS751) were cultured in RPMI DMEM medium with 
10% fetal bovine serum (FBS) added (12800–58, Gibco, 
Life Technologies). The CC cell line ME-180 was cultured 
in improved McCoy’s 5a medium with 10% FBS added.

Construction of animal models
NCG (NOD/ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22/
Gpt), female mice, 6–8  weeks old, were purchased 
from GemPharmatech (Nanjing, China). All mice were 
raised in the isolation system of the SPF Animal Labora-
tory at the Experimental Animal Center of Tongji Hos-
pital affiliated to Huazhong University of Science and 
Technology. This study was approved by the Experi-
mental Animal Ethics Committee of Tongji Hospital 
Affiliated to Huazhong University of Science and Tech-
nology (Approval No. [2022] IACUC Number:3830).

The CDX tumor model was established using 
6–8-week-old female NCG mice. HeLa-luci cells (2 ×  106) 
and CaSki cells (1 ×  107) were resuspended in 100  μl of 
culture medium and were subcutaneously inoculated into 
NCG mice with insulin needles. When the tumor grew to 
the size of a soybean and could be palpated (50  mm3), the 
tumor-bearing mice were randomly allocated into differ-
ent groups to ensure that the tumor load of each group 
of mice was similar. After grouping, expanded Vγ9Vδ2 T 
cells (1 ×  107 cells per mouse) were transferred via the tail 
vein into tumor-bearing mice. Tumor tissues were col-
lected and digested into single-cell suspension for flow 
cytometry after adoptive transfer. The growth of tumors 
was continuously monitored and the survival of mice was 
recorded as indicated. Mice with tumors greater than 
2000  mm3 in size are considered to have reached the end-
point of life and are marked as dead in survival records.

In vitro culture and amplification of Vδ2 T cells
PBMCs were seeded at a density of 2 ×  106 cells per well 
in the 6-well plates, and cultivated in X-vivo medium 
with 10% FBS added (04-418Q, LONZA). At the begin-
ning of amplification (day 0), zoledronic acid salt (Sigma) 
(5 μM) and recombinant human IL-2 (1000 IU/ml) were 
added to the culture medium. After 4  days, the culture 
system was replaced with fresh culture medium also con-
taining 5 μM zoledronic acid salt and 1000 IU/ml IL-2. In 
the subsequent culture, cells were counted daily and fresh 
culture medium containing 1000  IU/ml IL-2 was added 
to maintain cell density within the range of 0.8–1.2 ×  106/
ml. On the 12th day of cultivation, a certain number of 
cultured cells were cultured with tumor cells followed 
by detecting the characteristics of Vδ2 T cells including 
exhaustion, activation, killing, and anti-tumor potential.

siRNA and lentiviral transduction
The siRNAs targeting NR4A2/3 were designed and syn-
thesized by General Biol (Anhui, China). Lipofectamine 
3000 (Life Technologies) was used to deliver the siRNAs 
to Vδ2 T cells, and the most effective siRNA was then 
screened for subsequent functional research. BTN3A1 
plasmid packaged with lentivirus was purchased from 
Yunzhou Biotechnology (Guangzhou, China). The 
CaSki-BTN3A1-OE cell lines were established by sta-
bly transducing with a lentivirus vector encoding the 
hBTN3A1[NM_007048.6]-EGFP. The Hela-BTN3A1-
KO cell lines were established by stably transducing with 
hCas9-hBTN3A1[gRNA#839]-EGFP. The HPV-E7 gene 
overexpression lentivirus was purchased from GeneRulor 
Biotechnology (Zhuhai, China) and was transfected into 
indicated tumor cells. 24 h after transfection, tumor cells 
were screened with 2  μg/ml puromycin (Selleck). The 
surviving tumors were amplified and used for subsequent 
experiments.

Detection of cell proliferation
For the Cell Counting Kit-8 (CCK-8) assay, tumor cells 
were seeded onto a 96-well plate at a density of 3,000 
cells per well, and cell proliferation was evaluated using 
CCK8 Cell Counting Kit (A311, Vazyme). For the colony-
formation assay, a total of 250 or 500 cells were seeded 
in a six-well plate and cultured in DMEM containing 
10% FBS for 2 weeks. The clones were fixed in 4% para-
formaldehyde and stained with crystal violet before being 
photographed. For Cell Trace violet (CTV) prolifera-
tion detection, a certain amount of Vδ2 T cells was col-
lected and resuspended with PBS, Cell Trace Violet Cell 
Proliferation Kit (C34557, Invitrogen) was subsequently 
used for CTV staining, followed by co-culturing with 
tumor cells to detect the dilution level of CTV by flow 
cytometry.
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Flow cytometry
The antibodies used for flow cytometry detection in 
Table  S2. Antibodies against human antigens used for 
flow cytometry were listed as target antigen. Single-cell 
suspensions were prepared from tumor tissues, periph-
eral blood or co-cultured cells, and a pipette was used to 
transfer indicated number of cells in 100  μl of medium 
into a flow cytometry tube, and make the total number 
of cells equal in each flow cytometry tube through cell 
counting (the number of cells added to the flow cytom-
etry tube may vary in different experiments and stain-
ing panels). Each tube was replenished with 3 ml of flow 
cytometry staining buffer, and centrifuged at 4  °C and 
1500  rpm for 5  min. Subsequently, the supernatant was 
discarded and cells were incubated with reactive dyes 
FVS (BD) followed by Fc block (B313423, Biolegend) 
for 15 min each. Staining for surface markers were per-
formed by mixing cells with fluorescein-labeled antibod-
ies and incubation at 4  °C for 30  min. For intracellular 
staining, cells were treated with Cytofix/Cytoperm Fixa-
tion/Permeabilization Kit (554714, BD) for fixation and 
breaking cell membrane after surface protein staining. 
For intracellular staining of cytokines, cells were incu-
bated with the addition of PMA, ionomycin and brefel-
din A (423303, Bioledgend) for 5  h before proceeding 
to intracellular staining. For intranuclear staining, cells 
stained with fluorescein-labeled antibodies against sur-
face proteins were fixed and permeabilized using a Tran-
scription Factor Buffer Set (562574, BD), followed by 
staining intracellular proteins with mixed antibodies 
labeled with fluorescein.

Flow cytometry analysis was performed using LSR 
Fortessa Cytometer (BD) and The ID7000™ spectral cell 
analyzer, with 10,000  targeted events  acquired. When 
analyzing the flow cytometry data, all cells were gated 
based on forward (FSC-A) and lateral (SSC-A) scatter-
ing, and then single cells were gated using FSC-A and 
FSC-W parameters to exclude debris, followed by gating 
live cells by FVS staining. The tumor infiltrating Vδ2 T 
cells were identified as  CD3+Vδ2+. Peripheral circulat-
ing and in vitro expanded Vδ2 T cells were identified as 
 CD3+Vδ2+ or  CD3+γδ TCR +. Tumor cells in the co-cul-
ture system were identified as  CD3−Vδ2−. The exhaus-
tion, activation and killing potential of Vγ9Vδ2 T cells 
were determined by the expression of surface proteins 
PD-1, TIM3, LAG3, HLA DR, CD86, NKG2D, FasL, 
PD-L1, intracellular expression of IFN-γ, TNF-α, PRF1, 
IL-17A and GZMB, as well as the expression of TOX, 
NR4A1, NR4A2, and NR4A3 in the nucleus.

