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CD160 dictates anti-PD-1 immunotherapy 
resistance by regulating CD8+ T cell 
exhaustion in colorectal cancer
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Hongxue Meng    5, Mingqi Li6, Yingjian Liang7,13, Sheng Tai8,13, Liang Cheng    9, 
Yan Zhang1,2, Li Li6, Peng Han6, Bin Sun10, Te Liu    10, Feng Geng    1, 
Dapeng Hao    3   & Xue Zhang    11,12 

The colon exhibits higher propensity for tumour development than ileum. 
However, the role of immune microenvironment differences in driving 
this disparity remains unclear. Here, by comparing paired ileum and colon 
samples from patients with colorectal cancer (CRC) and healthy donors, we 
identified ileum-enriched CD160+CD8+ T cells with previously unrecognized 
characteristics, including resistance to terminal exhaustion and strong 
clonal expansion. The transfer of CD160+CD8+ T cells significantly inhibits 
tumour growth in microsatellite instability-high and inflammation-induced 
CRC models. Cd160 knockout accelerates tumour growth, which is 
mitigated by transferring CD160+CD8+ T cells. Notably, in microsatellite 
instability-high and anti-PD-1-resistant CRC models, CD160+CD8+ T cells 
improve anti-PD-1 efficacy and overcome its resistance by increasing 
tumour-infiltrating progenitor-exhausted T cells, nearly eradicating 
tumours. Mechanistically, we uncover a CD160–PI3K (p85α) interaction 
that promotes FcεR1γ and 4-1BB expression via the AKT–NF-κB pathway, 
thereby enhancing CD8+ T cell cytotoxicity. Our study reveals CD160 as 
a crucial regulator of CD8+ T cell function and proposes an innovative 
immunotherapy strategy of transferring CD160+CD8+ T cells to overcome 
anti-PD-1 resistance.

Colorectal cancer (CRC) is the most common gastrointestinal malig-
nancy worldwide1. Intriguingly, the ileum and colon share similar his-
tological structure, transcriptome2 and close anatomical location, but 
the colon is more prone to tumour development3. The reasons behind 
this discrepancy in tumour development remain unclear. Emerging evi-
dence suggests that a context-specific immune environment between 
the ileum and colon may be the key underlying reason for this phenom-
enon, although this difference has so far only been explored in mice4–9. 
However, systematic differences in the immune landscape between the 

ileum and colon in patients with CRC and healthy individuals, as well 
as the underlying mechanisms leading to a higher susceptibility of the 
colon to tumour, have not been investigated in depth.

Here, we employed single-cell (sc)RNA/B cell receptor (BCR)/T  
cell receptor (TCR) sequencing (seq) and bulk RNA-seq to identify 
CD160+CD8+ T cells that are highly enriched in the ileum, characterized 
by robust clonal expansion and resistance to terminal exhaustion. Using 
multiple mouse models, including xenograft, azoxymethane (AOM)/
dextran sulfate sodium (DSS)-induced CRC models, Cd160 knockout  
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composition (Extended Data Fig. 2b–d), further indicating that B 
cells may take on distinct cell states across tissues. Among myeloid 
cells, monocytes accumulated in tumour tissue whereas mast cells 
were depleted in tumours (Extended Data Fig. 2e). Since mast cells 
have been recognized as a key regulator of antitumour immunity 
when activated11, we thus constructed a gene signature to quantify the 
relative enrichment of mast cells, which significantly associated with 
prognosis in CRC (hazard ratio (HR) of 0.78 (95% confidence interval 
0.66–0.93); Extended Data Fig. 2f). To compare transcriptional states 
across tissues, we measured the average transcriptomic similarity by 
conducting unsupervised hierarchical clustering for each cell lineage 
separately (Fig. 1j and Extended Data Fig. 2g). Overall, immune cells 
from PBMCs and tumour-draining LNs were separated first. Tissues 
from healthy donors were clustered together in all cell lineages, indi-
cating the marked influence of tumour on the immune cell states of 
surrounding normal tissues. However, tumour samples showed high 
heterogeneity, with some displaying a higher similarity to ileum while 
others were more like adjacent colon tissue.

Using previously reported gene signatures (Supplementary 
Table 2), we found that T cells from tumours exhibited the highest 
terminally exhausted signature, whereas T cells from ileum and colon 
exhibited the highest IEL signature (Fig. 1k). By linking T cell clones to 
cellular states using scTCR-seq, we observed substantial enrichment 
of IEL-T cells within expanded clones, relative to other T cells (Fig. 1l). 
Additionally, IEL-T cells from ileum displayed the highest cytolytic 
activity (Fig. 1k). To further explore this association, we compared 
transcriptome differences of IEL-T cells between ileum and colon tissue, 
revealing systemic differences strongly correlated between healthy 
donors and patients with CRC (Fig. 1m and Extended Data Fig. 2h). In 
addition to CD160, the top upregulated genes in ileum included T cell 
activation-related genes (for example, IFNG, GZMA and GNLY) (Fig. 1m). 
Clustering of samples by the average expression of top differentially 
expressed genes (DEGs), we found that IEL-T cells from tumours were 
highly heterogeneous, with some samples closer in their gene signa-
ture to colon-like IEL-T cells and others closer to ileum-like IEL-T cells 
(Extended Data Fig. 2i).

Heterogeneity of T cell states across matched ileum, colon and 
colorectal tumours
To further investigate tumour heterogeneity in relation to ileum and 
colon tissue, we compared transcriptomic similarities of ileum (n = 187) 
and colon (n = 779) from the GTEx project and CRC samples (n = 458) 
from The Cancer Genome Atlas (TCGA) project. Unsupervised clus-
tering of immune-related genes stratified CRC samples into two clus-
ters, one together with colon (C1) and the other one with ileum (C2), 
and C2 showed significantly better prognosis than C1 (Extended Data 
Fig. 3a,b). Top DEGs between C2 and C1 were significantly enriched 
in the T cell activation pathway (Extended Data Fig. 3c,d), suggesting 

and anti-PD-1 resistant models, we demonstrated that CD160 defi
ciency accelerates tumour progression, while transferring CD160+ 
CD8+ T cells significantly inhibits tumour growth in microsatellite 
instability-high (MSI-H) and inflammation-induced CRC in mice. 
Importantly, the transfer of CD160+CD8+ T cells in MSI-H CRC mice 
also significantly improves anti-PD-1 efficacy and overcomes resist-
ance. Mechanistically, CD160 directly interacts with PI3K p85α to 
promote FcεR1γ and 4-1BB expression, thereby enhancing CD8+  
T cell cytotoxicity.

Results
Single-cell immune landscape reveals systematic differences 
among matched ileum, colon and colorectal tumours
To create an immune cell atlas, we obtained scRNA/BCR/TCR-seq data 
of CD45+ immune cells from 68 matched samples across patients with 
CRC and healthy donors, including tumour-draining lymph nodes 
(LNs), peripheral blood mononuclear cells (PBMCs), ileum, colon and 
tumour tissues (Fig. 1a and Supplementary Table 1). After rigorous 
quality filtering, 465,920 high-quality cells were retained. Following 
batch correction and unsupervised clustering of multiomics data, we 
identified seven distinct lineages, including four lymphoid subtypes (T, 
B, natural killer (NK) and plasma cells (PCs)) and three myeloid subtypes 
(mast cells, plasmacytoid dendritic cells (pDCs) and other myeloid 
cells) (Fig. 1b and Extended Data Fig. 1a–d). Matched BCR and TCR 
profiling were highly consistent with the cell identification (Extended 
Data Fig. 1e). Further subclustering of T cells identified the existence of 
intraepithelial lymphocyte (IEL)-T cells, which were the most abundant 
in the ileum (Extended Data Fig. 1f–i).

Substantial differences of the cellular composition and distribu-
tion of major cell subsets were observed across tissues. PBMCs were 
enriched for T and NK cells, while tumour-draining LNs and ileum were 
enriched for B cells and tumour samples were enriched for myeloid 
cells, indicating the presence of a heterogeneous immune landscape 
across various tissues (Fig. 1c,d). NKG7, a marker of cytotoxicity and 
T cell activation, was more highly expressed in ileum and tumour than 
colon tissue (Fig. 1e). Consistent with IEL-T cell enrichment, the frac-
tion of CD160+ cells was the highest in the ileum and sharply lower in 
the colon and tumour (Fig. 1e). We also identified a subset of TGFB1high 
long-lived plasma cells (LLPCs) that were highly enriched in tumour 
and colon tissues (Fig. 1f and Extended Data Fig. 2a), consistent with 
regulatory effects of PCs via secreting transforming growth factor 
(TGF)-β10. BCR clone-matched analysis of 3,188 PC clones across tis-
sues demonstrated that PCs of the same clone exhibited the highest 
TGFB1 expression in tumours and the lowest in ileum (Fig. 1g). We 
observed the highest BCR somatic hypermutation (SHM) frequencies 
in PCs from ileum and the lowest from tumours (Fig. 1h). Addition-
ally, B cells from tumours were more likely to be IgG+ than those from 
the ileum or colon (Fig. 1i), a trend independent of cellular subtype 

Fig. 1 | Single-cell immune landscape in matched ileum, colon and colorectal 
tumours. a, A schematic diagram illustrating the workflow analysis of the 
single-cell study. scRNA-seq, paired scBCR-seq and scTCR-seq were applied to 
CD45+ immune cells of ileum, colon, tumour tissues, tumour-draining LNs and 
PBMCs derived from patients with CRC and ileum and colon derived from healthy 
donors. b, A UMAP plot showing the major subtypes of CD45+ immune cells. 
Cells are colour coded by their inferred cell types based on transcriptional, BCR 
and TCR profiles. c, UMAP plots, as in b, showing the cell density across different 
tissues. d, Percentage bar graphs showing the composition and proportions of 
total CD45+ immune cells across different tissues. T cells are further separated 
into CD4+ T, CD8+ T, IEL-T and other unconventional T cells. e, Box plots showing 
the proportions of PCs, NKG7+ cells and CD160+ cells among immune cells across 
different tissues in patients with CRC (n = 10) and healthy donors (n = 3). f, Box 
plots showing the paired comparisons of cell proportions of LLPCs among 
tissues from the same patients with CRC (n = 10) and healthy donors (n = 3). NS, 
not significant. g, Box plots showing the average TGFB1 expression of PC clones 

(n = 3,188) that are matched among the indicated tissues. h, Box plots showing  
the paired comparisons of the average SHM frequency of PCs among tissues 
from the same patients with CRC (n = 10) and healthy donors (n = 3). i, Box plots 
showing the paired comparisons of cell proportions of IgG+ B cells among paired 
tissues from the same patients with CRC (n = 10) and healthy donors (n = 3).  
j, Unsupervised hierarchical clustering dendrogram of T cells, PCs and mast cells 
derived from the average transcriptome profiles across tissues in patients with 
CRC and healthy donors. k, Box plots showing terminal exhaustion score (left) 
and IEL score (middle) in T cells and cytolytic activity score in IELs (right) across 
different tissues. l, An alluvial plot showing the proportion of indicated T cell 
subsets with different clone sizes. m, Scatter plots illustrating the correlation 
of differentially expressed genes of IELs between ileum and colon in patients 
with CRC (y axis) against the corresponding value in healthy donors (x axis) by 
Pearson’s correlation analysis. P values were determined by paired two-sided 
Mann–Whitney tests (e–i and k). In the box plots, the centre line is the median, box 
limits are the first and third quartiles and whiskers are 1.5× interquartile range.
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that differential T cell states between ileum and colon manifest in the 
heterogeneous tumour microenvironment (TME) in tumours and pre-
dict prognosis. To verify the result while controlling for interpatient 
heterogeneity, we obtained paired ileum and colon tissues from healthy 
donors and patients with CRC (Supplementary Table 1) and confirmed 
the enrichment in T cell activation (Extended Data Fig. 3e).

To characterize heterogeneous T cell states across tissues, we 
performed further clustering analyses, revealing six CD4+ T cell 
states, eight CD8+ T cell states and γδT cells (Fig. 2a and Extended Data 
Fig. 3f-k). IEL-T cells were identified by the expression of canonical IEL 
markers and the absence of the intestinal lamina propria marker CD6 
(Fig. 2a and Extended Data Fig. 3g)12–14. γδT cells with strong IEL signa-
tures were identified by the additional expression of TYROBP and TCRγδ 
genes15 and grouped with CD8+ T cells because of high transcriptional 
and functional similarity (Fig. 2a and Extended Data Fig. 3f,g). We did 
not detect a cluster of recently reported TCRγδ+CD8α+ IEL-T cells in 
our dataset8. Overall, CD4+ and CD8+ T cells showed upregulated T cell 
activation-related genes in ileum, whereas tumour samples showed 
upregulated genes involved in T cell dysfunction (Fig. 2b).

