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T cells that express CD56 in peripheral blood of healthy humans represent a
heterogeneous and poorly studied subset. In this work, we analyzed this subset for
NKG2C expression. In both CD56™ and CD56~ subsets most of the NKG2C* T cells had a
phenotype of highly differentiated CD8" TEMRA cells. The CD56"NKG2C™* T cells also
expressed a number of NK cell receptors, such as NKG2D, CD16, KIR2DL2/DL3, and
maturation marker CD57 more often than the CD56"NKG2C"CD3" cells. TCR B-chain
repertoire of the CD3"CD56"NKG2C™ cell fraction was limited by the prevalence of one or
several clonotypes which can be found within the most abundant clonotypes in total or
CD8* T cell fraction TCRp repertoire. Thus, NKG2C expression in highly differentiated
CD56™ T cells was associated with the most expanded off T cell clones. NKG2C* T cells
produced almost no IFN-yin response to stimulation with HCMV pp65-derived peptides.
This may be partially due to the high content of CD45RA*CD57* cells in the fraction.
CD3"NKG2C™ cells showed signs of activation, and the frequency of this T-cell subset in
HCMV-positive individuals was positively correlated with the frequency of NKG2C* NK
cells that may imply a coordinated in a certain extent development of the NKG2C* T and
NK cell subsets under HCMV infection.

Keywords: TCR repertoire, NKT-like cells, NKG2C, T cell differentiation, cytomegalovirus infection

INTRODUCTION

Memory T cells play an important role in the immune response to infection or tumor.
Differentiation of T cells triggered by encounters with antigen leads to the formation of a set of
central memory and effector memory cells, including highly differentiated effector memory cells re-
expressing CD45RA (TEMRA) cells characterized in humans by a CD45RA*CD45RO"
CCR7°CD28 CD27  phenotype. Memory T cells differ in homing potential and effector
functions and provide a more intense and specialized response to the pathogen (1-3). Some of
the T cells circulating in adults express surface molecules normally expressed by NK cells. KIR
receptors, CD94/NKG2 heterodimers and NKG2D receptor are found on the surface of oy T cells in
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peripheral blood. The percentage of T cells expressing these
receptors in total o T cell fraction varies from <1% to 15% and
may be even higher in total y§ T cells (4). Typically, NK cell
receptors are expressed on memory T cells as evidenced in
particular by a positive correlation between the proportion of
CD28™ T cells and the proportion of T cells expressing NK cell
receptors (5). These CD28-negative T cells express granzyme B,
perforin and FasL (6, 7). They also express CD57 antigen, which
marks the terminal stage of T cell and NK cell differentiation (8).

One molecule characteristic of NK cells is the neuronal cell
adhesion molecule NCAM/CD56. Expression of this marker on
T cells makes it possible to isolate a subset of so-called NKT-like
cells, named so as to distinguish them from the conventional
V024-Jo18"Vb11* (6b11") invariant NKT cells capable of
reacting with o-galactosylceramide (9, 10). These cells are also
called NK-like T cells or simply CD56" T cells. The CD56" subset
can range from 4 to 30% of all T cells. It is rather heterogeneous,
characterized by high intracellular level of granzyme B and
perforin and cytolytic capacity (11). Another characteristic of
these cells is a reduced ability to divide and an increased
resistance to apoptosis (12, 13). CD56" T cells have shorter
telomeres and have a lower level of beta-chain variable region
complexity (TREC copy number) than CD56™ cells, suggesting
that they underwent intense post-thymic proliferation (13).
Although this subset usually contains a significant number of
CD4" cells, CD8" cells can predominate (12). These unique
CD8" effectors are capable of mediating TCR-independent
CD56-mediated immune cascades (12). CD56" T cell subset
increase in number in old age as well as in many chronic
inflammatory diseases (10, 14). CD8'CD56" T cells can be
obtained by cytokine stimulation, producing cytokine-induced
cells usable for immunotherapy (15). For example, IL-15 induces
formation of cytolytic cell population with effector memory
phenotype (16).

There are some data on the distribution of NK cell receptors
in the CD56" T cell subset. KIR" T cell residency shown for
CD56" compartment has been fairly well studied (13). Although
KIR expression can be found in a small portion of CD4" cells, the
most of KIR" T cells are CD8". It was noted that KIR"CD8" T
cells can be isolated from peripheral blood of normal adult
individuals (17). The size of the KIR*CD8" T cell subset
increases with age, and comprises up to 30% of CD8" T cells
in elderly individuals. It is noted that most of these cells have a
memory cell phenotype; they lack CCR7 expression, and most of
them do not express costimulatory molecules CD28 and
CD27 (17).

A large number of CD3"CD56" cells are found in patients
with coronary artery disease (18), lung cancer (19). During viral
infections, the content of CD56" T cells can both increase, as
with HIV-1 infection and chronic hepatitis B (20, 21), or
decrease as with viral hepatitis E (22). Increased numbers of
CD56" T cells were also observed in healthy individuals infected
with cytomegalovirus (HCMV), one of the most common viruses
in the human population (23). It has been shown that this
infection is accompanied by T cell expansion with the
accumulation of highly differentiated CD8" cells and a

decrease in the pool of naive T cells (24). Infection of the
human population with HCMYV in different countries reaches
50% to 100%. Effective control of this evolutionarily ancient viral
infection requires the involvement of both innate and adaptive
immunity with a central role for both T lymphocytes and NK
cells. HCMV-specific T cells typically respond to the pp65 and
IE1 peptides (25). It has been found that in seropositive people
the proportion and absolute number of CD8"CD57" T cells is
higher in all age groups than in seronegative people (8). The
accumulation of memory T cells with age is called CD8" T
inflation (26, 27). According to Chan et al., CD56" T cells during
HCMYV infection contain significantly more KIR" cells than T
cells from seronegative donors (13). These cells begin to actively
proliferate upon reactivation of HCMV in bone marrow
transplant recipients, and can lyse targets of NK cells upon
activation with cytokines. At the same time, the heterogeneous
subset of highly differentiated T cells expressing CD56 is still not
fully characterized. It remains unclear whether the differentially
described T cells from the numerous studies belong to the
same subset.

CD8" T cells can express the NKG2C receptor, which
recognizes non-classical major histocompatibility complex
molecule HLA-E. In some individuals, NKG2C can also be
found on a subset of gamma delta T cells, or even certain
CD4" cells (28, 29). In NK cells, this receptor, as a part of
heterodimer with CD94, induces an activating signal. The
emergence and persistence of the NKG2C-expressing NK cell
pool is associated with the development of HCMV infection,
along with the presence of pro-inflammatory cytokines such as
IL-12 (30). Upon cell infection, the cytomegalovirus UL40
protein induces an increase in the surface expression of HLA-E
that occurs independently of TAP (31). This phenomenon is
considered to be a mechanism for virus escape from the immune
surveillance carried out by NK cells, due to the interaction of
HLA-E with the inhibitory receptor NKG2A/CD9%4 (32). Still,
HLA-E-bound peptides have the essential role in selective
NKG2C-mediated recognition and activation of NK cells (33,
34). The HLA-E molecule can present only a limited set of
peptides, mainly peptides from the leader sequences of other
MHC-I molecules. It has been shown that some peptides of the
UL40 protein from certain HCMV strains have homology with
these HLA-I-derived peptides and can also be presented by
HLA-E and cause activation of NKG2C-positive NK cells, in
particular, increasing their antibody-dependent response (35,
36). CD8" T cells expressing KIR were also shown to bind
HLA-E tetramers loaded with a peptide derived from UL40
(37). Tt is believed that such T cells recognize peptides in the
context of HLA-E via the T cell receptor (38). It is assumed that
genetic factors in conjunction with the HCMV strain are
essential for the emergence of this fraction. However, there
remains a lot of uncertainty about how the adaptive and innate
immunity, represented by cytotoxic T lymphocytes and NK cells,
interact in response to cytomegalovirus infection.

In our work, we characterized highly differentiated T cells
expressing the NKG2C receptor. We have shown that the
majority of NKG2C" cells in the CD56" T cell subset belongs
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to one or several CD8" T cell clones, while often constituting a
significant part of the total population of CD8" off T cells. Most
of the NKG2C" T cells expressed other receptors typical of NK
cells, such as NKG2D, KIR, and CD16, and were positive for
CD57. NKG2C" T cells often demonstrated signs of activation,
and especially NKG2C'CD56 subset. The proportions of
NKG2C" T cells and NKG2C" NK cells were positively
correlated, which indirectly indicates the coordinated
formation of these subsets. Interestingly, the expanded
NKG2C" T cell clone was also found in a HCMV-negative
donor. Highly differentiated NKG2C-positive T cells did not
exhibit HCMV-specific IFN-y response, but showed increased
natural and antibody-dependent cellular cytotoxicity
characteristic of NK cells.

MATERIALS AND METHODS

Subjects

Healthy individuals participated in the study conducted in
accordance with the recommendations of the ethics committee
of Pirogov Russian National Research Medical University
(protocol #169 from 20.11.2017). The volunteers gave their
informed consent prior to the study. HCMV-specific 1gG
antibodies were indentified in the serum samples of volunteers
using a commercially available ELISA kit (Vector-Best, Russia)
according to the manufacturer’s protocol.

Isolation of Peripheral Mononuclear Cells

Peripheral blood mononuclear cells (PBMC) were obtained by
gradient centrifugation using a standard Ficoll solution (PanEco,
Russia), density 1.077. For some experiments, CD8" and CD4" T
cells were isolated by magnetic immunoseparation, according to
the manufacturer’s protocol (CD8" T Cell Isolation Kit, human,
and CD4+ T Cell Isolation Kit, human; Miltenyi Biotec, Germany).

