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Dual modulation of cytotoxic and 
checkpoint receptors tunes the efficacy of 
adoptive Delta One T cell therapy against 
colorectal cancer
 

Rafael Blanco-Domínguez    1  , Leandro Barros1, Mariana Carreira1, 
Manon van der Ploeg    2, Carolina Condeço1, Gabriel Marsères    3, 
Cristina Ferreira4, Carla Costa4, Carlos M. Ferreira4, 
Julie Déchanet-Merville    3,5, Noel F. C. C. de Miranda    2, Sofia Mensurado1,7 & 
Bruno Silva-Santos    1,6,7 

Colorectal cancer (CRC) remains a challenge for current immunotherapies. 
Vδ1+ γδ T cells offer a promising alternative because of their HLA-I-independent 
cytotoxicity and natural tissue tropism. We developed Delta One T (DOT) 
cells, a Vδ1+ γδ T cell-based adoptive cell therapy clinically explored for 
hematological malignancies but not yet for solid tumors. Here we demonstrate 
the capacity of DOT cells to target CRC cell lines and patient-derived specimens 
and organoids in vitro and to control tumor growth in an orthotopic xenograft 
model of CRC. Notwithstanding, we found tumor-infiltrating DOT cells to 
exhibit a dysregulated balance of cytotoxic and inhibitory receptors that 
paralleled that of endogenous Vδ1+ tumor-infiltrating lymphocytes and 
limited their cytotoxicity. To maximize efficacy, we unveil two strategies, 
increasing targeting through upregulation of NKG2D ligands upon butyrate 
administration and blocking the checkpoints TIGIT and PD1, which 
synergistically unleashed DOT cell cytotoxicity. These findings support 
DOT cell-based combinatorial approaches for CRC treatment.

Colorectal cancer (CRC) is the second leading cause of cancer deaths 
worldwide (World Health Organization, 1 Feb 2024). Attempting to 
address the limitations of conventional treatments, immunotherapy 
has recently been applied to CRC but with very limited success. In fact, 
only around 10–15% of CRC cases, characterized by mismatch repair defi-
ciency (MMR-d), microsatellite instability (MSI) and very high mutational 
burdens, encompass clinical responses to checkpoint inhibition1, which 
underscores the need for novel immunotherapy approaches, particu-
larly for MMR-proficient (MMR-p) and microsatellite-stable (MSS) CRC.

Immune checkpoint blockade (ICB) targeting the programmed 
death protein 1 (PD1)–PDL1 (PD1 ligand 1) axis is the best-established 
immunotherapy for solid cancers, having revolutionized the treatment 
of advanced melanoma and lung carcinoma2. The mechanism of action 
of anti-PD1 ICB is presumably the functional release of tumor-specific 
αβ T cell clones, especially cytotoxic CD8+ T cells capable of recognizing 
somatically mutated neoantigens presented on major histocompatibil-
ity class I (MHC-I) complexes. However, advanced tumors often escape 
CD8+ T cell surveillance by downregulating MHC-I presentation3. 
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but not that of CD8+ T cells or NK cells positively correlated with the 
overall survival of persons with the MSS subtype of CRC10. In all these 
studies4,5,9, the majority of γδ T cells infiltrating CRC lesions were clearly 
Vδ1+ T cells, which, together with their potent cytotoxic functions in 
in vitro4,5 and in vivo11 preclinical models of CRC, suggest great potential 
as effectors for next-generation immunotherapies12,13. However, a selec-
tive Vδ1+ γδ T cell-based strategy for CRC is still to be tested in the clinic.

We developed Delta One T (DOT) cells as a clinical-grade Vδ1+ 
γδ T cell-based product for adoptive cell therapy12,14. We coupled a 
pioneering Vδ1+ γδ T cell-biased expansion protocol with the differ-
entiation of cytotoxic effector cells expressing high levels of NKRs14,15 
and demonstrated the ability of the final cell product to efficiently 
target lymphoid14,15 and myeloid16,17 leukemias. This body of evidence 
on DOT cells enabled a clinical program in acute myeloid leukemia 
(AML; NCT05886491).

Here, we investigated the therapeutic potential of DOT cells 
against solid tumors, focusing on preclinical models of CRC. We show 
that DOT cells are broadly reactive to both MSI and MSS CRC cell lines, 
as well as to CRC tumor material and patient-derived organoids (PDOs) 
in vitro. Although the anti-CRC functions of DOT cells were also evident 
in an orthotopic xenograft model of human CRC, they were seemingly 
constrained by a dysregulated balance of cytotoxic and inhibitory 

Specifically, mutational interference with the key MHC-I component, 
β2 microglobulin (B2M), was observed in MMR-d CRC tumors, leading 
to a striking expansion of cytotoxic γδ (instead of αβ) T cells4. In fact, 
imaging mass cytometry analysis of wild-type and mutant B2M CRC 
samples before and after PD1 blockade identified γδ T cells to be the 
only immune subset significantly enriched in ICB-treated mutant B2M 
compared to wild-type B2M cancers. Interestingly, Vδ1+ T cells were the 
dominant tumor-infiltrating γδ T cell population in CRC and a fraction 
of these expressed PD1 concomitantly with activating natural killer 
cell receptors (NKRs) such as NKp46 and NKG2D, as well as cytotoxic 
(granzyme B and perforin) and proliferation markers4. This phenotype 
was reminiscent of a previous study identifying an NKp46+ Vδ1+ T cell 
subset in the intestinal epithelium with enhanced cytotoxicity against 
CRC5, thus pointing to NKR-expressing Vδ1+ γδ T cells as important 
antitumor effectors in CRC.

Vδ1+ γδ T cells have been recently associated with good prognosis 
in various cancer types, including lung6 and breast7 carcinomas and 
melanoma8. Furthermore, assessment of 557 persons with CRC showed 
that those with more abundant γδ tumor-infiltrating lymphocytes 
(TILs) had better 5-year disease-free survival9. This was consolidated 
in a subsequent RNA-sequencing analysis of 620 CRC and 51 paracan-
cerous samples, which indicated that the extent of γδ T cell infiltration 
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Fig. 1 | DOT cells target CRC in vitro. a, Schematic representation and tumor 
cell death quantification by annexin V in 3-h killing assays of DOT cells against 
different MSI and MSS CRC cell lines. Colors depict individual DOT donors 
(pool of 16 assays). Data were analyzed by a two-tailed paired t-test for 
normal distributions or Wilcoxon matched-pairs ranked test for nonnormal 
distributions. b, Schematic representation and DOT cell killing of CD45-depleted 
primary CRC tumor specimens, measured by caspase 3/7 staining. Lines connect 
specimens from the same participant (n = 6 participants, pool of five assays). 
Data were analyzed by a two-tailed paired t-test. c, Experimental layout and 

percentage of apoptotic tumor cells (measured by caspase 3/7 green staining) 
in the presence or absence of allogeneic DOT cells and/or TILs from the same 
participants (n = 7 participants). Samples from participants with MMR-p/MSS 
and MMR-d/MSI CRC are represented as circles and squares, respectively. 
d, Expression of CD69 and 4-1BB by DOT cells in the presence or absence of 
PDOs and/or TILs. Lines connect data points from the same participants (n = 7 
participants). In c and d, data are a pool of four different assays and were 
analyzed by a repeated-measures one-way ANOVA with Holm–Šidák’s multiple-
comparisons test.
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receptors. Importantly, we devised two strategies to overcome this 
limitation, one based on the key stimulatory role of NKG2D and its 
ligands and the other based on the synergistic inhibitory function 
of T cell immunoreceptor with Ig and ITIM domain (TIGIT) and PD1, 
thereby paving the way for DOT cell-based combinatorial approaches 
for CRC treatment.

Results
DOT cells target CRC in vitro and in vivo
We started this study by assessing the anti-CRC cytotoxic activity 
of DOT cells, which were expanded and differentiated as previously 
reported14,16,18. As expected, DOT products were composed of γδ T cells 
with a major bias for Vδ1+ cells and minor fractions of Vδ2+ and Vδ1−Vδ2− 
γδ T cells (Extended Data Fig. 1a) and expressed multiple NKRs (namely, 
NKG2D, DNAM1/CD226 and, to a lesser extent, NKp30) (Extended Data 
Fig. 1b). Importantly, DOT cells showed striking degranulation (CD107a/
LAMP1) potential associated with high expression of cytolytic mol-
ecules (granzyme B and perforin) and displayed a type 1 (interferon-γ 
(IFNγ) and tumor necrosis factor (TNF)) cytokine profile upon activa-
tion (Extended Data Fig. 1c). During a 3-h coincubation with CRC targets, 
we found DOT cells to form immune synapses (Extended Data Fig. 2) 
and to kill (Fig. 1a) both MSI and MSS CRC cell lines, thus revealing 
broad reactivity against CRC independently of the microsatellite status. 
Furthermore, DOT cells showed strong cytotoxicity against primary 
CD45-depleted primary CRC biopsies (Fig. 1b) from a retrospective 
cohort of CRC in a 24-h killing assay. Because PDOs have emerged as 

a more suitable in vitro model to replicate the influence of the tumor 
microenvironment (TME) and genetic landscape19, we conducted 24-h 
cytotoxicity assays using allogeneic DOT cells against PDOs derived 
from participants with both MMR-p/MSS and MMR-d/MSI CRC (Sup-
plementary Table 1). Additionally, to assess the potential impact of 
endogenous immune cells, we performed these assays in the presence 
or absence of autologous expanded TILs from the same tumor samples. 
Notably, DOT cells induced potent killing of CRC PDOs irrespective 
of MMR status or presence of TILs (Fig. 1c). The broad reactivity of 
DOT cells against CRC was further indicated by the increased levels of 
the activation markers CD69 and 4-1BB on DOT cells upon coculture 
with both MMR-p/MSS and MMR-d/MSI CRC PDOs, independently of 
the presence of TILs (Fig.1d).

