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Immunotherapies have achieved remarkable successes in the treatment of cancer, but
major challenges remain*2. Aninherent weakness of current treatment approaches is
that therapeutically targeted pathways are not restricted to tumours, but are also found
in other tissue microenvironments, complicating treatment>*. Despite great efforts to
defineinflammatory processes in the tumour microenvironment, the understanding of
tumour-unique immune alterations is limited by a knowledge gap regarding the immune
cell populationsininflamed humantissues. Here, inan effort to identify such
tumour-enriched immune alterations, we used complementary single-cell analysis
approachestointerrogate the immuneinfiltrate in human head and neck squamous cell
carcinomas and site-matched non-malignant, inflamed tissues. Our analysis revealed a
large overlap in the composition and phenotype of immune cellsin tumour and inflamed
tissues. Computational analysis identified tumour-enriched immune cell interactions,
one of whichyields alarge population of regulatory T (T,.,) cells that is highly enriched in
the tumour and uniquely identified among all haematopoietically-derived cells in blood
and tissue by co-expression of ICOS and IL-1receptor type 1 (ILIR1). We provide evidence

that theseintratumoural ILIR1" T, cells had responded to antigen recently and
demonstrate that they are clonally expanded with superior suppressive function
compared withILIR1" T, cells. In addition to identifying extensive immunological
congruence between inflamed tissues and tumours as well as tumour-specific changes
with direct disease relevance, our work also provides ablueprint for extricating
disease-specific changes from general inflammation-associated patterns.

Antigen-presenting cells (APCs) and T cells residing in non-lymphoid
tissues adapt distinct phenotypic and functional properties relative
to their circulating counterparts in the peripheral blood*”. These
immune cells are also present in many solid tumour types, where they
are thought to be critical determinants of tumour development and
disease outcome*®. One hallmark of immune-infiltrated human tumour
tissues is the presence of an inflammatory microenvironment—this
has been extensively scrutinized during the past decade’. However,
since thereis a paucity of studies on human non-malignant, inflamed
tissues, it remains unclear which immune cell subsets and signalling
pathways in the human tumour microenvironment are distinct from
general inflammatory processes.

Oneofthebest studiedimmune populationsintumour tissuesis func-
tionally exhausted (dysfunctional) T cellsand T, cells, both of which are
considered pivotal for inefficient anti-tumour immune responses'®™.
These T cell subsets express immuno-inhibitory molecules such as
programmed death 1 (PD-1) or cytotoxic T-lymphocyte-associated

antigen 4 (CTLA4), which are the targets of variousimmunotherapeutic
approaches'. However, expression of PD-1and CTLA4 is not limited to
tumour-infiltrating T cellsandis also found on T cells in non-malignant
tissues during homeostasis and inflammation®®.

Notably, the effector program of T cells and their expression of
immuno-regulatory moleculesis closely linked to the function of (APCs),
including dendritic cells, macrophages and other monocyte-derived
cells™. APCsintegrate tissue-specific and inflammation-dependent cues
fromthetissue environment, and can enhance or suppress local T cell
responses®. Thus, functional alteration of APCs in the human tumour
microenvironment has been suggested as an additional promising
therapeutic target's".

We hypothesized that comparing the human tumour microen-
vironment with non-malignant, inflamed tissues could identify
tumour-unique immune alterations that are distinct from general
inflammatory responses. We thus combined several single-cell analysis
pipelines to generate a comprehensive immune landscape of human
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Fig.1|Similarimmune phenotypesininflamed non-malignant OM tissues
and HNSCC. a, Overview of experimental strategy. b, Representative plots and
quantification for CD69 and CD103 on CD8" T cells from peripheral blood
(blue), OM (orange) and HNSCC (red). ¢, Representative plots and
quantification for PD-1expression on CD8" T cells.d, Heat map showing the
expression pattern for all the indicated molecules within CD8" T cells (top) and
CD4"helper T cells (without CD25CD127 T, cells, bottom) across peripheral
blood, OMand HNSCC. e, Quantification of the indicated antigen-presenting

head and neck squamous cell carcinoma (HNSCC) with site-matched
non-malignantinflamed tissues from the oral cavity. Our datarevealed
substantial congruence of the immune phenotypes between these
tissue groups. Computational analysis approaches identified
tumour-specific changes in subsets of activated APCs and T, cells,
including predicted major histocompatibility complex (MHC)-T cell
receptor (TCR) and IL-1-IL1R signalling. Follow-up experiments con-
firmed these computational predictions: ILIR1 T, cells in the tumour
showed substantial clonal expansion, superior immunosuppressive

Median marker positivity within the indicated APC subset (%)

cell (APC) populations. f, Representative histograms and quantification for
CD206,CD163 and CX3CR1on CD14" cells. g, Heat map representing the
expression pattern for all the indicated molecules within CD1c* cDC2s and
c¢DC3s (top) and CD14" cells (bottom). All summary graphs are represented as
meanzs.d. (n=12for OMand n=13 for HNSCC samples for T cell data, n =16 for
OM and HNSCC for APC data). Statistical analyses were performed using
one-way ANOVA with Tukey’s multiple comparisons test.

function and hallmarks of recent TCR stimulation. Finally, this T,.,
population could be identified among all haematopoietic cells by the
combined expression of ILIR1and ICOS, thus providing aunique oppor-

tunity tospecifically target alarge population of intratumoural T, cells.

Phenotypic congruence of OM and HNSCC

Surgery is typically the first line of treatment for HNSCC, of which
oral and oropharyngeal squamous cell carcinoma are subsites’®.
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Non-malignant inflamed oral mucosal (OM) tissues (typically without
prior anti-inflammatory treatment) from oral surgeries served as our
reference. Together, this enabled us to compare theimmune infiltrate of
humaninflamed with that of tumour tissues without therapeuticinterven-
tions as a confounding variable (sample listin Supplementary Table1).

First,we extensively catalogued theimmunelandscapein OMand HNSCC
tissuesand matched blood by using 2 flow cytometry panels comprising 30
parameters (Fig. 1a, Supplementary Tables 2, 3) (adapted fromref.”). The
frequency of CD3* T cells, CD19" B cells and CD56" natural killer (NK) cells
among total CD45’ live cells as well as the CD4/CD8 ratio was essentially
equivalent between OM and HNSCC tissues (Extended Data Fig. 1a, b).
However, we observed asignificantincrease of CD4"'CD25'CD127 Foxp3*
T, cellsinHNSCC compared with OM tissues® (Extended DataFig. 1c, d).

Recent findings suggest that cytotoxic CD8" T cells with a
tissue-resident memory phenotype can be a principal predictor of
tumour progression®??, The expression patterns of the tissue resi-
dency markers CD69 and CD103 were very similar between OM and
HNSCC tissues (Fig. 1b). PD-1, a biomarker of exhausted T cells?* was
expressed by approximately 50% of total CD8* T cells in both OM and
HNSCC tissue samples (Fig. 1c). The transcription factors TCF1 and
TOX, as well as CD39 showed similar expression patterns in OM- and
HNSCC-infiltrating CD8" T cells (Extended Data Fig. 1e, f). The same
was true for the majority of markers for CD4" and CDS8* T cells across
bothtissues (Fig. 1d, Extended Data Fig. 1g, h).

Next, we quantified subsets of APCsinthe tumour microenvironment:
CD14"monocyte/macrophage-like cells, CD11c'CD141" cross-presenting
type 1 classical dendritic cells (cDCl1s), CD11c*CD1c*CD163 c¢DC2s,
CD11c*'CD1c*CD163"* DC3s (previously referred to as inflammatory
dendritic cells***%) and CD16" non-conventional monocytes (Fig. 1e,
Extended Data Fig. 1i). Whereas the relative abundance of CD14" cells
and total CD14 CD3 CD19 (hereafter referred toas Lin”) HLADR® cells
was indistinguishable between OM and HNSCC tissues, we noted a
slight decrease in the frequency of CD141" ¢cDCls in HNSCC? (Fig. 1e).
¢DC2s, DC3s and CD16" cells were present in OM and HNSCC tissues
withsimilar frequencies (Fig.1e). Of note, we observed similar expres-
sion patterns for the mannose receptor CD206 (commonly used as a
marker for alternatively activated, M2 macrophages) on CD14" cells
acrossthe different tissues (Fig. 1f), indicating that M2-like phenotypes
are not aspecific hallmark of the tumour microenvironment?, A com-
parison of all biomarkers showed that tissue-infiltrating APC subsets
were phenotypically relatively similar between OM and HNSCC tissues
(Fig.1f, g, Extended Data Fig. 1k-m). Together, these dataindicate that
the immune infiltrates in inflamed OM and HNSCC show substantial
congruence in composition and phenotype.

Toidentify specificimmune subset differences, we performed com-
putational analysis using full annotation using shape-constrained trees
(FAUST)?, amachine learning algorithm that discovers and annotates
statistically relevant cellular phenotypesin an unsupervised manner.
For the T cell panel, FAUST identified asingle subcluster of CD8" T cells,
andfour CD4" T, (CD25" CD127") phenotypes marked by expression of
ICOS with combinations of PD-1, TIM3 and HLA-DR as being enriched in
HNSCC (Extended DataFig.2a-c). For the APC panel, FAUST identified
several tumour-enriched phenotypes of CD14" cells, cDC2s and cDC3s
marked by co-expression of CD40 and PD-L1 (Extended Data Fig. 2d,
e, g), resembling an activated APC phenotype. To further interrogate
congruencies and differences in these immune phenotypes, we next
used a single-cell RNA-sequencing (scRNA-seq) approach.

Tumour-enriched cytokine modulesin APCs

To ensure analysis of rare T cell and APC subsets, we sorted pan CD3"
Tcellsand Lin"HLA-DR" cells from fresh OM and HNSCC tissues with
matched blood (Extended Data Fig. 3a-c). After filtering for quality
control and data integration using Harmony*°, we obtained approxi-
mately 140,000 cells from 8 donors (Extended Data Fig. 3d). After
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dimensionality reduction using uniform manifold approximation
and projection® (UMAP) and cellular annotation using SingleR*?,
canonical T celland APC populations separated clearly on the UMAP
plot (Extended DataFig.3e). Cells derived from OM and HNSCC mostly
grouped together, but separate from peripheral blood (Fig. 2a), in
line with the phenotypic overlap found in our flow cytometry data.

Next, we re-clustered APCs and mapped these populations to estab-
lished lineages (Fig. 2b, Extended Data Fig. 4a). We also found a popula-
tion of HLA-DR-expressing mast cells mainly in HNSCC tissues, marked
by the signature genes CLU (encoding mast cell carboxypeptidase A)
and GATA2 (Fig. 2c, Extended Data Fig. 4a). Inline with our flow cytom-
etry data, cDCl1s were reduced in HNSCC tissues, while the other APC
subsets appeared similarly distributed in both tissues across all donors
(Extended DataFig. 4b, ¢), including a population expressing high levels
of CCR7, CCL19 and CSF2RA (encoding the GM-CSF receptor) (Fig. 2c),
resembling mature dendritic cells enriched inimmunoregulatory mol-
ecules® (mregDCs). When we analysed the abundance of transcripts
of key co-regulatory genes, chemokines and cytokines across all APC
subsets from OM and HNSCC (Fig. 2d), we noted that shared mod-
ules of chemokine transcripts were detected in the monocyte, cDC2
and DC3 clusters, whereas mregDCs were the dominant CCL17- and
CCL22-expressing population. CXCL8 and CXCL16 expression was
detected inall subsets, albeit to varying degrees.

To determine whether the transcriptional activity of these APC clus-
ters changed in HNSCC relative to the inflamed OM, we identified dif-
ferentially expressed genes (DEGs) in each cluster using model-based
analysis of single-cell transcriptomics® (MAST). MAST revealed a
pronounced alteration of DC3 and cDC1 transcriptomes in HNSCC
compared with OM (thatis, 150-250 genes), whereas the remaining APC
clusters showed more congruent profiles (Fig. 2e). Manually selected
genesthat wereeither shared between tissues or enrichedin HNSCC are
showninFig. 2f, g, and heat maps are shown in Extended Data Fig. 4d,
e.Overall, thiscomparison highlights that altered transcriptional sig-
naturesin HNSCC tissues are detected mainly in cDC1and DC3 subsets
andinclude differential expression of gene encoding cytokines (TGFBI
and /L18BP) and co-receptors (ICOSLG).