Cell Lines

The K562 and CIR cell lines (ATCC, USA) were cultivated in
RPMI-1640 medium (PanEco, Russia) supplemented with 10%
heat inactivated fetal calf serum (HyClone, USA), 2 mM of L-
glutamine (PanEco, Russia) and antibiotic antimycotic solution
(Millipore-Sigma, USA) in a humidified atmosphere of 5% CO,
at 37°C.

Immunostaining and Flow Cytometry

Cells were stained with a combination of monoclonal antibodies
(mAbs) and analyzed as described earlier (39). Intracellular
IFN-y staining was performed using the Inside Stain Kit
(Miltenyi Biotec, Germany).

The following mAbs were used for staining: CD3-PE-Cy7
(clone UCHT1), CD56-APC (clone N901), CD56-PE (clone
N901), CD45RO-PE (clone UCHLI1) from Beckman Coulter;
CD56-Brilliant Violet 421 (clone HCD56), CD56-PE-Cy7 (clone
5.1H11), anti-HLA-DR-PE (clone L243) from Sony
Biotechnology; NKG2C-AlexaFluor (AF) 488 (clone 134591),
NKG2C-PE (clone 134591), NKG2A-PE (clone 131411) from

R&D Systems; CD45RA-PE (clone HI100), YdTCR-
BrilliantViolet 421 (clone B1), YdTCR-PE (clone B1), CD161-
AF647 (clone HP-3G10), CCR7-PE (clone G043H7) from
Biolegend; CD45RA- Brilliant Violet 421 (clone HI100), CD57-
PE (clone TB01), CD69-PE (clone FN50), anti-NKG2D-PE
(clone 1D11) from eBioscience; CD16-FITC (clone REA423),
CD45RO-FITC (clone UCHL1), CD57-APC (clone TBO03),
KIR2DL2/DL3-PE (clone DX27) from Miltenyi Biotech; CD3-
APC (BD Biosciences, USA, clone UCHT1), CD4-FITC
(Sorbent, RF, clone 1), CD8-PerCP Cy5.5 (Immunotech,
France, clone B9.11), CD27-PE (Invitrogen, USA, clone CLB-
27/1); anti-mouse 1gG F(ab’),-PE (Sigma, USA). Supernatant of
CD28-specific hybridoma was kindly provided by Prof. Miguel
Lopez-Botet (Universitat Pompeu Fabra, Barcelona, Spain).
Multicolor flow cytometric analysis was performed on a
FACSCalibur flow cytometer equipped with 488 and 640 nm
lasers and a FACSVantage DiVa cell sorter equipped with 405,
488, and 643 nm lasers (BD Biosciences, USA). Lymphocytes were
gated according to forward and side scatter. 0.5 to 1 x 10° events
were recorded in this gate for PBMC phenotypic analysis. Data
were analyzed using Flow]Jo version 7.6 and 10 (FlowJo LLC, USA).

Fluorescence-Activated Cell Sorting

In most experiments, freshly isolated PBMC stained with anti-
CD3, anti-CD56, and anti-NKG2C antibodies were subjected to
fluorescence-activated cell sorting using a FACSVantage DiVa
cell sorter. CD37CD56 NKG2C~, CD3"CD56 NKG2C",
CD3"CD56"NKG2C™, CD3"CD56"NKG2C" cells were
separated into 12 x 75 mm tubes containing serum-free
medium. In several experiments anti-ydTCR mAb was used to
isolate only ofTCR-expressing T cells. Cell sorting was carried
out at a sheath pressure of 27 psi using a 70-um nozzle. Cell
purity following cell sorting always exceeded 95%. For RNA
isolation, sorted subpopulations were transferred into Trizol
reagent (Thermo Fisher Invitrogen, USA) and frozen. Another
portion of cells was transferred into cultivation medium AIM-V
(Gibco-Thermo Fisher Scientific, USA) and then used in
functional experiments.

TCR cDNA Library Preparation,
Sequencing, and Data Analysis
Libraries of TCR beta chains were prepared as previously (40). In
brief, total RNA was isolated from PBMC using Trizol reagent.
Isolated RNA was used for cDNA synthesis with 5'RACE
template switch technology to introduce universal primer
binding site and Unique Molecular Identifiers (UMI) at the 5’
end of RNA molecules. Primers complementary to the TCR-beta
constant segments were used for cDNA synthesis initiation.
cDNA was amplified in two subsequent PCR steps. The
resulting libraries were sequenced on the Illumina HiSeq 2000/
2500, MiSeq or NextSeq platform with 2 x 150 bp sequencing
length. Raw sequencing data are deposited in the ArrayExpress
database (E-MTAB-9601).

Sequencing reads were demultiplexed and clustered by UMI
with MIGEC software (41). MiTCR software was used to assemble
the TCR clonotype sequences, count clonotype proportion and
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form the final list of identified clonotypes for each sample (42). To
exclude most erroneous TCR sequences, only those TCR ¢cDNA
sequences which were covered by at least two reads were used.
Further TCR repertoire analysis was carried out using tcR package
(43). The clonotypes belonging to different subsets of T cells were
determined by the coincidence of the nucleotide sequence of the
CDR3 region and the V-segment of TCR between the repertoires of
the T cell fractions. TCR annotation to known antigen-specificity
was performed using the VDJdb database (44) with a single
substitution allowed in the CDR3 amino acid sequence using
VDJmatch software (https://github.com/antigenomics/vdjmatch).

Cytotoxicity Tests

To estimate functional NK-like responsiveness, the CD56"/~
NKG2C*/™ T cell subsets isolated by sorting were pre-
incubated for 18 h in AIM-V medium supplemented with 10%
fetal calf serum and 500 U/mL of recombinant IL-2 at a
concentration of 2 x 10° cells/ml. At the end of incubation, the
cells were harvested and subjected to functional assays.

Natural Cytotoxicity Assay

Cytolytic potential was assessed by degranulation assay based on
LAMP-1 (CD107a) cell surface mobilization following T and
NKT cells incubation with MHC class I-negative K562 target
cells. Effectors were mixed with K562 cells in 1:1 ratio,
centrifuged shortly and incubated for 3 h in the presence of
PE-Cy5-conjugated anti-human CD107a antibody (eBioscience,
USA, clone H4A3) and brefeldin A (10 pg/ml, Sigma, USA).
Samples without target cells were included as a control of
spontaneous degranulation. Then cells were washed with
staining buffer and analyzed by flow cytometry.

Antibody-Dependent Cell-mediated
Cytotoxicity Assay

IL-2-activated T cells were mixed with CIR target cells in 3:1
ratio and incubated in RPMI-1640 medium with anti-CD20
mAb Rituximab (Roche Holding, Switzerland) in the presence
of 10 pug/ml of brefeldin A and CD107a mAb for 2.5 h. Samples
without target cells or without Rituximab were used as negative
controls. After the incubation, cells were harvested and analyzed
by flow cytometry.

Statistical Analysis

Mann-Whitney U-test was used for determination of statistical
significance of the differences. P-values of < 0.05 were
considered significant.

RESULTS

Expression of NKG2C in T Cells Is
Associated With the Expression of NKG2C
in NK Cells and the Development of a Pool
of CD56* T Cells

First, we examined the distribution of CD56" and NKG2C* T cell
subsets in PBMCs of healthy donors (20-60 years old). 35

samples were collected and analyzed (24 CMV", age median
23,and 11 CMV, age median 27). PBMC were stained for CD3,
CD56 and NKG2C antibodies, and analyzed by flow cytometry.
The gating strategy is presented in Figure 1. The proportion of
NKT-like cells (CD56" T cells) among CD3" cells ranged from 2
to 25% (mean 7.7%). The proportion of NKG2C" cells among T
lymphocytes averaged 2.0%. At the same time, among CD56" T
cells, NKG2C" cells averaged 11.3%, but this value varied greatly
(from 0.4% to 40.4%). In CD56-seronegative T cell subset, the
proportion of NKG2C" cells was less than 1%. In all analyzed T
cell subsets the frequency of NKG2C+ cells was higher in
HCMV-positive individuals compared to HCMV-seronegative
donors. In more than 50% of donors, NKG2C" T cells
predominated in the more differentiated CD56" fraction in
both relative and absolute numbers; thus, the ratio of
CD3"CD56"'NKG2C" cells to CD3"CD56 NKG2C" cells was
greater than 1. Most of the donors in the study group were
HCMYV-seropositive, comprising approximately 69% of all
analyzed subjects. At the same time, in all seronegative
individuals the indicated ratio was less than 1.

A strong correlation was observed between the size of the
CD56" NKT-like cell fraction and the proportion of NKG2C*
cells among T cells in HCMV-seropositive individuals (Table 1).
There was a closer association in this group between the
proportion of CD56" cells among all T cells and the
proportion of NKG2C" cells among CD56-negative T cells (r =
0.671, p = 0.0002) than the association between the proportion of
CD56" cells among all T cells and NKG2C" cells among CD56*
T cells (r = 0.533, p = 0.0037). The proportion of NKT-like cells
correlated modestly with the proportion of NKG2C" cells in the
NK cell population in the group of HCMV-seropositive donors.
Interestingly, in the group of HCMV-seronegative donors a
negative correlation between CD56" T cell frequency and
NKG2C" cells in this subset was observed. A modest positive
correlation of NKG2C expression in T cells with NKG2C
expression in NK cells was identified in HCMV-seropositive
individuals (r = 0.411, p = 0.023). Interestingly, for HCMV-
seronegative individuals, a strong negative correlation was
identified between the NKG2C+ NK cell frequency and the
NKG2C" cell frequency in CD56-negative T cell subset.

