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Dysfunctional tumor-infiltrating Vδ1+T
lymphocytes in microsatellite-stable
colorectal cancer
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Although γδ T cells are known to participate in immune dysregulation in solid
tumors, their relevance to humanmicrosatellite-stable (MSS) colorectal cancer
(CRC) is still undefined. Here, using integrated gene expression analysis and T
cell receptor sequencing, we characterized γδ T cells in MSS CRC, with a focus
on Vδ1 + T cells. We identified Vδ1+ T cells with shared motifs in the third
complementarity-determining region of the δ-chain, reflective of antigen
recognition. Changes in gene and protein expression levels suggested a dys-
functional effector state of Vδ1+ T cells inMSSCRC, distinct fromVδ1+ T cells in
microsatellite-instable (MSI). Interaction analysis highlighted an immunosup-
pressive role of fibroblasts in the dysregulation of Vδ1+ T cells in MSS CRC via
the TIGIT-NECTIN2 axis. Blocking this pathway with a TIGIT antibody partially
restored cytotoxicity of the dysfunctional Vδ1 phenotype. These results define
an operative pathway in γδ T cells in MSS CRC.

Immune checkpoint blockade has revolutionized cancer treatment1.
Colorectal cancer (CRC) can be classified into microsatellite instable
(MSI) andmicrosatellite stable (MSS) cancers thatdiffer in their clinical
course and response to treatment. Only MSI CRC benefit from tar-
geting the PD-1/PDL1 or CTLA-4 axis2. Recently, Vδ1 + T cells were
found to be highly relevant in advancing anti-tumor effector functions
after checkpoint therapy in HLA class I-negative MSI CRC, under-
pinning the potential of γδ T cells in CRC immunotherapy3. Since MSS
CRC comprises the majority of all CRC, the discovery of next-
generation immunotherapies for MSS CRC is of critical importance
to a large patient group4.

In an attempt to decipher immunologic mechanisms, a large
computational study analyzed a broad range of distinct carcinomas
including CRC and summarized that the best correlate of overall sur-
vivalwas a γδT cell gene signature5. Asfirst-line effector cells, γδTcells
recognize infected and transformed cells in infection and cancer
rapidly in a major histocompatibility complex-unrestricted manner.
On their surface, γδ T cells are positive for the γ and δ chains of the T
cell receptor (TCR) in contrast to most other human T cells, which
express αβ TCR chains6,7. Different subsets of γδ T cells are defined by
varying usage of the TCR δ chain, of which Vδ1 and Vδ3 chains are
considered to be expressed by “tissue-resident” γδT cells, whereas the
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Vδ2 chain is mainly found on blood T cells8. Their arsenal of cytotoxic
functions is still under investigations but γδT cells have been shown to
lyse tumor cells using the perforin-granzyme pathway9. Furthermore,
γδ T cells can directly induce apoptosis in cancer cells when engaging
Fas ligand (FasL) and tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL)10. The capacity of γδT cells to secrete cytokines, such as
interferon-γ (IFN-γ) and tumor necrosis factor alpha (TNF-α), and to
present antigens11,12 strongly argues for their potential as direct ther-
apeutic targets. Reis et al. performed single-cell RNA- and γδ-
TCR sequencing of γδT cells in humanCRC specimens anddeciphered
in mouse models for CRC that γδ T cells responses depend on differ-
ences in their TCR usage13. A recent publication identified Vδ1+ and
Vδ3+ cells which expressed markers of conventional T cell exhaustion
but maintained effector functions in renal cancer14. In light of the
heterogeneity of CRC, it is vital to comprehensively characterize the
full spectrum of γδ T cells applicable to the majority of patients with
MSS CRC as a prerequisite to target them with immunotherapeutics.

Here, we combined single-cell RNA-sequencing (scRNA-seq), αβ-/
γδ-TCR sequencing (scTCRαβ-seq; scTCRγδ-seq) and flow cytometry
approaches with functional in vitro assays to identify targetable
molecular features of γδ T cells in MSS CRC in comparison to corre-
sponding distant healthy colon (HC) of the same individuals. We
observed signs for clonal expansion in γδ T cells of MSS CRC as shared
identity patterns of the complementarity-determining region 3 (CDR3)
suggested the presence of γδ T cell clones recognizing the same
antigens in CRC. Through integrated gene expression analysis, we
foundVδ1+ cells fromMSSCRC to contribute to tumor immuneescape
by upregulation of exhaustion-associated and downregulation of
effector genes. However, Vδ1+ cells from MSS CRC did not meet all
criteria for conventional T cell exhaustion and exhibit clear distinc-
tions in their gene expression compared to exhausted Vδ1+ cells from
MSI CRC. Our findings highlighted alterations of Vδ1 + T cells to be – at
least partly – orchestrated by distinct immunoregulatory cell subsets
of fibroblasts via the TIGIT-NECTIN axis. Finally, by phenotypical and
functional profiling, we demonstrated that Vδ1+ cells of MSS CRC
displayed restricted capabilities to lyse CRC cell lines which could in
part be rescued by activation and blocking of TIGIT.

Results
Favored Vδ1+ usage and expanded CDR3 identity patterns in γδ
T cells of MSS CRC
We employed droplet-based 5′ scRNA-seq of tumor samples and dis-
tant healthy colon (HC) of 17 patients with treatment-naïve MSS CRC
(patient characteristics Supplementary Table S1). Additional αβ-/γδ-
TCR sequencing was performed in 7 samples (Fig. 1a). After quality
control, we obtained a total of 46,491 cells. Visualization of cells using
uniform manifold approximation and projection for dimension
reduction (UMAP)15 revealed 30 distinct clusters (Fig. 1b, S1a). Each
cluster was represented by 13.9 samples, with a minimum of 7 and a
maximum of 17 samples (Fig. S1b). Cluster-specific gene expression
profiles and knownmarker gene expression supported the assignment
of clusters, including various conventional and non-conventional T cell
subsets, a B cell population (MS4A1 + , CD79a + , CD3D − ), plasma cell
subpopulations (all CD79a + , CD3D − ), myeloid cells (CD14+ , HLA-
DRA + , ITGAX + ), innate lymphoid cells (ILC; IL23R + , KIT+ , CD3D − )
and mast cells (KIT+ ). Non-immune cell clusters included EPCAM+
epithelial cells, COL1A1+ fibroblasts, VWF+ endothelial cells and S100B
+ enteric glial cells (EGC; Fig. 1c). Gene expression separated subtypes
of T cells characterized by CD3D+ expression subdivided into Th cm/
naïve cells (CD4 + , CD69 + , CCR7 + ), Thmemory/effector cells (CD4 + ,
CD69 + , CCR7 − ), regulatory T cells (Tregs;CD4 + , FOXP3 + ), cytotoxic
effector T cells (Tc effector; CD8A + , GZMB + , NKG7 + , CD69 + ) and
invariant T cells (CD3D + , CD69 + , CD8A − , CD4 − ). Within the T cell
population, we observed a γδ T cell enriched cell cluster with expres-
sion of the Vδ1 chain (TRDV1 + ) which was additionally positive for

