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ABSTRACT
Background Expression of killer cell lectin- like receptor 
B1 (KLRB1), the gene encoding the cell surface molecule 
CD161, is associated with favorable prognosis in many 
cancers. CD161 is expressed by several lymphocyte 
populations, but its role and regulation on tumor- specific 
CD4+ T cells is unknown.
Methods We examined the clinical impact of 
CD4+CD161+ T cells in human papillomavirus (HPV)16+ 
oropharyngeal squamous cell carcinoma (OPSCC), 
analyzed their contribution in a cohort of therapeutically 
vaccinated patients and used HPV16- specific 
CD4+CD161+ tumor- infiltrating lymphocytes and T cell 
clones for in- depth mechanistic studies.
Results Central and effector memory CD4+ T cells 
express CD161, but only CD4+CD161+ effector memory 
T cells (Tem) are associated with improved survival in 
OPSCC. Therapeutic vaccination activates and expands 
type 1 cytokine- producing CD4+CD161+ effector T 
cells. The expression of CD161 is dynamic and follows 
a pattern opposite of the checkpoint molecules PD1 
and CD39. CD161 did not function as an immune 
checkpoint molecule as demonstrated using multiple 
experimental approaches using antibodies to block 
CD161 and gene editing to knockout CD161 expression. 
Single- cell transcriptomics revealed KLRB1 expression 
in many T cell clusters suggesting differences in their 
activation. Indeed, CD4+CD161+ effector cells specifically 
expressed the transcriptional transactivator SOX4, known 
to enhance T cell receptor (TCR) signaling via CD3ε. 
Consistent with this observation, CD4+CD161+ cells 
respond more vigorously to limiting amounts of cognate 
antigen in presence of interleukin (IL)- 12 and IL- 18 
compared to their CD161- counterparts. The expression 
of CD161/KLRB1 and SOX4 was downregulated upon TCR 
stimulation and this effect was boosted by transforming 
growth factor (TGF)β1.
Conclusion High levels of CD4+CD161+ Tem are 
associated with improved survival and our data show 
that CD161 is dynamically regulated by cell intrinsic and 
extrinsic factors. CD161 expressing CD4+ T cells rapidly 
respond to suboptimal antigen stimulation suggesting that 

CD161, similar to SOX4, is involved in the amplification of 
TCR signals in CD4+ T cells.

BACKGROUND
Infection with human papillomavirus type 16 
(HPV16) can cause tumors in the oropharynx 
and cervix.1 Presence of an intratumoral type 
1 T cell response against the viral oncopro-
teins E6 and E7 (immune response (IR)+) 
is strongly associated with improved survival 
in oropharyngeal squamous cell carcinoma 
(OPSCC). Mass cytometry analysis of the 
tumor microenvironment (TME) revealed 
that HPV16+IR+ OPSCC and cervical cancer 
were highly infiltrated by CD4+CD161+ 
effector cells.2 3

CD161 is a C- type lectin receptor expressed 
on natural killer (NK) cells and T cells in 
peripheral blood, umbilical cord blood, and 
thymus.4 5 (Tumor- specific) CD4+CD161+ 
and CD8+CD161+ cells produce more pro- 
inflammatory cytokines compared to CD161- 
cells.2 3 6 7 Transcriptional profling of CD4+, 
CD8+ and γδ+ T cells expressing CD161 
identified a shared transcriptional profile 
and innate- like function among these cell 
lineages.8 Lectin- like transcript 1 (LLT1), the 
ligand for CD161, is expressed by activated B 
cells and dendritic cells (DC), but also malig-
nant cells.9–14 CD161 functions as a coinhib-
itory receptor on NK cells, but on T cells 
the function is less clear as studies reported 
a costimulatory, coinhibitory, or no function 
for CD161.8 10 12 13 15–17

In this study, we examined the role and 
regulation of CD161 expression on tumor- 
specific CD4+ cells. Our data show that 
CD4+CD161+ effector memory T cells (Tem) 
are associated with improved survival and 
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can be activated upon therapeutic vaccination. CD161 
does not function as an immune checkpoint molecule 
on CD4+ cells. Instead, CD161 expression on CD4+ cells 
is dynamically regulated and coexpressed with the tran-
scriptional transactivator SOX4, and CD4+CD161+ cells 
respond more vigorously to cognate antigen stimulation 
under suboptimal conditions.

MATERIALS AND METHODS
Patient samples
All patients received standard- of- care treatment and 
HPV typing was performed.18 Formalin- fixed paraffin- 
embedded (FFPE) biopsies of 40 histologically confirmed 
OPSCC patients were included (HPV16+IR+ n=25, 
HPV16+IR- n=15). Peripheral blood mononuclear cells 
(PBMC) were isolated from venous blood of healthy 
donors and patients using ficoll density gradient centrifu-
gation, cryopreserved and stored until use.

Multispectral immunofluorescence
A multispectral immunofluorescence panel containing 
CD3, CD8, PD1, CD45RO, CD161 and DAPI (online 
supplemental table 1) was designed and optimized,19 see 
online supplemental material.

Analysis of HPV16-specific T cells after vaccination
PBMC and skin biopsies were collected during studies 
examining the effect of vaccination in HPV16+ vulvar or 
vaginal intraepithelial neoplasia.20 21 PBMC were obtained 
before (prevaccination) and 2 weeks postvaccination. 
Skin biopsies from the vaccination site were obtained 2 
weeks postvaccination. Infiltrating T cells were isolated2 
and cultured in 10% T cell Growth Factor (TCGF, 
ZeptoMetrix), recombinant human interleukin- 7 (rhIL- 
7), rhIL- 15 (5 ng/mL) (PeproTech) and Gentamicin CF 
(20 µg/mL, Centrafarm). Cells were cryopreserved upon 
sufficient expansion.

Prevaccination and postvaccination PBMC were prestim-
ulated for 11 days with a pool of 22- mer E6 and E7 (E6E7) 
peptides (final concentration of each peptide: 2.5 µg/mL) 
to expand antigen- specific T cells. 10% TCGF and 5 ng/mL 
rhIL- 15 were added after 1 day of culture. Expanded PBMC 
and cultured T cells were stimulated with monocytes loaded 
overnight with a pool of 22- mer E6 and E7 peptides (final 
concentration of each peptide: 5 µg/mL). Monocytes were 
isolated from autologous PBMC by adherence and cultured 
with granulocyte- macrophage colony- stimulating factor (GM- 
CSF) (800 U/mL, Thermo Fisher Scientific (TFS)) for 3 days. 
Brefeldin A (10 µg/mL, Sigma) was added after 1 hour and 
cells were incubated overnight before analysis of cytokine 
production by flow cytometry.

Flow cytometry and cell sorting
Cells were stained with LIVE- DEAD fixable Yellow or near- IR 
dead cell stain kit (TFS), incubated with phosphate- buffered 
saline (PBS) containing 0.5% bovine serum albumin (Sigma) 
(FACS buffer) and 10% FCS for 10 min at 4°C, washed and 

stained with fluorochrome- conjugated antibodies (online 
supplemental table 2) for 20 min at 4°C. Intracellular cytokine 
production in response to vaccination and rhIL- 12 + rhIL- 18 
was analyzed.2 3 Alternatively, cells were fixated and stained 
intracellularly using BD Cytofix/Cytoperm kit according to 
manufacturer’s instructions. For LLT1 staining, cells were 
blocked with 10% goat serum (Dako/Agilent) and 100 µg/
mL IgG from human serum (Sigma) in FACS buffer for 30 
min, washed, incubated with 10 µg/mL purified mouse- anti- 
human IgG1 (clone MOPC- 21, Biolegend) or LLT1 (clone 
4F68, V.M. Braud) for 30 min, washed and incubated with 
goat- anti- mouse PE (Biolegend) for 30 min. Flow cytometry 
data were acquired using a BD LSR Fortessa and analyzed 
using FlowJo software V.10.7.1 (BD).

For cell sorting, cells were used directly after culture, 
or thawed and enriched for CD4+ cells using the human 
CD4+ T cell isolation kit (Miltenyi Biotech). Cells were 
stained with LIVE/DEAD near- IR dead cell stain kit and 
fluorochrome- conjugated antibodies (online supple-
mental table 2) as described above, but cells were washed 
in FACS buffer supplemented with 2 mM EDTA (Sigma). 
Cells were sorted using BD FACS Aria I or III.

