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Cancer remains one of the leading causes of mortality worldwide, leading 
to increased interest in utilizing immunotherapy strategies for better 
cancer treatments. In the past decade, CD103+ T cells have been associated 
with better clinical prognosis in patients with cancer. However, the specific 
immune mechanisms contributing toward CD103-mediated protective 
immunity remain unclear. Here, we show an unexpected and transient 
CD61 expression, which is paired with CD103 at the synaptic microclusters 
of T cells. CD61 colocalization with the T cell antigen receptor further 
modulates downstream T cell antigen receptor signaling, improving 
antitumor cytotoxicity and promoting physiological control of tumor 
growth. Clinically, the presence of CD61+ tumor-infiltrating T lymphocytes 
is associated with improved clinical outcomes, mediated through enhanced 
effector functions and phenotype with limited evidence of cellular 
exhaustion. In conclusion, this study identified an unconventional and 
transient CD61 expression and pairing with CD103 on human immune cells, 
which potentiates a new target for immune-based cellular therapies.

Integrins are large, heterodimeric transmembrane glycoproteins that 
facilitate adhesion between cells, and with the extracellular matrix1. They 
require the pairing between an α and β subunit to exit the endoplasmic 
reticulum and reach the cell surface to become functionally active2–5. 
The pairing and functions of integrin β3 (gene ITGB3 encoding CD61) 
with its known cis-integrin partners, integrin αV (gene ITGAV encoding 

CD51) and integrin αIIb (gene ITGA2B encoding CD41) have been well 
documented on nonlymphocytic cells such as megakaryocytes, platelets 
and macrophages, as well as on endothelial cells2,4,6–8. While there are 
pieces of evidence of CD61 pairing with CD41 or CD51 on murine T cells9,10, 
the expression and functional implications of CD61 on antigen-specific 
T cell immunity in human diseases, including cancer, remains unclear.
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Fig. 1 | CD61 is expressed on CD103+ CD8+ T cells. a, Network plot showing 
clustering of enriched proteins in cancer-specific CD103+ T cell clones  
(n = 2 patients’ paired T cell clones). Highlighted circles indicative of proteins 
likely associated with immunity. b, Heat map showing selected proteins 
enriched in both CD103+ NY-ESO-1-specific and SSX-2-specific T cell clones but 
downregulated in both CD103− T cell clones. Cytotoxic T cell (CTL) CD103+ T cell 
clone is shown in teal and CD103− T cell clone is shown in orange. Antigen (Ag) 
specificity: NY-ESO-1-specific T cell clones (pink), SSX-2-specific T cell clones 
(green). Expression level by log2 fold-change (FC) values, with a gradient of red  
to blue. c, Graph showing the frequency of CD61+ cells (of total CD103+ TILs)  
by flow cytometry (right y axis), and the CD61+CD103+ co-located TILs by  

IHC (left y axis), of each patient with NSCLC. n1 IHC = 31 patients; n2 flow 
cytometry = 19 patients. Diamonds represent the area of CD61+CD103+ co-located 
TILs by IHC. d,e, Percentage of CD61+CD103+ and CD61−CD103+ T cells of paired 
peripheral blood, paratumor tissue and tumor tissue by flow cytometry plots  
and a line plot. n = 19 patients. ***P < 0.001, one-way analysis of variance (ANOVA) 
with Tukey’s multiple-comparison test. P value (tumor versus paratumor): 
0.0009, P value (tumor versus peripheral blood): 0.0003. f, Histograms showing 
CD61 expression on paired CD103+ and CD103− cancer-specific T cell lines  
(n = 7 patients). Gray represents CD103+ T cell lines, and light red represents 
CD103− T cell lines. n = 3 independent experiments with consistent results.

http://www.nature.com/natureimmunology


Nature Immunology | Volume 25 | May 2024 | 834–846 836

Article https://doi.org/10.1038/s41590-024-01802-3

On the other hand, it is well established that integrin αE (gene 
ITGAE encoding CD103) pairs with integrin β7 (gene ITGB7) on murine 
and human immune cells. CD103 is considered a key phenotypic 
marker of resident memory T (TRM) cells in a variety of tissues includ-
ing tumors. In cancer, CD103+ TRM tumor-infiltrating T lymphocytes 
(TILs) are known to be immunophenotypically diverse, ranging from 
terminally exhausted (layilin+), TRM precursors (granzyme H+) and TRM 
transitional-phase (XCL1+) cells11. Certain CD103+ TIL subtypes, such 
as the CD103+CD39+ cells are tumor-reactive TILs, with clonal expan-
sion observed in different cancer types12–14. Our recent study further 
demonstrated CD103+TGF-β1+ cytotoxic T cells were efficient killers 
of antigenic cancer15.

Clinically, the enriched presence of CD103+ T cells in patients with 
cancer and in patients with pathogenically disease has been associated 
with improved outcomes16–19. This positive clinical attribute makes 
CD103+ T cells an important target for immunotherapy strategies. 
However, the immune-associated proteins and the mechanisms that 
are utilized to promote effective cellular immune activities, responses 
and protection remain poorly defined. Therefore, this study evalu-
ates the mechanistic contributors of protective immunity on human 
antigen-specific cytotoxic CD8+ T cells, using cancer as a disease model.

Results
CD61 is expressed on CD103+ CD8+ T cell clones and TRM TILs
The presence and enrichment of CD103+ TILs are considered a good 
indicator of desirable clinical prognosis and outcome12,14,16–18. To inves-
tigate how these T cells can promote protective immunity, we previ-
ously generated HLA-A*02:01-restricted CD103+ and CD103− CD8+ T cell 
clones, from two separate patients15. The paired CD103+ and CD103− 
T cell clones isolated from a patient with gastric cancer are charac-
terized by the same T cell antigen receptor (TCR): TRAV8-6 TRAJ30, 
TRBV6-1 TRBJ2-7, recognizing the SSX-2 tumor antigen. In contrast, the 
second pair of T cell clones were isolated from a patient with melanoma 
with a distinct TCR: TRAV12-2 TRAJ31, TRBV12-4 TRBJ1-2, recognizing 
the tumor antigen, NY-ESO-1. In this study, the sourcing of biological 
samples from different patients with cancer will help to identify com-
mon immune markers of CD103+ T cells that can modulate protective 
antitumor immunity beyond the interaction between the TCR and a 
peptide in the major histocompatibility complex (pMHC).

As part of a discovery approach to identify CD103 immune-related 
proteins, we first compared the proteomic profiles between the 
cancer-specific CD103+ and CD103− T cell clones from these two patients 
with cancer. The differential expression analysis revealed 103 proteins 
enriched in the two CD103+ T cell clones, compared to their respec-
tive paired CD103− T cell clones (Extended Data Fig. 1a). Among these 
proteins, 70.8% (92 proteins) were associated with cellular processes, 

10% (13 proteins) with metabolism and 16.9% (22 proteins) with pro-
tein synthesis and trafficking (Extended Data Fig. 1b). Several of these 
protein subgroups were identified to be linked to immune activities, 
including immune effectors/cytokines, integrins, metabolic-related, 
TGF-β1-related and epigenetic-related groups (Fig. 1a).

Due to being described as an integrin of nonimmune cells such 
as platelets, endothelial cells and megakaryocytes in humans2,4,6–8, 
the enrichment of CD61 (Fig. 1b) in the CD103+ clones was therefore 
unexpected. While this proteomics approach was underpowered, these 
data provided an exploratory observation, and we chose to pursue 
CD61 from this preliminary dataset by validation through multiple 
orthogonal approaches.

To validate this exploratory in vitro proteomics approach, we 
investigated the existence of CD61+ T cells within the total CD8+ TILs 
in a larger cohort of patients ex vivo. We performed dual immuno-
histochemistry (IHC) and flow cytometric CD61 protein analyses on 
samples from a cohort of patients with non-small cell lung cancer 
(NSCLC) obtained from the Oxford Radcliffe Biobank (ORB; Extended 
Data Figs. 2 and 3a).

As evidenced by the dual IHC and flow cytometry analyses, we 
confirmed the presence of CD61+ T cells in the CD103+ TILs population, 
with variable frequencies across the patients with NSCLC, ranging from 
2% to 77% (Fig. 1c and Extended Data Fig. 3b). The variability in the 
frequency of the TIL subpopulation correlated with the NSCLC tumor 
stages (Extended Data Fig. 3c), but not with other clinical parameters 
evaluated such as NSCLC pathology type (including between adeno-
carcinoma and squamous cell carcinoma), gender and age (Extended 
Data Fig. 3d).

Importantly, regardless of the frequency variability between 
patients, the CD61+ TIL subset was significantly enriched in the lung 
tumor tissue of these patients compared to the paired paratumor tissue 
and peripheral blood (Fig. 1d,e).

To further confirm the existence of CD61 on human antigen- 
specific CD8+ T cells, we evaluated its expression on seven pairs of 
cancer-specific CD103+ and CD103− T cell lines, from seven different 
patients with cancer. Indeed, we found positive CD61 expression on the 
seven CD103+ T cell lines, compared to their paired CD103− T cell lines 
(Fig. 1f). Taken altogether, these discovery-to-validation findings high-
light the unconventional presence and expression of CD61 on human 
antigen-specific CD8+ T lymphocytes, especially in human cancer.

CD61 transiently colocalizes with CD103 at the synapse
To evaluate the kinetic expression of CD61 on human T cells, we next 
measured the expression following different activation regimens. 
The cancer-specific CD103+ T cell lines, sourced from seven different 
patients with cancer demonstrated positive surface expression of CD61 

Fig. 2 | CD61 transiently colocalizes with CD103. a, Horizontal bar graph 
showing the average CD61 median fluorescence intensity (MFI) on CD103+ T cell 
lines following either activation by αCD3/CD28, or co-culture with antigenic 
cancer cells, or no activation by flow cytometry. ***P < 0.001, one-way ANOVA 
with Tukey’s multiple-comparison test. n = 7 patients, examined over three 
independent experiments. ***P values: (patient 1: 0.00098, patient 2: 0.00089, 
patient 3: 0.00001, patient 4: 0.000003, patient 5: 0.000, patient 6: 0.00002, 
patient 7: 0.00001). b, Representative synapse images of integrin β7, CD103, 
CD61 and merged, of a cancer-specific CD103+ TCR-T cell at 10 min after synaptic 
formation. Enlarged green box shows zoomed-in synaptic microcluster images 
of CD103 and CD61 colocalization, but not integrin β7. c,d, Representative dot 
plot showing CD103 and CD61 colocalization by PCC (P = 0.9435), or CD103 and 
integrin β7 negative PCC colocalization (P = 0.1973) at 5, 10 and 15 min after 
synaptic formation; each dot represents the average PCC per synapse.  
e, Representative synapse images showing internal reflection microscopy  
(IRM; denoting the area of synapse), integrin β7, CD49d and merged, of a cancer-
specific CD103+ TCR-T cell at 5 min after synaptic formation. Enlarged green  
box shows zoomed-in images of colocalized integrin β7 and CD49d.  
f, Representative Co-IP immunoblot images of CD103 and CD61-flag on anti-flag 

IP pulldown lysate and whole-cell lysate, of CD103−CD61-flag+, CD103+CD61-flag− 
and CD103+CD61−flag+ T cell lines. Molecular weight (MW) of CD103: ~150 kDa, of 
CD61-flag: ~100 kDa. n = 3 lines examined over three independent experiments, 
with consistent results. g, Volcano plot showing enriched proteins on lysates of 
CD103+CD61+ T cells in comparison to CD103+CD61− T cells. n = 2 lines examined 
over one experiment. Dot represents one protein. One-way ANOVA with Tukey’s 
multiple-comparison test, converted to −log10 P values for each data point. Raw 
fold-change values were normalized using log2. h, Representative flow cytometry 
plots of intracellular and surface staining of CD61-flag with CD103-HA following 
initial transduction of primary T cells with CD103 (left), followed by secondary 
transduction with CD61 (right). n = 3 independent experiments, with consistent 
results. a,c,d. Data are presented as the median ± s.e.m., c,d. Two-way ANOVA 
with Tukey’s multiple-comparison test. b,e. n = 150 cells examined over three 
independent experiments with consistent observations per c and d; each dot 
represents the average PCC per synapse. c, time of 5 min: 72 synapses, time of 
10 min: 102 synapses, time of 15 min: 141 synapses. d, time of 5 min: 53 synapses, 
time of 10 min: 81 synapses, time of 15 min: 40 synapses. b,e, Microscopy images: 
big scale bar, 5 μm; small scale bar, 1 μm. Ag, antigen. NS, not significant.

http://www.nature.com/natureimmunology


Nature Immunology | Volume 25 | May 2024 | 834–846 837

Article https://doi.org/10.1038/s41590-024-01802-3

following activation either by agonistic αCD3/αCD28 antibody or fol-
lowing co-culture with antigenic cancer cells (Fig. 2a and Extended 
Data Fig. 4a). In contrast, resting T cells showed undetectable levels 

of CD61 expression, which was consistently observed across all seven 
patients with cancer (Fig. 2a). We further found that upregulation of 
CD61 peaked within the first 2 h after T cell activation, before gradually 
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decreasing over time (Extended Data Fig. 4b), suggesting that CD61 
expression in human T cells is transient.