An important challenge of current adoptive cell therapies is their 
limited capacity to infiltrate solid tumors20. However, as Vδ1+ T cells 
have a natural tropism for the colon5 and have been found in CRC 
tumors9, we anticipated that intravenously (i.v.) infused DOT cells 
would have the capacity to infiltrate CRC tumors in vivo. To directly 
assess this, we established an orthotopic xenograft model of human 
CRC by implanting luciferase-positive SW620 cells in the cecum of 
immunocompromised NOG mice expressing human interleukin (IL)-
15, which is necessary for DOT cell persistence in mice18. We let ortho-
topic CRC tumors grow and establish for 3 weeks in the cecum before 
injecting DOT cells i.v. We observed a clear infiltration and progressive 
accumulation of DOT cells within the tumors, thus demonstrating 
CRC homing in vivo (Fig. 2a). Importantly, biodistribution evaluation 
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Fig. 2 | DOT cells control CRC growth in vivo. a, Kinetics of tumor-infiltrating 
DOT cell numbers, per milligram of SW620 tumor tissue, assessed by human 
CD45 expression by flow cytometry at day 3 (n = 6 mice), day 7 (n = 7 mice) and 
day 14 (n = 11 mice) after one infusion with 10 million cells. Data were analyzed by 
a one-way ANOVA with Tukey’s post hoc test. b, Representative flow cytometry 
density plots with percentages after gating on alive cells and quantification of 
percentages (of human CD45+ within alive cells) and numbers of DOT cells in 
tumor and different organs. Colors represent individual mice (n = 4 mice).  

c, Experimental layout of in vivo i.v. infused DOT cell treatment in an orthotopic 
(intracecal injection of SW620 cells) CRC model. d, Representative images and 
kinetics of in vivo tumor growth, quantified as luciferase signal by IVIS lumina 
(n = 8 mice per group). Data were analyzed by a repeated-measures two-way 
ANOVA with Šidák’s multiple-comparisons test. In a, b and d, data are presented 
as the means ± s.e.m. and correspond to one representative of three independent 
experiments with similar results.
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Fig. 3 | DOT cells exhibit compromised cytotoxicity within CRC tumors. 
a, Schematic representation of the experimental approach to assess DOT 
cell phenotype upon their i.v. inoculation in intracecal SW620 tumor-
bearing mice. b–e, Quantification of percentage of Vδ1 (b) and expression of 
immunomodulatory or checkpoint receptors (c), activation and cytotoxic 
receptors (d) and CD107a and intracellular markers (e) after 3 h of PMA and 
ionomycin stimulation (in the presence of protein translocation inhibitors) on 

DOT cells before infusion (n = 3 technical replicates) to mice and in blood and 
tumor (n = 4 mice for PD1, PD1+TIGIT+ and PD1+TIM3+; n = 5 mice for the rest), 
represented as a percentage of alive human CD45+CD3+Vδ1+ cells and assessed  
by flow cytometry. In b–e, colors represent individual mice. Data are presented  
as the means ± s.e.m. Data were analyzed by a one-way ANOVA with Tukey’s  
post hoc test. The experiment was independently performed three times with 
similar results.
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at 14 days after infusion revealed that, while DOT cells were abundant 
in the blood, blood-rich organs and tumor lesions, they were virtually 
absent in healthy gut tissues (Fig. 2b).

Next, to evaluate the antitumor activity of DOT cells in CRC 
progression in vivo, we administered 107 DOT cells i.v. weekly, 
starting at 7 days after tumor inoculation, upon confirmation of 

tumor establishment by luciferase signal detection and monitored 
tumor infiltration over time (Fig. 2c). Bioimaging follow-up clearly 
demonstrated the capacity of DOT cells to control tumor growth 
in vivo (Fig. 2d). These data constitute a preclinical proof of principle  
for using DOT cells in adoptive cell therapy of CRC as a first solid 
cancer indication.
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DOT cells exhibit limited cytotoxicity in CRC tumors in vivo
Solid tumors often present as immunosuppressive environments21. Fol-
lowing our observation of efficient DOT cell homing to CRC, we assessed 
whether their functions were impacted by the TME. We conducted an 
extensive phenotypic and functional analysis of DOT cells before and 
2 weeks after infusion into mice bearing established orthotopic CRC 
tumors, comparing both circulating and tumor-infiltrating DOT cells 
(Fig. 3a). The proportion of Vδ1+ DOT cells (among total human CD45+ 
cells) was around 80% in both the blood and the tumors, suggesting that 
the minor non Vδ1+ γδ T cell subsets present in the DOT cell product are 
also recruited to the CRC tumors (Fig. 3b). Interestingly, we observed 
substantial alterations in the inhibitory and cytotoxic receptor reper-
toire of DOT cells in vivo. After in vitro expansion and differentiation of 
DOT cells in vitro (that is, before their infusion), TIM3 and CD96/Tactile 
were highly expressed, whereas PD1, TIGIT and LAG3 were mostly absent 
(Fig. 3c and Extended Data Fig. 3a). Strikingly, TIGIT was upregulated 
in vivo in both circulating and tumor-infiltrating DOT cells, while PD1 
upregulation was confined to TILs. PD1+TIGIT+ cells but not PD1+TIM3+ 
cells were enriched within the tumors. Conversely, the expression of 
CD96, which competes with TIGIT for the same ligands (PVR/CD155 and 
Nectin 2/CD122), was downregulated in vivo. LAG3 (very low) and TIM3 
(high) expression was more stable between in vivo DOT cells before 
and after injection (Fig. 3c and Extended Data Fig. 3a).

This immune checkpoint regulation in DOT cells was associated 
with a compromised cytotoxic profile in CRC. On one hand, the expres-
sion of NKG2D and DNAM1 decreased in DOT TILs, which upregulated 
the activation marker CD69 (Fig. 3d and Extended Data Fig. 3a). On the 
other hand, the release of cytolytic granules, as measured by CD107a/
LAMP1, granzyme B and perforin expression, as well as TNF and IFNγ 
production, were significantly reduced in tumor-infiltrating DOT cells 
activated with PMA and ionomycin (Fig.3e and Extended Data Fig. 3b). 
These findings support the notion that DOT cells, activated in the CRC 

microenvironment, develop a dysfunctional phenotype characterized 
by dysregulated checkpoint receptor expression and impaired cytotox-
icity. Therefore, we hypothesized that enhancing cytotoxic receptor 
engagement or blocking immune checkpoint receptors could improve 
CRC targeting by DOT cells.

NKG2D mediates CRC targeting by DOT cells
Among the NKRs expressed by DOT cells (Extended Data Fig. 1), DNAM1 
and NKp30 were previously shown to be required for AML targeting by 
DOT cells16. To elucidate which NKRs are important for CRC recogni-
tion by DOT cells, we profiled the respective ligand expression across 
multiple CRC cell lines using flow cytometry. While DNAM1 (PVR and 
Nectin 2) and NKp30 (B7-H6) ligands were highly expressed in all cell 
lines analyzed, the expression pattern of the different NKG2D ligands 
(MICA-B and ULBP1–ULBP6) varied (Fig. 4a). Interestingly, this variable 
expression of NKG2D ligands correlated with the extent of DOT cell 
killing of the corresponding cell lines (Fig. 4b). Moreover, analysis of 
The Cancer Gene Atlas (TCGA) data showed an increased expression of 
genes encoding NKG2D ligands (especially ULBP3 and ULBP6, followed 
by ULBP1 and ULBP2) (Fig. 4c) and genes encoding DNAM1 and NKp30 
ligands (Extended Data Fig. 4a) in primary colon cancer compared to 
healthy colon samples or to AML samples.

To directly test the role of NKG2D in DOT cell function, we first 
used a gain-of-function approach through NKG2D crosslinking with 
plate-bound MICA–Fc chimera over 48 h. Decreased levels of mem-
brane NKG2D reflected effective ligand engagement (Extended Data 
Fig. 5a) and were associated with enhanced DOT cell activation and a 
cytotoxic profile (Fig. 4d), ultimately leading to increased killing of 
CRC cells (Fig. 4e). Conversely, in loss-of-function experiments using 
anti-NKG2D blocking antibodies, we found reduced DOT cell killing of 
SW620 cells (Fig. 4f). DNAM1 blockade alone only moderately limited 
CRC targeting but, in combination with NKG2D blockade, further 

Fig. 4 | NKG2D mediates CRC targeting by DOT cells. a, Flow cytometry 
histograms of NKR ligand expression in different CRC cell lines. b, Correlation of 
geometric mean of the mean fluorescence intensity of NKR ligand(s) on different 
CRC lines and targeting by DOT cells, assessed by the increase in the percentage 
of annexin V+ tumor cells upon incubation with DOT cells. Spearman’s correlation 
coefficients (r) and P values are shown. Data are representative of three 
independent experiments. c, Analysis of NKG2D ligand expression, assessed by 
FPKM, in normal colon (n = 41 donors), primary colon cancer (n = 453 donors) and 
AML (n = 151 donors) obtained from TGCA repository. Data are presented as the 
means ± s.e.m. and were analyzed by a Kruskal–Wallis test with Dunn’s multiple-
comparisons test. d, Quantification by flow cytometry of CD69, CD107a and 
TNF expression on DOT cells after 48-h incubation with plate-bound MICA–Fc 
chimera (n = 3 DOT donors). Data were analyzed by a two-tailed unpaired t-test. 
e, SW620 tumor cell death assessed by flow cytometry over a 3-h killing assay, 

performed with freshly thawed DOT cells and DOT cells prestimulated with 
plate-bound MICA–Fc chimera for 48 h (n = 2 DOT donors). Data were analyzed by 
a one-way ANOVA with Tukey’s post hoc test. In d,e, data are one representative 
of three experiments. f, SW620 tumor cell death assessed by flow cytometry 
over a 3-h killing assay performed with DOT cells in the presence of anti-NKG2D 
and anti-DNAM1 blocking antibodies or their isotype controls. Lines connect 
individual DOT donors (n = 7 DOT donors, pool of seven assays). Data were 
analyzed by a repeated-measures one-way ANOVA with Tukey’s post hoc test. 
g, SW620 tumor cell death assessed by flow cytometry over a 3-h killing assay 
performed with control or KLRK1-knockout DOT cells. Data are presented as the 
means of the technical replicates of n = 2 independent experiments and were 
analyzed by a one-way ANOVA with Tukey’s post hoc test. Data in c, d and g are 
presented as the means ± s.e.m. Data in e are presented as the means.

