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IL-12 drives the expression of the inhibitory
receptor NKG2A on human tumor-reactive
CD8 T cells

Olivier Fesneau, Kimberly A. Samson , Wesley Rosales , Bretton Jones,
Tarsem Moudgil, Bernard A. Fox , Venkatesh Rajamanickam &
Thomas Duhen

Blockade of NKG2A/HLA-E interaction is a promising strategy to unleash the
anti-tumor response. Yet the role of NKG2A+ CD8 T cells in the anti-tumor
response and the regulation ofNKG2A expression onhuman tumor-infiltrating
T cells are still poorly understood. Here, by performing CITE-seq on T cells
derived from head and neck squamous cell carcinoma and colorectal cancer,
we show that NKG2A expression is induced on CD8 T cells differentiating into
cytotoxic, CD39+CD103+ double positive (DP) cells, a phenotype associated
with tumor-reactive T cells. This developmental trajectory leads to TCR
repertoire overlap between the NKG2A– and NKG2A+ DP CD8 T cells, sug-
gesting shared antigen specificities. Mechanistically, IL-12 is essential for the
expression of NKG2A on CD8 T cells in a CD40/CD40L- dependent manner, in
conjunction with TCR stimulation. Our study thus reveals that NKG2A is
induced by IL-12 on human tumor-reactive CD8T cells exposed to a TGF-β-rich
environment, highlighting an underappreciated immuno-regulatory feedback
loop dependent on IL-12 stimulation.

We andothers have shown that the CD8+ T cell infiltrate in human solid
tumors is heterogenous, and consists of bystander T cells, tissue
resident T cells and tumor-reactive T cells1–3. The latter, which are
characterized by the co-expression of the cell surface markers CD39
andCD103 (DPCD8), are themain effectorsof the anti-tumor response
due to their capacity to recognize directly tumor antigens presented
by MHC class I molecules at the surface of tumor cells4–6. However,
their chronic stimulation in the tumor microenvironment (TME) can
lead to the sustained expression of immune-regulatorymolecules such
as PD-1, CD39 and CTLA-4 (among others) that negatively impact their
cytotoxic abilities, which can be further impaired by the presence of
local soluble factors such as transforming growth factor beta (TGF-
β)7,8. Therefore, identifying strategies to unleash tumor-reactive T cells
and thus restore and enhance the anti-tumor response has been a
central goal to improve patient survival.

In that context, the targeting of the immune checkpoint mole-
cules PD-1 / PD-L1 or CTLA-4 has led to dramatic responses in some

patients with metastatic cancers who had failed previous
treatments9–11. However, responses have been observed primarily in
cancers with high mutation load, such as melanoma, non-small cell
lung cancer, and mismatch repair deficient (MMR-d) cancers, indicat-
ing a need for more effective therapies alongside clinically relevant
biomarkers to stratify and improve treatment outcomes for patients.
The absence of response to immunotherapy suggests that, for most
cancers, multiple layers of inhibitory mechanisms exist and over-
coming those hurdles will likely require targeting more than one
pathway to restore a potent anti-tumor response.

Preclinicalmodels have shown that blockade of the NKG2A/HLA-E
pathway in combination with a cancer vaccine or an anti-PD-L1 block-
ing antibody might be a promising approach to improve patient’s
response to immunotherapy and this strategy is currently being eval-
uated in cancer patients6,12,13. NKG2A, a member of the killer immu-
noglobulin receptor (KIR) family, is an inhibitory receptor12,14,15. It
forms a heterodimer with CD94, which is expressed at the surface of
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the cells. The ligand for NKG2A is the unconventional MHC-I molecule
HLA-E16 expressed at low levels in normal tissue, but that can be
overexpressed in various cancers17. HLA-E expression is associated
with worse prognosis in patients with breast cancer, colorectal cancer
(CRC), non-small cell lung cancer, head and neck squamous cell car-
cinoma (HNSCC) and gynecological cancers18–20.

In contrast to other checkpoint molecules, NKG2A is expressed
primarily by cytotoxic effectors of the anti-tumor response such as NK
cells, CD8 αβ T cells, and γδ T cells21–27, thus limiting the potential off-
target effects when pursuing NKG2A blockade as treatment. To take
full advantage of this pathway, key questions regarding the nature of
theNKG2A-expressingCD8T cells, their spatial distribution in the TME
and the signals that drive NKG2A expression on CD8 T cells need to be
clarified. Indeed, the absence of NKG2A upregulation on naïve CD8
T cells after TCR stimulation and exposure to TGF-β (our preliminary
data) implies that other requisite signals need to be identified. Our
study reveals thatNKG2A is expressedon tumor-infiltratingCD8Tcells
(CD8 TILs) with a high cytotoxic potential and those cells recognize
tumor antigens, highlighting the potential value of targeting them in
patients. Furthermore, our results identify IL-12 as a key cytokine in the
induction of NKG2A expression on CD8 T cells in the TME, demon-
strating a previously underappreciated immuno-regulatory feedback
loop dependent on IL-12 stimulation.

Results
Tumor-infiltrating NKG2A+CD8 T cells are prominent among
cells with a tumor-reactive phenotype
We first analyzed the expression of NKG2A on CD8 T cells in the blood
and tumor of patients with HNSCC and CRC by high dimensional flow
cytometry (Suppl Fig. 1). We observed that, while NKG2A+ CD8 T cells
were present in the periphery, there was a higher frequency of those
cells in the tumor for both cancers (Fig. 1a and b and Suppl Fig. 2a and
b). To explore the nature of NKG2A+ CD8 T cells further, we examined
the expression of CD39, CD103 and other cell surface markers asso-
ciated with costimulation, memory, tissue residency and activation/
exhaustion. This approach led to the manual identification of five
subsets of NKG2A+ CD8 T cells, two in the blood (B1 and B2) and three
in the tumor (T1, T2, andT3) inpatientswithHNSCCandCRC (Fig. 1c, d
and e and Suppl Fig. 2c, d and e). An additional subset that co-
expressed CD103 was detected in the blood but was not further ana-
lyzed due to its very limited presence. The two subsets in the blood
lacked CD39, CD103, PD-1 and CD69 and differed based on the
expression of CD28, CD127 andCD45RA (Fig. 1f and Suppl Fig. 2f). Cells
in the B1 subset displayed a phenotype reminiscent of terminally dif-
ferentiated effectormemoryTcells (or TEMRA). In contrast, cells in the
B2 subset resembled memory CD8 T cells. The composition of
NKG2A+ CD8 T cells in tumorwasmore heterogeneous. The subsets T1
and T2 expressed CD103 and CD69, markers of tissue resident cells,
but differed for most of the remaining markers. Cells in the T1 subset
showed high levels of CD39 and PD-1, a phenotype of tumor-reactive
CD8 T cells, also associated with T-cell exhaustion1,4,5. Cells in the
T2 subset displayed intermediate levels of PD-1 and expressed het-
erogenous levels of CD39, CD28, and CD127, a phenotype consistent
with tissue resident memory T cells28–30. Cells in the T3 subset lacked
both CD39 and CD103 and more closely resembled cells from the
B2 subset in the blood. Based on our results, T1 cells had a phenotype
consistent with DP CD8 (CD39+ CD103+ ), while T2 cells and T3 cells
sharedphenotypic characteristicswith SPCD8 (CD39−CD103+ ) andDN
CD8 (CD39−CD103−) TILs, respectively. Next, we analyzed the propor-
tion of DN, SP and DP CD8 in NKG2A− and NKG2A+ CD8 TILs in HNSCC
and CRC tumors (Fig. 1g and Suppl Fig. 2g). This analysis revealed
statistically significant differences between NKG2A− and NKG2A+ CD8
TILs, with NKG2A− cells containing primarily DN CD8 T cells while
NKG2A+ cells were enriched in DP CD8 T cells. Interestingly, tumors
from patients with human papilloma virus (HPV)-driven HNSCC

demonstrated a significantly lower frequency of NKG2A+ cells in DP
CD8 TILs as compared to HPV-negative HNSCC tumors (Fig. 1h).
Altogether, our results indicate that in HNSCC andCRC tumorsNKG2A
is mainly expressed by DP CD8 TILs.