Considering the transient upregulation of CD61 on the T cells, 
we sought to evaluate its potential involvement in the temporal 
scales of cell-to-cell contacts. We used total internal reflection fluo-
rescence microscopy (TIRFM) to analyze the recruitment and dis-
tribution of CD61 within the synaptic contacts formed between 
the NY-ESO-1-specific CD61+ T cell line and supported lipid bilayers 
(SLBs)-containing physiological densities of antigenic pMHC, ICAM-1,  
CD58 and E-cadherin (SLB protein densities are as informed in the 
Methods). We found a time-dependent increase of CD61, as well as of 
CD103, at the points of contact between the T cell membrane and the 
bilayer, within the central supramolecular activation cluster (cSMAC) 
region, defined by the area of accumulation of antigen and TCRαβ 
(Extended Data Fig. 4c,d).

Interestingly, the CD61 colocalized with CD103 at the points of 
contact (Fig. 2b). The Pearson’s correlation coefficient (PCC) of the 
colocalization between CD61 and CD103 was consistently positive 
throughout the 15 min of contact (Fig. 2c). In contrast, integrin β7, the 
known canonical integrin partner of CD103, was located in the outer-
most synaptic compartment, also known as the distal supramolecular 
activation cluster (dSMAC; Fig. 2b). The PCC for CD103 and integrin 
β7 was consistently below zero, indicating they were inversely cor-
related at the synapse (Fig. 2d). The dSMAC localization of integrin β7 
is likely due to its interaction with its alternative cis-integrin partner, 
the integrin α4 (ITGA4, CD49d), rather than with CD103. We observed 
colocalization between CD49d and integrin β7 at the dSMAC micro-
clusters (Fig. 2e), which may reflect an early CD49d-integrin β7 pairing 
and positioning, leading to segregation of integrin β7 from CD103.

With the central clustering of CD61 at the cSMAC, we next evalu-
ated whether CD61’s conventional cis-interacting integrin partners, 
CD41 and CD51, were relied upon for CD61 integrin heterodimeriza-
tion on the T cell surface. Unexpectedly, both CD41 and CD51 were 
not expressed on the cell surface of the NY-ESO-1-specific CD61+ T cell 
line (Extended Data Fig. 4e). These data suggest that the absence of 
CD41 and CD51 on these T cells enables the unconventional pairing 
with CD103, as per Fig. 2b.

To further investigate the possible interaction between CD61 
and CD103 on human T cells, we performed co-immunoprecipitation 
(Co-IP) analysis on CD61 pulldown lysates of primary T cells overex-
pressing both integrins. CD61 was found to be co-immunoprecipitated 
with CD103 when pulled down from the lysate of CD61-flag+CD103+ 
T cell line, but not on the lysate controls: CD61-flag−CD103+ T cell line 
lysate and the CD61-flag+CD103− T cell line lysate (Fig. 2f).

To further strengthen this observation, we carried out an analysis 
of the overall proteins that may be co-immunoprecipitated with the 
CD61-flag protein. Apart from proteins that are commonly known to 
associate with integrin heterodimer complex formation, we confirmed 
the presence of co-precipitated CD103 on the CD61-flag+CD103+ T cell 

line (Fig. 2g), further demonstrating the existence of a CD61–CD103 
integrin complex. Additionally, no enrichment of integrin β7 was 
detected on the CD61-flag+CD103+ T cells (Extended Data Fig. 4f), 
suggesting the exclusion of integrin β7 from the CD61–CD103 complex.

As it is widely recognized that interaction between an α and β inte-
grin subunit is required for the cell surface expression of integrins, we 
evaluated whether CD61 secondary transduction can promote CD103 
cell surface expression (Extended Data Fig. 4f). Following the primary 
transduction of CD103-HA on primary T cells, we did not observe any 
surface expression of the CD103 (Fig. 2h). However, a secondary trans-
duction of CD61 on the same CD103+ T cell line was able to rescue sur-
face expression of CD103 on the T cells (Fig. 2h). Taken altogether, our 
findings using the multifaceted approaches above have demonstrated 
the potential interaction between CD61 and CD103 on human T cells.

CD61 enhances TCR signaling
We next sought to evaluate the possible role of CD61 on the T cell signa-
losome. In parallel to CD61 and CD103 colocalization at the cSMAC, we 
further observed colocalization between CD61 with TCRαβ, as well as 
between CD103 and TCRαβ (Fig. 3a), suggesting that CD61 may modu-
late TCR signaling activity.

To assess the functional significance of CD61 toward proximal 
TCR signaling, we first generated CD61 knock-down T cells using short 
interfering RNA (siRNA), and CD61 CRISPR knock-out (KO) T cells, from 
the wild-type (WT) CD61+ T cell clone of cancer patient 1 (Extended Data 
Fig. 5a) before functional evaluation. Interestingly, we found Zap70 
and PLCγ1 phosphorylation levels gradually decreased following serial 
CD61 siRNA treatments (Fig. 3b and Extended Data Fig. 5b). Addition-
ally, the CD61KO T cell clone demonstrated impaired phosphorylation 
of both these proteins, to levels comparable with those seen on WT 
CD61− T cell clones (Fig. 3c and Extended Data Fig. 5b). To further verify 
the importance of CD61 in regulating Zap70 phosphorylation, we then 
evaluated the Zap70 (pY292) expression on WT CD61+ T cell lines from 
seven different patients with cancer. Indeed, we found that phospho-
rylated Zap70 levels were significantly impaired following treatment 
with αCD61 neutralizing antibody (Fig. 3d and Extended Data Fig. 5c).

Given that a cytosolic adaptor protein, the kinase Lck, is known to 
maintain and directly sustain the phosphorylation of Zap70 at the TCR 
complex’s cytoplasmic domains20,21, we next sought to evaluate the 
potential protein linker between CD61 and Zap70. We found the WT 
CD61+ T cell clone exhibited the highest Lck expression in comparison 
to the siRNA-treated and CD61KO T cell clones (Fig. 3e). In agreement, 
we demonstrated that treatment with αCD61 neutralizing antibody 
led to a significant downregulation of Lck expression on WT CD61+ 
T cell lines of seven different patients with cancer (Fig. 3f), suggesting 
that CD61 is a modulator of Lck-dependent Zap70 phosphorylation.

To further confirm the involvement of Lck in the CD61–Zap70 
phosphorylation axis, we treated a WT CD61+ T cell clone with either the 
Lck-specific inhibitor A770041 or the broader tyrosine kinase inhibitor 

Fig. 3 | CD61 enhances TCR signaling. a, Representative dot plot showing PCC 
of TCRαβ and CD61 colocalization (left) and TCRαβ and CD103 colocalization 
(right) at 5, 10 and 15 min after synaptic formation. P value (TCRαβ-CD61, 5 
versus 15 min): 0.0009, P value (TCRαβ-CD103, 5 versus 10 min): 0.0075, P value 
(TCRαβ-CD103, 5 versus 15 min): 0.000782. Each dot represents the average PCC 
per synapse. n = 150 cells examined over three independent experiments; each 
dot represents the average PCC per synapse. Time of 5 min: 91 synapses; time 
of 10 min: 101 synapses; time of 15 min: 71 synapses. b,c, Average MFI of either 
Zap70 (pY292) or PLCγ1 (pY783) on (b) WT CD61+ T cell clone (from patient 1) 
following treatment with either 25, 50 or 100 nM CD61 siRNA, or no treatment 
(b), as well as on WT CD61+, CD61KO or WT CD61+T cell clones (from patient 1), by 
flow cytometry (c). d, Bar graph showing the average MFI of Zap70 (pY292) on 
CD61+ T cell lines, following treatment with αCD61 (neutralizing treatment), IgG 
isotype control treatment or no treatment, by flow cytometry. P values: (patient 
1: 0.00076, patient 2: 0.0083, patient 3: 0.0096, patient 4: 0.00031, patient 5: 
0.0087, patient 6: 0.037, patient 7: 0.036). e, Average MFI of Lck on WT CD61+, 

CD61KO or WT CD61+ T cell clones (from patient 1), including on WT CD61+ T cell 
clone treated with 25 nM, 50 nM or 100 nM CD61 siRNA, or no treatment, by flow 
cytometry. f, Bar graph showing the average MFI of Lck on CD61+ T cell lines, 
following treatment with αCD61 neutralizing treatment, IgG isotype control 
treatment or no treatment, by flow cytometry. P values: (patient 1: 0.047, patient 
2: 0.0059, patient 3: 0.011, patient 4: 0.049, patient 5: 0.048, patient 6: 0.0053, 
patient 7: 0.038). g, Representative histogram of phosphorylated Zap70 (pY292) 
on WT CD61+ T cell clone (from patient 1) following activation with or without 
Lck inhibition when using A770041 (right), or with genistein as positive control 
of tyrosine kinases inhibition (left), h, Schematic of CD61 modulation of Zap70 
phosphorylation via Lck activity under no inhibition (left), after CD61 knock-
down (middle) and Lck inhibition (right). Created with BioRender.com. d,f, n = 7 
patients examined, three independent experiments. b,c,e,g, n = 3 independent 
experiments. a–f, Data are presented as the median ± s.e.m., ***P < 0.001, 
**P < 0.01, *P < 0.05, one-way ANOVA with Tukey’s multiple-comparison test.
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amino genistein as a positive control. As expected, we observed a sig-
nificant impairment of the Zap70 phosphorylation on the WT CD61+ 
T cell clone following the inhibition of Lck (Fig. 3g). Taken altogether, 
these observations suggest that CD61 may enhance TCR proximal 
signaling, including Zap70 phosphorylation in an Lck-dependent 
manner (Fig. 3h).

CD61 improves T cell cytotoxicity and tumor control
To determine the importance of CD61 on T cell antitumor immunity, 
we performed in vitro T cell degranulation and cytotoxicity analyses. 
We found that the cancer-specific WT CD61+ T cell clone had signifi-
cantly elevated expression of a cytolytic degranulation marker, CD107a, 
compared to the T cells treated with CD61 siRNA, CD61KO and the WT 
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CD61− T cell clones (Fig. 4a). Additionally, neutralizing CD61 with block-
ing antibody also limited the degranulation capacity of the CD61+ T cell, 
consistently observed across the CD61+ T cell lines from seven different 
patients with cancer (Fig. 4b).

