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ABSTRACT
NK and CD8+ T cells are the main cytolytic effectors involved in innate and adaptive tumor immune 
surveillance, respectively. Although their educational pathways differ, similarities in their development 
and function suggest that CD8+ T lymphocytes could be sensitive to NK cell licensing signals, which might 
influence their antitumor response. To demonstrate this hypothesis, we retrospectively evaluated the 
impact that NK cell licensing interactions have on the expression of CD226 on CD8+ T lymphocytes and on 
the survival of patients with different hematopoietic and solid cancers (n = 1,023). Prospectively, we 
analyzed by multiparametric flow cytometry the anti-CD3/CD28-induced proliferation and immune- 
receptor expression of purified CD8+ T lymphocytes from healthy donors (n = 17) with different combina-
tions of NK cell licensing ligands. Results show that methionine/threonine (M/T) dimorphism at position 
−21 of the HLA-B leader peptide, but not other HLA class-I dimorphisms involved in the education of NK 
cells (HLA-C1/C2 or HLA-Bw4), is associated with greater survival and expression of CD226 in cancer 
patients, which was proportional to the number of methionines present in their genotype. CD8+ 

T lymphocytes from healthy donors with −21 M showed higher proliferation rates and lower expression 
of TIGIT after in vitro stimulation. Therefore, CD8+ T lymphocytes, like NK cells, appear to be sensitive to the 
−21 M/T dimorphism of HLA-B leader peptide, which results in the modulation of CD226 in vivo and the 
proliferation and expression of TIGIT after in vitro stimulation, all of which could be related to their 
immune-surveillance capacity and the survival of cancer patients.

ARTICLE HISTORY 
Received 30 June 2021  
Revised 24 September 2021  
Accepted 24 September 2021 

KEYWORDS 
CD8+ T lymphocytes; NK 
cells; education; CD226; 
cancer

Introduction

Multiple factors are involved in the survival of cancer patients 
after receiving adequate risk-adapted therapies. Among them, 
genetic alterations of cancer that determine aggressiveness and 
treatment sensitivity stand out, but also the genetic diversity of 
the patient’s immune system can determine the quality and 
quantity of immune cell interactions with the tumor cell. In 
recent years, our group has demonstrated the relevance of key 
receptor/ligand interactions that regulate the education and 
function of NK cells to the survival of patients with 
myeloma,1 childhood acute leukemia,2 melanoma, bladder 
and ovarian cancers.3–5 However, the phenotypic, develop-
mental and functional similarities of NK and CD8+ T cells6 

suggest that CD8+ T lymphocytes could also be sensitive to 
interactions regulating NK cell education and function.

Although the interaction of CD8+ T lymphocytes with 
tumor cells relies on the T-cell receptor (TCR), which recog-
nizes specific peptides presented in human leukocyte antigen 
class-I (HLA-I), and NK/tumor cell interaction relies on 

multiple preformed activating and inhibiting receptors, which 
recognize conserved regions of HLA-I, both entrust their edu-
cation, self-toleranceand acquisition of functional competence 
to the recognition of HLA-I molecules.6–8 While CD8+ T-cell 
education at initial developmental stages takes place in the 
thymus through very well-known positive and negative selec-
tion processes,9 NK cell maturation and acquisition of func-
tional competence is a continuous process that occurs in the 
bone marrow and the periphery through the recognition of 
their own HLA-I by NKG2A and inhibitory killer-cell 
Immunoglobuline-like receptors (iKIR) in a process called 
“licensing”.10–12 Licensing allows NK cells to discriminate 
healthy tissues from tissues expressing damage/danger signs, 
loss of HLA-I ligands for inhibitory receptors (“missing-self”) 
,13,14 or even alterations in the peptidome presented by HLA-I 
(“altered-self”).15,16

Inhibitory receptor involvement in the functional education 
of NK cells was first reported for mice and humans in 1998 and 
2006, respectively,10,17 but clear phenotypic and metabolic 
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evidence was reported in humans in 201518 and 2018,19 respec-
tively. NK cell education through inhibitory receptors is 
strongly linked to increased expression of DNAM-1 (CD226) 
and to conformational changes in LFA-1 (CD11a),18,20 both 
contributing to stabilize NK/tumor cell synapse and with this 
tumor cell lysis.18 Furthermore, licensed NK cells show 
enhanced glycolysis to support their increased proliferative 
and cytotoxic capacities19 and lysosomal remodeling with 
accumulation of granzyme B in dense-core secretory 
lysosomes.21 Although the clinical implications of these inter-
actions have been poorly studied, alterations in CD226 expres-
sion lead to higher relapse rates in AML22 and higher 
susceptibility to solid and hematologic cancers.23–26

Licensing interactions include, on the one hand, the highly 
diversified interactions of KIR with HLA-I such as KIR2DL1/ 
C2-epitope (HLA-C allotypes with Lys80 in alpha-1 helix); 
KIR2DL2-3/C1-epitope (HLA-C allotypes with Asn80 and 
the rare allotypes HLA-B*46:01 and HLA-B*73:01),15,27 

although with lower affinity, KIR2DL2-3 can also interact 
with C2-epitope;15 KIR3DL1/Bw4-epitope of HLA-A and 
HLA-B allotypes (either with threonine or isoleucine 80);28 

KIR3DL2/HLA-A*03 and A*11 allotypes;29 and, on the other 
hand, the conserved interaction of CD94:NKG2A with HLA- 
E.30 The binding site of HLA-E is specific for nonamer peptides 
corresponding to residues −22 to −14 of the leader sequence of 
HLA-A, -B and -C,31,32 with a dimorphism in the anchor 
residue at position −21. Methionine −21 (−21 M), present in 
all HLA-A and -C allotypes and in a minority of HLA-B 
allotypes, provides a good anchor residue that facilitates the 
folding and cell-surface expression of HLA-E.33 In contrast, 
threonine −21 (−21 T), the residue present in the majority of 
HLA-B allotypes, does not bind effectively to HLA-E. 
Nonetheless, HLA-C is poorly expressed on the cell surface34 

and HLA-A peptides are rarely used to restrict CD8+ T-cell 
epitopes;35,36 thus, HLA-B leader peptides seem to have 
a dominant contribution to generate HLA-E binding 
peptides.37 Indeed, HLA-B peptide dimorphism at this position 
has been associated with susceptibility to HIV infection,38 kill-
ing of HIV-infected cells by NK cells,39 and more recently, with 
NK cell anti-leukemic activity and overall survival of acute 
myeloid leukemia patients under IL-2 immunotherapy.40

Genetic analysis of human populations worldwide shows 
how haplotypes with −21 M HLA-B rarely encode for the 
Bw4 or C2 KIR ligands;30,41 therefore, there are two funda-
mental forms of HLA haplotype: one preferentially supply-
ing NKG2A ligands and the other supplying KIR ligands. 
Thus, dimorphism at position −21 of the leader sequence of 
HLA-B divides the human population into MM, MTand TT 
groups. Functional assays have shown that individuals with 
−21 M haplotypes have NKG2A+ NK cells that are better 
educated, phenotypically more diverseand functionally 
more potent than those of TT individuals.30 This study 
investigates whether the signals mediated by KIR/HLA-I 
or NKG2A/HLA-E interactions could also modulate the 
tumor immune surveillance function of CD8+ 

T lymphocytes.

