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Retinoic acid enhances γδ T cell cytotoxicity 
in nasopharyngeal carcinoma by reversing 
immune exhaustion
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Abstract 

Recent studies have shown that the antitumor immunity of adaptive immune cells is regulated by Vitamin A (reti-
noic acid, RA). However, it remains unclear whether RA and retinoic acid receptor (RAR) signaling can modulate 
antitumor immunity by reversing immune exhaustion of innate-like γδ T cells in human nasopharyngeal carcinoma 
(NPC). Periphery blood samples from patients with NPC were prospectively collected, and phenotypic and functional 
analyses of γδ T cells were performed using flow cytometry. Tumor-bearing models and RAR inhibitor approaches 
were utilized to investigate RA/RAR-mediated regulation of T cell immunoglobulin domain and mucin domain 3 
(Tim-3) and the antitumor activity of γδ T cells. Here, our findings indicate that immune exhaustion markers are highly 
expressed on peripheral αβ and γδ T cells in NPC patients. Serum RA levels are negatively correlated with the abun-
dance of Tim-3 on circulating Vδ2 T cells. Mechanistic studies have demonstrated that RA/RAR signaling directly 
targets Vδ2 T cells, repressing Tim-3 expression, promoting NF-κB activation, and enhancing the production of anti-
tumor-related cytokines. Notably, RA supplementation improved the efficacy of Vδ2 T cell-mediated immunotherapy 
in human NPC by suppressing Tim-3 expression. Collectively, these findings suggest that RA/RAR signaling plays a cru-
cial role in reversing immune exhaustion and represents a promising target for γδ T cell antitumor immunotherapy.
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Introduction
Nasopharyngeal carcinoma (NPC), a small proportion 
of head and neck cancers, is one of the most prevalent 
tumors in Southeast Asia and southern China especially 
in Guangdong province [1–5]. In general, dietary habits, 
genetic factors, and Epstein-Barr virus (EBV) infection 
are associated with NPC etiology [6–9]. Most patients 
with NPC are sensitive to radiotherapy [10]. However, 
distant metastasis and tumor recurrence occur in some 
NPC patients despite treatment with radiotherapy and 
chemotherapy [8, 11]. One of the critical reasons is that 
the patient’s immune cells are exhausted, resulting in 
impaired antitumor immunity of T cells in the tumor 
microenvironment (TME) [9, 12].

Tumor tissue is infiltrated by multiple types of immune 
cells that contain adaptive (CD4, CD8) T cells and innate 
immune cells (natural killer cells, NK), and provide one 
of the major protections in antitumor immunity [13, 14]. 
Moreover, innate-like γδ T cells, especially the human 
Vγ9Vδ2 (Vδ2) T cell subpopulation, which is independ-
ent of the major histocompatibility complex (MHC), 
can directly recognize and lyse tumor cells by producing 
cytokines, such as IFN-γ, TNF-α, Perforin and Granzyme 
B, to initiate cytotoxicity against tumor cells [15–19]. 
The abundance of tumor-infiltrating γδ T cells is the best 
prognostic marker of patient survival [20]. Several trials 
have demonstrated that Vγ9Vδ2 T cell immunotherapy 
exhibits promising clinical safety and prolongs the sur-
vival of patients with late-stage cancer [21, 22]. However, 
persistent exposure to cancer antigens without appropri-
ate activation triggers T cell exhaustion and limits their 
application in tumor immunotherapy [23–25].

The TME suppresses T cell effector functions by induc-
ing immune inhibitory receptors such as programmed 
cell death 1 (PD-1), Tim-3, and T-cell immunoreceptor 
with Ig and ITIM domains (TIGIT) on T cells [26–28]. 
These hallmarks of T cell exhaustion are often associ-
ated with immune dysfunction and unresponsiveness 
in tumor [14, 29]. Unfortunately, only few patients can 
benefit from immune checkpoint blockade therapies, the 
pivotal reason is that their immune cells are abnormal 
and severely exhausted in long-term tumor pressure [14, 
30]. Recently, Evan W. Weber et al. showed that transient 
rest restores functionality in exhausted chimeric antigen 
receptor T cells (CAR-T) through epigenetic remodeling, 
indicating that alleviating T cell exhaustion using small 
molecules is a promising approach for the sustained con-
trol of tumor progression [31].

The vitamin family is crucial for the physiological 
functions of the human body [32]. Several studies have 
suggested that retinoic acid (RA), a major active for-
mula metabolite of vitamin A, plays a key role in the 

differentiation or antitumor immunity of T cell subsets 
and other immune cells [33–40]. Although CD4 and 
CD8 T cell function has been well-established and con-
sidered a target of immunotherapy for cancer patients, 
relatively few studies have focused on the importance 
of small molecules, especially vitamin A treatment, in 
alleviating immune exhaustion and promoting the anti-
tumor immunity of γδ T cells.

