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Abstract
CD8+CD103+ tissue-resident memory T cells (TRMs) are involved in tumor immune response and linked to favorable 
clinical outcome in human cancer. However, the distribution, phenotype, functional properties and clinical relevance of 
these cells in gastric cancer (GC) remain elusive. Here, our data show that, in comparison to non-tumor tissues, the per-
centages of  CD8+CD103+ TRMs in tumors are significantly decreased. Most tumor-infiltrating  CD8+CD103+ TRMs are 
 CD45RA−CCR7− effector-memory cells with higher PD-1 and 4-1BB expression than those from non-tumor tissues. Fur-
ther, tumor-infiltrating  CD8+CD103+ TRMs show impaired cytolytic capacity due to decreased granzyme B and perforin 
expression. Moreover, ex vivo PD-1 blockade could restore the cytolytic capacity of tumor-infiltrating  CD8+CD103+ TRMs, 
and such anti-PD-1-mediated reinvigoration of  CD8+CD103+ TRMs could be further enhanced by 4-1BB co-stimulation. 
Finally, lower levels of Tumor-infiltrating  CD8+CD103+ TRMs are positively correlated with GC progression and poor 
patients’ survival. Our data suggest that restoring  CD8+CD103+ TRM function by combining PD-1 blockade and 4-1BB 
co-stimulation may be a promising strategy for treating GC.
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Introduction

Gastric cancer (GC) is the fifth most frequent malignancy 
and the fourth leading cause of cancer death worldwide [1]. 
Despite significant improvement in GC prevention and treat-
ment, controlling advanced-stage disease remains challenging 
[2]. It is well established that tumor progression is influenced 
by the cross-talk between cancer cells and the host immune 
system and that, tumor-infiltrating  CD8+ T cells are associated 
with improved clinical outcomes of GC patients [3–5]. There-
fore, understanding the functional properties of these  CD8+ T 
cells could contribute to developing more effective therapeutic 
strategies against GC.

Tumor-infiltrating  CD8+ T cells are heterogeneous, com-
prising multi-subpopulations with special phenotypes and 
functions [6]. Among them, CD103 expressing  CD8+ T cells 
are Tissue-resident memory T cells (TRMs) with stronger 
anti-tumor immune activity [7, 8]. Recent studies have 
linked increased  CD8+CD103+ TRMs in tumors to improved 
patients’ survival and this is often a more accurate indicator 
for better prognosis than total  CD8+ T cell number [9–11]. In 
GC, tumor-infiltrating  CD8+CD103+ TRMs are also associ-
ated with favorable clinical outcome and a superior anti-tumor 
activity compared with their  CD8+CD103− counterparts [12]. 
However, the distribution, characteristics, and functional 
properties of  CD8+CD103+ TRMs within tumor and tumor-
adjacent normal (non-tumor) tissues in GC remain unknown. 
Additionally,  CD8+CD103+ TRMs in normal tissues have 
been also reported to produce higher levels of cytokines, such 
as IFN-γ than their  CD8+CD103− counterparts [13], which 
further emphasizes a urgent need to investigate  CD8+CD103+ 
TRMs in both tumor and non-tumor tissues to define their 
functional status in GC microenvironment.

Here, we show that the percentages of  CD8+CD103+ TRMs 
in tumors are significantly lower than those in non-tumor tis-
sues, and we also observe altered expression of molecules 
associated with T cell inhibition and activation such as PD-1 
and 4-1BB. Furthermore, tumor-infiltrating  CD8+CD103+ 
TRMs exhibit an impaired cytolytic capacity, which could 
be restored by anti-PD-1 antibodies, and anti-4-1BB agonists 
could further enhance anti-PD-1-mediated  CD8+CD103+ 
TRM reinvigoration. These findings suggest that restoring 
 CD8+CD103+ TRM function by combining PD-1 blockade 
and 4-1BB co-stimulation may have clinical implications for 
a tissue-localized immunotherapy against GC.

