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ICB	� Immune checkpoint blockade
PD-1/PD-L1	� Programmed cell death protein 1 and its 

ligand
Texp	� Precursor-exhausted T cells
MLN	� Mediastinal lymph nodes
CTX	� Cyclophosphamide
DC	� Dendritic cell

1  Background

Metastasis is the leading cause of cancer-related mortality 
and a significant barrier to curative therapies [1]. Tradi-
tional clinical approaches such as surgery and radiotherapy 

Abbreviations
ACT	� Adoptive cell therapy
CTL	� Cytotoxic T lymphocytes
Tex	� Exhausted CD8+ T cells
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Abstract
Background  Adoptive cell therapy (ACT) mediates durable and complete regression of various cancers. However, its effi-
cacy is limited by the long-term persistence of cytotoxic T lymphocytes, given their irreversible dysfunction within the 
tumor microenvironment. Herein, we aimed to establish an artificial lung metastasis model to examine T-lymphocyte sub-
sets, in order to identify potential effective cell subsets for ACT.
Methods  A metastatic lung melanoma mouse model was established using OVA-expressing melanoma B16 cells. Flow 
cytometry analysis was conducted to examine the surface markers, transcription factors, and secreted cytokines of tumor-
specific CD8+ T cells within metastatic tissues. The infiltrated cells were sorted by flow cytometry for in vitro tumor cell 
killing assays or in vivo cell infusion therapy combined with chemotherapeutic drugs and immune checkpoint blockade 
antibodies.
Results  Exhausted CD8+ T cells (Tex) exhibited high heterogeneity in metastatic tissues. Among Tex cells, the CXCR6− 
precursor cell showed certain memory characteristics, including phenotype, transcription factors, and maintenance, whereas 
the CXCR6+ subpopulation partially lost these traits. Moreover, CXCR6+ precursor cells effectively replenished effector-like 
Tex cells in metastatic tissues and exerted direct cytotoxicity against tumor cells. Notably, transferring these tumor-specific 
CXCR6+ precursor-exhausted T (Texp) cells into recipients induced a substantial regression of metastasis. In addition, these 
cells could respond to immune checkpoint blockade, which could better control tumor metastasis.
Conclusions  In our study, a subset of antigen-specific CXCR6-expressing Texp cells was observed within the metastatic tis-
sue. The cells served as a crucial source of effector-like Tex cells and exerted direct cytotoxic effects on tumor cells. Adoptive 
transfer of CXCR6+ Texp cells effectively mitigated lung metastasis in mice. This study helps elucidate the role of Texp cells 
in metastasis, thereby offering novel insights into enhancing the efficacy and durability of immunotherapy.
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often fail to treat tumor metastasis. To overcome this limita-
tion, adoptive cell therapy (ACT) using autologous T cells 
has been proposed. ACT involves the infusion of in vitro 
expanded tumor-specific cytotoxic T lymphocytes (CTLs), 
that have been associated with remarkable remission rates 
in patients [2, 3]. However, a major obstacle to ACT is the 
susceptibility of infused CTLs to exhaustion within the 
inhibitory tumor microenvironment [4].

Exhausted CD8+T (Tex) cells are characterized by an 
elevated expression of inhibitory receptors, impaired pro-
liferative potential, loss of effector functions, and distinct 
transcriptional and epigenetic profiles compared to effector 
or memory cells [5–7]. Immune checkpoint blockade (ICB), 
targeting the programmed cell death protein 1 and its ligand 
(PD-1/PD-L1) pathway with monoclonal antibodies, has 
been approved for the treatment of various cancer types, 
and has been associated with improved tumor regression 
and patient survival rates [8].

However, despite combining ICB with first-line plati-
num-doublet chemotherapy [9], more than half of the treated 
patients fail to respond. In reality, prior to ICB emerg-
ing as a significant modality for cancer treatment, tumor-
infiltrating CD8+T cells had already been acknowledged 
as a crucial factor in governing prognosis. Additionally, 
researchers have endeavored to employ ICB in combina-
tion with autologous tumor-infiltrating lymphocyte infusion 
for immunotherapy of non-small cell lung cancer patients, 
and have attained potentially therapeutic outcomes [10]. 
Recent studies have revealed heterogeneity among Tex cells 
[11–13]. Precursor-exhausted T (Texp) cells express stem-
ness-related transcription factors such as TCF-1 and give 
rise to the Tim3-expressing terminal Tex subset in chronic 
infections and tumors [14–16]. Furthermore, the response 
of precursor populations to checkpoint blockade has been 
reported [17, 18]. However, the immunological characteris-
tics and functions of Texp cells during metastasis are poorly 
understood.

Herein, we aimed to establish an artificial lung metastasis 
model using a melanoma cell line. Using flow cytometry, 
we observed a subset of antigen-specific CXCR6-express-
ing Texp cells within the metastatic tissue. They displayed 
limited molecular characteristics associated with memory, 
combined with prompt replenishment into effector-like Tex 
cells, and exerted direct cytotoxic effects on tumor cells. 
Adoptive transfer of CXCR6+ Texp cells effectively miti-
gated lung metastasis in mice, and when combined with 
chemotherapy or ICB, further augmented treatment efficacy. 
This study provides novel insights for the clinical treatment 
of ACT.

2  METHODS

2.1  Mice

C57BL/6J, Cd8–/– mice, CD45.1 congenic mice, Cxcr6−/− 
and OT-I TCR transgenic mice were purchased from the 
Jackson Laboratories. We crossed Cxcr6−/− mice with OT-I 
mice to generate mice in which the Cxcr6 alleles are deleted 
in CD8+ T cells (hereafter referred to as Cxcr6−/− OT-I 
mice). Approximately 6-10-week old mice of both sexes 
were engrafted with tumor cells without randomization or 
“blinding”. All Mice were bred in pathogen free conditions. 
Mice dying for nonrelated cancer causes were excluded from 
the studies (i.e., fights or infections). Mice were performed 
with the guidelines of the Institutional Animal Care and Use 
Committees at The HuaShan Hospital, Fudan University.

2.2  Experimental lung metastasis model

Mouse melanoma B16(F10) cells and B16luc cells (B16 
transduced with firefly luciferase) were obtained from 
ATCC, B16-OVAluc cells (B16 stably expressing chicken 
OVA peptide) were developed in our lab. All the transgenic 
melanoma cells utilized in this research originated from the 
parent cell line B16(F10), and the cells were cultured in 
DMEM (Gibco) supplemented with 2nM L-glutamine, 1nM 
penicillin/ streptomycin and 10% (v/v) FBS. All cell lines 
were tested routinely prior to use to exclude mycoplasma 
contamination. The spontaneous metastasis mouse model 
was established following the published protocol [19]. In 
brief, an inoculum dose of 5 × 105 of melanoma cells in 
0.3 ml PBS were subcutaneously injected into the footpad. 
After 10–14 days, tumor growth in the footpad was mea-
sured with calipers until the tumor reached approximately 
0.8 × 0.8 cm in diameter. Subsequently, the mice were anes-
thetized, and the leg bearing the tumor was amputated. The 
feasibility of the model was evaluated by analyzing the fluo-
rescence signals in the mouse lung via live imaging detec-
tion. Additionally, after mice have received ACT treatment, 
count the number of lung nodules(black/opaque foci) with 
the aid of a dissection microscope at the different indicated 
time.