NKG2A+DP CD8 TILs are terminally differentiated and tran-
scriptionally distinct from NKG2A− DP CD8 TILs
To further understand the biology of NKG2A+ CD8 T cells in tumors,
we sorted the CD3+ T cells from6 patients withHNSCC and 5 patients
withMMR-p CRC and analyzed their transcriptomes at the single cell
level by performing cellular indexing of transcriptomes and epitopes
(CITE-seq). Using barcoded antibodies specific for CD8, CD39 and
CD103, we identified the three main CD8 TIL subsets, namely
CD39−CD103− (DN CD8), CD39−CD103+ (SP CD8) and CD39+ CD103+

(DP CD8) recapitulating our previous observations by flow
cytometry1 (Fig. 2a and Suppl Fig. 3a). This approach, combined with
the unsupervised clustering of the cells (RNA + ADT), identified a
degree of heterogeneity among the three CD8 T cell subsets (Fig. 2b
and c and Suppl Fig. 3b and c). In the HNSCC dataset, each
CD8 subset comprised multiple subclusters; DN CD8 were enriched
in clusters 0, 3 and 5, SP CD8 enriched in clusters 1, 4 and 6 and DP
CD8 enriched in clusters 2 and 7. This was corroborated by gene
expression signatures associated with each cluster. Within the DN
CD8, cluster 3 exhibited a gene signature associated with naïve/
central memory CD8 T cells (LEF1, KLF2, TCF7), and clusters 0 and 5
expressed genes characteristic of CD8 T effector memory (TEM)/
terminally differentiated effector memory (TEMRA) cells such as
KLRG1, EOMES and GZMK. SP CD8 clusters displayed high expression
of ITGAE (CD103), ZNF683 (encoding Hobit), and IL7R and low
expression of KLF2, a gene expression pattern consistent with tissue
resident memory T cells. In contrast, DP CD8 TIL clusters (2 and 7)
demonstrated high expression of genes expressed by activated/
exhausted T cells (such as ENTPD1 and PDCD1), indicative of chronic
TCR stimulation in the tumor, but also high expression of KLRC1
(NKG2A). The analysis of our CRC dataset also demonstrated a
degree of heterogeneity among the CD8 T cell subsets, with SP CD8
composed of clusters 2 and 4, and DP CD8 enriched in clusters 1, 3, 5
and 6. DN CD8 T cells were the only subset represented by a unique
cluster, namely cluster 0 (Suppl Fig. 3b and c).

To understand the differentiation trajectories of CD8 T cells in
the TME, we first assessed the expression signatures of naïve/TCM
and activated/exhausted T cells for each cluster. For the HNSCC
dataset, this analysis identified cluster 3 as the least differentiated
cells (highest naïve/TCM score) while clusters 2 and 7 contained
highly differentiated cells (highest activation/exhaustion score)
(Fig. 2d). RNA velocity, which predicts the progression of a current
cellular state toward a future state based on RNA splicing, further
supported cluster 3 as an initial state and revealed twomain terminal
states, one in cluster 6 (SP CD8) and one in cluster 7 (DP CD8)
(Fig. 2e, f and g). Of note, cluster 4 might represent a transitionary
state from which cells can differentiate into SP CD8 or DP CD8. The
gene expression analysis over latent time for the lineage 7 trajectory
revealed a rapid downregulation of “naïve/memory” genes such as
SELL, LEF1, TCF7 and an increase in genes associated with tissue
residency (ITGAE) and activation/exhaustion (PDCD1, CTLA4,
HAVCR2, ENTPD1, TOX) (Fig. 2h and i). Interestingly, we observed an
increase in effector genes such as GMZK and EOMES which were
downregulated as cells further differentiated. Most importantly,
progression over latent time correlated with increase in KLRC1
(NKG2A) expression, together with effector genes (IFNG, GZMB,
GNLY). Using a similar approach for the CRC dataset, we identified
cluster 0 as the initial state and two main terminal states, one in
cluster 2 (SP CD8) and one in cluster 3 (DP CD8) (Suppl Fig. 3d, e, f
and g). The gene expression analysis over latent time for the lineage
3 trajectory also revealed a rapid downregulation of naïve/memory
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genes and the increase in genes associated with tissue residency and
activation/exhaustion. Importantly, the increase in KLRC1 (NKG2A)
expression also correlated with an increase in effector genes in that
dataset (Suppl Fig. 3h and i). Overall, our analysis revealed that in the
tumor, the NKG2A+ DP CD8 are terminally differentiated and exhibit
a high cytotoxic potential.

NKG2A+DP CD8 TILs are enriched in the tumor intraepithelial
compartment
We and others have previously shown that CD103+ CD8 TILs are
enriched in the tumor intraepithelial compartment (TIC) where they
can directly recognize and kill tumor cells1,4,5,31–35. Because NKG2A
expression on DP CD8 TILs correlates with late-stage differentiation
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Fig. 1 | NKG2A+ cells are enriched in CD103+ CD39+ (DP) CD8 T cells in HNSCC
tumors. a Flow cytometry analysis and (b) summary of NKG2A expression by CD8
T cells from the blood and the tumor of HNSCC patients (n = 25). c Unsupervised
clustering of blood (red) and tumor-infiltrating (cyan) CD3+ CD8+ T cells isolated
from 13 HNSCC patients. d Normalized expression of CD103, CD39 and NKG2A on
CD8 T cells from blood and tumor. e NKG2A expression on blood and tumor CD8
T cells (positive cells are shown as red dots), with B1 and B2 representing subsets of
NKG2A+ cells in theblood, andT1, T2andT3 representing subsets ofNKG2A+ cells in

the tumor. f Phenotype of the different subsets of NKG2A+ CD8 T cells (n = 13).
g Frequency of DN (CD39−CD103− ), SP (CD39−CD103+ ) and DP (CD39+ CD103+ )
cells among NKG2A− (left) and NKG2A+ (right) CD8 TILs in HNSCC patients (n = 25).
h Summary of the expression of NKG2A by DP CD8 TILs in HPV− (n = 23) and HPV+

(n = 18) HNSCC patients. Horizontal lines indicate the mean ± SEM. NS= not sig-
nificant; p-values were determined by paired 2-tailed t test (b), by one-way analysis
of variance with Tukey’s post hoc testing (g), or unpaired 2-tailed t test (h).
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Fig. 2 | CD8 TILs are heterogenous and contain a subset of cytotoxic cells
expressing NKG2A. a Gating strategy of CD8 T cells (left) and CD8 T cell subsets
(right) using CITE-seq antibodies. b Unsupervised clustering of CD8 T cells from
TILs (left) and projection of the 3 CD8 subsets identified in (b) onto the UMAP plot
(right) (n = 6 HNSCC patients). c Normalized expression of selected markers
defining tumor CD8 T cell clusters. d Naïve/TCM and Activation/exhaustion scores
for each cell cluster. e RNA velocity of CD8 T cells projected on the UMAP plot.

Arrows indicate the putative differentiation direction. Arrow sizes indicate the
magnitude of predicted directionality. f Highlight of the cells most confidently
assigned to each initial and terminal state on the UMAP. g Diffusion map of cells
colored by CD8 subsets and microstates. h Gene expression dynamics of differ-
entially expressed genes ordered along the latent time inferred by RNA velocity
for the lineage 7. i Smoothed gene expression trends in pseudotime for the
lineage 7.
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and a high cytotoxic potential, we hypothesized that NKG2A+ DP CD8
T cells might be enriched in the TIC where they could directly
interact with tumor cells. To address that, tissue sections from
patients with HNSCC and CRC were stained for CD39 and NKG2A
(RNA) and CD8 (protein). While most CD8 T cells were detected in
the tumor stroma, some CD8 T cells were also present in the TIC
(Fig. 3a, b and c). CD8 T cells present in the TIC were more prone to
express CD39 (Fig. 3d), and we observed an enrichment of NKG2A+

cells among CD8+ CD39+ T cells in the TIC as compared to
CD8+ CD39+ T cells in the stroma (Fig. 3 e).

TCR repertoire overlap between NKG2A− and NKG2A+DP CD8
TILs suggests a shared origin
Thus far, our results suggest that NKG2A is induced on CD8 TILs as
they differentiate along the DP CD8 pathway. If that assumption is
correct, the TCR repertoire of NKG2A− and NKG2A+ DP CD8 should
display some similarity. To address this, we performed a quantitative
assessment of TCRβ clonotypes by deep sequencing of blood
memory CD8 T cells, DN CD8, SP CD8, NKG2A− DP CD8 and
NKG2A+ DP CD8 TILs directly ex vivo. Our results revealed that, while
the TCR repertoire of NKG2A+ DPCD8TILs showed little overlapwith
the TCR repertoire of blood memory CD8 T cells, DN CD8 and SP
CD8 TILs, approximately half of its TCRβ clonotypes were shared
with NKG2A− DP CD8 TILs (Fig. 4a). Calculation of theMorisita index,
an abundance-based similarity index that determines the overlap
between 2 cell populations, confirmed the high degree of overlap
among TCRβ clonotypes in NKG2A− andNKG2A+ DP CD8TILs but not
with the other CD8 TILs (Fig. 4b). Of note, most shared TCRβ clo-
notypes were present at comparable frequencies between NKG2A−

and NKG2A+ DP CD8, only a minority of shared TCRβ clonotypes
expanded in one subset and not the other (Fig. 4c). Hence, our
results support a common origin for both NKG2A− and NKG2A+ DP
CD8 TILs.