Finally, re-clustering of the T cells suggested that there were eight
transcriptionally separate populations, which we annotated manually
(Extended Data Fig. 5a). Again, cluster distribution across donors and
tissues was remarkably constant, with the HNSCC samples showing an
expansion of the CD4" T, cluster (Extended Data Fig. 5b). We noted
that the number of DEGs between HNSCC and OM-infiltrating cells
showed the largest change in two CD8" T cell clusters and in the T,,
cluster (Extended Data Fig. 5¢), with the other clusters being rather
similar (Extended Data Fig. 5d). Of note, the DEGs in these two CD8
T cell clusters were associated with cytotoxic properties (Extended
Data Fig. 5e). Calculating T cell lineage scores for the T cell clusters
further highlighted the increase in the T, signature (Extended Data
Fig. 5f,g), inline with our flow cytometry data.

Tumour-enriched APC-T cell crosstalk

Tobetter understand therelevance of theimmune alterations that we
had observed, we investigated potential tumour-specific cross-talk
between T cells and APCs using NicheNet® (workflow in Fig. 3a). We
setthe APC clusters derived from scRNA-seq (excluding plasmacytoid
dendritic cells (pDCs) and mast cells) as the sender population, and the
CD4" conventional T cell,CD8" T celland CD4" T, clusters as separate
receiver populations. Foreach T cell subset, we focused our analysis on
thetop 20 ligand-receptor pairs (Fig. 3b, Extended DataFig. 6a). Several
signalling axes were shared by T cell subsets in the tumour microenvi-
ronment (for example, the ligands CD80, CD274 and PDCDILG2, and
the cytokines TGFf31 and IL-15). NicheNet predicted several enriched
ligand-receptor interactions between APCs and T, cells in HNSCC:
ICOS ligand (ICOSLG) vialCOS, IL-18 viathe IL18-R1and IL-1B viathe IL-1
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Fig.2|Comprehensive scRNA-seq analysis of OM and HNSCCimmune
infiltrates.a, UMAP of the combined scRNA-seq data after quality filtering and
Harmony integration, coloured by tissue origin (more details in Extended Data
Fig.3).b, UMAP plot of the APC populations after subsetting and reclustering,
coloured by cluster. Mono cl, classical monocyte; Mono nc, non-classical
monocyte.c,Key DEGsineach APC cluster.d, Scaled dot plot showing the
transcript expression across APC clusters from combined OM and HNSCC data
(excludingblood). e, Number of DEGs between HNSCC and OM-derived cells

receptors type land type 2 (Fig. 3b, right). Of note, when we assessed
which APC population expressed transcripts for these ligands, some
were found in multiple subsets in both OM and HNSCC (for example,
TGFBI, IL1B and CXCL16), whereas ICOSLG was found only on cDCls
from the HNSCC (Fig. 2g, Extended Data Fig. 6b).

Since our flow cytometry and scRNA-seq approaches both indi-
cated T, changes in the HNSCC, we further explored the predicted
T...—APC interactions. We first tested whether the receptors pre-
dicted by NicheNet were present as proteins, and found that IL1IR1
was expressed specifically by tumour-infiltrating T, cells, but not by
tumour-infiltrating CD4"* T cells or CD8* T cells, nor by T cells in the
peripheralblood (Fig. 3c). Notably, up to 70% of the T, cells expressed
IL1R1, whereasIL1R2,adecoy receptor for IL-1signalling, was detectable
onlessthan2%of cells. Nearly all ILIR1" T, cells co-expressed ICOS and
IL-18R1in conjunction with higher levels of the chemokine receptor
CXCRG6 (Fig.3d), matching the NicheNet predictions. Finally, both ILIR1*
andILIRI intratumoural T,  cells expressed FOXP3, but CTLA4 expres-
sion was significantly increased only in the ILIR1" fraction (Fig. 3e).

We nextaddressed whether intratumoural APCs had the capacity to
express IL-1. Following ex vivo culture, a majority of HNSCC-derived
CD14" cells and some pan cDCs expressed IL-1f and IL-1a protein

per APC cluster as determined by MAST. f, Violin plots showing the expression
of selected transcripts for the monocyte cluster (left) and the mregDC cluster
(right). g, Violin plots showing the expression of selected transcripts for the
DC3cluster (left) and the cDClcluster (right). Allgraphs are showing combined
dataforn=4for OMsamples and n=4for HNSCC samples, witha total of
139,424 cells after filtering for quality control criteria. Violin plots show
adjusted P-values (Bonferroni correction) as calculated by the Seurat
implementation of MAST.

(Extended Data Fig. 6¢). Analysis of flash-frozen whole-tumour lysate
revealed substantial levels of IL-1a, IL-13 and IL-18 (Extended Data
Fig. 6d). Together, these dataindicate thatintratumoural IL-1is probably
available for ILIR1" T, cells, but also raise the question of the biological
and clinical relevance of the ILIR1* T, population.

To determine how ILIRT" T, cells differ from their ILIR1” counter-
parts, we used a targeted transcriptomics approach® to measure the
expression of genes with known relevance forimmune function (Sup-
plementary Table 4). Intratumoural ILIR1"and ILIRT" T, cells (from
n =3 tumours) formed separate clusters (Fig. 3f, orange and blue,
respectively), distinct from blood T, cells. More than 50 transcripts
were selectively enriched in the ILIR1" cluster, including TNFRSFI8
(which encodes GITR) and TNFRSF9 (which encodes 4-1BB), which
has been suggested asa pan-cancer T, target” (Fig. 3f). Overall, these
datasuggest that ILIRI" T, cells represent a transcriptionally distinct
population of intratumoural T, cells.

ILIRI' T, cells are highly suppressive

To directly assess the functional capacity of intratumoural ILIR1" T,
cells, we established classic suppression assays suitable for the low cell
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Fig.3|NicheNet analysis predicts tumour-enriched APC-T cell crosstalk.
a, TheNicheNet workflow was applied to the scRNA-seq datashownin Fig. 2.
b, Circos plots showing the top ligand-receptor pairs identified by NicheNet.
Transparency of the connectionrepresents theinteractionstrength. APC
ligands are on the bottom, TCRs are on top. ¢, Representative plots and
quantification for the surface protein expression of IL1R1 (n =19).

d, Representative plots showing the expression of ICOS, IL-18R1and the
chemokinereceptor CXCR6 ontheindicated T cell subsets. Right,
quantification for CXCR6 (n = 5). e, Representative plots (top) and mean

numbers fromHNSCCtissues. We found that ILIR1" T, cells were more
effective than their ILIR1” counterparts at suppressing proliferation of
CD8" (Fig.4a) and CD4" responder T (T,,) cellsisolated from tumours
aswellas from peripheralblood (Extended DataFig. 7a). Furthermore,
we observed a decrease in the concentration of effector moleculesin
the culture supernatant in the presence of ILIR1" T, cells (Extended
DataFig.7b), and suppression was dependent on the ratio of T, cells
to T,.s, cells (Extended Data Fig. 7c).

Since NicheNet predicted that T, cells were receiving TCR signals
(Fig. 3b), we tested whether a TCR signal is sufficient to induce IL1IR1
expression. We sorted T, cells from peripheral blood, and ILIR1 and
ILIR1" T,., cells from HNSCC (Extended Data Fig. 7d). ILIR1 expression
onblood T, cellsand ILIRI” tumour T, cellswas induced after 24 h of

reg
stimulation with anti-CD3, anti-CD28 and anti-CD2 beads (anti-CD3/
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fluorescence intensity (bottom) for FOXP3 and CTLA4 on T cell subsets from
HNSCC (n=4).f, UMAP plot of T, cells sorted fromblood and tumour of n=3
donorswith HNSCC after targeted transcriptomics, coloured by cluster. Violin
plotsshow the expression of selected transcripts across T, clusters. All
summary graphs arerepresented as mean +s.d. Statistical analyses of
cytometry datawas performed using one-way ANOVA with Tukey’s multiple
comparisonstest, analysis of targeted transcriptomics used the Seurat
implementation of MAST (adjusted P-values after Bonferronicorrection).

CD28/CD2beads) (Fig.4b).ILIR1expression onILIR1 tumour T, cells
was sustained onday 1, but declined by day 2 and day 3. Stimulation of
T cellswithanti-CD3 and anti-CD28 coated beads optimized for T cell
activation led to amore pronounced increase in ILIR1 expression (up
to 50% of blood T, cells and ILIR1 tumour T, cells, Extended Data
Fig.7e). These dataindicate that a TCR combined with a costimulation
signal is sufficient toinduce IL1IR1 expression.

To assess the functional impact of IL-1signalling on T, cells, we
performed bulk-RNA sequencing of blood T, cells and ILIR1” and
ILIR1* HNSCC T, cells after culture with anti-CD3/CD28/CD2 beads
with or without IL-1 for 2 days. The addition of IL-1led to significant
upregulation of more than 50 genes in T, cells isolated from blood,
including /L2RA, but had minimal effects on the transcriptional pro-

file of intratumoural T, cells (Extended Data Fig. 7f). Expression of
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Fig.4|ILIR1-expressing T, cellsrepresent afunctionally distinct
population. a, Proliferation of HNSCC-derived CD8" T responder (T,.,) cells
(n=6)inaninvitrosuppressionassay withILIR1 T, cells (light red) and ILIR1*
T, cells (darkred). Representative histograms show dilution of Cell Trace
Violet. Stim, stimulated; unstim, unstimulated. b, Expression kinetics of IL1IR1
afterinvitro cultureinthe presence of anti-CD3/CD28/CD2 beads for T, cells
sorted from peripheralblood (left,n=3), ILIR1 T, cells (middle, n=4) and
ILIRT T, cells (right, n=5) from HNSCC. ¢, Tumour-infiltrating T cells from two
donors with HNSCC after performing short-term stimulation and targeted
transcriptomics with AbSeq (Extended Data Fig. 8). Heat maps show top
differentially expressed proteins (top) and transcripts (bottom) across the
selected clusters.d, TNFRSF9 and CTLA4 transcript expression by T, cells left
unstimulated (left) and after short-term stimulation with PMA and ionomcyin
(right). The y-axis shows ILIR1 protein expression. e, Representative plots and
quantification (n =9) showing that within total CD45" cellsin HNSCC nearly all
ICOS”ILIRI" cells are T, cells. f, Quantification of total ICOS" ILIR1 cellsin
peripheralblood (n=7),OM (n=6) and HNSCC samples (n = 8). Allsummary
graphsarerepresented as mean +s.d. Statistical analyses were performed
using one-way ANOVA with Tukey’s multiple comparisons test or using a
two-tailed paired t-test (e).

FOXP3, CTLA4 and IKZF2 (which encodes Helios) was unaffected by
IL-1signals across all T, populations, indicating stable maintenance
of the T, phenotype (Extended Data Fig. 7g). The increase in /[L2RA
was mirrored by an increase of IL2RA (also known as CD25) protein
expression (Extended DataFig. 7h). Acomparison of the transcriptional
profiles of the T, populations after TCR stimulation revealed thatboth
blood and HNSCCILIRI T, cells showed high transcriptional activity
(more than 900-1,200 transcripts were upregulated), whereas the

100 102 10°

changes in ILIR1" T, cells were much less pronounced (only around
70 transcripts were upregulated; Extended Data Fig. 7i). Together,
these data suggest that IL-1 may increase the suppressive function of
T, cellsthatare not yet fully activated by increasing CD25 expression,
whereasintratumoural ILIRI T, cells are already highly activated and
less responsive to additional stimulatory signals.