In this study, low serum RA levels were associated 
with high levels of Tim-3 in circulating Vδ2 T cells in 
patients with NPC. We demonstrated that treatment 
with RA reduced Tim-3 expression while promoting 
the production of IFN-γ and TNF-α in Vδ2 T cells, 
resulting in enhanced immunotherapy efficacy. These 
findings indicate that RA has the potential to optimize 
γδ T-cell antitumor immunotherapy in NPC patinets.

Methods
PBMCs isolation
Peripheral blood mononuclear cells (PBMCs) were 
isolated by density gradient centrifugation (Cytiva, 
17,144,002) [41] from diagnosed NPC patients and 
age-matched healthy donors (HD), who were recruited 
from the First People’s Hospital of Foshan, China. All 
experimental procedures, involving PBMCs samples 
from NPC patients and healthy donors were approved 
by the Institutional Review Board of the First People’s 
Hospital of Foshan, Foshan, P. R. China (approval num-
ber, FSYYY-EC-SOP-008–02.0-A09). Detailed infor-
mation on the healthy donors and NPC patients is 
provided in Supplementary Table 1.

In vitro assays
To assess immune exhaustion and costimulatory mark-
ers, zoledronic acid (ZOL)-expanded Vδ2 T cells were 
treated with 250 nM all-trans-retinoic acid (RA; MCE, 
HY-14649) or Vehicle three times at 1-day intervals, 
followed by flow cytometry analysis. To detect intra-
cellular antitumor-related cytokines, ZOL-expanded 
Vδ2 T cells were treated with Vehicle, 250 nM RA, and 
100 nM AGN 193109 (retinoic acid receptor inhibitor, 
RARi; MCE, HY-U00449) either alone or in combina-
tion for 24 h. The cells were then treated with 50 ng/mL 
phorbol 12-myristate 13-acetate (PMA; Sigma, P8139) 
and 1 µg/mL ionomycin (Ion; Sigma, I9657) in the pres-
ence of Golgi Stop (1:1000 dilution; BD Biosciences, 
554,724) for an additional 4 h, followed by flow cytom-
etry detection. In some experiments, Vδ2 T cells were 
treated with Vehicle, 250  nM RA, and 100  nM AGN 
193109 either alone or in combination for 24  h, and 
surface markers were analyzed by flow cytometry.
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Flow cytometry
To further investigate the surface and intracellular 
markers in T cells, the following monoclonal antibod-
ies (mAbs) were used: V500 anti-human CD3 ( BD Bio-
sciences, 561,416; UCHT1), PerCP anti-human CD4 
(BioLegend, 317,431; OKT4), FITC anti-human CD8 
(BioLegend, 344,703; SK1), PerCP anti-human Vδ2 (Bio-
Legend, 331,410; B6), FITC anti-human Vδ1 (Miltenyi; 
REAL277), Brilliant Violet 421™ anti-human PD-1 (Bio-
Legend, 329,920; EH12.2H7), APC anti-human Tim-3 
(BioLegend, 345,011; F38-2E2), PE anti-human Tim-3 
(BioLegend, 345,005; F38-2E2), PE/Cyanine7 anti-human 
TIGIT (BioLegend, 372,714; A15153G), PE anti-human 
CD28 (BioLegend, 302,907; CD28.2), APC anti-human 
IFN-γ (BioLegend, 502,512; 4S.B3), PE anti-human 
TNF-α (BioLegend, 502,909; MAb11), Brilliant Violet 
421™ anti-human Perforin (BioLegend, 308,121; dG9), 
PE/Cyanine7 anti-human/mouse Granzyme B (BioLeg-
end, 396,409; QA18A28), PE/Cyanine7 anti-mouse CD3 
(BioLegend, 100,220; 17A2), Brilliant Violet 421™ anti-
mouse TCRγδ (BioLegend, 118,119; GL3), APC anti-
mouse PD-1 (BioLegend, 109,111; RMP1-30), Brilliant 
Violet 711™ anti-mouse CD366 (BioLegend, 119,727; 
RMT3-23), APC anti-mouse IFN-γ (BioLegend, 505,809; 
XMG1.2), FITC anti-mouse TNF-α (BioLegend, 506,304; 
MP6-XT22), and Pacific Blue anti-mouse Granzyme B 
(BioLegend, 515,407; GB11). LIVE/DEAD FIX AQUA—
80 (ThermoFisher, L34965) was employed to differenti-
ate between live and dead cells. T Cell phenotypes were 
determined using flow cytometry (Cytek Aurora) and 
analyzed via FlowJo v10.