Materials and methods

Patients and specimens

Peripheral blood and tissue samples were obtained from 
155 patients with pathologically confirmed GC. None of the 
patients had received anti-tumor therapy before sampling, 
and patients with autoimmune diseases, infectious diseases, 
or multi-primary cancers were excluded. Fresh peripheral 
blood, non-tumor (at least 5-cm distant from the tumor site) 
and tumor tissues from 50 patients (group 1) were obtained 
for preparing single cell suspensions during surgery between 
July 2019 and April 2021 at the First and second Affili-
ated Hospital of the Third Military Medical University. 
One hundred and five patients (group 2) who received cura-
tive resection between May 2016 and August 2017 at the 
Affiliated Hospital of the North Sichuan Medical College 
with follow-up data were enrolled for survival analysis. The 
clinical stages of tumors were determined according to the 
TNM classification system of International Union against 
Cancer (Edition 8). The Ethics Committee of the Third Mili-
tary Medical University and North Sichuan Medical Col-
lege approved the study, and written informed consent was 
obtained from all subjects. The clinical characteristics of GC 
patients were present in Supplemental Table 1.

Cell isolation

Peripheral blood mononuclear cells (PBMCs) were isolated 
by Ficoll density gradient centrifugation. Non-tumor and 
tumor tissues were digested for obtaining single cell sus-
pensions as previously described [14]. Briefly, tissues were 
cut into small pieces and collected in RPMI 1640 medium 
containing 1 mg/ml collagenase IV (Gibco, Carlsbad, CA) 
and 10 mg/ml DNase I (Invitrogen, Carlsbad, CA), then 
mechanically dissociated by using a gentle MACS Dissocia-
tor (Miltenyi Biotec, Auburn, CA). Dissociated cell suspen-
sions were further incubated 1 h at 37 °C under continuous 
rotation and filtered through 40 μm cell strainers to obtain 
single cell suspensions. The cell suspensions were then used 
for flow cytometry analysis.

Flow cytometric analysis

Cell suspensions were stained with Fixable Viability Stain 
700 (BD Biosciences) to exclude dead cells; cells were then 
washed and appropriate surface antibodies were added. For 
intracellularly staining granzyme A, granzyme B, granzyme 
K, perforin and granulysin, cells were washed, fixed, then 
permeabilized for 20 min using Cytofix/Cytoperm reagent 
(BD Biosciences) before being stained. For intracellular 
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staining of ki-67, the Foxp3-Staining Buffer Set (Invitro-
gen) was used according to the manufacturer’s protocol. For 
intracellular cytokine staining of IFN-γ and TNF-α, cells 
were stimulated for 4 h with Leukocyte Activation Cocktail 
(BD Biosciences) before staining. The fluorochrome-labeled 
antibodies were listed in Supplemental Table 2.

Immunohistochemistry

Paraffin-embedded samples were cut into 5-μm sections. 
After being deparaffinized and hydrated, the sections in 
citrate buffer (pH 6.0) were subjected to heat-induced anti-
gen retrieval in a microwave oven, and then treated with 
3% hydrogen peroxide. The sections were washed and incu-
bated with normal horse serum and tipped off excess serum 
from sections and incubated with rabbit anti-human CD103 
antibody and mouse anti-human CD8 antibody (Abcam) 
overnight at 4 °C. Sections were stained and visualized by 
using ImmPRESS® Duet Double Staining Polymer Kit 
(Vector Laboratories) according to the manufacturer’s pro-
tocol. CD103 and CD8 were separately stained brown and 
red, and  CD8+CD103+ cells were dark red (Fig. 1c). Three 
most representative high-power fields (× 400 magnifications) 
were captured for each tumor section by using a microscope 
(Nikon, Tokyo, Japan), and the images were reviewed by 
two experienced histopathologists to calculate the numbers 
of  CD8+CD103+ cells in all specimens. Finally, the numbers 
of  CD8+CD103+ cells from the three fields in each tumor 
sample were averaged.