Thus, the expression of NKG2C in CD56-negative T cells was
strongly associated with the development of a pool of NKT-like
cells. Moreover, the expression of NKG2C was coordinated in
the T cell and NK cell compartments under HCMYV infection to a
certain extent, but could be oppositely associated in HCMV-
seronegative individuals.

The Distribution of TCR Beta-Chains in
PBMC Fractions Is Associated with Clonal
Cell Expansion

We analyzed clonal repertoires of the CD3"CD56" T cell subsets,
negative or positive for NKG2C, and CD3"CD56 NKG2C"*
subset in eight randomly selected donors (three men, five
women) using HTS profiling of TCR beta-chain repertoire
(Supplementary Tables 1, 2). Seven donors were HCMV-
seropositive, and one was HCMV-seronegative. In all eight
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CD3

CD56
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CD56
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20.8% 0.00%
27.2% 0.02%
0.38% 0.06%
NKG2C

FIGURE 1 | Gating strategy for the assessment of the distribution of NKG2C* cells in CD56~ and CD56"* (NKT-like) T cell subsets and in NK cells. Experimental
sample and fluorescence minus one (FMO) control lacking NKG2C-antibody are presented.

TABLE 1 | The distribution of NKT-like cells among T cells and of NKG2C* cells in CD56~, CD56" T cell subsets and NK cells in HCMV-positive and negative

individuals, and the respective correlation analysis.

CD3*: CD56" (%)

CD3*: NKG2C* (%)

CD3*CD567: NKG2C* (%) CD3*CD56": NKG2C* (%)

Mean + SD CMV+/— 7.73+7.38 1,99 + 3,80 0.74 £ 1.04 11.25 £ 13.99
CMV+ 9.21 +8.27 2,71 + 4,42 0.89 £ 1.22 14.73 £ 15.68
CMV- 4.5+ +,36 0,43 + 0,27 0.4 +0.26 3.67 +2.82
Correlations
CD3*: NKG2C™ (%) CMV+/— r=0.705 p = 2E-07
CMV+ r=0.785p = 2E-07
CMV- Ns
CD3*CD56: NKG2C* (%) CMV+/— r=0.496 p = 0.0012
CMV+ r=0.671p = 0.0002
CMV- ns
CD3*CD56": NKG2C™ (%) CMV+/— r=0.382p=0.012
CMV+ r=0.533 p = 0.0037
CMV- r=-0.6 p=0.028
CD37CD56": NKG2C™ (%) CMV+/— r=0.421 p = 0.006 r=0.441 p = 0.004 ns r=0.447 p = 0.0036
CMV+ r=0.411 p =0.023 r=0.411 p =0.023 ns r=0.347 p = 0.048
CMV- ns ns r=-0.7 p=0.01 ns

donors one or several expanded TCR clonotypes represented
most T cells of the CD3"CD56"NKG2C" cell fraction
(proportion of the most expanded clonotype was 11.3% to
76%, mean 51.3%, n = 8) (Figure 2A). Interestingly, in the
HCMV-seronegative individual the most expanded clonotype
represented more than 50% T cells in this fraction. The CDR3f

nucleotide sequence of the dominant clone was unique for each
donor (Supplementary Table 2), with specific V-segments
and relatively long NDN regions of CDR3 for most of the
donors. We have not found a significant similarity of the
clonotypes with the known MAIT cell TCR beta chains
according to the MAIT Match Server database (45) or, for
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FIGURE 2 | TCR-beta repertoire structure. (A) Repertoire structure of the CD3*CD56 "NKG2C™ fraction. Ranking of clonotypes was performed in the cell fraction
isolated by fluorescence-activated cell sorting. Top 10 clonotypes identified in samples for donors are shown proportionally of their percentage in the fraction.
(B) The top clonotypes of the CD3*CD56"NKG2C* fraction matched in total TCR-beta repertoire sequenced from PBMC sample.
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most of clonotypes, with the matching TCRs in VDJdb
database, which contains TCR sequences with characterized
antigen specificity (44). Importantly, in four donors the
same clonotypes were also the most frequent in the
CD3"CD56 NKG2C" fraction (28.3-60.1%) (Supplementary
Tables 1, 2), which may be considered as a fraction of less
differentiated cells compared to the CD3"CD56"NKG2C" subset.
Then we analyzed the distribution of the identified clonotypes
in clonal repertoires of CD4"/CD8" T cells. For six donors the
clonotypes identified as dominant in CD3"CD56 " NKG2C"
subset were found within most expanded (top 10) CD8" T
cell clonotypes, and represented significant proportion (1.0-
7.0%) of CD8" T cells (Supplementary Tables 1, 2). In donor
2, the clonotype prevailing in the CD3"CD56 'NKG2C" subset
(50.9%) was found to be dominant in the repertoire of
CD4" T cells (15.9%). For six donors, clonal repertoires of the
bulk peripheral blood T lymphocytes were also studied
(Supplementary Table 1). For the analyzed donors, the TCR
clonotypes prevailing in the CD3"CD56"NKG2C" fraction were
also identified between most expanded clonotypes of peripheral
blood T cells (Figure 2B; Supplementary Table 2). Notably, the
same clonotypes were also found in the repertoire of
CD56'NKG2C™ T cells with various frequencies, indicating
that the T cell clones were not 100% NKG2C-positive and may
acquire NKG2C at certain stages of the cell differentiation
(Supplementary Table 2).

To summarize, we found that the CD3"CD56 " NKG2C"
subset had an oligoclonal TCR repertoire in all donors studied.
Moreover, the dominant clonotypes of this subset represented a

significant proportion of the whole peripheral blood off T cell
population. In most cases the clonotypes were attributed to the
CD8" T cells. The data suggest that these clones underwent
expansion during which they partly acquired surface NKG2C.
Apparently, this expansion could be attributed to the inflation
previously described for CMV-infected individuals (26).

NKG2C* T Cells Display the Phenotype of
Highly Differentiated Cells

We characterized the phenotype of NKG2C" cells among CD56~
and CD56" T cells by multicolor flow cytometry (Figure 3). In all
PBMC samples the majority of CD56"'NKG2C" a8 T cells were
CD8" (Figure 3B; Figure 4A). Notably, donor 2 had more than
15% CD8 NKG2CH™ T cells of the CD56"NKG2C" fraction
(Figure 3C).

Comparative analysis of a number of surface markers was
performed in CD56 NKG2C~, CD56 NKG2C*,
CD56 'NKG2C", and CD56"'NKG2C" subsets of CD3" cells. It
included the measurement of expression level of the T cell
differentiation markers CD45RA, CD45R0O, CCR7, CD27, and
CD28, the marker of terminal differentiation (or exhaustion) of
NK and T cells CD57, NK cell receptors NKG2D, CD16,
KIR2DL2/DL3, NKG2A, CD161, and NK and T cell activation
markers CD69 and HLA-DR (Figure 4B; Supplementary Figure
1). The expression of YOTCR was also tested in these fractions
(Figure 4B).

Our data supported the observation that CD56" T cells were
more differentiated compared to the CD56™ T cells. In particular,
they were characterized by almost complete lack of surface
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expression in CD56"NKG2C™ T cells of the donor 2.

CCR7, higher expression level of CD57, and lower level of CD27
(Figure 4; Supplementary Figure 1). Strict differences were
observed between NKG2C~ and NKG2C" cells within both
CD56" and CD56™ T cell fractions. NKG2C" subsets contained
significantly larger proportions of cells expressing CD45RA and
CD57, and smaller proportions of CD45RO*, CD27", and
CD28" cells. Remarkably, even in the fraction of CD56 T
cells, most of which are CCR7", the NKG2C" cells were almost
completely negative for CCR7 expression (Figure 4;
Supplementary Figure 1). Thus, most of the NKG2C" cells
demonstrated the phenotype of terminally differentiated
TEMRA cells (CCR7 CD45RACD27 CD287) and expressed
CD57 surface marker related to the terminal cell differentiation
and low proliferative activity. CD56 "'NKG2C" cells were negative
for CD161 expression, whereas a significant proportion of
CD56"NKG2C™ cells expressed this receptor. CD161
expression was shown earlier to be associated with mucosal
invariant T cells (MAIT) (46).

NKG2C" T cells in both CD56 and CD56" subsets
demonstrated significant levels of activating NK cell receptors
NKG2D and CD16 and inhibitory receptors KIR2DL2/DL3.
High percentages of cells expressing the receptors mentioned
above is typical for CD56" T cells (13, 14), but NKG2C" T cells
in this subset had even higher expression levels of these
receptors. At the same time, NKG2C-positive T cells in the
CD56" fraction had almost no expression of NKG2A, similarly
to NKG2C*"NKG2A™ adaptive-like NK cells (47).

CD56 NKG2C" T cells had higher expression levels of CD69
and HLA-DR, thus showing more activated state than T cells
from the most numerous CD56 NKG2C™ subset (Figure 4;
Supplementary Figure 1). Notably, CD56"NKG2C" T cell
subsets of certain donors had no CD69" or HLA-DR" cells.

Analysis of CMV-Specific Response of
NKG2C+ NK Cells

We then evaluated IFN-y production in NKG2C-negative and
NKG2C-positive CD8"CD56"/~ T cells in response to
stimulation with a set of peptides from HCMV pp65 protein
(PepTivator, Miltenyi Biotec). CD3"CD8'NKG2C", but not
CD3"CD8"NKG2C" cells showed IFN-y response to both
CMV peptides and staphylococcal enterotoxin B (SEB) (as an
unspecific control), although production levels varied among
donors (Figure 5A). Interestingly, a significant number of IFN-v-
producing cells could be found in a subset of CD56'NKG2C™ T
cells, thus indicating the capability of cells at this differentiation
stage for antigen-specific response (Figure 5B). There were
almost no IFN-y producers in the CD8"CD56 'NKG2C" subset
that demonstrated the lack of pp65-specific response in this cell
fraction. On the other hand, when staphylococcal enterotoxin B
(SEB) was used for the stimulation, the IFN-y response level of
the NKG2C" T cells was lower compared to NKG2C™ T cell
response (Figure 5). SEB is known to unspecifically bind to a
number of TCRP chain variants (48-50). While NKG2C™ T cells
were shown to be oligoclonal, their lack of response to SEB might
reflect their inability to bind the superantigen. However, the
TCRP chain repertoire analysis revealed that at least one variant
of TCRP chain that should bind SEB was found within the top
clonotypes of the CD56"NKG2C" fraction in seven of eight
analyzed individuals (Supplementary Table 3).

