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% Check for updates T cells areimportant in tumour immunity but abetter understanding is needed of the
differentiation of antigen-specific T cells in human cancer**. Here we studied CD8

T cellsin patients with human papillomavirus (HPV)-positive head and neck cancer
and identified several epitopes derived from HPV E2, E5 and E6 proteins that allowed
ustoanalyse virus-specific CD8 T cells using major histocompatibility complex (MHC)
classItetramers. HPV-specific CD8 T cells expressed PD-1and were detectablein the
tumour at levels that ranged from 0.1% to 10% of tumour-infiltrating CD8 T
lymphocytes (TILs) for agiven epitope. Single-cell RNA-sequencing analyses of
tetramer-sorted HPV-specific PD-1" CD8 TILs revealed three transcriptionally distinct
subsets. One subset expressed TCF7and other genes associated with PD-1" stem-like
CDS8T cells that are critical for maintaining T cell responses in conditions of antigen
persistence. The second subset expressed more effector molecules, representing a
transitory cell population, and the third subset was characterized by a terminally
differentiated gene signature. T cell receptor clonotypes were shared between the
three subsets and pseudotime analysis suggested a hypothetical differentiation
trajectory from stem-like to transitory to terminally differentiated cells. More notably,
HPV-specific PD-1'TCF-1" stem-like TILs proliferated and differentiated into more
effector-like cells after in vitro stimulation with the cognate HPV peptide, whereas the
more terminally differentiated cells did not proliferate. The presence of functional
HPV-specific PD-1'TCF-1"'CD45RO" stem-like CD8 T cells with proliferative capacity
shows that the cellular machinery to respond to PD-1blockade exists in HPV-positive
head and neck cancer, supporting the further investigation of PD-1targeted therapies
inthis malignancy. Furthermore, HPV therapeutic vaccination efforts have focused on
E6 and E7 proteins; our results suggest that E2 and ES should also be considered for
inclusion as vaccine antigens to elicit tumour-reactive CD8 T cell responses of
maximal breadth.

Chronic viral infections and cancer result in compromised CD8
T cell function characterized by the expression of several inhibitory
receptors including PD-1"5, Blockade of the PD-1inhibitory pathway
enhances T cell function and is an effective treatment for several can-
cers"?, Preclinical studies have characterized a unique PD-1'TCF-1*
stem-like subset of CD8 T cells that maintains the CD8 T cell response
during chronic infection and provides the proliferative burst after

PD-1directed immunotherapy®™. Similar PD-1'TCF-1' CD8 T cells have
been found in human tumours? ™, However, a better definition of their
antigen specificity and their lineage relationship with other CD8T cell
subsets in the tumour is needed for understanding T cell differentia-
tion pathways in human cancer and to optimize immunotherapeutic
approaches. Here we address these questions by analysing HPV-specific
CDS8T cellsin head and neck squamous cell carcinoma (HNSCC).
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Fig.1|Intratumoral PD-1' CDS T cells are made up of distinct subsets with
PD-1'TCF-1' stem-like cells residing in lymphoid-like stromal areas.

a, Frequency of PD-1" cellsamong CD8" TILs. Flow plotis gated on CD8 T cells.
b, Frequency of TCF-1'TIM-3"and TIM-3'TCF-1"subsets in PD-1' CD8 TILs, with
mean ands.d. Two-sided Wilcoxon matched-pairs rank test. Flow plot is gated
onPD-1"CD8 T cells. ¢, Representative multipleximmunohistochemistry
staining of one of five primary HPV-positive HNSCC tumours with orange
dashed lines highlighting parenchyma (cytokeratin®) and stromal borders.
Scalebars, 100 pm.d, e, Frequency (d) and density (e) of PD-I'TCF-1' CD8 TILs in
the tumour parenchymaand stroma, with meanands.d.n="7 (five primary
tumours (pink) and two metastatic lymph nodes (grey)). Two-sided paired
t-tests.

Characterization of CD8 TILsin HNSCC

Toinvestigate the CD8 T cell response to HNSCC, we characterized TILs
fromsix primary tumours and eight metastaticlymph nodes of twelve
patients from our treatment-naive HPV-positive HNSCC cohort. CD8
T cells comprised around 30% of TILs by flow cytometry (Extended Data
Fig.1a). The majority of CD8 TILs expressed high levels of PD-1and all
ofthe PD-1" cells were CD45RA-negative (Fig.1a). These PD-1"CD45RA”
CD8T cellsincluded distinct populations that expressed either TCF-10or
TIM-3 (Fig.1b), markers thatare commonly used to distinguish stem-like
(TCF-1'TIM-3) and terminally differentiated (TIM-3*TCF-1") PD-1" CD8
T cells®®*, Although ranging widely between patients, on average 45%
of PD-1" cells exhibited a terminally differentiated phenotype. Stem-like
PD-1'TCF-1' CDS8T cells were present in all patients and expressed sig-
nificantly lower levels of granzyme B, Ki-67 and CD39 compared to
TIM-3" cells (Fig. 1b, Extended Data Fig. 1b, c). Both subsets expressed
TOX (Extended Data Fig. 1d), a key transcription factor for CD8 T cell
differentiation during chronic viral infections and cancer®. We next
examined the anatomical location of these PD-1' CD8 T cell subsets in
primary tumours and metastatic lymph nodes using multipleximmu-
nohistochemistry. CD8" and PD-1" cells were diffusely present in the
cytokeratin-positive tumour parenchyma as well as in the stroma within
and around the tumour bed (Fig.1c, Extended DataFig. 1e, f). Notably,
PD-1'TCF-1" cells were predominantly found in the stromal areas and
were rarely present in the tumour parenchyma (Fig. 1d, e), whereas
the more differentiated cells were diffusely dispersed in the tumour
microenvironment (TME) (Extended Data Fig. 1g, h), suggesting that

2 | Nature | www.nature.com

the stem-like cells reside in distinct niches within the TME and stay
away from the tumour itself.