To detect the killing effect of Vδ2 T cells on tumor cells 
after co-culture, Annexin V-PE/7-AAD apoptosis detec-
tion kit (559763, BD) was used to stain the cell and detect 

the apoptosis of tumor cells. When analyzing the flow 
cytometry data, all cells were gated based on FSC-A and 
SSC-A scattering, and then tumor cells in the co-culture 
system were identified as  EGFP+ and  CD3−Vδ2−. The 
dead tumor cells were identified as Annexin V-PE+7-
AAD+. To test the antigen-processing ability of Vδ2 T 
cells, DQ-OVA (D12053, Invitrogen) was added to the 
co-culture system of Vδ2 T cells and tumor cells, and 
the ability of Vδ2 T cells to phagocytose DQ-OVA was 
detected by flow cytometry.

Immunohistochemistry
Paraffin sections of tumor tissue and adjacent tissue from 
CC patients were placed in an electric thermostatic dry-
ing oven at 65  °C for 2  h for dewaxing and hydration. 
Sections were then placed in antigen repair solution 
and heated at a high temperature in a microwave oven. 
After natural cooling, the sections were treated with 3% 
 H2O2 at 37  °C for 15 min to block the endogenous per-
oxidase activity. Subsequently, non-specific antigens were 
blocked by incubation with 5% bovine serum albumin 
(BSA) at 37  °C for 30 min. The sections were incubated 
with anti-BTN3A1 Ab (PA5-97513, Invitrogen) at 1:100 
in a refrigerator overnight at 4 °C. After washing, the sec-
ondary antibody was added dropwise and incubated at 
37  °C for 30  min. Subsequently, DAB staining was per-
formed and nuclei was stained with hematoxylin. Finally, 
the sections were dehydrated and the slides were sealed 
for observation under a microscope.

Western blot (WB)
RIPA Lysis Buffer (G2002, Servicebio, China) was used 
to lyse proteins in cells and the proteins were transferred 
them onto PVDF membranes via wet transfer, followed 
by sealing in 5% skim milk powder for 1  h. Membranes 
were incubated with specific primary antibody overnight 
at 4 °C. The antibodies used for WB detection in Table S2. 
Membranes were then incubated with the secondary anti-
body in a constant temperature shaker for 1  h, followed 
by revealing the protein expression level using Western 
Bright ECL HRP substrate (K-12045-D50, Advansta) and 
chemiluminescence imaging system (Bio-Rad).

Quantitative real‑time polymerase chain reaction (qRT‒
PCR)
Total RNA was extracted from cultured cells using RNA 
extraction kit (RC112, Vazyme), and then reverse tran-
scribed into cDNA using reverse transcription kit (R223, 
Vazyme). Perform RT-PCR using a ChamQ Universal 
SYBR qPCR Master Mix (Q711, Vazyme) and MiniOp-
ticon RT-PCR system (Bio-Rad). The primers were used 
for qRT-PCR in Table S3.
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Enzyme linked immunosorbent assay (ELISA)
The supernatant was collected from the co-culture sys-
tem containing tumor cells and Vδ2 T cells, and an IFN-γ 
ELISA Kit (430104, Biolegend) was used to detect the 
secretion of IFN-γ by Vδ2 T cells at different time points 
after co-culturing.

Detection of BTN3A1 expression level on membrane 
surface of cells
To detect the expression level of BTN3A1 on the surface 
of CC cell lines, SiHa, HeLa-luci, CaSki, C-33A, MS751, 
ME-180 were stained with BTN3A1 mAb (eBioBT3.1, 
Invitrogen) or homotypic control (14–4714, Invitrogen) 
at 4  °C for 30  min, and the cells were detected by flow 
cytometry. To detect the expression level of BTN3A1 on 
the membrane surface of CC cells stimulated by IFN-γ, 
CC cell lines (CaSki and HeLa-luci) were treated with 
IFN-γ (100  ng/ml, 570202, Biolegend), co-cultured with 
or without the addition of anti-human IFN-γ neutral-
izing antibody (10  ng/ml, 506531, Bioledgend) for 24  h, 
and cells were collected for detection using flow cytom-
etry. To detect whether Vδ2 T cells can induce BTN3A1 
expression in CC cells by secreting IFN-γ, HeLa-luci cells 
and Vδ2 T cells were co-cultured with or without the 
addition of anti-human IFN-γ neutralizing antibodies for 
24 h, and flow cytometry were used to detect the expres-
sion level of BTN3A1 on the surface of tumor cells.

Bioinformatics analysis
RNA-seq data for the STAR process of the TCGA-CESC 
(cervical squamous cell carcinoma and adenocarcinoma) 
project were downloaded and organized from the TCGA 
database (https:// portal. gdc. cancer. gov/), and FPKM for-
mat data as well as clinical data were extracted. The Xian-
tao tool platform was utilized (https:// www. xiant ao. love/) 
to analyze correlations between molecules. BEST database 
was applied (https:// rooki eutop ia. com/ app_ direct/ BEST/) 
to analyze the survival prognosis of tumor patients and 
the impact of BTN3A1 expression on immunotherapy. 
The TIMER 2.0 database (http:// timer. cistr ome. org/) was 
applied to analyze the correlation between γδ T cell infil-
tration levels and the prognosis of CC patients, as well as 
the impact of BTN3A1, NR4A2/3 and γδ T cells on the 
survival prognosis of patients.

RNA sequencing and analysis
After co-culturing Vδ2 T cells with tumor cells, Vδ2 T 
cells were sorted using human TCRγ/δ+ T Cell Isolation 
Kit (Miltenyi Biotec), according to the manufacturer’s 
instructions and total RNA was extracted. An mRNA 
library was established using Illumina technology plat-
form. RNA sequencing was performed on BGI-SEQ plat-
form with the running of quality control. The analysis 
of sequencing data, including gene heatmaps, was con-
ducted by BGI Gene Dr Tom analysis platform.

Statistical analysis
The flow cytometry data were analyzed and plotted using 
Flow Jo 10.4 software, and the data were analyzed and plot-
ted using Prism 8.3 (Graphpad software). The data in the 
figure are presented in terms of mean ± standard deviation 
(SD). The statistical test adopts a two-tailed Student’s t-test. 
p < 0.05 is considered statistically significant, and statistical 
differences are represented by asterisks: ****/####p < 0.0001, 
***/###p < 0.001, **/##p < 0.01, */#p < 0.05.

Results
Tumor cells promote the expression of exhaustion‑related 
molecules in Vδ2 T cells
Exhausted γδ T cells have been identified in the TME 
of various cancers, including neuroblastoma, pancre-
atic ductal adenocarcinoma, colorectal cancer, multiple 
myeloma (MM), and kidney cancer [22]. To investigate if 
Vδ2 T cells in CC also exhibit an exhaustion phenotype, 
we compared the expression of exhaustion markers (e.g., 
PD-1, TIM3, and LAG3) in Vδ2 T cells from the periph-
eral blood and tumor tissue of CC patients (Fig.  1A). 
Results indicated that higher levels of PD-1 and TIM3, 
especially PD-1, in tumor-derived Vδ2 T cells compared 
to those from peripheral blood.

