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Radiation therapy results in preferential
tumor antigen-specific lymphodepletion in
head and neck cancer
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Human Papillomavirus (HPV)-negative head and neck squamous cell carci-
noma (HNSCC) remains a challengingmalignancy, with radiotherapy, alone or
combined with immune checkpoint inhibitors, often failing to achieve durable
disease control. Here, by conducting longitudinal multi-omic analyses of pre-
and post-radiation biopsies from patients receiving a pre-operative hypo-
fractionated radiation regimen, we uncover that radiation rapidly depletes a
subpopulation of tumor-infiltrating lymphocytes (TIL), characterized by a
proliferative, cytotoxic, and tissue-resident gene signature (TProlif_Tox). We pro-
vide multi-dimensional evidence for tumor antigen-specificity of TProlif_Tox clo-
notypes and show that post-radiation tumors are instead repopulated by
regulatory and non-specific clones. Finally, TIL depletion correlates with
radiorecurrent disease after conventional radiation, emphasizing the potential
impact of radiation-induced TIL loss regardless of fractionation. Thus, this
study provides key insights into radiotherapy-induced alterations in the
immune microenvironment that drive immunologic radioresistance and pro-
poses restoring tumor antigen-specific T cell clonotypes as a strategy to
improve radioimmunotherapy responses in HNSCC.

Human papillomavirus (HPV)-negative head and neck squamous cell
carcinoma (HNSCC),which includes tumors of theoral cavity, pharynx,
and larynx, exceeds 65,000 cases per year, resulting in over 14,000
deaths annually in the United States1. It also remains a global health

problem and is among the top cancers in South Asia2. Unlike patients
with HPV-positive disease3,4, the HPV-negative HNSCC population
carries a particularly poor prognosis, and current therapies often lead
to profound detriments in quality of life5,6. Surgery and radiation are
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the mainstays of HPV-negative HNSCC management, but 5-year survi-
val remains under 50% for locoregionally advanced disease using
current treatments7. The genomic heterogeneity of HNSCC and the
absence of uniform oncogenic drivers have stymied efforts at targeted
therapies such as EGFR inhibition3,8,9. Immunotherapeutic approaches,
including adoptive T cell therapies and immune checkpoint inhibition
(ICI), have demonstrated long-term, durable disease control in a select
group of HNSCC patients10–12. While these results emphasize the
potential power of immuno-oncology for HNSCC, greater than 80% of
patients treated with available immunotherapeutic agents do not
derive long-term benefit, experiencing eventual disease progression13.

To improve HNSCC outcomes, recent clinical trials have com-
bined radiation-based therapies with ICI. These efforts were largely
based on pre-clinical evidence, which had suggested that radiation
efficacy depended on immunologic mechanisms, including upregula-
tion of antigen presentation and increased effector T cell function14–19.
In light of these data, there was hope that such an approach would
expand the number of HNSCC patients who benefit from immu-
notherapy. However, three recent large randomized trials combining
radiation with ICI in HNSCC have had disappointing results5,20,21. These
data imply that immunologicmechanismsbeyond immunecheckpoint
receptors (ICR) may contribute to disease relapse and immunologic
radioresistance in HNSCC.

One possible contributor to these unexpected results is radio-
therapy fractionation. While conventionally fractionated radiation
(2 Gy per fraction, delivered in 30–35 fractions over 6–7 weeks) has
long been considered immunosuppressive, shorter-course high-dose-
per-fraction regimens (hypofractionated) have shown immunogenic
potential in pre-clinical studies, including improvements in CD8 T cell
infiltration, effector function, and tumor antigen presentation14,22–25.
For these reasons, we initiated a Phase I clinical trial testing a Hypo-
fractionated Pre-operative Radiotherapy in HNSCC (HyPR-HN,
NCT05538533), which includes three progressively hypofractionated
regimens (46Gy in 10 fractions, 40Gy in 7 fractions, or 35Gy in 5
fractions). The design of all dose levels maintains an EQD2 to late-
responding tissues identical to conventionally fractionated radiation
(70Gy) while providing an adequate dose to clearmicroscopic disease
(EQD2 α/β = 10 ≥ 50Gy)26–28.

Here, we report translational results from patients treated on the
first dose-level (4.6 Gy per fraction, delivered in 10 fractions over
2 weeks), which has completed accrual, including all sample acquisi-
tion and immunological correlative analyses. Specifically, we obtain
samples of the primary tumor pre-treatment, on the last day of
radiation, and 6 weeks later at the time of definitive surgery for multi-
omic analysis, including single-cell RNA and T cell receptor (TCR)
sequencing. Through this approach, we demonstrate that clinical
radiotherapy induces immediate and profound depletion of tumor-
infiltrating lymphocytes (TIL), including ablation of TIL sub-
populations demonstrating consistent expression of proliferative,
exhausted, tissue-resident, and cytotoxic markers (which we have
termed TProlif_Tox), indicative of a capacity for tumor-reactivity.
Importantly, TProlif_Tox clonotypes are almost entirely depleted by
clinical radiation and fail to reappear in the tumor microenvironment
post-therapy. In their absence, T cell reintegration into HNSCCs is
governed predominantly by non-specific infiltration from the
periphery, including regulatory, naïve, and common effector
clonotypes. Finally, we analyze an institutional tumor registry of
patients treated with conventionally fractionated radiotherapy,
including biospecimen analysis pre-treatment and at the time of
recurrence inmatched patients. We find that TIL reduction is strongly
associatedwith long-term in-field cancer recurrence, emphasizing the
potential impact of radiation-induced TIL depletion irrespective of
fractionation. Relapsed disease is further characterized by a persis-
tent loss of the ICRhigh TIL populations critical for effective anti-tumor
immunity.

Collectively, through multi-omic analyses of serial biopsies
obtained across radiotherapy timepoints,wefind that clinical radiation
profoundly depletes TILs, including a subset of tumor-reactive T cells
that do not recover following treatment. This depletion is associated
with long-term tumor persistence and a failure of tumor antigen-
specific immune reconstitution within the tumor microenvironment.
These findings suggest that radiotherapy may inadvertently eliminate
the very T cells required for durable immune control. Future strategies
should prioritize preserving or replacing tumor antigen-specific T cells
to optimize the synergy between radiotherapy and immunotherapy.

Results
HyPR-HN study design and biospecimen acquisition
The Phase I trial HyPR-HN (NCT05538533, MPIs JZ/MA/HH) tests pre-
operative hypofractionated radiation in HPV-negative HNSCC. In this
study, biopsies of the primary tumor are taken pre-treatment, on the
last day of radiation (immediately after the last fraction), and then
6 weeks later at the time of definitive surgical resection of remaining
disease. Here, we report translational data from four patients with
locoregionally advanced HNSCC enrolled on the first radiation dose
level, which included 10 fractions of 4.6Gy to the primary tumor and
involved nodes (PTVhigh, EQD2 = 56Gy) delivered without che-
motherapy (Supplementary Table 1). Elective nodal radiation was also
given simultaneously to a dose of 35 Gy in 10 fractions. All enrolled
patients had locoregionally advanced oral squamous cell carcinomas.
Enrolled patients included 3 females and 1 male patient with ages
ranging from 59 to 73 years.

The response to hypofractionated radiation in HNSCC may be
constrained by immediate and profound T cell depletion
To dissect the immune alterations occurring in response to hypo-
fractionated radiation and identify mechanisms of immunologic
radioresistance, we performed multi-omic analyses on serial tumor
biopsy specimens. To maintain consistency, all biopsies were taken
from the same anatomical location in the primary tumor for each
patient at each timepoint by a single study investigator (JZ, Fig. 1a).
Biopsies were completed for all timepoints apart from the final spe-
cimen for the third enrolled patient due to a medical complication
unrelated to protocol treatment (n = 11 total samples). For each
patient, biopsy specimenswere divided into pieces for parallel analytic
pathways, including paired single-cell RNA and TCR sequencing, mul-
tiplex immunofluorescence (mIF), multiplex flow cytometry (mFC),
whole-exome sequencing (WES), bulk RNA sequencing, and spatial
transcriptomics. Dissociative single-cell sequencing was prioritized
and performed immediately on freshly digested biopsy tissues. Addi-
tional analyticalmethodswereperformedwhen a sufficient quantity of
biopsy material was available, which was determined on a specimen-
by-specimen basis (Supplementary Table 2).

Initial processing of single-cell sequencing datasets was per-
formed using unsupervised clustering analyses with cell-type annota-
tion based on differential gene expression and canonical markers
(Fig. 1b). Comparative analysis of transcriptomic profiles across time-
points revealed significant and selective lymphocyte depletion on the
last day of radiation as a percentage of single cells sequenced, with a
relative increase in myeloid cell subsets (Fig. 1c, d). To validate this
finding on the protein level, we simultaneously performed mFC (all
HyPR-HNpatients, Fig. 1e–g, and Supplementary Fig. 1) andmIF (HyPR-
HN Patient 01, Fig. 1h), which revealed immediate and profound TIL
depletion after radiotherapy with a preserved overall immune infil-
trate. Despite this significant T cell depletion, however, tumors
exhibited substantial radiographic regression, indicating a radiation-
induced direct cytotoxic effect independent of T cell activity (Fig. 1h).
Although intra-tumoral T cell populations began to recover by 6weeks
post-treatment, they did not reach pre-treatment levels, most notably
in CD8 sub-populations.
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Multi-omic evaluation identifies persistent loss of ICRhigh CD8
TILs post-radiotherapy
Given the absence of synergy between radiotherapy and ICI for HNSCC
in multiple recent Phase II and III clinical trials5,20,21, we evaluated the
immediate effects of radiation on TIL ICR expression using several
orthogonal approaches. We first performed integrated single-cell RNA
sequencing analyses of TILs across treatment timepoints. T cells iden-
tified by both transcriptional clustering and expression of CD3 complex
genes were subsetted and re-clustered again (Supplementary Fig. 2a)
through unsupervised analysis with immunophenotypic sub-cluster
annotation based on canonical markers (Supplementary Fig. 2b) and

differentially expressed genes (Supplementary Fig. 2c) which were
globally conserved across treatment timepoints (Supplementary Fig. 3).
These analyses confirmedTIL depletion across sub-clusters immediately
upon completion of radiation. Surprisingly, the phenotypic pattern of
TIL repopulationwas selective,withearly infiltrationof regulatory, naïve,
and pre-exhausted TILs and persistent near-complete loss of the term-
inally exhausted ICRhigh CD8 sub-cluster (ExCD8) (Fig. 2a–c).