To further assess the responsiveness of these T, cells to activating
signals we used AbSeq for combined protein and transcript profiling
of HNSCC-infiltrating T cells with and without short-term stimulation
with phorbol myristate acetate (PMA) and ionomycin (Extended Data
Fig. 8a). Focusing our analysis on CD4" T cells and T, cells (Extended
Data Fig. 8b, ¢), unsupervised clustering revealed three T, clusters:
ILIRT, ILIRT" and an actively proliferating ILIR1" T, cluster marked by
MK167 and TOP2A (Fig 4c). T,  cells stimulated with PMA and ionomcyin
showed increased expression of TNFRSF9 and CTLA4 transcripts, and
ILIRI" T, cells showed the largest increase in CTLA4 protein expres-
sion (Fig. 4d). These data further underline the notion that ILIR1" T,,
cellsare activated and functional, while encompassing a subset that is
actively proliferating. Thus, we next assessed TCR diversity of ILIR1" T,
cells using single-cell VD] sequencing. We found that 10-20% of ILIR1"
T, cells in HNSCC tumours were clonally expanded, with the top 10
clones in the tumour making up more than 5% of the total number of
cellsrecovered for some donors (Extended Data Fig. 8d-f). The top 3
expanded clones showed distinct gene expression profiles relative to
theremaining cells—for example, enrichment for TNFRSF9 (Extended
Data Fig. 8g).

The data collected so far indicate that ILIR1 expression marks a
highly suppressive and expanded subset of intratumoural T, cells.
Wetherefore tested whether it was possible to uniquely identify these
cellswithasmallset of biomarkers. We found that nearly all cellsin the
CD45'ILIRI'ICOS" gate were T, cells (Fig. 4e). Thus, the combined
expression of just two cell surface-expressed proteins—IL1R1 and
ICOS—could uniquely identify these T, cellsamong all haematopoietic
(CD45") cellsin HNSCC and blood. Finally, in a set of follow-up experi-
ments we assessed whether ILIRT'ICOS” T, cells were truly enriched
in HNSCC over inflamed OM tissues and found that ILIR1'ICOS" cells
were significantly enriched in HNSCC compared with OM (Fig. 4f).

To determine whether ILIR1" T, cells occur specifically in HNSCC,
weanalysed and found ILIRI" T, cellsin a small set of additional solid
tumour types by flow cytometry (Extended Data Fig. 9a, b). Further-
more, we mined publicly available scRNA-seq datasets***?, and found
that among intratumoural T cells, expression of ILIRI transcript was
largely restricted to T,., cells (Extended Data Fig. 9¢, d) and was detected
across 19 different tumour types (Extended Data Fig. 9e, f). Together,
theseanalysesindicate thatILIR1" T, cells are not unique for HNSCC,
but are also present to varying degrees in other solid tumours.

Discussion

Overall, our data reveal that immune phenotypes typically associ-
ated with the human tumour microenvironment are also present
in non-malignant, inflamed tissues. The expression pattern of PD-1
was essentially identical in T cells from both tumour tissues and
non-malignant, inflamed tissues, which could offer an explanation
for sometimes severe side-effects of systemic anti-PD-1 treatment**°. Of
note, PD-1expressionistypically considered to be driven by TCR signals,
butisalso upregulated by pro-inflammatory cytokines**?, which may
explain the high expression levels in inflamed tissues. Furthermore,
our data indicate that mregDCs* are also present in non-malignant,
inflamed tissues with minimal transcriptional changes in tumour tis-
sues.

NicheNet analysis of receptor-ligand interactions® predicted that
T, cellsinthe tumouractively received TCR signalsand responded to
IL-1and IL-18.1L-18 hasbeenimplicated ininducing a tissue-repair pro-

gramby secretion ofamphiregulin from IL-18R" T, cells®. Less isknown
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about the effects of IL-1, traditionally considered a pro-inflammatory
cytokine, on T, cells**™*¢, Whereas ILIR1 expression on T, cells has
been reported in vitro*’, our data revealed that a transcriptionally
and functionally distinct subset of ILIR1" T, cells is presentin vivoin
human HNSCC. Of note, we considered using the mouse model sys-
tem for additional mechanistic studies, but mouse T, cells did not
expressILIR1inresponse to TCR-mediated stimulation (Extended Data
Fig.10a-d). We also tried torecapitulate the ILIR1* T,., phenotypeina
humanized mouse model of squamous cell carcinoma (Extended Data
Fig.10e). Theintratumouralimmune infiltrate of the humanized mice
was remarkably similar to that in primary human HNSCC tumours,
including expression of PD-1, tissue-resident memory T (Tg,,) cell mark-
ers (Extended Data Fig. 10f) and increased T, infiltration (Extended
DataFig.10g). However, we only observed low levels of ILIR1 expression
by intratumoural T, cellsinhumanized mice (Extended Data Fig.10h).
One possible explanation for this difference could be that the tumour
microenvironmentin humanized miceis sterile, whereas HNSCC (and
other human tumours) can contain a viable microbiome*, Overall,
these data highlight how our humantissue comparison approachidenti-
fieda T, populationthatis otherwise missed in various mouse models.

Of note, compared with ILIRT" T, cells or CD4" T cells, ILIRT" T,
cells expressed higher levels of CXCR6, which was recently reported
to be critical for anti-tumour activity of cytotoxic T cells in a mouse
model®. Itis tempting to speculate that this chemokine-receptor pair
could also regulate T, migration and co-localization with cytotoxic
CD8'T cellsin the tumour, on the basis of the expression of the ligand
CXCL16in DC3s (Fig. 2g).

Thedepletion of tumour-infiltrating T, cells is considered a prom-
ising anti-tumour therapy>* 2. However, therapeutic manipulation of
T, cells in the tumour without affecting other T, populations has
proved difficult. We show that the co-expression of ILIR1 and ICOS
uniquely identifies an intratumoural T,., population from all other
haematopoietically-derived (CD45") cells in the tumour or peripheral
blood. This could provide a possible pathway for tumour-specific
depletion of a large intratumoural T, population using bi-specific
antibodies or logic-gated chimeric antigen receptor (CAR) T cells.
Overall, our approach could serve as a blueprint to identify immu-
nological congruencies and differences across other tissue types
and disease states toimprove our understanding of disease-specific
processes.
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Methods

Primary cells

The head and neck squamous cell carcinoma (HNSCC) tissue samples
were obtained after informed consent from otherwise treatment-naive
patients undergoing surgical resection of their primary tumour, ensur-
ing thattheimmuneinfiltrate was not influenced by prior therapeutic
interventions such as radiotherapy. Inflamed OM tissue biopsies were
obtained from individuals undergoing routine dental surgeries for a
variety of inflammatory conditions such as periimplantitis, periodon-
titis or osseous surgery. Matched peripheral blood samples were col-
lected from eachtissue donor if possible. All study participants signed
awritteninformed consent before inclusionin the study, and the pro-
tocols were approved by theinstitutional review board (IRB) at the Fred
Hutchinson Cancer Research Center (IRB#6007-972 and IRB#8335).
A detailed list of the samples and relevant procedure information,
together with the panels and/or sequencing experiment performed
is provided in Supplementary Table 1. Furthermore, cryopreserved
peripheral blood mononuclear cells (PBMCs) from healthy controls
(Seattle Area Control Cohort (SAC)) were obtained via the HIV Vaccine
Trial network (HVTN) and used for titrations, panel development and
as alongitudinal technical control for all flow cytometry acquisitions
(datanotshown). The humansquamous cell carcinomaline SCC-15was
obtained and validated from ATCC (tested negative for mycoplasma).

Isolation of leukocytes from solid human tissues and peripheral
blood

After surgical procedures, fresh tissue samples were placed immedi-
ately into a 50-ml conical tube with complete media (RP10: RPMI1640
supplemented with penicillin, streptomcyin and 10% fetal bovine
serum (FBS)) and kept at 4 °C. Samples were processed within1-4 h
after collection based on optimized protocols adapted from ref. %,
In brief, tissue pieces were minced using a scalpel into small pieces
and incubated with Collagenase Il (Sigma-Aldrich, 0.7 mg ml™) and
DNAse (5Uml™) in RPMI1640 with 7.5% FBS for 30-45 min depending on
sample size. Subsequently, any remaining tissue pieces were mechani-
cally disrupted by repeated resuspension with a 30 ml syringe with a
large bore tip (16 x 1.5 blunt). The cell suspension was filtered using a
70-um cell strainer, washed in RPMI1640 and immediately used for
downstream procedures.

Peripheral blood samples (1-10 ml) were collected in ACD tubes and
then processed using SepMate tubes (StemCell Technologies, 85450)
and Lymphoprep (Stem Cell Technologies, 07851) according to manu-
facturer protocols. Inbrief, whole blood samples were centrifuged for
10 min at 400g, and the plasma supernatant was collected separately
andimmediately frozenat -80 °C. Remaining cells were resuspended
in 30 ml PBS and pipetted on top of 13.5 ml Lymphoprep in a SepMate
tube. After centrifugation for 16 min at1,200g, the mononuclear cell
fractionin the supernatant was pouredinto a fresh 50-ml tube, washed
with PBS and immediately used for downstream procedures. For blood
samples from dental surgery patients, red blood cells were lysed using
ACK-lysis buffer (Thermo Fisher, A10492-01), and the remaining white
blood cells were directly used for downstream staining.

If required, cells isolated from tissue samples or from peripheral
blood were frozen using either a 90% FBS/10% DMSO mixture or Cell
Culture Freezing Medium (Gibco, 12648010), and stored in liquid nitro-
gen until used for downstream procedures.

Flow cytometry and cell sorting

For flow cytometric analysis good practices were followed as outlined
inthe guidelines for use of flow cytometry** and consensus suggestions
for data analysis®. Directly following isolation or thawing, cells were
incubated with Fc-blocking reagent (BioLegend Trustain FcX, 422302)
and fixable UV Blue Live/Dead reagent (ThermoFisher, L34961) in PBS
(Gibco,14190250) for 15 min at room temperature. After this, cells were

incubated for 20 min at room temperature with 50 pl total volume of
antibody master mix freshly prepared in Brilliant staining buffer (BD
Biosciences, 563794), followed by two washes in fluorescence-activated
cellsorting (FACS) buffer (PBS with 2% FBS). All antibodies were titrated
and used at optimal dilution, and staining procedures were performed
in 96-well round-bottom plates (for cell sorting in 5-ml polystyrene
tubes). A detailed list of the main panels used, including fluorochromes,
antibody catalogue numbers and final dilutions is provided in Sup-
plementary Table 2 (panels designed according to best practices as
described®) and Supplementary Table 3. For sorting, cells were imme-
diately used after staining, and for analysis, the stained cells were fixed
with 4% PFA (Cytofix/Cytoperm, BD Biosciences, 554722) for 20 min at
room temperature, washed, resuspended in FACS buffer and stored
at4 °Cinthe dark until acquisition. If necessary, intracellular (CD68,
granzyme B (GZMB) or CTLA4) or intranuclear staining (FOXP3, K167,
TCF1, TOX, T-bet or EOMES) was performed following the appropriate
manufacturer protocols (eBioscience FOXP3/Transcription Factor
Staining Buffer Set, Thermo Fisher 00-5532-00).

Single-stained controls were prepared with every experiment
using antibody capture beads (BD Biosciences anti-mouse (552843)
or anti-mouse Plus, and anti-rat (552844)) diluted in FACS buffer, or
cells for Live/Dead reagent, and treated exactly the same as the sam-
ples (including fixation procedures). For each staining of experimen-
tal samples, a PBMC sample from the same healthy donor (SAC) was
stained with the same panel as a longitudinal reference control (data
not shown).