Consistent with the increased degranulation activity, we observed 
a higher frequency of cancer cell death induced by the WT CD61+ T cell 
clone across multiple time points, with CD61 siRNA-treated and CD61KO 
T cell clones exhibiting impaired T cell cytotoxicity (Fig. 4c). To validate 
the importance of CD61 toward T cell cytotoxicity, we next treated 
WT CD61+ T cell lines from seven different patients with cancer with 
anti-CD61 neutralizing antibody before the co-culture with antigenic 
cancer cells. We confirmed that neutralizing anti-CD61 antibody con-
sistently limited the cytotoxic responses of these T cell lines (Fig. 4d).

We further assessed the in vivo physiological relevance of CD61+ 
T cells by evaluating the growth of xenografted antigenic tumors in 
NOD.SCID mice following adoptive transfer of either WT CD61+ or 
CD61− T cell clones over time (Extended Data Fig. 5d). Tumor growth 
was significantly mitigated in mice injected with the CD61+ T cells 
compared to the CD61− T cells (Fig. 4e). Importantly, the differences in 
tumor sizes were readily observed after the second adoptive transfer 
of T cells, with more substantial differences seen following the third 
T cell injection (Fig. 4f,g).

Since these in vitro and in vivo findings demonstrated the immune 
contribution of CD61+ cancer-specific T cells toward tumor control, we 
explored the possible clinical relevance of the CD61+ TILs on patients’ 
overall survival (OS) probability, in a cohort of patients with lung 
cancer (LC) and a cohort of patients with skin cutaneous melanoma 
(SCM) from The Cancer Genome Atlas (TCGA) database12,22–24. We found 
that the CD61hiCD103+CD8+CD3+ patients with SCM exhibited bet-
ter OS prognosis compared to the CD61loCD103+CD8+CD3+ patients 
(Fig. 4h). In validating this survival pattern, we further found that 
the CD61hiCD103+CD8+CD3+ patients with LC also had improved OS 
prognosis compared to the CD61lo CD103+CD8+CD3+ patients (Fig. 4h).

Taken altogether, the in vitro, in vivo and clinical findings indicated 
a unique role of CD61 in promoting T cell cytotoxicity, mitigating tumor 
growth and improving the OS in patients.

CD61+ TILs have enhanced effector phenotypes
To further dissect the relevant clinical immunophenotype of the  
CD61+ T cells that may contribute toward enhanced cancer immunity 
and improved survival in patients with cancer, we performed mul-
ticolor flow cytometric profiling of tumors from 19 patients with 
NSCLC. We first stratified the CD61+ and CD61− TRM TILs according to 
the well-established tissue-resident memory TIL phenotype of CD103+

CD69+CD49a+CD45RO+ (CD62L−CCR7−CD45RA−) CD8+ TILs (Extended 
Data Fig. 2).

Clinical immunophenotypic analyses showed significant upregu-
lation of key antitumor effector cytokines, chemokines and cytolytic 

molecules (including granzyme M, granulysin, granzyme B, CD107a, 
CCL5, XCL2, TNF and IFN-γ) on CD61+ TILs, compared to the CD61− TILs 
(Fig. 5a,b and Extended Data Fig. 6). Additionally, we confirmed that, in 
particular, granulysin and granzyme M expression on CD61+ TILs was 
dependent on CD61 activity, as treatment using an anti-CD61 blocking 
antibody demonstrated impaired expression of both cytokines (Fig. 5c).

The CD61+ TILs have significantly enriched combinatorial immune 
effector signatures compared to the CD61− TILs (Fig. 5d). As upregu-
lated immune effector signatures on TILs are highly indicative of tumor 
responsiveness, we hypothesized that CD61+ TILs could be more infil-
trative of the NSCLC tumor bodies. Using an in situ IHC approach, we 
confirmed that the CD61+ TILs (identified by CD61+CD103+CD8+ colocal-
ized cells) were significantly present at higher frequency within tumor 
islets compared to the CD61− TILs (identified by CD61−CD103+CD8+ 
colocalized cells; Fig. 5e).

Previous studies on TILs have established tumor-reactive TILs as 
marked by dual-positive CD103+CD39+ expression12–14. In the analysis 
of our NSCLC patient cohort, we found significant enrichment of these 
combinatorial markers on the CD61+ TILs compared to the CD61− TILs 
(Fig. 5f), therefore suggesting that the TILs subset is likely immune 
reactive within the tumor microenvironment.

CD61+ TILs do not exhibit hallmarks of exhaustion
The tumor microenvironment is known to be immunosuppressive, and 
this is well established to contribute to chronic T cell exhaustion. The 
hallmarks of T cell exhaustion include (i) reduced antigen sensitivity, 
(ii) regression of effector responses, (iii) terminal stage of differen-
tiation and, most importantly, (iv) coexpression of multiple immune 
inhibitory receptors15,25–27.

As shown in Fig. 5, the CD61+ TILs do not have regression of effec-
tor responses but instead exhibited an enhanced immune effector 
phenotype. Therefore, we next evaluated the other hallmarks of cancer 
T cell exhaustion that may be exhibited by the TILs subset, namely the 
coexpression of multiple inhibitory receptors such as Tim-3, PD-1 and 
TIGIT, which we have shown previously to be the most prominent inhibi-
tory receptors coexpressed on total CD8+ TILs in a variety of cancers 
including NSCLC28. Interestingly, the CD61+ TILs exhibited enriched 
PD-1 expression, but reduced expression of Tim-3 and TIGIT, when com-
pared to the CD61− TILs (Fig. 6a). This observation was confirmed by the 
limited frequency of combinatorial expression of PD-1+Tim-3+TIGIT+ by 
CD61+ TILs, compared to the CD61− TILs (Fig. 6b). Instead, the CD61+ TILs 
were highly enriched for the PD-1+Tim-3−TIGIT−population (Fig. 6c). As 
PD-1 is also well established to be a marker of activation on T cells29,30, 
our current finding suggests that the PD-1+Tim-3−TIGIT− TRM TIL popula-
tion could be less exhaustive, and therefore more active and responsive 
in lung cancers.

Consistent with its more active and responsive nature, we found 
that CD61+ TILs were not at the terminal stage of differentiation 

Fig. 4 | CD61 improves cytotoxicity and tumor control. a, Bar plot of CD107a 
MFI between NY-ESO-1-specific WT CD61+, CD61siRNA-treated, CD61KO and WT CD61− 
T cell clones (from patient 1) following activation with antigenic cancer cells, 
by flow cytometry. ♦, WT CD61+ T cell clone; •, WT CD61siRNA-treated T cell clone, 
♠, WT CD61KO T cell clone; ♣, WT CD61−T cell clone. b, Horizontal bar graph 
showing CD107a MFI on CD61+ T cell lines following αCD61 neutralizing antibody 
treatment, IgG isotype control treatment or no treatment (n = 7 patients), by flow 
cytometry. P values: (patient 1: 0.00078, patient 2: 0.00089, patient 3: 0.0099, 
patient 4: 0.0053, patient 5: 0.0057, patient 6: 0.033, patient 7: 0.021).  
c, Line plot showing the percentage of cancer cell death, following co-culture 
with NY-ESO-1-specific WT CD61+, CD61siRNA-treated, CD61KO or WT CD61− T cell 
clones (from patient 1). d, Horizontal bar graph showing the percentage of cancer 
cell death, following co-culture with CD61+ T cell lines after αCD61 neutralizing 
antibody treatment, IgG isotype control treatment or no treatment (n = 7 
patients). P values: (patient 1: 0.0078, patient 2: 0.0043, patient 3: 0.0097, patient 
4: 0.047, patient 5: 0.049, patient 6: 0.04, patient 7: 0.007). e, Kinetic analysis of 

mouse tumor volume after adoptive transfer of either WT CD61+ or WT CD61−  
T cell clones (patient 1). The arrows show the timepoints of T cell injections.  
f,g, Dot plots of mouse tumor volume after the 2nd (day 10, P value: 0.048) or 
3rd (day 16, P value: 0.0089) T cell injection of either WT CD61+ (black box) or 
WT CD61− (white box) T cell clones (from patient 1). h, Kaplan–Meier survival 
curves of patients with SCM and patients with stage 1 LC using TCGA dataset. 
Patient groups: (i) patients with CD61+CD103+CD8+CD3+ samples (G1, light red), 
or (ii) patients with CD61−CD103+CD8+CD3+ samples (G2, light blue). The starting 
number of patients with SCM analyzed: nG1 = 16 patients, nG2 = 122 patients. The 
starting number of patients with LC analyzed: nG1 = 85 patients, nG2 = 22 patients. 
One-way ANOVA, with Tukey’s multiple-comparison test. a,c. n = 3 independent 
experiments. b,d. n = 7 patients examined over three independent experiments. 
e–g, n+WT CD61+ T cells = 8 mice, n+WT CD61

− T cells = 10 mice. a–g, Data are presented as the 
median ± s.e.m., denoted as ***P < 0.001, **P < 0.01, *P < 0.05, with either one-way 
ANOVA with Tukey’s multiple-comparison tests (a–e) or two-tailed t-test with 
Wilcoxon adjustment (f and g).
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(another hallmark of T cell exhaustion). Instead, they were enriched 
for early-differentiated cells (CD27+CD28+; Fig. 6d). In contrast, the 
CD61− TILs were predominantly at the late stage of differentiation.

Being at the earlier stage of maturation, we further demonstrated 
that the CD61+ TILs were capable of undergoing more cellular divi-
sions compared to the CD61− TILs, with an increased frequency of 
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Fig. 5 | CD61+ TILs have enhanced antitumor effector phenotypes in NSCLC. 
a, Expression of cytolytic molecules (granulysin, granzyme M, granzyme 
B), degranulation marker CD107a, chemokines (CCL5, XCL2) and cytokines 
(TNF, IFN-γ) between CD61+ and CD61− TILs, by representative flow cytometry 
plots of 1 patient (patient 7). b, Dot plots of the average MFI and frequency of 
cytolytic molecules, cytokines and chemokines, by flow cytometry. c, Dot plot 
showing the percentage of CD61+ TILs expressing granulysin and granzyme M 
following ex vivo αCD61 neutralizing antibody treatment or no treatment ex 
vivo. P value granulysin: 0.00021, P value granzyme M: 0.045. d, Line plot on the 
frequency of combinatorial effector signatures positive (IFN-γ+TNF+CCL5+XC

L2+granzyme M+granzyme B+granulysin+) cells between CD61+ and CD61− TILs. 
P value: 0.00087. e, The frequency of CD61+CD103+CD8+ co-located cells or 
CD61−CD103+CD8+ co-located cells present within the tumor body, clustering 
around the tumor body, or further from the tumor body, by IHC. Data are 
presented as the median ± s.e.m. P value (within tumor islets): 0.0009, P value 
(further from islets): 0.00078. f, Line plot on the frequency of cells with tumor-
reactive combinatorial markers expression (CD39+CD103+) between CD61+ and 
CD61− TILs. P value: 0.00074. c–f, ***P < 0.001, *P < 0.05; one-way ANOVA with 
Tukey’s multiple-comparison test (c and e) or two-tailed t-test with Wilcoxon 
adjustment (d and f). b–f, n = 19 patients. mAb, monoclonal antibody.
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proliferating cells (Fig. 6e,f). Taken altogether, these findings high-
lighted CD61+ TILs as proactive, tumor-responsive T cells exhibiting 
enhanced antitumor effector and cytotoxic immune responses but 
lack the expression of multiple immune checkpoint receptors (a key 
hallmark of TIL exhaustion). These positive attributes, therefore, are 
likely to contribute toward T cells’ capacity to mitigate tumor growth 
and improve survival.