NKG2A− and NKG2A+DP CD8 TILs recognize the same tumor
antigens
Given the overlap in their TCR repertoire, we investigated whether
NKG2A− and NKG2A+ DP CD8 TILs recognized the same or distinct
tumor antigens. First, we determined their capacity to recognize
the E proteins of HPV16 in HPV+ HNSCC patients. NKG2A− and
NKG2A+ DP CD8 TILs were sorted and expanded in vitro, and anti-
gen reactivity was measured by 4-1BB up-regulation1,36–38 after
coculture with APCs electroporated with RNA encoding for E2, E5,
E6 and E7 from HPV16 (Suppl Fig. 4a). Of note, phenotypic analysis
of the expanded cells revealed that NKG2A expression was stable
and was not induced by in vitro expansion (Suppl Fig. 5a and b).
Using this approach, we found that reactivity to E6 was dominant
and detected in 5/6 patients whereas reactivity to E2 and E7 was
present in 3/6 and 1/6 patients, respectively (Fig. 5a and b and Suppl
Fig. 6a). We did not detect any reactivity to E5 in our patient cohort.
In accordancewith the TCR repertoire analysis, HPV-reactive T cells
were observed in both subsets although at varying frequencies.
Furthermore, using overlapping single peptides for HPV16 E6, we
showed for one patient that NKG2A− and NKG2A+ DP CD8 TILs
recognized the same E6 peptide (Fig. 5c and Suppl Fig. 6b). We also
compared NKG2A− and NKG2A+ DP CD8 TILs for their capacity to
recognize tumor-specific somatic mutations for one HNSCC and
one CRC patient. After whole exome sequencing and RNA sequen-
cing of the patient’s tumor, we assessed the reactivity of DP CD8
TILs against the identified mutations. Following this approach, we
identified T-cell reactivity against two somatic mutations. For the
HNSCC patient, DP CD8 TILs recognized a mutation in NOTCH1
while in the CRC patient a mutation in HEATR5A was recognized
(Fig. 5d and Suppl Fig. 6b). Importantly, those two neoantigens
were recognized by NKG2A− and NKG2A+ DP CD8 TILs. Altogether,

our results indicate that both populations contain cells that can
recognize the same antigens.

NKG2A upregulation by CD8 T cells requires signals from CD4
T cells and MHC class II+ cells
Both trajectory and TCR repertoire analyzes suggest that tumor-
reactive CD8 T cells acquire NKG2A while in the tumor. Thus, we
sought to identify the factors driving its expression on CD8 T cells.
Previous work had shown that NKG2A expression on CD8 T cells
required TCR stimulation in the presence of TGF-β 39,40. Those results
were obtained by stimulating PBMCwith staphylococcal enterotoxin B
(SEB) and exogenous TGF-β as shown in Fig. 6a, and the level ofNKG2A
expression correlated with the SEB concentration (Suppl Fig. 7a). We
obtained similar results with CytoStim but not with the mitogen phy-
tohemagglutinin (PHA) reflecting the fact that different T cell activa-
tors trigger distinct signaling pathways (Fig. 6a and b and Suppl.
Figure 4b). Stimulation of PBMCswith SEB andTGF-β also led to strong
up-regulation of CD39 (Suppl Fig. 7b) and PD-1 (Suppl Fig. 7c). To
refine this analysis, we stimulated sorted naïve CD8 T cells (NKG2A−)
(Suppl Fig. 4c) with CD3/CD28 beads with or without TGF-β and ana-
lyzed NKG2A expression after 8 days of culture. Surprisingly these
conditions did not lead toNKG2A induction onCD8T cells, despite the
cells being activated (Fig. 6c and d) and responsive to TGF-β as illu-
strated by CD103 up-regulation (Suppl Fig. 7d). Mechanistically, SEB
triggers polyclonal stimulation by binding both the TCR and CD28 on
T cells and MHC class II and B7 molecules on APCs41. Thus, additional
factor(s) produced by myeloid cells and CD4 T cells might be
responsible for the induction of NKG2A on CD8 T cells. To address
that, we evaluated the role of these two cell types on NKG2A expres-
sion. First, we showed that depletion of CD4 T cells prior to SEB sti-
mulation led to reduced expression of NKG2A on CD8 T cells but had
no impact on their activation as demonstrated by CD25 expression
(Fig. 6e and f). We also assessed the contribution of each cell type on
NKG2A expression by incubating sorted naïve CD8 T cells together
with autologous CD4 T cells, monocytes, or both in the presence of
SEB with or without TGF-β (Suppl. Figure 4c and d). While the addition
of monocytes and TGF-β led to some upregulation of NKG2A on CD8
T cells, the highest levels of NKG2A expression were observed when
both CD4 T cells and monocytes were present in the culture (Fig. 6g).
Of note, the limited effect of TGF-β observed here might be due to
endogenous TGF-β secretion by monocytes as demonstrated by
CD103 up-regulation on CD8 T cells (Suppl Fig. 7e). Overall, our results
showed that TCR stimulation and TGF-β are not sufficient to induce de
novo expression of NKG2A on CD8 T cells; monocytes and CD4 T cells
provide required signals for its expression.

IL-12 is essential to induce NKG2A expression on CD8 T cells
To identify the factor(s) that induceNKG2A expression on CD8 T cells,
we developed a two-step in vitro assay to mimic the priming of CD8
T cells in the tumor-draining lymph node followed by their restimu-
lation in the TME after migration via the blood. CD8 T cells were sti-
mulated for 24 h with CD3/CD28 beads, at which point the beads were
removed and the cells were kept in culture for 2 more days before
restimulation with CD3/CD28 beads in the presence of various cyto-
kines known to be secreted by activated monocytes. This approach
identified IL-12 as the only cytokine that inducedNKG2A expression on
CD8 T cells, which was further increased by TGF-β (Fig. 7a and b and
Suppl Fig. 4e). IL-12 also promoted CD8 T cell activation as illustrated
by higher expression of CD39 on the cell surface (Suppl Fig. 8a, b) as
shown recently42. To determine if IL-12 was involved in SEB-induced
NKG2A up-regulation, we cultured PBMC with SEB in the presence or
absence of an anti-IL-12p70 neutralizing antibody (Ab). Addition of the
anti-IL-12p70 Ab significantly reduced NKG2A expression by CD8
T cells, supporting a role for IL-12 in SEB-mediated NKG2A expression
on CD8 T cells (Fig. 7c and d). Because optimal secretion of IL-12 is
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dependent on the CD40/CD40L pathway during CD4 T cell/APC
interaction43,44, we repeated the experiment in the presenceor absence
of an anti-CD40 Ab. Our results showed that CD40 blockade also
impaired NKG2A expression in response to SEB (Fig. 7c and d) and this

correlated with reduced secretion of IL-12 in the culture supernatant
(Fig. 7e).We also evaluated the ability of IL-12 to up-regulate NKG2A on
“terminally differentiated” tumor-reactive NKG2A− DP CD8 TILs after
peptide-mediated TCR stimulation. First, NKG2A− DP CD8 T cells
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isolated fromapatient’s tumorwere culturedwith their cognate tumor
peptide and the reactive T cells (identified by 4-1BB up-regulation)
were sorted and expanded in vitro. The resulting peptide-specific
NKG2A− DP CD8 T cells were then cultured with an HLA-matched
tumor cell line pulsed with the cognate peptide in the presence or
absence of exogenous IL-12. Under those culture conditions, the
expression of NKG2A on CD8 T cells was induced only when exogen-
ous IL-12 was present (Fig. 8a and b).

Finally, we inquired whether IL-12-expressing cells could be
detected in the TMEand determined their location in relation to CD8T
cells. To do so, we stained tumor tissue sections with IL12B and TGFB1
RNAscopeprobes and aCD8antibody. IL12BmRNAwasdetected in the
TME, although in a small number of cells, and those cellswere localized
in the tumor stroma near the invasive margin (Fig. 8c). Interestingly,
our results indicate that CD8 T cells can be found close to IL-12+ cells in
a TGF-β-rich environment, consistent with the NKG2A-promoting cul-
ture conditions we identified (Fig. 8d). Altogether, our results suggest
that IL-12 plays a central role in the induction of NKG2A on CD8 T cells
following TCR stimulation.