We subsequently aimed to explore the functional 
changes of Vδ2 T cells following their infiltration into 
the TME. Upon subcutaneously implanted HeLa-luci 
cells in NCG mice grew to palpable tumor (day 12 after 
injection), Vδ2 T cells expanded for 12  days adoptively 
transferred via tail vein into CDX-bearing mice (Figure 
S1A). The expression levels of activation and exhaustion-
related molecules on the tumor-infiltrating Vδ2 T cells 

(See figure on next page.)
Fig. 1 Upregulated expression of exhaustion-related molecules in Vδ2 TILs from CC. A Percentages of PD-1+,  TIM3+ and  LAG3+ cells (left and upper 
right), and the expression levels (MFIs) of PD-1, TIM3 and LAG3 (lower right) in Vδ2 T cells from peripheral blood (n = 20) and tumor tissue (n = 13) 
of CC patients. B An animal experimental system for in vivo evaluation of the impact of CC cells on adoptively transferred Vδ2 T cells. C MFIs of IFN-γ, 
TNF-α, PD-1, and TOX proteins in Vδ2 TILs on day 0 (D12), day 4 (D16), day 6 (D18), and day 8 (D20) after adoptive transfer (n = 4 mice per group). 
D Percentages of  PRF1+ (upper panel), IFN-γ+TNF-α+ (middle panel), and PD-1+TOX+ cells (lower panel) Vδ2 T cells (n = 3 healthy donors) after Vδ2 
T cells cultured alone or co-cultured with CC cell line HeLa-luci for 6 h or 24 h. Error bars represent mean ± SD. P values were calculated using 
two-tailed Student’s t test. ****/####p < 0.0001, ***p < 0.001, **p < 0.01, */#p < 0.05. ns, not significant. MFI, mean fluorescent intensity

https://portal.gdc.cancer.gov/
https://www.xiantao.love/
https://rookieutopia.com/app_direct/BEST/
http://timer.cistrome.org/
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Fig. 1 (See legend on previous page.)
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were determined on the 4th, 6th, and 8th day after adop-
tive transfer (Fig.  1B). After adoptive transfer, tumor-
infiltrating Vδ2 T cells showed increased IFN-γ and 
TNF-α secretion by day 4, which then gradually decline. 
Concurrently, the exhaustion markers PD-1 and TOX 
gradually upregulated [23] (Fig. 1C), suggesting that Vδ2 
T cells might rapidly enter the exhaustion program under 
the influence of TME.

To determine the direct impact of CC cells on the func-
tionality of Vδ2 T cells, the expanded Vδ2 T cells were 
co-cultured with HeLa-luci cells in vitro. Post co-culture, 
levels of cytotoxicity molecules PRF1, IFN-γ, and TNF-α 
in Vδ2 T cells significantly increased after 6 h of co-cul-
ture, while the percentage of PD-1+TOX+ Vδ2 T cells is 
decreased, indicating that tumor cell-induced activation of 
Vδ2 T cells. However, upon extending the co-culture dura-
tion to 24  h, the expression levels of cytotoxicity-related 
molecules on Vδ2 T cells were significantly decreased, and 
the percentage of PD-1+TOX+ Vδ2 T cells was markedly 
higher than those co-cultured for 6 h and those cultured 
alone (Fig. 1D). Therefore, these results demonstrate that 
CC cells within the TME directly induce the activation and 
promote the exhaustion of Vδ2 T cells.

BTN3A1 and γδ T cells affect the prognosis of CC patients
BTN3A1 is a crucial ligand for TCR Vγ9Vδ2, which 
plays an indispensable role in pAgs-induced Vδ2 T cell 
activation when expressed in APCs and/or tumor cells 
[16]. Indeed, during the process of Vδ2 T cell expansion 
in  vitro, the expression levels of BTN3A1 increased on 
 CD3− non-T cells,  CD3+Vδ2− and Vδ2+ T cells in the ini-
tial days, which is consistent with the proliferation curve 
of Vδ2 T cells, highlighting the key role of BTN3A1 in 
Vδ2 T cells proliferation and early activation (Fig.  2A 
and Figure S1A). In addition, KEGG and GO analysis of 
the CC data from TCGA database showed that BTN3A1 
mainly influences immune-related pathways, including 
antigen presentation and TCR signaling, thereby under-
scoring its important role in the immune regulation of 

CC (Figure. S1B and S1C). Conversely, RNA-seq analysis 
of clinical samples revealed that the expression level of 
BTN3A1 in CC tissue was markedly elevated than that in 
adjacent cervical tissue (Fig. 2B). In line with this result, 
immunohistochemistry also revealed that the expres-
sion level of BTN3A1 in CC tissue was higher than that 
in adjacent tissues, and it was mostly expressed in cancer 
nests (Fig. 2C). Importantly, low BTN3A1 expression was 
positively correlated with overall survival (OS) (p = 0.022), 
progression-free survival (PFS) (p = 0.035), and disease-
free survival (DFS) in the GSEA (p = 0.036) and TCGA 
(p = 0.024) databases (Fig.  2D and Figure S1D). Thus, 
these results collectively suggest that BTN3A1 has a pro-
tumoral role in CC.

The correlation between BTN3A1 expression and 
γδ T cells infiltration with patient prognosis was ana-
lyzed. Interestingly, patients exhibiting low expression 
of BTN3A1 coupled with high γδ T cell infiltration 
had the highest survival rate, whereas those with high 
BTN3A1 expression and low γδ T cell infiltration had 
the lowest survival rate. Moreover, although the fre-
quency of γδ T cells was significantly associated with 
patient survival rates, the difference disappeared in 
patients with high BTN3A1 expression (Fig.  2E and 
Figure S1E). At the same time, BTN3A1 expression is 
positively correlated with exhausted molecules (e.g., 
PDCD1, HAVCR2, LAG3 and TOX) (Fig. 2F). Together, 
these results suggest that the pro-tumoral effect of 
BTN3A1 may be mediated via γδ T cells.