Discussion
In this study, we demonstrated an unexpected CD61 expression on 
human cytotoxic CD8+ T cells in cancer. With the absence of its cis inte-
grins partners CD41 and CD51, CD61 can colocalize and pair transiently 
with CD103 at the cell-to-cell contacts. On the contrary, integrin β7 was 
segregated apart from the CD103, toward the distal synaptic space. The 
discovery using in vitro proteomics model was validated and confirmed 
using multifaceted approaches with a larger cohort of in situ, in vitro 
and ex vivo patient samples. We further demonstrated CD61 colocaliza-
tion with the TCR, which augmented the proximal TCR signaling and 
contributed toward elevating antitumor cytotoxicity. This allowed for 
mitigation of tumor growth, evidenced in the immunocompromised 
mouse model used in this study. Clinically, the presence of CD61+ TILs 
was associated with enhanced effector functions and phenotypes and 
limited hallmarks of cellular exhaustion.

The pairing between an integrin α and β subunit only become 
functionally active following cellular activation2–5. CD103 was 
thought to be exclusively paired with integrin β7 in mediating cel-
lular adhesion, primarily between intraepithelial CD8+ T cells and the 
E-cadherin-expressing epithelial and endothelial cells3,31. The CD103–
integrin β7 pair functions similarly to another integrin pair found on 
T cells, the integrin αL–β2, which promotes synapse assembly and 
stability, particularly when they are present at the dSMAC and periph-
eral supramolecular activation cluster (pSMAC)32,33. In contrast to 
these studies, we showed minimal co-clustering between CD103 and 
integrin β7 at the synapse. Instead, CD103 colocalized together with 
CD61 at the cSMAC. These observations suggest that CD103 is likely a 
promiscuous and dynamic integrin, that is not restricted to a single 
integrin β partner as previously thought.

The pairing and functions of CD61 with its canonical cis-integrin 
partners, CD41 and CD51, have been well documented on nonlympho-
cytic cells, such as megakaryocytes, platelets and macrophages and 
endothelial cells2,4,6–8. While there is evidence of CD61 expression on 
murine T cells9,10, the expression and functional implications of CD61 
on human T cells were not known. Most remarkably, we observed that 
CD61 expression on human cancer-specific CD8+ T cells can occur in the 
absence of CD41 and CD51. The CD61 was enriched in its colocalization 
with CD103 in the synaptic microclusters, as well as evidenced by the 
enrichment of both proteins in the Co-IP lysates and flow cytometry 
approaches. Significant to the field, our study uncovered an exam-
ple of CD61 potential pairing with an I-domain-containing integrin α 
subunit, CD103.

CD61 upregulation was only observed on the CD103+ T cells, but 
not on the CD103− T cells. The link between CD61 and CD103 coex-
pression is likely due to their upregulation by TGF-β1. Not only has 
our recent study shown that the CD103+ T cell clones can specifically 
express TGF-β1 (ref. 15), but others have also demonstrated that TGF-β1 
is required for sustaining phenotypic expression of CD103 on certain 
human and murine cells34–36. In parallel, a recent study further showed 
that TGF-β1 can also upregulate CD61 mRNA and protein expression in 
a dose-dependent and time-dependent manner37.

The enrichment of CD61 on the cSMAC alongside the TCR suggests 
that CD61 may be involved in co-stimulatory signals. This is because 
the dynamic cSMAC is well established as a centripetally enriched 
zone for the TCR and its associated signaling molecules to induce net 
signaling outcomes and cytolytic activity38–42. In contrast, the pSMAC, 
where most integrins such as integrin αL–β2 are known to be usually 

clustered and maintained, is primarily responsible for the assembly 
and firm adhesion of the synaptic structure38,42–47. While CD61 can 
signal via Fyn kinase48, we showed that CD61 is involved in modulat-
ing TCR-dependent ZAP70 phosphorylation, importantly through 
the intermediary Lck protein, providing an example of the potential 
mechanism by which CD61 can operate on T cells.

The transient nature of CD61 expression implicates the high 
turnover rate of this protein and the dynamic pairing with an 
I-domain-containing α integrin subunit. A recent study on an unconven-
tional integrin pairing between CD51 and CD29 has suggested that low 
intra-heterodimer integrin affinity can lead to better functional activ-
ity49. For CD61, potentially low-affinity interactions with its partners, 
such as CD103, are likely needed depending on different situations and 
cell types. For example, CD61 interaction with a non-integrin partner, 
the heparan sulfate proteoglycans, can prompt vesicular endocytosis, 
leading to internalization and losing affinity interaction50.

Our study shows that the immune potency and functions of CD61 
on human T cells are spatially, temporally and TCR activation depend-
ent. At least in this model, the TCR–pMHC interactions are necessary 
to trigger the temporal recruitment of CD61, via CD103, to the cell 
surface and the spatial reorganization and function within the synapse. 
This fine spatiotemporal regulation of CD61 and its kinetic association 
with the TCR and its signaling may explain why CD61+ TILs in patients 
with NSCLC exhibited elevated antitumor activities and a proliferative 
immunophenotype but a limited cellular exhaustion phenotype. This 
may therefore contribute toward better tumor control. However, how 
CD61 associates with the T cell infiltrate merits further investigation.

The differential protective capacity of the cancer-specific CD61+ 
and CD61− T cells may additionally be explained by the epigenetic 
reprogramming differences between both cells that make the CD61− 
T cells less functional. For example, our recent study demonstrated 
that certain cancer-specific (SSX-2-specific) T cell clones were defective 
in their antitumor effector cytokines production compared to other 
T cell clones that shared the same TCR repertoire, likely contributed 
by the accumulating CpG hypermethylation on the IFNG gene pro-
moter27. However, the CD61 association with its epigenetic phenotype 
is not within the remit of this study but merits further investigation in  
the future.

The initial proteomics approach indicates several other pro-
teins than CD61 that may contribute further to functions. However, 
the role of these proteins in regulating CD103+ T cell functions and 
activities, beyond that of CD61 is not within the remit of this study 
and future investigations are warranted. However, our study has vali-
dated the possibility of an unexpected integrin pairing, for example, 
between CD61 and CD103 not only on human immune cells, such as 
antigen-specific T cells. Therefore, this study is significant by broad-
ening our understanding of the unexpected dynamics of integrins 
on immune cells, including in regulating tissue homeostasis, disease 
pathogenesis, immunity and cellular biophysical protein–protein 
interactions. Future immunotherapy strategies and translational 
works targeting these proteins may enlighten the possibility of uti-
lizing CD61 and its unconventional immune roles, to promote and 
provide protective immunity.
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Methods
Human ethics approval
Patients with confirmed non-metastatic NSCLC were recruited from the 
John Radcliffe Hospital, Oxford, United Kingdom, between December 
2020 and April 2021. Participants included both females and males 
who were between 63 and 80 years old. Ethics was approved by the 
NHS South Central – Oxford C Research Ethics Committee (REC no. 
19/SC/0173) under the ORB Tissue Access Committee ethics refer-
ence numbers 18/A026 and 20/A081. All procedures were performed 
according to the Declaration of Helsinki guidelines. Clinical parameters 
of individual participants are described in Extended Data Fig. 3. Partici-
pants provided voluntary informed written consent before surgery, 
and no compensation was provided. Tumor resection volume was no 
more than 90 mm3 and paratumor resection weight was a maximum of 
0.1 g. Tissues were stored in RPMI-1640 on ice and de-identified before 
tissue processing. Tumors were confirmed using immunohistology 
by the ORB. In total, 31 patients were used for immunohistochemistry 
analysis and fresh samples from 19 of the same patients were used for 
flow cytometry analysis.

Peripheral blood and tissue processing
Cell suspensions were isolated from tissue using methods described 
previously15. Briefly, tissues were cut into small pieces before enzymatic 
dissociation using the human tumor dissociation kit (Miltenyi Bio-
tech), following the protocol provided by the supplier. Cells were then 
filtered through a 100-μm strainer to remove indigestible parts, with 
dead cells and debris removed by centrifugation at 250g for 10 min. 
Cells were then resuspended in RPMI-1640 supplemented with 10% 
FCS (Sigma-Aldrich), 2 mM l-glutamine (Sigma-Aldrich) and 1% vol/
vol (500 U ml−1) penicillin–streptomycin (Sigma-Aldrich; R10). For 
peripheral blood, the peripheral blood mononuclear cells were isolated 
using Ficoll-Hypaque gradient isolation as described previously20.

Patient-derived cancer-specific CD8+ T cells
HLA-A*02:01-restricted NY-ESO-1157-165-specific, SSX-241-49-specific, 
Tyrosinase369-377*N370Dvariant-specific and melan-A/MART-126-35*A27L-specific 
T cells were generated from patients with gastric cancer and mel-
anoma, as previously described15,51. Briefly, mononuclear cells 
were stimulated with tumor-associated antigens of the following: 
10 μg ml−1 SSX-241-49-specific KV9 peptide (KASEKIFYV; PeproTech), 
NY-ESO-1157-165-specific SC9 peptide (SLLMQITQC; PeproTech), 
melan-A/MART-126-35*A27L-specific EV10 peptide (ELAGIGILTV; Pep-
roTech) or Tyrosinase369-377*N370Dvariant-specific YV9 peptide (YMDGT-
MSQV) ( JPT) in RPMI-1640 media, supplemented with 10% vol/vol 
heat-inactivated human AB serum (National Blood Service), 2 mM 
l-glutamine (Sigma-Aldrich), 1% vol/vol (500 U ml−1) penicillin–strep-
tomycin (Sigma-Aldrich; H10), recombinant human IL-2 (200 U ml−1; 
PeproTech) and recombinant human IL-15 (0.5 ng ml−1; PeproTech) 
for 14 days at 37 °C. After 14 days, antigen-specific T cells were sorted 
using PE-conjugated HLA-A*02:01/cancer peptide tetramers and cul-
tured in vitro for another 14 days. The purity of sorted populations was 
confirmed by tetramer staining and confirmed to have >90% tetramer 
purity. Validated cancer-specific T cells were stored in several batches 
for future assays, tested for Mycoplasma monthly and re-authenticated 
using the tetramer staining method before every assay.

CD61 manipulation on T cells
For knocking-down CD61, siRNA targeting the CD61 transcript was pur-
chased commercially (Thermo Fisher, 4392420, assay IDs: s7580, s7581, 
s7582; ref. 52). Triple siRNA targeting CD61 treatment was performed 
according to the Lipofectamine RNAiMax protocol (Thermo Fisher). 
Briefly, the WT CD61+ T cell clone (from patient 1) was seeded in a 96-well 
round-bottom plate at 2 M ml−1 with H10 and recombinant human IL-2 
(200 U ml−1; PeproTech). A serial dilution of siRNA was prepared in 
100 μl Opti-MEM (for a final concentration of 25 nM, 50 nM and 100 nM 

for each siRNA). In parallel but separately, 3 μl of the Lipofectamine 
RNAiMax reagent was added to 100 μl Opti-MEM before merging in a 
1:1 ratio and incubated at room temperature (RT) for 20 min to form 
transfection complexes. The solution was then added dropwise onto 
cells solution 3–7 days before co-culture with target cancer cells. Vali-
dation data are shown in Extended Data Fig. 5a. Surface staining was 
performed 5 days after siRNA treatment and before each T cell func-
tional assay, to ensure consistent CD61 downregulation on the T cells.