To confirm these findings at the protein level, we simultaneously
performed mFC on the same biopsy samples, which revealed a sig-
nificant numerical loss in viable ICRhigh (PD-1, TIM3, LAG3, and TIGIT)
CD8 TILs immediately post-radiotherapy (Fig. 2d–g and Supplementary

Fig. 1 |Multi-omic analyses across treatment timepoints reveals immediate and
profoundTIL depletion after radiotherapy inHNSCC. a Schematic of trial design
including timepoints and translational correlative analyses.bCombined integrated
single-cell datasets including 11 separate HyPR-HNbiopsies from four patients over
three timepoints. Analysis across timepoints reveals immediate T cell depletion on
the last day of radiation both (c) quantitatively as a percent of the single-cell
transcriptomeand (d) visually acrossUMAPprofiles. emFCconfirms immediate TIL
depletion in response to radiation, despite (f) preserved overall immune infiltrate
and increased intra-tumoral myeloid cells. g Representative mFC plots of CD8 and

CD4T cell infiltrate and (h) mIF with corresponding clinical MR (pre-treatment and
last day of radiation) and CT (6 weeks post-radiation) imaging are shown for HyPR-
HN Patient 01 serially across treatment timepoints. Antibody fluorescent con-
jugates include CD8: light blue, CD4: green, CD20: red, Foxp3: yellow, CD68:
orange, Pan-CK: magenta, DAPI: dark blue. Scale bar = 50 µM. T-tests with Holm-
Sidak’s multiple comparison correction were used to analyze differences between
groups. Flow cytometry gating strategy demonstrated in Supplementary Fig. 1.
Graphic created in BioRender. Zenga, J. (2025) https://BioRender.com/zu8pe9n.
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Fig. 4). We further confirmed these findings using spatial analysis from
one enrolled patient for whom we had pre-treatment and 6-week post-
radiotherapy samples of sufficient quality for spatial transcriptomics
(HyPR-HN Patient 02). This analysis demonstrated spatial depletion of
post-radiotherapy TILs throughout the tumor microenvironment with
minimal ICR expression despite preserved myeloid infiltrate in both
pre- and post-radiation samples (Supplementary Fig. 5).

These findings raised critical questions about the immunological
impact of radiation on TIL functionality. The loss of the highly
expanded ICRhigh ExCD8 population, a key target of ICIs, may have det-
rimental consequences if this sub-cluster contains tumor antigen-
specific TILs in HNSCC. Furthermore, it remained uncertain whether
the re-infiltrating non-exhausted T cell landscape supports or impairs
anti-tumor immunity. To address these issues, we investigated

whether radiation preferentially depletes tumor antigen-specific T
cells and whether repopulating TILs retain a tumor-reactive immuno-
phenotype or are insteadmore likely dominated by non-specific TCRs.

Post-radiation T cell clonal repopulation patterns suggest con-
served mechanisms of T cell infiltration in HNSCC
The serial biopsy design of the HyPR-HN trial, combined with paired
single-cell RNA and TCR sequencing, enabled precise tracking of T cell
clonotypes across treatment timepoints. First, using cell-specific bar-
code pairing, clonotype frequency data were projected onto the
matching TIL transcriptomic states. These projections demonstrated
consistency with TIL sub-cluster immunophenotypic classifications,
with naïve-like and regulatory clusters largely composed of singleton
and low-frequency clonotypes while proliferative, pre-exhausted, and

Fig. 2 |Multi-omic analysesacross treatment timepoints reveals immediate and
persistent loss of ICRhigh TILs after radiotherapy in HNSCC. a Integrated single-
cell datasets of 11 separateHyPR-HNbiopsieswith T cells extracted and re-clustered
from four patients over three timepointswithUMAPprofiling demonstrating global
loss of TILs post-radiation and revealing persistent loss of exhausted CD8 T cells.
b Analysis across timepoints confirms immediate T cell depletion on the last day of
radiation quantitatively as a percent of the T cell transcriptome. c Characterization
of T cells co-expressing multiple ICRs (PDCD1, HAVCR2, TIGIT, and LAG3) demon-
strates immediate and persistent loss of ICR expression in response to radio-
therapy. d mFC confirms immediate loss of ICRhigh TILs as a percentage of viable

cells in response to radiation, despite (e) preserved expression as a percentage of
CD8 T cells. Representative mFC plots of CD8 T cell infiltration and ICR expression
are shown for HyPR-HN Patient 02 (f) pre-treatment and (g) on the last day of
radiation. Gating is provided as a percentageof total live cells. Pre-ex Pre-exhausted
T cells, Reg Regulatory T cells, TRM Tissue-resident memory T cells, Prolif Pro-
liferative T cells, ExCD8 ExhaustedCD8T cells, ExCD4 Exhausted CD4 T cells, IFN Type
I interferon-responsive T cells. T-tests with Holm-Sidak’s multiple comparison
correction were used to analyze differences between groups. Flow cytometry
gating strategy demonstrated in Supplementary Fig. 4.
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exhausted clusters showed extensive clonal expansion (Fig. 3a). T cells
repopulating the tumor post-radiation largely mirrored the clonal
architecture of pre-treatment TILs. The clonal and transcriptional
overlap observed among TIL subsets associated with less differ-
entiated states, such as naïve-like and pre-exhausted clusters, sug-
gested that the same conserved chemotactic forces driving TIL
infiltration pre-treatment remained active post-radiation. However,
the notable absence of the expanded ICRhigh ExCD8 sub-cluster post-
radiation raised the possibility of selective tumor-reactive clonotype
depletion or functional alteration, which may have significant impli-
cations for anti-tumor immunity.

T cell clonal tracking demonstrates clonal and transcriptional
overlap between pre-treatment ICRhigh and proliferative TILs,
suggestive of anti-tumor immunogenicity
To further investigate the immuno-oncologic relevance of ExCD8 T cell
loss, we tracked pre-treatment ExCD8 T cell clonotypes within tumors
across timepoints for each patient to determine if these clones were
fully lost or instead reprogrammed into a new phenotypic sub-cluster.
Pre-treatment ExCD8 clonotypes overlapped with several sub-clusters,
including regulatory T cells, suggesting that an exhaustion gene sig-
nature alone is insufficient to reliably identify tumor antigen-specific
and reactive TILs (Supplementary Fig. 6a). Surprisingly, the most

Fig. 3 | Single-cell TCR sequencing analyses demonstrate conserved clonal and
phenotypic architecture of post-radiation repopulating TILs except for the
persistent loss of ICRhigh clonotypes, which demonstrate extensive clonal
overlap with proliferative TILs suggesting tumor-reactivity. a Clonal frequency
projections onto T cell UMAP profiles from all 11 HyPR-HN datasets demonstrate a
diverse T cell landscape of both singletons and hyper-expanded clones. Repopu-
lating T cells largely recapitulate the pre-treatment clonal architecture, particularly
among less differentiated states including naïve-like and pre-exhausted

populations. b While exhausted CD8 T cell clonotypes have overlap with several
sub-clusters, they demonstrate the greatest clonal overlap with proliferative TILs,
which are subsequently lost post-radiotherapy and do not return to the tumor
microenvironment. c Overlapping exhausted and proliferative TIL clonotypes
contain a conserved and unique gene transcriptional profile suggesting tumor
antigen-reactivity. Pre-ex Pre-exhaustedT cells, RegRegulatoryT cells, TRMTissue-
resident memory T cells, Prolif Proliferative T cells, ExCD8 Exhausted CD8 T cells,
ExCD4 Exhausted CD4 T cells, IFN Type I interferon-responsive T cells.
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prominent clonotype overlap was observed between ExCD8 and pro-
liferative T cell clusters in all pre-treatment samples (Fig. 3b and Sup-
plementary Fig. 6b–d). This suggested that a subset of ExCD8 TILs is not
terminally exhausted but rather exists indynamic equilibriumbetween
over-stimulated anergic and activated proliferating states. Through
differential gene expression analyses, we found that this overlapping
TIL sub-population within pre-treatment proliferative and ExCD8 not
only shares TCR clonotypes but has a remarkably conserved gene
expression profile unique among pre-treatment TILs and distinct from
post-radiation proliferating TILs (Fig. 3c). This conserved gene
expression profile was enriched for CD8 markers (CD8A, CD8B), pro-
liferative genes (MKI67, STMN1, TYMS), immune checkpoint molecules
(PDCD1, HAVCR2, LAG3, TIGIT, ENTPD1), indicators of cytotoxicity
(GZMA, GZMB, GZMH, IFNG), a marker of tissue-residence (ITGAE), and
CXCL13, whichhasbeenpreviously associatedwith tumor antigen load,
development of tertiary lymphoid structures, and anti-tumor immune
response29,30. This constellation of gene expression programs, to
include proliferative, ICRhigh, cytotoxic, tissue-residence, and CXCL13+

(hereafter referred to as the TProlif_Tox expression signature), combined
with TCR clonotype overlapbetween exhausted andproliferating TILs,
suggested the possibility of tumor reactivity and, therefore, tumor
antigen-specificity within this sub-population. Although these TProlif_Tox

clonotypes were conserved within each patient across exhausted and
proliferative clusters, we found no overlap in TCR sequences between
patients, suggesting each patient carried unique antigenic targets.