CD8A, GZMB, NKG7 and CD69. CellTypist16 confirmed curated cluster
and cell type assignment and corresponded well with the immune cell
clusters (Fig. S1c). We further applied a TCR-based selection strategy,
as the TCRprovides a reliablemolecular tag to track γδT cells. In order
to identify γδT cells, TCRα/TCRβ andTCRγ/TCRδ cloneswere overlaid
onto UMAP plots (Fig. S1d, Supplementary Table S2), which we further
used to performdownstream analyses of the γδTCR.Wenext assessed
the clonality and subtypes of γδ T cells based on single-cell TCRγδ
sequencing (samples 24-30). The number of shared γδ T cell clono-
types calculated between all samples showed 11 overlapping clono-
types within HC and CRC (Fig. S1e). The analysis of γδ T cell clones
suggests that γδT cell subsets in CRCare predominantly characterized
by the pairing of TRDV1 with various TRGV (TRGV2, TRGV4, TRGV8,
TRGV9). This indicates an altered TCR chain usage pattern within the
tumor microenvironment, with a notable skewing towards TRDV1,
compared to HC (Fig. 1d). A major fraction of γδ T cells in HC was
characterized by pairing of TRDV2 and TRGV9, whichmay reflect influx
of peripheral γδ T cell in HC that may be interrupted in CRC (32.69%
HC vs. 15% CRC). We further found a preferred pairing between TRGV2
and TRDV1 as well as TRGV4 and TRDV1 in both HC and CRC (20.06%
HC vs. 90% CRC; 18.77% HC vs. 6.67% CRC). This finding is in line with
Reis et al. who demonstrated Vδ1 and Vγ4 gene usage by tumor-
infiltrating γδT cells13.We further observed a recurrent usage of TRDV1
and TRGV8 among different individuals in HC and CRC (8.09% HC vs.
2.5% CRC). To address clonal expansion as a sign of antigen recogni-
tion of γδ T cells in CRC in comparison to conventional αβ T cells we
employed TCR tracking (STARTRAC) indices17. We used γδ T cells and
αβ T cells based on their TCR-γδ and -αβ expression and calculated
STARTRAC expansion indices (expa). In comparison to αβ T cells
which demonstrated a significant increasing index and therefore
exhibited signs for clonal expansion, the γδ T cells displayed a smaller
index.Wewerewondering if the observed lack of clonality of γδT cells
in comparison to αβ T cells might be explained by a concept called
TCR clustering where distinct clones can recognize the same epitopes
based on similar patterns of identity in the CDR3 region18. We used
GLIPH2 to assess these shared identity patterns of the δ-chain19. The
identity pattern DK was observed in 21% of all CDR3 regions in all γδ
T cells clones inCRC (vs. 14.6% inHC), followed byTDK (14.8% vs. 11.3%
in HC),WG (8.6% vs. 6.7% in HC), LL (7.4% vs. 0% inHC) andGI (4.9% vs.
0% in HC; Fig. 1f). The patterns of identity (indicated by different col-
ors) and their frequencies are visualized in tree maps in HC and CRC
(Fig. 1g). In summary, our results demonstrate the presence of a highly
diverse γδ T cell infiltrate in HC with reshaped TCRγδ chain pairing in
CRC. Distinct patterns of identity in the CDR3 arise in CRC, which
indicate that γδ T cells potentially recognize antigens present in the
tumor, which is in line with previous published work13.

TRDV1+ cells demonstrate profound dysregulation but not
exhaustion in MSS CRC
In samples where scTCRγδ-seq was not available, we identified γδ T
cells basedon themarker gene expressions ofTRDV1, TRDV2orTRDV3.
We added all TRDV1 + /TRDV2 + /TRDV3+ cells to the previous data set
and performed analysis on 1838 γδ T cells. TRDV1 comprised the
majority of γδ T cells in HC (64.4%) with an increased percentage in
CRC (74.4%), followed by TRDV2 (HC 23.1% vs. CRC 13.0%) and TRDV3
(HC 8.8% vs. CRC 10.5%; Fig. 2a). We summarized double or triple
expression of δ chains, which accounted for 3.7% and 2.1% in HC and
CRC, respectively (Fig. S2a). Doublets and triplets were excluded from
further analysis. We next wanted to identify possible distinctions on
the mRNA level within γδ T cell subsets in HC and MSS CRC. We
identified the top differentially upregulated genes in TRDV1, TRDV2
and TRDV3+ cells (Fig. 2b). Among those were genes previously asso-
ciated with NK cell cytotoxicity (KIRDL2, KLRC4 in TRDV1 + , KLRC1 in
TRDV2 + , TYROBP in TRDV3 + ) and T cell exhaustion (LAYN in
TRDV1 + ). We assessed the twomajor subsets (TRDV1 + , TRDV2 + ) for
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their expression of γδ T cell-associated genes (Fig. 2c). We observed
significant alterations of inhibitory (KLRC1, KLRC2) and activating
receptors (NCR1) in γδ T cell subsets in CRC, thus suggesting pertur-
bances in the innate immune defense of these cells. Interestingly, we
saw significantly increased numbers of PDCD1 (PD-1) positive TRDV1+
cells in CRC suggesting an activated state that could have implications
for an immune regulatory reaction in response to the tumor. Inter-
estingly, genes responsible for encoding a part of the cytotoxic

machinery (IFNG, GNLY) exhibited a significantly decreased expression
in TRDV1+ cells isolated from CRC. TRDV2+ cells demonstrated a sig-
nificant capability to proliferate in CRC according to their MKI67
expression. ITGAE (CD103)wasexpressedby approximately 20−30%of
cells in both subsets and themajority of cells were positive for CD69 in
HC, pointing to cells with dedicated tissue retention. In the light of
recent observations demonstrating responsiveness of γδ T cells in MSI
CRC to immune checkpoint blockade3, we became interested in
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comparing TRDV1+ cells at the gene expression level from MSI and
MSS CRC which has not been done so far. Analysis of bulk RNA-
sequencing data fromTCGA-COAD showed significant upregulation of
TRDV1 exclusively expressed by Vδ1 + T cells in MSI compared to MSS
CRC (Fig. 2d).We further investigated the gene expression of TRDV1 in
a data set by Pelka et al.20. who performed single-cell sequencing on 36
HC, 28 MSS and 34MSI CRC with adjacent tissue (HC). In this data set,
TRDV1+ cells were significantly elevated in MSI CRC confirming our
results of the TCGA-COAD analysis (Fig. 2e). When examining the
relevant activating and inhibitory receptors, along with tissue reten-
tionmarkersofTRDV1+ cells as donepreviously (Fig. 2c),we found that
TRDV1+ cells fromMSI significantly increased the expression of several
genes, such as KLRC1 (NKG2A), PDCD1 (PD-1), IFNG,GNLY andMKI67 in
CRC compared to HC that were not altered in TRDV1+ cells from MSS
(Fig. 2f). The expression of IFNG was significantly upregulated in
TRDV1+ cells from MSI CRC compared to MSS and HC indicating
functionally relevant differences of TRDV1+ cells between these two
CRC cohorts. In addition, the expression of GNLY as another proin-
flammatory gene was significantly elevated in MSI CRC compared to
HC and demonstrated a tendency towards upregulation compared to
MSS CRC. Overall, TRDV1+ cells from MSI tumors seemed to maintain
and even enhance crucial effector functions, whereas TRDV1+ cells
fromMSS CRC showed reduced expression of effector genes. Of note,
in the Pelka et al. data set individuals of HC were not matched to MSS
and MSI tumors which could potentially be relevant for the observed
differences between the two data sets. As TRDV1+ cells dominate γδ T
cell subsets in HC and CRC, we were interested in CRC-associated
differences and determined the top significantly overexpressed genes
in TRDV1+ cells in CRC (Fig. S2b). Genes associated with TCR signaling
and downstream T cell activation were altered in TRDV1+ cells (LAT,
CD48, LCP1, LCP2, TRDV1, TRGV2, JUN, CD3D, TRAF3IP3, NFATC2,
SKAP1), arguing for enhanced T cell activation and potentially antigen-
dependent TCR triggering in TRDV1+ cells in CRC. Consistent with
this finding, genes associated with antigen processing were sig-
nificantly increased (HLA-DPA1, HLA-DRB1, CD2, PSMB9). RNA profiles
displayed overexpressed cytokine signaling (IL32, LTB, CKLF, FYB1),
upregulated cell motility (RHOB, MYL12A, TMSB10, ACTB) and
increased cell crosstalk (CCL4, CCL4L2, SEMA4D, EMP3) in TRDV1+ cells
of CRC, featuring the adaption of these cells to the tumor micro-
environment. We found cell apoptosis-regulating molecules upregu-
lated in TRDV1+ cells of CRC compared toHC (BCL2, TNFAIP8, STK17A).
Moreover, several transcription factors mediating differentiation and
immune responses were upregulated in TRDV1+ cells of CRC (IRF1,
IRF2, JUN, PURA). To further address if the observed alterations in
TRDV1+ cells with significant upregulation of PD-1 were due to
exhaustion, we used a recently reported exhaustion genemarker set of
conventional αβT cells21 to compare HC and CRC (Fig. 2g). In our data,
we did not observe significant upregulation of exhaustion scores
between HC and CRC. We verified this finding by comparing the
exhaustion scores of the HC and MSS CRC of Pelka et al., which
resembles our patient cohort. However, exhaustion of TRDV1+ was
significantly upregulated in MSI CRC confirming published observa-
tion in MSI CRC3. Application of another reported exhaustion marker
gene set22 to our data and the Pelka et al. data set confirmed these
findings (Fig. 2h).