Identification of HPV-specific CDS TILs

HPV-positive HNSCC offers the opportunity toidentify and character-
ize tumour-reactive CD8 T cells using a defined set of virus-derived
tumour-associated antigens. We focused on the known HPV oncogenes
E5,E6andE7,and onE2, whichisinvolvedin the episomal maintenance
of the HPV genome. To identify HPV-derived CD8 T cell epitopes, we
cultured peripheral blood mononuclear cells (PBMCs) from patients
with HNSCC with a pool of 251 predicted HPV peptides for 2 weeks
and then tested the reactivity of T cells in the expanded PBMCs using
interferon-y (IFNy) enzyme-linked immunosorbent spot (ELISpot)
assays, intracellular cytokine staining (ICCS) and tetramer staining
(Fig. 2a, b, Extended Data Fig. 2a-c). Overall, 43 different peptides
were identified by ELISpot (22 HPV E2 peptides, 10 HPV ES5 peptides, 9
HPV E6 peptides and 2 HPV E7 peptides), with several epitopes being
recognized by T cells from multiple patients (Extended Data Fig. 2a).
Using patient-specific HLA-typing information, peptide-HLA pairs
were predicted insilico and confirmed by in vitro HLA-binding assays,
whichresultedintheidentification of nine CD8 T cell epitopes and the
production of seven different MHC class [ tetramers, with epitopes
derived from HPV E2, E5 and E6 (Extended Data Fig. 2d). Some of the
E2,E5 and E6 epitopes that we identified in these patients have also
been described in previous studies'®".

HPV-specific CD8 T cells were readily detectable ex vivo by tetramer
staining of TILs isolated from primary tumours and metastatic lymph
nodes, and all of these cells expressed high levels of PD-1 (Fig. 2c,
Extended Data Fig. 3). The frequency of HPV-specific CD8 T cells var-
ied between patients, ranging from 0.1% to 10% of CD8 TILs, but CD8
Tcellstoagivenepitope were present at similar frequenciesin primary
tumour and metastatic lymph nodes of the same individual (Fig. 2c, d).
In contrast to readily detectable HPV-specific CD8 T cells in the TME,
the frequencies of tetramer-positive CD8 T cells in patient-matched
peripheralblood were very low (lessthan 0.02% of CD8T cells). These
results suggest that most HPV-specific CD8 T cells are resident in the
TME and donot circulatein the blood, which is consistent with previous
reportsinvarious cancers that have shown extremely low frequencies
of tumour-specific CD8 T cells in peripheral blood'* ™. The uniformly
high expression of PD-1among HPV-specific CD8 TILs suggests that the
respective antigens (E2, E5 and E6) are expressed and being presented
within the TME. Together, these data show that HPV-specific CD8 T cells
can account for a substantial proportion of CD8 TILs in HPV-positive
HNSCC, and that although cells of the same antigen specificity can be
expanded from PBMCs, their frequency inthe blood under steady state
conditions ismuch lower.

Three subsets of HPV-specific CDS TILs

We sorted HPV tetramer-positive CD8 TILs from seven primary tumours
and six metastatic lymph nodes to high purity (Extended DataFig. 4a, b)
and examined their transcriptional signature by single-cell RNA
sequencing (scRNA-seq). HPV-specific CD8 TILs comprised three
transcriptionally distinct clusters that differed from each otherinthe
expression of several hundred genes (Fig. 3a, Extended Data Fig. 5a-c).
All clusters expressed TOX—a transcription factor that is critical for
establishing an ‘exhausted’ epigenetic state in T cells®—and the inhibi-
tory molecules PDCDI1, CTLA4 and TIGIT (Fig. 3b). Cluster 1 cells were
characterized by high levels of expression of TCF7, atranscription factor
essential for the generation of stem-like CD8 T cells during chronic viral
infection®”. Cluster 1 cells also expressed LEF1, another transcription
factorassociated with stem-like T cells; /L7R, whichis needed for T cell
survival; CCR7, the primary receptor involved in homing to lymphoid
tissue; and XCL1and GPR183 (EBI2), two moleculesinvolved in migration
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Fig.2|Identification of HPV-specific CD8 T cellsin PBMCs and tumours of
patients with HPV-positive HNSCC. a, Schematic of experimental strategy to
map HPV-specific CD8T cell epitopes. b, Representative example of expanded
PBMCs of an HLA-A*01:01" individual stimulated with HPV E25,, 53, peptide and
analysed by IFNy ELISpot (left) or ICCS (middle), or stained with the respective
tetramer (right). Flow plots are gated on CD8 T cells. ¢, Representative flow
plots of ex vivo tetramer-stained CD8 TILs from primary tumour, metastatic
lymphnodes (LNs) and PBMCs of two patients. Flow plots are gated on CD8
Tcells.d, Directex vivo frequency of tetramer-positive CD8 T cellsin primary
tumours, metastatic lymph nodes and PBMCs. Coloursindicate different
tetramers. Matched samples are connected by lines.

towards and the recruitment of dendritic cells. Of note, effector mol-
ecules such as granzymes and perforin were minimally expressed in
cluster 1. The HPV-specific CD8 T cells in cluster 2 were characterized
by high expression of PRDMI and several other transcription factors
commonly associated with acute T cell receptor (TCR) engagement
suchas NR4A1(NUR77), FOS and JUN, and expressed the highest levels

i

of IFNG. Expression of effector molecules such as GZMA, GZMB, PRF1
and GNLY was found in both clusters 2 and 3, and these clusters also
expressed inhibitory receptors such as HAVCR2 (TIM-3) and ENTPD1
(CD39). Given the similarity of these HPV-specific CD8 T cell clusters
tothe stem-like and terminally differentiated CD8T cells identified in
preclinical mouse models, we performed gene set enrichment analyses
using gene sets derived from the mouse model of chronic lymphocytic
choriomeningitis virus (LCMV) infection®. HPV cluster 1 was highly
enriched for genes expressed by LCMV-specific PD-1'TCF-1* stem-like
CDS8T cells (Extended Data Fig. 5e), whereas clusters 2 and 3 exhib-
ited the highest enrichment score for the terminally differentiated
genesignature (Extended Data Fig. Se). Notably, cluster 2 showed high
levels of enrichment for both signatures, suggesting that these cells
might represent an intermediate population between the stem-like
and terminally differentiated states. Thus, we will refer to the three
HPV clusters as stem (cluster 1), transitory (cluster 2) and terminally
differentiated (cluster 3).