To analyze the immunologic characteristics of tumor-spe-
cific CD8+ T cells, we mimicked the formation of metastatic 
in lung tissue from melanoma. Total 3 × 105 of melanoma 
cells in 0.5 ml PBS were intravenously through the tail vein. 
A total of approximately 5 × 105 of naïve splenic CD8+ T 
cells from CD45.1+ OT-I transgenic mice were adoptively 
transferred to the tumor bearing mice (CD45.2+) through the 
tail vein. The purification of CD8+ T cells was performed 
by using mouse CD8+ T cells isolation kit (StemCell Tech-
nologies) according to manufacturer’s protocol. The OT-I 
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cells analyzed or sorted in this study were all gated from 
the CD44+ population. In immunotherapeutic experiments, 
total of 5 × 105 Slamf6+CXCR6+ OT-I cells derived from 
metastatic donor mice were adoptively transferred to the 
recipient mice, which were inoculated with B16-OVA cells 
intravenously or subcutaneously on the following day. In 
addition, the recipient mice that received ACT treatment did 
not undergo lymphodepletion using any pharmacological 
agents.

2.3  Development of subcutaneous tumor and virus 
infection models

For subcutaneous tumor model development, total 6 × 105 
B16-OVA cells were injected subcutaneously in the inguinal 
angle of mice. All subcutaneous and pulmonary tumor mea-
surements were performed in a blinded manner. To ensure 
consistency, preparation of the cells, measure the tumor size, 
administration into the tail vein and counting of pulmonary 
metastatic foci were performed by the same individual. To 
establish acute viral infection and harvest tissue-resident 
memory CD8+T cells (Trm) residing in lung tissue, mice 
were anesthetized by i.p. injection of 2,2,2-tribromoethanol 
following the intranasal influenza virus A/HK-x31-OVA 
infection at 300 50% egg infectious doses (EID50). The 
recombinant influenza virus have been previously described 
(Shiki Takamura, 2010).

2.4  Mouse tissue harvesting and digest

Spleens or lung-draining mediastinal lymph nodes (MLNs) 
were surgically removed and crushed with grinding rod on 
petri dishes containing red blood cell lysis buffer. The cell 
mixtures were then centrifuged at 1500 rpm for 5 min fol-
lowing resuspension in RPMI-1640 media containing 5% 
FBS (w/v). To prepare cell suspensions in lung metasta-
ses, mice was intravenously injected 2  µg per mice anti-
CD8(APC-cy7, Biolegend) before sacrifice in order to 
eliminate circulatory CD8+ T cells in peripheral blood. The 
lungs were dissected out carefully, and then wash the tissue 
gently though cardiac perfusion with PBS. Then lungs were 
minced mechanically following digest using type-II col-
lagenase (Sigma) for 30 min at 37oC. Finally, tissue-infil-
trated lymphocytes were harvested using density gradient 
(2200 rpm, 40 min) with Percoll (GE Healthcare). Obtained 
cells were stained with anti-CD8(PercpCy5.5, BD Biosci-
ences) and lung-resident CD8+ T cells were referred as Per-
cpCy5.5 positive and APC-cy7 negative.

2.5  In vivo antibody treatment

After OT-I cells transfer, metastatic mice was intraperito-
neally administrated with αPD-1(150 µg, BioXCell) or rat 
IgG2b control antibody (150  µg, BioXCell) on indicated 
time points. For IL15 and TGFβ cytokines blocking in vivo, 
150 µg of anti-IL15 (BioXCell) or anti-TGFβ (BioXCell) 
and isotype-matched control antibody were intraperitone-
ally treated to mice on day 3, 6 and 9 post cells transfer.

2.6  In vitro cell culture and stimulation

The Slamf6+ OT-I cells were sorted from lung tissues of 
metastasis mice. Single cell suspensions(approximately 
1 × 105) were resuspended in complete RPMI-1640 medium 
(containing 10%(v/v) FBS, 2nM L-Glutamine and 1nM 
penicillin/streptomycin) and added to CD3(0.2  mg/ml), 
CD28(0.1 mg/ml) mAbs-coated culture plates, in the pres-
ence of IL2(20ng/ml) for 48 h prior to evaluation by flow 
cytometry.

2.7  In vitro killing assay

Splenic singe cell suspension from C57BL/6J mice 
(CD45.2+) was prepared firstly, T cells were eliminated by 
negative selection. Residual cells were labeled with Cell-
Trace CFSE (Thermo Fisher) at the title of either 1 mM or 
100 nM for 30 min at room temperature in the dark. Next, 
CFSE-high labeled cells were pulsed with OVA257 − 264 
peptide(5 mg/ml) for 2 h at 37 °C, in contrast, CFSE-low 
labeled cells with OVA323 − 339 peptide (not recognized by 
OT-I cells) as control. High- or low-level labeled cells 
were mixed at a ratio of 1:1, subsequently co-culture with 
CXCR6+ OT-I cells purified from metastasis mice for 12 h 
at 37 °C.

2.8  Live imaging detection

For detection of metastasis progression without sacrifice 
mice, recipient mice bearing B16luc cells were intraperito-
neally treated with 3 mg D-luciferin K+ salt(Goldbio) prior 
to gaseous anesthesia. Luciferin image was obtained and 
analyzed using IVIS LuminaII system(Xenogen).

2.9  Flow cytometry analysis

The antibodies and reagents in experiments as shown in Sup-
plementary Table 1. For surface staining, cells were firstly 
stained with anti-CD16/CD32 antibody(Thermo Fisher) on 
ice for 30 min, after cleaning twice with wash buffer (1% BSA 
in PBS), cells were stained with LIVE/DEAD dye(Thermo 
Fisher) and surface marker antibodies at 4oC for 30 min. For 
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t-tests. In case of correlations, the Pearson correlation was 
used to test statistical significance. Survival data were per-
formed as Kaplan-Meier survival curves with the log-rank 
test. Error bars shown in graphical data represent mean ± s.d. 
A two-tailed value of P < 0.05 was considered statistically 
significant. All statistical analyses were performed using 
GraphPad Prism v.8.0.

