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DNA mismatch repair-deficient (MMR-d) cancers present an abundance of

neoantigens that is thought to explain their exceptional responsiveness toimmune
checkpointblockade (ICB)"2. Here, in contrast to other cancer types®>, we observed
that 20 out of 21 (95%) MMR-d cancers with genomic inactivation of 32-microglobulin
(encoded by B2M) retained responsiveness to ICB, suggesting the involvement of
immune effector cells other than CD8" T cells in this context. We next identified a
strong association between B2Minactivation and increased infiltration by y6 T cellsin
MMR-d cancers. These y§ T cells mainly comprised the V61 and V63 subsets, and
expressed high levels of PD-1, other activation markers, including cytotoxic
molecules, and abroad repertoire of killer-cellimmunoglobulin-like receptors.
Invitro, PD-1"y8 T cells that were isolated from MMR-d colon cancers exhibited
enhanced reactivity to human leukocyte antigen (HLA)-class-I-negative MMR-d colon
cancer cell lines and B2M-knockout patient-derived tumour organoids compared with
antigen-presentation-proficient cells. By comparing paired tumour samples from
patients with MMR-d colon cancer that were obtained before and after dual PD-1and
CTLA-4 blockade, we found thatimmune checkpoint blockade substantially
increased the frequency of y5 T cells in B2M-deficient cancers. Taken together, these
dataindicate that y6 T cells contribute to the response toimmune checkpoint
blockade in patients with HLA-class-I-negative MMR-d colon cancers, and underline
the potential of y& T cells in cancer immunotherapy.

ICBtargeting the PD-1-PD-L1and/or CTLA-4 axes provides durable clini-
cal benefits to patients who have cancers with MMR-d and high micros-
atellite instability® °. The exceptional responses of cancers with MMR-d
and high microsatellite instability to ICB is thought to be explained
by their substantial burden of putative neoantigens, which originate
from the extensive accumulation of mutations in their genomes'* This
is consistent with the current view that PD-1 blockade mainly boosts
endogenous antitumour immunity driven by CD8" T cells, which rec-
ognize HLA-class-I-bound neoepitopes on cancer cells'® 2, However,
MMR-d colon cancers frequently lose HLA-class-I-mediated antigen
presentation due to silencing of HLA class I genes, inactivating muta-
tions in f2-microglobulin (encoded by B2M) or other defects in the
antigen processing machinery®, which can render these tumours
resistant to CD8* T-cell-mediated immunity®>". Notably, early evidence
hasindicated that B2M-deficient, MMR-d cancers can obtain durable

responses to PD-1 blockade', suggesting that immune cell subsets
other than CD8" T cells contribute to these responses.
HLA-class-I-unrestricted immune cell subsets, which have the abil-
ity to kill tumour cells, include natural killer (NK) cells and y6 T cells.
Y6 T cells share many characteristics with their o3 T cell counterpart,
such as cytotoxic effector functions, but express adistinct TCR thatis
composed ofayand a6 chain. Different subsets of y§ T cells are defined
by their TCR & chain use, of which those expressing V81 and V63 are
primarily ‘tissue-resident’at mucosal sites, whereas those expressing
V82 are mainly foundinblood"”. Both adaptive and innate mechanisms
of activation—for example, through stimulation of their y5 TCR or
innate receptors suchas NKG2D, DNAM-1, NKp30 or NKp44—have been
described for y8 T cells®. Killer-cell immunoglobulin-like receptors
(KIRs) are expressed by y5 T cells and regulate their activity depend-
ing on HLA class I expression in target cells®. Furthermore, y8 T cells
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were found to express highlevels of PD-1in MMR-d colorectal cancers
(CRCs)?, suggesting that these cells may be targeted by PD-1blockade.

Here, we applied a combination of transcriptomic and imaging
approachesforanin-depth analysis of ICB-naive and ICB-treated MMR-d
coloncancers, aswellasin vitro functional assays, and found evidence
indicating that y6 T cells mediate responses to HLA-class-I-negative
MMR-d tumours during treatment with ICB.

ICB s effective in B2M"'TMMR-d cancers

We evaluated responses to PD-1blockade therapy in a cohort of 71
patients with MMR-d cancers from various anatomical sites treated
in the Drug Rediscovery Protocol (DRUP)® in relation to their B2M
status (Fig. 1a, Extended Data Fig. 1a-c and Supplementary Table 1).
A clinical benefit (CB; defined as at least 4 months of disease con-
trol; the primary outcome of the DRUP) was observed in 20 out of 21
(95%) of patients with tumours with mutant or deleted B2M (B2M"T)
tumours versus 31 out of 50 (62%) of patients with tumours with
wild-type B2M (B2M"") (two-sided Fisher’s exact test, P= 0.0038;
logisticregression, P=0.022 and P = 0.027, adjusted for tumour muta-
tionalburden (TMB), and TMB plus tumour type, respectively; Fig. 1b).
Among patients with B2M"'T tumours, 3 out of 21 (14%) individuals
experienced acomplete response (according to RECIST1.1criteria), 12
(57%) experienced a partial response, 5 (24%) experienced a durable
stable disease and 1 (4.8%) experienced progressive disease as the
best overall response. All 44 B2M alterations across 21 patients were
clonal (Methods), consistent with previous observations in MMR-d
cancers's, A total of 13 out of 21 (62%) patients with B2M"" tumours
had biallelic B2M alterations, 4 (19%) had potentially biallelic altera-
tionsand 4 (19%) had non-biallelic alterations (Fig. 1cand Methods).
Non-biallelic alterations have also been associated with complete loss
of B2M protein expressionin MMR-d tumours®®. Thus, B2M alterations
are associated with a high clinical benefit rate of PD-1 blockade in
patients with MMR-d cancers.

V&1and V63 TCRs are overexpressed in B2M"'" cancers

To gain insights into the immune cell subsets that are involved in
immune responses to HLA-class-I-negative MMR-d cancers, we used
data of The Cancer Genome Atlas (TCGA) and studied the transcrip-
tomic changes associated with the genomic loss of B2M in three
cohorts of individuals with MMR-d cancer in colon adenocarcinoma
(COAD; n=50 (B2M""), n=7 (B2M""")), stomach adenocarcinoma
(STAD; n=48 (B2M"") and n =12 (B2M""")), and endometrium carci-
noma (UCEC; n=118 (B2M"") and n = 4 (B2M""")). We found that B2M
was among the most significantly downregulated genes in B2M"YT
cancers (two-sided limma-voom-based regression, P=3.5x107*,
Benjamini-Hochberg false-discovery rate (FDR)-adjusted P=0.12,
adjusted for tumour type; Fig. 1d). Genes encoding components of
the HLA class I antigen presentation machinery other than B2M were
highly upregulated in B2M"'T tumours, which may reflect reduced
evolutionary pressure on somatic inactivation of these genes in
the B2MM'T context™ (Fig. 1d). Notably, we found TRDVI and TRDV3,
which encode the variable regions of the 81 and 63 chains of the y6
T cell receptor (TCR), among the most significantly upregulated loci
in B2MMUT tumours (TRDVI, two-sided limma-voom-based regres-
sion, FDR-adjusted P=0.00090, adjusted for tumour type; TRDV3,
two-sided limma-voom-based regression, FDR-adjusted P=0.0015,
adjusted for tumour type; Fig. 1d), regardless of the allelic status of
the B2M alteration (Extended Data Fig. 1d). Consistent with this, the
expression levels of TRDVI1 and TRDV3 were higher in B2MY" com-
pared with in B2M"" MMR-d cancers (two-sided Wilcoxon rank-sum
test, P=6.5x1078 for all of the cohorts combined; two-sided lin-
ear regression, P=4.7 x107%, adjusted for tumour type; Fig. 1d—f).
Moreover, B2MM'T tumours showed overexpression of multiple KIRs
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(Fig.1d), which clustered together with TRDVIand TRDV3 on the basis
of hierarchical clustering (Extended Data Fig. 1e). The expression
level of different KIRs (Supplementary Table 2) was higher in B2MMUT
tumours compared with in B2M*” MMR-d tumours (two-sided Wil-
coxon rank-sumtest, P=4.4 x 10~*for all cohorts combined; two-sided
linear regression, P=4.7 x107%, adjusted for tumour type; Fig. 1d-f).
Together, these results suggest that ICB-naive B2ZM"'"MMR-d cancers
showincreased levels of V61and V&3 T cells as well as increased numbers
ofthese or otherimmune cells expressing KIRs—a potential mechanism
of recognition of HLA class 11oss.

We used marker gene sets (modified from ref. >*; Methods and
Supplementary Table 2) to estimate the abundance of a broad set
of other immune cell types on the basis of the RNA expression data
of the TCGA cohorts. Hierarchical clustering identified a high- and
alow-infiltrated cluster in each of the three tumour types (Fig. 1e).
Compared with the V61 and V83 T cell and KIR gene sets, the other
marker gene sets showed no or only weak association between expres-
sionlevel and B2M status, indicating that our findings were not solely
driven by a generally more inflamed state of B2M"'" tumours (Fig. 1e,f
and Extended Data Fig. 1f).

We nextrevisited the DRUP cohort and specifically applied the marker
gene sets to RNA expression data. Despite the low patient numbers and
high heterogeneity regarding tumour types and biopsy locations of
this cohort, we confirmed increased TRDVI and TRDV3 expression in
B2M"T tumours pan-cancer (two-sided linear regression, P=0.017,
adjusted for tumour type and biopsy site; Fig. 1g, Extended Data Fig. 1g
and Methods). KIR expression was significantly associated with B2M
status only in CRC (Fig.1g). Across mismatch repair-proficient (MMR-p)
metastatic cancersin the Hartwig database®, 36 out 0f 2,256 (1.6%) can-
cershadaclonal B2M alteration, which was frequently accompanied by
loss of heterozygosity (LOH) (Extended DataFig.1h and Supplementary
Table 3). Althoughrare, B2M alterations were also significantly associ-
ated with increased expression of TRDV1/TRDV3loci in this context
(two-sided linear regression, P=2.2 x 1077, adjusted for tumour type;
Extended Data Fig. i and Methods). Taken together, B2M defects are
positively associated with clinical benefits of ICB treatment, as well as
infiltration by V61and V&3 T cells and expression of KIRs.

V61and V63T cells are activated in MMR-d CRC

Toinvestigate which y8 T cell subsets are presentin MMR-d colon can-
cers and to determine their functional characteristics, we performed
single-cell RNA-sequencing (scRNA-seq) analysis of yO T cellsisolated
from five MMR-d colon cancers (Extended Data Figs. 2 and 3 and Sup-
plementary Table 4). Three distinct V& subsets were identified (Fig. 2a)—
V61T cells were the most prevalent (43% of y& T cells), followed by
V62 (19%) and V83 T cells (11%) (Fig. 2b). PDCDI (encoding PD-1) was
predominantly expressed by V61 and V83 T cells, whereas V51 cells
expressed high levels of genes that encode activation markers such
as CD39 (ENTPDI1) and CD38 (Fig. 2c and Extended Data Fig. 2b). Fur-
thermore, proliferating yd T cells (expressing MKI67) were especially
observed in the V61 and V63 subsets (Fig. 2¢). Other distinguishing
features of the V81 and V83 T cell subsets included the expression of
genes encoding activating receptors NKp46 (encoded by NCR1), NKG2C
(encoded by KLRC2) and NKG2D (encoded by KLRK1I) (Fig.2c). Notably,
the expression of several KIRs was also higher in the V61 and V63 sub-
setsascomparedto V62T cells (Fig. 2c). Almost all yS T cells displayed
expression of the genes encoding granzyme B (GZMB), perforin (PRFI)
and granulysin (GNLY) (Fig. 2c). Together, these data supportarole
for y8 T cells in mediating natural cytotoxic antitumour responses in
HLA-class-I-negative MMR-d colon cancers.

Next, we applied imaging mass cytometry (IMC) analysis toa cohort
of17individuals with ICB-naive MMR-d colon cancers (Supplementary
Table 4). High levels of y§ T cell infiltration were observed in cancers
with B2M defects as compared to B2M-proficient cancers, albeit this
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responsiveness andinfiltrationby V61and V63 T cells and KIR-expressing
cells. a, Tumour type distributionin the DRUP cohort (n = 71 patients). The
colours denote patients’ B2M status; grey, WT; red, altered (ALT). Pvalues for
the enrichment/depletion of B2M-altered tumours per primary site were
calculated using two-sided Fisher’s exact tests. The inset denotes the ICB
treatment; dark blue, nivolumab (Nivo); lightblue, durvalumab (Durva). b, B2M
status (xaxis) versus clinical benefit (green, CB; red, no clinical benefit (NCB))
of ICB treatmentin the DRUP cohort. The Pvalue was calculated using a
two-sided Fisher’s exact test. ¢, The allelic status of B2M alterations in the DRUP
cohort. Mut, mutation. d, Differential gene expression between B2M"'"and
B2M"T"MMR-d cancers in the TCGA COAD (colonadenocarcinoma;n=>57
patients), STAD (stomach adenocarcinoma; n = 60 patients) and UCEC (uterus
corpusendometrial carcinoma; n =122 patients) cohorts. The results were
adjusted (adj.) for tumour type and multiple-hypothesis testing (Methods).

e, Immune marker gene set expressionin MMR-d cancers of the COAD, STAD

difference was not significant (Fig. 2d). Thelevels of otherimmune cells,
including NK cells, CD4" T cellsand CD8" T cells, were similar between
B2M-deficientand B2M-proficient tumours (Fig. 2d). In B2M-deficient
cancers, y& T cells showed frequent intraepithelial localization and
expression of CD103 (tissue-residency), CD39 (activation), granzyme

[ MMR-d, B2M"T . MMR-d, B2vMUT

and UCEC cohorts of the TCGA. The bottom two bars indicate B2M status and
cancertype. Theassociation (assoc.) between gene set expression and B2M
status was tested using ordinary least squares linear regression (adjusted for
tumour type; Methods), of which two-sided Pvalues and the association sign
areshownontheright. Cancers were ranked on the basis of hierarchical
clustering (top dendrograms). Pvalues less than 0.05 arein bold. f, Immune
marker gene setexpression in B2M" (pink) and B2M"'" (red) MMR-d cancersin
the TCGA COAD, STAD and UCEC cohorts separately or combined (all). Boxes,
whiskersand dotsindicate the quartiles,1.5x theinterquartile range (IQR) and
individual data points, respectively. Pvalues were calculated using two-sided
Wilcoxon rank-sum tests. g, Immune marker gene set expression in B2M""™
(pink) and B2MM'" (red) as described in f, but for MMR-d cancersin the DRUP
cohort.Results are shown for all cancers combined, only CRC or allnon-CRC
cancers (other). Two-sided Pvalues were calculated usinglinear regression,
adjusting for biopsy site and tumour type (Methods).

B (cytotoxicity) and Ki-67 (proliferation), as well as PD-1 (Fig. 2d-fand
Extended Data Fig. 2c), consistent with the scRNA-seq data. Notably,
Y& T cells in B2M-deficient cancers showed co-expression of CD103
and CD39 (Extended DataFig.2d), which hasbeen reported to identify
tumour-reactive CD8" o T cells in a variety of cancers®.
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Fig.2| Tumour-infiltrating V61and V83 T cell subsets display hallmarks of
cytotoxicactivityin MMR-d colon cancers.a, UMAP embedding showing the
clustering of y8 T cells (n = 4,442) isolated from MMR-d colon cancers (n=5)
analysed using scRNA-seq. The coloursrepresent the TCR VS chain usage. The
functionally distinct y8 T cell clusters are shown in Extended Data Fig. 3. Dots
representsingle cells. b, The frequencies of TCRVS chainuse of the y8§ T cells
(n=4,442) analysed using scRNA-seqas a percentage of total y6 T cells.c, The
frequencies of positive cells for selected genes across V61 (n=1,927), V62
(n=860)and V83 (n=506) cells as the percentage of total y§ T cells from each
MMR-d colon tumour (n = 5) analysed using scRNA-seq. V83 cells were present
intwo out of five colon cancers. Dataare median + IQR, with individual samples
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PD-1"V61and V83 T cells kill HLA-class-I" CRC cells

We next sought to determine whether tumour-infiltrating y§ T cells can
recognize and kill CRC cells. We isolated and expanded PD-1"and PD-1*
Y& T cells from five MMR-d colon cancers (Extended Data Fig. 4a-cand
Supplementary Table 4). Consistent with the scRNA-seq data, expanded
PD-1"y8 T cell populations lacked V62* cells and comprised the V&1* or
V83*subsets, whereas the PD-1" fractions contained V62" or a mixture
of V61%,V62*and V83" populations (Fig. 3a and Extended Data Fig. 4d).
Detailed immunophenotyping of the expanded y56 T cells (Fig. 3a and
Extended Data Fig. 5a) showed that all of the subsets expressed the
activatingreceptor NKG2D, whereas the surface expression of natural
cytotoxicity receptors (NCRs) and KIRs was most frequent on PD-1" y6
T cells (V61 or V83*), consistent with the scRNA-seq results of unex-
panded populations.