For knocking-out CD61, a CRISPR–Cas9 approach was taken. We 
used the WT CD61+ T cell clone that is 100% positive for CD61 expres-
sion as the cell input for treatment (Extended Data Fig. 5a). Ablation 
of the gene of interest, ITGB3, was achieved by transfection with Cas9–
gRNA ribonucleoprotein (RNP) complexes. ITGB3 gRNA was commer-
cially purchased from Integrated DNA Technologies (IDT; Hs.Cas9.
ITGB3.1.AB, Hs.Cas9.ITGB3.1.AC and Hs.Cas9.ITGB3.1.AD). Before 
transfection, WT CD61+ T cell clone (from patient 1) was washed three 
times with ten volumes of prewarmed Opti-MEM-I medium (Thermo 
Fisher). Cells were resuspended to a final concentration of 3 × 107 cells 
per milliliter. In parallel, RNP complexes were assembled in two steps. 
First, 200 pmol of Alt-R CRISPR–Cas9 tracrRNA (200 μM stock, IDT) 
was mixed with 200 pmol of Alt-R CRISPR–Cas9 predesigned ITGB3 
crRNA (200 μM stock, IDT), and incubated at 95 °C for 5 min, with 
the resultant duplex guide RNA allowed to cool to RT. The duplex 
gRNAs were then mixed with 124 pmol of Alt-R Streptococcus pyogenes 
CRISPR–Cas9 Nuclease V3 (IDT) and incubated at 37 °C for 15 min. The 
resultant RNPs were allowed to cool to RT and then supplemented with 
200 pmol of Alt-R Cas9 Electroporation Enhancer (200 μM stock, IDT). 
The input cell (WT CD61+ T cell clone) was mixed with the RNP solution 
and immediately transferred to a 2-mm cuvette (Bio-Rad), electropo-
rated at 290 V for 2 ms using an ECM 830 Square Wave electroporator. 
Cells were then cultured with prewarmed, H10 supplemented with 
100 U ml−1 recombinant human IL-2 for 5 days. The 5-day culture after 
CRISPR–Cas9 addition was made to ensure full degradation of preex-
isting and synthesized CD61. Cell sorting was then performed using 
CD61 marker, to enable the selection of truly CD61 negative (CD61KO) 
cells from the initial 100% positive WT CD61+ T cell input. On the foun-
dational basis that a gene deletion leads to the absence of protein, we 
carried out flow cytometry staining on the sorted cells at four different 
passages. Based on Extended Data Fig. 5a, while the WT CD61+ T cell 
(input cell) was 100% positive for CD61, the sorted cell stained at each 
passage was absent of CD61, confirming the KO effect. Additionally, 
surface staining was performed regularly at the start of all functional 
assays to ensure consistent CD61 abrogation on the T cells (Extended 
Data Fig. 5a).

Mice
Immunodeficient NOD SCID gamma (NSG) mice (strain NOD.Cq-Prkdc 
scid Il2rgtm1Wjl/SzJ), both male and female, were bred locally at the Depart-
ment of BioMedical Services (BMS), University of Oxford. Details of the 
experimental model and in vivo assay used are according to previous 
study53. All mice were housed in ventilated cages, maintained under 
specific pathogen-free conditions, with a 12-h dark–light cycle, ambient 
RT between 18 and 23 °C, 40–60% humidity and used at 8–10 weeks of 
age. The mouse diet was commercially sourced from Safe-Lab, Germany 
(A03 Safe Diet). All mouse experiments were performed following the 
Animals (Scientific Procedures) Act 1986 and according to the Univer-
sity of Oxford Animal Welfare and Ethical Review Body (AWERB) guide-
lines and operating under the UK Home Office PPL license PBA43A2E4. 
All tumor xenograft and tumor burden experiments complied with the 
abovementioned mouse background.

NY-ESO-1-specific TCR-T cell generation
The NY-ESO-1 TCR sequence used is described in a previous paper15. 
DNA templates were designed in silico and synthesized by GeneArt 
(Thermo Fisher Scientific). The plasmids were used directly as the 
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repairing template. The TCR construct for CRISPR–Cas9-mediated 
HDR repair was designed with the following structure: 5′ homolo-
gous arm, P2A, TCR-β, T2A, TCR-α, bGHpA tail, 3′ homologous arm. To 
facilitate TCR expression, the TCR sequence was codon optimized and 
sequence confirmed by Sanger sequencing. Both 5′ and 3′ homologous 
arm sequences were used as previously described54. Peripheral blood 
mononuclear cells were isolated from the peripheral blood of a healthy 
human donor using Ficoll-Hypaque gradient isolation. Primary CD8+ 
T cells were then isolated using the CD8+ T cell isolation kit (Miltenyi 
Biotec) before being activated in vitro with 25 μl ml−1 ImmunoCult 
Human CD3/CD28 T cell activator (StemCell Technologies, 10791) for 
2 days. NY-ESO-1 transgenic T cells were generated by using an ortho-
topic TCR replacement system with modifications54. Briefly, exogenous 
NY-ESO-1 TCR was inserted into the primary T cell Trac gene locus, 
together with the blockage of Trbc gene expression. CRISPR gDNA 
sequences used were: 5′-AGAGTCTCTCAGCTGGTACA-3′ for Trac and 
5′-GGAGAATGACGAGTGGACCC-3′ for Trbc (targeting both Trbc1 and 
Trbc2). Two-day activated T cells were harvested and washed with PBS 
before resuspension in P3 Primary Cell Nucleofector Solution (Lonza). 
The CRISPR RNP complex was generated with sgRNA (IDT) and Alt-R 
S. pyogenes Cas9 Nuclease V3 protein (IDT) by incubation at RT for 
15–20 min. Cells were then electroporated with CRISPR RNPs in the 
presence of DNA HDR repairing template using the 4D Nucleofector 
X unit (Lonza). After electroporation, cells were plated and incubated 
with prewarmed allogenic feeders. After a week, cells were sorted using 
the NY-ESO-1 tetramer on the BD LSR Fusion (BD Biosciences). The 
sorted TCR-T cells were confirmed for TCR antigen specificity using 
the tetramer approach and confirmed for purity >90%.

Integrin lentiviral overexpression system
Briefly, LentiX cells were plated in six-well plates at 650,000 cells per 
well in DMEM supplemented with 10% FCS, 2 mM l-glutamine and  
1% vol/vol (500 U ml−1) penicillin–streptomycin and incubated for 
overnight at 37 °C. Cells were next co-transfected with the packag-
ing plasmids pMD2G (0.26 μg per well; Addgene plasmid, 12259) and 
psPAX2 (0.5 μg per well; Addgene, plasmid 12260), as well as the rel-
evant lentiviral expression vector plasmid (at 0.75 μg per well; pHR-SIN 
plasmid backbone (Addgene, plasmid 79121)) in Opti-MEM and FuGENE 
HD transfection reagent. The full-length gene sequence of ITGAE, ITGB3 
or ITGB7 (with relevant tag) DNA fragments were custom-purchased 
from IDT and Thermo Fisher. The full-length protein sequences were 
obtained from Uniprot. DNA sequence integrity and identity were 
confirmed by Sanger sequencing. To improve the transfection effi-
cacy, ViralBoost Reagent (Alstem) was added to the LentiX cell culture 
medium at the time of transfection. Lentiviruses were harvested 72 h 
after transfection and dead cells were removed by centrifugation at 
1,500g for 5 min. Lentiviruses were placed on ice following harvest-
ing. Then, 0.5 M of freshly isolated primary CD8+ T cells from a healthy 
donor were first activated overnight with 10 μg per well of OKT3 (Bio-
Legend) or 10 μl per well of αCD3/CD28 (StemCell Technologies). 
The overnight-activated T cells were cultured with 3 ml of respective 
lentivirus in a T25 flask upright and incubated at 37 °C for a minimum 
of 2 h. Then, 2 ml H10 was added before further incubation for 5 days. 
Cells were then collected and stained with live/dead staining before 
cell surface staining (for the list of antibodies, see the Nature Portfolio 
Reporting Summary). Cells were then permeabilized with BD CytoFix/
CytoPerm Solution for 20 min at 4 °C before intracellular staining and 
fixed with BioLegend’s FLouriFix buffer. Samples were then acquired 
on an Attune Nxt flow cytometer v3.2.1 (Thermo Fisher) and analyzed 
on FlowJo v.10.5.3 (BD Biosciences).

Liquid chromatography–mass spectrometry
Paired CD103+ and CD103− T cell clones were activated for 3–6 h with 
10 μl αCD3/CD28 (StemCell Technologies) at 37 °C, with non-activated 
T cells as a normalization control. To retain proteins and prevent 

secretion of molecules, 0.7 μg ml−1 Monensin and 1 μg ml−1 Brefeldin 
A (BD Biosciences) were added per sample before activation. Cells 
were then washed with PBS thoroughly three times before they were 
lysed with 1% NP-40 cell lysis buffer (Thermo Fisher), 1× protease inhibi-
tor cocktail (Sigma-Aldrich) and 1 mM phenylmethylsulfonyl fluoride 
(Thermo Fisher) on ice for 1 h. The solution was vortexed in 10-min inter-
vals during the ice incubation, before microcentrifugation at 8.0g for 
10 min at 4 °C. Supernatants were transferred into new tubes and frozen 
on dry ice and stored at −80 °C. Samples were thawed and proteins were 
denatured in 8 M urea for 30 min. Protein reduction was performed with 
10 mM tris(2-carboxyethyl(phosphine) for 30 min at RT before undergo-
ing alkylation with 50 mM iodoacetamide for another 30 min at RT in 
the dark. Samples were then diluted with 1.5 mM urea and 50 mM trieth-
ylammonium bicarbonate (TEAB) before digestion with 1.5 μg trypsin 
and incubation overnight at 37 °C. Digested samples were cleaned on a 
SOLA HRP C18 and evaporated to dryness using a vacuum centrifuge. 
Samples were then reconstituted in 5% dimethylsulfoxide and 5% formic 
acid. Samples were analyzed using an Ultimate 3000 UHPLC (Thermo 
Fisher Scientific) connected to an Orbitrap Fusion Lumos Tribrid instru-
ment control software v3.3 (Thermo Fisher Scientific). Peptides were 
loaded onto a trap column (PepMapC18; 300 µm × 5 mm, 5-µm particle 
size; Thermo Fisher) and separated on a 50-cm-long EasySpray column 
(ES803, Thermo Fisher) with a gradient of 2–35% acetonitrile in 5% 
dimethylsulfoxide and 0.1% formic acid at a flow rate of 250 nl min−1 
over 60 min. Eluted peptides were then analyzed on an Orbitrap Fusion 
Lumos Tribrid platform (instrument control software v3.3). Data were 
acquired in data-dependent mode, with the advanced peak detection 
mode enabled. Survey scans were acquired in the Orbitrap at a resolu-
tion of 120,000 over a m/z range of 400–1500, AGC target of 4e5 and 
S-lens RF of 30. Fragment ion spectra (MS/MS) were obtained in the Ion 
trap (rapid scan mode) with a Quad isolation window of 1.6, 40% AGC tar-
get and a maximum injection time of 35 ms, with HCD activation and 28% 
collision energy. For CD61 interactomics, CD61 Co-IP lysates (described 
further in Co-IP section) were analyzed using S-trap (Protifi). Proteins 
were reduced with 10 mM dithiothreitol in H2O, followed by alkylation 
with 20 mM iodoacetamide in H2O in the dark. Samples were acidified 
by addition of 12% phosphoric acid (to a final concentration of ~1.1%), 
diluted with 90% methanol in 100 mM TEAB (640 μl of methanol mixture 
per 100 μl of sample), and captured on S-TrapTM mini columns (ProtiFi). 
Columns were washed with 90% methanol in 100 mM TEAB followed by 
centrifugation at 4,000g (400 μl per column x3). Captured proteins 
were digested with trypsin (1:30 wt/wt) overnight at RT. Peptides were 
first eluted with 50 mM TEAB (80 μl, 4,000g for 1 min), followed by elu-
tion with 0.5% trifluoroacetic acid (TFA) in H2O (80 μl, 4,000g for 1 min) 
and finally eluted with a 50:50:0.5 acetonitrile:MilliQ:TFA mixture, and 
dried in a vacuum concentrator. Dried peptides were dissolved in buffer 
A (98% MilliQ-H2O, 2% CH3CN and 0.1% TFA). Around 2.2% of the tryptic 
peptides were analyzed by liquid chromatography–tandem mass spec-
trometry (LC–MS/MS) using a U3000 HPLC connected to an Orbitrap 
Ascend tribrid instrument (Thermo Fisher), loaded onto a PepMacC18 
trap column (300 μm × 5 mm, 5-μm particle size, Thermo Fisher) and 
separated on a 50-cm EasySpray column (ES803, Thermo Fisher) using a 
60-min linear gradient from 2% to 35% acetonitrile, 0.1% formic acid and 
at a flow rate of 250 nl min−1. MS data were acquired in data-independent 
mode (DIA) with minor changes from a previously described method55,56. 
Briefly, MS1 scans were acquired in the Orbitrap over the mass range of 
350–1650 m/z, with a resolution of 45,000, maximum injection time of 
91 ms, an AGC set to 125% and an RF lens at 30%. MS2 scans were then 
collected using the tMSn scan function, with 40 variable width DIA scan 
windows at an Orbitrap resolution of 30,000, normalized AGC target of 
1,000%, maximum injection time set to auto and a 30% collision energy.