3  Results

3.1  Tex cells show high heterogeneity and distinct 
efficacy in alleviating lung metastasis

To investigate the response of tumor-infiltrating CTLs to 
metastatic tumors, we used an experimental mouse model 
of lung melanoma metastasis [18]. B16luc cells (harbor-
ing a luciferase-coding gene) were inoculated into footpad 
of mice and subsequent metastatic foci in the lungs were 
observed in proportion to the intensity of the luciferase 
reporter signal (Fig. 1a). Consequently, we aimed to investi-
gate whether the adoptive transfer of antigen-specific CD8+ 
T cells could mitigate metastatic tumors. Prior to surgical 
resection of the primary tumor, mice with confirmed lung 
metastases were subjected to a luciferase assay. To elimi-
nate the potential influence of endogenous CD8+ T cells, 
we selected CD8+ T cell-depleted (Cd8−/−) mice as hosts. 
Despite this, the fluorescence signal intensity in the lung 
tissue of Cd8−/− mice did not significantly differ from that 
of wild-type mice at various time points (supplemental fig-
ure S1a). A total of 10 × 105 naïve or activated splenic OT-I 
cells (OVA257 − 264 I-Ab- specific) were adoptively trans-
ferred intravenously into Cd8−/− mice bearing lung metas-
tases (Fig. 1b). Mice receiving activated OT-I cells instead 
of naïve cells showed significantly enhanced survival rates 
compared with controls, indicating that the transfer of acti-
vated antigen-specific CD8+ T cells is highly efficacious in 
controlling metastasis.

The differentiation pattern of antigen-specific CD8+ T 
cells in the tumor microenvironment has been previously 
investigated [11]. However, there is a limited understanding 
of this phenomenon in the context of metastatic tissue. A total 
of 5 × 105 splenic CD45.1+OT-I cells were intravenously 
administered to mice on day − 2, followed by intravenous 
inoculation with B16-OVA cells (B16 cells expressing the 
OVA257 − 264 peptide). Subsequently, the lung tissue was har-
vested, and the infiltrated CD44+OT-I cells were analyzed 
using flow cytometry. Whole tissue-infiltrating OT-I cells 
were classified into Texp cells (TCF1+Tim3− CX3CR1−), 
transitory effector-like Tex cells (TCF1−CX3CR1+), and ter-
minal Tex cells (TCF1−Tim3+CD101+) (supplemental figure 
S1b). Notably, we observed an initial predominance of Texp 

cytokine production test, lymphocytes were stimulated in 
the presence of 0.2 µg/ml of OVA257 − 264 peptide and 50ng/
ml of phorbol myristate acetate (PMA), ionomycin (1 µg/
ml, Sigma) supplemented with GolgiPlug/stop (BD Biosci-
ences) for 4 h at 37oC, then harvested the lymphocytes fol-
lowing surface staining and intracellular cytokine staining 
with Cytofix/Cytoperm Fixation/permeabilization Kit (BD 
Biosciences). Intracellular and intranuclear antibodies were 
incubated for 30  min at room temperature. The counting 
beads (Thermo Fisher) was added to the samples to acqui-
sition the absolute number of cells. In the assay of in vivo 
incorporation of the thymidine analog BrdU, recipient mice 
were intraperitoneally injected with BrdU (1.5 mg/mice) for 
four times before mice were sacrificed. BrdU staining was 
performed with a BrdU Flow Kit (BD Biosciences) accord-
ing to the manufacturer’s instructions. Flow cytometry data 
were collected with a FACSCanto II (BD Biosciences) and 
analyzed by using FlowJo software (TreeStar).

2.10  Bone marrow chimeras

Bone marrow was collected from the femur and tibia of 
C57BL/6J, Cd8–/– and Cxcr6−/−mice into sterile RPMI-1640 
media. Fifty-fifty mixture of bone marrow cells was pel-
leted by centrifugation at 1500 rpm for 5 min, then filtered 
through a 70  mm cell strainer and resuspended in sterile 
PBS. Approximately 1 × 107 of cells were intravenously 
injected into lethally irradiated recipient mice (two doses 
of 550 rad, three hours apart). Recipient mice were allowed 
hematopoietic reconstitution for at least 8 weeks prior to 
tumor transplantation.

2.11  Quantitative reverse-transcription PCR

OT-I cells were adoptively transfer to mice one day prior to 
recombinant influenza virus infection, Trm cells marked by 
CD103 and CD69 double positive were sorted on day 40 by 
using a fluorescence-activated cells sorting(FACS) Aria III 
(BD Biosciences). In addition, the tumor-specific precursor 
OT-I cells which infiltrated in the lung of metastatic mice 
were harvested using FACS. Total RNA was isolated from 
cells using RNeasy Mini Kit (Qiagen), and reverse tran-
scribed into first-strand complementary DNA (cDNA) with 
PrimeScript™ RT reagent Kit(Takara). Then, the samples 
were analyzed in the Applied Biosystems QuantStudio 3 
Real-Time PCR system(Thermo Fisher). Information about 
the primers was listed in Supplementary Table 2.

2.12  Statistical analysis

For normally distributed data, significance of mean differ-
ences was determined using one-way ANOVA or unpaired 
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findings, we hypothesized that activated CD8+ T-cells may 
play a crucial role in the regulation of metastasis. To fur-
ther investigate this phenomenon, we isolated lung-derived 
tumor-specific effector-like Tex cells, based on the expres-
sion of the surface molecule Slamf6−CX3CR1+, and sub-
sequently re-transferred them into Cd8−/− mice bearing 
metastases for therapeutic purposes. In addition, we concur-
rently processed Texp cells (identified as Slamf6+Tim3−) 
and terminal Tex cells (characterized as Slamf6−CD101+). 
Our findings revealed that the transfer of tumor-specific 
effector-like Tex cells did not confer any survival advan-
tage; however, the administration of Texp cells resulted in 
remarkable remission of metastasis (Fig. 1d). Moreover, the 

cells among expanded antigen-specific CD8+ T cells, which 
gradually declined thereafter. In addition, there was a 3- to 
5-fold increase in the proportion of terminal Tex cells at the 
examined time points, whereas the effector-like Tex cell 
population exhibited only marginal fluctuations during met-
astatic progression (Fig. 1c). These findings demonstrated 
that tumor-specific CD8+ T cells exhibit high heterogeneity 
in exhaustion within metastatic tissues.

Co-expression of TCF1 and Slamf6 was prominently 
observed in tumor-reactive CD8+T cells in the lungs, in 
line with the notion that Slamf6 functions as a representa-
tive molecule for Texp cells in chronic infections or tumor 
models [12] (supplemental figure S1c). Based on these 