To address either the decrease in the antigen-specific response
in T cells is related to the acquisition of NKG2C expression or to
the terminal differentiation, we analyzed the production of IFN-y
in NKG2C'/~ CD8" T cells co-expressing CD57 and CD45RA.
Among the CD8" T cells various ratios of cells expressing
CD45RA and CD57 were found in different donors, and the
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CD45RA"CD57" cells produced less IFN-y in response to pp65,
compared to all CD8" T cells (Figure 6A). On the other hand,
while CD45RACD57" cells seemed to retain a certain level of
antigen-specific IFN-y production, the NKG2C" cells, most of

which were positive for CD45RA and CD57, produced almost no
IFN-vy (Figure 6B).

The obtained data indicate that T cell differentiation was
associated with decline in the antigen-specific IFN-y production
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with the minimal production in NKG2C-expressing cells. The
expression of NKG2C indicated the expansion and “aging” of
individual T cell clones. However, it remains unclear whether
such clones were specific for HCMV antigens.

NK Cell-Like Effector Activity of
NKG2C-Expressing T Cells

Natural cytotoxic activity was estimated in CD3"CD56~
NKG2C~, CD3*CD56 NKG2C*, CD3"CD56"NKG2C™~, and
CD3"CD56"NKG2C" subsets in degranulation assay using

K562 cell line, the standard cytotoxicity target for human
NK cells. No degranulation was observed in the CD3"
CD56 NKG2C™ cell subset. The remaining three subsets
showed weak natural cytotoxic activity; the highest natural
cytotoxicity level was observed among NKG2C-expressing
more differentiated CD56" T cells (Figure 7A). The
CD56"NKG2C" T cell subset was also characterized by a
higher level of antibody-dependent cell-mediated cytotoxicity
(ADCC) measured against Rituximab-coated CIR cells
(Figure 7B).
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DISCUSSION

The whole population of peripheral T cell consists of many
subsets, combinations of which seem to meet different
requirements for an effective immune response against a
variety of infections. In this work, we characterized T cells
which express molecules characteristic of NK cells, primarily
the CD56 molecule (a distinctive marker of NK cells that
functions as an adhesion receptor) (51). In our cohort of
donors, the average number of CD56-expressing, or NKT-like,
cells was 8.5% of all CD3" cells. CD56, as well as a number of
other NK cell receptors (including receptors of the KIR family,
NKG2D, and CD16), can be expressed on T cells at the late
stages of differentiation, when they lose CD28 expression. It
was also shown that stimulation of CD8" T cells from a healthy
donor with melanoma antigenic peptides (tyrosinase and

mart-1) in vitro produces T cell lines expressing KIR2D and
polyclonal TCR (4). Therefore, it could be assumed that the
expression of NK cell receptors appeared at a certain stage of
T cell differentiation during the formation of an antigen-
specific response.

Highly differentiated CD56" T cells are rather heterogeneous.
One of the subsets of these cells is determined by the presence of
the activating NKG2C receptor, the increased expression of
which in NK cells is associated with HCMV infection.
CD56 'NKG2C" subset can be found among peripheral blood
T cells of healthy donors (28). In our study, the size of this subset
could reach 25% in certain individuals (Table 1). Most of these
cells expressed CD57 and CD45RA in the absence of CD45RO
and CCR7, confirming that they belonged to the pool of highly
differentiated TEMRA cells. A significant part of CD56" T cells
had high expression of CD161, characteristic of MAIT cells (46),
although negligible numbers of CD161" cells were detected in
the CD56"'NKG2C" fraction.

Since CD56" T cells have previously shown a reduced ability
to divide due to increased levels of proteins that regulate cell
cycle (Bcl2, pl6, p53) and transcription factors that control
mitogen-mediated activation (znf394, gdpd5, tfcp2ll, and
snhg12), and decreased levels of transcription factors involved
in DNA replication (tyms, rpal, tmfl, and ecop) (12, 13), the
accumulation of such cells in the peripheral blood should be
associated with their better survival. Indeed, increased resistance
to apoptosis of CD56" T cells has been shown previously (12, 13).
Although accumulation of T cells expressing CD56 is observed
during certain pathologies (e.g., malaria) (52), an increase in this
subset can also occur with age, especially with concomitant
HCMYV infection (12).

The accumulation of CD8"CD56" T cells and NKG2C-
positive NK cells in HCMV-infected individuals is of great
interest (28, 53). The size of these subsets in the peripheral
blood can increase with age even in HCMV-seronegative
individuals (8). Early data supported an association of HCMV
effects on NKG2C" T and NK cell subsets (28). Another work
showed that these responses are interrelated (8). In particular,
correlations were found: 1) between the frequency of CD57" T
cells and CD57" NK cells (r = 0.5) 2) between the frequency of
IFN-y-producing T cells in response to stimulation with peptides
(pp65, IE1) and the frequency of NKG2C*CD57" NK cells (r =
0.34). Several other studies reported largely independent and
overlapping effects of HCMV on CD8 T cells and NK cells (54,
55). In another study, there appeared to be no direct relationship
between the T cell and NK cell response to HCMV, however,
there was an inverse correlation between the frequency of virus-
specific T cells and the frequency of NKG2C*CD57" NK cells
during HCMV and HIV co-infection (56). Recently, it has been
suggested that HCMV infection triggers an NKG2C" NK cell
response, or a T cell response, but not both (55). In our work, a
positive correlation has been revealed between the frequency of
highly differentiated CD56" T cells and the frequency of
NKG2C" T cells in HCMV-seropositive individuals, which
implies that the development of these T cell subsets is partly
interrelated. Moreover, in this group of donors we found a
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relationship between the content of NKG2C-expressing cells in
the T and NK cell fractions, although the correlation coefficients
were less than 0.5 (Table 1). It suggests that there should be
common conditions and mechanisms for their formation. It is
known that adaptive NK cells acquire stable epigenetic changes
in gene regulation during their development and downregulate
the expression of intracellular signaling molecules SYK and
EAT-2, characteristic of myeloid cells, while the expression of
ZAP-70 and SAP, typical of T cells, remains unchanged (57). At
the same time, there is often a similarity in the pattern of gene
methylation in adaptive NK cells and differentiated T cells (58).
This similarity suggests a common transcriptional program,
which is launched during the differentiation of CD8" memory
T cells and adaptive NK cells in response to HCMV. The varying
amount of the NKG2C receptor ligand, HLA-E, in the organism
possibly determines the relationship between the fractions of
NKG2C" T cells and NK cells. It can be assumed that continued
contact with the antigen in the context of HLA-E under certain
conditions promotes the expression of NKG2C and KIRs on the
T cells (59). A negative correlation found in this work between
NKG2C" expression levels in NK cells and CD56-negative T cells
in HCMV-seronegative individuals may be partly accounted for
a possible explanation of the discrepancy of data on NKG2C" T
and NK cell subset association in different works.

We have revealed that a significant part (often the majority) of
CD56"NKG2C" T cells are the offspring of a single T cell clone.
These data confirm the information obtained earlier and by other
methods about the oligoclonality of CD8" T cells that express
MHC-I-interacting inhibitory receptors, characteristic of NK cells
(60, 61). Interestingly, in one individual (donor 2) the clone, most
abundant in the CD3"CD56"NKG2C" fraction, was determined to
be CD4" based on the results of sequencing analysis. The sample
contained a portion of CD8™ T cells with low expression of
NKG2C, along with highly NKG2C-positive CD8" T cells
(Figure 3C). Apparently, at a certain stage of differentiation, a
significant part of the cells of the clone acquired the expression of

both CD56 and NKG2C, which allowed this clone to become the
most represented in this fraction. The identified clones seem to
have a significant lifespan: in one of the donors, the clone, most
represented in the CD3"CD56"NKG2C" fraction, has been
registered for two years (62), but its frequency in vivo varied.
The accumulation of such expanded clones seems to underlie the
so-called “memory T cell inflation” described for HCMV-infected
individuals (26, 27). It can be assumed that either a certain
stimulus “warms up” the expansion of a certain clone for a long
time, or a significant number of cells in a clone is due
to their increased viability and, thus, accumulation in the
peripheral blood.

Labeling of CD56" T cells with antibodies to the NKG2C
receptor allowed us in many cases to identify the clone that has
undergone a great expansion in the o T lymphocyte population.
We have shown that not only CD56-expressing, but also CD56-
negative NKG2C" T cells much more often than NKG2C™ cells
have a phenotypic signature characteristic of TEMRA cells: high
level of CD45RA, reduced level of CD45RO and CD27, and the
absence of CCR7 and CD28 expression. Thus, NKG2C
expression turned out to be typical for highly differentiated T
cells. Earlier, Arlettaz et al. reported about NKG2C-positive T
cells which belonged to effector cells with the CD45RA"CCR7~
phenotype (63). We have demonstrated that about a half of the
NKG2C'CD56 T cells expressed CD57, CD16 and KIR2DL12/3
on their surface, and more than 80% of these cells expressed the
NKG2D receptor. All these phenotypic characteristics associated
with NKG2C expression illustrate the formation of a pool of
specialized NK-like effectors during T cell inflation. Interestingly,
the largest percentage of both CD69" and HLA-DR" T cells was
observed in the NKG2C*CD56 fraction. Thus, it is this fraction,
but not the most differentiated NKG2C"CD56" fraction, which
was activated in the process of T cell immune response. In a
number of donors, CD69" and HLA-DR" T cells were almost
absent; possibly, they were present in the peripheral blood at the
earlier stages of the immune response.