Immunoblotting
ZOL-expanded Vδ2 T cells were treated with Vehicle, 
250 nM RA, 100 nM AGN 193109, or a combination of 
RA and RARi for 24 h, followed by stimulation with PMA 
(50 ng/mL) and Ion (1 µg/mL) for an additional another 
4 h. The Vδ2 T cells were lysed in RIPA buffer contain-
ing Phosphatase Inhibitor Cocktail (Selleck, B15001) 
and 1  mM Protease Inhibitor (MCE, HY-B0496) on ice 
for 35 min. Protein supernatants were collected for fur-
ther analysis. Total protein (20–40 μg) was transferred to 
0.45 μm polyvinylidene fluoride (PVDF) membranes via 
western electrotransfer (Bio-Rad). The following primary 
antibodies were used: p38 MAPK (CST, 8690 T; D13E1), 
p-p38 MAPK (CST, 4511  T; D3F9), Akt (CST, 4691  T; 
C67E7), p-Akt (CST, 4060 T; D9E), NF-κB (CST, 8242 T; 
D14E12), p-NF-κB (CST, 3033  T; 93H1), PLC-γ1 (CST, 
2822S; NA), p-PLC-γ1 (14008S; D6M9S), Erk1/2 (CST, 
9102S; NA), p-Erk1/2 (CST, 9101S; NA), RARα (MCE, 
HY-P80308; NA), RARβ (Gene Tex, GTX100759-S; NA), 
RARγ (Gene Tex, GTX102914-S; NA), and β-actin (CST, 

3700; 8H10D10). HRP-conjugated secondary antibod-
ies included anti-mouse IgG, HRP-linked antibody (CST, 
7076), anti-rabbit IgG, HRP-linked antibody (CST, 7074). 
The PVDF membranes were analyzed using the Chemi-
Doc MP Gel Imaging System (Bio-Rad) and Image Lab 
5.1 software.

RARα knockout Vδ2 T cell and tumor lysis experiment
For RARα knockout, HEK293T cells were transfected 
with the packaging plasmids PMD.2G (Addgene, 12,259) 
and psPAX2 (Addgene, 12,260) along with lenti-CRISPR 
v.2-based (Addgene, 52,961) knockout vectors, using 
Lipofectamine 3000 (Thermo Fisher Scientific), accord-
ing to the manufacturer’s instructions. sgRNA sequences 
were provided in supplemental Table 2. Virus-containing 
suspension was concentrated overnight using a concen-
tration kit (Clontech, 631,231). Vδ2 T cells were trans-
duced with lentivirus carrying CRISPR-Cas9-RARα (KO) 
and negative control CRISPR-Cas9 (NC), respectively, by 
centrifugation at 500 g for 90 min at 4℃ [12]. T cells were 
then cultured in normal medium for an additional 2 days. 
After two rounds of puromycin selection, the cells were 
harvested and assessed by immunoblotting. Transduced 
Vδ2 T cells were subsequently treated with 250 nM RA 
twice, at 1-day intervals, for a tumor lysis experiment. 
In some experiments, Vδ2 T cells (effector, E) and target 
cells (C666-1/MCF-7/Jurkat, T) were cocultured at the 
indicated ratios at 37  °C for 6 or 12  h, with or without 
15  μg/mL αTim-3 treatment, and cell lysis was deter-
mined using the CytoTox 96 Non-radioactive kit (Pro-
mega, G1780).

Tumor models
For the B16-F0 tumor-bearing model, 5.0 × 105 B16-F0 
cells were subcutaneously injected into the left flank of 
5–6  week-old wild-type (WT) mice. When the tumor 
volume reached to approximately 50–100 mm3, tumor-
bearing mice were intraperitoneally injected with 25 μg/
mouse AGN194310 (RARi; MCE, HY-16681), 2.5  mg/
kg retinoic acid (RA; MCE, HY-14649), 150  μg/mouse 
αTCRγ/δ (BioLegend, 107,517), 150 μg/mouse anti-CD8a 
(Selleck, A2102) alone, or RA combined with RARi/
αTCRγ/δ/αCD8a four times at three-day intervals. IgG 
was used as the isotype control for anti-TCRγ/δ and 
anti-CD8a treatments. For the C666-1 tumor model, 
NOD.Cg-PrkdcscidIl2rgem1Smoc (M-NSG, Shanghai Model 
Organisms Center) mice were subcutaneously inocu-
lated with 1.5 × 106 C666-1 cells (Guangzhou Laijing Bio-
technology Co., Ltd). When the tumor volume reached 
50–100 mm3, the mice were treated with 2.5 mg/kg RA, 
5.0 × 106 human Vδ2 T cells, 200  μg/mouse anti-Tim-3 
(Selleck, A2037), or their combination three times at 
five-day intervals. Human IgG4 was used as the isotype 
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control. Tumor volume (TV) was measured using a Ver-
nier caliper to determine length (L) and width (W), and 
calculated as: TV = (L × W2)/2. Mice bearing tumors 
larger than 15 mm in any dimension were euthanized. All 
experiments were independently repeated three times. 
Animal protocols were approved by the Institutional 
Animal Care and Use Committee of Jinan University 
(approval number, IACUC-20230812–04).