Fig. 1  Differentiation pattern of OT-I cells within metastatic tissues 
and therapeutic outcome of ACT (a). Approximately 5 × 105 of B16luc 
cells expressed luciferase were subcutaneously injected into the foot-
pad of C57BL/6J mice to develop the spontaneous lung metastasis 
mice model, luciferin was administrated on day 0, 8, 16, 30, and light 
emission was recorded. Representative bioluminescence images are 
shown. (b). Cd8−/− mice were subcutaneously injected with B16-OVA 
cells, after 14 days, lung-metastasis mice were confirmed by luciferase 
assay prior to surgery. Totally 1 × 106 of naïve splenic OT-I cells or 
activated OT-I cells that were derived from stimulation with anti-CD3/
CD28 and IL-2 in vitro were i.v adoptively transferred into mice. No 
treatment mice were used as control. Survival curve of mice was cal-
culated. Red line versus gray line, p < 0.01; Green versus gray line, 
p = 0.33; log rank test was used. (c). Naïve splenic OT-I cells (5 × 105, 
CD45.1+) were transferred into C57BL/6J mice (CD45.2+, n = 5 per 

group) subsequently injection with B16-OVA cells (3 × 105) via tail 
vein. On day 8, 16 and 26 post transfer, lungs were harvested and tis-
sue-infiltrating lymphocytes (TILs) were isolated and subjected to flow 
cytometry. Frequency and absolute number of precursor-exhausted 
(Texp), effector-like and terminal Tex subsets of OT-I cells were mea-
sured. Statistical comparisons were performed using an unpaired t-test, 
***p < 0.001. Data are shown as the mean ± s.e.m. (d). Approximately 
1 × 106 of lung-derived Tex cells that were sorted from donor mice on 
day 12 as described in (c), or isolated Texp cells on day 8 or day 26 (e), 
were adoptively transferred into pre-established metastasis-bearing 
Cd8−/− mice 4 days post-surgery. Survival curve of mice was calcu-
lated. In (d), Blue / red line versus gray line, p < 0.01; Green versus 
blue / red line, p < 0.01; In (e), Blue line versus gray line, p < 0.01; Red 
line versus blue line, p = 0.015. log rank test was used
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or CX3CR1; however, this expression gradually declined at 
subsequent time points (Fig. 2a) (supplemental figure S2a). 
Moreover, a comparable expression pattern was observed 
in endogenous tumor-reactive CD8+ T cells (identified as 
OVA257 − 264 peptide (SIINFEKL) H-2Kb tetramer-positive) 
within metastatic mice (supplemental figure S2b). However, 
the number of CXCR6+ Texp cells within the subcutaneous 
tumors was limited (supplemental figure S2c).

Recent studies have revealed the crucial role of tumor-
draining lymph nodes in facilitating CD8+ T cell infiltration 
into the solid tumor microenvironment [24–26]. We aimed 
to investigate whether tissue-derived CXCR6+ Texp cells 
could migrate from lung-draining mediastinal lymph nodes 
(MLNs). Given that surgical resection of MLNs is chal-
lenging, we opted for a pharmacological intervention using 
FTY720 to effectively impede cell migration from MLNs 
to the peripheral blood. Mice were adoptively transferred 
to OT-I cells, followed by inoculation with B16-OVA cells. 
Intraperitoneal administration of FTY720 was performed 
three times. Notably, administration of FTY720 signifi-
cantly attenuated the absolute count of CXCR6+ Texp cells 
in the lungs (Fig. 2b), highlighting the pivotal role of MLNs 
as a source of Texp cells during metastasis. Moreover, we 
investigated whether tumor antigen burden accounted for 
the generation of the CXCR6+ population. Our findings 

infusion of precursor cells at different time points yielded 
distinct advantages in terms of the overall survival duration 
for mice with metastases (Fig. 1e). Collectively, these find-
ings support the essential role of Texp cells derived from 
metastatic tissues in protecting against the invasion of meta-
static lesions.

3.2  CXCR6+ subsets are present in Texp cells

Subsequently, we examined the distinctive characteristics 
exhibited by tumor-specific Texp cells during metasta-
sis. Chemokine receptors play a crucial role in mediating 
CD8+ T-cell responses against tumors [20–23]; therefore, 
we examined their relative expression in metastatic tis-
sues. A total of 5 × 105 CD45.1+OT-I cells were transferred 
to mice on day − 2, after the intravenous administration of 
B16-OVA cells, lung tissues were harvested and subjected 
to CD44+OT-I cell analysis on the indicated days. To elimi-
nate potential contamination from circulating CD8+ T cells 
in the peripheral blood, mice were intravenously admin-
istered anti-CD8 (APC-cy7 channel) prior to sacrifice, 
enabling the identification of lung-resident CD8+ T cells 
that lacked APC-cy7 staining. Notably, we observed a sub-
set of Texp cells with pronounced upregulation of CXCR6 
but lacking obvious expression of CCR2, CXCR3, CXCR5, 

Fig. 2  Expression pattern of CXCR6 + Texp cells (a). C57BL/6J mice 
were intravenously(i.v) injected with 5 × 105 of CD45.1+ OT-I cells 
prior to B16-OVA cells inoculation (n = 5 per group), on day 8, 16 and 
26, lung-derived TILs were analyzed by flow cytometry. Represen-
tative flow cytometry staining (left) and summary (right) of Slamf6/
CXCR6 expression on OT-I cells (gated from live CD45.1+CD44+) 
were calculated. (b). CD45.1+ OT-I cells (5 × 105) were adoptively 
transferred into C57BL/6J mice (n = 4 per group) on day − 2, followed 

by 3 × 105 of B16-OVA cells inoculation. From day 3 to day 7 post 
transfer, mice were intraperitoneally (i.p) treated with FTY720 at a 
dose of 2.5 mg/kg every 2 days. Lung-derived TILs were subjected to 
flow cytometry, the absolute number of Slamf6+CXCR6+ OT-I cells 
were measured. In (a, b), statistical comparisons were performed 
using an unpaired t-test, ns, no significance, *p < 0.05, **p < 0.01, 
***p < 0.001. Data are shown as the mean ± s.e.m. and representative 
of two independent experiments
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the administration of blocking antibodies against IL-15 and 
TGFβ, administered three times. Lung-derived Texp cells 
were analyzed using flow cytometry. Treatment with both 
anti-IL15 and anti-TGFβ resulted in a significant reduction 
in the absolute number of CXCR6− Texp cells, however, 
the number of CXCR6+ Texp cells was scarcely affected 
(supplemental figure S3a). Collectively, these findings sug-
gest that tumor-specific CXCR6− Texp cells may possess a 
memory-like imprint characterized by specific phenotypes, 
transcription factors, and self-renewal capacity; however, 
these characteristics are predominantly diminished in the 
context of metastasis among CXCR6+ Texp cells.

3.4  Generation of effector-like Tex cells 
predominantly relied on CXCR6+ Texp cells in 
metastasis

We investigated the role of Texp cells in metastasis. Approx-
imately 5 × 105 OT-I cells were adoptively transferred into 
mice, followed by the intravenous inoculation of B16-OVA 
cells. On day 8 post-cell transfer, the lungs were harvested, 
and Texp cells were isolated using flow cytometry. After 
stimulation with the OVA257 − 264 peptide in vitro, along with 
anti-CD28 and IL-2 for 48  h, CXCR6+ Texp cells exhib-
ited a robust proliferative response (supplemental figure 
S4a), indicating their potential for rapid cell differentia-
tion. Purified CXCR6+ Texp cells were re-transferred into 
metastasis-matched mice, where a fraction (20–40%) of 
donor cells differentiated into CX3CR1-expressing effec-
tor-like Tex cells at the initial time point examined in the 
lungs; however, only a few terminal Tex counterparts were 
detected (Fig. 4a). Subsequent analysis revealed a signifi-
cant increase in the frequency of terminal Tex subsets and 
a gradual decrease in the number of newly formed effector-
like Tex cells. These findings suggest that CXCR6+ Texp 
cells can promptly replenish the early population of effec-
tor-like Tex cells during metastatic progression.