BTN3A1 expressed by tumor cells promotes Vδ2 T cells 
exhaustion
Although antigen stimulation is required for the activa-
tion of αβ T cells, it induces αβ T cell exhaustion when 
presents persistently. We hypothesized that BTN3A1 
expression by CC cells might similarly contribute to Vδ2 
T cell exhaustion. To test this speculation, we constructed 
BTN3A1-KO and -OE CC cell lines, based on the vary-
ing expression levels of BTN3A1 across different CC cell 

Fig. 2 BTN3A1 and γδ T cells affect patient prognosis. A MFI of BTN3A1 in Vδ2+ cells,  CD3+ cells, and  CD3− cells (n = 3 healthy donors) 
during the expansion of Vδ2 T cells in vitro using PBMCs from healthy individuals. B mRNA expression levels of BTN3A1 in normal (n = 32) and tumor 
tissue (n = 127) of CC patients. C Representative images of BTN3A1 expression in tumor and adjacent tissues of CC patients. Scale bar: 200 μM. D 
The correlation between the mRNA expression level of BTN3A1 and overall survival (OS) as well as progression free survival (PFS) in CC patients 
(n = 299) in the TCGA dataset. E The correlation between the combination of mRNA expression level of BTN3A1 and infiltration level of γδ T cells, 
and the cumulative survival rate of CC patients in the TCGA database (n = 306), analyzed using TIMER 2.0. F The correlation between the mRNA 
expression level of BTN3A1, and that of genes related to exhaustion in CC patients in the TCGA database (n = 306). G Detection of protein expression 
of BTN3A1 in cervical cancer cell lines (upper panel), and validation of the constructed cell lines with BTN3A1 overexpression and knockout (lower 
panel). H The number of clones formed (counting clones > 50 cells) after 250 and 500 CaSki cells and HeLa-luci cells were plated onto a six well plate 
(n = 3 replicates per group). I, J Tumor growth curves (I) and survival proportions of (J) tumor-bearing NCG mice implanted with CaSki (BTN3A1-WT 
or BTN3A1-OE) cell lines subcutaneously (n = 10 per mice group). Error bars represent mean ± SD. p values were calculated using two-tailed 
Student’s t test. Survival curves were calculated with Log-rank (Mantel‒Cox) test. ****p < 0.0001. ns, not significant

(See figure on next page.)
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lines (Fig.  2G and Figure S2A). In  vitro colony-forming 
and CCK-8 assays demonstrated that manipulation of 
BTN3A1 expression did not affect the proliferation of 
CC cells (Fig.  2H and Figure S2B). Furthermore, when 
BTN3A1-WT and BTN3A1-OE cell lines were subcu-
taneously implanted into NCG mice, they had no effect 
on tumor proliferation and mice survival (Fig. 2I and J). 
Therefore, BTN3A1 does not seem to have an intrinsic 
effect on CC cells.

Given that HPV is the main inducing factor of CC, we 
need to investigate the influence of HPV16 and HPV18 
E6 and E7 oncoproteins on the expression of BTN3A1, as 
well as their potential impact on the functionality of Vδ2 
T cells as cancer antigens. The results indicated that while 
CaSki cells exhibited high levels of E6 and E7 expression, 
BTN3A1 expression was notably low (Figure S2C). Fur-
thermore, overexpression of the E7 protein in C33A cell 
lines, which are negative for both HPV16 and HPV18, 
did not result in increased expression of BTN3A1 (Figure 
S2D). Therefore, no significant correlation was observed 
between the expression levels of E6 and E7 and the 
expression of BTN3A1. At the same time, the ability of 
Vδ2 T cells to secrete IL-17A in response to various CC 
cell lines did not exhibit a correlation with the expression 
levels of the HPV E6 and E7 proteins (Figure S2E).

To assess the impact of BTN3A1 on Vδ2 T cells in CC 
cells, we co-cultured Vδ2 T cells with CC cell lines vary-
ing in BTN3A1 expression for 24 h and then sorted them 
for RNA-seq. Compared to the WT group, the expression 
levels of exhaustion-related molecules (PDCD1, HAVCR2, 
LAG3, TOX, etc.) of Vδ2 T cells were significantly upregu-
lated in the BTN3A1-OE group and downregulated in the 
BTN3A1-KO group (Fig.  3A). Furthermore, the expres-
sion of Vδ2 T cells exhaustion-related molecules in the co-
culture system was detected, finding that the expression 
of PD-1, TIM3, and LAG3 in the BTN3A1-KO group was 
lower than that in the WT group, while the expression in 
the BTN3A1-OE group was higher than that in the WT 

group (Fig.  3B, Figure S3A and S3B). Moreover, the per-
centage of PD-1+TIM3+ Vδ2 T cells was also significantly 
reduced in the BTN3A1-KO group (Figure S3C). Next, 
Vδ2 T cells were co-cultured with irradiated tumor cells to 
exclude the influence of other factors (such as tumor super-
natant). PD-1, TIM3, and LAG3 expression in Vδ2 T cells 
remained lower in the BTN3A1-KO group than in the WT 
group (Fig. 3C). Meanwhile, compared to those in the WT 
group, Vδ2 T cells in the BTN3A1-KO group exhibited 
enhanced secretion of IFN-γ and TNF-α (Fig. 3D and Figure 
S3D), higher expression of perforin (PRF1) and granzyme 
B (GZMB) (Fig. 3E), as well as stronger proliferating ability 
(Figure S3F). In contrast, Vδ2 T cells from the BTN3A1-OE 
group were relatively weaker (Figure S3E and S3G).

In order to detect the anti-tumor capability of Vδ2 T 
cells after co-culturing, Vδ2 T cells were sorted out and 
further co-cultured with tumor cells for 6  h. Apoptosis 
detection revealed that Vδ2 T cells in the BTN3A1-KO 
group had a stronger tumor-killing ability, whereas those 
in the BTN3A1-OE group had a weaker ability compared 
to the BTN3A1-WT group (Fig.  3F). Previous studies 
have shown that Vδ2 T cells have strong antigen presen-
tation ability, which can further promote anti-tumor abil-
ity of  CD8+ T cells [4], we thus explored the expression 
levels of antigen presentation-related molecules on Vδ2 
T cells after co-culturing with tumor cells. The expression 
levels of HLA-DR and CD86 in Vδ2 T cells reached over 
90%, with no significant difference observed between the 
two groups at 48  h (Figure S4A and S4B). But after co-
culturing, Vδ2 T cells in the BTN3A1-KO group exhib-
ited a higher average mean fluorescence intensity (MFI) 
of DQ-OVA, indicating that they had stronger antigen 
processing ability than those in the BTN3A1-WT group 
(Fig.  3G). Taken together, these findings indicate that 
high expression of BTN3A1 in CC cells induces exhaus-
tion or functional impairment in Vδ2 T cells in vitro.

Additionally, through single T cell analysis by RNA-seq 
and TCR tracking (STAR TRA C) analysis, Zhang L et  al. 