Frontiers in Immunology | www.frontiersin.org

February 2021 | Volume 11 | Article 613882


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kovalenko et al.

Expanded offT Cells Express NKG2C

Interestingly, NKG2C labeling allowed to identify one of the
most significant clones of o8 T cells in an individual with
undetectable level of anti-HCMYV antibodies (according to two
examinations separated in time by several months), although the
size of the CD56"'NKG2C" fraction was slightly over 1%. It can
be supposed that NKG2C may also mark clones of T (or NKT-
like) cells that have undergone expansion induced during
immune response not associated with HCMV infection. In this
case, the level of expansion may be limited, and T cell inflation
may not be observed. We should not exclude the possibility that
this individual can be a carrier of HCMYV infection even if the
antibody response was not detected.

Overall, the phenotypic signature of CD56"'NKG2C" T cells,
which for the most part acquired CD57 and KIR expression, but did
not express NKG2A, was similar to the classic
NKG2C'NKG2A CD57'KIR" adaptive NK cells (47). These data
once again support the idea of convergence of the transcriptional
programs for T cells and NK cells during differentiation in the
presence of HCMV infection. It was previously demonstrated that T
cells expressing NKG2A and NKG2C mostly belong to different
subsets (63). We have revealed a significant number of NKG2A™ T
cells in the CD56"NKG2C™ fraction. Expression of NKG2A seems
to be required to control the autoreactivity of these cells. CD9%4
expressing T cells were discovered in the melanoma-specific T
lymphocyte fraction (64). It has been shown recently that NKG2A-
expressing T cells are partially responsible for the resistance of
tumor cells to immune recognition (65, 66).

Although the literature contains many data on the functional
activity of highly differentiated CD8" T cells, these data are
scattered and sometimes contradictory. Since we have revealed a
certain coordination in the development of NKG2C™ T cells and
adaptive NKG2C" NK cell subsets, associated with
cytomegalovirus infection, we made an attempt to evaluate the
HCMV-specific response of highly differentiated CD8"'NKG2C"
T cells using a set of peptides from one of the most immunogenic
HCMV proteins pp65 (25). Also, we used staphylococcal
enterotoxin as a common stimulus to induce T cell response,
which is independent from the peptide loaded in the MHC 1.
Earlier CD56" T cells were described to be effective IFN-y
producers contributing greatly to the antiviral responses (67).
We demonstrated that CD56" T cells do intensively produce
IFN-yin response to both pp65 peptides and SEB. However, both
CD56"'NKG2C" and CD56 NKG2C" T cell subsets produced
IEN-vy to a much lesser extent than their NKG2C-negative
counterparts. Thus, NKG2C" T cell fractions showed no
significant pp65-specific response in our system. Earlier, it was
shown the NKG2C" T cell expansion was not directly connected
to conventional anti-HCMYV response of T cells expressing pp65-
specific TCRs (28). On the other hand, the low response of
NKG2C" T cells to both pp65 and SEB stimulation might be
partly connected with a decreased ability of highly differentiated
NKG2C" T cells to produce IFN-v. Thus, the intensity of IFN-y
production would depend on the phase of the immune response
and decrease with the differentiation process. It is known that the
functionality of the TCR can be disrupted in the highly
differentiated T cells. Partially it may be a result of sustained

antigen exposure leading to down-regulation of the T cell
receptor zeta chain (68), which can explain lower IFN-y
production. According to another publication, no cells
responding to HCMV by producing cytokines were found
among KIR-positive T cells (61), which, according to our data,
form about half of the NKG2C-expressing cells.

Nevertheless, it is still possible that the dominant clones we
identified are HCMV-specific, since 1) these NKG2C-expressing
cells were at the stage of differentiation (CCR7 CD45RA™
CD57"), at which IFN-y production is not the predominant
type of antigen-specific response, and 2) these NKG2C-
expressing cells could belong to ofTCR clones which are
specific for another HCMV protein. Additionally, these cells
still can be responsive to HLA-E stimulus, which is a ligand for
the NKG2C receptor itself. The NKG2C molecule is expressed
and can interact with HLA-E as a part of heterodimer with CD94
and in the presence of adapter DAP12 molecules. Co-expression
of CD94 and DAP12 has been observed previously in NKG2C*
subsets of T cells, and interaction with HLA-E or specific
antibodies caused proliferation and induction of CD25
expression in a small part of these cells (69). Finally, it is
possible that the NKG2C" T cell response is regulated by the
presence of other receptors or requires co-stimulatory signals.

HLA-E-restricted T cells, characterized by monoclonality, have
been previously observed too (70). It has been shown that HLA-E-
restricted T cells accumulate upon HCMV infection, possess the
CD45RA"CD28 CD27 CCR7 CD56" phenotype and are able to
recognize peptides derived from HCMV protein UL40 in the
context of HLA-E (37, 71). The description of these cells is
consistent with the characteristics of CD8'NKG2C" T cells
analyzed in this work. Recently, it was suggested that interaction
with HLA-E by the HLA-E-restricted T cells happens partly via the
offTCR, since it was not blocked by anti-CD94 antibodies (72).
Later, the same authors reported the molecular structures of
TRBV9'TCR in complex with the HLA-E presenting the UL40
peptides (73). The pool of HLA-E-restricted T cells was found in
about a third of HCMV-seropositive individuals and could account
for up to 38% of circulating CD8" T cells. It has been suggested that
genetic factors in combination with the HCMV strain are essential
for the emergence of this pool (38).

It is known that T cells contain increased amounts of perforin
and granzymes at the late stages of differentiation, when CD28
expression is lost, which indicates their potentially high cytolytic
activity (7, 11). A high correlation of cytolytic function with CD56
expression has been previously shown (11). CD56" T cells which
express NK cell receptors were able to lyse allogeneic NK-cell-
susceptible targets (60, 70) and can demonstrate cytotoxic activity
independently of the TCR (12). The data obtained in our study
confirm a higher degranulation response of CD56" T cells in the
reactions of both natural and antibody-dependent cytotoxicity,
compared with CD56-negative cells. Moreover, for NKG2C-
positive T cells from both CD56" and CD56 fractions, there was
a tendency toward a higher level of degranulation compared to
NKG2C-negative cells. The level of cytotoxic response in the
NKG2C" T cell subsets from different individuals was quite
variable, which may be explained by distinct stages of the
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immune response and, thus, differentiation state of these effectors at
the moment of blood sampling.

Thus, we have shown that the clones of CD8" off T
lymphocytes, which have undergone preliminary expansion and
are most represented in the peripheral blood, in most cases have a
fraction of highly differentiated cells expressing the NKG2C
receptor. These NKG2C" cells are widely represented in the
fraction of NK-like CD56" T cells. Although the phenomenon of
inflation is known for people infected with HCMV, we are not able
to speak with confidence about the expansion of HCMV-specific T
cells, since the recognition of virus-specific peptides in the context of
classical HLA-I has not been presented. In addition, the intensity of
the pp65-specific T cell response was earlier shown to correlate with
the level of T cell differentiation in general, including non-HCMV-
specific cells (74). In our experimental system, no pp65-specific
functional response was detected in the NKG2C-expressing part of
the dominant clone. Presumably, the expansion of T cell clones that
do not recognize the standard viral peptides in the context of MHC I
occurs due to interaction of certain TCRs with HLA-E in the
presence of UL40-derived peptides, as it happens in the case of NK
cells due to NKG2C-HLA-E interaction (75). Despite a number of
publications indicating the existence of HLA-E-restricted T cells, the
role of NKG2C receptor in the recognition of and interaction with
HLA-E molecule bearing viral peptides remains intriguing. Perhaps
a certain cooperation in the interaction of TCR and NKG2C with
HLA-E leads to intensive proliferation of the clones co-expressing
HLA-E-restricted TCR and NKG2C receptor. Possibly, the same
stimulus, namely UL40 peptide exposed in the context of HCMV-
induced HLA-E, underlies the proliferation, differentiation and
accumulation of more differentiated NKG2C-expressing CD56"
TEMRA cells and adaptive-like NK cells.