Killer cell lectin-like receptor B1 (KLRB1) gene editing of 
primary human T cells
Expanded CD4+CD161+ cells from OPSCC tumor- infiltrating 
lymphocytes (TIL) or HPV16- specific CD4+CD161+ T cell 
clones (see online supplemental material) were thawed 
and rested overnight in 10% Iscove’s Modified Dulbecco’s 
Medium (IMDM) containing rhIL- 2 (1000 U/mL, Aldes-
leukin, Novartis) and rhIL- 7 (5 ng/mL) (OPSCC TIL), or 
rhIL2, rhIL- 7 and rhIL- 15 (5 ng/mL) (HPV16- specific T cell 
clones) followed by electroporation with ribonucleoproteins 
(RNPs) containing guide RNA (gRNA) targeting KLRB1 or 
control.22 CrisprRNA targeting human KLRB110 or control 
(catalog# 1072544) (Integrated DNA Technologies (IDT)) 
were suspended to 100 µM in nuclease- free duplex buffer. 
gRNA were generated by incubating 10 µl of 100 µM crRNA 
targeting KLRB1 region#1, KLRB1 region #2, or control 
with 10 µL tracrRNA. To prepare the RNP complex, 3 µL 
annealed gRNA targeting KLRB1 region#1, KLRB1 region 
#2, or control was mixed with 2 µL Cas9 per sample and 
incubated for 10 min at room temperature. Before nucle-
ofection, cells were washed in PBS and resuspended in 20 
µl P2 Nucleofection buffer (Lonza), 1 µL of 100 µM Alt- R 
cas9 electroporation enhancer (IDT) per nucleofection, and 
5 µL control RNP or 2.5 µL KLRB1 region#1 RNP and 2.5 
µL KLRB1 region#2 RNP. Mixes were transferred to a 16- well 
nucleocuvette strip and samples were electroporated using 
a 4D- nucleofector machine (Lonza) with program EH100. 
Samples were cultured for 7 days in 10% IMDM containing 
rhIL- 2, rhIL- 7 and rhIL- 15 as above.

Functional analysis of CD161
Cells were stimulated with plate- bound anti- CD3 (R&D, 
clone UCHL1, various concentrations), anti- IgG1 (clone 
MOPC- 21) or anti- CD161 (clone HP- 3G10) (Biolegend) 
(HPV16- specific CD4+ T cell clones: 5 µg/mL, OPSCC 
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TIL: 10 µg/mL). Alternatively, cells were preincubated 
with biotinylated anti- IgG1 (clone MOPC- 21) or anti- 
CD161 (clone HP- 3G10) (Biolegend, 5 µg/mL) for 30 
min, washed, and crosslinked with anti- biotin antibody 
(Stemcell Technologies, 5 µg/mL) during stimulation 
with plate- bound anti- CD3 (1 µg/mL) and soluble anti- 
CD28 (2 µg/mL, BD, clone CD28.2). 2 days before cocul-
ture, autologous B lymphoblastoid cell lines (B- LCL) 
were cultured (0.25×106 cells/mL) and after 1 day loaded 
overnight with indicated amounts of 22- mer E6 and E7 
peptides (pool or specific peptide). T cells were prein-
cubated with plate- bound anti- IgG1 or anti- CD161 (10 
µg/mL) for 1 hour before coculture with irradiated 
(7500 RAD) peptide- loaded B- LCL at indicated ratio’s. 
Cells were cultured for 4 hours in presence of Brefeldin 
A (10 µg/mL) or 24 hours with Brefeldin A added after 
1 hour of culture and analyzed by intracellular cytokine 
staining, or 3 days and analyzed for interferon γ (IFNγ) 
and GM- CSF secretion using ELISA (Mabtech).

T cell stimulation and culture with cycloheximide, 
transforming growth factor (TGF)β1, Activin A, bone 
morphogenetic protein (BMP)2, BMP6, rhIL-12, and rhIL-18
CD4+, or sorted CD4+CD8- (CD45RO+)CD161+ or CD161- 
cells from healthy donors, or HPV16- specific CD4+ T cell 
clones were cultured directly or first labeled with Cell-
Trace Violet (CTV, 2 µM, TFS). (CTV- labeled) cells were 
stimulated with anti- CD3CD28 beads (TFS) at indicated 
bead:cell ratio’s or irradiated (7500 RAD) peptide- loaded 
B- LCL (B- LCL:T cell is 1:5) for 5 days. Additionally, cells 
were stimulated with transforming growth factor β1 
(TGFβ1) (0, 1, 5 ng/mL, PeproTech) for 5 days or 3 weeks 
in 10% IMDM and rhIL- 7 (healthy donor) or rhIL- 15 
(clones) (5 ng/mL). TGFβ1 and rhIL- 7 were added every 
3–4 days to 3- week cultures and cells were restimulated 
with anti- CD3CD28 every week. For restimulation, cells 
were harvested and anti- CD3CD28 beads were removed 
using a magnet before restimulation. TGFβ1, rhIL- 7 
and rhIL- 15 were added to 5- day cultures every 2 days. 
Cells were preincubated with 1 µM SB505124 (Tocris) 
or dimethyl sulfoxide (DMSO) for 2 hours followed by 
2 hours preincubation with TGFβ1 before adding anti- 
CD3CD28 beads. Alternatively, TGFβ1 was preincubated 
with 10 µg/mL pan- neutralizing TGFβ1 (clone 1D11) or 
control (clone 13C4) antibody for 2 hours in 10% IMDM 
before preincubation with cells for 2 hours. SB505124, 
DMSO, pan- neutralizing TGFβ antibody or control, and 
TGFβ1 were added to cultures every 2 days.

Healthy donor- derived CD4+ cells were cultured with 20 
µg/mL cycloheximide (CHX) or DMSO, Activin A ± 1 µM 
SB505124, bone morphogenetic protein 2 (BMP2) or BMP6 
(0, 10, 50, 100, 200 ng/mL) as described for TGFβ1.

HPV16- specific CD4+ T cell clones were stimulated 
with peptide- loaded B- LCL in presence or absence of 
50 ng/mL rhIL- 12 (Milteny Biotech) and rhIL- 18 (R&D 
systems). Cells were cultured for 24 hours with 5 µg/mL 
Brefeldin A during the last 4 hours of culture.

Imaging mass cytometry (hyperion)
Imaging mass cytometry was performed using an 
optimized 33- marker panel.23 The generated high- 
dimensional output was analyzed by an in- house devel-
oped imaging processing pipeline combining multiple 
previously validated publicly available software programs 
(Abdulrahman et al submitted), see online supplemental 
material.

RNA isolation, qPCR and T cell Receptor analysis
RNA was extracted using Arcturus Picopure RNA isola-
tion kit (TFS) according to manufacturer’s instruc-
tions using the protocol for isolation of RNA from cell 
pellets. cDNA was synthesized using high- capacity RNA- 
to- cDNA kit (TFS) and amplified using iQ SYBR Green 
Mastermix (Bio- Rad) and primers (Sigma) against target 
genes (online supplemental table 3). Relative expres-
sion of KLRB1 upon T cell receptor (TCR) stimulation 
was normalized to average expression of BACT and B2M, 
relative expression of KLRB1 upon TGFβ1 exposure to 
SDHA, and relative expression of BACH2, EOMES, SATB1, 
LEF1, TCF7 and SOX4 to average expression of B2M and 
SDHA using the 2-ΔCq method. Expression relative to 0 
ng/mL TGFβ1 was calculated using the 2-ΔΔCq method. 
TCR sequencing of the T cell Receptor Beta chain from 
sorted CD4+CD161+ or CD161- T cell clones and analysis 
was performed by iRepertoire.

Single-cell RNA sequencing and data analysis
Single- cell OPSCC tumor digests were analyzed by single- 
cell RNA sequencing (Abdulrahman et al submitted), see 
online supplemental material. External Smart- seq2 data-
sets of T cells from non- small cell lung cancer (NSCLC),24 
colorectal cancer (CRC)25 and hepatocellular carci-
noma (HCC)26 were obtained from EGA under accession 
numbers EGAS00001002430, EGAD00001003910 and 
EGAS00001002072, respectively. Raw FASTQ files were 
processed using the nf- core Smart- seq2 pipeline (https://nf- 
co.re/smartseq2). Read counts were loaded into scanpy and 
filtered for cells with >2000 detected genes, and <16% mito-
chondrial reads. The cell- type labels from the original publi-
cations were used. A Nextflow pipeline27 to reproduce the 
analyses is publicly available from GitHub (https://github. 
com/icbi-lab/duurland2021_paper).

Statistical analysis
Statistical analysis was performed using GraphPad Prism 
V.9.0.1. For survival analysis, patients were grouped into 
high and low numbers of cell population based on the 
median level in all patients combined and statistical signif-
icance was analyzed by log- rank testing. Non- parametric 
(Wilcoxon matched- pairs signed rank test or Mann- 
Whitney with Holm-Šídák multiple comparison test), 
one- way analysis of variance (ANOVA) Kruskal- Wallis 
with Dunn’s multiple comparison test, and RM Two- Way 
ANOVA or mixed model in case of missing values with 
Geisser- Greenhouse correction with Tukey’s or Šídák’s 
multiple comparisons test were performed as appropriate. 
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Where used, lines or bar graphs represent mean or 
median, and error bars represent standard deviation 
(SD) or standard error of the mean (SEM) as indicated 
in figure legends. P values below 0.05 were considered 
significant and are shown in graphs as *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001.