Discussion
In this study, we showed that NKG2A is expressed by some tumor-
reactive CD8 T cells and identified IL-12 as a key cytokine required for
its induction. NKG2A expression was not restricted to a specific CD8 T

cell subset in tumors. However, the dominant population of NKG2A+

cells resembled the previously identified CD39+ CD103+ DP CD8 TILs1.
Our analysis revealed that NKG2A expression by CD8 T cells increased
as the cells differentiated into DP CD8 and acquired a cytotoxic
potential. As a result, there was a high degree of shared TCR clono-
types among NKG2A− and NKG2A+ DP CD8 TILs which correlated with
recognition of some of the same tumor antigens. Interestingly, we
found that TCR stimulation in the presence of TGF-β, two signals
known to drive NKG2A expression, were not sufficient to induce
NKG2Aexpression onnaïveCD8T cells. Instead,wedemonstrated that
NKG2A expression required additional signals provided by APCs and
CD4 T cells. We identified IL-12 secreted by APCs as a key cytokine in
this process.

The rationale for NKG2A blockade in cancer patients rests on
inhibition of the negative effects of HLA-E/NKG2A interactions. How-
ever, NKG2A expression by tumor-reactive CD8 T cells has been pre-
sumed but not yet demonstrated. Here, we report that NKG2A is
expressed predominantly by cells of the DP CD8 phenotype, known to
be enriched in cells that recognize tumor-associated and tumor-
specific neoantigens1. Furthermore, theseNKG2A+ DPCD8T cells hada
high cytotoxic potential andwere enriched in the tumor intraepithelial
compartment in contact with tumor cells. Thus, anti-NKG2A blocking
antibodies could reduce this inhibitory signal on tumor-reactive T cells
under conditions in which the tumor cells or APCs express HLA-E and

Fig. 4 | The TCR repertoire of NKG2A+DP CD8 overlaps with NKG2A−DP CD8
T cells. a Circos plot of unique productive TCRβ nucleotide sequence for each of
the indicated cell populations. Connections highlight sequences from NKG2A+ DP
CD8 found in the other CD8 T cell populations. The number of shared sequences is
indicated. b Similarities between the TCR repertoires of the different CD8 T cell
subsetsweremeasuredusing theMorisita-Horn index. c Scatter plot comparing the

TCR repertoire of NKG2A− and NKG2A+ DP CD8 TILs. Each dot represents a unique
TCR clonotype. Dots on either axis indicate clonotypes detected within a single
repertoire; purple dots indicate clonotypes shared between the two CD8 T cell
populations. This analysis was performed for 2 patients with HNSCC and 2 patients
with CRC.
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Fig. 5 | Tumor antigen-reactive T cells are present in both NKG2A− and
NKG2A+ DP CD8 TILs. a In vitro expanded CD8 TILs were cocultured with auto-
logous APCs electroporated with the indicated HPV16 E constructs. T cell reactivity
was assessed by 4-1BB upregulation after 20hours of culture. Data for one repre-
sentative patient with HPV+ HNSCC are shown. b Summary of the reactivity of
NKG2A− and NKG2A+ DP CD8 TILs to HPV16 E proteins for 6 patients with
HPV+ HNSCC, asmeasuredby 4-1BBupregulation. Thecolors in the heatmap legend

represent the frequencyof 4-1BB+ cells. cNKG2A− andNKG2A+ DPCD8TILs isolated
from one HPV+ HNSCC patient were cultured with autologous APCs pulsed with
DMSO or the peptide 14 of the HPV16 E6 peptide pool and reactivity wasmeasured
by 4-1BB upregulation. d NKG2A− and NKG2A+ DP CD8 TILs isolated from one
HNSCC patient (left) and one CRC patient (right) were cultured with autologous
APCs pulsed with DMSO or the indicated mutated peptide and reactivity was
measured by 4-1BB upregulation.
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Fig. 6 | Induction of NKG2A by CD8 T cells requires additional signals besides
TCR stimulation and TGF-β. a Flow cytometry analysis of one representative
donor and (b) summary of NKG2A expression by CD8 T cells following PBMC
stimulation with SEB (n = 9), Cytostim (n = 3) or PHA (n = 7) in the presence or
absence of TGF-β. c Flow cytometry analysis and (d) summary of NKG2A and CD25
expression on sorted naive CD8 T cells stimulated with CD3/CD28 beads in the
presence or absence of TGF-β (n = 5). e Flow cytometry analysis and (f) summary of
NKG2A expression by CD8 T cells after stimulation of PBMCs or CD4-depleted

PBMCs with SEB in the presence or absence of TGF-β (n = 5). g Summary of NKG2A
expression on sorted naive CD8 T cells after coculturewith autologous CD4T cells,
monocytes or CD4 T cells +monocytes in the presence of SEB with or without TGF-
β (n = 5). All flow analyzes were performed after 8 days of culture. b, d, f, gData are
from distinct healthy donors. Horizontal lines indicate the mean± SEM. NS= non-
significant; p-values were determined by one-way ANOVA with Tukey’s post hoc
test (d, g) and by paired 2-tailed t test (f).
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thereby restore or improve tumor cell killing. Of note, the proportion
of NKG2A+ cells among DP CD8 TILs varied between patients, sug-
gesting that selection ofpatientswith high frequencies of NKG2A+ cells
might improve outcome for NKG2A blockade in cancer patients.
Interestingly, phenotypic analysis revealed that HPV+ HNSCC tumors
have a low frequency of NKG2A+ cells within DP CD8 TILs, which could
limit the impact of NKG2A blockade in this patient group. The differ-
ence in NKG2A expression by DP CD8 TILs in HPV− and HPV+ HNSCC

tumorsmight be linked to differences in the immune cell composition
in the TME45, resulting in unique secretome patterns. However, future
studies would need to be performed to validate this hypothesis.

Another important aspect of our work relates to the stability of
NKG2A on CD8 T cells. We observed that following in vitro polyclonal
T-cell expansion the majority of NKG2A+ DP CD8 TILs maintained
NKG2A expression. This is not unique to CD8 T cells as the stability of
NKG2A expression had also been demonstrated on γδ T cells24. The

Fig. 7 | IL-12plays a central role in the inductionofNKG2AonCD8Tcells.Sorted
naïve CD8 T cells were activated with CD3/CD28 beads for 24 hours, rested for
2 days and restimulated with CD3/CD28 beads for 8 days in the presence of the
indicated cytokines with or without TGF-β. aData from a representative donor and
(b) summary of NKG2A expression after 8 days of culture are shown (n = 5).
c Expression of NKG2A by CD8 T cells after stimulation of PBMC with SEB in the
presence of isotype control, α-IL-12p70 Ab, α-CD40 Ab or both. Data from one

representative donor are shown. d Summary of (c) (left) and percentage inhibition
of NKG2A expression by CD8 T cells in the different culture conditions (right)
(n = 4). eDetection of IL-12p70 in the culture supernatants of PBMCs stimulated for
3 days with SEB in presence or not ofα-CD40Ab (left) and percentage inhibition of
IL-12p70 secretion (right) (n = 3). b, d, e Data are from distinct healthy donors.
Horizontal lines indicate the mean ± SEM. NS= non-significant; p-values were
determined by one-way ANOVA with Tukey’s post hoc test (b, d, g).
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stable expression of this inhibitory receptor on tumor-reactive CD8
T cells could affect their cytotoxic function12,14 and reduce the efficacy
of adoptive T cell therapy should tumor cells express high levels of
HLA-E. To overcome this barrier, one might consider knocking down
NKG2A expression prior to adoptive transfer using a lentiviral or a
CRISPR approach. Another strategy would be to combine adoptive T
cell therapy with NKG2A blockade. Of course, NKG2A is only one of
many inhibitory receptors expressed by DP CD8 TILs and unleashing
their full potential might require targeting multiple pathways.

Analysis of the TCR repertoire of NKG2A− and NKG2A+ DP CD8
TILs revealed a high level of shared TCRβ clonotypes, demonstrating a
common origin of the two subsets. Furthermore, single cell gene

expression and trajectory analysis suggest that upregulation ofNKG2A
on CD8 TILs occurs as they develop into DP CD8 T cells. Together,
these results indicate that signals present in the TME can influence the
development of tumor-reactive T cells, resulting in phenotypic dif-
ferences that can affect their function. Such differencesmight reflect a
degree of heterogeneity in the TME and the presence of distinct
niches. Identification of those niches and analysis of the spatial dis-
tribution of tumor-reactive T cells within the TME might provide new
strategies to treat cancer patients.