Theabove analysisincluded HPV-specific CD8 T cells from different
patients, from primary and metastatic sites, as well as different epitope
specificities. A separate analysis of HPV-specific CD8 TILs showed a
comparable distribution of these cells among the identified clusters
independent of sample origin and epitope specificity (Fig. 3c, Extended
DataFig.4c-e). Furthermore, separate clustering of HPV-specific CD8
TILs from primary tumours and metastatic lymph nodes yielded com-
parable clusters with minimal differencesin gene expression between
the corresponding clusters (Extended Data Fig. 5d), suggesting highly
similar differentiation states of HPV-specific CD8 TILs in primary and
metastatic sites. Flow cytometric analyses of HPV-specific PD-1' CD8
TILs further confirmed the presence of TCF-1" stem-like and more ter-
minally differentiated cellsin the TME, with TCF-1" cells expressing high
levels of the co-stimulatory molecule CD28 and low levels of granzyme
B and TIM-3 (Extended Data Fig. 5f).

It was of interest to determine how total PD-1' CD8 TILs compared to
the HPV-specific CD8 T cells. scRNA-seq of total PD-1' CD8 TILs showed
that three of the clusters (1-3) were highly similar to the clusters seenin
HPV-specific CD8T cells, but that the total PD-1' CD8 T cellsin the tumour
had anadditional fourth cluster with a distinct transcriptional signature
(Extended Data Fig. 6a-e). The origin of these cells is not clear but they
could be bystander CD8 T cells that are specific for other viruses??.

HPV-specific CDS T cell subsets share TCRs

The TCR repertoire of HPV-specific CD8 TILs showed dominance of
TCR clonotypes for each tetramer (Extended Data Fig. 7b, c). Paired
scRNA-seq data from the primary and metastatic site for individual
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patients showed a correlation between the frequency of a given clo-
notype in the two sites (Extended Data Fig. 7c, d). Most importantly,
HPV-specific CD8T cells showed a notable degree of TCR clonal overlap
between the three clusters (Fig. 4, Extended Data Fig. 7e, ). In fact,
the most dominant as well as less dominant clonotypes were similarly
distributed among the stem-like, transitory and terminally differenti-
ated HPV-specific CD8 T cells (Extended Data Fig. 7g). This was seen for
all of the HPV-specific tetramer-sorted CD8 T cells that we analysed.

Lineage relationship of HPV-specific CDS TIL subsets

Give the observed TCR overlap between the different clusters, we
investigated a potential lineage relationship between the distinct
HPV-specific CD8 T cell states present in the tumour using pseudo-
time analyses. These analyses showed that CD8T cells that start from
astem-like state (cluster 1) would transition through cluster 2 with a
more effector-like signature before reaching a terminally differentiated
state (cluster 3), while progressively losing the stem-like signature
(Extended Data Fig. 8a-c). This analysis also showed that the relative
proportion of a given TCR clonotype was evenly distributed across
the stem-like, transitory and terminally differentiated states of the
pseudotime progression, suggesting that there is no preference for
cells to remain in certain transcriptional states based on their TCR
clonotype (Extended Data Fig. 8d).

To provide direct experimental evidence of the proposed lineage
relationship model, we examined the potential of HPV-specific PD-1°
stem-like and the more terminally differentiated CD8 T cells to prolifer-
ate and differentiate after stimulation with the cognate HPV peptide
in vitro. We took TILs directly from the tumour, labelled them with
CellTrace Violet (CTV) and then sorted CTV-labelled CD8 TILs by flow
cytometry, onthebasis of the expression of the surface markers PD-1,
TIM-3 and CD39, into stem-like (PD-1'TIM-3"CD39") and terminally
differentiated (PD-1'TIM-3"'CD39") CD8 T cells (Fig. 5a, Extended Data
Fig. 9a). Of note, stem-like cells obtained through this gating strat-
egy expressed high levels of TCF-1 (Extended Data Fig. 9a). The two
sorted PD-1" subsets were then cultured for five days in the presence of
patient-matched autologous PBMCs pulsed with the tetramer-specific
HPV-derived peptide. In the absence of the HPV peptide, there was
minimal to no proliferation of either the stem-like or the terminally
differentiated CD8 T cells isolated from the tumour (Fig. 5b). However,
stimulation of the stem-like cells with HPV peptide resulted in extensive
proliferation of the HPV-specific tetramer-positive CD8 T cells, with
these cells undergoing up to seven divisions. In contrast, only minimal
to no proliferation was observed when the terminally differentiated
HPV-specific CD8 T cells were stimulated with the same peptide-pulsed
PBMCs (Fig. 5b). The superior proliferative capacity of HPV-specific
stem-like CD8 T cells was observed for all seven samples as measured
by thereplicativeindex—ameasure of the number of divisions the cell
undergoes after antigen stimulation (Fig. 5c). These results clearly
show that the HPV-specific PD-1" stem-like CD8 T cells present in the
tumour have proliferative potential, whereas the more differentiated
HPV-specific CD8 T cells have lost the ability to divide after antigen
stimulation.

We next investigated whether the antigen-induced proliferation of
HPV-specific stem-like CD8 T cells was associated with differentiation
into more effector-like and terminally differentiated cells. Stem-like
CDS8T cells cultured inthe absence of antigenic stimulation expressed
low levels of TIM-3, granzyme B, and CD39, thus maintaining their
invivo phenotype (Fig.5d). However, stimulation of these HPV-specific
stem-like CD8T cells with the cognate HPV peptide resulted in marked
upregulation of TIM-3, granzyme Band CD39 by the tetramer-positive
proliferating CD8 T cells (Fig. 5d). CD25 expression also increased on
these dividing HPV-specific CD8 T cells (Extended Data Fig. 9b). In
marked contrast, the terminally differentiated HPV-specific CD8 T cells
did not proliferate after antigen stimulation, retained high levels of
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Fig.4|The three HPV-specific transcriptionally distinct clusters share TCR
clonotypes. Dominant TCR clonotypes specific for agiven tetramer are
presentinall three HPV-specific CD8 T cell subsets (stem-like, transitory and
terminally differentiated).