Fig. 5 | Butyrate upregulates NKG2D ligand expression and increases CRC 
targeting by DOT cells. a, Heat maps represent NKR ligand upregulation, 
assessed by flow cytometry in CRC upon 24-h exposure to different molecules. 
The fold change (FC) of expression over control with medium is represented. 
Data are representative of three independent experiments. b, The 3-h killing 
assays against CRC cell lines with or without treating cell lines with butyrate for 
24 h (n = 5 donors, pool of three experiments). Data were analyzed by a one-way 
ANOVA with Tukey’s post hoc test. c, NKG2D ligand upregulation, assessed by 
flow cytometry, in primary tumor specimens from participants with CRC upon 
butyrate exposure for 24 h, represented as the FC of control. d, The 24-h killing 
assay against primary CRC specimens with or without treating tumor cells 
with butyrate for 24 h. Lines connect values from the same participants (n = 6 
participants, pool of four independent assays). e,f, Viability of DOT cells (e) and 
expression of NKG2D, DNAM1 and TNF (f), assessed by flow cytometry, upon 
exposure to different concentrations of butyrate for 3 h. In e and f, lines connect 
values from the same DOT donors (n = 3 donors). Data are one representative 
of two independent experiments, Data in d–f were analyzed by a repeated-

measures one-way ANOVA with Tukey’s post hoc test. g, The 3-h killing assay 
of SW620 with or without butyrate pretreatment and/or anti-NKG2D blocking 
antibodies (n = 3 replicates of tumor alone ± butyrate, n = 6 DOT donors). Data 
are one representative of three independent experiments and were analyzed 
by a one-way ANOVA with Tukey’s post hoc test. h, Schematic representation of 
the administration of 100 mM sodium butyrate in drinking water of intracecal 
SW620 tumor-bearing mice and DOT cell i.v. treatment. i, Representative in vivo 
NKG2D ligand expression in the tumor (gated on alive human Epcam+ tumor 
cells) of control or butyrate-treated mice on day 28 after tumor inoculation, with 
percentages shown. j, CD69 expression, assessed by flow cytometry, on tumor-
infiltrating DOT cells in butyrate-treated (n = 6 mice) and control mice (n = 3 
mice). Data are one representative of two independent experiments and were 
analyzed by an unpaired t-test. k, Kinetics of intracecal SW620 tumor growth 
measured by luciferase signal using in vivo imaging of mice treated as depicted 
in h (n = 6 mice per group). Data are presented as the means ± s.e.m. (pool of two 
independent experiments) and were analyzed by a repeated-measures two-way 
ANOVA with Šidák’s multiple-comparisons test.
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suppressed tumor killing by DOT cells (Fig. 4f). These data indicate a 
dominant role of NKG2D and a milder role of DNAM1 for the CRC target-
ing by DOT cells. Of note, neither NKp30 blockade nor T cell receptor 
(TCR) blockade impaired CRC targeting by DOT cells (Extended Data 
Fig. 5b). To unequivocally demonstrate the importance of NKG2D in this 
process, we generated KLRK1-knockout (the gene encoding NKG2D) 
DOT cells using CRISPR–Cas9 technology, which resulted in the loss 
of NKG2D without compromising the expression of other receptors 
(Extended Data Fig. 5c). In agreement with the anti-NKG2D antibody 

blockade results, NKG2D-deficient DOT cells exhibited impaired kill-
ing of SW620 cells (Fig. 4g), thus affirming the pivotal role of NKG2D 
in CRC targeting by DOT cells.

Butyrate improves NKG2D-mediated CRC targeting by 
DOT cells
We next postulated that enhancing NKG2D ligand recognition could 
improve DOT cell cytotoxicity against CRC. Hence, we screened mol-
ecules known to induce upregulation of NKG2D ligands22, focusing on 
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those with potential relevance in the CRC context, such as commensal 
bacterial metabolites, gut bioavailable molecules and chemotherapy 
agents. Among such candidates, butyrate, a short-chain fatty acid 
(SCFA) derived from the gut microbiota, achieved the highest and 
most consistent upregulation of multiple NKG2D ligands across dif-
ferent CRC cell lines (Fig. 5a). Building on these data, we pretreated 
CRC cells with butyrate for 24 h and then performed 3-h killing assays 
with DOT cells (also in the presence of butyrate). Consistent with the 
reported intrinsic butyrate cytotoxicity against CRC23, 24-h exposure 
to 1 mM butyrate induced some tumor cell death. Nonetheless, prein-
cubation with butyrate clearly increased the susceptibility of CRC lines 
to targeting by DOT cells (Fig. 5b). Even after washing out the medium 
and conducting killing assays in the absence of butyrate, CRC cell lines 
pretreated with butyrate maintained upregulated NKG2D ligands for 
the duration of the killing assay (Extended Data Fig. 6a), resulting in 
sustained increased targeting by DOT cells (Extended Data Fig. 6b). 
Consistent with the cell line data, NKG2D ligand expression was also 
enhanced in participant-derived CRC speciments following 24-h incu-
bation with butyrate (Fig. 5c), leading to increased tumor targeting by 
DOT cells (Fig. 5d).

Considering that butyrate has also been described as an immu-
nomodulatory molecule for effector T cells24, we questioned its impact 
on DOT cell functions. Butyrate was not toxic for DOT cells, as their 
viability was preserved upon exposure to the concentrations used 
in the killing assays (Fig. 5e). In addition to enhancing NKG2D ligand 
expression on CRC cells, butyrate upregulated NKG2D (but not DNAM1) 
and TNF expression in DOT cells in a dose-dependent manner (Fig. 5f), 
without inducing other major changes in receptor repertoire (Extended 
Data Fig. 7a). Notably, while NKG2D levels on DOT cells decreased 
when cocultured with SW620 cells, this effect was more pronounced 
when the tumor cells were exposed to butyrate, suggesting increased 
NKG2D–NKG2D ligand interactions (Extended Data Fig. 7b). Impor-
tantly, we established that the butyrate-induced increase in CRC tar-
geting is mediated by NKG2D as it was fully reversed upon blockade of 
this receptor (Fig. 5g).

To translate these findings in vivo, we administered sodium 
butyrate in the drinking water from the initiation of DOT cell treat-
ment in the SW620 orthotopic xenograft model (Fig. 5h). As predicted, 
increased butyrate levels in the cecum (Extended Data Fig. 8a) upregu-
lated NKG2D ligands in the CRC tumors of mice treated with butyrate 
(Fig. 5i), without showing signs of toxicity (Extended Data Fig. 8b,c). 
Even though the percentage and numbers of tumor-infiltrating 
DOT cells remained unchanged (Extended Data Fig. 8d,e), they showed 
heightened activation, as indicated by increased CD69 expression 
(Fig. 5j) and led to delayed tumor growth in mice treated with butyrate 
compared to controls (Fig. 5k). Thus, butyrate treatment enhances 
NKG2D-mediated recognition of CRC and improves tumor control 
in vitro and in vivo.

Blockade of PD1 and TIGIT enhances DOT cell efficacy
In addition to boosting NKG2D activation, we hypothesized that block-
ing immune checkpoints (Fig. 3) could maximize the anti-CRC functions 
of DOT cells. Among the checkpoint receptors under study, TIGIT and 
PD1 were clearly the most upregulated on DOT cells in vivo (Extended 
Data Fig. 9a), defining a population of tumor-infiltrating PD1+TIGIT+ 
DOT cells (Fig. 3c), which prompted us to investigate their impact 
on DOT cell activities. Compared to their PD1−TIGIT− counterparts, 
tumor-infiltrating PD1+TIGIT+ DOT cells coexpressed higher levels of 
TIM3 while maintaining similar levels of NKG2D and DNAM1 (Fig. 6a). 
The expression of these checkpoint receptors has been linked to activa-
tion rather than terminal exhaustion of Vδ1+ T cells, whose cytotoxic 
potential could be further enhanced through checkpoint blockade4,8,25. 
In alignment, we found PD1+TIGIT+ DOT cells to express higher levels 
of effector molecules, including CD107a, granzyme B and IFNγ, after 
stimulation with PMA and ionomycin (Fig. 6b).

It is well established that tumor cells upregulate inhibitory ligands 
in response to inflammatory cues of the TME such as IFNγ, which repre-
sents an immune evasion mechanism26. Given the significant secretion 
of IFNγ by DOT cells (Extended Data Fig. 1c) and particularly by intra-
tumoral PD1+TIGIT+ DOT cells, we conjectured that they might induce 
the expression of PD1 and TIGIT ligands on tumor cells, potentially 
dampening DOT cell cytotoxicity. Consistent with this hypothesis, 
we observed that IFNγ exposure increased the levels of surface PDL1 
and PVR (PD1 and TIGIT ligands, respectively) on SW620 cells without 
altering Nectin 2 or NKG2D ligands (Extended Data Fig. 9b). Moreover, 
we demonstrated that the presence of DOT cells also triggers PDL1 
expression on SW620 cells in an IFNγ-dependent manner because 
neutralization of DOT cell-derived IFNγ prevented PDL1 expression 
in vitro (Fig. 6c). Interestingly, IFNγ-induced PDL1-expressing SW620 
cells also exhibited heightened levels of PVR (Fig. 6d), which might 
provide negative feedback on PD1+TIGIT+ DOT cells in vivo.