We measured the reactivity of the expanded y8 T cell populations to
HLA-class-I-negative and HLA-class-I-positive cancer cell lines (Fig. 3b
and Extended Data Fig. 4b). After co-culture with the different cancer
celllines, reactivity (assessed by expression of activation markers and
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Keratin TCRyd Ki-67

Keratin TCRy8 PD-1

(dots).d, Thefrequencies of y6 T cells, CD56" NK cells, CD4" T cells and CD8"

T cellsintreatment-naive B2M* (n=12) and B2M™ (n =5) MMR-d colon cancers.
Dataare median + IQR, with individual samples (dots). Pvalues were calculated
using two-sided Wilcoxon rank-sumtests. e, The frequencies of granzyme-
B-positive y6 T cells, CD56* NK cells, CD4"* T cellsand CD8" T cells in treatment-
naive B2M™(n=5) MMR-d colon cancers. CD56" NK cells were present in four
outoffiveB2M™ cancer samples. Dataare median = IQR, withindividual samples
(dots). f, Representative images of the detection of tissue-resident (CD103"),
activated (CD39"), cytotoxic (granzyme B*), proliferating (Ki-67") and PD-1" y§
T cells (white arrows) by IMC analysis of a treatment-naive MMR-d colon cancer
with B2M defects. Scale bar, 20 pm.

secretion of IFNy) was largely restricted toPD-1"y& T cells (V610r V63*),
whereasactivation of PD-1"y8 T cells (V62") was generally not detected
(Fig.3cand Extended DataFig.4).PD-1"y6 T cell (V&1 or V&3") reactivity
was variable and was observed against both HLA-class-I-negative and
HLA-class-I-positive cell lines (Fig. 3c and Extended Data Fig. 4). To
quantify and visualize the differencesin the killing of CRC cell lines by
PD-1"and PD-1"y8 T cells, we co-cultured the y8 T cell populations with
three CRC cell lines (HCT-15, LoVo, HT-29) in the presence of a fluores-
cent cleaved-caspase-3/7 reporter to measure cancer cell apoptosis
over time (Fig.3d,e). We found pronounced cancer cell apoptosis after
co-culture withPD-1"y8 T cells (V81 or V83*) compared with PD-1"cells;
cancer cell death was more pronounced in HLA-class-I-negative HCT-15
cells (Fig. 3e and Supplementary Videos 1and 2). Reintroduction of B2M
inthe B2M-deficient HCT-15and LoVo cells diminished their killing by
PD-1"y6 T cells (V81 or V83¥) cells (Extended Data Fig. 6), suggesting
that B2M loss increases the sensitivity toyS T cells.

Next, we established two parental patient-derived tumour orga-
noid lines (PDTOs; Supplementary Table 5) of MMR-d CRC and gener-
ated isogenic B2M*° lines using CRISPR. Genomic knockout of B2M
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withy8 T cellsas describedind. Dataare mean + s.e.m. of two wells with two
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effectively abrogated cell surface expression of HLA class I (Extended
DataFig.7). We exposed two B2M*°lines and their parental B2M"" lines
to the expanded y8 T cell subsets, and quantified y6 T cell activation
by determination of IFNy expression. Similar to our cell line data, y6
T cells displayed increased reactivity to B2M*° PDTOs in comparison

atthebottomright. f, Representative flow cytometry plots showing IFNy
expressioninyS T cells unstimulated (alone) and after stimulation with two
B2M""and B2M*° CRC MMR-d organoids. g, IFNy expressioniny5 T cells after
stimulation with two B2M*"and B2M*° CRCMMR-d organoids, shown as the
difference compared with the unstimulated y8 T cellsample. Data are from two
biological replicates, except for asingle biological replicate of CRC134 PD-1".
NA, notavailable. h, The killing of CRC cell lines after 12 h co-culture with y6
Tcellswith or without NKG2D ligand blocking. Data are mean + s.e.m. of two
wells with twoimages per well. i, IFNy (left) and CD107a (right) expressionin yo
T cells after stimulation with B2M""PDTO-2 or B2M*° PDTO-2, with or without
NKG2D ligand blocking and subtracted background signal. Data are from two
biological replicates, except for asingle biological replicate of CRC94.

to the B2M"" PDTOs (Fig. 3f,g). Furthermore, y8 T cell reactivity to
B2M*° tumour organoids was preferentially contained within the PD-1
population of y& T cells (Fig. 3g). Thus, a lack of HLA class I antigen
presentation in MMR-d tumour cells can be effectively sensed by Y6
T cells and stimulates their antitumour response.
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Expression of NKG2D onyS T cells decreased during co-culture with
target cells (Extended DataFig. 8a,b), suggesting the involvement of the
NKG2D receptor in yS T cell activity. The NKG2D ligands MICA/B and
ULBPs were expressed by the cancer celllines (Fig. 3b) and the MMR-d
CRCPDTOs, irrespective of their B2M status (Extended Data Fig. 7). To
examine which receptor-ligand interactions might regulate the activ-
ity of PD-1"yS T cells, we performed blocking experiments focused on
(1) NKG2D, (2) DNAM-1and (3) y6 TCRsignalling. Of these candidates,
the only consistent inhibitory effect was observed for NKG2D ligand
blocking on cancer cells, which decreased the activation and killing
ability of most PD-1" y8 T cells (Fig. 3h and Extended Data Fig. 8c,d),
confirming the mechanistic involvement of the NKG2D receptor in
y& T cell activationin this context. Moreover, blocking NKG2D ligands
on MMR-d CRC PDTOs reduced the PDTO-directed tumour reactivity
of y6 T cells from CRC94 and CRC134 (Fig. 3i). Together, these results
show that y6 T cell reactivity to MMR-d tumours is partly dependent
on NKG2D/NKG2D-ligand interactions.

ICBboosts V81and V83 T cells in B2M'T CRC

We subsequently studied how ICB influences y6 T cell infiltration and
activationin MMR-d colon cancersinthe therapeutic context. For this
purpose, we analysed pre- and post-treatment samples of the NICHE
trial®, in which patients with colon cancer were treated with neoad-
juvant PD-1 plus CTLA-4 blockade. Consistent with our observations
in the DRUP cohort, 4 out of 5 (80%) individuals with B2M"'" cancers
in the NICHE trial showed a complete pathologic clinical response.
Immunohistochemical analysis confirmed the loss of B2M protein
expressionontumour cellsin all mutated cases (Extended Data Fig. 9).
Whereas expression ofimmune marker gene sets in the pretreatment
samples was similar between 5 B2M"Y" versus 13 B2M"7 cancers, ICB
induced a clearimmunological divergence between these two groups
(Fig.4a). The B2M"" subgroup was most significantly associated with
higher post-treatment expression of TRDVI and TRDV3 (two-sided
Wilcoxonrank-sumtest, P=0.0067; Fig. 4a), followed by higher expres-
sion of the general immune cell marker CD45, NK-cell-related mark-
ers, KIRs and a3TCRs (two-sided Wilcoxon rank-sum test, P= 0.016,
P=0.016, P=0.027 and P=0.043, respectively; Fig. 4a and Extended
DataFig.10a). The set of KIRs upregulated after ICB in B2M""" cancers
(Extended Data Fig. 10b) was consistent with the sets of KIRs upregu-
lated in B2M""MMR-d cancers in TCGA (Fig. 1e), and those expressed
by MMR-d tumour-infiltrating y& T cells (Fig. 2c). Pre- and post-ICB
gene expression levels related to CD4 and CD8 infiltration were not
associated with B2M status (Fig. 4a and Extended Data Fig. 10a).

To quantify and investigate the differences in immune profiles
after ICB treatment, we used IMC to analyse tissues derived from five
B2MMT HLA-class-1-negative and five B2M"" HLA-class-I-positive can-
cers before and after ICB treatment. In the ICB-naive setting, B2M"'"
MMR-d colon cancers showed higher y8 T cell infiltration compared
with B2M""MMR-d colon cancers (two-sided Wilcoxon rank-sum test,
P=0.032; Fig. 4b and Extended Data Fig. 10c). Importantly, a large
proportion of these Y5 T cells showed an intraepithelial localization
in B2M"Y" MMR-d colon cancers compared with the B2M"" samples
(two-sided Wilcoxonrank-sumtest, P= 0.0079; Extended Data Fig.10d).
No significant differences were observed in the infiltration of other
immune cells, suchasNK cells, CD4" T cellsand CD8" T cells, in ICB-naive
B2M"T versus B2M"" MMR-d colon cancers (Fig. 4b). ICB treatment
resulted in major pathologic clinical responses, and residual cancer
cells were absentin most post-ICB samples. All post-ICB tissues showed
a profound infiltration of different types of immune cells (Extended
Data Fig. 10e), of which y6 T cells were the only immune subset that
was significantly higher in ICB-treated B2M"Y" compared with B2M""
MMR-d colon cancers (two-sided Wilcoxon rank-sum test, P= 0.016;
Fig.4b and Extended DataFig.10c). In the sole B2M""" case that still con-
tained cancer cells after treatment with ICB, the majority of granzyme B*
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immune cells infiltrating the tumour epitheliumwere y8 T cells (Fig. 4¢).
TheseyS T cells displayed co-expression of CD103, CD39, Ki-67 and PD-1
(Extended DataFig.10f-h). Taken together, these results show that ICB
treatment of MMR-d colon cancer increases the presence of activated,
cytotoxicand proliferating y5 T cells at the tumour site, especially when
these cancers are B2M-deficient, highlighting y& T cells as effectors of
ICB treatment within this context.

Discussion

CDS8" af3 T cells are major effectors of ICB™*# and rely on HLA class |
antigen presentation of target cells. We confirm and shed light on the
paradox that patients with HLA class I defects in MMR-d cancersretain
the clinical benefit of ICB, suggesting that otherimmune effector cells
areinvolved in compensating for the lack of conventional CD8" T cell
immunity in this setting. We show that genomicinactivation of B2Min
MMR-d colon cancers was associated with: (1) an elevated frequency of
activated y8 T cellsin ICB-naive tumours; (2) anincreased presence of
tumour-infiltrating y6 T cells after ICB treatment; (3) in vitro activation
of tumour-infiltrating y& T cells by CRC cell lines and PDTOs; and (4)
killing of tumour cell lines by y5 T cells, in particular by V61 and V63
subsets expressing PD-1.

Different subsets of y& T cells exhibit substantially diverse functions
that, in the context of cancer, range from tumour-promoting to tumour-
icidal effects?®**%, Thus, it is of interest to determine what defines
antitumour reactivity of y6 T cells. Here we isolated V61/3-expressing
PD-1"T cells as well as V62-expressing PD-1" T cells from MMR-d tumour
tissues. Our data suggest that especially tumour-infiltrating V61 and
V83T cells canrecognize and kill HLA-class-I-negative MMR-d tumours,
whereas Vy9V62 cells, the most studied and main subset of y6 T cells in
theblood, appear to be less relevant within this context. Thisis consist-
ent with other studies showing that the cytotoxic ability of V61 cells
generally outperforms their V82 counterparts®°>*. Notably, reports
of the cytotoxicity of tumour-infiltrating V63 cells have been lacking.
Furthermore, the observation that PD-1* y8 T cells (V61 and V83 phe-
notype) demonstrated clearly higher levels of antitumour reactivity
compared with their PD-1" counterparts (V562 phenotype) suggests that,
asfor CD8" af T cells®, PD-1expression may be amarker of antitumour
reactivity inyS T cells.

The mechanisms of activation of y6 T cells are notoriously complex
and diverse®. Specifically, for V81* cells, NKG2D has been described to
beinvolvedintumourrecognition, whichis dependent ontumour cell
expression of NKG2D ligands MICA/B and ULBPs**%, Here, MICA/B
and ULBPs were highly expressed by the MMR-d CRC cell lines and
tumour organoids, and blocking these ligands reduced y5 T cell
activation and cytotoxicity. This suggests arole for the activating
receptor NKG2D in y& T cell immunity to MMR-d tumours. Future
research should address the outstanding question of how y§ T cells
accumulate in B2M-deficient tumours, and whether the lack of CD8*
T cell activity might contribute to the establishment of an attractive
nichefory6 T cells and other immune effector cells. Potential mecha-
nisms for the recognition of HLA-class-I-negative phenotypes may
include KIR-, NKG2A- and LILRB1-mediated interactions with target
cancer cells. Notably, we found that the expression of KIRs was most
pronounced on PD-1"y8 T cells (V81 or V63" subsets), which dem-
onstrated anti-tumour activity. Whether the lack of KIR-mediated
signalling promotes the survival of y§ T cells and their intratumoural
proliferation remains to be studied.

Our findings have broad implications for cancerimmunotherapy.
First, our findings strengthen the rationale for combining PD-1
blockade withimmunotherapeutic approachesto further enhance
Y6 T-cell-based antitumour immunity. Second, the presence or
absencein tumours of specific y5 T cell subsets (such as V61 or V63)
may help to define patients who are responsive or unresponsive
to ICB, respectively, especially in the case of MMR-d cancers and
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Fig.4|ICBinduces substantial infiltration of y8 T cellsinto MMR-d colon
cancers with defectsinantigen presentation. a, The RNA expression of
differentimmune marker gene setsin MMR-d B2M"7 (pink) and MMR-d B2M""
(red) cancers before (left) and after (right) neoadjuvantICB in the NICHE study.
Theboxes, whiskers and dots indicate quartiles, 1.5 x IQR and individual data
points, respectively. Pvalues were calculated using two-sided Wilcoxon
rank-sum tests comparing MMR-d B2M"" versus MMR-d B2M"'" cancers. b, The

other malignancies with frequent HLA classIdefects, suchas stomach
adenocarcinoma® and Hodgkin’s lymphoma*°. Third, our results sug-
gest that MMR-d cancers and other tumours with HLA class I defects
may be particularly attractive targets for V81 or V83 T-cell-based
cellular therapies.

Although we have provided detailed and multidimensional analy-
ses, itis probable that y6 T cells are not the only factor driving ICB
responses in HLA-class-I-negative MMR-d CRC tumours. In this con-
text, other HLA-class-I-independent immune subsets, such as NK
cells and neoantigen-specific CD4" T cells may also contribute. The
latter were shown to have an important role in the response to ICB
(as reported in mouse B2M-deficient MMR-d cancer models*), and
may also support y6 T-cell-driven responses. Notably, no subset
equivalent to V81 or V83 T cells has been identified in mice, which
complicates theirinvestigationinin vivo models. In conclusion, our
results provide strong evidence that y6 T cells are cytotoxic effector
cells of ICB treatment in HLA-class-I-negative MMR-d colon can-
cers, withimplications for further exploitation of y6 T cells in cancer
immunotherapy.

frequencies of y§ T cells, CD56" NK cells, CD4" T cellsand CD8* T cellsin B2M""
(n=5)and B2M"" (n=5) MMR-d colon cancers before and after ICB treatment.
Dataaremedian = IQR, withindividual samples (dots). Pvalues were calculated
using two-sided Wilcoxon rank-sum tests. ¢, Representative images of granzyme-
B-positive y5 T cells infiltrating the tumour epithelium (white arrows) by IMC
analysis of a B2M"'"MMR-d colon cancer after ICB treatment. Scale bar, 50 pm.
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Methods

TCGA data

RNA expression data (raw counts) of the colon adenocarcinoma
(COAD), stomach adenocarcinoma (STAD) and Uterus Corpus Endo-
metrium Carcinoma (UCEC) cohorts of The Cancer Genome Atlas
(TCGA) Research Network were downloaded through the GDC data
portal (https://portal.gdc.cancer.gov) on 10 April 2019. Of these
cohorts, mutation, copy number, purity and ploidy data were down-
loaded from the GDC on 11 November 2021, as the controlled access
ABSOLUTE-annotated* MAF file (mutations), SNP6 white-listed copy
number segments file (copy numbers) and ABSOLUTE purity/ploidy file
of the TCGA PanCanAtlas project*®. Mismatch-repair-deficiency status
was obtained fromref.* (TCGA subtype = Gl.HM-indel or UCEC.MS]I).

DRUP data

A detailed description of the DRUP, including details on patient
accrual, study design, oversight and end points was published previ-
ously®. In brief, the DRUP is a national, non-randomized multidrug
and multitumour study in the Netherlands, in which patients receive
off-label drugs registered for other treatment indications. These
patients had advanced or metastatic solid tumours and had exhausted
standard-treatment options, they were required tobe at least 18 years
ofage, withacceptable organ function and performance status (Eastern
Cooperative Oncology Group (ECOG) score <2),and have an objectively
evaluable disease of which a fresh baseline tumour biopsy could safely
be obtained. We analysed 71 patients with MMR-d cancers recruited
and treated with PD-1blockade in 22 Dutch hospitals participating in
the DRUP* between 2016 and 2021. Patients included in this analysis
had (1) a clinical follow-up =16 weeks after start of PD-1blockade treat-
ment; (2) WGS data passing standard quality controls (as defined previ-
ously, including asequencing-based tumour purity of 220%)*; and (3)
available RNA-seq data (Supplementary Table 1). MMR-d status was
determined using routine diagnostics at the hospital of patient accrual
and was confirmed by WGS, on the basis of an MSlseq (v.1.0.0)* score
of >4, which represents a predefined threshold®. Consistent with the
study protocol of the DRUP?, the primary outcome measure for our
analysis was clinical benefit, defined as disease control of 216 weeks,
and the secondary outcome measure was best overall response, all
assessed according to the RECIST 1.1guidelines by the local treatment
team at the site of accrual. As determined in the study protocol, these
outcome measures were considered to be evaluable in patients who
received at least two cycles of intravenous study medication, and for
whom the response was radiologically or clinically evaluable (at the
treating physician’s discretion). For genomics and transcriptomics
analyses, fresh frozen tumour biopsies were obtained at the baseline
(that is, before PD-1blockade). WGS analysis (median depths, ~100x
and -40x for tumour and normal, respectively) and bioinformatics
analyses were performed as previously described®%, with an opti-
mized pipeline based on open-source tools that is freely available at
GitHub (https://github.com/hartwigmedical/pipeline5). The TMB per
Mb was determined by counting the genome-wide number of muta-
tions (SNVs, MNVs and indels) and dividing this number by the number
of megabases sequenced. For RNA-seq analysis, we extracted total
RNA using the QIAGEN QIAsymphony RNA kit (931636). Samples with
approximately 100 ngtotal RNA were prepared using KAPARNA Hyper
+RiboErase HMR (8098131702) and the RNA libraries were paired-end
sequenced onthe lllumina NextSeq550 platform (2 x 75 bp) or the Illu-
minaNovaSeq6000 platform (2 x 150 bp). Raw RNA reads (FASTA files)
were aligned to the human reference genome (GRCh38) using STAR*,
(v.2.7.7a) using the default settings in two-pass mode.