The TProlif_Tox gene signature is present across HNSCCs but is
absent in normal oral mucosa
To further investigate the potential of the TProlif_Tox gene expression
profile to predict tumor antigen-specificity, we next askedwhether this
signature was unique to malignant tissues and whether it was present

across other HNSCCs, external to the HyPR-HN dataset. To address
this, we integrated our pre-treatment single-cell RNA sequencing data
with publicly available single-cell datasets, including other HPV-
negative HNSCCs and single-cell sequencing of normal oral mucosal
biopsies31,32. As above, unsupervised clustering was performed and
T cells were subsetted, re-clustered, annotated, and compared across
studies and tissue types (Fig. 4a, b). T cell gene expression profiling
revealed that the TProlif_Tox gene signature was present across HNSCCs
but fully absent from normal tissue single-cell sequencing profiles
(Fig. 4c), demonstrating the tumor-specificity of TProlif_Tox.

TheTProlif_Tox gene signature and clonotypes are conserved across
metastatic sites in HNSCC
We next evaluated whether the TProlif_Tox gene signature and associated
clonotypes were conserved across metastatic sites. If TProlif_Tox TCRs
have tumor antigen-specificity and similar tumor antigens are shared
across metastatic sites, the same TProlif_Tox clonotypes should also be
present in both the primary tumor and metastatic deposits. To inves-
tigate this, we performed single-cell RNA and TCR sequencing of a
previously untreated HNSCC patient (P120, not enrolled on HyPR-HN),
including samples of the primary tumor, a metastatic regional lymph
node, and circulating T cells from peripheral blood (Fig. 5a). We first
confirmed that TILs from P120 harbored a subset of T cells that could
objectively recognize tumor antigen and kill patient-matched tumor
cells. To test this, we derived in vitro TIL cultures and a malignant cell
line from separate biopsypieces of P120’s primary tumor, with isolated
cancer-associated fibroblasts (CAF) as a patient-matched control line.
To ensure translational validity of this system, we performed whole-
exome sequencing (WES) and bulk RNA sequencing of P120’s primary
tumor, involved regional node, and the tumor-derived malignant cell
line. Through tumormutational analyses and a neo-antigen prediction

Fig. 4 | Integrated analysis of multiple single-cell sequencing datasets reveals
conserved expression of the TProlif_Tox gene signature across HNSCCs without
expression in normal tissues. a Integrated analyses of multiple internal and
external datasets with T cells subsetted demonstrates (b) conserved clustering and

T cell functional groups. c Despite globally conserved transcriptional T cell sub-
classifications, the TProlif_Tox gene signature is tumor-specific without any expression
in normal oral mucosa. Pre-ex Pre-exhausted T cells, Reg Regulatory T cells, Prolif
Proliferative T cells, Ex Exhausted T cells.
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pipeline, we identified substantial neo-antigenic overlap between
all three samples (Fig. 5b). This finding supports the existence of
shared neo-antigens across both primary tumor and metastatic
sites, which are also present in the tumor-derived malignant line.
Through co-culture cytotoxicity assays using CD8-selected TILs and
patient-matched malignant cells, we found concentration-dependent
tumor-specific CD8 TIL cytotoxicity (>80% kill at 10 TIL:1 tumor cell),
suggesting that a subset of CD8 TILs can recognize tumor antigen and
induce a relevant immunologic response (Fig. 5c). Next, we analyzed
single-cell sequencing data from additional pieces of P120 biopsy

samples, which were processed at the time of surgical resection. We
performed integration, clustering, T cell subsetting, and clonal fre-
quency projections (Fig. 5d and Supplementary Fig. 7). Gene expres-
sion profiling identified the TProlif_Tox gene signature in both tumor and
regional node (Fig. 5e). We additionally found that several identical
TProlif_Tox clonotypes were present in both the primary tumor and
metastatic node despite being undetectable in blood (Fig. 5f). Taken
together, these results suggest that a subset of TILs in HNSCC have
tumor-killing capability and that several of these clonotypes may tar-
get similar antigens across primary tumor and metastatic disease.

Fig. 5 | The TProlif_Tox gene signature is found across both primary tumor and
metastatic nodal HNSCC with clonotype overlap, suggesting shared tumor
antigen targets. a Schematic of biospecimens and tissue analyses for patient
P120. b Exomic and transcriptional mutational analyses demonstrates conserved
coding mutations across tumor, involved node, and patient-derived malignant
line. c Co-culture between a patient-derived malignant line and autologous
extracted TILs demonstrates concentration-depended tumor cell killing, while
cultures of autologous cancer-associated fibroblasts (CAF) enriched for patient-
matched non-malignant cells are largely preserved. Ratios represent target-to-TIL
concentration. Single-cell sequencing of tumor, involved regional node, and

circulating T cells from a HNSCC patient (P120) reveals (d) similar clustering and
clonal architecture to HyPR-HN samples, and (e) the conserved presence of
TProlif_Tox signature expression in both tumor and node, without expression in
blood. f Several TProlif_Tox clonotypes demonstrate identical overlap across primary
tumor and involved node but are undetectable in blood. Pre-ex Pre-exhausted
T cells, Reg Regulatory T cells, Prolif Proliferative T cells, ExCD8 Exhausted CD8
T cells, ExCD4 Exhausted CD4 T cells, IFN Type I interferon responsive T cells, HSP
Heat-shock protein-enriched T cells, SCM stem-cell memory T cells, EM effector
memory T cells, CM central memory T cells. Graphic created in BioRender. Zenga,
J. (2025) https://BioRender.com/qj8bqqo.
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The TProlif_Tox gene signature is conserved across other malignant
histologies and can predict tumor antigen-specific TCRs
We next analyzed publicly available single-cell datasets to evaluate
whether the TProlif_Tox gene signature may represent a tumor antigen-
specific population, not only in HNSCC but also across other solid
tumors. We first examined a breast cancer dataset covering both the
primary tumor and a matched metastatic regional lymph node (Sup-
plementary Fig. 8a)33. We again identified a similar clustering (Sup-
plementary Fig. 8b) and clonal architecture (Extended Data Fig. 3c) to
HNSCC, including expanded Prolif and ExCD8 sub-clusters. We identi-
fied the TProlif_Tox gene signature in both tumor and regional node
(Supplementary Fig. 8d) with shared TProlif_Tox clonotypes across pri-
mary andmetastatic sites (Supplementary Fig. 8e). Next, we evaluated
the effects of ICI therapy on TProlif_Tox clonotypes through a secondary
analysis of an ICI-treated renal cell carcinoma (RCC) single-cell dataset
(Supplementary Fig. 9a)34. If TProlif_Tox harbors tumor antigen-specific
TCRs, release from immune checkpoint blockade by ICI therapy may
lead to TProlif_Tox clonal expansion. Consistent with this hypothesis, in
ICI-treated RCC we identified the TProlif_Tox gene signature among
clonally expanded sub-clusters (Supplementary Fig. 9b, c). Hyper-
expandedTProlif_Tox clonotypeswere sharedmulti-spatially across tumor
biopsies, but were absent in peripheral blood (Supplementary
Fig. 9d, e). Finally, we performed a secondary analysis of a single-cell
pancreatic adenocarcinoma dataset for which tumor antigen-specific
TCRs had been externally validated through in vitro studies (Supple-
mentary Fig. 10a)35. We again identified the TProlif_Tox gene signature and
clonotypes across proliferative and exhausted sub-clusters (Supple-
mentary Fig. 10b, c). We found extensive overlap between in vitro
validated tumor antigen-specific TCRs and TProlif_Tox clonotypes pre-
dicting tumor-reactivity (Supplementary Fig. 10d).

In silico predicted binding of TCRs to neo-antigen-HLA com-
plexes supports tumor antigen-specificity of TProlif_Tox clonotypes
in HNSCC
To assess the potential of TProlif_Tox clonotypes to bind tumor neo-
antigen in HNSCC, we used a custom prediction pipeline to evaluate
the binding affinity of patient-matched neo-antigen peptide-HLA pairs
with TProlif_Tox clonotypes. Based on the availability of samples, we per-
formedWES and bulk RNA sequencing of HyPR-HN Patient 02’s tumor
biopsy pre-treatment and at 6 weeks post-radiation. These analyses
confirmed a substantial overlap in identical codingmutations between
pre-treatment and post-radiotherapy samples (Fig. 6a), suggesting the
existence of similar neo-antigens across treatment timepoints. To
evaluate the in silico potential of TProlif_Tox clonotypes to bind patient-
specific neo-peptide-loaded HLA (pHLA), we employed TCRdock36.
This package uses structural modeling and TCR:pHLA docking algo-
rithms to simulate the binding interface between a given TCR and its
corresponding pHLA. To develop inputs for this model, we first pre-
dicted neo-antigens from HyPR-HN Patient 02 using a custom script
creating 8-11mer neo-peptides sliding across all conserved coding
mutations identified from WES and validated in RNA sequencing.
These were filtered for patient-specific HLA-binding through
netMHCpan 4.1 and prioritized based on normalized expression in
bulk RNA sequencing37. From this filtered set of neo-peptides, we then
identified the pHLA complexes with the closest predicted docking
geometry to TProlif_Tox TCRs, indicating high binding affinity. These
pHLAs demonstrated significantly greater predicted binding to select
TProlif_Tox TCRs compared to a set of patient-matched control TCRs
extracted from patient-matched naïve intra-tumoral T cells (Fig. 6b
and Supplementary Table 3). We then repeated the TCRdock pipeline
using predicted neo-antigens from the WES and bulk RNA sequencing
data from patient P120’s tumor, described above. Binding prediction
through TCRdock again demonstrated greater predicted pHLA com-
plex binding affinity to TProlif_Tox clonotypes when compared to control
patient-matched intra-tumoral naïve T cells (Supplementary Fig. 11a),

whichwere foundwith the TProlif_Tox phenotype in both tumor and node
but were absent from peripheral blood (Supplementary Fig. 11b). In
particular, one clonotype (CAVIILQSQGNLIF_CAWASTGELFF) was
predicted to strongly bind several neo-antigens, consistent with the
known degeneracy of TCR specificity38. An ability to target multiple
neo-antigens may further explain the observed expansion of this clo-
notype in P120 across both the primary tumor and metastatic node,
and its high expression of the T cell activation marker TNFRSF9.