RESULTS
Tumor-infiltrating CD4+CD161+ Tem are associated with 
improved survival
To determine the relevance of CD161 expressing T cells, 
the TME of 40 OPSCC patients was analyzed using multi-
spectral immunofluorescence (figure 1A). The numbers 
of total CD3+CD8- (CD4+) (99% of CD3+CD8- T cells are 
CD4+19), CD3+CD8+ cells (figure 1B), CD4+CD161+ and 

CD8+CD161+ cells (figure 1C) were significantly higher in 
HPV16+ immune response positive (IR+) compared with 
HPV16+ IR negative (IR-) patients. Our previously published 
mass cytometry analysis demonstrated an enrichment of 
CD4+CD161+ Tem, but not CD4+CD161+ central memory 
T cells (Tcm), in the TME of HPV16+IR+ patients.2 3 Reanal-
ysis of this data2 showed that distinct expression patterns 
of CD45RO and PD1 between Tem and Tcm allowed for 
discrimination between CD161+ Tem and Tcm (online 
supplemental figure 1A- B). The percentage CD161+ Tem 
was similar between epithelium and stroma, whereas the 
percentage CD161+ Tcm was higher in stroma compared to 
epithelium (figure 1D). The TME of HPV16+IR+ patients 
showed a significant enrichment of CD4+CD161+ Tem, 
but not Tcm, compared to HPV16+IR- patients (figure 1E). 

Figure 1 Tumor- infiltrating CD4+CD161+ Tem are associated with improved survival. Formalin- fixed paraffin- embedded 
(FFPE) sections of OPSCC tumor tissue from HPV16+IR- (n=15) and HPV16+IR+ (n=25) patients were analyzed by 
immunofluorescence with antibodies against CD3, CD8, CD161, CD45RO, PD1. (A) Overlay and single stains of DAPI, CD3, 
CD8, CD45RO, PD1, CD161 immunofluorescence staining in a representative HPV16+IR+ sample. White squares indicate 
CD4+CD161+ Tem and Tcm cells. (B) Summary graphs showing number of CD3+CD8- (CD4+) and CD3+CD8+ T cells/mm2 
in tumor tissue of HPV16+IR- and HPV16+IR+ patients. (C) Summary graphs showing number of CD3+CD8- (CD4+)CD161+ 
and CD3+CD8+CD161+ cells/mm2 in tumor tissue of HPV16+IR- and HPV16+IR+ patients. (D) Summary graph showing 
percentage CD161+ Tem and Tcm of total CD161+ T cells in epithelium and stroma. (E) Summary graphs showing cells/mm2 for 
CD3+CD8- (CD4+)CD161+ Tem and CD3+CD8- (CD4+)CD161+ Tcm in HPV16+IR- and HPV16+IR+ patients. (F) Kaplan- Meier 
survival curves showing survival of patients divided into below (low) or above (high) median numbers of CD3+CD8- (CD4+) 
cells, CD3+CD8- (CD4+)CD161+ Tem and CD3+CD8- (CD4+)CD161+ Tcm. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. HPV16, 
human papillomavirus 16; IR+/-, immune response positive/negative; Tcm, central memory T cells; Tem, effector memory T 
cells.
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For CD8+ cells, numbers of tumor- infiltrating CD161+ 
Tem and Tcm were higher in HPV16+IR+ compared to 
HPV16+IR- (online supplemental figure 1C). Numbers 
of tumor- infiltrating CD4+ cells were not associated with 
disease- specific survival (DSS), but subgrouping patients 
based on CD4+CD161+ Tem numbers resulted in a clear 
separation of survival curves with increased DSS for the 
group of patients with high CD4+CD161+ Tem levels. 
This was not the case when patients were grouped by 
CD4+CD161+ Tcm numbers (figure 1F). Similar analysis 
for CD3+CD8+ cell populations showed no additional 
improvement of DSS when CD8+CD161+ Tem or Tcm 
were grouped compared to total CD8+ cells (online supple-
mental figure 1D). Thus, specifically CD4+CD161+ Tem are 
associated with better clinical outcome in OPSCC.

Type 1 cytokine-producing CD4+CD161+ T cells are expanded 
upon vaccination
The prognostic impact of CD4+CD161+ Tem provides ratio-
nale for the investigation of strategies to boost this population. 

To explore this, biological samples from patients treated with 
a clinically effective therapeutic HPV16 vaccine20 21 were 
used. Prevaccination and postvaccination PBMC (pre- and 
post- PBMC), prestimulated in vitro with a pool of HPV16 
E6E7 peptides to expand HPV16- specific T cells, and T cells 
cultured from skin biopsies taken from the vaccination site 
were examined for presence of HPV16- specific responses by 
CD4+CD161+ cells. Stimulation with E6E7 peptides resulted 
in detection of IFNγ+, tumor necrosis factor (TNF)α+ and 
activated (CD154+/CD137+ single and double positive (SP 
and DP)) CD4+ cells (online supplemental figure 2A–C), 
which were increased in peripheral blood after vaccination 
and present at the vaccination site. In vitro expansion of pre- 
PMBC and post- PMBC induced a shift in memory phenotype 
of CD4+ cells and cells adopted a Tem phenotype, espe-
cially postvaccination (figure 2A), but total percentages of 
CD4+CD161+ cells were not altered (online supplemental 
figure 2D). Both CD4+CD161+ and CD4+CD161- cell popu-
lations contained HPV16- specific T cells producing IFNγ 

Figure 2 Type 1 cytokine- producing CD4+CD161+ T cells are expanded upon vaccination. (A) PBMC prevaccination (n=28) 
and postvaccination(n=30) (pre- PBMC and post- PBMC) were prestimulated with a pool of E6E7 peptides (2.5 µg/mL of each 
peptide) for 11 days to generate bulk cultures. Summary graph depicting percentages Tcm, Tnaive, Temra and Tem of CD4+ 
cells among pre- PBMC and post- PBMC on day 0 (D0) and after 11 days (D11) prestimulation with E6E7 peptide pool. Graph 
shows mean±SD. (B, C) Prestimulated pre- PBMC (n=28) and post- PBMC (n=30), and cultured T cells from the vaccination site 
(n=28) were stimulated overnight with autologous monocytes loaded with a pool of E6E7 peptides (5 µg/mL of each peptide) 
and analyzed by intracellular cytokine staining. (B) Representative dot plots showing IFNγ and TNFα against CD161 gated on 
CD4+ cells. (C) Summary graph showing percentage CD161+ cells of CD4+ cells upon stimulation with or without E6E7 peptide 
pool. (D) Summary graph showing percentage IFNγ+ and TNFα+ of CD4+CD161+ cells upon stimulation with or without E6E7 
peptide pool. Bar graphs show mean. ****p<0.0001. IFNγ, interferon γ; PBMC, peripheral blood mononuclear cells; Tcm, central 
memory T cells; Tem; effector memory T cells; TNFα, tumor necrosis factor α.
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and TNFα upon antigen- specific stimulation (figure 2B–D; 
online supplemental figure 2E). Furthermore, their frequen-
cies were increased after vaccination (figure 2D) indicating 
that cytokine- producing CD4+CD161+ cells are boosted by 
therapeutic vaccination.

CD161 does not affect cytokine production by CD4+ T cells
The effect of the interaction between CD161 and its ligand 
LLT1 on T cell function is unclear and studies used distinct 
experimental approaches to examine this.8 10 12 13 15–17 The 
function of CD161 was analyzed using in vitro expanded 
CD4+CD161+ TIL and CD4+CD161+ T cell clones derived 
from HPV16+IR+ OPSCC patients according to the 
approaches depicted in figure 3A. First, cells were stimulated 
with plate- bound anti- CD3 and anti- IgG1 or anti- CD161. In 
agreement with previous findings,13 15 28 TCR stimulation was 
required for cells to produce IFNγ and TNFα, but specific 
CD161 engagement on CD4+CD161+ TIL and clones had no 
consistent effect on cytokine production compared to isotype 
control (figure 3B–D). Second, cells were stimulated with 
biotinylated anti- CD161 or anti- IgG1 followed by crosslinking 
with an anti- biotin antibody during CD3- mediated TCR stim-
ulation and CD28 costimulation, but again no consistent 
effect was observed (figure 3E). Incubation with anti- CD161 
was efficient as indicated by reduced detection of CD161 
(online supplemental figure 3A–D). In the third approach, 
cells were stimulated with cognate antigen presented by 
LLT1 expressing target cells to interrogate the function of 
the CD161- LLT1 interaction in a more physiological antigen- 
specific setting. LLT1 is expressed on Epstein Barr Virus 
(EBV)- transformed B- LCL,12 13 including those generated 
from OPSCC and cervical cancer patients (figure 3F). Stim-
ulation with cognate antigen resulted in production of IFNγ 
and TNFα, but no effect of anti- CD161 was observed after 
24 or 72 hours of stimulation (figure 3G–H). CD161 expres-
sion could not be detected after stimulation with anti- CD161 
indicating that blockade was efficient (online supplemental 
figure 3E). We observed that activated T cells also express 
LLT1, which was gradually lost over time (figure 3I). This 
may complicate CD161 blocking experiments, because LLT1 
and CD161 can directly interact with each other on T cells 
before the antibody does. Recently, a coinhibitory effect of 
CD161 on antigen- specific CD8+ T cells was demonstrated 
using T cells in which expression of KLRB1 was edited for 
inactivation10 (figure 3A). Crispr- Cas9- mediated editing of 
KLRB1 in CD4+CD161+ OPSCC TIL and HPV16- specific 
CD4+CD161+ T cell clones was highly effective (figure 3J, 
online supplemental figure 3F), but did not consistently 
affect the response of T cells upon stimulation with peptide- 
loaded LLT1 expressing B- LCL (figure 3K–L). Thus, in all 
four approaches, no consistent effect on cytokine production 
by CD4+ cells was observed, ruling out a role for CD161 as 
coinhibitory receptor on CD4+ cells.