Allsamples were acquired using a FACSymphony A5 (BD Biosciences),
equipped with 30 detectors and 355 nm (65 mW), 405 nm (200 mW),
488 nm (200 mW), 532 nm (200 mW) and 628 nm (200 mW) lasers
and FACSDiva acquisition software (BD Biosciences). Full details on
the optical configuration of the instruments used are as described®.
Detector voltages were optimized using a modified voltage titration
approach® and standardized from day to day using MFI target values
and 6-peak Ultra Rainbow Beads*® (Spherotec, URCP-38-2K). After
acquisition, data was exported in FCS 3.1 format and analysed using
FlowJo (version10.6.x,and 10.7.x, BD Biosciences). Samples were ana-
lysed using acombination of manual gating and computational analyses
approaches®, with doublets being excluded by FSC-A vs FSC-H gating.
For fresh samples acquired on different experimental days with the
Tcellor APC panel, files were exported as compensated data and ana-
lysed combined together in a new workspace (see deposited data on
www.flowrepository.org). Gates were kept the same across all samples
exceptwhere changesin the density distribution of populations clearly
indicated the need for sample-specific adjustment. For the APC panel,
PD-L1 (V450 channel) as well as CD85k (V510 channel) were excluded
from analysis because of interference or high variability from highly
auto-fluorescent myeloid cells in some samples. For the T cell panel,
granzyme B and TIM3 staining showed donor-specific shifts inintensity,
requiring sample-specific adjustments of gates.

All cell sorting was performed either on a FACSAria Il (BD Bio-
sciences), equipped with 20 detectors and 405 nm, 488 nm, 532 nm
and 628 nm lasers or onaFACSymphony Sé6 cell sorter (BD Biosciences),
equipped with 50 detectors and 355 nm, 405 nm, 488 nm, 532 nm and
628 nm lasers. For all sorts involving myeloid cells, an 85-pm nozzle
operated at 45 psisheath pressure was used, for sorts exclusively target-
ing T cells, a70-pm nozzle at 70 psi sheath pressure was used. Unless
stated otherwise, cells were sorted into chilled Eppendorf tubes con-
taining 500-1,000 pl complete RPMI, washed once in PBS and imme-
diately used for subsequent processing.

Whole-transcriptome single-cell library preparation and
sequencing

cDNA libraries were generated using the 10x Genomics Chromium
Single Cell 3’ Reagent Kits v2 protocol or the v3 protocol, or using the
10x Genomics Chromium Single Cell 5’ Reagent Kit vl protocol (see
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Supplementary Table1). Inbrief, after sorting single cells were isolated
into oil emulsion droplets with barcoded gel beads and reverse tran-
scriptase mix using the Chromium controller (10x Genomics). cDNAwas
generated within these droplets, then the droplets were dissociated.
cDNA was purified using DynaBeads MyOne Silane magnetic beads
(ThermoFisher,370002D). cDNA amplification was performed by PCR
(10 cycles) using reagents within the Chromium Single Cell 3’ Reagent
Kit v2 or v3 (10x Genomics) or the VDJ and GEX reagent kit v1 (see list
of samples in Supplementary Table 1). Amplified cDNA was purified
using SPRIselect magnetic beads (Beckman Coulter) according to the
respective protocol. cDNA was enzymatically fragmented and size
selected prior to library construction. Libraries were constructed by
performing end repair, A-tailing, adaptor ligation, and PCR (12 cycles).
Quality of the libraries was assessed by using Agilent 2200 TapeStation
with High Sensitivity D5000 ScreenTape (Agilent). Quantity of libraries
was assessed by performing digital droplet PCR (ddPCR) with Library
Quantification Kit for Illumina TruSeq (BioRad, 1863040) or deter-
mined by Qubit with the dsDNA HS Assay (Q32851). Pooled Libraries
werediluted to2 nM or 3 nM and paired-end sequencing was performed
onaHiSeq2500 (Illumina) or aNovaSeq 6000 (Illumina) utilizing S1or
S2 flow cells, targeting between 25,000-50,000 reads per cell.

Targeted transcriptomics single-cell library preparation and
sequencing

cDNA libraries were generated as described in detail®. In brief,
after sorting, single cells were stained with Sample-Tag antibodies
(if required, see Extended Data Fig. 8a) and or AbSeq antibodies (if
required), washed three times, pooled and counted and subsequently
loaded onto anano-well cartridge (BD Rhapsody), lysed inside the wells
followed by mRNA capture on cell capture beads according to manufac-
turerinstructions®. Cell Capture Beads were retrieved and washed prior
to performing reverse transcription and treatment with Exonuclease
I. cDNA underwent targeted amplification using the Human Immune
Response Panel primers and a custom supplemental panel (listed in
Supplementary Table 3) via PCR (10-11 cycles). PCR products were
purified, and mRNA PCR products were separated from Sample-Tag
(and AbSeq, where applicable) PCR products with double-sided size
selection using SPRIselect magnetic beads (Beckman Coulter). mRNA
and Sample Tag products were further amplified using PCR (ten cycles).
PCR products were then purified using SPRIselect magnetic beads.
Quality of PCR products was determined by using an Agilent 2200
TapeStation with High Sensitivity D5000 ScreenTape (Agilent) in the
Fred Hutch Genomics Shared Resource laboratory. The quantity of
PCR products was determined by Qubit with Qubit dsDNA HS Assay
(Q32851). Targeted mRNA product was diluted to 2.5 ng pl™, and the
Sample Tag and AbSeq PCR products were diluted to 1 ng pl™ to pre-
pare final libraries. Final libraries were indexed using PCR (6 cycles).
Index PCR products were purified using SPRIselect magnetic beads.
Quality of all final libraries was assessed by using Agilent 2200 TapeSta-
tion with High Sensitivity D5000 ScreenTape and quantified using a
Qubit Fluorometer using the Qubit dsDNA HS Kit (ThermoFisher). Final
libraries were diluted to 3nM and multiplexed for paired-end (100 bp)
sequencing on a NovaSeq 6000 (lllumina) using S1and S2 flow cells.
For the gene expression library, we targeted 5,000-20,000 reads per
cell, for the AbSeq library 10,000-15,000 reads per cell, and for the
Sample-Tag libraries 500-2,000 reads per cell.

Ex vivo stimulation assays

Cells wereisolated from tissues or blood as described above. For some
of the stimulation assays cryo-preserved cell suspensions were used
after assessing good cellular viability. For the 2 h short-term stimula-
tion assays with targeted transcriptomics (Fig.4), CD3" T cells (live
CD45'CD19°CD3" events) were isolated using FACS using a BD FAC-
SAria ll. Five-thousand cells were placed into each well of a V-bottom
96-well plate with 200 pl complete media. Cells were then left untreated

(control), or stimulated with IL-12, IL-15and IL-18 (each at 1nM), or with
PMA (50 ngml™) and ionomycin (500 ngml™) for 2 hat 37 °C. Cells were
thenwashed with 1x PBS and prepared for targeted transcriptomics and
staining with oligonucleotide-conjugated antibodies as described*.
For the 1- to 3-day stimulation assays (Fig. 4, Extended Data Fig. 7),
CD4'CD25'CD127 ILIRI" and ILIRI" T, cells were isolated from blood
and HNSCC tissues using a FACSymphony Sé6 sorter (BD Biosciences),
and cultured either in RP10 alone or with anti-CD3/CD28 Dynabeads
(Gibco, 11161D, used at al:1bead-to-cell ratio) or with anti-CD3/CD28/
CD2beads (Miltenyi, 130-092-909, T,., Suppression Inspector, also used
atal:1bead-to-cell ratio), either with or without recombinant IL-13
(Peprotech, 200-01B) at 50 ng ml™. For some experiments, culture cells
were subsequently stained and 250-500 viable cells were sorted onan
BD S6 sorter followed by bulk RNA-sequencing (RNA-seq) analysis using
the SMART-Seq v4 kit (Takara) as described further below.

Suppression assays

Forsuppressionassays, ILIR1*and ILIR1"CD4"CD25'CD127 regulatory
T cellsand CD4°CD25" and CD8" T, cells were sorted from cryopre-
served HNSCC samples. For some experiments, matched peripheral
blood wasincluded. T, cells were labelled with Cell Trace Violet (CTV)
according to the manufacturerinstructions (Thermo Fisher, C34571).
In brief, 10° sorted T,., cells were washed with PBS after the sort, and
thenincubated in pre-warmed PBS containing a final concentration
of 5 uM freshly diluted CTV for 15 min. The reaction was quenched
with prewarmed RP10. Both T,., and T, cells were counted twice on
aBioRad TC20 cell counter. 10,000 (20,000 for some experiments)
CTV-labelled T, cells were cultured alone, or with 10,000 T, cells
(ortitred amounts of T, cells) ina 96-well round-bottom plate at 37 °C
for 4 days together with anti-CD3/CD28/CD2 beads (Miltenyi, 130-
092-909, T, Suppression Inspector). An unstimulated control well
was included with every experiment. Where indicated, recombinant
IL-1P3 (Peprotech,200-01B) was added to achieve a final concentration
of 50 ng ml™.. On the read-out day, supernatants were collected and
frozen at =80 °C, and the cells were stained with a 14-colour readout
panel including Live/Dead reagent (Supplementary Table 2), fixed
and acquired on aBD FACSymphony A5, as described above. Cell pro-
liferation was assessed by using the proliferation platform in FlowJo
10.7 (BD Biosciences), with percentage of divided cells (modelled, not
gated) as the main readout. Supernatants were processed for Luminex
analysis by theImmunomonitoring Core of the Fred Hutchinson Cancer
Research Center.

Luminex analysis of tumour lysates

Luminex analysis was performed on lysates of tissues. To obtain lysates
fromtumour tissues, a2 x2 mm piece wasincubated for one minutein
PBS/0.1% tween. After incubation, the tissue piece was minced in the
buffer and then centrifuged at10,000 rpm for 5 min. The supernatant
was collected and immediately flash-frozen on dry ice. Processing for
Luminex was performed by the Imnmunomonitoring Core of the Fred
Hutchinson Cancer Research Center.

Isolation and stimulation of mouse cells

Mouse protocols were approved by and in compliance with the ethi-
cal regulations of Fred Hutchinson Cancer Research Center’s IACUC.
All animals were maintained in specific pathogen-free facilities and
euthanized in accordance with institutional protocols. We received
thymus, spleen, and lymph node (LN) from male Foxp3°*<£R™2 mjce
(age =8 weeks) (fromJ. Lund), and mechanically dissociated thymus,
spleenorlymphnodethrough a70-umstrainer. Toenrich T cells from
spleen-lymph node ssingle-cell suspensions, we used a T cell-negative
isolation based magnetic enrichment (Stemcell Technologies). For
TCR stimulations, we prepared plate-bound anti-CD3 and anti-CD28
by incubating 96-well V-bottom tissue culture plates with 100 pl of
1pgmi™anti-CD3 (clone: 145-2C11) and 2 pg ml™ anti-CD28 (clone 37.51)
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in1x PBS for 3 h at 37 °C. We decanted and washed residual anti-CD3/
anti-CD28 solution and plated 1 x 10%isolated T cells per wellin 96-well
V-bottom tissue culture plates. We cultured cells in modified RP10
media (RPMI1640 supplemented with 10% FBS, 2mM L-glutamine,
100 U ml™ penicillin-streptomycin, 1 mM sodium pyruvate, 0.05 mM
B-mercaptoethanol and 1 mM HEPES). We collected cells for flow
analysis at 0-, 1- and 2-day time points for flow cytometric analysis as
described above. The following panel was used: anti-TCRy6-PerCPe710
(clone eBioGL3), anti-CD4-BV786 (clone GK1.5), anti-CD8a-V500
(clone 53-6.7), anti-CD44-AF700 (clone IM7), anti-CD69-PECy7 (clone
H1.2F3), anti-PD-1-BV605 (clone 28F.1A12), anti-ICOS-AF647 (clone
C398.4A), anti-IL1IR1-PE (clone 35F5), anti-IL1IR2-BV421 (clone 4E2),
anti-CD3-BUV805 (clone 17A2) and anti-FOXP3-FITC (clone FJK-16s,
intranuclear post fixation).