Patients and methods

Samples and study groups

This study included 23,586 healthy volunteers (control group) 
and 1,023 consecutive patients with different types of cancer: 
plasma cell neoplasm (n = 322), melanoma (n = 311), bladder 
cancer (n = 193), pediatric acute leukemia (n = 97), ovarian 
cancer (n = 88) and other tumors (n = 12). An institutional 
review board (IRB-00005712) approved the study. Written 
informed consent was obtained from all patients and controls 
in accordance with the Declaration of Helsinki. Detailed infor-
mation on biological, clinical and evolutionary features of 
patients is summarized in Table 1.

Peripheral blood samples anticoagulated with EDTA were 
obtained both from all controls and from patients for HLA-I 
(KIR ligands) and KIR genotyping. Additionally, immunophe-
notype analysis was performed in 582 patients with cancer to 
evaluate the expression of activating (CD16, CD226 and aKIR) 
and inhibitory (iKIR and NKG2A) receptors on NK and T cells 
(Supplementary Figure 1). For in vitro stimulation of purified 
CD8+ T cell, peripheral blood samples anticoagulated with 
sodium heparine were obtained from 17 healthy volunteers 
with different genotypes at position −21 for the leader peptide 
of HLA-B (MM, MT or TT).

Table 1. Biological, clinical and evolutionary features of patients.

n
Age 

(Years)
Sex 

(male) Follow-up (months)
Progression 

(rate)
Dead 
(rate)

Solid Cancera 528
Melanoma 311 60.2 ± 15.5 53.8% 60.3 ± 45.1 35.1% 9.4%
Bladder 193 71.1 ± 10.1 85.3% 28.3 ± 27.1 34.6% 20.0%
Ovarian 88 58.7 ± 10.7 0.00% 18.8 ± 21.9 42.0% 22.7%
Plasma cell neoplasma 322
MGUS 160 67.3 ± 11.5 53.1% 61.6 ± 29.8 55.0% 13.5%
Multiple myeloma 162 67.1 ± 12.8 52.3% 54.9 ± 37.6 45.0% 37.8%
Childhood acute leukemiaa 97
B Lymphoblastic 70 8.3 ± 4.9 60.0% 41.9 ± 32.9 2.8% 10.0%
T lymphoblastic 16 9.2 ± 4.5 75.0% 46.6 ± 30.6 12.5% 0.00%
Myeloid 16 7.7 ± 5.6 56.3% 37.7 ± 25.9 31.3% 31.3%

aDetailed information on the histological characteristics for each type of cancer can be found in previous publications in which these patients were included.1–5 

MGUS: monoclonal gammopathy of undetermined significance.
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Figure 1. Immunophenotype analysis after in vitro stimulation with anti-CD3/CD28. (a) Gaiting strategy consisted in the following steps: selecting total lymphocytes in an 
FSC/SSC dot plot, selecting singlets in an FSC-A/FSC-H dot plot, selecting 7-AAD negative and positive alive and dead cells in a dot plot 7-AAD/NKG2D, and selecting 
CD8+ T cells in a CD8/CFSE dot plot and then logical gating to identify singlet alive and dead CD8+ T cells. Histogram gates were set in CFSE to identify cells in the zero, 
first, second, third, fourthor fifth proliferation cycle for alive cells, and in the zero or >1 cycle for dead cells. (b) Dot plots showing CFSE staining in the FITC channel versus 
the other 11 fluorescences with CD8-BV605, CD226-PE, CD25-PECy7, CD27-APC, CD38-AF700, NKG2D-APCCy7), TIGIT-BV421, CD45RA-BV510, TIM-3-BV711 and NKG2A- 
BV786.
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HLA-A, -B and -C and KIR genotyping
KIR and HLA-A, -B, and -C genotyping was performed in 
DNA samples extracted from peripheral blood with 
QIAmpDNABlood Mini kit (QIAgen, GmbH, Hilden, 
Germany) using sequence-specific oligonucleotide PCR (PCR- 
SSO) and Luminex® technology with Lifecodes KIR-SSO (cat. 
545,110 R) and LifecodesHLA-SSO HLA-A (cat. 628,913), 
HLA-B (cat. 628,917) and HLA-C (cat. 628,921) typing kits 
(Immucor Transplant Diagnostic, Inc. Stamford, CT, USA), as 
previously described.4,20 HLA-A and HLA-B genotyping 
allowed us to identify alleles bearing the Bw4 motif according 
to the amino-acid sequences at positions 77–83 in the α1 
domain of the HLA class-I heavy chain. Bw4 alleles with 
threonine at amino acid 80 (80 T) and higher affinity for 
KIR3DL1 (HLA-B*05, B*13, B*44) were distinguished from 
those with isoleucine 80 (I80) and lower affinity (HLA-A*23, 
A*24, A*25, A*32 and HLA-B*17, B*27, B*37, B*38, B*47, 
B*49, B*51, B*52, B*53, B*57, B*58, B*59, B*63 and B*77). 
HLA-C genotyping allowed distinction between HLA-C alleles 
with asparagine 80 (C1-epitope: HLA-C*01, 03, 07, 08, 12, 14, 
16:01) and lysine 80 (C2-epitope: HLA-C*02, *04, *05, *06, *15, 
*16:02, *17, *18).27 Nonetheless, the KIR ligand calculator at 
https://www.ebi.ac.uk/ipd/kir/ligand.html was used to ascer-
tain Bw4, C1and C2 epitopes. Dimorphism at position −21 of 
the leader sequence of HLA-B was also discriminated to dis-
tinguish allotypes with methionine (−21 M, HLA-B*07, B*08, 
B*14, B*38, B*39, B*42, B*48, B*67, B*73 and B*81) from those 
with threonine (−21 T, rest HLA-B alleles).

KIR genotyping identified iKIRs (KIR2DL1, KIR2DL2, 
KIR2DL3, KRIR2DL5, KIR3DL1, KIR3DL2, and KIR3DL3) 
and activating KIRs (KIR2DS1, KIR2DS2, KIR2DS3, 
KIR2DS4, KIR2DS5, and KIR3DS1), as well as KIR2DL4, 
which exhibits both inhibitory and activating potential. The 
method used could not distinguish between KIR2DL5A (telo-
meric) and KIR2DL5B (centromeric) forms. Different allotypes 
of KIR2DS4 were detected, including the expressed allotype 
KIR2DS4 full-length exon-5 (KIR2DS4f, KIR2DS4*001-002 
alleles) and the non-expressed KIR2DS4 deleted exon-5 
(KIR2DS4d, KIR2DS4*003,*004, *006, *007, *008 alleles).