Among CD4+ T cells (Extended Data Fig. 3h), regulatory (Treg) and 
follicular helper (TFH) T cells were more abundant in draining LNs and 
tumour samples, whereas naive (TNaive), central memory (TCM) and effec-
tor memory (TEM) T cells were more abundant in ileum and colon, and 
understudied CD4+ cytotoxic T (TCTL) cells16 were enriched in PBMCs 
and ileum (Extended Data Fig. 3l). Compared with colon and tumour, 
the ileum showed a relatively higher fraction of TEM and TCTL cells and 
a lower fraction of Treg cells, although not all achieved significance, 
probably due to the small cohort size. Among CD8+ T cells (Fig. 2a), 
memory T (TMem) cells were more abundant in ileum, whereas transi-
tional effector T cells (GZMK+ eff.), which were similar to previously 
described GZMK+ effector T cells, were more abundant in tumour 
regions (Extended Data Fig. 3m)17. To identify tumour-reactive T cells, 
we employed a tumour-reactivity signature based on published fea-
tures of neoantigen-reactive tumour-infiltrating T cells18 (Supple-
mentary Table 2), which revealed that Treg, TFH and TCRαβ+ IEL-T cells 
were in tumour-reactive states (Extended Data Fig. 3n). Addition-
ally, Treg and TFH cells from ileum of healthy donors had the lowest 
neoantigen-reactivity score (Extended Data Fig. 3o), indicating that 
tumorigenesis influences the CD4+ T cell states of the surrounding 
ileum or colon.

We then measured the average expression of 129 genes predictive 
of favourable prognosis in TCGA CRC samples (Supplementary Table 3) 
across major T cell states within the TME, which revealed the strongest 
expression in TCRαβ+ IEL-T cells (Fig. 2c). TCRαβ+ IEL-T cells also showed 
the highest signature of T cell activation and dysfunction. Consistently, 

CRC samples from cluster C2 exhibited significantly higher IEL signa-
tures than C1 (Extended Data Fig. 4a). We also obtained upregulated 
genes in responders to immune checkpoint blockade (ICB) from a CRC 
cohort that received first-line ICB therapy19 and observed the strongest 
expression in TCRαβ+ IEL-T cells (Fig. 2d).

We then focused on TCRαβ+ IEL-T cells, which highly expressed 
T cell exhaustion markers TIGIT, LAYN, TOX and LAG3 (Fig. 2e). As recent 
studies have uncovered heterogeneous states of exhausted T cells, 
including terminally exhausted T (TTex) and progenitor-exhausted T 
(TPex) cells, which respond to ICB20, we measured individual cells for 
progenitor and terminally exhausted CD8+ T cell signatures (Supple-
mentary Table 2). By comparing across tissues, we found that TCRαβ+ 
IEL-T cells from ileum and colon exhibited significantly higher progeni-
tor exhaustion (Exh_Pex) signature scores, whereas those from tumours 
exhibited significantly higher terminal exhaustion (Exh_Tex) scores 
(Fig. 2f). We also compared γδT cells, for which a decreased cytotoxicity 
towards terminal exhaustion in colon cancer has been reported21, and 
observed that γδT cells showed the highest cytotoxicity in the ileum 
and the lowest in tumours (Fig. 2f).

Expression of CD160 features the state transition of  
CD8+ T cell exhaustion
To investigate the exhausted T cell state transition, we performed pseu-
dotime analysis using Monocle to infer the differentiation trajectory of 
TCRαβ+ IEL-T cells22. The analysis showed a trajectory that started from 
ileum and colon and then segregated into two branches enriched by 
T cells from tumours. Component 1 of the trajectory correlated with the 
Exh_Tex signature, and component 2 correlated with the cell prolifera-
tion signal (Fig. 2g and Extended Data Fig. 4b). Along the pseudotime 
axis, we observed elevated signals of Exh_Tex and a reduced signal of 
Exh_Pex (Fig. 2g), consistent with previous reports that TPex cells give 
rise to TTex cells23,24. To further confirm that TCRαβ+ IEL-T cells early and 
later in pseudotime correspond to a more progenitor and terminal 
exhaustion phenotype, respectively, we examined dynamic expres-
sion changes of canonical markers (Extended Data Fig. 4c). Consist-
ently, expression of EOMES and TOX, which are associated with a more 
Exh_Tex state, was gradually increased along pseudotime. In contrast, 
the expression levels of IL7R and REL, which are markers of a progenitor 
state23, were gradually decreased along pseudotime. We then examined 
the expression dynamics along the trajectory for other noncanonical 
genes and found highly correlated variation of CD160 expression in all 
three tissues, indicating a strong association between CD160 expres-
sion and IEL-T cell state transition (Fig. 2g).

CD160 has been recognized as a marker of IELs25. However, we 
found that CD160 was widely expressed in CD8+ T cell subpopulations 

Fig. 2 | Immune characteristics of T cell subsets across ileum and colon tissues 
both in healthy donors and patients with CRC. a, UMAP plots showing the 
subtypes of CD8+ T and IEL-T cells from ileum, colon and tumour tissues. Cells are 
colour coded by their inferred cell types/states based on transcriptional profiles 
(upper), IEL score (bottom left) and marker gene expression (bottom right). 
b, Heat maps showing the normalized expression of genes involved in T cell 
activation and T cell dysfunction for CD4+ and CD8+ T cells across the indicated 
tissue types (left). Box plots compare the average expression of the indicated 
genes in the heat map among matched tissues from the same patients (n = 10, 
right). c, Box plots showing the average expression (Avg. exp.) of prognostic 
genes (upper) and T cell activation (middle) and dysfunction (bottom) genes 
across the indicated cell subtypes in TCGA CRC samples. d, Box plots showing the 
average expression of upregulated genes in ICB responders across the indicated 
cell subtypes. e, The same UMAP as in a but with cells coloured by TIGIT, LAYN, 
TOX and LAG3 expression. f, Box plots showing the Exh_Pex score (left) and Exh_
Tex score (middle) of TCRαβ+ IEL-T cells and cytolytic activity of γδT cells (right) 
across the indicated tissue types. g, Monocle trajectory reconstruction of TCRαβ+ 
IEL-T cells. Cells are coloured by pseudotime (upper left) and tissue types (upper 
right). Regression lines are fitted against pseudotime for the indicated Exh_Pex 

and Exh_Tex score (bottom left), PDCD1 and CD160 expression (bottom right) 
of different tissue types. h, Bubble plot showing the expression (exp.) of CD160 
across CD8+ T cell subtypes among the indicated tissues. The dot size indicates 
frequencies of expressing cells, coloured according to normalized expression 
level. i, Box plots showing the paired comparisons of cell proportions of CD160+ 
among CD8+ T cells across matched tissues from the same patients with CRC 
(n = 10) and healthy donors (n = 3). j, Representative immunofluorescence 
staining and quantification of ileum, colon and tumour from patients with CRC. 
Staining for CD8 (green), CD160 (red) and DAPI (blue). The red triangles highlight 
CD160+CD8+ T cells. Scale bars, 50 μm (n = 5 samples). k,l, Representative 
flow cytometry plots (k) and frequencies (l) of CD160 in CD8+ T cells among 
different intestinal tissues from patients with CRC (n = 4 samples). m, Scatter 
plots illustrating the correlation of differentially expressed genes of CD8+ T cells 
between CD160− versus CD160+ in colon (y axis) against the corresponding value 
in ileum (x axis). FC, fold change. P values were determined by paired two-sided 
Mann–Whitney test (b, f and i). Data are shown as the mean ± s.e.m. P values were 
determined by unpaired two-tailed Student’s t-tests (j and l). In the box plots, the 
centre line is the median, box limits are the first and third quartiles and whiskers 
are 1.5× interquartile range.
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and exhibited strong tissue specificity (Fig. 2h). We observed the high-
est fraction of CD160+ T cells in ileum and the lowest fraction in tumours 
across all CD8+ T cell subtypes (Fig. 2i), consistent with public data-
sets (Extended Data Fig. 4d). To further validate the tissue-specific 
expression of CD160, we used multiplex immunofluorescence and 

flow cytometry to quantify CD160+CD8+ T cells in independent CRC 
samples and observed the highest fraction in ileum and the lowest 
fraction in tumours (Fig. 2j–l). Similarly, in C57BL/6 mice, CD160+CD8+ 
T cells were significantly higher in small intestine (duodenum, jejunum 
and ileum) compared with colon (Extended Data Fig. 4e,f). We further 
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corroborated this finding in AOM/DSS-induced CRC mice (Extended 
Data Fig. 4g,h) and found the highest expression of CD160 in ileum CD8+ 
T cells and the lowest in tumour CD8+ T cells (Extended Data Fig. 4i–l). 
These results align with our scRNA-seq data, suggesting that CD160 
expression could be dynamically regulated by local contexts across 
tissues. Comparison between CD160+ and CD160− CD8+ T cells in ileum 
and colon revealed consistent upregulation of genes involved in T cell 
cytotoxicity (Fig. 2m), in agreement with the reported cytolytic effect 
of CD160+ T cells8,26,27.

To further investigate whether CD160 featured the state tran-
sition of T cell exhaustion, we compared progenitor and terminal 
exhausted signatures for individual effector CD8+ T cells, includ-
ing TCRαβ+ IEL-T and GZMK+ eff. cells. CD160 expression positively  
correlated with Exh_Pex signature and negatively correlated with 
Exh_Tex signature (Fig. 3a). Collectively, these data support the asso-
ciation between CD160 expression and the state transition of CD8+ 
T cell exhaustion.

Tumour-exhausted CD8+ T cells are clonally linked to CD160− 
T cell progenitors
To assess whether clonal IEL-T cell states vary across tissues, we eval-
uated exhaustion signatures by clone-matched analysis of TCRαβ+ 
IEL-T cells. Notably, most of TCRαβ+ IEL-T clones that matched across 
ileum, colon and tumour tissues contain CD160+ T cells. While the 
average signature of Exh_Pex may have slightly increased in matched 
clones from ileum to colon and tumours, the Exh_Tex signature did 
not increase significantly (Fig. 3b). We also compared PBMCs and 
LNs for T cells clonally matched with tumoural TCRαβ+ IEL-T cells, 
which revealed a significant increase of Exh_Tex signature in clones 
from PBMCs and LNs to tumour regions (Fig. 3c). Additionally, we 
observed the highest Exh_Pex signature in clonally linked T cells from 
LNs (Fig. 3c), in agreement with the recent report that TTex cells in the 
tumour are derived from progenitor/stem-like exhausted T cells of 
LNs28. We also divided tumoural TCRαβ+ IEL-T cells into groups based 
on the tissue origin of clonally matched T cells. Tumoural IEL-T cells 
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that were specific to tumours or clonally linked to T cells from PBMCs 
and LNs had a significantly higher Exh_Tex signature and lower Exh_Pex 
signature than those that shared clones with ileum or colon (Extended 
Data Fig. 4m). Collectively, these data imply that CD160+CD8+ T cells 
from ileum and colon are unlikely to be terminally exhausted in tumours 
relative to T cells from LNs and PBMCs.

To further explore the association between CD160 and T cell 
exhaustion, we compared exhaustion scores of tumour CD8+ T cells 
by whether they expressed CD160 and found that CD160− T cells had a 
higher Exh_Tex signature and a lower Exh_Pex signature than CD160+ 
T cells (Fig. 3d). This pattern was further confirmed in an independent 
scRNA-seq dataset of CRC29 (Extended Data Fig. 4n). Next, we defined 
CD160+and CD160− clones using all CD8+ T cells from non-tumour 
tissues and compared exhaustion signatures for tumour CD8+ T cells 
clonally linked to these cells. Tumour CD8+ T cells clonally linked to 
non-tumour CD160+ clones had a significantly higher Exh_Pex signature 
and a lower Exh_Tex signature than those clonally linked to non-tumour 
CD160− clones (Fig. 3e and Extended Data Fig. 4o). As cytotoxic CD8+ 
T cell clones preferentially expand, we next examined whether CD160 
featured the clonal expansion by surveying T cells according to their 
clone sizes. We noted the gradually increasing percentage of CD160+ 
T cells within expanded clones in normal tissues but not in tumours 
(Fig. 3f), indicating the distinct clonal expansion preference of CD160+ 
T cells across tissues.

After characterizing all individual clones of CD8+ T cells, we 
observed high Exh_Tex signatures in the largest clones dominated by 
tumoural T cells and low Exh_Pex signatures in the clones dominated 
by PBMCs T cells (Fig. 3g). Generally, clones with high Exh_Pex signa-
tures were well separated by ileum/colon and LN-dominant clones. We 
divided all clones dominated by tumoural CD8+ T cells into Exh_Texhi 
and Exh_Texlo groups according to the natural cut off shown by the 
distribution of clones and analysed lineage relationships with other 
tissues (Fig. 3g). We found that the majority of Exh_Texlo clones had a lin-
eage connection with other tissues. By contrast, Exh_Texhi clones were 
largely restricted to tumours or clonally linked to CD8+ T cells from LNs. 
By dividing individual tumoural CD8+ T cells into Exh_Texhi and Exh_
Texlo groups, we observed a substantial lineage connection between 
tumoural Exh_Texhi cells and CD8+ T cells from PBMCs (Extended Data 
Fig. 4p), indicating that these cells were not included in clones dom-
inated by tumoural CD8+ T cells. On the other hand, few tumoural 
Exh_Texhi cells were clonally linked with CD8+ T cells from ileum and 
colon. These results suggest that TTex cells are either tumour specific or 
clonally linked to CD160−CD8+ T cells from LNs (Extended Data Fig. 4p). 
Further transcriptomic comparison indicated that CD160⁺CD8⁺ 
T cells from different tissues of healthy donors and patients with CRC 
maintained transcriptional stability and were less prone to terminal 
exhaustion (Extended Data Fig. 5a–e), whereas CD160−CD8⁺ T cells 
upregulated Exh_Tex signatures (Extended Data Fig. 5c). In MC38 
tumour-bearing mice, CD160⁺CD8⁺ T cells exhibited a significantly 

higher proportion of progenitor-exhausted cells (TCF1+PD-1+) than 
their CD160− counterparts across spleen, ileum, colon and tumour tis-
sues (Extended Data Fig. 5f,g). Collectively, these findings demonstrate 
that CD160⁺CD8⁺ T cells from different tissues share a highly similar 
transcriptomic and progenitor-exhausted phenotype.