DATA AVAILABILITY STATEMENT

The data sets presented in this study can be found in online
repositories. The names of the repository/repositories and

REFERENCES

1. Sallusto F, Lenig D, Forster R, Lipp M, Lanzavecchia A. Two subsets of
memory T lymphocytes with distinct homing potentials and effector
functions. Nature (1999) 401:708-12. doi: 10.1038/44385

2. Omilusik KD, Goldrath AW. Remembering to remember: T cell memory
maintenance and plasticity. Curr Opin Immunol (2019) 58:89-97. doi: 10.1016/
j.€01.2019.04.009

3. Welten SPM, Sandu I, Baumann NS, Oxenius A. Memory CD8 T cell inflation
vs tissue-resident memory T cells: Same patrollers, same controllers?
Immunol Rev (2018) 283:161-75. doi: 10.1111/imr.12649

4. Huard B, Karlsson L. A subpopulation of CD8+ T cells specific for melanocyte
differentiation antigens expresses killer inhibitory receptors (KIR) in healthy
donors: Evidence for a role of KIR in the control of peripheral tolerance. Eur |
Immunol (2000) 30:1665-75. doi: 10.1002/1521-4141(200006)30:6<1665::
AID-IMMU1665>3.0.CO;2-2

5. Speiser DE, Valmori D, Rimoldi D, Pittet MJ, Liénard D, Cerundolo V, et al.
CD28-negative cytolytic effector T cells frequently express NK receptors and are
present at variable proportions in circulating lymphocytes from healthy donors
and melanoma patients. Eur ] Immunol (1999) 29:1990-9. doi: 10.1002/(SICI)
1521-4141(199906)29:06<1990::AID-IMMU1990>3.0.CO;2-9

accession number(s) can be found below: https://www.ebi.ac.
uk/arrayexpress/, E-MTAB-9601.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Pirogov Russian National Research Medical
University. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

Conception and study design — EK. Flow cytometry, cell sorting,
correlation analysis, and functional studies — MS, AS, SE, and
EK. Sequencing, reconstruction and analysis of TCR repertoires
— IZ, AM, and YL. Manuscript editing AS, WT, and IZ. General
expertise —YL. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by Russian Science Foundation.
Research conception and design, flow cytometry, cell sorting,
correlation analysis and functional studies were supported by
grant #19-15-00439. Sequencing, reconstruction and analysis of
TCR repertoires were supported by grant #20-15-00351.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.
613882/full#supplementary-material

6. Takata H, Takiguchi M. Three memory subsets of human CD8+ T cells
differently expressing three cytolytic effector molecules. J Immunol (2006)
177:4330-40. doi: 10.4049/jimmunol.177.7.4330

. Fann M, Chiu WK, Wood WH, Levine BL, Becker KG, Weng NP. Gene
expression characteristics of CD28null memory phenotype CD8+ T cells and
its implication in T-cell aging. Immunol Rev (2005) 205:190-206.
doi: 10.1111/j.0105-2896.2005.00262.x

. Bayard C, Lepetitcorps H, Roux A, Larsen M, Fastenackels S, Salle V, et al.
Coordinated expansion of both memory T cells and NK cells in response to
CMV infection in humans. Eur | Immunol (2016) 46:1168-79. doi: 10.1002/
€ji.201546179
9. Godfrey DI, MacDonald HR, Kronenberg M, Smyth MJ, Van Kaer L. NKT

cells: What's in a name? Nat Rev Immunol (2004) 4:231-7. doi: 10.1038/
nril309
10. Peralbo E, Alonso C, Solana R. Invariant NKT and NKT-like lymphocytes:
Two different T cell subsets that are differentially affected by ageing. Exp
Gerontol (2007) 42:703-8. doi: 10.1016/j.exger.2007.05.002

11. Pittet MJ, Speiser DE, Valmori D, Cerottini J-C, Romero P. Cutting Edge:
Cytolytic Effector Function in Human Circulating CD8 + T Cells Closely
Correlates with CD56 Surface Expression. J Immunol (2000) 164:1148-52.
doi: 10.4049/jimmunol.164.3.1148

~

el

Frontiers in Immunology | www.frontiersin.org

February 2021 | Volume 11 | Article 613882


https://www.ebi.ac.uk/arrayexpress/
https://www.ebi.ac.uk/arrayexpress/
https://www.frontiersin.org/articles/10.3389/fimmu.2020.613882/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2020.613882/full#supplementary-material
https://doi.org/10.1038/44385
https://doi.org/10.1016/j.coi.2019.04.009
https://doi.org/10.1016/j.coi.2019.04.009
https://doi.org/10.1111/imr.12649
https://doi.org/10.1002/1521-4141(200006)30:63.0.CO;2-2
https://doi.org/10.1002/1521-4141(200006)30:63.0.CO;2-2
https://doi.org/10.1002/(SICI)1521-4141(199906)29:063.0.CO;2-9
https://doi.org/10.1002/(SICI)1521-4141(199906)29:063.0.CO;2-9
https://doi.org/10.4049/jimmunol.177.7.4330
https://doi.org/10.1111/j.0105-2896.2005.00262.x
https://doi.org/10.1002/eji.201546179
https://doi.org/10.1002/eji.201546179
https://doi.org/10.1038/nri1309
https://doi.org/10.1038/nri1309
https://doi.org/10.1016/j.exger.2007.05.002
https://doi.org/10.4049/jimmunol.164.3.1148
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kovalenko et al.

Expanded offT Cells Express NKG2C

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Lemster BH, Michel JJ, Montag DT, Paat JJ, Studenski SA, Newman AB, et al.
Induction of CD56 and TCR-Independent Activation of T Cells with Aging.
J Immunol (2008) 180:1979-90. doi: 10.4049/jimmunol.180.3.1979

Chan WK, Rujkijyanont P, Neale G, Yang J, Bari R, Das Gupta N, et al.
Multiplex and Genome-Wide Analyses Reveal Distinctive Properties of KIR +
and CD56 + T Cells in Human Blood. J Immunol (2013) 191:1625-36.
doi: 10.4049/jimmunol.1300111

Michel JJ, Griffin P, Vallejo AN. Functionally diverse NK-like T cells are
effectors and predictors of successful aging. Front Immunol (2016) 7:530.
doi: 10.3389/fimmu.2016.00530

Franceschetti M, Pievani A, Borleri G, Vago L, Fleischhauer K, Golay J, et al.
Cytokine-induced killer cells are terminallydifferentiated activated CD8
cytotoxic T-EMRA lymphocytes. Exp Hematol (2009) 37:616-28.
doi: 10.1016/j.exphem.2009.01.010

Correia MP, Costa AV, Uhrberg M, Cardoso EM, Arosa FA. IL-15 induces
CD8+ T cells to acquire functional NK receptors capable of modulating
cytotoxicity and cytokine secretion. Immunobiology (2011) 216:604-12.
doi: 10.1016/j.imbi0.2010.09.012

Anfossi N, Pascal V, Vivier E, Ugolini S. Biology of T memory type 1 cells.
Immunol Rev (2001) 181:269-78. doi: 10.1034/j.1600-065X.2001.1810123.x
Bergstrom I, Backteman K, Lundberg A, Ernerudh J, Jonasson L. Persistent
accumulation of interferon-y-producing CD8+CD56+ T cells in blood from
patients with coronary artery disease. Atherosclerosis (2012) 224:515-20.
doi: 10.1016/j.atherosclerosis.2012.07.033

Al Omar SY, Marshall E, Middleton D, Christmas SE. Increased numbers but
functional defects of CD56+CD3+ cells in lung cancer. Int Immunol (2012)
24:409-15. doi: 10.1093/intimm/dxr122

Fu G-F, Chen X, Hu H-Y, Yang H-T, Xu X-Q, Qiu T, et al. Emergence of
peripheral CD3+CD56+ cytokine-induced killer cell in HIV-1-infected Chinese
children. Int Immunol (2012) 24:197-206. doi: 10.1093/intimm/dxr124

Guo C, Shen X, Fu B, Liu Y, Chen Y, Ni F, et al. CD3brightCD56+ T cells
associate with pegylated interferon-alpha treatment nonresponse in chronic
hepatitis B patients. Sci Rep (2016) 6:25567. doi: 10.1038/srep25567
Srivastava R, Aggarwal R, Bhagat MR, Chowdhury A, Naik S. Alterations in
natural killer cells and natural killer T cells during acute viral hepatitis E.
J Viral Hepat (2008) 15:910-6. doi: 10.1111/j.1365-2893.2008.01036.x
Almehmadi M, Flanagan BF, Khan N, Alomar S, Christmas SE. Increased
numbers and functional activity of CD56+ T cells in healthy cytomegalovirus
positive subjects. Immunology (2014) 142:258-68. doi: 10.1111/imm.12250
Remmerswaal EBM, Klarenbeek PL, Alves NL, Doorenspleet ME, van Schaik
BDC, Esveldt REE, et al. Clonal Evolution of CD8 + T Cell Responses against
Latent Viruses: Relationship among Phenotype, Localization, and Function.
J Virol (2015) 89:568-80. doi: 10.1128/JV1.02003-14

Slezak SL, Bettinotti M, Selleri S, Adams S, Marincola FM, Stroncek DF. CMV
pp65 and IE-1 T cell epitopes recognized by healthy subjects. | Transl Med
(2007) 5:1-16. doi: 10.1186/1479-5876-5-17

Karrer U, Sierro S, Wagner M, Oxenius A, Hengel H, Koszinowski UH, et al.
Memory Inflation: Continuous Accumulation of Antiviral CD8 + T Cells Over
Time. J Immunol (2003) 170:2022-9. doi: 10.4049/jimmunol.170.4.2022
O’Hara GA, Welten SPM, Klenerman P, Arens R. Memory T cell inflation:
Understanding cause and effect. Trends Immunol (2012) 33:84-90.
doi: 10.1016/}.it.2011.11.005

Guma M, Angulo A, Vilches C, Gémez-Lozano N, Malats N, Lopez-Botet M.
Imprint of human cytomegalovirus infection on the NK cell receptor
repertoire. Blood (2004) 104:3664-71. doi: 10.1182/blood-2004-05-2058
Marshall NB, Vong AM, Devarajan P, Brauner MD, Kuang Y, Nayar R, et al.
NKG2C/E Marks the Unique Cytotoxic CD4 T Cell Subset, ThCTL,
Generated by Influenza Infection. J Immunol (2017) 198:1142-55.
doi: 10.4049/jimmunol.1601297

Rolle A, Pollmann J, Ewen E-M, Le VTK, Halenius A, Hengel H, et al. IL-12-
producing monocytes and HLA-E control HCMV-driven NKG2C+ NK cell
expansion. ] Clin Invest (2014) 124:5305-16. doi: 10.1172/JCI77440
Tomasec P, Braud VM, Rickards C, Powell MB, McSharry BP, Gadola S, et al.
Surface expression of HLA-E, an inhibitor of natural killer cells, enhanced by
human cytomegalovirus gpUL40. Sci (80 ) (2000) 287:1031-3. doi: 10.1126/
science.287.5455.1031