Humanized mouse experiments

MISTRG mice (M-CSF""IL-3/GM-CSF""SIRPa™™TPO""RAG2 7 IL2Ry ")
were previously reported®. Allanimal experiments were approved by
Fred Hutchinson Cancer Research Center’s Institutional Animal Care
and Use Committee (protocol 50941). De-identified human fetal liver
tissues, obtained with informed consent from the donors, were pro-
cured by Advanced Bioscience Resources and their use was determined
as non-human subject research by Fred Hutch’s Institutional Review
Board (6007-827). Fetal livers were cut in small fragments, treated for
45 minat 37 °Cwith collagenase D (Roche, 100 ng ml™), and asingle-cell
suspension was prepared. Hematopoietic cells were enriched by den-
sity gradient centrifugation in Lymphocyte Separation Medium (MP
Biomedicals) followed by positive immunomagnetic selection with
anti-human CD34 microbeads (Miltenyi Biotec). Purity (>90% CD34"
cells) was confirmed by flow cytometry and cells were frozen at —80 °C
in FBS containing 10% DMSO. Newborn MISTRG mice (day 1-3) were
sublethallyirradiated (80 cGy gammaraysinaCaesium-137 irradiator)
and ~20,000 CD34" cellsin 20 pul PBS were injected into the liver with
a22-gauge needle (Hamilton Company), as described®. Engraftment
levels were measured as the percentage of human CD45" cells among
total (mouse and human combined) CD45" cells in the blood.

The human squamous cell carcinomaline SCC-15 was obtained and
verified from ATCC. Cells were grown to ~80% confluency in DMEM/
F12 supplemented with 12.5 mM L-glutamine, 15 mM HEPES, 0.5 mM
sodium pyruvate and 400 ng ml™ hydrocortisone. Approximately 0.5
million cells per mouse were resuspended in 75 pl PBS, mixed with 25 pl
growth-factor-reduced Matrigel (Corning, 354230) and theninjected
subcutaneously under anaesthesia in the flank of humanized mice.
The size of the tumours was measured weekly for 7 weeks with a cal-
liper. SCC15 tumour tissues were processed for leukocyte isolation as
described above for human tissues.

Bulk RNA-seq experiments and analysis

Bulk RNA-seq was performed on 250 sort-purified ILIR1* and IL1-R1
T, cells derived from either cryopreserved blood or HNSCC tissues
samples after culture in conditions of no stimulation, stimulation with
anti-CD3/CD28/CD2 beads, and stimulation with anti-CD3/CD28/CD2
beadsandIL-1B (50 ng miI™) for days1,2,and 3.In total, 88 samples were
sequenced, and each condition was represented by at least 3 or more
biological replicates.

Cells were sorted directly into lysis buffer from the SMART-Seq v4
Ultra Low Input RNA Kit for sequencing (Takara), immediately snap
frozen ondry ice, and transferred to —80 °C storage until processed
into cDNA. All samples were thawed, cells were lysed, and cDNA was
synthesized and amplified per the manufacture’s instruction. After
amplification, sequencing libraries were constructed using the Nexte-
raXT DNA sample preparation kit with unique dual indexes (Illumina)
to generate Illumina-compatible barcoded libraries. Libraries were
pooled and quantified using a Qubit Fluorometer (Life Technologies).
Sequencing of pooled libraries was carried out on a NextSeq 2000

sequencer (Illumina) with paired-end 59-base reads, using a NextSeq
P2 sequencing kit (Illumina) with a target depth of 5 million reads per
sample.

Base calls were processed to FASTQs on BaseSpace (lllumina), and a
base call quality-trimming step was applied to remove low-confidence
base calls from the ends of reads. Reads were processed using work-
flows managed on the Galaxy platform. Reads were trimmed by 1 base
atthe 3’ end then trimmed from both ends until base calls had a mini-
mum quality score of at least 30. Any remaining adapter sequence was
removed as well. To align the trimmed reads, STAR aligner (v2.4.2a) was
used with the GRCh38 reference genome and gene annotations from
ensembl release 91. Gene counts were generated using HTSeq-count
(v0.4.1). Quality metrics were compiled from PICARD (v1.134), FASTQC
(v0.11.3), Samtools (v1.2), and HTSeq-count (v0.4.1).

A quality filter was applied to retain libraries in which the fraction
of aligned reads examined compared to total FASTQ reads was >70%,
the median coefficient of variation of coverage was less than 0.85, and
the library had at least 1 million reads. All sequenced samples passed
these quality filters. Non-protein coding genes and genes expressed at
less than1count per millionin fewer than10% of samples were filtered
out. Expression counts were normalized using the TMM algorithm.
For differential gene expression analysis, the linear models for micro-
array data (Limma) R package after Voom transformation was used;
this approach either outperforms or is highly concordant with other
published methods. Linear models were generated, and donor iden-
tity was included as arandom effect. For differential gene expression
comparisons, genes with a false discovery rate (FDR) of less than 0.1
and anabsolute expression fold-change greater than1were considered
differentially expressed.

Pre-processing for whole transcriptome analysis (WTA) and
targeted transcriptomics data

Raw base call (BCL) files were demultiplexed to generate Fastq files
using the Cell Ranger mkfastq pipeline within Cell Ranger (10x Genom-
ics). Whole-transcriptome Fastq files were processed using the standard
Cell Ranger pipeline (10x genomics) within Cell Ranger 2.1.1 or Cell
Ranger 3.0.2. In brief, Cell Ranger count performs read alignment,
filtering, barcode and unique molecular identifier (UMI) counting,
and determination of putative cells. The final output of Cell Ranger
(the molecule per cell count matrix) was then analysed in R using the
package Seurat®®®! (3.0) as described below. For targeted transcriptom-
ics data, Fastq files were processed via the standard Rhapsody analysis
pipeline (BD Biosciences) on Seven Bridges (www.sevenbridges.com).
Inbrief, after read filtering, reads are aligned to areference genome and
annotated, barcodes and UMIs are counted, followed by determining
putative cells. The final output (molecule per cell count matrix) was
also analysed in R using Seurat®®® (version 3.0) as described below.
For 5’ VDJ sequencing experiments, the output after Cell Ranger vdj
was analysed using the Loupe VD) browser v3 (10x Genomics). For the
SMART-Seq v4 experiments, Fastq files were aligned to the GRCh38
reference genome as described in more detail above.

Seurat workflow for targeted transcriptomics and WTA data

The R package Seurat®®® was used for all downstream analysis, with
custom scripts based on the following general guidelines for analysis
of scRNA-seq data®’.

In brief, for whole-transcriptome data, only cells that had at least
200 genes (v2 kits) or 800 genes (v3 kits), and depending on sample
distribution less than 7-15% mitochondrial genes were included in
analysis. Allacquired samples were merged into asingle Seurat object,
followed by anatural log normalization using a scale factor of 10,000,
determination of variable genes using the vst method, and a z-score
scaling. Principal component analysis was used to generate 75 princi-
pal components, followed by data integration using Harmony>’. The
dimensionality reduction generated by Harmony was used to calculate
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UMAP, and graph-based clustering with aresolution between 0.2 and
0.6. For cell annotation, we applied SingleR as a purely data-driven
approach®, and used the expression of typical lineage transcripts to
verify the cell label annotation. For all subsequent analysis steps, the
integrated Seurat object was separated into two objects containing
all T cells or all APCs, respectively, and UMAP calculation as well as
clustering steps were repeated.

For targeted transcriptomics data*®, separate cartridges from the
same experiment were merged (if applicable), and only cells that had at
least 30 genes were included indownstream analysis. After generating a
Seurat object, anaturallog normalization using a scale factor of 10,000
was done, followed by determination of variable genes using the vst
method, and az-score scaling. Principal component analysis was used to
generate 75 principal components, followed by dataintegration using
Harmony*°. The dimensionality reduction from Harmony was used for
subsequent UMAP calculation and graph-based clustering with tuned
resolution. Protein phenotyping data was stored in a separate slot as
described in the Seurat tutorial for CITE-seq data, and normalized
using the centred log ratio (CLR) method*®. For some figures, the count
matrices were exported as FCS files using the package Premessa, and
thenimportedinto Flow)Jo10.7.x. Appropriate arcsinh transformations
were applied in a channel-specific manner, and transcript or protein
expression was plotted and quantified using two-dimensional plots.

For all differential gene expression analyses we utilized the Seurat
implementation of MAST (model-based analysis of single-cell tran-
scriptomes) with the number of UMIs included as a covariate (proxy
for cellular detection rate (CDR)) in the model**. For calculating the T
helper scores (Extended Data Fig. 5f, g) we used the AddModuleScore
function of Seurat (see Github script on https://github.com/MairFlo/
Tumor_vs_Inflamed/blob/main/OM_HNSCC_scRNAseq_Harmony). The
genes used were as follows: T,1: /FNG, TBX21,IL12RB1 and IL12RB2; T,;2:
TNFSF11, GATA3 and IL4; T,17: RORC, CCRé, IL17A, IL17F, IL23R, IL22,
AHR, IL26, CCL20; T.: CD8B, CD8SA, TNF, IFNG, IL2, GZMB, PRF1, GZMA
and FAS. T,,: TCF7, TOX, HAVCR2, PDCD1 and LAG3; T,.,: FOXP3, CTLA4,
IL2RA, IL2RB and ENTPDI.

NicheNet workflow

NicheNet analysis was adapted from the vignette described at https://
github.com/saeyslab/nichenetr®. In brief, the separate Seurat objects
containing APCs (described above) were subsetted to contain only
HNSCC-derived cells, and the Seurat object containing T cells only
HNSCC and OM-derived cells. During multiple separate NicheNet runs,
different T cell subsets were set as ‘receiver’ (thatis, CD4 non-T,, clus-
tersOand2,CD8T cell clusters 1,3 and 4 and T, cluster 5; Extended
DataFig. 5a) and all myeloid cell clusters (except the pDC and mast cell
cluster; Fig 2b) as ‘sender’ populations. For the receiver cell population,
aDEG test was performed to find genes enriched in HNSCC vs OM sam-
ples, withthe key parameters being set as follows: genes expressedin at
least 10% of the cells of the respective T cell clusters, and filtered after
the DEG test for an adjusted P-value of less than 0.05 and average log
fold change more than 0.25. For the sending cell population, all ligands
expressed in at least 5% of the cells in the respective APC cluster were
considered. NicheNet analysis was performed based on the vignette
to infer receptors, filter for documented links and generate a circus
plotofthetopligand-receptor interactions for the respective cellular
populations. Scoring of the predicted targets was based on a Pearson
correlation coefficient as described in the NicheNet vignette. Circos
plots were generated as described in the vignette® to visualize links
between ligands on APCs and receptors on the T cell subsets.

FAUST analysis

For the T cell panel, FAUST was used to discover and annotate pheno-
typesin22samples (11HNSCC and 11 OM). FAUST was applied to CD45*
livelymphocytesidentified through manual gating. The MR1-tetramer,
CD45andtheLive/Dead marker were excluded from the FAUST analysis

to account for the manual analysis. After tuning, FAUST selected the
markers CD8, CD4, CD3, CD45RA, CD27, CD19, CD103, CD69, CD28,
HLADR, GZMB, PD-1,CD25,1COS, TCRyS, CD38 and TIM3 for discovery
and annotation of phenotypes. Counts of the discovered phenotypes
labelled CD3* and CD19™ were tested for association with tissue type
using abinomial generalized linear mixed-effects model with asubject
level random effect. Fifty phenotypes were associated with tissue type
atthe FDR-adjusted 0.05 level.

Forthe APC panel, FAUST was used to discover and annotate pheno-
typesin32samples (16 HNSCC and 16 OM). FAUST was applied to CD45"
live CD19°CD3" cells identified through manual gating. The markers
CD3, CD19, CD45, PD-L2 and CD85k and the Live/Dead marker were
excluded from the FAUST analysis to account for the manual analysis
as well as observed autofluorescence in the detectors used for PD-L2
and CD85k. After tuning, FAUST selected the markers CD1c, CD11b,
CDl1c, CD14, CD16, CD32, CD38, CD40, CD68, CD80, CD86, CD123,
CD141,CD163,CD206,CX3CR1, HLADR, PDL1and SIRPA for discovery
and annotation of phenotypes. Counts of the discovered phenotypes
annotated as HLADR" were tested for association with tissue type using
abinomial generalized linear mixed-effects model with a subject level
random effect. 21 phenotypes were associated with tissue type at the
FDR-adjusted 0.05 level.

Statistical analyses

Unless stated otherwise, alldata are represented as mean + s.d. Statisti-
cal analyses between blood, OM and HNSCC samples were performed
using one-way ANOVA with Tukey’s multiple comparisons test. P-values
areshowninfull, exceptif smaller than 0.0001. Statistical analysis was
performed using GraphPad Prism (v9).

