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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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the enrichment/depletion of B2M-altered tumours per primary site were
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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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Fig.3|y8 T cellsfrom MMR-d colon cancers show preferential reactivity to
HLA-class-I-negative cancer cell lines and organoids. a, The percentage of
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colon cancers (n=5).b, Diagram showing the B2M status and surface
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Scale bar, 50 pm. e, Quantification of the killing of CRC cell lines after co-culture
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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™



Article

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
Table 1. The raw sequencing data of the DRUP and Hartwig cohorts
canbe accessed through Hartwig Medical Foundation on approval of
aresearch access request (https://www.hartwigmedicalfoundation.
nl/en/data/data-acces-request). As determined in the original publica-
tion, NICHE study RNA-seq and DNA-seq data have been depositedinto
the European Genome-Phenome Archive under accession number
EGAS00001004160 and are available on reasonable request for aca-
demicuse and withinthe limitations of the provided informed consent.
The scRNA-seqdatahave been deposited at the GEO (GSE216534) and
arepublicly available. All other dataare available from the correspond-
ing author on reasonable request. The GRCh38 primary assembly of
the humanreference 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 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
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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
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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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