Proteomics analysis
Raw mass spectrometry files were label-free quantified using DIA-NN 
(version 1.8) in library-free mode using the Uniprot proteome 
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UP000005640 (2022) as a FASTA file. Data were further processed in 
Perseus (version 1.6.2.3). The log2 fold-change values of each protein 
were calculated by normalizing with non-activation sample control. 
TGF-β1 fold-change values were used as the threshold to exclude any 
proteins with lower fold-change values than TGF-β1 stimulated cells. 
This method was used because we have previously identified TGF-β1 as 
a protein exclusively expressed by the CD103+ T cell clones, but not by 
the CD103− T cell clones15. Therefore, it can be assumed that any proteins 
with values lower than that of TGF-β1 are least likely to be expressed 
by the CD103+ T cell clones. We cross-referenced these proteins to the 
Gene Ontology NCBI annotation database (https://geneontology.org/), 
categorizing the proteins according to their known biological activities. 
We utilized the STRING interactions database (https://string-db.org/) to 
stratify the proteins into their specific functional protein subgroups. 
A heat map analysis of selected proteins was carried out using R. Com-
bined network plots for 3 h versus 0 h and 6 h versus 0 h for the paired 
NY-ESO-1-specific T cell clones gene list were converted to Entrez IDs of 
protein (org.Hs.eg.db version 3.11.4). An upregulated proteins list was 
used as input for overrepresentation analysis (clusterProlifer version 
3.18.0, ReactomePA version 1.32.0) to find REACTOME pathways with 
enriched proteins (with P-value cutoff of 0.01 and adjusted P-value cutoff 
of 0.05)57–59. The resulting output was used to create a concept network 
plot. Bar plots were constructed for selected proteins of a pathway using 
log2 fold-change values for specific proteins (ggplot2 version 3.3.2). 
Volcano plots were generated using the processed data and plotted 
using VOlcaNOseR v1.0.3 (https://huygens.science.uva.nl/VolcaNoseR/).

Multicolor flow cytometry immunophenotyping and analysis
A total of 1 M cells of paratumor tissue, tumor and peripheral blood 
were first stained with Live/Dead Fixable Aqua Stain Kit (Thermo Fisher) 
for 20 min at 4 °C. For surface staining, cells were washed and then 
stained with dumping markers: BV510 anti-CD56 (BioLegend, clone: 
5.1H11, 362534, titer: 1:33) and BV510 anti-CD11b (BioLegend, clone: 
ICRF44, 301334; titer: 1:50); T cells markers: BUV805 anti-CD8 (BD 
Biosciences, clone: SK1, 612889, titer: 1:50) and BV650 or APC/Cy7 
anti-CD3 (BD Biosciences, clone: UCHT1, 563851, titer: 1:33); integ-
rins: BUV395 anti-CD103 (BD Biosciences, clone: Ber-Act8, 564346, 
titer: 1:33), BV421 anti-CD61 (BioLegend, clone VI-PL2, 744381, titer: 
1:25), AF647 anti-CD61 (BD Biosciences, clone VI-PL2, 336408, titer: 
1:33), PerCP/Cy5.5 anti-CD41 (BioLegend, clone: HIP8, 303704, titer: 
1:50), FITC anti-CD41 (BioLegend, clone: HIP8, 303719, titer: 1:33), 
APC anti-integrin β7 (BioLegend, clone: FIB504, 321208, titer: 1:50) 
and PE (BioLegend, clone: NKI-M9, 327910, titer: 1:33; FITC anti-CD51 
BioLegend, clone: NKI-M9, 327908, titer: 1:33); tissue-resident T cell 
markers: PerCP/Cy5.5 anti-CD45RO (BioLegend, clone: UCHL1, 304222, 
titer: 1:33), PE (BD Biosciences, clone: T2/S7, 568716, titer: 1:33), BUV496 
anti-CD49a (BD Biosciences, clone: T2/S7, 755215, titer: 1:50), PE/Cy7 
or BV605 anti-CD69 (BioLegend, clone: FN50, 310938, titer: 1:50), 
BUV486 anti-CD62L (BD Biosciences, clone: DREG-56, 741155, titer: 
1:50), PE/Cy7 anti-CCR7 (BioLegend, clone: G043H7, 353226, titer: 
1:50); tumor-reactive TIL markers: APC/Cy7 anti-CD39 (BD Biosciences, 
clone: A1, 328226, titer: 1:25), BV785 anti-CD39 (BioLegend, clone: A1, 
328240, titer: 1:25); T cell differentiation markers: PE/Cy7 anti-CD27 
(BioLegend, clone: M-T271, 256411, titer: 1:33) and BUV496 anti-CD28 
(BD Biosciences, clone: 28.2, 741168, titer: 1:33); inhibitory markers: 
BUV737 anti-PD-1 (BD Biosciences, clone: EH12.1, 612791, titer: 1:33), 
BV421 anti-Tim-3 (BD Biosiences, clone: 7D3, 565568, titer: 1:33), 
BB515 anti-Tim-3 (BD Biosciences, clone: 7D3, 565562, titer: 1:33) and 
PE anti-TIGIT (BD Biosciences, clone: TgMAB-2, 568672, titer: 1:33) for 
another 20 min at 4 °C. For intracellular cytokine staining, cells were 
then washed and permeabilized with BD CytoFix/CytoPerm Solu-
tion for 20 min at 4 °C, before staining with the following cytokines: 
APC/Cy7 anti-IFN-γ (BioLegend, clone: B27, 506524, titer: 1:33) and 
BV785 anti-TNF (BioLegend, clone: Mab11, 502948, titer: 1:33); cytolytic 
molecules: PE anti-granulysin (BioLegend, clone: Dh2, 348004, titer: 

1:33), AF488 anti-granzyme M (Thermo Fisher, clone: 4B2G4, 53-9774-
42, titer: 1:25), AF647 anti-granzyme B (BD Biosciences, clone: GB11, 
560212, titer: 1:50); chemokines: BUV737 anti-CCL5 (BioLegend, clone: 
2D7/CCR5, 612808, titer: 1:33) and FITC anti-XCL2 (Novus Biological, 
clone: 06, NBP3-06177F, titer: 1:25) for another 20 min at 4 °C. Following 
antibody staining, cells were fixed with 1× CellFix (BD Biosciences) and 
acquired on a BD LSR Symphony (BD Biosciences) using BD FACSDiva 
v9.0 software and and analyzed using FlowJo v.10.5.3 with Phenograph 
and t-SNE plugins installed (BD Biosciences).

Ex vivo T cell proliferation assay
Tissue cell suspensions were stained with 0.5 μg ml−1 CFSE before 
activation with 10 μl αCD3/CD28 (StemCell Technologies). The cells 
were incubated at 37 °C for 72 h. After, the cells were stained with Live/
Dead Fixable Aqua Cell Stain Kit (Thermo Fisher) for 20 min at 4 °C 
before being stained with BV650 anti-CD3 (BD Biosciences), BUV805 
anti-CD8 (BD Biosciences), BUV395 anti-CD103 (BD Biosciences), BV421 
anti-CD61 (BD Biosciences), PerCP/Cy5.5 anti-CD45RO (BioLegend), 
PE anti-CD49a (BD Biosciences and BioLegend) and PE/Cy7 anti-CD69 
(BioLegend; details mentioned above). Following antibody staining, 
cells were fixed with 1× CellFix (BD Biosciences) and acquired on a BD 
LSR Symphony (BD Biosciences) using BD FACSDiva v9.0 software 
and analyzed on FlowJo v.10.5.3 (TreeStar). Cells were considered 
proliferative based on the decrease in CFSE fluorescence, within the 
1st downward peaks of CFSE onwards.

Immunohistochemistry analysis
Lung tumor resections were cut at 5-μm thickness and adjacent slides 
were separately stained against CD103 (Leica, clone EP206, PA0374, 
titer: 1:1,000), CD8 (Leica, clone 4B11, PA0183, titer: 1:1,500), CD61 
(Abcam, clone VI-PL2, AB_1086-711, titer: 1:250) and E-cadherin (Leica, 
clone: 36B5, PA0387, titer: 1:500). Slides were digitized using Phillips 
IntelliSite Pathology Solution and analyzed using the Visiopharm 
Integrator System (VIS) platform version 2020.09.0.8195. Analysis 
protocols were implemented as Analysis Protocol Packages (APPs) 
in VIS. The Tissuealign module was used to align five digitized serial 
sections. The alignment was performed both on a large scale and on 
a finer-detailed level, to get the best possible match of the five tissue 
slides. First auxiliary APPs run with threshold classification that identi-
fies the tissue regions. Secondary auxiliary APPs run on the CD61 slide 
using DeepLabv3 network of the VIS AI module that identifies the CD61+ 
regions. The regions of interest (ROIs) are then superimposed on the 
aligned CD8 slide to outline regions for analysis. A CD8 APP was run 
on the ROIs outlined by the CD61 app to find co-located cells between 
CD61 and CD8. A similar approach was used to co-locate cells between 
CD61, CD8 and CD103. A HDAB-DAB color deconvolution band was used 
to detect positively stained cells. Several pre-processing steps were 
included to enhance positive signal while suppressing the background 
variation. The thresholding classification method defines a threshold 
for a given feature and assigns one class to all pixels with a feature value 
above or equal to that value, and another class for the rest. The classi-
fication rule is as previously described20. A method for cell separation 
that is based on shape and size was used, cell areas that are too small 
were removed and, finally, unbiased counting frames to avoid cells 
intersecting with neighboring tiles were counted twice (or more). To 
determine tumor bodies, we used E-cadherin overexpression as a tumor 
marker because E-cadherin is known to be overexpressed on epithelial 
tumor cells. On a serial section, we identified E-cadherin-positive stain-
ing area using the threshold method on APP to separate tumor cells and 
normal epithelia. Cells present at ‘within’ areas were defined as cells 
located within the E-cadherinoverexpressed stained regions; cells present at 
‘clustering’ areas represent cells located within 1.5 cm (χ < 1.5 cm) from 
the E-cadherinoverexpressed regions; and cells present at ‘distal’ areas repre-
sent cells located over 1.5 cm (χ > 1.5 cm) from the E-cadherinoverexpressed 
regions. The width denoting ‘clustering’ is as shown on Extended Data 
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Fig. 7, in which the APP algorithm is used to set the ‘clustering’ as the 
half average of the distance between one E-cadherinoverexpressed stained 
region with another.