Wang ECY, McSharry B, Retiere C, Tomasec P, Williams S, Borysiewicz LK,
et al. UL40-mediated NK evasion during productive infection with human

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

cytomegalovirus. Proc Natl Acad Sci U.S.A. (2002) 99:7570-5. doi: 10.1073/
pnas.112680099

Llano M, Lee N, Navarro F, Garcia P, Albar JP, Geraghty DE, et al. HLA-E-
bound peptides influence recognition by inhibitory and triggering CD94/
NKG2 receptors: Preferential response to an HLA-G-derived nonamer. Eur J
Immunol (1998) 28:2854-63. doi: 10.1002/(SICI)1521-4141(199809)
28:09<2854::AID-IMMU2854>3.0.CO;2-W

Lauterbach N, Wieten L, Popeijus HE, Voorter CEM, Tilanus MGJ. HLA-E
regulates NKG2C+ natural killer cell function through presentation of a
restricted peptide repertoire. Hum Immunol (2015) 76:578-86. doi: 10.1016/
j-humimm.2015.09.003

Hammer Q, Riickert T, Borst EM, Dunst J, Haubner A, Durek P, et al.
Peptide-specific recognition of human cytomegalovirus strains controls
adaptive natural killer cells article. Nat Immunol (2018) 19:453-63.
doi: 10.1038/541590-018-0082-6

Rolle A, Jager D, Momburg F. HLA-E peptide repertoire and dimorphism -
Centerpieces in the adaptive NK cell puzzle? Front Immunol (2018) 9:2410.
doi: 10.3389/fimmu.2018.02410

Mazzarino P, Pietra G, Vacca P, Falco M, Colau D, Coulie P, et al.
Identification of effector-memory CMV-specific T lymphocytes that kill
CMV-infected target cells in an HLA-E-restricted fashion. Eur J Immunol
(2005) 35:3240-7. doi: 10.1002/€ji.200535343

Jouand N, Bressollette-Bodin C, Gérard N, Giral M, Gueérif P, Rodallec A, et al.
HCMV triggers frequent and persistent UL40-specific unconventional HLA-E-
restricted CD8 T-cell responses with potential autologous and allogeneic peptide
recognition. PloS Pathog (2018) 14:1-30. doi: 10.1371/journal.ppat.1007041
Streltsova M, Erokhina S, Kanevskiy L, Grechikhina M, Kobyzeva P, Lee D, et al.
Recurrent stimulation of natural killer cell clones with K562 expressing membrane-
bound interleukin-21 affects their phenotype, interferon-y production, and
lifespan. Int ] Mol Sci (2019) 20:443. doi: 10.3390/ijms20020443

Zvyagin IV, Mamedov IZ, Tatarinova OV, Komech EA, Kurnikova EE,
Boyakova EV, et al. Tracking T-cell immune reconstitution after TCRo3/
CD19-depleted hematopoietic cells transplantation in children. Leukemia
(2017) 31:1145-53. doi: 10.1038/1eu.2016.321

Shugay M, Britanova OV, Merzlyak EM, Turchaninova MA, Mamedov 1Z,
Tuganbaev TR, et al. Towards error-free profiling of immune repertoires. Nat
Methods (2014) 11:653-5. doi: 10.1038/nmeth.2960

Bolotin DA, Shugay M, Mamedov IZ, Putintseva EV, Turchaninova MA,
Zvyagin IV, et al. MiTCR: software for T-cell receptor sequencing data
analysis. Nat Methods (2013) 10:813-4. doi: 10.1038/nmeth.2555

Nazarov VI, Pogorelyy MV, Komech EA, Zvyagin IV, Bolotin DA, Shugay M,
et al. tcR: an R package for T cell receptor repertoire advanced data analysis.
BMC Bioinf (2015) 16:175. doi: 10.1186/s12859-015-0613-1

Bagaev DV, Vroomans RMA, Samir J, Stervbo U, Rius C, Dolton G, et al. VDJdb
in 2019: database extension, new analysis infrastructure and a T-cell receptor motif
compendium. Nucleic Acids Res (2020) 48:D1057-62. doi: 10.1093/nar/gkz874
Wong EB, Gold MC, Meermeier EW, Xulu BZ, Khuzwayo S, Sullivan ZA,
et al. TRAV1-2+ CD8+ T-cells Including Oligoconal Expansions of MAIT
Cells are Enriched in the Airways in Human Tuberculosis. Commun Biol
(2019) 2:203. doi: 10.1038/542003-019-0442-2

Godfrey DI, Koay HF, McCluskey J, Gherardin NA. The biology and
functional importance of MAIT cells. Nat Immunol (2019) 20:1110-28.
doi: 10.1038/s41590-019-0444-8

Kovalenko EI, Streltsova MA, Kanevskiy LM, Erokhina SA, Telford WG.
Identification of Human Memory-Like NK Cells. Curr Protoc Cytom (2017)
79:9.50.1-11. doi: 10.1002/cpcy.13

Kappler ], Kotzin B, Herron L, Gelfand E, Bigler R, Boylston A, et al. V beta-
specific stimulation of human T cells by staphylococcal toxins. Sci (80 ) (1989)
244:811-3. doi: 10.1126/science.2524876

Llewelyn M, Sriskandan S, Terrazzini N, Cohen ], Altmann DM. The TCR V3
signature of bacterial superantigens spreads with stimulus strength. Int
Immunol (2006) 18:1433-41. doi: 10.1093/intimm/dx1076

Krakauer T. Update on staphylococcal superantigen-induced signaling
pathways and therapeutic interventions. Toxins (Basel) (2013) 5:1629-54.
doi: 10.3390/toxins5091629

Ziegler S, Weiss E, Schmitt AL, Schlegel ], Burgert A, Terpitz U, et al. CD56 is
a pathogen recognition receptor on human natural killer cells. Sci Rep (2017)
7:1-13. doi: 10.1038/s41598-017-06238-4

Frontiers in Immunology | www.frontiersin.org

February 2021 | Volume 11 | Article 613882


https://doi.org/10.4049/jimmunol.180.3.1979
https://doi.org/10.4049/jimmunol.1300111
https://doi.org/10.3389/fimmu.2016.00530
https://doi.org/10.1016/j.exphem.2009.01.010
https://doi.org/10.1016/j.imbio.2010.09.012
https://doi.org/10.1034/j.1600-065X.2001.1810123.x
https://doi.org/10.1016/j.atherosclerosis.2012.07.033
https://doi.org/10.1093/intimm/dxr122
https://doi.org/10.1093/intimm/dxr124
https://doi.org/10.1038/srep25567
https://doi.org/10.1111/j.1365-2893.2008.01036.x
https://doi.org/10.1111/imm.12250
https://doi.org/10.1128/JVI.02003-14
https://doi.org/10.1186/1479-5876-5-17
https://doi.org/10.4049/jimmunol.170.4.2022
https://doi.org/10.1016/j.it.2011.11.005
https://doi.org/10.1182/blood-2004-05-2058
https://doi.org/10.4049/jimmunol.1601297
https://doi.org/10.1172/JCI77440
https://doi.org/10.1126/science.287.5455.1031
https://doi.org/10.1126/science.287.5455.1031
https://doi.org/10.1073/pnas.112680099
https://doi.org/10.1073/pnas.112680099
https://doi.org/10.1002/(SICI)1521-4141(199809)28:093.0.CO;2-W
https://doi.org/10.1002/(SICI)1521-4141(199809)28:093.0.CO;2-W
https://doi.org/10.1016/j.humimm.2015.09.003
https://doi.org/10.1016/j.humimm.2015.09.003
https://doi.org/10.1038/s41590-018-0082-6
https://doi.org/10.3389/fimmu.2018.02410
https://doi.org/10.1002/eji.200535343
https://doi.org/10.1371/journal.ppat.1007041
https://doi.org/10.3390/ijms20020443
https://doi.org/10.1038/leu.2016.321
https://doi.org/10.1038/nmeth.2960
https://doi.org/10.1038/nmeth.2555
https://doi.org/10.1186/s12859-015-0613-1
https://doi.org/10.1093/nar/gkz874
https://doi.org/10.1038/s42003-019-0442-2
https://doi.org/10.1038/s41590-019-0444-8
https://doi.org/10.1002/cpcy.13
https://doi.org/10.1126/science.2524876
https://doi.org/10.1093/intimm/dxl076
https://doi.org/10.3390/toxins5091629
https://doi.org/10.1038/s41598-017-06238-4
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Kovalenko et al.