Flow cytometry immunophenotype analysis of cancer 
patients
The expression of CD226 (DNAM-1), NKG2A, and KIR recep-
tors (KIR2DL1, 2DS1, 2DL2/S2, 2DL3 and 3DL1) on both 
CD3–CD16–/+CD56++ (CD56bright) and CD3–CD16+CD56+ 

(CD56dim) NK cell subsets and CD3+CD4+ and CD3+CD8+ 

T cells was evaluated as a percentage of positive cells, and as 
mean fluorescence intensity (MFI) using LSR-II and DIVA 
Software (BD), as previously described.4,20 Photomultiplier 
(PMT) voltages were adjusted daily using rainbow calibration 
particles (Biolegend). Fluorescence compensations were 
adjusted every 2 months using blood samples stained for sim-
ple fluorochromes with conjugated anti-CD4 antibodies for 
each cytometer detector and then re-adjusted finely during 
the analysis using negative events as reference for each fluor-
ochrome. The staining protocol included 11-color/12- 
monoclonal antibody (mAb): CD3 AmCyam (clone SK7, 
BD), CD4 PE-CF594 (RPA-T4, BD), CD8 APCCy7 (SK1, 

BD), CD16 PacBlue (3G8, BD), CD56 BV711 (NCAM16.2, 
BD), CD158a,h PECy7 (EB6, BD, recognizes both KIR2DL1 
and 2DS1), CD158b1/b2,j PE-Cy5 (GL183, Beckman-Coulter, 
recognizes KIR2DL2, 2DL3 and 2DS2), CD158a FITC 
(143,211, R&D systems, KIR2DL1), CD158b2 APC (180,701, 
R&D systems, KIR2DL3), CD158e APC (DX9, R&D systems, 
KIR3DL1), CD226 PE (11A8, Biolegend), and NKG2A biotin 
(REA110, Miltenyi Biotech). Streptavidin AF700 (Life 
Technologies, molecular probes) was used to detect biotiny-
lated NKG2A.

Supplementary Figure 1 shows the gating strategy used 
for the analysis. Briefly, an FSC/SSC dot plot was used to 
identify lymphocytes; a CD3/CD16 dot plot to select CD3+ 

T cells; a CD4/CD8 dot plot to identify principal T-cell 
subsets; a CD16/CD56 dot plot to identify CD56bright and 
CD56dim NKcs; a CD56/CD226 dot plot to select CD226+ 

cells; a CD3/NKG2A dot plot to identify NKG2A+ cells; 
a KIR2DL1S1/KIR2DL1 dot plot to distinguish KIR2DL1+, 
KIR2DS1+, double-positive KIR2DL1/S1, and double- 
negative KIR2DL1/S1 NKcs; and a KIR2DL2/S2/L3/ 
KIR3DL1 dot plot to distinguish KIR2DL2S2+, KIR2DL3+, 
KIR3DL1+, and triple-negative KIR2DL2S2/L3/3DL1 NK 
cells. Internal negative cells were used as isotype controls 
to set positive cutoffs. Gates were hierarchically and electro-
nically combined to define the following NK cell subsets: (1) 
CD56bright; (2) CD56dim KIR−NKG2A+ NKcs; (3) CD56dim 

KIR−NKG2A – (non-licensed); and (4) CD56dim NK cells 
single-positive for KIR2DL1, 2DS1, 2DL2/S2, 2DL3, or 
3DL1. Gates were adapted according to the expression of 
these molecules in each patient.

Anti-CD3/CD28 stimulation in vitro of purified CD8+ T cells

Purified CD8+ T lymphocytes were stimulated in vitro in tri-
plicate with anti-CD3/CD28 coated streptabidin-dynabeads as 
described elsewhere.42,43 Briefly, 20 ml of sodium heparin 
anticoagulated peripheral blood samples were obtained from 
healthy donors with TT (n = 7), MT (n = 7) or MM (n = 3) 
genotypes at position −21 of the leader sequence of HLA-B. 
CD8+ T lymphocytes were enriched by negative selection in 
ficoll density gradients using RosetteSep® Human CD8+ T-cell 
kit (Stemcell Technologies, Grenoble, France) and stained with 
0.05 µM carboxyfluorescein succinimidyl ester (CFSE, Thermo 
Fisher Scientific, Waltham, MA). CFSE-labeled CD8+ T cells (1 
x 10ˆ5/well) were then stimulated at 37°C in a 5% CO2 incu-
bator, in 96-well U-bottomed plates, with three beads per cell 
of magnetic streptabidin-dynabeads (Thermo Fisher Scientific) 
coated with 0.1 µg/ml of biotinylated anti-CD3 and 0.1 µg/ml 
of biotinylated anti-CD28 (1 µg of antibody for 0.1 mg of 
beads). After 96 hours, the harvested cells were stained with 
CD226-PE (Biolegend, Clon 11A8), 7-AAD (Invotrogen, 
Merck Life Science, S.L.U.), CD25-PECy7 (BD, Clon 2A3), 
CD27-APC (BD, Clon L128), CD38-AF700 (BD, Clon HIT2), 
NKG2D-APCCy7 (Biolegend, Clon 1D11), TIGIT-BV421 (BD, 
Clon 741,182), CD45RA-BV510 (BD, Clon HI100), CD8- 
BV605 (BD, Clon SK1), TIM-3-BV711 (BD, Clon 7D3) and 
NKG2A-BV786 (BD, Clon 131,411), and 5 x 10^4 cells 
acquired in a 12 fluorescence FACSLyric (BD). Analysis strat-
egy is shown in Figure 1.
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Statistical analysis

All data were collected in a database (Excel 2003; 
Microsoft Corporation, Seattle, WA) and analyzed using 
SPSS version 15.0 (SPSS Inc., Chicago, IL). Pearson’s χ2 or 
two-tailed Fisher’s exact tests were used to analyze cate-
gorical variables. Student’s t or ANOVA with post hoc 
tests were used to analyze continuous variables. Kaplan– 
Meier estimator and log-rank tests were used to analyze 
patient overall survival (OS). Time to death was estimated 
as months from the diagnosis date. Multivariate analysis 
for patient OS was performed using the Cox proportional 
hazards model (stepwise regression). The hazard ratio 
(HR) and 95% confidence interval were estimated. Data 
are expressed as mean ± SEM. P values < .05 were con-
sidered significant.

Results

CD226 expression is up-modulated on NK and T cells in 
presence of specific inhibitory-receptor/ligand 
interactions
CD226 up-modulation is the main, and basically the only, sign to 
identify licensed NK cells in peripheral blood.18,20 For that 
purpose, the expression of CD226 was evaluated in NK and 
T-cell subsets in cancer patients according to the presence of 
HLA-I specific ligands. CD226 expression did not show differ-
ences in NK CD56dim, NK CD56bright or CD8+ T cells in the 
presence of C1, C2 or Bw4 HLA-ligands. However, the presence 
of −21 M was associated with increased expression of CD226 in 
NK CD56bright (p < .05) but, more significantly, in CD8+ T cells 
(p < .001), where the CD226 increase was directly proportional 
to the copy number of −21 M HLA-B alleles (Figure 2a, upper 

Figure 2. CD226 expression is up-modulated on NK and T cells in presence of specific inhibitory-receptor/ligand interactions. (a) Mean fluorescence intensity 
(MFI) of CD226 in CD56dim and CD56bright NK cells and CD8+ T cells (upper plots) and in KIR2DL1+, KIR2DL2/L3+ and KIR3DL1+ NK cell subsets (lower plots) in presence of 
HLA C1, C2 or Bw4 ligands and −21 M/T dimorphism. P values indicate global estimation in the ANOVA test; * p < .05, ** p < .01, and *** p < .001 in the post hoc tests for 
each group. (b) Contingency tables for C1, C2 and Bw4 HLA-I ligands versus −21 M/T dimorphism in controls and cancer patients. P values estimated in the χ2 test.
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bar-plot). In CD4 + T cells, this −21 M-related CD226 increase 
was not observed (data not shown). However, the M/T dimorph-
ism did not influence the frequency of TCD4+, TCD8+ or NK 
cell subsets expressing the CD226 molecule.