In turn, to assess how PD1 and TIGIT might affect DOT cell cyto-
toxicity, we cultured DOT cells for 24 h in the presence of plate-bound 
PDL1 and PVR. While DNAM1, CD96 and TIGIT compete for binding to 
PVR, their relative expression levels in DOT cells (typically with low 
TIGIT expression) are finely tuned to maintain cytotoxicity. However, 
the increased levels of TIGIT and decreased levels of DNAM1 and CD96 
observed in the CRC context (as depicted in Fig. 3) could tip the balance 
toward an inhibitory function of PVR through TIGIT engagement. In 
CD8+ αβ T cells, PD1 and TIGIT converge to inhibit DNAM1-mediated 
costimulation, with TIGIT competing for its ligand and PD1 inhibiting 
DNAM1 phosphorylation27. In the absence of additional stimulation (in 
addition to IL-15), single binding to PVR or PDL1 minimally impacted 
DOT cell cytotoxicity However, mutual engagement with PVR and PDL1 
markedly reduced granzyme B and perforin production, confirming 
that PDL1 interferes with PVR–DNAM1 activation. When DNAM1 and 
CD96 were blocked, favoring PVR binding to TIGIT, PVR alone damp-
ened granzyme B and perforin production without any additional effect 
of PDL1 (Fig. 6e). Additionally, engagement with PVR and PDL1 also 
diminished NKG2D expression (Extended Data Fig. 9c), thereby affect-
ing not only DNAM1-mediated activation but also NKG2D-mediated 
activation. These findings suggest that PD1 and TIGIT collaborate 
to suppress distinct activation mechanisms and ultimately impair 
DOT cell cytotoxicity.

In alignment, while the individual blockade of either PD1 or TIGIT 
produced minor effects, their combination led to significant increases 
in in vitro killing of SW620 cells (Fig. 7a) and primary CRC samples 
(Fig. 7b). Lastly, to evaluate the impact of checkpoint blockade in vivo, 
we designed a therapeutic approach wherein clinical-grade blocking 
antibodies targeting TIGIT (vibostolimab) and/or PD1 (nivolumab) were 
administered intraperitoneally (i.p.) weekly concurrently with DOT cell 
infusions in orthotopic CRC-bearing mice (Fig. 7c). Effective block-
ade was confirmed by epitope masking and decreased PD1 and TIGIT 
staining in circulating and tumor-infiltrating DOT cells at day 28 after 
tumor inoculation (Fig. 7d and Extended Data Fig. 9d). In agreement 
with the in vitro data, the combination of anti-PD1 and anti-TIGIT treat-
ment maximized (compared to controls and monotherapies) DOT cell 
functions, especially degranulation of cytotoxic granules (CD107a) 
and granzyme B and TNF expression (Fig. 7e). Most importantly, the 
coadministration of anti-PD1 and anti-TIGIT resulted in the most strik-
ing tumor control observed in this study (Fig. 7f), thus supporting the 
application of dual PD1–TIGIT checkpoint blockade in combination 
with adoptive DOT cell transfer for CRC treatment.

Imbalanced receptor repertoire of Vδ1+ TILs in participants 
with CRC
To assess whether the TME had a similar impact (as observed for adop-
tively transferred DOT cells in our xenograft model) on endogenous 
Vδ1+ T cells from participants with CRC, we conducted multicolor 
spectral flow cytometry on matched tumor and blood samples from 
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participants with CRC, as well as blood from healthy controls. Unsu-
pervised hierarchical analysis divided naturally existing Vδ1+ T cells 
into nine distinct clusters on the basis of the expression of inhibitory 
and cytotoxic receptors (Fig. 8a). Whereas similar clusters classified 
blood Vδ1+ T cells from both participants and healthy controls, clus-
ters 7, 8 and 9 were notably enriched in tumor-infiltrating Vδ1+ T cells 
(Fig. 8b). These clusters, characterized by high PD1 expression, also 
coexpressed TIGIT. Additionally, these PD1+TIGIT+ tumor-specific clus-
ters exhibited intermediate levels of NKG2D and CD96, with low levels 
of KLRG1 (Fig. 8c). Among them, cluster 8 expressed the heterodimer 
NKG2A–CD94, while cluster 9 was defined by CD158 (KIR2DL1/S1/S3/S5) 
and CD69 expression, with low DNAM1 levels. We then quantified the 
abundance of Vδ1+ T cells expressing these receptors among the differ-
ent groups analyzed, confirming that PD1+TIGIT+ cells were enriched in 
the tumors. Similar to infused DOT cells, TIGIT was highly expressed in 
both circulating and tumor-infiltrating Vδ1+ T cells, whereas PD1 expres-
sion was restricted to TILs (Fig. 8d) and PD1+TIGIT+ cells coexpressed 
high TIM3 levels (Extended Data Fig. 10a). Outside of KLRG1 being 
highly expressed in circulating cells from participants and controls and 
decreased in tumors, the expression of the remaining inhibitory recep-
tors evaluated showed no significant differences among the groups 
(Extended Data Fig. 10b). Expression of the natural cytotoxicity recep-
tors NKp30, NKp44 and NKp46 was restricted to the Vδ1+ TILs of a few 
individuals (Extended Data Fig. 10b). In contrast, NKG2D and DNAM1 

were substantially expressed in blood Vδ1+ T cells and downregulated 
in CRC tumors, with NKG2D+DNAM1+ cells significantly decreased in 
both circulating and TILs from participants with CRC (Fig. 8d).

In conclusion, these findings reveal a parallel dysregulation of 
cytotoxic and inhibitory receptors in both endogenous Vδ1+ T cells and 
adoptively transferred DOT cells, potentially impairing their antitumor 
functions in the CRC. This suggests that insights gained from study-
ing DOT cells in vivo may be applicable to the clinical setting and the 
strategies developed to enhance DOT cell efficacy in preclinical models 
may hold promise for bolstering endogenous Vδ1+ T cell cytotoxicity 
in persons with CRC.

Discussion
DOT cells are the result of an established clinical-grade Vδ1+ γδ 
T cell-based protocol for adoptive cell therapy12,14,16,17. While all previ-
ous research and development progress was made in the context of 
hematological malignancies14–17, leading to an ongoing clinical trial in 
AML (NCT05886491), the current study positions DOT cells for immu-
notherapy of solid tumors, particularly CRC.

The choice of CRC for a first proof of concept for DOT cells in solid 
cancers was based on a combination of multiple factors. First, Vδ1+ γδ 
T cells have been known for three decades to be a prevalent TIL popula-
tion in CRC28,29. Second, Vδ1+ γδ TILs or PBLs showed anti-CRC cytolytic 
potential ex vivo4, in vitro5,29 and in vivo11 following restimulation. Third, 
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Fig. 6 | PD1 and TIGIT engagement synergistically inhibit DOT cell function.  
a, Expression of NKG2D, DNAM1 or TIM3 in PD1−TIGIT− and PD1+TIGIT+ DOT cells 
in tumors from xenografted mice (n = 5 mice). b, Expression of CD107a, granzyme 
B, IFNγ and TNF in PD1−TIGIT− and PD1+TIGIT+ DOT cells in tumors after 3 h of PMA 
and ionomycin stimulation (n = 6 mice). In a and b, data points from the same 
mice are connected by lines and were analyzed by a two-tailed paired t-test. The 
experiment was performed three times, with similar results. c, PDL1 expression 
on SW620 cells upon 24-h incubation with either rIFNγ DOT cells or DOT cells  
and neutralizing anti-IFNγ antibody, measured by flow cytometry (the means  
of the technical replicates of n = 2 independent experiments are presented).  

Data are presented as the means ± s.e.m. and were analyzed by a one-way 
ANOVA with Tukey’s post hoc test. d, Geometric mean fluorescence intensity 
of PVR levels in PDL1− and PDL1+ SW620 cells upon IFNγ or DOT cell exposure 
(the means of the technical replicates of n = 2 independent experiments are 
presented), measured by flow cytometry and analyzed by a two-tailed paired 
t-test. e, Percentage of DOT cells expressing granzyme B and perforin after 24-h 
incubation with plate-bound PVR and/or PDL1 in the presence or not of anti-
DNAM1 and anti-CD96 blocking antibodies (the means of the technical replicates 
of n = 2 independent experiments are presented).
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Fig. 7 | Blockade of TIGIT and PD1 receptors enhances DOT cell cytotoxicity 
against CRC. a, Increase in the percentage of SW620 tumor cell death, assessed 
by annexin V flow cytometry staining, upon 3-h in vitro incubation with DOT cells 
in the presence anti-PD1 (n = 7 DOT donors), anti-TIGIT (n = 10 DOT donors) or 
anti-PD1 + anti-TIGIT (n = 6 DOT donors) in comparison to isotype controls. Data 
are presented as the means ± s.e.m. (pool of 11 different assays) and were analyzed 
by a two-tailed one-sample t-test against a hypothetical value of 1. b, Increase in 
the percentage of primary tumor cell death (obtained from CD45-depleted CRC 
primary specimens), assessed by caspase 3/7 flow cytometry staining, upon 24-h 
in vitro incubation with DOT cells in the presence of blocking antibodies against 
different checkpoints in comparison to isotype controls. Different symbols 
represent different participant-derived specimens (n = 8 specimens). Data 
were analyzed by a two-tailed one-sample t-test against a hypothetical value of 1 
(data pooled from three assays). c, Schematic representation of the in vivo (i.p.) 
administration of ICB (or isotype control) antibodies concomitant with DOT cell 
infusions (at days 7, 14 and 21 after tumor inoculation) in the intracecal SW620 