Expanded offT Cells Express NKG2C

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Watanabe H, Weerasinghe A, Miyaji C, Sekikawa H, Toyabe S, Mannor MK, et al.
Expansion of unconventional T cells with natural killer markers in malaria
patients. Parasitol Int (2003) 52:61-70. doi: 10.1016/51383-5769(02)00085-5
Wikby A, Johansson B, Olsson J, Lofgren S, Nilsson BO, Ferguson F.
Expansions of peripheral blood CD8 T-lymphocyte subpopulations and an
association with cytomegalovirus seropositivity in the elderly: The Swedish
NONA immune study. Exp Gerontol (2002) 37:445-53. doi: 10.1016/S0531-
5565(01)00212-1

Bengnéer M, Beziat V, Ernerudh J, Nilsson BO, Lofgren S, Wikby A, et al.
Independent skewing of the T cell and NK cell compartments associated with
cytomegalovirus infection suggests division of labor between innate and adaptive
immunity. Age (Omaha) (2014) 36:571-82. doi: 10.1007/s11357-013-9587-y
Bigley AB, Spielmann G, Agha N, O’Connor DP, Simpson RJ. Dichotomous
effects of latent CMV infection on the phenotype and functional properties of
CD8+ T-cells and NK-cells. Cell Immunol (2016) 300:26-32. doi: 10.1016/
j.cellimm.2015.11.005

Heath J, Newhook N, Comeau E, Gallant M, Fudge N, Grant M. NKG2C
+CD57+ Natural Killer Cell Expansion Parallels Cytomegalovirus-Specific
CD8+ T Cell Evolution towards Senescence. J Immunol Res (2016)
2016:7470124. doi: 10.1155/2016/7470124

Schlums H, Cichocki F, Tesi B, Theorell J, Beziat V, Holmes TD, et al.
Cytomegalovirus infection drives adaptive epigenetic diversification of NK
cells with altered signaling and effector function. Immunity (2015) 42:443-56.
doi: 10.1016/j.immuni.2015.02.008

Bezman NA, Kim CC, Sun JC, Min-Ool G, Hendricks DW, Kamimural Y,
et al. The Immunological Genome Project Consortium. ImmGen Report:
Molecular definition of Natural Killer cell identity and activation. Nat
Immunol (2012) 13:1000-9. doi: 10.1038/ni.2395.ImmGen

Huard B, Karlsson L. KIR expression on self-reactive CD8+ T cells is
controlled by T-cell receptor engagement. Nature (2000) 403:325-8.
doi: 10.1038/35002105

Mingari MC, Schiavetti F, Ponte M, Vitale C, Maggi E, Romagnani S, et al.
Human CD8+ T lymphocyte subsets that express HLA class I-specific inhibitory
receptors represent oligoclonally or monoclonally expanded cell populations.
Proc Natl Acad Sci U S A (1996) 93:12433-8. doi: 10.1073/pnas.93.22.12433
Bjorkstrom NK, Beziat V, Cichocki F, Liu LL, Levine J, Larsson S, et al. CD8 T
cells express randomly selected KIRs with distinct specificities compared with
NK cells. Blood (2012) 120:3455-65. doi: 10.1182/blood-2012-03-416867
Sycheva AL, Pogorelyy MV, Komech EA, Minervina AA, Zvyagin 1V,
Staroverov DB, et al. Quantitative profiling reveals minor changes of T cell
receptor repertoire in response to subunit inactivated influenza vaccine.
Vaccine (2018) 36:1599-605. doi: 10.1016/j.vaccine.2018.02.027

Arlettaz L, Villard J, de Rham C, Degermann S, Chapuis B, Huard B, et al.
Activating CD94:NKG2C and inhibitory CD94:NKG2A receptors are
expressed by distinct subsets of committed CD8+ TCR off lymphocytes.
Eur J Immunol (2004) 34:3456-64. doi: 10.1002/¢ji.200425210

Le Dréan E, Vély F, Olcese L, Cambiaggi A, Guia S, Krystal G, et al. Inhibition
of antigen-induced T cell response and antibody-induced NK cell cytotoxicity
by NKG2A: association of NKG2A with SHP-1 and SHP-2 protein-tyrosine
phosphatases. Eur ] Immunol (1998) 28:264-76. doi: 10.1002/(SICI)1521-4141
(199801)28:01<264:AID-IMMU264>3.0.CO;2-O

Eugene J, Jouand N, Ducoin K, Dansette D, Oger R, Deleine C, et al. The
inhibitory receptor CD94/NKG2A on CD8+ tumor-infiltrating lymphocytes

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

in colorectal cancer: a promising new druggable immune checkpoint in the
context of HLAE/B2m overexpression. Mod Pathol (2020) 33:468-82.
doi: 10.1038/s41379-019-0322-9

van Montfoort N, Borst L, Korrer MJ, Sluijter M, Marijt KA, Santegoets SJ,
et al. NKG2A Blockade Potentiates CD8 T Cell Immunity Induced by Cancer
Vaccines. Cell (2018) 175:1744-1755.e15. doi: 10.1016/j.cell.2018.10.028
Ortaldo JR, Winkler-Pickett RT, Yagita H, Young HA. Comparative studies of
CD3- and CD3+ CD56+ cells: Examination of morphology, functions, T cell
receptor rearrangement, and pore-forming protein expression. Cell Immunol
(1991) 136:486-95. doi: 10.1016/0008-8749(91)90369-M

Bronstein-Sitton N, Cohen-Daniel L, Vaknin I, Ezernitchi AV, Leshem B,
Halabi A, et al. Sustained exposure to bacterial antigen induces interferon-y-
dependent T cell receptor { down-regulation and impaired T cell function.
Nat Immunol (2003) 4:957-64. doi: 10.1038/ni975

Guma M, Busch LK, Salazar-Fontana LI, Bellosillo B, Morte C, Garcia P, et al.
The CD94/NKG2C killer lectin-like receptor constitutes an alternative
activation pathway for a subset of CD8+ T cells. Eur J Immunol (2005)
35:2071-80. doi: 10.1002/€ji.200425843

Pietra G, Romagnani C, Falco M, Vitale M, Castriconi R, Pende D, et al. The
analysis of the natural killer-like activity of human cytolytic T lymphocytes
revealed HLA-E as a novel target for TCR o/f-mediated recognition. Eur J
Immunol (2001) 31:3687-93. doi: 10.1002/1521-4141(200112)31:12<3687::
AID-IMMU3687>3.0.CO;2-C

Pietra G, Romagnani C, Mazzarino P, Falco M, Millo E, Moretta A, et al. HLA-
E-restricted recognition of cytomegalovirus-derived peptides by human CD8+
cytolytic T lymphocytes. Proc Natl Acad Sci U.S.A. (2003) 100:10896-901.
doi: 10.1073/pnas.1834449100

Sullivan LC, Westall GP, Widjaja JML, Mifsud NA, Nguyen THO, Meehan
AGC, et al. The presence of HLA-E-Restricted, CMV-Specific CD8+ T Cells in
the blood of lung transplant recipients correlates with chronic allograft
rejection. PloS One (2015) 10:1-11. doi: 10.1371/journal.pone.0135972
Sullivan LC, Walpole NG, Farenc C, Pietra G, Sum MJW, Clements CS, et al.
A conserved energetic footprint underpins recognition of human leukocyte
antigen-E by two distinct o T cell receptors. ] Biol Chem (2017) 292:21149-
58. doi: 10.1074/jbc.M117.807719

Lachmann R, Bajwa M, Vita S, Smith H, Cheek E, Akbar A, et al.
Polyfunctional T Cells Accumulate in Large Human Cytomegalovirus-
Specific T Cell Responses. J Virol (2012) 86:1001-9. doi: 10.1128/jvi.00873-11
Kanevskiy L, Erokhina S, Kobyzeva P, Streltsova M, Sapozhnikov A,
Kovalenko E. Dimorphism of HLA-E and its Disease Association. Int | Mol
Sci (2019) 20:5496. doi: 10.3390/ijms20215496

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Kovalenko, Zvyagin, Streltsova, Mikelov, Erokhina, Telford,
Sapozhnikov and Lebedev. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

February 2021 | Volume 11 | Article 613882


https://doi.org/10.1016/S1383-5769(02)00085-5
https://doi.org/10.1016/S0531-5565(01)00212-1
https://doi.org/10.1016/S0531-5565(01)00212-1
https://doi.org/10.1007/s11357-013-9587-y
https://doi.org/10.1016/j.cellimm.2015.11.005
https://doi.org/10.1016/j.cellimm.2015.11.005
https://doi.org/10.1155/2016/7470124
https://doi.org/10.1016/j.immuni.2015.02.008
https://doi.org/10.1038/ni.2395.ImmGen
https://doi.org/10.1038/35002105
https://doi.org/10.1073/pnas.93.22.12433
https://doi.org/10.1182/blood-2012-03-416867
https://doi.org/10.1016/j.vaccine.2018.02.027
https://doi.org/10.1002/eji.200425210
https://doi.org/10.1002/(SICI)1521-4141(199801)28:013.0.CO;2-O
https://doi.org/10.1002/(SICI)1521-4141(199801)28:013.0.CO;2-O
https://doi.org/10.1038/s41379-019-0322-9
https://doi.org/10.1016/j.cell.2018.10.028
https://doi.org/10.1016/0008-8749(91)90369-M
https://doi.org/10.1038/ni975
https://doi.org/10.1002/eji.200425843
https://doi.org/10.1002/1521-4141(200112)31:123.0.CO;2-C
https://doi.org/10.1002/1521-4141(200112)31:123.0.CO;2-C
https://doi.org/10.1073/pnas.1834449100
https://doi.org/10.1371/journal.pone.0135972
https://doi.org/10.1074/jbc.M117.807719
https://doi.org/10.1128/jvi.00873-11
https://doi.org/10.3390/ijms20215496
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Surface NKG2C Identifies Differentiated αβT-Cell Clones Expanded in Peripheral Blood
	Introduction
	Materials and Methods
	Subjects
	Isolation of Peripheral Mononuclear Cells
	Cell Lines
	Immunostaining and Flow Cytometry
	Fluorescence-Activated Cell Sorting
	TCR cDNA Library Preparation, Sequencing, and Data Analysis
	Cytotoxicity Tests
	Natural Cytotoxicity Assay
	Antibody-Dependent Cell-mediated Cytotoxicity Assay
	Statistical Analysis

	Results
	Expression of NKG2C in T Cells Is Associated With the Expression of NKG2C in NK Cells and the Development of a Pool of CD56+ T Cells
	The Distribution of TCR Beta-Chains in PBMC Fractions Is Associated with Clonal Cell Expansion
	NKG2C+ T Cells Display the Phenotype of Highly Differentiated Cells
	Analysis of CMV-Specific Response of NKG2C+ NK Cells
	NK Cell-Like Effector Activity of NKG2C-Expressing T Cells

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