CD160 defines a CD8⁺ T cell subset with strong cytotoxicity and 
exhaustion resistance
To evaluate CD160+CD8+ T cell function, we compared cytotoxic gran-
ule expression between CD160+CD8+ and CD160−CD8+ T cells. After 
anti-CD3/CD28 stimulation, CD160+CD8+ T cells exhibited a higher 
GzmB+ fraction than in their CD160− counterparts (Fig. 4a,b), indicat-
ing higher cytotoxicity. To further investigate the exhaustion-resistant 
capacity of CD160+CD8+ T cells, we established an in vitro chronic stim-
ulation model by continuous anti-CD3 stimulation, which induced 
upregulation of exhaustion markers (PD-1 and TIM3) (Fig. 4c)30, and 
found CD160+CD8+ T cells exhibited fewer terminally exhausted 
(TIM3+PD-1+) phenotype than their CD160− counterparts (Fig. 4d,e), 
confirming their enhanced resistance to terminal exhaustion. Next, 
we isolated CD160+CD8+ and CD160−CD8+ T cells from axillary LNs 
of MC38-GFP tumour-bearing mice and expanded them separately 
(Fig. 4f). Co-culturing these cells with autologous tumour cells revealed 
significantly higher tumour cell death in the presence of CD160+CD8+ 
T cells, as measured by LIVE/DEAD indicator dye (Fig. 4g,h).

To assess tumour infiltration in vivo, we co-transferred 
CD160+CD8+ T cells (from GFP mice) and CD160−CD8+ T cells (from 
CD45.1 mice) into CD45.2 MC38 tumour-bearing mice (Extended Data 
Fig. 6a,b). At 36 h after transfer, we observed significantly higher infil-
tration of CD160+CD8+ T cells (GFP+CD45.1−) than CD160−CD8+ T cells 
(GFP−CD45.1+) within tumours (Extended Data Fig. 6c,d), suggesting 
enhanced tumour infiltration capacity of CD160+CD8+ T cells. To assess 
tumour-specific activation, CD160+CD8+ T cells sorted from CD45.1 
mice were transferred into MC38-OVA tumour-bearing mice. Among 
tumour-infiltrating CD45.1+ cells, the proportion of OVA-tetramer+ 
cells increased time dependently, indicating that CD160+CD8+ T cells 
become activated in the TME and gradually acquire antigen specificity 
(Extended Data Fig. 6e, f).

Collectively, CD160 marks cytotoxic and exhaustion-resistant 
CD8+ T cells with dual functional advantages of superior tumour infil-
tration and progressive acquisition of tumour antigen specificity within 
the TME. These findings suggest that CD160+CD8+ T cells play funda-
mental roles in tumour inhibition of CRC.

Transfer of CD160+CD8+ T cells inhibits colorectal tumour 
development by enhancing tumour-infiltrating CD8+ T cell 
cytotoxicity
To investigate the antitumour effects of CD160+CD8+ T cells in vivo, we 
performed adoptive transfer experiments in AOM/DSS-induced CRC 
mice (Fig. 4i). Mice that received CD160+CD8+ T cells had significantly 

Fig. 4 | CD160+CD8+ T cells exhibit strong cytotoxicity and resistance  
to exhaustion with adoptive transfer inhibiting CRC progression.  
a,b, Representative flow cytometry plots (a) and frequencies (b) of GzmB 
in splenic CD160+/−CD8+ T isolated from normal C57BL/6 mice. Cells were 
stimulated with αCD3/CD28 for 24 h (n = 3 biological replicates). c, A diagram of 
the in vitro exhaustion assay. d,e, Representative flow cytometry plots (d) and 
frequencies (e) of TIM3+PD-1+ in splenic CD160+ versus CD160−CD8+ T cells from 
normal C57BL/6 mice (n = 3 biological replicates). f, A schematic representation 
of the co-culture system. Axillary draining lymph node-derived CD160+/−CD8+ 
T cells obtained from MC38-GFP tumour-bearing mice were cultured with 
autologous MC38-GFP tumour cells at a ratio of 10:1 for 48 h. GFP+ MC38 
tumour cells death rate was determined by flow cytometry. g,h, Representative 
flow cytometry plots (g) and frequencies (h) of Zombie-NIR-positive cells in 
GFP+ MC38 cells. Zombie-NIR-positive cells in the GFP+ MC38 population are 
considered as dead or dying cells (n = 3 biological replicates). i, The experimental 

scheme for adoptive T cell transfer in AOM/DSS-induced CRC mice. Splenic 
CD160+/−CD8+ T cells from normal syngeneic C57BL/6 mice were transferred via 
tail vein injection at the indicated time points. i.v., intravenous. j, Representative 
images of colon tumours in AOM/DSS-induced CRC mice, as shown in i (n = 10 
mice). Black triangles indicate the site of tumour occurrence. k,l, Total tumour 
number (k) and tumour size (l) in colon tissues were calculated under the 
indicated treatments, as shown in i (n = 10 mice). m, The experimental scheme 
for adoptive T cell transfer while inoculating the MC38 cell line into C57BL/6 
mice. Splenic CD160+/−CD8+ T cells from normal syngeneic C57BL/6 mice were 
transferred via tail vein injection at the indicated time points. n,o, Representative 
tumour images (n) and tumour volume (o) in MC38 tumour-bearing mice, as 
shown in m (n = 5 mice). p, Frequencies of GzmB in CD8+ T cells isolated from 
tumour tissues in MC38 tumour-bearing mice, as shown in m (n = 5 mice). Data 
are shown as the mean ± s.e.m. P values were determined by unpaired two-tailed 
Student’s t-tests (b, e, h, k, l, o and p).
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reduced tumour numbers and sizes compared with those that received 
PBS (Fig. 4j–l). In contrast, mice that received CD160−CD8+ T cells 
showed no effect.

Next, two transfer strategies evaluated the effects of CD160+ 
CD8+ T cells at different tumour stages. First, CD160+CD8+ T cells  

were injected simultaneously with MC38 cell inoculation in C57BL/6  
mice to mimic their impact in early tumour development (Fig. 4m)  
and which developed significantly smaller tumours than those  
injected with CD160−CD8+ T cells or PBS (Fig. 4n,o). Additionally, after 
the transfer of CD160+CD8+ T cells, increased tumour-infiltrating 
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Fig. 5 | CD160 deficiency accelerates tumour progression and promotes 
terminal exhaustion of tumour-infiltrating CD8+ T cells. a, The experimental 
scheme for adoptive T cell transfer in Cd160−/− CRC mice induced by AOM/DSS.  
Splenic CD160+/−CD8+ T cells from normal syngeneic C57BL/6 mice were 
transferred into Cd160−/− recipient mice at the indicated time points.  
b, Representative images of colon tumours from an AOM/DSS-induced CRC 
model in WT and Cd160−/− mice, as shown in a (n = 7–10 mice). c,d, The total 
tumour number (c) and tumour size (d) in colon tissues were calculated under the 
indicated treatments, as shown in a (n = 7–10 mice). e, The experimental scheme 
for adoptive T cell transfer while inoculating the MC38 cell line into Cd160−/− 
mice. Splenic CD160⁺/−CD8⁺ T cells from normal syngeneic C57BL/6 mice were 

transferred into CD160−/− recipient mice via tail vein injection at the indicated 
time points. f,g, Representative tumour images (f) and tumour volume (g) in WT 
and Cd160−/− mice, as shown in e (n = 6 mice). h,i, Representative flow cytometry 
plots (h) and frequencies (i) of GzmB in CD8+ T cells isolated from tumour tissues 
in WT and Cd160−/− mice, as shown in e (n = 6 mice). j,k, Representative IHC 
staining (j) and quantification (k) of GzmB in tumour tissues in WT and Cd160−/− 
mice, as shown in e. Scale bars, 30 μm (n = 6 mice). l–n, Representative flow 
cytometry plots (l) and frequencies of TCF1+PD-1+ (m) and TCF1−PD-1+ (n) in CD8+ 
T cells isolated from tumour tissues in WT and Cd160−/− mice, as shown in e (n = 6 
mice). Data are shown as the mean ± s.e.m. P values were determined by unpaired 
two-tailed Student’s t-tests (c, d, g, i, k, m and n).
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CD160+CD8+ and GzmB+CD8+ T cells were observed, indicating 
successful TME infiltration and enhanced CD8⁺ T cell cytotoxicity 
(Fig. 4p and Extended Data Fig. 6g–i). Second, CD160+CD8+ T cells 
were injected after 7 days of MC38 inoculation, once tumours were 
established, to evaluate their effect on later tumour development 
(Extended Data Fig. 6j). Similarly, CD160+CD8+ T cells suppressed 
tumour growth with maintained TME infiltration and GzmB expres-
sion (Extended Data Fig. 6k–p). Notably, in both experiments (Fig. 4n 
and Extended Data Fig. 6k), CD160−CD8+ T cells showed no evidence 
of an antitumour effect.

In the poor immunogenic CT26 model31, CD160+CD8+ T cells 
failed to inhibit tumour growth (Extended Data Fig. 7a–j), despite 
infiltrating into tumours (Extended Data Fig. 7d,i), demonstrating 
that the antitumour effects of CD160+CD8+ T cells depend on tumour 
immunogenicity.

CD160 deficiency promotes terminal exhaustion of CD8+ 
T cells and impairs CD8+ T cell-mediated tumour control
To understand the impact of CD160 deficiency on tumour control, 
 we generated Cd160 knockout (Cd160−/−) mice and evaluated  
tumour progression using AOM/DSS and subcutaneous MC38 mod-
els (Fig. 5a,e and Extended Data Fig. 7k–n). In both tumour models, 
Cd160−/− mice developed more numerous and larger tumours than 
wild-type (WT) mice. Notably, transfer of syngeneic CD160+CD8+ 
T cells markedly inhibited tumour growth in Cd160−/− mice,  
while CD160−CD8+ T cells exhibited no therapeutic effect 
(Fig. 5b–d,f,g). Additionally, Cd160−/− mice showed reduced 
tumour-infiltrating GzmB+CD8+ T cells, which was rescued by  
transfer of CD160+CD8+ T cells (Fig. 5h,i and Extended Data Fig. 7o,p). 
These results were further confirmed by immunohistochemistry (IHC) 
of tumour sections (Fig. 5j,k).

We further analysed tumour-infiltrating CD8+ T cell exhaus-
tion phenotypes (progenitor, TCF1+PD-1+; terminal, TCF1−PD-1+)32,33. 
Cd160−/− mice exhibited fewer progenitor and more terminally 
exhausted CD8+ T cells (Fig. 5l–n). Transferring CD160+CD8+ T cells 
into Cd160−/− mice largely restored TCF1+PD-1+ proportions with-
out affecting the fraction of TCF1−PD-1+ cells, whereas transfer of 
same number of CD160−CD8+ T cells had no effect (Fig. 5l–n). These 
observations collectively suggest that CD160 deficiency impairs 
CD8+ T cell cytotoxicity, accelerates CRC progression and depletes 
anti-PD-1-responsive progenitor-exhausted T cells, supporting the 
therapeutic potential of CD160+CD8+ T cells for improving anti-PD-1 
immunotherapy.

Transfer of CD160+CD8+ T cells confers anti-PD-1 
immunotherapy sensitivity and overcomes anti-PD-1 
resistance in MSI-H CRC
We next assessed whether the transfer of CD160+CD8+ T cells poten-
tiates anti-PD-1 efficacy in MC38 tumours (Fig. 6a). Surprisingly, 
CD160+CD8+ T cells combined with anti-PD-1 induced near-complete 
tumour regression, outperforming either monotherapy, whereas 
CD160−CD8+ T cells failed to enhance anti-PD-1 efficacy (Fig. 6b,c). 
After infiltrating tumours, CD160+CD8+ T cells increased the propor-
tion of GzmB+CD8+ T cells, especially in the combination group (Fig. 6d 
and Extended Data Fig. 8a–c).