(See figure on next page.)
Fig. 3 BTN3A1 promotes Vδ2 T cells exhaustion. A Heatmap showing log2FC fold changes for the differentially expressed genes of selected 
exhaustion-related molecules of Vδ2 T cells co-cultured with CaSki (BTN3A1-OE vs. BTN3A1-WT, left) and HeLa-luci (BTN3A1-KO vs. BTN3A1-WT, 
right) tumor cell lines at a 1:1 ratio for 24 h (n = 2 replicates per group). B Percentages of PD-1+,  TIM3+, and  LAG3+ cells in Vδ2 T cells 
after co-culturing Vδ2 T cells with HeLa-luci (BTN3A1-WT and BTN3A1-KO) tumor cell lines at a 1:1 ratio for 24 h. C Percentages of PD-1+,  TIM3+, 
and  LAG3+ cells in Vδ2 T cells after co-culturing with irradiated (50 Gy) HeLa-luci (BTN3A1-WT and BTN3A1-KO) tumor cell lines at a 1:1 ratio 
for 24 h. D, E Vδ2 T cells cultured with HeLa-luci (BTN3A1-WT and BTN3A1-KO) tumor cell line at a 1:1 ratio for 24 h, percentage of IFN-γ+TNF-α+ 
cells and MFIs of IFN-γ, TNF-α in Vδ2 T cells (D); percentage of  PRF1+GZMB+ cells and MFIs of PRF1, GZMB in Vδ2 T cells (E) (n = 3 healthy donors). 
F, G Vδ2 T cells were sorted out after co-culturing with HeLa-luci (BTN3A1-WT and BTN3A1-KO) and CaSki (BTN3A1-WT and BTN3A1-OE) cell lines, 
and then co-cultured with BTN3A1-WT tumor cells at a 1:1 ratio for 6 h. Percentage of Annexin  V+7-ADD+ cells in tumor cells (n = 3 healthy donors) 
(F); Percentage of Vδ2 T cells phagocytosing DQ-OVA after 6 h of addition (n = 4 healthy donors) (G). H, I Percentages of  TOX+TIM3+/LAG3+ cells 
(H), and  EOMES+TIM3+/LAG3+ cells (I) in Vδ2 T cells after co-culturing with HeLa-luci (BTN3A1-WT and BTN3A1-KO) tumor cell lines at a 1:1 ratio 
for 24 h (n = 3 healthy donors). J An animal experimental system for in vivo evaluation of the effect of BTN3A1 on the functionality of Vδ2 T cells. K, 
L Percentages of IFN-γ+, TNF-α+,  TOX+ and  EOMES+ cells in Vδ2 TILs on day 8 (D20) after adoptive transfer (n = 4 mice per group). Error bars represent 
mean ± SD. p values were calculated using two-tailed Student’s t test. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. ns, not significant
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reported that TOX is highly expressed in exhausted T cell 
 (TEX), and EOMES, a key TF regulating T cells function, 
is highly expressed not only in terminally differentiated 
effect memory T cells  (TEMRA), but also in  TEX [24]. γδ T 
cells with higher levels of EOMES exhibit an exhausted 
phenotype and have a poorer ability to produce IFN-γ 
[25]. Therefore, these findings suggest the involvement of 
EOMES in γδ T cell exhaustion. We found that the expres-
sion of TOX and EOMES was positively correlated in CC 
(Figure S5A), and both were positively correlated with the 
expression of exhaustion-related molecules (Figure S5B). 
Furthermore, after co-culturing with CC cells, the fre-
quencies of  TIM3+TOX+ and  LAG3+TOX+ Vδ2 T cells 
as well as the frequencies of  EOMES+,  EOMES+TIM3+, 
 EOMES+LAG3+ Vδ2 T cells were significantly increased 
in the BTN3A1-WT group compared to those in the 
BTN3A1-KO group, with further increased in the 
BTN3A1-OE group (Fig. 3H-I and Figure S5C-G). These 
results indicate that both TOX and EOMES are involved 
in BTN3A1-induced Vδ2 T cell exhaustion.

To validate BTN3A1-induced Vδ2 T cell exhaustion 
in vivo, HeLa-luci cell line was implanted subcutaneously 
into NCG mice, which were subsequently injected with 
amplified Vδ2 T cells via tail vein upon tumor grew to be 
palpable. After 8  days of adoptive cell transfer, the sub-
cutaneous tumor was removed to analyze the functional 
molecules of Vδ2 T cells in the tumor (Fig. 3J). Obtained 
results were consistent with those in  vitro (Fig.  3K and 
K). Thus, our findings collectively demonstrate that 
BTN3A1 can promote Vδ2 T cell exhaustion in CC.

TFs NR4A2/3 are critical in mediating BTN3A1‑induced 
expression of exhaustion‑related molecules in Vδ2 T cells
In order to explore potential factors mediating BTN3A1-
induced Vδ2 T cell exhaustion, differential TFs of Vδ2 T 
cells in the BTN3A1-KO and BTN3A1-WT groups were 
enriched through RNA-seq. The NR4A family, which is 
part of the zf-C4 self-build, were significantly enriched in 
the BTN3A1-WT group (Fig. 4A). NR4As and TOX can 
work together to promote the exhaustion of  CD8+ T cells 

[26], and we reasoned that NR4As may also affect the 
exhaustion and anti-tumor capacity of Vδ2 T cells. Anal-
ysis of the TIMER 2.0 database showed that the expres-
sion levels of NR4A2 and NR4A3 (rather than NR4A1), 
along with γδ T cells infiltration influence the prognosis 
of CC patients. With the extension of follow-up time, the 
lower the expression levels of NR4A2/3, and the higher 
the infiltration level of γδ T cells, the better the prognosis 
of CC patients (Fig. 4B, C and Figure S6A). Next, by com-
paring NR4A2/3 expression in Vδ2 T cells from periph-
eral blood and tumor tissue of CC patients, it was found 
that both the frequency and the expression levels of 
 NR4A2+ and  NR4A3+ Vδ2 T cells were higher in tumor 
tissue than in peripheral blood (Fig.  4D). Moreover, in 
the peripheral blood and tumor tissue of CC patients, the 
expression levels of NR4A2/3 in PD-1+ Vδ2 T cells were 
consistently higher than those in PD-1− Vδ2 T cells (Fig-
ure S6B). Therefore, NR4A2/3 TFs are significantly cor-
related with Vδ2 T cells exhaustion.

To investigate the regulatory effect of BTN3A1 on 
NR4A2/3 of Vδ2 T cells, CC cell lines with different 
expression levels of BTN3A1 were co-cultured with 
Vδ2 T cells for 24 and 48  h, respectively. Compared 
with those in the BTN3A1-WT group, the expressions 
of NR4A2/3 in Vδ2 T cells of the BTN3A1-KO group 
were lower, while showed an increasing trend in the 
BTN3A1-OE group (Fig. 4E and Figure S6C). Moreover, 
the proportion of  NR4A2+ or  NR4A3+ Vδ2 T cells co-
expressed with PD-1, TIM3, and LAG3 were all signifi-
cantly lower in the BTN3A1-KO group, while showed an 
increasing trend in the BTN3A1-OE group compared to 
those in the BTN3A1-WT group (Fig. 4F, Figure S7A-C). 
Importantly, knockdown NR4A2 or NR4A3 by transfec-
tion of siRNA into Vδ2 T cells both resulted in signifi-
cantly downregulated PD-1, TIM3, and LAG3 in Vδ2 
T cells co-cultured with BTN3A1-sufficient HeLa-luci 
cells (the BTN3A1-WT group) (Fig.  4G). Interestingly, 
NR4A2 knockdown in Vδ2 T cells significantly down-
regulated the expressions of TOX and EOMES, while 
NR4A3 knockdown downregulated their expressions to 