Summarizing, both γδ T cell subsets express genes with dis-
tinctive variations as a prerequisite for functional differences in HC
and CRC. TRDV1+ cells in MSS CRC showed no elevation in effector
genes to an extend of TRDV1+ cells in MSI CRC despite significantly
overexpressed genes associatedwith downstreamTCR signaling in the
overall RNA profile. This suggests a dampened immune response.
Furthermore, although markers associated with exhaustion are sig-
nificantly upregulated, TRDV1+ cells of MSS CRC do not display ele-
vated exhaustion scores as previously reported for conventional T
cells and γδ T cells in CRC of mice23 and human renal cancer14.

γδ T cell are reduced in MSS CRC compared to distant
healthy colon
To gain further insight into the relevance of γδ T cells in CRC and
validate our bioinformatic analysis of single-cell sequencing data, we
performed immunophenotyping in human treatment-naïve MSS CRC
and matching HC from the same patients for γδ +CD3 + T cells using
flow cytometry (Fig. 3a, patient characteristics Supplementary
Table S1). In both HC and CRC, CD3+ cells comprised the majority of
viable CD45+ cells with a significant increase in CRC (54.8%± 11.1 in HC
vs. 64.4% ± 14.3 in CRC, Fig. 3b). Of note, γδ T cells showed high inter-
individual variation, ranging from 2.4% to 33.6% in HC and 0.2% to
37.2% of viable CD3+ cells in CRC. They represented 11.5%± 7.7 in HC
with a significant decrease in CRC lesions to 5.9% ± 9.2 (of all
CD3 + T cells; Fig. 3c). We performed fluorescent immunohistochem-
istry stainings of TCRγδ and CD3 to verify our flow cytometry-based
findings. Increased density of CD3+ cells in the CRC potentially reflects
the previously observed enhanced infiltration of CD3+ cells in can-
cerous lesions with intermingled TCRγδ + T cells (Fig. 3d). We next
assessed the expression of the earlier identified two main γδ T cells
subsets, Vδ1 and Vδ2 (Fig. 3e). In HC, 39% ± 30.6 of γδ T cells were
positive for Vδ1 and 10.9% ± 17.8 for Vδ2. These values partly corro-
borate our findings in samples on the gene expression level (Fig. 2a).
The observed differences may be due to individual variation of these
two cohorts and comparison between two different methods. Four
subsets of human γδ T cells have been identified as based upon the
expression of CD45RA and CD27: naïve (CD45RA + , CD27 + ), Tcm
(CD45RA − , CD27 + ), Tem (CD45RA− , CD27 − ), and Temra
(CD45RA+ , CD27 − )24. On the one hand, when investigating γδ T cell
subsets in HC and CRC, Vδ1 + T cells were mostly comprised of Tem
and Temra with a tendency towards less Tem in the CRC (p = 0.09;
Fig. 3f). On the other hand, Tem dominated the Vδ2+ subsets in both
tissues (HC: 79.5%± 24.2 vs. CRC: 73% ± 27.5 of Vδ2 + ; Fig. 3g). In
summary, despite similar Vδ1+ and Vδ2+ subset distributions in HC
and CRC, γδ T cells as a fraction of all CD3+ cells were significantly
diminished in MSS CRC which is in stark contrast to MSI CRC25. It has
been previously shown that the majority of γδ T cells exhibit an
effector memory phenotype26. However, the observed differences in
effector cell states of Vδ1+ and Vδ2+ cells imply that both γδ T cells
subsets potentially execute distinct functions.

Co-expression of inhibitory receptors is upregulated on γδT cell
subsets and conventional αβ T cells in MSS CRC
We next sought to explore whether observed alterations regarding
elevated signs of exhaustion in the transcriptome of tumor-infiltrating

Fig. 1 | Single-cell RNA- and TCR sequencing reveal favored Vδ1+ usage with
expanded CDR3 identity patterns in γδ T cells of MSS CRC. CD45 + /CD45– cells
were sorted from human MSS CRC and distant HC of resection tissue and pro-
cessed for 10X genomics RNA and αβ-, γδ-TCR sequencing. a Graphical abstract of
the work flow. CRC tissue and healthy distant colon was obtained from 17 and 16
patients, respectively. Single-cell RNA-sequencing and αβ-/γδ-TCR sequencing
were performed from seven patients. b UMAP of cells in HC and CRC displayed
according to the similarity of their transcriptome. c Marker genes of depicted cell
subsets. dCircos plots displaying chain pairing of TRDV and TRGV in HC compared

to CRC. e STARTRAC expansion index of γδ T cells (left) and αβ T cells (right). αβ
T cells but not γδ T cells showed an increasing index indicative of antigen-specific
clonal expansion. f Percentage of top 10 expanded patterns of identity in the CDR3
region of γδ T cells in CRC and corresponding HC using GLIPH219. g Visual com-
parison of tree map graphs showing the identity pattern in the CDR3 region of γδ
T cells in HC and CRC. In tree maps, each rectangle reflects a unique pattern, as
indicated, where the size of a spot equals the percentage. Violin plots display
median and quartiles (e); two-tailed paired t-test (e, f). EGC, enteric glial cells. ILC,
innate lymphoid cells. p values are shown on the graphs.
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γδ T cells are relevant on the protein level and how this compares to
conventional αβ T cells. It has been previously described that the
acquisition of an exhaustion phenotype is not a unique feature of
conventional αβ T cells. For γδ T cells, upregulation of inhibiting
checkpoint receptors has been demonstrated in breast cancer27,
ovarian cancer28 and recently renal cancer14. Detailed immunopheno-
typing and – more importantly – implications for functional

consequences have been lacking especially inMSSCRC. Vδ1 + T cells in
CRC did not demonstrate significant altered expression of the tested
checkpoint receptors compared to HC (Fig. 3h). Significantly more
Vδ2 + T cells showed elevated PD-1 expression and a tendency towards
increased CTLA-4 expression in CRC compared to HC, which was
similar to the expression pattern of tumor-infiltrating conventional
TCRγδ negative T cells. Since the simultaneous co-expression of
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several checkpoint molecules on a single cell is a well-established
indicator of exhaustion29, we assessed triple-checkpoint receptor-
positive γδ T cells and TCRγδ negative T cells as controls (Fig. 3i).
Indeed, the percentage of tumor-infiltrating Vδ1 + , Vδ2 + , and TCRγδ
negative T cells co-expressing PD-1/CTLA-4/Lag-3 or PD-1/CTLA-4/
TIGIT was significantly elevated. The representative examples for each
investigated subset demonstrated double-positive cells for CTLA-4
and TIGIT on previously gated PD-1+ cells (Fig. S3). To summarize, we
found that all investigated T cells, conventional and non-conventional
T cells, show a significant increase in the co-expression of checkpoint
receptors in MSS CRC.