In contrast with previous studies, we found that TCR activation
and TGF-β were not sufficient to induce NKG2A expression by naïve
CD8 T cells39,40, which suggested that other signals were required.
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Among the multiple cytokines tested, only IL-12 was able to induce
NKG2A expression on naïve CD8 T cells in conjunction with TCR sti-
mulation. Our results are in accordance with previous studies showing
a role for IL-12 in increasing NKG2A expression on human NK cells46,47

and CD8 T cells48, and further support a central role for IL-12 in that
process. Ourwork established thatNKG2A upregulation in response to
SEB depends on CD4 T cells and APCs. More precisely, we found that
IL-12 secretion by APCs, which is potentiated by the CD40/CD40L
pathway, participated in NKG2A expression. The effect of IL-12 on
NKG2A expression was also demonstrated on NKG2A− DP CD8 T cells
isolated from tumors. Analysis of the TME revealed that only a small
number of cells in the TME produce IL-12 and those cells are located
near the invasive margin of the tumor where CD8 T cells are present.
These cells might correspond to the population of IL-12-producing
dendritic cells identified by Garris et al. in a mousemodel of CRC49 but
their identity will need to be confirmed in future experiments.

IL-12 is a proinflammatory cytokine known to promote Th1
responses and CD8 T cell differentiation into cytotoxic effector cells
which are essential to clear viral infections50–52 and induce tumor
regression53,54. For this reason, IL-12 delivery to the tumor to boost the
anti-tumor immune response while avoiding systemic toxicity is an
active field of research. However, our data suggest that, in addition to
its key role as promoter of cytotoxic immune responses, IL-12 can also
induce the expression of immunoregulatory molecules that could
negatively impact the response. Indeed, we showed that IL-12 induces
NKG2A expression on CD8 T cells but also increases the expression of
CD39, an ectonucleotidase that participates in the degradation of ATP
into adenosine, a potent immunosuppressive metabolite55. Induction
of those molecules by IL-12 might participate in a negative feedback
loop to prevent overactivation of the immune system but can antag-
onize the anti-tumor immune response in cancer patients. Therefore,
future studies will need to carefully examine the effects of IL-12 on the
phenotype and function of the effectors of the anti-tumor immune
response and its use in patients might require combination with
immune checkpoint blockade.

Methods
Blood and tumor samples
Peripheral blood, and tumor samples were obtained from individuals
diagnosed with HNSCC and mismatch-repair proficient colorectal
cancers (MMR-p CRC). Peripheral blood was also obtained from heal-
thy donors. All patients and healthy donors signed written informed
consent approved by the Providence St. Joseph Institutional Review
Board (IRB protocol n0. 06-108A) and the study was conducted in
accordance with the ethical standards established by the Declaration
of Helsinki. At the time of sample collection, patients were not
undergoing therapy. Previously, they may have undergone a wide
range of therapies, including chemotherapy, radiotherapy, surgery,
and immunotherapy, or none of the above.

Peripheral blood mononuclear cells (PBMC) were purified from
whole blood over Ficoll-Paque PLUS (GE Healthcare) gradient and
cryopreserved prior to analysis. Tumor samples were prepared under
sterile conditions, cut into small pieces, and digested in RPMI-1640
medium in the presence of hyaluronidase at 0.5mg/ml (Sigma-Aldrich,
cat#H6254), collagenase at 1mg/ml (Sigma-Aldrich, cat#C5138) and
DNase at 30U/ml (Roche, cat#04536282001) and human serum albu-
min (MP Biomedicals, cat #IC08823051) at 1.5% final concentration.
Cells were digested for 1 hour at RT under agitation with a magnetic
stir bar. Cell suspensions were filtered through a 70μm filter. Tumor
single-cell suspensions were cryopreserved until further analysis.

Flow cytometry analysis
After thawing, cryopreserved tumor digests and PBMCs were incu-
bated with a fixable live/dead dye to distinguish viable cells (BioLe-
gend, Zombie Yellow Fixable Viability kit, cat #423104) before staining

with a combination of antibodies (Supplementary Table 1). Cell surface
staining was performed in FACS buffer. Intracellular staining was per-
formed using the Fix/Perm kit from eBioscience according to the
manufacturer’s instructions. Stained cells were acquired either on a
LSRII and LSRII Fortessa flow cytometer (BD Biosciences) or a Cytek
Aurora from Cytek Biosciences. Data were analyzed with FlowJo soft-
ware 10.7.1 (Treestar).

CITE-Seq and single cell RNA-sequencing (scRNA-seq)
Cryopreserved tumor-infiltrating lymphocytes (TILs) were thawed and
enriched for immune cells using CD45 (TIL) MicroBeads (Miltenyi
Biotec) following the manufacturer’s protocol. After enrichment, cells
were stained with a mix of fluorescent antibodies (CD45 BV510,
#368526, clone 2D1, and CD3 FITC, cat #300440, clone UCHT1) and
TotalSeq-C antibodies (CD4, cat #344651 clone SK3; CD8, cat #344753
clone SK1; CD39, cat #328237 clone A1; CD103, cat #350233 clone Ber-
ACT8; CD127, cat#351356 clone A019D5; CD25, cat#302649 clone
BC96; PD-1, cat#329963, clone EH12.2H7; ICOS, cat#313553 clone
C398.4 A) all fromBioLegend. To exclude dead cells, propidium iodide
(PI) was added just before sorting. Cells were sorted on a FACS Aria II
(BD Biosciences) as PI-CD45+ CD3+ into an eppendorf tube. After the
sort, samples were prepared according to the Chromium Next GEM
Single Cell 5’ kit protocol (10x Genomics). The libraries were
sequenced on a NovaSeq sequencer from Illumina.

CITE-seq data processing and clustering
Data were processed with 10X Genomics Cell Ranger (7.0.1 for all
HNSCC samples and CRC 4202 samples; 6.1.2 for all other CRC sam-
ples) using the human reference genome GRCh38-2020-A. The ‘cell-
ranger count’ commandwith the include_introns=falseflagwasused to
create RNA countmatrices and the ‘cellranger vdj’ command was used
to create TCR data for downstream analyzes. Cellranger filtered RNA
and ADT count matrices were imported into R (v4.2.2) via Seurat
(v4.3.0)56. Then, theDSBRpackage (v1.0.3)57 wasused to normalize the
protein matrices via the DSBNormalizeProtein command. Background
dropswere identified as thosewith between 0–102.5 ADT counts as well
as less than 400 unique genes. Singlets were identified as those with
more than 102.25 ADT count, unique genes between 400 and 6000, less
than 15,000 total RNA count, and less than 5% of the counts mapping
to mitochondrial genes. RNA data were normalized via Seurat’s Nor-
malizeData function with default parameters. CD8 +CD4- cells were
selected based on CD8 and CD4 density plots. Following CD8 +CD4-
selection, CD8 subgroups were labeled based on CD39 and CD103
density plots.

To cluster the cells, a gene blacklist containing TCR genes, cell-
cycle genes, and mitochondrial genes was first created and used to
filter any variable gene list. Then, the ‘CellCycleScoring’ function was
used to determine S and G2M scores as well as cell phases. Scaled
residuals of RNA count data were generated by regressing out the
effects of cell-cycle scores, percent mitochondrial counts, and UMI
counts per cell. PCA was run and the PCs were then harmonized using
‘RunHarmony’ function of the harmony R package (v0.1.1)58. For ADT,
all ADTswere scaled using ‘ScaleData’, PCAwas run on the scaled ADTs
and then harmonized. Weighted Nearest Neighbors (WNN) were then
determined via the ‘FindMultiModalNeighbors’ command using the
first 20RNAharmonized PCs and all 7 of the ADTharmonized PCs. The
resulting shared nearest neighbor graph was then used as input into
Seurat’s ‘FindClusters’ function at a resolution of 0.4 (0.3 for CRC
clustering) and the ‘RunUMAP’ function with n.neighbors = 20.

Trajectory inference
Prior to trajectory inference it is important to filter the cells so all
populations likely contain a common progenitor within the same
dataset to avoid forcing a trajectory that may not be real. Additionally,
since harmonizing the data only affects PCs, and integrated gene
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expression data were needed to create diffusion maps, an additional
method was used to integrate and scale the RNA data.