In vitro patient-matched tumor-TIL co-culture demonstrates
tumor-reactive potential of TProlif_Tox

To more directly test the tumor-reactive potential of TProlif_Tox clono-
types, we leveraged the availability of a patient-derived malignant cell
line and a large number of patient-matched TILs expanded from P120s
primary tumor biopsy. With these samples, we performed co-culture,
flow sorting by activation marker expression (CD137), single-cell
sequencing, clonotype validation and enrichment by high activation
marker gene expression (TNFRSF9), and subsequent clonotype pro-
jection onto the initial P120 primary tumor single-cell dataset (Sup-
plementary Fig. 12a). Malignant cell-TIL co-culture demonstrated
approximately 1% CD137-positive TILs (Supplementary Fig. 12b), which
were then flow sorted for single-cell RNA and TCR sequencing. A
CD137-negativeTILpopulationwas alsoflow-sorted and sequenced as a
control. Clustering and clonality demonstrated several proliferative
and activated sub-clusters enriched in the CD137-positive sorted
population (Supplementary Fig. 12c, d). Given the low CD137 expres-
sion in most sorted TILs, we leveraged single-cell transcriptional pro-
filing to ensure tumor-specific reactivity by isolating T cells with high
TNFRSF9 expression, minimizing the inclusion of weak or non-specific
TCR interactions (Supplementary Fig. 12e). Of these, only four TIL
clonotypes exhibited high TNFRSF9 expression across multiple clones
(Supplementary Fig. 12f). Although two of these clonotypes were not
found in the original P120 single-cell dataset, one mapped to TProlif_Tox

cluster (Supplementary Fig. 12f). The final clonotype was identified
within the interferon-responsive sub-cluster, suggesting the presence
of additional intra-tumoral T cell clonotypes with tumor-antigen spe-
cificity thatmay either require further priming in vivo for efficacy or are
advancing along an earlier pseudo-time trajectory towards exhaustion.

TProlif_Tox clonotypes are lost after radiotherapy and do not return
to the tumor microenvironment
With these data supporting the potential tumor antigen-specificity and
immunological relevance of the TProlif_Tox sub-population, we next
evaluated the effects of radiation on TProlif_Tox clonotypes across treat-
ment timepoints. Remarkably, across all enrolled patients, the TProlif_Tox

gene expression profile (Fig. 6c) and the clonotypes (Fig. 6d) that
express these markers were both lost post-radiotherapy and did not
return to the tumor in any patient studied (Supplementary Fig. 13).
Together, these data suggested that pre-treatment tumor antigen-
specific TILs are ablated by radiotherapy and do not re-infiltrate the
tumor, at least within 6 weeks of treatment.

T cell repopulation of TIL-depleted tumors is driven by non-
specific re-infiltration, including high-frequency circulating
clonotypes and low-frequency regulatory and naïve T cells
In light of the loss of TProlif_Tox clonotypes in response to radiation, we
sought to understand the immuno-oncologic relevance of TIL repo-
pulation through the evaluation of clonotype dynamics. Unsurpris-
ingly, the number of unique clonotypes was profoundly reduced
immediately after radiation-induced TIL depletion but began to
recover by the 6-week timepoint (Fig. 7a, b). Despite extensive TIL
ablation and subsequent repopulation, however, amino acid-level
entropy at each position along the CDR3 region remained unchanged
across all timepoints, indicating that neither overall clonotype deple-
tion nor repopulation was specific to TCR sequencing pattern (Fig. 7c).
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This aligns with evidence that tumor antigen-specific TILs constitute
only a small fraction of the total repertoire, such that their loss or
recruitment would have minimal impact on overall TCR diversity
dynamics.Clonotype alluvial plotting revealed that approximately 30%
of clones return to the tumor microenvironment post-radiation
(Fig. 7d), with the majority of these representing the most frequent
TCR sequences within each pre-treatment tumor (Fig. 7e).

To further investigate the functional relevance and potential
antigenic targets of these repopulating TILs, we identified the most
common circulating T cell clones through single-cell RNA and TCR

sequencing of blood samples, which were available from two enrolled
patients prior to radiation (HyPR-HN Patient 02 and 04) and one
patient at 6 weeks post-radiotherapy (HyPR-HN Patient 02). Since very
high-frequency circulating clonotypes carry predominantly viral-
epitope-specific TCRs, this approach allowed us to track clonotype
dynamics among apopulationof T cells irrelevant to the tumor antigen
response39–42. As expected, this analysis revealed that the frequency of
these abundant circulating clones remained unchanged in the blood
pool pre- and post-radiation (Fig. 8a). Importantly, we observed that
many of these clones were also present in the pre-exhausted niche of

Fig. 6 | Structural modeling demonstrates that pre-treatment TProlif_Tox clono-
types are predicted to bind patient-matched HLA-specific tumor neo-antigen
but the TProlif_Tox signature and the clones that express it are lost after radio-
therapy. aWhole exomeandRNAsequencingmutational analyseswereperformed
pre-treatment and at 6 weeks post-radiation for the primary tumor of HyPR Patient
02, demonstrating substantial overlap in transcribed coding mutations, which
translation into candidate neo-antigens. b Predicted binding between TCRs and
neo-antigen-HLA complexes for HyPR-HN Patient 02. Binding scores were zero-
shifted and normalized. Binding prediction for each neo-peptide-HLA complex was
compared between TProlif_Tox TCRs and patient-matched irrelevant naïve TCRs.
Within each pHLA complex, we performed 10,000 bootstrap replicates by sam-
pling with replacement from the control group and, for each replicate, recording

the lowest PAE_SD scores. This bootstrap procedure generated an empirical null
distribution of extreme binding scores. The 95% confidence interval for the mini-
mum PAE_SD was calculated using the T distribution. The empirical p-value was
then calculated using this same T distribution. For each neo-peptide-HLA complex,
a TProlif_Tox clonotype demonstrates the greatest predicted binding affinity. Among
all HyPR-HN patients, (c) the TProlif_Tox expression profile and (d) the associated
clonotypes that express it are lost after radiation and do not return to the tumor.
Pre-ex Pre-exhausted T cells, Reg Regulatory T cells, TRM Tissue-resident memory
T cells, Prolif Proliferative T cells, ExCD8 ExhaustedCD8T cells, ExCD4 ExhaustedCD4
T cells, IFN Type I interferon-responsive T cells. The box plot represents the 25th to
75th percentile, and the whiskers represent 1.5x the interquartile range.
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the pre-treatment tumor and reappeared post-radiation with nearly
identical transcriptional and clonal distributions (Fig. 8b–d). Con-
versely, no TProlif_Tox clonotypes from HyPR-HN Patients 02 or 04 were
found in their respective tested circulating T cell pools, consistentwith
TProlif_Tox tumor-specificity. Additionally, we found that the remaining
repopulating TILs were largely composed of newly infiltrating reg-
ulatory and naïve clonotypes that were absent in the pre-treatment
tumor (Fig. 8e, f). Together, these findings suggest that the migration
of diverse repopulating TILs is driven by non-specific and generalized
mechanisms, such as chemotactic gradients, rather than selective
pressures from tumor antigens.

Recurrent HNSCCs after conventionally fractionated radio-
therapy are relatively CD8 T cell-depleted
To determine if the post-radiation TIL depletion observed in hypo-
fractionated radiotherapy may also play a role in immunologic

radioresistance and HNSCC recurrence after conventionally fractio-
nated standard of care radiation, we compared immune infiltration in
both stromal and cancer compartments between previously untreated
(n = 51 patients) and radiation recurrent (n = 16 patients) HNSCCs
enrolled on a prospective tumor registry. All patients had HPV-
negative HNSCC involving a mucosal subsite of the upper aero-
digestive tract (Supplementary Table 4). Through mIF analysis, we
observed that previously untreated HNSCCs demonstrated a wide
range of T cell infiltration from heavily infiltrated to immune-cold, and
overall, pre-treatment TIL infiltrate had no clear association with dis-
ease control. However, in-field radiation recurrent tumors were com-
paratively T cell-depleted (Fig. 9a) with the most significant effects on
CD8 TIL populations, including both stromal and cancer compart-
ments (Fig. 9b). To assess for potential confounders, we performed a
multivariable regression to identify clinical variables associated with
CD8 TIL density. This analysis revealed that only radiation recurrence

Fig. 7 | T cell repopulation following radiation-induced TIL depletion is driven
by returning high-frequency clonotypes and newly infiltrating singletons,
globally independent of TCR sequencing patterns. a Radiation-induced TIL
depletion is associated with a major reduction in overall TCR clonotype diversity,
which begins to return by 6 weeks post-radiation in all patients. b Clonotype fre-
quency mapping reveals broad immediate TIL depletion with return of high-
frequency and intermediate-frequency clonotypes by 6 weeks post-radiation.

cDespite alterations in overall number of clonotypes at each timepoint, diversity is
conserved on the amino acid-level at the CDR3 region. d Among all repopulating
clonotypes approximately 30% are returning clones while the remaining are newly
infiltrating. e Clonal tracking of the 30 most frequent clonotypes within pre-
treatment tumors reveals that returning clonotypes are predominantly composed
of pre-treatment expanded populations.
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significantly impacted TIL infiltration (Supplementary Table 4). For a
subset of patients (n = 20 previously untreated, n = 11 radiation recur-
rent), we also performed concurrent immunophenotyping of fresh
preparations from the same biopsy specimens using mFC. These
orthogonal analyses confirmed T cell depletion in recurrent HNSCCs
with the greatest effect on CD8 T cells, both as a percentage of total
viable cells and of the intra-tumoral immune fraction (Supplementary
Fig. 14a–d).