Hartwig data
We analysed 2,256 metastatic tumoursincludedin the freely available
Hartwig database® that (1) were MMR-p (WGS-based MSlseq* score <4);

(2) had available WGS data passing standard quality controls (as defined
before, including a sequencing-based tumour purity >20%)%; (3) and
had available RNA-seq data. We excluded 89 tumours fromrare primary
tumour locations, defined as locations with less that <20 patients in
our selection. Whenindividual patients had data available of biopsies
obtained at different timepoints, we included data of only the first
biopsy. Sequencing and bioinformatics were performed identically to
the procedures used for the generation of the DRUP dataset (see above).
Details of this cohort are provided in Supplementary Table 3.

NICHE study data

Raw RNA reads (FASTA files) of our recently published NICHE study’
(ClinicalTrials.gov: NCT03026140) were generated as described in
the original publication and aligned to the human reference genome
(GRCh38) with STAR*® (v.2.7.7a) using the default settings in two-pass
mode. For gene expression quantification, we used the gencode.v35.
annotation.gtf annotation file. Somatic mutation data were obtained
from DNA-seq of pretreatment tumour biopsies and matched germline
DNA, as described in the original publication®.

B2M status

Consistent with the notion that both biallelic and monoallelic non-
synonymous B2M mutations are strongly associated with tumour-
specific loss of B2M protein expression', we considered all tumours
with atleast one somatic, non-synonymous B2M mutation to be aB2M
mutant. As none of the B2M mutant tumours in TCGA had B2M copy
number gains or losses, LOH of B2M could easily be assessed by asimple
calculation estimating the mutation’s copy number:

VAF
Mutcy= round[z X — j
purity

where Mut, represents the estimated mutation’s copy number
(rounded to aninteger value), VAF represents the variant allele fre-
quency of the mutation and purity equals the ABSOLUTE-based*
tumour cell fraction of the sample.

A Mut, equal to 2 was considered to be consistent with LOH, as the
most parsimonious explanation of such aresultis the scenarioin which
all tumour-derived reads spanning the region of the B2M mutation
contain the mutation and none of the tumour-derived reads are WT.

In analyses of patients in the DRUP and Hartwig datasets, LOH of
B2M mutations was determined as anintegrated functionality of PUR-
PLE (v.2.34)*. When multiple B2M mutations were present within a
sample, we manually phased the mutations throughinspection of the
B2M-aligned reads using the Integrative Genomics Viewer (IGV)*®. Here
mutations were phased in case single reads were observed spanning the
genomiclocations of both mutations. We divided patients with multiple
B2M mutations into three subgroups: (1) Biallelic, if (a) the multiple
mutations were in trans AND the integer sum of the mutation copy
numbers equalled (or exceeded) the integer copy number of the B2M
gene (for mutationsin cis, only one of these mutations was considered
in the calculation); or (b) at least one of the mutations showed LOH.
(2) Potentially biallelic, if the multiple mutations affected genomic
locations too distant to be phased and the (integer) sum of the muta-
tion copy numbers equalled (or exceeded) the integer copy number
of the B2M gene (for mutationsin cis, only one of these mutations was
considered inthe calculation) and none of the mutations showed LOH.
(3) Not bi-allelic, if the integer sum of the mutation copy numbers was
smaller than the integer copy number of the B2M gene (for mutations
in cis, only one of these mutations was considered in the calculation)
and none of the mutations showed LOH.

Inthese analyses, mutations were considered to be subclonalinthe
casein which the probability of subclonality was >0.5 (the situationin
whichamutationis more likely subclonal than clonal), as determined
using PURPLE (v.2.34)".
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Association of B2M status with outcome and tumour
characteristics

To test whether somatic B2M alterations were associated with the
clinical benefit rate of patients with MMR-d tumours treated with ICB
in the DRUP, we used a Fisher’s exact test (using the Python package
Scipy® (v.1.3.1)) for unadjusted analyses and logistic regression (as
implemented by the Python package Statsmodels (https://pypi.org/
project/statsmodels/; v.0.10.1) for analyses adjusted for the continuous
TMB per Mb and/or the primary site of the tumour. The association of
B2M status with TMB was tested using Scipy’s Wilcoxon rank-sum test.
Associations of B2M status with the primary site of the tumour or the
biopsy location were tested using Scipy’s Fisher’s exact test.

Association of TMB with ICB treatment outcome
For the DRUP cohort, the association of clinical benefit with TMB was
tested using Statsmodels’ Wilcoxon rank-sum test.

Differential gene expression analysis

Differential RNA expression of genes was tested in R using EdgeR™
(v.3.28.1) and Limma®' (including Voom®?) (v.3.42.2). Raw read counts
were filtered by removing low-expressed genes. Normalization factors
were calculated using EdgeR to transform the raw counts tolog,[counts
per million reads (CPM)] and calculate residuals using Voom. Voom
was then used to fit a smoothened curve to the v(residual standard
deviation) by average gene expression, which was then plotted for
visual inspection to confirm that the appropriate threshold was used
for filtering of low-expressed genes (defined as the minimal amount of
filtering necessary to overcome a dipping mean-variance trend at low
counts). Next, Limmawas used to calculate the differential expression
of genes onthe basis of alinear model fit, considering the smoothened
curve for sample weights, and empirical Bayes smoothing of standard
errors. FDR-adjusted Pvalues were calculated using Benjamini-Hoch-
berg correction of the obtained P values.

TCGA. Using TCGA data, we calculated the differential expression
between tumours with and without mutations in B2M, adjusting for
tumour type, using the following design formula: expression o Pri-
mary_Site + B2M_status (+intercept by default), for which Primary_Site
wasathree-levelled factor (COAD, STAD, or UCEC) and B2M _status was
atwo-levelled factor (mutated, or wildtype).

NICHE study. Using NICHE study data, we calculated differential ex-
pression between pre- and post-ICB treatment. To respect the paired
nature of these data, we used the following design formula: expres-
sion « Patient + ICB + intercept, where Patient is a factor for each in-
dividual patient and ICB is atwo-levelled factor (ICB-treated, yes/no).

Immune marker gene set expression analysis

To use RNA-seq data to obtain arelative estimate of the infiltration of
specificimmune cell types within tumours, we calculated the average
log,[RPM +1] expression of marker genes that are specifically expressed
intheimmune cell types of interest. To this end, we used the previously
published marker gene sets*, and extended this by (1) CD4 as a CD4"
T cell marker gene; (2) TRDVI and TRDV3 as y61/3T cell marker genes;
and (3) akiller-cell Ig-like receptor (KIR) gene set (comprising allgenes
of which the name starts with KIR and of which the name contains DL or
DS). We excluded the gene set ‘NK CD56™ cells’ of ref. 2 (comprising
IL21R, KIR2DL3, KIR3DL1 and KIR3DL2) from our analyses, as three out
of four genes within this set were KIRs and this set therefore showed
high collinearity/redundancy to our fullKIR gene set. As XLCI and XLC2
are highly expressed by tumour-infiltrating y& T cells, these genes were
removed from the NK cell marker gene setand replaced by KLRF1, which
encodes the well-established NK cell marker NKp80. The resulting gene
set consisted of NCRI and KLRF1, encoding the well-established NK

cell markers NKp46 and NKp80, respectively. Finally, we reduced the

‘cytotoxic cells’ marker gene set of ref. % to those genesin the set encod-

ing cytotoxic molecules (GZMA, GZMB, GZMH, PRF1, GNLY, CTSW).

Alist of the final collection of our marker gene setsis provided in Sup-

plementary Table 2.

Association of immune cell marker gene set expression with B2M
alteration status (alteration yes/no) was calculated as follows:

1. For TCGA-study-based analyses, we used (i) the Wilcoxon rank-sum
test (for unadjusted analyses) and (ii) ordinary least squares linear
regression (for analyses adjusted for tumour type; asimplemented
by the Python package ‘Statsmodels), using a similar design formula
as for the differential gene expression analysis.

2. For DRUP-cohort-based analyses, we used a linear mixed effects
model (asimplemented by the Imer function of the R package Lme4
(v.1.1.26)), adjusting for tumour type and biopsy site as random
effects, using the following design formula: expression «< B2M_
status + (1|{tumour_type) + (1|biopsy_site) + intercept. In subgroup
analysis of CRC, we omitted tumour type in this formula: expres-
sion «< B2M_status + (1|biopsy_site) + intercept.

3. For Hartwig data-based analyses, we used ordinary least squares
linear regression (asimplemented by the Python package Statsmodels)
adjusting for tumour type, using the following design formula: ex-
pression < Primary_Site + B2M_status + intercept.

4. For NICHE-study-based analyses, we used the Wilcoxon rank-sum
test (as implemented by the Python package Scipy).

Hierarchical clustering

Hierarchical clustering of expression profiles of individual genes
or immune marker gene sets of TCGA cohorts was performed on
Z-score-transformed log,[RPM + 1] expression values, using the Python
package Scipy*’, with Euclidean distance as the distance metric and
using the Ward variance minimization algorithm. Here, we used the
default settings with one exception—for visualization purposes, the
colour threshold was halved in the TCGA-based clustering of individual
genes.

Patient samples

The DRUPstudy and the generation of the Hartwig database were initi-
ated and conducted on behalf of the Center for Personalized Cancer
Treatment (CPCT; ClinicalTrials.gov: NCT02925234, NCT01855477).
These studies were approved by the Medical Ethical Committee of
the Netherlands Cancer Institute in Amsterdam and the University
Medical Center Utrecht, respectively, and were conducted in accord-
ance with good clinical practice guidelines and the Declaration of
Helsinki’s ethical principles for medical research. Written informed
consent was obtained from all of the study participants. Moreover,
primary colon cancer tissues from a total of 17 patients with colon
cancer who underwent surgical resection of their tumour at the Leiden
University Medical Center (LUMC, The Netherlands; Supplementary
Table 4) were used for scRNA-seq, IMC and functional assays. No patient
with a previous history of inflammatory bowel disease was included.
This study was approved by the Medical Ethical Committee of the
Leiden University Medical Center (protocol P15.282), and patients
provided writteninformed consent. Finally, primary colon cancer tis-
sues from ten patients with colon cancer included in the NICHE study
(NCT03026140)° carried out at the Netherlands Cancer Institute (NKI,
The Netherlands) were used for this study. Allsamples were anonymized
and handled accordingto the ethical guidelines described in the Code
for Proper Secondary Use of Human Tissue in the Netherlands of the
Dutch Federation of Medical Scientific Societies.

Processing of colon cancer tissues

Details on the processing of colon cancer tissues have been described
previously?. In brief, macroscopic sectioning from the lumen to
the most invasive area of the tumour was performed. Tissues were
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collected in IMDM + GlutaMax medium (Gibco) complemented with
20% fetal calf serum (FCS) (Sigma-Aldrich), 1% penicillin-streptomycin
(Gibco) and fungizone (Gibco), and 0.1% ciprofloxacin (provided by
apothecary LUMC) and gentamicin (Invitrogen), and immediately
cut into small fragments in a Petri dish. Enzymatic digestion was
performed using 1 mg ml™ collagenase D (Roche Diagnostics) and
50 pg ml™ DNase I (Roche Diagnostics) in 5 ml of IMDM + GlutaMax
medium for 30 min at 37 °C in gentleMACS C tubes (Miltenyi Bio-
tec). During and after incubation, cell suspensions were dissociated
mechanically on the gentleMACS Dissociator (Miltenyi Biotec). Cell
suspensions were filtered through a 70 pm cell strainer (Corning),
washed in IMDM + GlutaMax medium with 20% FCS, 1% penicillin—-
streptomycin and 0.1% fungizone, and the cell count and viability
were determined using the Muse Count & Viability Kit (Merck) on
the Muse Cell Analyser (Merck). On the basis of the number of viable
cells, cellsinIMDM + GlutaMax medium were cryopreserved in liquid
nitrogen until time of analysis complemented 1:1 with 80% FCS and
20% dimethyl sulfoxide (Merck).

Immunohistochemical detection of MMR, B2M and HLA class |
proteins

For the tumour tissue samples from the LUMC, tumour MMR status was
determined by immunohistochemical detection of PMS2 (anti-PMS2
antibodies; EP51, DAKO) and MSH6 (anti-MSH6 antibodies; EPR3945,
Abcam) proteins®. MMR-deficiency was defined as the lack of expres-
sion of at least one of the MMR-proteins in the presence of an internal
positive control. Tumour B2M status was determined by immunohis-
tochemical detection of B2M (anti-B2M antibodies; EP2978Y, Abcam).
Immunohistochemical detection of HLA class  expression on tumour
cells was performed with HCA2 and HC10 monoclonal antibodies
(Nordic-MUbio), and tumours were classified as HLA class | positive,
weak or loss, as described previously™. For the tumour samples from
the NICHE study, immunohistochemistry analysis of the formalin-fixed
paraffin-embedded (FFPE) tissue was performed on the BenchMark
Ultra autostainer (Ventana Medical Systems). In brief, paraffin sec-
tions were cut at 3 pm, heated at 75 °C for 28 min and deparaffinized
in the instrument using EZ prep solution (Ventana Medical Systems).
Heat-induced antigenretrieval was performed using Cell Conditioning
1(CC1, Ventana Medical Systems) for 32 min at 95 °C (HC10) or 64 min at
95°C (B2M and HCA2). HLA class I heavy chain expression was detected
using clone HCA2 (1:5,000, 60 minat room temperature; Nordic-Mubio)
and clone HC10 (1:20,000, 32 min at 37 °C; Nordic-Mubio). B2M was
detected using clone D8P1H (1:1,500, 60 min at room temperature; Cell
Signaling). Bound antibodies were detected using the OptiView DAB
Detection Kit (Ventana Medical Systems). Slides were counterstained
with haematoxylin and Bluing Reagent (Ventana Medical Systems).
APANNORAMIC1000 scanner from 3DHISTECH was used to scan the
slides at x40 magnification.

Sorting of y8 T cells from colon cancers and scRNA-seq

scRNA-seq was performed on sorted y& T cells from colon cancers
(MMR-d) of five patients from the LUMC in the presence of hashtag
oligos (HTOs) for sample ID and antibody-derived tags (ADTs) for
CD45RA and CD45RO protein expression by CITE-seq*. Cells were
thawed, rested at 37 °Cin IMDM (Lonza)/20% FCS for 1 h, and thenincu-
bated with human Fc receptor block (BioLegend) for 10 min at 4 °C.
Cellswere then stained with cell surface antibodies (anti-CD3-PE (1:50,
SK7,BD Biosciences), anti-CD45-PerCP-Cy5.5 (1:160, 2D1, eBioscience),
anti-CD7-APC (1:200, 124-1D1, eBioscience), anti-EPCAM-FITC (1:60,
HEA-125, Miltenyi), anti-TCRy5-BV421 (1:80, 11F2, BD Biosciences);
and a1:1,000 near-infrared viability dye (Life Technologies)), 1 ug of
TotalSeq-C anti-CD45RA (HI100, BioLegend, 2 pl per sample) and 1 pg of
TotalSeq-Canti-CD45R0 (UCHLI, BioLegend, 2 pl per sample) antibod-
ies, and 0.5 pg of a unique TotalSeq-C CD298/B2M hashtag antibody
(LNH-94/2M2, BioLegend, 1 pl per sample) for 30 min at 4 °C. Cells were

washed three times in FACS buffer (PBS (Fresenius Kabi)/1% FCS) and
keptunder cold and dark conditions until cell sorting. Compensation
was performed using CompBeads (BD Biosciences) and ArC reactive
beads (Life Technologies). Single, live CD45'EPCAM CD3'TCRY6" cells
were sorted onthe FACS Arialll 4L (BD Biosciences) system. After sort-
ing, the samples were pooled.

scRNA-seq libraries were prepared using the Chromium Single Cell
5 ReagentKit vlchemistry (10x Genomics) according to the manufac-
turer’sinstructions. The construction of 5’ gene expression libraries
enabled theidentification of y5 T cell subsets according to V6 and Vy
usage. Libraries were sequenced on the HiSeq X Ten using paired-end
2 x 150 bp sequencing (Illumina). Reads were aligned to the human
reference genome (GRCh38) and quantified using Cell Ranger (v.3.1.0).
Downstream analysis was performed using Seurat (v.3.1.5) according
to the author’s instructions®. In brief, cells that had less than 200
detected genes and genes that were expressed in less than six cells
were excluded. The resulting 5,669 cells were demultiplexed on the
basis of HTO enrichment using the MULTIseqDemux algorithm?®®.
Next, cells with a mitochondrial gene content of greater than 10%
and cells with outlying numbers of expressed genes (>3,000) were
filtered out from the analysis, resulting in a final dataset of 4,442 cells,
derived fromHTO1 (n=332),HTO6 (n=105),HTO7 (n=1,100), HTO8
(n=1,842) and HTO9 (n =1,063). Data were normalized using the Log-
Normalize function of Seurat with a scale factor of 10,000. Variable
features were identified using the FindVariableFeatures function of
Seurat returning 2,000 features. We next applied the RunFastMNN
function of SeuratWrappers split by sample ID to adjust for poten-
tial batch-derived effects across the samples®. Uniform manifold
approximation and projection (UMAP)*® was used to visualize the
cellsinatwo-dimensional space, followed by the FindNeighbors and
FindClusters functions of Seurat. Data were scaled, and heterogene-
ity associated with mitochondrial contamination was regressed out.
Cell clusters were identified by performing differentially expressed
gene analysis using the FindAlIMarkers function, with min.pct and
logfc.threshold at 0.25. The number of TRDVI* (V61,n=1,927), TRDV2*
(V62,n=860) or TRDV3* (V63, n=506) cells was determined as the
percentage of all cells with an expression level of >1, with <1 for the
other TCR V& chains. CRC96, 134 and 167 had less than ten TRDV3*
cells, and were not included in the V83 analysis. Transcripts of V64
(TRDV4), V85 (TRDVS) and V68 (TRDVS) cells were not detected. The
percentage of cells positive for a certain gene was determined as all
cells with an expression level of >1.