First, MAIT cells (identified as cells with “TRAV1-2.TRAJ33” TCR in
the cellranger vdj output) were removed from the Seurat object. Then,
the RNA data were integrated using the Seurat CCA method. The CCA
method entailed splitting the Seurat object by sample into a list of
sample-level objects. Each object was then normalized (default set-
tings), the most overlapping variable genes between objects were
identified and filtered to remove blacklisted genes, and the remaining
genes were used to integrate the datasets. The integrated dataset was
then scaled while regressing cell-cycle scores, percent mitochondrial
counts, andnumber ofUMIs per cell. The scaleddatawere thenused to
run PCA, create a nearest neighbor graph using the top 20 PCs, find
clusters at a resolution of 1, and generate aUMAP using the top 20 PCs.
This integrated object then underwent different gene expression
analysis by finding markers for each cluster via the ‘FindAllMarkers’
function restricting the search space so that a genemust be present in
at least 30%of cells in a cluster to be tested. The resultingmarkerswere
subset to those with an adjusted p-value less than 0.05. The top 20
average log2 fold-changemarkers for each cluster were included into a
custom heatmap plot. The resulting heatmap, percent mitochondrial
counts violin plot, and number of RNA UMIs per cell violin plot were
used to filter out any RNA-based clusters that were not appropriate for
trajectory inference such as a small proliferative cell cluster, FOXP3+
cluster, and a low-quality cell cluster. HNSCC dataset also had a small
likely blood-derived CD8 terminal effector T-cell cluster (FGFBP2+
FCGR3A + ) filtered and the CRC dataset had a MAIT cell cluster
(KLRB1 +RORA + ) filtered as well.

After filtering, the integrated scaled datawere used as input to the
‘DiffusionMap’ function of destiny R package (v3.10.0). Finally, the
remaining cells of the RNA-integrated Seurat object were then used to
filter the original WNN Seurat object in preparation for CellRank. The
resulting Seurat object will be referred to as the trajectory-filtered
object. The trajectory-filtered object had its metadata, RNA counts
matrix, harmony embeddings, diffusion map, and WNN connectivities
matrix saved into CellRank. Finally, spliced and unspliced gene count
matrices were created via STAR59 in STARsolo mode.

CellRank v2.0.0 was used as the main package for trajectory
inference. Briefly, the above components of the trajectory-filtered
Seurat object were imported into Python and used to create an
AnnData object. Then, the spliced and unspliced matrices were
imported, processed to align the features and cell barcodes, and
incorporated into layerswithin theAnnData object. Then, RNAvelocity
was calculated via scVelo60 using the dynamic method.

The velocity graph was then used to create a VelocityKernel which
was combined with a ConnectivityKernel using the weighted nearest
neighbor connectivities matrix in place of the default connectivities
using the conn_key parameter. The combined kernel is weighted 80%
towards the VelocityKernel and 20% towards the ConnectivitiesKernel.
This combined kernel was used as input into the Generalized Perron
Cluster Cluster Analysis (GPCCA) estimator via the cellrank.estima-
tors.GPCCA function. This estimator (g) was then used to calculate
macrostates and fate probabilities. 5 HNSCC macrostates were calcu-
lated based on the presence of a known macrostate as well as allowing
the algorithm to choose between 5, 6 or 7 macrostates. 6 CRC macro-
states were calculated similarly. The initial state was determined via
naïve marker enrichment and the terminal states were all other macro-
states forHNSCC and all others excluding one very similar tomacrostate
3 for CRC. The fate probabilities of each cell to each terminal state was
calculated via g.compute_fate_probabilities and circular plots were cre-
ated via cellrank.pl.circular_projection. To calculate latent time, a start-
ing cell was designated by using Scanpy61 to create a diffusion map and
selecting the tip of one branch with the initial microstate present and
then running scvelo.tl.latent_time. To create gene smoothers over latent
time, we created a model using cellrank.models.GAMR(AnnDataObject,

n_knots=6, distribution= ‘gaussian’). This model was then used to plot
gene trends over latent time via cellrank.pl.gene_trends and the heat-
map over latent time via cellrank.pl.heatmap along with first-order
moments as the imputed value visualized.

Expansion of CD8 T cells from the blood and the tumor
Cryopreserved tumor and PBMC samples were thawed and labeled for
sorting. Tumor samples were enriched for immune cells using CD45
(TIL) MicroBeads (Miltenyi Biotec) following the manufacturer’s pro-
tocol. The enriched fractions were then labeled, and cell populations
of interest were sorted on a BD FACSAria II. From PBMCs, naïve
CD8+ T cells were sorted as CD45+ CD4−CD8+ CD45RA+ CCR7+ and
memory CD8 T cells as CD45+ CD4−CD8+ CD45RA−CCR7+/− and
CD45RA+ CCR7− . From tumor, CD8 T cell subsets were sorted as
CD45+ CD4−CD8+ CD45RA−CCR7+/−CD39−CD103− (double negative
CD8, DN CD8), CD39−CD103+ (single positive CD8, SP CD8)
CD39+ CD103+ NKG2A− (double positive CD8 NKG2A− , NKG2A−DP
CD8) and CD39+ CD103+ NKG2A+ (double positive CD8 NKG2A+ ,
NKG2A+ DP CD8). Sorted T cells (1,000 – 2,500 cells/well) were sti-
mulated polyclonally in a 96-well U-bottom plate (Corning/Costar, cat
#4401) with 1μg/ml Phytohemagglutinin (PHA) (Remel, cat
#R30852801) in the presence of irradiated (5,000 rad) allogeneic fee-
der cells (PBMC; 2 × 105 cells per well) and 10 ng/ml of recombinant
human IL-15 (BioLegend, cat #570304). Cells were cultured in com-
plete RPMI-1640, supplemented with 2 mmol/L L-Glutamine (Gibco,
cat #25030081), 1% (vol/vol) nonessential amino acids (Gibco, cat
#11140050), 1% (vol/vol) sodium pyruvate (Gibco, cat #11360070),
penicillin (50 U/ml) + streptomycin (50μg/ml) (Gibco, cat #15140122),
10μg/ml Gentamicin (Thermo Fisher Scientific, cat #15750-060), and
10%pooled human serum (in housepreparation). T-cell lineswere split
when wells reached confluency and lines weremaintained in complete
medium with IL-15 until analysis or cryopreserved in liquid nitrogen.

For TCR sequencing analysis, DNA extraction was performed on
the sorted fraction.

DNA extraction and TCR-sequencing
Deep sequencing of the variable V-J or V-D-J regions of TCRβ genes was
performed on genomic DNA of sorted T cell populations. DNA was
extracted from ex vivo sorted CD8 T cell subsets (DNeasy Blood and
Tissue Kit, cat #69504, Qiagen). The TCRβ CDR3 regions were
sequenced and mapped using the human hsTCRB sequencing kit
(ImmunoSEQ, cat #ISK10101, Adaptive Biotech). Samples were
sequenced using a MiSEQ sequencer (Illumina). Coverage per sample
was > 10x. Only data from productive rearrangements were extracted
from the ImmunoSEQ Analyzer platform for further analysis. The cir-
cos plots were created with the circlize R package62 and depict TCR
repertoire similarity between different populations of cells. The rib-
bons connect a highlighted population with other populations that
contain shared productive nucleotide sequences. Connections
between the non-highlighted populations are not depicted. The width
of the ribbon at each end is the proportion of total sequences in that
population that are shared with the connected population. To com-
pare the TCR Vβ overlap (or similarity) of two given populations, we
used the Morisita’s overlap index.

Whole-exome and RNA sequencing
Genomic DNA and total RNA were purified from 5 µm FFPE tumor
sections on an automatedQiaCube instrument usingDNA/RNAAllPrep
reagents (Qiagen) according to the manufacturer’s instructions. Cor-
responding normal DNA for germline exome testing was purified from
the matching patient’s in vitro expanded T cells or PBMCs as above.
DNA and RNA were quantified using a Qubit fluorometer (Thermo-
Fisher). WES for tumor and germline specimens was performed on
purified DNA as follows: DNA was prepared into tagged sequencing
libraries using Kapa HyperPlus library preparation reagents (Roche)
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and exome hybrid-capture was performed using the xGen Research
Panel kit (IDT). Captured library pools were normalized and loaded
onto a HiSeq 4000 sequencer (Illumina) for next-generation sequen-
cing. WES reads were aligned to Genome Reference Consortium
Human Build 37 (hg19) followed by GATK preprocessing. Four inde-
pendent single nucleotide mutation callers (Varscan 2.3.6, Soma-
ticSniper 1.0.5.0, Mutect 1.1.7 and Strelka 1.0.15) were used to call
somatic nonsynonymous single nucleotide variants and two Insertion-
Deletion callers (Strelka 1.0.15 and Varscan 2.3.6) were used to identify
somatic nonsynonymous indels. Identified mutations were filtered
according to the following criteria: minimum coverage of 10 reads,
greater than 5% variant allele frequency (VAF) and called by 2 or more
callers. Somatic mutations that passed the filters were further anno-
tated with 1000 genomes project, Exome Aggregation Consortium
(ExAC), The Catalog of Somatic Mutations in Cancer

(COSMIC) databases using Annovar. SNPeff was used to predict
variant functional effect. An mRNA sequencing library was also pre-
pared from FFPE tissues using RNA Access Library Preparation
reagents (Illumina) according to the manufacturer’s instructions.
Libraries were pooled and sequenced at a depth of 25-50million reads
on a HiSeq 4000 sequencer (Illumina). RNA alignment was performed
using STAR, followedbyGATKpre-processingbest practicesworkflow.
Fragments per kb per million mapped reads (FPKM) values were cal-
culated using Cufflinks. FPKM levels were used to assess expression of
candidate mutations.