To validate the replenishment of effector-like Tex sub-
sets in metastatic tissues, we performed an in vivo cell co-
transfer assay. Lung-derived CXCR6+/CXCR6− Texp cells 
from different donors were sorted by flow cytometry and co-
transferred in a 1:1 ratio into recipient mice with matched 
metastases. On day 6 post-cell transfer, more than half of 
the CXCR6+ cells underwent differentiation into effector-
like Tex counterparts, whereas most donor CXCR6− cells 
exhibited sustained Slamf6 expression (Fig.  4b). In addi-
tion, CD45.1+Cxcr6−/− and CD45.1/2+Cxcr6+/+ OT-I cells 
were co-transferred in equal numbers into naïve mice, fol-
lowed by inoculation with B16-OVA cells. Metastatic lungs 
were harvested, and effector-like Tex cells were analyzed 
by flow cytometry on day 8 post-melanoma cell inocula-
tion. A significant reduction in the frequency of expanded 

revealed an elevated proportion of these cells in response to 
high tumor cell engraftment in lung tissues (supplemental 
figure S2d), implying an antigen-driven mechanism under-
lying CXCR6+ Texp cell generation.

3.3  CXCR6 + Texp cells exhibit limited cellular 
memory attributes

Texp cells have been reported to exhibit nonclassical mem-
ory cell characteristics within the tumor microenvironment 
[27, 28]. A total of 5 × 105 CD45.1+ OT-I cells were adop-
tively transferred into mice prior to inoculation with B16-
OVA cells. Subsequently, the lung tissue was harvested and 
expanded Texp cells were subjected to flow cytometric anal-
ysis. We observed that CXCR6+ subsets exhibited signifi-
cantly lower levels of memory-associated markers CD62L, 
IL2Rβ, or IL7Rα in comparison to CXCR6− cells on day 12 
post-cell transfer (Fig. 3a). In addition, we investigated the 
expression profiles of inhibitory markers, including PD-1, 
Tim3, Lag3, CD39 and Tox, in tumor-specific CXCR6+ 
Texp cells, and terminal Tex cells. These distinctive marker 
expressions were observed in nearly all terminal Tex cells 
but were absent in CXCR6+ cells (Fig. 3b).

The long-term persistence of memory CD8+ T cells 
orchestrated by homeostatic proliferation represents a fun-
damental mechanism that has been demonstrated to affect 
the establishment of anti-reinfection or anti-tumor immunity 
[29, 30]. To assess the long-term potential, metastatic lung 
tissues were harvested and Texp cells were isolated by flow 
cytometry. Subsequently, CXCR6+ cells (CD45.1+CD45.2+) 
and CXCR6− cells (CD45.1+) were co-transferred into 
recipient mice with a CD45.2+ background at a 1:1 ratio. 
After resting for 14 days, the samples displayed a signifi-
cant decrease in the proportion of CXCR6+ cells (Fig. 3c), 
indicating that tumor-reactive CXCR6− Texp cells exhibit 
greater longevity and sustainability, whereas this function 
is diminished in CXCR6+ cells. In addition, to elucidate the 
transcriptional profiles, we employed flow cytometry to sort 
lung-infiltrated Texp cells from mice with metastasis and 
Trm cells (identified by CD69+CD103+) from mice infected 
with the influenza virus. Subsequently, genotypic expres-
sion was examined by real-time qPCR analysis. Our find-
ings revealed that CXCR6− Texp cells exhibited comparable 
levels of gene expression encoding signature transcription 
factors associated with Trm cells, such as Runx3, Tcf7, Sell, 
whereas CXCR6+ cells showed a weak expression pattern 
(Fig. 3d).

We investigated the essentiality of IL-15 and TGFβ, two 
important cytokines for maintaining memory CD8+ T cells, 
in regulating the functionality of CXCR6+ Texp cells during 
metastasis. Prior to melanoma cell inoculation, naïve OT-I 
cells were adoptively transferred into mice, followed by 
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microenvironment, while delayed differentiation was 
observed in their CXCR6− counterparts.

effector-like Tex cells was observed in donors with CXCR6-
deficient cells compared to that in their normal counter-
parts (Fig.  4c). Collectively, these findings suggest that 
CXCR6+ Texp cells play a crucial role in generating func-
tional CD8+ T cells against tumors within the metastatic 
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To investigate the potential impact of CXCR6+ subset 
deficiency on the suppressive capacity of CD8+ T cells in 
metastasis, we established a bone marrow chimeric mouse 
model by combining bone cells derived from C57 donors 
and Cxcr6−/− donors or Cd8−/− donors and Cxcr6−/− donors, 
followed by injection of cell mixtures into sub-lethally irra-
diated Cd8−/− recipients. After 10-week remodeling, the 
recipient mice were challenged with B16-OVA cells. The 
results revealed that the absence of CXCR6+ subsets failed 
to confer effective protection against metastasis in mice 
(supplemental figure S5c).

We performed a therapeutic experiment wherein purified 
lung-derived Texp cells were adoptively transferred into 
Cd8−/− recipient mice on day − 2 after B16-OVA inoculation 
(Fig. 5d). Transfer of CXCR6− cells conferred substantial 
protection against lung metastasis, whereas mice receiv-
ing CXCR6+ cell transfer exhibited limited survival. These 
results indicate that CXCR6+ Texp cells have the capacity 
to control lung metastasis, while CXCR6− cells exhibit pre-
ventive effects against it.

3.6  CXCR6+ Texp cells exert metastasis control 
through diverse mechanisms

Based on our findings, adoptive transfer of tumor-specific 
CXCR6+ Texp cells has the potential to mitigate metastasis. 
We postulated that CXCR6+ Texp cells exert direct cyto-
toxic effects against tumor cells. To test this hypothesis, 
naïve CD45.1+ OT-I cells were adoptively transferred into 
C57 mice, followed by administration of B16-OVA cells. 
Lung tissues were harvested and expanded CD45.1+ OT-I 
cells were analyzed using flow cytometry. We observed 
that CXCR6+ Texp cells exhibited a high expression of the 
activation-associated marker KLRG1, whereas minimal 
expression was detected on CXCR6− cells at day 12 post-
cell transfer (Fig. 6a). Moreover, transfer of CXCR6+ Texp 
cells showed augmented cytotoxicity by upregulating the 
production of cytokines including IFN-γ, TNFα, CD107a/b, 
and GzmB, which are associated with cytolytic function 
(Fig. 6b). To confirm the cytotoxicity of CXCR6+ Texp cells 
against tumor cells, we performed an in vitro killing assay 
(supplemental figure S6a). Lung-derived CXCR6+ Texp 
cells were isolated from metastasis-bearing mice and co-
cultured with CFSE-labeled target cells for 12 h, followed 
by flow cytometry. The attenuation of the fluorescent signal 
implies that the target cell has been effectively eliminated. 
Notably, these cells exhibited potent direct cytotoxicity as 
evidenced by a significant reduction in the target cell popu-
lation (Fig.  6c). Furthermore, CXCR6+ Texp cells were 
activated, sorted, and co-cultured with CFSE-labeled B16-
OVA cells before being re-transferred into Cd8−/− recipient 
mice. Naïve OT-I cells were used as controls, and apoptosis 