Ex vivo functional restoration assay

Cell suspensions obtained from tumor digests were cultured 
in RPMI 1640 containing 10% fetal calf serum (Gibco) with 
anti-CD3 (2 μg/ml) and anti-CD28 (1 μg/ml) antibodies 
(Biolegend). An anti-PD-1 blocking antibody (pembroli-
zumab, 5 μg/ml, MedChem Express) and/or an anti-4-1BB 
agonistic antibody (10 μg/ml, R&D systems) were also 
added in the culture system. After 24 h, cells were collected 
for flow cytometry analysis.

CD8+CD103+ TRM co‑culture with GC cell line 
and apoptosis assays

The co-culture system as previously described [15] was 
used to analyze the killing capacity of  CD8+ T cell sub-
set. Briefly, tumor-infiltrating  CD8+CD103+ TRMs were 
sorted using a FACSAria III (BD Biosciences), and the 
purity was more than 95%. Such  CD8+CD103+ TRMs were 
added into U-bottom 96-well plate with pre-coated anti-CD3 
antibody (10 μg/ml) and soluble anti-CD28 antibody (1 μg/
ml, Biolegend). Before co-culture, GC cell line SGC-7901 
was labeled with 10 μM CFSE (Invitrogen) according to the 

manufacturer’s instruction. Next, CFSE-labeled SGC-7901 
was co-cultured with the  CD8+CD103+ TRMs at a 1:1 ratio, 
and an anti-PD-1 blocking antibody (5 μg/ml) and/or an anti-
4-1BB agonistic antibody (10 μg/ml) were also added in the 
co-culture system. After 18 h, CFSE labeled cells were ana-
lyzed for their survival and apoptosis by Annexin V-PE and 
7-AAD (BD Biosciences) according to the manufacturer’s 
instructions.

Statistical analysis

All results were summarized as mean ± standard error of the 
mean (SEM), and statistical analysis was performed with 
the Prism 7.0 Software. Differences between groups were 
evaluated by two-tailed Student’s t test. When variance was 
detected, Mann–Whitney U test was used to analyze the dif-
ference between groups. The correlation analysis between 
groups was performed using the Spearman’s correlation 
test. Cumulative survival time was measured in months and 
calculated by the Kaplan–Meier method, and the log-rank 
test was applied to compare between groups. Multivariate 
analysis of prognostic factors for patient survival was per-
formed using the Cox proportional hazards model. P < 0.05 
was considered as statistically significant.

Results

Enumerating GC‑infiltrating  CD8+CD103+ TRMs

Using flow cytometry, we first analyzed the proportion of 
 CD8+CD103+ TRMs in the peripheral blood, non-tumor 
and tumor tissues of 50 GC patients (Fig. 1a, b). Compared 
with peripheral blood, the percentages of tissue-infiltrating 
 CD8+CD103+ TRMs were significantly increased, and sim-
ilar observations were made when analyzing the absolute 
number of  CD8+CD103+ TRMs per million cells in each 
sample. However, within patients’ tissues, the percentages 
of  CD8+CD103+ TRMs in tumor tissues were significantly 
lower than those in non-tumor tissues, whereas the abso-
lute number of  CD8+CD103+ TRMs per million cells was 
equivalent between non-tumor and tumor tissues. Immuno-
histochmical staining further showed that similar numbers 
of infiltrating  CD8+CD103+ TRMs were observed in tumor 
and non-tumor tissues (Fig. 1c).