Tumor infiltrating lymphocyte (TIL) analysis
Tumor tissues were sectioned and suspended in 15  mL 
of tumor digestion buffer containing 2% FBS, 1.5 mg/mL 
collagenase IV, and 10 μg/mL DNase I. After rotating for 
40 min at 37 °C, the cell suspension was filtered through 
a 100-μm filter to obtain a single-cell suspension. TILs 
were isolated by density-gradient centrifugation using 
50% and 70% Percoll (GE, 17,089,102). For intracellular 
staining, TILs were stimulated with 50 ng/mL PMA and 
1 µg/mL ionomycin in the presence of Golgi Stop for 4 h. 
They were then fixed and permeabilized with antibodies 
for 30 min at 4 °C in the dark, following the manufactur-
er’s protocol. For surface staining, TILs were stained with 
the indicated antibodies and analyzed by full-spectrum 
flow cytometry.

Statistical analysis
Statistical analyses and graph generation were performed 
using GraphPad Prism (v.9). Data were obtained from 
independent biological samples and are presented as 
mean ± standard deviation (SD).

Results
Immune exhaustion markers were highly expressed 
on circulating T cells in NPC patients
We recruited 65 patients with NPC and 40 healthy 
donors (HD), analyzing the baseline expression of 
immune exhaustion and costimulatory markers on circu-
lating CD4, CD8, Vδ2, and Vδ1 T cells using flow cytom-
etry (Fig. 1A; Supplementary Fig. 1A, B). Information on 
the characteristics of both HD and NPC patients is pro-
vided in Supplementary Table 1. The results showed that 
the percentages of circulating CD4+ CD3+ and CD28+ 
CD8+ T cells were significantly decreased, whereas 

Tim-3+ CD8+, Tim-3+ CD4+, TIGIT+ CD4+ T cells were 
increased in NPC patients compared to healthy donors 
(Fig.  1B, C). Moreover, the percentages of innate-like 
circulating Vδ2+ CD3+ and CD28+ Vδ1+ T cells were 
significantly reduced, while the levels of PD-1+ Vδ2+, 
Tim-3+ Vδ2+, TIGIT+ Vδ2+, PD-1+ Vδ1+, Tim-3+ Vδ1+, 
and TIGIT+ Vδ1+ T cell in NPC patients were signifi-
cantly higher than those in healthy donors (Fig. 1D, E). To 
quantitatively assess the changes in immune parameters, 
we calculated the mean and logarithmic values of these 
parameters in NPC patients and HD. The results indi-
cated that the proportion of circulating Vδ2+ CD3+ T 
cells was the most reduced in NPC, while Tim-3 on CD4, 
CD8, Vδ2, and Vδ1 T cells was most elevated (Fig. 1F). 
Given that Epstein-Barr virus (EBV) infection is a major 
risk factor for NPC development [8], we next examined 
whether EBV infection was associated with increased 
levels of immune exhaustion markers on circulating T 
cells in NPC. Interestingly, we found that the percent-
age of PD-1+ CD8+ T cells in EBV + NPC patients was 
significantly higher than that in EBV- patients (Fig.  1G, 
H). Collectively, these results demonstrate that both the 
quantity and quality of innate-like circulating γδ T cells 
are diminished in NPC patients.

Low retinoic acid levels are associated with high Tim‑3 
expression in patients with NPC
We next examined the serum levels of RA using enzyme-
linked immunosorbent assay (ELISA) and found that the 
serum levels of the bioactive form of RA in patients with 
NPC (stage II-IV) were significantly lower than those in 
healthy donors (Fig.  2A, B). Furthermore, RA levels in 
patients with NPC decreased as the disease progressed 
(Fig.  2C). Our findings also indicated that RA levels in 
EBV + NPC patients were not significantly different from 
those in EBV- patients (Fig. 2D). Notably, serum RA lev-
els in NPC patients were negatively correlated with sur-
face Tim-3 levels on circulating Vδ2+ and CD8+ T cells 
(Fig. 2E-J). Collectively, these data suggest that RA defi-
ciency is linked to elevated Tim-3 levels on Vδ2+ and 
CD8+ T cells in NPC patients.

Fig. 1  Immune exhaustion markers were highly expressed on circulating T cells in patients with NPC. A Flow cytometric analysis of immune 
exhaustion and costimulatory molecule expression on circulating T cells. Representative plots demonstrate the gating strategy (NPC). B-E Surface 
expression levels of PD-1, Tim-3, TIGIT, and CD28 on circulating αβ (CD4+ and CD8+; HD, n = 31; NPC, n = 65) and γδ (Vδ2+ and Vδ1+; HD, n = 25–26; 
NPC, n = 46–48) T cells in NPC and HD cohorts. F The relative expression of immune markers on circulating CD4+, CD8+, Vδ2+, and Vδ1+ T cells 
was calculated as Log2(NPCmean/HDmean). G, H Levels of exhaustion markers and costimulatory molecules on circulating αβ (CD4+ and CD8+; 
EBV + , n = 26; EBV-, n = 39) and γδ (Vδ2+ and Vδ1+; EBV + , n = 17–18; EBV-, n = 28–30) T cells in NPC (EBV positive, EBV + ; EBV negative, EBV-). Data 
are presented mean ± SD and were analyzed using a Two-tailed unpaired Student’s t-test with Welch’s correction or the Mann–Whitney U test. 
Significance was indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s., not significant