NK cell subsets with inhibitory KIR receptors did show very 
significant increases in the expression of CD226 in the presence 
of their specific ligands. Thus, C2, C1and Bw4 HLA-ligands 
induced a dose-dependent increase in the expression of CD226 
on KIR2DL1+, KIR2DL2/L3+ and KIR3DL1+ NK cells 
(p < .001), respectively. In contrast, −21 M only modulated 
negatively the expression of CD226 in KIR2DL1+ NK cells 
(p = .04) (Figure 2a, lower bar-plot). However, this was mostly 
due to the inverse association of C2 HLA-ligands with −21 M 
allotypes observed in patients and controls in our series 
(Figure 2b), as previously described.30,41

Methionine −21 of the HLA-B leader peptide is associated 
with longer survival in patients with different types of 
cancer
Next, we explored the impact that HLA-B M/T −21 
dimorphism had on the OS of patients. Although no sig-
nificant results were observed in the log-rank test, a clear 
trend toward better OS was observed in a −21 M dose- 
dependent way for all cancer patients and for each type of 
cancer including solid cancer (melanoma, bladder and 
ovarian carcinomas), plasma cell neoplasm and childhood 
acute leukemia (Figure 3). In addition, HLA-B M/T −21 
dimorphism (p = .04) together with the patient´s age 
(p = .002) were the only independent predictive factors 
for patients’ OS when analyzed with C1, C2, and Bw4 HLA- 
ligands and the type of cancer.

Figure 3. Methionine −21 of the HLA-B leader peptide is associated with longer survival in patients with different types of cancer. (a) Kaplan–Meier and log- 
rank test for overall survival according to the genotype TT, MT or MM of the position −21 of the HLA-B leader peptide in all cancer patients and in patients with solid 
cancer (melanoma, bladderand ovarian cancer), plasma cell neoplasms and child acute leukemia. Ten-year overall survival rate (10yOS) is indicated for each group of 
patients. (b) Cox regression analysis of overall survival for sex, age, type of cancer, HLA-B −21 M/T dimorphism, and C1, C2, and Bw4 HLA-ligands.
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Methionine −21 is associated with higher proliferation 
and lower expression of TIGIT after anti-CD3/CD28 
stimulation of CD8+ T cells

To evaluate the role of HLA-E/-21 M-mediated interactions in 
the functionality of CD8+ T cells, polyclonal in vitro stimula-
tion of purified CD8+ T cells was performed with anti-CD3 
/CD28. CD8+ T cells from healthy donors with the MM geno-
type (−21 M homozygous) have higher proliferative capacity 
(p < .001) than those with MT and MM genotypes (Figure 4a, 
left) and their cells accumulated in the third and fourth pro-
liferation rounds (p < .01) as compared to MT and TT, whose 
cells accumulated in the first and second rounds (Figure 4a, 
right).

Additionally, CD8+ T cells from MM and MT donors 
showed lower levels of T-cell immunoglobulin and ITIM 
domain (TIGIT) expression after in vitro proliferation than 
TT donors. This was mainly due to TIGIT overexpression in 
TT donors during all proliferative cycles, whereas in donors 
bearing −21 M (MM and MT) the expression of TIGIT was 
maintained at basal levels (Figure 4b and supplementary 
Figure 2).

No differences in the expression level of CD8, CD25, CD27, 
CD38, CD226, NKG2A or TIM3 were observed overall or 
during the proliferative cycles in CD8+ T cells from the three 
genetic groups (Figure 4c). However, higher expression of 
NGK2D and lower of CD45RA was detected in CD8+ T cells 
overall and in the first and second proliferative cycles in MM 
patients (p < .05, Figure 4d).

TIGIT suppresses proliferation of CD8+ T cells after 
anti-CD3/CD28 stimulation

To further investigate the role of TIGIT expression on CD8+ 

T cells, the proliferative capacity of CD8+ T cells was evaluated 
in TIGIT-positive and TIGIT-negative cells after in vitro sti-
mulation with anti-CD3/CD28. CD8+TIGIT− T cells showed 
significantly higher (p < .01) proliferative capacity (86.5 ± 7.8%, 
88.1 ± 9.0% and 96.8 ± 6.2%) than CD8+TIGIT+ T cells 
(63.1 ± 6.3%, 64.5 ± 5.4% and 70.0 ± 6.3%) in TT, MT and 
MM, respectively (Figure 5). The figure shows histograms with 
the proliferation profile of CD8+TIGIT− and CD8+TIGIT+ 

T cells for a representative donor of the TT, MTand MM 
genotypes.

Discussion

NK and CD8+ T lymphocytes are cytolytic effectors involved in 
cancer immune surveillance.44 Most functions of NK cells are 
analogous to those of CD8+ T cells, including production of 
pro-inflammatory and regulatory cytokines45 and cytotoxicity 
against infected or tumor cells.46 Although both cells are 
dependent on HLA recognition for the acquisition of func-
tional competency,6 T cells have evolved to offer more specia-
lized and specific responses and NK cells have maintained 
versatility and plasticity.30 In fact, NK cells and CD8+ T cells 
have long been considered to represent, respectively, the innate 
and adaptive arms of tumor and anti-viral immune 
responses.47 However, the separation of these cells with regard 

to their contributions to adaptive immunity has to be recon-
sidered due to the discovery of long-lived NK cells that exhibit 
an immunological memory48 capable of rapid recall 
responses49 and due to their capacity to recognize specific 
HLA/peptide complexes.15,16 Conversely, the results presented 
in this study show that CD8+ T lymphocytes are in turn 
sensitive to the licensing signals involved in the education of 
NK cells and, therefore, suggest that the gap between both 
lineages could be even narrower. Thus, M/T dimorphism at 
position −21 of the HLA-B leader peptide, which, when pre-
sented in HLA-E, interacts with NKG2A and intervenes in the 
education of NK cells,30 is associated with variations in the 
expression of CD226 in CD56bright NK cells, but more specifi-
cally in CD8+ T lymphocytes in patients with different types of 
cancer. However, unlike NK cells, CD8+ T cells do not appear 
to be sensitive to dimorphisms in HLA-A, -Band -C that 
determine C1, C2 and Bw4 ligands recognized by KIR 
receptors.7,18,50 These results would be indicative that CD8+ 

T lymphocytes, in addition to their education in the thymus, 
are sensitive to specific signals involved in NK cell education. 
And what is more relevant, these interactions could be related 
to the survival of cancer patients and the immune surveillance 
capacity of their CD8+ T cells. In fact, −21 M HLA-B allotypes 
conditioned TCR-mediated response of CD8+ T lymphocytes, 
potentiating their proliferative capacity and restricting the 
stimulation-induced TIGIT over-expression, which is an inhi-
bitory receptor that, according to our own and others’ results, 
can restrain the expansion of CD8+ T cells and modulate 
negatively their antitumor response.51,52 A diagram summariz-
ing our results is shown in Figure 6.