IMC staining and analysis

IMC analysis was performed on ICB-naive colon cancer tissues
(MMR-d) of 17 patients from the LUMC; 5 of these colon cancer
tissues had B2M defects and the remainder were B2M-positive
(Supplementary Table 4). Moreover, IMC was performed on ICB-naive
and ICB-treated colon cancer tissues (MMR-d) of ten patients from the
NICHE study; five of these colon cancer tissues were B2M"" and five
were B2M"YT, Antibody conjugation and immunodetection were per-
formed according to previously published methodology®. FFPE tissue
(thickness, 4 pm) was incubated with41antibodiesin four steps. First,
sections were incubated overnight at room temperature with anti-CD4
and anti-TCRS antibodies, which were subsequently detected using
metal-conjugated secondary antibodies (1 pg ml™, donkey anti-rabbit
IgG and goat anti-mouse IgG, respectively; Abcam). Second, the sec-
tions wereincubated with20 antibodies (Supplementary Table 6) for
five hours at room temperature. Third, the sections were incubated
overnight at 4 °C with the remaining 19 antibodies (Supplementary
Table 6). Fourth, the sections were incubated with 0.125 uM Cell-ID
intercalator-Ir (Fluidigm) to detect the DNA, and stored dry until meas-
urement. For each sample, six 1,000 pm x 1,000 pm regions (two to
three for pretreatment NICHE biopsies due to the small tissue size)
were selected on the basis of consecutive haematoxylin and eosin
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stains and ablated using the Hyperion Imaging system (Fluidigm). Data
were acquired using the CyTOF Software (v.7.0) and exported using
MCD Viewer (v.1.0.5). Data were normalized using semi-automated
background removal in ilastik®® (v.1.3.3), to control for variations
in the signal-to-noise ratio between FFPE sections as described
previously®. Next, the phenotype data were normalized at the pixel
level. Cell segmentation masks were created for all cellsinilastik and
CellProfiler® (v.2.2.0). InImaCytE®* (v.1.1.4), cell segmentation masks
and normalized images were combined to generate single-cell FCSfiles
containing therelative frequency of positive pixels for each marker per
cell. Cells forming visual neighbourhoodsin a ¢-distributed stochastic
neighbour embedding® in Cytosplore® (v.2.3.0) were grouped and
exported as separate FCSfiles. The resulting subsets were imported
backintoImaCyte and visualized on the segmentation masks. Expres-
sion ofimmunomodulatory markers was determined as all cells with
arelative frequency of at least 0.2 positive pixels per cell. Differences
in cells per mm?were calculated using Mann-Whitney tests in Graph-
Pad Prism (v.9.0.1). Image acquisition and analysis were performed
blinded to group allocation.

Sorting of y8 T cells from colon cancers and cell culturing

Y& T cells from colon cancers (MMR-d) of five patients from the LUMC
were sorted for cell culture. Cells were thawed and rested at 37 °Cin
IMDM (Lonza)/10% nHS for 1 h. Next, cells were incubated with human
Fcreceptor block (BioLegend) and stained with cell surface antibodies
(anti-CD3-Am Cyan (1:20, SK7, BD Biosciences), anti-TCRy8-BV421 (1:80,
11F2, BD Biosciences) and anti-PD-1-PE (1:30, MIH4, eBioscience)) for
45 minat4 °Ctogether with different additional antibodies forimmu-
nophenotyping (anti-CD103-FITC (1:10, Ber-ACT8, BD Biosciences),
anti-CD38-PE-Cy7 (1:200, HIT2, eBioscience); anti-CD39-APC (1:60,
Al, BioLegend), anti-CD45RA-PE-Dazzle594 (1:20, HI100, Sony),
anti-CD45R0O-PerCP-Cy5.5 (1:20, UCHL1, Sony), anti-TCRap-PE-Cy7
(1:40, IP26, BioLegend), anti-TCRVS1-FITC (1:50, TS8.2, Invitrogen) or
anti-TCRV52-PerCP-Cy5.5 (1:200° B6, BioLegend). A1:1,000 live/dead
fixable near-infrared viability dye (Life Technologies) wasincludedin
each staining. Cells were washed three times in FACS buffer (PBS/1%
FCS) and kept under cold and dark conditions until cell sorting. Com-
pensationwas performed using CompBeads (BD Biosciences) and ArC
reactive beads (Life Technologies). Single, live CD3"TCRy6'PD-1" and
PD-1 cellswere sorted onthe FACS Arialll 4L (BD Biosciences) system.
For CRC94, all y8 T cells were sorted owing to the low number of PD-1*
cells. y8 T cells were sorted in medium containing feeder cells (1 x 10°
per ml), PHA (1 pg mI™; Thermo Fisher Scientific), IL-2 (1,000 IU mI™;
Novartis), IL-15 (10 ng mI™; R&D Systems), gentamicin (50 pg ml™) and
fungizone (0.5 pg mI™). Sorted y8 T cells were expanded in the pres-
ence of1,000 IU mI™ IL-2and 10 ng mI™ IL-15 for 3-4 weeks. The purity
and phenotype of Y5 T cells were assessed using flow cytometry. We
obtained a >170,000-fold increase in 3-4 weeks of expansion of y&
T cells (Extended Data Fig. 4¢).

Immunophenotyping of expanded y& T cells by flow cytometry
Expanded y8 T cells from colon tumours were analysed by flow cytom-
etry for the expression of TCR V6 chains, NKG2 receptors, NCRs, KIRs,
tissue-residency/activation markers, cytotoxic molecules, immune
checkpoint molecules, cytokine receptors and Fc receptors. In brief,
cells were incubated with human Fc receptor block (BioLegend) and
stained with cell surface antibodies (Supplementary Table 7) for 45 min
at4 °C, followed by three wash steps in FACS buffer (PBS/1% FCS). Gran-
zyme B and perforin were detected intracellularly using fixation buffer
and intracellular staining permeabilization wash buffer (BioLegend).
Compensation was performed using CompBeads (BD Biosciences)
and ArC reactive beads (Life Technologies). Cells were acquired on
the FACS LSR Fortessa 4L (BD Biosciences) system running FACSDiva
software (v.9.0; BD Biosciences). Data were analysed using FlowJo
(v.10.6.1; Tree Star).

Cancer cell line models and culture

Human colorectal adenocarcinoma cell lines HCT-15 (MMR-d), LoVo
(MMR-d), HT-29 (MMR-p), SW403 (MMR-p) and SK-CO-1 (MMR-p),
as well as HLA-class-I-deficient human leukaemia cell line K-562 and
Burkitt lymphoma cell line Daudi were used as targets for reactivity
and immune cell killing assays. All of the cell lines were obtained from
the ATCC. The celllines were authenticated by STR profiling and tested
formycoplasma.HCT-15, LoVo, HT-29, K-562 and Daudi cells were main-
tained in RPMI (Gibco)/10% FCS. SW403 and SK-CO-1were maintained
inDMEM/F12 (Gibco)/10% FCS. Alladherent cell lines were trypsinized
before passaging. The B2M-knockin HCT-15and LoVo cell lines were gen-
erated using the B2M plasmid (pLV[Exp]-EF1A>hB2M[NM_004048.4]
(ns):T2A:Puro), produced inlentivirus according to standard method-
ology. Cells were selected using puromycin and then FACS-sorted on
the basis of HLA-A/B/C expression using 1:100 anti-HLA-A/B/C-FITC
(W6/32, eBioscience).

Organoid models and culture

Tumour organoids were derived from MMR-d CRC tumours of two
patients through resection from the colon (tumour organoid 1) or
peritoneal biopsy (tumour organoid 2) (Supplementary Table 5).
Establishment of the respective organoid lines from tumour material
was performed as previously reported®®®’. In brief, tumour tissue was
mechanically dissociated and digested with 1.5 mg ml™ of collagenase
11 (Sigma-Aldrich), 10 pg ml™ of hyaluronidase type IV (Sigma-Aldrich)
and 10 uM Y-27632 (Sigma-Aldrich). Cells were embedded in Cultrex
RGF BME type 2 (3533-005-02, R&D systems) and placed into a 37 °C
incubator for 20 min. Human CRC organoid medium is composed of
Ad-DF+++ (Advanced DMEM/F12 (GIBCO) supplemented with 2 mM
Ultraglutaminel (Lonza), 10 mM HEPES (GIBCO),100 U mI™ of each peni-
cillinand streptomycin (GIBCO),10% noggin-conditioned medium, 20%
R-spondinl-conditioned medium, 1x B27 supplement without vitamin
A (GIBCO), 1.25 mM N-acetylcysteine (Sigma-Aldrich), 10 mM nicoti-
namide (Sigma-Aldrich), 50 ng ml™ human recombinant EGF (Pepro-
tech), 500 nM A83-01 (Tocris), 3 tM SB202190 (Cayman Chemicals) and
10 nM prostaglandin E2 (Cayman Chemicals). Organoids were passaged
depending ongrowth every 1-2 weeks by incubatingin TrypLE Express
(Gibco) for 5-10 min followed by embedding in BME. Organoids were
authenticated by SNP array or STRanalysis and were regularly tested for
Mycoplasmausing MycoplasmaPCR43 and the MycoAlert Mycoplasma
Detection Kit (LT07-318). In the first two weeks of organoid culture, 1x
Primocin (Invivogen) was added to prevent microbial contamination.
Procedures performed with patient samples were approved by the Medi-
cal Ethical Committee of the Netherlands Cancer Institute-Antoni van
Leeuwenhoek hospital (NL48824.031.14) and written informed con-
sent was obtained from all of the patients. Mismatch repair status was
assessed using a standard protocol for the Ventana automated immu-
nostainer for MLHI1 clone M1 (Roche), MSH2 clone G219-1129 (Roche),
MSH6 clone EP49 (Abcam) and PMS2 clone EP51 (Agilant Technologies).
The B2M*° tumour organoid lines were generated using sgRNA target-
ing B2M (GGCCGAGATGTCTCGCTCCG), cloned into LentiCRISPR v2
plasmid. The virus was produced using a standard method.

Screening of cancer cell lines and tumour organoids by flow
cytometry

The cancer cell lines used in the reactivity and killing assays were
screened for the expression of B2M, HLA class | molecules, NKG2D
ligands, DNAM-1ligands and butyrophilin using flow cytometry. In
brief, cells were incubated with human Fc receptor block (BioLegend)
and stained with the cell surface antibodies in different experiments
(anti-CD112-PE (1:10, R2.525, BD Biosciences), anti-CD155-PE (1:10,
300907, R&D Systems), anti-CD277/BTN3A1-PE (1:50, BT3.1, Miltenyi),
anti-B2M-PE (1:100, 2M2, BioLegend), anti-HLA-A/B/C-FITC (1:100,
W6/32, eBioscience), anti-HLA-A/B/C-AF647 (1:160, W6/32, BioLegend),



anti-HLA-E-BV421(1:20, 3D12, BioLegend), anti-HLA-G-APC (1:20, 87G,
BioLegend), anti-MICA/B-PE (1:300, 6D4, BioLegend), anti-ULBP1-PE
(1:10, 170818, R&D Systems), anti-ULBP2/5/6-PE (1:20, 165903, R&D
Systems), anti-ULBP3-PE (1:20, 166510, R&D Systems) or anti-ULBP4-PE
(1:20,709116, R&D Systems)) for 45 minat 4 °C. A1:1,000 live/dead fix-
able near-infrared viability dye (Life Technologies) wasincluded in each
staining. Cells were washed three times in FACS buffer (PBS/1% FCS).
Compensation was performed using CompBeads (BD Biosciences) and
ArCreactive beads (Life Technologies). Cells were acquired on the FACS
Canto I1 3L or FACS LSR Fortessa 4L (BD Biosciences) system running
FACSDiva software (v.9.0; BD Biosciences). Isotype or FMO controls
were included to determine the percentage of positive cancer cells.
Data were analysed using FlowJo v.10.6.1 (Tree Star).

For organoid surface staining, tumour organoids were dissociated
into single cells using TrypLE Express (Gibco), washed twice in cold
FACS buffer (PBS, 5 mM EDTA, 1% bovine serum antigen), and stained
with anti-HLA-A/B/C-PE (1:20, W6/32, BD Biosciences), anti-B2M-FITC
(1:100, 2M2, BioLegend), anti-PD-L1-APC (1:200, MIH]1, eBioscience)
and1:2,000 near-infrared (NIR) viability dye (Life Technologies), oriso-
type controls (1:1,000 FITC; 1:20, PE; or 1:200, APC) mouse IgGl kappa
(BD Biosciences). For NKG2D ligand expression analysis, cells were
stained with anti-MICA/MICB (1:300), anti-ULBP1 (1:10), anti-ULBP2/5/6
(1:20), anti-ULBP3 (1:20), anti-ULBP4 (1:20) and 1:2,000 near-infrared
(NIR) viability dye (Life Technologies). Tumour cells were incubated
for 30 min at 4 °C in the dark and washed twice with FACS buffer. All
of the samples were recorded with the BD LSR Fortessa Cell Analyzer
SORP flow cytometer using FACSDiVa (v.8.0.2; BD Biosciences). Data
were analysed using FlowJo (v.10.6.1; BD) and presented using GraphPad
Prism (v.9.0.0; GraphPad).

Reactivity assay of y6 T cells

Thereactivity of y6 T cells to the different cancer cell lines was assessed
byaco-culturereactivity assay. yd T cells were thawed and culturedin
IMDM + GlutaMax (Gibco)/8% nHS medium with penicillin (100 IU mI™)
and streptomycin (100 pg ml™) in the presence of low-dose IL-2
(251U mI™) and IL-15 (5 ng mI™) overnight at 37 °C. Cancer cell lines
were counted, adjusted to a concentration of 0.5 x 10° cells per mlin
IMDM + GlutaMax/10% FCS medium with penicillin (100 IU mI™) and
streptomycin (100 pg ml™), and seeded (100 pl per well) in coated
96-well flat-bottom microplates (Greiner CellStar) (for 5,000 cells per
well) overnight at 37 °C. The next day, y& T cells were collected, counted
and adjusted toa concentration of 1.2 x 10 cells per mlin IMDM + Glu-
taMax/10% FCS medium. The yS6 T cellswere added in 50 pl (for 60,000
cells per well) and co-cultured (12:1 effector:target ratio) at 37 °C for
18 hiin biological triplicates. The medium (without cancer cells) was
used as anegative controland PMA (20 ng ml™)/ionomycin (1 pg ml™)
was used as a positive control. After co-culture, the supernatant was
collected to detect IFNy secretion by enzyme-linked immunosorb-
ent assay (Mabtech) according to the manufacturer’s instructions.
Moreover, cellswere collected, incubated with human Fcreceptor block
(BioLegend) and stained with cell surface antibodies (anti-CD137-APC
(1:100, 4B4-1, BD Biosciences), anti-CD226/DNAM-1-BV510 (1:150,
DX11, BD Biosciences), anti-CD3-AF700 (1:400, UCHT1, BD Bio-
sciences), anti-CD39-APC (1:80, Al, BioLegend), anti-CD40L-PE (1:10,
TRAPI, BD Biosciences), or anti-PD-1-PE (1:30, MIH4, eBioscience),
anti-TCRy8-BV650 (1:40, 11F2, BD Biosciences), anti-NKG2D-PE-Cy7
(1:300, 1D11, BD Biosciences) and anti-OX40-FITC (1:20, ACT35, Bio-
Legend)) for 45 min at4 °C. A1:1,000 live/dead fixable near-infrared
viability dye (Life Technologies) was included in each staining. Cells
were washed three times in FACS buffer (PBS/1% FCS). Compensation
was performed using CompBeads (BD Biosciences) and ArC reactive
beads (Life Technologies). Cells were acquired on the FACSLSR Fortessa
X-20 4L (BD Biosciences) system running FACSDiva software (v.9.0;
BD Biosciences). Data were analysed using FlowJo (v.10.6.1; Tree Star).
All data are representative of at least two independent experiments.