CD161 expression is dynamic upon TCR triggering and in time
Analysis of a series of HPV16- specific CD4+ T cell clones 
with distinct cytokine producing phenotypes (online 
supplemental figure 4A) revealed a significant reduction in 

percentage of cells expressing CD161 after 7 days of stimu-
lation (figure 4A). Detailed monitoring of CD161 expres-
sion during culture revealed four distinct patterns based on 
percentage CD161+ cells. Group I showed high percentages 
of CD161+ cells at start of culture followed by a reduction 
on day 7 after stimulation, but in time percentages returned 
to the levels observed at start of culture until the next anti-
genic stimulation. Group II showed similar kinetics as group 
I, but percentages of CD161+ cells were intermediate. 
Percentages of CD161+ cells in group III were low at start 
of culture and remained low. Group IV followed a distinct 
pattern as percentages of CD161+ cells were initially reduced 
after stimulation, but then increased in time (figure 4B). To 
explore the dynamics of CD161 protein expression, CD161+ 
and CD161- cells were sorted from HPV16- specific CD4+ T 
cell clones belonging to group I- III (online supplemental 
figure 4B). Interestingly, CD161- sorted cells from clones that 
were at least 25%–30% CD161+ before sorting re- expressed 
CD161 again in time whereas CD161+ sorted cells remained 
highly CD161+. The percentage of CD161+ cells sorted from 
clones which were <20% CD161+ was reduced with time and 
sorted CD161- cells remained CD161- (figure 4C). Human T 
cell Receptor Beta Variable (TRBV) gene repertoire analysis 
of CD4+CD161+ and CD161- cells after cell sorting showed 
that both cell populations had the same TRBV chain and 
thus originate from a single T cell clone (figure 4D). These 
data indicate that CD161 expression is dynamic in time and 
influenced by TCR- mediated signaling.

Downregulation of CD161 protein expression depends on TCR-
signaling strength
To further decipher the effect of TCR stimulation on 
CD161 expression, CD4+CD161+ and CD161- cells were 
sorted from healthy donor- derived PBMC (online supple-
mental figure 5A), stimulated with anti- CD3CD28 beads at 
different ratio’s and analyzed after 5 days of culture based 
on the kinetics of expression on T cell clones. We focused 
on CD4+CD45RO+ cells as circulating CD4+CD161+ cells 
are mainly CD45RO+ memory cells while CD4+CD161- 
cells are a mixture of CD45RO+ and CD45RO- cells6 
which become CD45RO+ after anti- CD3CD28 stimula-
tion (online supplemental figure 5B). The proliferative 
capacity of CD4+ CD45RO+CD161+ and CD161- cells after 
TCR stimulation was similar (figure 5A–B). TCR stimula-
tion resulted in a dose- dependent decrease in percentage 
CD161+ cells and CD161 expression per cell (figure 5C–D, 
online supplemental figure 5C). This was due to decreased 
transcription as KLRB1 levels were strongly declined 
at day 5 (figure 5E). In contrast to CD161, the percent-
ages of cells expressing the coinhibitory molecules PD1 
and CD39 were increased after TCR stimulation and 
especially CD161+ sorted cell cultures contained higher 
percentages of CD39+ and PD1+ cells (figure 5C,F, online 
supplemental figure 5D). Furthermore, the percentage of 
stimulated cells expressing CD161 declined with each cell 
division at a linear rate (figure 5G–H). In contrast, the 
percentage PD1+ cells remained high for two divisions, 
but rapidly declined thereafter whereas the percentage 
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Figure 3 CD161 does not function as a checkpoint molecule on CD4+ T cells. (A) Graphical illustration of the four 
experimental approaches used to study the function of CD161. (#1) Cells were stimulated with plate- bound anti- CD3 (αCD3, 
clone UCHL1, indicated concentrations) and plate- bound anti- IgG1 (αIgG1, clone MOPC- 21) or anti- CD161 (αCD161, clone 
HP- 3G10) (OPSCC TIL: 10 µg/mL, HPV16- specific CD4+ T cell clones: 5 µg/mL) for 4 hours. (#2) Cells were preincubated 
with biotinylated anti- IgG1 (clone MOPC- 21) or anti- CD161 (clone HP3G10) (5 µg/mL) for 30 min, unbound antibodies were 
washed away followed by crosslinking with anti- biotin antibody during CD3- mediated TCR stimulation (plate- bound, 1 µg/
mL) and CD28 (αCD28, clone CD28.2, 2 µg/mL) costimulation for 4 hours. (#3) Cells were preincubated with plate- bound anti- 
IgG1 or anti- CD161 (10 µg/mL) before peptide- loaded LLT1 expressing B- LCL were added at a ratio B- LCL:T cell of 1:5 and 
1:1 for 24 and 72 hours. (#4) Control or KLRB1 edited cells (KLRB1 KO) were cocultured with peptide- loaded LLT1 expressing 
B- LCL at a ratio B- LCL:T cell of 1:1 for 72 hours. This illustration was created with BioRender.com. (B–D) Representative dot 
plots and summary graphs showing percentage IFNγ+ and TNFα+ of CD4+ cells upon stimulation of CD4+CD161+ TIL (B- C, 
n=6) and HPV16- specific CD4+ T cell clones (D, n=6) using approach 1. (E) Graphs show percentages IFNγ+ and TNFα+ of 
CD4+ cells upon stimulation using approach 2 (n=6). (F) Histogram overlay showing LLT1 staining and summary graph showing 
percentage LLT1+ cells on B- LCL generated from HPV16+IR+ OPSCC and cervical cancer patients (n=6). (G) Summary graphs 
showing percentages IFNγ+ and TNFα+ of CD4+ cells upon stimulation of CD4+CD161+ TIL for 24 hours using approach 3 
(n=2). (H) IFNγ production upon stimulation of CD4+CD161+ TIL for 72 hours using approach 3 (n=2). (I) Representative dot 
plot and summary graph showing percentage LLT1+ of CD4+ cells from OPSCC TIL on day 0 and during expansion culture of 
sorted CD4+CD161+ and CD161- cells (n=3). Bar graph shows mean. (J) Summary graph showing depletion of CD161 protein 
expression on CD4+ cells in KLRB1 edited cells compared to control (n=5). (K–L) IFNγ and GM- CSF production by KLRB1 
edited CD4+CD161+ TIL (K, n=3) and HPV16- specific CD4+ T cell clones (L, n=2) upon stimulation using approach 4. B- LCL, B 
lymphoblastoid cell lines; HPV16, human papillomavirus 16; IFNγ, interferon γ; IR+, immune response positive; LLT1, Lectin- like 
transcript 1; OPSCC, oropharyngeal squamous cell carcinoma; TCR, T cell receptor; TIL, tumor- infiltrating lymphocytes; TNFα, 
tumor necrosis factor α.
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CD39+ cells slowly increased with each division round 
within CD161+ sorted cells (figure 5H). The strong 
decline in CD161/KLRB1 expression upon TCR stimula-
tion and linear reduction in CD161 cell surface expression 
with cell division is different from the kinetics observed 
for PD1 and CD39 suggesting differences in cell surface 
protein stability. Therefore, CD4+ cells were cultured in 
presence of cycloheximide (CHX), which blocks protein 
translation, and expression of the different proteins was 
followed in time. While percentages of PD1+ and CD39+ 
cells were strongly reduced within 72 hours, the decline 
in percentage of CD161+ cells was much slower with only 
50% reduction after 120 hours of culture (figure 5I). Thus, 
expression of CD161 is downregulated by TCR signaling at 
both mRNA and protein level, and its expression pattern 
is opposite to the known coinhibitory markers PD1 and 
CD39. This is consistent with our observation that CD161 

does not function as a coinhibitory molecule in CD4+ 
cells.