We next askedwhether the relatively low CD8 T cell infiltrate seen
in recurrent tumors was a pre-treatment feature of resistant HNSCCs
or, instead, whether dynamic changes in T cell populations during
therapy, as seen in hypofractionated radiation, may contribute to
cancer recurrence. To investigate this, we analyzed a subset of patients

for whom we were able to obtain HNSCC biopsies pre-treatment and
then at the time of local recurrence after conventionally fractionated
radiotherapy, from the same anatomical location in the same patients
(n = 6 patients). T cell infiltration was assessed through both mIF and
mFC of freshly digested HNSCC surgical biopsies. In each case, we
found reduced CD8 T cell infiltration in radiation-recurrent HNSCCs,
despite high pre-treatment CD8 TIL populations in several cases
(Fig. 9c–f).

ICRhigh CD8 TILs in radiation recurrent HNSCC are markedly
reduced
Finally, to evaluate whether limited repopulation of tumor-reactive
TILs may contribute to cancer recurrence, we tested whether the

Fig. 8 | Post-radiation TIL repopulation is driven primarily by returning high-
frequency non-tumor-specific circulating clonotypes and newly infiltrating
regulatory and naïve clones. Integrated single-cell sequencing across treatment
timepoints demonstrates extensive clonal overlap between high-frequency circu-
lating clonotypes and the pre-exhausted sub-cluster within tumors, showing that T
cell re-infiltration after radiation-inducedTIL depletion is driven inpart by common
circulating clonotypes inboth (a,b) HyPR-HNPatient 02 and (c,d) HyPR-HNPatient

04. Clonal mapping of post-radiation regulatory and naïve clonotypes further
demonstrates that these sub-clusters are composed largely of new clonotypes not
seen in the pre-treatment tumor in both (e) HyPR-HN Patient 02 and (f) HyPR-HN
Patient 04. Pre-ex Pre-exhausted T cells, Reg Regulatory T cells, TRM Tissue-
resident memory T cells, Prolif Proliferative T cells, ExCD8 Exhausted CD8 T cells,
ExCD4 Exhausted CD4 T cells, IFN Type I interferon-responsive T cells.
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relative T cell depletion observed in radiation recurrent HNSCCs also
affected ICRhigh CD8 TILs. To address this, wemeasured PD-1 and TIM3
expression among HNSCC TILs by mFC from freshly digested surgical
biopsies. We observed that viable ICRhigh CD8 TILs were profoundly
depleted in recurrent HNSCCs. We confirmed this effect in both
unmatched cohorts comparing previously untreated and radio-
recurrent disease (Fig. 9g) aswell as inmatched biopsies obtained pre-
treatment and at the time of in-field radiation recurrence from the
same HNSCC patient in the same anatomical location of the primary
tumor (Supplementary Fig. 14e, f). Together, these data suggest that

radiation-induced TIL depletion and loss of pre-treatment tumor
antigen-specific clonotypes with limited repopulation by new tumor-
reactive TILs may be a barrier to cancer control for both hypo-
fractionated and conventionally fractionated radiation.

Discussion
Through paired single-cell RNA and TCR sequencing analyses on serial
biopsies at multiple timepoints across the treatment period for indi-
vidual patients, this study provides a unique window into the real-time
effect of radiation on the T cell landscapewithin HNSCCs. Remarkably,

Fig. 9 | Radiorecurrent HNSCCs after conventionally fractionated radiation are
relatively CD8 TIL depleted, including ICRhigh TILs. a 67 samples from 61 HNSCC
patients included in a prospective tumor registry underwent multiplex immuno-
fluorescence (mIF) demonstrating lower CD8 and CD4 T cell populations in
radiation-recurrent compared to previously untreated disease. Six patients are
represented twice due to analysis of matched tumor samples obtained both pre-
treatment and at the time of radiation recurrence from the same patients in the
same anatomic location. Therefore, each sample represents an independent bio-
logical replicate. b The finding of decreased T cells in radio-recurrent samples was
consistent across both stromal and cancer compartments. c Analysis of patient-
matched biopsies obtained pre-treatment and at the time of in-field radiation
recurrence confirms relative CD8 TIL depletion of radiation recurrent tumors

compared tomatched pre-treatment levels, d an effect not seen other immune cell
subsets. Representative PET/CT, mIF, and multiplex flow cytometry (mFC) images
are shown for (e) a patient-matched previously untreated and (f) radiorecurrent
HNSCC. g mFC with a T cell exhastion panel was also performed from adjacent
tissue fragements in 32 of the samples, which also underwent mIF. For these
patients, exhausted T cell populations were particularly diminished in radio-
recurrent disease asmeasuedbymFC.Gate frequencies are provided as percentage
of live cells. Antibody fluorescent conjugates include CD8: light blue, CD4: green,
CD20: red, Foxp3: yellow, CD68: orange, Pan-CK: magenta, DAPI: dark blue. Scale
bar = 50 µM. T-tests with Holm-Sidak’s multiple comparison correction were used
to analyze differences between groups. Flow cytometry gating strategy demon-
strated in Supplementary Fig. 4.
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we find that radiotherapy leads to profound T cell depletion in every
patient studied immediately upon completion of treatment. Impor-
tantly, T cell clonotypes with transcriptional features highly suggestive
of tumor-reactivity and neo-antigen specificity are persistently lost
from the tumor microenvironment and do not return post-radiation.
Instead, T cell re-population of the tumor is primarily driven by reg-
ulatory, naïve, andhigh-frequency circulating effector-memory clones,
which are unlikely to exert beneficial immuno-oncologic effects.

These findings help to clarify the transcriptional and functional
states of TILs in HNSCC with direct implications for treatment. It is
clear that TILs in HNSCC are a heterogeneous group, and overall TIL
infiltrate has proven an inconsistent predictor of prognosis43–48. Simi-
larly, while we show that radiorecurrent disease is associated with low
TIL levels, pre-treatment TILs rangewidely inHNSCC and have no clear
association with disease control. Yet despite the limited predictive
power of overall TIL infiltrate, the objective clinical success of ICI
therapy in metastatic HNSCC has established that immunogenic and
oncologically relevant TILs exist and can be leveraged for therapy11.
Further, recent data have demonstrated and visualized objective kill-
ing of patient-derived tumor cells by individual patient-matched TILs
in HNSCC49. It appears, however, that such TILs are rare within clinical
samples, and we show that the majority of intra-tumoral T cells are
either naïve, regulatory, or high-frequency non-tumor-specific clones
prevalent in the circulation. Taken together, this evidence suggests
that a small subset of HNSCC TILs are tumor antigen-specific, carrying
T cell receptors that can recognize cancer as a foreign entity and
induce a relevant immunologic response. Although directly and effi-
ciently characterizing these tumor antigen-specific TILs has remained
elusive, such efforts could facilitate the development of targeted
therapies, including TCR engineering.

Our present study provides deeper insight into this tumor
antigen-specific TIL population in HNSCC, and we develop a rational
gene expression signature to identify these TILs across patients and
metastatic sites. We find that a subset of TILs exist across HNSCCs as
expanded clonotypes found in both proliferating and exhausted sub-
clusters. The existence of such a TIL population, which has also been
identified in other malignancies50,51, suggests that a subset of ICRhigh

TILs is not terminally exhausted but instead dynamically fluctuates
between activation-induced proliferation and temporary anergy. We
then use overlapping transcriptional programs of these clonotypes
shared between proliferative and ICRhigh subsets to develop a pre-
dictive transcriptional signature associated with tumor-reactivity,
including multi-dimensional supporting evidence of tumor antigen-
specificity. The TProlif_Tox signature is found in proliferative and ICRhigh

sub-clusters in every pre-treatment HNSCC patient we have analyzed,
including internal and external datasets, but it is completely absent
from normal oral mucosa. It is found across both primary and meta-
static sites, including identical clonotype overlap, suggesting shared
antigen specificity at both primary tumor and regional nodes. The
TProlif_Tox signature can be found in othermalignancies and is consistent
with in vitro-confirmed tumor antigen-specific TCRs. Finally, we fur-
ther validate tumor antigen-specificity of TProlif_Tox clonotypes inHNSCC
through patient tumor- and HLA-specific in silico binding prediction
and in vitro testing.

Our TProlif_Tox approach is distinct from prior algorithms predicting
tumor antigen specificity as it relies largely on a concerted expression
of transcriptional programs, rather than requiring full expression of an
exact geneset35,50–62. While our signature has overlap with prior pre-
diction models including expression of CXCL1335,50–53,55,57–60,62,
PDCD150,53,55,61,62, IFNG50,54,55,58, MKI6762, and ITGAE 50,62, approaches
requiring full expression of precise genesets are limited in applicability
across different tumors and disease sites given the low transcriptomic
coverage, technical dropout, temporal-dependent transcription, and
stochasticity inherent to single-cell sequencing data. For example,
while TNFRSF9 is commonly used as an indicator of T cell

activation50,62, and we find it highly correlated to the TProlif_Tox gene
signature, its expression is temporally restricted and may only be
captured in a short window after TCR ligation. Further, many algo-
rithmsdeveloped topredict tumor antigen-specific TILs arebasedonly
on TCRs reacting to synthesized neo-antigens in vitro. While valuable,
such studies of in vitro peptide presentation may include false posi-
tives or negatives due to differential peptide processing or HLA-
loading between tumor and cell culture. Further, in vitro studies may
miss key neo-antigens undergoing post-translational modification,
RNA editing, or non-canonical expression63–65. Instead, we leverage
clonotype overlap in clustering, transcriptional program expression
biologically associatedwith tumor-reactivity, and changes in TIL states
at multiple timepoints across the treatment period.