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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Fig. 2  Low retinoic acid levels are associated with high Tim-3 expression in patients with NPC. A Magnetic resonance imaging (MRI) scans 
depicting tumor sizes in patients with primary NPC (II, III, and IV). B Serum RA levels in healthy donors (HD, n = 40) and NPC (n = 65) patients. C 
Graphical representation of RA levels in the serum of NPC patients stratified by stage (II, n = 18; III, n = 21; IV, n = 26). D RA levels in NPC patients 
categorized by EBV status (EBV-, n = 39; EBV + , n = 26). E, F Correlations between RA levels and immune marker expression on circulating αβ 
(CD4+ and CD8+ T cells, n = 65) and γδ T cells (Vδ1+ and Vδ2+ T cells, n = 43). G-J Correlation analysis of Tim-3 and CD28 on circulating T cells (CD8, 
n = 65; Vδ2, n = 43) with RA levels in NPC patients. Two-tailed unpaired Student’s t-test was employed in panels (B and D); while one-way ANOVA 
with Tukey’s multiple comparison test was applied in panel (C). Spearman correlation coefficients were calculated for panels (E-J). Data are 
presented as the mean ± SD. Significance was indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s., not significant
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The RA/RAR signaling pathway alleviates immune 
exhaustion by reducing Tim‑3 expression in γδ T cells
To investigate the mechanism by which RA regulates 
immune exhaustion, we performed a transcriptomic 
analyses of Vδ2 T cells from healthy donors treated 
with RA or Vehicle. RA did not affect the purity of 
ZOL-expanded Vδ2 T cells in  vitro (Supplementary 
Fig. 2A, B). The heatmap and chord plot demonstrated 
that RA reduced Tim-3 (HAVCR2) levels, while an 
increase in costimulatory molecular CD28 expression 
was observed in Vδ2 T cells (Fig. 3A, B). We observed 
that RA had no effect on the NKG2D expression of 
ZOL-expanded Vδ2 T cells in  vitro (Fig.  3C, D). We 
found that treatment with RA for 24  h significantly 
inhibited the expression of Tim-3 in T cells, as deter-
mined by real-time quantitative PCR (Fig.  3E). The 
canonical action of retinoic acid involves binding to 
its receptors (RARs), which translocate to the nucleus 
and function as transcription factors [42]. However, 
Western blotting revealed that RA did not promote the 
expressions of RARα, RARβ, or RARγ in Vδ2 T cells 
(Supplementary Fig.  2C). Recently, Alexandre Larange 
et al. demonstrated that the RARα receptor influences 
T cell receptor activation, thereby regulating the bal-
ance of immune responses [43]. Notably, RA treat-
ment facilitated RARα nuclear translocation in Vδ2 T 
cells (Fig. 3F). Vδ2 T cells expanded by zoledronic acid 
(ZOL) were treated with RA three times at one-day 
intervals. The results indicated that RA significantly 
decreased levels of TIGIT and Tim-3 while increas-
ing CD28 expression in Vδ2 T cells (Fig.  3G, H; Sup-
plementary Fig.  2D). To investigate how RA regulates 
the expression of immune exhaustion markers in Vδ2 
T cells, we cultured Vδ2 T cells in the presence or 
absence of a RAR inhibitor (RARi, AGN194310), with 
or without RA treatment. We found that the inhibition 
of Tim-3 in response to RA was reversed by RARi treat-
ment, whereas PD-1, TIGIT, and CD28 levels remained 
largely unchanged (Fig.  3I, J). Together, these results 

reveal that RA/RAR signaling represses Tim-3 expres-
sion in Vδ2 T cells.

RAR inhibitor attenuates RA‑mediated NF‑κB activation 
and decreases the expression of antitumor‑related 
cytokines in Vδ2 T cells
To further elucidates how RA regulates cytotoxic T 
cells in antitumor responses, Vδ2 T cells from healthy 
donors were cultured for RNA-seq analysis. Differentially 
expressed genes (DEGs) were identified and subjected to 
KEGG pathway analysis (Fig. 4A). Notably, the TNF and 
T cell receptor signaling pathways were substantially acti-
vated after RA treatment (Fig.  4B-D). Indeed, RA/RAR 
mediated NF-κB activation in Vδ2 T-cells was confirmed 
by immunoblotting (Fig. 4E; Supplementary Fig. 3A, B). 
We hypothesized RA/RAR promotes antitumor cytokine 
production in these cells. To investigate whether the RA/
RAR signaling pathway mediates cytokine production in 
Vδ2 T cells in vitro, the cells were treated with RA, RAR 
inhibitor (RARi), or their combination, followed by flow 
cytometry analysis. The results indicated that RA signifi-
cantly promoted the levels of IFN-γ and TNF-α in Vδ2 
T cells, which were reversed by RARi treatment (Fig. 4F, 
G). Collectively, these findings demonstrate that RA/RAR 
signaling mediates NF-κB activation and enhances anti-
tumor-related cytokine expression in human cytotoxic T 
cells.