3.5  CXCR6+ Texp cells exhibit potent control over 
lung metastasis

To investigate the role of antigen-specific Texp cells in 
metastasis control, approximately 1 × 106 cells were iso-
lated from metastatic lungs and subsequently transferred 
into pre-established Cd8−/− mice with metastases (mice with 
homogeneous levels of lucifer fluorescence were incorpo-
rated into the treatment group) (Fig. 5a). A substantial pro-
portion of donor cells exhibited lung homing following the 
transfer (supplemental figure S5a). The number of meta-
static foci was quantified on day 16 post-adoptive transfer. 
Mice receiving CXCR6+ Texp cells showed a significant 
reduction in the number of metastatic foci compared to the 
other two groups (Fig.  5a). In addition, we evaluated the 
survival duration of these recipient mice and observed that 
nearly half of them exhibited a prolonged lifespan of up 
to 60 days following the transfer of CXCR6+ Texp cells, 
which was significantly longer than that of the control mice 
(Fig. 5b). Furthermore, we implemented a combined thera-
peutic approach involving cellular adoptive transfer and 
cyclophosphamide (CTX) administration in pre-established 
lung metastasis-bearing mice. We observed that treatment 
with CTX alone extended the lifespan of mice; however, 
when combined with the adoptive transfer of CXCR6+ Texp 
cells, it significantly enhanced therapeutic efficacy against 
metastasis (Fig. 5c). However, the effectiveness of adoptive 
transfer of CXCR6+ Texp cells appears to be limited in the 
context of targeting subcutaneous tumors (supplemental fig-
ure S5b). Collectively, these findings highlight the potential 
value of Texp cell transfer as a promising therapeutic strat-
egy for effectively managing metastasis.

Fig. 3  The molecular characteristics associated with memory of Texp 
cells. C57BL/6J mice were adoptively transferred with 5 × 105 of 
splenic CD45.1+ OT-I cells on day − 2, followed by intravenous injec-
tion with B16-OVA cells. On day 12 post transfer, lung-derived TILs 
were isolated and subjected to flow cytometry. (a). The representa-
tive staining and quantification of IL2Rβ, IL7Rα or CD62L expression 
on CXCR6+ and CXCR6− Texp subsets; (b). Flow cytometry analy-
sis of inhibitor factors PD-1, Tim3, Lag3, CD39, Tox expression on 
CXCR6+ Texp cells and terminal Tex cells. Cells were gated from live 
CD45.1+CD44+ cells. The experiments were performed at least twice 
with similar results (n = 5 per group). c The schematic of experimental 
design (left) and the flow cytometry analysis (right) of in vivo co-trans-
fer assay. The Texp cells utilized in the flow cytometry analysis origi-
nated from the lung tissue of the host mouse. d Heatmap of different 
gene expressions of antigen-specific OT-I cells by using q-PCR. Mice 
were adoptively transferred with naïve OT-I cells on day − 1 and were 
intranasally infected with influenza A/HKx31 containing OVA peptide 
at 300 EID50; then lung tissues were harvested and tissue-resident 
memory CD8+ T cell (Trm) cells were isolated on day 40 post infec-
tion. Lung-infiltrated Texp cells were processed as above described. In 
(a-b), statistical comparisons were performed using an unpaired t-test, 
**p < 0.01, ***p < 0.001. Data are shown as the mean ± s.e.m. and rep-
resentative of two independent experiments
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vitro. Upon stimulation, a significant increase in the propor-
tion of IFN-gamma-producing CD8+ T cells was observed 
among mice that received a transfer of CXCR6+ Texp cells, 
indicating the augmented presence of tumor-reactive CD8+ 
T cells (Fig. 6d) (supplemental figure S6d).

3.7  CXCR6 + Texp cells can respond to ICB

Cancer immunotherapy involving ICB with monoclonal 
antibodies targeting PD-1/PD-L1 has demonstrated the abil-
ity to restore the impaired function of cytotoxic effector 
CD8+ T cells, resulting in tumor regression and prolonged 
patient survival [8, 32, 33]. However, the subsets of CD8+ 
T cells that respond to ICB in tumors remain elusive. Based 
on our findings, a minority of tumor-specific CXCR6+ Texp 
cells exhibit PD1 protein expression during metastasis, 

of melanoma cells in the lungs was evaluated using flow 
cytometry. Notably, the transfer of CXCR6+ Texp cells sig-
nificantly increased the percentage of 7-AAD+ annexin V+ 
melanoma cells in vivo (supplemental figure S6b).

The absolute number of dendritic cell (DC) expressing 
CD11c and MHCII, which play a crucial role in antigen 
recognition by CD8+ T cells within the tumor microenvi-
ronment, was significantly higher in the lungs of recipient 
mice following the transfer of CXCR6+ Texp cells than in 
the control group (supplemental figure S6c). Previous study 
have demonstrated the substantial presence of bystander 
CD8+ T cells within tumor infiltrates [31]. Isolated CXCR6+ 
Texp cells (CD45.1+) were re-transferred into naïve C57 
recipients, followed by the administration of B16-OVA 
cells. On day 16 post-transfer, endogenous CD45.2+CD8+ 
T cells were sorted and cultured with OVA257 − 264 peptide in 

Fig. 4  CXCR6 + Texp cells served as a crucial source of effector-like 
Tex cells (a). Representative flow cytometry staining (left) and sum-
mary (right) of differentiation pattern on effector-like and terminal 
Tex subsets at different time points. A total of 5 × 105 of CD45.1+OT-
I cells were adoptively transferred into C57BL/6J mice subsequently 
intravenous injection with B16-OVA cells. On day 8 post tumor cell 
inoculation, lung tissues were harvested, and CXCR6+Texp cells were 
purified and re-transfer into metastasis-matched mice. b The flow 
cytometry analyses of the percentages of TCF1−CX3CR1+ OT-I cells. 
CD45.1+CXCR6− and CD45.1/2+CXCR6+ Texp cells were sorted 

from lungs of metastatic mice on day 8 and were co-transfer in a 1:1 
ration (a total of 6 × 105) into metastasis-matched mice inoculated with 
B16-OVA cells (n = 3 per group) (c). The schematics of experimental 
design of in vivo co-transfer assay. Naïve Cxcr6 deficient Texp cells 
were isolated from CD45.1+ background mice, and equally mixed 
with CD45.1+CD45.2+ normal Texp cells to co-transfer into C57BL/6J 
mice. Statistical comparisons were performed using an unpaired t-test, 
**p < 0.01. Data are shown as the mean ± s.e.m. with 6 mice per group 
and representative of two independent experiments
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figure S7a). Collectively, these findings demonstrate the 
capacity of CXCR6+ Texp cells to respond to ICB and 
potentially enhance the therapeutic efficacy of ACT.