Immune cell killing assay y6 T cells

Killing of the different cancer cell lines by y§ T cells was visualized and
quantified by a co-cultureimmune cell killing assay using the IncuCyte
S3 Live-Cell Analysis System (Essen Bioscience). HCT-15, LoVo and
HT-29 cells were transduced with IncuCyte NucLight Red Lentivirus
Reagent (EF-1a, Puro; Essen BioScience) providing anuclear-restricted
expression of ared (mKate2) fluorescent protein. In brief, HCT-15, LoVo
and HT-29 cells were seeded, transduced according to the manufac-
turer’sinstructions and stable cell populations were generated using
puromycin selection. The B2M-knockin cell lines were created under
puromycin selection; therefore, stable NucLight Red-expressing cell
populations were generated by sorting for mKate2 (the red fluores-
cent protein) in the PE Texas Red filter set instead. Cancer cell lines
were counted, adjusted to a concentration of 1 x 10° cells per mlin
IMDM + GlutaMax/10% FCS medium with penicillin (100 IU mI™) and
streptomycin (100 pg ml™), and seeded (100 pl per well) in 96-well
flat-bottom clear microplates (Greiner CellStar) (for 10,000 cells per
well). The target cell plate was placed in the IncuCyte system at 37 °C to
monitor for cell confluency for 3 days.Onday 2, y8 T cells were thawed
and cultured in IMDM + GlutaMax/8% nHS medium with penicillin
(100 IU mI™) and streptomycin (100 pg ml™) in the presence of low-dose
IL-2 (251U mI™) and IL-15 (5 ng mI™) overnight at 37 °C. The next day,
Y6 T cells were collected, counted and adjusted to a concentration
of 7.2 x10° cells per mlin IMDM + GlutaMax/10% FCS medium. After
aspiration of the medium of the target cell plate, 100 pl of new medium
containing 3.75 uM IncuCyte Caspase-3/7 Green Apoptosis Reagent
(Essen BioScience) (1.5% final assay concentration of 2.5 M) was added
together with 50 pl of y& T cells (for 36,000 cells per well). They were
co-cultured (4:1 effector:target ratio) in the IncuCyte system at 37 °C
inbiological duplicates. Cancer cells alone and cancer cells alone with
caspase-3/7 were used as negative controls. Images (2images per well)
were captured every hour at x20 magnification with the phase, green
and red channels for up to 4 days.

Analysis was performed using the IncuCyte software (v.2020B) for
each cancer cellline separately. The following analysis definitions were
applied: aminimum phase area of 200 um?, RCU of 2.0, and a GCU of
2.0 (for HCT-15 cells) and 4.0 (for LoVo and HT-29 cells). Cancer cell
apoptosis was then quantified in the IncuCyte software by counting the
total number of green + red objects per image normalized (by division)
to the total number of red objects per image after 12 h co-culture and
displayed as a percentage (mean + s.e.m.) of two wells with two images
per well. For the comparison of the killing of B2M-knockin HCT-15 and
LoVo celllines versus the WT cell lines, Caspase-3/7 Red Apoptosis
Reagent (Essen BioScience) was used. The transfection of the target
reporter was not as successful in combination with the B2M-knockin.
Thus, apoptosis was quantified by dividing the red area by the phase
area and displayed as a percentage (mean + s.e.m.) of two wells with
two images per well. The following analysis definitions were applied:
aminimum phase area of 100 pum?and a RCU of 0.5 (for HCT-15 cells)
and 0.75 (for LoVo cells).

Tumour organoid recognition assay

For evaluation of tumour reactivity towards B2M"" and B2M*° orga-
noids and NKG2D ligand blocking conditions, tumour organoids
and y8 T cells were prepared as described previously®®®®’, Two days
before the experiment, organoids were isolated from BME by incu-
bation in 2 mg ml™ type Il dispase (Sigma-Aldrich) for 15 min before
addition of 5 mM EDTA and washed with PBS before being resuspended
in CRC organoid medium with 10 pM Y-27632 (Sigma-Aldrich). The
organoids were stimulated with 200 ng mI™ IFNy (Peprotech) 24 h
before the experiment. For the recognition assay and intracellular
staining, tumour organoids were dissociated into single cellsand plated
in anti-CD28-coated (CD28.2, eBioscience) 96-well U-bottom plates
withy8 T cells at a1:1target:effector ratio in the presence of 20 pg ml™
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anti-PD-1 (Merus). As a positive control, y6 T cells were stimulated
with 50 ng ml™ of phorbol-12-myristate-13-acetate (Sigma-Aldrich)
and 1 pg ml™ of ionomycin (Sigma-Aldrich). After 1 h of incubation
at 37 °C, GolgiSTOP (BD Biosciences, 1:1,500) and GolgiPlug (BD Bio-
sciences, 1:1,000) were added. After 4 h of incubationat 37 °C, y8 T cells
were washed twice in cold FACS buffer (PBS, 5 mM EDTA, 1% bovine
serum antigen) and stained with anti-CD3-PerCP-Cy5.5 (1:20, BD Bio-
sciences), anti-TCRyS-PE (1:20, BD Bioscience), anti-CD4-FITC (1:20, BD
Bioscience) (not added in experiments with NKG2D ligand blocking),
anti-CD8-BV421(1:200, BD Biosciences) and 1:2,000 near-infrared (NIR)
viability dye (Life Technologies) for 30 minat4 °C. Cells were washed,
fixed and stained with1:40 anti-IFNy-APC (BD Biosciences) for 30 min
at 4 °C, using the Cytofix/Cytoperm Kit (BD Biosciences). After two
wash steps, cells were resuspended in FACS buffer and recorded with
the BDLSR Fortessa Cell Analyzer SORP flow cytometer using FACSDiVa
software (v.8.0.2; BD Biosciences). Data were analysed using Flowjo
(v.10.6.1,BD) and presented using GraphPad Prism (v.9.0.0, GraphPad).

Blocking experiments with cancer cell lines and tumour
organoids

Thereactivity of and killing by the y§ T cells was examined in the pres-
ence of different blocking antibodies to investigate which receptor-
ligand interactions were involved. For DNAM-1blocking, y& T cells were
incubated with 3 pg ml™ purified anti-DNAM-1(DX11, BD Biosciences)
for1hat37°C. For y6 TCR blocking, y& T cells were incubated with
3 ug ml? purified anti-TCRyS (5A6.E9, Invitrogen) for 1 h at 37 °C; the
clonethat we used was tested to be the best for use in y6 TCR blocking
assays®®. NKG2D ligands were blocked on the cancer cell lines and single
cells of tumour organoids by incubating the target cells with 12 ug miI™*
anti-MICA/B (6D4, BioLegend), 1 pg ml™anti-ULBP1 (170818, R&D Sys-
tems), 3 pg ml™ anti-ULBP2/5/6 (165903, R&D Systems) and 6 pg ml™
anti-ULBP3 (166510, R&D Systems) for1 hat 37 °C before plating with yo
T cells. Afterincubation with the blocking antibodies, the y5 T cells were
added to cancer cell lines HCT-15, LoVo and HT-29 as described above
with a minimum of two biological replicates per blocking condition.
For organoid experiments, anti-CD107a-FITC (1:50, H4A3, BioLegend)
was added during incubation.

As a control for Fc-mediated antibody effector functions, y5 T cells
alone were incubated with the blocking antibodies in the presence of
2.5 uMIncuCyte Caspase-3/7 Green Apoptosis Reagent (Essen BioSci-
ence) intheIncuCyte systemat 37 °C, and the number of apoptotic yo
T cells was quantified over time.

Data analysis and visualization

Bulk DNA-seq and RNA-seq data were analysed using Python (v.3) and
R (v.3.6.1) inJupyter Notebook (v.6.0.1). Numpy (v.1.17.2) and Pandas
(v.0.25.1) were used for array and data frame operations, respectively.
Data visualization was performed using Matplotlib (v.3.2.1) and Seaborn
(v.0.9.0). scRNA-seq data were analysed using Cell Ranger (v.3.1.0),
R (v.4.1.0) and Seurat (v.3.1.5). IMC data were analysed using ilastik
(v.1.3.3), CellProfiler (v.2.2.0), ImaCytE (v.1.1.4) and Cytosplore (v.2.3.0).
Flow cytometry data were analysed using FlowJo (v.10.6.1). IncuCyte
data were analysed using IncuCyte (v.2020B). Data visualization was
performed using GraphPad Prism (v.9.0.0 and v.9.0.1).

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The TCGA data used here are publicly available at the National Can-
cer Institute GDC Data Portal (https://portal.gdc.cancer.gov; cohorts
COAD, STAD and UCEC). Of the DRUP study participants included in
this preliminary analysis across all (complete and incomplete) cohorts

of the study, we included all clinical data, genomics data on B2M sta-
tus and RNA expression data of marker gene sets in Supplementary
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GRCh38.primary_assembly.genome.fa.gz) with Gencode’s matching
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expression quantification.
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Extended DataFig.1|Association of B2Mstatus to clinical, genomic, and
transcriptomic characteristics of MMR-d and MMR-p tumours. a. Biopsy
sitedistributioninthe DRUP cohort (n =71 patients). Colours denote patients’
B2M status (WT: wildtype,; ALT: altered). Fisher’s exact test-based two-sided
P-values for enrichment/depletion of B2M altered tumours per biopsy site are
shown.b. Tumour mutational burden vs B2M status. Wilcoxon rank sum test-
based two-sided P-value is shown. Boxes, whiskers, and dots indicate quartiles,
1.5interquartile ranges, and individual data points, respectively.c. As b, but

for clinical benefit to ICB (x-axis). d. Volcano plots indicating differential gene
expression between B2M-based subgroups (see title) of MMR-d cancers in TCGA
COAD (colonadenocarcinoma; n = 57 patients), STAD (stomach adenocarcinoma;
n =60 patients) and UCEC (uterus corpus endometrial carcinoma; n =122
patients) cohorts. Results were adjusted for tumour type and multiple
hypothesis testing (Methods). e. Hierarchical clusters of expression of genes
significantly (FDR <25%; see Fig. 1D) upregulated in MMR-d B2M"'" ys MMR-d
B2M"" cancersinthe TCGA COAD/STAD/UCEC cohorts. The blue dashed

rectangle denotesthe V61/3 T cell cluster. f. Immune marker gene set expression
inB2M"" (pink), and B2M""" (red) MMR-d cancers in the TCGA COAD/STAD/UCEC
cohorts separately or combined (All). Boxes, whiskers, and dots indicate
quartiles, 1.5interquartile ranges, and individual data points, respectively.
Wilcoxon rank sum test-based two-sided P-values are shown. g. As f, but for
MMR-d cancersinthe DRUP cohort, for all cancers combined (All), only
colorectal cancer (CRC), or allnon-CRC cancers (Other). Two-sided P-values
were calculated with linear regression adjusting for biopsy site and tumour
type (Methods). h. Allelic alteration status of B2Min the Hartwig cohort of
MMR-p cancers. i. RNA expression of V§1+V83 lociin MMR-p B2M"7 (grey), and
MMR-p B2M"Y" (red) cancersin the Hartwig cohort, stratified per primary
tumour location. Boxes, whiskers, and dots indicate quartiles, 1.5interquartile
ranges, and individual data points, respectively. The linear regression-based,
two-sided, primary tumour location-adjusted P-value for association of B2M
status with V61+V&3 loci expression is shown.
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a Single-cell RNA-sequencing MMR-d colon cancers
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Extended DataFig.2|Characterization of y8 T cellsand otherimmune

cell populationsinfiltrating MMR-d colon cancers. a. FACS gating strategy
forsingle, live CD45"EpCAM™CD3* TCRy&' cells from arepresentative MMR-d
coloncancersample showing sequential gates with percentages. b. Frequencies
of positive cells for selected genes across V61 (n =1927), V62 (n = 860), and V63
(n=506) cells as percentage of total y5 T cells from each MMR-d colon tumour
(n=35)analysed by single-cell RNA-sequencing. V63 cells were presentin two
out of five colon cancers. Barsand dotsindicate median +IQR and individual

samples, respectively. c. Frequencies of marker-positive y8 T cells, CD56* NK
cells,CD4" T cells,and CD8'T cellsin treatment-naive $2m™ (n=5) MMR-d colon
cancers.CD56" NK cells were present in four out of five 32m™ cancer samples.
Barsand dotsindicate median tIQR and individual samples, respectively.
d.Frequencies of CD103*CD39"y8 T cells, CD8" T cells,and CD4* T cellsin
treatment-naive f2m" (n=5) MMR-d colon cancers. Barsindicate median + IQR
andindividual samples, respectively.
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Extended DataFig. 3 | Distinct clusters of y T cellsin MMR-d colon cancers
by single-cell RNA-sequencing.a. UMAP embedding showing y& T cells
(n=4442)isolated from MMR-d colon cancers (n = 5) analysed by single-cell
RNA-sequencing. Colours represent the functionally different y6 T cell clusters
identified by graph-based clustering and non-linear dimensional reduction.
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Extended DataFig. 4 |Sorting and expansion of y8 T cells from MMR-d
colon cancers. a. FACS gating strategy for single, live CD3* TCRy6" cells from
arepresentative MMR-d colon cancer sample showing sequential gates with
percentages. b.Sortingof ally5 T cells from CRC94 (due to the low number of
PD-1" cells),and of PD-1" (blue squares) and PD-1" (orange squares) y5 T cells
from CRC167, CRC134, CRC96, and CRC154. Dots represent single cells. c. Table

5

10° 0 103 W‘ 10°
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showing the number of y§ T cellsisolated from MMR-d colon cancers (n =5) at
the time of sorting vs 3-4 weeks after expansion, and the fold increase thereof.
d.TCR V8 chainusage after expansion of y§ T cells from CRC94 and CRC167
(firstrow), and at the time of sorting (left panel) as well as after expansion (right
panel) of y6 T cells from CRC134, CRC96, and CRC154.PD-1" yS T cells from
CRC154 did notexpandinculture. Dots represent single cells.
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Extended DataFig. 5| Phenotype and reactivity of y6 T cells towards cancer
celllines. a. The percentage of positive cells for the indicated markers on
expanded y8 T cells from MMR-d colon cancers (n=5). b. Diagram showing the
B2M status and surface expression of HLA class I, NKG2D ligands, DNAM-1
ligands, and butyrophilin on cancer cell lines. c. Bar plots showing CD137
expressionony6 T cells upon co-culture with cancer cell lines. Medium was
used as negative control and PMA/ionomycin as positive control. Bars indicate
mean+SEM. Datafromatleast twoindependent experiments except for CRC167,
dependingonavailability of y§ T cells. d. Representative flow cytometry plots
showing CD137 expressionony8 T cells from a MMR-d colon cancer upon

co-culture with cancer cell lines as compared to medium only. Gates indicate
percentage of positive y6 T cells. e. Bar plots showing the presence of IFNyin
the supernatantupon co-culture of y§ T cells from MMR-d colon cancers (n = 5)
with cancer cell lines. Medium as negative controland PMA/ionomycin as
positive control areincluded. Barsindicate mean + SEM of triplicates. f. Bar
plots showing the expression of 0X40 (first row) and PD-1(second row) on y&
Tcellsupon co-culture of y6 T cells with CRC cell lines. PD-1expressionis shown
asdifference from baseline (medium) condition. Barsindicate mean + SEM.
Datafromatleast twoindependent experiments.
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Extended DataFig. 6 | Reactivity of y8 T cells towards B2M-knockin vs
-wildtype cancer celllines. a. Flow cytometry gating strategy to validate

B2m expression on HCT-15and LoVo B2M-knockin (B2M-KI) cell lines. Isotype
controlswereincluded as negative control. b. Bar plots showing the quantification
ofkilling of HCT-15 B2M-Kl vs wildtype (WT) cells upon co-culture with y8 T cells
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Extended DataFig.7|See next page for caption.



Extended DataFig.7 | Tumour organoid characterization and reactivity
assayreadout. a.Flow cytometry gating strategy on PDTO cells for analysis

of surface staining. Selected cells were gated onsingle, live cells before
quantification of staining signal. b. Histogram representation and count for
surface staining of MHC-I, PD-L1, and B2m expression on two PDTO lines B2M""
and B2M* after IFNy pre-stimulation. Staining with isotype antibodies for each
fluorochrome (PE, APC and FITC) were included as negative control. c. Flow
cytometry gating strategy on y8 T cell samples for analysis of intracellular
staining to testantitumour reactivity upon PDTO stimulation. Lymphocyte
populationwas further gated onsingle cells, liveand CD3" cells, y§TCR" cells

and CD8" aswellas CD8 CD4  cells. Reactivity of the sample was based on IFNy*
cellsof the selected population. d. Histogram representation and count for
surfacestaining of NKG2D ligands MICA/B, ULBP1, ULBP2/5/6, ULBP3, and
ULBP4 on two PDTO lines B2M"" and B2M*° after IFNy pre-stimulation. e.