Human papillomavirus (HPV)-specific gene production
To screen for recognition of HPV tumor antigens, four constructs were
used, encoding for the full-length amino acid sequences of HPV16 E2, E5,
E6 and E7 oncoproteins (367, 83, 159, 99 aa, respectively). The sequen-
ces were cloned into pcDNA3.1 +CEF-MHC-1-v2 (kindly provided by Dr.
Eric Tran) using HindIII and BamHI restriction sites and flanked with
AAGCTTGCCACC (5’) and GGATCC (3’) using GenScript services. After
bacteria transformation, plasmid constructs were purified with the
Zyppy Plasmid Purification Kit (Zymo Research, cat #D4036) and 5 µg of
plasmid was digested by the restriction enzyme NotI (New England
Biolabs, cat #R3189S). Following linearization of the constructs, DNA
was cleaned up using the DNA Clean & Concentrator-5 kit (Zymo
Research, cat #D4013). Next, we used 1 µg of linearized DNA to generate
in vitro-transcribed (IVT) RNA using the Mmessage Mmachine T7 Ultra
kit (Life Technologies, cat #AMB13455) as instructed by the manu-
facturer. RNA was cleaned up (Zymo Research, cat. #R1017) and con-
centrationwasmeasured using a NanoDrop spectrophotometer prior to
use in transfections.

Tandem minigene (TMG) construction
TMGs were constructed as previously described63,64. For each non-
synonymous variant identified by WES, we constructed a “minigene”,
consisting of the mutant amino acid flanked by 12 amino acids of the
wild-type (WT) protein sequence. Up to 16 minigenes were con-
catenated to generate a tandem minigene (TMG) construct. TMG con-
structs were codon optimized and subcloned into pcDNA3.1 +CEF-
MHC-1-v2 (performed by GenScript). The pcDNA3.1 +CEF-MHC-1-v2
vector is based on the pcDNA3.1 vector (Thermo Fisher Scientific, cat.
#V79020) modified to contain a repeat of the beta-globin 30 UTR
sequence and polyA tail after the TMG sequence. These modifications
have been found to stabilize in vitro-transcribed RNA65. Following the
same approach as for the HPV constructs, 1 ug of linearized plasmid
DNAwas used as a template to generate IVT TMGRNA. RNAwas cleaned
up (ZymoResearch, cat. #R1017) and concentrationwasmeasured using
a NanoDrop spectrophotometer prior to use in transfections.

Transfection of HPV RNA or TMG RNA
Cryopreserved autologous expanded memory CD8 T cells were used
as APCs for the reactivity experiments. APCs were labeled with Cell

Proliferation Dye eFluor 450 (eBioscience, cat #65084285), washed
and resuspended in Opti-MEM (Life Technologies, cat #31985062) at
20 × 106 cells/ml. HPV RNA or TMG RNA (4 µg) was added to a 2mm
gap electroporation cuvette (BTX 45-0125, Cole-Parmer), followed by
50 µl of APCs. Cells were electroporated at 250V for 5ms for one pulse
using a BTX ECM 830 Square Wave Electroporation System (Harvard
Bioscience Inc.). Electroporated cells were incubated for 4 hours
before coculture with CD8 T cell subsets.

Peptide synthesis and peptide pulsing
To identify the HPV peptides recognized, we used an overlapping
peptide library, encoding for the full-length amino acid sequences of
the HPV16 E6 oncoprotein. The 15 mer peptides overlapped by 11
amino acids. HPV16 E6 contained 37 peptides. Peptides were synthe-
sized by Genscript. For the identification of neoantigens, the sequen-
ces of the tumor-specific somatic mutations contained in the TMG(s)
recognized by CD8 TILs were converted in FASTA format and ran
through the NetMHCpan 4.0 Server (Technical University of Den-
mark). NetMHCpan generates 8 mer to 11 mer peptides from the 25
mer putative neoantigen sequences and predicts binding affinity to
patient-specific MHC class I molecules. Peptides with a percentage
rank below 2were considered candidates for further evaluation. Those
peptides were synthesized by Genscript and subsequently tested for
reactivity against patient’s DP CD8 TILs.

Flow cytometry to assess T-cell recognition of antigens
The reactivity of predicted neoepitopes and HPV antigens against
sorted and in vitro expanded CD8 + T cell populations was assessed by
flowcytometry (4-1BBup-regulation). T cells were typically thawed and
rested for two days at 37 °C in complete mediumwith IL-15 (10 ng/ml).
All cocultures were performed in the absence of exogenous cytokines.
Electroporated APCs (HPV RNA) or peptide-pulsed APCs were incu-
bated with T cells (1 × 105T cells/well) and incubated at 37 C. Plate-
boundanti-CD3antibody (OKT3, BioLegend, cat # 317326, 1μg/ml)was
used as positive control. 4-1BB up-regulation was assessed after 18 to
20 hours of coculture. Cells were pelleted, washed with PBS and
stained with a fixable live/dead dye to distinguish viable cells (BioLe-
gend, ZombieYellowFixable Viability kit) for 8min at +4 °C in the dark.
Cells were washed twice and then stained with the appropriate anti-
bodies (Supplementary Table 1) diluted in FACS buffer for 20min at
+4 °C in the dark. Cells were washed twice with FACS buffer prior to
acquisition on a BD LSRII flow cytometer. Data were analyzed with
FlowJo software 10.7.1 (Treestar).

NKG2A induction on total PBMC
PBMC from heathy donor (HD) were thawed and resuspended in
complete RPMI-1640, supplemented with 2 mmol/L L-Glutamine
(Gibco, cat #25030081), 1% (vol/vol) nonessential amino acids
(Gibco, cat #11140050), 1% (vol/vol) sodium pyruvate (Gibco, cat
#11360070), penicillin (50U/ml) + streptomycin (50μg/ml) (Gibco, cat
#15140122), 10μg/ml Gentamicin (Thermo Fisher Scientific, cat
#15750-060), and 10% Fetal Bovine Serum (Peak Serum, cat#PS-FB2).
1 × 105 PBMCs per well were plated in a 96-well U-bottom plate
(Corning/Costar, cat #4401) and the cells were activated with either
1μg/ml of Phytohemagglutinin (PHA) (Remel, cat #R30852801), 1μg/
ml of Staphylococcal Enterotoxin B (Fisher Scientific, cat
#NC9442400) or Cytostim (Miltenyi Biotec, cat #130092172) for
8 days in presence or absence of TGF-β (BioLegend, cat #781802). At
day 4 and day 6, half of the medium was replaced with medium sup-
plemented with IL-2 (Prometheus) at 50U/ml final. At day 8 the cells
were analyzed for NKG2A expression and activation status by flow
cytometry (For antibody panel details, see Supplementary Table 1).

Depletion of CD4 T cells from PBMCwas performed using the CD4
MicroBeads from Miltenyi Biotec (cat # 130-045-101) following the
manufacturer instructions. 1 × 105 CD4-depleted PBMC (PBMC ΔCD4)
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perwell were plated in presence of SEB and cultured as described above.
At day 8, the expression of NKG2A was analyzed by flow cytometry.

Upregulation of NKG2A on sorted naïve CD8 T cells
PBMC from HD were thawed and washed once with wash buffer. CD8
enrichment was performed using the CD8 MicroBeads from Miltenyi
Biotec (cat # 130-045-201) following the manufacturer instructions.
The positive fraction was washed with PBS then stained for 8min at
+4 °C with fixable live/dead dye (BioLegend, Zombie Yellow Fixable
Viability kit, cat #423104) to distinguish viable cells. Cells were then
washed and stained with a cocktail of fluorescent antibodies (Supple-
mentary Table 1) for 20min at +4 °C. Naive CD8 T cells were sorted as
CD4−CD8+ CCR7+ CD45RA+ NKG2A− . Populations of interest were sor-
ted on a FACS Aria II (BD). After sort 50,000 naïve CD8 T cells were
plated in a 96-well U-bottom plate (Corning/Costar, cat #4401) toge-
ther with Dynabeads Human T-Activator CD3/CD28 (Thermo Fisher
Scientific, cat #11131D) (1 bead for 5 T cells) in the presence or absence
of TGF-β (BioLegend, cat #781802). At day 4 and day 6, half of the
medium was replaced with medium supplemented with IL-2 (Pro-
metheus) at 50 U/ml final. At day 8 the cells were analyzed for NKG2A
expression and activation status byflowcytometry (For antibodypanel
details, see Supplementary Table 1).