Although these results do not allow for establishing caus-
ality between the survival of cancer patients and the −21 M/T 
HLA-B dimorphism, and despite the fact that the expression of 
CD226 is associated with but not required for NK cell 
education,53 our hypothesis is supported by results describing 
that NK cell education through inhibitory-receptor/ligand 
interaction is associated with a higher expression of CD226, 
that contributes to stabilizing NK/tumor cell immunological 
synapse and tumor cell elimination by cytotoxicity.18 This is 
further reinforced by results of our group describing that 
higher CD226/KIR expression ratios were associated with 
longer survival of patients with melanoma, ovarianand bladder 
carcinoma.54 Indeed, licensing interactions not only up- 
regulate the expression of CD226 but also reduce that of 
inhibitory-KIR receptors, and consequently shift the CD226/ 
iKIR receptor ratio on NK cell membranes toward the activat-
ing receptor.54 However, transformed cells can down-modulate 
licensing-driven CD226/iKIR rearrangements as a specific 
mechanism to escape NK cell immune surveillance.54,55 

Predominance of CD226 over inhibitory receptors, particularly 
in the case of TIGIT, is of crucial importance because both 
receptors compete for the same ligands on the tumor cell 
(Nectin-2 or CD112 and poliovirus receptor or CD15555) and 
the equilibrium between positive and negative interactions 
might result in either cytolytic or tolerogenic responses. This 
becomes even more relevant in the antitumor response 
because, in general, transformed cells do not express conven-
tional ligands (CD80, CD86, etc.) for the CD28 T-cell co- 
stimulatory molecule and in these circumstances the CD226 
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Figure 4. Methionine −21 is associated with higher proliferation and lower expression of TIGIT after anti-CD3/CD28 stimulation of CD8+ T cells. (a) Percentage 
of proliferative CD8+ T cells after anti-CD3/CD28 in vitro stimulation according to the −21 M/T genotype in total cells (left) or in cells within the proliferative cycles (right). 
Cells for each donor were assayed in triplicate and results are shown as mean±SEM. (b) Mean fluorescence intensity (MFI) of TIGIT on CD8+ T cells in similar conditions as 
in A. (c) Expression (MFI) of CD8, CD25, CD27, CD38, CD45RA, CD226, NKG2A, NGK2D TIM3, and CD45RA in total CD8+ T cells after in vitro stimulation with anti-CD3 
/CD28. (d) Expression (MFI) of CD45RA and NKG2D on CD8+ T cells within the proliferative cycles. * < 0.05, ** < 0.01and *** < 0.001 in the ANOVA and post hoc tests 
comparing each MM, MTor TT donors with the other two groups.
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Figure 5. TIGIT suppresses proliferation of CD8+ T cells after anti-CD3/CD28 stimulation. Percentage of proliferative cells within CD8+TIGIT− (light green) and 
CD8+TIGIT+ (dark green) T cells after anti-CD3/CD28 in vitro stimulation, according to the −21 M/T genotype. Cells for each donor were assayed in triplicate and results 
are shown as mean±SEM. ** < 0.01 and *** < 0.001 in the Student’s t test comparing CD8+TIGIT− and CD8+TIGIT+ T cells. Representative proliferation histograms are 
shown for each genotype.

Figure 6. 
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co-stimulation could be decisive.26,56,57 In fact, TIGIT blockade 
is one of the latest anti-checkpoint therapies included in clin-
ical trials, trying to enhance the antitumor activity of 
T lymphocytes and NK cells.58,59 Thus, the predictive value of 
HLA-B −21 M/T dimorphism, which is independent of patient 
´s age and cancer type, could contribute to identifying patients 
with a greater chance of responding to these new therapies. 
Nonetheless, this should be explored in new studies.

NK cells have two main pathways for education, one 
mediated by the interaction of inhibitory KIR with C1, C2 
and Bw4 HLA-ligands, and the other mediated by NKG2A/ 
HLA-E.30 NKG2A/HLA-E pathway might prevail in −21 M 
individuals, around 45% of the global population, since this 
genotype is strongly associated with low frequency of C2 
and Bw4 HLA-ligands,30and our own results are shown in 
Figure 2. But it might also be predominant in CD56bright 

NK cells of all individuals since these cells do not express 
KIR receptors. The highly significant CD226 increase 
observed in the corresponding NK cell subsets in the pre-
sence of their specific C1, C2, Bw4 and −21 M ligands 
suggests that both education pathways are active in the 
NK cells of cancer patients. However, despite the fact that 
minimal expression of NKG2A on ex vivo or in vitro sti-
mulated mature CD8+ T lymphocytes was observed 
(although sligtly higher in −21 M donors, see Figure 4c 
and supplementary Figure 2), the NKG2A/HLA-E pathway 
seems to be even more active in CD8+ T cells than in NK 
cells. This raises the question of how CD8+ T cells can 
sense the presence of −21 M/HLA-E complexes to induce 
the up-regulation of CD226. Although no simple answer 
can be given, it is possible that NKG2A could be interacting 
with HLA-E intracellularly, as reported for the Ly49 family 
of NK cell receptors in mice,60 which are C-type lectin-like 
receptors, like the NKG2 human receptor family. 
Alternatively, it has been proven that CD8+ T cells recog-
nize target cells in an HLA-E (in human61) or Qa-1b (in 
mice6263) restricted, T-cell receptor-dependent manner. 
Nonetheless, we cannot rule out that CD226 expression 
on CD8+ T cells might be influenced by the interaction of 
NKG2A/HLA-E in other cells, such as NK cells, although 
our data indicate that the impact of NKG2A/HLA-E inter-
action on NK cells is weaker than in CD8+ T cells. Further 
research should be carried out to unravel molecular 
mechanims involved in this −21 M/HLA-E mediated 
CD226 up-regulation on CD8+ T cells.

Although educated in the thymus at their immature stages, 
mature T cells are still sensitive to mechanisms of peripheral 
tolerance.63 It is therefore reasonable to think that they can also 
be sensitive to signals that educate and modulate the NK cell 
functioning. Unfortunately, the mechanisms by which the 
−21 M/T dimorphism of HLA-B influences CD226 expression 
and function of NK and CD8+ T cells are mostly unknown. 
Unlike NK cells, the main activating signal in T lymphocytes is 
MHC restricted and delivered by the TCR, but similar to NK 
cells, licensing signals could be modifying CD8+ T-cell 
metabolism,19 reorganizing cytotoxic granules in their 
cytoplasm,21 or shifting CD226/TIGIT ratio toward the acti-
vating receptor,18,20 which could indeed favor more efficient 
responses in the T cells of individuals with −21 M alleles.