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

Data availability

The scRNA-seq data as well as the bulk RNA-seq data discussed in this
publication have been deposited in the NCBI Gene Expression Omni-
busunder accession GSE163633. Alignment was based on the GRCh38
reference genome. Flow cytometry raw data have been deposited at
https://www.flowrepository.org using the Identifiers FR-FCM-Z4UX,
FR-FCM-Z4UP and FR-FCM-Z4UQ or canbe requested from F.M (fmair@
fredhutch.org). The dataused in Extended DataFig. 9c-e are fromthe
scRNA-seq Data Portal for T cells in Pan Cancer at http://cancer-pku.
cn:3838/PanC_T.

Code availability

The main R scripts used for data processing of the scRNA-seq data
are available on https://github.com/MairFlo/Tumor_vs_Inflamed or
can be requested from F.M. The scripts used for processing of the
bulk RNA-seq data are available on https://github.com/akonecny/
Bulk-RNAseq-Tumor_vs_Inflamed.
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Extended DataFig.1|Additionalimmunesubset quantificationsand
representative flow cytometry data (related to main Figure 1).

(a) Quantification of CD3+ T cells, CD19+ B cells and CD56+ NK cells across the
different tissue sources (blue: peripheral blood, orange: OM, red: HNSCC).
(b) Frequency of CD4+and CD8+ T cells within the CD3+ T cell compartment.
(c) Quantification of CD4+ CD25+CD127-regulatory T cells (Tregs) in the
different tissue samples. (d) Intranuclear staining for Foxp3and CTLA-4ona
representative HNSCC sample to confirm that CD25+ CD127- cells are bonafide
Foxp3+ Tregs (red histograms: CD4+ CD25+ CD127- cells, grey histograms:
CD4+CD25- CD127+/- cells). (e) Representative histograms and quantification
for the expression for TCF-1(left,n=7 for OM and n =10 for HNSCC) and CD39
(right,n=9) on CD8+ T cells. (f) Quantification for TCF-1specifically on PD-1+
CD8+Tcells (left) and for the MFl of the transcription factor TOX on CD8+
Tcells (right). (n=7 for OMand n = 6 for HNSCC) (g) Staining patterns for
phenotyping markersinthe high-dimensional T cell panel, pregated onlive
CD3+CD8+T cells (HNSCC). Positivity cut-offs were the same for all samples,
except where shiftsin staining patterns based on density distributions
indicated the need for adjustments. GrzmB staining showed donor-specific
shifts,and Tim3 wasimpacted by autofluorescence insome donors.

(h) Heatmap showing the median fluorescence intensities (MFI) for all the
indicated molecules within CD8+ cytotoxic T cells (right) and CD4+ conv T cells
(without CD25+CD127- Tregs, left) across peripheral blood, OM, and HNSCC.
This heatmap matches main Figure 1d, but shows MFIs instead of percentages.
(i) Representative gating strategy for the identification of canonical antigen-
presenting cell (APC) subsetsin HNSCC. Plots are concatenated from three
individual donors. (k) Staining patterns for all phenotyping markersinthe
high-dimensional APC panel shown on arepresentative HNSCC sample,
pregated onlive CD11c+HLA-DR+conventional DCs. Positivity cut-offs were
left the same for all samples, except where shifts in staining patternsbased on
density distributions indicated adjustments. PD-L2 (on BV421) and CD85k
(BV480) were excluded fromall analyses because of significant variability due
toautofluorescence between donors/experimental runs (data not shown). (m)
Heatmap showing the median fluorescence intensities (MFI) for all the listed
molecules within CD1c+cDC2s/DC3s (right) and CD14+ cells (left). This
heatmap matches main Figure 1g, but shows MFIs instead of percentages.
Statistical analyses were performed using one-way ANOVA with Tukey’s
multiple comparisons.
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Extended DataFig. 2| Computational analysis using FAUST for the T cell
and APCpanels (related to main Figure1). (a) and (b) Thetop 10 T cell
phenotypes showing differential abundance between OM (orange) and HNSCC
(red) samples as identified by FAUST (FDR-adjusted level below 0.05).
Population frequency is relative to the CD45+ live gate. Negative markers are
notlisted, all phenotypes are CD3+. (c) Example ridge plots of the marker
distribution for T cell phenotype #9 (CD4+ CD3+ CD27+ CD69+ CD28+HLADR+
PD1+CD25+1COS+CD38+ Tim3+) fromarepresentative HNSCC sample. Grey
histogram denotes marker distribution acrossall cells, greenon the selected
FAUST cluster. (d) and (e) Aselection from the top 20 myeloid APC phenotypes
showing differential abundance between OM (orange) and HNSCC (red)
samples as identified by FAUST (FDR-adjusted level below 0.05). Population
frequencyisrelative to the CD45+live CD3- CD19-gate. Negative markers are

notlisted. (f) Simplifying the FAUST discovered Treg phenotype tojust two
markers, HLA-DR and ICOS. Summary plots show the relative frequency of
ICOS+HLADR+ cells (left) and ICOS+HLADR- cells (right) in the CD4+ CD25+
CD127- Treg compartmentacross blood, OM and HNSCC (n =13).

(g) Simplifying the FAUST discovered APC phenotypeto just two markers,
CD40 and PD-L1. Summary plots show the relative frequency of CD40+ PD-L1+
cellson CD1c+DCs (left) and CD14+ cells (right) in blood, OM and HNSCC
(n=16).Forthe FAUST box plots, the lower bound of the box is the 25"
percentile (q25), center is the median, upper bound is the 75" percentile (q75).
Thelower whiskeris1.5*interquartile below the q25, and the upper whisker is
1.5*interquartile above q75. Y-axis isshown on asquare-root scale. Statistical
analysesin (f) and (g) were performed using one-way ANOVA with Tukey’s
multiple comparisons, and summary graphs are represented as mean +SD.



a All events
250K 250
56.1% S
OraI mucosa
e singlets 2
3 96.4%
foe - | — -
sample o< . -
[} o Sk e a m w T ok 2 N ® ot .
b FS! FSC-A > FSC-A dead Aqua Re-analysis of sorted
CD45+ live T cells (200 events)
CD56+ NK cells CD56+
4.18% 0%
3 - NS 003°7
R . > o
. : 3
Gating for §| [ fGatmg &
pan APCs &/~ s or pan &
- . T cells
@ ° 3 [CD3 CD19neg Q-
R A - 6 b
Pacific Blue HLA-DR APC-Cy7 BV711 Pacific Blue cbs Pacific Blue
UMAP plot of all cells after QC filtering . Ponor 2 (OM:Sicod)  Donor & (OMBlood) - Donor & (OMBlood)
(139.424 cells), colored by donor : X
’ Cell count: vl o 4
139.424 i 4 i S
B,
1 & v
2 OM ¢
@3 donors  pigtting - = = :
o4 individual Donor 5 (HNSCC+Blood) Donor 8 (HNSCC+Blood)
e5 donors only 15.844 cells 33.201 cells
6 |[HNSCC ——— - ) ’
@ 7 | donors ? " :4
8 ¥ . &
| 8 o P
o i
B ¥ ¢
3 umaP-1— -
€ UMAP plot of all cells after QC filtering, UMAP-1 "
colored by SingleR annotation
® Neutrophils ® Mast Cells f CD3E HLA-DRA
-» Progenitors | Not further ® Conventional DCs | Re-clustered (fOI’ T cells) (fOI’ APCS)
B cells analyzed ® Plasmacytoid DCs | and further .
NK cells Mono - classical analyzed as APCs N

Mono - nonclassical
@ Naive CD4* T cells
Naive CD8* T cells

other T cells Re-clustered

d further
® CD4" regulatory T cells an
® Effector CD4* T cells | analyzed as T cells
® Effector CD8 T cells | (Ext data Figure 5)

MAIT cells

UMAP-2 ————————

UMAP-1

Extended DataFig. 3| Gating strategy for the sorts and additional plots for
thescRNA-seqdata (related to main Figure 2). (a) General gating of a
representative OM tissue samples for CD45+ live singlets for the WTA10x
scRNA-seq experiments. (b) Gating strategy used for sorting the pan APC
populationandfor panT cells for WTA 10x scRNA-seq experiments. Red shaded
gatesweresorted. For some experiments (datanot shown) MR1-Tetramer+
MAIT cellsand CD56+ NK cells were sorted separately. (c) Representative
re-analysis of afraction of sorted pan T cells before loading onto the 10x
Chromium controller. (d) UMAP plots of the combined scRNA-seq data after
QCfiltering (see Github script) and Harmony integration, colored by donor.

Mono - intermediate (main Figure 2b-c)

““
o
<
=
=]

Atotal 0f139.424 cellsis shown. Right plots depictindividual donors
separately, showing that cells from each donor distribute across the entire plot.
Of note, forsome donors only the T cell or the APC population could be sorted.
(e) UMAP plots of the combined scRNA-seq data after QC filtering and
Harmony integration, colored by simplified cell type calling derived from
SingleR. The populationsindicated in the legend were used for re-clustering
and more in-depth analysis of the APC population (main Figure 2b) and T cells
(Extended DataFig.5), respectively. (f) UMAP plots show heatmap overlays for
CD3Eand HLA-DRA transcriptsto highlight the mainlineages.

UMAP-1




Article

a b
ITGAX CD14 FCGR3A IL3RA CLEC10A Blood HNSCC
CD11c, pan DC)  (for mono/DC3) (CD16, mono nc) (CD123 for pDCs) (for cDCZs L 100
=}
. s L s s 2
) » G
% % 8 o050
CLEC9a IRF4 IRF8 ‘LAMP3 CPA3 5
(for cDC1 s) pDCs (pDCs and cDC1 s) (for mreg DCs) for mast cells) o
3
N o =
:: H H H s
;5 0.00 = ’Lh‘o’\&b \q{ .-I-
§UMAP1 OQQOQQO db’\\é (\6000( 0000’\\00%) db(\io (ds\\& (
[ d APC clusters with more transcriptional changes between OM and HNSCC
1.00 DC3 cluster cDC1 cluster
% % Blood OM HNSCC Blood OM HNSCC 2-score
£32 I I o i normalized
o T | 1 ! L l\l H H I expression
é é u Blood ‘\ (i H‘\H‘ I H\‘U NNHHH‘”“I m‘{ LU | ‘ il ,I u ::g
é% 050 :SMSCC bl n ‘W”‘w‘ g HWWH‘HI HIMWW s T ”u”m LS ”“M i g:g
§§ creo AL IR i M‘”\\ ‘m‘ I 'W‘M u h | | | “”h\huhﬂu iy
oo I | veers R (R RN 1110 -1.0
%-% 02 il HH”“ il ““I“'””W “H‘ HWH ﬂ ,’ " \anuhH\llnum\‘ ‘Hm‘ il hmmumm nn H‘H“\H”I‘WMJ‘ H -15
° g LX) ‘H | \ \‘\‘ | ‘H H‘ I‘HH\I\ | M”n L b “H n H‘\‘ “
= | IR[ | \
0.00 H” l\‘uu‘m ol P ‘\"‘u‘m "‘.‘ " pd ‘\l’\‘uWu“|'w”'\\ M T T W\M h
@°§ o oooo o: DAY N il i il | umHH |‘m|‘un‘|" h
e APC clusters mostly similar between OM and HNSCC
mono classical cluster mono non-classical cluster cDC2 cluster
Blood OM HNSCC Blood OM HNSCC Blood OM HNSCC
I Z-score
' A M L u’u il normalized
| ‘ i ‘\Hhu.‘l‘u‘\qul l Wu:w(wlmu " expression
| ‘\ 1 I i 15
F ‘ " I ‘ ml“ )1‘“\\}‘ W{ "“u ‘\I‘H‘\“\ n)\“ ‘I‘\‘\ ‘\"\‘J‘I \h‘ :’g
: W M L.‘H L i w“.w}“ «I‘w..\..::‘: 2
\Iﬁ’l“"‘m I l“l‘r HI\I‘ \H\H il ‘ \ ‘ “ Lty “\JJ“H ? ]\w H h‘ \I‘\u ‘\ ‘ ‘“ Hlm “‘H‘H‘\ | "H\W“\I“\”I\‘\ | \ :11)3
Tt L)
b ‘\.m.mm Wikl ’”’"‘ i i il J v"MM'u\H wwm ‘ ‘1\‘ i s

e
II(HIIIIH H\ ‘

M U oy
DC3 cluster

"

it .w’fﬂ

H" M“‘ ‘\ [
I H \‘\ \‘HH‘\ WH‘IM“III\M

b

mreg DC cluster

t

JM

il 'I
i ‘lew'?‘.ﬂ

oM

Blood OM HNSCC

‘,o.‘ch.‘“m‘

Y

HHHI:L:'WP‘ ‘
‘[I “\“\:I"‘\J\‘ MIIT \Il i \HH I ‘I‘

i I !
i ‘.AMJM‘W.(‘

o I
LLI1h I\’

A I\‘\
f

Al ;]‘fl\"r ! il
\‘I‘H“H“H “IU ]” |
‘HHIH

i

iy f,m i “W“l

f

l

i
‘ I\ I

B

RG:
Gkt
I
B1 I‘
(il

i

i

o

W

It
i

nspaia IS

i Lime b i

crsa L) HH i H iy H {1} H]‘ [

Extended DataFig. 4 |Additional analyses of the scRNA-seq datafor the
APCpopulations (related to main Figure 2). (a) Heatmap overlays for the
expression of key lineage transcripts on the UMAP plot for the APC population
(seemain Figure 2b). (b) Relative abundance of the APC clusters across donors
and tissue origin. (c) Relative contribution of each tissue source to the
indicated APC cluster (colors match the cluster description in main Fig. 2b).