TIM-3, granzyme B and CD39 (Fig. 5d) and only showed minimal upregu-
lation of CD25 (Extended Data Fig. 9b). Both the stem-like and the ter-
minally differentiated HPV-specific CD8 T cells expressed CD45R0, and
expression of this molecule did not change after peptide stimulation
(Extended Data Fig. 9b). It is worth noting that the HPV-specific PD-1*
stem-like CD8 T cells expressed the CD45RO isoform and are distinct
from the human stem-cell-like memory CD8 T (Ty,) cells that were
defined on the basis of CD45RA expression?,

Inaddition to the acquisition of markers associated with amore dif-
ferentiated state, the HPV-specific stem-like cells also decreased the
expression of surface markers that are associated with the stem-like
state. HPV-specific PD-1* stem-like CD8 T cells that were cultured with-
outantigenic stimulation expressed IL-7R, a cytokine receptor provid-
ing critical signals for cell survival, but downregulated their expression
of IL-7R after antigen-induced proliferation (Fig. 5d). Stem-like CD8
T cells cultured in the absence of antigenic stimulation maintained
expression of CD28—an important co-stimulatory molecule required
for the proliferative burst upon PD-1 blockade”*—whereas terminally
differentiated cells did not express significant levels of CD28 (Extended
Data Fig. 9b). Notably, antigen stimulation of stem-like CD8 T cells
resulted in the retention of CD28 expression by many of the dividing
cells (Extended Data Fig. 9b).

Together, these studies clearly demonstrate that HPV-specific
PD-1'TCF-1" stem-like CD8 TILs—in contrast to more differentiated
cells—have the ability to proliferate and differentiate into more
effector-like CD8 T cells after antigenic stimulation, and could act
as resource cells to maintain HPV-specific CD8 T cell responses in
patients with HNSCC.

Implications

Our findings have implications in three main areas: first, for PD-1-based
therapy of patients with HPV-positive HNSCC; second, for HPV thera-
peutic vaccination strategies; and third, for viral-mediated cancers
ingeneral.

First, we show that the cellular machinery for responding to PD-1
directed immunotherapy is present in patients with HPV-positive
HNSCC. Functional HPV-specific PD-1'TCF-1' CD8 T cells that can pro-
liferate and differentiate into effector-like cells after antigen stimula-
tionwere readily detectable in the tumours of these patients. Definitive
studies in preclinical mouse models have shown that this subset of
CDS8T cells provides the proliferative burst of effector-like T cells after
PD-1blockade and thereis also evidence suggesting that the presence
of these PD-1'TCF-1" CD8 T cells in human tumours correlates with
responsiveness to PD-1therapy® ®?, Patients with HPV-positive HNSCC
who had undergone conventional treatments and then relapsed have
shown low response rates to PD-1therapy?. Our results now provide
astrong rationale for further investigation of PD-1 targeted neoadju-
vant and adjuvant therapies in HPV-positive head and neck cancer. Of
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note, our studies were done in treatment-naive patients, whereas the
PD-1 clinical trials that showed low responsiveness were done in
patients with HNSCC who had received extensive previous treatments
(radiation, chemotherapy and surgery) that may have reduced the
number of HPV-specific T cells. Future PD-1 therapy trials should take
this into consideration.

Second, there have been considerable efforts in developing thera-
peutic HPV vaccines for patients with cancer but most of these studies
have focused on HPV E6 and E7 as the target antigens for the vaccine®.
Our studies now show that E2 and E5 are major targets of the intra-
tumoral CD8 T cell response in patients with HPV-positive HNSCC.
Thus, therapeutic vaccination strategies for patients with HPV-positive

HPV-specific peptide. ¢, Replicationindex of stem-like (n = 7) and terminally
differentiated (n = 6) cells. Histograms show representative CTV dilution of
tetramer-specific CD8T cells. d, Representative plots showing CTV dilution
and expression of selected markers after five days of stimulation with
HPV-specific peptide (S) or unstimulated with no peptide (U). Summary plots
show the percentage of cells expressing the indicated markers. Meanands.d.;
two-sided unpaired Mann-Whitney U'test.

HNSCCsshould, inadditionto E6 and E7, also consider including E2 and
E5 as vaccine antigens to elicit tumour-reactive CD8 T cell responses
of maximal breadth. This vaccine-induced response could be further
enhanced by concurrent PD-1 blockade, which has previously been
showntosynergize with therapeutic vaccinationinapreclinical chronic
infection model®.

Finally, itisimportant toemphasize that viral-mediated cancers are
amajor public health problem worldwide?. Our study characterizing
the CD8T cell response in patients with HPV-positive HNSCC, along
with another study that examined HPV-specific B cell responsesin the
same patients®, can serve as benchmarks for the analysis of immune
responses in other viral-mediated cancers.
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Methods

Datareporting

No statistical methods were used to predetermine sample size. The
experiments were not randomized and the investigators were not
blinded to allocation during experiments and outcome assessment.

Patients, isolation of TILs and HLA-typing

Untreated patients with stage | HPV-positive HNSCC were enrolled at
Emory University Hospital between March 2017 and April 2019 in accord-
ancewithanapproved Emory University Institutional Review Board pro-
tocol (WINSHIP4008-17), with all patients providing informed consent.
Samples from primary tumour, metastatic lymph nodes and peripheral
blood were obtained at the time of surgery. TILs and PBMCs were isolated
as described previously®® and cryopreserved. DNA from whole blood
or PBMCs was isolated using the Qiagen DNeasy Blood & Tissue kit and
HLA class I loci were genotyped using a sequence-base typing method.

Multipleximmunohistochemistry

Seven-colour multipleximmunohistochemistry was performed with the
OPAL Polaris system (Akoya Biosciences). Four-to-five-micrometre sec-
tions of formalin-fixed paraffin-embedded tumours from the patients
with HNSCC were deparaffinized, hydrated and stained manually with
anti-CD3 (cloneF7.2.38, Dako), CD8 (clone C8/144B, eBiosciences), CD20
(cloneL26, Invitrogen), TCF-1(clone C63D9, Cell Signaling Technologies
(CST)), PD-1(clone D4W2J, CST) and cytokeratin (clone AE1/3, Dako)
antibodies. Heatinduced epitope retrieval (HIER) in EDTA (pH 9) or cit-
rate (pH 6) buffer was performed before blocking non-specific binding
and staining the tissues with the primary antibodies. The sections were
sequentially stained with each primary, HRP-conjugated secondary anti-
body, tyramide signal amplification, and OPAL fluorophore according
to the manufacturer’s instructions. OPAL 480, 520, 570, 620, 690 and
780 dyes were used. The sections were counterstained with spectral
DAPI (AkoyaBiosciences). The stained slides wereimaged and scanned
using the Vectra Polaris multispectral imaging system.