model. d, Quantification of TIGIT and PD1 expression on tumor-infiltrating 
Vδ1+ cells at day 28 after tumor injection upon in vivo checkpoint blockade 
(gated on alive human CD45+CD3+TCRVδ1+ cells) (n = 11 control, n = 9 anti-PD1, 
n = 8 anti-TIGIT and n = 4 anti-PD1 + anti-TIGIT mice). Data were analyzed by a 
Kruskal–Wallis test with Dunn’s multiple-comparisons test. e, Flow cytometry 
quantification of CD107a, granzyme B and TNF in tumor-infiltrating DOT cells 
after checkpoint blockade therapy in vivo and after 3 h of PMA and ionomycin 
stimulation and protein translocation inhibitors (n = 11 control, n = 9 anti-PD1, 
n = 8 anti-TIGIT and n = 4 anti-PD1 + anti-TIGIT mice). Data were analyzed by a 
one-way ANOVA with Tukey’s post hoc test. f, Intracecal SW620 tumor growth 
upon DOT cell treatment and checkpoint blockade, measured by luciferase 
signal using in vivo imaging (n = 12 control, n = 10 anti-PD1, n = 10 anti-TIGIT 
and n = 8 anti-PD1 + anti-TIGIT). Data in d–f were pooled from two independent 
experiments and analyzed by a repeated-measures two-way ANOVA with Tukey’s 
multiple-comparisons test. Differences between the different groups on day 28 
are indicated. Data are presented as the means ± s.e.m.
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Fig. 8 | Endogenous Vδ1+ T cells exhibit a dysregulation of checkpoint and 
cytotoxic receptors in CRC tumors. a, The t-distributed stochastic neighbor 
(tSNE) embedding plot of Vδ1+ cells isolated from blood and tumors from 
participants with CRC and blood samples from healthy donors, considering 
the expression levels of NKRs, natural cytotoxicity receptors and inhibitory 
receptors measured by spectral flow cytometry. A stochastic pool of six samples 
per group was used. Left, colors represent the nine clusters automatically 
identified after considering the parameters evaluated. Right, the distribution 
of cells throughout the clusters according to their origin. b, Frequencies of 

the different clusters of Vδ1+ cells among each group; each cluster is depicted 
with the same colors as in a. c, Violin plots show the normalized expression of 
each marker along the different clusters. d, Quantification of expression and 
representative density plots of PD1–TIGIT and NKG2D–DNAM1, represented 
as the percentage of positive cells among alive Vδ1+ cells (n = 11 healthy blood 
samples, n = 8 CRC blood samples and n = 9 CRC tumor samples). Data were 
analyzed by a one-way ANOVA with Tukey’s post hoc test. Data are presented as 
the means ± s.e.m.
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γδ T cells have been associated with good prognosis in large cohorts of 
persons with CRC9,10. Fourth, Vδ1+ γδ T cells were recently identified as 
important contributors to the responses to ICB in persons with mutant 
B2M CRC4. Interestingly, this latter study found Vδ1+ TILs to express 
and use NKRs, especially NKG2D, highlighting the potential of using 
DOT cells as adoptive cell therapy given their heightened expression 
of NKG2D, among other NKRs14.

Recent reports from phase 2 clinical trials demonstrated near 100% 
responses to neoadjuvant ICB in persons with locally advanced MSI 
CRC. However, responses to ICB by persons with MSS CRC, accounting 
for most CRC cases, are extremely rare in metastatic settings, reiter-
ating the need for novel approaches30,31. We now provide evidence 
for a strong and broad reactivity of DOT cells against both MSI and 
MSS CRC cell lines, as well as PDOs, in vitro. This breath of CRC tar-
geting may be accounted by innate sensing through NKG2D, as its 
CRISPR-mediated deletion on DOT cells impaired CRC targeting and 
the expression of NKG2D ligands correlated with the extent of DOT cell 
killing. DNAM1 blockade (and not NKp30) showed a substantial effect 
only when NKG2D was neutralized, suggesting a hierarchical contri-
bution of these two receptors to CRC targeting. This is particularly 
interesting because our previous studies on AML identified DNAM1 
and NKp30 ligands but not NKG2D ligands as the key mediators of 
DOT cell recognition16,17. Consistent with the preferential role of NKG2D 
in CRC (versus AML) recognition by DOT cells, our analysis of TCGA 
data showed increased expression of genes encoding NKG2D ligands 
in primary colon cancer compared to AML samples. Importantly, the 
expression of genes encoding NKG2D ligands was also higher in CRC 
than in healthy colon samples, which provides a mechanism for dis-
crimination of malignant versus normal gut tissue. In fact, our in vivo 
model showed a preferential homing of DOT cells to CRC lesions than 
to neighboring healthy gut tissues.

Notwithstanding the augmented expression of NKG2D ligands 
on many CRC primary samples or cell lines, we observed an intrinsic 
variability that led us to devise a strategy to boost DOT cell activity 
through upregulation of NKG2D ligands. Upon screening molecules 
known to induce such upregulation22, the SCFA butyrate, one of the 
most important metabolites produced by commensal gut microbiota, 
produced the highest and most consistent upregulation of multiple 
NKG2D ligands and its administration (in the drinking water) resulted 
in reduced tumor burden in vivo. These results are in line with the 
reported increased cytotoxic response of CD8+ T cells mediated by 
butyrate in murine CRC models through the promotion of IL-12 signal-
ing24. These and other results, such as the increased butyrate levels in 
the serum of persons with cancer that respond to chemotherapy24, have 
fueled the enthusiasm on the development of therapeutic strategies to 
boost butyrate levels, especially in CRC, because of its anatomic prox-
imity to commensal microbiota. In particular, Clostridium butyricum, 
a butyrogenic gut symbiont has been largely suggested as a potential 
therapeutic intervention for CRC32,33. Our data underscore the poten-
tial for exploring the levels of bioavailable butyrate as a biomarker for 
clinical response to DOT cell therapy.

Another striking observation in our CRC xenograft model 
was the upregulation of the immune checkpoints TIGIT and PD1 in 
tumor-infiltrating DOT cells. Even though these PD1+TIGIT+ DOT cells 
exhibit enhanced cytotoxic markers, the overall DOT cell cytotoxic 
profile was compromised in tumors. Similarly, unsupervised analyses 
identified a significant fraction of Vδ1+ TILs from participants with 
CRC coexpressing both PD1 and TIGIT, which are increased in tumors 
when compared to their circulating counterparts. These results imply 
a comparable imbalance of effector and cytotoxicity versus inhibitory 
receptors in both endogenous Vδ1+ TILs and DOT cells, likely compro-
mising their overall ability to combat tumors. The expression and func-
tion of PD1 on Vδ1+ T cells has been the focus of various recent reports. 
Their overwhelming conclusion is that, in contrast with CD8+ T cells, 
Vδ1+ T cells expressing PD1 are not ‘functionally exhausted’ but instead 

show hallmarks of activation and effector molecules4,8,25,34. Moreover, 
when tested against CRC cell lines or organoids, fluorescence-activated 
cell-sorted and expanded PD1+ γδ T cells, which mostly contained Vδ1+ 
(and to a lesser extent Vδ3+) T cells, displayed increased cytotoxic 
potential compared to PD1− γδ T cells4. Not only in CRC4 but also in renal 
cell25 and Merkel cell carcinoma35, as well as in well-controlled in vitro 
assays in the presence of recombinant (r)PDL1 (ref. 8), these ‘activated’ 
Vδ1+ T cells were unleashed (in terms of antitumor cytotoxicity and 
cytokine production and degranulation) upon anti-PDL1 ICB.

Unexpectedly, we found anti-PD1 ICB (alone) to provide very little 
benefit to adoptive DOT cell therapy. Instead, we observed a marked 
synergy between TIGIT and PD1 blockade both in vitro and, most 
strikingly, in vivo. In fact, TIGIT was the most upregulated immune 
checkpoint on DOT cells upon infusion in our CRC xenograft model. In 
concordance with previous observations25,36 these TIGIT+ cells still bore 
cytotoxic potential as observed by their restored cytotoxic function 
upon checkpoint blockade. Importantly, TIGIT expression was previ-
ously noted as very high on Vδ1+ TILs25,35,36, which we also now confirm 
in circulating Vδ1+ T cells from persons with CRC, suggesting not only 
that the expression levels that we observed in our in vivo model are 
physiological but also that Vδ1+ T cells in individuals with cancer may 
bear cytotoxic potential if their response is properly unleashed.

Recent work on human CD8+ T cells highlighted a cooperation 
between PD1 and TIGIT in promoting suppression and exhaustion. 
On the one hand, stem-like PD1+TIGIT+ progenitors are committed to 
the generation of dysfunctional memory cells37. On the other hand, 
TIGIT–PD1 synergy in ICB indicated that both PD1 and TIGIT converge to 
negatively regulate DNAM1 costimulation27. While TIGIT limits DNAM1 
costimulation by competing for their common ligand PVR, PD1 inhibits 
phosphorylation of both DNAM1 and CD28 through its immunorecep-
tor tyrosine-based inhibitory motif-containing intracellular domain. 
Thus, maximal antitumor CD8+ T cell responses require blockade of 
both TIGIT and PD1, arguing for combinatorial targeting in the clinic27. 
In agreement, we found that engagement of both PD1 and TIGIT is 
required to reduce granzyme B and perforin in DOT cells while also 
reducing NKG2D expression. Of note, a phase 2 clinical trial showed 
improvement in overall response rate and progression-free survival in 
persons with nonsmall cell lung cancer who received a combination of 
anti-PDL1 and anti-TIGIT antibodies38. Our data here show that the same 
principle applies to DOT cells in preclinical models of CRC.

Altogether, this study paves the way for testing DOT cell-based 
products in combinatorial approaches for CRC while provoking fur-
ther research in other solid cancers for which immunotherapy is yet 
to provide substantial clinical benefit.

Methods
Ethical statement
This investigator-initiated study was conducted in accordance with 
the principles of the Declaration of Helsinki and the International Con-
ference on Harmonization Good Clinical Practice guidelines and was 
approved by the ethics committee of Centro Académico de Medicina 
de Lisboa (numbers 329/20 and 329/20/21A). All participants included 
in the study provided written informed consent before sample collec-
tion. Participants were not compensated for study participation. Mouse 
experiments performed in this study were evaluated and approved 
by our institutional ethical committee (iMM-Orbea) and the national 
competent authority (Direção-Geral de Alimentação e Veterinária) 
under the license number 0421/000/000/2023.

Participant samples
CRC tumor specimens from participants (42% women, aged 
63 ± 11 years) were prospectively collected by colonoscopy and before 
treatment between January 2023 and March 2024 from the Hospital 
Santa María. In addition, a blood sample was collected from the same 
participants and peripheral blood mononuclear cells (PBMCs) were 
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cryopreserved at the biobank of the Gulbenkian Institute for Molecular 
Medicine. In parallel, blood samples from 11 randomized sex-matched 
and age-matched healthy donors from the biobank were analyzed. All 
individuals included in this study provided informed consent and the 
study was approved by the institutional ethics committee in accord-
ance with the Declaration of Helsinki.