Dysfunctional cytotoxic potential of Vδ1+T cells fromMSSCRC
can be restored in vitro
We next sought to determine whether the observed alterations in
cytokine expression and effector cell differentiation on the tran-
scriptome level in Vδ1 + T cells fromCRC lesions translate to a reduced
anti-tumor activity in vitro. To investigate distinct functional char-
acteristics of Vδ1+ and Vδ2 + T cells as effector cells, we performed
flow cytometry for cytokines and molecules associated with cyto-
toxicity in HC and CRC. We found that the majority of Vδ1 + T cells
expressed FasL (61.2% ± 25.77) and TRAIL (55.2% ± 25.6) in HC (Fig. 4a).
In HC, 25.5%± 15.76 of the Vδ1 + T cells expressed granzyme B,
22.7% ± 15.66 were positive for TNF-α and 25.9% ± 24.01 for IFN-γ.
5.4% ± 5.35 of Vδ1 + T cells stained positive for perforin in HC. In con-
trast, we observed a significant decrease in TNF-α- (7.9% ± 11.36), IFN-γ-
(11.6% ± 17.41) and TRAIL- (45% ± 30.61) positive Vδ1 + T cells in CRC,
indicating reduced killing capacity of these cells in the tumor micro-
environment. We also noticed a trend towards decreased expression
of FasL on Vδ1 + T cells in CRC (51.2% ± 31.91), while other tested
molecules were not affected. We next aimed to address whether the
reduction of cytotoxic effector molecules of γδ T cells from the tumor
microenvironment is reversible and therefore stimulated tissue-
derived cells with phorbol 12-myristate-13-acetate/ionomycin (PMA/
iono) for 5 h. In CRC, we observed a significantly increased expression
of FasL, TRAIL, TNF-α and IFN-γ in stimulated Vδ1 + T cells to values
comparable to HC. This evidenced that upon appropriate stimulation
the CRC-associated dysfunctional phenotype of Vδ1 + T cells is
potentially reversible. We performed the same experiments with
Vδ2 + T cells. Compared to the Vδ1+ counterpart, Vδ2 + T cells
expressed significantly less FasL (21.1% ± 25.9) and TRAIL (14.8% ± 25.1)
in both HC and CRC. Unlike the Vδ1+ subset, Vδ2 + T cells displayed no
significant differences in either HC or CRC under stimulated and
unstimulated conditions, suggesting that both subsets display a dis-
crete phenotype with distinct characteristics. While Vδ2+ cells have so
far been the main target of γδ T cell-centered immunotherapeutic
strategies30–32, our data indicate that Vδ1+ cells are present in higher
numbers (Fig. 3e) and significantly exceed Vδ2+ in regard of cytotoxic
potential (Fig. 4a), which is in line with previously published
reports33,34. In HC, 1.9% of Vδ1 + T cells expressed Ki-67, compared to
6.9% in CRC, indicating a significantly increased proliferative capacity
in the tumor (Fig. 4b). This pattern was also observed in TCRγδ
negative T cells. It is noteworthy that the Vδ2+ subset showed no
expression of Ki-67 in either HC or CRC, suggesting their migration

from peripheral blood rather than local proliferation. The difference
between MKI67-expressing TRDV2+ cells (Fig. 2c) and Vδ2 + T cells
lacking Ki67 on the protein level in CRC could be explained by dif-
ferences in the sensitivity of the methods and onset of MKI67 transla-
tion that is not (yet) detectable by flow cytometry. Next, we tested the
proliferation rate of isolated Vδ1 + T cells in vitro for up to 6 days.
Higher numbers of Ki-67 + Vδ1 + T cells from CRC compared to HC
were reflected in the proliferation rate, as Vδ1 + T cells isolated from
CRC demonstrated an increased proliferation compared to HC under
steady state conditions (IL-2 only) as well as upon CD3/
CD28 stimulation (Fig. 4c). We further sought to determine how well
tumor-infiltrating γδ T cells can recognize and ultimately kill CRC cells.
Since γδ T cells do not lyse tumor cells in an MHC-restricted fashion,
their cytotoxic anti-tumor response can be assessed with non-
autologous tumor lines. To this end, we used the MSS CRC cell lines
HT29 and SW480 to mirror the patient cohort of interest. We found
that Vδ1 + T cells isolated fromCRCwere significantly impaired in their
ability to kill cancer cells when compared to Vδ1 + T cells isolated from
matched HC (Fig. 4d). We did not observe this cytotoxicity pattern
with the Vδ2 + T cell subset. To further assess the responsiveness of γδ
T cells to cell stimulation, we exposed the cells to PMA/iono before
addingHT29 (Fig. 4e). Again, Vδ1 + T cells fromCRCkilled significantly
less HT29 compared to Vδ1 + T cells from HC. However, the killing
capacity of both Vδ1 + T cells and partially Vδ2 + T cells significantly
increased following treatment with PMA/iono (Fig. 4g). This was in
case of Vδ1 + T cells from CRC, mirrored by the expression of CD107a
after the killing assay (Fig. 4f). Specifically, Vδ1 + T cells from CRC
exhibited significantly higher CD107a expression, indicating aug-
mented degranulation upon stimulation. To sum up, we demonstrate
that Vδ1 + T cells display a reduced expression of main cytotoxic
molecules in CRC which can be restored upon stimulation. The
observed shift from a subdued effector state of Vδ1 + T cells in CRC to
an upsurge upon in vitro activation opens up the possibility of clinical
translation.

Interaction of fibroblasts with an inflammatory phenotype with
Vδ1+T cells via TIGIT in MSS CRC
To address possible causes of the altered state of Vδ1 + T cells within
the tumor microenvironment, we employed CellChat, a tool which
predicts the probability of cell-cell communication and receptor-
ligand interactions by using gene expression profiles35. Compared to
other cell subsets, fibroblasts demonstrated the highest number of
interactions in HC and CRC (Fig. 5a). Since fibroblasts can limit pro-
liferation and induce the expression of exhaustion marker in conven-
tional αß T cell subsets36,37, we addressed the influence of fibroblasts
on γδTcells inCRC. Therefore,weanalyzed significant receptor-ligand
interactions as predicted by CellChat between the three fibroblasts
subsets (Fig. 5b) and γδ T cells in HC and CRC (Fig. 5c). Fibroblasts in
HC maintained a variety of interactions with γδ T cells through acti-
vating (KLRK1) and inhibiting (KLRC2) receptors potentially under-
lining the regulatory role of fibroblasts. When focusing on
therapeutically targetable immunomodulatory pathways only present
in CRC, we found the NECTIN2-TIGIT interaction in fibroblasts from
cluster 17, thus potentially reflecting an immunosuppressive influence

Fig. 2 | TRDV1+ cells demonstrate profound dysregulation but not exhaustion
in MSS CRC. γδ T cells subsets were analyzed according to the expression of
marker genes TRDV1, TRDV2 and TRDV3. (a) UMAP based on the expression of
TRDV1, TRDV2 andTRDV3 inHCandCRC.On the right side, donut charts illustrating
the quantities of cells, indicating the counts of TRDV1, TRDV2 and TRDV3 expres-
sing cells in both HC andCRC.b Top 10 differentially overexpressed genes for each
subset TRDV1, TRDV2 and TRDV3. c Expression of individual genes displayed as
percentage of positive cells for TRDV1 and TRDV2 in HC and CRC reveal distinct
effector states of both subsets (n = 16 forHC,n = 17 for CRC).d ExpressionofTRDV1
inMSI andMSS of TCGA-COAD (n = 217 forMSS, n = 121 forMSI). e TRDV1+ cells per

sample in HC, MSS CRC and MSI CRC in the Pelka et al. data set20 (n = 36 for HC,
n = 34 for MSI, n = 28 for MSS). f Expression of individual genes displayed as per-
centage of positive cells for TRDV1 in HC, MSS CRC and MSI CRC using Pelka et al.
(n = 36 for HC, n = 28 for MSS, n = 34 for MSI). g, h Depiction of exhaustion scores
using genes sets by Zhang et al.21. and Lui et al.22. as previously published of TRDV1+
cells inHCandCRC (left:n = 16 forHC,n = 17 forCRC, right: n = 36 for HC,n = 28 for
MSS, n = 34 for MSI). Data points and error bars represent the mean± SD (c, e, f),
Violin plots display median, quartiles ±SD (d, g, h); one-way ANOVA with Fisher’s
LSD (c, f), two-tailed unpaired t-test (d, e, g, h). p values are shown on the graphs.
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of these fibroblast subset on γδ T cells in MSS CRC (Fig. 5c). NECTIN2
was found to be overexpressed in fibroblasts of cluster 17 (Fig. S4a).
TIGIT, as an inhibitory receptor, has been previously reported to
negatively impact conventional αß T cell cytotoxicity by facilitating
inhibitory signals38. However, immunosuppressive properties of
fibroblasts towards γδ T cells in CRC have not been studied so far.