Immunophenotype of GC‑infiltrating  CD8+CD103+ 
TRMs

Next, we investigated the phenotypic feature of 
 CD8+CD103+ TRMs at tumor site. TRM cells were dis-
tinguished into four subpopulations based on CD45RA and 
CCR7 expression: naive (Tn,  CD45RA+CCR7+), central 
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memory (Tcm,  CD45RA−CCR7+), effector memory (Tem, 
 CD45RA−CCR7−), and terminally differentiated effector 
memory (Temra,  CD45RA+CCR7−).  CD8+CD103+ TRMs 
in the peripheral blood were mainly composed of Tcm 
and Tem subsets; however, most of the tissue-infiltrating 
 CD8+CD103+ TRMs belonged to Tem (95% and 92%) 

subset, and  CD8+CD103+ TRMs in non-tumor and tumor 
tissues contained similar proportions of Tn, Tcm, Tem and 
Temra subsets (Fig. 2a, b). CD27 and CD28 co-expression 
was used to analyze the differentiation status of TRM cells: 
early differentiated (D1,  CD28+CD27+), early-like differen-
tiated (D2,  CD28+CD27−), intermediate differentiated (D3, 

Fig. 1  The prevalence of  CD8+CD103+ TRMs in the peripheral 
blood, non-tumor and tumor tissues of GC patients. (a) Peripheral 
blood, non-tumor and tumor tissue-derived cell suspensions were 
stained with Fixable Viability Stain 700, anti-CD45, CD3, CD8 and 
CD103 antibodies, then  CD8+CD103+ TRM percentages were ana-
lyzed after gating on  CD3+CD8+ T lymphocytes. (b) The percent-
ages of  CD8+CD103+ TRMs and their absolute numbers per mil-

lion cells in the peripheral blood, non-tumor and tumor tissues of 50 
GC patients. (c) A representative immunohistochemical staining of 
 CD8+ cells (red) and  CD103+ cells (brown) in non-tumor and tumor 
tissue of the same section of one GC patient (Scale bars = 50  μM). 
 CD8+CD103+ cells are in dark brown color (pointed by black 
arrows) and their numbers were analyzed from 105 GC patients. 
***P < 0.001; ns, not significant
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 CD28−CD27+), and late differentiated (D4,  CD28−CD27−). 
Again, no significant differences in the percentages of D1, 
D2, D3 and D4 subpopulations between  CD8+CD103+ 
TRMs isolated from non-tumor and tumor tissues. However, 
there were more D3 and D4 subpopulations and fewer D1 
subpopulation in tissues than those in the peripheral blood 
(Fig. 2c, d), suggesting that the majority of GC-infiltrating 
 CD8+CD103+ TRMs are effector memory cells with inter-
mediate or late differentiated status.

We further characterized the expression of other sur-
face molecules on these  CD8+CD103+ TRMs. Com-
pared with peripheral blood, an increased level of CD69 

expression but decreased CD127, KLRG1 and CD73 
expression on tissue-infiltrating  CD8+CD103+ TRMs 
were observed, and there was no significant differ-
ence for the expression of Tim-3, LAG-3, TIGIT, 2B4 
and GITR (Fig. 2e). Additionally, the expression of co-
inhibitory molecule PD-1 and ecto-enzyme CD39 as well 
as costimulatory molecule 4-1BB on tumor-infiltrating 
 CD8+CD103+ TRMs was significantly higher than those 
on their counterparts of non-tumor tissues (Fig.  2f), 
suggesting that GC microenvironment may endow 
 CD8+CD103+ TRMs with distinct immuno-phenotypes 
from non-tumor tissues.

Fig. 2  Phenotypic features of GC-infiltrating  CD8+CD103+ TRMs. 
a Peripheral blood, non-tumor and tumor tissue-derived cell sus-
pensions were stained with Fixable Viability Stain 700, anti-CD45, 
CD3, CD8, CD103, CD45RA and CCR7 antibodies, A representa-
tive flow cytometry analysis of GC patients shows the percentages of 
different subsets of  CD8+CD103+ TRMs indicated by CD45RA and 
CCR7 expression: Tn  (CD45RA+CCR7+), Tcm  (CD45RA−CCR7+), 
Tem  (CD45RA−CCR7−), and Temra  (CD45RA+CCR7−). b Statisti-
cal analysis of the percentages of different subsets of  CD8+CD103+ 
TRMs in 10 GC patients. c A representative flow cytometry analy-
sis for the expression of CD28 and CD27 on  CD8+CD103+ TRMs: 