From dissection to processing, the tumor specimens were main-
tained in DMEM (Gibco) with 5% penicillin–streptomycin (Gibco), 5% 
fungizone–amphotericin B (Gibco), 0.2% gentamicin (Gibco) and 0.1% 
metronidazole (Duchefa Biochemie). Within the first 3 h after collec-
tion, tumor biopsies were cut into 1–2-mm3 pieces and cryopreserved in 
CryoStor CS10 cell cryopreservation medium (Merck) in liquid nitrogen 
until used. Tumor specimens were chosen randomly for the different 
assays performed.

Seven PDOs and tumor-infiltrating leukocytes, expanded from 
participants with CRC (four MMR-p/MSS and three MMR-d/MSI) at the 
Leiden University Medical Center as described below, were included 
in this work. Participant samples were anonymized and processed in 
compliance with the medical ethical guidelines outlined in the Code 
of Conduct for Proper Secondary Use of Human Tissue by the Dutch 
Federation of Biomedical Scientific Societies.

DOT cell expansions
DOT cells were generated as previously described, with minor modifica-
tions. PBMCs were isolated from buffy coats of healthy volunteers using 
Ficoll–Hypaque gradient centrifugation. Buffy coats were obtained 
from the Instituto Português do Sangue e da Transplantação with insti-
tutional approval. PBMCs were depleted of αβ T cells by incubation with 
anti-TCRαβ biotin, followed by anti-biotin microbeads and magnetic 
separation using LS columns (Miltenyi Biotec). DOT cells were derived 
from αβ-depleted PBMCs cultured on the G-REX platform (Wilson Wolf 
Manufacturing) with OpTmizer-CTS medium, supplemented with 2.5% 
heat-inactivated human plasma, 2 mmol L−1 l-glutamine, 50 U per ml 
penicillin and 50 µg ml−1 streptomycin. On day 0, cultures received 
rIL-4 (100 ng ml−1), rIFNγ (70 ng ml−1), rIL-21 (7 ng ml−1), rIL-1β (15 ng ml−1) 
(all from PeproTech) and anti-CD3 (OKT3, 140 ng ml−1; BioLegend). On 
day 7, rIL-21 (13 ng ml−1), rIL-15 (70 ng ml−1) and anti-CD3 (1 µg ml−1) were 
added. On day 11, fresh medium was added with rIL-15 (100 ng ml−1) 
and anti-CD3 (1 µg ml−1). Cells were incubated at 37 °C, 5% CO2. On day 
14, DOT cells were harvested, cryopreserved in CryoStor (Merck) and 
stored in liquid nitrogen. Only expansions exceeding 65% Vδ1+ T cells 
were used.

CRC PDOs
PDOs were derived from both MMR-p/MSS and MMR-d/MSI CRC  
tumors through resection from the colon.

For the establishment of the respective organoids from tumor 
samples, tumor tissue was mechanically dissociated with collagenase 
D and DNase I (Roche) for 30 min at 37 °C. Cells were embedded in 
cold Matrigel reduced growth factor basement membrane extract 
type C2 (Corning). Drops of around 1 cm2 of Matrigel containing 
tumor cells were placed on a prewarmed 12-well plate. Matrigel was 
solidified at 37 °C for 20 min. When solidified, CRC organoid medium 
(described below) was added to the plates to cover the Matrigel drops 
and plates were placed into the incubator. Organoids were passaged 
every 1–2 weeks on the basis of their growth rate by incubating them 
in TrypLE Express (Gibco) for 5–10 min before re-embedding in 
β-mercaptoethanol. To prevent microbial contamination, 1× Primocin 
(Invivogen) was added during the first 2 weeks of culture.

CRC organoid medium consisted of advanced DMEM/F12 
(Gibco) supplemented with 2 mM ultraglutamine I (Lonza), 10 mM 
HEPES (Sigma), 100 U per ml penicillin and streptomycin (Gibco), 
10% Noggin-conditioned medium (Peprotech), 20% R-spondin 
1-conditioned medium (Peprotech), 1× B27 supplement without 
vitamin A (Gibco), 1.25 mM N-acetylcysteine (Sigma-Aldrich), 10 mM 

nicotinamide (Sigma-Aldrich), 50 ng ml−1 human rEGF (Peprotech) and 
500 nM A83-01 (Tocris).

Mutations in hotspots across oncogenes and tumor suppres-
sor genes were determined by making use of the molecular diagnos-
tic pipeline at the Leiden University Medical Center (Department of 
Pathology) (Supplementary Table 1). The description of the cancer 
hotspot panel is available online (https://www.palga.nl/media/uploads/ 
pdf/4/9/496_102-chpv6-lumc.pdf).

TIL expansions
TIL expansion was carried out by culturing CRC tumor fragments in 
a 24-well plate using complete IMDM, which included IMDM (Lonza 
BioWhittaker), 5% heat-inactivated pooled human serum (Sanquin), 
100 IU per ml penicillin, 100 μg ml−1 streptomycin, 4 mM l-glutamine 
(Lonza BioWhittaker) and 1,000 IU per ml rIL-2 (Aldesleukin, Novartis). 
After 14–21 days, TILs were isolated and cryopreserved for future use. 
To increase T cell numbers before reactivity assays, a rapid expansion 
protocol was applied. TILs were cultured with rIL-2 (3,000 IU per ml), 
OKT3 (30 ng ml−1; Miltenyi Biotec) and irradiated feeder cells (40 Gy, 
100–200-fold excess) for 4–5 days. Feeder cells were PBMCs obtained 
from healthy donor blood provided by Sanquin. The culture was main-
tained for up to 2 weeks in T cell medium supplemented with rIL-2 
(3,000 IU per ml).

In vitro killing assays
All CRC cell lines, COLO-320DM (CCL-220), DLD1 (CCL-221), HCT116 
(CCL-247), HT29 (HTB-38), SW480 (CCL-228) and SW620 (CCL-227), 
were obtained from the American Type Culture Collection. Cell lines 
were grown in RPMI-1640 (Gibco) with 10% FBS and 1% penicillin–
streptomycin with 5% CO2 at 37 °C. For killing assays, trypsinized CRC 
cells were stained with CellTrace Violet (Thermo Fisher Scientific) in 
PBS and washed before being cocultured with DOT cells at a 5:1 ratio 
of effector to target for 3 h in the presence of 100 ng ml−1 IL-15 (Pepro-
tech). All killing assays were performed in RPMI-1640 (Gibco) with 10% 
FBS (Gibco), 1% HEPES (Gibco), 1% pyruvate (Gibco), 1% CTS Glutamax 
(Gibco), 1% MEM nonessential amino acids (Gibco) and 0.2% Mycozap 
(Lonza), hereafter referred to as complete RPMI. Cells were stained with 
annexin V (AlexaFluor 647, BioLegend) and analyzed in LSR Fortessa 
(BD Biosciences). Data were analyzed with FlowJo software (Tree Star).

For primary CRC specimens, samples were processed as described 
previously39; cryopreserved tumor pieces were digested with liberase 
(Roche) and DNAse I (Roche) in RPMI-1640 (Gibco) for 30min at 37 °C 
with agitation. The preparations were passed through a 70-μm filter 
with the help of a syringe piston and washed with RPMI-1640 with 10% 
FBS and 1% penicillin–streptomycin. Single-cell suspensions were 
stained with anti-human CD45 monoclonal antibody conjugated to 
biotin (clone 2B11, Invitrogen) for 10 min at 4 °C. After washing with 
PBS, cells were incubated with anti-biotin microbeads (Miltenyi Biotec) 
followed by magnetic depletion of CD45+ cells using LD columns (Milte-
nyi Biotec) following the manufacturer’s instructions. Subsequently, 
CD45-depleted tumors were stained with CellTrace Violet (Thermo 
Fisher Scientific) and washed before coincubation with DOT cells at 
a 5:1 ratio of effector to target in complete RPMI in the presence of 
100 ng ml−1 IL-15 (Peprotech) for 24 h. Then, cells were stained with cas-
pase 3/7 green (Invitrogen) and analyzed in Fortessa (BD Biosciences). 
Data were analyzed with FlowJo software (Tree Star).

For CRC PDOs, growing PDOs were dissociated using TrypLE 
Express (Gibco) for 10–15 min at 37 °C. Tumor cells were plated in a 
U-bottom 96-well plates in the presence or absence of autologous 
expanded TILs (overnight reactivated with 25 IU per ml IL-2) and allo-
geneic DOT cells (overnight reactivated with 10 ng ml−1 IL-15) at a 5:1 
ratio of effector to target in complete IMDM for 24 h. Then, cells were 
stained for surface markers followed by caspase 3/7 green (Invitrogen) 
staining and analyzed in Cytek Aurora (Cytek Biosciences). Data were 
analyzed with FlowJo software (Tree Star).
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In receptor blockade assays, DOT cells were preincubated for 
15 min at 4 °C with 20 µg ml−1 of either different monoclonal blocking 
antibodies or equimolar isotype controls, including anti-NKG2D (clone 
1D11, BD Biosciences), anti-DNAM1 (clone 11A8, BioLegend), anti-NKp30 
(clone P30-15, BioLegend), anti-TCRVδ1 (clone TS-1), anti-TIGIT (clone 
A15153G, BioLegend), anti-PD1 (nivolumab, SelleckChem), IgG1 (clone 
MOPC-21, BioLegend), IgG2a (clone MOPC-173, BioLegend) and IgG4 
(clone S228P, MedChemExpress).

DOT cell suppression in vitro assays
To assess the inhibitory functions of PD1 and TIGIT on DOT cells, p96 
wells were coated with 10 µg ml−1 rCD155/PVR–Fc chimera (BioLeg-
end) and/or rPDL1–Fc chimera (R&D Systems). After washing three 
times with complete RPMI, 2 × 105 DOT cells were seeded overnight 
on top in complete RPMI supplemented with 1 ng ml−1 IL-15, with or 
without 10 µg ml−1 anti-DNAM1 (clone 11A8, BioLegend) and anti-CD96 
(NK92.39, BioLegend) in the presence of 1% brefeldin A (Merck) and 
0.1% monnensin (Invitrogen).