Next, we investigated predicted cellular communication using Cell-
Chat in another dataset20 with MSS and MSI CRC, where we found
similar interaction patterns between fibroblasts and γδ T cells via
NECTIN2/TIGIT (Fig. S4b). Fibroblasts subsets of both MSS and MSI
significantly overexpressed NECTIN2 compared to HC (Fig. S4c). Since
we detected differences between the predicted interaction of distinct

Fig. 3 | γδ T cells are reduced in MSS CRC compared to HC and upregulate co-
expression of inhibitory receptors. Flow cytometry analysis of γδ T cell abun-
dance and subsets in human MSS CRC compared to HC. a Gating strategy for γδ
T cells from human mononuclear cells isolated from CRC. b Significant increase in
CD3+ cells depicted asmean percentage of viable CD45+ cells in CRC compared to
HC (n = 29 per group). c Significant decrease of TCRγδ+ cells in CRC depicted as
mean percentage of viable CD3+ cells compared to HC (n = 29 per group).
d Representative image of multicolor fluorescent immunohistochemistry staining
of TCRγδ+ cells (TCRγδ PE/ CD3 A647) in HC and CRC. e Significantly more Vδ1 +
populate HC and CRC compared to Vδ2 + , assessed by flow cytometry and
depicted as percentage of positive cells of viable TCRγδ +CD3+ cells (n = 29 per

group). Vδ1 + (f) and Vδ2 + (g) display different T cell effector states according to
their CD27 and CD45RA expression (n = 16 per group). Temra: CD45RA +CD27–,
Tem: CD45RA–CD27–, Tcm: CD45RA–CD27+ , Tnaive: CD45RA +CD27+ .
h Expression of inhibitory checkpoint receptors on Vδ1 + (n = 13), Vδ2 + (n = 11) and
TCRγδ negative T cells (n = 13) in HC (white) and CRC (gray). i Co-expression of
depicted receptors on Vδ1 + , Vδ2 + and TCRγδ negative T cells in HC (white) and
CRC (gray; n = 11 per group). Co-expression was assessed by first gating on PD-1+
cells and then calculating the percentage of double-positive cells. Data points and
errorbars represent themean± SD (b, c, e−i); two-tailedpaired t-test (b, c, e, i), one-
way ANOVA with Fisher’s LSD (f−h); Temra, effector memory RA; Tem, effector
memory; Tcm, central memory. p values are shown on the graphs.
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fibroblast clusters and γδ T cells, we further analyzed the gene
expression profile of theUMAP clusters 16, 17 and 20 (Fig. 5d). All three
clusters expressed known marker genes for fibroblasts such as VIM,
S100A4, COL1A2, confirming their identity. Similar to the myofibro-
blastic fibroblasts described in previous studies36,39,40, cluster 16 in
particular displayed genes associated with contractile process, fea-
turing the presence of THY1 (CD90), DCN, FAP, MMP2, PDPN, POSTN,
PDGFRA, PDGFRAB and ACTA2. Cluster 17 exhibited gene expression

linked to inflammatory fibroblasts identified earlier, including IL6,
TGFB1, CCL2, CXCL3 and CXCL8. Cells within cluster 20 exhibited sig-
nificant elevation of CXCL14 paired with BMP4 and BMP5 expression,
features previously associatedwith a subset of fibroblasts in colorectal
cancer20,41. The role of this subpopulation remains incompletely
understood and reports on CXCL14 in CRC are controversial. Patients
of the TCGA-COAD with high CXCL14 expression were found to have a
better survival probability and longer progress free interval42. Another
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study reported a correlation of elevated CXCL14 expression from stage
III/IV patients with worse overall survival43. Since the NECTIN2-TIGIT
pathwaywas absent in fibroblasts of cluster 16 and 20, we investigated
the gene signature of these cluster compared to fibroblast cluster 17.
We analyzed the Top overexpressed genes of the three clusters in CRC
(Fig. 5e). Cluster 17 exhibited a distinct gene expression profile, char-
acterized by the presence of various genes encoding regulators of
cytokine signaling pathways such as TNF-α (TNFRSF1A, FSTL), inter-
feron (CD276, HNRNPA2B1), Fas (SP100), TGF-β (STRAP) and IL-23
(TNIP1). Additionally, genes associated with leukocyte adhesion
(ICAM1, CD63), T cell regulation (CD276, DUSP14) and signaling path-
ways including ERK and mTOR (LAMA4, SLC3A2) were significantly
upregulated in CRC within this cluster. These findings suggest an
immunoregulatory phenotype within cluster 17 with potential inter-
action sites with leukocytes. In conclusion, fibroblasts were predicted
to exert immunoregulatory effects on γδ T cells in CRC. In particular,
the NECTIN2/TIGIT axis is active in fibroblasts displaying an inflam-
matory phenotype in CRC.

Impaired killing capacity by Vδ1+T cells in CRC can be rein-
stated after TIGIT blockade
Next, we aimed to investigate the functional relevanceof the predicted
interaction of fibroblasts with Vδ1 + T cells via the TIGIT axis. For this,
we isolated fibroblasts and Vδ1 + T cells from HC and CRC (Fig. 5f) to
assess the cytotoxic activity of Vδ1 + T cells against the CRC cell line
HT29 (Fig. 5g). We co-cultured fibroblasts with Vδ1 + T cells with and
without antibody-blocking TIGIT before adding the cancer cells.
Fibroblasts from HC and CRC did not influence the killing capacity of
Vδ1 + T cells in our co-culture assay (Fig. 5h). However, blocking TIGIT
significantly increased the cytotoxic activity of Vδ1 + T cells from CRC
against HT29 (Fig. 5h). In a control trial, introducing the TIGIT blocking
antibody to Vδ1 + T cells from HC and CRC alone, without fibroblasts,
led to no significant increase in killed HT29 cells (Fig. S4d). This sug-
gests that the TIGIT blocker likely does not directly activate the cells.
These functional characteristics of isolated Vδ1 + T cells from CRC
patients corroborate ourfindings of decreased expression of cytotoxic
molecules and altered effector functions on the RNA level and suggest
fibroblasts to interactwith Vδ1 + T cells via TIGIT. Analysis of bulk RNA-
sequencing data from MSS patients in the TCGA-COAD showed a sig-
nificant decrease in TRDV1 expression from stage III to stage IV of the
disease (Fig. 5i). This suggests a reduced infiltration of TRDV1+ cells in
the most advanced stages of MSS CRC, highlighting a correlation with
clinical disease progression. Furthermore, we identified a significant
correlation between the expression levels of COL1A2 and IL6 with
TRDV1 and TIGIT in MSS patients of the TCGA-COAD dataset (Fig. 5j).
Analysis of our single-cell RNA-sequencing data indicated that COL1A2
was predominantly expressed by cells within fibroblast clusters 16 and
17, while TRDV1 and TIGIT were upregulated in cluster 2, primarily
comprising γδ T cells (Fig. S4e).

In essence, we identified distinct fibroblast subsets exhibiting
unique characteristics within MSS CRC. Specifically, one subset of

fibroblasts showing elevated expression of markers linked to an
inflammatory phenotype was predicted to interact specifically with γδ
T cells in CRC through the TIGIT-NECTIN2 axis. At the gene level, this
subset displayed particular capabilities to modulate cytokine signal-
ing. Blocking the TIGIT pathway resulted in heightened killing abilities
of Vδ1 T cells isolated from CRC. Additionally, reduced TRDV1
expressionwas associatedwith an advanced disease stage inMSSCRC.
Moreover, the expression of markers linked to inflammatory fibro-
blasts positively correlated with TIGIT-positive Vδ1 T cells.