(d) Heatmaps showing the top 30 transcripts that were differentially expressed
inHNSCC for the DC3 cluster (left) and cDCl1 cluster (right), which are the two
clusters showing the largest number of DE genes between OM and HNSCC (see
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main Figure 2e). (e) Heatmaps showing the top 30 transcripts that were shared
between OMand HNSCC, but differentially expressed from matched
peripheralblood, for each of theindicated APC clusters (mono classical, mono
non-classical, cDC2s,DC3s, cDCls and mreg DCs). For (d) and (e), the APC
clustersidentified in the scRNA-seq data (main Figure 2b) were subsetted, and
eitherthe genes shared between OM and HNSCC cells, or genes differentially
expressed between HNSCC and OM cells were identified by the Seurat
implementation of MAST (see material and methods and Github script for
additional details).
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Extended DataFig.5|Additional analyses of the scRNA-seq datafor T cell
populations (related to main Figure 2). (a) UMAP plot of the T cell
populations after subsetting and reclustering, colored by cluster. (b) Relative
clusterabundance across donors and tissue origin (color codeisthesameasin
panela) (c) Number of DE genes between HNSCC and OM-derived cells per
Tcellcluster as determined by MAST. (d) Heatmaps showing the top 30
transcripts that were shared between OM and HNSCC, but differentially

\%& @6

expressed from matched peripheralblood, for each of the indicated T cell
clusters. () Heatmaps showing the top 30 transcripts that were differentially
expressed in HNSCC for the T cell clusters 4-6, which were the two clusters
showing thelargest number of DE genes between OM and HNSCC. (f) Heatmap
overlays showingtheindicated lineage transcripts and T cell scores (see
materialand methods) onthe UMAP plot. (g) Violin plots depicting the relative
Tcellscoreintheindicated HNSCC (red) vs OM-derived (orange) T cell clusters.
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Extended DataFig. 6 | Additional plotsrelated to the NicheNet predictions

(related to main Figure 3). (a) Plots derived from the NicheNet analysis

showing the predicted ligand activity (orange) for the top ligands (as ranked by
Pearson correlation coefficient), and the predicted target genes (purple) for all

threeseparate NicheNet runs:sender APCs +receiver cells CD4+conv T cell

clusters (upper left plots), sender APCs + receiver CD8+ T cell clusters (upper
right plots) and sender APCs + receiver CD4+ Treg cluster (lower plots). The full
scriptutilized for the NicheNet analysis is available on Github (see material and

methods). Theligands that are highlighted in main Figure 3b as “interesting”

are highlighted inred/bold in this panel here. (b) The APC clusters from main

Figure 2b were subsetted to contain only OM or HNSCC-derived cells, and
Violin plots depictrelative expression of the indicated ligand transcripts
acrossall APC clusters either in OM-infiltrating cells (left columns) or HNSCC
infiltrating cells (right columns). The ligands here match the ones highlighted
as “interesting” in main Figure 3b. (c) Representative plots showing the protein
expression for the cytokines IL-1acand IL-1f after ex vivo culture of bulk
HNSCC-derived APCsinthe presence of Brefeldin A, followed by intracellular
cytokinestaining. (d) Concentration of IL-la and IL-1B and IL-18 as measured by
Luminexanalysisin flash-frozen HNSCC samples (n =4). LOD: limit of
detection.
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Extended DataFig.7|Additional datafrom Treg suppressionand
stimulation assays (related to main Figure 4). (a) Proliferation of
HNSCC-derived CD4+ T responder cells from tumor (left) or fromblood (right)
inaninvitrosuppressionassay with IL-1R1- Tregs (light red) and IL-1R1+ Tregs
(dark red) from tumor. Representative histograms show dilution of Cell Trace
Violet (CTV) after 4 days. n =4. (b) Concentration of GranzymeB, IL-2and IFN-g
inthe culture supernatants of the 4-day suppression assays shown in main
Figure 4a. (c) Proliferation of HNSCC-derived CD8+ T responder cellsinan
invitrosuppression assay with titrated amounts of IL-1R1- Tregs (left plot) and
IL-1R1+ Tregs (right plot). Histograms show CTV dilution after 4 days of culture
with Treg-to-Teffratios of 1:4,1:2and 1:1(top to bottom). (d) Plots depict
representative post-sort purity of HNSCC-Treg populations used for the
stimulation experiments in main Figure 4b. (e) Expression of IL-IR1after two
daysofinvitro culture either unstimulated or in the presence of Gibco

anti-CD3/CD28 beads for Tregs sorted from peripheral blood (blue), IL-1R1-
(lightred) and IL-1R1+ Tregs (dark red) from HNSCC. n = 3. (f) Volcano plots
showing differential gene expression of SMART-Seq bulk RNAseq data (250
sorted cells) of blood Tregs, HNSCC IL-1R1- and IL-1R1+ after 2 days of culture
with anti-CD3/CD28/CD2beads with (light and dark red) or without IL-1(grey).
(g) Transcripts per million for FOXP3, Helios (IKZF2) and CTLA4 from the bulk
RNAseq datafor theindicated time points and culture conditions. n =4 for the
d2 time point, n = 6 for the d1time point. (h) CD25 median fluorescence
intensity (MFI) ontheindicated Treg populations after 2 days of culture with
anti-CD3/CD28/CD2beads +/-IL-1.n =3 forblood and n =4 for the HNSCC
samples. (i) Volcano plots showing differential gene expression of SMART-Seq
bulkRNAseq data (250 sorted cells) of blood Tregs and HNSCC IL-1R1+ Tregs
after 2 days either unstimulated or with anti-CD3/CD28/CD2 beads. Number of
DE genes upregulated is highlighted in bold.
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Extended DataFig. 8| Additional analyses for the VD] and targeted
transcriptomics/Abseqdata (related to main Figure 4). (a) Experimental
outline for the targeted transcriptomics+AbSeq experiments (see also material
and methods). Combined dataset after Harmony integration consists of ex
vivo CD45+ cells, unstimulated T cells, and PMA-lonomycin stimulated T cells
fromtwo different donors. (b) UMAP plot of tumor-infiltrating T cells of two
different HNSCC donors after targeted transcriptomics and AbSeq as
describedin (a), colored by clustering based on transcript. The highlighted
clusters areshowninmore detailinmain Figure 4c. (c) Selected cytokine
transcripts are shown on manually gated T cell subsets from HNSCC AbSeq
data (populations asidentified by surface protein). Red plots show CD8+
Tcells, violet plots show CD25+ CD127- Tregs, and blue plots show CD25- CD4+
non Tregs (all after PMA/lono for 2h). TBX21encodes for T-bet, TNFRSF9
encodes for CD137 (4-1BB). (d) t-SNE plot of sorted Tregs from the peripheral

blood (top) and tumor (bottom) from a single donor after VD] sequencing (10x
genomics 5’ vl chemistry). All cellswithacomplete TCR sequence are marked in
lightblue, and the top 10 clonotypes are marked in dark blue (encompassing 20
cellsintheblood, and 239 cells in the tumor). (e) Table showing the total cell
counts, barcode counts and detected clonotypes after VD) sequencing for the
indicated samples (n =3 for the HNSCC tumor samples, n =2 for matched
peripheral blood). Counts are derived from VD) Loupe browser. (f) Expanded
clones by single-cell VD) sequencing within sorted IL-1R1+ Tregs from HNSCC
tumorsrelative to total Tregs from matched peripheral blood. Every TCR
sequence that was presentin 2 cells or more was considered an expanded
clone. (n=2forblood, n=3for HNSCC) (g) Differentially expressed (DE) genes
forthetop 3 expanded clones from onesingle donor. Heatmaps show a
selection of the top DE genes as identified by MAST for each clone (right side of
each heatmap) vs downsampled HNSCCIL1R1- Tregs and ILIR1+ Tregs.
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Extended DataFig.9|IL-1R1expressioninother cancertypes (related to
mainFigure4). (a) IL-1R1expressionis present on CD4+CD25+CD127- Tregsin
tumor tissues from a cohort of human papillary carcinoma patients. Plot on the
very right shows quantification of the MFI for CTLA-4 on the indicated
populations (n =4 donors, one-way ANOVA with Tukey’s multiple
comparisons). (b) ToassessIL-1R1protein expressioninadditional tumor
types, we were able to collect asingle sample of human breast cancer (left) and
humanlung cancer (right). IL-1IR1 expression is present on breast cancer Tregs,
butonlyatverylow level/absent onlungcancer Tregs. (c) UMAP plot of all CD4
Tcell metaclusters. There are four Treg clusters, which are highlighted on the
right side of the UMAP plot. Heatmap overlays on the right side show
expression of the transcripts encoding FOXP3 and ILIR1. (d) Violin plots
depicting expression of FOXP3 (top panel) and IL1IR1 (lower panel) across all
CD4 T cell clusters of the combined dataset asannotated by Zheng et al.
Shaded area highlights the Treg clusters. IL1IR1 expressionis primarily foundin
cluster 20 and 21. (e) Violin plots depicting expression of ILIR1in cells from

cluster 20 CD4.c20.Treg. TNFRSF9) across different tumor types. While
expressionappearstobeabsentin AMLand BCL, varying levels of ILIR1
transcriptare presentacrossall other tumor types. (f) ILIR1 transcript
expressionin scRNA-seq datamay underestimate protein expression. Left
panel shows violin plots for expression of the indicated transcriptsin the Treg
cluster 5of our combined scRNAseq datafrom OM and HNSCC (see Extended
DataFig. 5a), right histograms show protein expression for the same genes by
flow cytometry on live CD4+ CD25+ CD127- Tregs on arepresentative HNSCC
sample. Datain panels c-e are publicly available from the pan-cancer T cell atlas
(containing 21 cancer types), Zheng et al, Science 2021 (ref. *). Figures were
generated using the Shiny app on http://cancer-pku.cn:3838/PanC_T. Per the
authors’ description, box plot overlays show 25 percentile (lower bound),
median (center) and 75" percentile (upper bound), whiskers extend
+/-1.5*interquartile range. Datain panel a-band fare from our own tissue
collections.
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Extended DataFig.10 | Differential expressionkinetics of IL-IR1in human
cells, murine cellsand ahumanized mouse model. (a) Overview of
stimulation experiments for murine (left) and human (right) purified Treg
populations. (b) Murine thymicyS T cells (lower plot) were used as a positive
control to validate the anti-mouse IL-1R1-PE antibody signal. (c) Representative
plots depicting IL-1IR1and CD69 expression on unstimulated (black) and TCR
stimulated (red) Tregs after 48 h. (d) Quantification of IL-1R1expression after
stimulation for 1or 2 days in murine (top panel, n=3) and human Tregs (bottom
panel, n =5), highlighting the discrepancy in expression level and kinetics.