Blocking terminally exhausted CD8+ T cell accumulation during 
anti-PD-1 therapy by tipping the balance towards progenitor-exhausted 
T cells is vital to improve response32. We found that CD160+CD8+ T cells 
alone or combined with anti-PD-1 significantly raised the percentage 
of TCF1+PD-1+ in tumour-infiltrating CD8+ T cells without affecting the 
TCF1−PD-1+ level (Fig. 6e and Extended Data Fig. 8d,e). Multiplex IHC 
further confirmed increased progenitor-exhausted CD8+ T cells in 
mice treated with CD160+CD8+ T cells alone or combined with anti-PD-1 
(Fig. 6f,g). In AOM/DSS-induced CRC mice, anti-PD-1 alone showed no sig-
nificant effect, but combined with CD160+CD8+ T cells markedly reduced 
tumour burden (Extended Data Fig. 8f–i). Moreover, CD160⁺CD8⁺ T cells 
alone failed to prolong survival, but when combined with anti-PD-1 
modestly improved survival (Extended Data Fig. 8j).

Despite the promising efficacy of anti-PD-1 immunotherapy in 
MSI-H patients with CRC, approximately 50% of such patients exhibit 
anti-PD-1 resistance34. To further confirm the relationship between 
CD160 and anti-PD-1 response, we collected 13 MSI-H patients with CRC 
who received anti-PD-1 treatment (Supplementary Table 4). Response 
was defined by tumour regression grade (TRG): sensitive (TRG <2, 
n = 8) or resistant (TRG ≥2, n = 5) (Fig. 6h). Computed tomography 
confirmed sustained primary tumour remission after anti-PD-1 ther-
apy in the sensitive group and large residual tumours in the resistant 
group (Fig. 6i). Indeed, we observed significantly higher CD160 expres-
sion among tumour-infiltrating CD8+ T cells in the sensitive group 
(Fig. 6j,k). Consistently, in an independent CRC cohort that received 
first-line ICB therapy19, high expression of CD160 predicted improved 
survival (Fig. 6l), independent of CD8+ T cell infiltration (Extended Data 
Fig. 8k,l). Complete responders had higher CD160 expression, despite 
being not statistically significant due to the small cohort size.

To further explore whether CD160+CD8+ T cells overcome anti-PD-1 
resistance in MSI-H CRC, we established an anti-PD-1-resistant MC38 
tumour model via multiple iterations of anti-PD-1 treatment until 

Fig. 6 | Tumour-infiltrating CD160+CD8+ T cells confer sensitivity to 
immunotherapy and overcome resistance to anti-PD-1 in MSI-H CRC. a, The 
experimental scheme for adoptive T cell transfer combined with anti-PD-1 
therapy in MC38 tumour-bearing mice. Splenic CD160+/−CD8+ T cells from 
normal syngeneic C57BL/6 mice were transferred via tail vein injection, while 
MC38 tumour-bearing mice were administrated anti-PD-1 at the indicated time 
points. b,c, Representative tumour images (b) and tumour volume (c) in MC38 
tumour-bearing mice, as shown in a (n = 6 mice). d,e, Frequencies of GzmB 
(d) and TCF1+PD-1+ (e) in CD8+ T cells isolated from tumour tissues in MC38 
tumour-bearing mice, as shown in a (n = 6 mice). f,g, Representative multiplex 
IHC staining (f) and quantification of TCF1+TIM3−PD-1+CD8+ (g) in tumour tissues 
from MC38 tumour-bearing mice. Staining for DAPI (blue), CD8 (green), TCF1 
(yellow), TIM3 (orange) and PD-1 (red). The red triangles highlight TCF1+TIM3−PD-
1+CD8+ cells. Scale bars, 50 μm (n = 6 mice). h, A pie chart showing the proportion 
of TRG in MSI-H patients with CRC received anti-PD-1 therapy (n = 13 samples).  
i, Representative computed tomography scans of MSI-H patients with CRC  
with sensitive response and resistant response before and after anti-PD-1  
therapy. Images of the primary tumour are delineated by solid red lines.  
j,k, Representative immunofluorescence staining (j) and quantification (k) in  
the sensitive response group and resistant response group of MSI-H patients  
with CRC after anti-PD-1 therapy. Staining for CD8 (green), CD160 (red) and  
DAPI (blue). Red triangles highlight CD160+CD8+ T cells. Scale bars, 50 μm  

(n = 13 samples). l, Association between CD160 and response to immunotherapy. 
Box plots show the CD160 expression across different response groups of 
patients with CRC that received first-line immunotherapy (CR, n = 6; PR, n = 17; 
SD n = 11). CR, complete response; PR, partial response; SD, stable disease. P values 
were determined by paired two-sided Mann–Whitney tests. Kaplan–Meier curves 
display the progression-free survival (PFS) between patients with CRC grouped 
by the high or low expression of CD160. P values were determined by the long-
rank test. The plus signs indicate censored data points. m, The experimental 
scheme for establishing the anti-PD-1 resistant MC38 tumour model and 
combining adoptive T cell transfer with anti-PD-1 therapy in this model. Splenic 
CD160+/−CD8+ T cells from normal syngeneic C57BL/6 mice were transferred 
via tail vein injection, while MC38 tumour-bearing mice were administrated 
anti-PD-1 at the indicated time points. n,o, Representative tumour images (n) 
and tumour volume (o) in the anti-PD-1-resistant model mice, as shown in m 
(n = 6 mice). p,q, The frequencies of GzmB+ (p) and TCF1+PD-1+ (q) in CD8+ T cells 
isolated from tumour tissues in anti-PD-1 resistant model mice, as shown  
in m (n = 6 mice). Data are shown as the mean ± s.e.m. P values were determined 
by unpaired two-tailed Student’s t-tests (c–e, g, k, o, p and q). In the box plots,  
the centre line is the median, box limits are the first and third quartiles and 
whiskers are 1.5× interquartile range. i.p., intraperitoneal; i.v., intravenous;  
s.c., subcutaneous.
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tumour inhibition effect was no longer observable (Fig. 6m–o). 
Transfer of CD160+CD8+ T cells restored anti-PD-1 sensitivity, lead-
ing to near-complete tumour regression (Fig. 6n,o). These coin-
cided with increased tumour-infiltrating GzmB+CD8+ T cells and 

progenitor-exhausted T cells (Fig. 6p,q and Extended Data Fig. 8m,n). 
However, CD160−CD8+ T cells had no such effects. Thus, these results 
suggest that CD160+CD8+ T cells confer immunotherapy sensitivity 
and overcome anti-PD-1 resistance in MSI-H CRC.
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Fig. 7 | CD160 enhances CD8⁺ T cell cytotoxicity by upregulating FcεR1γ and 
4-1BB expression. a, A volcano plot showing the DEGs in CD160−/+CD8+ T cells 
isolated from the spleen of normal C57BL/6 mice (n = 3 mice). The horizontal 
dashed line represents the statistical significance threshold (adjusted  
P value = 0.05). b, GO enrichment analysis of DEGs between CD160−/+CD8+  
T cells. c, Heat maps showing the normalized expression of genes involved in 
the regulation of T cell activation for CD160−/+CD8+ T cells. Red font in a and 
c highlights the differentially expressed genes (DEGs) between CD160− and 
CD160+ groups that are closely associated with T cell function, which were the 
focus of our study. d, Representative images of FcεR1γ protein expression in 
CD160−/+CD8+ T cells with (sti) or without (unsti) anti-CD3/CD28 stimulation 
for 24 h. e, Representative flow cytometry plots and frequencies of FcεR1γ+ cells 
in CD160−CD8+ T cells overexpressing Cd160 detected by flow cytometry (n = 3 

biological replicates). f, Representative flow cytometry plots and frequencies of 
GzmB+ cells in CD160+CD8+ T cells after knocking down Fcer1g (n = 3 biological 
replicates). g, Representative flow cytometry plots and frequencies of GzmB+ 
cells in CD160−CD8+ T cells overexpressing Fcer1g (n = 3 biological replicates). 
h, Representative images of 4-1BB protein expression in CD160−/+CD8+ T 
cells. i, Representative flow cytometry plots and frequencies of 4-1BB+ cells 
in CD160−CD8+ T cells overexpressing Cd160 (n = 3 biological replicates). 
j, Representative flow cytometry plots and frequencies of GzmB+ cells in 
CD160+CD8+ T cells after knocking down Tnfrsf9 (n = 3 biological replicates). 
k, Representative flow cytometry plots and frequencies of GzmB+ cells in 
CD160−CD8+ T cells overexpressing Tnfrsf9 (n = 3 biological replicates). Data are 
shown as the mean ± s.e.m. P values were determined by unpaired two-tailed 
Student’s t-tests (e–g and i–k).
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CD160–PI3K interaction enhances CD8+ T cell cytotoxicity by 
promoting FcεR1γ and 4-1BB expression
To explore the function of CD160 in CD8+ T cells, we compared tran-
scriptomes between CD160+CD8+ and CD160−CD8+ T cells sorted from 
mouse spleens. CD160+CD8+ T cells showed robust upregulation of 
Fcer1g (Fig. 7a), known for transducing activation signals from immune 
receptors35. Gene Ontology (GO) enrichment demonstrated upregu-
lated pathways in T cell activation, NF-κB regulation and T cell-mediated 
cytotoxicity (Fig. 7b). Among T cell activation pathway-related genes, 
Tnfrsf9, a downstream effector of CD160 involved in CD8+ T cell sur-
vival and memory formation36, was highly upregulated in CD160+CD8+ 
T cells (Fig. 7c).

At the mRNA/protein level, Fcer1g (encoding FcεR1γ) was sig-
nificantly higher in CD160+CD8+ T cells (Fig. 7d and Extended Data 
Fig. 9a). Cd160 overexpression in CD160−CD8+ T cells induced FcεR1γ 
expression, while Fcer1g knockdown decreased GzmB expression in 
CD160+CD8+ T cells, reducing their cytotoxicity. Conversely, Fcer1g 
overexpression enhanced CD160−CD8+ T cell cytotoxicity (Fig. 7e–g 
and Extended Data Fig. 9b–d). Similarly, Tnfrsf9 (encoding 4-1BB) was 
elevated in CD160+CD8+ T cells, with Cd160 overexpression induced 
4-1BB expression (Fig. 7h,i and Extended Data Fig. 9e). Silencing Tnfrsf9 
reduced the GzmB level in CD160+CD8+ T cells, while Tnfrsf9 overexpres-
sion augmented CD160−CD8+ T cell cytotoxicity (Fig. 7j,k and Extended 
Data Fig. 9f,g). Meanwhile, tumour-infiltrating CD160+CD8+ T cells 
from patients with CRC and MC38 tumour-bearing mice maintained 
significantly higher FcεR1γ and 4-1BB expression than CD160−CD8+ 
T cells (Extended Data Fig. 9h–m). Thus, these results indicate that 
FcεR1γ and 4-1BB are key downstream effectors for CD160 to enhance 
CD160+CD8+ T cell cytotoxicity.

We next interrogated how CD160 regulates Fcer1g and Tnfrsf9 
expression in CD8+ T cells. NF-κB is the transcription factor for Fcer1g 
and Tnfrsf9 (ref. 37) and GO analysis indicated enrichment of NF-κB 
signalling in CD160+CD8+ T cells. Compared with CD160−CD8+ T cells, 
CD160+CD8+ T cells upregulated the classical NF-κB pathway (p65) but 
not the nonclassical pathway (p52) (Extended Data Fig. 9n). Immu-
nofluorescence and nuclear/cytoplasmic blots showed significant 
nuclear translocation of NF-κB p65 in CD160+CD8+ T cells, whereas they 
failed to enter the nucleus in CD160−CD8+ T cells (Fig. 8a–c). Blocking 
NF-κB nuclear translocation with JSH-23 reduced Fcer1g and Tnfrsf9 
expression, indicating that CD160 promotes their transcription via 
NF-κB (Fig. 8d).

The PI3K-AKT pathway, critical for T cell activation, proliferation, 
cytotoxicity and NF-κB nuclear translocation38,39, was upregulated in 
CD160+CD8+ T cells by Gene Set Enrichment Analysis (GSEA) (Fig. 8e), 
with an increased p-AKT level (Fig. 8f). Class I PI3K is a heterodimer 
composed of a catalytic subunit (p110) and a regulatory subunit (p85)40. 
To determine whether CD160 activates the PI3K–AKT pathway by 
direct interaction with PI3K subunits, we performed endogenous 
co-immunoprecipitation (co-IP) in CD160⁺CD8⁺ T cells. Notably, CD160 
robustly bound to p85α and weakly to p110δ under similar exposure 
conditions, with no detectable interaction with p110α, p110β or p110γ 

(Fig. 8g). This interaction specificity was confirmed in HEK293T cells 
co-transfected with HA-tagged CD160 and Flag-tagged PI3K p85α 
or p110δ, where HA-CD160 preferentially bound to p85α (Extended 
Data Fig. 9o). A proximity ligation assay (PLA) further revealed direct 
CD160–p85α interaction in CD160⁺CD8⁺ T cells, but not in CD160− 
counterparts (Fig. 8h and Extended Data Fig. 9p). Molecular dynam-
ics simulations and docking analyses showed that the CD160–p85α 
complex displays a higher binding stability than complexes with other 
PI3K subunits (Fig. 8i and Extended Data Fig. 9q). Functionally, p85α 
knockdown in CD160+CD8+ T cells abolished CD160-mediated GzmB 
expression and AKT phosphorylation, whereas p110δ knockdown 
had no effect (Fig. 8j,k and Extended Data Fig. 9r). Collectively, these 
findings demonstrate that CD160 enhances CD8+ T cell cytotoxicity 
by directly interacting with p85α to activate the AKT–NF-κB pathway, 
thereby promoting FcεR1γ and 4-1BB expression.