Preparation of glass-supported lipid bilayers
Acid-cleaned and plasma-cleaned (5 min) Coverslip Glass D 0.17 ±  
0.005 mm (Schott Nexterion, 1472315) was attached to Sticky-Slide VI0.4 
chambers (Ibidi, 80608) to assemble six-well imaging chambers. To 
form glass-supported lipid bilayers, a liposome master mix containing 
0.1875% vol:vol of 0.4 mM CapBio, 12.5% vol:vol 0.4 mM DGS-NTA(Ni) in 
a 0.4 mM DOPC matrix (to 100% vol:vol) was incubated on the glass for 
30 min at RT to allow spreading. To remove excess liposomes, assembled 
SLBs were washed three times with HBS/HSA buffer and then blocked 
using a 5% BSA solution containing 5 µg ml−1 of Streptavidin either 
unconjugated or conjugated with Dylight 405 (Thermo Fisher Scientific, 
21831) and 100 µM NiSO4 for 20 min at RT. After three washes, SLBs were 
reconstituted to form an antigen-presenting cell membrane by incuba-
tion with 200 molecules per µm2 of ICAM-1, 100 molecules per µm2  
of CD58, 100 molecules per µm2 of E-cadherin (SinoBiological) and  
30 molecules per µm2 of biotinylated antigenic HLA-A2 NY-ESO-1 pep-
tide complex (HLA-A*02:01 loaded with NY-ESO-1157-165-specific SC9 
peptide (SLLMQITQC)). Designs and calibration of recombinant protein 
densities were performed on bead-supported lipid bilayers as described 
elsewhere60,61. E-cadherin was calibrated with flow cytometry on cells. 
After a 30-min incubation at RT, SLBs were washed three times and 
incubated with 0.75 M T cells per well for 5, 10 or 15 min at 37 °C. After 
stimulation, cells were immediately fixed for 10 min with prewarmed 
4% paraformaldehyde in PBS containing 2 mM MgCl2, washed three 
times with HBS/HSA buffer, and stained using BV421 anti-Integrin β7 
(BD Biosciences, clone: FIB504, 564283, titer: 1:50), AF488 anti-CD103 
(Abcam, clone: EPR4166(2), 129202, titer: 1:500) and AF647 anti-CD61 
(BioLegend, clone: VI-PL2, 336408, titer: 1:33), and washed three times 
before performing microscopy as below.

TIRFM
Imaging of immune synapses was performed on an Olympus IX83 
inverted microscope equipped with a four-line (405-nm, 488-nm, 
561-nm and 640-nm laser) illumination system, fitted with an Olympus 
UApON 150 × 1.45 numerical aperture objective, and a Photometrics 
Evolve delta EMCCD camera to provide Nyquist sampling. Quantifica-
tion of fluorescence intensity was performed with Fiji/ImageJ (LifeLine 
Java version 8; National Institutes of Health), as previously described62. 
For colocalization analyses, we used the EzColocalization plugin with a 
combination of manual and Costes’ method-assisted thresholding to 
identify relevant pixel values, as previously described63. For analyzing 
the sectional distribution of each integrin within synapses, we used 
custom-written Fiji/ImageJ macros to segment cells based on either 
the Ag channel or the integrin β7 integrin channel. We then performed 
radial averaging on all the channels from the segmented micrographs 
by rotating them 1° for 359 times before averaging all the rotated cop-
ies from each channel. We then averaged all radial averages from each 
channel before we drew a diagonal line plot on the resulting micro-
graphs to analyze the radial MFI of signal from each channel. When 
segmenting cells on the Ag, the radial averages were centered on the 
cSMAC. When segmenting on the integrin β7 channel, the radial aver-
ages were centered on the whole contact area, as this signal was mainly 
found in the periphery. To ensure flatness in the topography of the 
contact zone between membrane and the bilayer, we used the bilayer 
system established in our previous studies61,64–66, and T cell membrane 
flatness was ensured using ICAM-1–LFA-1 interactions on the substrate, 
restricting formation of membrane protrusions.

Co-IP of CD61, CD103 and integrin β7
Integrin-transduced primary CD8+ T cells were washed twice with cold 
PBS and lysed in Pierce IP Lysis Buffer (25 mM Tris, pH 7.4, 150 mM 

NaCl, 1% Nonidet P-40, 1 mM EDTA, 5% glycerol containing PhosSTOP 
phosphatase inhibitors and cOmplete protease inhibitor cocktail). 
Whole-cell lysates were incubated on ice for 10 min and centrifuged 
at 13,000g at 4 °C for 5 min to remove dead cells or cell debris. 
Pre-cleared lysates were incubated with Anti-FLAG or anti-cMyc beads 
(Sigma-Aldrich), at 4 °C overnight. The proteins bound were pulled 
down by magnetic beads according to the manufacturer’s protocol. 
Briefly, the samples were incubated with beads overnight, followed by 
three washes with PBS. Pulldown samples were eluted by competition 
using the 3X FLAG peptide. The elution was carried out at RT via the 
incubation of beads in 0.1 mg ml−1 3X FLAG peptide for 30 min. Beads 
were then removed, and samples were subjected to immunoblotting 
analysis.

Immunoblotting
Samples were loaded onto the 4–15% gradient Criterion TGX precast 
gels (Bio-Rad). Proteins were transferred onto the nitrocellulose mem-
brane, and the membrane was then blocked in 5% skim milk in 0.1% 
TBS-Tween 20 (TBST) for 1–2 h. After blocking, the membrane was incu-
bated overnight at 4 °C with primary antibodies (purified anti-β-actin 
antibody (Sigma-Aldrich, clone: AC-74,A5316, titer: 1:1,000), purified 
anti-CD103 antibody (clone: EPR4166(2), Abcam, 129202, titer: 1:500), 
purified anti-cMyc antibody (Sigma-Aldrich, clone 9E10, M4439, titer: 
1:500) or purified anti-FLAG antibody (Sigma-Aldrich), clone: M2, 
F3165, titer: 1:1,000)). The membranes were then incubated with rel-
evant IRDye secondary antibodies (Li-COR) in TBST containing 5% skim 
milk after washing 3–4 times in TBST. Gels were imaged on the Li-COR 
Odyssey DLx, using Li-COR Acquisition software v2.0.

In vitro T cell functional assays
For cytotoxicity assays, cancer cells were stained with 0.5 μg ml−1 CFSE 
(Thermo Fisher) before co-culture with T cells at an E:T ratio of 1:2 at 
37 °C for 2–8 h. Cells were then stained with BV421 anti-E-cadherin 
(BD Biosciences, clone 67A4, 743712, titer: 1:33) and PE/Cy7 anti-CD8 
(BD Biosciences, clone SK1, 344712, titer: 1:25) and 7-AAD dye (BD Bio-
sciences). For CD107a staining, T cells were co-cultured with cancer 
cells at the same E:T ratio at 37 °C for 4 h, in the presence of PE/Cy7 
anti-CD107a (BioLegend, clone H4A3, 328618, titer: 1:20) staining. For 
phosflow staining, T cells were co-cultured with cancer cells using the 
same E:T ratio at 37 °C for 15 min, 30 min or 2 h. Cells were then stained 
with 0.1 μl Live/Dead Fixable Aqua Dead Cell Stain Kit (Thermo Fisher) 
before being fixed with BD Fixation Buffer for 10 min at 37 °C. Cells 
were permeabilized using BD Phosflow Perm Buffer III for 30 min at 
4 °C before stained with AF647 anti-ZAP70 (pY292) (BD Biosciences, 
clone: J34-602, 558515, titer:1:33), AF647 anti-PLCγ1 (pY783) (BD Bio-
sciences, clone: 27/PLC, 557883, titer: 1:25) and AF647 anti-Lck (pY505) 
(BD Biosciences, clone:4/LCK-Y505, 558552, titer: 1:25). In certain cases, 
cells were treated with 10 nM genistein (Santa Cruz Biotechnology) or 
7.5 nM A770041 (Lck inhibitor, Sigma-Aldrich) before T cell activation. 
In each assay, the CD61+ T cell lines from seven patients with cancer were 
treated with anti-CD61 (10 μg ml−1; clone: PM6/13, Novus Biotechnol-
ogy, titer 1:10), in parallel to T cell activation. Cells in these assays were 
acquired immediately on the Attune Nxt flow cytometer v3.2.1 (Thermo 
Fisher) and analyzed with FlowJo v.10.5.3 (BD Biosciences).

Mice xenograft and tumor growth kinetics assay
Immunodeficient NSG mice (strain NOD.Cq-Prkdc scid Il2rgtm1Wjl/SzJ) 
were xenografted with NY-ESO-1+ HCT116. A WT HCT116 is absent of 
NY-ESO-1 antigen as previously described15 and, therefore, was trans-
duced with lentivirus expressing the NY-ESO-1 protein with eGFP via 
an internal ribosomal entry site (IRES) link, as previously described53. 
Transduced cells were sorted based on eGFP-positive expression and 
cultured for three passages before confirmation with flow cytometry 
staining. In total, 1 M NY-ESO-1+ HCT116 cells in PBS were injected sub-
cutaneously in a 1:1 ratio with Matrigel Matrix solution (Corning). After 
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48 h, mice were randomized into groups (n = 8–10), and 1 M T cells (WT 
CD61+ or CD61− T cell clones (of patient 1)) were injected intravenously. 
No statistical methods were used to predetermine samples sizes, but 
our sample sizes are similar to those reported in previous publica-
tions53,67. T cell injection was randomized within each cage with either 
T cell clone (T cell clone initially pseudonymized by another individual) 
before injection by another individual. Additional intravenous injec-
tions with the same number of T cells were carried out on days 7 and 
14 after tumor xenografts. Digital caliper measurements were taken 
on days 4, 7, 10, 13, 16 and 20 after tumor xenografts. Tumor volume 
was approximated according to the formula for ellipsoid volume (wi
dth/2 × depth/2 × length/2 × π4/3). Data collection and analysis were 
performed blinded, T cell preparation and labeling were done by a 
different person than the person performing adoptive transfer to 
mice, and the tumor measurements and decoding of the treatment 
group were performed by separate individuals. For the in vivo assays, 
following subcutaneous injection of tumor into the mice, at 48 h after 
tumor xenograft, mice were randomly allocated into two groups, 
with one group injected intravenously with the different T cell clones. 
Age-matched male and female mice were used, using random alloca-
tion for both groups. According to PPL license PBA43A2E4 approved 
by the UK Home Office, the maximal tumor burden is 1.2 mm3, and we 
confirm that within the duration of the experiment, the maximal tumor 
burden was not exceeded. No animals or data points were excluded 
from analysis. Data distribution was assumed to be normal, but this 
was not formally tested.