Discussion
Our study provides a comprehensive single-cell analysis of cancer-
specific changes in γδ T cells, with a particular focus on γδ T cells in
primary human MSS CRC. Using scTCRγδ-seq, we show an expansion
of similar identity patterns in the CDR3 regions indicative of shared
antigen recognition via TCRγδ. Notably, distinct gene expression
profiles among subsets of γδ T cells pointed towards the down-
regulation of effector molecules within TRDV1+ cells in MSS CRC.
Linking phenotypic characterization to scRNA-seq,we found increased
co-expression of checkpoint receptors, impaired cytotoxic potential in
in vitro experiments and killing of CRC cancer cell lines which could be
partly restored by stimulation. We compared our findings with the
immunologically interesting phenotype of MSI CRC. γδ T cells in MSI
tumors tended to be skewed towards cytotoxicity whereas the same
genes remain unaffected or downregulated in MSS CRC. Moreover,
employing conventional T cell exhaustion scores, we observed a sig-
nificant exhaustion phenotype in TRDV1+ cells in MSI, contrasting
starkly with their MSS counterparts, which did not exhibit elevated
signs of exhaustion on the transcriptional level. Further investigation
into receptor-ligand interactions underscored an augmented influence
of inflammatory fibroblasts on TRDV1+ cells in CRC, mediated speci-
fically through TIGIT. Notably, blocking TIGIT reinstated the killing
capacity of these cells. In conclusion, while Vδ1 + T cells in MSS exhibit
certain markers associated with T cell exhaustion, they fail to meet all
criteria. Contrasting Vδ1 + T cells in MSI, Vδ1 + T cells in MSS display
diminished effector functions. However, these functions are poten-
tially reversible through activation, possibly influenced by the mod-
ulatory impact of inflammatory fibroblasts on the fate of Vδ1 + T cells
in MSS CRC.

Other studies previously hinted to the clinical relevance of
Vδ1 + T cells in cancer. One investigation found that NKp46 on tissue-
resident Vδ1 + T cells in the gut was associated with high cytolytic
potential against the K562 cell line and lower risk of developing
metastatic disease stages33. In a study on triple-negative breast cancer,
increased Vδ1 + T cell levels were observed to be associated with
remission and better overall survival44. Additionally, in non-small cell
lung cancer, a tissue-resident Vδ1 + T cell population was associated
with survival45. Distinct phenotypes, especially regulatory46 and IL-17-
producing pro-tumorgenic γδ T cell subsets47, have been described.
There are discrepancies regarding the significance of IL-17-producing
γδ T cells in human CRC13,48. This scepticism is primarily due to the

Fig. 4 | Dysfunctional cytotoxic potential of Vδ1 + T cells fromMSS CRC can be
restored in vitro. Flow cytometry analysis of intracellular cytokine staining of
Vδ1 + and Vδ2 + T cells in HC or CRC. a Overlay of representative histograms and
corresponding bar plots of tested cytokines by flow cytometric analysis in Vδ1 +
and Vδ2 + T cells in HC (light cyan) or CRC (light pink) and stimulated (PMA/iono)
HC (cyan) or CRC (pink,n = 16 per group). In CRC, Vδ1 + display reduced expression
of TRAIL, TNF-α and IFN-γwhich is reversible upon stimulation. b Percentage of Ki-
67 + Vδ1 + , Vδ2 + and TCRγδ negative T cells in HC (white) compared to CRC (gray;
n = 8 per group). Increased expression of Ki-67 in Vδ1 + and TCRγδ negative T cells
in CRC indicate in tissue proliferation in contrast to the Ki-67 negative Vδ2 + T cells
which potentially influx from the periphery. Overlay of representative histograms
of Ki-67 expression in HC (cyan) and CRC (pink). c Increased Ki-67+ expression of
Vδ1 + T cells isolated of CRCwasmirrored in elevated proliferation (gray) during IL-

2 alone or CD3/CD28 stimulation as compared to HC (white; n = 3 per group).
d Pairwise comparison of killing assay with Vδ1 + and Vδ2 + T cells with two dif-
ferent CRC lines (HT29 in black, SW480 in blue; n = 14 per group). e Percentage of
dead HT29 after exclusion of baseline HT29 cell death in a killing assay with
Vδ1 + and Vδ2 + T cells isolated from HC (cyan) and CRC (pink). Two conditions
were tested: Vδ1 + and Vδ2 + T cells with (cyan, pink) and without PMA/iono sti-
mulation (light cyan, light pink; n = 5 per group). f CD107a expression of Vδ1 + and
Vδ2 + T cells from HC (cyan) and CRC (pink) after killing of HT29 as in (e).
gRepresentative FACSplot of deadHT29 in a killing assaywith Vδ1 + T cells with no
stimulation and stimulated with PMA/ionomycin. Data points and error bars
represent the mean± SD (a−f); one-way ANOVA with Fisher’s LSD (a−f); Ctrl; Con-
trol; p values are shown on the graphs.
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substantial biological differences between human and murine γδ
T cells, making it difficult to extrapolate findings from mouse models
to humans49. However, a large study analyzing the immune infiltrate of
18,000cancer cases in 25malignancies clearly identified adominant γδ
T cell gene signature as the best predictor of favorable prognosis5.

The majority of Vδ1 + T cells in HC and CRC displayed a Tem
phenotype, which is in line with other studies that observed

dominance of Tem Vδ1+ cells in tumor lesions26,28. We further con-
firmed that the percentage of γδ T cells in correlation with TCRγδ
negative CD3+ cells was decreased in MSS CRC50. So far, γδ TCRs have
been studied mostly in infections51, development52,53 and celiac
disease54,55. In human colonic γδ T cells, Di Marco et al. demonstrated
that γδ T cells are dominated by the usage of TRGV4 and TRDV156,
which is consistent with our data. Equivalent studies in cancer are
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sparse. One investigation found a distinct γδ TCR repertoire in the
blood of lung carcinoma patients57. Reis et al. reported clonally
expanded γδ T cell in CRC with enrichment for Vδ1 and Vγ4 in CRC13

which is in line with our findings. Although we did not detect clonal
expansion, we observed an increase in similar pattern within the CDR3
region, which governs antigen recognition. However, it’s important to
exercise caution due to the limited data available on γδ T cells with
TCR sequencing.

Exhaustion describes the status of immune cell dysfunction,
usually in the setting of chronic infection and cancer in response to
continuous stimulation58. In general, the features of exhausted T cells
include altered effector function such as decreased cytokine produc-
tion, high expression of multiple inhibitory checkpoints, reduced
proliferative capacity, altered transcriptional program involving TOX
and metabolic reprogramming59. Targeting exhausted T cells with
checkpoint blockade is a major mechanism in immunotherapeutic
strategies29. In this study, we demonstrate that γδ T cells in MSS CRC
exhibit certain features typically linked to exhaustion in conventional
αβ T cells. Nevertheless, compared to MSI CRC, Vδ1 T cells in MSS do
not exhibit the typical transcriptomic profile of exhaustion. Conse-
quently, we refer to them as dysfunctional.

Some characteristics of cancer-associated exhausted γδ T cells
have been described previously and are in line with the findings of this
study. In ovarian cancer, for example, Vδ1 + T cells were found to dis-
play high levels of co-expression of the checkpoint receptors TIGIT
and PD-1 comparable to Vδ1 + T cells in CRC in our analyses28. PD-1+ γδ
T cells were found to be enriched in MSI CRC25, and diminished
effector function of γδ T cells has been observed in acute myeloid
leukemia60. In renal cancer, Vδ2- γδT cells were reported to express an
exhausted transcriptional program similar to conventional T cells and
a Vδ2- γδ T cell signature correlated with favorable clinical response
after PD-1 blockade14. PD-1 + Vδ1 and Vδ3 were seen to be the dom-
inating effector cells in a study investigating anti-tumor responses in
HLA class I-negative MSI CRC after checkpoint therapy3. In contrast to
γδT cells inMSSCRC, Vδ1 andVδ3 isolated fromMSI tumors displayed
elevated features of cytotoxic activity and were found to highly infil-
trate these tumors. We noted a significant rise in PDCD1 (PD-1)
expression at the single-cell level and increased co-expression of
checkpoint receptors inVδ1 cells isolated fromMSSCRC.However, the
count of CD107a+ degranulated cells surpassed these numbers. Thus,
we cannot definitively state that tumor reactivity is exclusively limited
to PD-1-positive cells among γδ T cells in MSS CRC.