Fig. 4 BTN3A1 regulates NR4A2/3 TFs of Vδ2 T cells. A Dot plot showing differential transcription factors of Vδ2 T cells co-cultured with HeLa-luci 
(BTN3A1-KO vs. BTN3A1-WT) tumor cell lines at a 1:1 ratio for 24 h (n = 2 replicates per group). B, C The correlation between the combination 
of mRNA expression levels of NR4A2 (B), NR4A3 (C) and infiltration level of γδ T cells, and the cumulative survival rate of CC patients in the TCGA 
database (n = 306). D Percentages of  NR4A2+ and  NR4A3+ cells, and MFIs of NR4A2 and NR4A3 in Vδ2 T cells from peripheral blood (n = 20) 
and tumor tissue (n = 13) of CC patients. E Percentages of  NR4A2+ and  NR4A3+ cells in Vδ2 T cells after co-culturing Vδ2 T cells with HeLa-luci 
(BTN3A1-WT and BTN3A1-KO) or CaSki (BTN3A1-WT and BTN3A1-OE) tumor cell lines at a 1:1 ratio for 24 h (n = 3 healthy donors). F Percentages 
of NR4A2/3+PD-1+, NR4A2/3+TIM3+ and NR4A2/3+LAG3+ cells in Vδ2 T cells after co-culturing Vδ2 T cells with HeLa-luci (BTN3A1-WT 
and BTN3A1-KO) tumor cell lines at a 1:1 ratio for 24 h (n = 3 healthy donors). G Percentages of PD-1+,  TIM3+ and  LAG3+ cells in Vδ2 T cells 
transfected with siNR4A2/3 after co-culturing Vδ2 T cells with HeLa-luci (BTN3A1-WT and BTN3A1-KO) tumor cell lines at a 1:1 ratio for 24 h (n = 3 
replicates per group). Error bars represent mean ± SD. p values were calculated using two-tailed Student’s t test. ****/####p < 0.0001, ***p < 0.001, 
**p < 0.01, *p < 0.05. ns, not significant

(See figure on next page.)
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a less extent (Figure S7D). Therefore, BTN3A1 regulates 
the expression of exhausted molecules and related TFs in 
Vδ2 T cells through NR4A2/3.

γδ TCR is required for BTN3A1‑induced Vδ2 T cell 
exhaustion
Through KEGG enrichment analysis of differen-
tially expressed genes in Vδ2 T cells co-cultured with 

Fig. 4 (See legend on previous page.)
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HeLa-luci cell lines (BTN3A1-KO and BTN3A1-WT) 
for 24 h revealed that the top two ranked pathways were 
TCR and NF-κB signaling pathways (Fig. 5A). Key mol-
ecules participating in the TCR signaling pathway in Vδ2 
T cells of the BTN3A1-KO group were lower than those 
of the BTN3A1-WT group, supporting the hypothesis 
that the TCR signaling pathway was less stimulated with-
out BTN3A1. Meanwhile, compared to the BTN3A1-WT 
group, the expression levels of representative molecules 
in the NF-κB signaling pathway in Vδ2 T cells of the 
BTN3A1-KO group were lower, while the expression 
level of IKBα that decomposes P65 was higher (Fig. 5B). 
These results together indicate the important role of 
BTN3A1 in stimulating the TCR and NF-κB signaling 
pathways in Vδ2 T cells.

Vδ2 T cells co-cultured with BTN3A1-sufficient CC 
cells show stronger TCR signaling compared to those co-
cultured with BTN3A1-deficient CC cells. We hypoth-
esized that strong TCR engagement by BTN3A1 induces 
Vδ2 T cell exhaustion. To test this hypothesis, Vγ9 block-
ing antibody was added to the co-culture system, which 
significantly downregulated the expression levels of 
PD-1, TIM3, and LAG3 in Vδ2 T cells of the BTN3A1-
WT group (Fig. 5C and D), as well as the proportion of 
 NR4A2+ or  NR4A3+ Vδ2 T cells co-expressing these 
markers (Fig.  5E and Figure S8A), indicating the neces-
sity of the BTN3A1-TCR interaction. To evaluate the 
role of NF-κB signaling pathway in mediating Vδ2 T cell 
exhaustion, Vδ2 T cells were pretreated with the NF-κB 
signaling pathway inhibitor JSH-23. The results showed 
that JSH-23 did not show a uniform trend in the expres-
sion of PD-1, TIM3, and LAG3. However, it led to reduce 
expression of TFs TOX and EOMES in Vδ2 T cells in 
both groups, and the differential expression of EOMES 
between the two groups was eliminated (Fig. 5F).

γδ T cells not only recognize phosphorylated antigens/
BTN3A1 through γδ TCRs, but are also capable of sens-
ing stress-related ligands through NKG2D receptors [27]. 
To exclude the confounding effect of NKG2D on evaluat-
ing the role of BTN3A1 in inducing Vδ2 T cell exhaus-
tion, we compared the frequencies of PD-1+,  TIM3+, and 
 LAG3+ cells in both  NKG2D+ and  NKG2D− Vδ2 T cells 

compartment between the BTN3A1-WT and BTN3A1-
KO groups, and did not find any differences (Figure S8B). 
At the same time, it was found that NKG2D ligands 
(ULBP1/2 and MICA/B) do not correlate with BTN3A1 
in the TME (Figure S8C). Therefore, BTN3A1 directly 
interacts with Vγ9 receptor to regulate downstream 
NR4A2/3 and influence exhausted molecules, while also 
affecting the NF-κB signaling pathway to regulate TOX 
and EOMES.

BTN3A1 upregulates PD‑L1 expression in tumor cells 
by promoting IFN‑γ secretion in Vδ2 T cells
We have shown that BTN3A1 on tumor cells can promote 
the expression of PD-1 on Vδ2 T cells. In triple negative 
breast cancer patients, high expression of PD-L1 can keep 
Vδ2 T cells in an exhausted state [28], and in pancreatic 
cancer, PD-L1 binds with PD-1 to promote Vδ2 T cell 
exhaustion [29]. Therefore, the PD-1/PD-L1 interactions 
may enhance the effect of BTN3A1 on Vδ2 T cell exhaus-
tion. Analysis of TCGA database revealed a positive cor-
relation between the expression of BTN3A1 and PD-L1 
in CC (Fig. 6A). Interestingly, BTN3A1 did not affect the 
expression of PD-L1 in tumor cells when cultured alone 
(Fig. 6B), indicating that the TME may play a crucial role 
in this process. Co-culturing CC cells with Vδ2 T cells 
revealed that high PD-L1 expression in both tumor cells 
and Vδ2 T cells when tumor cells with higher expression 
of BTN3A1 (Fig. 6C, D, Figure S9A and S9B).