Image analysis

Random tumour areas (thatincluded tumour parenchyma and stroma)
of high-resolution whole-slide scanned images were first annotated
in PhenoChart 1.0.12 (Akoya Biosciences) and then analysed with the
inForm2.4.8 software (Akoya Biosciences). Tumour parenchyma and
stromaareas were identified using DAPI and cytokeratin asamarker for
the tumour parenchyma. Adaptive cell segmentation was accomplished
onthebasis of nuclear DAPland membranous CD8. Atleast 30 cells from
the phenotypes of theimmune cells of interest were manually selected
and used to train the software for automated phenotyping. Five to six
representative regions per tumour sample were analysed foratotal area
0f3.2t03.8 mm?per tumour. The datawere processed in R studio using
phenoptr (v.0.2.5) and phenoptrReports (v.0.2.6) (Akoya Biosciences).

Flow cytometry

Cryopreserved PBMCs and TILs were thawed, counted and stained in
Dulbecco’s phosphate buffered saline (DPBS) +2% FBS with LIVE/DEAD
Fixable Yellow or Aqua Dead Cell Stain Kit (1:200, Life Technologies)
and surface-stain antibodies at 0.5 tests per 1 x 10° cells in brilliant
stainbuffer (BD Bioscience, 563794; for antibodies see Supplementary
Tablel).Fortetramer stain, tetramers were generated from monomers
according to standard protocol® and stored at-20 °C in 50% glycerol.
Cellswereincubated for 10 min at room temperature with the tetramers
at1:100 in DPBS, followed by addition of extracellular staining anti-
bodies for25 min. Cells were fixed and permeabilized with a Fixation/
PermeabilizationKit (Invitrogen, 00-8333-56) or BD Cytofix/Perm Kit
(BD, 554714) for ICCS, followed by intracellular staining (for antibodies
see Supplementary Table1). Alldatawere acquired the same day onan
LSR Il cytometer, FACS Canto Il or FACSymphony A5 with FACSDiva

v.8.0.1 (BD Biosciences) and analysed using FlowJo software (v.10.6.1,
Tree Star; for gating strategy see Extended Data Fig.10a, b).

HPV-specific T cell expansion

PBMCsand TILs from 17 patients with HPV-positive HNSCC were used for
invitro T cell expansion. Potential CD8 T cell epitopes derived from HPV
proteins E2, E5, E6 and E7 and presented by a reference set of 27 human
leukocyte antigens (HLA-A, Band C) covering 97% of the population were
predicted using the Immune Epitope Database (IEDB)*. A total of 251
predicted 9-10-amino-acid-long peptides with a percentile rank of less
than or equal to 1 (Supplementary Table 2) were synthesized as crude
material (A&A Labs) and ultimately resuspended in DMSO. A peptide pool
was prepared containing all 251 peptides from proteins E2 (125 peptides),
E5 (55 peptides), E6 (50 peptides) and E7 (21 peptides). PBMCs were cul-
tured in complete CTS OpTmizer medium (CTS OpTmizer T Cell Expan-
sion SFMwith CTS supplement A1048501, substituted with L-glutamine,
penicillin-streptomycinand 2% human serum, Sigma-Aldrich, H3667) in
the presence of the HPV-peptide pool (1 ug ml™ per peptide), riL-2 (Pep-
rotech, 50 IUmI™), rIL-7 (Peprotech, 25 ng ml™) and rIL-15 (Peprotech,
25 ng ml™). HPV-peptides were only added on the first day of culture,
whereas cytokines were supplemented whenever cells were split during
the two-week expansion period. At day 13 of cell culture, expanded cells
were washed and rested overnight in cytokine-free medium.

Identification of epitopes by ELISpot and ICCS

Expanded and rested cells were plated in an IFNy ELISpot (1 x 10° cells
per well, BD Elispot Human IFNy ELISPOT, 551873, IP Sterile White
plates 0.45 pum hydrophobic high protein binding, Merck Millipore,
S2EM004M99) and stimulated overnight with 32 different megapools
containing up to 16 of the predicted peptides, with each peptide being
represented in2megapools (2 ug ml™ per peptide). If the two megapools
were positive, the potential positive peptide (1 pg ml™) was used individu-
allytostimulate rested expanded cellsinan IFNy ELISpot. Peptides scoring
positive were further confirmed to be recognized by CD8 T cells using ICCS.
Cryopreserved expanded cells were thawed, rested overnight and simu-
lated withthe candidate peptide (10 pg ml™) inthe presence of brefeldin A
and monensin (BD Golgi-Plug, 555029, and BD Golgi-Stop, 554724,1:1,000).
After 6 h, cells were washed with PBS +2% FBS and stained for flow cyto-
metricanalysis as detailed above. For each recognized peptide sequence,
the binding affinity totheresponder’s HLA class 1 alleles was predicted in
silico (http://www.iedb.org/). The HLA classlallele with the highest binding
affinity for each epitope was retained as a HLA-peptide pair.

Generation of HPV-specific tetramers

Peptides of identified HLA-peptide pairs were synthesized at greater
than 90% purity (A&A Labs) and the binding affinity to the respective HLA
classlalleles was determined by in vitro binding assays®. Ten HLA-mono-
merswere generated by the NIH Tetramer Core facility, one by Immuna-
ware (HLA-A*29:02 E5;_,; (peptide sequence IFVYIPLFL)) and one in
our laboratory (HLA-A*02:01-E5 s, (peptide sequence VLLLWITAA)).
Monomerswerethentetramerizedinhouse. Tetramer staining was tested
on expanded PBMCs and frequencies of tetramer-positive CD8 T cells
weresimilar to frequencies of IFNy-positive CD8 T cells previously quan-
tified by ICCS. We successfully produced the following HLA-tetramers:
HLA-A*01:01-HPV E2,5, 5 (peptide sequence QVDYYGLYY), HLA-A*01:01-
HPV E2,,,_5;; (peptide sequence KSAIVTLTY), HLA-A*02:01-HPV E5 ¢ s,
(peptide sequence VLLLWITAA), HLA-B*35:01-HPV E5;;_; (peptide
sequence SAFRCFIVY), HLA-A*29:02-HPV E5;_,; (peptide sequence
IFVYIPLFL), HLA-B*35:01-HPV Eé;,_¢, (peptide sequence FAFRDLCIVY)
and HLA-B*27:05-HPV Eé6g; o, (peptide sequence FAFRDLCIVY).