In conclusion, although these results need to be validated in 
new and larger series, they suggest that CD8+ T lymphocytes, like 
NK cells, are sensitive to the education induced by the M/T 
dimorphism at position −21 of the HLA-B leader peptide, which 
is reflected in the modulation of CD226 in vivo and in the pro-
liferation and expression of TIGIT after in vitro stimulation, and 
overall it could be related to the immune surveillance capacity of 
CD8+ T lymphocytes and the survival of cancer patients. This 
might have relevant implications in the new checkpoint therapy 
blocking the inhibitory TIGIT receptor in diverse types of cancer.

Acknowledgments

We would like to thank patients as well as medical, nursery and data 
manager staff who had taken part in the study.

Disclosure statement

The authors report no conflict of interest.

Funding

This study was funded by the Ministry of Economy and Competitiveness 
ISCIII-FIS (PI1302297 and PI20_00161); Séneca Foundation, Science and 
Technology Agency from Murcia Region (20812-PI-18); and Association 
Pablo Ugarte (APU). M.V. Martínez-Sánchez was funded by APU.

ORCID

José A. Campillo http://orcid.org/0000-0002-6541-0700
Manuel Muro http://orcid.org/0000-0001-9987-0994
Alfredo Minguela http://orcid.org/0000-0003-2472-5893

References

1. Martínez-Sánchez MV, Periago A, Legaz L, Gimeno L, Mrowiec A, 
Montes-Barqueros NR et al. Overexpression of KIR inhibitory 
ligands (HLA-I) determines that immunosurveillance of myeloma 
depends on diverse and strong NK cell licensing. 
Oncoimmunology. 2015 Oct 29;5(4):e1093721. doi:10.1080/ 
2162402X.2015.1093721.

2. Martínez-Sánchez MV, Fuster JL, Campillo JA, Galera AM, 
Bermúdez-Cortés M, Llinares ME et al. Expression of NK cell 
receptor ligands on leukemic cells is associated with the outcome 
of childhood acute leukemia. Cancers. 2021;13:2294. doi:10.3390/ 
cancers13102294.

3. Guillamón CF, Martínez-Sánchez M V, Gimeno L, Mrowiec A, 
Martínez-García J, Server-Pastor G et al. NK cell education in 
tumor immune surveillance: DNAM-1/KIR receptor ratios as pre-
dictive biomarkers for solid tumor outcome. Cancer Immunology 
Research. 2018; Dec;6(12):1537-1547. http://can. doi:10.1158/ 
2326-6066.CIR-18-0022.

4. Guillamón CF, Martínez-Sánchez M V, Gimeno L, Campillo JA, 
Server-Pastor G, Martínez-García J et al. Activating KIRs on edu-
cated NK cells support downregulation of CD226 and inefficient 
tumor immunosurveillance. Cancer Immunology Research. 
2019;7:1307–1317. doi: 10.1158/2326-6066.CIR-18-0847.

5. Guillamón CF, Gimeno L, Server G, Martıinez-Sanchez MV, 
Escudero JF, Lopez-Cubillana P, et al. Immunological risk stratifi-
cation of bladder cancer based on peripheral blood natural killer 
cell biomarkers. European Urology Oncology. 2019;4:246-255. doi:  
10.1016/j.euo.2019.04.009.

6. Narni-Mancinelli E, Vivier E, Kerdiles YM. The ‘T-cell-ness’ of NK 
cells: unexpected similarities between NK cells and T cells. 
Int Immunol. 2011;23:427–431. doi:10.1093/intimm/dxr035.

e1986943-10 L. GIMENO ET AL.



7. Parham P. Taking license with natural killer cell maturation and 
repertoire development. Immunol Rev. 2006;214(1):155–160. 
doi:10.1111/j.1600-065X.2006.00462.x.

8. Rosenberg J, Huang J. CD8+ T cells and NK cells: parallel and 
complementary soldiers of immunotherapy. Curr Opin Chem Eng. 
2018;19:9–20. doi:10.1016/j.coche.2017.11.006.

9. Kurd N, Robey EA. T-cell selection in the thymus: a spatial and 
temporal perspective. Immunol Rev. 2016;271(1):114–126. doi:10.1 
111/imr.12398.

10. Anfossi N, André P, Guia S, Falk CS, Roetynck S, Stewart CA et al. 
Human NK cell education by inhibitory receptors for MHC class I. 
Immunity. 2006;25(2):331–342. doi:10.1016/j.immuni.2006.06.0 
13.

11. Béziat V, Descours B, Parizot C, Debré P, Vieillard V. NK cell 
terminal differentiation: correlated stepwise decrease of NKG2A 
and acquisition of KIRs. PLoS ONE. 2010;5:1–12. doi:10.1371/ 
journal.pone.0011966.

12. Kim S, Poursine-Laurent J, Truscott SM, Lybarger L, Song YJ, Yang 
L et al. Licensing of natural killer cells by host major histocompat-
ibility complex class I molecules. Nature. 2005;436(7051):709–713. 
doi:10.1038/nature03847.

13. Kärre K. Natural killer cell recognition of missing self. Nat 
Immunol. 2008;9(5):477–480. doi:10.1038/ni0508-477.

14. Parham P. MHC class I molecules and KIRS in human history, 
health and survival. Nat Rev Immunol. 2005;5(3):201–214. 
doi:10.1038/nri1570.

15. Pende D, Falco M, Vitale M, Cantoni C, Vitale C, Munari E et al. 
Killer Ig-like receptors (KIRs): their role in NK cell modulation and 
developments leading to their clinical exploitation. Front 
Immunol. 2019;May 28;10:1179. doi:10.3389/fimmu.2019.01179.

16. Hilton HG, Parham P. Missing or altered self: human NK cell 
receptors that recognize HLA-C. Immunogenetics. 2017;69(8– 
9):567–579. doi:10.1007/s00251-017-1001-y.

17. Johansson MH, Höglund E, Nakamura MC, Ryan JC, Höglund P. 
Alpha1/alpha2 domains of H-2D(d), but not H-2L(d), induce 
‘missing self’ reactivity in vivo–no effect of H-2L(d) on protection 
against NK cells expressing the inhibitory receptor Ly49G2. Eur 
J Immunol. 1998;28:4198–4206. doi:10.1002/(SICI)1521-4141-
(199812)28:12<4198::AID-IMMU4198>3.0.CO;2-9.

18 Enqvist M, Ask EH, Forslund E, Carlsten M, Abrahamsen G, Béziat 
V, Andersson S, Schaffer M, Spurkland A, Bryceson Y, Önfelt B, 
Malmberg KJ. J Immunol. 2015 May 1;194(9):4518–27. 
doi:10.4049/jimmunol.1401972. Epub 2015 Mar 30. PMID:2582 
5444

19. Schafer JR, Salzillo TC, Chakravarti N, Kararoudi MN, Trikha P, 
Foltz JA, et al. Education-dependent activation of glycolysis pro-
motes the cytolytic potency of licensed human natural killer cells. 
J Allergy Clin Immunol. 2019;143(1):346–358. e6. doi:10.1016/j. 
jaci.2018.06.047.