Numerous studies have shown that IFN-γ can induce 
the expression of PD-L1 in tumor cells [30, 31]. There-
fore, the IFN-γ secreted by Vδ2 T cells activated during 
co-culture with CC cells may promote the expression of 
PD-L1 on tumor cells. We first detected IFN-γ secreted 
into the supernatant. As expected, Vδ2 T cells accumu-
lated more IFN-γ when co-cultured with BTN3A1-WT 
tumor cells than when co-cultured with BTN3A1-KO 
tumor cells (Fig. 6E). It should be noted that this exper-
iment, which detects the secretion of IFN-γ into the 
supernatant during the whole co-culture stage, is differ-
ent from those presented in the previous study, which 
measured the potential of Vδ2 T cells to produce IFN-γ 

(See figure on next page.)
Fig. 5 BTN3A1 regulates TCR signaling pathway. A, B Bar chart showing  log10FC fold changes for the differentially expressed genes of KEGG 
pathway after co-culturing Vδ2 T cells with HeLa-luci (BTN3A1-WT and BTN3A1-KO) tumor cell lines at a 1:1 ratio for 24 h, the purified Vδ2 T cells 
were subjected to RNA-seq (n = 2 replicates per group) (A); the expression levels of key molecules in the TOP2 pathway (TCR signaling pathway 
and NF-κB signaling pathway) of co-cultured Vδ2 T cells were verified (B). C-E Percentages of PD-1+,  TIM3+, and  LAG3+ cells in Vδ2 T cells (C, 
D), and percentages of  NR4A2+PD-1+,  NR4A2+TIM3+ and  NR4A2+LAG3+ cells in Vδ2 T cells (E), after co-culturing with HeLa-luci (BTN3A1-WT 
and BTN3A1-KO) tumor cell lines at a 1:1 ratio for 24 h in the presence or absence of Vγ9 neutralizing antibodies (n = 3 healthy donors). F 
Percentages of  TOX+ and  EOMES+ cells in Vδ2 T cells after pretreating Vδ2 T cells with NF-κB signaling pathway inhibitors JSH-23 (10 ng/ml) for 1 h 
and then co-culture with HeLa-luci (BTN3A1-WT and BTN3A1-KO) tumor cell lines at a 1:1 ratio for 24 h (n = 4 healthy donors). Error bars represent 
mean ± SD. p values were calculated using two-tailed Student’s t test. ****/####p < 0.0001, ***p < 0.001, **/##p < 0.01, */#p < 0.05. ns, not significant
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at the end of co-culture. Meanwhile, adding anti-IFN-γ 
neutralizing antibody significantly downregulated 
PD-L1 expression in both tumor cells and Vδ2 T cells 
(Fig.  6F), suggesting that BTN3A1 can promote the 
expression of PD-L1 in the TME through inducing Vδ2 
T cells to secrete IFN-γ. Furthermore, through analyz-
ing data extracted from public database, we found that 
high expression of BTN3A1 in tumor was correlated 
with a better response rate to anti-PD-1/PD-L1 anti-
body treatment (Fig.  6G) and a higher survival rate in 
patients (Fig. 6H).

Previous studies have shown that IFN-γ can induce 
the expression of BTN3A1 on monocytes. Therefore, 
we speculated that similar to the regulation of PD-L1 
expression, the expression of BTN3A1 in CC cells 
might also be upregulated by IFN-γ. To test this, we 
stimulated CC cells with IFN-γ and found that IFN-γ 
can significantly increase the expression of BTN3A1 in 
tumor cells (Figure S9C). Similarly, in the co-culture 
system, both CC cells and Vδ2 T cells increased their 
expression of BTN3A1 (Fig. 6I and Figure S9D), which 
can be partially counteracted by anti-IFN-γ neutraliz-
ing antibodies (Fig.  6I). Taken together, these findings 
suggest that BTN3A1 expressed by CC cells indirectly 
promotes the expressions of BTN3A1 and PD-L1 
through inducing Vδ2 T cells to secrete IFN-γ, thereby 
constituting a feedforward loop that accelerates the 
exhaustion program.

Discussion
Immunotherapy with checkpoint blockade has shown 
some benefit for CC patients, especially when combined 
with other therapies, but overall efficacy is still not sat-
isfactory [32]. These may be partially attributable to the 
functional impairment of αβ T cells and the presence of 
immunosuppressive tumor-associated macrophages in 
the TME of CC [33, 34]. γδ T cell–based immunother-
apy is a promising option therapeutic for CC treatment, 
as the presence of γδ tumor-infiltrating lymphocytes 

(TILs) are associated with a better prognosis. Even with-
out checkpoint inhibitors, adoptive transfer of Vδ2 T 
cells expanded in vitro has shown anti-tumor effects [35], 
indicating their potential clinical application. However, 
unlike  CD8+ T cells, the anti-tumor response of Vδ2 T 
cells does not improve with higher cell numbers [36], 
suggesting that γδ T cells may experience exhaustion in 
the TME, limiting their ability to control tumor growth.

We found that prolonged BTN3A1-TCR engagement 
results in Vδ2 T cell exhaustion instead of activation 
through inducing profound changes of TFs including 
TOX, EOMES, and NR4A. It has been reported that the 
downstream signal transduction cascades downstream 
of TCR engagement are extremely complicated, with 
many signaling pathways involved and interconnected. 
For example, TCR engagement activates the PKCθ and 
MAPK/ERk pathways, both of which can promote TF 
NF-κB activity. At the same time, it also can trigger the 
calcium signaling pathway and further affect the expres-
sion of related TFs [37]. This complexity is also exempli-
fied by our findings that the BTN3A1-TCR interaction 
can affect TOX and EOMES either through NR4A2/3 
downstream of TCR engagement, or via NF-κB signaling 
pathway in Vδ2 T cells. However, whether the cross-reg-
ulation of NR4A2/3 and NF-κB signaling pathways exists 
is still an open question. Therefore, further research 
is needed to confirm the detailed regulatory pathways 
involved and whether the exhaustion regulatory network 
in  CD8+ T cells is also applicable to Vδ2 T cells.

It has been well-established that continuous TCR stim-
ulation of  CD8+ T cells in chronic infection and TME can 
lead to their functional exhaustion [13]. However, recent 
studies have shown that  CD8+ T cells can downregulate 
their function and express exhaustion-related molecules 
within as rapidly as 12 h of contacting with tumor cells 
[38]. Our research indicated that BTN3A1 expressed on 
tumor cells can indeed increase the expression of exhaus-
tion-related inhibitory molecules and TFs in Vδ2 T cells 
amplified in vitro through γδ TCR receptors within 24 h, 

Fig. 6 IFN-γ secreted by Vδ2 T cells promotes the expression of BTN3A1 and PD-L1. A The correlation between BTN3A1 and CD274 mRNA 
expression levels in CC patients in the TCGA database (n = 306). B The expression level of PD-L1 in HeLa-luci (BTN3A1-WT and BTN3A1-KO) 
and CaSki (BTN3A1-WT and BTN3A1-OE) tumor cell lines. C, D The percentage of PD-L1+ cells in tumor cells C and Vδ2 T cells D after co-culturing 
HeLa-luci (BTN3A1-WT and BTN3A1-KO) tumor cell lines with Vδ2 T cells at a 1:1 ratio for 24 or 48 h (n = 3 healthy donors). E The concentration 
of IFN-γ in supernatant after co-culture HeLa-luci (BTN3A1-WT and BTN3A1-KO) tumor cell lines with Vδ2 T cells at a 1:1 ratio for 6 h (n = 4 healthy 
donors) and 24 h (n = 3 healthy donors). F MFI of PD-L1 in tumor cells and Vδ2 T cells after co-culturing HeLa-luci (BTN3A1-WT and BTN3A1-KO) 
tumor cell lines with Vδ2 T cells at a 1:1 ratio for 24 h in the presence or absence of anti-IFN-γ (10 ng/ml) (n = 5 healthy donors). G The correlation 
between mRNA expression level of BTN3A1 and patient survival rate in tumor patients receiving anti-PD-1/PD-L1 treatment. H The correlation 
between BTN3A1 mRNA expression level and tumor patient response to anti-PD-1/PD-L1 treatment. I MFI of BTN3A1 in tumor cells and Vδ2 T 
cells after co-culturing HeLa-luci (BTN3A1-WT and BTN3A1-KO) tumor cell lines with Vδ2 T cells at a 1:1 ratio for 24 h in the presence or absence 
of anti-IFN-γ (10 ng/ml) (n = 4 healthy donors). Error bars represent mean ± SD. p values were calculated using two-tailed Student’s t test. 
****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. ns, not significant