Orthotopic CRC model
Female nonobese diabetic mice transgenic for human IL-15 were 
acquired from Taconic (8–14 weeks old; NOD.Cg-Prkdcscid Il2rgtm1Sug 
Tg(CMV-IL-2/IL-15)1-1Jic/JicTac). Orthotopic GFP + luciferase + SW620 
implantation was performed as described previously40. Mice were 
housed in rooms with a light–dark cycle of 14 h and 10 h, respectively, 
at a temperature of 22–24 °C and relative humidity of 45–65% in 
specific-pathogen-free animal holding rooms of the GIMM Rodent 
Facility. Mice were anesthetized with 3% isoflurane in oxygen, admin-
istered through the nose cone. The cecum was exposed and 105 SW620 
cells in 20 μl of PBS were carefully inoculated in the cecal serosa, 
between the epithelial layers of the cecal wall. After confirmation of 
successful injection by visualization of a liquid bubble at the site of 
injection, the cecum was returned to the abdominal cavity. After stitch-
ing, 100 μl of a 0.3 mg ml−1 buprenorphine solution was subcutaneously 
administered for analgesia.

Before treatments (day 7 after surgery) and at the indicated time 
points, tumor growth was measured in an IVIS Lumina fluorescence 
and bioluminescence imaging system (Caliper, LifeSciences). In brief, 
mice were anesthetized with an i.p. injection of 200 μl of anesthesia 
(7.5 mg ml−1 ketamine and 0.1 mg ml−1 medetomidine in water). Then, 
abdominal fur was removed and 200 μl of 15 mg ml−1 of XenoLight 
d-luciferin–K+ salt bioluminescent substrate (Revvity) was injected i.p. 
After 7 min, luminescence was measured with 30 and 60 s of exposure. 
Then, 200 μl of 0.1 mg ml−1 Antisedan (Esteve) were administered i.p. 
for recovery. Luminescence was analyzed by Living Image 3.0 Software. 
The tumor size was then quantified as the photons released per second. 
Given that tumors grow intracecally, humane endpoints were defined 
on the basis of the assessment of body condition and physical appear-
ance and not on tumor size. In this study, humane endpoints were not 
reached because mice were killed for analysis before symptoms of 
disease were detected.

In vivo DOT cell treatments
After confirmation of tumor implantation by lumina, mice were ran-
domly assigned to the different treatment groups. In vivo administra-
tion of DOT cells was performed i.v. in 100 μl of Optimizer (Gibco). In 
tumor infiltration kinetics, only one shot of 107 DOT cells was adminis-
tered 3 weeks after tumor implantation and mice were killed at differ-
ent time points after DOT cell infusion. For therapy experiments, 107 
DOT cells were infused weekly starting day 7 after tumor implantation 
and only after confirmation of tumor detection and tumor growth 
was monitored over time. When indicated, 100 mM sodium butyrate 
(Sigma) with 1.5% sucrose or 1.5% sucrose only (for control counter-
parts) was concomitantly administered in the drinking water, replac-
ing the water bottles every 2–3 days. For ICB, mice were i.p. injected 

with 50 μg of anti-TIGIT (vibostolimab, Selleckchem) and/or 200 μg 
of anti-PD1 (nivolumab, Selleckchem) or 50 μg of IgG1 (Selleckchem).

Mouse organ processing for in vivo DOT cell analyses
Mice were killed by CO2 narcosis at the indicated time points after 
tumor inoculation and the tumor, blood, spleen, liver, mesenteric 
lymph nodes, small intestine and remote colon were collected for 
analysis of DOT cell infiltration and/or phenotype.

Tumors were chopped into small fragments and then incubated 
with 0.05 mg ml−1 collagenase IV (Roche) and 1 mg ml−1 DNAse I (Roche) 
for 30 min at 37 °C with 900 rpm agitation in 5 ml of complete IMDM 
(Gibco) containing 20% FBS, 1% penicillin–streptomycin, 1% ampho-
tericin B (Gibco) and 0.1% 50 mg ml−1 Gentamicin (Gibco). Then, 
single-cell tumor suspensions were passed through a 70-μm filter with 
the help of a syringe piston, washed with complete IMDM (Gibco) and 
resuspended in the volume adequate for flow cytometry.

Healthy colon and small intestine tissues were flushed with PBS 
to remove contents and then opened longitudinally. After being cut 
into 1-cm pieces, the tissues were incubated at 37 °C for 30 min in PBS 
containing 20 mM HEPES (Gibco), 100 U per ml penicillin (Gibco), 
100 µg ml−1 streptomycin (Gibco), 1 mM pyruvate (Gibco), 10% FCS, 
100 µg ml−1 polymyxin B (Merck) and 10 mM EDTA (Invitrogen) while 
shaking (15 min at 220 rpm and then reduced to 110 rpm) to release 
intraepithelial leukocytes (IELs). The IEL suspension was then purified 
using a 37.5% Percoll gradient (Cytiva) and centrifuged at 700g for 
10 min without braking to remove fat tissue. Finally, cells were washed 
with PBS before proceeding with flow cytometry staining.

Single-cell suspensions of the spleen, liver and blood were incu-
bated with red blood cell lysis buffer (BioLegend) before flow cytometry 
staining.

Flow cytometry
Single-cell suspensions were incubated in PBS with fluorescently 
labeled monoclonal antibodies against the different surface mark-
ers for 20 min at 4 °C in the dark. For intracellular markers (cytolytic 
granules and cytokines), cells were fixed and permeabilized for intra-
cellular staining with Foxp3 staining buffer set (Invitrogen) following 
the manufacturer’s instructions. When indicated, cells were stimulated 
with 0.2 μg ml−1 PMA (Merck) + 1 μg ml−1 ionomycin (Merck) in the pres-
ence of 10 μg ml−1 brefeldin A (Merck) + 0.1% monensin (Invitrogen) 
for 3 h at 37 °C before surface staining for the evaluation of functional 
intracellular markers.

Flow cytometry acquisition was performed on a BD LSRFortessa 
X-20 Cell Analyzer (BD Biosciences), BD FACSymphony A5 SE (BD Bio-
sciences) or Cytek Aurora (Cytek) and data were analyzed with FlowJo 
10 software (TreeStar). BD FACSDIVA software version 9.0 was used for 
collection of flow cytometry data. The FlowJo plugin X-shift (version 
1.4.1) was used to classify endogenous Vδ1 T cells in different clusters.

For imaging flow cytometry, DOT cells were labeled with CellTrace 
CFSE (Invitrogen) and tumor cells were labeled with CellTrace Yellow 
(CTY, Invitrogen) for 10 min at room temperature before a 1-h coincu-
bation. Cells were then fixed with 1.5% paraformaldehyde and stained 
with phalloidin AF660 (Invitrogen) during the permeabilization step 
using PBS containing 0.1% Triton X-100 and 2% FBS. Before acquisition 
on the Amnis ImageStreamX (Luminex), DAPI was added. Data were 
analyzed using IDEAS software.

All antibodies and dyes used for flow cytometry are listed in Sup-
plementary Table 2.

Generation of KLRK1−/− DOT cells
Two single guide RNAs targeting the KLRK1 gene (KLRK1 number  
1: 5′-ATATCCAGTTTTTAGGACAT-3′ and KLRK1 number 2: 5′-GCTG 
TATACTTTCAGAAGGC-3′) were designed using the CRISPOR algo 
rithm41 (https://crispor.gi.ucsc.edu/). Corresponding Alt-R CRISPR  
RNAs (crRNAs) were obtained from Integrated DNA Technologies  
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(IDT) along with a nontargeting control crRNA and resuspended to  
200 µM in TE buffer. crRNAs were then equally mixed with 200 µM Alt-R  
trans-activating crRNA (IDT), annealed by heating for 5 min at 95 °C  
and cooled to room temperature. These dual gRNAs were individu 
ally mixed with 10 µg of Alt-R S.p-Cas9HIFIv3 (IDT) with a 1.6 ratio of  
gRNA to Cas9. CRISPR–Cas9 knockout was performed cotransfecting  
with both Cas9 and gRNA ribonucleoproteins as described by Oh 
et al.42 in 10 million cells. KLRK1 knockout efficiency was evaluated 
96 h after transfection according to a lack of expression of NKG2D by 
flow cytometry.

Upregulation of ligands on tumor cells
For NKG2D ligand upregulation, tumor cells were pretreated for 24 h 
with 1 mM sodium butyrate (Sigma-Aldrich), 1 mM valproic acid (Merck, 
PHR1061-1G), 5 µM retinoic acid (Merck, R2625-1G) or 5 nM bortezomib 
(Merck Millipore, 504314) in complete RPMI.

For evaluation of IFNγ on PD1 and NKR ligand expression, SW620 
cells were cultured for 24 h in complete RPMI in the presence of 
10 ng ml−1 human rIFNγ (Preprotech) or DOT cells in a 1:1 ratio of DOT 
to tumor with or without 10 µg ml−1 anti-human IFNγ (clone NIB42, 
Invitrogen).

SCFA measurement
Cecal contents were collected after 3 weeks of butyrate supple-
mentation in the drinking water. Sample analysis was performed by 
MS-Omics as follows. Samples were acidified with hydrochloric acid 
and deuterium-labeled internal standards were added. All samples 
were analyzed in a randomized order. A high-polarity column (Zebron 
ZB-FFAP, GC Cap; 30 m × 0.25 mm × 0.25 µm) was used for analysis 
on a gas chromatograph (7890B, Agilent) coupled with a quadrupole 
detector (5977B, Agilent). The system was controlled by ChemStation 
(Agilent). Raw data were converted to netCDF format using ChemSta-
tion and then imported and processed in Matlab R2021b (MathWorks) 
using the PARADISe software, as described by Johnsen et al.43.

TCGA gene expression
Data were downloaded using TCGA links for the projects TCGA-COAD 
(colon adenocarcinoma) and TCGA-LAML (AML). The gene expression 
was compared within and across datasets after normalization using the 
fragments per kilobase of transcript per million mapped reads (FPKM).