early differentiated  (CD28+CD27+), early-like differentiated 
 (CD28+CD27−), intermediate differentiated  (CD28−CD27+), and 
late differentiated  (CD28−CD27−). d The differentiation status of 
 CD8+CD103+ TRMs from 10 GC patients. e Converted flow cytom-
etry phenotyping results of  CD8+CD103+ TRMs isolated from paired 
blood, non-tumor, and tumor tissues; data represent mean results 
from at least four GC patients (n = 4–10). f PD-1, CD39 and 4-1BB 
expression on  CD8+CD103+ TRMs from tumor or non-tumor tissues 
of GC patients (n = 11). *P < 0.05, **P < 0.01; ***P < 0.001; ns, not 
significant
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GC‑infiltrating  CD8+CD103+ TRMs have an impaired 
cytolytic capacity

Based on the immunophenotype of  CD8+CD103+ TRMs 
from tumor and non-tumor tissues, we investigated their 
proliferation and function (Fig. 3). We did not observe sig-
nificant difference for the expression of proliferation-asso-
ciated marker Ki-67 between  CD8+CD103+ TRMs from 
non-tumor and tumor tissues; the percentages of IFN-γ and 
TNF-α-producing  CD8+CD103+ TRMs from both tissues 
were also similar, suggesting the proliferation and cytokine 
production of these  CD8+CD103+ TRMs were not altered. 
We further analyzed the levels of intracellular cytolytic mol-
ecules and detected similar levels of granzyme A, granzyme 
K and granulysin expression in  CD8+CD103+ TRMs iso-
lated from non-tumor and tumor tissues. Importantly, gran-
zyme B and perforin were significantly decreased in tumor-
infiltrating  CD8+CD103+ TRMs compared to those from 
non-tumor tissues, suggesting a selective impairment of 
cytolytic capacity in GC-infiltrating  CD8+CD103+ TRMs.

The function of GC‑infiltrating  CD8+CD103+ TRMs 
could be restored by PD‑1 blockade and enhanced 
by agonistic anti‑4‑1BB

As GC-infiltrating  CD8+CD103+ TRMs showed increased 
PD-1 and 4-1BB expression with impaired cytolytic capac-
ity, we wondered whether their function might be restored 

by blocking PD-1. Indeed, PD-1 blockade increased tumor-
derived  CD8+CD103+ TRMs to express granzyme B, which 
was further enhanced by anti-4-1BB agonistic antibody 
(Fig. 4a). However, there was no increase in granzyme B and 
perforin expression in tumor-derived  CD8+CD103− T cells 
following PD-1 blockade alone or combined with 4-1BB 
co-stimulation (Fig. 4b). In order to further investigate 
the killing ability of tumor-derived  CD8+CD103+ TRMs 
by blocking PD-1 with or without 4-1BB co-stimulation, 
 CD8+CD103+ TRMs were sorted and co-cultured with 
CFSE-labeled GC cell line SGC-7901. We demonstrated 
that significantly more SGC-7901 cells underwent apopto-
sis in the PD-1 blockade group, and even more so in the 
PD-1 blockade combined with 4-1BB co-stimulation group 
(Fig. 4c, d). These data not only confirm the role of PD-1 
blockade on these TRMs but also suggest that 4-1BB co-
stimulation may provide further beneficial effects in immu-
notherapies targeting PD-1.

GC‑infiltrating  CD8+CD103+ TRMs correlated 
with disease progression

We next studied the relation of GC-infiltrating  CD8+CD103+ 
TRM numbers in 105 GC patients with regards to dis-
ease progression (Fig. 5). We found that GC-infiltrating 
 CD8+CD103+ TRM numbers were significantly lower in 
advanced disease (TNM stage III + IV) than those in early 
disease (TNM stage I + II), and lower  CD8+CD103+ TRM 

Fig. 3  GC-infiltrating  CD8+CD103+ TRMs show impaired func-
tion. Non-tumor and tumor tissue-derived cell suspensions were 
stained with Fixable Viability Stain 700, anti-CD45, CD3, CD8 and 
CD103 antibodies, then intracellular staining for Ki-67, IFN-γ, TNF-
α, granzyme A, granzyme B, granzyme K, perforin and granulysin. 