TGFβ1 regulates CD161 expression on CD4+ T cells
Transforming growth factor beta (TGFβ) expressing cells are 
present at variable levels in OPSCC (figure 6A–B). TGFβ is 
related to worse overall survival in OPSCC29 and known to 
increase expression of PD1, CD39 and CD10330 31 on T cells. 
To determine if TGFβ affects CD161 expression, healthy 
donor- derived CD4+CD45RO+CD161+ and CD161- cells 
were stimulated using anti- CD3CD28 beads in presence or 
absence of TGFβ1. An increased percentage of CD39+ and 
PD1+ cells was observed from day 7 of culture in the presence 
of anti- CD3CD28 stimulation and TGFβ1. The percentage 
of CD103+ cells was increased from 3 days onwards. This 
effect was independent of CD161 status (online supple-
mental figure 6A- B). In contrast, percentages of CD161+ cells 

Figure 4 CD161 expression is dynamic upon TCR triggering and in time. HPV16- specific CD4+ T cell clones from HPV16+IR+ 
OPSCC (n=7) and cervical cancer patients (n=16) were expanded for 3 weeks. (A) Percentage CD161+ of CD4+ cells within 
CD4+ T cell clones on day 0 and day 7 of culture (n=19). (B) Percentage CD161+ of CD4+ cells during culture of HPV16- specific 
T cell clones (n=19) divided into 4 groups of CD161 expression patterns: I – >50% CD161+ (n=7), II – 20%–50% CD161+ (n=3), 
III – <20% CD161+ (n=3), IV – % CD161+ increases over time (n=6). Dotted line indicates re- stimulation of clones with their 
cognate peptide for another 3 weeks. (C, D) HPV16- specific CD4+ T cell clones (n=5) belonging to group I (n=2), II (n=1) and 
III (n=2) were sorted into CD161+ and CD161- T cell populations. (C) Sorted clones were cultured and percentage CD161+ T 
cells was monitored over time. Dotted line indicates re- stimulation of clones with their cognate peptide. (D) TRBV repertoire was 
determined on day of sort (day 0 of culture) for CD4+CD161+ and CD161- cell populations of each sorted T cell clone using 
iRepertoire (n=5). ****p<0.0001. HPV16, human papillomavirus 16; IR+, immune response positive; OPSCC, oropharyngeal 
squamous cell carcinoma; TCR, T cell receptor; TRBV, T cell receptor beta variable.
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decreased when TGFβ1 was present (figure 6C–E). TGFβ1 
had no effect on T cell activation as indicated by CD154 
expression (figure 6F, online supplemental figure 6C). The 
observed effect was TGFβ1 specific as it was reversed by addi-
tion of SB505124, a selective inhibitor of TGFβ type I receptor 
(like) kineases, i.e. activin receptor- like kinase (ALK)4, ALK5 
and ALK7 signaling, to sorted CD4+CD45RO+CD161+ cells 
(figure 6G–H, online supplemental figure 6D) or addition 
of a pan- neutralizing TGFβ antibody to CD4+ cells (online 

supplemental figure 7A- B). Notably, proliferation of cells was 
not affected by TGFβ1 or SB505124 (figure 6I). The effect 
of TGFβ1 tapped into regulation of CD161 at gene level as 
KLRB1 expression was decreased after 5 days to about 60% 
without anti- CD3CD28 stimulation and 80%–90% with anti- 
CD3CD28 stimulation (figure 6J). We confirmed the effect 
of TGFβ1 on CD161, PD1 and CD103 for HPV16- specific 
CD4+CD161+ T cell clones stimulated with different doses 
of cognate antigen (figure 6K, online supplemental figure 

Figure 5 Downregulation of CD161 protein expression depends on TCR- signaling strength. (A–H) CD4+CD161+ and CD161- 
cells were sorted from PBMC of adult healthy controls, labeled with CellTrace Violet (CTV) and stimulated for 5 days in presence 
of anti- CD3CD28 beads to cell ratio (bead:cell) as indicated (n=5–9 unless otherwise indicated). Summary data represent 
mean±SEM. (A) Representative histogram overlays for CD4+CD45RO+CD161+ and CD161- cells showing CTV dilution for 
anti- CD3CD28 stimulation as indicated. (B) Summary graph showing percentage proliferation of CD4+CD45RO+CD161+ and 
CD161- cells upon stimulation with anti- CD3CD28. (C) Representative dot plots showing percentage CD161+, CD39+ and 
PD1+ cells within CD4+CD161+ and CD161- cultures gated on CD4+CD45RO+ cells for anti- CD3CD28 beads to cell ratio as 
indicated. (D) Summary graph showing percentage CD161+ cells within CD4+CD161+ and CD161- cultures cells gated on 
CD4+CD45RO+ cells after TCR stimulation. Significance was analyzed for bead:cell of 1:10- 1:1 compared to 0:1. (E) Relative 
expression of KLRB1 (CD161) within CD4+CD161+ and CD161- cultures after 5 days of TCR stimulation (n=2). (F) Summary 
graph showing percentage CD39+ and PD1+cells within CD4+CD161+ and CD161- cultures gated on CD4+CD45RO+ 
cells after TCR stimulation. Significance was analyzed for CD161+ compared to CD161- cells. (G) Percentage CD161+ of 
CD4+CD45RO+ cells within CD4+CD161+ culture per division after stimulation with anti- CD3CD28 beads to cell ratio as 
indicated. (H) Percentage CD161+, CD39+ and PD1+ cells within CD161+ cultures gated on CD4+CD45RO+ cells per division 
for anti- CD3CD28 beads to cell ratio of 1:1. (I) CD4+ cells from adult healthy controls were cultured in presence of 20 µg/mL 
cycloheximide (CHX) or DMSO vehicle control for 72 and 120 hours and analyzed for percentage CD161+, CD39+ and PD1+ of 
CD4+ cells (n=6). Summary data represent mean±SEM. *p<0.05, **p<0.01, ***p<0.001. DMSO, dimethyl sulfoxide; KLRB1, killer 
cell lectin- like receptor B1; PBMC, peripheral blood mononuclear cells; TCR, T cell receptor.
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Figure 6 TGFβ1 reduces CD161 expression on CD4+ T cells. (A) FFPE tumor tissue of OPSCC patients was analyzed by 
imaging mass cytometry for CD3 (red), CD4 (yellow) and TGFβ (blue) expression. A representative example of staining in a 
HPV16+IR+ sample is shown. (B) TGFβ+ cells/mm2 in tumor tissue sections of OPSCC patients as determined by imaging 
mass cytometry. Line indicates median. (C–F) CD4+CD45RO+CD161+ and CD161- cells were sorted from PBMC of adult 
healthy controls and cultured in presence of 0 or 5 ng/mL TGFβ1, 5 ng/mL rhIL- 7 and anti- CD3CD28 beads at bead to cell 
ratio as indicated (n=3–5). Cells were restimulated with anti- CD3CD28 beads every 7 days and medium containing TGFβ1 and 
rhIL- 7 was refreshed every 3–4 days. Graphs show mean±SEM. (C) Representative dot plots showing percentage CD161+ of 
CD4+ cells within the CD4+CD161+ culture in presence or absence of TGFβ1 and anti- CD3CD28 beads as indicated on day 
7 of culture. (D) Percentage CD161+ of CD4+ cells within CD4+CD161+ and CD161- cultures in time. (E) Percentage CD161+, 
CD39+, PD1+, CD103+ of CD4+ cells upon stimulation with anti- CD3CD28 beads to cell ratio of 1:2 and 5 ng/mL TGFβ1. 
(F) Percentage CD154+ of CD4+ cells within CD4+CD161+ and CD161- cultures in time. (G–J) CD4+CD45RO+CD161+ cells 
were sorted from PBMC of adult healthy controls, labeled with CTV and cultured in presence of 0,1 or 5 ng/mL TGFβ1, 5 ng/
mL rhIL- 7, and anti- CD3CD28 beads at bead to cell ratio of 0:1 and 1:2 with or without 1µM SB505124 or DMSO control for 
5 days as indicated (n=5 unless otherwise indicated). (G) Representative dots plots showing percentage CD161+ cells within 
CD4+CD161+ cultures. (H, I) Percentage CD161+ of CD4+ cells, MFI CD161 on CD4+ cells (H), and percentage proliferation 
(I) within CD4+CD161+ cultures. Graphs show mean±SEM. (J) KLRB1 expression in CD4+CD161+ cultures stimulated with 
1 and 5 ng/mL TGFβ1 relative to 0 ng/mL TGFβ1 with or without anti- CD3CD28 beads after 24 hours and 120 hours (n=3–4). 
Lines indicate mean and significance was analyzed compared to 0 ng/mL TGFβ1. (K, L) Two HPV16- specific CD4+ T cell 
clones were labeled with CTV and stimulated with 5 ng/mL rhIL- 15, peptide- loaded B- LCL with or without 5 ng/mL TGFβ1 for 5 
days. Histograms show CD161 protein expression (K) and CTV dilution (L) for indicated stimuli. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. B- LCL, B lymphoblastoid cell lines; CTV, CellTrace Violet; FFPE, formalin- fixed paraffin- embedded; HPV16, human 
papillomavirus 16; IR+, immune response positive; KLRB1, killer cell lectin- like receptor B1; OPSCC, oropharyngeal squamous 
cell carcinoma; MFI, median fluorescence intensity; PBMC, peripheral blood mononuclear cells; rhIL- 7, recombinant human 
interleukin- 7; rhIL- 15, recombinant human interleukin- 15; TGFβ1, transforming growth factor β1.
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6E). However, TGFβ1 reduced proliferation and the effect 
on CD39 was minimal because expression levels were already 
high (figure 6L, online supplemental figure 6E).

Other members of the TGFβ family, such as Activin A, 
and bone morphogenetic protein (BMP)2 and BMP6 
that signal via distinct surface receptors, had no effect on 
CD161 indicating that the observed effect is specific for 
TGFβ1. Activin A did increase the percentages of CD39+, 
PD1+ and CD103+ cells, consistent with published data 
for CD39 and PD1,32 33 and the effect was reversed by 
SB505124 (online supplemental figure 8).