Sorting of HPV-positive CDS T cells from lymphocytes
infiltrating tumour and metastatic lymph nodes

Cryopreserved TILs from primary tumours or metastatic lymph nodes
were thawed, rested for 3 hin RPMI+10% FBS (R10, supplemented with
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1% penicillin, streptomycin and L-glutamine) at 37 °C, 5% CO, and stained
with tetramer in two different colours, followed by surface marker
staining as described above. Live CD3°CD19"CD14 CD16 CD4 CD8"
double-tetramer-positive cells (for gating strategy see Extended Data
Fig.10c) were sorted onan ARIA Il (BD Bioscience) into PBS with 2% FBS.
For patients for whom scRNA-seq was performed, we confirmed by PCR
that epitopes were not mutated and that the DNA encoding the corre-
spondingepitopes was detectable inthe tumour tissue (datanot shown).

Single-cell and TCR analysis
Alignment, filtering, barcode counting and unique molecular identifier
counting were performed using Cell Ranger v.3.1. Data were further
analysed using Seurat v.3.1.4%%. All single-cell analysis was performed
using Rv.3.6.2. In brief, cells with a percentage of mitochondrial genes
below 0.07% were included. Cells with more than 6,000 or fewer than
1,000 detected genes were considered as outliers and excluded from
the downstreamanalyses. Samples from different patients were merged
using the Seurat function FindIntegrationMarkers, which identifies
and calculates anchors between pairs of datasets to reduce the sam-
ple batch effect. Principal component analysis was performed, and the
top 6-8 most statistically significant principal components were used
for uniform manifold approximation and projection (UMAP) analysis.
Components enriched for cell-cycle genes were excluded from UMAP
clustering. Marker genes that were differentially expressed within each
cluster wereidentified by the Seurat function FindAlIMarkers with aver-
agelog-transformed fold change cut-offs of 0.5. Scaled expression data
ofthetop 20 marker genes were used to create the heat maps. Gene set
scoring was performed using the VISION R package v.2.1.0, following the
scoring algorithm as previously described®. In brief, the expression of
signature genesis weighted on the basis of predicted dropout probability
calculated from nearest neighbours, and the normalized expression
summed forallgenesinthe gene set. TCR analysis was performed using
Cell Ranger. Unique clonotypes were defined by CDR3 alpha and beta
sequences. Cells for which we failed torecover both alphaand beta chains
were treated as unique clones, even if the recovered chain overlapped
with another clonotype that had found both alpha and beta chains.
Pseudotime®* was calculated using the Monocle3v.0.2.3.0 package.
Inbrief, we enforced amodel in which cells started in the root node
inthe stem-like population. This assumption was based on extensive
datain mice and humans indicating that this cell is the precursor of
other T cell populations. We then calculated a trajectory that first
passed through the transitionary population and ended in a leaf
node of the terminally differentiated population. These assump-
tions were based on the transitionary population of cells expressing
intermediate levels of many genes between the stem and terminally
differentiated cells.

Invitro proliferation assay

Cryopreserved TILs from primary tumours or metastatic lymph
nodes were thawed, rested for 3 h in RPMI +10% FBS (R10, supple-
mented with 1% penicillin, streptomycin and L-glutamine) at 37 °C,
5% CO, and subsequently labelled with CTV, followed by staining of
cell-surface markers (as described above). PD-1'CD45RA™ CD8 T cells
(live CD3'CD19 CD14 CD16 CD4 CD8") were sorted on the basis of
the expression of TIM-3 and CD39 on an ARIA II (BD Bioscience) into
PBS with 2% FBS, with stem-like cells being TIM-3"CD39™ and termi-
nally differentiated cells being TIM-3*CD39" (for gating strategy see
Extended DataFig. 9a).Sorted cell populations were cultured alone or
with patient-matched, irradiated (20 Gy) PBMCs pulsed with 10 pg mI™
peptide for 5 days in R10 with 20-50 U mI™ rIL-2 at 37 °C, 5% CO,,
followed by staining for flow cytometric analysis.

Statistical analysis
Dataare presented as mean +s.d. Paired two-tailed t-tests and Wilcoxon
matched-pairs rank tests were used when appropriate and asindicated,

with*P<0.05,*P<0.01,***P<0.001and ***P < 0.0001. All statistical
analyses were performed using GraphPad Prism v.8.3.

Reporting summary

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

Data availability

The following protein sequences were used for predicting and gen-
erating HPV peptides: E2 (Uniprot P03120), E5 (Uniprot P06927), E6
(Uniprot P0O3126), and E7 (Uniprot P03129). scRNA-seq data are avail-
able in the NCBI Gene Expression Omnibus (GEO) database under the
accession number GSE180268. Other relevant dataare available from
the corresponding authors upon reasonable request.
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Customcode for scRNA-seq is available from the corresponding authors
upon reasonable request.
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Extended DataFig.2|Mapping of HPV-specific CDS T cell epitopesin
patients with HNSCC. a, Summary graph showing the numbers of positive
peptides fromHPVE2 (blue), E5(green), E6 (red) and E7 (grey) proteinsin
expanded T cells of patients with HPV-positive HNSCC (n =17) as measured by
IFNy ELISpot. b, Flow plots of expanded PBMC re-stimulated with the identified

peptidesand analysed by ICCS for IFNy and TNFa. Gated on CD3'CD4 CD8"*

cells. ¢, Flow plots of expanded PBMC stained with HPV-specific MHC-I
tetramers. Gated on CD3"CD4 CD8" cells. d, Table summarizing results of the
HLA-binding assays (ICs,) of identified HPV epitopes. Indicated inbold are
epitopes for whichex vivo tetramer staining was performed.
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tumours, metastatic LN and PBMC. The cells were stained with the following
tetramers:a, AO1/E2151-159.b, A0O1/E2 329-337,¢,A02/E546-54 and d, B35/E6
52-61.Gated on CD3*CD4 CD8" cells.