RA enhances antitumor immunity through γδ T cells
To determine whether RA promotes antitumor immu-
nity via RAR or γδ T cells, B16-F0 melanoma cells were 
inoculated subcutaneously into mice and treated with 
RA, RARi, αTCRγ/δ antibody (αTCRγ/δ), or their com-
binations (Fig.  5A). The results showed that inhibition 
of RAR signaling in B16-F0 tumor-bearing mice dimin-
ished the antitumor effects of RA (Fig. 5B, C). Addition-
ally, tumor-bearing mice were treated with anti-mouse 
TCRγ/δ antibody (αTCRγ/δ) to deplete γδ T cells under 
the therapy of RA, RARi, or their combination. Deple-
tion of γδ T cells aggravated tumor growth and weakened 

Fig. 3  The RA/RAR signaling pathway alleviates immune exhaustion by reducing Tim-3 expression in γδ T cells. A RNA sequencing analysis of Vδ2 
T cells pretreated with Vehicle (V) or RA (n = 3). B Chord diagram illustrating differentially expressed genes (DEGs) enriched in relevant signaling 
pathways. C, D Vδ2+ T cells from healthy donors were treated with RA three times at 24-h intervals, followed by flow cytometric analysis (NKG2D+ 
on Vδ2+ T cells, n = 4). E mRNA levels of immune exhaustion markers in RA (12 h, 24 h, and 48 h) pretreated Vδ2+ T cells were verified by Quantitative 
real-time PCR (qPCR), and their fold changes were shown in heat map (healthy donors, n = 3 per group). F Confocal imaging of RARα (green) 
and nucleus (blue) in Vδ2 T cells treated with Vehicle or 250 nM RA for 12 h. G, H Vδ2+ T cells from healthy donors were treated with RA three 
times at 24-h intervals, followed by flow cytometric analysis (PD-1+, Tim-3+, and TIGIT+ on Vδ2+ T cells, n = 19; CD28+ on Vδ2+ T cells, n = 12). I, J Vδ2 
T cells were treated with vehicle, AGN194310 (RARi), RA, or combination for 24 h. Flow cytometric analysis and statistical evaluations of immune 
marker percentages are shown (n = 16). Two-tailed Unpaired Student’s t-test (D), a paired Student’s t-test was used in panel (H), and one-way 
ANOVA with Tukey’s multiple comparisons test was used in panel (J). Data are presented as mean ± SD. Significance was indicated as follows: 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s., not significant

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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RA-mediated antitumor immunity (Fig. 5D; Supplemen-
tary Fig. 4A). Interestingly, administration of RA signifi-
cantly improved survival in tumor-bearing mice, with the 
effects being dependent on both RAR signaling and γδ 
T cells (Fig. 5E). Further investigation revealed that RA/

RAR signaling promoted the antitumor immunity of γδ T 
cells in vivo. The inhibition of exhaustion markers PD-1 
and Tim-3 on tumor-infiltrating γδ T cells by RA was 
reversed by RARi, although the percentage of tumor-infil-
trating γδ T cells was not affected by RA/RAR signaling 

Fig. 4  RAR inhibitor attenuates RA-mediated NF-κB activation and decreases the expression of antitumor-related cytokines in Vδ2 T cells. A 
RA- or vehicle-pretreated Vδ2 T cells were collected for RNA-seq analysis. The DEGs were analyzed using KEGG pathway enrichment analysis 
(RA vs Vehicle). B GSEA was performed for the top 20 signaling pathways. An enrichment score (ES) > 0 indicates that the pathway is activated, 
and an enrichment score < 0 indicates that the pathway is inhibited. C, D GSEA analysis was performed for the T-cell receptor signaling pathway 
(Enrichment Score = 0.36; p = 0.28) and TNF signaling pathway (Enrichment Score = 0.37; p = 0.21). E Vδ2 T cells were treated with vehicle, RARi, 
RA, or their combination for 24 h, activated with phorbol 12-myristate 13-acetate (PMA) and ionomycin (Ion) for another 2 h, and then harvested 
for immunoblot analysis. F, G Vδ2 T cells were stimulated with vehicle, RARi, RA, or their combination for 24 h, followed by activation with PMA Ion 
for another 4 h under the condition of Golgi-Plug, and then harvested for flow cytometry analysis (n = 10). One-way ANOVA with Tukey’s multiple 
comparison test (G). Data are represented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s., not significant
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Fig. 5  RA reverses immune exhaustion and promotes antitumor immunity of γδ T cells. A Experimental design: Mice were inoculated with B16-F0 
tumor cells, followed by the specified treatment. Wild-type mice received B16-F0 tumor inoculation, followed by treatment with RA, RARi, αTCRγ/δ 
(anti-TCRγ/δ) either as monotherapy or combination therapy. Each experiment was independently repeated three times. B Representative 
images of B16-F0 tumors from mice on day 15 post-tumor implantation (n = 4 per group). C Tumor weight of mice in each group at the end 
of the experiment (n = 4 per group). D, E Tumor growth (D) and survival curves (E) in mice treated with RA, RARi, αTCRγ/δ alone or in combination 
(n = 5 per group). F–H Exhaustion marker expression on tumor-infiltrating lymphocytes (TILs) was analyzed by flow cytometry (F–H). I-L Levels 
of IFN-γ, TNF-α, and Granzyme B (GZMB) in TILs-γδ T cells after RA or RARi treatment, alone or in combination (n = 5 per group). Each experiment 
was independently repeated three times. One-way ANOVA with Tukey’s multiple comparisons test was used for panels (C, D, J, K, and L); 
the log-rank (Mantel-Cox) test was used for panel (E). Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s., 
not significant
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(Fig. 5F-H; Supplementary Fig. 4B). Moreover, RA treat-
ment increased the percentage of IFN-γ and TNF-α in 
tumor infiltrating γδ T cells, which was mitigated by RAR 
inhibitor (F  ig.  5I-L). Interestingly, RA-mediated antitu-
mor immunity was also partially dependent on CD8 T 
cells (Supplementary Fig.  5A-C). These findings suggest 
that RA alleviates immune exhaustion and enhances the 
antitumor activity of γδ T cells in vivo.