Flow cytometry gating strategy on y8 T cell samples for analysis of intracellular
staining after stimulation with PDTOs in the presence of NKG2D ligand blocking.
Lymphocyte population was further gated onsingle cells, live and CD3" cells,
followed by ySTCR" and CD8" as well as CD8™ cells. Reactivity of final population
was based onIFNy* or CD107a’ cells.
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Extended DataFig. 8| Reactivity of y8 T cells towards cancer celllinesin
the presence of NKG2D ligand blocking. a. Representative flow cytometry
plots showing NKG2D expressionony8 T cells fromaMMR-d colon cancer upon
co-culture with cancer cell lines as compared to medium only. Gates indicate
percentage of positive y5 T cells. b. Bar plots showing NKG2D expression on

Y8 T cells from MMR-d colon cancers (n = 5) upon co-culture with cancer cell
lines. Medium as negative controland PMA/ionomycin as positive control
areincluded. Barsindicate mean + SEM. Data from at least two independent
experiments except for CRC167 (SW403, SK-CO-1, K-562), depending on

availability of y6 T cells. c. Bar plots showing the killing of HT-29 cells upon
co-culture withyd T cells with or without NKG2D ligand blocking. Bars indicate
mean +SEM of two wells with twoimages/well. d. Bar plots showing the expression
of CD137 (first row), 0X40 (second row), and PD-1 (third row) ony8 T cellsupon
co-culture of y§ T cells with CRC cell lines with or without NKG2D ligand
blocking.PD-1expressionis shown as difference frombaseline (medium)
condition. Barsandlinesindicate mean and similar experiments, respectively.
Datafromtwoindependent experiments for CD137 and OX40.
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B2M-wildtype MMR-d colon cancer B2M-mutant MMR-d colon cancers
GD02

Extended DataFig.9|Loss of B2m protein expression on tumour cellsin the NICHE cohort. A B2M"" case (GD02) staining positive for 2misincluded as
B2M-mutant MMR-d colon cancers. Immunohistochemical analysis of 2m control. Details on the staining procedure canbe found in Methods.
protein expressionin FFPE tissue from all five B2M"'" MMR-d colon cancers of
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Extended DataFig.10|See next page for caption.
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Extended DataFig.10 |Distribution ofimmune cell populations in B2M-
mutant and B2M-wildtype MMR-d colon cancers pre- and post-ICB
treatmentinthe NICHE trial. a. Immune marker gene set RNA expressionin
MMR-d B2M"" (pink), and MMR-d B2M"" (red) cancers, before (left) and after
(right) neoadjuvant ICB. Boxes, whiskers, and dots indicate quartiles, 1.5
interquartileranges, and individual data points, respectively. Wilcoxon rank
sum test-based two-sided P-values are shown. b. Pre- (grey) and post-ICB
(orange) RNA expression of KIRs in B2ZM"'" MMR-d cancers in the NICHE study
(n=5).Boxes, whiskers, and dots indicate quartiles, 1.5 interquartile ranges,
and outliers, respectively. Two-sided P-values were calculated by Wilcoxon
rank sumtest. c. Pre-and post-ICB frequencies of y5 T cells by imaging mass
cytometryinB2M"" (n=5) and B2M"" (n = 5) MMR-d colon cancers (corresponding
to Fig.4b). Linesindicate paired samples, dots represent individual samples.
Wilcoxon rank sum test-based two-sided P-values are shown. d. Imaging mass

cytometry-based frequencies of intraepithelial y§ T cells, CD56 " NK cells, CD4*
Tcells,and CD8' T cellsin ICB-naive B2M"" (n = 5) and B2M"'T (n = 5) MMR-d
coloncancers. Bars and dotsindicate median £ IQR and individual samples,
respectively. Wilcoxon rank sum test-based two-sided P-values are shown.

e. Cell counts (cells/mm?) ofimmune populations from the imaging mass
cytometry of B2M"" (n = 5) and B2M"" (n = 5) MMR-d colon cancers upon ICB
treatment. Colour bar isscaled perimmune population. f. Representative
images of the detection of cytotoxic (granzyme B*), tissue-resident (CD103"),
activated (CD39"), proliferating (Ki-67'),and PD-1'y6 T cells by imaging mass
cytometry ina B2M"Y"MMR-d colon cancer uponICB treatment. g. Frequencies
of marker-positive y8 T cells, CD56"NK cells, CD4* T cells,and CD8" T cellsin the
sole B2M"'"MMR-d colon cancer that contained cancer cellsupon ICB treatment.
h.Frequencies of CD103*CD39*y6 T cells, CD8" T cells,and CD4* T cellsin the
sole B2M"'"MMR-d colon cancer that contained cancer cellsupon ICB treatment.



nature portfolio

Corresponding author(s): E. E. Voest, N.F.C.C. de Miranda

Last updated by author(s): Nov 8, 2022

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

)
Q
—
(e
(D
©
O
=
s
<
-
(D
o
O
a
>
(@)
wn
[
3
=
Q
A

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
X A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  All data of The Cancer Genome Atlas (TCGA) Research Network were downloaded via the GDC data portal (https://portal.gdc.cancer.gov) on
April 10th, 2019. DRUP study and Hartwig database mutation and copy number calls were generated as previously described (Priestley et al.,
2019) with an optimized pipeline based on open source tools, which is freely available on GitHub (https://github.com/hartwigmedical/
pipeline5). This pipeline also outputs genome-wide number of indels in microsatellites as determined by MSiseq version 1.0.0 (Huang et al,
2015), as an integrated functionality. These data (mutations, copy numbers, indels in microsatellites) and raw RNA reads (as FASTA files) were
downloaded from Hartwig Medical Foundation via Google Cloud software. For These RNA reads were aligned to the human reference genome
(GRCh38 primary assembly as distributed by Gencode) with STAR software (Dobin et al., 2013), version 2.7.7a, using default settings in two-
pass mode and Gencode's v29 annotation file. Flow cytometry data were collected in BD FACSDiva software (versions 8.0.2 and 9.0). Single-
cell RNA libraries were sequenced on a HiSeq X Ten using paired-end 2x150 bp sequencing (lllumina). Immune cell killing assays were
performed in the IncuCyte S3 system and analyzed with IncuCyte Analysis Software (version 2020B). Imaging mass cytometry data were
collected using CyTOF software (version 7.0), and exported with MCD Viewer (version 1.0.5). For NICHE study (ClinicalTrials.gov:
NCT03026140) RNA sequencing data, we used raw RNA reads as FASTA files, which were generated as described in the original publication
(Chalabi et al., 2020). For NICHE study somatic mutation data, we used DNA sequencing of pre-treatment tumor biopsies and matched
germline DNA, as described in the original publication (Chalabi et al., 2020).

Data analysis Python 3, Jupyter Notebook 6.0.1, STAR 2.7.7a, Numpy 1.17.2, Pandas 0.25.1, Scipy 1.3.1, Statsmodels 0.10.1, Matplotlib 3.2.1, Seaborn 0.9.0,
R 3.6.1, EdgeR 3.28.1, Limma (including Voom) 3.42.2, Lme4 1.1.26, MSlseq version 1.0.0, FlowJo 10.6.1, Cell Ranger 3.1.0, R version 4.1.0,
Seurat R package 3.1.5, IncuCyte software 20208, ilastik 1.3.3, CellProfiler 2.2.0, ImaCytE 1.1.4, Cytosplore 2.3.0, GraphPad Prism 9.0.0 and
9.0.1.
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For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

RNA expression data (raw counts) of the colon adenocarcinoma (COAD), stomach adenocarcinoma (STAD) and Uterus Corpus Endometrium Carcinoma (UCEC)
cohorts of The Cancer Genome Atlas (TCGA) Research Network is publicly available via the National Cancer Institute GDC Data Portal (https://portal.gdc.cancer.gov;
cohorts COAD [https://portal.gdc.cancer.gov/projects/TCGA-COAD], STAD [https://portal.gdc.cancer.gov/projects/TCGA-STAD] and UCEC [https://
portal.gdc.cancer.gov/projects/TCGA-UCEC]). Of these cohorts, mutation, copy number, purity and ploidy data were downloaded from GDC on November 11th,
2021, as the controlled access ABSOLUTE-annotated MAF file (mutations), SNP6 whitelisted copy number segments file (copy numbers), and ABSOLUTE purity/
ploidy file of the TCGA PanCanAtlas project (Taylor et al, 2018). Mismatch repair-deficiency status was obtained from Thorsson et al., 2019 (TCGA Subtype = GI.HM-
indel or UCEC.MSI).
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Of DRUP study subjects included in this preliminary analysis across all (complete and incomplete) cohorts of the study, we included all clinical data, genomics data
on B2M status and RNA-expression data of marker gene sets to this manuscript in Supplemental Table 1. The raw sequencing data of the DRUP and Hartwig cohorts
can be accessed through Hartwig Medical Foundation upon approval of a research access request (https://www.hartwigmedicalfoundation.nl/en/data/data-acces-
request). As determined in the original publication, NICHE study RNA- and DNA-sequencing data is deposited into the European Genome—Phenome Archive under
accession no. EGAS00001004160 and are available on reasonable request to the NICHE study team for academic use and within the limitations of the provided
informed consent. The single-cell RNA-sequencing data is deposited into the GEO database under accession no. GSE216534 and is publicly available. The GRCh38
primary assembly of the human reference genome was downloaded from Gencode (https://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_human/release_42/
GRCh38.primary_assembly.genome.fa.gz) with Gencode's matching v29 annotation file (https://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_human/
release_29/gencode.v29.annotation.gtf.gz) for gene expression analysis.
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Life sciences study design
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Sample size In all analyses, sample sizes were determined by availability of patients and data. Hence, no statistical methods were used to predetermine
sample sizes, but we included as many patients as possible according to availability for the different analyses.

Sample sizes were as follows:

TCGA colon adenocarcinoma (COAD; n=50 B2-microglobulin wild type (B2M-WT), n=7 B2-microglobulin mutant (B2M-MUT), stomach
adenocarcinoma (STAD; n=48 B2M-WT, n=12 B2M-MUT), and endometrium carcinoma (UCEC; n=118 B2M-WT, n=4 B2M-MUT). LUMC
imaging mass cytometry (IMC) cohort: n=17 treatment-naive patients with mismatch repair-deficient (MMR-d) colon cancer. DRUP study:
n=50 B2M-WT, n=21 B2M-MUT. Single-cell RNA-sequencing: n=5 MMR-d colon cancer patients. y& T cell subsets culture: n=5 MMR-d colon
cancer patients. NICHE IMC cohort: n=10 patients with MMR-d colon cancer (n=5 B2M-WT, n=5 B2M-MUT) from which samples were
obtained before and after immune checkpoint blockade (ICB).

These sample sizes were based on previous experiences (Chalabi et al., Nat Med., 2020), and are in line with standards in the field (Middha et
al., JCO Precis Oncol., 2019; Wu et al., Sci Transl Med., 2019; Wu et al., Nat Cancer., 2022).

Data exclusions | For the Hartwig dataset, we excluded 89 tumors from rare primary tumor locations, defined as locations with less that <20 patients in our
selection. When individual patients had data available of biopsies obtained at different timepoints, we only included data of the first biopsy. In
bulk transcriptomic analyses, the gene set “NK CD56dim cells” of Danaher et al. (comprising IL21R, KIR2DL3, KIR3DL1, and KIR3DL2) was
excluded, as three out of four genes within this set were killer-cell immunoglobulin-like receptors (KIRs) and hence this set showed high
collinearity/redundancy to the full KIR gene set. As XLC1 and XLC2 are highly expressed by tumor-infiltrating y6 T cells, these genes were
removed from the NK cell marker gene set and replaced by KLRF1, which encodes the well-established NK cell marker NKp80. The resulting
gene set consisted of NCR1 and KLRF1, encoding the well-established NK cell markers NKp46 and NKp80, respectively. Finally, we reduced the
“cytotoxic cells” marker gene set of Danaher et al. to those genes in the set encoding cytotoxic molecules (GZMA, GZMB, GZMH, PRF1, GNLY,
CTSW). For single-cell RNA-sequencing data, cells that had less than 200 detected genes and genes that were expressed in less than six cells
were excluded.

Lcoc Y210y

Replication All findings reported are replicable and the source of materials and experimental procedure are documented in detail in the Methods section.
The in vitro reactivity data reported were reproducible and were shown for >= 2 independent experiments where possible (depending on
availability of y& T cells). Regarding reproducibility of the IMC data, six independent 1x1 mm Regions of Interest (ROIs) were analyzed for each
tissue sample with the exception of the pre-treatment NICHE biopsies, where to to three ROIs were analyzed due to the small tissue size. For
scRNA-seq data, y6 T cell clusters were identified in multiple patient samples.




Randomization  No randomization was applicable as this study was purely observational.

Blinding In the DRUP study, response assessment was performed in a standardized manner by clinicians blinded to B2M status.
The TCGA-based differential expression analysis were standardized and unbiased (performed across all human genes) and hence did not
require blinding.
The transcriptomics analyses of Hartwig, DRUP, and NICHE followed the same methodology as the TCGA-based analysis and were
independent from judgement of individual researchers and hence did not require blinding.
IMC staining and analysis of the LUMC and NICHE (ICB-naive and ICB-treated) cohorts were performed blinded to group allocation.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |:| g Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data
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Antibodies

Antibodies used Immunohistochemistry tumor tissue samples LUMC:
Antibody, Clone, Supplier, Catalog number, Lot number, Dilution
PMS2, EP51, DAKO, M364729-2, 10122891, 1:40
MSH6, EPR3945, Abcam, ab92471, GR262215-21, 1:400
B2m, EP2978Y, Abcam, Ab75853, GR3275781-2, 1:100
HLA class I, HCA2, Nordic-MUbio, MUB2036P, 8152b, 1:3200
HLA class I, HC10, Nordic-MUbio, MUB2037P, 818b, 1:3200

Immunohistochemistry tumor tissue samples NICHE study:
Antibody, Clone, Supplier, Catalog number, Lot number, Dilution
B2m, D8P1H, Cell Signaling, 12851, 4, 1:1500

HLA class I, HCA2, Nordic-MUbio, MUB2036P, 7302, 1:5000
HLA class I, HC10, Nordic-MUbio, MUB2037P, 81088, 1:20000

Imaging mass cytometry:

Antibody, Metal, Clone, Supplier, Catalog number, Lot number, Incubation time (temperature), Dilution
B-catenin, 89Y, D10A8, CST, 8480BF, 8, Overnight (4°C), 1:100

CD103, 168 Er, EPR4166(2), Abcam, ab221210, GR3355784-7, S5h (RT), 1:50

CD11b, 144 Nd, D6X1N, CST, 494208F, 4, 5h (RT), 1:100

CD11c, 176 Yb, EP1347Y, Abcam, ab216655, GR3357092-9, 5h (RT), 1:100

CD14, 163 Dy, D7A2T, CST, 560828F, 2, 5h (RT), 1:100

CD15, 171 Yb, MC480, CST, 4744BF, 5, Overnight (4°C), 1:100

CD163, 173 Yb, EPR14643-36, Abcam, 93498BF, Not available, 5h (RT), 1:50

€D20, 142 Nd, E7B7T, CST, 48750BF, 9179056, Overnight (4°C), 1:100

CD204, 164 Dy, J5SHTR3, Thermo Fisher Scientific, 14-9054-95, 4338161, Sh (RT), 1:50
CD3, 153 Eu, EP449E, Abcam, ab271850, GR3341846-3, Overnight (4°C), 1:50

CD31, 147 Sm, 89C2, CST, 3528BF, Not available, Overnight (4°C), 1:100

CD38, 169 Tm, EPR4106, Abcam, ab226034, GR3378690-1, Overnight (4°C), 1:100
€D39, 157 Gd, EPR20627, Abcam, ab236038, GR3274485-6, 5h (RT), 1:100

CD4, 145 Nd, EPR6855, Abcam, ab181724, GR3285644-10, Overnight (RT), 1:100
CD45 , 149 Sm, D9MSI, CST, 139178BF, 11, Overnight (4°C), 1:50

CD45RO0, 165 Ho, UCHL1, CST, 55618BF, 2, Overnight (4°C), 1:100

CD56, 167 Er, E7X9M, CST, 99746BF, 2, 5h (RT), 1:100

CD57, 151 Eu, HNK-1 / Leu-7, Abcam, ab269781, GR3373313-3, Overnight (4°C), 1:100
CD68, 143 Nd, D4B9C, CST, 764378BF, 2, Overnight (4°C), 1:100

CD7, 174 Yb, EPR4242, Abcam, ab230834, Not available, 5h (RT), 1:100

CDS8a, 146 Nd, D8AS8Y, CST, 85336BF, Not available, 5h (RT), 1:50

Cleaved caspase-3, 172 Yb, SALE, CST, 9664BF, 24, 5h (RT), 1:100

D2-40, 166 Er, D2-40, BioLegend, 916606, B316467, Overnight (4°C), 1:100

FOXP3, 159 Th, D608R, CST, 12653BF, 8, Overnight (4°C), 1:50

Granzyme B, 150 Nd, D6E9W, CST, 46890BF, 3, 5h (RT), 1:100
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Histone H3, 209, D1H2, CST, 4499BF, Not available, Overnight (4°C), 1:50
HLA-DR, 141 Pr, TAL 1B5, Abcam, ab176408, GR3384096-1, 5h (RT), 1:100

ICOS, 161 Dy, D1K2TTM, CST, 89601BF, 4, 5h (RT), 1:50

IDO, 162 Dy, DSJ4ETM, CST, 86630BF, 7, Overnight (4°C), 1:100

Ki-67, 152 Sm, 8D5, CST, 9449BF, 11, Overnight (4°C), 1:100

LAG-3, 155 Gd, D2G40TM, CST, 15372BF, Not available, 5h (RT), 1:50

pl6ink4a, 175 Lu, D3W8G, CST, 92803BF, 2, Overnight (4°C), 1:100

Pan-keratin, 198 Pt, C11 and AE1/AE3, CST / BioLegend, 4545BF / 914204, 12/B302316, Overnight (4°C), 1:50
PD-1, 160 Gd, D4W2J, CST, 86163BF, 7, 5h (RT), 1:50

PD-L1, 156 Gd, EIL3NR, CST, 13684BF, 17, Overnight (4°C), 1:50

T-bet, 170 Er, 4B10, BioLegend, 644825, B298378, 5h (RT), 1:50

TCR&, 148 Nd, H41, Santa Cruz, sc-100289, D3021, Overnight (RT), 1:50

TGFB, 115 In, TB21, Thermo Fisher Scientific, MA5-16949, 151471, 5h (RT), 1:100
TIM-3, 154 Sm, D5DSRTM, CST, 45208BF, 9, 5h (RT), 1:100