Discussion
The colon, though smaller in surface area, is more prone to tumour 
development than the ileum. The underlying role of the immune micro-
environment in the colon and ileum is being increasingly recognized41. 
By integrating scRNA/BCR/TCR-seq and bulk RNA-seq datasets from 
patients with CRC and healthy donors, we mapped immune landscapes 
across different intestinal tissues and revealed a progressive decline of 
CD160+CD8+ T cells from ileum/colon to tumours. These cells exhibit 
previously unrecognized characteristics, including high cytotoxic-
ity, strong clonal expansion and resistance to terminal exhaustion. 
Functional studies confirmed their role in inhibiting CRC growth and 
sensitizing MSI-H CRC to anti-PD-1 therapy. Mechanistically, CD160 
directly interacts with PI3K p85α to promote FcεR1γ and 4-1BB expres-
sion, ultimately enhancing CD8+ T cell cytotoxicity (Fig. 8l).

Recent single-cell transcriptomic studies have described differ-
ences between colon and ileum, but these were limited to mouse models 
or patients without cancer9,42. Our study integrated CRC samples with 
colon and ileum samples, and identified extensive remodelling of PCs 
and T cell state transitions between colon and ileum that were embod-
ied in heterogeneous TME across tumours. The most obvious T cell 
state transition occurs within IEL-T cells, including γδT cells and ΤCRαβ+ 
IEL-T cells. γδT cells are critical for early CRC control and constitute a 
major lymphocyte population infiltrating tumour6. However, long-term 
exposure to the TME drives their transition into a pro-tumorigenic 
state, characterized by the loss of cytotoxic markers6,43. These align 
with our observations that γδT cells exhibit higher cytolytic activity 
in ileum than in colon and the lowest in tumours. TCRαβ+ IEL-T cells 
play a key role in maintaining the intestinal epithelial cell barrier43, but 
their role in antitumour immunity remains unclear. Our study indicates 
that they show significantly higher terminal exhaustion in colon and 
tumour tissues than in ileum tissue. We suspect this T cell dysfunction 
may associate with a higher fraction of TGF-β+ LLPCs in these regions 
as TGF-β promotes T cell exhaustion44 and regulates IEL epithelial 
adhesion45, consistent with a strong interaction between LLPCs and 
exhausted IEL-T cells in our single-cell dataset.

Fig. 8 | CD160 interacts with PI3K p85α to promote NF-κB nuclear 
translocation. a,b, Representative images (a, top), line charts of the fluorescence 
signal positioning (a, bottom) and quantification (b) of immunofluorescence 
staining displaying the subcellular distribution of NF-κB p65 in CD160−/+CD8+  
T cells with or without anti-CD3/CD28 stimulation for 24 h. Staining for DAPI 
(blue) and NF-κB p65 (green). Scale bars, 5 μm (n = 15 biological replicates).  
c, Representative images of NF-κB p65 nuclear and cytoplasmic protein 
expression in CD160−/+CD8+ T cells with or without anti-CD3/CD28 stimulation 
for 24 h. d, Relative mRNA expression of Fcer1g and Tnfrsf9 in CD160+CD8+ T cells 
treated with dimethylsulfoxide (DMSO) or the NF-κB inhibitor, JSH-23 for  
24 h with or without anti-CD3/CD28 stimulation (n = 3 biological replicates). 
e, GSEA of the PI3K–AKT signalling pathway in CD160−/+CD8+ T cells. NES, 
normalized enrichment score. f, Representative images of p-AKT, AKT protein 

expression in CD160−/+CD8+ T cells with or without anti-CD3/CD28 stimulation 
for 30 min. g, Co-IP assays showing the binding of PI3K subunits and CD160 
analysed in CD160+CD8+ T cells. h, PLA signals between p85α and CD160 in 
CD160+CD8+ T cells. Scale bars, 10 μm. i, The predicted p85α–CD160 binding 
mode and its stability as evidenced by a plateaued root mean squared deviation 
(r.m.s.d.) curve of the interface residues along a 500 ns molecular dynamics 
simulation. j, Representative flow cytometry plots and frequencies of GzmB 
in CD160+CD8+ T cells following p85α and p110δ knockdown (n = 3 biological 
replicates). k, Representative images of p-AKT, AKT protein expression in 
CD160+CD8+ T cells following p85α and p110δ knockdown. l, A summary diagram 
of the main approaches and findings from this study. KO, knockout. Data are 
shown as the mean ± s.e.m. P values were determined by unpaired two-tailed 
Student’s t-tests (b, d and j).
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T cell state transitions across tissues are accompanied by exten-
sive transcriptome reprogramming and, most significantly, the var-
ied expression of CD160. CD160 is a lymphocyte surface protein 
that is expressed in spleen, PBMCs and small intestine tissues46 and  
exhibits context-dependent immunosuppressive or immunostimu-
latory effects47–50. We confirmed that CD160 was widely expressed 
in CD8+ T cells but not CD4+ T cells, with CD160+CD8+ T cells highly 
enriched in ileum. Single-cell sequencing, in vitro and in vivo studies 
demonstrated that CD160 marked CD8+ T cells that are highly cyto-
toxic and resistant to terminal exhaustion. Paired scRNA/TCR-seq 
data across tissues enabled lineage tracing, revealing that termi-
nally exhausted CD8+ T cells primarily linked to CD160− T cells. The 
majority of intratumour exhausted CD8+ T cells were clonally linked 
to CD8+ T cells from LNs, which were marked by low CD160 expres-
sion and high TCF7 and SELL expression, supporting recent reports 
that stem-like progenitor cells from LNs fuel the T cell response in 
cancer50,51. On the other hand, intratumoural CD8+ T cells clonally 
linked to CD160+CD8+ T cells from ileum or colon were more likely to 
maintain a progenitor exhaustion state. Hence, our data substantiate 
a concept that CD160+CD8+ T cells sustain antitumour immunity and 
resist terminal exhaustion.

Our study holds important clinical implications. In vivo functional 
studies showed that T cells from Cd160−/− mice exhibited impaired 
antitumour activity, promoting CRC development. Notably, intrave-
nously injected CD160+CD8+ T cells permeated into the TME, induced 
strong antitumour immunity and increased tumour-infiltrating 
TCF1+PD-1+CD8+ T cells to confer anti-PD-1 sensitivity. However, an 
improved anti-PD-1 response may involve complex mechanisms, 
including potential effects on macrophages, neutrophils and DC cells, 
requiring further investigation52–55. Importantly, our analysis of inde-
pendent ICB-treated MSI-H CRC cohorts confirmed that CD160+CD8+ 
T cells correlate with better immunotherapy response. Although 
previous studies have linked CD160 expression in gastric cancer56, 
CRC57, lung cancer58 and chronic lymphocytic leukemia59 to prognosis 
and immunotherapy response, which is consistent with our findings, 
the role of CD160 in immunotherapy and its underlying mechanisms 
remain unclear. Our study shows that the transfer of CD160+CD8+ T cells 
not only enhances MSI-H CRC sensitivity to anti-PD-1 treatment but 
also effectively overcomes their resistance. Notably, despite reduced 
CD160⁺CD8⁺ T cell fractions in tumours, many tumours still show a 
non-negligible presence of CD160+CD8+ T cells, suggesting the poten-
tial of benefit from immunotherapy.

Mechanistically, we identified an important function of 
CD160+CD8+ T cells, which promotes cytotoxicity via a direct recipro-
cal manner between CD160 and PI3K p85α. A previous study only found 
co-localization of CD160 and PI3K in NK cells by immunofluorescence60, 
lacking reliable evidence for their relationship or specific PI3K subu-
nits. We employed PLA, co-IP and molecular docking to definitively 
demonstrate the strong interaction between CD160 and PI3K p85α 
in CD8+ T cells, which is an important discovery in elucidating the 
mechanism.

In summary, this work provides a unique single-cell resource with 
multiregional and clonal resolution of patients with CRC. We revealed 
tissue-specific characteristic of CD160+CD8+ T cells, which are highly 
enriched in ileum, and demonstrate their promising therapeutic poten-
tial in MSI-H CRC, where they can enhance anti-PD-1 efficacy and over-
come its resistance, suggesting their important clinical translational 
value in pan-cancer treatment.
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Methods
Ethical statement
This study was approved by the Institutional Reviewer Board (IRB) of 
Harbin Medical University (IRB reference HMUIRB2023001). Experi-
ments involving human participants were done according to the 
recommendations of the research and ethics committee. This study 
follows the principles according to the Declaration of Helsinki, with 
fully informed consent obtained from all participants before sample 
collection. All mice experiments were approved by the Institutional 
Animal Care and Use Committee of Harbin Medical University.

Human specimens
All sample collection procedures complied with the regular routine 
in clinical practice. Nineteen patients with primary colon cancer 
who underwent right hemicolectomy and pathologically diagnosed  
with colon adenocarcinoma at Harbin Medical University Cancer 
Hospital were enrolled for sequencing in this study. None of the 19 
patients had received neoadjuvant chemotherapy before tumour 
resection. Paired, fresh tumour, adjacent normal colon, ileum tissues 
and lymph nodes were surgically removed from patients. Typical 
lesions from the core site of the pathological entity were collected as 
the tumour sample, while disease-free mucosa at least 5 cm away from 
the lesion edge was acquired as adjacent normal control. Peripheral 
blood samples were collected before the surgery through venipunc-
ture or implanted vascular access ports. Healthy donor intestines 
were procured from eight brain-dead organ donors from The First 
Affiliated Hospital of Harbin Medical University, The Second Affili-
ated Hospital of Harbin Medical University and The First Affiliated 
Hospital of USTC.

In all cases (patients and healthy donors), fresh samples collected 
directly during standard surgical procedures were transported in 
sterile saline and preserved by MACS Tissue Storage Solution (Milte-
nyi Biotec) at 4 °C for scRNA/BCR/TCR-seq or preserved by RNALater 
(Thermo Fisher) in liquid nitrogen for bulk RNA-seq. In detail, 62 sam-
ples from 10 patients underwent scRNA/BCR/TCR-seq, and 26 samples 
from another 9 patients were sequenced by bulk RNA-seq. Another 6 
samples from 3 healthy donors underwent scRNA/BCR/TCR-seq, and 
10 samples from 5 healthy donors were sequenced by bulk RNA-seq. 
Clinical information and metadata for the above samples are provided 
in Supplementary Table 1.

For the MSI-H CRC samples, 13 patients genetically diagnosed 
with MSI-H and histologically confirmed CRC from Sun Yat-sen Uni-
versity Cancer Center, who were treated with PD-1 blockade therapy 
as neoadjuvant treatment were retrospectively enrolled. Patients who 
received postoperative PD-1 blockade or without determination of 
tumour response were excluded. Pathological tumour responses were 
determined using the TRG grading scale as described previously61. 
Tumour tissues and paraffin-embedded formalin-fixed slides were 
obtained from the 13 patients with CRC who underwent surgery after 
PD-1 blockade therapy. Clinical information for the above samples are 
provided in Supplementary Table 4.

Mice
Male C57BL/6 and Balb/c mice (6–8 weeks old) were purchased from 
Liaoning Changsheng Biotechnology Co. Ltd, while B6-H11-CAG-EGFP, 
CD45.1 congenic mice and Cd160 knockout (Cd160−/−) mice on a 
C57BL/6 background were purchased from GemPharmatech Co. Ltd. 
For animal experiments with knockout mice, WT littermate controls on 
the same C57BL/6 background at the age of 6–10 weeks were used. Mice 
were housed in a controlled, specific pathogen-free environment and 
received humane care in accordance with the animal welfare guidelines. 
All animal experiments were approved by the Animal Care Commit-
tee of Harbin Medical University. All mice were maintained under the 
conditions of pathogen-free, 12 h light/12 h dark cycle, temperatures 
of 18–23 °C and 40–60% humidity.

Cell lines and cell culture
Murine MC38 (MSI-H)62,63, MC38-OVA, MC38-GFP and HEK293T cells 
were cultured in DMEM (Gibco) with 10% fetal bovine serum (FBS, 
Gibco) and 1% penicillin/streptomycin (Beyotime). Murine CT26 
(microsatellite stable, MSS)64 cells were cultured in RPMI-1640 medium 
(Gibco) containing 1% penicillin/streptomycin and 10% FBS. All cells 
were performed to subculture in a 37 °C cell incubator with 5% CO2.

Single-cell library construction and sequencing
Fresh intestine tissues and lymph node tissues were immediately 
minced into 1–2 mm3 and enzymatically digested with gentleMACS 
(Miltenyi) using a constant temperature shaker at 37 °C following the 
manufacturer’s instruction (Tumor Dissociation Kit). Briefly, cells from 
tissues or PBMCs were subsequently filtered, counted and stained with 
antibodies against 7-AAD and CD45, followed by FACS sorting to obtain 
viable CD45+ single cells on a BD Melody instrument. CD45+ single cells 
were loaded into the chip with the position of 18,000 cells using the 10X 
Chromium Single Cell V(D)J Reagent kits v2. Then, 10,000 cells were 
collected in droplets to produce nanolitre-scale gel bead in emulsion 
according to the manufacturer’s procedure (Chromium Next GEM 
Single Cell 5′ Reagent kits v2). ScRNA, TCR V(D)J and BCR V(D)J libraries 
sequencing were performed on an Illumina NovaSeq 6000 sequencer 
with 150 bp paired-end reads.