Extended DataFig. 3 | Directex vivo tetramer staining of TILs and PBMCs
from patients with HNSCC. TILs from primary tumours and metastatic lymph
nodes as well as matched PBMC samples were tetramer-stained ex vivo with
HPV-specific tetramers. Flow plots showing tetramer" CD8 T cells in primary
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Extended DataFig.4|MHC-I tetramer sorting and scRNA-seq analysis of
HPV-specificPD-1' CDS T cells from primary tumour and metastatic lymph
nodes. a, b, Flow cytometry plots showing pre- and post-sorted

HPV-specific CD8 T cellsineach sample.
tetramer-positive cells from primary and metastatic tumours. c-f, scRNA-seq
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Extended DataFig. 5| Comparison of HPV-specific PD-1' CD8 T cellsin
primary tumour and metastatic lymphnodes. HPV tetramer-specific CD8
Tcellsfrom13samplesincluding seven primary tumours and six metastatic
lymphnodes were sorted and subjected to single cellRNAseq.a, UMAP
clustering of HPV tetramer-specific CD8 T cells combined from all 13 samples,
irrespective of tumour site, identified three distinct clusters; #1 stem-like, #2
transitory and #3 terminally differentiated/exhausted. b, Pairwise comparison
ofidentified clustersamongall HPV tetramer-specific CD8 T cells. Volcano
plots show average fold-change by all cellsin the cluster by -log,, p-value. The
number of differentially expressed genes (=0.25Log, fold-changein each
pairwise comparison) are indicated in each plot. ¢, Heat map showing the top
differentially expressed genes. The top 25 most significant genes fromeach
cluster are shown. d, To assess gene expression differences of HPV-specific
CD8T cellsinthe twosites, we performed UMAP clustering of cellsisolated
from primary tumour and metastatic lymph node samples, respectively. We

identified three clustersin primary tumours and four in metastatic lymph
nodes. Gene expression was compared between the respective subsets (Green
->Green; Yellow -> Yellow; Blue ->Blue) in each tissue. Volcano plots highlight
thedifferencesbetween these clusters. The orange cluster identified in the
metastatic lymphnodes consisted of very few cells and was thus notincluded in
the comparisons. e, VISION analysis of HPV-specific CD8 T cells for enrichment
of gene signatures associated with LCMV-specific stem-like and terminally
differentiated/exhausted CD8 T cells. UMAP plots show the top quintile of cells
enriched for the signatureinblue. f, FACS analysis of various markers for HPV
tetramer-specificintratumoral CD8 T cells. Plots are gated on PD-1" HPV-
specific CD8 T cells and show the respective marker versus TCF-1, the defining
transcription factor of stem-like CD8 T cells. Summary plots show the
frequency of TCF-1"and TCF-1 cells expressing the respective marker for six
patientsamples.
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Extended DataFig. 6| Comparingthetranscriptional program oftotal PD-
1'CDS T cells withHPV-specific PD-1' CDS T cells in the tumour. Tocompare
total PD-1'CD8 T cells with HPV-specific PD-1"CD8 T cellsin the TME, we
performed scRNA-seq of total PD-1' CD8 T cells (depleted of identified
HPV-specific CD8 T cell reactivities) and used analysis techniques similar to
thoseinFig.3.a, UMAP clustering of PD-1' CD8 T cells. Cells from six samples
(three patients, primary tumour and metastatic lymph nodes) were
computationally combined, and four distinct clusters were identified.

b, Distribution of individual samples among the four identified clusters.

¢, Comparison of gene expressiondifferences between total PD-1"CD8 T cells

and HPV tetramer-positive CD8 T cells. The corresponding clusters of cells
from HPV tetramer-specific CD8 T cells were compared to the cells found
amongtotal PD-1'CD8 T cells. Clusters 1-3 mapped very closely to what was
foundin the HPV-specific cells, with relatively few differentially expressed
genes.d, Comparison of cluster 4 in PD-1" cells to clusters of HPV-specific cells.
Cluster 4 was compared to the other clusters to identify specific gene
differences. Volcano plots show fold change versus -log(p-value) for each gene.
e, UMAP plots show selected genes that are significantly up- or down-regulated
inthis cluster versus others from the PD-1" cells.
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Extended DataFig.7|HPV-specificCD8 T cell clonotypes existin multiple
differentiationstates.a, UMAP clustering of HPV tetramer-specific CD8
Tcells.b, TCRrepertoire of tetramer-positive CD8 TILs in primary tumours
(Prim.) and metastatic lymph nodes (Met.) with the top four clonotypes
highlighted. Colours do notindicate the same clonotype between patients or
epitopereactivities.c, TCRrepertoire of tetramer-positive CD8 TILs in
matched primary tumour and metastatic lymph node of the same patient with
the top 4 clonotypes highlighted. Coloursindicate the same clonotype withina
patientand epitope reactivity.d, TCR frequency in patients with matched
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primary and metastatictissue. e, TCR diversity of theidentified clusters.
f,Overlap between clusters for each patient as determined by Morisita Horn
index. g, Distribution of the most frequent TCR clonotypes for each patient and
epitope across gene expression clusters. UMAP plots show the distribution of
the most frequent TCR clonotype across clusters. Accompanying bar charts
showing the distribution of the eight most prominent TCR clonotypes across
all clusters (clonotypes with less than 10 cells are not shown). The number of
cellsoftherespective TCR clonotype isindicated below.
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Extended DataFig. 8| Pseudotime analysis toinvestigate the lineage
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Extended DataFig. 9| Proliferation and differentiation potential of
HPV-specific stem-like CD8 T cells. a, Flow plots showing the gating strategy
toisolate stem-like (CD39 Tim-3") and terminally differentiated cells
(CD39'Tim-3") PD-1'CD45RA CDS8 T cells. Histograms showing TCF-1
expression to validate that the sorting strategy using CD39 and Tim-3 as
surrogate markers enriches for stem-like (green) and terminally differentiated
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(blue) cells. b, Representative plots showing CTV dilution and expression of
CD45RO0, CD25and CD28 after five days of culturing stem-like and terminally
differentiated CD8 T cells alone or with peptide-pulsed PBMCs. Summary plots
show percentage of cells positive for theindicated markers on day five. Means
and their SD arerepresented, ** < 0.01, ns = not significant, unpaired

Mann-Whitney U test.
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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.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
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)

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 FACS data was collected on a BD LSR II, FACS Canto Il or a FACSymphony A5 (BD Biosciences) using BD FACSDiva V8.0.1.
ELISPOT data was aquired using CTL Immunospot Reader. Multiplex IHC data was collected using the Vectra Polaris Imaging System.