20. Guillamón CF, Martínez-Sánchez MV, Gimeno L, Mrowiec A, 
Martínez-García J, Server-Pastor G et al. NK cell education in 
tumor immune surveillance: DNAM-1/KIR receptor ratios as pre-
dictive biomarkers for solid tumor outcome. Cancer Immunology 
Research. 2018;Dec;6(12):1537–1547. doi:10.1159/2326-6066.CIR- 
18-0022.

21. Goodridge JP, Jacobs B, Saetersmoen ML, Clement D, Hammer Q, 
Clancy T et al. Remodeling of secretory lysosomes during educa-
tion tunes functional potential in NK cells. Nat Commun. 2019;Jan 
31;10(1):514. doi:10.1038/s41467-019-08384-x.

22. Khaznadar Z, Boissel N, Agaugué S, Henry G, Cheok M, Vignon M 
et al. Defective NK cells in acute myeloid leukemia patients at 
diagnosis are associated with blast transcriptional signatures of 
immune evasion. The Journal of Immunology. 2015;195 
(6):2580–2590. doi:10.4049/jimmunol.1500262.

23. Carlsten M, Björkström NK, Norell H, Bryceson Y, Van Hall T, 
Baumann BC et al. DNAX accessory molecule-1 mediated recogni-
tion of freshly isolated ovarian carcinoma by resting natural killer 
cells. Cancer Res. 2007;67(3):1317–1325. doi:10.1158/0008-5472. 
CAN-06-2264.

24. Labani-Motlagh A, Israelsson P, Ottander U, Lundin E, Nagaev I, 
Nagaeva O et al. Differential expression of ligands for NKG2D and 
DNAM-1 receptors by epithelial ovarian cancer-derived exosomes 
and its influence on NK cell cytotoxicity. Tumor Biology. 2016;37 
(4):5455–5466. doi:10.1007/s13277-015-4313-2.

25. Peng Y, Xi C, Zhu Y, Yin L, Wei J, Zhang J-J et al. Altered 
expression of CD226 and CD96 on natural killer cells in patients 
with pancreatic cancer. Oncotarget. 2016;7(41):66586–66594. 
doi:10.18632/oncotarget.11953.

26. Guillerey C, De Andrade LF, Vuckovic S, Miles K, Ngiow SF, Yong 
MCR et al. Immunosurveillance and therapy of multiple myeloma 
are CD226 dependent. J Clin Invest. 2015;125(5):2077–2089. doi:10 
.1172/JCI77181.

27. Mandelboim O, Reyburn HT, Valés-Gómez M, Pazmany L, 
Colonna M, Borsellino G et al. Protection from lysis by natural 
killer cells of group 1 and 2 specificity is mediated by residue 80 in 
human histocompatibility leukocyte antigen C alleles and also 
occurs with empty major histocompatibility complex molecules. 
J Exp Med. 1996;184(3):913–922. doi:10.1084/jem.184.3.913.

28. Foley BA, De Santis D, Van Beelen E, Lathbury LJ, Christiansen 
FT, Witt CS. The reactivity of Bw4+ HLA-B and HLA-A alleles 
with kir3dll: implications for patient and donor suitability for 
haploidentical stem cell transplantations. Blood. 2008;112 
:435–443. doi:10.1182/blood-2008-01-132902.

29. Hansasuta P, Dong T, Thananchai H, Weekes M, Willberg C, 
Aldemir H et al. Recognition of HLA-A3 and HLA-A11 by 
KIR3DL2 is peptide-specific. Eur J Immunol. 2004;34 
(6):1673–1679. doi:10.1002/eji.200425089.

30. Horowitz A, Djaoud Z, Nemat-Gorgani N, Blokhuis J, Hilton HG, 
Béziat V et al. Class I HLA haplotypes form two schools that 
educate NK cells in different ways. Science Immunology. 2016;1 
(3):eaag1672. doi:10.1126/sciimmunol.aag1672.

31. Braud VM, Allan DS, O’Callaghan CA, Söderström K, D’Andrea A, 
Ogg GS et al. HL-E binds to natural killer cell receptors CD94/NKG2A, 
B and C. Nature. 1998;391(6669):795–799. doi:10.1038/35869.

32. López-Botet M, Llano M, Navarro F, Bellón T. NK cell recognition 
of non-classical HLA class I molecules. Semin Immunol. 2000; 12 
(2): 109–119. doi: 10.1006/smim.2000.0213.

33. Lee N, Goodlett DR, Ishitani A, Marquardt H, Geraghty DE. HLA- 
E surface expression depends on binding of TAP-dependent pep-
tides derived from certain HLA class I signal sequences. Journal of 
Immunology (Baltimore, Md : 1950). 1998;160:4951–4960.

34. McCutcheon JA, Gumperz J, Smith KD, Lutz CT, Parham P. Low 
HLA-C expression at cell surfaces correlates with increased turn-
over of heavy chain mRNA. J Exp Med. 1995;181:2085–2095. 
doi:10.1084/jem.181.6.2085.

35. Kiepiela P, Leslie AJ, Honeyborne I, Ramduth D, Thobakgale C, 
Chetty S et al. Dominant influence of HLA-B in mediating the 
potential co-evolution of HIV and HLA. Nature. 2004;432 
(7018):769–775. doi:10.1038/nature03113.

36. Lee N, Llano M, Carretero M, Ishitani A, Navarro F, López-Botet 
M et al. HLA-E is a major ligand for the natural killer inhibitory 
receptor CD94/NKG2A. Proc Natl Acad Sci U S A; 1998; 95, 
5199–5204. doi: 10.1073/pnas.95.9.5199.

37. Parham P, Guethlein LA. Genetics of natural killer cells in human 
health, disease, and survival. Annu Rev Immunol. 2018;36 
(1):519–548. doi:10.1146/annurev-immunol-042617-053149.

38. Merino AM, Song W, He D, Mulenga J, Allen S, Hunter E et al. 
HLA-B signal peptide polymorphism influences the rate of HIV-1 
acquisition but not viral load. J Infect Dis. 2012;205 
(12):1797–1805. doi:10.1093/infdis/jis275.

39. Merino AM, Sabbaj S, Easlick J, Goepfert P, Kaslow RA, Tang J. 
Dimorphic HLA-B signal peptides differentially influence HLA-E- 
and natural killer cell-mediated cytolysis of HIV-1-infected target 
cells. Clin Exp Immunol. 2013;174(3):414–423. doi:10.1111/cei.12187.

40. Hallner A, Bernson E, Hussein BA, Ewald Sander F, Brune M, Aurelius 
J et al. The HLA-B −21 dimorphism impacts on NK cell education and 
clinical outcome of immunotherapy in acute myeloid leukemia. Blood. 
2019;133(13):1479–1488. doi:10.1182/blood-2018-09-874990.

ONCOIMMUNOLOGY e1986943-11



41. Yunis EJ, Romero V, Diaz-Giffero F, Zuñiga J, Koka P. Natural 
killer cell receptor NKG2A/HLA-E interaction dependent differ-
ential thymopoiesis of hematopoietic progenitor cells influences 
the outcome of HIV infection. J Stem Cells. 2007;2:237–248.