Kaplan–Meier survival curve analysis
RNA expression datasets were downloaded from the TCGA database 
(https://portal.gdc.cancer.gov/) using RTCGA (version 1.18.0)68. Patient 
clinical metadata for associated datasets were downloaded from cBio-
Portal (https://www.cbioportal.org/)69,70. The datasets used were the 
SCM (TCGA, PanCancer Atlas), lung cancer (TCGA, PanCancer Atlas) 
and lung cancer (University of Cologne)12,22–24,71,72. Our analysis uses a 
publicly available coding analytical pipeline that facilitates the iden-
tification of CD8A-enriched and CD3E-enriched samples (enriched 
on T cells), which then were subjected to more granular analyses; 
although as TCGA dataset is not based on single-cell resolution, the 
analyses performed may not necessarily be representative of T cells. 
Using the surv_cutpoint function from the survminer R package, we 
objectively determined the optimal cutoff point for CD8 expression 
using the following arguments: time = ’Months.of.disease.specific.
survival’,event = ’Disease.specific.Survival.status’. We use the cat-
egorical variable of surv_categorize function, and samples with high 
CD8A and CD3E expression were classed as CD3+CD8+ samples. So, 
the CD3+CD8+ samples analyzed would be from datapoints that show 
evidence of a high T cell proportion. We then filtered out CD16703+CD8+ 
cells using the ITGAE (CD103) gene marker. Lastly, patients were segre-
gated based on high or low expression of ITGB3 (CD61), specifically to 
identify two groups of patients, having either CD61hiCD103+CD8+CD3+ 
samples or CD61loCD103+CD8+CD3+ samples. Optimal cutoff points 
were calculated to distinguish between high or low expression of each 
of these four genes for each dataset (survival version 3.1-12)73. Only 
patients that showed high expression of CD8A, CD3E and ITGAE were 
deemed as CD8A+CD3E+ITGAE+ and kept in the analysis. These patients 
were used to plot Kaplan–Meier survival curves between ITGB3+ and 
ITGB3− patients (survminer version 0.4.9, publicly available coding). 
For lung cancer datasets, the optimal cutoff points were calculated for 
stage I patients from each dataset separately, before being combined 
into a single survival plot. P values were determined by log-rank test.

Statistical analysis
Unless stated otherwise, all graph generation and statistical analyses 
were conducted using GraphPad Prism software, and data are summa-
rized as the median ± s.e.m. The number of patients and biological and 

technical repeats is as shown in the figure legends. Statistically signifi-
cant differences between two groups were assessed using two-tailed 
paired t-test, with Wilcoxon adjustments for non-parametrically dis-
tributed variables. One-way ANOVA with Tukey’s multiple-comparison 
test or two-way ANOVA with Tukey’s multiple-comparison test was 
performed to compare two or more groups. Correlation analyses 
were performed using non-parametric Spearman rank correlation. 
Statistical significance was set as *P < 0.05, **P < 0.01 and ***P < 0.001.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Raw proteomics data have been deposited on Mendeley Data (https://
doi.org/10.17632/b2xdk4h5xm.1)74 and at the Proteome Xchange 
through PRoteomics IDEntifications Database (PRIDE) accession 
numbers PDX031794 and PDX045989. RNA and clinical data used 
for survival analysis are publicly available from TCGA (https://por-
tal.gdc.cancer.gov/), including the SCM (TCGA, PanCancer Atlas), 
lung cancer (TCGA, PanCancer Atlas) and lung cancer (University of  
Cologne)12,22–24,71,72. Patient clinical metadata for associated datasets 
were downloaded from cBioPortal (https://www.cbioportal.org/)69,70. 
Raw data and reagents from all main and supplementary figures, 
beyond the mandatory dataset deposited on the public repository, are 
available on request from T.D. Source data are provided with this paper.
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Extended Data Fig. 1 | Enriched proteins of cancer-specific CD103+ CD8+  
T cells. a, Heatmap of 890 proteins by log2 fold-change values, on CD103+ and 
CD103− cancer-specific T cell clones from 2 different cancer patients. Arrow 
denotes the 103 proteins enriched on the CD103+ T cell clones. n = 2 patients’ 
paired T cell clones. b, Pie chart on proteins classification by Gene Ontology 

NCBI annotation, on four major groups of cellular processes, metabolism, 
protein synthesis and trafficking and unknown. Proteins were also subdivided 
into specific biological roles. Numbers on the side of each legend represent the 
number of proteins annotated to that subgroup. The number represents the 
number of proteins annotated to the major group.
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Extended Data Fig. 2 | Gating strategy to identify CD61+ TILs ex vivo. Gating 
strategy illustrating identification of CD61+CD103+ and CD61−CD103+ TILs based 
on initial gating of: lymphocytes (FSC-A vs SSC-A), single cells (FSC-H vs FSC-A), 
Live CD3+ cells (Live/Dead + dumping (CD56, CD11c) vs CD3), CD41 and CD51 

negative CD8+ T cells (CD8 vs CD41 and CD51), Trm cells (CD103 vs CD69, CD45RO 
vs CD49a, CD62L vs CCR7, CD45RA vs CCR7). Gatings were performed based on 
the reference cell population of total CD8+CD3+ TILs. Subsequent analysis was 
then performed to analyse selected immunophenotype.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Summary of clinical parameters and CD61 expression 
on TILs ex vivo. a, Pie charts on the summary clinical parameters of NSCLC 
patients, according to gender, age, tumour stage and NSCLC pathology type, 
used in this study. b, Representative IHC images of CD8, CD103 and CD61 on three 
serial tumour resections, from one NSCLC patient. The red arrow represents 
areas of co-localisation between CD8, CD103 and CD61. Red dotted lines indicate 
the alignment of the serial tumour resections performed by Visiopharm. Scale 
white bar: 5μm. Representative image from Patient 7. Similar APP algorithm 

applied to all 19 patients IHC analysis, with consistent observations. c, Plot 
showing frequency of CD61+ cells (out of the total CD103+ TILs) and the tumour 
stage of each patient. Each variety of dots represents an individual cancer patient. 
p-value = 0.0035. Correlation analyses were performed using non-parametric 
Spearman rank correlation. d, Violin plots showing the frequency of CD61+ cells 
(out of total CD103+ TILs), according to tumour pathology type, gender and age. 
a,c-d. n = 19 patients.
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Extended Data Fig. 4 | See next page for caption.

http://www.nature.com/natureimmunology


Nature Immunology

Article https://doi.org/10.1038/s41590-024-01802-3

Extended Data Fig. 4 | CD61 co-localises with CD103. a, Representative 
histogram showing CD61 expression on CD103+ cancer-specific T cell clone 
(from patient 1), following activation either by αCD3/CD28 or by NY-ESO-1+ 
cancer cells activation, or no activation. Grey represents isotype control, pink 
represents CD61 staining. b, Representative kinetic plot of CD61 expression by 
median fluorescence intensity (MFI) on cancer-specific CD103+ T cell clone (from 
patient 1), following activation for either 0, 15 minutes, 30 minutes, 45 minutes, 
1 hour, 1.25 hours, 1.5 hours, 1.75 hours, 2 hours and 6-, 8-, 10- and 12-hours. n = 3 
independent experiments. c, Histograms showing the radially averaged MFI of 
antigen (denoted by HLA-A2NY-ESO-1, in blue), CD103 (yellow), CD61 (magenta) 
and TCR (green) plotted as relative to maximum MFI at 15 minutes, according to 
distance from the synapse centre at 5, 10, 15 minutes post synaptic formation. 
n = 3 independent experiments. d, Dot-plots showing MFI of CD61, CD103 and 
TCRαβ at the point of synapse contacts, at 5-, 10-, and 15-minutes post synaptic 
formation. Each dot represents one synaptic contact per cell. n = 150 cells 

examined over 3 independent experiments. *** p < 0.001, ns = not significant, 
one-way ANOVA with Tukey’s multiple-comparison test. e, Flow cytometry plots 
showing CD61 expression against CD41, CD51 or CD103 on CD103+ cancer-
specific T cell clone (from patient 5). f, Volcano plot showing enrichment of CD61 
and CD103 but downregulation of integrin β7 on the primary CD103+CD61+  
T cell line lysate compared to primary CD103+ T cell line lysate, n = 3 independent 
experiments. Statistical test used involve one-way ANOVA, with Tukey multiple 
comparison test, converted to -log10 p values for each datapoint. Raw fold-change 
values was normalised using log2. g, Schematic showing integrins cell surface 
rescue workflow. Primary T cells were activated overnight (Day 0) before primary 
transduction with CD103. Cells were stained for CD103-HA and CD61−flag or 
integrin β7-cMyc surface and intracellular expression on Day 6. Cells were  
re-activated overnight before secondary transduction with CD61−flag or integrin 
β7-cMyc. Staining was repeated on Day 12. n = 3 independent experiments.  
b-d. Error bar and highlight presented as median± SEM.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Manipulation of CD61 affects T cell functions. 
a, Overlaid flow cytometry histograms showing downregulation of CD61 
expression following serial CD61 siRNA treatment (+25 nM, or 50 nM, or 100 nM 
treatment) on WT CD61+ T cell (of patient 1). The fifth histogram shows the 
abrogation of CD61 expression on CD61KO T cell (dark red) following CRISPR-
Cas9 editing of the CD61 gene on WT CD61+ T cell clone (grey). Note the CD61KO 
T cell derived from a starting population of 100% CD61 positive cells. The sixth 
histogram shows WT CD61+ T cell transfected with non-targeting RNPs as control, 
showing no changes in the CD61 expression. CRISPR-Cas9-mediated CD61KO T cell 
demonstrated consistent CD61 abrogation across 4 passages of T cell expansion. 
b, Overlaid flow cytometry histograms showing phosphorylation level of Zap70 
(pY292) on WT CD61+ T cell clone, WT CD61+ T clone treated with 25 nM, 50 nM or 

100 nM siRNA, CD61KO T cell clone, WT CD61+ T cell clone treated with anti-CD61 
blocking antibody (PM6/13) and WT CD61− T cell clone (of patient 1). c, Histogram 
plots showing Zap70 (pY292) phosphorylation level on CD61+ T cell lines, 
from 7 different cancer patients following either αCD61 neutralising antibody 
treatment, IgG isotype control treatment, or no treatment (four patients with 
NY-ESO-1-specific, and one patient each with SSX-2-specific, Tyrosinase-specific 
and Melan-A-specific). d. Schematic diagram of in vitro tumour growth assay, 
with NOD.SCID mice xenografted with NY-ESO-1+ HCT116 tumour at day 0 before 
adoptive transferred with WT CD61+ or CD61- T clones (derived from patient 1) at 
day 2, day 8 and day 14. Tumor volume measurements were taken at intervals, at 
Day 7, 10, 13, 16 and 20 post xenografts.
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Extended Data Fig. 6 | Effector immunophenotypes of NSCLC patients. A set of heatmaps illustrating the MFI of IFNγ, TNFγ, granulysin, granzyme B, granzyme M, 
CD107a, CCL5 and XCL2, on CD61+CD103+ and CD61-CD103+ TILs, of each patient. n = 19 patients. Values represent MFI, with a colour gradient from red to blue. n = 19 
patients.
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Extended Data Fig. 7 | Width lining of ‘clustering’ areas of E-Cadherinover-expressed  
tumors. Brown areas showing positive E-Cadherinover-expressing cells, with blue 
staining denoting nuclear staining. Blue dashed lining denoting area margin of 
1.5 cm from the E-Cadherinover-expressing cells, determined using Visiopharm IHC 

APP algorithm (further detailed in Methods section). Scale white bar: 10 μm. 
Representative image from Patient 7. Similar APP algorithm applied to all 19 
patients IHC analysis, with consistent observations.
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