For naïve CD8 T cell restimulation, beads were removed after
24 hours of culture using a magnetic plate and IL-2 at 20U/ml was
added to each well. After two days, CD8 T cells were harvested,
counted and 50,000 CD8 T cells per well were plated in a 96-well U-
bottom plate in presence of Dynabeads Human T-Activator CD3/CD28
(Thermo Fisher Scientific, cat #11131D) (1 bead for 10 T cells) in the
presence of IL-2 (50 U/ml) and different cytokine combinations (Bio-
Legend): IL-6 (cat #570802, 10 ng/ml), TNF (cat #570102, 10 ng/ml), IL-
10 (cat #571002, 10 ng/ml) IL-1β (cat #579404, 10 ng/ml), IL-23 (cat
#574102, 10 ng/ml), IL-12 (cat #573002, 10 ng/ml), TGF-β, 1 ng/ml).
Cells were kept in culture and analyzed after 8 days of restimulation
(For antibody panel details, see Supplementary Table 1).

For coculture experiment of naive CD8, conventional CD4
T cells (CD4 Tconv) and monocytes, CD14+ enrichment using the
CD14 MicroBeads from Miltenyi Biotec (cat # 130-050-201) was
performed prior to CD8 enrichment. The CD14+ fraction was kept on
ice in complete RPMI-1640 supplemented with 10% FBS. The CD14−

fraction was used to enrich CD8 T cells using the CD8 MicroBeads
from Miltenyi Biotec (cat # 130-045-201). The CD8+ and CD8− frac-
tions were washed with PBS and stained separately for 8min at +4 °C
with fixable live/dead dye to distinguish viable cells (BioLegend,
Zombie Yellow Fixable Viability kit, cat #423104). The cells were then
washed and stained with 2 different combinations of antibodies
(Supplementary Table 1) for 20min at +4 °C in the dark. From the
CD8+ fraction, naive CD8 T cells were sorted as described above.
From the CD8− fraction, CD4 Tconv were sorted as
CD4+ CD8−CD127+/−CD25low to exclude regulatory T cells. Popula-
tions of interest were sorted on a FACS Aria II (BD). After sort,
populations were counted and resuspended in complete RPMI-1640
supplemented with 10% FBS. Experiments were performed using
25,000 CD14+; 50,000 CD4 Tconv and 25,000 naive CD8 T cells in
96-well U-bottom plate (Corning/Costar, cat #4401). Cells were
activated, cultivated, and analyzed for NKG2A upregulation by flow
cytometry (For antibody panel details, see Supplementary Table 1).

For IL-12p70 and CD40L blocking experiments, anti-Human Il-
12p70 (R&D Systems, cat #MAB219-100, 10 µg/ml final), anti-CD40
(BioLegend, cat #313019, clone HB14, 10 µg/ml final) or isotype control
mouse IgG1 (BioLegend, cat #400166, clone MOPC21, 10 µg/ml final)
were added in the corresponding wells. Cells were cultured and ana-
lyzed for NKG2A upregulation by flow cytometry as previously
described.

For the IL-12p70 ELISA, supernatants from naïve CD8 T cells, CD4
Tconv and CD14 coculture were harvested at day 3. ELISA was

performed using the BD OptEIA Human IL 12 (p70) ELISA Set (BD, cat
#555183) according to manufacturer instructions. Plates were read on
the SpectraMax iD3 from Molecular Devices and analyzed with the
SoftMaxPro 7 software (version 7.0.3).

Culture of NKG2A−DP CD8 TILs with tumor cells
Tumor antigen-reactive NKG2A−DP CD8 TILs identified in Fig. 5 were
used for this experiment. Cryopreserved CD8 T cells were thawed
and kept in culture for 2 days in complete RPMI-1640 supplemented
as described above with 10 ng/ml of IL-15. Human tumor cell lines
from HNSCC patients with matching HLA restriction were grown
in vitro using complete RPMI-1640 supplemented with 10% FBS.
Those cell lines were isolated in Dr. Fox’s lab and are not commer-
cially available. After 2 passages, tumor cells were detached using
trypsin-EDTA (Thermo Fisher Scientific, cat #25-200-056) and
50,000 tumor cells were plated in a 96-well flat-bottom plate (Cell-
treat, cat #229195). Tumor cells were pulsed with the cognate tumor
peptides at 5 μg/ml and cells were incubated overnight at +37 °C with
5% CO2. The following day, tumor cells were washed twice before
adding 50,000 NKG2A−DP CD8 TILs in the presence or absence of IL-
12 (cat #573002, 10 ng/ml final). IL-2 at 50U/ml was added to all wells.
Cells were kept in culture andNKG2A upregulationwas assess by flow
cytometry after 8 days (For antibody panel details, see Supplemen-
tary Table 1).

RNAscope
Experiments were performed as detailed in Advanced Cell Diagnostics
(ACD)protocol for theRNAscopeMultiplex Fluorescent Reagent Kit v2
(ACD, cat #323100) and RNA Protein Co-Detection Ancillary Kit (ACD,
cat #3231800). RNA and protein co-detection was performed on
formalin-fixed paraffin-embedded (FFPE) human tissue samples
obtained from Providence Portland Medical Center Pathology
department. Tissue blocks were cut into serial sections at 5 µm thick-
ness and placed onto Superfrost Plus Adhesion Slides (Fisher Scien-
tific). Sections were deparaffinized at room temperature using xylene,
100% ethanol, 95% ethanol, 70% ethanol, with a final wash in DI water.
After deparaffination, target retrieval was performed using a Hamilton
Beach steamer. Following retrieval, immunofluorescence combined
with in situ hybridization (ISH) was performed on the tissue sections
using 4 RNA target probes and one protein marker according to the
manufacturer’s protocol. Two experiments were carried out. The first
assay evaluated IL12B (ACD, Cat #402071) and TGFB (ACD, Cat #40881-
C3) target probes. The second assay evaluated KLRC1 (NKG2A) (ACD,
Cat #541331), ENTPD1 (CD39) (ACD, Cat #474181-C2). Both assays used
aproteinmarker forCD8 (Invitrogen, SP16; Cat #MA5-16345SP16). RNA
and antigen-antibody binding was visualized with Opal-TSA reagents
(Akoya Biosciences). Tissue slides were counterstainedwith DAPI from
ACD and coverslipped with VECTASHIELD antifading mounting media
(Vector Labs). Detailed information regarding RNA probes, antibody
dilution, TSA-Opal reagents is provided in Supplementary Table 2.

Digital images were acquired with a Vectra 3.0 Automated
Quantitative Pathology Imaging System and PhenoImager Fusion
instrument (Akoya Biosciences). Whole slide scans were acquired
using a 10x objective lens to identify regions of interest (ROIs). Six to
fifteen ROIs were selected from each tissue sample for analysis. Inform
3.0 software (Akoya Biosciences) was used to perform cell segmenta-
tion and phenotyping of individual cells according to the protein
marker and DAPI.

Statistical analysis
Statistical significance between groups was determined by 1-way
ANOVAwith Tukey’s correction or by unpaired or paired 2-tailed t test.
For each test, a P-value of less than 0.05 was considered statistically
significant. Analyzes were performed with GraphPad Prism 10
(GraphPad Software).
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
TCR-sequencing data have been deposited in the ImmuneACCESS
database (Adaptive Biotechnologies), available at https://clients.
adaptivebiotech.com/pub/fesneau-2024-nc (https://doi.org/10.
21417/OF2024NC) and are publicly available as of the date of pub-
lication. WES and RNA sequencing (RNA-seq) read-level data are not
available due to the presence of germline variants in the underlying
data. Any inquiries for further access should be directed to our Data
Sharing Committee at eacri.bioinformatics@providence.org and we
will grant access to the deidentified data sets for research purposes.
Processed, de-identified CITE-seq data generated during this study
have been deposited in the Gene Expression Omnibus (GEO) under
the accession number GSE278692 (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE278692). All other data are available
within the article and its Supplementary files. Source data are pro-
vided with this paper.
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