(See figure on next page.)
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albeit Vδ2 T cells still retain strong anti-tumor ability. 
Therefore, further exploration is needed to determine 
the extent to which BTN3A1 expressed by tumor cells 

affects Vδ2 T cells functional exhaustion. In addition, 
whether it is sustained or reversible is also worth further 
interrogation.

Fig. 6 (See legend on previous page.)
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BTN3A1 is widely expressed on an array of cell 
types, including immune cells and tumor cells [39, 
40]. In addition to the impact of BTN3A1 expressed 
by tumor cells on Vδ2 T cells as revealed in this study, 
BTN3A1 expressed in antigen-presenting cells is piv-
otal in pAg-induced Vδ2 T cell activation [41], which 
is actually the basis of most in vitro protocols for Vδ2 
T cell expansion. In addition, BTN3A1 also regulates 
the immune activity of  CD4+ T,  CD8+ T, monocytes, 
and NK cells, thereby playing a more extensive role in 
regulating the immune system [39]. With regard to its 
role in regulating Vδ2 T cells, the expression levels of 
BTN3A1 in different cells may have different effects 
on Vδ2 T cells. However, given the lack of Vδ2 T cell 
counterpart in mice, and the differences of BTN3A1 
across species, it is difficult to construct a suit-
able tumor model to further explore the relationship 
between them in  vivo. Nevertheless, further interro-
gation of the impact of BTN3A1 on different immune 
cells could have a profound impact on future combina-
torial immunotherapy.

BTN3A1 has been found to be highly expressed in pan-
creatic cancer, rectal cancer [42, 43] and ovarian cancer 
[44], which is consistent with our observations in CC and 
suggests the pro-tumoral role of BTN3A1. In the PD-L1 
humanized system, targeting BTN3A1 can overcome the 
highly immunosuppressive microenvironment of ovar-
ian cancer and is more effective than neutralizing PD-L1/
PD-1 checkpoints in delaying malignant progression [44]. 
The regulatory mechanism of BTN3A1 expression in CC 

cells is still unclear, and studies have reported that both 
IFN-γ and TNF-α can promote the expression of BTN 
in endothelial cells [45]. IFN-γ can also promote Vδ2 T 
cells activation by inducing the expression of BTN3A1 
in monocytes [46]. Here, Vδ2 T cells infiltration and the 
expression level of IFN-γ in CC tissue positively corre-
lated with BTN3A1 expression, and this correlation was 
consistent with that between PD-L1 and IFN-γ. Further-
more, our study demonstrated that Vδ2 T cells activated 
by BTN3A1 secreted IFN-γ, which in turn induced the 
expression of PD-L1 and BTN3A1 in CC cells, thereby 
further aggravating the immunosuppressive microenvi-
ronment. Therefore, the expression pattern and regula-
tory mechanism of BTN3A1 is highly similar to PD-L1, 
suggesting that BTN3A1 may be another novel immune 
checkpoint molecule in CC. Therefore, combining 
immune checkpoint therapy with γδ T cell–based immu-
notherapy may achieve twice the result with half the 
effort.

Conclusion
In summary, our findings indicate that expanded Vδ2 
T cells contact with BTN3A1 of tumor cells through γδ 
TCR receptor, and this interaction leads to the upregu-
lation of exhausted molecules and further downregu-
lation of their function (Fig.  7). BTN3A1 affects TFs 
TOX and EOMES through TFs NR4A2/3 downstream 
of TCR signaling pathway, or through NF-κB signaling 
pathway, thereby regulating the expression of exhaus-
tion-related molecules (PD-1, TIM3 and LAG3) in Vδ2 

Fig. 7 BTN3A1 expressed on CC tumor cells induces exhaustion of γδ T cells through γδ TCR signaling pathway. (By Figdraw). Upon extended 
engagement of TCR with BTN3A1 expressed by cancer cells, Vδ2 T cells upregulate the expression of NR4A2/3 and NF-κB, which in turn increase 
the expression of TFs TOX and EOMES, leading to the elevated expression of exhausted molecules (PD-1, TIM3, LAG3). IFN-γ produced by Vδ2 T cells 
after their extended interaction with BTN3A1-expressing CC cells is still capable of inducing the expression of BTN3A1 and PD-L1 in CC cells, thereby 
further promoting the exhaustion of Vδ2 T cells
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T cells. Moreover, despite the functional impairment 
of Vδ2 T cells following sustained interaction with 
BTN3A1-expressing CC cells, they still retain the abil-
ity to produce IFN-γ, which induces the expression of 
BTN3A1 and PD-L1 in CC cells, further promoting the 
exhaustion of Vδ2 T cells. Our study provides insights 
into the mechanism behind γδ T cells exhaustion in 
the TME and lays the groundwork for future clinical 
translation of γδ T cell-based immunotherapy.
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 NR4A3+LAG3+ cells in Vδ2 T cells after co-culturing Vδ2 T cells with 
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MICA/B in CC patients in the TCGA database (n = 306). Error bars represent 
mean ± SD. p values were calculated using two-tailed Student’st test. 
****p< 0.0001, **p< 0.01, *p< 0.05. ns, not significant. Supplemental 
figure 9. (A, B) The percentage of PD-L1+ cells in tumor cells (A) and Vδ2 T 
cells (B) after Vδ2 T cells co-culturing with CaSki (BTN3A1-WT and 
BTN3A1-OE) tumor cell lines at a 1:1 ratio for 24 or 48 hours (n = 3 healthy 
donors). (C) Percentage of  BTN3A1+ cells in HeLa and CaSki tumor cell 
lines for 24 hours in the presence or absence of IFN-γ (100 ng/ml) 
stimulation (n = 3 healthy donors). (D) MFI of BTN3A1 in Vδ2 T cells of 
PBMC before expansion (Day 0), after expansion (Day 12), and after 
co-culturing with HeLa-luci (BTN3A1-WT and BTN3A1-KO) tumor cell lines 
(n = 3 healthy donors) following expansion. Error bars represent mean ± 
SD. p values were calculated using two-tailed Student’s t test. ****p< 
0.0001, ***p< 0.001, **p< 0.01, *p< 0.05.
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