Importantly, we find that radiotherapy persistently ablates
TProlif_Tox TILs, which may help to explain the failure of combination
immunoradiotherapy to improve disease control outcomes inmultiple
recent large clinical trials in HNSCC5,20,21. These data are unique given
our ability to perform serial single-cell RNA and TCR sequencing of
tumor samples across timepoints, including both the last day of
radiation and 6 weeks post-therapy, enabling us to track individual
clonotypes across timewithin the samepatients.While the response to
ICI therapy is multi-factorial66, without a sufficient presence of tumor
antigen-specific TILs, agents designed to activate or potentiate T cell
function will be ineffective. These findings are surprising given the
wealth of pre-clinical data emphasizing the immunogenicity of radio-
therapy and supporting its concurrent use with ICI14–17. Such dis-
cordance between pre-clinical models and clinical findings
demonstrates the importance of multi-omic investigation of on-trial
longitudinal clinical biopsies.

Despite profound radiation-induced TIL depletion and loss of
TProlif_Tox clonotypes, T cells do reinfiltrate the tumor microenviron-
ment. However, this is driven by new regulatory and naïve TILs as well
as common circulating clonotypes, which appear at similar fre-
quencies in both pre-treatment and post-therapy blood samples. Since
the most common circulating clonotypes are likely viral-epitope spe-
cific fromprior infectious agent exposures, these areunlikely to induce
an anti-tumor immune response as they reinfiltrate post-radiation.
Similarly, regulatory T cells will suppress post-radiation anti-tumor
immunity, while new naïve T cells, in the absence of tumor antigen
specificity and intra-tumoral priming, are unlikely to mount an effec-
tive anti-tumor response. However, these findings demonstrate that a
TIL-depleted tumor in the immediate post-radiation setting, tem-
porarily devoid of regulatory T cells, could be receptive to prevalent
circulating clonotypes. If a tumor antigen-specific T cell therapy pro-
duct can be delivered at this time point, or if new tumor antigen-
specific T cells can be primed and released systemically, existing
chemotactic gradients are likely to lead to T cell infiltration from the
circulation. Recent data in othermalignancies supports thispossibility,
suggesting that tumor antigen-specificity may be key to the efficacy
and infiltration of adoptive cell therapies67. Further, given the muta-
tional and neo-antigenic overlap identified between pre-treatment and
post-radiation tumors, a TCR-engineered T cell product designed
based on pre-treatment TProlif_Tox clonotypes may be efficacious in the
post-radiation setting.

While these data provide a valuable window into the real-time
effects of radiation on the tumor microenvironment with implications
for current and future therapeutics, there are several limitations. Due
to the small study sample size and available biopsy tissue, the gen-
eralizability of our conclusions remains constrained. While we provide
extensive supporting data that TProlif_Tox is tumor antigen-specific,
including in vitro testing, thiswill require further confirmation in larger
datasets. Additionally, the prognostic significance of the baseline clo-
nal diversity of TProlif_Tox remains uncertain, and it is unclear whether
these TILs can be directly reinvigorated for in vivo expansion or if TCR
engineering will be required to effectively leverage their tumor
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antigen-specificity. Further, while post-radiation T cell reinfiltration
appears largely non-specific, we cannot exclude the possibility that
non-exhausted T cell populations may also include newly infiltrating
tumor antigen-specific T cells targeting different epitopes in the post-
radiation environment. Identification and expansion of such popula-
tions may improve the efficacy of radiation in future studies.

Additionally, while the clinical radiation dosage delivered in this
study is iso-equivalent to the standard of care, it was delivered using a
hypofractionated regimen. Whether intra-tumoral T cell responses are
fractionation-dependent remains uncertain and will be investigated in
future cohorts from the HyPR-HN trial. Further, the radiation pre-
scription included elective doses to regional nodes to treat micro-
metastatic disease. How thismight affect TIL repopulation of tumors is
unclear. There is increased interest in neo-adjuvant radiotherapy
approaches that spare draining lymphatics, hypothesizing that radio-
therapy will be immunogenic in this setting68,69. Omission of radiation
to elective nodal regions may be a viable strategy to increase the
priming of new tumor antigen-specific T cells and should be evaluated
in future studies. Finally, while tumor antigen-specific TILs must be at
the foundation of any T cell-based immuno-oncologic therapy, there
are numerous other factors that influence clinical cancer outcomes,
including immune editing, immune exclusion, nutrient deprivation,
and other soluble and cellular mechanisms of intra-tumoral immuno-
suppression which must be addressed. In particular, we demonstrate
that recurrent HNSCCs are commonly CD8 TIL-depleted. Whether
delivery or activation of tumor antigen-specific TILs in the post-
radiation setting can improve TIL infiltration, expansion, and anti-
tumor functionality is not yet established.

Methods
HNSCC specimen acquisition: prospective institutional tumor
registry
Patients who had HPV-negative HNSCC undergoing standard of care
treatment of their tumor at the Medical College of Wisconsin (MCW)
were eligible for inclusion. Patients have consented to additional
research-specific biopsies, which were performed in the clinic setting
or during a standard of care surgical procedure. The study size was
planned as a fixed available sample of HNSCCs obtained over
approximately a one-year period. Patients were consented con-
secutively. Biopsy samples were triaged for translational studies
depending on specimen size. Samples were first preserved for sub-
sequent multiplex immunofluorescence (mIF). In select cases with
sufficient tissue, additional pieces were freshly digested for single-cell
sequencing, immunophenotyping by multiplex flow cytometry (mFC),
and tissue preservation for whole-exome and bulk RNA sequencing.

HNSCC specimen acquisition: HyPR-HN Study
The clinical trial Hypofractionated Pre-operative Radiation for HNSCC
(HyPR-HN, NCT05538533) is a single-institution Phase I study of pre-
operative neo-adjuvant hypofractionated radiation in HPV-negative
HNSCC. Eligible patients have advanced-stage disease (T3-4 and/or
clinical node-positive) without radiographic extracapsular extension.
Enrolled patients undergo biopsies pre-treatment and immediately
after the last fraction of radiotherapy in the clinic setting. Approxi-
mately 6 weeks after completion of radiation, patients are taken for
definitive resection of residual disease with an additional research-
specific biopsy at the time of surgery. All enrolled patients included in
this reportwere treatedwith 46Gy in 10 fractions to PTVhigh regions (to
encompass gross disease) and 35Gy in 10 fractions to PTVlow regions
(to encompass microscopic spread, including nodal regions at risk).

As above, biopsy samples were triaged for translational studies.
However, for the HyPR-HN study, samples were prioritized first for
single-cell sequencing. After single-cell suspensions were processed
for sequencing, the remaining cells from the sample underwent mFC.
In cases with additional sufficient tissue samples, separate pieces were

preserved for mIF, bulk RNA sequencing, whole-exome sequencing,
and spatial transcriptomics.

Multiplex immunofluorescence
Biopsy pieces planned for multiplex immunofluoresence (mIF) were
first fixed in 10% neutral-buffered formalin for 24 h. The tissues were
subsequently dehydrated, cleared in xylene, and embedded in paraffin
wax. The paraffin-embedded tissue blocks were then sectioned at 5 µm
and mounted on glass slides. Tumor-immune spatial heterogeneity
was subsequently quantified through histologic analysis as previously
described in ref. 49. Briefly, multiplex immunostaining was performed
using an Opal Polaris 7-Color Automation IHC Kit (Akoya Biosciences,
NEL871001KT), as recommended by the manufacturer. All multiplex
immunofluorescence slides were scanned on an Akoya Vectra Polaris
(RRID:SCR_025508) at 20X using MOTiF™ protocol. Whole slide ima-
ges were then loaded into InForm image analysis software for auto-
mated cell type density quantification.

Biopsy processing for single-cell analyses
To facilitate analysis by single-cell sequencing and flow cytometry, the
biopsy specimenwas freshly digested according to theMiltenyi Tumor
dissociation kit protocol (130-095-92) in aMiltenyi gentleMACSC tube
using the Miltenyi gentleMACS tissue dissociator (RRID:SCR_020267).
Cellular debris and dead cells were removed from the dissociated cell
suspension when necessary, using Debris Removal Solution (Miltenyi,
130-090-101) and the Dead Cell Removal Kit (Miltenyi, 130-090-101),
respectively.

Multiplex flow cytometry
At least 1 × 105 cells per sample were used for immunostaining with
conjugated monoclonal antibodies. 7-AAD (BioLegend, 420404) was
used to exclude dead cells. Single color tubes were employed to set up
a compensationmatrix, and afluorescenceminus one control tubewas
included to ensure specific staining. Antibody panels are listed in
Supplementary Table 5. Cells were washed and suspended in 0.2mL
staining buffer (PBSwith 2% FBS). Stainingwasdone at 4 °C for 30min.
The sampleswerewashed again and then acquired on aMACSQuant 10
Analyzer Flow Cytometer (Miltenyi RRID:SCR_020268). Data was ana-
lyzed using FlowJo software version 10.10 (BD Life Sciences). To verify
gating and purity, all populations were routinely backgated. Cell-type-
specific immunophenotyping was performed on live single-cell
populations and gated using canonical surface marker expression.

Whole exome sequencing
DNA was extracted and exome libraries prepared. All tumor WES was
complimented by patient-matched germline WES obtained from per-
ipheral blood mononuclear cells (PBMC) to validate mutational calls.
Library preparation and sequencing was completed using the Illumina
DNA prep with enrichment that utilizes on-bead transposase activity
and panel capture by hybridization. Processing followed the Illumina
prep protocol, and WES was completed on the NovaSeq6000
(RRID:SCR_016387), obtaining 150bp paired-end reads and aiming for
>100x depth of coverage across all samples (Novogene)70. DNA reads
were cleaned using TrimGalore. Illumina short reads were mapped to
the current reference genome, GRCh38, using BWA-mem71. Somatic
mutations, including single-nucleotide variants and indels, were eval-
uated by Mutect2, SomaticSniper, and Varscan2 with comparison to
patient-matched germline WES obtained from isolated peripheral
blood mononuclear cells72–74.