42. Falco M, Romeo E, Marcenaro S, Martini S, Vitale M, Bottino C et al. 
Combined genotypic and phenotypic killer cell Ig-like receptor analyses 
reveal KIR2DL3 alleles displaying unexpected monoclonal antibody reac-
tivity: identification of the amino acid residues critical for staining. J 
Immunol. 2010;185(1):433–441. doi:10.4049/jimmunol.0903632.

43. Li Y, Kurlander RJ. Comparison of anti-CD3 and anti-CD28-coated 
beads with soluble anti-CD3 for expanding human T cells: differing 
impact on CD8 T cell phenotype and responsiveness to restimulation. 
J Transl Med. 2010;8(1):104. doi:10.1186/1479-5876-8-104.

44. Abel AM, Yang C, Thakar MS, Malarkannan S. Natural killer cells: 
development, maturation, and clinical utilization. Front Immunol. 
2018;9:1869.

45. Schuster IS, Coudert JD, Andoniou CE, Degli-Esposti MA. 
‘Natural Regulators’: NK cells as modulators of T cell immunity. 
Front Immunol. 2016;7:235. doi:10.3389/fimmu.2016.00235.

46. Rajasekaran K, Riese MJ, Rao S, Wang L, Thakar MS, Sentman CL et al. 
Signaling in effector lymphocytes: insights toward safer immunotherapy. 
Front Immunol. 2016;7:176. doi:10.3389/fimmu.2016.00176.

47. Sun JC, Beilke JN, Lanier LL. Adaptive immune features of natural 
killer cells. Nature. 2009;457(7229):557–561. doi:10.1038/nature07665.

48. Vivier E, Raulet DH, Moretta A, Caligiuri MA, Zitvogel L, Lanier 
LL et al. Innate or adaptive immunity? The example of natural 
killer cells. Science (New York, N Y). 2011;331(6013):44–49. 
doi:10.1126/science.1198687.

49. Sun JC, Beilke JN, Lanier LL. Immune memory redefined: 
characterizing the longevity of natural killer cells. Immunol 
Rev. 2010;236(1):83–94. doi:10.1111/j.1600-065X.2010.00900.x.

50. Yawata M, Yawata N, Draghi M, Little A-M, Partheniou F, Parham 
P. Roles for HLA and KIR polymorphisms in natural killer cell 
repertoire selection and modulation of effector function. J Exp 
Med. 2006;203(3):633–645. doi:10.1084/jem.20051884.

51. Liang R, Zhu X, Lan T, Ding D, Zheng Z, Chen T et al. TIGIT 
promotes CD8+T cells exhaustion and predicts poor prognosis of 
colorectal cancer. Cancer Immunology, Immunotherapy. 2021;70 
(10):2781-2793. doi:10.1007/s00262-021-02886-8.

52. Liu Z, Zhou Q, Wang Z, Zhang H, Zeng H, Huang Q et al. 
Intratumoral TIGIT+CD8+T-cell infiltration determines poor 
prognosis and immune evasion in patients with muscle-invasive 
bladder cancer. Journal for ImmunoTherapy of Cancer. 2020;8 
(2):978. doi:10.1136/jitc-2020-000978.

53. Wagner AK, Kadri N, Snäll J, Brodin P, Gilfillan S, Colonna M et al. 
Expression of CD226 is associated to but not required for NK cell 
education. Nat Commun. 2017;8:15627. doi:10.1038/ncom 
ms15627.

54. Guillamón CF, Martínez-Sánchez MV, Gimeno L, Mrowiec A, 
Martínez-García J, Server-Pastor G et al. NK cell education in 
tumor immune surveillance: DNAM-1/KIR receptor ratios as pre-
dictive biomarkers for solid tumor outcome. Cancer Immunology 
Research. 2018;6(12):1537–1547. doi:10.1160/2326-6066.CIR-18- 
0022.

55. Sanchez-Correa B, Valhondo I, Hassouneh F, Lopez-Sejas N, 
Pera A, Bergua JM et al. DNAM-1 and the TIGIT/PVRIG/ 
TACTILE axis: novel immune checkpoints for natural killer 
cell-based cancer immunotherapy. Cancers. 2019;11(6):877. 
doi:10.3390/cancers11060877.

56. Gilfillan S, Chan CJ, Cella M, Haynes NM, Rapaport AS, Boles KS 
et al. DNAM-1 promotes activation of cytotoxic lymphocytes by 
nonprofessional antigen-presenting cells and tumors. J Exp Med. 
2008;205(13):2965–2973. doi:10.1084/jem.20081752.

57. Weulersse M, Asrir A, Pichler AC, Lemaitre L, Braun M, Carrié N 
et al. Eomes-dependent loss of the co-activating receptor CD226 
restrains CD8+ T cell anti-tumor functions and limits the efficacy 
of cancer immunotherapy. Immunity. 2020;53(4):824–839. e10. 
doi:10.1016/j.immuni.2020.09.006.

58. Chauvin JM, Zarour HM. TIGIT in cancer immunotherapy. J. 
Immunother. Cancer. 2020;8(2):e000957. doi:10.1136/jitc-2020- 
000957.

59. Zhang Q, Bi J, Zheng X, Chen Y, Wang H, Wu W et al. Blockade of 
the checkpoint receptor TIGIT prevents NK cell exhaustion and 
elicits potent anti-tumor immunity. Nat Immunol. 2018;19 
(7):723–732. doi:10.1038/s41590-018-0132-0.

60. Held W, Mariuzza RA. Cis interactions of immunoreceptors with 
MHC and non-MHC ligands. Nat Rev Immunol. 2008;8:269–278. 
doi:10.1038/nri2278.

61. Hoare HL, Sullivan LC, Pietra G, Clements CS, Lee EJ, Ely LK et al. 
. Structural basis for a major histocompatibility complex class Ib- 
restricted T cell response. Nat Immunol. 2006;7:256–264. 
doi:10.1038/ni1312

62. Jensen PE, Sullivan BA, Reed-Loisel LM, Weber DA. Qa-1, 
a nonclassical class I histocompatibility molecule with roles in 
innate and adaptive immunity. Immunol Res. 2004;29(1– 
3):81–92. doi:10.1385/IR:29:1-3:081.

63. Mueller DL. Mechanisms maintaining peripheral tolerance. Nat 
Immunol. 2010;11(1):21–27. doi:10.1038/ni.1817.

e1986943-12 L. GIMENO ET AL.


	Abstract
	Introduction
	Patients and methods
	Samples and study groups
	HLA-A, -B and -C and KIR genotyping
	Flow cytometry immunophenotype analysis of cancer patients
	Anti-CD3/CD28 stimulation <italic>in vitro</italic> of purified CD8<sup>+</sup> T cells
	Statistical analysis

	Results
	CD226 expression is up-modulated on NK and T cells in presence of specific inhibitory-receptor/ligand interactions
	Methionine −21 of the HLA-B leader peptide is associated with longer survival in patients with different types of cancer
	Methionine −21 is associated with higher proliferation and lower expression of TIGIT after anti-CD3/CD28 stimulation of CD8<sup>+</sup> T cells
	TIGIT suppresses proliferation of CD8<sup>+</sup> T cells after anti-CD3/CD28 stimulation

	Discussion
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	References