Thus, the effect of TGFβ1 on expression of CD161 is 
different from the effect on well- known coinhibitory mole-
cules and not part of general T cell suppression, because 
activation and proliferation of cells was not affected.

CD4+CD161+ cells specifically express the transcriptional 
transactivator SOX4
The observation that CD161 expression is dynamically 
regulated at gene level after TCR signaling (figure 5E) 
and expressed on CD4+ cells with different cytokine 
patterns suggests that CD161 expression by CD4+ 
cells is likely to reflect an activation state of cells34 in 
human tumors. This would imply that CD161 expres-
sion can be found among different T cell clusters in 
tumors and is associated with expression of particular 
transcription factors. Unsupervised clustering of CD3+ 
cells from our single- cell RNA sequencing data of 
OPSCC patients35 (Abdulrahman et al submitted) iden-
tified 29 different CD3+ clusters of which 11 clusters 
were CD4+ (figure 7A). Analysis of KLRB1 expression 
revealed that it is expressed by multiple CD4+ clusters 
(figure 7B,C). Similar analysis using publicly available 
single- cell RNAseq datasets for NSCLC,24 CRC25 and 
HCC26 confirmed our findings (figure 7D).

Transcriptional profiling of CD27- CD161- stage 1 and 
CD27+CD161+ stage 3 mucosal associated invariant T (MAIT) 
cells highlighted differential expression of several transcrip-
tion factors including BACH2, EOMES, SATB1, LEF1, TCF7 
(TCF1), SOX4 and RUNX3.36 As expected, expression of 
BACH2, a transcriptional repressor of memory/effector cells,37 
was low after anti- CD3CD28 stimulation of blood- derived 
CD4+CD161+ and CD161- cells. There was no difference 
in expression of EOMES, involved in type 1 commitment,38 
and SATB1, a regulator of lineage- specific genes,39 between 
CD4+CD161+ and CD161- cells (figure 7E, online supple-
mental figure 9A). The transcription factors LEF1, TCF7 and 
SOX4 are known to function as T cell enhancers.40 41 There 
was no difference in expression of LEF1 and TCF7 between 
CD4+CD161+ and CD161- cells upon TCR stimulation, but 
SOX4 was exclusively expressed in CD161+ cells (figure 7E, 
online supplemental figure 9A). In contrast to CD4+CD161+ 
cells, not all CD4+CD161- cells display a memory phenotype 
after stimulation (online supplemental figure 5B). If SOX4 
expression would simply reflect memory T cells, expression 
would not be absent in CD4+CD161- cells, but detected at 
lower levels. Similar to our observations for KLRB1/CD161, 
expression of SOX4 was reduced upon increasing strength 

of TCR activation (figure 7F). In line with this, exposure 
to TGFβ1 had no effect on LEF1 and TCF7 expression, but 
further reduced expression of SOX4 in a dose- dependent 
manner (figure 7G, online supplemental figure 9B). Thus, 
the expression of KLRB1/CD161 is coregulated with the T 
cell enhancer SOX4 by cell intrinsic and extrinsic factors asso-
ciated with T cell activation.

Based on the coregulation of KLRB1/CD161 and 
the T cell enhancer SOX4, we hypothesized that 
CD161 expression may reflect an enhanced activation 
state. To examine this, HPV16- specific CD4+ T cell 
clones were stimulated with cognate antigen in pres-
ence of rhIL- 12 and rhIL- 18, previously shown to act 
on CD161+ T cells.8 42 Our data show that these cyto-
kines improved the reactivity of both CD4+CD161+ 
and CD161- populations. However, under limiting 
amounts of antigen, the percentage of T cells 
producing IFNγ was significantly higher among the 
CD161+ population compared to their CD161- coun-
terparts (figure 7H). Thus, these data suggest that 
CD161 expression by CD4+ cells reflects a specific 
activation state allowing these cells to respond more 
vigorously.

DISCUSSION
In this study, we demonstrated that the TME of HPV16+IR+ 
OPSCC is highly infiltrated by CD4+CD161+ and 
CD8+CD161+ Tem. While expression of CD161 did not alter 
the impact of CD8+ cells on survival, there was a clear clin-
ical benefit when tumors were infiltrated with relatively high 
numbers of CD4+CD161+ Tem. This suggests that mainly 
CD4+CD161+ cells contribute to the prognostic impact and 
improved survival associated with high KLRB1 expression 
levels in tumors.2 3 43 44 CD4+CD161+ cells display a stronger 
type 1 response to suboptimal antigen stimulation (this study) 
and produce more cytokines at a per cell basis upon antigen 
stimulation.2 The stronger reactivity of these cells might be 
due to a concerted action between the transcriptional trans-
activator SOX4, which transactivates CD3ε,41 enhances TCR 
signaling45 46 and is specifically expressed by CD4+CD161+ 
cells, and CD161, which interacts with acid sphingomyeli-
nase to generate ceramide required for the signaling cascade 
downstream of CD3.47

The role of CD161 as a costimulatory or coinhibitory 
molecule is highly debated and the outcomes varied 
depending on the experimental setup used. Many studies 
examined CD161 function using plate- bound antibodies 
or beads coated with anti- CD3 and/or anti- CD28 to stimu-
late T cells, or LLT1+ cell lines.8 12 13 15–17 The most compel-
ling evidence for a coinhibitory function of CD161 on 
CD8+ cells came from a study in which KLRB1 expression 
was knocked- out in NY- ESO- 1 TCR transduced T cells.10 
We used HPV16- specific CD4+CD161+ cells in all these 
experimental approaches, but found no consistent coin-
hibitory or costimulatory effect. One of the problems with 
CD161- specific antibody blockade could be that activated 
T cells express LLT112, hence LLT1 can directly interact 
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with CD161 and thereby prevent antibody binding. We 
used KLRB1 edited T cells to overcome this hurdle, but 
again no costimulatory or coinhibitory role for CD161 on 
CD4+ cells was found.

In contrast to increased expression of known check-
point molecules PD1 and CD39 after T cell activation, 

expression of CD161 is reduced at both mRNA and 
protein level. While it is known that TGFβ1 induces 
expression of CD39, PD1 and CD103 on T cells,30 31 we 
show here that costimulation with TGFβ1, but not other 
TGFβ superfamily members, resulted in an even stronger 
reduction of CD161 expression. The observed expression 

Figure 7 CD161+CD4+ T cells specifically express the transcriptional transactivator SOX4. (A–C) Ex vivo TIL samples from 
OPSSC patients were enriched for CD3+CD56+ cells and analyzed by single- cell RNAseq (n=13). Clustering analysis was 
restricted to CD3+ cells. (A) Two- dimensional UMAP plot showing 29 different CD3+ clusters identified using the Leiden 
algorithm. These CD3+ clusters could be further divided into 11 CD4+, 12 CD8+ and 6 Treg clusters. (B) Two- dimensional 
UMAP plot showing distribution of KLRB1 expression. (C) Plot showing fraction of cells in group (%) and mean expression 
in group for CD3D, CD3E, CD3G, CD4, CD8A, CD8B and KLRB1. (D) Single- cell RNAseq analysis of published datasets for 
NSCLC,24 CRC,25 HCC26 showing CD4, CD8 and Treg clusters (left) and distribution of CD4, CD8A, FOXP3, KLRB1 (CD161) 
expression (right). (E, F) CD4+CD161+ and CD161- cells were sorted from PBMC of adult healthy controls and stimulated for 
5 days in presence of anti- CD3CD28 beads to cell ratio (bead:cell) as indicated (n=2). (E) Summary graph showing relative 
expression of BACH2, EOMES, SATB1, LEF1, TCF7 and SOX4 upon stimulation of CD4+CD161+ and CD161- cells with 
bead:cell ratio of 1:10. Line indicates mean. (F) Summary graph showing relative expression of SOX4 within CD4+CD161+ 
and CD161- cultures after 5 days of stimulation with anti- CD3CD28 beads. (G) CD4+CD45RO+CD161+ cells were sorted from 
PBMC of adult healthy controls and cultured in presence of 0,1 or 5 ng/mL TGFβ1 and anti- CD3CD28 beads at bead to cell 
ratio of 1:2 for 5 days. Graph showing SOX4 expression relative to 0 ng/mL TGFβ1 after 120 hours (n=4). Lines indicate mean 
and significance was analyzed compared to 0 ng/mL TGFβ1. (H) Percentage IFNγ+ of CD4+CD161+ or CD161- cells upon 
stimulation of 17 different HPV16- specific CD4+ T cell clones with peptide- loaded B- LCL with or without 50 ng/mL rhIL- 12 and 
50 ng/mL rhIL- 18 for 24 hours with Brefeldin A added for the last 4 hours. Graph shows mean±SEM. *p<0.05, ****p<0.0001. 
CRC, colorectal cancer; HCC, hepatocellular carcinoma; KLRB1, killer cell lectin- like receptor B1; NSCLC, non- small cell lung 
cancer; OPSSC, oropharyngeal squamous cell carcinoma; PBMC, peripheral blood mononuclear cells; rhIL- 12, recombinant 
human interleukin- 12; rhIL- 18, recombinant human interleukin- 18; TGFβ1, transforming growth factor β1; TIL, tumor infiltrating 
lymphocytes; UMAP, uniform manifold approximation and projection.
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pattern of CD161 on CD4+ cells being the opposite of 
well- known checkpoints also argues against a coinhibitory 
function of CD161.