Statistics and reproducibility
For statistical analysis, the normality of the distributions was assessed 
using the Shapiro–Wilk test. For normally distributed data, an unpaired 
Student’s t-test (or paired t-test for matched samples) was used for 
two-group comparisons or a one-way analysis of variance (ANOVA) 
with Tukey’s multiple-comparisons test was used for comparisons 
involving more than two groups. For non normal distributions, the 
Mann–Whitney U-test was used for two-group comparisons and the 
Kruskal–Wallis test with Dunn’s multiple-comparisons test was used 
for multiple groups. In kinetic experiments or when two pairs of groups 
were analyzed, a two-way ANOVA with Šidák’s multiple-comparisons 
post hoc test was applied. Spearman’s correlation coefficient was used 
to assess the relationship between continuous variables. Data analy-
sis was performed using GraphPad Prism 8.0 (GraphPad Software).  
P values less than 0.05 were considered significant and are presented 
in the figures.

Sample size was determined throughout the paper on the basis 
of our experimental observation and experience to guarantee reliable 
and reproducible results. In the case of human samples, sizes of experi-
ments and analyses were determined by the availability of recruited 
participant samples at the time of analysis. Sample size is indicated 
in the figure legends accordingly. No data points meeting technical 
quality standards were excluded from the analyses. Data collection and 
analysis were not performed blind to the conditions of the experiments.

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

Data availability
All TCGA data used in this study were obtained from the publicly avail-
able official websites of the project (http://cancergenome.nih.gov 
and https://portal.gdc.cancer.gov/). Additional data supporting the 
findings of this study are available from the corresponding authors on 
reasonable request. Source data are provided with this paper.

Code availability
No custom code was generated for this study.
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Extended Data Fig. 1 | DOT-cell phenotype. (a) Density plots represent an 
example of the purity of γδ T cells and Vδ1+ T cells after DOT cell expansion/
differentiation from PBMCs from healthy volunteers (b) Representative 
percentages of NKG2D, DNAM-1 and NKp30, gated on Vδ1+ T cells. (c) 

Degranulation (CD107a), Granzyme B and Perforin production and cytokine 
expression after 3h PMA/Ionomycin stimulation in the presence of protein 
translocator inhibitors in a representative DOT donor.

http://www.nature.com/natcancer


Nature Cancer

Article https://doi.org/10.1038/s43018-025-00948-9

Extended Data Fig. 2 | DOT cells establish immunological synapses with both 
MSI and MSS CRC cells lines. (a) Representative images of image flow cytometry 
data of immunological synapses formed between DOT cells and different CRC 
cell lines. (b) Quantification of filamentous actin (F-actin) signal within the area 

of interaction between DOT cells and tumor cells (n= 88 HCT116, n= 64 DLD1, 
n=183 SW620, n= 89 COLO320 doublets), compared with the signal in DOT:DOT 
cell doublets (n= 183 doublets). Data represented as means ± SEM and were 
analyzed with Kruskal-Wallis with Dunn’s multiple comparisons test.

http://www.nature.com/natcancer


Nature Cancer

Article https://doi.org/10.1038/s43018-025-00948-9

Extended Data Fig. 3 | In vivo expression of inhibitory, activation and 
cytotoxicity receptors in DOT cells. Flow cytometry density plots show 
representative percentages of DOT cells before infusion and in the tumor and 
in the blood 14 days after infusion into intercaecal SW620-bearing mice, after 

gating on alive human CD45+CD3+Vδ1+ cells (a) Surface markers were stained 
in fresh. (b) CD107a and intracellular staining were stained after 3h of PMA/
Ionomycin stimulation in the presence of Brefeldin A and Monensin.
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Extended Data Fig. 4 | DNAM-1 and NKp30 ligand expression in colon cancer. (a) Expression of DNAM-1 and NKp30 ligands in colon cancers (n= 453 patients) versus 
healthy colon tissue (n= 41 donors). Data represented as means ± SEM and were analyzed by two-tailed Mann-Whitney U-test.
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Extended Data Fig. 5 | NKG2D is important for CRC targeting by DOT cells. 
(a) Mean fluorescence intensity (MFI) and percentage of NKG2D+ cells in DOT 
cells after incubation with plate-bound MICA Fc-chimera for 48h (n= 3 technical 
replicates from the same donor). Two-tailed unpaired t-test. One representative 
out of two independent experiments. (b) 3h-Killing assay of SW620 cells 
incubated with medium (tumor alone, n= 6 DOT donors) or with DOT cells in the 
presence of either αNKp30 (n= 6 technical replicates), αTCRVδ1 (clone TS-1) (n= 6 
DOT donors) or αTCRγδ (clone B.1) (n= 6 DOT donors) blocking antibody or their 

isotype controls (n=5 DOT donors left, and n=6 DOT donors right), quantified by 
flow cytometry Annexin V staining. Data points represent individual replicates 
from two DOT donors. One-way ANOVA with Tukey’s post-hoc test. Pool of three 
independent experiments. Data represented as means ± SEM. (c) Phenotype 
of NKG2D-/- DOT cells and CRISPR-Cas9 controls. Representative percentage 
of CD3+Vδ1+ cells after gating on alive cells is shown. Histograms represent 
expression of different receptors after gating on Vδ1+ cells.
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Extended Data Fig. 6 | Butyrate enhances DOT-cell targeting of CRC cells. (a) 
Expression of NKG2D ligands in SW620 cells, assessed by flow cytometry, with or 
without exposure to butyrate for 24h and with (right) or without (left) additional 
3h-exposure to butyrate (n= 2 technical replicates). One representative out 
of three independent experiments with similar results. (b) Different CRC cell 

lines were pre-treated with butyrate (for 24h) and then a 3h-killing assay was 
performed in the absence of butyrate. Each point represents individual DOT 
donors (n= 4 DOT donors for COLO320, n= 5 DOT donors for DLD1 and SW620). 
One-way ANOVA with Tukey’s post-hoc test. One representative out of three 
independent experiments.
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Extended Data Fig. 7 | Butyrate favors NKG2D-NKG2D-L interactions. (a) DOT-
cell receptor repertoire in the presence or absence of butyrate for 3h. Individual 
DOT cell donors are connected with lines (n= 3 DOT donors for CD96; n= 6 DOT 
donor for PD-1, LAG-3, CD107a, TIGIT and TIM3; n= 7 DOT donors for NKG2D, 
DNAM-1 and CD69). Analyzed by repeated-measures one-way ANOVA with 

Tukey’s post-hoc test. Pool of three assays. (b) NKG2D+ DOT cells, assessed by 
flow cytometry, in contact with SW620 cells that were or were not pre-incubated 
for 24h with butyrate. Data represented as means ± SEM of technical replicates, 
symbols depict different DOT donors (n= 3 DOT donors). One-way ANOVA with 
Tukey’s post-hoc test.
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Extended Data Fig. 8 | Butyrate administration is safe and does not impact 
DOT-cell infiltration in the tumor. (a) Levels of short-chain fatty acids in the 
cecal content of mice treated with butyrate (100 mM) and sucrose (1.5%) in the 
drinking water or control mice receiving with only sucrose, three weeks after 
treatment onset (n= 4 mice per group). Two-way ANOVA with Sidak’s multiple 
comparisons test. (b) Percentage of body weight change over time (versus the 
initial weight) of mice treated with butyrate in the drinking water or control mice 
(n =4 mice per group), Data represented as means ± SEM. (c) Representative 

images of the intestinal track of control and butyrate treated mice, 30 days after 
tumor inoculation and 21 days after treatment onset. (d) Percentage of DOT 
cells, assessed by human CD45 expression by flow cytometry, in the blood and 
tumor of butyrate-treated mice (n= 5 mice) and controls (n= 4 mice) at day 28 
post intercaecal SW620-inoculation. One representative out of two independent 
experiments. (e) DOT-cell numbers per mg of tumor at day 28 post intercaecal 
SW620 cell-inoculation (n= 4 mice treated with DOTs, n= 5 mice treated with 
DOTs + Butyrate). Data represented as means ± SEM.
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Extended Data Fig. 9 | IFNγ exposure upregulates PD-L1 and PVR levels 
on SW620 cells. (a) Differential expression, assessed by flow cytometry, of 
checkpoint receptors on DOT cells infiltrating the intercaecal SW620 tumors and 
before infusion, represented as fold change of positive cells in the tumor versus 
pre-injection. (b) Heatmap shows the surface expression of different ligands 
with or without exposure to IFNγ for 24h (n= 6 replicated plate wells). The color 
scale represents the Z-score of the geometric mean of fluorescence intensity. 
Two-way ANOVA with Sidak’s multiple comparisons test. One representative 

out of two independent experiments. (c) NKG2D levels after 24h incubation 
with plate-bound PVR and or PD-L1 in the presence or not of αDNAM-1/αCD96 
blocking antibodies (mean of technical replicates from n=2 independent 
experiments). Analyzed by one-way ANOVA with Tukey’s post-hoc test. Data 
represented as means ± SEM. (d) Representative flow cytometry density plots of 
PD-1 and TIGIT expression in blood and tumor-infiltrating DOT cells, at day 28 
after tumor injection upon in vivo checkpoint blockade (gated on alive human 
CD45+CD3+TCRVδ1+ cells).
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Extended Data Fig. 10 | Receptor repertoire of endogenous Vδ1+ T cells in 
CRC. (a) Expression of TIM3 in PD1-TIGIT- and PD1+TIGIT+ Vδ1+ T cells in blood 
and tumors from CRC patients (connected points of n =7 patients). Data were 
analyzed by two-tailed paired t-test. (b) Quantification of expression of different 
inhibitory and cytotoxic receptors in blood from healthy controls and blood and 

tumors from CRC patients (n= 11 samples), represented as percentage of positive 
cells among alive Vδ1+ cells. Data analyzed by one-way ANOVA with Tukey’s post 
hoc test or Kruskal-Wallis with Dunn multiple comparisons test. Representative 
of three independent experiments.
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