Vimentin, 194 Pt, D21H3, CST, 5741BF, 9, Overnight (4°C), 1:50

VISTA, 158 Gd, D1L2GTM, CST, 64953BF, 7, 5h (RT), 1:100

Donkey anti-rabbit 1gG, ab6701, Abcam, GR3215731-15, 1 ug/mL

Goat anti-mouse 1gG, ab6708, Abcam, GR3300461-15, 1 ug/mL

FACS sorting for scRNA-sequencing:

Antibody, Fluorochrome, Clone, Supplier, Catalog number, Lot number, Dilution
CD3, PE, SK7, BD Biosciences, 345765, 9238465, 1:50

CD45, PerCP-Cy5.5, 2D1, eBioscience, 45-9459-42, 4334219, 1:160

CD7, APC, 124-1D1, eBioscience, 17-0079-42, E12980-101, 1:200

EPCAM, FITC, HEA-125, Miltenyi, 130-098-113, 5161121293, 1:60

TCRyS, BV421, 11F2, BD Biosciences, 744870, 9340519, 1:80

Live/dead, nIR, n.a., Life Technologies, L10119, 1808830, 1:1000

CITE-sequencing and cell hashing for scRNA-sequencing:

Antibody, Barcode, Clone, Supplier, Catalog number, Lot number, Concentration

TotalSeqg-C CD298/B2M (1), GTCAACTCTTTAGCG, LNH-94/2M2, BioLegend, 394661, B264730, 0.5 ug
TotalSeq-C CD298/B2M (6), GGTTGCCAGATGTCA, LNH-94/2M2, Biolegend, 394671, B264724, 0.5 ug
TotalSeq-C CD298/B2M (7), TGTCTTTCCTGCCAG, LNH-94/2M2, BioLegend, 394673, B264730, 0.5 ug

TotalSeq-C CD298/B2M (8), CTCCTCTGCAATTAC, LNH-94/2M?2, BiolLegend, 394675, B264722, 0.5 ug

TotalSeqg-C CD298/B2M (9), CAGTAGTCACGGTCA, LNH-94/2M2, Biolegend, 394677, B264720, 0.5 ug
TotalSeqg-C CD45RA, TCAATCCTTCCGCTT, HI100, BioLegend, 304163, B301193, 1 ug

TotalSeqg-C CD45R0O, CTCCGAATCATGTTG, UCHLL, BioLegend, 304259, B294712, 1 ug

FACS sorting for cell culturing:

Antibody, Fluorochrome, Clone, Supplier, Catalog number, Lot number, Dilution
CD103, FITC, Ber-ACT8, BD Biosciences, 550259, 2332847, 1:10

CD3, Am Cyan, SK7, BD Biosciences, 339186, 9073920, 9161745, 1:20
CD38, PE-Cy7, HIT2, eBioscience, 25-0389-42, 4319912, 1:200

CD39, APC, Al, BioLegend, 328210, B249211, 1:60

CD45RA, PE-Dazzle594, HI100, Sony, 2120730, 126470, 1:20
CD45RO0, PerCP-Cy5.5, UCHL1, Sony, 2121110, 138351, 1:20

PD-1, PE, MIH4, eBioscience, 12-9969-42, 1952441, 1:30

TCR a/B, PE-Cy7, IP26, BioLegend, 306720, B303059, 1:40

TCRyS, BV421, 11F2, BD Biosciences, 744870, 9340519, 1:80

TCR V&1, FITC, TS8.2, Invitrogen, TCR2730, UH286015, 1:50

TCR V&2, PerCP-Cy5.5, B6, BiolLegend, 331424, B279957, 1:200
Live/dead, nIR, n.a., Life Technologies, L10119, 1808830, 1:1000

Immunophenotyping by flow cytometry:

Antibody, Fluorochrome, Clone, Supplier, Catalog number, Lot number, Dilution
CD16, PE, B73.1, BD Biosciences, 332779, 9045985, 1:60

CD103, FITC, Ber-ACT8, BD Biosciences, 550259, 2332847, 1:10
CD122/IL-2RB, BV421, TU27, BioLegend, 339010, B313155, 1:20
CD132/IL-2Ry, APC, TUGh4, BioLegend, 338608, B293032, 1:80
CD161, BV605, DX12, BD Biosciences, 563863, 7030586, 1:20
CD25/IL-2Ra, PE-Cy7, M-A251, BD Biosciences, 557741, 9301660, 1:25
CD215/I1L-15Ra, PE, IM7A4, BioLegend, 330208, B265801, 1:80
CD226/DNAM-1, BV510, DX11, BD Biosciences, 742494, 9203072, 1:150
CD3, Am Cyan, SK7, BD Biosciences, 339186, 9161745, 1:20

CD32, APC, FLI8.26, BD Biosciences, 559769, 184743, 1:20

CD38, PE-Cy7, HIT2, eBioscience, 25-0389-42, 4319912, 1:200

CD39, APC, Al, BioLegend, 328210, B249211, 1:60

CD45RA, FITC, L48, BD Biosciences, 335039, 8227525, 1:30

CD45RA, PE-Dazzle594, HI100, Sony, 2120730, 126470, 1:20

CD45RO0, PerCP-Cy5.5, UCHL1, Sony, 2121110, 138351, 1:20

CD56, APC-R700, NCAM16.2, BD Biosciences, 565139, 5251693, 1:150
CD64, FITC, 10.1, BD Biosciences, 555527, 58058, 1:20

CD69, PerCP-Cy5.5, FN50, BioLegend, 310925, B266970, 1:200

CD8a, BV605, SK1, BD Biosciences, 564115, 7092, 1:100

CD94, BV605, HP-3D9, BD Biosciences, 743950, 7138571, 1:200

GITR, PE, 108-17, BioLegend, 371204, B244963, 1:50
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Granzyme B, PE, GB11, eBiosciences, 12-8899-41, 1928380, 1:50
KIR2DL1, PE, HP3-E4, BD Biosciences, 556063, 86798, 1:20
KIR2DL1/S1, PE, EB6, Beckman Coulter, A09778, 12, 1:50
KIR2DL2/L3/S2, PE, GL183, Beckman Coulter, IM2278U, 200051, 1:50
KIR2DL4, PE, 181703, R&D Systems, FAB2238P, AAHO0209081, 1:10
KIR2DS4, PE, FES172, Beckman Coulter, IM3337, 200037, 1:40
KIR3DL1, PE, DX9, BD Biosciences, 555967, 121769, 1:80
KIR3DL1/S1, PE, Z27, Beckman Coulter, IM3292, 200044, 1:20
KIR3DL2, PE, #539304, R&D Systems, FAB2878P, ADBO0217051, 1:10
LAG3, PE-Cy7, 11C3C65, BiolLegend, 369309, B289009, 1:100
NKG2A, APC, 2199, Beckman Coulter, A60797, 200046, 1:30

NKG2C, PE, 134591, Beckman Coulter, FAB138P, LCN0818011, 1:20
NKG2D, PE-Cy7, 1D11, BD Biosciences, 562365, 9045733, 1:300
NKp44, APC, P44-8, BiolLegend, 325109, B160899, 1:20

NKp46, PE, 9E2, BiolLegend, 331907, B150121, 1:20

PD-1, PE, MIH4, eBioscience, 12-9969-42, 1952441, 1:30

Perforin, PE-Cy7, dG9, BioLegend, 308125, B215704, 1:20

TCRyS, BV421, 11F2, BD Biosciences, 744870, 9340519, 1:80
TCRyS, BV650, 11F2, BD Biosciences, 745359, 7222894, 1:40

TCR V&1, FITC, TS8.2, Invitrogen, TCR2730, UH286015, 1:50

TCR V&2, PerCP-Cy5.5, B6, BioLegend, 331424, B279957, 1:200
TIGIT, APC, 1D11, BD Biosciences, 562365, 9045733, 1:300
Live/dead, nIR, n.a., Life Technologies, L10119, 1808830, 1:1000

Characterization of cancer cell lines:

Antibody, Fluorochrome, Clone, Supplier, Catalog number, Lot number, Dilution
B2m, PE, 2M2, BiolLegend, 316305, B326396, 1:100

CD112, PE, R2.525, BD Biosciences, 551057, 11886, 1:10

CD155, PE, 300907, R&D Systems, FAB25301P, AANQO108091, 1:10
CD277/BTN3A1, PE, BT3.1, Miltenyi, 130-117-693, 5201109412, 1:50
HLA-A/B/C, FITC, W6/32, eBioscience, 11-9983-41, 4291421, 1:100

HLA-A/B/C, AF647, W6/32, BioLegend, 311414, 2132555, 1:160

HLA-E, BV421, 3D12, BioLegend, 342611, B296865, 1:20

HLA-G, APC, 87G, BiolLegend, 335909, B297169, 1:20

MICA/B, PE, 6D4, BioLegend, 320906, B279674, 1:300

ULBP1, PE, 170818, R&D Systems, FAB1380P, AAJW0419061, 1:10

ULBP2/5/6, PE, 165903, R&D Systems, FAB1298P, LWE0718071, 1:20

ULBP3, PE, 166510, R&D Systems, FAB1517P, ABPX0719061, 1:20

ULBP4, PE, 709116, R&D Systems, FAB6285P, ADXP0420021, 1:20

Isotype control mouse IgG1, PE, MOPC-21, BD Biosciences, 556650, 65215
Isotype control mouse IgG2a, PE, G155-178, BD Biosciences, 556653, 8121794
Isotype control mouse IgG2a, FITC, BD Biosciences, 349051, 6194980

Isotype control mouse IgG2b, PE, 133303, R&D Systems, IC0041P, LHG1919091
Live/dead, nIR, n.a., Life Technologies, L10119, 1808830, 1:1000

Characterization of organoids:

Antibody, Fluorochrome, Clone, Supplier, Catalog number, Lot number, Dilution
B2m, FITC, 2M2, BioLegend, 316304, B261327, 1:100

HLA-A,B,C, PE, W6/32, ThermoFisher, MA1-19027, 7096730, 1:20

PD-L1, APC, MIH1, eBioscience, 17-5983-42, 4307992, 1:200

Isotype mouse IgGk, APC, P36281, eBioscience, 17471442, 1943772, 1:200
Isotype mouse IgGk, FITC, MOPC-21, BD Bioscience, 555748, 1054855, 1:100
Isotype mouse IgGk, PE, MOPC-31C, BD Bioscience, 550617, 0065215, 1:20
Live/dead, nIR, n.a., Life Technologies, L10119, 2184311, 1:2000

Reactivity assay with cancer cell lines:

Antibody, Fluorochrome, Clone, Supplier, Catalog number, Lot number, Dilution
CD137, APC, 4B4-1, BD Biosciences, 550890, 0188145, 1:100
CD226/DNAM-1, BV510, DX11, BD Biosciences, 742494, 9203072, 1:150
CD3, AF700, UCHT1, BD Biosciences, 557943, 3263589, 1:400

CD39, BV421, Al, BioLegend, 328214, B308983, 1:80

CD40L, PE, TRAP1, BD Biosciences, 555700, 0267576, 1:10

NKG2D, PE-Cy7, 1D11, BD Biosciences, 562365, 9045733, 1:300

OX40, FITC, ACT35, BioLegend, 350006, B314952, 1:20

PD-1, PE, MIH4, eBioscience, 12-9969-42, 1952441, 1:30

TCRyS, BV650, 11F2, BD Biosciences, 745359, 7222894, 1:40

Live/dead, nIR, n.a., Life Technologies, L10119, 1808830, 1:1000

Reactivity assay with organoids:

Antibody, Fluorochrome, Clone, Supplier, Catalog number, Lot number, Dilution
CD107a, FITC, H4A3, BioLegend, 328605, B27833, 1:50

CD28, -, CD28.2, eBioscience, 16028981, 2310226, 1:200 (coating)

CD3, PerCP-Cy5.5, SK7, eBioscience, 332771, 0203984, 1:20

CD4, FITC, RPA-T4, BD Bioscience, 555346, 9073869, 1:20

CD8, BV421, RPA-T8, BD Bioscience, 562429, 7082750, 1:200

IFNy, APC, B27, BD Bioscience, 554702, 0332147, 1:40
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Validation

TCRyS, PE, 11F2, BD Bioscience , 333141, 0070146, 1:20
Live/dead, nIR, n.a., Life Technologies, L10119, 2184311, 1:2000

Blocking antibodies:

Antibody, Fluorochrome, Clone, Supplier, Catalog number, Lot number, Working concentration
DNAM-1, Purified, DX11, BD Biosciences, 559786, 0016942, 3 ug/mL

MICA/MICB, Purified, 6D4, BioLegend, 320919, B321272, 12 pg/mL

TCRyS, Purified, 5A6.E9, Invitrogen, TCR1061, VA288448, 3 ug/mL

ULBP1, Purified, 170818, R&D Systems, MAB1380-100, JHI0317071, 1 ug/mL

ULBP2/5/6, Purified, 165903, R&D Systems, MAB1298-100, JQE0420031, 3 ug/mL

ULBP3, Purified, 166510, R&D Systems, MAB1517-100, JFY0219122, 6 pg/mL

All antibodies were validated and titrated to determine their optimal concentration, as explained in more detail below.

The mismatch repair (MMR), HLA class I, and 2m status were determined by immunohistochemical (IHC) staining. MMR-deficiency
was defined as the lack of expression of at least one of the MMR-proteins by tumor cells in the presence of an internal positive
control. Immunohistochemical detection of HLA class | expression on tumors was performed with the monoclonal HLA class |
antibodies HCA2 and HC10, and classified as HLA class | positive when membranous staining of both HCA2 and HC10 was observed ,
weak, when membranous staining was observed but in lower levels compared to the immune-infiltration, or loss, when one or both
HCA2 and HC10 do not show membranous staining, as validated previously (ljsselsteijn et al, Revisiting immune escape in colorectal
cancer in the era of immunotherapy, BrJ Cancer, 2019). B2m expression was defined as positive, negative or aberrant expression in
tumor cells in the presence of a positive internal control. All tissue sections were scored by a pathologist.

For imaging mass cytometry, the specificities of unconjugated antibodies was first tested by immunohistochemical (IHC) staining.
Thereafter, the antibodies were conjugated to their respective metal and validated once more by IHC staining, of which the results
were compared to the pre-conjugation IHC results. Antibodies were then tested by imaging mass cytometry on FFPE tonsil sections
or colorectal cancer sections as positive control. The optimal staining protocol and antibody specificities have been previously
validated and described by ljsselsteijn et al. A 40-Marker Panel for High Dimensional Characterization of Cancer Immune
Microenvironments by Imaging Mass Cytometry, Frontiers in Immunology, 2019.

The specificities of flow cytometry antibodies were validated by the suppliers through flow cytometry staining versus isotype
controls. Detailed information and references of the antibodies can be found on https://www.bdbiosciences.com, https://
www.biolegend.com, https://www.thermofisher.com, https://www.beckmancoulter.com, https://www.rndsystems.com, https://
www.sonybiotechnology.com, or https://www.miltenyibiotec.com by searching using the catalog number of the antibodies listed
above on the supplier's website. We further validated the antibody staining patterns on PBMC control samples with or without
stimulation with PMA/ionomycin. In the flow cytometry experiments, isotype and/or FMO control samples were included.

Antibodies used for the characterization and reactivity assay with organoids:

The following antibodies have been previously used and described in Dijkstra et al. Cell 2018 and Cattaneo et al. Nature Protocols
2020 (Dijkstra et al. Generation of Tumor-Reactive T Cells by Co-culture of Peripheral Blood Lymphocytes and Tumor Organoids, Cell,
Volume 174, Issue 6, 2018, doi.org/10.1016/j.cell.2018.07.009; Cattaneo et al. Tumor organoid—T-cell coculture systems, Nat Protoc
15, 15-39 (2020), doi.org/10.1038/s41596-019-0232-9):

Antibody, Fluorochrome, Clone, Supplier, Catalog number, Lot number, Dilution

HLA-A,B,C, PE, W6/32, ThermoFisher, MA1-19027, 7096730, 1:20

PD-L1, APC, MIH1, eBioscience, 17-5983-42, 4307992, 1:200

Isotype mouse IgGk, APC, P36281, eBioscience, 17471442, 1943772, 1:200

Isotype mouse IgGk, FITC, MOPC-21, BD Bioscience, 555748, 1054855, 1:100

Isotype mouse IgGk, PE, MOPC-31C, BD Bioscience, 550617, 0065215, 1:20

CD107a, FITC, H4A3, BioLegend, 328605, B27833, 1:50

CD28, -, CD28.2, eBioscience, 16028981, 2310226, 1:200 (coating)

CD3, PerCP-Cy5.5, SK7, eBioscience, 332771, 0203984, 1:20

CD4, FITC, RPA-T4, BD Bioscience, 555346, 9073869, 1:20

CD8, BV421, RPA-T8, BD Bioscience, 562429, 7082750, 1:200

IFNy, APC, B27, BD Bioscience, 554702, 0332147, 1:40

Live/dead, nIR, n.a., Life Technologies, L10119, 2184311, 1:2000

The following antibody has been referenced by Zhu et al. Nat Commun. 2019 (Zhu et al. Precisely controlling endogenous protein
dosage in hPSCs and derivatives to model FOXG1 syndrome. Nat Commun. 2019 Feb 25;10(1):928. doi: 10.1038/
s41467-019-08841-7):

B2m, FITC, 2M2, BiolLegend, 316304, B261327, 1:100

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s)

Authentication

All cancer cell lines were derived from human: HCT-15 from colon adenocarcinoma, LoVo from colon adenocarcinoma
(derived from metastatic site: left supraclavicular lymph node), HT-29 from colon adenocarcinoma, SW403 from colon
adenocarcinoma, SK-CO-1 from colon adenocarcinoma (derived from metastatic side: ascites), Daudi from Burkitt lymphoma,
and K-562 from chronic myeloid leukemia. All cancer cell lines derived from the ATCC.