Data analysis FACS data was analysed with FlowJo V10.6.1.
GraphPad Prism V7.0 was used for statistical analyses.
scRNA-seq analyses were performed using CellRanger v3.1, Seurat v.3.1.4, R (v.3.6.2), VISION R package (v.2.1.0), and Monocle3
(v.0.2.3.0).
Multiplex IHC was analysed using Phenochart (v.1.0.12), inFORM software (v2.4.8), phenoptr (v.0.2.5), and phenoptrReports (v.0.2.6).

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/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 following protein sequences were employed for predicting and generating HPV peptides: E2 (Uniprot P03120), E5 (UniprotP06927), E6 (Uniprot03126), and E7
(Uniprot P03129). scRNA-seq data are available in the NCBI Gene Expression Omnibus (GEO) database under the accession number GSE180268. Other relevant data
are available from the corresponding authors upon reasonable request.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size for each experiment is described in the manuscript and is based on the availability of adequate samples. No sample size
calculations were performed prior to the study.

Data exclusions  No data were excluded.

Replication No data or experiments are excluded. No replication was performed on individual patient specimens given limited sample availability.
However, analyses were performed over several batches of patients with similar results.

Randomization  No randomization was used in this study as no experimental treatments/groups were involved.

Blinding Not applicable as this is a descriptive study and no interventions were tested.

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
X Antibodies X[ ] chip-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology |Z| |:| MRI-based neuroimaging

Animals and other organisms
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Human research participants

XNOXXKXX[O S

[] clinical data

Antibodies

Antibodies used The antibodies used for flow cytometry are detailed in Ext. Data Table 1.
The following antibodies were used for multiplex IHC:
anti-CD3 (clone F7.2.38, Dako, #M7254), CD8 (clone C8/144B, eBiosciences, #14-0085-82), CD20 (clone L26, Invitrogen,
#14-0202-82), TCF-1 (clone C63D9, Cell Signaling Technologies, #2203S), PD-1 (clone D4W?2J, Cell Signaling Technologies,
#86163S), and cytokeratin (clone AE1/3, Dako, #GAQ53)

Validation The primary antibodies used in this study are widely used and well validated. The mentioned antibodies are tested by
immunofluorescent staining with flow cytometric analysis by the manufacturer. The following information is available through
the manufacturers' websites:
anti-CCR7 staining of human peripheral blood lymphocytes by flow cytometry
anti-CD3 staining of human peripheral blood lymphocytes by flow cytometry
anti-CD4 staining of human peripheral blood lymphocytes cells by flow cytometry
anti-CD8 staining of human peripheral blood lymphocytes by flow cytometry
anti-CD14 staining of human peripheral blood mononuclear cells by flow cytometry
anti-CD16 staining of human peripheral blood mononuclear cells by flow cytometry
anti-CD25 staining of PHA-stimulated (day-3)-stimulated human peripheral blood lymphocytes by flow cytometry
anti-CD28 staining of human peripheral blood lymphocytes by flow cytometry
anti-CD39 staining of human peripheral blood lymphocytes by flow cytometry
anti-CD45RA staining of human peripheral blood lymphocytes by flow cytometry
anti-CD45RO0 staining of human peripheral blood lymphocytes by flow cytometry
anti-CD127 staining of human peripheral blood lymphocytes by flow cytometry
anti-GranzB staining of human peripheral blood mononuclear cells by flow cytometry
anti-IFN-y staining of PMA/ionomycin-stimulated human peripheral blood mononuclear cells by flow cytometry
anti-Ki-67 staining of proliferating human MOLT-4 (T lymphoblastic leukemia, ATCC CRL-1582) cell line and non-cycling peripheral
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blood mononuclear cells by flow cytometry

anti-PD1 staining of PHA-stimulated (day-3)-stimulated human peripheral blood lymphocytes by flow cytometry
anti-TCF-1 staining of Jurkat cells by flow cytometry

anti-Tim-3 staining of Th1-polarized human peripheral blood lymphocytes by flow cytometry

anti-TNF-alpha staining of PMA/ionomycin-stimulated human peripheral blood lymphocytes by flow cytometry
anti-TOX staining of C57BI/6 mice thymocytes by flow cytometry

The antibodies used for multiplex IHC analyses were validated by the manufacturers for immunohistochemistry.

Human research participants

Policy information about studies involving human research participants

Population characteristics Male and female patients (age 44-75) diagnosed with HNSCC and undergoing surgery were recruited. All patients had previously
untreated locally advanced disease at the time of surgery, presented with a locally metastatic lymph node and were classified as
Stage | by the AJCC 8th edition staging guide.

Recruitment Patients undergoing surgery in the Department of Otolaryngology at Emory University Hospital were consented to collect
specimens. Recruitment was focused on patients presenting with detectable primary tumours and metastasis to lymphnodes.

Ethics oversight HNSCC patients undergoing surgery were recruited in accordance with an approved Emory University Institutional Review Board
protocol (WINSHIP4008-17), with all patients providing informed consent.

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

Flow Cytometry

Plots

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

|X| 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).
|X| All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation Tumour samples (primary/metastatic) obtained from transoral robotic surgery and/or radical neck dissection were immediately
collected and stored in Leibovitz's L-15 medium. Tissue samples were minced into small pieces and digested using an enzymatic
cocktail of collagenase |, II, and IV, elastase and DNAse (Worthington). Lymphocytes were isolated by using a 44%/67% Percoll
gradient. Peripheral blood samples were collected in sodium citrate CPT cell preparation tubes (BD) at time of surgery and
processed immediately to obtain peripheral blood mononuclear cells (PBMCs) and plasma. After lysis of red blood cells using ACK
Lysing buffer, PBMCs were washed 4 times with Dulbecco’s phosphate buffered saline without calcium and magnesium (DPBS)
plus 2% fetal calf serum (FCS). Tissue lymphocytes and PBMCs were cryopreserved in 90% FCS with 10% DMSO, and eventually
stored in liquid nitrogen.

Instrument FACS data was collected on a BD LSR-II, FACS Canto-Il, FACSymphony A5 or during cell sorting on a FACSAria Il
Software FACS data was collected using BD FACSDiva and analysed with FlowJo V10.6.1
Cell population abundance  Post-sort purity was analysed for samples with more than 5000 target cells collected. In all cases purity was greater than 98%.

Gating strategy Gating strategy is shown in Extended Data section.

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