(e) Overview and timeline of human SCC15-tumor experiment in humanized
MISTRG mice. Bottom, photograph of 5 tumors after collection.

(f) Representative flow cytometry plots showing similar expression patterns

forasetofkey T cellmarkersinprimary human HNSCC biopsies (top) and
SCC15tumorsin MISTRG mice reconstituted with humanimmune cells
(bottom). (g) Representative plots and quantification showing a similar
increasein Tregfrequencies between humanblood/HNSCC tumor tissue (top)
and humanized mouse blood/SCC15 tumor tissue (bottom).n = 6 for the
humanized mouse samples, and n =14 for the human HNSCC samples. (h)
Representative plots and quantification showing that IL-1R1expression s
detectable, but under-represented in the humanized mouse model (n =5)
compared to primary human HNSCC tissue (see main Figure 3c). Error bars
represent mean +/- SD. Statistical analyses were performed using one-way
ANOVA with Tukey’s multiple comparisons test for (h) or using a two-tailed
pairedt-testfor (g).
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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.

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.

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
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

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  FACSDiva (BD Biosciences), cellranger and cellranger vdj (10x Genomics), BD Rhapsody preprocessing pipeline (www.sevenbridges.com)

Data analysis FlowJo v10.7.x (BD Biosciences), R v3.5.x and v3.6.x (R Project for Statistical Computing). For bulk RNA-seq data: STAR aligner (v2.4.2a), HTSeg-
count (v0.4.1), PICARD (v1.134), FASTQC (v0.11.3), Samtools (v1.2), HTSeg-count (v0.4.1). For scRNA-seq data: Seurat v3.x and associated
packages (www.satijalab.org), CellRanger (v3.0.x) and Loupe VDJ Browser (v3.0, 10x Genomics), NicheNet (v0.1.0), Harmony (v1.0), Premessa
(R package v0.2.4). Other: FAUST (R package, v0.5.x), Microsoft Excel (v16.57), Prism v9.x (GraphPad).

Custom workflows used in this manuscript are available on https://github.com/MairFlo/Tumor_vs_Inflamed and https://github.com/
akonecny/Bulk-RNAseg-Tumor_vs_Inflamed

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 Research 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
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The single-cell sequencing data as well as the bulk RNA sequencing data discussed in this publication have been deposited in the NCBI's Omnibus database (https://
www.ncbi.nlm.nih.gov/geo/) at GEO-ID GSE163633. Alignment was based on the GRCh38 reference genome. Flow cytometry raw data have been deposited at
www.flowrepository.org using the Identifiers FR-FCM-Z4UX, FR-FCM-Z4UP and FR-FCM-Z4UQ or can be requested from the first author.
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Data exclusions  Data was only excluded if technical issues during processing, flow cytometry staining or acquisition were found (based on comparison to our
technical reference sample, see material and methods section)

Replication N.A. Technical replicates were not possible with these human tissues, but technical controls were included.

Randomization  N.A. (no clinical trial)

Blinding N.A. (tumor tissues and inflamed oral tissues came from different sources making blinding impossible)

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 |:| ChlIP-seq
Eukaryotic cell lines |:| |Z Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XXOOXOO s
OJO0XXOXKX

Dual use research of concern

Antibodies

Antibodies used All utilized antibodies, including clones, catalogue numbers and dilutions used, are listed in Supplementary table 2.

Validation All antibodies used in flow cytometry were titrated and assessed for biologically meaningful staining patterns by assessing expression
against canonical main immune lineages (CD19+ B cells, CD3+ T cells, CD14+ monocytes etc). Antibodies from BD Biosciences
undergo routine QC testing for reactivity (see www.bdbiosciences.com), antibodies from Thermo Fisher Scientific were verified by
relative expression assays (see www.thermofisher.com), for antibodies from Biolegend each antibody is quality control tested by
immunfluorescent staining with flow cytometric analysis (see www.biolegend.com).

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) SCC-15 cells, obtained from ATCC: https://www.atcc.org/products/crl-1623
Authentication Cells were authenticated by ATCC (certificate analysis LOT 70015828)
Mycoplasma contamination Cells were tested negative for mycoplasma

Commonly misidentified lines  N.A.
(See ICLAC register)




Animals and other organisms
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Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research T
Laboratory animals Mus musculus Foxp3eGFP-Cre-ERT2 spleens+lymph nodes from male mice, age 8 weeks or older (courtesy of Dr. Jennifer Lund, 1]
FHCRE). 1

Y
Wild animals M.A. =
Field-collected samples | N.A. &
)

Ethics oversight Mause protocols were approved by and in compliance with the ethical regulations of Fred Hutchinson Cancer Research Center's §'
Ts]

IACUC, -

=

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

Human research participants

Policy infarmation about studies invalving human research participants
Population characteristics Tumor tissue donors were collected by an independent organization appointed specifically for that task (WW8icSpecimen,

Seattle, WA) based on turnor type [HNSCC, papillary carcinoma, breast cancer) and size. Oral mucosal tissues were collectad
from routine surgeries, and based on the type of procedure (i.e. likely to yield a large enough tissue piece for processing].

Recruitment M.A, ([collection of discarded tissues from surgery, see above)

Ethics oversight Insitutional Review board (IRB) of the Fred Hutchinson Cancer Research Center (IRBRG007-372 and IRB#8335)

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

Flow Cytometry

Plots
Confirm that:
E] The axis labels state the marker and fluorechrome used (e.g. CO4-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.
E] & numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation After surgical procedures, fresh tissue samples were placed immediately into 2 50ml conical tube with complete media
{RP10: RPMI 1640 supplemented with Pendcillin, Streptormcyin and 10% Fetal Bavine Serum [FBS), RP10) and kept at 4°C,
Samples were processed within 1-4 hours after collection based on optimized protocols adapted from (Leelatian et al., 2017).
Briefly, tissue pieces were minced using a scalpel into small pieces and incubated with Collagenase |1 (Sigma-Aldrich, 0.7 mg/f
mil) and DNAse (5 Units/ml] in RPMI1640 with 7.5% FBS for 30-45 minutes depending on sample size. Subsequenthy, any
remaining tissue pieces were mechanically disrupted by repeated resuspension with a 30 ml syringe with a large bare tip
{16x1 ¥ blunt). The cell suspension was filtered using a 70um cell strainer, washed in RPMI1640 and immediately used for
downstream procedures.

Peripheral blocd samples (1-10 ml] were collected in ACD tubes and then processed using Sephate tubes (StemCell
Technologies, #85450) and Lymphoprep (Stem Cell Technologies, #07851) according to manufacturer protocols. Briefhy,
whole blood samples were centrifuged for 10 minutes at 400g, and the plasma supernatant was collected separately and
immediately frozen at -80°C. Remaining cells were resuspended in 30ml of PBS and pipetted on top of 13.5m| Lymphoprep in
a SepMate tube. After centrifugation for 16 minutes at 1200g, the mononuclear cell fraction In the supernatant was poured
inta a fresh S0ml tube, washed with PBS and immediately used for downstream procedures. For some blood samples from
dental surgery patients, red bload cells were lysed using ACK-lysis buffer, and the remaining white blood cells were directly
used for downstream staining.

If required, cells isolated from tissue samples or from peripheral blood were frozen using either a S0%FBS/10%0MS0 mixture
ar Cell Culture Freezing Medium {Giboo, #12648010), and stored in liquid nitrogen until used for downstream procedures.

For flow eytometric analysis good practices were followed as outlined in the guidelines for use of flow cytometry (Cossarizza
et al, 2021}, Directly following isolation/thawing, cells were incubated with Fe-blocking reagent (Biolegend Trustain Fc¥,
#422302) and fixable UV Blue Live/Dead reagent (ThermoFisher, #L34961) In PBS (Glbco, #14190250) for 15 minutes at room
temperature. After this, cells were incubated for 20 minutes at room temperature with 50 Bl total volume of antibody master
mix freshly prepared in Brilliant staining buffer (BD Bioscience, #563794), followed by two washes, All antibodies were
titrated and used at optimal dilution, and staining procedures were performed in 96-well round-bottom plates [for cell
sorting in Sml polystyrene tubes). A detailed list of the main panels used, including fluorochromes, antibody catalogue
numbers and final dilutions is provided in Suppl. Table 2 (panels designed according to best practices as described in Mair et




|mstrument

Software

Cell population abundance

Gating strategy

al, 2019). For sorting, cells were iImmediately used after staining, and for analysis, the stained cells were fooed with 4% PFA
{Cytofiy/Cytoperm, BD Bioscences) for 20 minutes at room temperature, washed, resuspended in FACS buffer and stored at
43C In the dark until acquisition. If necessary, intracellular {CD68, Granzyme B, CTLA-4] or intranuclear staining {Foxp3, KIGT,
TCF1, T-bet, EOMES] was performed following the appropriate manufacturer protocols (eBioscience Foxp3/Transcription
Factor Staining Buffer Set, Thermo Fisher #00-5532-00)

single-stained controls were prepared with every experiment using antibody capture beads (BD Biosciences anti-mouse,
#552843 or anti-mouse Plus, and anti-rat, #552844) diluted in FACS buffer, or cells for Live/Dead reagent, and treated exactly
the same as the samples {including fixation procedures). For each staining of experimental samples, a PBMC sample from the
same healthy donor was stained with the same panel as a longitudinal reference control {data nat shown).

All samples were acquired using a FACSymphony AS |BD Biosciences), equipped with 30 detectars and 355nm (85mwW],
A405mm (200mW), 488nm [200mW), 532nm (200mW) and 62&nm [200mW) lasers and FACSDIva acquisition software (BD
Biosciences). Full details on the optical configuration of the instruments used are provided in Mair et al, 2018 23, Detector
vaoltages were optimized using a modified voltage titration approach 60 and standardized from day to day using MF| target
values and 6-peak Ultra Rainbow Beads [Spherotec, # URCP-38-2K) 59, After acquisition, data was exported in FCS 3.1 format
and analyzed using Flowlo [version 10.6.x, and 10.7.x, BD Biosciences). Samples were analyzed using a combination of
manual gating and computational anaklyses approaches, with doublets being excluded by FSC-A vs FSC-H gating. For samples
acquired on different experimental days with the T cell or APC panel, files were exported as compensated data and analyzed
combined together In a new workspace, Gates were kept the same across all samples except where changes in the density
distribution clearly indicated the need for sample-spedific adjustment. Far the APC panel, PD-L1 (V450 channel] as well as
CDask (V510 channel) were excluded from analysis because of interference/high variability from highly auto-fluorescent
myelold cells in some samples. For the T cell panel, Granzyme-B staining showed donor-specific shifts in intensity, requiring
sample-specific adjustments of gates.

Details of the flow cytometry staining procedures and antibodies used are described in the material and methods section and
in all panels are listed in Supplementary Table 2,

FACSymphony AS (BD Biosciences), FACSymphomny 56 (BD Biosciences) and FACSAria Il (BD Biosciences). Laser configuration
for the analyzers s listed In materlal and methods, and full optical configuration is listed in Mair et al, Cytometry Part A 2018,

BD FACSDiva [BD Biosciences) and Flowlo v10.6.x and v10.7.x [BD Biosciences)

For cell sorting, an aliquot of cells was taken immediatetely after sorting and re-analyzed at the same instrument. A
representative analysis is shown in Extended data figure 4 and in main Figure 4,

Gating strategies used for analytical samples are shown in Extended data figure 1 and 2. Gating strategies used for sorting
experiments are shown in Extended data figure 4, including the FSC-55C gate. Gate boundaries were set elther based on
control samples [fluorescence minus-one or flourescence-minus-twa controls), or followed density distributions based on
best practices.

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