All cancer cell lines were authenticated by STR profiling.

Mycoplasma contamination All cancer cell lines were tested for mycoplasma. None of the cell lines used in this study tested positive for mycoplasma.
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Commonly misidentified lines
(See ICLAC register)

No commonly misidentified lines were used in this study.

Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

DRUP study cohort:

The DRUP is a national, prospective, non-randomized, multi-drug and multi-tumor study, designed and conducted on behalf
of the Center for Personalized Cancer Treatment (CPCT). Patients who were eligible for the study had an advanced or
metastatic solid tumor, multiple myeloma or B cell non-Hodgkin lymphoma, and had exhausted standard-treatment options.
A tumor genetic or protein-expression test (CPCT or regular diagnostics) had to have revealed a potentially actionable
variant, for which FDA- and/or EMA-approved targeted therapy was available—but not for the tumor type in question. Across
all completed and ongoing DRUP study cohorts, we performed a preliminary analysis on all patients with MMR-d tumors
treated with PD-1 blockade with available WGS, RNA-seq and clinical outcome data. Detection of MMR-d by standard of care
diagnostics and conformation by WGS was required for inclusion in this analysis. At inclusion in the DRUP, patients were
required to be >18 years of age, with acceptable organ function and performance status (Eastern Cooperative Oncology
Group (ECOG) score < 2), and to have objectively evaluable disease of which a fresh baseline tumor biopsy could safely be
obtained. Detailed baseline characteristics of this cohort are provided in Supplemental Table 1. In total, 32 out of 71 (45%)
patients were female. The median (IQR) age was 68 (57-74) years.

Hartwig cohort:

We analyzed 2,256 metastatic tumors included in the freely available Hartwig database (Priestley et al, 2019), which (i) were
MMR-p (WGS-based MSlseq6 score <4), (ii) had available WGS data passing standard quality controls (as defined before by
Priestley et al, 2019, including a sequencing-based tumor purity of at least 20%), (iii) and had available RNA-seq data.
Extensive details on the consortium and the full patient cohort has been published previously (Priestley et al, 2019). In brief,
the CPCT-02 consortium was established to collect tumor biopsies of patients with advanced stage solid malignancies, in
order to analyze the cancer genome by WGS and to discover predictors for systemic treatment outcome. Patients eligible for
inclusion were at least 18 years and had locally advanced or metastasized solid tumors. Condition for enrollment was the
possibility to safely obtain a histological biopsy from a metastasis or primary tumor prior to the start of a new line of systemic
treatment. Patient-level clinical characteristics of this cohort can be found in Supplemental Table 3.

Leiden IMC cohort:

Primary colon cancer tissues were from 17 patients with colon cancer who underwent surgical resection of their tumor at the
Leiden University Medical Center (LUMC, the Netherlands). Clinical characteristics of these patients are outlined in
Supplemental Table 4. In total, 10 out of 17 (59%) patients were female. The median (range) age was 68 (36-82) years.

NICHE study cohort:

In addition, primary colon cancer tissues from 10 patients with colon cancer included in the NICHE study (NCT03026140)
carried out at the Netherlands Cancer Institute (NKI, the Netherlands) were used for this study. A detailed description of the
NICHE samples has recently been published by us in a sister journal, Nature Medicine (Chalabi, M. et al. Neoadjuvant
immunotherapy leads to pathological responses in MMR-proficient and MMR-deficient early-stage colon cancers. Nat Med
26, 566-576, doi:10.1038/s41591-020-0805-8 (2020)). We have referred to this study in this manuscript.

ITO study cohort:

In the ITO (Immunogenicity of Tumor Organoids) study, tumor organoids were derived from two patients with MMR-d
colorectal cancer included in the study at the Netherlands Cancer Institute (NKI, The Netherlands). Mismatch repair
deficiency was confirmed by immunohistochemical staining for the mismatch repair proteins MSH2, MSH6, MLH1 and PMS2
in routine assessment by a pathologist. Tumor organoids generated from this study have been previously described by
Dijkstra et al. (Dijkstra et al. Generation of Tumor-Reactive T Cells by Co-culture of Peripheral Blood Lymphocytes and Tumor
Organoids, Cell, Volume 174, Issue 6, 2018, doi.org/10.1016/j.cell.2018.07.009). We have referred to this study in this
manuscript.

Patient-derived tumor organoids:

PDTO-1 was derived from resection material of a primary colorectal cancer tumor. PDTO-2 was derived from a biopsy of a
peritoneal metastasis of the colorectal cancer. Procedures performed with patient specimens were approved by the Medical
Ethical Committee of the Netherlands Cancer Institute — Antoni van Leeuwenhoek hospital (study NL48824.031.14) and
written informed consent was obtained from all patients. All PDTOs were authenticated by SNP or STR profiling. All PDTOs
were tested for mycoplasma. None of the organoids used in this study tested positive for mycoplasma.

DRUP study cohort:

Patients with MMR-d cancers of various anatomical origins who exhausted all regular treatment options were recruited in 22
Dutch hospitals participating in the DRUP trial. Patients who were eligible for the study had an advanced or metastatic solid
tumor, multiple myeloma or B cell non-Hodgkin lymphoma, and had exhausted standard-treatment options. A tumor genetic
or protein-expression test (CPCT or regular diagnostics) had to have revealed a potentially "actionable variant", for which
FDA- and/or EMA-approved targeted therapy was available—but not for the tumor type in question. In case of the subgroup
of DRUP-included patients analyzed in our study, the "actionable variant" was microsatellite instability. In addition, patients
were required to be >18 years of age, with acceptable organ function and performance status (Eastern Cooperative Oncology
Group (ECOG) score < 2), and to have objectively evaluable disease of which a fresh baseline tumor biopsy could safely be
obtained. A detailed description of patient recruitment in the DRUP study can be found in the previous publication by us in
this journal (van der Velden, D. L. et al. The Drug Rediscovery protocol facilitates the expanded use of existing anticancer
drugs. Nature 574, 127-131, doi:10.1038/s41586-019-1600-x (2019).

Hartwig cohort:
Patients were included in 42 academic, teaching, and general hospitals across the Netherlands, under the protocol of the
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Center for Personalized Cancer Treatment (CPCT) consortium (CPCT-02 Biopsy Protocol, ClinicalTrial.gov no. NCT01855477).
A detailed description of patient recruitment in the Hartwig dataset can be found in the previous publication by us in this
journal (Priestley, D. L. et al. Pan-cancer whole-genome analyses of metastatic solid tumours. Nature 575, pages 210-216,
doi:10.1038/s41586-019-1689-y (2019)).

Leiden IMC cohort:
The LUMC IMC cohort constitutes a consecutive cohort of treatment-naive patients with colon cancer who underwent
surgical resection of their tumor at the Leiden University Medical Center (LUMC, the Netherlands).

NICHE study cohort:

Recruitment of patients included in the NICHE study can be found in the previous publication by us in a sister journal, Nature
Medicine (Chalabi, M. et al. Neoadjuvant immunotherapy leads to pathological responses in MMR-proficient and MMR-
deficient early-stage colon cancers. Nat Med 26, 566-576, doi:10.1038/s41591-020-0805-8 (2020)). We have referred to this
study in this manuscript.

ITO study cohort:

Patients were accrued at the Netherlands Cancer Institute. Eligible patients were those with colorectal, gastric or non-small
cell lung cancer that were pre-planned to undergo a study-related or standard of care biopsy procedure/tumor resection,
during which an extra tissue specimen was obtained for tumor organoid generation.

Ethics oversight The DRUP study and the generation of the Hartwig database were initiated and conducted on behalf of the Center for
Personalized Cancer Treatment (CPCT; clinicaltrials.gov: NCT02925234, NCT01855477). These studies were approved by the
Medical Ethical Committee of the Netherlands Cancer Institute in Amsterdam and the University Medical Center Utrecht,
respectively, and were conducted in accordance with good clinical practice guidelines and the Declaration of Helsinki’s ethical
principles for medical research. Written informed consent was obtained from all study subjects. This study was approved by
the Medical Ethical Committee of the Leiden University Medical Center (protocol P15.282), and patients provided written
informed consent. Details on the protocol of the NICHE study have been described in the previous publication by usin a
sister journal, Nature Medicine (Chalabi, M. et al. Neoadjuvant immunotherapy leads to pathological responses in MMR-
proficient and MMR-deficient early-stage colon cancers. Nat Med 26, 566-576, doi:10.1038/s41591-020-0805-8 (2020)). We
have referred to this study in this manuscript. The ITO study (Dutch Central Committee on Research Involving Human
Subjects number: NL48824.031.14) was approved by the Medical Ethical Committee of the Netherlands Cancer Institute —
Antoni van Leeuwenhoek hospital and written informed consent was obtained from all patients.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  DRUP:NCT02925234; CPCT study: NCT01855477; NICHE trial: NCT03026140
Study protocol The study protocols will be made available upon request.

Data collection Patients in the DRUP study were accrued at 22 hospitals throughout the Netherlands between 2016 and 2021. Recruitment and data
collection involved dozens of medical specialists and trained research nurses, both at the site of inclusion as at the sites of
coordination (Netherlands Cancer Institute, Amsterdam Medical Center, Leiden University Medical Center), which minimizes self-
selection biases. Radiological response evaluations were performed according to RECIST 1.1 criteria at the site of accrual. A detailed
description of the data collection of the DRUP study can be found in the previous publication by us in this journal (van der Velden, D.
L. et al. The Drug Rediscovery protocol facilitates the expanded use of existing anticancer drugs. Nature 574, 127-131, doi:10.1038/
s41586-019-1600-x (2019).

Patients in the Hartwig dataset were included in 42 academic, teaching, and general hospitals across the Netherlands between
February 2016 and December 2019. A detailed description of data collection in the Hartwig dataset can be found in the previous
publication by us in this journal (Priestley, D. L. et al. Pan-cancer whole-genome analyses of metastatic solid tumours. Nature 575,
pages 210-216, doi:10.1038/s41586-019-1689-y (2019).

A detailed description of the data collection of the NICHE study can be found in the previous publication by us in a sister journal,
Nature Medicine (Chalabi, M. et al. Neoadjuvant immunotherapy leads to pathological responses in MMR-proficient and MMR-
deficient early-stage colon cancers. Nat Med 26, 566-576, doi:10.1038/s41591-020-0805-8 (2020)). We have referred to this study in
this manuscript.

Outcomes For DRUP-based analyses, we used clinical benefit (defined as at least 4 months of disease control) as the primary outcome, as
predefined in the study protocol. Additionally, we reported the best overall response, which was defined as a secondary outcome
measure in the study protocol. Following RECIST1.1 criteria, these outcomes were assessed by the local treatment team at the site of
accrual. Consistent with the study protocol, we considered these outcomes evaluable in patients who received at least two cycles of
intravenous study medication, and for whom response was radiologically or clinically evaluable (at the treating physician’s
discretion). A detailed description of the outcomes of the DRUP study can be found in the previous publication by us in this journal
(van der Velden, D. L. et al. The Drug Rediscovery protocol facilitates the expanded use of existing anticancer drugs. Nature 574,
127-131, doi:10.1038/s41586-019-1600-x (2019).

A detailed description of primary objectives, safety and feasibility, and secondary and translational endpoints of the NICHE study can
be found in the previous publication by us in a sister journal, Nature Medicine (Chalabi, M. et al. Neoadjuvant immunotherapy leads
to pathological responses in MMR-proficient and MMR-deficient early-stage colon cancers. Nat Med 26, 566-576, doi:10.1038/
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s41591-020-0805-8 (2020)). We have referred to this study in this manuscript.

Flow Cytometry

Plots
Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software
Cell population abundance

Gating strategy

v6 T cells were isolated from MMR-deficient colon cancer tissues and expanded in vitro for functional assays. Reactivity of y§
T cells was tested by co-culturing with cancer cell lines and organoids, after which the y6 T cells were collected for analysis.

For experiments at the LUMC, flow cytometry data were acquired with a FACS Canto Il 3L (BD Biosciences), FACS LSR Fortessa
4L (BD Biosciences), and FACS LSR Fortessa X-20 4L (BD Biosciences). For experiments at the Netherlands Cancer Institute,
flow cytometry data were acquired with a BD LSRFortessa™ Cell Analyzer SORP (BD Biosciences).

For experiments at the LUMC, FACSDiva software version 9.0 (BD Biosciences) and FlowJo software version 10.6.1 (Tree Star
Inc). For experiments at the Netherlands Cancer Institute, FACSDiVa 8.0.2 (BD Biosciences) was used.

v T cells accounted for 0.5-8.1% of the single, live lymphocyte population in the tumor samples at the time of FACS-sorting.
The purity of y& T cells was evaluated after culturing by flow cytometry and was >98%.

In Figure 3a and Extended Data Fig. 5a:

1) FSC-A versus SSC-A gated on lymphocytes

2) FSC-A versus FSC-H gated on single cells

3) Live/dead-nIR versus SSC-A gated on live cells

4a) CD3-Am Cyan versus TCRy8-BV421 gated on TCRyS+ CD3+ cells

4b) CD3-Am Cyan versus TCRy8-BV650 gated on TCRyd+ CD3+ cells for detection of cytokine receptors (CD122, CD25, CD215,
CD132)

5) Indicated markers for immunophenotyping versus TCRy8-BV421 (or TCRy8-BV650) for detection of marker-positive cells
(see Supplemental Table 7)

In Figure 3b and Extended Data Fig. 5b:

1) FSC-A versus SSC-A gated on lymphocytes

2) FSC-A versus FSC-H gated on single cells

3) Live/dead-nIR versus SSC-A gated on live cells

4) CD112-PE versus SSC-A gated on CD112+ target cells, CD155-PE versus SSC-A gated on CD155+ target cells, CD277-PE
versus SSC-A gated on CD277+ target cells, HLA-A/B/C-FITC versus SSC-A gated on HLA-A/B/C+ target cells, HLA-E-BV421
versus SSC-A gated on HLA-E+ target cells, HLA-G-APC versus SSC-A gated on HLA-G+ target cells, MICA/B-PE versus SSC-A
gated on MICA/B+ target cells, ULBP1-PE versus SSC-A gated on ULBP1+ target cells, ULBP2/5/6-PE versus SSC-A gated on
ULBP2/5/6+ target cells, ULBP3-PE versus SSC-A gated on ULBP3+ target cells, ULBP4-PE versus SSC-A gated on ULBP4+ target
cells.

In Figure 3c, Extended Data Fig. 5c,d,f, Extended Data Fig. 8a,b,d:

1) FSC-A versus SSC-A gated on lymphocytes

2) FSC-A versus FSC-H gated on single cells

3) Live/dead-nIR versus SSC-A gated on live cells

4) CD3-AF700 versus TCRy8-BV650 gated on TCRyS+ CD3+ cells

5) CD137-APC versus SSC-A gated on CD137+ y6 T cells, OX40-FITC versus SSC-A gated on OX40+ y6 T cells, PD-1-PE versus
SSC-A gated on PD-1+ y6 T cells, NKG2D-PE-Cy7 versus SSC-A gated on NKG2D+ y6 T cells

In Figure 3f and 3g:

1) FSC-A versus SSC-A gated on lymphocytes

2) SSC-H versus SSC-A gated on single cells

3) Live/dead-nIR versus CD3-PerCP-Cyanine5.5 gated on CD3+ live cells
4) TCRy6-PE versus FSC-H gated on TCRy6+ cells

5) CD4-FITC versus CD8-BV421 gated on CD4- CD8+/- cells

6) IFNy-APC versus FSC-H gated on IFNy+ cells

In Figure 3i:

1) FSC-A versus SSC-A gated on lymphocytes

2) SSC-H versus SSC-A gated on single cells

3) Live/dead-nIR versus CD3-PerCP-Cyanine5.5 gated on CD3+ live cells

4) CD8-BV421 versus TCRyS-PE gated on CD8+/- TCRy6+ cells

5) IFNy-APC versus CD107a-FITC gated on IFNy+ CD107a-, IFNy+ CD107a+ and IFNy- CD107+ cells
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In Extended Data Fig. 2a:

1) FSC-A versus SSC-A gated on lymphocytes

2) FSC-A versus FSC-W gated on single cells

3) Live/dead-nIR versus SSC-A gated on live cells

4) CD45-PerCp-Cy5.5 versus EpCAM-FITC gated on CD45+ EpCAM- cells
5) CD3-PE versus TCRy6-BV421 gated on TCRyS+ CD3+ cells

In Extended Data Fig. 4:

1) FSC-A versus SSC-A gated on lymphocytes

2) FSC-A versus FSC-W gated on single cells

3) Live/dead-nIR versus SSC-A gated on live cells

4) CD3-Am Cyan versus TCRy6-BV421 gated on TCRy&+ CD3+ cells

5) PD-1-PE versus TCRy8-BV421 gated on PD-1—and PD-1+y& T cells, where possible

In Extended Data Fig. 6a:

1) FSC-A versus SSC-A gated on cells

2) FSC-A versus FSC-H gated on single cells

3) Live/dead-nIR versus FSC-A gated on live cells
4) B2M-PE as count (histogram)
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In Extended Data Fig. 7b:

1) FSC-A versus SSC-A gated on cells

2) SSC-A versus SSC-H gated on single cells

3) Live/dead-nIR versus FSC-H gated on live cells

4) B2M-FITC/MHC-I-PE/PD-L1-APC as count (histogram)

All gating strategies are provided in the Extended Data Figures.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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