We demonstrated that more HPV16- specific 
CD4+CD161+ cells produced IFNγ after suboptimal 
antigen and cytokine stimulation compared to their 
CD161- counterparts. This is consistent with a report 
showing that CD4+CD161+ TIL in NSCLC are more acti-
vated.43 These findings suggest that CD161 is a marker 
of a specific activation state of CD4+ cells in which cells 
are more prone to produce type 1 cytokines upon low- 
dose antigen encounter. In this context, expression of 
the T cell enhancers LEF1, TCF7 (TCF- 1) and SOX4 is 
of interest. As expected, expression of LEF1 and TCF7, 
both important for TCRα gene expression, did not differ 
between CD4+CD161+ and CD161- cells. SOX4, which 
transactivates CD3ε and enhances TCR signaling,41 45 46 
shows higher expression in CD4+CD161+ cells. Similar 
to CD161, SOX4 expression was reduced upon TCR stim-
ulation and TGFβ1 exposure. Although more research 
is required to understand the exact role of SOX4 and 
CD161 in CD4+ cells, it seems that both amplify TCR 
signals via CD3.45–47

In conclusion, relatively high levels of CD4+CD161+ 
Tem are associated with better clinical outcome. These 
cells respond more vigorously to TCR stimulation under 
suboptimal conditions fostered by their responsiveness 
to innate cytokines8 42 and expression of TCR- signaling 
amplifying molecules SOX4 and potentially CD161 itself. 
Cytokine- producing CD4+CD161+ effector cells can be 
induced by therapeutic vaccination, but as TGFβ1 down-
regulates both KLRB1/CD161 and SOX4, immunothera-
peutic strategies may include TGFβ inhibition.
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Supplementary Figure 3: Effect of anti-CD161 antibody and KLRB1 editing on CD161 expression 

A-C) Representative histogram overlays and summary graphs showing MFI CD161 on CD4+ cells upon stimulation of CD4+CD161+ 
OPSCC TIL (A-B, n=6) and HPV16-specific CD4+ T cell clones (C, n=6) with plate-bound anti-CD3 (0, 0.25, 0.5, 1, 5 µg/ml) and plate- bound 
anti-IgG1 or anti-CD161 (OPSCC TIL (A-B): 10 µg/ml, HPV16-specific CD4+ T cell clones (C): 5 µg/ml) for 4 hours. Numbers in overlay 
indicate MFI of CD161. D) MFI CD161 on CD4+ T cells among HPV16-specific CD4+ T cell clones stimulated with biotinylated anti-IgG1 or 
anti-CD161 (5 µg/ml) which was crosslinked using anti-biotin antibody in presence of plate-bound anti-CD3 (1 µg/ml) and soluble anti-CD28 
(2 µg/ml) stimulation for 4 hours (n=6). E) MFI CD161 on CD4+ cells upon stimulation of CD4+CD161+ TIL with peptide-loaded LLT1 
expressing B-LCL in ratio B-LCL:T cell of 1:5 and 1:1 and plate-bound anti-IgG1 or anti-CD161 (10 µg/ml) for 24 hours (n=2). F) Histogram 
overlays showing CD161 staining in control and KLRB1 edited CD4+CD161+ TIL from OPSCC patients and HPV16-specific CD4+ T cell 
clones. Numbers in overlay indicate MFI of CD161. 
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Supplementary Figure 7: Inhibitor of TGFβ receptor signaling and pan-neutralizing TGFβ antibody (partially) reverse the effect of TGFβ1 on CD4+ T cells
A) CD4+ cells from healthy controls were pre-incubated with 1µM SB505124 or DMSO control before stimulation with 0, 1 or 5 ng/ml TGFβ1, 
5 ng/ml rhIL-7 and anti-CD3CD28 beads at bead to cell ratio of 0:1 and 1:2 for 5 days (n=4-6). Summary graphs showing percentage 

CD161+, CD39+, CD103+, PD1+ of CD4+CD45RO+ cells. Graphs show mean ± SEM. B) CD4+ cells from healthy controls were pre- 

incubated with a pan-neutralizing anti-TGFβ (αTGFβ) or control antibody (10 µg/ml) before stimulation with 0, 1 or 5 ng/ml TGFβ1, 5 ng/ml 
rhIL-7 and anti-CD3CD28 beads at bead to cell ratio of 0:1 and 1:2 for 5 days (n=4). Summary graphs showing percentage CD161+, CD39+, 

CD103+, PD1+ of CD4+CD45RO+ cells. Graphs show mean ± SEM. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Supplementary Figure 8: Activin A, BMP2 and BMP6 do not affect percentage CD161+ CD4+ cells

CD4+ cells from healthy controls were incubated with 0, 10, 50, 100 or 200 ng/ml Activin A +/- 

1µM SB505124 or DMSO control, BMP2 or BMP6, 5 ng/ml rhIL-7 and anti-CD3CD28 beads to 

cell ratio of 0:1 and 1:2 for 5 days. A) Percentage CD161+, CD39+, CD103+, PD1+ of 

CD4+CD45RO+ cells upon stimulation with Activin A and SB505124 or DMSO control in presence 

of anti-CD3CD28 beads as indicated (n=2-4). B-C) Percentage CD161+, CD39+, CD103+, PD1+ 

of CD4+CD45RO+ cells upon stimulation with BMP2 (B) or BMP6 (C) in presence of 

anti-CD3CD28 beads as indicated (n=2-4). 
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Supplementary Figure 9: Expression of transcription factors associated with T cell differentiation upon TCR and TGFβ1 stimulation 
A) CD4+CD161+/- cells were sorted from PBMC of adult healthy controls and stimulated for 5 days in presence of 

anti-CD3CD28 beads as indicated. Graphs showing relative expression of BACH2, EOMES, SATB1, LEF1 and TCF7 

within CD4+CD161+ and CD161- cells (n=2). B) CD4+CD45RO+CD161+ cells were sorted from PBMC of adult 

healthy controls and cultured in presence of 0,1 or 5 ng/ml TGFβ1, 5 ng/ml rhIL-7, and anti-CD3CD28 beads at bead 
to cell ratio of 1:2 for 5 days. Graphs show BACH2, EOMES, SATB1, LEF1 and TCF7 expression in CD4+CD161+ 

cultures relative to 0 ng/ml TGFβ1 (n=4). Lines indicate mean and significance was analyzed compared to 0 ng/ml 
TGFβ1. ** p<0.01, **** p<0.0001.
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Supplementary Table 1: Antibodies for multispectral immunofluorescence  
 
Marker Primary antibody 

clone 
Primary antibody 
dilution 

Detection method 

CD3 D7A6E 1:50 Alexa Fluor 595 direct 
CD8 4B11 1:50 Alexa Fluor 647 indirect 
CD161 HPA-039113 1:250 OPAL 520 
PD1 D4W2J 1:1000 OPAL 570 
CD45RO UCHL1 1:50 CF 633 indirect 
DAPI - - Fluorescent probe 

 
 
Supplementary Table 2: Flow cytometry antibodies  
 
Marker Fluorchrome Clone Company Catalog number 
CD3 Alexa Fluor 700 UCHT1 BD 557943 
CD3 V450 UCHT1 BD 560365 
CD3 BV510 UCHT1 BD 563109 
CD3 BV510 UCHT1 Biolegend 300448 
CD4 AF488 RPA-T4 Biolegend 300519 
CD4 APC RPA-T4 BD 555349 
CD4 PE-CF594 RPA-T4 BD 562281 
CD8 PE-CF594 RPA-T8 BD 562282 
CD8 APC-Cy7 SK1 BD 348813 
CD8 BB700 HIT8a  BD 742229 
CD39 APC A1 Biolegend 328209 
CD45RA PerCPCy5.5 HI100 Biolegend 304122 
CD45RA APC-H7 HI100 BD 560674 
CD45RO PE-Cy7 UCHL1 Biolegend 337168  
CD103 BV605 Ber-ACT8 Biolegend 350218 
CD103 BV650 Ber-ACT8 BD 743653 
CD137 APC 4B4-1 BD 550890 
CD137 BV421 4B1-1 BD 564091 
CD137 BV605 4B4-1 Biolegend 309822 
CD154 PE-CF594 TRAP1 BD 563589 
CD161 PE HP-3G10 Biolegend 339904 
CCR7 AF488 G043H7 Biolegend 353206 
PD1 BV605 EH12.2H7 Biolegend 329924 
PD1 PE-Cy7 EH12.2H7 Biolegend 329918 
IFNγ Alexa Fluor 700 B27 BD 557995 
TNFα BV421 MAb11 Biolegend 502932 
TNFα BV605 MAb11 Biolegend  502936 
GM-CSF APC BVD2-21C11 Biolegend 502310 
LLT1 Purified 4F68 Gift VM Braud n/a 
IgG1 Purified MOPC-21 Biolegend 400102 
Goat-anti-
mouse IgG 