Single-cell raw data processing
Raw scRNA-seq data were preprocessed using CellRanger Single Cell 
Software Suite (v6.1.2, 10X Genomics) by mapping to human reference 
genome build 38. Filtered gene-barcode matrices that contained only 
barcodes with UMI counts that passed the threshold for cell detection 
were used for further analysis. Cells expressing fewer than 200 genes or 
more than 5,000 genes were considered low-quality or potential dou-
blets and were removed. Likely apoptotic cells where >10% transcripts 
were derived from the mitochondrial genome were also excluded. 
ScTCR-seq/scBCR-seq data were first preprocessed by CellRanger 
v6.1.2 for V(D)J sequence assembly and TCR/BCR reconstruction using 
the human reference genome build 38. TCR annotation was performed 
using 10X CellRanger V(D)J pipeline as described. Only high-confidence 
and productive TRA/TRB annotations were used for further analysis. 
Cells sharing the same CDR3αβ nucleotide sequences were defined as 
belonging to the same TCR clone. For scBCR data, The Change-O rep-
ertoire clonal assignment toolkit was further applied to define clones. 
To calculate the SHM level of each BCR, BCR germline sequences were 
reconstructed using CreateGermlines.py and the number of somatic 
mutations for each sequence was calculated using observedMutations 
using Shazam software. Paired scTCR-seq/scBCR-seq data were inte-
grated with scRNA-seq based on their matched unique cell barcodes.

Single-cell data normalization and clustering
Library size normalization was performed using the NormalizeData 
function in Seurat (v4.1.3) on the filtered gene-barcode matrices. The 
FindVariableFeatures of Seurat was applied to the normalized data to 
identify variable genes for unsupervised clustering. TCR/BCR variable 
genes were masked when performing clustering analysis. Principal 
component analysis was performed on the top 2,500 variable genes 
for dimension reduction and the Harmony algorithm was used for 
batch effect correction in the reduced dimension space of principal 
component analysis with default parameters. The function FindNeigh-
bors of Seurat was used to construct the shared nearest neighbour 
graph, based on which function FindClusters of Seurat was used for 
unsupervised clustering. Different resolution parameters were exam-
ined to determine the optimal number of clusters. For visualization, 
dimensionality reduction and 2D visualization of the single cell clusters 
was performed using Uniform Manifold Approximation and Projection 
(UMAP) with the Seurat function RunUMAP. Multiple layers of informa-
tion including the cluster distribution, cluster specific genes, canonical 

http://www.nature.com/naturecellbiology


Nature Cell Biology

Article https://doi.org/10.1038/s41556-025-01753-3

immune cell markers and transcription factors were integrated and 
carefully reviewed to define cell subtypes.

Single-cell trajectory inference
To reconstruct the differentiation trajectory of TCRαβ+ IEL cells, we 
applied Monocle 2 by inferring the pseudotemporal ordering of cells 
according to their transcriptome similarity. Monocle 2 was run with 
default parameters on the top 2,500 variable genes. To show the dynam-
ics of tumour reactivity as pseudotime progresses, loess smoothed 
line of signature scores and CD160 expression were plotted along the 
pseudotime axis. In addition, to provide a better visualization, Monocle 
3 was applied to infer the differentiation states of PCs. To complement 
the trajectory analysis and better understand the cellular differentia-
tion hierarchy of PCs, an independent approach CytoTRACE was then 
applied with default parameters to infer the cellular differentiation 
states using scRNA-seq data.

Bulk RNA-seq data analysis
To prepare data for downstream analysis, FastQC (v0.12.1) was used to 
assess the quality of raw sequencing data, and fastp software (v0.23.4) 
was applied to remove low-quality reads and any residual adaptor 
sequences. The high-quality reads were aligned to human genome 
reference GRCh38 (hg38) using the STAR algorithm (v2.7.10b). RSeQC 
(v5.0.3) was applied to assess the quality of alignment results using 
various alignment metrics, including coverage, mapping quality and 
distribution of mapped reads. Then, FeatureCount (v2.0.6) was utilized 
to extract the feature count matrix from alignments. We used edgeR 
(v3.40.2) for normalization and multidimensional scaling. We used the 
mSigDB database to investigate the overrepresentation of GO func-
tions. The gene set enrichment score was estimated by single-sample 
GSEA (ssGSEA) using the GSVA R package (v1.44.5) before z-score 
normalization.

We downloaded the normalized RNA-seq data generated by TCGA 
on primary CRCs from NCI Cancer Genomic Data Commons (NCI-GDC: 
https://gdc.cancer.gov). The RNA-seq data were processed and normal-
ized by the NCI-GDC bioinformatics team using their transcriptome 
analysis pipeline. The clinical annotation of the TCGA CRC cohort was 
downloaded from a recent PanCanAtlas study65. We downloaded two 
additional large-scale CRC datasets (GSE21510 and GSE39582) from 
the Gene Expression Omnibus (GEO) database. The raw data from 
microarray experiments were normalized using the Robust Multi-array 
Average algorithm. Within each microarray datasets, the most sensitive 
probe was used when multiple probes corresponding to the same gene. 
The immunotherapy dataset of CRC was obtained from GEO database 
(GSE235919) and the expression value measured by TPM was used.

Gene signature scoring
To characterize cells according to previously reported gene signatures 
of cytolytic activity, CD8+ T cell exhaustion, TCF7+ progenitor exhausted 
T cells, viral specificity and neoantigen specificity (Supplementary 
Table 2) gene scores were calculated per cell using the AUCell package 
(v1.18.1). After building a gene expression ranking for each cell, the 
gene set enrichment was calculated for each cell using the area under 
the recovery curve.

Clone-matched analysis
Clone-matched analysis of CD8+ T cell clones was performed when at 
least one cell present in two matched tissues was found. Clonal scores 
and expressions were calculated per tissue by averaging the values 
of cells within each clone per each tissue. To characterize T cell state 
transitions of CD8+ clones in TCRαβ+ IELs, we only kept clones with at 
least one TCRαβ+ IEL present in at least two tissues of ileum, colon and 
tumour. These included 36 matched clones across the all the tissues, 
70 matched clones between ileum and colon, 14 matched clones across 
ileum and tumour and 24 matched clones across colon and tumour. To 

characterize T cell state transitions of CD8+ clones that shared with 
tumoural IELs, we only kept CD8+ clones of TCRαβ+ IELs from tumour 
regions that shared with at least one cell with LNs or PBMCs. These 
included 24 matched clones across all the tissues, 60 matched clones 
between LNs and tumours and 11 matched clones between PBMCs and 
tumours. An unpaired Wilcoxon rank test was applied in clone-matched 
analysis due to the unequal number of matched clones within each tis-
sue. To remove the potential false positive signature from cell debris, 
CD160+ clones were defined by a minimum value 0.3 of the average 
expression of CD160.

Protein extraction and western blotting
Protein lysates were prepared immediately following cell collection 
to preserve protein integrity and minimize degradation. The detailed 
protocol is as follows: after collecting the cells, they were washed 
with PBS and lysed on ice for 30 min using RIPA (Beyotime) or NP40 
(Beyotime) lysis buffer supplemented with protease and phosphatase 
inhibitors. The lysates were then centrifuged at 1,2000g for 15 min at 
4 °C to remove cellular debris, yielding freshly prepared protein lysates. 
Protein concentrations were quantified using the BCA assay and nor-
malized across samples. The lysates were diluted with XT Sample Buffer 
(Bio-Rad) and boiled for 10 min. All WB analyses were performed fol-
lowing SDS–PAGE using standard methods, and then transferred onto 
polyvinylidene difluoride membranes (Millipore). The membranes 
were incubated with the indicated primary antibodies overnight at 
4 °C, followed by incubation with appropriate secondary antibodies 
for protein detection. Images were obtained using ChemiDoc MP 
Imaging System (Bio-Rad). Details of all antibodies used for western 
blot are provided in Supplementary Table 5.

Total RNA extraction and RT–qPCR
Total RNA was extracted from T cells using TRIzol reagent (Thermo 
Fisher). A total of 0.5 µg RNA was reverse transcribed into complemen-
tary DNA (cDNA) by the cDNA synthesis kit (Takara) according to the 
manufacturers’ instructions. Subsequently, cDNA was performed to 
amplify on the CFX96 Real-Time System (Bio-Rad) using the SYBR RT–
qPCR Master Mix (Roche). Finally, the mRNA expression was quantified 
using the 2−ΔΔCt method. The relevant PCR primers used in this study 
are summarized in Supplementary Table 6.

Tissue digestion and flow cytometry analysis
Fresh tissues were dissected into 1 mm3 fragments using scissors and 
then enzymatically digested with RPMI-1640 medium mixture sup-
plemented with 1 mg ml−1 collagenase IV (Solarbio), and 0.1 mg ml−1 
DNase (Solarbio) for 1 h using a constant temperature shaker (Spring 
Instrument Co. Ltd) at 37 °C. The dissociated cells from relative tissues 
were filtered through a 70 μm cell strainer (Biosharp) and collected by 
centrifugation at 600g for 20 min. Red blood cells were lysed with red 
blood cell lysis buffer (Miltenyi) on ice for 5 min. Single-cell suspen-
sions were immediately stained with Zombine NIR (APC/CY7) followed 
by antibody staining. Cells were detected using a flow cytometer (BD 
FACSMelody), and corresponding experimental data were further 
analysed with FlowJo software V10. The representative figures of FACS 
gating strategy are included in Extended Data Fig. 10. Details of all anti-
bodies used for flow cytometry are provided in Supplementary Table 5.

CD160+CD8+ and CD160−CD8+ T cells sorting and culture
As for sorting of primary CD160+/−CD8+ T cells, single-cell suspensions 
were prepared from mouse spleens, axillary draining lymph nodes 
or human PBMCs. CD160+CD8+ T cells and CD160−CD8+ T cells were 
then sorted from single-cell suspensions through a flow cytometer 
(BD FACSMelody) with anti-CD8α (PerCP-Cy5.5) and anti-CD160 (PE). 
The sorted CD160+/−CD8+ T cells were cultured for 3 days in RPMI-
1640 complete medium (containing 1% penicillin/streptomycin and 
10% FBS) with plate-bound anti-CD3 (10 μg ml−1), soluble anti-CD28 
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(2 μg ml−1) and recombinant murine IL-2 (20 ng ml−1). Thereafter, cells 
were expanded for 7–14 days in fresh RPMI-1640 complete medium 
containing recombinant murine IL-2 (20 ng ml−1), with medium replace-
ment every 3 days. Before use, cells were restimulated with plate-bound 
anti-CD3 (10 μg ml−1) and soluble anti-CD28 (2 μg ml−1) to ensure they 
reached the required functional state.

T cell exhaustion assays in vitro
CD160−CD8+ and CD160+CD8+ T cells were sorted from spleens of 
normal C57BL/6 mice and initially activated with anti-CD3/CD28 anti-
bodies for 2 days. Chronic stimulation was induced using plate-coated 
anti-CD3 (10 μg ml−1) in RPMI-1640 medium containing 20 ng ml−1 
murine IL-2 (PeproTech), 1% penicillin/streptomycin and 10% FBS. 
Cells were passaged onto a fresh coated plates every 2 days. On 
day 10, cells were collected for flow cytometry analysis of PD-1 and  
TIM3 expression.

T cell killing assays in vitro
CD160− and CD160+CD8+ T cells were sorted and expanded from the 
axillary draining lymph nodes of MC38-GFP tumour-bearing mice 
and MC38-GFP cells were sorted and expanded from the subcutane-
ous tumour tissues of the same MC38-GFP tumour-bearing mice by  
FACS. Then, 1 × 105 MC38-GFP cells were plated into a well of 6-well  
plate (Corning) for 24 h and then co-cultured with autologous CD160− 
or CD160+CD8+ T cells at a ratio of 1:10 for 48 h. GFP+ MC38 tumour 
cells were stained with Zombie-NIR antibody and tumour cell death 
rate was determined by flow cytometry for the evaluation of T cell 
killing capacity.

Cell transduction and transfection
CD160−CD8+ and CD160+CD8+ T cells isolated and expanded from 
spleens of normal C57BL/6 mice were transduced with adenovirus 
supernatants encoding EGFP-tagged Cd160, Tnfrsf9, Fcer1g or controls, 
as well as lentiviral supernatants expressing shRNA targeting Tnfrsf9, 
Fcer1g or controls (Hanbio Biotechnology) using Polybrene (2 μg ml−1) 
transfection reagent. HEK293T cells were seeded at 70% confluence and 
transfected with Flag-tagged PI3K p85α and p110δ plasmids alone or 
co-transfected with HA-tagged CD160 plasmid using jetPRIME transfec-
tion reagent (Polyplus) according to the manufacturer’s instructions. 
CD160⁺CD8⁺ T cells were transfected with siRNA targeting PI3K p85α 
or p110δ (Sangon Biotech) using ProteanFect Max transfection reagent 
(Nanoportal Biotech) according to the manufacturer’s instructions. In 
all constructs, the coding sequence for each protein (Cd160, Tnfrsf9, 
Fcer1g, Pik3r1 and Pik3cd) and its respective tag (EGFP, FLAG and HA) 
are driven by separate promoters to prevent mutual interference. After 
transduced or transfection for 48 h, cells were collected for further 
experimental validation. The sequences of shRNA or siRNA used in the 
study are listed in Supplementary Table 7.