Fibroblasts regulate migration and activation in the tumor
microenvironment through secretion of a variety of soluble factors,
which contribute to remodeling of the extracellular matrix and shap-
ing of immune cells61,62. In CRC, tumors with a dominant myofibro-
blasts signature were found to be enriched with T cells and dendritic
cells. On the other hand, the number of anti-tumor effector cells such
as NK cells and T cells was significantly reduced in CRC with high
inflammatory fibroblasts infiltrate63. T cells in the tumor may be
inhibited by fibroblasts expressing checkpoint molecule ligands or by
the upregulation of these molecules on other cells. For example,
fibroblasts in cell cultures of lung cancer can suppress T cell function
via PD-L1/PD-L2, which was reduced by blockade of the ligands64. The

influence of a direct NECTIN2-TIGIT axis of fibroblasts to γδ T cells has
not been proposed so far. Recently, a study underscored the role of
CRC-associated fibroblasts in inhibiting effector T cells via the Nectin2
pathway, suggesting that this interaction is active not only in γδT cells,
as we have demonstrated, but also in conventional T cells65. As γδ
T cells interact with numerous factors within the tumor micro-
environment and further research is needed to substantiate this find-
ing, it is crucial to cautiously interpret findings for clinical application.
Further investigations, utilizing mouse models or clinical trials, are
warranted to clarify the precise factors influencing the phenotype and
function of γδT cells inCRC.While recognizing that numerous aspects
of γδ T cell biology remain elusive, our study endeavors to shed light
on their role in MSS CRC.

Contrasting to other papers with γδ T cells single-cell sequencing,
we sorted for viable CD45+ andCD45- cells. Therefore, the distribution
of γδ T cells in our data reflects their overall numerically contribution
in the colon and the tumor microenvironment in MSS CRC. This
approach allows to study γδ T cell interactions with other cell subsets.
However, owing to reduced γδ T cell numbers in MSS CRC, the
quantity of sequenced γδ T cells in our dataset is comparatively lim-
ited. We did not consider the localization of the tumor within the
colon, which may introduce potential bias. The anatomical site is
known to be of relevance for the microbiome, mutational status and
metastatic spread66, factors that could possibly influence the γδT cells
phenotype.

In summary, our findings indicate that Vδ1+ cells play a significant
role in MSS CRC, characterized by a dysfunctional state rather than
typical exhaustion. Consequently, γδ T cells inMSS CRC do not exhibit
a response to checkpoint inhibitors targeting PD-1, which are effective
in MSI CRC therapy. The trajectory of γδ T cell fate likely parallels that
of conventional T cells in both tumor types, with responsiveness to PD-
1 inhibition seen in MSI but not in MSS CRC. The underlying factors
contributing to this difference in conventional T cells of MSS CRCmay
also affect γδ T cells, including lower mutational burden, reduced
neoantigen recognition, decreased overall immune cell numbers, an
immunosuppressive microenvironment, and alternative immune eva-
sion mechanisms. Our findings support these hypotheses at the γδ T
cell level, emphasizing the absence of clear signs of clonal expansion,
reduced γδ T cell numbers, the presence of immunoregulatory fibro-
blast subsets and the responsiveness of γδ T cells to TIGIT blockade as
an alternative immune evasion mechanism.

Methods
Patients and tissue material
Tissue samples frompatients with histologically verifiedMSSCRCwith
no history of irradiation therapy or cytoablative treatment were
obtained after surgical resection at the Division of Visceral Surgery,
Department of General Surgery, Medical University of Vienna. Colon
tissue from the most distal part of the tumor obtained from the sur-
gical resection specimen without apparent pathology from the same
patientswas referred to as “distant healthy colon” (HC) throughout the
manuscript. HCwere located at the distal part (≥10 cm in length) of the
removed tumor core andwere considered “tumor-free/healthy” after a
conventional macroscopic examination by pathologists. The patients

Fig. 5 | Impaired killing capacity by Vδ1 + T cells can be reinstated after TIGIT
blockade. a Number of predicted overall interactions of depicted cell clusters in
HC and CRC using CellChat. b UMAP of CD45+ and CD45– cells of HC and CRC
displayed according to the similarity of their transcriptome. Fibroblasts clusters are
highlighted. c Significant receptor-ligand interactions of fibroblasts cell clusters to
γδ T cells as predicted by CellChat in HC and CRC. d Marker gene expression of
fibroblast clusters. e Co-expression analysis of differentially overexpressed genes
of each fibroblast cluster in CRC. f Gating strategy of fibroblast isolation for
experiment as performed in (g). g Viable Vδ1 + T cells and fibroblasts were isolated
from HC and CRC, fibroblasts were seeded, with or without antibody-blocking of

TIGIT, Vδ1 + T cells were added and killing assay with HT29 was performed.
h Percentage of dead HT29 after exclusion of baseline HT29 cell death in a killing
assay as stated in (g); n = 8 per group. i TRDV1 expression of patients with disease
stages I, II, III, IV in theMSSCRC cohort of the TCGA-COAD (n = 29 for I, n = 64 for II,
n = 77 for III, n = 38 for IV). j Correlation between COL1A2, IL6 with TRDV1, TIGIT
expressing cells in the MSS cohort of the TCGA-COAD. Data points and error bars
represent the mean± SD (h), Violin plots display median, quartiles ±SD (i); Wil-
coxon Rank Sum test (c). one-way ANOVA with Fisher’s LSD (h), two-tailed paired
t-test (i), Pearson Correlation (j). p values are shown on the graphs.
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were enrolled into the study after submitting written informed con-
sent. Studies were performed according to the Declaration of Helsinki
and approved by the local Ethics Committee of the Medical University
of Vienna (1374/2014). Patient and tumor characteristics are listed in
Supplementary Table S1. For the cytotoxicity assay, theHT29 (HTB-38)
and SW480 (CCL-228) cell lines were purchased from the American
Type Culture Collection (ATCC). All sample sizes (n) in this study
represent biological replicates.

Cell isolation and sorting
The weight of the obtained tissue samples was assessed. Human colon
tissue, HC and CRC, was cut into small pieces using a sterile scalpel.
Phosphate buffered saline (PBS, Gibco) with 10% fetal bovine serum
(FBS, Gibco) was used to rinse the tissue. Human colon samples were
digested withmedium, consisting of plain RPMI 1640medium (Gibco)
supplemented with collagenase IV (10U/ml, Sigma-Aldrich) and
deoxyribonuclease I (10mg/ml, DNAse, Sigma-Aldrich). Digestion was
performed using a digestion machine (gentleMACS Octo dissociator
with heaters, Miltenyi) with the preset 37 °C_h_TDK1 protocol. The cell
suspension was passed through a 70 µm cell strainer using the back-
side of a syringe. RPMI 1640 medium supplemented with 10% FBS was
used to rinse the strainers.

For flow cytometry analysis and cell sorting, the cells were stained
with fluorescent-labeled antibodies, as listed in Supplementary
Table S3. Appropriate isotype controls were used as negative controls.
Sample acquisition and cell sorting was performed on a FACSAria III
(BD Biosciences) with FACSDiva Software. The acquired samples were
analyzed with FlowJo software (v10.8). The investigators conducted
data collection and analysis in a blinded manner regarding group
allocation. After duplet exclusion, we gated on viable CD45+ leuko-
cytes. The Vδ1 + T cells (CD45 +CD3 + TCRγδ + Vδ1 + ) and the
Vδ2 subset of the γδ T cells (CD45 + CD3 +TCRγδ+ Vδ2 + ) were sorted
from the single-cell suspensions for further experiments. Cell counting
and viability assessment for further experiments was done via Trypan
Blue Exclusion Assay (Sigma Aldrich).

Cell stimulation
Expression of cell surface markers, cytokines and chemokines as well
as cytotoxicity marker expression were assessed upon stimulation of
the single-cell suspensions with PMA/iono (Cell activation cocktail,
BioLegend) for 4 h at 37 °C. The cells were then fixed, permeabilized
and labeled using fluorescence-labeled antibodies. Stained samples
were acquired with FACSAria III and analyzed with FlowJo software
(v10.8). Cell proliferation of sorted Vδ1 + T cells and Vδ2 + T cells upon
stimulation with plate bound anti-CD3 antibody/anti-CD28 antibody
(5μg/ml; 2μg/ml) was assessed as the percentage of increase in cell
numbers every 2 days over 6 days at 37 °C.