RA improves Vδ2 T cell‑mediated immunotherapy efficacy 
in human NPC by suppressing Tim‑3 expression
To determine whether RA improves antitumor immunity 
by modulating Tim-3 expression on human Vδ2 T cells, 
C666-1 nasopharyngeal carcinoma cells were inoculated 
subcutaneously into M-NSG mice, followed by treatment 
with RA, αTIM-3 antibody, Vδ2 T cells, or their combi-
nations (Fig. 6A). The levels Tim-3 on Vδ2 T cells treated 
with either αTIM-3 or RA were significantly lower than 
those in the control group (Supplementary Fig. 6A, B). To 
validate whether RA enhanced the therapeutic efficacy 
of Vδ2 T cells, we conducted an in  vitro tumor-killing 
assay. The results preliminarily demonstrated that RA 
improved the antitumor immune response of Vδ2 T cells 
in vitro (Fig. 6B, C). Importantly, hematoxylin–eosin (H 
& E) staining showed no tissue injury following treat-
ment with Vδ2 T cells (γδ-T), Vδ2 + RA (γδ-T + RA), or 
Vδ2 + αTIM-3 (γδ-T + αTIM-3), either alone or in combi-
nation (Fig. 6D). Notably, the combination of Vδ2 T cells 
with either RA or αTIM-3 resulted in more pronounced 
tumor regression than either treatment alone (Fig.  6E, 
F). However, no significant difference in tumor volume 
reduction was observed between the combination treat-
ments and Vδ2 T cells with RA/αTIM-3 alone at day 36 
in the C666-1 tumor-bearing mouse model (Fig.  6G). 
Nevertheless, the survival curve indicated improved sur-
vival in mice treated with the combination of Vδ2 T cells 
and RA or αTIM-3 (Fig. 6H). To further elucidate the role 
of RAR in antitumor immunity, CRISPR-Cas9 technol-
ogy was used to generate RARα knockout Vδ2 T cells, 

and immunoblotting confirmed the knockout efficiency 
(Fig. 6I, J; Supplementary Table 2). We observed that RA 
supplementation alleviated Vδ2 T cell immune exhaus-
tion and enhanced antitumor immune activity. However, 
following RARα knockout, RA supplementation failed 
to effectively alleviate immune exhaustion or augment 
antitumor immune responses (Fig. 6K-N). RARα knock-
out Vδ2 T cells pretreated with RA, αTim-3, or vehicle 
were co-cultured with C666-1 tumor cells for 6 or 12 h, 
and tumor lysis was measured via LDH release. Our 
results further demonstrated that the antitumor activity 
of RARα knockout Vδ2 T cells was partially reduced, but 
RA or αTim-3 supplementation improved γδ T cell cyto-
toxicity against nasopharyngeal carcinoma cells (Fig. 6O; 
Supplementary Fig. 6C). Collectively, these findings sug-
gest that RA or αTIM-3 improves the therapeutic efficacy 
of γδ T cells in nasopharyngeal carcinoma tumor-bearing 
mice.

Discussion
T cell exhaustion, characterized by elevated levels of 
immune inhibitory receptors within the tumor micro-
environment (TME), remains a critical factor contribut-
ing to tumor immune evasion [14, 44]. Immunotherapies 
targeting multiple immune checkpoint receptors, includ-
ing PD-1 and PD-L1 monoclonal antibodies, have dem-
onstrated considerable success across various cancer 
patients [14, 45, 46]. However, solely employing antibody 
blockade therapies presents challenges in reversing T cell 
exhaustion intrinsically.