PLA
The interaction of CD160 and PI3K p85α was verified by PLA using a 
NaveniFlex Cell MR kit (Navinci) following the manufacturer’s instruc-
tions. CD160+CD8+ T cells sorted and expanded from human PBMCs 
were fixed with 4% paraformaldehyde, permeabilized with 0.1% Tri-
ton X-100, followed by incubation with blocking buffer. Cells were 
incubated with primary antibodies CD160 and PI3K p85α, followed by 
secondary antibodies conjugated with PLA probes. After ligation and 
amplification, cells were stained with 4,6-diamidino-2-phenylindole 
(DAPI) (Beyotime) and imaged by confocal microscope.

Establishment and administration of anti-PD-1-resistant 
tumour models
Six-week-old male C57BL/6 mice were subcutaneously inoculated with 
MC38 cells. At 7 days after inoculation, mice received intraperitoneal 
injections of anti-PD-1 twice a week. After five injections, the largest 

tumour was selected and cut into approximately 1 mm3 fragments, 
and transplanted subcutaneously into new 6-week-old male C57BL/6 
mice. This process was repeated for seven generations until there was 
no significant change in tumour volume after anti-PD-1 treatment com-
pared with IgG control, which confirmed the successful establishment 
of anti-PD-1 resistant tumour models.

In these experiments, CD160+CD8+ and CD160−CD8+ T cells were 
isolated and expanded from spleens of normal syngeneic C57BL/6 
mice, cultured as described above and then adoptively transferred 
via tail vein injection after 7 days of transplantation of the P7 genera-
tion tumour fragments. Cells were administered weekly for a total of 
three treatments (1 × 106 cells per mouse). At the same time, anti-PD-1 
antibody (100 μg per mouse) was intraperitoneally injected twice a 
week until the end of the experiment.

Statistics and reproducibility
Statistical analyses were performed as described in the figure leg-
ends. All basic statistical analysis were performed in R statistical 
environment (v4.2.1) and GraphPad Prism 9. All statistical tests per-
formed in this study were two-sided. To control the false discovery 
rate (FDR) and correct P values for multiple testing, we applied the 
Benjamini–Hochberg method. To assess the prognostic value of the 
enrichment of mast cells, we first computed by obtaining the z-scores 
of the enrichment signature and then obtained a smooth estimate 
of the relationship between normalized signature and hazard ratio 
(smoothCoxph function in package phenoTest, v1.44.0). Samples 
were divided into three approximately equal groups by a signature 
score ±0.5, and Kaplan–Meier survival curves were compared between 
groups with high and low signature scores. For tumour experiments, 
mice were randomly assigned to different treatment groups. No data 
were excluded from the analyses. The investigators were not blinded 
to allocation during experiments and outcome assessment. Data 
distribution was assumed to be normal but this was not formally 
tested. Additionally, representative images of immunofluorescence 
and western blotting are from one experiment with at least three 
independent biological replicates.

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

Data availability
All data needed to evaluate the conclusions in this study are present in 
the Article or its Supplementary Information. The raw sequence data 
reported in this Article have been deposited in the Genome Sequence 
Archive66 in the National Genomics Data Center67 via accession number 
HRA006401 for human scRNA/BCR/TCR-seq data, HRA006350 for 
human bulk RNA-seq data and CRA019585 for mouse bulk RNA-seq 
data. Processed scRNA/BCR/TCR-seq data and processed human bulk  
RNA-seq data are available are available via the Mendeley Data Reposi-
tory at https://doi.org/10.17632/6czch25jyb.1 (ref. 68) and https:// 
doi.org/10.17632/hb9jjk2gbz.1 (ref. 69). Processed mouse bulk RNA-seq 
data are available via the Mendeley Data repository at https://doi.org/ 
10.17632/7tgb8gnb8f.1 (ref. 70). The processed public datasets were 
collected from different databases, including GEO (https://www.ncbi.
nlm.nih.gov/geo/, GSE235919, GSE39582, GSE21510 and GSE205506), 
the GDC data portal (https://portal.gdc.cancer.gov/, TCGA-COAD 
and TCGA-READ) and the GTEx portal (https://www.gtexportal.org/). 
All other data supporting the findings of this study are available from 
the corresponding authors upon reasonable request. Source data are 
provided with this paper.

Code availability
Codes used for analysis and cell annotation are available via GitHub at 
https://github.com/HaoLabHMU/Colon-Adenocarcinoma.
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Extended Data Fig. 1 | Analysis of immune cells of CRC patients and healthy 
donors. a, UMAP plots showing 208,004 B lineage cells. Cells are color labeled 
with their inferred cell types/states based on transcriptional profiles (left) and 
antibody isotypes using scBCR-seq data (right). b, Bubble plots showing the 
expression of selected marker genes for B cells subtypes as defined in (a). Dot 
size indicates frequencies of expressing cells, colored according to average 
expression levels. c, UMAP plots showing subtypes of myeloid lineage cells.  
d, Bubble plot showing the expression of select marker genes for myeloid cells 
subtypes as defined in (c). Dot size indicates frequencies of expressing cells, 

colored according to average expression levels. e, The same UMAP as in Fig. 1b  
but with cells color coded by their BCR (left) and TCR (right) expression.  
f, UMAP plot showing all the T cells colored by 6 subtypes. g, Bubble plots 
showing average expression levels and proportions of select marker genes for 
different tissues (upper) and T cells subtypes as defined in (f) (bottom). Dot 
size indicates frequencies of expressing cells, colored according to normalized 
average expression levels. h, Heatmap displaying the fraction of T cells subtypes 
across multiple tissues. i, UMAP plots displaying the expression of CD160 for  
T cells from ileum (upper), colon (middle) and tumor (bottom).
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Extended Data Fig. 2 | Differences of the cellular composition, distribution 
and transcriptional states across different tissues. a, The same UMAP as in 
Extended Data Fig. 1a, but with cells colored by TGFB1 expression. b–d, Bar graph 
displaying the composition of B cell subtypes (b) and antibody isotypes (c) across 
different tissues, and the landscape of antibody isotypes compositions across 
B cell subtypes (d) in CRC patients and healthy donors. e, Box plots showing 
the paired comparisons of cell proportions of monocyte and mast cells among 
matched tissues from the same CRC patients (n = 10). P values are determined by 
paired two-sided Mann-Whitney test. f, Patients from the TCGA CRC cohort that 
are ranked by signature score constructed using specific marker genes of mast 
cells and monocytes. Signature score is defined as the T-test score comparing 
normalized expression of mast cell markers versus monocyte markers. Samples 
are divided into 3 approximately equal groups according to the score (upper). 
The heatmap illustrating the expression of marker genes across tumor samples 

(middle). Estimates are made for the dependence of all-time risk of death on the 
signature score (bottom). P value is determined by the cox proportional hazards 
(CoxPH) model, and the dotted curves represent the 95% confidence interval (CI) 
of the log hazard ratio. Hi, high; lo, low. g, Unsupervised hierarchical clustering 
dendrogram of myeloid cells, NK cells and B cells derived from the average 
transcriptome profiles across tissues in CRC patients and healthy donors.  
h, Volcano plots illustrating the differentially expressed genes in IELs between 
colon and ileum of CRC patients (left) and healthy donors (right). Genes with 
significant differential expression and consistent tendency in CRC patients and 
healthy donors are indicated in green or purple dots and bold labels. i, Heatmap 
displaying expression of top DEGs of ileum vs. colon across ileum, colon and 
tumor in CRC patients and healthy donors. Box plots: center line, median; box 
limits, first and third quartile; whiskers, 1.5× interquartile range.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Bulk RNA-seq analysis of transcriptional differences 
across different intestinal tissues and single-cell immune profiling of CD4+ 
and CD8+ T cells. a, Dendrogram showing unsupervised hierarchical clustering 
of tissue samples from CRC patients and healthy donors that were run on 
the expression of immune-related genes. b, Kaplan Meier curves displaying 
differences of DFS between the two clusters in TCGA-COAD cohort. c, Scatter 
plots showing immune genes expression fold change (log2) between C1 and  
C2 (y-axis) against the corresponding values of ileum and colon (x-axis). Dots 
in red circle represent top immune genes with significant expression change 
on both axes. Pathways enrichment of the selected immune genes and the most 
enriched pathways are labeled on the top. d, Box plots showing normalized  
T cell activation pathway enrichment score in different clusters across CRC  
tumors and normal tissues, ordered by decreasing signature score. The number  
of samples in each group is listed below the boxes. e, Scatter plot showing the 
correlation of differentially expressed immune related genes between ileum  
and colon in CRC patients (y-axis) against the corresponding values in healthy 
donors (x-axis). f, The same UMAP as in Fig. 2a but with cells colored by TCR  
productivity and gene expression of TYROBP, LEF1, CD160. g, Bubble plot  
showing the expression of indicated genes for CD8+ T cells and IEL-T subtypes 
as defined in Fig. 2a. Dot size indicates frequencies of expressing cells, colored 

according to average expression levels. h, UMAP plot showing subtypes of CD4+ 
T cells. i, Bubble plot showing the expression of select marker genes for CD4+ T 
cells subtype as defined in (h). Dot size indicates frequencies of expressing cells, 
colored according to average expression levels. j, UMAP plot showing subtypes of  
CD8+ T cells from PBMC and LN. k, Bubble plot showing the expression of select 
marker genes for CD8+ T cells subtype from PBMC and LN. Dot size indicates 
frequencies of expressing cells, colored according to average expression levels. 
l, Box plots showing the paired comparisons of cell proportions of TReg cells, TNaive 
cells, TCM cells, TFH cells, TCTL cells and TEM cells in CD4+ T cells among matched 
tissues from the same CRC patients (n = 10) and healthy donors (n = 3). m, Box 
plots showing the paired comparisons of cell proportions of GZMK+ eff. cells,  
TMem cells, TNaive cells and MAIT cells in CD8+ T cells among matched tissues from 
the same CRC patients (n = 10) and healthy donors (n = 3). n, Box plots showing 
neoantigen reactivity for CD4+ (left) and CD8+ (right) cells across the indicated 
cell subtypes. o, Box plots showing CD4+ neoantigen reactivity of TReg and  
TFH cells across the indicated tissue types in CRC patients and healthy donors.  
P values are determined by paired two-sided Mann-Whitney test (d, l, m and o). 
Box plots: center line, median; box limits, first and third quartile; whiskers,  
1.5× interquartile range.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Relationship between transition of T cell exhaustion 
state and CD160, and distribution of CD160+CD8+ T cells in different intestinal 
tissues. a, Box plots showing normalized IEL signature in different clusters, 
ordered by decreasing values. The number of samples in each group is listed 
below the boxes. b, Monocle trajectory plots of TCRαβ+ IEL-T cells. Cells are 
colored by the Exh_Tex score (left) and MKI67 expression (right). c, Monocle 
trajectory reconstruction of TCRαβ+ IEL-T cells. Regression lines are fitted  
against pseudotime for EOMES, IL7R, TOX, REL expression of different tissue 
types. d, Box plots demonstrating the expression of CD160 in ileum, colon  
and tumor tissues from GTEx, TCGA-CRC, GSE39582, and GSE21510 datasets.  
e, f, Representative flow cytometry plots (e) and frequencies (f) of CD160 in  
CD8+ T cells among different intestinal tissues from C57BL/6 mice (n = 3 mice).  
g, Experimental scheme of AOM/DSS-induced CRC mouse model. h, Represen
tative small intestine and colon images of AOM/DSS-induced CRC mouse (n = 6 
mice). i, j, Representative flow cytometry plots (i) and frequencies (j) of CD160 
in CD8+ T cells among ileum, colon and tumor from AOM/DSS-induced CRC 