To investigate the potential synergistic effect of the adop-
tive transfer of tumor-specific CXCR6+ Texp cells in com-
bination with ICB, we adoptively transferred these cells into 
metastasis-bearing Cd8−/− mice prior to the administration 
of anti-PD1 antibodies. Combination therapy involving 
CXCR6+ Texp cells and anti-PD1 blockade demonstrated 
superior therapeutic efficacy compared to individual treat-
ments in our study (Fig. 7c).

indicating their potential responsiveness to ICB. To test this 
hypothesis, we isolated lung-derived CXCR6+ Texp cells 
from metastasis-bearing mice and cultured them with an 
anti-PD1 antibody in vitro along with anti-CD3 and anti-
CD28 antibodies. After treatment with the anti-PD1 anti-
body, there was a two-fold increase in the absolute number 
of Texp cells, indicating that antigen-specific CXCR6+ Texp 
cells responded to the PD1 blockade (Fig. 7a). To confirm 
this observation, we transferred isolated CXCR6+ Texp cells 
into pre-established metastatic mice and administered three 
doses of anti-PD1, while monitoring cell proliferation using 
BrdU dye. A significant increase in donor-derived BrdU+ 
cells was observed following anti-PD1 treatment (Fig. 7b). 
However, endogenous tumor-specific CD8+ T cells exhib-
ited a slight upregulation of BrdU expression (supplemental 

Fig. 5  CXCR6 + Texp cells effectively mitigated lung metastasis (a-
d). The schematics of experimental design of in vivo cell-transfer 
immunotherapy assay and survival curves of control or treated mice. 
No treatment mice was used as control. Log rank test of survival data 
was used. Approximately 1 × 106 of lung-derived CXCR6−/CXCR6+ 
Texp cells were sorted from metastatic donor mice on day 12 as above 
described. Cells were adoptively transferred into pre-established 
metastasis-bearing Cd8−/− mice 4 days post-surgery, respectively. The 
representative images of lung nodules (a) or survival curve (b) of mice 
were measured. Red line versus gray line, p = 0.068; Blue line versus 
Red line, p < 0.01. c The recipient mice were administrated with cyclo-

phosphamide (CTX, sigma) drug at a dose of 350  mg/kg i.p. twice 
prior to CXCR6+ Texp cells transfer (1 × 106). Green line versus blue 
line, p < 0.05; Red line versus blue line, p < 0.01; Red line versus green 
line, p < 0.05. d A total of 1 × 106 of CXCR6−/CXCR6+ Texp cells were 
adoptively transferred into C57BL/6J mice subsequently subcutane-
ous footpad inoculation with B16-OVA cells (1 × 106). Blue line versus 
gray line, p < 0.01; Red line versus blue line, p < 0.01.In (a), statisti-
cal comparisons were performed using an unpaired t-test, *p < 0.05, 
**p < 0.01. Data are shown as the mean ± s.e.m. with 4–7 mice per 
group and representative of two independent experiments
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Recent reports have also corroborated the indispensable role 
of CXCR6+CD8+ T cells in the anti-tumor process [34, 35]. 
Building on these findings, our study is first to elucidate the 
immunological characteristics of CXCR6-expressing Texp 
cells in metastatic tumor tissues, including their phenotypic 
expression, differentiation profiles, and functional analysis. 
This study enriches our understanding of the heterogeneity 
in Tex cells and sheds light on potential strategies for treat-
ing metastases, providing novel insights into clinical tumor 
immunotherapy.

TCF1 and Slamf6 exhibited strong co-expression on 
tumor-reactive CD8+ T cells in the lungs, supporting the 
notion that Slamf6 serves as a unique molecule for Texp 

4  Discussion

In this study, we used lung metastasis as a research model 
and identified CXCR6+ Texp cells as crucial contributors 
to anti-tumor metastasis. The underlying mechanisms are 
multifaceted: first, CXCR6+ Texp cells can directly differ-
entiate into effector-like CD8+ T cells; second, these cells 
possess the ability to secrete cytotoxic cytokines, which has 
been validated through in vitro and in vivo killing experi-
ments, demonstrating their direct tumor cell-killing capac-
ity; third, CXCR6+ Texp cells can recruit tumor-reactive 
CD8+ T cells to participate in anti-metastasis responses by 
potentially mobilizing helper immune cells such as DCs. 

Fig. 6  CXCR6+ Texp cells exerted direct cytotoxic effects on tumor 
cells. (a-b) Approximately 5 × 105 of splenic CD45.1+ OT-I cells 
were transferred into C57BL/6J mice (n = 4 per group) subsequently 
intravenous injection with 3 × 105 of B16-OVA cells. On day 12 post 
transfer, lungs were harvested and TILs were processed to flow cytom-
etry. Flow cytometry analyzing KLRG1 expression (a), or granzyme 
B(Gzmb), CD107a/b, tumor necrosis factor-α (TNFα) and IFNγ 
expressions (b), on CXCR6−/CXCR6+ Texp cells. (c). Flow cytometry 

data of the in vitro killing capacity assay of CXCR6+ Texp cells. The 
details as shown in methods and supplemental figure S6a. (d). Flow 
cytometry analyzing the frequency of IFNγ+CD8+ T cells after in vitro 
stimulation with OVA257 − 264 peptide along with PMA, ionomycin 
and GolgiPlug/stop for 5 hours. The assay design as shown in supple-
mental figure S6d. In (b, d) statistical comparisons were performed 
using an unpaired t-test, *p < 0.05, ***p < 0.001. Data are shown as 
the mean ± s.e.m. and representative of two independent experiments
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they undergo lytic degranulation, which may serve as an 
important mechanism by which CXCR6+ Texp cells control 
metastasis. Furthermore, tumor cells themselves are capa-
ble of expressing CXCL16, which is a chemokine targeting 
CXCR6 receptors and mediating the migration of various 
types of T lymphocytes, including CXCR6+ Texp cells, 
within the tumor microenvironment. Consequently, the 
administration of additional CXCL16 agents might enhance 
the therapeutic efficacy of ACT; however, this could also 
be a double-edged sword, as CXCL16 has been reported to 
potentially facilitate the proliferation of tumor cells [38]. 
Our in vivo re-infusion experiment revealed that the early 
transfer of CXCR6+ Texp cells exerts a significant control 
over lung metastasis, while CXCR6− cells exhibit a certain 
preventive effect on it. Consequently, we aim to conduct 
further studies on the anti-metastatic function of CXCR6− 
Texp cells with the aim of long-term prevention of tumor 
recurrence following surgical procedures or chemotherapy.