Recent studies have highlighted the potential role of 
nutrients, particularly vitamins, in alleviating cytotoxic 
T cell exhaustion and enhancing both antitumor and 
antiviral immune responses in the TME [12, 47]. Among 
these, vitamin D has shown promise; however, the spe-
cific effects of vitamin A on innate-like γδ T cell biology 
remain inadequately understood. Larange et  al. recently 
underscored the importance of subcellular retinoic acid 
(RA)/RARα signaling in T cells, identifying extranuclear 

(See figure on next page.)
Fig. 6  RA and RAR signaling improve Vδ2 T cell-mediated immunotherapy efficacy in human NPC by suppressing Tim-3 expression. A Overview 
of study design. M-NSG mice were inoculated with C666-1 tumor cells, followed by the indicated treatments. B, C Vδ2 T cells were pre-treated 
with RA or vehicle, incubated with MCF-7 or Jurkat tumor cells for 12 h, and cytotoxic efficiency was assessed via LDH release (n = 3). D Tissue 
pathology of the specified organs was assessed by hematoxylin and eosin staining on day 31 post-tumor implantation. E Images of C666-1 tumors 
in mice at day 31 post-tumor implantation (n = 4 per group). Each experiments were independently repeated three times. F Tumor weight (n = 5 
per group). G, H Tumor volume (G) and survival curves (H) of mice treated with IgG, RA, Vδ2 T cells alone, or in combination with αTim-3 (n = 5 
per group). I, J Vδ2 T cells were transfected with either an RARα knockout vector (gRNA S1 targeting RARα) or a control vector (NC), followed by RA 
treatment twice at 1-day intervals. Protein levels were analyzed by immunoblotting (I) and quantified using Image J software (J). K-N Immune 
markers and cytokine levels were assessed by flow cytometry (n = 3 per group). O RARα knockout or control (NC) Vδ2 T cells were treated with RA 
or αTim-3, incubated with C666-1 tumor cells for 12 h, and cytotoxic efficiency was assessed via LDH release (n = 3). Two-tailed unpaired Student’s 
t-test was used in panel (J); one-way ANOVA with Tukey’s multiple comparisons test was used for panels (B, C, F, G, L, N, and O); the log-rank 
(Mantel-Cox) test was used in panel (H). Data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s., not significant
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Fig. 6  (See legend on previous page.)
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RARα as a component of the T cell receptor signalosome, 
essential for immune responses [43]. Our findings indi-
cate that RA mitigates γδ T cell exhaustion through RAR 
signaling, thereby improving antitumor responses.

Previous research has demonstrated enhanced antitu-
mor immunity in mice fed a vitamin A acetate-enriched 
diet [48]. Furthermore, Guo et  al. illustrated that RA/
RAR signaling augments antitumor efficacy via CD8 + T 
cells, underscoring the pivotal role of adaptive immune 
cells, particularly cytotoxic CD8 + T cells, in tumor 
immunity [33, 39]. Additionally, Ross and Raverdeau et al. 
reviewed how RA signaling modulates the proliferation, 
differentiation, and activation of immune cells, including 
dendritic cells (DCs), macrophages, natural killer (NK) 
cells, B cells, and T cells [36, 42, 49, 50]. Despite these 
advances, the precise mechanisms by which RA and its 
receptors regulate immune exhaustion, and their poten-
tial to enhance γδ T cell-mediated therapeutic efficacy, 
remain poorly understood.

RA binds to retinoic acid receptors (RARs), triggering 
their nuclear translocation and subsequent regulation of 
gene transcription [36, 39, 42]. Notably, prolonged RA 
treatment markedly reduced the expression of inhibitory 
receptors TIGIT and Tim-3 while increasing the levels of 
the costimulatory molecule CD28 on Vδ2 T cells. Moreo-
ver, RA/RAR signaling reduced Tim-3 expression and 
enhanced the production of IFN-γ and TNF-α in cyto-
toxic Vδ2 T cells, leading to improved immunotherapeu-
tic efficacy in a nasopharyngeal carcinoma (NPC) animal 
model. Nevertheless, further research is needed to elu-
cidate how different RAR subtypes—specifically RARα, 
RARβ, and RARγ—modulate immune exhaustion and 
cytokine production associated with antitumor activity.

Conclusion
In summary, our clinical data revealed that serum RA 
levels in NPC patients were significantly lower than those 
in healthy controls, and markers of immune exhaustion 
were highly expressed on circulating γδ T cells. Cor-
relation analysis demonstrated that low serum retinoic 
acid levels were associated with elevated Tim-3 levels in 
NPC patients. Importantly, RA/RAR signaling reversed 
immune exhaustion and enhanced the immunotherapeu-
tic efficacy of γδ T cells both in vitro and in vivo. Collec-
tively, RA and RAR-targeted therapies present a safe and 
cost-effective approach with broad potential to improve 
antitumor responses in cancer patients.
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