Killing assays
For the killing assays, viable Vδ1 + T cells (viable CD45+CD3+ TCRγδ +
Vδ1 + ) andVδ2 + (viableCD45+CD3+TCRγδ +Vδ2 + )were sorted from
human CRC samples and corresponding HC tissue as mentioned above.
The target cells were washed and labeled with carboxyfluorescein suc-
cinimidyl ester (CFSE) solution, having a concentration of 5 µM. The
labeled cells were counted using Trypan blue solution and theNeubauer
counting chamber. Isolated and sorted γδ T cells were co-cultured with
CFSE-labeledHT29 cells or SW480 in an effector-to-target cell ratio of 1:1
in a flat-bottom 96-well plate. The plate was incubated for 4 h at 37 °C,
after which the samples were transferred into FACS tubes and stained
again. 7-Aminoactinomycin D (7AAD) viability dye (BioLegend) was
added 3min before analysis with a flow cytometer.

In case of prior stimulation, cells were sorted as described above.
Cells were split and transferred into a flat-bottom 96-well plate. Cell
media was supplemented with PMA/iono (Cell activation cocktail
without Brefeldin, BioLegend) in a concentration stated in the

manufacturer’s instructions. The plate was incubated for 4 h at 37 °C.
Media was supplemented with Monensin (BioLegend) and PE anti-
human CD107a antibody (BioLegend) in a concentration stated in the
manufacturer’s instructions. CFSE-labeled HT29 cells were added and
experiment performed as described above.

For the co-culture experimentswithfibroblasts viable Vδ1 + T cells
(viable CD45 +CD3 +TCRγδ+ Vδ1 + ) and viable fibroblasts (viable
CD45-, EpCAM-, CD31-, CD90+ ) were FACS-sorted. Cells were trans-
ferred and rested for 2 h at 37 °C in a flat-bottom 96-well plate.
Vδ1 + T cells were cultured in RPMI 1640 medium supplemented with
1% P/S and Fibroblasts in DMEM supplemented with 10% FCS and 1%
penicillin/streptomycin (P/S). Fibroblasts medium was removed and
replaced with RPMI 1640 medium supplemented with 1% P/S. TIGIT
antibody (BioLegend) was added in a blocking concentration as stated
in the manufacturer’s manual and Vδ1 + T cells were added. Cells were
co-cultured for additional 2 h at 37 °C. Killing assay way performed as
described prior.

Fluorescent immunohistochemistry staining
Fluorescent immunohistochemistry staining for γδ T cells was per-
formed on 5 µm colon cryosections. Labeling of cells on acetone-
fixed cryosections was performed with directly and indirectly
labeled monoclonal antibodies (listed in Supplementary Table S3)
and 4′,6-diamidino-2-phenylindole (DAPI) as a nuclear marker. After
incubation with primary antibodies for 2 h at room temperature, the
sections were stained with corresponding fluorescence-labeled sec-
ondary antibodies for 30min at room temperature and subsequently
stained with DAPI. Matched isotype controls were used as negative
control. The stained tissue sections were obtained with a Z1 Axio
Observer microscope using a LD Plan-Neofluar 20 × 0.4 objec-
tive (Zeiss).

Tissue processing for single-cell RNA-sequencing
Frozen colon samples (HC & CRC) were thawed using RPMI 1640
mediumwith 10% FBS. The cells were stained for viability and with the
leukocyte marker CD45 in a 100 µl staining mix. Hashtag antibodies
(4μl, TotalSeq™-C0252 anti-human Hashtag 2; TotalSeq™-C0253 anti-
human Hashtag 3 Antibody; BioLegend) −#2 for HC tissue and #3 for
CRC tissue − were added and the samples were incubated for
30minutes at 4 °C. After staining, the cells were washed using cold
PBS. 10.000 viableCD45+andCD45− cells from theHC sample and the
CRC sample were sorted in 0.08% bovine serum albumin (BSA) in PBS.
HC and CRC samples from the same patient were combined.

Single-cell RNA-sequencing, αβ-, γδ- TCR sequencing and
bioinformatic analysis
Droplet-based single-cell RNA-seq was performed using the 10x
Genomics Chromium Single Cell Controller with the Chromium Single
Cell 5’V3Kit (10xGenomics) following themanufacturer’s instructions.
After quality control, libraries were sequenced on the Illumina HiSeq
4000 platform in 2 × 75bp paired-end mode. Raw sequencing data
were processed with the CellRanger v3.0.2 software (10x Genomics)
for demultiplexing and alignment to the GRCh38 human reference
transcriptome. Seurat (v5.0.1) was used for downstream 10x scRNA-
seq data analysis67. Our dataset comprised 67,759 cells collected from
17 patients. Following rigorous filtration, cells exhibiting a mitochon-
dria gene content surpassing 15%—indicative of cellular deterioration—
were systematically eliminated, resulting in a refined cohort of 46,491
viable cells for subsequent analysis. Cells with <200 genes and >3000
numbers of detected genes were excluded, as were genes detected in
<3 cells. We implemented the single-cell variational inference (scVI)
method for batch correction and integration of data68. Raw unique
molecular identifier counts were scaled and normalized through log
transformation. The top 4000 variable genes were selected for
principle-component analysis. The top 30 principal components were
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selected for UniformManifold Approximation and Projection (UMAP)
and clustering analysis. Seurat function FindAllMarkers (logFC
threshold =0.25) was used to find cluster- and sample-specific marker
genes. Further, UMAP clusters were annotated with known marker
genes and marker genes detected by function FindAllMarkers. Find-
Markers identified the differentially expressedgenes betweenCRCand
HC. The functions FeaturePlot, VlnPlot, DoHeatmap and DotPlot were
used for feature plots, violins plots, heatmaps and dot plots, respec-
tively, with default parameters.

KEGG pathway enrichment and GO enrichment analyses were
done by using the KEGGA and GOANA methods respectively from
limma package69. Enriched pathways were manually selected at cor-
rected p value (p-adj < 0.05).We used scRepertoire (v1.4.0) to visualize
the γδTcell clones70 and calculate STARTRACexpa indices17. ScTCRγδ-
seq and scTCRαβ-seq was used as input data. We employed GLIPH
version 2 via the web portal to identify shared CDR3 motifs (http://50.
255.35.37:8080)19. We combined raw count matrix for the integration
of different data sets (Fig. 2). We further performed batch correction
by using Harmony with Seurat. If available, scTCRγδ-seq was used to
delineate γδ T cells. In cases where scTCRγδ-seq was not performed,
we identified γδ T cell subsets based on the expression of TRDV1,
TRDV2 or TRDV3. Double and triple positives were excluded from
further analysis.We applied the CellChat package35 to perform cell-cell
communication analyses among cell populations. We utilized the
CellChatDB.human database for information on ligand-receptor
interactions. Interactions were filtered with minimum cell <10. We
used netVisual_circle and netVisual_bubble functions from CellChat to
visualize the strength or weakness of cell-cell communication net-
works from the γδ T cells cluster to other cell clusters in the single-cell
dataset. We have calculated the exhaustion marker scores and plotted
by using the ggpubr function from ggscatter (v0.6.0) R package. We
used TCGAbiolinks package to retrieve the TCGA clinical and mole-
cular data for correlation analysis for MSS and MSI patients71. We
identified MSS CRC samples as previously published72. For Fig. 5j,
samples were included if both TIGIT and TRDV1 expression levels were
above zero.

Treemaps were generated with Excel (version 16.16.27). Circos
plots were generated using the online circos tool (http://circos.ca/
circos_online).

Statistical analysis
The statistical analyseswereperformedwith GraphPad PRISM (version
9.4.1, GraphPad Software). To assess the level of significance, paired
t-tests were used when comparing two groups, and the two-way ana-
lysis of variance (ANOVA) followed by Tukey’s multiple comparison
test was applied when comparing three or more groups. The level of
significance is indicated for each experiment in the figures. Due to
limiteddata availabilitymatchingpatients basedon relevant covariates
to create comparable groups was not possible.

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

Data availability
Processed single-cell RNA-seq data have been deposited in Gene
Expression Omnibus (GEO) under accession code GSE236384 Pelka et
al.‘s dataset was accessed under the accession code GSE178341 Source
data are provided with this paper.
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