The percentages of Ki-67+, IFN-γ+, TNF-α+, granzyme  A+, gran-
zyme  B+, granzyme  K+,  perforin+ and  granulysin+ cells among the 
 CD8+CD103+ TRMs were analyzed. Symbols represent individual 
values from 10 to 18 GC patients analyzed. *P < 0.05; **P < 0.01; ns, 
not significant
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numbers were positively correlated with poor overall sur-
vival (OS) and disease-free survival (DFS) of GC patients 
when using the medium value of all tumor-infiltrating 
 CD8+CD103+ TRM numbers as a comparison point. We 
also found that tumor-infiltrating  CD8+CD103+ TRM num-
bers could independently predict patient survival, which was 
verified by multivariate analyses using a Cox proportional 
hazard model (Supplementary Table 3). Moreover, tumor-
infiltrating  CD8+CD103+ TRM numbers were negatively 
correlated with tumor invasion, lymph node metastasis and 
neural invasion status. However, no correlation was observed 
between tumor-infiltrating  CD8+CD103+ TRM numbers 
and distant metastasis, vascular invasion status, age, gen-
der, tumor size as well as histological types. These results 
suggest that decreased tumor-infiltrating  CD8+CD103+ 
TRMs are associated with GC progression and poor patients’ 
survival.

Discussion

In this study, we systematically investigated the distribu-
tion, phenotype and functional profile of  CD8+CD103+ 
TRMs from tumor and non-tumor tissues of GC patients. 

We observed, in comparison to non-tumor tissues, the 
percentages of GC-infiltrating  CD8+CD103+ TRMs were 
significantly decreased accompanied with increased PD-1 
expression and impaired cytolytic function. We further 
demonstrated that blocking PD-1 could restore the cytolytic 
capacity of GC-infiltrating  CD8+CD103+ TRMs and that 
4-1BB co-stimulation with its agonistic antibody further 
enhanced anti-PD-1-mediated  CD8+CD103+ TRM func-
tion. Finally, we show that the number of GC-infiltrating 
 CD8+CD103+ TRMs had strong correlation with tumor pro-
gression and patients’ survival. These findings imply that 
strategies boosting  CD8+CD103+ TRMs’ number and func-
tion should be considered for immunotherapy against GC.

CD8+CD103+ TRM infiltration in human cancer has 
been extensively examined, including GC [12, 16–19]. 
However, these studies largely focused on the prognostic 
values of  CD8+CD103+ TRMs and their functional com-
parison with that of their  CD8+CD103− counterparts from 
the same tumors, and no investigation has compared the dis-
tribution and characteristics of  CD8+CD103+ TRMs from 
tumor and non-tumor tissues of GC patients. In this study, 
we show a significantly lower percentage of  CD8+CD103+ 
TRMs in tumor tissues than those in non-tumor tissues. 
However, the absolute number of  CD8+CD103+ TRMs 

Fig. 4  4-1BB co-stimulation enhances anti-PD-1-mediated 
 CD8+CD103+ TRM reinvigoration. The effect of PD-1 blockade 
with or without combining 4-1BB co-stimulation on cytolytic marker 
granzyme B and perforin expression in  CD8+CD103+ TRMs (a) and 
 CD8+CD103− T cells (b) from tumor tissues of GC patients (n = 11). 