Bulk RNA sequencing
RNAwas extracted, quantified, and integrity assessed using RIN values
from Agilent Fragment Analyzer 5200 (RRID:SCR_019417). RNA
libraries were prepared according to manufacturer’s protocols utiliz-
ing Illumina’s TruSeq strandedmRNA library kit before sequencing on
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the Illumina NovaSeq6000 (RRID:SCR_016387) with paired-end 100
base pair reads targeting >100 million reads per sample (Novogene).

Single-cell RNA and TCR sequencing
Biopsy specimens designated for immediate single-cell sequencing
underwent tumor digestion, as above. After dissociation, single cells
were resuspended, counted, and viability assessed. Library prepara-
tion was then completed at the MCW Mellowes Center (RRID:SCR_
022926) with 10x Genomics Chromium Next GEM Single Cell 5’
Reagent Kits (10x Genomics, sample dual indexes with cellular and
molecular barcodes with VDJ amplification). Target capture of 10,000
cells per sample was used. Prior to sequencing, libraries were quanti-
fied and pooled by qPCR (Kapa Library Quantification Kit, Kapa Bio-
systems). Sequencing was completed on the NovaSeq6000
(RRID:SCR_016387), targeting 5000 reads for VDJ libraries and 50,000
transcript reads per cell per condition for expression. For all patients
included in this study, apart from HyPR-HN Patient 01, single-cell RNA
and TCR sequencing were obtained simultaneously from the same
samples to enable T cell clonotype tracking across transcriptomic
profiles. Samples from HyPR-HN Patient 01 underwent single-cell RNA
sequencing only.

Single-cell data pre-processing
CellRanger (v8.0.1) was used to demultiplex raw reads, align to
GRCh38, and quantify unique molecular identifiers (UMI). Sequencing
quality was assessed based on the number of genes detected per cell
and the proportion ofmitochondrial genes expressed. Cells with <200
features or >5000 features were filtered out to exclude low-quality
cells or doublets, respectively. Cells were also filtered out when the
proportion of mitochondrial genes exceeded 15% to exclude dead or
dying cells (Supplementary Fig. 15). Finally, T cell receptor variable
genes (TRAV, TRBV, TRDV, TRGV) were excluded from the analysis to
avoid clonotype bias in clustering. We did not perform regression of
cell cycle or type I interferongenes, as hasbeenpreviously described58,
to avoid loss of relevant biological information in the context of
radiation response.

Single-cell data integration and clustering
Seurat (5.1.0) was used to normalize the raw count data, identify
highly variable features, scale features, and integrate samples75.
Canonical Correlation Analysis (CCA) was used to mitigate batch
effects between samples. The filtered log-transformed UMI matrix
was used to perform truncated singular value decomposition with
k = 50. Principal component analysis was performed based on the
4000 most variable features identified using the vst method
implemented in Seurat. Cell types were then annotated based on
expression of known marker genes visualized on the Uniform
Manifold Approximation and Projection (UMAP) plot and by
performing unbiased gene marker analysis. For the latter, a Wil-
coxon Rank-Sum Test was used to perform differential gene
expression (DEG) by comparing cells in each cluster to the rest of
the cell profiles. Genes with FDR < 0.01 and log-fold change ≥ 1
were selected as candidate cell-type markers. Sub-cluster DEGs
and canonical cell-type annotation markers were used to define
cell subsets as described previously31,76,77. To evaluate changes in
cell-type composition within single-cell sequencing profiles
across treatment, the number of cells within each immunophe-
notypic subset was extracted. Cell subset numbers were normal-
ized to total number of cells sequenced within each sample to
enable proportional comparison across samples and timepoints.

To further analyze T cell subsets, T cell-containing clusters
identified through DEGs and known marker analyses were extracted,
and cells within this set expressing at least one CD3 complex
subunit (CD3D |CD3E |CD3G |CD247) were retained. These cells were
re-clustered and T cell subset immunophenotyping was performed

through canonical marker expression and unbiased gene marker
analysis, as above78,79.

Single-T cell clonotype tracking
scRepertoire (v2.0.3) was used to link T cell clonotype with single-cell
gene expression profiling80. Barcode-linked TCR data were extracted
from the filtered contig annotation output derived from the CellRan-
ger pipeline. Individual TCRα and TCRβ chains were paired into full
clonotypes through barcode matching. T cell clonotypes were then
projected onto the T cell UMAP profiles again through barcode link-
age. Within this framework, T cell clonotype tracking was then per-
formed within individual patients between T cell sub-clusters, across
primary and metastatic tumor sites, and across treatment timepoints.

Differential expression tests for development of the TProlif_Tox

signature
To identify transcriptional programs enriched in T cells that demon-
strate clonotype overlap between classical terminally exhausted and
proliferating T cell sub-clusters, DEG analyses were performed on pre-
treatment samples from the HyPR-HN trial. Cells present in exhausted
or proliferative T cell sub-clusters with TCRs overlapping across both
sub-clusters were identified. Transcriptional profiles of this cell subset
were compared to all other T cells within the pre-treatment HyPR-HN
samples and to post-treatment proliferative T cells using DEG analysis
through a Wilcoxon Rank-Sum Test. DEG results were confirmed
orthogonally withModel-based Analysis of Single-cell Transcriptomics
(MAST)81. Of the top differentially expressed genes, we selected tran-
scriptional programs rationally associatedwith T cell-mediated tumor-
specific reactivity. These included non-regulatory (FOXP3-negative),
CD8markers (CD8A, CD8B), proliferative genes (MKI67, STMN1, TYMS),
immune checkpoint molecules (PDCD1, HAVCR2, LAG3, TIGIT,
ENTPD1), indicators of cytotoxicity (GZMA, GZMB, GZMH, IFNG), a
marker of tissue-residence (ITGAE), and CXCL13. Due to the limitations
in sequencing depth of single-cell approaches, which can lead to sto-
chastic technical dropout on a cell-by-cell basis, we set the require-
ment that at least one gene from each program exhibit scaled
expression greater than 1 within any given cell. For ITGAE and CXCL13,
which were represented by single genes, we only required a scaled
expression greater than 0.

Predicted TCR binding to tumor neo-antigens
To evaluate whether TProlif_Tox clonotypes within each patient may
target tumor neo-antigens, we evaluated in silico prediction of
patient-specific TCR:neo-peptide-HLA (TCR:pHLA) binding pairs
involving mutated neo-peptides. To accomplish this, we first
performed neo-antigen prediction based on mutations identified
through WES data, as described above. Bam files obtained from
WES from tumor and matched germline, bam files obtained from
bulk RNA sequencing of tumor, and variant call files (VCF) files
obtained from all three variant callers were imported into custom
R software with use of the following libraries: VariantAnnota-
tion1.48.1, stringr1.5.1, AnnotationHub3.12.0, ensembldb2.26.0,
Rsamtools2.20.0, GenomicAlignments1.40.0. Coding sequence
(CDS) transcripts annotated in Ensemble Genome Browser 111
that overlap regions of somatic mutations called by any of the
three variant callers were extracted from tumor RNA bam files.
Germline RNA transcripts (including up to a 36-nucleotide flank)
overlapping the somatic mutation locus were extracted from the
tumor bulk RNA sequencing (which come from normal cells
within the tumor and/or unmutated tumor haplotypes), with the
two most common transcripts expressing the germline sequence
at the locus representing the expressed germline alleles. Tumor
RNA transcripts containing the known mutation and up to 36
nucleotides on each end of the somatic mutation were extracted
to determine up to 11 adjacent amino acids to each end of the
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mutation. The most common RNA transcript in the tumor that
identically matched one of the germline alleles except at the site
of the mutation, was used as the ground truth tumor mutation.
Any mutation identified in WES that did not exist in tumor bulk
RNA sequencing was discarded. Using the known CDS site from
EnsemblDB to obtain the reference coding frame, both germline
and tumor transcripts were translated using VariantAnnotation.
Custom R software was then used to determine 8, 9, 10, and 11-
mer peptides around all mutated amino acids from these trans-
lated sequences to select all neo-peptides derived from the
translated tumor transcript that were not present in the trans-
lated germline transcript. Neo-peptides were designed to slide
across the mutation to form all possible combinations. From this
set of neo-peptides, we then normalized mutated transcript
expression to total reads to adjust for depth of sequencing. This
scaled expression value was then used to prioritize neo-peptides
for import into netMHCpan4.1 to assess for HLA binding to any of
the 6 major type I HLA types for that patient37. Neo-peptides
predicted to be strong binders to any HLA (predicted binding
affinity IC50 < 50 nM) were carried forward for testing against
patient-matched TCRs for in silico TCR:pHLA binding prediction
using TCRdock36.

For each confirmed TCR and pHLA complex, a pdb file was
generated for AlphaFold using TCRdock and then imported into
the TCRdock-specific version of AlphaFold. Docking geometries
were determined with AlphaFold TCR pipeline simulations using
sequence homology, as described previously36. Fifty naïve TCRs
from patient-matched blood identified through single-cell RNA
sequencing data were used to control for variations attributable
to diverse pHLA complexes. We then calculated the residue-
residue TCR:pHLA predicted aligned error (PAE) for TProlif_Tox TCRs.
Low residue-residue PAE scores indicate close TCR:pHLA geo-
metric approximation, suggesting favorable molecular interac-
tions and high binding affinity. We corrected for TCR-specific
variability by subtracting the mean binding of naïve TCRs to each
pHLA complex from the PAE of each TProlif_Tox TCR:pHLA complex
for every tested pHLA. We then zero-shifted and normalized these
TCR-corrected binding scores for a given TCR by subtracting the
mean binding score of each pHLA complex to a specific TCR and
dividing by the standard deviation (SD) of each TCR. pHLA
complexes with predicted binding to TProlif_Tox TCRs demonstrating
extremely low residue-residue PAE scores ( > 3 SD below mean)
were selected for further interrogation. For each patient, binding
of these pHLA complexes was tested against both TProlif_Tox TCRs
and an additional set of 25 separate patient-matched intra-
tumoral naïve TCRs.