PE 
n/a BD 550589 

LIVE/DEAD Yellow n/a Thermo Fisher 
Scientific 

L34959 

LIVE/DEAD Near-IR n/a Thermo Fisher 
Scientific 

L34976 
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Supplementary Table 3: Primers 
 
Gene  Primer sequence 5’-3’ 

KLRB1 
Forward AAACAACAGAGAGACCGGGT 
Reverse TCCAAGGGTTGACAGTGTGA 

BACH2 
Forward GGAACGAGCTGCCATGTGAT 
Reverse GGAGCTATGTGAACGAACGC 

EOMES 
Forward GGCGCAAATAACAACAACACC 
Reverse ATTCAAGTCCTCCACGCCATC 

SATB1 
Forward CTCCCCAGGTGAAAACAGCTA 
Reverse TAACAGCTCGCACAACCATC 

LEF1 
Forward GGATCACACCCGTCACACAT 
Reverse TAGGGTTGCCTGAATCCACC 

TCF7 
Forward GCACATGCAGCTATACCCAG 
Reverse TGAGTTCTCTGGGCCAGTTTG 

SOX4 
Forward CCCAGCAAGAAGGCGAGTTA 
Reverse CATCGGCCAAATTCGTCACC 

BACT 
Forward CATCCGCAAAGACCTGTACG 
Reverse TCTCCTTCTGCATCCTGTCG 

B2M 
Forward TGCCGTGTGAACCATGTGAC 
Reverse CCATGATGCTGCTTACATGTCTCG 

SDHA 
Forward CAGGGACCAAAAGAACCGTA 
Reverse TATCCTGAGCAGCCGAATCT 
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HPV16-specific CD4+ T cell clones from TIL of HPV16+IR+ OPSCC and cervical 25 

cancer patients 26 

HPV16-specific CD4+ T cell clones were previously generated using clonal dilution 27 

of tumor infiltrating lymphocytes (TIL) from HPV16+ OPSCC and cervical cancer 28 

patients (1, 2). (Sorted) T cell clones were expanded using 10% IMDM (IMDM 29 

containing 10% fetal calf serum (FCS, PAA Laboratories), 100 U/ml Penicillin, 100 30 

µg/ml Streptomycin, 2mM L-glutamine, 50µM β-mercaptoethanol) and 10% TCGF, 5 31 

ng/ml rhIL-15, irradiated (7500 RAD) peptide-loaded autologous Epstein Barr Virus 32 

(EBV)-transformed B lymphoblastoid cell lines (B-LCL), irradiated (3500 RAD) PBMC 33 

from 5 different donors for 3 weeks. Cells were cultured with 10% IMDM, 10% TCGF 34 

and 5 ng/ml rhIL-15 once or twice a week as needed. HPV16-specificity and cytokine 35 

production was determined using Th1/Th2 cytometric bead array (CBA) kit (BD) and 36 

IL-17A ELISA (Thermo Fisher Scientific, TFS) in supernatant obtained from T cell 37 

clones restimulated with peptide-loaded B-LCL for 3 days.  38 

 39 

Isolation of single-cell tumor digests, bulk culture and expansion of 40 

CD4+CD161+/- cells from OPSCC TIL bulk 41 

OPSCC tumor was cut into small pieces and divided into two parts to obtain single-42 

cell suspensions and generate TIL bulk cultures (3). Live CD4+CD8-CD161+/- T 43 

cells were sorted from OPSCC TIL bulk cultures and expanded as described for 44 

CD4+CD39+/- and CD8+CD103+CD39+/- (4). After expansion, cells were directly 45 

used or cryopreserved.  46 

 47 

 48 

 49 
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Multispectral immunofluorescence  50 

Multispectral immunofluorescence panel In short, 4µm FFPE tissue sections were 51 

deparaffinized, endogenous peroxidase was blocked with hydrogen peroxide and 52 

heat induced epitope retrieval was performed with citrate (10mM, pH 6.0). 53 

SuperBlock (TFS) was used to block non-specific binding sites. First, antibodies 54 

detected by Opal were applied followed by unconjugated antibodies which were 55 

incubated overnight. On the second day, after binding of the previous with their 56 

corresponding fluorescently labelled secondary antibodies, the directly labeled 57 

primary antibodies were incubated for 5 hours, and lastly DAPI staining was applied. 58 

Analysis of multispectral immunofluorescence images Immunofluorescence images 59 

were acquired with the Vectra 3.0.5 multispectral imaging microscope (PerkinElmer) 60 

at 20x magnification (5). Immune cells in the TME were automatically phenotyped 61 

and counted with inForm 2.4 image analysis software (PerkinElmer) after manual 62 

training. The software was trained to segment epithelium and stroma, segment 63 

DAPI+ nucleated cells, and assign a phenotype to each cell. All phenotypes were 64 

visually inspected on accurateness and training was further optimized if errors were 65 

detected until all discrepancies were resolved. Given the multitude of possible co-66 

expressed markers, the panel was divided into multiple sub-analyses that contained 67 

a small number of markers. The phenotypes of all sub-analyses were merged per 68 

cell based on its X,Y-positions enabling the description of the full six marker 69 

expression profile for each cell. Immune cell counts were normalized for tissue size 70 

(cells/mm2).  71 

 72 

 73 

 74 
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Imaging Mass Cytometry (Hyperion) 75 

Imaging mass cytometry staining Imaging mass cytometry (IMC) was performed 76 

using an optimized 33-marker panel (6). FFPE whole tumor sections of 4μm thick 77 

were deparaffinized. Heat induced epitope retrieval was performed with citrate 78 

(10mM, pH6.0) and SuperBlock (TFS) was used to block nonspecific binding sites. 79 

The first mix of 16 heavy metal conjugated antibodies was incubated for 5 hours at 80 

room temperature, the second mix of 17 heavy metal conjugated antibodies was 81 

incubated overnight at 4°C. Finally, an intercalator (DNA binder) was applied. The 82 

tissue slides were then analyzed by IMC using the Hyperion system (Fluidigm). 83 

Tumor regions were annotated by a pathologist. The selected regions on the slides 84 

were laser ablated and processed through a mass cytometer after which the 85 

detected heavy metals and their corresponding antibody were linked to the ablated 86 

region with a sub-cellular resolution of 1μm2 per pixel. 87 

Imaging mass cytometry analysis pipeline The generated high-dimensional output 88 

was analyzed by an in-house developed imaging processing pipeline, combining 89 

multiple previously validated publicly available software programs (Abdulrahman et 90 

al. 2021, submitted). The pipeline incorporates 6 automated consecutive steps. 91 

Firstly, the signal of the markers was normalized to prevent sample biased clustering 92 

as this is frequently encountered when using FFPE tissue. Semi-supervised machine 93 

learning was employed to train the software to distinguish signal from background 94 

noise for each individual marker using the software programs Ilastik and CellProfiler 95 

(7) to crease a binarized mask in which markers with their location on the image 96 

were expressed. Secondly, the same semi-supervised machine learning approach 97 

was used to segment the tissue into tumor and stroma as well as the individual cells 98 

on the images. These masks with layers of required information (normalized signal 99 
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for all 33 markers, tissue segmentation, cell segmentation) were then combined in a 100 

single FCS file using ImaCyte (in-house developed software program for IMC data 101 

analysis, https://github.com/biovault/ImaCytE) (8). HSNE-based cell clustering was 102 

performed with Cytosplore (9) and cluster verification and phenotype calling was 103 

performed using MCD Viewer and ImaCyte.  104 

 105 

Single-cell RNA sequencing and data analysis of OPSCC samples 106 

Live, CD3+CD56+ cells were isolated and dead cells were depleted using a Dead 107 

Cell Removal Kit (Miltenyi Biotec) followed by enrichment for CD3+ and CD56+ cells 108 

using CD3+ and CD56+ microbeads according to manufacturer’s instructions 109 

(Miltenyi Biotec). Between 2,108 and 6,107 cells per sample were loaded onto the 110 

Chromium Single Cell Controller (10x Genomics), lysed and barcoded. Sequencing 111 

libraries were prepared and transcripts were sequenced using HiSeq4000 (Illumina). 112 

Sequencing reads were pre-processed and aligned to the GrCh38 reference genome 113 

using cell ranger v3.0.0 (10x Genomics). Quality control and downstream analysis 114 

was performed using Scanpy v.1.6.0 (10) and Scirpy v.0.6.1 (11). Analysis was 115 

restricted to include only CD3+ cells with >700 detected genes, >2000 detected 116 

reads, and <11% mitochondrial reads. Cells with >1 TCR-β or >2 TCR-α chains were 117 

discarded as putative doublets, in addition to computational doublet detection using 118 

Solo (12). In addition, ribosomal, mitochondrial and TCR genes were excluded from 119 

downstream analysis. The 6,000 most highly variable genes of 14,242 CD3+ T cells 120 

were selected and subjected to unsupervised clustering analysis (13) and visualized 121 

using UMAP (14).  122 

 123 

 124 
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