(c) A representative apoptosis profile of GC cell line SGC-7901 fol-
lowing co-culture with purified GC-infiltrating  CD8+CD103+ TRMs 
in vitro. (d) The viable GC cell line SGC-7901 in all co-cultures are 
shown for different groups (n = 6). *P < 0.05; ns, not significant
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in tumor and non-tumor tissues are similar even though 
 CD8+ and  CD8+CD103− T cell numbers were both higher 
in tumor tissues than those in non-tumor tissues (Supple-
mental Fig. 1). We speculated that both the infiltrating 
 CD8+CD103+ TRMs and their  CD8+CD103− counterparts 
in tumor tissues might be initially increased, but due to an 
enhanced apoptosis of  CD8+CD103+ TRMs compared to 
their  CD8+CD103− counterparts [19], the percentages of 
tumor-infiltrating  CD8+CD103+ TRMs were ultimately 
decreased, while their numbers were still equal to those 
in non-tumor tissues. However, along with disease pro-
gression, the numbers of  CD8+CD103+ TRMs in tumors 
were gradually decreased, and Low numbers of tumor-
infiltrating  CD8+CD103+ TRMs were positively associated 
with poor patient’ survival, suggesting that GC-infiltrating 
 CD8+CD103+ TRM number may be a useful clinical marker 
of tumor progression.

We further studied  CD8+CD103+ TRMs’ surface 
molecule expression and function. Although these 
 CD8+CD103+ TRMs exhibited a similar differentiation 
status, they clearly showed distinct immuno-phenotypic 

and functional properties compared to those from 
non-tumor tissues. For instance, tumor-infiltrating 
 CD8+CD103+ TRMs expressed higher co-inhibitory mol-
ecule PD-1, a surrogate marker of tumor-exhausted  CD8+ 
T cells [20, 21]. Additionally, these  CD8+CD103+ TRMs 
were functionally impaired, as indicated by their decreased 
granzyme B and perforin expression, which was further 
confirmed restored functionality via PD-1 blockade. Inter-
estingly, tumor-infiltrating  CD8+CD103+ TRMs expressed 
a higher level of 4-1BB than their counterparts from non-
tumor tissues, and their activation by 4-1BB agonist anti-
body combined with PD-1 blockade led to better func-
tion restoration of these  CD8+CD103+ TRMs. In fact, it 
has been reported that 4-1BB is expressed on exhausted 
tumor-infiltrating PD-1+CD8+ T cells, and combining 
4-1BB co-stimulation and PD-1 blockade act synergisti-
cally to promote ex vivo functions of tumor-infiltrating 
 CD8+ T cells isolated from ovarian cancer and hepatocel-
lular carcinoma [22, 23]. Thus, our results demonstrate 
that, in combination with PD-1 blockade, 4-1BB costimu-
latory signal overcomes  CD8+CD103+ TRM exhaustion.

Fig. 5  The number of tumor-infiltrating  CD8+CD103+ TRMs corre-
lates with multiple clinical parameters of GC patients. The number 
of tumor-infiltrating  CD8+CD103+ TRMs was analyzed for puta-
tive correlations with multiple clinical parameters, such as tumor 
stage, patient overall survival time. For the cumulative survival 
curves, patients were separated into two groups by the median value 

of tumor-infiltrating  CD8+CD103+ TRM numbers, and Kaplan–
Meier plots were used to show cumulative survival differences. 
Each dot represents one patient. Ab, antibody; Diff, differentiated; 
Undiff, undifferentiated; ns, not significant. *P < 0.05; **P < 0.01; 
***P < 0.001
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In summary, our study characterized the phenotypic 
and functional properties of  CD8+CD103+ TRMs in the 
tumor and non-tumor tissues of GC patients and revealed 
an impaired cytolytic capacity of the  CD8+CD103+ TRMs 
in tumor tissues compared with those in non-tumor tis-
sues. Importantly, such impaired function of GC-derived 
 CD8+CD103+ TRMs was restored by PD-1 blockade, which 
was further enhanced by 4-1BB co-stimulation. Our study 
suggests that restoring  CD8+CD103+ TRMs’ function by 
combining PD-1 blockade with 4-1BB co-stimulation could 
be a promising therapeutic strategy for GC.
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