Spatial transcriptomics
Slides were processed through the 10x Genomics gene expression
workflow, with pre-sequencing H&E imaging completed on the Key-
ence Microscope. Next, transcripts were de-crosslinked, hybridized to
a probe panel, ligation completed, and probes released for capture on
the gridded, barcoded surface of the Visium slide (CytAssist, 10x
Genomics, RRID:SCR_024570). After barcoding, the samples under-
went library preparation, amplification, and clean-up with quality
assessment, ensuring that fragments were ~240 bp. Libraries were
sequenced at the Mellowes Center Facility on the Illumina Nova-
Seq6000 with paired-end reads per the 10x Genomics protocol, and
generating 25million readpairs per spot covered by tissue. The quality
control of raw reads was processed by FastQC. Raw reads were map-
ped to the human GRCh38 reference genome with Visium Probe_-
Set_v2.0 by Space Ranger. Fiducial detection, barcode/UMI counting,
zero-count spot filtering, and normalization were also performed by
Space Ranger. Visualization was performed with 10x Loupe Browser.
Co-expression of canonical markers (CD3E, CD8A) was used to identify

transcriptomic spots containing CD8 T cells with subsequent evalua-
tion for immune checkpoint receptor (ICR) co-expression (PDCD1,
HAVCR2, LAG3, TIGIT). The spatial distribution of these co-expression
networkswas evaluated before and after radiation treatment forHyPR-
HN Patient 02.

Generation of patient-derived malignant HNSCC lines
Cell lines were directly derived from fresh patient HNSCC biop-
sies. Tumor specimens were minced and cultured such that a
broad surface of tumor was directly adherent to the culture plate.
Culture media included DMEM/F12 with 1.2 g/L sodium bicarbo-
nate and 2.5mM L-glutamine (Life Technologies, 11320033), sup-
plemented with 400 ng/mL hydrocortisone (Sigma Aldrich,
H0135), 10 µg/mL insulin (Sigma Aldrich 16634), 5 ng/mL epi-
dermal growth factor (Millipore Sigma, 01-107), and 10% FBS (Life
Technologies, A5256701). 2% antibiotic-antimycotic (Gibco,
15240062) was used to limit contamination. Bulk tumor pieces
were removed from the plate once adherent cells were estab-
lished. All cell lines were cultured in an incubator at 37 °C with 5%
CO2. Malignant populations were separated from cancer-
associated fibroblasts (CAF) through serial differential trypsini-
zation, given the absence of fully reliable surface markers for
malignant cells in HNSCC. Mixed cell lines were incubated for
approximately 2 min in the presence of TrypLE (Gibco, 12604021),
which preferentially harvests the less adherent fibroblastic
population. Since malignant HNSCC cells can lose epithelial sur-
face markers and express fibroblastic and mesenchymal
signatures82,83, serial differential trypsinization remains the most
reliable method to enrich for malignant lines while maximally
preserving tumor clonal heterogeneity.

TIL isolation
TILs were extracted from separate pieces of the same biopsy speci-
mens used to generate malignant lines. For TIL generation, fresh
HNSCC specimens were finely minced (1mm sections) and cultured.
TIL culture media included ImmunoCult XF Expansion media (Stem-
Cell Technologies, 10981), 20 ng/mL IL7 (Peprotech, 200-07-100UG)
and 20 ng/mL IL15 (Peprotech, 200-15-100UG), and 2% antibiotic-
antimycotic (Gibco, 15240062). Cultures were inoculated on Day 0
with soluble CD3/CD28 activator (StemCell Technologies, 10991).
Once expanding T cell colonies were established, T cells were enriched
with CD3 magnetic column selection (Miltenyi, 130-097-043). Once
fully expanded, TILs were then cryopreserved (CryoStor, StemCell,
07930) until patient-matched malignant lines had matured.

In vitro evaluation of the tumor-reactive potential of TProlif_Tox

To assess the tumor-reactive potential of TProlif_Tox clonotypes, we uti-
lized a patient-derived malignant cell line and autologous TILs
expanded from the P120 primary tumor biopsy. Malignant cell and TIL
isolationprocedures aredescribed above. Since expandedTILs retain a
persistently positive CD137 fraction (~5%) following non-specific CD3/
CD28 stimulation, CD137-negative TILs were first flow sorted (BD
FACSAria III) prior to co-culture. The resulting CD137-negative TIL
population was then co-cultured with patient-matchedmalignant cells
for 24 h at approximately 2:1 TIL-to-tumor ratio, without exogenous
cytokines. Following co-culture, TILs were stained with CD137 anti-
body (Miltenyi) and flow-sorted into CD137-positive and CD137-
negative populations. Both fractions underwent single-cell RNA and
TCR sequencing using the 10x Genomics platform. The resulting
sequencing datasets were processed using Cell Ranger, followed by
integration and dimensionality reduction in Seurat, as described
above. To ensure tumor-specificity and exclude TILs with weak or non-
specific TCR interactions, we identifiedCD137-positive clonotypes that
also exhibited high TNFRSF9 expression across multiple clones. These
clonotypes were then projected back onto the initial P120 primary

Article https://doi.org/10.1038/s41467-025-60827-w

Nature Communications |         (2025) 16:5660 16

www.nature.com/naturecommunications


tumor single-cell dataset to assess their in vivo transcriptional states
and tumor-reactive potential.

Circulating T cell isolation
For HNSCC patients who underwent peripheral blood sampling con-
current with biopsy, ~45mL of blood was taken. Ficoll-gradient
separation was used to isolate the buffy coat, which was aspirated.
For flow cytometry, circulating T cells were immediately processed
fresh. The remaining T cells were then cryopreserved (Cryostor) for
later analyses.

xCELLigence
Autologous adherent tumor cells derived from a HNSCC biopsy were
plated in a 96-well xCELLigence E-Plate (300601010) at 10,000 cells/
well. The plate was incubated at room temperature for 30min to
facilitate uniform immobilization of the target cells on plate bottom
and then placed in the xCELLigence instrument. Data acquisition was
initiated, and the plate was incubated at 37 °C. After 24 h, TILs were
plated in triplicate at several effector-to-target ratios. Appropriate
negative (TIL or tumor cells only) and positive (addition of Agilent
cytolysis reagent) controls were performed. After addition of the
effector cells, the plate was incubated at room temperature for 30min
to facilitate uniform distribution of the effectors. The plate was placed
back onto the xCELLigence instrument and incubated for 24 h at 37 °C
with continuous data acquisition. Data were analyzed using RTCA
Software Pro v2.3.2 and Graphpad Prism v10.0.3.

Statistics. Statistical analysis was performed using GraphPad Prism
v10.0.3, R v4.3.3, and SPSS v28.0.0. For analysis of flow cytometry and
immunofluorescence data multiple T-tests with Holm-Sidak’s multiple
comparison correction were used to analyze differences between
groups. Differential gene expression analyses between single-cell
clusters were performed in Seurat using the Wilcoxon Rank-Sum
Test and MAST, as described.

To evaluate the influence of clinical and tumor characteristics on
CD8 T cell density (cells/mm²), a multivariable linear regression ana-
lysis was conducted. Independent variables included gender, smoking
history, ACE27 comorbidity score, prior treatment history (de novo vs
radiation recurrence), tumor site category, T stage, and N stage. To
assess potential collinearity, variance inflation factors were examined.
Model significance was determined using an F-test, while individual
predictor significance was assessed via t-tests, with p < 0.05 con-
sidered statistically significant. Residual plots and collinearity diag-
nostics were reviewed to confirm the appropriateness of the model.

For evaluation of the strength of the predicted binding affinity
between identified TProlif_Tox pHLA:TCR pairs, we first isolated pHLAs
where a TProlif_Tox TCR exhibited high predicted binding affinity, defined
as a PAE_SD score more than 3 standard deviations below the mean (<
−3 SD). For each such pHLA complex, the candidate TCR was defined
by the lowest PAE_SD score among the TProlif_Tox TCRs. To assess whe-
ther such an extreme binding score was an outlier, we employed a
bootstrap resampling approach. Specifically, for each pHLA complex,
we constructed a control group comprising 25 intra-tumoral naive-like
TCRs together with all other TProlif_Tox TCRs for that complex (i.e.,
excluding the candidate extreme binder). Within each pHLA complex,
we performed 10,000 bootstrap replicates by sampling with replace-
ment from the control group and, for each replicate, recording the
lowest PAE_SD scores. This bootstrap procedure generated an
empirical null distribution of extreme binding scores. The 95% con-
fidence interval for the minimum PAE_SD was calculated using the T
distribution. The empirical p-value was then calculated using this same
T distribution.

Study approval. Prospective tumor registry activities were approved
by theMCW Institutional Review Board (approval PRO00040992) and

the Institutional Biosafety Committee (approval IBC20210026). The
HyPR-HN clinical trial (NCT05538533), including all tissue biopsies and
handling, was approved by the MCW Institutional Review Board
(approval PRO00044863). Specifically, the approved protocol allows
for publication of translational data from initial dose levels, prior to full
study completion and endpoint reporting. All recruited volunteers
provided written informed consent to participate in biospecimen
sampling and analysis.

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

Data availability
All bulk and single-cell sequencing datasets generated in this study
have been deposited in the Gene Expression Omnibus database under
the GSE280982, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc
=GSE280982. Details of external datasets re-analyzed in this study are
listed in Supplementary Table 6. Values for all data points in plots and
gene expression profiling are reported in the Supporting Data Values
file. Raw flow cytometry and immunohistochemistry files have been
deposited in the Zenodo repository (10.5281/zenodo.15258024 and
10.5281/zenodo.15265351). All unique biological materials in this study
are available upon request from academic researchers, provided
appropriate data transfer agreements are established. The raw num-
bers for charts and graphs are available in the Source Data file when-
ever possible. Source data are provided with this paper.

Code availability
CustomR code used for analyses of these datasets has been deposited
in the Zenodo repository (https://doi.org/10.5281/zenodo.15258024).
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