mice (n = 4 mice). k, l, Representative immunofluorescence staining (k) and 
quantification (l) of ileum, colon and tumor from AOM/DSS induced CRC mouse. 
Staining for CD8 (green), CD160 (red) and DAPI (blue). Red triangles highlight 
CD160+CD8+ T cells. Scale bars: 50 μm (n = 4 mice). m, Box plots showing the  
Exh_Pex score (left) and Exh_Tex score (right) of tumoral TCRαβ+ IELs per 
indicated regional pattern. n, Box plots showing the Exh_Pex score (left) and 
Exh_Tex score (right) across CD160+ and CD160− cells in tumoral CD8+ T cells from 
GSE205506 dataset. o, Box plots showing the Exh_Pex score (left) and Exh_Tex 
score (right) of tumoral CD8+ T cells per indicated regional pattern. p, Bar plots 
showing the fraction of tumoral CD8+ T cells that are clonally linked with cells 
from other indicated tissues. Cells are divided by the cutoff 0.45 of Exh_Tex score, 
and only cells from clones containing at least 2 tumoral CD8+ T cells are included. 
P values are determined by paired two-sided Mann-Whitney test (a, d, m, n and o). 
Data are shown as the mean ± s.e.m, P values were determined by unpaired two-
tailed Student’s t-test (f, j, and l). Box plots: center line, median; box limits, first 
and third quartile; whiskers, 1.5× interquartile range.
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Extended Data Fig. 5 | Conserved transcriptomes and progenitor exhausted 
phenotype of CD160⁺CD8⁺ T cells across tissues. a, Clustering and correlation of 
CD160⁺CD8⁺ T cells across samples indicate higher variation across individuals 
than across tissues. Clustering is based on Euclidean distances between the 
average transcriptome of samples. b-d, Volcano plots illustrating DEGs in 
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IGHG1. e, GSEA of GO biological processes in CD160+ and CD160− CD8+ T cells 
between healthy donors and CRC patients that indicates the enrichment of 
metabolism- and immune-related pathways, respectively. f, g, Representative 
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Extended Data Fig. 6 | Adoptive transfer of CD160+CD8+ T cells inhibit the 
growth of MC38 subcutaneous tumor. a, Schematic representation of co-
transfer of CD160+CD8+ T cells (GFP+) and CD160−CD8+ T cells (CD45.1+) into 
MC38 tumor-bearing mice. b, Representative flow cytometry identification plots 
of splenocytes from CD45.1 and GFP mice. c, d, Representative flow cytometry 
plots (c) and frequencies (d) of GFP+CD45.1− and GFP−CD45.1+ in tumors 36 hours 
after transfer (n = 6 mice). e, f, Representative flow cytometry plots (e) and 
frequencies (f) of CD45.1+Tetramer+ cells in tumors at indicated timepoints 
after adoptive transfer CD160+CD8+ T cells from CD45.1 mouse spleens into 
established MC38-OVA tumors (n = 5 mice). g, h, Representative flow cytometry 
plots (g) and frequencies (h) of CD160 in CD8+ T cells isolated from tumor tissues, 
as shown in Fig. 4m (n = 5 mice). i, Representative flow cytometry plots of GzmB 

in CD8+ T cells isolated from tumor tissues, as shown in Fig. 4m. j, Experimental 
scheme for adoptive T cell transfer in established MC38 tumors. Splenic 
CD160+CD8+ and CD160−CD8+ T cells from normal syngeneic C57BL/6 mice were 
transferred via tail vein injection at the indicated time points. k, l, Representative 
tumor images (k) and tumor volume (l) in MC38 tumor mouse model, as shown in 
(j) (n = 5 mice). m, n, Representative flow cytometry plots (m) and frequencies (n) 
of CD160 in CD8+ T cells isolated from tumor tissues, as shown in (j) (n = 5 mice). 
o, p, Representative flow cytometry plots (o) and frequencies (p) of GzmB in 
CD8+ T cells isolated from tumor tissues in MC38 tumor-bearing mice, as shown 
in (j) (n = 5 mice). Data are shown as the mean ± s.e.m, P values were determined 
by unpaired two-tailed Student’s t-test (d, h, l, n and p).
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Effects of CD160 expression levels on CD8+ T cell 
anti-tumor function in MSS CRC model and validation of CD160 knockout 
efficiency of Cd160−/− mice. a, Experimental scheme for adoptive T cell transfer 
while inoculating the CT26 cell line into Balb/c mice. Splenic CD160+CD8+ and 
CD160−CD8+ T cells from normal syngeneic Balb/c mice were transferred via tail 
vein injection at the indicated time points. b, c, Representative tumor images (b) 
and tumor volume (c) in CT26 tumor-bearing mice, as shown in (a) (n = 5 mice).  
d, Frequencies of CD160 in CD8+ T cells isolated from tumor tissues in CT26 
tumor-bearing mice, as shown in (a) (n = 5 mice). e, Frequencies of GzmB in CD8+ 
T cells isolated from tumor tissues in CT26 tumor-bearing mice, as shown in (a) 
(n = 5 mice). f, Experimental scheme for adoptive T cell transfer in established 
CT26 tumors. Splenic CD160+CD8+ and CD160−CD8+ T cells from normal 
syngeneic Balb/c mice were transferred via tail vein injection at the indicated 

time points. g, h, Representative tumor images (g) and tumor volume (h) in CT26 
tumor-bearing mice, as shown in (f) (n = 4 mice). i, Frequencies of CD160 in CD8+ 
T cells isolated from tumor tissues in CT26 tumor-bearing mice, as shown in (f) 
(n = 4 mice). j, Frequencies of GzmB in CD8+ T cells isolated from tumor tissues in 
CT26 tumor-bearing mice, as shown in (f) (n = 4 mice). k, Scheme of generation 
of Cd160−/− mice. l–n, Representative flow cytometry plots and frequencies of 
CD160 in CD8+ T cells isolated from spleen (l), small intestine (m) and colon 
(n) in WT and Cd160−/− mice. o, p, Representative flow cytometry plots (o) and 
frequencies (p) of CD160 in CD8+ T cells isolated from tumor tissues in WT and 
Cd160−/− mice bearing MC38 tumor, as shown in Fig. 5e (n = 6 mice). Data are 
shown as the mean ± s.e.m, P values were determined by unpaired two-tailed 
Student’s t-test (c, d, e, h, i, j, l, m, n and p).
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Extended Data Fig. 8 | Adoptive transfer of CD160+CD8+ T cells combined 
with anti-PD-1 therapy inhibits CRC progression and overcomes anti-PD-1 
resistance. a, b, Representative flow cytometry plots (a) and frequencies (b)  
of CD160 in CD8+ T cells isolated from tumor tissues in MC38 tumor-bearing 
mice, as shown in Fig. 6a (n = 6 mice). c, Representative flow cytometry plots  
of GzmB in CD8+ T cells isolated from tumor tissues in MC38 tumor-bearing  
mice, as shown in Fig. 6a. d, e, Representative flow cytometry plots (d) and 
frequencies (e) of TCF1−PD-1+ in CD8+ T cells isolated from tumor tissues in  
MC38 tumor-bearing mice, as shown in Fig. 6a (n = 6 mice). f, Experimental 
scheme for adoptive T cell transfer combined with anti-PD-1 therapy in  
AOM/DSS-induced CRC mice. Splenic CD160−/+CD8+ T cells from normal 
syngeneic C57BL/6 mice were adoptively transferred via tail vein injection, while 
AOM/DSS-induced CRC mice were administrated anti-PD-1 at the indicated 
time points. g, Representative images of colon tumors in AOM/DSS-induced 
CRC mice, as shown in (f) (n = 8–13 mice). h-j Total tumor number (h) and 

tumor size (i) in colon tissues and survival curve (j) were calculated under the 
indicated treatments, as shown in (f) (n = 8–13 mice). k, Box plots showing CD8A 
expression across different response groups of CRC patients received first line 
immunotherapy (CR n = 6; PR n = 17; SD n = 11). P values are determined by paired 
two-sided Mann-Whitney test. l, Kaplan–Meier curves displaying differences  
in PFS between CRC patients grouped by the high or low expression of CD8A.  
P value is determined by long-rank test. m, Representative flow cytometry plots 
of GzmB in CD8+ T cells isolated from tumor tissues in anti-PD-1 resistant model 
mice, as shown in Fig. 6m (n = 6 mice). n, Representative flow cytometry plots 
of TCF1+PD-1+ in CD8+ T cells isolated from tumor tissues in anti-PD-1 resistant 
model mice, as shown in Fig. 6m (n = 6 mice). Data are shown as the mean ± s.e.m, 
P values were determined by unpaired two-tailed Student’s t-test (b, e, h, i and j). 
Box plots: center line, median; box limits, first and third quartile; whiskers,  
1.5× interquartile range.
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Extended Data Fig. 9 | CD160 regulates Fcer1g and Tnfrsf9 expression to 
affect the cytotoxic function of CD8+ T cells. a, Relative mRNA expression of 
Fcer1g in CD160−/+CD8+ T cells with or without anti-CD3/CD28 stimulation for 
24 hours (n = 3 biological replicates). b, Relative mRNA expression of Cd160 
in CD160−CD8+ T cells overexpressing Cd160 (n = 3 biological replicates). c, 
Relative mRNA expression of Fcer1g in CD160+CD8+ T cells after knocking down 
Fcer1g (n = 3 biological replicates). d, Relative mRNA expression of Fcer1g in 
CD160−CD8+ T cells overexpressing Fcer1g (n = 3 biological replicates). e, Relative 
mRNA expression of Tnfrsf9 in CD160−/+CD8+ T cells with or without anti-CD3/
CD28 stimulation for 24 hours (n = 3 biological replicates). f, Relative mRNA 
expression of Tnfrsf9 in CD160+CD8+ T cells after knocking down Tnfrsf9 (n = 3 
biological replicates). g, Relative mRNA expression of Tnfrsf9 in CD160−CD8+ 
T cells overexpressing Tnfrsf9 (n = 3 biological replicates). h–j, Representative 
flow cytometry plots (h) and frequencies of FcεR1γ+ (i) and 4-1BB+ (j) cells in 

CD160+ versus CD160− CD8+ T cells isolated from tumor tissues of CRC patients 
(n = 6 samples). k–m, Representative flow cytometry plots (k) and frequencies of 
FcεR1γ+ (l) and 4-1BB+ (m) cells in tumor-infiltrating CD160+ versus CD160− CD8+ 
T cells from MC38 tumor-bearing mice (n = 6 mice). n, Representative images 
of NF-κB p65 and NF-κB p52 protein expression in CD160−/+CD8+ T cells with or 
without anti-CD3/CD28 stimulation for 24 hours analysed by Western blot. o, 
Binding of HA-tagged CD160 to the Flag-tagged PI3K p85α and p110δ in HEK293T 
cells. p, PLA signals between PI3K and CD160 in CD160−CD8+ T cells. Scale bars: 
10 μm. q, Predicted binding models, stability, and binding free energy of CD160 
interactions with p110α, p110β, p110δ. r, Knockdown efficiency of p85α and 
p110δ siRNA was verified in CD160+CD8+ T cells. Data are shown as the mean ± 
s.e.m, P values were determined by unpaired two-tailed Student’s t-test (a, b, c, d, 
e, f, g, i, j, l and m).
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Extended Data Fig. 10 | Representative gating strategies for T lymphocytes. 
a, FACS gating strategy of CD160+ in CD8+ T cells isolated from intestine and 
spleen. Related to Fig. 2k; Extended Data Fig. 4e, i; Extended Data Fig. 7l, m, 
n. b, FACS gating strategy for in vitro exhaustion assay. Related to Fig. 4d. c, 
FACS gating strategy for co-culture system. Related to Fig. 4g. d, FACS gating 
strategy of CD160+ and GzmB+ cells in tumor-infiltrating CD8+ T cells. Related 
to Fig. 5h; Extended Data Fig. 6g, i, m, o; Extended Data Fig. 7o; Extended Data 
Fig. 8a, c, m; Extended Data Fig. 9h, k. e, FACS gating strategy of CD160+CD8+ T 
cells (GFP+CD45.1−) and CD160−CD8+ T cells (GFP−CD45.1+) int tumor. Related to 

Extended Data Fig. 6c. f, FACS gating strategy of CD45.1+Tetramer+ cells in tumor. 
Related to Extended Data Fig. 6e. g, FACS gating strategy of progenitor exhausted 
CD8+ T cells in tumor. Related to Fig. 5l; Extended Data Fig. 8d, n. h, FACS gating 
strategy of FcεR1γ+ in CD160−CD8+ T cells or CD160+CD8+ T cells. Related to  
Fig. 7e. i, FACS gating strategy of 4-1BB+ in CD160−CD8+ T cells or CD160+CD8+ T 
cells. Related to Fig. 7i. j, FACS gating strategy of GzmB+ in CD160−CD8+ T cells or 
CD160+CD8+ T cells. Related to Fig. 4a; Fig. 7f, g, j, k. k, FACS sorting strategy of 
CD160+CD8+ T cells from spleen and purity validation.
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	CD160 dictates anti-PD-1 immunotherapy resistance by regulating CD8+ T cell exhaustion in colorectal cancer

	Results

	Single-cell immune landscape reveals systematic differences among matched ileum, colon and colorectal tumours

	Heterogeneity of T cell states across matched ileum, colon and colorectal tumours

	Expression of CD160 features the state transition of CD8+ T cell exhaustion

	Tumour-exhausted CD8+ T cells are clonally linked to CD160− T cell progenitors

	CD160 defines a CD8⁺ T cell subset with strong cytotoxicity and exhaustion resistance

	Transfer of CD160+CD8+ T cells inhibits colorectal tumour development by enhancing tumour-infiltrating CD8+ T cell cytotoxi ...
	CD160 deficiency promotes terminal exhaustion of CD8+ T cells and impairs CD8+ T cell-mediated tumour control

	Transfer of CD160+CD8+ T cells confers anti-PD-1 immunotherapy sensitivity and overcomes anti-PD-1 resistance in MSI-H CRC
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