FTY720 is an immune-modulating drug that induces lym-
phopenia without influencing T cell activation and prolifera-
tion [39]. The potential mechanism underlying this is that it 
functions as a potent agonist at four sphingosine 1-phosphate 
receptors of lymphocytes, arising from a reversible redis-
tribution [40]. Our research findings indicate that draining 
lymph nodes constitute an essential source of CXCR6+ Texp 
cells, and a notable decrease in the pulmonary infiltration of 
CXCR6+ Texp cells was witnessed subsequent to FTY720 
treatment. Recent reports have highlighted the pivotal role 

cells [12]. Therefore, we identified Slamf6+Tim3− cells as 
tumor-specific Texp cells in this study. Based on their dis-
tinct surface marker expression profiles, we categorized 
antigen-specific CD8+ T cells into precursor, effector-like, 
and terminal Tex cells. Among these subsets, Texp cells ini-
tially emerged as the predominant subgroup, likely due to 
their low tumor antigen burden. Notably, adoptive transfer 
of Texp cells to mid-term metastasis-bearing mice did not 
confer a significant survival advantage. This observation 
may be attributed to the inhibitory tumor microenviron-
ment, which impairs the differentiation or cytotoxic func-
tion of the transferred cells. Previous studies have suggested 
the occurrence of irreversible epigenetic alterations, known 
as epigenetic scarring, even in the early development of 
Texp cells compared to memory cells [36, 37]. In this study, 
we found that Texp cells maintain cellular stemness in meta-
static tissues, particularly CXCR6− cells, which exhibit high 
expression levels of memory-specific surface molecules 
such as IL2Rβ, IL7Rα, CD62L; however, CXCR6+ cells 
exhibit partial loss of these characteristics. These findings 
underscore the presence of cellular heterogeneity within 
Texp cells during metastasis.

CXCR6+ cells exhibited characteristics resembling a 
subset of later-stage differentiated Texp cells, owing to their 
rapid response to antigen stimulation and intrinsic expres-
sion of KLRG1. Functional memory CD8+ T cells can pro-
duce various inflammatory effector cytokines such as IFN-γ, 
TNF-α, and Gzmb. Upon re-encountering cognate antigens, 

Fig. 7  CXCR6 + Texp cells could respond to immune checkpoint block-
ade (a). Flow cytometry analyzing absolute number of CXCR6+Texp 
cells which were isolated from metastatic mice on day 8 post cell trans-
fer, followed by in vitro stimulation with IL2 and anti-PD1 mAb in 
CD3/CD28 mAbs-coated culture plates for 72 h. (b). The assay design 
of in vivo anti-PD1 mAb treatment and the representative flow cytom-
etry staining of Brdu on CD44+CD45.1+CXCR6+Texp cells in metas-

tasis-matched mice. (c). Approximately 1 × 106 of CXCR6+Texp cells 
as described in (a) were adoptively transferred into metastasis-bearing 
Cd8−/− mice. Recipient mice were administrated with anti-PD-1 or 
control antibody at dose of 6 mg/kg on 5, 8, 11 days post cell transfer. 
No treatment mice was used as control. Survival curves of mice were 
calculated. Log rank test was used. Blue line versus gray line, p < 0.01; 
Red line versus blue line, p = 0.037
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epigenetic modifications, phenotypic changes, and differen-
tiation status.

The chemotherapeutic agent CTX is widely used in clini-
cal oncology for cancer treatment. However, CTX is also an 
immunosuppressant [54]. Thus, in the ACT combined with 
CTX immunotherapeutic experiment, it was necessary to 
administer CTX first and subsequently transfer the CXCR6+ 
Texp cells, in order to preclude the possibility that CTX 
might cause damage to the infusion cells. In this experiment, 
we observed that CTX monotherapy effectively controlled 
metastasis within a short duration. This therapeutic effect 
was further enhanced when combined with cell transfusion, 
suggesting a potential clinical treatment strategy for metas-
tasis. However, the underlying mechanism remains elusive. 
One plausible explanation is that CTX initially targets che-
mosensitive tumor cells. Considering the nonselective inhi-
bition of endogenous cells, our standard protocol involves 
administration of CTX prior to cell infusion.

In conclusion, this study enhanced our understanding of 
the heterogeneity of Tex cells in metastatic tumor tissues, 
thereby facilitating an alternative therapeutic strategy. Fur-
ther investigations are warranted to elucidate the underlying 
anti-metastatic mechanisms to achieve prolonged remission 
in patients with metastatic tumors when combined with con-
ventional treatments in clinical settings.
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of tumor-draining lymph nodes in anti-tumor immunity [41, 
42]. Therefore, isolating and transfusing this cell popula-
tion from the lymph nodes could represent a viable strategy 
against tumor metastasis. It should be noted that this study 
mainly focused on metastasis in the lung tissue; however, 
the applicability of these findings to other tissues remains 
unknown, which also represents a future research direction.

Effector-like Tex cells have been reported to possess 
tumoricidal activity and are considered crucial functional 
cells involved in tumor control. Compared to the group 
without cell transfusion, the transfer of effector-like Tex 
cells significantly prolonged the survival time of mice. 
However, unlike antigen-specific CD8+ T cells activated in 
vitro, effector-like Tex cells within metastatic tissues failed 
to effectively control metastasis (Fig. 1b and d). This phe-
nomenon may be attributed to the inhibitory tumor micro-
environment, in which effector-like Tex cells lose their 
effector characteristics and cannot be promptly replenished, 
resulting in transient and limited cytotoxic effects. In con-
trast, our findings (Fig. 1d) demonstrated that the transfer 
of an equivalent number of effector-like Tex cells resulted 
in a survival rate comparable to that of terminal Tex cells in 
mice, suggesting that terminal Tex cells did not completely 
lose their anti-tumor functionality in metastasis, in line with 
the conclusion of a previous study [43–45].

Blockade of the PD-1/PD-L1 pathway has demonstrated 
remarkable efficacy in clinical tumors that are resistant to 
conventional therapeutic modalities, including surgery, radi-
ation, and chemotherapy [46–49]. The potential mechanism 
underlying this phenomenon is that PD-L1 can effectively 
facilitate the crosslinking of PD1 and induce immunosup-
pression in effector T cells by recruiting tyrosine protein 
phosphatase SHP2 to the cytoplasmic domain of PD1, 
where it dephosphorylates proximal signals from the T-cell 
receptor and CD28 [50, 51]. However, a large proportion 
of patients do not experience long-term benefits because 
of the inherent heterogeneity of CD8+ T cells, resulting in 
unpredictable responses. Early studies suggested that the 
inhibitory effect of the PD1 blockade primarily targeted ter-
minal Tex cells; however, recent reports have highlighted 
the presence of irreversible epigenetic alterations in these 
cells [52, 53]. The specific subset of CD8+ T cells within 
the tumor microenvironment that responds to anti-PD1 
antibodies remains unidentified; however, our data demon-
strated a significant expansion of CXCR6+ Texp cells upon 
PD1 treatment, indicating their potential for ICB response. 
This suggests that the combined application of cell trans-
fusion and anti-PD1 antibodies may prevent metastasis or 
recurrence. Further investigations are warranted to explore 
whether PD1 treatment induces alterations in the immu-
nological characteristics of CXCR6+ Texp cells, including 
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